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Background: In vivo confocal scanning laser microscopy

(CSLM) is a recently developed non-invasive technique

for visualizing microscopic structures with the skin. CSLM

has been used to characterize proliferative and inflamma-

tory skin diseases, neoplastic skin lesions and pigmented

lesions.

Objective: Here, we assessed the ability of CSLM to eval-

uate the formation of neogenic hair follicles after a full-

thickness wound in mice.

Methods: Full-thickness wounds were made on the dorsal

skin of 3-week-old mice. After scab detachment (SD), the

number, width, length, space and volume of neogenic hair

follicles were analyzed using CSLM. The results were

compared with those from conventional methods, including

staining for alkaline phosphatase (AP) and keratin 17 (K17)

as well as histology.

Results: Quantification of neogenic hair follicles using

CSLM compared favorably with the results from direct

measurements on isolated epidermal tissue after immunos-

taining for K17, a marker for the epithelial portion of new hair

follicles. CSLM detected 89% of K17-stained follicles. CSLM

more accurately quantified the number of new follicles

compared with AP staining, which detects the dermal por-

tion of the new follicle. The width and length measurement

from CSLM and histology were very close and correlated

with each other. The minimum length of a neogenic hair

follicle that could be detected by CSLM was 21 mm. The

space between neogenic hair follicles was decreased in

histological sections compared with CSLM.

Conclusion: CSLM is an accurate and valuable method for

counting and measuring neogenic hair follicles non-inva-

sively. CSLM produces images similar to histology in mice.

Measurements of microstructures using CSLM more accu-

rately reflect actual sizes as this technique avoids fixation

artifacts. In vivo visualization of developing follicles with

CSLM allows the detection of serial changes in hair follicle

formation, thus conserving the numbers of mice required for

studies and improving the detection of temporal changes in

developing hair follicles.
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NEW HAIR follicles develop during wound
healing in the adult rabbit (1, 2), mouse

(3) and possibly humans (4). Lineage analysis
using traceable genetic alterations in transgenic
mice indicates that interfollicular epidermal cells
in the wound assume a hair follicle lineage and
generate new hair follicles (5). Spatiotemporal
monitoring of this process has the potential to
improve our understanding of this phenomenon,
and ultimately to provide more detailed informa-

tion for evaluating the response of neogenic hair
follicles to therapeutic modulation.

Several imaging technologies are used to
image skin in basic and clinical dermatological
research. These include surface microscopy,
high-frequency ultrasound, laser Doppler
perfusion imaging, magnetic resonance imaging
and in vivo confocal scanning laser micro-
scopy (CSLM) (6, 7). Among these techniques,
CSLM provides the highest-resolution imaging
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of the epidermis, reticular and upper papillary
dermis (8).

CSLM was invented by Marvin Minsky at
Harvard University in 1957 (9, 10). By using a
point source of light and placing a pinhole in an
optically conjugate plane in front of a photode-
tector, only the light from the single in-focus
plane is collected. This approach eliminates light
from out-of-focus planes, thus greatly improv-
ing image quality compared with a wide-field
microscope (11). Later, the confocal scope was
adapted to image human skin and cornea in vivo
(12–15). In 1995, a video-rate CSLM was developed
(16). The CSLM used in the current study (Viva-
scope 1500) is a class II medical device occasionally
used in dermatological practices as a means to
image and diagnose skin lesions non-invasively.

In CSLM, the visualization of skin structures is
based on the refractive index differences of the
organelles and other microstructures from the
background (9, 17, 18). Melanin (19), collagen
(20) and keratin (21), which have high-refractive
indices, produce strong back scatter with visible
and near-infrared wavelengths and thus function
as good natural contrast reagents in the skin (7).

CSLM produces horizontal, or en face, optical
sections o5 mm in thickness with a lateral resolu-
tion of 0.5–1.0 mm (22), thus providing images of
the cellular layer and the upper dermal region of
the skin. Maximal depth visualized with CSLM
nears 350 mm; hence, generally, structural and
functional changes of human skin from the stra-
tum corneum (SC) to the papillary dermis or even
the upper reticular dermis can be visualized.
Interpolation of discrete optical sections produces
continuous qualitative three-dimensional images
and quantitative measures of tissue. To date,
CSLM has been used to characterize proliferative
and inflammatory skin diseases, neoplastic skin
lesions and pigmented lesions (8).

This study was designed to show the feasibility
of using CSLM to monitor the regeneration of
hair follicles during wound healing following a
full-thickness cutaneous excision. We have
termed this phenomenon ‘Wound-Induced Hair
Follicle Neogenesis’ (WIHN) (5). In this study, we
quantified several parameters of WIHN using
CSLM, including the number, width, length and
volume of the new follicles. The thickness of the
SC and viable epidermis were measured as well.
These results were compared and analyzed in
correlation with other conventional methods
including alkaline phosphatase (AP) staining,

Keratin 17 (K17) staining and histology. The dy-
namic changes of neogenic hair follicles over time
in the same animal were also evaluated by CSLM.

Materials and Methods

Confocal imaging
A commercially available CSLM (Vivascope 1500,
Lucid Inc., Rochester, NY, USA) was used. A
detailed description of this system has been
published (16, 22). This microscope uses an
830 nm Nichia diode laser operating at a power
o20 mW as measured at the output of the objec-
tive. A � 30 magnification 0.9 NA water immer-
sion objective was used.

A small drop of a high index of refraction
(n 5 1.5) oil (Crodamol CGS, Croda, NJ, USA)
was placed on the surface of a wound to match
the index of refraction of the SC in order to
increase the visibility of hair follicles. The place-
ment of a metallic tissue ring holder together
with a disposable 30 mm medical-grade adhesive
polycarbonate window (Lucid Inc.) onto the
wound and surrounding fur creates a secure
well for holding the water-based immersion
medium. A drop of ultrasound transmission gel
immersion media (Aquasonic

s

, Parker Labora-
tories Inc., Fairfield, NJ, USA) was applied inside
the tissue ring on the surface of the window. The
CSLM imaging module was attached to the tissue
ring magnetically. Using this in vivo method, the
tissue can be translated relative to the objective
lens of CSLM in a controlled manner. A VivaCube
program was configured to acquire eight
8 mm� 8 mm VivaBlock images at 20mm depth
intervals relative to the tissue surface. Then at
least three replicate 0.5 mm� 0.5 mm Vivastack
images were acquired within the 8 mm� 8 mm
region at 1.473 mm depth intervals to a 200mm
depth to allow for skin thickness measurements.

Animals and treatments
In total, 26 C57Bl/6J mice were ordered from The
Jackson Laboratory. These mice were treated in
accordance with NIH guidelines, and all relevant
animal protocols were approved by the Univer-
sity of Pennsylvania Institutional Animal Care
and Use Committee.

Correlation of hair follicle counts between CSLM, AP
and K17 assays
Eleven mice, 21 days old, were weighed and
anesthetized with ketamine/xylazine, and the
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dorsal fur was clipped. A 1 cm2 of full-thickness
dorsal skin was excised using surgical scissors
and forceps. On Days 5–9 after scab detachment
(SD), CSLM images were taken on the wound
areas. The wound skin was harvested and incu-
bated in 20 mM EDTA/phosphate-buffered solu-
tion (PBS) solution at 37 1C overnight. With fine
tweezers, the epidermis was separated from the
dermis under a dissecting microscope. The der-
mis was processed for AP staining and the
epidermis for K17 staining as described below.

AP staining
The dermis was fixed in acetone for 1–2 days.
Then, it was rinsed with PBS and Genius III
solution successively. The sample was incubated
with an AP substrate, which is made up of
0.375 mg/mL nitro blue tetrazolium chloride
and 0.188 mg/mL 5-bromo-4-chloro-3-indolyl
phosphate (Roche Diagnostics GmbH, Man-
nheim, Germany), at 37 1C for 15 min. After being
rinsed with 25 mM EDTA solution (Boston Bio-
Products, Ashland, MA, USA), it was stored in
water for later analysis.

K17 staining
The epidermis was fixed in 10% formalin solution
at room temperature for 1 h and then incubated
with 3% hydrogen peroxide solution (Fisher
Scientific, Waltham, MA, USA). After being
blocked with 5% BSA solution (Fisher Scientific),
the sample was incubated with the K17 antibody
(1:5000) (courtesy of Dr Pierre Coulombe, John
Hopkins University) and then biotinylated anti-
rabbit IgG (1:200) (Vector Laboratories Inc., Bur-
lingame, CA, USA), followed by Streptavidin
Horseradish Peroxidase (1:500) (Calbiochem,
Gibbstown, NJ, USA). Finally, it was incubated
in a diaminobenzidine (DAB) solution (Sigma,
St. Louis, MO, USA) for 5 min.

The resulting histology samples were digitally
imaged using a dissecting microscope. Confocal
Vivablock images were captured with respect to
the orientation of the mouse. Quantitative mea-
sures of these images were analyzed using IMAGE

J. Each sample was counted twice and the final
result was the average of the replicate measures.

The relative orientation of the microscope on
the mouse as well as the orientation of the tissue
sample needed to be synchronized with great
care. The K17 images were flipped vertically in
order to match their orientation with AP and

confocal images. This was necessary for a direct
correlation between the different methods.

Measurement of hair follicle length and viable
epidermal thickness by CSLM and its comparison
with histology
Seven 21-day-old mice were wounded as de-
scribed above. Using one mouse per day from
Day 1 through 7 after SD, the wound was imaged
with CSLM. A series of VivaStack images were
acquired at intervals of 1.473mm to a depth of
� 200mm. After imaging, the wound was har-
vested and fixed in 10% neutral-buffered formalin
(Fisher Scientific) with a piece of notecard applied
to the base of the specimen to prevent curling and
misalignment during fixation. The fixed speci-
mens were bisected and then transferred to 70%
ethyl alcohol (Pharmaco Products Inc., Brookfield,
CT, USA). They were embedded in paraffin and
sectioned vertically at 5mm. Finally, these samples
were stained with hematoxylin and eosin (H&E)
(Surgipath Medical Industries Inc., Richmond, IL,
USA). The classification of germ stages in this
study is according to the guideline provided by
Paus et al. (23).

Quantification of the number, width and space of
neogenic hair follicles by CSLM and its correlation
with histology.
Five mice were wounded as before. On Day 5
after SD, these mice were anesthetized, the
wound was marked with India ink and then
imaged using CSLM. Vivacube images were col-
lected. Then, the same exact corresponding
wounds were removed and placed between two
glass slides secured with a rubber band with
great care taken to note the relative orientation
of the tissue sample as it was acquired on the
mouse. The CSLM was always attached to the
mouse and oriented so that the head of the mouse
was towards the upper portion of the screen. This
was an important factor for allowing the exact
correlation of the CSLM images to histology.
These samples were formalin fixed, embedded
in paraffin wax, sectioned horizontally and
stained with H&E.

To quantify neogenic hair follicles, horizontal
histological sections and the corresponding
CSLM optical sections at the same depth were
compared. The results from these two assays
were collected and analyzed as indicated below.
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Serial observation of neogenic hair follicle development
in the same animal
Three mice were imaged using CSLM from Day 1
to Day 8 after SD. The same regenerating areas
were retrieved from each cube file. Using these
CSLM images, the same wound site was evalu-
ated over time. The dynamic changes in the
number, width and length of neogenic hair folli-
cles were monitored. Once the number, and the
average width and length of neogenic hair folli-
cles in a mouse were determined, the volume of a
model neogenic hair follicle was calculated ac-
cording to the formula v 5 3.14� (w/2)2� l,
where v is the volume of a model germ; w and l
are the width and length of the neogenic hair
follicle, respectively.

Morphometric analysis
For CSLM analysis, all parameters were obtained
from collected images. The measurements on the
X–Y level were performed using the built-in soft-
ware. The depth of each image was obtained by
reading the calibrated depth (Z-axis) micrometer
and the respective depth of the optical plane.

All parameters in the histological analysis were
acquired from horizontal or vertical sections at
� 40 magnification under a microscope with a
reticule. The number of ocular divisions spanned
by a neogenic hair follicle was recorded and
converted into length by being multiplied by a
conversion factor, which is determined from the
measurement of a stage micrometer. The micro-
scope measurement system was calibrated in
advance by a technology specialist from the
Olympus Company (Center Valley, PA, USA).

For the quantification of neogenic hair follicles,
each layer of CSLM cube images was counted
using IMAGE J. The layer with the most neogenic
hair follicles was chosen and counted again. The
final result was the average of these two counts.
Similarly, the neogenic hair follicles in the histo-
logical slides were examined and counted.

For confocal length measurement, a series of
CSLM stack images were examined from the sur-
face of skin to deep tissue. Figure 1 shows a
diagram illustrating the length measurement in
CSLM analysis. Similarly, the thickness of SC and
viable epidermis were also measured (Fig. 2). In
histology, these measurements were made directly
under an optical microscope as described above.

In CSLM images, the width and distance be-
tween hair follicles were measured using the built-

in Line Measurement Tool in the VIVASCAN Soft-
ware (Version 7.0). The width is the distance from
one edge of the hair follicle to the other along the
smallest dimension. The space between hair folli-
cles is the distance from the center of one neogenic
hair follicle to the center of the neighboring one.

Fig. 1. Length measurement from confocal scanning laser microscopy

image analysis. Sequential stack images from the stratum corneum to

the dermis were analyzed. Z0 is defined as the deepest layer where the

basal cells are observed, Z1 is defined as the layer where the hair follicle

germs are seen clearly, Zx� 1 is the deepest layer where germs can still

be seen and (Zx) is defined as the layer where the germs are no longer

observed. The depth information of these layers was obtained by

normalizing the depth information relative to the stratum corneum

surface and using the calibrated image steps from the skin surface.

Once Z0 and Zx were determined, the length of the follicle (L) was

calculated from the difference between these two layers.

Fig. 2. Thickness measurement of viable epidermis from confocal

scanning laser microscopy image analysis. Sequential stack images

from the stratum corneum to the dermis were analyzed. Z0 is defined

as the deepest layer where keratinocytes have not yet appeared, Z1 is

the layer where keratinocytes begin to appear, Zx� 1 is defined as the

last layer where basal cells are observed and Zx is defined as the layer

where the basal cells are no longer observed. The difference in depth

between Zx and Z0 is defined as the thickness of viable epidermis (T).
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The width and space measurements for histology
sections were performed in a similar manner
under a light microscope with a reticule.

Statistical methods
Data are reported as mean� standard deviation. T-
test and correlation analysis were conducted using
PRISM 4 (version 4.03, GraphPad Software Inc., La
Jolla, CA, USA). All tests were two-tailed. The
statistical significance was determined at Po0.05.

Results

Correlation of hair follicle counts between CSLM,
AP-staining and K17-staining assays
In confocal images, neogenic hair follicles are
shown as circular structures of different dia-
meters, with a well-circumscribed border. A
cube of eight layers was produced and all layers
were counted and compared. The layer with the
most neogenic hair follicles was reported, which
is usually the fourth layer of the cube images.
This layer is about 60mm below the skin surface,
and it is just generally at the level of the papillary
dermis. The distribution patterns of the neogenic
hair follicles in the resulting CSLM images match
with K17 and AP staining (Fig. 3a).

For the quantification of neogenic hair follicles,
K17 immunohistochemical staining visualizes the
highest number of neogenic hair follicles for each
sample. The confocal method is the second most
sensitive method, visualizing 89% of the hair
follicles detected by K17 staining. AP staining
detects the fewest number of hair follicles with
69% as many as the K17 assay. Both the AP
staining and the confocal counts correlate signifi-
cantly with the K17 assay (Po0.0002 and
Po0.001, respectively). The confocal count corre-
lates well with K17 staining, with a correlation
coefficient of 0.99. In contrast, the correlation
coefficients for AP-confocal and AP-K17 were
0.77 and 0.81, respectively (Fig. 3b).

Comparison of hair follicle length and viable epidermal
thickness measurements obtained by CSLM and
histology
For two of the seven mice in this group, the
histology sample was incomplete, making it diffi-
cult to make a comparison with CSLM. Therefore,
only five samples were quantified and analyzed.

After SD, the wounded area begins to regenerate
hair follicles. These neogenic hair follicles appear to
form asynchronously. Different stages of neogenic
hair follicles, from pre-germ to more advanced hair

Fig. 3. Correlation of neogenic hair follicle counts between keratin 17 (K17), confocal and alkaline phosphatase (AP) assays. (a) A representative

match of K17, confocal scanning laser microscopy and AP images used to quantify neogenic hair follicles. (b) Shows the correlation analysis for the

total counts of neogenic hair follicles between these assays.
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follicles, can be seen within one section (Fig. 4a).
From Day 1 to Day 7 after SD, neogenic hair
follicles from stage 0 until stage 5 appear. Figure
4b shows the histology of some representative
neogenic hair follicles in different stages.

In confocal analysis, the length of the neogenic
hair follicles was assessed by analyzing the se-
quential CSLM stack images. The results correlate
well with those from the histological analysis.
Even though the ranges in length differ, there are
no significant differences between the two kinds
of measurements (P40.05; Fig. 5a). From the data
obtained in this study, the minimum length that
can be detected by CSLM is 21 mm, which is the
early stage of S2 germ. The measurement of the
viable epidermal thickness from CSLM also cor-
related well with that from the histological ana-
lysis (Fig. 5b).

Quantification of the number, width and space of
neogenic hair follicles using CSLM: comparison
with histology
For the quantification of neogenic hair follicles,
the results from CSLM images and histological
horizontal sections correlated well with each

other (Fig. 6a). The distribution patterns of these
neogenic hair follicles in both images were very
similar. Figure 6c shows a representative match
between CSLM images and histology sections.

The width measurements were taken in both
confocal and histological en face images. Overall,
the results from both methods were very similar
(Fig. 6b). Measurements of specific neogenic hair
follicles from a representative pair of confocal
and histological images were also compared. The
width measurements from both assays were very
close (100.0 vs. 101.5). Space analysis, however,
showed approximately a 6% decrease in space
measurement from the histological section com-
pared with that from the corresponding confocal
image data (100.0 vs. 93.6) (Fig. 6d).

Serial observation of the development of neogenic hair
follicles in the same mouse
The dynamic change of the above parameters can be
demonstrated clearly by performing CSLM on the
same mouse over a period of time (Fig. 7). One day
after SD, prominent vascular networks were de-
tected in the central part of the wound in which
the neogenic hair follicles will develop later. This

Fig. 4. Different stages of neogenic hair follicles in the hair follicle neogenesis following wounding. (a) shows the asynchrony of neogenic hair follicles.

Different stages of neogenic hair follicles are seen in one sample after scab detachment (SD). (b) shows representative neogenic hair follicles of different

stages (S0–S5) seen at various times after SD. S2 is the earliest germ detectable with confocal scanning laser microscopy. Scale bar: 25 mm.
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suggests that the wounds are highly metabolic, even
though no germs can be seen at this time. From Day
2, some pre-germs can be detected in the central part
of the wound, in close proximity to small blood
vessels. By Day 3, neogenic hair follicles can be seen
clearly. Later on, these neogenic hair follicles con-
tinue to increase in number and length. In contrast,
the thickness of the viable epidermis decreases
over time. The width of hair follicles remains
relatively stable after formation (Fig. 8a and b).
The volume of the model germ also increases with
time (Fig. 8c).

Discussion

The normal wound-healing process occurs in a
predictable manner and involves the stages of

hemostasis, inflammation and repair (24). De novo
hair follicle formation occurs several days after
reepithelialization (5). Previous lineage analysis
indicates that new follicles arise from epidermal
cells outside of the bulge cell area (5). Following
the formation of new hair follicles serially in the
same mouse improves the ability to study this
regenerative phenomenon. Here, we show that
CSLM is a valuable technique for this purpose.

In studying WIHN, the number of neogenic
hair follicles is an important parameter. To visua-
lize neogenic hair follicles in tissue samples, we
previously stained for K17 protein and AP activ-
ity in a whole-mount preparation of the epider-
mis and the dermis, respectively. AP is an
enzyme expressed by hair follicle dermal papilla
and K17 is an intermediate filament protein and

Fig. 5. Comparison of length and viable epidermal thickness measurements between confocal scanning laser microscopy (CSLM) and histological

methods. (a) shows the comparison of length measurement between CSLM and histology methods. (b) Shows the results of viable epidermal thickness

measurement from both methods. Measurements n1 and n2 are determined from confocal and histology methods, respectively. P values are

representative of the t-test of measurements from these two methods.
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a hair follicle differentiation marker expressed
during hair follicle development and in adult
follicle outer root sheath (25). Thus, K17 immu-
nostaining is an excellent method for detecting
neogenic hair follicles in this full-thickness exci-
sion wound model as it can detect very early
stages of neogenic hair follicles. It is not surpris-
ing that this assay results in the visualization of
the highest number of neogenic hair follicles for
each sample.

In contrast to K17 staining, AP staining, on
average, results in the detection of fewer neo-
genic hair follicles. AP staining is based on the

AP activity of cells within the dermal condensate
of neogenic hair follicles (23, 26). The dermal
condensates associated with hair germs in the
early to middle stages of development tend to be
well stained. Dermal condensates in the later
stages tend not to stain well. Likely, this is
because during the late stages of hair follicle
development, these cells are deeper in the dermis
in areas where the AP substrate has more diffi-
culty penetrating. In addition, in whole-mount
samples, the hair follicle dermal condensates and
papillae are not always clearly seen as they lie at
the bottom of the hair follicle sheath. These
factors likely collectively contribute to the low
number of the AP staining method.

CSLM detects neogenic hair follicles in intact
skin without a need for processing the tissue. In
comparing CSLM with previous invasive means
for quantifying hair follicle neogenesis, our re-
sults showed that CSLM was more accurate than
AP staining (89% vs. 69%, respectively, in com-
parison with K17 staining) for detecting new
hair follicles. The discrepancy between CSLM
and K17 assays likely occurred because CSLM
cannot detect the hair germs at very early
stages. In contrast, K17 staining even detects
hair follicle placodes that form before the germ
stage; therefore, K17 staining remains the gold
standard for the quantification of early hair germ
structures.

The measurement of neogenic hair follicle
length using CSLM is accomplished by analyzing
the stack images. The neogenic hair follicle is a
down-growth of densely packed keratinocytes
surrounded by loose dermal connective tissue.
Therefore, hair germs are easily visualized as
dark circular structures surrounded by brighter
dermis. At later stages of development, melanin
is associated with hair germs and it produces a
very bright signal. Additionally, in some devel-
oping hair follicles at slightly later stages, the hair
follicle dermal papilla and its associated capillary
loop can be clearly visualized. For the measure-
ment of neogenic hair follicle length, the most
important parameters are Z0 and Zx layers (Fig.
1). The changes between layers are subtle, but
these two layers can still be accurately identified
after a careful comparison with adjacent layers.

In the human epidermis, CSLM allows for the
measurement of epidermal thickness as specific
layers of the epidermis can be detected (22). We
found that mouse epidermal thickness can also
be measured. Once the top of the granular cell

Fig. 6. Comparison of width and space measurements between con-

focal scanning laser microscopy (CSLM) and histological assays. (a)

Total hair germ counts from confocal and histological assays. (b)

Comparison of width measurements between confocal and histological

assays. Measurements n1 and n2 are from confocal and histology

methods, respectively. P values are representative of the t-test of

measurements from these two methods. (c) Shows a representative

match between CSLM and histological images. The confocal image (on

left) also shows how the width measurement was made, whereas the

right histological image shows the space measurement. (d) Shows the

width and space analysis in the above pair of images.
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layer and the bottom of the basal layer are
determined, the thickness of viable epidermis
can be calculated. We found that measurements
from CSLM correlated well with measurements
from histology (Fig. 5).

The confocal images also correlate well with
horizontal histological sections. The number as
well as the pattern of neogenic hair follicles in
both images matched well (Fig. 6a and c). In

particular, the results of the width measurements
from both assays were very close. However, there
was more of a discrepancy from the space mea-
surements. The space between neogenic hair
follicles was smaller in histological sections com-
pared with confocal images (Fig. 6c and d).
Dehydration and shrinkage of the tissue during
histological processing likely accounts for this.
The hair follicle germs, which are composed of

Fig. 7. Development of neogenic hair follicles over time. The same mouse was imaged with confocal scanning laser microscopy (CSLM) from Day 1 to

Day 8 after scab detachment (SD). The same regions were imaged each day. (a), (b), (c), (d), (e) and (f) show the wound areas of Day 1, 2, 3, 6, 7 and 8

after SD, respectively.
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densely packed follicle epithelial cells, are less
affected by this shrinkage. Thus, the width of the
germs does not change much during the course
of histological processing. In contrast, the inter-
follicular tissue, being composed of connective
tissue, tends to be prone to dehydration and
shrinkage. It is well known that tissue processing
for paraffin embedding causes tissue shrinkage.
Using CSLM, we found that this shrinkage is
approximately 6 percent.

When correlating CSLM images to conven-
tional histological images, the major difference
is the orientation of sections (17, 18). For CSLM,
images are produced horizontally to the skin
surface (en face), whereas skin histology is usually
sectioned in the vertical plane. In our study, skin
was also sectioned horizontally in order to com-
pare these two methods more directly. Because
mouse skin is so thin, obtaining horizontal tissue
sections for histology was challenging. Only 60%
of slides contained acceptable images. The causes
for failures include non-parallel skin surface
when sectioning and a partial loss of sample
during the tissue processing. For CSLM, a metal
ring with a polymer window is attached to the

skin. The ring is then magnetically connected to
the objective lens housing. This design decreases
problems with orientation, and in this regard,
CSLM has an obvious advantage over conven-
tional histology.

In order to monitor the dynamic changes occur-
ring over time during hair follicle neogenesis, the
number, width and length of neogenic hair folli-
cles were followed using CSLM. Both the number
and the length increased markedly over time,
whereas the width increased slightly. To integrate
all the dynamic information, we proposed the
concept of a model germ. A model germ is a
virtual germ representing the typical changes in
the above parameters. In this model, the neogenic
hair follicle is treated as a cylindrical object
(Fig. 8c). The volume of a model germ can be
calculated based on the above parameters. Simi-
larly, the total volume of the neogenic hair follicles
in a regenerating area can also be obtained, which
represents all the neogenic hair follicles in each
animal (data not shown). These indices might be
useful in evaluating the responses of neogenic
hair follicles to drugs or other therapeutic modula-
tors. The dynamic in vivo information about these

Fig. 8. Dynamic changes of the parameters of neogenic hair follicles after scab detachment (SD). A mouse was imaged with confocal scanning laser

microscopy from Day 1 through Day 8 after SD. (a) Demonstrates the dynamic change in the number of neogenic hair follicles. (b) Shows the dynamic

changes in the length and width of neogenic hair follicles and the thickness of viable epidermis. (c) Demonstrates the volume dynamics of a model

neogenic hair follicle.
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parameters offers a potential to increase our under-
standing of WIHN.

CSLM offers several important advantages
over conventional methods for studying hair
follicle neogenesis following wounding. For ex-
ample, the same skin site can be imaged serially
over time. CSLM images are collected directly
from the tissue, thus avoiding histological arti-
facts. Information regarding the number, length
and width of neogenic hair follicles can be ob-

tained from a single animal. Thus, these features
can help to decrease the number of experimental
animals used in an experiment.
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