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Hair-follicle-associated pluripotent (HAP) stem cells can differentiate into many cell types, including neurons and
heart muscle cells, and have been shown to repair peripheral nerves and the spinal cord in mice. HAP stem cells can be
obtained from each individual patient for regenerative medicine which overcomes problems with immune rejection.
Previously, we have demonstrated that genetically-encoded protein markers such as GFP in transgenic mice can be
used to visualize HAP stem cells in vivo by multiphoton tomography. Detection and visualization of stem cells in vivo
without exogenous labels such as GFP would be important for human application. In the present report, we
demonstrate label-free visualization of hair follicle stem cells in mouse whiskers by multiphoton tomography due to the
intrinsic fluorophores such as NAD(P)H/flavins. We compared multiphoton tomography of GFP-labeled HAP stem cells
and unlabeled stem cells in isolated mouse whiskers. We show that observation of HAP stem cells by label-free
multiphoton tomography is comparable to detection using GFP-labeled stem cells. The results described here have
important implications for detection and isolation of human HAP stem cells for regenerative medicine.

Introduction

Nestin-expressing multipotent stem cells are present in the
bulge area and dermal papilla of the hair follicle."* We have
termed these cells hair follicle-associated pluripotent (HAP) stem
cells. HAP stem cells in the hair follicle are positive for CD34
and negative for keratin 15." The iz situ role of the hair-follicle
nestin-expressing stem cells is probably to form the hair follicle
sensory nerve.”> HAP stem cells can differentiate into neurons,’
cardiac muscle cells.® and other cell types as well as into hair folli-
cle cell types."” HAP stem cells can also enhance nerve and spinal
cord regeneration upon transplantation.”” HAP stem cells can
also form blood vessels and smooth muscle cells and participate
in wound healing.>*"!

We previously demonstrated non-invasive high-resolution
multiphoton tomography (MPT) of HAP stem cells in living
transgenic nude mice in which the HAP stem cells expressed
GFP. The tomograph is comprised of a tunable NIR femtosec-
ond laser system with 360° scan/detector head, mounted on
a flexible mechano-optical articulated arm for simultaneous
intra-tissue fluorescence and second-harmonic generation (SHG)
detection. Non-invasive MPT enables in vivo long-term tracking
of intra-tissue stem cells in living mice. Multiphoton imaging
with subcellular resolution can visualize the real-time behavior of
single stem cells in their native tissue microenvironment.'*

Label-free observation of proliferation, migration, and differ-
entiation of stem cells is of high interest. For example, in vivo
studies of human stem cells with GFP is not feasible. Multipho-
ton imaging can overcome this problem because it is based on 2-
photon excitation of intrinsic fluorophores such as NAD(P)H,
flavins, porphyrins, elastin, and melanin. In addition, SHG
images can be obtained from certain biomolecule structures such
as collagen and myosin.'?

In the present study, HAP stem cells in isolated mouse
whiskers were imaged by high-resolution MPT, with and without
GFP expression, in order to determine the potential of label-free
imaging of HAP stem cells 77 sizu.

Results and Discussion

Non-destructive multiphoton tomography (Fig. 1) was
performed on isolated whisker hair follicles expressing nestin-
driven GFP (ND-GFP),"'* as well as whiskers from non-
transgenic mice, not expressing GFP.'>!'® Optical sections
based on the simultaneous detection of 2-photon excited
GFP or autofluorescence, as well as SHG of collagen were
obtained with a laser wavelength at 760 nm using 2 photo-
multiplier detectors (Fig. 1).
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Figure 1. Multiphoton tomograph MPTflex with 360° scan/detector head containing a dual-photon detector
unit for the measurement of autofluorescence and SHG. BP, bandpass filter, LP, longpass filter, SP, shortpass
filter, NIR, near infrared, SHG, second harmonic generation.

Figure 2. Nestin-GFP expressing hair follicle associated pluripotent (HAP) stem cells in the bulge imaged
with multiphoton tomography at different depths (z-27 um and z-40 wm). As shown in these 2-photon-
(760 nm excitation) induced fluorescence images, nestin-GFP HAP stem cells within the whisker appear to
have a specific morphology with a round-shaped body and typically 2-3 extrusions (GFP-green-colored
cells). Extracellular matrix protein-collagen was imaged without external labeling based on a non-linear
effect, termed the second-harmonic generation (red color [pseudo color coded]). 3D optical sectioning dem-
onstrated that nestin-GFP HAP stem cells are distributed in the bulge area within a niche in perpendicular
and horizontal sections (position) and well aligned within the collagen fibrillar structures. High intensity GFP
fluorescence is detected either in the cell body, including the nucleus and extrusions, or only in the cyto-
plasm and extrusions but not in the nucleus. Yellow arrows indicate body and white arrows indicate extru-
sions of HAP stem cells.
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Nestin-GFP-expressing HAP
stem cells in the bulge area of
mouse whiskers imaged with
MPT

Nestin-GFP-expressing  HAP
stem cells were monitored with
2-photon excitation in the bulge
area of the whisker at a depth of
5-200 wm along with SHG
detection. The GFP-

expressing stem cells occurred in

nestin

clusters of different numbers of
cells per bulge. The typical size of
the nestin-expressing stem  cells
was approximately 7 wm in diam-
eter when they were spherical and
less than 5 wm in width when
they were elongated (Fig. 2).

Nestin-GFP-expressing ~ HAP
stem cells within the whisker
appear to have a specific morphol-
ogy with a round-shaped body and
typically 2-3 extrusions. Extracel-
lular matrix protein—collagen was
imaged simultaneously based on
SHG (red color [pseudo color
coded]). 3D optical sectioning
demonstrated that nestin-GFP
HAP stem cells are distributed in
the bulge area within a niche in per-
pendicular and horizontal sections
(position) and well aligned within
the collagen fibrillar structures. Fur-
thermore, high intensity GFP-fluo-
rescence was detected either in the
cell body, including the nucleus
and extrusions, or only in the cyto-
plasm and extrusions but not in the
nucleus (Fig. 2).

Label-free HAP stem cells in
the bulge area of the mouse
whisker imaged with MPT

Label-free HAP stem cell images
obtained with 2-photon
induced autofluorescence of cells
and SHG of collagen fibrillar struc-

tures.

were

Autofluorescence was
detected mainly in the cytoplasm of
the HAP stem cells, including
extrusions, but not in the nucleus
when non-labeled whiskers are
excited at 760 nm. The unlabeled
HAP stem cells within the hair fol-
licle bulge have the same morphol-
ogy and size as the nestin-GFP hair
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follicle stem cells with a round-
shaped body and with typically 2-3

extrusions (green color) (Fig. 3).

Nestin-GFP-expressing and
label-free HAP stem cells in the
dermal papilla imaged with MPT

HAP stem cells in the dermal
papilla have migrated from the
bulge area.'”'® The nestin-GFP-
expressing HAP stem cells in the
dermal ND-GFP
expression in the cytoplasm and
nucleus (Fig. 4). Label-free stem
cells in whiskers from non-GFP-

papilla  have

expressing mice were visualized by
2-photon excited autofluorescence
at 760 nm and showed identical
morphology to ND-GFP express-
ing stem cells. Autofluorescence
arises mainly from mitochondria
which contain the endogenous flu-
orophores NAD(P)H and flavins
(Fig. 4). The nuclei are non-fluo-
rescent (Fig. 4).

Materials and Methods

Mice

Transgenic mice, with GFP expression driven by the nes-
tin promoter [nestin-driven GFP (ND-GFP)],"'>' were

used as a source of whiskers
which contain ND-GFP-express-
ing HAP stem cells. Non-trans-
genic Balb-C mice were used as
a source of whiskers which con-
tain non-GFP-expressing HAP
stem cells. Mice were anesthe-
tized with a 30 pl ketamine
solution (20 mg/kg ketamine,
15.2 mg/kg xylazine and 0.48
mg/kg Acepromazine maleate).
The average age of mice varied
from 4 weeks to 4 months.
All animal studies were con-
ducted in accordance with the
principles of and procedures
outlined in the NIH guide for
the care and use of laboratory
animals under assurance num-

ber A3873-1.

Isolation of vibrissa hair
follicles

To isolate the vibrissa fol-
licles from GFP-transgenic and
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Figure 3. Label-free HAP stem cells in the bulge of the mouse whisker imaged with multiphoton
tomography. Images are produced due to the 2-photon-excitation-induced autofluorescence of cells
and SHG of collagen fibrillar structures at different depths (z-15 wm and z-60 pm, 760 nm excitation).
In these autofluorescence images, fluorescence is detected mainly in the cytoplasm including extru-
sions, but not in the nucleus. Label-free HAP stem cells within the hair follicle bulge have the same
morphology and size as the ND-GFP HAP stem cells with a round-shaped body and with typically 2-3
extrusions (green color). Collagen is imaged by SHG (red [pseudo color coded]).

non-transgenic mice, the upper lip containing the vibrissa pad
was cut under anesthesia and the inner surface was exposed.
Entire vibrissa hair follicles were dissected under a binocular
microscope and plucked from the pad by pulling them gently
by the neck with fine forceps.”

Figure 4. ND-GFP-expressing (left) and label-free HAP stem cells (non-GFP, right) in the dermal papilla.
HAP stem cells were imaged with 2-photon induced GFP or by autofluorescence, respectively. Extra-
cellular matrix protein collagen was imaged due to SHG. In the GFP fluorescence image the entire
HAP stem cell fluoresced bright green (left panel). In the autofluorescence image (right panel), the
cell nucleus appeared dark due to the lack of endogenous fluorophores. Bright autofluorescent struc-
tures are in the mitochondria within the cytoplasm, which are rich in intrinsic fluorescent NAD(P)H
and flavins. Collagen fibers visualized by SHG are well aligned structures (red [pseudo color coded]).
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High resolution multiphoton tomography

A multiphoton tomograph MPTflex™™ (JenLab GmbH, Jena,
Germany and MultiPhoton Laser Technologies Inc., Irvine, CA,
Fig. 1) was used. A sealed turn-key tunable 80 MHz titanium:
sapphire femtosecond laser (710-920 nm) is mounted on an
optical breadboard. The optical unit consists of an active optical
power attenuator to regulate the in situ power of the laser, an
active beam-stabilization device, a safety unit and a flexible artic-
ulated mirror-arm with a compact scan head.'” The scan head
consists of a fast galvo-scanning device to generate 2D (XY)
scans, a piezodriven z-scanner and high NA focusing optics (NA
1.3). The optical arm is stabilized with a mechanical arm and
can be positioned in upright, inverted or in any other position.
The 360° scan/detector head contains a dual-photon detector
unit for the measurement of autofluorescence and SHG. The
overall field-of-view of the optical system covers 350 X
350 wm? A lateral resolution of 300 nm and an axial resolu-
tion of 1-2 wm were determined by the measurement of the

point-spread-function of 50 nm fluorescent nanobeads. Optical
sections can be generated as deep as 300 wm. The acquisition
time for one optical section is typically 6 seconds. Multiphoton
imaging is achieved by focusing femtosecond laser radiation at
low picojoule pulse energy into the whisker.'
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