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Introduction

There is a need to noninvasively observe stem cell behavior in 
vivo in their native localization. In vivo multiphoton tomogra-
phy, based on nonlinear absorption of endogenous fluorophores 
and fluorescent proteins, can meet this need. Multiphoton 
tomography is suitable for non-destructive long-term analysis of 
living cells due to the absence of out-of-focus absorption, out-of-
focus photobleaching and out-of-focus phototoxicity. Multicolor 
imaging is possible with a single near infrared (NIR) laser exci-
tation wavelength, due to broad multiphoton absorption bands 
of multiple fluorophores, such as NADPH and green fluorescent 
proteins (GFP). When using high numerical aperture objectives 
(NA >1), the excitation volume is limited to a sub-femtoliter focal 
volume and therefore provides the possibility of “pinhole-free” 
optical sectioning of 3D biological objects.1,2

In addition to two-photon excited fluorescence, multiphoton 
imaging enables second harmonic generation (SHG) imaging by 
the excitation of non-centrosymmetrical structures, such as col-
lagen.3 SHG produces coherent radiation at exactly half of the 
excitation without light absorption. Therefore, photobleaching 
and photodamage are eliminated. SHG enables deep 3D imag-
ing due to backscattered light.

Non-invasive multiphoton microscopes with NIR femtosec-
ond laser sources have been applied to image living single cells 
with a high spatial resolution without staining since 1990.1 
However, such microscopes are not suitable for long-term imag-
ing of living animals.

Recently, clinical multiphoton tomographs with articulated 
flexible arms have been developed to monitor skin diseases at the 
single cell level.4,5 Such instruments have very high-resolution 
and provide optical biopsies with a lateral resolution of better 
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than 0.5 μm and an axial resolution of 1–2 μm. Optical sections 
can be generated down to a depth of 0.3 mm. The tomographs 
are extremely sensitive due to single-photon counting (SPC) 
technology.

Here, we report on the use of novel femtosecond laser-based 
multiphoton tomograph with a mechano-optical articulated arm 
and an active beam stabilizer, in combination with a compact 
scan head for flexible 3D imaging of multipotent hair follicle 
stem cells in the living mouse (Fig. 1). We applied the high-res-
olution imaging tool to visualize nestin-expressing multipotent 
stem cells originating in the bulge area of the hair follicle in their 
native niche.6-9

Nestin-expressing multipotent stem cells are present in 
the bulge area and dermal papilla of the hair follicle. Nestin is 
expressed in neuronal progenitor cells as well as in stem cells of 
the hair follicle. Nestin-expressing stem cells in the hair follicle 
are positive for CD34 and negative for keratin 15.6,7 The nestin-
expressing hair follicle stem cells can differentiate into neurons 
and other cell types as well as into hair follicle cell types. The nes-
tin-expressing hair follicle stem cells can also enhance nerve and 
spinal cord regeneration upon transplantation.8-10 We have previ-
ously shown that nestin-expressing stem cells are able to generate 
a significant portion of the hair follicle as well as neurons, blood 
vessels and smooth muscle cells and also participate in wound 
healing.7,9-12 These stem cells are potential sources for stem cell 
based therapy of peripheral nerves and the spinal cord.6,9-12

Results and Discussion

Nondestructive multiphoton tomography using a compact scan 
head over periods of 2–5 hours was performed in the pres-
ent study on transgenic mice expressing nestin-driven GFP 
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and for GFP with a fluorescence maximum of 520 nm. We moni-
tored 790 nm excited nestin-GFP-expressing stem cells in the 
periphery of the hair shaft starting at a depth of 35–45 μm and 
SHG formation starting at 30–40 μm depth. The hair shaft can 
be visualized due to keratin and melanin fluorescence. Typically, 
the nestin GFP-expressing stem cells occurred in clusters of dif-
ferent numbers of cells per bulge (up to 50). The typical size 
of the nestin-expressing stem cells was approximately 7 μm in 
diameter when they were spherical and less than 5 μm in width 
when they were elongated. In contrast, the surrounding cells had 
a typical size of approximately 15 μm (Fig. 2B). The movement 
of individual stem cells was visualized over 2 hours with submi-
cron resolution (Fig. 2C).

As demonstrated in the present report, the method of intra-
tissue multiphoton tomographic sectioning with a flexible scan 
head is noninvasive and is particularly suitable for long-term 
tracking of stem cells in the live animal. The imaging method 
used in this study has the potential to visualize functional activ-
ity, migration behavior and differentiation of stem cells by non-
invasive in vivo monitoring of single stem cells in their native 
environment. Thus, the tomographic imaging in live animals 
as described in this report would facilitate studies on stem cell 
dynamics during hair follicle cycling, wound healing, skin car-
cinogenesis and other environmental stresses or triggers. A fur-
ther application of multiphoton tomography is tumor stem cell 
tracking. Tumor stem cell progression and invasion can be stud-
ied including the interaction of stem cells with the extracellular 
matrix and stromal cells. For example, the interaction of glioma 

(ND-GFP)6,13 in the hair follicle at different hair cycle phases.14,15 
Optical sections with submicron resolution, based on autofluo-
rescence or two-photon excited GFP as well as SHG of collagen 
were obtained. Autofluorescence was generated by two-photon 
excitation of keratin, NAD(P)H, melanin and elastin.

The hair follicles of four-week-old nude mice have a typical 
lateral dimension of 50 μm and a depth of 200 μm and more 
(Fig. 2). The hair bulge was found to be located at typical depths 
of 30–60 μm below the sebaceous glands and the hair bulb at 
depths of 150 μm and deeper. The typical thickness of the epi-
dermis was found to be 30–40 μm. Therefore, high-resolution 
multiphoton tomography of the upper part of the hair follicles, 
including the hair bulge in living mice, was possible. In small 
hairs, even the hair bulb can be imaged.

During in vivo imaging, cellular autofluorescence was detected 
at different NIR excitation wavelengths (750 nm, 790 nm, 
930 nm) in order to separate different native fluorescent mol-
ecules in the skin tissue of ND-GFP transgenic mice and control 
mice. When using 750 nm, NAD(P)H as well flavins/flavopro-
teins were excited by the two-photon process. Three-dimensional 
fluorescence imaging provided information on the morphology 
and size of the stem cells and enabled visualization of some cell 
structures and extracellular matrix components with submicron 
resolution. Extracellular matrix protein-collagen was detected at 
790 nm excitation.

In the GFP-expressing mice, GFP was efficiently excited at 
930 nm. However, we found that 790 nm was a superior excita-
tion wavelength for collagen with an SHG emission at 395 nm 

Figure 1. Multiphoton tomograph for noninvasive high-resolution imaging of living animals. the tunable femtosecond laser excitation beam 
(710– 920 nm) is transmitted through an articulated mechano-optical arm with an active beam stabilizer in the compact scan head. the scan head 
contains galvoscanners and piezo-driven optics for 3D excitation as well as two single-photon counting detectors for simultaneous detection of fluo-
rescence and second harmonic generation. the magnetic interface between animal and scan head allows long-term investigation of living animals.
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stem cells and endothelial cells16 and behavior of colon 
cancer stem cells17 can be imaged at high-resolution 
in real time with the instrumentation and techniques 
described in the present report.

Materials and Methods

Animals. Nestin-GFP transgenic nude mice, with 
GFP expression driven by the nestin promoter [nestin-
driven GFP (ND-GFP)],6,13,18 were used for in vivo 
imaging. Male mice were anesthetized by 30 μL ket-
amine solution 2–5 minutes before measurement. The 
average age of mice varied from 4 weeks to 4 months. 
All animal studies were conducted in accordance with 
the principles of and procedures outlined in the NIH 
guide for the care and use of laboratory animals under 
assurance number A3873-1.

Histology. The skin and whisker pad of trans-
genic mice were excised under anesthesia. Tissues 
were embedded in tissue-freezing medium (Triangle 
Biomedical Science, Durham, NC) and frozen in 
nitrogen for 10 min and at -80°C overnight. Frozen 
sections at 7 μm thickness were prepared with a Leica 
CM1850 cryostat. The sections were air-dried for 5–10 
min and stained with hemotoxylin-eosin. The samples 
were imaged with an Olympus IX71 microscope with 
a CCD camera (MACROFIRE, Optonics).

High-resolution multiphoton tomography. The 
multiphoton tomograph MPTflexTM (JenLab GmbH, 
Jena, Germany and MultiPhoton Laser Technologies 
Inc., Irvine, CA, Fig. 1) uses a sealed turn-key tun-
able 80 MHz titanium:sapphire femtosecond laser 
(710–920 nm) that is mounted on an optical bread-
board. The optical unit consists of an active optical 
power attenuator to regulate the in situ power of the 
laser depending on tissue depth, an active beam sta-
bilization device, a safety unit and a flexible articu-
lated mirror-arm with its compact scan head. The 
scan head consists of a fast galvo-scanning device to 
generate 2D (XY) scans, a piezo-driven z-scanner and 
high NA focusing optics (NA 1.3). The optical arm is 
stabilized with a mechanical arm. The scan head also 
contains a dual photon detector unit for the measure-
ment of autofluorescence and second harmonic gen-
eration (SHG). The in situ power at the target tissue 
is 2 mW (stratum corneum) to 50 mW (dermis); the 
in situ laser pulse width is 250 fs. The overall field 
of view of the optical system covers 350 x 350 μm2. 
Optical sections can be generated as deep as 300 μm. 
The acquisition time for one optical section is typically 
2 seconds. Multiphoton imaging is achieved by focus-
ing femtosecond laser radiation at low picojoule pulse 
energy into the skin.

Figure 2. Intratissue multiphoton imaging in living mice. (A) the histology and the 
schema demonstrate the hair follicle bulge and the hair bulb at a depth of 200 μm 
in four-week old nude mice. High-resolution multiphoton tomography can access 
the entire hair follicle in living mice. (B) optical multiphoton sections at 45 μm 
depth (i) and 70 μm depth (ii) from a 3D stack. Laser excitation at 790 nm results in 
SHG signals due to the extracellular matrix (eCM) component collagen (red) and in-
tracellular GFp fluorescence (green) in the hair follicle bulge of nestin-GFp-express-
ing cells. White arrows show the hair shaft fluorescence. Yellow arrows depict the 
nestin-GFp expressing stem cells. At a depth of 70 μm, the nestin-expressing stem 
cells form long elongated structures in the periphery of the hair shaft. (C) time-
lapse studies. the flexible scan head combined with the magnetic interface allows 
the tracking of individual intra-tissue stem cells over a period of hours. Nestin-ex-
pressing GFp stem cells at 50 μm depth at the beginning of the time-course study 
(iii) and 2 hours later (iv). A nestin-GFp expressing cell can be seen moving into the 
field of view within 2 hours (iv). Arrow depicts where there was no stem cell visible 
(iii) and when it moved into the field of view (iv). please refer to (A) for the schema 
and histology of the structure of the hair follicle as a reference point for the images 
shown in (B and C). Scale bar: 50 μm.



©2011 Landes Bioscience.
Do not distribute.

2020 Cell Cycle Volume 10 Issue 12

13. Mignone JL, Kukekov V, Chiang AS, Steindler D, 
Enikolopov G. Neural stem and progenitor cells in 
nestin-GFP transgenic mice. J Comp Neurol 2004; 
469:311-24.

14. Li L, Margolis LB, Hoffman RM. Skin toxicity deter-
mined in vitro by three-dimensional, native-state histo-
culture. Proc Natl Acad Sci USA 1991; 88:1908-12.

15. Hoffman RM. The pluripotency of hair follicle stem 
cells. Cell Cycle 2006; 5:232-3.

16. Liu D, Martin V, Fueyo J, Lee OH, Xu J, Cortes-
Santiago N, et al. Tie2/TEK modulates the interaction 
of glioma and brain tumor stem cells with endothelial 
cells and promotes an invasive phenotype. Oncotarget 
2010; 1:700-9.

17. Kemper K, Grandela C, Medema JP. Molecular iden-
tification and targeting of colorectal cancer stem cells. 
Oncotarget 2010; 1:387-95.

18. Amoh Y, Yang M, Li L, Reynoso J, Bouvet M, Moossa 
AR, et al. Nestin-linked green fluorescent protein 
transgenic nude mouse for imaging human tumor 
angiogenesis. Cancer Res 2005; 65:5352-7.

8. Amoh Y, Li L, Campillo R, Kawahara K, Katsuoka K, 
Penman S, et al. Implanted hair follicle stem cells form 
Schwann cells that support repair of severed peripheral 
nerves. Proc Natl Acad Sci USA 2005; 102:17734-8.

9. Liu F, Uchugonova A, Kimura H, Zhang C, Zhao M, 
Zhang L, et al. The bulge area is the major hair follicle 
source of nestin-expressing pluripotent stem cells which 
can repair the spinal cord compared to the dermal 
papilla. Cell Cycle 2011; 10:830-9.

10. Amoh Y, Li L, Katsuoka K, Hoffman RM. Multipotent 
hair follicle stem cells promote repair of spinal cord 
injury and recovery of walking function. Cell Cycle 
2008; 7:1865-9.

11. Amoh Y, Kanoh M, Niiyama S, Hamada Y, Kawahara 
K, Sato Y, et al. Human hair follicle pluripotent stem 
(hfPS) cells promote regeneration of peripheral-nerve 
injury: An advantageous alternative to ES and iPS cells. 
J Cell Biochem 2009; 107:1016-20.

12. Amoh Y, Hamada Y, Aki R, Kawahara K, Hoffman 
RM, Katsuoka K. Direct transplantation of uncultured 
hair-follicle pluripotent stem (hfPS) cells promotes the 
recovery of peripheral nerve injury. J Cell Biochem 
2010; 110:272-7.

References
1. Denk W, Strickler JH, Webb WW. Two-photon laser 

scanning fluorescence microscopy. Science 1990; 
248:73-6.

2. König K. Multiphoton microscopy in life sciences. J 
Microsc 2000; 200:83-104.

3. Campagnola PJ, Clark HA, Mohler WA, Lewis A, 
Loew LM. Second-harmonic imaging microscopy of 
living cells. J Biomed Opt 2001; 6:277-86.

4. König K. Clinical multiphoton tomography. J 
Biophotonics 2008; 1:13-23.

5. König K, Raphael AP, Lin L, Grice JE, Soyer HP, 
Breunig HG, et al. Applications of multiphoton tomo-
graphs and femtosecond laser nanoprocessing micro-
scopes in drug delivery research. Adv Drug Delivery 
Rev 2011; In press.

6. Li L, Mignone J, Yang M, Matic M, Penman S, 
Enikolopov G, et al. Nestin expression in hair follicle 
sheath progenitor cells. Proc Natl Acad Sci USA 2003; 
100:9958-61.

7. Amoh Y, Li L, Katsuoka K, Penman S, Hoffman RM. 
Multipotent nestin-positive, keratin-negative hair-folli-
cle-bulge stem cells can form neurons. Proc Natl Acad 
Sci USA 2005; 102:5530-4.


