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ABSTRACT Nonlinear microscopy techniques are being increasingly used to perform in vivo
studies in dermatology. These methods enable us to investigate the morphology and monitor the
physiological process in the skin by the use of femtosecond lasers operating in the red, near-infrared
spectral range (680–1,300 nm). In this work we used two different techniques that require no label-
ing: second harmonic generation (SHG) for collagen detection and coherent anti-Stokes Raman scat-
tering (CARS) to assess lipid distribution in genetically obese murine skin. Obesity is one of the
most serious public health problems due to its high and increasing prevalence and the associated
risk of type 2 diabetes and cardiovascular diseases. Other than these diseases, nearly half of
patients with diabetes mellitus suffer from dermatological complications such as delayed wound
healing, foot ulcers and several other skin changes. In our experiment we investigated and followed
the effects of obesity on dermal collagen alterations and adipocyte enlargement using a technique
not reported in the literature so far. Our results indicate that the in vivo SHG and ex vivo CARS
imaging technique might be an important tool for diagnosis of diabetes-related skin disorders in the
near future. Microsc. Res. Tech. 78:823–830, 2015. VC 2015 Wiley Periodicals, Inc.

INTRODUCTION

The ability to follow the changes and distribution of
various biological compounds in the skin is essential
for better understanding the mechanism of diseases.
Nonlinear microscopy offers a noninvasive, high-
resolution and deeply penetrating optical imaging
technique with high sensitivity (Denk et al., 1990).
The epidermis and dermis both contain numerous
endogenous chromophores, such as NADH, melanin,
keratin, elastin, and collagen that can be visualized by
various excitation wavelengths, without the need of
exogenous contrast agents (Breunig et al., 2012). The
combination of different modalities such as two-photon
absorption fluorescence (TPAF), second harmonic gen-
eration (SHG) or coherent anti-Stokes Raman spec-
troscopy (CARS) are promising techniques to obtain
detailed morphological and structural information
about living tissue (Breunig et al., 2010; Han et al.,
2005).

Obesity is defined as an excessive body fat accumu-
lation that leads to various metabolic diseases, such as
hypertension, cardiovascular disorders and type 2 dia-
betes (Kopelman, 2000). The most common diabetes-
related skin lesions are impaired wound healing and

foot ulcers (Reiber, 2002). In obesity, the subcutaneous
adipose layer increases and adipocytes grow in size. It
has been previously described that an increase of sub-
cutaneous adipose layer has a suppressive effect on
certain functions of fibroblasts that results in unfavor-
able changes in the structure of the dermis. This feed-
back may play an important role in the development of
chronic diabetic skin complications, such as pressure
ulcers (Ezure and Amano, 2011; Ezure et al., 2009).
For this reason, there is a need to find a fast and
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noninvasive diagnostic method that is able to detect
these complications at an early stage.

The purpose of our work was to identify the main
features and structural changes of diabetic murine
skin. An additional aim was to develop a system that
allows us to continuously monitor these changes. For
this reason, we set out to use nonlinear microscopy
(Bognar et al., 2014; Kolonics et al., 2014) for detection
of the dermal collagen and subcutaneous adipocytes.

MATERIALS AND METHODS
Animals, Diet, and Methods

Identification of mutations in the ob gene has led to
the discovery of leptin, which is the “satiety hormone.”
Its function is to regulate the energy balance by con-
trolling the appetite in the central nervous system.
Leptin receptors are primarily located in the hypothal-
amus; the hormone itself is produced and secreted by
the adipocytes. The level of leptin secretion is directly
proportional with the amount of fat stored in the adi-
pose tissue: when the fat volume is increased, the high
level of leptin suppresses the feeling of appetite in the
brain. This establishes a direct connection between
brain and fat tissue. In case of animals with an ob gene
defects, leptin is not secreted in sufficient amount,
leading to a lack of content, and uncontrolled food
intake, a condition named hyperphagia. Genetically
engineered leptin deficient mice gain weight rapidly
and become obese, hyperinsulinemic and hyperglyce-
mic. This makes them a valid model for metabolic syn-
drome, obesity and diabetes.

During our experiments we investigated three
mouse groups. The 8-week-old female mice deficient
for leptin (B6.V-Lep ob/ob) (Charles River, Italy) were
divided into two groups, two mice per group, and were
provided with two kinds of diet for 30 weeks. First
ob/ob group received a normal diet (ob/ob—ND) having
ad libitum access to food and water, while the second
ob/ob group was kept on a calorie restricted diet (ob/
ob—CRD) as described previously (Harrison et al.,
1984). In the third group we used C57BL/6J mice
(Charles River, Italy) with intact ob gene as controls
(Control). Control mice were kept on ad libitum nor-
mal diet. Our experimental protocol was submitted to
and approved by the Semmelweis University Animal
Care and Use Committee. Body weight of each mouse
was measured weekly. In vivo SHG imaging technique
of the collagen was performed four times throughout
the experimental period. Mice were anesthetized with
1.2% Avertin solution (0.23 mL/10 g, Sigma–Aldrich,
Hungary) intraperitoneally then the fur was com-
pletely removed from the dorsal skin by shaving and
plucking, prior to each measurement. They were laid
in a custom designed mouse restrainer in order to
ensure the precise positioning of the examined skin
areas. A drop of distilled water, as a liquid contact
medium, was spilled on the hairless dorsal skin and
then covered with a glass slide. This glass covered dor-
sal skin area was placed under the microscope objec-
tive and measured multiple times. For each mouse,
five z-stack images were recorded and analyzed.

Initially, we tried to in vivo visualize the adipocytes
with the CARS imaging system, however, when we
used the highest energy setting that safety considera-
tions allowed us, the penetration depth of laser power

was still not satisfactory. Proper optical representation
requires an energy that causes thermal damages at
the skin surface, so in vivo measurements were not
performed in this setup. Instead, 4 mm full-thickness
punch biopsies were taken, from identical dorsal loca-
tions, after the mice were euthanized. Ex vivo CARS
imaging method was performed once at the end of the
experiment on these specimens. Images were acquired
in the direction of hypodermis to epidermis in order to
improve image quality. The same ex vivo tissue speci-
mens were fixed in formalin, embedded in paraffin and
sections were stained with hematoxylin-eosin. Addi-
tionally, van Gieson staining was used to demonstrate
changes in the collagen morphology. The dermal thick-
ness and size of adipocytes were evaluated from
van Gieson images using a Digimizer Image Analysis
Software (Ostend, Belgium).

Because of the low number of mice in the three
groups accurate statistical probes could not be used.
For demonstration we compared the average values of
the different groups regarding to body weigth, SHG
intensities, dermal thickness and size of adipocytes.

Imaging Setup

Two- or multiphoton absorption autofluorescence
(2PAF or MPAF) microscopy (Denk et al., 1990),
second-harmonic generation (SHG) microscopy (Han
et al., 2005), coherent anti-Stokes Raman scattering
(CARS) (Evans and Xie, 2008) and stimulated Raman
scattering (SRS) (Saar et al., 2010) allow label-free
imaging of the tissue with chemical contrast and high
spatial and temporal resolution. In 2PAF/MPAF and
SHG imaging setups a single, typically tunable wave-
lenght, mode-locked laser is used for excitation of the
sample. This is in contrast to CARS imaging systems,
where two laser beams at two different frequencies,
called the pump xp, and Stokes xS, are used to illumi-
nate the sample. When the difference frequency
between the two beams is tuned to match an intrinsic
molecular vibrational frequency in the sample Xvib, a
nonlinear interaction occurs: new light is generated at
the anti-Stokes frequency, xaS 5 2xp 2 xS, by the
CARS process. This process offers proper chemical
selectivity, high spatial resolution, and video-rate
imaging speeds in vivo in living animals and humans.

For single wavelength nonlinear microscopy, broadly
tunable, femtosecond pulse Ti:sapphire lasers (Mayer
et al., 1997) are typically used. However, recent years
brought revolutionary progress in development of fem-
tosecond pulse, all-fiber laser oscillators (Fekete et al.,
2009) and amplifiers being suitable for nonlinear
microscopy. For instance, a novel all-fiber, multimodal
(2PAF 1 SHG 1 CARS) microscope system has been
presented (Pegoraro et al., 2009). Fiber lasers are also
interest because of the ease with which they can be
combined with endoscopy (Saar et al., 2011), which
would greatly increase the utility of CARS micrscopy
for preclinical applications and tissue imaging.

Currently there is a large number of 2PAF micro-
scope systems all around the world, in which broadly
tunable Ti:sapphire lasers are used as a single wave-
length, tunable pulsed laser source. However, after a
relatively simple, cost efficient modification/upgrade of
the 2PAF laser and microscope setups, one can make
his system capable for CARS microscopy as well.
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In this section we briefly introduce our relatively sim-
ple, cost efficient, fiber laser based CARS extension
unit, which can be adopted for most of the femtosecond
pulse, tunable Ti:sapphire lasers used for 2PAF imag-
ing (Kolonics et al., 2012) (Fig. 1). We will also discuss
later minor modifications that were required for our
SHG imaging.

A detailed description of the SHG/CARS upgrade for
our standard 2PAF microscope, which includes addi-
tional bulk and fiber optics, a two-stage Yb-fiber laser

amplifier and new optical filters placed into the micro-
scope, is show in Figure 1A. A broadly tunable, femto-
second pulse Ti:sapphire laser generates nearly
transform limited, sFWHM � 190 fs pulses at a central
wavelength of 796 nm. A Faraday isolator (FI) placed
in the beam path assures that there is no back reflec-
tion to the laser oscillator from the different optical
elements, such as the optical fiber ends, that might
perturb mode-locking performance. An achromatic
beam-splitter (BS) divides the laser power into two

Fig. 1. Experimental setup used for SHG/CARS imaging. A:
Detailed description of the SHG/CARS upgrade for our standard LSM
7MP (Carl Zeiss) 2PAF microscope (including additional bulk and
fiber optics, Yb-fiber laser amplifier and optical filters); FI: Faraday-
isolator, BS: beam splitter, HWP: half wave plate, NL-1.4-775: pho-
tonic crystal fiber, HI-1060: single-mode fiber, M: (broadband) beam
stearing mirrors, DM: dichroic mirror, LBF: laser blocking filter,
BPF: band-pass filter, NDD: non-descanned detector. Position of the
examined mice during in vivo imaging is also shown in the figure. B:

Block scheme of the whole SHG/CARS imaging system including
main system components, beam paths and electrical wiring. Inset:
Energy diagrams corresponding to the CARS and SHG processes: x1

(=xp)—the frequency of Ti:sapphire laser (pump), x2 (=xS)—the fre-
quency of Yb-amplifier (Stokes), x3 (=xas)—the frequency of light
generated during the CARS process, X (=Xvib) – vibration frequency
of the investigated molecule. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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parts: the reflected beam is focused into a small core
area photonic crystal fiber (NL-1.4-775, NKT Pho-
tonics, Denmark) by a high NA, achromatic focusing
lens, which generates the seed pulses for the two-stage
Yb-amplifier unit operating at 1,028 nm. The transmit-
ted beam, which plays the role of tunable pump beam
for CARS measurements, directly goes into the nonlin-
ear micrscope passing through a precision delay stage,
which assures the zero delay difference between the
tunable pump and amplified, compressed Stokes
pulses. The pump and Stokes pulses are inherently
synchronized, since the relatively broadband seed
pulses of the amplifier are generated by the Ti:sap-
phire laser pulses by efficient nonlinear wavelenght
conversion in a �100 mm long photonic crystal fiber
(PCF). After the two-stage Yb-amplifier, we obtain
optical pulses having a central wavelenght of
�1,028 nm and a FWHM bandwidth of �10 nm. A
transmission grating pair compressor is used for tem-
poral compression of the Stokes pulses, which is
required for optimization of the CARS signal. The
�796 nm pump pulses and the �1,028 nm Stokes
pulses are combined by a dichroic mirror (DM) before
entering the scanning microscope.

The SHG signal of collagen and the CARS signal of
adipocytes are efficiently separated between the two
NDD detectors by a long-pass dichroic beamsplitter
(LP555). The signal to noise ratio is improved by nar-
rowband (Dk � 10 nm) bandpass filters respectively
centered at around the SHG signal wavelenght for col-
lagen (k � 398 nm) and the anti-Stokes signal wave-
lenght of adipocytes (k � 649 nm), which corresponds
to the CH2 symmetric streching vibration resonance of
saturated fatty acids in our setup. The average powers
of the two laser beams measured at the sample surface
were �20 and �10 mW for the Ti:sapphire laser and
the Yb-amplifiers, respectively. The 3D images were

obtained by computer controlled precise positioning of
the objective along the z-axis (“z-stack images”), which
enabled us to image the samples at different tissue
depths. Generally, the maximum imaging depth was
�60 mm with imaging intervals of 5 mm. The image
resolution and speed were chosen at 1,024 pixels with
12.61 msec pixel dwell time respectively. The laser
beams were focused by a 203, water immersion
objective (W-Plan – APOCHROMAT 20x/1,0 DIC (UV)
VIS-IR, Carl Zeiss, Germany), which resulted in an
�0.6 3 0.6 mm2 imaging area. Using a 12.61 ms pixel
dwell time and the average power values listed above
we could not observe any thermal damage of the sam-
ples during our measurements. The 3D images were
captured by the commercial ZEN software of the LSM
7MP microscope (Carl Zeiss, Germany).

Block scheme of the whole SHG/CARS imaging sys-
tem that was used for our SHG/CARS measurements
is shown in Figure 1B. It includes main system compo-
nents, beam paths and electrical wiring. In the inset,
energy diagrams corresponding to the CARS and SHG
processes are shown.

The 3D SHG/CARS images were taken by a commer-
cial Axio Examiner LSM 7 MP laser scanning 2P
microscope (Carl Zeiss, Germany) after the minor mod-
ifications discussed above. A broadly tunable, femto-
second pulse Ti:sapphire laser (FemtoRose 100 TUN
NoTouch) is used for SHG imaging of collagen. It is
also used as a pump beam of the CARS measurements.
An inherently synchronized, two-stage Yb-fiber ampli-
fier (CARS Stokes Unit) generates the Stokes pulses
for CARS imaging of adipocytes. Synchronization (i.e.,
temporal overlapping) and spatial overlapping of the
pump and the Stokes beam is assured by a Femto-
CARS Laser Unit, which has the following functions:
(i) it generates the seed pulses for the two-stage Ytter-
bium amplifier, (ii) it compresses the amplified Stokes

Fig. 2. Results of body weight changes and SHG intensity of dermal
collagen measured and followed-up for 30 weeks. A: Increase of body
weight in groups of mice during 30 weeks. At the beginning of the
experiments (week 0) animals in various diet groups were already dif-
ferent; animals with leptin deficiency had higher body weight com-
pared to controls. At week 8 the body weight increase of ob/ob—ND
group was approximately twofold higher compared to other groups.
The body weight of ob/ob—CRD group stayed relatively constant
from week 8. Error bars represent standard deviation (SD) B: SHG

intensity levels measured after 8, 16, 24, and 30 weeks. Results are
normalized to values referring to the control group. Numbers on the
top of the bars represent the measured and averaged SHG intensity
values without normalization. We could not observe significant
changes in SHG intensity among mice groups for nearly 30 weeks. At
the final measuring timepoint at week 30, however, the skin of mice
in the ob/ob—ND group had a remarkably lower SHG intensity com-
pared to control and ob/ob—CRD mice. Also, a similar change was
seen when the week 30 values were compared to the initial values.
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pulses, (iii) using a precision delay stage with step
motor and piezo control, it assures the zero delay dif-
ference between the tunable pump and fixed wave-
length Stokes pulses, (iv) using a half-wave plate,
polarization of the pump and the Stokes beams are
matched here for a maximum CARS signal, and finally
(v) it combines and transmits the pump and the Stokes
beams to the scanning SHG/CARS microscope.

RESULTS
Body Weight of Mice

The ob/ob knockout group kept on a standard diet
(ob/ob-ND) for 30 weeks had a notably higher body
weight (63.65 6 4.31 g) than the control (26.63 6 4.12 g)
and the calorie restricted groups (30.33 6 1.39 g). At
the end of the study, the weight gain in the ob/ob group

was three times higher than in the other groups (see in
Figure 2A).

Changes in Collagen Morphology

During the first three measuring session, at weeks
8, 16, and 24, we could not observe significant differen-
ces in the SHG intensities among the groups using the
same laser and microscope parameters. It was noted,
however, that the ob/ob—ND and ob/ob—CRD groups
had lower SHG intensity in each measuring time com-
pared to the control group. At the final evaluation
time, at week 30, when the ob/ob—ND group had
almost tripled its body weight, the SHG intensity
decreased remarkably when compared to the controls
(Fig. 2B). The collagen morphology in the ob/ob—CRD
group was normal and fiber-rich, as was in the control

Fig. 3. The 3D-SHG images of dermal skin of mice in various diet
groups. Dermal collagen degradation in ob/ob—ND mice was clearly
visible at week 30. The images were projected in the z-direction and
were recorded starting from stratum corneum (z 5 0 mm) to the

deeper layers of dermis (z 5 60 mm) using a 796 nm laser excitation
wavelength. Imaging area is � 0.6 3 0.6 mm2. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.
com.]
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animals (Fig. 3). The ob/ob—ND group displayed
reduced dermal collagen content and the SHG inten-
sity anti-correlated with the degree of obesity.

Adipocyte Morphology Changes

The subcutaneous adipocytes in the ob/ob—ND
group were considerably larger (3678.06 6 984.95 mm2)
compared to the control group (1429.1 6 316.25 mm2).
Furthermore, along with the enlarged adipocytes in

the ob/ob—ND group, the dermal thickness decreased
greatly (115.2 6 27.35 mm) compared to control group
(210.42 6 8.4 mm) as shown in Figures 4 and 5.

DISCUSSION

Obesity and type 2 diabetes represent one of the most
serious public health problem and their worldwide epi-
demic is reaching an alarming rate (Rosen and Spiegel-
man, 2014). In the case of diabetes mellitus, almost half

Fig. 4. Comparison of adipocyte sizes by CARS measurement and
the collagen morphology, determined by SHG, and ex vivo van Gieson
staining of control and ob/ob—ND groups. The 3D CARS and SHG
images are projected in z-direction and imaging area is �0.6 3

0.6 mm2. The enlarged adipocytes, damaged collagen fibers and thin-
ner dermis in case of leptin deficient mice are clearly visible, in con-
trast to control group. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Fig. 5. Graphs show the dermal thickness and adipocyte sizes in the skin of mice in the control and
ob/ob—ND groups. Digital images of van Gieson stained sections were evaluated at the end of study by
using Digimizer Image Analysis software. The bars represent the mean values of thicknesses and adipo-
cyte sizes of the control and ob/ob-ND groups. Error bars represent standard deviation (SD).
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of the patients suffer from dermatological complica-
tions. The biophysical background of these diseases
comprises of altered metabolic conditions, circulational,
innervational and immunological disorders.

Therefore it is crucial to find fast and noninvasive
imaging methods that are able to identify these skin
lesions in early stages. The most popular microscopy
techniques are based on various nonlinear optical
effects such as two-photon excited fluorescence, second
harmonic generation or fluorescence life-time imaging
(FLIM), which are able to monitor the physiological
processes in the skin (Bennassar et al., 2013; Koehler
et al., 2011; Seidenari et al., 2012; Tanaka et al., 2013).
Lipids, however, are intrinsically non-fluorescent and
difficult to tag with fluorophores, thus, the efficacy of
use of fluorescence-based imaging methods is limited.
To better understand the regulation and biology of obe-
sity, new imaging techniques are required. In recent
years the use of coherent anti-Stokes Raman scatter-
ing and stimulated Raman scattering microscopy tech-
niques have become increasingly popular. These tools
permit us to visualize a broad range of biological sam-
ples such as lipid bilayers, lipid droplets, neuronal
myelin sheats, DNA, proteins and small metabolits in
vivo without any labeling (Freudiger et al., 2008;
Jungst et al., 2013).

In this work we demonstrated that one can identify
all major features and changes of diabetic skin in ob/ob
knockout mice using in vivo SHG and ex vivo CARS
imaging modalities. This imaging modality was able to
show a negative correlation between body weight and
SHG-intensity of the dermal collagen, as well as
between the size of adipocytes and dermal thickness.
However, we could not observe such dramatic effects in
the case of calorie-restricted leptin deficient group.
These results suggest that it is not the genotype that is
responsible for changes in the dermal collagen but
metabolic conditions play a determinant role. One
invaluable advantage of SHG z-stack imaging tech-
nique is that it can be done in vivo, without sacrificing
the animals. This is an indicator that this technique
could be safely used in human diagnostics as well.
Furthermore we compared the in vivo SHG collagen
images with the corresponding ex vivo van Gieson
stained images. We can conclude that the SHG imag-
ing technique is more sensitive for the detection of
structural alterations and fragmentation of dermal col-
lagen when compared to the histological analysis per-
formed on van Gieson stained sections. We can say
that the noninvasive SHG technique presented is suit-
able for accurate visualization of early changes in the
collagen structure in vivo. The biomechanical proper-
ties of dermal collagen and skin elasticity are crucial
in obese patients. The impaired dermal functions such
as reduced synthesis and degradation of extracellular
matrix proteins contribute to the development of
severe connective tissue alterations leading to diabetes
related skin lesions (Ezure and Amano, 2011) or even
make the person susceptible for deep soft tissue infec-
tions. Physical exercise is an effective therapy to treat
many components of metabolic syndrome such as obe-
sity, hypertension or insufficient cardiac function
(Schjerve et al., 2008). Several studies examined the
positive effects of exercise in obesity related complica-
tions recently. One must note, however, that a serious

limitation of these works was that young adult ani-
mals have been used (Schjerve et al., 2008), whereas
metabolic syndrome usually occurs in the elderly.

Our belief is that fluorescent label-free in vivo non-
linear microscopy, which includes two-photon excited
fluorescence (TPEF), second- or third-harmonic gener-
ation (SHG, THG), fluorescence life-time imaging
(FLIM) or Coherent anti-Stokes Raman Scattering
(CARS) technique, is a versatile tool for skin research
and for the esthetic industry. The CARS technique pre-
sented here can be used for in vivo label-free 3D visual-
ization of lipid bilayers, lipid droplets, neuronal myelin
sheets and small metabolites for instance without any
labeling. Existing limitations on the imaging depth of
the CARS system presented can be overcome by using
lower repetition rate laser sources (Antal and Szipocs,
2012), longer excitation laser wavelengths and/or THG
imaging method of lipids (Liao et al., 2013), which can
pave the way for in vivo diagnostics of obesity related
structural changes of the skin.

In summary, we were able to demonstrate the
usability of nonlinear imaging techniques, SHG and
CARS, in our experimental setting. This made possible
an in vivo evaluation of the main structural alterations
in the skin of genetically obese mice. Further, for the
first time in the literature, we were able to follow and
compare these processes in groups of mice kept on
restricted or unlimited diet. With these measurements
we were able to show that diet is more important than
genetic predisposition in obesity-related skin deterio-
ration. Our results prove and highlight the importance
of body weight control and emphasize that with the
use of proper diagnostic tool skin related complications
could be detected at an early stage.
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