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Abstract: Topical steroids are known for their anti-inflammatory

properties and are commonly prescribed to treat many adverse

skin conditions such as eczema and psoriasis. While these

treatments are known to be effective, adverse effects including

skin atrophy are common. In this study, the progression of these

effects is investigated in an in vivo mouse model using

multimodal optical microscopy. Utilizing a system capable of

performing two-photon excitation fluorescence microscopy

(TPEF) of reduced nicotinamide adenine dinucleotide (NADH) to

visualize the epidermal cell layers and second harmonic generation

(SHG) microscopy to identify collagen in the dermis, these

processes can be studied at the cellular level. Fluorescence lifetime

imaging microscopy (FLIM) is also utilized to image intracellular

NADH levels to obtain molecular information regarding metabolic

activity following steroid treatment. In this study, fluticasone

propionate (FP)-treated, mometasone furoate (MF)-treated and

untreated animals were imaged longitudinally using a custom-

built multimodal optical microscope. Prolonged steroid treatment

over the course of 21 days is shown to result in a significant

increase in mean fluorescence lifetime of NADH, suggesting a

faster rate of maturation of epidermal keratinocytes. Alterations to

collagen organization and the structural microenvironment are

also observed. These results give insight into the structural and

biochemical processes of skin atrophy associated with prolonged

steroid treatment.
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Introduction
Glucocorticoids remain the most broadly used anti-inflammatory

drugs in clinical practice (1). Since the introduction of topical

hydrocortisone in the early 1950s, these drugs have been used for

localized treatment of inflammatory skin disorders such as eczema

and psoriasis (2). However, there are many adverse side effects

caused by topical steroid treatment, often associated with skin

atrophy. Skin atrophy is characterized by a loss of the barrier

function which can result in increased permeability and transepi-

dermal water loss (3). In addition, the atrophied area is much

more fragile and has greater potential for tearing, bruising and

infection. In treatment regimens utilizing superpotent steroids,

these effects can be quite severe and are potentially irreversible

(1).

Histological analysis of topical skin steroid treatment in

humans and in animal models has found a decrease in the num-

ber of keratinocytes and fibroblasts (4), a decrease in the size of

keratinocytes (5), reduced epidermal thickness (6) and a relatively

flat dermal–epidermal junction (7) compared to untreated skin.

Topical steroids have also been shown to decrease the proliferation

rates of keratinocytes and fibroblasts (8,9) as well as accelerate the

maturation of these cells (10). A decrease in type I collagen pro-

duction by dermal fibroblasts has also been observed (11). This

results in a reorganization of the collagen fibres in which dense,

compact bundles are formed in place of the more structurally

sound ‘basket weave’ meshwork (12). Even with these observa-

tions, the exact mechanism responsible for the adverse effects due

to topical steroid treatment remains elusive (13).

Current methods that exist for assessing the skin atrophy

potential in vivo in humans or animal models include X-ray (14)

and ultrasound (4) measurements of skin thickness, as well as der-

moscopic observation of the skin surface (15). For X-ray and

ultrasound measurements, only structural thickness changes may

be observed with low resolution, and the progression of functional

changes such as cellular metabolism cannot be measured. Dermo-

scopic observations provide only magnified photographs of the

skin surface, ignoring the important depth-dependent information

needed to assess early changes associated with skin atrophy. New

optical microscopy methods for the evaluation of the atrophogenic

potential of topical corticosteroids have been developed to enable

non-invasive probing of the structural and functional properties

of the skin microenvironment in an effort to better understand,

observe and track adverse reactions to topical steroid treatment in

skin. Laser scanning confocal microscopy (LSCM) has allowed the

visualization of keratinocytes in vivo, allowing changes in cell size

to be observed in human patients (4). More recently, multiphoton

microscopy (MPM) has been used to distinguish keratinocytes

and collagen in the skin, allowing both visualization of the skin
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cell layers and measurements of skin thickness (16). However, in

these studies, only structural information about the skin thickness

and cell layers was obtained and any molecular or functional

changes were largely ignored.

In this study, functional parameters regarding epidermal cell

metabolism and structural measures of dermal collagen in the cor-

ticosteroid-treated skin microenvironment are measured simulta-

neously using a multimodal optical microscope. While in previous

studies, the focus was mainly on identifying structural changes

within epidermal keratinocytes (4,16), the focus here is instead to

study the metabolic environment of epidermal keratinocytes which

may precede epidermal thinning. With this imaging system, subtle

changes resulting from steroid treatment are observed that cannot

otherwise be detected with LSCM or MPM alone. This multi-

modal microscope allows for the simultaneous acquisition of

images utilizing two-photon excited fluorescence (TPEF), second

harmonic generation (SHG) and fluorescence lifetime imaging

microscopy (FLIM). TPEF is a nonlinear fluorescence imaging

technique in which exogenous or endogenous fluorophores are

excited with the simultaneous absorption of two photons (17).

SHG is a nonlinear imaging technique highly sensitive to non-cen-

trosymmetric crystalline structure (18). FLIM is an additive detec-

tion scheme to TPEF imaging in which the lifetime of the

fluorescence emitted from the fluorophores is measured, allowing

sensitive quantification of metabolism (19), pH (20), local oxygen

and calcium concentrations (21,22), as well as other important

biological parameters. Previously, this multimodal microscope has

been used to assess and quantify wound healing parameters

(23,24), to investigate cell death processes (25) and to evaluate

human engineered skin constructs (26). In this study, TPEF and

FLIM are used to follow the structural and metabolic changes of

keratinocytes and SHG is used to identify alterations in the orga-

nization and structure of collagen networks following treatment

with fluticasone propionate (FP) (27) and mometasone furoate

(MF) (28). For the steroids used in this study, FP is a class 5 topi-

cal steroid and MF, which is slightly more potent, is listed as a

class 4 topical steroid.

Methods
Study design
In this study, a hairless mouse model (SKH1-Elite, Charles River)

was used to investigate the longitudinal structural and functional

alterations in the skin microenvironment. This model has been

used previously to study the effects of topical steroid-induced

atrophy (29). Fifteen mice were separated into three groups of

five mice each. One group was untreated while the other two

groups were treated with either FP (0.05% cream, Fougera, class 5

topical steroid) or MF (0.1% cream, Merck Elocon, class 4 topical

steroid). Steroid-treated animals were imaged on days 1, 3, 7, 14

and 21. The untreated control group was imaged on days 1, 7, 14

and 21. After each imaging session, one animal was removed from

the study and a skin sample was excised from the area of the

imaging site for direct histological comparison of longitudinal

changes. All studies were conducted under a protocol approved

by the University of Illinois at Urbana-Champaign Institutional

Animal Care and Use Committee (IACUC) and the GlaxoSmithK-

line Policy on the Care, Welfare and Treatment of Laboratory

Animals.

Integrated multimodal optical microscope
A custom-built multimodal optical microscope was used to per-

form the imaging (Figure S1). The unique combination of TPEF,

SHG and FLIM can provide both structural and functional infor-

mation regarding the skin microenvironment with cellular resolu-

tion. Excitation light was provided by a titanium:sapphire laser

(MaiTai HP, Spectra Physics, Santa Clara, CA, USA) centred at a

wavelength of 730 nm, which was focused beneath the skin using

a high numerical aperture (NA) objective lens (XLUMP20X,

Olympus, Tokyo, Japan). The optical power at the focus was less

than seven milliwatts. The focal spot was raster scanned trans-

versely across the sample using a pair of computer-controlled gal-

vanometric mirrors (Micromax 671, Cambridge Technology,

Bedford, MA, USA). Detection of fluorescence and SHG was per-

formed using a 16 channel photomultiplier tube (PMT) spectrom-

eter (PML-16-C, Becker & Hickl GmbH, Berlin, Germany) centred

at 450 nm, allowing clear spectral separation of the collected SHG

and fluorescence photons. To obtain fluorescence lifetime curves,

time-correlated single photon counting (TCSPC) was performed

using a commercial TCSPC data acquisition board (SPC-150,

Becker & Hickl GmbH, Berlin, Germany). For FLIM imaging, data

were acquired from approximately the second keratinocyte layer

in the epidermis. For SHG imaging, a stack of images spanning

the superficial dermis was acquired for each animal. Data analysis

was performed for TPEF and SHG images using both MATLAB

(MathWorks, R2014a) and ImageJ (National Institutes of Health,

v. 1.47 m), while FLIM analysis was performed using SPCImage

(Becker-Hickl, v. 3.0.8.0).

Statistical analysis of NADH fluorescence lifetime images
To directly compare the in vivo response of the three experimental

groups, statistical analysis of the cellular response to the treatment

at each imaging time point was performed. It is well established

in vivo in skin that the metabolism of epidermal keratinocytes has

an appreciable depth dependence (30) leading to a depth-depen-

dent response of the mean fluorescence lifetime of NADH as well.

Therefore, it is quite important to compare measurements across

cellular regions from the images which contain cells of approxi-

mately the same size. However, as the skin of the mice used in

these experiments is approximately 10–15 lm thick and only a

few cell layers are present in the epidermis (29), it can be quite

difficult to acquire data from cellular regions of approximately the

same size. Therefore, to accurately compare the data across each

experimental group, regions of interest containing patches of cells

from approximately the second layer were manually selected for

analysis. This also removes the effect of folds and artifacts clearly

present in the skin as seen in Figs 1 and 2. The fluorescence life-

time values from these regions of interest were ultimately used to

directly compare the effects of the different treatments to control

measurements using the Student’s t-test.

Quantification of local collagen alignment and density
Local collagen alignment was assessed quantitatively using the 2D

spatial Fourier transform of local image patches or regions of

interest. Collagen alignment has been assessed previously on a

more global scale through the use of the 2D Fourier transform of

the entire acquired SHG image (31). The orientation index, a met-

ric for describing the relative degree of orientation, was described

by finding the aspect ratio of the fitted ellipse to a binarized mask
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obtained from the magnitude of the 2D Fourier transform of the

image (31). The orientation index is calculated as

N ¼ 1� minor Axis

major Axis

� �
:

This metric takes on values between zero and one where larger

values represent more aligned collagen networks. These Fourier

transform techniques have been used to accurately quantify both

the degree and direction of collagen alignment (32,33). MATLAB

(MathWorks, R2014a) was used to calculate the orientation index

of local regions of interest (ROI) in each SHG image. To begin,

several ROIs of pixel length 40 9 40 were selected from each SHG

image for local analysis. The orientation index was calculated as

above, and for the entire set of images, the mean local orientation

index was calculated to identify the degree of local collagen orien-

tation. Density analysis was performed using a fill fraction metric

calculated by counting the number of pixels in each ROI with

intensity values greater than the mean intensity of the particular

image ROI.

Histological preparation and analysis
After resection of skin samples following imaging, samples were

fixed in 10% formalin and paraffin embedded. After embedding,

tissue specimens were sectioned (at 5 lm thickness) and stained

both for haematoxylin and eosin (H&E) and Masson’s trichrome.

After staining, a commercial slide scanner (Nanozoomer, Hama-

matsu, Hamamatsu, Japan) was used to digitally scan the slides.

Images were analysed with the assistance of a board certified vet-

erinary anatomic pathologist utilizing the commercial visualization

software provided (OlyVIA 2.6, Olympus, Tokyo, Japan).

Results
Multimodal imaging of in vivo skin following steroid
treatment
TPEF, FLIM and SHG imaging were performed to visualize the

local skin area affected by topical corticosteroid treatment. TPEF

images allow visualization of keratinocyte structure (Figure S2a),

the SHG images show the collagen structure in the dermis (Fig-

ure S2b), and the FLIM images are used to quantify the relative

concentration of free and protein-bound NADH (Figure S2c).

Longitudinal tracking of metabolic activity in steroid-treated
skin
FLIM was utilized to track the effects of topical steroid application

on relative NADH concentrations in order to assess biochemical

and molecular intracellular alterations following steroid treatment.

Untreated (Figure S3), as well as FP-treated (Fig. 1) and MF-treated

(Fig. 2), animals were imaged at each time point. A shift towards

longer fluorescence lifetime can be clearly observed in FP-treated

animals at day 21 (Fig. 1e) and in MF-treated animals at day 14

(a) (b) (c)

(d) (e)

(f)

Figure 1. Longitudinal FLIM imaging of fluticasone propionate (FP)-treated
animals. Lifetime imaging of keratinocytes in the epidermis at days 1 (a), 3 (b),
7 (c), 14 (d) and 21 (e) in an animal treated twice daily with FP. Normalized
histograms of mean NADH lifetime of cell regions show a noticeable increase in
mean lifetime at day 21 (f). Scale bar is 50 lm. ps – picoseconds.

(a) (b) (c)

(d) (e)

(f)

Figure 2. Longitudinal FLIM imaging of mometasone furoate (MF)-treated animals.
Lifetime imaging of keratinocytes in the epidermis at days 1 (a), 3 (b), 7 (c), 14 (d)
and 21 (e) in an animal treated twice daily with MF. Normalized histograms of
mean NADH lifetime of cell regions show a noticeable increase in mean lifetime at
days 14 and 21 (f). Scale bar is 50 lm. ps – picoseconds.
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(Fig. 2d) and day 21 (Fig. 2e). These shifts in the lifetime can be

clearly observed in mean lifetime histograms of the FP (Fig. 1f)

and MF (Fig. 2f) groups when compared to untreated animals

(Figure S3e). Quantifying the mean lifetime from several skin

locations across each group shows a significant increase in fluores-

cence lifetime in the FP-treated group at day 21 and in the MF-

treated group at days 14 and 21 (Fig. 3).

Longitudinal tracking of collagen reorganization in steroid-
treated skin
Collagen organization and orientation were visualized using SHG

imaging of the dermal layers of the skin. Upon analysis of the

acquired images, the organization of dermal collagen was seen to

change with both FP and MF treatment. Dense deposits of type I

collagen were observed at later time points for FP (Fig. 4b, red

ellipse) and MF (Fig. 4c, red ellipse) with strong local alignment

when compared to the ‘basket weave’ appearance seen in

untreated animals (Fig. 4a). Quantification of local alignment and

density was performed using a localized orientation index based

on the two-dimensional spatial Fourier transform of small image

blocks as well as a measurement of the fill fraction of pixels with

appreciable signal in each image block. These analyses revealed

significant increases in the local collagen alignment of the FP-trea-

ted group at days 14 and 21 and the MF-treated group at day 21

(Fig. 4d) as well as a significant increase in the fill fraction in the

FP-treated group at day 14 and in the MF-treated groups at day

21 (Fig. 4e).

Comparison of results with histology
At various imaging time points, imaged areas of the skin were

excised and prepared for histological assessment. Tissues were sec-

tioned and stained with H&E in order to assess the structural

alterations of the dermal and epidermal skin layers, and with Mas-

son’s trichrome stain to further evaluate the structural properties

Figure 3. Statistical analysis of mean NADH lifetime measurements. Statistical
analysis performed on all animals and imaging locations shows a significant
increase in mean lifetime for the FP group at day 21 and for the MF group at days
14 and 21 compared to the control group. Statistical testing performed using
Student’s t-test * P < 0.05; ** P < 0.01.

Figure 4. Analysis of dermal collagen reorganization using SHG imaging metrics.
SHG images of dermal collagen in untreated (a), FP (b) and MF (c), groups at days
1, 14 and 21 show the reorganization of collagen networks following topical
steroid treatment. At 14 and 21 days following treatment, the collagen networks
of FP and MF groups are observed to become denser and locally aligned (red
ellipses). Further analysis to quantify the local orientation index and SHG fill
fraction revealed a significant increase in the local orientation index (d) and fill
fraction (e) of FP- and MF-treated groups at day 21 using the Student’s t-test.
Scale bar is 50 lm. * P < 0.05; ** P < 0.01.
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of the connective tissue in the dermis. Skin thickness changes in

hairless mice are typically difficult to assess due to the fact that

the normal skin epidermis is only a few cell layers thick and the

loss of only a few cell layers can be difficult to quantify (29).

Therefore, it is difficult to determine any structural effects of epi-

dermal atrophy from H&E-stained tissue sections for FP (Fig-

ure S4b) and MF (Figure S4c) groups compared to the untreated

group (Figure S4a). Blue-stained collagen, readily identifiable by

Masson’s trichrome staining, appeared prominent within the der-

mis for FP (Figure S4b)- and MF (Figure S4c)-treated groups

compared to the untreated group (Figure S4a) at day 21. This

prominent appearance in FP- and MF-treated groups likely corre-

lates with the SHG imaging findings.

Discussion
This study presents quantitative findings of the structural and

functional alterations of the epidermal and dermal skin microenvi-

ronment following treatment with clinically used topical steroids

in a dermatological mouse model (29). Results show that struc-

tural features identified with traditional histopathological analysis

can be identified in vivo through non-invasive imaging and

tracked longitudinally over time in the same animal. This

approach has the potential to significantly reduce the time needed

for topical drug efficacy evaluation and may be performed clini-

cally using human subjects. Additionally, functional information

related to cell metabolism that was collected and quantified cannot

be easily observed with traditional histopathology techniques. For

both steroid-treated groups, changes in dermal collagen organiza-

tion and NADH mean lifetime in epidermal keratinocytes were

observed by day 21, suggesting that multimodal optical micro-

scopy may be a useful tool for monitoring and tracking longitudi-

nally the effects of topical steroids.

Epidermal atrophy and thinning due to topical corticosteroid

treatment has been characterized previously, and increased rates of

cell differentiation without a corresponding increase in cell prolif-

eration rates were identified (10). Thus, keratinocytes were

observed to mature at faster rates, differentiating to corneocytes

and ultimately being shed off before basal cells are able to divide

and replace these lost cells. This can be characterized as a shift from

oxidative phosphorylation to glycolysis which will cause an increase

in the ratio of protein-bound NADH to free NADH (34). Thus,

FLIM measurements of the mean lifetime of keratinocytes not only

allow identification of this metabolic shift with subcellular resolu-

tion, but also allow quantification of the metabolic changes associ-

ated with this shift from oxidative phosphorylation to glycolysis.

These FLIM measurements were able to show a large contrast

between steroid-treated groups and control groups at later time

points that could not be easily identified in histology between the

groups. It is also important to note that FLIM measurements of

intracellular NADH levels were shown to detect local metabolic

alterations at an earlier time point for the MF-treated group than

the FP-treated group. As MF is a slightly more potent steroid, this

suggests that FLIM also has the potential to identify steroid

potency and efficacy in vivo before clinically apparent atrophy may

be observed. It is also important to note that the conclusions drawn

here are based on comparisons to untreated control animals. To

fully rule out the effect of the excipients used in each formulation,

a deeper study will be necessary with adequate placebo groups in

which formulations containing only the excipients are used. Finally,

it will be important in future studies to directly confirm the meta-

bolic changes observed in this study. While it remains a challenge

to directly confirm the amount of free and protein-bound NADH

in cells observed with FLIM measurements, NAD/NADH ratio

assays can potentially be used to assess the metabolic profile of cells

(35) to confirm the metabolic changes observed. However, this

approach would only provide indirect evidence through a general

shift in metabolic state.

Dermal reorganization of collagen networks in steroid-treated

skin has been described previously using histology and electron

microscopy techniques (12). The results from SHG imaging found

in this work support the findings of these studies by identifying

regions in the upper layers of the dermis in which the local den-

sity of collagen deposits was clearly increased. Similar to the

observed metabolic changes, evaluation of the effects on the der-

mal skin layers can be quantified and followed in vivo to longitu-

dinally track the effects of topical steroids. However, unlike

epidermal atrophy, reorganization of dermal collagen cannot be

easily detected or quantified in vivo using currently available tech-

niques. SHG imaging together with quantification of the localized

orientation index can provide information regarding the structural

and organizational changes of collagen.

Using a custom-built integrated, multimodal optical micro-

scope, longitudinal imaging and tracking of increased metabolic

processes in rapidly differentiating cells as well as structural

remodelling of collagen was observed and quantified non-inva-

sively in vivo. This represents an important tool to simultaneously

extract structural and functional information at the single cell level

in living organisms in order to further understand the longitudinal

effects as well as the potential for severe skin atrophy at early time

points following topical steroid treatment. As these techniques are

label-free and non-invasive, the methods used in this study are

widely applicable to many other indications that would affect the

metabolic activity in keratinocytes or the structural integrity of the

dermal collagen network. In addition to this, these techniques

have been used widely for human dermatological imaging (36)

and have strong potential for directly evaluating steroid atrophy

in human clinical trials. This is useful for understanding and test-

ing the potency of topical steroids in preclinical animal models

and may also prove beneficial for diagnostic purposes to more

accurately predict the atrophogenic potential in human patients

for which topical corticosteroids must be prescribed.
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Figure S1. Schematic of integrated multimodal optical microscope. Light from a

femtosecond pulsed titanium:sapphire laser is relayed through a pair of scanning mir-
rors and focused through a high NA objective onto the sample. The resulting TPEF
and SHG signals are collected through an optical fiber bundle and detected with a 16
channel PMT spectrometer. Abbreviations: SM – scanning mirror, L – lens, DM –
dichroic mirror, OL – objective lens, FB – fiber bundle, PMTS – photomultiplier tube
spectrometer.
Figure S2. Multimodal optical imaging of in vivo mouse skin. Two-photon excited

fluorescence (TPEF) images allow visualization of the keratinocyte cell structure in the

epidermis (a). Second harmonic generation (SHG) images show collagen networks in
the dermis (b). Fluorescence lifetime imaging microscopy (FLIM) provides metabolic
contrast allowing the relative amounts of free and protein-bound NADH to be quanti-
fied (c). Acquisition of imaging modalities at different depths can be used to provide a
three-dimensional volumetric reconstruction of the skin microenvironment (d). Scale
bar is 50 lm.
Figure S3. Longitudinal FLIM imaging of untreated animals. Lifetime imaging of

keratinocytes in the epidermis at days 1 (a), 7 (b), 14 (c), and 21 (d) in an untreated
control animal. Normalized histograms of mean NADH lifetime of cell regions show a
relatively constant level of metabolic activity through 21 days (e). Scale bar is 50 lm.
ps – picoseconds.
Figure S4. Histological analysis of steroid treated skin. Images of H&E and Tri-

chrome stained skin samples at day 21 for the control group (a), the FP group (b),
and the MF group(c). Masson’s Trichrome staining revealed a prominent appearance
of blue stained collagen in both FP and MF treated groups (red arrows) which likely
correlates with in vivo SHG imaging findings. Scale bar is 100 lm.
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