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Abstract: Inflammation is a non-specific immune response to injury
intended to protect biological tissue from harmful stimuli such as
pathogens, irritants, and damaged cells. In vivo optical tissue imaging has
been used to provide spatial and dynamic characteristics of inflammation
within the tissue. In this paper, we report in vivo visualization of
inflammation in the skin at both cellular and physiological levels by using a
combination of label-free two-photon microscopy (TPM) and optical
coherence tomography (OCT). Skin inflammation was induced by topically
applying lipopolysaccharide (LPS) on the mouse ear. Temporal OCT
imaging visualized tissue swelling, vasodilation, and increased capillary
density 30 min and 1 hour after application. TPM imaging showed immune
cell migration within the inflamed skin. Combined OCT and TPM was
applied to obtain complementary information from each modality in the
same region of interest. The information provided by each modality were
consistent with previous reports about the characteristics of inflammation.
Therefore, the combination of OCT and TPM holds potential for studying
inflammation of the skin.

©2015 Optical Society of America

OCIS codes: (180.2520) Fluorescence microscopy; (180.4315) Nonlinear microscopy;
(110.4500) Optical coherence tomography; (170.3880) Medical and biological imaging;
(170.6920) Time-resolved imaging.
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1. Introduction

Inflammation is a non-specific immune response to injury intended to protect biological tissue
from harmful stimuli such as pathogens, irritants, and damaged cells, and is also intended to
promote tissue repair. Inflammation can range from a variety of degrees of severity for which
therapy are being developed.

There are two main methods for studying inflammation: observation of morphological and
physiological change and conducting cellular and molecular analyses. The former may
include symptoms of redness, swelling, heat, and vasodilation, which were observed by
mouse ear swelling test (MEST) [1] or rat allergy tests in previous studies [2]. However, these
tests are highly subjective, which led to the usage of optical analysis through LSI and OCT
technology to quantitatively study the inflammatory response [3, 4]. Laser speckle imaging
(LSI) is a quick, label free imaging technique that has been used to observe changes in
vasculature. Speckle changes between static and flowing objects are detected, allowing this
technique to capture the very slow blood flow of microvasculature and lymph flow of lymph
vessels given long exposure time [3, 5, 6]. However, characterization of inflammation by LSI
is limited to angiography due to its 2D imaging nature, unable to provide structural or
thickness information. 3D information can be provided by optical coherence tomography
(OCT) [7], which has been used extensively to observe tissue microstructures and vasculature
[8-10]. OCT wuses the back-reflection of light from tissue and can observe tissue
microstructure and vasculature at less than 10 micron resolution. Structural OCT has found
that epidermal hyperplasia and dermal edema can be measured by dermal reflectivity [4].
Moreover, with high-resolution OCT, lymphatic vessels can be detected as vascular structures
with much less scattering [11]. Angiographic OCT, which is an advanced OCT technique, has
been used to visualize redistribution of vasculature vessel size during wound healing after
inducing injury on the moue ear [8].

Conversely, with regards to cellular and molecular analyses of inflammation, conventional
methods such as H&E staining, myeloperoxidase absorbance spectrophotometry [12], PMN
transmigration assay, immunofluorescence, flow cytometry, and microphysiometry, have
significantly contributed to our understanding of inflammation [13-17]. However, the
extensive sacrifices, and inherently, deviations from physiological conditions limit knowledge
about the in vivo dynamics of immune pathogenesis. Therefore, in order to observe cell
dynamics, fluorescence microscopic techniques such as two-photon microscopy (TPM) has
been used. TPM is one of the most widely used fluorescence microscopic imaging techniques
that provide sub-micron resolution, 3D fluorescence images with high imaging depth and
minimal photo damage, and has been used to observe the dynamics of immune cells labeled
with fluorescent proteins or other exogenous labels in several regions of the mouse such as
lung, heart, lymph node, footpad, and intestine [18-20]. However, preparation of labeled
samples is time consuming as target-specific conditions for research must be met. In addition,
labeling is not yet suitable for human immune cell studies. Thus recently, immune cell
response has successfully been imaged label-free in vitro and in vivo by autofluorescence in
various tissues [21-23]. Through tryptophan autofluorescence, immune cells of mouse ear
were imaged in vivo [21], however, with compromised imaging depth due to the short
excitation wavelength. Through NADH, human immune cells were imaged in vitro [22]. In
addition, autofluorescence imaging has been conducted to visualize cells during the wound
healing process of the small intestinal mucosa [23]. Evidently, autofluorescence imaging has
emerged as a method of visualizing immune cells in several tissues, but to our knowledge, has
not yet been conducted on the skin.

In this paper, we use OCT to observe physiological changes and TPM to observe cellular
level changes of lipopolysaccharide (LPS)-induced inflammation in the mouse ear. Utilizing
the complementary information provided by each system, we image the various symptoms of
inflammation over time. Through structural OCT, we investigate the changes in tissue
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structure and size. Through angiographic OCT, we observe vascular changes. In addition,
through autofluorescence imaging by TPM, we show cellular dynamics. Following, we image
the inflammation model with the combined OCT and TPM system, which allows us to image
the same tissue location while eliminating any artifacts that may have been caused from
transporting the sample between the two imaging systems.

2. Materials and methods
2.1 Mouse model preparation

A Balb/c mouse, 8 weeks old, was used as the animal model for hosting the immune response.
The mouse was anesthetized with isoflurane gas and the body temperature was maintained
with an electronic heating pad. The head of the mouse was held with custom-made ear bars to
stabilize head movement from breathing motions and the ears were attached flatly onto slide
glass by using double sided tape. To induce the inflammation response, we selected LPS, a
component of gram negative bacterial membrane, which is widely used in inflammatory
studies [24]. The mouse ears were pricked several times by using an insulin syringe needle
(26 gauge) and spread with 20 pl (125 pg/ml) LPS. Balb/c mouse model was obtained from
the Jackson Laboratory, and bred at the animal facility of POSTECH Biotech Center (PBC)
under specific pathogen-free conditions.

2.2 Imaging system

Optical configurations of OCT and TPM system were based on a previous imaging setup [25,
26]. The conventional OCT system was equipped with a 50 kHz swept source laser (SSOCT-
1310, Axsun), with a center wavelength of 1310 nm, bandwidth of 107 nm, and an output
power of 26 mW. Light from the laser source was split to 90:10 ratio. 90% of the light was
sent to the interferometry system and 10% of the light went for fiber Bragg grating (FBG) and
detection by photo detector (PDB110C) to generate a trigger signal. In the interferometer, the
light was split again to a 90:10 ratio by fiber coupler (FC) as sample arm and reference arm.
The illumination beam of the sample arm was sent to the galvanometric x-y scanner (GSI,
GVS002, Thorlabs) and was focused at the sample by a 5X scan lens (SL, LSMO03, Thorlabs).
The remaining 10% beam was sent to the reference arm for path length delay. Both beams,
which back-reflect from the sample and reference arms, were recombined in the detection arm
and detected by a balanced photo detector (PD, HCA-S-200M, FEMTO). Finally, OCT data
was digitized by a data acquisition board (ATS9350, AlazarTech). This OCT system provides
20 pm lateral resolution and 7.1 um axial resolution images.

The TPM system used a wavelength tunable Ti-sapphire laser for the light source
(Chameleon II, Coherent) which was 140 fs pulse width and 80 MHz pulse repetition. Laser
power was controlled by a combination of the polarization beam splitter (PBS) and half wave
plate (HWP). Attenuated excitation beam was sent to the x-y galvanometric scanner (GS2,
6215H, Cambridge Technology). Following, the diameter of the excitation beam was
magnified 5 times by a combination of scan (SCL) and tube lenses (TL), and was sent to a
remodeled microscope (BX51, Olympus). In the microscope, the laser was diverted by the
upper dichroic mirror (DM1, 680DCSP, Chroma) and was sent to transmit through the lower
one (DM2, 680DCLP, Chroma). Finally, excitation beam passing through a water immersion
objective lens (OL, XLUMPIlanFLN, Olympus 20X, 1.0 NA), which was mounted on a piezo
electric controller (PEC, P-725.4CLm PI) for z-scanning, was focused onto the sample for
two photon emission. Back emission light from the sample was collected by the objective lens
and reflected by one dichroic mirror (DM2) to another dichroic mirror (DM3, 430DCLP,
Chroma), which split the emission light into autofluorescence and second harmonic
generation (SHQG) signals. Each signal was collimated by convex lens and detected by photo
multiplier tubes (PMT, H7421-40, Hamamatsu). Signal from the PMT was converted to
intensity data by a custom-made photon counter and acquired by a Labview board (PCI-6602,
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Labview), mounted into the computer, and was displayed in real-time after processing.
Excitation laser wavelength selected at 780 nm (45mW at sample) was used for auto-
fluorescence imaging.

The combined system is an integration of the two aforementioned systems with
individually optimized light sources. In particular, there was no significant difference in the
overall TPM system configuration. The dichroic mirror at the sample arm overlaps the beam
paths of OCT and TPM. This system is described in detail in a previous report [27]. OCT in
the combined system provides 10 pum lateral resolution and 7.1 pm axial resolution images
though using a different numerical aperture (NA).

2.3 Data acquisition and processing

OCT was imaged with 4.5 by 4.5 mm FOV at 1000 by 1000 pixels. Each cross sectional scan
was repeated 8 times for angiographic imaging. The imaging time for one cross section is 0.02
sec and 160 sec for full volume acquisition. The OCT data was processed by MATLAB. A
complex differential variance algorithm [28] was used for angiographic OCT images in order
to reduce bulk motion of the mouse ear. The differential variance of the complex data in the 8
repetition images was calculated for each y-position. Sample movement in the z-axis was
averaged and used to cancel motion artifact. The thickness of the mouse ear was measured by
using threshold-based surface finding in the structural OCT images. For each depth scan, a
percentage threshold was selected within the range of minimum and maximum intensity
values to represent the surface of the mouse ear. To avoid strong signal from hair, height
coordinates of adjacent surface pixels were compared to ensure that the difference of these
coordinates were within 5 pixels, where surpassing would be considered discontinuous and
the height would then be assumed the same as that of the adjacent lower surface.

TPM was imaged with 300 by 300 micrometer FOV at 512 by 512 pixels. In order to
create a 3D volumetric image, a piezo translator guided the objective lens along the z-axis by
2 micrometer increments. 2 PMTs were used for 2-channel imaging (PMT]1: less than 430 nm,
SHG depicted in red, PMT2: 430-680 nm, depicted in green). The TPM imaging time was 7.8
seconds per frame with 30 psec exposure per pixel. The time-lapse TPM images were
processed to distinguish mobile cells. These TPM images had high background signal because
of autofluorescence imaging. The standard deviations of 4 consecutive time-lapse images
were calculated. Pixel coordinates with lower standard deviation were those of stationary
background, while coordinates with higher standard deviation were those of moving signal.
Stationary background signal was reduced to present moving signal, which included signal
from blood vessels and mobile immune cells.

The combined OCT and TPM system had a smaller OCT FOV (1 by 1 mm) and thus the
pixel size was reduced to 500 by 500 pixels. The FOVs of OCT and TPM were overlapped by
comparing the images of a phantom that was created by embedding 2um yellow green
microspheres and hair strand in 2% agarose gel.

3. Results
3.1 OCT results

The mouse ear was imaged before, 30 min and 1 h after LPS treatment with conventional
OCT to observe the physiological changes of tissue during the inflammation response, as
shown in Fig. 1(a)-1(f). Structural and angiography OCT images taken before LPS treatment,
Fig. 1(a) and 1(d) respectively, clearly show the mouse ear structures such as the epidermis,
dermis, and cartilage, and blood vessel distribution. The structural OCT images 30 min after
LPS treatment, Fig. 1(b), showed that the thickness of the mouse ear can be observed to
increase over time. In addition, the flattening of the winding epidermal surface due to tissue
swelling was also observed. Moreover, the overall intensity signal of the tissue was observed
to decrease after treatment. The angiographic OCT images 30 min after treatment showed a
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significant increase in signal from peripheral vasculature surrounding the main blood vessels,
as can be seen in Fig. 1(e).

Fig. 1. Structural and angiographic OCT images before and after induction of inflammation
taken at 30 min intervals (a, d: untreated, b, e: 30 min, c, f: 1 h) show progression of tissue
swelling and vasodilation. Structural OCT images are presented as cross sectional views (a-c).
The position of these images are indicated by red dashed lines on the angiographic OCT
images (d-f). The blue arrows point to the cartilage. (Scale bar: 1 mm).

From the results obtained by structural and angiographic OCT images of 30 min (Fig.
1(b), 1(e)) and 1 h (Fig. 1(c), 1(f)) after treatment, we can observe that tissue swelling and
vasodilation can sustain for over an hour. Quantitatively, the average thickness of LPS treated
mouse ear compared to that of the untreated (247.63 pm + 18.84 pum) shows a 27.56%
increase at 30 min (315.03 um =+ 24.58 pum), followed by an insignificant 1.86% decrease at 1
h (311.28 um + 17.09 um) which suggests that the thickness sustains for some time.

The white vertical lines in Fig. 1(d)-1(f) are artifacts caused by trigger mismatch of the
laser source.

3.2 TPM results

We imaged the mouse ear with autofluorescence TPM before and 1 h after LPS treatment to
observe microscopic changes during the inflammatory response. Visualization 1 and
Visualization 2, respectively, are volume scan images of untreated and LPS treated mouse ear
that show the several structures of the ear observable through TPM, such as the cells of the
stratum corneum, epidermis, dermis layer structures, hair follicles, and blood vessels. Figure
2(a) and 2(c) were obtained from Visualization | and Fig. 2(b) and 2(d) were obtained from
Visualization 2. In Fig. 2(a) and 2(b), blood vessels marked by red and blue arrows show
changes in vessel diameter. Another vessel located at a different depth, which is marked by a
yellow arrow, also shows a change in vessel diameter. Both vessels show approximately a
38% increase in diameter. In addition, we see that the image of 1 h post-treatment (Fig. 2(b)
and 2(d), Visualization 2) is blurred compared to that of Fig. 2(a) and 2(c) (Visualization 1).
We suspect that this is due to edema, which fills tissue with interstitial fluid. Also, since the
overall thickness of the ear changes depending on the progression of inflammation, the
precise imaging depth of each image was not reported. However, the appearance of the
characteristic structures of some hair follicles and blood vessels allows us to determine that
the images have been taken in the same location.

In order to direct immune cell migration towards inflammation-inducing challenge, we
induced a wound by increasing the density of needle pricking around a single location of ear
before applying LPS. To observe the migration of immune cells 1 h after LPS treatment, a
time lapse image of a single image plane, with each frame given 20 sec interval, was taken for
approximately 40 min duration (Fig. 3, Visualization 3, Visualization 4). In Fig. 3(a),
epidermis cells, hair follicles, and blood vessels that contained flowing autofluorescent
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fluorophores were clearly visible. However, we could not detect immune cell movement in
the tissue (Visualization 3). In Fig. 3(b), immune cells appeared as granular structures. Each
colored lines trace the path traveled by the target immune cells.

Fig. 2. TPM images of the mouse ear at two different fixed depth at different times show

vasodilation as a result of inflammation. Approximately 38% capillary vasodilation occurred

between 0 h (a, ¢c) and 1 h (b, d) images. In both (b, d) the overall background noise has

increased, which seems to be caused by increased light scattering due to tissue swelling from

plasma leakage. Colored arrows indicate the location of blood vessels (Scale bar: 100 pm)

(Visualization 1, Visualization 2).
The site of wound for inducing the inflammatory response is located at the bottom left corner
of Fig. 3(b) but outside of imaging parameters. While the immune cells may not be reaching
the wound site in the most direct way possible, and some immune cells even appear to be
moving away from the wound site, the overall direction of migration of a significant majority
of immune cells was towards the wound site (Visualization 4). In order to better visualize
signal from mobile immune cells, we tracked a selected immune cell from Fig. 3(b) and
displayed the time sequence images with enhanced contrast in Fig. 3(c). The arrow indicates
the position of the selected immune cell.

3.3 Combined OCT and TPM system results

The same region of mouse ear was imaged by the combined OCT and TPM system, in order
to visualize the immune response of mouse ear. The results are displayed in Fig. 4. The OCT
in the combined system (Fig. 4(a)-4(f)) had a smaller FOV (1 x 1 mm) than that of the
conventional OCT system. However, it still showed vascular distribution (Fig. 4(d)-4(f)) and
the layered structure of the ear (Fig. 4(a)-4(c)) with similar clarity. Before inducing
inflammation, normal thickness of mouse ear and low vascular density can be observed in
Fig. 4(a) and Fig. 4(d), respectively.

In the combined system, the small TPM FOV is contained within the FOV of OCT,
allowing comparison of observable microscopic and macroscopic changes in cell and tissue
morphology of the target region. Before LPS treatment, a relatively dormant dermal
microenvironment can be observed in the TPM image of Fig. 4(g) and Visualization 5.

LPS treatment resulted in visible changes in pinna thickness (Fig. 4(b), 4(c)) and vascular
distribution (Fig. 4(e), 4(f)) compared to the untreated sample. The average ear thickness
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before treatment was 276.36 um + 18.15 um (Fig. 4(a)) and 398.72 um + 38.41 um 1 h after
treatment (Fig. 4(b)), yielding a 44.28% increase in thickness. 2 h after treatment (Fig. 4(c)),
the thickness

(c)_ 00:02:17 LF 00:03:10 ¢ 00:04:18 {4 00:06:12 £+ 00:07:05

[ 2

Fig. 3. Autofluorescence TPM (40 min time lapse) images of the inflammation response in
untreated sample (a), (Visualization 3) and 1 h after LPS treatment (b), (Visualization 4)
demonstrate immune cell migration post-treatment. Each line in (b) represents the path of
immune cell migration. Time sequence images of the boxed region in (b) is shown in (c¢) with
enhanced contrast. A selected immune cell is indicated by an arrow. From top to bottom the
scale bar is 100 pm and 30 pm, respectively.

was 423.00 um + 30.80 was 423.00 um. Furthermore, the mouse ear 1 hour after LPS
treatment had an increase of volumetric capillary density compared to that of the untreated, as
can be seen in Fig. 4(e). While correspondence of blood vessels may not be observed between
Fig. 4(d)-4(f) and 4(g)-4(i), this is because the TPM images here were taken several
micrometers above the plane where the main blood vessels visible in the angiographic images
were located. Post-treatment images show immune cell infiltration as well (indicated by
yellow arrowheads in Fig. 4(i), Visualization 6). Figure 4(j) shows a maximum intensity
projection followed by time sequence images of immune cell movement of selected immune
cells (indicated by blue and yellow arrows) from Fig. 4(i). However, unlike in the previous
sample, cell migration was not yet observed 1 hour after LPS treatment, as can be seen in Fig.
4(h).

4. Discussion

In this present study we investigated the physiological and cellular level changes of LPS-
induced skin inflammation through an imaging modality that provides complementary micro
and macroscopic information within the same tissue model. Our results were consistent with
previous reports on the dynamic characteristics of inflammation.

OCT resolved the entire cross section of the mouse ear at 10 micron resolution and
provided morphological information of the layers of the ear in which we could distinguish the
dermis and cartilage. Structural OCT images showed time dependent thickness change of the
ear. Edema, which is a characteristic of tissue thickness change, was observed. In addition, the
decrease of intensity signal may be due to the increase of interstitial fluid in the mouse ear
which reduces the reflectivity of the tissue [29]. Enface angiographic OCT visualized changes
in vascular distribution of the mouse ear by detecting the phase change of blood flow.
Vasodilation was clearly observed as well as an increase in background signal, which may be
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due to the increased blood flow into the capillaries in response to the inflammation [8, 30].
The background signal is due to our resolution limit, which was unable to resolve
microvasculature.

Fig. 4. (a-c), (d-f) and (g-i) are images of the same location taken by structural OCT,
angiographic OCT, and TPM, which show the progression of vasodilation, tissue swelling, and
immune cell migration, respectively. From left to right they are displayed by increasing time:
untreated (a, d, g), 1 h (b, e, h) and 2 h after LPS treatment. Dashed red lines in enface
angiographic OCT images (a-c) indicate the cross sectional location of the structural OCT
image (d-f) and dashed orange squares indicate the FOV of TPM images (g-i, Visualization 5,
Visualization 6). Yellow arrowheads in (i) point to the active immune cells. Figure 4(j) is a
maximum intensity projection that displays the path taken by the immune cells in 4i followed
by a time sequence of select neutrophil movement. The selected immune cells are marked by
blue and yellow arrows. From top to bottom, the scale bars are 200, 200, 100, 50, and 20 um,
respectively.

In the TPM autofluorescence images, which visualized the stratum corneum, epidermis,
dermis, hair follicles, and blood vessels, we were able to see capillary dilation and immune
cell migration characteristic of inflammation, in real-time. Similar to the results of structural
OCT, the TPM image post-treatment appears to be blurred. This is most likely because of the
leakage of serum into the tissue due to the increase of blood vessel permeability. Interestingly,
we also observed that the immune cells were migrating towards the direction of the wound.
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Using two separate imaging platforms poses some limitations. Moving the sample from
one imaging platform to the other is time consuming and may cause artifacts. Locating the
same imaging area is difficult. In addition, to identify the TPM region of interest on the OCT
projection is challenging. However, usage of a combined OCT and TPM system, which we
have developed, overcomes these issues.

The combined OCT and TPM can simultaneously display in real-time the vascular
distribution or cell dynamics previously and independently acquired by each system.
Comparing the mouse ear 1 hour after treatment with the untreated mouse ear, changes in
tissue thickness and vascular distribution was observed. Depending on the mouse, immune
cell migration was observed 1 hour after treatment, as in the case of Fig. 3, and other times
not until later, as observed in Fig. 4. We speculate that immune cell migrations may occur
between 1 to 2 hours into the inflammation process, depending on the sensitivity of the
individual mouse or spatial distribution of LPS treatment.

A limitation of autofluorescence imaging is that cell dynamics can only be observed
through the movement of cells, since signal from both mobile and stationary cells are
detected. Our characterization of immune cells was limited to the observation of movement of
granular cells strong with NADH autofluorescence signals. In contrast to what was observed
in normal tissue, bacterial challenge to induce an immune response invited a large population
of small, mobile cells identified to be neutrophils or leukocytes into the inflamed tissues in
previous reports, although they were labeled [18-20]. These cells were described to be
“crawling” through connective tissue and had velocities ranging from 5 to 10 um/min [18],
similar to our observations. Our granular structures were consistent with the description of a
neutrophil which was reported to have relatively uniform NADH signals throughout its
cytoplasm due to the fact that ATP synthesis of oxidative phosphorylation occurs in the
cytosol as opposed to in the mitochondria [22].

Photobleaching and photodamage is another concern regarding autofluorescence imaging
because higher laser power is necessary. Although we cannot formally dismiss the
possibilities, we observed no appreciable signs of either even with our laser power and
imaging time. We believe this is because the photons have sufficiently scattered within the 70
micrometers of our imaging depth.

Another limitation to this label-free optical method for studying the inflammation
response is that it cannot track proteins crucial to the inflammatory response, making
traditional methods of immunofluorescence, flow cytometry, etc. a necessity if one must study
the subcellular characteristics of inflammation. In addition, dormant immune cells cannot be
observed. Nonetheless, we have been able to observe in real time the various physiological
and cellular characteristics of inflammation in living tissue using our optical technique, and
believe that it will undoubtedly be useful for immune response studies.

In summary, we believe that combined OCT and TPM is appropriate for quickly assessing
the inflammation response and we see a possibility for its application for studying the
inflammation response induced by various skin diseases in preclinical and clinical studies.
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