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Abstract
Purpose—Mice exposed to standardized desiccating environmental stress to induce dry eye-like
symptoms have been used as a model to study the underlying mechanisms of evaporative dry eye.
While studies have shown marked inflammatory and immune changes, the effect of such stress on
meibomian gland function remains largely unknown. We sought to evaluate the effects of
desiccating stress on meibocyte proliferation and meibum quality.

Methods—Ten mice were treated with scopolamine and subjected to a drafty low humidity
environment (30–35%). Five and ten days after treatment, eyelids were harvested and cryosections
stained with Ki67 antibody to identify cycling cells. Sections were also imaged using stimulated
Raman scattering (SRS) microscopy to characterize the gland compositional changes by detecting
the vibrational signatures of methylene (lipid) and amide-I (protein).

Results—Desiccating stress caused a 3-fold increase in basal acinar cell proliferation from 18.3
± 11.1% in untreated mice to 64.4 ± 19.9% and 66.6 ± 13.4% after 5 and 10 days exposure,
respectively (P < .001). In addition, SRS analysis showed a wider variation in the protein-to-lipid
ratio throughout the gland, suggesting alterations in meibocyte differentiation and lipid synthesis.

Conclusions—These data are consistent with a model that a desiccating environment may have
a direct effect on meibomian gland function, leading to a significant increase in basal acinar cell
proliferation, abnormal meibocyte differentiation, and altered lipid production.
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INTRODUCTION
Meibomian gland dysfunction (MGD) is the leading cause of dry eye disease,1 which affects
an estimated 21 million people in the United States alone.2 Chronic dry eye, when left
untreated, can lead to ophthalmic complications such as impaired vision and increased
vulnerability to eye infections.3 Consequently, a better understanding of the progression of
MGD may facilitate the development of effective therapeutic strategies against dry eye
disease. In particular, comparative analysis of structural and biochemical features in normal
and dysfunctional glands may reveal important insights into the pathophysiology of MGD.

Based on studies of dry eye patients and animal models, it has been noted that dry eye
symptoms are accompanied by changes in meibomian gland structure, as well as in quality
and quantity of glandular lipid secretion.4,5 In particular, alteration in meibum quality is
likely to be a significant marker for MGD progression.6 In this regard, while structural
abnormality such as terminal gland obstruction can be detected from excised eyelid by using
H&E staining and standard optical microscopy,4,7,8 analyses of meibum have been primarily
conducted using samples that are secreted or extracted from the gland.9–11 Without
information pertaining to the gland structure, the mechanism that underpins meibum
modification within dysfunctional glands cannot be directly observed. For example, it is
unclear whether changes in meibum quality and quantity are a consequence of defective
meibocytes, plugging of the duct, or other unknown phenomena.4,12 It has been suggested
that meibum viscosity in MGD may increase due to the accumulation of protein,13 such as
from cellular materials being sloughed off from the thickened epithelium.4 To further our
understanding of MGD and dry eye disease, analysis of meibum content in the context of the
glandular structure is essential.

Although characterizing meibum within the gland is important, it remains a challenging
task. Common staining protocols such as H&E are generally unsuitable to study lipid-rich
meibum, which readily dissolves in alcohol-based solvent.4,14 To our knowledge, there is no
standardized protocol to assess the chemical makeup of meibum at different functional parts
of the gland. A tool that is able to visualize and quantify lipid as well as protein-rich cellular
materials in meibum within intact gland can potentially provide important clues to the
mechanism that renders meibomian glands dysfunctional. Ideally, such a tool should also
permit the application of other analytical methods such as immunohistochemistry and
commonly used optical microscopy.

In recent years, stimulated Raman scattering (SRS) microscopy has been gaining popularity
for label-free imaging of biological systems.15–17 Similar to second-harmonic generation
(SHG) microscopy, SRS is a nonlinear optical technique in which the signal is not
dependent on exogenous labels and does not require destructive sample preparation. SRS
signals are derived from the molecular vibrations in the focal spot. By tuning the frequency
of the excitation beams, different vibrational modes can be probed, enabling selective
visualization of tissue components of interest. For example, the utility of SRS to detect
carbon-hydrogen vibrations of lipid and cholesterol has been established for studies of fixed
specimen, as well as live animals.18–20 Protein-rich materials can also be visualized by
vibrationally tuning into protein-specific chemical groups such as the amide moiety.

In MGD, several studies have identified changes in relative quantities of protein-to-lipid (P/
L) within expressed meibum and hypothesized the importance of having a specific P/L
ratio.4,21–23 In the current study, we used the chemical group selectivity of SRS microscopy
to quantify P/L ratios within the meibomian gland. Specifically, we combined
immunofluorescence and label-free SRS microscopy to identify changes in meibomian
glands of a dry eye mouse model. The dry eye mouse model has been recently developed
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using desiccating stress consisting of low humidity (30–35%), continuous airflow, and
inhibition of tear secretion by systemic scopolamine administration.24,25 Affected mice
show ocular surface features that mimic evaporative dry eye in human; however, the
response of the meibomian gland to such environmental stress has not been previously
evaluated.

In this study, we monitored Ki-67 antigen staining to assess meibocyte proliferation and
characterized meibum composition in different parts of the gland using SRS. We report for
the first time that desiccating stress induced meibocyte cell cycle entry, suggesting
abnormally high meibocyte proliferation and downstream meibum production in response to
ocular surface desiccation. Furthermore, we show for the first time that while the protein
content of normal meibum progressively decreases from the acini to orifice, suggesting
meibum maturation, desiccating stress blocks maturation and leads to increased protein
content within the meibum lipid. Based on these findings we propose that desiccating stress
may induce meibomian gland dysfunction through altered meibocyte differentiation leading
to changes in meibum quality.

II. MATERIALS AND METHODS
A. Mouse Model and Tissue Preparation

A total of ten adult female mice, 8 weeks old, (C57BL/6) were subjected to standardized
desiccating stress conditions at the Ocular Surface Center, Baylor College of Medicine, as
previously described.26,27 Mice were sacrificed after 5 and 10 days (n=5 and n=5,
respectively). Untreated adult mice (n=5) were utilized for the control group. Exenterated
eyes with intact eyelids were collected, embedded in OCT, cryosectioned (10 µm thick
sections) and placed on standard microscope slides. Slides were then shipped on dry ice to
the Gavin Herbert Eye Institute for immunofluorescence and stimulated Raman scattering
microscopy. Animal experiments were performed in accordance with the Institutional
Animal Care and Use Committee protocol at Baylor College of Medicine and adhered to the
ARVO Resolution on the Use of Animals in Vision Research.

B. Immunofluorescence Microscopy
Sections were air dried for 20 min, rehydrated in PBS (3 × 5 min) and blocked with 10%
goat serum at 37°C for 30 min. Anti-Ki67 (Abcam; 1mg/mL, 1/500 dilution) was applied to
the tissue sections for overnight at 4°C. Sections were then washed in PBS (3 × 5 min) and
secondary antibody (Goat Anti-Rabbit AlexaFluor546; 1/1000 dilution) was applied to the
sections for 1 hour at 37°C. Subsequently, sections were rinsed with PBS (3 × 5 min),
counterstained with DAPI (1:5000) and then mounted with a coverslip. Fluorescent imaging
was performed on a Leica DMI6000B using a 20×/0.75NA objective. Digital images from
both the upper and lower lid were taken from all 15 mouse eyes, and the numbers of Ki67
stained basal meibomian gland acinar cells counted as previously reported.28

C. Stimulated Raman Scattering (SRS) Microscopy
A custom SRS microscope was utilized in this study.20 The two laser beams required to
generate stimulated Raman signals – known as the pump and Stokes beams-- were derived
from an optical parametric oscillator (OPO, Levante Emerald, Berlin, Germany) pumped by
a 7-ps, 76-MHz mode-locked Nd:YVO4 laser (Picotrain, High-Q, Hohenems, Austria). The
Stokes beam, at frequency ωs, was provided by the Nd:YVO4 laser and fixed at ~9,400 cm−1

throughout the experiments. The frequency of the pump beam, ωp, was tuned in order to
probe different molecular vibrational modes, ωvib= |ωp – ωs|. For example, the CH2 bending
and amide-I modes were probed by tuning the frequency differences, ωvib, to 1440 and 1650
cm−1, respectively.
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The pump and Stokes beams were overlapped spatially and temporally and delivered to the
tissue specimen via a 20×, 0.75 NA objective lens (UPlanSApo, Olympus) mounted on an
inverted microscope (IX71, Olympus). Raster scanning at a rate of ~1 second per 512 by
512 pixels frame was realized using a laser scanner (Fluoview 300, Olympus, Center Valley,
PA). The Stokes beam was modulated at 10 MHz using an acoustic optical modulator
(Crystal technology, LLC). The transmitted pump beam was detected by a photodiode
(FDS1010, Thorlabs) and electronically demodulated by a custom lock-in amplifier. The
average combined power of the Stokes and pump beams at the specimen was maintained
under 50 mW in order to avoid photodamage. The total time for generating an image with
contrast based on the P/L ratio, including wavelength tuning and image averaging, was
between 4 to 5 minutes for each region of interest (ROI). The relative standard error of
ratiometric analysis of two different chemical modes is ~7%. No exogenous labels or stains
were used for SRS, permitting direct use of the tissue sections for subsequent
immunofluorescence imaging as described above. As a reference, Raman spectra from
mouse meibomian gland were acquired using a commercial Raman microscope (InVia
Confocal; Renishaw, Wotton-under-Edge, Gloucestershire, UK).

D. Protein-to-Lipid Ratio Analysis
The relative P/L ratio was obtained by tuning the SRS microscope to probe the presence of
protein and lipid in the tissue specimen. Specifically, the signals at 1440 and 1650 cm−1

were utilized to measure the signal contribution from the CH2 bending and amide-I modes,
respectively.29 Shown in Figure 1A is a Raman spectrum acquired from meibomian gland
using a commercial Raman microscope. The two strongest peaks correspond to the CH2
bending and amide-I modes. SRS images at the CH2 bending and amide-I modes were
generated using the custom SRS microscope and are shown in Figures 1B and C,
respectively. After image acquisition at the two vibrational modes, a homogeneous
background (baseline) was removed from each image by simple subtraction. To calculate P/
L, pixel intensities from the amide-I image (I1650) were divided by the corresponding pixels
from the CH2 bending mode image (I1440). We experimentally verified that, in the lipophilic
domains of the gland, the contributions from the OH-bending mode and the C=C stretching
mode near the 1650 cm−1 vibrational energy are negligible relative to contribution of the
amide-I mode. Given the unique presence of the amide-I mode in protein and the abundance
of CH2 groups in lipid molecules, the variation in I1650 / I1440 correlates with the change of
protein and lipid quantities in the sample. We note that the P/L ratio reported in this study is
a relative quantity that does not represent the absolute mass ratio of protein and lipid.

III. RESULTS
A. SRS Imaging of Lipid in the Normal Mouse Meibomian Gland

The meibomian gland, which is comprised of lipid-producing meibocytes and secreted
meibum lipid, can be visualized without exogenous labels via SRS microscopy. In Figure
2A, an SRS image of meibomian gland from normal adult mouse is shown. The image was
acquired by tuning the laser beams to probe the CH2 stretching vibrations at 2850 cm−1;
therefore, bright pixels in the image can be attributed to CH-rich molecules, such as meibum
lipid and protein in the gland.

Different regions of the gland can be discriminated based on the morphology and relative
signal intensities. The acini (ac) are characterized by areas of diffuse SRS signals and dark
circular spots (Figure 2A). These dark circular spots (red arrows) are devoid of lipids and
are identified as the nuclei of meibocytes. The bright SRS signals at 2850 cm−1 from the
acinar regions of the gland originate from CH-rich lipids in the cytosolic space of the
meibocytes and mark the meibum-filled bodies of the cell. The transition from acinus
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toward the gland’s ductule (dt) is marked by the disintegration of meibocytes (yellow
asterisk) and the release of intracellular lipids in the lumen of the gland. It can be seen that
meibum within these regions emit stronger SRS signals than in the acini. It is possible that
the secreted lipids and cellular debris from meibocytes accumulate in the ductule and
become highly concentrated over time. The higher concentration of accumulated CH-rich
molecules would in turn produce stronger SRS signals. Furthermore, the shape defined by
the SRS signal resembles that of the ductule and the central duct as observed in H&E stained
images of the meibomian gland.4

To corroborate these observations, the same tissue section was stained and imaged using a
confocal fluorescence microscope. In Figure 2B, an overlay of the DAPI, Phalloidin, and
SRS images (pseudo-colored respectively, red, blue and green) is shown. Signals from
nuclei-specific DAPI filled up the dark circular holes in the SRS image, confirming that
these lipidless areas correspond to cell nuclei. Consistent with observations from previous
studies,28,30 there is virtually no DAPI signal in the center of the ductule and central duct
regions where SRS signals are most intense, indicating a loss of cellular features in regions
away from the acini. The rest of the DAPI signals are ubiquitous near the edges of the
ductule and central duct, and can be attributed to stratified epithelial cells that line the ducts
of the gland. Overall, the SRS image combined with the stained images provides a direct
visualization of meibum distribution in the acini, disintegration area, ductule and central
duct that leads to the opening of the orifice.

Previously, we have shown compositional variation among different regions of normal
mouse meibomian glands using spectral coherent anti-Stokes Raman scattering (CARS)
microscopy.31 In particular, data from CARS imaging and Raman spectroscopy suggested
changes in protein contribution as meibum progresses from acinus to central duct. In this
study, meibum composition at different portions of the gland was further investigated using
SRS microscopy, a tool with higher sensitivity than CARS.

An overlay of SRS, DAPI and Phalloidin images of meibomian gland from an untreated
adult mouse is shown in Figure 3A. Different regions of interest (ROI) within the gland are
highlighted. Areas with overlapping SRS and DAPI signals (ROIs 1 to 5) were identified as
acini. Disintegration areas and ductules were characterized by the presence of DAPI and
strong SRS signals (ROIs 6 to 8), whereas the regions devoid of nuclei, yet exhibiting
intense SRS signals, were categorized as the central duct. Figure 3B shows the
corresponding P/L from each ROI. The acinar regions have higher P/L than ductules, and
the central duct has the lowest P/L. This finding demonstrates that, in a normal gland, P/L
decreases as meibum matures and progresses from acinus to ductule and central duct,
confirming the hypothesis from our previous work.31 As a control, P/L of the extracellular
tissue matrix (ROI 10), a reference for a region with high protein density, was determined to
exhibit higher P/L than the lipid-filled acinus or central duct. Note that the SRS images were
acquired at the CH2 stretch mode ~2850 cm−1 and shown solely for its enhanced contrast of
the lipid distribution in the gland. The intensity of these images does not necessarily
correlate with the P/L analysis of amide-I and CH2 bending modes.

B. Effects of Desiccating Stress on Meibomian Gland Function
1. Gland Proliferation and Ductal Dilation—Through immunostaining of cryosections
(Figure 4), we evaluated the effect of desiccating stress on meibomian gland structure and
function and identified ductal dilation and increased cell cycling in acinar and ductal
epithelium at both day 5 and 10. Using antibodies against the nuclear, cell cycle associated
protein, Ki67, immunostaining of control mouse eyelids (n=5) showed a normal gland
structure with a low Ki67 labeling index of 18.3 ± 11.1% of basal acinar cells, similar to the
previously reported values.28,30 However, mice exposed to 5 and 10 days (n=5 each) of
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desiccating stress showed a significant increase (P<.005) in basal cell acinar staining
averaging 64.4 + 19.9% and 66.6 + 13.4%, respectively. While there is no marked increase
(P=.829) in meibocyte proliferation between 5 and 10 days of exposure to desiccating stress,
meibomian glands from mice exposed to 10 days of desiccating stress showed extensive
ductal dilation, suggestive of increased meibum production and potentially duct obstruction
(Figure 4; 10 Day, asterisk). It is therefore apparent that meibocytes proliferate, and are
likely to increase meibum synthesis, to a much greater extent in a desiccating environment.

In summary, increased cell proliferation and structural changes that are pertinent to MGD
were observed in the mouse model of dry eye. The observations here highlight the effect of
desiccating stress to features of the glands from cellular to tissue-level. To further evaluate
the impact of desiccating stress on meibomian gland function and meibum composition, we
utilized the capability of SRS microscopy to generate images with P/L contrast.

2. Changes in Protein-to-Lipid Ratio (P/L)—P/L of meibum in the dry eye model was
investigated in order to evaluate the effects of a desiccating environment on meibum
composition. A representative SRS image of meibomian gland from a mouse after 5 days of
treatment is shown in Figure 5A. Different ROIs, corresponding to acinus, ductule, and
central duct, are highlighted. The dispersed bright spots in the extracellular matrix can be
attributed to the presence of absorptive melanin pigments in the eyelid of C57BL/6 mouse,
and play no further role in our P/L analysis of meibum. In contrast to the P/L trend observed
from normal meibomian glands (Figure 3B), the P/L ratios in the dry eye model did not
decrease from acinus to the central duct, revealing potential compositional changes in
response to the dry eye environment.

In Figure 6A, an SRS image from one mouse sample after 10 days of treatment is shown.
Meibum in the dilated central duct, as well as remnants of lipids in the acini, can be directly
visualized. Interestingly, the P/L in this sample was lower in the central duct distal to the
orifice compared to the acini – a feature similar to the control group (Figure 6B). However,
moving proximally toward the orifice of the gland, the P/L ratio showed a gradual increase.
Such a P/L trend is uncharacteristic of the expected P/L of normal glands, underscoring the
compositional changes after 10-day-long treatment of desiccating stress.

In another mouse sample from the 10-day group (Figure 7), P/L also showed a modest
increase toward the end of the central duct, ie, ROI 7. Hence, it can be inferred that
deviation of the P/L trend from normal gland is independent of gland morphology. As such,
despite the absence of apparent ductal dilation, both abnormal meibocyte proliferation and
P/L trends occur in mice treated with desiccating stress. In Figure 8, the P/L trends of
different mice are shown. For each individual mouse, P/L ratios from specific portions of the
gland, eg, the P/L of multiple acini, were averaged and plotted as a single data point. Only
glands with identifiable acinus, ductule, and central duct were included for comparison.
Clearly, the dry eye mouse models of 5 days and 10 days (Figure 8B and C) exhibit different
P/L trends from the untreated, control group (Figure 8A). While the P/L in normal glands
consistently decreases as meibum progresses from acinus to central duct, mice of the dry eye
model do not display a consistent P/L trend. These cases reveal compositional changes
within mouse meibomian glands as a function of desiccating stress treatment, underlining
the potential utility of P/L as a marker for dry eye disease and MGD.

IV. DISCUSSION
Many studies have established the correlation between MGD and symptoms of dry eye
disease.1 Specifically, changes in the quality of meibum and glandular structure have been
noted4,10,11; yet the underlying processes that drive the modification of meibum during
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MGD progression have not yet been characterized. This study was designed to determine if
desiccating stress can affect meibomian gland function and assess what compositional
changes may occur in the meibum.

First, using SRS we identified that the P/L varies throughout different regions of the
meibomian gland. Specifically in normal glands, P/L decreased from the acinus toward
central duct, correlating with the loss of cellular structures as meibocytes disintegrated and
released intracellular lipid.4 Interestingly, P/L also differed among acini from the same
gland. Such difference may be caused by varying levels of protein or lipid associated with
possible acinar cycles. Nevertheless, progressive decreases in protein as meibum flows
through the duct toward the orifice suggests a maturation of meibum where protein is
progressively degraded and removed from the lipid. Such a process has been previously
suggested based on SDS PAGE analysis of meibum, where keratin proteins characteristic of
the meibomian gland appear to be absent.32,33 The importance of removing proteins from
meibum lipids has recently been emphasized by the finding that keratin proteins are
disruptive to meibum lipid films, which may be a cause for decreased tear break-up time.21

Second, we identified that desiccating stress induces basal acinar cells to enter the cell cycle,
perhaps increasing the proliferative rate by 3–4-fold within 5 to 10 days after induction of
dry eye. This finding suggests that meibomian glands can respond dynamically to
environmental stress, increasing meibocyte proliferation rate and potentially increasing the
amount of meibum delivered to the tear film. While the mechanism controlling the
meibomian gland response to environmental stress is unknown, meibomian glands are richly
innervated by parasympathetic, sympathetic, and sensory nerve fibers.4 This pattern of
innervation has prompted others to suggest that meibomian glands may be under similar
neurosensory regulation as the lacrimal gland, and that they form part of a joint-functional
unit with lacrimal gland and ocular surface.34 Alternative mechanisms may also include
hormonal regulation, growth factors, or inflammatory cytokines.4 Given the general lack of
knowledge regarding physiologic regulation of the meibomian gland, further studies
focusing on the effects of environmental stress on meibomian gland may provide important
insights into the specific mechanism(s) responsible for the glandular response. On this note,
additional studies to verify the absence of direct effects of scopolamine on the meibomian
gland, other than blocking lacrimal gland function, may corroborate its use for investigating
the linkage between MGD and evaporative dry eye.

Since previous studies of meibocyte proliferation in normal mice indicate that meibocyte
cycling is below 30%,28,30 dramatically increased cell proliferation may also have important
downstream effects on gland function. In general, the production of lipid from meibomian
glands is due to the proliferation and differentiation of basal acinar cells, which are thought
to be continually replenished by a meibocyte stem cell pool.4,35 Continual or repeated
exposure to desiccating stress may therefore potentially deplete meibocyte stem cells and
lead to early aging changes and gland atrophy. Such a mechanism may explain recent
findings of increased meibomian gland dysfunction in contact lens wearers,36 as well as in
video display terminal workers, who show decreased spontaneous blink patterns and
increased incidence of meibomian gland dysfunction.37,38 To this end, studies on the effects
of desiccating stress on meibomian gland stem cells may advance the understanding of the
pathophysiologic mechanisms associated with these disorders.

Third, P/L in mice after 5 and 10 days of desiccating stress showed altered trends in
comparison to the P/L trend in untreated mice. In some cases from both 5- and 10-day
exposure, P/L ratios remained generally the same throughout different portions of the
glands, whereas other cases showed decreased P/L from acinus to ductule but increased P/L
toward the end of the central duct and/or orifice following 10 days exposure. These findings
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suggest that the rate of meibum production induced by desiccating stress may exceed the
ability to remove or degrade protein. Since keratins are the major proteins expressed by
ductal and acinar epithelial cells, persistence of keratin proteins in the meibum lipids may
lead to altered lipid quality and fluidity.21 This possibility is supported by the finding that
many of the glands showed ductal dilation suggesting plugging of the gland. While plugging
may have been due to hyperkeratinization of the gland orifice, the past finding that patients
with meibomian gland dysfunction showed increased protein and keratin content10,23,33

suggest an alternative mechanism involving abnormal meibum lipid maturation and
retention of keratin proteins. While these results need to be repeated, future studies on the
mechanisms that control protein and perhaps DNA degradation within the meibomian gland
duct may provide additional clues into the pathogenesis of meibomian gland dysfunction.

Importantly, this study demonstrated the utility of SRS in combination with fluorescent
cytochemistry to characterize changes within the meibomian gland. Whereas cellular and
structural changes of the gland can be visualized using standard optical and stain-based
techniques, the spatial and compositional analysis of meibum quality within the gland
requires an imaging tool with chemical selectivity. Samples prepared for H&E staining that
have been treated with alcohol-based solvents dissolve the meibum lipids and preclude a
meaningful chemical analysis of the gland. Lipophilic stains such as Oil Red O and Nile Red
can be used to visualize the general distribution of lipids; however, the lack of accuracy and
chemical specificity limit their application for reliable quantitative lipid analysis.39–41 In this
regard, label-free SRS microscopy circumvents these complications. Biological components
comprising different chemical functional groups exhibit distinguishable vibrational Raman
signatures.

In 2009, Oshima et al utilized spontaneous Raman spectroscopy to obtain Raman signatures
of secreted meibum from normal and dry eye patients.42 Chemical variation of meibum was
observed, demonstrating the potential of Raman-based techniques for study of meibum
processed from the glands. Nevertheless, several features of spontaneous Raman
spectroscopy also hinder its usage for quantitative imaging of tissue.16,43 First, the weak
spontaneous Raman signal translates into slow acquisition times that are impractical for
imaging biological tissues over large areas. Second, autofluorescence can overwhelm the
weak Raman signals, complicating subsequent quantification of the image.
Autofluorescence signals can be mitigated by using excitation beams in the near-infrared
region, albeit at the cost of signal generation efficiency and imaging speed. Coherent Raman
scattering techniques are free from the aforementioned limitations and exhibit much faster
image acquisition times, up to video-rate.16,17,44 In principle, Raman-based imaging does
not require specific sample preparation, and thus the same tissue samples can be readily re-
analyzed with other methods such as immunofluorescence as shown in this study.

In our previous study, we showed the utility of CARS microscopy to detect compositional
variation at different parts of the glands.31 In this study, we utilized SRS microscopy to
further characterize the variation in normals and a dry eye mouse model. SRS is free from
the unwanted, nonresonant background present in CARS.17 The absence of the nonresonant
background and the linear dependence on concentration favors the use of SRS for reliable
quantitative ratiometric Raman analysis. Moreover, SRS enables chemical imaging in the
congested fingerprint region in the 1000–1800 cm−1 range. Although the carbon-hydrogen
stretching mode at ~2945 cm−1 is generally a good Raman indicator for structural proteins in
tissue,45 it is not exclusive to protein. In addition, many lipophilic compounds such as
cholesterol and cholesteryl esters also have notable contributions in this vibrational range. In
contrast, the amide-I peak in the fingerprint region at ~1650 cm−1 can be used as an
exclusive marker for protein. For the P/L analysis, we chose to analyze the intensity ratio of
amide-I and CH2 bending modes because the peak locations are relatively close, ~210 cm−1
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apart, which in practice minimizes the spectral tuning time of the pump beam and reduces
the acquisition time. Although neither the CH2 stretching modes nor the CH2 bending modes
are exclusive to lipid, the density of methylene groups in aliphatic lipids is so high that the
methylene vibrational modes constitute a proven marker for lipids.

We plan to extend the study reported here to construct three-dimensional P/L map in order
to gain a more comprehensive analysis of meibum quantity and quality at different portions
of the gland. Based on our recent study of MGD using 3D immunofluorescent computed
tomography, several features of the disease are mostly apparent when the whole glandular
tissue is in view.30,46 The intrinsic optical sectioning capability of SRS facilitates such 3D
reconstruction of chemical maps. We anticipate that P/L analysis of whole glandular tissue
would unravel differences between normal and dry eye cases hitherto hidden from view.
Additionally, two groups have also pointed out variation of cholesteryl and wax ester
composition in meibum as a function of MGD progression and age.11,47 The sensitivity of
SRS to detect the presence of various lipophilic compounds may also be useful to identify
the location and origin of such changes within the gland.

Overall, the observations reported here offers unique insights into the response of the
meibomian gland to desiccating stress and suggest novel mechanisms regarding meibomian
gland function and dysfunction. Additionally, findings in this study demonstrate the
application of SRS to identify meibum changes within the glandular structure, paving the
way toward better understanding of the pathophysiology of MGD. Combined with
immunofluorescence, the interplay between meibocyte proliferation, meibum composition,
and structural changes of the gland, can be directly visualized. While the utility of P/L as a
marker for MGD requires further investigation, it is clear that the addition of SRS analysis
to future studies may be of great value.
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Figure 1.
A) Reference raman spectrum acquired from a single point in mouse meibomian gland. For
SRS imaging, two laser beams at different optical frequencies were utilized to probe the
vibrational resonance of the CH2 bending (1440 cm−1) and amide-I (1650 cm−1) modes,
representing the lipid and protein markers, respectively. Laser beams were scanned through
the tissue section via an inverted microscope. Resulting images at 1440 cm−1 and 1650 cm−1

modes are shown in panel B and C, respectively. Protein-to-lipid ratios (P/L) were
calculated by dividing the pixel intensities at 1650 cm−1 with intensities at 1440 cm−1.
Image width in Panel B and C is 353.5 µm.
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Figure 2.
A) Chemical-selective imaging meibomian gland excised from normal, untreated mouse
using stimulated Raman scattering (SRS). SRS image was acquired at the CH2 stretching
mode. Red arrows point at cell nuclei. Asterisk marks disintegration area. ac, acini; dt,
ductule. B) Overlay of DAPI (red), SRS (green), and Phalloidin (blue) images, highlighting
the distribution of meibum, cell nuclei and actin in context of the glandular structure. Scale
bar is 100 µm.
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Figure 3.
P/L ratio in meibum of normal, untreated mouse gland. A) Overlay of SRS (green), DAPI
(red) and Phalloidin (blue) images of meibomian gland from normal, untreated mouse. B)
Protein-to-lipid ratio (P/L) from ROIs highlighted in panel A. The duct and central duct
exhibit lower P/L than acini, correlating with the lower level of nuclei-specific DAPI
staining. ac, acinus; dt, ductule; cd, central duct; E, extracellular matrix. Image width is 237
µm.
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Figure 4.
Ductal dilation and increased Ki67 staining were observed in meibomian glands of dry eye
mouse model. Shown in panel A is an overlay of Ki67 (green) and DAPI (red) stained
images of meibomian gland from untreated, normal mice. Panel B and C show stained
images of glands from mice treated in a desiccating stress environment for 5 and 10 days,
respectively. In panel D, the average number of cells that show positive Ki-67+ stain under
each categories are shown. Central line marks the median.
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Figure 5.
P/L ratio in meibum of mouse treated in a desiccating stress environment for 5 days. (A)
SRS image acquired at the CH2 stretching mode. (B) P/L ratio corresponding to the
highlighted ROIs in panel A. The overall P/L trend here differs from the trend observed in
the untreated, control mice. ac, acinus; dt, ductule; cd, central duct. Scale bar is 100 µm.
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Figure 6.
P/L ratio in meibum of mouse treated in a desiccating stress environment for 10 days. (A)
SRS image acquired at the CH2 stretching mode. (B) P/L ratio corresponding to the
highlighted ROIs in panel A. P/L initially decreases from acini to central duct; however,
moving proximally towards the orifice of the gland, P/L gradually increases. ac, acinus; dt,
ductule; cd, central duct. Scale bar is 100 µm.
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Figure 7.
P/L ratio in meibum of mouse treated in a desiccating stress environment for 10 days. (A)
SRS image at the CH2 stretching mode. (B) P/L ratio corresponding to the highlighted ROIs
in panel A. Despite the absence of ductal dilation as observed in Fig. 5, the overall P/L
progression from acini to central duct nonetheless deviate from the trend observed in the
untreated, control mice. ac, acinus; dt, ductule; cd, central duct. Scale bar is 50 µm.
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Figure 8.
Comparison between P/L ratios of untreated and dry eye mice. The average P/L ratios (filled
circle) are plotted as a function of location in the meibomian gland, i.e., acini, ductule and
central duct (including orifice). Different colors are used to represent measurement from
different animals, whereas connecting line is drawn to highlight P/L changes from acini to
central duct within the same animal. In panel A, it can be seen that P/L ratios of untreated
mice consistently decrease from acinus (ac) to ductule (dt) to central duct (cd). On the other
hand, P/L ratios of dry eye mice (panel B and C) do not follow the same trend as the
untreated group (panel A), underlining changes in meibum quality in response to desiccating
stress.
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