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A novel transillumination meibography device for in vivo
imaging of mouse meibomian glands

Ho Sik Hwang2P, Eric MikulaP, Yilu Xie?, Donald J. BrownP, James V. Jester?”

aDepartment of Ophthalmology, College of Medicine, The Catholic University of Korea, Seoul,
Republic of Korea

bDepartment of Ophthalmology, University of California, Irvine, Irvine, CA, United States

Abstract

Purpose: While mouse models of dry eye disease (DED) have been developed, studies
evaluating the role of the meibomian glands limited by the inability to temporally document
changes. In this report we describe the development of a novel mouse transillumination
meibography device and assess the ability of this device to detect age-related changes in the
meibomian glands of young and old mice.

Methods: The mouse meibography device was comprised of a 3 mm wide right angle prism
attached to broad spectrum light source by an optical fiber. Eyelids were then pulled over the
prism using double tooth forceps and imaged using a stereomicroscope and low light level camera.
Meibomian glands from four young and four old male, BALB/c mice were then imaged and
analyzed using ImageJ.

Results: In young mice, meibography documented the presence of 7-8 meibomian glands
appearing as black and distinct eyelid structures with the length shorter in the lower eyelid
compared to the upper eyelids. Eyelids of old mice showed apparent dropout of meibomian glands
along with smaller and more irregularly shaped acini. The mean acini area of one meibomian
gland was 0.088 % 0.025 mm? in young mice and 0.080 + 0.020 mm? in old mice (p = 0.564), but
the Meibomian gland density was significantly lower in older mice (41.7 £ 6.4%, 27.3 £ 4.2%) (p
=0.021).

Conclusion: We have developed an /n vivo meibography device that may prove useful in
sequentially documenting changes during development of meibomian gland dysfunction and
following treatment.
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Appendix A. Supplementary data
Supplementary data related to this article can be found at https://doi.org/10.1016/j.jtos.2020.08.012.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hwang et al. Page 2

Introduction

Dry eye disease (DED) is a common ocular surface disorder that is currently classified into
an aqueous deficient (ADDED) and/or evaporative (EDED) type [1]. While the lacrimal
gland plays an important role in the development of ADDED, EDED is thought to involve
meibomian gland dysfunction (MGD) leading to decreased or abnormal lipid secretion onto
the tear film causing increased tear evaporation, tear hyper osmolarity and ocular surface
inflammation [2]. Meibomian glands are lipid synthesizing, modified sebaceous glands
embedded in the eyelid tarsal plate that secrete oil (meibum) onto to the tear film [3].

Like other diseases, animal models have the potential to provide insights into the cellular
and molecular mechanisms underlying the development of DED and the role that the
meibomian glands play in the pathogenesis of this disorder. Towards this end, mouse models
have established that environmental stress in the form of a low humidity environment can
lead to ocular surface inflammation and the development of DED signs including decrease
tears and increased corneal surface fluorescein staining [7-11]. Additionally, changes in the
meibomian gland following exposure to dry environments has also been noted [12], but

the correlation between meibomian gland changes in ocular surface inflammation have yet
to be clearly identified Besides environmental stress, transgenic mice showing abnormal
growth and/or development of the meibomian glands have also been identified [13], but the
correlation between gland and ocular surface changes have been difficult to identify given
the lack of methods available for documenting changes in the meibomian glands.

Currently, there are two main approaches to evaluating the morphological changes in

the meibomian glands of mice. The first method uses a histologic approach requiring
tissue fixation, processing and serial sectioning to identify key regions of the meibomian
gland (central duct, gland orifice and acini) that are thought to be key targets for MGD
[14,15]. Histologic analysis is highly subject to artifact, and selective sampling of the
meibomian gland unless one performs serial sectioning with 3 dimensional reconstruction
[16]. Alternatively, removal of both eyelids combined with en bloc staining and ex vivo
biomicroscopy has been used to measure gland volume [17-20]. This approach has the
advantage of higher reproducibility, but also suffers from the need to sacrifice the mice.

Over the years, transillumination meibography and reflectance meiboscopy have been

used to evaluate changes in the meibomian gland of DED patients with MGD [21-28].
Meibography/meiboscopy is also easily performed on rabbits as shown recently by Eom

et al. and others [21,29]. Meibography is a simple biomicroscopy technique that only
requires transillumination of the eyelid and photography using a standard slit-lamp [22].
Furthermore, this imaging can be performed on live animals with anesthesia to document
progressive changes in the gland. However, to our knowledge meibography has not been
previously used to study meibomian gland function in the mouse. In this paper we describe
a custom-made transilluminator that can be used to perform /n vivo transillumination
meibography of the mouse eyelid.
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Materials and methods

Animals

Eight male, BALB/c mice were used in this study, 4 young (<3 months old; #1-4) and 4

old (>15 months old; 4 male (#5-8)). Care and handling of mice conformed with the ARVO
protocol for animal experiments and the consent of the University of California Irvine
IACUC. Prior to eyelid photography, mice were anesthetized with inhalation anesthesia
using 5% isoflurane mixed with 500 ml/min oxygen in an induction chamber. Mice were
then transferred to a mouse holder under the dissecting microscope objective lens (Fig.

1) and anesthesia was maintained using a customized inhalation mask (isoflurane 1.5—
2.0%, 100 ml/min oxygen) fabricated using a 1 ml Eppendorf pipette tip connected to the
anesthetic coaxial gas tube (Kent Scientific, Torrington, CT) (Fig. 2). During the anesthesia,
the mask was tightly attached to the nose and mouth of the mouse, and the gas tube
connected to the mask was fixed with clay. Only the right eyelids (upper and lower) were
photographed in all mice.

Dissection microscope with monochromatic camera

A binocular dissection microscope (Leica MZ16FA, Leica Microsystems, Heerbrugg,
Switzerland) equipped with a monochromatic camera (DFC340FX, Leica Microsystems,
Heerbrugg, Switzerland) was used to take biomicroscopic photographs of the right eyes of
each mouse. The camera has no infrared (IR) blocking filter and no IR transmitting filter
was used for this experiment. All images were taken at 28.3x magnification, the maximum
magnification at which most of the meibomian glands of the eyelids could be observed.

Mouse holder

Because the mouse position is very important for good meibography, we used a mouse
holder made with clay. The mouse was positioned so that the eyelids to be examined were
located on the lower side. For example, when the meibomian glands in the upper lid were
photographed, the mouse was placed in a supine position with the head adjusted so that

the upper eyelid margin was horizontal (Fig. 3A), and the palpebral conjunctival plane was
parallel to the objective lens of the dissecting microscope. For the lower eyelid, the mouse

is placed in a prone position (Fig. 3B). In either the supine or prone position, the clay was
deformed to fit the body and head of the mouse, then dried and used as a mouse holder in the
following experiments.

Optical fiber and light probe

A broad band, halogen light source (OSL2 and OSL2B, Thorlabs, Newton, NJ) was used
for the transillumination meibography. The light was delivered by a special optical fiber
(BFL200HS02, Thorlabs, Newton, NJ) that had an input connector comprised of a bundle
of seven 200 um-diameter fibers and an output connector comprised of a linear array of
fibers as shown in Fig. 4A. The linear array, output connector was then attached to a diffuser
and a prism with glue. The diffuser was made of opaque, white plastic, 3 mm x 3 mm x

1 mm thickness. At the opposite end of the diffuser, a right-angle prism (PS605, Thorlabs,
Newton, NJ) (3 mm) was attached (Fig. 4B) that reflected the light 90° to pass through the
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meibomian glands vertically. In addition, when the eyelid margin was held with forceps, the
prism served to support the eyelid at the back (Fig. 4C).

Polack forceps (8-0814T, Rumex, Clearwater, FL) was used to evert the eyelids (Fig. 5A).
Polack forceps are special type of forceps used in cornea transplantation surgery. They have
two pairs of teeth that can symmetrically hold the edges of a corneal button during corneal
suturing. When the lid margin of mouse was held with these forceps and everted, the eyelid
was flat and was not distorted to a triangular shape (Fig. 5B). The Polack forceps used in
this study has two pairs of teeth with 1.5 mm separation.

Taking photographs

First, at a low magnification, the position of the mouse was adjusted so that the eyelid to

be examined was located at the center of the field of view. The magnification was then
increased to 28.3X, maintaining focus on the lid margin. Using the Polack forceps the
middle edge of the eyelid margin was grasped, and eyelid pulled over the prism to evert the
eyelid (Fig. 6). The meibomian glands were then brought into focus by adjusting the height
of the light probe and the forceps holding the eyelid. Image exposure was adjusted to 10-20
ms, with a gamma value set at 1.5. A series of images were then collected as a video, and
single images were saved at a resolution of 1600 x 1200 pixels.

Quantitative analysis

Since photographs of the temporal and nasal meibomian glands were generally not in focus,
only the central, five meibomian glands were quantitatively analyzed by measuring the
meibomian gland width, length and acinar diameter of the four young and four old mice
(total 20 meibomian glands for each group). The width of a Meibomian gland was defined
as the largest width of it. Furthermore, quantitative analysis of dropout was limited to the
lower eyelid of each mouse due to the fact that it was difficult to clearly identify individual
meibomian glands in the upper lid.

For each image, each Meibomian gland was then selected (Fig. 7A and B) using image J
(version 1.38x; Wayne Rasband National Institutes of Health, Bethesda, MD) and the image
threshold was adjusted so that only the acini were selected (Fig. 7C). The area occupied by
the acini was then recorded. Acinar area was measured for each of five meibomian glands
(MG1, MG,, MG3, MGy, MGs), as well as the total acinar areas for the five meibomian
glands (MG = MG1+MG,+MG3+MG4+MGs) and mean acini area of a meibomian gland
(MG/5). For each image, a region of interest (ROI) was defined by outlining five meibomian
glands like Fig. 7D (from eyelid margin to distal end of Meibomian glands). The area of the
region of interest covering the five meibomian glands (ROIA) was then measured and the
Meibomian gland density was calculated 100% * total acinar area of five meibomian glands
(MG)/total area of region of interest covering the five meibomian area (ROIA).

Assessment of reproducibility

To evaluate the reproducibility of transillumination meibography, the right lower eyelids of
four young male mice (#1-4) and four old male mice (#5-8) were photographed for two
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consecutive days. The acini area of five meibomian glands in the center were measured
in all 8 mice. Cronbach’s alpha was then calculated to assess reproducibility of repeat
transillumination meibography measurements of meibomian gland area.

As shown in Fig. 8, the structure of the meibomian glands in both the upper and

lower eyelids of a young male mouse (2 month-old, # 1) were clearly visible using
transillumination meibography (Supplemental Video 1). Acini appeared circular or elliptical
and the central ducts of the glands were not apparent. In general, the proximal gland
(orifices side) appeared narrow, while the distal region was wider. The meibomian glands
appeared clearly separated from each other in the proximal region, while becoming less
distinct in the distal regions. By scanning the eyelid with the light probe to the left and right,
it was possible to observe seven meibomian glands in the upper eyelid. Since the temporal
or nasal portion of the eyelids were not completely everted, meibomian glands in these areas
were less distinct. Meibomian glands in the upper eyelids were 0.35-0.38 mm in width,
0.83-0.98 mm in length and contained acini of 0.05-0.08 mm in diameter (Table 1). The
meibomian glands in the lower eyelid were similar though smaller than the upper lid (Fig.
8B, Video 2) ranging in size from 0.18 to 0.32 mm in width, 0.49-0.63 mm in length and
contained acini of similar size, ranging from 0.05 to 0.08 mm in diameter (Table 1). In some
of meibomian glands, a central transparent region could be identified between rows of acini
(Fig. 8, C and C") suggesting the presence of a central duct. In the lower eyelid, it was
possible to observe 10 meibomian glands.

Young mice vs. old mice

The meibomian glands in the upper eyelid of the old mice appeared to show irregular shaped
acini in three of the four mice suggesting Meibomian gland dropout (Fig. 9A asterisk, Video
3) (15 month old, mouse # 6). The meibomian glands in the lower eyelid appeared similar
to the upper eyelids (Fig. 9B, Video 4). However, the measured size of the meibomian
glands in the upper eyelids were similar to the meibomian glands in younger mice, ranging
from 0.274 to 0.420 mm in width, 0.85-1.03 mm in length, and contained acini having
0.06-0.08 mm in diameter. Furthermore, the measured size of the meibomian glands in

the lower eyelids also were similar to the meibomian glands in younger mice. Meibomian
glands in the lower eyelids ranged from 0.25 to 0.30 mm in width, 0.56-0.72 mm in length
and contained acini having 0.07-0.08 mm in diameter. The overall length of the meibomian
glands was shorter than that of the upper eyelid.

As a quantitative comparison, the mean acinar area of the meibomian glands from young
mice was 0.088 + 0.025 mm? and 0.080 + 0.020 mm? in old mice (p = 0.564), but the
Meibomian gland density was significantly lower in old mice than in young mice (41.7 =
6.4%, 27.3 £ 4.2%) (p = 0.021) (Table 2). Fig. 10 shows meibomian glands in the lower
eyelids of young and old mice included in the study.

Ocul Surf. Author manuscript; available in PMC 2023 July 31.
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Reproducibility of in vivo transillumination meibography

Mean acini area of a meibomian gland photographed on the first day was 0.084 + 0.029
mm? and mean acini area of a meibomian gland photographed on the second day was 0.084
+0.031 mm? (Fig. 11). Cronbach’s alpha was 0.905 (Fig. 12).

Among the 8 animals that underwent /n vivo transillumination meibography, no mouse died
due to the complications of anesthesia.

Discussions

In this study, /7 vivo transillumination meibography was performed on mice, which are
animal models commonly used to study meibomian gland biology and pathobiology. As far
as known, this is the first report that describes sequential, /7 vivoimaging of these glands
to study changes in gland structure and function. Using mouse meibography, we confirm
that the meibomian glands of old mice appear atrophic compared to those of the young
mice. Specifically, acini shape appeared more irregular in older mice with some showing
clear regions of acinar dropout unlike meibomian glands in younger mice. But, the mean
acinar area of meibomian glands from younger mice were not significantly larger compared
to older mice (0.088 + 0.025 mm?2 and 0.080 + 0.020 mm?) (p = 0.564). Previous studies
using 3D reconstruction of mouse meibomian glands and quantitative morphometry have
shown significant loss of acini with age [14,16]. Our inability to detect a similar significant
difference may be due, in part, to the small sample size and the 2-dimensional analysis of
the meibographic images. Furthermore, we used image thresholding to objectively identify
acinar area using ImageJ. While this approach removes operator bias in the outlining of
acini, variation in tissue density and light scattering between old and young mice made it
difficult to precisely segregate acini from non-acinar tissue in the older mice.

While it should be noted that Meibomian gland density was significantly lower in older mice
than in young mice (41.7 + 6.4%, 27.3 £ 4.2%) (p = 0.021), this reduced density may be
also have been affected by the increased laxity of the eyelid in older mice that allowed for
stretching of the eyelid. Nevertheless, repeat imaging of the meibomian glands showed that
mouse meibography and objective, unbiased quantitative analysis of acinar area was highly
repeatable over the short term. We therefore propose that application of this imaging system
may provide novel insights into the effects of hormones, aging, stress and other risk factors
on the development of MGD in various mouse models. More importantly, the effects of
targeted meibomian gland therapies may more easily be assessed using this novel imaging
approach.

That being said, mouse meibography has some difficulties. First, because the horizontal
length of the eyelid is only 4 mm, eversion of the eyelid sufficient for high magnification
photography is extremely difficult. Second, unlike human, mouse meibomian glands are not
clearly visible in noncontact meibography of white mice such as BALB/c [30]. To overcome
these drawbacks, our system used special forceps, special type of optical fiber, light probe
including a prism, dissecting microscope, and transillumination.

Ocul Surf. Author manuscript; available in PMC 2023 July 31.
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The most important parts of this system are the optical fibers, light probe and prism. The
special optical fiber consists of 7 fibers arranged in a linear array to illuminate along the
eyelid margin. The prism reflect the light 90° allowing light to pass through the meibomian
glands vertically. In addition, when the eyelid margin was held with forceps, the prism helps
to physically support the eyelid to aid photography. It is also important to note that the
eyelids were everted by the double teeth forceps. These can symmetrically hold the eyelid
margin during meibography, and help flatten the eyelid over the illuminating prism to avoid
tissue distortion (Fig. 5). It should be noted that when the mouse eyelid was pulled over

the prism only skin near the lid margin was pinched by the forceps. In this way, there is

no direct injury to Meibomian glands (Fig. 11). In our repeat study, we were not able to
detect any change in the structure of the meibomian gland on the second day, which would
be important is repeat measures were used to evaluate the Meibomian gland before and after
therapy or treatment.

In the present study, a monochromatic camera was used with no infrared blocking filter.
In preliminary studies an infrared band pas filter that blocked visible and ultraviolet light
was also used to image the meibomian gland. However, infrared transillumination images
appeared no different from visible light images, which is consistent with our previous
studies of light scattering from human and rabbit eyelid tissue.

In conclusion, this study is the first to report the successful /n vivo transillumination
meibography in mice, which are the most common animals of meibomian gland dysfunction
animal models. Using this method, it was possible to effectively take photos of meibomian
glands in large area of the upper and lower eyelids. This method can be used to evaluate the
effects of certain treatments on meibomian gland dysfunction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Monochromatic camera

Isoflurane
Vaporizer I Yetelo;

Fig. 1.

Wide spectrum
light source

Overview of the /in vivo meibography system for mice. This system was composed
of a binocular dissection microscope (Leica MZ16FA, Leica Microsystems, Heerbrugg,
Switzerland) equipped with a monochromatic camera (DFC340FX, Leica Microsystems,

Heerbrugg, Switzerland), mouse holder, a halogen lamp (OSL2 and OSL2B, Thorlabs,
Newton, NJ), optical fiber and light probe, forceps, inhalation and anesthesia system.
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Fig. 2.

Inﬁalation mask for mice made with Ependorf tube and an anesthetic coaxial gas tube.
Anesthesia was maintained using a customized inhalation mask (isoflurane 1.5-2.0%, 100
ml/min oxygen) fabricated using a 1 ml Eppendorf pipette tip connected to the anesthetic
coaxial gas tube (Kent Scientific, Torrington, CT).

Ocul Surf. Author manuscript; available in PMC 2023 July 31.
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Fig. 3.

M%use position and mouse holder. Because the mouse position is very important for good
meibography, we used a mouse holder made with clay. The mouse was positioned so that the
eyelids to be examined were located on the lower side. For example, when the meibomian
glands in the upper lid were photographed, the mouse was placed in a supine position with
the head adjusted so that the upper eyelid margin was horizontal (A), and the palpebral
conjunctival plane was parallel to the objective lens of the dissecting microscope. For the
lower eyelid, the mouse is placed in a prone position (B).
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Fig. 4.

OSticaI fiber and light probe. The light was delivered by a special optical fiber
(BFL200HS02, Thorlabs, Newton, NJ) that had an input connector comprised of a bundle of
seven 200 pm-diameter fibers and an output connector comprised of a linear array of fibers
(A). The linear array, output connector was then attached to a diffuser and a prism with glue.
The diffuser was made of opaque, white plastic, 3 mm x 3 mm x 1 mm thickness. At the
opposite end of the diffuser, a right-angle prism (PS605, Thorlabs, Newton, NJ) (3 mm) was
attached (B) that reflected the light 90° to pass through the meibomian glands vertically.

In addition, when the eyelid margin was held with forceps, the prism served to support the
eyelid at the back (C).
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B

One tooth forceps Double teeth forceps

Fig. 5.

Pc?lack forceps for eyelid eversion. Polack forceps (8—-0814T, Rumex, Clearwater, FL) was
used to evert the eyelids (A). Polack forceps are special type of forceps used in cornea
transplantation surgery. They have two pairs of teeth that can symmetrically hold the edges
of a corneal button during corneal suturing. When the lid margin of mouse was held with
these forceps and everted, the eyelid was flat and was not distorted to a triangular shape (B).
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Fig. 6.
Taking photographs. First, at a low magnification, the position of the mouse was adjusted

so that the eyelid to be examined was located at the center of the field of view. The
magnification was then increased to 28.3X, maintaining focus on the lid margin. Using the
Polack forceps the middle edge of the eyelid margin was grasped, and eyelid pulled over the
prism to evert the eyelid. The meibomian glands were then brought into focus by adjusting
the height of the light probe and the forceps holding the eyelid.
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Fig. 7.

Mgethods for quantitative analysis. For each image, each Meibomian gland was then selected
(A, B) using image J (version 1.38x; Wayne Rasband National Institutes of Health,
Bethesda, MD) and the image threshold was adjusted so that only the acini were selected
(C). The area occupied by the acini was then recorded. Acinar area was measured for each
of five meibomian glands (MG, MG,, MG3, MG4, MGs), as well as the total acinar areas
for the five meibomian glands (MG = MG1+MG,+MG3+MG4+MGs) and mean acini area
of a meibomian gland (MG/5). For each image, a region of interest (ROI) was defined
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by outlining five meibomian glands like Fig. 7D (from eyelid margin to distal end of
Meibomian glands). The area of the region of interest covering the five meibomian glands
(ROIA) was then measured and the Meibomian gland density was calculated 100% * total
acinar area of five meibomian glands (MG)/total area of region of interest covering the five
meibomian area (ROIA).
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Fig. 8.

Tt?e meibomian glands in the upper and lower eyelid of a young male mouse The structure
of the meibomian glands in both the upper (A) and lower (B) eyelids of a young male mouse
(2 month-old, # 1) were clearly visible using transillumination meibography. Acini appeared
circular or elliptical and the central ducts of the glands not apparent. In general, proximal
gland (orifices side) appeared narrow, while the distal region was wider. The meibomian
glands appeared clearly separated from each other in the proximal region, while becoming
less distinct in the distal regions. In some of meibomian glands, a central transparent region
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could be identified between rows of acini (C) suggesting the presence of a central duct
which is outlined in C’.
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Fig. 9.
The meibomian glands in the upper and lower eyelid of an old male mouse. The meibomian

glands in the upper eyelid of the old mice (15 month old, mouse # 6) showed irregular shape
acini and apparent dropout (A). The meibomian glands in the lower eyelid appeared similar
to in the upper eyelids (B). The overall length of the meibomian glands was shorter than that
of the upper eyelid.
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Young male

Old male

Fig. 10.
The meibomian glands in the lower eyelid of young and old male mice. The meibomian

glands in the lower eyelid of the young mice showed circular or elliptical acini no dropout.
But, the meibomian glands in the lower eyelid of the old mice showed irregular shape acini
and apparent dropout.
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Young male (1,2,3,4)

First day

Second day

First day

Second day

Fig. 11.
In vivo transillumination meibography taken first day and second day. The meibomian

glands in the lower eyelid taken first day appeared very similar to those taken second day.
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Fig. 12.

Reproducibility of /n vivotransillumination meibography. Mean acini area of one
meibomian gland photographed on the first day was 0.084 + 0.029 mm? and mean acini area
of a meibomian gland photographed on the second day was 0.084 + 0.031 mm2. Cronbach’s

alpha was 0.905.
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Width, length and acinus diameter of meibomian glands in the upper and lower eyelids of young and old male

mice.
Young malemice(n=4) Old malemice(n=4)

Meibomain glandsin the upper eyelids n=20 n=20

Width (mm) 0.35-0.38 0.27-0.42
Length (mm) 0.83-0.98 0.85-1.03
Acinus diameter (mm) 0.05-0.08 0.06-0.08
Meibomain glands in the lower eyelids n=20 n=20

Width (mm) 0.18-0.32 0.25-0.30
Length (mm) 0.49-0.63 0.56-0.72
Acinus diameter (mm) 0.05-0.08 0.07-0.08
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