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Abstract
The eyes of newborn mice are relatively underdeveloped and the lids remain closed for the first 2
weeks after birth. There after the eyes undergo a period of rapid growth for several weeks.
Eventually the eyes reach an age at which many ocular structures stabilize for the remainder of the
animal’s life, or for others, growth is significantly slowed. The central corneal thickness (CCT) is
a parameter commonly reported in corneal studies. However there is a large discrepancy in values
reported for adult mice as well as a lack of comprehensive values covering the time from birth
through adulthood. In this study we report, for the first time, the use of spectral domain optical
coherence tomography (SD-OCT) for in situ and in vivo determination of CCT from P0 to P250
for C57BL/6 mice. SD-OCT provided a reliable measure of CCT and we fit the data to an
exponential rise to maximum growth curve resulting in a value of 49μm for P0 and a maximum
adult value of 106μm. By comparison, corneas processed for conventional histology produced
CCT values approximately 30–35% thicker and with greater variability. Ex vivo real-time imaging
during fixation revealed swelling and gross distortion of the cornea beginning after only 10–15
minutes in fixative. The fixation artifacts were not observed when the cornea was processed using
an optimized microwave fixation protocol. CCT values measured in corneas fixed with the
microwave process compared favorably with values obtained with SD-OCT. We conclude that for
corneal research, mice younger than 8 weeks of age should not be considered as adults since they
are still in a rapid phase of growth up until that time. In addition we report the first use of
microwave-processed histological specimens for visualizing the murine cornea. Tissue processed
in this manner has minimal artifacts, a CCT equivalent to that measured in vivo by SD-OCT and
ultrastructural detail comparable to conventional fixation methods.
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1. Introduction
Wild type C57BL/6 mice are widely used to study normal corneal structure (Ecoiffier et al.,
2009), while mutant C57BL/6 mice with targeted deletions in cell adhesion molecules
(Gagen et al., 2010), chemokines (Chintakuntlawar and Chodosh, 2009) and proteoglycans
(Carlson et al., 2010; Hayashi et al., 2010; Lee et al., 2009) have contributed much to our
understanding of how the cornea responds to injury and infection. Despite their widespread
use in corneal research, there is a surprising lack of information regarding postnatal corneal
development and apparently no consensus as to when the cornea is fully developed in the
C57BL/6 mouse.

A biometric parameter commonly reported in the literature is the central corneal thickness
(CCT) which may be used to evaluate normal corneal development and to diagnose a variety
of ocular/corneal pathologies (Ashwin et al., 2009; Doughty and Zaman, 2000; Fontes et al.,
2010; Hager et al., 2009; Insull et al., 2010; Montiani-Ferreira et al., 2003) as well as pre-
and post-surgical conditions (Maldonado et al., 2009). It is also a consideration in contact
lens fitting and continuing care for contact lens wearers (Martin et al., 2007; Oh et al.,
2009). The CCT in humans has been measured using several in vivo modalities including,
optical pachymetry, ultrasound pachymetry, specular microscopy, confocal microscopy, and
optical low-coherence interferometry. Measuring the corneal thickness in a mouse, which is
roughly one-fifth the thickness and diameter of the human cornea, presents a challenge and
many of the human measurement techniques are not applicable to the mouse. Since the CCT
is one consideration in determining the maturation level of the cornea, accurate
measurement of corneal thickness is desirable.

In the past, histology was the only method for determining murine corneal thickness, and is
still a frequently reported method although it produces a large range of CCT values even for
the same age, sex and mouse strain. Published biometric data show a wide-range of values
for corneal thickness. Recently, for example, one study reported a mean CCT for C57BL/6
adult mice as 74.7±8.6 μm (Haddadin et al., 2009) and another reported 137.0±14.0 μm
(Henriksson et al., 2009). Both were measurements from histological sections. Histological
artifacts including shrinking, swelling and distortion, which occur frequently, undoubtedly
affect the native thickness of the cornea.

Not only is there a large variability in adult CCT values reported, but there is also apparently
no published data on the CCT of C57BL/6 mice beginning from birth. One study reports the
CCT for CD1 mice from birth to 12 weeks (Song et al., 2003) and measurements were made
using confocal microscopy through-focus. Schmucker and Schaeffel (Schmucker and
Schaeffel, 2004) reported early corneal thickness changes for C57BL/6 mice from P25-P53
using frozen sections and optical low coherence interferometry and Zhou and
colleagues(Zhou et al., 2008) measured corneas with a custom built optical coherence
tomography instrument from mice age P22 -P102.

Clearly, there is a need to develop a simple method for accurately measuring the CCT in the
mouse as a means of monitoring postnatal development of the mouse cornea through to
adulthood. This information would accomplish several goals. First, it would define the
growth kinetics of the cornea and define the age at which the cornea reaches its adult
thickness. Second, it would provide a baseline with which to determine if artifacts
(shrinkage, swelling) exist in corneas prepared for histological analysis. Finally, if routinely-
fixed histological artifacts are detected, it should be possible to modify the fixation protocol
to yield artifact-free corneal tissue sections that preserve the true biometric dimensions of
the mouse cornea.
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The purpose of this study was to evaluate postnatal corneal growth and development in
C57BL/6 mice by obtaining accurate CCT values. Using spectral domain optical coherence
tomography (SD-OCT), we show CCT data can be obtained and used to monitor postnatal
corneal development. Moreover, the CCT information is a useful benchmark for evaluating
corneal histology and correcting histological artifacts.

2. Materials and Methods
2.1. Animals

All animals used in this study were C57BL/6 strain obtained from an established inbred
colony bred and housed in our facility. All animals were treated according to the guidelines
described in the Association for Research in Vision and Ophthalmology Statement for the
Use of Animals in Vision and Ophthalmic Research and University of Houston animal
handling guidelines. Each animal was euthanized with CO2 asphyxiation followed by
cervical dislocation for those more than 2 weeks old, and by isoflurane overdose for younger
mice.

2.2. SD-OCT
To achieve the highest resolution and thus a more accurate CCT measurement, the Spectralis
(Heidelberg Engineering, Dossenheim, Germany) Spectral Domain Optical Coherence
Tomography (SD-OCT) instrument was used for in vivo and in situ measurements. It is
designed for retinal imaging and therefore required optical modification for corneal
scanning. To achieve focus on the cornea, a 30 diopter aspheric lens was attached to the
front of the instrument. The optimum focal power and reference arm setting for image
acquisition were determined and the same settings were used for all subsequent scans. The
accuracy of the SD-OCT axial thickness determination was assessed using two approaches.
In the first, a number 1.5 microscope glass coverslip was imaged by SD-OCT and the
thickness was compared to that obtained using digital calipers (accuracy of 0.01mm) and
that obtained by through-focus imaging on an Olympus IX70 inverted microscope equipped
with a 40× objective lens (N.A. 1.4). In a similar manner, miniature polymethyl-
methacrylate (PMMA) contact lenses of 1.4mm radius of curvature were scanned for center
thickness with the SD-OCT and compared with the thickness estimate provided by through-
focus imaging on an IX70 Olympus inverted microscope. In each case, for the SD-OCT,
appropriate compensation was made for the difference in index of refraction between glass,
PMMA, and mouse cornea (1.523, 1.495 and 1.4015, respectively).

For SD-OCT corneal imaging, euthanized male and female mice (n=36) were immediately
secured in a 50ml plastic tube (VWR Lab Shop, Batavia, IL) with a cutout for the nose and
mouth as well as openings for the eyes. Very young mice were attached to a wooden tongue
depressor for support. The corneas were scanned in a series producing a sequence of
horizontal cross-sectional views encompassing the entire cornea. Additionally, a series of
radial scans was performed covering 360 degrees. When imaging neonates prior to lid
opening (≤ 14 days), the animals were euthanized and lids were carefully removed before
scanning. Eyes were kept moist by occasional misting with ophthalmic irrigating solution
(OCuSOFT, Inc., Rosenberg, TX). Mice greater than 4 weeks of age (n = 15) were
anesthetized with ketamine/xylazine intraperitoneal injection (100/10 mg/Kg) and scanned
with SD-OCT in the same manner as the euthanized animals. The same animals were
subsequently sacrificed, fixed and processed for histological sectioning.

Three scans were taken for each eye and the CCT was measured at the geometric center of
the corneal cross sections. Each cross section measured was obtained by selecting the scan
which passed through the center of the pupil and with the iris plane perpendicular to the
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scanning beam. Three measurements were made for each scan, one at the center and one 50
μm on either side of center. ImageJ software was used to create a “profile plot” (linear plot
of image reflectivity). Peaks on the profile representing the anterior and posterior corneal
surfaces were selected for measurements. The measurements were obtained in pixels and the
appropriate pixel to μm conversion factor was applied.

2.3. Conventional histology
After observing initial obvious processing artifacts, several modifications to our protocol
were investigated and the data presented were obtained with the method that consistently
produced the best results. From our experience, removing corneas in situ could not be
accomplished without altering the corneal shape even when the eyes were pre-fixed with
topical application of glutaraldehyde fixative prior to removing the cornea. Therefore whole
right and left eyes were immediately harvested from euthanized male and female mice (n =
39) briefly fixed (10 minutes, RT) in 0.1M sodium cacodylate buffer (pH 7.2) containing
2.5% glutaraldehyde, the corneas were then removed and placed in the same fixative for
another 2 hours Corneas were post fixed in 2% osmium tetroxide in 0.1M sodium cacodylate
buffer, dehydrated in an increasing series of acetone (30, 50, 70, 90, 100, 100%; 15 minutes
each), and embedded in Embed 812 resin (Electron Microscopy Sciences, Hatfield, PA).
Transverse microscope sections (0.5 μm) through the center of the cornea were cut with an
ultramicrotome (RMC, MT7000) and stained with Toluidine blue.

Initial light microscopic tissue processing produced stromal artifacts. and subsequently the
fixative solution was changed to 2.0% glutaraldehyde in 0.08M sodium cacodylate (Doughty
et al., 1997). However, the incidence and severity of artifacts remained the same, hence CCT
data from both fixative solutions were combined for analysis.

Using a 20× objective (N.A. 0.75) a limbus-to-limbus digital montage was created (Sony
Coolsnap camera) for each corneal transverse section using a DeltaVision Core
deconvolution microscope system running SoftWorx software (Applied Precision, Isaquah,
WA). A grid of three parallel lines spaced 50μm apart was over-laid on the montage at the
geometric center and the total, epithelial, and stromal corneal thickness measured at each
line with ImageJ software (NIH). The pixel to μm conversion factor was determined by
measuring the full width of the image in μm using the SoftWorx software measuring tool
and dividing the image size (1024 pixels) by this amount.

2.4. Microwave histology
In an attempt to improve the fixation conditions and avoid distortion artifacts, eyes from
mice (n = 24) at various ages were processed using a vacuum-assisted PELCO
Biomicrowave (Ted Pella, Inc., Redding, CA). Even though whole eyes could be processed
using the recommended protocol from the microwave manufacturer without gross
morphological distortion and minimal interlamellar separations, there was microscopic
evidence of inadequate fixation. Subsequently, modifications to the protocol were
investigated to optimize the protocol used in this study. Whole eyes were removed from
euthanized mice, placed in fixative (2.5% glutaraldehyde in 0.1M sodium cacodylate buffer,
pH 7.2), and immediately processed in the microwave under vacuum, as follows: The eyes
received microwave radiation for 1 minute on-1 minute off-1 minute on, at 150 watts. The
whole eyes were then removed from the microwave, placed on a bed of paraffin, and the
cornea removed by a single cut with a thin double-edged razor blade. The cornea was placed
back in fixative and the 3 minute microwave fixation cycle was repeated. The remainder of
the protocol was as recommended by the microwave manufacturer which included the same
post-fixation processes as with conventional fixation only performed with the microwave.
With microwave processing, the eyes were only exposed to glutaraldehyde fixative solution
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for 8–10 minutes and the entire fixation process up to resin polymerization was completed in
approximately 75 minutes as compared to 72 hours, or more, in conventional processing.
CCT values of microwave fixed samples were obtained in the same fashion as with
conventional histology specimens.

2.5. Evaluation of ex vivo fixation effects using Visante (Zeiss) OCT imaging
To evaluate conventional fixation-induced artifacts (shrinkage, swelling and general
distortion) eyes complete with extraocular muscles were removed from euthanized mice
(n=9, >8 weeks of age) and a plastic clip was attached to the extraocular tissue. This allowed
the eye to be held without any force being applied to the globe. The suspended eyes were
then immersed in fixative in a plastic chamber with a glass coverslip observation window
glued in-place to optimize scanning. The chamber was then placed in front of the Visante
(Carl Zeiss Meditec, Dublin, CA) OCT such that the axis of the OCT was perpendicular to
the iris plane and centered on the pupil. Scans were obtained every 5 minutes up to 60
minutes of total time in fixative.

2.6. Ultrastructural morphology
Representative tissue blocks from adult mice (8–12 weeks) prepared using conventional
processing and ones prepared using microwave processing were sectioned transversely with
an ultramicrotome (RMC, MT 7000) at a thickness of 80–100nm and stained with uranyl
acetate and lead citrate. Images were obtained using an FEI Tecnai 12 transmission electron
microscope equipped with an Ultrascan 1000 digital camera. Collagen fibril diameter and
interfibril spacing were measured as previously described (Petrescu et al., 2007). Briefly,
using cross-sectional views, individual fibril diameters were measured and the center to
center distances measured to the surrounding 6–7 fibrils. Images were captured at 49,000×
magnification and measured using ImageJ.

2.7. Statistical analysis
Statistical analyses were made using Student’s t-test for two groups and ANOVA with
Tukey post-test for multiple comparisons were used for comparisons among three groups. A
p value of < 0.05 was considered significant. Developmental growth curves were generated
using the exponential rise to maximum equation. All data are shown as mean ± SEM.

3. Results
3.1. Accuracy of SD-OCT measurements

Accuracy of thickness measurements obtained by the optically modified Spectralis SD-OCT
instrument was first assessed by measuring a flat glass coverslip whose thickness was
determined using digital calipers (170±0μm) and microscopic through focus (174±4μm).
Employing the default μm/pixel used by Spectralis software for thickness measurements and
after the adjustment for index of refraction (1.523 compared to 1.4015 for the mouse
cornea), the SD-OCT measurements of the glass coverslip (176±2 μm) were not
significantly different from those obtained by digital calipers or through-focus. Secondly, in
order to assess the effect of curvature, a PMMA contact lens with a radius of curvature
similar to a mouse cornea (1.4mm) was measured. The contact lens thickness measured
272±5 μm with through-focus imaging on the Olympus IX70 and 270±0 μm with SD-OCT.
The shape of the cornea is somewhat distorted with Spectralis (increased convexity) as it is
designed to image the concave retina and not the convex surface of the cornea. The glass
cover slip image produced a curved (concave) image that could be mathematically corrected.
Even though lateral dimensions were affected, the transverse (anterior/posterior) dimensions
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measured were accurate and consistent. Collectively, these calibration measurements
confirm the accuracy of the SD-OCT for axial thickness measurements.

3.2. CCT growth curve determined by SD-OCT measurements
SD-OCT produced images with a resolution (approximately 4μm) approaching that of low
powered light microscopy (Figure 1). Although individual lamellar layers are not
discernible, there is evidence of a horizontal organization to the stroma. The images cover
limbus to limbus, provide excellent visualization of the iris and show the anterior portion of
the crystalline lens.

In order to characterize the rate of growth of the central cornea, after confirming the
accuracy of SD-OCT thickness measurements, CCT data were obtained for mice ranging in
ages from P0 to P250. With no significant difference found between anesthetized and
euthanized animals, nor between males and females (data not shown), CCT data presented in
Figure 2 include data from all mice. The data show that during the first few weeks postnatal
there is a rapid increase in central corneal thickness and by P55 it has achieved 95% of its
maximum value, after which it begins to level off. The maximum CCT predicted from
fitting the exponential rise to maximum equation to the data (r2=0.84) is 106μm. The
average of the measured values for greater than 55 days of age was 103±2μm. In summary,
thickness measurements obtained by SD-OCT were shown to be accurate, and when applied
to the murine cornea, to provide accurate CCT measurements representative of the native
cornea.

3.3. Limitations of conventional histology CCT measurements
Measuring the CCT using conventional histology sections produced considerable variation
in values and some of the corneal transverse sections were distorted in shape and many had
separations between the stromal lamellae some of which were quite large (Figure 3, Panel
A). Separations were more evident in the posterior stroma, but occasionally included the
anterior stroma as well. In a few cases the whole stroma appeared obviously thickened,
without large lamellar separations. It was of interest to note that the very young corneas
(prior to lid opening) were more resistant to separations (data not shown). As mentioned in
the methods, the central corneal measurements were made by randomly placing three lines
in the geometric center. In many cases measurements were made in areas where there were
separations between lamellae. This resulted in a large variation in the measured thickness
and a high mean value as compared to SD-OCT (Figure 2). The initial, P0 CCT was similar
to the SD-OCT value of approximately 50μm and rose to about 140μm (>2.5 fold increase)
before beginning to level off at 50 days (95% of maximum) of age after which it remained
constant. The maximum CCT predicted from fitting the exponential rise to maximum
equation to the data (r2=0.56) is 141μm while the average of the measured values for greater
than 50 days was 138±5μm or approximately 33% thicker than what was found with SD-
OCT and with greater variability.

The epithelium is only 1–2 cell layers thick at birth with an average thickness of 5–6 μm and
rapidly increases in number of layers and thickness during P0-P50 after which it levels off.
The percentage of the total corneal thickness attributed to the epithelium increases
(approximately 10% to 30%) during the same time period before leveling off. It is readily
apparent from Figure 4 that most of the histological variability in CCT is due to variations in
stromal thickness rather than epithelial thickness.

Our results show that conventional histological processing of mouse corneas produced CCT
values that were not representative of in vivo values as shown by SD-OCT. Clearly, the
stroma is prone to artifactual separations between lamellae and generalized thickening
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beyond what can be explained by these separations. Hence, in order to collect meaningful
morphological and ultrastructural details, a method of tissue preparation that minimizes
artifacts induced by processing is desirable.

3.4. Fixative induced distortions
The primary fixative utilized for our conventional histology was glutaraldehyde, which
would be expected to penetrate a 100 μm cornea in approximately 30 minutes (Hayat, 1981)
and crosslinks resident proteins. Post-fixation with osmium tetroxide enhances the process
by stabilizing cell membrane lipids. Cells are killed while tissues stabilize during primary
fixation and this seems the most likely step in processing to induce artifacts. In order to
assess the overall effects of glutaraldehyde, whole eyes were imaged by OCT during
fixation in real-time.

Ex vivo scanning revealed distortion of the shape and swelling of the cornea with exposure
to glutaraldehyde. With a concentration of 2.5%, the distortion began after about 10–15
minutes and after 30 minutes it was severe, sometimes ultimately resulting in total loss of
the anterior chamber. The CCT during this time increased by 25–35%. When the
concentration of glutaraldehyde was reduced to 2.0% the distortion took longer to occur,
however the CCT increased by the same amount after 60 minutes (data not shown). Figure 5
shows an example of a whole eye in 2.5% glutaraldehyde initially (Panel A) and then after
30 minutes (Panel B). The same eye processed for microscopy showed large lamellar
separations.

In order to produce histological specimens with minimal artifacts it seemed imperative that
the exposure time to glutaraldehyde be minimized while at the same time providing
adequate preservation of the tissue.

3.5. Microwave tissue preservation
To determine if histological artifacts could be reduced and thereby preserve the native
corneal thickness, corneas were prepared using an optimized microwave protocol.
Microwave fixed corneas had few or no lamellar separations (Figure 3, Panel B), when
compared to conventional fixation, (Figure 3, Panel C) were without gross corneal distortion
(Figure 3, Panel D), and appeared to be well fixed when examined by electron microscopy.
At the ultrastructural level, the stroma of microwave processed corneas was compact and did
not exhibit interlamellar separations compared to conventionally fixed corneas (Figure 6,
Panels A and B) while the preservation of keratocyte cytoplasmic structure was similar to
that obtained with conventional fixation (Figure 6, Panels C and D). The mean microwave
processed CCT beyond 8 weeks was 99 (±2) μm and this value is in close agreement with in
vivo CCT estimates made by SD-OCT (Figure 7). In addition, the epithelial thickness
determined from conventional histology agreed with that obtained from measuring
microwave-fixed sections, suggesting that most of the artifactual increase in CCT following
conventional processing occurs within the stroma. Table 1 shows the values for collagen
fibril diameter and Table 2 for the interfibrillar spacing in the anterior and posterior central
cornea for specimens prepared by conventional fixation versus microwave processed. No
difference in fibril diameter was observed between the two fixation processes. However, the
interfibrillar spacing was statistically different with approximately 20% less anteriorly, and
35% less posteriorly in the microwave processed specimens compared to the conventional
processed corneas. Collectively, our results support microwave-assisted histological
processing as a method which produces CCT values not significantly different than SD-OCT
values, while providing superior stromal ultrastructural preservation compared to
conventional histological processing.
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4. Discussion
Consistent with the purpose of this study, postnatal corneal growth and development in
C57BL/6 mice were elucidated by validating the SD-OCT as a method for obtaining
accurate CCT values and measuring the CCT of mice from P0 to P250. These CCT data
were used, not only to monitor postnatal corneal development, but also as a benchmark for
evaluating corneal histology prepared by conventional and microwave fixation.

A comprehensive normal growth curve was established for C57BL/6 mice and corroborated
by measurements of microwave-fixed histological sections. Our results show that the
C57BL/6 mouse is born with a CCT of approximately 50–60 μm. During the first 7–8 weeks
it shows rapid thickening, more than doubling in thickness, after which it remains nearly
constant at about 103 μm (SD-OCT, mean value >8 weeks) or 99 μm (microwave histology,
mean value >8 weeks). The mouse is essentially born pre-mature with the eyelids not
opening until approximately day 12–14, after which the cornea undergoes maturational
changes for several weeks (Chakravarti et al., 2006; Jester et al., 2007; Nagasaki and Zhao,
2003; Schmucker and Schaeffel, 2004; Song et al., 2003; Zhou et al., 2008; Zieske, 2004).
Several parameters of eye growth and maturation either level off or slow to a minimal rate
of change for the remainder of their adult life (Jun et al., 2006; Zhou et al., 2008). The CCT
developmental curve provides an important gauge for eye development in general, and
suggests that animals younger than 7–8 weeks should not be considered adults for corneal
research since they are still in a phase of rapid growth and development. However, in many
murine corneal studies, mice as young as 6 weeks of age are often used and assumed to
represent the mature, fully developed cornea.

It has recently been reported that there is a range in mean CCT values in 17 different strains
of adult mice ranging from approximately 90μm to 124 μm (similar measurements by
cryosections and ultrasound pachymetry) (Lively et al., 2010). Our study was confined to a
colony of inbred C57BL/6 mice and it remains to be shown whether or not other strains of
mice would exhibit an age-dependent growth curve temporally similar. When considering
animal models for corneal research it is therefore important to consider the age of the mouse
in the context of the specific strain.

Obtaining accurate CCT data is necessary, for example, for monitoring corneal development
and for determining volumetric values to assess cell density and surface area ratios (Gagen
et al., 2010). Frequently, the process of fixing corneal tissue results in separations between
the stromal lamellae, and/or shrinkage or swelling of tissues, obviously adding error to
thickness measurements. When measuring stromal or total corneal thickness, or calculating
volume, these separations cannot be ignored. In addition, when investigators are looking at
interactions between stromal cells and surrounding collagen, the separations may obscure
the actual physical juxtapositions. Histology specimens are subjected to harsh fixative and
preparatory procedures which have the potential to produce artifacts. Since there are many
methods for fixing corneal tissue, they may all produce somewhat different results.

Corneal specimens prepared for light and electron microscopy are commonly preserved
using glutaraldehyde as a primary fixative with fixation times varying from hours to a few
days. For electron microscopy, osmium post-fixation is also typically incorporated into the
process, after which the tissue is dehydrated. In each step of the tissue preparation there is
potential for artifactual alteration. During this process metabolic activity ceases, which
results in cell permeability and ion concentration changes (Hayat, 1981). While the
osmolarity of solutions used is a consideration for avoiding artifactual changes in tissue and
cell volume, the specific ion concentration is even more important (Doughty, 2000). As
observed in our ex vivo imaging, our standard fixative solution, with an osmolarity of
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approximately 450 mOsm caused considerable distortion (apparent overall shrinkage) of the
intact eyeball and a paradoxical increase in corneal thickness (as much as 35%) beginning
after about 15 minutes. Ex vivo scans with fixative solutions containing glutaraldehyde
dramatically demonstrated significant distortion and swelling and separations between
lamellae.

It has been shown that stromal lakes (inter/intralamellar spaces) are a typical consequence of
stromal edema (Quantock et al., 1991). In our study, there was no reason to expect that the
corneas would be edematous as the eyes were not inflamed and had been harvested from
healthy mice and processed immediately after enucleation (the absence of edema was also
confirmed with SD-OCT). An obvious conclusion was that the fixation process was
inducing interlamellar separations (and distortions). This was confirmed with ex vivo
imaging of the eyes during the process of fixation. It was also interesting to note that in
nearly every case the separations occurred coincident with the location of keratocytes and
were much more likely to occur in the posterior stroma, as opposed to the anterior. It was
also noted that separations were minimal in mice prior to eyelid opening. These findings
suggest keratocytes are the “weak link” in stromal tethering and prone to “letting go” during
swelling. A possible explanation for the increased tendency of the posterior stroma to
exhibit interlamellar separations may lie in the organizational and compositional differences
between anterior and posterior stroma. It has been well established that there is a higher
keratocyte density, a lower keratan sulphate to chondroitin/dermatan sulphate ratio, and less
proneness to swelling in the anterior stroma (Meek et al., 2003). Interestingly, very young
corneas have more densely packed keratocytes and relatively low amounts of keratan
sulphate (Song et al., 2003), which may make them less susceptible to edema and
interlamellar separation after fixation.

In the current study, CCT measurements obtained with SD-OCT avoided the potential for
distortions and artifacts resulting from fixative effects and it was established as a valid and
reliable method for CCT determination in the mouse. The SD-OCT, designed for scanning
the retina, was easily modified with a 30D ophthalmic condensing lens attached to the front
of the instrument. Measuring objects of known thickness established the validity of using the
SD-OCT for thickness measurements. Results for CCT obtained by SD-OCT were much
less variable and thinner on average than values obtained from conventional histology
samples. This alone was evidence that CCT values obtained from conventional histology
samples were influenced by artifacts occurring during fixation. This was corroborated by
data obtained from microwave processed samples which showed minimal separations and
CCT values within a few microns of the SD-OCT. SD-OCT yielded a CCT value that
became the goal to maintain during tissue fixation. Microwave processing minimized the
fixation time and eliminated the artifactual lamellar separations while maintaining the CCT
values estimated from SD-OCT data and provided reliable morphometric data representative
of the native, unfixed cornea. Collagen fibril diameter was essentially the same with
microwave-processing as with conventional histology processing and similar to values
reported for x-ray diffraction analysis. However, collagen fibril packing was tighter in the
microwave processed corneas (Table 1). This leads to the conclusion that, other than
interlamellar separations, the thicker stroma seen in conventional histology sections is also
due to an increase in interfibrillar spacing.

Microwave-assisted tissue fixation has been described in the literature since the early 1970’s
but is still not a commonly used method for either light or electron microscopy even though
it accomplishes the entire fixation process in 1–2 hours with results as good, or better, than
conventional fixation protocols requiring several days processing time (Ferris et al., 2009;
Wendt et al., 2004). The energy absorbed from microwave radiation produces heat and
molecular motion. In the current study unwanted heating of specimens is averted by using a
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low wattage magnetron setting and incorporating a cold-spot water-filled heat sink. The
microwave-generated molecular motion combined with vacuum processing greatly enhances
fixative penetration and reduces the distorting effects of fixative osmolarity (Wendt et al.,
2004).

Corneas prepared in the microwave were exposed to each of the chemicals for very brief
times. For example the total time in glutaraldehyde-containing fixative was 10 minutes or
less, which was less than the time in which distortion was seen to occur in the ex vivo
experiments. The histological sections produced were, not only, generally free of lamellar
separations, they showed evidence of satisfactory ultrastructural preservation. There was
considerable discrepancy between the CCT of the conventionally-fixed corneas as compared
to the microwave-fixed corneas. It is compelling to consider the microwaved corneas,
without the separations, as representing the “truer” CCT. Using a microwave-assisted
histological protocol, it is possible to preserve the anatomical dimensions and ultrastructure
of the mouse cornea and avoid the harsh deformational effects (shrinkage or swelling) that
accompany routine histologic preparations. The microwave protocol, in conjunction with
electron microscopy, further extends the morphologic detail provided by SD-OCT and light
microscopy, and provides a superior method for obtaining high resolution corneal images
free of fixation-induced distortional artifacts.

In summary, this study provides, for the first time, a comprehensive growth curve of CCT
for C57BL/6 mice from birth through adulthood based on in vivo/in situ data obtained by
SD-OCT and confirmed by histological sections prepared using microwave radiation. To our
knowledge this is the first reported use of SD-OCT or microwave processed histological
sections for murine CCT measurements.
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Highlights

• Our results suggest that for corneal research, C57BL/6 mice younger than 8
weeks of age should not be considered as adults

• The adult central corneal thickness for C57BL/6 mice is approximately 106μm

• Spectralis SD-OCT provides high resolution images of the murine anterior
segment

• Conventional histology fixation processing is prone to stromal artifacts

• Microwave tissue processing minimizes fixation artifacts

Hanlon et al. Page 13

Exp Eye Res. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Anterior segment image obtained by Spectralis SD-OCT in 10 week old mouse. The
Spectralis SD-OCT provides images approaching what might be seen with low powered
light microscopy. This image is typical of imaging obtained from an adult C57BL/6 mouse.
Symbols: C, cornea; I, iris; L, lens.
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Figure 2.
CCT growth curves determined by SD-OCT and by conventional histology. Conventional
fixation (open circles) produced more variable CCT values with a maximum mean value of
141μm. SD-OCT (filled circles) values were less variable and had a maximum mean value
of 106μm; the age at which they reached 95% of maximum was 50 days and 55 days,
respectively. The two curves represent the data fit to the exponential rise to maximum
equation (CCT = CCT0+a*(1-e−b*age), r2=0.56 and 0.84 for conventional histology and SD-
OCT, respectively.
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Figure 3.
Corneal histology following conventional or microwave-assisted fixation. Corneal sections
processed by conventional fixation frequently contained numerous interlamellar separations
(A). In contrast microwave fixation minimized separations and produced a 30–35% thinner
stromal thickness (B). Visante ex vivo imaging showed gross distortion and swelling with
conventional fixation (C) and minimal or no distortion without swelling when microwave
processed (D).
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Figure 4.
Stromal compared to epithelial thickness histological variability. With age, the epithelium
increases in thickness (filled circles) up until approximately P45 and shows minimal
variability in values as compared to stromal thickness (open circles). These data are from
conventional processed histological samples and demonstrate that the stroma produces the
bulk of the CCT variability. For each cornea examined, an epithelial and stromal thickness
measurement was obtained resulting in equivalent numbers of observations at each age.
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Figure 5.
Time-lapse images of a representative single eye exposed to conventional fixative. The
Visante OCT was used for ex vivo imaging of the whole eye immediately after placing in
2.5% glutaraldehyde fixative solution (A) and after 30 minutes (B). Distinct stromal
swelling and distortion are evident by 30 minutes.
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Figure 6.
Corneal ultrastructure after conventional or microwave-assisted fixation protocol. This
figure represents the right and left eyes of the same 8 week old mouse. Transmission
electron microscopy shows interlamellar separation in a conventional processed specimen
(A, arrow). In most cases the separations were associated with the locations of keratocytes
(white asterick). By comparison, microwave processing shows minimal separations (B). At
higher magnification (different location within the same cornea as the image directly above)
the microwave specimen (D) shows comparable ultrastructure preservation than the
conventional specimen (C). White arrowheads show good preservation of rough
endoplasmic reticulum within the keratocytes. (A&B scale bar = 2 μm, C&D scale bar = 0.5
μm)
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Figure 7.
Comparison of CCT determined from SD-OCT, microwave processed histology sections,
and conventional histology sections. At 7 weeks and greater conventional processed CCT
values (black bars) are significantly greater compared to matching SD-OCT (white bars) and
microwave processed (hatched bars) measurements (ANOVA, Tukey post-test, *p < 0.05).
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Table 1

Collagen fibril diameter (mice 8–12 weeks)

Fibril Diameter (nm)

Conventional (n=3) Microwave (n=4)

Anterior 24.3±0.5 25.8±0.6

Posterior 25.2±0.8 27.3±0.5
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Table 2

Spacing between collagen fibril centers (mice 8–12 weeks)

Interfibrillar Spacing (nm)

Conventional (n=3) Microwave (n=4)

Anterior 67.8±2.8 53.6±1.1*

Posterior 75.8±1.1 55.9±2.3*

*
p < 0.05 compared to conventional histology
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