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Dry eye disease (DED) is one of the most prevalent 
chronic ocular diseases today, affecting 5% to 50% of 
people worldwide, depending on the diagnostic criteria and 
geographic variations [1-4]. Some common symptoms are eye 
discomfort, visual disturbance, and ocular pain. Although the 
biological mechanism of this multifactorial disease is not yet 
fully understood, recent studies have revealed that the patho-
logical changes seen in DED are associated with neuroin-
flammation with corneal nerve damage [3,5-9]. It is critical to 
elucidate corneal changes to understand DED development, 
disease prognoses, and treatment response evaluations.

In vivo confocal microscopy (IVCM) can produce excel-
lent resolution section images of living tissue at the cellular 
level. One of the most used IVCM models, the Heidelberg 
Retina Tomograph 3 with a Rostock Cornea Module (HRT3-
RCM) (Heidelberg Engineering Inc., Franklin, MA, USA) 
generates an image of 400 µm X 400 µm with a spatial reso-
lution of 4 µm. The image displays detailed nerve and cellular 
structures. With only four to five consecutive Z-axis volume 
acquisitions, the whole corneal structure, from the anterior 
epithelium to the endothelium, can be captured within two 

minutes [1,10-14]. The HRT3-RCM is widely used as a diag-
nostic tool in ophthalmology to monitor long-term changes in 
corneal structure [3,11-13,15,16]. However, the field of view of 
one individual IVCM image is not sufficient to represent the 
entire corneal condition. In most, if not all, of these previous 
studies, the cornea has been examined via a random selection 
of image acquisitions.

The corneal nerve architecture, especially in the sub-
basal nerve plexus (SNP) layer, is highly variable, and it 
changes significantly during disease development. Thus, 
we developed a novel method to longitudinally monitor 
changes in the SNP layer using the HRT3-RCM in a rat 
double lacrimal gland removal (DLGR) model. By using a 
guide image over a 4-week pre- and post-surgery period, we 
precisely acquired the same SNP area in each rat by matching 
its corresponding stromal nerve.

METHODS

Ethical treatment of animals: Five Sprague-Dawley rats 
(male, age 8–9 weeks, 160–200 g) were purchased from 
Charles River Laboratories (Wilmington, MA) and main-
tained in the Johns Hopkins University animal facility. All 
procedures performed in this study were approved by the 
Johns Hopkins University Animal Care and Use Committee 
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Purpose: While lacrimal gland removal is commonly used in animal models to replicate dry eye disease, research into 
systematically monitoring dry eye disease’s longitudinal pathological changes is limited. In vivo confocal microscopy 
(Heidelberg Retina Tomograph 3 with a Rostock Cornea Module, Heidelberg Engineering Inc., Franklin, MA) can non-
invasively reveal corneal histopathological structures. To monitor dry-eye-disease-related changes in corneal structures, 
we developed a precise monitoring method using in vivo confocal microscopy in a rat double lacrimal gland removal 
model.
Methods: Five Sprague-Dawley rats (age 8–9 weeks, male) underwent double lacrimal gland removal. Modified Schirm-
er’s tear test, blink tests, and in vivo confocal microscopy images were acquired pre-surgery and at 1, 2, and 4 weeks 
post-surgery. Three individual stromal nerves were selected per eye as guide images, and images of the corresponding 
sub-basal nerve plexus area were acquired via volume acquisition. The same area was re-imaged in subsequent weeks.
Results: After double lacrimal gland removal, tear production was reduced by 60%, and the blink rate increased 10 times 
compared to pre-surgery. Starting from 1 week after surgery, in vivo confocal microscopy showed increased sub-basal 
nerve plexus nerve fiber density with inflammatory cell infiltration at the sub-basal nerve plexus layer and remained at 
an elevated level at 2 and 4 weeks post-surgery.
Conclusions: We demonstrated that our precise monitoring method revealed detailed changes in the corneal nerves, the 
epithelium, and the stroma.
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and in compliance with institutional guidelines and the Asso-
ciation for Research in Vision and Ophthalmology Resolution 
on the Use of Animals in Ophthalmic Research.

Double lacrimal gland removal: The Sprague-Dawley rats 
were anesthetized by intraperitoneal injection of 75 mg/kg 
ketamine (VetOne®, MWI, Boise, ID) plus 7.5 mg/kg xylazine 
hydrochloride (VetOne®, MWI). As shown in Figure 1A, after 
removing facial hair, a 2-mm incision was carefully made 
between the temporal lid margin and the zygomatic arch 
of each rat. The underlying tissue was bluntly separated, 
exposing the fascia covering the infraorbital lacrimal gland, 
while avoiding nerves and blood vessels. A small incision was 
made in the fascia, then the infraorbital gland (#1) was gently 
pulled out and excised. The incision was sutured with 8–0 
Polysorb™ (Ethilon®, Ethicon Inc., Somerville, NJ), and the 
skin was closed with 5–0 Polysorb™ (Ethilon®, Ethicon Inc.). 
Then, a 3-mm incision was made just below the earlobe, and 
the exorbital lacrimal gland (#2) was pulled out and excised 
along its stem (Figure 1A). Complete removal of both glands 
was visually confirmed postmortem.

Blink rate test: The rats were placed in an empty cage without 
lids or bedding and acclimated for 15 min in a quiet room. The 
number of blinks in both eyes was simultaneously recorded 
for 5 min using two cell counters. The test was repeated three 

times in total, and the results were presented as the means of 
the three repetitions. This test was done at pre-surgery and 1 
week, 2 weeks, and 4 weeks post-surgery.

Modified Schirmer’s tear test: Tear production was measured 
using a modified Schirmer’s tear test strip [17]. While the 
rats were under anesthesia, 2-mm-wide strips were cut from 
regular Schirmer’s test strips and placed in the conjunctival 
fornix of both of each of the rat’s eyes for five minutes. The 
length of the wet area was measured immediately using a 
digital caliper. This test was done at pre-surgery and 1 week, 
2 weeks, and 4 weeks post-surgery.

Cornea f luorescein staining: While the rats were under 
anesthesia, one drop of 0.25% fluorescein sodium solution 
(Altaire Pharmaceuticals Inc., Aquebogue, NY) was added 
into the conjunctival fornix of each rat’s eye. The rats’ eyes 
were manually closed twice and washed with 2 ml saline 
after 1 min. The rats’ eye images were acquired by a Phoenix 
Micron slit lamp (Phoenix-Micron Inc., Bend, OR). This test 
was done at pre-surgery and 4 weeks post-surgery (Figure 
1B).

In vivo confocal microscopy: The rats were anesthetized with 
ketamine (75 mg/kg, KetaVed®, VEDCO, St. Joseph, MO) 
and xylazine (5 mg/kg, XylaMed®, Bimeda-MTC, Cambridge, 
ON, Canada). GenTeal® (Alcon, Fort Worth, TX) was applied 

Figure 1. Establishing the dry eye model by double lacrimal gland removal (DLGR). A: Left, incision locations of the infraorbital [1] and 
exorbital [2] lacrimal glands and right, excised lacrimal glands. B: Bright-field and fluorescein staining of rat cornea pre- and post-DLGR 
surgery.



152

Molecular Vision 2024; 30:150-159 <http://www.molvis.org/molvis/v30/150> © 2024 Molecular Vision 

to both eyes to prevent drying. The HRT3-RCM with a modi-
fied rodent platform was used to examine all the corneal 
layers. Image acquisition at zero was uniformly set at the 
basal cell layer, while the presence of keratocytes indicated 
the beginning of the anterior stroma. A series of sequential 
volume acquisitions, typically four to five, were taken from 
position -10 µm (within the epithelium layer) to around 
+150 µm (passing the endothelium layer). IVCM images were 
acquired pre-surgery and at 1, 2, and 4 weeks post-surgery.

Longitudinal IVCM monitoring imaging protocol for DED: 
To longitudinally monitor corneal changes by IVCM, we 
modified the HRT3 platform for animal research (Figure 
2A). The original chin supporter was removed, and a 3-D 
platform was mounted on the IVCM table so that we could 
finely adjust the position of the rats’ eyes in the x-y-z axis. 
The approach used to precisely track corneal changes was to 
set up guide images during the initial pre-surgery acquisition 
(Figure 2B). We located the area of interest by identifying a 
stromal nerve with distinguishing branching architecture at 
the posterior stromal level, around 70–90 µm to the corneal 
epithelium basal layer. The whole cornea, including SNP 
images, was then acquired via 4–5 successive volume acqui-
sitions from the same locations. In the follow-up exam, we 
found the same stromal nerve by following the same protocol 
(same animal position, same nerve depth, and same IVCM 
operator). In this way, the same SNP area could be compared 
at various time points (Figure 2B,C). We began by recording 
three different guide images from the stromal nerves in each 
rat, and in the subsequent acquisitions, approximately two 
out of three nerve guide images were successfully located at 
each time point. Each acquisition took 30 min or less for each 
eye. A representative set of guide images and SNPs pre- and 
post- surgery are presented in Figure 2C.

Rat cornea nerve architecture by whole mount staining: 
The rat corneas were harvested right after euthanasia by 
CO2 asphyxia. After a 2-h fixation in 10% neutral buffered 
formalin (Sigma, St. Louis, MO), the corneas were treated 
with 1.0% Triton X-100 for 2 h (Sigma), followed by blocking 
with 5% horse serum (Thermo Fisher Scientific, Waltham, 
MA) and 0.5% Triton X-100 (Sigma) in PBS (Sigma) for 24 h. 
The corneal nerves were detected by 1:500 mouse anti-tubulin 
beta III (TUBB III, BioLegend, San Diego, CA), followed by 
1:500 FITC-anti-mouse (Thermo Fisher Scientific). Images 
were then acquired by a Zeiss confocal LSM 700 microscope 
(Zeiss, Jena, Germany) and processed by ImageJ (NIH, 
Bethesda, MD).

Statistical data analysis: The current study acts as a proof of 
concept for using anatomic landmarks to precisely monitor 
SNP changes. Prior to the surgery, we captured images of 

three distinct areas in each animal, establishing the baseline. 
Post-surgery, we continued monitoring the same areas at 
subsequent time points. Consequently, each animal contrib-
uted three sets of data at every time point. The data collected 
during the baseline phase was used as the internal control for 
the subsequent post-surgery measurements.

The data are presented as mean ± SD and were acquired 
at the following time points, as indicated previously: pre-
surgery, 1 week post-surgery, 2 weeks post-surgery, and 4 
weeks post-surgery. A one-way ANOVA was used to assess 
differences between groups, and the Student t test via Prism9 
(GraphPad Software, San Diego, CA) was used to detect 
statistical differences between groups. Statistical significance 
was defined as *p<0.05, **p<0.01, ***p<0.001.

RESULTS

Dry eye animal model established by DLGR: As shown in 
Figure 1A, we successfully removed the infraorbital and 
exorbital lacrimal glands in all five animals without compli-
cations. After 4 weeks, the post-surgery eye showed a marked 
increase in fluorescein staining, indicating typical corneal 
DED changes (Figure 1B). The blink test, a behavioral 
readout indicating the eye’s dryness and uncomfortableness 
to the animal, increased from fewer than 1.9 blinks/5 min 
before surgery to 11.8 blinks/5 min after 1 week post-surgery, 
reaching 24.7 blinks/5 min after 2 weeks and remaining at 
19.5 blinks/5 min after 4 weeks (***p<0.001, Figure 3A). 
Correspondingly, the Schirmer’s test showed that tear secre-
tion decreased from 2.5 mm/5 min pre-surgery to 0.93 mm/5 
min post-surgery, then stayed at approximately 1 mm/5 min 
post-surgery without sign of recovery at week 4 (**p<0.01, 
Figure 3B).

Comparison of rat cornea nerve architecture acquired by 
whole mount staining and IVCM: To compare the nerve struc-
ture acquired by IVCM with the corneal true nerve architec-
ture, we stained the rat corneas with TUBB III (BioLegend) 
and reconstructed the entire corneal nerve map (Figure 4A). 
We manually matched the IVCM guide images with the whole 
mount nerve architecture (Figure 4A, blue and red squares) in 
a small lateral-temporal area of the cornea. Note the concor-
dance of the nerve morphology visible in the cornea whole 
mount staining and IVCM (Figure 4B, left—whole mount 
versus right—IVCM), as well as the close spatial localization 
of the two areas.

Corneal SNP changes during DED development: In the SNP 
layer, we were able to acquire the relatively thick anterior 
stromal nerve (Figure 5A, upper panel, red lines), together 
with the typical thin, parallel-arranged SNP fibers (Figure 
4A, upper panel, white lines). We detected 1.72±0.38 SNP 
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nerves/image pre-surgery. One week after surgery, there were 
more distinguishable SNP nerves (2.85±0.64 nerves/image) 
visible, as shown in Figure 4A. At 2 weeks post-surgery, the 
number of detectable nerve fibers was 3.58±0.32 nerves/
image in the same area. The number of detectable nerves 
was 3.51±0.30 SNP nerves/image at 4 weeks post-surgery. 
We also noticed that the number of small, highly reflective 
cells increased from 0.73±0.26 cells/image pre-surgery to 
3.04±0.28 cells/image 1 week post-surgery. This was followed 
up at 3.23±0.54 cells/image at 2 weeks post-surgery and 
3.64±0.46 cells/image at 4 weeks post-surgery. There was no 
significant change in nerve trunk diameter, nerve sprouting, 
or keratocyte activation in the posterior stroma IVCM (data 

not shown), where the guide images were acquired (Figure 
4A, lower panel, red lines).

DISCUSSION

In this study, we developed a novel method of longitudinally 
monitoring SNP nerve changes in a rat DED model. This 
method revealed dynamic changes in SNP nerve density and 
inflammatory cell infiltration during DED development.

Corneal nerve architecture is not evenly distributed. 
Stromal nerves stem from the limbal sclera and branch out 
toward the central cornea, forming an infero-central whorl-
like SNP with unmyelinated axons, and they further branch 

Figure 2. Protocol of longitudinal IVCM monitoring of dry eye development. A: Modified HRT3 platform for animal research. B: The 
flowchart of longitudinal IVCM monitoring of dry eye neural changes. Pre-surgery: guide image of the posterior stromal nerve was recorded, 
and corresponding SNP images were recorded anteriorly through volume acquisition. Post-surgery: The same posterior stromal nerve was 
located after DLGR, and SNP images were recorded and compared to previous SNP images. Note that the similar morphologies of stromal 
nerves of guide image and SNPs illustrate that the same corneal area was imaged at different time points. SNP nerves were counted (white/
yellow lines with white/yellow arrows), as well as cell infiltration (white/purple dots with white/purple triangle arrows). C: A typical set 
of IVCM images before and after surgery, showing similar morphology to guide images and SNPs. White lines and/or white arrows: SNP 
nerves detected in both pre- and post-surgery SNPs. Yellow lines and/or yellow arrows: SNP nerves detected only in post-surgery SNPs. 
White dots and/or white triangles: SNP cells detected in both pre- and post-surgery SNPs. Purple dots and/or purple triangle arrows: SNP 
cells detected only in post-surgery SNPs.
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Figure 3. DLGR induced increased blink test and decreased tear production. A: Average blink rate increases after DLGR (n=5, ***p<0.001, 
compared to pre-surgery eyes). B: Modified Schirmer’s test length measurement after 5 min (n=5, **p<0.01, compared to pre-surgery eyes). 
Data are presented as mean±SD.

Figure 4. Comparison of whole mount images of rat cornea and IVCM. A: Whole mount image of one rat corneal nerve architecture stained 
with anti-TUBB III acquired by LSM710 and processed by ImageJ. Two guide images of this rat cornea were visually compared with the 
nerve structure seen in the whole mount (B left, enlarged from whole mount; B right, IVCM).



155

Molecular Vision 2024; 30:150-159 <http://www.molvis.org/molvis/v30/150> © 2024 Molecular Vision 

forward as free nerve endings in the epithelial layer [16-20]. 
The SNP layer is of great interest in IVCM imaging because 
of its unique nerve fiber distribution and easy-to-identify cell 
infiltration. But each IVCM image has an area of 400 µm X 
400 µm, accounting for 0.2% of the human cornea, or 0.8% 
of the rat cornea. To obtain more representative images of the 
corneal SNP, previous studies have acquired up to 20 random 
areas in one eye [17], which still only covered a small portion 

of the cornea. Thus, to interpret IVCM images correctly, it 
is beneficial to define an anatomic landmark during imaging 
acquisition. To our knowledge, our study is the first attempt 
to precisely monitor longitudinal corneal nerve change via 
IVCM. Our method acquired comparable SNP images (Figure 
5A, upper panel), no matter how dramatic the change to SNP 
layers during disease progression. In our next study, we 

Figure 5. IVCM images of corneal changes after DLGR. A: Representative pre-surgery and post-surgery IVCM images at weeks 1, 2, and 
4. The guide image (A, lower left panel) was acquired from the posterior stromal layer (approximately 70–90 µm) before surgery, and the 
corresponding SNP image is shown in the upper panel. Note the same morphology of the nerve marked as a red line in both the guide image 
(A, lower panels at various time points) and the SNP (A, upper panels at various time points). White lines: detected SNP nerves. Yellow 
arrow: newly detected inflammatory cells. The quantification of newly detected SNP and inflammatory cells is presented as nerve density/
image and cell numbers/image in B and C, respectively (n=5/group, ***p<0.001, **p<0.01, compared to pre-surgery). Data are presented 
as mean±SD.
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would like to compare those images with randomly captured 
SNP images to better determine the accuracy of this method.

While our current study marks the first described 
attempt for longitudinally monitoring corneal nerve struc-
ture in research animals, similar attempts have been used 
in human studies, unveiling invaluable insights into the 
dynamic change of the corneal nerve architecture in healthy 
and diseased patients. In humans, the center of the cornea 
SNP forms a unique swirl apex shape, serving as a commonly 
used anatomic landmark in longitudinal IVCM monitoring. 
A recently reported longitudinal IVCM study by a modified 
large-area IVCM is a good demonstration of the importance 
of precise location for objectively detecting SNP changes. 
Although the sample size in this previous research was only 
three healthy participants, the study revealed that the cornea 
SNP nerve branching point migrated at a speed of 48 µm/
week in the 6-week follow-up [21,22]. In another study of 
three healthy individuals, a 50-min IVCM observation at the 
same SNP location uncovered immune cell migration at a 
speed of 1.2 µm/min [23]. Lately, a larger scale study from 
the same group enrolled 30 participants as healthy controls 
or ocular allergy patients. This study demonstrated that the 
allergy patients had altered immune and keratocyte cell 
morphology compared to the healthy controls, and this altera-
tion was modulated with therapeutic intervention [24]. In line 
with individualized medicine, longitudinal IVCM monitoring 
offers a distinct advantage for accurately predicting prog-
nosis and assessing drug responses. However, to harness this 
advantage to its fullest potential, it is imperative to establish 
a comprehensive data set encompassing patient profiles and 
healthy population data. We acknowledge the necessity of 
incorporating control groups and expanding the sample size 
for robust testing. These measures are essential for applying 
the proposed method in translational research involving 
larger animals and, eventually, human subjects. Meanwhile, 
it is noted that both these methods (using either the SNP swirl 
or the deep stroma nerve as the anatomic landmark) are time 
consuming, and scaling up these methods for a larger number 
of patients may require innovations in imaging processing, 
hardware detection, and protocol development.

In our study, fluorescein staining was used primarily to 
validate the DED rat model, not for quantifying the severity of 
DED. However, it holds significant relevance if we intend to 
extend this method to future patient studies. In human DED 
patients, while the severity of DED is often perceived subjec-
tively according to the ocular surface disease index (OSDI) 
questionnaire, the Oxford score is a quantitative fluoresceine 
staining evaluation that measures corneal epithelium damage. 
It has been reported that corneal SNP density is negatively 

correlated with the Oxford score in a cross-sectional study 
[25]. While the methodology we employed here provided 
longitudinal monitoring of DED development, it would be 
interesting to correlate changes in nerve density with dry eye 
severity in the future.

Despite its great promise, our stromal-SNP nerve tracing 
method using IVCM has clear drawbacks because of its low 
efficiency. The process of locating the same guide images 
requires a researcher’s IVCM imaging techniques to be highly 
precise. Memory of the initial position of the rat’s eyeball was 
critical for finding the guide images in follow-up acquisitions. 
IVCM images can also be easily distorted by acquisition 
angles or animal breathing. Our method also relies on the 
visual comparison of the guide images during acquisition, 
which further decreases efficiency. Considering that the rat 
corneal surface area is approximately one-quarter the surface 
area of the human cornea, it would be much more challenging 
to apply this method for clinical use [19,20]. A newly devel-
oped imaging instrument, micro-optical coherence tomog-
raphy (µOCT), can generate stromal nerve architectures in 
high-resolution imaging in a significantly shorter scanning 
time [26]. Meanwhile, developing an imaging comparison 
algorithm to reduce the guide image matching time is also 
promising. Combined with hardware and software develop-
ment, we could achieve a shorter examination time, which 
makes this concept more feasible for use in ophthalmology 
clinics.

It is well established that removing the lacrimal gland(s) 
induces an acute inflammatory response in corneal tissue, 
showing inflammatory histological changes or detection of 
inflammatory cells through flow cytometry [17,27-30]. IVCM 
also provides clear evidence of the neuroinflammatory nature 
of a surgically induced DED model, such as dendritic cell 
infiltration in the SNP layer and immune cell increase with 
activated keratocytes in the stroma [11]. In our study, neuro-
inflammation, as measured by detectable SNP nerves and 
inflammatory cell infiltration, peaked between 1 and 2 weeks 
post-surgery and remained high at 4 weeks post-surgery. The 
direct comparison of the same IVCM area shows numeric 
changes to SNP nerve fibers and inflammatory cells in the 
SNP layer, which provides a quantitative method to measure 
neuroinflammation. However, the increased numbers of 
nerve fibers seen in IVCM are unlikely to have resulted 
from new SNP nerve sprouting. Morphologically, these 
parallel distributed SNP nerve fibers, as shown in Figure 4A, 
appeared to be unable to grow full length nerve fibers during 
this short duration (1 week post-surgery). Here, we speculate 
that increased SNP density was caused by nerve fiber edema, 
which increased the diameter of nerve fibers that reached 
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the detection limit of IVCM. It also has been reported that 
IVCM normally detected many fewer nerve fibers compared 
to corneal whole mount staining [31]. In our study, we did 
not notice significant infiltration of inflammatory cells at the 
layer of the posterior stroma used for guide images, which 
is consistent with previous reports that inflammatory cells 
migrate through the anterior stroma [32]. Additionally, this 
may be because our DLGR DED animal model was relatively 
less severe than in other studies, which completely removed 
the Harderian glands [11]. In our study, we kept the Harderian 
gland intact, leaving a low level of tear secretion, as shown 
in Figure 3B.

In various DED animal models or human studies, there 
has been no conclusive change seen in SNP nerve density. In 
animal studies, it has been reported that the SNP nerve density 
is lower in corneal scrapings of mice under dry eye conditions 
compared to control mice, as well as in air-fan-induced and 
scopolamine-induced DED mouse models [17,33]. Studies on 
human patients with clinical DED have not yielded definitive 
results either. In a meta-analysis of 11 human studies, it was 
found that most of the studies showed lower nerve density 
or marginally lower nerve length [25,34-39], though one 
study reported no change in nerve density [40] and another 
reported a significant increase [41]. Considering that DED is 
a chronically developing disease in humans and that DLRG 
induced acute corneal neuroinflammation within weeks, the 
long-term change in IVCM imaging may differ from what we 
observed in our current study. Extending our current study 
for a longer duration will provide valuable information about 
chronic neuroinflammatory changes in corneal nerve density 
and inflammatory cell infiltration.

This study provides a proof-of-concept method to iden-
tify the same SNP area of the rat cornea at various time points 
in vivo. Through the precise detection of detailed morpho-
logical changes in SNP, we obtained valuable information 
on DED progression. By incorporating this technique with 
μOCT and artificial-intelligence-assisted imaging identifica-
tion, we can potentially develop a new corneal nerve image 
acquisition platform for use in the clinical environment.
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