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Purpose: Although there is still no consensus on the best animal model for dry eye disease research, a model based on lac-
rimal gland extraction (LGE) model is widely used. In this study, we aimed to investigate the histopathological changes taking 
place on the contralateral eye after unilateral LGE to determine whether it is useful as a control.

Methods: Seven-week-old male C57BL/6 mice were divided into naive control, environmental chamber model, and LGE 
groups. Corneal fluorescein staining was scored to quantify the severity of damage. Morphological changes in the cornea, 
conjunctiva, and lacrimal gland (LG) were determined by hematoxylin and eosin staining and compared to those on naive con-
trol animals. 

Results: Compared to naive subjects, the unilateral LGE model showed enhanced corneal erosion scores and loss of conjunc-
tival goblet cells, not only on the ipsilateral but also on the contralateral side. These changes in the ocular surface became 
more pronounced in a time-dependent manner. Furthermore, loss of LG acinar cells and leukocyte infiltration were detected 
in the contralateral LGs of the LGE model.

Conclusions: Considering the changes observed in the ocular surface and LGs, the contralateral side of the LGE model may 
not offer proper control conditions for the experimental comparison of the effects of dry eye disease in vivo. There may be 
regulatory feedback or crosstalk system between both eyes activated in response to LGE. 
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Dry eye (DE) is one of the most common diseases in the 
field of ophthalmology. The prevalence of DE disease 
(DED) has been reported to be between 5% and 34% de-

pending on the country [1-3]. DED is considered to be a 
multifactorial disease that causes ocular discomfort, tear 
film instability and inflammation of the ocular surface [4-7]. 
Although it has been the focus of intense research, both 
clinical and based on in vivo experiments, the mechanism 
underlying DED (in particular, the non-Sjögren’s type as 
well as Meibomian gland dysfunction) is not clearly under-
stood yet [8,9]. 

Several murine in vivo models have been developed with 
the aim of uncovering the pathophysiology of DE and de-
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termining the effectiveness of potential treatments, and 
they are currently being used to mimic clinical conditions 
for research purposes. These include a scopolamine injec-
tion model, a corneal erosion model, an environmental 
chamber model (ECM), a lacrimal gland extraction (LGE) 
model, and a knockdown model used specifically for re-
search on Sjögren’s syndrome [10-14]. Despite the profu-
sion of animal models that have been developed, there is 
no standard in vivo model with wide consensus among re-
searchers in the field, and it is therefore hard to compare 
the results from different studies directly. Moreover, sig-
nificant variations in the results from different research 
groups have sometimes been observed, even when the 
same protocol was reportedly used.

The purpose of this study is twofold. The first is to com-
pare ocular surface changes in response to a DE-inducing 
protocol between a LGE model, an ECM model, and a na-
ive control group. The second is to determine whether 
changes on the ocular surface in the LGE model were also 
present on the contralateral side and compare them with 
those on the ipsilateral side.

Materials and Methods

Animals

Seven-week-old male C57BL/6 mice (Charles River Lab-
oratory, Wilmington, MA, USA) were used as experimen-
tal subjects in accordance with the standards set forth in 
the Statement for the Use of Animals in Ophthalmic and 
Vision Research issued by the Association for Research in 
Vision and Ophthalmology. The research protocol was ap-
proved by the Institutional Animal Care and Use Committee 
of Yonsei University College of Medicine (No. YU-2015-
0190). The in vivo experiments on mice were performed at 
the Institute of Vision Research of the Yonsei University 
College of Medicine. Twelve mice were randomly allocat-
ed to four different experimental groups (naive controls, 
ECM, ipsilateral LGE group, and contralateral LGE 
group), each composed of four individuals. 

DE induction

DE was induced in the ECM group by placing the exper-
imental subjects in a controlled environment chamber, 

which allows for the precise regulation and maintenance of 
ambient temperature (21°C–23°C), relative humidity 
(<30%), and airflow (15 L/min). To achieve maximum ocu-
lar surface dryness, the subjects were given subcutaneous 
injections of 0.1 mL scopolamine hydrobromide (5 mg/mL; 
Sigma-Aldrich, St. Louis, MO, USA) three times a day. On 
the subjects allocated to the ipsilateral and contralateral 
LGE groups, unilateral LGE was performed under general 
anesthesia. After making a V-shaped incision on the skin 
from the inferolateral side of the ear to the ramus of man-
dible, we dissected the subcutaneous tissue along the inci-
sion line, and this tissue together with the skin was flipped 
over. Then, the submandibular gland was located at the in-
ferolateral side of the ear, with the lacrimal glands (LGs) 
and parotid glands very close to each other in front of it. 
They were separated along the fissure, and the extraorbital 
(main) LGs were removed and fixed with 100% methyl al-
cohol. The removed LGs were subsequently vacuum-dried 
and weighed.

Tissue preparation

At week 4, 5, and 6 after LGE, the mice were sacri-
ficed. Tissue from the ocular surface, including the whole 
cornea with enough limbal area (containing minimal con-
junctiva, approximately 0.3 mm from the corneal limbus) 
was cut from each eyeball (Fig. 1). The experiment was re-
peated three times with the same experimental settings. 

Ocular surface examination 

Clinical signs such as corneal erosion were assessed af-
ter f luorescein staining using a 1% f luorescein solution 
(Sigma-Aldrich) according to the standard National Eye 
Institute scoring system, as previously described [9]. Brief-
ly, at the end of treatment, 1 mL of 1% fluorescein was ap-
plied to the lower conjunctival sac, and corneal fluorescein 
staining was examined using a slit-lamp biomicroscope af-
ter 3 minutes. Punctate staining was evaluated by an ob-
server blinded to group allocation using the Oxford 
Scheme grading system, with each cornea receiving a 
grade between 0 and 5. Corneal erosion score (CES) was 
determined at week 5. To show more intuitive figures instead 
of blue light filter images with fluorescein dye, additional 
lissamine green dye was used. Lissamine green impregnated 
paper strips (Contacare Ophthalmics & Diagnostics, Padra, 
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India) were used.

Histological examination

The ocular surface tissue and the LGs were embedded in 
paraffin according to standard protocols. A microtome 

(Leica RM 2255; Leica Microsystems, Wetzlar, Germany) 
was used to slice the paraffin-embedded tissue blocks into 
4 μm transverse sections that were placed on microscope 
slides. The slides were soaked in xylene for deparaffiniza-
tion and then immersed in a graded series of ethanol solu-
tions and in phosphate-buffered saline. After washing with 

12 Seven-week-old male C57BL/6 mice

4 Naive

4 Environmental chamber model

4 LGE 
4 Ipsilateral LGE

4 Contralateral LGE

LGE was performed

Week 0 (7-week-old mice) Week 4 Week 5 Week 6

Dry eye induction: controlled environment chamber model scopolamine  
(5 mg/mL; Sigma-Aldrich, St. Louis, MO, USA) 0.1 cc, 3 times/day injection

Sacrificed

Sacrificed

Sacrificed

Fig. 1. Experimental timeline of tissue collection for the environmental chamber model and lacrimal gland extraction (LGE) models. At 
week 4, 5, and 6 after LGE, C57BL/6 mice (Charles River Laboratory, Wilmington, MA, USA) were sacrificed and eyeballs were collect-
ed. The experiment was repeated three times with the same experimental settings. 
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Fig. 2. Mean corneal fluorescein-stained erosion scores. (A) Representative images of the lissamine green-stained corneas from naive, ip-
silateral lacrimal gland extraction (ip-LGE), and contralateral LGE (c-LGE) groups. Black arrowheads indicate corneal erosion. (B) Mean 
corneal erosion score measured 5 weeks after dry eye induction either by controlled environment chamber or LGE. ECM = environmen-
tal chamber model; NS = not significant.
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Fig. 4. Conjunctiva showing goblet cells within the epithelial layer (H&E, ×200). Loss of goblet cells and conjunctival flattening was not-
ed on both ipsilateral lacrimal gland extraction (ip-LGE) and contralateral LGE (c-LGE) in the LGE group. The change was more promi-
nent at 6 weeks after LGE. Black arrows indicate goblet cell. 
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Fig. 3. Corneal histological differences between ipsilateral lacrimal gland extraction (ip-LGE) and contralateral LGE (c-LGE; H&E, 
×200). Compared to 4 weeks after LGE, no sign of inflammation was observed in the enlarged bilateral corneal sections 5 weeks after 
LGE.
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Week 5
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phosphate-buffered saline, the transverse eyelid tissue sec-
tions were stained with hematoxylin and eosin (Sigma-Al-
drich). Digital images of the eyelid tissue sections were re-
corded under light microscopy at ×200 magnification with 
an Olympus BX51 microscope and a DP72 camera (Olym-
pus Corp., Tokyo, Japan) [15].

Statistical analysis

Statistical analyses were performed using IBM SPSS 
ver. 21.0 (IBM Corp., Armonk, NY, USA). One-way analy-
sis of variance was used to make comparisons between 
three or more groups. A p-value equal or below 0.05 was 
considered significant. Results are presented as mean ± 
standard deviation.

Results 

Differences in corneal fluorescein staining scores be-
tween the experimental groups

On week 5 of the study, the slit examination and scoring 
of the fluorescein-stained sections revealed a higher mean 
CES for the DE induction condition (Fig. 2A, 2B). The 
CES from the ECM group was significantly higher com-
pared to the naive group (p < 0.001). As expected, the CES 
of ipsilateral LGE (ip-LGE) group was higher than that of 
the contralateral LGE (c-LGE) group (p < 0.001). Interest-
ingly, the CES from the c-LGE group was also higher than 
that from the naive group (p < 0.01). There were no signifi-
cant differences in score between the ECM and the ip-
LGE groups (p > 0.05).

Comparison of histological changes in the ocular sur-
face between the ip-LGE and c-LGE in the LGE model

As unilateral LGE resulted in an increased CES in the 
c-LGE group, histological changes in the cornea of the ip-
LGE and the c-LGE groups were investigated. No signifi-
cant differences in corneal morphology were detected on 
week 4 and 5 after LGE. In addition, the enlarged bilateral 
corneal section revealed no evident signs of inflammation, 
such as neutrophil infiltration into the corneal epithelium 
and stroma (Fig. 3). However, a gross appearance of de-
creased goblet cell density compared to the naive group 

was noted in the conjunctivas from the ip-LGE and c-LGE 
groups. A flattening of the conjunctival fold was also noted 
in both eyes. Interestingly, the loss of goblet cells and the 
flattening of the conjunctival fold in the c-LGE group were 
observed at a later time point compared to the ip-LGE 
group. These changes became more pronounced at 6 weeks 
after LGE (Fig. 4). However, there was no leukocyte infil-
tration into the conjunctiva. 

Characterization of the changes in the contralateral LG 
after LGE 

As we reported previously, the vascularity and size of 
the LGs is reduced in response to DE induction in an in 
vivo model [16-19]. Remarkably, changes in the contralater-
al LGs were also observed following unilateral LGE. The 
gross vascularity of the contralateral LGs at 6 weeks after 

Fig. 5. Changes on the morphology and cellular composition in 
the contralateral lacrimal gland (LG; H&E, ×200). (A) Represen-
tative images of LG from a naive (control) mouse, and contralat-
eral LG from a mouse allocated to the lacrimal gland extraction 
(LGE) group at 5 and 6 weeks postsurgery. The gross vascularity 
of the contralateral LGs at 6 weeks after LGE was prominently 
reduced and appeared paler compared to the naive condition. (B) 
Representative images of H&E-stained tissue from the contralat-
eral LG. A widening of interlobular septa with infiltrating cells 
were found in the contralateral LG group in a time-dependent 
manner. c-LGE = contralateral lacrimal gland extraction.
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LGE was prominently reduced and appeared paler, whiter, 
and with a condensed texture compared to the naive condi-
tion. Moreover, the LG size was reduced and correlated 
with the time elapsed since LGE (Fig. 5A). These changes 
were even more prominent on histological examination. 
Reduced acinar cell density in each lobule, and a widening 
of interlobular septa with infiltrating cells were found in 
the c-LG group in a time-dependent manner (Fig. 5B).

Discussion

The novel findings of our study include (1) a higher CES 
in the c-LGE compared to the naive group; and (2) an in-
duction of conjunctival histological changes and pathologic 
changes in the LGs in the contralateral side in a model of 
unilateral LGE. All of these changes became more pro-
nounced as time progressed.

In order to characterize histopathology changes caused 
by DE, we reestablished the DE induction period. In an 
animal model, Li et al. [20] and De Paiva et al. [21] used an 
induction period of up to 10 days, and Ikeda et al. [22] re-
ported an induction of 2 weeks. Similarly, in most animal 
models for DE, the duration of DE induction is less than 2 
weeks. However, when we designed this study, it was hy-
pothesized that a longer induction period would increase 
the chances of detecting DE-related changes. This was 
based on the well-known relationship between age and 
DED [23,24]. In fact, several studies have used aged 
C57BL/6 mice as animal models [24], and our results show 
that all the DE-related changes become more pronounced 
with time, with a particularly noticeable change observed 
at 6 weeks after LGE. 

Even the changes observed at 6 weeks after LGE can be 
described as mild compared to the disruption in the ocular 
surface typically observed in the course of DED [25]. The 
exact mechanism by which LGE induced the only mild oc-
ular surface changes observed remains unknown, as we 
did not investigate it as part of our study. However, accord-
ing to previous studies, infraorbital LGs as well as other 
minor glands have some compensatory role in the LGE 
model [26], which is absent in orbital LGs. In light of this, 
it is quite probable that complete absence of intraorbital 
and extraorbital LGs is needed to create a more reliable in 
vivo model, although such a model would still not mimic 
the clinical condition completely.

This study pays special attention to the changes taking 
place on the contralateral LGs. It can be inferred that regu-
latory feedback or crosstalk system may exist between 
both eyes [27-36]. However, as in the previous case, the ex-
act mechanism underlying these changes is not known, 
and the involvement of the neurotransmitter or centripetal 
stimulation of the trigeminal nerve can only be hypothe-
sized. This kind of neural control is also observed in other 
diseases. For instance, a previous study that focused on a 
unilateral disease (herpes zoster ophthalmicus) found a 
significant bilateral loss of limbal stem cells and subbasal 
nerve plexus compared to normal subjects [37,38].

There are several limitations in the present study. Firstly, 
it was a small sized, observational study, and it character-
ized changes in the LGs in different mice at certain time 
intervals instead of evaluating serial tissue sections ob-
tained from the same eye. This study was conducted three 
times with the same settings, and we could get similar his-
topathology results. Nevertheless, the small number of 
subjects is a limitation of our study. Secondly, our study 
showed many representative images, but there are required 
to be more discernible and appropriate. For example, if a 
blue light filter image with fluorescein dye was obtained, 
the readers could differentiate CES more easily from the 
presented figures. Lastly, the pathological mechanisms un-
derlying the changes of the ocular surface in the contralat-
eral side were not investigated. Therefore, further studies 
on humans and on murine models are essential for uncov-
ering them. 

In conclusion, although no animal model completely re-
capitulates the pathological changes observed in humans 
affected by DED, the LGE model is potentially valuable 
for DE research, as it may mimic the condition of severe 
damage to the LGs observed in humans. However, as evi-
denced by the changes in the contralateral side that this 
model demonstrated in the present study, we believe it is 
worth pointing out that the contralateral side is not suitable 
as a proper control condition in experiments with DED 
models. Finally, the most appropriate murine model capa-
ble of mimicking the pathology of non-Sjögren’s type DE 
remains to be determined. 
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