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PURPOSE. Considering the difficulty of obtaining adequate biological tissue in clinical prac-
tice, we established an animal model of cytomegalovirus (CMV) keratouveitis in rats and
investigated the viral infection sites and corresponding imaging and histopathological
features.

METHODS. Subconjunctival injection and topical use of dexamethasone were used to
induce ocular immunosuppression in rats followed by intracameral inoculation of murine
cytomegalovirus (MCMV). The clinical manifestations, intraocular pressure (IOP) and
imaging changes were observed. Infected eyes were further examined by immunofluo-
rescence, light microscopy, and electron microscopy. MCMV RNA was detected by reverse
transcription-polymerase chain reaction.

RESULTS. Typical keratouveitis occurred in the experimental rats and was characterized by
corneal edema, keratic precipitates, and iridocyclitis with increased IOP. Corneal endothe-
lial lesions displayed as “black holes,” enlarged intercellular gaps, and high-intensity
cellular infiltration by confocal microscopy, consistent with the pathological changes of
“ballooning degeneration,” endothelial cell detachment, and inflammatory cell infiltra-
tion. Mitochondrial edema was the most prominent organelle lesion in endothelial cells.
Trabeculitis, mechanical obstruction of Schlemm’s canal, and anterior chamber angle
stenosis accounted for elevated IOP. Inflammation of the iris and ciliary body tended
to transform into a chronic form. Immunofluorescence revealed that corneal endothelial
cells, iris cells, trabecular meshwork cells, and monocytes could be infected by MCMV.
MCMV RNA was found in the anterior segments after infection.

CONCLUSIONS. CMV can widely infect anterior segment tissue, including the corneal
endothelium, iris, and trabecular meshwork, in vivo, inducing the corresponding clin-
ical manifestations. Corneal endotheliitis and hypertensive anterior uveitis could be the
specific stage of anterior segment infection of CMV.
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With the wide application of the polymerase chain reac-
tion (PCR) in clinical practice, many ocular anterior

segment diseases previously with unknown etiologies have
been found to be closely associated with viral infections.1–4

In Asia-Pacific regions, cytomegalovirus (CMV) is the most
common cause of corneal endotheliitis,5–8 characterized by
localized corneal edema, coin-shaped keratic precipitates
(KPs), and mild anterior chamber reactions.9 Although the
diagnosis of typical CMV corneal endotheliitis is not diffi-
cult, the condition can be complicated with diffuse corneal
edema, making the shapes of KPs hard to confirm. In addi-
tion, accumulating evidence has demonstrated that CMV
might be an important etiological factor for hypertensive
anterior uveitis (HAU) in immunocompetent patients.3,10–13

According to recent studies, the prevalence of CMV in the

aqueous humor associated with HAU varies from 19% to
28.5%,11,13,14 and patients with CMV positivity respond well
to antiviral treatment. CMV anterior uveitis usually presents
as recurrent episodic iritis with raised intraocular pressure
(IOP) resembling Posner-Schlossman syndrome (PSS) or as
a chronic form mimicking Fuch’s heterochromatic iridocycli-
tis.13 Between 60 and 93.3%13,15–17 of CMV-related HAU has
been reported to manifest as PSS, and Chee et al.2 revealed
that CMV was found in 52.2% of patients with PSS.

In fact, there seem to be no definite boundaries
among CMV corneal endotheliitis, CMV anterior uveitis, and
PSS. Patients usually have overlapping features of these
diseases simultaneously, or certain diseases seem to occur
successively in patients during the whole course. Koizumi
et al.9 discovered that patients with CMV endotheliitis
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commonly had a history of recurrent anterior uveitis and
ocular hypertension. Similarly, Kam et al.18 reported that
prior to PCR confirmation of CMV endotheliitis, 70.6% of
patients were labeled as having anterior uveitis, and 41.2%
were diagnosed with PSS. In turn, corneal endothelial loss
was not rare in CMV anterior uveitis or PSS with high
viral loads.19 All the above-mentioned findings suggest that
corneal endotheliitis, anterior uveitis, or PSS might belong
to the same spectrum of diseases and occur successively in
the specific phase of CMV anterior segment infection.

Currently, the pathogenesis of CMV anterior segment
infection is still not clear. Despite the abundance of clinical
observations, basic research on this aspect is far from suffi-
cient. In the real world, it is difficult to monitor the dynamic
changes in clinical manifestations at different stages and
obtain adequate biological tissue for pathological analysis.
Therefore, establishing an effective animal model is neces-
sary to further study the pathogenic mechanism of CMV
infection. In a previous study, our team demonstrated that
murine cytomegalovirus (MCMV) could infect rat corneal
endothelial cells (RCECs) in vitro and in vivo.20 Furthermore,
we optimized the protocol to establish an animal model of
CMV keratouveitis in rats and tried to confirm whether CMV
could infect various anterior segment tissues of rats in vivo,
resulting in clinical features similar to those we observe in
clinical practice. In addition, we also investigated the rela-
tionships between clinical manifestations and corresponding
imaging and histopathological changes at different stages
after infection.

MATERIALS AND METHODS

Animals

Female Sprague-Dawley rats (180–200 g) at 6–8 weeks of
age were used. The rats of different groups were housed in
separate cages. We kept all the animals strictly in compli-
ance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research. The experimental proto-
col was approved by the Peking University Institutional
Review Board Animal Welfare Committee (Approval No:
LA2019348).

Virus

MCMV-enhanced-green fluorescent protein (eGFP; K181
strain) was obtained courtesy of Minhua Luo’s research
group, Wuhan Institute of Virology, Chinese Academy of
Sciences. The MCMV genome was cloned and maintained
as a 230 kb bacterial artificial chromosome (BAC) express-
ing eGFP under the control of the immediate early (IE)
promoter. The viral titer was 2 × 104 plaque forming units
(PFUs) per mL. MCMV was UV-inactivated by exposure to
100 mJ/cm2 UV by using a UV cross-linker (CL-1000 Ultravi-
olet Crosslinker; UVP, LLC, Upland, CA, USA).

Infection of RCECs with MCMV-eGFP

To test MCMV tropism in RCECs, the RCECs were infected
with MCMV in vitro. Primary cultured RCECs were obtained
and propagated, as described previously.20 Briefly, rat
Descemet’s membranes with RCECs were stripped off and
digested with 1 mg/mL collagenase A at 37°C for 15 minutes.
The RCECs were then suspended in culture medium and
prepared in DMEM with 15% fetal bovine serum (FBS),

50 U/mL penicillin, and 50 g/mL streptomycin. Confluent
cells were washed in Ca2+- and Mg2+-free Dulbecco’s
phosphate-buffered saline (PBS) and incubated with 0.25%
trypsin-EDTA for 5 minutes at 37°C. Passage 2 RCECs were
used for the experiment.

Confluent RCECs were seeded on coverslips in 48-well
plates, and the cell numbers were counted. MCMV-eGFP
suspended in cell culture medium was added at 100 pfu/5 μl
to each well, corresponding to a low multiplicity of infec-
tion (MOI) of 0.01. The same volume of DMEM (5 μl) was
added to the control group. The RCECs were then subjected
to confocal microscopy examination (Leica TCS SP8, Wetzlar,
Germany) at 1–10 days postinfection (dpi).

Experimental Design of the CMV Keratouveitis
Model

Part one:Twenty-four rats were randomly divided into three
groups. The rats were anesthetized by intraperitoneal admin-
istration of 1% pentobarbital sodium (0.8 mL) beforehand in
each invasive operation. The ocular suppression state was
first induced by drug treatment in all the rats. The right eyes
of all the rats received subconjunctival injection of dexam-
ethasone (0.2 mL: 1 mg) from 3 o’clock on days 1, 4, and
7 and topical use of tobramycin and dexamethasone eye
drops (Tobradex, Alcon-Couvreu) 4 times a day for 1 week.
One week later, the MCMV group received right-eye intra-
cameral inoculation of MCMV; anterior chamber paracente-
sis was performed through the rat corneal limbus at 3 o’clock
by using a 5 μl glass microsyringe (Series 600, Hamilton
Company). We first extracted 3 μl aqueous humor and then
injected the same volume of viral suspension (60 PFU in 3 μl)
to eliminate its influence on the IOP. The UV-MCMV group
received the same amount of UV-MCMV in the same manner;
the UV-MOCK group received the same amount of UV-MOCK
medium without virus. Clinical manifestations, IOP values,
and imaging features were then monitored at 0, 1, 2, 3, 7,
and 14 dpi consecutively.

Part two: One hundred forty-four rats were randomly
separated into the MCMV-eGFP group, the UV-MCMV group,
and the UV-MOCK group. The rats in the different groups
were treated in the same manner described in part one. At
different time points (0, 1, 2, 3, 7, and 14 dpi), eight rats in
different groups were killed for histopathological examina-
tion. Two rats were sent for light microscopy examination,
and two rats were sent for electron microscopy examination.
Four rats were sent for immunofluorescence examination:
two underwent corneal and iris dissection, and the other
two were sent for frozen tissue sectioning.

Part three: Forty rats were separated into the MCMV-
eGFP group and the UV-MCMV group and treated according
to the methods in part one. At different time points (1, 2, 3,
7, and 14 dpi), four rats in each group were killed for reverse
transcription-polymerase chain reaction (RT-PCR) examina-
tion. The RT-PCR examination was repeated three times for
samples at each time point.

Slit-Lamp Examination

We investigated the clinical manifestations of the rats in the
different groups at different time points by slit-lamp exami-
nation. We focused mainly on the degree of corneal edema,
KPs, anterior chamber inflammation, and changes in the iris
and pupil.
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Protocol for IOP Examination

For each rat, IOP was measured with an iCare tonometer
(Icare Finland) at different time points. One examiner held
the rat rolled in a surgical drape and fixed each rat’s head
before anesthesia. The other examiner measured the eyes as
close to the central cornea as possible without manual move-
ment of its eyelids. Six values of the IOP were measured in
rapid succession, and we repeated this process three times
for each rat and calculated the final mean IOP. Twenty IOP
values of the dexamethasone-treated experimental eyes and
untreated contralateral eyes were obtained to confirm the
normal range of rat IOP.

Imaging Examinations

All the rats underwent anterior segment optical coherence
tomography (AS-OCT; Optovue, Fremont, CA, USA) and
in vivo confocal microscopy (IVCM; Heidelberg Engineer-
ing, Heidelberg, Germany) after the slit-lamp examination.
Corneal thickness changes, anterior chamber inflammation,
and pupil changes were investigated with AS-OCT. In addi-
tion, the central corneal thickness (CCT) was monitored at
different postinfection times with OCT. Finally, we scanned
the rat corneas repeatedly for corneal endothelial lesions
with IVCM.

Histological Examination With Light Microscopy

Intact rat eyes were collected and fixed in 4% paraformalde-
hyde at 4°C overnight. Whole rat eyes were placed in
processing cassettes for routine dehydration through a serial
alcohol gradient. Then, the tissues were embedded in paraf-
fin wax blocks. Eye tissue sections (4-μm thick) were made
(Leica RM2235, Germany) followed by dewaxing and rede-
hydration. After that, hematoxylin and eosin (H&E) staining
was performed, and sections were dehydrated again with
ethanol and xylene. Viral cytopathic features and inflamma-
tory changes in the anterior segment were analyzed.

Fluorescence Examination by Two-Photon
Confocal Microscopy

In part two of the experiment, four eyeballs in differ-
ent groups were obtained for viral fluorescence exami-
nation at different time points. Two of them were kept
in 4% paraformaldehyde at 4°C overnight. After full fixa-
tion, corneal buttons and iris/ciliary bodies were completely
dissected and separated in individual Eppendorf (EP) tubes.
The tissues were washed 3 times in PBS and then incu-
bated in TRITC rhodamine phalloidin (0.2 U/μl; YEASEN,
Shanghai, China) for 10 minutes to label the F-actin of the
cytoskeleton; next, the tissues were washed 3 more times
in PBS and incubated in Hoechst 33258 (1 mg/mL; Solar-
bio, Beijing, China) for 10 minutes to label the cell nucleus.
Finally, we spread the cornea buttons and iris/ciliary body
carefully on glass slides and added antifade mounting
medium (APPLYGEN, Beijing, China). Then, the tissues were
covered with coverslips and sent for two-photon confocal
microscopy examination (Leica TCS SP8, Wetzlar, Germany).

The other two eyeballs were processed with standard
frozen tissue section procedures. They were placed in 2-mL
EP tubes with OCT embedding agent (SAKURA, USA) and
submerged in liquid nitrogen for 2 minutes. Subsequently,
they were frozen in a −80°C refrigerator overnight. The next

day, 5-μm-thick frozen eye tissue sections were made (Leica
CM1950, Germany). The frozen sections were incubated in
the same manner as described above. The infection sites in
the corneal endothelium, iris, and trabecular meshwork (TM)
were detected afterward under two-photon microscopy.

Electron Microscopy Examination

For electron microscopy examination, corneas and
irises/ciliary bodies were completely dissected and fixed in
2.5% glutaraldehyde at 4°C overnight. Then, all the samples
were washed in PBS 3 times and fixed in 1% osmic acid at
4°C for 2 hours. After that, the samples were dehydrated
through a series of acetone gradients (30%, 50%, 70%, 90%,
and 100%). We submerged all the samples in a 1:1 mixture
of 100% acetone and embedding agent for 1 hour and then
transferred them to the embedding capsule with embedding
agent. The samples were incubated in a 37°C thermostat
overnight, followed by incubation at 60°C for 48 hours;
50-nm sections were made and stained with acetic acid glaze
and lead citrate. We observed all the sections under trans-
mission electron microscopy (TEM; Hitachi SU8010, Japan).

Detection of MCMV RNA by RT-PCR Examination

All the eyeballs were divided into two parts: anterior
segment samples included the dissected corneas, irises, and
ciliary bodies, and the posterior segment samples mainly
contained retinas. At each time point, samples from four
independent rats in the MCMV-eGFP group and UV-MCMV
group were pooled for RNA extraction because the individ-
ual samples had a relatively low mass.

TRIzol reagent (Life Invitrogen, USA) was used to extract
total RNA from ocular tissue samples according to the manu-
facturer’s instructions. RNA samples were then reverse tran-
scribed to produce cDNA templates in the presence of
HiScript II Q RT SuperMix for qPCR (+gDNA wiper; R223-
01; Vazyme Biotech, Nanjing, China). The reaction mixtures
were then used for PCR.

Each PCR contained 1.0 μl of extracted cDNA (diluted
5 times), 2.0 μl of primers specific for the MCMV IE gene
based on a previous publication21 (5′-GGCCGTCACTT-
GGATGAGAAC-3′; 5′-TTACAGGACAACAGAACGCTC-3′;
258-bp product) and the rat β-actin gene (5′-GCCATG-
TACGTAGCCATCCA-3′; 5′-GAACCGCTCATTGCCGATAG-3′;
375-bp product), 12.5 μl 2 × Es Taq MasterMix (Dye;
CW0690M; CWBIO, Beijing, China), and 9.5 μl RNase-free
ddH20 in a 25-μl final volume. Each cycle reaction included
initial denaturation at 94°C for 3 minutes, denaturation at
94°C for 15 seconds, annealing at 55°C for 15 seconds,
extension at 72°C for 15 seconds, and a final 5-minute
extension period at 72°C. The samples underwent 30
cycles of amplification. The amplified DNA samples were
electrophoresed on 2.5% agarose gels and scanned with
ChemiDoc TM XRS+ (Bio-Rad, USA).

Statistical Analysis

We used the Statistical Package for the Social Sciences
software, version 22.0 (SPSS Inc., Chicago, IL, USA) for
statistical analysis. Comparisons of CCT and IOP values
were performed with t-tests (the MCMV-eGFP group versus
the UV-MCMV group or the UV-MOCK group). Categor-
ical variables were analyzed by Fisher’s exact test. A
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P value < 0.05 was considered to indicate statistically signif-
icant differences.

RESULTS

MCMV Could Infect RCECs Effectively In Vitro

Although the RCECs were infected with MCMV-eGFP at a
low MOI, green fluorescence-positive RCECs were detected
as early as 2 dpi. As Figure 1 shows, focal clusters of green-
fluorescent RCECs were remarkable from 3 dpi. With the
spread of infection, the extent of cell necrosis and quantity
of eGFP-positive RCECs increased subsequently from 3 to
6 dpi. Few eGFP-positive RCECs were visible at 8 dpi and
none at 10 dpi.

Typical Keratouveitis Occurred in the Rats After
CMV Infection

The clinical manifestations of different rat groups are shown
in Figure 2, and the incidences of various clinical signs
are displayed in Table 1. All the rat eyes in the UV-
MCMV and UV-MOCK groups retained the normal ante-
rior segment appearance without obvious inflammatory
changes, as shown in Figure 2A. The corneas were trans-
parent with the CCT fluctuating within the normal range
based on AS-OCT (see Fig. 2A g–j). There were no inflam-

matory exudates, flares, or cells in the anterior chamber, and
the iris texture was clear. In contrast, all the rats infected
with MCMV-eGFP developed obvious keratouveitis, which
was characteristic of concomitant corneal endotheliitis and
anterior uveitis. Keratouveitis was aggravated in the initial 3
to 7 days after infection and was gradually alleviated within
2 weeks.

Figure 2B shows the features of corneal endotheliitis in
the rats. After intracameral inoculation of MCMV, 62.5% of
the rats developed localized corneal edema during the clin-
ical course, which was detected with slit-lamp examination
(see Fig. 2B a,b) and AS-OCT (see Fig. 2B g). Half of the rats
exhibited diffuse corneal edema with severe ciliary injection
(see Fig. 2B c,d). With the relief of corneal edema, sporadic
large or medium mutton fat KPs were observed over the
posterior surface of the cornea in 87.5% of the rats (see Fig.
2B e,f); these KPs were “hump”-like structures with high
reflectivity on AS-OCT (see Fig. 2B h,i). Figure 3 shows the
CCT changes in different groups during the whole postin-
fection period. The CCT of the MCMV-eGFP group increased
significantly in the initial 3 days (1–3 dpi) after infection (P=
0.012, < 0.001, and < 0.001 compared with that of the UV-
MCMV group; P = 0.005, < 0.001, and < 0.001 compared
with that of the UV-MOCK group). At 3 dpi, the CCT of the
MCMV-eGFP group reached a peak value measuring 259.3
± 11.4 μm (mean ± SEM), which was larger than those of
the UV-MCMV group (136.8 ± 3.9 μm) and the UV-MOCK

FIGURE 1. Infection of RCECs with MCMV in vitro. RCECs were inoculated with MCMV-eGFP at a low MOI. Green-fluorescent-positive
RCECs in which MCMV was possibly replicated are shown at 3, 4, 6, and 8 dpi. dpi, days postinfection; bar = 100 μm.
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FIGURE 2. Clinical manifestations of CMV keratouveitis in rats by slit-lamp examination and AS-OCT. (A) Slit-lamp views and AS-OCT
images of the anterior segment of the eyes in different control groups. (B) Representative images of corneal lesions in the MCMV group:
(a, b) Localized corneal edema (white arrows); (c, d) Diffuse corneal edema; (e, f) Mutton fat KPs (white squares); (g) OCT view of uneven
corneal edema (white arrows); (h, i) KPs exhibiting “hump”-like structures with high reflectivity by OCT (white arrow); (j) Corneal edema
and anterior chamber inflammation relieved at 14 dpi. (C) Representative images of anterior uveitis in the MCMV group: (a) Diffuse anterior
chamber exudates (white arrow); (b) Occlusion of pupil (white arrow); (c) Posterior synechia with exudate in the pupil area; (d) Whitish
appearance of the inferior iris (white arrow); (e, f) Iris nodules (white arrows); (g) OCT view of “net”-like anterior chamber exudates (white
arrow); (h) Exudative membrane around the pupil on OCT (white arrow); (i, j) Residual anterior chamber exudates exhibited sporadic
patches (white arrow) or fine dots with high reflectivity on OCT. Original magnification of slit-lamp images, × 25 magnification; AS-OCT,
anterior segment optical coherence tomography; dpi, days postinfection.

TABLE 1. Clinical Manifestations of CMV Keratouveitis in the Rats of MCMV Group
Corneal and Conjunctival Signs Iris Signs

No. of Rats
Ciliary

Injection

Localized
Corneal
Edema

Diffuse
Corneal
Edema

Mutton
Fat
Kps Neovascularization

Iris
Hyperemia

Anterior
Chamber
Exduation

Posterior
Synechia

Occlusion
of

Pupil
Iris

Nodules

1 + − + + + + + + − −
2 + + − + − + + + + +
3 + + + + + + + + + −
4 + + + − − + + + + −
5 + + − + − + + + + −
6 + − − + − + + + − +
7 + + − + − + + + − +
8 + − + + + + + − − −
Incidence of different clinical signs
n (N) 8 (8) 5 (8) 4 (8) 7 (8) 3 (8) 8 (8) 8 (8) 7 (8) 4 (8) 3 (8)

100% 62.5% 50% 87.5% 37.5% 100% 100% 87.5% 50% 37.5%

n = number of rats with different clinical signs; N = 8; + represented the occurrence of corresponding clinical signs on one or more dpi
(day postinfection) during the whole period after infection.
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FIGURE 3. Changes in the CCT in the rats of different groups by AS-OCT. N = 8 rats in every group; Short bar (comparison of the CCT
between the MCMV-eGFP group and the UV-MCMV group by t-test); Long bar (comparison of the CCT between the MCMV-eGFP group
and the UV-MOCK group by t-test); *P < 0.05; **P < 0.01; ***P < 0.001; CCT, central corneal thickness; AS-OCT, anterior segment optical
coherence tomography.

TABLE 2. Incidence of Different Corneal Lesions at Different Time Points by IVCM Among the Rats of MCMV Group

Day Postinfection

n/N (%)

Types of Corneal Lesions by IVCM 0 1 2 3 7 14 P Value*

“Black holes” 0/8 (0%) 4/8 (50%) 2/8 (25%) 3/8 (37.5%) 2/8 (25%) 2/8 (25%) 0.386
Enlarged intercellular gaps 0/8 (0%) 3/8 (37.5%) 4/8 (50%) 3/8 (37.5%) 2/8 (25%) 2/8 (25%) 0.370
Inflammatory cell infiltration 0/8 (0%) 1/8 (12.5%) 2/8 (25%) 4/8 (50%) 6/8 (75%) 2/8 (25%) 0.019
Hyper-reflective Kps 0/8 (0%) 7/8 (87.5%) 7/8 (87.5%) 5/8 (62.5%) 7/8 (87.5%) 3/8 (37.5%) <0.001
Bright nuclear cells 0/8 (0%) 1/8 (12.5%) 3/8 (37.5%) 3/8 (37.5%) 4/8 (50%) 2/8 (25%) 0.274
Blurred endothelial layer 0/8 (0%) 2/8 (25%) 3/8 (37.5%) 3/8 (37.5%) 1/8 (12.5%) 0/8 (0%) 0.180

n = number of rats with different types of endothelial changes at different time points; N = 8, total number; P value* was the results of
comparing number of rats with different endothelial changes at different dpi by Fisher s exact test; IVCM, in-vivo confocal microscopy.

group (132.2 ± 3.0 μm). Although the mean CCT of the
MCMV-eGFP group at 7 dpi was still larger than that of the
other two groups, there was no significant difference (P =
0.076 compared with that of the UV-MCMV group; P = 0.058
compared with that of the UV-MOCK group). The CCT of
the MCMV-eGFP group returned to 141.1 ± 11.6 μm after 2
weeks, consistent with the corneal edema recovered based
on AS-OCT (see Fig. 2B j).

Acute anterior chamber reactions and iridocyclitis
occurred after infection as shown in Figure 2C. Inflammatory
exudates that formed as net structures spread over the whole
space of the anterior chamber (see Fig. 2C a,g); 87.5% of the
rats had posterior synechia (see Fig. 2C c), and 50% exhib-
ited occlusion of the pupil, which is typical of anterior uveitis
(see Fig. 2C b). As anterior chamber inflammation resolved,
there were remarkable changes in the iris, including hete-
rochromic iris, with a whitish appearance in the inferior
part compared with the relatively normal color in the supe-
rior part (see Fig. 2C d) and iris nodules resembling Koeppe
nodules in Fuch’s syndrome (see Fig. 2C e,f). AS-OCT clearly
showed that anterior chamber exudates increased in the
early period and gradually disappeared at 7 to 14 dpi (see
Fig. 2C g–j).

Viral Infection and Immune Injury Were Both
Involved in Corneal Endothelial Inflammation

We evaluated the pathological changes in the corneal
endothelium at different levels with IVCM, light microscopy,
and electron microscopy. Endothelial involvement based on
IVCM is displayed in Figure 4A. Normal RCECs had a regu-
lar hexagonal shape. The cytoplasm showed a high reflec-
tion area with a black nucleus, whereas the cell borders
showed low reflection signals (see Fig. 4A a,b). The endothe-
lial lesions based on IVCM varied with the different inter-
vals as shown in Table 2. In the early period after infec-
tion, we noticed endothelial changes, including “black holes”
(see Fig. 4A c,d) and enlarged intercellular gaps (see Fig.
4A e). Remarkably, an endothelial cell with a “high reflec-
tion” nucleus surrounded by a “dark halo” was noted at
3 dpi (see Fig. 4A f), resembling the “Owl’s Eye cell” in
human CMV corneal endotheliitis.22 However, severe corneal
edema at 1 to 3 dpi resulted in blurred IVCM images of the
endothelial layer in 25 to 37.5% of the rats. With corneal
edema gradually alleviated, inflammatory cells infiltrated the
endothelial layers (see Fig. 4A g,h), and merged bright nuclei
(see Fig. 4A i,j) occurred more frequently. In addition, the
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FIGURE 4. Imaging and histopathological changes in the corneal endothelium after infection. (A) IVCM image of the corneal lesions:
(a, b) Normal corneal endothelium; (c, d) “Black hole” changes (white arrows); (e) Enlarged intercellular gaps (white square); (f) Distinctive
endothelial cell with “high reflection” nucleus surrounded by a dark ring area (white square); (g, h) Inflammatory cellular infiltration (white
arrows); (I, j) Endothelial cells with bright nucleus or merged nuclei (black arrows). (B) Representative results of endothelial damage by H&E
staining: (a) Normal corneal structure; (b) Swelling of corneal endothelial cells (black arrow); (c) Ballooning degeneration (black arrow);
(d) Cell rupture with inflammatory cell infiltration (black arrows); (e, f) Neutrophils and monocytes attached to the injured endothelium
(black arrows). Bar = 50 μm. (C) TEM view of the endothelial layers: (a) Normal endothelial cells full of mitochondria (black arrow);
(b) Cell disruption; (c) Endothelium destroyed and infiltrated by monocytes (white arrows); (d) Severe swelling of mitochondria (black
arrow); (e) Nuclear edema with mitochondrial damage; (f) Viral envelope within the cytoplasm (black square). IVCM, in vivo confocal
microscopy; TEM, transmission electron microscopy; dpi, days postinfection.

hyper-reflective dots that represented inflammatory KPs (see
Fig. 4A red squares) adherent to the endothelium lasted for
the whole infectious period. Among all the IVCM changes,
inflammatory cell infiltration, and KPs showed significant
differences, with P = 0.019 and P < 0.001, respectively.

In accordance with the endothelial changes observed
with IVCM, we discovered the corresponding histological
lesions with H&E staining. The normal endothelial layer was
flat with monolayer cells (Fig. 4B a). After infection, the
endothelial layer became uneven with cellular swelling (see
Fig. 4B b) and “ballooning degeneration” (see Fig. 4B c);
large numbers of neutrophils and monocytes intruded into
the endothelial cells, leading to cell rupture (see Fig. 4B d),
which was observed in IVCM images as shown in Figure 4A
g, h. In addition, an inflammatory cell mass attached to the
endothelium (see Fig. 4B f) was observed as KPs and highly
reflective round dots in IVCM images.

TEM showed the detailed cytopathic changes in corneal
endothelial cells. Corneas with UV-MCMV inoculation
showed the normal morphological features of RCECs, in
which abundant mitochondria provided adequate energy
for maintaining Na+/K+–ATPase pump function (Fig. 4C
a). However, corneas with MCMV infection showed obvious

cytotoxic changes in the endothelium. In the early postin-
fection period, cell disruption (see Fig. 4C b), cell nucleus
swelling (see Fig. 4C e) and infiltration of monocytes into the
defective area of the endothelium (see Fig. 4C c) were noted.
In addition, severe mitochondrial swelling with fracture or
loss of crista structure was the most predominant organelle
lesion (see Fig. 4C d). A typical viral envelope with a bilayer
was also found in the cytoplasm of the destroyed endothelial
cells (see Fig. 4C f).

CMV Infection Caused Pathological Changes in
the Anterior Chamber Angle, Thus Leading to
Elevated IOP

We used an iCare tonometer to monitor the IOP changes in
the rats at different time points after infection. As Figure 5A
shows, the mean IOP values of the dexamethasone-
treated eyes and untreated contralateral eyes were 12.95 ±
0.47 mm Hg (mean ± SEM) and 12.90 ± 0.43 mm Hg,
respectively, with no significant difference (P = 0.92). In the
UV-MCMV group and UV-MOCK group, the rat IOP values
remained in the normal range without significant changes.
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FIGURE 5. IOP fluctuation and corresponding pathological changes in the anterior chamber segment. (A) The distribution of IOP
in dexamethasone-treated experimental eyes and untreated contralateral eyes. (Based on the IOP values of 20 rats by iCare tonometer.)
(B) The fluctuations in the IOP over postinfection time in different groups were graphed as the mean ± SEM. Short bar (comparison of the
IOP between the MCMV-eGFP group and the UV-MCMV group by t-test); Long bar (comparison of the IOP between the MCMV-eGFP group
and the UV-MOCK group by t-test). *P < 0.05; **P < 0.01; ***P < 0.001. (C) Inflammation of the structure of the anterior chamber angle by
H&E staining: TM structure (black arrows); Schlemm’s canal (* labeled); Hemorrhage in the ciliary body (white arrow). Bar = 100 μm; IOP,
intraocular pressure; dpi, days postinfection.

In sharp contrast, the MCMV group experienced signifi-
cant IOP elevation in the first week after infection (P <

0.05, compared with those in the UV-MCMV and UV-MOCK
groups), and the IOP peaked at 27.10 ± 1.84 mm Hg at 2
dpi (Fig. 5B). The IOP values gradually returned to normal
after 2 weeks.

Histological analysis revealed obvious inflammatory
damage to the TM, Schlemm’s canal, and adjacent tissue
(Fig. 5C), which was responsible for the fluctuation in the
IOP. Trabeculitis occurred immediately on the first day after
MCMV infection and manifested as trabecular endothelial
cell swelling and inflammatory cell infiltration (see Fig. 5C,
1 dpi). Due to defects in the blood aqueous barrier, large
numbers of inflammatory cells, fibrins, and protein debris
accumulated in the anterior chamber angle, directly lead-
ing to the mechanical obstruction of the TM and Schlemm’s
canal, as shown in Figure 5C (3 dpi). In addition, hemor-
rhage in the ciliary body was noted at 2 dpi with leakage
of red cells confined by fibrous inflammatory tissue (see

Fig. 5C, white arrow). This “hematoma”-like change was
responsible for the severe narrowing of the anterior cham-
ber angle, accounting for the peak mean IOP at 2 dpi. In fact,
all the above factors together contributed to the elevation of
IOP by increasing the aqueous outflow resistance. With the
passage of time, the inflammation of the anterior segment
gradually resolved after 1 week, and the IOP subsequently
declined. We noticed that the IOP values in the MCMV group
were still above the upper limit at 7 dpi (see Fig. 5B), and
several mutton fat KPs could be spotted with mild anterior
chamber reactions (see Fig. 2B f), the combined features of
which strikingly resembled PSS.

Inflammation of the Iris and Ciliary Body was
Acute and Lasting

Sustained and strong inflammation of the iris and ciliary
body was induced by MCMV infection, consistent with
the fact that severe iridocyclitis was noted. The iris was
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FIGURE 6. Pathological changes in the iris and ciliary body based on light microscopy and TEM. (A) Histological examination of the iris
at different postinfection times by H&E staining: (a) Normal blood vessel of the iris (black arrow); (b) Leakage of red cells and exudation of
inflammatory cells and fibrins due to the disruption of the blood-aqueous barrier (black arrow); (c, d) Iris edema and infiltration of inflam-
matory cells; (e) Fibrous membrane on the iris (black arrow); (f) Thickened iris with lymphocyte infiltration on 14 dpi. Bar = 100 μm.
(B) Representative image of ciliary body lesions after MCMV infection: (a) Vascular congestion (black arrow) with large numbers of
neutrophils infiltrating into the stroma (white arrow); (b) Normal ciliary body of rats in the UV-MCMV group. Bar = 100 μm. (C) TEM
view of the iris after infection: (a, b) Migrating monocytes that deformed and adhered to the vascular wall (black arrows), red cell leakage
through the disrupted vascular wall (white arrow); (c) Monocyte infiltration (black arrow); (d) Normal vascular endothelial cell of the iris.
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thickened with cellular edema and inflammatory cell infil-
tration, lasting for as long as 2 weeks after infection (Fig.
6A). Inflammatory exudates attached to the iris were cellular
deposits composed of neutrophils, erythrocytes, and fibrins
based on light microscopy observation (see Fig. 6A b). For
the ciliary body, there was obvious vascular congestion and
large numbers of neutrophils infiltrating the surface and
stroma of the ciliary body (Fig. 6B). Electron microscopy
showed similar findings: the dilated blood vessel was full
of erythrocytes and monocytes, the latter of which attached
to the vascular wall, migrating to the damaged tissue and
becoming macrophages (Fig. 6C, black arrows).

MCMV Broadly Infected the Anterior Segment
Tissue of Rats

To trace the locations of viral infection during the whole
process, we infected the rats with recombinant MCMV-eGFP
capable of expressing green fluorescence when replicat-
ing. Two-photon microscopy was then used to examine the
whole cornea buttons and frozen sections of the rat eyes
obtained at different time points. The nuclei and F-actin were
stained with blue and red signals, respectively, via Hoechst
and phalloidin staining.

The infected cells were identified at the endothelium level
of the corneal buttons at 1 dpi (Fig. 7A a). The endothelial
cells infected with MCMV contained strong green fluores-
cence in the cytoplasm surrounded by the red-fluorescent
cell membrane (see Fig. 7 d,e). Patchy detachment of the
endothelial cells from Descemet’s membrane was noted at
3 dpi (see Fig. 7A b) and infected endothelial cell swelled
with an enlarged black zone in the cytoplasm (see Fig. 7A
f). The endothelial cells in the UV-MCMV group showed a
hexagonal shape without pathological changes (see Fig. 7A
c,g). In addition, in the frozen sections, we found infected
endothelial cells with green signals at 1 to 3 dpi (Fig. 7B)
and some interacted with inflammatory cells (see Fig. 7B a).

We detected many infected iris cells at 3 dpi (Fig. 7C a–c),
and inflammatory hyperplasia of pupil margins (see Fig. 6C
f) was noted, corresponding with iris nodules observed with
slit-lamp examination (see Fig. 7C d). In addition, MCMV
infected many monocytes (Fig. 7D) with round shapes and
were distinguished from the polygonal endothelial cells. TM
cells were also infected with MCMV, with no exception at 1
to 3 dpi (Fig. 7E), which accounted for the trabeculitis and
the elevated IOP.

Consistent with the results of the two-photon microscopy
examination, MCMV IE RNA was detected in the anterior
segment tissue of the MCMV-eGFP group at 1 to 3 dpi (Fig.
8 white square). The results demonstrated that MCMV could
infect the anterior segment tissue of rats in the early postin-
fection period and express viral mRNA, whereas the retina
was free from viral infection according to the RT-PCR exam-
ination (see Fig. 8).

DISCUSSION

After multiple pilot experiments, we optimized the proto-
col by topical use of steroids first followed by intracam-
eral inoculation of an appropriate viral titer of MCMV to
finally establish an animal model of CMV keratouveitis in
rats. CMV keratouveitis was characterized by an acute phase
of concomitant corneal endotheliitis and hypertensive ante-
rior uveitis, which lasted for 7 to 14 days. We discovered

that the manifestations of CMV anterior segment infection
transformed remarkably into different syndromes resem-
bling certain human diseases over time. In the early phase
(1–3 dpi), the experimental rats developed localized or
diffuse corneal edema with endothelial damage by imag-
ing tests, supporting the diagnosis of corneal endotheliitis.
However, with corneal edema and anterior chamber inflam-
mation relieved, we noted sporadic mutton fat KPs with a
raised IOP (3–7 dpi), the features of which were consistent
with PSS. At 7 to 14 dpi, the iris color change and iris nodules
(see Fig. 2C d–f) were similar to those of Fuch’s syndrome
to some extent. All the above findings seemed to reveal
that these syndromes might share the common etiological
factor of CMV infection. In real clinical practice, Oka et al.23

discovered that patients with CMV endotheliitis or iridocycli-
tis mostly had the same viral genotype of gB type 1. Previ-
ous studies have suggested that CMV is capable of infect-
ing corneal endothelial cells24,25 and TM cells26,27 in vitro
and causes specific cytopathic changes. In addition, Voigt
et al.28 demonstrated that MCMV tends to infect the uvea
in mice through systemic infection and to induce sustained
inflammation. Here, we are the first to report that CMV could
infect the corneal endothelium (1–3 dpi), iris (2–3 dpi), TM
cells (1–3 dpi), and monocytes (1–3 dpi) in vivo (see Fig.
7) and caused prolonged inflammatory reactions in different
compartments of the anterior chamber. In addition,MCMV IE
RNA was detected in the anterior segments from 1 to 3 dpi.
All the experimental evidence supported the concept that
CMV could widely infect ocular anterior segment tissue and
induce the corresponding clinical features. Corneal endothe-
liitis and hypertensive anterior uveitis, including PSS and
Fuch’s syndrome, are very likely the specific stages of CMV
anterior segment infection.

CMV endotheliitis and anterior uveitis usually occur
in immunocompetent patients; however, most of these
patients have one or more risk factors for local immune
suppression, such as being middle-aged or older9; having
a history of ocular surgery including keratoplasty and
cataract surgery29–34; and having a history of use of topical
steroids and immunosuppressants.9,35 Combined with the
mild to moderate anterior chamber inflammation observed
in CMV-associated infection, we assumed that topical
immunosuppression was an important feature of the ocular
microenvironment in these patients. Therefore, we applied
topical glucocorticoids before injection of the virus to estab-
lish the animal model of CMV keratouveitis. The inflam-
matory response in the experimental group was partially
suppressed, as expected, and there was no evidence of
severe hypopyon or tendency to endophthalmitis, which we
had seen in the pilot experiment with direct injection of the
same amount of MCMV instead. The pathogenesis of CMV
anterior segment infection is far from clear. Zheng et al.36,37

once established a herpes simplex virus (HSV) corneal
endotheliitis model in rabbits to verify the hypothesis of
anterior chamber-associated immune deviation. Although
both HSV and CMV belong to the Herpesviridae family, they
exhibit different routes of ocular infection and methods of
reactivation. It is well known that HSV can travel retrograde
to the trigeminal ganglia after primary infection and spread
via sensory nerves to specific sites of the eye when reacti-
vated.38 Therefore, it is likely that HSV intermittently spreads
via the nasociliary nerve to the iris and ciliary body, causing
anterior uveitis and further shedding into the anterior cham-
ber, involving the corneal endothelium. In contrast, CMV
mainly infects CD34+ myeloid progenitor cells to establish
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FIGURE 7. MCMV infection site detection by immunofluorescence examination. (A) Infection sites of MCMV in the endothelial layer:
(a) Multiple infected endothelial cells expressing green fluorescence at 1 dpi (white squares); (b) Patchy necrosis and detachment of
endothelium noted at 3 dpi; (c) Endothelial layer without signs of infection in the UV-MCMV group; (d, e) Enlarged images of infected
endothelial cells with white squares in picture-a; (f) Swelled endothelial cells with mild green signals within the cytoplasm (white square);
(g) Uninfected normal endothelium. (B) Identification of MCMV infection sites on frozen sections: (a) Infected endothelial cells interacting
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with two inflammatory cells identified by blue nuclear markers (white square); (b, c) Infected endothelial cells; (d) Injured endothelial
cells with fractured membranes. (C) Infection sites of MCMV in the iris: (a–c) Infected iris cells expressing green fluorescence within the
cytoplasm; (d) Hyperplasia of the margin of the pupil representing the iris nodule. (D) Infected monocytes. (E) Infected TM cells in the
frozen sections.

FIGURE 8. Detection of MCMV IE RNA by RT-PCR. All the eyeballs of the rats were divided into two parts: anterior segment tissue,
including the dissected cornea, iris and ciliary body, and posterior segment tissue, including the retina. At each time point, samples from
four independent rats in each group were pooled for RT-PCR examination. The results are representative of three separate experiments.
Lane M, DNA marker; Lanes 1–3, 1–3 dpi; Lane 4, 7 dpi; Lane 5, 14 dpi; dpi, days postinfection.

lifelong latent infection in the bone marrow.39 The latently
infected cells could subsequently divide and differentiate
into monocytes that mobilize throughout the body via blood
circulation. Under the stimulus of specific inflammation,
these monocytes could become highly activated and further
differentiate into macrophages and dendritic cells, which are
capable of shedding CMV viral particles into tissue includ-
ing the eye.39,40 In our study, we found that monocyte-
macrophages with MCMV-eGFP (see Fig. 7D) were not rare
and often interacted with injured endothelial cells (see Fig.
4C c and Fig. 7B a). Based on these findings, we considered
that CMV-infected monocytes might be responsible for ante-
rior segment infection. These monocytes entered the ante-
rior chamber through a disrupted blood aqueous barrier and
experienced reactivation with low local immunity, subse-
quently infecting the corneal endothelium and iris. Further
studies are required to test this hypothesis.

In our study, we discovered that the fluctuation in IOP
was highly correlated with the severity of pathological
changes in the anterior chamber angle structures as shown
in Figure 5. Multiple factors combined to contribute to the
increased IOP in terms of histopathology. First, we demon-
strated that MCMV could infect TM cells in vivo (see Fig.
7E), causing direct inflammation of the TM, also termed
trabeculitis. Trabeculitis was characterized by swelling of
trabecular lamellae and reduced intertrabecular spaces (see
Fig. 5C), which finally increased outflow resistance.41 In
fact, evidence of viral infection of the TM is not rare.
Amano et al.42 identified HSV in the excised trabecular tissue
of a patient with corneal endotheliitis and increased IOP
by immunochemical examination. Recently, Singh et al.43

injected Zika virus into the mouse anterior chamber and
caused infectivity in the iridocorneal angle and TM, lead-
ing to the death of TM cells in the mouse eyes. Similarly,

our study was the first to report that in vivo infection of the
TM also occurs in CMV infections. In addition to trabeculitis,
mechanical obstruction of the aqueous outflow pathway was
another important reason for increased outflow resistance.
Due to the disrupted blood-aqueous barrier, large numbers
of inflammatory cells and large amounts of fibrins and
protein debris precipitated in the anterior chamber angle,
blocking the TM and Schlemm’s canal (see Fig. 5C). The
above theory44 is widely accepted to be the pathogenesis of
most open-angle glaucoma secondary to uveitis. Moreover,
anterior synechia (see Fig. 2B 1 dpi) and narrowing of the
anterior chamber angle caused by ciliary body hemorrhage
(see Fig. 5C 2 dpi) were also considered to increase IOP.
Regardless of whether trabeculitis or inflammatory obstruc-
tion of the outflow pathway was the acute reaction of viral
infection, both responded well to glucocorticoid treatment.
However, single use of anti-inflammatory drugs inhibited the
clearing of virus, in turn, which could lead to recurrence in
the long run. Therefore, antiviral treatment was also neces-
sary to remove the underlying cause.

Corneal edema was one of the most prominent features
in the rats infected with MCMV. Nearly all the rats in
the MCMV group developed different degrees of corneal
edema from a diffuse pattern to a localized pattern (see
Fig. 2B). Even though an increased IOP could cause corneal
edema, a localized pattern was more likely to result from
endotheliitis, which was confirmed by imaging and patho-
logical tests. IVCM has the advantage of scanning different
levels of corneal tissue and showing endothelial lesions,
even through the thickened corneas. In IVCM images, the
alterations in the endothelium consisted of “black holes,”
enlarged intercellular gaps and inflammatory infiltration
(see Fig. 4A), all of which have been reported in human
HSV endotheliitis.45 Therefore, these alterations were not
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specific for a certain virus but are common features of viral
endotheliitis. Interestingly, we also discovered a distinctive
endothelial cell pattern (see Fig. 3A f) similar to “Owl’s eye
morphology,” which is believed to indicate CMV endothe-
liitis.22,46–48 Although “Owl’s eye cells” are believed to be
specific for CMV endotheliitis compared with CMV diseases
in other organs, the sensitivity is relatively low, and nearly
half of human cases of CMV endotheliitis5 do not exhibit
this change. For pathological examination, a series of cyto-
pathic changes were noted, including cell swelling, “balloon
degeneration,” and inflammatory cell infiltration into the
endothelium (see Fig. 3B c–d), which were highly consis-
tent with the phenomenon observed via IVCM. During the
whole infectious process, both viral toxicity and the immune
response resulted in the destruction of endothelial cells. This
explained why CMV endotheliitis responds well to antivi-
ral treatment and topical steroids49,50 in clinical observation.
In terms of TEM examination, mitochondrial damage was
most remarkable among the organelles of corneal endothe-
lial cells (see Fig. 3C d). Corneal endothelial cells have abun-
dant mitochondria, which provide enough ATP to main-
tain Na+/K+–ATPase pump function. This “pump” function
and tight junctions between endothelial cells are responsi-
ble for maintaining corneal transparency.51 Previous studies
have reported that several endothelial diseases are associ-
ated with mitochondrial damage, such as Fuch’s endothelial
corneal dystrophy,52 diabetes mellitus53 and atropine cyto-
toxicity to the endothelium.54 In this study, MCMV infection
combined with acute ocular hypertension51 compromised
normal mitochondrial morphology and function, resulting
in corneal edema.

Although the whole course of MCMV infection in rats was
an acute phase, inflammation in the iris tended to transform
into a chronic form. In the early postinfection period, vascu-
lar congestion with cellular infiltration was the most promi-
nent pathological feature of the iris and ciliary body (see
Fig. 6); CMV infection of vascular endothelial cells and host
immune response to cells expressing viral antigen might be
the stimulus for inflammation in the uvea.55 In the second
week after infection, the replicating virus was no longer
detectable in the anterior segment tissue; however, there was
still cellular infiltration in the iris (see Fig. 5A f), and iris
nodules were noted around the pupillary margins in 37.5%
of the rats in the MCMV group (see Fig. 2C e,f). The essence
of iris nodules was iris tissue hyperplasia under chronic
inflammatory stimulation (see Fig. 7C d), which is preva-
lent in human Fuch’s syndrome.56 Therefore, acute infection
of CMV in the anterior segment seemed to induce sustained
iris inflammation, which was also supported by the study of
Voigt et al.28

Even though mice are the priority for the establishment
of animal models of most human diseases, our current study
used rats as an alternative to mice for the following reasons.
First, we achieved a higher success rate of anterior cham-
ber paracentesis in rats with less damage to adjacent struc-
tures. Because we focused mainly on virus-induced ante-
rior segment lesions, it was necessary to ensure no bleed-
ing or injury of the iris, ciliary body, or lens during anterior
chamber paracentesis. Due to the tiny space of the mouse
anterior chamber, we often injured the iris or ciliary body
and caused bleeding after injecting MCMV, which affected
the subsequent experiments. Second, rat corneas are more
suitable for confocal scanning in vivo and in vitro than
mouse corneas. The radius of curvature of mouse corneas
is much smaller than that of rat corneas. When exam-

ined with IVCM, mouse corneas showed uneven endothe-
lial layers with poor performance. In fact, the original aim
of this animal experiment was to investigate the relation-
ships between the clinical manifestations of CMV infection
and imaging and histopathological changes. Therefore, it is
important to achieve high-quality imaging results and tissue
sections. Third, according to our in vitro cell experiment,
MCMV could infect RCECs efficiently even at a low MOI (see
Fig. 1). Green-fluorescent-positive RCECs in which MCMV
was possibly replicated were noted, and surrounding cells
were involved afterward. This result laid a foundation for the
next rat model experiment.

There are several limitations in our current study. We
identified infected cells with green fluorescence in the ante-
rior segment of rats and detected IE RNA expression. The
above evidence proved that MCMV could infect the corre-
sponding tissue but did not sufficiently support the produc-
tive replication of MCMV in vivo. In addition, this study
lacked immunity indicator testing during the establishment
of the animal model, which will require further investigation
into the immune cells and cytokines involved in the infec-
tious course.

In summary, our study demonstrated that CMV could
give rise to broad infection of anterior segment tissue in
vivo, including the corneal endothelium, the iris, the TM,
and monocytes. Corneal endotheliitis and HAU could be the
specific stage of anterior segment infection of CMV. In addi-
tion, both viral infection and the immune response play an
important role in the pathogenesis of corneal endothelium
and iris injury and elevated IOP. The local immunosuppres-
sive state might be more consistent with the microenviron-
ment of CMV-associated diseases.
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