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PURPOSE. Extensive death of uninfected bystander neuronal cells is an important component
of the pathogenesis of cytomegalovirus retinitis. Our previous results have shown that
caspase 3–dependent and –independent pathways are involved in death of uninfected
bystander cells during murine cytomegalovirus (MCMV) retinitis and also that Bcl-2, an
important inhibitor of apoptosis via the Bax-mediated mitochondrial pathway, is downregulated during this process. The purpose of this study was to determine whether Bax-mediated
mitochondrial damage has a significant role in the death of uninfected retinal cells.
METHODS. BALB/c mice, Bax/ mice, or Baxþ/þ mice were immunosuppressed with
methylprednisolone and infected with 5 3 103 plaque-forming units (PFU) of the K181 strain
of MCMV via the supraciliary route. Injected eyes were analyzed by plaque assay, electron
microscopy, hematoxylin and eosin (H&E) staining, TUNEL assay, Western blot (for caspase 3,
caspase 12, Bax, receptor interacting protein-1 [RIP1] and receptor interacting protein-3
[RIP3]), as well as immunohistochemical staining for MCMV early antigen and cleaved caspase
3.
RESULTS. Significantly more Bax was detected in mitochondrial fractions of MCMV-infected
eyes than in mitochondrial fractions of mock-infected control eyes. Furthermore, the level of
cleaved caspase 3 was significantly lower in MCMV-infected Bax/ eyes than in MCMVinfected Baxþ/þ eyes. However, more caspase 3–independent cell death of uninfected
bystander retinal cells and more cleaved RIP1 were observed in Bax/ than in Baxþ/þ eyes.
CONCLUSIONS. During MCMV retinitis, Bax is activated and has an important role in death of
uninfected bystander retinal cells by caspase 3–dependent apoptosis. Although the exact
mechanism remains to be deciphered, active Bax might also prevent death of some types of
uninfected retinal cells by a caspase 3–independent pathway.
Keywords: murine cytomegalovirus, retinitis, apoptosis, Bax

uman cytomegalovirus (HCMV) retinitis is a serious ocular
complication in patients immunosuppressed as a result of
acquired immunodeficiency syndrome (AIDS), chemotherapy,
or malignancy, and in newborns who are congenitally
infected.1–5 Although highly active antiretroviral therapy
(HAART) has resulted in a significant decrease in the number
of new cases of AIDS-related HCMV retinitis, the disease
continues to be a chronic sight-threatening ophthalmologic
problem among AIDS patients who do not respond to HAART
or who discontinue therapy.6–10 The HIV infection is now a
chronic disease with survival after infection estimated at >14
years.11 However, because of late testing among many high-risk
patients, approximately one-third of patients with newlydiagnosed HIV infection in the United States will still have
progression to AIDS within one year of diagnosis,12 resulting in
a population at ongoing risk for HCMV retinitis.
Although retinal necrosis is one of the hallmarks of HCMV
retinitis, apoptotic cells have been observed during microscopic examination of biopsied eyes from HCMV retinitis pa-

tients.13–15 Our laboratory has used a mouse model in which
injection of murine cytomegalovirus (MCMV) into the supraciliary space of immunosuppressed mice causes retinal
infection with histopathologic features that mimic those
observed in ocular specimens obtained from human patients.16–21 Although MCMV infects specific types of retinal
neurons, such as horizontal cells and bipolar cells at an early
stage of infection,21 other types of retinal neuronal cells, such
as rod and cone photoreceptors, amacrine cells, and ganglion
cells, are rarely infected with MCMV.21 Virus-infected cells are
protected from premature death by several MCMV encoded
proteins, which inhibit apoptosis and programmed necrosis (or
necroptosis), allowing the virus to complete its replication
program and produce abundant progeny.22–24 Paradoxically,
uninfected bystander cells located throughout the neural retina
undergo cell death, leading to marked disruption of retinal
architecture and eventual blindness.18 Increasing evidence
suggests that apoptosis of uninfected bystander neuronal cells
appears to be an important component of the pathogenesis of
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CMV retinitis.13–15,18–21,25–28 Multiple apoptosis inducers,
including TNF-a,25–28 Fas ligand,15 and iNOS,28 have been
detected in HCMV- and MCMV-infected retinal tissue or retinal
cells. Caspase 3–dependent and –independent apoptosis has
been demonstrated during MCMV retinitis.25,28 Since Bcl-2, an
important inhibitor of the mitochondrial pathway, is downregulated and tBid, a proapoptotic factor in the mitochondrial
pathway, is upregulated during MCMV retinitis,25 we hypothesized that mitochondrial damage has a significant role in the
apoptosis of uninfected retinal cells. Bax-induced mitochondrial outer membrane permeabilization (MOMP) is considered
to be one of the key control switches of apoptosis.29
Therefore, the purpose of this study was to test this hypothesis
by comparing MCMV-induced apoptosis in Bax/ and Baxþ/þ
mice.

METHODS
Virus and Virus Titration
The original stock of MCMV strain K181 was kindly provided
by Edward Morcarski, PhD, Emory University, Atlanta, Georgia,
United States. Virus was prepared from the salivary glands of
MCMV-infected BALB/c mice as described previously.16 The
titer of the virus stock was determined by plaque assay on
mouse embryonic fibroblast (MEF) cells. Aliquots of stock virus
were stored at 708C, and a fresh aliquot was thawed and
diluted to the appropriate concentration for each experiment.

Mice
The BALB/c mice and Baxþ/ mice (strain name, B6.129X1Baxtm1Sjk/J; stock number, 002994) were purchased from the
Jackson Laboratory (Bar Harbor, ME, USA) and Bax/ and
Baxþ/þ mice were obtained by crossing two Baxþ/ parental
mice. Adult (6~8 weeks old) mice were used in all
experiments. Mice were housed in accordance with National
Institutes of Health (NIH) guidelines. Mice were maintained on
a 12-hour light cycle alternating with a 12-hour dark cycle and
were given unrestricted access to food and water. All ocular
injections were performed following anesthesia with a mixture
of 42.9 mg/mL ketamine, 8.57 mg/mL xylazine, at a dose of 0.5
to 0.7 mL/kg body weight. The treatment of animals in this
study conformed to the ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research, and was approved by the
Institutional Animal Care and Use Committee of Georgia
Regents University.

Antibodies
The antibodies used in this study were obtained from the
following sources: anti-cleaved caspase 3, anti-caspase 12, and
anti-receptor interacting protein 1 (RIP1) were from Cell
Signaling Technology, Inc. (Danver, MA, USA). Anti-b-actin was
from Sigma-Aldrich Corp. (St. Louis, MO, USA). Texas Redlabeled Avidin and Texas Red–labeled anti-rabbit IgG were from
Vector Laboratories, Inc. (Burlingame, CA, USA). Anti-RIP3,
goat anti-rabbit IgG-HRP, and goat anti-mouse IgG-HRP were
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Experimental Plan
Mice were immunosuppressed (IS) by intramuscular injection
of 2.0 mg sterile methylprednisolone acetate suspension every
3 days beginning on day 2. This treatment typically depletes
93% of the CD4þ and CD8þ T cells as well as macrophages from
MCMV-infected mice as assayed by flow cytometry of
splenocytes.17 Mice were injected with 1 3 104 plaque-forming

Downloaded from iovs.arvojournals.org on 06/20/2019

IOVS j November 2014 j Vol. 55 j No. 11 j 7138
units (PFU) of MCMV contained in a volume of 2 lL via the
supraciliary route on day 0 and euthanized at various time
points after infection. Enucleated eyes were homogenized in
serum-free tissue culture medium using a handheld tissue
homogenizer (Biospec Products, Inc., Racine, WI, USA) and
plated on MEF cells for measurement of virus titer. Eyes of
additional mice were removed and prepared for immunohistochemistry, electron microscopy (EM), or Western blot
analysis.

Immunohistochemistry
Anti-MCMV early antigen (EA)21 was labeled with FITC (SigmaAldrich Corp.) or biotinylated (Sulfo-NHS-LC-Biotin; Pierce,
Rockford, IL, USA) according to the manufacturer’s instructions. Injected eyes were embedded in optimal cutting
temperature (OCT) compound (Tissue-Tek; VWR Scientific,
Houston, TX, USA), snap frozen, and sectioned on a cryostat.
Frozen sections were fixed with 4% paraformaldehyde for 15
minutes. For double staining with TUNEL and MCMV EA,
sections were first stained with TUNEL (In Situ Cell Death
Detection Kit, Fluorescein; Roche Diagnostics, Indianapolis,
IN, USA) according to the manufacturer’s instructions. After
washing and blocking, biotinylated anti-EA was applied to the
section, followed by Texas Red-labeled Avidin. For double
staining of cleaved caspase 3 and MCMV EA, sections were first
stained with rabbit anti-mouse cleaved caspase 3 followed by
Texas Red–labeled anti-rabbit IgG. After washing and blocking,
sections were stained with FITC-labeled anti-MCMV EA. Slides
were mounted with anti-fade medium containing 4 0 6-diamidino-2-phenylindole (DAPI, Vectashield; Vector Laboratories,
Inc.) and examined on an Axioplan 2 microscope (Zeiss,
Inc., Jena, Germany). Images were analyzed using Axiovision
Rel. 4.7 software.

Western Blot Analysis
Proteins were extracted from normal eyes, MCMV-injected
eyes, or medium-injected eyes as described previously.25,27,28
Mitochondrial and cytosolic fractions were collected as
described by Wei et al.30 Briefly, fresh or frozen eye tissues
were homogenized in a lysis buffer containing 0.27 M sucrose,
1 mM ethylene glycol tetraacetic acid (EGTA), 5 mM Tris-HCl
(pH 7.4). Homogenates were centrifuged at 600g for 10
minutes at 48C to remove cell debris, and nuclei and
supernatants were collected and centrifuged at 10,000g for 5
minutes at 48C. The pellet, containing the mitochondrial
fraction, was washed three times and dissolved in lysis buffer.
The supernatants from the 10,000g centrifugation were
recentrifuged at 100,000g for 60 minutes to collect the
cytosolic fraction. Western blot analysis was performed as
previously described.25,27,28 Briefly, equal amounts of proteins
were loaded for SDS-PAGE, followed by electroblotting onto
polyvinylidene difluoride (PVDF) membranes (GE Healthcare,
Piscataway, NJ, USA). Following blocking with 5% nonfat dry
milk for 1 hour at room temperature, membranes were
incubated overnight at 48C with primary antibody and for 1
hour at room temperature with horseradish peroxidase (HRP)–
conjugated secondary antibody. Immune complexes were
detected using chemiluminescence (ECL; GE Healthcare) and
exposure to x-ray film. To verify equal loading among lanes,
membranes were stained with anti-b-actin. The density of each
band was analyzed using Image J software (NIH).

Electron Microscopy (EM)
Eyes of experimental and control mice were fixed in 2%
glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate
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buffer overnight at 48C, washed in cacodylate buffer, postfixed
with 4% osmium tetroxide for 1 hour at room temperature,
dehydrated in a graded ethanol series, and embedded in resin
(Pure Embed 812 mixture; Electron Microscopy Science,
Hatfield, PA, USA). Ultrathin sections were stained with uranyl
acetate and lead citrate, and visualized in an electron
microscope (Jem 1230; JEOL, Tokyo, Japan). Quantification
of apoptotic cells was performed by counting the number of
apoptotic cells in a 45 3 45 lm area of the electron
micrographs and expressed as the mean number of apoptotic
cells 6 SEM.

Retinitis Scoring
To analyze the extent of retinopathy, a scoring system was
used. This was modified from a previously published study.16
Frozen sections were fixed with 4% paraformaldehyde for 15
minutes, and stained with hematoxylin and eosin (H&E). Six
sections were evaluated per eye, and changes in the posterior
segment of each section were evaluated microscopically as
follows: 0, normal or injection artifact; 1/2, mild atypical
retinopathy defined as absence of cytomegaly plus retinal folds
involving less than three-quarters of the retinal section; 1,
moderate atypical retinopathy defined as absence of cytomegaly plus retinal folds involving more than three-quarters of the
retinal section plus photoreceptor atrophy or retinal infiltration by leukocytes involving more than one-quarter of the
retina; 2, retinal infection defined as cytomegaly of retinal cells
plus partial-thickness retinal necrosis or full-thickness necrosis
extending from the ciliary body, but not beyond one-quarter of
the retinal section from the ciliary body; 3, necrotizing retinitis
defined as cytomegaly plus full-thickness retinal necrosis
existing further than one-quarter of a retinal section from the
ciliary body or full-thickness retinal necrosis extending from
the ciliary body through one quarter of the section; 4, severe
necrotizing retinitis defined as cytomegaly with full-thickness
necrosis involving the entire retinal section. The average score
for all retinal sections of each eye was used to determine the
mean retinal score. Data were analyzed using GraphPad Prism
5 (GraphPad Software, La Jolla, CA, USA) to determine if
significant differences existed between treatment groups.

Statistical Analysis
All data were expressed as means 6 SEM, with n representing
the number of mice used in each of the experimental groups.
Statistical analyses were used to determine the significance of
observed differences between treatment groups in all experiments. Statistical significance was calculated by means of
either a 2-tailed t-test or 1-way ANOVA with Bonferroni’s post
hoc test using the GraphPad Prism 5 Analysis tool. P values
< 0.05 were considered to be significant.

FIGURE 1. (A) Western blot showing Bax expression in the mitochondrial fraction from injected eyes of IS BALB/c mice, either mockinfected (MOCK) or MCMV-infected at day 7 after injection. (B) Ratio of
Bax to Hsp60. Data are shown as mean 6 SEM (n ¼ 4) and compared
by a 2-tailed t-test. **P < 0.01.

isolated from MCMV-infected and mock-infected control eyes,
and Bax expression was analyzed by Western blotting. As
shown in Figure 1, more mitochondrial Bax was detected in
MCMV-infected eyes than in control eyes, confirming that Bax
is activated during MCMV retinitis.

Viral Spread and Replication in Bax/ Mice
To determine if Bax has a role in the death of bystander retinal
cells during MCMV infection, Bax/ and Baxþ/þ mice were
immunosuppressed and infected with the K181 strain of
MCMV. Injected eyes were removed at day 7 after infection and
virus titers were determined by plaque assay. As shown in
Figure 2, the titer of virus in injected eyes of Bax/ mice and
Baxþ/þ control mice was similar. The MCMV injected eyes and
uninfected control eyes also were sectioned, fixed, stained
with H&E, and scored for retinitis.16 As shown in Figures 3A

RESULTS
Bax is Activated and Translocated to the
Mitochondria During MCMV Infection
Bax is normally constrained in an inactive form in the cytosol
through interactions between its groove and transmembrane
domains. Upon reception of apoptotic stimuli, Bax is activated
and translocated to the mitochondria, forming oligomeric
pores with other molecules on the outer membrane, resulting
in the release of apoptogenic factors, such as cytochrome c,
and apoptosis-inducing factor (AIF).30–32 To determine if Bax is
activated during MCMV infection, we analyzed Bax accumulation in mitochondria. To this end, mitochondrial fractions were
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FIGURE 2. Titer of MCMV (Log10 6 SEM PFU/mL) in MCMV-injected
eyes of IS Baxþ/þ and Bax/ mice at day 7 after injection. Data are
shown as mean 6 SEM (n ¼ 4). Statistical analysis by 2-tailed t-test
indicated no significant difference between the 2 groups.
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FIGURE 3. (A–D) Representative photomicrographs of H&E staining in uninjected and MCMV-injected eyes of IS Baxþ/þ and Bax/ mice at day 7
after injection. (E) Scoring of retinitis in MCMV-injected eyes of IS Baxþ/þ and Bax/ mice at day 7 after injection. Data are shown as mean 6 SEM (n
¼ 5) and compared by a 2-tailed t-test. *P < 0.05.

and 3B, the retinal structure of uninfected Bax/ mice was
indistinguishable from that of control Baxþ/þ mice. Cytomegalic cells were present in the inner retina, as well as in the retinal
pigment epithelium in infected Baxþ/þ (Fig. 3C) and infected
Bax/ (Fig. 3D) eyes. Additionally, the infected eyes in both
groups exhibited shortening of the photoreceptors, atypical
folding of the retinal layers, as well as leukocytes infiltration.
However, the spread of MCMV in the inner retina was more
extensive and retinitis was more severe in the injected eyes of
Bax/ mice (Fig. 3D) than in those of Baxþ/þ control mice (Fig.
3C). The average section score of infected eyes of Bax/ mice
was significantly higher than those of control mice (Fig. 3E).

Caspase 3–Dependent Apoptosis in Bax/ Mice
To investigate whether caspase 3–dependent apoptosis was
affected by Bax deficiency, relative levels of cleaved caspase 3
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were determined in injected eyes of Bax/ and Baxþ/þ mice by
Western blot. Cleaved caspase 3 was not detected in mockinjected eyes of immunosuppressed Bax/ and Baxþ/þ mice. In
contrast, cleaved caspase 3 was detected in MCMV-injected eyes
of Bax/ and Baxþ/þ mice (Fig. 4A), and quantification of band
density showed significantly lower levels of cleaved caspase 3 in
injected eyes of Bax/ mice than in those of Baxþ/þ mice (Fig.
4B). To investigate whether decreased caspase 3–dependent
apoptosis was localized to virus-infected cells or uninfected
bystanders, sections of MCMV-injected eyes and mock-injected
control eyes were stained with cleaved caspase 3 and MCMV EA.
The MCMV EA–positive virus-infected cells were observed in the
ciliary body (not shown), choroid, RPE layer, and inner retina in
the injected eyes of Bax/ and Baxþ/þ mice (Figs. 4C, 4D).
However, fewer cleaved caspase 3–positive cells were observed
in the inner retinas of Bax/ (Fig. 4D) than in the retinas of
Baxþ/þ (Fig. 4C) injected eyes. In injected eyes of Bax/ and
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FIGURE 4. (A) Western blot of cleaved caspase 3 in MOCK-injected and MCMV-injected eyes of IS Baxþ/þ and Bax/ mice at day 7 after injection. (B)
Ratio of cleaved caspase 3 to b-actin. Data are shown as mean 6 SEM (n = 4) and compared by ANOVA. *P < 0.05, Baxþ/þ, MCMV versus Bax3/3,
MCMV. (C, D) Merged photomicrographs (3200) of staining for MCMV EA (green), cleaved caspase 3 (red), and DAPI (blue) in MCMV-injected eyes
of an IS Baxþ/þ and an IS Bax/ mouse at day 7 after injection. (E, F) Merged photomicrographs (3200) of staining for MCMV EA (red), TUNEL
(green), and DAPI (blue) in MCMV-injected eyes of an IS Baxþ/þ and an IS Bax/ mouse at day 7 after injection. (G) Quantification of the number of
TUNEL-positive cells in retinas of MCMV-injected Baxþ/þ eyes and MCMV-injected Bax/ eyes at day 7 after injection. The average number of
TUNEL-positive cells for all retinal sections of each eye was used to determine the mean number of TUNEL-positive cells. Data are shown as the
mean 6 SEM (n = 4) and compared by 2-tailed t-test. *P < 0.05.
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Baxþ/þ mice, the majority of cleaved caspase 3–positive cells in
the inner retina were MCMV-uninfected cells (Figs. 4C, 4D),
suggesting that depletion of Bax resulted in decreased death of
bystander cells by caspase 3–dependent apoptosis.

Caspase 3–Independent Cell Death
Although depletion of Bax reduced caspase 3–dependent
apoptosis, a more severe retinal disruption was observed in
MCMV-infected Bax/ mice. Since our previous results
suggested that caspase3-dependent and –independent pathways are involved in the death of bystander retinal cells during
MCMV retinitis,25,28 we determined whether Bax depletion
affects caspase 3–independent death of bystander retinal cells
during MCMV retinal infection. Using the TUNEL assay
combined with MCMV EA staining, we observed that, in
contrast to cleaved caspase 3 staining (Figs. 4C, 4D),
significantly more TUNEL-positive cells were observed in the
inner retinas of Bax/ injected eyes than in the inner retinas of
Baxþ/þ injected eyes (Figs. 4E–G). Consistent with our previous
observations, the majority of TUNEL-positive cells were
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uninfected (MCMV EA–negative) bystander retinal cells in
both groups (Figs. 4E, 4F).
To augment the light microscopy studies, additional
injected eyes were subjected to EM to determine the number
of cells featuring hallmarks characteristic of apoptosis.21 As
shown in Figure 5, significantly more apoptotic photoreceptor
cells were observed in the outer nuclear layer of Bax/ mice
than in the outer nuclear layers of wild type Baxþ/þ mice (6.67
6 3.79 vs. 2.53 6 1.80; n ¼ 15, P < 0.001) . These apoptotic
photoreceptor cells exhibited nuclear shrinkage and prominent chromatin condensation.21 In contrast, nuclear fragmentation was rarely seen in the retinas of MCMV-infected Bax/
or wild type Baxþ/þ mice. Although the majority of photoreceptors with an apoptotic nuclear morphology also had
shrinkage and condensation of the cytoplasm (Fig. 5, arrows),
a few also exhibited a marked loss of cytoplasm due to cell lysis
(Fig. 5, arrowhead).
The TUNEL and EM results suggested that depletion of Bax
increases caspase 3–independent apoptosis-like cell death. Since
our previous results suggested that ER stress and caspase 12
activation are induced by ocular MCMV infection,25 activation of
caspase 12 might induce release and translocation of AIF from

FIGURE 5. (A, B) The EMs showing photoreceptors exhibiting typical features of apoptosis (nuclear shrinkage and strong chromatin condensation,
arrows) in the outer nuclear layer of MCMV-injected eyes of an IS Baxþ/þ and an IS Bax/ mouse at day 7 after injection. A few photoreceptors with
nuclear condensation also exhibited a marked loss of cytoplasm due to cell lysis (arrowhead). (C) Quantification of the number of photoreceptor
cells characterized with apoptosis-like cell death in retinas of MCMV-injected Baxþ/þ and Bax/ eyes at day 7 after injection. Data are shown as mean
6 SEM (n ¼ 15 fields) and compared by a 2-tailed t-test. ***P < 0.001.
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FIGURE 6. (A) Western blot of cleaved caspase 12 in MOCK-injected and MCMV-injected eyes of IS Baxþ/þ and Bax/ mice at day 7 after injection.
(B) Ratio of cleaved caspase 12 to b-actin. Data are shown as mean 6 SEM (n ¼ 4) and compared by ANOVA. *P < 0.05, Baxþ/þ, MCMV versus Bax/,
MCMV. (C) Western blot of RIP1 and RIP3 in MOCK-injected and MCMV-injected eyes of IS Baxþ/þ and Bax/ mice at day 7 after injection. The
membrane was initially stained with anti-RIP1 and anti-b-actin and subsequently with anti-RIP3 after treatment with stripping buffer. (D) Ratio of
cleaved RIP1 to b-actin. Data are shown as mean 6 SEM (n ¼ 4) and compared by ANOVA. *P < 0.05, Baxþ/þ, MCMV versus Bax/, MCMV. (E) Ratio
of full length RIP1 to b-actin. Data are shown as mean 6 SEM (n ¼ 4) and compared by ANOVA. *P < 0.05, Baxþ/þ, MCMV versus Bax/, MCMV. (F)
Ratio of full length RIP3 to b-actin. Data are shown as mean 6 SEM (n ¼ 4) and compared by ANOVA. *P < 0.05, Baxþ/þ, MCMV versus Bax/,
MCMV.

the mitochondria to the nucleus33 and cause AIF-induced
caspase-independent apoptosis-like cell death.34–36 To determine if increased cell death in Bax/ injected eyes was related
to caspase 12 activation, cleaved caspase 12 was measured by
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Western blot in MCMV-injected eyes and mock-injected control
eyes. Consistent with previous observations,25 cleaved caspase
12 was increased in wild type mice after MCMV infection.
However, lower levels of cleaved caspase 12 were detected in
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MCMV injected Bax/ eyes (Figs. 6A, 6B), suggesting that
increased caspase 3–independent apoptosis-like cell death in
Bax/ injected eyes was not related to caspase 12 activation.
Necroptosis, a form of programmed necrosis dependent on
two related RIP homotypic interaction motif (RHIM)–containing signaling adaptors, RIP1 and RIP3,37 may also have a role in
retinal cell death during MCMV retinitis. Although initially
considered specific to apoptosis-like cell death, AIF also has
been implicated in necroptotic death induced by DNA damage,
such as that triggered by MMNG38–40 (AIF-mediated necroptotic
death is also called parthanatos41). In this case, AIF is released
from the mitochondrial intermembrane space following the
overactivation of poly(ADP-ribose) polymerase 1 (PARP1).
Chemical inhibition or genetic ablation of PARP1, as well as
of AIF, prevents DNA-damage–induced death.38–40 The RIP1 and
RIP3 are activated during MCMV ocular MCMV infection,42
suggesting that necroptosis also might be involved in death of
bystander retinal cells. To determine if necroptosis is affected
by Bax depletion, Western blots were performed to measure
expression of RIP1 and RIP3. Although more cleaved RIP1 was
detected after MCMV ocular infection in knockout and wild
type mice compared to control, mock-infected mice, a
significantly higher level of cleaved RIP1 was detected in
MCMV-infected Bax/ eyes than in MCMV-infected Baxþ/þ eyes
(Figs. 6C, 6D; P < 0.05, compared by ANOVA). Levels of full
length RIP1 (Figs. 6C, 6E) and RIP3 (Figs. 6C, 6F) were lower in
MCMV-infected Bax/ eyes than in MCMV-infected Baxþ/þ eyes.

DISCUSSION
The experiments presented herein provided evidence that Bax
is activated and has an important role in death of uninfected
bystander retinal cells by caspase 3–dependent apoptosis
during MCMV retinitis. Although the exact mechanism remains
to be deciphered, depletion of Bax increases death of some
types of uninfected retinal cells by a caspase 3–independent
pathway.
Apoptosis is an actively controlled process of cell suicide
characterized by distinctive morphological and biochemical
changes that occur in response to a wide variety of stimuli43
and is important in eliminating cells whose survival otherwise
might prove harmful to the organism as a whole, thereby
providing a defense against viral infection and the development of cancer. Mitochondria have a critical role in apoptosis
by releasing the apoptogenic factor cytochrome c from the
intermembrane, which further triggers caspase 3 activation.44
This process, known as MOMP, is tightly regulated by the Bcl-2
family proteins. Proapoptotic Bcl-2 family members, Bax and
Bak, change their conformation when activated by BH3
domain-only proteins and permeabilize the mitochondrial
outer membrane (MOM), whereas prosurvival members inhibit
permeabilization.45 Our results demonstrated that depletion of
Bax significantly reduces death of uninfected bystander retinal
cells by caspase 3–dependent apoptosis, supporting our
hypothesis that Bax-mediated mitochondrial damage has an
important role in caspase 3–dependent apoptosis in the retina.
Our results also suggested that Bax is important for
preventing and/or limiting MCMV spread in the inner retina,
since more extensive retinal infection and more severe retinitis
were observed in Bax/ eyes than in Baxþ/þ eyes. Since virusinfected cells can be destroyed by apoptotic processes,46–48
the induction of early cell death would severely limit virus
production and thereby reduce or eliminate spread of progeny
virus in the host. Cytomegalovirus encodes the m38.5 protein,
which binds cytosolic Bax; thus, preventing MOMP.49–52 The
m38.5 should prevent Bax-mediated mitochondrial damage
efficiently in most MCMV-infected ocular cells since similar
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amounts of MCMV were recovered from Bax/ and Baxþ/þ
eyes and the majority of virus-infected cells were not TUNELpositive, nor did they contain high levels of cleaved caspase 3.
However, we cannot discount the possibility that the efficiency
of binding of m38.5 might vary among cell types, and,
therefore, active Bax might still have a role in inducing
premature cell death of certain retinal cells and limit viral
spread inside the retina. Our previous results showed that loss
of photoreceptor cells correlated with spread of MCMV from
the initial site of infection in the RPE layer to Müller cells
during MCMV retinitis.21 Therefore, increased cell death of
photoreceptors in Bax/ mice should allow virus to spread
more widely within the retina and increase retinal damage.
Depletion of Bax increases caspase 3–independent apoptosis-like cell death of photoreceptors as well as RIP1 activation
during MCMV retinal infection. The RIP1 is an important
upstream kinase that exerts strategic control over multiple
cellular pathways involved in regulating inflammation and cell
death.53 The RIP1 regulates inflammatory signaling in response
to stimuli, such as TNF and ligands of the toll-like receptor
(TLR) family in kinase-dependent and -independent manners.54,55 Furthermore, RIP1 kinase is a crucial upstream
regulator of necroptosis.37–40,54 Although the exact mechanism
of how and where RIP1 is activated, and the roles it has during
MCMV retinitis remain to be determined, this unexpected
result suggests that Bax might have an important role in
prevention of cell death by necroptosis. The PARP1- and AIFmediated necroptosis (parthanatos) has been shown convincingly to contribute to the death of neurons exposed to a variety
of cytotoxic stimuli in vivo.41 Such neurotoxic triggers include,
but presumably are not limited to methylnitronitrosoguanidine
(MNNG),38–40 N-methyl-d-aspartate (NMDA),56,57 glutamate,58
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),59 irradiation,60 trauma,61,62 retinal detachment,63 and perinatal64–66 as
well as adult cerebral ischemia.67–69 Additional studies using
RIP3/, and Bax//RIP3/ double knockout mice, and
chemical inhibition or genetic ablation of PARP1 or AIF are
needed to define the roles that PARP1- and AIF-mediated
necroptosis might have in the death of uninfected bystander
retinal cells, and how the processes of apoptosis and
necroptosis interact during the evolution of cytomegalovirus
retinitis. Supplementary Material includes TUNEL assay and
H&E staining in uninfected control eyes (Supplementary Fig.
S1) and Western blot of other BH3 domain proapoptotic
proteins (Supplementary Fig. S2).
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