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PURPOSE. Previous studies indicate that the upregulation of �A
crystallin prevents photoreceptor mitochondrial oxidative
stress–mediated apoptosis in experimental autoimmune uveitis
(EAU). In this study, the role of TLR4 was investigated in the
upregulation of �A crystallin in the retinas of animals with
EAU.

METHODS. TLR4�/�, iNOS�/�, TNF-��/�, MyD88�/�, wild-type
(WT) control (C57BL/6), and nude mice (B6.Cg-Foxn1nu) were
immunized with IRBP mixed with complete Freund’s adjuvant;
eyes were enucleated on day 7 after immunization. Real-time
polymerase chain reaction was first used to detect upregulated
inflammatory cytokines and �A crystallin in retinas with EAU;
confirmed with Western blot analysis, and the site of upregu-
lation was localized by immunohistochemistry. Oxidative
stress was localized using 8-OHdG, and TUNEL staining was
used to detect apoptosis.

RESULTS. In early EAU, increased expression of TNF-�, iNOS,
and �A crystallin genes were detected in the retinas of WT
mice, whereas such upregulation was absent in TLR4-deficient
mice (P � 0.001). �A Crystallin was not elevated in MyD88�/�,
TNF-��/�, and iNOS�/� mice with EAU. Immunostaining re-
vealed TNF-�, iNOS, and �A crystallin localization in the pho-
toreceptor inner segments and outer plexiform layer in the WT
controls with EAU; but such staining was absent in TLR4-
deficient mice with EAU. 8-OHdG staining showed oxidative
stress in the photoreceptors in WT mice with EAU and there
was no apoptosis.

CONCLUSIONS. TLR4 plays an important role in the upregulation
of �A crystallin through the interaction of MyD88 and the
subsequent generation of TNF-� and iNOS in the EAU retina.
Such crystallin upregulation may prevent oxidative stress–me-
diated apoptosis of photoreceptors in uveitis. (Invest Ophthal-
mol Vis Sci. 2010;51:3680–3686) DOI:10.1167/iovs.09-4575

Uveitis constitutes a diverse group of entities in which
oxygen metabolites play a role in retinal photoreceptor

apoptosis and amplification of inflammation, leading to signif-
icant vision loss and other ocular morbidities.1 This intraocular

inflammatory disease is a leading cause of blindness, primarily
because of retinal photoreceptor degeneration.2 A robust ani-
mal model of uveitis that closely resembles human uveitis is
experimental autoimmune uveitis (EAU).3 Blood-borne acti-
vated macrophages are major effectors of retinal tissue damage
observed during EAU.4–6 However, recent studies show that
oxidative stress, peroxynitrate-mediated nitration of photore-
ceptor mitochondrial proteins, including cytochrome c, occurs
in early EAU before the leukocytes infiltrate the retina.7–9

These observations suggest that mitochondrial oxidative stress
could be the initial pathologic effector event in EAU-related
photoreceptor damage. However, previous studies largely ig-
nored the early events in the inflammatory process that lead to
photoreceptor cell apoptosis and regulatory or protective
mechanisms in the retina.2,5,6,9–14

A recent study revealed that �A-crystallin is highly upregu-
lated in the retina during early EAU; this upregulation is local-
ized primarily in the photoreceptor inner segments, the site of
mitochondrial oxidative stress in early EAU, and the photore-
ceptors preferentially use �A-crystallin to abrogate mitochon-
drial oxidative stress-mediated apoptosis.15 Although the path-
way leading to �A-crystallin upregulation has not been studied
thoroughly in EAU, the upregulation of crystallins during early
EAU suggests a role for the innate immune response.

Toll-like receptors (TLRs), a group of transmembrane pro-
teins, play a crucial role in innate immune response16 and in
the generation of TNF-�.17 Among the various TLRs, in vitro
studies suggest that activation of TLR4, the first-characterized
mammalian Toll,18 can cause mitochondrial oxidative stress in
central nervous system neurons and hepatocytes.19 In addition,
TLR4 has been genetically identified as an essential and nonre-
dundant component of the lipopolysaccharides receptor sig-
naling complex that controls innate immune response in
vivo.20–22

The present study was designed to investigate the role of
TLR4 in the initiation of �A-crystallin upregulation through the
interaction of its adaptor protein MyD88 and other molecules
in the signal transduction pathway in the retinas of animals
with early EAU and its distribution at the sites of oxidative
stress.

MATERIALS AND METHODS

Induction and Detection of EAU in the Retina

Animal care and use was in compliance with institutional guidelines
and with the ARVO Statement for the Use of Animals in Ophthalmic
and Vision Research. EAU was induced in 8-week-old C57BL/6 (wild-
type [WT]), B6.Cg-Foxn1nu (nude mice), TLR4�/�, iNOS�/�, TNF-��/�

mice (Jackson Laboratory, Bar Harbor, ME), and MYD88�/� mice
(kindly provided by Deming Sun, Doheny Eye Institute, Los Angeles,
CA). Induction of EAU was made by immunizing the mice with 150 �g
IRBP (1–20; GPTHLFQPSLVLDMAKVLLD) in PBS-emulsified 1:1 vol/vol
in complete Freund’s adjuvant (CFA) supplemented with MTB to 2.5
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mg/mL. A total of 300 �L emulsion was injected subcutaneously,
divided between the base of the tail and both thighs. Pertussis toxin
(0.5 �g/mouse) in PBS was given by intraperitoneal injection concur-
rently with immunization.23 Nonimmunized WT mice, nonimmunized
TLR4�/�, and WT mice injected with CFA and pertussis toxin alone
served as controls.

Detection of Upregulated Genes by Real-time PCR
in Early EAU

Six mice induced with EAU from each group of nude, TLR4�/�,
iNOS�/�, TNF-��/�, MyD88�/�, and WT mice, along with nonimmu-
nized WT and TLR4�/� mice, were euthanatized on day 7 after immu-
nization (early EAU). Eyes from each group were enucleated, and the
retinas were dissected without lens material contamination. RNA was
extracted using reagent (Trizol; Invitrogen, Carlsbad, CA) from each
group of retinas. The cDNA template was generated using the reverse
transcription kit (Promega, Madison, WI). Real-time polymerase chain
reaction (PCR) was performed to detect gene expression levels of
TNF-�, iNOS, and �A crystallin. Each 25-�L PCR reaction mixture
contained a master mix (SYBR Green I; Bio-Rad Laboratories, Hercules,
CA); 0.5 �M gene-specific primers for TNF-�, iNOS, and �A; and
the cDNA template. In the quantification analysis, glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as a normalizing gene
(Table 1).

PCR reactions for each gene in each experiment were performed in
triplicate on each cDNA template, along with triplicate reactions of the
housekeeping gene GAPDH. Dissociation melting curve analysis was
used to check the specificity of PCR amplification products. The
threshold cycle (Ct) difference between the experimental and control
groups, for each gene in each tissue, was calculated and normalized to
GAPDH, and the increase (x-fold) in mRNA expression was determined
by the 2-��Ct method.24

Statistical analysis of ��Ct was performed with ANOVA followed
by Tukey-Kramer multiple comparison test for three independent sam-
ples, with significance set as P � 0.05 using statistical software (InStat;
GraphPad, San Diego, CA). The experiments were performed in trip-
licate.

Western Blot Analysis of TNF-�, iNOS, and
�A Crystallin

On day 7 after immunization, retinas of five EAU mice each of nude,
WT, TLR4�/�, iNOS�/�, TNF-��/�, five WT mice injected with pertus-
sis toxin and CFA alone, and five nonimmunized WT (control) mice
were dissected, homogenized, and lysed in protein extraction buffer
(M-PER; Thermo Scientific, Waltham, MA) containing protease inhibi-
tors (Calbiochem, San Diego, CA). The homogenates were then soni-
cated for 30 seconds and centrifuged at 13,000 rpm for 20 minutes at
4°C. Protein quantification of the supernatant was determined using
bovine serum albumin as the standard (Bio-Rad Laboratories). Equal
amounts of protein samples were loaded and run on SDS-PAGE (15%
Tris-HCl polyacrylamide ready gels [Bio-Rad Laboratories]; to detect
iNOS, 7.5% Tris-HCl polyacrylamide ready gels were used (Bio-Rad
Laboratories). After electrophoresis, proteins were transferred onto
polyvinylidene difluoride membranes (Bio-Rad Laboratories) using a
transblot semidry system. The membranes were blocked using 5% skim
milk and then probed with a polyclonal anti–�A-crystallin (Stressgen,
Ann Arbor, MI) at a 1:2500 dilution overnight at 4°C. Similarly, iNOS

and TNF-� were detected by probing the membranes with polyclonal
anti-iNOS (BD Transduction Laboratories, San Jose, CA) and monoclo-
nal TNF-� (Santa Cruz Biotechnology, Santa Cruz, CA), respectively,
with iNOS at a 1:2000 dilution and TNF-� at a 1:500 dilution. After
incubation for 45 minutes with the secondary antibody tagged with
horseradish peroxidase (anti-mouse or anti-rabbit, depending on the
primary antibody used; Santa Cruz Biotechnology), signals were de-

FIGURE 1. (A) Marked upregulation of TNF-�, iNOS, and �A crystallin
were found in WT mice with EAU retinas compared with nude mice
with EAU, TLR4�/� mice with EAU, and nonimmunized controls.
Upregulation of TNF-�, iNOS, and �A crystallin was also found in nude
mice with EAU compared with TLR4�/� mice with EAU and nonim-
munized controls. TNF-�, iNOS, and �A crystallin were all downregu-
lated in TLR4�/� mice with EAU compared with nonimmunized WT
controls. (B) TNF-�, iNOS, and �A crystallin were not upregulated in
MyD88�/� mice. iNOS and �A crystallin were not elevated in TNF-
��/� mice. Similarly, there was no upregulation of �A crystallin or
TNF-� in iNOS�/� mice. Gene expression of TNF-�, iNOS, and �A
crystallin during early EAU in C57BL/6 (WT), B6.Cg-Foxn1nu (nude),
TLR4�/�, MyD88�/�, TNF-��/�, and iNOS�/� mice by real-time PCR
analysis using gene-specific primers and normalized to GAPDH. The
relative multiple of change in mRNA expression was determined using
the 2-��Ct method. *P � 0.05; **P � 0.001.

TABLE 1. Sequence of Primers Specific for TNF-�, iNOS, and �A Crystallin Used for Real-time
PCR Analysis

Gene Forward Primer Reverse Primer

TNF-� CTACTCCCAGGTTCTCTTCAA GCAGAGAGGAGGTTGACTTTC
iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG
�A crystallin CAGGGACCACAGCAAAGAGT GCCACTTTCCAGGAAGACAG
GAPDH TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA
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tected by chemiluminescence system (Thermo Scientific). Equal pro-
tein loading of retinal lysates from each group of animals was con-
firmed by reprobing blots with a monoclonal antibody to �-actin.

Localization of �A Crystallin, NF�B, iNOS, and
TNF-� in the Early EAU Retina

Seven-micrometer cryosections were obtained from retinas of five early
EAU WT and TLR4�/� mice and five nonimmunized WT and TLR4�/�

control mice. To localize �A crystallin, iNOS, nuclear factor �B (NF�B),
and TNF-� retinal cryosections were probed at a 1:00 dilution with a
polyclonal anti–�A-crystallin (Stressgen), monoclonal anti-iNOS (BD
Transduction Laboratories), polyclonal anti-NF�B (Santa Cruz Biotech-
nology), and monoclonal TNF-� (Santa Cruz Biotechnology). The sec-
ondaries used (1:200 dilution) were either Cy-2–conjugated donkey
anti-rabbit IgG (Jackson ImmunoResearch Laboratories, Inc., West
Grove, PA) or Texas Red dye–conjugated donkey anti-mouse IgG
(Jackson ImmunoResearch Laboratories, Inc.), depending on the pri-
mary antibodies used. All sections were viewed by confocal micros-
copy (Carl Zeiss, Oberkochen, Germany). Isotype controls and PBS-
replaced primary antibody were used as the negative controls. The
experiments were performed in triplicate.

Localization of Oxidative DNA Damage and
Detection of Apoptotic Cells in the Early
EAU Retina

Seven-micrometer cryosections were obtained from retinas of five WT
EAU, TLR4�/� EAU, nonimmunized WT, and nonimmunized TLR4�/�

mice. 8-Hydroxy-deguanosine (8-OHdG) was detected using polyclonal
anti–8-OHdG (Chemicon, Temecula, CA) at 1:50 dilution and Texas
Red dye–conjugated donkey anti-goat IgG (Jackson ImmunoResearch
Laboratories, Inc.) at 1:200 dilution. All sections were viewed by
confocal microscopy. Isotype controls and PBS-replaced primary anti-
body were used as the negative controls. Experiments were performed
in triplicate. The TUNEL procedure was performed with an apoptosis
detection kit (In Situ Cell Death Detection Kit, TMR red; Roche Diag-

nostics, Indianapolis, IN) according to the manufacturer’s instructions.
Label solution was used in place of the enzyme solution as the negative
control, and positive control slides were treated (DNase I recombinant;
Roche Diagnostics). Staining was performed in triplicate and was
viewed with confocal microscopy.

RESULTS

Detection of Upregulated Genes by Real-time PCR
in Early EAU

In early EAU retinas, �A crystallin increased 10-fold in WT EAU
mice (P � 0.05) and 4.5-fold in nude mice with EAU (P � 0.05)
compared with nonimmunized WT controls. TLR4�/� mice
with EAU, on the other hand, showed a 2.7-fold decrease (P �
0.001) compared with WT controls. There was also a corre-
sponding increase in TNF-� in WT EAU and nude EAU mice
(3.6-fold and 1.8-fold, respectively; P � 0.05) and a correspond-
ing decrease in TNF-� in TLR4�/� mice with EAU (5.0-fold; P �
0.001) compared with WT controls. Similarly, iNOS increased
1.8-fold in WT EAU (P � 0.05), increased 1.5-fold in nude EAU
(P � 0.05), and decreased 3.2-fold in TLR4�/� EAU (P � 0.001)
mice compared with nonimmunized WT controls (Fig. 1A). In
the iNOS�/� and the TNF-��/� EAU mice, there was no signifi-
cant increase in �A Crystallin expression compared with WT
control mice (P � 0.05). Similarly, in the TNF-��/� mice, iNOS
was not upregulated; in the iNOS�/� mice, there was no signifi-
cant elevation of TNF-� expression during early EAU (P � 0.05).
TNF-�, iNOS, and �A crystallin were also not upregulated in
MyD88�/� mice in early EAU (P � 0.05) (Fig. 1B).

Western Blot Analysis of TNF-�, iNOS, and
�A Crystallin

In the retinal homogenates of WT EAU animals and WT control
animals, a prominent band of �A crystallin was detected, as

FIGURE 2. During early EAU, TNF-�,
�A crystallin, and iNOS were signifi-
cantly upregulated compared with
both nonimmunized WT control and
TLR4�/� mice with EAU (A, B).
There was no upregulation of �A
crystallin in iNOS�/� or in TNF-��/�

mice in early EAU (C). There was no
significant increase in the expression
of �A crystallin in the mice treated
with CFA and pertussis toxin (D; A,
WT control; B, WT injected with per-
tussis toxin). Equal amounts of total
retinal proteins from day 7 WT con-
trol, WT EAU, TLR4�/�, TNF-��/�,
and iNOS�/� mice with EAU and WT
mice injected with CFA and pertussis
toxin were separated on a 15% SDS-
polyacrylamide gel (7.5% gel for
iNOS). Protein bands were trans-
ferred to a nitrocellulose membrane
and probed with monoclonal TNF-�,
polyclonal anti–�A-crystallin, and
polyclonal anti-iNOS as the primary
antibodies and with corresponding
secondary antibodies tagged with
horseradish peroxidase. TNF-� was
detected at the molecular mass indi-
cated (�15 kDa), �A crystallin was

detected at �20 kDa protein, and iNOS was detected at �130 kDa protein. Equal protein loading was confirmed by reprobing blots with
monoclonal antibody to �-actin. There was a significant decrease in �A crystallin in the day 7 EAU retina of TLR4�/� mice compared with the WT
control retina. (B) Densitometry measurements show a threefold decrease in TNF-�, a 13-fold decrease in �A crystallin, and a twofold decrease in
iNOS protein in TLR4�/� mice with early EAU compared with WT EAU mice. There was also a ninefold decrease in �A crystallin in TLR4�/� mice
with early EAU compared with WT control. *P � 0.05; **P � 0.001; ***P � 0.0001.
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expected at 20 kDa (Figs. 2A, 2C, 2D). A second band was seen
at 22 kDa and indicated an �A insert, as previously pub-
lished15). In early EAU retinas of WT mice, there was a 1.6-fold
increase in the �A crystallin protein level in the retina com-
pared with the control groups (Fig. 2B). TLR4�/� mice with
EAU showed a ninefold decrease in �A crystallin compared
with WT controls. Densitometry measurements also show a
threefold decrease in TNF-�, a 14-fold decrease in �A crystallin,
and a twofold decrease in iNOS protein in TLR4�/� mice with
early EAU compared with WT EAU mice (Fig. 2B). However,
there was no significant increase in the levels of �A crystallin
in the iNOS�/� or in the TNF-��/� mice in early EAU com-
pared with the WT controls (Fig. 2C). In the WT mice injected
with pertussis toxin and CFA, there was no significant increase

in �A crystallin expression compared to the WT control (Fig.
2D). For the upregulation of �A crystallin in early EAU, real-
time PCR showed a 10-fold increase compared with nonimmu-
nized WT controls, whereas in Western blot analysis, the in-
crease in protein was only 1.6-fold. The reason for this
discrepancy could be multifactorial. The upregulation of gene
and protein in vivo does not always have a direct correlation,
in part because of the low stability of transcripts generated and
the low translational efficiency. In addition, for low molecular
weight proteins (such as �A crystallin), the run-off from SDS-
PAGE gel could become apparent.15

Localization of �A Crystallin, NF�B, iNOS, and
TNF-� in the Early EAU Retina

Immunostaining of nonimmunized C57BL/6 (WT) mice
showed �A crystallin staining in the outer plexiform layer and
the photoreceptor inner segments. Nonimmunized TLR4�/�

mice also showed very weak staining in these retinal layers. In
both nonimmunized WT and TLR4�/� mice, there was no
detectable amount of iNOS staining (Fig. 3A). However, immu-
nostaining of WT mice during early EAU revealed intense
staining of iNOS and �A crystallin in the photoreceptor inner
segments and outer plexiform layer, whereas only minimal
staining was present in the inner segments and outer plexiform
layer in TLR4�/� mice with EAU (Fig. 3B). Nonimmunized WT
and nonimmunized TLR4�/� mice showed no NF�B or TNF-�
staining in the retina. During early EAU in WT mice, NF�B and
TNF-� were localized to the inner segments of the photorecep-
tors and the outer plexiform layers; such staining was absent in
TLR4�/� mice with EAU (Fig. 4).

Localization of Oxidative DNA Damage and
Detection of Apoptotic Cells in the Early
EAU Retina

No 8-OHdG staining was present in the nonimmunized WT and
TLR4�/� mice. However, in the WT mice with EAU, intense
OHdG staining was detected in the inner segment of the
photoreceptor layer, inner nuclear layer, outer plexiform layer,
and inner plexiform layer; such staining was markedly reduced
in the inner segments and outer plexiform layer and was absent
in the remainder of the retina in the TLR4�/� mice during early
EAU (Fig. 5). TUNEL-positive cells were not detected in WT
and TLR4�/� during early EAU. Neither the negative control
nor the nonimmunized WT control showed TUNEL-positive
cells. In contrast, numerous apoptotic cells were seen in pos-
itive control retinas treated with DNase I (Fig. 6).

DISCUSSION

In our study, real-time PCR analysis revealed that during early
EAU, before leukocyte infiltration of the uvea and the retina,
there is increased expression of TNF-� and iNOS in nude mice
(B6.Cg-Foxn1nu) compared with nonimmunized controls (Fig.
1). Given that nude mice are deficient in T cells,25 the presence
of inflammatory cytokines during early EAU suggests a role of
innate immunity in the expression of these cytokines. This role
was further confirmed using real-time PCR on WT mice with
EAU and TLR4 knockout mice with EAU; TNF-� and iNOS were
significantly upregulated in WT mice with EAU compared with
nonimmunized controls and nude mice with EAU. However,
these genes were downregulated in TLR4-deficient mice com-
pared with both nonimmunized and WT mice with EAU (Fig
1A); such findings suggest that TLR4 plays a role in the gener-
ation of the proinflammatory cytokines, and such cytokines are
known to initiate mitochondrial oxidative stress.8 A similar
finding was reported by Suliman et al.,19 who demonstrated
that TLR4�/� mice showed negligible TNF-� responses when

FIGURE 3. Immunofluorescence localization of �A crystallin and iNOS
in the retina. Tissues were labeled using polyclonal antibody against
�A-crystallin and monoclonal anti-iNOS (primary antibodies) and
against Cy-2–conjugated donkey anti-rabbit IgG and Texas Red dye–
conjugated donkey anti-mouse IgG, respectively (secondary antibod-
ies). (A) Immunostaining of nonimmunized C57BL/6 (WT) mice
showed �A crystallin localized in the outer plexiform layer and the
photoreceptor inner segments. Nonimmunized TLR4�/� mice also
showed very weak staining in these retinal layers. In both nonimmu-
nized WT and TLR4�/� mice, there was no detectable amount of iNOS
staining. (B) Immunostaining of WT mice EAU day 7 after immuniza-
tion revealed intense staining of iNOS and �A crystallin in the photo-
receptor inner segments and outer plexiform layer; however, minimal
staining was present in the inner segments and outer plexiform layer in
TLR4�/� mice with EAU.
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compared with mice that expressed TLR4 normally. TLR4
deficiency was shown to attenuate iNOS gene expression. In
our study, TNF-�, and iNOS were not upregulated in
MyD88�/� mice. Moreover TNF-� was not elevated in
iNOS�/� mice and iNOS was not upregulated in TNF-��/�

mice with EAU (Fig. 1B). Activation of the innate immune
system through TLR results in its interaction with its adaptor
protein MyD88 and initiates a complex signaling transduction
that activates NF�B, leading to the generation of proinflamma-
tory cytokines such as TNF-�.17,18,26 NF�B is found in the
cytoplasm in the normal condition, where it is complexed with
an inhibitory protein (I�B). It can be activated by a variety of
stimuli, including TLRs and cytokines.27 TNF-�, in turn, subse-
quently induces the expression of iNOS, which is known to
cause mitochondrial oxidative stress.8

In mammals there are at least 10 distinct TLR family mem-
bers.28,29 Among these receptors, TLR4 is known to induce
mitochondrial oxidative stress in the liver.19 Similar mitochon-
drial oxidative stress is seen in the photoreceptors in early
EAU.30 Our present results show that during early EAU, there
was activated NF�B with upregulation of TNF-� and iNOS
(Figs. 3, 4), inducing photoreceptor mitochondrial oxidative
stress. Such stress was abrogated in the absence of TLR4, as
observed in the TLR4 knockout (Fig. 5).

Interestingly, TLR4 plays a major role in the modulation of
�A crystallin expression because the expression of this crys-
tallin was enhanced in EAU in animals with intact TLR4. Such
a phenomenon was minimal or absent in the TLR4�/� animals
with EAU (Fig. 3B). mRNA expression of �A crystallin was
confirmed by the quantification of protein levels by immuno-
blot analysis in the nonimmunized WT control, WT mice with
EAU, and TLR4 knockout mice with EAU. The immunoblot

showed two protein bands, one with a molecular mass of 20
kDa, corresponding to �A crystallin, and the second with a
molecular mass of 22 kDa (�A insert crystallin), similar to our
previously published findings.15 The �A crystallin insert is an
alternatively spliced product that has a C terminus identical to
that of the �A crystallin; hence, the affinity of the antibody
used for detection is the same for both proteins. These two
bands have been observed before both in mouse eyes15 and in
rodent lenses.31–33 The WT mice with EAU showed increased
protein levels of �A crystallin, as reported earlier.15 However,
TLR4-deficient mice showed only mild staining at 20 kDa,
reaffirming our hypothesis that TLR4 is essential in the upregu-
lation of �A crystallin. The protein level was lower in the
TLR4�/� mice than in normal controls, indicating that there
might be a global defect of �A crystallin in these mice lacking
TLR4. Further sequential studies on expression levels of this
protein in TLR4�/� mice during different stages of EAU would
help us to address this issue. Moreover, there was no increase
in the mRNA expression of �A crystallin in iNOS�/� or in
TNF-��/� mice during early EAU (Fig. 1B). Such findings also
suggest that oxidative stress induced by TNF-� and iNOS could
be responsible for the upregulation of �A crystallin. The ab-
sence of �A crystallin elevation in MyD88�/� mice during early
EAU indicate that the adaptor protein MyD88 is essential for
the signal transduction leading to the activation of NF�B,
TNF-�, and iNOS and the subsequent induction of �A crystal-
lin.

The protein level of �A crystallin in iNOS�/� and TNF-��/�

mice with EAU was also confirmed by immunoblot. The results
showed no increase in its protein level compared with control
mice with EAU (Fig. 2C). This clearly indicated that both TNF-�
and iNOS are responsible for increased expression of �A crys-

FIGURE 4. Immunofluorescence lo-
calization of NF�B and TNF-� in the
retinas of mice with EAU day 7 after
immunization. Tissues were labeled
using polyclonal anti-NF�B and
monoclonal antibody against TNF-�
(primary antibodies) along with Cy-
2–conjugated donkey anti–rabbit
IgG and Texas Red dye–conjugated
donkey anti–mouse IgG, respectively
(secondary antibodies). Nonimmu-
nized WT and nonimmunized
TLR4�/� mice showed no NF�B or
TNF-� staining in the retina. During
early EAU, however, WT mice
showed NF�B and TNF-� staining in
the inner segments of the photore-
ceptors and the outer plexiform lay-
ers, whereas such staining was ab-
sent in TLR4�/� mice.

FIGURE 5. Immunofluorescence lo-
calization of 8-OHdG in the retina.
Tissues were labeled using poly-
clonal antibody against 8-OHdG (pri-
mary antibody) and Texas Red dye–
conjugated donkey anti–goat IgG
(secondary antibody). No 8-OHdG
staining was present in the nonim-
munized WT or TLR4�/� mice. In
the WT mice with EAU (day 7 after
immunization), intense OHdG stain-
ing was detected in the inner seg-
ment of the photoreceptor layer, in-

ner nuclear layer, outer plexiform layer, and inner plexiform layer; such staining was markedly reduced in the inner segments and outer plexiform
layer and was absent in the remainder of the retina in the TLR4�/� mice during early EAU.
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tallin in early EAU. iNOS�/� mice have been demonstrated to
show an absence of oxidative stress and apoptosis.34 Previous
reports have shown that pertussis toxin acts as a ligand for
different Toll-like receptors.35 However, in our study, there
was no significant increase in the protein level of �A crystallin
in the mice injected with CFA and pertussis toxin (Fig. 2D).

WT mice with early EAU demonstrated intense immuno-
staining for the crystallin in the outer retina, particularly in the
inner segments of the photoreceptors, and moderate staining
in the outer plexiform layer and the inner nuclear layer. In
contrast, TLR4-deficient mice with early EAU and nonimmu-
nized WT and TLR4�/� controls showed an absence of such
upregulation in the inner and outer segments of the photore-
ceptors (Figs. 3A, 3B). This corresponds with previous findings
that report that, under normal conditions, �A crystallin has
little or no staining in the inner and outer segments of the
photoreceptors36 and that in EAU retinas, photoreceptor cells
are the site of oxidative damage.7,8 Given that TLR4-deficient
mice with EAU did not show intense staining of the inner
segments, these data support our hypothesis that TLR4 could
play a role in the upregulation of �A crystallin; the data also
suggest the involvement of �A crystallin in the prevention of
photoreceptor cell apoptosis in EAU.12

Our study also revealed that the presence of TLR4 during
early EAU is necessary for oxidative damage in DNA. The study
of mitochondrial DNA offers a reliable biomarker of oxidative
stress in tissue rich in mitochondria, such as the photoreceptor
inner segments of the retina. During early EAU, reactive oxi-
dants and peroxynitrite are also localized in the photoreceptor
inner segment mitochondria.9 A recent study in our laboratory
showed that mitochondrial oxidative DNA damage occurs early
in the EAU retina, whereas nuclear DNA damage occurs later,
suggesting the retinal damage may begin early from photore-
ceptor mitochondrial oxidative stress rather than from macro-
phage-derived noxious agents.37 8-OHdG is an oxidized form of
deoxyguanosine, and the detection of 8-OHdG has been suc-
cessfully used as a reliable marker of DNA oxidation damage. In
oxidative stress, 8-OHdG levels increase preferentially in mito-
chondria as a result of the single-stranded nature of mitochon-
drial DNA, which makes it more susceptible to damage.38 In
WT mice with EAU, intense OHdG staining was detected in the
inner segments of the photoreceptor layer, inner nuclear layer,
outer plexiform layer, and inner plexiform layer. In early EAU,
mice deficient in TLR4 showed only very mild staining in the
inner segments and outer plexiform layers, and staining was
absent in the remainder of the retina (Fig. 5). Thus, there is
substantial mitochondrial DNA damage in WT mice with EAU
that is significantly reduced in TLR4 knockout mice.

The intense OHdG staining we found in the photoreceptor
inner segments of WT mice with EAU reinforces previous
findings indicating that in EAU retinas, photoreceptor cells are
the site of oxidative damage.7,8 TNF-� is known to cause tissue
damage by generating reactive oxygen species, including the

upregulation of nitric oxide synthase (iNOS),39 and such up-
regulation of iNOS causes mitochondrial oxidative stress.40

iNOS-mediated oxidative stress results in nitration of the pho-
toreceptor mitochondrial protein, cytochrome c, which is re-
leased into the cytosol.8,9 Such cytochrome c release is known
to cause apoptosis, but apoptosis is not a feature of early EAU,
suggesting the presence of a protective mechanism, such as �A
crystallin upregulation, in the photoreceptors that prevents
photoreceptor apoptosis in early EAU.15 Similarly, in the
present study, apoptotic cells were not detected in the WT or
in the TLR4 knockout mice during early EAU (Fig. 6).

We also found that during early EAU, �A crystallin was
localized primarily in the photoreceptor inner segments, the
site of oxidative stress; this suggests that photoreceptors may
use �A crystallin to prevent oxidative stress-mediated dam-
age.15

It is important to note that though the presence of TLR4 is
necessary for significant amounts of TNF-�, iNOS, and �A
crystallin upregulation, it is not the only pathway; other TLRs
may also play a role in the induction of these gene products
during early EAU because mild upregulation of these gene
products and mild DNA oxygen damage still occurs when TLR4
is not present. A similar observation was reported by Su et al.,23

where the single TLR gene KO mice do not point to a unique
role of these receptors in the induction of EAU. However, this
observation, along with our findings, does not negate the
possibility that TLR4 signaling plays a critical role in the induc-
tion of TNF-�, iNOS, and �A crystallin. Double and triple TLR
knockouts may have to be generated for study of the roles of
different TLRs in the induction of autoimmune diseases such as
EAU. Nevertheless, this study shows that the absence of TLR4
during early EAU affects the upregulation of TNF-�, iNOS, and
�A crystallin.

Addressing the functional significance of TLR4 in EAU and
the important role TLR4 plays in inducing �A crystallin expres-
sion will enhance our understanding of both the EAU pathway
and the importance of crystallin upregulation in neuronal in-
flammation as a protective molecule.
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