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PURPOSE. To investigate whether activation of Toll-like receptor 3 (TLR3) promotes the
degeneration of retinal ganglion cells (RGCs) by upregulating the protein levels of c-jun N-
terminal kinase 3 (JNK3).

METHODS. Toll-like receptor 3-specific activator, Poly(I:C) (polyinosinic-polycytidylic acid), or
PBS was injected into the vitreous humor of Thy1-YFP mice. At 24, 48, and 72 hours after
treatments, degeneration of RGCs was assessed by using antibodies against brain-specific
homeobox/POU domain protein 3a (Brn3a). A TLR3-specific inhibitor was injected into the
vitreous humor with or without Poly(I:C). Western blot assays were performed to determine
relative levels of TLR3, JNK3, pJNK3, and sterile alpha and HEAT/Armadillo motif-containing 1
(SARM1) proteins in retinal protein extracts, and immunohistochemistry assays were
performed to determine their cellular localization in the retina. Mouse eyes were treated
with Poly(I:C) or PBS along with MitoTracker Red, and colocalization of MitoTracker Red and
JNK3 in the retinas was determined by using antibodies against JNK3.

RESULTS. Poly(I:C) activated TLR3 and upregulated its downstream target protein JNK3 but not
SARM1 in the retina. Poly(I:C) activated TLR3 and upregulated JNK3 specifically in RGCs and
promoted a significant degeneration of RGCs over a 72-hour time period. Toll-like receptor 3
upregulated the levels of JNK3 protein in the cytoplasm of RGCs, but not in the mitochondria.
Toll-like receptor 3-specific inhibitor downregulated Poly(I:C)-mediated upregulation of JNK3
protein, and, in turn, significantly attenuated TLR3-induced degeneration of RGCs.

CONCLUSIONS. Results presented in this study show that the activation of TLR3 alone promotes
the degeneration of RGCs by upregulating the protein levels of JNK3.
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Toll-like receptors (TLRs) are traditionally known to partic-
ipate in mammalian innate immune response.1–3 To date,

13 TLRs have been identified.2 These receptors consist of
extracellular leucine-rich repeats (LRRs) and cytoplasmic Toll-
interleukin 1 receptor (TIR) domains.4 Recent studies have
indicated that among the known TLRs, TLR3 plays a significant
role in oxidative stress-mediated neuronal damage,2,3,5–8 but it
is unclear whether TLR3 plays a role in the degeneration of
RGCs.

Toll-like receptors utilize cytoplasmic TIR-containing adap-
tor molecules, called MyD88 (myeloid differentiation response
gene 88), to mediate intracellular signals.1 To date, five
members of the MyD88 adaptor protein family have been
identified. MyD88 is the first member of the cytosolic adaptor
protein family identified that mediates intracellular signaling
through a majority of TLRs.9,10 Toll-like receptor 2 mediates
intracellular signaling through MyD88-2 and MyD88-3,11–16 and
TLR4 mediates intracellular signaling through MyD88-4.17–19

Finally, the role of the fifth member of this family, MyD88-5, also
known as sterile alpha and HEAT/Armadillo motif-containing 1
(SARM1), which is conserved to a high degree in flies, worms,
and mammals, has remained a mystery for the past few
years.20–23 Previous studies have suggested that SARM1 acts as
an intracellular adaptor protein for TLR3, and SARM1 promotes
stress (oxygen and glucose deprivation)-induced death of
cultured HEK-293T and COS-1 cells by translocating c-jun N-

terminal kinase 3 (JNK3) into the mitochondria because SARM1
contains a mitochondrial targeting sequence.24,25

Although degeneration of RGCs is a major concern in a
number of retinal degenerative conditions including primary
open-angle glaucoma (POAG), which affects 60 million people
worldwide,26,27 the molecular mechanisms underlying the
degeneration of RGCs under glaucomatous conditions are still
unclear. Moreover, until now, a role for TLR3 in the
degeneration of RGCs in glaucoma has not been investigated.
For that matter, the role of TLR3 in intraocular pressure (IOP)-
mediated degeneration of RGCs has not been investigated
either in human subjects or in animal models related to POAG.
Since IOP-mediated tissue stress, including oxidative stress,28,29

may activate TLRs, Tezel’s group30 has determined protein
levels of TLRs in human POAG donor eyes and found by
proteomic analysis that the protein levels of TLR2, -4, -7, -8, and
-10, but not TLR3, were upregulated in glaucomatous retinas.30

Immunolocalization studies from the same group reported that
TLR2, TLR3, and TLR4 proteins were associated with the
astrocytes isolated from glaucomatous retinas.30 However, how
TLR3 protein synthesized by astrocytes promotes the degener-
ation of RGCs under IOP-mediated glaucomatous stress
conditions remains unclear.

In addition to TLR3, its downstream target protein JNK3
promotes stress-induced apoptosis of neuronal cells.31 The
JNKs, composed of JNK1, JNK2, and JNK3, are a family of
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serine/threonine protein kinases that become activated by a
variety of stimuli; JNK1 and 2 proteins are widely observed, but
JNK3 protein is limited to neuronal tissues, testes, and
myocytes.32 JNKs regulate the survival of neuronal cells by
phosphorylating N-terminal transactivation domain of the c-Jun
transcriptional factor.33–39 With respect to POAG, JNK pathway
is reported to be activated by many stimuli, including elevated
IOP.40–42 JNKs regulate stress-induced neuronal degeneration
by phosphorylating JUN, a transcription factor that activates a
number of downstream genes involved in neurodegenera-
tion,43,44 and phosphorylated JUN has been reported in RGCs
of POAG patients.39,45,46 In addition, earlier studies have
reported that phospho-JNK3 (pJNK3) levels were increased in
retinas obtained from human glaucoma donor eyes39 and in
retinas from rats in which glaucomatous damage was induced
experimentally.40,45,47 Although a number of previous studies
have reported a detrimental role for JNK signaling in RGC
death,48–51 the role of a specific isoform of JNK in IOP-
mediated degeneration of RGCs is unclear. Libby’s group52

previously reported that activation of JNK2 and JNK3 plays a
major role in degeneration of RGCs and their axons. In
contrast, Quigley’s group53 recently reported that the deletion
of Jnk3 does not prevent IOP-induced degeneration of RGCs.
Thus, the role of JNK3 in glaucoma pathology is contradictory,
and it remains to be determined whether JNK3 plays a
significant role in the degeneration of RGCs under glaucoma-
tous conditions.

Based on the above uncertainties regarding the role of
TLR3, JNK3, and SARM1 proteins in degeneration of RGCs, in
this study, TLR3 was activated in mouse retinas by using a
TLR3-specific agonist, Poly(I:C) (polyinosinic-polycytidylic
acid),54–56 and experiments were performed to investigate
whether TLR3 activation alone promotes the degeneration of
RGCs, and, if so, whether TLR3-mediated degeneration of
RGCs is mediated by JNK3 and SARM1.

MATERIALS AND METHODS

Materials

Poly(I:C) was obtained from InvivoGen (San Diego, CA, USA).
TLR3/dsRNA complex inhibitor,57 (R)-2-(3-chloro-6-fluoroben-
zo[b]thiophene-2-carboxamido)-3-phenylpropanoic acid, was
obtained from EMD Millipore (Billerica, MA, USA). Toll-like
receptor 3 and JNK3 antibodies were obtained from Santa Cruz
Biotechnology (Dallas, TX, USA) and Promega (Madison, WI,
USA), respectively. SARM1 antibodies were obtained either
from Origene (Rockville, MD, USA; for Western blot analysis) or
from GenWay Biotech, Inc. (San Diego, CA, USA; for
immunohistochemistry). Antibodies against Tuj1 (neuronal
class III beta-tubulin) were obtained from Covance (Princeton,
NJ, USA), and antibodies against brain-specific homeobox/POU
domain protein 3a (Brn3a) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). For immunohistochem-
ical assays, appropriate secondary antibodies conjugated to
Alexa Fluor 488 (blue), Alexa Fluor 568 (red), Alexa Fluor 647
(magenta), and MitoTracker Red CMXRos were obtained from
Invitrogen (Carlsbad, CA, USA). For Western blot analysis,
secondary antibodies conjugated to IRDye 800 or 680 were
obtained from LI-COR (Lincoln, NE, USA).

Animals

In this study, all in vivo experiments were performed
employing mouse line B6.Cg-Tg (Thy-1-YFPH) 2Jrs/J, in which
a subset of retinal ganglion cells (RGCs) express a yellow-

fluorescent protein (YFP) under the control of Thy-1 promoter
(Jackson Laboratory, Bar Harbor, ME, USA).

Intravitreal Injections

All experiments on mice were performed under general
anesthesia, according to Oakland University’s Institutional
Animal Care and Usage Committee (IACUC) guidelines and
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research. Adult Thy1-YFP mice (8–10 weeks old) were
anesthetized by an intraperitoneal injection of ketamine (50
mg/kg body weight) and xylazine (8 mg/kg body weight). After
instilling a drop of the topical anesthetic agent proparacaine,
Poly(I:C) (2 lg/2 lL volume),58 PBS, or TLR3 inhibitor (5 and
10 lM) was injected into the vitreous humor of right eyes (2 lL
volume) of each mouse using a NanoFil syringe equipped with
a 36-gauge beveled needle (World Precision Instruments,
Sarasota, FL, USA).59 For some experiments, 24 hours after
Poly(I:C) or PBS treatment, eyes were treated with an
intravitreal injection of MitoTracker Red (500 nM).

Protein Extraction

At 24, 48, and 72 hours after intravitreal injections, mice were
euthanized with an overdose of carbon dioxide, and their eyes
were enucleated. Retinas were removed carefully and washed
three times with PBS. Three or four retinas each were placed in
Eppendorf tubes containing 40 lL extraction buffer (1%
Nonidet-P40, 20 mM Tris-HCl, 150 mM NaCl, 1 mM Na3VO4,

pH 7.4), and the tissues were homogenized. Three separate
experiments were performed for each time point to determine
the reproducibility of the results. Retinal tissue homogenates
were centrifuged at 7840 g for 5 minutes at 48C and the
supernatants were collected. Protein concentration in the
supernatants was determined by using Bio-Rad protein assay
kit (Bio-Rad Laboratories, Hercules, CA, USA).

Western Blot Analysis

Aliquots containing an equal amount of retinal proteins (50 lg)
extracted from PBS- or Poly(I:C)-treated eyes were mixed with
gel loading buffer and separated by using 10% SDS-PAGE. After
electrophoresis, the proteins were transferred onto Immobi-
lon-FL membranes (EMD Millipore, Billerica, MA, USA) and
nonspecific binding was blocked with Odyssey blocking buffer
containing 0.2% Tween 20 (TBS-T). After incubating with
primary antibodies against TLR3, JNK3, pJNK3, SARM1, or
actin, membranes were washed with TBS-T and incubated with
appropriate secondary antibodies conjugated to IRDye 800 or
680 for 1 hour at room temperature. Finally, the membranes
were scanned using the Odyssey two-channel IR-detection
scanner (LI-COR, Lincoln, NE, USA).

Immunohistochemistry

After intravitreal injection of PBS or Poly(I:C), eyes were
enucleated and fixed in 4% paraformaldehyde for 1 hour at
room temperature. Retinas were isolated and processed as
whole mounts or embedded in optimum cutting temperature
(OCT) compound, and 10-lm-thick radial sections were
obtained by using a cryostat according to general methods
published from our laboratory.59 Retinal cross sections and
whole retinas were then subjected to immunohistochemistry
by using antibodies against TLR3, JNK3, and SARM1 with or
without Tuj1. Whole retinas and retinal cross sections were
observed under a Zeiss Imager Z.2 microscope (Zeiss, Thorn-
wood, NY, USA).
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Quantitation of RGCs in the Retina

The number of Brn3a-positive RGCs was assessed by observing
whole retinas under the Zeiss Imager Z.2 microscope equipped
with epifluorescence as described previously.59 For each
retina, Brn3a-positive RGCs in six to eight areas of equal size
(450 3 320 lm; 320 magnification), located at equal distance
from the optic disc (850 lm), were photographed using a Zeiss
digital camera (Fig. 1A). After digitized images were obtained
using the Zeiss camera, images were compiled by using Adobe
Photoshop Software 7.0 (Adobe Systems, Inc., San Jose, CA,
USA). The number of Brn3a-positive cells in the retinas was
quantitated using Nikon Elements AR software (Nikon Instru-
ments, Inc., Melville, NY, USA). Statistical significance was
analyzed using a nonparametric Newman-Keuls analog proce-
dure (GB-Stat Software; Dynamic Microsystems, Silver Spring,
MD, USA) and expressed as the mean 6 SEM.

RESULTS

Poly(I:C) Promotes the Degeneration of RGCs

To determine whether activation of TLR3 promotes the
degeneration of RGCs, mouse eyes were treated with
intravitreal injections of a TLR3-specific agonist, Poly(I:C), or
PBS. At 24, 48, and 72 hours after the treatments, retinas were
isolated and immunostained with antibodies against Brn3a, a
marker for RGCs. Data presented in Figure 1B indicate that
Poly(I:C) promoted a progressive degeneration of Brn3a-
positive RGCs over a 72-hour time period. Data presented in
Figure 1C indicate that Poly(I:C) promoted a significant
degeneration of RGCs within the 72-hour time period tested
(P < 0.05).

Poly(I:C) Upregulates the Protein Levels of TLR3
and JNK3, but Not SARM1, in the Retina

To determine whether Poly(I:C) promoted the degeneration of
RGCs by activating TLR3, JNK3, or SARM1, mouse eyes were
treated with intravitreal injections of PBS or Poly(I:C), and
Western blot analysis was performed on retinal proteins
extracted at 24, 48, and 72 hours after the treatments. Results

presented in Figures 2A and 2B indicate that when compared
with low protein levels of TLR3 and JNK3 in retinal proteins
extracted from PBS-treated eyes, protein levels of both TLR3 and
JNK3 were upregulated significantly (P < 0.05) in Poly(I:C)-
treated eyes during the 72-hour time period tested. To
determine whether TLR3 promotes the degeneration of RGCs
by upregulating the protein levels of SARM1, retinal proteins
extracted from PBS- or Poly(I:C)-treated eyes were subjected to
Western blot analysis by using antibodies against SARM1. Results
presented in Figures 2A and 2B indicate that when compared
with low levels of SARM1 protein in retinal proteins extracted
from PBS-treated eyes, SARM1 protein levels were not increased
in retinal proteins extracted from Poly(I:C)-treated eyes.

Poly(I:C) Upregulates the Protein Levels of TLR3
and JNK3 in RGCs

To investigate whether activation of TLR3 and upregulation of
JNK3 protein promote the degeneration of RGCs in an autocrine
fashion or a paracrine fashion through the involvement of other
cell types in the ganglion cell layer (GCL), retinas isolated at 24
and 48 hours after Poly(I:C) or PBS treatment were immuno-
stained with antibodies against TLR3 and JNK3. Immunohisotch-
emical analysis on whole retinas indicated that Poly(I:C)
upregulated protein levels of TLR3 (Fig. 3, top) and JNK3 (Fig.
3, bottom) in RGCs, but not in other cell types such as amacrine
cells that are located in deeper layers of the retina. Additional
immunohistochemical experiments performed on whole retinas
indicated that TLR3 (Fig. 4A) and JNK3 protein levels (Fig. 5A)
were upregulated in Tuj1-positive RGCs. Experiments per-
formed on retinal cross sections also indicated that TLR3 (Fig.
4B) and JNK3 proteins (Fig. 5B) were localized specifically in
RGCs. Although low SARM1 protein levels were localized in
RGCs in the retinas isolated from PBS-treated eyes (Fig. 6),
consistent with our previously published results,60 Poly(I:C)
failed to upregulate the levels of SARM1 protein in RGCs.

Upregulated JNK3 Protein Is Localized in the
Cytoplasm, but Not in the Mitochondria

To determine whether Poly(I:C) promotes the degeneration of
RGCs by translocating JNK3 into the mitochondria, mouse eyes

FIGURE 1. Degeneration of RGCs in Poly(I:C)-treated eyes. (A) For each retina, Brn3a-positive RGCs in six to eight areas of equal size (4503320 lm;
320 magnification), located at equal distance from the optic disc (850 lm), were photographed by using a Zeiss digital camera. (B) After obtaining
digitized images using a Zeiss camera, images were compiled using Adobe Photoshop Software 7.0. Whole retinas isolated from PBS- or Poly(I:C)-
treated eyes were immunostained with Brn3a antibodies. (C) Bar graph shows quantification of the loss of Brn3a-positive RGCs in the retinas
isolated from eyes treated with or without Poly(I:C). Images were obtained at 320 magnification. Scale bar: 50 lm. *P < 0.05 when Brn3a-positive
RGCs in the retinas isolated from Poly(I:C)-treated eyes were compared with Brn3a-positive RGCs in the retinas isolated from PBS-treated eyes.
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were treated with PBS or Poly(I:C) for 24 hours. Twenty-four
hours after Poly(I:C) treatment, mouse eyes were treated again
with an intravitreal injection of MitoTracker Red. Twenty-four
hours after MitoTracker Red treatment, retinas were isolated
and immunostained with antibodies against JNK3. Results
presented in Figure 7 indicate that MitoTracker Red labeled
mitochondria in RGCs, as well as in cells in deeper layers of the
retinas isolated from PBS-treated eyes, which was expected.
Very low JNK3 protein levels were localized in RGCs in the
retinas isolated from PBS-treated eyes, but JNK3 protein was
not associated with the mitochondria (positive for MitoTracker
Red). In addition, even after Poly(I:C) treatment, increased

levels of JNK3 protein were not colocalized with the
mitochondria in RGCs.

TLR3 Inhibitor Downregulates JNK3 and pJNK3

Protein Levels in the Retina

Since Poly(I:C) promoted the degeneration of RGCs by
upregulating the protein levels of JNK3, to determine whether
inhibition of TLR3 activation leads to the downregulation of
JNK3 protein, mouse eyes were treated with PBS or Poly(I:C)
along with a TLR3-specific inhibitor (5 and 10 lM) for 48
hours, and Western blot analysis was performed on proteins

FIGURE 3. Upregulation of TLR3 and JNK3 proteins in RGCs. Whole retinas isolated from PBS- or Poly(I:C)-treated eyes (at 24 and 48 hours) were
immunostained with antibodies against TLR3 and JNK3. Images were obtained at 320 magnification. Scale bar: 25 lm. Results presented show that
the protein levels of TLR3 (top) and JNK3 (bottom) were increased in RGCs in the retinas isolated from Poly(I:C)-treated eyes when compared with
the protein levels of TLR3 and JNK3 in RGCs in the retinas isolated from PBS-treated eyes.

FIGURE 2. Relative levels of TLR3, JNK3, and SARM1 proteins in the retina. (A) Aliquots containing an equal amount of retinal proteins (50 lg) from
PBS- or Poly(I:C)-treated eyes were subjected to Western blot analysis using antibodies against TLR3, JNK3, and SARM1. Actin Western bands
indicate loading controls for the total proteins. (B) Bar graph shows relative levels of TLR3, JNK3, and SARM1 proteins. *P < 0.05, when TLR3 and
JNK3 protein levels in retinal proteins extracted from Poly(I:C)-treated eyes were compared with PBS-treated eyes. SARM1 levels were not increased
significantly (NS).
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extracted from the retinas. Results presented in Figures 8A and
8B indicate that very low levels of JNK3 and pJNK3 proteins
were observed in retinal proteins extracted from PBS-treated
eyes, and their protein levels remained unchanged in retinal
proteins extracted after treatment of the eyes with PBS along
with 5 and 10 lM TLR3 inhibitor (Figs. 8A, 8B). In contrast,
JNK3 and pJNK3 protein levels elevated in retinal proteins
extracted from Poly(I:C)-treated eyes (Fig. 8C) were downreg-
ulated significantly in retinal proteins extracted from mouse
eyes treated with Poly(I:C) along with 10 lM TLR3 inhibitor
(Fig. 8D) and to a lesser extent in retinal proteins extracted
from eyes treated with Poly(I:C) along with 5 lM TLR3
inhibitor.

TLR3 Inhibitor Attenuates Poly(I:C)-Induced
Degeneration of RGCs

Since TLR3 inhibitor downregulated the protein levels of
JNK3, additional experiments were performed to investigate
whether decreased levels of JNK3 protein attenuate Poly(I:C)-
induced and TLR3-mediated degeneration of RGCs. Mouse
eyes were treated with PBS or Poly(I:C) with or without TLR3

inhibitor (5 and 10 lM) for 48 hours, and immunohistochem-

ical analysis was performed on whole retinas by using

antibodies against Brn3a. Results presented in Figure 9A

indicate that the density of Brn3a-positive RGCs remained

unchanged in the retinas isolated from PBS- or PBS- and TLR3

inhibitor-treated eyes. In contrast, Poly(I:C)-induced degener-

ation of Brn3a-positive RGCs was attenuated significantly (P <
0.05) in the retinas isolated from eyes treated with TLR3

inhibitor (Fig. 9B).

DISCUSSION

Primary open-angle glaucoma is a degenerative disease in

which irreversible loss of RGCs leads to vision loss.26,27

Despite the fact that elevated IOP has been identified as a

major risk factor for the degeneration of RGCs, the mecha-

nisms underpinning the degeneration of RGCs during the

progression of POAG are unclear. A few studies have reported

that elevated IOP promotes the degeneration of RGCs through

oxidative stress.28,29,61–63 But the nature of the oxidative stress

FIGURE 4. Upregulation of TLR3 protein in Tuj1-positive RGCs. (A) Whole retinas isolated from PBS- or Poly(I:C)-treated eyes (at 48 hours) were
immunostained with antibodies against TLR3 and Tuj1. Images were obtained at 320 magnification. Scale bars: 50 lm. Results presented indicate
that Poly(I:C) upregulated the protein levels of TLR3 in Tuj1-positive RGCs. (B) Localization of TLR3 protein in RGCs. Retinal cross section prepared
from Poly(I:C)- or PBS-treated eyes (at 48 hours) were immunostained by using antibodies against TLR3. Retinal cross sections were stained with
40,6-diamidino-2-phenylindole (DAPI) to identify the nuclei. Representative immunohistochemistry results indicate that Poly(I:C) upregulated JNK3
protein in RGCs (white arrows).
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FIGURE 5. Upregulation of JNK3 protein in Tuj1-positive RGCs. (A) Whole retinas isolated from PBS- or Poly(I:C)-treated eyes (at 48 hours) were
immunostained with antibodies against JNK3 and Tuj1. Images were obtained at 320 magnification. Scale bars: 50 lm. Results presented indicate
that Poly(I:C)-mediated upregulation of JNK3 was localized in Tuj1-positive RGCs, but not in other cell types. (B) Localization of JNK3 protein in
RGCs. Retinal cross sections prepared from Poly(I:C)- or PBS-treated eyes (at 48 hours) were immunostained by using antibodies against JNK3.
Retinal cross sections were stained with DAPI to identify the nuclei. Representative immunohistochemistry results indicate that Poly(I:C)-mediated
upregulation of JNK3 protein is localized in RGCs (white arrows). Images were obtained at 340 magnification.

FIGURE 6. Localization of SARM1 protein in the retina. Whole retinas isolated from PBS- or Poly(I:C)-treated eyes (at 48 hours) were immunostained
with antibodies against SARM1 and Tuj1. Images were obtained at 320 magnification. Scale bar: 50 lm. Results presented indicate that Poly(I:C)
failed to upregulate the protein levels of SARM1 in Tuj1-positive RGCs.
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and the mediators involved in oxidative stress-induced
degeneration of RGCs are unclear.

Previous studies have reported that TLRs may play a role
in the degeneration of RGCs in POAG through glial cell-
mediated neuroinflammation or IOP-mediated oxidative
stress.28,29,64–68 Although the mechanism underlying neuro-
inflammation-mediated degeneration of RGCs is unclear, a
recent study reported that TLR3 is predominantly expressed
in astrocytes and that TLR2, -3, and -4 are expressed in
microglia in retinas obtained from human donor eyes
affected with POAG.30 However, previous studies have
reported that glial cells synthesize TLR2 and TLR4 proteins,
but not TLR3, which recognizes double-stranded RNA
(dsRNA) compared to other TLRs, which recognize single-
stranded RNA (ssRNA).69–71 In addition, TLR3 adaptor
protein SARM1 is predominantly expressed in neurons, but
not in astrocytes or microglia.69–71 Furthermore, even if
TLR3 protein is synthesized by astrocytes in the retina, the
connection between TLR3 protein in astrocytes, as well as
how astrocyte-associated TLR3 protein promotes the degen-
eration of RGCs under glaucomatous conditions, is unclear.
Therefore, to determine whether activation of TLR3 alone
induces the degeneration of RGCs by upregulating JNK3 and
SARM1 proteins, this study was conducted by activating
TLR3 in mouse retinas using a TLR3-specific agonist,
Poly(I:C). Results presented in this study show that
activation of TLR3 alone upregulates the protein levels of
JNK3 but not SARM1 in RGCs and promotes their
progressive degeneration over time. In addition, the results
show that inhibition of TLR3 activation downregulates the
protein levels of JNK3 and attenuates Poly(I:C)-induced
degeneration of RGCs. The results presented in this study
are significant for several reasons.

First, TLRs recognize molecular patterns of pathogens, for
example, bacterial lipopolysaccharide (LPS) and viral double-
or single-stranded RNA.72,73 Although microglia are thought to

be the primary immune cells that express TLRs in the central
nervous system, recent reports indicated that neurons also
express the key proteins of the innate immune response
including TLRs and their adaptor proteins, such as SARM1,
MyD88, and TRIF.69,74 In addition, TLRs have been traditionally
known to play important roles during immunological chal-
lenge, but recent studies indicate that neuronal TLRs can
detect damaging signals and modulate neuronal morphology
and function even in the absence of an immunological
challenge.4,75 A recent study reported further that subretinal
injection of Poly(I:C) activated TLR3 and promoted the
degeneration of photoreceptors.58 In concert with these
studies, results presented in this study show that activation
of TLR3 promotes the degeneration of RGCs by upregulating
the protein levels of JNK3.

Second, although a previous study reported that the
deletion of Jnk3 did not prevent the death of RGCs under
elevated IOP conditions in mice,53 results presented in this
study show that activation of TLR3 upregulates the protein
levels of JNK3 and pJNK3, and, in turn, promotes the
degeneration of RGCs. In addition, results presented in this
study show that inhibition of TLR3-mediated upregulation of
JNK3 protein attenuates the degeneration of RGCs, indicating
that JNK3 does play a causal role in TLR3-mediated
degeneration of RGCs. Although the reason(s) for the lack
of neuroprotection observed against IOP-mediated degenera-
tion of RGCs in Jnk3-deficient mice is unclear,53 results
presented here indicate that JNK3, but not SARM1, was
upregulated upon TLR3 activation. Thus, unlike Poly(I:C),
which upregulates the protein levels of JNK3 through TLR3,
we propose that under glaucomatous conditions, elevated
IOP upregulates the protein levels of both JNK3 and SARM1
by two different mechanisms. And even if Jnk3 is deleted,
elevated levels of SARM1 alone can promote the degeneration
of RGCs in the absence of JNK3, as we have reported
previously that upregulation of SARM1 promoted the degen-
eration of RGCs.60

Third, previous studies using HEK-293T and COS-1 cells
indicated that upregulation of SARM1 promoted cell death
through SARM1-mediated mitochondrial translocation of
JNK3.71,76,77 However, unlike these studies performed on
nonneuronal cells, results presented in this study on the
retina did not show any evidence that upregulation of JNK3
protein is localized in the mitochondria of RGCs. We believe
that JNK3 is not localized in the mitochondria because
SARM1, which contains a mitochondrial targeting sequence76

and which mediates the translocation of JNK3 into the
mitochondria, was not upregulated in RGCs upon TLR3
activation. Thus, the results presented in this study suggest
that JNK3 promotes the degeneration of neuronal cells, in this
case RGCs, regardless of whether upregulated levels of JNK3
are localized in the cytoplasm or in the mitochondria. Finally,
the results presented in this study do not seem to be specific
to Thy1-YFP mice because our unpublished data indicate that
Poly(I:C) upregulates the protein levels of TLR3 and JNK3
even in C57BL/6 mice. The only reason for using Thy1-YFP
mouse strain is that we routinely use these mice for various
other studies and have experience in handling them.

In summary, results presented in this study, for the first
time, indicate that as long as TLR3 is activated in RGCs either
by oxidative stress or by agents such as Poly(I:C), TLR3
upregulates the protein levels of its downstream target JNK3,
and that JNK3, in turn, promotes the degeneration of RGCs.
Future studies are warranted to investigate the role of TLR3,
JNK3, and SARM1 in the degeneration of RGCs by using
appropriate animal models in which IOP can be chronically
elevated.

FIGURE 7. Localization of JNK3 protein in the cytoplasm of RGCs.
Twenty-four hours after intravitreal injection of PBS or Poly(I:C), eyes
were treated with an intravitreal injection of MitoTracker Red. Twenty-
four hours after MitoTracker Red treatment, retinas isolated from PBS-
or Poly(I:C)-treated eyes were immunostained with antibodies against
JNK3 and flat mounted. Results presented indicate that MitoTracker
Red labeled the mitochondria in RGCs and in cells in the deeper layers
of the retina in both PBS- and Poly(I:C)-treated eyes. In PBS-treated
eyes, low levels of JNK3 protein were localized in RGCs, but JNK3
protein was not colocalized with MitoTracker Red. In addition, after
Poly(I:C) treatment, JNK3 protein levels were upregulated in RGCs, but
elevated levels of JNK3 protein was not colocalized with MitoTracker
Red. Images were obtained at 340 magnification. Scale bar: 25 lm.
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FIGURE 8. Effect of TLR3 inhibitor on JNK3 and pJNK3 protein levels in the retina. Forty-eight hours after mouse eyes were treated with PBS or
Poly(I:C) with or without TLR3 inhibitor, total proteins were isolated from the retinas, and aliquots containing an equal amount of retinal proteins
(50 lg) were subjected to Western blot analysis using antibodies against JNK3 and pJNK3. Actin Western bands indicate loading controls of total
proteins. Bar graphs indicate semiquantitative analysis of JNK3 and pJNK3 protein from the Western blots. Results presented indicate that TLR3
inhibitor did not affect low levels of JNK3 and pJNK3 proteins observed in PBS-treated eyes (A, B). In contrast, Poly(I:C)-mediated upregulation of
JNK3 and pJNK3 proteins (C, D) was reduced in eyes treated with Poly(I:C) along with 10 lM concentration of TLR3 inhibitor, but not with 5 lM. *P
< 0.05 when JNK3 and pJNK3 protein levels were compared with PBS-treated eyes. **P < 0.05 when JNK3 and pJNK3 protein levels were
compared with Poly(I:C)-treated eyes. NS, not significant.

FIGURE 9. Effect of TLR3 inhibitor on degeneration of RGCs. (A) Forty-eight hours after mouse eyes were treated with PBS or Poly(I:C), with or
without TLR3 inhibitor, retinas were isolated and immunostained with Brn3a antibodies. Images were obtained at 320 magnification. Scale bar: 50
lm. (B) Bar graph indicates a significant reduction (*P < 0.05) in the number of Brn3a-positive RGCs in Poly(I:C)-treated eyes when compared to
PBS-treated eyes. Bar graph also indicates that TLR3 inhibitor attenuated Poly(I:C)-induced degeneration of Brn3a-positive RGCs significantly (**P <
0.05). NS, not significant.
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