
Dock3 attenuates neural cell death due to NMDA
neurotoxicity and oxidative stress in a mouse model
of normal tension glaucoma
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Dedicator of cytokinesis 3 (Dock3), a new member of the guanine nucleotide exchange factors for the small GTPase Rac1,
promotes axon regeneration following optic nerve injury. In the present study, we found that Dock3 directly binds to the
intracellular C-terminus domain of NR2B, an N-methyl-D-aspartate (NMDA) receptor subunit. In transgenic mice overexpressing
Dock3 (Dock3 Tg), NR2B expression in the retina was significantly decreased and NMDA-induced retinal degeneration was
ameliorated. In addition, overexpression of Dock3 protected retinal ganglion cells (RGCs) from oxidative stress. We previously
reported that glutamate/aspartate transporter (GLAST) is a major glutamate transporter in the retina, and RGC degeneration due
to glutamate neurotoxicity and oxidative stress is observed in GLAST-deficient (KO) mice. In GLAST KO mice, the NR2B
phosphorylation rate in the retina was significantly higher compared with Dock3 Tg:GLAST KO mice. Consistently,
glaucomatous retinal degeneration was significantly improved in GLAST KO:Dock3 Tg mice compared with GLAST KO mice.
These results suggest that Dock3 overexpression prevents glaucomatous retinal degeneration by suppressing both
NR2B-mediated glutamate neurotoxicity and oxidative stress, and identifies Dock3 signaling as a potential therapeutic target for
both neuroprotection and axonal regeneration.
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Excitatory neurotransmission mediated by N-methyl-D-aspar-
tate receptors (NMDARs), one of the ionotropic glutamate
receptors, has fundamental roles in both physiological and
pathological processes in the mammalian central nervous
system (CNS). Overactivation of NMDA receptors is thought
to be a key contributing factor in the pathophysiology of many
CNS disorders, such as Alzheimer’s disease1,2 and Hunting-
ton disease.3 Glutamate excitotoxicity is also implicated in the
degeneration of the retinal ganglion cells (RGCs) and optic
nerves observed under pathological conditions including
glaucoma.4,5 Consistently, we previously reported that loss
of glutamate/aspartate transporter (GLAST) induces optic
neuropathy without affecting intraocular pressure and exhibits
many features similar to human normal tension glaucoma.6

NMDA receptors are tetramers that form functional receptor
channels. Two NR1 subunits, which bind its co-agonist
glycine, must combine with at least two NR2 (A–D) subunits,
which bind glutamate.7 In the retina, NMDARs on RGCs are
activated by glutamate released from cone bipolar cells.8 All
four NR2 subunits are expressed in vertebrate retina, and
both NR2A and NR2B are prevalent in the inner plexiform
layer, where NMDARs are localized on RGC dendrites.9–11

Among them, NR2B-containing receptors are shown to exhibit
relatively high affinity both for glutamate and for the co-agonist

glycine, prolonged channel opening and greater overall Ca2þ

current per event.12,13 It is well known that the intracellular
C-terminus domain (CTD) of NR2B regulates the internaliza-
tion and degradation of NR2B-containing receptors.14–17 At
postsynaptic sites, NR2B-CTD is phosphorylated at Tyr1472
by Fyn, thereby mediating complex formation of NMDA
receptors with the postsynaptic density protein 95 (PSD95).
This NMDAR-PSD95 interaction is required for excitotoxic
downstream signaling.17 Functionally, NR2B has been
implicated in many forms of synaptic plasticity related to the
physiology of striatal neurons and the pathogenesis of various
neurological disorders.18 Indeed, amyloid-b (Ab) and tau
protein promote Fyn-mediated NR2B stabilization at the
plasma membrane, resulting in the enhancement of
NMDAR-mediated neurodegeneration in the brain of a mouse
model of Alzheimer’s disease.1,2,19

Dedicator of cytokinesis 3 (Dock3), a new member of the
guanine nucleotide exchange factors, is specifically
expressed in neural cells and causes cellular morphological
changes by activating the small GTPase Rac1.20 We
previously reported that Dock3 is primarily expressed in
RGCs in the retina, and that Dock3 overexpression stimulates
axonal regeneration after optic nerve injury in vivo.21,22 Dock3
was initially identified as a binding protein to presenilin1,
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a major causative gene of early-onset familial Alzheimer’s
disease.23,24 Although the critical role of Dock3 in Alzheimer’s
disease is still unknown, it is reported that Dock3 is deposited
and insolubilized in Alzheimer’s disease brain.23,25 In addition,
a recent study reported that Rac1 activation mediated by
Dock1 (Dock180), a homolog protein of Dock3, regulates
endocytic membrane trafficking.26 These observations sug-
gest a possible interaction between Dock3 and NR2B, which
may regulate NR2B expression in neural tissues. In addition,
recent studies suggested a possibility that there is a causal
relationship between Alzheimer’s disease and glaucoma.27,28

These observations prompted us to examine the interaction

between Dock3 and NR2B in the retina, and the effects of
Dock3 on GLAST-deficient (GLAST KO) mice that suffer from
glaucoma-like RGC degeneration.6

Results

Dock3 interacts with NR2B in the retina. We first
examined whether Dock3 binds to NR2B in neural cells.
For this experiment, we transfected His-tagged full-length
Dock3 and CTD of NR2B (NR2B-CTD) (Figure 1a) to
HEK293T cells and found that Dock3 binds to NR2B-CTD
using His-tag pull-down assay (Figure 1b). We next
examined whether Dock3 and NR2B are bound in neural
tissues in vivo. The interaction between endogenous Dock3
and NR2B in wild-type (WT) mouse retina was confirmed by
a co-immunoprecipitation assay (Figure 1c). We also found
that the binding between Dock3 and NR2B was increased in
Dock3 Tg mice, in which Dock3 is overexpressed in the
retina (Figure 1c).21

We previously showed that Dock3 is abundantly expressed
in retinal ganglion cells (RGCs) and stimulates axon out-
growth in adult mice.21,22 Double-labeling immunohistochem-
istry showed that NR2B immunoreactivity was co-localized
with Dock3 mainly in the ganglion cell layer (GCL) (Figure 2).
These data support the binding of Dock3 and NR2B in RGCs
of the adult retina in vivo.

Dock3 increases NMDA-mediated NR2B degradation in
the retina. NMDA receptors undergo endocytosis and
lysosomal sorting for receptor degradation.14–18 As Dock3
and NR2B are bound in the retina, we investigated whether
Dock3 affects NR2B degradation in the retina after NMDA
stimulation. For this purpose, NR2B protein levels in the
retinas from WT and Dock3 Tg mice were determined by
immunoblot analysis at 3 and 24 h after the intraocular
injection of phosphate-buffered saline (PBS; control) or
NMDA. In the control retinas, NR2B expression levels in
Dock3 Tg mice were not different compared with those in WT
mice (Figure 3). NMDA injection had no effects on NR2B
expression levels in the retina of WT mice, whereas NR2B
expression levels were significantly decreased in Dock3 Tg
mice (Figure 3). These results suggest that Dock3 enhances
NR2B degradation due to glutamate neurotoxicity in the
retina.

Figure 1 Dock3 interacts with the CTD of NR2B. (a) Schematic representation
showing the His-tagged WT Dock3 and NR2B-CTD used in the pull-down assay.
SH3, Src homology 3 domain; DHR-1, Dock homology region 1; DHR-2, dock
homology region 2; PRD, proline-rich domain; ATD, amino-terminal domain; ABD,
agonist binding domain; TDM, transmembrane domain; CTD, intracellular
C-terminal domain. (b) Lysates from HEK293T cells transfected with His-tagged
full-length Dock3 and NR2B-CTD were subjected to a His-tag pull-down assay.
(c) Lysates from retinas of WT and Dock3 Tg mice were subjected to
immunoprecipitation assay using an anti-Dock3 antibody

Figure 2 Expression of Dock3 and NR2B in the mouse retina. (a–c) Immunohistochemical analysis of mouse retina double-labeled (c) with antibodies against Dock3
(a) and NR2B (b). (d–f) Enlarged images of the GCL in (a–c), respectively. Arrow heads indicate double-labeled cells. GCL, ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer. Scale bar: 100mm (a–c) and 50mm (d–f)
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Dock3 overexpression protects retinal neurons from
glutamate neurotoxicity. Our present results suggest that
overexpression of Dock3 in the retina may ameliorate
glutamate neurotoxicity via NR2B degradation. To determine
this possibility, we examined the effect of intraocular injection
of NMDA on retinal cell death in WT and Dock3 Tg mice. The
retinal structure of adult Dock3 Tg mice was normal, and the
cell number in the GCL (497±26; n¼ 6) was comparable to
WT mice (488±31; n¼ 6) (Figures 4a and b). In addition, the
thickness of the inner retinal layer (IRL, between the internal
limiting membrane and the interface of the outer plexiform
layer and the outer nuclear layer) was similar in both strains
(Figure 4c). Intraocular administration of NMDA induced cell
death in the GCL in both WT and Dock3 Tg mice, but the
number of surviving neurons in Dock3 Tg mice was
significantly higher than that in WT mice at 5 and 7 days after
NMDA injection (Figures 4a and b). Additionally, IRL thickness
in Dock3 Tg mice was significantly increased at 7 days after
NMDA injection compared with that in WT mice (Figure 4c).
These results suggest that Dock3 overexpression prevents
retinal cell death from glutamate neurotoxicity in vivo.

Dock3 overexpression protects RGCs from oxidative
stress. Our previous study showed that oxidative stress, as
well as glutamate neurotoxicity, induces RGC death.29 To
assess whether Dock3 also prevents oxidative stress-
induced RGC death, cultured RGCs from WT mice were
transfected with myc-tagged Dock3 plasmid by electropora-
tion, and hydrogen peroxide (H2O2)-induced RGC death was
assessed through the lactate dehydrogenase(LDH) leakage
assays. Immunoblot analysis demonstrated that electropora-
tion increased Dock3 expression levels in cultured RGCs
(Figure 5a). The LDH leakage assay revealed that H2O2-
induced cell death was significantly reduced in RGCs
transfected with Dock3 plasmid compared with mock plasmid
(Figures 5b and c). These results suggest that Dock3

overexpression protects RGCs from both glutamate neuro-
toxicity and oxidative stress.

Dock3 overexpression prevents glaucomatous retinal
degeneration. We previously reported that glutamate
neurotoxicity and oxidative stress are involved in RGC
degeneration in GLAST KO mice, which is a mouse model
of normal tension glaucoma.6 In 3-month-old GLAST KO
mice, the cell number in the GCL (325±10; n¼ 6) was
significantly reduced compared with that in WT (479±23;
n¼ 6) and Dock3 Tg (488±21; n¼ 6) mice (Figures 6a and
b). Consistently, the thickness of the IRL was significantly
reduced in GLAST KO mice compared with WT and Dock3
Tg mice (Figure 6c). As Dock3 may inhibit the two main

Figure 3 Effect of Dock3 on NR2B expression levels in the retina.
(a) Immunoblot analysis of NR2B and Dock3 in the retinas of WT and Dock3 Tg
mice 24 h after the injection of PBS (control) or NMDA. (b) Quantitative analysis of
NR2B expression at 3 and 24 h after the injection of PBS (control) or NMDA.
The data are presented as means±S.E.M. of six samples for each experiment
*Po0.05

Figure 4 Dock3 protects retinal neurons from glutamate neurotoxicity. (a) H&E
staining of retinal sections in WT and Dock3 Tg mice 7 days after intraocular
treatment of PBS (control) or NMDA. Scale bar: 100mm and 50mm in the upper and
lower panels, respectively. GCL, ganglion cell layer; INL, inner nuclear layer; ONL,
outer nuclear layer. (b and c) Quantification of cell number in the GCL (b) and
thickness of the inner retinal layer (c) at 0, 3, 5 and 7 days after NMDA treatment.
The data are presented as means±S.E.M. of six samples for each experiment
*Po0.05
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causes of retinal degeneration in GLAST KO mice, we
generated Dock3 Tg:GLAST KO mice and examined the
histopathology of the retina (Figure 6a). In 3-month-old
Dock3 Tg:GLAST KO mice, cell number in the GCL
(427±26; n¼ 6) and IRL thickness were significantly
increased compared with those of GLAST KO mice
(Figures 6b and c). We next examined total and phosphory-
lated (at pTyr1472) NR2B protein expressions in these mice.
The ratio of phosphorylated/total NR2B in GLAST KO
mice was significantly increased compared with that in WT
mice, but such an increase was not detected in Dock3
Tg:GLAST KO mice (Figure 7). These results suggest
that Dock3 overexpression prevents glaucomatous retinal
degeneration in GLAST KO mice by suppressing both NR2B-
mediated glutamate neurotoxicity and oxidative stress.

Discussion

Here we show that Dock3 directly binds to NR2B and
stimulates NMDA-induced NR2B degradation in mouse
retina, resulting in the protection of RGCs from excitotoxicity.
We previously reported glaucomatous retinal degeneration
due to glutamate neurotoxicity and oxidative stress in GLAST
KO mice, the first animal model of normal tension
glaucoma.6,30 By generating Dock3 Tg:GLAST KO mice, we

confirmed the neuroprotective effect of Dock3 in vivo. NR2B
activation was increased in GLAST KO mice, but significantly
suppressed in Dock3 Tg:GLAST KO mice. These results
suggest that Dock3 exerts neuroprotective effects by regulat-
ing the activity of NR2B. It has been reported that GLAST
(EAAT1 in humans) is downregulated in the retinas of human
patients with glaucoma31 and in fibroblasts from patients with
Alzheimer’s disease.32 In addition, the accumulation of Ab is
also observed in apoptotic RGCs in a rat model of
glaucoma.27 Considering the high frequency of glaucoma in
Alzheimer’s disease patients,28 common mechanisms such
as GLAST dysfunction might contribute to both diseases.
Taken together, these findings suggest that Dock3 over-
expression may be a potential therapeutic target in treating
various neurodegenerative disorders, including Alzheimer’s
disease and glaucoma.21,22,33 Further studies are required to
reveal the mechanism of NMDA-induced degradation of
NR2B receptors, which may be caused by calpain and the
ubiquitin–proteasome system.34–37

Figure 5 Effect of Dock3 on H2O2-induced RGC death in vitro. (a) Lysates from
cultured RGCs transfected with empty vector (Mock) or myc-tagged Dock3 plasmids
were subjected to immunoblot analysis using anti-Dock3 and anti-myc antibodies.
(b) Cultured RGCs were stimulated with H2O2 for 16 h, and the extent of RGC death
was quantified by examining extracellular LDH activities. Note the decrease in
H2O2-induced death in RGCs transfected with Dock3. (c) Pictures of cultured RGCs
before and 16 h after stimulation with H2O2. The data are presented as
means±S.E.M. of six samples for each experiment *Po0.05 Figure 6 Effect of Dock3 on retinal degeneration in a mouse model of

glaucoma. (a) H&E staining of retinal sections of WT, Dock3 Tg, GLAST KO and
Dock3 Tg:GLAST KO mice at 3 months. WT and Dock3 Tg mice were littermates.
GLAST KO and Dock3 Tg:GLAST KO mice were littermates. Scale bar: 100mm and
50mm in the upper and lower rows, respectively. GCL, ganglion cell layer; INL, inner
nuclear layer; ONL, outer nuclear layer. (b and c) Quantification of cell number in the
GCL (b) and thickness of the inner retinal layer (c) in WT, Dock3 Tg, GLAST KO and
Dock3 Tg:GLAST KO mice. The data are presented as means±S.E.M. of six
samples for each experiment *Po0.05
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In addition to glutamate neurotoxicity, oxidative stress is
recognized as a common pathologic pathway in many
neurodegenerative diseases, including glaucoma.38 For
example, the reduction in glutathione, a major antioxidant in
the retina, was reported in the plasma of human glaucoma
patients.39 A similar reduction in glutathione concentration
and increased oxidative stress were detected in GLAST KO
mice.6 We previously reported that apoptosis signal-regulat-
ing kinase 1 (ASK1), a member of mitogen-activated protein 3
kinase, is involved in RGC loss in GLAST KO mice.30 ASK1
has key roles in human diseases closely related to the
dysfunction of cellular responses to oxidative stress and
endoplasmic reticulum stressors.40,41 As Dock3 protects
RGCs from oxidative stress, the combination of Dock3
overexpression and inhibition of ASK1 signaling by a specific
inhibitor42 may be further available for the management of
glaucoma. One important point is that glaucoma is a
complex disease resulting from the confluence of various
factors.27–32,43,44 To fill the gap between glaucoma patients
and animal disease models,45 we are currently investigating
GLAST gene abnormalities in glaucoma patients.

We previously showed that Dock3 has important roles
downstream of brain-derived neurotrophic factor (BDNF)
signaling in the CNS, where it promotes axonal outgrowth
by stimulating microtubule assembly through glycogen
synthase kinase-3b (GSK-3b).22 In addition to stimulating
the outgrowth of optic nerve axons, BDNF protects RGCs
after retinal and optic nerve injury.46–48 Interestingly, GSK-3b
is a target for lithium-induced neuroprotection against
excitotoxicity in neuronal cultures and animal models of
ischemic stroke.49 GSK-3b activity has been associated with
many psychiatric and neurodegenerative diseases, and it has
become increasingly apparent that GSK-3b might be a
common therapeutic target for different classes of psychiatric
drugs.50 Thus, Dock3 and GSK-3b could be potential targets
for both neuroprotection and regeneration therapy. In the
retina, there seems to be some cells that are positive for
NR2B, but not Dock3 (Figure 2). This may mean that Dock3
decreases NR2B expression mainly in RGCs in normal retina,
but overexpression of Dock3 in the whole retina may protect
many types of retinal neurons. In addition, Dock3 expression

in cells other than RGCs may have important roles for RGC
protection and optic nerve regeneration in Dock3 Tg mice. For
example, microglia that invade the inner retina during
degeneration may release several trophic factors including
BDNF, which stimulate neuroprotection.51,52

It has been estimated that glaucoma will affect more than 80
million individuals worldwide by 2020, with at least 6–8 million
individuals becoming bilaterally blind.53 Glaucoma is also the
leading global cause of irreversible blindness, and is perhaps
the most prevalent of all neurodegenerative diseases.4,54

Although further in vivo studies are required, our findings raise
intriguing possibilities for the management of glaucoma by
Dock3 overexpression in combination with trophic factors,
ASK1 inhibitors, GLAST overexpression and so on. We are
currently investigating this possibility by using Dock3 virus
vectors and GLAST Tg mice.

Materials and Methods
Cell culture and pull-down assay. His-tagged full-length Dock320 and
the CTD of NR2B (NR2B-CTD)15 were cotransfected to HEK293T cells using
Lipofectamine Plus (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions. After 24 h of transfection, the cell lysate was incubated with
TALON resin (TAKARA, Shiga, Japan) for 20 min at 4 1C with gentle agitation.20

After being washed, precipitated samples were separated on sodium dodecyl
sulfate-polyacrylamide gels and subsequently electrotransferred to an Immobilon-
P filter (Merck Millipore, Billerica, MA, USA). Membranes were incubated with
antibodies against Dock3 (1 : 1000),21 myc-tag (1 : 1000; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA), NR2B (1 : 1000; BD Biosciences, San Diego, CA,
USA) or actin (1 : 1000; BD Biosciences). Dock3 antibody was originally reported
as an antibody against the modifier of cell adhesion protein.20 Primary antibody
binding was detected using horseradish peroxidase-labeled anti-mouse IgG
secondary antibody (GE Health Care, Piscataway, NJ, USA) and visualized using
the ECL Plus Western Blotting System (GE Health Care).

Mice. Experiments were performed using Dock3 Tg,21,22 GLAST KO6,30 and
Dock3 Tg:GLAST KO mice in accordance with the Tokyo Metropolitan Institute for
Neuroscience Guidelines for the Care and Use of Animals. C57BL/6J mice were
obtained from CLEA Japan (Tokyo, Japan). Intraocular injection of NMDA
(Wako, Osaka, Japan) or PBS was achieved essentially as previously described.55

Briefly, a single 2-ml injection of 1 mM NMDA in 0.1 M PBS (pH 7.4) was
administered intravitreally into the right eye of each mouse, thereby delivering a
dose of 2 nmol of NMDA. The same volume of PBS was administered to the
contralateral (left) eye as control. Animals were killed at 3 h and 1, 3, 5 and 7 days
after NMDA injection.

Immunoprecipitation of the retina. The Dock3-NR2B complex was
purified from the retina (1 mg) of WT and Dock3 Tg mice by immunoprecipitation
with anti-Dock3 antibody (1 : 200). The immunoprecipitates were subjected to an
immunoblot analysis with an antibody against Dock3 (1 : 1000) or NR2B (1 : 1000).
Immunoblotting of retinas from WT, Dock3 Tg, GLAST KO and Dock3 Tg:GLAST
KO were performed as reported previously.55 Membranes were incubated
with an antibody against NR2B (1 : 1000), phospho-NR2B at Tyr1472 (1 : 1000;
BD Biosciences), Dock3 (1 : 1000), GLAST (1 : 1000)56 or actin (1 : 1000).

Histological and morphometric studies. Paraffin-embedded retinal
sections of 7mm thickness were cut through the optic nerve and stained with
hematoxylin and eosin (H&E). The extent of retinal degeneration was quantified in
two ways.52 First, the number of neurons in the GCL was counted from one ora
serrata through the optic nerve to the other ora serrata. Second, in the same
sections, thickness of the IRL (between the internal limiting membrane and the
interface of the outer plexiform layer and the outer nuclear layer) was analyzed.
Frozen retinal sections of 12mm thickness were incubated using anti-Dock3
(1 : 200) and anti-NR2B (1 : 100) antibodies. Cy-3-conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch, West Grove, PA, USA) and Cy-2-conjugated donkey
anti-mouse IgG (Jackson ImmunoResearch) were used as secondary antibodies.
Sections were examined by fluorescence microscopy (BX51; Olympus, Tokyo,

Figure 7 Effect of Dock3 on NR2B phosphorylation in a mouse model of
glaucoma. (a) Immunoblot analysis of phosphorylated NR2B, total NR2B, Dock3
and GLAST in the retinas of WT, Dock3 Tg, GLAST KO and Dock3 Tg:GLAST KO
mice. (b) Phosphorylation rate of NR2B in (a). The data are presented as
means±S.E.M. of six samples for each experiment *Po0.05

Dock3 prevents normal tension glaucoma
K Namekata et al

1254

Cell Death and Differentiation



Japan) equipped with Plan Fluor objectives and connected to a DP70 camera
(Olympus).

Assessment of H2O2-induced cell death in cultured RGCs.
Primary culture of mouse RGCs was prepared according to Barres et al.57 with
minor modifications.29 Primary cultured RGCs were transfected with a myc-tagged
Dock3 plasmid by electroporation using the Amaxa Nucleofector Device (program
O-005) with mouse neuron Nucleofector Kit (Amaxa Biosystems, Koeln,
Germany). After 2 days, they were stimulated with 200mM of H2O2 for 16 h,
and the RGC death rate was analyzed using an LDH cytotoxic test kit (Wako) as
previously reported.29 For immunocytochemistry, RGCs were stained with
antibodies against Tuj1 (1 : 1000; R&D, Minneapolis, MN, USA) and myc-tag
(1 : 1000; MBL, Nagoya, Japan).

Statistics. For statistical comparison of two samples, we used a two-tailed
Student’s t-test. Data are presented as means±S.E.M. Po0.05 was regarded as
statistically significant.
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