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Dock3 protects myelin in the cuprizone model for
demyelination

K Namekata1, A Kimura1, C Harada1, H Yoshida2, Y Matsumoto1 and T Harada*,1,2

Dedicator of cytokinesis 3 (Dock3) belongs to an atypical family of the guanine nucleotide exchange factors. It is predominantly
expressed in the neural tissues and causes cellular morphological changes by activating the small GTPase Rac1. We previously
reported that Dock3 overexpression protects retinal ganglion cells from excitotoxic cell death. Oligodendrocytes are the
myelinating cells of axons in the central nervous system and these cells are damaged in demyelinating disorders including
multiple sclerosis (MS) and optic neuritis. In this study, we examined if Dock3 is expressed in oligodendrocytes and if increasing
Dock3 signals can suppress demyelination in a cuprizone-induced demyelination model, an animal model of MS. We
demonstrate that Dock3 is expressed in oligodendrocytes and Dock3 overexpression protects myelin in the corpus callosum
following cuprizone treatment. Furthermore, we show that cuprizone demyelinates optic nerves and the extent of demyelination
is ameliorated in mice overexpressing Dock3. Cuprizone treatment impairs visual function, which was demonstrated by
multifocal electroretinograms, an established non-invasive method, and Dock3 overexpression prevented this effect. In mice
overexpressing Dock3, Erk activation is increased, suggesting this may at least partly explain the observed protective effects.
Our findings suggest that Dock3 may be a therapeutic target for demyelinating disorders including optic neuritis.
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Dedicator of cytokinesis 3 (Dock3), an atypical member of the
guanine nucleotide exchange factors (GEFs), is predomi-
nantly expressed in the neural tissues and causes cellular
morphological changes by activating the small GTPase
Rac1.1–3 We previously reported that Dock3 is primarily
expressed in retinal ganglion cells (RGCs) in the retina, and
Dock3 overexpression protects RGCs from glutamate neuro-
toxicity and oxidative stress in a mouse model of normal
tension glaucoma.4 Dock3 also stimulates axonal regenera-
tion after optic nerve injury through several molecular
mechanisms.5,6 Dock3 was initially identified as a binding
protein of presenilin1, a major causative gene of early-onset
familial Alzheimer’s disease.7,8 Recent studies suggested a
possibility that there is a causal relationship between
Alzheimer’s disease and glaucoma.9,10 In addition, a peri-
centric inversion breakpoint in the DOCK3 gene has been
described in patients with attention-deficit hyperactivity
disorder.11 These findings suggest an involvement of Dock3
in various neurological disorders.1

Multiple sclerosis (MS) is an inflammatory disease of the
central nervous system (CNS) characterized by progressive
immune-mediated destruction of the myelin sheath. One
important complication in MS is optic neuritis. Since it can
cause severe visual loss that is currently irreversible,
especially in the optic-spinal form of MS or neuromyelitis
optica,12,13 it draws much attention to finding a treatment that

will restore the visual function. Oligodendrocytes, the myeli-
nating cells of CNS axons, are highly vulnerable to excitotoxic
signals mediated by glutamate receptors.14 Furthermore,
demyelinating lesions caused by excitotoxins can be similar to
those observed in MS.15 These observations indicate that
oligodendrocyte excitotoxicity could be involved in the
pathogenesis of demyelinating disorders.16,17 We recently
reported that Dock3 protects RGCs from glutamate excito-
toxicity and oxidative stress.4 These results suggest a
possibility that Dock3 may protect oligodendrocytes in
demyelinating disorders, but the expression or functions of
Dock3 in oligodendrocytes are unknown.

Feeding of cuprizone (bis(cyclohexanone)-oxaldihydra-
zone) to mice induces a consistent, synchronous and
anatomically reproducible demyelination in the corpus callo-
sum.18–21 The specific susceptibility of oligodendrocytes has
been attributed to the high metabolic demand of these glial
cells required to maintain a vast expanse of myelin and the
resulting vulnerability to a disturbed energy metabolism. In the
present study, we demonstrated that Dock3 is expressed in
oligodendrocytes and Dock3 overexpression protects myelin
in the corpus callosum in the cuprizone-induced demyelina-
tion model, an animal model of MS. Furthermore, we show
that cuprizone demyelinates the optic nerves and the extent of
demyelination is ameliorated in mice overexpressing Dock3.
Cuprizone treatment impairs visual function, which was

1Visual Research Project, Tokyo Metropolitan Institute of Medical Science, Tokyo, Japan and 2Department of Neuro-ophthalmology, Tokyo Metropolitan Neurological
Hospital, Tokyo, Japan
*Corresponding author: T Harada, Visual Research Project, Tokyo Metropolitan Institute of Medical Science, 2-1-6 Kamikitazawa, Tokyo 156-8506, Japan.
Tel: +81 3 6834 2338; Fax: +81 3 6834 2339; E-mail: harada-tk@igakuken.or.jp

Received 20.5.14; revised 11.7.14; accepted 21.7.14; Edited by A Verkhratsky

Abbreviations: ASK1, apoptosis signal-regulating kinase 1; BDNF, brain-derived neurotrophic factor; CNPase, 20,30-cyclic nucleotide 30-phosphodiesterase;
CNS, central nervous system; Dock3, dedicator of cytokinesis 3; EAE, experimental autoimmune encephalomyelitis; GEF, guanine nucleotide exchange factor;
MAPK, mitogen-activated protein kinase; MBP, myelin basic protein; mfERG, multifocal electroretinogram; MS, multiple sclerosis; NMDA, N-methyl-D-aspartate;
RGC, retinal ganglion cell; RRMS, relapsing-remitting multiple sclerosis

Citation: Cell Death and Disease (2014) 5, e1395; doi:10.1038/cddis.2014.357
& 2014 Macmillan Publishers Limited All rights reserved 2041-4889/14

www.nature.com/cddis

http://dx.doi.org/10.1038/cddis.2014.357
mailto:harada-tk@igakuken.or.jp
http://www.nature.com/cddis


demonstrated by multifocal electroretinograms (mfERGs), an
established non-invasive method, and Dock3 overexpression
prevented this effect. Our findings suggest that Dock3 may be
a therapeutic target for demyelinating disorders including
optic neuritis.

Results

Expression of Dock3 in oligodendrocytes. Dock3 is
mainly localized to the CNS.1–3 To determine the cell types
that express Dock3, we prepared culture cells of neurons,
astrocytes and oligodendrocytes from adult mouse brain.
Immunoblot analysis revealed that Dock3 is strongly
expressed in Neu-N-positive hippocampal neurons, but not
in glial fibrillary acidic protein (GFAP)-positive astrocytes
(Figure 1a). Interestingly, we found that Dock3 is also
expressed in NG2-positive oligodendrocytes. We determined
that Dock3 is double-labeled with myelin basic protein (MBP)
in cultured oligodendrocytes (Figure 1b). In addition, Dock3
was localized to CC-1-positive oligodendrocytes in optic
nerves (Figure 1c). These results indicate that Dock3 is
expressed in oligodendrocytes as well as in neurons in vivo.

Effects of Dock3 on myelin protection in the corpus
callosum. Chronic treatment of cuprizone is known to
induce demyelination in the corpus callosum.18,19 To
explore the effects of Dock3 in oligodendrocytes, we
prepared a cuprizone-induced demyelinating model using
wild-type (WT) and Dock3 overexpression (Tg) mice. After 6
weeks of cuprizone treatment, demyelination was obvious
in the corpus callosum of the WT mice, which was
determined by luxol fast blue (LFB) and MBP staining
(Figures 2a and b). However, the extent of demyelination
was clearly less in Dock3 Tg mice (Figures 2a–c). We also
performed immunoblot analysis to determine whether
Dock3 overexpression affects the expression of 20,30-cyclic
nucleotide 30-phosphodiesterase (CNPase), another myelin
protein, and Neu-N in the whole brain during cuprizone
treatment (Figure 2d). In cuprizone-treated WT mice,
CNPase expression was clearly reduced whereas Neu-N
expression was unchanged, suggesting cuprizone treat-
ment affects myelin but not neurons. In Dock3 Tg mice,
cuprizone-induced CNPase reduction was significantly
suppressed. These results suggest that Dock3 protects
oligodendrocytes during chronic demyelination.

Figure 1 Expression of Dock3 in oligodendrocytes. (a) Expression of Dock3 and markers for neurons (Neu-N), oligodendrocytes (NG2) and astrocytes (GFAP) in cultured
cells prepared from mouse brain. Note the expression of Dock3 in oligodendrocytes as well as in neurons. (b and c) Double-labeling immunohistochemistry for Dock3 and
myelin markers in cultured oligodendrocyte (b) and optic nerve (c). Scale bar: 20mm in b and 100 and 50mm in the upper and lower panels in c
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Figure 2 Effects of Dock3 on myelin protection in the corpus callosum of a cuprizone-induced demyelinating model. (a and b) Brain coronal sections illustrating a high
intensity of LFB (a) and MBP (b) in Dock3 Tg mice compared with WTmice after cuprizone treatment for 6 weeks. Right panels are higher magnifications of the boxes shown in
the left panels. Scale bars: 150mm in the left panels and 50mm in the right panels. (c) Quantitative analysis of LFB- and MBP-intensities in a and b. (d) Western blot analysis
displaying increased CNPase expression in the brain of Dock3 Tg mice after cuprizone treatment. The data are presented as mean±S.E.M. of six independent samples. The
results are expressed as percentages of the normal WT mice. **Po0.01; *Po0.05
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Effects of cuprizone on the retina and optic nerve
degeneration. As MS often induces optic neuritis that leads
to visual disturbance,12,13 we next examined the effects of
cuprizone on optic nerves. Immunoblot analysis of CNPase
revealed small but a significant level of demyelination of optic
nerves after cuprizone treatment for 12 weeks, but not 6
weeks (Figure 3a). In addition, cuprizone treatment reduced
MBP-like immunoreactivity in optic nerves (Figure 3b).
However, retinal morphology was normal and the degenera-
tion of RGCs was not observed in cuprizone-treated mice
(Figures 3c and d). These results suggest that cuprizone
induces demyelination of optic nerves, but not retinal
degeneration. This model is different from experimental
autoimmune encephalomyelitis (EAE), a well-studied MS
model, in which RGC degeneration and optic neuritis are
observed.22,23

Effects of Dock3 on myelin protection in the optic
nerves. We next examined the effects of Dock3 on the
severity of demyelination in optic nerves from both the
histopathological and physiological aspects. Cuprizone treat-
ment clearly reduced MBP immunoreactivity in WT mice, but

the extent of demyelination was significantly less in Dock3 Tg
mice (Figures 4a and b). Protection of myelin in Dock3 Tg
mice was further confirmed by immunoblot analysis for
CNPase expression levels (Figures 4c and d). We next
investigated visual functions of cuprizone-treated mice using
multifocal mfERGs, an established non-invasive method for
effectively measuring visual function.22,23 The response
topography demonstrated that the visual function of cupri-
zone-treated WT mice was impaired in all visual fields, but it
was clearly better preserved in cuprizone-treated Dock3
Tg mice (Figure 4e). Furthermore, quantitative analysis
confirmed that the visual function in cuprizone-treated Dock3
Tg mice (2.51±0.34 nV/deg2; n¼ 6) was significantly better
than cuprizone-treated WT mice (1.67±0.26 nV/deg2; n¼ 6)
(Figure 4f). Taken together, these data demonstrate that
Dock3 attenuates both the histological and functional
aspects of cuprizone-induced demyelination in optic nerves.

Effects of Dock3 on the signal transduction in the optic
nerves. We then investigated the mechanisms for attenu-
ated optic nerve demyelination in Dock3 Tg mice. Dock3
expression in Dock3 Tg mice is about five times higher than

Figure 3 Effects of cuprizone on the retina and optic nerve degeneration. (a) Western blot analysis displaying decreased CNPase expression in the optic nerves after
cuprizone treatment. The data are presented as mean±S.E.M. of six independent samples. The results are expressed as percentages of the normal WT mice. *Po0.05.
(b) Optic nerve sections illustrating a decreased MBP intensity after cuprizone treatment for twelve weeks. Scale bar: 100mm. (c) Hematoxylin and eosin staining of retinal
sections after cuprizone treatment for twelve weeks. The microscopic image of each section within 0.5–1mm from the optic disc was scanned. ganglion cell layer (GCL),
ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bar: 100mm and 50mm in the upper and lower panels, respectively. (d) Quantification of the retinal
degeneration. The number of cells in the GCL was counted from one ora serrata through the optic nerve to the other ora serrata. The data are presented as mean±S.E.M. of
six independent samples
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that in WT mice (Figures 5a and b).5 Dock3 forms a ternary
complex with engulfment and cell motility (Elmo) and RhoG,
which leads to Rac1 activation and neurite outgrowth.24

Since Dock3 GEF activity is enhanced by the formation of the
Dock3/Elmo complex, we next examined whether Dock3
overexpression affects Elmo expression. We found that the

Elmo expression level in Dock3 Tg mice is about three times
higher than that in WT mice (Figures 5a and b). Immuno-
histochemical analysis revealed that Elmo expression is
increased in Dock3 Tg mice compared with WT mice, and
Dock3 and Elmo are co-localized to CC-1-positive myelin in
optic nerves (Figure 5c).

Figure 4 Effects of Dock3 on myelin protection in the optic nerves of a cuprizone-induced demyelinating model. (a) Optic nerve sections illustrating a high MBP intensity in
Dock3 Tg mice compared with WT mice after cuprizone treatment for twelve weeks. Scale bar: 100mm. (b) Quantitative analysis of MBP-positive areas in the optic nerves in
(a). The data are presented as mean±S.E.M. of six independent samples. The results are expressed as percentages of the normal WT mice. *Po0.05. (c) Western blot
analysis displaying increased CNPase expression in the optic nerves of Dock3 Tg mice after cuprizone treatment. (d) Quantitative analysis of CNPase expression levels in c.
The data are presented as mean±S.E.M. of six independent samples. The results are expressed as percentages of the normal WT mice. *Po0.05. (e) The averaged visual
responses from six WT and Dock3 Tg mice were examined by multifocal electroretinograms (mfERGs). The degree of retinal function is presented in the color bar. The higher
score (red) indicates highly sensitive visual function and the lower score (green) indicates retinal dysfunction. Values are given in nanovolt per square degree (nV/deg2).
(f) Quantitative analysis of the visual response amplitude. The sum of the response amplitudes for each stimulus element was divided by the total area of the visual stimulus.
The data are presented as mean±S.E.M. of six independent samples. *Po0.05
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Recent studies have shown that mitogen-activated protein
kinases (MAPKs) are involved in oxidative stress-induced
apoptotic cell death of oligodendrocytes.25,26 For example,
ghrelin, a 28-amino acid gastric hormone, inhibits oligoden-
drocytes cell death in part by increasing extracellular signal-
regulated kinase (Erk) activation and decreasing p38 MAPK
activation.26 To determine whether this is true in our model,
we examined the activation of Erk, p38 MAPK and c-Jun
N-terminal kinase (JNK) in optic nerves of WT and Dock3 Tg
mice, and found that only Erk activation is increased in Dock3
Tg mice (Figures 6a–c). Consistently, immunohistochemical
analysis revealed that phosphorylated Erk expression in
CC-1-positive myelin is increased in Dock3 Tg mice compared
with WT mice (Figure 6d). These results suggest that Dock3
overexpression protects oligodendrocytes in optic nerves, at
least partly, by enhancing Erk activation.

Discussion

Here we show that Dock3 is expressed in oligodendrocytes
and overexpression of Dock3 ameliorated demyelination in

both corpus callosum and optic nerves, and protected visual
function in the cuprizone-induced demyelination model. Our
findings demonstrated in vivo a novel function of a Dock
family member during demyelination in the CNS. Our
present results also showed that the cuprizone-induced
demyelination model is useful as an animal model of optic
neuritis, like EAE.22,23 We administered cuprizone for 6
weeks for the demyelination of the corpus callosum, but it
required additional 6 weeks to detect demyelination of the
optic nerve. This may reflect the difference in tissue
sensitivity for cuprizone. For the objective analysis of the
visual function in mice, we examined the second-order
kernel of mfERGs, which is impaired in patients with
glaucoma.27,28 To the best of our knowledge, there are no
reports examining the second-order kernel in patients with
optic neuritis. On the other hand, abnormalities in visual
function in MS can be detected by the multifocal visual
evoked potentials (mfVEP) with high sensitivity and speci-
ficity.29 Although mfVEP cannot be examined in mice, this
method may be available for the early diagnosis of MS and
optic neuritis.

Figure 5 Effects of Dock3 on Elmo expression in the optic nerves. (a) Western blot analysis of Dock3 and Elmo in the optic nerves of WT and Dock3 Tg mice.
(b) Quantitative analysis of Dock3 and Elmo proteins in WT and Dock3 Tg mice. The data are presented as mean±S.E.M. of six independent samples. The results are
expressed as percentages of the WT mice. **Po0.01. (c) Optic nerve sections illustrating a high intensity of Dock3 and Elmo in the optic nerve of Dock3 Tg mice compared
with WT mice. Scale bar: 50mm
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One of the underlying mechanisms for Dock3-mediated
myelin protection appears to be stimulation of Erk signaling in
optic nerves. Erk signaling is involved in the oligodendrocyte
survival pathway after exposure to oxidative stress and Erk1
KO mice are known to exhibit increased susceptibility to EAE,
suggesting an important role of Erk signaling during demye-
lination.26,30,31 It is known that Rac1 signaling is crucial to
stimulate Erk signaling through Pak1-mediated control of
Mek1/2 phosphorylation.32 In addition, Erk may maintain the
activation of Rac1 signaling through phosphorylation and
downregulation of the activity of Cdc42 GTPase-activating
protein that inhibits Rac1.33 In this study, we showed that
Elmo is increased in Dock3 Tg mice, suggesting more
effective activation of Rac1 signaling in these mice. Taken
together, Dock3 overexpression may protect myelin, at least
partly, by increasing Elmo expression, enhancing Rac1
signaling, stimulating Erk signaling and driving the positive
feedback loop between Rac1 and Erk. In contrast to Erk
signaling, p38 signaling is known to be involved in neural cell
death in the CNS. A recent study reported that inhibition
of p38 stimulates survival of oligodendrocytes.26 We have

previously shown that deficiency in apoptosis signal-regulat-
ing kinase 1 (ASK1), an upstream enzyme of the p38 signaling
pathway, protects retinal degeneration34–37 and suppresses
demyelination in EAE mice.22 Since Dock3 overexpression
did not affect p38 activity in optic nerves (Figure 6b),
combination of Dock3 overexpression and inhibition of
ASK1-p38 signaling by specific inhibitors may be effective
for the management of demyelinating diseases including
MS.22,37,38

Gene array analyses revealed that cuprizone affects
glutamate signaling during demyelination,39 suggesting that
cuprizone induces glutamate neurotoxicity. We recently
showed that Dock3 can ameliorate glutamate neurotoxicity
by suppressing N-methyl-D-aspartate (NMDA) receptor
activities.4,40 Since these receptors are expressed in oligo-
dendrocytes in the optic nerves,41 Dock3 may protect
oligodendrocytes by suppressing cuprizone-induced gluta-
mate neurotoxicity. Indeed, NMDA receptor blockade has
been shown to be an effective treatment strategy for optic
neuritis in EAE rats,42 supporting the effectiveness of Dock3-
mediated negative regulation of NMDA receptors and

Figure 6 Effects of Dock3 on Erk activation in optic nerves. (a–c) Western blot analysis of total and phosphorylated Erk (a), p38 (b) and JNK (c) in the optic nerves of WT
and Dock3 Tg mice. Relative levels of phosphorylated proteins are quantified. The data are presented as mean±S.E.M. of six independent samples. The results are
expressed as percentages of the WT mice. *Po0.05. (d) Optic nerve sections illustrating a high intensity of phosphorylated Erk in the optic nerve of Dock3 Tg mice compared
with WT mice. Scale bar: 50mm
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protection in our current model. Thus, Dock3 may provide
myelin protection via multiple pathways, including activation of
Erk signaling and inhibition of glutamate signaling.

It is well-known that brain-derived neurotrophic factor
(BDNF) stimulation induces Erk activation in several cells
and promotes cell survival. Since BDNF is decreased in the
corpus callosum following cuprizone treatment,43 BDNF-Erk
signaling may play an important role in demyelinating
diseases. Recent studies have shown that ulinastatin, a
glycoprotein which acts as a trypsin inhibitor, increased
the expression of BDNF, and protected oligodendrocytes
from apoptosis.44 In addition, laquinimod, an orally available
synthetic compound designed for the treatment of relapsing-
remitting MS (RRMS), ameliorates EAE disease course via
BDNF-dependent mechanisms45 and furthermore, glatiramer
acetate, a medication used in RRMS, promotes oligodendro-
genesis and remyelination through elevation of growth factors
including BDNF.46 These accumulated evidence indicate that
stimulation of BDNF signaling may be a promising therapeutic
target for demyelinating disorders. Since Dock3 acts down-
stream of BDNF signaling,1,5 it is possible that Dock3-
mediated Erk activation is involved in BDNF-dependent
amelioration of MS/EAE.

In this study, we have shown the importance of Dock3
expression in oligodendrocytes during demyelinating environ-
ment. However, we cannot exclude the possibility that Dock3
expression in cells other than oligodendrocytes may play
important roles for the ameliorated demyelination in Dock3 Tg
mice. For example, microglia that invade the brain and optic
nerves during demyelination may release several trophic
factors including BDNF, which stimulate oligodendrocyte
protection.47,48 On the other hand, stimulation of TrkB on
astrocytes may drive nitric oxide production and neurodegen-
eration in EAE.49 Thus, further studies are required to
determine the cell type specific functions of Dock3 and BDNF
in vivo. In conclusion, our findings raise intriguing possibilities
for the management of demyelinating diseases by Dock3
overexpression in combination with agents that increase
trophic factor release. To this end, we are currently
investigating therapeutic application of Dock3 using Dock3
virus vectors in disease models.

Materials and Methods
Mice. Experiments were performed using Dock3 Tg mice4–6 in accordance with
the Tokyo Metropolitan Institute of Medical Science Guidelines for the Care and
Use of Animals. Dock3 Tg mice overexpressing WT Dock3 were generated under
the control of an actin promoter. Dock3 Tg mice showed increased expression
levels of Dock3 in many tissues, especially in the optic nerve (B5.6-fold) and
retina (B2.3-fold), but the development and structure of such tissues were
normal.5 C57BL/6J mice were obtained from CLEA Japan (Tokyo, Japan).

Culture cells from brain. Primary cultured hippocampal neurons were
prepared from E16 mice.5 Primary astrocytes were obtained as previously
reported.22 Primary oligodendrocytes were obtained from mixed glial cultures as
previously described.50 Cerebral cortices from 1–3-day-old mice were excised,
meninges removed and cortices minced into small pieces. Subsequently, the
tissue was dissociated by incubation with 0.25% trypsin at 37 1C for 15min, and
the resultant tissue suspension was triturated to yield a single cell suspension. The
cells were seeded on a 75 cm2 tissue culture flask in Dulbecco’s Modified Eagle
Medium (DMEM) containing 10% fetal bovine serum. Complete confluence
was reached in 7–10 days at 37 1C/5% CO2. The culture flasks were shaken for
16–20 h (150 r.p.m. at 37 1C) in a temperature-controlled shaker to separate the

oligodendrocyte precursor cells (OPCs) grown on the top of the confluent layer of
astrocytes. Purified OPCs were cultured on a poly-D-lysine-coated dish in DMEM
supplemented with the following reagents (Sigma, St. Louis, MO, USA; unless
otherwise stated): 5 g/ml bovine insulin, 50 g/ml human transferrin, 100 g/ml bovine
serum albumin fraction V, 66 ng/ml progesterone, 16 ng/ml putrescine, 5 ng/ml
sodium selenite, 400 ng/ml thyroxine, 400 ng/ml tri-iodothyroxine (Biofluids Inc.,
Rockville, MD, USA), 10 ng/ml PDGF-AA and 10 ng/ml bFGF. To obtain
differentiated mature oligodendrocytes, PDGF-AA was removed.

Cuprizone-induced demyelination. WT and Dock3 Tg mice were fed
with 0.2% cuprizone (bis-cyclohexanone oxaldihydrazone; Sigma) mixed into a
ground standard rodent chow to induce demyelination. Cuprizone feeding was
maintained for 6 or 12 weeks for corpus callosum or optic nerves, respectively.
Mice were killed after the treatment period and samples were subjected to
histological and immunoblot analysis.

Histopathology and immunohistochemistry. Optic nerves and
corpus callosum were examined as previously reported.22,23 Paraffin embedded
sections of 7mm thickness were cut and stained with hematoxylin and eosin or
LFB. For quantitative analysis, the number of neurons in the ganglion cell layer
was counted from one ora serrata through the optic nerve to the other ora serrata.
For the detection of Dock3 in oligodendrocytes in the optic nerve, fresh tissues
were removed and frozen on dry ice. Serial cross-sections (10 mm) were prepared
using a cryostat, and immersed in 4% paraformaldehyde for 1 h at 4 1C before
staining. Immunohistochemistry was performed using the following primary
antibodies: Dock3 (1 : 200),4 Elmo (1 : 200, Everest Biotech, Oxfordshire, UK),
MBP (1 : 2000; Santa Cruz, Santa Cruz, CA, USA), CC-1 (1 : 100; Calbiochem,
Gibbstown, NJ, USA) and phosphorylated Erk (1 : 200; BD biosciences, San
Diego, CA, USA). Quantitative analysis of the stained region was carried out using
ImageJ (NIH, Bethesda, MD, USA).

Immunoblot analysis. Immunoblotting was carried out as previously
reported.4 Brains, optic nerves and cultured oligodendrocytes were freshly
isolated, and then homogenized. Samples were separated on a sodium dodecyl
sulfate-PAGE and subsequently transferred to an Immobilon-P filter (Millipore,
Billerica, MA, USA). Membranes were incubated with an antibody against Dock3
(1 : 1000), Neu-N (1 : 1000, Millipore), NG2 (1 : 500, Millipore), GFAP (1 : 500,
Santa Cruz), CNPase (1 : 1000, Sigma), Elmo, total Erk, phosphorylated Erk, total
p38, phosphorylated p38, total JNK, phosphorylated JNK or actin (1 : 1000; BD
Biosciences).

mfERG. Mice at 6 and 18 weeks were anesthetized by intraperitoneal injection
of sodium pentobarbital. The pupils were dilated with 0.5% phenylephrine
hydrochloride and 0.5% tropicamide. mfERGs were recorded using a VERIS 6.0
system (Electro-Diagnostic Imaging, Redwood City, CA, USA). The visual stimulus
consisted of seven hexagonal areas scaled with eccentricity. The stimulus array
was displayed on a high-resolution black and white monitor driven at a frame rate
of 100 Hz. The second-order kernel, which is impaired in patients with glaucoma,
was analyzed.22,23

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