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Dedicator of cytokinesis 8 (DOCK8) is a guanine nucleotide
exchange factor whose loss of function results in immunodefi-
ciency, but its role in the central nervous system (CNS) has been
unclear. Microglia are the resident immune cells of the CNS and
are implicated in the pathogenesis of various neurodegenerative
diseases, including multiple sclerosis (MS) and glaucoma, which
affects the visual system. However, the exact roles of microglia in
these diseases remain unknown. Herein, we report that DOCK8
is expressed in microglia but not in neurons or astrocytes and
that its expression is increased during neuroinflammation. To
define the role of DOCK8 in microglial activity, we focused on
the retina, a tissue devoid of infiltrating T cells. The retina is
divided into distinct layers, and in a disease model of MS/optic
neuritis, DOCK8-deficient mice exhibited a clear reduction in
microglial migration through these layers. Moreover, neuroin-
flammation severity, indicated by clinical scores, visual func-
tion, and retinal ganglion cell (RGC) death, was reduced in the
DOCK8-deficient mice. Furthermore, using a glaucoma disease
model, we observed impaired microglial phagocytosis of RGCs
in DOCK8-deficient mice. Our data demonstrate that DOCK8 is
expressed in microglia and regulates microglial activity in dis-
ease states. These findings contribute to a better understanding
of the molecular pathways involved in microglial activation and
implicate a role of DOCK8 in several neurological diseases.

Dedicator of cytokinesis 8 (DOCK8)2 is a guanine nucleotide
exchange factor (GEF) that belongs to the DOCK-C subfamily

of the DOCK family (1, 2). DOCK proteins activate Rho
GTPases Rac1 and/or Cdc42, and their biological functions
include regulation of cell morphology, migration, growth, and
adhesion (3–5). Research into DOCK8 was accelerated in 2009
when its loss-of-function mutations in humans were reported
to be responsible for a combined immunodeficiency (6 –9) in
which there is a defect in B-cell and T-cell function. Indeed,
DOCK8 is highly expressed in B cells and T cells, and much
research was focused on the role of DOCK8 in the immune
system. DOCK8 is required for intrinsic function of B cells (10),
and its role in the TLR–MyD88 signaling pathway as an adaptor
protein suggests that it also acts in a GEF-independent manner
(11). It plays a key role in the survival, function, and morpho-
logical integrity of CD8� T cells and natural killer T cells (12–
14) and regulation of cytokine production by CD4� T cells (15).
Moreover, DOCK8 is essential for T-cell receptor– driven actin
polymerization (16), and it regulates migration of dendritic
cells (17, 18). All of these findings indicate important roles of
DOCK8 in the immune system. Conversely, DOCK8 mutations
are associated with autism, mental retardation, and neuroblas-
toma (19 –21), indicating that DOCK8 may also be involved in
neurological disorders. However, the role of DOCK8 in the cen-
tral nervous system (CNS) is unknown. In fact, there have not
been any reports demonstrating that DOCK8 is expressed in
cells in the CNS, including microglia. Microglia are the resident
immune cells of the CNS. Resting microglia show ramified
morphology, and these microglia survey the local environment
constantly for any injuries. In response to CNS insults, resting
microglia retract their processes and adopt reactive or ameboid
forms. These reactive microglia are implicated in various brain
diseases, and so they are a potential therapeutic target (22–25).

One example of a disease in which microglia are implicated is
multiple sclerosis (MS), a chronic autoimmune disease of
the CNS characterized by demyelination and degeneration of
axons, resulting in a variety of symptoms, including tingling,
numbness, fatigue, and cognitive and visual impairment.
Experimental autoimmune encephalomyelitis (EAE) is the
most commonly used animal model of MS, and it has provided
useful information on understanding this complex disease (26,
27). Although the main pathogenic players in MS are proin-
flammatory lymphocytes (28 –32), we have previously reported
a role of glial cells in EAE (33, 34), and activated microglia are
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found in the brain of MS patients (35–37). Interestingly, mino-
cycline, a tetracycline antibiotic that prevents microglial acti-
vation, is in clinical trials for treatment of MS and producing
promising results (38), further supporting the role of microglia
in MS. As mentioned above, a role of DOCK8 in myeloid and
lymphoid cells has been reported; however, a role of microglial
DOCK8 in neuroinflammation is unknown.

Microglial activation is observed in various retinal degener-
ative diseases, including glaucoma (39). Glaucoma is a neuro-
degenerative disease of the eye, and it is one of the major causes
of blindness worldwide. The pathology of glaucoma is charac-
terized by progressive degeneration of the optic nerve and ret-
inal ganglion cells (RGCs), which are found in the retina. The
optic nerve injury (ONI) model is an experimentally induced
model of glaucoma and is a good model for investigating micro-
glial responses as their activation is clearly demonstrated (40 –
43). Also, this model is particularly useful for studying a role of
microglial DOCK8 in disease as T cells do not infiltrate into the
retina, allowing the examination of the role of DOCK8 in
microglia independently of DOCK8 in T cells, unlike in the EAE
model. Currently, information on microglial dynamics in the
retina is limited due to a lack of tools for visualizing and cap-
turing morphological and functional changes of these cells in
diseased states. Therefore, a new method to visualize changes in
microglial morphology would be desired to further understand
the role of microglia in disease states.

In this study, we examined whether DOCK8 is expressed in
neural cells and determined whether microglial DOCK8 plays a
role in neurodegenerative diseases using mouse MS and glau-

coma models. We focused on the retina, a tissue that is struc-
tured in distinct layers, allowing monitoring of migration of
microglia easily and where the pathology is not associated with
infiltrating T cells. We visualized morphology of microglia in
reconstructed 3D images to demonstrate microglial activation
during healthy and disease states.

Results

DOCK8 expression is increased in microglia during
neuroinflammation

First, we examined the interaction of DOCK8 with Cdc42,
Rac1, and RhoA. Immunoblot analysis revealed that DOCK8
binds to Cdc42 but not to Rac1 or RhoA (Fig. 1A). Consistently,
DOCK8 possessed GEF activity for Cdc42 but not for Rac1 or
RhoA (Fig. 1B). These data suggest that DOCK8 selectively acti-
vates Cdc42.

Cdc42 plays a role in the migration of inflammatory cells
(44), and therefore, we investigated whether DOCK8 is
involved in neuroinflammation. For this, we first assessed
DOCK8 expression in various cell types in the CNS, including
neurons, astroglia, retinal Müller glia, and microglia. Immuno-
blotting analyses revealed that DOCK8 expression was found in
microglia but not in any other cell types we tested (Fig. 1C).
Furthermore, immunocytochemical analysis revealed that
DOCK8 was expressed diffusely in the cytoplasm of microglia
(Fig. 1D). Because DOCK8 plays important roles in immune
responses (10 –12, 17), we investigated whether inflammatory
mediators affect DOCK8 expression levels in microglia. We

Figure 1. DOCK8 is expressed in microglia and is up-regulated by proinflammatory cytokines. A, DOCK8 binds specifically to Cdc42. GST-Cdc42, GST-
Rac1, GST-RhoA, and GST alone were mixed and incubated with lysates of COS-7 cells overexpressing DOCK8. GST-small GTPases were isolated by a pulldown
assay, and bound DOCK8 was detected by immunoblot analysis. B, DOCK8 promotes GTP loading of Cdc42. Myc-tagged Cdc42, Rac1, and RhoA were
transfected into COS-7 cells with DOCK8. After 24 h of transfection, GTP-Cdc42 was pulled down from lysates with GST-CRIB, GTP-Rac1 was pulled down with
GST-CRIB, and GTP-RhoA was pulled down with GST-Rhotekin. Each small G protein was detected by immunoblot analysis. C, immunoblot analysis of DOCK8
in primary cultured neurons, astroglia, Müller glia, and microglia. DOCK8 is only expressed in microglia. D, immunostaining of DOCK8 in primary cultured
microglia. DOCK8 was diffusely expressed in the cytoplasm of microglia. E, immunoblot analysis of DOCK8 in primary cultured microglia stimulated with LPS
(10 ng/ml) or TNF� (50 ng/ml) for 24 h. Both LPS and TNF� up-regulated DOCK8 expression levels. Error bars represent S.E. (n � 3) and data were analyzed by
a Student’s t test. Scale bar, 20 �m. CBB, Coomassie Brilliant Blue.
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found that DOCK8 expression levels in primary cultured
microglia were drastically up-regulated by stimulation with
lipopolysaccharide (LPS) and tumor necrosis factor-� (TNF�)
(Fig. 1E). To confirm whether this is also true in vivo, we inves-
tigated DOCK8 expression levels in the spinal cord and optic
nerve in EAE mice. Western blotting analyses demonstrated
that DOCK8 expression levels were significantly increased in
both the spinal cord and optic nerve of EAE mice compared
with those of normal mice (Fig. 2, A and B). Double-immuno-
histochemical staining revealed that DOCK8 expression was
strongly increased in the EAE spinal cord and colocalized with
Iba1 (Fig. 2, C and D) and TREM2 (Fig. S1), a transmembrane
glycoprotein that has been shown to be linked to DOCK8
by gene network analysis in Alzheimer’s disease brain (45).
Together, these results suggest that DOCK8 expression in
microglia is increased during neuroinflammation.

We also examined whether DOCK8 expression is increased
in human MS. Immunohistochemical analysis of the occipital
lobe and medulla oblongata revealed that DOCK8-immunopo-
sitive cells were drastically increased in the lesion site compared
with the nonlesion site of human MS tissues (Figs. 2E and S2).
Moreover, some DOCK8-positive cells in the lesion site
appeared with microglia-like morphology (Fig. 2E, arrows).
These results demonstrated that DOCK8 expression is in-
creased during neuroinflammation in both mice and humans.

DOCK8 is critical for activation of microglia in EAE

To investigate a role of microglial DOCK8 during neuroin-
flammation, we generated DOCK8-deficient (DOCK8�/�)
mice. Primary cultured microglia from DOCK8�/� mice
showed cell morphology similar to that from WT mice (Fig.
3A), and expression levels of actin-regulating proteins were not

Figure 2. DOCK8 expression is up-regulated in mouse and human neuroinflammation. A and B, immunoblot analysis of DOCK8 in the spinal cord (A) and
optic nerve (B) of WT EAE mice. The DOCK8 expression is increased in the EAE spinal cord and optic nerve. Error bars represent S.E. (n � 4 mice for normal and
n � 5 mice for EAE in A; n � 4 mice for normal and EAE in B) and data were analyzed by a Mann–Whitney U test. C and D, double immunostaining of the white
matter of the spinal cord (L1–L3) (C) and optic nerve (D) of WT EAE mice using anti-Iba1 (red) and anti-DOCK8 (green) antibodies. Arrowheads indicate increased
expression of DOCK8 in microglia in the optic nerve of WT EAE mice. E, immunostaining of the paraffin sections of the occipital lobe and medulla oblongata
from a patient with MS using an anti-DOCK8 antibody; “normal” indicates an area from the MS patient without a lesion. In the lesion site, DOCK8-positive cells
were detected, and some of them seemed to show microglia-like morphology (arrows). Scale bars, 100 �m (C), and 50 �m (D and E).
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altered by a DOCK8 deficiency (Fig. 3B). We induced EAE in
WT and DOCK8�/� mice and found that DOCK8 deficiency
ameliorated EAE symptoms (Fig. 3C). Histopathological analy-

sis with luxol fast blue and hematoxylin and eosin staining dem-
onstrated that demyelination and activation of astrocytes were
reduced in the spinal cord of DOCK8�/� EAE mice (Fig. S3).

Figure 3. DOCK8 deficiency reduces proliferation of microglia in EAE mice. A, cultured microglia from WT and DOCK8�/� mice were visualized by crystal
violet staining. No abnormal morphology is detected in DOCK8�/� microglia. B, immunoblot analysis of actin-regulating proteins in primary cultured microglia
from WT and DOCK8�/� mice. DOCK8 deficiency does not affect the level of total protein expression of actin-regulating proteins. C, clinical scores of WT and
DOCK8�/� EAE mice (n � 9 for WT; n � 7 for DOCK8�/�). The severity of EAE symptoms is reduced in DOCK8�/� EAE mice. D, immunohistochemistry of paraffin
sections using an anti-Iba1 antibody in the white matter of spinal cord (L1–L3) of WT and DOCK8�/� EAE mice. EAE up-regulates Iba1-positive cells in WT mice
but not in DOCK8�/� mice. E, 2D and 3D images of microglia immunostained with an anti-Iba1 antibody in the white matter of the spinal cord (L1–L3) and optic
nerve of WT and DOCK8�/� EAE mice. Morphological changes in microglia representing the activation state are detected in WT EAE mice but not in DOCK8�/�

EAE mice. F, number of microglia in the spinal cord and optic nerve. The number of microglia in DOCK8�/� EAE mice is much lower than that in WT EAE mice.
Error bars represent S.E. (spinal cord, n � 4 mice for WT and DOCK8�/� normal and WT EAE and n � 5 mice for DOCK8�/� EAE; optic nerve, n � 3 mice for WT
and DOCK8�/� normal and n � 4 mice for WT and DOCK8�/� EAE) and data were analyzed by a Mann–Whitney U test. Scale bars, 10 �m (A); 100 �m (D), 100
�m for the spinal cord and 50 �m for the optic nerve (2D image) and 50 �m for the spinal cord and 25 �m for the optic nerve (box image) (E).
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Moreover, an increased number of microglial cells are detected
in WT EAE mice but not in DOCK8�/� EAE mice (Fig. 3D). To
assess changes in microglial morphology in vivo in detail, we
developed a simple method to create a 3D image reconstruction
of tissues to allow visualization of a 3D image of microglia using
simultaneous application of the tissue clearing technique
and immunostaining. This method captured the differences in
microglial morphology among various tissues (retina, optic
nerve, and spinal cord) and among different layers (the inner
plexiform layer (IPL) and the outer plexiform layer (OPL))
within the retina (Fig. S4). EAE-induced changes in the micro-
glial number were clearly demonstrated by the 3D image recon-
struction of the spinal cord (Fig. 3E). The number of microglia
in the spinal cord and optic nerve of WT EAE mice was
increased by more than 3– 4 times compared with that of nor-
mal WT mice, whereas the number of microglia in DOCK8�/�

EAE mice was similar to that of normal WT mice (Fig. 3F).
Immunostaining with a Ki67 antibody revealed that microglial
cell proliferation was increased in the spinal cord of WT EAE
mice but not in DOCK8�/� EAE mice (Fig. S5), whereas in the
retina microglial cell proliferation was not detectable in WT
EAE mice (Fig. S6). In addition, many microglia with de-rami-
fied morphology were found in both the spinal cord and optic
nerve from WT EAE mice but not from DOCK8�/� EAE mice
(Fig. 3, E and F, and Movies S1 and S2). Taken together, these
results demonstrate that DOCK8 deficiency suppresses micro-
glial activation and decreases the number of microglia in the
spinal cord and optic nerve during EAE.

Role of microglial DOCK8 in retinal degeneration in EAE

Our observations so far suggest that DOCK8 deficiency
reduces microglial activation and ameliorates EAE severity.
However, considering that in mice DOCK8 deficiency and
DOCK8 mutation with abolished GEF activity for Cdc42 acti-
vation reduce T-cell infiltration into the CNS and affect T-cell
function (Fig. S7) (46), microglial activity might be suppressed
due to impaired T cell–meditated immune responses. Interest-
ingly, we found that T cells do not infiltrate into the EAE retina
(Fig. S8) even though retinal degeneration is observed (47, 48).
This indicated that the retina serves as an ideal tissue for study-
ing the role of DOCK8 in microglia without any input by T cells.
Therefore, we examined the retina of DOCK8�/� EAE mice.
We found that the cell number of RGCs was significantly
decreased in WT EAE mice but not in DOCK8�/� EAE mice
(Fig. 4A). Consistently, visual function was impaired in WT
EAE mice, whereas this impairment was milder in DOCK8�/�

EAE mice (Fig. 4B).
Next, we examined a 3D image reconstruction of the retina.

Stack images of retinal microglia are displayed in different col-
ors: red in the ganglion cell layer (GCL), green in the IPL, and
blue in the OPL (Fig. 4C). In the normal condition, the number
of microglia in the GCL was fewer than that in the IPL or OPL
(Fig. 4D). In WT EAE mice, the microglial cell number was
increased in the GCL, whereas it was decreased in the IPL (Fig.
4, C and D). These changes were not detected in DOCK8�/�

EAE mice (Fig. 4, C and D). These results suggest that microglia
migrate from the IPL to the GCL during EAE, and this process
is DOCK8-dependent.

Role of DOCK8 in migration of microglia

We next investigated the role of DOCK8 in migration
of microglia. For this, we first examined whether DOCK8
enhances filopodia formation in primary cultured microglia by
treatment with cytochalasin D (CyD), a chemical reagent that
induced depolymerization of actin filaments, and by detection
of filamentous actin (F-actin) filaments with phalloidin.
DOCK8 was observed diffusely in the cytoplasm of primary
cultured microglia under normal conditions, whereas transient
treatment with CyD induced relocalization of DOCK8 from the
cytoplasm to the cell periphery where filopodia formation was
detected (Fig. 5A, arrows). In addition, the number of cells with
filopodia, after transient CyD treatment, was reduced in
DOCK8�/� microglia compared with WT microglia (Fig. 5B),
suggesting that DOCK8 is required for actin assembly in micro-
glia. We next investigated the effects of DOCK8 on microglial
cell migration. Using a Boyden chamber assay, we measured the
chemotactic response of microglia migration from the control
medium (top chamber) toward 10 �M adenosine triphosphate
(ATP; bottom chamber). The motility of WT microglia was
increased by ATP attraction, but this increase was significantly
lower in DOCK8�/� microglia (Fig. 5C). Altogether, these
results indicate that DOCK8 promotes microglial migration via
the Cdc42-mediated actin assembly.

Role of DOCK8 in phagocytosis of microglia

To further confirm the role of microglial DOCK8, we used
another model, ONI, an acute model of glaucoma. This model
simulates the degeneration of RGCs that occurs in glaucoma,
and T cells are not found in the retina (Fig. S8), which gives us
an advantage to investigate a role of microglial DOCK8 without
the effect of DOCK8 in T cells. Furthermore, microglial activity
does not appear to play a role in RGC death in this model (Fig.
6A) (49, 50); this provides a good opportunity to study a role of
DOCK8 in phagocytic activity because the level of any signals
from dying or dead RGCs is considered to be similar in WT and
DOCK8�/� mice. A 3D image reconstruction of the retina
revealed that the number of microglia after ONI was strongly
increased in the GCL (red), IPL (green), and OPL (blue) in both
WT and DOCK8�/� mice (Fig. 6, B and C). In WT mice, some
dying RGCs were fully wrapped by microglia in the GCL (Fig.
7A). This observation was confirmed by the transverse sequen-
tial section images (Fig. 7B) and a 3D image reconstruction
(Movie S3) of such cells. The number of phagocytic microglia
was reduced in DOCK8�/� mice compared with that in WT
mice (Fig. 7C). However, these data are not enough to demon-
strate whether there is a difference in phagocytic activity
between WT and DOCK8�/� microglia. To examine this point
in more detail, we used a dye that fluoresces at an acidic pH
such as in phagosomes in vitro. We found that phagocytic activ-
ity is significantly reduced in DOCK8�/� microglia compared
with WT microglia (Fig. 7D).

Discussion

In this study, we report that DOCK8 is expressed in microglia
and is involved in microglial migration and phagocytosis, at
least in vitro. To the best of our knowledge, this is the first study
to show that DOCK8 is expressed in microglia and affects their
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activity and to reconstruct 3D images of retinal microglia. The
clearing technique we used to reconstruct 3D images of micro-
glia is particularly useful for laminar tissues such as the retina to
facilitate the visualization of immunostained cells on different
focal plans of the tissue. We demonstrated clear morphological
differences in ramified resting microglia in the retina, optic
nerve, and spinal cord and in different layers of the retina (Fig.
S4, C and D). These differences may simply reflect the available
space within the layers, and future studies will include how
these shapes affect activities of microglia in disease states.

Microglia play important roles in neuroinflammation, and its
migration to the lesion site is necessary for the propagation of
neuroinflammation. One of the key events for microglial
migration is rearrangement of the actin cytoskeleton by Rho
GTPases. Rho GTPases have diverse functions to regulate a
variety of cellular processes, including morphogenesis, migra-
tion, neuronal development, and cell division (3, 44, 51–53). In
particular, Cdc42 plays a crucial role in directing cell migration
and chemotaxis (54 –56). Our findings indicate that DOCK8
specifically activates Cdc42, and the lack of DOCK8 impairs cell

Figure 4. DOCK8 deficiency preserves visual function and reduces microglial migration in the retinas of EAE mice. A, representative images of FG-
labeled RGCs in WT and DOCK8�/� EAE mice. FG-labeled RGCs were counted. RGC survival is greatly increased in DOCK8�/� EAE mice. Error bars represent
S.E. (n � 4 eyes). B, visual responses in WT and DOCK8�/� EAE mice by measuring multifocal electroretinogram. The visual responses are better
preserved in DOCK8�/� EAE mice compared with WT EAE mice. Error bars represent S.E. (n � 6 eyes for WT normal; n � 8 eyes for DOCK8�/� normal; n �
7 eyes for WT EAE; n � 11 eyes for DOCK8�/� EAE). C, layer-specific microglia distribution in the EAE mouse retina. Microglia were detected by
immunostaining of Iba1 in the transparent whole retina. The GCL (red), IPL (green), OPL (blue), and stack images (three layers) of retinal microglia are
shown. The Iba1-positive cells are detected in the GCL of WT EAE mice but not in DOCK8�/� EAE mice. Scale bar, 100 �m. D, quantitative analysis of
Iba1-positive cells in the GCL, IPL, and OPL. The data suggest that migration from the IPL to the GCL is inhibited in DOCK8�/� EAE mice. Error bars
represent S.E. (n � 6 eyes for WT normal; n � 8 eyes for DOCK8�/� normal; n � 5 eyes for WT and DOCK8�/� EAE) and data were analyzed by a
Mann–Whitney U test. Scale bars, 100 �m.
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migration, suggesting that the DOCK8 –Cdc42 pathway is
involved in microglial migration. A recent report indicated that
TNF� induces microglial phagocytosis of neurons (57). During
ONI, TNF� is elevated, and microglia is activated (42, 58);
therefore, it is possible that TNF� up-regulates DOCK8, which
promotes phagocytic activity of microglia. Microglial phagocy-
tosis has been implicated in various neurodegenerative dis-
eases, including Alzheimer’s disease, Parkinson’s disease, ALS,
and MS (23, 59 – 63). However, a role of microglial phagocytosis
in disease is complex, and it can act in a beneficial way or in a
harmful way, for example, clearing out dead cells and debris or
phagocytosing live neurons, respectively (64, 65). Findings from
this study alone cannot determine whether microglial phago-
cytosis is beneficial or harmful during neurodegeneration
because microglia have no effects on the severity of RGC death
in the ONI model (49, 50), which is an acute model. It has been
reported that minocycline suppresses RGC death in animal
models of glaucoma (66 –68), strongly supporting the role of
microglial activation in this disease, and microglia– glia and
microglia–neuron interactions may play important roles in the
survival or death of retinal neurons (69 –71). Future studies will
include how microglial DOCK8 affects retinal degeneration in a
chronic model of glaucoma (72) and photoreceptor degenera-
tion (69, 70) using microglia-specific DOCK8�/� mice. Inter-
estingly, microarray gene expression analysis revealed that
DOCK8 is up-regulated in Rett syndrome (73), which is a pro-
gressive neurodevelopmental disorder, and its onset and pro-
gression may be influenced by microglial activity (74). These
findings suggest a role of microglial DOCK8 and its therapeutic
potential in some CNS disorders, including MS and glaucoma.
In our study, we used DOCK8�/� mice to examine a role of
DOCK8 in microglial activity during disease. Our results are
clear, but we cannot discard the possibility that knocking out a

gene causes compensatory up-regulation of multiple genes, so
data from knockout mice may not necessarily be caused by the
target gene, in this case DOCK8. Therefore, one cannot say for
sure that the protective effects observed in this study are due to
knocking out DOCK8 or due to up-regulation of unknown
genes as a result of knocking out DOCK8.

In summary, we have demonstrated that DOCK8 is ex-
pressed in microglia and that it regulates microglial activity
during neurodegeneration. Future studies will include genera-
tion and use of microglia-specific DOCK8�/� mice in disease
models to explore the therapeutic potential of microglial
DOCK8 in CNS disorders.

Experimental procedures

Experimental animals

DOCK8�/� mice were generated by homologous recombi-
nation in C57BL/6 mouse embryonic stem cells. The animals
were treated in accordance with the Tokyo Metropolitan Insti-
tute of Medical Science guidelines for the care and use of
animals, and all animal experiments were approved by the Insti-
tutional Animal Care and Use Committee of the Tokyo Metro-
politan Institute of Medical Science.

Preparation of primary cultured cells

Primary cultured cortical neurons (75, 76), astrocytes (48),
microglia, and Müller glia (69, 72) were prepared as described
previously. For induction of DOCK8 expression, cultured
microglia were stimulated with LPS (10 ng/ml; EMD Millipore,
Billerica, MA) or TNF� (50 ng/ml; PeproTech, Rocky Hill, NJ)
for 24 h. These cells were directly lysed with a sample buffer
(62.5 mM Tris (pH 6.8), 2% SDS, 5% 2-mercaptoethanol, 15%
glycerol) and subjected to immunoblotting. For analysis of
filopodia formation, cultured microglia were stimulated
with 10 �M CyD (EMD Millipore) for 15 min and then
washed and cultured in normal culture medium for an addi-
tional 15 min. After fixation with 3.7% formaldehyde for 20
min, cells were stained with rhodamine-labeled phalloidin
(1:1000; Cytoskeleton, Denver, CO) for visualizing actin
filaments.

Immunostaining of cultured microglia

Primary cultured microglia were fixed with 3.7% formalde-
hyde for 20 min and stained with 0.03% crystal violet (Fujifilm,
Tokyo, Japan) or anti-DOCK8 antibody (1:1000; EMD Milli-
pore). Alexa Fluor– conjugated donkey anti-rabbit IgG (1:1000;
Thermo Fisher Scientific, Waltham, MA) was used as a second-
ary antibody. For visualizing F-actins, cells were stained with
rhodamine-labeled phalloidin (1:1000). Cells with or without
filopodia were counted manually in two randomly chosen areas
of 0.05 mm2 per well for a total of 4 wells. Quantitative analysis
of the signal bands was carried out using NIH ImageJ software
1.46r.

Immunoblot analysis

Immunoblotting was carried out as reported previously (75).
The optic nerve and spinal cord were freshly isolated from WT
and DOCK8�/� mice and then homogenized in cold PBS. Total

Figure 5. DOCK8 deficiency impaired microglial migration. A, DOCK8 was
colocalized with actin filaments in filopodia (arrows) in primary cultured
microglia after transient CyD treatment. B, filopodia formation (arrows) was
decreased in DOCK8�/� microglia after transient CyD treatment. Cells with
filopodia were counted. Error bars represent S.E. (n � 9 for WT and n � 7 for
DOCK8�/�) and data were analyzed by a Mann–Whitney U test. C, microglia
migration assay using a Boyden chamber. ATP-dependent migration ability
was impaired in primary cultured microglia from DOCK8�/� mice. Error bars
represent S.E. (n � 4) and data were analyzed by a Mann–Whitney U test. Scale
bars, 10 �m (A), 20 �m (B), and 100 �m (C).
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homogenates of the optic nerve and spinal cord or total cell
lysates of primary cultured cells were heated at 100 °C for 5 min.
Proteins were separated by SDS-PAGE and transferred to an
Immobilon-P filter (EMD Millipore). Membranes were incu-
bated with an antibody against DOCK8 (1:1000), Iba1 (1:1000;
Abcam, Cambridge, UK), Cdc42 (1:1000; Cell Signaling Tech-
nology, Danvers, MA), Rac1 (1:1000; BD Biosciences), RhoA
(1:1000; BD Biosciences), Wiskott–Aldrich syndrome protein
(WASP) (1:1000; Epitomics, Burlingame, CA), WASP-family
verprolin-homologous protein (WAVE) (1:1000; BD Biosci-
ences), and actin (1:1000; BD Biosciences) in PBS containing
0.05% Tween 20 (PBS-T) and 2.5% skimmed milk. Membranes
were washed in PBS-T and incubated with horseradish
peroxidase– conjugated secondary antibodies against mouse
IgG (1:1000; Cell Signaling Technology), rabbit IgG (1:1000;
Cell Signaling Technology), or goat IgG (1:1000; Santa Cruz

Biotechnology). Labeled proteins were detected using Chemi-
Lumi One Ultra (Nakalai Tesque, Kyoto, Japan). Quantitative
analysis of the signal bands was carried out using NIH ImageJ
software 1.46r.

Binding assay for small G proteins

GST-Cdc42, GST-Rac1, and GST-RhoA (84) were purified
from bacterial lysates using GSH-agarose (GSH-Sepharose
4B, Thermo Fisher Scientific). After 24 h of transfection with
pCMV-full-length DOCK8, COS-7 cells were washed twice
with PBS and lysed with an EDTA buffer (1% Triton X-100, 50
mM Tris (pH 7.4), 150 mM NaCl, 5 mM EDTA containing a
protease inhibitor mixture (Roche Applied Science)) and cen-
trifuged. The supernatants were incubated with agarose bead–
associated GST fusion proteins for 1 h at 4 °C and washed four
times. DOCK8 bound to small GTPase proteins was resolved by

Figure 6. DOCK8 deficiency reduces microglial migration in the retina following ONI. A, representative images of FG-labeled RGCs in WT and DOCK8�/�

mice after ONI. FG-labeled RGCs were counted. There was no difference in RGC survival between WT and DOCK8�/� mice following ONI. Error bars represent S.E.
(n � 3 eyes). B, layer-specific distribution of microglia in mouse retinas 5 days after ONI. Microglia were detected by immunostaining of Iba1 in the transparent
whole retina. GCL (red), IPL (green), OPL (blue), and stack images (three layers) of retinal microglia are shown. C, quantitative analysis of Iba1-positive cells in the
GCL, IPL, and OPL. ONI up-regulates the number of Iba1-positive cells in all retinal layers, but the extent of increase in the GCL is smaller in DOCK8�/� mice
compared with WT mice. Error bars represent S.E. (n � 6 eyes) and data were analyzed by a Mann–Whitney U test. Scale bars, 100 �m (A) and 50 �m (B).
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SDS-PAGE and assessed by immunoblotting with an anti-
DOCK8 antibody (1:1000).

Measurement of the activity of Rho-family proteins

The activities of Cdc42, Rac1, and RhoA were measured as
described previously (75). GST-CRIB and GST-Rhotekin (84)
were purified from bacterial lysates using GSH-agarose
(Thermo Fisher Scientific). After 24 h of transfection, COS-7
cells were washed twice with PBS and lysed with a lysis buffer
(1% Triton X-100, 50 mM Tris (pH 7.4), 150 mM NaCl, 10%
glycerol, 10 mM MgCl2 containing protease inhibitor mixture)
and then centrifuged. The resulting supernatants were incu-
bated with agarose bead–associated GST fusion proteins for 45
min at 4 °C. The beads were washed four times with lysis buffer,
the bound small GTPase proteins were subjected to SDS-
PAGE, and immunoblot analysis was performed with anti-
Cdc42, -Rac1, and -RhoA antibodies.

Chemotaxis assay

Migration assays were performed using Boyden-type 96-well
plates (ChemoTx system, Neuroprobe, Gaithersburg, MD).
Microglia were suspended in Dulbecco’s modified Eagle’s min-
imal essential medium without serum. The same medium con-
taining ATP (50 ng/ml; BioVision, Mountain View, CA) was
used to fill each well. Polycarbonate filters with 8-�m pores
were placed in contact with the liquid, and cells were dispensed
over each well. Cells were seeded on polycarbonate filters and
incubated at 37 °C (5% CO2) for 3 h. The cells that remained on
the top surface of the filter were wiped with a Kimwipe, and
cells under the filter (migrated cells) were fixed with 3.7% form-
aldehyde for 10 min. The filter was then stained with 0.03%
crystal violet, and individual fields were counted.

Phagocytosis assay

The phagocytic activity was measured using pHrodoTM

Green Zymosan BioparticlesTM (Life Technologies) according
to the manufacturer’s instructions. pHrodo Green conjugates
are nonfluorescent outside the cell at a neutral pH but fluoresce
brightly green at an acidic pH such as in phagosomes. In brief,
microglia were cultured in Dulbecco’s modified Eagle’s mini-
mal essential medium containing 10% fetal bovine serum and
0.5 mg/ml fluorescently labeled zymosan particles for 20, 60,
and 120 min. After fixation, images were obtained with a
BZ-9000 fluorescence microscope (Keyence, Osaka, Japan).
Fluorescence intensity was determined using NIH ImageJ soft-
ware 1.46r.

Histological analyses

Frozen (10-�m-thick) or paraffin (7-�m-thick) tissue sec-
tions of the retina, optic nerve, or spinal cord were examined
with immunohistochemical analysis using anti-Iba1 (1:1000),
anti-DOCK8 (1:1000), anti-CD3 (1:1000; Santa Cruz Biotech-
nology), anti-TREM2 (1:250; Abcam), anti-Ki67 (1:250;
Abcam), or anti-glial fibrillary acidic protein (1:1000; Cell
Signaling Technology) antibodies. Alexa Fluor– conjugated
donkey anti-goat IgG, anti-rabbit IgG, and goat anti-rat
IgG (1:1000) were used as secondary antibodies. For detec-
tion of myelin in spinal cord, tissues were embedded in par-
affin wax, sectioned at a thickness of 7 �m, and stained with
luxol fast blue followed by hematoxylin and eosin. Stained
sections were examined using a microscope (BX51, Olym-
pus, Tokyo, Japan) connected to a DP70 camera (Olympus).
Images were processed and viewed using DP Manager soft-
ware (v2.2.1.195; Olympus). Quantitative analysis of the

Figure 7. DOCK8 promotes microglial phagocytosis in the retinas following ONI. A, phagocytic microglia in the transparent whole retina of WT mice 5 days
after ONI. The images demonstrate that Iba1-positive cells are wrapping around FG-labeled RGCs (arrows). B, sequential coronal images of a phagocytic
microglial cell in A, demonstrating more clearly that the Iba1-positive cell is enveloping the RGC. C, quantitative analysis of phagocytic retinal microglia in the
GCL. A lesser percentage of phagocytic microglia is found in DOCK8�/� mice compared with WT mice. Error bars represent S.E. (n � 6 eyes) and data were
analyzed by a Mann–Whitney U test. D, impaired phagocytic ability in DOCK8�/� microglia. Microglia were cultured with the fluorescently labeled zymosan
particles, which are bright green at an acidic pH such as in phagosomes. The fluorescein intensity was quantified as phagocytic ability. Error bars represent S.E.
(n � 4) and data were analyzed by a Mann–Whitney U test. Scale bars, 50 �m (A), 10 �m (B), and 100 �m (D).
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stained region was carried out using NIH ImageJ software
1.46r.

Preparation of transparent tissues and immunostaining

Mice were anesthetized by isoflurane and perfused with
Zamboni’s fixative (2% paraformaldehyde and 15% picric acid
in 0.1 M phosphate buffer). Tissues (retina, optic nerve, and
spinal cord) were removed and postfixed in Zamboni’s fixative
for 10 h at 4 °C. The retina and optic nerve as a whole tissue and
frozen sections (100 �m) of the spinal cord were immuno-
stained using an anti-Iba1 antibody (1:1000) in 1% Triton
X-100, 0.1% SDS, and 5% horse serum in PBS for 2 days at 4 °C
with agitation. After washing, tissues were incubated with
Alexa Fluor– conjugated donkey anti-goat IgG (1:1000) as a
secondary antibody in 1% Triton X-100, 0.1% SDS, and 5%
horse serum in PBS for 1 day at 4 °C with agitation. Tissues were
then washed and placed on a slide glass with 85% glycerol.
Immunostained sequential images were acquired with an SP8
confocal microscope (Leica Microsystems, Wetzlar, Germany)
or a BZ-9000 fluorescence microscope. Three-dimensional
images were reconstructed with microscope software platform
Leica Application Suite X version 1.8 (Leica Microsystems) or
ImageJ version 2.0.0 (85).

Induction and clinical scoring of EAE

Female WT and DOCK8�/� mice were used for the experi-
ments. EAE was induced with the myelin oligodendrocyte
glycoprotein (MOG)35–55 peptide (MEVGWYRSPFSRVVH-
LYRNGK) at 6 – 8 weeks of age as reported previously (48, 77,
78). To induce EAE, a total of 200 �g of MOG35–55 (GenScript,
Piscataway, NJ) emulsified in 200 �l of complete Freund’s adju-
vant (Thermo Fisher Scientific) supplemented with 4 �g/ml
Mycobacterium tuberculosis was injected subcutaneously into
the lower flanks followed by an intraperitoneal injection of 100
ng of pertussis toxin (Thermo Fisher Scientific). Clinical signs
were scored daily as follows: 0, no clinical signs; 1, loss of tail
tonicity; 2, flaccid tail; 3, impairment of righting reflex; 4, partial
hind limb paralysis; 5, complete hind limb paralysis; 6, partial
body paralysis; 7, partial forelimb paralysis; 8, complete fore-
limb paralysis or moribund; 9, death.

Flow cytometry

Cells were treated with anti-Fc�RII/III (BioLegend, San
Diego, CA) to block unspecific binding to Fc receptors and
thereafter labeled with fluorescent antibodies for flow cytomet-
ric acquisition using a FACSCalibur flow cytometer. Data anal-
ysis was performed by Flowjo software (Treestar, Ashland, OR).
The following antibodies were used for surface staining of
splenocytes: Alexa Fluor 488 – conjugated anti-CD3 (BioLeg-
end), phycoerythrin-conjugated anti-CD4 (BioLegend), and
Alexa Fluor 647– conjugated anti-CD8a (BioLegend).

Antigen-specific T-cell proliferation assay

Bone marrow– derived dendritic cells (BMDCs) were pre-
pared according to previously reported methods with slight
modifications (79). Bone marrow was isolated from the femurs
and tibias of WT and DOCK8�/� mice. Bone marrow cells (5 �
106) were resuspended in 10 ml of dendritic cell (DC) medium

(RPMI 1640 medium (Nakalai), 10% fetal calf serum, 10 ng/ml
granulocyte/macrophage colony-stimulating factor (Pepro-
Tech)) and cultured in 10-cm culture dishes at 37 °C. Three
days after cell culture, 10 ml of DC medium was added to the
culture. Six days after cell culture, 10 ml of the culture was
removed and centrifuged, and the cell pellet was resuspended in
10 ml of fresh DC medium and added back to the culture. Nine
days after cell culture, BMDCs were harvested, pulsed for 2 h
with ovalbumin (100 �g/ml; EMD Millipore), and washed
prior to use in in vitro proliferation assays. Additionally, spleno-
cytes of OT-II transgenic mice (80) were isolated and stained
with 5-(and-6)-carboxyfluorescein diacetate succinimidyl ester
(CFSE; final concentration, 0.5 �M; Dojindo, Kumamoto,
Japan). CFSE-labeled OT-II splenocytes (4 � 105) were cocul-
tured with ovalbumin-pulsed BMDCs (1 � 105) in 96-well
round-bottom plates and incubated for 3 days at 37 °C. After
culture, the cells were stained with an anti-CD4 mAb (1:1500;
BioLegend) and analyzed by flow cytometry to detect CFSE
dilution of gated CD4� OT-II T cells.

Analysis of complete blood cells

Peripheral blood was obtained by tail bleeding and trans-
ferred into EDTA-coated tubes. The complete blood cell anal-
ysis was performed using a Sysmex K-4500 multispecies whole-
blood analyzer (Sysmex, Kobe, Japan).

Multifocal electroretinograms

Mice were anesthetized by intraperitoneal injection of 87.5
mg/kg sodium pentobarbital. The pupils were dilated with 0.5%
phenylephrine hydrochloride and 0.5% tropicamide. Multifocal
electroretinograms were recorded using a VERIS 6.0 system
(Electro-Diagnostic Imaging, Redwood City, CA). The visual
stimulus consisted of seven hexagonal areas scaled with eccen-
tricity. 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 optic neuritis and
optic neuropathy, was analyzed (48, 72, 81).

Retrograde RGC labeling

Mice were deeply anesthetized with isoflurane and then
placed on a stereotaxic frame before receiving an injection of 2
�l of 1% Fluoro-Gold (FG; Fluorochrome LLC, Denver, CO)
dissolved in PBS into the superior colliculus (82, 83). Ten days
after FG application, mice were anesthetized, eyes were enucle-
ated, and retinas were isolated for whole-mount preparation.
Retinas were fixed in 4% paraformaldehyde in 0.1 M PBS solu-
tion for 20 min and mounted on a glass slide with a mounting
medium (Vectashield, Vector Laboratories, Burlingame, CA),
and RGC density was examined with a fluorescence micro-
scope. The excitation and emission wavelengths for FG were
323 and 620 nm, respectively. Four standard areas (0.1 mm2) of
each retina at a point 0.5 mm from the optic disc were chosen.
FG-labeled cells were manually counted, and the mean number
of RGCs per mm2 was calculated.

ONI

Mice were anesthetized with isoflurane before ONI. Optic
nerves were exposed intraorbitally and crushed about 0.5-1.0
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mm from the posterior pole of the eyeball with fine surgical
forceps for 5 s (75). Five days after ONI, eyes were enucleated,
and isolated retinas were processed for tissue clearing and
immunostaining. In some experiments, retrograde RGC label-
ing was carried out 10 days before ONI.

Immunostaining of human brain

Human samples were handled according to the regulations
issued by the Ethics Committee of the Tokyo Metropolitan
Institute of Medical Science. This study was conducted in
accordance with Declaration of Helsinki principles. CNS tis-
sues were obtained at autopsy from a 54-year-old male (Patient
1), 40-year-old female (Patient 2), and 56-year-old male
(Patient 3) whose disease status was relapsing–remitting MS.
The tissue was fixed with 20% buffered formalin and embedded
in paraffin wax. For immunohistochemistry, 10-�m paraffin
sections were immunostained using a rabbit polyclonal anti-
body against DOCK8 (1:1000). Before antibody incubation, sec-
tions were heated using a microwave in citrate-buffered saline
(pH 6.0) for 15 min to unmask antigens. Antibody binding was
visualized using a labeled streptavidin– biotin immunoperoxi-
dase method.

Statistical analyses

Data are presented as means � S.E. Data were analyzed by a
two-tailed unpaired Student’s t test or Mann–Whitney U test as
a nonparametric test, and the p values were not corrected for
multiple comparisons. A value of p � 0.05 was regarded as
statistically significant. JMP, version 8.0.1 (SAS Institute, Cary,
NC) was used for the statistical analyses.
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