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Figure 3 Quantification of the severity of glaucoma. (a) RGC number in
WT, ASK1~"~, GLAST*/~, GLAST */:ASK1~"~, GLAST™~ and GLAST '
ASK1~"~ mice. The number of neurons in the GCL was counted in retinal sections
from one ora serrata through the optic nerve to the other ora serrata. (b) Thickness
of the inner retinal layer in WT, ASK1~/~, GLAST*/~, GLAST*/~:ASK1~/~,
GLAST ™~ and GLAST/~:ASK1~"~ mice. **P<0.01, *P<0.05

GLAST *'~ mice (P<0.05) and in normal range compared
with WT mice (P=0.94, Figure 4m). Similarly, RGC number
in GLAST/~:ASK1~"~ mice (3392 + 102; n=3) was increa-
sed compared with GLAST™~ mice (2592 +269; n=3)
(P<0.05,Figure 4m).

Degeneration of the optic nerve is one of the hallmarks of
glaucoma. To analyze morphological changes in the optic
nerve, semi-thin transverse sections were cut and stained
with toluidine blue (Figure 4i-l). Consistent with severe RGC
loss, the degenerating axons in 3M GLAST*/~ mice had
abnormally dark axonal profiles (arrowheads in Figure 4k).
Such degenerating axons, however, were almost absent
in GLAST*/":ASK1~/~ mice (Figure 4l). Taken together,
these results demonstrate that ASK1 deficiency protects
against RGC loss and optic nerve degeneration in GLAST-
deficient mice, which leads to improved visual function as
detected by mfERG (Figure 1).

IOP measurement in GLAST/ASK1 double-deficient
mice. We have previously reported that GLAST-deficient
mice show normal IOP compared with WT mice.”
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To determine the effect of ASK1 on IOP, we examined
the IOP of ASK1 /", GLAST™/":ASK1 ™/~ and GLAST '
ASK1™" mice. IOP measurements were carried out at
around 2100 hours, when IOP is highest in mouse eyes.19
The IOP values of ASK1~~, GLAST*/:ASK1™" and
GLAST/":ASK1~~ mice were not significantly decreased
compared with WT and GLAST™"~ mice (Figure 5). These
results suggest that the recovery of NTG-like pathology
in GLAST*/":ASK1™/~ and GLAST/":ASK1~~ mice is
IOP independent.

Role of oxidative stress and glutamate neurotoxicity
in GLAST/ASK1 double-deficient mice. Oxidative stress
has been proposed to contribute to RGC death in
glaucoma, and a reduction in glutathione levels was repor-
ted in the plasma of human glaucoma patients.'® Consistent
with these findings, we have previously reported a decreased
glutathione concentration in the retina of GLAST /= mice."®
To determine the effect of ASK1 on glutathione synthesis,
we examined the glutathione concentration in the retina
of 6M ASK1~~ and GLAST/":ASK1~~ mice and found
that it was not significantly increased compared with WT
and GLAST " mice, respectively (Figure 6a). In addition, the
malondialdehyde concentration in the retina of ASK1 '~ and
GLAST/":ASK1~/~ mice was indistinguishable from that
of WT and GLAST ™/~ mice, respectively (Figure 6b).

We have previously reported that intravitreal glutamate
concentration is normal, but memantine, N-methyl-D-aspartate
receptor antagonist, partially protected RGCs in GLAST 4
mice.”® In addition, we showed that GLAST has a major
role in glutamate uptake into Miiller glial cells.*® To explore
the possibility that ASK1 is involved in glutamate transport,
we examined glutamate uptake activity in Muller glial cells
prepared from ASK1~/~ and GLAST */":ASK1~"~ mice, and
found that it was not significantly increased compared with WT
and GLAST */~ mice, respectively (Figure 7). These findings
suggest that ASK1 deficiency attenuates NTG-like degenera-
tion without affecting the conditions of oxidative stress and
glutamate neurotoxicity in GLAST-deficient mice.

Effect of ASK1-p38 mitogen-activated protein kinase
(MAPK) signaling in Miiller glial cells and RGCs. ASK1 is
activated in response to cytotoxic stresses, including reactive
oxygen species (ROS) and tumor necrosis factor (TNF),
and relays these signals to p38 MAPK.'®"" To determine
whether this pathway is active in Mdller glial cells, we
first examined the effects of TNF on cultured Miller cells
from WT and ASK1~/~ mice. Western blot analysis demon-
strated that stimulation of WT Mdller cells with TNF leads
to strong phosphorylation of p38 in a dose-dependent
manner (Figure 8a). The activation of p38, however, was
significantly suppressed in ASKi-deficient Mdller celis
(Figure 8a). Nitric oxide (NO) generated by inducible nitric
oxide synthase (iNOS) is involved in retinal neuronal
cell death,®'®? and a previous study has reported that
TNF-induced iINOS expression and NO release are
suppressed by a specific inhibitor of p38 in mouse
astrocytes.?® These results suggest that the ASK1-p38
pathway regulates TNF-induced iINOS expression in Muller
cells. To evaluate this possibility, we next examined iNOS
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Figure 4 Effect of ASK1 on RGC and optic nerve degeneration. (a-h) Retrogradely labeled RGCs in WT, ASK1~"~, GLAST ™/~ and GLAST */~:ASK1™"" mice.
(e-h) Magnified images of (a-d), respectively. (i1} Staining of semi-thin sections with toluidine blue revealed the presence of abnormally dark axonal profiles (aowheads)
and reduced axons in GLAST */~ mice (k), which was ameliorated in GLAST */~:ASK1~ '~ mice (). (m) Quantification of labeled RGC number in WT, ASK1~/~, GLAST * -
GLAST*+/~:ASK1~"~, GLAST™'~ and GLAST~/~:ASK1™"~ mice. Scale bar: 1 mm (a-d); 200 um (e-h); 20 um (i-). *P<0.05

protein levels in cultured Muller cells. In untreated Miller
cells, INOS protein was almost absent, but TNF clearly
increased INOS expression levels (Figure 8b). Similar
iNOS induction was detected in GLAST-deficient Miller
cells (Figure 8b). However, TNF-induced iNOS expression
was completely suppressed in ASK1-deficient Miller cells
(Figure 8b). These results suggest that the ASK1-p38
pathway is required in Miller cells for the TNF-induced
iNOS. production, which may lead to the death of retinal
neurons including RGCs. We further examined the direct
effect of TNF on cultured RGCs."® TNF-induced cell death
in cultured RGCs from ASK1-deficient mice was significantly

decreased (41+9%; n=6) compared with that from WT
mice (P<0.05, Figure 8c). Taken together, loss of ASK1
prevents TNF-induced RGC death through both the direct
pathway and the indirect pathway through Muller cells that
is independent of GLAST.

Discussion

In this study, we show that ASK1 is associated with
progressive RGC loss, glaucomatous optic nerve degenera-
tion and visual disturbances in GLAST-deficient mice. We
previously suggested the possibility that dysfunction of
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Figure5 Effect of ASK1 on intraocular pressure in GLAST ™'~ and GLAST ™
mice. Infraocular pressure in GLAST *~:ASK1 /= and GLAST/~:ASK1 7 mice
was not signiticantly dacreased compared with GLAST™'~ mice

GLAST (human EAAT1) has a role in RGC death in human
NTG." It has been reported that EAATT is downregulated
in the retinas of human patients with glaucoma' and in
fibroblasts from patients with Alzheimer's disease.®* Con-
sidering the high frequency of glaucoma in Alzheimer’s
disease patients,?®> common mechanisms such as GLAST
dysfunction might contribute to both diseases. Interestingly,
ROS-mediated ASK1 activation is a key mechanism for
amyloid beta (Af)-induced neurotoxicity, which has a central
role in Alzheimer's disease.?® The accumulation of Af is also
observed in apoptotic RGCs in a rat model of glaucoma due to
high IOP.27 In this model, inhibiting amyloidogenic pathways
by agents affecting multiple stages of the Af pathway reduces
RGC apoptosis in vivo.?” This suggests a new hypothesis
for RGC death in glaucoma involving ASK1-dependent
Apf neurotoxicity, mimicking Alzheimer's disease.?® In addi-
tion, multiple single-nucleotide polymorphisms in the Toll-like
receptor 4 (TLR4) gene have been associated with the risk of
NTG.2® As ASK1 is required for innate immune responses
dependent on TLR4,%° TLR4-ASK1 signaling may be involved

in the development of NTG. Taken together, these findings-

suggest that ASK1 may have roles in various neuro-
degenerative disorders, including glaucoma.'®™'®

Our present results demonstrate reduced RGC death,
decreased axonal loss and mild visual disturbance in
GLAST*/":ASK1~/~ and GLAST/":ASK1~"~ mice, high-
lighting ASK1 as a potential therapeutic target for NTG. Loss
of ASK1 had no effect on IOP (Figure 5), the production of
malondialdehyde (Figure 6) or glutamate uptake activity by
Milller cells (Figure 7). Whereas TNF-induced iNOS produc-
tion was suppressed in ASK1-deficient Muller cells, and
ASK1-deficient RGCs were more resistant to TNF-induced
death compared with WT RGCs (Figure 8). Thus, in combi-
nation with conventional treatments to lower IOP, inhibition
of ASK1 signaling may be useful in the treatment of glaucoma.
In addition, we recently reported that interleukin-1 (IL-1)
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Figure 6 FEffect of ASK1 on oxidative stress in GLAST*" and GLAST
mice. (a) Mean glutathicne concentration in whole retinas from WT, ASK1—-
GLAST*/, GLAST* :ASK1™~, GLAST and GLAST/":ASK1 """ mice.
(b) Malondialdehyde concentration in whole refinas from WT, ASK1™/~, GLAST*/~,
GLAST+—:ASK1™", GLAST™'~ and GLAST™/~:ASK1~" mice. *P<0.05

increases glutamate uptake by Miller cells, primarily through
the activation of GLAST, and protects RGCs from glutamate
neurotoxicity.?>>' IL-1 is a mediator of brain injury induced
by ischemia or trauma and has been implicated in chronic
brain diseases, such as Alzheimer's disease, Parkinson’s
disease and multiple sclerosis.® Therefore, we need to
examine the beneficial and detrimental roles of IL-1 during
glaucoma in vivo. Furthermore, we are undertaking experi-
ments to determine the neuroprotective effect of GLAST
against neurotoxicity, axotomy and neurcinflammation in
mice overexpressing GLAST.

A recent study has shown that upregulation of GLAST in
Mdiler cells by glial cell line-derived neurotrophic factor
(GDNF} and neurturin (NTN) is required to rescue RGCs
following optic nerve transection.® As the receptors for GDNF
and NTN are increased in Mller cells after RGC axotomy, the
neuroprotective effects of GDNF and NTN may be indirect, at
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Figure 7 Glutamate uptake activity in Milller cells derived from WT, ASK1 ™/,

GLAST*/~ and GLAST*/~:ASK1™"~ mice. The data are presented as means +
S.EM. of eight samples for each group. *P<0.05
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Figure8 ASK1 s required for TNF-induced p38 activation and iNOS production
in Miller glial cells. (a) Effect of ASK1 on TNF-induced p38 activation. Miiller cells
derived from WT or ASK1 ™'~ mice were stimulated with the indicated concentration
of TNF for 20 min, followed by immunoblot analysis of total and phosphorylated p38
in cell lysates. (b) Effect of GLAST and ASK1 on TNF-induced iNOS production.
Miller cells derived from WT, GLAST~ or ASK1~/ mice were stimulated for 16 h
with TNF (50 ng/ml) or left unstimulated. (c) Effect of TNF on RGC death. RGCs
derived from WT or ASK1~"~ mice were treated for 2 days with TNF (400 ng/ml),
and the number of Pl-positive cells was counted. The data are presented as
mean * 8.E.M. of six samples for each group
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least partly, through the enhancement of glutamate uptake in
Muller cells. Similar upregulation of the receptors for GDNF
and NTN has been observed in a rat model of photoreceptor
degeneration.®**® In this animal model, trophic factors such
as nerve growth factor, brain-derived neurotrophic factor and
basic fibroblast growth factor increase the production of
multiple trophic factors in Miller cells, which indirectly leads to
photoreceptor survival.***” In addition, nerve growth factor
eye drops may prevent the progress of human glaucoma.®® In
this study, we found that the loss of ASK1 prevented the
activity of p38 and TNF-induced iNOS production in Mller
cells (Figure 8). Recent studies have shown that TNF and NO
can induce RGC death and participate in the pathophysiology
of glaucoma.®**' Our results suggest that the ASK1-p38
pathway is involved in the process of TNF-induced RGC
degeneration in neighboring glial cells, as well as in the RGC
itself (Figure 8).'® Taken together, these findings suggest that
such a glial-neuronal network may be functional in various
forms of neurodegenerative diseases and that ASK1, NO,
GLAST and trophic factors in Miller cells have important roles
in this network during glaucoma.*>3 Thus, further efforts to
discover new compounds that can enhance glutamate uptake
and inhibit ASK1 signaling for a prolonged period may lead to
the development of novel strategies for the management of
glaucoma, including NTG.

Materials and Methods

Mice. Experiments were carried out using ASK1~/~ "® GLAST */~ and GLAST ™"
mice'®" in accordance with the Tokyo Metropolitan Institute for Neuroscience
Guidelines for the Care and Use of Animals. After mating ASK1~/~ and GLAST ™~
mice, GLAST */~:ASK1 *"~ mice were interbred to obtain GLAST */:ASK1 /-
and GLAST~/~:ASK1 "~ mice.

Histological and morphometric studies. Paraffin retinal sections of
7 um thickness were cut through the optic nerve and stained with hematoxylin and
eosin. RGC number and the extent of retinal degeneration were quantified in three
ways."® First, the thickness of the IRL (between the irternal limiting membrane and
the interface of the outer plexiform layer and the outer nuclear layer) was analyzed.
Second, in the same sections, the number of neurons in GCL was counted from one
ora serrata through the optic nerve to the other ora serrata. Third, RGCs were
refrogradely labeled from the superior colliculus with Fluoro-Gold (FG;
Fluorachrome, Englewood, CO, USA). At 7 days after FG application, the eyes
were enucleated, and the retinas were detached and prepared as flattened whole
mounts in 4% PFA in 0.1M PBS solution. The GCL was examined in whole-
mounted retinas with fluorescence microscopy to determine RGC density. Four
standard areas (0.04 mm®) of each retina at a point 0.1 mm from the optic disc were
randomly chosen. Labeled cells were counted by observers blinded to the identity of
the mice, and the average number of RGCs/mm? was calculated. The changes in
RGC number were expressed as a percentage of the WT control eyes.

For detailed morphological analysis, optic nerves were fixed in 2%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate buffer ovemight at
4¢C. After dissection, the pieces of tissue were placed in 1% osmium tetroxide, and
after dehydration, the pieces were embedded in Epon (Nisshin EM, Tokyo, Japan).
Transverse semi-thin (1 um) sections were stained with 0.2% toluidine blue in 1.0%
sodium borate. '3*

IOP measurement. |0P was measured by a previously validated commercial
rebound tonometer (TonoLab; Colonial Medical Supply, Franconia, NH, USA) in
anesthetized mice as reported previously.*> To minimize variation, the data were
collected during a time window 4-6 min after injection of the anesthetic during which
IOP plateaus. The animals were 6 months of age, and their body weights ranged
from 22-36 g at the time of IOP measurement. As the 24-h 10P pattemn in mouse
eyes is biphasic, with IOP being highest around 2100 hours,’ we examined
I0P between 2000 and 2300 hours.

1757

Cell Death and Differentiation



ASK1 deficiency prevents normal tension glaucoma
C Harada et af

1758

mfERG. Mice (3 months old) were anesthetized by intraperitoneal injection of a
mixture of xylazine (10mg/kg) and ketamine (25 mg/kg). 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.'>*

Malondialdehyde and glutathione assay. The concentrations of
malondialdehyde and glutathione were measured using the Bioxytech LPO-586
(Oxis Research, Beverly Hills, CA, USA} and Giutathione Assay Kit (Cayman
Chemical, Ann Arbor, MI, USA), according o the manufacturers’ protocols.

Glutamate uptake assay. Glutamate uptake assay in primary cultured Miiller
cells was carried oul as previously reported.>>%' Milller cells were cultured in
5.5 mM glucose-containing DMEM supplemented with 10% fetal bovine serum. The
culture media were replaced with a modified Harks' balanced salt solufion (HBSS)
for a 20-min preincubation, before the addition of 0.025 mCi/ml L-[3H]~glutamate
(Amersham, Uppsala, Sweden) and 100 M unlabeled glutamate to the media.
Uptake was terminated after 7 min by three washes in ice-cold HBSS, immediately
followed by celf ysis in 0.1 M NaOH. Aliquots were taken for scintillation counting,
and protein concentration was determined using BSA standards.

Immunoblot analysis. Primary Miller cells were obfained as previously
reported®>® and treated with TNF at varicus concentrations for 20 min or 16 h.
Immunoblotting was carried out as previously reported.2®¥ Membranes were
incubated with antibodies against p38 (1:1000; BD Biosciences Pharmingen,
San Diego, CA, USA}, phospho-p38 (1:1000; BD Biosciences Pharmingen) or
{INOS (1:1000; BD Biosciences Pharmingen).

Assessment of TNF-induced cell death in cultured RGCs. RGCs
derived form WT and ASK1 ™ mice were seeded at a density of 5 x 10° cells per
well and cultured with 0.1ml of medium on a 96-well culture plate.'® After 2 days,
they were stimulated with 400 ng/m! of TNF for 2 days, and dying RGC number was
counted after staining with propidium iodide.

Statistics. For statistical comparison of two samples, we used a two-tailed
Student’s test. Data are presented as the mean + S.EM. P<0.05 was regarded
as statistically significant.
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Atypical Rho-guanine nucleotide exchange factors (Rho-GEFs) that
contain Dock homology regions (DHR-1 and DHR-2) are expressed in
a variety of tissues; however, their functions and mechanisms of
"action remain unclear. We identify key conserved amino acids in the
DHR-2 domain that are critical for the catalytic activity of Dock-GEFs
{Dock1-4). We further demonstrate that Dock-GEFs directly associ-
ate with WASP family verprolin-homologous (WAVE) proteins
through the DHR-1 domain. Brain-derived neurotrophic factor
(BDNF)-TrkB signaling recruits the Dock3/WAVE1 complex to the
plasma membrane, whereupon Dock3 activates Rac and dissociates
from the WAVE complex in a phosphorylation-dependent manner.
BDNF induces axonal sprouting through Dock-dependent Rac acti-
vation, and adult transgenic mice overexpressing Dock3 exhibit
enhanced optic nerve regeneration after injury without affecting
WAVE expression levels. Our results highlight a unique mechanism
through which Dock-GEFs achieve spatial and temporal restriction
of WAVE signaling, and identify Dock-GEF activity as a potential
therapeutic target for axonal regeneration.

Dock family proteins | brain-derived neurctrophic factor | Fyn | axonal
regeneration | optic nerve

he Rho-family GTPases (Rho-GTPases, including Racl,

Cdc42, and RhoA), which are best known for their roles in
regulating the actin cytoskeleton, have been implicated in a broad
spectrum of biological functions, such as cell motility and invasion,
cell growth, cell survival, cell polarity, clearance of apoptotic cells,
membrane protrusion, and axonal guidance (1, 2). Activation
signals from Racl and Cdc42 are relayed to the actin-nucleating
complex Arp2/3 by a family of proteins that includes Wiskott-
Aldrich syndrome protein (WASP) and WASP family verprolin-
homologous protein (WAVE) (3, 4). Rho-GTPase activation is
mediated by guanine nucleotide exchange factors (GEFs), which
share common motifs: the Dbl-homology (DH) domain, which
mediates nucleotide exchange (5), and the pleckstrin homology
(PH) domain, which targets proteins to membranes and mediates
protein—protein interactions (6). Dockl (Dock180)-related pro-
teins are a new family of Rho-GEFs that lack the DH/PH domains.
Instead, Dock family proteins are characterized by two evolutio-
narily conserved protein domains, termed Dock homology regions
1 and 2 (DHR-1 and DHR-2, respectively) (7). However, the
precise functions of the DHR domains are poorly understood. In
mammals, there are 11 Dockl1-related proteins (Dock1-11). We
previously reported that one of the new Rho-GEFs, Dock3, also
known as MOCA (modifier of cell adhesion protein), is specifically
expressed in the central nervous system (CNS) and induces
membrane spreading by activating Racl (8).

Neurotrophins are a small family of evolutionarily well-conserved
neuropeptides that function in neural cell survival, development,
and vertebrate CNS function (9, 10). Neurotrophins, such as brain-
derived neurotrophic factor (BDNF), bind to two classes of recep-
tors, the Ttk receptor tyrosine kinase family (TrkA, TrkB, TrkC) and
the low-affinity receptor p75 (p75™""), leading to complex func-
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tional interactions (11, 12). Recent studies have demonstrated that
neurotrophins play important roles during gastrulation, in the dif-
ferentiation of hepatic stellate cells, and in neurulation, through the
regulation of Rho-GTPases (9, 13, 14). Considering their relatively
ubiquitous expression patterns, it is conceivable that Dock family
members, in combination with neurotrophins, could be involved in
the development and function of a variety of organs (15-17).

' Here, we report that the atypical Rho-GEFs Dock1-4 share key
amino acids within the DHR-2 domain that are critical for catalytic
activity, and furthermore, that they bind directly to WAVE pro-
teins through the DHR-1 domain. Moreover, we provide both in
vitro and in vivo evidence that neuron-specific Dock3 plays a
critical role in the membrane trafficking of WAVE proteins and
also participates in axonal outgrowth in the adult CNS as an
essential downstream component of BDNF-TrkB signaling.

Results

Identification of Critical Residues Involved in GEF Catalytic Activity.
To identify residues critical for Racl activation, we constructed
several Dock3 DHR-2 domain deletion mutants (Fig. 14) and
measured their catalytic activity with a GST-CRIB assay (Fig. 1B).
All of the deletion mutants failed to activate Racl (Fig. 1B},
indicating that amino acids 1358-1375 are required for Dock3-
mediated GEF activity. We next introduced single alanine muta-
tions into each of the 18 DHR-2 domain amino acids within full-
length Dock3 and found that mutation at F1359, Y1360, G1361,
Y1373, or V1374 completely abolished Racl activation (Fig. 1C)
without affecting its ability to interact with Racl (Fig. 1D).
Because the DHR-2 domain is highly conserved among Dock1-4
(Fig. 14), the five single alanine substitutions corresponding to
those found in Dock3 were introduced into Dock1, Dock2, and
Dock4. All of the mutations drastically reduced Racl activation
(Fig. S1), demonstrating that these five amino acids of the DHR-2
domain are critical for GEF catalytic activity in all Rac-specific
Dock family members.

Dock3 Regulates Axonal Outgrowth. To evaluate whether Dock3
induces axonal outgrowth, we transfected primary cultured hippo-
campal neurons with plasmid encoding Dock3. Overexpression of
Dock3 significantly stimulated axonal outgrowth compared with the
control (Fig. 24 and B). As neurotrophic factors such as BDNF may
also regulate Racl activation (18), we next examined whether Dock3
and BDNF have a synergistic effect on axonal outgrowth, Over-
expression of wild-type (WT) Dock3 increased BDNF-mediated
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Fig. 1. ldentification of residues critical for the catalytic activity of Dock
family members. (A) Domain organization and sequence alignments of
Dock1-4. (B) (Left) Cos-7 cells were transfected with Dock3 deletion mutants.
Lysates were subjected to a GST-CRIB assay. (Right) Quantitation of GTP-Rac.
(C) Cos-7 cells were transfected with the indicated alanine-substitution
mutants of Dock3. Lysates were subjected to a GST-CRIB assay. (D) Cos-7 cells
were transfected with the indicated alanine-substitution mutants of Dock3.
Lysates were incubated with GST-Rac and glutathione-Sepharose. Bound
proteins were subjected to immunoblot analysis with anti-Dock3 antibody.
(Lower) Coomassie Brilliant Blue (CBB) staining of GST-fusion proteins used
in this experiment.

axonal outgrowth (Fig. 2 4 and B), whereas Dock3 siRNA for
downregulating endogenous Dock3 inhibited the effect of BDNF
(Fig. 2B). Combinatorial siRNA to Dock1-4 decreased the baseline
axon length (Fig. 2B). In addition, Dock3¥'¥** and Dock3¥!#7**
also inhibited the effect of BDNF (Fig. 2B). BDNF-mediated axonal
outgrowth and Racl activation were observed in cultured neurons
from WT and p75~™ KO mice, but not from TrkB KO mice (Fig.
S2). Trk receptor-specific inhibitor K252a and overexpression of
dominant-negative Racl (Racl N17) suppressed BDNF-mediated
axonal outgrowth (Fig. S2). Furthermore, we found that Dock3 is
expressed in retinal ganglion cells (RGCs) and has a synergistic effect
with BDNF on axonal outgrowth in cultured RGCs (Fig. S3). In
retinal explant cultures, Dock3 protein was concentrated in growth
cones (arrows in Fig. 2C) and was diffuse in cytoplasm (control panel
in Fig. 2C). However, BDNF treatment rearranged Dock3 staining
to the cell periphery (arrowheads in Fig. 2 C and D). These data
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Fig. 2. Dock3 enhances BDNF-mediated axonal growth. (A) Hippocampal
neurons were transfected with Dock3 and cultured in the presence or
absence of BDNF for 3 days. (Scale bar, 20 pm.) (B) Hippocampal neurons
transfected and treated as shown at the x axis were fixed at 3 days in vitro,
and axon length was measured. n = 30 per experimental condition. Data are
mean + SEM of three independent experiments. *P < 0.05, **P < 0.01. (C)
Expression of Dock3 in retinal explant cultures. (Upper) Dock3 expression in
growth cones (arrows). (Lower) High magnification of growth cones.
Arrowheads indicate Dock3 recruitment to plasma membrane after BDNF
treatment. (Scale bars, 50 ym in upper and 10 pm in lower.) (D) Ratio of
growth cones in which Dock3 was recruited to plasma membrane. Data are
mean + SEM; n = 20 for each experimental condition. *P < 0.01.

demonstrate that Dock3 act in concert, upstream of Racl, to pro-
mote axonal outgrowth through TrkB receptor signaling.

Interaction of Dock3 and Fyn at the Growth Cone. One consequence
of the presence of BDNF in neurons is the activation of Fyn and its
association with the TrkB receptor (19). Indeed, BDNF induced
Fyn activation via phosphorylation at Y416 in primary cultured
hipocampal neurons (Fig. 34). Because the proline-rich motif of
Dock3 binds to SH3 domain-containing proteins (8), we next
examined whether Fyn, which also possesses an SH3 domain,
interacts with Dock3. A GST-fusion protein of the proline-rich
Dock3 C terminus (amino acids 1773-2028) coprecipitated Fyn in
lysates of mouse brain as well as Fyn-transfected Cos-7 cells (Fig.
3B). In addition, a His-tag pull-down assay in Cos-7 cells trans-
fected with His-tagged Dock3 together with WT Fyn, con-
stitutively active FynY32%F or ASH3 Fyn">**F (20), confirmed the
SH3 domain requirement and preferential binding to the active
form of Fyn (Fig. 3C). In contrast, Fyn failed to bind to Elmo (21),
which interacts with Dock1-4 and enhances their GEF activities
(Fig. S4). Thus, the BDNF/TrkB-dependent activation and asso-
ciation with Fyn is specific. Consistent with the activated TrkB
association with Fyn and interaction with Dock3, Dock3 trans-
located from cytosol to the membrane in SYSY cells transfected
with TrkB and FanSESF in the presence of BDNF, but not in cells
transfected with TrkB and ASH3 FynY>28F (Fig, 3D). In addition,
BDNF-treated retinal explants exhibit colocalization of Dock3
and Fyn at the peripheral regions of the growth cone (arrowheads
in Fig. 3E). These results are consistent with a model whereby
BDNF-TrkB signaling induces the formation of a protein complex
of Dock3 at the plasma membrane (Fig. 2 C and D). We further
constructed a mutant Dock3 lacking Fyn binding domain (A1773-
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Fig. 3. BDNF induces direct binding of Dock3 and Fyn in the growth cone.
(A) Hippocampal neurons were transfected with WT Fyn and stimulated with
BDNF for the indicated times. Lysates were subjected to immunoblot analysis
with anti-Fyn®Y¥#'® or total Fyn antibodies. (Lower) expression levels of
phosphorylated Fyn. Data are mean + SEM of three independent experi-
ments. *P < 0.05. (B) Lysates from mouse brain and Cos-7 cells transfected
with WT Fyn were incubated with a GST-fusion protein of the Dock3 proline-
rich domain. Bound proteins were subjected to immunoblot (IB) analysis
with an anti-Fyn antibody. (Lower) Coomassie Brilliant Blue (CBB) staining of
the GST-fusion proteins used in this experiment. (C) (Left) Schematic dia-
gram of the WT and mutant Fyn constructs used in this assay. (Right) Lysates
from Cos-7 cells transfected as shown at the top of the images were sub-
jected to a His-tag pull-down assay with antibodies against Fyn and Dock3.
(D) SYSY cells were transfected with TrkB and Fyn"528F or ASH3 Fyn"?®f and
treated with BDNF. Arrowheads indicate colocalization of Dock3 (green) and
WAVE1 (red) at the peripheral region. Arrow indicates a nontransfected cell.
(Scale bar, 20 um.) (E) Colocalization of endogenous Dock3 (green) and Fyn
(red) in growth cone of retinal explant cultures after BDNF treatment. (Scale
bar, 10 yum.) (F) Hippocampal neurons transfected and treated as shown at
the x axis were fixed at 3 days in vitro and axon length measured. n = 30 for
each experimental condition. Data are mean + SEM of three independent
experiments. *P < 0.05.

2028) and found that this mutant failed to stimulate BDNF-
induced axonal outgrowth (Fig. 3F).

Direct Interaction of Dock3 and WAVE Proteins. Because WAVE
proteins play a major role in Rac-induced actin dynamics, including
actin nucleation and polymerization (3, 4), we speculated that they
could be involved in Dock3-mediated axonal outgrowth. To inves-
tigate the possibility that WAVE] can directly bind to Dock3, we
performed a His-tag pull-down assay using WT Dock3 or several
Dock3 truncation mutants. We found that Dock3 directly bound to
WAVEI] at the DHR-1 domain (Fig. 44). We next constructed a
mutant that lacks the DHR-1 domain (ADHR-1) and determined
that this mutant also failed to bind to WAVEI (Fig. 4B). We further
confirmed that the DHR-1 domain of Dock3 was required to mediate
WAVEI1-3 binding (Fig. 4C). Indeed, this interaction between Dock
and WAVE proteins can be generalized (Fig. S5). In addition, we
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Fig. 4. Phosphorylation of Dock3 regulates its interaction with WAVE. (4)
(Left) schematic diagram of the WT and mutant Dock3 constructs used in this
assay. (Right) Lysates from Cos-7 cells transfected as shown at the top of the
images were subjected to a His-tag pull-down assay with antibodies against
WAVE1 and Dock3. (B) Lysates from Cos-7 cells transfected as shown at the
top of the images were subjected to a His-tag pull-down assay with anti-
bodies against WAVE1 and Dock3. (C) Lysates from Cos-7 cells transfected as
shown at the top of the images were subjected to a His-tag pull-down assay
with antibodies against myc-tag, WAVE1, WAVE2, and WAVE3. (D) Hippo-
campal neurons transfected and treated as shown at the x axis were fixed at
3 days in vitro, and axon length was measured. n = 30 for each experimental
condition. Data are mean + SEM of three independent experiments. *P <
0.05. (E) (Left) Schematic diagram of the WT and mutant WAVE1 constructs
used in this assay. (Right) Lysates from Cos-7 cells transfected as shown at the
top of the images were subjected to a His-tag pull-down assay with anti-
bodies against Dock3 and WAVE1. (F) SYSY cells transfected with WT Dock3
or F-Dock3 were probed with antibodies against WAVE1 (red) and Dock3
(green). Arrowheads indicate WAVE1 protein at the peripheral region. The
arrow indicates a nontransfected cell. (Scale bar, 10 pm.) (G) Lysates from
Cos-7 cells transfected with WT Dock3 or F-Dock3 were subjected to immu-
noblot analysis with an anti-Dock3 antibody. Arrow indicates phosphory-
lated Dock3. (H) (Upper) Relative expression levels of phosphorylated Dock3
to total Dock3. (Lower) Lysates from Cos-7 cells transfected as shown at the
bottom of the images were subjected to a His-tag pull-down assay. Bound
and unbound proteins were subjected to immunoblot analysis with an anti-
Dock3 antibody. Arrow indicates phosphorylated Dock3.
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demonstrated that ADHR-1 failed to stimulate BDNF-induced
axonal outgrowth in hippocampal neurons (Fig. 4D). We next pre-
pared both WT and two mutant forms of WAVEI constructs and
found that one mutant that lacks the WAVE-homology domain
(WHD) failed to bind to WT Dock3 (Fig. 4F). Based on the pre-
ceding data, we hypothesized that membrane targeting of Dock3
may regulate the intracellular localization of WAVE. To assess this
possibility, we transfected SYSY cells with WT Dock3 and subjected
them to immunocytochemistry. Overexpression of WT Dock3 did
not change the intracellular localization of WAVEI (Fig. 4F). In
contrast, overexpression of farnesylated Dock3 (F-Dock3, a mem-
brane-targeted form of Dock3) translocated WAVEL from the
cytoplasm to the peripheral regions (arrowheads in Fig. 4F). Taken
together, these results suggest that the DHR-1 domain of Dock
family proteins mediates direct binding to WAVE proteins leading
to colocalization at the cell periphery and axonal outgrowth.

We also found a strong enhancement of the Dock3 upper
mobility band (arrow in Fig. 4G) in Cos-7 cells transfected with F-
Dock3 but not with WT Dock3 (26 + 6% and 2 + 1% of total
Dock3, respectively). Consistent with the upper mobility band
representing a phosphorylated form of Dock3, the mobility shift
was eliminated by phosphatase treatment (Fig. 4G). We next
examined the effect of Dock3 phosphorylation on its ability to bind
WAVE. Cos-7 cells were transfected with His-tagged WAVE1 and
F-Dock3 and subjected to a pull-down assay. Immunoblot analysis
revealed that WAVEL] binds to the unphosphorylated form of
Dock3 more effectively than to the phosphorylated form (Fig. 4H).
Thus, the Dock3/WAVE] complex may dissociate upon Dock3
phosphorylation, leading to spatially restricted actin dynamics
through WAVE signaling.

Promoting Axonal Outgrowth in Adult CNS by Modulating Dock3 Activity.
To investigate the effects of Dock3 invivo, we generated transgenic
(Tg) mice overexpressing WT Dock3 under control of the actin
promoter. Tg mice showed high expression levels of Dock3 in many
tissues, especially in the optic nerve (~5.6-fold) and retina (~2.3-
fold; Fig. S64), but the structure of such tissues were normal (Fig. S6
B and C). Therefore, we prepared retinal explants from WT and Tg
mice and examined the effect of Dock3 on axonlength. Quantitative
analysis revealed that axon length was clearly greater in Tg mice
than in their WT littermates (Fig. 54). Furthermore, Dock3 and
BDNF exerted synergistic effects on axonal growth, as observed in
vitro (Fig. 2.4 and B). These results suggest that axonal outgrowth is
promoted in Dock3 Tg mice. To explore this possibility, we used the
optic nerve microcrush model and investigated the extent of axonal
outgrowth 2 weeks after injury by staining with GAP43 antibody
(22). WT mice subjected to nerve crush showed >40 axons extending
200 pm from the injury site, and half this number extended 500 pm.
In contrast, Tg mice had, on average, >80 axons extending 200 pm
and >60 axons extending 500 pm beyond the lesion site (Fig. 5B).
Immunohistochemical analysis of Dock3 and WAVEL in injured
optic nerves revealed that their coexpression was hardly detectable
in WT mice, but was clearly increased in regenerating axons in Tg
mice (Fig. 5C). We next examined the levels of Dock3 and WAVE]
proteins in optic nerves by immunoblotting (Fig. S7). Dock3 protein
was reduced in injured WT optic nerves (decreased to ~10% of
control), but this reduction was less severe in Tg mice. In both WT
and Tg mice, WAVEL protein was less abundant after the injury
(reduced to ~60%). Whereas in the membrane fraction of crushed
optic nerves, Dock3 and WAVEI expression levels in Tg mice were
significantly higher than WT mice (Fig. 5D and E). We also exam-
ined the expression of TrkB and Fyn in injured optic nerves, but
their expression levels in Tg mice were not significantly altered
compared with those in WT mice (Fig. 58). Thus, overexpression of
Dock3 does not affect the expression levels of its binding partners,
but may induce axonal outgrowth through effective membrane
recruitment of WAVEL
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Fig. 5. Overexpression of Dock3 induces axonal regeneration in vivo. (A)
(Upper) Retinal explants from WT and Dock3 Tg mice cultured in the
presence or absence of BDNF were fixed and labeled with phalloidin at
2 days in vitro. (Lower) Axon length was measured and quantified. Data
are mean + SEM, n > 80 axons for each group. *P < 0.05. (Scale bar,
100 pm.) (B) (Upper) GAP43-labeled axons in the optic nerve proximal to
the injury site (dotted line) 2 weeks after nerve surgery. Arrowheads
indicate regenerating axons. (Lower) Regenerating axons from lesion site
were measured and quantified. Data are mean + SEM for six independent
experiments. *P < 0.05. (Scale bar, 50 um.) (C) Immunostaining of the optic
nerves proximal to the injury site (dotted line). Arrowheads indicate
colocalization of Dock3 (green) and WAVE1 (red) in the regenerating
axons. (Scale bar, 20 pm.) (D) Immunoblot analysis of Dock3 and WAVET in
the membrane fraction of optic nerve 2 weeks after nerve surgery. (E)
Expression levels of Dock3 and WAVE1 in the membrane fraction of nor-
mal and injured optic nerves were quantified. Data are presented as
means + SEM of three independent experiments. *P < 0.05.

Discussion

In the present study, we found that Dockl-4, which are atypical
members of the Rho-GEF family, share several conserved amino
acids in their DHR-2 domains that are required for GEF activity.
In addition, Dock1-4 bind directly to WAVE1-3 via their DHR-1
domains, and this is disrupted when Dockl-4 become phos-
phorylated. We further showed that Dock3 forms a protein com-
plex with Fyn and WAVEI at the plasma membrane downstream
of TrkB. Finally, we demonstrated that overexpression of Dock3
increases WAVEL expression levels in the plasma membrane
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Fig. 6. Proposed role of Dock3 in BDNF-mediated axonal outgrowth. BDNF-
TrkB signaling induces Fyn phosphorylation and stimulates membrane
recruitment of the Dock3/WAVE complex. Dock3 is then able to activate Rac-
GDP (inactive form). Rac-GTP (active form) and WAVE are dissociated from
phosphorylated Dock3 and stimulate actin reorganization, leading to axonal
outgrowth.

and promotes optic nerve regeneration in vivo. Taken together,
our results suggest a unique mechanism for axonal outgrowth
through which Dock-GEFs recruit WAVE proteins to specific
sites within cells and induce spatially restricted actin dynamics in
the CNS (Fig. 6).

BDNF/TrkB signaling is important for a variety of CNS devel-
opmental processes including synaptic pruning (23, 24). In addition,
Rho-GTPase signaling can affect both spine structure and synaptic
function (25, 26). In this study, we found that treatment of hippo-
campal neurons with BDNF enhances Racl activation and neurite
outgrowth. It is therefore possible that Dock-GEFs mediate mul-
tiple BDNF/TrkB functions, including the establishment of long-
term potentiation. On the other hand, loss of Dock3 leads to sen-
sorimotor impairments and structural changes, including axonal
swellings, but had no effects on life span or fertility (15). These
relatively mild phenotypes are reasonable, considering the redun-
dant catalytic sequences found in the DHR-2 domains of Dock1-4.
Recent studies have revealed that a Val66Met polymorphism in
human BDNF is involved in the pathogenesis of attention-deficit/
hyperactivity disorder (ADHD) (27-29). Interestingly, a pericentric
inversion breakpoint in the DOCK3 gene has been described in
ADHD patients (30). Thus, further study is required to determine
the full implications of the Dock-GEFs in BDNF-associated
development, adult physiology, and disease.

Dock3 overexpression induced optic nerve regeneration after
injury without affecting expression levels of its binding partners. For
example, WAVEI] expression level after optic nerve injury was
decreased to ~60% in both WT and Dock3 Tg mice. However,
WAVE] expression was increased in the membrane fraction and
was coexpressed with Dock3 in the regenerating axons. Thus, the
tight regulation of Racl-GDP/Racl-GTP cycling and effective
membrane recruitment of WAVE proteins by Dock3, rather than
prolonged activation of Racl or WAVE proteins (31-33), may be
required for axonal growth via actin polymerization. Our present
findings support the notion that neurons have to intrinsically up-
regulate the necessary growth-associated molecules to extend an
axon (34, 35). On the other hand, recent studies have shown that
glial scarring and several myelin inhibitors block axonal growth
following CNS injury (35, 36). Thus, overexpression of Dock-GEFs
may have a synergistic effect in combination with suppression of glial
scarring and myelin-associated inhibitory signaling.

Lack of axonal regeneration in the adult CNS is one of the most
important issues to be resolved in various neurodegenerative dis-
orders. For example, glaucoma is characterized by a slow pro-
gressive degeneration of optic nerve axons. Thus, Dock/WAVE
complexes and their related binding partners may be possible
therapeutic targets in multiple forms of glaucoma that otherwise
lead to severe visual impairment. We are presently investigating
these issues by crossing Dock3 Tg mice with glutamate trans-
porter knockout mice, which are the first animal models of normal

7590 | www.pnas.org/cgi/doi/10.1073/pnas.0914514107

tension glaucoma (37). Thus, further studies are required to
explore the full potential of Dock-GEFs that could be used for
effective regeneration therapy.

Materials and Methods

Experimental Animals. Experiments were performed using p75"™ knockout
and TrkB x hGFAP-cre knockout (TrkB KO) mice in accordance with the
Tokyo Metropolitan Institute for Neuroscience Guidelines for the Care
and Use of Animals. The TrkB deletion was confirmed in the hippocampus
of the TrkB KO mice (23). A Tg construct containing the CAG promoter,
Dock3 coding sequence (GenBank accession no. NM_153413), and a poly-
adenylation signal was used to generate Dock3 Tg mice. The founder mice
were generated by injecting the transgene into fertilized C57BL/6 eggs.
RGCs were retrogradely labeled with Fluoro-Gold (Fluorochrome) as pre-
viously described (38).

Cell Culture. Primary cultured hippocampal neurons (39) and retinal explants
(22) were prepared from E16 mice. In some experiments, they were stimu-
lated with BDNF (5 or 50 ng/mL; Alomone Labs).

Plasmids and siRNA Transfection. WAVE1-3 plasmids were provided by
T. Takenawa (40). Elmo2 and GST-CRIB plasmids were provided by H. Kato and
M. Negishi (21). Rac and Dock1 plasmids were provided by M. Matsuda (41).
Dock3, Fyn, and WAVE1 fragments were PCR-amplified from full-length
¢DNAs and expressed as His-tagged proteins. Alanine substitutions were
generated with the PrimeSTAR Mutagenesis Basal Kit (Takara). RNA oligomers
containing 21 nucleotides for RNA interference for Dock 1-4 were synthesized
in the sense and antisense directions (Dock1: 5'-GGAAGUCACCACAACGCU
UUU-3; Dock2: 5'-GCAUCUCA CGCUACAGAUUUU-3’; Dock3: 5-GCAGAUCA
GUGAACGGUUUU-3'; Dock4: 5-GCAAGAGUGUGGCCAGAAAUU-3) (JBioS).
Transfection of siRNAs and plasmids was performed using the Nucleofector
System (Amaxa) or Lipofectamine Plus (Invitrogen).

Pull-Down Assay. His-tagged proteins were purified from Cos-7 cell lysates
with TALON resin (BD Biosciences) for 20 min at 4 °C with gentle agitation.
The protein levels of Rac-GTP were measured by affinity precipitation
using the GST-CRIB of PAK1. Bacterial GST-fusion proteins were incubated
with lysates from Cos-7 cells or mouse brains. The precipitated samples
were subjected to SDS-PAGE followed by immunoblot analysis (8) with
the following antibodies: Fyn, phospho-Fyn (Tyr416) and WAVE1 were
obtained from BD Biosciences; WAVE2 and WAVE3 were obtained from
Santa Cruz.

Immunostaining. SY5Y cells, retinal explants, sections of retina, and optic
nerves were incubated with anti-Dock3 (1:200), anti-WAVE1 (1:200), and anti-
GAP43 (1:1,000; Chemicon) antibodies. Cy2-conjugated donkey antirabbit IgG
or Cy3-conjugated donkey antimouse IgG were used as secondary antibodies.
F-actin was visualized with rhodamine-labeled phalloidin (Invitrogen).

Optic Nerve Injury. Mice were anesthetized with sodium pentobarbital before
optic nerve crush. Optic nerves were exposed intraorbitally and crushed
about 0.5-1.0 mm from the posterior pole of the eyeball with fine surgical
forceps for 5 s (22). Fourteen days after surgery, axonal outgrowth was
quantified by counting GAP43-positive axons that crossed a virtual line
parallel to the lesion site at 200 pm and 500 um distal to the lesion site.
Protein expression levels in the lesion site were measured by immunoblot
analysis with antibodies against Dock3 and WAVE1-3. Membrane fraction
was prepared as previously described (42).

Image Analysis and Statistics. To measure axon length, the longest axon of
each neuron was traced and calculated using National Institutes of Health
Imagel (version 1.38). Approximately 50 neurons with axons were scanned
using a DP70 CCD camera (Olympus). Data are presented as mean + SEM. For
statistical analyses, a two-tailed Student's t test was used. Values of P < 0.05
were regarded as statistically significant.
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SI Materials and Methods

Hippocampal Neuron Cultures. Primary cultures of mouse hippo-
campal neurons were prepared as described previously (1). Briefly,
16-day-old mouse embryos were killed by decapitation, and the
hippocampi were dissected in L-15 medium, treated with (0.25%
trypsin, 0.5% glucose, and 1% DNase I in PBS for 30 min, washed,
and dissociated by pipetting. The resulting dissociated hippo-
campal neurons were plated on a poly-D-lysine—coated cover glass.
Neurons were cultured in DMEM containing 10% FCS for 3 hand
then cultured in DMEM supplemented with B27 for 3 days. In
some experiments, neurons were stimulated with BDNF (5 or 50
ng/mL; Alomone Labs) and K252a (200 ng/mL; Alomone Labs).

Immunostaining of the Retina. Immunohistochemical analysis of the
retina was carried out as previously reported (2). Briefly, retinal
sections were incubated overnight with a rabbit polyclonal anti-
body against Dock3, a goat polyclonal antibody against Brn3b

1. Yoshimura T, et al. (2005) GSK-3p regulates phosphorylation of CRMP-2 and neuronal
polarity. Cell 120:137-143.

2. Harada C, et al. (2006) Effect of p75NTR on the regulation of naturally occurring cell
death and retinal ganglion cell number in the mouse eye. Dev Biol 290:57-65.
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(Santa Cruz), or mouse monoclonal antibodies against calretinin
(Chemicon), calbindin (Sigma) or glutamine synthetase (GS;
Chemicon). These antibodies were then visualized with a DAKO
Envision kit (DAKO), Cy3-conjugated donkey antirabbit IgG,
Cy2-conjugated donkey antigoat IgG, or FITC-conjugated donkey
antimouse IgG (Jackson Immunoresearch).

Histological and Immunoblot Analysis of Optic Nerves. Optic nerve
sections were stained with luxol fast blue (LFB) followed by H&E.
For detailed morphological analysis, optic nerves were fixed in 2%
glutaraldehyde and 2% paraformaldehyde in 0.1 M phosphate
buffer overnight at 4 °C. After dissection, the pieces of tissue were
placed in 1% osmium tetroxide. After dehydration, the pieces
were embedded in EPON (Nisshin EM, Tokyo, Japan). Trans-
verse semithin (500 nm) sections were stained with 0.2% toluidine
blue in 1.0% sodium borate (3). Glial scars were labeled with anti-
GFAP antibody (Progen) 3 and 14 days after injury.

3. HaradaT, et al. (2007) The potential role of glutamate transporters in the pathogenesis
of normal tension glaucoma. J Clin Invest 117:1763-1770.

[

Dock2 DHR-2
_ - e
e §5§%3
g§Esras =
G0 r o ) GTP-HA-RaC
total HA-Rac
et s o e e | DOCk1 DHR-2

N

Rac1 activity (fold)
-

Q

Fig. $1. Identification of critical residues for catalytic activity in the DHR-2 domain of Dock1, Dock2, and Dock4. Cos-7 cells were transfected with the indicated
alanine-substitution mutants of Dock1 (A4), Dock2 (B), and Dock4 (C). Lysates were subjected to a GST-CRIB assay.
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0.05, **P < 0.01.
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Aberrant Detergent-Insoluble Excitatory Amino Acid
Transporter 2 Accumulates in Alzheimer Disease
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Abstract

Alzheimer disease (AD) is characterized by deposition of amyloid-B3,
tau, and other specific proteins that accumulate in the brain in detergent-
insoluble complexes. Alzheimer disease also involves glutamatergic
neurotransmitter system disturbances. Excitatory amino acid trans-
porter 2 (EAAT2) is the dominant glutamate transporter in cerebral
cortex and hippocampus. We investigated whether accumulation of
detergent-insoluble EAAT? is related to cognitive impairment and
neuropathologic changes in AD by quantifying detergent-insoluble
EAAT? levels in hippocampus and frontal cortex of cognitively
normal patients, patients with clinical dementia rating of 0.5 (mildly
impaired), and AD patients. Parkinson disease patients served as
neurodegenerative disease controls. We found that Triton X-100-
insoluble EAAT2 levels were significantly increased in patients
with AD compared with controls, whereas Triton X~100-insoluble
EAAT? levels in patients with clinical dementia rating of 0.5 were
intermediately elevated between control and AD subjects. Deter-
gent insolubility of presenilin-1, a structurally similar protein, did
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not differ among the groups, thus arguing that EAAT2 detergent
insolubility was not caused by nonspecific cellular injury. These
findings demonstrate that detergent-insoluble EAAT2 accumulation
is a progressive biochemical lesion that correlates with cognitive
impairment and neuropathologic changes in AD. These findings
lend further support to the idea that dysregulation of the gluta-
matergic system may play a significant role in AD pathogenesis.

Key Words: Glutamate, Alzheimer disease, EAAT2, Excitotoxicity,
Mild cognitive impairment, Protein aggregation, Oxidative stress,
SLC1A2.

INTRODUCTION

Aberrant glutamate stimulation has been proposed as a
mechanism by which synapses and neurons are injured in
Alzheimer disease (AD) (1). Excitatory amino acid trans-
porter 2 ([EAAT2] also called GLT-1) is the major glutamate
transporter in the forebrain that is responsible for a number
of essential neuroprotective and regulatory functions that
include preventing glutamate-mediated injury to neurons
and synapses and regulating normal synaptic input speci-
ficity (2-5). Several reports indicate that EAAT?2 levels are

. significantly reduced in AD (6-8), thus raising the possibil-

ity that glutamate dyshomeostasis plays a role in AD path-
ogenesis. In addition, EAAT?2 is oxidatively damaged by
exposure to amyloid-B (AB) (9-13). Excitatory amino
acid transporter 2 oxidation impairs glutamate uptake and
promotes the formation of high-molecular weight EAAT2
oligomers that are insoluble in detergents such as Triton
X-100 (14-16).

These findings suggest that AD pathogenesis may dis-
rupt EAAT2 via mechanisms that recapitulate those of other
key AD-related molecules, most notably AR, which under-
goes oxidation, misfolding, and aggregation. Although the
studies previously cited establish that EAAT2 is biochemi-
cally and functionally damaged by AB-related processes, the
potential disease relevance of these findings has not been
examined in AD patients. There currently is little evidence
at the protein level on the relationship between aberrant
EAAT?2 expression and the degree of cognitive loss and
associated AD pathology. To address this important issue, we
measured Triton X-100-insoluble and Triton X-100-soluble
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EAAT? in the hippocampus and frontal cortex of more than
100 clinically and pathologically well-characterized normal
controls, patients with a Clinical Dementia Rating (CDR) of
0.5 (17), and later-stage AD patients.

MATERIALS AND METHODS

Patients

Subjects were from the Alzheimer’s Disease Center,
Oregon Health and Sciences University, and Alzheimer’s Dis-
ease Research Center at the University of Washington (Table).
Control subjects and subjects with a CDR = 0.5 (intended to
approximate mild cognitive impairment) were participants in
brain aging studies at the Oregon Aging/Alzheimer’s Disease
Center. Subjects received annual neurological and neuropsy-
chological evaluation, with CDR assigned by an experienced
clinician. Controls had normal cognitive and functional ex-
aminations. Subjects with a CDR = 0.5 were functionally
intact on enrollment and progressed to a global CDR = 0.5
(no subscores >0.5) at their last evaluation, within a year of
autopsy. The AD subjects were diagnosed by a clinical team
consensus conference, met National Institute for Neurolog-
ical and Communicative Disorders and Stroke-Alzheimer’s
Disease and Related Disorder Association diagnostic cri-
teria for clinical AD, had a CDR of greater than 1.0, and
neuropathologic confirmation at autopsy (after informed con-
sent). Tissue use conformed to institutional review board-
approved protocols. Neuropathologic assessment conformed
to National Institute on Aging—Reagan consensus criteria
(18). The AD group included subjects with probable AD,
moderate-to-frequent neuritic plaques, and Braak stages V to VI
neurofibrillary tangles (NFTs). Controls were clinically non-
demented subjects with sparse or no neuritic plaques and NFTs
less than or equal to Braak stage II. The AD patients and con-
trols with Lewy body disease involving the brainstem (including
substantia nigra), amygdala, middle frontal gyrus, and patients
with vascular brain disease manifested by grossly observed
arterial territorial infarcts, grossly observed lacunar infarcts,
or microvascular infarcts were excluded. Parkinson disease
(PD) patients had the expected clinical signs, symptoms, and
midbrain—but not cerebral cortex—Lewy body pathology.

ELISAs

Brain samples were homogenized, sequentially extracted
in 10 mmol/L Tris, 1 mmoVL ethylene glycol tetraacetic acid,
1 mmol/L dithiothreitol, 10% sucrose, and then extracted 3x
with 1% Triton X-100, as previously described (19). Remaining
detergent-insoluble material was extracted with 70% formic
acid. Formic acid extracts of detergent-insoluble proteins were
resolubilized and adsorbed onto 96-well plates as described
elsewhere (19). The EAAT2/GLT-1 was detected with anti-
bodies AB12 and GLT-1A (20). Presenilin-1 (PS1) was de-
tected with PS1 N-terminal fragment antisera (21). Amyloid-g
was detected with 4G8 (Covance/Signet Laboratories, Dedham,
MA). Total tau was detected using anti-tau antibody (Dako,
Carpinteria, CA). The ELISA plates were developed using
standard methods with horseradish peroxidase—conjugated
antibodies and tetramethylbenzidine substrate.

Immunohistochemistry and Biochemistry

Standard immunohistochemical methods were used to
evaluate EAAT?2 staining in paraffin-embedded postmortem
brain sections. Slides were incubated with AB12 and de-
veloped using 3,3"-diaminobenzidine (Vector Laboratories,
Burlingame, CA). Double immunostaining labeled EAAT2
(DAB brown chromogen) and either total tau ([Tau-2] Sig-
ma, St Louis, MO) or Ab (4G8) labeled with Vector Red
(Vector Laboratories). Counterstains were omitted in double
label experiments. A Nikon Optiphot-2 microscope/Insight QE
digital camera was used. Image acquisition was performed
using Spot imaging software (Diagnostics Instruments, Ster-
ling Heights, MI} and formatted with Photoshop. For each
experiment, images were acquired and digitally processed un-
der identical conditions. Digital image processing was limited
to linear brightness and contrast adjustments, which were per-
formed identically on experimental and control images.

Mouse brain extracts were solubilized in Laemmli
sample buffer. Total Triton X-100-soluble protein concen-
trations were determined by the BCA method (Pierce, Rock-
ford, IL) and Western blotted with AB12 or GLT-1A and
detected using horseradish peroxidase~conjugated antibodies
and chemilumirescence.

TABLE. Patient Demographic and Pathological Characteristics

Group n M/F Age, years PML, hours CERAD Score Braak Stage
Hippocampus
AD 22 6:5 843422 11414 Frequent (moderate~frequent} VI (V=-VI)
CDR = 0.5 4 7.8 889422 13020 Sparse {(none—frequent) IV (I-VI)
Norm 13 8:5 87.0+ 1.7 9.8+ 1.3 Sparse (none-—-sparse) It @~
PD 4 1:1 81.0+5.7 178+22 Sparse (none—sparsc) (110
Frontal cortex
AD 35 6:5 B27+1.3 11608 Frequent (sparse—frequent) VI (V-V}
CDR =0.5 23 1:1 904:+128 125+ 1.4 Sparse (none-frequent) HI (I-V)
Norm 20 2:3 90.1 1.7 112212 None (non—sparse) 1T (1111}
PD 4 3 849:37 105+43 None (none-sparse) I (-1}

AD, Alzheimer disease; CDR, Clinical Dementia Rating; Norm, normal controls; PD, Parkinson discase; M/F, male-female ratio; Age, age at death; PMI, postmortem interval;

CERAD, Consortium to Establish a Registry for Alzheimer Disease.
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EAAT2 Aberrantly Accumulates in MCl and AD

Liquid Chromatography-Tandem
Mass Spectrometry

Equal amounts of formic acid-extracted protein were
prepared from 5 AD subjects (mean age, 80 years; 3 women
and 2 men; Consortium to Establish a Registry for Alzheimer
Disease [CERAD] neuropsychological battery score, mod-
erate or frequent; Braak stage VI), pooled, dried, dissolved
in bicarbonate buffer, reduced, and treated with iodoaceta-
mide before being subjected to trypsin digestion, as pre-
viously described (22). Eluted peptides were resuspended in
0.1% formic acid, separated by 2-dimensional microcapil-
lary high-performance liquid chromatography, and amino
acid sequences of separated peptides were determined by
tandem mass spectrometry (ThermoFinnigan, San Jose, CA).
Proteins from the mixture were identified automatically using
the SEQUEST program, which searched spectral data against
the International Protein Database. Sensitivity and specificity
of protein identifications were determined by PeptideProphet
and ProteinProphet as previously described (22).

Statistics

Data were analyzed with analysis of variance, Pearson
correlation tests, and Fisher exact tests using SPSS 15.0
(SPSS, Chicago, IL). We predicted that detergent-insoluble
EAAT2 would be highest in later-stage AD cases, lower in
cases with a CDR = 0.5, and lowest in normal controls and PD
patients lacking concurrent AD pathology. To test specifically
this a priori prediction, well-established analysis of variance
trend analyses methods (23, 24) were used with the trend
weights —2, —2, 1, and 3 corresponding to the PD, normal
controls, CDR = 0.5, and AD groups, respectively. In keeping
with accepted methods, these trend weights were selected
because they are orthogonal integers (sum to 0) and represent
the originally predicted relationships among the study groups
(23, 24). Specifically, we predicted that the levels of insoluble
EAAT2 in the PD and normal control groups would be both
comparable to each other and lower than the other 2 groups
(—2, —2 for PD and normal controls, respectively). The
insoluble EAAT? levels of the CDR = 0.5 group were pre-
dicted to be higher than PD and normal controls but lower
than the AD group, whereas the AD group was expected to
have the highest insoluble EAAT2 levels (+1, +3 for the
CDR = 0.5 and AD groups, respectively). These trend anal-
yses followed only statistically significant omnibus analysis
of variance results. Because this was the only trend predicted
a priori, no other trend analysis was attempted.

RESULTS

Case Material

Among the hippocampal sample AD, CDR = 0.5
(intended to approximate mild cognitive impairment [MCI]),
normal control, and PD subject groups studied, differences in
male-female ratios, postmortem intervals, and ages at death
were not statistically significant (Fisher exact tests [9] =
0.993, F5 40 = 1.770, and F; 49 = 1.149, respectively). Group
differences in CERAD scores and Braak stages were sig-
nificant (Fisher exact tests [9] = 46.385, p < 0.00001; F g =
71.067, p < 0.00001, respectively). For the frontal cortex

© 2010 American Association of Neuropathologists, Inc.

subject sample group, differences in the male-female ratios
and postmortem intervals were not significant (Fisher exact
tests [3] = 2.646 and F; 93 = 0.245, respectively). Ages at
death were statistically significant (F; 93 = 5.708, p < 0.001)
because primarily of the AD patients who tended to die
earlier than other subjects. As expected, CERAD scores and
Braak stages were statistically significant among the groups
(Fisher exact test [9] = 87.238, p < 0.00001; Fg = 115.049,
p < 0.00001, respectively) (Table). '

Detection of Detergent-Insoluble EAAT2 in AD
by Mass Spectrometry

To examine whether detergent-insoluble EAAT2 accu-
mulates in AD, we performed mass spectrometry on tryptic
digests of total detergent-insoluble proteins pooled from 5
autopsy-confirmed AD patients. A total of 348 statistically
significant (p < 0.05) sequence-to-spectra matches corre-
sponding to EAAT?2 tryptic peptide fragments were identified
(Fig. 1A). These fragments clustered in 6 primary domains
located throughout EAAT2 (Fig. 1B), suggesting that the
entire molecule was represented in the detergent-insoluble
protein fractions.

These data confirm that Triton X-100-insoluble EAAT2
is present in the brdins of AD patients. Despite the structural
accuracy of liquid chromatography tandem mass spectro-
metry, this approach is not well suited for quantitative com-
parisons between affected and control subjects. To examine

A CLEENLGIDK MHDSHLGSEEPK
DGMNVLGLIGFFIAFGIAMGK MLILPLIISSLITGLSGLDAK
DLEWAR NDEVSSLDAPLDLIR
ESNSNQCVYARHNSVIVDECK  NLFPENLVQACPQQIQTVTK
GLEFK NLLLTLTVFGVILGAVCGGLLR
HLGLR QLGPGK
TIATK SADCSVEEEPWK
LASPIHPDVVMLIAFPGDILMR TQSIYDDMK
LMVDFFNILNEIVMK SELDTIDSQHR
LVIMIMWYSPLGIACLICGK TSVNVVGDSPEAG IVYHLSK
MASTEGANNMPK VHEDIEMTK
MGDQAK VTLAANGK

FIGURE 1. Detergent-insoluble excitatory amino acid trans-
porter 2 (EAAT2) is present in Alzheimer disease (AD) frontal
cortex. (A) A total of 348 EAAT2 tryptic fragments identified by
liquid chromatography tandem mass spectrometry performed
on Triton X-100-insoluble proteins from 5 AD patient cerebral
cortex samples corresponded to the 24 unique EAATZ se-
quences shown. (B) The EAAT2 tryptic fragments mapped to
6 primary structural regions indicated by gray highlighting
located throughout the molecule. This EAAT2 model was mod-
ified from x-ray crystal structure results of Yernool et al (25).
The primary transmembrane domains are indicated (I-VIII).
Hairpin structures denoted as HP1 and HP2 form the glutamate-
binding/gating domain.
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FIGURE 2. Specificity of excitatory amino acid transporter 2 (EAAT2) detection. Two different anti-EAAT2 antibodies (AB12 and
GLT-1A that recognize the N- and C-terminal, respectively) were used. Pan-specific AB12 recognizes all EAAT2/GLT-1 isoforms;
GLT-1A recognizes EAAT2a/GLT-1a, the most abundant EAATZ isoform in cortex and hippocampus. Using brain tissue from GLT-1
wild-type (WT) and knockout (KO) mouse ELISAs (A), immunochistochemistry in cortex (B) and Western blots (C) prove the
specificity of EAAT2/GLT-1 detection. The EAAT2/GLT-1 is a homotrimer that resolves as monomers (m), dimers (d), and apparent
trimers (t) with approximate molecular weights of 70 kd, 150 kd, and more than 200 kd, respectively. Error bars in (A) indicate SEM
of WT and KO brain tissue samples measured in triplicate.
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FIGURE 3. Detergent-insoluble excitatory amino acid transporter 2 (EAAT2) levels were increased in hippocampi of patients with
Alzheimer disease (AD) pathology. (A) Total Triton X-100-insoluble proteins from Parkinson disease (PD, n = 4), normal control
(Norm, n = 13), mild cognitive impairment (n = 14), and later-stage AD (n = 22) patients were solubilized with formic acid and
analyzed by AB12 ELISAs to quantify detergent-insoluble EAAT2 levels. (B) Total Triton X-100-insoluble EAAT2 levels were mea-
sured by GLT-1A ELISAs as in (A). (€) Scatter plot shows a correlation between insoluble EAAT2 levels measured by AB12 and GLT-
1A ELISAs for all subjects (n = 53). The p value indicates statistical significance determined by Pearson correlation. (D) Total Triton
X-100-insoluble levels of presenilin-1 (PS1) were measured in the same samples as shown in (A and B). (E, F) Triton X-100-soluble
EAAT2 levels from same samples as in (A, B, and D) were measured by AB12 and GLT-1A ELISAs, respectively. The p values
(A, B, D-F) indicate results of overall single-factor analysis of variance. CDR, Clinical Dementia Rating; n.s., not significant.
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