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PACAP/PAC1 Autocrine System Promotes Proliferation
and Astrogenesis in Neural Progenitor Cells
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ABSTRACT

The Pituitary adenylate cyclase-activating peptide (PACAP)
ligand/type 1 receptor (PAC1) system regulates neuro-
genesis and gliogenesis. It has been well established that
the PACAP/PACI system induces differentiation of neural
progenitor cells (NPCs) through the Gs-mediated cAMP-
dependent signaling pathway. However, it is unknown
whether this ligand/receptor system has a function in pro-
liferation of NPCs. In this study, we identified that PACAP
and PAC1 were highly expressed and co-localized in NPCs
of mouse cortex at embryonic day 14.5 (E14.5) and found
that the PACAP/PAC] system potentiated growth factor-
induced proliferation of mouse cortical NPCs at E14.5 via
Gg-, but not Gs-, mediated PLC/IP3-dependent signaling
pathway in an autocrine manner. Moreover, PAC1 activa-
tion induced elongation of cellular processes and a stellate
morphology in astrocytes that had the bromodeoxyuridine
(BrdU)-incorporating ability of NPCs. Consistent with this
notion, we determined that the most BrdU positive NPCs
differentiated to astrocytes through PACI signaling. These
results suggest that the PACAP/PACI system may play
a dual role in neural/glial progenitor cells not only dif-
" ferentiation but also proliferation in the cortical astrocyte
lineage via Ca®'-dependent signaling pathways through
PAC1. ©2006 Wiley-Liss, Inc.

INTRODUCTION

Multipotent and proliferative neural progenitor cells
(NPCs) represent the epigenetic and intrinsic origin of
neurons, astrocytes, and oligodendrocytes in the central
nervous system (CNS) (Altman and Bayer, 1990a,b;
Reynolds et al., 1992; Reynolds and Weiss, 1996). Dur-
ing brain development, neurogenesis and gliogenesis
occur as distinct temporal events with only some over-
lap. In the mouse embryonic cortex, neurogenesis takes
place between embryonic days (E) 12 and 17 to generate
neurons from neuronal progenitors. In contrast, astrocy-
tic differentiation begins mainly at E16 and continues in
the postnatal days. In each embryonic stage, NPC prolif-
eration or differentiation is mostly regulated by locally
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produced or peripherally circulating soluble paracrine
factors such as growth factors (e.g. basic fibroblast
growth factor (b-FGF) and epidermal growth factor
(EGF)) and cytokines as well as several autocrine factors
such as bone morphogenic protein-4 (BMP4), interleukin
6, glycosylated cystatin C, and insulin-like growth fac-
tors (Tccleston et al., 1991; Liu et al.,, 2004; Wislet-
Gendebien et al., 2004). Although glial progenitors are
known to arise from NPCs predominantly at a delay on
neurogenesis, the underlying spatiotemporal regulatory
mechanisms of proliferation and differentiation of glial
progenitors are not yet defined.

The effects of pituitary adenylate cyclase-activating
peptide (PACAP) and vasoactive intestinal peptide (VIP),
which are members of the VIP/secretin/glucagon peptide
family have been well characterized in the CNS. For
example, these factors affect neurotransmitter release
and survival of hippocampal neurons as well as control-
ling cerebellar maturation (Arimura, 1998; Basille et al.,
1993; Bluet-Pajot et al., 1998; Otto et al., 2001; Rayan
et al., 1991; Vaudry et al, 2002; Zhou et al., 2002).
These PACAP and VIP functions are mediated by three
PACAP receptors, PAC1, VPAC], and VPACZ2 (Christophe,
1993; Muller et al., 1995; Tatsuno et al., 1994; Zhou
et al., 2002). In particular, PACAP and PAC1 are highly
expressed and distributed ubiquitously in the embryonic
CNS and peripheral nervous system (Tatsuno et al,
1994; Zhou et al., 2002). Accordingly, PACAP is consid-
ered to influence the regulation of NPC proliferation
and/or differentiation during embryonic development
(Dicicco-Bloom et al., 1998). The PAC1 gene encodes a
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G-protein-coupled receptor that has four splice variants,
depending on the presence or absence of either one or
two of the cassettes, “hip” and “hop,” in the third inter-
cellular loop (Bresson-Bepoldin et al.,, 1998; Jaworski
and Proctor, 2000; Zhou et al., 2000a,b). These splice
variants are involved in multiple and response-specific
second messenger cascades (Pisegna et al., 1996). Evi-
dence from studies with transfected cells indicates that
each splice variant activates different cell signaling
pathways involving adenylate cyclase (AC) and/or phos-
pholipase C (PLC) and activation of these two pathways
has opposite effects on the proliferation of cerebral corti-
cal precursor cells (Basille et al., 1995; Cazillis et al.,
2004; Lu et al., 1998; Mercer et al., 2004; Suh et al,
2001; Waschek et al., 2000). Recently it was shown that
the PACAP/PAC]1 system inhibits NPC proliferation and
promotes neurogenesis and gliogenesis by activation of
the Gs-mediated cAMP-dependent signal transduction
pathway in the embryonic brain (Lelievre et al., 2002;
Suh et al., 2001; Waschek et al., 1998). In contrast,
PACAP was reported to promote adult NPC proliferation
via PAC1 both in vivo and in vitro. Thus the precise ef-
fect of direct activation of PAC1 signaling on embryonic
NPCs, and the mechanism thereof, remains unknown.

To elucidate the function of PACAP in embryonic corti-
cal NPCs, we investigated regulatory mechanisms of
PAC1 signaling for cell proliferation and differentiation
using NPCs of mouse cortex at E14.5 when cortical
NPCs in the ventricular zone (VZ)subventricular zone
(SVZ) contain not only neuronal progenitors but also
glial progenitors. In this study, we identified that PACAP
and PAC1 were highly expressed and co-localized in
NPCs. Surprisingly, we found that the PACAP/PAC1I sys-
tem potentiated growth factor-induced proliferation in
mouse cortical NPCs at E14.5 via Gg-mediated—but not
Gs-mediated—PLC/IP3;-dependent signaling pathways in
an autocrine manner. Moreover, we showed that direct
activation of PAC1 induced astrocyte-like morphological
changes in embryonic cortical NPCs. Together with our
present results and the previously identified role of
PACAP, we suggest a dual role of the PACAP/PAC1 system
for NPC proliferation during cortical astrogenesis by differ-
ent signaling pathways of PAC1 variants at E14.5.

MATERIALS AND METHODS
Antibodies and Reagents

Monoclonal and polyclonal antibodies used in this study
were as follows: mouse monoclonal anti-nestin (Becton
Dickinson, Lexington, KY, and RaZ 401; Developmental
Studies Hybridema Bank, Iowa City, IA), mouse mono-
clonal anti-neuronal class III B-tubulin (anti-p III tubu-
lin (Tyjl); COVANCE, Berkeley, CA), mouse monoclonal
anti-galactocerebroside (anti-Gal C; Chemicon Interna-
tional, Temecula, CA), rabbit polyclonal anti-glial fibril-
lary acidic protein (anti-GFAP: DAKO, Carpinteria, CA),
goat polyclonal anti-PAC1 (gift from A. Arimura, Tulane
University, New Orleans), rabbit polyclonal anti-PACAP38
(Calbiochem, San Diego, CA), rat monoclonal anti-
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bromodeoxyuridine (BrdU; Becton Dickinson, Lexington,
KY). The secondary antibodies conjugated to Alexa Fluor
fluorescein (goat anti-mouse Alexa Fluor 488, 568, or 633,
goat anti-rabbit Alexa Fluor 488 or 568, rabbit anti-goat
Alexa Fluor 594, and goat anti-mouse Alexa Fluor 488 or
568) were purchased from Molecular Probes (Eugene, OR).
PACAP38, PACAP(6-38) (Peptide Institute, Osaka, Japan),
VIP (Sigma, St. Louis, MO), maxadilan and M65 (gifts
from Dr. Richard G. Titus, Colorado State University)
were dissolved in distilled water. H89, 2-aminoethoxydi-
phenyl borate (2-APB; Calbiochem, San Diego, CA), cheler-
ythrine (Sigma) and O,0’-bis(2-aminophenyl)ethylenegly-
col-N,N,N' N'-tetraacetic acid (BAPTA-AM; Sigma) were
dissolved in DMSO. Each solution was added to the me-
dium, and the final concentration of organic solvent
(DMSO) in the medium was adjusted to no more than
0.1% (v/v). Each control medium contained the same
amount of each organic solvent.

Animals

Pregnant C57BL/6J mice were purchased from CLEA
Japan. All experiments were performed in the labora-
tory for animal experiments according to NIH Standards
for Treatment of Laboratory Animals.

Culture of Mouse Embryonic Cortical NPCs

Cortical NPCs were cultured as previously described
(Li et al., 2001; Nakashima et al., 1999). Briefly, embryos
were removed from pregnant C57BL/6J mice (CLEA
Japan, Tokyo, Japan) and staged according to morpho-
logical criteria to confirm gestational day (Kaufman,
1998). Developing mouse cerebral cortices were dissected
at embryonic day 14.5 (E14.5). Cells were mechanically
dissociated by trituration and plated at a density of
3.0 X 10° cells in 10-cm dishes (BD) that were precoated
with 15 pg/mL poly-Xvr-ornithine (Sigma) and 1 pg/mL
fibronectin (Nitta Gelatin, Osaka, Japan). Cells were
expanded for 4 days in serum-free Neurobasal (NB) me-
dium (Invitrogen, Carlsbad, CA) supplemented with B27
(Invitrogen), 0.5 mM r-glutamine (Invitrogen), 100 pg/mL
penicillin and 100 pg/mL streptomycin (Invitrogen).
This medium was supplemented with 10 ng/mL b-FGF
(PeproTech, Rocky Hill, NJ), except where indicated other-
wise. Cultures were maintained at 37°C in an atmosphere
of 95% air and 5% COg. For secondary culture, b-FGF-
expanded cortical NPCs were washed in warm Hanks’
balanced salt solution, detached via mechanically pipet-
ting, and resuspended in NB medium. Cells were then
reseeded in 24-well plates (Nunc; 1 X 10° cells per well),
48-well plates (Nunc; 4.5 X 10% cells/well) or 96-well plates
(Nunc; 1 X 10* cells/well) precoated with poly-L-ornithine
and fibronectin.

Conditioned Medium Preparation

Subconfluent embryonic cortical NPCs in secondary
cultures and control cultures maintained without
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NvvPCs were incubated in serum-free NB/B27 medium
for 48 h with b-FGF (5 ng/mL). After this period, condi-
tioned medium derived from either NPCs or control cul-
tures was collected and centrifuged at 1,000g for 5 min
at 4°C to remove nonadherent cells.

Real-Time RT-PCR

Total RNA was isolated from cultured embryonic corti-
cal NPCs and E14 mouse cerebral cortex. These RNAs
(1 pg) were treated with DNase I and converted to cDNA
using Superscript reverse transcriptase (Invitrogen) and
random hexamer primers, according to the manufac-
turer’s instructions. Real-time quantitative RT-PCR was
performed with the SYBR Green-based method (ABI
PRISM 7700 Sequence Detection System, Perkin-Elmer).
The quantitative RT-PCR method (User Bulletin no. 2,
Applied Biosystems, Foster City, CA) was modified to es-
tablish an expression level index for mRNA, and the
SYBR green signal for the hypoxanthine-guanine phos-
phoribosyl transferase (hprt) gene amplicon was used as
a reference. Amplification efficiency was determined and
confirmed in a control PCR experiment using serially
diluted ¢cDNAs as templates. Real-time RT-PCR reac-
tions were run on an ABI PRISM 7700 Sequence Detec-
tion System device using the following program: 2 min
at 50°C, 10 min at 95°C and 40 cycles of 15 s at 95°C
and 1 min at 60°C. The real-time RT-PCR products were
analyzed using the sequence detection system software
1.7 (Applied Biosystems). The analysis and calculations
were performed as described above. The efficiency of
reverse transcription and the quality of ¢cDNA was
assessed by the efficiency of amplification of the hprt
gene (upper primer, 5-TCTTTGCTGACCTGCTGGATT-8/,
corresponding to bases 222-241; lower, 5-TATGTCCCC-
CGTTGACTGATC-3', corresponding to bases 322-342,
GenBank accession no. NM-013556). PCR amplification
was then performed with specific primers for PACI,
VPAC1, VPACZ2, PACAP, and VIP, for which primers
were designed using Primer Express software (Perkin-
Elmer, Torrance, CA), as follows. PAC1: upper, 5-CTT-
CGATGCTTGTGGGTTITGA-3, corresponding to bases
543-563 and lower, 5-AAGCGGCACAAGATGACCAT-3,
bases 667-686, GenBank accession no. D82935; VPAC1:
upper, 5-TCCCCCATTCACGGCTATAA-3, bases 413-423,
and lower, 5-CAGTCTGTTGCTGCTCATCCAT-3', bases
525-540, GenBank accession no. NMO011703; VPAC2:
upper, 5-CTTCTCCAGATGTTGGTGGCA-3', bases 981~
1,001, and lower, 5-CCAATAGGGAAGGCAGCAAAC-3,
bases 1,078-1,098, GenBank accession no. D28132;
PACAP: upper, 5-GGCATGTGGGACAATATCACAT-3,
bases 319-340, and lower, 5-ACTTGGTCCGGGTTGA-
AGATC-3, bases 399-419, GenBank accession no.
NMO009625; VIP: upper, 5-GGAACAGACTGGTGGAGC-
CTT-3, bases 55-75, and lower, 5-TTCCATCTCGGTG-
CCTCCT-3, bases 152-170, GenBank accession no.
NMO011702. To determine the expression of PACI splice
variants, we used primer pairs and the condition of PCR
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amplification described previously (Jamen et al., 2002).
A scheme for the design of primers for PAC1 splice var-
iants is shown in Fig. 5A. For short or hip-hop variants:
upper, 5-CATCCTTGTGCAGAAGCTGC-3', correspond-
ing to bases 1,456-1,475, and lower, 5-GGTGCTTGA-
AGTCCATAGTG-3', bases 1,825-1,844; hip variants:
upper, 5-ACAAATTTAAGACTGAGAGT-8, bases 1,456—
1,475, and lower, 5-GGTGCTTGAAGTCCATAGTG-3,
bases 1,825-1,844. PCR was performed with an initial
step at 94°C for 5 min followed by 35 cycles of 94°C for
30 s, 55°C for 30 s, 72°C for 1 min, and then a final cycle
of 72°C for 10 min. Amplification products were stored at
4°C and then electrophoresed on a 2% agarose gel; the
bands were visualized by ethidium bromide staining.

Immunohistochemistry and
Immunocytochemistry

On embryonic day 14.5, C57BL/6J mouse brains were
removed and fixed with 4% paraformaldehyde (PFA) for
8 h, cryoprotected in 20% sucrose in PBS, and frozen.
Twenty-micrometer-thick coronal sections were cut with
a cryostat, placed on APS-coated glass slides and then
fixed with 4% PFA, washed three times with PBS, per-
meabilized with 0.1% (w/v) Triton X-100/PBS for 5 min
and finally washed three times with PBS. Fixed sections
were incubated for 30 min with 3% bovine serum albu-
min (Sigma). Sections were incubated overnight at 4°C
with diluted primary polyclonal anti-PAC1 (1:1,000),
see earlier for manufacturer’s details, anti-PACAP38
(1:1,000) and anti-nestin (1:500) for triple staining.
These sections were incubated for 1 h with diluted sec-
ondary antibodies (goat anti-mouse Alexa Fluor 633, goat
anti-rabbit Alexa Fluor 488, and rabbit anti-goat Alexa
Fluor 594) and washed with PBS. Confocal microscopy
was performed using the Leica TCS SP2 spectral confo-
cal scanning system (Leica Microsystems). For immuno-
fluorescence measurements, cultured mouse embryonic
NPCs were grown on poly-L-ornithine- and fibronectin-
coated dishes. All incubations and washes were per-
formed at room temperature. Cells were fixed with 4%
PFA, washed three times with PBS, permeabilized with
0.1% Triton X-100/PBS for 5 min and then washed three
times with PBS. Fixed cells were incubated for 30 min
with 3.3% goat or rabbit serum (Nichirei, Tokyo, Japan).
Cells were incubated for 0.5-1 h with diluted primary
polyclonal or monoclonal antibody (both were used for
double-staining). Next, these cells were incubated for
0.5-1 h with diluted secondary antibodies conjugated to
fluorescein and washed with PBS. For BrdU labeling,
cells were incubated with 2 M HCI at 37°C for 30 min,
rinsed in 0.1 M sodium borate buffer and processed for
immunocytochemistry. As a negative control in immuno-
histochemistry and immunocytochemistry, we performed
the omission of either primary or secondary antibodies.
Confocal microscopy was performed using the FLUOVIEW
confocal microscope system (Olympus, Tokyo, Japan).
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[PH]Thymidine Incorporation Assay

Cortical embryonic NPCs were seeded in 96-well
plates (1 X 10* cells/well) in 100 uL of medium and cul-
tured for 24 h at 37°C with b-FGF (5 ng/mlL). Vehicle or
peptide (PACAP38, 0-100 nM; maxadilan, 0-10 nM; or
M65, 10 nM) was then added; after 1 h, 1 puCi/well
[®*H]thymidine was also added. After a 7-h incubation,
the cells were washed extensively with medium, and
[*Hlthymidine incorporation was measured using a B-
counter.

For the CM proliferation assay, embryonic cortical
NPCs were seeded in 96-well plates (1 X 10* cells/well)
in 100 pL of medium and cultured for 24 h at 37°C.
Medium was then replaced with NPC conditioned me-
dium or control medium. [*Hlthymidine incorporation
and measurement were performed as described above.

To assess PAC1 signaling, cortical embryonic NPCs
were seeded in 96-well plates (10* cells/well) in 100 pL
of medium and cultured for 24 h at 37°C. Cells were
pre-incubated for an additional 1 h with vehicle and sig-
nal transduction inhibitors (H89, 10 uM 2-APB, 20 pM;
chelerythrine, 50 pM), and then maxadilan (10 nM) was
added. [*Hlthymidine incorporation was measured as
described above.

Intracellular ATP Assays

It has been previously reported that intracellular
ATP levels correlate with cell number (Crouch et al,
1993). Embryonic cortical NPCs were seeded in 48-well
plates (4.5 X 10* cells/well) in 400 pL of medium and
cultured for 24 h at 37°C with b-FGF (5 ng/mL). After
24 h, each peptide (PACAP38, 0-100 nM; maxadilan,
0-10 nM; PACAP(6-38), 10 nM) was added to these
NPC cultures. After a 6 or 24-h incubation with the
peptides, intracellular ATP levels were measured using
the CellTiter-Glo Luminescent Cell Viability Assay kit
(Promega, Madison, WI) according to the manufacturer’s
instructions.

Radioimmunoassay for PACAP38

PACAP3S8 concentration was measured in conditioned
medium derived from NPCs using a radioimmunoassay
(RIA). Cell-free conditioned medium (100 pL) and con-
ditioned medium derived from NPCs (100 pL) were
incubated with polyclonal anti-PACAP38, which was
rehydrated in RIA buffer (Phoenix Pharmaceuticals,
Belmont, CA) for 24 h at 4°C. These reactions were incu-
bated with 2°I-PACAP(31-38) (50 cpm/uL) for an addi-
tional 24 h at 4°C. Second antibody reaction/separation
and detection of *?°I in the pellets were performed in a
scintillation well gamma counter according to the instru-
ment manufacturer’s instructions (Phoenix Pharmaceu-
ticals, Belmont, CA).
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Intracellular cAMP Measurement

Cortical embryonic NPCs were seeded in 96-well plates
and treated with PACAP38 (100 nM) or maxadilan
(10 nM) for 24 h. cAMP levels were assayed by the
cAMP-Screen™ System (Applied Biosystems).

Intracellular Calcium Imaging

Cortical embryonic NPCs were seeded in 96-well plates
and cultured for 24 h as described above for the intracel-
lular cAMP measurement. The intracellular concentra-
tion of free calcium ([Ca®*li) in cultured NPCs was
monitored using the Calcium Kit-Fluo 3 (Dojindo Labo-
ratories, Kumamoto, Japan) according to the manufac-
turer’s instructions. For a negative control, cells were
pre-incubated for an additional 1 h with BAPTA-AM
(100 pM), and then PACAP38 (100 nM) or maxadilan
(10 nM) was added.

RESULTS
Expression of PAC1 and PACAP in Embryonic
Cortical NPCs In Vivo and In Viitro

To generate a highly purified population of embryonic
cortical NPCs, we prepared a secondary culture of NPCs
(Li et al., 2001; Nakashima et al.,, 1999). Most of these
cells were positive for nestin, a specific marker for NPCs
in developmental brain, but less than 0.5% were immu-
noreactive for B III tubulin and GFAP. Gal C positive
cells were not found (data not shown).

We used RT-PCR and immunohistochemical methods
to investigate PAC1 and PACAP expression in cultured
mouse embryonic cortical NPCs. RT-PCR detected both
PAC1 and PACAP mRNAs in the NPCs and mouse
telencephalon at embryonic day 14.5 (Fig. 1A). Other
PACAP receptors, VPAC1 and VPAC2, mRNAs were
expressed at a much lower level [(0.01 * 1.7)% and
(0.11 * 2.3)% (mean * S.E.M.), respectively] than PAC1
mRNA (33.1 = 0.23)% (Fig. 1A). In addition, the mRNA
for another PAC1 ligand, VIP, was not detected in em-
bryonic cortical NPCs (Fig. 1A). In immunohistochemis-
try experiments, PACAP protein was expressed in nes-
tin-immunoreactive NPCs, and most nestin-immuno-
reactive NPCs expressing PAC1 colocalized with PACAP
in the VZ and SVZ (Fig. 1B). We also detected PACAP
and PAC1 in nestin-immunoreactive cultured embryonic
cortical NPCs. Over 99.8% of the PACl-expressing cells
co-expressed PACAP (Fig. 1C).

Activation of PAC1 Signaling Induces Embryonic
Cortical NPC Proliferation in the Presence
of b-FGF in an Autocrine Manner

We performed a [®Hlthymidine incorporation assay
and an ATP assay, which measures intracellular ATP
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Fig. 1. NPCs express the PACAP receptors PAC1, VPAC1 and
VPAC2, and their ligand, PACAP. A: RT-PCR was performed as
described in Material and Methods. PCR products corresponding to
these receptor and ligand genes were loaded onto a 3% agarose gel, as
indicated at the left. The size of the PCR products is indicated on the
right. Quantitative analysis of mRNA transcripts for PACAP receptors
in NPCs by SYBER green-based PCR 7700 system. Data represents
expression level of individual PACAP receptors relative to the expres-
sion level of hprt. B,C: PACAP is an autocrine factor of NPCs. PAC1
and PACAP protein expression was determined by immunofluorescence
in vivo (B) and in vitro (C). Nestin-immunoreactive cells (cyan) in
£14.5 mouse embryonic telencephalon also expressed PAC1 (green) and
PACAP (red). The lower panels are high magnifications of the upper
panels (B). Cell nuclei were counterstained with Hoechst 33258 (blue, B).
Almost all nestin-immunoreactive NPCs (red, C) expressed PAC1 (green,
top panel in C) and PACAP (green, lower panel in C). Cell nuclei were
counterstained with Hoechst 33258 (blue, C). Scale bars: (B, C) 50 pum.
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levels and hence indicates the viable cell number, to
determine whether PAC1 signaling promotes NPC pro-
liferation. A 6-h incubation neither with PACAP38
(0-100 nM), the natural ligand for PAC1, nor with max-
adilan (0-1 nM), a specific agonist for PACI1, induced
DNA synthesis in the absence of b-FGF (Fig. 2A). In
contrast, both reagents increased [*Hlthymidine incor-
poration in a dose-dependent manner in the presence of
b-FGF without altering the viable cell number as as-
sessed by the ATP assay (Figs. 2A,B). After incubation
for 24 h, maxadilan increased intracellular ATP levels in
the presence of b-FGF, and this increase was completely
inhibited by the PAC1l-specific antagonist, PACAP(6-38)
(Fig. 2C). The PAC1 ligand, VIP, also increased *Hlthy-
midine incorporation in NPCs (Fig. 2D) after incubation
for 6 h. However, the DNA synthesis-promoting activity
of VIP was lower than that of PACAP38 or maxadilan,
and was inhibited by PACAP(6-38) (data not shown).
These results indicate that activation of PAC1 promotes
DNA synthesis in 6 h followed by NPC proliferation in
24 h in cultures supplemented with b-FGF.

To investigate whether PACAP secreted from embryo-
nic cortical NPCs induces DNA synthesis in the presence
of b-FGF, we analyzed [*Hlthymidine incorporation in
NPCs cultured with conditioned medium derived from
embryonic cortical NPCs supplemented with b-FGFE.
After 7 h, [PHlthymidine incorporation increased by
140% relative to NPCs cultured with NPC-free media,
and this activity was inhibited by another PAC1-specific
antagonist, M65 (Fig. 3). Similar inhibition was observed
when PACAP(6-38) was used (data not shown). We also
performed a radioimmunoassay to detect PACAP38 in
the conditioned medium derived from NPCs. The PACAP
concentration was substantially higher in conditioned
medium derived from NPCs (284 = 2.3 pg/mL, Mean =
SEM) than in NPC-free medium (0.072 = 0.25 pg/mlL,
Mean = SEM).

PLC/IP3 Signaling Pathway are Activated
by Maxadilan Via PAC1 Splice Variants
in Embryonic Cortical NPCs

To determine which splice variant (or variants) was
expressed in our embryonic cortical NPCs, we performed
RT-PCR using splice variant-specific primer pairs. We de-
tected four PAC1 variants (Fig. 4).

To determine whether PAC1 couples to the cAMP
pathway, we measured intracellular cAMP concentration
in NPCs after treatment with PACAP38 or maxadilan.
Both reagents elicited a 3.5-4-fold increase in intracellu-
lar cAMP concentration (Fig. 5A). We used the Fluo-3
ratio method to determine the effects of PAC1 activation
on calcium signaling. The intracellular calcium level
([Ca®*1i) increased rapidly in NPCs following treatment
with PACAP38 or maxadilan (Fig. 5B). This activity
was inhibited by BAPTA-AM, which was an intracellular
Ca?"-chelator (Fig. 5B). We used pathway-specific in-
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Fig. 2. PAC1 signaling promotes NPC
growth in the presence of b-FGF. A B:
PACAP38 and maxadilan promote DNA
synthesis and cell growth of NPCs in a
dose-dependent manner in the presence
of b-FGF. NPCs were cultured with
PACAP38 (0-100 nM) (left) or maxadilan
(0-1 nM) (right) in the presence or ab-
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hibitors for protein kinase A (PKA) or inositol 1,4,5-
trisphosphate (IP3)/C kinase (PKC) to determine which
signaling pathway mediates PAC1 activity during em-
bryonic cortical NPC proliferation.- H89, which inhibits
cAMP-dependent PKA, did not inhibit the maxadilan-
induced increase in [*H]thymidine incorporation; however,
2-APB, which inhibits the IP3 receptor, had a strong inhib-
itory effect (Fig. 5C). In addition, chelerythrin, which inhi-
bits PKC, did not inhibit the effect of maxadilan. Taken to-
gether, these results indicate that NPC proliferation
involved the PLC/IP3-dependent signaling pathway and a
downstream Ca?*-dependent pathway.
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cence assay (B). C: The PAC1-specific ago-
nist, maxadilan, promotes NPC growth;
blockade of PAC1 with the PAC1-specific
antagonist, PACAP (6-38), completely
cancels this growth-promoting activity.
NPCs were incubated with or without
maxadilan (1 nM) for 24 h. Maxadilan-
induced cell growth was inhibited by co-
incubation with PACAP (6-38) (10 nM).
D: NPCs were cultured with or without
PACAP38 (100 nM), maxadilan (10 nM)
or VIP (1 pM) in the presence of b-FGF
for 7 h, and then [FHlthymidine was
added during the last 6 h of culture. Bars
represent mean * SD (n = 4). Significant
differences from control (without agonist
or antagonist) are indicated by asterisks
(*P < 0.05; **P < 0.01, ANOVA).

PAC1 Activation Induces NPC Proliferation
and Morphological Changes in
Embryonic Cortical NPCs

Upon maxadilan stimulation for 48 h, we observed a
morphological change, which was an elongation of cell
processes with stellate and astrocyte-like morphology, in
nestin-immunoreactive NPCs (Fig. 6A). To determine
the relationship between NPC proliferation and the mor-
phological changes seen by PAC1 signaling, we identified
nestin-immunoreactive NPCs in the mitotic phase with
a BrdU incorporation assay. Immediately after 10 min of
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Fig. 3. The activation of PACI-induced NPC proliferation in auto-
crine system. NPCs were cultured for 24 h, and the conditioned me-
dium (CM) was collected. The CM or control cell-free media was added
to freshly prepared NPC cultures and incubated for 7 h. [*Hlthymidine
was added during the last 6 h, and incorporation was later measured.
DNA synthesis-promoting activity in CM was observed and this activity
was inhibited by the PACl-selective antagonist, M65 (10 nM). Bars
represent mean = SD (n = 4). Significant differences from the control
are indicated by asterisks (*P < 0.05, **P < 0.01; ANOVA).

exposure to BrdU, the unincorporated BrdU was washed
off the NPCs and maxadilan (10 nM) was added in
BrdU-free and b-FGF contained medium. After 24 h,
maxadilan increased the number of BrdU/nestin immu-
noreactive NPCs with long cell processes compared with
non-treated NPCs (Fig. 6B). Next, we addressed the
differentiation of BrdU immunoreactive NPCs to neu-
rons, astrocytes, or oligodendrocytes. We observed a
gradual increase of BrdU immunoreactive NPCs by the
24-h treatment of maxadilan during 7 days, compared
with non-treated NPCs. The treatment of maxadilan did
not increase the number of B III tubulin immunoreactive
neurons, whereas maxadilan induced marked increase of
GFAP immunoreactive astrocytes. Moreover, we observed
the significant increase in the percentage of BrdU/GFAP
double immunoreactive astrocytes, compared with that
of non-treated NPCs at day 7 (Figs. 6B-E). These data
suggested that PAC1 signaling regulates the prolifera-
tion of glial progenitor cells to generate astrocytes in
E14.5 NPCs.

DISCUSSION

The PACAP/PACI system plays an important role in
regulating differentiation of embryonic NPCs at E12-17
(Lee et al., 2001; Lelievre et al., 2002; Lu and DiCicco-
Bloom, 1997; Lu et al., 1998; Suh et al., 2001). In our
results, the PACAP/PAC1 autocrine system potentiated
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Fig. 4. NPCs express all PAC1 isoforms. RT-PCR was performed as
described in Material and Methods. RT-PCR of E14.5 mouse embryonic
telencephalon (tel) was used for comparison. The PCR products corre-
sponding to the PAC1 isoforms were loaded onto a 3% agarose gel, as
indicated at the left. The size of the PCR products is indicated on the
right.

growth factor-promoted proliferation of E14.5 mouse
cortical NPCs. Moreover, we found that the activation
of PAC1 initiated morphological changes, which were
cell process elongation of typical astrocytes in embry-
onic cortical NPCs. In the BrdU incorporation assay,
most of BrdU positive NPCs differentiated to astro-
cytes. We suggest dual aspects of PACI signaling in the
regulation of not only differentiation but also prolifera-
tion of NPCs at E14.5 via PLC/IP3 signaling pathways
through PAC1 variants in NPCs committed to an astro-
cytic lineage.

We found that the PACAP/PAC1 system potentiated
growth factor-induced proliferation of E14.5 mouse corti-
cal NPCs in an autocrine manner. Many trophic factor-
generated microenvironments control NPC proliferation
or differentiation. In particular, growth factors such as
b-FGF, EGF, and TGFa promote NPC proliferation in
the embryonic and postnatal brain (Gritti et al., 1996;
Kilpatrick and Bartlett, 1993; Richards et al., 1992;
Vescovi et al.,, 1999). Although these growth factors are
soluble and thus diffuse widely in the CNS, their regula-
tion during development has not been fully understood.
In our results, immunoreactivity for PACAP and PAC1
in VZ/SVZ as well as the detection of PACAP38 in condi-
tioned medium derived from NPCs supported the
evidence of a PACAP/PAC1 autocrine loop in embryonic
NPCs. Several molecules function in an autocrine man-
ner in embryonic NPCs. BMPs and noggin are autocrine
factors that regulate NPC proliferation and differ-
entiation (Mabie et al., 1999; Nadarajah et al., 2002;
Panchision et al., 2001; Sauvageot and Stiles, 2002). In
adult brain, Cystatin C, IGF-I and stem cell-derived
stem/progenitor cell-supporting factor have been charac-
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terized as autocrine/paracrine growth-supporting factors
for adult NPC proliferation, which is promoted by
b-FGF/EGF (Toda et al., 2003). These factors are requi-
red to maintain multipotent adult NPC proliferation
(Toda et al., 2003). These autocrine systems, including
the PACAP/PACL system, are considered to play an im-
portant role in restricting or amplifying growth factor-
mediated signals and in controlling NPC proliferation
and differentiation.

At an early developmental stage (E12-14) during
which the mouse cortex undergoes neurogenesis, the
PACAP/PAC1 system promotes neuronal differentiation
of cortical NPCs (Dicicco-Bloom et al., 1998; Lee et al.,
2001; Lu and DiCicco-Bloom, 1997; Suh et al., 2001). In
contrast, cortical NPCs derived from a late stage (E17)
promote astrocyte differentiation via PAC1 (Vallejo and
Vallejo, 2002). Furthermore, at the postnatal stage,
when oligogenesis occurs, PAC1 signaling regulates both
the growth and differentiation of oligodendrocyte pro-
genitor cells (Lee et al,, 2001). Thus the PACAP/PAC1
system plays multiple roles in the different cell lineages
during development, and this fact suggests that it may
function via several signaling pathways. Recent studies
have shown that Gs- or Gg-mediated intracellular signal
via PAC1 splice variants induced a specific biological
activity, differentiation or proliferation, in cortical pro-
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differences from the control are indi-
cated by asterisks (*P < 0.05, **P <
0.01; ANOVA).

genitor cells (Bresson-Bepoldin et al., 1998; Jaworski
and Proctor, 2000; Lu et al., 1998; Zhou et al., 2000a,b).
Our RT-PCR experiment showed that PAC1 splice
variants were expressed in mouse embryonic cortical
NPCs at E14.5. Moreover, we detected intracellular
cAMP accumulation and [Ca®*1i increase via PAC1 acti-
vation in NPCs (Figs. 5A,B). These results suggested
that the activation of PAC1 stimulated both Gs-mediated
AC/PKA and Gg-mediated PLC/IP3 signaling pathways
in embryonic cortical NPCs at E14.5 via PAC1 variants.
Although many studies have reported that AC/PKA
signal induced NPC differentiation into neuron or glial
cells via PAC1 (Zhou et al., 2001), the effects of PLC/IP3
signal in NPC lineage is unknown. We found that IP3
inhibitor curtailed PAC1l-mediated NPC proliferation
(Fig. 5C), suggesting that Gg-mediated PLC/IP3, not
Gs-mediated AC/PKA, signaling pathway modulated
NPC proliferation via the PAC1 variant which might
give rise to different signaling pathways for NPC differ-
entiation and proliferation.

Cortical NPCs at E14.5 may have heterogeneous
subpopulations. Some of these are multipotent and
others are committed to neuronal or glial progenitors
which generate neurons or astrocytes (Sauvageot and
Stiles, 2002). As indicated by our morphological study
and BrdU labeling, PAC1 signaling potentiated the pro-
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Fig. 6. PACLI signaling promotes the proliferation of embryonic corti-
cal NPCs committed to astrocytes. A: After maxadilan treatment for
24 h, cells were fixed and stained for nestin (green), Hoechst (blue) and
BrdU (red). B: After maxadilan treatment for 7 days, cells were fixed
and stained for nestin (green), § III tubulin (b III tub) (green), GFAP
(green), Hoechst (blue) and BrdU (red). C: Quantitative analysis of
differentiation of embryonic cortical NPCs treated or non-treated with
maxadilan for 7 days. D: Proliferation of embryonic cortical NPCs trea-

liferation of NPCs with longer cell processes manifesting
astrocyte-like shapes. Moreover, most BrdU immuno-
reactive NPCs were differentiated into GFAP immunore-
active astrocytes via PAC1. One of the autocrine factor
families, BMPs, are reported to promote astrocytic differen-
tiation and to change the proliferative activities of
cortical NPCs in the different developmental stages (Gross

ted or non-treated with maxadilan assessed by BrdU incorporation
assay. E: Time course of astrogenesis from BrdU immunoreactive
embryonic cortical NPCs treated or non-treated with maxadilan. Total
cellular counts were obtained as described in Materials and Methods.
Data represent mean values * SD (n = 4). Significant differences from
the control are indicated by asterisks (*P < 0.05, **P < 0.01, ***P <
0.001; ANOVA). Scale bars: (A, B) 50 pm.

et al., 1996; Mabie et al., 1999). Our data may reflect a
dual role for the PACAP/PACI1 system; potentiating glial
progenitor cell proliferation and subsequent astrogenesis as
well as astrocytic differentiation in NPCs similar to BMPs.
The PACAP/PAC1 autocrine system is critical for the regu-
lation of NPC and glial lineage, depending on the stage of
brain development.
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With DNA micrearrays, we identifled a gene, termed Solo, that is downregulated in the cerebeHum of
Purkinje cell degeneration mutant mice. Sole is 2 mouse homologue of rat Trio8-—one of multiple Trio isoforms
recenily identified in rat brain. Solo/Trio8 contains N-terminal secl4-like and spectrin-like repeat domains
followed by a single gnanine nucleotide exchange factor 1 (GEF1) domain, but it lacks the C-terminal GEFZ,
immunogiobulin-like, and kinase domains that are typical of Trio. Solo/Trio8 is predominantly expressed in
Purkinje neurons of the mouse brain, and expression begins following birth and increases during Purkinje
neuron maturation. We identified a novel C-terminal membrane-anchoring domain in Solo/Trio8 that is
reguired for enhanced green fluorescent protein-Sele/Tric8 localization fo early endesomes (positive for both
early-endoseme antigen 1 [EEAI] and Rab8) in COS-7 cells and primary culiured neurons. Solo/Trio8
overexpression in COS-7 cells augmented the EEAl-positive early-endosome pool, and this effect was abolished
via mutation and inactivation of the GEF domain or deletion of the C-terminal membrane-anchoring domain.
MMoreover, primary cultured neurons transfected with Solo/Tric8 showed increased neurite elongation that was
dependent on these domains. These resulis suggest that Sole/Trio8 acts as an early-endosome-specific up-

stream activator of Rho family GTPases for neurite elongation of developing Purkinje neurons.

Endosomal membrane trafficking in neurons plays a key role
in various neural processes, including neurite elongation (19,
33), synaptic transmission (17), neuronal degeneration (36),
and neuronal cell death or survival (7). The early endosome
regulates the selective transfer of membrane proteins to other
organelles, and thus it is a key organelle for sorting vesicles
containing cell surface membrane proteins, including recep-
tors, transporters, channels, and cell adhesion molecules (2, 29,
39, 47).

Several lines of evidence suggest that small GTPases play
pivotal roles in regulating early-endosome dynamics (2, 39, 47).
For example, Rab5 regulates the motility and fusion of early
endosomes (32), whereas Rab4 and Rab5 control vesicle influx
and efflux, respectively, in the early-endosome pool (28). Rho
family GTPases also regulate early-endosome dynamics. Once
such GTPase, Cdc42, controls endocytic transport in polarized
cells (20), whereas RhoD specifically localizes to early endo-
somes and regulates their motility via diaphanous-related
formin proteins (13). Upstream regulators of small GTPases
that associate with early endosomes have been studied exten-
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sively. For example, early-endosome antigen 1 (EEA1) acts as
an effector for Rab family small GTPases (5, 45). Although
Rho family GTPases are also activated by multivalent up-
stream effectors (42), the specialized upstream activators that
function in early endosomes remain unknown.

Trio, a member of the Dbl homology domain family of
guanine nucleotide exchange factors (GEFs), was originally
identified by its interaction with the leukocyte common anti-
gen-related protein receptor (6). Trio has an N-terminal sec14-
like domain, spectrin-like repeats, two GEF domains (GEF1
and GEF2), an immunoglobulin (Ig)-like domain, and a C-
terminal Ser/Thr kinase domain (3). The GEF1 domain acti-
vates RhoG and Racl, whereas GEF?2 acts on RhoA, suggest-
ing that Trio is involved in multiple GTPase cascades
mediating various cellular processes (3). Genetic analysis of
the Trio gene in Drosophila embryos implicates this protein in
neuronal and retinal axon guidance (3). Mice lacking Trio die
during embryogenesis and exhibit a loss of myofiber formation
and cellular disorganization in the hippocampus and olfactory
bulb (35). Although Trio is highly expressed in the adult brain,
heart, liver, skeletal muscle, kidney, placenta, and pancreas (6),
its effector function in these adult tissues remains unknown.
Several Trio isoforms were recently identified (25), and the
expression of each isoform was shown to be regulated in a
tissue-specific manner. The functions of these isoforms, how-
ever, have not been delineated.

Purkinje cell degeneration (pcd) is an autosomal recessive
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mutational disorder in mice that is characterized by degener-
ative loss of Purkinje neurons after postnatal day 15 (P15) to
P18 (30). The causative mutation of pcd was identified at the
Nnal locus (12). The disorder constitutes an adult-onset dis-
ease and presenis mild phenotypes, thereby [acilitating the
analysis of cerebella that are nearly devoid of Purkinje neu-
rons. Thus, the pcd mouse has been repeatedly used to screen
for Purkinje neuron-specific genes, such as the gene encoding
28-kDa calbindin (34) or inositol 3-phosphate receptor 1
(IP3R) (24).

In this study, we used DNA microarrays to analyze gene
expression in the cerebella of mice carrying a mutation gov-
erning pcd (30). We identified a Purkinje-predominant mouse
c¢DNA encoding the protein Solo, which is a membrane-asso-
ciated isoform of Trio. Amino acid sequence analysis showed
that Solo is a homologue of the recenily identified rat protein
Trio8 (25). SolofTrio8 specifically localized to early endosomes
and regulated their dynamics. We also found that Solo/Trio8
modulated neurite morphology in primary cultured neurons.
These data suggest that SolofTrio8 is involved in the develop-
ment of Purkinje neurons by affecting the dynamics of early
endosomes.

MATERIALS AND METHODS

Animals. CS7BL/6J-pcd mice were obtained from The Jackson Laboratory
(Bar Harbor, ME). The cerebella of P24 pcd and wild-type (WT) mice were used
for DNA microarrays. For SYBR green-based real-time quantitative reverse
transcription (RT)-PCR, three cerebella were collected on each postnatal day.
Animal care and handling were in accordance with institutional regulations for
animal care and public law and were approved by the Animal Investigation
Committee of the National Institute of Neuroscience, Japan.

DNA microarrays, Equivalent amouats of total RNA derived from each cer-
ebellar sample were reverse transcribed into double-siranded cDNA that was
then used as a template to synthesize biotin-labeled cRNA with the BioArray
HighYield RNA transcription labeling kit (Enzo Diagnostics, Farmingdale, NY).
Labeled cRNA was purified on RNeasy affinity resin (QIAGEN, Valencia, CA)
and fragmented randomly to an average size of 50 to 100 bases by incubation in
40 mM Tris-acetate, pH 8.2, containing 100 mM K-acetate and 30 mM Mg-
acetate at 94°C for 35 min. The labeled cRNA samples were analyzed with the
Affymetrix murine genome U744, -B, and -C array set (Affymetrix, Santa Clara,
CA). Hybridization and array scanning were performed according to protocols
provided by Affymetrix. Data analysis was performed with Microarray Suite
software (Affymetrix).

5’ RACE. §' rapid amplification of cDNA ends (RACE) was performed with
the 5* RACE kit (Invitrogen, Carlsbad, CA) according to the manufacturer’s
protocol. First-strand cDNA was synthesized from cerebellar total RNA with a
gene-specific primer (5'-AGAAACCAAAATGAGGCTGCTA-3') correspond-
ing to the cDNA sequence of expressed sequence tag (EST) clone AIS87721.
Nested PCR was performed to amplify DNA betwesn the anchor primer and
another primer (5'-TCGAGGCTGCTAAGAATGGCTTGACTG-3') specific for
AI587721. The product (~1.2 kbp) displayed strong homology to the Trio cDNA
sequence (GenBank accession no. NM_007118). A ¢cDNA encoding the Solo/
Trio8 open reading frame (ORF) was obtained by RT-PCR with primers 5'-TC
TCGAGATGAAAGCTATGGATGTTTTGCC-3' and 5-AGAATTCGAATG
GAAAGGTAAGGAAACTGAG-3', derived from the human Trio gene
(GenBank accession no. NM_007118) and the 1.2-kbp product, respectively. The
resulting 5.6-kbp Solo/Trio8 DNA fragment was subcloned into the pGEM-T
Easy vector (Promega, Madison, WI) for further sequencing.

In situ hybridization. In situ hybridization was performed as described previ-
ously (1). To synthesize CRNA probes for the Trio gene, the 357-bp fragment
encoding part of the Sole gene (nucleotidss [nt] 5134 to 5490; DDBJ accession
no. AB106872; common probe) and a 339-bp noncoding part of the Solo gene (nt
5606 to 5944; Solo-specific probe) were subcloned into pBluescript-SKII (+)
(Stratagene, La Jolla, CA).

SYBR green-based reul-time quantitative RT-PCR. SYBR green-based real-
time quantitative RT-PCR was performed with primers 5-TCTCTCAGACAG
ACAGCCACGT-3¥ (forward) and 5-TGCTTCATATTAAGGGCAGCAG-3'
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(reverse) to amplify Solo/Trio8 ¢cDNA and primers 5'-AGAAGGTGGTGAAG
CAGGCAT-3' (forward) and 5'-ATCGAAGGTGGAAGAGTGGGA-3' (re-
verse) for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA. The
quantitative RT-PCR method (user bulletin 2; Applied Biosystems, Foster City,
CA) was modified to establish an expression level index for mRNA (1),

Plasmid constructs. With mouse cerebellar cDNA as a template, we per-
formed PCR to construct plasmids encoding full-length (amino acids {aa] 1 to
1849) Solo/Triod tagged (N or C terminally) with enhanced green fluorescent
protein (EGFP) and FLAG; Solo/Trio8 mutant constructs lacking the C-terminal
transmembrane domain [Solo-TM(—) aa 1 to 1830; DDBJ accession no.
AB106872] were prepared similarly. The primers used were 5'-CCGCTCGAG
ATGAAAGCTATGGATGTTTTGCC-3’ {forward primer for N- or C-termi-
nally EGFP-1agged Solo and EGFP-Solo-TM(~)], 5'-GGAATTCGAATGGA
AAGGTAAGGAAACTGAGC-3’ (reverse primer for EGFP-Solo), 5'-GGAA
TTCGCTTGTCATCCTGCGAGTCCGGCTGA-3' [reverse primer for EGFP-
Soio-TM(—)], §5'-CCGCTCGAGCGATGGACTACAAGGACGACGAT
GACAACGATGAAAGCTATGGATGTTTTGCCA-3' {forward primer for N-
terminally FLAG-tagged Solo and FLAG-Solo-TM(~))}, 5'-GGGGGCGGCCG
CTCAAATGGAAAGGTAAGGAAACT-3' (reverse primer for N-terminally
FLAG-tagged Solo), 5'-GGGGGCGGCCGCTCACTTGTCATCCTGCGAGT
CCG-3' [reverse primer for N-terminally FLAG-tagged Solo-TM(-)], 5'-CCG
CTCCAGATGGATGAAAGCTATGGATGTTTTGC-3' [forward primer for
C-terminally FLAG-tagged Solo and FLAG-Solo-TM(-)], $'-GGGGGCGGC
CGCTTACTTGTCATCGTCGTCCTTGTAGTCAATGGAAAGGTAAGGA
AACTGAGC-3’ (reverse primer for C-terminally FLAG-tagged Solo), 5'-GGG
GGCGGCCGCTTACTTGTCATCGTCGTCCTTGTAGTCCTTGTCATCCT
GCGAGTCCGGCTG-3' [reverse primer for C-terminally FLAG-tagged Solo-
TM(—)]. Pfu DNA polymerase was used for PCR, and the amplified products
were cloned between the Xhol and EcoRI sites of pEGFP-C3/pEGFP-N1 (Clon-
tech, Palo Alto, CA) or the Xhol and Notl sites of pCl-neo (Promega). To
construct the GEFl-inactivated Solo mutant form Solo-AE, the mutations
Gin***® 10 Ala and Leu*®™ to Glu were introduced into EGFP-Solo with the
QuikChange site-directed mutagenesis kit (Stratagene) and primers 5'-CAAAC
CAGTTGCCCGGATAACAAAGTATCAGCTCGAGTTAAAGGAG-3' and
5'-CTCCTTTAACTCGAGCTGATACTTTGTTATCCGGGCAACTGGT TT
G-3'. All gene constructs were confirmed by DNA sequencing, Expression of the
genes for Solo/Trio8 was controlled with a cytomegalovirus promoter.

Cell culture and transient tramsfections. COS-7, HEK293T, and NIH 3T3
cells were cultured at 37°C in 5% CO, in Dulbecco modified Eagle medium
containing 10% fetal bovine serum, 100 U/ml penicillin, and 85 pg/ml strepto-
mycin {Invitrogen). Cells were grown on 6- and 24-well or 100-mm dishes and
four- and eight-well chamber slides and transfected with equal amounts (0.4 to
3.0 or 20 pg) of plasmid DNA per well with the Lipofectamine 2000 DNA
transfection reagent (Invitrogen) according to the manufacturer’s instructions
and cultured for 8 to 24 h at 37°C.

Racl pull-down assay. COS-7 cells were cultured at a density of 2 X 10° cells
per 100-mm dish and transfected with 20 ug of an EGFP-Solo expression con-
struct or a control plasmid (pEGFP) as described above. After 16 h, cells were
serum starved for 5 hand then washed with phosphate-buffered saline (PBS) and
lysed in lysis buffer (25 mM HEPES, [pH 7.5}, 150 mM NaCl, 1% [wt/vol] Igepal
CA-630, 20 mM MgCl,, 1 mM EDTA, 2% [wtivol] glycerol, 1 mM NazVO,, 25
mM NaF, complete EDTA-free protease inhibitor mixture [Roche Molecular
Biochemicals, Indianapolis, IN]). Cell lysates were centrifuged at 20,000 X g for
20 min at 4°C. Racl activation was measured with the Racl activation assay kit
(Upstate Biotechnology Inc., Lake Placid, NY) according to the manufacturer’s
instructions. Briefly, 0.5 ml of the supernatant (2 mg protein) was added to 10 pl
of PAK1-p2i-binding domain (PBD)-glutathione S-transferase-glutathione
agarose beads (Upstate Biotechnology, Inc.), and the mixture was rotated for 1 h
at 4°C, followed by three washes of the protein complexes with lysis buffer.
PAK1-PBD-bound proteins were dissociated and denatured by boiling in
Laemmli sample buffer and subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis. The amount of active Racl (GTP-bound form) was
analyzed by immunoblotting with a monoclonal antibody to Racl (Upstate
Biotechnology, Inc.).

Cell fractionation, COS-7 cells were transfected with expression plasmids and
cultured for 24 h. The cells were homogenizad in 300 ul of ice-cold TNE buffer
(50 mM Tris-HCI [pH 7.5}, 150 mM NaCl. 1 mM EDTA) supplemented with
protease inhibitors (Complete Protease Inhibitors; Roche Molecular Biochemi-
cals) and sonicated for 30 s on ice. The homogenates were subjected to centrif-
ugation at 20,000 X g for 30 min at 4°C. Supernatants (cytoplasmic fraction) were
pooled, and pellets (including light membranes) were washed twice with 0.5 ml
of TNE buffer and then lysed for 30 min on ice in radioimmunoprecipitation
assay buffer (50 mM Tris-HCI [pH 7.5], 150 mM NaCl. 1 mM EDTA, 0.5%
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sodium deoxycholate, 0.1% sodium dodecyl sulfate) with protease inhibitors and
subjected to centrifugation at 20,000 X g for 30 min at 4°C.

Western blotting, Western blotting was performed as described previously (1).
Blots were probed with antibodies to detect EGFP (anti-Living Colors A, JL-8;
Clontech), anti-FLAG M2 (Sigma, St. Louis, MO), anti-Ix-B (Cell Signaling
Technology, Beverly, MA), anti-platelet-derived growth factor (PDGF) receptor
«/B (Upstate Biotechnology, Inc.) or anti-B-actin (Sigma).

Neurenal cultures and transfections. Fetal C57BL/6] mice at embryonic day
16 (E16) were used for the primary culture of embryonic cortical neurons. The
brain of sach embryo was dissected from the overlying meninges, blood vessals,
olfactory bulb, and hippocampus in Hanks’ balanced salt solution {HBSS; Gibeo,
Gaithersburg, MD). Brains were minced with a 0.1-mm blade, and small pieces
of the tissues were incubated in 0.25% typsin-0.04% EDTA (Gibco) for 10 min
at 37°C. Digestion was stopped by addition of 2% fetal bovine serum, and the
mixture was incubated with 0.01% DNase I (Sigma) at room temperature for 2
min, After being spun down (3 min at 280 X g), neuronal cells were resuspended
in HBSS. Single-cell suspensions were obtained by trituration and filtered
through a 70-p.m nylon cell strainer (BD, Bedford, MA) to remove undigested
cell aggregates, followed by centrifugation for 5 min at 280 X g. Dispersed
neurons were plated on Biocoat poly-p-lysine-coated four-well chamber slides
(BD) at a density of 2 X 10% or 4 X 107 cells per well in Neurobasal medium
(Invitrogen) containing B27 supplement (Invitrogen), penicillin-streptomycin
(Invitrogen), and 2 mM r-glutamine (Invitrogen). The cultures were maintained
at 37°C in a 5% CO, humidified incubator, and half of the medium volume was
replaced with fresh medium about every 2 days. Cortical neurons were grown for
6 days in culture and then transfected as described above. For cotransfections,
Lipofectamine 2000 reagent (4 pl) and DNA (a total of 1.6 pg of plasmids
containing EGFP or EGFP-fused protein and DsRed [pDsRed Express-Cl;
Clontech] at a ratio of 8:1) were separately suspended in Opti-MEM (50 pk
Invitrogen) and gently combined. After a 20-min incubation at room tempera-
ture, the mixture (100 pl) was added to the culture medium (400 pl). DsRed is
used to visualize the morphology of the transfected neurons (41). Neurons were
allowed to express the transfected protein for 18 h, fixed with 4% formaldehyde
in PBS, and immunostained with polyclonal anti-DsRed (1:10,000; rabbit IgG;
BD) and mouse monoclonal anti-GFP 3E6 (1:2,000; Molecular Probes, Eugene,
OR). Alexa Fluor dye-conjugated secondary antibodies (1:400; Molecular
Probes) were used,

Immunofitorescence micrescopy. Fluorescence immunostaining was per-
formed as described previously (1). Dilutions of primary antibodies were as
follows: anti-EEA1, anti-Bip/GRP78, and anti-GM130 (from BD Biosciences),
all 1:100; anti-Rab5a and anti-Rab5b (Santa Cruz Biotech, Santa Cruz, CA),
1:200; anti-Rab7 (Santa Cruz Biotech), 1:100; anti-Taul and anti-Map2 (Chermi-
con International, Temecula, CA), 1:200; anti-calbindin D28k (Swant, Bellin-
zona, Switzerland), 1:500. All Alexa Fluor dye-conjugated secondary antibodies
(Molecular Probes) were diluted 1:200, Immunofiuorescence microscopy was
performed with an ORCA-ER digital camera (Hamamatsu Photonics, Hamamatsu,
Japan), and confocal microscopy was performed with the FLUOVIEW system
(Olympus, Tokyo, Japan) or the Leica TCS SP2 spectral confocal scanning
systern (Leica Microsystems, Wetzlar, Germany) with a 20X objective lens, and
images were acquired with Leica Confocal Software version 2.5.

Measurement of EEAl-positive vesieles. For analysis of early endosomes, the
number of EEALl-positive vesicles in COS-7 cells expressing EGFP chimeras
(and containing an intact nucleus stained with 4',6’-diamidino-2-phenylindole
[DAPI]) was quantified with Image-Pro Plus software version 4.5.1 (Media Cy-
bernetics, Silver Spring, MD). EEAl-positive vesicles (>>0.04 um?) were assayed
by counting 40 cells. After we extracted the morphology of EEAl-positive en-
dosomes with the object-extracting modulz of Image-Pro Plus, the clustered
vesicles were separated with the Watershed Split module in the software. These
data were statistically analyzed with Prism software version 3.0c (GraphPad, San
Diego, CA). The data were statistically evaluated with one-way analysis of vari-
ance, followed by Boanferroni’s test.

Endocytosis. Transferrin or Sulforhodamine 101 uptake was assessed as de-
scribed previously (14, 50). Briefly, COS-7 cells were transfected with EGFP or
EGFP-Solo constructs by using Lipofectamine 2000. Seven hours after transfec-
tion, the cells were depleted of bovine transferrin by incubation for 45 min in
Dulbecco modified Eagle medium containing 0.1% bovine serum albumin and
then labeled with human transferrin fluorescently labeled with Alexa-594 (Mo-
lecular Probes) at 25 pg/ml or with the fluid-phase fluorescent marker Sulfo-
rhodamine 101 (Molecular Probes) at 25 pg/mli for 15 min at 37°C. Internaliza-
tion was then stopped by placing the cells on ice and washing them three times
with ice-cold PBS before formaldehyde fixation. For analysis of endocytosis,
fluorescence of Alexa-594-labeled transferrin or Sulforhodamine 101 in COS-7
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cells expressing EGFP-Solo chimeras was quantified with Image-Pro Plus soft-
ware version 4.5.1 with the density histogram module.

Corticai neuron morphomeiry and analysis. Images of immunostained neu-
rons as described above were captured with an ORCA-ER digital camera, and
morphometric analysis of the neurites and their branching was performed with
Kurabo Neurccyie Image Analyzer software version 1.5 (KURABO, Osaka,
Japan). To analyze the effects on neurite morphology, EGFP-positive cells were
assayed by counting at least 60 cells from randomly selected fields, All neurites
were roeasured irrespective of whether they were axons. Neuronal morphology
was assessed according to four criteria, pass (number of branches), joint (number
of branch peints), total length (axon-and-dendrite length), and average maxi-
mum neurite length (axon length; Taul immunchistochemistry showed that the
longest neurite of E16 mouss-derived embryonic cortical neurons was an axon;
data not shown). The data were statistically evaluated by one-way analysis of
variance, followed by Bonferronis test.

Organetypic slice culture. The method used for slice culture has been
described previously (49). In brief, C57BL/6] mice were decapitated and their
brains were dissected and sliced in ice-cold HBSS with a vibratome. P11
cerebella were sliced coronally at a 200-pm thickness. Slices were transferred
onto Millicell-CM inserts (Millipore, Bedford, MA) and cultured at the
air-medium interface in 5% CO, in air at 37°C. Cerebellar slices were cul-
tured essentially as described before (48), in a medium which consisted of
15% heat-inactivated horse serum (Invitrogen), 25% Earle’s balanced salt
solution (Sigma), 60% Eagle’s basal medium (Invitrogen), 5.6 g/liter glucose,
3 mM t-glutamine, 20 nM progesterone, | mM sodium pyruvate, 100 U/ml
penicillin, 100 pg/ml streptoraycin, and Sigma I-1884 supplement (giving final
concentrations of § pg/ml insulin, 5 pg/ml transferrin, and 5 ng/ml sodium
selenite). At 1 day in vitro, cerebellar slices wers transfected with small
interfering RNA (siRNA).

Transfection of siRMA. We used siRNA to knock down Solo/Trio8 expression
in cerebellar-slice cultures. A 21-oligonucleotide siRNA duplex was designed by
the siDirect program (RNAI Co,, Ltd,, Tokyo, Japan). The siRNA oligonucleo-
tide sequences that were used to target the C-terminal transmembrane dornain
in Solo/Trio8 (region, bp 5483 to 5505) were 5'-GACAAGCAUUACGUUGA
UUUG-3' (sense) and 5-AAUCAACGUAAUGCUUGUCAU-3' (antisense)
and were synthesized by RNAI Co., Lid. For the control, scrambled siRNA,
silencer negative control no. 1 siRNA (proprietary sequence; Ambion, Austin,
TX) was used. To confirm the siRNA effect, the EGFP-Solo plasmid and siRNA
targeting Solo/Trio8, as well as a scrambled siRNA control, were cotransfected
into COS-7 cells with Lipofectamine 2000 according to the manufacturer’s in-
structions. After 24 h, significant siRNA-mediated suppression of Solo/Trio8
expression was detected by immunocytochemistry with anti-GFP monoclonal
antibody 3E6 to estimate the fluorescence intensity of EGFP-expressing cells by
fluorescence microscopy. For analysis of the inhibitory efiiciency of siRNA,
fuorescence signals in COS-7 cells expressing EGFP-Solo were quantified with
Image-Pro Plus software version 4.5.1 with the density histogram module. To
knock down endogenous Solo/Trio8 expression in Purkinje cells, at 1 day in vitro
the siRNA was transfected into cerebellar slices with X-tremeGENE siRNA
Transfection Reagent (Roche Applied Science) according to the manufacturer’s
instructions. [n addition, scrambled siRNA no. 1 was transfected as a negative
contral, After 2 days, the slices were immunostained with anti-calbindin D28k as
described below.

Immunchistochemistry. For Purkinje neuron morphometry, Purkinje cells
were visualized by immunostaining with a mouse monoclonal antibody against
calbindin D28k The immunostaining method for brain slices has been described
previously (48). Briefly, slices were fixed in 4% paraformaldehyde in PBSfor 1 h
at rcom terperature and washed three times with PBS. Slices were incubated
with 10% normal goat serum in PBS containing 0.3% Triton X-100 for 1 h. Slices
were then incubated overnight at 4°C with primary antibody dituted 1:500 in PBS
containing 3% normal goat serum and 0.3% Triton X-100 and then washed three
times with PBS. Slices were incubated with goat Alexa 488-conjugated secondary
antibody diluted 1:200 in PBS containing 1% goat serum and 0.3% Triton X-100
for 1 h at room temperature and washed three times with PBS. Images of
immunostained Purkinje neurons were captured with the Leica TCS SP2 spectral
confocal scanning system (20:< objective lens), and morphometric analysis of the
axons was performed with the Kurabo Neurocyte Image Analyzer as described
above.

Nucleotid o o H 1

y . The nucleotide sequence of mouse
Solo/Trio8 has been deposited in the DDBJ nucleotide sequence database under
accession number AB106872.
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FIG. 1. Identification of a cDNA sequence predominantly ex-
pressed in Purkinje neurons. (A) Scattergram analysis of microarray
data, Cerebellar cDNAs derived from ped and WT mice were analyzed
with DNA microarrays, and the average signal from each gene was
normalized to the GAPDH signal and plotted 1o yield the scatiergram.
The AI591505 ¢cDNA is indicated on the plot. (B) RT-PCR analysis of
AI591505 transcript expression in the cerebella (cb) and cerebra (cr) of
ped and WT mice, respectively. PCRs for the B-actin gene (internal
control) and AI591505 were performed in a single tube. (C) Structural
relationship between the gene for Solo/Trio8 and a consensus of hu-
man Trio genes. Protein domains are indicated within the bars, and the
5" and 3' noncoding regions are indicated by horizontal lines. The
domains shown are as follows: secl4, secl4p-like putative lipid binding
domain; sp, spectrin-like domain; DH, Dbl homology domain; PH,
pleckstrin homology domain; SH3, Src homology 3 domain; Ig, Ig-like
domain; STK, serine/threonine kinase domain.

RESULTS

DMNA microarray amalysis of the ped mouse cerebelium.
Since no exhaustive gene expression analysis of the pcd mouse
has been reported to date, we evaluated changes in cerebeliar
gene expression from P24 pcd mice (with 70 to 80% Purkinje
neuronal loss) and WT mice with DNA microarrays containing
almost 6,000 characterized genes and 30,000 ESTs. A compar-
ison between two pcd mice and two WT mice revealed pcd-
specific variability in gene expression (Fig. 1A). A scattergram
constructed from hybridization data of 12,518 highly expressed
genes (those having signals >0.01% of that measured for
GAPDH) revealed only six upregulated genes (>3-fold) and
26 downregulated genes (<0.33-fold) in ped mice (Table 1).

EST AI591505 is expressed exclusively in Purkinje neurons.
Among the downregulated genes, we identified uncharacter-
ized BST clone AI591505 (GenBank) (Fig. 1A; Table 1).
AJ591505 is 236 bp in length and has no homology with any
annotated genes. The as-yet-uncharacterized AI591505 tran-
script was highly expressed in the normal mouse cerebellum
(~10% of the GAPDH signal in the WT array; Fig. 1A).
AI591505 was of interest because its decreased expression level
in the ped cerebellum suggested that it is a relatively highly
expressed uncharacterized Purkinje neuron-specific gene. The
decreased expression of the AIS91505 transcript in the ped
cerebellum was confirmed by RT-PCR analysis with the cere-
bra and cerebella of pcd and WT mice, respectively. This
transcript was expressed predominantly in the cerebellum, and
expression in the pcd mouse was clearly lower than in the WT
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mouse (Fig. 1B). In situ hybridization showed that the tran-
script was expressed predominantly in the WT Purkinje cell
layer at P24 (Fig. 2B) but not in the E16 brain (Fig. 2A) and
was decreased in ped Purkinje cells (Fig. 2B, ¢ to i). Relatively
low-level expression was also detected in the olfactory bulb and
hippocampus (Fig. 2B, c to ¢). The expression level of the
AI591505 gene in the P7 pcd cerebellum (before onset of
degenerative loss of Purkinje neurons) was equivalent to that
in the P7 WT cerebellum (data not shown), although the Nnal
(pcd causative gene) expression level was significantly de-
creased in the P7 ped cerebellum (data not shown), suggesting
that the AI591505 gene is not a downsiream gene directly
controlled by Nral expression.

Identification of Solo/Trio8, a Trio splice variant, expressed
predeminantly in Purkinje neurons. An additional search of
databases identified another EST, AI587721, containing a re-
gion overlapping the AI591505 sequence. 5 RACE with the
AT587721 sequence yielded a 1.2-kbp ¢cDNA clone from the
cerebellum. A search of GenBank revealed that this clone
contained a part of the Trio sequence (accession no.
NM_007118). To clone the entire ORF, a PCR was performed
with primers for Trio (forward) and the cDNA clone (reverse)

TABLE 1. Genes with altered expression in the ped cerebellum

Relative
Gene (accession 1o.) expression pedfWT
———————————— ratio
wTe ped”
Genes upregulated in ped cerebellum
CPP32 (U63720) 0.042 0137 3.29
TYRO (AF024637) 0027 0.088 3.25
Slp-w7 (X06454) 0.024 0.082 3.45
UN?® (AK084804) 0.015 0.046 3.08
UN? (BC055829) 0.014 0.043 3.00
Dnal-like (AK053156) 0011 0.036 3.37
Genes downregulated in ped cerebellum

IP3R1 (X15373) 0.533  0.054 0.10
28-kDa calbindin (D26352) 0.525 0032 0.06
NK6 (AK083449) 03% 0.113 0.29
PCP-1 (M21530) 0356 0.040 0.11
RGS8 (AKD44337) 0322 0.084 0.26
GluR1 (BC056397) 0299  0.098 033
PCP-2 (M21532) 0298  0.056 0.19
DRRI-like (AK032875) 0.162  0.040 0.24
Ca**-ATPase (BC026147) 0.146 . 0.019 013
PKC-y (L28035) 0.135 0.024 0.18
EAAC4 (D83262) 0.131  0.017 0.13
MGF (MS57647) 0.129 0.031 0.24
Delphilin (AF099933) 0.127 0.013 0.10
rp S18a (AB049953) 0.114  0.031 0.27
AI591505 0.094 0.028 0.30
Tubulin ligase (AB093278) 0.087 0.014 0.16
Metalloprotease (AK034528) 0074  0.023 031
Shank2 (AB099695) 0066 0019 0.28
PH protein (AK028383) 0.060. 0013 0.22
NSC dendrite regulator (BC030853) 0.056 0.017 031
Aspartate-B-hydroxylase (AF289488) 0.056 0.017 0.31
Ca~* channel a1G (AJ012569) 0.055 0011 0.20
Tmd4sf10 (BC019751) 0.049 0015 0.31
Chemokine (AY241872) 0.039 0.013 032
Oxytocin-neurophysin I (M88355) 0.038 0.011 0.28
ARM repeat protein (AK044219) 0.033 0010 0.30

4 Expression level relative to GAPDH (average from two WT or ped mice).
 UN; uncharacterized gene.
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FIG. 2. Expression of Solo and Trio mRNAs in the mouse embryo
and adult mouse brain. (A) In situ hybridization analysis of the mouse
embryo (E16) with Solo-specific and Solo/Trio-common cRNA probes.
Antisense and sense probes were prepared with Solo-specific and Solo/
Trio (common to both) regions of the cDNA, respectively, and hybrid-
ized with tissue sections from an E16 mouse whole embryo. Bar = 5
mm. (B) In situ hybridization analysis of Solo transcript (AI591505) in
P24 WT (ato d, £, g) and ped (e, h, i) brains. Antisense and sense
probes were prepared from Solo-specific and Solo/Trio (common to
both) regions of the cDNA, respectively, and hybridized with tissue
sections from P24 mouse whole brains. Regions in part a are labeled as
follows: cb, cerebellum; cx, cortex; hp, hippocampus; ob, olfactory
butb. The arrow in part f indicates the Purkinje cell layer, and the bars
in part f indicate the molecular (lower) and granule (upper) layers. Bar
in part a = 5 mm (same scale for parts a to €). Bar in parti = 200 um
(same scale for parts £ to i).

to yield a cDNA with an entire ORF of 5,550 bp encoding
1,849 aa (Fig. 1C) from the cerebellum. The human Trio ORF
contains 8,586 bp encoding 2,861 aa (6) (Fig. 1C); the cloned
c¢DNA lacked the region between nucleotides 5491 and 8586
but contained a distinct 874-bp sequence at the 3’ end (Fig.
1C). A search of GenBank revealed the corresponding exon in
the mouse Trio gene (data not shown), suggesting that the
transcript is an alternatively spliced product of the Trio gene.
We thus named this isoform Solo, for short-form splice variant
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of Trio. Solo contains an N-terminal secl4-like domain, spec-
trin-like repeats, a GEF1 domain, one SH3-like domain, and
the unique C-terminal hydrophobic sequence HYVDLCSVS
VLAQFPYLSI (aa 1831 to 1849, Fig. 1C). Computational
analyses with a protein motif search program (htip://motif
.genome.ad.jp/) suggested that this C-terminal hydrophobic
sequence resembles transmembrane helices of G-protein-cou-
pled receptors (data not shown). McPherson et al. recently
reported identification of rat Trio variants (25). Among them,
the amino acid sequence of rat Trio8 was highly similar
(99.7%) to that of mouse Solo, suggesting that Solo is a mouse
homologue of Trio8.

To delineate the expression patterns of the genes for Solo/
Trio8 and Trio in the mouse brain, we performed in situ hy-
bridization with Solo-specific and Solo/Trio-common ¢cRNA
probes. The SolofTrio-common probe signal was distributed
over the entire mouse brain, and more-intense signals were
observed in the hippocampus, olfactory bulb, cortical layers,
and cerebellum (Fig. 2B, a and b). This hybridization patiern
differed from that of the Solo-specific probe, which was pre-
dominantly expressed in the Purkinje cell layer of the cerebel-
lum (Fig. 2B, ¢, 4, £, and g). To determine if Solo/Tric8 mRNA
is actually translated into protein, we performed Western blot
analysis with a polyclonal antibody recognizing a 14-aa internal
sequence near the N terminus of Solo and Trio (anti-Solo/Trio
antibody). The immunoblot showed a 210-kDa immunoreac-
tive band in the mouse cerebellum, in good agreement with the
expected molecular mass of Solo (212 kDa) (data not shown).
McPherson et al. (25) also detacted a 210-kDa rat Trio8 pro-
tein in the rat cerebellum by Western blotting with an antibody
against Trio8. The size of the Solo/Trio8 protein in mouse and
rat cerebella was identical to that measured in COS-7 cells
transfected with the Solo expression vector (Fig. 3C). Our
antibody against Solo/Trio did not work well in immunohisto-
chemical, immunocytochemical, and fractionation experiments
(data not shown), so we were unable to determine the protein
expression pattern in the brain.

Guanine nucleotide exchange activity of Solo/Trie8 fer a
Rho family GTPase. The GEF1 domain of Trio activates
RhoG and Racl, whereas GEF2 acts on RhoA (3). We ad-
dressed whether the GEF1 domain of Solo/Trio8 has guanine
nucleotide exchange activity for Racl by a pull-down assay with
the PBD of PAKI, which specifically binds to GTP-bound
Racl (active form) but not to the inactive GDP-bound form
(4). The amount of activated Racl in COS-7 cells transfected
with the EGEFP-Solo construct was markedly increased com-
pared with that in negative control cells transfected with EGFP
(Fig. 3B, top). Previous studies demonstrated that a double
amino acid mutant form of Trio (Q1368A and L1376E within
the GEF1 domain) completely abolishes the GEF1 activity (10,
23). The Q1368A and L1376E double mutation (EGFP-Solo-
AE, Fig. 3A) abolished EGFP-Solo-mediated Racl activation
in COS-7 cells (Fig. 3B, top). The C-terminal hydrophobic
sequence (HYVDLCSVSVLAQFPYLSI; Fig. 1C) of Solo/
Trio8 was predicted by a protein motif search program to
function as a membrane-anchoring domain (data not shown}.
Deletion of this putative domain (EGFP-Solo-TM(-), Fig.
3A) did not affect Racl activation (Fig. 3B, top). There was no
significant difference in the total amount of Racl expressed in
COS-7 cells transfected with the EGFP, EGFP-Solo, EGFP-
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FIG. 3. GEF activity of Solo/Trio8 and localization in cellular
membranes. (A) Schematic representation of full-length, C-terminally
truncated Solo-TM(-) and AE mutant (GEF inactive; Q13684/
L1376E). (B) Racl activation by the GEF1 aciivity of Solo/Trio8.
EGFP, EGFP-Solo, EGFP-Solo-AE, and EGFP-Solo-TM(—) were
transiently expressed in COS-7 cells. Cells were cultured for 24 h and
then serum starved for an additional 5 h prior to the Racl activation
assay. PBD-bound Racl protein was pulled down and analyzed by
Western blotting with monoclonal anti-Racl. (Top) GTP-bound Racl
(active form). Cell lysates treated with GTPyS or GDP served as
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FIG. 4. Subcellular localization of Solo/Trio8. An EGFP-tagged
Solo/Trio8 expression construct (green) was transfected into COS-7
cells (A, D, and G). COS-7 cells were further stained (red) with
anti-Bip/GRP78 (B), anti-GM130 (E), or anti-EEAL (H). Merged
images are indicated to the right in each row (C, F, and I). Images were
obtained by confocal microscopy. The EGFP-tagged Solo/Trio8 ex-
pression construct was transfected into 293 cells, and EGFP staining
(green) was assessed. The 203 cells were further stained (red) for
specific markers with anti-Rab35a (J), anti-Rab7 (K), or anti-Rabl1 (L).
Merged images are indicated, and colocalization is shown in yellow
(blue arrowheads in J). Images were obtained with a charge-coupled
device camera. Bars = 5 pm.

Solo-AE, or EGFP-Solo-TM(~) expression construct (Fig.
3B, middle). Furthermore, the amount of EGFP-3olo did not
differ between COS-7 cells transfected with WT or mutant
Solo constructs (Fig. 3B, bottom).

Solo/Trio8 localizes to early endoscmes. To address whether
the potential C-terminal membrane-anchoring domain of Solo/
Trio8 is required for membrane association, N-terminally
FLAG-tagged Solo and Solo-TM(—) expression constructs
(Fig. 3A) were transfected into COS-7 cells and the cell lysates

the respective positive and negative controls. (Middle) Total cell ly-
sates probed for Racl demonstrate equal amounts of totai Racl in all
transfected cells. (Bottom) Expression of transfected proteins was
evaluated by Western blotting with anti-GFP. The values on the left
are molecular sizes in kilodaltons. (C) COS-7 cells were transfected
with pCl-neo (mock), pCI-nec-FLAG-Solo, or pCl-neo-FLAG-Solo-
TM(—). Soluble and membrane proteins were subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and immunoblotted
with anti-FLAG, anti-Ix-B (soluble-protein control), or anti-PDGF-
Ra/B (membrane protein controf). (D) Fluorescence microscopy of
cells transfected with N- or C-terminally EGFP- or FLAG-tagged Solo
or C-terminally truncated Solo-TM(—) expression constructs. Expres-
sion constructs encoding N-terminally EGFP-tagged Solo and Solo-
TM(—) were transfected into COS-7 cells (a. b). Expression constructs
of C-terminally FLAG-tagged Solo and Solo-TM(—) were transtected
into COS-7 cells and stained with anti-FLAG (c, d). EGFP alone,
C-terminally EGFP-tagged Solo. and Solo-TM(—~) mutant expression
constructs were transfected into NIH 3T3 cells (e to g). Bars = 10 pm.
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FIG. 5. Expression profile of Solo/Trio8 and the increase in the number of early endosomes during postnatal mouse cerebellar development.
(A) SYBR green-based quantitative RT-PCR analysis of Solo/Trio8 transcript in WT mouse cerebellum during postnatal development. Expression
levels are relative to PO (PO = 1.0). Each bar represents the mean * the standard error of the mean (n = 3; three cerebella). (B) Immunchis-
tochermnisiry of cerebellum sections during stages of postnatal maturation of Purkinje neurons (P10, P20, and P335). A section (20 jnm) was obtained
from a C57BL/6] mouse brain. Sections were stained with anti-calbindin and coimmunostained with anti-EEA1 Merged images are shown in gray.
Green lines indicate the Jocation of each cell body of calbindin-positive Purkinje neurons. Bright, dot-like signals indicate EEAl-positive early
endosomes. GL, granule cell layer; ML, molecular cell layer. Bar = 20 pm

were analyzed by Western blotting. N-terminally FLAG-
tagged Solo was a single band of ~220 kDa that localized io
both soluble and membrane fractions (Fig. 3C). Neazly all of
the N-terminally FLAG-tagged Solo-THM(—) was found in the
soluble fraction (Fig. 3C), indicating that the C-terminal do-
main is essential for membrane anchoring. The internal control
proteins IxB (soluble) and PDGE receptor of/f (membrane
associated) were detecied in the appropriate fractions (Fig.
3C). The subcellular localization of Solo was confirmed by
immunofluorescence microscopy of N- or C-terminally EGFP-
or FLAG-tagged Solo constructs. The N-terminally tagged
construct displayed a pattern consistent with localization to the
cytoplasm and to small vesicles in COS-7 cells (Fig. 3D, a; Fig.
44, D, and G), 293 cells (Fig. 4] to L), and primary cultured
neurons (see Fig. 7D). The C-terminally tagged protein yielded
similar results (Fig. 3D, ¢, COS-7; Fig. 3D, f, NIH 3T3). N-
terminally and C-terminally EGFP- or FLAG-tagged Solo-
TM(~) displayed uniform cytoplasmic localization (Fig. 3D, b,
d, and g). These results indicated that the putative C-terminal
membrane-anchoring domain is essential for vesicular local-
ization. Although various N-terminally truncated Solo mutant
constructs generated by serial deletion of N-terminal domains,
including the secl4-like and spectrin-repeat domains, also
failed to distribute to vesicles, Western blotting revealed that
these mutant proteins were not stable in COS-7 cells (data not
shown).

Subcellular localization of Solo/Trio8 was then analyzed
with organelle-specific markers. Antibodies against Bip/
GRP78, GM130, and EEA1 specifically label the endoplasmic
reticulum (22, 31), Golgi (1), and early endosomes (5, 9),
respectively (Fig. 4B, E, and H). Of these markers, only the
signal for the early-endosome marker EEAL partially over-
lapped the EGFP-Solo signal (Fig. 4A to I), suggesting that
Solo/Trio8 localizes to early endosomes. To confirm the local-
ization with other endosomal markers and another cell type,
we stained EGFP-Solo-expressing 293 cells with specific anti-

bodies to Rab5 for early endosomes (28), Rab7 for late endo-
somes (11), and Rabl1 for recycling endosomes (40). EGFP-
Solo staining partially overlapped Rab5-positive vesicles (Fig.
47) but not Rab7- or Rabll-positive vesicles (Fig. 4K and L).
These data indicated that Solo/Trio8 localizes to early endo-
somes. However, at this level of resolution, we could not rule
out the possibility that the observed colocalization of Solo with
EEA1 and Rab5 arose from coincidental overlap due o the
high-density punctate staining resulting from overexpression of
these proteins.

We could not define which subclass of early endosomes
expressed Solof/Trio8 because specific markers for such a clas-
sification are not available.

Solo/Trio gene expression cerrelates with early-endosome
maturation levels in postnatal Purkinje neuronal cells. We
analyzed the temporal pattern of the Solo/Trio8 gene expression
level during Purkinje neuron maturation after birth (Fig. 5A).
Analysis of mRNA samples prepared from PO to P56 cerebella
showed that the gene for Solo/Trio8 was expressed after birth, -
markedly increased during the first 4 weeks of life, and
achieved maximal levels during adulthood. To investigate the
development of early endosomes in Purkinje neurons, we
stained cerebellar brain sections with antibodies against EEA1
and calbindin D28k (Purkinje neuron marker) (34). The num-
ber of large EEAl-positive early endosomes increased in Pur-
kinje neurons during the postnatal maturation stage after P20
(Fig. 5B), indicating a correlation between expression levels of
Solo/Trio8 and early-endosome development in D28k-positive
Purkinje neurons.

Solo/Trio% modulates early-endosome dynamics via its
GEF1 activity and C-terminal membrane-anchoring domain.
We assessed the effect of Solo overexpression on EEAl-posi-
tive early endosomes in COS-7 cells. The average number of
EEAl-positive early endosomes increased in EGFP-Solo-ex-
pressing cells (1.84-fold = 0.217-fold versus EGFP alone; P <
0.001, n = 40; Fig. 6A and B). We next addressed whether
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FIG. 6. Solo/Trio8 modulates early-endosome dynamics. (A) Expression constructs of the control EGFP, EGFP-Solo, EGFP-Solo-AE (GEF1
inactive form), and EGFP-Solo-TM(~) were transfected into COS-7 cells (EGFP signal is indicated in green). At 8 h posttransfection, cells were
stained with anti-EEA1 (red) and DAPI (blue). Merged tricolor images are shown to the left. For ease of visualization, two-color images (minus
the green EGFP signal) are shown to the right. Doited lines indicate cellular edges. Images were obtained with a cooled charge-coupled device
camera. Bars = 10 pm. (B) Quantification of EEA1-positive vesicles (early endosomes; survey square, >0.04 pm®) in COS-7 cells transfected with
Solo/Trio8 expression constructs. The number of early endosomes counted for each construct is presented relative to that determined for
EGFP-expressing cells (negative control; EGFP = 1.0). Each bar represents the mean = the standard error of the mean (n = 40 cells for each
construct). =%, P < 0.01; #=%, P < 0.001. (C) Protein expression levels of EGFP (negative control), EGFP-Solo, EGFP-Solo-AE, and EGFP-
Solo-TM(-) constructs were analyzed by Western blotting (8 g protein per lane) with anti-Living Colors A.v. for EGFP detection. B-Actin
expression was monitored as an internal control. (D to G) Effect of Solo/Trio8 on endocytosis. COS-7 cells expressing EGFP or EGFP-Solo were
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FIG. 7. Subcellular localization of Solo/Trio8 in cultured cortical
neurouns transfected with the EGFP-tagged Solo expression construct.
EGFP signal (green) was observed in axons (A) and dendrites (D).
These same cells were stained with anti-Taul (B) and anti-Map2 (E).
Merged images are indicated to the right in each row (C and F).
Images were obtained by confocal microscopy. Bar in panel C = 20 pm
(same scale for panels A to F). (G to L) Cultured cortical neurons
transfected with the EGFP (I) or EGFP-tagged Solo (J) expression
construct. These same cells were stained with anti-Rab3a (G and H).
Merged images are indicated in the lower panels (K, EGFP and
Rab5a; L, EGFP-Solo and Rab5a). Bar in panel G = 10 pm (same
scale for panels G 1o L).

GEF1 activity is required to induce the increase in EEAI-
positive early endosomes with the double mutant Solo-AE
(Fig. 3A), which lacks guanine nucleotide exchange activity for
Racl (Fig. 3B). The endosome-inducing activity of this mutant
was compared with that of EGFP-Solo. As expected, expres-
sion of EGFP-Solo-AE did not increase the number of EEAlL-
positive early endosomes (Fig. 6A and B). However, the lack of
GEF1 activity altered the early-endosomal location of Solo/
Trio8 (Fig. 6A). On the other hand, the distribution pattern of
Solo-AE resembled that expected for lysosomal membranes,
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suggesting that the GEF1 activity is involved in selective trans-
fer of Solo/Trio8 from early endosomes to late endosomes-
lysosomes. Given that the Solo membrane-anchoring domain is
required for membrane localization (Fig. 3C and D), we fur-
ther addressed whether this domain is required to induce an
increase in the number of EEAl-positive endosomes. The
truncated mutant Solo-TM(~) did not increase the number of
EEAIl-positive endosomes (Fig. 6A and B). On the other hand,
BEGFP-Solo did not significantly affect the size of individual
EEAl-positive early endosomes relative to EGFP-Solo
mutants (data not shown). Western blotting and immuno-
fluorescence microscopy of EGFP-derived signals in COS-7
cells confirmed that the expression levels and integrity of
EGEFP-Solo-AE and EGFP-Solo-TM({ —) were similar to those
of EGFP-Solo (Fig. 6A and C). To probe the mechanism of the
Solo/Trio8-induced increase in early endosomes, we investi-
gated the effect of Solo/Trio8 expression on endocytosis in
COS-7 cells. The uptake of Alexa Fluor 594-labeled human
transferrin and Sulforhodamine 101 did not change in EGFP-
Solo-transfected COS-7 cells compared with control EGFP-
transfected cells (Fig. 6D to G), suggesting that Solo/Trio8
modulates early-to-late or early-to-recycling endosome trans-
fer rather that endocytosis.

Solo/Trie8 localizes in axons and somatedendrites in pri-
mary caltured neurens. The gene for Solo/Trio8 is expressed
in Purkinje neurons (Fig. 2B). Mature neurons have two po-
larized subcellular compartments, namely, axons and somato-
dendrites. Epithelial cells, including neurons, have polarized
endosomes, that is, apical (axonal) endosomes and basolateral
(somatodendrite) endosomes (2). To assess whether Solo/
Trio8 localizes to early endosomes in a cell polarity-dependent
manner in neuronal cells, we analyzed the EGFP-Solo distri-
bution in primary cultured neurons. EGFP-Solo localized to
small, Rab5-positive vesicles in soma (Fig. 7G to L), indicating
localization to early endosomes. Moreover, EGFP-Solo was
detected both in Map2-positive dendrites and in Taul-positive
axons (Fig. 7A to F). These results indicated that Solo localizes
to both axons and somatodendrites in a cell polarity-indepen-
dent manner.

Solo/Trioc8 promotes nenrite elongation in primary cultured
peurons. Since endosomal membrane trafficking in neurons is
involved in the regulation of neurite morphology (16, 19, 33),
we analyzed the effects of Solo/Trio8 on neurite morphology
in primary cultured cortical neurons. The total neurite length
(axon and dendrite length) of the cortical neurons transfected
with the EGFP-Solo expression construct significantly in-
creased (about twofold) compared with cells transfected with
the negative control EGFP construct (EGFP versus EGFP-
Solo = 718.1  66.8 um versus 1,321.0 = 111.4 pm; n = 74 and
97 rieurons, respectively; P < 0.01; Fig. 8A and D). The EGFP-
Solo expression construct also significantly increased (about
twofold) the average maximal axon length in the primary cul-

incubated with Alexa 594-conjugated transferrin (25 pg/ml; D) or Sulforhodamine 101 (25 pg/mi: E) for 15 min and then fixed. Internalized
transferrin or sulforhodamine (F and G) after 135 min of uptake was quantified by measuring the fluorescence intensity per cell as detected in panels
D and E. The uptake of fluorescence for each construct is presented relative to that for EGFP-expressing cells (negative control; EGFP = L0).
Each bar represents the mean = the standard error of the mean (# = >10 cells for each construct). The differences in uptake between EGFP-
and EGFP-Solo-expressing COS-7 cells were not significant (n.s.). Scale bars = 10 um.





