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The development of axons and dendrites is controlled by small GTP-binding proteins of the Rho family, but the upstream signaling
mechanisms responsible for such regulation remain unclear. We have now investigated the role of the transmembrane protein cluster of
differentiation 47 (CD47) in this process with hippocampal neurons. CD47-deficient neurons manifested markedly impaired develop-
ment of dendrites and axons, whereas overexpression of CD47 promoted such development. Interaction of SH2 domain-containing
protein tyrosine phosphatase substrate-1 (SHPS-1) with CD47 also induced the formation of dendritic filopodia and spines. These effects
of CD47 were prevented by inhibition of either cell division cycle 42 (Cdc42) or Rac. In CD47-deficient neurons, autophosphorylation of
Src was markedly reduced. In addition, overexpression of CD47 promoted the autophosphorylation of Src. Inhibition of Src family
kinases indeed prevented CD47-promoted dendritic development. Inhibition of either FGD1-related Cdc42-guanine nucleotide exchange
factor (GEF) (FRG) or Vav2, which is a GEF for Cdc42 and Rac and is activated by Src, also prevented the effects of CD47 on dendritic
development. These results indicate that CD47 promotes development of dendrites and axons in hippocampal neurons in a manner
dependent, at least in part, on activation of Cdc42 and Rac mediated by Src as well as by FRG and Vav2.

Key words: dendrite; Src; small GTP-binding protein; guanine nucleotide exchange factor; SHPS-1; hippocampus

Introduction
Regulation of the extension and branching of axons and den-
drites is essential for the formation of functional neuronal net-
works in the mammalian CNS. Such regulation is achieved by a
variety of extracellular signaling molecules, including diffusible
factors, extracellular matrix proteins, and cell adhesion mole-
cules (Tessier-Lavigne and Goodman, 1996; Dickson, 2002; Jan
and Jan, 2003). In response to such extracellular signals, axons or
dendrites produce or retract filopodia or lamellipodia, actions
that require the temporal and spatial regulation of the actin cy-
toskeleton. Members of the Rho family of small GTP-binding
proteins, including Rho, Rac, and cell division cycle 42 (Cdc42),
are implicated as key mediators that link extracellular signals to
rearrangement of the actin cytoskeleton in neurons (Luo et al.,
1997; Takai et al., 2001; Govek et al., 2005). Indeed, certain neu-

ronal guidance factors, including slit, semaphorin, and ephrin,
have been shown to regulate Rho family proteins (Polleux et al.,
2000; Wahl et al., 2000; Shamah et al., 2001; Whitford et al.,
2002). However, the mechanisms responsible for integration of
other extracellular signals, such as those generated by adhesion
molecules, with Rho family proteins in the promotion of axonal
and dendritic development remain poorly understood.

Cluster of differentiation 47 is a member of the Ig superfamily
of proteins, possessing an IgV-like extracellular region, five pu-
tative transmembrane domains, and a short cytoplasmic tail
(Brown and Frazier, 2001). CD47 is expressed throughout the
brain (Reinhold et al., 1995), being especially abundant in
synapse-rich regions such as the molecular layer and synaptic
glomeruli of the cerebellum, the plexiform layers of the retina,
and the hippocampus (Jiang et al., 1999; Mi et al., 2000; Ohnishi
et al., 2005), and its expression increases markedly during post-
natal development (Mi et al., 2000; Ohnishi et al., 2005). In ad-
dition, the abundance of CD47 mRNA in the hippocampus cor-
relates with memory retention in rats (Huang et al., 1998), and
long-term potentiation is impaired in CD47-deficient mice
(Chang et al., 1999), suggesting that CD47 plays a role in synaptic
plasticity and memory formation in the hippocampus. However,
the precise function of CD47 in neurons and its mode of action at
the molecular level remain essentially unknown.

We have shown recently that forced expression of CD47 pro-
motes neurite formation in N1E-115 neuroblastoma cells in a
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manner dependent on the activation of Rac and integrin �3 (Mi-
yashita et al., 2004). Indeed, the extracellular region of CD47
associates with integrin �3 or �1 subunits, and most CD47-
mediated responses in non-neuronal cells, such as migration of
neutrophils and activation of platelets, appear to require integrin
activation (Brown and Frazier, 2001). Moreover, we also shown
that forced expression of CD47 or exposure to a recombinant
fusion protein of SHPS-1 (SH2 domain-containing protein ty-
rosine phosphatase substrate-1) and the Fc domain of Ig mark-
edly promoted Cdc42-mediated filopodium formation in N1E-
115 neuroblastoma cells (Miyashita et al., 2004). SHPS-1, also
known as BIT (brain Ig-like molecule with tyrosine-based activa-
tion motifs) or SIRP� (signal-regulatory protein �), is a ligand
for the extracellular region of CD47 (Jiang et al., 1999). It is a
transmembrane protein that contains three Ig-like domains in its
extracellular region as well as putative tyrosine phosphorylation
sites and binding sites for the Src homology 2 domains of the
protein tyrosine phosphatase SHP-2 (SH2 domain-containing
protein tyrosine phospatase) in its cytoplasmic region (Fujioka et
al., 1996; Ohnishi et al., 1996). SHPS-1 is expressed throughout
the brain, and the regions in which it is especially abundant over-
lap in large part with those in which CD47 is also concentrated
(Mi et al., 2000; Ohnishi et al., 2005). In addition, we have shown
recently that SHPS-1 and CD47 are preferentially localized to
axons and dendrites, respectively, in cultured hippocampal neu-
rons (Ohnishi et al., 2005). Together, these observations suggest
that CD47 promotes neurite formation and that the interaction
of SHPS-1 with CD47 mediates directional intercellular commu-
nication between axons and dendrites.

We here examined whether CD47, through its interaction
with SHPS-1, indeed promotes dendritic or axonal development
in hippocampal neurons in vitro and in vivo. Furthermore, we
investigated the intracellular signals that might mediate such ac-
tions of CD47 in neurons.

Materials and Methods
Animals. CD47�/� mice were described previously (Lindberg et al.,
1996) and were crossed to obtain litters of CD47-deficient (CD47�/�)
and wild-type (WT) (CD47�/�) animals. Mice were bred and main-
tained under specific pathogen-free conditions at the Institute of Exper-
imental Animal Research of Gunma University.

Primary antibodies and reagents. A rat monoclonal antibody (mAb) to
mouse CD47 (miap 301) was obtained from PharMingen (San Diego,
CA). A mouse mAb to the Flag epitope (M2) was from Sigma (St. Louis,
MO). Rhodamine-conjugated phalloidin was from Invitrogen (Carls-
bad, CA), rabbit polyclonal antibodies (pAbs) to C-terminal Src kinase
(Csk) were from Santa Cruz Biotechnology (Santa Cruz, CA), and rabbit
pAbs to microtubule-associated protein 2 (MAP2) were from Chemicon
(Temecula, CA). 4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-
d]pyrimidine (PP2) and 4-amino-7-phenylpyrazol[3,4-d]primidine (PP3),
a mouse mAb to Src (Ab-1), and a mouse mAb to tau1 were obtained from
Calbiochem (La Jolla, CA). Rabbit pAbs to the Tyr416-phosphorylated form
of Src were from Cell Signaling Technology (Danver, MA). A mouse mAb to
the Myc epitope (9E10) was purified from the culture supernatant of hybrid-
oma cells. Rabbit pAbs to CD47 were prepared as described previously (Mi-
yashita et al., 2004). Rabbit pAbs to mouse FGD1-related Cdc42-guanine
nucleotide exchange factor (GEF) (FRG) were generated by injection of rab-
bits with a synthetic peptide antigen (EPEQSLSPRMQEKHC), of which the
sequence corresponded to amino acids 30–40 of mouse FRG; the pAbs were
purified from rabbit serum by affinity chromatography with the peptide
antigen conjugated to Sepharose. SHPS-1–Fc was prepared as described pre-
viously (Miyashita et al., 2004).

Plasmids. Expression vectors for mouse CD47 form 4 and green fluo-
rescent protein (GFP)–�-actin were described previously (Miyashita et
al., 2004). Plasmids encoding Myc–RacT17N, Myc–neuronal Wiskott-

Aldrich syndrome protein (NWASP)–Cdc42/Rac-interactive binding re-
gion (CRIB), Myc–Vav2–WT, Myc–Vav2– dominant negative (DN),
Flag–FRG–WT, or Flag–FRG–�DHPH were kindly provided by Y. Takai
(Osaka University, Osaka, Japan). A plasmid encoding full-length mouse
FRG was obtained from American Type Culture Collection (Manassas,
VA) (MGC-6304), and a plasmid encoding myr–Csk, which contains a
myristylation signal at its NH2 terminus, was kindly provided by M.
Okada (Osaka University). The cDNAs contained in these plasmids were
subcloned in the pCAGGS vector, which was kindly provided by J.
Miyazaki (Osaka University). Plasmids encoding Raichu–Rac1 or
Raichu–Cdc42 were kindly provided by M. Matsuda (Osaka University).

Determination of dendritic and axonal morphology. Hippocampal neu-
rons (3 � 10 5 per 35 mm dish) were isolated from newborn mice [post-
natal day 0 (P0) to P1] and plated on culture dishes coated with poly-D-
lysine (25 �g/ml) as described previously (Miyashita et al., 2004). The
neurons were transfected with expression vectors for GFP–actin and
CD47 (as well as with additional expression vectors as indicated) with the
use of LipofectAMINE2000 (Invitrogen); transfection was performed the
day after plating [1 d in vitro (DIV)] or at 4 DIV. At 3–21 DIV, neurons
were fixed for 20 –30 min at room temperature with PBS containing 4%
paraformaldehyde and 0.1% glutaraldehyde and were then permeabil-
ized for 60 min at room temperature with PBS containing 0.1% Triton
X-100 and 5% goat serum. They were incubated for 1 h at room temper-
ature or overnight at 4°C with primary antibodies diluted in the perme-
abilization solution, washed with PBS, and then incubated for 1 h at
room temperature with secondary antibodies conjugated with cyanine 3
(Jackson ImmunoResearch, West Grove, PA), Alexa488 (Invitrogen), or
aminomethylcoumarin acetate (Jackson ImmunoResearch). For stain-
ing of filamentous actin, neurons were incubated with rhodamine-
conjugated phalloidin. The cells were finally washed with PBS and exam-
ined with a confocal laser-scanning microscope (LSM5 Pascal; Zeiss,
Oberkochen, Germany) or an Olympus Optical (Tokyo, Japan) AX-70
microscope. The morphology of transfected neurons was examined with
the fluorescence signal of GFP–actin. In other experiments, neurons were
cultured at low density (4 � 10 4 per 35 mm dish) without forced expres-
sion of GFP–actin, and the morphology of dendrites or axons was exam-
ined by immunostaining for the dendritic marker MAP2 or the axonal
marker tau1. The length of axons and dendrites was measured with the
use of software of the LSM5 Pascal microscope and was integrated to
obtain the total length of these neurites. The number of branches of each
axon was quantified by counting the corresponding number of terminal
tips.

Quantitation of filopodia and spines. Mouse hippocampal neurons cul-
tured on dishes coated with poly-D-lysine (25 �g/ml) and either control
human IgG or SHPS-1–Fc were transfected with expression vectors as
described above. Neurons were fixed at 3–21 DIV, and cell morphology
was examined by monitoring of GFP–actin fluorescence with the LSM5
Pascal microscope. To quantify the numbers of dendritic filopodia and
spines, we classified dendritic protrusions labeled with GFP–actin as
filopodia or spines according to the following morphological criteria: (1)
a headless protrusion with a length of �0.5 �m and �8 �m and with a
length/width ratio of �2 was classified as a filopodium; (2) all dendritic
protrusions with a length of �0.5 �m and �8 �m other than filopodia
were classified as spines.

Immunoprecipitation and immunoblot analysis. Cultured hippocampal
neurons (1 � 10 6 per 35 mm dish) were washed with ice-cold PBS and
then lysed on ice in 1 ml of lysis buffer (20 mM Tris-HCl, pH 7.6, 140 mM

NaCl, 1 mM EDTA, and 1% NP-40) containing 1 mM phenylmethylsul-
fonyl fluoride, aprotinin (10 �g/ml), and 1 mM sodium vanadate. The
lysates were centrifuged at 21,000 � g for 15 min at 4°C, and the resulting
supernatants were subjected to immunoprecipitation and immunoblot
analysis as described previously (Fujioka et al., 1996; Miyashita et al.,
2004).

RNA interference. Two expression vectors, siRNAfrg–GFP#1 and
siRNAfrg–GFP#2, which each encode an FRG small interfering RNA
(siRNA) and enhanced GFP (EGFP), were constructed. Two 19 nt se-
quences (5�-CTCAGAAACAACTAGTAGA-3� and 5�-GGAATTT-
ACTAGCTACTTC-3�) corresponding to nucleotides 1138 –1156 and
2000 –2018 of mouse FRG mRNA (GenBank accession number
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NM145519) were selected for construction of the siRNAfrg–GFP vectors,
which direct the synthesis of the corresponding 19 bp double-stranded
target sequence. Two pairs of 64 nt sequences, each of which contains a
targeting sequence and its reverse complementary sequence (pair 1, 5�-
GATCCCCCTCAGAAACAACTAGTAGATTCAAGAGATCTACTAG-
TTGTTTCTGAGTTTTTGGAAA-3� and 5�-AGCTTTTCCAAAAACT-
CAGAAACAACTAGTAGATCTCTTGAATCTACTAGTTGTTTCTGA-
GGGG-3�; pair 2, 5�-GATCCCCGGAATTTACTAGCTACTTCTTCAA-
GAGAGAAGTAGCTAGTAAATTCCTTTTTGGAAA-3� and 5�-AGCT-
TTTCCAAAAAGGAATTTACTAGCTACTTCTCTCTTGAAGAAGTA-
GCTAGTAAATTCCGGG-3�), were synthesized. After an annealing
step, each pair of oligonucleotides was inserted into the pSUPER vector
(Brummelkamp et al., 2002). The resulting vectors, pSUPER–mFRG#1
and pSUPER–mFRG#2, were digested with KpnI and SacI, and the re-
leased DNA fragment containing the H1 promoter and downstream
short-hairpin sequence was rendered blunt-ended and subcloned
into the blunted SalI site of the EGFP expression vector pCAGGS–

EGFP. The resulting vectors were designated
siRNAfrg–GFP#1 and siRNAfrg–GFP#2.

Fluorescent resonance energy transfer analysis.
The fluorescence resonance energy transfer
(FRET) imaging was performed as described
previously (Itoh et al., 2002). In brief, primary
cultured mouse hippocampal neurons were co-
transfected with expression vectors for CD47
(or the corresponding empty vector) and either
Raichu–Rac1 or Raichu–Cdc42 at 1 DIV.
Forty-eight hours after transfection (at 3 DIV),
the cells were fixed and stained with mAb to
CD47 to confirm the expression of exogenous
CD47. FRET images were acquired on the
Aquacosmos/Ashura system (Hamamatsu
Photonics, Shizouka, Japan) using an IX-81 in-
verted microscope equipped with a UPlanApo
100�, 1.35 numerical aperture oil-immersion
objective (Olympus Optical), a 440AF21 exci-
tation filter, a 455DRLP dichroic mirror, a
460ALP emission filter, and a three CCD color
camera (C7780-22; Hamamatsu Photonics).
Image acquisition and analysis were performed
using Aquacosmos 2.6 software (Hamamatsu
Photonics).

Results
Impaired development of dendrites and
axons in hippocampal neurons of
CD47-deficient mice
We have shown recently that the abun-
dance of CD47 in dendrites is greater than
that in axons of cultured hippocampal
neurons (Ohnishi et al., 2005). To evaluate
the possible role of CD47 in the regulation
of neuronal development, we prepared
cultures of hippocampal neurons from
WT and CD47�/� mice (Lindberg et al.,
1996) and then determined the numbers
of primary dendrites, which are derived
directly from the cell body, in these
neurons.

As described previously (Ohnishi et al.,
2005), the expression of CD47 in hip-
pocampal neurons isolated from newborn
WT mice was apparent at only a low level
after 3 DIV but had increased markedly by
7 DIV (see Fig. 3Ae,Ag). Such expression
was not detected in neurons prepared
from CD47�/� mice (supplemental Fig. 1,

available at www.jneurosci.org as supplemental material). To ex-
amine the morphology of individual neurons in detail, we trans-
fected the cells with an expression vector for a fusion protein
containing GFP and �-actin at 1 or 4 DIV and then cultured them
further for various times (Fig. 1). The number of primary den-
drites on each CD47�/� neuron at 3 or 7 DIV was markedly
smaller than that apparent for WT neurons (Fig. 1A). Quantita-
tive analysis revealed that this difference was statistically signifi-
cant (Fig. 1B). For this analysis, a primary dendrite was defined as
a process derived directly from the cell body with a length equal to
or greater than one-half of the diameter of the cell body (�8 �m)
and with a diameter of �2 �m.

We also examined the effect of CD47 deficiency on the
branching of dendrites by counting the total number of branches
derived from the longest primary dendrite of each neuron. A

Figure 1. Impairment of dendritic development in cultured hippocampal neurons from CD47�/� mice. A, Hippocampal
neurons isolated from newborn WT (CD47�/�) (a– d) or CD47�/� (e–l ) mice were transfected with an expression vector for
GFP–actin and either an expression vector for CD47 (i–l ) or the corresponding empty vector (a– h) at 1 DIV (a, e, i) or 4 DIV (b– d,
f– h, j–l ). Neurons were fixed at 3 DIV (a, e, i), 7 DIV (b, f, j), 14 DIV (c, g, k), or 21 DIV (d, h, l ), and the morphology of each neuron
as revealed by GFP–actin was examined by fluorescence microscopy. Scale bar, 20 �m. B, C, Neurons treated as in A were
evaluated for their dendritic morphology at the indicated times. The numbers of primary dendrites per neuron (B) and of branches
from the longest primary dendrite of each neuron (C) were determined for CD47�/� neurons (open columns), CD47�/� neurons
(filled columns), and CD47�/� neurons expressing ectopic CD47 (hatched columns). Data are means	SE of values obtained from
a total of 28 –36 neurons in three independent experiments. **p � 0.01 (Student’s t test) for the indicated comparisons.
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branch was defined as a process whose length was at least equal to
one-half of the diameter of the cell body. Quantitative analysis
revealed that the number of branches originating from the long-
est primary dendrite of CD47�/� neurons was also significantly
decreased at 3 or 7 DIV compared with that apparent for WT
neurons (Fig. 1C). In contrast, the number of primary den-
drites or that of branches from the longest primary dendrite did
not differ between CD47�/� and WT neurons at 14 or 21 DIV
(Fig. 1).

We also examined the morphology of hippocampal neurons
cultured at low density without transfection and stained with
pAbs to MAP2, a dendritic marker protein. We measured the
total length of all dendrites and their branches in the neurons at 3
and 7 DIV. The total length of dendrites was markedly reduced in
CD47�/� neurons compared with WT neurons at both time
points (supplemental Fig. 2A,B, available at www.jneurosci.org
as supplemental material). The numbers of primary, secondary,
and tertiary dendritic branches were also markedly reduced in
CD47�/� neurons at 3 or 7 DIV compared with those for WT
neurons (supplemental Fig. 2A,C, available at www.jneurosci.
org as supplemental material). In addition, the number of
branches from the longest primary dendrite was also substan-
tially decreased in CD47�/� neurons at either 3 or 7 DIV com-
pared with that for WT neurons (data not shown).

We next examined the effect of CD47 deficiency on axon mor-
phology by staining cultured hippocampal neurons with an mAb
to tau1, an axon marker protein (Fig. 2). The length of the pri-
mary axon of CD47�/� neurons was significantly smaller than

that for WT neurons at 3 or 7 DIV (Fig. 2A,B). We also counted
the number of terminal tips derived from each primary axon to
determine the extent of axonal branching; this parameter was
also markedly reduced for CD47�/� neurons at 3 or 7 DIV com-
pared with that for WT neurons (Fig. 2C). In addition, the per-
centage of neurons that manifested an enlarged growth cone (a
growth cone with four or more filopodia and with lamellipodia;
other growth cones were considered to be collapsed) at the most
distal end of the primary axon was significantly smaller for
CD47�/� neurons (45.2 	 5.09%; n 
 500 neurons) than for WT
neurons (63.8 	 6.91%; n 
 500 neurons; p 
 0.014, Student’s t
test) at 4 DIV. Together, these data suggested that CD47 is re-
quired for proper development of both dendrites and axons in
cultured hippocampal neurons during the first few (3–7) DIV.
However, it may not be required for additional development of
dendrites at later stages (14 –21 DIV).

Effects of forced expression of CD47 on
dendrite development
The development of dendrites and axons was markedly impaired
in hippocampal neurons of CD47�/� mice. We therefore next
examined the effect of forced expression of CD47 on the mor-
phology of hippocampal neurons of WT mice. For these experi-
ments, we focused on the contribution of CD47 to dendritic de-
velopment because the morphology of dendrites is more readily
determined than is that of axons, which are highly elongated and
manifest multiple and complex branching patterns. One of four
alternatively spliced isoforms of CD47 (form 4) predominates in
the brain (Reinhold et al., 1995). We therefore transfected hip-
pocampal neurons cultured at high density with expression vec-
tors for mouse CD47 (form 4) and GFP–actin at 1 or 4 DIV and
examined the morphology of the neurons at 3–21 DIV. The ex-
pression of endogenous CD47 in hippocampal neurons from WT
mice was detected at a relatively low level at 3 DIV (Fig. 3Ae).
Transfection with the CD47 vector resulted in marked increases
in both the abundance of this protein (Fig. 3Af,Ah) and the num-
ber of primary dendrites apparent at 3 or 7 DIV (Fig. 3A,B).
Forced expression of CD47 also increased the number of
branches from the longest primary dendrite at these time points
(Fig. 3C). However, the number of primary dendrites or that of
branches from the longest primary dendrite did not differ be-
tween the neurons overexpressing CD47 and mock-transfected
neurons at 14 or 21 DIV (Fig. 3B,C).

We also examined the effect of forced expression of CD47 on
dendrite development in CD47�/� neurons. Expression of CD47
in CD47�/� neurons reversed the decreases in the numbers of
primary dendrites and of branches from the longest primary den-
drite apparent in these cells at 3 or 7 DIV (Fig. 1Ai–Al); indeed,
these parameters in the CD47�/� neurons expressing CD47 were
significantly increased compared with those for WT neurons
(Fig. 1B,C).

Effects of an SHPS-1–Fc fusion protein and forced expression
of CD47 on the formation of dendritic filopodia and spines
The development of dendrites is accompanied by the extension of
filopodia, which form contacts with synaptic terminals of axons
and then mature into dendritic spines (Ziv and Smith, 1996). We
have shown previously that SHPS-1–Fc, an Fc fusion protein
containing the extracellular region of the CD47 ligand SHPS-1,
promoted filopodium formation in N1E-115 neuroblastoma
cells and that this effect was enhanced by overexpression of CD47
(Miyashita et al., 2004). We therefore next examined the effects of
SHPS-1–Fc and forced expression of CD47 on the formation of

Figure 2. Impairment of axonal development in cultured hippocampal neurons from
CD47�/� mice. A, Cultured hippocampal neurons from CD47�/� (a, b) or CD47�/� (c, d) mice
were fixed at 3 DIV (a, c) or 7 DIV (b, d) and stained with an mAb to tau1. Scale bar, 20 �m. B,
C, The length of the primary axon (B) and the number of terminal branch tips for the primary
axon (C) were determined for neurons cultured and stained as in A. Data are means 	 SE of
values obtained from a total of 28 neurons in three independent experiments. **p � 0.01
(Student’s t test).
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dendritic filopodia and spines in hip-
pocampal neurons of WT mice.

We classified dendritic protrusions la-
beled with GFP–actin as filopodia or
spines on the basis of morphological char-
acteristics proposed in a previous study
(Takahashi et al., 2003) and as described
in Materials and Methods. At 7 DIV, the
number of dendritic filopodia was greater
than that of spines (Fig. 3D,E). The num-
bers of these structures were approxi-
mately equal at 14 DIV, and the number of
spines was greater than that of filopodia at
21 DIV (Fig. 3E), consistent with previous
observations (Takahashi et al., 2003). Nei-
ther SHPS-1–Fc nor forced expression of
CD47 alone affected the formation of
filopodia or spines at 7–21 DIV (Fig.
3D,E). In contrast, the combination of
SHPS-1–Fc and forced expression of
CD47 resulted in a significant increase in
the numbers of both filopodia and spines
at 7 DIV compared with those apparent
for mock-transfected neurons plated on
control human IgG (Fig. 3D,E). Such ef-
fects were not apparent at 14 or 21 DIV
(Fig. 3E). We also examined the effects of
SHPS-1–Fc and forced expression of
CD47 on dendrite development in cul-
tured hippocampal neurons. SHPS-1–Fc
alone failed to increase the number of pri-
mary dendrites or that of branches from
the longest primary dendrite in mock-
transfected neurons at 7 DIV (supplemen-
tal Fig. 3, available at www.jneurosci.org
as supplemental material). In addition,
SHPS-1–Fc did not further increase the
number of primary dendrites or that of
branches from the longest primary den-
drite in CD47-overexpressing neurons at
7 DIV (supplemental Fig. 3, available
at www.jneurosci.org as supplemental
material).

Role of Rac and Cdc42 in dendritic
development promoted by CD47
We next investigated the intracellular sig-
naling pathway responsible for the stimu-
latory effect of CD47 on dendritic devel-
opment. Hippocampal neurons from WT
mice were transfected with expression
vectors for GFP–actin, CD47, and either a
dominant-negative mutant of Rac1
(RacT17N) or the CRIB domain of
NWASP (NWASP–CRIB) at 4 DIV and
were examined for their morphology at 7
DIV. Immunostaining confirmed that in-
dividual neurons were successfully trans-
fected with the combination of three dif-
ferent plasmids (supplemental Fig. 4,
available at www.jneurosci.org as supple-
mental material). Forced expression of
Myc epitope-tagged RacT17N in the ab-

Figure 3. Effects of SHPS-1–Fc and forced expression of CD47 on dendrite development and the formation of filopodia and
spines. A, Hippocampal neurons from WT mice were transfected with an expression vector for GFP–actin and either a vector for
CD47 (b, d, f, h) or the corresponding empty vector (a, c, e, g) at 1 DIV (a, b, e, f ) or 4 DIV (c, d, g, h). Neurons were fixed at 3 DIV
(a, b, e, f ) or 7 DIV (c, d, g, h) and stained with an mAb to CD47 (e– h). Fluorescence images of GFP–actin were also obtained
(a– d). Scale bar, 20 �m. B, C, The number of primary dendrites per neuron (B) and that of branches from the longest primary
dendrite of each neuron (C) were determined for cells treated as in A and cultured for the indicated times. Data are means 	 SE of
values obtained from a total of 22–30 neurons in three independent experiments. **p � 0.01 (Student’s t test). D, Hippocampal
neurons from WT mice were cultured on dishes coated with SHPS-1–Fc (b, d, f, h) or control human IgG (a, c, e, g) and were
transfected at 4 DIV with a vector for GFP–actin and either a vector for CD47 (c, d, g, h) or the corresponding empty vector (a, b, e,
f ). Neurons were fixed and stained with an mAb to CD47 (red) as well as monitored for GFP–actin fluorescence (green) at 7 DIV.
Scale bar, 20 �m. E, The densities of dendritic filopodia and spines at 7, 14, and 21 DIV were determined for neurons treated as in
D. Data are means 	 SE of values obtained from a total of 18 –24 neurons in three independent experiments. **p � 0.01
(Student’s t test).
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sence of that of CD47 resulted in marked increases in the diam-
eter of primary dendrites and in the formation of filopodia at the
margin of these dendrites (Fig. 4Ab). Furthermore, expression of
RacT17N prevented the increases in both the number of primary
dendrites and branches from the longest primary dendrite in-
duced by forced expression of CD47, although it also reduced
these parameters in neurons not overexpressing CD47 (Fig.
4Ab,Ae,B,C). NWASP–CRIB specifically binds the GTP-bound

(active) form of Cdc42 and thereby inhibits its activity (Miyashita
et al., 2004). Expression of a Myc epitope-tagged form of
NWASP–CRIB also prevented the effects of ectopic CD47 on the
numbers of primary dendrites and branches from the longest
primary dendrite, although it did not affect these parameters in
neurons not overexpressing CD47 (Fig. 4Ac,Af,B,C). In addi-
tion, expression of NWASP–CRIB prevented the increase in the
density of dendritic filopodia and spines apparent in neurons
overexpressing CD47 and plated on SHPS-1–Fc (Fig. 4D).

We next determined whether forced expression of CD47
could promote the activation of Rac or Cdc42 in hippocampal
neurons by the use of FRET imaging, which used the FRET
probes Raichu–Rac and Raichu–Cdc42 (Itoh et al., 2002). The
FRET imaging showed marked increases of the values of yel-
low fluorescent protein (YFP)/cyan fluorescent protein (CFP)
ratio, with both Raichu–Rac and Raichu–Cdc42, at dendrites
from CD47-expressing hippocampal neurons compared with
that apparent with control mock-transfected neurons (Fig.
5 A, B). These results suggest that forced expression of CD47
indeed induces activation of both Rac and Cdc42 in hip-
pocampal neurons.

Figure 4. Participation of Rac and Cdc42 in the promotion of dendritic development by
forced expression of CD47. A, Hippocampal neurons from WT mice were transfected at 4 DIV
with an expression vector for GFP–actin, a CD47 vector (d–f ) or the corresponding empty vector
(a– c), and either a vector for Myc epitope-tagged RacT17N (b, e) or Myc–NWASP–CRIB (c, f ) or
the corresponding empty vector (a, d). At 7 DIV, the neurons were fixed and stained with an
mAb to Myc (red), and GFP–actin fluorescence was also monitored (green). Neurons were also
stained with an mAb to CD47 to confirm its overexpression (data not shown; see supplemental
Fig. 3, available at www.jneurosci.org as supplemental material). Scale bar, 20 �m. B, C, The
number of primary dendrites per neuron (B) and that of branches from the longest primary
dendrite of each neuron (C) were determined for neurons treated as in A. Data are means 	 SE
of values obtained from a total of 30 neurons in three independent experiments. **p � 0.01
(Student’s t test). D, Hippocampal neurons from WT mice were plated on dishes coated with
SHPS-1–Fc or control human IgG and were transfected at 4 DIV with a vector for GFP–actin, a
vector for CD47 or the corresponding empty vector, and a vector for Myc epitope-tagged
NWASP–CRIB or the corresponding empty vector. At 7 DIV, the neurons were fixed and stained
with an mAb to Myc, and the densities of dendritic filopodia and spines were determined. Data
are means 	 SE of values obtained from a total of 30 neurons in three independent experi-
ments. **p � 0.01 (Student’s t test).

Figure 5. Activation of Rac and Cdc42 by forced expression of CD47 in hippocampal neurons.
A, Hippocampal neurons from WT mice were transfected with an expression vector for CD47 (b,
d) (or the corresponding empty vector (Mock; a, c) and a vector for either Raichu–Rac (a, b) or
Raichu–Cdc42 (c, d) at 1 DIV. Neurons were fixed at 3 DIV and stained with mAb to CD47 to
confirm the expression of CD47 (shown in insets in b and d). The images of YFP/CFP ratio of
transfected neurons were shown in the intensity-modulated display mode. In the intensity-
modulated display mode, eight colors from red to blue are used to represent the YFP/CFP ratio,
with each color indicating the mean intensity of YFP/CFP ratio. The upper and lower limits of the
ratio image are shown on the right. Scale bar, 20 �m. B, YFP/CFP ratios in dendrites were
quantified in transfected neurons. Data are means 	 SE of values from eight neurons and are
representative of three independent experiments. **p � 0.01 (Student’s t test).
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Role of an Src family kinase in dendritic
development promoted by CD47
We next continued our attempt to identify
downstream signaling molecules respon-
sible for the promotion of dendritic devel-
opment in hippocampal neurons by
CD47. Treatment of neurons with PP2, an
inhibitor of Src family kinases (Hanke et
al., 1996), prevented the increases in the
number of primary dendrites per neuron
and branches from the longest primary
dendrite induced by forced expression of
CD47 in hippocampal neurons from WT
mice; it did not affect these parameters in
neurons not overexpressing CD47 (Fig.
6Aa–Ac,B,C). In addition, PP3, an inac-
tive analog of PP2, did not inhibit these
effects of CD47 (Fig. 6Ad,B,C). In con-
trast, PP2 and PP3 each failed to inhibit
the formation of dendritic filopodia and
spines induced by overexpression of CD47
and exposure to SHPS-1–Fc (Fig. 6D).

Csk inhibits the activity of Src family
kinases by phosphorylating their COOH-
terminal tyrosine residue (Honda et al.,
1997). In addition, a membrane-targeted
form of Csk (myr–Csk), which contains a
myristylation signal at its NH2 terminus,
has been shown to inhibit the activity of
Src family kinases more effectively than
does wild-type Csk (Honda et al., 1997).
Forced expression of myr–Csk prevented
the increases in the number of primary
dendrites per neuron and in the number
of branches from the longest primary den-
drite induced by forced expression of
CD47, whereas it also reduced these pa-
rameters in neurons not overexpressing
CD47 (Fig. 6E–G).

We then examined the effect of CD47
on the tyrosine phosphorylation state and
activation of Src in hippocampal neurons.
Activation of c-Src results in autophos-
phorylation of the enzyme on tyrosine-
416 (Brown and Cooper, 1996). Immuno-
precipitates prepared from lysates of WT
or CD47�/� hippocampal neurons with
an mAb to c-Src were subjected to immu-
noblot analysis with pAbs to the Tyr 416-
phosphorylated form of c-Src. The phos-
phorylation of c-Src on Tyr 416 was
markedly reduced in CD47�/� neurons
compared with that in WT neurons (Fig.
6H). Furthermore, forced expression of
CD47 in COS-7 cells resulted in an in-

Figure 6. Participation of an Src family kinase in the promotion of dendritic development by CD47. A, Hippocampal neurons
from WT mice were transfected at 4 DIV with an expression vector for GFP–actin and either a vector for CD47 (b– d) or the
corresponding empty vector (a). They were then cultured in the presence of 20 �M PP2 (c), 20 �M PP3 (d), or dimethylsulfoxide
(DMSO) vehicle (a, b). At 7 DIV, neurons were fixed and stained with an mAb to CD47 (red), and GFP–actin fluorescence was
monitored (green). Scale bar, 20 �m. B–D, The number of primary dendrites per neuron (B), that of branches from the longest
primary dendrite of each neuron (C), and the density of dendritic filopodia or spines (D) were determined for neurons transfected
and treated with PP2 or PP3 as in A. In D, neurons transfected with the CD47 vector were plated on SHPS-1–Fc, and those
transfected with the corresponding empty vector were plated on human IgG. Data are means 	 SE of values obtained from a total
of 33–36 neurons (B, C) or 28 –32 neurons (D) in three independent experiments. *p � 0.05, **p � 0.01 (Student’s t test). E,
Hippocampal neurons from WT mice were transfected at 4 DIV with an expression vector for GFP–actin, with either a vector for
myr–Csk (b, d) or the corresponding empty vector (a, c), and with either a vector for CD47 (c, d) or the corresponding empty vector
(a, b). At 7 DIV, neurons were fixed and stained with pAbs to Csk (red), and GFP–actin fluorescence was monitored (green).
Neurons were also stained with an mAb to CD47 to confirm its expression (data not shown). Scale bar, 20 �m. F, G, The number of
primary dendrites per neuron (F ) and that of branches from the longest primary dendrite of each neuron (G) were determined for
neurons treated as in E. Data are means 	 SE of values obtained from a total of 30 neurons in three independent experiments.
**p � 0.01 (Student’s t test). H, Cultured hippocampal neurons from CD47�/� or CD47�/� mice were lysed at 7 DIV and
subjected to immunoprecipitation (IP) with an mAb to c-Src. The resulting precipitates were subjected to immunoblot analysis
both with pAbs to the Tyr 416-phosphorylated form of c-Src (p-Src) and with the mAb to c-Src. Cell lysates were also directly
subjected to immunoblot analysis with pAbs to CD47. Data are representative of three independent experiments. I, COS-7 cells

4

were transfected with a vector for CD47 or the corresponding
empty vector. Twenty-four hours after transfection, the cells
were lysed and subjected to immunoprecipitation with an
mAb to c-Src. The resulting precipitates as well as the original
cell lysates were then subjected to immunoblot analysis as in
H. Data are representative of three independent experiments.
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crease in the phosphorylation of c-Src on Tyr 416 (Fig. 6 I). To-
gether, these data suggested that an Src family kinase mediates, at
least in part, the promotion of dendritic development in hip-
pocampal neurons by CD47.

Role of Vav2 and FRG in the promotion of dendritic
development by CD47
Vav2, a GEF for Rho family proteins, is activated by Src-mediated
tyrosine phosphorylation (Marignani and Carpenter, 2001; Ser-
vitja et al., 2003). In addition, FRG, another GEF specific for
Cdc42 and Rac, undergoes tyrosine phosphorylation by c-Src and
is thereby activated (Miyamoto et al., 2003; Fukuhara et al.,
2004). Immunoblot analysis has revealed that both Vav2 and
FRG are expressed in cultured hippocampal neurons (Kubo et al.,
2002) (data not shown). We thus next examined whether Vav2 or
FRG participates in CD47-induced dendritic development.

We first investigated the effects of forced expression of a
dominant-negative mutant of Vav2 (Vav2–DN), in which Leu 212

is replaced by Gln (Kodama et al., 2000; Kawakatsu et al., 2005).
Forced expression of Vav2–DN, but not that of Vav2–WT, pre-
vented the increases in both the number of primary dendrites per
neuron and the number of branches from the longest primary
dendrite induced by forced expression of CD47; it had no effect
on these parameters in neurons not overexpressing CD47 (Fig.
7A–C). In contrast, forced expression of neither Vav2–DN nor
Vav2–WT inhibited the increase in the density of dendritic filop-
odia and spines induced by CD47 overexpression and exposure
to SHPS-1–Fc (Fig. 7D).

We next examined the effects of forced expression of a
dominant-negative mutant of FRG (FRG-�DHPH), which lacks
both the DH and PH domains of the intact protein (Miyamoto et
al., 2003; Fukuhara et al., 2004). Expression of FRG–�DHPH
prevented the increases in both the number of primary dendrites
per neuron and the number of branches from the longest primary
dendrite induced by forced expression of CD47; it had no effect
on these parameters in neurons not overexpressing CD47 (sup-
plemental Fig. 5Ab,Ae,B,C, available at www.jneurosci.org as
supplemental material). However, forced expression of
FRG–WT also prevented these effects of CD47 (supplemental
Fig. 5Af,B,C). Forced expression of FRG–WT was shown previ-
ously to prevent neurite extension by cortical neurons (Kubo et
al., 2002). We therefore examined the effect of depletion of en-
dogenous FRG by RNA interference (RNAi) on the promotion of
dendritic development by CD47. Transfection with an expression
vector, siRNAfrg–GFP#2, for an siRNA specific for mouse FRG
mRNA (nucleotides 2000 –2018) resulted in a marked decrease in
the amount of exogenously expressed mouse FRG in transfected
HEK293 cells (Fig. 8A). Transfection of hippocampal neurons
with the siRNAfrg–GFP#2 vector prevented the increases in both
the number of primary dendrites per neuron and the number of
branches from the longest primary dendrite induced by forced
expression of CD47, without affecting these parameters in neu-
rons not overexpressing CD47 (Fig. 8B–D). In contrast, transfec-
tion with siRNAfrg–GFP#2 failed to prevent the formation of
dendritic filopodia and spines induced by overexpression of
CD47 and exposure to SHPS-1–Fc (Fig. 8E). We also designed
another expression vector, siRNAfrg–GFP#1, for an siRNA that
targets a different region of mouse FRG mRNA (nucleotides
1138 –1156). Transfection with siRNAfrg–GFP#1 reduced the
amount of exogenous mouse FRG in transfected HEK293 cells
and prevented the CD47-induced increases in both the number
of primary dendrites per neuron and the number of branches

from the longest primary dendrite in hippocampal neurons (data
not shown).

Discussion
We have shown that CD47 promotes dendritic and axonal devel-
opment in hippocampal neurons. Loss of CD47 impaired the
formation of dendrites and their branching, whereas forced ex-
pression of this protein restored and further promoted dendritic
development in cultured CD47�/� neurons. In addition, defi-
ciency of CD47 impaired the elongation of axons and their
branching as well as the formation of growth cones. The impair-
ment in dendritic development of CD47�/� hippocampal neu-
rons was evident at an early stage of culture (3–7 DIV) but not at
later stages (14 –21 DIV). Forced expression of CD47 also in-
creased the number and branching of dendrites in WT neurons at

Figure 7. Participation of Vav2 in the promotion of dendritic development by CD47. A,
Hippocampal neurons from WT mice were transfected at 4 DIV with a vector for GFP–actin, a
vector for CD47 (d–f ) or the corresponding empty vector (a– c), and a vector for Myc epitope-
tagged Vav2–DN (b, e), a vector for Myc–Vav2–WT (c, f ), or the corresponding empty vector
(a, d). At 7 DIV, neurons were fixed and stained with an mAb to Myc (red), and GFP–actin
fluorescence was monitored (green). Neurons were also stained with an mAb to CD47 to confirm
its expression (data not shown). Scale bar, 20 �m. B, C, The number of primary dendrites per
neuron (B) and that of branches from the longest primary dendrite of each neuron (C) were
determined for neurons treated as in A. Data are means 	 SE of values obtained from a total of
30 neurons in three independent experiments. **p � 0.01 (Student’s t test). D, Neurons trans-
fected as in A were cultured on dishes coated with either SHPS-1–Fc (for those transfected with
the CD47 vector) or control human IgG (for those transfected with the corresponding empty
vector). At 7 DIV, they were fixed and stained with an mAb to Myc, and the densities of dendritic
filopodia and spines were determined. Data are means 	 SE of values obtained from a total of
18 neurons in three independent experiments. *p � 0.05, **p � 0.01 (Student’s t test).
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3–7 DIV but not at 14 –21 DIV. These results suggest that CD47
efficiently promotes dendritic and axonal development, in par-
ticular, at the early stage of formation of neuronal networks.

We also found that SHPS-1–Fc markedly promoted the for-
mation of dendritic filopodia and spines in CD47-overexpressing
hippocampal neurons at 7 DIV but not at 14 or 21 DIV. Given

that formation of dendritic filopodia pre-
cedes that of dendritic spines (Ziv and
Smith, 1996), these results further suggest
that CD47, through its interaction with
SHPS-1, promotes filopodium formation,
resulting in efficient formation of spines
and subsequent formation of synapses.
We have shown previously that CD47 is
localized predominantly to the surface of
dendrites in hippocampal neurons,
whereas SHPS-1 was detected at the sur-
face of both axons and dendrites (Ohnishi
et al., 2005). On the basis of our present
results, we suggest that CD47 promotes
the formation of filopodia on dendrites
through its interaction with SHPS-1 ex-
pressed on neighboring axons, thereby
contributing to subsequent formation of
mature dendritic spines particularly at the
early stage of development of neuronal
networks. In contrast, because the effect of
SHPS-1–Fc on filopodium or spine for-
mation was not apparent at the later stage
of culture (14 or 21 DIV), the functional
role of engagement of SHPS-1 with CD47
after formation and maturation of neuro-
nal networks remains unknown. How-
ever, synaptic connections between neu-
rons are thought to be actively disrupted
and reconnected even in mature CNS (De
Paola et al., 2006; Stettler et al., 2006).
Therefore, it is feasible that engagement of
SHPS-1 with CD47 participates in the
dendrite plasticity of neurons through
regulation of formation of filopodia or
spines. SHPS-1–Fc failed to increase the
number of primary dendrites or that of
branches from the longest primary den-
drite in either mock-transfected or CD47-
expressing neurons at 7 DIV (supplemen-
tal Fig. 3, available at www.jneurosci.org
as supplemental material). These data in-
dicate that engagement by CD47 of
SHPS-1 is unlikely to promote dendrite
formation and branching.

CD47�/� mice exhibit impaired mem-
ory retention and defective long-term
potentiation (Chang et al., 1999). Such
phenotypes might be attributable to im-
pairment of dendritic and axonal develop-
ment resulting from the loss of CD47. In
contrast to our observations with cultured
hippocampal neurons, we did not find
marked impairment of dendritic or axonal
development in CD47�/� hippocampus
in vivo, whereas the branching of den-
drites of hippocampal neurons at mutant

mice at P0 –P1 was slightly impaired in vivo by staining of
fixed hippocampal sections with 1,1�-dioctadecyl-3,3,3�,3�-
tetramethylindocarboyanine perchlorate (data not shown).

We also shown that inhibition of Rac or Cdc42 prevented the
effects of forced expression of CD47 on the formation of den-
drites and their branching in cultured hippocampal neurons.

Figure 8. Effects of RNAi-mediated depletion of FRG on CD47-induced dendritic development. A, HEK293 cells were transfected
with an expression vector for mouse FRG and either siRNAfrg–GFP#2 (b, d) or the corresponding GFP vector (Non-siRNA-GFP; a, c).
Forty-eight hours after transfection, the cells were fixed and stained with pAbs to FRG (c, d) and monitored for GFP fluorescence (a,
b). Scale bar, 20 �m. B, Hippocampal neurons from WT mice were transfected at 4 DIV with siRNAfrg–GFP#2 (b, d) or the
corresponding GFP vector (a, c), as well as with a vector for CD47 (c, d) or the corresponding empty vector (a, b). Neurons were
fixed, and the expression of GFP was monitored at 7 DIV. Neurons were also stained with an mAb to CD47 (data not shown). Scale
bar, 20 �m. C, D, The number of primary dendrites per neuron (C) and that of branches from the longest primary dendrite of each
neuron (D) were determined for neurons treated as in B. Data are means 	 SE of values from a total of 20 –30 neurons in three
independent experiments. **p � 0.01 (Student’s t test). E, Hippocampal neurons from WT mice were transfected as in B and
cultured on dishes coated with either SHPS-1–Fc (for those transfected with the CD47 vector) or control human IgG (for those
transfected with the corresponding empty vector). At 7 DIV, neurons were fixed and stained with an mAb to CD47, and the
densities of dendritic filopodia and spines were determined. Data are means 	 SE of values obtained from a total of 18 neurons in
three independent experiments. *p � 0.05, **p � 0.01 (Student’s t test).
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Moreover, we showed that either Rac or Cdc42 in hippocampal
neurons are indeed activated by forced expression of CD47 by the
use of FRET imaging. We showed previously that forced expres-
sion of CD47 also induced a marked increase of the activity of Rac
or Cdc42 in COS-7 cells by the use of pull-down assay (Miyashita
et al., 2004). Together, our results suggest that Rac as well as
Cdc42 participate in the signaling downstream of CD47 in hip-
pocampal neurons. The formation of dendritic filopodia and
spines induced by SHPS-1–Fc in CD47-overexpressing neurons
was also prevented by inhibition of Cdc42. These data are also
consistent with our previous observations in the neuroblastoma
cell line N1E-115 (Miyashita et al., 2004). Rac and Cdc42 are
thought to regulate axonal or dendritic development in neurons
through their effects on the arrangement of the actin cytoskeleton
(Luo et al., 1997; Takai et al., 2001; Govek et al., 2005). However,
it has remained unclear which cell surface proteins participate in
coupling of extracellular stimuli to activation of these small GTP-
binding proteins in such regulation. Our data now suggest that
CD47 is such a protein in hippocampal neurons.

Our data have also provided insight into the signaling pathway
that links CD47 to Rac or Cdc42 in hippocampal neurons. Inhi-
bition by PP2 or Csk of an Src family kinase prevented the pro-
motion of dendritic development by CD47. In addition, loss of
CD47 markedly reduced the activation of c-Src in hippocampal
neurons, whereas forced expression of CD47 induced activation
of this kinase. These results suggest that c-Src or another Src
family kinase participates in CD47-induced dendritic develop-
ment. The mechanism by which CD47 promotes activation of an
Src family kinase is unknown. CD47 interacts with integrins
through its extracellular region and participates in integrin-
mediated biological responses in non-neural cells (Brown and
Frazier, 2001). Various integrin subunits, including �v, �2, �5,
�1, and �3, are expressed in the hippocampus (Bi et al., 2001;
Chan et al., 2003). In addition, integrin engagement induces re-
cruitment and subsequent activation of c-Src, which in turn
phosphorylates downstream signaling molecules (Brunton et al.,
2004). CD47 may thus induce activation of c-Src through its
interaction with integrins in hippocampal neurons. Unexpect-
edly, however, inhibition of integrin signaling by echistatin or
mAbs to integrin �1 or �3 subunits failed to prevent the stimu-
latory effect of CD47 on dendritic development in hippocampal
neurons (data not shown). It is thus possible that CD47 induces
activation of c-Src in an integrin-independent manner in hip-
pocampal neurons. Indeed, CD47 was shown previously to pro-
mote T-cell activation in a manner independent of integrins (Re-
inhold et al., 1997).

Inhibition of either Vav2 or FRG prevented the promotion of
dendritic development by CD47. Vav2 activates Rac and Cdc42
(Abe et al., 2000; Marignani and Carpenter, 2001), as does FRG
(Kubo et al., 2002; Miyamoto et al., 2003; Fukuhara et al., 2004).
Our results thus suggest that Vav2 and FRG participate in the
stimulatory effect of CD47 on dendritic development in hip-
pocampal neurons. Given that both of these GEFs are activated as
a result of tyrosine phosphorylation by c-Src (Marignani and
Carpenter, 2001; Miyamoto et al., 2003; Servitja et al., 2003), it is
most likely that the activation of c-Src by CD47 results in the
tyrosine phosphorylation and activation of Vav2 and FRG in hip-
pocampal neurons. In contrast, it is also possible that Src, Vav2,
and FRG may act in parallel. The promotion of filopodium and
spine formation by CD47 and SHPS-1–Fc was not prevented by
inhibition of Src, Vav2, or FRG, however, suggesting that another
as yet unidentified GEF for Cdc42 participates in this effect of
CD47 and SHPS-1–Fc. We also tested the effects of a dominant-

negative mutant of Tiam1 (T-cell lymphoma invasion and me-
tastasis 1), another GEF for Rac (Michiels et al., 1997). However,
expression of this mutant failed to prevent the CD47-induced
increases in the number of primary dendrites per neuron and
branches from the longest primary dendrite (data not shown). It
also failed to prevent the formation of dendritic filopodia and
spines induced by CD47 and SHPS-1–Fc (data not shown).

In summary, we propose the following model for the mode of
CD47 action in the promotion of dendritic and axonal develop-
ment in hippocampal neurons (Fig. 9). CD47 activates an Src
family kinase, such as c-Src, directly or indirectly, which likely
results in the tyrosine phosphorylation of Vav2 and FRG and the
consequent activation of Rac and Cdc42. Alternatively, Src, Vav2,
and FRG may also act in parallel at the signaling downstream of
CD47. Interaction of SHPS-1 with CD47 promotes the formation
of dendritic filopodia and spines potentially through activation of
Cdc42, although the mechanism for such activation is unknown.
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