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A Chemokine, SDF-1, Reduces the Effectiveness of Multiple
Axonal Repellents and Is Required for Normal

Axon Pathfinding
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Altering the concentrations of cyclic nucleotides within nerve cells can dramatically change their responses to axonal guidance cues, but
the physiological signals that might induce such alterations are unknown. Here we show that the chemokine stromal cell-derived factor
1 (SDF-1) reduces the repellent activities of slit-2 on cultured retinal ganglion cell axons, of semaphorin 3A on dorsal root ganglion
sensory axons, and of semaphorin 3C on sympathetic axons. This is a modulatory effect because SDF-1 has no detectable attractive or
repellent effects on retinal or DRG axons by itself. This modulation is mediated through CXCR4, the receptor of SDF-1, and a pertussis
toxin-sensitive G-protein-coupled signaling pathway that induces an elevation of cAMP. The spinal cords of CXCR4 mutant mice contain
hyperfasciculated and aberrantly projecting axons. These results suggest that SDF-1 plays an essential role in modulating axonal respon-
siveness to various known guidance cues through a cyclic nucleotide-dependent signaling pathway.
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Introduction
The growing tip of an axon, the growth cone, senses signals in
surrounding tissues that guide it toward its appropriate target. A
number of secreted, transmembrane, and phospho-inositide
(PI)-linked proteins from the semaphorin, slit, ephrin, and ne-
trin families are thought to act as axonal guidance cues (Tessier-
Lavigne and Goodman, 1996). Although the netrins have potent
attractant activities, most of the guidance cues characterized thus
far appear to act predominantly as repellents. In fact, the presence
of so many potent repellents in some regions of the developing
nervous system raises the question of how axons are able to ex-
tend at all. For example, retinal ganglion cell axons grow imme-
diately adjacent to cells in the optic nerve that produce a powerful
chemorepellent, slit-2 (Erskine et al., 2000; Niclou et al., 2000). A
plausible conclusion is that either the inherent state of the grow-
ing axon or the competing effects of other outside signals some-
times make axons insensitive to repellent guidance cues.

Recent evidence suggests that the modulation of intracellular
cyclic nucleotides may play just such a role. Cultured Xenopus
spinal neurons are normally repelled by semaphorin 3A
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(sema3A) or myelin-associated glycoprotein (MAG) (Song et al.,
1998). These repellents can be converted to attractants by the
addition of pharmacological reagents that elevate the intracellu-
lar concentrations of either cAMP or cGMP, respectively. Con-
versely, netrin can be converted from an attractant into a repel-
lent by lowering the level of cAMP, whereas the attractant
neurotrophin-3 can be similarly converted by lowering the level
of cGMP (Song et al.,, 1997). Ligands that trigger changes in in-
tracellular nucleotide levels would be reasonable candidate mod-
ulators of axonal responsiveness to guidance cues. For example,
the Xenopus data suggest that if a signal induces an elevation of
c¢GMP, it should make axons less responsive to the repellent ef-
fects of sema3A than they would be otherwise.

Many seven-transmembrane, G-protein-coupled receptors
signal through cyclic nucleotide-dependent pathways (Lameh et
al., 1990). This superfamily includes the chemokine receptors.
Chemokines are relatively short peptide hormones that were
originally defined as chemoattractants for leukocytes but have
since been shown to have a much broader spectrum of activities,
including promotion of angiogenesis, regulation of T cell differ-
entiation, and promotion of cell survival (Luster, 1998; Luther
and Cyster, 2001). There are roughly 50 chemokines and 20 re-
ceptors identified to date. If any of these chemokines affect cyclic
nucleotide concentrations inside neurons, the Xenopus data just
described suggest that they could reduce or reverse the effects of
known repellents such as sema3A. We recently found that SDF-1
has strong survival-promoting effects on cultured embryonic ret-
inal ganglion cells and that this effect is mediated through the
G-protein-coupled SDF-1 receptor, CXCR4 (S. H. Chalasani, F.
Baribaud, C. M. Coughlan, M. J. Sunshine, V.-M. Lee, R. W.
Doms, D. R. Littman, J. A. Raper, unpublished observations).
This result shows that embryonic neurons express chemokine
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receptors and respond to chemokines, and as a consequence,
raises the possibility that chemokines could modulate axonal
guidance cue activities.

We have tested a number of chemokines to determine
whether they modulate the effectiveness of axonal chemorepel-
lents. One chemokine, SDF-1, acts through its receptor, CXCR4,
to reduce axonal responsiveness to several known repellents. We
have also characterized the signaling pathway through which
SDEF-1 exerts its effects and examined CXCR4 mutant mice to
determine whether they have perturbed axon trajectories.

Materials and Methods

Cultures and growth cone collapse assay. Dorsal root ganglion explants
from embryonic day 7 (E7), sympathetic explants from E8, and retinal
explants from E6 chicks were cultured in F-12 medium with supplements
on glass coverslips coated with laminin (Niclou et al., 2000). For sympa-
thetic cultures, 5% fetal bovine serum was added to the medium. These
cultures were allowed to grow for 18-20 hr before repellents, chemo-
kines, or inhibitors were added. After 30 min, the cultures were fixed and
analyzed to determine the percentage of collapsed growth cones. Inhib-
itors were added to the cultures at the same time as recombinant repellent
proteins and SDF-1 (100 ng/ml). These included a protein kinase A
(PKA) inhibitor, PKI-myristoylated (myr) (Calbiochem, LaJolla, CA), at
200 nM; a cAMP antagonist, Rp-adenosine 3',5"-cyclic monophosphoro-
thioate triethylammonium salt (RpcAMPS) (Sigma, St. Louis, MO), at 20
uM; a cGMP antagonist, Rp-guanosine 3',5'-cyclic monophosphoro-
thioate triethylammonium salt (RpcGMPS) (Sigma), at 20 um; a MAP
kinase inhibitor, PD98059 (Calbiochem), at 20 um; a PI-3 kinase inhib-
itor, LY294002 (Calbiochem), at 20 uMm; pertussis toxin (Sigma) at 100
ng/ml; Y-27632 (Tocris Corporation) at 10 um, and ML-7 (Biomol,
Plymouth Meeting, PA) at 100 nm. An SDF-1 antagonist, AMD3100,
at 20 uM and T- and M-trophic glycoproteins, HxB and JRFL, at 100
ng/ml were also used. Cytotoxic necrotizing factor (CNF)-1 was used at
0.1 nM. Agonists such as Sp-adenosine 3',5'-cyclic monophosphorothio-
ate triethylammonium salt (SpcAMPS) (Sigma) and 8-Bromo-cGMP
(8-Br-cGMP) (Sigma) were used at 20 M. All of the inhibitors were used
at doses that did not interfere with growth cone morphology in the
collapse assay.

Cloning and in situ probes. Probes of length 1300 bp, 300 bp, and 2200
bp representing the entire coding sequence of the mouse CXCR4 (PCRs
from Incyte clone #4457694), SDF-1 (#3675996), and semaphorin 3A
were made and used to probe sections from C57BL/6 embryonic mice.
Probes were visualized with alkaline phosphatase-conjugated-anti-Dig
(Boehringer Mannheim, Mannheim, Germany). The same sections were
then reacted with anti-TrkA antibody (a kind gift from Dr. Louis
Reichardt, University of California, San Francisco) that was visualized
with an anti-rabbit Alexa Fluor 546 (Molecular Probes, Eugene, OR).

cAMP response element-binding protein phosphorylation. Sympathetic
chain ganglion from E8 chicks were dissociated and plated on laminin-
coated glass coverslips in minimal F-12 medium with glucose, glutamine,
penicillin, streptomycin, transferrin, and selenium. After 6 hr, these cul-
tures were stimulated for 30 min with SDF-1 with and without 20 um
AMD3100, 100 ng/ml pertussis toxin, or 200 nm PKI. The cultures were
then fixed for 20 min with 3.7% paraformaldehyde and stained with
anti-Islet—1 (1:200; 39.4D5, Developmental Studies Hybridoma Bank,
Iowa City, IA) and anti-phospho-specific cAMP response element-
binding protein (CREB) (ser-133; a kind gift from Dr. Judy Meinkoth,
University of Pennsylvania). These antibodies were then detected by
anti-mouse Alexa Fluor 488 and anti-rabbit Alexa Fluor 546 (Molecular
Probes).

Collagen matrigels. Three-dimensional cultures of DRG or retinal
explants were made using bovine dermis collagen along with F-12 media,
supplements, and equal volume of matrigel. 293T cells were transfected
with expression plasmids for SDF-1, slit-2, sema3A, or mock (f3-gal) by
calcium phosphate precipitation and transferred into hanging drop cul-
tures for 6-12 hours, and the resulting cell clumps were placed near
neural explants. For mixed cultures, individual plasmids were transfected
in separate dishes, and then the transfected cells were mixed at equal
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volumes before they were aggregated together in drop cultures. These
cultures received fresh medium with or without SDF-1 as appropriate
after 24 hr, were fixed after 48 hr, and then were stained with anti-
neurofilament (4H6; a gift from Dr. William Halfter, University of Pitts-
burgh) by a method described in Niclou et al. (2000). Matched cells
transfected with SDF-1 were confirmed to be producing SDF-1 by West-
ern blot using anti-SDF-1 (R & D Systems, Minneapolis, MN). The
amount of active SDF-1 was estimated with a chemotactic assay using
Sup-T1 cells (Hesselgesser et al., 1998) or by measuring its modulatory
activity on slit-2 responsiveness in retinal ganglion cells (RGCs). We
estimate that sufficient SDF-1 was produced by the average cell clump to
make its concentration 500 ng/ml if distributed uniformly within the
matrigel. These cultures were then scored from 1 through 5 as follows: 1,
strong attractant; 3, no effect; 5, strong repellent. A parameter-free rank
test was then used to calculate statistical significance values ( p values) as
shown in Table 1.

Immunohistochemistry. Mouse embryos at day 13.5 were fixed in 4%
paraformaldehyde, cryoprotected in sucrose, and frozen-sectioned. Sec-
tions were stained with anti-neurofilament (2H3, DSHB, IA) at 1:50,
which was detected using a goat anti-mouse conjugated to Alexa Fluor
488 (Molecular Probes) at 1:1000. Anti-TrkA (a gift from Dr. Francis
Lefcort, University of Montana) was used at 1:1000 and then detected
using a goat anti-rabbit conjugated to Alexa Fluor 488 or Alexa Fluor 546
(Molecular Probes) at 1:1000. A guinea pig polyclonal antibody to a
motor neuron marker Islet-1/2 was also used at 1:10,000 (a gift from
Thomas Jessell, Columbia University).

Results

SDEF-1 reduces the effectiveness of several repellents in growth
cone collapse assays

Growth cones respond to the addition of repellents in the me-
dium by a distinctive morphological change. They withdraw their
lamellipodia and filopodia and as a consequence appear “col-
lapsed” (Kapthammer and Raper, 1987). Slit-2 has a powerful
collapsing effect on RGC growth cones, sema3A collapses DRG
growth cones, and sema3C collapses sympathetic growth cones
(Luo et al., 1993; Koppel et al., 1997; Niclou et al., 2000). The
collapse assay has the advantage that repellent activities can be
quantified by relating the percentage of growth cones that appear
collapsed after the addition of specified amounts of repellent. We
used this measure to determine the effectiveness of slit-2 on RGC
growth cones in the presence and absence of various chemokines.

Representative chemokines were chosen in such a way that
most receptors in the two largest subclasses of chemokine recep-
tors would be stimulated. These included SDF-1 (CXCL12),
GRO« (CXCL1), and IP-10 (CXCLS8), which bind to members of
the CXC receptor class, as well as MCP-1 (CCL2) and MIP-3«
(CCL20) that bind to members of the CC receptor class (Murphy
et al., 2001). All were tested at 100 ng/ml, a concentration that
gives strong chemotactic responses for leukocytes (Nanki and
Lipsky, 2000). Figure 1 A shows a typical RGC growth cone col-
lapse curve as increasing amounts of slit-2 were added to cultures
of retinal explants. This dose—response curve was generally unal-
tered by the addition of most chemokines. In contrast, the addi-
tion of SDF-1 shifted the dose-response curve to the right. Ap-
proximately eightfold more slit-2 was required in this experiment
to give 50% collapse when SDF-1 was present in the medium.
This factor represents the degree to which SDF-1 reduced slit-2
activity, and it is plotted for each chemokine in Figure 1 B.

We then determined whether any of these same chemokines
reduce the effectiveness of other known repellents. Again, only
SDF-1 modulated the collapsing effect of sema3A on DRG
growth cones (Fig. 1C), reducing sema3A-induced collapse by
fivefold (Fig. 1D). The same pattern emerged with sema3C-
induced collapse of sympathetic growth cones. SDF-1 reduced
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Figure 1. SDF-1 reduces the growth cone collapsing activities of sema-3A, sema-3(, and
slit-2. A, The percentages of RGC growth cones collapsed in response to increasing concentra-
tions of supernatant containing recombinant slit-2. Curves representing responses to slit-2
alone (open circles) or in combination with the chemokines IP-10, GROc, MCP-1, or MIP-3cx are
indistinguishable, indicating that slit-2 was equally potent alone or in combination with these
chemokines. In the presence of SDF-1, higher concentrations of slit-2 were required to obtain a
comparable collapse response (open squares, dotted line), indicating that slit-2 was less effec-
tive when combined with SDF-1. B, Fold increase insslit-2 concentration required to achieve 50%
collapse in the presence of selected chemokines. This measure is equivalent to fold reduction in
sensitivity to slit-2. C, The percentages of DRG growth cones collapsed in response to increasing
concentrations of supernatant containing recombinant sema3A (open circles). In the presence of
SDF-1, higher concentrations of sema3A were required to obtain a comparable collapse re-
sponse (open squares, dotted line). D, Fold increase in sema3A concentration required to achieve
509% collapse in the presence of selected chemokines. £, The percentages of sympathetic growth
cones collapsed in response to increasing concentrations of supernatant containing recombi-
nant sema3( (open circles). In the presence of SDF-1, higher concentrations of sema3(C were
required to obtain a comparable collapse response (open squares, dotted line). F, Fold increase in
sema3( concentration required to achieve 50% collapse in the presence of selected chemo-
kines. All chemokines were applied at a concentration of 100 ng/ml.

the effectiveness of sema3C by a factor of approximately ninefold
(Fig. 1 E, F). These data show that SDF-1 reduces the effectiveness
of several repellents in multiple cell types.

SDF-1 is not an attractant for DRG or retinal axons in
collagen gel assays

One explanation for the ability of SDF-1 to reduce growth cone
sensitivity to such a wide variety of repellents is that it could act as
an attractant. A growth cone that integrates competing repellent
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Figure 2.  SDF-1 is neither an attractant nor a repellent on its own but reduces repellent
activitiesina collagen gel assay. E7 DRG explants were embedded in a collagen—matrigel matrix
near cell clumps subjected to a mock transfection procedure (A), transfected with SDF-1(B),
transfected with sema3A ( C), transfected with sema3A, and bathed in medium containing 100
ng/ml SDF-1 (D). SDF-1 had no repellent or attractant effects of its own but reduced the repel-
lent effect of sema3A. DRGs were placed next to clumps composed of a mixture of sema3A and
mock-transfected cells (£), or sema3A and SDF-1 transfected cells (F). Mixing SDF-1-
transfected cells with sema3A-transfected cells blocked the repellent effects of sema3A.

and attractant signals might behave as if responding to a weak-
ened repellent. Recent evidence shows that SDF-1 acts as a repel-
lent for rat cerebellar axons (Xiang et al., 2002), an attractant for
dentate granule cells (Bagri et al., 2002), and an attractant for
embryonic cerebellar neurons (Zhu et al., 2002). To determine
whether SDF-1 can act as an attractant for DRG or retinal gan-
glion cell axons, neural explants were embedded in a collagen gel
adjacent to cell clumps secreting recombinant SDF-1. For com-
parison, explants were also placed near mock-transfected cells.
DRG axons grew radially from explants near mock-transfected
cells (Fig. 2 A, Table 1). They grew in the same radial pattern near
SDE-1-expressing cells (Fig. 2 B, Table 1). SDF-1 activity was con-
firmed in supernatants harvested from the same batches of trans-
fected cells used to make cell clumps in the collagen gel cultures.
These supernatants had chemotactic activity when tested in a
Boydan chamber assay using SupT1 (T-cell line) cells, reacted
with anti-SDF-1 antibodies on Western blots of crude superna-
tant, and reduced the activities of slit-2, sema3A, and sema3C in
collapse assays (data not shown).

Although SDF-1 does not act directly as an attractant or repel-
lent in the collagen gel assay, it can be shown to reduce the activ-
ities of known repellents. Overall DRG axon extension was re-
duced and axons extended farther when growing away from, as
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Table 1. SDF-1 reduces repellent activity of sema 3A and slit-2
Median

Transfected plasmids Medium n  score  Like mock? Like sema?
Dorsal root ganglion cultures
Mock 19 3 No (p < 0.01)
SDF-1 14 3 Yes(p =0.40)  No(p<<0.01)
Sema3A 12 4 No (p < 0.01)
Sema3A SDF-1 23 3 Yes(p=10.28) No(p=10.01)
Sema + 3-gal 18 4 No(p << 0.001) Yes(p = 0.68)
Sema + SDF-1 10 3 Yes(p=1033) No(p<<0.01)
Retinal cultures
Mock 28 3 No (p < 0.01)
SDF-1 26 3 Yes(p =0.84) No(p=10.01)
Slit-2 21 4 No (p < 0.01)
Slit-2 SDF-1 24 3 Yes(p=0.77)  No(p<<0.01)

E7 DRG explants were embedded in a collagen—matrigel matrix near cell clumps subjected to a mock transfection
procedure (Mock), transfected with SDF-1(SDF-1), transfected with sema3A (sema3A), a mixture of cells transfected
with sema3A and mock-transfected cells (sema3A -+ mock), or a mixture of cells transfected with sema3A and
SDF-1 (sema3A + SDF-1). Each explant was scored as follows: “1” denoting strong attraction, “3” radial outgrowth,
and “5” strong repulsion as judged by the overall length of the axons extending toward as compared with away from
the transfected cell clump. The median score for each condition is given along with a nonparametric rank test
estimate of the likelihood that a particular population of scores for any given condition is similar to those for the
explants confronted with mock-transfected or sema3A-transfected cells.

compared with growing toward, cells secreting the repellent
sema3A (Fig. 2C, Table 1). In contrast, the pattern of axon exten-
sion was more symmetrical when recombinant SDF-1 (100 ng/
ml) was added to cultures in which DRG explants confronted
sema3A-expressing cells (Fig. 2D, Table 1).

To further confirm that SDF-1-mediated signaling reduces
axon responsiveness to sema3A and to ensure that active SDF-1
was secreted by transfected cells in our collagen gel assays, cells
were separately transfected with SDF-1 and sema3A expression
plasmids and then mixed 1:1 before making small cell clumps
from them. Control clumps were made from cells separately
transfected with B-galactosidase (3-gal) and sema3A expression
plasmids. Sema3A/B-gal control clumps clearly repelled DRG
axons (Fig. 2E, Table 1). Although SDF-1 produced in the
sema3A/SDF-1 cell clumps did not completely neutralize sema3A
activity as judged by the relatively short overall length of sensory
axons exiting the neural explants, it was clearly sufficient to re-
duce the repellent effects of sema3A and allow radial axonal out-
growth from explanted DRGs (Fig. 2 F, Table 1).

SDF-1 was also tested for attractant or repellent activities on
retinal ganglion cell axons. Retinal explants cultured near mock-
transfected or SDF-1-transfected cell clumps had symmetrical
patterns of axon outgrowth (Table 1). Once again, this indicates
that SDF-1 alone has no detectable attractant or repellent activity
on these axons. Cell clumps expressing slit-2 tended to repel ret-
inal axons. The addition of 100 ng/ml SDF-1 to the cultures es-
sentially abolished the repellent activity of slit-2. The collagen
coculture data indicate that SDF-1 by itself has no detectable
attractant or repellent activity on either DRG or retinal axons but
support the conclusion from growth cone collapse assays that
SDF-1 reduces sema3A and slit-2 repellent activities.

SDEF-1 acts through CXCR4 to reduce repellent activity

SDEF-1 binds and signals through the chemokine receptor CXCR4
in both T cells and neurons (Bleul et al., 1996; Oberlin et al.,
1996). We tested specific antagonists of SDF-1 binding to CXCR4
to determine whether they interfere with the ability of SDF-1 to
modulate the effectiveness of slit-2. CXCR4 is a coreceptor facil-
itating HIV-1 entry into T cells (Doranz et al., 1996). The portion
of the viral envelope that contacts the chemokine receptor is a
glycoprotein, HxB-gp120. This glycoprotein blocks SDF-1 bind-
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ing to CXCR4 (Staudinger et al., 2001). Another glycoprotein,
JRFL-gp120, has been shown to facilitate the infection of macro-
phages by another HIV strain. JRFL-gp120 does not interfere
with SDF-1 binding (Berger et al., 1999). SDF-1 reduced the re-
pellent effects of slit-2 on retinal axons by a factor of ~12-fold in
the absence of either glycoprotein as measured by the collapse
assay (Fig. 3A, compare first and second columns). HxB-gp120, the
HIV glycoprotein that interferes with SDF-1 binding to CXCR4,
did not affect the repellent effect of slit-2 on RGC axons (Fig. 34,
compare first and third columns), but it abolished the modulatory
effect of SDF-1 (Fig. 3A, compare second and fourth columns). A
similar result was obtained with AMD3100, a small bicyclam
compound that also blocks SDF-1 binding to CXCR4 (Gerlach et
al., 2001). AMD3100 by itself did not affect the repellent effect of
slit-2 (Fig. 3A, compare first and seventh columns), but adding
AMD3100 along with SDF-1 prevented SDF-1-induced modula-
tion of slit-2 repellent activity (Fig. 3A, compare second and eighth
columns). The HIV glycoprotein that does not interfere with
SDF-1 binding to CXCR4, JRFL-gp120, did not block SDF-1
modulation of slit-2 activity (Fig. 3A, compare second and sixth
columns).

Because CXCR4 is a seven transmembrane G-protein-
coupled receptor, pertussis toxin was used to test whether SDF-1
reduces repellent sensitivity via a G;/G, type intermediary
(Kaslow et al., 1987). This appears to be the case because pertussis
toxin did not affect retinal responsiveness to slit-2 (Fig. 3A, first
and ninth columns) but blocked SDF-1 modulation of slit-2 ac-
tivity (Fig. 3A, compare the second and last columns). Together
these results demonstrate that SDF-1 modulates growth cone
sensitivity to slit-2 via CXCR4 activation of G;.

Reduction of repellent activity by SDF-1 is mediated by
elevated cAMP

Antagonists and agonists of either cAMP or cGMP were used to
determine whether SDF-1 modulates slit-2 responsiveness
through either of these cyclic nucleotides. The cAMP antagonist
RpcAMPS by itself did not affect slit-2-induced collapse (Fig. 3B,
compare first and third columns) but did block SDF-1 modulation
of slit-2 responsiveness (Fig. 3B, compare second and fifth col-
umns). The cGMP antagonist RpcGMPS affected neither slit-2-
induced collapse (Fig. 3B, compare first and fourth columns) nor
SDF-1 modulation of slit-2 responsiveness (Fig. 3B, compare sec-
ond and sixth columns). In the absence of SDF-1, the cAMP ago-
nist SpcAMPS mimicked the ability of SDF-1 to reduce respon-
siveness to slit-2, whereas the cGMP agonist 8BrcGMP did not
(Fig. 3B, compare the last two columns). These results indicate
that elevating cAMP, but not cGMP, is both necessary and suffi-
cient for SDF-1-induced modulation of slit-2 activity.

Specific inhibitors of selected kinases were tested to determine
whether they interfere with SDF-1 modulation of slit-2 activity.
The PKA inhibitor, PKI, did not affect responsiveness to slit-2
(Fig. 3C, compare first and third columns) but abolished SDF-1
modulation of slit-2 activity (Fig. 3C, compare second and fourth
columns). Inhibitors of MAP kinase (PD98059) or PI-3 kinase
(LY294002) did not interfere with SDF-1 activity (Fig. 3C, com-
pare sixth and eighth columns with second column). These results
suggest that PKA, known to be a direct target of cAMP action, is
required for SDF-1 modulation of slit-2 activity. Both MAP ki-
nase and PI-3 kinase, although downstream of PKA activation,
are not required elements in this SDF-1 signaling pathway. In
Figure 3D we propose a model for some of the earliest signaling
events in SDF-1-mediated modulation of slit-2 responsiveness
that is consistent with our data.
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SDF-1 stimulates translocation of cAMP
response element-binding protein into
the nuclei of sympathetic neurons
Elevated cAMP levels stimulate the phos-
phorylation of CREB and induce its trans-
location from the cytoplasm into nuclei
(Gonzales and Montminy, 1989; Hagiwara
et al., 1993). Translocation can be visual-
ized with antibodies specific for phosphor-
ylated CREB. Sympathetic neurons cul-
tured in fully defined minimal medium
have a small amount of phosphorylated
CREB distributed diffusely in their cyto-
plasm (Fig. 4 A1-A3). In contrast, neurons
exposed to 100 ng/ml SDF-1 for 30 min
display a dramatic localization of phos-
phorylated CREB to their nuclei (Fig.
4 B1-B3). SDF-1-induced translocation of
phosphorylated CREB from the cytoplasm
to the nucleus is blocked by AMD3100
(Fig. 4C1-C3), PTX (Fig. 4DI-D3), and
the PKA blocker PKI (Fig. 4 EI-E3). These
findings support the idea that SDF-1 in-
duces an elevation of cAMP through the
activation of the CXCR4 receptor and a
G;,,-mediated signaling pathway.

A role for Rho in SDF-1 modulation of
slit-2 activity

Previous studies have shown that the acti-
vation of protein Kinase A in both neuro-
nal (SH-SY) and epithelial-like (SK-EP)
cells induces the inactivation of Rho by
phosphorylation at Ser-188 (Dong et al.,
1998). We hypothesized that the activation
of PKA by SDF-1 should have the same
effect and that pharmacological agents
that activate Rho should block SDEF-1
modulation of slit-2 activity. Low doses of
CNF1 specifically activate Rho through
the deamidation of Gln 63. Higher doses of
CNF1 can also activate the other small GT-
Pases Cdc42 and Rac (Flatau et al., 1997;
Schmidt et al., 1997). In our experiments,
explants were incubated in 0.1 nm CNF1
for 1 hr to avoid activating GTPases other
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Figure3.  SDF-1binds CXCR4 and reduces slit-2 repellent activity through a pertussis toxin-sensitive elevation of cAMP and activation
of PKA. Shifts in slit-2 dose—response curves were induced by 100 ng/ml SDF-1, pharmacological agents, or SDF-1 plus pharmacological
agents. Higher values indicate fold increase in slit-2 concentration required to achieve 50% collapse. All conditions in which SDF-1was not
applied are indicated with dark bars. See Materials and Methods for concentrations used. A, The HIV-1 coat protein HxB-gp120 and the
small SDF-1 antagonist AMD3100 did not affect slit-2-induced growth cone collapse (third and seventh columns) but did block SDF-1
modulation of slit-2 activity ( fourth and eighth columns). A control HIV-1 coat protein that s not an SDF-1antagonist, JFRL-gp120, did not
affect slit-2-induced growth cone collapse ( fifth column), nor did it block SDF-1 modulation of slit-2 activity (sixth column). Pertussis toxin
did not affect slit-2-induced growth cone collapse (ninth column) but did block SDF-1 modulation of slit-2 activity (/ast column). B, The
cAMP antagonist RpcAMPS blocked SDF-1 modulation of slit-2 activity ( fifth column). The cGMP antagonist RpcGMPS had no effect (sixth
column). Neither antagonist affected slit-2-induced growth cone collapse (third and fourth columns). The cAMP agonist SpcAMPS mim-
icked the ability of SDF-1to reduce retinal responsiveness to slit-2 (seventh column), whereas the cGMP agonist 8BrcGMP did not (compare
secondand nexttolast columns). G, The PKA inhibitor PKI did not affect slit-2 induced growth cone collapse (third column) but blocked SDF-1
modulation of slit-2 activity ( fourth column). The PI-3 kinase inhibitor LY294002 and the MAP kinase inhibitor PD98059 did not affect
slit-2-induced growth cone collapse ( fifth and seventh columns) and also did not block SDF-1 modulation of slit-2 activity (sixth and eighth
columns). D, A schematic for a model signaling pathway consistent with the data. Inhibitory interactions are shown with barred lines,
whereas activating steps are shown with pointed lines. Broken lines in the signaling pathway indicate multiple intervening steps.

than Rho (Olson et al., 1998). CNF1 by itself did not affect the
collapsing activity of slit-2 (Fig. 5A, compare first and third col-
umns). SDF-1 reduced slit-2 activity 12-fold (Fig. 5A, compare
first and second columns). CNF1 partially blocked SDF-1 modu-
lation of slit-2 repellent activity (Fig. 5A, compare second and
fourth columns). These results are consistent with the idea that SDF-1
acts through the inactivation of Rho, but these results cannot be
viewed as definitive. Only a partial block of SDF-1 activity was ob-
tained and use of higher concentrations of CNF1 would compro-
mise its specificity. However, a role for Rho is further supported by
the effects of reagents that block its downstream effectors.

If SDF-1 signaling leads to the inactivation of Rho, then block-
ing downstream effectors of Rho in the absence of SDF-1 should
have the same effect as SDF-1. One important effector of Rho is
p160 Rho kinase (ROK) (Bishop and Hall, 2000). An inhibitor of
ROK, Y-27632, made retinal axons resistant to slit-2 activity (Fig.
5B, compare first and third columns). The addition of SDF-1 had

no additional effect over that of Y-27632 on slit-2 responsiveness,
consistent with the idea that inhibiting ROK is functionally
equivalent to SDF-1 action (Fig. 5B, compare third and fourth
columns). One of the direct targets of ROK is myosin light chain
kinase (MLCK) (Kimura et al., 1996). An inhibitor of this en-
zyme, ML-7, also made retinal axons resistant to slit-2 activity
(Fig. 5C, compare first and sixth columns). Again, SDF-1 had no
additional effect above that of ML-7 alone (Fig. 5C, compare 6th
and 10th columns). The reduction of retinal responsiveness to
slit-2 that is induced by ML-7 cannot be reversed by PTX, the
cAMP antagonist RpcAMPS, or the PKA inhibitor PKI (Fig. 5C,
sixth through ninth columns). These results are consistent with
the hypothesis that SDF-1 leads to the inactivation of Rho and
that the resulting inactivation of first ROK and then MLCK
makes RGC growth cones less sensitive to slit-2 repellent activity
(Fig. 5D). Furthermore, they are consistent with MLCK-
mediated effects on axonal responsiveness being downstream
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Figure4.  SDF-1induces translocation of phosphorylated CREB into the nuclei of sympathetic neurons. E8 sympathetic neurons
were cultured in defined minimal medium for 6 hr (A7—A3) and then exposed to 100 ng/ml SDF-1 (B7-B3), SDF-1 plus 20 pm
(XCR4 antagonist AMD3100 (C7—(3), SDF-1 plus 100 ng/ml pertussis toxin (D7-D3), or SDF-1 plus 200 nwm PKA inhibitor PKI
(E7-£3). After 30 min the cultures were fixed and stained for phosphorylated CREB (red) and Islet-1 (green). SDF-1 induces
translocation of CREB into the nuclei of sympathetic neurons, and this translocation is blocked by all three pharmacological agents.
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from G-protein activation, changes in
cAMP concentration, or PKA activation.

SDF-1 modulates slit-2, sema3A, and
sema3C activities through the same
signaling pathway

Selected inhibitors were used to deter-
mine whether SDF-1 reduces axon sensi-
tivity to other repellents through the same
signaling pathway. All of the inhibitors
that blocked the modulation by SDF-1 of
slit-2 activity in RGCs also blocked the
modulation by SDF-1 of sema3A activity on
DRGs (Fig. 6A) and sema3C activity on
sympathetics (Fig. 6 B). All of the reagents
that mimicked the modulation by SDF-1 of
slit-2 activity in RGCs also mimicked its
modulation of sema3A activity on DRGs
(Fig. 6A) and sema3C activity on sympa-
thetics (Fig. 6 B). These results suggest that
SDF-1 reduces the activity of different repel-
lents in different neuronal types using the
same signal transduction pathway.

Embryos lacking CXCR4 contain axons

with abnormal trajectories in the

spinal cord

We compared axonal projections within
the spinal cords of wild-type and CXCR4
mutant embryos. At E13.5 the axons of Ia
muscle spindle afferents originating in the
DRGs have entered into the cord and arc
ventrally near the dorsal midline (Ozaki
and Snider, 1997) (Fig. 7A). Commissural
axons have crossed the midline, and as-
cending and descending projections have
generated an extensive rim of axons
around the cord. We have detected two
unusual phenotypes in CXCR4 mutant
animals. Axons traveling in the gray mat-
ter are dramatically hyperfasciculated at
every cervical and thoracic level in each of
the four mutant embryos examined (Fig.
7B). The origin of these axons is un-
known, and hence it is difficult to say
whether they are misguided. However,
this issue can be addressed by examining
a subclass of sensory axons. TrkA-ex-
pressing cutaneous sensory axons are just
beginning to enter the gray matter near
the dorsal root entry zone of wild-type
E13.5 embryos (Fig. 7C). In contrast, fas-
cicles of these sensory axons invaded the
gray matter prematurely in all four of the
CXCR4 mutant cords examined. In many
instances, these sensory axons first dove
deeply into the dorsal cord before loop-
ing back outward toward the dorsal rim
(Fig. 7D). This behavior was not observed
in any of the four matched wild-type lit-
termates examined. These observations
show that axon trajectories are abnormal
in the spinal cords of CXCR4 mutant mice
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and thus suggest that SDF-1 signaling is
required for normal axonal pathfinding.

>

The relative expression patterns of
SDF-1, its receptor CXCR4, and
sema3A in the spinal cord

The ability of SDF-1 to affect retinal and
DRG axon responsiveness to repellents
suggests that its receptor CXCR4 is ex-
pressed in these neurons. As expected,
CXCR4 mRNA is expressed in E13.5
mouse DRGS (Fig. 8C3), and in a separate
study, we found that it is also expressed
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sema3C is expressed in motor neurons
(Zou et al., 2000), and sema3A is ex-
pressed in the dermis of the skin epithe-
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patterns of these repellents is confined
primarily to the ventral cord. It therefore
seems unlikely that SDF-1 modulation of
these particular repellents can explain the
hyperfasciculation phenotype of axons
seen throughout both the dorsal and ven-
tral gray matter of CXCR4 mutant mice.
Moreover, the lack of strong CXCR4 ex-
pression in cells within the cord suggests
that the hyperfasciculated axons seen in
the gray matter originate elsewhere, per-
haps in the brain or the brainstem.

An interesting relationship between
sema3A and SDF-1 expression just out-
side of the dorsal spinal cord, however, could account for the
early entry of TrkA-expressing cutaneous sensory axons. As re-
ported previously, sema3A is expressed in the dermis of skin, and
this expression is immediately adjacent to the dorsal root entry
zone where sensory axons pause before entering the dorsal cord
(Fig. 8 AI-A3). Interestingly, SDF-1 is expressed in cells ensheathing
the cord and the dorsal root nerve (Fig. 8 BI-B3). Thus, in normal
animals, SDF-1 expressing cells are interposed between sema3A-
expressing dermis and sema3A-sensitive sensory axons. In the ab-
sence of SDF-1/CXCR4-mediated signals that reduce sensory axon
responsiveness to sema3A, it seems plausible that sema3A might
drive sensory cells into the dorsal cord prematurely.

Figure 5.

Discussion

Previous work has shown that raising or lowering levels of cyclic
nucleotides can affect a growth cone’s responses to axonal guid-
ance molecules (Song et al., 1997, 1998). Thus far, changes in
cyclic nucleotide concentrations have been induced using phar-
macological agents. The physiological ligands that might induce

Involvement of Rho and its downstream targets in the SDF-1-activated signaling pathway. Shifts in slit-2 dose—
response curves induced by 100 ng/ml SDF-1, pharmacological agents, or SDF-1 plus pharmacological agents. Higher values
indicate fold increase in slit-2 concentration required to achieve 50% collapse. All conditions in which SDF-1 was not applied are
indicated with dark bars. See Materials and Methods for concentrations used. A, The Rho activator C(NF1 (0.1 nm) did not induce
growth cone collapse nor did it affect slit-2-induced growth cone collapse (third column). CNF1 partially blocked the ability of SDF-1
to modulate slit-2 activity ( fourth column). B, The Rho kinase inhibitor Y-27632 mimicked the ability of SDF-1 to modulate slit-2
activity (third column), and SDF-1 had no additional effect ( fourth column). (, The myosin light chain kinase inhibitor ML-7
mimicked the ability of SDF-1to modulate slit-2 activity (sixth column), and SDF-1 had no additional effect (fast column). Pertussis
toxin, the cCAMP antagonist RpcAMPS, or the PKA antagonist PKI did not prevent ML-7 from mimicking the modulatory effect of
SDF-1 (seventh, eighth, and ninth columns). D, A schematic of a model signaling pathway consistent with the data (see Results for
details). Inhibitory interactions are shown with barred lines, whereas activating steps are shown with pointed lines. Broken lines in
the signaling pathway indicate multiple intervening steps.

similar changes have been obscure. Furthermore, because this
phenomenon was first described in tissue culture experiments,
the relevance of this modulation of responsiveness to axonal guid-
ance cues in vivo was unknown. Here we show that the chemokine
SDEF-1 reduces the responsiveness of growth cones to several differ-
ent repellents, that this modulation of responsiveness is mediated by
elevated cAMP levels, and that loss of the SDF-1 receptor (CXCR4)
leads to perturbations of axonal trajectories in vivo.

Although these studies were in large part inspired by reports
that cyclic nucleotide levels modulate and even reverse the sign of
growth cone responses to known guidance cues, our results differ
from those reported previously in two significant respects. First,
we find that neither SDF-1 nor the application of cAAMP or cGMP
agonists or antagonists at concentrations identical to those used
in Xenopus (Song et al., 1997, 1998) convert the repellents that we
tested into attractants. Growth cone collapse can still be obtained
in cultured chick neurons when a higher dose of repellent is ap-
plied. Similarly, in collagen gel assays, repellents are less effective
in the presence of SDF-1, but they are not converted to attract-
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Xenopus assay was monitored by growth
cone turning in response to steep gradi-
ents of repellent. Our experiments moni-
tored repellent activity by the differential
lengths of axons growing in broad gradi-
ents of repellents over long time periods
or growth cone collapse induced by a non-
localized application of repellents over
short time periods. The assays that we
used have proven to be reliable and in fact
were the original method by which these
repellents were first identified. Perhaps a
more likely explanation for our differing
results is that the cellular context in which
cyclic nucleotides are altered may deter-
mine their effect on guidance cue respon-
siveness. This is borne out by a report that
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altering cGMP levels in rodent cortical py-
ramidal cell dendrites affects their re-
sponse to sema3A but has no comparable
effect on axons of the same cells (Polleux
et al., 2000).
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Elevating intracellular cAMP through
pharmacological intervention has re-
cently been reported to facilitate axonal
regeneration in the spinal cords of adult
J. rats (Neumann et al., 2002). Moreover, el-

evated cAMP levels have been shown to
reduce the repellent activity of axons re-
sponding to MAG (Qiu et al., 2002).
These and our findings are consistent with
the idea that elevating cAMP levels in
mammalian neurons reduces their re-
sponsiveness to repellent guidance cues.

The involvement of Rho in modulation
of responsiveness of growth cones
to repellents
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SDEF-1 activates a signaling pathway that
elevates cAMP and activates PKA. Activa-
tion of PKA inactivates Rho in neuron-like
cells (SH-SY) derived from the SK-N-SH
cell line by phosphorylating Ser-188 and

Figure 6.

amyosin light chain kinase inhibitor (ML-7).

ants. Second, the specific cyclic nucleotides involved in SDF-1
modulation of repellent activity are not as predicted by the Xeno-
pus results. In Xenopus (Song et al., 1998), elevating cGMP con-
verts sema3A from a repellent to an attractant, but neither cGMP
agonists nor antagonists affect chick DRG responses to sema3A.
Instead, elevating cAMP in chick neurons reduces the effective-
ness of all three repellents tested, including sema3A. One possible
reason our results differ from those obtained with Xenopus neu-
rons is that the assays used were different. Repellent activity in the

SDF-1 reduces the repellent effects of slit-2, sema3A, and sema3C via the same signaling pathway. Shown are shifts
in the dose—response curves for DRG growth cones exposed to sema3A (A) or sympathetic growth cones exposed to sema3C (B).
Higher values indicate fold increase in repellent concentration required to achieve 50% collapse. All conditions in which SDF-1was
not applied are indicated with dark bars. Reagents were used at the same concentrations as in the slit-2 experiments described in
Figures 3 and 4. Just as with slit-2 effects on retinal growth cones, the modulatory effects of SDF-1 on both sema3A and sema3(C
were blocked by antagonists of SDF-1 binding to CXCR4 (HxB-gp210 and AMD3100), pertussis toxin, an antagonist of cAMP
(RpcAMPS), a PKA inhibitor (PKI), and a Rho activator (CNF1), and just as with slit-2 effects on retinal growth cones, the modulatory
effects of SDF-1on both sema3A and sema3C were mimicked by a cAMP agonist (SpcAMPS), a Rho kinase inhibitor (Y-27632), and

thereby blocking its interaction with
ROK, or in cytotoxic T cells by changing
its localization from the membrane to the
cytosol (Lang et al., 1996; Dong et al,,
1998). Our data are consistent with PKA
inducing the functional inactivation of
Rho. First, low concentrations of CNF1
toxin are reported to activate Rho
(Schmidst et al., 1996; Olson et al., 1998).
CNF1 partially blocks the ability of SDF-1
to modulate repellent activities, consis-
tent with the idea that activating Rho works in opposition
to SDF-1 activity and PKA activation. Second, inhibition of
important targets downstream from Rhomimics the effects of
SDE-1. One of the important effectors of Rho is ROK, which
inhibits myosin light chain phosphatase,allowing the accumula-
tion of phosphorylated myosin light chains and thereby promot-
ing the formation of acto-myosin filaments (Amano et al., 1996).
ROK can also bind myosin light chain directly, but the signifi-
cance of this interaction is unknown (Bresnick 1999). Con-
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Figure 7.  Aberrant axonal trajectories within the spinal cords of CXCR4 mutant mouse em-
bryos. A, B, Axons were visualized with anti-neurofilament antibodies ( green) and selected
neurons with anti-Islet-1 (red) in sections between the second and third cervical levels of spinal
cords taken from wild-type (A) and CXCR4 mutant E13.5 (B) littermates. Axons in the gray
matter of the cord were hyperfasciculated in all four of the CXCR4 mutant embryos examined as
compared with those in wild-type embryos. C, D, Cutaneous sensory axons were visualized with
anti-TrkA antibodies in wild-type ( () and CXCR4 mutant E13.5 littermates (D). Sections were
selected to demonstrate the greatest penetration of Trk A axons in both wild-type and knock-
outs without trying to match axial level. Fascicles of TrkA-expressing sensory axons entered the
dorsal cord prematurely, penetrated deeply, and then turned back toward the dorsal margin in
all four of the mutant embryos examined.

versely, Y-27632 blocks the activity of ROK, releasing MLC phos-
phatase from inhibition, and thereby inactivating MLC (Kimura
et al., 1996). The pharmacological reagent ML-7 ultimately has
the same MLC inactivating effect by blocking the kinase that
activates MLC. Because inhibiting either ROK or MLC kinase has
the same effect as exposure to SDF-1, these results are consistent
with the hypothesis that SDF-1 prevents their activation by func-
tionally inhibiting Rho.

These results support two models for the ability of SDF-1 to
reduce the effectiveness of axonal repellents. In the first model,
activation of Rho or its downstream targets is an essential step in
the signaling cascade of repellents that is interrupted when SDF-1
blocks Rho activation. In the second model, SDF-1-induced in-
activation of Rho acts independently of repellent-induced signals
to make the cytoskeleton refractory to repellents.

Current evidence suggests that either model is viable and that
they are not mutually exclusive. Recent work in Drosophila im-
plicates Rho in a semaphorin-induced signaling pathway since
Plexin-B, a semaphorin receptor, has been shown to bind and
activate Rho (Driessens et al., 2001; Hu et al., 2001). Other studies
suggest a role for Rho and Rho kinase in ephrin-A5-mediated
collapse of retinal growth cones (Wahl et al., 2000). These studies
are consistent with a model in which SDF-1-induced signals con-
verge into and block a repellent-induced signaling cascade
through the inactivation of Rho.
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It may not be essential, however, for SDF-1-induced signals to
directly interrupt repellent signaling pathways. Work done
mainly in epithelial cells suggests that Rho and its effector pro-
teins play a key role in modulating the actin cytoskeleton (Bishop
and Hall, 2000). MLC is thought to induce actomyosin assembly
and to promote contraction. It is reasonable to suppose that re-
pellent activity requires the contraction of the actin cytoskeleton
of the growth cone. The first repellent, sema3A, was originally
described as inducing the morphological conversion of spread
and motile growth cones to “collapsed” and paralyzed growth
cones (Luo etal., 1993). In principle, SDF-1-induced inactivation
of MLC could decrease the contractility of growth cones and
thereby make them less responsive to all repellents. One attractive
feature of this hypothesis is that all repellents would be made less
effective without assuming that they all act through Rho. It might
also explain why repellents ultimately remain effective at higher
concentrations even in the presence of SDF-1. SDF-1 would re-
duce growth cone contractility without preventing the profound
depolymerization of F-actin triggered by repellents (Fan et al.,
1993).

SDF-1 activates bifurcating signaling pathways with separate
biological effects

In a separate study we showed that SDF-1 can act as a neurotro-
phic factor for embryonic chick and mouse RGCs (Chalasani,
Baribaud, Coughlan, Sunshine, Lee, Doms, Littman, and Raper,
unpublished observations). The signaling cascade responsible for
this biological effect begins similarly to that described here for the
modulation of repellent activities. SDF-1 acts through the
CXCRA4 receptor and via a pertussis toxin-sensitive G-protein to
elevate cCAMP and activate PKA. However, unlike the repellent
modulating activity described here, the survival-enhancing activ-
ity of SDF-1 can be blocked with inhibitors of MAP kinase. This
suggests that the signaling cascades that modulate repellent re-
sponsiveness and the trophic effects diverge below PKA. The re-
pellent modulating pathway is independent of MAP kinase activ-
ity and likely acts through Rho to affect the cytoskeleton and
repellent signaling pathways, whereas the trophic pathway re-
quires MAP kinase activity and is likely to be directed toward
downstream targets involved in cell survival.

Perturbed axonal trajectories in CXCR4 mutant mice

CXCR4 mutant mice die by E17 and have defects in
B-lymphopoiesis, myelopoiesis, cardiac septum formation, and
vascular remodeling (Ma et al., 1998; Tachibana et al., 1998; Zou
et al., 1998). Consistent with the view that CXCR4 is the only
SDEF-1 receptor, mice with mutant SDF-1 also die by E17 and
have similar developmental defects (Nagasawa et al., 1996; Ma et
al., 1998). Two neural defects have been noted in these mice thus
far. First, there is an abnormality in cerebellar granule cell migra-
tion that could be explained by the demonstrated ability of SDF-1
to act as an attractant for migratory granule cells (Klein et al.,
2001; Lu et al., 2001). The attractive effect of SDF-1 produced in
the pia is thought to help prevent the premature migration of
granule cells into deeper cerebellar layers. Second, we noted a
decreased number of retinal ganglion cell neurons in CXCR4
mutant embryos that could be explained by the ability of SDF-1
to support the survival of RGCs in culture (Chalasani, Baribaud,
Coughlan, Sunshine, Lee, Doms, Littman, and Raper, unpub-
lished observations). In an initial effort to determine whether
axonal trajectories are normal in CXCR4 mutant mice, we sur-
veyed axonal pathways in the embryonic spinal cord after visual-
izing them with anti-neurofilament antibodies.



Chalasani et al. « SDF-1 Reduces the Effectiveness of Repellents

Sema3A Bi SDF-1 €8

Figure 8.
cord between (2 and (4 were probed with (top row) RNA probes complementary to sema3A (A7), SDF-1 (B7), and CXCR4 (CT7).
Arrows indicate sema3A expression in the dermis, SDF-1 expression in the sheath surrounding the spinal cord and the dorsal root,
and CXCR4 expressionin the DRG, respectively. A2, B2, (2, DRG cutaneous sensory axons are visualized with antibodies against TrkA
in the same sections probed for mRNA expression. A3, B3, (3, The TrkA signal is overlaid on the sema3A, SDF-1, and CXCR4
expression patterns. Note the close proximity of sema3A and SDF-1 expression to the dorsal root entry zone.

A striking phenotype in CXCR4 mutant spinal cords is an
apparent hyperfasciculation of axons at all anteroposterior
and dorsoventral locations within the cord. A plausible origin
for this axonal behavior is the augmentation of repellent ac-
tivities in the absence of the modulating effects of SDF-1.
Axons are more likely to extend on one another when the
alternative is to grow through either a nonpermissive or a
highly repellent environment (Kapthammer et al., 1986). Al-
though this interpretation is consistent with the finding that
SDEF-1 reduces responsiveness to sema3A, sema3C, and slit-2
in vitro, it is unlikely that hyper-responsiveness to any or all of
these particular repellents can account for all of the hyperfas-
ciculation that we observe in the CXCR4 mutant cord. At the
ages examined, these three repellents are expressed primarily
in the ventral and midline regions, whereas hyperfasciculation
is observed throughout the cord. Because SDF-1 reduces re-
sponsiveness to many, perhaps even all, repellents, augmented
activity of other unknown repellents may account for addi-
tional hyperfasciculation.

We also examined TrkA-immunoreactive DRG sensory axons
that enter the cord through the dorsal root entry zone and grow

The expression patterns of CXCR4, SDF-1, and sema3Cin the mouse E13.5 spinal cord. Sections taken from the spinal
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anteriorly in the dorsal white matter.
CXCRA4 is expressed in DRGs and SDF-1
modulates the responsiveness of sensory
axons to sema3A, consistent with the
observation that sensory axon behavior
is altered in CXCR4 mutant embryos.
Our in vitro results suggest that pertur-
bations in sensory axon trajectories are
most likely caused by the loss of SDF-1-
induced modulation of more traditional
guidance cues because SDF-1 has no di-
rect attractant or repellent effects on
sensory axons in collagen gel or growth
cone collapse assays.

TrkA-expressing sensory processes
normally do not begin to extend their first
collateral branches into the dorsolateral-
most portion of the spinal cord until ap-
proximately E14 (Memberg et al., 1995).
In contrast, thick fascicles of sensory fi-
bers occasionally enter and penetrate
deeply into the dorsal cord of E13.5
CXCR4 mutant embryos. The heavy fas-
ciculation of entering sensory axons is
consistent with the hyperfasciculation of
neurofilament stained axons already de-
scribed. The looped appearance of the
deeply invading sensory fibers represents
a highly unusual trajectory, indicating
that sensory axon pathfinding is per-
turbed. Thus, interfering with SDF-1 sig-
naling in vivo induces premature entry of
sensory axons into the CNS as well as hy-
perfasciculation and misguidance of ax-
ons within the cord.

In principle, the early entry of sensory
axons in CXCR4 mutant embryos could
result from either the augmentation of a
repellent outside the cord that drives sen-
sory axons in or augmentation of an at-
tractant inside the cord that draws them
in. One possibility is that sema3A repel-
lent activity just outside the cord is potentiated by the loss of
SDEF-1 signaling, thereby helping to drive sema3A-sensitive sen-
sory axons into the CXCR4 mutant cord prematurely. This inter-
pretation is consistent with the presence of CXCR4 in DRG neu-
rons, the known responsiveness of DRG to sema3A, the
expression of sema3A in the dermis of the skin epithelium near
the dorsal root, and the expression of SDF-1 just outside the
spinal cord near the dorsal root entry zone. We hypothesize that
loss of SDF-1/CXCR4-mediated signals makes sema3A produced
in the dermis a more effective repellent, thereby driving sensory
axons into the cord prematurely. If true, then the loss of sema3A
function would tend to rescue the CXCR4 mutant sensory axon
phenotype.

In summary, we have shown that SDF-1 reduces the responsive-
ness of growth cones to multiple repellents by elevating cAMP levels.
Moreover, interfering with SDF-1 signaling induces multiple abnor-
malities in axon outgrowth in vivo. The wide distribution of SDF-1in
the embryo and its ability to modulate multiple guidance signals
suggest that SDF-1 plays an important role in determining the over-
all effectiveness of repellent cues during development.

CXCR4
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