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express the receptor tyrosine kinase oncopro-
teins RET or NTRK1 (2), follicular carcinomas
express the transcription factor oncoprotein
PAX8-PPARyl. This may account, at least in
part, for the phenotypic and clinical differences
between these two tumors.

PAXS8-PPARy! may aid in the differential
diagnosis of follicular carcinomas ( potentially
malignant) from follicular adenomas (benign)
in fine needle aspiration biopsies. This would
help to reduce the number of thyroid surgeries
performed, increase the percentage of malig-
nancies resected, and reduce the costs of treat-
ing patients with thyroid nodules (20). Notably,
nuclear receptor ligands for PML-RAR« have
proven highly effective in treatment of patients
with acute promyelogeneous leukemia (27). It
will therefore be important to determine wheth-
er ligands involving PPARYy pathways can ben-
efit patients with thyroid carcinoma as an ad-
junct or alternative to standard surgery and
radio-iodine therapy.
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Regulated Cleavage of a
Contact-Mediated Axon
Repellent

Mitsuharu Hattori,* Miriam Osterfield, John G. Flanagant

Contact-mediated axon repulsion by ephrins raises an unresolved question:
these cell surface ligands form a high-affinity multivalent complex with their
receptors present on axons, yet rather than being bound, axons can be rapidly
repelled. We show here that ephrin-A2 forms a stable complex with the met-
alloprotease Kuzbanian, involving interactions outside the cleavage region and
the protease domain. Eph receptor binding triggered ephrin-A2 cleavage in a
localized reaction specific to the cognate ligand. A cleavage-inhibiting mutation
in ephrin-A2 delayed axon withdrawal. These studies reveal mechanisms for
protease recognition and control of cell surface proteins, and, for ephrin-A2,
they may provide a means for efficient axon detachment and termination of

signaling.

Repulsion by direct cell contact is one of the
basic mechanisms of axon guidance (/) and
allows patterning of neural connections in a
spatially precise manner (2, 3). However, this
mechanism raises inherent questions. The bind-
ing of an axonal receptor to its cell surface
ligand would be expected to favor adhesion, so
how is this reconciled with repulsion? Also,

how is contact-mediated repellent signaling ter-
minated? These questions are further empha-
sized by the known properties of the ephrins,
which are well-characterized cell surface axon
repellents: The ephrins and their receptors are
expressed at high density; the receptors do not
appear to be down-regulated upon ligand bind-
ing; and the receptor-ligand interaction is mul-
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tivalent, has a low off rate, and has a high
affinity (2-5). Despite this, axon detachment
and termination of signaling presumably have
to be efficient because axons explore their em-
bryonic environment in a dynamic fashion, in-
volving both advances and withdrawals (6—38).
One potential mechanism to reconcile contact-
mediated signaling with repulsion could be the
cleavage of ligand from the cell surface. How-
ever, because soluble truncated forms of
ephrins cannot activate their receptors (9), un-
regulated cleavage could create problems of its
own by destroying active ligand.

Many cell surface proteins undergo ectodo-
main shedding by proteolytic cleavage. Exam-
ples are the liberation of signaling molecules
that are active in soluble forms, such as trans-
forming growth factor—o, tumor necrosis fac-
tor—o (TNF-av), kit ligand, and Delta; adhesion
molecule shedding; and shedding of the amy-
loid precusor protein (APP) implicated in Alz-
heimer’s disease (/0—12). ADAMs (a disinte-
grin and a metalloprotease) are proteases re-
sponsible for many of these shedding processes
(13-15). ADAMs themselves are important for
development, and Kuzbanian/ADAMI10 (Kuz)
was identified in a Drosophila genetic screen as
being required for normal axon extension (/6).
Despite rapid progress in identifying roles for
the ADAM:s, their regulation and ligand speci-
ficity are not well understood. Several treat-
ments, such as protein kinase C (PKC) activa-
tors or calcium ionophores, are known to acti-
vate generalized shedding, though it is less clear
whether the known pathways can target indi-
vidual substrates without activating more gen-
eral proteolysis. Also, there is very little se-
quence specificity at the substrate cleavage
sites, and it is unclear how ADAM proteases
specifically recognize their correct targets. In
addition to a protease domain, ADAMSs have
disintegrin, cysteine-rich, and cytoplasmic do-
mains, suggesting that these other domains
might function in substrate binding (13, 14).

To investigate whether ephrin-A2, a mem-
brane-bound protein with a glycosyl-phospha-
tidylinositol (GPI) lipid anchor, is cleaved from
the membrane, we tested the effect of a soluble
EphA3 receptor ectodomain fused to an immu-
noglobulin Fc tag (EphA3-Fc). When Neuro2a
neuroblastoma cells expressing transfected eph-
rin-A2 were treated with clustered EphA3-Fc,
ephrin-A2 disappeared from the cell membrane
fraction, and a smaller form appeared in the
supernatant (Fig. 1A). Unclustered EphA3-Fc
had no effect. This result indicated ephrin-A2 is
cleaved from the cell membrane in a mecha-
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nism regulated by binding to clustered receptor.

In time course experiments, no cleavage
was seen until ~10 min after EphA3-Fc addi-
tion, and cleavage was largely complete within
45 min (Fig. 1B). The molecular size of the
released product is smaller than the soluble
form released by phosphatidylinositol-specific
phospholipase C (PI-PLC) by ~1.9 kD (Fig.
1C), indicating that ephrin release was not due
to phospholipase C or D activity and was due to
cleavage within the polypeptide (/7). Receptor-
activated release of ephrin-A2 also occurred in
NG 108 neuroblastoma cells, HEK 293T kid-
ney epithelial cells, and NIH-3T3 embryonic
fibroblasts (/8), as well as in primary cultured
neurons from embryonic day 18 (E18) mouse
midbrain (Fig. 1D), a cellular context where
ephrin-A2 and -A5 are known to function in
axon guidance (2, 3, 19, 20). No cleavage ac-
tivation was seen when ephrin-A2 was clus-
tered by antibody (antibody to myc tag and
secondary clustering antibody) (I8), suggesting
that clustering is not sufficient to activate cleav-
age and that EphA3-Fc may induce a specific
regulatory conformational change.

The ADAM metalloprotease Kuz shows an
axon-guidance phenotype in Drosophila (16),
has been implicated in ectodomain shedding
(13, 14), and is expressed in mammalian neural
cell lines (21). To assess its expression pattern
in mammalian development, we performed in
situ hybridization, showing that Kuz RNA was
widely expressed in the nervous system of E18
mouse embryos, with high expression in the
posterior midbrain, which diminished toward
the anterior midbrain (Fig. 2B). This pattern is
reminiscent of the graded midbrain expression
of ephrin-A2 and -AS5 (Fig. 2B) (19, 20). The
cleavage of ephrin-A2 induced by EphA3-Fc
was blocked by the metalloprotease inhibitor
o-phenanthroline (Fig. 2A). A dominant nega-
tive version of Kuz (Kuz-DN) lacking the pro-
tease domain (/2, 22) inhibited ephrin-A2
ectodomain shedding (Fig. 2C). Conversely,

full-length Kuz (Kuz-FL) activated shedding
(Fig. 2D). These results indicate that ephrin-A2
cleavage can be mediated by an ADAM pro-
tease and suggest that Kuz is a good candidate
for a role in this process during development.

Although it has been proposed that ADAM
proteases might form a stable complex with the
substrate to be cleaved, such a complex has not
been reported (13, 14). Co-immunoprecipitation
from transfected cells revealed that a complex
was formed between ephrin-A2 and Kuz (Fig.
2E). This complex was seen under conditions
where lipid rafts would be disrupted (23), and
placental alkaline phosphatase (AP), which, like
ephrin-A2, is a GPI-anchored protein, showed
no coprecipitation with Kuz (Fig. 2E). The com-
plex of ephrin-A2 and Kuz was seen in the
absence of EphA3-Fc. The addition of clustered
EphA3-Fc did not cause any short-term modu-
lation of the complex (Fig. 2E), although after
longer periods of time, less complex was detect-
ed as ephrin-A2 was cleaved (/8). The associa-
tion was not dependent on the protease domain
of Kuz, because Kuz-DN, which lacks the pro-
domain and protease domain, still associated
with ephrin-A2 (Fig. 2F). Furthermore, although
Kuz-DN associated efficiently with ephrin-A2,
it formed no detectable association with AP—
ephrin-A2™, a protein containing the jux-
tamembrane region of ephrin-A2 but excluding
the receptor-binding core region (Figs. 2F and
3A), indicating that complex formation involves
sequences outside the juxtamembrane cleavage
region. The complex of ephrin-A2 with Kuz
could involve direct or indirect binding.

A motif search with the MEME program
(24) was applied to see if proteins that are
cleaved by Kuz might have common sequences.
A conserved motif was found in all of the
proteins tested, including all eight vertebrate
ephrins, Delta, TNF-o, and APP (Fig. 2G). This
conserved motif is located roughly in the middle
of the receptor-binding core domain of the
ephrins. A 15-amino acid oligomer synthetic

Fig. 1. Clustered EphA3-Fc acti- A
vates cleavage of ephrin-A2. (A)
Neuro-2a cells expressing mouse

ephrin-A2 (33) were incubated
with no addition or with clus-
tered control Fc tag (Fc), cluster-

ing antibody (Ab), unclustered
EphA-Fc, or antibody-clustered
EphA3-Fc. Cell lysate (Cell) and
culture supernatant (Sup.) were
collected after 2 hours and ana- B Fe

lyzed by immunoblotting with
antibody to ephrin-A2 (38). Eph-

rin-A2 cleavage was activated by
clustered EphA3-Fc. (B) Time

course of ephrin-A2 release after
the addition of clustered EphA3-

Fc, 20 nM. Cleavage was first
detectable by 10 min and was
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largely complete by 45 min. (C) Molecular weight (as kD) of ephrin-A2 released by clustered
EphA3-Fc stimulation. The product was smaller than that released by PI-PLC (77). (D) Clustered
EphA3-Fc—activated cleavage of ephrin-A2 was observed in primary cultured mouse E18 posterior

midbrain neurons.
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peptide containing the sequence in ephrin-A2
activated . ephrin-A2 shedding up to five times
" that of a scrambled-sequence peptide or no pep-
tide. Some activation was seen in the absence of
EphA3-Fc, and there was a further synergis-
tic activation when the peptide was added
together with EphA3-Fc (Fig. 2H). The ef-
fect of this peptide might involve interac-
tion with ephrin-A2, metalloprotease, or a
separate protein that could mediate their
interaction. Because this motif is in the
middle of the receptor-binding domain, it
could be involved in the mechanism of re-
ceptor-induced cleavage activation.

Several agents, such as PKC activators, cal-
cium ionophores, or tyrosine phosphatase in-
hibitors, induce a generalized ectodomain shed-
ding (10, 1I). Also, several leukocyte surface
markers are down-regulated after leukocyte ac-
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tivation or antibody cross-linking, although the
effect of cognate biological ligands and the
specificity of this process is unclear (25-27).
To assess whether the cleavage of ephrin-A2
induced by EphA3-Fc receptor is specific to the
cognate ligand; we first tested for cross-activa-
tion of cleavage of the AP—ephrin-A2"™ fusion
protein (Fig. 3A). Although native placental AP
was not shed by stimulation with the PKC
activator phorbol myristate acetate (PMA), the
presence of the ephrin-A2 juxtamembrane re-
gion in AP—ephrin-A2™ allowed cleavage in
response to PMA (Fig. 3B). However, when
ephrin-A2 cleavage was activated by EphA3-
Fc, cleavage of coexpressed AP—ephrin-A2™
was not cross-activated (Fig. 3B). Likewise,
EphA3-Fc activation of ephrin-A2 cleavage
failed to activate cleavage of coexpressed eph-
rin-B1, which does not bind EphA3, even

though ephrin-B1 cleavage was efficiently ac-
tivated by PMA (/8). To further assess speci-
ficity, we labeled cell surface proteins of
Neuro2a cells with sulfo-NHS-biotin (NHS, N-
hydroxysuccinimide) before treatment with
EphA3-Fc. Cleaved ephrin-A2 appeared in the
supernatant, but no other biotin-labeled cleav-
age products were evident, indicating that there
was not a generalized activation of ectodomain
shedding (Fig. 3C).

~ To investigate whether ephrin-A2 shedding
is limited to sites of cell-cell contact, we
made a fusion protein that was composed of
green fluorescent profein and ephrin-A2
(GFP-ephrin-A2) (Fig. 3A). GFP-ephrin-
A2 retained the ability to bind EphA3 re-
ceptor (I8) and was expressed over the
entire surface of transfected cells (Fig. 3D).
These cells were challenged with axons of
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motif found in proteins whose cleavage can be mediated by Kuz (37). A
single motif in all vertebrate ephrins and the other proteins'shown was
identified with the MEME program (24). The stretch of 10 amino acids
showing the strongest conservation is demarcated by spaces. The 15-
amino acid oligomer peptide sequence in ephrin-A2 used to make a
synthetic peptide is underlined. (H) The ephrin-A2 cleavage assay was
performed with the indicated concentrations of synthetic peptide. M,
15-amino acid oligomer peptide consisting of a motif derived from
ephrin-A2, underlined in (G); C, a scrambled peptide with the same amino
acid composition, TEFFPPGKKLQFFSL. The ephrin-A2 15-amino acid oli-
gomer activated ephrin-A2 cleavage in the absence of EphA3-Fc and
caused, with a peak of activity at ~10 pM, a synergistic activation of
cleavage in the presence of EphA3-Fc.
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medial hippocampal neurons, which are re-
pelled by ephrin-A2 (28, 29) and can be
grown easily as a dispersed culture and
observed in real time. Where cells express-
ing GFP-ephrin-A2 were contacted by an
axon, fluorescence dispersed locally from
the target cell surface and was seen over the
axon and surrounding area (Fig. 3, D to F).
However, there was no indication of a gen-
eralized dispersal of fluorescence from the
rest of the cell.

Although PMA can activate ephrin-A2
cleavage, a strong PKC inhibitor, H-7, did not
inhibit cleavage activated by EphA3-Fc (Fig.
3G), indicating that the receptor-regulated
mechanism does not involve PKC activation. In
contrast, protein tyrosine kinase inhibitors, such
as genistein and herbimycin-A, did inhibit
EphA3-Fc activation of cleavage (Fig. 3H).
PP2, an inhibitor specific for Src-family kinases
(30), had no obvious effect, however. These
results appear consistent with the ability of
vanadate, a tyrosine phosphatase inhibitor, to
cause a general activation in cleavage of surface
proteins (31), including ephrin-A2 (18), indicat-

Fig. 3. Receptor activation of eph-
rin-A2 cleavage is not accompa-
nied by general cleavage of mem-
brane proteins and is blocked by
protein tyrosine kinase inhibitors.
(A) Schematic diagram of ephrin-
A2 constructs (33). Core, receptor-
binding core domain conserved
throughout the ephrin family; JM,
juxtamembrane domain of ephrin-  C
A2 with arrowhead denoting the
cleavage site; AP, alkaline phos-
phatase; and GFP, green fluores-
cent protein. The horizontal line
denotes the GPI membrane an-
chor, and the dark boxes indicate

myc epitope tags. (B) The indicat-

ed plasmids were transfected into Antl.
NIH-3T3 cells and incubated for 2
hours with clustered control-Fc
(open bar), clustered EphA3-Fc
(shaded bar), 1 uM PMA (hatched
bar), or PI-PLC (solid bar). Culture
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ing that tyrosine kinases are either involved in
or can modulate the receptor-induced pathway
of ephrin cleavage.

To determine whether ephrin-A2 cleavage
affects axon behavior, we created a proteolysis-
blocking mutation in ephrin-A2. As with other
proteins that undergo ectodomain shedding,
point mutations, insertions, or deletions in the
juxtamembrane region of ephrin-A2 typically
had little or no effect on cleavage. However, two
constructs, ephrin-A2'? and ephrin-A2'S3,
which have a short insertion in the juxtamem-
brane region (Fig. 4A), were not cleaved by
EphA3-Fc stimulation or PKC activation, al-
though their binding affinity for the EphA3
receptor was unaffected (Fig. 4B) (/8). Stable
transformant cells expressing wild-type or un-
cleavable ephrin-A2'S* were isolated. These
lines showed similar ephrin-A2 protein expres-
sion, and doxycycline removal allowed expres-
sion levels to be induced and controlled (32, 33).
Axon responses to these target cells were as-
sessed by using medial hippocampal neurons.
“Growth cone collapse” was defined as full
collapse with no obvious growth cone structure
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tered EphA3-Fc treatment activat- =

ed cleavage of ephrin-A2 but not
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Neuro-2a cells expressing mouse ephrin-A2 were surface labeled with sulfo-NHS-biotin (0.2 mg/ml for
30 min at 4°C in PBS) and stimulated with either clustered control Fc or clustered EphA3-Fc. Culture
supernatants were blotted with HRP-streptavidin (upper panel) or anti-ephrin-A2 (lower panel).
Clustered EphA3-Fc induced ephrin-A2 release (lower panel), and a band at the size of ephrin-A2 is
visible in the sulfo-NHS-labeled fraction (asterisk in upper panel), but generalized ectodomain shedding
was not seen. Molecular weights are shown as kD. (D to F) Localized shedding of GFP—ephrin-A2
fluorescence. Fluorescence micrographs are on the left, and phase-contrast images are on the right (39).
The paired images were taken within 30 s, although they are not precisely superimposable because of
axon motility. At the site of axonal contact (black arrowhead), there was a localized dispersal of
fluorescence from the target cell, seen in (D) at approximately the time of growth cone collapse. As the
axon withdrew 15 min later (E), the dispersed fluorescence was no longer easily seen. However, in a
brighter version of the same image (F), faint staining could be seen over the axon (white arrows); this
was not seen in axons that had not contacted a fluorescent cell. (G) PMA (1 uM), an activator of PKC,
activates cleavage of ephrin-A2. However, H-7 (20 M), a powerful inhibitor of PKC, does not suppress
the receptor-induced cleavage of ephrin-A2 caused by clustered EphA3-Fc. (H) Genistein, a protein
tyrosine kinase inhibitor, suppressed the receptor-induced activation of ephrin-A2 cleavage caused by

clustered EphA3-Fc.
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remaining, and “withdrawal” was defined as no
discernible connection between axon and target
cell. Cells that did not express ephrin-A ligands
caused no growth cone collapse (» = 10 axon
trials). Upon ephrin expression, both the ephrin-
A2 and ephrin-A2"5* cell lines caused growth
cone collapse within 10 min of first contact (n =
21 axons in each group). With wild-type ephrin-
A2, axon withdrawal followed growth cone col-
lapse with an average time of 26.6 = 14.8 min
(mean * SD) (Fig. 4, C, E, and F). With ephrin-
A2'S3 cells, axon withdrawal was greatly de-
layed, with an average time of 72.5 £ 36.0 min
(P < 0.0001, unpaired ¢ test) (Fig. 4, D to F). In
about half of these cases, the axon remained
collapsed and stuck to the target cell for over 80
min (Fig. 4, D and E), whereas all of the control
axons had withdrawn by this time (Fig. 4, C
and E). It is unlikely that the differences in
time course can be explained by the expres-
sion level of ephrin-A2, because doxycy-
cline modulation of the expression levels
over a several-fold concentration range had
no discernible effect on axon withdrawal
(18). A delay was seen even when the initial
contact leading to collapse involved only
one to three filopodia (wild-type ephrin-A2,
n =10, 30.3 + 15.1 min; ephrin-A2'S3, n =
9, 73.9 %= 29.9 min; P < 0.005) (Fig. 4F)
and similarly when it was more extensive
(wild-type ephrin-A2, n = 8, 26.1 = 16.4
min; ephrin-A2'S3, n = 11, 64.8 * 36.0
min; P < 0.01). The kinetics of growth cone
collapse and withdrawal when wild-type
ephrin-A2 was used in this assay appear
consistent with the rate of ephrin-A2 cleav-
age induced by clustered EphA3-Fc, espe-
cially considering that the rate of receptor-
ligand association has to be factored into
the EphA3-Fc experiments. The kinetics
also appear comparable to real-time studies
of axon behavior in vivo [for example, (6,
8)] as well as to ephrin-mediated withdraw-
al induced by primary cultured neurons or
glia in vitro (34). Our results show that a
mutation that blocks ephrin cleavage does
not prevent signaling leading to growth
cone collapse but does inhibit axon with-
drawal. Because growth cones never recov-
ered from collapse while they remained
bound to a target cell (Fig. 4D), the cleav-
age-inhibiting mutation evidently interferes
with their ability to terminate ephrin signal-
ing. In addition, because axons can with-
draw rapidly in response to soluble clus-
tered ephrin-Fc protein (35) or membrane
suspensions bearing ephrins, including eph-
rin-A2'3 (18, 36), it is likely that at least
part of the delay in withdrawal seen here
with intact target cells is due to an impair-
ment of axon detachment.

A stable complex formed by ADAM pro-
tease and ephrin in the absence of Eph
receptor is likely to play a role in the
specificity of protease-substrate recogni-
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(F) Mean withdrawal times (error bars show standard errors) for all axons and for the subset of axons
where the initial contact leading to collapse involved only one to three filopodia. The ephrin-A2'S3

mutation delayed axon withdrawal.

tion, as well as in enhancing the efficiency
and localization of subsequent cleavage.
The triggering of proteolytic activity by
clustered receptor provides a mechanism to
tightly coordinate cleavage with repulsion,
because Eph receptor signaling is triggered
by clustered ligand. The specificity of the
receptor-activated cleavage mechanism for
the cognate ligand provides a way to limit
cleavage to molecules at the site of cell-cell
contact, thus allowing the target cell to
retain its repellent properties, sparing other
cell surface proteins. The proposed mecha-
nism can also account for the termination
of repellent signaling because truncated
soluble ephrins fail to activate Eph recep-
tors (9). In addition to axon repulsion, the
cleavage mechanism described here could
be involved in contact-mediated axon at-
traction by ephrins or other molecules and
could potentially provide a way to control

whether cell contacts are repellent or adhe-
sive. The regulatory mechanisms described
here may also provide new ways to under-
stand or manipulate other cleavage events
mediated by ADAM proteases with roles in
development, physiology, and disease.
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Function of an Axonal
Chemoattractant Modulated by
Metalloprotease Activity

Michael ). Galko and Marc Tessier-Lavigne*

The axonal chemoattractant netrin-1 guides spinal commissural axons by ac-
tivating its receptor DCC (Deleted in Colorectal Cancer). We have found that
chemical inhibitors of metalloproteases potentiate netrin-mediated axon out-
growth in vitro. We have also found that DCC is a substrate for metalloprotease-
dependent ectodomain shedding, and that the inhibitors block proteolytic
processing of DCC and cause an increase in DCC protein levels on axons within
spinal cord explants. Thus, potentiation of netrin activity by inhibitors may
result from stabilization of DCC on the axons, and proteolytic activity may
regulate axon migration by controlling the number of functional extracellular

axon guidance receptors.

There is evidence that proteolytic activity
present on neuronal growth cones may regulate
their migratory activity (/). This possibility is
supported by the presence of axonal stalling
defects in flies with mutations in the kuzbanian
gene, which encodes a member of the ADAM
class of metalloproteases (2). ADAM class met-
alloproteases are also implicated in other bio-
logical processes, including fertilization (3), lat-
eral inhibition during neurogenesis (4), and
protein ectodomain shedding of a variety of
ligands and receptors [(5—7), reviewed in (5)].

The netrin-1 protein and its receptor, DCC,
are required for commissural axon outgrowth in
vitro and for the proper guidance of spinal
commissural neurons in vivo (§—12). We pre-
viously characterized an unidentified protein-
aceous activity, termed netrin-synergizing ac-
tivity (NSA), that potentiates the axon out-
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growth—promoting effects of netrin on rat E11
(embryonic day 11) dorsal spinal cord explants
(7, 13). In a screen of several dozen known
molecules (including many axon guidance mol-
ecules), none could potentiate netrin activity
(13). Upon further screening, we found that
netrin-1 activity was potentiated by IC-3, a
specific hydroxamate inhibitor of metallopro-
teases (6, /4) (Fig. 1). In the absence of any
factors, or in the presence of a low concentra-
tion of netrin-1 (~50 ng/ml), very little out-
growth was observed from these explants (Fig.
1, A and B). Robust outgrowth was observed
from explants grown in the presence of both 40
M IC-3 and netrin-1 (~50 ng/ml) (Fig. 1D),
which was greater than that observed with a
high concentration of netrin-1 (1 pg/ml) alone
(Fig. 1E). In contrast, much less outgrowth was
observed from explants grown in the presence
of 40 uM IC-3 alone (Fig. 1C); the fact that any
outgrowth was observed may reflect a potenti-
ation of low levels of endogenous netrin-1
present in dorsal regions of the spinal cord (9).
The responsive axons in these assays are com-
missural, as assessed by expression of the com-
missural axon markers TAG-1 and DCC (15).

dium, and plated between 10* and 10 cells/ml to
obtain a good density for observation. After cul-
turing for 16 to 40 hours, coverslips were viewed
with a Zeiss Axiovert microscope and a charge-
coupled device camera, with the stage warmed to
37°C, and 20 mM Hepes was added to the medium
to maintain pH at ~7.4. Single-axon growth cones
approaching a target cell were recorded every 30 s
with phase-contrast optics. For GFP experiments,
one to four images were recorded with fluorescein
optics. All results were confirmed blind by an in-
dependent investigator.
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The degree of outgrowth observed in the pres-
ence of both IC-3 and netrin-1 (thick and long
axon fascicles emerging primarily but not ex-
clusively from the ventral cut edge of the ex-
plants) was similar to that observed with ne-
trin-1 and NSA (8, 13). Quantification of ax-
onal outgrowth (estimated as total axonal
length) with IC-3 alone or IC-3 plus netrin-1
(Fig. IF) revealed peak activity of IC-3 at 80
1M, and only slight activity at 20 WM.

The effect of IC-3 is likely to be due to its
metalloprotease inhibitor activity because this
compound has not been found to have any effect
other than metalloprotease inhibition in a wide
variety of cellular assays (including protein phos-
phorylation and cell viability) or in mice (14).
To confirm this, we also compared the actions
of a chemically distinct hydroxamate metallo-
protease inhibitor, GM6001, and an inactive
control isomer of this compound (/6). As ex-
pected, GM6001 but not the control isomer
showed a similar potentiation of netrin-1 activ-
ity to IC-3 (15), consistent with the potentiation
of netrin-1 being due to inhibition of metallo-
protease activity. Members of another class of
inhibitors that function through chelation of the
divalent cations required for metalloprotease
function (including 1,10-phenanthroline and
EDTA) could not be tested in these assays be-
cause they were toxic to the explants (15).

Dorsal spinal cord explants grown in the
presence of IC-3 exhibited much brighter stain-
ing for DCC than did control axons grown in
the absence of any factors (compare Fig. 2, C
and D). This effect was specific for DCC, be-
cause explants grown with or without IC-3 and
stained for TAG-1 exhibited no clear difference
in staining intensity except at the ventral cut
edge of the explant (Fig. 2, A and B). Quanti-
fication of fluorescence intensity across the dor-
soventral axis of DCC-stained explants re-
vealed an increase over almost the entire dor-
soventral length of the explants (Fig. 2E).

Because IC-3 increased DCC staining lev-
els within dorsal spinal cord explants, we
tested whether DCC might be a substrate for
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