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38. Cells were washed twice with culture medium, and 
control Fc or EphA3-Fc protein was added for 2 hours 
unless otherwise stated. These Fc proteins were pre- 
clustered with polyclonal antibody t o  human Fc 
(Jackson ImmunoResearch, West Grove, PA) for 30 
min on ice. Midbrain neurons were cultured on lami- 
ninlpoly-L-lysine-coated dishes for 3 days before the 
cleavage assay in NeurobasallB27 medium (Cibco). 
After incubation, the cells were collected in SDS- 
PACE sample buffer. The culture supernatant was 
spun at 14,000 rpm for 10 min at 4'C, then protein 
was precipitated with trichloroacetic acid and dis- 

solved in SDS-PACE sample buffer, adjusting the pH 
with 1M NaOH. For ephrin-A2 immunoblots, polyvi- 
nylidene difluoride membranes were probed with 
rabbit anti-ephrin-A2 (Santa Cruz Biotechnology) di- 
luted 1:1500, and the secondary antibody was horse- 
radish peroxidase (HRP)-conjugated sheep anti-rab- 
bit immunoglobulin C (IgC) (Amersham Pharmacia 
Biotech) diluted 1:2000, with detection by an en- 
hanced chemiluminescence kit. Epitope tags were 
detected with antibody to Myc 9E10 (100 nglml), 
antibody to Flag F2 (200 ng/ml), or antibody to HA 
3F10 (50 ng/ml), with HRP-conjugated sheep anti- 
mouse IgC secondary antibody diluted 1:3500. 

39. Videomicroscopy was as follows. Cultures were on 
25-mm glass coverslips that were precoated over- 
night with mouse laminin (2 CLg/ml). Ephrin-A2 plas- 
mids were stably transfected into NIH-3T3 fibro- 
blasts, and before the assay, these cells were plated 
at 0.5 X lo5  to  2 X l o 5  cellslml in Dulbecco's 
modified Eagle's medium with 10% calf serum. The 
medial half of the hippocampus was removed from 
El6 to El8 mice, dissociated in neurobasallB27 me- 

Function of an Axonal  
Chemoattractant Modulated by- 

Metalloprotease Activity  
Michael J. Galko and Marc Tessier-Lavigne* 

The axonal chemoattractant netrin-I 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 (1). This possibility is 
supported by the presence of axonal stalling 
defects in flies with mutations in the hzbanian 
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 (91. 

The netrin-1 protein and its receptor, DCC, 
are required for commissural axon outgrowth in 
vitro and for the proper guidance of spinal 
cornmissural neurons in vivo (8-12). 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 El  1 
(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, 14) (Fig. 1). In the absence of any 
factors, or in the presence of a low concentra- 
tion of netrin-1 (-50 nglml), 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 
pM IC-3 and netrin-1 (-50 ng/ml) (Fig. ID), 
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 pM IC-3 alone (Fig. IC); 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). 

~ ~ ~ i ~ ~ 

dium, and plated between lo4  and lo6  cellslml t o  
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 CFP 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) 4 t h  IC-3 alone or IC-3 plus netrin-1 
(Fig. IF) revealed peak activity of IC-3 at 80 
pM, and only slight activity at 20 pM. 

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 (16). 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,lO-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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Fig. 1.The chemical metalloprotease inhibitor IC-3 potentiates ne-
trin-mediated axon outgrowth from E l l  rat dorsal spinal cord ex-
plants (23). (A) Explant cultured alone. (8) In the presence of netrin-1 
(-50 ng/ml), there is little outgrowth, as in (A). (C) Some outgrowth 
is observed in the presence of 40 pM IC-3. (D) Robust outgrowth is 
observed in the presence of both 40 pM IC-3 and netrin-1 (-50 
ngtml). (E) A high concentration of netrin-I (1 yglml) also elicits 
robust out~rowth.In all panels, dorsal is top and the ventral cut edge 

of the explant is at the bottom; scale ba(200 ym. (F) 'E l  I dorsalspinal cord explantswere culturGd 
for 36 to  40 hours in the presence (diamonds) or absence (squares) of netrin-1 (-50 ng/ml) and 
increasingconcentrations of IC-3. The outgrowth under each condition was quantified by mea-
suring the total length of all the axon fascicles emerging from each explant [a useful measure of 
outgrowth in response t o  netrin-1 (8)].The data are from three independent experiments 2 SEM. 
Where no error bars are visible, the symbol is larger than the error bars. 

0 50 100 150 200 
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Fig. 2. IC-3 inaeases DCC but not 
TAG1 protein levels in Ell rat 
dorsal spinal cord explants (24). 
(A) Explant cultured without fac-
tors and stainedwith TAG-1 mAb 
407. (8)Explant cultured with 40 
pM IC-3 and stained with 4D7. 
Although the explant shown may 
appear slightly brighter than that 

in (A), this was not observed consistently; the difference shown is no greater than that seen between 
multiple explants cultured under the same conditions. The only reproducibly noticeable difference in 
TAG-1-stained explants is the region of brighterstainingat the ventral cut edge of explants grown in 
the presenceof IC-3 [arrow in (B)]. This may reflect morecomplete and/or faster growth of commissural 
axons to  the ventralcut edge within these explants. (C) Controlexplantstainedwith DCC mAbAFS. (D) 
Explant cultured with 40 pM IC-3 and stained with K C  mAb. Explantsare oriented as in Fig. 1; scale 
bar, 200 bm. (E) Quantification of the fluorescence intensity of DCC mAb staining along the 
dorsoventral axis of a control explant [line along which intensity is measured is shown in (C)] and an 
explant cultured in the presenceof 40 FM IC-3 [linealongwhich intensity is measuredis shown in (D)]. 
The explants shown here represent the average intensity difference within multiple pairs of observed 
explants. 

metalloprotease-dependent ectodomain shed-
ding (17). Transfected CHO cells expressing 
DCC were metabolically labeled and then 
chased with medium that included or omitted 
IC-3. Cell extracts and supernatantswere an-
alyzed by immunoprecipitationwith a mono-
clonal antibodyto the extracellulardomain of 
DCC @CC mAb). A 160-kD protein was 

immunoprecipitated from extracts of DCC-
transfected CHO cells but not from control 
cells (Fig. 3A). In addition to the presence of 
full-length DCC in cell extracts, a protein of 
-130 kD, the predicted size of the entire 
DCC ectodomain, was also immunoprecipi-
tated from the supernatant of DCC cells (Fig. 
3B). This protein was absent from control 

transfected cells and was the same size as an 
irnrnunoprecipitated protein from transfected 
cells expressing a soluble form of the com-
plete DCC ectodomain (Fig. 3B). The metal-
loprotease inhibitors IC-3, GM6001, and 
1,lO-phenanthroline all abolished the pres-
ence of the -130-kD protein from superna-
tants of cells transfected with full-length 
DCC, whereas the control isomer of GM6001 
did not (Fig. 3B; only the IC-3 result is shown 
here) (15); these findings suggest that. the 
protein resulted from a metalloprotease-de-
pendent cleavage near the transmembranere-
gion of DCC. We also investigated whether 
DCC could be shed from primary cultures of 
dissociated rat dorsal spinal cord (18). A 
protein corresponding to full-length DCC 
was visible in cell extracts that had been 
immunoprecipitatedwith DCC mAb, but not 
in extracts that were mock-immunoprecipi-
tated with only the secondary antibody (Fig. 
3C). A -130-kD protein corresponding to 
the DCC ectodomain could be immunopre-
cipitated from the chase medium supernatant 
only if DCC mAb was included (Fig. 3D). 
The presence of IC-3 or GM6001 in the chase 
medium abolished the presence of this pro-
tein (1,lO-phenanthrolinecould not be tested 
because it induced neural cell detachment). 
These results indicate that dissociated com-
missural neurons can shed, in a metallopro-
tease-dependent manner, the ectodomain of 
full-length DCC. 

Although the axon outgrowth potentiation 
observed with metalloprotease inhibitorsis sirn-
ilar to that observed with NSA (8, 13), it is not 
clear whether NSA acts by the same mecha-
nism, because it failed to increase DCC expres-
sion within El  1 dorsal spinal cord explants and 
failed to protect DCC from metalloprotease-
dependent ectodomain shedding (15). It is pos-
sible that NSA acts in a mechanistically distinct 
manner that does not involve metalloprotease 
inhibition. Alternatively, it is possible that both 
NSA and IC-3 act as metalloprotease inhibitors, 
but that NSA (and perhaps also IC-3) inhibits 
degradation of some extracellular component 
other than DCC that is necessary for commis-
sural axon guidance. 

Our findings indicate that dorsal spinal 
cord explants display a metalloproteaseactiv-
ity that mediates (directly or indirectly) the 
proteolytic degradation of the netrin receptor 
DCC to a presumably nonfunctional form, 
and that the inhibition of this metalloprotease 
activity leads to enhanced responsiveness to 
soluble netrin-1. This functional effect may 
result from inhibition of DCC cleavage, al-
though we cannot exclude the possibility that 
it may also result partly or entirely from 
inhibition of cleavage of other substrates. 
Nonetheless, our results imply that the bal-
ance of metalloprotease activity and metallo-
protease inhibitory activity within the dorsal 
spinal cord or along the trajectory of commis-
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Fig. 3. DCC is a substrate for metalloprotease- A 
dependent ectodomain shedding from transfected --- C R E  

' C R E  --- 
CHO cells and dissociated dorsal spinal cord neu- Iw - - + - 1 0 3  - - + - 
rons (77, 78). (A) DCC immunoprecipitations from -- 
cell extracts of metabolically labeled CHO cells (I 

chased in the presence or absence of IC-3 (indicat- I 
ed above each lane) and previously transfected - 0 

with one of three ~lasmids: control vector IC), an 
expression plasmid encoding full-lenmh DC'C '~FL), r. n 

u or'an expression vector encoding a-DCC mutant :-Dee + _ + _ + - + - 
molecule that lacks the intracellular and trans- 
membrane domains and produces the entire DCC IW ' ' + + IC9 ' ' + + 

ectodomain as a secreted protein (E). Control CHO z d  -- 
cell extracts contained no DCC-immunoprecipi- i I 

table proteins, whereas extracts from FL trans- 6 5 : .s; 
fected cells contained a protein of 160 kD, the ' - m  1 
predicted size of full-length DCC. The secreted I 

extracellular domain can be seen as a faint band 
within cell extracts at -130 kD. (Molecular mass markers are indicated to the left of each autoradio- 
gram; the upper marker in each case is 200 kD and the lower marker is 116 kD.) (B) DCC immuno- 
precipitations from supernatants of the metabolically labeled CHO cells whose cell extracts are shown 
in (A). Control supernatants contained no DCC-immunoprecipitable protein, whereas FL transfected 
CHO cells contained a protein of -130 kD that was the same size as the constitutively expressed DCC 
extracellular domain. The presence of the extracellular DCC fragment in the supematant was abolished 
by inclusion of IC-3 in the chase medium. (C) DCC or mock immunoprecipitation from cell extracts of 
dissociated El3 commissural neurons chased in the presence or absence of IC-3. A faint band 
corresponding to  full-length DCC (arrow) can be seen in the presence of DCC mAb (a-DCC). The band 
above the 116-kD marker is nonspecific and is present in all immunoprecipitations from extracts of 
dissociated dorsal spinal cord cells. (D) DCC or mock immunoprecipitations from supernatants of the 
dissociated El3 commissural neurons chased in the presence or absence of IC-3 in (C). The -130-kD 
protein observed in the presence of DCC mAb and absence of IC-3 corresponds to an ectodomain 
fragment of DCC. Close examination of this band on this and other gels reveals it to be a doublet, 
suggesting that there is more than one cleavage of DCC from these neurons. Chase media containing 
IC-3 andlor mock immunoprecipitations do not contain a DCC-immunoprecipitable protein. Note that 
the percentage of DCC shed from CHO cells during the I-hour chase was far less than that shed from 
neurons, because an increase in full-length DCC in extracts of cells exposed to IC-3 was only 
occasionally detected in the former (A) but was readily detected in the latter (C). 
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ringer-Mannheim)] with expression constructs for 
full-length DCC or the DCC ectodomain (as a control) 
in pcDNA (Invitrogen). After 48 hours, cells were 
washed, then starved for 1 hour with DM€-HZ1 me- 
dium lacking cysteine and methionine but supple- 
mented with penicillinlstreptomycin and dialyzed 
FBS, labeled for 4 hours with starvation medium with 
added glutamine, proline, and [35S]cysteinelmethio- 
nine labeling mix (150 pCilml, Amersham), washed, 
and chased for 1 hour with complete medium that 
contained either no additives or 20 pM IC-3. DCC 
was immunoprecipitated from equivalent amounts 
(based on radioactive counts incorporated into pro- 
tein) of each supernatant and cell extract with DCC 
mAb AF5 (Oncogene). lmmunoprecipitates were sep- 
arated by SDS-polyacrylamide gel electrophoresis 
(PAGE) and prepared for autoradiography. 
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pglml) (Cibco-BRL). Cultures were metabolically la- 
beled and immunoprecipitated as above for the CHO 
cells, except that the cells were washed three times 
with PBS before direct addition of labeling media con- 
taining N3 additives, supplemental glucose, and 5% 
dialyzed FBS. Cells were then washed once with com- 
plete medium before adding chase medium with or 
without 20 pM IC-3. lmmunoprecipitations, SDS-PACE, 
and autoradiography were performed as in (17). 
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23. E l l  rat dorsal spinal cord explants were dissected 
and cultured as described [M. Tessier-Lavigne, M. 
Placzek, A. C. Lumsden, J. Dodd, T. M. Jessell, Nature 
336, 775 (1988)] (8, 73). In some cases. explant 
medium was supplemented with a concentrated 
high-salt extract of stably transfected netrin-express- 
ing cells [R. Shirasaki, C. Mirzayan, M. Tessier-Lavigne, 
F. Murakami, Neuron 17, 1079 (1996)l that was 
diluted 1:133 into the culture medium to give a final 
netrin-1 concentration of -50 nglml. Control ex- 
plants with no netrin-I were cultured with an equiv- 
alent dilution of 1.0 M NaCl and 20 mM Na,HPO,, 
pH 7.0. The metalloprotease inhibitor IC-3 (10 or 20 
mM stock in water) was tested at final concentra- 
tions of 5 to 80 pM. For the quantification shown in 
Fig. lE, axon fascicles emerging from each explant 
were measured and added to determine the total 
length of all fascicles per explant (isolated axons, 
which were rare, were not counted). Measurements 
were made using Scion lmage 1.62a (which allows 
analysis in only one focal plane; the plane with the 
most visible fascicles was therefore chosen) and an- 
alyzed using Cricket Graph 111 1.5.1. 

24. Whole-mount immunohistochemistry was per- 
formed as described (70) using TAG-1 mAb 4D7 [M. 
Yamamoto, A. M. Boyer, J. E. Crandall, M. Edwards, H. 
Tanaka, J. Neurosci. 6, 3576 (1986)l or DCC mAb 
AF5. Fluorescence intensity was quantified using NIH 
lmage software. 
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