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Figure 7. C6 plasma membranes degradation of CNS inhibitory substrate is 1,10-phenanthroline sensitive. Spreading of 3T3 cells on CNS

myelin is induced by pretreatment of myelin with C6 plasma membranes. 1,10-phenanthroline abolishes this effect. Bar, 30 um.

biological mechanisms, both for C6 spreading on an inhibi-
tory substrate as well as for C6 mobility in an environment
(optic nerve), which does neither allow fibroblasts, Schwann
cell, or melanoma cell migration, nor ingrowth of regenerat-
ing nerve fibers. This behavior of C6 cells was not due to “in-
sensitivity” to the inhibitory components, since C6 cell mo-
tility was drastically inhibited on CNS myelin or white matter
in the presence of specific metalloenzyme blockers, and this
effect was reversed by selective neutralization of myelin-asso-
ciated inhibitory proteins with a monoclonal antibody (IN-1).

Transformed invasive cells are known to often express high

levels of proteolytic activities (Quigley, 1976; Mahdavi and
Hynes, 1978; Mullins and Rohrlich, 1983; Chen et al., 1984;
Mignatti et al., 1986; Wilhelm et al., 1987). In fact, inacti-
vation of myelin-associated inhibitory constituents occurred
by living C6 cells as well as by C6 plasma membranes. Our
experiments with a number of protease biockers with differ-
ent known specificities showed that this C6-associated activ-
ity belongs to the metalloprotease family. The close parallel-
ism observed between prevention of C6 cell spreading on
CNS myelin and prevention of inactivation of myelin-associ-
ated inhibitory proteins strongly suggest that modification

Table IIl. C6 Plasma Membranes Reduce CNS Myelin Inhibitory Substrate Property for 313 Cells

3T3 cell [’H]Thymidine

Substrates spreading incorporation
% %
PLYS 100 100
CNS myelin 15 30
CNS myelin, C6 PM, 10~ 52 83
CNS myelin, C6 PM, phenanthroline treated 17 50
CNS myelin, C6 PM, EDTA treated 13 ND
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3T3 cells were plated on PLYS or CNS myelin. Spreading was assessed after 150 min and is the mean of three experiments, SEM <12%. CNS myelin was prein-
cubated with a C6 cell plasma membrane fraction (C6 PM) in the absence or presence of metalloprotease inhibitors as indicated. 1, 10-phenanthroline concentration
was 0.5 mM, and EDTA concentration was 3 mM. [°’H]Thymidine was added when 3T3 cells were plated, and incorporation was determined after 20 h. Values
are the mean of two experiments, SEM <14%.
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Figure 8. C6 cell attachment and spreading on CNS white matter of rat cerebellar frozen sections is impaired by metalloprotease blockers.
Phase-contrast micrographs of C6 cells on rat cerebellar frozen sections cultivated in the presence of either 0.1 mM cbz-ala-phe (a) or
0.1 mM cbz-tyr-tyr (b). Inhibition of attachment and spreading is particularly evident in the center of the white matter (asterisks), but
is also visible in the main white matter branches (arrows). On the gray matter there is no relevant difference between a or b. Bar, 1.0 mm.

of the inhibitory substrate components by a metalloprotease
could be the mechanism which enables C6 cells to spread
on myelin, on white matter, and to infiltrate optic nerve
explants.

Metalloproteases form an increasingly numerous group,
the members of which differ in their sensitivity to various
blockers. The most general blocker is 1,10-phenanthroline
which impaired C6 cell spreading on CNS myelin up to
67%, whereas most inhibitors of the other classes of pro-
teases had no detectable effects. In the early (90 min) but not
the later (300 min) phases of C6 cell spreading on myelin an
effect of trypsin-like serine-protease inhibitors was also ob-
served (not shown). Whether these enzymes act in parallel
with the metalloproteases or could even activate them, as
it has been reported (e.g., for the plasminogen activator-
plasmin-collagenase system) (Mignatti et al., 1986), is an
open question. The effect of 1,10-phenanthroline was dose
dependent, with an ICs of 0.2 mM. This effect was specific
for CNS myelin as a substrate, since normal, rapid spreading
of C6 cells was observed on other substrates such as CNS
gray matter, PNS myelin, glass, or PLYS in the presence of
1,10-phenanthroline. Other known metalloprotease blockers
like bestatine (inhibitor of aminopeptidases; Umezawa et al.,
1976), phosphoramidone (inhibitor of thermolysin-like me-
talloproteases; Komiyama et al., 1975), and TIMP (inhibitor
of extracellular matrix-degrading metalloproteases; Caw-
ston et al., 1981) did not lead to inhibition of C6 cell spread-
ing on CNS myelin. Since metalloproteases generally hydro-
lyze peptide bonds followed by large aliphatic or neutral
aromatic amino acids, we tested the effect of dipeptide sub-
strate analogues containing such residues. cbz-gly-phe-NH»
(1 mM) or cbz-tyr-tyr (0.3 mM) inhibited C6 cell spreading
specifically on CNS myelin. cbz-gly-phe-NH, was found to
inhibit other 1,10-phenanthroline-sensitive enzyme activities
with relative high specificity (Almenoff and Orlowski, 1983;
Baxter et al., 1983; Couch and Strittmatter, 1983; Chen and
Chen, 1987; Lelkes and Pollard, 1987).
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Inactivity of C6-conditioned medium and cell fraction-
ation experiments demonstrated that the myelin-directed pro-
teolytic activity is associated with C6 plasma membranes.
Isolation and characterization of a plasma membrane-bound
metalloprotease (endopeptidase 24.11, enkephalinase), which
is also blocked by 1,10-phenanthroline but not by TIMP, was
reported by Almenoff and Orlowski (1983). However, the
metalloprotease described here is probably not an enkephali-
nase, since cm-phe-leu, a peptide with high affinity for en-
kephalinase (Fournie-Zaluski et al., 1983), did not affect C6
spreading on myelin. A metalloprotease expressed by Rous
sarcoma virus-transformed chick embryo fibroblasts and
localized at adhesion sites and on “invadopodia” was de-
scribed by Chen and Chen (1987). This enzyme is also in-
hibited by 1,10-phenanthroline and cbz-gly-phe-NH,, but

Figure 9. C6 cell infiltration
‘ J into CNS explants is impaired
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by cbz-tyr-tyr. Cells were add-
ed to one tip of optic nerve ex-
plants (chamber cultures) in
the presence of the metallopro-
tease inhibitor cbz-tyr-tyr (m),
or of the control peptide cbz-
ala-phe (O), as described in
Materials and Methods. 14-d-
old cultures were quantified.
Infiltrated cells were counted
in the first 1.3 mm of the ex-
plants. Each column represents
the number of infiltrated cells
per 0.1 mm. Only the most cen-
tral part of the explants was
considered (0.25 mm). Values
represent means + SEM of
two sets of experiments for a
total of eight explants.
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not by phosphoramidon, as the metalloprotease described
here. However, we could not detect any fibronectin degrada-
tive activity on C6 cells so far. Indeed, the substrate
specificity of the C6 metalloprotease is not yet known. Our
observation of an inactivation of the myelin-associated in-
hibitory substrate molecules indicates, that the substrates
relevant for the effects observed here may not be on the sur-
face of the C6 cells. However, a more complex sequence of
events resulting in the release of an inhibitor-blocking recep-
tor fragment from C6 cell membrane can not be excluded.

An increase of proteolytic activities associated with trans-
formation or tumorigenicity is well described (see above).
Such proteases have been implicated in the degradation of
extracellular matrix (Fairbairn et al., 1985) or basement
membrane components (Liotta et al., 1986), facilitating mi-
gration of tumor cells through tissue barriers, and allow-
ing extravasion from blood vessels and metastatic tissue inva-
sion. We, therefore, tested the highly metastatic B16 mouse
melanoma cells in all the assays used with C6 cells. Interest-
ingly, B16 cells did not migrate into optic nerve explants, but
responded to the myelin-associated inhibitors in a way very
similar to 3T3 cells or neurons. In line with this in vitro be-
havior, B16 cells upon intracisternal injection, mainly showed
meningeal tumor spread with occasional migration along
blood vessels into the Virchow-Robin spaces (Schabet et al.,
1987). Obviously, the mechanisms providing metastatic be-
havior to B16 cells in the periphery are different from those
conferring high mobility to C6 cells in the CNS tissue.

Inhibition of C6-associated metalloproteases not only in-
hibited C6 spreading on CNS myelin, but also abolished C6
cell attachment, spreading, and migration on CNS white
matter, and the dipeptide cbz-tyr-tyr strongly impaired the
migration of C6 cells into optic nerve explants. This metal-
loprotease activity(ies) may, therefore, be crucially involved
in the infiltrative behavior of C6 glioblastoma cells in CNS
tissue, also in vivo.
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