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axon growth in all our culture models; indeed, it
appears to be toxic to both neurons and non-neuronal
cells.

Since our three-dimensional cultures are tissues, the
issue of penetration of molecules into the cultures is

Fig. 6. (A) A normal astrocyte monolayer culture stained
with anti-GFAP. (B) An astrocyte culture which has been
treated for 2 days with 2mM cbz-gly-phen-amide. The
majority of cells have retained their GFAP staining, and
have a normal-looking cytoskeleton, but the cells are not
adherent to one another, Bar=50^m.
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Fig. 7. The length of outgrowth of axons from E15 DRGs
on air-dried collagen in the presence of protease inhibitors
over 2 days. The results were calculated in the same way as
for three-dimensional cultures. Error bars=99 % confidence
limits.

important. We know that large molecules penetrate the
cultures little, since attempts to block stain live cultures
with antibodies (Mr of IgG = 150 000) have resulted in
the staining of only the surface of the cultures. The
molecules that inhibited axon growth in three-dimen-
sional cultures are small; much the largest is trasylol,
which is a polypeptide of MT 6500. Soyabean trypsin
inhibitor, which we mixed with EACA is relatively large
(Mr 20100) and may therefore have added little to its
effect. It is possible that TIMP, which has a Mr of
29000, did not penetrate the cultures in sufficient
amounts to reach an effective concentration between
the cells. However, our three-dimensional cultures
contained no stainable extracellular matrix except
around meningeal cells, as is the case in the mature
brain, so it is unlikely that growing axons need to break
down matrix materials in order to grow through astro-
cytes. Our experiments were conducted in serum-
containing medium, and serum contains protease in-
hibitors, particularly alpha 2 macroglobulin and some
serine protease inhibitors. These, particularly alpha 2
macroglobulin (Mr 720000), are large molecules, which
are unlikely to have penetrated far into our three-
dimensional cultures.

Proteases have been implicated in the invasive pro-
cess in tumour cells and other cell types (Mignatti et al.
1989; Moscatelli and Rifkin, 1988; Liotta and Stetler-
Stevenson, 1989; Bazer and Roberts, 1983), the
proteases often being bound to cell surface receptors
after secretion. There is a close correlation between the
production of proteases and the invasiveness of tumour
cell lines, and tumour metastasis can be prevented in
vivo by protease inhibitors (Ossowski, 1988a). Tumour
cell invasion has been shown to rely on three main
families of protease, serine proteases, collagenase-type
metalloproteases and neuropeptidase-type metallopro-
teases. Individual cell lines secrete these proteases in
varying proportions, but inhibitors active against all
three families have been shown to slow or prevent
tumour invasion in a variety of in vitro assays
(Ossowski, 19886; Paganetti et al. 1988; Mignatti et al.
1986), the effective protease inhibitors presumably
being determined by the spectrum of proteases secreted
by the cell line in question. Our experiments suggest
that axonal growth cones are in some respects similar to
other invasive cell types in that they also appear to rely
on proteases for a part of their invasive properties.
Axonal growth cones have been shown to secrete
proteases of the serine protease type and also collagen-
ase-type metalloproteases (Pittman and Patterson,
1987; Pittman and Williams, 1989; Machida etal. 1989).
On the other hand, astrocytes secrete two potent serine
protease inhibitors, nexin-1 and alpha 2 macroglobulin
(Gloor et al. 1986; Rosenblatt et al. 19876; Bauer et al.
1988).

In our assays, axon growth was inhibited by both
serine protease inhibitors and inhibitors of a class of
metalloproteases. The sites of action of these molecules
are probably rather different. The serine protease
inhibitors only inhibited growth in three-dimensional
astrocyte cultures. In this culture model alone, the



Axon growth and proteases 65

axons have to penetrate a three-dimensional matrix of
closely apposed astrocytes, presumably needing to
break cellular junctions in the process, and local pro-
teolysis might aid this process. Growth of axons on
astrocyte monolayers does not require axons to pen-
etrate between cells, and it is therefore perhaps not
surprising that the serine protease inhibitors had little
effect on axon growth in this situation. The effect of
serine protease inhibitors on axon outgrowth in our
assay is particularly interesting, because astrocytes
themselves secrete serine protease inhibitors, and these
might have the effect of restricting axonal growth into
astrocytic tissues. The peptide cbz-gly-phen-amide in-
hibited axon growth in all of our three culture models.
Since growth of axons in the absence of glia was
affected, the peptide must have a direct effect on
neurons, and we have observed it to have a very rapid
effect in causing growth cones to collapse and withdraw.
Proteases of the type inhibited by this peptide have
been reported to be involved in various cellular pro-
cesses, such as axonal transport, transmitter release and
cell fusion, and may be involved in calcium homeostasis
(Hammerschlag et al. 1989; Lelkes and Pollard, 1987;
Baxter et al. 1983; Couch and Strittmatter, 1983). The
concentration of inhibitor required to affect these
processes is very similar to that which was effective in
our experiments. Enteroproteases are generally re-
covered from the membrane fraction of cells, and have
been implicated in invasive events and destruction of
extracellular matrix (Chen and Chen, 1987; Paganetti et
al. 1988). It is possible that axonal growth cone pro-
gression also uses this family of enzymes to affect the
extracellular environment. However, in our exper-
iments the direct effect of the inhibitor on neurons
makes it impossible for us to determine whether this is
so.

Adhesion molecules, particularly N-cadherin, are
critical for the growth of axons over astrocyte mono-
layers (Tomaselli et al. 1986; Neugebauer et al. 1988).
Their role in controlling axonal growth into three-
dimensional astrocyte tissues is likely to be more
complex. Indeed, in tumour cells, increased invasive-
ness may be associated with a decrease in cell surface
adhesion molecules (Behrens et al. 1989; Roman et al.
1989). N-cadherin is a homophilic adhesion molecule,
and therefore presumably causes neighbouring astro-
cytes to adhere to one another as well as promoting
axon-astrocyte adhesion. Localized proteolysis pre-
sumably affects the balance of the interactions between
cells and axons.

In our previous study using the three-dimensional
astrocyte culture model (Fawcett et al. 1989) we found
that axons from postnatal DRGs or retina penetrated
the astrocytes hardly at all, while axons from embryonic
retina and DRGs grew for considerable distances. It is
unlikely that this difference between embryonic and
postnatal neurons can be entirely ascribed to differ-
ences in protease production, since inhibition of serine
proteases did not reduce axon growth from embryonic
DRGs to the same level as we found in postnatal
DRGs.

Since proteases seem to play an important role in
axon growth and invasiveness, it will be important to
define the factors controlling their secretion by axons,
and their roles inside neurons. It will also be useful to
detail the proteases and protease inhibitors secreted by
non-neuronal cells, and to define the resultant micro-
environment that surrounds the growth cone as it
interacts with the tissues that it encounters.

This work was supported by grants from the International
Spinal Research Trust, and the Medical Research Council.
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