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culture dishes that have not been pre- 
coated. Moreover, the upper surfaces of 
nonneuronal cells (7) as well as materials 
deposited on the dish by such cells (8) 

Nerve Fiber Growth on Defined Hydrogel Substrates 

Abstract. Cultured neurons become attached to hydrogel substrates prepared 
fiom 2-hydroxyethylmethacrylate but grow few nerve fibers unless fibronectin, 
collagen, or nerve growth factor is incorporated into the hydrogel. Antibodies to 
fibronectin inhibit nerve fiber growth on hydrogels containing fibronectin, which 
suggests that growing neurons interact directly with proteins trapped in the 
hydrogel. The adhesive requirements for attachment of neurons appear distinct and 
possibly less spec$c than those forfiber growth. Defined hydrogel substrates ofer a 
controlled method for analyzing complex substrates that support nerve fiber growth 
and neuronal di$erentiation. 

The extent to which cultured neurons 
extend nerve fibers is known to depend 
on the culture substrate, but this depen- 
dence is poorly understood. Interactions 
of the cell surface with the substrate, 
especially at growth cones (that is, at the 
attached motile tips of growing nerve 
fibers), appear to determine the rate and 
direction of growth ( I ) .  Substrates that 
support fiber extension are thought to be 
suitably "adhesive" (2), but the factors 
responsible for this adhesiveness have 
not been defined in molecular terms. 
Attachment of neuronal somata to vari- 

'ous substrates is commonly used as a 
measure of substrate adhesiveness (3), 
but it is not clear whether the molecular 
interactions involved in the attachment 
of somata are identical, or even related, 
to those that mediate nerve fiber exten- 
sion. 

The uncertainty results in part from 
Mculty in preparing defined substrates 
that support nerve fiber outgrowth. 
Dishes precoated with purified proteins 
and related macromolecules such as fi- 
bronectin, collagen, and polyamino acids 
support excellent nerve fiber outgrowth 

have been shown to promote luxuriant 
fiber outgrowth. Thus, in primary neuro- 
nal cultures that are invariably contam- 
inated by large numbers of nonneuronal 
cells (glia and fibroblasts), the substrate, 
whether it has been deliberately precoat- 
ed or not, may be substantially modified 
by undefined products of nonneuronal 
cells. 

We report here the results of an effort 
to elucidate the molecular properties of 
substrates necessary for nerve fiber out- 
growth. Hydrogels prepared from 2-hy- 
droxyethylmethacrylate (HEMA) permit 
neuron attachment, but support little 
nerve fiber growth. When the gels are 
modified by the inclusion of appropriate 
macromolecules within the gel niatrix, 
neurons grow extensive nerve fibers. 
Small molecules such as mannose (mo- 
lecular weight 180) can be easily incorpo- 
rated into HEMA gels, whereas satisfac- 
tory, stable coating of culture dishes by 
incubation with solutions of small mole- 
cules is seldom feasible. As a result it is 
possible to study, in a controlled fashion, 

Fig. 1. Growth of neurons on HEMA gels containing collagen. Cells from chick embryo dorsal root ganglia were prepared by trypsin treatment 
and trituration of dorsal root ganglia from chick embryos (14). A suspension of cells in culture medium containing fibronectin-free horse serum 
was seeded onto circles of HEMA-collagen gels (1 mglml in tris-buffered saline, pH 7.4) or onto circles of HEMA with tris-buffered saline. There 
was no significant difference in the number of cells attached to the two types of gels. (A) On HEMA-collagen gels after 36 hours in culture 40 per- 
cent of the neurons had nerve fibers that averaged 208 pm in length per cell (N = 41). (B) After 36 hours 16 percent of the neurons on simple 
H E M .  gels had grown nerve fibers that averaged 49 pm in length (N = 60). Total axon length per 100 neurons, determined by multiplying the 
fraction of growing neurons by the total nerve fiber length per cell, was 784 pm per 100 for neurons on simple HEMA gels and 8320 pm per 100 
neurons on HEMA-collagen gels. After 36 hours the cells on qimple HEMA gels were harvested from the gel by mild trypsin treatment (0.0125 
percent trypsin in divalent cation-free Hanks balanced salt solution, pH 7.2, for 10 minutes at 23"C), then centrifuged and resuspended in culture 
medium (as above). These harvested cells were reseeded onto HEMA-collagen gels (1 mg/ml) and within 24 hours 30 percent of the neurons had 
extended fibers (C) that averaged 290 pm in length (N = 31 ; total axon length, 8600 pm per 100 neurons). A spread fibroblast (arrow) is visible in 
this photomicrograph. 
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the effects of a wide variety of defined 
HEMA substrates on nerve fiber growth 
in culture. 

We found that fibronectin, P nerve 
growth factor (PNGF), and several types 
of collagen are effective at supporting 
nerve fiber growth when incorporated 
into the HEMA matrix. A variety of 
other macromolecules were much less 
effective, including: wheat germ aggluti- 
nin, a plant lectin known to bind to 
neurons (9), cytochrome c ,  and two cat- 
ionic polyamino acids. Nerve fiber out- 
growth is as extensive in cultures deplet- 
ed of nonneuronal cells as in cultures 
containing large numbers of nonneuronal 
cells, but on HEMA-fibronectin gels 
nerve fiber growth is blocked by antise- 
rum to fibronectin. Taken together these 
results suggest a direct and selective 
interaction of the nerve fiber surface 
with defined molecules embedded in the 
gels. 

Synthetic polymers of HEMA belong 
to a class called hydrogels that contain 
large amounts of water (10). HEMA gels 
are well tolerated as implanted prosthe- 
ses; for this reason, and because of their 
optical clarity and resilience, they are 
commonly used as soft contact lenses. 
The culture substrates we used were 
prepared according to the methods of 
Civerchia-Perez el al. (11). The colla- 

Fig. 2. Nerve fiber growth on HEMA-fibro- 
nectin gels: effects of enrichment of cultures 
for neurons and of antiserum to fibronectin. 
Cells from chick embryo dorsal root ganglia 
were seeded onto HEMA-fibronectin gels or 
simple HEMA gels (Fig. 1). After 24 hours the 
cultures were fixed with 3 percent paraformal- 
dehyde in 100 mM phosphate buffer, pH 7.4, 
and the lengths of nerve fibers were deter- 
mined by observation through a light micro- 
scope fitted with an eyepiece micrometer. In 
this and all other experiments nerve fibers 
from neurons not in contact with other cells 
were measured so that the neurons were 
clearly growing on the gel substrate and not 
on other cells. The extent of growth was 581 
km per 100 neurons in controls (A) and 116 
ym per 100 neurons in cultures on the simple 
HEMA gels (E). Data are expressed as a 

gens incorporated into the gels were 
types I, 111, and IV; other molecules 
included fibronectin, PNGF, cyto- 
chrome c ,  and wheat germ agglutinin 
(12). HEMA gels have a pore size of 
approximately 0.4 nm (10). Polymeriza- 
tion of HEMA in the presence of a 
variety of radioactively labeled mole- 
cules ( [ 1 2 5 1 ] ~ N G ~ ,  ['25~]a-bungarotoxin, 
[3H]concanavalin A, [35~]methionine, 
[3~]mannose) showed that even mole- 
cules of low molecular weight become 
almost permanently trapped in the gels 
(13). 

Suspensions of cells from dorsal root 
ganglia of chicken embryos were seeded 
directly onto HEMA-gel substrates (14). 
There was no significant difference in the 
number of cells that attached to simple 
HEMA-gel substrates or to substrates 
containing proteins. There was little 
nerve fiber growth, and nonneuronal 
cells did not flatten on simple HEMA 
gels; however, on HEMA gels contain- 
ing fibronectin or collagen, neurons ex- 
tended long fibers, and nonneuronal cells 
spread upon the substrate (Fig. 1). When 
spherical cells that had been cultured on 
simple HEMA gels for 24 hours were 
resuspended by trypsinization and then 
reseeded onto HEMA gels containing 
fibronectin, they rapidly extended nerve 
fibers (Fig. 1). 

B C D  
percentage of growth on control HEMA-fi- 
bronectin gels. (A) HEMA-fibronectin gels (1 mglml). (B) HEMA-fibronectin gels (1 rnglml) that 
were pretreated with antiserum to fibronectin for 3 hours at 37'C and washed three times with 
Hanks balanced salt solution. (C) HEMA-fibronectin gels upon which cells were cultured in 
medium containing antiserum to fibronectin. (D) The same as (C) except the medium contained 
complete horse serum rather than fibronectin-free horse serum as in (A), (B), and (C). (E) 
Simple HEMA gels. (F) In a separate experiment dorsal root ganglia cells were preplated on 
uncoated petri dishes to which the nonneuronal cells attached firmly but the neurons much less 
firmly. After the cells were cultured overnight the neurons were selectively dislodged by simply 
directing a stream of medium over the culture. A set of cultures on HEMA-fibronectin gels 
equivalent to those on petri dishes was also prepared and fixed after 24 hours of growth. The 
ratio of neurons to nonneurons was 0.80 in cultures before preplating and increased to 9.2 after 
preplating. The preplated cells enriched for neurons were reseeded on HEMA-fibronectin gels. 
Control cultures consisted of preplated cells cultured on HEMA-fibronectin gels from which 
neurons and fibroblasts were nonselectively harvested, and which had a neuron to fibroblast 
ratio of 1.5. The extent of nerve fiber growth after 24 hours by the enriched cultures on HEMA- 
fibronectin gels was not significantly different from control cultures that had six times more 
nonneurons (F) and was greater than the extent of growth by the originally cultured (not 
preplated) neurons that had ten times more nonneurons. 

The best nerve fiber growth occurred 
on HEMA-gel substrates containing fi- 
bronectin, collagen, or PNGF. The ex- 
tent of nerve fiber growth on these sub- 
strates depended on the concentration of 
protein added to the gel (range tested: 
0.05 to 1 mglml). Types I, 111, and IV 
collagen did not differ significantly in 
their ability to support fiber growth (data 
not shown). Cytochrome c (0.2 to 1 rngl 
ml), a soluble protein with an isoelectric 
point similar to PNGF, and wheat germ 
agglutinin (0.1 to 1 mglml), which binds 
avidly to neurons (9), both supported 
little fiber growth (data not shown). 
Poly-L-lysine (1 mglml) and poly-L-orni- 
thine (1 mglml), both widely used to 
render culture substrates more adhesive 
for cells, were also ineffective, as were 
the polyanionic glycosaminoglycans, 
chondroitin sulfate (1 mglml), hyaluron- 
ic acid (0.25 mglml), and heparin (1 mgl 
ml) . 

Only about 50 percent of the cells in 
our standard cultures from dorsal root 
ganglia are neurons. However, by pre- 
plating cells overnight on plastic petri 
dishes, to which nonneuronal cells at- 
tach firmly but neurons attach poorly, it 
is possible to selectively remove the neu- 
rons. Using this approach we have ob- 
tained a tenfold enrichment of neurons in 
our cultures (Fig. 2). Elimination of most 
of the nonneuronal cells had no signifi- 
cant effect on the extent of nerve fiber 
growth on HEMA-fibronectin gels (Fig. 
2F). There is thus no evidence that prod- 
ucts of nonneuronal cells are required 
either to render the substrate adhesive 
for neuronal growth cones or to enhance 
the fiber growth response of neurons. 

Additional evidence that the growing 
nerve fibers interact directly with specif- 
ic proteins embedded in the HEMA gels 
was provided by experiments with anti- 
bodies against fibronectin. Prior incuba- 
tion of HEMA-fibronectin gels with anti- 
serum to fibronectin markedly inhibited 
fiber extension by neurons (Fig. 2B), but 
did not cause neurons to detach from the 
gel surface. Nerve fiber growth on 
HEMA gels with fibronectin was inhibit- 
ed to an even greater extent by addition 
of antiserum to a medium containing 
fibronectin-free serum (Fig. 2C). The 
antiserums had no inhibitory effect when 
added to medium supplemented with 
whole serum containing fibronectin (Fig. 
2D). The failure of fibronectin-antifibro- 
nectin complexes to support fiber out- 
growth suggests a direct interaction of 
the nerve fiber surface with molecules 
embedded in the substrate. 

It is not known whether the various 
collagens or PNGF also interact directly 
with the surface of the growth cone. 
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Collagens of all types are known to bind 
the fibronectin Dresent in culture media 
supplemented with whole serum (15). 
The collagen in HEMA gels may there- 
fore be an effective substrate for fiber 
growth because of its ability to collect 
fibronectin. If this were so, we would 
expect other molecules that bind fibro- 
nectin to be effective when incorporated 
into HEMA gels. Yet heparin, which 
does bind fibronectin (16) did not pro- 
mote fiber growth. Furthermore, PNGF, 
which we have found to be active in 
supporting fiber growth and has been 
shown by others to affect the extent and 
direction of nerve fiber outgrowth ( I n ,  is 
not known to bind fibronectin. It seems 
likely that PNGF interacts directly with 
its own receptors on the cell surfaces of 
neurons and their processes. Wheat 
germ agglutinin, which also binds to the 
surfaces of these neurons (9) more exten- 
sively than does PNGF, might be expect- 
ed to be more adhesive but it supports 
little nerve fiber growth. At least two 
sets of distinct molecular interactions 
between the growth cone and the culture 
substrate appear to be effective in per- 
mitting nerve fiber growth. 

From these studies we have distin- 
guished two types of adhesive interac- 
tions between cultured neurons and their 
substrates: one that permits attachment 
of neurons and a second, more specific, 
adhesive interaction required for nerve 
fiber growth. Beyond being useful for 
experiments with well-characterized 
macromolecules, hydrogel substrates 
should be valuable in analyzing complex 
substrates including microexudates and 
cell surfaces to identify those compo- 
nents that support and direct nerve fiber 
growth in vivo. In addition, it should be 
possible to prepare stable gradients of 
macromolecules that may stimulate 
chemotaxis of growth cones (17). Final- 
ly, the well-known biocompatibility of 
HEMA gels used as tissue implants sug- 
gests that HEMA gels might be used for 
the manufacture of prostheses that 
would promote nerve fiber regeneration. 
Severed nerves realigned by HEMA-gel 
cuffs containing macromolecules appro- 
priate to support regeneration might im- 
prove the chances of functional reinner- 
vation. 
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Anticonvulsant Action of Excitatory Amino Acid Antagonists 

Abstract. Compounds that antagonize neuronal excitation induced by dicarhoxylic 
amino acids were tested in two animal models of epilepsy, namely sound-induced 
seizures in DBAI2 mice and threshold pentylenetetrazol seizures in Swiss mice. 
Sound-induced seizures could be prevented by intracerehroventricular injection of 
compounds that block excitation due to N-methyl-D-aspartic acid. The most potent 
such compound, 2-amino-7-phosphonoheptanoic acid, was anticonvulsant in both 
test systems when given either intraperitoneally or intracerehroventricularly. Specif- 
ic antagonists of excitation that is caused by amino acids provide a new class of 
anticonvulsant agents. 

In focal epilepsy, in reflex epilepsy, 
and in primary generalized epilepsy with 
tonic or clonic motor signs, the develop- 
ment of clinically evident convulsive ac- 
tivity depends on the recruitment of nor- 
mal neurons into paroxysmal patterns of 
firing (I). Since this process depends on 
excitatory neurotransmission it can be 
prevented by antagonists of excitatory 
neurotransmitters. The dicarboxylic 
amino acids in the brain are universally 
excitatory when applied by microionto- 
phoresis to the mammalian central ner- 
vous system (2). The most abundant of 
these amino acids, glutamic and aspartic 
acids, appear to act as excitatory neuro- 
transmitters in many brain areas, includ- 

ing the neocortex, hippocampus, cere- 
bellum, and sensory afferent pathways 
(3). Studies with analogs of glutamic and 
aspartic acids, including various cyclic 
compounds, have led to the description 
of three classes of receptors for dicar- 
boxylic amino acids: receptors that are 
most potently activated by N-methyl-D- 
aspartic acid (NMDA); those that are 
activated preferentially by quisqualic 
acid; and those that are activated by 
kainic acid (2, 4). Comparison of the 
effects of various antagonists either in 
the spinal cord or the rat cortex shows 
that activation by N-methyl-D-aspartic 
acid is preferentially blocked by 2-ami- 
no-5-phosphonopentanoic acid and 2- 
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