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SUMMARY 

Ependymin, a prominent protein of the brain's extracel
lular fluid (ECF) was previously implicated in the con
solidation of memory and in the activity-driven sharpen
ing of the retinotectal projection. Because both these 
phenomena probably involve the growth and elaboration 
of appropriate synapses, we have tested whether epen
dymin can serve as a substrate for the growth ofaxons 
from goldfish retinal ganglion cells in a culture assay. 
Ependymin (Ep), laminin (LAM), polylysine (PL), 
and Concanavalin A (Con A) were plated on glass cov
erslips either uniformly or in striped patterns. Ep alone, 
either soluble or partly polymerized (by dropping cal
cium concentration and pH), was a good substrate for 
axonal outgrowth, as good or better than PL and ColiA, 
but not as good as LAM. Neurites grew faster on LAM 
(71 ttm/h) than on Ep (32 ttm/h) or on PL (22 ttm/h). 

INTRODUCTION 

Long-term memory requires protein synthesis 
(Flexner, Flexner and Stellar, 1963; Goelet, Cas
tellucci, Schacher, and Kandel, 1986; Montarolo 
et al., 1986), and may involve growth and elabora
tion of the synapses participating in learning 
(Greenough and Bailey, 1988; Bailey and Chen, 
1988). Recently, attention has turned to specific 
proteins that may be involved both in the consoli
dation of memory and in experience-dependent 
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Fasciculation was low on LAM, intermediate on Ep, and 
highest on PLo In exclusive side-by-side stripe assays, 
axons preferred LAM over Ep, but gave weak or no 
preference for Ep over Con A or PLo With stripes of 
LAM + Ep alongside pure LAM, the axons preferred 
the mixture of LAM + Ep. When antibodies to Ep were 
plated in stripes over continuous Ep substrate, the axons 
avoided the antibody-blocked stripes and grew on the Ep 
stripes. Antibodies to Ep did not, however, block growth 
on laminin substrates, nor did antibodies to LAM block 
growth.on Ep. Dot blots and western blots showed very 
little cross recognition between the antibodies. Ependy
min is a good substrate for neurite outgrowth, which is 
normally present in ECF, and adhesion to Ep is indepen
dent of LAM and possibly additive to it. 

development where similar synaptic changes 
occur. One such protein, ependymin (Ep), has 
been implicated in the consolidation of memory in 
goldfish and mice (Shashoua, 1985; Schmidt, 
1986) and in activity-driven retinotopic sharpen
ing of the regenerating retinotectal projection of 
goldfish (Schmidt and Shashoua, 1988). 

Ependymin has been localized by immunohis
tochemical staining within the ependymal glia 
(Benowitz and Shashoua, 1977; Schmidt and Sha
shoua, 1988), the leptomeninx (Schmidt, 1983) 
and some neurons (Schmidt et aI., 1986, 1990), 
and is continually secreted as a disulfide-linked 
dimer of two polypeptide chains (37 and 31 kD) 
into the brain extracellular fluid (ECF) (Schmidt 
and Shashoua, 1981; Shashoua, 1985). It was first 
identified by double-labelling methods as a glyco
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protein whose turnover rate increased in the brains 
ofgoldfish that learned a new pattern of swimming 
(Shashoua, 1976; Schmidt, 1987). Subsequent 
studies showed that injections of ependymin anti
bodies into the fourth ventricle within 24 h after 
training could block subsequent recall (Shashoua 
and Moore, 1978; Schmidt, 1986; Piront and 
Schmidt, 1988), suggesting that the protein could 
be involved in some aspect of the process of con
solidation of long-term memory. Similarly, 
chronic infusion of antibodies to ependymin 
blocked the sharpening of the retinotectal map 
(Schmidt and Shashoua, 1988). 

Ependymin has been reported to undergo irre
versible polymerization when the calcium concen
tration and pH both drop significantly (Shashoua, 
1985, 1988). Because sustained activity at conver
gent synapses can transiently lower local calcium 
concentrations by as much as 70% (Krnjevic, 
Morris, and Reiffenstein, 1982; Marciani, Louvel, 
and Heinemann, 1982; Morris, Ropert, and Sha
shoua, 1988), the resulting deposition of polymer
ized ependymin into a matrix (Shashoua and 
Hesse, 1985) could play a role in promoting in
creased growth or elaboration at the sites of the 
participating synapses (Shashoua, 1985). 

If ependymin serves such a role, then it should 
interact with retinal axons to serve as a' growth
promoting substrate for growth cones. Consistent 
with this, ependymin has been localized by immu
nohistochemical staining to the astrocytes of the 
goldfish's optic nerve (1. Schmidt, R. Schmidt, 
and S. Rother, unpublished data). In the pre'"sent 
studies, we have tested the ability of ependymin to 
serve as a substrate for growth ofaxons from ex
plants ofgoldfish retina, and made direct compari
sons with other established substrates using a pre
viously developed stripe assay. The results show 
that it is a good substrate for axonal outgrowth, as 
good as polylysine (PL) or concanavalin A (Con 
A) but not as good as laminin (LAM). 

METHODS 

Explant and Culture of Retinal Strips 

Retinal explants were prepared as previously described 
in detail (Vielmetter and Stuermer, 1989). In brief, ret
inas were isolated from goldfish (Carassius auralus. 5-8 
cm long) that had received an optic nerve cut 14 days 
previously, attached to a nylon filter support, and cut 
into strips 300 iLm wide on a McIlwain tissue chopper. 
These strips were plated onto the substrates with the 
ganglion cell layer down, and incubated in LIS medium 
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with 10% fetal calf serum and 0.4% methylcellulose in 
culture dishes at 22°C. 

Staining with Rhodamine 

To stain axons with rhodamine (McKenna and Raper, 
1988), we fixed cultures with 2% glutaraldehyde in 
phosphate-buffered saline (PBS) (2 h), washed in dis
tilled water, dried at room temperature, and incubated 
for 10 min with a rhodamine isothiocyanate (RITC) 
solution ( I mg in 10 ill dimethyl sulfoxide, and 10 mL 
distilled water). Cultures were washed in 70% and 
96% ethanol (I min each) to remove excess RITC, 
dried at room temperature, embedded in Enthellan 
(Boehringer), and photographed either on a Zeiss Axio
phot or on an Olympus BH2 microscope with epaxial 
illumination using appropriate filter sets. 

Antibody Staining 

Cultures were fixed first with methanol at -20°C fOf 10 
min, then with 2% formaldehyde in PBS (pH 7.3) for 10 
min. They were washed five times in PBS with 0.5% 
bovine serum albumin (BSA), incubated in antibody to 
ependymin or normal rabbit serum (NRS) (1/200 in 
PBS with 1% BSA) for 4 h to overnight, washed five 
times, incubated for 2 h with goat anti-rabbit IgG la
belled with fluorescein, washed five times, and mounted 
on a slide with Mowiol medium (Hoechst). 

Ependymin Purification 

Ependymin was isolated from the ECF of the goldfish 
brain by the method of Schmidt and Shashoua ( 1981). 
Briefly, brains removed from 100 fish and extracted with 
gentle agitation for 30 min in ice-cold Tris [tris( hy
droxymethyl )amino-methane 1extraction buffer [50 
mM Tris, pH 7.2, 86 mM NaCl, 2.5 mM CaCl2 to 
prevent polymerization, 1 m M glutathione (reduced 
form, Sigma)], and 0.3 mMTPCK (N-tosyl-l-phenyl
alanine chloromethyl ketone, Sigma) as protease and 
esterase inhibitors (Shashoua and Holmquist, 1986). 
The extracts were filtered and centrifuged ( 100,000 g for 
60 min) to remove particulate matter, bound to 8 g of 
Con A-Sepharose beads (Pharmacia) for I h at room 
temperature, washed extensively, eluted with 300 mM 
alpha methyl mannoside, and concentrated at 1°C by 
ultrafiltration (Amicon filter PM 10) to achieve a final 
protein content of I mg/ mL. The resulting solution 
contains several microheterogeneous forms of the di
meric ependymin molecule (Schmidt et al., 1990) and 
less than 10% nonependymin proteins. Freshly prepared 
ependymin was used within 5 h or stored frozen at 
-80°C until used. In some early experiments, the extra
dural fluid, which is a rich source of ependymin was 
removed by microcapillary tubing, and centrifuged. 
Similar results were obtained with all ependymin prepa
rations. 
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Antiependymin Antiserum 

Antiserum was raised in rabbit against the g1ycosylated 
37 kOa ependymin monomer, purified by SOS-poly
acrylamide gel electrophoresis (PAGE) (Schmidt and 
Shashoua, 1981). This antibody recognizes the mono
mer forms of ependymin (Schmidt and Shashoua, 1983; 
Koenigstorfer et aI., 1989) which represent 1-10% of the 
physiological mixture of ependymin molecules, and it 
shows little recognition of the native disulfide-linked di
meric forms that are predominant in purified Ep 
(Schmidt and Shashoua, 1981). This antibody also pre
vents memory consolidation after operant vestibulomo
tor training (Schmidt, 1987) and classical shock-avoid
ance conditioning (Piront and R. Schmidt, 1988). 

Ependymin Polymerization 

Purified ependymin, 1 mg/mL stored at 4°C, was 
treated with 10% volume of 250 mM EGTA [ethylene
glycol-bis( iJ-amino-ethyl ether) -N,N'-tetraacetic acid, 
pH 4.1] about 30 min before plating. The final pH of the 
mixture was approximately 5.2. Fluorescent-staining 
with antibody on coverslips showed some clumps of 
polymerized Ep (as shown previously by Shashoua, 
1985), but soluble ependymin undoubtedly remained 
and plated onto the glass as well. 

Plating of Proteins 

Glass coverslips were cleaned in HN03 , rinsed in dis
tilled water, dried, and sterilized under ultraviolet (UV) 
light. A drop ( 100 ~I) of substrate solution was placed 
between two coverslips. They were incubated at 3rC 
for 2 h (to allow binding to the glass), rinsed in PBS, and 
separated. Retinal strips were explanted onto the' sub
strate-coated surfaces of the coverslips. 

Striped substrates were prepared using a special sili
con matrix made by F. Bonhoeffer (MPI, Tuebingen) 
who developed the technique (Vielmetter, Stolze, 
Henke-Fahle, Stuermer, and Bonhoeffer, 1986). In 
brief, the silicon matrix consists of parallel 50-~m chan
nels separated by 40-~m bars (WaIter, Kern-Veits, Huf, 
Stolze, and Bonhoeffer, 1987). The open parallel chan
nels merge at either end into inlet and outlet channel 
systems. The matrix is placed onto a coverslip and a 
substrate solution is injected into the channels, allowing 
it to bind to the glass in the corresponding pattern. Be
fore the matrix is removed, a concentrated hemoglobin 
solution is used to saturate all sites in the first stripes. 
After the matrix is removed, a second solution is then 
bound to the previously covered stripes. In some experi
ments, fluorescent beads were added to the hemoglobin 
solution to facilitate the recognition of the first stripes. 
The addition of each solution is followed by 2 h of incu
bation at 37°C and three rinses with PBS to remove 
unbound substrate molecules. 

The term exclusive stripes refers to cases where com
pletely different substrates were applied to stripes I and 
2. In other experiments, the entire coverslip was pre

coated with one substrate solution and dried prior to 
placing the matrix onto it and plating a second protein 
in the channels of the matrix. In these latter experi
ments, stripe I contained the first and second substrates, 
whereas stripe 2 contained only the first substrate. 

The concentrations of the substrate solutions in PBS 
were as follows: Laminin (EHS sarcoma, Sigma or Col
laborative Research), 20 ~g/mL; Polylysine (Sigma), 
200 ~g/mL; Concanavalin A (Serva), I mg/mL); He
moglobin (bovine, Serva), 4 mg/mL); Ependymin 
(goldfish, purified as described above), 1 mg/mL (ex
cept as otherwise noted). The antibody to Lam was ob
tained from Collaborative Research (Waltham, MA). 

Antibody-blocking experiments used the polyclonal 
Ep antiserum in two types of experiments. In the first, 
ependymin was first applied to the channels, incubated, 
and then followed by antiEp in various dilutions ( I: I, 
1:4, 1: 10, and I: 100) and the hemoglobin FITC solu
tion. After removal of the matrix, ependymin w,as ap
plied, followed by normal rabbit serum in the same di
lution as the antiserum so that these components w0uld 
be present in both stripes. Ill: the second type of experi
ment, the entire coverslip was precoated with ependy
min (0.1 mg/mL in PBS) and dried before the matrix 
was used to apply antiEp in stripes. After removal of the 
matrix, normal rabbit serum was applied in the same 
dilutions as the antiEp. 

Immunoblotting 

One dimensional SOS-PAGE was carried out on slab 
gels (Laemmli, 1970) using 7.5% acryl<imide for resolv
ing gels and 5% for stacking gels. Samples were solubi
lized in Laemmli (1970) sample buffer with 5% beta
mercaptoethanol, loaded, and run overnight at 60 V 
followed by 200 V for 1 h. Proteins were transferred to 
nitrocellulose paper (0.2 ~m) in a Hoeffer transphor 
apparatus using the procedure of Towbin, Staehelin, 
and Gordon ( 1979). The paper was blocked with 5% 
BSA and incubated overnight in antibody at 1:500 (for 
both antiEp and antiLAM). The vectastain procedure 
(Vector Labs) was used to detect the rabbit antibodies 
with diaminobenzidine as chromogen. Gels were stained 
with Coomassie Blue R250 to check for completeness of 
transfer. Oot blots were applied to nitrocellulose paper 
in a BioRad apparatus according to their procedure ex
cept that the paper was removed, blocked with 5% BSA, 
and processed free-floating along with the western blots. 

RESULTS 

Ependymin as Substrate 

Ependymin was plated successfully onto glass and 
proved to be a good substrate for retinal axon out
growth, slightly better than polylysine or Conca
navalin A but not as good as laminin. These con
clusions are based on more than 100 cultures each 
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Figure 1 Outgrowth ofaxons on different substrates 2 days after explanting. (A) Uniform 
Con A on glass. (B) Uniform soluble ependymin on glass. (C) Polymerized ependymin stripes 
on glass. The retinal explant is at the left edge of each picture. The cultures were stained with 
rhodamine and viewed with epaxial fluorescence optics (Olympus, green excitation). Scale 
bar = 100 Ilm. 

on Ep and LAM, 48 cultures on PL, 4 cultures on 
Con A, and 44 cultures on uncoated glass. On 
ependymin substrates, many axons had grown out 
by I day, and by 2 days the axons had extended 
outward more than I mm in a dense mesh [Fig. 
I (B)]. This outgrowth was at least as strong as 
that observed with Con A [Fig. I (A)] or PL [Fig. 
2(A)] as substrate. The rate of outgrowth on Ep 
was not as rapid as on laminin (LAM), however. 
During the first 2 days, outgrowing axons were 
longer on LAM substrates than on Ep in sister 
cultures. Quantification of growth rates of actively 
growing neurites that were made from photo
graphs taken at hourly intervals (3-5 h during the 
first 2 days) showed this to be due to a slower 
average rate of growth on ependymin. Neurites on 
Ep grew at an average rate of 32 /lm/ h ( I.7 S.E.M., 

n = 43), whereas those on LAM grew at 71/lm/h 
(4.6 S.E.M., n = 61). On PL, neurites grew slightly 
slower than on Ep (22/lm/h, 1.1 S.E.M., n = 33). 
Neurites sustaining these rates would reach 1.7 
mm/day on LAM, 0.75 mm/day on Ep, and 0.53 
mm / day on PLo Because the longest growth 
usually exceeded I mm by I day on LAM and by 2 
days on Ep and PL, the neurites were often grow
ing at these rates. The maximum rates of growth 
also showed these differences between substrates. 
The fastest hourly rates observed on Ep and PL 
were 65 and 48/lm/h, whereas the fastest on LAM 
was 238 /lm/h. 

The pattern of growth on Ep and LAM also 
differed. On LAM, very little fasciculation oc
curred [Fig. 6 (A)], whereas fasciculation was 
fairly common on Ep [Fig. I (B), 6 (B)]. In degree 
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of fasciculation, growth on Ep was intermediate 
between that on LAM and that on PL [Fig. 2 (A)] 
or Con A [Fig. I (A)], both of which showed a 
high degree of fasciculation. Differences between 
fasciculation on LAM and PL were noted pre
viously by Hopkins et al. ( 1985). Soluble Ep and 
polymerized Ep did not appear to differ in their 
properties as growth substrates in our assays. 

On uncoated glass in most cases (37 of 44 
cases), no growth occurred at all even after 2-3 
days. In the remaining cases, a few short neurites 
appeared [Fig. 2 (B) ], but these were often later 
retracted. When the ependymin was plated in a 
striped pattern on glass, the axons grew out only 
on the stripes covered with Ep, and completely 
avoided the uncoated glass [Fig. I (C)]. At the end 

of the ependymin stripes, the axons did not ad
vance forward on the glass but they did fasciculate 
with each other across stripes. The growth cones at 
the tips ofaxons growing on ependymin stripes 
were very active and complex with many filopodia 
and often a veil of lamellopodia (Fig. 3). 

Stripe Assays of Substrates 

When stripes of Ep were plated over a uniform 
substrate of Con A, the axonal outgrowth was 
largely random [Fig. 4(A), Table I]. Ep is known 
to bind to Con A (Schmidt and Shashoua, 1981). 
Stripes ofEp over PL also produced generally ran
dom outgrowth (Table 1). However, when epen
dymin stripes were plated over LAM substrate, the 

Figure 2 Outgrowth ofaxons on different substrates at 2.5 days. (A) Uniform polylysine. (B) 
Uncoated glass. Cultures were viewed with phase optics. Note the extensive fascicuJation on 
polylysine (A) and the scarcity ofneurites on uncoated glass. Scale bar = 100 Ilm. 
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Figure 3 Growth cones growing on stripes of soluble ependymin on glass. One explant was 
located to the right and another to the left. Note the microspikes emerging along the neurites 
as well as from the growth cones. The large neurite at the center may be a fascicle of more than 
one growing neurite, but the others appear to be single growth cones and neurites. Rhodamine 
optics. 

axons tended to grow on the stripes containing 
both Ep and LAM more so than on the pure LAM 
[Fig. 4(B,C), Table I]. When these cultures were 
stained with antibodies to Ep after fixation in 
methanol and formaldehyde, the Ep stripes were 
clearly fluorescent, but the axons growing along 
them were not [Fig. 4(C)]. 

When the proteins were plated in exclusive 
stripes, random outgrowth was observed for Ep 
versus PL (Table I). This confirmed our conclu
sion that the neurites do not show a preference for 
either of these substrates. However, the axons 
clearly preferred to grow on LAM stripes rather 
than on Ep stripes [Fig. 4( D)]. This was always 
the case (six of six cases) when the LAM was 
plated first, but only in half the cases (three of six) 
when Ep was plated first. In the other three cases, 
outgrowth was almost random. 

Antibody Blocking Experiments 

Because the stripe experiments above suggested 
that interactions of the growth cones with Ep and 
LAM may be independent, we further tested this 
possibility in the following antibody experiments. 

First, we showed that antibodies to Ep can block 
outgrowth on Ep substrates. 

We constructed a stripe assay such that the first 
stripe (Ep, I mg/ mL) was covered with antiEp 
( I: I, 1:4, or 1: 10) and the second stripe (Ep, I 
mg/mL) with normal rabbit serum in the same 
dilutions. Axons grew almost exclusively on the 
second stripe where the Ep was not blocked ( 10 
cases). This was the case even when the Ep sub
strate in stripe 2 was made with solutions 10 times 
more dilute than in stripe I [Fig. 5(A)]. As antici
pated, antibody dilutions of I:200 showed only a 
slight effect, because there was probably too little 
total antibody in the small ( 100 JLI) volume inside 
the matrix to block a significant fraction of the 
ependymin bound to the glass. [There would be 
only 0.5 JLl of antiserum which, at the rate I JLl of 
antiserum to bind 1.5 JLg of Ep (Schmidt and Sha
shoua, 1983), would be insufficient to block the 
estimated I JLg of Ep on the glass.] 

With these experiments it was impossible to re
verse the order of the stripes, as the antibody could 
not be applied second and still have it restricted to 
the second stripe. However, control experiments 
without antibody showed that axons would readily 
grow on stripe I when stripe 2 had 20 times less Ep 
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and both were covered with normal rabbit serum the antibody restricted access to the Ep by binding 
[three cases, Fig. 5(B)]. These latter experiments to and covering the Ep. Ependymin must, there
show that the growth cones do choose based on the fore, be a better substrate than the IgG of the anti
amount of accessible Ep in the substrate, but that body. 

Figure 4 Axons growing in stripe assays after 2 days in culture. (A) Polymerized ependymin 
stripes over uniform Con A substrate seen with rhodamine staining. (B) Soluble ependymin 
stripes over uniform laminin substrate seen with phase-contrast optics. (C) Adjacent field of 
this culture stained with antibody to ependymin and fluorescent second antibody and viewed 
with fluorescence optics (Olympus, blue excitation). The arrows point to fascicles ofaxons 
that can be seen because they do not stain for ependymin although growing on the ependymin 
plus laminin stripes. (D) Stripe assay with exclusive stripes of ependymin and laminin show
ing that the axons prefer laminin (rhodamine-staining and optics). Scale bar = I00 ~m. 
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Figure 5 Antibodies to Ep block outgrowth on ependymin. (A) Axons show strong prefer
ence to grow on Ep stripe not blocked by antibody even though it was laid down at one-tenth 
the concentration in the blocked stripe. Stripe I: Ep at I mg/mL, anti Ep at 1:4 dilution, and 
Hb FITC at 4 mg/ mL; Stripe 2: Ep at 0.1 mg/ mL, normal rabbit serum at 1:4 dilution. Note 
that axons grow on the nonfluorescent stripes (stripe 2). (B) Axons show preference to grow 
on higher concentration of Ep. Stripe I: Ep at I mg/ mL, Hb-FITC at 4 mg/ mL; Stripe 2: Ep 
at 0.05 mg/ mL, Hb at 4 mg/ mL. Note that axons grow on the fluorescent stripe I. (C) Axons 
show strong preference to grow on unblocked stripes laid down over a uniform substrate ofEp 

----------r(J.l mg/mL). Stripe I: antiEP""at 1:4 dilution,H5-FI I Cat 4 mg/mL; Stnpe 2: normal rabbit 
serum at 1:4 dilution. Note that axons show strong preference for the nonfluorescent stripe 2. 

An alternative approach was to plate uniform the Ep was not blocked [Fig. 5(C)]. These two sets 
Ep over the whole coverslip, then use the matrix to of experiments conclusively show that antibodies 
apply antiEp in stripe I, followed by normal rabbit to Ep effectively block outgrowth on Ep. 
serum over stripe 2. In these three cases, there was Second, because the strips of retinal tissue 
an extremely marked preference for stripe 2 where might secrete endogenous LAM or Ep into the 

Table 1 Results of Stripe Assays of Substrates 

Type of Stripes No. of Cases Cases with Effect 

Ependymin stripes over other substrates 
Ep over LAM 8 7 prefer LAM + Ep 
Ep over Con A 16 16 all random 
Ep over PL 4 4 no real preference 
Ep over uncoated glass 20 18 strong preference and 2 weak preference 

Exclusive stripes 
I. Ep 2. LAM 6 3 prefer LAM, 3 random 
I. LAM 2. Ep 6 6 all prefer LAM 
I. Ep 2. PL 6 I random,S mostly random with slight 

preference for Ep 
I. PL 2. Ep 6 2 random, 4 mostly random with slight 

preference for PL 
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culture medium, we tested the growth of neurites 
on either substrate in the presence of antibodies to 
the other. Outgrowth ofaxons on uniform LAM 
substrates was not at all retarded by the presence of 
Ep antibody (10 cases; I:200 dilution and 1:50 
dilution) in the medium [Fig. 6 (A)]. As this anti
body blocks growth on Ep and should, therefore, 
neutralize any secreted Ep, the result shows that 
LAM alone is a good substrate. In addition, the 
neurites grown on LAM did not stain for Ep. In 16 
cases where staining for ependymin was attempted 

in cultures grown on LAM, there was also no 
staining of the axons or growth cones. 

Conversely, outgrowth on Ep was not at all re
tarded by the presence of LAM antibody in the 
culture medium (38 cases; I: 100 and 1:200 dilu
tions). This LAM antibody could block or greatly 
retard growth on LAM at 1:50 concentration in 
the medium (26 cases), even though an estimated 
I Jlg of LAM was attached to the glass surface. The 
smaller quantities of antiLAM used here should 
have neutralized any LAM secreted into the me-

Figure 6 Antibody experiments suggesting independence of growth on Ep and LAM. (A) 
Neurite outgrowth on uniform laminin substrate is unaffected in the presence of antibody to 
ependymin (1/200 dilution). (B) Neurite outgrowth on uniform ependymin substrate is 
unaffected in the presence of antibody to laminin ( 1: 100 dilution). Both 3 days in culture, 
phase-contrast optics. Scale bar = 100!-Lm for A and 80 !-Lm for B. 
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dium. In addition, the degree of fasciculation on 
Ep was characteristically different from that on 
LAM and independent of the LAM antibody in 
the medium [Fig. 6(B)]. In both cross-antibody 
experiments, the progress of outgrowth, observed 
during the first day, appeared to be as fast and as 
widespread as in control sister cultures without 
antibody, indicating that the antibodies did not 
slow down outgrowth. These data combined with 
the clear preferences in the stripe assays above ( for 
a mixture ofEp and LAM over pure LAM, but for 
pure LAM over pure Ep) suggest that LAM and 
Ep exert their effects entirely independently. 

Immunoblots 

In dot blots [Fig. 7(A)], the Ep antibody showed 
much stronger recognition of denatured monomer 
Ep (Ep 0) than of native Ep, as expected (Schmidt 
and Shashoua, 1981). The Ep antibody showed 
very little, if any, recognition of native LAM, al
though it did show slight recognition for LAM de
natured in SOS gel sample buffer (Lam 0). How
ever, there was no recognition of LAM apparent 
on the western blots [Fig. 7(B)] . Slight cross-reac
tivity was reported in dot blots by Shashoua, 
Hesse, and Milinazzo, (1990) who found that a 
five amino-acid run is common in the sequences 
of the two molecules. On the dot blots, the regen
erating optic nerve (ONR) samples showed sub
stantial staining by the Ep antibody. The amount 
present in the nerves estimated from these dot 
blots was about 2 J.Lg per mg wet weight. The west
ern blots [Fig. 7(B)] showed that most ofthis reac
tivity was in the form of the two Ep monomers at 
31 and 37 kO, although there was, as previously 
reported by Shashoua ( 1988), a smear of staining 
at higher molecular weights, which probably repre
sents partially polymerized Ep. 

The LAM antibody on the dot blots recognized 
native LAM slightly better than denatured LAM. 
The LAM antibody showed no recognition of the 
native Ep but slight recognition of the denatured 
Ep. The dot blots also showed some LAM immu
noreactivity in the regenerating optic nerve sam
ples. The estimated amount appeared to be much 
less than that for Ep. On western blots, the LAM 
antibody recognized, as expected, the LAM bands 
at approximately 200 and 400 kO, the 200-kO 
band being much darker, probably due to its more 
efficient transfer. In addition, there were several 
fainter bands at lower molecular weights (marked 
with dots). In the heavily loaded optic nerve lanes, 
there was little or no staining corresponding to the 
main LAM bands, but there was some staining at 

several lower molecular weight bands when the 
blot was strongly reacted [Fig. 7(B)]. The upper
most of these bands appeared only in the regener
ating nerve and corresponded to one of the faint 
bands on the LAM lane. It may, therefore, repre
sent a breakdown product of LAM which is 
thought to be expressed in the regenerating (but 
not normal) optic nerves (Hopkins, Ford-Hole
vinski, McCoy, and Agranoff, ( 1986). 

DISCUSSION 

Major Findings 

The major findings of this study are ( I ) that epen
dymin is a good substrate for axonal outgrowth, 
slightly better than Con A and polylysine b\lt not 
as good as laminin, (2) that growth-cone binding 
to ependymin appears to be independent ofthat to 
laminin because a mixture is preferred to laminin 
alone, and (3) that antibodies to ependymin can 
block outgrowth on ependymin but not on lam
mm. 

Ependymin as Substrate 

Ependymin was compared with other substrate 
proteins in two separate ways: ( I ) observations of 
speed and extent of outgrowth OIl uniform sub
straies; and (2) tests of preference in side-by-side 
stripes. The results of the two methods are consis
tent. Growth on ependymin was only slightly 
faster than that on Con A and PL, and there was 
little preference between them in side-by-side ex
clusive stripes or in Ep stripes over the other sub
strates. In addition, outgrowth on Ep was less than 
half as fast as on pure LAM substrates, and LAM 
was preferred to Ep in exclusive side-by-side 
stripes. Fibronectin was not used in these compari
sons because retinal neurites do not grow on it 
(Rogers, Letorneau, Palm, McCarthy, and Furcht, 
1983; Hopkins et al., 1985). 

Validity of the Stripe Assay 

The validity was demonstrated in previous papers 
(Vielmetter et al., 1986 and submitted). First, the 
validity can be seen in that the same preference is 
registered when the order ofthe proteins in the two 
stripes is reversed. Second, no preference (and lots 
of crossing) is seen when the same protein is in 
both stripes, thereby ruling out mechanical effects 
at the boundary. Reversal of the protein stripes 
here in the case of exclusive LAM and Ep stripes, 
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Figure 7 Dot blots (A) and western blots (B) with Ep and LAM antibodies. (A) The dots on 
nitrocellulose paper were made with Ep denatured and reduced in sample buffer (Ep D), 
native purified Ep, regenerating optic nerve solubilized in sample buffer (ONR), LAM dena
tured and reduced in sample buffer (LAM D) and native LAM. The nanogram quantities 
refer to the Ep and LAM samples. For the optic nerve sample, two nerves weighing about 5 mg 
total were solubilized in 150 /-Ll sample buffer, and 2.5 /-LI was loaded onto the first dot with four 
times the dilutions thereafter. Antibody concentrations were I:500 for both antiEp and anti
LAM. (B) Western blots of 7.5% reducing SDS-PAGE transferred to nitrocellulose paper. 
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also showed the same preferences, although the 
effect was stronger when LAM was plated first. 
The exclusivity of the stripes was ensured by the 
saturation of binding sites within the first stripe 
with the highly concentrated hemoglobin solution. 
Ruorescent antibody staining here showed that 
the first stripes were sharp. 

Time lapse studies show that growth cones en
countering a boundary from the preferred sub
strate side are generally reflected. Those approach
ing from the nonpreferred side cross over and 
elongate further on the preferred substrate (F. 
Bonhoeffer, unpublished observations; Stuermer, 
1989). Once on the preferred substrate, the growth 
cones repeatedly make contacts with the boundary 
of the non-preferred substrate, but they do not re
cross. Thus, the growth cone's ability to discrimi
nate between the two substrates results in the ac
cumulation ofaxons only on the preferred sub
strate stripe. 

Relation to Laminin Binding 

The binding of the growth cones to ependymin 
appears to be independent from that to laminin for 
two reasons. First, the antibody experiments 
showed that outgrowth on laminin was not 
blocked or slowed by antibodies to ependymin, 
nor was outgrowth on ependymin slowed by anti
bodies to laminin, even though both antibodies 
could block outgrowth on their corresponding 
proteins. Second, although pure laminin was pre
ferred to pure ependymin stripes, the mixture of 
laminin and ependymin was, in fact, preferred to 
pure laminin. This would be expected if the effects 
of the two were additive. This better response to 
the two together is interesting as laminin is thought 
to be expressed by astrocytes during optic nerve 
regeneration in goldfish (Hopkins et al., 1985). 
The dot and western blots offered suggestive sup
port for this idea, but we were not able to stain 
definite LAM bands at 200 and 400 kD even with 
heavy loading of the gel. This could be due to the 
small amounts present and the inefficient transfer 
of these high molecular weight components on 
western blots. 

Ependymin as Growth Substrate 

Shashoua, Daniel, Moore, and Jungalwala, 
( 1986) found that ependymin contains the carbo
hydrate epitope recognized by the HNK-I mono
clonal antibody. Recently, when the gene for the 
ependymin precursor was successfully cloned 
(Koenigstorfer et al., 1989), the sequence showed 
two possible N-glycosylation sites. HNK-I epi
topes are typical for molecules involved in cell-cell 
interactions, appearing, for example, on several 
neural-cell adhesion molecules and on myelin-as
sociated glycoproteins (Kruse et al., 1985). Al
though it is not yet established whether ependymin 
serves as a substrate for axons in vivo, several lines 
of evidence are consistent with this idea. First, 
ependymin is present in insoluble matrix form in 
goldfish brain (Shashoua et al., 1989). Second, 
ependymins were shown to be present in optic 
nerve by immunoblots (this study) and specifi
cally in astrocytes of the nerve by immunohisto
chemical staining (1. Schmidt, R. Schmidt, S. 
Rother and M. Bastmeyer, unpublished observa
tions). Third, such glial cells in culture are highly 
permissive for the growth of retinal axons (Bast
meyer et al., 1989; Stuermer, unpublished obser
vations) . 

Role of Ependymin in Synaptic Growth 
and Stabilization 

Learning triggers protein synthesis (Shashoua, 
1976, 1985; Schmidt, 1987, 1989; Shashoua and 
Hesse, 1989; Duffy, Teyler, and Shashoua, 1981; 
Fazeli, Errington, Dolphin, and Bliss, 1988), and 
memory consolidation depends upon protein syn
thesis (Rexner et al., 1963; Goelet et al., 1986). 
Ependymin is one of the proteins synthesized 
(Shashoua, 1976; Fazeli et al., 1988). Antibodies 
to ependymin, in addition to blocking memory 
consolidation, also block sharpening of the retino
tectal map (Schmidt and Shashoua, 1988), a pro
cess that is known to involve restructuring of reti
nal terminals (Schmidt, Turcotte, Buzzard, and 
Tieman, 1988; Schmidt and Buzzard, 1990). 
These two processes, linked in requiring specific 
converging patterns of activity, are now linked by 
ependymin involvement. At present, it is not 

Biotinylated high molecular weight standards were run in lanes alongside. LAM lanes were 
loaded with 4 Ilg of protein. Ep lanes were loaded with 4 Ilg for the antiLAM blot but only 0.5 
Ilg for the antiEp blot. Optic nerve lanes were loaded with 16 III and 25 III of the ISO III total 
sample above for the Ep and LAM Ab blots. Arrows mark the ependymin monomers at 
approximately 31 and 37 kO. Dots to the right of bands mark possible breakdown products of 
the main LAM bands at 200 and 400 kO. 
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known how antiependymin prevents the rear
rangements of axonal terminals that underly 
sharpening, but the present results, that ependy
min substrates promote growth and that antiepen
dymin blocks this growth-promoting interaction, 
may help to understand this process. 

Shashoua ( 1985) advanced a speculative model 
based upon the finding that ependymin polymer
izes in low-calcium media (Shashoua, 1985, 
1988), and may, therefore, be selectively deposited 
at highly active convergent synapses. Strong syn
aptic activity can lower the extracellular calcium 
concentration (Krnjevic et al., 1982; Marciani et 
al., 1982; Morris et al., 1988) because of calcium 
influx through NMDA (N-methyl-D-aspartate) re
ceptors at participating synapses (MacDermott, 
Mayer, Westbrook, Smith, and Barker, 1986). In 
area CAI of the hippocampus, such activation, 
which triggers long-term potentiation, also triggers 
ependymin polymerization (Shashoua and Hesse, 
1985). The deposition of an ependymin matrix at 
participating synapses could promote the selective 
growth of these coactive synapses onto each cell. 

The idea that extracellular matrix components 
may influence the formation of synaptic structures 
is supported by observations on the neuromuscu
lar junction where regenerating motor axons form 
presynaptic terminals at synaptic sites on empty 
basal laminae and where regenerating muscle 
fibers form postsynaptic specializations at such 
sites in the absence of the motor terminal (Sanes, 
1983). Extracellular matrices are not usually pres
ent between neurons in brain, but ependynhn, 
with its triggered polymerization from a soluble 
form that is always present in the ECF, could serve 
a similar role in promoting synaptic growth. At the 
neuromuscular junction, the regenerating nerve 
stops and elaborates a nerve terminal at the pre
vious site. In tbe visual system, the sharpening of 
the retinotopic map, like most synapse elimination 
phenomena, is more dynamic requiring coinci
dent inputs to stimulate the growth of new 
branches and contacts as well as retraction of er
rant branches (Schmidt et al., 1988; Schmidt and 
Buzzard, 1990). Retinal terminals are also known 
to enlarge as they mature (Mason, 1982; Stuermer 
and Easter, 1984), so that considerable growth of 
both branches and terminals must occur. Likewise 
in several models of long-term memory, there 
seems to be considerable growth of new synapses 
or enlargement of existing synapses (Bailey and 
Chen, 1988; Greenough and Bailey, 1988). 

The finding in this study that antibody binding 
to ependymin blocks its potency as a growth sub
strate suggests that the antibody might act either to 

prevent growth of synapses over this matrix or to 
prevent the addition of polymerized deposits. This 
antibody, as well as similarly generated antibodies 
to Ep, is known to bind to the polymerized form 
and to the monomers but to be poorly reactive to 
the native soluble dimers (Schmidt and Shashoua, 
1981; Shashoua, 1985, 1988). The antibodies do 
not interfere with synaptic transmission (Schmidt 
and Shashoua, 1988) or induction of long-term 
potentiation (LTP) (Seifert, Terlau, and Schmidt, 
1988). We saw no difference between results with 
soluble and polymerized ependymin, but there 
was undoubtedly soluble ependymin in the poly
merized samples and, in addition, the soluble 
ependymin becomes immobilized onto a glass 
surface, which may be the function of polymeriza
tion when it occurs in vivo. 
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