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The extracellular matrix molecules tenascin, laminin, and 
fibronectin, the cell adhesion molecule Ll, and the lectin 
concanavalin A (ConA) were tested for their effects on neu- 
ritogenesis in cultures of hippocampal neurons. We ana- 
lyzed neurite outgrowth between 3 and 21 hr after plating 
and found that, on polyornithine as control substrate, lengths 
of axon-like major neurites and dendrite-like minor neurites 
increased continuously with time in culture. Moreover, growth 
of minor neurites was faster than growth of major neurites. 
When the extracellular matrix molecules tenascin, laminin, 
and fibronectin were coated on polyornithine substrates, 
growth of all neurites was faster than on control substrates 
during the first hours of culture. After this initial phase of 
enhanced neurite outgrowth, elongation of major neurites 
continued at a higher rate than on the control substrate and 
growth of minor neurites ceased after 12 hr. Correspond- 
ingly, neuronal polarity was strongly increased on the extra- 
cellular matrix substrates during later phases of culture. In 
contrast, lengths of both major and minor neurites were in- 
creased over control values on Ll and ConA substrates at 
all time points investigated. Thus, neuronal polarity was sim- 
ilar for control, Ll, and ConA substrates. Spreading of neu- 
ronal cell bodies was reduced by about 50% on tenascin, 
laminin, and fibronectin and by less than 20% on Ll and 
ConA substrates after 21 hr of culture, when compared to 
the control substrate. Neuron-to-substrate adhesion was re- 
duced on all three extracellular matrix substrates but not 
affected on Ll or ConA substrates, after 3 and 21 hr of 
culture. These observations indicate that induction of neu- 
ronal polarity is not a general feature of neurite outgrowth- 
promoting molecules, such as Ll or ConA, but a distinctive 
property of the three extracellular matrix glycoproteins stud- 
ied, and may suggest that enhancement of polarity is cor- 
related with decreased strength of adhesion. 

[Key words: neurite outgrowth, polarity, axon, tenascin, 
laminin, fibronectin, L 1, cell adhesion molecules, concana- 
valin A, hippocampus] 

Neuronal differentiation is accompanied by neurite growth and 
compartmentalization into axons and dendrites. This process 
is fundamental for the function of the nervous system since it 
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is specialized for transmitting signals in a polarized manner. 
Hippocampal neurons have proven useful for the study of neu- 
ronal polarization in vitro. When maintained at low cell density 
on the adhesive substrate polylysine in the presence of astro- 
cyte-conditioned medium, they pass through a sequence of 
developmental stages to become fully differentiated neurons of 
polarized appearance with one long axon and several short den- 
drites (Dotti et al., 1988). After plating, hippocampal neurons 
attach to the culture substrate and spread, forming veil-like 
lamellipodia (stage I). At stage 2, neurites extend out of these 
lamellipodia. Later, one neurite of these minor neurites starts 
to elongate faster than the others, forming a long, major neurite 
that later differentiates into an axon (stages 3-5). From stage 3 
onward, proteins that are homogeneously distributed over all 
cellular compartments at earlier stages become selectively en- 
riched in major or minor neurites. Synapsin I, synaptophysin, 
and growth-associated protein 43 (GAP-43) become concen- 
trated in major neurites (Goslin et al., 1988, 1990; Fletcher et 
al., 199 l), whereas microtubule-associated protein 2 (MAP2) 
becomes restricted to minor neurites (Caceres et al., 1984, 1986). 
Furthermore, the glycosylphosphatidylinositol-anchored gly- 
coprotein Thy-l is enriched in axons of stage 5 neurons (Dotti 
et al., 1991). Ultrastructurally, hippocampal axons in vitro, as 
in vivo, lack polyribosomes that are prominent in dendrites 
(Davis et al., 1987). Axons contain filamentous cytoskeletal el- 
ements that are packed more densely than in dendrites, with 
axoplasmic organelles being largely restricted to axonal branch 
points (Bartlett and Banker, 1984). The orientation of micro- 
tubules also differs between axons and dendrites (Baas et al., 
1988, 1989). In axons, all microtubules are oriented with their 
plus ends toward the axonal tip, whereas in dendrites both mi- 
crotubules with minus and plus ends oriented toward the neurite 
tip are present. 

Despite this knowledge, relatively little is known about the 
factors that influence neuronal polarity. Experiments with neu- 
ron-astrocyte cocultures have demonstrated the influence of the 
cellular environment on polarity and implicated cell surface and 
extracellular matrix molecules in this process (Denis-Donini et 
al., 1984; Chamak et al., 1987; Rousselet et al., 1988, 1990; 
Tropea et al., 1988; Johnson et al., 1989; Qian et al., 1992). 
When neurons are cultured together with astrocytes originating 
from a different brain region (heterotopic coculture), axonal 
growth is favored compared to a situation where neurons are 
cocultured with astrocytes from the same origin as the neurons 
(homotopic coculture). On the other hand, dendritic growth is, 
at least for some neuronal cell types, favored in a homotopic 
situation. 

Several reports have stressed the importance of extracellular 
matrix molecules for the establishment of neuronal polarity 
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(Chamak and Prochiantz, 1989; Lein and Higgins, 1989; Lein 
et al., 199 1, 1992; Lafont et al., 1992; Osterhout et al., 1992). 
The extracellular matrix components the mostly studied in the 
developing nervous system are the multimeric glycoproteins 
laminin and fibronectin, which are expressed at stages critical 
for neuronal differentiation in situ (e.g., Hatten et al., 1982; 
Steward and Pearlman, 1987; Chun and Shatz, 1988; Liesi and 
Silver, 1988; McLoon et al., 1988; Gordon-Weeks et al., 1989; 
Hagg et al., 1989) and are functional in neurite outgrowth in 
vitro (e.g., Akers et al., 1981; Manthorpe et al., 1983; Rogers 
et., 1983; Buettner and Pittman, 199 1). 

Tenascin is expressed during restricted time periods closely 
correlated with the differentiation offunctional units ofthe CNS, 
such as the somatosensory cortical barrel field (Crossin et al., 
1989; Steindler et al., 1989a,b; Jhaveri et al., 199 1). Moreover, 
tenascin is involved in migration of cerebellar granule and neu- 
ral crest cells (Chuong et al., 1987; Halfter et al., 1989; Husmann 
et al., 1992). It is reexpressed after injury of peripheral nerves 
(Daniloff et al., 1989; Martini et al., 1990) and, although less 
consistently, after trauma in the CNS (McKeon et al., 199 1; U. 
Bartsch et al., 1992; Laywell et al., 1992). We and others have 
found that tenascin, offered as a substrate for central and pe- 
ripheral neurons, promoted growth of all neurites (Wehrle and 
Chiquet, 1990; Lochter et al., 199 1). Growth of neurites on 
polyornithine, laminin, fibronectin, or tenascin was, however, 
inhibited by tenascin when it was added in soluble form to the 
culture medium (Lochter et al., 199 1). We concluded from these 
results that in vivo tenascin might have different effects on neu- 
rite growth depending on its association with molecules at the 
cell surface or in the extracellular matrix. The development of 
functional connections in the nervous system involves not only 
axon growth and guidance, but also sprouting of dendritic arbors 
in the axonal target area. It is therefore plausible to implicate 
recognition molecules in both tasks: guidance of axons to and 
within their target regions and inhibition of maturation of den- 
drites beyond functional topographic units (Rakic, 1988; Stein- 
dler et al., 1989a). 

We thus focused on investigating the influence of tenascin on 
neuronal polarity. We now present evidence that tenascin not 
only enhances neurite outgrowth at early stages of differentia- 
tion, but increases neuronal polarity at later phases. These effects 
were also observed for substrate-coated laminin and fibronectin, 
whereas the neural cell adhesion molecule L 1 and concanavalin 
A (ConA) promoted outgrowth ofall neurites at all stages studied 
without enhancing polarity. 

Materials and Methods 
Glycoproteins. Laminin from Engelbreth-Holm-Swarm sarcoma cells 
and fibronectin from human serum were purchased from Boehringer 
Mannheim. Tenascin was immunoaffinity purified from l-l 5-d-old 
mouse brains using monoclonal antibody columns (Faissner and Kruse, 
1990). Ll was immunoaffinity purified from detergent extracts of crude 
membrane fractions from adult mouse brains using monoclonal anti- 
body columns (Rathjen and Schachner, 1984). Concanavalin A was 
purchased from Fluka. 

Preparation ofsubstrates. Hippocampal neurons were cultured either 
in multiwell tissue culture plates or on glass coverslips. Ninety-six well 
multiwell plates (Nunc) were pretreated for l-2 hr at 37°C with 1.5 tics/ 
ml poly-DL-omithine (MW > 50,000; Sigma) in water, washed twice 
with water, and air dried. Glycoproteins were then coated in a volume 
of 35 ~1 per well overnight at 37°C in phosphate-buffered saline, pH 7.4 
(PBS) or Ca2+/Mg’+-free Hank’s balanced salt solution (CMF-HBSS). 
Tenascin, laminin, and fibronectin were used at a concentration of 25 
fig/ml and Ll and concanavalin A at 50 &ml. These concentrations 
yielded maximal effects on neuronal differentiation, as specified in Re- 
sults. For control, poly-m-omithine-coated wells were incubated over- 
night in PBS or CMF-HBSS. Before seeding the cells, wells were washed 
three times with PBS or CMF-HBSS. 

Glass coverslips, 11 mm in diameter, were washed extensively with 
water and stored in ethanol until use. For substrate coating, coverslips 
were incubated with 1.5 &ml poly-DL-omithine in water for 24 hr at 
37”C, and then washed five times with water, air dried, and incubated 
overnight at 37°C with 40 ~1 of 25 kg/ml tenascin in PBS, or PBS only 
(control). Before seeding the cells, coverslips were washed five times 
with PBS. 

Cell culture. Hippocampal neurons were prepared from brains of 18- 
19-d-old SIV rat embryos. The day a vaginal plug was found was des- 
ignated embryonic day 0. The preparation was carried out as described 
previously (Lochter et al., 199 l), with minor modifications. Dissected 
hippocampi were incubated for 15 min at room temperature in 0.25% 
(w/v) trypsin (Worthington) and 0.07% (w/v) DNase I (Worthington) 
in CMF-HBSS, washed three times with CMF-HBSS, and dissociated 
with a fire-polished Pasteur pipette in CMF-HBSS containing 0.05% 
(w/v) DNase I. The resulting cell suspension was pelleted by centrifu- 
gation at 150 x g for 5 min and resuspended in chemically defined 
medium (following Rousselet et al., 1988) consisting ofDulbecco’s mod- 
ified Eagle’s medium/F12 (1: 1; Bethesda Research Laboratories), 2.4 
mg/ml NaHCO,, 33 mM D-glucose, 2 mM L-glutamine, 25 &ml insulin 
(Sigma), 100 &ml transfer+ (Sigma), 20 nM progesterone (Sigma), 30 
nM selenium, 6 mM putrescin, I mM pyruvate, 0.1% (w/v) ovalbumin 
(grade V, Sigma), 5 mM HEPES, pH 7.2, 5 IU/ml penicillin, and 5 fig/ 
ml streptomycin. Cells were plated at a density of 3000 cells per well 
or 6000 cells per coverslip (corresponding to 10,000 cells per cm’) in 
50 ~1 or 100 ~1 of chemically defined medium, respectively. 

Plating efficiencies and survival of cells on the different substrates in 
multiwell plates were determined in two experiments by counting the 
total number of cells attached to the culture substrate and determining 
the number of live cells by trypan blue exclusion in at least 20 visual 
fields per experiment (Table 1). 

Histochemistry and immunocytochemistry. For morphometric anal- 

Table 1. Plating efficiency and survival 

Plating efficiency (%) Survival (%) 

Substrate 3 hr 21 hr 3 hr 21 hr 

Control 60.8 +- 11.65 67.0 f 7.27 90.7 k 9.31 83.0 + 7.47 

TN 67.3 -+ 18.10 70.8 f 16.93 96.5 + 2.82 87.5 k 6.92 

LN 63.6 + 14.00 67.5 i 10.73 93.4 +- 3.78 87.8 + 6.15 

FN 64.8 f 12.29 70.5 k 14.15 94.5 f 2.72 83.8 + 9.59 

Ll 63.0 k 11.90 63.3 f 12.60 96.3 + 3.64 84.2 + 5.44 
ConA 65.9 + 15.51 68.4 f 12.50 94.6 -t 1.95 79.6 ? 2.23 

Data show plating eficiencies and survival ofhippocampal neurons in multiwell plates. Cells were maintained on control, 
tenascin (TN), laminin (LN), tibronectin (FN), LI, and ConA substrates. Plating efficiencies and survival rates were 
determined 3 and 21 hr after plating. The obtained results for the different culture conditions are given as percentage 
of input cells that had adhered to the substrate (plating efficiency) (mean + SD), or percentage of cells that excluded 
trypan blue (live cells) (mean k SD). Comparison of values with the Newman-Keuls test did not result in significant 
diifercnces among culture substrates @ < 0.05). 
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Figure I. Time dependence of the effects of substrate-bound tenascin 
on the fraction of process-bearing cells and on the average number of 
neurites per cell. Cells were maintained for 3, 6, 9, 12, 15, 18, and 21 
hr in culture and the proportion of cells with neurites (a) and the number 
of neurites per cell (b) were counted. Results are shown as means & SD 
for neurons on the control substrate (C, open squares) and on tenascin 
(TN, so/id squares). Distributions of the number of neurites per cell are 
shown for 6 (c), 12 (d), and 2 1 (e) hr for neurons on the control substrate 
(open bars) and on tenascin (so/id bars). Neuron populations in c-e are 
the same as in b for 6, 12, and 21 hr. For significance levels, see Ta- 
ble 2. 

ysis of cells in multiwell plates, neurons were fixed by gentle addition 
of 10 ~1 of 25% glutaraldehyde in water to the culture medium and 
incubation for 30 min at room temperature or 1 hr at 4°C. Fixed cells 
were washed twice with water and stained for 10 min with 0.5% (w/v) 
toluidine blue (Sigma) in 2.5% (w/v) sodium carbonate at room tem- 
perature. Stained cells were washed six times with water and air dried. 

For silver-enhanced immunostaining in multiwell plates, cells were 
fixed by adding 50 ~1 of 8% formaldehyde in PBS to the cell culture 
medium. This and all other steps were carried out at room temperature. 
After 15 mitt, the fixative was removed and 100 ~1 of 4% formaldehyde 
in PBS was added. After a further 15 min, wells were washed three 
times with PBS and incubated for 15 min with 200 ~1 of 50 mM NH,CI. 
Wells were then blocked for 2 hr with 200 ~1 of 1% (w/v) fatty acid- 
free BSA (Sigma) in PBS. The blocking buffer was removed and 50 ~1 
per well of polyclonal antibodies to the neural cell adhesion molecule 
N-CAM (Faissner et al., 1984; Gennarini et al., 1984) in 0.2% (w/v) 
BSA in PBS was added and incubated for 1 hr. After six washes with 
PBS, 50 ~1 per well of gold-conjugated goat anti-rabbit antibodies (GP- 
BIO ASSAY, Aurion) was added at a I:20 dilution in 0.2% BSA in PBS 
and incubated for 2 hr. After six washes with PBS, wells were incubated 
for 10 min with 2% glutaraldehyde in PBS and thereafter washed five 
times with water. Gold particles were visualized by incubation with 
R-GENT silver-enhancing system (Aurion) according to the manufac- 
turer’s instructions. The reaction was terminated by washing three times 
with water. Wells were then filled with 87% glycerol for photography. 

For immunostaining of neurons on glass coverslips, cells were fixed 
by gentle removal of the medium with a Pasteur pipette and addition 
of 3% freshly prepared formaldehyde and 0.2% glutaraldehyde in PBS. 
Cells were incubated for 20 min at room temperature, washed five times 
with PBS, and then permeabilized and blocked with 10% fetal calf serum 
and 0.2% (v/v) Tween-20 in PBS (BP buffer). Monoclonal antibodies 

to the microtubule-associated axonal marker tau (Binder et al., 1985) 
were diluted in BP buffer and incubated overnight at 4°C. After five 
washes with PBS and one wash with BP buffer, cells were reacted with 
rhodamine-labeled anti-mouse antibodies in BP buffer for 2 hr at room 
temperature, and then washed five times with PBS and embedded in 
90% glycerol (v/v), 10% PBS containing 2% (w/v) NaI. 

Adhesion assay. For the adhesion assay cells were cultured in multiwell 
plates for 3 and 21 hr as described above. Culture plates were then 
agitated on a rotary shaker at room temperature for 4 min at 400 rpm 
and 1 additional minute at 500 t-pm. Cells were fixed by addition of 
glutaraldehyde and stained with toluidine blue as described above. The 
number of attached cells was counted in 10 visual fields (about 0.6 mm* 
per visual field) in three experiments. 

Morphometry and statistical evaluation. For morphometric analysis, 
only cells without contact with other cells were evaluated. Neurites were 
defined as those processes with a length ofat least one cell body diameter. 
Major neurites were defined as those neurites with the highest length 
after the computerized measurement of all neurites of a cell, the length 
difference between this and the smaller neurites being insignificant for 
this definition. Morphological parameters were quantified with an IBAS 
image analysis system (Kontron). When tau-immunoreactive neurites 
were evaluated (see Fig. 5), major neurites were defined as those neurites 
that were at least lo-20 pm longer than any other neurite of the cell. 

The number of neurites per cell, the total neurite length per cell, the 
length of major neurites per cell, the total length of all minor neurites 
per cell, and neuronal spreading, defined by the surface area covered by 
cell body and lamellipodia, but not by neurites or filopodia-like exten- 
sions, refer to the population of cells carrying neurites. In each exper- 
iment, unless otherwise indicated, 25 cells in each of two wells were 
analyzed. For determination of the proportion of cells with net&es, 50 
neurons in each of two wells were counted per experiment. All graphs 
comprise data derived from three experiments. 

The significance of differences between experimental and control val- 
ues were analyzed by the following statistical methods. The fraction of 
neurite-bearing cells was tested with the T-method, a nonparametric 
multiple-comparison test. Alternatively, values were arcsine trans- 
formed and compared using the unpaired, two-tailed Student’s t test, a 
test for normally distributed variables. Meristic values of the number 
of neurites per cell were grouped into contingency tables and compared 
by x2 analysis. Distributions of total neurite lengths, lengths of major 
neurites, and total lengths of minor neurites were compared using the 
Mann-Whitney U test, a nonparametric method. Means of total neurite 
lengths, lengths of major net&es, total lengths of minor neurites per 
cell, and the average length of single minor neurites were compared by 
the Newman-Keuls test, a parametric test less liable to type I errors 
than the least significant difference test applied previously (Lochter et 
al., 1991). Means of cell body surface areas and values for adhesion 
assays were compared using the Newman-Keuls test. All statistical tests 
were taken from Zar (1974) or Sokal and Rohlf (198 1). Student’s t tests, 
x2 analyses, and Mann-Whitney U tests were performed with the 
STATVIEW II (Abacus Concepts) program for Macintosh. 

Results 
Tenascin afleets neurite outgrowth in a manner dependent on 
the culture time 
The morphological differentiation of hippocampal neurons in 
polyornithine-coated plastic multiwell tissue culture plates was 
investigated at 3 hr intervals between 3 and 2 1 hr in vitro. After 
3 hr in culture, less than 15% of cells maintained on this sub- 
strate (control) had developed neurites (Fig. 1 a). The proportion 
of cells with neurites increased steadily on control substrates 
until 15 hr, when it reached maximal levels with approximately 
55% of all neurons bearing processes (Fig. la). The number of 
neurites per cell, however, increased during the whole culture 
period (Fig. 1 b). This increase was highest between 9 and 2 1 hr. 

When neurons were maintained on tenascin coated onto poly- 
ornithine, the proportion of cells with neurites increased only 
during the first 15 hr of culture, reaching maximal values of 
about 60% of all cells bearing neurites, as was the case for cells 
on polyornithine alone (Fig. la). During the first 12 hr ofculture 
the proportion of cells with neurites was significantly higher on 
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Table 2. Significance levels of differences between control and test treatments 

Time in culture 

Parameter 
Substrate 

3 hr 6 hr 9 hr 12 hr 15 hr 18 hr 21 hr 

P NP P NP P NP P NP P NP P NP P NP 

Fraction of cells with neurites 
TN ** *** 

LN *** *** 

FN *** *** 

Ll *** *** 

ConA *** *** 

Number of neurites per cell 
TN *** 

LN *** 

FN *** 

Ll *** 

ConA *** 

Total neurite length 
TN *** *** 

LN *** *** 

FN *** *** 

Ll *** *** 

ConA *** *** 

Length of major neurite 
TN ** ** 

LN *** *** 

FN *** *** 

Ll *** *** 

ConA *** *** 

Total length of minor neurites 
TN *** *** 

LN *** *** 

FN *** *** 

Ll *** *** 

ConA *** *** 

** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

* 
*** 
*** 
*** 
*** 

** 
** 
** 
*** 
*** 

Average length of single minor neurites 
TN NS NS 
LN ** NS 
FN * NS 
Ll * NS 
ConA * NS 

Spreading 
TN *** *** 

LN *** *** 

FN *** *** 

Ll *** ** 

ConA *** ** 

** 
*** 
*** 
*** 
*** 

*** 
** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

* 
*** 
*** 
* 
** 

*** 
*** 
*** 
** 
*** 

** *** 

NS NS 
** *** 
*** *** 
*** *** 

NS 
NS 
NS 
NS 
NS 

*** 
*** 
*** 

NS 
* 

** 
*** 
*** 
** 
*** 

*** 
** 
*** 
*** 
*** 

*** 
*** 
** 

NS 
* 

NS 
*** 
*** 

NS 
NS 
NS 
NS 
NS 

*** 

** 

NS 

** 
*** 
*** 
*** 
*** 

NS 
*** 

NS 
NS 
*** 

*** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
*** 
*** 

** 
** 

NS 
*** 
*** 

NS 
** 

NS 
NS 
NS 

NS 
NS 
NS 
*** 
*** 

* 
*** 
*** 
* 
* 

** 
** 

** 
*** 

* 
*** 

NS 
NS 
NS 

*** 
*** 
*** 
* 

NS 

NS 
NS 
NS 
NS 
NS 

*** 
*** 
*** 
* 
** 

NS 
NS 
NS 
*** 
*** 

*** 
*** 
*** 
** 
*** 

*** 
*** 
*** 
*** 
*** 

NS 
NS 
NS 
NS 
NS 

* 
* 
* 
*** 
*** 

*** 
*** 
*** 
* 
** 

*** 
*** 
*** 
* 
*** 

*** 
*** 
*** 

NS 
NS 

*** 
*** 
*** 
* 

NS 

NS 
NS 
NS 
NS 
NS 

*** 
*** 
*** 

NS 
** 

** 
*** 
*** 
*** 
*** 

*** 
*** 
*** 
** 
*** 

*** 
*** 
*** 

NS 
*** 

NS 
NS 
NS 
NS 
NS 

*** 
*** 
*** 
* 
*** 

*** 
*** 
*** 
** 
** 

*** 
*** 
*** 

NS 
* 

*** 
*** 
*** 

NS 
NS 

*** 
*** 
*** 
** 

NS 

NS 
NS 
NS 
NS 
NS 

*** 
*** 
*** 

NS 
** 

*** 
*** 
*** 
** 
*** 

*** 
*** 
*** 
** 
*** 

*** 
*** 
*** 
** 
*** 

Data represent statistical analysis for Figures 1, 2, and 6-9 and Table 4: significant differences between cells cultured on control substances and cells cultured on tenascin 
(TN), laminin (LN), libronectin (FN), Ll, or ConA substrates after culture periods of 3, 6, 9, 12, 15, 18, and 2 1 hr. The parametric (P columns) and nonparametric 
(NP columns) tests used are listed in Materials and Methods. Significance levels are expressed by the following symbols: ***, p 5 0.001; **, 0.001 < p 5 0.01; *, 0.01 
< p 5 0.05; NS, p > 0.05. 

tenascin than on the control, polyornithine substrate (Fig. la, 
Table 2). After culture periods of 15 hr the percentage of process- 
bearing cells on tenascin was not significantly different from the 
control (Table 2). The number of neurites per cell also increased 
during the first 12 hr of culture on tenascin (Fig. lb) and was 
significantly higher than under control conditions after 3, 6, and 
9 hr (Table 2). After 12 hr, in contrast to the control, the numbers 
of neurites per cell did not increase further, leading to signifi- 
cantly lower values than under control conditions. 

Numbers of neurites per cell, when grouped into classes de- 
fined by the number of processes per cell (Fig. lc-e), indicate 
that after 6 hr of culture on tenascin, about 75% of the neurons 
had developed more than one neurite, but only about 50% of 
neurons had developed more than one neurite on the control 
substrate. Distributions of numbers of neurites per cell on con- 
trol and tenascin substrates after 12 hr were not significantly 
different (Table 2). After 21 hr, most of the cells on tenascin 
had less than four neurites, whereas most of the neurons had 
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Figure 2. Time dependence of the effects of substrate-bound tenascin 
on neurite lengths. Cells were maintained for 3, 6, 9, 12, 15, 18, and 
21 hr in culture, and the length of all neurites of process-bearing cells 
was measured for neurons on the control substrate (C, open squares) 
and on tenascin (TN, solid squares). Results show the average lengths 
per cell of all neurites (a), major neurites (b), all minor neurites (c), and 
the average length of single minor neurites (d) + SD. For significance 
levels, see Table 2. 

more than four neurites on the control substrate. The distri- 
butions of numbers of neurites per cell on tenascin were similar 
at 12 and 21 hr, indicating also that the bulk of neurites had 
reached a steady state. From these data we conclude that be- 
tween 9 and 12 hr initiation of new neurites ceases on tenascin, 
but not on the control substrate. 

Tenascin afleets neurite length, leading to polarization after 
longer culture periods 

We next analyzed the total length of all neurites per cell (Fig. 
2). On the control substrate, the total neurite length increased 
steadily with time (Fig. 2a). Small increases in the total neurite 
length between 3 and 9 hr were followed by a more pronounced 
growth between 9 and 21 hr. To investigate polar growth, that 
is, asymmetric growth ofaxonal versus dendritic compartments, 
the longest neurite of a given cell, the major neurite, was mea- 
sured separately from the other shorter, the minor neurites, of 
this cell. Lengths of both major and minor neurites increased 
with time on the control substrate (Fig. 2M). However, from 
9 hr onward, growth ofminor neurites was about threefold faster 
than growth of major neurites. Increases in the total length of 
minor neurites could be attributed to outgrowth of additional 
neurites as well as increases in the average length of single minor 
neurites (Figs. lb, 2d). 

On substrate-bound tenascin, the total neurite length in- 
creased between 3 and 21 hr of culture (Fig. 2a). It was signif- 
icantly higher than on the control substrate between 3 and 12 
hr and significantly lower after 18 and 21 hr (Table 2). At all 
times major neurites were, however, significantly longer than 
on the control substrate (Fig. 2b, Table 2). The total length of 

minor neurites per cell was significantly higher than on the 
control substrate during the first 9 hr of culture but significantly 
lower between 15 and 2 1 hr (Fig. 2c, Table 2). The increase in 
total length of minor neurites on tenascin substrates at early 
culture periods was solely due to the increase in the number of 
neurites per cell since the average length of single minor neurites 
was not different between control and tenascin conditions (Fig. 
2d). Between 12 and 2 1 hr the average length of minor neurites 
per cell and the average length of single minor neurites did not 
increase further. Tenascin thus favored growth of major neurites 
over growth of minor neurites and therefore increased neuronal 
polarity at later stages of neuritogenesis. Examples of mor- 
phologies of hippocampal neurons on control and tenascin sub- 
strates after 6 and 21 hr are shown in Figure 3. 

To examine whether the longest neurites are neurites that 
display the morphological characteristics of major neurites by 
being substantially longer than the minor neurites, we measured 
the difference in length between the longest and the second 
longest neurite. On the control substrate, cells exhibited an av- 
erage difference of about 20 pm between the longest and the 
second longest neurite when maintained on the control after 2 1 
hr of culture (Table 3). On the tenascin substrate, the average 
length difference between longest and second longest neurite was 
about 70 pm. Moreover, only about 40% and 10% of cells on 
the control had major neurites that were more than 20 and 50 
pm, respectively, longer than the second longest neurite, whereas 
on tenascin these fractions comprised about 90% and 70% for 
20 and 50 pm longer, respectively. For a succinct illustration of 
these effects we introduced the polarity index as measure for 
the relation between major and minor neurites. The polarity 
index was defined as the average length of major neurites divided 
by the average length of all minor neurites per cell. The polarity 
index after 2 1 hr of culture was about 0.5 for cells on the control 
substrate and about 2 for cells on the tenascin substrate (Table 
3). These data indicate that the total length of all minor neurites 
per cell was twice as high as the average major neurite on the 
control substrate, whereas the major neurite was twice as long 
as the total length of all minor neurites per cell on the tenascin 
substrate. 

To identify the major neurites as axons, cultures were stained 
by indirect immunofluorescence with antibodies against the mi- 
crotubule-associated protein tau, which is enriched in axons 
(Binder et al., 1985; Dotti et al., 1987; Kosik and Finch, 1987). 
For this purpose we plated the neurons on glass coverslips since 
in multiwell dishes cultures did not produce reproducible and 
clear silver-enhanced immunostaining patterns. Neurons cul- 
tured on glass differentiated in a similar manner to neurons 
cultured on tissue culture plastic and, after 21 hr, polarized on 
tenascin (not shown, but see Fig. 4a.c). At 21 hr, tau immu- 
noreactivity could be observed predominantly in the major neu- 
rites (Fig. 4). 

To characterize further the differences between cells grown 
on tenascin and cells grown on the control, we quantified the 
proportion of cells that showed immunoreactivity for the mi- 
crotubule-associated protein tau in at least one neurite. Only 
cells with a neurite at least lo-20 lrn longer than any other of 
the cell were considered to extend a major neurite. Neurons that 
expressed tau immunoreactivity in all neurites or only in minor, 
but not in major, neurites could hardly be detected (Fig. 5). The 
vast majority of tau-immunoreactive neurons on both sub- 
strates showed immunoreactivity only in the major and not in 
the minor neurites (Fig. 5). On the control substrate about 40% 
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Figure 3. Effects of substrate-bound tenascin on morphologies of hippocampal neurons: bright-field micrographs of hippocampal neurons main- 
tained for 6 (a, b) and 2 1 (c, d) hr on the control substrate (a, c) and on tenascin (b, d). Cells were visualized by silver-enhanced immunostaining 
with polyclonal N-CAM antibodies. Cells grown on the control substrate for 6 hr often have well-developed lamellipodia (arrowheads in a) out of 
which they occasionally start to extend neurites (arrow in a). Only few cells have a morphology similar to that of cells grown on tenascin (star in 
a). Cells with lamellipodia were rarely found on tenascin substrates after 6 hr (< 10% of all cells). After 2 1 hr, cells grown on the control substrate 
develop multiple processes and only occasionally show a polarized phenotype (arrow in c). Cells grown on tenascin have longer major neurites 
(arrowheads in d) and fewer minor neurites. Scale bars, 50 pm (for u-d). 

Table 3. Differences between longest and second longest neurite, and polarity index 

Average 120 wrn >50 pm 
Substrate difference (pm) (% of cells) (% of cells) Polarity index 

Control 21.1 -t 4.23 42 rf 6.3 9 Ii 3.1 0.54 + 0.168 
TN 69.3 xk 2.42 93 + 1.2 70 -+ 4.7 2.15 2 0.215 
LN 73.5 Ii 9.49 91 rf: 5.6 72 + 7.6 3.89 -t 1.146 
lm 73.1 _t 7.63 93 k 4.2 75 f 4.2 2.23 k 0.212 
Ll 30.2 +- 3.82 59 xk 5.1 22 f 12.0 0.67 rt 0.181 
ConA 27.3 + 2.38 55 + 6.1 20 If: 7.9 0.55 xk 0.154 

Data are polarity parameters of hippocampal neurons on different substrates. Hippocampal neurons were maintained 
for 2 1 hr on control, tenascin (TN), laminin (LN), fibronectin (PN), Ll , and Con4 substrates. The difference in length 
between the longest and the second longest neurite is expressed as the average difference in micrometers (second column) 
and the proportion of cells of which the longest neurite is more than 20 pm (third column) or 50 pm (fourth column) 
longer than the next longest one. The fifth column shows the polarity index obtained by dividing the length of the major 
neurite by the total length of all minor neurites per cell. All data refer only to cells extending neurites. Values of three 
experiments are expressed as means k SD. For each value about 50 neurons per experiment were analyzed. 
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Figure 4. Detection of tau in hippocampal neurons by indirect immunofluorescence. Cells were grown for 21 hr on polyomithine-coated glass 
coverslips and stained with monoclonal antibodies directed against the microtubule-associated protein tau. Phase-contrast (a, c) and fluorescence 
(b, d) micrographs show cells cultured on the control substrate (a, b) and on tenascin (c, d). Tau-immunoreactive neurites are marked by arrowheads 
in b and d. Note that only major neurites stained for tau, but not all neurons developed neurites that were tau positive. Scale bar, 20 wrn for u-d. 

of all process-bearing cells were tau immunoreactive whereas 
on tenascin about 75% of the process-bearing neurons were 
immunoreactive (Fig. 5). These data indicate that tenascin fa- 
vors also the biochemical maturation of neuritic compartments. 

Substrate-bound laminin andjbronectin also promote neurite 
outgrowth and subsequent polarization 

To investigate whether induction of outgrowth promotion and 
subsequent polarization of hippocampal neurons are particular 
features of tenascin or whether other extracellular matrix gly- 
coproteins have similar properties, laminin and fibronectin were 
investigated as substrates. Although these two molecules have 
been shown to promote neurite outgrowth or induce polariza- 
tion, the temporal sequence of transition from one effect to the 
other has never been shown in one experiment. On laminin and 
fibronectin the fraction of neurite-bearing cells was initially in- 
creased but later was no longer significantly different from the 

control (Fig. 6a, Table 2). On fibronectin, the number ofneurites 
per cell was initially increased but then did not increase further, 
resulting in a decreased number of neurites between 15 and 2 1 
hr when compared to the control (Fig. 66). Correspondingly, 
the distribution of neurites per cell peaked at higher numbers 
of neurites than in the control after 6 hr of culture and at lower 
numbers after 21 hr (Fig. 6c,e). On laminin, the number of 
neurites per cell did not change significantly between 3 and 21 
hr (Fig. 66; statistical evaluation not shown), resulting in a higher 
number of neurites than in the control after 6 hr and in a lower 
number after 2 1 hr (Fig. 6b). The distribution of neurite numbers 
per cell for laminin substrates was very similar for 6, 12, and 
2 1 hr (Fig. 6c-e). Neurons polarized strongly on both substrates 
with time in culture (Fig. 7). Total neurite lengths were signif- 
icantly increased over control values up to 12 hr, but signifi- 
cantly decreased at 18 and 21 hr (Fig. 7a, Table 2). Growth of 
major neurites was faster on laminin and fibronectin than on 
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Figure 5. Quantification of tau-immunoreactive cells. Cells were grown 
for 21 hr on polyomithine-coated glass coverslips and stained with 
monoclonal antibodies directed against the microtubule-associated pro- 
tein tau. The number of tau-immunoreactive and nonimmunoreactive 
cells on control (solid bars) and tenascin (shaded bars) substrates is 
expressed as the percentage of all counted cells. A shows the percentage 
of neurons with tau-immunoreactive neurites; B, the percentage of neu- 
rons with tau immunoreactivity only in the major neurite; C, the per- 
centage of neurons with tau immunoreactivity in all neurites; and D, 
the percentage of neurons with tau immunoreactivity in all or a subset 
of minor neurites but not in the major neurite. Percentages in B-D add 
up to the value in A. Values of three experiments are expressed as means 
+ SD. For each value about 100 neurons per experiment were analyzed 
for tau immunoreactivity. 
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Figure 6. Time dependence of the effects of substrate-bound laminin 
and fibronectin on the fraction of process-bearing cells and on the av- 
erage number of neurites per cell. Cells were maintained for 3, 6, 9, 12, 
15, 18, and 21 hr in culture and the proportion of cells with neurites 
(a) and the number of neurites per cell (b) were counted. Results are 
shown with means ? SD for neurons on the control substrate (C, open 
squares), on laminin (LN, solid squares), and on fibronectin (FN, solid 
circles). Distributions of the number of neurites per cell are shown for 
6 (c), 12 (d), and 2 1 (e) hr for neurons on the control substrate (open 
bars), on laminin (solid bars), and on fibronectin (hatched bars). Neuron 
populations in c-e are the same as in b for 6, 12, and 21 hr. For sig- 
nificance levels, see Table 2. 
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Figure 7. Time dependence of the effects of substrate-bound laminin 
and fibronectin on neurite lengths. Cells were maintained for 3, 6, 9, 
12, 15, 18, and 2 1 hr in culture and the length of all neurites of process- 
bearing cells was measured for neurons on the control substrate (C, open 
squares), on laminin (LN, solid squares), and on fibronectin (FN, solid 
circles). Results show the average lengths per cell of all neurites (a), 
major neurites (b), all minor neurites (c), and the average length of single 
minor neurites (d), +-SD. For significance levels see Table 2. 

the control at all time points examined (Fig. 7b) and most of 
the major neurites were more than 50 pm longer than the next 
longest neurite after 21 hr of culture (Table 3). The average 
length of all minor neurites per cell on fibronectin substrates 
clearly increased between 3 and 9 hr (Fig. 7c), whereas on lam- 
inin only marginal increases in the total lengths of minor neurites 
per cell were noticed between 3 and 21 hr (Fig. 7~). Also, the 
average length of single minor neurites increased only slightly 
on laminin and fibronectin substrates (Fig. 74. As judged by 
the polarity index, laminin increased polarity more than the 
other extracellular matrix molecules examined (see Fig. 10 for 
examples of neuronal morphologies). 

The cell adhesion molecule Ll and the lectin ConA promote 
neurite outgrowth but do not increase polarity 

On Ll or ConA, initial neurite outgrowth was increased as in- 
dicated by an augmentation of the fraction of process-bearing 
cells during the first 9 hr (Fig. 8a). After 15 hr, however, the 
percentage of process-bearing cells did not differ significantly 
from the control (Table 2). Mean values and distributions of 
the number of neurites per cell were higher on both substrates 
than on the control at all times examined (Fig. 8&e). The av- 
erage lengths of major and all minor neurites per cell were also 
increased over control values at all times studied (Fig. 9b,c), 
resulting in total neurite lengths higher than on the control at 
all time points (Fig. 9a). As shown in Table 3, a slight increase 
in the difference between the length of the longest neurite and 
the length of the next longest neurite of a cell could be detected 
on L 1 and ConA substrates after 2 1 hr of culture. This increase 
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Figure 8. Time dependence of the effects of substrate-bound Ll and 
ConA on the fraction of process-bearing cells and on the average number 
of neurites per cell. Cells were maintained for 3, 6, 9, 12, 15, 18, and 
21 hr in culture and the proportion of cells with neurites (a) and the 
number of neurites per cell (b) were counted. Results are shown with 
means * SD for neurons on the control substrate (C, open squares), on 
Ll (solid squares), and on ConA (solid circles). Distributions of the 
number of neurites per cell are shown for 6 (c), 12 (d), and 21 (e) hr 
for neurons on the control substrate (open bars), on Ll (solid bars), and 
on ConA (hatched bars) substrates. Neuron populations in c-e are the 
same as in b for 6, 12, and 21 hr. For significance levels, see Table 2. 

was much lower than for the extracellular matrix molecules and 
the polarity index was not different from the control. Therefore, 
the overall morphology of neurons maintained under Ll , ConA, 
and control conditions was similar (see Fig. 10 for examples of 
neuronal morphologies). At 2 1 hr, means for the total length of 
minor neurites per cell were only slightly, and not significantly, 
higher on Ll than on control substrates, although statistical 
analysis of ranked values did result in significant differences 
indicating that length distributions are different for control and 
Ll substrates (Table 2). 

Neuronal spreading and adhesion are strongly reduced on all 
extracellular matrix substrates 

To relate neurite outgrowth and polarization to neuron-to-sub- 
strate adhesion, we measured the extent of spreading (Table 4) 
and the strength of adhesion of hippocampal neuron cell bodies 
to the substrate (Table 5). Spreading of cell bodies, as defined 
by the surface area covered by the cell bodies of process-bearing 
cells, increased with time on the control substrate from about 
120 Km2 after 3 hr to about 160 pm2 after 2 1 hr of culture. When 
cell populations comprising both process-bearing and non-pro- 
cess-bearing cells on the control substrate were examined, 
spreading after 3 hr was higher than 120 pm2 and decreased 
with time (not shown), suggesting that cells without neurites 
often develop lamellipodial halos that withdraw when neurites 
start to develop (Figs. 3, 4; see also Banker and Cowan, 1977; 
Dotti et al., 1988; Lochter et al., 199 1). Spreading was reduced 
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Figure 9. Time dependence of the effects of Ll and ConA on neurite 
lengths. Cells were maintained for 3, 6, 9, 12, 15, 18, and 21 hr in 
culture, and the length of all neurites of process-bearing cells was mea- 
sured in three experiments for neurons on the control substrate (C, open 
squares), on Ll (solid squares), and on ConA (solid circles). Results show 
the average lengths per cell of all neurites (a), major neurites (b), all 
minor neurites (c), and the average length of single minor neurites (d) 
* SD. For significance levels, see Table 2. 

by approximately 50% on tenascin, laminin, and fibronectin, 
when compared to the control, at all time points studied. A 
significant reduction of spreading on Ll was also observed (Ta- 
ble 2). The smallest reduction of spreading was seen on ConA 
and was significant only before 12 hr (Table 2). 

Adhesion strength of cell bodies to their substrates was de- 
termined by shaking the multiwell plates after 3 and 21 hr of 
culture and counting the number of adhered cells (Table 5). 
Adhesion to tenascin and laminin was strongly reduced when 
compared to the control substrate. Adhesion to fibronectin was 
also reduced, but less markedly than on tenascin and laminin. 
Adhesion to Ll or ConA was not different from the control. 

Discussion 

In this article we describe the effects of the extracellular matrix 
glycoproteins tenascin, laminin, and fibronectin, the cell adhe- 
sion molecule Ll, and the lectin ConA on the morphological 
differentiation of hippocampal neurons in vitro. A summary of 
the results is shown in a schematic representation (Fig. 11). 

Our main observations are the following. (1) Growth of hip- 
pocampal neurons on extracellular matrix substrates results in 
increased total neurite lengths after short culture periods, com- 
pared to the control substrate polyornithine. (2) With ongoing 
morphological differentiation total neurite lengths on extracel- 
lular matrix substrates become reduced compared to the control. 
(3) Decreases in total neurite lengths on extracellular matrix 
substrates are due to an arrest of growth of minor neurites, but 
major neurites grow faster on extracellular matrix than on con- 
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Figure IO. Morphologies of hippocampal neurons on control, tenascin, laminin, and Ll substrates after various times in culture: bright-field 
micrographs of toluidine blue stained hippocampal neurons on control (u-c), tenascin (d-f), laminin (g-i), and Ll (k-m) substrates after 6 (a, d, 
g, k), 12 (b, e, h, I), and 21 (c, f; i, m) hr in culture. After 6 hr, cells have extended more neurites on tenascin, laminin, and Ll substrates than on 
the control substrate. After 2 1 hr, cells on the control substrate and on Ll have developed a complex morphology and multiple neurites. On tenascin 
and laminin substrates, the reduction in length of minor neurites in comparison to control and Ll substrates is evident after 21 hr and is more 
pronounced with cells cultured on laminin. 

trol substrates. Correspondingly, neuronal polarity is increased. 
(4) The effects of the extracellular matrix molecules tenascin, 
laminin, and fibronectin are different from the effects of Ll and 
ConA, which do not increase neuronal polarity. 

Hippocampal neurons maintained for 3-9 hr on tenascin, 
laminin, or fibronectin showed an increase in the percentage of 
process-bearing cells, the number of neurites per cell, and the 
total neurite length per cell, when compared to the control sub- 
strate. These results are in agreement with previous observations 
describing the neurite outgrowth-promoting activity of these 
molecules (e.g., Akers et al., 198 1; Manthorpe et al., 1983; 
Rogers et al., 1983; Wehrle and Chiquet, 1990; Lochter et al., 
1991). 

When cells were maintained for 18-21 hr, substrate-coated 

tenascin, laminin, and fibronectin caused a decrease in the total 
neurite length per cell in comparison to the control substrate. 
However, the length ofthe longest, the major neurite, was higher 
on all three extracellular matrix substrates. The length and num- 
ber of the shorter neurites, the minor neurites, were reduced. 
Correspondingly, the average difference in length between the 
longest and the next longest neurite was strongly increased. 
Therefore, all three extracellular matrix molecules tested in- 
creased neuronal polarity. 

In agreement with the notion that major neurites resemble 
premature axons, major neurites were immunoreactive for the 
microtubule-associated protein tau and minor neurites were only 
occasionally immunoreactive. The doubly increased percentage 
of tau-immunoreactive cells on tenascin compared to control 
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Table 4. Spreading of cell bodies on different substrates 

Sub- Cell body area 

strate 3 hr 6 hr 9 hr 12 hr 15 hr 18 hr 21 hr 

Control 118.4 +- 19.87 111.3 f 24.4 119.5 & 24.1 128.6 + 13.2 134.7 + 23.26 146.0 Z? 14.68 157.8 + 21.95 
TN 65.4 zk 11.67 68.2 + 14.52 71.0 Ii 14.18 81.9 + 11.03 82.0 + 6.95 83.5 * 9.89 79.0 + 14.99 
LN 62.8 + 6.50 61.2 k 11.04 65.8 + 8.68 65.5 -c 11.50 75.6 -t 10.42 80.2 k 5.97 74.7 z!z 4.76 
FN 69.3 + 4.45 71.6 k 7.11 78.0 + 8.91 83.8 * 7.14 80.7 + 19.58 82.8 + 11.68 87.0 -t 5.68 
Ll 101.4 + 13.29 96.5 f 17.51 108.5 k 16.69 109.8 k 6.13 127.8 k 14.26 133.1 + 8.64 130.6 + 9.32 
ConA 96.9 k 5.95 99.0 + 8.64 109.4 f 7.66 120.2 + 10.50 126.4 k 13.34 145.2 t 22.08 144.9 k 14.86 

Hippocampal neurons were cultured for the indicated time periods on control, tenascin (TN), laminin (LN), fibronectin (FN), Ll, and ConA substrates. Values for 
spreading, expressed in pm’ are given in “mean surface area covered by the cell body ? SD.” Note that spreading is highest on control substrates at all time points 
investigated. For statistics and significance levels, see Table 2. 

substrates indicates that tenascin induces not only the morpho- 
logical polarization but also the biochemical compartmentali- 
zation of neurons. Although tau was reported to be present in 
both major and minor neurites of hippocampal neurons (Dotti 
et al., 1987), a more prominent staining in major neurites than 
in minor neurites during phases of elongation of the major neu- 
rite was observed. Exclusive staining of axons, but not of den- 
drites, in culture has been described for cerebral cortical neurons 
(Kosik and Finch, 1987). Immunostaining of hippocampal cul- 
tures on control and tenascin substrates after 21 hr of culture 
with antibodies against MAP2 and GAP-43 revealed that these 
markers were not convincing indicators of polarity, since MAP2 
positivity of minor neurites was seen only with less than 50% 
of process-bearing neurons and GAP-43 was only occasionally 
detected preferentially in growth cones of major compared to 
minor neurites (A. Lochter and M. Schachner, unpublished ob- 
servations). However, these latter results are not unsuspected 
since MAP2 has been found compartmentalized only after sev- 
eral days in culture (Caceres et al., 1986; Chamak and Pro- 
chiantz, 1989), and GAP-43 was described as enriched, but not 
exclusively expressed, in major neurites of early stage 3 neurons 
(Goslin et al., 1990). 

We were not able to follow the morphological differentiation 
of hippocampal neurons for more than 1 d since the cells started 
to degenerate at longer culture periods. However, the mor- 
phology of neurons on extracellular matrix substrates after 21 
hr clearly resembled that of stage 3 neurons (Dotti et al., 1988), 
which is characterized by growth arrest of minor neurites and 
continued growth of major neurites: about 70% of all neurite- 

Table 5. Adhesion assay 

Number of neurons adhered 

Substrate 3 hr 21 hr 

Control 40.3 +- 4.38 37.8 * 5.34 

TN 4.1 k 2.13 9.4 I!z 4.99 

LN 12.3 IL 3.96 10.7 k 5.68 

l=N 25.7 ? 8.69 21.9 k 6.97 

Ll 43.1 ? 5.32 41.4 +- 8.43 

ConA 43.6 If- 5.10 40.0 k 9.63 

Data are from adhesion assay for hippocampal neurons on different substrates. 
Hippocampal neurons were cultured for 3 and 2 1 hr in multiwell plates on control, 
tenascin (TN), laminin (LN), libronectin (FN), Ll, and ConA substrates. They 
were then mechanically agitated for 5 min. The average numbers of adhered cells 
per visual field 5 SD are shown. Adhesion of neurons to tenascin, laminin, and 
fibronectin, when compared with the Newman-Keuls test, was found to be sig- 
nificantly different from adhesion to control substrates @ 5 O.OOl), whereas ad- 
hesion of neurons to LI or ConA was not @ > 0.05). 

bearing cells on extracellular matrix substrates had major neu- 
rites that were more than 50 pm longer than the next longest 
neurite and neither the number nor the length of minor neurites 
increased during the last hours of culture. Neurons grown on 

3h 

control 

r 

TN 

LN 

FN 

Ll 

ConA 

r 

Figure I I. Schematic drawings of morphologies of hippocampal neu- 
rons for the different culture times and substrates: true-to-scale drawings 
of hippocampal neurons on control, tenascin (W), laminin (LN), fi- 
bronectin (FN), Ll, and ConA substrates, according to means from 
Figures 1, 2, and 6-9, and Table 4. Cell body spreading is represented 
by the solid circle. Major neurites are drawn downward from the cell 
body. Other neurites represent minor neurites. Note that at all times 
and on all substrates the major neurites increase in length. The minor 
neurites increase continuously in length on Ll and ConA but cease to 
grow on extracellular matrix substrates between 3 and 12 hr. 
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the control substrate did not obviously match any of the de- 
velopmental stages described by Banker and colleagues (Dotti 
et al., 1988). Minor neurites of our cells frequently exceeded 30 
pm in length, whereas classical stage 2 and 3 neurons were 
reported to have minor neurites less than 20 pm in length (Bank- 
er and Cowan, 1977; Dotti et al., 1988). It appears likely to us 
that the differences in culture conditions account for the de- 
scribed differences in growth behavior. Banker and colleagues 
maintained their cells after plating for several hours in serum- 
containing medium and afterward in the presence of astrocytes. 
Since serum contains and astrocytes express and secrete extra- 
cellular matrix molecules including tenascin, laminin, and fi- 
bronectin (Hynes and Yamada, 1982; Liesi et al., 1983, 1986; 
Kruse et al., 1985) these molecules may lead to an arrest of 
growth of minor neurites in the cultures of Banker and col- 
leagues. We therefore propose that in the absence ofextracellular 
matrix molecules growth of minor neurites of hippocampal neu- 
rons does not cease before the onset of morphological polariza- 
tion, but continues while the major neurite starts to elongate 
faster than the remaining neurites. 

Polarizing activities of laminin for mesencephalic (Chamak 
and Prochiantz, 1989) hippocampal (Lein et al., 1992), and 
sympathetic neurons (Lein and Higgins, 1989) and offibronectin 
for mesencephalic neurons (Chamak and Prochiantz, 1989) have 
been described. The present article, however, is the first de- 
scription that tenascin induces polarity in neurons. With our 
observation of the polarizing activity of tenascin and recent 
findings that collagen IV, thrombospondin, proteoglycans, and 
glycosaminoglycans all promote growth of axons, but not den- 
drites (Lein et al., 199 1; Lafont et al., 1992; Osterhout et al., 
1992), a common functional feature of extracellular matrix mol- 
ecules becomes apparent. In contrast to the effects of substrate- 
bound tenascin, tenascin added in soluble form to the culture 
medium inhibits growth not only of minor, but also of major 
neurites (Lochter et al., 1991; Lochter and Schachner, unpub- 
lished observations). Mesencephalic neurons have been shown 
to respond to the addition of soluble laminin with increased 
growth of major and decreased growth of minor neurites, where- 
as soluble fibronectin had only marginal effects on the neuronal 
morphology (Chamak and Prochiantz, 1989). When we added 
soluble laminin or fibronectin to hippocampal cultures, we ob- 
served, depending on the concentration used, either no effect or 
an increase in neuronal polarity similar to the effects of the 
substrate-bound molecules (Lochter and Schachner, unpub- 
lished observations). We conclude from these observations that 
inhibition of growth of major and minor neurites is specifically 
induced by soluble tenascin and not by laminin or fibronectin 
in either substrate-bound or soluble form. 

The kinetic analysis of the establishment of neuronal polarity 
on extracellular matrix substrates shows for the first time that 
increased neuronal polarity on extracellular matrix substrates 
is preceded by a phase of increased neurite outgrowth. This 
feature is again shared by tenascin, laminin, and fibronectin, 
but the onset of polarization occurred earlier on laminin than 
on tenascin or fibronectin substrates. Our results show that on 
tenascin, laminin, and fibronectin growth of minor neurites 
ceased within the first 12 hr of culture, and only the major 
neurite continued to grow, thus solely accounting for the increase 
in total neurite length after longer culture periods. The time 
window in which increased neurite outgrowth precedes polar- 
ization appears to depend not only on the substrate-coated mol- 
ecules but also on the physical properties of the carrier used for 

coating. In a previous study, hippocampal neurons were cultured 
on tenascin in chamber slides (Lochter et al., 199 1) and did not 
extend neurites as quickly as in the present study. When absolute 
neurite lengths ofboth studies are compared, total neurite length 
on the control substrate was about 100% higher in the present 
study after 2 1 hr when compared to the former after 24 hr (175 
pm vs 83 wm). The morphology of cells after 12 hr in the present 
study resembled that of cells cultured for 24 hr in the former 
study. Both studies are therefore in agreement in that substrate- 
bound tenascin, laminin, and fibronectin increase growth of 
major and minor neurites in the initial phase of neurite out- 
growth. 

It has been postulated that the establishment of neuronal 
polarity is correlated with a reduction of cell body spreading 
and neuron-to-substrate adhesion (Chamak and Prochiantz, 
1989). We have shown that the neurite outgrowth-inducing ac- 
tivity of substrate-bound tenascin is also correlated with de- 
creased spreading and adhesion ofneurons (Lochter et al., 199 1). 
We presented evidence that neuronal spreading and neuron-to- 
substrate adhesion are strongly reduced on tenascin, laminin, 
and fibronectin during the period of increased neurite outgrowth 
as well as during the period of polarization. Therefore, tenascin, 
laminin, and fibronectin act as antiadhesive molecules for CNS 
neurons when grown on an adhesive substrate, such as poly- 
ornithine. Growth of retinal ganglion cell neurites on substrates 
composed of polylysine and laminin was also correlated with 
decreased growth cone adhesion compared to polylysine alone 
(Lemmon et al., 1992). Furthermore, migration of olfactory 
neurons on a mixed laminin-fibronectin substrate was faster 
than on a fibronectin substrate alone and was associated with 
a reduced adhesion of cell bodies (Calof and Lander, 1991). 
These examples support the notion that extracellular matrix 
glycoproteins are antiadhesive molecules on otherwise adhesive 
substrates. On the other hand, laminin and fibronectin, but not 
tenascin, are adhesive and neurite outgrowth promoting in com- 
bination with neutral substrates, such as albumin (e.g., Man- 
thorpe et al., 1983; Rogers et al., 1983; Liesi et al., 1984; Hall 
et al., 1987; Faissner and Kruse, 1990; Lochter and Schachner, 
unpublished observations). Moreover, soluble tenascin, which, 
unlike soluble laminin or fibronectin, inhibits neurite outgrowth 
of both major and minor neurites, reduces cell body spreading 
and adhesion on polyornithine (Lochter et al., 199 1). Thus, the 
molecules appear to act depending on their environment and 
despite several functional similarities certain distinctive features 
cannot be overlooked. 

Neurite outgrowth promotion does not inevitably result in 
subsequent polarization, as we could show by use of substrate- 
coated Ll and ConA. Ll -dependent promotion of neurite out- 
growth and elongation has been described for cerebellar (La- 
genauer and Lemmon, 1987; Lemmon et al., 1989) tectal 
(Lagenauer and Lemmon, 1987) retinal (Lemmon et al., 1992) 
sympathetic (Chang et al., 1990) ciliary ganglion (Bixby and 
Jhabvala, 1990), and dorsal root ganglion neurons (Kuhn et al., 
1991). Also, substrate-coated ConA was reported to increase 
neurite outgrowth (e.g., DeGeorge et al., 1985; DeGeorge and 
Carbonetto, 1986; Lin and Levitian, 199 1). We could show that, 
in contrast to extracellular matrix substrates, L 1 promoted growth 
of major and minor neurites and did not increase neuronal 
polarity. In situ, Ll is expressed on axons but not on dendrites 
(Fushiki and Schachner, 1986; Persohn and Schachner, 1987, 
1990; Godfraind et al., 1988). In vitro, however, Ll is expressed 
on both major and minor neurites after 1 d of culture (Lochter 
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and Schachner, unpublished observations). Since Ll mediates 
neurite outgrowth at least in part via a homophilic binding 
mechanism (Lemmon et al., 1989; Kadmon et al., 1990a,b; 
Kuhn et al., 199 l), expression of Ll on both major and minor 
neurites in vitro is consistent with the promotion not only of 
axonal but also of dendritic growth. ConA interacts with oligo- 
mannosidic carbohydrate epitopes on glycoproteins and glyco- 
lipids and has multiple effects on neuronal morphology and 
physiology (for review, see Lin and Levitian, 1991; Mironov, 
1992). It also binds to cell adhesion molecules, for example, Ll 
and N-CAM, present on major and minor neurites of hippo- 
campal neurons, thereby possibly mimicking the effects of the 
natural ligands of these adhesion molecules. These results in- 
dicate that Ll and ConA increase neurite outgrowth without 
increasing neuronal polarity, whereas the less adhesive extra- 
cellular matrix glycoproteins tenascin, laminin, and fibronectin 
promote neurite outgrowth and subsequently increase polarity. 

We would finally like to relate our observations to the possible 
functions of tenascin in the spatiotemporal pattern of its ex- 
pression in vivo. When offered as a uniform substrate in vitro, 
tenascin promotes neurite growth and selectively favors growth 
of major over growth of minor neuritpc When offered as a 
substrate boundary, it inhibits growth or axons t I ~YIUI cx al., 
1993). Two structures of the mouse brain, the cerebellum and 
the somatosensory cortex, may illustrate these two different 
functions of tenascin (Steindler et al., 1989; S. Bartsch et al., 
1992). In both brain regions tenascin expression is high only 
during a restricted time period of development, when functional 
connections are being established. In the cerebellum, tenascin 
is uniformly associated with granule cell axons when they extend 
in the molecular layer (S. Bartsch et al., 1992). In this situation 
tenascin could act as an accelerator of axonal elongation. In the 
somatosensory cortical barrel field (Woolsey and Van Der Loos, 
1970), tenascin is concentrated in the interbarrel septae between 
postnatal days 2 and 9 in the mouse (Steindler et al., 1989b), 
at which time differentiation of interneurons and innervation 
by thalamocortical afferents take place (Wise and Jones, 1978). 
Before postnatal day 2, tenascin is homogeneously distributed 
in the barrel field area, and after postnatal day 9 it becomes 
strongly downregulated. Tenascin demarcates the barrel field 
boundary represented by the septae after the arrival of the first 
thalamocortical axons (Jhaveri et al., 1991) and might thus not 
only restrict their terminal arborization to the barrel hollows, 
but also funnel later-arriving axons in this area by promoting 
axonal growth along the inner wall of the boundary. On the 
other hand, tenascin may limit the growth ofdendrites ofstellate 
interneurons (Lorente de N6, 1922), whose cell bodies are lo- 
cated in the barrel hollows in cortical layer IV (Woolsey et al., 
1975). Their neurites sprout extensively within the barrel hol- 
lows, but only occasionally cross the interbarrel septae (Woolsey 
et al., 1975), and display asymmetric arborization at the septal 
border (Loeb et al., 1987). Tenascin in the barrel septae might 
therefore prevent dendrites of intemeurons from traversing these 
boundaries. Experiments perturbing the functions of tenascin 
at the critical developmental stages in vivo will have to be per- 
formed to resolve whether tenascin indeed plays these functional 
roles. 
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