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Tenascin-C has been implicated in regulation of both neurite
outgrowth and neurite guidance. We have shown previously
that a particular region of tenascin-C has powerful neurite
outgrowth-promoting actions in vitro. This region consists of
the alternatively spliced fibronectin type-III (FN-III) repeats A–D
and is abbreviated fnA-D. The purpose of this study was to
investigate whether fnA-D also provides neurite guidance cues
and whether the same or different sequences mediate out-
growth and guidance. We developed an assay to quantify
neurite behavior at sharp substrate boundaries and found that
neurites demonstrated a strong preference for fnA-D when
given a choice at a poly-L-lysine–fnA-D interface, even when
fnA-D was intermingled with otherwise repellant molecules.
Furthermore, neurites preferred cells that overexpressed the

largest but not the smallest tenascin-C splice variant when
given a choice between control cells and cells transfected with
tenascin-C. The permissive guidance cues of large tenascin-C
expressed by cells were mapped to fnA-D. Using a combination
of recombinant proteins corresponding to specific alternatively
spliced FN-III domains and monoclonal antibodies against neu-
rite outgrowth-promoting sites, we demonstrated that neurite
outgrowth and guidance were facilitated by distinct sequences
within fnA-D. Hence, neurite outgrowth and neurite guidance
mediated by the alternatively spliced region of tenascin-C are
separable events that can be independently regulated.
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Development of the nervous system is absolutely dependent on
targeted growth of axons and dendrites. Not only must neuronal
processes elongate to reach their correct destination (neurite
outgrowth), but they must navigate in the proper direction (neu-
rite guidance). Both neurite outgrowth (Smith et al., 1986) and
guidance (Letourneau et al., 1994) are thought to be regulated by
astrocyte-derived surface molecules. Among these molecules is
tenascin-C, an extracellular matrix protein transiently expressed
at the boundaries of migratory pathways in the developing cortex
(Steindler et al., 1989) and reexpressed on glial scars in the adult
CNS (Lochter et al., 1991; McKeon et al., 1991; Laywell et al.,
1996). Based on its localization, tenascin-C was originally thought
to form barriers to advancing neurites by stunting their outgrowth
and/or deflecting them elsewhere (Steindler et al., 1989). How-
ever, functional studies in vivo (Gates et al., 1996; Gotz et al.,
1997; Zhang et al., 1997) and in vitro (Faissner and Kruse, 1990;
Lochter et al., 1991; Meiners and Geller, 1997) have demon-
strated that tenascin-C can provide permissive, as well as inhibi-
tory, cues for neuronal growth.

Tenascin-C is not a single molecule but is instead a family of
alternatively spliced variants with potentially diverse actions

(Chung et al., 1996; Meiners and Geller, 1997; Gotz et al., 1997).
Tenascin-C splice variants differ only in their number of fibronec-
tin type-III (FN-III) domains; for example, the largest splice
variant of human tenascin-C has seven alternatively spliced FN-
III domains [FN-III repeats A–D (fnA-D)] (Fig. 1) which are
missing in the smallest. Phases of increased cell migration and
axonal growth in the developing CNS have been closely corre-
lated with expression of large but not small tenascin-C (Crossin et
al., 1989; Steindler et al., 1989; Kaplony et al., 1991; Bartsch et al.,
1992; Tucker, 1993), suggesting that fnA-D might facilitate cell
and neurite motility during embryogenesis. Our own work dem-
onstrated that fnA-D avidly promoted neurite outgrowth in vitro
from a variety of neuronal types, by itself as a recombinant
protein and also as part of large tenascin-C (Meiners and Geller,
1997; Meiners et al., 1999).

Our previous work suggests that neurite outgrowth and guid-
ance may be separable events (Powell and Geller, 1999). We
therefore used two complementary choice assays to investigate
the hypothesis that fnA-D imparts distinct outgrowth and guid-
ance cues. In one, growing neurites were allowed to choose
between poly-L-lysine (PLL) and recombinant proteins corre-
sponding to alternatively spliced and universal tenascin-C FN-III
domains, as well as large and small tenascin-C splice variants. In
the other, neurites were allowed to choose between transfected
cells that overexpressed either large or small tenascin-C com-
bined in heterogenous monolayers with untransfected cells. Neu-
rites demonstrated a strong preference for fnA-D, which was
masked in large tenascin-C on inert substrates but revealed in
large tenascin-C on cellular substrates. Guidance and outgrowth
cues were further localized to different sequences using mono-
clonal antibodies against neurite outgrowth-promoting sites and
recombinant proteins corresponding to specific alternatively
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spliced FN-III domains. Hence, neurite outgrowth and guidance
can be independently regulated by the alternatively spliced region
of tenascin-C.

MATERIALS AND METHODS
Proteins and antibodies. Transfected baby hamster kidney (BHK) cells,
recombinant proteins expressed in bacteria, and rabbit polyclonal
tenascin-C antibodies were gifts of Dr. Harold Erickson (Department of
Cell Biology, Duke University Medical Center, Durham, NC). Splice
variants of human tenascin-C were produced in the transfected cells
(Aukhil et al., 1993). Native large and small tenascin-C were purified
from culture supernatants of these cells by gelatin-Sepharose and hy-
droxyapatite chromatography (Aukhil et al., 1990; Erickson and Briscoe,
1995), followed by electroelution from nondenaturing gels (S. Meiners,
unpublished data). Recombinant proteins expressed in bacteria (Aukhil
et al., 1993) corresponded to the following: universal FN-III domains 1–5
and 6–8 (fn1–5 and fn6–8); fnA-D, the alternatively spliced FN-III
domains of large tenascin-C; and fnA-D (2) C, the alternatively spliced
domains minus FN-III domain C (fnC). Fn1–5, fn6–8, and fnA-D were
produced using the PCR and cDNA isolated from BHK cells transfected
with large tenascin-C as the template. FnA-D (2) C was produced using
PCR and cDNA isolated from U251-MG glioma cells as the template.
[U251-MG cells produce alternatively spliced transcripts of tenascin-C
that contain fnA-D as well as fnA-D (2) C, although the species that
contains fnA-D predominates (Erickson and Bourdon, 1989).] Rabbit
polyclonal full-length tenascin-C antibody was prepared against highly
purified tenascin-C from U251-MG cells, which is almost entirely large
tenascin-C (Erickson and Bourdon, 1989). Rabbit polyclonal antibodies
against fn1–5 and fnA-D were prepared against the corresponding re-
combinant protein. All reagents cited correspond to the human protein.

Recombinant proteins corresponding to fnA1-A4, the N-terminal re-
gion of fnA-D, and fnB-D, the C-terminal region of fnA-D, were gifts of
Drs. Harold Erickson and Fransçoise Coussen (University of Bordeaux,
Bordeaux, France). Both of these correspond to the human protein.

Monoclonal antibody J1/tn2 against mouse tenascin-C was a gift of Dr.
Andreas Faissner (Department of Neurobiology, University of Heidel-
berg, Heidelberg, Germany). The epitope for J1/tn2 is contained on fnD
of mouse tenascin-C (Gotz et al., 1996).

Chondroitin sulfate proteoglycan (CSPG) mixture isolated from em-
bryonic chick brain (consisting primarily of neurocan, phosphacan, ver-
sican, and aggrecan) was obtained from Chemicon (Temecula, CA).
Aggrecan was from Sigma (St. Louis, MO), and laminin-1 was from Life
Technologies (Rockville, MD). Monoclonal antibody CS-56, which re-
acts with the glycosaminoglycan portion of native chondroitin sulfate
proteoglycans, was from Sigma. Monoclonal antibody RT97 against neu-
rofilament was from the Developmental Studies Hybridoma Bank (Iowa
City, IA), and a polyclonal antibody against neurofilament 200 was from
Sigma. Monoclonal antibody tenascin-IIIB, which recognizes an epitope
in fnB of human tenascin-C, was from Chemicon.

Neuronal cell culture. Cerebellar granule neuronal cultures were pre-
pared as described by Levi et al. (1984). Neuronal cultures were culti-
vated from postnatal day 8 (P8) rat pups. Brains were removed into a

Petri dish containing 5 ml of BMEM with 2 M HEPES buffer (BMEM-
HEPES). Cerebella were removed, and meninges and blood vessels were
peeled off and discarded to ensure minimal contamination from endo-
thelial cells. Cerebella were then minced into fine pieces (,0.5 mm) with
dissecting knives and incubated in BMEM-HEPES containing 0.025%
trypsin for 10 min at 37°C. After incubation, the trypsinization was
halted by adding 1 ml of BMEM containing 0.025% soybean trypsin
inhibitor and 0.05% DNase I. The tissue was then gently triturated
through a fire-polished Pasteur pipette until it was dispersed into a
homogeneous suspension. The suspension was transferred into a fresh
tube. DMEM–25 mM KCl–10% heat-inactivated FCS (3–4 ml) was
added to any remaining tissue clumps, and the trituration was repeated.
Cells were then filtered through an ethanol-sterilized 40 mm mesh and
centrifuged for 10 min at 1500 rpm. The pellet of cerebellar granule
neurons was resuspended in DMEM–25 mM KCl–10% FCS and used for
neurite guidance and neurite outgrowth assays as described below.

Neurite guidance assay. Neurite guidance is operationally defined as
directed neurite movement that is significantly different from chance.
The two most frequently used guidance assays are the stripe assay
(Vielmetter et al., 1990) and the spot assay (Snow et al., 1991). However,
in neither has neurite behavior been quantified. We therefore modified
the spot assay to quantify the behavior of neurites at an interface created
between PLL and tenascin-C FN-III recombinant proteins, native
tenascin-C splice variants, or CSPGs. The PLL–protein interface was
created by placing a 5 ml drop of the protein of interest (300 nM in HBSS)
in the center of a 12 mm PLL-coated glass coverslip. Coverslips in
24-well trays were incubated with the protein drop for 2 hr at 37°C, and
excess protein solution was rinsed away with HBSS. Similar coating
efficiencies between the tenascin-C splice variants and recombinant pro-
teins (;5 pmol/cm 2) were verified by incubating entire coverslips with
proteins conjugated to amine reactive fluorescein (Pierce, Rockford, IL).
Coated proteins were removed after 2 hr by adding 2% SDS. The
fluorescence of proteins bound to PLL-coated glass was then assessed in
a Cytofluor II fluorescence microplate reader (PerSeptive Biosystems,
Framingham, MA) as we have described previously for proteins bound to
cellular monolayers (Meiners et al., 1999). In agreement with the results
of others (Dorries et al., 1996; Fischer et al., 1997), no major differences
in coating efficiencies could be observed.

Cerebellar granule neurons were plated onto the coverslips at a density
of 60,000 neurons per well and cultured for 48 hr in DMEM–25 mM
KCl–10% FCS. At this time, coverslips were fixed with acetic acid/
ethanol (5%:95%) for 5 min at 220°C. After fixation, coverslips were
rinsed in PBS (pH 7.4, 0.14 M NaCl, 2.7 mM KCl, 1.5 mM KH2PO4, and
4.3 mM NaHPO4) and incubated with the appropriate primary antibody
against the protein in the drop (polyclonal full-length tenascin-C anti-
body for native tenascin-C splice variants and recombinant proteins, or
monoclonal antibody CS-56 for CSPGs) diluted 1:100 in PBS containing
10% FCS (PBS-serum). After rinsing in PBS, the coverslips were incu-
bated with fluorescein-conjugated secondary antibodies diluted 1:100 in
PBS-serum (goat anti-rabbit secondary antibodies for tenascin-C spots
and goat anti-mouse secondary antibodies for CSPG spots) (Organon-
Technika Cappel, Durham, NC). The coverslips were again rinsed in
PBS, and those containing tenascin-C spots were incubated with mono-
clonal antibody RT97 against neurofilament, followed by a rhodamine-
conjugated goat anti-mouse secondary antibody, whereas those contain-
ing CSPG spots were incubated with polyclonal antibody against
neurofilament 200, followed by a rhodamine-conjugated goat anti-rabbit
secondary antibody. All primary and secondary antibody incubations
were for 30 min at 4°C. Coverslips were rinsed in PBS, followed by
ddH2O, and then mounted in Fluoromount-G (Southern Biotechnology,
Birmingham, AL) on microscope slides. Nonspecific binding of second-
ary antibodies was controlled for by omitting the appropriate primary
antibody in parallel cultures.

Cultures were examined using a Zeiss (Oberkochen, Germany) Axio-
plan microscope equipped with an epifluorescence illuminator with ap-
propriate filter sets to visualize the fluorochromes. Images of the cultures
were captured using a Macintosh (Apple Computers, Cupertino, CA)
Quadra 700 with a Scion (Frederick, MD) LG-3 frame grabber board.
Images were analyzed by counting the number of neurites on both sides
of the PLL–protein interface that either remained on their substrate (by
virtue of either stopping or turning at the interface) or crossed to the
other side. A sample of 75 neurites was considered for each side of the
interface for each condition. Only single, nonfasiculated neurites within
10 mm of the protein–PLL interface were considered for the analysis.
This distance was chosen because filopodia have been shown to extend

Figure 1. Multidomain structure of human tenascin-C. This diagram is
adapted from Aukhil et al. (1993). The N termini of three arms are joined
to form a trimer, and two trimers are connected via a disulfide bond to
form a hexamer. Each arm consists of 14 EGF domains, 8–15 FN-III
domains depending on alternative RNA splicing, and a single fibrinogen
domain. The universal FN-III domains (fn1–5 and fn6–8) are present in
all tenascin-C splice variants. The largest tenascin-C splice variant con-
tains seven alternatively spliced FN-III domains (designated A1, A2, A4,
B, C, and D, or fnA-D), which are missing in the shortest splice variant.
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10–50 mm (Gomez and Letourneau, 1994). In addition, only neurites
moving toward the interface were counted (the angle between the
neurite and the interface was ,90°), and no neurite whose soma was
sitting on the interface was counted. The percentage of neurites that
crossed from PLL to the protein of interest or from the protein to PLL
was then assessed.

Neurite outgrowth assay. To investigate the neurite outgrowth-
promoting properties of fnA-D versus fnA-D (2) C, PLL-coated glass
coverslips in 24-well trays were incubated with recombinant proteins (300
nM in HBS) for 2 hr at 37°C. In some experiments, coverslips were
incubated with a mixture of fnA-D and monoclonal antibody J1/tn2 (75
mg/ml). Excess protein solution was rinsed away with HBS, and cerebel-
lar granule neurons were plated onto the coverslips at a density of 60,000
neurons per well and allowed to extend neurites for 48 hr in DMEM–25
mM KCl–10% FCS. The extent of neurite outgrowth was then deter-
mined via carboxyfluorescein diacetate (CFDA) labeling (Petroski and
Geller, 1994). CFDA (Sigma) intensely stains the soma and all processes
of cultured, living neurons. Images of the cultures were captured using a
Macintosh Quadra 700 and analyzed with NIH Image software (avail-
able at http://rsb.info.nih.gov/). A sample of 100 neurons with processes
equal to or greater than one cell soma was considered for each condition.
The length of each primary process and its branches was measured for
each neuron, and the total neurite length was calculated as the sum of the
lengths of individual neurites.

Neurite guidance assay on cellular substrates. To investigate regulation
of neurite guidance in a cellular context, we generated cellular interfaces
between untransfected BHK cells, which express no tenascin-C, and
transfected BHK cells, which overexpress either the largest or smallest
tenascin-C splice variant (Aukhil et al., 1993), according to a modified
method of Powell et al. (1997). First, transfected BHK cells were labeled
with the red fluorescent cell linker PKH26 (Sigma) according to the
manufacturer’s instructions. This dye binds irreversibly within the mem-
branes of cells by selective partitioning with no apparent transfer of the
label to unlabeled cells (Ford et al., 1996). Single cell suspensions of
transfected cells and untransfected cells were then mixed in a 1:10 ratio.
The cell mixture was plated onto PLL-coated glass coverslips in 24-well
trays at a density of 1 3 10 5 cells per coverslip. This density yielded
confluent monolayers 24 hr later with readily distinguishable “islands” of
individual PKH26-labeled, transfected cells interspersed among the un-
transfected cells. The transfected cells were also readily distinguished
from untransfected cells by tenascin-C immunoreactivity.

Cerebellar granule neurons were plated onto BHK monolayers in
DMEM–25 mM KCl–10% FCS and were allowed to extend neurites for
48 hr. At this time, neurons and their processes were labeled with CFDA.
Images of the cultures were captured, and neurite behavior was analyzed
on both sides of the interface formed between an untransfected cell and
a transfected cell. The number of neurites that originated on an untrans-
fected cell and either remained on the untransfected cell or crossed to a
transfected cell was assessed, as was the number of neurites that origi-
nated on a transfected cell and either remained on the transfected cell or
crossed to an untransfected cell. A sample of 75 neurites was considered
for each of these conditions. Only neurites within 10 mm of the interface
were included in the analysis.

Antibody blocking experiments on cellular substrates. To investigate the
role of specific FN-III sequences in the regulation of neurite guidance by
cellular tenascin-C, blocking experiments were conducted using poly-
clonal antibodies against full-length tenascin-C, alternatively spliced
domains fnA-D, and universal domains fn1–5. Monoclonal antibody
J1/tn2, which reacts within fnD of fnA-D, was also used in blocking
experiments. Mixed monolayers containing untransfected and trans-
fected BHK cells were incubated with 75 mg/ml antibody in DMEM–25
mM KCl–10% FCS for 1 hr at 37°C. Cerebellar granule neurons were
plated onto the cells and cultured for 48 hr in the presence of antibodies.
Neurite behavior at the interface between transfected and untransfected
cells was then evaluated.

Amplification of tenascin-C fragments by reverse transcription-PCR. For
the identification and characterization of fnC-containing tenascin-C
mRNA isoforms in vivo, PCR (Saiki et al., 1988) was performed on
reverse-transcribed total RNA isolated from P3 rat cerebellum. Total
RNA was isolated using the RNeasy mini kit according to the manufac-
turer’s instructions (Qiagen, Santa Clarita, CA). Reverse transcription
(RT) of total RNA was done using 10 mg of RNA and random primers
with or without reverse transcriptase according to the manufacturer’s
instructions (Amersham Pharmacia Biotech, Piscataway, NJ). Amplifica-
tion of tenascin-C fragments was done using the following primers:

A1–59 (59 GAAGAAGTACCTTCTCTG 39), C-59 (59 GAGGCCCT-
GCCCCTTCTGGAA 39), C-39 (59 TGTAACAATCTCAGCCCTCAA
39), and D-39 (59 TGTTGTTGCTATGGCACT 39). A1–59 represents a
sequence at the 59 end of the first alternatively spliced exon (fnA1) of rat
tenascin-C (LaFleur, 1994). C-59 represents a sequence at the 59 end of
alternatively spliced exon fnC of human tenascin-C, and C-39 represents
a sequence complementary to the 39 end of human fnC. These primers
are based on the published nucleotide sequence of the human protein
(Siri et al., 1991) because the corresponding rat sequences are not
known. D-39 represents a sequence complementary to the 39 end of the
last alternatively spliced exon (fnD) of rat tenascin-C (LaFleur et al.,
1994).

The primer pair C-59/C-39 was used for amplification of a presumptive
rat fnC homolog. FnA-C and fnA-D were amplified using primer pairs
A-59/C-39 and A-59/D-39, respectively. PCR was performed in the pres-
ence of 1.5 mM MgCl2 and 50 mM KCl by repeating the cycle (94°C for
1 min, 50°C for 1 min, and 72°C for 2 min) 35 times. The amplification
products were then characterized by agarose gel (1%) electrophoresis.

Western blot analysis of tenascin-C polypeptides. Expression of
tenascin-C in P3 rat cerebellum was examined using Western blotting
techniques. Cerebellar tissue was homogenized on ice in Laemmli sam-
ple buffer (Laemmli, 1970). Protein concentrations were determined
using the Bio-Rad (Hercules, CA) DC protein assay. The homogenate
(20 mg) was subjected to SDS-PAGE (6%) (Laemmli, 1970) and then
transferred to nitrocellulose paper (100 mA, 6 hr) (Towbin et al., 1979).
Tenascin-C polypeptides were visualized as we have reported previously
(Meiners and Geller, 1997) using polyclonal full-length tenascin antibody
and an alkaline phosphatase-conjugated goat anti-rabbit secondary anti-
body (Sigma).

RESULTS
The alternatively spliced region of tenascin-C provides
permissive neurite guidance cues
FnA-D avidly promotes neurite outgrowth from a variety of CNS
neurons (Meiners and Geller, 1997). We therefore investigated
whether fnA-D can also provide guidance cues to growing neu-
rites. Rat cerebellar granule neurons were cultured for 48 hr on
PLL-coated glass coverslips containing spots of alternatively
spliced or universal tenascin-C FN-III domains. The behavior of
the neurites was then analyzed at the protein–PLL interface.
Figure 2A shows that cerebellar granule neurites demonstrated a
strong preference for fnA-D when encountering an interface
between fnA-D and PLL. The neurites (red) and the fnA-D
( green)–PLL interface are visualized in Figure 2B. More than
80% of the neurites originating on PLL crossed to fnA-D, and
,20% of the neurites originating on fnA-D crossed to PLL. This
was significantly different from results obtained with neurites
growing across a control fluorescein-labeled BSA–PLL interface
in which ;50% of the neurites originating on PLL crossed to
BSA and vice versa. The same 50:50 crossing ratio was observed
for neurites growing across an imaginary interface, created by
drawing an ink circle approximating the size of a 5 ml protein
drop on the back of the PLL-coated coverslip (data not shown).
The increased number of neurites crossing onto fnA-D indicates
that the alternatively spliced region provides permissive neurite
guidance cues. In contrast, universal FN-III domains fn1–5 and
fn6–8 did not elicit neurite behavior, which differed significantly
from the control.

Because fnA-D promotes neurite outgrowth as a recombinant
protein and as a part of the largest tenascin-C splice variant
(Meiners and Geller, 1997), we investigated its ability to guide
neurites in the context of native tenascin-C. Neurites were al-
lowed to choose between PLL and either the largest or smallest
tenascin-C splice variant. We only assessed neurite behavior on
the PLL side of the interface because very few neurons adhered
to purified tenascin-C. Neurites consistently avoided both splice
variants (Fig. 2A). This is in agreement with qualitative results of
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others showing cerebellar granule neurite deflection by spots of
tenascin-C (representing a mixture of splice variants) isolated
from neonatal mouse brain (Dorries et al., 1996; Gotz et al.,
1996). Therefore, the permissive guidance properties of fnA-D
were masked by other parts of the tenascin-C molecule, indicating
that tenascin-C was more inhibitory on a molar basis than fnA-D
was permissive. This observation was also reflected in dose–
response curves obtained for tenascin-C and fnA-D actions; the
inhibitory effect of both tenascin-C splice variants and the per-
missive effect of fnA-D were dose-dependent with a tendency
toward saturation at 100 and 300 nM, respectively (data not
shown). On the other hand, the smallest tenascin-C splice variant
was always more repellant than the largest tenascin-C splice
variant, with only 1–2% of the neurites crossing from PLL to
small tenascin-C as opposed to ;10% for large tenascin-C. Block-
ing large tenascin-C with a polyclonal antibody against fnA-D
reduced the percentage of neurites that crossed to 1%, showing
that the difference in the results with the splice variants was
attributable to the alternatively spliced region. Given that homog-
enous substrates of fn6–8 (Meiners and Geller, 1997) and large
and small tenascin-C splice variants (Chiquet and Wehrle-Haller,
1994; Meiners and Geller, 1997) all promote neurite outgrowth,
the results of this experiment indicate that the ability to facilitate
neurite extension does not necessarily correlate with the ability to
provide permissive neurite guidance cues.

The alternatively spliced region overcomes tenascin-C
boundaries to neurite advance
We next investigated the hypothesis that a molar excess of the
alternatively spliced region could overcome the inhibition of the
rest of the tenascin-C molecule. To address this issue, we incu-
bated PLL-coated coverslips with spots of protein consisting of a
mixture of fnA-D and small tenascin-C. The concentration of
small tenascin-C was held constant at 100 nM, whereas that of
fnA-D was increased from 100 to 400 nM (Fig. 3A). As in Figure
2, only 1–2% of the neurites crossed onto small tenascin-C. This
number increased to 8–10% for small tenascin-C in combination
with 100 nM fnA-D, precisely the same percentage of neurites that
crossed to large tenascin-C (Fig. 2). The percentage of neurites
that crossed onto mixtures of small tenascin-C and fnA-D in-
creased as the concentration of fnA-D was increased and reached
the maximum with 300 nM fnA-D. This concentration resulted in
60–70% of the neurites crossing; larger concentrations of fnA-D
did not further increase the percentage of neurites crossing.
Hence, the concentration of fnA-D that is the most efficacious at
providing neurite guidance cues by itself (Fig. 2) is also best to
overcome the inhibitory guidance cues of small tenascin-C. Neu-
rites more readily crossed onto 300 nM fnA-D (Fig. 2) than onto
a mixture of 300 nM fnA-D and 100 nM small tenascin-C, indicat-
ing that fnA-D primarily mitigates, but does not entirely abolish,
the inhibitory properties of small tenascin-C.

We also investigated the ability of the alternatively spliced
region to overcome the inhibitory guidance cues of large
tenascin-C. We found that a molar excess of fnA-D weakened the
boundary formed by this tenascin-C splice variant (100 nM);
however, the maximal effect was observed with 200 nM fnA-D
(Fig. 3B) rather than 300 nM. The lower concentration of fnA-D
necessary to overcome the boundaries formed by large as opposed
to small tenascin-C probably reflects the fact that large tenascin-C
already contains one fnA-D sequence, whereas small tenascin-C
contains none.

Figure 2. The alternatively spliced region of tenascin-C provides permis-
sive neurite guidance cues. A, Cerebellar granule neurons were cultured
for 48 hr on PLL-coated coverslips containing spots of fn1–5, fnA-D,
fn6–8, large tenascin-C (TN.L) or small tenascin-C (TN.S). The percent-
age of neurites that crossed from PLL to the protein spot and vice versa
was then assessed. Bars represent the mean 6 SEM (n 5 4). In control
experiments, 51 6 4% of the neurites crossed from PLL to a fluorescein-
labeled BSA control, and 50 6 2% crossed from BSA to PLL. Neurite
behavior at fn1–5–PLL or fn6–8–PLL interfaces did not vary signifi-
cantly from the control. The percentage of neurites crossing from PLL to
fnA-D was significantly higher than control (asterisk), and the percentage
of neurites crossing from fnA-D to PLL was significantly lower than
control (double asterisk) ( p , 0.05; Student–Newman–Keuls test). In
contrast to fnA-D, the percentage of neurites crossing from PLL to large
or small tenascin-C (crosses) was significantly lower than control ( p ,
0.05; Student–Newman–Keuls test). A polyclonal antibody ( pAb) against
fnA-D further reduced the percentage of neurites crossing to large
tenascin-C (double cross); the reduction was significant ( p , 0.05; Stu-
dent–Newman–Keuls test). B, Double immunocytochemistry was per-
formed using a polyclonal antibody against full-length tenascin-C, fol-
lowed by a fluorescein-conjugated secondary antibody to detect fnA-D
spots, and monoclonal antibody RT97 followed by a rhodamine-conjugated
secondary antibody to detect neurons. Neurites on both sides of the PLL–
fnA-D interface showed a preference for fnA-D. Scale bar, 10 mm.
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The alternatively spliced region overcomes
CSPG boundaries
Our next objective was to investigate whether the permissive
guidance cues of fnA-D could also override inhibitory guidance
cues provided by other types of molecules. We investigated its
effects in combination with CSPGs, because CSPGs deflect neu-
ronal processes in culture (Snow et al., 1990) and because
tenascin-C and CSPGs are often coregulated on astrocytes
(McKeon et al., 1991; Meiners et al., 1995; Powell et al., 1997).
We first assessed neurite behavior at an interface formed between
PLL and a mixture of CSPGs (Table 1) consisting primarily of
neurocan, phosphacan, versican, and aggrecan. Because native

CSPGs with intact glycosaminoglycan side chains revealed a
smear on SDS-PAGE gels and accurate molecular weights could
not be assigned (data not shown), we used 10 mg/ml CSPG
mixture in this experiment rather than a specified molar concen-
tration. Neurites avoided the CSPG mixture, with only 1–2%
crossing from PLL to the CSPGs. As with tenascin-C, neurons
did not adhere to the CSPG mixture, and neurite behavior on the
CSPG side of the interface was not assessed. When the CSPGs
were combined with fnA-D (300 nM), ;60% of the neurites now
crossed onto the mixture of CSPGs and fnA-D. Larger concen-
trations of fnA-D did not further increase the percentage of
neurites crossing.

We compared the effects of fnA-D with laminin-1, a potent
promoter of neurite outgrowth. Laminin-1 was not nearly as
effective in guiding neurites by itself (45% of the neurites crossed
onto 300 nM laminin-1 (M.L.T. Mercado, unpublished data) as
opposed to 80% for fnA-D) or in overcoming the CSPG barrier
(only ;10% of the neurites crossed onto the mixture of CSPGs
and laminin-1). Increasing the concentration of laminin-1 to 1 mM

only increased the percentage of crossed neurites to 25–30%. The
experiment was repeated using a single CSPG, aggrecan, instead
of a mixture, and similar results were obtained. FnA-D was more
effective than laminin-1 in mitigating the inhibitory guidance cues
of aggrecan. FnA-D was also more effective than fn6–8, another
neurite outgrowth-promoting molecule (Meiners and Geller,
1997) that does not provide guidance information to neurites
(Fig. 2A). Thus, fnA-D specifically overcomes boundaries to
neurite advance that are formed by a variety of different CSPGs.

Neurite guidance and neurite outgrowth are mediated
by different sequences within fnA-D
Facilitation of neurite outgrowth by fnA-D bound to inert sub-
strates has been mapped to fnD (Gotz et al., 1996). We therefore
explored this question: are neurite outgrowth and neurite guid-
ance mediated by the same or different sequences within fnA-D?
To do this, we evaluated the ability of monoclonal antibody J1/tn2
to alter neurite behavior in both neurite guidance and neurite
outgrowth assays. This antibody specifically blocks the neurite
outgrowth-promoting site within fnD (Gotz et al., 1996, 1997;
Meiners et al., 1999). Spots of fnA-D or a mixture of fnA-D and
J1/tn2 were made in the center of PLL-coated coverslips, and
neurite behavior was quantified at the interface. J1/tn2 did not
alter the percentage of neurites crossing from PLL onto fnA-D
(Fig. 4A) or the percentage of neurites crossing from fnA-D to
PLL (data not shown). Neurite outgrowth assays were then con-
ducted to quantify process extension on PLL or homogenous
substrates of fnA-D or a mixture of fnA-D and J1/tn2 adsorbed to
PLL-coated coverslips. Box-and-whisker plots of total neurite
length are shown in Figure 4B. Boxes enclose 25th and 75th

Figure 3. FnA-D overcomes tenascin-C boundaries to neurite advance.
Cerebellar granule neurons were cultured for 48 hr on PLL-coated
coverslips containing spots of protein comprised of both small tenascin-C
and fnA-D ( A) or large tenascin-C and fnA-D ( B) (n 5 3). The concen-
tration of tenascin-C was held constant at 100 nM, and that of fnA-D was
increased from 100 nM (a 1:1 ratio of fnA-D to tenascin-C) to 400 nM (a
4:1 ratio). The percentage of neurites crossing from PLL to the tenascin-
C–fnA-D spot increased with increasing concentrations of fnA-D. The
maximal effect was observed with 300 nM fnA-D for small tenascin-C and
200 nM fnA-D for large tenascin-C.

Table 1. FnA-D overcomes CSPG boundaries to neurite advance

Addition

% of neurites crossing
to CSPG mix

% of neurites crossing
to aggrecan

Concentration Concentration

300 nM 1 mM 300 nM 1 mM

None 1 6 1 2 6 1
fnA-D 58 6 4 59 6 4 64 6 4 63 6 5
Laminin-1 9 6 1 25 6 4 10 6 2 23 6 3
fn6-8 12 6 2 20 6 3 14 6 2 21 6 4

Data represent the mean 6 SEM (n 5 4).
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percentiles of each distribution and are bisected by the median;
whiskers indicate 5th and 95th percentiles. As expected, neurites
were considerable longer on fnA-D compared with PLL, and
J1/tn2 eliminated the promotion of neurite outgrowth by fnA-D.
In control experiments, monoclonal antibody tenascin III-B,
which reacts within fnB (Chemicon), failed to alter outgrowth or
guidance by fnA-D. These results indicate that neurite guidance
by fnD is regulated by a different sequence from that promoting
neurite outgrowth.

To begin to localize neurite guidance site(s) within fnA-D to a
particular region of the protein, cerebellar granule neurons were
cultured for 48 hr on PLL-coated coverslips containing spots of
the following: fnA1-A4, the N-terminal portion of fnA-D; fnB-D,
the C-terminal portion of fnA-D; or a mixture of fnA1-A4 and
fnB-D (300 nM of each). Neurite behavior was then evaluated at
the recombinant protein–PLL interface (Fig. 5). Only 20% of the
neurites originating on the PLL side of a PLL–fnA1-A4 interface
crossed onto fnA1-A4, whereas neurites originating on the
fnA1-A4 side of the interface showed no bias for either PLL or
fnA1-A4 (compare with neurite behavior at the BSA–PLL con-
trol interface in Fig. 2). This suggests that neurite behavior on
one side of an interface cannot necessarily predict neurite behav-
ior on the other side. Hence, neurites growing on PLL avoid
fnA1-A4, but neurites growing on fnA1-A4 seem to “acclimate”
to the molecule rather than opting to cross off of it. On the other
hand, neurites on both sides of the interface showed a preference
for fnB-D; the percentages of neurites crossing to fnB-D from
PLL and to PLL from fnB-D were nearly identical to those
observed for fnA-D (compare with Fig. 2). Hence, fnB-D mim-
icked the actions of fnA-D. An equimolar mixture of fnA1-A4
plus fnB-D also mimicked the actions of fnA-D, suggesting that
the C-terminal portion of fnA-D provides permissive neurite
guidance cues and overcomes the inhibitory boundary formed by
the N-terminal portion.

We next explored the hypothesis that fnC provides guidance
cues to growing neurites. The rationale for this hypothesis was
based on published work demonstrating that cerebellar granule
neurites avoid rodent fnA-D recombinant proteins, which lack
fnC (Gotz et al., 1996). We compared fnA-D with an fnA-D
recombinant protein missing fnC (fnA-D (2) C) in neurite guid-
ance and neurite outgrowth assays. Neurite behavior was quan-
tified at fnA-D or fnA-D (2) C (300 nM)–PLL interfaces (Fig.
6A). As in Figure 2A, .80% of the neurites crossed from PLL
onto fnA-D. This was reduced to ;25% for neurites crossing onto
fnA-D (2) C. These data are consistent with the hypothesis that
fnC provides permissive guidance cues, which overcome the bar-
rier to neurite advance formed by fnA1-A4, the N-terminal por-
tion of fnA-D (Fig. 5). As with fnA1-A4, neurites originating on
fnA-D (2) C did not show a preference for either fnA-D (2) C or
PLL. When neurite outgrowth assays were performed for neu-
rons cultured on fnA-D or fnA-D (2) C adsorbed to PLL-coated
coverslips (Fig. 6B), both proteins were found to be equally
permissive to process extension compared with PLL alone. These
results, along with those of Figure 5, imply that neurite guidance
and neurite outgrowth by fnA-D are mediated through different
alternatively spliced FN-III domains: fnC for neurite guidance
and fnD for neurite outgrowth.

FnA-D guides neurites in the context of
cellular tenascin-C
Work with purified substrates is informative but does not always
predict the in vivo situation in which many molecules are present

in a biological matrix (Meiners and Geller, 1997). We therefore
investigated the ability of fnA-D to provide permissive neurite
guidance cues in the context of tenascin-C expressed by a cell in
which a neuron would normally encounter it. BHK cells trans-
fected with the largest or smallest splice variant of human
tenascin-C (BHK-TN.L or BHK-TN.S cells, respectively) were
combined with control, untransfected BHK cells in a mixed
monolayer. Cerebellar granule neurons were cultured on the
mixed monolayer for 48 hr, and the behavior of neurites at the
interface formed between transfected and control cells was as-
sessed. Figure 7A presents an image of the neuron–BHK cocul-
ture after double immunocytochemistry with antibodies against
full-length tenascin-C to detect transfected cells and RT97 to

Figure 4. The neurite outgrowth-promoting site in fnD does not mediate
neurite guidance. A, Cerebellar granule neurons were cultured for 48 hr
on PLL-coated coverslips containing spots of fnA-D, a mixture of fnA-D,
and monoclonal antibody (mAb) J1/tn2, or a mixture of fnA-D and
monoclonal antibody tenascin III-B (mAb III-B) (n 5 4). J1/tn2, which
reacts in fnD, did not change the percentage of neurites that crossed from
PLL to fnA-D, nor did mAb III-B, which reacts in fnB. B, Cerebellar
granule neurons were allowed to extend neurites for 48 hr on PLL-coated
glass coverslips or PLL-coated glass coverslips to which fnA-D or mix-
tures of fnA-D and J1/tn2 or mAb III-B had been adsorbed. Distributions
of the total neurite length are presented as a box-and-whisker plot. One
representative experiment of four is shown. Boxes enclose 25th and 75th
percentiles of each distribution and are bisected by the median; whiskers
indicate 5th and 95th percentiles. Outgrowth was significantly greater on
fnA-D (asterisk) and the fnA-D–mAb III-B mixture (cross) than on the
PLL control ( p , 0.05; Kolmogorov–Smirnov test); hence, mAb III-B
had no effect on the neurite outgrowth-promoting properties of fnA-D.
Outgrowth on the fnA-D–J1/tn2 mixture did not differ significantly from
the PLL control; hence, J1/tn2 eliminated the neurite outgrowth-
promoting qualities of fnA-D.
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detect neurons. Neurites crossed quite readily from control BHK
cells to BHK-TN.L cells, but they avoided crossing from BHK
cells to BHK-TN.S cells. Similar results were obtained using
cerebral cortical neurons (data not shown). This is in contrast to
results obtained with purified substrates of tenascin-C, which
always formed barriers to neurites regardless of the splice variant
present (Fig. 2).

We then quantified neurite behavior at the interface formed
between transfected and control BHK cells (Fig. 7B). BHK-TN.L
or BHK-TN.S cells were labeled with the membrane marker
PKH26 to ensure that we were examining a cellular rather than a
matrix boundary. Immunocytochemistry and Western blotting
demonstrated that PKH26 labeling did not interfere with the
expression of tenascin-C by the transfected cells (data not shown).
Neurites demonstrated a preference for BHK-TN.L cells com-
pared with control BHK cells. Approximately 70% of the neurites
that originated on a BHK cell crossed to a BHK-TN.L cell, and
only 20% of the neurites that originated on a BHK-TN.L cell
crossed to a BHK cell. This was significantly different from
neurite behavior observed at a control BHK–BHK interface
created between BHK cells and PKH26-labeled BHK cells in
which the percentage of neurites that crossed to and from a
PKH26-labeled cell was 45–50%. On the other hand, neurites
demonstrated a preference for BHK cells over BHK-TN.S cells.
The percentage of neurites that crossed from a BHK cell to a
BHK-TN.S cell (20%) was significantly lower than control,
whereas the percentage of neurites that crossed from a BHK-
TN.S cell to a BHK cell (60–65%) was significantly higher than
control. Therefore, only small tenascin-C provides inhibitory neu-
rite guidance cues when expressed by a BHK cell. This suggests
that the alternatively spliced region included in large tenascin-C
overcomes the barrier formed by the rest of the molecule by
providing permissive neurite guidance cues of its own.

To ascertain that fnA-D does indeed provide permissive guid-
ance cues in the context of a cellular matrix, a panel of antibodies

against tenascin-C was tested for interference with neurite be-
havior at cellular interfaces (Fig. 8). The selection included
polyclonal antibodies against full-length tenascin-C, fnA-D,
fn1–5, and monoclonal antibody J1/tn2. All of these antibodies
cross-react with the largest tenascin-C splice variant on trans-
fected BHK cells. As expected, the polyclonal antibody against
fnA-D and monoclonal antibody J1/tn2 do not cross-react with
the smallest tenascin-C splice variant, the fn1–5 antibody does not
cross-react with fnA-D, and the fnA-D antibody does not cross-
react with fn1–5 (Meiners and Geller, 1997).

The first antibody tested was a polyclonal antibody against
full-length tenascin-C (Fig. 8A). In the presence of this antibody,
the percentage of neurites that crossed from a BHK cell to a
BHK-TN.S or a BHK-TN.L cell was indistinguishable from the
control value obtained for neurites crossing from BHK cells to
BHK cells (compare with Fig. 7B), as was the percentage of
neurites that crossed from a BHK-TN.L or BHK-TN.S cell to a
BHK cell (data not shown). This confirms that large and small

Figure 5. Neurite guidance is localized to the C-terminal portion of
fnA-D. Cerebellar granule neurons were cultured for 48 hr on PLL-
coated coverslips containing spots of fnA1-A4, fnB-D, or a mixture of
fnA1-A4 and fnB-D (n 5 3). The dashed line indicates random neurite
behavior at a control BSA–PLL interface. The percentage of neurites
crossing from PLL to fnA1-A4 was significantly lower than control (as-
terisk) ( p , 0.05; Student–Newman–Keuls test), whereas behavior for
neurites originating on fnA1-A4 was more or less random. On the other
hand, the percentage of neurites crossing from PLL to fnB-D or fnA1-A4
plus fnB-D was significantly higher than control (crosses), and the per-
centage of neurites crossing from fnB-D or fnA1-A4 plus fnB-D to PLL
was significantly lower than control (double crosses) ( p , 0.05; Student–
Newman–Keuls test).

Figure 6. FnC is implicated in mediation of neurite guidance. A, Cere-
bellar granule neurons were cultured for 48 hr on PLL-coated coverslips
containing spots of fnA-D or fnA-D (2) C) (n 5 3). Neurites on the PLL
side of the interface showed a significant preference for fnA-D (asterisk)
and a significant aversion for fnA-D (2) C (cross) ( p , 0.05; Student–
Newman–Keuls test). Neurites on the protein side of the interface
showed a significant preference for fnA-D (double asterisk) ( p , 0.05;
Student–Newman–Keuls test) but demonstrated random behavior
(dashed line) on fnA-D (2) C. B, Cerebellar granule neurons were
cultured for 48 hr on PLL-coated coverslips to which fnA-D or fnA-D (2)
C had been adsorbed. One representative experiment of four is shown.
FnA-D and fnA-D (2) C both significantly increased neurite outgrowth
compared with PLL (asterisks) ( p , 0.05; Kolmogorov–Smirnov test);
distributions of neurite length on fnA-D and fnA-D (2) C were the same.
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tenascin-C were directly responsible for the permissive and in-
hibitory neurite guidance properties of BHK-TN.L and BHK-
TN.S cells, as opposed to some other factor produced by the
transfected cells. The polyclonal antibody against fn1–5 did not
alter the percentage of neurites that crossed to BHK-TN.L or
BHK-TN.S cells, which was to be expected because a recombi-
nant protein corresponding to this sequence did not provide
neurite guidance cues (Fig. 2).

We then examined the effects of the two antibodies that react
within the alternatively spliced region, polyclonal antibody
against fnA-D and monoclonal antibody J1/tn2 (Fig. 8B). Neither
of these antibodies altered the percentage of neurites that crossed

from BHK cells to BHK-TN.S cells (data not shown). However,
the polyclonal antibody against fnA-D dramatically reduced the
percentage of neurites that crossed to BHK-TN.L cells from 70 to
20%. In the presence of this antibody, BHK-TN.L cells repelled
neurites to the same extent as BHK-TN.S cells. Therefore, the
permissive guidance cues of large tenascin-C expressed by trans-
fected BHK cells could be mapped to the alternatively spliced
region, suggesting that the ability of fnA-D to guide neurites is
masked in purified tenascin-C (Fig. 2) but revealed in the BHK
cell matrix. Monoclonal J1/tn2 had no effect on the percentage of
neurites crossing from BHK cells to BHK-TN.L cells. Hence,
neurite-promoting sequences within fnA-D do not provide guid-
ance cues to neurites, indicating that neurite outgrowth and
guidance facilitated by the alternatively spliced region of
tenascin-C are distinct events that can be independently regulated
on cellular, as well as inert, substrates.

An fnC homolog is expressed in developing
rat cerebellum
Our results implicate fnC and fnD in providing permissive neurite
guidance and outgrowth cues to rat cerebellar granule neurites

Figure 7. FnA-D guides neurites in the context of cellular tenascin-C. A,
Cerebellar granule neurons were cultured for 48 hr on a mixed monolayer
of BHK cells and BHK-TN.L or BHK-TN.S cells. Double immunocyto-
chemistry was performed using a polyclonal antibody against full-length
tenascin-C, followed by a fluorescein-conjugated secondary antibody, and
monoclonal antibody RT97, followed by a rhodamine-conjugated second-
ary antibody. Neurites crossed from BHK cells to BHK-TN.L cells but
avoided BHK-TN.S cells. Scale bar, 12 mm. B, Neurite behavior at cellular
interfaces was quantified (n 5 4). In control experiments, 45–50% of the
neurites crossed from BHK cells to PKH26-labeled BHK cells, and vice
versa. The percentage of neurites that crossed from BHK cells to BHK-
TN.L cells was significantly higher than control (asterisk), and the percent-
age that crossed from BHK-TN.L cells to BHK cells was significantly lower
(double asterisk) ( p , 0.05; Student–Newman–Keuls test). In contrast, the
percentage of neurites that crossed onto BHK-TN.S cells was significantly
lower than control (cross), and the percentage that crossed off was signifi-
cantly higher (double cross) ( p , 0.05; Student–Newman–Keuls test).

Figure 8. Neurite guidance in the presence of tenascin-C antibodies. A,
Cerebellar granule neurons were cultured for 48 hr on a mixed monolayer
of BHK cells and BHK-TN.L or BHK-TN.S cells in the presence of a
polyclonal antibody against full-length tenascin-C. The antibody signifi-
cantly reduced the percentage of neurites that crossed from BHK cells to
BHK-TN.L cells from ;70 to 50% (asterisk) and significantly increased
the percentage of neurites that crossed to BHK-TN.S cells from ;20 to
50% (cross) ( p , 0.05; Student–Newman–Keuls test). B, Neurons were
also cultured on a mixed monolayer of BHK cells and BHK-TN.L cells in
the presence of polyclonal antibodies against fn1–5 or fnA-D, or monoclo-
nal antibody (mAb) J1/tn2. The fn1–5 antibody did not effect the percentage
of neurites that crossed to BHK-TN.L cells, nor did J1/tn2. The fnA-D
antibody significantly reduced the percentage of neurites that crossed to
;20% (double asterisk) ( p , 0.05; Student–Newman–Keuls test).
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(Figs. 5, 6). The presence of fnD, but not fnC, has been estab-
lished in alternatively spliced forms of rat tenascin-C (LaFleur et
al., 1994). We therefore conducted an RT-PCR analysis of the
expression of the fnC exon in the early postnatal rat cerebellum,
which is a time of active morphogenesis (Pigott and Kelly, 1984).
Using primers based on the human tenascin-C sequence, a single
PCR product of the expected size (273 bp) (LaFleur et al., 1994)
was obtained (Fig. 9A). Amplification with a sense primer derived
from the rat fnA1 sequence and an antisense primer derived from
the human fnC sequence yielded a PCR product the size of 6
FN-III domains (1638 bp), and amplification with a sense primer
derived from the rat fnA1 sequence and an antisense primer
derived from the rat fnD sequence yielded a product the size of
7 FN-III domains (1911 bp). These results indicate that rat fnA-D
contains a homolog of human fnC that is sixth in a series of seven
alternatively spliced FN-III domains. This is consistent with
reports for human (Siri et al., 1991), but not mouse, fnA-D, which
only has six alternatively spliced FN-III domains (Dorries and
Schachner, 1994; Joester and Faissner, 1999). In control experi-
ments, no PCR products were revealed for cDNA synthesized in
the absence of reverse transcriptase and then amplified with the
fnC primers.

We did not conduct PCR experiments using combinations of
primers to all of the alternatively spliced FN-III domains, and as
such, our data do not exclude the possibility of shorter fnC-
containing mRNAs in the postnatal rat cerebellum [e.g., counter-
parts of the recently identified mouse fnC-containing mRNA
splice variants containing two or four alternatively FN-III spliced
domains (Joester and Faissner, 1999)]. On the other hand, West-
ern blot analysis of P3 rat cerebellum with the full-length

tenascin-C polyclonal antibody only identified one predominant
tenascin-C polypeptide with Mr of 260,000 (Fig. 9B). In agree-
ment with the RT-PCR results (Fig. 9A), this polypeptide is of the
correct size to represent the smallest reported rat tenascin-C
splice variant (Mr of 190,000) (Chiquet-Ehrismann et al., 1986)
with the inclusion of seven alternatively spliced FN-III domains.
Thus, our results support the presence of alternatively spliced
FN-III domains C as well as D in the developing rat cerebellum,
where they may provide guidance and growth cues to neurites.

DISCUSSION
The alternatively spliced FN-III region of tenascin-C, designated
fnA-D, promotes neurite outgrowth as a substrate-bound mole-
cule and also facilitates neurite guidance. Its permissive actions
can be seen whether fnA-D is presented to neurons as a purified
recombinant protein or as part of cellular tenascin-C in a biolog-
ical matrix. Other molecules, such as the netrins (Kennedy et al.,
1994; Serafini et al., 1994), also have strong effects on both the
outgrowth and orientation of axons. However, in the case of the
netrins, both processes are mediated through the same neuronal
receptor, which probably interacts with the same functional do-
main of the netrin molecule (de la Torre et al., 1997). To our
knowledge, fnA-D is the first molecule that independently facil-
itates neurite outgrowth and guidance through different se-
quences (located within alternatively spliced FN-III domains D
and C, respectively), providing strong evidence that outgrowth
and guidance are separable events.

The fact the human fnA-D provided permissive guidance cues
was somewhat surprising at first given published data with puri-
fied substrates of mouse fnA-D (Gotz et al., 1996). Mouse fnA-D
facilitates process extension to the same extent as human fnA-D
because of a common neurite outgrowth-promoting site within
fnD (Gotz et al., 1996) but has been reported to form barriers to
neurites. This implies that some sequence unique to human, but
not mouse, fnA-D facilitates neurite guidance and that the com-
mon neurite outgrowth-promoting site is not involved. In agree-
ment with this hypothesis, monoclonal antibodies against the
neurite outgrowth-promoting site within fnD did not alter the
ability of human fnA-D to guide neurites. We also found that
neurites demonstrated a preference for human fnB-D in guidance
assays but avoided rat fnB-D (data not shown). The rat fnB-D
recombinant protein used in our assay and the mouse fnA-D
recombinant protein used in the Gotz et al. (1996) study were
both obtained via PCR using rodent tenascin-C cDNA as the
template. However, it appears that these templates corresponded
to naturally occurring tenascin-C variants, which lacked fnC. We
found that a naturally occurring variant of human fnA-D lacking
fnC also formed barriers to neurites instead of attracting them.
Together, these data suggest that fnC is not only responsible for
the permissive guidance cues of human fnA-D but overcomes
inhibitory guidance cues provided by the rest of the molecule. It
seems likely that rodent fnC will also impart permissive guidance
cues to neurites, given that the sequence of mouse fnC displays
95% identity with human fnC (Joester and Faissner, 1999).

In contrast to the permissive guidance cues provided by human
fnA-D, purified substrates of all splice variants of human (Fig. 2)
and mouse (Dorries et al., 1996; Gotz et al., 1996) tenascin-C are
repulsive to advancing growth cones (Dorries et al., 1996). The
growth cone-repelling properties have been attributed to the
epidermal growth factor (EGF) domains (Dorries et al., 1996;
Gotz et al., 1996). Therefore, on a molar basis, the EGF domains
are more inhibitory than the alternatively spliced region is per-

Figure 9. Analysis of fnC expression in developing rat cerebellum. A,
PCR was performed on P3 rat cerebellar cDNA. Amplification was done
using sense and antisense primers derived from the human fnC nucleotide
sequence; a sense primer derived from the rat fnA1 sequence and an
antisense primer derived from the human fnC sequence; or a sense
primer derived from the rat fnA1 sequence and an antisense primer
derived from the rat fnD sequence. One representative experiment of
three is shown. The PCR products (designated fnC, fnA-C, and fnA-D)
are depicted to the right of the marker ( M ). They correspond in size to
one, six, and seven FN-III domains (273, 1638, and 1911 bp, respectively).
No products were obtained for cDNA synthesized without reverse tran-
scriptase and then amplified with the fnC primers (contr.). B, Tissue
homogenate from P3 rat cerebellum (20 mg) was analyzed on Western
blots probed with a polyclonal antibody against full-length tenascin-C,
followed by an alkaline phosphatase-conjugated secondary antibody. One
representative experiment of three is shown. Blots demonstrated one
predominant tenascin-C polypeptide with Mr of 260,000.
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missive. However, a twofold to threefold molar excess of fnA-D
significantly overcomes the boundary formed not only by
tenascin-C but also by a variety of CSPGs. Much larger concen-
trations of laminin-1 were not nearly as effective. This is signifi-
cant in that tenascin-C and CSPGs are upregulated on glial scars
after injury (McKeon et al., 1991; Pindzola et al., 1993) in which
they have been strongly implicated in failed axonal regeneration
(Gates et al., 1996; Davies et al., 1997). Full recovery cannot
occur after CNS injury unless axons are guided across the inhib-
itory terrain of the glial scar, suggesting a potential therapeutic
role for fnA-D.

We have suggested previously that functions of the EGF do-
mains of tenascin-C are obscured in cellular as opposed to puri-
fied tenascin-C, perhaps by cell-derived molecules binding to
them or because of conformational restraints on cellular
tenascin-C (Meiners and Geller, 1997). Specifically, the EGF
domains promoted neurite outgrowth as purified recombinant
proteins (Dorries et al., 1996; Gotz et al., 1996) but had no effect
on outgrowth in the context of cellular tenascin-C (Gotz et al.,
1997; Meiners and Geller, 1997). We found that antibodies di-
rected against tenascin-C FN-III domains 6–8 and A-D blocked
all regulation of neurite outgrowth by cellular tenascin-C; the
EGF domains did not contribute (Meiners and Geller, 1997). We
therefore reasoned that the boundary-forming properties of the
EGF domains, in addition to the neurite-promoting properties,
might be similarly attenuated in the cellular tenascin-C. If the
EGF boundary was weakened in a biological matrix, the permis-
sive guidance cues of fnA-D might then be revealed in the large
tenascin-C splice variant. In support of this hypothesis, trans-
fected BHK cells that overexpressed small tenascin-C formed a
barrier to neurites, whereas cells that overexpressed large
tenascin-C were attractive to neurites. However, more neurites
crossed onto BHK-TN.S cells than onto purified small
tenascin-C, and fewer neurites crossed onto BHK-TN.L cells than
onto purified fnA-D (compare Figs. 3, 8). At the same time, in
early experiments, neurites preferred BHK cells to which fnA-D
was bound over BHK-TN.L cells. This suggests that the
boundary-forming properties of the EGF domains of tenascin-C
were partially but not totally eliminated in the BHK cell environ-
ment. A monoclonal antibody against the neurite outgrowth-
promoting site within fnD did not affect the percentage of neu-
rites that crossed to either BHK-TN.L or BHK-TN.S cells,
demonstrating that neurite guidance and outgrowth facilitated by
fnA-D were separable phenomena on cellular, as well as inert,
substrates.

Although our results were obtained using BHK cells, it seems
quite conceivable that guidance of neuronal processes by
tenascin-C splice variants could vary with cell type. Different cell
type-specific molecules might bind and mask different active sites
for neurite guidance within the tenascin-C molecule, as we have
seen for neurite outgrowth-promoting sites within the alterna-
tively spliced region (Meiners et al., 1999). Alternatively, cell-
type specific molecules might provide neurite guidance cues of
their own that compete with or override those of tenascin-C. For
example, when the ratio of CSPGs to fnA-D was low, neurites
were deflected, but as the ratio of fnA-D was increased, neurites
crossed. Hence, the neuronal growth regulatory properties of
tenascin-C or any other matrix protein can at best be discussed in
a relative sense, and coordinated expression of specific tenascin-C
splice variants by particular subsets of CNS cells may provide
appropriate micro-environments for regulated changes in neuro-
nal process outgrowth.

The number of tenascin-C mRNA splice variants identified in
the developing CNS continues to increase (Dorries and
Schachner, 1994; Joester and Faissner, 1999). FnD is present in
the majority of these alternatively spliced mRNA variants, but
fnC is found in only three: the largest variant, which contains all
of the alternatively spliced FN-III domains (Dorries and
Schachner, 1994; Joester and Faissner, 1999), and two smaller
variants (Joester and Faissner, 1999). FnD-containing tenascin-C
mRNA splice variants are expressed in a variety of non-neural, as
well as neural, tissues in the developing rodent, whereas fnC-
containing variants are apparently restricted to the brain and
spinal cord (Dorries and Schachner, 1994). This suggests that fnD
may play a role in the development of many cell types and
perform functions in addition to mediating neurite outgrowth,
whereas fnC may play a more specific role during neural devel-
opment. Significantly, fnC-containing tenascin-C mRNAs
(Joester and Faissner, 1999) are found in postnatal mouse cere-
bella during periods of granule cell migration, and our own work
has identified a putative fnC-containing mRNA and a corre-
sponding high molecular weight tenascin-C polypeptide in early
postnatal rat cerebella. Thus, the fnC domain is appropriately
localized both spatially and temporally in rodents to provide
guidance cues to neurons. On the other hand, fnC-containing
tenascin-C mRNAs and polypeptides have also been identified in
the developing chicken, but these are not found in the brain or
spinal cord (Tucker et al., 1994). It is tempting to speculate that
chicken and rodent fnC may serve different functions and that the
evolutionary divergence between birds and mammals may be
reflected in different activities for the same protein.

In summary, we have shown that the alternatively spliced
region of human tenascin-C contains independent domains that
promote either neurite outgrowth or neurite guidance. Extension
of neurites is facilitated through alternatively spliced FN-III
domain D, and orientation of growth is influenced by alterna-
tively spliced FN-III domain C. Each of these processes can be
regulated without affecting the other, indicating that neurite
outgrowth and neurite guidance are distinct fundamental mech-
anisms of neuronal growth. Moreover, the ability of fnA-D to
promote guidance was stoichiometric, and fnA-D could overcome
inhibitory actions of both tenascin-C and CSPGs. Thus, fnA-D on
its own might find applicability as a reagent to promote neurite
growth in otherwise inhibitory environments.
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