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Motor neurons from distinct positions along the rostrocaudal
axis generally innervate muscles or muscle fibers from corre-
sponding axial levels. These topographic maps of connectivity
are partially restored after denervation or transplantation under
conditions in which factors of timing and proximity are elimi-
nated. It is therefore likely that motor neurons and some intra-
muscular structures bear cues that bias synapse formation in
favor of positionally matched partners. To localize these cues,
we studied outgrowth of neurites from embryonic spinal cord
explants on carpets of membranes isolated from perinatal rat
muscles. Neurites from rostral (cervical) and caudal (lumbar)
spinal cord slices exhibit distinct growth preferences. In many
instances, rostrally derived neurites grew selectively on mem-
branes from forelimb muscles or from a single thoracic muscle

(the serratus anterior) when given a choice between these
membranes and membranes from hindlimb muscles or laminin.
Caudally derived neurites almost never exhibited such rostral
preferences, but instead preferred membranes from hindlimb
muscles or a single hindlimb muscle (the gluteus) to rostral
muscles or laminin. Likewise, spinal neurites exhibited distinct
position-related preferences for outgrowth on membranes of
clonal myogenic cell lines derived from specific rostral and
caudal muscles. Taken together these results suggest that the
membranes of motor axons and myotubes bear complemen-
tary labels that vary with rostrocaudal position and regulate
neuromuscular connectivity.
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Motor neurons form topographic maps of connectivity with skel-
etal muscles and muscle fibers. Individual muscles arise from
segmentally arranged somites and are generally innervated by the
axons of motor neurons whose cell bodies reside in corresponding
spinal levels. Topography is also present within many individual
muscles: the rostrocaudal axis of each motor pool maps system-
atically onto the muscle’s rostrocaudal axis. (Swett et al., 1970;
Brown and Booth, 1983a,b; Bennett and Lavidis, 1984a,b; Las-
kowski and Sanes, 1987; Laskowski and Owens, 1994). An obvi-
ous possibility is that these orderly patterns arise as consequences
of proximity and timing. For example, axons growing through
rostral ventral roots will contact rostral rather than caudal mus-
cles as they arrive in the periphery. Even within muscles, coordi-
nated programs of axon outgrowth and myogenesis could account
for the formation of maps.

Perhaps surprisingly, several experimental results provide com-
pelling evidence that in addition to proximity and timing, molec-
ular recognition plays a role in forming maps of neuromuscular
connectivity. First, when muscles are transplanted from distinct
axial levels to a common site, they are selectively reinnervated by
axons corresponding to their position of origin (Wigston and
Sanes, 1985). Second, topographic maps are present within mus-
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cles that are supplied by a single peripheral nerve within which
axons from multiple spinal segments are intermingled randomly
(Laskowski and Sanes, 1987). Third, in some muscles, maps are
formed or sharpened by a completely intramuscular process of
synapse elimination after connections have formed (Brown and
Booth, 1983a,b; Bennett and Lavidis, 1984a,b). Fourth, intramus-
cular maps are partially restored during reinnervation after nerve
damage, although all regenerating axons have equal and simulta-
neous access to the muscle (Brown and Hardman, 1987; Hardman
and Brown, 1987; Laskowski and Sanes, 1988; DeSantis et al.,
1992; Grow et al., 1995; Laskowski et al., 1998a). Together, these
results suggest that motor neurons and some intramuscular struc-
tures bear complementary cues that vary with rostrocaudal posi-
tion and bias synapse formation in favor of positionally matched
partners. To date, however, the molecular identity of these cues
and even the cellular location of the intramuscular cues remain
unknown.

The best-studied topographic map of neural connectivity is that
formed by retinal axons on the optic tectum (superior colliculus)
(Sperry, 1963). Recently, exciting progress has been made in
identifying some of the cellular interactions and molecular cues
that underlie mapping. Much of this progress is based on elegant
studies by Bonhoeffer and colleagues (Walter, et al., 1987a,b),
using a bioassay in which explants from defined portions of the
retina were laid on a substrate of tectal membrane fragments. The
membranes were taken from defined tectal loci and arranged in
alternating stripes. Axons showed position-dependent outgrowth
preferences in this “stripe” assay (Walter et al., 1987a), analysis of
which led to the realization that inhibitory cues can pattern
projections (Walter et al., 1987b; Cox et al., 1990; Stahl et al.,
1990). Eventually this led to the identification of ephrins and Eph
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kinases as mediators of some inhibitory interactions that underlie
mapping along the anterior-posterior axis (Friedman and
O’Leary, 1996; Drescher et al., 1995; Flanagan and Vanderhae-
ghen, 1998; Frisen et al., 1998).

In light of the striking parallels between topographic mapping
in the retinotectal and neuromuscular systems (Sanes, 1993), we
adapted Bonhoeffer’s stripe assay for use in investigating the
localization and nature of intramuscular cues that guide axons.
Using this assay, we show here that embryonic spinal cord neu-
rites grow selectively on membranes of muscles derived from
corresponding rostrocaudal positions. We also show that neurites
make position-dependent choices between membranes of immor-
talized myogenic cells derived from individual muscles. Results
from the cell lines show not only that myotube membranes bear
position-dependent cues that axons recognize, but they show that
these cell lines also provide a suitable source for identification of
the molecules that mediate these interactions.

MATERIALS AND METHODS

Membrane isolation. Timed-pregnant female Sprague Dawley rats (Si-
monsen, Gilroy, CA) were deeply anesthetized with ketamine—xylazine
or chloral hydrate when the embryos had reached day 18 of gestation
(E18), and a laparotomy was performed. Embryos were removed, decap-
itated, and placed in ice-cold sterile dissecting solution containing (in
mm): 139 NaCl, 5 KCl, 1.1 MgCl,, 4 CaCl,, 4.2 HEPES, 11 glucose, and
0.3 mg/ml penicillin, 0.1 mg/ml streptomycin, pH 7.2. Muscles from the
forelimbs and hindlimbs of each embryo were removed, frozen in liquid
nitrogen and stored at —80°C. Neonatal (PO) muscles were similarly
prepared and stored.

To prepare a membrane-rich fraction, muscles were homogenized with
a Polytron at 70% maximal speed for 3 X 30 sec, in 2-5 vol of “homog-
enizing buffer” (10 mm Tris-HCI, 1.5 mm CaCl,, 50 uM leupeptin, 1 um
aprotinin, 2 puM pepstatin A, pH 7.4). The homogenate was filtered
through four layers of cheesecloth, placed on a 5-50% sucrose gradient,
and centrifuged at 50,000 X g for 10 min. Crude membranes were
collected from the interface, washed once with modified PBS (136 mm
NaCl, 2.6 mm KCI, 8.1 mm Na,HPO,, 1.4 mm NaH,PO,, 0.68 mm
CaCl,, 0.4 mm MgCl,, 0.3 mg/ml penicillin, 0.1 mg/ml streptomycin, 50
uM leupeptin, 1 uM aprotinin, 2 um pepstatin A, pH 7.4), and centri-
fuged at 100,000 X g for 30 min. The concentration of membrane protein
was measured according to Simpson and Sonne (1982). All procedures
were performed at 4°C or on ice. Isolated membranes were stored at
—80°C until used.

Membranes were also prepared from cells of myogenic cell lines.
These lines were generated by transformation of satellite cells from
identified adult muscles, using retrovirus-mediated transfer of a
temperature-sensitive oncogene (Donoghue et al., 1992a,b, 1996). Four
cell lines were used: 6-3/A3, derived from the masseter muscle of the jaw;
2-1/H, derived from the infrahyoid muscles of the neck; 5-7/H from
tibialis anterior and extensor digitorum longus of the hindlimb; and
1-1/B1 from the gastrocnemius and plantaris of the hindlimb. In each
case, cells were grown in serum-rich medium at 33°C for 7-10 d, then
transferred to serum-poor medium at 37°C to promote fusion into
myotubes. Once fusion had occurred, cells were harvested and gently
homogenized with a 5 ml Dounce homogenizer in 4 vol of homogenizing
buffer for 130 strokes. The homogenate was then layered on a 5-50%
sucrose gradient, and membranes were isolated as described above.
Membranes from the two rostral lines were combined, as were mem-
branes from the two caudal lines, to obtain sufficient material for assay.

Preparation of membrane lanes and carpets. Alternating membrane
lanes (stripes) were prepared as described by Walter et al. (1987a).
Rostral and caudal muscle membrane fragments were diluted with sterile
PBS (in mm: 150 NaCl, 13 Na,HPO,, 2.4 NaH,PO,). The final concen-
tration varied from 200 to 500 pg/ml, but was always the same for rostral
and caudal membranes within each experiment. Fluorescein- or
rhodamine-labeled beads (Molecular Probes, Eugene, OR) were mixed
with rostral or caudal membrane fragments, respectively, to visualize
alternating lanes. A silicone matrix grid consisting of 90 um alternating
lanes was used. A nucleopore filter (Corning, Cambridge, MA) was
treated with 20 pg/ml laminin (Calbiochem) and placed onto this grid. A
100 wl droplet of the rostral membrane suspension was then applied to
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the filter and sucked through using a vacuum unit (WPI Instruments)
under —300 psi pressure. The filter, now bearing lanes of membrane
(lane A) separated by membrane-free lanes, was transferred onto a
second silicone matrix, consisting of a fine mesh, and a 100 ul droplet of
caudal membrane suspension was applied under vacuum (—200 psi),
forming lane B. The second solution of membranes adhered primarily to
those regions of the filter not already occupied and formed a second lane,
designated lane B (illustrated in Walter et al., 1987a). Any loosely bound
membranes were removed by gently rinsing the filters in PBS, and the
filters were transferred immediately into culture medium for co-culture.
The order of applying rostral or caudal membranes to either lane A or B
was alternated with each filter. Control experiments showed no consis-
tent difference in results between lanes A and B.

Preparation of embryonic spinal cord transverse slices. Rostral (cervical)
and caudal (lumbar) spinal cords were isolated from E15 rat embryos and
cut into 300 wm transverse slices with a Vibratome (Xie and Ziskind-
Conhaim, 1995). Spinal cord slices were placed on the membrane-
bearing filter and incubated in six-well dishes in 5% CO, at 37°C for 3 d.
Culture medium was made according to Xie and Ziskind-Conhaim
(1995) and consisted of (per 100 ml) 50 ml DM EM, 25 ml HBSS, 15 ml
doubly distilled H,O, 2.3 ml 20% glucose, 1.6 ml 23.8% HEPES buffer,
pH 7.2, 8 ml heat-inactivated fetal bovine serum, 400 png NGF, 5 ug
CNTF (Regeneron Pharmaceuticals), 0.03 g penicillin, and 0.01 g
streptomycin.

Immunocytochemical staining of neurites. The method of Donoghue et
al. (1996) was used to stain neurites growing from explants. Cultures
were fixed with buffered 4% paraformaldehyde for 1 hr at 4°C. After a
rinse in PBS, the cultures were treated for 20 min with blocking solution
(4% BSA, and 0.5% Triton X-100 in PBS). The cultures were incubated
in anti-neurofilament (NF) (Sigma, St. Louis, MO; 1:100) overnight,
rinsed in PBS, incubated for 1 hr in fluorescein-labeled secondary anti-
body (Vector Laboratories, Burlingame, CA; diluted 1:100), washed
again, and coated with one drop of Vectashield medium (Vector Labo-
ratories). In some cases neurites were stained with biotinylated anti-NF
(Vector Laboratories), followed by the HRP reaction in the Vector ABC
kit (Donoghue et al., 1996). Some spinal cord neurites were immuno-
stained for choline acetyltransferase (ChAT), following the method of
Houser et al. (1983) and Phelps et al. (1990). After 3 d, co-cultures were
fixed and blocked as described above. Cultures were then incubated in
anti-ChAT, a monoclonal antibody from mouse hybrid cells (Boehringer
Mannheim, Indianapolis, IN; 1:10 in the blocking buffer) for 2-3 hr at
37°C. Cultures were next incubated in anti-mouse IgG, (y-specific)
fluorescein-conjugated antibody (affinity-purified from goat; Boehringer
Mannheim; 1:200) for 1 h at room temperature. Controls were incubated
in secondary antibody without primary.

Estimates of selective neurite growth. Outgrowth on striped substrates
was rated as being either selective or random. When neurites grew almost
entirely on one lane type for the entire 3 d culture period, growth was
rated as being selective. All other cultures were scored as random. This
method of scoring is very likely to have underestimated the degree of
selectivity we report, because many cultures that exhibited incomplete
but significant preferences were scored as random. However, we chose
this binary scoring system to exclude any possibility of subjective bias. To
prevent bias in judging selectivity, each culture was photographed, and
slides were projected on a screen. Observers then evaluated selectivity of
growth without knowing the identity of the culture.

Only co-cultures that met the following criteria were scored: (1) lanes
were distinct, as detected by fluorescein- or rhodamine-labeled beads; (2)
axons were stained adequately to visualize their position on lanes; and
(3) outgrowth was sufficient to judge degree of selectivity. Neurite length
was determined from the average of three measurements of the distance
from the edge of the ventral surface of the spinal cord slice to the leading
edge of growing neurites. Data are presented as means = SEs and were
analyzed by Student’s ¢ test.

A relatively large proportion of co-cultures exhibited no selectivity.
Much of the apparent nonselectivity is likely to reflect the strict criteria
we used in accepting growth as selective. In addition, however, we
noticed that growth patterns of neurites of all four spinal cord explants
on each filter were similar. Thus, there is real variability that is unlikely
to reflect the precise spinal level from which slices were taken, but rather
appears to result from variations among substrates. These variations, in
turn, could arise from biological differences among membrane prepara-
tions, instability of the recognition molecules, or technical variations in
the efficacy with which filters were coated. At present we have no way of
distinguishing among these explanations.
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Figure 1. Position-dependent preferential outgrowth of spinal neurites on membranes from PO and E18 limb muscles. Spinal cord slices cut from the
cervical (rostral, RSC) or lumbar (caudal, CSC) enlargement were placed on alternating stripes of membrane derived from forelimb (rostral) or hindlimb
(caudal) muscles. Membranes applied to one set of lanes in each culture were mixed with fluorescein-labeled beads to mark lane boundaries and marked
rostral (R) or caudal (C). After 3 d, the cultures were fixed, and neurites were labeled with antibodies to neurofilaments (4, B), (Figure legend continues)
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Figure 2. Position-dependent preferential outgrowth of spinal neurites
on membranes from PO limb muscles. Cultures were prepared as in Figure
1. Columns show percentage of cultures showing preferential outgrowth
on rostral or caudal membranes or no striking preference (Random).
Numbers indicate number of cultures in each category.

RESULTS

Selective growth of neurites on membranes from
forelimb and hindlimb muscle

Our aim is to localize and characterize muscle-associated cues
that mediate the topographically selective innervation of muscle.
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We therefore began the present study by asking whether motor
neurons can distinguish membranes from rostral and caudal mus-
cles. We used explants of E15 spinal cord as a source of motor
neurons for three reasons. First, neurite outgrowth is robust at
this stage. Second, nearly all of the neurites that leave such
explants are derived from motor neurons (Xie and Ziskind-
Conhaim, 1995). Third, intramuscular topography is detectable in
vivo by E15. On the other hand, it was not feasible to obtain
sufficient amounts of material for membrane preparation from
individual muscles or muscle groups at this stage, so we used
muscles from E18 and neonates (PO0).

In the first experiment, membranes from PO forelimb (rostral)
and hindlimb (caudal) muscles were arrayed in alternating lanes
on a nucleopore membrane, using a suction apparatus (Walter et
al., 1987a). Fluorescent microspheres were mixed with one of the
two membrane preparations to facilitate subsequent visualization
of lane borders and to confirm that mixing of membrane from the
two sources was minimal. Slices of spinal cord from the cervical
or lumbar enlargement (called rostral and caudal, respectively,
here) were placed atop the membranes, so neurites had equal
access to both types of lanes.

Two cultures from this series are illustrated in Figure 1A4,B,
and results from all 459 cultures in this series are summarized in
Figure 2. In approximately one-half (89/170) of the cultures made
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Figure 3. Position-dependent preferential outgrowth of spinal neurites on membranes from individual muscles. Spinal cord slices cut from the cervical
(rostral, RSC) or lumbar (caudal, CSC) enlargement were placed on alternating stripes of membrane derived from the serratus anterior (S), a rostral
muscle, or from the gluteus (G), a caudal muscle. Membranes applied to one set of lanes in each culture were mixed with fluorescent beads to mark lane
boundaries. After 3 d, the cultures were fixed, and neurites were labeled with antibodies to neurofilaments. (Figures shown are unstained.) A4, Rostral
spinal cord neurites grew selectively on serratus anterior membranes in 36% of cultures. B, Caudal neurites grew selectively on gluteus membranes in
47% of cultures. Magnification: A4, 100X; B, 80X.
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left unstained (C, D), or reacted with HRP-DAB (E) (see Materials and Methods). Rostral spinal cord neurites grew selectively on PO rostral membranes
in 31% of cultures (4) and on E18 rostral membranes in 9% of cultures (C). Caudal spinal cord neurites grew selectively on caudal PO membranes in
52% of cultures (B) and on caudal E18 membranes in 78% of cultures (D). E, Rostral neurites grew randomly in 42% of cultures on E18 rostral
membranes. F, Neurites of caudal spinal cord growing on caudal PO membranes and stained with fluorescein-labeled antibody to acetylcholine
transferase. Magnification: A4, E, 60X; B, D, F, 100X; C, 140X.
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Figure 4. Position-dependent preferential outgrowth of spinal neurites
on membranes from individual muscles. Cultures were prepared as in
Figure 3. Columns show percentage of cultures showing preferential
outgrowth on rostral (serratus anterior) or caudal (gluteus) membranes or
no striking preference (Random). Numbers indicate number of cultures in
each category.

with caudal spinal cord slices, neurites showed a striking prefer-
ence for caudally derived membranes (Fig. 1B). In most of the
remaining caudal spinal cord cultures (74/170), neurites crossed
between lanes and showed no striking preference; rostral mem-
branes were the preferred substrate in <5% of cultures (7/170).
Thus, caudally derived motor neurites prefer caudal to rostral
muscle membranes.

The behavior of neurites from rostral spinal cord was different
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from that of caudal neurites. Rostral neurites preferred rostrally
derived muscle membranes in 31% (91/289) of the cultures (Fig.
1A), preferred caudally derived membranes in 20% (59/289) of
the cultures, and showed no clear preference in approximately
one-half of the cultures (139/289). Thus, preferences of rostral
neurites were biased toward rostrally derived muscle membranes.
These preferences were not, however, precisely complementary
to those of caudal neurites. Neurites from a significant minority of
rostral explants grew preferentially on caudally derived muscle
membranes, whereas neurites from very few caudal explants grew
preferentially on rostrally derived membranes.

Selective growth of neurites on membranes from
serratus and gluteus muscles

We tested two possible explanations for the incomplete prefer-
ence of rostral and caudal neurites for muscles from correspond-
ing axial levels. First, if expression of muscle-associated molecules
that promote selective outgrowth were developmentally regu-
lated, their levels might have declined greatly from peak values by
P0. Therefore, we assessed the outgrowth of neurites from rostral
and caudal spinal cord on membranes from forelimb and hind-
limb muscles of E18 embryos (PO being equivalent to E22) (Fig.
1C,D). In this set of cultures, preferences were similar to those
documented above for PO muscle membranes: neurites from
caudal spinal cord explants (n = 46) extended preferentially on
caudal membranes in most cultures (78%), grew randomly in the
remainder, and extended preferentially on rostral membranes in
none. In contrast, neurites from rostral spinal cord extended
preferentially on rostral membranes in a minority of cultures
(7/78 or 9%) (Fig. 1C) and either extended preferentially on

tcccccecccccCcCccc CcCCCCCUCCcCCCcCecC

Figure 5. Rostral spinal cord neurites grew longer than caudal neurites on membrane lanes. Spinal cord slices cut from the cervical (RSC) or lumbar
(CSC) enlargement were placed on stripes of membrane derived from hindlimb (C, caudal) muscles (ventral surface of slice is down). Membranes mixed
with fluorescent beads were applied to one set of lanes in each culture; intervening dark lanes were uncoated. After 3 d, the cultures were fixed, and
neurites were labeled with antibodies to neurofilaments. A4, Rostral neurites growing on caudal membranes. B, Caudal neurites growing on caudal

membranes. Both 4 and B are at 40X magnification.
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caudal membranes (49%) or grew randomly (42%) in the remain-
der (Fig. 1E). Thus, the ability of muscle membranes to promote
positionally selective outgrowth does not decline dramatically
between E18 and PO.

Second, we considered the possibility that forelimb and hind-
limb each contained muscles that differed in their abilities to
promote selective outgrowth, with the overall preference reflect-
ing some average of individuals in the mixture. Accordingly, we
prepared and tested membranes from individual muscles at PO.
We chose serratus anterior and gluteus maximus as representa-
tive rostral and caudal muscles, respectively, because motor axons
form topographic maps within both (Brown and Booth, 1983a,b;
Laskowski and Sanes, 1987). Results from this series of 195
cultures are shown in Figures 3 and 4. Indeed, positional prefer-
ences of neurites were more striking when their choice was
between membranes from serratus anterior and gluteus maximus
than when they were forced to choose between membranes from
mixtures of forelimb and hindlimb muscles. Thirty-six percent of
rostral neurites and 47% of caudal neurites selectively extended
neurites on membranes from a corresponding axial level. Most of
the other half failed to exhibit clear preferences, and very few
grew selectively on positionally mismatched membranes (6/110
rostral and 2/85 caudal explants). Thus spinal cord neurites can
differentiate between positional cues expressed by individual
muscles.

Growth of neurites on uniform substrates

Selective outgrowth of neurites on positionally matched mem-
branes implies that neurites from one level prefer membranes
from the corresponding level. This preference could have any
number of cellular explanations. Perhaps the simplest possibility
is that membranes are more potent promoters of neurite out-
growth from a similar axial level. To test this possibility, we grew
rostral and caudal spinal cord explants on stripes of membranes
from a single level. The membranes were applied to nitrocellulose
filters in stripes, with intervening lanes uncoated, to orient neu-
rite outgrowth.

Figure 5 shows examples from this series, and Figure 6 sum-
marizes the results. On average, neurites from rostral spinal cord
explants were longer than those from caudal explants on either
rostrally or caudally derived muscle membranes. This difference
might reflect a general difference between the health of neurons
in rostral and caudal explants. To test this possibility, we com-
pared the growth of rostral and caudal explants on laminin, a
promoter of neurite outgrowth from most neuronal types (Sanes,
1989). In such comparisons, there was no statistically significant
difference in average length between rostral and caudal neurites
(678 £ 29 um vs 624 = 31 um). In addition, it is noteworthy that
the average extent of outgrowth on laminin was similar to that on
muscle membranes, suggesting that the membranes do contain
potent promoters of neurite outgrowth.

Position-dependent choices between muscle
membranes and laminin

Outgrowth of neurites from either rostral or caudal spinal cord
explants is promoted to a similar extent by uniform substrates of
either rostrally or caudally derived muscle membranes (Fig. 6).
Yet neurites can distinguish rostral from caudal membranes when
both are present (Figs. 1-4). Together, these results suggest that
neurites compare rostral with caudal membranes and make di-
rectional choices depending on the outcome of the comparison.
An important question is whether this hypothetical computation
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Growth of Neurites on E-18 Muscle Membranes
and Laminin in Stripe Assay
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Figure 6. Spinal cord neurites grow similar lengths on rostral and caudal
membranes and on laminin. Cultures were prepared as in Figure 5.
Membranes or laminin were applied to one set of lanes in each culture.
Intervening lanes were uncoated. Measurements of neurite length were
made in cultures as in Figure 5. Columns show average neurite length
(*=SE), measured as the distance from the edge of the explant to the end
of the longest neurite. Extent of outgrowth on laminin-coated stripes
(data not shown, but see Figure 7) is given for comparison. Numbers
indicate number of cultures in each category. Asterisks indicate that
caudal neurites grew significantly less than rostral neurites on both rostral
and caudal membranes (p < 0.05).

requires a direct comparison between membranes from rostral
and caudal muscles or whether there is a general hierarchy of
preferences that guide axonal behavior.

To distinguish between these alternatives, we compared ros-
trally and caudally derived membranes separately with laminin
(Sanes, 1989). Examples are shown in Figures 7, and results are
tabulated in Figure 8. As in the assays described above, neurites
crossed boundaries between lanes in many cultures (see Fig. 8
legend). In those cultures that did show outgrowth confined to
lanes, however, positional preferences were clear. Rostral neu-
rites preferred rostrally derived membranes over laminin (selec-
tive growth on 33 vs 12 cultures, respectively). Rostral neurites
also preferred laminin to caudally derived membranes (13 vs 2
cultures). Conversely, caudal neurites preferred caudally derived
membranes to laminin (46 vs 5 cultures), and caudal neurites
preferred laminin to rostral membranes (58 vs 28 cultures). Thus,
the preferred order of growth for rostral neurites is rostrally
derived membranes > laminin > caudally derived membranes,
whereas the preferred order of growth for caudal neurites is
caudally derived membranes > laminin > rostrally derived mem-
branes. These results show that growing neurites respond to a
choice in substrate and have clear preferences for position-
specific membranes.

Selective growth of neurites on membranes from
cultured myotubes

Membrane preparations from embryonic and neonatal muscles
are predominantly derived from myotubes but also contain con-
tributions from non-muscle cells such as axons, Schwann cells,
vascular endothelial cells, and fibroblasts. Any of these cells could
be sources of guidance information for motor axons. To deter-
mine whether recognition molecules are present in myotube
membranes, we used muscle cell lines derived from identified
muscles (Donoghue et al., 1992a). These lines were generated by
immortalizing satellite cells with a temperature-sensitive onco-
gene. The cells grow as myoblasts in serum-rich medium at 33°C,
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Figure 7. Spinal cord neurites make position-dependent choices between muscle membranes and laminin. Spinal cord slices cut from the cervical
(rostral, RSC) or lumbar (caudal, CSC) enlargement were placed on alternating stripes of muscle membranes (R, rostral, or C, caudal) and laminin. 4,
Rostral spinal cord neurites prefer rostral membranes to laminin. B, Caudal neurites prefer laminin to rostral membranes. C, Rostral neurites prefer
laminin to caudal membranes. D, Caudal neurites prefer caudal membranes to laminin. Neurites were stained with fluorescein—anti-NF. Magnification:

A, 80X; B, D, 60x; C, 100X.

then fuse to form myotubes when switched to a serum-poor
medium at 37°C. The lines were generated from mice bearing a
transgene expressed in a rostrocaudal gradient in axial muscles
(Donoghue et al., 1991), and these lines express the transgene at
levels that correspond to the axial position from which they were
derived. Thus, muscles bear a cell-autonomous, heritable mem-
ory of their axial position, and this memory is retained by the
immortalized cell lines (Donoghue et al., 1992a,b).

In the present experiments, we prepared membranes from

myotubes of lines derived from the masseter muscle of the jaw,
the infrahyoid muscles of the neck, and crural muscles (tibialis
anterior, gastrocnemius, extensor digitorum longus, and planta-
ris) of the hindlimb. To obtain sufficient material for assays,
membranes from two rostrally derived lines were mixed, as were
membranes from two caudally derived lines. Spinal cord explants
were then cultured as described above on alternating lanes of
membranes from the rostral and caudal cell lines.

Neurites exhibited preferences between the cell lines that cor-
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Growth Preferences of Neurites on P-0 Muscle
Membranes vs Laminin in Stripe Assay

O Rostral membranes (RM)
0O Laminin (L)

B Caudal membranes (CM)

Spinal cord sections

Figure 8. Spinal cord neurites make position-dependent choices between
muscle membranes and laminin. Cultures were prepared as in Figure 7, in
which alternating lanes contained rostral membranes, caudal membranes,
or laminin. Columns show percentage of cultures showing preferential
outgrowth on rostral or caudal membranes (RM or CM) or laminin (L).
Numbers indicate number of cultures in each category. An additional 108
cultures, not included in this graph, did not show striking preferences for
either membranes or laminin (59, 28, 15, and 6 in cocultures of the types
shown in Figure 74-D, respectively).

responded closely to their preferences between rostral and caudal
neonatal muscles (Figs. 9, 10; compare with Figs. 1-4). Neurites
from caudal spinal cord grew selectively on membranes from the
caudally derived cell lines in three-fourths of the assays and
exhibited no clear preference in the remainder; in no case were
membranes from rostrally derived cell lines preferred. In con-
trast, neurites from rostral spinal cord grew selectively on mem-
branes from rostrally and caudally derived cell lines in approxi-
mately equal fractions (~40%) of the cultures. Thus, myotubes
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contain cues sufficient to account for several axonal behaviors
seen on crude muscle membranes.

DISCUSSION

The most intensively studied topographic map of neural connec-
tivity is that formed by retinal axons on the optic tectum (Sperry,
1963). A crucial step in elucidating mechanisms that underlie
formation of the map was the introduction of the membrane
stripe assay by Bonhoeffer and his colleagues. In their initial
studies, they used it to assay growth of retinal axons on mem-
branes derived from rostral and caudal tectum (Walter et al.,
1987a,b). By offering the axons a choice between substrates, they
were able to detect outgrowth-inhibiting as well as outgrowth-
promoting cues and to detect axonal behaviors that would have
escaped detection on uniform substrates. Their results provided a
starting point for molecular investigations that recently culmi-
nated in the demonstration that the Eph kinases and their ligands,
the ephrins, play critical roles in the formation of the map (for
review, see Flanagan and Vanderhaeghen, 1998).

In previous studies, we and others have shown that motor axons
form orderly position-dependent maps of connectivity with skel-
etal muscles (see introductory remarks). In view of the parallels
between visuotopic and neuromuscular maps, we adapted the
stripe assay to investigate the preferences of motor axons for
muscle membranes. We used explants of spinal cord as a source
of motor neurons, because essentially only motor axons grow out
of such explants in the absence of specific tropic factors such
as netrins. We provided the neurites choices between (1) mem-
branes from groups of hindlimb and forelimb muscles, (2)
membranes from serratus anterior and gluteus muscles, and (3)
membranes from head- and hindlimb muscle-derived cell lines.
We also assayed growth on substrates that gave neurites a choice
between a strong growth-promoting substrate, laminin, and mem-
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Figure 9. Position-dependent preferential outgrowth of spinal neurites on membranes from muscle cell lines. Spinal cord slices cut from the cervical
(rostral, RSC) or lumbar (caudal, CSC) enlargement were placed on alternating stripes of myotube membranes prepared from immortalized cell lines.
Membranes applied to one set of lanes in each culture were mixed with fluorescent beads to mark lane boundaries (R, rostral; C, caudal). After 3 d, the
cultures were fixed, and neurites were labeled with fluorescein-labeled antibodies to neurofilaments. A, Rostral spinal cord neurites grew selectively on
membranes from the rostrally derived cell lines. B, Caudal neurites grew selectively on membranes from the caudally derived cell lines. Magnification: 100X.
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Growth Preferences of Neurites on Membranes
of Transgenic Muscle Cell Lines in Stripe Assay
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Figure 10. Position-dependent preferential outgrowth of spinal neurites
on membranes from muscle cell lines. Cultures were prepared as in Figure
9. Columns show percentage of cultures showing preferential outgrowth
on rostral or caudal membranes or no striking preference (Random).
Numbers indicate number of cultures in each category.

branes from hindlimb or forelimb muscles. Neurites showed clear
preferences in each of these four situations. Moreover, the neu-
ritic preferences differed in a systematic way depending on
whether the spinal cord explant was derived from cervical (ros-
tral) or lumbar (caudal) levels. Most strikingly, caudally derived
neurites preferred caudal muscle membranes to rostral muscle
membranes or laminin. In contrast, rostrally derived neurites
either grew selectively on rostrally derived membranes or exhib-
ited little positional preference. Together, our results provide
evidence that (1) myotube membranes bear guidance cues whose
nature or amount varies with their rostrocaudal position of origin,
and (2) embryonic motor axons recognize these cues by means of
receptors whose nature or amount varies with spinal position.
These results lead to a series of new questions about the nature
of neuromuscular positional cues. First, how do the axonal recep-
tors vary with position? Here, our comparison was limited to
explants from the cervical and lumbar enlargements. The behav-
iors we observed might represent two samples from a gradient of
preferences, but they might also represent specific behaviors of
motor neurons that innervate forelimb and hindlimb muscles. A
simple way to distinguish these alternatives is to assay additional
spinal levels. If preferences are graded, explants from intermedi-
ate positions are predicted to show intermediate preferences, and
explants from more rostral or caudal positions may show more
extreme preferences. It will also be important to determine
whether all motor neurons at each level express the same prefer-
ence, or whether axonal choices vary among or within motor
pools. Unfortunately, however, more complex assays will be
needed to answer this question. Despite recent progress in iden-
tification of transcription factors that mark distinct motor pools
(Tsuchida et al., 1994; Sockanathan and Jessell, 1998), no axonal
markers are currently available. One consistent feature of our
results is that caudally derived neurites appear to be more sensi-
tive than rostral neurites to positional differences among muscle
membranes. Some of this difference may reflect the advanced
maturity of the rostral cord at any given chronological age. For
example, receptors on spinal neurites may be expressed during a
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limited, early period in development. Alternatively, our assay may
be better suited for detecting those differences to which caudal
neurites respond. In fact, this explanation was originally advanced
to account for the fact that temporal but not nasal axons recog-
nized differences between rostral and caudal tectal membranes in
the stripe assays of Bonhoeffer and colleagues (Walter et al.,
1987a,b).

Second, we do not know, however, whether such cues are
continuously graded in type or amount along the rostrocaudal
axis. To address such issues, it will be important to assay addi-
tional muscles and also to modify the assay to permit investigation
of “multiple choice” behavior. Moreover, we assayed differences
between muscles that are never alternative choices of a single
motor axon in vivo. Physiological data indicate that motor axons
make intramuscular choices, forming maps within individual
muscles. These cases are particularly revealing, because they most
clearly involve target recognition and synaptic choices. We spec-
ulate that the intermuscular differences detected in the present
study are related to the intramuscular differences that axons
normally detect. However, we have no direct evidence on this
point. It will therefore be important to modify or miniaturize the
assay to investigate intramuscular differences.

Third, are axonal preferences manifested as preferential out-
growth important for synaptogenesis? In the retinotectal system,
stripe assays are appropriate in that the phenomenon in vivo
appears to involve guidance of growing axons. In muscle, in
contrast, there appears to be a positional bias in synapse forma-
tion (Laskowski and High, 1989; Laskowski and Owens, 1994). It
is tempting to speculate that the same cellular interactions could
lead to preferential outgrowth in vitro and preferential synapto-
genesis in vivo. However, additional assays that measure synapse
formation directly will be needed to test this idea.

Finally, what is the molecular basis for the positionally selective
outgrowth we have measured? Attractive candidates include the
Eph kinases and their ligands, the ephrins (Flanagan and Vander-
haegen, 1998). The EphA family of kinases and their cognate
ligands, the ephrin As, have been shown to be important in
establishing the map in the tectum (see introductory remarks),
and recent observations favor the possibility that these molecules
also contribute to the formation of the neuromuscular map. Two
EphA kinases, EphA3 and EphA4, are selectively expressed by
subsets of motor neurons (Kilpatrick et al., 1996; Ohta et al.,
1996). One ligand for these receptors, ephrin AS, is expressed at
higher levels by rostral muscles and muscle cell lines than by
caudal muscles and muscle cell lines (Donoghue et al., 1996).
Both ephrinA2 and ephrinAS inhibit outgrowth of motor axons,
and the inhibition is position dependent, with caudal motor
neurons showing greater inhibition than rostral motor neurons
(Donoghue et al., 1996; Ohta et al., 1996). On the basis of these
observations, we have sought and now have obtained preliminary
evidence that overexpression of ephrinAS in muscles of trans-
genic mice alters intramuscular topographic mapping (Laskowski
et al., 1998b).

Ephrins are unlikely to account for all of the nerve—muscle
preferences detected either in vivo or in vitro, however, because
these ligands are not distributed in a rostrocaudal gradient. None-
theless, it is tempting to speculate that Eph kinases and ephrins
form part of a molecular code that biases synapse formation in
favor of positionally matched partners. The assay system de-
scribed here will be useful in testing this idea, as well as in
identifying the other components of the system that almost cer-
tainly exist.
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