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Previous work suggested that in mouse, presumptive targets of
the trigeminal ganglion, rather than intermediate structures,
attract pioneer axons from the time their growth cones exit the
ganglion (Lumsden and Davies, 1986). In rat we find that some
presumptive targets repel trigeminal axons. The repellant activ-
ity is concentrated in the anterior and ventral epithelium of the
mandibular arch at embryonic day 12 (E12) and was also
present in the maxillary arch. The activity is blocked by anti-
neuropilin-1. E13 mandible explants repel trigeminal axons dur-
ing the first day of outgrowth in vitro, but thereafter permit or
attract trigeminal ganglion axon outgrowth. By E14, lingual
nerve afferents first enter the tongue in vivo, and the repellant
influence becomes restricted to the midline. The progressive
restriction of the repellant influence may contribute to the in
vivo progression of nerve development: the earliest afferents

turn anteriorly lateral to the tongue, but subsequently arriving
afferents advance into the tongue and then turn away from the
midline. Thus, the repellant may influence the order of nerve
branch development and the timing of innervation of epithelial
and subepithelial targets. Heterochronic studies revealed that
the loss of repellant influence from presumptive lateral tongue
surface results from downregulation of the repellant activity, not
of responsiveness to the repellant. Because presumptive tar-
gets repel trigeminal axons during the initial stages of advance
from the trigeminal ganglion and do not have a net attractive
influence until after afferents have arrived near the target, inter-
mediate structures must guide these axons initially.
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We are investigating guidance mechanisms that influence the
trajectory of lingual sensory axons as they navigate toward the
tongue during embryonic development. The tongue is unusual in
that sensory axons arrive before motor axons, and therefore have
a pioneering role (Hogg and Bryant, 1969; Moody and Heaton,
1983). As an initial step, we have investigated whether trigeminal
axons are influenced by diffusible guidance factors secreted from
presumptive target tissues. In addition, we describe the early
development of mandibular and lingual innervation.

A variety of axon guidance systems (Tessier-Lavigne and
Goodman, 1996) are evident in the developing mandible (arch
Ib). Short-range cues, including extracellular matrix molecules
laminin and tenascin (Riggott and Moody 1987; Mistretta and
Haus, 1996), and ephrin receptors and ligands (Gale et al., 1996;
Flenniken et al., 1996) are present during mandibular nerve
development. Long-range diffusible attractants (Lumsden and
Davies, 1983, 1986; cf. Livesey and Hunt; 1997) and chemorepel-
lants (Wright et al., 1995; Adams et al., 1996; Giger et al., 1996;
Taniguchi et al., 1997; Kobayashi et al., 1997) are secreted by
developing mandible during innervation. Because Lumsden and
Davies (1983, 1986) carefully demonstrated that the chemoattrac-

tant was capable of acting over the distances that separated the
target from the ganglion, the prevailing view has been that target-
derived chemotropic factors, not intermediate cues, attract axons
from the ganglion to the target. Recently, knock-outs of the
chemorepellant semaphorin III /D or its receptor, neuropilin-1,
dramatically illustrated a role for this chemorepellant system in
limiting the exploration of trigeminal axons within the developing
branchial arches (Kituskawa et al., 1997; Taniguchi et al., 1997).
To clarify the roles of these long-range systems, we have directly
tested whether presumptive target tissue has a net attractant or
repellant influence on trigeminal ganglion growth cones at early
to intermediate stages of mandibular nerve development [embry-
onic days 12–14 (E12–E14)] in rat.

Our results cast doubt on a prominent role for target-derived
chemoattraction before the arrival of lingual nerve afferents
within the tongue mesenchyme. Furthermore, because knock-
outs of genes encoding guidance molecules may only expose the
earliest necessary role of those guidance molecules, we compare
the development of mandible innervation with the spatiotemporal
regulation of the repellant influence. This enables us to infer
specific functions for the repellant influence that were not
detected in the knock-out studies. Our observations suggest roles
for chemorepellants in controlling peripheral nerve branch
development.

MATERIALS AND METHODS
Trigeminal ganglia were dissected from rat embryos ranging in age from
E12 to E14 (see Fig. 1). We define E1 as the day the dam is sperm-
positive. We observed variability in the sizes of embryos within individ-
ual litters. In initial experiments, care was taken to discard embryos that
were overtly different in size because we could not be sure if these
differences were attributable to developmental differences or other fac-
tors. In later experiments, we counted somites and pooled embryos that
were 61 somite of the most common stage. However, we found no
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obvious differences in the response of trigeminal ganglion explants to
target explants that were resolved by this more refined developmental
staging, so data are presented according to the embryonic date. At E12,
the posterior half of the ganglion was cultured, and at later stages the
posterolateral aspect of the ganglion (that which gives rise to the man-
dibular nerve) was cultured.

In most experiments, ganglion explants were cocultured with arch Ib
or dorsoanterior tongue explants. From E12 and E13 embryos, a para-
sagittal section of arch Ib 150–200 mm in thickness was used (see Fig. 1 B,
vertical lines). The section was obtained just lateral to (;100 mm from)
the medial tip of arch Ib, so it did not include the tip. From E14 embryos,
medial dorsal tongue explants consisted of a strip of ;200 mm width
containing the septum. Lateral tongue explants consisted of the adjacent
dorsal surface of the tongue. For both medial and lateral tongue explants,
most of the mesenchyme was removed, but a strip of mesenchyme
remained, leading to a thickness of ;150 mm. To determine the distri-
bution of the repellant within E12 arch Ib explants, thicker sections (300
mm wide) were used. Epithelium was removed principally by dissection.
After dissecting the explant, the epithelium was severed on the ventral
side of the explant. One of the cut ends was pinned down to the dish, and
a scalpel blade was used to roll the disk of mesenchyme off of the
epithelium. Although this resulted in physical stress to the epithelium, we
found that trypsin treatment, and to a lesser extent EDTA, appeared to
decrease the health of the explants. Dissections were performed in
Dulbecco’s PBS (Life Technologies, Gaithersburg, MD), and tissue
fragments were stored in this solution or in this solution with 10% C10-2
(see below) to reduce sticking of explants (M. Tessier-Lavigne, personal
communication). Tissues that needed to be stored for .1 hr were kept at
4°C until plating.

Explants were cultured in collagen gels and overlaid with medium. The
medium used is termed C10-2 media [85% Eagle’s MEM containing
0.6% glucose, 2 mM L-glutamine, 2% chick embryo extract (Life Tech-
nologies), and 10% fetal equine serum]. Collagen I was prepared from
adult rat tails as recommended by Dr. M. Tessier-Lavigne, based on
previously described methods (Ebendal, 1989). For 100 ml of collagen gel
we added ;55 ml of concentrated collagen to a solution containing 10 ml
of 103 MEM (Sigma, St. Louis, MO), 3 ml of 20% glucose, 1.9 ml of 0.8
M NaHCO3 , H2O, and growth factor (diluted to 503 in C10-2 media) to
a total of 45 ml. BDNF (Sigma) and neurotrophin-3 (NT-3) (Sigma) were
used at concentrations of 2–10 ng/ml, 2.5S NGF (purified from male rat
submaxillary glands, generously provided by Eugene Johnson, Washing-
ton University, St. Louis, MO) was used at 0.5–50 ng/ml. Cultures were
grown on 22 mm coverglasses (number 1) in a total volume of 35–45 ml
of collagen gel. A 15–20 ml cushion of collagen was first spread out over
approximately one-third of the surface of the coverglass. The collagen
was permitted to polymerize for 20–30 min at 35°C in a humidified
chamber. Explant pieces were then placed on top of the cushion in a drop
of C10-2 media. The drop of liquid was aspirated, and the explants were
overlaid with 20–25 ml of collagen gel mixture. One to four trigeminal
ganglion explants or one to three target–explant pairs were cultured on
a single coverglass, separated by ;3 mm. The presence of more than one
explant or explant pair on a single coverglass did not appear to affect
explant outgrowth under the conditions that were used. Explants were
separated by 277 6 88 mm (SD) in experiments with E12 target explants
(n 5 182), 296 6 104 mm in E13 cocultures (n 5 41), and 265 6 92 mm
in experiments with E14 target explants (n 5 80). After permitting
gelation of the collagen mixture as described above, the gels were
submerged in 250 ml of C10-2 media containing growth factors as
indicated. For function-blocking studies using anti-neuropilin-1 (gener-
ously provided by Dr. Marc Tessier-Lavigne), antibody was included in
the top collagen and added to the media (200 ml). In these experiments,
three explant pairs were included in each dish, and observations were
performed at 1.5 d in vitro.

Cultures were incubated at 35°C in a humidified environment contain-
ing 5% CO2 and observed at 1 d intervals for up to 3 d. Observations
were performed on a Leitz Diavert microscope equipped with Hoffman
Contrast optics. Digital images of explants were taken with a Sony
DKC-5000 three-chip color CCD camera. Contrast enhancement and, in
some cases, background subtraction were performed with Adobe Photo-
shop software.

Cultures were fixed by submerging the coverglass in 0.1 M cacodylate,
pH 7.4, containing 5 mM CaCl2 and 4% paraformaldehyde (35°C). The
cultures were then transferred to a 4°C environment for 1.5 hr and rinsed
with 0.1 M cacodylate buffer. In early experiments, cultures were stored in
a PBS-blocking solution containing 1% Triton X-100, 1% fish gelatin, 1%

goat serum, 1% horse serum, and bovine serum albumin at a concentra-
tion of 1.4 mg/ml. In later experiments, the Triton X-100 was replaced
with 0.02% saponin to reduce extraction of membranes, and BSA was not
included in the blocking buffer. Neurites were labeled with a monoclonal
antibody mixture containing mouse anti-GAP-43 (Sigma) and mouse
anti-b-tubulin III (Sigma). Coverglasses were rinsed in carrier solution,
PBS block as described above but without Triton X-100, or, in early
experiments, with 0.3% Triton X-100. The antibodies were diluted in the
carrier solution. A slightly higher concentration of antibodies was used
for labeling collagen gels as compared with planar cultures because the
gels had a volume of 35–40 ml, and the coverglasses were overlain with a
total of 120 ml of antibody-containing solution. The labeling was per-
formed overnight (12–16 hr), and the coverglasses were washed in carrier
four or five times, 1.5–2 hr each, at 4°C with agitation. A Cy3-conjugated
donkey anti-mouse antibody (Jackson ImmunoResearch, West Grove,
PA) diluted in carrier was used as the secondary antibody. Incubations
and washes were performed as for the primary antibody. For observa-
tions, coverglasses were mounted in Vectashield (Vector Laboratories,
Burlingame, CA) mounting medium on larger coverglasses or slides and
sealed with nail polish. To prevent the gels from being compressed, slats
prepared from coverglass or frame seal chambers (MJ Research, Inc.)
were used to support the sides of the coverglasses. Observations were
made on a Leitz (Wetzlar, Germany) Orthoplan microscope, but stored
images were typically obtained on either of two confocal microscopes
(Bio-Rad, Hercules, CA; or Zeiss, Oberkochen, Gemany). A series of
image planes (Z-series) was obtained, and the projection of the series was
stored. Color coding of depth was used to facilitate assessment of the
portion of a target explant being approached by axons.

Whole-mount immunohistochemical labeling of peripheral nerves in
rat embryos was performed as described by Kitsukawa et al. (1997).
Monoclonal 2H3 anti-neurofilament was generously provided by Drs.
Kim Lim and Douglas Engel. For development of the diaminobenzidine
product, we followed the protocol of Ernfors et al. (1994). Anterograde
labeling of mandibular nerves with 1,19-dioctadecyl-3,3,39,39-tetramethyl-
indocarbacyanine perchlorate (DiI; Molecular Probes, Eugene, OR) was
performed as described by Farbman and Mbiene (1991), except that
labeling was completed within 7 d, because embryos were kept at 35°C
after placement of DiI crystals. Embryos were cleared with 80% glycerol
and 20% PBS and imaged.

RESULTS
The lingual nerve develops between E13 and E14, after most
major mandibular nerve trunks have formed. Mandibular affer-
ents that will ultimately innervate medial structures appear to be
restricted from medial targets initially. We used a whole-mount
nerve-labeling method to study the development of mandibular
nerve branches (cf. Hogg and Bryant, 1969; Lumsden, 1982).

Rat trigeminal ganglion neurons are born between E11 and
E14 (Altman and Bayer, 1988). On E12, the developing mandible
consists of two unfused arches that extend ventrally from the
region of the posterior trigeminal ganglion (tg) (Fig. 1C, Ib) and
then turn medially (Fig. 1A, Ib). The anterior portion of the
tongue that will be innervated by the lingual nerve arises from the
medial anterodorsal region of E12 arch Ib, facing the back of the
embryo (Fig. 1B, dotted line). Pioneer growth cones destined for
the mandible exit the ganglion on E12 (Fig. 1C, mn) and enter
arch Ib.

By E13 the arches Ib have fused medially (Fig. 1F), and the
dorsoanterior swelling that will become the tongue is evident
(Fig. 1F, dotted line). Mandibular nerve axons (mn) have ad-
vanced the length of the lateral aspect of the mandible (Fig. 1D)
and turned medially (Fig. 1E,F), remaining deep within the
mesenchyme of arch Ib. We observed that the chorda tympani
(Fig. 1D,F, ct) which carries prospective taste bud afferents of the
geniculate ganglion, has already entered the presumptive tongue
laterally. We believe this is the first demonstration that chorda
tympani axons pioneer the innervation of the tongue. After the
mandibular nerve has progressed approximately halfway through
arch Ib (;E13.3), major branches of the mandibular nerve form
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Figure 1. Development of rat mandibular innervation from E12 to E15. A–C, E12; D–F, E13; G, E14; H, E15. Concerning the mandibular arches,
anterior is toward the top in B and C and F–H and toward the top right corner of A, D, and E. Scale bars, 0.5 mm. The scale bar in A applies to A and
C–E; the scale bar in B applies to F–H. E12: A, Anterior lateral view of the E12 rat head shows the full extent of the mandibular (Ib) and hyoid (II ) arches.
The trigeminal and geniculate ganglia can be seen, but are better appreciated in the lateral view ( C). B, Dorsal view of arches Ib and II reveals the region
that will give rise to the tongue (dotted line). This surface is hidden in A and C. Two vertical lines show the position of the parasagittal section of arch Ib
used for medial explants. C, Lateral view of E12 rat head shows the location of the trigeminal (tg) and geniculate ganglia (gg) and the relative states of
development of the opthalmic (op), maxillary (mx), and mandibular (mn) nerves. This embryo has slightly more advanced (Figure legend continues)
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(Fig. 1G). These major branches include the inferior alveolar
(Fig. 1G, ia) and buccal (data not shown) branches. The lingual
branch (ln) does not begin to develop until late E13 or early E14.
By E14, an immature tongue is apparent (Fig. 1G, tng), and
because of nonuniform growth of cranial structures, the dorsal
tongue surface is now roughly parallel to the whiskerpad. The
first axons of the lingual nerve (Fig. 1G, ln) have just entered the
tongue laterally, toward its posterior. These pioneer lingual axons
appear to first grow toward and then nearby the chorda tympani
nerve (M. Rochlin and A. Farbman, unpublished observations).
The majority of the axons in the tongue at early E14 (arrow) are
derived from the geniculate ganglion via the chorda tympani
nerve. This was confirmed by DiI staining, which revealed that
only a few trigeminal axons had entered the tongue at early E14
(data not shown). On entering the tongue, the lingual nerve axons
will turn anteriorly and then course through the lateral mesen-
chyme of the tongue.

Between E14 and E15, the tongue becomes thicker and nar-
rower. Evidently, the lateral edges of the tongue at E14 fold down
to become the sides of the tongue at E15, leading to the narrow-
ing. As a consequence, whereas the chorda tympani and lingual
afferents appeared to enter the tongue near its dorsal posterior
surface, they now appear to enter the lateral surface of the tongue
ventrally. Thus, the image of the right side of an E15 mandible
(Fig. 1H) is a composite of multiple focal planes, including one
for the ventral site of lingual nerve entry (ln,ct) and another for
the spray of sensory endings approaching the dorsal surface of the
tongue (double-headed arrow). The inset shows lingual nerve
axons (arrowheads) stained with DiI, indicating that a subset of
the sensory fibers in the tongue at E15 are indeed derived from
the trigeminal ganglion. Note that lingual afferents have pro-
gressed medially, but neither the lingual nerve afferents nor the
chorda tympani afferents have completed their growth into the
midline region of the tongue. Mental nerve afferents (me) that
will ultimately innervate the chin are also restricted away from
their medial targets at these stages. Despite the expansion of the
lingual arbors between E14 and E15, unequivocal contact with
the dorsal tongue epithelium is not observed until E16 (Farbman
and Mbiene, 1991).

In summary, mandibular nerve axons remain tightly bundled
and deep in arch Ib mesenchyme until mid-E13. The first
mandibular nerve axons do not invade the tongue, but instead
turn to grow parallel to it (Fig. 1G, ia). The lingual nerve
develops late on E13, and its afferents arrive in the posterior
tongue early on E14, after the arrival of chorda tympani axons.
Although initially restricted to the lateral tongue, by E15,
lingual afferents are evident beneath all but the most medial
;25% of the tongue epithelium. Several questions are raised

by these observations. Are early trigeminal axons attracted
into the arch by target-derived chemoattractants? Are diffus-
ible repellants responsible for the restriction of axons away
from the tongue between E13 and E14 and away from the
midline between E14 and E15? To address these questions, we
assessed the influence of arch Ib or tongue explants on axon
outgrowth from posterior trigeminal explants in the presence
and absence of exogenous trophic factors. We used posterior
trigeminal ganglion explants because this portion of the gan-
glion is enriched in neurons that ultimately innervate the
tongue (Gregg and Dixon, 1973).

Trigeminal ganglion explants depend on trophic
support for axon outgrowth in collagen gels
It has been established that random or whole trigeminal gan-
glion explants from mouse (Lumsden and Davies, 1983) and
rat (Arumäe et al., 1993), when cultured in isolation, do not
extend axons into collagen gels in the absence of added growth
factors. Arumäe et al. (1993) (cf. Paves et al., 1994) have also
demonstrated that BDNF, NT-3, and NT-4/5 (2–10 ng /ml)
stimulated axon outgrowth from E12–E13 explants, whereas
NGF was ineffective (even at 50 ng /ml) on ganglia dissected
from E12 embryos but stimulated outgrowth from ganglia
dissected from E13 forward (for review, see Davies, 1997).
Because it was not clear whether the previous work had in-
cluded the posterior trigeminal ganglion, we examined the
neurotrophin dependence of axon outgrowth from this portion
of the ganglion. We confirmed that the earlier findings apply to
posterior trigeminal ganglion. We found that E12–E14 poste-
rior trigeminal ganglion explants do not extend axons in the
absence of added growth factors (Fig. 2 A, E12). At E12,
NT-4/5 appeared to promote the most outgrowth (Fig. 2 B),
followed by BDNF and then NT-3. We also found that the
potency of NT-3, NT-4/5, and to a lesser extent, BDNF,
declined between E13 and E14, and that sensitivity to NGF
developed in ganglia dissected from E12.5 embryos, indicating
that this shift had been determined by E12.5 (data not shown).

Presumptive target explants support trigeminal
ganglion explant outgrowth
We cocultured posterior trigeminal ganglion explants and arch
Ib from E12–E13 embryos or dorsoanterior tongue explants
from E14 embryos in the absence of added neurotrophins. The
E12–E13 explants consisted of parasagittal sections taken from
the region indicated in Figure 1 B, F (vertical lines), and E14
explants consisted of parasagittal sections of dorsal anterior
tongue that excluded the septum. In E12 cocultures (n 5 16)
little outgrowth was promoted even after 2 d in vitro (Fig. 2C),

4

nerve development than is typical at the stage of dissection and was selected to better delineate the three major nerves of the trigeminal ganglion. E13:
D, E, By ;E13.3, the mandibular nerve has advanced ventrally (D) and turned medially (E). In E, because of the angle of the image, the palatal nerve
( pn) appears to continue from the chorda tympani (ct), but this is not the case. The palatal nerve [to the right of the arrow designating the geniculate
ganglion ( gg) in D] arises from a position dorsal to the chorda tympani and does not combine with the chorda tympani. F, Dorsal view of arch Ib reveals
the presumptive tongue surface (dotted line). Chorda tympani axons have already entered the tongue posteriorly near the dorsal surface, but no
trigeminal axons could be detected until E14. The mandibular nerve axons are still mostly bundled deep in the mesenchyme, although the pioneers of
the major nerves (H ) are beginning to segregate from the main nerve trunk. Most of the axons that have grown medially will contribute to the inferior
alveolar (ia, G, H ) branch and turn parallel to the lateral border of the tongue. The medial E13 explants were taken from the area indicated by the vertical
bars. E14: G, Immature tongue (tng) has formed. Chorda tympani afferents have turned away from their medial course to grow anteriorly or posteriorly
along the lateral mesenchyme. Lingual nerve (ln) afferents arising from the mandibular nerve have just begun to enter the tongue. Medial tongue explants
were taken from the area indicated by the vertical bars. Note that E14 medial tongue explants are sagittal (centered around the midline), whereas E12–E13
medial explants are parasagittal. E15: H, Chorda tympani axons and lingual nerve axons combine (ln, ct) and continue to infiltrate the tongue, but both
sets of axons appear to be restricted away from the midline. The inferior alveolar (ia) and its major branches [the incisor ( i), and the mental nerve (me)]
have developed. Inset, Lingual nerve afferents labeled with DiI have entered the tongue and advanced toward the dorsal epithelium.
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but this was greater than that observed from trigeminal ex-
plants cultured alone. E13 arch Ib explants (Fig. 2D, n 5 10)
stimulated more axon outgrowth than E12 explants. The num-
ber of axons appeared to increase more rapidly between 2 and
3 d in vitro than between 1 and 2 d. The Hoffman contrast
image shows that non-neuronal cells proliferate and accom-

pany axon outgrowth stimulated by the target explant. E14
dorsoanterior tongue explants stimulated rapid, although
sparse, outgrowth from trigeminal explants (Fig. 2E, n 5 21).
Thus, as was reported for mouse trigeminal targets (Lumsden
and Davies, 1983), presumptive trigeminal targets secrete tro-
phic factors that support axon outgrowth.

Figure 2. Trigeminal ganglion explants extend axons into collagen gels only if cultured with exogenous growth factors or presumptive target tissue. A–D,
Cultures shown at 2 d in vitro; E, at 1 d in vitro. In the absence of target explants, no axons grew out from this E12 posterior trigeminal ganglion explant
(A). In the presence of 5 ng/ml NT-4/5, a uniform halo of outgrowth is observed (B). Presumptive mandibular targets secrete trophic factors that promote
axon outgrowth at E12 (C), E13 (D), and E14 (E). There is no outgrowth toward the target explant at E12. At E13, there is more outgrowth toward
the target explant after 2 d (arrowheads) than seen at E12, but outgrowth on the distal side of the explant (arrows) is longer. At E14, explants of
dorsoanterior tongue excluding the midline apparently attract axon outgrowth. In C and E, cultures were fixed, stained for b-tubulin III and GAP-43,
and imaged with a confocal microscope (see Materials and Methods). Scale bar, 100 mm.
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Presumptive target explants derived from E12
embryos repel trigeminal ganglion axon outgrowth

Surprisingly, axons grew away from arch Ib explants dissected
from E12 rat embryos (Fig. 2C), suggesting that, in addition to
trophic factors, a repellant (or group of repellants) was also being
secreted from the presumptive target. In 13 of 16 cocultures,
outgrowth was longer in the quadrant opposite the arch Ib ex-
plant than in the quadrant facing the arch Ib explant. To enhance
the outgrowth so as to enable quantitation of the repellant influ-
ence, we included 5 ng/ml doses of the following growth factors:
BDNF, NT-3, BDNF 1 NT-3, and NT-4/5. Regardless of which
factors were used, explant outgrowth was repelled, and the
greater numbers of axons made the phenomenon more apparent
(Fig. 3A) and quantifiable (Table 1). In the presence of growth
factors the repellant influence was evident after 1 d in vitro, and
the difference in axonal outgrowth in proximal and distal quad-
rants was significant in all cases ( p # 0.01; data not shown).
NT-4/5-stimulated axon outgrowth appeared to be more strongly
repelled than outgrowth stimulated by the other factors, but the
difference was subtle. Both BDNF and NT-4/5 stimulated more
rapid axon extension than NT-3 (Table 1). Axons did not grow
toward arch Ib explants after 2 d in vitro. This could be attribut-
able to either maintenance of the repellant influence or the fact
that once axons are induced to grow away from the arch, their
growth cones advance out of the range of subsequently produced
attractants.

Logically, the target cannot repel the axons that will innervate
it in vivo, so we considered alternative interpretations. Were we
inadvertently selecting for axons destined for alternative trigem-
inal targets, such as the whiskerpad, that might reasonably be
repelled by the developing tongue? We found that E12 arch Ia,
the developing whiskerpad, was also repellant (Table 1). Further-
more, repulsion was observed regardless of whether we used the
posterior or anterior trigeminal ganglion with arch Ib (Table 1),
consistent with the possibility that all axons produced by E12
trigeminal ganglia are repelled by these two presumptive targets.
Given that axon outgrowth stimulated by all of the known effec-
tive neurotrophins was repelled, and also that the outgrowth
stimulated by arch Ib without added growth factors was repelled,
it is unlikely that we have selected for axons destined for an
alternative peripheral target. Although we cannot eliminate the
possibility that we have selected for the CNS branch, it seems
unlikely that the distal portion of arch Ib would be important in
such a remote phenomenon. Furthermore, at least in chick, both
branches appear to express a receptor for the most likely candi-
date for the chemorepellant (see below) (Kobayashi et al., 1997).
These findings suggest that the appropriate axons are repelled by
the presumptive target explant.

Is the repellant influence derived from a portion of the pre-
sumptive target explant that does not become innervated by the
axons? Because the majority of trigeminal axons will ultimately
innervate epithelial- and subepithelial-derived tissue, we tested
whether it was the epithelium or the central mesenchyme that
produced the repellant. By peeling the epithelium from the arch
explant and placing it and the mesenchyme on opposite sides of
the trigeminal ganglion explant, we found that the epithelium is
the source of the repellant, not the central mesenchyme (Fig. 3D).
We eliminated the unlikely possibility that the mesenchyme ex-
erts a repellant influence that is much weaker than that of the
epithelium by coculturing trigeminal ganglion explants with mes-
enchyme and without the epithelium. Under these conditions the

mesenchyme did not repel axon outgrowth (n 5 3, data not
shown). However, the most peripheral band of mesenchymal cells
may be damaged by the separation procedure, so we cannot
exclude the possibility that they too produce repellant.

Trigeminal axons do not innervate the ventral epithelium of
arch Ib, so we tested whether this might be the exclusive source of
the repellant. Arch Ib explants were cut into dorsal, ventral,
anterior, or posterior halves and cocultured with posterior tri-
geminal explants. All halves were repellant, and the anterior and
ventral halves appeared to be more repellant than the dorsal and
posterior halves (data not shown). Given that the dorsal and
posterior half explants would contain anterior and ventral epithe-
lium, respectively, we used a diagonal cut to generate ventroan-
terior and dorsoposterior half explants (Fig. 3E). The ventroan-
terior half, as expected, was strongly repellant (Fig. 3B), but the
dorsoposterior half was not repellant (Fig. 3C). These data imply
that the ventral surface, which does not get innervated, is repel-
lant (Fig. 3E, top panel, dark surface). Because the dorsal half was
repellant, but not the posterodorsal half, these data also establish
that the anterior quarter of the dorsal surface is repellant (Fig.
3E, bottom panel, dark surface). The anterodorsal surface gives
rise to the anterior portion of the tongue, which is innervated by
the lingual and chorda tympani nerves.

To determine how far laterally the repellant was distributed,
parasagittal ventral anterior arch Ib explants from the center or
lateral aspect of the arch were tested. Central arch Ib also exerted
a net repellant influence, albeit weaker than that of medial ex-
plants (Table 1). The lateral third of arch Ib was repellant in only
four of eight cases. Presumably one edge of these explants was
repellant and only faced the ganglion explant in half of the trials.
Thus, the medial two-thirds of each arch are repellant (Fig. 3E,
dark surfaces), but not the lateral third.

Neuropilin-1 is required for the repulsive influence
of arch Ib
Near the completion of our study, knock-outs of semaphorin
III /D or its putative receptor neuropilin-1 were shown to cause
severe disruption of mandibular nerve development (Kitsukawa
et al., 1997; Taniguchi et al., 1997). We therefore tested whether
this system was required for arch Ib to repel posterior trigeminal
ganglion axons. Neutralizing anti-neuropilin-1 blocked the repel-
lant influence of E12 arch Ib in the presence of NT-4/5 (Fig. 3F)
or in its absence (Fig. 3G). In the absence of added growth
factors, there was more outgrowth toward arch Ib explants than
away, consistent with the possibility that trophic and, possibly,
tropic factors are secreted by arch Ib (Fig. 3G, Table 1). Clearly,
presumptive target tissue secretes multiple diffusible factors that
differentially regulate axon extension and the direction of axon
extension. Taken together, however, these data show that future
targets of trigeminal ganglion neurons, such as the presumptive
anterodorsal surface of the tongue, have a net repellant influence
on these afferents. Ultimately, the target must not repel the axons
that innervate it, so we tested the influence of presumptive target
explants dissected from more mature embryos.

E13 arch Ib explants repel axons during the first day in
vitro but subsequently permit or attract trigeminal
axon outgrowth toward the arch explant
At E13, growth factor-supported axon outgrowth from posterior
trigeminal ganglion explants was clearly repelled during the first
day of outgrowth (Fig. 4A, Table 1), but from the second day in
vitro forward, axons grew toward the presumptive target explant
(Fig. 4B). The repellant influence was found to be present as
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Figure 3. Arch Ib has a net repellant influence on growth factor-stimulated axon outgrowth from E12 posterior trigeminal ganglion explants; this
influence is not uniformly distributed throughout the arch, and it depends on functional neuropilin-1. A–D, Distribution of the repellant activity. NT-4/5
was used to stimulate outgrowth, and images were obtained after 2 d in vitro. A, This parasagittal explant of arch Ib repels axon outgrowth. To determine
the distribution of repellant within the arch, the parasagittal disks were halved along one of three axes (dorsal–ventral, anterior–posterior, or anterior
ventral–posterior dorsal; see E). The repellant influence is secreted by anterior–ventral hemiexplants (B) and all other half explants (data not shown)
with the exception of the dorsal–posterior (d-p) hemiexplants (C). We also found that the repellant influence derived (Figure legend continues)
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lateral as the lateral edge of the presumptive tongue (Table 1). In
some cases, cultures were stained for neurites with a mixture of
anti-GAP-43 and anti-b-tubulin III and imaged with a confocal
microscope. By color coding the image planes, we show that axons
were able to grow toward the anterior surface of the explant. In
this experiment, the anterior surface was positioned closest to the
coverglass (red–yellow axons are close to the coverglass, blue are
closer to the media-facing surface of the collagen gel). Initial
experiments were performed with 5 ng/ml growth factor. This
concentration of growth factor stimulated only a small halo of
outgrowth by 24–29 hr in vitro. To increase the outgrowth during
the first day of culture and more clearly visualize the repellant
phenomenon, we used 10 ng/ml of these growth factors. With the
lower concentrations of growth factors or no growth factors,
outgrowth toward the target explant on the second and third day
in vitro was more likely to reverse the bias from “away” to
“toward” the target explant. Presumably, the higher growth factor
concentration induced axonogenesis more efficiently, resulting in
a higher percentage of neurons with axons that were turned away
from the target explant during the first day in vitro. As was noted
with ganglion explants derived from E12 embryos, NT-4/5 ap-
peared to stimulate denser outgrowth than BDNF and NT-3. We
tried to evaluate whether NGF-stimulated axon outgrowth was
also repelled by E13 arch Ib, but this outgrowth is too short at 1 d
in vitro to assess this (data not shown). Apparently, although NGF
sensitivity is determined as early as E12.5, it is not expressed until
late E13–early E14. However, heterochronic experiments dis-
cussed below suggest that this NGF-sensitive outgrowth is also
repellant-sensitive.

These data suggest that tissue explants containing future tar-
gets of the trigeminal ganglion continue to exert a net repellant
influence on their afferents from E13 to E14, independent of
which neurotrophin is used to stimulate outgrowth. During this
period, the earliest mandibular nerve axons turn away from their
medial path to form the inferior alveolar nerves and its major
branches, the mental, incisor, and molar nerves (Lumsden, 1982).
Lingual afferents do not begin to grow toward the tongue until
late E13 or early E14. Both of these observations are consistent
with a physiological role for the repellant activity we describe.

E14 lateral dorsoanterior tongue explants attract axon
outgrowth from posterior trigeminal ganglion explants,
but the midline remains repellant
By E14, a structure that obviously resembles a mature tongue
is apparent on the anterior dorsomedial surface of the former
arch Ib (Fig. 1G). Lingual nerve axons have just begun to enter
the tongue, and during the subsequent 24 hr will grow radially
toward the lateral region of the anterodorsal tongue surface
(Fig. 1 H). Do diffusible factors contribute to the development
of this distribution pattern? To examine this, we conducted
competition experiments in which medial and lateral explants
derived from the same tongue were placed on opposite sides of

posterior trigeminal ganglion explants, and the density of axon
outgrowth on each side of the trigeminal ganglion explant was
ranked (Table 1). In the absence of added growth factors,
outgrowth was biased away from the medial tongue explant
and toward the lateral tongue explant (Fig. 5A). Also, in
cocultures of posterior trigeminal ganglion explants and either
medial or lateral tongue, outgrowth was biased toward lateral
tongue explants (Fig. 2 E) but not toward medial explants (data
not shown). These findings suggest that the attractive influence
of the dorsal tongue surface is exclusively lateral at E14. Note
that the axon outgrowth density was greater in the presence of
both medial and lateral explants (Table 1, rank 5) than in the
presence of the lateral explant alone (Table 1, rank 3; also
compare Figs. 2 E, 5 A). Presumably, both medial and lateral
explants provide trophic support for outgrowth. We did not
observe the exclusive growth toward target explants reported
by Lumsden and Davies (1983, 1986), but axons occasionally
took curvilinear paths to grow toward tongue explants (data
not shown). The dorsoanterior tongue represents only a subset
of the mandibular targets of the posterior trigeminal ganglion,
but the tongue mesenchyme would be expected to trophically
support (stimulate axonogenesis from) neurons destined for
the ventral epithelium of the tongue (which might be repelled
by the dorsal epithelium) or other mandibular targets. Our
observations are consistent with the lateral tongue explants
secreting both chemotropic and chemotrophic factors for pos-
terior trigeminal ganglion axons.

To test for a diffusible repellant influence, we stimulated axon
outgrowth with 2 ng/ml NGF. Under these conditions, axon
outgrowth was repelled by medial tongue explants but not by
lateral tongue explants (Fig. 5B, Table 1). Trigeminal ganglion
explant outgrowth in the presence of either the medial (Table 1)
or the lateral tongue explants confirmed this interpretation. This
is consistent with a role for a diffusible repellant influence in
restricting the initial outgrowth of lingual afferents to the lateral
portions of the dorsal membrane. Thus, the first lingual nerve
axons that enter the tongue appear to be attracted to its lateral
surface and repelled by its medial surface.

These data indicate that the presumptive epithelial and subep-
ithelial targets of lingual nerve axons ultimately exert a net
attractive influence on the axons that innervate them, but not
until those axons have used other means to navigate to the
vicinity of the target from the ganglion.

The repellant influence is downregulated between E12
and E14, not responsiveness to the repellant
To ascertain whether the loss of the repellant influence of the
lateral tongue is attributable to downregulation of the repellant
or downregulation of responsiveness to the repellant, we cocul-
tured heterochronic explants. Parasagittal explants of E14 dorsal
tongue did not repel or bias NT-4/5-supported outgrowth from
E12 posterior trigeminal ganglion explants (Fig. 5C), suggesting

4

from the epithelium, not the mesenchyme (mes.) of arch Ib (D). Although the epithelium begins as only a sheet of cells, it grows in vitro, whereas the
mesenchyme contracts, leading to the apparent size difference in these two explants. E, The distribution of repellant within arch Ib. Top panel,
Three-quarter view from the ventromedial perspective of an idealized right arch Ib. The repellant portion of the epithelium is indicated by the dark
surface region. The most lateral third of arch Ib did not exert a net repellant influence. Bottom panel, Idealized arch Ib viewed from the dorsomedial
perspective. The anterior quarter of the dorsal half has a net repellant influence, indicated in black. F, G, Neuropilin-1 is required for repulsion of
trigeminal afferents. Cultures were imaged after 1.5 d in vitro. F, Neutralizing anti-neuropilin-1 blocks the repellant influence of E12 ventral and anterior
(v-a) arch Ib in the presence of NT-4/5. Compare with A. G, In the absence of added growth factors, blocking neuropilin-1 uncovers an attractive
influence of entire parasagittal sections of E12 arch Ib. At least part of this influence is attributable to trophic factors secreted from arch Ib. Scale bar,
100 mm.
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that the repellant influence had been downregulated. Conversely,
E12 arch Ib was effective at repelling NGF-, NT-3-, and BDNF-
supported outgrowth from E14 posterior trigeminal ganglion
explants after 1–2 d in vitro (Fig. 5D, Table 1). NT-4 had de-
creased dramatically in potency by E14 and was not evaluated.
Thus, E14 posterior trigeminal ganglion neurons are still sensitive

to the repellant(s) secreted at E12 regardless of which of the most
effective trophic factors are used to stimulate this outgrowth.

DISCUSSION
We report the first evidence of a net chemorepellant influence
derived from a presumptive peripheral target. This finding argues

Table 1. Trigeminal axon outgrowth bias in the presence of presumptive target explants

Explants
Growth factor
(ng/ml)

Mean axon outgrowth 6 SEM

N p value ,Proximal quadrant Distal quadrant

E12
Medial arch Ib vs BDNF (5) 74 6 11 165 6 22 9 0.001

posterior trigeminal NT-3 (5) 33 6 11 96 6 16 8 0.0001
NT-4/5 (5) 92 6 10 182 6 9 24 0.0001
BDNF 1 NT-3 (5) 64 6 8 182 6 15 8 0.0003

Central arch Ib vs
posterior trigeminal

NT-4/5 (5) 146 6 17 224 6 6 14 0.0008

Epithelium/mesenchyme vs
posterior trigeminal

NT-4/5 (5) To epithelium
116 6 21

To mesenchyme
257 6 14 9 0.0001

Ant/Ven arch Ib vs
posterior trigeminal

NT-4/5 (5) 122 6 19 222 6 11 10 0.0006

Pos/Dor arch Ib vs
posterior trigeminal

NT-4/5 (5) 223 6 13 228 6 8 14 NS

Arch Ib vs posterior
trigeminal

NT-4/5 (5) 63 6 12 158 6 16 7 0.006

Arch Ia vs posterior
trigeminal

NT-4/5 (5) 109 6 21 194 6 15 7 0.008

Anti-NP-1
Ant/Ven Ib vs posterior

trigeminal
NT-4/5 (5) 213 6 9 203 6 9 12 NS

Ib vs posterior trigeminal -GFs 7 6 1 2 6 1 6 0.001

E13
Medial arch Ib vs BDNF (5–10) 60 6 14 191 6 26 9 0.0001

posterior trigeminal NT-3 (5–10) 46 6 9 92 6 6 10 0.0001
NT-4/5 (10) 40 6 7 139 6 15 8 0.0001

Central arch Ib vs
posterior trigeminal

BDNF (10) 173 6 28 311 6 16 7 0.0022

E14
Lateral tongue vs -GFs Lat only 3 6 0 1 6 0 21 0.0001

posterior trigeminal -GFs vs Med 5 6 1 1 6 0 9 0.0001

Medial tongue vs NGF (2) Med only 39 6 7 169 6 8 11 0.0001
posterior trigeminal NGF (2) vs Lat 27 6 13 159 6 9 9 0.0001

Heterochronics
E12 arch Ib vs E14 NGF (1–2) 32 6 12 255 6 11 12 0.0001

posterior trigeminal NT-3 (25) 33 6 16 171 6 34 8 0.003
BDNF (10) 11 6 11 135 6 17 5 0.003

E14 lateral tongue vs E12
posterior trigeminal

NT-4/5 (5) 139 6 27 136 6 25 12 NS

To determine whether outgrowth was repelled by target explants, the halo of outgrowth was separated into quadrants (comparable to Messersmith et al., 1995), and the
proximal quadrant was that facing the target explant. The radius of the halo of outgrowth observed with Hoffman contrast optics was determined by taking the average of two
to three measurements of axon outgrowth length in either the proximal or distal quadrant. If no outgrowth was observed on the side of the explant within the proximal
quadrant, outgrowth was defined as zero, but if a few tufts of growth were observed, the average of their lengths was used, and regions without axons were not included. Thus,
on the proximal side, the measurement reflected the average of the lengths of outgrowth present, providing an overestimate of the proximal growth and insuring a conservative
estimate of significance. For experiments in which E12 trigeminal ganglion explants were used, outgrowth is reported for 2 d growth in vitro. For E13 and E14 cocultures,
outgrowth was evaluated after 1 d in vitro. For E12 and E14 explants cultured in the absence of added growth factors, the density of outgrowth in proximal and distal quadrants
was estimated by eye. No outgrowth (,5 processes) was ranked zero, and robust outgrowth comparable to that induced by NT-4 at E12 (Fig. 2B) or NGF at E14 (Fig. 5B,
the outgrowth toward the lateral tongue explant) was ranked as 10. Outgrowth densities .8 were not observed. A paired values t test was used to assess the probability that
the proximal axonal outgrowth is equal to the distal axonal outgrowth. NS, Not significant ( p . 0.4). Abbreviations: Ant/Ven, anterior–ventral; Pos/Dor, posterior–dorsal.
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against the long-standing assertion that target-derived chemoat-
traction is predominantly responsible for guiding growth cones
from the trigeminal ganglion to its targets (Lumsden and Davies,
1983, 1986; Taniguchi et al., 1997). A repellant relationship has
also been observed in the mouse (R. O’Connor and M. Tessier-

Lavigne, personal communication). The repellant phenomenon
may not have been detected previously in mouse (Lumsden and
Davies, 1983, 1986), because outgrowth was evaluated after 2 d in
vitro. In the mouse, only 1.5 d elapsed between the exit of pioneer
axons from the trigeminal ganglion and contact with the target
epithelium (Davies et al., 1981; Stainier and Gilbert, 1990, 1991).
If the dissections were performed after the presumptive target
had become determined to downregulate its chemorepellant, then
the 2 d interval would have been sufficient to allow for the
transition from net repellant to net attractant influence in mouse.
Without exogenous growth factors, little outgrowth would have
been observed before the switch. Our data support Lumsden and
Davies’ (1983, 1986) reports of a chemoattractant influence of
target epithelia, albeit at a later stage of development than they
proposed. Our work complements recent findings of peripherally
distributed repellant molecules and leads to a model of repellant
function that suggests roles in turning and in the timing of nerve
branch formation and target innervation that parallel hypothe-
sized roles for chemorepellants in the CNS.

The most likely candidate for the repellant is semaphorin
III /D. Semaphorin III /D knock-outs exhibit aberrant trigeminal
axon trajectories consistent with loss of a significant repellant
influence (Taniguchi et al., 1997). Semaphorin III /D has been
shown to repel or collapse sensory axons (Luo et al., 1993; Fan
and Raper, 1995; Messersmith et al., 1995), and both the central
and peripheral branches of embryonic chick and mouse trigemi-
nal ganglion axons express neuropilin-1, the semaphorin III /D
receptor (Kobayashi et al., 1997; Kolodkin et al., 1997; cf. He and
Tessier-Lavigne, 1997). Semaphorin III /D is diffusible (Luo et
al., 1993; Püschel et al., 1996), and it is expressed by branchial
arch epithelium (Wright et al., 1995; Adams et al., 1996; Giger et
al., 1996; cf. Taniguchi et al., 1997). These data indicate that the
semaphorin III /D–neuropilin-1 system is present in the branchial
arches and their afferents and is necessary for normal pathfind-
ing. Our data extend these observations by demonstrating that the
dominant diffusible influence of the developing medial mandible
is repellant and that neuropilin-1 is responsible for mediating this
repellant influence. Other diffusible chemorepellants are also
present in the developing mandible. Netrin-1 (Serafini et al., 1994;
Colamarino and Tessier-Lavigne, 1995; Varela-Echvarria et al.,
1997) is expressed by tongue epithelium (Livesey and Hunt,
1997), and the netrin receptor deleted in colorectal cancer is
present in sensory ganglia before E16 (Keino-Masu et al., 1996;
Leonardo et al., 1997), but netrin does not repel sensory axons
(Keynes et al., 1997). Neurotrophins such as BDNF and NT-4/5
have been reported to cause collapse of NT-3 trigeminal ganglion
growth cones (Paves et al., 1994). However, BDNF- and NT-4/
5-supported growth cones were not collapsed by heterologous
neurotrophins but were repelled by arch Ib. Furthermore, regard-
less of whether exogenous NT-3 and BDNF were used separately
or together, trigeminal ganglion outgrowth was enhanced com-
pared with the absence of growth factors, and the outgrowth was
repelled by the arch.

What are the functions of the repellant influence? We localized
the repellant influence to the epithelium, which presumably gen-
erates a radial gradient of repellant that is strongest near the
epithelium and weakest in the core mesenchyme. Our work sug-
gests three distinct functions for this repellant influence. First,
the repellant may restrict axons away from nontarget regions of
target-containing tissue. The ventral epithelium, which does not
become innervated by trigeminal afferents, is repellant, consistent
with such a role. Second, because both the ventral and dorsal

Figure 4. E13 arch Ib explants first repel and then permit or attract
axon outgrowth from posterior trigeminal ganglion explants. A, Dur-
ing the first day in vitro, axons that have exited the trigeminal explant
on the side facing arch Ib turn sharply away from it, whereas a large
halo of growth is present (demarcated by black dots) on the side
opposite the presumptive target. B, Same culture as in A, fixed at 3 d
in vitro. By 3 d in vitro, axons have grown toward and around arch Ib.
The image is of a Z-series projection of Cy3 fluorescently labeled
axons (see Materials and Methods) in which image planes have been
color-coded for depth. Red staining encodes planes close to the sub-
stratum; yellow, green, and blue represent increasingly distal planes. In
this case, we had positioned the explant anterior side down, so the
presence of red axons indicates that axons have grown toward the
anterior surface epithelium. Because of the high fluorescence back-
ground of the explant tissue and the low signal-to-noise ratio obtained
with a 103 nonimmersion objective, we eliminated intermediate and
low intensities within the perimeter of the area demarcated with white
dots. This did not alter the pattern of axon staining. Note that C is
shown at a lower magnification than B. Scale bars, 100 mm.
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anterior surfaces are repellant, axons growing anteriorly are
sandwiched between two repellant surfaces (cf. Keynes et al.,
1997) and may be induced to remain deep in the mesenchyme, as
observed before E14.

The repellant also appears to be distributed in a mediolateral
gradient, strongest in the medial mandible (Fig. 6, gray shaded
areas). From E12 to E13, this gradient could restrict the earliest
mandibular afferents away from medial structures, e.g., tongue.
The inferior alveolar nerve turns from medial to anterior near
mid-E13, avoiding the tongue, consistent with this possibility.
Thereafter, on E14, the net repellant influence becomes re-
stricted to a narrower medial territory. Presumably, the medial
repellant influence and lateral attractant influence both contrib-
ute to the anterior radial turn of the first lingual nerve afferents.
Note that chorda tympani fibers, which pioneer lingual sensory
innervation, appear to attract lingual nerve afferents and could be
their exclusive guidance influence. Nonetheless, geniculate gan-
glion axons are also repelled by medial arch Ib epithelium at E12
and E13 (Rochlin and Farbman, unpublished results), so regard-

less of whether the lingual nerve afferents are restricted more by
their preference for chorda tympani axons or by the repellant
influence, the repellant influence likely contributes to their initial
restriction away from the midline. Thus, our data suggest that
repellant activity has a role in steering growth cones away from a
medial course, and that the repellant influence becomes progres-
sively restricted to more medial regions, thereby influencing the
order and course of mandibular nerve branch development. This
in turn may influence the timing of target contact.

Surprisingly, semaphorin III /D continues to be expressed
throughout dorsoanterior tongue epithelium at least through E16
(Giger et al., 1996), a finding that underscores the importance of
evaluating the repellant influence of tissues that express candi-
date repellants. The decreased repellant activity could be attrib-
utable to a reduction in repellant expression, an increase in a
diffusible attractant, elevated furin proteolysis (Mark et al.,
1997), or changes in the extracellular matrix that restrict its
diffusion, but it is not attributable to decreased sensitivity to the
repellant. If semaphorin III /D shifts from long-range repellant to

Figure 5. E14 dorsoanterior tongue has both attractive and repulsive territory. In the absence of added growth factors, trigeminal axon outgrowth
preferentially grows toward lateral, rather than medial tongue explants ( A). In the presence of NGF (2 ng /ml), the medial tongue explant is
avoided but not the lateral tongue ( B). Montages consist of a projection of a Z-series of confocal images taken with a 103 nonimmersion objective.
Cultures were fixed after 18 hr in vitro, labeled, and imaged as described in Materials and Methods. C, D, Net attraction to parasagittal sections
of dorsal tongue is associated with a downregulation of repellant, not a downregulation of responsiveness to the repellant. C, E14 dorsoanterior
tongue explant (excluding the septum) does not repel axon outgrowth stimulated by NT-4/5 (5 ng /ml) from an E12 posterior trigeminal ganglion
explant (2 d in vitro). D, E12 arch Ib explant repels axon outgrowth stimulated by NGF (2 ng /ml) from an E14 posterior trigeminal ganglion explant
(1 d in vitro). Scale bar, 100 mm.
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short-range repellant or stop signal, trophic and tropic factors
secreted either from the epithelium or subepithelial mesenchyme
could attract afferents to these peripheral targets. This possibility
is particularly intriguing given that chorda tympani and lingual
nerve afferents arrive in the tongue on E13 and E14, respectively,
but do not penetrate the epithelium until E16 (Farbman and
Mbiene, 1991).

The repellant sensitivity was independent of the neurotrophin
used at the stages we studied, suggesting that all afferents are
repellant-sensitive at these stages. At later stages, dorsal root
ganglia (DRG) exhibit neurotrophin-dependent sensitivity (Mark
et al., 1997). In particular, NT-3-stimulated DRG axon outgrowth
becomes insensitive to semaphorin III /D, a condition that could
permit NT-3-sensitive afferents to penetrate tissues that are re-
pellant to axons responsive to other neurotrophins (Fitzgerald et
al., 1993; Messersmith et al., 1995, Püschel et al., 1996; Shephard
et al., 1997). Although NT-3 mRNA is present within tongue
epithelium (Nosrat et al., 1996), NT-3-stimulated axon outgrowth
from E16 trigeminal ganglia is repelled by E12 arch Ib explants
(M. Rochlin, unpublished observations). Given the reported pau-
city of TrkC receptors in the E14 trigeminal ganglion (Elkabes et
al., 1994), NT-3 may have been stimulating outgrowth via TrkA
(Belliveau et al., 1997), which would not be expected to induce
repellant-insensitive outgrowth. A subset of cutaneous trigeminal
afferents are exclusively BDNF-supported (Buchman and Davies,
1993; Buj-Bello et al., 1994). It will be interesting to determine
whether they innervate the tongue or exhibit repellant sensitivity at
these stages. Given that the pattern of innervation of the tongue is
initially specified by papillae differentiation (Farbman, 1965; Farb-
man and Mbiene, 1991; Whitehead and Kachele, 1994), which itself
depends on neurotrophin signaling (Nosrat et al., 1997), and given
that neurotrophins are topographically specialized in the tongue
epithelium (Nosrat and Olson, 1995; Nosrat et al., 1996), it will be
important to determine the distribution of repellant molecules at
more mature stages and test for such an interaction.

We have shown that presumptive targets of sensory axons
initially repel their afferents and do not have a net attractant
influence until after the afferents have navigated to the vicinity of
the target using intermediate cues. The repellant influence ap-
pears to contribute to the timing and coordination of growth cone
advance toward presumptive targets, and is spatially and tempo-
rally regulated within a single tissue. Our data do not exclude a
role for chemotropism in the initial guidance of trigeminal axons,
but imply that short-range cues have a more important role than
previously thought. There is evidence for short-range positive
cues: trigeminal axons travel within a laminin-enriched core of
mesenchyme in chick arch Ib (Riggott and Moody, 1987).
Whether laminin(s) and chemoattractants are involved in the
guidance of trigeminal axons at intermediate sites remains to be
determined. In summary, a variety of factors, both long- and
short-range, guide trigeminal axons to their targets during devel-
opment, but the dominant long-range diffusible influence of some
targets is repellant before becoming attractant.

REFERENCES
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toward the lateral tongue epithelia, which is consistent
with a role for these diffusible cues in governing the
distribution of lingual nerve afferents during develop-
ment. Scale bar, 0.5 mm.
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