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Abstract

In the rodent trigeminal pathway, trigeminal axons invade the developing whisker pad from a
caudal to rostral direction. We investigated directional specificity of embryonic day (E). 15 rat
trigeminal axons within this peripheral target field using explant cocultures. E15 trigeminal axons
readily grow into the same age whisker pad explants and form follicle-related patterns along a
caudal to rostral direction. They also can grow into this target from its lateral aspects. In contrast,
they are unable to invade the whisker pad from the rostral (nasal). pole. We did not find any
correlation between the distribution of extracellular matrix molecules and trigeminal axon growth
preferences. We also examined age-related changes in trigeminal axon responsiveness to
directional cues. E19 trigeminal axons readily grew into E15 whisker pad explants from either the
caudal or the rostral pole. These results suggest the presence of growth permissive and repulsive
cues that guide sensory axons in the whisker pad. Furthermore, trigeminal axons lose their
responsiveness to growth inhibitory cues at later stages of development.
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The whisker pad, with five rows of mystacial vibrissae and sinus hair follicles, is a major

peripheral target for trigeminal ganglion (TG). cells in rodents. The infraorbital branch (10).
of the trigeminal nerve provides the sensory innervation to this target. In the rat, IO axons
reach the maxillary process around embryonic day (E). 12 [9,10]. These axons first form a
tightly fasciculated bundle within the infraorbital foramen, and then fan out into the
presumptive whisker pad from a caudal to rostral direction. Thus, blades of whisker row
nerves display a centrifugal dispersion from their point of entry into the whisker pad. By
E15, deep and superficial follicular nerves have left their parent fascicles, and formed dense,
cup-shaped plexuses associated with the sensory receptors of the emerging whisker and
sinus hair follicles. The nature of guidance cues underlying directional specificity and
patterning of sensory axons in the whisker pad is not known. In the present study, we
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investigated this issue in explant cocultures of the TG and whisker pad. Many facets of
axon-target interactions can be captured in such organ-otypic cultures [11-13,31].

E15 and E19 embryos were harvested from timed-pregnant (day of sperm positivitys = EO).
Sprague—-Dawley rats (Taconic Farms). Tissue dissection and coculture procedures were
previously described in detail [11,12,31]. In one series of experiments, E15 TG explants
were placed abutting the caudal (temporal), dorsal/ventral, or rostral (nasal) poles of the
same age whisker pad explants (n = 25, each condition). In another series of experiments,
E19 TG ex-plants were placed either along the caudal (n = 16) or the rostral (n = 24) edges
of E15 whisker pads. All cultures were grown in serum-free medium [11] for 5 days, after
which they were fixed with 4% buffered paraformaldehyde. Trigeminal axon growth was
visualized by labeling the ganglion with similar amounts of the lipophilic tracer Dil
(Molecular Probes). Analyses were performed following photoconversion of the fluorescent
label [26.]. We also fixed E15 embryos (n = 4), and labeled the TG with Dil. The whisker
pads from these embryos were later sectioned either in the tangential or transverse plane on
a vibratome, and Dil-labeled axon trajectories were analyzed following photoconversion.
Low and high power photomi- crographs were taken with a digital camera, transferred to a
computer, and the images were optimized using the Adobe Photoshop program.

In a separate series of experiments, E15 isochronic cocultures were processed for
immunohistochemistry, and counterstained with the nuclear stain bisbenzimide. We used
anti-chondroitin sulfate proteoglycan (CSPG, mouse IgM isotype, Sigma), anti-fibronectin
(mouse IgM, Sigma), and anti-neurofilament (C-terminus, Chemicon) antibodies to visualize
the distribution of TG axons in relation to extracellular matrix (ECM) protein expression
patterns and nucleoarchitecture of the whisker pad explants maintained in culture.

Trigeminal sensory axons arrive at their central and peripheral targets by E12 in the rat
[9,10]. Central axons first elongate along the trigeminal tract, and later emit radial collaterals
into the brainstem trigeminal nuclear complex around E17. 10 axons develop into whisker
row nerves as they invade their peripheral target from a caudal to rostral direction between
E13 and E15. Five curvilinear rows of whisker follicles, along the rostrocaudal (RC). axis,
become distinguishable by E15 [10], and dense, cup-shaped terminal plexuses envelope the
external root sheaths of the developing follicles at this time (Fig. 1B-D). In explant
cocultures, follicular organization and the patterned array of follicles were maintained for
several days (Fig. 1E). When E15 TG explants were cocultured abutting the caudal edge of
the whisker pad, TG axons grew in fascicles between follicle rows and formed
circumfollicular plexuses (Fig. 1F-H). In such cultures the patterning of TG axons was
similar to that seen in E15 normal embryos. However, due to flattening of the tissue in
culture, the three-dimensional organization of follicle innervation was compressed (compare
Fig. 1C, D with G, H). In addition, the density of innervation was less than that seen in
normal embryos (compare Fig. 1B with F). This was most likely due to inadvertent damage
to the ganglia during the dissection process and consequent cell death or loss. Regardless, a
robust innervation pattern was evident in cocultures. In cases where TG explants were
placed next to the dorsal or ventral (lateral) edges of the whisker pad, TG axon growth was
still considerable and circular arrangement of axon terminals could be seen around the
follicles (Fig 2A—C). Thick axon fascicles grew into the whisker pad along a route
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perpendicular to their normal path, but they appeared entangled between the follicle rows
(Fig. 2B, C). In strik ing contrast to TG axon growth from caudal or lateral edges of the
whisker pad, TG axons showed limited growth and hardly any patterning when they were
placed next to the rostral pole of the target (Fig. 2D-F). Some axon fascicles grew in for
short distances, and then appeared to be “deflected” by an invisible barrier. Under all
conditions the overall size of the ganglia, and whisker pad explants remained similar.

We measured the RC and dorsoventral (DV) axes of each whisker pad explant, and these
dimensions were 1.9-2.1 and 2.2-2.9 mm, respectively. Next we used a simple
quantification method for axon growth, and measured the RC and DV extents of axons in
each case. The mean RC extent was 1.3 mm in caudal TG cultures, 0.9 mm in lateral TG
cultures, and 0.5 mm in rostral TG cultures. The mean DV extent was, in the same order,
1.7, 0.5 and 0.5 mm. While these are crude measures of axon growth analyses, they did
confirm the observed morphological differences. We also noted that when E15 whisker pad
explants were bisected along the dorsoventral axis and the TG was placed in the middle of
this plane, axon growth was predominantly directed to the caudal half of the whisker pad
[18].

Next, we examined the distribution of the ECM molecules CSPG and fibronectin in relation
to directional preferences of axons in the whisker pad explants. Both of these molecules
were expressed in similar regions of the E15 whisker pad. However, TG axon growth zones
did not correlate with the patterned distribution of ECM molecules (Fig. 11-L). When TG
axons entered the whisker pad explants from a caudal to rostral direction, axon fascicles and
terminal plexuses around the follicles were located within the CSPG or fibronectin-rich
zones (Fig. 11, J). In contrast, fibronectin or CSPG-rich areas immediately adjacent to the
rostrally placed TG explants were devoid of axons (Fig. 1K, L). Similar observations were
made following immunostaining for other ECM molecules such as, laminin, tenascin C and
collagen 1V (data not shown).

To investigate the possibility that TG axons might be responsive to putative, rostrally
positioned inhibitory cues during a narrow window in development, we cocultured E19 TG
explants with E15 whisker pads. In the developmental history of the trigeminal pathway,
E19 is a time period at which most connections have formed, and in the brainstem
trigeminal nuclei, whisker-specific patterns (“barrelettes”) are emerging [3,10]. In these
heterochronic cocultures, TG axons grew into E15 whisker pad explants equally well from
either the caudal (Fig. 2G-1) or rostral fronts (Fig. 2J-L). In such cultures, the mean RC
extent of axons for each culture type was 1.2 mm and DV extent was 1.5 mm. Patterned
arrangement of axons around the follicles was also seen in both types of cocultures.

The role of a variety of target-derived molecular cues that direct axon growth patterns have
been underscored in many sensory systems. These include ECM molecules, semaphorins,
ephrins, netrins, neurotrophins and their receptors [15,22-24,29,30,34]. The explant
cocultures of the TG and the whisker pad, provide an excellent in vitro model to assay the
role of molecular cues that channel incoming sensory axons into specific pathways and lead
to their patterning. Previously, we reported that in explant cocultures of the TG or dorsal
root ganglia (DRG) sensory axons can innervate native and foreign cutaneous targets and
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form target-specific patterning in each, but avoid noncutaneous targets when these foreign
tissues express axon growth-inhibitory or repellent cues [31]. As an attempt to elucidate the
nature of these cues, we examined the distribution of ECM molecules. These molecules are
reasonable suspects because of their role in providing axon growth-permissive or inhibitory
substrates in vitro [2,4,16,17,19,24,27,28]. In our study, their distribution did not correlate
with the direction and density of axon growth. While these negative findings do not rule out
the relative contribution of ECM molecules in directing trigeminal axon growth, they point
out that other molecular signals must be involved in this process.

Recently, semaphorins, a large family of secreted and transmembrane proteins [22,34] have
been implicated in patterning of peripheral sensory axon projections. Studies on the sensory
axon projection phenotypes of semalll or its receptor neuropilin-1 null mutant mice revealed
that in the absence of semalll function, peripheral projections of TG and DRG axons are
disarrayed [1,21,32]. We do not know if semalll (or other members of this family)
expression patterns in the whisker pad could account for directional preferences of TG axon
growth. It would be interesting to see if whisker pad explants from semalll knockout mice
would allow early TG axons to grow into this target freely from its rostral aspect.

Another family of molecules, neurotrophins, are produced and expressed in a patterned
fashion within the whisker pad of developing rodents [5-8,14,20,33]. These molecules play
an essential role in survival of TG cells during normal development, and it is possible that
TG axons advance within the whisker pad explants along gradients of neurotrophin
expression. Relative access to neurotrophin wells within the whisker pad from caudal vs.
rostral approaches by TG axons may explain the observed differences. Recent studies by
Rice and his colleagues indicate developmental gradients in the expression patterns of
truncated forms of neurotrophin receptors around whisker follicles ([25]; F. Rice, personal
communicationx]. The coculture model presented here is an ideal in vitro system to examine
instructive or permissive roles of neurotrophin and trk receptor gradients in directional
sensitivity of sensory axons.

Finally, our experiments with E19 axons growing into E15 whisker pad explants bear upon
an important problem: spatiotemporal regulation of axon guidance cues in targets vs.
temporal regulation of receptors for these cues in developing axons. Our results clearly
indicate that E19 ganglion cells are not responsive to “inhibitory” cues positioned along the
rostral portions of the E15 whisker pads. This suggests that there are developmental changes
in the responsiveness (i.e., “receptor expression”) to axon growth-repellent cues within the
whisker pad. We were not able to perform the reverse experiments where one would
coculture E15 TG explants with much older whisker pad explants. After E16, the whisker
pad becomes considerably thick, and it is not possible to obtain a viable explant or a slice
with organotypic characteristics. If E15 axons could grow from the rostral pole of the
whisker pad, this would suggest that target tissue also temporally regulates expression of
growth permissive and growth inhibitory cues along specific axes. Overall, the results
presented here demonstrate the presence of target-derived cues that convey positional
information to incoming sensory axons and traffic them into specific routes and
compartments. At this stage of development, sensory axons are highly responsive to these
signals but lose their responsiveness after pathways and terminal connections are laid down.
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Fig. 1.
Trigeminal axon growth specificity along the caudal to rostral axis of the whisker pad. (A).

The normal positioning and peripheral projection routes of trigeminal axons in the embryo.
(B). Photomicrograph of a tangential section through an E15 whisker pad labeled with Dil
placed in the TG. Note the whisker row nerves (arrows). (C, D) High power
photomicrographs illustrating the normal innervation pattern between whisker follicles (C)
and within the follicles (D) in an E15 embryo. (E) Bisbenzimide stained section through an
E15 whisker pad explant maintained in vitro. Caudal is to the left and rostral is to the right.
Note that whisker row arrangements (arrows) and follicular organization (asterisks) remain
largely uncompromised. (F) Low power photomicrograph of a Dil-labeled TG—whisker pad
coculture with the ganglion placed next to the caudal edge of the whisker pad explant
(schematized in the inset, D: dorsal, R: rostral, N: nasal opening). (G-H) High power views
of axon growth between and around the follicles in cocultures such as that shown in F. (1-J)
CSPG labeling and TG axon growth in the whisker pad with a caudally placed TG explant.
Double immunostained section for CSPG and neurofilament antibodies. The same section
and region was photographed using rhodamine and FITC filter sets, respectively. Asterisks
mark the same follicle in each section. (K-L) Double immunostained section for CSPG and
neurofilament antibodies from a case where the TG was placed next to the rostral pole of the
whisker pad explant (asterisks mark the same follicle). Note that in this case TG axons are
not present in CSPG-rich zones. Scale bar = 100 um (C, D, G-L), 200 um (E), and 500 um
(B, F).
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Fig. 2.
E15 TG axon growth into whisker pad explants from different poles of the target and the

behavior of E19 TG axons. Insets indicate the arrangement of cocultures, D: dorsal, C:
caudal, R: rostral. (A). Low power photomicrograph illustrating a case where an E15 TG
explant was placed along the ventral edge of the same age whisker pad explant. (B-C) High
power views of TG axons coming in to the whisker pad explants at a 90° angle to their
normal route, from a case like that shown in A. Note the dense reticular network of axon
bundles between whisker follicle rows. (D) Low power photomicrograph of a case where the
E15 TG explant was placed next to the rostral pole of an E15 whisker pad; axon growth is
strikingly minimal. (E-F) High power photomicrographs of TG axons attempting to invade
the whisker pad from its rostral pole. Note that axonal profiles appear to be deflected. (G)
Low power photomicrograph of an E19 TG-E15 whisker pad coculture. Older trigeminal
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axons grow into this younger target with ease and pattern around the whisker follicles. (H-I)
High power photomicrographs showing E19 TG axons around E15 whisker follicles.
patterning of TG axons is clearly evident. N = nasal opening. Scale bar = 200 um (A, D, G,
J), and 100 um (B, C, E, F, H, I, K, L).
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