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Abstract

We examined the effects of neurotrophins nerve growth factor (NGF) and neurotrophin-3 (NT-3)
on trigeminal axon growth patterns. Embryonic (E13-15) wholemount explants of the rat
trigeminal pathway including the whisker pads, trigeminal ganglia, and brainstem were cultured in
serum-free medium (SFM) or SFM supplemented with NGF or NT-3 for 3 days. Trigeminal axon
growth patterns were analyzed with the use of lipophilic tracer Dil. In wholemount cultures grown
in SFM, trigeminal axon projections, growth patterns, and differentiation of peripheral and central
targets are similar to in vivo conditions. We show that in the presence of NGF, central trigeminal
axons leave the tract and grow into the surrounding brainstem regions in the elongation phase
without any branching. On the other hand, NT-3 promotes precocious development of short axon
collaterals endowed with focal arbors along the sides of the central trigeminal tract. These
neurotrophins also affect trigeminal axon growth within the whisker pad. Additionally, we
cultured dissociated trigeminal ganglion cells in the presence of NGF, NT-3, or NGF+NT-3. The
number of trigeminal ganglion cells, their size distribution under each condition were charted, and
axon growth was analyzed following immunohistochemical labeling with TrkA and parvalbumin
antibodies. In these cultures too, NGF led to axon elongation and NT-3 to axon arborization. Our
in vitro analyses suggest that aside from their survival promoting effects, NGF and NT-3 can
differentially influence axon growth patterns of embryonic trigeminal neurons.
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Axons first elongate without branching during targetdirected navigation and pathway
formation; later, they emit branches along their course, or develop collaterals into target
regions, and form synaptic terminal arbors (Nakamura and O’Leary, 1989; Heffner et al.,
1990; Simon and O’Leary, 1990, 1992; Bhide and Frost, 1991; Jhaveri et al., 1991).
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Elongation, collateralization, and arborization phases are readily recognized in the
projections of rodent trigeminal ganglion (TG) as these neurons bridge the sensory periphery
to the central nervous system (Erzurumlu and Killackey, 1983; Stainier and Gilbert, 1990,
1991; Erzurumlu and Jhaveri, 1992). In the rat, central trigeminal axons enter the hindbrain
around embryonic day (E)13 and grow in the elongation phase while they lay down the
ascending and descending components of the central trigeminal tract. Around E17, axons in
the tract emit radially oriented collaterals into the brainstem trigeminal nuclear complex, and
develop terminal arbors. In explant cocultures of E15 TG with isochronic brainstem slices,
axons grow in the elongation phase; when cocultured with older (E20) brainstem slices, they
collateralize and form arbors (Erzurumlu and Jhaveri, 1995). Furthermore, older (E20) TG
cells, which have already developed arbors in the brainstem, revert to elongation when
cocultured with E15 brainstem slices (Erzurumlu and Jhaveri, 1995). These results indicate
that target-derived cues play a major role in mediating axon growth patterns in this sensory
system. Presently, molecular and cellular mechanisms underlying shifts in trigeminal axon
growth phases are not well understood. Among other candidates, neurotrophins are one
family of target-derived cues that could play a role in axon elongation and arborization.

Members of the nerve growth factor (NGF) family of neurotrophic factors, NGF (Levi-
Montalcini, 1987), brain-derived neurotrophic factor (BDNF; Barde et al., 1982),
neurotrophin-3 (NT-3; Ernfors et al., 1990; Jones and Reichardt, 1990; Rosenthal et al.,
1990), and neurotrophin-4/5 (NT-4/5; Berkemeier et al., 1991; Ip et al., 1992) elicit a variety
of biological responses during wiring of the nervous system. Recent evidence suggests that
they also play a role in axonal patterning. Exogenous applications of neurotrophins promote
axon collateral branch formation in vivo (Schnell et al., 1994; Zhang et al., 1994). Brain-
derived neurotrophic factor mediates optic axon arborization in the developing Xenopus
tectum (Cohen-Corey and Fraser, 1995). Genetic alterations in mice indicate that NGF and
NT-3 are necessary for the development of proper sympathetic axon branching in target
tissues (Hoyle et al., 1993; EIShamy et al., 1996). Localized source of neurotrophins can
initiate collateral formation and filopodial sprouting along the shaft of cultured dorsal root
ganglion (DRG) axons (Gallo and Letourneau, 1998), and NT-3 supports terminal
arborization, whereas NGF produces axon elongation (Lentz et al., 1999). Finally, NT-3
regulates branching and targeting of cortical axons in vitro (Castellani and Bolz, 1999).

In this study, we examined the effects of NGF and NT-3 on morphological differentiation of
embryonic trigeminal axons. We used a simple in vitro assay by culturing wholemounts of
the trigeminal pathway from the whisker pad to the brainstem in the absence or presence of
the two neurotrophins. These explant cultures provide a unique means to study the effects of
a variety of axon growth-regulatory molecules in an intact, in vitro sensory system. In
addition, we prepared low-density dissociated cell cultures to examine the effects of these
neurotrophins on trigeminal axons in the absence of any targets. We show that both in
wholemount explant and dissociated cell cultures, exogenous NGF promotes trigeminal
axon elongation, and NT-3 induces arborization. We also tested the effects of BDNF on
wholemount cultures, but the results were not consistent to derive meaningful
interpretations. These data are not presented, and the effects of NT4/5, another member of
the NGF family, were not examined.
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MATERIALS AND METHODS

Preparation of wholemount cultures of the trigeminal pathway

Trigeminal pathway wholemount cultures were prepared from embryonic rats at a time
when the peripheral and central pathways are laid down. As illustrated in Figure 1, these
cultures included the whisker pad, the TG, and the brainstem from the pontine flexure to the
upper cervical levels. In these explants, both the peripheral and central trajectories, and
targets of the ganglion cells remained intact. In some wholemount cultures (where indicated
in the text and figures) the whisker pad was omitted (see dotted lines in Fig. 1 schematic
drawing of the trigeminal pathway wholemount explant). Embryos from 13-, 15-, and 17-
day pregnant Sprague-Dawley rats were removed by caesarean section following euthanasia
of the dam by intraperitoneal administration of a lethal dose of sodium pentobarbital (50
mg/kg body weight). The day of sperm-positivity was designated as EO. All of the protocols
described below were approved by the LSU IACUC and conformed to the NIH guidelines
for the use of animals. Dissections were made in ice-cold Gey’s balanced salt solution
(GIBCO, Gaithersburg, MD) supplemented with sucrose (GBSS). Connective tissues around
the central nervous system (CNS) were removed to expose the brain. A transverse cut was
made through the pontine flexure; both hemispheres and the midbrain were dissected out.
Next, the hindbrain including the upper cervical spinal cord was dissected free of connective
tissues and meninges. Care was taken not to damage the trigeminal ganglia on both side, or
their projections. Maxillary process/whisker pad was trimmed from the rest of the head,
without damaging the infraorbital (10) nerve. The 10 nerve crosses into the whisker pad just
below the eye through the developing infraorbital foramen. In order to avoid damage to the
10 nerve, the eyecup was left intact. In another series of cultures, wholemount explants were
prepared without the whisker pad. The wholemounts were then placed on a microporous
Millicell membrane (Millipore, Bedford, MA) with the ventral side down and grown in
serum-free medium (SFM, Collazo et al., 1992) supplemented with NGF or NT-3 (at a final
concentration of 50 ng/ml; Collaborative Biomedical Products, Bedford, MA, and
Regeneron Pharmaceuticals, Tarrytown, NY). Two types of controls were performed. In one
series, wholemount explants were cultured for the same duration (3 days) in SFM only. In
another series, wholemount explants from E13 and E15 embryos were placed on Millicell
membranes and fixed immediately with 4% buffered paraformaldehyde. Wholemounts from
E17 embryos (without the whisker pad) were also prepared (n = 4) and fixed immediately to
visualize the central trigeminal axon differentiation at this stage. For each condition, 15
cultures were prepared from E13 and E15 embryos.

Preparation of dissociated cell cultures

Trigeminal ganglia from E15 embryos were collected into ice-cold GBSS. This time point
was chosen primarily because it is the time when central and peripheral TG axons have
begun invading their central and peripheral targets. At this stage, peripheral axons are
developing arbors around the whisker follicles, and central axons are still elongating within
the central trigeminal tract (Erzurumlu and Jhaveri, 1992). All of the dissections were
performed under sterile conditions. For each culture run, six ganglia were dissected and
connective tissues around the TG were removed with electrolytically sharpened tungsten
needles. Ganglia were rinsed twice (5 minutes each) with calcium-magnesium-free Hank’s
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balanced salt solution (CMF-H, GIBCO). Ganglia were then treated with 0.05% trypsin
(GIBCO) in CMF-H at 37°C for 20 minutes. Rinsing the ganglia twice in 5 ml of culture
medium containing 10% fetal calf serum stopped enzymatic activity. After a brief
centrifugation, the ganglia were resuspended in 5 ml SFM, and gently triturated with a
flame-polished Pasteur pipette for about 30 times. A drop of the cell suspension was placed
on a hemocytometer to determine the density of cells in the suspension. The surfaces of six-
well plates or 35-mm tissue culture dishes were coated with 0.5 mg/ml polyornithine
(Sigma, St. Louis, MO) in borate buffer (pH 8.6) overnight. Next day, the plates were rinsed
three times with sterile dH,0 and coated with 20 pg/ml laminin (GIBCO) for 4-6 hours
(Scott and Davies, 1993). For morphologic documentation of individual neurons, 35-mm
tissue culture plastic dishes were coated by applying 200 pl laminin into the middle of the
dish. Just before plating, laminin was aspirated, plates were rinsed with SFM, and the
neurons were plated at a density of approximately 1,000 cells per well. In experimental
conditions, growth factors NGF, NT-3, or a mixture of NGF and NT-3 were added to the
culture medium at a final concentration of 50 ng/ml. The cultures were maintained at 33°C
in a humidified incubator containing 5% of CO,, for 3 days.

Previous studies have charted dose response curves for primary sensory axons and reported
that NGF and NT-3 exert their effects between 10 and 50 ng/ml medium range (e.g., see
Lentz et al., 1999). In the present study, such dose response assays were not performed, and
for all neurotrophin treatment conditions, 50 ng/ml medium was used to achieve maximal
effects.

Labeling with the lipophilic tracer Dil and immunohistochemistry

Wholemount cultures were fixed with 4% buffered paraformaldehyde (pH 7.4, 0.1 M) and
labeled by inserting small crystals of the fluorescent lipophilic tracer 1,1’-dioctadecyl-3,3,3’,
3’-tetramethylindocarbocyanine perchlorate (Dil; Molecular Probes, Eugene, OR) into the
ganglion explants using a stereo microscope. Cultures were kept in a warm incubator for 2-3
weeks to allow for the diffusion of the dye. Labeled specimens were later photoconverted
(Sandell and Masland, 1988) in the presence of 0.15% diaminobenzidine (Sigma) in 0.1 M
Tris buffer (pH 8.2). Cellular and axonal profiles were analyzed following extensive
photographic documentation.

The dissociated cell cultures supplemented with NGF, NT-3, or a mixture of NGF and NT-3
were fixed with 2% paraformaldehyde in phosphate buffer (pH 7.4, 0.1 M) after 3 days in
vitro. For parvalbumin immunohistochemistry, cultures were first incubated in 2% horse
serum containing 0.1% Triton X-100 for 30 minutes, then incubated in primary antibody
(1:500, mouse monoclonal antiparvalbumin, Sigma) made up in phosphate-buffered saline
(PBS, pH 7.4 0.1 M), overnight at 4°C. The next day, they were rinsed, and incubated in
biotinylated horse anti-mouse antibody (1:200, Vector Laboratories, Burlingame, CA) for 2
hours. For TrkA immunohistochemistry, cultures were first treated with 5% normal goat
serum in Tris-buffered saline (TBS, pH 7.4, 0.1 M) containing 0.1% Triton X-100 for 30
minutes at room temperature. Cultures were incubated in rabbit anti-TrkA antibody (1:
2,000, gift of Dr. L. Reichardt) in TBS overnight at 4°C. Following TBS washes,
biotinylated goat anti-rabbit anti-body (1:400, Sigma) was applied. After the secondary
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antibody incubation, all of the cultures were treated with avidin-biotin-peroxidase complex
(Vectastain Elite, Vector Laboratories) for 1 hour at room temperature, then placed in
0.025% 3,3’diaminobenzidine tetrahydrochloride (DAB, Sigma) and 0.3% hydrogen
peroxidase in TBS or PBS for 10 minutes. For all immunohistochemical staining
procedures, control sections were processed as above except that the primary antibody was
omitted.

Analyses of axon growth in dissociated TG cultures

Immunohistochemically labeled cellular and axonal elements were analyzed with light
microscopy and drawn with the aid of a drawing tube using a 20x objective. For each
experimental condition, neurons that were located in the middle one-third of each culture
dish were drawn. The neurons whose neurites crossed one another were excluded from the
quantitative analysis. For neurotrophin (NGF, NT-3, or mixture of NGF and NT-3)-
supplemented culture experiments, a total of 200 neurons was drawn for each case, from
four separate experiments. Camera lucida drawings were then scanned and downloaded to a
Power Macintosh. The following three parameters of neurite growth were measured using
NIH Image (1.60) Analyzer Computer Program: the area of cell bodies (um?), total length of
primary neurites (um), and numbers of branches from primary neurites.

Neuron survival in dissociated cell cultures

The cells that survive in culture can be identified by their translucent appearance with round
soma and processes emerging from the cell body within hours after plating. To determine
the number of viable cells, a translucent paper containing a grid composed of 3-mm squares
was placed below each culture dish. After 3 hours, the number of neurons located in three
different squares, from three different plates were recounted. The means of these numbers
were considered as the initial number of surviving neurons. After 24, 48, and 72 hours in
culture, the number of neurons located in the same grids was counted. The estimated number
of neurons treated with different neurotrophins was expressed as the percentage of the initial
number of plated neurons.

All of the photographic documentation presented in this study was done with the use of a
Kodak digital camera attached to a Nikon Microphot-SA or a Nikon Diaphot inverted
microscope. Digital images were transferred to a power PC or Macintosh G3 computer. The
contrast and brightness of the images were adjusted using the ADOBE Photoshop program,
and none of the images were modified in any other way. These images were grouped into
figures, labeled, and printed on photographic film or paper by using an Epson inkjet printer.

Statistical analysis

The percentage values presented in Figure 7 were compared by one-way analysis of variance
(ANOVA) with Tukey-HSD (honestly significant difference) test. Values for NGF- or
NT-3-treated cultures were compared by using a 2 test to determine the statistical

difference of the percentage values presented in Table 1A-D. Differences between
conditions presented in Figure 12 were tested by using a two-tailed t-test. The data in the
graphs represent the means and S.E.M. (n values are indicated in the text).
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RESULTS

Morphogenetic events during the rat trigeminal pathway development

Specific events in development of the rat trigeminal pathway are schematically illustrated in
Figure 1. Trigeminal ganglion cells are born between E9.5 and E14.5 (Rhoades et al., 1991).
Soon after their differentiation, trigeminal ganglion cells assume a bipolar shape with one
axonal process directed toward the sensory periphery and the other toward the brainstem.
Peripheral and central trigeminal axons arrive near their prospective targets by E12 (Stainier
and Gilbert, 1990, 1991; Erzurumlu and Jhaveri, 1992). At these early stages, both sets of
axons are topographically organized with respect to the dorsoventral axis of the snout
(Erzurumlu and Killackey, 1983; Erzurumlu and Jhaveri, 1992), and the scaffold of the
trigeminal pathway between the whisker pad and the brainstem is built by E15. In the
whisker pad, axon fascicles from the infraorbital nerve establish the whisker row nerves, and
branch around newly emerging whisker follicles. Central trigeminal axons bifurcate upon
entry into the hindbrain, and lay down the ascending and descending components of the
trigeminal tract (Erzurumlu and Jhaveri, 1992). This pathway is located along a fairly
restricted route within the lateral brainstem. Between E13 and E16, central trigeminal axons
grow in the elongation phase without any branching or collateral formation (Fig. 1, bottom
panel). They emit radially oriented collaterals into the trigeminal nuclear complex at E17,
and begin forming terminal arbors. Within the topographically aligned central trigeminal
projection zone, axons conveying information from the mystacial vibrissae and perioral
sinus hairs form discrete patches. The distribution of these patches corresponds to the spatial
alignment of five rows of vibrissae, and sinus hairs on the ipsilateral snout (Erzurumlu and
Killackey, 1983; Erzurumlu and Jhaveri, 1992).

General characteristics of the rat trigeminal pathway grown in vitro

The above-described morphological features of the developing trigeminal pathway were
confirmed in wholemount explants fixed shortly after preparation. Normal distribution of
peripheral and central projections of TG are shown in Figure 2A. The central trigeminal tract
is located as a restricted axonal pathway laterally in the brainstem. Peripherally, the 10

nerve approaches the caudal edge of the whisker pad, and from its point of entry, whisker
row nerves are dispersed. Deep and superficial follicular nerves leaving their parent fascicles
form a dense cup-shaped plexus at the base of each follicle (data not shown).

In control wholemount cultures of the trigeminal pathway derived from E15 rats, both the
whisker pad and the brainstem retain their tissue-specific characteristics much like that
reported for the explant cocultures of this pathway (Erzurumlu et al., 1993; Erzurumlu and
Jhaveri, 1995). For example, in the whisker pad, five curvilinear rows of whisker follicles
and sinus hair follicles flanking these rows maintain their spatial organization. Follicles
develop, and even rudimentary hairs form within the follicle cores. Centrally, the brainstem
trigeminal nuclear complex is located medial to the trigeminal tract, and the cytoarchitecture
of this region appears “normal” when assessed with histological stains such as Cresyl violet
or bisbenzimide (data not shown). Trigeminal axons also maintain their integrity and well-
defined projection patterns in the brainstem. When grown in SFM for 3 days, central
trigeminal axons remain unbranched, and do not reach the developmental maturity of axons
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seen at E18 in vivo. Similarly, E13 trigeminal axons maintained in SFM for 3 days display
morphological characteristics more similar to their E13-14 in vivo counterparts than E16
trigeminal axons. In cultures from E13 embryos, the presumptive whisker field did not
differentiate as well as those seen in E15 embryos (compare Fig. 4A with Fig. 2A). Thus, in
cultures maintained in SFM, trajectories and morphological characteristics of peripheral and
central trigeminal axons are not compromised, but their maturation is arrested or slowed.

Effects of neurotrophins on central trigeminal axons in wholemount cultures

Exogenous addition of 50 ng/ml NGF or NT-3 produced different effects on central
trigeminal tract axon growth in wholemount cultures from E15 embryos (Fig. 2).
Qualitatively, the effects of NGF or NT-3 on central trigeminal axon growth patterns were
similar in wholemount cultures of the entire trigeminal pathway or in cultures without the
whisker pad (compare Fig. 2B with C, and 2D with E).

In all cases, addition of NGF into the culture medium caused central trigeminal axons to
spread into the surrounding brainstem tissue, both medially and laterally. Several tightly
bundled axon fascicles left the tract at irregular intervals, and after traveling some distance,
took sharp rostral or caudal turns (Fig. 2B,C). These axons within the brainstem were
unbranched (Fig. 2G). In contrast, exogenous addition of NT-3 into the culture medium
caused precocious collateralization along the medial and lateral edges of the trigeminal tract
(Fig. 2D,E). This effect was seen in all cultures from E15 embryos (Figs. 2H, 5D,E).
Photographic documentation of the effects of neurotrophins on central trigeminal tract axons
was difficult due to the thickness of the wholemount explants and the course of axons at
various depths. Axonal differentiation in these explants could be better visualized by
microscopic examination of the tissue at higher magnification at different depths of the
tissue. Camera lucida drawings (using a 40x objective) from exemplary E15 cultures better
illustrate neurotrophin effects on central trigeminal axons (Fig. 3).

We next prepared wholemount cultures of the entire trigeminal pathway from E13 embryos
to investigate whether NGF and NT-3 could influence axon growth at earlier time points. At
the time of dissection, central axons are entering the brainstem, and bifurcate to form the
ascending and descending components of the trigeminal tract. In wholemount cultures,
grown in serum-free culture medium for 3 days, these components remain intact (Fig.
4AD).

Differential growth of central trigeminal axons treated with NGF or NT-3 was clear in E13
wholemount cultures (Fig. 4). In the presence of NGF, fascicles of axons left the tract from
both the medial and lateral aspects. Nerve growth factor also led to a notable expansion of
the central tract (Fig. 4B). In NT-3-treated cultures, many axons emitted short collaterals
with several branches along the sides of the central tract. In most of the cultures, there was a
notable defasciculation of the descending trigeminal tract (Fig. 4F, see also Fig. 5B,C). To
further examine the arborization effects of NT-3, we prepared wholemount cultures, without
the whisker pads, from E13-15 embryos and exposed them to NT-3 (Fig. 5). In every case,
collateralization and arborization was more robust than that seen normally at E17 (Fig. 5F).
Collectively, these observations indicate that NT-3 can induce premature and extensive
arborization of central trigeminal axons.
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Effects of neurotrophins on peripheral trigeminal axon growth patterns in E13 wholemount

cultures

Dil-labeled peripheral axons could be discerned in the maxillary pad at E13 in wholemount
trigeminal pathway preparations. In cultures grown in SFM, the 10 nerve was identifiable as
a tightly bundled fascicle of axons. Upon entering the developing whisker pad, it fanned out
into presumptive whisker row nerves, and into finer branches from the parent axons (Fig.
6A). Axon growth in the maxillary process was robust in NGF-treated cultures. Instead of a
tightly bundled 10 nerve, thick fascicles of axons entered this peripheral target field, and
extended towards the nasal pole (Fig. 6B). Often, intercrossing between “fascicles,” and a
reticular meshwork of axonal processes could be seen. In NT-3-treated cultures, axon
growth was also dense, but not as widespread as that seen in cases treated with NGF. We
also observed entangling of thick bundles of axons, and neurites ending in “knots” in these
cultures (Fig. 6C).

The effects of neurotrophin treatments in E15 whisker pad explants were apparent, but not
as robust as those seen in E13 wholemount cultures (data not shown). This is perhaps due to
the thickness of the whisker pads, where access to exogenous neurotrophins by peripheral
axons may be limited. Whisker row nerves could be barely discerned with Dil labeling in
E15 cultures.

We do not know whether specific subpopulations of neurons survive and exhibit different
axon growth patterns in cultures treated with different neurotrophins. A variety of cell types
are present in the E15 rat TG which can be distinguished by soma size, and expression of a
variety of histochemical and molecular markers such as receptors for different
neurotrophins. In some of the wholemount cultures treated with NGF or NT-3, TG neurons
were retrogradely labeled with Dil. Most ganglion cells retained their bipolar shape in the
presence of either neurotrophin (data not shown) after 3 days in culture. Both small- and
large-diameter neurons could be readily identified in these cultures. In a preliminary
analysis, we could not discern major differences in the soma sizes of neurons grown in SFM
or in the presence of different neurotrophins (data not shown). Quantitative analyses of cell
types, and their frequencies should shed light into the specific responsiveness of different
classes of TG neurons to different neurotrophin treatments.

Neurotrophin effects on trigeminal axon growth in dissociated cell cultures

Our focus was on axon growth parameters in response to exogenous NGF or NT-3, but we
also documented survival of neurons under various conditions (Fig. 7). When E15 TG
neurons were cultured in medium supplemented with 10% fetal calf serum, survival was
minimal. After 24 hours in culture, only 11% of the neurons survived, and all neurons were
dead by 48 hours. Survivals of TG neurons were similar in cultures supplemented with NGF
alone (84%), mixture of NGF and NT-3 (80%), or NT-3 alone (72%) after 24 hours.
However, there was a significant decrease in the survival of neurons supplemented with
NT-3 after 48 hours (P < 0.001). At the end of the 3-day culture period, differences in the
percentages of surviving neurons treated with the mixture of NGF and NT-3 (53%), NGF
(43%), or NT-3 alone (21%) were highly significant (P < 0.001). We were not able to
examine trigeminal axon development in culture medium supplemented with normal serum.
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Although axon outgrowth patterns in the absence of NGF or NT-3 would be an important
control, we could not perform this due to neurotrophin dependence of embryonic TG cells
for survival. Nevertheless, the results described below underscore the differential effects of
NGF and NT-3 on axon growth phases in cells grown without their normal targets.

Previous studies classified primary sensory neurons on the basis of their soma sizes
(reviewed in Lawson, 1992). Analyses in mice with null mutations of NGF or NT-3 revealed
differential loss of small, medium, or large trigeminal neurons in these animals (Ruit et al.,
1992; Crowley et al., 1994; Ernfors et al. 1994; Farifias et al., 1994). During our survey, we
noted differences between the soma size of neurons under different neurotrophin treatment
conditions. As illustrated in Figure 8, most trigeminal neurons (n = 151) had a soma size
between 150 and 250 um? in NGF supplemented cultures. In the presence of NT-3, 65% of
neurons (n = 129) were large cells with soma size between 250 and 450 um?2. Addition of
both neurotrophins led to a wider range in soma size, with higher percentages between 150
and 250 pm? (30%), and 350—- 450 um? (31%) ranges. In addition, 12% of neurons were
larger than 450 pm?2. Only 3.5% of cells treated with NT-3 and none of the cells treated with
NGF measured above 450 pm?2. These results suggest that, although it is possible to select
for small neurons in the presence of NGF alone, wider range of neurons (in terms of soma
size) survive in the presence of NT-3 alone or NGF plus NT-3.

Qualitatively, NGF and NT-3 elicited different patterns of neurite growth from E15
trigeminal neurons. As illustrated in Figures 9 and 10, NGF-treated neurons grew long,
unbranched axons, and NT-3-treated neurons grew short neurites with arbors. Quantitative
analyses of axonal responses to neurotrophins revealed that the number of branches was
significantly higher in NT-3-supplemented cultures (P < 0.001) than those grown in NGF-
supplemented cultures (Fig. 12). In contrast, the total length of primary arbors was
significantly longer in the presence of NGF than those grown in the presence of NT-3 (P <
0.001; Fig. 12). These results provide further evidence in support of a role for NGF and
NT-3 in modulating axon elongation and branching/arborization of embryonic trigeminal
neurons in culture. It is possible that NGF promotes the survival of small soma size neurons
that would normally develop long neurites with minimal arborization, and conversely NT-3
promotes the survival of larger neurons, which are programmed to form short neurites with
extensive arbors. To elucidate this issue, we grew cells in the presence of both
neurotrophins, and analyzed the morphological features of surviving population of neurons.
In such cultures, most cells extended long neurites, some with branches and arbors (Fig. 11).
Soma size-frequency histograms (Fig. 8) showed that the number of large size neurons
(soma size > 250 pm2) was more than twofold higher (n = 138) than small cells (soma size <
250 um?, n = 62). The length of the primary neurites in these cultures was comparable to
those grown in NGF alone (Fig. 12), but significantly longer than those seen with NT-3
alone (P < 0.001). The number of branches arising from the primary neurites was
significantly higher than those seen with NGF alone (P < 0.001), but lower than those seen
in cultures treated with NT-3 alone (P < 0.05).

In summary, E15 TG neurons emit long, unbranched neurites in the presence of NGF, and
develop short primary neurites with arbors in the presence of NT-3. When both
neurotrophins are present, primary neurite length increases significantly, but not as much as
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that seen with NGF alone. These treatments further lead to increased branching of primary
neurites but not as much as those seen with NT-3 alone.

Expression of class-specific markers and axon growth parameters in dissociated cell

cultures

Previous studies indicated that small-diameter, NGF-dependent, nociceptive neurons express
TrkA receptors and calcitonin-gene-related peptide (CGRP). Large-diameter, NT-3-
dependent proprioceptive neurons, on the other hand, express TrkC receptors and calcium
binding protein parvalbumin (see Snider and Wright, 1996 for review). By using
parvalbumin and TrkA antibodies, we wanted to selectively label NT-3- and NGF-
responsive neurons, respectively, and examine their axonal differentiation under different
neurotrophin treatments. However, we found that all neurons, small and large, were TrkA-
or parvalbumin-positive, indicating that each cell expresses both under culture conditions.
Table 1 summarizes percentages of TrkA- and parvalbumin-positive neurons (n = 100 cells
for each condition) based on their neurite length and branching parameters following NGF
or NT-3 treatments.

When we compared the growth response of Trk-A- or parvalbumin-expressing neurons to
NGF or NT-3 treatment, we found a significant difference in their primary neurite length
and number of branches from their primary neurites (P < 0.001; Table 1). In cultures grown
in NGF, 57% of the TrkA-positive neurons had no branches, 36% of them had 1-3 branches,
and only 7% of them had more than 4 branches (Table 1A). However, in cultures grown in
NT-3, 34% of the neurons had no branches, 15% of the neurons had 1-3 branches, and 51%
of them had more than 4 branches (Table 1A). Parvalbumin-positive neurons also had
significantly more branches in cultures treated with NT-3 (71%) than those treated with
NGF (17%; P < 0.001, Table 1B). Although 44% of them had no branches in NGF
supplemented cultures, this percentage was only 9 in NT-3-supplemented cultures (Table
1B).

Treatment with NGF resulted in 72% of the TrkA-positive, and 66% of parvalbumin-
positive neurons having total length of the primary neurites longer than 500 pm (Table
1C,D). On the other hand, treatment with NT-3 resulted in 35% of TrkA-positive, and 15%
of parvalbumin-positive neurons having neurites longer than 500 um (Table 1C,D). In
cultures grown in NGF, only 3% of the parvalbumin-positive neurons were shorter than 250
um, but in cultures grown in NT-3, 40% of them were shorter than 250 pm (Table 1D).
Similarly, TrkA-positive axons were also significantly shorter (P < 0.001) in cultures treated
with NT-3 than those of treated with NGF (Table 1C). Thus, general trends in axonal
responses of - or parvalbumin-expressing neurons to NGF or NT-3 treatment were in the
form of elongation or arborization, respectively.

DISCUSSION

In the present study, we report that in wholemount trigeminal pathway cultures, addition of
NGF to the serum-free culture medium led to a robust growth of trigeminal axons in the
form of elongation. In the presence of NT-3, central TG axons developed discrete arbors.
Neurotrophin-3 induced collateralization and arborization of the central trigeminal axons as
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early as E13 (whereas in vivo arborization begins at E17). Primary sensory neurons depend
on NGF family of neurotrophins for survival, and express different receptor tyrosine kinases
(Trks) which bind these ligands (Kalcheim et al., 1987; Hohn et al., 1990; Maisonpierre et
al., 1990a,b; Vogel and Davies, 1991; Davies, 1992; Mu et al., 1993; Lamballe et al., 1994;
Bothwell, 1995; White et al., 1996). Both peripheral and central targets express
neurotrophins coincident with neurogenesis of sensory ganglia and before the first axons
reach their prospective target fields (Lindsay et al., 1985; Davies et al., 1987; Ernfors and
Persson 1991; Schechterson and Bothwell, 1992). The developing rodent whisker field
expresses NGF, NT-3, NT-4, and BDNF mRNA with differing distributions around whisker
follicles (Davies et al., 1987; Ernfors et al., 1992; Ibafiez et al., 1993). Centrally, not much is
known about neurotrophin expression and regulation in the brainstem trigeminal nuclei.
High levels of mMRNA expression for the neurotrophins NT-3 and NGF have been reported
in the developing rat spinal cord and brainstem (Maisonpierre et al., 1990b; Elkabes et al.,
1994). Examination of NT-3 expression by using lacZ histochemistry in wholemounts of
embryos provides greater resolution than in situ hybridization studies, and using this
approach,Wilkinson et al. (1996) did not observe NT-3 expression in the central targets of
TG neurons between E10.5 and E13.5. However, this period is before the onset of
arborization of the trigeminal tract axons. Presently, we do not know whether endogenous
expression of neurotrophins in central trigeminal targets play a regulatory role in axon
growth and branching patterns during in vivo development. Observations from mice with
null mutations of NGF or NT-3 do not indicate major developmental abnormalities of the
central pathways for primary sensory neurons of DRG and TG (Ernfors et al., 1994; Farifias
et al., 1994; see Snider, 1994 for a review). In these mice, compensatory mechanisms might
be operational, and perhaps more information could be gleaned from double knockouts. It is
also possible that in vivo spatiotemporal regulation of neurotrophin expression in the
whisker pad (Davies et al., 1987; Ernfors et al., 1990, 1992; Ibafiez et al., 1993) might
influence peripheral TG axons in such a way that their central counterparts undergo
developmental changes in their structural differentiation. This possibility could be studied in
mice with overexpression of different neurotrophins only in the peripheral targets of TG
neurons. Although such mice have been generated by using a keratin promoter (Albers et al.,
1994, 1996; Davis et al., 1997), details of central trigeminal axon differentiation have not
been charted. The results reported in the present study cannot be interpreted to mean that
similar mechanisms are operational during in utero development of the rodent trigeminal
pathway. However, they clearly show that exogenous application of neurotrophins lead to
dramatic shifts in axon growth patterns. This response of embryonic trigeminal neurons
could be further exploited in studies aimed at restoring damaged sensory pathways during
development.

Differential effects of NGF and NT-3 on embryonic trigeminal axons could be seen in
dissociated cell cultures as well. It is important to note that these cells grow in the absence
of peripheral and central target influences. Qualitative and quantitative analyses consistently
revealed that axon growth was in the form of elongation in the presence of NGF, and in the
form of short growth with pronounced branching and arborization in the presence of NT-3.
However, we could not attribute these axon growth patterns to specific classes of neurons.
Results from parvalbumin and TrkA immunohistochemistry did not yield insights into this
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issue. It might be argued that NGF and NT-3 selectively promoted the survival of small
neurons programmed to emit long and unbranched axons and large neurons intrinsically
programmed to become short and branched. However, in cultures with two neurotrophins,
the neurite length and branching of both small and large neurons increased. This effect
cannot be solely attributed to selective cell survival and intrinsic programming of different
classes of cells in their axon growth parameters.

Recently Huang et al. (1999) reported limited coexpression of different Trk receptors at
early ages in the mouse trigeminal ganglion, but at E13.5, each neuron was found to express
only one Trk receptor in vivo. E15 rat TG neurons also do not coexpress TrkA and TrkC
receptors (Genc and Erzurumlu, 2000). Under in vitro conditions, neurotrophin treatment
may change the expression patterns of Trk receptors, as well as neuropeptides and calcium-
binding proteins, and there is precedence for this in the avian sensory ganglia (Friedel et al.,
1997). In situ hybridization studies in adult rat DRGs also indicate that different percentages
of ganglion cells coexpress mRNA for high- and low-affinity neurotrophin receptors
(Kashiba et al., 1995; Karchewski et al., 1999). However it is not clear whether these
receptors are expressed at the protein level. New preliminary results from our laboratory
indicate that under culture conditions, dissociated E15 TG cells coexpress TrkA and TrkC
proteins few hours after plating in serum-free medium, or medium supplemented with
neurotrophins (Genc and Erzurumlu, 2000). In the present study, immunohistochemical
labeling of neurons with anti-TrkA antibody showed that half of the neurons (51%) had
more than four branches in cultures treated with NT-3. This percentage was only 7% in NGF
treated cultures. On the other hand, in the presence of NGF, 57% of TrkA-positive cells, and
in the presence of NT-3, 34% of TrkA-positive cells had unbranched primary neurites. Thus,
these results are consistent with the idea that NGF and NT-3 can differentially affect axon
growth parameters of the same or overlapping populations of TG neurons. At the present
time, we do not know whether NGF and NT-3 effects on axon growth parameters are
mediated via binding of these ligands to specific high-affinity Trk receptors or low-affinity
p75 receptors. Ongoing studies using tissues from p75 null mice might shed light to this
issue.

Our current observations are also consistent with those reported by Lentz et al. (1999).
These authors took advantage of the BAX knockout mice, in which the absence of this
apoptosis regulator gene allows sensory neurons to survive independently of neurotrophins.
By using DRG cells from these mice as baseline controls, they demonstrated differential
effects of NGF and NT-3 on axon elongation and branching, respectively. The present
results from cultured embryonic rat TG neurons complement their observations from BAX-
deficient mouse DRG cells. Thus, neurotrophin effects on axon growth patterns of sensory
neurons of dorsal root and cranial ganglia may be a shared phenomenon in the peripheral
nervous system. Our results from explant cultures also demonstrate these effects in an intact
sensory pathway maintained in vitro. Furthermore, wholemount explant cultures allowed us
to examine the effects of neurotrophins on peripheral versus central axons of the ganglion
cells, which is impossible to differentiate in dissociated cell cultures.

Exogenous addition of NGF and NT-3 into wholemount cultures affected axon growth in the
whisker pad as in the central trigeminal tract. Unlike central axons, peripheral trigeminal
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axons give rise to collateral branches as soon as they enter the whisker pad. In cultures
grown in SFM, the 10 nerve and its tightly bundled fascicle of axons are readily identifiable.
Within the whisker pad, 10 nerve branches (presumptive whisker row nerves) fan out
towards the nasal pole. Axon growth in these cultures was similar to that seen in E13
embryos fixed immediately after dissection and labeled with Dil (data not shown). In NGF-
treated cultures, axon growth in the maxillary process was robust. Instead of a tightly
bundled 10 nerve, thick fascicles of axons entered this peripheral target field. Many axons
crisscrossed between thick fascicles. In NT-3-treated cultures, axon growth was also dense,
but these axons did not span long distances from a caudal to rostral direction. They often
formed entangled bundles and neuritic knots. These results are in agreement with in vivo
studies in which NGF or NT-3 transgene is expressed at high levels in keratinized
epithelium (Albers et al., 1994, 1996; Davis et al., 1997). In these transgenic mice,
neurotrophin overexpression in the peripheral target tissues leads to increase in skin
innervation density, and in the number of trigeminal sensory neurons. Ongoing studies are
aimed at determining changes in the numbers of cells and their size-specific distribution in
the TG of wholemount explants grown under different conditions.

The innervation of the whisker pad fur between the vibrissal follicle sinus complex (FSC) of
normal mice is similar to that reported for normal rats (Rice et al., 1993, 1997; Fundin et al.,
1997). Rice and colleagues showed that axons derived from the infraorbital nerve fascicles
form a dense plexus composed of four tiers, each with distinct classes of sensory endings
(Rice and Munger, 1986; Rice et al., 1986, 1993). A detailed analysis of these endings
following neurotrophin treatments in wholemount cultures was beyond the scope of this
study. However, studies on neurotrophin or Trk receptor knockout mice clearly show that
neurotrophins do regulate this aspect of trigeminal axon-target interactions as well (Fundin
et al., 1997; Rice et al., 1998). These studies indicate that NGF/TrkA signaling plays a major
role in the outgrowth and proliferation of sensory axons, whereas NT-3/TrkC signaling plays
a major role in the formation of sensory endings. Most types of afferents are dependent on
different combinations of neurotrophins and receptors for their survival (Fundin et al.,

1997).

The findings reported here suggest a role for neurotrophins NGF and NT-3 as potential
regulators of trigeminal axon growth. However, other molecules most likely play a role in
determining trigeminal axon growth patterns. For example, glial cell line-derived
neurotrophic factor (GDNF) and neurturin (NTN) have been shown to influence trigeminal
neurons (Fundin et al., 1999; Rosenthal, 1999). Recently, Slit 2, mammalian homologue of
Drosophila Slit, has been identified as an axon elongationand branch-promoting factor for
embryonic rat DRG neurons (Wang et al., 1999). The relative contributions of these
molecules to sensory axon growth phases remain to be determined in vivo.

What are the cellular mechanisms that mediate different axonal responses to NGF and
NT-3? Distinguishing between growth-permissive (i.e., survival-promoting), and instructive
(i.e., axon growth patterns) effects of neurotrophins have been a difficult task. For cell
survival and differentiation, related intracellular signaling pathways have been detailed (see
Klesse and Parada, 1999, for a recent review). For neurotrophin-induced differentiation
response, intracellular signals that couple growth factors to mitogen-activated protein kinase
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(MAPK) appear to be critical (Alessi et al., 1995; Skaper and Walsh, 1998). Cross-talk
between different Trk receptors and their ligands may activate more than one signaling
cascade, some leading to proliferation, some to cell survival, and others to finer aspects of
neurite differentiation, elongation, and arbor formation. Furthermore, all these effects could
be a dynamic interplay during the course of development, some mechanisms operating
within a narrow window, others in an overlapping fashion. Discrepant numbers of cell losses
between mice with null mutations for specific neurotrophins and their high-affinity receptors
(e.g., NT-3 and TrkC knockout mice) underscore multiplicity of the signaling pathways
involved (see Snider, 1994 for a review). Most likely, different classes of sensory neurons
spatiotemporally regulate their expression of a variety of receptors giving them the option to
interact with ever-changing supply of neurotrophins. This could then lead to a shifting
balance at any given moment in development and optimize cell survival, generation of
neurites, and maintenance of axon terminals in target fields. Such a strategy can also enable
developing axons to better respond to and interact with a variety of target-derived axon
growth regulatory molecules.
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Abbreviations

ATr
BDNF
BSTC
CGRP
CMF-H
CNS
DAB
Dil
DRG
DTr

E

FSC
GDNF

ascending trigeminal tract

brain-derived neurotrophic factor

brainstem trigeminal nuclear complex

calcitonin gene-related peptide

calcium, magnesium-free Hank’s balanced salt solution
central nervous system

3,3-diaminobenzidine tetrahydrochloride
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate
dorsal root ganglion

descending trigeminal tract

embryonic day

follicle-sinus complex

glial cell line-derived neurotrophic factor
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GBSS Gey’s balanced salt solution supplemented with sucrose
10/ION infraorbital nerve

nasal pole
NGF nerve growth factor
NT-3 neurotrophin-3
NTN neurturin
PBS phosphate-buffered saline
SFM serum-free culture medium
TBS tris-buffered saline
TG trigeminal ganglion
Trks receptor tyrosine kinases
WEF whisker follicle
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Fig. 1.
Developmental history of the rat trigeminal pathway. Significant developmental events for

the rat trigeminal pathway are schematized in the top panel. Diagrammatic illustrations of
axon growth phases along the central trigeminal pathway during embryonic development are
shown in the bottom panel (drawings not to scale). On the left, wholemount explant
preparation of intact trigeminal pathway (whisker pad, trigeminal ganglion, and brainstem)
is sketched. Dashed lines in bottom panel indicate where the whisker pad was left out in

J Comp Neurol. Author manuscript; available in PMC 2014 December 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ulupinar et al.

Page 21

some cultures. WP, whisker pad. For other abbreviations, see list. Adapted with permission
from Erzurumlu and Jhaveri (1992). J Neurosci 12:3946-3955.
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Fig. 2.

Ef?‘ects of neurotrophins on embryonic day (E)15 central trigeminal axons. Low power
photomicrographs of E15 of wholemount cultures of intact whisker pad-trigeminal ganglion
(TG)-brainstem (A,C,E) or brainstem with TG (B,D) explants. Trigeminal axons are labeled
by inserting 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil)
implants into the ganglion, and the fluorescent label is photoconverted. In control
preparation (A), trigeminal pathway is fixed immediately after dissection. At this age, in
cultures grown in serum-free culture medium (SFM), central trigeminal axons remain
unbranched, and tightly fasciculated, as in normal control cases (F). In the presence of nerve
growth factor (NGF; B,C), central trigeminal axons leave the tract, and extend medially or
laterally into the brainstem (arrows). In the presence of neurotrophin-3 (NT-3; D,E), these
axons emit collaterals and arborize along the trigeminal tract (arrows). Higher magnification
views of descending trigeminal tract axons following NGF (G) and NT-3 (H) treatment.
Scale bar = 600 pm in A,C,E; 300 ym in B,D; 75 um in F-H.
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Fig. 3.
Camera lucida drawings of the central trigeminal tract axons following nerve growth factor

(NGF; A) or neurotrophin-3 (NT-3; B) treatments from embryonic day (E)15 wholemount
explant cultures. Scale bar = 100 pm.
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Fig. 4.
Effects of neurotrophins on embryonic day (E)13 central trigeminal axons. Low-power

photomicrographs of E13 wholemount cultures of intact whisker pad-trigeminal ganglion
(TG)-brainstem explants (A-C). As in E15 cases, central trigeminal axons remained
unbranched in cultures grown in serum-free culture medium (SFM; A and D). In nerve
growth factor (NGF)-treated cultures (B and E), descending trigeminal tract expanded and
dense axon fascicles diverged from the central tract into the brainstem parenchyma. In
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neurotrophin-3 (NT-3)-treated cultures (C and F), axons formed short collateral branches
some with rudimentary arbors. Scale bar = 500 um in A-C; 150 um in D-F.
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Fig. 5.

Argbor—inducing effects of neurotrophin-3 (NT-3) at embryonic day (E)13 and E15.
Collateral inducing effects of NT-3 (arrowheads) can be seen as early as E13, the initial
phase of trigeminal tract formation (A-C). B is the high magnification view of descending
trigeminal tract shown in A. In some of the cultures from E13, defasciculation of central
trigeminal arbors in the descending tract was also apparent (C). 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchloratn (Dil)-labeled central trigeminal axons from an E15
wholemount culture of brainstem explant with intact trigeminal ganglion (TG; D), and a
higher-power view of dense collaterals and arbors is shown in E. Central trigeminal axons
begin their collateralization (arrowheads) at E17 during normal development in vivo (F). For
abbreviations, see list. Scale bar = 100 ym in B,C,E,F; 200 pm in D; 300 pm in A.
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Fig. 6.
Effects of neurotrophins on embryonic day (E)13 peripheral trigeminal axons. 1,1’-

dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (Dil)-labeled and
photoconverted peripheral trigeminal axons in E13 whisker pad explants of intact
wholemount cultures. In cultures grown in serum-free culture medium (SFM), infraorbital
nerve (ION) remain tightly fasciculated, and after entering from the caudal edge of
maxillary pad explants, breaks up into whisker row nerves (A). In nerve grwoth factor
(NGF)- or neurotrophin-3 (NT-3)-treated cultures, axonal morphologies are notably

J Comp Neurol. Author manuscript; available in PMC 2014 December 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Ulupinar et al.

Page 28

different: several thick fascicles of peripheral trigeminal axons enter the maxillary pad
(B,C). In NGF-treated cultures, dense fibers occupy a larger area in the maxillary pad
explants in comparison to ones grown in the presence of NT-3 or SFM (B). Arrows indicate
the “knots” seen in NT-3-treated cultures (C). Scale bar = 300 um.
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Fig. 7.
Bar graph showing the survival of embryonic day (E)15 trigeminal ganglion (TG) neurons

cultured in serum-free culture medium (SFM) supplemented with 10% fetal calf serum,
nerve growth factor (NGF) alone (50 ng/ml in SFM), neurotrophin-3 (NT-3) alone (50 ng/ml
in SFM), and in NGF+NT-3 (50 ng/ml each in SFM). Percent survival of neurons in each
case was determined as described in Materials and Methods. Note that TG neurons survive
the best in the presence of both neurotrophins or NGF alone, moderately in the presence of
NT-3 alone, and completely die off in SFM supplemented with fetal calf serum after 24
hours in culture. Differences in percentages of surviving neurons under different conditions
were highly significant (P < 0.001).
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Fig. 8.

A

Distribution of embryonic day (E)15 trigeminal ganglion (TG) neurons based on their soma
size in the presence of nerve growth factor (NGF), neurotrophin-3 (NT-3), or mixture of
both neurotrophins. Note that the vast majority of neurons are small cells in NGF-treated

cultures. In NT-3-treated cultures, there is a wider range of soma size with a distinct
tendency towards larger neurons. In the presence of both neurotrophins, soma size of

neurons also show a wide distribution with peaks in the small and large cell body ranges.
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Fig. 9.
Photomicrographs and camera lucida drawings of embryonic day (E)15 trigeminal ganglion

(TG) neurons cultured in the presence of nerve growth factor (NGF) for 3 days. These
neurons are mostly small cells with very long, unbranched primary neurites. Note the
presence of both parvalbumin immunopositive (marked with asterisks) and TrkA
immunopositive (unmarked) cells. Scale bar = 100 pm.
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Fig. 10.
Photomicrographs and camera lucida drawings of embryonic day (E)15 trigeminal ganglion

(TG) neurons cultured in the presence of neurotrophin-3 (NT-3) for 3 days. These neurons
are mostly large cells with short primary neurites and focal arbors. Note the presence of both
parvalbumin immunopositive (marked with asterisks) and TrkA immunopositive
(unmarked) cells. Scale bar = 100 pm.
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Fig. 11.
Photomicrographs and camera lucida drawings of embryonic day (E)15 trigeminal ganglion

(TG) neurons (immunostained with TrkA) cultured in the presence of nerve growth factor
(NGF) + neurotrophin-3 (NT-3) for 3 days. Note that these neurons vary in size, extend
longer primary neurites, and develop branches with arbors. Scale bar = 100 um.
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Fig. 12.
Bar graphs illustrating soma size, primary neurite length, and number of branches from the

primary neurites for each of the experimental conditions used in this study. Soma size was
the smallest in nerve growth factor (NGF)-treated cultures, but largest in neurotrophin-3
(NT-3)- or NT-3 + NGF-treated cultures. Total length of primary neurites was the highest in
NGF-treated cultures (P < 0.001), lowest in NT-3-treated cultures. Number of branches from
the primary neurites was the highest in NT-3-treated cultures (P < 0.001) and lowest in
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NGF-treated cultures. The values in the graph represent means + S.E.M. of analysis of 200
neurons for each condition.
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Differentiation of TrkA and Parvalbumin-Positive Cells in Cultures Treated With Nerve Growth Factor (NGF)
or Neurotrophin-3 (NT-3) Alone”

% of neurons with no
branches from the primary

% of neurons with 1-3
branches from the primary

% of neurons with >4
branches from the primary

A. TrkA neurites neurites neurites
NGF 57 36 7
NT-3 34 15 51

% of neurons with no
branches from the primary

% of neurons with 1-3
branches from the primary

% of neurons with >4
branches from the primary

B. Parvalbumin neurites neurites neurites
NGF 44 39 17
NT-3 9 20 71

% of neurons with total length of % of neurons with total length of % of neurons with total length of
C. TrkA the primary neurites 0-250 ym  the primary neurites 250-500 pm the primary neurites >500 um
NGF 4 24 72
NT-3 18 47 35

% of neurons with total length
of the primary neurites 0-250

% of neurons with total length
of the primary neurites 250—

% of neurons with total
length of the primary

D. Parvalbumin um 500 pm neurites >500 pm
NGF 3 31 66
NT-3 40 45 15
*
P <0.001.
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