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Abstract

In dissociated cell and wholemount explant cultures of the embryonic trigeminal pathway NGF 

promotes exuberant elongation of trigeminal ganglion (TG) axons, whereas NT-3 leads to 

precocious arborization [J. Comp. Neurol. 425 (2000) 202]. In the present study, we investigated 

the axonal effects of local applications of NGF and NT-3. We placed small sepharose beads 

loaded with either NGF or NT-3 along the lateral edge of the central trigeminal tract in TG-

brainstem intact wholemount explant cultures prepared from embryonic day 15 rats. Labeling of 

the TG with carbocyanine dye, DiI, revealed that NGF induces local defasciculation and diversion 

of trigeminal axons. Numerous axons leave the tract, grow towards the bead and engulf it, while 

some axons grow away from the neurotrophin source. NT-3, on the other hand, induced localized 

interstitial branching and formation of neuritic tangles in the vicinity of the neurotrophin source. 

Double immunocytochemistry showed that axons responding to NGF were predominantly TrkA-

positive, whereas both TrkA and TrkC-positive axons responded to NT-3. Our results indicate that 

localized neurotrophin sources along the routes of embryonic sensory axons in the central nervous 

system, far away from their parent cell bodies, can alter restricted axonal pathways and induce 

elongation, arborization responses. D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The NGF family of neurotrophins plays an important role in differentiation of axonal 

processes of many types of neurons [4,5,45]. In dissociated primary sensory neuron cultures 

and in explant cultures of the embryonic trigeminal pathway, exogenous application of NGF 

promotes exuberant axon elongation outside the central trigeminal tract, whereas NT-3 leads 

to precocious arborization of central trigeminal tract axons [43]. However, the main 
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difficulty in addressing the role of neurotrophins in axonal development has been in 

differentiating between the morphological and survival effects. Recently, this problem was 

circumvented by using dissociated dorsal root ganglion (DRG) cell cultures from bax-

deficient mice, in which the null mutation of the pro-apoptotic bax gene enables the primary 

sensory neurons survive in the absence of neurotrophins [23]. Despite differential effects of 

NGF and NT-3 on primary sensory neurons [23,43], their precise roles on the growth 

patterns of axonal projections remain unclear. Because, in both studies [23,43], 

neurotrophins were added to the culture medium at varying concentrations and thus, they 

were ubiquitously available to all neurons and their axonal processes. Few studies employed 

local applications of neurotrophins in dissociated cell cultures. Gundersen and Barrett [14] 

showed that dissociated chick dorsal root ganglion (DRG) cell axons turn towards NGF. 

Collateral formation from the neurites of dissociated chick DRG cells was noted in the 

presence of neurotrophin-coated beads [12]. Neurotrophin-coated beads most likely exert 

their effect upon contact with the axonal processes. Recently, Tucker et al. [39] showed 

chemotropic effects of ectopic neurotrophin sources on mouse sensory-motor nerves in 

embryonic slice cultures. They reported that developing limb sensory and motor axons 

change their trajectories and preferentially grow towards neurotrophin-coated beads that are 

placed in ectopic loci. Beads coated with neurotrophin function blocking antibodies led to 

significant reduction of sensory and motor axon growth towards the limb. In the present 

study, we investigated the effects of localized neurotrophin sources on the behavior of 

embryonic rat central trigeminal axons in the brainstem. We embedded neurotrophin-soaked 

beads along the central trigeminal tract in wholemount cultures of the trigeminal pathway 

and examined axonal effects to test the hypothesis that NGF and NT-3 have differential and 

localized axonal effects on both TrkA- and Trk-C positive central trigeminal axons.

2. Materials and methods

Timed-pregnant Sprague–Dawley rats were obtained from Taconic Farms (Germantown, 

NY). Day of sperm positivity was designated as embryonic day (E) 0. In the rat, central 

trigeminal axons first enter the brainstem on E12 and begin laying down the ascending and 

descending components of the central trigeminal tract by E13 [9,11]. By E15, central 

trigeminal tract becomes distinct as a laterally positioned and highly restricted pathway with 

all of its axons growing in the elongation phase with no branching or arborization [9]. In 

explant cultures of this pathway, central trigeminal axons retain their E15 characteristics, 

even after 3 days in vitro [10,43]. For these reasons, we selected to use this embryonic time 

point for our experiments. E15 rat embryos were removed from the dams under barbiturate 

anesthesia. All of the protocols used in this study were approved by the LSUHSC IACUC 

and conformed to the NIH guidelines for use of experimental animals.

2.1. Preparation of trigeminal ganglion (TG)-brainstem intact wholemount explants

E15 embryos were collected in cold Gey's balanced salt solution (Invitrogen, Gaithersburg, 

MD) supplemented with D-galactose (Sigma, St. Louis, MO, 6.4 gm/l). All of the 

dissections were performed under a stereomicroscope, using dark field optics, and under 

sterile conditions. The head of each embryo was removed and rinsed in GBSS. Next the 

forebrain was removed, and the trigeminal ganglia on both sides and the brainstem up to the 
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cervical spinal cord level were carefully dissected out. The surrounding meninges were 

removed and the brainstem with TG on both sides was splayed out in an “open book” 

preparation (Fig. 1A, inset). In these preparations the central trigeminal tract is located 

superficially at the bottom (ventrally and just below the meningeal surface), and the top of 

this approximately 150-μm thick explant is the ventricular surface. These wholemounts are 

laid on to microporous membranes with the ventricular surface up and the trigeminal tract 

side down, and the beads are implanted on the ventricular surface (Fig. 1A, inset). In several 

wholemounts (n=20) a single neurotrophin-loaded bead (blue) was placed on one side along 

the lateral side of the central trigeminal tract, and a control (BSA or PBS-loaded) bead 

(white) was placed along the lateral side of the central trigeminal tract on the other side. This 

allowed us to compare axonal effects in the same culture and two sides of each explant. In 

other explants, NGF or NT-3-loaded beads were placed bilaterally (n=68 for NGF, 54 for 

NT-3). In a few cases (n=6) a single neurotrophin-soaked bead was implanted along the 

midline of the brainstem, and TG on both sides was labeled with DiI. The culture 

preparation is illustrated in Fig. 1A.

During implantation of the beads, the location of the tract is estimated from previous 

observations with DiI-labeled specimens, and the beads are positioned as laterally as 

possible. In a few cases (n=6), the beads lodged just over the trigeminal tract about 100–150 

μm away from it on the ventricular surface of the explant. These cases were quite 

informative about the response of single axons within the tract, as described in the results. 

All explants were cultured on Millicell (Millipore, Bedford, MA) inserts with microporous 

membrane. Excess GBSS was suctioned off and the inserts were placed in 6-well culture 

plates, each well containing 1 ml of serum-free culture medium (SFM) [32,41,43]. The 

cultures were maintained in a 33°C incubator with humidified air and 5% CO2 for 3 days. At 

the end of the culture period, the explants were fixed with 4% paraformaldehyde in 

phosphate buffered saline (PBS, pH=7.4). In order to examine the initial behavior of axons 

towards the neurotrophin-soaked beads and progression of axonal responses we fixed some 

cultures (n=8) 24 h, and 48 h (n=8) after incubation.

2.2. Preparation of neurotrophin-loaded beads and assessment of protein release

Color-coded sepharose beads (average diameter 200 μm, gift of K. Muneoka, Tulane 

University) were washed twice with PBS (pH=7.4) in an eppendorf tube under sterile 

conditions. Beads were incubated for 30 min at room temperature and excess PBS was 

removed and they were briefly air-dried under sterile conditions. The white beads were 

loaded with BSA (100 ng/μl) or were kept in PBS to be used as negative controls. The blue 

beads were loaded either with 100 ng/μl of NGF or 100 ng/μl NT-3 (Collaborative 

Biomedical Products, Bedford, MA, and Sigma) at 4 °C overnight on a shaker. For each 

experiment, the beads were prepared a day in advance and were kept at 4 °C until 

implantation.

To determine the amount of neurotrophins carried by the beads, we measured the protein 

concentration of the neurotrophin solution before and after loading the beads using micro 

BCA protein assay kit (Pierce, Rockford, IL). The assay has a linear working range of 0.5–

20 ng/μl of protein. The starting concentration of our neurotrophin solution was 100 ng/μl 
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and after overnight shaking of the beads in it at 4 °C, we collected the neurotrophin solution, 

prepared different dilutions to find out the final concentration of the neurotrophin. Therefore 

we used the working range for our measurements and multiplied it with the corresponding 

dilution factor. In the second part of the experiment where we investigated the neurotrophin 

release from the beads we used all of the sample since the volume was very small and the 

concentration was very low, but still within detectable range. We then divided the difference 

to the number of beads loaded. For each experiment we used 100 beads of the same size. We 

repeated the experiment three times to get an average. We found that after overnight soaking 

the neurotrophin level dropped from 100 to 60 ng/μl, and we reasoned that the difference 

must be distributed within the 100 beads. Since our loading volume was 50 μl, this 

suggested that each bead (diameter 200 μm, surface area 0.126 mm2, volume 0.04 mm3) is 

loaded approximately with 20 ng of neurotrophin. To assay the release of protein from the 

bead, we used a similar approach to culture conditions we used and incubated 100 loaded 

beads at 33°C in 10 μl of PBS. We collected PBS (10 μl) and replaced it with fresh PBS at 

daily intervals (day 1, day 2, day 3) and calculated the protein level by using BCA-Micro kit 

with a slight modification of the manufacturer's instructions since we were using very small 

volumes. We repeated these experiments twice. We detected protein in the solution after the 

first day (5–7 ng/μl) and second day (1–3 ng/μl), but protein levels were undetectable after 3 

days, suggesting that most of the protein was released by the end of the second day in 

culture. We used PBS for our release experiments because it was the solution used to wash 

and prepare the beads. Since the protein detection is very sensitive, SFM or any other 

solution that contains proteins would introduce confounding variables.

2.3. Analysis of axonal responses to localized neurotrophin sources

After fixation of the cultures, small crystals of carbocyanine dye, DiI (Molecular Probes, 

Eugene, OR), was inserted into the left and the right TG under a stereomicroscope. The 

cultures were then incubated at 37 °C for 7 days for the dye to diffuse along the TG axons. 

When the labeling was complete, the trigeminal tract was photographed with a digital 

camera attached to a Nikon Micro-phot microscope under epifluorescence using a 

rhodamine filter set. Select cultures were also examined under a confocal microscope 

(Nikon TE-300 with Radians 2000 laser scanning system, Bio-Rad) and a z series of 

photographic images were captured, compressed or saved as 3-D rotational movie files. In 

several cases the labeled axons were photo converted using the method described by Sandell 

and Masland [36]. In such cases, the fluorescent dye is photo-oxidized in the presence of 

diaminobenzidine; the labeled axons turn brown and can be examined under the light 

microscope without any fluorescence bleaching problems.

For quantitative analyses, axonal labeling was imaged at 20 × magnification and printed on a 

full page. A transparent sheet with 50 × 50 μm grids was placed on top of the pictures. The 

labeled central trigeminal tract was designated as zero reference point. For each case a 

constant length of the central trigeminal tract was used for measurements. Each grid 

containing an axon was counted as one. Both lateral and medial axon outgrowth was 

quantified. The number of grids containing axons was scored. The average and standard 

deviation of grids containing axons were calculated using the Microsoft Excel program. The 

result was plotted as the number of grids containing axons versus the length in consecutive 
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50-μm increments for both lateral and medial directions. For statistical evaluation, two pairs 

of metrics were used: mean length of axons and mean axon density in the medial and lateral 

directions away from the central trigeminal tract. Statistical comparisons were made by 

using the one-tailed t-test. Before the application of the proper t-statistic, an F-test was used 

to detect any difference in the variance of experimental conditions [30]. Error bars in the 

graphs represent one standard deviation.

2.4. Trk immunocytochemistry in explant cultures

To determine whether different or same classes of TG cells responded to localized sources 

of neurotrophins we used TrkA and TrkC double immunocytochemistry. In this series of 

experiments, wholemount cultures were fixed with 4% PFA overnight, and cryoprotected in 

30% sucrose in PBS at 4 °C. Some 20 μm thick sections were cut in the horizontal plane 

using a cryostat and the sections were collected onto subbed slides. All 

immunocytochemical procedures were performed on the slides.

For immunocytochemistry sections were first washed with PBS and then treated with a 

blocking solution (10% normal donkey serum in PBS, containing 0.3% TritonX-100) for 45 

min at room temperature. Sections were then incubated in a cocktail of rabbit anti TrkA 

antibody (1:1000) and goat anti TrkC antibody (1:200) in blocking solution at 4 °C 

overnight. Both antibodies are gifts from L. Reichardt (UCSF). The next day the sections 

were washed twice for 5 min and then incubated in CY-3 conjugated donkey anti rabbit 

secondary antibody (Chemicon, Temecula, CA, 1:200) and FITC-conjugated donkey anti 

goat secondary antibody (Chemicon, 1:200) for 2 h at room temperature in the dark. Control 

sections were processed the same way, except the primary antibodies were omitted or single 

antibody was used. The slides were then washed with PBS, and coverslipped using 

Fluormount (Sigma). The labeling was analyzed with confocal microscopy.

3. Results

The culture paradigm we used mimics many aspects of the embryonic development of the 

trigeminal pathway in vivo and it also allows us to experimentally manipulate one trigeminal 

tract while using the contralateral tract as an internal control (Fig. 1A).

In all of our cultures, control beads (BSA-soaked or PBS-washed beads) we saw no 

alterations in the trigeminal tract (n=20, Figs. 1B and 2A). Axons maintained their 

unbranched and highly restricted trajectories within the central trigeminal tract. In contrast, 

the experimental side of the same cultures revealed dramatic changes in the growth patterns 

of trigeminal axons.

When an NGF-loaded bead was placed lateral to the central trigeminal tract, many axons left 

the tract and extended towards the bead, engulfing it by the end of the 3-day culture period 

(n=68, Figs. 1C, 2C,D and 3E,F). Surprisingly, some axons left the tract and grew medially 

away from the trigeminal tract, in a direction opposite to the location of the bead (Figs. 1C 

and 2B,D). Most of the axons responding to localized NGF source were later developing 

axons that had just reached the level of the bead. This was particularly evident in cases 

where we followed the axonal responses over 24-h intervals (see below). Thus, localized, 
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high concentrations of NGF along the developing trigeminal tract led to divergence of axons 

from the well-defined tract, and growth both towards and away from the neurotrophin 

source. For quantitative assessment of axon growth outside the boundaries of the tract, we 

compared the densities of axons towards (laterally) or away (medially) from the 

neurotrophin source (Fig. 2I). We found significantly more axon outgrowth towards the 

NGF-loaded bead than towards NT-3-loaded beads (p<0.01). With increased distance away 

from the tract (150 μm and more), this difference became highly significant (p<0.001). Since 

majority of axons extended longer distances and engulfed the NGF-loaded beads, higher 

numbers of grids containing axons were present away from the tract. With NT-3 beads, most 

of the axons left the tract and started to form branches and tangles around the bead. 

Therefore, the number of grids containing axons was highest at 50 μm away from the tract, 

and started to diminish after 150 μm distance.

Comparison of axon outgrowth away from the NGF or NT-3 source also revealed 

significantly different responses. In comparison to NT-3-loaded cases, axon outgrowth in 

medial direction (away from the bead) was highly significant in NGF-loaded cases 

(p<0.001). While we saw medial axon growth in many NGF bead cases, we saw few such 

axon outgrowth with NT-3 beads, and these axons did not extend beyond 150 μm (compare 

heights of the bars for NT-3 cases in Fig. 2I). In control bead cases (PBS or BSA) there was 

no axon outgrowth away from the central trigeminal tract in either the medial or lateral 

directions. Occasionally few axons were seen traveling singly and parallel to the tract along 

the lateral edge (Figs. 1B and 2A,I).

We next examined the time course of trigeminal axonal responses to neurotrophins by fixing 

cultures after 24, 48 and 72 h in vitro (Figs. 3 and 4). By the end of the first day in culture, 

there was no noticeable divergence of the axons in the tract towards or away from the NGF 

bead (Fig. 3A). In a few cases where the NGF bead lodged over the tract on the ventricular 

surface of the explant, a distinct defasciculation of the tract at this level was noted and single 

axons tipped with growth cones made right angle turns and left the tract (Fig. 3B, arrows). 

Such aberrant growth of central trigeminal tract axons was clearly present by the end of the 

second day (Fig. 3C) in culture. In three cases, where the bead was located over the 

trigeminal tract on the opposite side of the brainstem explant (see gray bead in Fig. 1A inset 

for reference), we could also see several parent axons in the trigeminal tract turning medially 

or laterally and exiting the tract (Fig. 3D). By the end of the third day, numerous axons 

reached the bead (positioned laterally and away from the tract), and engulfed it (Fig. 3E,F). 

Others left the tract at right angles, and grew away from the bead (Fig. 2B,D). Confocal 

microscopic examination of these axons in 3-D allowed us to determine that central 

trigeminal tract axons that were responding to the localized source of NGF were not 

branches emitted by the axons that have already extended a long way past the location of the 

bead. Instead, they were those, which have just reached the level of the bead in the tract, as 

all of them were tipped with growth cones. Axons that were at the level of the neurotrophin 

bead defasciculated, took abrupt turns from their normal course, and extended towards the 

bead. Others left the central tract and grew in a direction opposite to the bead (Fig. 2B,D). 

Those that grew towards the bead did not extend directly towards the bead, but formed 

circuitous funnels along a narrow corridor towards the bead (Fig. 3E,F), finally engulfing it. 
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Such spiraling growth towards the bead was clear in 3-D images, and in camera lucida 

drawings from z-series micrographs (Fig. 2G). In all of the cases, the most dramatic 

response and axon divergence from the central trigeminal tract was seen within 400–600 μm 

perimeter of the tract with respect to the bead. Thus, the observed effects were localized to a 

circumscribed segment of the trigeminal tract in close proximity to the neurotrophin bead, 

and not present all along the rostrocaudal extent of the tract. For better comparison of NGF 

and NT-3 effects, statistical evaluations were made using only the cases where loaded beads 

were placed lateral to the trigeminal tract and cultured for 3 days in vitro. Cases where NGF-

loaded bead was placed on the ventricular surface directly facing the tract or cases where 

cultures were fixed at different time points were not included in our statistical analyses.

Effects of NT-3-loaded beads on central trigeminal axons were quite different than those 

observed with NGF after 3 days in culture. In these cultures, parent axons in the trigeminal 

tract emitted interstitial branches, which extended towards the bead and arborized; only few 

parent axons turned towards the bead and formed arbors (Figs. 1D, 2E,F,H and 4E,F). 

Occasionally axons growing away from the bead and arborizing along the medial side of the 

tract were noted (Fig. 2F, arrows). Composite camera lucida drawings of axons responding 

to NT-3 are illustrated in Fig. 2H.

Most cases did not show any axon growth towards the NT-3 bead after 24 h in culture (Fig. 

4A) while some displayed axonal responses at the level of the bead (Fig. 4B). Responses to 

NT-3 were quite clear by the end of the second day in culture (Fig. 4C,D) and after 3 days 

(Figs. 2E,F,H and 4E,F). In these cases, few axons with their leading edge at the level of the 

bead turned towards the bead. Mostly, there was interstitial branching from the central 

trigeminal tract axons in the vicinity of the bead (n=54, (Figs. 1D, 2E,F,H and 4E,F)). These 

axons and their branches often formed knot-like tangles facing the NT-3-loaded bead (Figs. 

1D, 2E,F,H and 4E,F). As in NGF cases, there was no apparent spatial segregation of axons 

(within the central trigeminal tract) attracted to or repelled by the bead (Fig. 2G,H). When 

an NT-3 loaded bead was placed in the midline (n=6), the central trigeminal tract axons did 

not leave the tract and no axon outgrowth or arborization was observed (data not shown).

We wanted to determine whether both TrkA and TrkC expressing TG neurons were 

responsive to localized sources of NGF and NT-3. In both TG and DRG, small diameter 

neurons express TrkA and are dependent on NGF for survival. Large diameter neurons that 

express TrkC depend on NT-3 for survival. Our double immuno-labeling in 20 μm frozen 

sections taken from wholemount cultures showed that in both control and experimental sides 

of the cultures, different populations of TG cells express TrkA and TrkC as has been 

reported for in vivo development [19]. Differentially TrkA and TrkC expressing neurons 

were qualitatively similar in cases with control, NGF- or NT-3-loaded beads. An example of 

double immunocytochemistry in the ganglion, rostral tract and the tract near an NGF-loaded 

bead is shown in Fig. 5. Upon neurotrophin binding, Trk receptors are internalized and 

transported towards the cell body (for review, see Ref. [28]). Therefore, TrkA and TrkC 

immunocytochemistry also labels central trigeminal axons (Fig. 5D–F). Distinct and 

nonoverlapping populations of TrkA and TrkC-labeled fibers were clearly visible in the 

central trigeminal tract in both control and experimental (Fig. 5D–I) cultures. As illustrated 

in Figs. 5G–I and 6A,D, dense axons that leave the tract and engulf the NGF beads are those 
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that are mainly TrkA-positive. In some cases we saw no TrkC-positive axons around the 

NGF bead (Figs. 5G–I and 6A–C) while in others we saw few TrkC-positive fibers, but none 

engulfing the bead like the TrkA-positive fibers (Fig. 6D–I). In contrast, both TrkA and 

TrkC-positive axons showed similar responses to NT-3 beads (Fig. 6J–R). Often, the TrkA- 

and TrkC-labeled fibers overlapped. Since in all these cases we did not detect double-

labeled cells in the ganglion we conclude that these fibers are different populations of axons 

that have overlapping terminal fields rather than axons that express both Trk receptors. We 

were not able to detect immunolabeled single axons that leave the tract and extend away 

from the source of the neurotrophin in any of our cases. This could be attributed to the 

sensitivity of immunocytochemistry or lack of TrkA or TrkC expression in the axons that 

preferentially grow away from the neurotrophin source. Further studies with more sensitive 

antibodies to TrkA and TrkC or antibodies to other neurotrophin receptors might reveal the 

class of axons responding to localized neurotrophin sources as seen with DiI labeling.

4. Discussion

4.1. Neurotrophin effects on morphological differentiation of axons

Neurotrophin effects on axonal differentiation have been riddled with difficulties due to 

their trophic effects on cellular viability. Studies in mice with neurotrophin and receptor null 

mutations have revealed clear defects in neuronal survival but not as much for axonal 

development. Two other approaches have yielded significant information on neurotrophins 

and axonal differentiation. One is the use of compartmentalized chambers, wherein 

neurotrophins can be applied selectively to axons or somata (Refs. [2,3], for reviews see 

Refs. [16,29]). The second approach is the analyses of neurons that survive independent of 

neurotrophins. In vitro, sensory neurons that lack the proapoptotic gene Bax, or over express 

the survival-promoting gene Bcl2, show differential axonal growth when stimulated with 

neurotrophins [13,23,26]. In Bax and NGF or TrkA double knockout mice central axons of 

NGF-dependent DRG neurons grow into the spinal cord but their peripheral counterparts fail 

to develop [34].

In the present study, we adopted a different approach, and examined localized effects of 

neurotrophins on central trigeminal axons in wholemount cultures of E15 rat embryos. In 

these cultures, TG cells survive in serum-free culture medium, retain differential expression 

of Trk receptors, and their axons remain restricted within the boundaries of the trigeminal 

tract. In recent preliminary experiments we have repeated these cultures using TG-brainstem 

explants from Bax null mice and the results were indistinguishable (data not shown). Thus, 

the effects we see with neurotrophin beads most likely reflect axonal responses rather than 

selective survival of TG cells.

4.2. Target-derived cues that regulate differentiation and patterning of trigeminal sensory 
axons

Previous work using organotypic trigeminal explant cocultures showed that when embryonic 

TG axons are presented with a chronologically older brainstem targets, they readily arborize; 

conversely when TG axons that have already developed terminal arbors are presented with 

younger brainstem targets, they revert to unbranched growth [10]. Target regulation of 
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trigeminal axon growth patterns has been further demonstrated in studies using xenotypic 

cocultures of trigeminal tissues from embryonic chick and rat [15]. Clearly these results 

indicate the presence of target-derived molecular signals (e.g., netrins, semaphorins, ephrins, 

slits, neurotrophins, extracellular matrix and cell adhesion molecules; for reviews see Refs. 

[20,31,38]) that regulate axonal differentiation, and further that such signals are preserved 

across different species.

We recently reported that a member of the Slit family of proteins, Slit-2 can induce 

arborization of central trigeminal axons at a time when they are in the elongation phase [33]. 

Slit-2 may not be the only molecule involved in central trigeminal axon growth patterns and 

arborization. NGF and NT-3 mRNA expression patterns in the developing spinal cord and 

trigeminal brainstem have been documented [8,22] and the developmental regulation of Trk 

expression in the TG is well-known [1,19]. Thus, NGF family of neurotrophins, in particular 

NT-3 may also participate in branching and arborization of central trigeminal axons in vivo.

4.3. Neurotrophins and axon guidance molecules in construction of the trigeminal pathway

Semaphorin 3A (Sema 3A) and neuropilin receptors play a major role in restricting the 

trigeminal axons along specified routes. In neuropilin or Sema3A knockout mice both 

peripheral and central TG axons expand out and invade territories they normally would not 

[21,42]. Studies in the chick also show spatiotemporal regulation of Sema 3A and neuropilin 

expression in the spinal cord and DRG [35]. In vitro assays indicate that neurotrophins can 

differentially modify growth cone responses to Sema 3A [40]. NT-3 responsive chick DRG 

neurons express neuropilin-1 and show growth cone collapse in response to Sema 3A, but 

they no longer collapse at later ages when they lose neuropilin-1 expression. In contrast, 

NGF-responsive neurons express progressively high levels of neuropilin-1 and show 

pronounced collapse response to Sema 3A [35]. Growth cones of E7 chick DRG neurons 

that have been previously conditioned with exogenous NGF become resistant to collapsing 

effects of Sema 3A [6]. Furthermore, when an NGF-coated bead is placed adjacent to Sema 

3A secreting cells, growth cones do not collapse and they steer towards the NGF-coated 

bead [7].

Rodent TG cells and their axons express high levels of neuropilin 1 as they form a highly 

restricted pathway in the brainstem [42]. At later stages, when TG axons leave the tract and 

invade the brainstem trigeminal nuclei (BSTC), neuropilin 1 expression diminishes. In our 

experiments we used E15 rat embryos at the time the central trigeminal tract is in its 

elongation phase with high levels of neuropilin 1 expression. We show that ectopic 

neurotrophin sources during this stage can disrupt the streamlining of the trigeminal tract 

and induce axonal growth away from the tract into the BSTC. Present results are in 

agreement with those seen in chick DRG cell cultures.

4.4. Location and concentration of neurotrophin stimulation

Gradients of various target-secreted molecules and their concentrations at one specific 

location could play a major role in shaping axonal morphogenesis [16,18,26,37]. A striking 

example of this is the effects of BDNF on retinal ganglion cells. BDNF application in the 

Xenopus retina reduces dendritic arborization of ganglion cells but increases axon terminal 
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arbor complexity when applied in the target [24]. Interestingly, increased BDNF levels in 

the tectum increase dendritic branching of ganglion cells in the retina, without affecting 

axonal branching in the tectum [25]. BDNF release from cortical neurons also effect 

morphological differentiation of neighboring cell dendrites in a distance and concentration-

dependent manner [17]. Additionally, in embryonic chick DRG cultures described above, 

neurotrophin-mediated alterations in collapse response to Sema 3A was concentration 

dependent [6].

We have quantified the amount of protein within the beads and assayed release at 24-h 

intervals between 1 and 3 days in culture. With our detection system we were not able to 

determine protein bound to the bead. In culture conditions, any bound neurotrophin 

molecules would be readily available to axons that contact the bead. Although the release 

kinetics might be different when the bead is embedded over the ventricular surface of the 

explants, our release experiments clearly showed that the beads were loaded with 

neurotrophins and that they release these factors to their vicinity. Indirect evidence also 

suggests that neurotrophins are concentrated around the bead and do not diffuse far away. 

Firstly, when neurotrophins are exogenously added to the culture medium, axonal effects 

can be seen all along the trigeminal pathway [43], with beads, the effects are circumscribed. 

Second, placement of only NGF beads (but not NT-3 beads) in the brainstem midline 

elicited some response from the portions of the trigeminal tract facing the bead, and these 

axons growing away from the tract were never as long as those seen in cases where the bead 

was next to the tract. Third, in our wholemount explant cultures, the left and the right 

trigeminal tracts are about 1500–1800 μm apart. NGF or NT-3-loaded beads on one side 

never elicited any axonal response from the contralateral side. Finally, axons that responded 

to neurotrophin beads were within a distance of 400–600 μm along the rostrocaudal extent 

of the tract facing the bead, and no such responses were seen more rostrally, or caudally in 

the central trigeminal tract. Thus, the effects we report are mostly due to localized actions of 

neurotrophins on TG axons.

In experiments with NGF beads, placed along the lateral portion of the descending 

trigeminal tract, axon growth both towards and away from the NGF source was quite 

intriguing. This type of bidirectional growth might be due to different concentrations of 

NGF axons become exposed to during the culture period. Our results suggest that in explant 

cultures if most of the NGF protein is released from the bead during the initial 24 h, central 

TG axons that first detect these high levels of NGF grow vigorously but away from the bead 

where NGF concentrations would be lower. On subsequent days, axons that encounter lower 

levels of NGF emanating from the bead preferentially grow towards it.

Previously we showed that blocking Rac activity virtually eliminates neurotrophin-induced 

axonal growth outside the trigeminal tract, whereas blocking Rho activity attenuates this 

response [32]. Differential regulation of Rac and Rho balance within the responding axons 

or activation of cAMP [13,27] might underlie extensive, unbranched axon growth towards 

or away from the NGF source. Trk receptor signaling activates not only the Rho family of 

GTPAses, several small G proteins (e.g., Ras, Rap-1), but also MAP kinase, PI 3-kinase and 

phospholipase-C- pathways [26,37]. In addition, p75 receptor plays a major role in affecting 

neurotrophin signaling by Trks, at times cooperatively, at others antagonistically [18] by 
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modifying ligand-binding specificity and affinity. RhoA can be activated by p75, and 

neurotrophin binding can abolish Rho activity [44]. Thus NGF could induce a variety of 

effects depending on its concentration and level of binding to Trks and p75 at a given time 

and locale. Differential gradients of neurotrophin concentration along with other signaling 

molecules most likely regulate the dynamics of axonal cytoskeletal elements via Rho 

GTPases and other intracellular signaling molecules.
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Fig. 1. 
(A) Schematic illustration of the whisker pad-TG-brainstem wholemount cultures and the 

experimental setup. The whisker pads are sectioned off from dashed lines. Small diagram at 

the bottom left illustrates the preparation of the “open book” brainstem explants and inset 

diagram illustrates the relative positions of the tract and the bead. In a few cases the bead 

was located directly across from the tract (gray bead) on the ventricular surface. ATr: 

ascending trigeminal tract; DTr: descending trigeminal tract; BSTC: brainstem trigeminal 

complex, TG: trigeminal ganglion, WP: whisker pad. (B) DiI labeled DTr axons in the 

presence of a control (BSA-loaded) bead. Note that central trigeminal axons are restricted to 

the tract and do not show any response to control bead. (C) NGF-loaded sepharose bead 

induces extensive axon outgrowth both towards and away (arrow) from the source of 

neurotrophin. Many axons leave the tract and encircle the bead. (D) NT-3-loaded beads, on 

the other hand, induce attraction, dense arborization and knot-like structures in the vicinity 

of the bead. Asterisks indicate the beads in (B–D). Scale bar=200 μm for (B–D).
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Fig. 2. 
Effects of NGF and NT-3 on descending trigeminal tract axons and quantitative analysis of 

axon growth. (A) Note that with the exception of a few stray axons laterally, all other axons 

grow tightly fasciculated and none turn towards the control (BSA) bead. (B) DiI-labeled 

axons (arrows) growing medially and away from an NGF bead. (C) The lateral side of the 

same tract showing axons that grow and encapsulate the NGF-loaded bead. (D) Another 

NGF bead case with DiI labeling photoconverted. Note the axons that grow both towards 

and away (arrows) from the bead. (E, F), Attraction and axon branching towards NT-3 

beads. Note that a few axons are also growing away from the bead in F (arrows). (G, H), 

camera lucida drawings of axons from single images through z-series obtained with confocal 

microscopic images illustrating single axons from the parent tract which are turning laterally 

or medially and growing unbranched, in response to NGF (G) and the nodal branching and 

some turning of parent trigeminal axons in the tract in response to NT-3 (H). In (B–H) 

lateral is to the right and rostral is to the top, and in the control case (A) lateral is to the left. 

Asterisks mark the beads. Scale bar=100 μm for (A–F), 50 μm for (G, H). (I) Bar graph 

representation of axon outgrowth analysis both towards (lateral) and away (medial) from the 

neurotrophin source. The thickness of the tract between the medial and lateral edges tract 

was designated as zero reference point for each case. *p<0.01, **p<0.001.
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Fig. 3. 
The effects of NGF bead over a three-day culture period. (A) After 24 h most cases did not 

show any axonal response to the NGF bead. (B) When NGF bead was placed over the 

trigeminal tract on the ventricular side of the explant, a distinct defasciculation and turning 

response of axons that have reached this level is seen. Some axons tipped with growth cones 

(arrows) leave the tract and grow away from the bead. After 48 h in culture, many axons 

show attraction response to the NGF bead (C). (D) A case with an NGF bead over the tract. 

A clear turning of the leading edge of immature axons is evident (arrows). After 3 days in 

culture, central trigeminal axons extended all the way to the most laterally placed beads, 

forming spiraling funnels (E, F). In these two exemplary cases the central trigeminal tract is 

located to the left of the micrographs. Dashed circles outline the beads and asterisks mark 

the center of the beads. Scale bar=150 μm.
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Fig. 4. 
The effects of NT-3 beads over a three-day culture period. (A) After 24 days most cases did 

not show any axonal response to the NT-3 bead as in NGF cases. (B) In a couple cases 

axonal responses to the NT-3 bead became apparent by 24 h. Axonal effects were 

pronounced by the end of the second day (C, D) and not much different from that seen by 

the end of the third day (E, F). Many axons within the tract formed interstitial branches that 

extended towards the bead and arborized extensively (arrows D, F) or formed “knots” 

(arrows, C, E). Dashed circles outline the beads and asterisks mark the center of the beads. 

Scale bar=150 μm.
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Fig. 5. 
TrkA and TrkC double immunocytochemistry. (A) TrkA and (B) TrkC expression in the 

same TG from a TG-brainstem wholemount culture with an NGF-bead. Merged images are 

shown in (C), (F) and (I). Different populations of cells are labeled with either antibody, and 

there are hardly any cells that express both receptors. (D) and (E) illustrate the initial 

(rostral) part of the central trigeminal tract, and (G) and (H) at the level of an NGF-loaded 

bead. Note that at all levels of the tract different populations of trigeminal axons express 

TrkA and TrkC. Scale bar=100 μm.
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Fig. 6. 
Examples of TrkA and TrkC-labeled axons with respect to neurotrophin bead. (A–I) show 

TrkA and TrkC-labeled axons with respect to an NGF bead from three different cases. Note 

that mostly TrkA-labeled axons are around the NGF bead (marked with +). While in some 

cases there are no TrkC-positive axons (A–C), in others, few axons are seen in the vicinity 

of the bead (D–I, arrow heads). (J–R), show the presence of both TrkA and TrkC-positive 

axons near NT-3-loaded beads (marked with *). Since these are cryostat sections through the 

explants, the size of the bead, and the density of the labeled fibers appear different for each 

case due to the level of section through the explant. Scale bar=100 μm.
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