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Cutaneous and IMuscle Afferents: Interactions with Potential 
Targets in vitro 
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Previous studies suggest that cutaneous and muscle af- 
ferents use different environmental cues in growing to their 
peripheral targets. As a first approach to learning whether 
these earlier observations reflect differences in the behav- 
ior of individual growth cones, trigeminal cutaneous and 
muscle afferents of embryonic day 10 chicks were cocul- 
tured with explants of epidermis or dermis or with myo- 
tubes, and interactions of their growth cones with these 
potential targets were followed with time lapse video mi- 
croscopy. 

Cutaneous and muscle afferents differed in their re- 
sponse to all three targets. In birds, few cutaneous affer- 
ents innervate epidermis. Accordingly, most cutaneous 
neurites retracted within minutes of touching an epidermal 
cell. In contrast, most muscle afferents stopped growing 
but remained in contact with epidermis for as long as they 
were observed (>l hr). Further, most cutaneous afferents 
grew readily across explants of dermis, their normal target, 
at rates comparable to their growth on the substrate. In 
contrast, most muscle afferents advanced only poorly on 
dermis. Finally, most cutaneous afferents grew readily 
across myotubes, the normal targets of muscle afferents. 
In contrast, few muscle afferents grew across myotubes; 
most either retracted or changed course and grew along 
the myotube. Overall, muscle afferents stayed in contact 
with myotubes longer than cutaneous afferents. These cell- 
type-specific responses reflect in large part the patterns of 
cutaneous and muscle afferent growth in viva. Further 
studies are required to determine whether these observed 
differences between the behavior of regenerating cutane- 
ous and muscle afferent growth cones could potentially 
play a role in the selection of targets or pathways during 
embryonic development. 

[Key words: trigeminal, sensory neuron, axon growth, 
skin, myotubes, chick, development, specificity] 

During embryonic development sensory neurons in avian dorsal 
root ganglia (DRG) select axonal pathways and project to their 
peripheral targets with a high degree of precision (reviewed in 
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Scott, 1992b). Work from several laboratories suggests that DRG 
neurons that project to skin and to muscle use different environ- 
mental cues to select the pathways to their respective targets 
(Landmesser and Honig, 1986; Scott, 1988; Tosney and Hage- 
man, 1989). It is not known, however, whether these earlier ob- 
servations reflect the fact that sensory neurons have individual 
identities and different properties prior to axon outgrowth and 
contact with a target, which enable them to select the appropriate 
pathways and targets. Alternatively, sensory neurons could be 
nonspecifically channeled to skin and muscle, which subsequent- 
ly determines their identity; that is, a nascent sensory neuron 
could have many potential targets. One approach to resolving 
this issue would be to ascertain whether there are differences in 
the behavior of cutaneous and muscle afferent growth cones that 
could account for the earlier findings, and to learn when during 
embryonic development such differences in growth cone behav- 
ior arise. 

These questions are difficult to address for sensory neurons 
in DRG because cutaneous and muscle afferents are intermixed 
within each ganglion (Honig, 1982) and are impossible to tell 
apart except by the target they innervate. In the avian trigeminal 
sensory system, however, cutaneous and muscle afferents are 
largely anatomically separate and can be readily isolated and 
grown in vitro. The dorsomedial pole of the trigeminal ganglion 
(DM-TG) consists primarily of neural crest-derived (D’Amico- 
Martel and Noden, 1983), NGF-dependent (Davies and Lindsay, 
1984) cutaneous neurons (Noden, 1980), which appear to be 
homologous to cutaneous neurons in DRG. The trigeminal mes- 
encephalic nucleus of birds (mesencephalic V, TMN) consists 
entirely of muscle afferents (Manni et al., 1965; Passatore et al., 
1979; Hiscock and Straznicky, 1986), which are derived from 
precursors that share a common ancestry with the neural crest 
(Narayanan and Narayanan, 1978; Cove11 and Noden, I989), and 
which are likely to be homologous to DRG muscle afferents. 

In the present study, we followed the interactions of individual 
growth cones of embryonic DM-TG (cutaneous) and TMN 
(muscle) afferents with explants of epidermis and dermis and 
with myotubes in time lapse experiments. During normal devel- 
opment in birds, cutaneous axons ramify extensively in dermis, 
their usual target, but few axons enter the epidermis (Saxod, 
1978); muscle afferents, in contrast, terminate among myotubes. 
We show here that there are differences in the behavior of 
growth cones of regenerating cutaneous and muscle afferents as 
they interact with these potential targets in vitro. Future studies 
will investigate whether such differences are also manifested 
during initial axon outgrowth and could potentially play a role 
in target or pathway selection during embryonic development. 

Some of this work has been presented previously in abstract 
form (Scott, 1992a; Woodbury and Scott, 1994). 
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Figure 1. Cocultures of epidermis and trigeminal sensory neurons. (A) After 2 d in vitro cutaneous neurons from the dorsomedial trigeminal 
ganglion (TG) appear to avoid epidermis (E), making few contacts with the explant. (B) In contrast, muscle afferents from the trigeminal mesen- 
cephalic nucleus (TMN) maintain many contacts with the explant. and some neurites extend across the edge of the epidermis (arrowheads). Scale 
bar: 200 km for A, 100 pm for B. 

Materials and Methods 
Cultures. Embryos were from White Leghorn eggs incubated at 38°C 
in a forced-draft incubator and were staged according to Hamburger 
and Hamilton (1951). The dorsomedial pole of the trigeminal ganglion 
(DM-TG) or the medial division of the trigeminal mesencephalic nu- 
cleus (TMN) in the intertectal commissure was dissected from embry- 
onic day lO.(ElO; St. 36) embryos as described by Davies (1989), and 
cut into 5-10 small oieces. For simslicitv. the DM-TG and TMN will 
be referred to here as’cutaneous and muscle afferents, respectively, bear- 
ing in mind that each group may not be entirely homogeneous. Explants 
of neural tissue and either epidermis, dermis, or myotubes were cocul- 
tured in defined medium IFI4 (GIBCO, Grand Island, NY)] supple- 
mented either with additives as described by Bottenstein et al. (1980) 
or with N2 additives (GIBCO)l in glass-bottomed wells coated with 
poly-L-ornithine [Sigma, P-8638, St.louis, MO (0.5 mg/ml in 0.15 M 

borate buffer, pH 8.5, overnight at room temperature)] and laminin 
[GIBCO or Upstate Biotechnology, Inc., Lake Placid, NY (20 uglml in 
Ca2+/Mg2+-free phosphate-buffered saline [PBS], for 4 hr at 37”(Z)]. 

Dorsal skin from E7 (St.30) embryos was separated into epidermis 
and dermis according to the procedure of Verna (1985). Briehy, small 
oieces of skin were incubated for 5 min in 0.5% trvosin in PBS at 4°C. 
The pieces were then transferred to media containing 10% horse serum, 
triturated gently with a fire-polished Pasteur pipette, and separated into 
epidermis and dermis with fine tungsten needles. These pieces were 
then cocultured with either DM-TG or TMN explants. 

Myoblasts were isolated from pectoral or jaw adductor muscles (see 
Table I) of El2 embryos according to Prives et al. (1987) and plated 
in complete medium [87% D-MEM (GIBCO), 10% horse serum, 2% 
embryo extract and 1% penicillin/streptomycin] at initial densities of 
2-6 X IO5 myoblasts/ml. Myoblasts were initially confined to the center 
of the well by a Sylgard ring, which was removed after l-2.5 hr. Two 
to 3 d later the complete medium was replaced with defined medium 
(FI4/N2), and explants of either DM-TG or TMN were added around 
the island of myotubes. 

Recnrding~ and analysis. Time lapse recordings of interactions of 
individual growth cones with potential targets were made 16-32 hr after 
establishing cocultures. Culture dishes were filled with equilibrated F14/ 
N2 or defined medium, sealed with a glass slide, placed on the stage 
of an Olympus IMT2 inverted microscope, and viewed with a 40X 
phase objective. This stage was enclosed in a thermostatically controlled 
chamber that was maintained at 37°C throughout the recording session. 
Cultures were continuously viewed with low level light; although no 
filters were used, individual growth cones were routinely followed for 
several hours with no signs of phototoxicity. Images were captured ev- 
ery 15-30 set with an SIT or CCD camera and recorded on a Panasonic 
optical memory disk recorder. 

Neurites typically selected for study appeared to have had no previ- 
ous contact with targets, were growing straight toward the targets, and 
their growth cones were at least 20 urn (and usually about 50 pm) from 

the edge of the target at the beginning of the recording session. The 
length of neurites over time was measured from an arbitrary point on 
the images. In addition, the length of the neurite on the target was 
measured when it could be clearly discerned. Growth rates on the sub- 
strate were calculated by determining the total distance the neurite ad- 
vanced during a 15-90 min period prior to its initial contact with the 
target; a few neurites were not observed for long enough prior to contact 
to calculate their growth rate on the substrate. Growth rates on the 
dermis were calculated by measuring the total distance the neurite ad- 
vanced on the dermis during the recording session. Growth rates on 
myotubes were not determined because it was often impossible to re- 
solve the fine processes of the growth cone on the surface of the my- 
otube due to insufficient contrast. Therefore, a predicted crossing time 
for each neurite was calculated based on its growth rate on the substrate 
and the distance across the myotube along a straight line trajectory. 

Only the initial encounters between the growth cone and target were 
used for cataloging the responses of neurites. Because growth cones 
often collapsed and retracted when the parent neurite was contacted by 
another growth cone (e.g., Ivins and Pittman, 1989), neurites that col- 
lapsed when they were touched by another growth cone near the time 
they contacted an explant or myotube were excluded from further study. 
Also excluded were growth cones that failed to contact an explant or 
myotube during the time observed. 

Results 
The intent of the studies reported here was to compare the be- 
havior of individual cutaneous and muscle afferent growth cones 
when they encountered different potential target tissues in vitro. 
Although there was variability in growth cone behavior for both 
types of neurons, overall there were striking differences between 
the responses of cutaneous and muscle afferents to all three tar- 
gets. 

Interactions of neurites with epidermis 
In birds, the normal target of most cutaneous axons is the der- 
mis. Few axons penetrate the epidermis (Saxod, 1978), sug- 
gesting that avian epidermis may be nonpermissive for sensory 
axon growth. In accord with this suggestion, explants of epi- 
dermis appeared to inhibit the growth of both cutaneous (DM- 
TG) and muscle (TMN) afferents in vitro. Neurites extending 
over the epidermis were rare after l-2 d in culture for both types 
of sensory neuron, as seen in Figure 1. However, the overall 
appearance of cutaneous and muscle afferent cocultures differed 
markedly at these times, indicating that the outcome of encoun- 
ters of cutaneous afferent growth cones with epidermis was dif- 
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ferent from that of muscle afferent growth cones. Fascicles of 
cutaneous axons coursed around the edge of the epidermis, mak- 
ing few contacts with the explant (Fig. 1A). In contrast, many 
contacts remained between muscle afferents and the epidermis, 
and muscle afferent neurites occasionally extended across a few 
epidermal cells, but never grew extensively over the explant 
(Fig. IB). 

Cutaneous (DM-TG) neurites. Time lapse observations of in- 
dividual neurites confirmed that contact with the epidermis in- 
hibited cutaneous neurite growth. Most cutaneous growth cones 
grew toward the epidermal explant at a steady rate, but collapsed 
and retracted rapidly upon touching an epidermal cell. Figure 2 
illustrates typical interactions of two cutaneous neurites with epi- 
dermis. These two growth cones collapsed and retracted within 
minutes of contacting an epidermal cell, a behavior that both 
growth cones repeated several times during the recording ses- 
sion. Nearly one-third (6 of 20) of cutaneous growth cones re- 
tracted within 5 min of touching an epidermal cell, and three- 
fourths retracted within 20 min. Only one cutaneous growth 
cone did not retract during the time observed (>60 min after 
touching an epidermal cell). The outcomes of the initial en- 
counters of all of the cutaneous growth cones with the epidermis 
are summarized in Figure 3A and Table 1. 

There were no obvious differences between the cutaneous 
growth cones that retracted very rapidly (within 10 min) and the 
one that did not retract at all. For example, the growth rates of 
the neurites that retracted rapidly varied over a wide range (76 
pmlhr to 290 pmlhr; average 135.4 ? 81.6 pm/hr, n = 9); the 
growth rate of the one cutaneous neurite that did not retract fell 
in the middle of this range (126 pm/hr). 

Muscle (TMN) afferents. Despite the persistence of contacts 
between neurites and epidermis, time lapse observations of in- 
dividual neurites demonstrated that contact with epidermis also 
stopped muscle afferent growth. During recording sessions mus- 
cle afferents were seldom (1 of 24) seen to grow onto the epi- 
dermis. Unlike cutaneous neurites, however, muscle afferents 
seldom retracted upon encountering an epidermal cell. Figure 4 
illustrates the behavior of a typical muscle afferent growth cone, 
which collapsed upon touching the epidermis but did not retract, 
and was still in contact with the epidermis nearly an hour later. 

The outcomes of the initial encounters of individual muscle 
afferent growth cones with epidermis are summarized in Figure 
3B and Table 1. Half (12 of 24) of the muscle afferents did not 
retract during the time observed (>60 min after contacting the 
epidermis). Those that did retract tended to stay in contact with 
the epidermis longer than did cutaneous afferents; for example, 
only one neurite retracted within 5 min of contact and only one- 
fourth retracted within 20 min. As with cutaneous afferents, the 
growth rates of muscle afferents on the substrate did not predict 
which growth cones would retract rapidly and which would re- 
main in contact with the epidermis. Whereas the neurites that 
retracted rapidly (within 10 min) advanced across the substrate 
more slowly (54.4 + 13.7 ym/hr; range 39 to 64 pm/hr; n = 
3) than those that did not retract (110.4 ? 45.5 pm/hr, n = 9), 
their growth rates were within the range of the latter (32-202 
p,m/hr). 

Other types of growth cone behavior. The overall appearance 
of cocultures of cutaneous neurons and epidermis suggested that 
growth cones might be avoiding the epidermis at a distance (cf. 
Verna, 1985; Verna et al., 1986) since fascicles of neurites 
coursed parallel to, but tens of micrometers away from, the ex- 
plant edge (Fig. 1A). Despite this appearance, growth cones were 

rarely seen to turn away from the epidermis without first con- 
tacting the explant directly. In a few cases (2 of 20), however, 
a cutaneous neurite sprouted a lateral growth cone shortly after 
it touched the epidermis, then withdrew the original growth cone 
and grew off the explant in the direction of the new growth cone, 
as shown in Figure 5. Muscle afferents also occasionally (2 of 
24) exhibited the same type of behavior. Without time lapse 
observations, the resulting neurite trajectories might be mistak- 
enly classified as representing avoidance of explants at a dis- 
tance. It is unlikely, however, that we would have observed 
growth cones responding to gradients of a diffusible factor pro- 
duced by the epidermis (Fichard et al., 199 I ; see also Pini, 
1993) since we flooded the culture dishes prior to making time 
lapse observations. 

Interactions of neurites with dermis 
Cutaneous (DM-TG) neurites. The response of both cutaneous 
and muscle afferents to dermis, the usual target of cutaneous 
axons, differed from their response to epidermis. The appearance 
of cultures after 1-2 d suggested that cutaneous neurites grew 
readily on dermis, as a dense outgrowth of neurites extended 
across the explants. Time lapse observations of individual neu- 
rites confirmed this suggestion, as illustrated in Figure 6. Most 
cutaneous neurites grew readily onto the explant with little or 
no delay, although a few paused before venturing onto the der- 
mis. However, once growth cones advanced onto the dermis, 
they grew at rates (64.9 + 23.0 pm/hr, n = 17) comparable to 
their growth on the substrate (69.9 + 40.2 pm/hr). 

About one-fourth (6 of 25) of the cutaneous neurites did not 
advance onto the dermis, but instead retracted rapidly upon 
touching the explant, much like encounters with epidermis. Two 
additional growth cones advanced slightly onto the dermis, but 
subsequently retreated to the substrate. Prior to contacting the 
explant, there was no obvious difference between the neurites 
that retracted or retreated and those that progressed onto the 
dermis. For example, the former grew across the substrate at 
76.4 ? 16.4 pm/hr (n = 8), rates comparable to those of the 
cutaneous neurites that extended onto the dermis (see above). 

Muscle (TMN) afferents. In contrast to cutaneous neurites, 
growth cones of muscle afferents did not advance readily on 
dermis. After l-2 d in vitro cocultures of dermis and muscle 
afferents were similar in appearance to cocultures of epidermis 
and muscle afferents, with neurites touching but rarely extending 
onto the explant. 

Time lapse observations documented that muscle afferents did 
not grow well on dermis. Encountering dermis usually slowed 
the forward progress of muscle afferent growth cones. A few 
TMN neurites (3 of 26) retracted rapidly after contacting the 
dermis, but most grew onto the explant. However, many of these 
grew more slowly on the dermis than on the substrate, and most 
eventually retreated toward or onto the substrate. For example, 
the muscle afferent growth cone shown in Figure 7 advanced 
about 25 pm onto the dermis and then withdrew to the substrate. 
The slower growth, coupled with eventual retreat, combined to 
significantly reduce the effective growth rate of TMN neurites 
on dermis (34.7 L 34.9 pm/hr) in comparison to their growth 
rate on the substrate (67.7 k 38.8 pm/hr, n = 17; p < 0.015, 
Wilcoxon signed rank test for paired values). 

Comparison of cutaneous and muscle afferent response to 
dermis. The striking differences in the response of cutaneous 
and muscle afferent growth cones to dermis are summarized in 
Figure 8 and Table 1. Overall, more than 80% (2 1 of 26) of the 
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Figure 2. Time lapse records of interactions of DM-TG cutaneous neurites with epidermis. The number in each panel represents the time (min) 
at which the image was captured. One growth cone (a) touches an epidermal cell (t = 2 min) and rapidly retracts (t = 7 min). It then regrows, 
touches and retracts two more times. A second growth cone (b) touches and retracts twice during the same recording session. Note that the field 
of view is shifted slightly at t = 38 min, but all panels show the same two neurites. Scale bar, 20 km. 
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Figure 3. Bar graph summarizing the outcome of the initial encounters of (A) cutaneous (DM-TG) and (B) muscle (TMN) afferent growth cones 
with explants of epidermis. Each chart shows the length of time that different neurites remained in contact with the epidermis before retracting or 
growing off. Most cutaneous neurites retracted rapidly, while most muscle afferents did not retract during the time observed. Neurites scored as 
“grows off” touched the edge of the explant, then grew off in a new direction, as for example in Figure 5. For simplicity, only the highest time 
value of each bin is shown on the abscissa. 

muscle afferents actually became shorter between the time they 
contacted the dermis and the end of the recording session, with 
nearly 60% (15 of 26) having retracted or retreated off the der- 
mis when recording was stopped. By contrast, only 32% (8 of 
25) of cutaneous neurites shortened under similar conditions, 
and only 28% (7 of 25) were not on the dermis at the end of 
the recording session. 

To quantify further the differences between the response of cu- 
taneous and muscle afferents to dermis, we calculated the length 
that each neurite would have grown after contacting the dermis if 
its growth continued at the same rate as on the substrate. TMN 
neurons that encountered dermis grew significantly less than pre- 
dicted 0, = 0.0004, Wilcoxon test). Whereas DM-TG neurites also 
grew less than predicted, they more closely approached their the- 
oretical length @ = 0.03), as illustrated in Figure 9. 

None of these differences can be accounted for by differences 
in initial growth rate of the two populations of neurons, as both 
cutaneous and muscle afferents grew at the same rate on the sub- 
strate (72.1 t 33.8 @hr and 73.6 & 40.5 pm/hr respectively). 
Together these results show that whereas cutaneous neurites gen- 
erally grow readily on explants of dermis, muscle afferents do not. 

Interactions of neurites with myotubes 
To explore further the differences between cutaneous and muscle 
afferents, we studied their interactions with myotubes, the nor- 
mal targets of muscle afferents, in time lapse experiments. The 
myotubes used in initial studies were derived from pectoral mus- 
cle. However, because both motor and sensory components of 
the trigeminal system exhibit specificity for their appropriate tar- 
gets during early embryonic development (Lumsden and Davies, 
1983, 1986; Heaton and Wayne, 1986), we used myotubes de- 
rived from the adductor mandibulae muscle, the primary target 
of many avian TMN neurons (Wild and Zeigler, 1980; von Bar- 
theld and Bothwell, 1993) in later experiments. As seen in Table 
1, the latter constitute the majority of interactions analyzed for 
both types of sensory afferents. Whereas slight quantitative dif- 

ferences were seen within both populations of sensory afferents, 
and especially among TMN neurites, to myotubes of different 
origin, these differences may be more apparent than real due to 
the small sample size of pectoral myotubes. Since the responses 
of both sensory neuron populations to myotubes of different 
origin were qualitatively similar (i.e., the same types of re- 
sponses were exhibited by both populations of sensory afferents 
to each kind of myotube), the data were pooled for the following 
analyses. 

After 16-24 hr in culture, the overall appearance of cocultures 
of myotubes and explants of cutaneous or muscle afferents was 
similar. In both types of coculture, for example, some myotubes 
were skirted by fascicles of neurites that streamed around them, 
as if the myotube had inhibited neurite growth. In contrast, many 
myotubes were crossed by neurites, while others had neurites 
growing along them, and thus appeared to be preferred by neu- 
rites over the substrate. However, quantitative distinctions were 
revealed between these two populations of afferents when in- 
dividual neurites were followed in time lapse studies. 

Cutaneous (DM-TG) neurites. The majority of cutaneous neu- 
rites (23 of 27 analyzed) appeared to largely ignore myotubes 
and grew across them with little or no change in trajectory, as 
illustrated in Figure 10. The growth cones of these neurites ad- 
vanced readily onto the myotube with little delay and with a 
fully extended morphology; in no instance did any exhibit signs 
of collapse (e.g., Fig. 10). In contrast, the growth cones of two 
other cutaneous neurites collapsed after contact and retracted 
from the myotube (after 30 and 43 min, respectively), while two 
others grew onto the myotube and remained in contact for the 
duration of the recording (65 and 113 minutes, respectively). 
Two additional neurites grew around the myotube after contact- 
ing it near one end; these were not analyzed further. 

Despite the apparent homogeneity in response of cutaneous 
afferents, there was wide variation in the amount of time these 
neurites took to cross the myotube, as summarized in Figure 
1 IA. As expected, crossing time was positively correlated with 
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Table 1. Summary of percentages of responses of trigeminal summarized in Figure 1 1B and Table 1, and described in more 
sensory growth cones to potential targets detail below. 

Dorsomedial 
trigeminal 
ganglion 

Trigeminal 
mesencephalic 
nucleus 

In contrast to cutaneous afferents, relatively few (8 of 28) 
muscle afferents crossed a myotube, but like cutaneous afferents, 
those that did (such as the growth cone illustrated in Fig. 12) 
varied in the amount of time they took to cross. Unlike cuta- 
neous afferents, however, this time was not significantly corre- 
lated with myotube width @ = 0.06), suggesting that muscle 
and cutaneous afferents that crossed may have responded dif- 
ferently to the myotubes encountered, although the average de- 
lays calculated for both populations were nearly identical (13.5 
? 20.9 min, range = -2 to 58 min for TMN). 

Epidermis 
Retracts/grows ofp 
Maintains contact 

Dermis 
Retracts/shortens” 
Continuous growth 

Myotubes 
Pectoral 

Retracts” 
Grows across” L 
Maintains contact’ 

Jaw adductors 
Retracts 
Grows across 
Maintains contact 

Total 
Retracts 
Grows across 
Maintains contact 

95(19) 50 (12) 

5 (1) 50 (12) 

32(8) 80.8r(21) 
68(17) 7.7 (2) 

20(l) 71.4 (5) 

60 (3) 14 (1) 
20 (1) 14 (1) 

4.5 (1) 43 (9) 
91 (20) 33 (7) 

4.5 (1) 24 (5) 

7.4(2) 50 (14) 

85 (23) 29 (8) 
7.4(2) 21 (6) 

Boldface responses indicate interactions with “appropriate” targets. Numbers 
in parentheses indicate number of growth cones observed. 
” Most growth cones in this category collapsed and retracted without growing 
onto epidermis; a few turned and grew away after contact. For more details, 
see text. 
“Growth cones either retracted without advancing onto dermis, or extended 
onto dermis, but subsequently became shorter. 
’ Growth cones grew on dermis without shortening or retracting, snd remained 
on dermis throughout the recording session. 
‘I Growth cones collapsed and retracted. 
c Growth cones crossed the myotube and resumed growth on the substrate. 
’ Growth cones (or in a few cases filopodia) were in contact with a myotube 
throughout the recording session. 
c Three other growth cones did not grow onto dermis (2) or grew across dermis 
onto the substrate. 

myotube width 0, = 0.004, Kendall’s correlation coefficient), 
but not with the neurite’s prior growth rate on the substrate @ 
= 0.90). Thus, most of the variability in crossing time can be 
accounted for by differences in the width of the myotube. 

In an attempt to quantify better the affect of myotubes on 
neurite growth rate, we calculated a delay value for each neurite 
as the difference between the observed crossing time and that 
which was predicted based upon the neurite’s previous growth 
rate along a straight line trajectory across the myotube; the al- 
ternative, an accurate measurement of growth rate on the my- 
otube, was frequently impossible (see Materials and Methods). 
Neurites varied widely in the amount of time they were delayed 
by the myotube, and most took longer to cross than predicted, 
although a few appeared to increase their growth rates on the 
myotube. However, these calculated delay values (average = 
13.3 + 23.7 min; range = - 17 to 96 min) were not correlated 
with any obvious variable, such as myotube width or a neurite’s 
previous growth rate on the substrate. 

Muscle (TMN) a@rents. Surprisingly, the responses of muscle 
afferents to myotubes were more diverse than observed with cu- 
taneous afferents. Half of all muscle afferents retracted after con- 
tacting a myotube, and the rest either crossed or remained in 
contact throughout the recording session. These responses are 

As indicated above, half of all muscle afferents (14 of 28) 
retracted after encountering a myotube; an example is shown in 
Figure 12. These neurites varied widely in the amount of time 
they were in contact with a myotube before retracting (range = 
l-171 min; Fig. 1 IB). For example, half of these neurites retract- 
ed relatively quickly, in less than 20 min (average = 8.7 + 5.6 
min); the growth cones of some of these collapsed and retracted 
after establishing no more than a few highly dynamic filopodial 
contacts. In contrast, half of these neurites stayed in contact much 
longer (130 min, average = 82.6 2 53.9), and most (6 of 7) 
were in contact for longer than 45 minutes; for many of these, 
the growth cones advanced repeatedly onto the myotube before 
finally collapsing and retracting. Interestingly, TMN neurites ap- 
peared to retract more frequently (Table 1) and relatively more 
quickly (not shown) from pectoral compared to jaw myotubes; 
although additional data are needed, these findings suggest that 
TMN neurites, like trigeminal motoneurons (e.g., Heaton and 
Wayne, 1986), differ in their response to myotubes of different 
origin (cf. Copray and Liem, 1993), and thus may be able to 
recognize distinctions between appropriate and inappropriate tar- 
gets. 

More than one-fifth (6 of 28) of all muscle afferents main- 
tained contact with a myotube throughout the recording session, 
l-2.5 hr after initial contact (average = 112.2 + 31.6 min; II 
= 6). These neurites typically changed course after contact and 
grew onto or along the edge of the myotube, as illustrated in 
Figure 13, some at rates that approached their growth rates on 
the substrate. Most grew in close apposition to the myotube (e.g., 
Fig. 13), although one “walked” along the edge of the myotube, 
contacting it only through dynamic filopodia. 

There was no obvious difference between muscle afferents 
that could be used to predict their behavior. For example, where- 
as the growth rates of muscle afferents that retracted from my- 
otubes were faster on average (87.1 ? 55.1 p,m/hr, n = 14) than 
either those that crossed (55.3 2 33.2 km/hr, n = 8) or re- 
mained in contact (54.5 ? 27.9 (nm/hr, II = 6), these differences 
were not significant @ > 0. I, Mann-Whitney U test). 

Comparison qf cutaneous and muscle afferent response to my- 
otubes. To quantify the effects of myotubes on neurite growth we 
calculated the length that each neurite would have grown after 
contacting the myotube if its growth continued at the same rate 
as on the substrate. As illustrated in Figure 14, muscle afferents 
grew significantly less than predicted (p < 0.0001; Wilcoxon 
test), whereas cutaneous afferents more closely approached their 
theoretical length 01 = 0.02). This difference is not simply due 
to the fact that more muscle afferents than cutaneous afferents 
retracted (i.e., shortened) after contacting a myotube, since similar 
results were obtained @ = 0.04 and 0.006 for cutaneous and 
muscle afferents, respectively) even when all neurites that had 
retracted were excluded from this analysis. Instead, this difference 
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Figure 4. Time lapse records of an encounter of the growth cone of a TMN muscle afferent with an explant of epidermis. The muscle afferent 
growth cone collapsed upon touching the explant, but did not retract. It was still in contact with the dermis nearly an hour later, having been towed 
along by the epidermis. The number in each panel represents the time (min) at which the image was captured. Scale bar, 20 pm. 

Figure 5. Time lapse records of an encounter of a DM-TG cutaneous neurite with epidermis. The neurite sprouted a lateral growth cone, withdrew 
the original one and grew off in the direction of the new growth cone. The number in each panel represents the time (min) at which the image 
was captured. Scale bar, 20 pm. 
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Figure 6. Time lapse records of encounters of cutaneous neurons from the DM-TG with explants of dermis. The two neurites grew readily onto 
the dermis with little delay. Arrows point to the tips of the neurites. Note the large flattened growth cone of the neurite on the left in the last panel. 
The number in each panel represents the time (min) at which the image was captured. Scale bar, 20 p,m. 

reflects the fact that, overall, muscle afferent growth cones re- 
mained in contact with myotubes longer than cutaneous afferent 
growth cones. For example, after 60 min, 39% of muscle afferents 
were still in contact with a myotube as opposed to 19% of cuta- 
neous afferents. This difference became even more pronounced 
after 90 minutes, when 25% of muscle afferents were still in 
contact compared to only 7% of cutaneous afferents. This differ- 
ence could not be accounted for by any obvious difference be- 
tween the populations of muscle and cutaneous afferents. For ex- 
ample, although cutaneous afferents in these experiments grew 
slightly slower on the substrate on average (62.0 + 25.4 pm/hr; 
12 = 27) than muscle afferents (70.5 + 43.9 pm/hr; n = 28), this 
difference was not significant. The longer contact times of TMN 
neurites with myotubes, coupled with their more diverse re- 
sponses, suggest that these muscle afferents may be responding 
to information on the myotube surface that is either ignored or 
not detected by cutaneous neurites. 

Discussion 
The goal of the present studies was to compare the behavior of 
cutaneous (DM-TG) and muscle (TMN) afferent growth cones 

in defined situations in vitro to look for differences that may be 
involved in normal development. We found that trigeminal cu- 
taneous and muscle afferents differed markedly in their response 
to three potential targets-epidermis, dermis, and myotubes. Cu- 
taneous neurites collapsed and quickly retracted upon contact 
with epidermis, but grew readily across dermis and myotubes. 
In contrast, muscle afferents stopped growing but did not retract 
after contacting epidermis; most grew onto dermis but subse- 
quently retreated. The response of muscle afferents to myotubes 
was more varied; half of all muscle afferents either grew across 
or turned to grow along the myotube, whereas the other half 
collapsed and retracted. Overall, muscle afferents remained in 
contact with myotubes longer than cutaneous afferents. The ob- 
served differences between the behavior of these two sensory 
populations in response to potential targets suggest that there are 
likely to be differences among their growth cones that could play 
a role in the selection of axonal pathways or targets during em- 
bryonic development or axonal regeneration. 

Interactions with skin explants 
Our observations that most trigeminal cutaneous neurites retract- 
ed rapidly upon encountering epidermis, but grew readily across 
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Figure 7. Time lapse records of an encounter of a TMN muscle afferent neurite with an explant of dermis. The neurite advanced about 25 p,rn 
onto the dermis and then withdrew; this retreat represented a gradual shortening of the neurite, rather than a rapid retraction. Arrow indicates the 
tip of the neurite. The number in each panel represents the time (min) at which the image was captured. Scale bar, 20 pm. 

dermis, are superficially similar to previously reported interac- the explant, as if responding to a diffusible cue, a behavior sel- 
tions of dorsal root ganglion (DRG) neurites with epidermis and dom seen in the present experiments. Second, most trigeminal 
dermis (Verna, 1985; Verna et al., 1986). However, there are muscle afferents did not retract upon encountering epidermis and 
several significant differences. First, most DRG neurites turned did not advance well over dermis, behaviors that were not ob- 
away from epidermis at a distance, without directly contacting served among DRG neurites. 

<5 10 15 20 25 30 60 >60 

Time (minutes) 

6 

<5 10 15 20 25 30 60 >60 

Time (minutes) 
Figure 8. Bar graph summarizing the outcome of the initial encounters of (A) cutaneous (DM-TG) and (B) muscle (TMN) afferent growth cones 
with explants of dermis. Each chart shows the length of time that different neurites remained in contact with the dermis before retracting or 
beginning to shorten. For neurites that grew continuously and did not shorten, the time shown represents the duration of their growth on the dermis 
before recording was terminated. Most cutaneous neurites grew continuously across the dermis, whereas most muscle afferents retreated from the 
dermis. Three TMN growth cones that either grew across the dermis and onto the substrate or failed to grow on the dermis are excluded from this 
graph. For simplicity, only the highest time value of each bin is shown on the abscissa, as in Figure 3. 
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Figure 9. Comparison of.real neurite growth on dermis with the theoretically predicted length. Open circles represent the length that (A) DM-TG 
and (B) TMN neurites grew from the time they first touched the edge of the dermis to the end of the recording session. This time interval is 
indicated on the abscissa. Dashed lines represent the linear regression curve for the theoretical lengths these neurons would have extended had 
their growth continued at the same rate as on the substrate. The two TMN growth cones marked by asterisks were growing on the substrate, rather 
than dermis, at the end the recording session. Note that many DM-TG, but very few TMN, neurites closely approximated their predicted lengths. 

These discrepancies may reflect differences in experimental 
design. Both the age of the neurons and the culture substratum 
were different between this and previous studies. Second, we 
flooded our dishes with medium prior to recording, precluding 
analysis of diffusible inhibitory cues (Fichard et al., 1991; Pini, 
1993). Moreover, we specifically selected for analysis growth 
cones that were growing directly toward the target. We cannot 
rule out the possibility, however, that neurites were responding 
to target-derived cues bound to the substrate (Gunderson, 1985). 
Third, muscle afferents may have been largely absent from DRG 
cultures supplemented only with NGR which is relatively inef- 
fective in supporting muscle afferents in vitro (Hory-Lee et al., 
1993; LoPresti and Scott, 1994). Finally, DRG neurites were 
recorded at 5-15 min intervals (Verna, 1985; Verna et al., 1986), 
whereas trigeminal neurites frequently retracted within 5 min of 
touching an epidermal cell. This suggests that contacts between 
DRG neurites and epidermal explants may often have been 
missed in previous studies. 

In our studies, contact with epidermis clearly inhibited the 
growth of cutaneous neurites, as most collapsed and retracted 
upon contact. This inhibitory property of epidermis may be spe- 
cific to cutaneous afferents, however, since muscle afferents did 
not retract following contact with epidermis. Additional exper- 
iments are required to determine whether TMN neurites fail to 
grow onto epidermis because it lacks growth permissive mole- 
cules, or because it expresses inhibitory molecules (Walter et al., 
1987; Snow et al., 1990). In contrast to epidermis, however, 
dermis is generally permissive for cutaneous, but not muscle, 
afferent growth. 

Interpretution of cutaneous and muscle ufjrerent growth cone 
behaviors 

The present findings add to the growing number of observations 
of cell-type-specific behavior among growth cones in vitro (see 
below). It is clear from these studies, however, that a particular 
growth cone behavior can occur in response to widely different 

Figure 10. Time lapse records of an encounter between a DM-TG neurite with a myotube derived from the adductor mandibulae. The number in 
each panel represents the time (min) at which the image was captured. The neurite contacted the myotube at approximately t = 15 mitt, and grew 
across it with little change in direction or delay. Arrow at t = 36 min points to the growth cone as it leaves the myotube surface and begins to 
grow on the substrate again. Note that the field of view is shifted slightly at t = 49 min. Scale bar, 20 pm. 
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Figure I/. Bar graph summarizing the outcome of the initial encounters of (A) cutaneous (DM-TG) and (B) muscle (TMN) afferent growth cones 
with myotubes. Each chart shows the length of time that different neurites remained in contact with the myotube before retracting or growing off. 
Most cutaneous afferents crossed rapidly, and relatively few retracted or remained in contact during the time observed. In contrast, few muscle 
afferents crossed the myotube; most either retracted or remained in contact during the time observed. For simplicity, only the highest time value 
of each bin is shown on the abscissa, as in Figure 3. 

cues and that stereotyped behaviors are not necessarily equiva- 
lent from one system to another. For example, upon encounter- 
ing an appropriate target a growth cone may continue growing 
(e.g., cutaneous afferent-dermis interactions and some muscle 
afferent-myotube interactions, present study; see also Moorman 
and Hume, 1990) or stop growing as a prelude to synapse for- 
mation (Baird et al., 1992; Cooper and Smith, 1992). Alterna- 
tively, a growth cone may also stop growing upon encountering 
a cell that expresses inhibitory molecules (Bandtlow et al., 
1990). Growth cone behaviors in vitro must, therefore, be inter- 
preted within the context of the normal development of the sys- 
tem under study. 

With this in mind, our studies indicate that trigeminal sensory 
neurites, like those in other systems, can selectively and appro- 
priately respond in vitro to cells encountered during the course 
of normal development. For example, to reach their target skin 
in vivo, cutaneous afferents must grow past muscle masses com- 
posed of myotubes. Upon reaching the dermis, they ramify ex- 
tensively, setting up the mature pattern of cutaneous innervation 
prior to the development of their target receptors, which they 
subsequently induce (Saxod, 1978); in birds, few axons pene- 
trate into the epidermis (Saxod, 1978). The behavior of cuta- 
neous afferents in vitro mirrors this pattern; cutaneous afferents 
grow readily over myotubes and dermis, but are repelled by 
epidermis. Similarly, outgrowing motor neuron (Oakley and Tos- 
ney, 1993), sympathetic preganglionic (Moorman and Hume, 
1990), cerebellar (Baird et al., 1992), and other axons can dis- 
tinguish in vitro between appropriate and inappropriate cells that 
might be encountered along their in vivo pathways. 

Whereas muscle afferents would not be expected to encounter 
skin in normal development, our in vitro observations suggest 
that muscle afferents recognize both dermis and epidermis as 
inappropriate, and respond to these cells with reduced growth. 
Thus, any muscle afferents that should stray into the dermis in 
vivo would soon be turned away. Similarly, cortical neurons fail 

to grow on inappropriate CNS regions that they would normally 
never encounter in vivo (Kuang et al., 1994). 

Muscle afferents might be expected to occasionally grow 
across myotubes in vivo, as was observed in vitro, given the 
dispersed distribution of muscle spindles throughout muscle 
(Barker, 1974). However, because these afferents normally se- 
lectively interact with individual myotubes to induce the for- 
mation of muscle spindles (Milburn, 1984), a process that can 
occur throughout life (Mackenson-Dean et al., I98 1; Kucera et 
al., 1993), we expected a priori that muscle afferents would es- 
tablish stable contacts with myotubes in vitro, similar to those 
made by cerebellar (Baird et al., 1992) and hippocampal neurons 
(Cooper and Smith, 1992) but most did not. Possible reasons 
for this are discussed below. 

We have interpreted our results as reflecting differences be- 
tween cutaneous and muscle afferents. An alternative explana- 
tion is that they reflect differences between sensory neurons in 
the peripheral (DM-TG) and central nervous system (TMN), 
since some investigators have suggested that central and periph- 
eral neurons express distinct surface labels that determine their 
in vitro behaviors (Kapfhammer and Raper, 1987). In contrast, 
findings from several other laboratories suggest that this two- 
label hypothesis is insufficient to explain the diversity and spec- 
ificity of growth cones behaviors observed in vitro (e.g., Walter 
et al., 1987; Ivins and Pittman, 1989; Moorman and Hume, 
1990; Honig and Burden, 1993). Regardless of the underlying 
reasons, there are clear differences in behavior between DM-TG 
and TMN neurons, which each innervate targets in both the 
periphery and CNS. 

Variability among responses 

Although there were overall differences between the responses 
of trigeminal cutaneous and muscle afferents to all three poten- 
tial targets, not all DM-TG or TMN neurons behaved identically 
upon encountering a particular type of target. For example, one- 
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Figure 13. Time lapse records of an encounter between a TMN neurite and a myotube from the adductor mandibulae. The number in each panel 
represents the time (min) at which the image was acquired. Note that this neurite changed direction after contacting the myotube and grew along 
it in close apposition. Arrows indicate the tip of the growth cone on the myotube. This particular myocyte may actually be a myoblast (i.e., 
mononuclear), however similar behavior was exhibited by other TMN neurites that encountered large, multinucleated myotubes. Scale bar, 20 km. 
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Figure 14. Comparison of actual neurite growth after contacting a myotube with the theoretically predicted length. open circles represent the 
length that (A) DM-TG and (B) TMN neurites grew from the time they first contacted a myotube to the end of the recording session. This time 
interval is indicated on the abscissa. Dashed lines represent the linear regression curve for the theoretical lengths these neurons would have extended 
had their growth continued at the same rate as on the substrate prior to contact. Note that many DM-TG, but few TMN neurites closely approximated 
their predicted lengths. This reflects the fact that, overall, TMN neurites remained in contact with the myotube longer than DM-TG neurites. 
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fourth of DM-TG neurites retracted upon contacting dermis, 
whereas most grew readily across the explant. Further, half of 
TMN neurons retracted from myotubes; the others either crossed 
or remained in contact. This variability most likely reflects het- 
erogeneity within both the neuronal explants and the cocultured 
targets. 

Heterogeneity among the neurons. Clearly both the DM-TG 
and TMN contain a mixture of neurons. For example, trigeminal 
neurons innervate a diversity of cutaneous sensory end organs 
(reviewed in Saxod, 1978), and the different types of afferents 
may interact differently with potential targets. Further, a few of 
the DM-TG neurons classified as cutaneous may have been mus- 
cle afferents, since the trigeminal ganglion is not purely cuta- 
neous (Zeigler et al., 1975; Wild and Zeigler, 1980; von Bartheld 
and Bothwell, 1993). Thus, for example, the DM-TG neurite that 
remained in contact with epidermis, and the few that failed to 
grow across myotubes, may have actually been muscle rather 
that cutaneous afferents. 

The TMN also contains a diversity of muscle afferents (see 
Jerge, 1963; Cody et al., 1972; Linden, 1978, for mammals), 
although physiological studies of the avian TMN have identified 
only spindle afferents (Manni et al., 1965; Passatore et al., 
1979). However, these studies most likely underestimated avian 
TMN heterogeneity, as TMN neurons in hatchling chicks are 
strikingly diverse immunohistochemically (Scott et al., 1994b). 
For example, approximately 40% of medial TMN neurons are 
relatively small, substance P-positive, presumably nociceptive, 
neurons. Since these are likely to terminate in muscle as free 
nerve endings (Hunt et al., 1992) they might not form stable 
contacts with myotubes, either in vivo or in vitro. Importantly, 
because spindles are induced exclusively by Ia afferents (e.g., 
Kucera and Walro, 1993), perhaps only this subpopulation of 
muscle afferents would be expected to selectively associate with 
myotubes in vitro. 

We do not know the percentage of Ia afferents in our TMN 
cultures. Although these cultures were supplemented with 
BDNE which supports more than 80% of avian TMN neurons 
in vitro (Davies et al., 1986), recent studies of knockout mice 
suggest that Ia afferents require neurotrophin-3 for survival in 
vivo (reviewed in Snider, 1994). However, because TMN neu- 
rons were cultured with target myotubes (as well as neighboring 
glial cells), which should provide additional trophic support, it 
is likely that a substantial fraction of the normal number of Ia 
afferents were present. 

Heterogeneity within the target population. A second source 
of variability is microheterogeneity within the cocultured targets. 
For example, embryonic avian dermis has regionally specific 
morphogenetic properties that determine the character and dis- 
tribution of sensory receptors (reviewed in Saxod, 1978). More- 
over, feather-forming skin produces a constellation of extracel- 
lular matrix and cell surface molecules distributed in a complex 
pattern (Mauger et al., 1983; Jahoda et al, 1987; Kitamura, 1987; 
Sengel, 1990; Fichard et al., 1991; Jiang and Chuong, 1992). 
Whereas these constituents have been implicated in the induc- 
tion and differentiation of feathers and scales, they also appear 
to regulate axon growth (Carbonetto et al., 1982; Rogers et al., 
1983; Verna et al., 1989; Snow et al., 1990). The response of a 
sensory afferent to dermis or epidermis may be determined in 
part, therefore, by the regional characteristics of the explant, 
including the relative amounts of inhibitory and permissive mol- 
ecules expressed on the individual cells encountered. 

Our myotube cultures are also likely to be heterogeneous. 

Myoblasts constitute an extremely diverse progenitor pool (re- 
viewed in Stockdale and Miller, 1987; Miller, 1992). The identity 
of myotubes in our cultures is unknown, although “fetal” and 
“adult” lineages of secondary myotubes should be equally rep- 
resented (Feldman and Stockdale, 1992). Importantly, whether 
intrafusal fibers arise from a discrete lineage of myotubes (Ku- 
cera et al., 1989; Thornell and Pedrosa, 1990; Kucera and Walro, 
1993), or alternatively, all myotubes are equipotent (Kucera, 
1990; Kucera and Walro, 1990) is unresolved. The existence of 
a discrete class of spindle-forming myotubes would help to ex- 
plain the observed variability in TMN behavior. That is, muscle 
afferents may be able to recognize distinctions among myotubes, 
and find only a small percentage acceptable; that most TMN 
neurites either reject or stick to myotubes is consistent with this 
possibility. However, since the responses of different TMN neu- 
rites to the same myotube could vary (e.g., Fig. 12), myotube 
heterogeneity alone cannot account entirely for the observed 
variability among TMN neurites, some of which is undoubtedly 
intrinsic to the neurons themselves (above). 

Implications for normal development and/or regeneration 

Since trigeminal sensory neurons extend axons to their respec- 
tive targets prior to embryonic day IO (Moody et al., 1989; von 
Bartheld and Bothwell, 1993), our findings demonstrate differ- 
ences in growth cone behavior during regeneration, rather than 
initial outgrowth, of embryonic sensory axons. A key question 
is whether these differences in growth cone behavior are also 
expressed by naive sensory axons en route to their targets for 
the first time. At the stages studied, DM-TG and TMN neurons 
express different levels of several surface adhesion molecules 
(Halfter et al., 1994; Scott et al., 1994a; see also Honig and 
Kueter, 1995, for DRG neurons) that could govern the behaviors 
reported here. Developmental regulation of such surface recog- 
nition molecules is well documented (Edelman, 1984; Dodd et 
al., 1988; Reichardt, 1992). Additional experiments involving 
neurons from younger embryos that have not yet contacted their 
targets will be required to determine whether the observed dif- 
ferences between DM-TG and TMN neurons develop as a con- 
sequence of target innervation, or instead represent fundamental 
differences between these cutaneous and muscle afferent neu- 
rons. As such they would be available to play a role in the 
selection of axonal pathways or targets during normal embry- 
onic development. 
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