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Abstract 

We quantitatively analyzed several features of ortho- 
gradely labeled peripheral growth cones in the lumbosacral 
region of the chick embryo. We compared motoneuron 
growth cones in regions where they appear to express spe- 
cific directional preferences (the plexus region and regions 
where muscle nerves diverge from main nerve trunks), which 
we operationally defined as “decision regions,” to motoneu- 
ron growth cones in other pathway regions (the spinal nerve, 
nerve trunk, and muscle nerve pathways) which we termed, 
for contrast, “non-decision regions.” We found that motoneu- 
ron growth cones are larger, more lamellepodial, and have 
more complex trajectories in decision regions. Sensory 
growth cone populations, which are thought to be dependent 
upon motoneurons for outgrowth (Landmesser, L., and M. 
Honig (1982) Sot. Neurosci. Abstr. 8: 929), do not enlarge or 
become more lamellepodial in motoneuron decision regions, 
suggesting that this local environment does not affect all 
species of growth cones equally and that the alterations in 
motoneuron growth cones in these regions may be relevant 
to their specific guidance. In addition, the resemblance be- 
tween the sensory population and other closely fasciculating 
growth cones lends support to the suggestion that sensory 
neurons utilize motoneuron neurites as a substratum. We 
suggest that the convoluted trajectories, enlarged size, and 
more lamellepodial morphology of motoneuron growth cones 
in decision regions is either related directly to the presence 
of specific cues that guide motoneurons or to some aspect 
of this environment that allows them to respond to specific 
cues. 

Rambn y  Cajal (1937) intuitively recognized the growth cone as 
the searching organ of the neuron. This assessment has been 
validated by tissue culture work which shows that the growth cone 
can respond to its local environment in specific ways. For instance, 
given a choice between substrata, a growth cone will move onto a 
more adhesive one (Letourneau, 1975a) or one derived from its 
target (Bonhoeffer and Huf, 1982) and growth cones will turn and 
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move toward a source of nerve growth factor (NGF) (Gunderson 
and Barrett, 1980). An alteration in growth cone direction can result 
from a very local interaction with the environment. For instance, 
preferential adherence of a few filopodia results in movement toward 
the more adhesive substratum (Letourneau, 1975b; see also Bray, 
1973, 1979) and the turning response to an NGF gradient has been 
suggested to result from the extension of more filopodia toward the 
uphill side of the gradient (Gunderson and Barrett, 1980). 

The most convincing evidence that growth cones respond spe- 
cifically to environmental cues within their filopodial range in the 
embryo as well as in vitro comes from studies in the grasshopper. 
These growth cones abruptly alter their direction of outgrowth at 
local landmarks that include neuronal guidepost cells, muscle pi- 
oneers, particular axons, and limb-segment boundaries (Bentley and 
Keshishian, 1982; Goodman et al., 1982; Ho et al., 1983; Taghert et 
al., 1982; Raper et al., 1983a, b; Bastiani et al., 1984; Bentley and 
Caudy, 1984) may follow local polarity cues (Bentley and Caudy, 
1984) and do not require a long-distance cue from the target (Berlot 
and Goodman, 1984). Guidepost cells and certain axons have been 
shown to be necessary for precise innervation, since when they are 
ablated, growth cones make mistakes (Bentley and Caudy, 1983; 
Raper et al., 1984). 

intriguing morphological differences in grasshopper growth cones 
correlate with their position relative to local cues. For instance, growth 
cones become progressively larger along a substratum that has 
been suggested to increase in adhesiveness (Bentley and Caudy, 
1984) and are larger and more complex when confronted with 
divergent pathways (Taghert et al., 1982; Bentley and Caudy, 1984). 
One of the objectives of the present paper was to describe at a 
comparable level of detail vertebrate growth cones that were making 
specific directional decisions, 

There is cogent evidence that local areas are also of particular 
importance to the specificity of motoneuron growth cone navigation 
in the chick hindlimb system. One of these areas is the plexus region 
at the base of the leg. Neurites which are spatially intermixed in the 
spinal nerves sort out in this region to assume a specific fiber order 
and to enter the correct nerve trunk (Lance-Jones and Landmesser, 
1981a). In addition, when neurites alter their direction of travel in 
order to project correctly following experimental manipulations, they 
do so predominantly within the plexus region (Lance-Jones and 
Landmesser, 1981 b; Ferguson, 1983; Whitelaw and Hollyday, 1983). 
This local fiber rearrangement cannot be explained by passive 
models of axon guidance (cf. Horder and Martin, 1978) and strongly 
suggests that sorting out requires specific cues. Since neurites can 
sort out normally in the plexus region when all more distal tissues 
have been ablated, these cues are likely to be local (Tosney and 
Landmesser, 1984). Whereas the increased numbers of cells in the 
vertebrate are unlikely to allow a one-to-one interaction between 
individual growth cones and individual cellular landmarks, the plexus 
region may be analogous to landmarks in the grasshopper embryo 
in that growth cones respond to local cues and make specific 
directional decisions within this spatially restricted region. 
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Fgure 1. Muscle nerve decision regions. A, St 28 embryo in which HRP has been injected Into the plexus region (x) lust proximal to the gap in the pelvic 
girdle precursor (g) through which neurltes enter the leg. A proportIon of the neurites have picked up the label and transported it retrogradely to their somata 
(sma// white arrows) in the spinal cord (s) and dorsal root ganglion (d) and orthogradely to their terminations in the muscle masses. Within the leg, neurites 
turn dramatically at a muscle nerve decrsion region (large white arrow) where a muscle nerve diverges from the main nerve trunk. 6, Higher magnification 
of a muscle nerve decrsron region from a st 28 embryo in which a few motoneuron neurites have been orthogradely labeled by HRP infected into the spinal 
cord. The profiles, which lie closely together in the proximal nerve trunk (large black arrow) have diverged and turn at different posrtrons within the muscle 
nerve decrsron region (small arrows). One growth cone (double arrows) has diverged in the opposite drrectron. C, A labeled growth cone (curved white 
arrow) within a muscle nerve decision regron has turned abruptly (curved hollow arrow) and crosses unlabeled neuntes that course perpendrcular to its 
pathway. The direction of travel of unlabeled neurrtes IS Indicated by black arrows. 

Growth cones must also make specific directional decisions within 
the leg. They are confronted with a choice of possible directions 
when they reach the region where muscle nerve pathways diverge 
from the main nerve trunks. This choice has been shown to be 
made with a high degree of precision (Lance-Jones and Landmes- 
ser, 1981a; Hollyday, 1983; Tosney and Landmesser, 1985a). In 
addition, growth cones take independent trajectories when entering 
a muscle nerve. This behavior is less consistent with passive models 
of axonal guidance and suggests that growth cones choose the 

correct pathway independently of one another (Tosney and Land- 
messer, 1985a). We therefore propose that growth cones respond 
individually and actively to specific cues in this region. 

In contrast, neurites in the spinal nerve and nerve trunk pathways 
appear to retain a constant fiber order during normal outgrowth and 
following experimental manipulations (Lance-Jones and Landmes- 
ser, 1981 a, b; Summerbell and Stirling, 1981; Tosney and Landmes- 
ser, 1985a). Several workers have proposed that growth cone 
progression is “passive” in these regions in that their ordered out- 
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Figure 2. The plexus regron. A, Labeled motoneuron neuntes that travel parallel to one another in the spinal nerves (bottom), dramatrcally alter their 
trajectories rn the plexus region (middle-arrow), and resume strarght trajectories within the nerve trunk until they reach a muscle nerve decision region 
(top) B, Camera lucrda drawings of labeled profiles within the region between the dashed lines in A show the complexity of trajectories in this region. Since 
rndrvrdual profiles are seldom contrnuously visible within one focal plane, camera lucrda drawtngs are necessary to demonstrate the complexity of profiles. 
C, Labeled motoneuron growth cones (w/Me arrows) cross over one another in the plexus region from the embryo shown in D. One abrupt alteration in 
trajectory is indicated by the b/a& arrow. The trajectories in the spinal nerve, at right, are relatively straight. D, HRP InjeCted into the cord (x) has labeled 
motoneuron neuntes and growth cones The plexus regron (curved arrow), lying just ventral to the myotome (m), IS shown in C. 
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Figure 3. Alterations rn trajectory. The number of turns greater than 25” (A and B), the angle of turns (C), and the degree of dfvergence among formerly 
adjacent proffles (D) in the termrnal 50 pm of motoneuron profiles are shown as a percentage of each populatfon identiffed in the keys. Profrles in decisfon 
regions tend to have more turns per profrle (A), turn at greater angles (C). and diverge more often (D), and the number of turns per proftle in the plexus 
region IS similarly distributed at all stages (6). 

growth requires little or no response to specific cues (Landmesser, pathway constraints than by specific cues. The present study at 
1980, 1984; Lance-Jones and Landmesser, 1981% b; Lewis et al., least partially validates the use of these terms by showing that 
1983; Whitelaw and Hollyday, 1983; Tosney and Landmesser, populations of motoneuron growth cones show significant drffer- 
1985b). This hypothesis is consistent with evidence that a relatively ences in morphology and trajectory in decision and non-decision 

normal gross anatomical pattern of outgrowth will develop under regions. 

experimental conditions that channel neurites into foreign territories We were also interested in comparing motoneuron and sensory 

where they are allocated among muscle nerves and targets rather growth cones quantitatively, since descriptive and experimental 

indiscriminately (Morris, 1978; Lance-Jones and Landmesser, observations suggest that these populations may use different 

1981 b; see also Hollyday, 1981; Lewis et al., 1983). 
mechnisms to achieve specific outgrowth (Landmesser and Honig, 

We sought empirical terms for these regions that would reflect 
1982; Landmesser et al., 1983; L. T. Landmesser and M. G. Hot-rig, 

the differences in neurrte behavior within them. We chose to call the 
manuscript in preparation; see also Honig, 1980; Lewis et al., 1981). 

plexus region and the region where incipient muscle nerve and nerve 
These studies indicate that sensory neurons require motoneurons in 

trunk pathways diverge “decision regions.” We termed the spinal 
order to project down muscle nerve pathways, and suggest that 

nerve, nerve trunk, and muscle nerve pathways “non-decision re- 
those cues that guide motoneuron growth cones into a particular 

gions” in order to emphasize the contrast between the regions. By 
muscle nerve are insufficient to guide the growth cones of sensory 

using this term we do not mean to imply that specific cues are not 
neurons into the same pathway. This interpretation IS consistent with 
the results we report here, which show that the morphology of 

available in non-decision regions but rather that growth cone ad- sensory growth cones IS not significantly different in motoneuron 
Vance in these regions is more likely to be regulated by general decision and non-decision regions. 
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figure 4. Motoneuron growth cones. Photographs and camera lucrda drawtngs at x 100 illustrate the typical morphologres of motoneuron growth cones 
In different regrons a lamellepodral growth cone from the plexus regron at st 24 (A), a varicose growth cone from the spinal nerve at st 22 (B), a frlopodral 
growth cone from the plexus region at st 26 (C; note that many of the frlopodra extended out of the focal plane and could only be documented In the 
camera lucrda drawing), and a varicose growth cone within the target at st 30 (D). 

Materials and Methods 

Embryos (N = 33) were removed to an oxygenated Tyrode bath and 
staged using Hamburger and Hamilton (1951) criteria, and then were decap- 
itated and eviscerated: the cartilage surrounding the ventral spinal cord then 
was removed. Ten percent horseradish peroxidase (HRP) in Tyrode’s solution 
was pressure injected into small regions of the cord, individual sensory 
ganglia, or, in a few cases, the peripheral nerves. These samples were then 
processed for visualization of label and plastic embedding and were serially 
sectioned at 25 pm as in Tosney and Landmesser (1985a). 

This HRP technique intensely labels a percentage of the neurons present 
at the injection site from their somata to their growth cone, thus allowing the 
trajectory and identity of the neuron to be established. Examination with the 
transmission electron microscope of similarly prepared thin-sectioned material 
showed that the HRP reaction product occurred diffusely throughout the 
neuronal cytoplasm, resulting in complete labeling of the neurons, including 
fine filopodia and veils (Tosney and Landmesser, 1985b). The fixation and 
plastic embedding protocol we used was found to result in superior preser- 
vation, allowing the details of individual growth cone morphology and trajec- 
tory to be examined for the first time in this system. 

Since the growth cone and its neurite are seldom restricted to a single 
focal plane, we established the three-dimensional structure by means of 

camera lucida tracings. We drew 1338 individual growth cones and therr 
neurites at a frnal magnrftcatron of x 100. In cases In which only a few 
neurites had been labeled, we could determrne the details of growth cone 
anatomy within each 25-pm sectron and could often follow proflles from 
section to section. Nomarksr opttcs helped us to rdentrfy individual trajectories 
when profiles crossed one another and aided In visualization of fine veils and 
frlopodra. Each field of growth cones that we drew with the camera lucrda 
was retraced on tracrng paper and coded by number before measurement 
and analysis. Decoding and reference back to the origrnal camera lucida 
tracrngs gave us the position of each growth cone and allowed us to assign 
each to a partrcular decision or non-decisron regron. 

The followrng posrtronal cntena were used to classify growth cones by 
region. The plexus region lies at the base of the leg and IS bounded dorsally 
by the myotome and ventrally by the posterior cardinal vein; on the medral- 
lateral axis it extends 150 pm Into the leg In the anterior, crural plexus (see 
Fig. 2C) and 250 pm Into the leg in the posterror, sciatic plexus. Muscle 
nerve decision regrons were defined by a radrus of 75 pm around the pornt 
where a muscle nerve drverged from a nerve trunk (see Fig. 1A). We 
examined growth cones In muscle nerve decrsron regions leading to the 
sartorrus, femorotibralrs, rschroflexonus, caudildlexorus, and posterior ildr- 
bulans muscles. 



2350 Tosney and Landmesser Vol. 5, No. 9, Sept. 1985 

I 

- 

MOTONEURON GROWTH CONE SIZES -I 

Pm2 I-40 41-80 81-120 121-160 >I60 

Lomellepodlol Fillpodlol vorcose 
or blunt 

figure 6. Motoneuron growth cones tend to be more lamellepodlal In 
100% 

1 
decision regior 

I B NON-DECISION REGIONS different morph 

’ 

$1 

0 muscle nerve 122 Ii+-2 

B 

I > 160 

Figure 5. Size of motoneuron growth cones correlates with position. The 
proportion of populations ldentlfled in the key in each size class, where the 
size IS the product of the width and length of the growth cone, IS shown in 
different decision (A) and non-decision (13) regions. Within decision regions, 
the growth cone populations are skewed toward larger sizes. 

Since we were unable to observe the growth of axons in time, we 
attempted to approximate the recent trajectory taken by a growth cone by 
examining the trajectory of its axon. However, axonal trajectories may not 
be a faithful indicator of the route followed by a growth cone, especially 

Figure 7. Th 

when they are examined at later developmental stages. For example, the 
and plexus, A 

in ttwr cn,.tinn 

fpical motoneuron growth cone morphology in the spinal nerve 
HRP injected into the spinal cord (s) has labeled two profiles 

complexity of turns could be exaggerated by spatial alteratlons in the “’ ““* *-‘“” 
of a st 23.5 embryo. B, The spinal nerves and plexus areas 

environment that could tow neurites in various directions. In addition, much 
between the doffed lines in A are shown at higher magnification and Illustrate 

of the length of the neurite is laid down by lntercalary growth after synapses 
the tendency for motoneuron growth cones to be small and varicose In the 

I I r. ._,,a\ I.,. -y----*-_I L- -- ----- .L--_ --_Ll_-_ L spinal nerves (straight arrow) and to become large and lamellepodlal in the 
are Tormea (see aray, luau). vve arrernprea 10 rrllrlirniLe (nest: prouierrls uy 
examining the shape of idividual profiles soon after they had passed through 

plexus region (curved arrow). 

a region and by analyzing only the terminal 50 pm of neurite just proximal to 
the growth cone. The assumption that the growth cone trajectory in these the trajectories of growth cones in the plexus region were of similar complexity 
cases is reproduced by the shape of the profile is probably valid, since in at all stages of development. 
some hiqhlv adhesive tissue culture environments the neurite reproduces on For analysis of the trajectories of individual growth cones we selected 459 
a fine leiei the pathway taken by the growth cone (Luduena, 1973). The traced growth cones in which we had been able to record at least 50 pm of 
outgrowing nerve IS likely to present a highly adhesive substratum, since profile proximal to the growth cone. We marked the profile at a point 50 pm 
lnterneuronal contacts appear to be preferred over other substratum choices from the base of the growth cone. We counted the number of turns (defined 
and neurites often spread on each other wlthln the nerve (Tosney and as an alteration in trajectory by more than 25”) over this distance per profile 
Landmesser, 1985b). In addition, our results show that neuntes are unlikely and classified each turn In classes of 25 to 54, 55 to 84, 85 to 114, and 
to be passively pulled Into their complex configurations by alterations in the greater than 115’. We chose these classes because the turns tended to 
spatial arrangements of the environment during the period of our study, since cluster around multiples of 30”, as has been observed by Bray (1973) In 
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Figure 8. The size of motoneuron growth cones does not correlate with 
their stage of development. The proportion of each population at stages 
identified in the keys is shown in each size class in decision (A) and non- 
decision (8) regions. 

culture, and we were thus required to make fewer fine dlstlnctrons in these 
measurements. 

For analysis of growth cone size, we measured the maxlmum width and 
length of growth cones along axes perpendicular and parallel to the neunte. 
We expressed the size as the product of these figures, representfng the 
‘sampling area” of the growth cone, and we calculated the average sizes of 
populations. We report standard errors (SE) for each figure, since a large 
standard deviation IS typlcal of motoneurons in declslon regions and reflects 
the tendency for some growth cones to enlarge In this environment We 
found, us!ng a standard test of skewedness (Snedecor and Cochran, 1967), 
that the skewing toward larger sizes in deciston regions was significant. We 
present much of the data as histograms, grouping populations into different 
stze classes in order to reduce random error. Drawings made by each of us 
gave similar measurements, suggesting that we had llttle systematic error. 

We maximized our chances of detecting growth cones by (7) examlnlng 
sections cut perpendicular to the splnal cord and therefore parallel to the 
general direction of growth cone advancement, (2) examlnlng regions where 
only a few profiles were labeled so that the very fine veils and fllopodla were 
not obscured by other labeled profiles, and (3) determlnlng that the labeled 
proflle did not continue into an adjacent section. These precautions gave us 
a reasonable assurance that we were examining the growing tip of the nerve 
fiber. 
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F/gure 9. The size and morphology of motaneuron growth cones alter in 
the target. The proportlon of growth cones of different size classes (A) and 
morpholagies (B) IS shown within the target at sequential stages that are 
identified in the key. 

We classified the growth cones by morphology. Lamellepodial growth 
cones were wedge-shaped or possessed distinct veils (see Figs. 4A and 
IlD). Filopodial growth cones were defined as those having prominent 
filopodia and lacking veils (see Fig. 4C). Varicose growth cones ended in a 
dark bead with occasional filopodia (see Figs. 48 and 11A). Blunt growth 
cones generally had no specialized region at the tip of the neurite and were 
identified solely by their terminal position (see Fig. 11 C). 

The blunt class of growth cones may have included some incompletely 
labeled profiles which presented a similar morphology. We cannot rigorously 
exclude this possibility. However, the following observations suggest that 
many blunt ending profiles were growth cones and not simply incompletely 
filled profiles. (1) In no case did label decrease in intensity toward the end 
of the profile as it might with incomplete transport of HRP. (2) In similarly 
prepared specimens which were viewed at the electron microscopic level, 
the HRP label appeared to fill the entire growth cone, including thin veils and 
filopodia (Tosney and Landmesser, 1985b). (3) Blunt growth cones were 
present in the nerve front at all stages; these were unlikely to be incompletely 
labeled profiles since electron microscopy shows that very few growth cones 
extend beyond the nerve front at any stage (Tosney and Landmesser, 
1985b). (4) Blunt growth cones ceased to be present in the spinal nerves 
when all other types of growth cones were seen only more distally; and (5) 
we found that the proportion of blunt motoneuron growth cones varied with 
position in the embryo, whereas the proportion of blunt sensory growth 
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F/gure 70. Morphology and stze of sensory growth cones. The proportion 
of growth cones of different morphologtcal types IS shown in different regions 
that are rdentrfred In the key. There is no tendency for sensory growth cones 
to alter their size at different positions or drfferent stages of development. 

Complex trajectories in local decision regions. We find that 
motoneuron growth cones alter their trajectory dramatically within 
definable regions of the embryo that correspond to two areas where 
they are confronted with alternative pathways, the plexus region and 
the points where muscle nerves exit from the.nerve trunks. The 
alteration in trajectory in these decision regions is particularly striking 
when viewed at the population level. When numerous profiles are 
labeled, a population can be seen to make, for instance, a 90” turn 
into a particular muscle nerve (Fig. 1A). When a moderate number 
of neurites are labeled, the sharply defined turn IS seen to be 
composed of individual turns at a variety of positions and angles 
(Fig. 18). The sharp delineation of the turn at the population level is 
evidently due to a summation of divergent individual turns taking 
place in a very localized region. The idiosyncratrc nature of the turns 
and their restricted localization are particularly obvious under similar 
labeling conditions in the plexus region. Figure 2, A and 5, for 
example, shows that relatively straight trajectories within the spinal 
nerves give way to a veritable snarl of profrles within the plexus 
region, whereas straight trajectories are resumed distally untrl a 
muscle nerve decision region is reached. Partrcularly in the plexus 
region, the complexity of turns appears to be greater than that 
necessary for straightforward entry Into the dorsal or ventral nerve 
trunk pathway. 

cones did not, an observation difficult to explain if these profiles reflect failure 
to fill the entire extent of the process. 

When indivrdual growth cones are examined in decision regions, 
it is clear that they often cross over populations that are destrned 
for other targets. In Figure IC, for example, a labeled growth cone 

Figure 17. Sensory growth cones. Photographs and camera lucida drawings at x 100 illustrating the typical morphologies of sensory growth cones show 
a large varicose growth cone from the spinal nerve (A), a small varicose (right) and lamellepodial growth cone from a cutaneous nerve (8). a blunt-ending 
growth cone from a cutaneous nerve (C) and varicose (top) and lamellepodial growth cone in the plexus region (D). 
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Figure 72. Myotomal growth cones. A, Myotomal growth cones do not exit from the spinal nerve at predrctable regrons as do the motoneuron growth 
cones that enter muscle nerves. The top profile In this camera lucida drawrng has extended from the spinal cord (S) rmmedrately toward the myotome (M), 
whereas others travel wrthrn the sprnat nerve pathway (dashed lines) and emerge further distally. Some of the myotomal neuntes have prominent retraction 
fibers (hollow arrows) once they enter the sclerotomal mesenchyme. The terminals tend to become small and varicose (solid arrows) once they enter their 
target. Photograph (6) and camera lucida drawing (C) show extensive ramification of myotomal growth cones. The complex growth cone at the bottom is 
marnly lamellepodral wrthrn the sclerotome; however, It extends processes into the myotome which become small and varicose (arrows in C). This alteratron 
IS typrcal of both myotomal and motoneuron growth cones as they enter the target. 

within a muscle nerve decision region has turned and crossed over 
other neurites that are destined to leave the nerve trunk more distally. 
This growth cone cannot be passively channelled into the muscle 
nerve simply because it is caught in a “right hand turn lane;” it has 
actively moved across other neurites. It is also clear that the trajectory 
of this growth cone is not dictated by a gross physical feature of 
the environment-it has not, for instance, turned in order to avoid a 
mesenchyme cell. This case is typical; we find that growth cones 
within the decision regions often cross other axons and that there 
are no impediments within the decision regions that correlate with 
alterations in trajectory. A similar crossing of growth cones within 
the plexus region is illustrated in Figure 2, C and D. These observa- 
tions suggested to us that individual growth cones within the decision 

regions were responding to specific cues in ways that were subject 
to detailed description. 

Growth cone populations differ in decision and non-decision 
regions. To quantify the trajectory alterations at the level of individual 
growth cones, we examined camera lucida tracings of 459 growth 
cones, By analyzing only the terminal 50 pm of the neurite, we 
thought it reasonably likely that the profile would closely reflect the 
recent trajectory of the growth cone. We measured the angle of 
turns and counted the number of turns per profile, having defined a 
turn as an alteration in trajectory of more than 25”. 

We found a significant contrast in individual neurite trajectories 
within decision and non-decision regions (Fig. 3A). In all non-decision 
regions, the neurites projected with a generally straight course; only 
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100% 

1’ 

MYOTOMAL GROWTH CONES 
that diverged to form two profiles. We believe that these were tightly 
fasciculated neighbors that had parted, rather than single axons that 
had branched, since we have not seen branching in electron micro- 

A. MORPHOLOGY 
I 

graphs at this stage (not shown) and since branching has not been 
detected electrophysiologicaliy (Landmesser, 1978). To determine 

50%- 

W In torget -if& 

H In sclerotome 49 

whether fiber order was maintained or tended to decay, we analyzed 
the degree of divergence of these fibers. 

We found that the decay of fiber order was more pronounced in 
the plexus region; closely fasciculated fibers tended to move away 
from one another: 68% diverged more than 10 pm over a 50.pm 
trajectory and 32% ran parallel to one another (Fig. 30). Since there 
was such a large decrease in fiber order, even within this small 
sample, we think it unlikely that neurites navigate through the plexus 
region by tightly fasciculating with a pioneering population that has 
preceded them. 

In non-decision regions, only 9% of the closely fasciculated fibers 
diverged by more than 10 Km and the majority (83%) ran parallel, 
while the remaining converged. Those neurites that diverged from 
one another in the spinal nerves and nerve trunks generally remained 
within the same quadrant of the developing nerve. Since some 

varicose Lomellepodiol Filipodial complex divergences as well as turns were seen within non-decision regions, 
or blunt it appears that minor alterations of fiber order during the course of 

outgrowth can occur and that fiber order is not rigidly maintained. 

B. SIZE 
Motoneuron growth cones in decision and non-decision regions. 

With a camera lucida, we traced 1338 growth cones from three 

N- R&SE populations: sensory growth cones, motoneuron growth cones that 

n In target 
innervate the myotome (we will call these mytomal growth cones), 

17 752 and motoneuron growth cones that innervate the leg (which we will, 

q In sclerotome 37 38+7 
for simplicity, call motoneuron growth cones). We measured their 
longest and widest dimensions and used the product of these figures 

Cl complex class I5 259k 60 
as an indication of growth cone size or “sampling area.” We also 
classified the growth cone morphology as lamellepodial, filopodial, 
or varicose/blunt. Examples of the different morphologies are shown 

n in Figures 4 and 11. 
We found that within the decision regions the distribution of size 

classes of motoneuron growth cones was significantly skewed at 
the 1% level toward larger sizes (Fig. 5). The average size of growth 
cones in decision regions was 45 f  1.5 pm’ (N = 407) more than 
double that of the average size in non-decision regions, 16 + 1.4 
pm2 (N = 317). The average size of growth cones in different non- 
decision regions was not significantly different, and ranged from 13 

pm* I-40 41-60 61-80 81-120 121-160 >I60 
& 3 to 19 + 2 pm’. Less than 3% of the growth cones in any non- 

Figure 73. Morphology and size of myotomal growth cones. The propor- 
decision region were larger than 80 Fm*. 

tion of each populatron Identified in the key is given for each morphological 
The largest motoneuron growth cones we have seen have been 

classification (A) and for each size class (6). 
within the plexus region (Fig. 4A) where the average size was 48 f  
2 pm* with 42% of the population greater than 40 pm* and 21% 

2% had more than one turn and 82% did not turn; only 3% of the greater than 80 pm* (Fig. 5A). In muscle nerve decision regions, the 

turns were greater than 55”. In contrast, in the plexus region the average size of growth cones was 39 f  2 pm*, with 34% larger 
neurite shape is often extremely complex: 55% turned at least once, than 40 pm* and 20% larger than 80 pm*. 

and 15% turned more than once. In muscle nerve decision regions The larger average size of motoneuron growth cones in decision 

55% turned at least once and 8% turned more than once. regions is accompanied by a significant increase in the proportion 
When we analyzed in greater detail those profiles that had turned of the population that is lamellepodial (see Fig. 6). In non-decision 

at least once, we found that the angle of the turns was generally regions, a greater proportion ended blindly or in varicosities. Figure 
larger within decision regions (Fig. 3C). In the plexus region, 64% of 7 nicely illustrates the tendency for motoneuron growth cones to be 
the turns were greater than 55” and 39% were greater than 85”; in large and lamellepodial in the plexus region and small and varicose 
muscle nerve decision regions, 38% were greater than 55” and 7% in the spinal nerves. Photographs and camera lucida tracings of 
were greater than 85”. motoneuron growth cones in different regions are shown in Figure 

The complexity of the axonal trajectory within the plexus region 4. 
did not differ significantly at different stages (Fig. 38). The number There was no significant correlation between the average size of 
of turns per profile was similarly distributed for the first growth cones growth cones and their stage of development. The first growth 
to enter the plexus, the last to enter the plexus, and those during cones to enter the plexus region did not differ significantly in average 
intermediate periods. This strongly suggests that the complex trajec- size from the last, and at all stages the average size of growth cones 
tories that we see are not due to profiles being passively pulled into in decision regions was significantly larger than those measured in 
tortuous shapes by the movement of local mesenchyme cells or the same embryos in non-decision regions (Fig. 8). This strongly 
other growth cones or by an increase in complexity in the environ- suggests that the first (“pioneering”) population of growth cones 
ment with development; if this were the case, we would expect the does not differ in these attributes from those that grow out later. 
trajectories to increase in complexity with time. The interaction between motoneuron growth cones and their 

In 40 cases we observed what appeared to be a single profile targets was distinguished by a striking alteration in growth cone 
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Figure 74. Schematic summary of growth cone morphology and trajectory. Myotomal growth cones (extending from the spinal cord (S) at left) are 
complex, unlikely to fasciculate, often have prominent retraction fibers along the neurite, and become small and beaded upon entering their target, the 
myotome (AA). Sensory growth cones (extending from the dorsal root ganglion (D) at left) tend to be small and varicose at all positions and stages of 
outgrowth. The size and morphology of motoneuron growth cones (right) are dependent on their position; they tend to be small and varicose in the spinal 
nerve (SN) and nerve trunk (NT), large and lamellepodial in the plexus region (P) and muscle nerve decision region (D/3), and to become very small and 
varicose within the target (T). Motoneuron profiles abruptly alter their trajectories in decision regions. 

morphology and a significant reduction in size with time (Fig. 9). The 
average size of growth cones in the target at early stages was 
similar to the size within the muscle nerve, 15 f  2 pm’, and they 
were primarily lamellepodial. By st 30, however, their size had 
decreased to 7 f  0.9 pm’ and they had become small and beaded 
(Fig. 40). 

Sensory growth cones. Sensory growth cones tended to be small, 
averaging only 6.5 f  0.4 pm2 (N = 346) and 66% ended as simple 
naked fibers or in varicosities with a few filopodia (Figs. 10 and 11). 
Less than 0.01% were larger than 40 pm*. 

To determine whether the larger size of motoneuron growth cones 
in the decision regions is a response to some nonspecific feature of 
the environment, we asked whether sensory growth cones mani- 
fested a similar tendency to enlarge and become more lamellepodial 
as they entered the plexus region. 

We orthogradely labeled dorsal root ganglion and motoneuron 
neurites on opposite sides in the same embryo and compared the 
growth cones within the plexus regions. We found that sensory 
growth cones, unlike those of motoneurons, did not alter their 
morphology when entering the plexus region but remained for the 
most part small and varicose. They did not differ significantly in size 
or morphology at different stages (st 24 to 25 versus st 28 to 30) or 
positions (the spinal nerves, plexus, or cutaneous nerves), as shown 
in Figure IO. These observations suggest that the enlargement of 
motoneuron growth cones in the decision regions is not due to 
some nonspecific aspect of the environment that affects all types 
of growth cones equally. 

Myotomal growth cones. The growth cones of motoneurons that 
innervate the myotome are strikingly different from both the growth 
cones of leg-innervating motoneurons and those of sensory neurons. 
These growth cones tend to be large and lamellepodial, averaging 
38 f  7.0 pm*. We have classified one type of myotomal growth 
cones as “complex” (Fig. 12C). This class, which was not seen in 
other populations, tended to have multiple branches, more than one 
veil, or a veil and numerous filopodia at the tip of each neurite (Figs. 
12 and 13). These aggregate growth cones averaged 259 + 60 pm* 
and are treated separately in the histograms of Figure 13; the 
average sizes of myotomal growth cones do not include this class. 
In a few instances we saw varicosities in the myotome and veils in 
the sclerotome that appeared to arise from the same profile (Fig. 
12, A and f3), suggesting that the morphology of the growth cone 
is very dependent on its local environment. 

Some myotomal neurites possessed prominent retraction fibers 

that appeared to end on mesenchyme cells within the sclerotome 
(Fig. 12, A and C). The myotomal neurites may also branch exten- 
sively. With orthograde injections it was difficult to tell how many of 
these neurons had been labeled; thus, we could not determine a 
ratio between the number of growth cones and somata. In one case, 
however, what appeared to be a single myotomal axon left the cord 
segment in which it was labeled by a more anterior ventral root 
which contained no other labeled neurites. This profile branched 
extensively within the sclerotome; it also extended over three sec- 
tions (75 pm) in the anterior-posterior plane. 

These growth cones also differ from limb motoneurons in that 
they did not exit from the ventral roots at predictable regions, as 
motoneurons do when entering muscle nerves. Some extended 
immediately toward the myotome, whereas others traveled within 
the spinal nerve and emerged more distally (Fig. 12A). In addition, 
these neurites tended to fasciculate less than limb motoneurons and 
were often seen in contact with mesenchymal cells. The majority of 
the neurites were spread within the sclerotome at early stages, and 
a distinct myotomal nerve was not apparent until st 26. These growth 
cones also emerged from the spinal cord over a longer period than 
do leg-innervating motoneurons: we have seen them from st 20 
through 30, whereas leg-innervating motoneuron growth cones have 
all reached the plexus region by st 26. The motoneuron pool position 
for these neurons lies medial to the leg-innervating motoneurons 
(Tosney and Landmesser, 1985b). 

Myotomal growth cones, like other motoneurons, altered signifi- 
cantly once they entered their target, becoming smaller and varicose 
(Fig. 13). Since these alterations in myotomal growth cone morphol- 
ogy and size within the target initially occurred at younger stages 
than did the similar alteration in leg-innervating motoneurons, a global 
alteration in the embryonic environment does not appear to be the 
cause of alterations in growth cone shape. This observation rein- 
forces our view that such changes reflect growth cone responses 
to specific molecular cues within the local environment. 

Discussion 

Our results, summarized in Figure 14, show that different neuronal 
populations have characteristic growth cone populations and that 
the morphology of the motoneuron growth cone population is sig- 
nificantly different in the regions we have chosen to call decision 
and non-decision regions. We suggest that the tendencies for 
motoneuron growth cones to enlarge, become more lamellepodial, 
and pursue convoluted trajectories within decision regions are either 
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direct responses to specific local cues or responses to some more 
general aspect of the decision region that allows growth cones to 
respond to specific cues. 

Motoneuroon grotih cones. The correlation between the position 
and morphology of motoneuron growth cones suggests that their 
morphology is modulated by the immediate environment. Similar 
correlations between the size and location of growth cones has 
been seen among the sensory population in Xenopus (Roberts and 
Taylor, 1983) as well as in invertebrate systems (Taghert et al., 1982; 
Bentley and Caudy, 1984). A particularly striking correlation in the 
present paper is the decrease in size and alteration to a more 
varicose morphology by both myotome- and leg-innervating moto- 
neurons upon entering their targets. These alterations presumably 
reflect the transition from growth cone advancement to the formation 
of stable synapses. 

The most interesting correlation we see is between the position 
and size of growth cones of motoneurons that innervate the leg. 
The increase in the average size of these growth cones within the 
decision regions is a consequence of more growth cones expressing 
the larger lamellepodial form. We think it likely that we are sampling 
a dynamic process in which all or a large proportion of the growth 
cones enlarge cyclically within the decision regions, and it is unlikely 
that these are a small subset of “pioneering” growth cones that alone 
are capable of enlargement. This assumption is supported by cine- 
matography in other systems, which shows rapid alterations in the 
morphology of cultured growth cones: for instance, large lamelle- 
podial growth cones may rapidly form varicosities that often remain 
immobile for several minutes before resuming motile activity (Tosney 
and Wessells, 1983). The very large lamellepodial forms of growth 
cones described by Argiro et al. (1984) have a lifetime of 5 to 15 
min, during which time they advance with great rapidity (up to 250 
wm/hr) before reverting to a slower moving filopodial morphology. 
Since, in addition, the enlarged growth cones are seen at all stages 
of outgrowth, they are unlikely to be an early set of pioneering fibers 
with unique pathfinding abilities. 

The complex trajectories of motoneuron neurites in decision re- 
gions are a direct correlate of the necessity for these growth cones 
to alter their direction of travel in order to assume a correct fiber 
order and enter the proper nerve. However, the trajectories are more 
complex than would be predicted by a parsimonious model in which 
populations are passively channeled into the proper pathway (see, 
for instance, Horder and Martin, 1978). For example, growth cones 
may turn more than once, particularly within the plexus region. In 
addition, growth cones do not turn in concert (see also Tosney and 
Landmesser, 1985a), often cross other populations, and turn at 
diverse angles. These observations strongly suggest that population 
phenomena are not vital to the allocation of growth cones into 
correct pathways and that growth cones may turn actively and 
independently of one another in decision regions. This implies that 
alterations in growth cone trajectories are indivrdual responses to 
specific cues. 

How might a response to specific cues be mediated? Evidence 
that growth cones will move onto a more adhesive substratum 
supports a popular model in which a gradient of adhesiveness 
guides growth cones in a particular direction (see Letourneau, 
197513). However, since growth cones from different populations 
must move in different and specific directions within decision re- 
gions, a single adhesive gradient is insufficient to explain specific 
pathfinding in this system. A more plausible mechanism incorporates 
the specific recognition of molecular cues (cf. Sperry, 1963). 

The concept of guidance by specific molecular cues does not 
implicate any one mechanism for altering the direction of growth 
cone advancement. Once a cue is recognized, a directional re- 
sponse could result from a variety of different mechanisms. For 
example, a growth cone’s “recognition” of cell surface molecules 
may involve increased adhesion of filopodia onto cells bearing these 
molecules (cf. Fallon, 1985). Thus, neurons could be guided, as 
described by Letourneau (1975a, b), by a hierarchy of adhesivities 

present in the in viva environment (see, for example, Berlot and 
Goodman, 1984). Another possibility is that diffusible molecular cues 
(Gunderson and Barrett, 1980) are arrayed as concentration gra- 
dients. Such molecules could act by increasing filopodial adhesion 
on the uphill side of the gradient. Alternatively, they could act 
independenty of adhesion; for instance, by causing an increased 
protrusion of cell surface membrane on one side of the growth cone. 
This would also tend to result in growth cone movement in a 
preferred direction (see Bray, 1973, 1979). 

The fact that growth cones were shown to be larger and to make 
specific changes in their direction of growth in certain regions could 
indicate that specific cues are present only in these regions. Alter- 
natively, cues may be present more globally but axons may be 
prevented from responding to them by other constraints. There is 
suggestive evidence that cues in the limb extend for some distance 
beyond the target and muscle nerve decision regions. For example, 
growth cones channeled into foreign limb regions can abruptly alter 
their trajectories and innervate their correct targets if this is not too 
distant (Lance-Jones and Landmesser, 1981 a, b; see also Hollyday, 
1981; Summerbell and Stirling, 1981; Lance-Jones, 1982). 

There is also evidence for the existence of pathway constraints. 
Ferguson (1983) found that after proximal rotation of the limb bud 
about the dorsoventral axis, motoneurons made adjustments in their 
direction of outgrowth in the plexus region and subsequently inner- 
vated their appropriate targets. However, Whitelaw and Hollyday 
(1983) performing similar rotations more distally in the limb, found 
that motoneurons were unable to compensate. Presumably, once 
having sorted out into compact and separate nerves, the axons 
were unable to respond to specific cues at this level due to some 
as yet undefined constraints. 

One pathway constraint that could limit trajectory alterations in 
response to cues is strong interneuronal associations. Trajectory 
alterations would be enhanced if the strength of growth cone-nerve 
fiber interactions was lowered within decision regions by a reduction 
in substances, such as NCAM, that mediate fiber-fiber association 
(see Rutishauser and Edelman, 1980) and/or by a competitive 
increase in the adhesiveness of the surrounding non-neuronal sub- 
stratum (see Fraser, 1980). We are currently collaborating with U. 
Rutishauser and M. Watanabe to determine whether the type or 
distribution of NCAM varies along these pathways during outgrowth. 

We have also used electron microscopic and histological tech- 
niques to describe the physical environment during neurite outgrowth 
(Tosney and Landmesser, 1985b). We found that decision and non- 
decision regions are not markedly different from one another on 
morphological criteria. Both regions contain a loose aggregation of 
unoriented mesenchyme cells which could differ in chemical prop- 
erties, a question we were unable to address with anatomical 
techniques. However, we obtained data in support of some general 
environmental constraints that help to delineate the permissive path- 
ways for growth cone advancement, two of these being strong 
interneuronal adhesiveness and a differential distribution of glycos- 
aminoglycans. 

The alterations in growth cone morphology that we report here do 
not allow us to distinguish among the possible mechanisms of 
axonal guidance. For instance, enlargement of growth cones is 
consistent both with the directional addition of surface in response 
to a chemical attractant and with an increase in adherence to the 
substratum that is mediated by recognition of a specific cue or by 
a general increase in adhesivity to the substratum within decision 
regions. The enlargement has an intriguing implication in that a larger 
size could allow the growth cone to contact a more extensive portion 
of its environment and might enhance the growth cone’s access to 
positional information. 

If  the morphology of growth cones in decision regions is a direct 
correlate of the local presence of molecular cues, we might expect 
that only the appropriate growth cones would alter their morphologies 
and trajectories in muscle nerve decision regions. Technical limita- 
tions prevented us from determining whether this was so, both 
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because the enlargement of growth cones is a population phenom- 
enon and because we could not unequivocally identify the destiny 
of a particular growth cone until it had moved beyond the muscle 
nerve decision region. This issue can be addressed by experimental 
manipulations that channel growth cones into foreign limb regions 
and result in their indiscriminate projection down muscle nerves (see, 
for instance, Lance-Jones and Landmesser, 1981 b). Following such 
manipulations, all motoneuron growth cones within muscle nerve 
decision regions would be inappropriate. These growth cones should 
also enlarge if enlargement is due to some general feature of decision 
regions that affect all motoneuron growth cones equally; if growth 
cones do not enlarge in foreign decision regions, this would suggest 
that enlargement is associated with a response to specific cues. 

Sensory neurons. In view of the experimental evidence showing 
that the sensory population requires motoneurons for proper out- 
growth and may not be utilizing the same cues as motoneuron 
growth cones (Landmesser and Honig, 1982; Landmesser et al., 
1983), we were not surprised to find that sensory growth cone 
morphology was similar in motoneuron decison and non-decision 
regions. This observation suggests that the enlargement of moto- 
neuron growth cones in decision regions is not a response to some 
highly nonspecific aspect of the environment that affects all species 
of growth cones equally, and supports our interpretation that the 
morphological alterations among motoneuron growth cones in de- 
cision regions may be an important correlate of their specific guid- 
ance. 

Our observations also lend support to the suggestion that sensory 
neurons may utilize motoneurons as a substratum for proper out- 
growth (Honig, 1980, 1982). The sensory growth cones’ consistently 
small size and the presence of a few forward-directed filopodia 
suggest that they are following linear elements in their pathways; 
they therefore resemble growth cones fasciculating on neurites in 
vitro (Wessells et al., 1981; Tosney and Wessells, 1983) and in viva 
(Roberts, 1976; Macagno, 1978; Bastiani et al., 1984; Raper et al., 
1983b; Shankland and Bentley, 1983). In suggesting this, we do not 
mean to imply a highly specific association on a single fiber basis, 
like that shown to be important in the grasshopper CNS (Raper et 
al., 1983a, 1984; Bastiani et al., 1984). I f  this were so, we might 
expect sensory neurites to closely follow all of the twists and turns 
of motoneuron neurites through decision regions, which is contrary 
to our impression that the sensory neurite trajectories are less 
convoluted (see Fig. 14). Alternatively, while sensory growth cones 
may adhere to motoneuron fibers, the sensory neurites may not; if 
so, their trajectories would not mirror the motoneurons’ trajectories. 
It is possible that sensory growth cones enlarge at the point where 
cutaneous nerves diverge from mixed nerve trunks, since at this 
point they would have to leave their association with motoneurons. 
However, the size of our samples of sensory growth cones in these 
regions was insufficient to resolve this possibility. 

Myotomal growth cones. The growth cones from neurons that 
innervate the myotome appear distinctly different from other popu- 
lations. At all points proximal to their targets they tend to be larger 
than other growth cones, are often extremely complex, fasciculate 
less often, and exit from the spinal netves at divergent positions. 
The large size and divergent turns are features that are also common 
to leg-innervating motoneuron growth cones examined in decision 
regions, and could be taken as an argument against our thesis that 
these morphological features are related in some manner to the 
specific guidance of motoneuron growth cones. 

Alternatively, the environment proximal to the plexus region may 
be a decision region for these growth cones; they may respond 
here to environmental features similar to those that encourage 
motoneuron, but not sensory, growth cone alterations in other 
decision regions. For instance, they may respond directly to molec- 
ular cues specific for myotomal growth cones. The proximity of the 
myotomal target, a possible source of specific cues, is in accord 
with this possibility. The observations on myotomal growth cones 
are also consistent with a less specific response to decision regions: 

these growth cones may have an intrinsically lower strength of fiber- 
fiber interactions, a possibility consistent with their observed lower 
degree of fasciculation throughout the course of their travel, or a 
greater adhesivity to the sclerotomal cells, a possibility consistent 
with the large size of these growth cones. 
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