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Previous work suggests that organelles contacting micro- 
tubules in axons are in fast transport. Here, we examine the 
distribution of organelles contacting microtubules in growing 
axons and growth cones from chick optic tectum. Five axon 
segments, each 10 pm long, and 4 entire growth cones were 
reconstructed from serial electron micrographs of quick-fro- 
zen, freeze-substituted chick optic tectum. Organelles con- 
tacting microtubules in axons are evenly distributed along 
all microtubules. Smaller organelles, presumably in antero- 
grade transport, are enclosed in fascicles of microtubules, 
while larger organelles in retrograde transport lie outside the 
fascicles. In contrast, organelles contacting microtubules 
are prevalent only in the most proximal parts of the growth 
cone, before the microtubule fascicles splay out more dis- 
tally. The distance between noncontacting organelles and 
microtubules also becomes progressively greater, reaching 
a maximum in the mid- and more distal region of the growth 
cone. Contacts with microtubules of both the smaller, pre- 
sumably anterogradely transported organelles, as well as 
the larger, presumably retrogradely transported organelles, 
abruptly become less frequent in the proximal midregion of 
the growth cone. It is therefore of possible significance in 
stopping and starting microtubule-based organelle transport 
that microtubules change from a straight to an undulating 
configuration in the midregion of the growth cone. The de- 
crease in organelle binding to microtubules at the demar- 
cations between the straight and undulating microtubule 
segments may depend on proteins or other local factors as 
well as the splaying out of the microtubule bundles. 

Various organelles-coated and uncoated vesicles, spherical and 
flat vacuoles, and lumenless membrane disks-are believed to 
be involved in local recycling of the growth cone plasmalemma 
in the distal growth cones from intact chick optic tecta (Cheng 
and Reese, 1985a, b, 1987). Vesicles and vacuoles, as well as 
other types of organelles, are also believed to be recycled into 
or out of growth cones by fast axonal transport (Berlinrood et 
al., 1972; Breuer et al., 1975; Leestma, 1976). Larger vacuoles 
carry specific materials out of mature nerve terminals back to 
the cell body (Kristenson and Olsson, 197 1; Hendry et al., 1974; 
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LaVail and LaVail, 1974; Stoekel and Thoenen, 1975; Kristen- 
son, 1977; Tsukita and Ishikawa, 1980); this retrograde trans- 
port appears to occur in the tips of growing neurites as well 
(Berlinrood et al., 1972; Breuer et al., 1975; Bunge, 1977). 

Local recycling of the growth cone plasmalemma (Cheng and 
Reese, 1987) clearly cannot by itself account for the net gain of 
plasma membrane during elongation of the axons. Additional 
membrane from other sources would be needed for the expan- 
sion of the chick tectal growth cone. Our present working hy- 
pothesis is that some of the anterogradely transported organelles 
are used to augment the pool of membranes engaged in local 
recycling of the filopodial plasmalemma (Cheng and Reese, 1987) 
and that the membrane addition steps in the local membrane 
recycle provide the means of adding plasma membrane for ax- 
onal growth (Bray et al., 1978; Feldman et al., 198 1; Pfenninger 
and Maylie-Pfenninger, 198 1). 

Recent video microscopic studies of fast axonal transport in 
extruded squid axoplasm indicate that a single microtubule can 
even support movement of organelles in both directions (Cooper 
and Smith, 1974; Allen et al., 1982; Brady et al., 1982; Hayden, 
et al., 1983; Schnapp et al., 1985). Functional coupling between 
translocating organelles and microtubules appears to involve 
close physical juxtaposition between these 2 elements (Raine et 
al., 1971; Allen, 1975; Martz et al., 1984; Miller and Lasek, 
1985; Schroer et al., 1985; Vale et al., 1985a, b; Kachar et al., 
1987), which could best be preserved by quick-freezing and 
freeze-substitution techniques (see also Schnapp and Reese, 
1982). Therefore, these techniques were used to determine which 
organelles are contacting microtubules in axons and growth cones, 
on the assumption that organelles contacting microtubules are 
engaged in fast axonal transport. 

Assuming that small organelles move anterogradely, away 
from the cell body, and that large organelles move retrogradely, 
toward the cell body (Smith, 1980; Miller and Lasek, 1985), we 
analyze in series of thin sections the distributions of organelles 
in contact with microtubules in order to determine whether 
organelles in anterograde (vesicles with diameters < 150nm) and 
retrograde (vacuoles with diameters > 150 nm) transport are 
located preferentially in the vicinity of the microtubule fascicles 
in axons and growth cones. 

We found that vesicles and vacuoles have different preferred 
positions in relation to the fascicles of neuritic microtubules. 
Our measurements of the distributions of organelles along growth 
cone microtubules also indicated that vesicles in anterograde 
transport appear to be unloaded from microtubules in a spe- 
cific region of the tectal growth cone which is slightly proximal 
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to the midregion where vacuoles destined for retrograde trans- 
port are loaded onto microtubules. Very few of the vesicles and 
vacuoles in the distal regions of the growth contact microtubules; 
the high concentration of these distal unattached organelles is 
consistent with our conclusion that these organelles, the ones 
that have been shown to be involved in local recycling of the 
growth cone plasmalemma (Cheng and Reese, 1985a, b; 1987), 
are not in transport along microtubules. 

Materials and Methods 
Details of specimen preparation, techniques for computer-assisted serial 
reconstruction, and related procedures have been described elsewhere 
(Cheng and Reese, 1987). 

Preparation ofspecimens. Chicken embryos at 6i/+6’/2 d ofincubation 
were placed in minimum essential medium (GIBCO Lab, Grand Island, 
NY) for removal of optic tecta. The dissected tecta were slam-frozen 
within approximately 1 min, as described previously (Cheng and Reese, 
1985a). The frozen samples were then freeze-substituted in a mixture 
of osmium tetroxide (5%) and acetone for 17 hr at -78”C, warmed to 
0°C rinsed with a precooled acetone-methanol mixture followed by 
100% methanol, and finally stained with 20% uranyl acetate in absolute 
methanol for 5 hr at 0°C. They were then rinsed with methanol, warmed 
to room temperature, and embedded in Araldite for routine processing 
for serial sectioning (Cheng and Reese, 1985a). 

Computer-assisted serial reconstruction. Ribbons of approximately 
250 serial sections were subdivided into 10 short ribbons and each 
ribbon was mounted on a Formvar-coated copper slot grid. After heavy- 
metal staining, the sections were air-dried and then examined in a JEOL 
200-CX electron microscope at 120 kV. During printing of a series, 
each microtubule array was aligned in overall best-fit registration with 
respect to the previous section (Cheng and Reese, 1985a). The continuity 
of microtubules was determined by examining the micrographs printed 
at a final magnification of 120,000 x . The positions of microtubules 
within the outlines of the neurites or growth cones were then recorded 
with a computer-driven digitizer. After completion of a series, the dig- 
itized outlines were built up into 3-dimensional images of the neurite 
or growth cone segment containing composite images of most of the 
microtubules in a neurite or a growth cone. The data acquisition and 
subsequent graphic display were done with a Tektronix Graphic Tablet 
4956 and Graphic System 4054 (Tektronix, Beaverton, OR 97075). 

For planimetric measurements, the perimeter of each profile was dig- 
itized consecutively 7-l 0 times and the average cross-sectional area was 
multiplied by the section thickness (0.1 pm) to yield the volume within 
each section. The final volumes of neurite and growth cone segments 
were obtained by totaling the volumes of single sections. The diameters 
of vesicles and vacuoles, as well as their distances from microtubules, 
were measured on micrographs of serial sections printed at a final mag- 
nification of 120,000 x , 

Statistics. One hundred serial sections from each of 5 neurite seg- 
ments, 10 pm long, as well as approximately 250 serial sections from 
each of 4 complete growth cones were reconstructed. To determine 
whether all microtubules in neurites transport organelles, all of the 
microtubules in the 5 reconstructed neurites were pooled and the num- 
ber of microtubule-contacting organelles counted. The expected num- 
bers of microtubules with different numbers of attached organelles were 
generated from the Poisson equation by assuming that all microtubules 
transport organelles. The expected probability of the microtubules with 
0, 1, 2, and 3 or more attached organelles is equal to e-A and (e-An)ln!, 
where X is the observed mean and n is the number of attached organelles. 
In order to examine the distribution of microtubule-contacting organ- 
elles in neurites and growth cones, all the microtubules in 5 neurites 
and 4 growth cones were subdivided into segments, each 0.5 pm long, 
and the number of microtubul-rganelles contacts was determined for 
each segment. The expected numbers of contacts were calculated from 
the Poisson equation as described above. The goodness of fit of the 
expected and observed data was analyzed by the x2 test. 

Results 
Organelles inside and outside of microtubule fascicles 
Most of the organelles in neurites contacted microtubules (Fig. 
1, A, B); most of these organelles (91%, Table 1) were either 
small vesicles or large vacuoles. Vesicles were typically enclosed 

I 

Figure I. Electron micrographs of freeze-substituted tectal neurites 
showing contacts between a vacuole and a microtubule (arrows, A) and 
confinement of a vesicle within a microtubule fascicle (B). Most small 
vesicles (SI, B) are confined within microtubule fascicles, but a few (S2, 
A) are not. Noncontacting vesicles (S2, B) are frequently located near 
the plasmalemma; coated vesicles (Cv) do not contact microtubules. 
Large vacuoles (V, A) usually lie outside of microtubule fascicles but 
frequently contact several microtubules. Scale bar, 0.1 hrn. 

in a microtubule fascicle (Fig. lB), whereas vacuoles and other 
organelles were usually at the periphery of a fascicle (Fig. 1A). 
To substantiate these morphological observations that vesicles 
(diameter < 150 nm) and vacuoles (diameter > 150 nm) in neu- 
rites were located in different axoplasmic subdomains, we mea- 
sured the diameters of all vesicles and vacuoles (261 out of 38 1; 
Fig. 2) that were contacting microtubules in 5 reconstructed 
neurite segments, each about 10 pm long. Almost all vesicles 
inside a fascicle were < 100 nm in diameter; in contrast, all 
vacuoles with larger diameters were arranged around the outside 
of the fascicle (Fig. 2). 

Approximately 23% of the organelles (88 out of 38 1) in neu- 
rites, compared with only 1.5% (24 out of 1584) in growth cones, 
were inside a microtubule fascicle, and most of these were in 
the most proximal part of the growth cone where the micro- 
tubule fascicles were still prominent. 

Distribution of microtubule-contacting organelles in growth 
cones 
Most microtubules in the neurites are in fascicles (Fig. 3A). 
There was no pattern we could see in the distribution of mi- 
crotubule-contacting organelles along the 10 pm reconstructed 
segments of microtubule (Fig. 3B). In the growth cones, how- 
ever, microtubule fascicles typically splayed out along the prox- 
imo-distal axis and were not apparent in the distal growth cone 
(Fig. 4A). The appearance of individual microtubules also 
changed along the long axes of growth cones (Fig. 4B). More 
proximal individual microtubules appeared to be straight, while 
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Figure 2. Diameters of organelles inside and outside of microtubule 
fascicles in 5 reconstructed neurite segments. Almost all of the vesicular 
organelles inside a fascicle are vesicles with diameters < 100 nm, where- 
as the larger vacuolar organelles typically lie outside of a fascicle. 

their distal extensions became undulated (Fig. 4B); these dif- 
ferences were consistently observed in all of the microtubules 
that extended into the distal regions of the 4, reconstructed tectal 
growth cones (only 23 out of 89 microtubules extend to the 
distal regions). The frequency of vesicles contacting microtu- 
bules was greater in the straight microtubule subdomains (Fig. 
4B). The straight subdomains of growth cone microtubules were 
confined to the more proximal region of the growth cone (Fig. 
4A). The mean concentration of microtubule-contacting vesicles 
decreased from 16.1 per pm3 in the transition zones to 6.4 per 
Km3 in the proximal regions and further to 1.7 per pm3 in the 
distal region of the growth cone; all of these means were sig- 
nificantly lower than that in the neurites (32.7 per pm3; Table 
2). However, there were typically 15 microtubules in the prox- 
imal, but 10 or fewer microtubules in the distal, regions of 
growth cones compared with 11 microtubules in the neurites 
(Fig. 5). Thus, the concentration of microtubule-contacting ves- 
icles was significantly lower, though the average number of mi- 
crotubules was actually somewhat higher, in the proximal growth 
cone than in the neurites, meaning that the lower concentration 
of vesicles contacting microtubules in the proximal growth cone 
is not explained by a decrease in the number of microtubules. 

In the more distal regions, the concentration of microtubule- 
contacting vesicles continued to decrease slightly (Fig. 5); this 
slight decrease is significant because individual growth cones 
showed the same tendency. However, this lower concentration 
of microtubule-contacting vesicles appears to parallel a decrease 
in the number of microtubules (Fig. 5, Table 2). 

The concentration of vacuoles contacting microtubules ap- 
peared to be somewhat higher in the midregions of growth cones 
than either more distally or more proximally in the growth cone 
or axon (Fig. 5), but this is significant because similar distri- 
butions of microtubule-attached vaucoles were seen in every 
reconstructed growth cone. In any instance, there was clearly a 
systematic and continuous decrease in the absolute number of 
vesicles and vacuoles contacting microtubules along the prox- 
imo-distal axes of growth cones (Fig. 5). 

Distribution of noncontacting organelles in growth cones 

In order to understand better the meaning of the low concen- 
tration of microtubule-contacting organelles in the more distal 
regions of the chick tectal growth cones, we also examined dis- 
tributions of vesicles and vacuoles that were not contacting 
microtubules along the proximo-distal axis. Most of the non- 
contacting organelles in the most proximal parts of growth cones 
were located near microtubules, but most of those in the mid- 
and more distal regions were further away from microtubules 
(Fig. 6). In agreement with these morphological observations 
were the data obtained by measuring the shortest distance be- 
tween each noncontacting vesicle or vacuole and the nearest 
microtubules in the 4 reconstructed growth cones (Fig. 7). The 
mean distances between these noncontacting organelles and mi- 
crotubules increased progressively in the proximo-distal direc- 
tion, reaching a maximum of approximately 600 nm in the 
midregions of growth cones (Fig. 7). In contrast, the mean dis- 
tances between the noncontacting organelles and microtubules 
were significantly less in the distal than in the middle growth 
cones. However, the SDS around these mean distances were 
large, suggesting that organelles in the distal regions are not 
organized around the microtubules there. 

Only 11% of the organelles in growth cones contacted micro- 
tubules, in contrast to 75% of those in neurites (Table 1). Most 
of the noncontacting organelles (83%) were concentrated in the 
distal region of growth cones (Fig. 8, Table 2) in contrast to 
their homogeneous distribution within the 5 reconstructed neu- 
rite segments (Fig. 8). This finding, along with the measurements 

Table 1. Relative frequency of different types of organelles and percentage of each type contacting one 
or more microtubules (MT) 

Nettrite” Growth cone0 

Percentage Percentage 
Frequency contacting Frequency contacting 

Organelle-type W) MT (W MT 

Small vesicles 85.3 75 80.5 11 

Flat vacuoles 3.9 40 6.7 17 

Large vacuoles 5.8 77 2.9 29 

Mitochondria 1.8 86 1.8 21 

Coated vesicles 1.2 0 3.8 0 

Single disks 2.0 0 4.0 9 

Stacked disks 0 0 0.3 0 

“ A total of 38 1 organelles in 5 neurite segments and 1584 organelles in 4 entire growth cones were counted. 
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Figure 3. Serial reconstruction of microtubules and distribution of microtubule-contacting organelles within a 10 pm neurite segment. A fascicle 
of microtubules is shown in its neurite (A). Microtubule-contacting organelles, as indicated by small arrowheads on individual microtubules (B) 
from the fascicle in A are located within or along microtubules in the fascicle. Some microtubules are not contacted by organelles (e.g., microtubule 
number 5 in A), but there are typically 2-3 microtubule-contacting organelles on each 10 pm segment of microtubules. The 3 arrowheads on 
microtubule 8 indicate a mitochondrion making several contacts with it. The Z-bar corresponds to 2 pm along the longitudinal axis of growth. 

of mean distances between organelles and microtubules (Fig. 7), contacting organelles times the concentration of microtubule 
give us a basis to calculate an association tendency between segments not contacted by organelles). A low association num- 
organelles and microtubules (the ratio of the concentration of ber between organelles and microtubules would be another in- 
microtubule-contacting organelles to the concentration of non- dication of their relative low mutual affinity. The association 
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Figure 4. Serial reconstruction of microtubules and distribution of microtubule-contacting organelles (arrowheads) in a tectal growth cone (dotted 
outline). Microtubule fascicles typically splay out along the proximo-distal axis of the freeze-substituted growth cone (A). Most microtubules terminate 
in the proximal region of the growth cone, but a few (not shown here) extend to the tip of the filopodium. Microtubule-contacting organelles are 
not uniformly distributed along microtubules in the growth cone (as shown individually in B) but are concentrated proximally in the growth cone. 
The microtubule-contacting organelles appear to be restricted to the proximal straight subdomains of the microtubules but excluded from the more 
distal undulating subdomains in the growth cone. The X- and Y-bars, representing the cross-sectional X- and Y-axes, indicate 0.5 pm, while the 
Z-bar representing the proximal-distal axis indicates 2 pm. 

tendency between vesicles and microtubules in the transition were higher (3.2 proximally and 3.0 distally) in the growth cone 
zone of the growth cone was twice as high as in neurites (5.9 vs than in the neurites (2.3), which means that the percentage of 
2.7; Table 2), but was 3 times lower in the proximal regions microtubule-contacting vacuoles (46%) is higher than that of 
(1 .O); in contrast, association ratios of vacuoles to microtubules vesicles (18%) in the proximal growth cone, although it is similar 



in neurites (75% for vesicles and 77% for vacuoles). In com- 
parison, the association tendency for vesicles (0.1) and for vac- 
uoles (0.3) was lowest in the distal regions, reflecting the fact 
that fewer organelles were attached to microtubules there, even 
though the local concentration of vesicles was much higher and 
that of vacuoles was slightly higher than more proximally (Table 
2). Therefore, the concentrations of organelles and microtubules 
cannot be the only factors determining the frequencies of con- 
tacts between organelles and microtubules. 

Probability of organelles making contacts with microtubules 
In order to determine whether the high concentration of non- 
contacting organelles in the distal regions and of microtubule- 
contacting organelles in neurites and the most proximal parts 
of growth cones can be explained by the presence of a subclass 
of microtubules incapable of binding organelles, we analyzed 
the observed and expected frequencies of microtubule-contact- 
ing vesicles and vacuoles in neurites and growth cones. The 
observed frequency of organelle-microtubule contacts in the 
neurites and the transition zones of the 4 reconstructed growth 
cones did not vary significantly from the expected frequency 
calculated from the Poisson distribution generated by the as- 
sumption that organelles making contacts with each of the 0.5 
Km segments of microtubules along the long axis are indepen- 
dent events and that all microtubules can bind organelles (see 
Materials and Methods; Fig. 9). This result suggests that all 
neuritic microtubules are equally able to bind organelles. In 
contrast, the observed frequencies of vesicle- and vacuole-mi- 
crotubule contacts in the proximal and the distal regions were 
significantly different from those predicted, only 47 and 4 1% of 
their expected frequencies (Fig. 9). Similarly, the observed fre- 
quencies of microtubule segments that were not in contact with 
organelles in the more distal region of the growth cones were 
significantly higher than the expected frequencies (Fig. 9). These 
results suggest either that some growth cone microtubules are 
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Figure 5. Average numbers ofvesicles (empty bars) and vacuoles (solid 
bars) contacting successive 1 pm microtubule subsegments along the 
longitudinal axes of reconstructed neurites (top) and growth cones (bot- 
tom). The superimposed dotted line indicates the average number of 
microtubules in successive 1 pm subsegments. Microtubule-contacting 
vesicles and vacuoles are uniformly distributed throughout the recon- 
structed neurite segments (top). In contrast, the number of microtubule- 
contacting vesicles per micron of microtubule decreases abruptly in the 
most proximal regions (ES’) of the growth cones (bottom) and continues 
to decrease distally. However, microtubule-contacting vacuoles appear 
to increase slightly and to decrease distally, which is still proximal to 
where the microtubules end. Pooled data from 5 neurites, each ap- 
proximately 10 pm long and from 4 entire growth cones, each approx- 
imately 15-20 pm long. The transition zones (TZ), the proximal (Ps), 
and the distal regions (DS) are defined by structural characteristics pre- 
viously defined (Cheng and Reese, 1987). 

Table 2. Association of vesicles and vacuoles with microtubules calculated from concentrations of 
microtubule segmentsV (MT) and organelles 

Parameters” Neurite Growth cone TZ PS DS 

MT segments” 216 226 30 110 86 

Vesicles 65 318.7 14.5 102 202.2 

Vacuoles 4.4 11.6 0.8 5.0 5.8 

Volume (km?) 1.5 8.2 0.6 3.9 3.7 

MT/pm’ 144.0 27.5 50.0 28.2 23.2 

Vesicles/pm’ 
Attached 32.7 4.26 16.1 4.8 1.7 

Not attached 10.8 34.61 8.0 21.3 52.9 

Vacuoles/pm’ 
Attached 2.3 0.4 0.8 0.58 0.13 

Not attached 0.7 1.01 0.5 0.69 1.43 

Association tendency 
Vesicle 2.7 0.5 5.9 1.0 0.2 

Vacuole 2.3 1.5 3.2 3.0 0.3 

” Number of 0.5~pm-long microtubule segments per pm’. 

/’ All figures are averaged from 5 neurite segments and 4 entire growth cones. 
Growth cones here are separated into 3 structurally defined domains: transition (TZ), the proximal (PS), and distal 

(DS) regions. 

‘/ Microtubules were arbitrarily subdivided into 0.5-pm-long microtubule segments. 
’ Ratio of concentration of microtubule-contactingorganelles to the product ofconcentrations ofnoncontacting organelles 
and MT segments not in contact with organelles. 
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Figure 6. Distribution of noncontacting organelles and microtubules in a serially sectioned growth cone. Vesicles and vacuoles (v) in the transition 
zone (TZ) and the proximal region (ES’) are close to a fascicle of microtubules. However, most organelles in the midregion (MR) are further away 
from microtubules in the fascicle; the fascicle also begins to splay out (see tracings of the micrographs). In the distal regions (Ds), microtubules do 
not form bundles, and organelles do not appear to have any apparent relationship to microtubules. Various organelles (v) are, instead, associated 
with stacks of lumenless membrane disks (MLS), which are typical of the distal growth cone. Mitochondria (M) in growth cones typically lie farther 
away from microtubule fascicles than the other organelles. Scale bar, 0.5 Wm. 

at least transiently unable to bind organelles or that other factors, 
such as binding organelles to other cytoplasmic components, 
discourage their binding to growth cone microtubules. 

Discussion 
Neuritic subdomains for anterograde and retrograde transport 
Microtubules in the neurites from intact chick optic tecta form 
fascicles (see also Cheng and Reese, 1985a), and membrane- 
limited organelles lie within, as well as around, these fascicles. 
Vesicles with diameters < 100 nm typically lie inside a fascicle, 

whereas other organelles with larger diameters are arrayed at 
its periphery. Thus, it appears that the microtubule-associated 
axoplasmic domains (Schnapp and Reese, 1982) in the neurites 
have separate channels or subdomains defined by the preferred 
position of the small and large organelles in relation to the 
microtubule fascicles. 

In some axons, organelle diameter appears to be indicative 
of the direction of movement, with smaller organelles moving 
away from the cell body (Smith et al., 1975; Tsukita and Ishi- 
kawa, 1980; Miller and Lasek, 1985). The diameters of vacuoles 
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Figure 7. Separations between vesicles (top) or vacuoles (bottom) and 
microtubules along the longitudinal axes of growth cones. Mean dis- 
tances of noncontacting organelles from the closest microtubule are 
typically IO-fold greater in the varicosities of growth cones than in 
neurites (N). The mean distances from the nearest microtubule increase 
systematically from the transition zone (Z) to the proximal region 
(KS), reaching a maximum of approximately 600 nm in the mid-region 
of growth cones. The maximum separation of vacuoles from the nearest 
microtubule appears to be approximately 1 pm. The mean distances of 
both vesicles and vacuoles from microtubules are uniformly less in the 
distal regions (DA’) than in the midregions; however, the variances of 
these distances are much greater in the distal growth cones than more 
proximally. 

located outside a microtubule fascicle in intact neurites from 
developing chick optic tecta are similar to those of retrogradely 
translocating organelles in extruded squid axoplasm, whereas 
those of vesicles inside a fascicle are similar to those in anter- 
ograde transport (Miller and Lasek, 1985; see also introductory 
remarks above). Therefore, the cytoplasmic subdomains around 
the periphery of microtubule fascicles in the neurites may sup- 
port retrograde transport, whereas the central cores of the fas- 
cicles may support anterograde transport. 

Fascicles of microtubules define compartments rich in both 
microtubules and organelles in the core of the chick tectal neu- 
rites. This increase in the effective concentration ofmicrotubules 
and organelles could increase the probability of contacts between 
organelles and microtubules (Vale et al., 1985a). Cocompart- 
mentalization of microtubules and organelles would also favor 
multiple binding between organelles and microtubules; indeed, 
most organelles within a fascicle contact one or more micro- 
tubules. Thus, the arrangement of fascicles of neuritic micro- 
tubules ensures high local coconcentrations of microtubules and 
organelles to promote attachment of these organelles to micro- 
tubules. 

Unloading and loading of organelles onto microtubules 
The subdomains defined by microtubule fascicles in neurites 
are inconspicuous in growth cones, due in part to splaying of 
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Figure 8. Average numbers of vesicles (empty bars) and vacuoles (solid 
bars) not contacting microtubules in successive 1 -pm-long subsegments 
of neurites (top) or growth cones (bottom). No specific patterns in the 
distribution of noncontacting vesicles and vacuoles are observed in the 
5 reconstructed neurites. In contrast, the number of noncontacting ves- 
icles increases progressively in the proximal regions (F’s) and even more 
in the distal regions (DS’) of the 4 reconstructed growth cones; the 
number of noncontacting vacuoles may also increase slightly more dis- 
tally. 

microtubule fascicles and, in part, to a progressive decrease in 
the total number of microtubules along the proximo-distal axis. 
Although vesicles and vacuoles are still clustered close to the 
periphery of microtubule fascicles in the most proximal parts 
of growth cones, they become less frequent distally where the 
fascicles splay out. Vesicles contacting microtubules, which pre- 
sumably represent those in fast transport (Miller and Lasek, 
1985), disappear progressively and then precipitously along the 
proximo-distal axis of the growth cone. Also, the distance of 
noncontacting vesicles from microtubules increases systemati- 
cally along the proximo-distal axis, reaching a maximum in the 
growth cone midregions. Together, these findings suggest that 
vesicles moving into growth cones by fast anterograde transport 
have a progressively increased probability of coming off micro- 
tubules. Indeed, most of the vesicles in growth cones are not 
contacting microtubules and most of these organelles are con- 
centrated in the distal regions. Thus, we can infer that vesicles 
in fast anterograde transport are unloaded in the proximal rather 
than in the distal regions of the growth cone. Although termi- 
nation of microtubules in a growth cone fascicle may be partially 
responsible for unloading of vesicles, splaying of microtubules 
in the fascicle may also play a significant role because the con- 
centration of vesicles contacting microtubules is 6 times greater 
in the neurites and 3 times greater in the transition zones (where 
fascicles are still conspicuous) than in the proximal regions (where 
fascicles splay out), even though the average number of micro- 
tubules in these regions differs only slightly. 
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Figure 9. Comparison between the expected and observed frequency 
of organelle-microtubule contacts along neurite and growth cone mi- 
crotubules calculated from Poisson distributions based on their overall 
frequency and on the assumption that every microtubule is capable of 
transporting organelles (see Materials and Methods). The differences 
between the expected and observed frequency of organelle-microtubule 
contacts in the proximal (KS) and distal (LX) regions are significant, 
but those in the neurites (A’) and the transition zones (TZ) are not, as 
determined by x2 test. This result suggests that every microtubule in 
neurites and the most proximal growth cone can transport organelles 
but that some (or perhaps all) microtubules in the more distal growth 
cone have a lower affinity for organelles. 

In the more distal regions, however, the decrease in number 
as well as the absence of microtubule fascicles may not account 
entirely for the low concentration of microtubule-contacting 
vesicles and the high concentration of noncontacting vesicles. 
Other undefined factors may promote dissociation of attached 
organelles moving in the anterograde direction, but it is not 
known whether kinesin or other factors promoting organelle 
transport (Vale et al., 1985b-d) are less concentrated in the 
distal than the proximal regions, nor can an important role for 
the association of organelles with each other or with other cy- 
toplasmic elements be discounted. It is also possible that binding 
between organelles and microtubules is inhibited by proteins or 
other factors concentrated in the distal regions of growth cones. 

The straightness of individual microtubules in a fascicle ap- 
pears to be correlated with a role in the unloading of vesicles 
in anterograde transport. Most of the microtubule-contacting 
organelles in growth cones are attached to the straight segments 
of individual microtubules; in contrast, they are rare along the 
more distal undulating segments. The straight segments of mi- 
crotubules are positioned in the most proximal parts of growth 
cones (where vesicles in transport are thought to begin unload- 
ing) compared with the undulated segments positioned more 
distally (where most of these vesicles are evidently detached 
from the microtubules). Thus, the vesicles moving anterogradely 
along microtubules into the growth cones appear to be unloaded 
preferentially at and after the points where microtubules assume 
an undulating shape. Our conclusion that unloading of anter- 

ogradely moving organelles occurs primarily in the midregions 
of growth cones is supported by our observations that micro- 
tubule-contacting organelles assumed to be transported along 
microtubules are prevalent only in the most proximal growth 
cones, and that the tendency of organelles to associate with 
microtubules is considerably higher in neurites and the most 
proximal growth cone than more distally. 

Large vacuoles attached to microtubules in growth cones are 
thought to be in retrograde transport because large-diameter 
organelles in the squid and other axons are transported retro- 
gradely, towards the cell bodies (Smith, 1980; Miller and Lasek, 
1985), and because endocytotic vacuoles are transported retro- 
gradely out of mature nerve endings (Berlinrood et al., 1972; 
Breuer et al., 1975; Stoekel and Thoenen, 1975; Bunge, 1977). 
Thus, vacuoles contacting microtubules in growth cones are 
taken to be organelles in retrograde transport (Tsukita and Ishi- 
kawa, 1980). 

Attachment of vacuoles to microtubules to initiate retrograde 
transport also appears to occur in the midregions ofgrowth cones 
because the concentration of microtubule-contacting vacuoles, 
presumably representing those in fast retrograde transport (Smith, 
1980; Miller and Lasek, 1985; Schnapp et al., 1985), is some- 
what higher in the midregions of growth cones than either both 
more proximally or distally. In addition, the mean distances 
between vacuoles and microtubules in the tectal growth cones 
are significantly less more proximally, perhaps reflecting a higher 
tendency of vacuoles to associate with microtubules in the prox- 
imal midregions than more distally; also, the ratio of micro- 
tubule-attached to unattached vacuoles is significantly higher in 
the neurites and the proximal regions than more distally. The 
small, but significant, increase in vacuole concentration in the 
midregion of the growth cone could mean that vacuoles attach- 
ing to microtubules in preparation for retrograde transport pause 
before beginning to move retrogradely out of the midregion of 
the growth cone. 

Thus, a loading zone for organelles destined for retrograde 
transport appears to overlap with an unloading zone for organ- 
elles in anterograde transport; both zones appear to be located 
within the midregions of growth cones. The straight and un- 
dulating segments of a growth cone microtubule appear to co- 
incide roughly with the growth cone regions where organelles 
are introduced to or removed from fast axonal transport. It 
therefore appears that there are separate and distinctive regions 
along the microtubules in the chick tectal growth cones desig- 
nated for terminating anterograde and for initiating retrograde 
transport. 

Lack of organelle association with microtubules in the distal 
growth cone 
In the distal regions, microtubules generally are not in fascicles, 
and all of the microtubules originating from neurites are un- 
dulated. Also, microtubules are least concentrated and noncon- 
tatting organelles are most concentrated in the distal regions of 
growth cones. In parallel with these distinctive structural fea- 
tures, the functional role of most organelles in the distal regions 
also appears to be different from that in the proximal regions. 
There is no apparent organized relationship between microtu- 
bules and organelles in the distal growth cones, as suggested by 
the high variability and lack of pattern in the distances between 
organelles and microtubules. In fact, most of the noncontacting 
vesicles and vacuoles in the distal growth cones do not appear 
to represent a pool of organelles which are about to bind to or 
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have just dissociated from microtubules because they are not 
selectively distributed near or around microtubules. They are, 
instead, closely associated with stacks of lumenless membrane 
disks, which are typical of the distal regions of growth cones 
(see also Cheng and Reese, 1985a); these vesicles and vacuoles 
are thought to have a role in providing membrane for addition 
to the growth cone plasmalemma during filopodial extension 
(Cheng and Reese, 1987). The high concentrations of noncon- 
tatting vesicles and vacuoles in the distal regions are consistent 
with the idea that they are involved in local recycling of the 
plasmalemma during filopodial extension or retraction (Cheng 
and Reese, 1987). This idea is also supported by the observation 
that noncontacting vesicles and vacuoles are, in part, derived 
from coated vesicles originating from the growth cone plas- 
malemma (Cheng and Reese, 1987). 

Our current working hypothesis is that most of the vesicles 
arriving at the growth cones by fast anterograde transport are 
detached and added to a pool of organelles involved in recycling 
of the local plasmalemma (Cheng and Reese, 1987). Similarly, 
some of the endocytotic vacuoles destined for fast retrograde 
transport (Cheng and Reese, 1987) are withdrawn from the distal 
pool of membrane to carry specific materials back to the cell 
body. However, it is not clear how these vesicles and vacuoles, 
which are similar in appearance but different in function, are 
specified for either fast axonal transport or for local recycling 
with the growth cone plasmalemma. 
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