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Abstract 

The regulation of the quantities and types of organelles that leave the neuronal cell body destined 
for use in the axon and its terminals is not well understood. We had previously found that transport 
of transmitter undergoes a precise down regulation when most of one branch of the bifurcate axon 
of an identified serotonergic neuron was removed. We have now investigated further the nature of 
the regulatory event and the reason for its initiation by eliminating portions of the axonal tree of 
this neuron. We find that the down regulation is more likely to be due to the loss of synapses than 
of axon because transport of [3H]serotonin decreases as much when an axonal branch is transected 
distally as after a proximal transection. Transport of [3H]fucosyl glycoprotein, which normally is 
associated with the serotonergic vesicle in this axon, decreases to the same extent as transport of 
[3H]serotonin following proximal transection. The glycoprotein down regulation occurs much more 
rapidly, possibly due to an inhibition of vesicle synthesis. A secondary rise in transport of [3H] 
fucosyl glycoprotein 3 days to 2 weeks after axotomy suggests that the radiolabeled glycoprotein 
has undergone a redistribution into organelles not normally labeled and transported in intact 
neurons in large amounts, since [3H]serotonin transport remains stably diminished during this 
period. We also describe here a case of routing of rapidly transported material. When one axonal 
branch is cut far from the point of bifurcation (-10 mm), [“Hlserotonin is directed away from the 
branch lacking its synaptic terminals and into the remaining intact branch even though the 
transected branch is physically capable of transporting its normal amount of [3H]serotonin. We 
suggest that the presence of synaptic endings influences both the export of transmitter vesicles 
from the cell body and the partitioning of vesicles among axon collaterals. 

Fast axonal transport supplies axon collaterals and 
terminals with newly synthesized organelles and macro- 
molecules from the cell body of the neuron (Ochs, 1982). 
The collaterals and terminals are themselves incapable 
of synthesizing these materials. In a healthy mature 
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neuron, a major demand placed on the cell body by its 
peripheral field is for neurotransmitter storage vesicl’es 
used in synaptic transmission. Developing neurons and 
adult neurons whose axons are regenerating following 
transection presumably transport principally materials 
involved in axon growth. How a neuron regulates the 
numbers and types of organelles it transports is not 
known. For example, in the case of axotomy, what is the 
signal(s) that causes the cell body to redirect its output 
from materials associated with synaptic transmission to 
materials required for axon regeneration, and how is this 
adjustment accomplished (for review, see Grafstein and 
McQuarrie, 1978)? 

We have begun to address these questions using an 
identified molluscan neuron that exhibits a rapid and 
precise decrease of fast axonal transport of neurotrans- 
mitter after elimination of a portion of its axonal tree 
(Aletta and Goldberg, 1982). The likeliest cause of this 
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down regulation seemed to us, on the basis of our pre- 
vious results, to be a loss of information normally sup- 
plied by the disconnected axon branch or its synapses. 
Experiments reported here point to the synapses as the 
likelier source of this information. They also suggest that 
the down regulation is achieved by a decrease in the rate 
of formation of serotonergic vesicles rather than a change 
in the processing of the vesicles for export from the cell 
body. 

Experiments reported here also provide evidence that 
factors other than the transporting capacities of the 
branches of the axonal tree can determine how vesicles 
are partitioned among those branches. The question of 
how the destinations of organelles transported from the 
cell are determined is of considerable interest. For ex- . 
ample, branches of an axon may give rise to synaptic 
fields of differing size which would likely require differing 
amounts of vesicles and other materials associated with 
synaptic transmission. Also, different branches may re- 
quire different sets of macromolecules, especially during 
development when regional specializations are being es- 
tablished. Quantitative asymmetries of materials trans- 
ported into the peripheral and central branches of mam- 
malian peripheral sensory ganglia have been found (La- 
sek, 1968; Ochs, 1972; Komiya and Kurokawa, 1978; 
Brimijoin et al., 1980), but it is difficult to prove that 
these are not simply the result of asymmetries in trans- 
port capacity. Other data, in fact, have indicated a lack 
of selectivity in transport (Stone and Wilson, 1979; 
Bisby, 1981; Perry and Wilson, 1981). 

Some of the results reported here have appeared in a 
preliminary report (Aletta and Goldberg, 1983). 

Materials and Methods 

Experimental preparation. We used a pair of giant, 
identified serotonergic neurons from the central nervous 
system of the marine mollusc, Aplysia californica. These 
cells, known as the giant cerebral neurons (GCNs), are 
invariably found on the dorsal rostra1 surface of the 
cerebral ganglion (Fig. 1). Each sends out a single axon 
which bifurcates while still in the ganglion at a distance 
of roughly 1 mm from the soma. One branch of the axon 
is in the ipsilateral cerebrobuccal connective (CBC) 
which connects the cerebral ganglion to the paired buccal 
ganglia about 10 mm distant. This branch ramifies within 
those buccal ganglia, with branches synapsing on cells in 
both ganglia and others running in buccal nerves to 
terminate on muscle cells in the underlying buccal mass 
(Weiss et al., 1978). The other axonal branch is in the 
ipsilateral posterior lip nerve (PLN), which connects the 
cerebral ganglion to the lip musculature 20 to 25 mm 
away. Thus, the synaptic fields of the two branches are 
spatially separate. 

Transection of nerves. All transections were done in 
live, anesthetized animals through a small incision in the 
ventral surface of the head which was then sutured 
closed, and the animal was returned to a holding tank 
containing artificial sea water. In most experiments, the 
CBC on one side of the cerebral ganglion was transected 
either near the cerebral ganglion (proximal transection, 
Fig. 1, arrow A) or near the ipsilateral buccal ganglion 

I 
PLN ; 

\ 
\ 
\ 

\ 
\ 

BUCCAL MASS 

I 

I 

BUCCAL G. 

:CBC 
I 

I 
1 CONTROL EXPERIMENTAL 

PLN 

CEREBRAL G. / 

Figure 1. Schematic diagram of the symmetrical pair of 
GCNs in the cerebral ganglion. The solid and dotted lines 
leaving the cells respectively represent the experimental and 
control axonal distributions relevant to this study. Each CBC 
axon ramifies within the buccal ganglia, sending branches into 
all ipsilateral buccal nerves and at least one contralateral buccal 
nerve, all of which lead to the buccal mass. The PLN axons 
terminate in the lip musculature. Arrows mark sites of nerve 
transection performed in viuo in order to investigate the effects 
of a reduced peripheral field. 

(distal transection, Fig. 1, arrow B). The GCN on the 
other side of the ganglion, whose axon was undisturbed, 
served as the control cell. In some experiments, the CBC 
was not cut, but the three buccal nerves connecting one 
buccal ganglion to the buccal mass were transected near 
the mass (Fig. 1, arrow D). The contralateral, as well as 
the ipsilateral, GCN has at least one axonal branch in 
these nerves (Weiss and Kupfermann, 1976) and so could 
not be used as a control cell. Rather, intact GCNs from 
animals received by the laboratory at the same time as 
the experimental animals were used as control cells. At 
various times after surgery, the cerebral ganglion with 
attached CBCs and PLNs was removed from the animal. 
It was then immediately pinned in an electrophysiologi- 
cal chamber whose floor was coated with a silicone plastic 
(Sylgard, Dow Corning) and which was filled with a 
solution of artificial sea water supplemented with amino 
acids, vitamins, and glucose. 

Assay of axonal transport. Intrasomatic pressure injec- 
tion of [“Hlserotonin (10 to 20 Ci/mmol, Amersham) or 
[“Hlfucose (56 Ci/mmol, New England Nuclear; 67 Ci/ 
mmol, Amersham) into the GCNs was achieved using 
double-barreled glass microelectrodes (Goldberg et al., 
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1976). Transport of [“Hlserotonin into the two axonal 
branches was measured 3 hr after injection, while trans- 
port of [3H]fucosyl glycoprotein was measured 6 hr after 
injection (Aletta and Goldberg, 1982). Transport is ex- 
pressed as the percentage of the total [3H]serotonin or 
[3H]fucosyl glycoprotein in the neuron (total = cell body 
+ CBC + PLN) that appears in the axonal branch or 
branches. We do this to normalize the data, thereby 
avoiding the difficult task of injecting identical amounts 
of radioactivity into the experimental and control cells 
of a pair. The percentage of [3H]serotonin transported is 
independent of the size of the injection provided that 
between approximately 0.1 and 4.0 pmol of [3H]serotonin 
are injected (Goldman et al., 1976). The percentage of 
[3H] fucosyl glycoprotein transported is likewise inde- 
pendent of injection size (Fig. 2). [3H]Serotonin injected 
into the cell body labels mainly a characteristic type of 
nontransportable large lysosome; only a small percentage 
of the radioactivity in the cell body is associated with the 
serotonergic vesicle (Schwartz et al., 1979). Similarly, 
only a fraction of injected [3H]fucose in the cell body is 
associated with the vesicle, with much of the radioactiv- 
ity associated with other types of nontransportable or- 
ganelles (L. J. Cleary and J. H. Schwartz, unpublished 
observations). Thus, changes in the percentage of neu- 
ronal radioactivity transported should reflect changes in 
the amounts of serotonin and fucosyl glycoprotein trans- 
ported even if the number of serotonergic vesicles in the 
cell body changes. All experiments were carried out on 
cells having resting membrane potentials of at least -40 
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mV and antidromic action potentials greater than 50 
mV. 

Assay of incorporation of fucose into glycoprotein. Dur- 
ing our initial experiments on glycoprotein transport, we 
observed that the dependence of incorporation of [3H] 
fucose into glycoprotein on the amount of [3H]fucose 
injected into the cell was described by a hyperbolic func- 
tion (Fig. 2). Thus, in order to compare accurately [3H] 
fucose incorporation into glycoprotein in control and 
experimental cells, equal volumes of the same stock 
solution of [3H]fucose were injected into each. Equality 
was obtained by measuring the length of the column of 
fluid in the microelectrode with a micrometer reticle 
mounted in the ocular of a stereo dissecting microscope. 
Six hours after the injections, the neurons were homog- 
enized and [3H]fucosyl glycoprotein was determined as 
described previously (Aletta and Goldberg, 1982). 

Results 
Effect of transection of one branch of the bifurcate axon 

on transport of [3H]fucosyl glycoprotein. We previously 
reported that when the CBC branch of the bifurcate axon 
of GCN is transected next to the cerebral ganglion (Fig. 
1, arrow A), transport of [3H]serotonin decreases over 3 
days to reach a new stable level, despite the fact that the 
PLN branch can and does transport, along with its 
normal complement of serotonergic vesicles, those that 
normally would have gone into the CBC (Aletta and 
Goldberg, 1982). As one step toward understanding the 
nature of the regulatory event in the cell body that gives 

TOTAL 3H-FUCOSE IN NEURON (pmoles) 

Figure 2. Incorporation and fast axonal transport of [‘Hlfucose in [3H]fucosyl glycoprotein of the GCN. Labeling (0) and 
transport (0) of fucosyl glycoproteins in 35 intact neurons over a 6-hr period immediately after injection of [3H]fucose was 
measured as a function of the total amount of [3H]fucose present in the neuron ( [3H]fucose in the cell body plus [3H]fucose in 
the axonal branches) at the end of each experiment,. Individual determinations are presented for fast axonal transport. Results 
on the quantitative labeling of [3H]fucosyl glycoprotein were averaged over intervals of 0.3 pmol of total intracellular [3H]fucose. 
Vertical and hortizontal bars through the data points indicate SEM of three or more determinations. The curve was fitted to the 
points by eye. One picomole is equal to 33,500 cpm or 48,160 cpm, depending upon the supplier of the radiolabeled fucose. 
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rise to this decrease in transport, we wished to determine 
its time course more precisely, since our previous results 
suggested that the event in the cell body might be sub= 
stantially more rapid than the 3 days required for trans- 
port of [3H]serotonin to reach its new level (Aletta and 
Goldberg, 1982). 

We studied the transport, following proximal transec- 
tion of the CBC, of [3H]fucosyl glycoproteins. Like [3H] 
serotonin, they move by fast transport in the axon of 
GCN in the serotonergic vesicle (Cleary and Schwartz, 
1982), but there is reason to believe that they label 
mainly vesicles synthesized after the injection of [3H] 
fucose into the cell, whereas [3H]serotonin seems to label 
members of the substantial pre-existing somal pool of 
vesicles as well as those synthesized after the injection 
(see “Discussion”). The reduction in transport of [3H] 
glycoprotein had not begun 3 hr after transection but 
was significant by 12 hr and complete within a day (Fig. 
3; Table I). Thus, it progressed much more rapidly than 
the previously observed reduction in transport of [3H] 
serotonin. 

Transport of [3H]fucosyl glycoprotein began to rise 3 
days after transection, surpassing transport in the con- 
trol neuron within 2 weeks of the injury (Fig. 3A). Of 
the [3H]fucosyl glycoprotein transported at 2 weeks, only 
10% went into the CBC, unsurprising since only a l-mm 
stump remained (Table I). When the CBC was transected 
so as to leave a much longer length of nerve connected 
to the cerebral ganglion (-10 mm; Fig. 1, arrow B), 
however, a large portion (41%) of the transported [3H] 
fucosyl glycoprotein entered the CBC (Table I). 

Effect of proximal transection on the incorporation of 
PHlfucose into glycoproteins. The more rapid rate of 
decline in the transport of [3H]fucosyl glycoprotein could 
be explained by an axotomy-induced decrease in the 
synthesis of serotonergic storage vesicles. To test this 
hyothesis, we measured total fucosylation of proteins in 
single neurons by injecting equal calibrated amounts of 
[3H]fucose (25 to 250 fmol) into both GCNs 24 hr after 
proximal transection of the CBC on one side of the 
cerebral ganglia, a time at which maximal down regula- 
tion of [3H]fucosyl glycoprotein transport is manifest. If 
axotomy inhibits glycoprotein synthesis, post-transla- 

“= 
DAYS AFTER TRANSECTION 

Figure 3. Time course of changes in fast axonal transport of 
[3H]fucosyl glycoprotein in the GCN after proximal transection 
of the CBC (Fig. 1, arrow A). A, Ratio of the mean total 
transport of [3H]fucosyl glycoprotein into the experimental 
PLN and CBC stump to the mean total transport in contralat- 
era1 control cell nerves is plotted versus time after transection 
(data from Table I). B, Transport of [3H]fucosyl glycoprotein 
in control (0) and experimental (0) PLNs expressed as per- 
centage of total [3H]fucosyl glycoprotein (total = cell body + 
CBC + PLN) appearing in the PLN at various times after 
transection. Asterisks denote significant differences from con- 
trol as determined by paired t tests (p c 0.01). 

tional fucosylation of new glycopeptides should also de- 
cline. In six such experiments, incorporation of [3H] 
fucose into protein was reduced an average of 21% by 
transection of the CBC. However, the difference between 

TABLE I 
Fast axonal transport of [3H]fucosyl glycoprotein in the bifurcate axon of the GCN following transection of the CBC 

Transport of [3H]fucosyl glycoprotein was assayed as described under “Materials and Methods” at times from 3 hr to 2 weeks after in uiuo 
CBC transection. The means are expressed as percentage of total neuronal [3H]fucosyl glycoprotein (+ SEM) found in each nerve carrying an 
axonal branch of the GCN (Fie. 11. 

Time after 
Transection No.” 

Control 

CBC PLN 

Experimental Total transport 

CBC PLN Control Experimental 

Proximal transection 
3 hr 

12 hr 
24 hr 

72 hr 
1 week 
2 weeks 

Distal transection 
2 weeks 

’ Number of experiments. 
*p < 0.05, paired t test. 

6 29.7 +- 4.5 17.7 + 2.8 8.8 rfr 2.1* 39.0 + 3.9* 47.4 f 5.4 47.8 f 5.1 
5 37.2 -c 3.2 18.9 & 2.1 4.5 f 2.4’ 43.5 + 4.2’ 56.1 f 3.2 48.0 -t 5.1* 

10 27.3 f 2.9 17.3 f 1.7 6.8 f 1.2* 21.7 -c 2.9 44.6 31 4.2 28.4 + 3.4’ 

6 28.2 + 3.1 17.1 Ifr 2.2 5.6 + 1.5’ 27.9 + 1.9* 45.3 f 4.0 33.5 + 3.0* 
5 31.1 f 6.0 15.4 f 2.3 4.1 f 1.4* 37.9 f 5.2’ 46.5 f 7.7 42.0 + 4.8 
5 23.6 f 2.8 15.4 f 2.7 5.5 + 3.0* 49.7 f 5.4* 39.0 f 5.4 55.2 zk 6.6’ 

5 25.7 2 4.1 15.8 2 2.2 22.5 + 5.0 32.4 f 4.7b 41.5 + 5.6 55.0 * 3.3* 
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experimental and control cells was not statistically sig- 
nificant (Table II). To maximize the effect, we assayed 
the incorporation of [3H]fucose into protein 24 hr after 
cutting both the CBC and the PLN proximally (Fig. 1, 
arrow A). If peripheral feedback determines the amount 
of vesicle export via an effect upon synthesis, its near 
total elimination should produce a near maximal reduc- 
tion in fucosylation of vesicle-associated glycoproteins. 
The result from this second series of experiments was an 
average reduction of 54% in incorporation of [3H]fucose 
into protein (Table II). 

Transport of [‘Hlserotonin following distal transec- 
tions. The loss of information normally provided by the 
CBC axon or its associated synapses seems to us to be 
the most likely cause of the reduction in export of [3H] 
serotonin and [3H] fucosyl glycoprotein after transection 
(Aletta and Goldberg, 1982). This could be structurally 
encoded information in the axon such as the extent of 
the cytoskeleton or the volume of axoplasm. Alterna- 
tively, the information may originate from the CBC 
synapses and require the axon only as a conduit for 
retrograde transport to the cell body. We tried to distin- 
guish between these possibilities by transecting the CBC 
farther from the cerebral ganglion (Fig. 1, arrow B). This 
procedure virtually eliminates CBC synapses but leaves 
in continuity with the cell body of GCN a lo-fold longer 
length of that axonal branch than after proximal tran- 
section. After injecting [3H]serotonin into GCNs injured 
in this way, we followed the time course of changes in 

TABLE II 
Effect of proximal transection of either one or both axonal branches of 

the GCN bifurcate axon on incorporation of [3H]fucose into 
glycoprotein 

Equal volumes of a concentrated stock solution of [3H]fucose were 

microinjected into a pair of GCNs, one of which had suffered either 
partial or complete elimination of its axonal arbor (Fig. 1, at the site 
of arrow A) 24 hr prior to injection. Six hours later each cell and the 
axon attached to it were assayed for [3H]fucosyl glycoprotein as de- 

scribed under “Materials and Methods.” The means of the ratios 
(experimental/control) of individual results are presented + SEM. 

Branches 
Transected 

No. of 
Experiments 

Total Incorporation 
(Experimental/Control 

k SEM) 

CBC 
CBC + PLN 

6 0.79 + 0.14 

5 0.46 + 0.08” 

“p < 0.01, paired t test. 

total neuronal export and PLN transport of [3H]sero- 
tonin. 

Comparison with previous results from proximal tran- 
sections indicates that the final level of down regulation 
achieved is essentially independent of the length of the 
axon stump (Fig. 4; Table III). Despite the extra length 
of axon attached to the cell body, diversion of [3H] 
serotonin into the PLN was apparent even 6 hr after 
distal transection of the CBC (Table III; see below). Over 

TOTAL TRANSPORT 

I I I I I I 
I 2 3 4 5 6 7 

DAYS AFTER TRANSECTION 

Figure 4. Comparison of the effects of proximal (O---O) 
and distal (U) transection of the CBC on fast axonal 
transport of [3H]serotonin in the GCN. The ratio of experi- 
mental to control cell means for PLN (upper pair of curves) 

and total [3H]serotonin transport (CBC + PLN; lower pair of 
curues) are presented as a function of the time after transection. 
Data used to draw the distal transection curves appear in Table 
III, and the proximal transection curves are from our previous 
publication (Aletta and Goldberg, 1982). 

TABLE III 
Fast axonal transport of [3H]serotonin in the bifurcate axon of the GCN following distal transection of the CBC 

Transport of [3H]serotonin was assayed as described under “Materials and Methods” at times from 6 hr to 2 weeks after in vivo CBC 

transection just before the GCN axon enters the buccal ganglion. The means are expressed as percentage of total neuronal [3H]serotonin (+ 
SEM) found in each nerve carrying an axonal branch of the GCN (Fig. 1). 

Time after 
Transection NO.” 

Control 

CBC PLN 

Experimental Total Transport 

CBC PLN Control ExDerimental 

6 hr 4 14.9 f 9.1 5.7 + 2.1 9.6 + 3.2 9.3 + 5.8 20.6 + 11.1 18.9 + 9.0 

12 hr 4 8.6 + 0.7 3.5 + 0.9 4.1 31 0.6’ 8.4 + 1.6* 12.1 + 1.3 12.5 -t 1.8 
24 hr 7 14.7 f 1.9 7.5 + 1.1 4.8 + 0.9* 14.6 + 4.2” 22.2 + 2.6 19.4 + 2.2 

72 hr 7 19.9 + 2.1 8.1 + 1.2 5.9 + 1.0* 14.2 + 2.0* 28.0 + 3.1 20.1 + 2.8b 

1 week 7 15.4 +- 1.5 9.0 + 2.1 6.0 + 0.6* 9.5 + 0.9 24.4 + 1.4 15.5 + 1.3* 

2 weeks 4 12.0 -t 1.4 7.0 + 0.6 3.4 + o.s* 8.1 + 0.8 19.0 + 1.6 11.5 f 1.2* 

a Number of experiments. 
*p < 0.01, paired t test. 
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the course of 1 week, export of [“H]serotonin declined 
just enough to restore transport in the PLN to normal, 
as we had previously found with proximal transection. 
The down regulation took longer to achieve but was as 
complete with distal as with proximal transection. Down 
regulation of [3H]serotonin in this distally transected 
preparation was maintained for at least 1 additional 
week. 

However, when the axonal branch was transected dis- 
tally, but at a site that would disconnect from the cell 
body only some of the synapses of that branch, the 
reduction in transport of [3H]serotonin was much less 
pronounced. Transection of the three buccal nerves on 
one side (Fig. 1, arrow D) enabled us to maintain CBC 
synapses in the buccal ganglia while detaching those 
present in the buccal mass. Assay of the transport of 
[3H]serotonin 1 week after surgery showed that there 
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CONTROL EXPERIMENTAL 

Figure 5. Effect of ipsilateral buccal nerve axotomies on fast 
axonal transport of [“Hlserotonin in GCN. Total fast axonal 
transport of [3H]serotonin (CBC + PLN/cell body + CBC + 
PLN) is illustrated with hatched bars, CBC transport with solid 
bars, and PLN transport with open bars. All three buccal nerves 
on one side of the buccal mass were usually cut at their point 
of entry into the muscle (Fig. 1, arrow D). In two experiments, 
the nerves were cut just as they left the ipsilateral buccal 
ganglion. The means & SEM from a total of eight experimental 
cells are presented along with the control cell means f  SEM 
of 12 intact GCNs from animals received at the same time as 
the experimental animals. The asterisk denotes a statistically 
significant difference from control as determined by the Stu- 
dent’s t test (p < 0.02). 

H 

CONTROL EXPERIMENTAL CONTROL EXPERIMENTAL 

Figure 6. Routing of [3H]serotonin transport in GCN. Total 
fast axonal transport of [“Hlserotonin (CBC + PLN/cell body 
+ CBC + PLN) is illustrated with hatched bars, CBC transport 
with solid bars, and PLN transport with open bars. A, Both the 
CBC and PLN of experimental GCNs were transected in uiuo 
approximately 10 mm away from the cerebral ganglion (Fig. 1, 
arrows B and C) 12 hr prior to the assay of [3H]serotonin 
transport. The contralateral GCNs served as control cells. B, 
Only the CBC of the experimental GCN was transected distally 
(Fig. 1, arrow B). The PLN was left undisturbed. Contralateral 
GCNs served as control cells. All results are the’mean f  SEM 
of four experiments. Asterisk denote significant differences 
from control as determined by paired t tests (p < 0.01). 

was a smaller reduction in CBC transport (Fig. 5) and, 
consequently, a smaller reduction in the ratio of the 
amounts transported in the CBC and PLN. This ratio 
was 1.74 in normal GCNs, 1.06 in GCNs whose axonal 
branches in the buccal nerves were transected, and 0.63 
in GCNs whose axonal branch in the CBC was transected 
distally (Fig. 1, arrow B). 

Routing of neurotransmitter. One day after the CBC is 
transected distally (Fig. 1, arrow B), transport of [3H] 
serotonin is not significantly decreased. We expected 
that such a transection would not impair the ability of 
the CBC to transport material, since it has been dem- 
onstrated frequently that normal, and even increased, 
amounts of material are transported in transected nerves 
(Grafstein and McQuarrie, 1978). We confirmed that 
distal transection of the CBC did not compromise its 
ability to transport [3H]serotonin injected into the cell 
body of GCN by measuring transport 12 hr after both 
the CBC and PLN were transected distally (Fig. 1, arrows 
B and C). Transport was normal (Fig. 6A). 

This result allowed us to determine whether the GCN 
would transport [3H]serotonin into a branch capable of 
carrying it but lacking synaptic terminals, when pre- 
sented with the alternative route of a branch ending in 
synaptic terminals. We measured the transport of [3H] 
serotonin 12 hr after the CBC had been transected dis- 
tally (Fig. 1, arrow B) but the PLN had been left un- 
touched. [“H]Serotonin was diverted from the CBC into 
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the PLN (Fig. 6B). The transected CBC transported less 
than 50% of the contralateral control CBC, and the 
experimental PLN proportionately more than its control. 
Thus, transmitter is directed away from an axonal 
branch lacking its synaptic endings and into an intact 
branch even when the lesioned branch is physically able 
to transport normal quantities of transmitter. 

Discussion 

Nature of the regulatory event responsible for down 
regulation of fast transport. We had previously shown 
that elimination of one branch of a bifurcate axon results 
in a rapid and precise reduction in the amount of neu- 
rotransmitter undergoing fast axonal transport, despite 
the fact that the remaining branch can and does trans- 
port the transmitter that would normally move in the 
disconnected branch. Evidence presented here gives us 
additional insight into the cause of this down regulation 
and the mechanism whereby the cell body effects it. 

There are two likely alternative explanations to ac- 
count for the decreased export of [3H]serotonin and [3H] 
fucosyl glycoprotein following axotomy. Either fewer 
storage vesicles are synthesized, or once synthesized their 
processing in the cell body is altered so that fewer are 
exported into the axon. This latter situation might result, 
for example, from a decrease in the efficiency of loading 
of the organelles onto the transport machinery in the 
axon or from an increased rate of degradation of vesicles 
normally destined for export. A decrease in the rate of 
synthesis of vesicles seems to us the likelier cause based 
on our previous findings and the results presented in this 
report. 

Decreased vesicle synthesis is suggested by our obser- 
vation that the progression of down regulation of [3H] 
fucosyl glycoprotein is more rapid than that of [3H] 
serotonin (Fig. 3A; Aletta and Goldberg, 1982). At early 
times after injection of [3H]fucose into GCN, it is asso- 
ciated predominately with serotonergic storage vesicles 
(Cleary and Schwartz, 1982). It is probably mostly in 
vesicles synthesized after the injection. This is implied 
by the findings that when protein synthesis in Aplysia 
neurons is blocked, transport of [3H]fucosyl glycoprotein 
virtually stops within 2 hr (Ambron et al., 1975), whereas 
transport of [3H]serotonin continues in gradually dimin- 
ishing amounts for much longer (Goldberg et al., 1978). 
Probably, then, [‘jH]fucose is mostly incorporated into 
newly synthesized vesicles, while [3H]serotonin labels a 
substantial pre-existing somal pool of vesicles as well as 
those newly formed. Such a difference would be expected 
from the facts that amine transmitters in the cytoplasm 
are thought to be readily exchangeable with transmitter 
in the vesicle interior (Fillenz, 1977), whereas [3H]fucose 
is incorporated into glycoproteins that are components 
of the vesicle membrane (Ambron et al., 1974, 1980). 
Therefore our present results probably indicate that the 
transport of newly synthesized vesicles decreases more 
rapidly than the overall transport of vesicles. This is 
consistent with a decrease in the rate of synthesis of 
vesicles being the cause of the decrease in the transport 
of vesicles following axon transection. 

A second line of evidence which is in agreement with 

an axotomy-induced effect on vesicle production comes 
from our experiments on [3H]fucose incorporation into 
glycoprotein. Transportable [3H]glycoprotein comprises 
approximately 40 to 50% of the total somatic store of 
[3H]glycoproteins (Ambron et al., 1974; R. Ambron, per- 
sonal communication). We find that there is a reduction 
in transport of approximately 40% 1 day after proximal 
transection of the CBC (Fig. 3A). The 21% decrease in 
the incorporation of [3H]fucose into protein that accom- 
panies this (Table II) is, thus, close to the 16 to 20% 
reduction expected if the decrease in transport resulted 
from a decrease in synthesis of vesicles. Transection of 
both branches of the bifurcate axon should presumably 
cause a maximal decrease in synthesis of transportable 
glycoprotein, and we found this to be true (Table II). 

Although these results seem to favor the idea that axon 
transection causes a decrease in the rate of synthesis of 
vesicles, they are far from conclusive. For example, the 
extent of fucosylation of vesicular glycoproteins, rather 
than the rate of formation of the vesicles, may have 
decreased. Quantitative assessment by electron micro- 
scopic radioautography of the incorporation of [3H]leu- 
tine into vesicles in the cell body will be required for a 
definitive answer. 

Increase of transport of rH]fucosyl glycoprotein. Fast 
transport of [3H]fucosyl glycoprotein is not stably dimin- 
ished following transection of one branch of the GCN. 
Within 3 days of transection, it has begun to rise, and it 
steadily increases over time until by 2 weeks later the 
injured neuron is transporting 42% more [3H]fucosyl 
glycoprotein than the contralateral control cell (Fig. 3A). 
A similar result for glycoproteins labeled with [3H]fucose 
has been found in crushed rabbit hypoglossal nerve (Fri- 
zeil and Sjostrand, 1974). Total amounts of rapidly trans- 
ported protein labeled with [3H]leucine have also been 
observed to increase in regenerating mammalian periph- 
eral nerve (Griffin et al., 1976). Since transport of [3H] 
serotonin remains stably reduced during this period of 
time, this result may indicate that some of the [3H] 
fucosyl glycoprotein has been incorporated into organ- 
elles other than the transmitter vesicle as a consequence 
of axotomy. Perhaps these organelles are associated with 
axon injury or growth and as such are not prominent in 
mature intact neurons. 

Source of peripheral feedback. Our previous results led 
us to propose that loss of information normally provided 
by the disconnected CBC axon or its synaptic terminals 
is the most likely cause of the down regulation of fast 
axonal transport of [3H]serotonin (Aletta and Goldberg, 
1982). We now have reason to believe that the terminals 
are the more likely source of this information, because 
the extent of reduction of the transport of both [3H] 
serotonin and [3H]fucosyl glycoprotein is not substan- 
tially influenced by the length of the axonal branch left 
in continuity with the cell body, as long as all of the 
synapses are detached. In all cases, export declines just 
enough to return transport in the PLN approximately to 
normal (Figs. 3B and 4). Watson (1970) has also empha- 
sized the role of axon terminals in regulating the meta- 
bolic activity of the nerve cell body, and observations 
describing retrograde neurotrophic effects suggest that 
synapses play an active part in providing NGF (Thoenen 
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and Barde, 1980) and other possible regulatory factors 
(Hendry and Hill, 1980) to the axon for transfer back to 
the cell body. 

The increased time for full expression of the down 
regulation after distal transection (Fig. 4) might be due 
to the larger amounts of material of synaptic origin 
moving by retrograde transport in the longer axonal 
stump. If depletion of some component of this material 
elicits down regulation, then the longer time taken to 
exhaust this component would delay down regulation. 
This has been suggested (Cragg, 1970) as an explanation 
for the delay in the onset of nucleolar changes in rat 
hypoglossal neurons when their axons are injured far 
from, rather than close to, the cell bodies (Watson, 1968). 

Routing of neurotransmitter. We have demonstrated 
here one situation in which the destination of material 
moving by fast axonal transport is determined by factors 
other than the transporting capacities of the branches of 
the axonal tree, that is, one situation in which routing of 
transported material occurs. Transport of transmitter 
away from an axonal branch lacking synaptic terminals 
occurs despite the fact that the branch is still capable of 
transporting normal amounts of transmitter (Fig. 6). 
Further evidence for routing of transmitter may come 
from our experiments on the partitioning of [3H]fucosyl 
glycoprotein between the CBC and PLN axons 2 weeks 
after distal transection of the CBC. The ratio of transport 
of [“Hlserotonin in the CBC to that in the PLN at this 
time is 0.4 (Table III), while the ratio for total [3H] 
fucosyl glycoprotein is 0.7 (Table I); and we estimate the 
ratio for that portion of the total [3H]fucosyl glycoprotein 
whose transport increases following transection to be 
1.1.4 (In normal cells, the ratios are insignificantly dif- 
ferent: 1.8 for [3H]serotonin and 1.7 for [3H]fucosyl 
glycoprotein.) These data suggest that transported ma- 
terials not associated with serotonin (as vesicular fucosyl 
glycoprotein is) are not diverted from the transected 
CBC, although until we identify the individual fucosyl 

4 The [3H]fucosyl glycoprotein transported at long times after tran- 

section of the CBC consists of that portion of the [3H]fucosyl glycopro- 
tein transported in a normal cell (associated predominantly with sero- 
tonergic vesicles) that continues to be transported after down regulation 
is complete (represented by the l-day data point in Fig. 3A) and the 

incremental [3H]fucosyl glycoprotein resulting from axon injury (rep- 
resented by the increase from the l-day data point to the L-week data 
point in Fig. 3A). The “old” glycoprotein should partition between the 
CBC and PLN as [3H]serotonin does, as in a normal cell. We can then 

estimate how the “new” partitions. Two weeks after distal transection 
of the CBC, transport of [3H]serotonin in the PLN of the experimental 
cell is 16% greater than in the PLN of the control cell (Table III). 

Thus, we can estimate “old” [3H]fucosyl glycoprotein in the PLN 2 
weeks after distal transection to be 16% greater than in the PLN of 
the control cell, or 18.3% of total neuronal [3H]fucosyl glycoprotein 
(1.16 x 15.8% (from Table I)). Subtracting this from the total [3H] 

fucosyl glycoprotein in the PLN of the experimental cell gives a value 
of 14.1% to “new” [3H]fucosyl glycoprotein in the PLN. Performing 
similar calculations for the CBC (0.28 X 25.7% (from Table I) = 7.2%; 

22.5% (from Table I) - 7.2% = 15.3%), we estimate “new” [3H]fucosyl 
glycoprotein in the CBC to be 15.3% of total neuronal [3H]fucosyl 
glycoprotein. Thus, it appears that the “new,” as yet uncharacterized, 
[3H]fucosyl glycoprotein partitions approximately equally (CBC = 

15.3%; PLN = 14.1%) between the two axonal branches. 

glycoproteins whose transport increases and directly 
measure their partitioning, a definitive conclusion in this 
regard cannot be drawn. 

The results reported here, considered together with 
those reported earlier, suggest how transmitter vesicles 
are normally partitioned among the branches of the axon. 
It may be that the partitioning is determined by the 
relative number of synaptic terminals, or relative 
amounts of some related factor such as the volume of 
synaptoplasm in each axonal branch, with more vesicles 
going into branches with more terminals. We had found 
that when part of the axonal tree of GCN was removed, 
the reduction in transport of transmitter was propor- 
tional to the loss (Aletta and Goldberg, 1982), and the 
present results suggest that the important loss may be 
of terminals rather than axon. In addition, the present 
results show that when the transport has been reduced, 
the remaining transmitter undergoing transport does not 
partition among the axonal branches according to the 
transporting capacities of those branches. Rather, trans- 
mitter tends to be transported in branches that have 
synaptic terminals (Fig. 6). If this hypothesis is correct, 
then the loss of some, but not all, of the terminals from 
a branch should eventually reduce the percentage of total 
transported transmitter that it carries. We find this to 
occur when some of the synapses are detached from the 
CBC branch of the axon of GCN (Fig. 5). The ratio of 
transport of [3H]serotonin in this branch to transport in 
the PLN branch declines from 1.7 to 1.1. 

Although vesicles are partitioned according to some 
principle other than axonal transport capacity, we do not 
yet know whether other organelles are routed in GCN. 
For example, we cannot comment on the appropriateness 
of the partitioning of the extra [3H]fucosyl glycoprotein 
that is transported as a result of nerve injury, other than 
to note that it seems to partition differently from [3H] 
serotonin (see above). This is because, not yet knowing 
whether the transected CBC axon branch undergoes 
regrowth during the period we have studied, we do not 
know whether this glycoprotein is associated with re- 
growth or is just a byproduct of axon injury. Studies of 
mammalian dorsal root ganglion after transection of the 
peripheral nerve have suggested that proteins whose 
transport is increased following nerve injury are not 
routed specifically into the regenerating nerve (Bisby, 
1981; Perry and Wilson, 1981). 

Whatever the underlying basis for the quantitative 
aspect of partitioning, it is clear that the destinations of 
serotonergic vesicles in GCN are not determined until 
some time after their formation. A mechanism of routing 
that has been suggested is that the organelles destined 
for each branch of the axonal tree are synthesized at 
separate sites in the cell body, so that the site of synthesis 
determines the destination of the organelles (Ochs et al., 
1978). This evidently cannot be true in our experiments, 
since the routing of [3H]serotonin indicates that old, as 
well as new, vesicles are routed. 

In conclusion, these studies lead us to believe that 
there is a 2-fold means for assuring that an appropriate 
number of transmitter vesicles arrive at a suitable des- 
tination. Routing causes vesicles to avoid axonal 
branches that lack synaptic terminals. Secondly, the 
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process of down regulation causes the cell body to reduce 
its output just enough tn adjust for decreased need. 
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