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Consequences of Partial Axotomy for Production of
Neurotransmitter Vesicles and Routing of Rapidly Transported
Membrane Glycoproteins in the Axonal Tree
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It was found previously that transection of one branch of the
bifurcate axon of a giant serotonergic neuron of Aplysia causes
a proportionate decrease in the export of transmitter storage
vesicles from the cell body, despite the ability of the remaining
branch to transport all of the vesicles normally exported (Aletta
and Goldberg, 1982). We report here evidence that this down-
regulation is achieved by a decrease in the production of vesi-
cles, rather than a slowing of the processing of vesicles for
export from the cell body. Counts of serotonergic vesicles in the
cell body show that the size of the somal pool of vesicles is not
increased at a time when their rate of export has been halved.
Also, transection of one or both branches of the axon decreases
the amount of 3H-fucose incorporated during a short period into
a putative vesicle membrane glycoprotein but not into other gly-
coproteins. The results indicate that axotomy should be a useful
technique for studying the mechanism of regulation of the syn-
thesis of a secretory organelle.

It was also previously shown that transection of one branch
of the axon far from the cell body does not impair the ability of
the injured branch to transport serotonergic vesicles, yet the
majority of vesicles that would normally enter that branch are
nevertheless rerouted into the uninjured branch. We have stud-
ied quantitatively the partitioning between the 2 branches, after
one has been transected distally, of 6 fucosyl glycoproteins, in-
cluding the putative vesicle glycoprotein and a glycoprotein whose
transport moderately increases after transection. None is se-
lectively routed into one branch or the other, though there is
stochastic variation in the composition of material received by
axon endings.

The axon and terminals of a neuron, being unable to synthesize
macromolecules, depend for their functional and anatomical
integrity on a continual supply of organelles and cytoskeletal
components from the cell body. During the life of the neuron
the activities of these regions change. A developing or regen-
erating axon is elongating and its endings are involved in path-
finding and target recognition, while mature synaptic terminals
are engaged principally in synaptic transmission. It is not clear
to what extent these changes in activity are supported by changes
in the delivery of materials from the cell body, as opposed to
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changes in the use of those materials, but the fact that axotomy
typically causes a reduction in the transport of at least some
materials associated with synaptic transmission (Aletta and
Goldberg, 1982; Boyle and Gillespie, 1970; Hebb and Silver,
1966) and an increase in others associated with growth (Giulian
et al., 1980; Skene and Willard, 1981) suggests that changes in
delivery may be important.

In examining the regulation of the export of materials from
the cell body, we have focused on the transmitter storage vesicle.
It was shown previously that the export of serotonergic vesicles
in the giant cerebral neuron (GCN) of the marine mollusc Aply-
sia californica is regulated, being closely coupled to the extent
of the peripheral field that must be supplied (Aletta and Gold-
berg, 1982). One purpose of the work reported here was to
examine how the cell body effects this regulation. When the
extent of the peripheral field is reduced by axotomy, does the
rate of export of transmitter vesicles decrease because their rate
of synthesis decreases, or rather because newly synthesized ves-
icles take longer to exit the cell body? We present here evidence
that implicates synthesis as the regulated step.

Regional specialization in the axonal tree must likewise result
from differences in the composition of the material delivered
to the various branches or from differences in the use of these
materials by the branches. It is thus of considerable importance
to identify the factors that determine how transported material
partitions among the branches of an axon and to determine
whether the composition of transported material can differ among
branches. The partitioning of serotonergic storage vesicles at the
bifurcation of the axon of GCN is influenced by the state of the
branch endings (Aletta and Goldberg, 1984). Vesicles tend to
move into a branch that has its full complement of synaptic
terminals in preference to a branch that has lost some or most
of its terminals. We have sought to determine, in the experi-
ments reported here, if other transported materials also behave
in this way or whether vesicles are shunted away from the pruned
branch selectively. Examining the partitioning of several fucosyl
glycoproteins, at least one of which is unlikely to be a constituent
of the serotonergic vesicle, we find no evidence for selectivity.
Some of these results were reported in preliminary form (Gold-
berg and Ambron, 1985).

Materials and Methods

Experimental preparation

We used the giant neuron GCN (also known as MCC and C1) of Aplysia
californica. Each cerebral ganglion contains a symmetrical pair of these
cells. The axon bifurcates within a millimeter of the cell body (see Fig.
1 in Aletta and Goldberg, 1984). One branch is in the ipsilateral cere-
brobuccal connective (CBC) and innervates the buccal ganglia and buc-
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Table 1. Size of the pool of serotonergic vesicles in the cell body of
GCN after proximal transection of one branch of the bifurcate axon

Control Experimental
99 128
43 36
83 82

The number of serotonergic vesicles per 100 pm? in the cell bodies of both GCNs
in each of 3 ganglia was determined by electron microscopy as described in Materials
and Methods. The CBC on one side of each ganglion was transected near the
ganglion 3 d before fixation of the ganglion.

cal mass (Weiss et al., 1978). The other branch is in the ipsilateral
posterior lip nerve (PLN) and presumably innervates lip musculature.

Transection of nerves

All transections were done in anesthetized animals through a small
incision in the ventral surface of the head, which was then sutured (Aletta
and Goldberg, 1984). Animals resumed normal activity within several
hours of being returned to their holding tanks containing aerated arti-
ficial sea water. For proximal transections, the CBC and, in some cases,
the PLN were severed about a millimeter from the cerebral ganglion.
Distal transections or crushes were made about 10 mm from the gan-
glion. Transections were done on only one side of the ganglion, with
the other GCN being used as a control. We would expect this other
GCN to be the best control cell (as compared with GCNs from other
animals), and, in fact, we have previously found that various parameters,
such as rate of export of H-serotonin, vary much less between GCNs
in a ganglion than between GCNs in different ganglia.

Electron microscopy

One CBC was transected proximally. Three days later the cerebral gan-
glion was removed, pinned in a dish containing supplemented artificial
sea water, and then processed for electron microscopy. The pair of GCNs
in 3 cerebral ganglia was analyzed. Two of the ganglia were processed
using the technique of Cleary (1984), with the ganglia being fixed in 2%
glutaraldehyde-2% formaldehyde in 0.1 M cacodylate buffer and post-
fixed in 1% osmium tetroxide. The other ganglion was fixed in 6%
glutaraldehyde in 0.2 m S-collidine and then postfixed in osmium te-
troxide (Thompson et al., 1976). Tissue was dehydrated, embedded,
and thin-sectioned. Sections were examined and photographed using a
Phillips 300 electron microscope. Thin sections were taken from 3 re-
gions of each GCN cell body: at the level of the middle of the nucleus
and on both sides of the nucleus (Aletta and Goldberg, 1982). For each
region, 24 randomly chosen 4.5 x 2.7 um areas of cytoplasm were
photographed, and prints were made at a final magnification of 52,000
Vesicles were counted in each micrograph by a person unaware of its
provenance.

Injection of *H-fucose into GCN

The cerebral ganglion and its attached nerves were removed from the
animal 1 d or 2 wk after unilateral nerve transection or crush. Equal
amounts of a concentrated solution of *H-fucose (67 Ci/mmol; Amer-
sham) were injected into the 2 GCN cell bodies by application of air
pressure to calibrated double-barreled glass microelectrodes (Goldberg
et al., 1976). The preparation was then kept at room temperature (21—
23°C) in artificial sea water supplemented with amino acids, vitamins,
and glucose (Eisenstadt et al.,, 1973). After 6 hr, the CBCs and PLNs
were detached from the ganglion and transferred to microhomogenizers
containing electrophoresis buffer. *H-glycoprotein is restricted to the
axon of GCN in these nerves (Ambron et al., 1980). The cell bodies of
the GCNs were harvested by microdissection in cold 70% ethylene
glycol-30% supplemented artificial sea water and also transferred to
buffer.

Gel electrophoresis

Samples were electrophoresed on 7.5% polyacrylamide gel slabs ac-
cording to the method of Laemmli (1970). The gels were then infiltrated
with sodium salicylate (Chamberlain, 1979), dried, and exposed at —80°C
to Kodak X-Omat AR film that had been sensitized by exposure to a
flash of light (Laskey and Mills, 1975). Fluorographs were scanned using
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Figure 1. Serotonergic vesicles, darkly stained, in the cell body of
GOCN. One of the 5 vesicles in this electron micrograph is labeled (V).
Magnification, x 52,000.

a Joyce-Loebel microdensitometer. *H-fucose in individual glycopro-
teins was quantitated by demarcating each peak on the densitometric
scan by connecting its troughs with a line, cutting out the peak and
weighing it. For the experiments in which both the CBC and PLN were
transected proximally, the amounts of *H-fucose in the 75 kDa glyco-
protein in the GCNs of a pair were normalized to adjust for differences
in the total amounts of trichloroacetic acid-precipitable radioactivity in
the cells.

Fluorescence microscopy

The CBC and, sometimes, the PLN were transected or crushed a few
millimeters from the cerebral ganglion. After 4 or 12 d, the ganglion
was removed from the animal, and a 5% solution of Lucifer Yellow was
pressure-injected into the cell body of GCN. The ganglion was kept at
room temperature in supplemented artificial sea water for an hour. It
was then fixed with 4% paraformaldehyde, dehydrated with ethanol,
put in xylene, and then mounted with Entolin. The whole-mount was
viewed with a Leitz Dialux 20EB fluorescence microscope using a blue
excitation filter.

Number of serotonergic vesicles in cell body

of GCN 3 d after proximal

transection of CBC

Proximal transection of the CBC, which contains one of GCNs
2 main axon branches, causes a proportionate decrease in the
export of serotonergic storage vesicles from the cell body (num-
ber entering the axon per unit time), despite the fact that the
intact branch of the axon can—and initially does— transport the
vesicles that ordinarily would have traveled in the extirpated
branch as well as its own normal complement of vesicles (Aletta
and Goldberg, 1982). This precise reduction begins within hours
and is completed within 3 d.

The cell body of a normal GCN contains a large number of
serotonergic vesicles (Aletta and Goldberg, 1982; Goldberg et
al., 1978), which appear as dense-core vesicles in electron mi-
crographs (Fig. 1). We were thus able to determine whether,
when the reduction of export was completed, the size of the
somal pool of vesicles had changed. We detected no substantial
difference between the numbers of serotonergic vesicles in the
cell bodies of the control and axotomized GCNs in each of 3
ganglia (Table 1).

Incorporation of *H-fucose into a putative

vesicle glycoprotein after partial

or complete axotomy

The fact that the number of vesicles in the cell body of GCN
did not increase at a time when the rate of their exit from the
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Figure 2. Fluorograph of *H-fucosyl glycoproteins rapidly transported
in the axon of GCN. Cells were labeled by microinjection of *H-fucose
into the cell body, followed 6 hr later by homogenization of the nerves
containing the axon branches of GCN. Proteins from the combined
nerves were separated by one-dimensional SDS-PAGE (see Materials
and Methods), with the entire samples being loaded onto the gel. *H-
fucosyl glycoproteins in the axons of normal GCNs are shown in /anes
A and B. The profile in lane C is of an axon both of whose branches
were crushed distally 2 wk prior to labeling. This GCN was in the same
ganglion as the GCN of /ane B, and equal amounts of *H-fucose were
injected into the 2 cells. (Lane 4 should not be compared quantitatively
with lanes B and C, since it represents a GCN, from a different animal,
that was injected with a different amount of *H-fucose.) Arrows point
to the positions of the designated molecular-weight markers, and as-
terisks denote the positions of the 130 and 75 kDa glycoproteins.

cell body had been halved suggests that the rate of vesicle syn-
thesis in the cell body decreases after axotomy. We thus sought
to study the synthesis of a vesicle protein. Evidence indicates
that a fucosyl glycoprotein whose apparent M, during SDS-
PAGE is about 75,000 Da is a constituent of the membrane of
the serotonergic vesicle of GCN (Ambron et al., 1980, 1981;
Cleary, 1984). Glycoproteins containing fucose are transported
in the axon of GCN in serotonergic vesicles (Ambron et al.,
1980; Cleary, 1984), and Figure 2 shows that the 75 kDa gly-
coprotein and another of slightly smaller apparent M, (=65,000
Da) are the predominant *H-fucosyl glycoproteins in the axon.
(The bands are somewhat diffuse due to the presence of oligo-
saccharide moieties.) When both the CBC and PLN were tran-
sected far from the cerebral ganglion, the amount of the 75 kDa
3H-glycoprotein appearing in the axon decreased (compare lane
C in Fig. 2 with lane B, its paired control). In contrast, for
example, the transport of the 130 kDa *H-glycoprotein in-
creased.

Was the diminished export of the 75 kDa *H-glycoprotein
caused by a decrease in its synthesis? We measured incorpo-
ration of injected *H-fucose into proteins 24 hr after proximal
transection of the CBC only. A 6 hr period of incorporation was
selected as the minimal period for sufficient label to be consis-
tently incorporated. Figure 3, representative of 4 experiments,
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Figure 3. Gel profiles of *H-fucosyl glycoproteins in the combined cell
body and axon of a normal GCN (top) and of the other GCN in the
ganglion, whose CBC axon branch was proximally transected 24 hr prior
to labeling (bottom). Labeling and electrophoresis were performed as
described in the legend to Figure 2. Equal amounts of *H-fucose were
injected into the 2 cells. The gels were sectioned sequentially into 1 mm
pieces for counting of radioactivity by liquid scintillation.

shows that axotomy resulted in a decrease in the amount of *H-
fucose in the 75 kDa glycoprotein (no. 8) relative to the amount
in the other glycoproteins. (In this experiment, there was a 33%
decrease in the amount of *H-fucose in glycoprotein no. 8 after
normalization for total incorporated *H-fucose in the lanes.) As
expected, proximal transection of both the PLN and the CBC
exaggerated the effect. In each of 4 experiments a profound,
selective decrease in the 75 kDa glycoprotein was observed (Fig.
4). The ratio of *H-fucose in the 75 kDa glycoprotein in the
control cell to 3H-fucose in that protein in the paired axotomized
cell was 4.3 £ 1.3 (mean = SEM). A considerable decrease in
the content of *H-fucose was also seen in a protein of slightly
larger apparent M, (82,000 Da). This protein was never observed
in the axon, however (Figs. 2, 6).

Partitioning of transported *H-fucosyl glycoproteins

between the 2 axon branches

In a normal GCN, about 70% more *H-fucosyl glycoprotein and
*H-serotonin is transported in the CBC than in the PLN (Aletta
and Goldberg, 1982, 1984), and none of the individual major
glycoproteins partitions consistently differently from the others;
that is, none shows a consistent preference for the PLN (Ambron
etal., 1980). Within hours after transection of the CBC relatively
Jfar from the cerebral ganglion, the majority of the serotonergic
vesicles that would ordinarily be transported by that branch
instead enter the PLN branch, despite the continued ability of
the transected branch to transport its normal complement of
vesicles (Aletta and Goldberg, 1984). Thus, the partitioning of
vesicles is strongly influenced in this situation by the states of
the endings of the branches. Figure 5, a fluorescence micrograph
of the CBC and PLN filled with Lucifer yellow, shows that there
is abundant growth from both after they are transected. Similar
growth from the CBC branch also occurs if it alone is cut or if
the nerves are crushed (data not shown). We could thus measure
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partitioning of transported material between a branch with
growing sprouts (CBC branch) and a branch of the same axon
with synaptic endings (PLN branch), although we could not
exclude the possibility that growth was also occurring from the
PLN branch even though it was uninjured.

We wanted to see whether other transported fucosyl mem-
brane glycoproteins partitioned like the 75 kDa vesicle glyco-
protein after transection of the CBC or, rather, if there was
selectivity in partitioning. We studied the partitioning of the
glycoproteins 2 wk after the CBC had been transected distally.
At this time, 70% of the serotonin, rather than the normal 36%,
is transported in the PLN (Aletta and Goldberg, 1984). Were
there selectivity in the partitioning of transported material, we
would expect to have observed consistent differences in the gel
profiles of the CBC and PLN, that is, either a consistent en-
richment of the 75 kDa glycoprotein relative to the other gly-
coproteins in the PLN or a consistent enrichment of another of
the glycoproteins in the CBC. Gel profiles from 5 experiments
showed that there was no major difference in the glycoprotein
composition of the CBC and PLN. In each pair there were some
differences, however. In the pair shown in Figure 64, for ex-
ample, the 130 kDa glycoprotein (no. 4) partitioned more equal-
ly between the 2 branches than did the 75 kDa glycoprotein (no.
8). However, neither this difference nor any other was observed
consistently (Fig. 6B). Had all of the glycoproteins partitioned
in the same proportions, all of the glycoprotein symbols would
approximately superimpose in each of the 5 experiments rep-
resented in Figure 6B. Instead, there was considerable spread
in each experiment. As is clear from the frequency of line in-
tersections in the graph, however, the differences in partitioning
were not consistent from one axon to the next. For example, in
some experiments glycoprotein no. 4 was underrepresented in
the PLN (experiments 1-3), while in others it was overrep-
resented (experiments 4 and 5). The same can be said of the 75
kDa glycoprotein (no. 8) and the others.

Discussion

Decreased export of transmitter vesicles after axotomy

The results reported here and previously (Aletta and Goldberg,
1982, 1984) indicate that axotomy of a neuron should be a useful
tool for addressing questions of organelle biogenesis not readily
approached with other types of cells. Because of the unusual
geometry of the neuron, the sites of use of the transmitter storage
vesicle usually are distant from the site of synthesis. Thus, some
or most of the sites of use can be removed without directly
affecting the site of synthesis. It was found previously that such
removal results in a precisely graded decrease in the export of
vesicles by the cell body (Aletta and Goldberg, 1982). Therefore,
we have a convenient method for studying how a cell modulates
its output of a secretory organelle.

The decrease in the rate of export after partial or complete
axotomy must be due either to a decrease in the net rate of
vesicle production, or to a decrease in the rate at which vesicles
are readied for export. The data reported here support the pre-
vious suggestion that production is likelier to be the regulated
step (Aletta and Goldberg, 1984). Were the rate of export to
decrease without a commensurate decrease in the rate of pro-
duction, vesicles would accumulate in the cell body. This in-
crease in number should be substantial, because we estimate
that about one-quarter of the somal pool of vesicles is exported
per hour (Aletta and Goldberg, 1982, 1984). Yet, when we
counted the number of serotonergic vesicles in the cell body,
we did not observe a substantial difference between axotomized
and control cells.

In addition, we found that the incorporation of *H-fucose into
a 75 kDa putative vesicle protein, but not into other transported
glycoproteins, decreased after axotomy. This protein is thought
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Figure 4. Fluorograph of *H-fucosyl glycoproteins in the combined
cell body and axon of a normal GCN (C) and of the other GCN in the
ganglion, whose CBC and PLN axon branches were proximally tran-
sected 24 hr prior to labeling (£). Labeling and electrophoresis were as
described in the legend to Figure 2. Asterisks denote the positions of
the 82 and 75 kDa glycoproteins.

to be a constituent of the serotonergic vesicle because *H-fucosyl
glycoproteins move by fast transport in the axon of GCN pre-
dominantly in the vesicle (Cleary, 1984) and this is the pre-
dominant fucosyl glycoprotein in the axon (Fig. 2; see also Am-
bron et al., 1980), and because this protein copurifies with vesicles
during subcellular fractionation (Ambron et al., 1981). By mea-
suring incorporation of *H-fucose, we were presumably observ-
ing a step close to the actual formation of the vesicle, since
vesicles bud from the Golgi apparatus (Ambron et al., 1980;
Cleary, 1984; Hammerschlag et al., 1982; Jamieson and Palade,
1977; Thompson et al., 1976) and fucosylation is thought to
occur late in Golgi processing (Leblond and Bennett, 1977).

OQur data are compatible with decreased export after axotomy
being caused by increased degradation of vesicles in the cell
body rather than decreased synthesis, though this would seem
to be a wasteful mechanism of regulation. We also think it
unlikely because we observed large decreases in the amount of
¥H-fucose in the putative vesicle glycoprotein during a relatively
brief labeling period. It would be difficult to measure directly
the rate of disappearance of *H-fucose from this protein because
so little is detectable in the protein when the effect is maximized
by transecting both axon branches.

The lack of an increase in the somal pool of vesicles dovetails
with the decrease in fucosylation of the putative vesicle protein
in supporting the idea that synthesis, rather than mobilization
for export, is the regulated step. Consideration of the origin of
the somal pool in a normal GCN, however, makes it puzzling
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Figure 5. Sprouting from the end of the transected axon of GCN. Sprouts from the CBC branch are easily visible; those from the PLN branch,
which was also transected, are mainly out of focus. Lucifer Yellow was injected into the cell body of GCN 12 d after transection. Magnification,

x 250.

that the somal pool did not diminish after axotomy. There might
normally be a somal pool because the number of vesicles ready
to exit the cell body might exceed the capacity of the transport
machinery. Or vesicles might only randomly come into contact
with the machinery, with the probability of contact sufficiently
low such that it takes appreciable time for a typical vesicle to
exit. Or each vesicle might have to go through an appreciably
time-consuming assembly line of processing steps before being
competent to exit. All three possibilities, when interpreted as
simply as possible, predict a decrease in the size of the somal
pool when the rate of formation of vesicles decreases. One ex-
planation for the lack of decrease in pool size that occurs to us
is that newly synthesized vesicles are preferentially and rapidly
exported from the cell body, but not all of them manage to exit.
Those that do not quickly exit join a large somal pool whose
members exit much more slowly (Goodrum and Morell, 1984).
Were this true, a decrease in the rate of vesicle formation would
cause a decrease in the rate of export without substantially di-
minishing the somal pool, at least until well after the regulatory
event.

Because axotomy appears to be a way of eliciting a regulated
reduction in the formation of a secretory organelle, and little is
known about how a cell achieves changes in rates of synthesis
of organelles, it would be of considerable interest to know wheth-
er the synthesis of other vesicle proteins is reduced by axotomy.
Need there be coordinate regulation of the synthesis of many
vesicle proteins or of those unique to the vesicle? If there were,
axotomy would provide a technique for rapidly identifying pro-
teins with a reasonable likelihood of residing in the vesicle.

Partitioning of fucosyl glycoproteins between

2 branches of the axon after distal

transection of 1 branch

While different amounts of material may enter individual
branches of an axon by fast axonal transport (Brimijoin et al.,

1980; Lasek, 1968; Ochs, 1972) because of differences in the
caliber of the branches or the state of the branch endings (Aletta
and Goldberg, 1984), there is no clear evidence that the com-
position of the material differs. Several studies failed to show
selectivity in the partitioning of transported material (Bisby,
1981; Perry and Wilson, 1981; Stone and Wilson, 1979). A
single cell with bifurcate axon, like GCN, is the ideal preparation
in which to look for selectivity, because the partitioning differ-
ences that have been observed in multineuron preparations (Rulli
and Wilson, 1985) may reflect not intracellular selectivity, but
intercellular differences in anatomy, biochemistry, or physiol-
ogy.

We found no evidence of consistent selectivity in the parti-
tioning of the 6 newly synthesized fucosyl glycoproteins that we
studied in detail. Even glycoprotein no. 4 (Fig. 6), whose trans-
port seemed to increase moderately after axon transection, and
which thus might play a role in the recovery of the axon from
injury, was not preferentially shunted into the injured branch.
Our data, which constitute the first such study using a single
neuron, agree with those previously reported by Bisby (1981)
and Perry and Wilson (1981), who used mammalian multineu-
ron preparations. A conclusion that there is no selectivity in
partitioning is tentative now, however, because we studied only
a small group of proteins.

Our results indicate, though, that during a relatively short
time the composition of the mixture of newly synthesized gly-
coproteins received by the ends of a branch of an axon can differ
substantially from the composition of the mixture received by
the ends of another branch. (Some of these differences might be
illusory, because we cannot be certain that the specific activities
of an individual glycoprotein were consistently similar in the
two branches.) This might be due to random variation in the
partitioning of organelles at a branch point; that is, one would
expect fluctuations in the partitioning ratios for individual or-
ganelle types from one relatively brief period to the next, much
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as 10 coin tosses might once yield 3 heads, once 6, and once 4.
Variability in the composition of an individual type of organelle
could also contribute; for example, serotonergic storage vesicles
might differ in the molecular ratios of their normal component
proteins, not by design but rather as an expression of tolerance
in their manufacture. Whether variability in the receipt of ma-
terial by the branches is of functional significance is a question
that merits further study.
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