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Axons of Sympathetic Neurons: Transport of
Enzymes in Vivo and Properties of Axonal
Sprouts in Vitro
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Tnm function of adrenergic neurons is dependent upon the formation and
release of norepinephrine (NE). Increased utilization of the transmitter leads
to an immediate increase in the rate of its synthesis without alterations in the
levels of the synthetic enzymes, presumably as a consequence of a feedback-
control mechanism (37). With repeated or chronic increase in utilization of NE,
however, changes in the levels of the enzgymes involved in NE synthesis are
found in the tissues. Thus after administration of reserpine, there is an increase
in the levels of tyrosine hydroxylase (TH) (25) and dopamine-8-hydroxylase
(DBH) (24) in the sympathetic ganglia and the heart. The changes in levels
of TH in the ganglia precede the changes in the peripheral organs (36), suggest-
ing that the increase in engyme activity at the nerve terminals is a consequence
of increased formation of the enzyme in the perikaryon. More enzyme in the
peripheral tissue might be due to an increase in the density of innervation as
well as to a greater concentration of enzyme in each terminal varicosity. Little
is known, however, about the regulation of these engzymes in the ganglia, the
control of the concentration of the enzymes in the nerve endings or the determi-
nants of the density of terminal varicosities in the effector organs.

Axonal Transport of Enzymes

The axon of a neuron, which extends from the cell body to a distally located
and specialized nerve ending, is required for communication between the cell
parts and for maintenance of the nerve ending. The cell body contains the ge-
netic information and protein synthetic mechanisms while the nerve ending is
geared to function. Weiss (38) summarized the early evidence that, in addition
to conducting nerve impulses, the axon was a route for continual flow of sub-
stances from the cell body to the nerve ending. The existence of such flow be-
came increasingly clear after the introduction of isotopic techniques (7), and
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it is now evident that there are at least two rates of axonal transport. The slower
rate (1-3 mm/day) is presumably due to bulk flow, but there is also a much
faster axonal transport (1-10 mm/hr) which is dependent on the integrity of
the neurotubular protein in the axons (27, 39).

Although ligation of sympathetic axons results in accumulation of catechol-
amines proximal to the site of ligation (6, 9) and “C-NE injected into the coeliac
ganglion of cats is transported through the axons of the splenic nerve (22),
most NE released from sympathetic nerves is synthesized in the terminal vari-
cosities (10, 22). The enzymes necessary for conversion of tyrosine to NE and
the structures which store the catecholamine, however, are synthesized in the
cell body and must be transported to the nerve endings va the axon. Kapeller
and Mayor (15) demonstrated accumulation of granular vesicles above a con-
striction of splenic nerves. These vesicles are mainly larger and more completely
granulated than those seen in the nerve terminals (8). DBH (18, 23) and chro-
magranin (23), the protein associated with catecholamine binding, also accumu-
late proximal to sympathetic axonal constrictions.

Dahlstrém (5) demonstrated that colchicine and vinblastine inhibit the prox-
imo-distal migration of NE storage vesicles. Since colchicine and vinblastine
are known to interact with and disrupt microtubules (27, 39), these structures
have been implicated in the transport of the vesicles (2, 5, 13, 16). A close asso-
ciation of vesicular structures with microtubules has been found in the lamprey
nervous system (33) and has been suggested in mammalian sympathetic axons
(15), but the mechanism of vesicular transport remains unknown.

Local application of colchicine or vinblastine to the superior cervical ganglion
of the rat results in a rapid increase in the levels of DBH (19) and decrease of
levels of the enzyme in the salivary gland (fig. 1). When protein synthesis is
inhibited by administration of cycloheximide, the levels of DBH in the ganglion
decrease (fig. 2). If colchicine is applied to ganglia of animals treated with
cycloheximide, there is no change in levels of the enzyme. These data indicate
that accumulation of DBH in the ganglion is a result of new synthesis and that
the decrease of enzyme levels in the ganglion seen when protein synthesis is
inhibited is the result of transport of the ensyme out of the ganglion. The rate
of increase of DBH in a colchicine- or vinblastine-treated ganglion may be used
to estimate the rate of synthesis of the enzyme. The initial rate of increase of
DBH in colchicine-treated superior cervical ganglia of rats is about 3.75 units/hr,
which corresponds to approximately 5% of the content of the ganglion each
hour.

The content of DBH in the submandibular salivary gland innervated by the
ganglion treated with colchicine declines slowly during the first day (about 0.8
units/hr) and then more rapidly (almost 3 units/hr). If the initial rate of decline
of DBH in the salivary gland (fig. 1) is attributed only to blockade of transport,
then approximately one-fifth of the enzyme produced in the superior cervical
ganglion is normally transported to the salivary gland.

The apparent rate of transport of DBH to the salivary gland (0.8 units/hr)
is equivalent to 0.7 % of the DBH content of the gland per hour. This turnover
rate (T4 = 4.1 days) is in close agreement with the rate of return to normal
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Fia. 1. Effect of local application of colchicine to the superior cervical ganglion on
dopamine-8-hydroxylase (DBH) levels in the ganglion and salivary gland. Initial levels of
DBH in ganglia and salivary gland were 80 = 4 units/organ and 110 + 8 units/organ,

respectively.

of the NE content of heart (T14 = 4.6 days) which begins 2 days after deple-
tion of the catecholamine by reserpine (13, 14), which presumably is an index
of the rate of reappearance of vesicles at the nerve ending.

TH is a soluble enzyme and does not appear to be present in the storage
vesicles. Changes in the levels of this enzyme are slower and are not as striking
as those seen with DBH. Stopping axonal flow for 1 day produces no significant
change in levels of TH in ganglia and only slight changes in ligated sciatic
nerves (table 1). A slight increase in TH levels of colchicine-treated ganglia
becomes evident by 36 hr (19). These observations confirm the findings of Ladu-
ron and Belpaire (17) in the cat splenic nerve and support the view that TH
is not present in the granular vesicles and is transported by slow axonal flow.
Recently, however, Wooton and Coyle (unpublished observations), in our la-
boratory, have found parallel increases in TH and DBH in [ligated or colchi-
cine-treated sciatic nerves.

After the initial increase in DBH levels in colchicine-treated ganglia, levels
of the enzymes progressively diminish to about one-third the normal level.
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F1a. 2. Effect of cycloheximide on colchicine-induced elevation of dopamine-g-hydroxyl-

ase (DBH) in the superior cervical ganglion of the rat. A small volume (5-10 ul) of colchi-

cine solution (0.06 M) was injected in and around the right superior cervical ganglion.

Some rats received cycloheximide (2 mg/kg, subcutaneously) immediately before the

application of colchicine to the ganglia. Rats were killed 4 hr later, and DBH levels were

assayed.

TABLE 1
Effect of stopping azonal flow for 1 day on tyrosine hydrozylase and dopamine-8-hydrozylase*
Colchicine-treated Ganglia Ligated Sciatic Nerve
Tyrosine hydroxylase +10% (N.8.) +45%
Dopamine-8-hydroxylase +449, +393%

* Data from Lamprecht et al. (19).

There is a similar decline in DBH levels in the ganglion after postganglionic
section (fig. 3) or destruction of the sympathetic nerve endings by 6-hydroxy-
dopamine (3). When an axon is severed, the distal portions die but the cell
body reacts to provide the substance required for regeneration. Although histo-
logical evidence (chromatolysis) of a metabolic response to axonal injury by
the cell body has long been recognized, the nature of the signal that ascends the
axon to initiate these changes is unknown (4). Postganglionic section, local
application of colchicine or vinblastine and destruction of sympathetic nerve
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F1a. 3. Effect of postganglionic section or colchicine application on the dopamine-g-
hydroxylase levels of the superior cervical ganglion of the rat. ’

endings by administration of 6-hydroxydopamine have similar effects on levels
of catecholamines and DBH in the peripheral organs and sympathetic ganglia.
The terminal axons cease functioning, and the reaction in the cell body results
in an apparent switch in the metabolic priorities from the production of ensymes
concerned with function to formation of structural components necessary for
restoration of the nerve ending. Increased membrane surface formation during
the period of reconstruction may account for the increase in H-NE uptake by
ganglia 3 to 4 days after local application of colchicine or vinblastine (11),
postganglionic section or 6-hydroxydopamine administration (I. Hanbauer
and I. J. Kopin, unpublished observations). The rapidity of the changes in the
ganglia and nerve terminals is suggestive of a rate of signal transmission cor-
responding to the rate of transport by the microtubules. Involvement of the
microtubules in conveying such information to the cell body from the axon is
supported by the reduction in enzyme levels and increased *H-NE uptake seen
after treatment of ganglia with drugs which disrupt the structure of the micro-
tubules.
Sympathetic Ganglia in Organ Culture

Olson and Malmfors (26) showed that rat sympathetic ganglia transplanted
to the anterior chamber of the eye could innervate the iris. This ganglion can be
maintained #n vitro in artificial media, and the neurons continue to respond to
acetylcholine stimulation for over 1 week (20). Furthermore, when the ganglia
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are cultured in contact with irises, the axons grow into the tissue and appear
to reinnervate the muscle (30). These observations led to examination of the
initial events which occur when the ganglia are removed and maintained in vitro.

Shortly (within 4 hr) after removal of the superior cervical ganglia of a rat to
organ culture, there is a striking increase in the ability to take up NE which
reaches a maximum of a 4- to 6-fold increase in 2 days (12, 29). There is also a
more modest increase in the ability to take up metaraminol. Electronmicro-
scopic examination of ganglia maintained in vitro for 2 days revealed that mul-
tiple axonal sprouts had budded out of the perikaryon of the ganglioneurons
which had survived explantation (about 50%). These structures, which were
several micra in length, contained microtubules and small numbers of large
granular vesicles usually associated with catecholamine binding. Electron-
microscopic radioautography of cultured ganglia incubated with *H-NE demon-
strated that most of the radioactivity was associated with the axonal sprouts
(29). Ganglia maintained in media containing colchicine or vinblastine did not
develop enhanced uptake of NE, and there was a marked reduction in the num-
ber and extent of axonal sprouts.

Reserpine pretreatment completely blocked the ability of the ganglia to take
up *H-NE but did not alter the modest increase in uptake of metaraminol.
Colchicine and vinblastine, however, diminished uptake of metaraminol as
well as NE. These observations suggested that intact neurotubular protein was
required for development of membrane uptake and vesicular storage; reserpine
interfered only with the latter.

The characteristics of the uptake of NE by the axonal sprouts are similar
to those found in sympathetic nerve endings rather than those of ganglion cells
(12). Uptake of *H-NE by the axonal sprouts was saturable and its Kn (1.9 X
10—¢ M) was lower than that of the freshly removed ganglia (K., = 8.0 X 10—
M) and not significantly different from that of sympathetic nerve endings (0.6 X
10—¢* M). Furthermore, *H-NE uptake by the axonal sprouts is inhibited by
drugs such as cocaine, metaraminol and phenoxybenzamine to the same extent
as the nerve endings; uptake of the catecholamine by ganglia is less sensitive to
inhibition by these agents (table 2).

The changes in enzyme levels in ganglia maintained in organ culture in the

TABLE 2
Characteristics of 3H-norepinephrine uptake by superior cervical ganglia, sympathetic nerve
endings and azonal sprouts*
Percent Inhibition by
Km
Cocaine Metaraminol m;
Ganglia 8.0 X 10—¢ 30 22 47
Nerve endings 0.6 X 10—¢ 59 42 62
Axonal sprouts 1.9 X 10-¢ 52 41 63

*Data from Hanbauer et al. (12).
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presence of nerve growth factor (21) are not striking. The levels of TH fall
slightly, presumably due to the death of some of the neurons. DBH levels may
increase slightly at first but decrease thereafter in the same manner as seen in
ganglia from which the postganglionic fibers have been severed.

When incubated in media containing elevated levels of potassium, the levels
of TH and DBH in ganglia (28) and adrenals (31) are elevated. Since this in-
crease is blocked by protein synthesis inhibition, depolarization appears suffi-
cient to initiate induction of the enzymes. In the adrenal gland, induction of
TH by elevated levels of potassium is prevented by blocking release of the cate-
cholamines (31).

The similarity of the properties of the mechanism for uptake of NE by axonal
sprouts and sympathetic nerve endings and the presence of large granular ves-
icles in the sprouts prompted an examination of the possibility that the axonal
sprouts might release NE. S. A. Vogel, S. D. Silberstein, K. R. Berv and I. J.
Kopin (unpublished data) found that electrical field stimulation or potassium-
induced depolarization produces a much greater release of *H-NE from cultured
ganglion than from freshly removed ganglia. As at sympathetic nerve endings,
bretylium diminishes and phenoxybenzamine enhances such stimulation-
induced catecholamine release. Thus, almost as soon as they are formed, axonal
sprouts of sympathetic ganglion cells resemble nerve endings in their ability to
take up and store NE and to release the catecholamine in response to stimula-
tion.

It is of particular interest that axonal sprouts, which contain only large
granular vesicles, can release NE in response to stimulation. In the axons of
sympathetic nerves, only large granular vesicles are found; however, at the
nerve terminal varicosities, small vesicles predominate (8). After administra-
tion of a large dose of reserpine, there is a good correlation between the return
of adrenergic function and uptake of labeled NE, but levels of endogenous
catecholamine remain markedly depressed (1, 14, 34). The discrepancy between
the reappearance of adrenergic function and restoration of NE stores after
reserpine treatment may be the result of appearance of the large granular
vesicles at the nerve endings. It has been suggested that the large granular
vesicles are converted to small granular vesicles (8, 32). It is possible that the
large granular vesicles, newly arrived from the cell body via rapid axonal trans-
port on the neurotubules, are brought to the membrane terminals and are then
preferentially used for discharge of their contents when the nerve ending is
depolariged (fig. 4). Once their soluble protein contents are exhausted, they
may be transformed into the smaller storage vesicles and be concerned primarily
with synthesis and storage of the transmitter reserve. This hypothesis would
also account for the blockade by colchicine or vinblastine of release of NE and
DBH from sympathetic nerve endings (35) as well as the presence of two popu-
lations of vesicles and multiple stores of NE at sympathetic nerve endings.

Summary

Enzymes involved in catecholamine synthesis are formed in the cell body and
transported to the nerve terminals. DBH, which is present in the vesicles, is
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F1a. 4. Schematic representation of a sympathetic nerve varicosity. Large granular
vesicles are transported to the axonal membrane, release their contents in response to a
stimulus and form smaller granular vesicles. (See text for details.)

rapidly transported by a mechanism involving the neurotubules. The turnover
of DBH is more rapid than that of TH.

Axonal damage or interference with integrity of the neurotubules results in
diminished synthesis of catecholamine-forming engymes with a switch to pro-
duction of structural and membrane components. Levels of DBH and TH in the
ganglia decline; however, uptake of NE increases, presumably as a consequence
of increased membrane surface.

In vitro, axonal sprouts from cultured ganglia appear to have the properties of
nerve endings almost as soon as they form. They avidly take up *H-NE, and al-
though they contain only large granular vesicles, stimulation induces release of
the labeled catecholamine. Thus large granules are sufficient to support adre-
nergic function.

The granules may be carried directly to the nerve terminal by the neurotu-
bules. When the nerve impulse arrives and the contents of the large granular
vesicle are extruded, the residual membranes with adherent proteins may form
the smaller granular vesicles concerned with synthesis and storage of the reserve
transmitter.
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