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INTRODUCTION

Somatofugal or anterograde transport in the axoplasm, of organelles and chemical
substances necessary for synaptic function and maintenance of axonal constituents,
has been extensively studied and subjected to several reviews during the past decade
(1-3). Lubinska’s description of bidirectional movements within axons (4) and the
observation of an uptake at axonal terminals of protein tracers, which subsequently
accumulated in the neuronal perikaryon, lent direct support to the hypothesis that
axonal transport is also in the somatopetal or retrograde direction (5). Both protein
uptake and retrograde transport have been observed in the peripheral, central, and
autonomic nervous systems (6-8).

Horseradish peroxidase (HRP) has been the most commonly used tracer protein
in these studies; during the last few years the retrograde transport method with HRP
has provided a most powerful tool in the tracing of anatomical pathways in the
nervous system (9, 10). Somatopetal axonal transport evidently provides a mecha-
nism for the spread of certain viruses and toxins in the nervous system (7), but its
neurobiological and pharmacological implications have not, as yet, been extensively
explored. This article aims to review recent observations concerning mechanisms by
which a substance may be taken up by axonal terminals at synapses and, subse-
quently, be transported to the nerve cell body in the somatopetal direction.

UPTAKE OF MACROMOLECULES AT SYNAPSES

In the central nervous system the so-called blood-brain barrier prevents a nonselec-
tive passage of various substances from the blood into the parenchyma. This barrier
maintains an optimal homeostasis in the brain and protects the brain from harmful
substances (11). In the peripheral nervous systems the perineurium and to some
extent the endoneurial vessels also provide a diffusion barrier; however, distally, at
the neuromuscular junctions, the terminals of motor nerve fibers end openly (12,
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Figure I Schematic drawing showing the black reaction product of HRP outlining the axon
terminal at a neuromuscular junction. HRP is incorporated into vesicles (V) of various sizes
and tubular structure (T) and transported in the axon to the nerve cell body where accumula-
tion can be seen even at the light microscopic level. M: mitochondria.

13). Thus, the protein tracer, HRP, injected into the blood, can directly reach the
surface of the axon terminals at the motor end-plate, since HRP can pass

the skeletal muscle vessels (14). Similarly, HRP can directly reach the axon terminal
surface in the autonomic nervous system, e.g. in the iris following injection into the
anterior eye chamber of the rat.

Axon terminals, especially in the peripheral and autonomic nervous system, may
therefore be exposed to a variety of macromolecuies from their surroundings. Thus,
it is of fundamental importance to determine the mechanism by which a substance
can attach to-or be taken up by the axon, and to find out any specificity in the
molecular incorporation. In recent years a number of observations have, in fact,
indicated that axonal uptake of molecules may occur with a high degree of specific-

ity. .
Interactions Between Axon Surface and Exogenous Molecules

Of several tracer substances injected into the area of axon terminals, only a few can
subsequently be detected in the nerve cell bodies (15). This probably implies that
synaptic uptake of molecules is a very selective process. In this section some of the
parameters that influence the attachment and uptake of a molecule to the axonal
surface are reviewed.

NONSPECIFIC UPTAKE From studies of molecular uptake in fibroblasts, it is
known that the molecular charge is important; a positivecharge generally facilitates
uptake. Thus protamine and histones are taken up more readily than albumin. Basic
compounds, which penetrate easily, may also enhance the uptake of other sub-
stances, a so-called helper phenomenon. Therefore, basic polyamino acids can be
used to enhance the penetration of a variety of substances such as toxins, polynucleo-
tides, interferon, and viruses (16). The polycationic protein, protamine, induces a
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nonspecific vesicular uptake of HRP into mouse skeletal muscle (17), but the possi-
bility of enhancing neuronal uptake with this substance has not been tested.

Acidic carbohydrate groups are present on neuronal surfaces, where the periph-
ery is heavily stained by the colloidal iron technique (18). This indicates the:presence
of acid glycoproteins in the glycocalyx at the outer surface of the plasma membrane
(19). Glycoproteins have also been demonstrated in the synaptic gap substance by
a variety of histochemical techniques at the ultrastructural level (20). These electric
properties of the glycocalyx may explain why Bunt et al (21) found no accumulation
in the nerve cell bodies of the acidic isoenzyme of HRP (isoelectric point pH 4.5),
in contrast to the basic isoenzymes (isoelectric point pH 9.0) following injection into
the area of axonal terminals in the rat visual system. However, any binding of HRP
to cell surfaces does not appear to occur (22).

Another important parameter with regard to uptake is the size of the molecule.
In general, the uptake increases with increasing molecular size (16). Uptake of
bovine lactoperoxidase by mouse liver cells is much more rapid than that of HRP,
which may be due to the greater molecular weight and higher isoelectric point of
the former (23). However, in contrast to HRP, we have not been able to demonstrate
any neuronal uptake and transport of lactoperoxidase or catalase in vivo. This,
however, may be due to differences in sensitivity of enzyme histochemical tech-
niques, since each enzyme requires ‘an optimal fixation, substrate, and pH during
incubation for its demonstration (24).

RECEPTOR BINDING Carbohydrate-containing macromolecules have also been
localized to synapses by the technique of HRP labeling of lectins, e.g. concanavalin
A (25, 26). Red blood cells coated with concanavalin A attach to axon membranes
of chick sympathetic ganglia neurons, and these complexes move slowly in the
retrograde direction at the surface (27). Lectin-HRP-receptor complexes are also
incorporated into vesicles and tubules within 1 hr by isolated dorsal root ganglion
neurons. Under the same conditions soluble HRP is not taken up (28), which
corroborates with the observation that HRP is not incorporated from the surface
of the neuronal perikaryon, but at endocytotic active axonal terminals [(29) see
below]. Binding of lectins to receptors at the neuronal surface may therefore induce-
endocytosis analogous to the binding of lymphocytes to plasma membrane recep-
tors.

That retrograde axonal transport occurs with a high degree of specificity of
certain neurobiologically active substances has been investigated by Thoenen and
co-workers. The selectivity of uptake can depend on properties common to all axon
terminals; for example, tetanus toxin was taken up and transported in all neurons
examined, while for other substances the uptake was restricted to certain popula-
tions of neurons; e.g. nerve growth factor was taken up by sympathetic and large
dorsal root ganglion neurons but not by motor neurons (15, 30). A further example
of such a selectivity in uptake with respect to the population of neurons is the
transport of antibodies to dopamine-3-hydroxylase to sympathetic nerve cell bodies,
but not in detectable amounts to either sensory or motor néurons (31). It may
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therefore be suggested that membrane receptors exist at the axonal terminals and
provide specific binding sites for these substances (32). The existence of receptors
may also explain why certain viruses can directly attack neurons while others can-
not (33).

NEUROTRANSMITTER UPTAKE The extensive literature on neurotransmitter
uptake at synapses is beyond the scope of this review (34). Certain amino acid
transmitters, however, can be accumulated into nerve terminals by a high affinity
uptake process, and GABA and glycine, for example, are taken up by different
populations of synaptosomes in homogenated rat spinal cord (35, 36). Furthermore,
JH-glycine that is taken up by axonal terminals may be transported retrogradely to
the nerve cell bodies (37). Differences in affinity of different neurons to different
amino acids may explain why a retrograde amino acid transport has been observed
in some studies (38), but not in others (39).

LIPOSOMES Liposomes can potentially be used as a carrier to introduce a variety
of biologically active substances into neurons by uptake and retrograde transport.
Liposomes form when water-insoluble polar lipids, phospholipids, are confronted
with water (40). Substances including chelating and antiviral agents may be carried
into cells after inclusion in liposomes. By changing the composition of the lipids in
the liposomes, a selective affinity for neurons might possibly be obtained. However,
only recently has the possibility of using liposomes in nervous tissue been explored.
Some liposomes are highly toxic, while others are sufficiently benign to be used as
carriers of therapeutic agents into the CNS (41). It should therefore be possible to
use liposomes as carriers for antiviral substances and, by retrograde transport, to
introduce them into sensory ganglia neurons or lower motor neurons, which often
are the target for virus infections like herpes and poliomyelitis.

Mechanisms for Axonal Incorporation of Macromolecules

Because a significant mechanism for macromolecular uptake at synapses is by
pinocyetosis, this section is focused on recent observations of this process (42). Intact
axonal membranes exclude passive diffusion of macromolecules into the axoplasm,
but after an injury such a diffusion may occur. In addition, an active carrier-
mediated transport exists for uptake of transmitters into neurons from extracellular
spaces. This uptake occurs by the passage of single molecules through the membrane
into the axoplasm probably without involving endocytosis (34).

MICROPINOCYTOTIC UPTAKE Several studies on invertebrate and amphibian
neuromuscular junctions indicate that incorporation of HRP into pinocytotic vesi-
cles at synapses can be increased by stimulating the synapses to transmitter release
(29, 43, 44). In a study by Holtzman et al (72), when organotypic cultures of fetal
mouse spinal cord were exposed to HRP in the presence of strychnine, which
enhances transmitter release, HRP was incorporated into many vesicles at presynap-
tic terminals (29). On the other hand, when these cultures were exposed to HRP
in the presence of Mg?*, which depresses transmitter release, only a very few vesicles
contained the tracer. In addition, in cultures exposed to HRP with strychnine-
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induced stimulation for 1 hr, tracer accumulated several hours later in the neuronal
perikarya. Markedly less HRP accumulated when the initial exposure to tracer was
with Mg2*. Concomitant with the accumulation of HRP in the perikarya, there was
a loss of HRP from the axon terminals during the chase period, indicating that
synaptic vesicle membrane turnover involves a stage of retrograde axonal transport
to the neuronal perikarya and that the pinocytotic activity of a neuron occurs at the
axon terminals, and not significantly at the cell body.

The ability of HRP to trace synaptic activity in nervous tissue in vivo has been
shown in skate or frog retinal photoreceptors (45, 46). When exposed to HRP,
photoreceptor terminals take up much of the tracer in the dark, while steady
illumination markedly decreases uptake. The changes in HRP uptake with light
varies in accordance with the expected activity in synaptic neurotransmission. HRP
uptake appears to reflect activity in neurosecretory cells as well, as evidenced by the
effect of castration on HRP incorporation into *‘synaptic™ vesicles of the median
eminence of the male rat (47).

Further evidence that increased uptake of HRP at synapses may be followed by
an increased transport of the tracer up the axon has been obtained in studies on frog
muscle nerve preparations (48). After exposure of the muscle compartment to HRP
and stimulation of the nerve, an increased amount of HRP in the nerve compart-
ment can be measured biochemically. Also cat lateral geniculate neurons accumu-
late less HRP from the projection area of the cortex within the first 24 hr following
deafferentiation by unilateral enucleation, as compared to the other side with active
synapses (49). These studies indicate that uptake and retrograde transport of mole-
cules is directly related to the activity of synapses and transmitter release, an
important observation when considering the possible implications of this phenome-
non for neuronal function.

DIFFUSION THROUGH INJURED AXON MEMBRANE After a cell is injured, the
permeability of a cell membrane rapidly increases, permitting leakage of mac-
romolecules. Thus, after an axon is crushed or cut, HRP rapidly diffuses into the
injured axon. It may subsequently be incorporated into organelles and transported
up to the nerve cell body (50). Since injection of HRP into the innervation field of
a neuron may involve direct trauma to the axon terminals, it may be difficult to
decide whether HRP accumulated in the corresponding nerve cell bodies is the
result of HRP uptake as an injured cell reaction or as a reflection of the activity of
intact synapses. To establish that nerve cell body accumulation of HRP occurs by
pinocytotic uptake at synapses, HRP was injected in very large doses intravenously.
The tracer did not pass the cerebral vessels, except by pinocytosis around the
arteriole (51), but this relatively small molecule (40,000 MW) passed through the
vessels in skeletal muscles and diffused into the synaptic clefts reaching axon sur-
faces at the terminal at which incorporation into vesicles follows (14). The tracer
could be seen in axonal organelles and after some hours of accumulation it appeared
in the lower motor neurons in the brain stem and spinal cord (52). Thus, following
this nontraumatic mode of injection, retrograde transport followed the physiological
process of pinocytotic uptake at synapses.
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RETROGRADE TRANSPORT IN AXONS

Direct observations on movement of organelles within axons in both directions were
made in early studies on amphibian nerve fibers (53) and on nerve processes in tissue
culture (54, 55), and, more recently, by the use of Nomarski interference microscopy
on excised mammalian nerves in incubation chambers (56, 57). Evidence for a
bidirectional movement of materials in axons has also been obtained from observa-
tions of an accumulation of enzymes, radiolabeled substances, and organelles both
distal and proximal to an injured segment of the axon (4). In addition, somatopetal
transfer of protein tracers, such as transfer of HRP from the uptake at the axonal
terminals to the nerve cell bodies, has shown that even in intact axons in vivo a
transport in the somatopetal direction occurs (7). Recent observations pertinent to
this transport in the distal-proximal direction are reviewed in this section.

Compartments for Axonal Transport

In neurites in tissue culture, somatopetal movements of elongated sausage-shaped
particles, considered to represent mitochondria and large numbers of spherical
particles, have been observed. Similar particles moving in the distal-proximal direc-
tion have been observed in axons from excised mammalian sciatic nerves. The
number of the relatively rapidly moving spherical particles in the somatopetal
direction appears to exceed that in the somatofugal direction at a nearly 2:1 ratio
(58) or more (56, 59). At the tips of the growing neurites, pinocytotic vesicles are
formed, which ascend the axons as rounded organelles (53, 54, 55). Conceivably,
some of the moving spherical particles represent such pinocytotic vesicles.

That materials transported in the somatopetal direction are confined to compart-
ments in the axoplasm is evident from studies on retrograde transport of HRP. At
the ultrastructural level, HRP is localized to vacuoles, cup-shaped bodies, occa-
sional multivesicular bodies, and cisternal or tubular structures in the axoplasm (8,
14, 60). This agrees well with our belief that the neurdnal cytoplasm is compartmen-
talized; channels as rough endoplasmic reticulum, Golgi apparatus, and smooth
endoPI?smip'reticulugn (SER) are isolated from the neuronal cytoplasm by a system
of intracellular membranes (1). In the axon the SER forms a continuous channel
system throughout the whole length of the axon (1). Recent studies have also shown
that radiolabeled proteins are transported rapidly in the somatofugal direction
within this system, reaching the terminals, where synaptic vesicles bud off from the
network of the SER. The SER is a flexible system with movement of the channel
walls as well as the included materials. Whether this SER provides a compartment
for somatopetal transport in, axons is not known, but occurrence of retrogradely
transported HRP withiri. cisternal structures has led Droz (1) to suggest that, while
some channels of the SER are involved in rapid somatofugal transport, others may
be involved in transport of matenals in the somatopetal direction. However, it has
been pomted out that some. HRP-contammg tubules in axons are fairly short, and
others are actually elongated multivesicular bodies or dense bodies. It is therefore
questionable whether many of the tubular structures involved in retrograde trans-
port do represent SER (61). '
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Data on possible retrograde transport of transmitters are in conflict. While norepi-
nephrine-specific fluorescence accumulates distal to a nerve crush (62), no dense-
cored vesicles, which are presumptive storage sites for norepinephrine, are seen
distal to a ligature (63). Recently, dopamine-8-hydroxylase (DBH), which is a
marker for norepinephrine storage vesicles, has been found to be transported in the
retrograde direction with the use of a stopflow technique (64). In this system, the
rabbit sciatic nerve is incubated in chambers, which expose different regions of the
nerve to different temperatures, and DBH accumulates distal to a cooled region. To
explain the lack of large dense-cored vesicles, which accumulate only proximally
to ligatures, it was suggested that DBH subjected to rapid retrograde transport
is bound to empty catecholamine storage granules or fragments of their mem-
branes.

Therefore, materials-transported in the retrograde directions appear to consist of
mitochondria and rapidly moving substances enclosed in organelles such as pinocy-
totic vesicles, lysosomal organelles, transmitter-containing vesicles, and SER. It is
not known whether a somatopetal transport of substances dissolved in the axoplasm
exists that is comparable to the slow axoplasmic transport.

Velocity of Retrograde Axonal Transport

In the anterograde or somatofugal direction there appear to be at least two different
components of axonal transport. One of these has a slow velocity (in the order of
1 mm per day) and is called slow transport, while the other is faster and is called
Jast transport. The calculated value for the rate of the latter component varies in
different experimental models. In mammalian and avian optic system a rate of 150
to 250 mm per day and in the goldfish a rate of 70 to 100 mm per day have been
given (2). Ochs (3) found a relatively constant velocity of 410 mm per day for the
fast axonal transport in the sciatic nerve in a variety of mammalian species. The rate
of the retrograde or somatopetal transport also differs with different observations.
Lubinska (4) estimated the retrograde transport of acetylcholinesterase to be about
125 mm per day or half the rate of transport in the anterograde direction. Ochs (3),
on the other hand, calculated that the velocity for retrograde transport was about
200 mm per day. In frog sciatic nerves in vitro the retrograde transport of *H-
leucine-labeled proteins is estimated at 60 mm per day or half of the forward rate
(65). In contrast to these estimations of the rate of retrograde transport as half of
the anterograde transport, the velocities of organelle movements in excised nerve
fibers or neurites in tissue culture have been the same in both directions (58).

The velocity of transport of HRP appears to be in the order of 3-5 mm/hr (8,
66) and retrograde virus transport has been estimated to occur at 2.4 mm/hr for
poliomyelitis (67) or at least 1.7 mm/hr for pseudorabies in mice (68). Both in rats
and mice the rate of retrograde transport of nerve growth factor from the anterior
eye chamber to the superior cervical ganglion amounts to about 2.5 mm/hr. In
contrast, the rate of retrograde transport in sensory fibers in adult rats was 13
mm/hr. This may imply that different substances or organelles are transported with
different rates in different nerve fiber systems (30).
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Mechanisms for Retrograde Axonal Transport

The driving force for the retrograde transport of organelles or substances enclosed
in organelles has not been defined. The transport is temperature-dependent; cooling
of the nerve to 2°C arrests the flow (64). Both antero- and retrograde transport in
frog sciatic nerves in vitro are inhibited by sodium cyanide, 2,4-dinitrophenol, and
iodoacetic acid, which suggests that they are dependent on similar energy-producing
processes (65). Microtubules have repeatedly been ascribed a significant role for fast
axonal transport in the anterograde direction. A microfilament sliding hypothesis
has been devised, whereby organelles are bound to microtubules by microfilaments
and then transported (3). Mitochondria are often attached to microtubules ultra-
structurally (69). Alternatively, sharing forces may provide zones of low viscositis
around microtubules facilitating transport (70). It is not known whether mi-
crotubules are of importance for retrograde transport as well, but interference with
microtubules by mitotic inhibitors as colchicine or vinblastine inhibits the transport °
(71). However, these drugs may also interfere with other structures of the axon,
which makes it still premature to link retrograde transport directly to microtubules.

" FATE OF EXOGENOUS MACROMOLECULES IN THE NERVE

CELL BODY

In the nerve cell body HRP accumulates in vesicles of various sizes. Most of the
vesicles in the perikaryon are larger than those in the axons indicating that the
HRP-containing vesicles have coalesced with others (8). Structures suggestive of
coalescing organelles are also abundant outside of the Golgi apparatus, while the
Golgi sacs and vacuoles themselves are free of HRP product. Probably, therefore,
the pinocytotic vesicles in neurons, as in other cells, fuse with primary lysosomes,
giving rise to secondary lysosomes, in which protein breakdown may occur (72).
Little is yet known concerning whether similar factors are of importance for the rate
of protein breakdown in neurons as in other cells, i.e. concentration of the protein,
pH in the lysosomes, absence or presence of inhibitors (73). In our experiments we
have found that HRP disappears from the nerve cell bodies within 3—4 days, which
may represent a breakdown or inactivation of the enzyme in the lysosomal or-
ganelles.

Apparently, certain biologically active substances such as hormones, viral nucleic
acids, and hypothetical information carrying molecules should not be degraded by
the hydrolytic lysosomal enzymes. For instance, the nucleus must be reached by
nucleic acids from viruses, which replicate in this structure, but the pathway
through the neuronal cytoplasm is not known. We have found HRP in vacuoles and
tubules close to the outer nuclear membrane in neurons, but we were unable to trace
it to the perinuclear space (50).

In recent years attention has been focused on transport phenomena in dendrites,
where for instance acetylcholinesterase can be transported in smooth endoplasmic
reticulum and appear at the dendritic surface especially near synapses (74). HRP
also occurs within vesicles and the tubular structure in dendrites. In this context it
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is interesting to note that tetanus toxin can pass from the motor nerve cell bodies
to the presynaptic terminals where it exerts its action (75, 76). The transsynaptic
passage of macromolecules may be a selective process because tetanus toxin passes
in the adrenergic ganglia, while nerve growth factor does not (77).

The possibility also exists that some HRP, which has reached the nerve cell body,
is transported back out into the axons. For instance, HRP injected into the superior
cervical ganglion of the rabbit is incorporated into the nerve cell bodies and subse-
quently appears in the axons and in their terminal part in the iris (78).

In conclusion, macromolecules taken up by neurons may be broken down by the
lysosomal system, transferred to the nucleus to influence the nerve cell body metabo-
lism, transported into the dendrites and pass to the presynaptic terminals and,
possibly, also be transported out into the axon again. Of great interest in neuropa-
thology is to what extent heavy metals, which are not readily excreted from other
cell types, can be taken up and accumulate for long periods of time in neurons.

IMPLICATIONS OF RETROGRADE AXONAL TRANSPORT
Growth and Regeneration of Neurons

For its development and maintenance, the nerve cell is greatly influenced by its field
of innervation. For instance, experimentally induced destruction or atrophy of
skeletal muscles causes hypoplasia of the ventral horns in the spinal cord (79). The
nature of the signaling mechanism for such interactions is unknown, but it has been
suggested that retrograde transport of macromolecules is involved.

In this respect a series of interesting observations has been made by Thoenen and
co-workers on the biological importance of retrograde axonal transport of nerve
growth factor (NGF) in adrenergic neurons. This factor promotes the growth of the
peripheral sympathetic nervous system in newborn animals. It also causes a selective
induction of tyrosine hydroxylase and dopamine-3-hydroxylase, which are key
enzymes in the synthesis of norepinephrine. After unilateral injection of NGF into
the anterior eye chamber of 8-10-day-old mice and rats, NGF can be detected in
nerve cell bodies in the ipsilateral superior cervical ganglia, followed by an increase
intyrosine hydroxylase activity. It was therefore suggested that retrograde transport
NGF, which can be synthesized locally, could represent a means for transfer of
trophic information from the effector cells to the perikaryon of the innervating
neuron (80).

Also the mature neuron needs information from the periphery, which is evident
after an axonal injury (81), when the neuron can react with chromatolysis (82).
Immediately after a nervecrush there is a transient diffusion of HRP into the injured
axon proximal to the crush. At higher levels HRP is included in organelles, which
are transported to the perikaryon, preceding the earliest morphological or biochemi-
cal alterations of the nerve cell bodies (50). By crushing the sciatic nerve in groups
of rats at different levels, the rates for the ascent of the signal of chromatolysis and
the axonal transport of HRP in injured axons could be compared. These were within
the same range of 3-5 mm/hr, indicating a time relation between the two phenom-
ena. Whether there is a causal relation is unknown, but two possibilities have been
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suggested. First, the abruption of the normal transport of organelles coming from
the periphery may carry the information to start the nerve cell body response to the
injury. Second, some material (a “wound substance™) from the injured axon or its
surroundings may trigger the response (4). :

In a series of experiments, we are studying the course of events of uptake and
accumulation of HRP in regenerating nerve cell bodies. The facial nerves of mice
are crushed followed by intravenous injection of HRP at varying time points. In
these experiments, uptake and rétrograde transport of HRP reappear when the
regenerating axons have reached the end-plates and started to function, i.e. when
the mice begin to move the vibrissae again. It may therefore be suggested that
retrograde transport is involved not only in signaling the nerve cell’s initial response
after an axon injury, but also in informing the cell body that the axon terminals have
reached their target area.

The retrograde transport of macromolecules from the synapses to the nerve cell
bodies may have a further biological meaning for the mature neuron. As reviewed
in a preceding section the uptake is dependent on the degree of synaptic activity.
If such alterations in uptake dlso are reflected in alterations in transport, the nerve
cell body may constantly be informed on the functional state of the synapses. In this
way the retrograde transport may act as a feedback mechanism in the neuron. We
are-presently engaged in experiments trying to better define whether in vivo the
neuronal tracer accumulation varies with the synaptic activity. For the advancement
of this hypothesis a quantitative cytochemical technique is being developed, by
which the amount of protein uptake in single isolated neurons can be determined.

Toxicological and Pharmacological Implications of Retrograde Transport

Of the various neurotoxins, the most extensive studies have been performed on the
neural spread of tetanus toxin. As stated in previous sections, there are several recent
studies showing that this toxin is taken up at the periphery of the axons and
transported retrogradely to the nerve cell bodies. With the use of electron micro-
scopic autoradiography, labeled toxin has also been localized over the presynaptic
terminals of the-motor neuron, where it exerts its action (75, 76).

It is not known whether other bacterial toxins can reach the motor neurons from
the blood in this way. Since we have observed that Evans blue bound to serum
albumin accumulates in motor neurons of the brain stem'and spinal cord after
intramuscular injection, the possibility must be evaluated that different drugs or
chemicals bound to serum proteins may reach the lower motor neurons, and in this
way bypass the so-called blood-brain barrier. Heavy metals might also bind to serum
proteins, and the retrograde transport may therefore provide a potential hazard to
the motor neurons exposing them to toxic metals such as lead, aluminum, and
mercury. In fact, we have found that iron can be transported to motor neurons after
intramuscular injection. However, very high doses of iron-dextran or ferritin, in-
Jected over several days, are needed to induce a histochemically detectable accumu-
lation. -

In pharmacology the retrograde axonal transport may have two implications.
First, the potential risk that drugs may reach motor neurons after intravenous or
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intramuscular injections should be evaluated. Further, the treatment of dermatolog-
ical disorders may involve a risk in that substances are taken up by sensory neurons
following their application to injured skin. Second, the possibility exists that drugs
can be selectively introduced into diseased neurons, for instance, in conditions of
intoxications or virus infections of the peripheral neuron. It might therefore be
possible to find suitable carrier. substances, by which chelating or antiviral agents
may reach the nerve cell bodies. This might be an ideal treatment for recurrent
herpes infection of the lips or conjunctiva, where the herpes virus probably remains
latent in sensory ganglia neurons between the eruptions.

CONCLUDING REMARKS

The observation that neurons both in the central, peripheral, and autonomic nervous
system can take up certain macromolecules at their axon terminals and transport
them to the nerve cell bodies along the axons opens up several lines for future
research in pharmacology and toxicology. Toxic agents, such as heavy metals,
chemicals, and viruses, may reach the neurons by this mechanism to produce their
effects. The specificity in the uptake should be evaluated for different agents, and
the possibility of selectively interfering pharmacologically with the metabolism of
a defined group of nerve cells should be explored. Probably, a specificity in mac-
romolecular uptake might be obtained by the inclusion of pharmacological sub-
stances in carrier molecules.
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