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Abstract

Anterograde and retrograde transport within axons
and dendrites of nerve cells represent an integral part of the
nerve cell function and biochemistry, A few exogenous
macromolecules with most different molecular weights and
physico-chemical properties (Nerve Growth Factor, tetanus
toxin, cholera toxin, various lectins, antibodies against
dopamine-f-hydroxylase) have been shown to be taken up
and transported with the retrograde axonal transport in
exceedingly high amounts if compared to most other macro-
molecules. Specific binding to membrane receptors seems to
be the prerequisite for this highly efficient retrograde
transport. Upon arrival at the cell body tetanus toxin is able
to leave the neuron and to migrate transsynaptically to
presynaptic nerve terminals of second-order neurons.

For NGF, tetanus toxin and some neurotropic viruses
retrograde axonal transport eventually followed by trans-
synaptic transport may be crucially involved in their
mechanism of action. Indirect evidence suggests the exis-
tence of a variety of endogenous molecules carrying specific
information from the target cell and the nerve terminal to the
cell body and eventually transsynaptically into second- or
third-order neurons.

Transport phenomena within axons and
dendrites of nerve cells have become an important
and favorite topic in modern neurobiology. Two
principal directions of transport can be distin-
guished: From the cell body to the peripheral
parts of the neuron as anterograde or orthograde
transport, or from the periphery to the cell body
as retrograde transport. Two main transport
velocities have been delineated for the antero-
grade transport in mammals and birds: A fast
rate of about 400 mm/day and a slow rate of
1-20 mm/day [1-3]. Intermediary rates have
been described for various specific enzymes or
proteins [4—6]. The retrograde axonal transport
ranges in the rate of the fast anterograde transport

! Dedicated to K. Bucher on the occasion of his 65th
birthday.

[7]. No slow retrograde axonal transport has been
described to date.

Nerve cells are highly polarized structures,
whose processes can extend over enormous dis-
tances within the body. The axon as the main and
most often longest process of the neuron is devoid
of ribosomes, ie. all the soluble proteins of its
cytoplasm and internal structures and organelles
such as microtubules, microfilaments, neurofila-
ments and the components of the surface mem-
brane have to be supplied by the cell body. The
same is true for the machinery involved in neuro-
transmitter synthesis, release and inactivation.
The considerable distances which often separate
the nerve terminals from their cell bodies make an
efficient transport system indispensable.

Anterograde transport

Biochemical analysis of the material trans-
ported with fast and slow anterograde transport
has shown striking specificities with regard to the
nature of the molecules transported with a par-
ticular speed [8, 9]. In general, soluble cyto-
plasmic proteins, e.g. tubulin, are transported at
the slow rate, which therefore can be considered
as a bulk flow of cytoplasm. In contrast, mole-
cules transported with fast transport rates are
either components of membraneous structures
like vesicles and smooth endoplasmic reticulum
or are associated with such organelles [10, 11].
They are essentially destined for the membranes
of nerve terminals and synaptic vesicles, and also
for the axolemma [12-16]. This association of
fast transported material with vesicular and endo-
plasmic reticulum-like structures in the axon
suggests a crucial involvement of these organelles
in the transport mechanism [10, 1]. In spinal
cord and cranial nerve motoneurons and in
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Figure 1

Time course of accumulation of radioactivity in superior
cervical ganglia after unilateral injection of 25 uCi of %I-
labeled antibodies to DBH into the anterior eye chamber.
1 to 48 h after injection the animals were killed, the ganglia
removed and their radioactivity determined. The values
given represent the mean + S.E.M. of groups of 4—6 animals.
(From FILLENZ et al. [29].)

adrenergic fibers a considerable part of the
rapidly transported molecules return to the cell
body by retrograde transport after a relatively
short stay at the nerve terminal [17-20].
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Figure 2

Comparison between the accumulation of radioactivity
in superior cervical ganglia after unilateral intraocular
injection of *I-labeled NGF and various other !*I-labeled
proteins. The isoelectric points of the proteins were: NGF
9.3; cytochrome ¢ 9.8; insulin 5.4; horseradish peroxidase
9.7; ovalbumin 4.6; bovine serum albumin 4.8; ferritin 4.6.
The molecular weights of the injected proteins are given in
parentheses. In each case the injected radioactivity
amounted to 1 uCi. The labeled proteins were injected 14 h
before dissecting the ganglia. Each column represents the
mean + S.EM. of 7-10 animals. (From STOCKEL et al.
[231)
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Uptake and retrograde transport of
macromolecules

Two groups of macromolecules can be dis-
tinguished according to their efficiency of retro-
grade transport. For the majority of macro-
molecules, e.g. horseradish peroxidase, albumin,
ferritin etc., a retrograde transport can only be
detected if they are injected into the vicinity of
nerve terminals in extremely high concentrations
(21, 22]. In contrast, detectable retrograde trans-
port in various parts of the peripheral and central
nervous system occurs with much lower concen-
trations for a few particular macromolecules. So
far, such a selective, highly efficient retrograde
transport has been found for Nerve Growth
Factor (NGF, MW 26'000) (7, 23, 24], tetanus
toxin (MW 150°000) [7, 25, 26], a non-toxic
fragment of the tetanus toxin molecule (MW
46'000), cholera toxin (MW 68'000) [27], the
lectins wheat germ agglutinin (MW 34’000), ricin
(MW 60'000) and phytohaemagglutinin (MW
1107000) [27], unpublished observations) and for
antibodies against the enzyme dopamine-f-
hydroxylase (MW 160'000) [28, 29] (Figs. 1, 2,
3, 4). The selectivity of retrograde axonal trans-
port of these macromolecules seems to be due to
the presence of specific binding sites for these
molecules at the nerve terminal membrane. Indeed,
the highly efficient retrograde transport of cholera
toxin, which binds to GM, gangliosides, and of
tetanus toxin, which binds to GD,, and GT, di-
and trisialogangliosides [30], could be blocked by
simultaneous injection of the corresponding
gangliosides [27]. On the other hand, the selec-
tive retrograde transport of NGF is confined to
peripheral adrenergic and sensory neurons, but
does not occur in mononeurons [7]. This finding
agrees with the fact that high affinity surface re-
ceptors for NGF are present only on adrenergic
and sensory ganglion cells. Oxidation of the
tryptophan residues of the NGF molecule causes
a gradual loss of the biological activity (as
judged by fiber outgrowth from embryonic
chicken dorsal root ganglia) and concommitantly
the disappearance of retrograde transport [23].
Conversely, horseradish peroxidase, a molecule
which is not transported in detectable amounts if
injected alone in low concentrations, is trans-
ported retrogradely in high amounts if coupled to
biologically active NGF [31]. For lectins binding
to specific sugar residues of cell surface mem-
brane glycoproteins or glycolipids is well docu-
mented [32].



Figure 3

Ganglion cells of the rat superior cervical ganglion labeled by retrograde axonal transport of 2’1 nerve growth factor. Rats
were killed 14 h after injection of 10 ul (30 uCi) '>I-NGF into the anterior eye chamber and 30 ul (90 xCi) into the submandi-
bular gland. Light microscopic autoradiograph shows a cross-section of the superior cervical ganglion. (Magnification 80x.)
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Figure 4

Labeled axons of ganglion cells of the rat superior cervical ganglion showing the intraaxonal localization of a lectin (wheat
germ agglutinin) during retrograde transport. Rats were injected as indicated in Figure 3 and processed for electron
microscopic autoradiography. (Magnification 11,000x.)
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Figure 5

Rats were injected into the anterior eye chamber with 10 gl of colloidal gold coated with tetanus toxin or albumin and fixed
1 hr later. — (5a) Gold particles coated with tefanus toxin adhere to the membrane of nerve terminals in the rat iris. Arrow
points to a particle inside a nerve terminal. (Magnification 100,000x.) — (5b) No association of gold particles with neuronal
membranes and no uptake into nerve terminals can be seen with albumin-coated gold particles. (Magnification 75,000x.)
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Morphological studies in the rat iris have
shown a selective binding to nerve terminals
followed by uptake and retrograde transport of
tetanus toxin coupled to colloidal gold as an
electron-dense tracer (Fig. 5a). In contrast,
albumin-coated gold particles were neither
associated with neuronal membranes nor taken
up by nerve terminals [33] (Fig. 5b). Inside the
axons, the tetanus toxin-gold complexes as well
as the NGF-horseradish peroxidase coupling
product [31] were located within smooth mem-
brane cisternae, suggesting an important role of
the smooth endoplasmic reticulum as a carrier for
retrograde axonal transport.

All these data strongly speak in favor of
specific binding sites as being the prerequisites for
uptake and highly efficient retrograde transport.

Transsynaptic transport

Electron  microscopic  autoradiographic
studies have been performed on rat sympathetic
ganglia and spinal cord at the time of arrival of
retrogradely transported 1*5-I-1abeled tetanus toxin
[34, 35]. As expected, labeled cell bodies, axons
and dendrites of adrenergic ganglion cells or
spinal cord motoneurons were present. In addition
radioactivity could be detected inside presynaptic
terminals making contact with labeled neurons.
As the labeling density over the glia was very low
in comparison to the extremely high specific
labeling of presynaptic terminals, and retrograde
intraaxonal transport has been shown to be the
only way by which tetanus toxin can reach the
central nervous system, this phenomenon sug-
gested a retrograde transsynaptic migration of
tetanus toxin. Surprisingly, this retrograde trans-
synaptic migration following retrograde axonal
transport was confined to tetanus toxin and did
not occur after retrograde axonal transport of
NGF. The mechanism of this selective trans-
synaptic migration of a macromolecule is still
unclear.

Conclusions and possible physiological
significances

Certain exogenous macromolecules bind
with high affinity to components of the surface
membrane of nerve terminals. This binding is
followed by uptake and subsequent retrograde
transport with a rate of several millimeters per
hour. At the level of the cell body the transported
material is redistributed: Part of it becomes
incorporated into lysosomes, part stays in the
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smooth endoplasmic reticulum in the perikaryon
or is transported into the dendrites [34, 35].

None of these macromolecules has been
observed to enter the cell nucleus in detectable
amounts. In adrenergic ganglion cells retro-
gradely transported NGF triggers a selective
increase in the synthesis of tyrosine hydroxylase,
the rate-limiting enzyme for the synthesis of the
adrenergic transmitter noradrenaline [36, 37]. On
the other hand, tetanus toxin is able to leave the
neurons after its retrograde transport and is taken
up again by presynaptic terminals of second-
order neurons.

It may be reasonable to assume that this
pathway of retrograde axonal transport, event-
ually followed by transsynaptic transfer, could
have a most important function as a way of com-
munication between the nerve terminal and its
surrounding and the cell body as well as between
individual neurons. Endogenous molecules could
carry specific signals and information from the
target organ to the regulatory machinery of the
innervating neuron and even further up into
second-order neurons. It is known from in vivo
and tissue culture experiments that general
‘trophic’ influences as well as specific signals are
produced by a target organ and act on innervating
neurons [38, 39]. Many lines of evidence suggest
that the signal for chromatolysis, i.e. the complex
response of the cell body to lesion of its axon,
travels by retrograde transport [40]. In adren-
ergic ganglion cells the interruption after axotomy
of the steady supply of the neurons with NGF by
retrograde transport has been suggested to
trigger the chromatolytic response and eventuaily
cell death [41]. Detachment of synapses and
retraction from the postsynaptic cells with con-
commitant failure of impulse transmission as a
consequence of axotomy of the postsynaptic cell
is well documented for sympathetic ganglion
cells and spinal cord motoneurons. This patho-
logically important retrograde transsynaptic ef-
fect could be mediated by a message which travels
retrogradely across the synapse in the same way
as tetanus toxin [42-46]. In various neuron
systems of the CNS retrograde and anterograde
transneuronal degenerations are well-known
phenomena [47].

Clinical aspects and possible therapeutic
consequences

The transsynaptic migration of tetanus toxin
following its retrograde axonal transport finally
answers the question of how the toxin, which
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cannot penetrate the blood barrier, reaches its site
of action in the CNS, i.e. the inhibitory nerve
terminals ending on spinal cord motoneurons.
Electrophysiological and biochemical studies
have shown earlier that tetanus toxin acts by
selectively blocking the release of the inhibitory
transmitters glycine and GABA [48-50].

In addition to tetanus toxin various neurotropic
viruses have been shown to reach their targets by
retrograde axonal transport (herpes, rabies,
pseudorabies, possibly poliomyelitis) [51-56]. As
is the case for a generalized as opposed to a local
tetanus [7], distribution via the blood stream
throughout the body (vivemia in the case of a
virus) would bring the toxin or virus in contact
with nerve terminals in the entire periphery of the
body wherefrom retrograde transport to the CNS
or to autonomic and sensory ganglia can occur.
It will be of high importance for the under-
standing of the mechanism of infection of many
neurotropic viruses to study carefully their ability
to penetrate the blood-brain barrier, their way of
interaction with the nerve cell membrane and
their possible retrograde and transsynaptic
transport.

In the course of the study of the tetanus
toxin molecule, a non-toxic fragment of molec-
ular weight 46’000 has been prepared by Bizzini
et al. {57] at the Pasteur Institute in Paris. In
spite of the loss of toxicity, the ability to bind to
gangliosides is fully preserved as is its retrograde
transport. The use of such a molecule as a carrier
could make it possible to bring drugs into cells
which normally are not taken up. In the case of
horseradish peroxidase coupled to NGF this
assumption has been shown to be fully valid [31].
Additional important aspects are the selectivity of
tetanus toxin for binding sites which are enriched
on neuronal membranes. Thus, using the tetanus
toxin fragment would mean the construction of a
specific neurotropic carrier. Furthermore, the
carrier-drug complex will most probably use the
same intracellular compartment for retrograde
transport as the transported virus, which gives
the drug a unique chance to reach its target in a
most direct way. Studies for the construction and
use of such a neurotropic carrier for drugs are
under way in the Pasteur Institute at present.

Received 4 July 1977.
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