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INTERRUPTION of axonal continuity is followed by a series of changes in the distal and
proximal parts of the involved nerve fibers and in their cell bodies. These changes may
lead to axonal regeneration and reinnervation or alternatively may end in neuronal death.
Cajal (1928) was the first to suggest that regeneration of nerve fibers might be influenced
by neurotrophic factors. The discovery of nerve growth factor (NGF) and the results of
subsequent studies on this substance gave support to this concept. The research in this
field developed along two entirely different lines. Firstly, the existence of factors, released
in vitro or in vivo by muscle, Schwann or ghal cells, that promote neuronal survival and
neurite extension, was investigated. The existence of these factors (NGF and others) was
confirmed, and NGF was purified. Secondly, other investigators examined proteins and
polypeptides of endocrine origin and a number of other biochemically well-defined
substances for possible neurotrophic effects.

The purpose of this paper is to review recently acquired knowledge about some of these
neurotrophic factors. We shall confine ourselves mainly to effects on axonal regeneration
in the peripheral nervous system. By way of introduction, a short outline of the
histological and biochemical aspects of the events caused by axonal injury will be
presented.

DEGENERATION AND REGENERATION

Degeneration

Waller (1850) was the first to study, by light microscopy, the changes in the nerve fibers
distal to a nerve cut. Since then, the so-called Wallerian degeneration has been one of the
most intensively studied experimental models of nerve lesions. It 1s generally accepted that
the degenerative changes take place simultaneously along the length of the fibers,
although a centrifugal course of events has been suggested (Lubinska, 1977; Sunderland,
1978).

The retrograde degenerative effects after crushing peripheral nerves are usually limited
to the immediate neighbourhood of the lesion. The lesioned internode survives if injured
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in its distal half, but perishes if injured proximal to the nucleated region of the Schwann
cell, which is essential for the survival of the myelin of the internode. The histological
changes (chromatolysis) in nerve cell bodies were first described by Nissl (1892); this
subject has been reviewed by Lieberman (1971), Sunderland (1978), Grafstein and
McQuarrie (1978) and Selzer (1980). The rate and degree of the retrograde axon reaction
depends on (1) neuronal type, (2) the distance between the lesion and the cell body, (3) the
animal species, and (4) the age of the animal. Changes in the cell body occur within 24
hours following nerve injury. During chromatolysis there is a loosening of synaptic
contacts and a widening of synaptic gaps. A reduction in the number of synaptic contacts
on chromatolytic neurons has been reported for sympathetic neurons and motor neurons
(Sunderland, 1978).

Regeneration

Experimental investigation of nerve fiber regeneration originated many decades ago.
Current knowledge of the morphology of regeneration was summarized 1n reviews by
Sunderland (1978) and Selzer (1980). Ramon y Cajal (1928) was a pioneer in this field,
using silver-stained sections from peripheral nerves of several species. Following axon
injury, sprouting occurs from the cut axon and from the nodes of Ranvier up to several
segments proximal. The earliest sprouts develop after about six hours. The tips of the
sprouts swell into growth cones. Forward growth occurs by advancement of the tip. The
rate of regeneration decreases as the distance from the cell body increases. Regeneration 1s
slower in old animals than in young. The age differences have been suggested to be related
to a decrease in the rate of slow axonal transport.

Ramon y Cajal (1928) also stated that when the lesion is less disruptive the rate of
regeneration is greater. This has been confirmed in later studies. Young (1942), for
instance, showed that regeneration is facilitated by the presence of an intact endoneurial
tube to guide the advancing axon. When the nerve is crushed, the endoneurial tube may be
spared, and regeneration of each axon occurs within its original endoneurial tube.
Generally, only one of the sprouts formed at the axon tip survives and regenerates within
the endoneurial tube (Denny-Brown & Brenner, 1944). If the endoneurial tube 1s
disrupted, as in nerve section, numerous sprouts grow out from each severed axon, but
only a few successfully traverse the scar region and enter an endoneurial tube in the distal
stump and regenerate. Therefore, in case of nerve section, the chances of effective nerve
regeneration will be greatly enhanced if the regeneration fibers are able to find their way
into the vacated endoneurial tubes of the distal stumps. In clinical practice it often proves
necessary to minimize the gap by surgical repair techniques, such as end-to-end
anastomosis or, when there is a large gap between the two sites, by end-to-end sutures
using an autogenous nerve graft (Sunderland, 1978). In experimental studies a silicone
tube has been applied between proximal and distal nerve parts, with favourable results
(Lundborg er al., 1982). It is clear that the most rapid and complete regeneration occurs
after nerve crush, that is, when the endoneurium is left intact. The regenerating axons will
contact the Schwann cells in the bands of Biingner. Whether or not the axons become
myelinated depends on the type of signal produced by the axon, since the still
undifferentiated Schwann cells are bipotential (Bray er al., 1981). Effective regeneration
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of the interrupted axons implies axon elongation, axon ensheathment, increase of axon
caliber and re-establishment of terminal contacts. The diameters of the regenerating axons
increase only slowly and seldom reach the original diameter, even two years after nerve
injury. The myelin sheath also remains relatively thin (Schroder, 1972).

Though initially interpreted as wholly degenerative, it is now clear that in many ways
the retrograde axonal reaction serves to prepare the cell body for the metabolic
requirements of axonal regeneration. The subject has been reviewed by Grafstein &
McQuarrie (1978).

In view of the increased requirements for structural materials that may be assumed to
accompany axonal replacement and the increase in RNA metabolism, an increase in
protein synthesis following nerve injury would be expected. Indeed, many studies have
shown an increased incorporation of radioactive amino acids into protein during axonal
regeneration (summarized by Grafstein & McQuarrie, 1978). Hall er a/. (1978) studied
amino acid incorporation in sympathetic ganglia, of which the postganglionic nerves had
been cut, and detected changes in incorporation in only about 10% of the 300 — 400
different proteins that could be recognized after two-dimensional gel electrophoresis.
Most of those that had changed showed increases in incorporation, but others showed
decreases. The authors proposed a shift in protein synthetic activity following nerve injury
from functional proteins (associated with synaptic transmitter metabolism) to structural
proteins (cytoskeletal related proteins, like tubulin, actin and neurofilament proteins).
Recently, more evidence has been presented to substantiate this hypothesis (Heacock &
Agranoft, 1976; Giulian et al., 1980; Benowitz ef al., 1981; Skene & Willard, 1981).

The protein-synthesizing machinery is located in the soma of the neurons, since the
neurites are devoid of rough-surfaced endoplasmic reticulum and free polyribosomes.
Survival of axons in general, as well as axons during regeneration, requires an intact
transport system. Whether changes in axonal transport contribute to the regenerating
processes 1s not clear. At least in goldfish optic nerve, there is a marked increase in the rate
of axonal transport following nerve section (Grafstein & Murray, 1969; Grafstein &
McQuarrie, 1978). However, in mammalian peripheral nerve, the rate of fast transport
seems unchanged by axotomy (Ochs, 1976; Bisby, 1978) and it 1s not clear whether
differences 1n the volume of fast transport occur (Griffin ef al., 1976; Ochs, 1976; Bisby,
1978). The situation regarding slow anterograde transport (Lasek & Hoffman, 1976), as
well as the effects of nerve injury on retrograde transport, are equally unclear (Halperin &
LaVail, 1975; Frizell et al., 1976).

Conditioning lesion

The changes in molecular mechanisms involved in nerve regeneration appear within a
few days following injury. Therefore it was suggested that ‘‘priming’’ in a distal part of
the neurons would shorten the delay period following a more proximal lesion and enhance
the outgrowth rate of the regenerating neurons. Indeed, several Iinvestigators
demonstrated beneficial effects of a distal, preceding lesion (priming or conditioning
lesion) on the rate of regeneration studied after a subsequent, more proximal lesion.
McQuarrie et al. (1977) used the pinch test to locate the fastest growing sensory axons In
the rat sciatic nerve and showed an increase of 23% in the outgrowth rate. In later studies
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a stimulatory influence of a conditioning lesion 14 days earlier on the outgrowth of motor
axons was measured by axonal transport methods, employing micro-injection of tritiated
proline into the spinal cord ventral horns (McQuarrie, 1978). However, histofluorescence
studies of norepinephrine-containing axons revealed that a conditioning lesion 14 days
previously slowed the outgrowth rate of the adrenergic axons by 50%, though the initial
delay was shortened (McQuarrie ef al., 1978). Using the toe-spreading test, Sebille &
Bondoux-Jahan (1980a) were not able to show an enhanced recovery rate 14 days
following a conditioning lesion in the sciatic nerve. The time course of the conditioning
lesion effect on axonal regeneration was studied by Forman er al. (1980), using the pinch
test. Conditioning intervals as short as two days or as long as 28 days resulted In
accelerated outgrowth. |

On the basis of these results, it might be suggested that some of the more prominent
morphological and metabolic changes occurring in the cell body response to axotomy,
which take more than a week to develop maximally (Grafstein & McQuarrie, 1978), do
not underly the conditioning lesion effect. The beneficial effect could be the result of a
change in the metabolism of the nerve cell body, e.g. increased RNA metabolism and
changes in protein synthetic activity. In addition, control experiments showed that the
effect was not part of a systematic response to surgery or Schwann cell proliferation
(McQuarrie et al., 1977).

It is clear that the main aim of the studies on the conditioning lesions has been a better
understanding of both the retrograde reaction and the regenerative reaction. The question
of whether the conditioning lesion stimulates regeneration has not been answered
unambiguously. More advanced techniques than, for example, the classical pinch test,
will be necessary to elucidate this problem.

Nerve growth factor

Nerve growth factor (NGF) was discovered when mouse sarcoma tissue was
transplanted into chick embryos. The transplants caused a marked increase in the size of
spinal sensory and sympathetic ganglia (reviewed by Levi-Montalcini & Angeletti, 1968).
[t appeared that the sarcoma produced a humoral factor (NGF) that consisted of some
closely related proteins. NGF’s biological activity resides in the so-called B-subunit, which
at physiological pH is part of a large zinc-containing complex with a molecular weight of
about 140,000 daltons and sedimentation coefficient of 7S. This 7S complex also contains
the o- and y-subunits. The activity of the B-subunit (consisting of two identical 118 residue
chains with a MW of 13,250 daltons) is inhibited in this complex (Harper & Thoenen,
1980).

NGF is a naturally occurring protein in all vertebrates, and NGF is required for the
survival of its target neurons. Two particularly rich sources of NGF have been discovered:
snake venom and the mouse salivary gland. Rat submandibular gland also provides a
supply.of NGF to the sympathetic neurons that innervate it (Hendry, 1975). It 1s suggested
that Schwann cells and glia may act as sources of NGF and possible other neurotrophic
factors (Varon & Bunge, 1978).

The generally recognized target tissues for NGF are the sympathetic ganglia and the
embryonic dorsal root ganglia. For example, rats and guinea pigs, when immunized with
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mouse nerve growth factor, produce antibodies that cross-react with their own nerve
growth factor. The antibodies reach developing offspring of these animals both prenatally
(rats and guinea pigs) and postnatally (rats). Depriving the fetus of nerve growth factor in
this way results in the destruction of up to 85 percent of dorsal root ganglion neurons as
well as destruction of sympathetic neurons (Johnson et al., 1980).

NGF influences the development, maturation and maintenance of the sympathetic
neurons at all stages of development and of the embryonic sensory ganglion cells. Other
NGF targets have been proposed, but so far the action of NGF seems to be limited, at
least iIn mammals, to the originally described target areas (Varon & Bunge, 1978). NGF 1s
probably taken up at the nerve endings and transported in retrograde fashion. An impetus
for investigations of the effect of NGF on regeneration was the observation that axonal
outgrowth of post-ganglionic sympathetic neurons and immature dorsal root ganglion
cells can be accelerated by NGF treatment (Levi-Montalcini & Angeletti, 1968). This effect
of NGF can be attributed at least partly to an enhancement of protein synthesis by the
nerve cell body. For example, NGF treatment caused increased cell body incorporation of
labelled precursors into RNA and proteins (Angeletti et al., 1965). Levi-Montalcini et al.
(1968) described a dramatic accumulation of neurofibrillar material in dorsal root
ganglion cells incubated in vitro with NGF. If one considers the role of microtubules in
axoplasmic transport, and the importance of axoplasmic transport in sustaining nerve
growth, this action of NGF would seem to be quite relevant to its role in promoting axon
outgrowth. Changes in axonal transport by NGF were reported by Almon & McClure
(1974), suggesting a selective effect of NGF, namely the rate of the faster phase of the
transport was increased, whereas the rate of the slower phase was decreased by NGF.
However, the role of NGF is not limited to a stimulation of protein synthesis and the
induction of neurite outgrowth. NGF has been shown to induce an increase in the
activities of some enzymes in the catecholamine synthetic pathways: tyrosine hydroxylase
(TH) and dopamine-B-hydroxylase (DBH) (Thoenen et al., 1971). The requirement of
NGF for the survival of its target neurons was clearly demonstrated by the observaiion
that interruption of peripheral signals to a sympathetic neuron, either by axotomy or
colchicine application, resulted in chromatolysis (Purves, 1975, 1976). The accompanying
loss of pre-ganglionic synaptic contacts could be partially prevented by topical
administration of NGF to the axotomized ganglion. These changes have been interpreted
as indicating that a trophic influence from the periphery is mediated by an axonally
transported supply of.a NGF-like substance (Varon & Bunge, 1978).

Although NGF has been reported to partially block chromatolysis and synaptic
disconnection of sympathetic ganglia after nerve damage, local NGF treatment did not
reverse the changes in relative rates of synthesis of several proteins observed after nerve
damage (Hall & Wilson, 1982). According to these authors, the absence of NGF in
retrograde transport from target tissues cannot be the only signal for chromatolysis.

The possibility that the effects of NGF are mediated by a surface membrane effect, e.g.
the stimulation of adenosine-3,5'-monophosphate (cAMP), has been investigated.
Frazier ef al. (1973) showed that the responses of chick embryonic sensory ganglia to NGF
could not be mimicked by dibutyryl-cAMP, a cAMP analog that permeates the
membrane, ruling out the possibility that cAMP acts as a second messenger in these
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morphological responses. Also, Harper & Thoenen (1980) stated that the action of NGF
on neurite extension and TH and DBH was not mediated by cyclic nucleotides. However,
Garrels & Schubert (1979) showed that NGF caused quantitative modulation of protein
synthesis 1n rat pheochromocytoma cells (PC12), and the responses were mediated by
cAMP.

The observation that NGF is selectively transported by axons of sympathetic neurons
(Hendry er al., 1974) and dorsal root ganglia cells (Stockel er al., 1975), but not by
motoneurons (Stockel & Thoenen, 1975), makes it possible that many of the effects of
NGF are presumably mediated by this selective retrograde transport system and
subsequent intracellular actions. From these data it may be concluded that NGF will not
play an important role in the clinical problems of regenerating peripheral motor nerve
fibers.

Vitamin B

Vitamins are indispensable to the normal metabolic activity of the nervous system.
Deficiency of the vitamin B complex gives rise to a series of neurological disorders. The
important role of the vitamin B complex in neuronal metabolism inspired two groups of
investigators to study the effect of vitamin B treatment on peripheral nerve regeneration.

In an electromyographical study, Yamatsu e a/. (1976) were able to show that daily
treatment with methylcobalamine (vitamin B12) during regeneration inhibited Wallerian
degeneration and facilitated neural regeneration. Hasegawa er al. (1978) observed a
significant stimulation of functional recovery by vitamin B treatment, as measured by the
return of toe-spreading. Administration of the whole vitamin B complex gave the best
results, though treatment with vitamin Bl or B12 alone also was able to stimulate the
functional recovery.

The classical treatment of neurological disorders with the vitamin B complex is based
on the important role of the complex in normal neurological functioning. Though
sufficient amounts of vitamin B are necessary for successful regeneration processes, there
i1s insufficient evidence to indicate vitamin B is a stimulatory agent on nerve regeneration.

Adenosine-3-5 '-monophosphate

cAMP is viewed as a ‘‘second messenger’’ that translates extracellular messages into an
intracellular response. Recent evidence suggests that cAMP also may regulate certain
other neuronal functions, such as neurotransmitter synthesis and release. intracellular
movements, carbohydrate metabolism and trophic and developmental processes. db-
CAMP 1s a cCAMP analog which is able to enter the cell and produce the same effects
intracellularly as the second messenger cAMP, which is stimulated after
hormone — receptor interaction. The trophic influence of cAMP on nerve development
prompted several investigators in the last decade to study the influence of db-cAMP on
regeneration processes.

There have been conflicting reports on the effect of db-cAMP on peripheral nerve
regeneration in vivo. Pichichero er al. (1973) showed that the return of sensorimotor
function was stimulated in crushed or hemisected rat sciatic nerves following
intramuscular injections of db-cAMP. In contrast, McQuarrie et al. (1977) used the pinch
test and were not able to detect changes in the rate of axonal growth in the sciatic nerve of
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rats treated with db-cAMP. Also, no enhanced axonal elongation was observed by Black
& Lasek (1979) following db-cAMP treatment, as studied by axonal transport.
Gershenbaum & Roisen (1980) resolved these apparent discrepancies by showing that the
results obtained depended on the test system used and that under appropriate conditions,
for example the foot-flick test, db-cAMP did indeed enhance regeneration. Furthermore,
they showed in a scanning electron microscopic study that the nucleotide stimulated
degenerative processes, thereby removing obstructive myelin debris more rapidly and
facilitating axonal regrowth.

The mechanisms through which the nucleotide acts to enhance the process of nerve
degeneration and regeneration are still unclear. It is believed that cAMP stimulates the
proliferation of Schwann cells (Appenzeller & Palmer, 1972). Additionally, Roisen er al.
(1972) reported an important role of cCAMP in microtubule assembly, thereby enhancing
neurite elongation in vitro. Another site of action has been suggested by Carlsen (1982a),
who proposed a local influence on nerve growth in vivo by cCAMP, since adenylate cyclase
activity is axonally transported and accumulates proximal to a nerve crush or transection.
Moreover, a two-fold increase in enzyme activity in the proximal nerve stump occurs as
regeneration begins and is sustained as nerve growth appears. The resulting increase 1n
cAMP concentration in the regenerating nerve stump would stimulate the regeneration. In
a further study, using a conditioning lesion seven days before the testing lesion in the rat
sciatic nerve, Carlsen (1982b) suggested that adenylate cyclase activity turns around at the
site of the conditioning lesion and accumulates distal to the test lesion, where 1t may
enhance the development of regenerative sprouts.

Whether or not cAMP exerts its effects in neuronal cells by facilitation of microtubule
assembly or by an action as a second messenger remains unclear at the moment. It already
has been suggested that the actions of NGF and triiodothyronine are mediated by cAMP
(Dumont ef al., 1971; Roisen er al., 1972). It is conceivable that other humoral factors
with receptors on neurons are able to stimulate regeneration processes via CAMP.

Gangliosides
Gangliosides are defined as sphingoglycolipids and are present in neuronal cell

membranes. There is an increasing body of evidence to support the idea that CNS and
PNS gangliosides may play an important functional role in various nervous tissues. There
is good biochemical evidence that gangliosides are highly concentrated in the nerve
terminals, mostly in association with the nerve terminal plasma membrane (Burton, 1976;
DeRobertis er al., 1976; Morgan et al., 1976); exogenous gangliosides can be integrated
into surface membranes after intravenous injection in the rat (Gorio er al., 1980).
Ceccarelli et al. (1976) studied the effect of gangliosides on regenerating cholinergic and
adrenergic nerve fibers. In an electrophysiological study they showed that treatment with
brain gangliosides stimulated the regeneration and reinnervation process in both types of
fibers. On the other hand, gangliosides did not influence the rate of regeneration of the
fastest growing sensory axons, as measured by the pinch test (Sparrow & Graftstein, 1982;
Verghese et al., 1982). Sparrow & Grafstein (1982) were not able to detect changes in
axonal transport or in the mean outgrowth distances, but they observed a significant
increase in the number of regenerating axons following ganglioside treatment. In
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addition, gangliosides have been shown to stimulate axonal sprouting in cultured dorsal
root ganglia (Roisen er al., 1981).

Neurophysiological experiments performed by Caccia er al. (1979) showed little effect
of ganglioside treatment on the recovery of motor conduction velocity following nerve
crush, but pointed to a synaptic effect. This was expressed by facilitating transduction of
information at the neuromuscular junctions, produced by different stimulus intensities.
Facilitation of excitability by ganglioside treatment during the process of reinnervation
also was shown by Norido er al. (1981). Ganglioside treatment following sciatic nerve
transection resulted in an earlier reoccurrence of polyphasic potentials in the
gastrocnemius muscle than was seen following placebo treatment (Kleinebeckel, 1982).

It 1s clear from these data that ganglioside treatment accelerates regeneration processes.
Evidence has been presented clearly indicating a beneficial effect of ganglioside treatment
on the functioning of neuromuscular junctions (Ceccarelli et al., 1976; Caccia et al..
1979). In view of the fact that gangliosides must be considered as structural components
of neural membranes and nerve terminals, the most probable mechanism of action of the
gangliosides is on the growth cone, resulting in more sprouts and/or the formation and/or
“‘maturation’’ of the neuromuscular junction. Axonal elongation does not seem to be
influenced by ganglioside treatment.

Thyroid hormones

The thyroid hormones thyroxine (T4) and triiodothyronine (T3) are the natural
secretory products of the thyroid gland. These hormones regulate numerous metabolic
processes during development and post-natal life. The activity of the thyroid gland i1s
greatly influenced by the thyrotropic hormone (TSH) of the anterior lobe of the pituitary,
as part of a negative feedback mechanism. A proper functioning of the thyroid gland is
necessary for the normal development of the nervous system in fetal and neonatal
mammals (Sokoloff, 1971). It has been reported that in adult animals axonal regeneration
1s retarded in hypothyroidism (Marinesco & Minea, 1910: Talman, 1979), but can be
restored to its normal rate by replacement therapy with T4 (Isenschmid, 1932). These
observations formed the basis for further studies on the role of thyroid hormones in
regenerative processes.

Experimental hyperthyroidism results in accelerated functional recovery from
peripheral nerve injuries (Mclsaac & Kiernan, 1975a: McQuarrie, 1975). Cockett &
Kiernan (1973) studied longitudinal sections of silver-stained peripheral nerves and
reported that exogenous T3 significantly increased the rate of axonal elongation distal to a
crush lesion of the sciatic nerve of the rat, whereas Mclsaac & Kiernan (1975b) showed in
histological experiments that T3 accelerated neuromuscular reinnervation. Also, Yu &
Srinivasan (1981) demonstrated enhanced axonal growth by low doses of T4 in rat
hypoglossal nerve (motor nerve) following nerve section.

On the other hand, other experiments have failed to demonstrate accelerated axonal
regeneration in T3-treated animals (Stelmack & Kiernan, 1977: Forman & Berenberg,
1978; Cotrufo er al., 1979). According to Berenberg er al. (1977) treatment with
exogenous T3 did not stimulate the regeneration rate of all types of axons. They showed
that the recovery of motor function, as indicated by the return of toe-spreading, was
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stimulated by T3 treatment; on the other hand no beneficial effect could be observed on
the most rapidly growing sensory axons, as measured by the pinch test. The authors
suggested that the accelerated recovery of motor function was mediated by an effect on
the ‘“‘maturation’’ of the regenerated axon rather than on axonal regrowth. Several
possible mechanisms of action of the thyroid hormones have been proposed. They could
stimulate the intracellular receptors or the intracellular concentration of cAMP by
membrane — receptor interaction. The activated intracellular receptors or the increased
level of cCAMP then could stimulate metabolic processes including protein synthesis in the
neurons. Cook & Kiernan (1976) suggested that the injured neurons in adult animals
revert to an immature metabolic state during regeneration and become again responsive to
thyroid hormones, resulting in an increased protein synthesis. Stelmack & Kiernan (1977)
concluded from their study on regeneration of the rat facial nerve that more axolemmal
components than axoplasmic proteins were synthesized following T3 treatment.
Furthermore, Schwann cells were activated by the thyroid hormone, so that myelination
was stimulated in both normal and regenerating fibers.

Improvement of neurologic recovery by thyrotropin releasing hormone (TRH) has been
reported after spinal trauma in cats (Faden er a/., 1981). The authors did not mention the
above described effects of T3 or T4 on axonal regeneration, but suggested a completely
different mechanism of action. Following spinal injury, endogenous opioids (endorphins)
would be released, which would cause a reduction in spinal cord blood flow, and thereby
post-traumatic 1schemia. Treatment with an opiate antagonist, naloxone, IMProves
functional neurologic recovery. However, naloxone also blocks the analgesic action of the
endogenous opioids, making the post-traumic pain even more severe. Holaday er al.
(1978) proposed TRH to act in vivo as a partial physiologic opiate antagonist. However,
T'RH does not act at the opiate receptor and does not antagonize the analgesic effects of
endogenous opioids or exogeneous opiates (Holaday er al., 1978). Thus, the improved
neurologic recovery by TRH after spinal trauma in cats, mediated by prevention of post-
traumatic ischemia and its lack of effect on nociception, would indicate an unique
therapeutic potential in spinal trauma in human beings (Faden et a/., 1981). In sum, the
different proposed mechanisms of action of thyroid hormones on regeneration processes
and the several negative findings make it difficult to judge their beneficial effect on
regeneration processes. More experiments are needed to elucidate this issue.

Testosterone

[t is known that steroid hormones act on their target tissues through a series of steps,
resulting in increased RNA and protein synthesis. Motor neurons of cranial nerves and the
spinal cord appear to be able to respond to androgens in a manner similar to other steroid
target tissues (Sar & Stumpf, 1977). Therefore, the anabolic effect of steroid hormones
has been studied on axonal outgrowth during regeneration of the hypoglossal nerve in
rats. It was demonstrated by the HRP technique that administration of testosterone after
nerve transection accelerated axonal outgrowth two weeks after surgery in adult and
female rats (Yu & Srinivasan, 1981; Yu, 1982). Although testosterone might accelerate
protein synthesis in the hypoglossal neurons (Yu, 1982), the site of action of testosterone
may not be restricted to the neuronal cell body, but also may be at the site of injury. The
literature concerning the influence of sex hormones on wound healing is large.
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Testosterone treatment appeared to affect an alignment of cells and fibers in a more or
less parallel fashion that reduced the amount of obstacle confronting the regeneration
axons (Yu, 1982). This facilitation of passage across the site of injury enhances the
process of regeneration.

Miscellaneous factors

A newly synthesized drug, isaxonine (N-isopropyl-amino-2-pyrimidine orthophos-
phate), has been shown to promote neurite outgrowth in cultured spinal ganglion of the
mouse (Hugelin et al., 1977). This drug appeared to be effective in nerve regeneration
(Hugelin et al., 1979). The authors reported that i.p. injection of isaxonine in the rat
significantly increased the length of the most rapidly regenerating fibers. The effect was
dose-dependent, and both sensory and motor functions returned earlier in treated
animals. The cellular mechanisms responsible for the effect of isaxonine have not yet been
elucidated.

A single injection of cyclophosphamide (24 hours after axotomy of the sciatic nerve 10
rats) was stated to accelerate the recovery rate of motor function by 62%, as tested by the
return of toe-spreading reflex. Cyclophosphamide could exert its effect by a decrease in
protein synthesis in cells involved in the immune response. Although the timing of the
cyclophosphamide injection is compatible with the idea that the drug works within its
period of immuno-suppressive activity (Paterson & Hanson, 1969), it is not possible to
confirm that the motor recovery rate increase is due to this action (Sebille & Bondoux-
Jahan, 1980b). Another possible mechanism of action of cyclophosphamide is the
enhancement of cAMP content of the cell bodies, by inhibition of phosphodiesterase
(Tisdale & Philips, 1975). The supposed increase in protein synthesis might result In an
enhancement of axonal outgrowth. The acceleration of motor function return rate also
could be due to such an activity (Sebille & Bondoux-Jahan, 1980b).

Polyamines, e.g. spermine, exert an essential regulation of cell growth, and their
possible activity on peripheral axotomized neurons has been investigated. Daily treatment
with spermine increased motor function by 137% (Sebille & Bondoux-Jahan, 1980b), as a
result of an intensive increase in protein synthesis in the axomized neuron (Tabor &
Tabor, 1964). On the other hand, polyamines also increase the uptake of extra materials
by the axon (Itaya et al., 1978) and enhance the axoplasmic flow of proteins (May & Oh,
1977). Such an activity could accelerate the uptake of trophic factors which trigger or
enhance elongation of the severed axon and could increase the supply of newly
synthesized proteins to the distal part of the regenerating axon.

Adrenocorticotropic hormone (ACTH)

ACTH is a polypeptide of 39 amino acids and is released from the distal part of the
adenohypophysis. The amino acid sequence of the first 24 residues is similar in several
species, whereas the composition of the C-terminal part of the molecule 1s slightly
different. The classical endocrine effect of ACTH is the stimulation of the adrenal cortex
to produce steroids. ACTH enhances the synthesis of glucocorticoids, probably by an
interaction with cAMP (Li & Oelofsen, 1967). Furthermore, ACTH has a lipid mobilizing
effect (adipokinesis) in vivo as well as in vitro (Li & Oelofsen, 1967). A third target for
circulating or locally produced ACTH is the central and peripheral nervous system.
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ACTH and small ACTH fragments have been shown to play an important role in the
adaptation of the organism to environmental stimuli (De Wied, 1969). Since no endocrine
or peripheral metabolic activities of the small ACTH analogs have been found, it 1s
obvious that the influence of ACTH on behavior is due to an extra-adrenal effect. ACTH
could exert a direct effect on central and peripheral nervous tissue (Gispen, 1980). The
observed effects of ACTH-like peptides on the acquisition of conditioned avoidance
behavior were paralleled by changes in RNA metabolism (Schotman et a/., 1972). In later
studies, numerous effects of ACTH-like peptides on RNA metabolism and protein
synthesis have been described (reviewed by Dunn & Schotman, 1981).

Long before nervous tissue was regarded as a target for ACTH-like peptides, the
stimulatory effect of ACTH on the adrenal cortex, i.e. the production of glucocorticoids,
was used in regeneration studies. ACTH acts as a useful immuno-suppressive and anti-
inflammatory drug, effective in reducing both cellular and humoral immune responses
and in retarding the formation of scar tissue (Weissman & Thomas, 1964; Scothorne,
1966).

The early studies on the effect of ACTH on CNS lesions have been reviewed by Berry ef
al. (1979). It appeared that, although the first results were promising, in later quantitative
studies scar formation was indeed depressed in ACTH-treated animals, but no increase in
CNS axon growth was observed. It also was demonstrated that the systemic humoral and
cellular immune responses were significantly depressed by ACTH treatment, without an
increase in CNS axon growth following brain damage (Berry ef al., 1979). Therefore, it
must be concluded that the ‘‘barrier’’ and ‘‘immuno’’ hypothesis should be rejected.

ACTH also has been studied in regeneration processes because of its beneficial effects
on immature rat skeletal muscle, on adaptation and on neural protein synthesis (Strand &
Kung, 1980). These investigators showed that ACTH treatment following sciatic nerve
crush in rats resulted in a more rapid recovery of functional movement and sensitivity, as
measured in the foot-flick and toe-spreading tests. ACTH treatment also resulted in a
more rapid growth of regenerating axons, an increased number of large end plates and an
enhanced frequency of preterminal branching in the end plates. Since no effect of ACTH
treatment could be observed on muscle protein synthesis, Strand & Kung suggested an
action of the neuropeptide on the central motoneuron pool; ACTH could modulate the
electrophysiological parameters of the perikarya and the synthesis and transport of
neurotrophic and neurotransmitter substances to muscle.

The beneficial influence of ACTH on nerve regeneration also has been shown in terms
of its effects on improving the functional efficiency of the regenerating motor unit.
Electrophysiological studies indicate that ACTH (1 —39) (in intact and adrenalectomized
rats) has a specific effect on the reorganization of motor units during peripheral nerve
regeneration. The development of small, low threshold motor units under fine control 1s
encouraged by peptide administration. This contrasts with the formation of large, high
threshold, coarsely controlled motor units that are found in the regenerating saline-
treated controls, indicating that ACTH may organize the pattern of neuronal regeneration
and the synaptic contacts formed by the new nerve terminals (Saint-Come et al., 1982).

Furthermore, it has been shown that the active moiety of the ACTH-peptides
responsible for the stimulation of peripheral nerve regeneration resides in a non-
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steroidogenic part of the molecule (Bijlsma er al., 1981). Detailed structure — activity
studies in the rat, using the foot-flick test, revealed that ACTH sequences as small as
ACTH@4 —10), ACTH(4-9), a synthetic ACTH(4-9) analog (Org. 2766) and
ACTH(6 — 10) enhanced functional recovery to a similar degree. This points to an extra-
adrenal, presumably melanotropic effect of ACTH on the regenerating axons (Bijlsma ef
al., 1983d).

Light microscopic analysis of the sciatic and tibial nerve at different intervals following
sciatic nerve crush showed that the number of regenerating myelinated nerve fibers was
increased by treatment with ACTH(4 —10). Though the number of regenerating
myelinated fibers was greater at all stages of regeneration, the stimulatory effect of the
ACTH(4 - 10) treatment was most pronounced in the early stage of regeneration (Bijlsma
et al., 1983a). In a subsequent electron microscopic study, i1t was demonstrated that the
ACTH(4 — 10) treatment stimulated the number of regenerated and unmyelinated fibers
to a similar degree. However, the increased number of the regenerating fibers was
accompanied by a decrease in axon diameter. There was no effect of the peptide on
myelination per se (Bijlsma er al., 1983b). These observations are in favor of an increased
number of regenerating fibers rather than an enhanced outgrowth rate. From a different
series of experiments it was shown by Verghese ef a/. (1982) that ACTH treatment of rats
bearing a sciatic nerve crush did not enhance the rate of outgrowth of the fastest growing
sensory axons. The results obtained by the pinch test are not representative for the average
rate of nerve regeneration, and Verghese ef al. suggested that ACTH exerts its effect on a
specific phase of the regeneration or reinnervation process.

Though accelerated functional recovery can be related more easily to an enhanced
outgrowth rate than to the observed increased number of outgrowing fibers, one could
assume that functional recovery is related to the amount of reinnervation. Another
possibility is that the ACTH treatment enhances the synaptogenesis. Indeed, there is some
evidence that ACTH may affect neuromuscular functioning by a direct presynaptic action
(Strand & Kung, 1980).

In addition to these observations, no changes in cell-free protein synthesis could be
detected in the ventral horns of the lumbar spinal cord as a consequence of the lesioning
and/or peptide treatment (Bijlsma ez al., 1983c). However, the amounts of proteins
comigrating with purified actin and a- and B-tubulin were changed following sciatic nerve
crush and/or ACTH (4 — 10) treatment. The peptide increased the relative amounts of
actin and o- and B-tubulin in the ventral horns of the lumbar spinal cord of rats bearing
crush lesions in their sciatic nerves by 26 and 40% respectively (Bijlsma, 1983).

The following working hypothesis for the action of ACTH and related neuropeptides
on peripheral nerve regeneration is therefore formulated: ACTH and ACTH-fragments
affect the availability of structural elements in regenerating neurons. Increased amounts
of cytoskeletal proteins allow for outgrowth of larger numbers of sprouts. This ACTH
effect is expressed in all the axons together constituting a mixed peripheral nerve. The
diameters of the sprouts are smaller than those in untreated animals, as the proteins
responsible for increase in thickness are not affected equally as are cytoskeletal and other
structural proteins. The facilitation of functional recovery by ACTH and ACTH
fragments can be the result of other aspects of the regeneration process as well, e.g.
synaptogenesis.
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In conclusion, the beneficial effects of ACTH fragments on peripheral nerve
regeneration are well documented. Treatment of patients suffering from nerve damage
with ACTH-like peptides may be of clinical importance. Since the neurotrophic effects
can be exerted by small peptide sequences devoid of corticotrophic and toxic activity,
treatment with these small sequences could be sustained for long periods. Furthermore,
the higher numbers of regenerating nerve fibers make it more likely that, in the case of a
more severe lesion than the above described crush lesion, the beneficial effects of ACTH
might be even more pronounced, since more regenerating fibers could cross the site of
Injury.

It 1s clear that axonal regeneration in the peripheral nervous system can be regulated by
a number of agents, some of them of endocrine origin. Beneficial effects on regeneration
processes have been demonstrated by cAMP, gangliosides, NGF, testosterone, thyroid
hormones and especially ACTH. Stimulatory effects of other substances such as
1saxonine, cyclophosphamide and polyamines have been reported; however, these need
further confirmation.

The effects of these agents are not always exerted on all types of axons. There is a
certain degree of selectivity. Axonal regeneration is a complex pattern of events. It is
likely that the reported agents manipulate only one of the processes involved; several of
the trophic substances appear to exert their stimulatory effect via cAMP as a second
messenger.

Supported by a grant from the Princess Beatrix Foundation, The Hague, The Netherlands.
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