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Abstract

Motoneuron diseases‘represent a,major,challenge'to modern
neurology,‘yet their clinical manifestations were first described
more than hundred years ago, and despite many studies the etiology~
'of these diseases remains obscure with no effective treatments
having been reported. Although progrees has been made in ,
establishing genetic linkage in the rare inherited forms of these
diseases such as familial amyotrophic lateral scleriosiel, spinal
muscular atrophy2 and x-linked'bulbo-spinal-muecular atrophy3,
this new information has not yet affected‘therapeutic techniques.
During the last few years several important steps have heen taken
" concerning the physiological mechanisms involved in motoneuron
survival during development, after lesion and in animal models of
degenerative diseases; the molecular cloning of several new
neurotrophic factors (brain-derived neurotrophic factor (BDNF),
neurotrophin-3 and-4 (NT-3 and NT-4) and ciliary neurotrophic
factor (CNTF))%4r5:6:7,8/9; the identification of a gene family of
receptor molecules for some of these factorslo; progress in the
understanding of the effects of polypeptide growth factors on
muscle cell differentiation, neuronal sprouting~(insulin-like
growth factor-I and -II (IGF-I and IGF-II)!l, and in vitro
kmotoneuronal survival (CNTF, IGF-I and ~II and basic Fer)12,13,14,
"These findings haue raieed new hopes in that}they could lead to a
better understanding of the pathophysiological processes | |
underlying these diseases, and that the‘pharmacological use of
some of theae’newly characterized neurotrophic factors could

present new possibilities for the treatment of these diseasesj



»

The nerve growth-factor gene family: A function for motoneurons?

- Nerve growth factor (NGF) is a snall basic secretory molecule
which is known to support the survival'of several neuronal
pdpulatiOns,'such as neufal crest-derived sympathetic‘andvsensory
neurons and cholinergic neurons within the central nervous eystem.
It is expressed at loﬁklevels in target fields of reeponsive
neurons, has been shown to be taken up by the nerve endings and
’being‘fetrogradly trensported to the cell bodies of such neurons
in order to exert its‘specific effects. However, NGF doesvnot
suppert the survival‘of'spinal and bulbar motoneurons, altheugh
NGF has been shown to bind to these neurons via its low-affinity

receptor (P75)15'16, and to be retrogradely transported in

17

motoneurons*’. The demonstration that antibodies specific for P75

are also taken up and‘retrogradely transported in a similar manner
to NGF suggests that ﬁhis’effect is solely mediated by this
receptor molecule. The P75 molecule is expressed,at!high levels in
rat spinal cord motbnenrone at the time of naturally occurring
cell death during‘embryonic development. After that time period
the expreSSion of this molecule is dewn-regulated, but cenibe re-

induced after axonal lesion in motoneurons.

Other NGF-related molecules, such asrbrain-deriﬁed neurotrophic

- facter (BDNF), neurotrophin-3 (NT-3), neurotrophin-4 and a |
molecule closely related to NT-4 (referred to as NT-5) have
‘recently been identified and cloned4'5'6'7. These molecules share
a significant portion of amino\acid identity (about 50%) in their
biolegically active form. It nés been shown that both BDNF and NT-

3 also bind to the low-affinity NGF receptor P75 molecule with the



.ﬁ; aféinity as NGF itselfl8, namelj.lO'gM; and it seems very
kely that NT-4/5 shares this property. BDNF has fecently been
f?hownkto be retrogradely transpQrtéd by spinal motoneurons after
Vlesion in the adult ratl9. nr-3 is'alSO transported, but by
significanﬁly fewer motoneurons compared With BDNF. Present
investigations questibn Which member(s) of the NGF gene family
rcouid serve as (a) functional and survivél—promoting molecule(s)
forbspinél mofoneurons. Recent reportskthat BDNF, NT-3 and also
NT-4 are expressed in skeletal muscle20/21,22 pake it very likely
that one of these molecules might repreéent a thsiological

target-deriVed neurotrophic molecule for spinal motoneurons.

BDNF and NT-3 seem to be unable to shpport the~surviva1 of
embryonic chick spinal motoneurons? at leastkin-vitfo, under
condiﬁions where mnsclé extract oxr other factors such as CNTF and
bFGF are active. However, not much is yet known about the
physiological role of BDNF and NT-3 in vivo. Only one study with
"BDNF has been published so far describing a significant survival
effect of this molecule on nodose and neuronal crest-derived
sensory neurons after application onto the chorioallantois’,
membrane during‘embryonic development oflthe qua1123. In the case
\ ‘ of NT-3 and.NT-4, similar studies have not béen.reported) Howevef,
it is expected that the‘queétion will be answered in the near
futﬁre as to whether or not thesé~membe:é of the neurotrophin gene

family might act on motoneuron survival in vivo.




It has recently been reported that NT-3 mRNA is expressed by

spinal motoneurons during embryonic de&elopment24. The highest
levels were found from embryohic day 13-16. After thgt’period NT-3
expression‘in the spinal cord‘decreésed up to ﬁost—natal day one
‘and could not be detected in the adult rat spinal cord. The
physiological role of this data is not yet clear. The authors
hfpotheéize thét NT-3 synthesized by spinal motoneuroné could
function in vivo as a target-derived‘trophic féctor for other
neuronal cells which project to the motoneurons, such as the
prbprioceptive sensory neurons of the dorsal root ganglion.
Indeed,’these neurons have been shown tp respond to NT-3, at least

in vitros.

In Man, the function of the corticospinal tract seems to be
essential for controlled movement. In ALS‘patiehts, the cortical
neurons forming this tract are known to be affected in addition to
the spinal mbtoneurons,and undergo cell death at various rates.
Thus it seems important to khqw‘whetﬁer similar trophic effects as
those exerted by the targeﬁs of spinal motoneufons regulate the
inteféctions betweeh these cells, énd the spinal heurons to which
~ they project. However, the identification and isolation of
cortical motoneurons seems to be technically difficult, and
nothing is so far knbwn abou£ the‘molecular mechanisms which could
underlie putative trophic interactions between these celis and the
spinal'mOtoneurons._It remains to be détérmined whether members of

the neurotrophin gene family are involved in these interactions




‘Vhe establishment of transgenic animals, where the genes of
_ﬁividual-neurotrophins have been eliminated or over-expressed

;nd might be a tool for the further analysis of this question.

The mclecular identification of motoneurcn survival factors

Improved isolation and culture techniques for spinal motoneurons
hane led to the identification and characterization of molecules
and activities which support the in vitro survival of these
neurons. Our laboratory has established a technique for the
enrichment of embryonic day 6 chick spinai motoneurons!?, Ihe
physiological period of naturally occurring motoneuron ceil,death
in the chick begins at E6, and it‘is known that the cells are
dependent on survival factors‘at this stage. After retrograde~
‘labelling in vivo with a fluorescent dYe the ventral parts of the
spinal cord were prepared, disscciated‘and the'motoneurons
enriched by density gradient centrifugation. The culturesk
consisted of at least 80%4motoneurons and the survivai of nearly
all of these cells could be supporteddby muscle extract,'which was
chosen as a positive control Under these condltlons, CNTF, at a
concentratlon of 1. 5ng/ml, supported maximally 64% of the
initially plated spinal motoneurons after three days in culture.
Similar results were obtained in single cell cultures, suggesting
that CNTF acts directly on motoneurons'(Fig. 1)25. Whereas NGF,
NT-3 and BDNF were inactive in supporting the survival of
motonenrons in these cultures, bFGF and aFGF showed significant
effects, which were additiﬁe to_CNTF,dand resulted in the survival

of 100% of cultured motoneurons in the presence of CNTF and bFGF.



“"iety of othe: mitogens and cytokines (including PDGF, EGF,
{@ijGFB, IL-1, IL-3, IL-6) testéd in the same culture system,‘
,ffy IGF-I and IGF-II showed a small survival effect at high
;féanentfations (15% of the originally'plated‘motoneuroné in
-'compaiison to 5% survival,Withoﬁt the/addition of specific

survival factors.

Another technique has been reported for enrichment and culture of
émbryonic day 4 chick spinal motoneurons by panning with the
monoclonal antibody sc113, 1n these cultures skeletal muscle
‘extract’was able to enhance neuronal survival, whereas\bFGF was
active only in the presénce of 10% horse‘sérum, and not under
serum free culture conditions. It was‘theréfore condluded fhat
serum might contain a co-factor required for bFGF action. Replace- .
ment of serum by heparin, NGF, or CNTF did not enhance neuronal
survival in these cultures, indicating that none of these faCtdrs
are comﬁonents of the serum activity. However, the_action'of bFGF
was significantly enhanced in the presence of TGFB, which showed
~similar éffects to serum in the cultures for time periods‘of.at
least'thrée‘days. These results provide an example of how survival
of motoneurons in cultgre can be supported by the interaction of
several growth factors which are not active 6n‘their own. It is to
be ekpeéted that such interactions between growth factors occur
rmore generally than known so far, and that the unresponsiveness of
cultured chick motonéﬁrons to heurotrophins12 is due to the fact

that an as yet unknown co-factor is missing in these cultures.




liary néurotrophic:factor: A non-target-derived neurotrophic ' | U 

- factor for spinal motoneurons

'Thé cloning of cNTF8/9 has revealed that this factor does not
belong to the NGF gene family and differs significantly to these
molecules. The absence of a hydrophobic leader seQuence, typical
fér sécretory proteins and its non-release from transfected Hela
or cos cells, indicate that CNTF is a cytosolic mblecule which

" might be released only after cell death or by as yet unidentified
and specific release mechanisms. High levels of'CNTF—mRNA and
protein are found in myelinating Schwann cells‘of peripheral
nerves and in astroéytes within restricted regions of theHCNS,
such as optic nerve and olfactory bulb26127'28. However, in
typiCai target tissues of responsiVe neurons, such as adult rat

skeletal muscle or skin, CNTF mRNA cannot be detected. Neither is o

CNTF expression detectable in the rat duringrembryohic development
‘or shortly after birth by Nbrtheznkblot;or PCR analysis, although
during the folldwing‘poSt-natal weeks a\moie than 30-foldyincrease
of CNTF mRNA'ahd protein can be observed in the sciatic nerve and
distinct areaskof the brain. Since the post-natal period of low
.CNTF levels inkperipheral nerves coincides with the time of high
vuinerability of motoneurons after lesibnzg, insufficientv
availability of CNTF may be responsiblé for the high rates(of cell
~death aftér lesion of youhg neurons. Thig hypothesis is supported
bykthe finding that the‘extensive degeneration of motoneurons in
the newborn rat fa¢ial ﬁucleus after transsection of the facial
nerve can be prevented by local~CNTF'&dmihistration. CNTF might

therefore play a physiological role in the adult as a lesion

factor for injured spinal motoneurons. After lesion, signifidant




ffities-of CNTF protein seem to persist for at least one week
;ﬂthe lesioned nerve3°. Immnnohistochemistry at the leslon site
i{d the dlstal nerve segment has shown that CNTF is present in the
f‘extracellularrspace and it seems to be available to regeneratlng

axons.

The recent observatien’that BDNF’expression is up-regulated in the
sciatic nerve of the adult rat after lesion31 is particnlarly
‘interesting when these results ere'compared to those{of‘CNTF. The
expression of BDNF starts with a delay of at least three days
after sciatic nerve lesion, and there is a gradual increase up to
the third and forth week post-lesion. Thus after nerve lesionv
motoneurons ceuld be snpported first by CNTF nhich‘is released
frem injured Schwann cells; and then by BDNF at later post-injury
stages, and BDNF would then guide the regeneration of metoneurons

to their targets.

The role of insulin-like growth factors in the neuromuscular

system.

IGF-I and IGF-~II are synthesized~byra‘variety of tissues,
including the liver, pituitary, and nervous‘system; and are
present in relatively high concentrations in serum and cerebral
fluid. During the last few years evidence has increased suggesting
thatythese factors could play a physiological role in the
neuromuscular system: embryonic chick motoneurons in culture can
survive and grow neurites in the presence of IGF-I and IGF- 1112

and they express hlgh afflnlty blndlng sites for these molecules




_éir cellular processes32. IGF-I has been shown to be
}rbgrgdely transported by fast axonal trahspo;t in ﬁhe sciatic
4f}ve of the adult rat33. iGF-I and IGF-II are synthesized by |
'skeletal muscle, and therefore have been suggestéd as candidates
A'for the diffusible sprouting activity for motoneurons found in
aduit inactivated muscle. Indeed, injection of IGF-II on the
surface of the gluteus muscle of ﬁhe adult rat induced nodal
sprouting of\innervating nerve fibers and terminai sprouting at
the endplates. During development both IGF-I and IGF-II mRNA
expreSsion in muscle sharply decrease at the onset of the
developmental period of synapse elimination, and the mRNAs for
both factors are re-expressed in skeletal muscle éfter
denervation. GAP-43 and tubulin-al expression in motoneurdhs,
which alsb decrease during synapse elimination, can be-maintainedk
at significant levels by the loéal additioh of exogenous IGF-I
during the period of synapse elimination. It can be concluded from
these results that elevated leﬁels of IGFs in denervated muécle
might trigger coordinate regenerative readtions_which lead to

nerve sprouting under these pathophysiological conditions.

CNTF prevents degeneration of motoneurons in mouse mutant
progressive motor neuronopathy (pmn), an animal model for human

motoneuron diseése.

Little is known so far about the molecular mechanisms which are
responsible for the functional loss and céll death of motoneurons
in human motoneuron disease. Similarly, the géneslwhich lead to

motoneuron dysfunction in three inherited forms of motoneuron .




ﬁfgeration in mice (wobbler, pmn, mnd) havé not been identified
3535'3§. Therefore therapeutical étrategies based‘oh subsfitutioﬁ
ﬂgf the putative défective gene, products in these animal’models are
Fstill_impossible.~However} these animal models are'very uéeful for
analyzing the effects of drugs which could influence the symptoms
‘cauSed‘by the uhderlying gene defects. Particularly in the case of
neurotrophiC‘fadtors,it,was not known until reéehtly‘whether
paralysis or other symptoms typical of these diseases could be

influenced.

We analyzedvthe effects of CNTF in thefpmn moﬁse37. Thé
progression of the disease appears more rapidly thah in wobbler
mice35: first symptoms‘become apparent during the third post-natal
week as weakness of the“hind limbs, and all animals dié between
~the sixth‘and,sevénth post-natal week. At‘this stage forelimbs are
- also paralytic and a massive feduction of motor axons is
detectable in the phrenic nerve, presumably the cause of death in

these mice.

The chromosomal localization of the CNTF gene has so far beeﬁ
determined in human and mouse38'39, and no linkage with known
heréditary forms of neuromuscular diseases has yet been found.
Particularly, in the wobbler and the pmn miceé which serve as

animal models for human spinal motoneuron disease, the levels of

CNTF mRNA, protein and bioactivity are primarily unchanged.

Therefore an insufficient or defective expression of CNTF does not

seem to be responéible for the degenerative changes observed in

the affected animals. Because of technicél problems with

\

‘injections of the CNTF protein into these mice, we established a




'cell line by transfection of mouse D3 cells. w1th a cDNA

'ing for a secreted form of CNTF Intra-perltoneal 1nject10n of

 ése‘cells'at early stages of the disease signlficantly prolonged

Pthe survival of these mice and greatly improved their motor

~'function (Fig. 2).VSignificant levels of CNTF bibactivity could be
measured in the blood of these animals, whereas sera from
untreaﬁed pmh/pmn mice did not show noticeable survival activity.
The number of phrehic nerve axons was significantly higher in CNTF
treated animals (144 ¢ 22 axons) as compared to untreated pmn/pmn
mice (87 * 4 axons). In addition, a significant number of
motoneurons could be rescued as judged by the number of'fadial
motoneurons: the number of facial motoneurons in 40-50 day old
pmn/pmn mice was reduced by'about 40% as compared to healthy
control mice. With CNTF treatment facial motoneuron loss‘can be
reduced to less than 15%. Because the initial symptoms cannot be
recoghized in pmn(pmn mice béfope the third post-natal week, it is
to be expected that the disease will already have reached.a
relatively advanced stage before treatment of the degeneration of
motoneurons can be starfed. The beneficial effects of CNTF under
such cpnditions serve as a rational basis»fbr the use of this

factor in patients.

Conclusions and future prospects

The situation for a vast number of patients with idiopathic ALS is
still without hope as none of the clinical trials performed in the
past have shown convincing positive effects. In spite of this

depressing situation mahy new findings which appear relevant for




zéitment of thiskdiseaée lead to clinical studies within,atverY“
'short time. Also in the daée<6f CNTF, whose structure and effects j
¥ on motoneurons were only reported no longer\thgn thfee years ago,k
first clinical studies with ALS patients are already underway4°.
"This is conceivable in the light'of‘the impresgive in vitro and in

vivo effects observed with CNTF.

However, objections have:aléo been raised against an uncritical
enthusiasm in the use of neurotrophic factors in mOtoneﬁron
disease: for example, for aFGf and bFGF, which are very effective
in suppofting motoneuron Survivalfin vitro, it is debated as to
whether it exerts any effécts on motoneurons in vivotl. IGF-I and
~-II are found in relatively high qﬁantitiess in the blood42 and it
is not knoﬁn whether forms of motoneuron disease exist at all’
which are caused by reduced expression of IGF-I or ;II. It;remains
to be demonstrated whether the exogenoué addition of IGFs can

prevent motoneuron degeneration in specific animal models.

On the other hand, there is also experimental evidence (ét least
for CNTF) which invalidates the considerations that neurotrophic
factors might’only be effective in cases where the disease is
caused by a lack of endogenous expression of these molecules. The
endogenoﬁs expression of CNTF is primarily unaffected.in pmn/pmh
mice.iNevertheleés, CNTF is highly effective in preventing the
‘degeneration of motoneurons in this mouse mutant, indicating that
‘it might not be available in abundance under physiological
‘conditions. The same situation might also apply for members of,thé
neurotrophin gené family, which are~physiologicélly e#pressed at\

very low levels, so that general availability is unlikely43. This




hding faises‘high hopes in that the pharmacological use of these

;7molecules‘might;be beneficial in the treatment of idiopathic ALS.

It should be kept in mlnd that the primary goal for the molecular
characterlzatlon of these neurotrophlc factors was the elucidation
of the physiological mechanlsms which regulate motoneuron survival
and function, but not the design of new drugs. Several‘factors
“have been idenﬁified as being active on motoneuron survival both
in.vitto and in vivo,, and it appears likely that both the
survival of motoneurons during a critical period of‘develepment,
ahd the maintenance of motoneuron function in the adult, are not
reguleted by a single molecule but by the interaction of different

factors. Such interactions‘arelfar‘from beihg understood.

,Mereover, in contrast‘to many hormones, neﬁrotrophic faetors; such
as the neurotrophins and CNTF, are not secfeted into the blood
streem and transported to fheir target cells by this route, but
are taken up by neurons directly at the sites where they are
produced. Therefere careful pharmacokinetic studies are very
important. In particular, the possiblity of side effects and the
‘stability of these proteins after systemic injection should be

thoroughly investigated.'

The outeome of the first clinical trials with these factors is
awaited with great interest, and it seems pOSSible that the
results could lead to a better understanding of motoneuron

diseases and could present new perspectives for their treatment.



frigure legends:

Eiggge 1s The‘effect of CNTF on neuronal survival in cell culture:
a’andvbi Ciliary neurons in the presehoe (a) or absence (b) of .
100pg/ml of recombinant rat CNTF: The neurons were isolated from
the ciliary ganglia of eight day old chick embryos and plated on
‘culture dishes, which had previously been coated with
Polyornithine and Lamlhin (4pg/ml). After 24 h in culture, all of
the neurons were dead in thekabsence of CNTF, whereas in its
presence virtually 100% of the isolated neurons can survive.

c-et Survival‘of'isolated motoneurons in the presence (c,d) or
absence (e) of CNTF: Spinal motoneurons ofkfive day old chick
embryos were~retrogradely labelled by Rhodamine isothyocianate,
and the motoneurons were isolated 24 h later as describedl2. The
oells were plated on laminin coated culture dishes and'oﬁly
VCultures which contained a single motoneuron were analyzed. After
three days ln culture, only those cells which had beeo kept in the
presence of CNTF were alive and had grown long neurites (c). The

' retrograde label which clearly identifies them as motoneurons was
still detecteble (d). Motoneurons which had been cultured in the

absence of CNTF were dead at this stage (e).

Fiqure 2: The effect of CNTF treatment in pmn/pmn mice.
Two‘pmn/pmn mice at the beginning of the sixth post-natal week are
shown. The/mouse on the left was treated with CNTF by
intraperitoneal injectioh of . CNTF secreting D3 cells at poet;hatal
day 20. The mouse shown on the righﬁ is an unfreated litter mate.
CNTF'treatment sighificantly improved motor performance of pmn/pmn

mice and prolonged their survival37,
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