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SUMMARY

Ciliary neurotrophic factor (CNTF) was first identified
and partially purified from embryonic chick eye tissues.
Subsequently, it was shown that CNTF is also present in
large amounts in sciatic nerves of adalt rats and rabbits,
which led to its final purification and cloning. CNTF is
not secreted by the classical secretory pathway involving
the endoplasmatic reticulum and Golgi complex, but can
be detected in high quantities within the cytoplasm of
myelinating Schwann cells and astrocytes using immuno-
histochemistry. CNTF supports survival and /or differ-
entiation of a variety of neuronal cell types including sen-
sory, sympathetic, and motoneurons. Also, nonneuronal
cells, such as oligodendrocytes, microglial cells, liver
cells, and skeletal muscle cells, respond to exogenously
administered CNTF, both in vitro and in vive. During
development, expression of CNTF is very low, if indeed it

is expressed at all, and the phenotype of mice lacking
endogenous CNTF after inactivation of the CNTF gene
by homologous recombination suggests that CNTF does
not play a erucial role for responsive cells during embry-
onic development. However, motoneurons are lost post-
natally in mice lacking endogenous CNTF, suggesting
that CNTF acts physioiogically on the maintenance of
these cells. The ability of exogenous CNTF to protect
against motoneuron loss following lesion or in other ani-
mal models indicates that CN'TF might be useful in the
treatment of human motoneuron disorders, provided ap-
propriate means of administration can be found. © 1994
Joha Wiley & Sons, Ine,
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CILIARY NEURONS: SPECIFIC
PROPERTIES OF THE CELL TYPE
USED FOR THE IDENTIFICATION OF
CNTF

In the chick and other avian species, the ciliary
ganglion is a distinct, well-defined structure within
the orbita. In contrast, 1n the rat, this ganglion is
hardly recognizable, as most ciliary neurons are lo-
cated in several dispersed groups in the retrobulbar
space. Two populations of cholinergic neurons can
be distinguished within the avian ciliary ganglion:
A population of larger neurons (ciliary neurons)
innervyates the constrictor muscle fibers of the iris
and the ciliary body. The smaller chorioid neurons
innervate smooth muscle cells, mostly associated
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with blood vessels within the chorioid layer (Mar-
witt et al., 1971). The myoepithelial cells forming
the striated constrictor muscle fibers of the iris are
derived from the ectoderm, and the strnated ciliary
muscle originates from mesoderm (Pilar et al.,
1980), similar to the myoblasts forming the skele-
tal muscle. Ciliary neurons can be easily isolated
and purified, and have therefore been widely used
for studying the mechanisms involved in the for-
mation of neuromuscular synapses and trophic in-
teractions between muscle cells and innervating
neurons ( Betz, 1976; Hooisma et al., 1975; Wes-
sells et al., 1976; Helfand et al.; 1976; Bader et al.,
1982; Nishi and Berg, 1977, 1979).

In contrast to spinal motoneurons, which ongi-
nate from and do not migrate outside the neural
tube, ciliary neurons are derived from the mesence-
phalic neural crest (Le Douarin and Teillet, 1974;
Landmesser and Pilar, 1974 ). In the chick embryo,
ciliary neurons are born relatively early, the prolif-
erative phase being completed by embryonic day 5
(E5)(Landmesser and Pilar, 1974 ), Most axons of




both neuronal populations have reached their tar-
get cells by E6. At this time, the migration of myo-
blasts into the target area 1s still not complete (sum-
marized by Manthorpe and Varon, 1985). Be-
tween E8 and E12, about 50% of the neurons
within the ciliary ganglion degenerate. Removal of
the eye before the period of cell death results in loss
of more than 90% of the ciliary ganglionic neurons
(Landmesser and Pilar, 1974). and transplanta-
tion of an additional eye, resulting in an increased
target field, reduces cell death (Narayanan and
Narayanan, 1978). An elegant study by Pilar et al.
(1980) also demonstrated that interruption of one
of the three nerve branches from the ciliary gan-
glion to the eye results in increased survival of neu-
rons projecting within the remaining two nerve
branches. Taken together, these results suggest that
the eye is a source of survival factors for ciliary
neurons, and these factors are available in limiting
quantities, not sufficient to permit the survival of
all the innervating ciliary neurons.

[n the ciliary ganglion. not all neurons normally
eliminated during development show the morpho-
logical signs of apoptosis. At the EM level. dying
neurons show dilation of the rough endoplasmatic
reticulum, whereas condensation or clumping of
the chromatin—typical manifestations of initial
stages of apoptosis—are not seen until late stages
when changes in the cytoplasm are already exten-
sive. In contrast, cells deprived of their target prior
to the period of naturally oceuring cell death show
condensation of the nuclear chromatin, as typi-
cally observed in apoptotic cell death (Pilar and
Landmesser, 1976). Similar observations have
been reported during the period of cell death of
spinal preganglionic visceromotoric neurons and
lumbar motor neurons after targel removal
(O'Connor and Wyttenbach, 1974).

Although nerve growth factor (NGF) has been
shown to initiate short-term fiber outgrowth in cul-
tured ciliary neurons (Collins, 1984). there is no
evidence thus far that any of the neurotrophins
support the survival of embryonic chick ciliary neu-
rons in culture. Moreover, expression of trkA
mRNA from an expression vector microinjected
into cultured chick ciliary neurons does not lead to
NGF responsiveness (Allsopp et al., 1993a). It has
to be concluded from this result that the ciliary
neurons lack the signalling machinery used by
other neurons, including motoneurons, 1o trans-
duce the survival signals of neurotrophins. Further-
more, bcl-2 does not inhibit cell death of ciliary
neurons, in contrast to results obtained with the
neurotrophin-responsive trigeminal neurons (All-
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sopp et al., 1993b). In summary, these data indi-
cate that ciliary neurons differ from neurotrophin-
responsive neurons in many respects. including the
intracellular pathways leading to the prevention of
neuronal death.

PURIFICATION AND CLONING OF
CNTF: STRUCTURE AND PROPERTIES
OF CNTF PROTEIN

The isolation and culture of ciliary neurons from
chick embryos (Helfand et al., 1976; Nishi and
Berg, 1977: Adler et al, 1979: Hooisma et al.,
1975) served as a basis for the development of a
bioassay for the screening and purification of sur-
vival factors for these neurons. Ciliary neurons
were found to survive when co-cultured with chick
skeletal muscle cells (Nishi and Berg, 1977), rat
eve tissue ( Ebendal et al., 1980), and sciatic nerve
fragments (Richardson and Ebendal. 1982), and
efforts were made to purify the agents responsible
for these effects. A systematic analysis by Adler et
al. (1979) showed that eye tissue, in particular the
iris, ciliary body, and chorioid layer, was the richest
source of a putative survival factor for ciliary neu-
rons. In [act, these early studies revealed that the
amounts of ciliary neuronal survival activity in the
eye were so high that they were difficult to recon-
cile with the idea that the factor(s) responsible
would be available only in limiting amounts. 1t was
shown that the putative survival factor. which at
that stage had been named ¢iliary newronotrophic

Jactor, differed from NGF, in that CNTF was an

acidic protein with an estimated molecular mass of
20-24 kD. However. experiments with partially pu-
rified CNTF suggested that it did promote the sur-
vival of neurons known to depend on NGF. for
example, sympathetic and sensory neurons from
E10 (but not E8) chick embryos (Barbin et al.,
1984, Manthorpe et al.. 1986).

Nishi and Berg (1981) found two components
in chick eye fissue. one with a molecular weight
similar to that praposed for CNTF (20kD) which
they named growth promoting activity (GPA) and
another factor which stimulated choline acetyl-
transferase activity without affecting neuronal sur-
vival, named ChAT-stimulating activity (CSA).

Sources other than the eve were also used for
purification of ciliary neuronal survival factors,
such as embryonic chick heart for a component
with an estimated molecular mass of 40 kD ( Eben-
dahl et al., 1979) or ox heart for purification of a
factor that later proved to be acidic fibroblast
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growth factor (FGF-1) (Watters and Hendry,
1987). Other factors supporting chick ciliary neu-
ron survival were also partially purified from pig
lung (Wallace and Johnson, 1987), rat skeletal
muscle (Hill and Bennett, 1983), and other tissues
from chick and rat (for review, see Manthorpe and
Varon 1986). McManaman and colleagues ( 1988)
purified a factor from rat skeletal muscle named
cholinergic differentiation factor (CDF) with prop-
erties very similar to rat CNTF (McManaman et
al., 1990). The question whether CDF is identical
to CNTF is as yet unresolved.

A method for partial purification of CNTF from
chick eye was published by Barbin et al. (1984),
and a subsequent study showed that this factor was
very similar to a ciliary survival factor present in
high amounts in adult rat sciatic nerve (Manth-
orpe et al., 1986). In these two reports, CNTF was
enriched between 400- and 800-fold. However, the
degree of purification from adult rat sciatic nerve
necessary to obtain material suitable for partial
protein sequencing ranged between 10,000 and
25,000 for rat CNTF (M. Sendtner, unpublished
results) and 35,000 for rabbit CNTF (Lin et al.,
1990).

Based on partial amino acid sequence data, the
c¢DNAs for rabbit and rat CNTF were cloned ( Lin
etal., 1989; Stockli et al., 1989). Subsequently, rat,
mouse, and human genomic clones were identified
and analyzed: The CNTF gene was mapped to
mouse chromosome 19 (Kaupmann et al., 1991)
and human chromosome 11 (Lam et al., 1991,
Giovannini et al., 1993). The ¢cDNAs for rat and
rabbit CNTF code for a protein of 200 (rat) or 199
(rabbit) amino acids with a calculated molecular
mass of 22.8 and 22.6 kD, respectively.

Human CNTF was cloned on the basis of these
sequences (Masiakowski et al., 1991; Lam et al.,
1991; Negro et al., 1991), and the protein was
found to be 84% homologous to rat CNTF. CNTF
revealed no similarity with the members of the
neurotrophin or the fibroblast growth factor gene
families. The latter was also found to support cili-
ary neuronal survival (Unsickeretal., 1987). How-
ever, using more sensitive pattern-matching algo-
rithms, structural similarities of CNTF with leuke-
mia inhibitory factor (LIF), interleukin-6 (IL-6).
oncostatin-m (OSM), and granulocyte-colony
stimulating factor (G-CSF) have been proposed
(Bazan, 1991). The relevance of these similarities
has been underscored by the identification of a
binding subunit of the CNTF receptor (CNTFRa)
found to be 30% homologous with the IL-6 recep-
tor o, and the demonstration that the CNTF recep-

tor complex shares two subunits (gp 130 and
LIFR@) with the cellular LIF receptor (for details,
see Stahl and Yancopoulos, this issue).

Interestingly, and in contrast to LIF and IL-6,
CNTF lacks a hydrophobic leader sequence
usually found in proteins which are secreted by the
classical endoplasmatic reticulum-Golgi pathway,
and is not released from transfected HelLa or COS
cells (Lin et al., 1989; Stockli et al., 1989). While
CNTF activity is commonly found in the superna-
tant of cultured astrocytes (Lillien et al., 1988), the
amount of released CNTF compared with cell-as-
sociated material is so low that it could result from
unspecific release caused by cell injury or cell death
within the cultures.

Although GPA activity was originally character-
ized in chick eye (Nishi and Berg, 1981). it was
finally purified from adult chick sctatic nerves
(Leung et al., 1992). The molecule identified
showed 47% sequence identify with rat CNTF sug-
gesting that this protein could be the chick homo-
logue of CNTF. However, GPA, which like CNTF
lacks a hydrophobic leader sequence, has been
found to be released in small, but significantly
greater quantities than CNTF from transfected
cells and from isolated chorioid cells ( Leung et al..
1992). This important difference between GPA
and CNTF could indicate that they are different
molecules. If this holds true, then the chick homo-
logue of CNTF as well as the rat and human GPA
genes await molecular identification. Alterna-
tively, if GPA is the chick homologue of CNTF,
then a more effective release mechanism for chick
CNTF than for mammalian CNTF must be as-
sumed.

A comparison of the amino acid sequences of
CNTF from different species with GPA reveals
that 80% of conserved residues are found in four
distinct clusters (Fig. 1). Significantly, the clusters
closely correspond to the positions of the proposed
a-helices of CNTF, and add weight to the hypothe-
sis that CNTF and GPA adopt a four helix bundle
similar to that observed for growth hormone and
postulated for a number of cytokines including IL-
6, LIF, OSM, and IL-11 (Bazan, 1991; Taga and
Kishimoto, 1992).

Site-directed mutagenesis has been used to ob-
tain some structure-function information about
CNTF. CNTF analogues in which short segments
of either the N- (up to 14 amino acids) or the C-ter-
minus (up to 27 amino acids) have been deleted
were found to be at least as active as the full-length
parent molecule (Negro et al.,, 1994), However,
longer deletions or the omission of internal
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Figure 1 Comparison of the amino acid sequences of rat, human, and rabbit CNTF, and
chicken GPA. Dots represent residues common to all four sequences. The position of the four
putative «-helices ( Bazan, 199 1), and the clusters of conserved stretches of amino acid residues
are indicated by bars above and below the aligned sequences.
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Figure 2 Model of the proposed helical structure of
CNTF postulated by Bazan (1991). The four putative
a-helices A-D are depicted as cylinders. Regions from
the C- and N-termini which can be deleted by mutations
without reducing biological activity of CNTF are shown
by dashed lines. The approximate position of residue 63,
an amino acid shown to be crucial in determining the
biological activity of CNTF, is indicated on the long loop
connecting helices A and B.

with the proposed a-helical scaffold of CNTF (Fig.
2). Indeed. the a-helical content of the active mu-
tants, as assessed by circular dichroism spectros-
copy. was preserved. The C-terminus of CNTF can
also tolerate additional residues, as CNTF proteins
bearing either an epitope from c-myc (Davis et al.,
1991) or three tyrosine residues at the C-terminus
retain biological activity, providing further evi-
dence that the C-terminal residues do not partici-
pate in receptor interaction (Huber et al., 1993).
Similarly, the putative D helices of IL-6 and OSM,
which have been proposed by modelling studies to
adopt a similar fold to CNTF, have also been
shown by mutagenesis analyses to be important for
receptor binding and biological activities of these
cytokines (Kriittgen et al., 1990 a.b; Liitticken et
al., 1991, Kallestad et al., 1991). In accordance
with these data, a CNTF analogue with two muta-
tions (Gly 158 = Val; Val 161 = Ala) in the D
helix was found to be without biological activity
(R. Schmid and M. Sendtner, unpublished obser-
vations). In another study, a number of interspe-
cies chimeric CNTF molecules were prepared to
determine the differences between the specific bio-
logical activities and gel motilities of rat and hu-
man CNTF (Panayotatos et al., 1993). A single
residue ( Arg63) was found to be responsible for the
higher activity of rat versus human CNTF using
rat, human and chick cells ( the corresponding resi-
due in human CNTF is Glu). Residue 63 lies on
the loop between proposed helices A and B (Fig.
2), and it has been proposed that this region makes
direct contact with components of the CNTF re-
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ceptor ( Bazan, 1991), or influences the conforma-
tion of spatially adjacent residues which are in-
volved in receptor binding, [ndeed, in the recently
solved structure of growth hormone, the prototypi-
cal four helix bundle protein, bound to a soluble
form of its receptor shows that residues in the analo-
gous loop between helices A and B of growth hor-
mone do contribute directly to the binding of one
of the receptor protomers (de Voset al.. 1992). A
precise understanding of the interactions of CNTF
with its receptor complex awaits further mutagene-
sis studies and the elucidation of the structure of
CNTF bound to its receptor.

DEVELOPMENTAL EXPRESSION,
DISTRIBUTION, AND TISSUE-SPECIFIC
REGULATION OF CNTF mRNA

By Northern blot analysis, highest levels of CNTF
mRNA are detected in peripheral nerves, such as
the sciatic nerve, indicating that the large amounts
of CNTF protein in adult animals ( Williams et al..
1984 ) are produced in the nerve and do not origi-
nate from retrograde transport. In newborn rats,
CNTF mRNA cannot be detected ( Stockli et al.,
1989) and the high levels of CNTF mRNA found
in the adult nerve are not reached until the fourth
postnatal week. Thus, the expression of CNTF
mRNA and protein ( Dobrea et al., 1992) parallels
the differentiation of Schwann cells in the nerve
(Jessen and Mirsky, 1992). CNTF mRNA cannot
be detected in skeletal muscle, liver. spleen, lung of
the adult rat (Stockli et al., 1989 ) by Northern blot
analysis of total RNA from these tissues and the
very low levels detected with polyA+ RNA from
skeletal muscle of adult rats (Ip et al.. 1993a: Gio-
vannini et al., 1993) mught well originate from
Schwann cells ensheating the innervating nerve
fibers within muscle (see Fig. 3). Thus, skeletal
muscle does not appear to be a source of CNTF for
responsive peripheral neurons, such as spinal moto-
neurons,

In the adult rat central nervous system, highest
levels of CNTF mRNA are found in the optic
nerve, olfactory bulb (Stéckli et al., 1991) and spi-
nal cord (Ip et al., 1993a). Low but still significant
levels are detectable in the brain stem. cerebellum.
septum. hippocampus, striatum, midbrain, and
thalamus/hypothalamus, (Stockli et al.. 1991; Ip
etal., 1993a). Other areas of the brain, in particu-
lar the trontal cortex and retina. do not contain
detectable levels of CNTF mRNA.

Northern blot analysis and a PCR-based detec-

tion assay did not reveal any expression of CNTF
mRNA in either head or trunk of 9-day-old rat
embryos (Stockli et al., 1991). At embryonic day
18, during the period of naturally occuring cell
death of spinal motoneurons, CNTF mRNA is not
found in the hindlimbs or the brain, suggesting that
CNTF does not play a role for the survival of moto-
neurons during this critical developmental period.
Using very sensitive Northern blot techniques, Ip
et al. (1993a) have found minute quantities of
CNTF mRNA in 1 I-day-old rat embryos, in partic-
ular, in the head region. This would indicate that
CNTF mRNA is expressed in the central nervous
system during & time window between E9 and E18.
However. the physiological function (if any) of
CNTF during this time remains to be established.
CNTF might contribute to the terminal differen-
tiation of neuronal precursor cells, as has been ob-
served with peripheral sympathetic precursor cells
in culture, which become postmitotic and acquire
cholinergic properties in the presence of CNTF
(Ernsberger et al.. 1989).

Hitherto only few studies have appeared on the
tissue localization of CNTF mRNA by in situ hy-
bridization. In the sciatic nerve, CNTF mRNA is
localized in stripe-like structures resembling the
perinuclear regions of Schwann cells ( Friedman et
al.. 1992). This is in agreement with data on the
immunhistochemical location in Schwann cells
(see below). In the central nervous system. CNTF
mRNA has been identified adjacent to the glia lim-
itans at the ventral surface of the midbrain (Ip et
al.. 1993a), with no signal detectable in cortex and
hippocampus (Ip et al., 1993b).

Interestingly, the regulation of CNTF mRNA in
the peripheral and central nervous systems is dis-
tinctly different. After peripheral nerve lesion,
CNTF mRNA drops dramatically to less than 3%
within the first week after nerve lesion (Sendtner et
al., 1992a; Friedman et al., 1992: Seniuk et al..
1992), After nerve crush allowing regeneration,
the CNTF mRNA level slowly recovers, the first
positive cells being detectable by immunohisto-
chemistry and in situ hybridization 1 week after
lesion. Northern blot analysis reveals a significant
increase in CNTF mRNA at about 4 weeks after
lesion (Sendtner et al., 1992a: Friedman et al..
1992).

In contrast to the down-regulation of CNTF
mRNA in the distal nerve after lesion, CNTF
mRNA is rapidly up-regulated in the central ner-
vous system of the adult rat after lesion of the hip-
pocampus or the cortex. The increase in CNTF
mRNA is maximal 3 days after lesion, and both
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Figure 3 Immunolocalization of CNTF in the sciatic nerve (a), the superior cervical ganglion
(b). and skeletal muscle (¢. d). A polyclonal antiserum against recombinant rat CNTF stains
the cytoplasm of myelinating Schwann cells within the sciatic nerve (a). Only few myelinating
Schwann cells within the superior cervical ganglion are CNTF-positive, whereas the nonmye-
linating Schwann cells and neuronal cell bodies within the superior cervical ganglion are not
stained (b). Also within skeletal muscle, CNTF immunoreactivity is located in myelinating
Schwann cells (¢) of innervating nerve fibers, which are identified by doublestaining with a
monoclonal antibody against neurofilament (d). Musele fibers are unstained.

CNTF mRNA and protein levels are sustained for
at least 3 weeks. In the lesioned rat brain. CNTF
seems 1o be produced by reactive astrocytes around
the wound cavity (Ip et al.. 1993b).

Unlike Schwann cells in the intact nerve.
Schwann cells in culture produce very low levels of
CNTF mRNA (Carroll et al.. 1993), although sub-
stantial amounts of CNTF-like biological activity
can be detected in Schwann cell conditioned me-
dium (Meyer et al., 1992). In this way, with regard
to CNTF expression. cultured Schwann cells
mimic the situation in early postnatal peripheral
nerve development or after peripheral nerve lesion
where CNTF mRNA levels are also low. Thus,
Schwann cell CNTF expression 1s correlated with
the more mature myelinating state., and since
Schwann cell differentiation is thought to be in-

duced by innervation. it may be hypothesized that
neuron-Schwann cell signalling is involved in the
regulation of CNTF expression. Whether low
CNTF levels in cultured Schwann cells veflects the
fact that the cells are cultured from newborn ani-
mals and have not yet begun to express CNTF or
because the cells lack contact with neurons 18 not
clear. Stimulation of the cAMP second messenger
pathway in cultured Schwann cells has been shown
to induce a transient expression of molecules char-
acteristic of the more mature myelinating
Schwann cells, for example, PO, MBP (see Jessen
and Mirsky, 1991 for review). However, such
treatments fail to increase CNTF mRNA levels in
these cultures (Carroll et al., 1993). Thus, the sig-
nals that induce CNTF expression in Schwann
cells are as vet unknown.
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CNTF mRNA is readily detectable in astrocyte-
enriched brain cell cultures from several different
brain regions (Rudge et al., 1992: Carroll et al.;
1993, Rudge et al., 1994 ). Mechanical injury to the
adult rat brain causes a marked increase in CNTF
mRNA and protein in cells which most probably
are astrocytes undergoing reactive gliosis at the site
of injury (Ip et al., 1993b). Since astrocytes in cul-
ture display several traits characteristic of reactive
astrocytes ( for review see McMillian et al., 1994),
the above observation may explain the high CNTF
expression in cultured astrocytes. Of a large num-
ber of factors and treatments applied in order to try
to alter the expression of CNTF in rat astrocytes
(Carroll et al., 1993; Rudge et al., 1994), only the
cytokine IFN-y (Carroll et al., 1993) and treat-
ment with the anti-Parkinson’s drug deprenyl in
combination with mechanical injury (Seniuk et
al.,, 1994) were able to cause a modest two- 10
threefold increase in CNTF mRNA expression.
The effect of IFN-y on CNTF expression might be
part of the general response of astrocytes to inva-
sion of the CNS by cells of the immune system
during injury, since IFN-y is not present in the
brain under normal circumstances. CNTF mRNA
levels in astrocytes can be reduced by several treat-
ments including activation of adenylate cyclase,
stimulation of B-adrenergic receptors, and treat-
ment with various members of the fibroblast
growth factor family (Carroll et al., 1993; Rudge et
al., 1994). Since activation of adenylate cyclase
and the adrenergic receptor systems are involved in
many of the neurotransmitter-mediated actions of
neurons, it may be that in the uninjured brain,
CNTF mRNA levels are down-regulated by neu-
ron-astrocyte interactions and that the increase in
CNTF in astrocytes after brain injury is a conse-
quence of loss of neuronal suppression. The nega-
tive effect of FGFs on CNTF mRNA expression in
vitro may be due to the fact that although astro-
cytes in culture produce bFGF. they probably do
not secrete it (Hatten et al., 1988: Woodward et al.,
1992).

IMMUNODETECTION OF CNTF IN
TISSUES OF THE POSTNATAL RAT

As most of the CNTF protein produced in cells is
not secreted, immunohistochemistry is a favorable
method to determine tissue and cellular localiza-
tion of CNTF protein. A variety of polyclonal and
monoclonal antibodies against CNTF have been

developed and used for immunohistochemistry
with various tissues, in particular of the adult rat.

In all the studies carried out so far, polyclonal
and monoclonal antibodies have demonstrated
strong CNTF immunoreactivity within the cyto-
plasm of adult rat myelinating Schwann cells (see
Fig. 3). No signal was detected in the nuclei and
myelin-sheaths of these cells, in axons, or vascular,
endoneural and perineural cells (Stockli et al.,
1991; Dobrea et al., 1992; Friedman et al., 1992)
(Fig. 2). In the CNS, CNTF immunoreactivity is
found in astrocyte-like cells within the optic nerve
(Stockli et al., 1991). The identity of these cells
was confirmed by co-staining with GFAP (Dobrea
etal., 1992). In the olfactory bulb, CNTF immuno-
reactivity is detectable in ensheathing cells (Stockli
et al., 1991)—specific glial cells with many
Schwann cell like properties—and in the spinal
cord of the adult rat, CNTF immunoreactivity was
detected within radial glia in grey matter ( Dobrea
et al., 1992).

When peptide antisera against different regions
of the CNTF protein were used, in some cases ad-
ditional structures were found to be immunoreac-
tive within the PNS and the CNS of the adult rat,
depending on the peptide chosen for immuniza-
tion, For example, several antisera raised against
AA 186-199 of the rat CNTF sequence showed
significant staining of axons within the sciatic
nerve of the adult rat (M. Sendtner and B. Holt-
mann unpublished observations). However,
preadsorption of these antisera with CNTF could
not abolish the staining. Similarly, the diffuse
staining of myelin and the nuclei of Schwann cells
and fibroblasts observed with antisera against AA
[15-126 of rat CNTF could be eliminated by
preadsorption with the corresponding peptide but
not with recombinant CNTF (B. Holtmann and
M. Sendtner, unpublished observations). Western
blot analysis of adult rat sciatic nerve extracts
showed that these two peptide antisera stained
bands in addition to the single 23 kD immunoreac-
tive band observed with monoclonal anti CNTF
antibody (4-68 and 4-65) (Stockli et al., 1991;
Sendtner et al., 1992a) and with a rabbit antiserum
raised against recombinant rat CNTF (K10). Pre-
sumably these two antisera raised against peptide
sequences from CNTF can cross-react with other
molecules.

Rende et al. (1992) have used two peptide anti-
sera against CNTF (Serum A: AA45-59, Serum B:
AA 181-200) for their immunohistological study
of CNTF location in peripheral nerves. In Western




blots of rat sciatic nerve extracts, affinity-purified
antibodies from both antisera recognized a single
band between 20 and 30 kD at the same position as
recombinant or purified rat CNTF. Antibodies
against peptide 45-59 recognized an additional
band at 200 kD which was not observed with the
antiserum against the C-terminus (AA-181-200).
When used for immunohistochemistry, these two
antisera stained the cytoplasm of both myelinating
and nonmyelinating Schwann cells, and at a higher
concentration, also the axons. We also observed
axonal staining with a peptide antiserum against
AA 186-199 of rat CNTF. CNTF-like immunoreac-
tivity was not detected in nonmyelinating
Schwann cells using similar (Dobrea et al., 1992)
or different antibodies (see Fig. 3). Since Northern
blot analysis of the sympathetic paravertebral
trunk (which contains many unmyelinating
Schwann cells) did not reveal expression of CNTF
mRNA, it is likely that the staining of the unmye-
linating Schwann cells might be due to cross-reac-
tivity of CNTF epitopes shared with other mole-
cules.

Henderson et al. (1994) have developed an anti-
serum against a peptide derived from AA 131-147
of the rat CNTF sequence. Affinity-purified anti-
bodies from this serum recognized purified rat sci-
atic nerve CINTF as a single band in Western blots.
However, in extracts from C6 glioma cells and as-
trocytes, additional bands were observed. Using
these antibodies, immunoreactive neurons were
detected in the facial nucleus, dentate gyrus, olfac-
tory bulb, basal forebrain, locus coeruleus, hippo-
campus, cerebellum (Purkinje cells), cortex, and
substantia nigra. Neuronal CNTF immunoreactiv-
ity was observed predominantly in the nucleus.
which is in contrast to the results obtained with
myelinating Schwann cells. In the olfactory bulb,
neurons are not stained with monoclonal antibod-
ies 4-68 and 4-65 and polyclonal anti-CNTF anti-
sera (Stockli et al., 1991, B. Holtmann and M.
Sendtner, unpublished results). At present, the ex-
istence of low quantities of CNTF which cannot be
detected with our antisera cannot be excluded. In
the hippocampus, dentate gyrus, and cortex, the
amounts of CNTF protein and biological activity
are much lower than in the sciatic nerve, and in
situ hybridization using specific probes for CNTF
mRNA do not reveal a distinet signal in these re-
gions of the intact adult rat (Ip et al., 1993a.b).
Also, the CNTF mRNA levels detectable by
Northern blot analysis are extremely low in these
areas (Stockli et al., 1991). Thus at present, the
results demonstrating neuronal and nuclear loca-
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tions of CNTF-like immunoreactivity should be
interpreted with caution.

THE EFFECTS OF CNTF ON
NEURONAL DIFFERENTIATION AND
SURVIVAL

Initial results with partially purified CNTF indi-
cated that it promotes the survival of a broad spec-
trum of cultured neurons, for example, E8 ciliary
neurons, E10 and E11 chick sympathetic and sen-
sory neurons (Manthorpe et al.. 1982). These re-
sults were confirmed later with purified and recom-
binant CNTF (reviewed by Manthorpe and Varon,
1985, Sendtner et al., 1991), and the list of CNTF
responsive neurons was extended to E8 chick no-
dose neurons and the different populations of E10
chick trigeminal neurons. E8 chick DRG neurons,
while supported by NGF and BDNF in culture, are
unresponsive to CNTF. However, at E10, CNTF
promotes the survival of more than 40% DRG neu-
rons ( Manthorpe et al., 1982). Similar observa-
tions were also made with chick spinal moto-
neurons. Motoneurons isolated at E4 cannot be
supported by CNTF (Longo et al., 1982, Bloch-
Gallego et al.. 1991), whereas at E6, more than
60% of motoneurons purified by metrizamide gra-
dient centrifugation survive in the presence of
CNTF (Arakawa et al., 1990).

Several observations also indicate that CNTF
can induce specific properties of developing neu-
rons without affecting their survival. Cultured sta-
toacoustic neurons from E5 chick embryos do not
survive in the presence of CNTF, but respond with
increased fiber outgrowth (Bianchi and Cohan,
1993). Also, newborn mouse nodose neurons do
not survive in the presence of CNTF in cell culture
(Manthorpe et al., 1986), although these cells ex-
press high levels of CNTFRa (Ip et al., 1993a).
Likewise, the survival effect of CNTF on cultured
rat motoneurons isolated and enriched from EI5
rat is very low ( Hughes et al., 1993), while moto-
neurons from E14 rat react to CNTF with signifi-
cant induction of ChAT (Magal etal., 1991; Wong
et al., 1993), at least in mixed cultures.

The effect of CNTF on cholinergic neuronal dif-
ferentiation has been described with E7 chick sym-
pathetic neuronal precursor cells. These cells are
still capable of entering mitosis and at this stage do
not yel depend on neurotrophic factors for their
survival in culture. CNTF blocks cell division and
induces VIP immunoreactivity in these cells (Erns-
berger et al., 1988). Similarly, although CNTF
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cannot maintain the suryival /n vitro of sympa-
thetic neurons from newborn rats for a period of 1
week (Saadat et al., 1989), these neurons respond
to CNTF by induction of ChAT during the same
culture period, suggesting that functional CNTF
receptors and signal transduction are present on
these cells. This effect on ChAT induction is simi-
lar to the response to LIF (Yamamori et al., 1989;
Patterson, 1992). Interestingly. although both
CNTF and LIF share two receptor subunits, there
are subtle differences in how these two factors act
on sympathetic neurons: The action of LIF on cho-
linergic differentiation can be blocked by depolar-
1ization of the neurons, whereas the action of CNTF
cannot, indicating that Ca*" influx could play a
role in LIF but not in CNTF signal transduction in
sympathetic neurons (Rao et al., 1992). 1t is not
clear whether the effect of CNTF on neuronal dif-
ferentiation also occurs in vivo. Mice in which en-
dogenous CNTF expression has been abolished by
homologous recombination of the CNTF gene
show normal cholinergic differentiation of sympa-
thetic neurons innervating the sweat glands (Masu
et al.. 1993). It remains to be established whether
CNTF deficiency can be compensated during neu-
ronal differentiation by other molecules or mecha-
nisms. The early expression of CNTFR«. the bind-
ing subunit of the CNTF receptor complex in neu-
rons (Ip etal.. 1993a), starts well before they show
survival responses. This is surprising in view of the
results obtained with the CNTF knock-out mice,
in which no early developmental changes could be
observed (see below). It is thus possible that the
effects of CNTF on early neuronal differentiation
and survival during embryonic development
mimic the function of another CNTF-like mole-
cule, Such a molecule would be expected to be ex-
pressed very early. to be secreted, to share the
CNTF receptor, and 1o be the physiological media-
tor of effects that can be observed with CNTF in
cell cultures of 1solated early embryonic neurons.
As a step 10 analyze whether effects of CNTF on
embryonic neurons are of physiological impor-
tance, CNTF was administered /n vivo. When
added /n ovo to developing chick embryos between
ES5 and E9, a significant increase of the number of
spinal motoneurons could be observed, indicating
that the survival effect on CNTF on embryonic
chick motoneurons also occurs in vivo. Interest-
ingly, the number of dorsal root sensory. paraverte-
bral sympathetic, nodose or sympathetic pregang-
lionic peurons (Oppenheim, 1991) was un-
changed. When CNTF was added between E9 and
E14, during the period of naturally occurring cell

death of ciliary neurons, the number of surviving
ciliary neurons was not increased, indicating that
their survival cannot be increased by exogenous
CNTF.

It is difficult to understand why the survival of
spinal motoneurons should be increased by CNTF,
whereas that of ciliary neurons and other CNTF
responsive cells should not. Are the effects of
CNTF on the survival of motoneurons a pharmaco-
logical effect or do they indeed reflect a physiologi-
cal function? This question is not vet resolved, but
can now be studied in mice in which the expression
of CNTF has been abolished by gene targeting.
Such mice lacking endogenous CNTF expression
appear normal at birth, and the number of moto-
neurons 15 unchanged in 4-week-old animals. This
suggests either that CNTF does not play a crucial
role for motoneurons during embryonic develop-
ment or that the lack of CNTF is fully compen-
sated for by other, as yet unidentified factors. How-
ever, in postnatal mice, atrophy and loss of moto-
neurons is detectable between the fourth postnatal
week and 6 months (Masu et al., 1993), During
this time, motoneurons shrink and about 30% of
motoneuron are lost, as determined by facial moto-
neuron counts from brain stem serial sections from
these animals. This indicates that CNTF is indeed
important for postnatal survival and functional in-
tegrity of motoneurons. Presumably, CNTF is re-
leased from the cytoplasm of synthesizing cells fol-
lowing. for example. microtrauma which tran-
siently disrupts the cell membranes of astrocytes
and Schwann cells. Alternatively, other specific
cellular release mechanisms might exist which
have yet to be elucidated.

In the rat, the period of naturally occurring cell
death of spinal motoneurons starts at E15 and is
completed between birth and postnatal day 3 (Op-
penheim, 1986). At birth, endogenous levels of
CNTF mRNA are still very low, and motoneurons
are known to be highly sensitive to injury. More
than 85% of lesioned facial motoneurons die
within 1 week after axotomy. The high vulnerabil-
ity of motoneurons decreases during the first 4
weeks after birth while CNTF expression by mye-
linating Schwann cells increases. When supplied
locally to transsected facial nerves of newhorn rats
(Sendtner et al.. 1990), CNTF can very efficiently
rescue the survival of the corresponding injured
motoneurons, In adult rats, retrograde transport of
CNTF is increased after peripheral nerve injury in
dorsal root sensory and spinal motoneurons (Cur-
tis et al., 1993). Thus it is possible that one of the
physiological functions of endogenous CNTF 1n pe-




ripheral nerves of adult rodents is to act as a ““lesion
factor” for injured motoneurons ( Thoenen, 1991).

A variety of additional CNTF-responsive neuro-
nal populations have been identified in the central
nervous system. In cell culture, CNTF increases
the survival of various populations of hippocampal
neurons 1solated from E18 rat embryos, including
GABAergic and cholinergic neurons (Ip et al.,
1991). Increased TH levels, without effects on neu-
ronal survival, were observed in noradrenergic neu-
rons in cultures derived from embryonic rat locus
coeruleus when CNTF was added together with
norepinephrine ( Louis et al., 1993a). Similarly, in
cultures of E16 rat substantia nigra neurons,
CNTF was not able to support long-term survival
of TH-positive cells but showed a significant effect
on TH immunoreactivity after 3 days in culture
(Magal et al., 1993a). Similar transient effects were
observed with corticospinal neurons from new-
born rats: A significant survival effect was only
seen after 2 days in culture, but after that time,
survival in the presence of CNTF declined ( Magal
et al., 1993b). Additional CNTF responsive neu-
rons have been identified in adult rats after trans-
section of axonal projections of different neuronal
populations. For example, neurons of the antero-
dorsal and anteroventral thalamic nuclei can be res-
cued by CNTF infusion after transsection of their
axonal projections in the cingulum bundle (Clat-
terbuck et al., 1993 ). Similarly, dopaminergic neu-
rons of the substantia nigra respond to CNTF after
transection of the nigrostriatal pathway ( Hagg and
Varon, 1993a). Also various populations of septal
neurons, including the cholinergic neurons of the
medial septum. could be rescued by CNTF after
fimbria fornix transsection (Hagg et al., 1992).
However, the response to CNTF differed to that of
NGF in that CNTF acted on the survival of a much
broader spectrum of septal neurons, not anly the
cholinergic neurons, and did not induce ChAT ac-
tivity.

To test for protective effects of CNTF, most le-
sion paradigms so far have used mechanical trans-
section of neuronal projections leading to retro-
grade atrophy and degeneration of corresponding
cell bodies. However, experimental evidence is in-
creasing so that CNTF can also protect neurons
against injury by other means. For example, in cul-
tures of embryonal hippoecampal neurons CNTF
reduces the sensitivity to glutamate toxicity
(Skaper et al., 1992), and, in vivo. photoreceptors
of adult rats can be protected by CNTF against the
damapging effects of constant fluorescent light (La-
Vail et al., 1992). Thus CNTF displays protective
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effects for a vanety of central and peripheral neu-
rons following a variety of treatments that would
otherwise lead to neuronal damage.

CNTF EFFECTS ON NONNEURONAL
CELLS

The spectrum of CNTF-responsive cells includes
not only neurons but also nonneuronal cells.
Among them are ghal cells such as oligodendro-
cytes and their precursors, microglial cells, a vari-
ety of other cells from different organs such as skele-
tal muscle, liver, bone marrow, and even embry-
onic stem cells. This could partially be explained
by specific properties of the CNTF receptor which
shares the two signal transducing components with
the LIF receptor. namely, gpl30 and the LIF re-
ceptor 8 (Davis et al., 1993a). As these two sub-
units are widely expressed, in particular in the
liver, bone marrow, fat tissue, and the central ner-
vous system. it is logical to conclude that CNTF
responsive cells can be identified by the expression
of the third component of the CNTF receptor,
CNTFRu« (see Stahl and Yancopoulos, this issue).
Initial experiments have shown that CNTFRu« is
expressed only in the nervous system and in skele-
tal muscle and not in the liver ( Davis et al., 1991).
This was confirmed by i# situ hybridization experi-
ments that revealed that CNTFR« is expressed
widely throughout the adult peripheral and central
nervous systems, with most of the expression local-
ized to neuronal cells; no significant hybridization
signals were observed in nonneuronal cells, includ-
ing astrocytes, or oligodenrocytes in CNS white
matter (Ip et al., 1993a).

Thus the known effects of CNTF on oligoden-
drocyte differentiation and on other nonneuronal
cells would appear difficult to explain with this sim-
ple model. Subsequent experiments showed that
several cell bines expressing gpl30 and LIFRS
could also respond to CNTF in the absence of
CNTFRe. indicating that CNTFR e 1s not an abso-
lute prerequisite for CNTF signal transduction
(Davis et al.. 1993b; Gearing et al., 1994). How-
ever, the CNTF response was observed at high li-
gand concentrations and it is not clear whether
these high concentrations, necessary for a cellular
response of cells expressing only gp130 and LIFRf
in the absence of CNTFRa. are ever reached in
vivo. A more likely explanation might be that the
expression of CNTFRw in these cells is so low that
it cannot be detected by in situ hybridization. Very
low expression of CNTFRa mRNA (Ip et al.,
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1993a) has now also been shown in liver cells
which react to CNTF by induction of acute phase
proteins, both in virro (Schooltink et al.. 1992;
Nesbitt et al., 1993) and i{n vivo (Dittrich et al.,
1994). This could also be the case in oligodendro-
cytes and their precursor cells. Alternatively,
CNTFRa might not be expressed by oligodendro-
cytes but available in soluble form from other cells
(Davis et al., 1993b), and thus be able to form a
functional receptor after association with gpl30
and LIFRS on the cell surface. This is unlikely, as
purified oligodendrocytes cultured in the absence
of contaminating cells and in serum-free medium,
can respond to CNTF with increased survival
(Barres et al., 1993a). It is important to note that
the concentrations of CNTF necessary for the ef-
fects of CNTF on cultured oligodendrocytes are in
a range from 5 to 100 pg/mL, indicating that the
effect of CNTF on oligodendrocyte survival is me-
diated by high-affinity receptors and not by low-af-
finity recepiors formed by gp130 and LIFRgS.

Initial observations that CNTF affected the dif-
ferentiation of oligodendrocyte precursor cells
were made with bipotential precursor cells which
responded in culture to the addition of CNTF with
the induction of GFAP (Hughes et al., 1988). The
induction of CNTF was transient only, and stable
induction of GFAP in these cells was observed only
when components of the extracellular matrix were
added together with CNTF (Lillien et al., 1990).1n
the optic nerve, CNTF mRNA expression starts
during the first postnatal week, and the levels of
CNTF mRNA and bioactivity remain high up to
adulthood (Stdckli et al., 1991). Most of the oligo-
dendrocytes within the optic nerve are generated
postnatally, and a significant number of oligoden-
drocytes degenerate during a period of several
weeks after birth (Barres et al.. 1992). In cell cul-
ture, isolated oligodendrocytes are dependent on
multiple survival factors from several gene fami-
lies: CNTF (Louis et al., 1993; Barreset al.. 1993a)
LIF and IL-6; neurotrophin-3 ( Barres et al.. 1994)
and insulin-like growth factors-1 and -2 (Barres et
al., 1992). Interestingly, CNTF prevents both natu-
ral and tumor necrosis factor-induced cell death of
cultured oligodendrocytes, both of which are apop-
totic, but not necrotic cell death induced by com-
plement ( Louis et al., 1993). Also in vivo. CNTF,
members of the IGF gene family and neurotro-
phin-3 can increase the number of surviving oligo-
dendrocytes, indicating that all these factors could
have a regulatory function for oligodendrocyte sur-
vival during postnatal life (Barres et al.. 1993b,
1994).

Besides its role on survival and differentiation of
glial cells, CNTF also affects properties of a num-
ber of other cell types. For example, isolated and
purified microglial cells in culture react to CNTF
and LIF by induction of CD4, and the infusion of
CNTF into the brain induces CD4 and CR3 com-
plement receptor immunoreactivity in resting mi-
croglia, indicating that they can be activated to a
reactive, phagocytotic phenotype (Hagg et al.,
1993b) by CNTEF. Liver cells react by induction of
acute phase genes, further illustrating the role that
CNTF could play in inflammatory responses, at
least when administered at pharmacological con-
centrations. It is not clear whether these cells ex-
press CNTFR« or whether soluble CNTFR« 1s nec-
essary for these effects.

The only nonneuronal cells known to express
high amounts of CNTFRa are skeletal muscle cells
(Davis et al., 1992). These cells also express func-
tional LIF receptors, as murine and human myo-
blasts in culture are known to respond to LIF by an
increase of proliferation (Austin et al., 1991,
1992). After denervation, CNTFR« mRNA is rap-
idly up-regulated in skeletal muscle (Davis et al.,
1993), and daily subcutaneus administration of
CNTF could diminish denervation-induced weiglit
loss of the soleus muscle by about 50% (Helgren et
al., 1994), at least during the first week after dener-
vation. It has been supgested that CNTF from
Schwann cells could act as a physiological myotro-
phic factor for skeletal muscle (Ip and Yancopou-
los. 1992: Helgren et al., 1994). However, it is not
clear whether this effect of CN'TF occurs also under
physiological conditions, and whether the endoge-
nous levels of CNTF which could be released from
Schwann cells are high enough to affect denervated
muscle fibers. Transgenic mice lacking endoge-
nous CNTF expression apparently do not show
any reduction in body weight that would be ex-
pected after reduction of the muscle mass. [t would
be interesting to test the possibility of enhanced
muscle atrophy after section of the motor axons in
these mice.

CLINICAL ASPECTS: CNTF AS A DRUG
CANDIDATE FOR THE TREATMENT OF
NEUROMUSCULAR DISORDERS

The finding that CNTF can promote the survival
of embryonic and postnatal motoneurons in cell
culture (Arakawa et al., 1990; Martinou et al.,
1992), during normal development (Oppenheim
et al., 1991) and postnatally after peripheral nerve




lesion (Sendtner et al., 1990) has raised the ques-
tion whether this protein could also be used for
treatment of patients with degenerative motoneu-
ron disorders.

The molecular defect responsible for the degen-
eration of motoneurons in patients is known in
only few cases. A subgroup of patients with familial
amyotrophic lateral sclerosis (ALS) has been
found to hayve mutations in the superoxide dismu-
tase gene (Rosen et al., 1993 ) and in patients suffer-
ing from an X-linked form of spinal muscular atro-
phy, an alteration of the androgene receptor gene
has been observed (La Spada et al.. 1991). The
molecular defect(s) responsible for the large major-
ity of sporadic cases of motoneuron disorders (in
particular ALS) remain(s) unclear.

Several mouse mutants have been used to test
the effectiveness of CNTF in interfering with the
mechanism leading to degeneration of motonen-
rons, including the wobbler (Mitsumoto et al.,
1992), motoneuron degeneration ( mnd) (Helgren
et al., 1992), and progressive motoneuronopathy
(pmn) (Sendtner et al., 1992b,c) mouse mutanis.
The gene defects responsible for the motoneuron
disorders of these mice are still unknown, but they
are independent of each other. Only for the mnd
mouse, which suffers from a late-onset motoneu-
ron disorder with slow progression, has a mecha-
nism responsible for the motoneuron degeneration
(neuronal ceroid lipofuscinosis) been proposed
(Bronson et al., 1993).

In all three mouse mutants, CNTF has been re-
ported to improve motoneuron function, although
the CNTF gene is not involved in these mice and,
at least in wobbler and pmn mice, CNTF expres-
sion is not altered (Kaupmann ¢t al.. 1991; M.
Sendtner, unpublished observations).

In pmn mice, continuous treatment with CNTF
starting at the end of the third postnatal week when
the first signs of muscle weakness are detectable in
the hindlimbs, leads to rescue of more than 30% of
the motoneurons which would otherwise degener-
ate during the following 3 weeks. Furthermore,
CNTF increases the number of myelinated axons
in the phrenic nerve and leads to improved motor
function (Sendtner et al., 1992b.c). indicating that
it not only influences the survival of the motoneu-
ron cell bodies but also axonal integrity, regenera-
tion, and presumably also synaptic activity of the
motoneurons. A significant effect of CNTF on mo-
toneuron function has also been observed in mnd
and wobbler mice (Helgren et al., 1992; Mitsu-
moto et al., 1992).

We have observed that daily subcutaneous in-
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jection of CNTF was much less effective in pmn
mice than continuous supply by intraperitoneally
implanted cells producing and secreting high
amounts of CNTF. This could be due to the short
half-life of CNTF in the circulation. In adult rats,
radioactively labelled CNTF has an initial plasma
half-life of less than 3 min when injected intrave-
nously ( Dittrich et al., 1994). When admuinistered
subcutaneously, CNTF concentrations in the cir-
culation reach a peak between 30 and 60 min later,
and decline to undetectable levelsat 8 h after subcu-
taneous injection (Helgren et al., 1994 ). Afier in-
travenous injection, most of the radiolabelled
CNTF was found in the liver following its assacia-
tion with soluble plasma proteins. One of these
CNTF binding proteins in the blood is probably
the soluble CNTFRe, the other has been demon-
strated to be o2 macroglobulin (Liebl et al.. 1993;
Dittrich et al., 1994). A complex of CNTF and the
soluble CNTFRa could bind to the many cell types
expressing gpl30 and LIFRS, in particular, liver
cells, macrophages, adipocytes. and bone marrow
cells. and induce effects similar to those of LIF.
Mice treated continuously with LIF become se-
verely sick and suffer from cachexia, excess new
bone formation. calcification of skeletal muscle,
and other pathological manifestations (Metcalf
and Gearing, 1989). While such side effects would
also be expected when CNTF is administered sys-
temically, mouse mutants treated with CNTF for
several weeks do not show such severe symptoms.
However it cannot be excluded that such effects are
possible in other species. For example, injection of
CNTF into rabbits induces fever (Shapiro et al.,
1993), and in rats, the mRNAs for acute-phase
proteins, such as haptoglobin, are rapidly up-regu-
lated in the liver after intravenous injection of
CNTF (Dittrich et al., 1994). This response 1s pre-
sumably mediated by specific CNTF receptors,
since CNTF can be cross-linked on liver cell mem-
branes to three proteins with the typical character-
istics of the subunits of the CNTF receptor.
Clinical studies with CNTF in patients with
amyotrophic lateral sclerosis were started in 1992.
CNTF was injected subcutaneously into patients
every other day at a concentration up to 30 ug/kg
of body weight. Side effects, such as fever, cough,
and local reactions, at the injection site were detect-
able, but they could apparently be tolerated by the
patients. [nitial reports from 12 patients treated for
4 months with CNTF showed very encouraging re-
sults (Brookes et al.. 1993). Loss of muscle
strength during this period was about three times
lower in patients treated with CNTF in compari-
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son to patients that had received placebo. How-
ever, results varied greatly from patient to patient,
which could mean that some patients had benefits
from the CNTF treatment, whereas others suffered
from the side effects without any improvement in
motor function. Thus, to improve the clinical effec-
tiveness of CNTF, its administration needs to be
optimized. For example, intrathecally adminis-
tered CNTF would be expected to be more effi-
ciently taken up by motoneurons than CNTF from
the circulation. Side effects resulting from actions
of CNTF on liver cells and macrophages could be
reduced. However, CNTFR« has also been found
in significant quantities in cerebrospinal fluid
(Davis et al., 1993b), and CNTF might exert a se-
ries of undesired side effects such as sterile meningi-
tis caused by the activation of microglia (Hagg et
al., 1993b). CNTF availability might also be im-
proved by continuous administration, as discussed
for the mouse model pmn. Finally, combination
with other motoneuron survival factors such as
BDNF, NT-4/5 or IGF-I (Thoenen et al., 1993)
could prove useful. The appropriate combination
of motoneuron survival factors in lower concentra-
tions could elicit the same therapeutic response as
larger amounts of a single factor. thus reducing the
likelihood of side effects.
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