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Brief Communication

Cardiotrophin-Like Cytokine/Cytokine-Like Factor 1 is an
Essential Trophic Factor for Lumbar and Facial
Motoneurons In Vivo
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The ciliary neurotrophic factor c-receptor (CNTFR«) is required for motoneuron survival during development, but the relevant ligand(s)
has notbeen determined. One candidate is the heterodimer formed by cardiotrophin-like cytokine (CLC) and cytokine-like factor 1 (CLF).
CLC/CLF binds to CNTFRa and enhances the survival of developing motoneurons in vitro; whether this novel trophic factor plays a role
in neural development in vivo has not been tested. We examined motor and sensory neurons in embryonic chicks treated with CLC and
in mice with a targeted deletion of the clf gene. Treatment with CLC increased the number of lumbar spinal cord motoneurons that
survived the cell death period in chicks. However, this effect was regionally specific, because brachial and thoracic motoneurons were
unaffected. Similarly, newborn clf—/— mice exhibited a significant reduction in lumbar motoneurons, with no change in the brachial or
thoracic cord. Clf deletion also affected brainstem motor nuclei in a regionally specific manner; the number of motoneurons in the facial
but not hypoglossal nucleus was significantly reduced. Sensory neurons of the dorsal root ganglia were not affected by either CLC
treatment or clf gene deletion. Finally, mRNA for both clc and cIf was found in skeletal muscle fibers of embryonic mice during the
motoneuron cell death period. These findings support the view that CLC/CLF is a target-derived factor required for the survival of specific
pools of motoneurons. The in vivo actions of CLC and CLF can account for many of the effects of CNTFR« on developing motoneurons.
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Introduction

The ciliary neurotrophic factor (CNTF) receptor, which consists
of a specific ligand-binding subunit, ciliary neurotrophic factor
a-receptor (CNTFRa), and two signal transducing subunits,
gp130 and leukemia inhibitory factor receptor B (LIFRP), is re-
quired for development of the normal complement of spinal and
cranial motoneurons. Mice lacking any of the three receptor
components die perinatally and exhibit significant reductions in
motoneuron number (DeChiara et al., 1995; Li et al., 1995; Na-
kashima et al., 1999). However, the ligand acting through
CNTFRa to control motoneuron number is not known. CNTF
itself is not a secreted protein and is not expressed at appreciable
levels during the cell death period (Stockli et al., 1989). Moreover,
in contrast to the effects of CNTFRa gene deletion, a deletion of
the CNTF gene does not affect motoneuron number during de-
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velopment (Masu et al., 1993). This has led to the proposition
that CNTFRa must serve as a receptor for another developmen-
tally important ligand.

Recently, a heterodimer of cytokine-like factor 1 (CLF) and
cardiotrophin-like cytokine (CLC) was proposed to be the
CNTFRa ligand controlling the survival of developing motoneu-
rons (Elson et al., 2000). CLF (also known as NR6) is a soluble
receptor with significant homology to cytokine type I receptors
(Elson et al., 1998; Alexander et al., 1999). CLC [also known as
novel neurotophin-1/B cell-stimulating factor-3 (NNT-1/BSF-
3)] is a cytokine of the interleukin-6 family with high homology
to CNTF and cardiotrophin-1 (CT-1) (Senaldi et al., 1999; Shi et
al., 1999). When supplied exogenously, CLC activates the CNTF
receptor and supports the survival of embryonic chick motoneu-
rons in culture (Senaldi et al., 1999). Although CLC contains a
putative signaling peptide characteristic of secreted proteins, it is
not secreted when expressed alone (Elson et al., 2000). However,
coexpression of CLC with CLF results in a stable complex (CLC/
CLF), which is efficiently secreted and acts only on cells express-
ing functional membrane-bound CNTF receptors (Elson et al.,
2000; Lelievre et al., 2001). Mice with a targeted deletion of the clf
gene exhibit a phenotype similar to CNTFRa knock-out mice, in
that they fail to suckle and die soon after birth (Alexander et al.,
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1999). Although the brains of clf—/— mice are grossly normal
(Alexander et al., 1999), their neural phenotype has not been
examined in any detail. Therefore, it is not known whether dele-
tion of clf results in the same neural deficits seen in CNTFR«a
mutants. We tested the roles of CLC and CLF by examining the
effects of CLC on neuronal survival in embryonic chicks in vitro
and in vivo, by assessing the effects of clf gene deletion on motor
and sensory neuron number in newborn mice, and by examining
expression patterns of clc and clf in embryonic skeletal muscle.

Materials and Methods

Chick motoneuron cultures. Lumbar spinal cords were dissected from
embryonic day (E) 5 (stage 26) chick embryos, and purified motoneu-
rons were cultured for 48 hr in serum-free medium as described previ-
ously (Milligan et al., 1994). Hindlimb muscles from E16 (stage 42)
embryos were used to prepare muscle extracts (MEXs) as described pre-
viously (Oppenheim et al., 1988). Chick embryo MEX or neurotrophic
factors were added at the following doses, which were shown previously
to optimally support motoneuron survival (Oppenheim et al., 1988; Mil-
ligan et al., 1994; Senaldi et al., 1999): 100 ng/ml CT-1, 100 ng/ml CLC
(generously provided by Giorgio Senaldi, Amgen, Thousand Oaks, CA),
and 10 ng/ml CNTF. Motoneuron survival after 48 hr was expressed
relative to survival in the presence of MEX (Oppenheim et al., 1995).

In ovo treatment with CLC. CLC (5 ug in PBS) or PBS alone was
applied daily through a small window in the shell onto the vascularized
chorio-allantoic membrane of developing chick embryos. Embryos were
treated from E5-E9 and killed on E10. Spinal cords were fixed in Car-
noy’s solution, embedded in paraffin, sectioned at 10 wm, and stained
with thionin. Counts were made as described below of lumbar, brachial,
and thoracic motoneurons, as well as of dorsal root ganglion (DRG)
sensory neurons at the third lumbar segment.

Clf knock-out mice. Mice heterozygous for a targeted deletion of the clf
gene were generously provided by Dr. Warren Alexander (Walter and
Eliza Hall Institute, Melbourne, Australia). Offspring of heterozygous
matings were collected on the day of birth and genotyped by Southern
blotting of tail DNA (Alexander etal., 1999). Brains and spinal cords were
fixed in Bouin’s solution, embedded in paraffin, sectioned at 10 wm, and
stained with cresyl violet. Counts were made of motoneurons in the
brachial [corresponding approximately to cervical segment (C) 1 and
C2], thoracic, and lumbar levels of the spinal cord, as well as in the facial
and hypoglossal nuclei of the brainstem. The number of DRG sensory
neurons was determined at C6. All cell counts were performed blind to
the treatment condition. Motoneurons and DRG sensory neurons were
counted in every fifth section through each population, and sums were
multiplied by five to estimate total cell numbers. Only cells with a large
Nissl-positive soma, in which the nucleus and nucleolus were clearly
visible, were counted using criteria that effectively eliminated the possi-
bility of counting the same cell twice (Clarke and Oppenheim, 1995).

In situ hybridization for clc and clf. Mouse embryos (E14.5-E18.5)
were fixed with 4% paraformaldehyde, cryopreserved in 15% sucrose,
and cut transversely at 16 wm. In situ hybridization was performed as
described previously (Garces et al., 2001), with digoxigenin (DIG)-
labeled clcand clfriboprobes kindly provided by J. F. Gauchat (University
of Montreal, Montreal, Canada). To confirm that muscle fibers, per se,
express clc and clf, double in situ hybridization—-immunohistochemistry
was performed as described previously (Carroll et al., 2001) on sections
from E16.5 myosin-light chain (MLC) nlacZ mice, which express the
nlacZ reporter gene under the control of a muscle-specific myosin-light
chain promoter (Kelly et al., 1997). After in situ hybridization, slides were
rinsed, exposed to a blocking solution, and incubated overnight at 4°C
with rabbit anti-B-Gal. After washes, slides were incubated with biotin-
ylated donkey anti-mouse secondary antibody, washed, and incubated in
ABC streptavidin—HRP. Staining was revealed with DAB in the presence
of H,0,.
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Figure 1.  Effect of CLC, CT-1, and CNTF alone and in combination on the survival of embry-
onic chick motoneurons in culture. Data are expressed as a percentage of survival (mean =
SEM) relative to chick embryo MEX. Data from four independent replications were analyzed by
ANOVA followed by planned comparisons. *, Significantly different from control condition; t,
significantly different from CLC alone.

Results

Effects of CLC, CT-1, and CNTF on motoneuron survival in
embryonic chicks in vitro

Between E5 and E9, approximately one-half of the motoneurons
present in the chick lumbar spinal cord die by programmed cell
death (Hamburger, 1975). CLC, CT-1, and CNTF share common
receptor subunits, and each have been reported to protect embry-
onic chick motoneurons from cell death in vitro (Arakawa et al.,
1990; Senaldi et al., 1999; Oppenheim et al., 2001). We directly
compared the effects of CLC with those of CT-1 and CNTF and
asked whether sparing of motoneurons was increased by combin-
ing trophic factors. Survival was expressed relative to the protec-
tion provided by chick embryo MEX. Lumbar motoneurons col-
lected from E5 chicks either received no treatment (control) or
were exposed for 48 hr to MEX, CT-1, CLC, CNTF, or combina-
tions of the trophic factors. CT-1, CLC, and CNTF each enhanced
motoneuron survival relative to the control condition when pre-
sented alone ( p < 0.0005) (Fig. 1). CLC was as potent a survival
factor as CNTF at the doses tested (~80 and 87% sparing, respec-
tively; p > 0.05) and was somewhat more effective than CT-1 in
this regard ( p < 0.01). The combination of CLC plus CNTF or
CLC plus CT-1 did not further enhance survival over that of CLC
alone (p > 0.05). This confirms that CLC is a potent survival
factor for embryonic chick motoneurons in vitro, and the effects
of CLC are not additive with CNTF or CT-1.

Effect of CLC on neuron survival in ovo

To examine whether CLC could enhance motoneuron survival
during the developmental cell death period in vivo, 5 ug of CLC
was administered to embryonic chicks from E5-E9. Embryos
were killed on E10, and counts were made of motoneurons in the
lumbar, brachial, and thoracic spinal cord. CLC resulted in a
significant 35% increase in the number of lumbar motoneurons
surviving the cell death period (Table 1) ( p < 0.002). However,
CLC had no effect on brachial or thoracic motoneuron number
(p>0.20and p > 0.35, respectively). In contrast to the involve-
ment of the CNTF receptor in motoneuron development, sen-
sory neurons of the DRG were not affected by the deletion of
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Table 1. Neuron number (mean =+ SEM) on E10 in chicks treated with PBS or CLC
from E5 to E9

Control (PBS) (LC Percentage of control
Brachial (n = 6) 9080 = 594 8350 = 369 92ns
Thoracic (n = 3) 1180 = 59 1210 = 52 103 ns
Lumbar (n = 6) 11704 = 284 15783 = 404 135, *p < 0.002
L3DRG (n = 3) 10346 = 197 10562 = 143 102 ns

ns, No significant difference between groups; n, number of animals in each group.

Table 2. Neuron number (mean =+ SEM) in newborn clf+/+ and cif— /— mice

df+/+ df—/— Percentage of control

Spinal cord

Brachial (n = 6) 2672 = 160 2420 =182 91ns

Thoracic (n = 3) 1870 =+ 163 1735 =+ 107 93ns

Lumbar (n = 8) 2741 = 147 2018 = 140 74,%p < 0.012

C6DRG (n =3) 5642 * 281 5452 * 394 97 ns
Brainstem

Facial (n = 5) 3953 = 127 2841 £ 280 72,%p < 0.01

Hypoglossal (n = 5, 3) 1158 = 160 1060 = 039 92ns

ns, Nossignificant difference between groups; n, number of animals in each of the two groups except for hypoglossal,
in which five clf+/+ and three cff—/— brains were examined.

CNTFRa (DeChiara et al., 1995). Similarly, counts of DRG neu-
rons at lumbar segment 3 indicated that the survival of sensory
neurons was not affected by CLC administration in embryonic
chicks ( p > 0.20) (Table 1).

Effects of clf gene deletion in newborn mice

Although CLC can rescue motoneurons when provided exog-
enously, CLC is not secreted from cells unless coexpressed with
the soluble receptor CLF (Elson et al., 2000). Thus, if CLC/CLF is
an essential trophic factor acting through CNTFR« to spare de-
veloping motoneurons, then deletion of CLF should reduce mo-
toneuron survival. To test this, we compared motoneuron num-
ber in clf+/+ and clf—/— mice. CIf gene deletion reduced the
total number of lumbar motoneurons in newborn mice by 26%
(Table 2) ( p <0.012). Preliminary analysis suggests that a single
copy of the clf gene may suffice to maintain normal motoneuron
number, because counts in the lateral horn of the lower lumbar
spinal cord (L5-L6) of clf+/— mice (357 = 6) are greater than
those in knock-out mice (270 = 12; p < 0.001) and equivalent to
those in wild-type animals (362 = 13; p > 0.70 vs clf+/—).

The effect of clf gene deletion on spinal motoneuron number
was specific to the lumbar spinal cord, because there was no
difference in the number of brachial or thoracic motoneurons
between clf+/+ and clf—/— mice (Table 2). Regionally specific
effects were also found for brainstem motoneurons: clf deletion
significantly decreased the number of facial motoneurons (p <
0.01) but did not affect the number of hypoglossal motoneurons.
The absence of cIf also did not affect the number of sensory neu-
rons in the mouse DRG (Table 2).

Expression of clc and clf in embryonic mice

If the CLC/CLF complex is a target-derived trophic factor for
motoneurons, then one would expect expression of CLC and CLF
in developing striated muscle. Previously, cIf mRNA was reported
in limb buds of E11.5 mouse embryos (Alexander et al., 1999),
but expression specifically within developing muscle has not been
examined. Motoneuron loss in mice lacking gp130, a signaling
component of the CNTF receptor, occurs between E14.5 and
E18.5 (Nakashima et al., 1999). By in situ hybridization, we found
that both clc and clf mRNAs are expressed in muscle tissue of
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embryonic mice on E16.5 (Fig. 2). Although staining intensity
varies from muscle to muscle, signal is detected in muscles
throughout the embryo, including in the forelimbs, trunk, hind-
limbs, and the head and neck region. A similar pattern of expres-
sion of clc and cIf was observed on E14.5 and E18.5 (data not
shown). To confirm the identity of the positive cells, we used
transgenic mice with the nlacZ reporter gene under the control of
the muscle-specific MLC promoter (Kelly et al., 1997). Com-
bined in situ hybridization and immunohistochemistry con-
firmed that many clc * and clf * cells are in fact muscle fibers (Fig.
2). Thus, clc and clf are both expressed in skeletal muscles during
the motoneuron cell death period.

Discussion

CLC attenuated motoneuron cell death in embryonic chicks in
vitro and in vivo. In addition, cIf gene deletion reduced the num-
ber of motoneurons in the lumbar spinal cord and facial nucleus
of newborn mice, indicating that expression of this soluble recep-
tor is required for development of the normal complement of
spinal and cranial motoneurons. Because biological activity of
CLF has been demonstrated only when bound to CLC (Elson et
al., 2000; Lelievre et al., 2001), it is likely that the motoneuron loss
in clf knock-out mice is attributable to loss of the secreted CLC/
CLF heteromer. Finally, we observed expression of both clcand clf
in muscle fibers of embryonic mice. Together, these findings sug-
gest that CLC/CLF is a target-derived trophic factor selectively
required for the survival of motoneurons, including lumbar and
facial motoneurons, during the developmental cell death period.

A large number of trophic factors that enhance motoneuron
survival when supplied exogenously have been identified (for
review, see Oppenheim, 1996; Kilpatrick and Soilu-Hénninen,
1999). Nonetheless, it is somewhat unusual for the disruption of
asingle growth or trophic factor gene to affect motoneuron num-
ber (Elliott and Snider, 1996), presumably because redundancy
in trophic factor supply is able to compensate for the loss of most
individual factors. CLC/CLF now joins glial cell line-derived neu-
rotrophic factor (GDNF) and cardiotrophin-1 as factors essential
for the normal development of motoneuron number (Moore et
al., 1996; Oppenheim et al., 2001). However, the requirement for
CLC/CLF appears to be regionally specific. CIf gene deletion in
mice did not affect cell number in the rostral spinal cord or in
the hypoglossal nucleus; similarly, brachial and cervical moto-
neurons were not rescued by CLC administration in chicks.
These observations add to a growing body of evidence suggest-
ing that subpopulations of motoneurons differ in their trophic
requirements.

For example, GDNF is required for the survival of distinct
subpopulations of motoneurons, which can be defined by their
pattern of receptor expression and location in the spinal cord
(Garces et al., 2000; Oppenheim et al., 2000). Similarly, hepato-
cyte growth factor is a more potent survival factor for limb than
for nonlimb motoneurons (Yamamoto et al., 1997; Novak et al.,
2000), a difference that may be attributed to differential expres-
sion of the c-met receptor. Expression of the fibroblast growth
factor receptor is also restricted to specific motor pools (Philippe
et al., 1998). Such regional specificity in receptor expression
could result from differential expression of homeodomain tran-
scription factors within motoneuron subclasses during early de-
velopment (Pfaff and Kintner, 1998) and from influences of pe-
ripheral targets or afferent inputs. This raises the question of
whether there is differential expression of the receptors for CLC/
CLF at different spinal and cranial sites. We noted that the CNTF
a-receptor is expressed in subsets of lumbar motor pools that
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knock-out mice. We observed a 28% re-
duction in the number of facial nucleus
motoneurons, which is slightly lower than
the reduction reported in the facial nu-
cleus of CNTFRa, LIFRp, or gp130 mu-
tants (losses of 33—-41%). Similarly,
CNTFRe, LIFRB, and gp130 mutants dis-
play a reduction in lumbar motoneurons
of ~30-40% (DeChiara et al., 1995; Li et
al., 1995; Nakashima et al., 1999), com-
pared with a 26% reduction in the lumbar
motor column seen in CLF mutants.

Given the regional specificity of CLC ac-
tion and cIf deletion observed here, it
would be of interest to know whether mo-
toneurons in the thoracic or brachial spi-
nal cord are affected in mice lacking
CNTFRe, LIFRB, or gpl130. However, as
far as we are aware, spinal motoneurons
outside the lumbar motor column have
not been examined in any of the three re-
ceptor mutants.

There is at least one effect of CNTFR«

Figure 2.

innervate specific leg muscles in the chick embryo (T. Gould and
R. Oppenheim, unpublished observations). However, we are not
aware of reports demonstrating differences among motoneuron
groups in the expression of CNTF receptor components that
would explain the pattern of results observed here. CNTFRa ap-
pears to be expressed by most motoneurons in rodents (MacLen-
nan et al., 1996; Lee et al., 1997; Forger et al., 1998), but receptor
expression has not been analyzed quantitatively, and the chal-
lenging triple labeling which would be required to identify all
three receptor subunits required for CNTF or CLC/CLF signaling
within individual motor pools has not been performed.

Differential expression of CLC and CLF by target muscles
could also account for regional differences in the effect of clf gene
deletion. However, that explanation seems unlikely here. Clc and
clf mRNAs were found not only in hindlimb muscles (i.e., the
targets of lumbar motoneurons) but also in muscles innervated
by motoneurons not affected by cIf gene deletion (e.g., trunk
muscles and tongue). In addition, administration of CLC to em-
bryonic chicks rescued lumbar but not brachial or thoracic mo-
toneurons, arguing against the idea that regional specificity is
attributable to availability of the trophic factor and suggesting
instead regional variability in responsiveness or intracellular
signaling.

The CLC/CLF heteromer has been proposed as the develop-
mentally relevant ligand acting through the CNTF receptor (El-
son etal., 2000). Loss of any of the three CNTF receptor subunits,
CNTFRe, LIFRp, or gp130, results in a significant reduction in
spinal and cranial motoneurons (DeChiara et al., 1995; Li et al.,
1995; Nakashima et al., 1999), and a comparison of the effects of
clf gene deletion with previous reports suggests that CLC/CLF can
account for much of the motoneuron loss seen in the receptor

Detection of clc (A) and clf (B) mRNAs (blue staining) in transverse sections of E16.5 mouse embryos at the lumbar
level by in situ hybridization. Muscle tissue is positive for both probes (arrows). Also note c/f expression in the kidney as described
by Alexander et al. (1999). The identity of the clc- or c/f-positive cells as muscle fibers was confirmed by double staining. /n situ
hybridization using DIG-labeled probes for clc ( () and cff (D) was performed on sections of thigh muscles from E16.5 MLCnlacZ
mice, which express the nlacZreporter gene under the control of a muscle-specific MLC promoter. Subsequently, the sections were
processed for immunohistochemical detection of 3-Gal. Strongly clc- or clf-positive cells (blue cytoplasmic staining) are also
B-Gal positive (brown nuclear staining). Arrows indicate double-labeled cells. s¢, Spinal cord; k, kidney; ¢, cartilage.

deletion that does not seem to be ex-
plained by the loss of CLC/CLF signaling.
We did not observe a significant effect of
clf gene deletion on hypoglossal motoneu-
rons, in contrast to a >50% reduction re-
ported in the hypoglossal nucleus of
CNTFRa—/— mice (DeChiara et al.,
1995). It has been reported recently that
coexpression of CLC and CNTFRa in
mammalian cells in vitro generates a secreted cytokine (CLC/
CNTFRa) displaying activities on cells expressing the receptors
gp130and LIFRB (Plun-Favreau et al., 2001). If this also occurs in
vivo, the absence of secreted CLC/CNTFRa complexes may ac-
count for effects seen in CNTFRa knock-out mice but not clf
knock-out mice. This could be tested in the future by examining
the effects of clc gene deletion on cranial and spinal motoneurons.
In summary, our findings support the proposal by Elson et al.
(2000) that CLC/CLF is an important, endogenous CNTFRa li-
gand required for normal neural development, but we do not rule
out the possibility that there may be additional, as yet unknown,
factors that also signal through the CNTF receptor.
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