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Arrest of Motor Neuron Disease in wobbler Mice
Cotreated with CNTF and BDNF

Hiroshi Mitsumoto,* Ken lkeda,t Bogdan Klinkosz,
Jesse M. Cedarbaum, Vivien Wong, Ronald M. Lindsay*

Ciliary neurotrophic factor (CNTF) and brain-derived neurotrophic factor (BDNF) each
promote the survival and differentiation of developing motor neurons, but do so through
distinct cellular signaling pathways. Administration of either factor alone has been shown
to slow, but not to arrest, progression of motor neuron dysfunction in wobbler mice, an
animal model of motor neuron disease. Because CNTF and BDNF are known to synergize
in vitro and in ovo, the efficacy of CNTF and BDNF cotreatment was tested in the same
animal model. Subcutaneous injection of the two factors on alternate days was found to
arrest disease progression in wobbler mice for 1 month, as measured by several behav-

ioral, physiological, and histological criteria.

The cytokine CNTF promotes the survival
and differentiation of developing motor
neurons in culture (1), rescues developing
chicken motor neurons from death in ovo,
and retards axotomy-induced death of facial
nerve motor neurons in the neonatal rat
(2). Administering CNTF to mice with in-
herited neuromuscular deficits slows but
does not halt disease progression (3, 4).
BDNF, a member of the neurotrophin fam-
ily of neurotrophic factors, promotes the
survival or differentiation of rat and chick-
en motor neurons in vitro and in vivo (5,
6), and synergistic interactions between
BDNF and CNTF have been observed in
studies with cultured rat neurons and in ovo
6, 7).

To assess the potential synergistic effects
of CNTF and BDNF in vivo, we adminis-
tered these factors to wobbler mice, an ex-
tensively characterized animal model of
motor neuron disease relevant to amyotro-
phic lateral sclerosis and spinal muscular
atrophy (8, 9). Mice with this inherited
defect display forelimb muscle weakness be-
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ginning at 3 to 4 weeks of age, after which
progressive paralysis, denervation atrophy,
and contracture develop rapidly. Perikaryal
vacuolar degeneration and neuron loss oc-
cur in the anterior horn of the spinal cord.
Administration of CNTF alone (4) or (to a
lesser extent) BDNF alone (10, 11) has
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been shown to slow disease progression in
these mice.

Upon diagnosis, 15 affected wobbler mice
were randomly assigned to one of two treat-
ment groups that received alternating doses
of CNTF [1 mg per kilogram of body weight
(mg/kg)] and BDNF (5 mg/kg) three times
per week (n = 8) or vehicle solutions (n =
7) (12) for 4 weeks. All studies were blinded
(13). Drug or vehicle was given by subcu-
taneous injection to the shaved lumbosacral
area under halothane anesthesia. In a sep-
arate experiment, CNTF (1 mgkg) or
BDNF (5 mg/kg) alone was given five times
per week to each of two groups of six wob-
bler mice for 4 weeks. All animals showed
normal weight gain, and no adverse effects
were seen in any of the treatment groups.
The wobbler mice treated with vehicle so-
lution showed a loss of grip strength (Fig.
1A), and paw position abnormalities pro-
gressed from mild to very severe (Fig. 1B).
In contrast, the mice injected on alternate
days with CNTF and BDNF showed no loss
of mean grip strength, and paw position
abnormalities showed no change. Several of

Fig. 1. Comparison of forelimb muscle function
(A) and gradation of paw position abnormalities
(B) in wobbler mice treated with vehicle solution (n
= 7) or CNTF plus BDNF (n = 8). Shown in (A) are
individual scores and means of grip strength mea-
surements made at base line (3 to 4 weeks of age)
and at weekly intervals for 4 weeks. Starting from
the same base line, vehicle-treated mice (open
circles) rapidly and progressively lost grip
strength, whereas mice treated with CNTF and
BDNF (solid circles) as a group maintained their
initial grip strength. Grip strength differed signifi-
cantly between the two groups at and after week
1 (P < 0.0005). The solid lines indicate the means
for each group. Almost half the mice cotreated
with CNTF and BDNF attained a grip strength that
was comparable to that of 10 unaffected litter-
mates, as shown in the shaded area (mean grip
strength = SD at 4 and 8 weeks of age). In (B),
paw position abnormalities were graded as
shown in the upper panel. All animals started as
grade 1 (72). Over the course of 4 weeks, most of
the vehicle-treated mice were judged to be grades
3 or 4, whereas mice cotreated with CNTF and
BDNF did not go beyond grade 1.
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the affected mice cotreated with CNTF and
BDNF showed gains in grip strength over 4
weeks that were similar to those of healthy
littermates (shaded area, Fig. 1A).

The results of the CNTF and BDNF
cotreatment experiment were compared
to those obtained with CNTF or BDNF
alone in our present and previous studies
(4, 10, 11). Although treatment with
CNTF or BDNF alone partially attenuat-
ed grip strength loss (Fig. 2A) and re-
duced running speed decline (Fig. 2B),
only the combination of CNTF and
BDNEF arrested changes in these parame-
ters and halted the progressive develop-
ment of paw position abnormalities (Fig.
2C). In previous experiments, CNTF
alone (three times per week; n = 27)
slowed the latter (4), whereas with a small
group of BDNF-treated animals (n = 10)
no statistical differences from results in
vehicle-treated animals were found (10,
11). More frequent administration of
BDNF alone (five versus three times per
week) was not significantly more effica-
cious in retarding loss of grip strength in
our study. Although treatment with
CNTF alone five times per week slowed
grip strength loss to a greater degree than
treatment three times per week, this ar-
rest was still significantly less effective
than cotreatment with CNTF and BDNF.

CNTF and BDNF cotreatment pre-
served the forelimb musculature, as shown
by the wet weight of the biceps muscle,
which was 70% greater (P < 0.005) than
that of vehicle-treated controls (14). Con-
sistent with their arrest of the decline in
grip strength and muscle weight, CNTF and
BDNF cotreatment augmented muscle
twitch tension by approximately twofold, as
measured in vivo in the biceps muscle (P <
0.001) and in vitro in the biceps-triceps
muscle pair (P < 0.01) (15).

Histological analyses (Fig. 3, A to C)
revealed that the 4-week cotreatment
with CNTF and BDNF attenuated muscle
fiber atrophy (16). The vehicle-treated
wobbler mice showed severe denervation-
induced atrophy of the biceps muscle by 8
weeks of age (Fig. 3B). At this stage, the
mean myofiber diameter of such mice was
about 42% (~18 pm) that of normal
littermates (Fig. 3D). Sections of biceps
muscle from wobbler mice cotreated with
CNTF and BDNF (Fig. 3C) displayed less
myofiber atrophy than did vehicle-treated
wobbler mice; the mean myofiber diameter
(~29 um) of these animals was 65% that
of healthy littermates (Fig. 3D). Further-
more, the percentage of atrophied (pre-
sumably denervated) muscle fibers that
were <8 pm in diameter was markedly
reduced in the mice cotreated with CNTF
and BDNF.

Finally, to assess the effects of CNTF-
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Fig. 2. Effects of treatment with CNTF alone,
BDNF alone, and the CNTF-BDNF combination
are compared from five separate experiments:
CNTF and BDNF cotreatment (solid squares),
CNTF five times per week (solid triangles),
BDNF five times per week (open triangles),
CNTF three times per week (4) (open circles),
and BDNF three times per week (70, 71) (solid
circles). Each experiment had a vehicle-treated
control group, and the resulits of treatment are
expressed as a percentage of the mean of ve-
hicle-treated control in each case (the broken
line represents the control group at 100%). After
4 weeks, grip strength (A) in the CNTF-BDNF-
cotreated group was 5.5-fold greater than that
in vehicle-treated mice. ANOVA showed that
the combination treatment was significantly bet-
ter than any other treatment, with P < 0.001 for
all groups tested. Similar effects were observed
with running speed (B). Running speed in the
cotreatment group was threefold greater than
that of the vehicle-treated mice after 4 weeks.
The cotreatment was better than treatment with
CNTF or BDNF alone five times per week (P <
0.01) and also significantly better than CNTF or
BDNF three times per week (P < 0.001). The
symbols in (B) are the same as in (A). Whereas
CNTF or BDNF three times per week slowed
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progression of paw position abnormalities (C), the CNTF and BDNF cotreatment arrested the

progression of these abnormalities at grade 1.

BDNF cotreatment on cervical motor
neurons, we measured the mean number
and diameter of myelinated fibers in the
cervical ventral roots C5 and C6 and
determined the mean number of choline
acetyltransferase (ChAT)-positive neu-
rons per section in cervical segments C1
through C7 (17). Most myelinated fibers
in the ventral roots of vehicle-treated
wobbler mice were <5 pm in diameter
(Fig. 4A), whereas those in CNTE-

Fig. 3. Photomicrographs of sections of
biceps muscles from 8-week-old mice.
(A) Healthy littermate. (B) Vehicle-treated
wobbler mouse. (C) wobbler mouse co-
treated with CNTF and BDNF for 4 weeks
(scale bars = 50 um). (D) Plot of the
percentage distribution of muscle fiber
diameters in untreated healthy litter-
mates (n = 6; solid triangles) and in wob-
bler mice treated with vehicle (n = 9;
solid circles), BDNF alone (n = 10; open
circles), CNTF alone (n = 9; solid
squares), and CNTF plus BDNF (n = 6;
open squares). The shaded peak on the
left highlights the high percentage of
small atrophied fibers in vehicle-treated
wobbler mice. In this group, 14% of mus-
cle fibers were <8 pm in diameter (verti-
cal line). Treatment with CNTF or BDNF
alone three times per week reduced the
percentage of small fibers to 3.7 and
3.6%, respectively (both P < 0.001). Co-
treatment with CNTF and BDNF reduced
this percentage further to 1.3%, which
was significantly lower than that seen
with other treatments (P < 0.001).

Distribution (%)
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BDNF-cotreated mice were typically >5
pm in diameter. Furthermore, CNTEF-
BDNF cotreatment reduced the loss of
myelinated fibers evident in untreated
wobbler mice (Fig. 4B). Vehicle-treated
wobbler mice had fewer ChAT-immu-
nopositive motor neurons than did nor-
mal littermates (Fig. 4C). This neuron
loss was entirely prevented with cotreat-
ment but was unaffected by treatment
with CNTF or BDNF alone (11).
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Fig. 4. Comparison of the diameter (A) and mean number (B) of myelinated ventral root nerve fibers (C5
and C6) and the number of ChAT-immunopositive motor neurons (C) in vehicle- and CNTF-BDNF-
cotreated wobbler mice. CNTF and BDNF cotreatment (black) shifted to a larger fiber diameter than the
vehicle treatment (white). The mean fiber diameter increased from 4.6 wm in vehicle-treated mice (n = 5)
to 6.0 wm in cotreated mice (n = 6; P < 0.002). The mean number (+SD) of myelinated fibers in the
cotreated wobbler mice was 30% greater than that in vehicle-treated animals but still less than that in
healthy littermates (n = 6). The mean number (+SD) of ChAT-immunopositive neurons per section in the
cervical spinal cord was greater in wobbler mice cotreated with CNTF and BDNF (0 = 6) than in
vehicle-treated animals (n = 7) and was similar to that found in healthy littermates (n = 4). A single asterisk
indicates P < 0.03 and a double asterisk indicates P < 0.01 in comparison to vehicle-treated mice.

The synergism of CNTF and BDNF in
the wobbler mouse is consistent with their
synergistic effects on motor neurons in
vitro and with the direct effect of CNTF
on muscle in vivo (6, 18). Unlike BDNF,
CNTF may exert its beneficial effect in
wobbler mice through direct action on
muscle, as CNTF reduces atrophy of skel-
etal muscle induced by denervation (18).
Although they have several overlapping
activities, BDNF and CNTF are members
of very different classes of molecules and
signal through distinct cell surface recep-
tors that activate distinct, as well as over-
lapping, signaling cascades. BDNF and
the related factor neurotrophin-4/5 are
highly basic polypeptides that, as ho-
modimers, activate responsive cells by
high-affinity binding to the tyrosine ki-
nase receptor (TrkB), a member of the
Trk family (reviewed in 19) that is ex-
pressed in motor neurons (6, 20). Recep-
tor-mediated retrograde axonal transport
of BDNF to motor neurons has been
found after peripheral application of
BDNF (21), providing a rationale for the
systemic effectiveness of BDNF on neu-
rons that have cell bodies within the cen-
tral nervous system (CNS). Although
mice homozygous for a null mutation in
the gene encoding BDNF have a normal
complement of motor neurons at birth
(22), mice lacking functional TrkB recep-
tors show a significant loss of motor neu-
rons and die shortly after birth (23).

CNTF is related to the cytokines leuke-
mia inhibitory factor (LIF), oncostatin M,
and interleukin-6 and signals through the
CNTF receptor complex, which consists of
CNTFRa, LIFRB, and gpl30 (24). Al-

though exogenous CNTF is very potent in
promoting the survival of responsive neu-
rons in vitro and after axotomy in vivo, the
role of CNTF in neuronal development and
maintenance is not clear, especially as
CNTEF is devoid of a signal sequence nor-
mally associated with secreted proteins. Fur-
thermore, mice that are homozygous null
for the gene encoding CNTF appear to
develop normally and show motor neuron
loss only as adults (25). It has thus been
suggested that CNTF may function primar-
ily as an injury factor, released from non-
neuronal cells in response to nerve damage
(26). CNTF is present normally in large
amounts in myelin-associated Schwann
cells, but these levels drop substantially af-
ter peripheral nerve damage (27). In con-
trast, CNTF levels are up-regulated in as-
trocytes surrounding sites of traumatic inju-
ry (28). After axotomy of basal forebrain
cholinergic neurons in the adult rat, infu-
sion of CNTF has been shown to prevent
loss of the damaged neurons although
ChAT levels are not restored (29). In the
same paradigm, netve growth factor and
BDNF rescue both neurons and their appro-
priate ChAT phenotype (30). ,
These findings, coupled with the wide-
spread distribution of CNTFRa in the
CNS (31), support the hypothesis that
CNTF is a broadly acting neuroprotectant
that can act in concert with more specific
neurotrophic agents to restore neuronal
function after trauma. Not only is
CNTFRa expressed on adult motor neu-
rons, but like BDNF, CNTF undergoes
receptor-mediated  retrograde  axonal
transport to the cell bodies of injured
motor neurons (32). CNTF and BDNF
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cotreatment arrested the development of
severe motor dysfunction that occurs rap-
idly in wobbler mice after the onset of an
inherited motor neuron disease at around
4 weeks of age. The additive and possibly
synergistic effects of CNTF and BDNF
cotreatment were predicted from previous
in vitro studies and probably reflect the
distinct receptors and signaling pathways
of these two factors.

REFERENCES AND NOTES

1. Y. Arakawa, M. Sendtner, H. Thoenen, J. Neurosci.
10, 3507 (1990).

2. M. Sendtner, G. W. Kreutzberg, H. Thoenen, Nature
345, 440 (1990); R. W. Oppenheim, D. Prevette, Y.
Qin-Wei, F. Callins, J. MacDonald, Science 251,
1616 (1991).

3. M. Helgren et al., paper presented at the 22nd An-
nual Meeting of the Society for Neuroscience, Ana-
heim, CA, 25 to 30 October 1992; M. Sendtneret al.,
Nature 358, 502 (1992).

4, H. Mitsumoto et al., Ann. Neurol., in press. For the
recombinant human CNTF study, we used a large
number of mice (n = 54) because the power calcu-
lation based on an earlier preliminary study with re-
combinant rat CNTF suggested the need for such a
large number.

5. C. E.Hendersonetal., Nature 363, 266 (1993); R. W.
Oppenheim, Y. Qin-Wei, D. Prevette, Q. Yan, ibid.
360, 755 (1992); Q. Yan, J. Eliiott, W. D. Snider, ibid.,
p. 753; M. Sendtner, B. Holtmann, R. Kolbeck, H.
Thoenen, Y.-A. Barde, ibid., p. 757; V. E. Koliatsos,
R. E. Clatterbuck, J. W. Winslow, M. H. Cayouette,
D. L. Price, Neuron 10, 359 (1993).

6. V. Wong, R. Arriaga, N. Y. Ip, R. M. Lindsay, Eur. J.
Neurosci. 5, 466 (1993).

7. R. W. Oppenheim, D. Prevette, S. McKay, C. Card-
well, paper presented at the 23rd Annual Meeting of
the Society for Neuroscience, Washington, DC, 7 to
12 November 1993.

8. L. W. Duchen and S. J. Strich, J. Neurol. Neurosurg.
Psychiatry 31, 535 (1968); H. Mitsumoto, A. L. Ferut,
K. Kurahashi, I. G. McQuarrie, Muscle Nerve 13, 121
(1990); M. M. Poliin, S. McHanwell, C. R. Slater, J.
Neurocytol. 19, 29 (1990); A. Papapetropoulos and
W. G. Bradley, J. Neurol. Neurosurg. Psychiatry 35,
60 (1972). Neuronal degeneration in the brains of
wobbler mice is detectable but rare, and thus this
animal disease is considered as a model for primary
lower motor neuron disease.

9. H. Mitsumoto and W. G. Bradley, Brain 105, 811
(1982).

10. K. lkeda et al., paper presented at the Annual Meet-
ing of the American Neurological Association, Bos-
ton, MA, 18 to 20 October 1993.

11. K. Ikeda et al., unpublished data.

12. Recombinant human BDNF (2.5 mg/mi; Amgen-Re-
generon Partners) and recombinant human CNTF
(0.5 mg/ml; Regeneron) were produced by expres-
sion and purification from Escherichia coli and inac-
tive vehicle solution as described (27) [P. Masia-
kowski et al., J. Neurochem. 57, 1003 (1991)]. Vehi-
cle for BDNF was 0.9% saline and bovine serum
albumin (0.5 mg/ml) and that for CNTF was 12 mM
phosphate and 10 mM lactate with 5% mannitol (pH
4.5).

13. All animal experiments were conducted under proto-
cols approved by the Cleveland Clinic Institutional Ani-
mal Research Committee in accordance with NIH
guidelines. Body weight, semiquantitative paw and
forelimb grading scales, and forelimb grip strength
were determined weekly in wobbler mice treated with
CNTF and BDNF (n = 8), with CNTF alone for § days (n
= 6), with BDNF alone for 5 days (7 = 6), and with
vehicle (n = 7) and in normal littermates (n = 10). The
semiquantitative grading scales were classified as
grade 0, normal; grade 1, atrophy of paw fingers; grade
2, curled fingers; grade 3, curled wrists; and grade 4,
forelimbs flexed to chest. When wobbler mice were
diagnosed at 3 to 4 weeks of age, paw abnormalities
were graded as grade 1. Grip strength of the fore-

1109




paws—the maximum muscle strength in the forelimbs
(measured in grams)—was measured by holding the
mice in the air and allowing them to grasp with both
forepaws a horizontal wire strain gauge connected to a
dynamometer [W. E. Kozachuk, H. Mitsumoto, V. D.
Salanga, G. J. Beck, F. Wilber, J. Neurol. Sci, 78, 2563
(1987)] (4). The differences between the two groups
(treated and normal) in quantitative measurements
were analyzed with the unpaired ¢ test. For multiple
group comparisons, analysis of variance (ANOVA) was
used. All tests were two-sided; the significance level (o)
was set at 0.05.

14. The mean (+SD) biceps muscle weight was 7.9 *
2.4 mgin cotreated mice (n = 8)and 4.4 = 0.9 mgin
vehicle-treated mice (n = 7) (P < 0.005).

15. K. lkeda and H. Mitsumoto, Muscle Nerve 16, 979
(1993); H. Mitsumoto et al., unpublished data.

16. The right biceps muscle was dissected, weighed,
rapidly frozen, serially sectioned (10 pm), and
-stained with acid, intermediate, and routine alka-
line phosphatase. The mean diameter of muscle
fibers was calculated with a morphometric pro-
gram (Jandel Sigmascan, San Rafael, CA) and.was
derived from counts (performed in a blinded fash-
ion) of >1000 muscle fibers in randomly selected
areas.

17. Foranalysis of ventral root fibers, a separate group of
six wobbler mice was cotreated with CNTF and

Bl TECHNICAL COMMENTS

BDNF as described in the text. At the end of treat-
ment, the animals were perfused intracardially with
3.6% buffered glutaraldehyde. The C5 and C6 ven-
tral roots were embedded in epoxy resin and cut in
0.5-pum sections. Myelinated fibers were counted by
a blinded observer as described (8, 9) by use of the
Jandel Sigmascan histometric system. For motor
neuron counts, the entire cervical cord (C1 to C7)
was dissected, fixed overnight in 4% paraformalde-
hyde, and stored in 30% sucrose. Serial 30-pum fro-
zen sections were stained for ChAT with a polyclonal
antibody (Chemicon) on the basis of techniques pre-
viously described (6). Spinal motor neurons were
counted in every twelfth section by a blinded observ-
er. Six untreated wobbler mice and four healthy lit-
termates were studied separately (77).

18. M. Helgren et al., Cell 76, 493 (1994).

19. R. M. Lindsay, in Neurotrophic Factors, S. E. Lough-
lin and J. Fallon, Eds. (Academic Press, New York,
1993), pp. 257-284; M, V. Chao, Neuron 9, 583
(1992); D. Glass and G. D. Yancopoulos, Trends Cell
Biol. 3, 262 (1993).

20. P.Ernfors, J. P. Merlio, H. Persson, Eur. J. Neurosci.
4, 1140 (1992); J. P. Merlio, P. Ernfors, M. Jaber, H.
Persson, Neuroscience 51, 513 (1992).

21. P. S. DiStefano et al., Neuron 9, 983 (1992).

22. K. R. Jones, |. Farinas, C. Backus, L. F. Reichardt,
Cell 76, 989 (1994); P. Ernfors, K.-F. Lee, R.

Phylogenetic Analysis of a Reported
Complementary DNA Sequence

In the sequence reported as the comple-
mentary DNA (cDNA) of 12-kD human B
cell. growth factor [(1), original GenBank
entry accession number M15530], 54 out of
124 codons were predicted to be derived
from an Alu fragment. In addition to the
originally described Alu element that was
predicted to contribute the 32 COOH-ter-
minal amino acids, we identified a second
Alu fragment that coded for the 22 NH,-
terminal residues (Fig. 1). The unusually
high Alu content suggested that these re-
peats might be instrumental in the emer-
gence of new proteins. To reconstruct the
underlying events, we undertook the phy-
logenetic analysis of the corresponding se-
quence. The contributing repeats (Fig. 1)
belong to the old Alu subfamilies, Sx and ],
which have been present in primates for
over 35 million years (2). We studied this
region in several primates including New
World monkeys and prosimians. Six ampli-
fication primers based on the reported se-
quence (1) were used in different combina-
tions in order to compensate for possible
mismatches between species. DNAs from
Old World monkeys (OWM), gibbon, great
apes, and humans amplified well with most
primer combinations. The apparent length
of the PCR products were as predicted from
the M15530 clone, indicating that the lat-
ter was colinear with the genomic locus.
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genomic locus analyzed here, or (iii) the
differences represented an edited transcript.

The first possibility is contradicted by
the following analysis. The locus in ques-
tion is at least as old as the phylogenetic
divergence of OWM. Therefore, a similar
number of changes should separate the in-
tronless pseudogene in OWM, apes, and
humans from the original active sequence
evolving independently (dotted line in Fig.
2). However, this cannot be the case for
M15530, which appears as the closest rela-
tive of the genomic human sequence (Fig.
2). It differs at only four positions from the
human genomic sequence and at 11, 14, 21,
50, and 51 positions from chimpanzee, go-
rilla, gibbon, baboon, and macaque genom-
ic sequences, respectively (4).

The second scenario is improbable as it
would require a series of fortuitous events
during a short evolutionary time period
(Fig. 2). Duplication of the genomic locus
analyzed here would have to be followed by
nucleotide substitution and two deletions
extending the reading frame, gain of a tis-
sue-specific promoter, and an intron cap-
ture, which would render the resulting locus
refractory to PCR.

ORF in M15530

N o] Y Yy v VY Vv
ments are shown as shade - —

boxes, hatched blocks rep- ] L: - ARESX H
resent direct repeats, and *Or 3T Ml L1 L2
the horizontal line above the 241 8i 4 BT 255-234 497-476 569-551
locus corresponds to the uz, o £ M2

open reading frame in 20-39 A 261-238

M15530 cDNA. Horizontal arrows show localization of PCR primers; vertical arrowheads, STOP codons;
vertical arrows, substitutions and deletions with respect to the orginally reported M15530 sequence. The
asterisk indicates the location of a six-nucleotide sequence CGCGGC present in OWM and in the

corresponding Alu-J consensus sequence.
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