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It has been shown that abnormalities in axonal transport occur
in several mouse models with motoneuron degeneration and
also in the human disease amyotrophic lateral sclerosis. In this
report, we have examined the potential of neurotrophic factors
to act on axonal transport properties in a mouse mutant, pro-
gressive motor neuronopathy (pmn). This mouse mutant has
been characterized as a “dying-back” motoneuronopathy, with
a loss of motoneuron cell bodies and motor fibers. Retrograde
transport to the spinal cord motoneurons was determined using
fluorescent tracers either injected into the gastrocnemius mus-
cle or applied directly onto the cut sciatic nerve. Because the
rate of retrograde labeling was significantly reduced in the pmn,
we examined the potential of neurotrophic factors to compen-

sate for the impairment. Ciliary neurotrophic factor (CNTF),
brain-derived neurotrophic factor (BDNF), and neurotrophin-3
(NT-3) but not glial-derived neurotrophic factor (GDNF) or nerve
growth factor (NGF) were capable of significantly improving the
rate of labeling. The differential effects of these factors agree
with previous studies showing that molecules that promote cell
survival do not necessarily compensate for axonal deficiency.
Because impairment of axonal properties appears as an early
event in motoneuron pathology, our results may have important
clinical implications in the treatment of motoneuron diseases.
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Previous work has shown that certain neurotrophic factors have
an important effect on alleviating the pathological symptoms in
animal models of motoneuron disease (for review, see Sagot et
al., 1997). For example, in progressive motor neuronopathy
(pmn) mice both ciliary neurotrophic factor (CNTF) and neuro-
trophin 3 (NT-3) can improve the life-span and decrease the loss
of myelinated axons in the phrenic nerve; CNTF also increases
the survival of motoneurons (Sendtner et al., 1992; Sagot et al.,
1995a; Haase et al., 1997). In contrast, glial-derived neurotrophic
factor (GDNF), a molecule that has been shown to be very potent
in preventing motoneuron cell death after axotomy in the neo-
nate (Henderson et al., 1994; Oppenheim et al., 1995; Yan et al.,
1995), was found to act uniquely on preserving the motoneuron
cell soma without affecting myelinated axons or life-span in the
pmn (Sagot et al., 1996). This discrepancy between neuronal
survival and preservation of axonal integrity was also observed in
pmn mice that overexpressed the human Bcl-2 protein (Sagot et
al., 1995b). These experiments suggested the existence of two
intracellular pathways, one that is necessary for the survival of
the cell body and a second that is required for axonal
maintenance.

Impairment of axonal maintenance is a common parameter in
motor degenerative diseases. For example, abnormalities in ax-
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onal transport/uptake have been reported in several models of
motoneuron degeneration, such as the wobbler mouse, and in
mice overexpressing the heavy chain of neurofilament protein
(NF-H) and SOD-I (Bird et al., 1971; Mitsumoto and Gambetti,
1986; Collard et al., 1995; Tu et al., 1996). Interestingly, in aged
rats, basal forebrain cholinergic neurons also show a diminution
in their ability to retrogradely transport nerve growth factor
(NGF) or Fluorogold (Cooper et al., 1994; De Lacalle et al.,
1996). Finally, in human neurodegenerative diseases such as
amyotrophic lateral sclerosis (ALS), impairment of axonal trans-
port and axonal abnormalities are commonly observed (Sasaki
and Iwata, 1996; for review, see Hirano, 1991).

Therefore it was of interest to study the retrograde axonal
transport combined with neurotrophic factor administration in
pmn mice. For this we have examined the rate of motoneuron
labeling using fluorescent dyes injected into the gastrocnemius
muscle or via direct application onto the nerve stump in the
presence or absence of neurotrophic factors. These factors were
selected because they belong to three different families of neuro-
trophic factors: the neurotrophins (for review, see Barbacid,
1994), the neurocytokine CNTF (for review, see Ip and Yanco-
poulos, 1996), and GDNF, a member of the TGF-B superfamily
(for review, see Lindsay and Yancopoulos, 1996). All of the
receptors for these molecules, apart from trkA, have been shown
to be present on motoneurons (Yan et al., 1988; DiStefano et al.,
1992; Ehlers et al., 1995; Pachnis et al., 1993; Colucci-D’Amato et
al., 1996).

The present results confirmed that molecules that promote cell
survival do not necessarily compensate for axonal deficiency; in
fact, there is a strong correlation between molecules that can act
on axonal properties and those that have been shown to benefi-
cially affect the life-span of pmn mice. This study showed that
when the first clinical signs of the disease appear, there was no



Sagot et al. « BDNF and CNTF Increase Axonal Transport in pmn Mice

loss of motoneuron cell bodies, whereas the axonal retrograde
transport was already impaired. These results substantiate the
existence of a peripheral location for the first pathological
changes in the pmn disease as have been observed in other motor
degenerative disorders.

MATERIALS AND METHODS
Injections of tracers

Intramuscular injection of Fast blue. Mice (16 or 29 d old) were anesthe-
tized with 250 pg of tribromoethanol/gm body weight in PBS (Aldrich,
Milwaukee, WI). A small incision was made in the left calf skin to expose
the gastrocnemius muscle. A total volume of 5 ul of 0.5% Fast blue
(Sigma, St. Louis, MO) in PBS was injected in three different parts of the
muscle (median, proximal, and distal) using a Hamilton syringe with a
G31 gauge needle. In some experiments the 5 ul injection also contained
neurotrophic factors (1 pg/ul) in PBS. The skin was thereafter sutured
with 6-0 polyamide thread (Supramid), and the mice were kept at 35°C
until they recovered from the narcosis. They were then returned to their
cage where all animals received food and water ad libitum. At different
times after surgery (see Results), mice were perfused and processed for
histological analysis.

Biological activity of the studied neurotrophic factors has been verified
in vitro on ventral spinal cord cultures or in vivo on models of axotomy-
induced cell death (Sagot et al., 1995a, 1996; Vejsada et al., 1998).

Fluorogold labeling of motoneurons. The left sciatic nerve of anesthe-
tized mice (16, 29, and 37 d old) was sectioned in the mid-thigh. A small
polyethylene tube containing 2.5% Fluorogold was applied to the central
nerve stump (Vejsada et al., 1995). In some experiments, the Fluorogold
solution was mixed with neurotrophic factors (1 ug/ul) in PBS. The
incision was sutured, and the animals were returned to their cages after
they had recovered from the narcosis. After a 1, 4, or 10 d survival period
(see Results), the mice were perfused and processed for histological
analysis.

Histological analysis and motoneuron counting

At different times after surgery, mice deeply anesthetized with pento-
barbital were perfused with PBS followed by 4% paraformaldehyde
(PAF, Sigma) in PBS. Spinal cords were removed and processed for
cryosectioning as described previously (Sagot et al., 1995b). Cryostat
serial sections (30 um) were viewed under a Reichert-Jung fluorescent
microscope using a wide-band UV filter. Fluorogold or Fast blue-labeled
cells, identifiable as motoneurons by their size, shape, and location in the
left ventral horn, were counted in every section. Figure 1 shows sections
of the spinal cord after either Fast blue labeling after injections into the
muscle or Fluorogold labeling after application onto the cut nerve. No
contralateral motoneurons were labeled (Fig. 1) using the intramuscular
injection or the nerve-capping techniques. In some experiments the
fluorescent sections were scanned with a high sensitivity Photonic Sci-
ence Coolview color camera (Carl Zeiss, Oberkochen, Germany) con-
nected to a 486DX2/66 Intel PC. The captured images were analyzed for
the mean cross-sectional area of motoneurons using the software package
KS 400 (release 2.0, Kontron Electronik, Eching, Germany). Because no
difference in the mean cross-sectional area of labeled cells was observed
between control and pmn mice (485 = 12 um?, n = 338 for control vs
500 = 12um?, n = 268 for pmn), we did not correct the neuronal counts
according to the Abercrombie formula. Some experiments were subse-
quently evaluated using cresyl violet staining of the sections. To exclude
motoneurons that do not project into the sciatic nerve, only the motoneu-
ron pools that contained Fluorogold were counted. Using this auxiliary
criteria, large cells in the ventral horn with abundant cytoplasm and a
prominent nucleolus were counted on both sides, without making allow-
ance for split nucleoli. The total nerve length was determined after
exposure of the whole nerve starting at the spinal exit of L4 ventral root
to the entry into the gastrocnemius muscle. In some cases the gastroc-
nemius muscles were removed after perfusion and weighed. All data
were submitted to ANOVA and an unpaired two-tailed Student’s ¢ test.

Production of pmn homozygote mice overexpressing the
human Bcl-2
pmn/pmn bcl-2/+ were generated and selected by PCR analysis as de-

scribed previously (Sagot et al., 1995b) using transgenic mice that over-
express Bel-2 (line 71) (Martinou et al., 1994).
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RESULTS

Motoneurons degenerate during the pmn

disease progression

The pmn disease begins in the hind limbs during the third week
after birth, leading rapidly to an atactic gait and eventually to
severely impaired locomotion. To determine whether these clin-
ical signs were accompanied by motoneuron cell loss in the
lumbar spinal cord, we compared the counts of Fluorogold ret-
rogradely labeled motoneurons projecting into the sciatic nerve in
normal mice and in pmn homozygotes of a corresponding age. At
day 20, 4 d after the first clinical signs appeared, there was no
difference between pmn mice and age-matched control animals in
the number of motoneurons labeled with Fluorogold (Fig. 2).
However, as the disease progressed, the cell counts in pmn mice
decreased by as much as 36% as compared with age-matched
controls (p < 0.01) and by 31% as compared with 20-d-old pmn
mice (p < 0.01) (for raw numbers see Table 1).

To exclude the possibility that some motor fibers were in the
process of degenerating and thus could not take up the Fluoro-
gold after the lesion, we counterstained the sections with cresyl
violet and counted motoneurons on both sides of the spinal cord.
In accord with the above experiments using retrograde labeling, a
significant decrease in motoneuron numbers was observed at later
stages of the disease (Fig. 2, Table 1). In addition, this reduction
in motoneuron numbers could not be attributed to the nerve
lesion itself because the number of motoneurons was identical on
the operated and unoperated sides (Table 1).

In accordance with the results obtained in the facial nucleus
(Sagot et al., 1995a,b; 1996), the loss of spinal lumbar motoneu-
rons was hardly discernible statistically at the onset of the clinical
symptoms, but with disease progression it increased rapidly. As-
suming that the motoneuron loss was approximately linear with
time, there was a loss of 32 (Fluorogold) to 36 (cresyl violet)
sciatic motoneurons per day between 20 and 41 d of age. This
value is similar to what we observed previously in the facial
nucleus of this mouse mutant (2863 + 109, n = 4 and 2160 * 51,
n = 7 respectively, for 18- and 43-d-old pmn mice, representing a
loss of 28 motoneurons per day) (Sagot et al., 1996). Therefore,
the rate of loss would be ~1.6-2.0% lumbar motoneurons per day
in pmn mice, a value twofold higher than what has been found in
the G1H line of SOD transgenic mice (Chiu et al., 1995). The
shorter life-span in pmn mouse mutants (42 d) as compared with
the G1H-SOD transgenics (150 d) may be directly correlated
with the increased rate of motoneuron loss.

Motoneurons in pmn mice are not hypersusceptible

to axotomy

To determine whether axotomy could exacerbate the “natural”
degeneration of motoneurons in these mutant mice, we increased
the postlesion survival time up to 10 d after surgery in 29-d-old
animals. In these conditions, the number of Fluorogold-labeled
motoneurons was determined and compared with that obtained
with a short survival time, namely 4 d. Both in wild-type and in
pmn mice, there was a significant reduction of labeled cells at 10 d
as compared with 4 d; in wild-type animals there was a 21%
decrease (1549 * 89, n = 4 vs 1961 = 96, n = 3; p < 0.05), and
in pmn there was an 18% diminution (1126 = 88,n = 4 vs 1379 *
84, n = 3; p < 0.01). Taking into account that in pmn the
“natural” loss between 33 and 41 d of age is ~10%, the decrease
in motoneuron number attributable to axotomy is only 9-10%
(i.e., a lower value than in wild-type controls).



1134 J. Neurosci., February 1, 1998, 78(3):1132-1141

Figure 1. Transverse section of lumbar
spinal cord from control (4, C) and pmn
(B, D) mice. The labeling in pmn mice is
generally weaker than in controls, partic-
ularly for short survival times (inset). A4,
B, Fast blue labeling of motoneurons 6 d
after injection into the gastrocnemius
muscle of 29-d-old control and pmn
mice. Note the absence of contralateral
labeling. Inset, High magnification of
Fast blue-labeled motoneurons 24 hr af-
ter dye injection showing the distribution
of fluorescent particles. C, D, Fluorogold
labeling of motoneurons 4 d after section
of the sciatic nerve in 38-d-old control
and pmn mice. Scale bars: 4, B, 170 um;
C, D, 70 pm; inset, 35 pm.

Retrograde labeling of motoneurons is significantly
delayed in pmn mice

The pmn mouse model is considered to be a retrograde neuro-
degenerative disease (Schmalbruch et al., 1991). To document
this initial description, we investigated the rate of motoneuron
retrograde labeling in 29-d-old control and pmn mice (Fig. 34,B)
by injecting Fast blue, a fluorescent tracer, into the gastrocnemius
muscle.

Sagot et al. « BDNF and CNTF Increase Axonal Transport in pmn Mice

A plateau was reached 6 d after Fast blue injection for both pmn
and non-pmn animals; however, the maximum number of mo-
toneurons labeled in pmn was ~46% lower than in control mice.
To exclude the possibility that the quantity of Fast blue that was
injected might be a limiting factor in these experiments and would
thus explain the difference between pmn and controls, injections
into the gastrocnemius muscle were performed with a 1% Fast blue
solution rather than 0.5%. Six days after injection, the number of
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Table 1. Motoneuron cell loss in pmn mice
Motoneuron number Motoneuron number Motoneuron number
Mouse strain Fluorogold cresyl violet ipsilateral cresyl violet contralateral
pmn 20 d 1799 * 133 2044 = 50 2067 + 39
pmn 33 d 1379 + 84* n.d. n.d.
pmn 41 d 1242 + 105%* 1348 = 60*** 1226 + 16%**
Control 20 d 1834 = 119 2073 + 137 2041 = 150
Control 33 d 1961 = 96 2005 + 64 1996 * 116

Raw data from cell counting. Column 1: Fluorogold labeling of motoneurons projecting into the sciatic nerve, 4 d after
axotomy. Columns 2 and 3: Cell counts of counterstained sections in column 1. Column 2: Ipsilateral to Fluorogold-labeled
cells. Column 3: Contralateral to Fluorogold-labeled column. Number of animals in each group was 3; n.d., not determined.

*p < 0.05; **p < 0.01; ***p < 0.001.

motoneurons labeled with the higher dose of Fast blue was iden-
tical to that obtained with a 0.5% solution in pmn mice (Table 2).

Second, the time necessary to obtain 50% of the maximum
(t50%) was reached 2 d after injection in pmn mice; meanwhile,
it took only 1 d in control animals. Because in 29-d-old pmn mice
the sciatic nerve was 10% shorter than in age-matched controls
(Table 2), the delay observed in pmn mice was actually even
larger than what was measured.

Third, no motoneurons were labeled 15 hr after Fast blue dye
injection in pmn. In contrast, after this short survival time in
wild-type animals, there were 61 * 12 motoneurons already
labeled, which represents 12.5% of the maximum value. In con-
trol animals the first motoneurons labeled appeared 12 hr after
Fast blue injection, whereas in pmn mice the first motoneurons
were detectable only 18 hr after injection. When expressed as a
function of sciatic nerve length, the rate of transport for the first

motoneurons to be labeled was ~37 mm/d for pmn and 64 mm/d
for control animals (Table 2).

Finally, we studied the retrolabeling in younger animals (i.e.,
16 d old) just at the onset of the first clinical signs to make
allowance for the difference in the nerve length and to a lesser
extent the muscle size between control and pmn mice. The rate of
retrograde labeling of motoneurons was found to be lower in
16-d-old pmn animals than in controls, although the nerve lengths
were identical in both groups at this age. These results also
indicate that the impairment of uptake/retrograde axonal trans-
port coincides with the first symptoms of the disease.

To eliminate the potential problem of dye diffusion into the
muscles, we performed backlabeling from the cut nerve by applying
a Fluorogold solution directly onto the central nerve stump. Twenty-
four hours later, labeled cells were counted, and the results were
compared with the maximal values obtained with longer survival
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Figure 3. A, Chronological study of retrolabeling of motoneurons projecting into the gastrocnemius muscle. Injection of Fast blue was performed in
29-d-old animals. Each point represents at least three animals (typically four). During the entire time course, the number of motoneurons labeled during
a given time was larger in controls (p < 0.0001). Note the steady labeling from 6 to 15 d in controls. B, Enlargement of the first hours shown in A. Fifteen
hours after injection (arrow), 12.5% of control motoneurons are labeled; none were observed in pmn mice. Half-maximal values (dashed lines) are

attained at 24 hr in controls; 48 hr was required for pmn mice (p < 0.0001).

times (i.e., 4 d) (Fig. 4). Under these conditions, the number of
labeled motoneurons in pmn represented only 30% of the maxi-
mum. In contrast, in control mice, 65% of motoneurons were already
labeled 24 hr after Fluorogold application. Therefore, even in the
absence of possible problems related to dye diffusion, we could
detect severe impairment of retrograde labeling in pmn mice.

Influence of neurotrophic factors on retrolabeling
of motoneurons
Previous studies have shown that certain neurotrophic factors

such as CNTF or NT-3 could slow down the disease progression
in pmn mice (Sendtner et al., 1992; Sagot et al., 1995a; Haase et
al., 1997). We therefore tested the effects of various neurotrophic
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Table 2. Axonal transport deficit in pmn mice

Strain of mouse pmn (16 d) Control (16 d) pmn (29 d) Control (29 d)
Nerve length (mm) 23.9 £0.3 243 0.2 279 = 0.2* 32.1+0.2
(n=4) (n=4) (n=Y5) (n=06)
Rate of labeling (mm/day) n.d. n.d. 37.2 64
Gastrocnemius weight (mg) 18.62 = 1.4** 30.8 =135 19.02 = 1.2* 51.7 =57
(n=15) (n = 06) n="17 (n =106)
Maximum of motoneurons at 6 d,
0.5% Fast blue 291 + 25 509 + 24 262 + 11 483 + 34
(n=4) (n =3) n=4) n=4)
Maximum of motoneurons at 6 d,
1% Fast blue n.d. n.d. 280 = 26 n.d.
(n=23)
% of maximum at 48 hr 51.2 = 15* 89.0 = 7.3 479 = 2.7* 73.7 =12
% of maximum at 96 hr n.d. n.d. 90.4 = 14.8 93.6 = 10.5

pmn mice show deficits in axonal retrotransport as soon as the first clinical symptoms appear. The difference in motoneuron retrolabeling between controls and pmn mice was
compared with nerve length and muscle weight. At day 16, there was no significant difference in the length of the sciatic nerve; however, the percentage of motoneurons labeled
at 48 hr was significantly lower in pmn than in controls. At day 29, despite the shorter sciatic nerve in pmn, the percentage of labeled motoneurons was lower than in controls.
The rate of labeling has been calculated by dividing the distance (nerve length) by the time necessary to obtain the first motoneurons labeled (12 hr for controls, 18 hr for

pmn mice). n, Number of animals in each group; n.d., not determined.
*p < 0.001; **p < 0.01.
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Figure 4. Total number of Fluorogold-positive cells at 24 or 96 hr (also
see Fig. 2) after application of the Fluorogold tracer onto the central
nerve stump of the cut sciatic nerve of 29-d-old control and pmn mice. In
controls (n = 4) the total number of labeled cells at 24 hr represents 65%
of the maximum obtained at 96 hr; in pmn (n = 4) only 30% of the cells
are labeled (****p < 0.0001 for both). These results and those presented
in Figure 34, B suggest an impairment in uptake/retrotransport properties
in pmn.

factors on motoneuron backfilling by coinjecting them with Fast
blue.

As compared with injections with Fast blue alone, coinjections
with CNTF, BDNF, or NT-3 increased the number of labeled
motoneurons at 24 hr in pmn mice by as much as 46% (Fig. 54).
In contrast, coinjection of NGF or GDNF did not alter motoneu-
ron retrolabeling (Fig. 5B). It is noteworthy that 4 d later, when
>90% of the maximal value was attained (Table 2), there was no
longer a difference in motoneuron counts between animals coin-
jected or simply treated with Fast blue (Fig. 5C). Because GDNF
has been reported to be a very potent molecule for motoneuron
survival (Henderson et al., 1994; Oppenheim et al., 1995; Yan et

al., 1995), different concentrations of GDNF were examined. No
increase in retrolabeling rate was observed at any of the tested
concentrations (0.1 ug/pl: 113% = 8.5; 1 ug/pl: 105.6% = 9.5; 6
pg/ul: 91.6% *+ 4.9; n = 4 for each). Interestingly, we did not
observe any alteration in the rate of backfilling in control animals
with any of the neurotrophic factors tested at 1 ug/ul (Fig. 54, B).

Because a decay in rate of retrolabeling was also observed when
Fluorogold was applied onto the nerve stump of pmn mice, we
also tested the effect of neurotrophic factors in these same con-
ditions (Figs. 6, 7). Results were even more striking as compared
with those obtained with Fast blue. Figure 6 shows photographs
of spinal cord sections 24 hr after Fluorogold application onto the
end of the sciatic nerve stump. In control animals (Fig. 64), there
is an intense labeling of the motoneurons in the ventral part of the
spinal cord, whereas in pmn mice (Fig. 6B) the labeling is con-
siderably weaker. The number of motoneurons and the intensity
of their labeling (not quantified) were augmented by treatment
with BDNF (Fig. 6C) or CNTF (Fig. 6F). In contrast, NGF (Fig.
6D) and GDNF (Fig. 6F) did not visibly alter the number of
motoneurons that were detectable. Indeed, as shown in Figure 7,
the BDNF or CNTF application increased the number of mo-
toneurons labeled at 24 hr by as much as 100% (809 = 81 for
CNTF and 898 = 35 for BDNF vs 442 = 23 for Fluorogold
alone); meanwhile, GDNF and NGF had no effect (488 = 58 for
GDNF and 478 = 35 for NGF). Therefore, in pmn treated with
CNTF or BDNF, the rate of labeling becomes equivalent to that
of control animals. To exclude the possibility that the increase in
motoneurons counted was caused by a modification in cell size,
we measured the cross-sectional area of fluorescent cells in un-
treated pmn or in pmn treated with BDNF or CN'TF. The size of
the motoneurons remained unchanged, independent of the treat-
ment (504 + 21 um?, n = 99 for FG alone; 482 + 15 um?, n =
89 for BDNF; 514 + 25 um?, n=87 for CNTF).

Bcl-2 overexpression does not stimulate the uptake or
axonal transport

Because Bcl-2 as well as GDNF have been shown to slow down
motoneuron cell death without acting on axonal maintenance
(Sagot et al., 1995b; 1996), it was of interest to study the effect of
Bcl-2 overexpression on retrograde labeling in pmn. Pmn mice
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Figure 5. Influence of neurotrophic factors on retrolabeling of pmn
motoneurons. Neurotrophic factors (1 ug/ul) mixed with Fast blue were
coinjected into the gastrocnemius muscle of 29-d-old pmn or control mice.
A, Twenty-four hours later, the number of labeled motoneurons was
determined and expressed as the percentage of the values obtained with
Fast blue alone (dashed line). BDNF, NT-3, and CNTF displayed a
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overexpressing the human Bcl-2 transgene were generated by
crossing pmn/+ breeders with Bcl-2 transgenic mice (Sagot et al.,
1995b). Despite its strong expression in motoneurons (Sagot et
al., 1995b), Bcl-2 did not influence the rate of labeling either in
pmn or in control animals (Fig. 5B,C).

DISCUSSION

pmn is a motoneuronopathy and not an axonopathy
Using three different techniques of assessment of motoneuron
cell numbers, we have demonstrated in the present report that
there was indeed a significant loss of spinal cord motoneurons in
pmn mice. First, we examined the motoneurons in the sciatic
nerve pool by means of retrolabeling of Fluorogold applied onto
the cut nerve. Second, the same sections of lumbar spinal cord
were counterstained with cresyl violet, and the motoneuron pools
that had been previously labeled with Fluorogold were recounted.
In this way, it was possible to confirm that the loss observed using
Fluorogold backlabeling from the cut sciatic nerve was not simply
caused by the presence of degenerating axons that were unable to
take up the dye. Furthermore, the loss of motoneurons was not
induced by the peripheral nerve lesion, because motoneuron
counts were identical on the unlesioned contralateral side. Third,
a smaller pool of motoneurons in the lumbar spinal cord were
retrolabeled by means of injections of a fluorescent tracer (Fast
blue) into the gastrocnemius muscle (see below); 46% fewer
motoneurons were labeled as compared with control animals
injected at 29 d of age.

Taken together, these results strongly suggest that pmn is a
motoneuronopathy, with a significant loss of motoneuron cell
bodies, and not simply a disease restricted to the axon. However,
the issue of whether spinal cord motoneurons degenerate in pmn
mice has been questioned because of the initial report by Schmal-
bruch et al. (1991), who claimed that the number of ventral roots
in pmn was unaffected. It is possible that the ventral root counts
are not an correct estimation of the motoneuron pool; as reported
by Schmalbruch et al. (1991), the number of myelinated fibers of
a given root may vary considerably. Therefore, the difference in
the techniques for motoneuron assessment may be the source of
the differences in results observed between the study by Schmal-
bruch et al. (1991) and this report.

Impairment of retrotransport in pmn mice

Axonal impairment was examined by studying the capacity of the
sciatic nerve to retrogradely transport a fluorescent tracer (Fast
blue) injected into the gastrocnemius muscle. The maximum
number obtained in control animals is in accordance with results
obtained by McHanwell and Biscoe (1981), who used horseradish
peroxidase tracing. As expected, there were fewer motoneurons
labeled in the mutant mice as compared with the controls; how-
ever, this loss of motoneurons (i.e., 46%) surpassed that observed
with either Fluorogold or cresyl violet staining in the lumbar
spinal cord (~23% at 33 d of age). This difference supports the
hypothesis of a “dying-back” neuronopathy, whereby motor fibers
degenerate from the muscle before death of the cell body ensues.

<«

significant increase in the number of labeled motoneurons (*p < 0.01;
*p < 0.005; ***p < 0.001). B, In contrast NGF, GDNF, and Bcl-2 did not
compensate for the axonal impairment observed in pmn. None of the
factors tested induced any changes in the control animals. C, Four days
after coinjection, the initial increase disappeared; the size of the mo-
toneuron pool was unchanged. Each group represents the average value
obtained from at least three animals (typically four).
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This method of examining retrolabeling of motoneurons using
a fluorescent tracer lends itself to studying not only the total
number of motoneurons but also to analyzing the rate of mo-
toneuron backfilling. The rate of 64 mm/d for control animals
agrees with other reports that examined the rate of horseradish
peroxidase retrotransport (Kristensson, 1975; Bisby, 1980). By
means of a chronological study of motoneuron labeling from 12 to
400 hr after dye injection, it was possible to show that there was
a decreased rate of motoneuron labeling in pmn as compared
with controls. This impairment of uptake/retrograde transport
properties demonstrated with Fast blue injections into the gas-
trocnemius muscle was also observed when another tracer (i.e.,
Fluorogold) was applied onto the proximal stump of the cut
nerve.

The first motoneurons to be labeled with Fast blue appeared
several hours earlier in controls than in pmn mice. This latter
result suggests that even motoneurons in the pmn, which maintain
a contact with the muscle, suffer from an impairment in uptake or
axonal transport. Finally, this impairment in pmn mice was de-
tectable as soon as the first clinical signs appeared (i.e., 16 d of
age), and it preceded motoneuron cell death.

BDNF, NT-3, and CNTF can increase the rate
of retrolabeling

Previous studies have demonstrated the beneficial effect of neu-
rotrophic factors on the pmn disease (Sendtner et al., 1992; Sagot
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Figure 6. Transverse sections of lumbar
spinal cord from 29-d-old control (A)
and pmn (B-F) mice showing the effects
of neurotrophic factors on retrograde la-
beling of motoneurons 24 hr after appli-
cation onto the sciatic nerve stump.
Compared with untreated pmn mice (B),
the number and the intensity of Fluoro-
gold labeled cells were significantly in-
creased after BDNF (C) or CNTF (E)
application. In contrast, NGF (D) or
GDNF (F) had no effect on retrolabel-
ing rate. Occasionally strongly labeled
cells are visible in NGF- and GDNF-
treated or untreated pmn mice (F). Note
also the punctate labeling in the cell bod-
ies, which may indicate the trapping of
Fluorogold in lysosomes and endosomes
(Wessendorf, 1991). Scale bars: A-D, 90
pum; E, F, 60 um.

et al., 1995a; Haase et al., 1997). Therefore, it was of interest to
examine the effects of an anti-apoptotic molecule and different
neurotrophic factors for their ability to alter the properties of
retrograde transport. The neurocytokine CNTF and both neu-
rotrophins, BDNF and NT-3, were found to increase the rate of
retrolabeling by ~40%, whereas GDNF and NGF had no effect.
This difference between CNTF/BDNF and GDNF/NGF was
even more pronounced when the retrolabeling assay was per-
formed on the cut sciatic nerve. This differential response cannot
be related to the inability of the axons to transport the neurotro-
phic factors. In fact, all of these factors, even NGF, whose cognate
receptor trkA is absent on motoneurons (Yan et al., 1988; Ehlers
et al., 1995), have been shown to be retrogradely transported to
motoneuron cell bodies (DiStefano et al., 1992; Curtis et al., 1993;
Yan et al.,, 1995). It seems improbable that the effects of CNTF,
BDNF, or NT-3 are mediated by an action on motoneuron
survival. Although <2% of motoneurons are lost per day, there is
already an increase in the number of labeled neurons that exceeds
40% for Fast blue and >100% for Fluorogold after 24 hr in the
presence of neurotrophic factors. Furthermore, we can exclude
the possibility that other motoneurons (non-gastrocnemius) are
labeled, because the maximum number of labeled motoneurons
remained the same at 4 d.

It is interesting that whatever the experimental paradigm,
neurotrophic factors do not affect the speed of retrolabeling in
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Figure 7. Restoration of motoneuron retrolabeling rate by BDNF and
CNTF but not NGF or GDNF. After section of the sciatic nerve of
29-d-old pmn or control mice, neurotrophic factors (1 pg/pl) mixed with
Fluorogold have been applied onto the proximal nerve stump. Twenty-
four hours later, the number of labeled motoneurons was determined and
expressed as a percentage of the values obtained with Fluorogold alone.
The values obtained with CNTF and BDNF were significantly different
from those of other groups (one-way ANOVA and Student’s ¢ test; ***p <
0.005; ****p < 0.001). As in Figure 5, none of the factors tested induced
any changes in the control animals.

normal, control animals. Possibly the rate of transport in these
animals is already at an optimal level and cannot be influenced by
an exogenous source of factors. A similar phenomenon has been
observed in experiments designed to examine retrograde trans-
port of neurotrophic factors in unlesioned and lesioned motor
nerves (Curtis et al., 1993, 1994, 1995). Indeed, in undamaged
motor nerves there was almost no transport of CNTF, leukemia
inhibitory factor, or NT-4, whereas nerve lesion produced a
significant increase in the retrograde axonal flow of these mole-
cules. Taken together, these results support the idea that normal
or undamaged axons would not be capable of upregulating their
retrograde transport mechanism in response to exogenous
ligands.

We can only speculate about the actual mechanism(s) by which
BDNF, NT-3, or CNTF increase the rate of backfilling. It is
generally considered that after binding to their cognate receptors,
neurotrophic factors become internalized into vesicles and are
then retrogradely transported to the cell body (Curtis and
DiStefano, 1994). It seems improbable, however, that such a
mechanism would increase the rate of retrolabeling with Fast blue
or Fluorogold in pmn mice, because in control animals none of
the neurotrophic factors examined were capable of increasing the
rate of labeling. Furthermore, in pmn mice we have shown that
peripherally applied GDNF or CNTF could slow down the loss
of motoneurons (Sagot et al., 1995a; 1996), suggesting therefore
that both of them are retrogradely transported to the cell body.

It seems remarkable that these factors can increase the number
of retrogradely labeled cells at 24 hr. If their action is mediated
via the cell soma, it is difficult to imagine how they can act so
rapidly. The action of neurotrophic factors in pmn could result
from various local intracellular events, including uptake and
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transport. Indeed, peripheral action of neurotrophic factors, in-
dependent of the soma, have already been reported in vitro (Stoop
and Poo, 1995). It is known that neurotrophic factors such as
NGF induce changes in membrane structures (Connolly et al.,
1979) and increase the number and velocity of transported parti-
cles on cultured neuronal cells (Yuki et al., 1996). Because re-
ceptors to CNTF and neurotrophins are known to activate com-
mon pathways for NGF (for review, see Ip and Yancopoulos,
1996; Segal and Greenberg, 1996), it is tempting to propose that
what may contribute to the stimulation of retrolabeling is a direct
action on uptake at the motor terminals as well as an increase in
the rate of axonal retrograde transport.

Molecules that activate the retrolabeling also increase
the life-span of pmn mice

The difference between the two classes of molecules, namely
BDNF, CNTF, and NT-3 versus GDNF, NGF, and Bcl-2, with
respect to retrograde transport, may have a biological relevance.
Indeed two of the three molecules, namely CNTF and NT-3,
which stimulate the transport, significantly increase the pmn life-
span (Sendtner et al., 1992; Sagot et al., 1995a; Haase et al., 1997).
In contrast, those that act only on cell body survival, such as
GDNF and Bcl-2, do not act on the disease progression (Sagot et
al., 1995b, 1996). Interestingly, such a difference has also been
found in other animal models of ALS. For example, CNTF and
BDNF almost arrested the disease progression in wobbler mice
(Mitsumoto et al., 1994), whereas Bcl-2 had no effect on the
disease (Ait-Ikhlef et al., 1995; Coulpier et al., 1996).

Impairment of uptake/axonal transport is not restricted to pmn
mice but appears to be a key feature in many diseases as well as
in aging (for review, see Lee and Cleveland, 1996). It remains to
be determined whether defective axonal transport is the primary
event in pmn and other motoneuron diseases or rather a conse-
quence of some as yet uncharacterized pathology. At least for the
pmn disease, if the impairment of uptake/axonal transport is not
the primary cause, it belongs to the earliest manifestations of the
disease.
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