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Abstract
Recent studies have attempted to repair the damaged spinal cord (SC) by stimulating neurogenesis or neuroplasticity. Sonic
hedgehog (Shh), Notch-1 and Numb are involved in the stem cell functioning. Additionally, Notch-1 has a role as modulator of
synaptic plasticity. However, little is known about the role of these proteins in the adult SC after removal of motoneurons. In this
study, we have injected cholera toxin-B saporin into the gastrocnemius muscle to induce a depletion of motoneurons within the
lumbar SC of adult mice, and analysed the expression of choline acetyltransferase (ChAT), Synapsin-I, Shh, Notch-1 and Numb
proteins. The functional outcome of the lesion was monitored by grid walk and rotarod tasks. The neurotoxin lesion determined a
motoneuron depletion and a transient decrease of ChAT, Synapsin-I, Shh and Numb levels in the lumbar SC. ChAT was
associated with Synapsin-I expression and motor performance at 1 week but not 1 month after lesion, suggesting that the
recovery of locomotion could depend on synaptic plasticity, at least in an early phase. Shh and Notch-1 were associated with
Synapsin-I levels, suggesting a role in modulating synaptic plasticity. Numb expression also appeared reduced after lesion and
linked to motor performance. Moreover, unlike other lesion models, we observed glial reaction but no evidence of cell proliferation
within the depleted SC. Given the mentioned roles of Shh, Notch-1 and Numb, we believe that an in vivo manipulation of their
signalling after lesion could represent a suitable way to improve functional recovery by modulating synaptic plasticity and ⁄ or
neurogenesis.

Introduction
A promising approach for CNS repair consists of the activation of
endogenous neural precursor cells (NPCs). This process takes place
spontaneously only in the subventricular zone and hippocampus
(Lie et al., 2004; Abrous et al., 2005; Ming & Song, 2005), but
multipotent precursor cells have been isolated from the entire adult
CNS, including the spinal cord (SC; Weiss et al., 1996; Johansson
et al., 1999; Horner et al., 2000). These cells could be mobilized
after SC injury (SCI), but they generate primarily astrocytes
(Johansson et al., 1999; Mothe & Tator, 2005; Yang et al., 2006).
Another process promoting a functional restoration after SCI
consists of the reorganization of spared pathways by mechanisms
involving synaptic plasticity (Raineteau & Schwab, 2001; Wolpaw
& Tennissen, 2001; Edgerton et al., 2004; Gulino et al., 2007b). In
this respect, it has been observed that long-term modiﬁcations
of synaptic efﬁcacy are regulated by various synaptic vesicle
phosphoproteins, including Synapsin-I (Greengard et al., 1993;
Hilﬁker et al., 1999).
Intrinsic and extrinsic molecular factors regulating adult neurogenesis have been widely explored (Abrous et al., 2005; Hagg, 2005;
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Lledo et al., 2006). Sonic hedgehog (Shh) is a secreted glycoprotein
that stimulates proliferation of NPCs and promotes their differentiation
to neurons and oligodendrocytes, during both development and
adulthood (Tanabe et al., 1995; Palma et al., 2005; Fuccillo et al.,
2006; Han et al., 2008). Notch-1 is a cell surface receptor working as
a regulator of NPCs proliferation, cell fate, dendritic morphology and
axon guidance in embryonic and adult CNS (Lai, 2004; AndroutsellisTheotokis et al., 2006; Breunig et al., 2007), including SC (Yamamoto et al., 2001; Akai et al., 2005). Numb is a cytoplasmic signal
transduction factor involved in stem cell maintenance and differentiation, as well as in neuritogenesis, by antagonizing Notch-1
signalling (Berezovska et al., 1999; Petersen et al., 2002, 2004;
McGill & McGlade, 2003). After compression injury, Shh, Notch-1
and Numb expression are upregulated in the SC (Chen et al., 2005).
However, unlike their embryonic counterparts, adult SC progenitors
could not generate neurons. The above-mentioned molecules could be
involved in this restriction. Interestingly, Notch signalling is also
involved in events of synaptic plasticity linked to learning and
memory processes (Costa et al., 2003, 2005; Presente et al., 2004;
Wang et al., 2004). Taken together, these previous ﬁndings anticipate
that Shh, Notch-1 and Numb could have a multifunctional role in SC
repair, but although the role of these molecules during development
has been widely studied, their functions in the adult SC are still
relatively unexplored.
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Here, we have developed a murine model of selective lumbar
motoneuron depletion by injection of the retrogradely transported,
ribosome-inactivating toxin, cholera toxin-B saporin (CTB-SAP)
into the gastrocnemius muscle (Llewellyn-Smith et al., 2000; Wiley
& Kline, 2000; Fargo & Sengelaub, 2004a,b; Gulino et al., 2007a).
After histological and functional characterization of the model,
compensatory changes within the SC, such as recovery of
locomotion, synaptic plasticity and cell proliferation, have been
evaluated in relation to the expression levels of Shh, Notch-1 and
Numb.

Functional tests

Materials and methods

Grid walk test

Neurotoxic lesion and experimental groups

Mice had to walk across a 50-cm-long runway made of round metal
bars elevated 10 cm from the ground. To prevent habituation to a ﬁxed
bar distance, the bars were placed irregularly and were changed in
every testing trial. The animals had to cross the runway three times per
session. Good performance requires optimal sensory-motor integration, the ability for rhythmic stepping, and a ﬁne control of posture and
locomotion. This test could be very helpful to assess motor deﬁcits,
even when these deﬁcits are not obvious during normal locomotion
(Metz et al., 2000). Experiments were videotaped and analysed
ofﬂine. In particular, the number of footfalls relative to both hindlimbs
at every crossing of the runway were counted and divided by the
corresponding number of steps. Then, we calculated the average
values between test repetitions.

Young adult male mice (n = 57; Charles River, Strain 129, 5 weeks
old) were used. Animal care and handling were carried out in
accordance with the European Community Council Directives
(86 ⁄ 609 ⁄ EEC), and were approved by the local Ethical Committee.
Surgical procedures were performed under aseptic conditions, with the
animals under deep anaesthesia by ketamine ⁄ xylazine (10 mg ketamine ⁄ 2 mg xylazine per 100 g body weight, i.p.). All efforts were
made to minimize the number of animals used.
Anaesthetized mice received CTB-SAP (Advanced Targeting
Systems, San Diego, CA, USA) unilaterally or bilaterally in the
medial and lateral gastrocnemius muscles at a dose of 3.0 lg ⁄ 2.0 lL
phosphate-buffered saline (PBS) per muscle. The dose has been
optimized by pilot studies. CTB-SAP is a chemical conjugate of
cholera toxin-B subunit and the ribosome-inactivating protein, saporin, which is a toxin from the seeds of Saponaria ofﬁcinalis (Stirpe
et al., 1983; Contestabile & Stirpe, 1993). This targeted toxin
(Llewellyn-Smith et al., 2000; Wiley & Kline, 2000) speciﬁcally
recognizes any cell expressing ganglioside GM1, including preganglionic sympathetic neurons (Wu et al., 2005) and motoneurons
(Fargo & Sengelaub, 2004a,b). Then, it is retrogradely transported to
the cell body, where ultimately cell death is caused by inhibiting
protein synthesis. When directly injected into the SC, it can induce
demyelination (Jasmin et al., 2000), whereas a selective removal of
deﬁned spinal motoneuron pools has been obtained after injection in
the target muscles (Fargo & Sengelaub, 2004a,b), thus representing an
effective model of primary neurodegeneration. Similar models of
selective motoneuron removal have been recently established in our
lab by using another ribosome-inactivating toxin: volkensin (Gulino
et al., 2007a).
In the present experiment, 19 mice received a bilateral injection of
CTB-SAP (total dose: 12.0 lg), and were killed by decapitation either
1 week (LES-1wk; n = 10) or 1 month (LES-1mo; n = 9) after lesion,
respectively. Similarly, a group of 12 mice received a bilateral
injection of an equal volume of PBS only, and were killed either
1 week (SHAM-1wk; n = 7) or 1 month (SHAM-1mo; n = 5) after
surgery, respectively. Finally, an additional group of animals were left
untreated and used as normal controls for Western blot analyses (NC;
n = 8). For histological analyses, other animals received a unilateral
injection of either CTB-SAP (n = 10) or vehicle (n = 8) into the right
medial and lateral gastrocnemius (total dose: 6.0 lg). These animals
were injected unilaterally in order to have an internal control for the
effect of the neurotoxin. They were transcardially perfused (see below)
either 1 week (LES-1wk, n = 5; SHAM-1wk, n = 4) or 1 month after
lesion (LES-1mo, n = 5; SHAM-1mo, n = 4). Starting the day after
lesion, unilaterally lesioned mice were injected with BrdU (SigmaAldrich; 75 mg ⁄ kg · day i.p., dissolved in saline at 10 mg ⁄ mL)
every 3 days until death.

The protocols for functional tests were optimized in preliminary pilot
experiments. All bilaterally injected and NC animals were subjected to
grid walk and rotarod tests to evaluate the effects of lesion upon motor
activity. One day before functional tests, animals were accustomed to
the apparatus by exposing them to simple tasks at the lowest level of
difﬁculty. Tests were performed starting 1 day before lesion, and then
repeated at 1 week and 1 month after surgery (longest survival
period). All animals were then killed by decapitation within the same
day of the last testing session.

Rotarod test
Mice were placed on a rotarod system (Ugo Basile, Italy) and
subjected to an accelerating protocol. In particular, after 2 min of
running at a constant low speed (20 r.p.m.), animals were tested for a
maximum of 10 min with an increasing speed ranging from 20 to
60 r.p.m. in 10 min, and the performance was evaluated by measuring
the latency-to-fall.

Western blotting
All animals with bilateral injection as well as NC were killed by
decapitation. Lumbar SCs were rapidly dissected out and frozen in
isopentane cooled in liquid nitrogen, and then stored at )80C until
analysis.
Samples of lumbar SC tissue were rapidly homogenized in 10
volumes of cold RIPA lysis buffer [in mm; Tris, 50, pH 8.0; NaCl,
150; EDTA, 2; 1% NP-40; 0.5% sodium deoxycholate; 1% sodium
dodecyl sulphate (SDS); aprotinin, 5 lg ⁄ mL; pepstatin, 1 lg ⁄ mL;
leupeptin, 5 lg ⁄ mL; phenylmethylsulphonyl ﬂuoride (PMSF),
88 lg ⁄ mL) using a glass homogenizer (Potter-Elvehjem, USA),
and centrifuged at 9000 g for 20 min at 4C. Then, supernatants were
collected, aliquoted and stored at )80C until analysis. Total protein
concentrations were estimated by colorimetric assay (Bradford
method) using bovine serum albumin (BSA) as standard. Prior to gel
loading, samples were diluted 1 : 1 with loading buffer 2· (125 mm
Tris pH 6.8; 10% glycerol; 4% SDS; 10% b-mercaptoethanol;
0.005% bromophenol blue) and denatured at 100C for 5 min.
For choline acetyltransferase (ChAT), Synapsin-I, Shh, Notch-1 and
Numb quantiﬁcation, 30 lg of protein was separated on a 10%
polyacrylamide gel in Tris-glycine running buffer (in mm: Tris, 25;
glycine, 250; 0.1% SDS; pH 8.3) and electrotransferred to a
nitrocellulose membrane (Schleicher and Schuell BioScience GmbH,
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Germany) for 2 h in transfer buffer (in mm: Tris, 48; glycine, 39;
0.02% SDS; pH 9.2).
Membranes were blocked overnight at 4C with 3% BSA and
incubated for 1 h with the following primary antibodies: mouse antiChAT (Immunological Sciences, Roma, Italy; Cat. No. MAB10838;
dilution 1 : 400); goat anti-Shh (Santa Cruz Biotechnology, Heidelberg, Germany; Cat. No. sc-1194; dilution 1 : 300); rabbit anti-Notch1 extracellular domain (Upstate Biotechnology, Millipore group;
Cat. No. 07-218; dilution 1 : 700); goat anti-Numb (Santa Cruz
Biotechnology; Cat. No. sc-15590; dilution 1 : 100) and rabbit antiSynapsin-I (Abcam, Cambridge, UK; Cat. No. AB18814; dilution
1 : 500). Then, membranes were rinsed six times in wash buffer (in
mm: Tris, 10, pH 7.5; NaCl, 100; 0.1% Tween-20) for 5 min and
incubated for 1 h with the appropriate peroxidase-conjugate goat
anti-rabbit (Pierce Biotechnology, Thermo Scientiﬁc Group; Cat.
No. 1858415; dilution 1 : 6000), goat anti-mouse (Pierce Biotechnology, Thermo Scientiﬁc Group; Cat. No. 1858413; dilution 1 : 6000) or
rabbit anti-goat (Chemicon International, Millipore group; Cat. No.
AP106P; dilution 1 : 10 000) secondary antibodies. Peroxidase
activity was developed by enhanced chemiluminescent substrate
(Pierce Biotechnology, Thermo Scientiﬁc Group; Cat. No. 34075) and
visualized on a ﬁlm (Kodak). Then, membranes were blocked again
with BSA, and the protocol was repeated for quantiﬁcation of actin,
using a mouse anti-actin primary antibody (Chemicon International,
Millipore Group; Cat. No. MAB1501; dilution 1 : 700) followed by a
goat anti-mouse secondary antibody (Pierce Biotechnology, Thermo
Scientiﬁc Group; Cat. No. 1858413; dilution 1 : 5000).
The ﬁlms were digitally scanned and the relative 300 dpi greyscale
images were used for optical density measurement by using Scion
Image software (Scion Corporation, USA). The background level was
measured on each ﬁlm, as a mean value measured in several areas of
the ﬁlm, away from the protein bands, and subtracted from the density
values of each protein band. Density values relative to all proteins
were normalized to actin levels measured in the same membrane. All
assays were performed in triplicate.
Histology and immunohistochemistry
After completion of the survival period, the unilaterally injected
animals were deeply anaesthetized with ketamine ⁄ xylazine (10 mg
ketamine ⁄ 2 mg xylazine per 100 g body weight, i.p.) and perfused
transcardially with 40 mL of room temperature saline followed by
100 mL of ice-cold phosphate-buffered 4% paraformaldehyde (pH
7.4). The lumbar SC was dissected out, postﬁxed for 1 h and then
soaked for 24 h in a phosphate-buffered 20% sucrose solution at 4C.
Then, the tissue was cut horizontally at 20 lm thickness on a freezing
microtome, and the sections were collected into four series. One series
(i.e. every fourth section) was used for Cresyl violet staining in order
to estimate the number of spared motoneurons within the SC. The
other series were used for immunohistochemistry. In order to visualize
the occurrence of cell proliferation within the lesioned SC, we used a
rat anti-BrdU antibody (Abcam; Cat. No. AB6326; dilution 1 : 100),
whereas mouse anti-glial ﬁbrillary acidic protein (GFAP) antibody
(Immunological Sciences; Cat. No. MAB16117; dilution 1 : 500) was
used to visualize glial reaction. Moreover, in order to study the
expression of Notch-1, Numb and Shh by ChAT-immunopositive
neurons, we used mouse anti-ChAT antibody (Immunological Sciences; Cat. No. MAB10838; dilution 1 : 400) together with one of the
following: goat anti-Shh (Santa Cruz Biotechnology; Cat. No. sc1194; dilution 1 : 100); goat anti-Notch-1 (Santa Cruz Biotechnology;
Cat. No. sc-6014; dilution 1 : 100); goat anti-Numb (Santa Cruz
Biotechnology; Cat. No. sc-15590; dilution 1 : 100). The same anti-

Shh, anti-Notch and anti-Numb antibodies were also used together
with mouse anti-GFAP or rabbit anti-Synapsin-I (Abcam; Cat. No.
AB18814; dilution 1 : 100) for double-staining.
In brief, sections were mounted on gelatine-coated slides, soaked for
30 min in 0.4% Triton X-100 in PBS and incubated overnight at room
temperature with antibody solution containing 0.3% Triton X-100.
Then, sections were washed in PBS containing 1% normal donkey
serum and incubated for 1 h with the appropriate Alexa Fluor 488 or
568 donkey anti-rabbit, anti-mouse or anti-goat secondary antibodies
(Invitrogen, UK; dilution 1 : 500), in PBS plus 2% normal donkey
serum and 0.3% Triton X-100. After washing in PBS, sections were
counterstained for 5 min with DAPI 1 : 20 000 (Invitrogen) in PBS.
Slides were coverslipped with Permaﬂuor (Thermo) and stored at 4C
pending analysis. For BrdU staining, mounted sections were subjected
to antigen retrieval by incubation in 2 N HCl at 37C for 1 h followed
by rinse in 0.1 m borate buffer. After washing in PBS, sections were
incubated at 4C for 48 h with primary antibody, 0.2% Triton X-100
and 5% normal goat serum, in PBS. After washing in PBS, sections
were incubated with Alexa Fluor 488 goat anti-rat secondary antibody
for 1 h (Invitrogen; dilution 1 : 500), washed in PBS and coverslipped.

Microscopy and profile counts
The observation of stained SC sections and the proﬁle counts were
carried out by a Zeiss light or ﬂuorescence microscope coupled with a
Zeiss Axiocam camera (Carl Zeiss S.p.A, Arese, Italy). Co-localization studies were carried out by using a laser confocal microscope
(Leica Microsystems S.p.A., Milano, Italy).
In order to determine the extent of motoneuronal depletion induced
by the neurotoxic lesion, counts of Cresyl violet-labelled neuronal
proﬁles were carried out bilaterally on horizontal spinal sections from
unilaterally lesioned and sham-lesioned animals. Brieﬂy, three alternate sections from each animal were analysed at similar rostro-caudal
(L3–L5) and dorso-ventral (lamina IX) levels, and the labelled proﬁles
counted. Relative proﬁle numbers on each side were therefore
expressed as the average number ⁄ section calculated from these three
sections. Then, the number of proﬁles in the ipsilateral side was
expressed as a percentage of the number of proﬁles counted in the
contralateral side. In all counts, only proﬁles with unambiguous
motoneuronal morphology and size were considered.

Statistical analysis
Data were analysed either as raw data or as mean ± SEM, as
appropriate. Differences between experimental groups in functional,
histological and Western blot data were evaluated by using one-way or
two-way anova, where appropriate, followed by Bonferroni’s post hoc
test. The association between different variables was quantiﬁed
by linear regression and correlation, where appropriate. For all
experiments, a P-value of < 0.05 was considered to be signiﬁcant.
All analyses were performed by means of Systat package version 11
(Systat Software, USA) or by Primer (McGraw-Hill) softwares.

Results
All animals survived surgery and did not show any signiﬁcant sign
of general illness. However, body weight gain during the survival
period was signiﬁcantly affected by CTB-SAP injection (two-way
anova, effect of treatment: F2,1 = 10.053, P = 0.000; effect of timepoint: F1,2 = 32.329, P = 0.000; interaction between effects: F =
3.552, P = 0.036). In particular, 1 week after injection, normal and

ª The Authors (2010). Journal Compilation ª Federation of European Neuroscience Societies and Blackwell Publishing Ltd
European Journal of Neuroscience, 31, 1423–1434

1426 R. Gulino et al.

Fig. 1. Effect of CTB-SAP lesion on motor performance as evaluated by grid
walk test and rotarod in bilaterally injected mice. Values are expressed as
mean ± SEM. (A) The performance at the grid walk test was quantiﬁed by
counting the number of footfalls per step. The injection of CTB-SAP into the
gastrocnemius muscle caused a ﬁvefold increase of the number of footfalls ⁄ step,
as observed 1 week after lesion (n = 10), in comparison with the pre-lesion
condition (n = 19). The initial effect of lesion was followed by a threefold
recovery at 1 month (n = 9). The asterisk (*) indicates signiﬁcant difference from
pre-lesion levels, while the dagger ( ) indicates signiﬁcant difference between
time-points after lesion (1 week and 1 month). (B) The performance at the
rotarod was evaluated by measuring the latency-to-fall in an accelerating protocol
(see Materials and methods). A 30% decrease of the latency-to-fall was seen both
1 week (n = 10) and 1 month (n = 9) after lesion, compared with pre-lesion
levels (n = 19), but only at 1 week was this decrease statistically signiﬁcant.

sham-lesioned mice increased their body weight by 10% above the
initial weight, while lesioned animals showed an average 3% decrease.
One month after injection, normal and sham-lesioned mice showed a
30% increase above initial weight, while lesioned ones showed a 7%
increase only. The difference from both NC and sham-lesioned
animals was found to be statistically signiﬁcant (pairwise comparisons, effect of treatment: P = 0.000 and P = 0.018, respectively; effect
of time-point: P = 0.000).
All lesioned mice showed a signiﬁcant weakness of the injected
hindlimb, with altered posture, starting 2 or 3 days after injection,
although they were still able to walk and perform functional tests.
Sham-lesioned and normal groups did not differ from each other in

Fig. 2. Effect of CTB-SAP on the number of surviving motoneurons in the
lumbar SC 1 week after lesion, as counted in Cresyl violet-stained SC sections
obtained from unilaterally injected animals (n = 5). (A) The number of lumbar
motoneuron proﬁles is shown as a percentage of motoneuron proﬁles counted
in the contralateral side of lesioned SCs. The lesion determined a 30% depletion
of motoneuronal population, compared with both contralateral side and shamlesioned animals (n = 4). (B) An example of Cresyl violet-stained SC section
from a CTB-SAP-injected mouse. The same results were found 1 month after
lesion. The original picture has been converted in greyscale image and adjusted
in brightness and contrast. The asterisk (*) indicates signiﬁcant difference from
both contralateral side and control values. Scale bar: 500 lm.

terms of motor performance and Western blot data. Therefore, these
groups were pooled together in a single control group (CTRL).

Motor performance at the grid walk and rotarod tests
The lesion determined a signiﬁcant effect on grid walk (one-way
anova: F2,37 = 19.48, P = 0.000) and rotarod performance (one-way
anova: F2,37 = 4.407, P = 0.020). In particular, 1 week after lesion,
bilaterally lesioned mice (n = 10) showed a statistically signiﬁcant
ﬁvefold increase of the number of footfalls ⁄ step compared with
control performance (Bonferroni’s post hoc test, P = 0.000; Fig. 1A).
Interestingly, 1 month after lesion, animals (n = 9) showed a signiﬁcant threefold recovery in the number of footfalls (Bonferroni’s
post hoc test, P = 0.004; Fig. 1A), reaching a grid walk performance
signiﬁcantly similar (Bonferroni’s post hoc test, P = 0.366; Fig. 1A)
to control levels (n = 19). One day before surgery, the average
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Fig. 3. Glial reaction and lack of cell proliferation in the SC after CTB-SAP lesion. An increased number of GFAP-positive astrocytes was seen ipsilaterally to the
CTB-SAP-injected muscle (B) compared with the contralateral side (A). (C–K) Panel of confocal images showing that GFAP-like immunopositive astrocytes (C, F, I)
localized within the lesioned SC do not express Notch-1 (D, E, arrows), Numb (G, H, arrows) or Shh (J, K, arrows), whereas some adjacent cells resembling neurons do
express these proteins (arrowheads). Nuclei have been stained with DAPI (blue). (L, M) No BrdU-positive cells were scattered in the lesioned SC side (M) or in the
contralateral side (L). The original images have been adjusted in brightness and contrast. Scale bars: 200 lm in A, B, L, M; 20 lm in C–K.

latency-to-fall at the rotarod test was 379 ± 25 s (n = 19; Fig. 1B).
One week after surgery, the lesioned animals had a signiﬁcant
30 ± 9% decrease in rotarod performance (n = 10; Bonferroni’s
post hoc test, P = 0.015; Fig. 1B). A similar decrease of 30 ± 13%
was also measured 1 month after the lesion, but it did not reach
signiﬁcance (n = 9; Bonferroni’s post hoc test, P = 0.052; Fig. 1B).
Motoneuron loss and glial reaction in lumbar SC after
the lesion
The analysis of Cresyl violet-stained SC sections demonstrated a
signiﬁcant decrease in the number of motoneuron proﬁles compared
with contralateral as well as control values (repeated measures

two-way anova, effect of treatment: F1,1 = 18.249, P = 0.008; effect
of SC side: F1,1 = 3.527, P = 0.038; interaction between factors:
F = 3.053, P = 0.056). In particular, the unilaterally injected LES1wk group (n = 5) showed a 30 ± 8% decrease in the average number
of motoneuron proﬁles within the lumbar SC ventral horn ipsilateral to
the injected muscles when compared with the contralateral side
(Fig. 2A and B). This decrease was similar in animals killed at
1 month after lesion (n = 5; not shown), whereas it was not observed
in the sham-lesioned mice (4 mice ⁄ time-point; Bonferroni’s post hoc
test, P = 0.833; Fig. 2A and B). One week after CTB-SAP injection in
the right gastrocnemius muscle, we observed an evident increase of
GFAP-positive astrocytes within the grey matter of the ventral horn, in
the lesioned lumbar SC (Fig. 3B), compared with the contralateral side
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Fig. 4. Western blot data relative to the expression levels of choline acetyltransferase (ChAT) (A), Synapsin-I (B), Sonic hedgehog (Shh) (C), Notch-1 (D) and
Numb (E) in SC homogenates from CTB-SAP-lesioned and control animals. Values are expressed as arbitrary units and normalized to control levels. Asterisks (*)
indicate signiﬁcant difference from control levels. (F) Examples of Western blots showing ChAT-, Synapsin-I-, Shh-, Notch-1- and Numb-immunoreactive bands in
relation to their corresponding actin signal in lesioned and sham-lesioned mice killed 1 week or 1 month after lesion, respectively. The original pictures have been
adjusted in brightness and contrast.

(Fig. 3A). Moreover, BrdU staining demonstrates no evidence of cell
proliferation in the SC white and grey matter (Fig. 3L and M), and
no evidence of ependymal cell proliferation around the central canal
(not shown). Similar results have been found in animals killed
1 month after the lesion (not shown).
Expression of ChAT, Synapsin-I, Shh, Notch-1 and Numb
after CTB-SAP lesion
Protein expression in the lumbar SC was measured by Western
blotting, and the average values of relative optical density for each
protein in every group were compared and analysed by one-way
anova followed by Bonferroni’s post hoc test. Data analysis revealed
a signiﬁcant (F2,36 = 5.91, P = 0.006) 27 ± 7% decrease of the
average ChAT expression 1 week after lesion in the lumbar SC of
bilaterally CTB-SAP-lesioned mice, compared with the expression in
control animals (Bonferroni’s post hoc test, P = 0.004; Fig. 4A and
F). Interestingly, the expression levels of ChAT in SCs analysed
1 month after lesion appeared to be not signiﬁcantly different from
control (Bonferroni’s post hoc test, P = 0.076; Fig. 4A and F).
Synapsin-I expression appeared also signiﬁcantly (one-way anova,
F2,36 = 11.35, P = 0.000) decreased by 33 ± 5% from control levels at

1 week after lesion (Bonferroni’s post hoc test, P = 0.000; Fig. 4B
and F). At 1 month, the average expression levels of Synapsin-I were
partially, but not signiﬁcantly, restored. In fact, they were still
20 ± 3% below control levels (Bonferroni’s post hoc test, P = 0.016;
Fig. 4B and F). The average expression levels of Shh 1 week after
lesion showed a small but signiﬁcant (one-way anova, F2,36 = 5.97,
P = 0.006; Bonferroni’s post hoc test, P = 0.002) decrease by
12 ± 3% compared with control levels, which was restored at 1 month
(Fig. 4C and F). Notch-1 expression levels appeared decreased by
13 ± 4% at 1 month after lesion, but the reduction was not statistically
signiﬁcant (one-way anova, F2,36 = 0.66, P = 0.522; Fig. 4D and F).
Numb levels appeared signiﬁcantly (one-way anova, F2,36 = 7.31,
P = 0.002) reduced by 32 ± 1 % at 1 week after lesion (Bonferroni’s
post hoc test, P = 0.000; Fig. 4E and F). At 1 month, they returned to
near-normal levels (Bonferroni’s post hoc test, P = 0.126), and
appeared only 16 ± 7% below normal levels (Fig. 4E and F).
In order to verify if the expression of Synapsin-I, Shh, Notch-1 and
Numb could be linked to the extent of the cholinergic depletion due to
the motoneuron death, the expression levels of ChAT have been
correlated with those of the other proteins. The data showed a
signiﬁcant correlation with Synapsin-I within the CTB-SAP-lesioned
group (R18 = 0.461; P = 0.047; Fig. 5A), but not within the CTRL
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I are associated with Notch-1 (R19 = 0.483; P = 0.031; Fig. 5F), but
not with Shh (R19 = 0.063; P = 0.792; Fig. 5D) or Numb
(R19 = 0.377; P = 0.102; Fig. 5H) expression levels. For the
above-described correlations, the 1-week and 1-month lesioned
groups were pooled together as the same results were found when
analysed separately.
The same correlations have been carried out among the whole
experimental mice population, in order to verify if any relationship
occurs between proteins irrespective of the treatments (Fig. 6). The
results show that ChAT expression levels are correlated with those of
Synapsin-I (R38 = 0.557; P = 0.000; Fig. 6A), Shh (R38 = 0.387;
P = 0.015; Fig. 6B) and Notch-1 (R38 = 0.324; P = 0.044; Fig. 6C),
but not with those of Numb (R38 = 0.099; P = 0.549; Fig. 6D).
Moreover, the results demonstrate that the expression levels of
Synapsin-I are linked with those of Shh (R38 = 0.383; P = 0.016;
Fig. 6E) and Notch-1 (R38 = 0.431; P = 0.006; Fig. 6F), but not with
those of Numb (R38 = 0.155; P = 0.345; Fig. 6G).
Distribution of protein expression within the lesioned SC
The speciﬁc localization of Notch-1, Numb and Shh proteins into the
lesioned SC has been studied by immunohistochemistry and confocal
microscopy. The results showed that almost all ChAT-immunopositive
neurons (Fig. 7A, D and G) are also positive for Notch-1 (Fig. 7B and
C), Numb (Fig. 7E and F) and Shh (Fig. 7H and I), at either 1 week or
1 month after lesion, whereas none of these proteins are expressed by
GFAP-positive astrocytes (Fig. 3C–K). Moreover, Fig. 7 shows that
neurons expressing Notch-1, Numb and Shh also have an intense
expression of Synapsin-I onto the cell membrane (Fig. 7J–R).

Association between functional deficits and protein expression
levels

Fig. 5. Linear regression and correlation between protein expression levels in
lesioned compared with control group. Choline acetyltransferase (ChAT)
expression levels correlated with those of Synapsin-I in bilaterally lesioned
groups (A), but not in control group (B). Synapsin-I also correlated with Sonic
hedgehog (Shh) and Notch-1 expression levels. The correlation with Shh is
present in the bilaterally lesioned (C) but not in control (D) group, whereas a
correlation between Synapsin-I and Notch-1 is present in control (F) but not in
lesioned (E) group. Numb expression levels were not linked with Synapsin-I
levels (G, H). One-week and 1-month lesioned groups were pooled together.

group (R19 = 0.360; P = 0.119; Fig. 5B). No signiﬁcant correlations
were conversely found with the other proteins (not shown).
Moreover, the expression levels of the fate determinants Shh,
Notch-1 and Numb have been correlated with those of Synapsin-I,
which is a marker of synaptic plasticity. Data showed that the
expression of Synapsin-I is linked to that of Shh (R18 = 0.629;
P = 0.004; Fig. 5C), but not to Notch-1 (R18 = 0.254; P = 0.293;
Fig. 5E) or Numb (R18 = 0.305; P = 0.204; Fig. 5G) in the lesioned
animals. Conversely, in non-lesioned animals, the levels of Synapsin-

The possible correlation between the number of footfalls ⁄ step scored
at the grid walk test and the expression levels of ChAT, Synapsin-I,
Shh, Notch-1 and Numb, as measured by Western blotting, was
investigated. This is in order to address the possibility that the
worsening of functional performance after injury and ⁄ or the following
recovery could be linked to the expression levels of these proteins in
the SC. The results showed that among the LES-1wk animals, the
expression of ChAT was associated to the grid walk performance
(R9 = 0.636; P = 0.048; Fig. 8A). Conversely, no correlations were
found among CTRL subjects (R19 = 0.235; P = 0.418; Fig. 8B).
A strong inverse correlation was also found between grid walk
performance and Numb expression among the LES-1wk animals
(R9 = 0.927; P = 0.000; Fig. 8E), but not within the control group
(R19 = 0.150; P = 0.610; Fig. 8F). Similar results were found by
correlation between protein levels and rotarod performance at 1 week
after lesion. In particular, a direct correlation was found between
latency-to-fall and ChAT expression (R9 = 0.757; P = 0.011; Fig. 8C),
whereas an inverse correlation was observed between latency-to-fall
and Numb expression levels (R9 = 0.673; P = 0.033; Fig. 8G).
Conversely, no correlations were found among CTRL animals
(Fig. 8D and H), as well as among LES-1mo subjects (not shown).
No signiﬁcant correlations were found between grid walk or rotarod
performance and the other proteins analysed (not shown).

Discussion
In the present study, a new SC lesion model was developed in
order to study compensatory plastic changes in the absence of any
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Fig. 6. Linear regression and correlation between protein expression levels in the entire mice population. Choline acetyltransferase (ChAT) expression levels
correlated with those of Synapsin-I (A), Sonic hedgehog (Shh) (B) and Notch-1 (C), but not Numb (D). Synapsin-I expression levels correlated with those of Shh
(E) and Notch-1 (F), but not Numb (G).

obvious tissue damage and with only a moderate activation of
inﬂammatory mechanisms, known to affect various cell responses
such as neurogenesis, ﬁbre sprouting or glial activation (Ekdahl
et al., 2003; Kerschensteiner et al., 2004; Klussmann & MartinVillalba, 2005). Although better mimicking human SC injuries,
contusion or other mechanical SC lesion models, are characterized
by a lot of confounding factors that could complicate the dissection
of the particular role of different cues provided by the damaged
tissue.
Injection of CTB-SAP into the gastrocnemius muscle determined a
partial depletion of the lumbar motoneuron population accompanied
by a clear-cut impairment of hindlimb function. The motoneuron loss
was also paralleled by a decrease of ChAT and Synapsin-I expression
levels within lumbar SC tissue at 1 week after lesion. It has been
demonstrated in our previous work (Gulino et al., 2007a) that about
80% of acetylcholine release within the SC originates from local
motoneuronal synaptic activity, whereas the remaining cholinergic
activity could be linked to other intraspinal neurons. ChAT and
acetylcholinesterase expression was seen in all SC laminae, and the
spinal cholinergic system has been widely explored (Navaratnam &
Lewis, 1970; Barber et al., 1984; Phelps et al., 1984; Borges &
Iversen, 1986). Thus, the observed downregulation of ChAT after
lesion should be caused in part by the motoneuron loss, and in part by
the consequent disruption of spinal circuitry, which obviously involves
other cholinergic spinal neurons. It can not be excluded that the
disruption of spinal circuits could also be caused, although in a minor
part, by the toxin-induced damage of some afferent sensory neurons.
Thus, it is reasonable that the motoneuron depletion, together with the
reduced sensory afferents, could together result in a reduction of spinal
neural activity, which in turn could be responsible for the functional
impairment. However, as demonstrated by the correlation between
ChAT expression levels and motor performance in grid walk and
rotarod tests, it appears that the impairment of hindlimb function, as
well as the subsequent recovery, is linked to the cholinergic activity
within the SC. Indeed, despite the marked motoneuron loss, ChAT
expression recovered up to normal levels at 1 month after lesion,
probably as a result of compensatory phenomena occurring within the

spared motoneuron populations and the surrounding spinal circuits.
Moreover, 1 month after lesion, the hindlimb function appeared also
close to normal at the grid walk test, despite the motoneuron depletion.
Therefore, an increased activity in the spared motoneurons is likely to
be responsible for both the recovery of ChAT expression and the
restoration of performance at the grid walk test. On the other hand, but
not necessarily in contrast, the increased activity in the spared
motoneurons could be due to (or supported by) an upregulation of
synaptic efﬁcacy within the spinal circuits surrounding motoneurons.
This is suggested by the evident, although incomplete, restoration of
Synapsin-I expression 1 month after lesion, and also by the correlation
between ChAT and Synapsin-I levels. Synapsin-I is a phosphoprotein
that modulates synaptic plasticity by regulating the trafﬁcking of
synaptic vesicles. Thus, an upregulation of Synapsin-I could reﬂect an
increased number and ⁄ or an upregulated trafﬁcking of synaptic
vesicles (Greengard et al., 1993; Hilﬁker et al., 1999). A similar
mechanism of synaptic plasticity has recently been reported in our lab
to explain the observed recovery following low-thoracic SC hemisection (Gulino et al., 2007b). In fact, we reported an initial downregulation of Synapsin-I followed by its long-term restoration associated to
the functional recovery. At the level of the muscle, the observed
functional changes within the SC could be paralleled by events of
reinnervation or ﬁbre sprouting, which sustain functional recovery.
The occurrence of these anatomical changes has been widely
demonstrated (Bishop, 1982; Nógrádi & Vrbová, 1992; Nakamura
et al., 1997; Chen et al., 2007; Navarro et al., 2007).
Unlike the grid walk test, performance at the rotarod test did not
improve signiﬁcantly at 1 month, as compared with 1 week after the
lesion. This result could be due to the persistent reduction of muscle
strength, whereas the more evident recovery of grid walking
performance could depend on the reorganization of central pattern
generators, which resulted in the amelioration of hindlimb coordination and stepping ability.
We observed that Shh and Numb expression levels, but not
Notch-1, were downregulated after neurotoxic lesion, but returned to
near-normal levels at 1 month. The analysis of the entire dataset
showed that Shh and Notch-1 correlate with both ChAT and Synapsin-
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Fig. 7. Panel of confocal images showing examples of double-immunostained neurons within the SC. (A–I) Colocalization of ChAT-like (A, D, G) and Notch-1like (B, C), Numb-like (E, F) or Shh-like (H, I) immunoreactive signals within the lesioned SC. (J–R) Examples of cells double-stained for Synapsin-I (J, M, P) and
Notch-1 (K, L), Numb (N, O) or Shh (Q, R). Arrows indicate Synapsin-I-like immunopositive densities close to the membrane, whereas arrowheads indicate Notch1-like (K), Numb-like (N) and Shh-like (Q) immunopositive signals located into the cytoplasm. Nuclei have been stained with DAPI (blue). The original images have
been adjusted in brightness and contrast. Scale bars: 20 lm.

I expression, suggesting a possible activity-dependent expression of
these molecules, even if the average expression levels of Notch-1 are
unaffected by lesion. Interestingly, when we analysed the lesioned and
sham-lesioned populations separately at 1 week after surgery, which is
the time-point with the largest average modiﬁcations, the expression

levels of Shh, but not those of Notch-1, appeared correlated with both
ChAT and Synapsin-I levels, suggesting a role of this factor in
regulating synaptic efﬁcacy within the lesioned SC. These correlations
are anatomically supported by immunohistochemical data demonstrating the co-localization of Notch-1 and Shh (and also Numb), with
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Fig. 8. Linear regression and correlation between motor performance and protein expression levels. Grid walk performance, expressed as number of footfalls per
step, signiﬁcantly correlated with the expression levels of choline acetyltransferase (ChAT) (A) and Numb (E) in the LES-1wk group, but not in the control group
(B, F). Similarly, the latency-to-fall at the rotarod test, expressed in seconds, appeared signiﬁcantly correlated with the expression levels of ChAT (C) and Numb
(G) within the lesioned (LES-1wk) group, but not in control group (D, H).

both ChAT- and Synapsin-I-positive neurons. The correlation was
missing when we analysed the lesioned group at 1 month after the
lesion. This could be explained as follows: ﬁrst, as showed in Fig. 1,
the motor behaviour at 1 month is characterized by a higher variability
between subjects and, second, as both functional parameters and
neurochemical markers increased towards normal levels, the functional recovery could be less tied to the protein expression.
The role of the Notch-1 pathway in synaptic plasticity and in the
regulation of learning and memory is well established (Costa et al.,
2003, 2005; Presente et al., 2004; Wang et al., 2004). However, its
role into the SC, as well as the putative involvement of Shh in these
processes is much less known. In contrast with the above observation,
Numb expression levels did not correlate with any of the other
proteins analysed, but it appeared directly associated with the
hindlimb functional deﬁcits, as suggested by the correlation with
both grid walk and rotarod performance. These results, together with
the downregulation of Numb after the lesion, suggest that the
expression of Numb in the adult SC is somehow linked to
the motoneuron function, but that the putative role of Numb in the
functional outcome could be independent from the mechanisms of
synaptic plasticity investigated here. Little is known about the possible
role of Numb in mature neurons, but it seems likely, however, that this
factor could participate to the axonal growth (Berezovska et al.,
1999), as well as to the remodelling of dendritic spines and some
aspects of synaptic function in the late developmental stages
(Nishimura et al., 2006). The results collectively suggest differential
roles of these proteins in the SC, in either physiological or
pathological conditions.
As demonstrated by increased GFAP expression, astrocyte activation occurs in the same SC area undergoing motoneuron depletion.
Glial reaction is a classical response to CNS injury that normally
occurs as a result of tissue damage, which generally also involves glial
cells themselves, inducing a series of events that ampliﬁes and
maintains glial activation (Fawcett & Asher, 1999; Raivich et al.,
1999). Notably, however, our ﬁndings indicate that astrocyte activa-

tion could also be elicited following a selective neurotoxic motoneuron degeneration, with no mechanical damage to the SC tissue
environment. This evidence is in line with similar results previously
obtained after neurotoxic lesion of cerebellar nuclei (Cevolani et al.,
2001). As also noted by Cevolani and colleagues, it is interesting to
recall that the inﬂammatory response involving glial activation is
considered a hallmark of neurodegenerative diseases in humans
(Selkoe, 1999).
The absence of cell proliferation in our lesion model, as demonstrated by the lack of BrdU staining, is in contrast with previous
reports showing signiﬁcant cell proliferation within the damaged SC
tissue and from the ependymal layer after contusion injuries, although
followed by a prominent astrocyte differentiation (Azari et al., 2005;
Bambakidis et al., 2005; Mothe & Tator, 2005; Yang et al., 2006). As
previously introduced, Shh, Notch-1 and Numb exert important roles
in the regulation of adult neurogenesis and gliogenesis, by mechanisms partially recapitulating embryonic morphogenesis (Yamamoto
et al., 2001; Petersen et al., 2002, 2004; Bambakidis et al., 2003; Lai,
2004; Akai et al., 2005; Palma et al., 2005; Androutsellis-Theotokis
et al., 2006; Fuccillo et al., 2006; Loulier et al., 2006; Breunig et al.,
2007). Thus, it is reasonable to assume that the downregulation of Shh
and Numb observed here could be one of the factors inhibiting
neurogenesis. Noteworthy, in contrast to our present observations, a
transient increase in Notch-1, Shh and Numb expression has been
observed in other SC lesion models based on mechanical damage
(Yamamoto et al., 2001; Chen et al., 2005), suggesting a robust
capacity of neurons to de-differentiate in the attempt to reconstruct
intraspinal circuits. The reasons for this difference between mechanical and neurodegenerative lesion models are elusive. However, some
possible explanations could be proposed. Firstly, a contusion injury
involves several neuronal and glial populations, whereas our lesion
protocol selectively affects motoneurons in spatially restricted regions.
Motoneurons are the cells most abundantly expressing Shh in the
intact SC (Traiffort et al., 1999), and they also express Numb and
Notch-1 (Chen et al., 2005). The recovery of Shh expression observed
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1 month after lesion could reﬂect an activity-dependent increase of
synthesis by the spared motoneurons, as suggested by co-localization
and correlation between ChAT and Shh levels. Moreover, Shh, Notch1 and Numb are also expressed by ependymal cells (Chen et al.,
2005). These cells undergo a robust proliferation immediately after a
mechanical injury (Johansson et al., 1999; Takahashi et al., 2003),
whereas they were seen largely unresponsive in our lesion model.
These molecules are also expressed by active astrocytes after
contusion injury (Chen et al., 2005), but not in our lesion model.
These events need to be further clariﬁed because they denote the
importance of the role of environmental cues on cellular and molecular
mechanisms underlying neurogenesis, plastic changes and, ﬁnally,
affecting functional recovery in different types of SC lesion and
disease.
It is therefore likely that an experimental approach aimed at
artiﬁcially modifying Shh, Notch-1 and Numb signalling into the SC,
during the ﬁrst few weeks after the lesion, could stimulate NPCs
proliferation, reduce glial reaction and probably drive cell differentiation towards neuronal phenotype. Moreover, the putative involvement of these factors in mechanisms of SC synaptic plasticity, as well
as the recently reported effect of Shh as trophic factor promoting
motoneuron survival after lesion (Akazawa et al., 2004), could
anticipate a multiple positive effect of such treatments to the functional
recovery.
In conclusion, our data suggest that Shh, Notch-1 and Numb are
likely important regulators of neurogenesis and synaptic plasticity
within the SC. Ongoing studies will further elucidate their role in this
neurodegeneration model by modulating their signalling activity,
in vivo.
Given the rapidly increasing knowledge about neurogenesis and
endogenous SC plasticity, we believe that further efforts to achieve SC
repair by stimulating the intrinsic potential of SC will produce
interesting results. Moreover, unlike transplantation strategies, this
kind of approach represents a pure pharmacological method; therefore,
it is free of ethical concerns and easier to be transferred to medicine. In
this regard, we believe that our model of SC motoneuron degeneration
represents a useful tool for future studies attempting to investigate
neurogenesis and ⁄ or other compensatory changes within the SC, in
the presence of only neurodegenerative processes, without other
microenvironmental cues such as inﬂammation, tissue damage,
disruption of SC white matter and blood circulation.
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