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Abstract: Transactive response DNA-binding protein of 43 kDa (TDP-43) is a nuclear
DNA/RNA-binding protein involved in gene transcription and mRNA processing. Recently,
TDP-43 has been found in the cytoplasmic inclusions observed in amyotrophic lateral sclerosis.
Substantial attention has been devoted to the toxic effects of the cytoplasmic TDP-43
aggregates, whereas the functional role of this protein remains poorly investigated. Interestingly,
TDP-43 could be localized in the synapse and affect synaptic plasticity and locomotion in
Drosophila. Here, we would like to understand if TDP-43 could modulate spinal cord plasticity
in a mouse model of neurotoxic motoneuron depletion. Therefore, the expression levels of TDP43 and synaptic proteins such as synapsin-I and the α-amino-3-hydroxy-5-methyl-4isoxazolepropionate (AMPA) receptor subunits GluR1, GluR2 and GluR4 were measured by
western blotting. By using multivariate regression models, protein expression levels were
correlated each other as well as with the motor performance. The results suggested that motor
performance could be linked to the expression of synapsin-I, and that the latter could depend on TDP-43, which in turn
could interact with AMPA receptors. In conclusion, our results suggest that TDP-43 is likely involved in the modulation
of synaptic plasticity. Given the increasing interest in mouse models of TDP-43 gain or loss of function in
neurodegenerative diseases, the elucidation of the role of TDP-43 in the spinal cord is mandatory. More generally, given
the recently increased knowledge about spinal cord plasticity, we postulate that the stimulation of the intrinsic plastic
potential of spinal cord would be a successful repairing strategy.
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INTRODUCTION
Transactive response DNA-binding protein of 43 kDa
(TDP-43) is a ubiquitously expressed nuclear DNA/RNAbinding protein encoded by an highly conserved gene and
involved in RNA splicing, transcription, stability and
transport [1-3]. Recently, TDP-43 was found in the
cytoplasmic protein aggregates observed in some neurons of
patients affected by amyotrophic lateral sclerosis, frontotemporal lobar degeneration and Alzheimer disease [2, 4, 5].
Therefore, considerable attention has been devoted to the
putative toxicity of the cytoplasmic TDP-43 inclusions but,
more recently, it is becoming likely that some of the negative
effects on motoneurons could be caused by the loss of
function of the normal TDP-43 [2, 6-9]. Unfortunately, the
functional role of TDP-43 is still poorly investigated. It is
known however that, in addition to the classical role in
mRNA processing, TDP-43 could also be involved in other
cell functions, such as microRNA biogenesis, apoptosis and
cell division [1]. Interestingly, it has been recently found that
TDP-43 could be localized in the dendrites and may behave
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as a neuronal activity-responsive factor [10] probably
affecting local RNA translation at the synapse [10, 11].
Moreover, TDP-43 is crucial for the normal synaptic
formation and plasticity, as well as for locomotion in
Drosophila [7, 12-15].
In the present research, we sought to determine if TDP43 could also have a role in modulating spinal cord plasticity
in a mouse model of neurotoxic spinal cord injury. We have
previously studied some mechanisms of spinal cord
plasticity, by using a mouse model of motoneuron
degeneration induced by intramuscular injection of the
retrogradely transported, ribosome-inactivating toxin,
cholera toxin-B saporin. In particular, we have demonstrated
that synaptic plasticity could be responsible, at least in part,
for the spontaneous recovery of locomotion after injury [1618]. Here, the expression levels of TDP-43, as well as
several proteins directly modulating synaptic function, such
as synapsin-I and the α-amino-3-hydroxy-5-methyl-4isoxazolepropionate (AMPA) receptor subunits GluR1,
GluR2 and GluR4 were measured by western blotting. By
using multivariate regression models, the expression levels
of these proteins were correlated to each other as well as
with the motor performance of motoneuron-depleted
animals. This was done in order to model some possible
mechanisms, by which TDP-43 could be related to the
© 2015 Bentham Science Publishers
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spontaneous spinal cord plastic changes occurring in the
severed spinal cord.
MATERIALS AND METHODS
Neurotoxic Lesion and Experimental Design
Young adult male mice (n = 45) (Charles River, Strain
129, 5 weeks aged, weight: 20-25 g) were used. Animal care
and handling were managed in accordance with the EU
Directive 2010/63/EU. All experiments were approved by
the local institutions as well as by the Italian Ministry of
Health. Surgical procedures were carried out under aseptic
conditions, with the animals under deep anaesthesia (100
mg/kg ketamine plus 20 mg/kg xylazine, i.p.). The number
of animals used and their suffering were minimized as
possible. Motoneuron depletion was induced by bilateral
injection of cholera toxin-B saporin (CTB-SAP; Advanced
Targeting Systems, San Diego, CA, USA) into the lateral
and medial gastrocnemius muscles at a dose of 3.0 µg/2.0 µl
PBS per muscle as described previously [16-18]. Similarly,
other animals received a bilateral injection of an equal
volume of cholera toxin-B-only vehicle. Finally, a group of
animals were left untreated and used as normal controls for
western blot experiments (NC; n = 10). Both lesioned (LES;
n = 20) and sham-lesioned (SHAM; n = 10) animals were
sacrificed one week after the lesion.
In order to perform a histochemical evaluation of the
effects of neurotoxin lesion, five mice were injected
unilaterally and then transcardially perfused at one week
after the lesion. Previous studies have demonstrated the
efficiency of this toxin in producing a selective motoneuron
depletion when injected in the target muscle [16-21], thus
providing a useful model of neurodegeneration. Similar
models of neurotoxic spinal cord injury have been previously
established in our laboratory [22, 23].
Functional Test
Lesioned as well as sham-lesioned and intact animals
were subjected to grid walk test to estimate the effects of
CTB-SAP lesion upon motor function [17, 24]. Briefly, grid
walk test was performed starting 1 day before toxin injection
and then repeated at one week after the lesion. Mice had to
walk through a runway made of 30 round metal bars placed
at variable distance (1.5 – 3.0 cm) and moved at every trial
to prevent habituation. The animals had to cross the runway
three times per session. To evaluate the motor performance,
we counted the footfalls relative to each hind limb at every
crossing and divided this number by the corresponding
number of steps. Then, for each animal, we calculated the
mean value among test repetitions, which is indicated as MD
(Motor Deficit, see Statistical analysis).
Western Blotting
At the end of the last grid walk test session, all animals
were sacrificed by decapitation. Lumbar spinal cords were
homogenized as described previously [16-18]. For western
blot analysis, 20 µg of protein were separated on a 4-20%
polyacrylamide gel and transferred to a nitrocellulose
membrane. After overnight blocking at 4 °C with 5% BSA,
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membranes were incubated for 1 h with either mouse anticholine acetyltransferase (anti-ChAT; Immunological
Sciences, Cat. No. MAB10838; Dilution 1:400), rabbit antisynapsin-I (Abcam plc, Cat. No. AB18814; Dilution 1:500),
mouse anti-GluR1 (Santa Cruz Biotechnology Inc., Cat. No.
sc-13152; Dilution 1:300), goat anti-GluR2 (Santa Cruz
Biotechnology Inc., Cat. No. sc-7610; Dilution 1:300), goat
anti-GluR4 (Santa Cruz Biotechnology Inc., Cat. No. sc7614; Dilution 1:300) or rabbit anti-TDP43 (Cell Signaling,
Cat. No. 3449; Dilution 1:1000). Then, membranes were
washed and incubated for 1 h with one of the following
HRP-conjugate secondary antibodies, as appropriate: goat
anti-mouse (Thermo Scientific group; Cat. No. 1858413;
Dilution 1:6000), goat anti-rabbit (Thermo Scientific group;
Cat. No. 1858415; Dilution 1:6000) or rabbit anti-goat
(Millipore, Cat. No. AP106P; Dilution 1:10000). Peroxidase
activity was developed by enhanced chemiluminescent
substrate (Pierce Biotechnology Inc., Thermo Scientific
group; Cat. No. 34075) and revealed on a film (Kodak).
Then, the same membranes were incubated for actin
quantification, by using a mouse anti-actin antibody
(Millipore, Cat. No. MAB1501; Dilution 1:700) followed by
a goat anti-mouse secondary antibody (Pierce Biotechnology
Inc., Cat. No. 1858413; Dilution 1:5000). The films were
acquired as grayscale images for optical density (OD)
measurement. OD values were measured by using Scion
Image software and normalized to the actin levels quantified
in the same membrane. All assays were done in triplicate.
Cresyl Violet Staining and Microscopy
At the end of the survival period, the unilaterally injected
animals were anaesthetized and perfused transcardially with
40 ml of saline followed by 100 ml of ice-cold phosphatebuffered 4% paraformaldehyde (pH 7.4). The lumbar spinal
cord was dissected out, postfixed for 1 hour and then soaked
overnight into a phosphate-buffered 20% sucrose solution at
4°C. Then, 20 µm-thick horizontal sections were cut on a
freezing microtome and stained with cresyl violet. The
observation of the stained sections was carried out by means
of a Zeiss optical microscope coupled with a Zeiss Axiocam
camera (Carl Zeiss S.p.A, Arese, Italy). For motoneuron
profile count, four alternate horizontal sections from each
spinal cord were analyzed at the same rostro-caudal (L3–L5)
and dorso-ventral (lamina IX) level. Motoneuron profile
numbers on each side were reported as the mean
number/section. Only unambiguous motoneuron profiles
characterized by an evident nucleus were taken into account.
Then, the number of motoneurons in the lesioned side was
expressed as the percent of the number of those counted in
the contralateral side.
Statistical Analyses
Data were analysed either as raw data or as mean ±
s.e.m., where appropriate. Differences between lesioned and
control groups in western blot and functional data were
analysed by unpaired Student’s t-test. Differences in cell
counts were evaluated by paired Student’s t-test. In order to
verify if the motor deficit could be linked to the expression
levels of the measured proteins, we used the following
multivariate regression model:

TDP-43 and Spinal Cord Plasticity

Predicted MD = β0 + β1[synapsin-I] + β2[GluR1] +
β3[GluR2] + β4[GluR4] + β5[TDP-43] + ε

CNS & Neurological Disorders - Drug Targets, 2015, Vol. 14, No. 1

3

(1)

where MD is the motor deficit; the terms in square brackets
are the average optical density values, as measured by
western blot; β0 – β5 represent the regression coefficients and
ε is the residual error. From this model, the non-significant
variables were removed by using backward stepwise
regression. The procedure starts with the complete model
(Equation 1) and eliminates iteratively the least significant
predictors until only significant ones remain. We used a
restrictive α value (α < 0.05) to allow a variable into the
model and selected only final models that explained at least
20 % of the dataset variance (R2 > 0.20) with a P-value of
the regression ANOVA less than 0.01. Where appropriate,
similar analyses were performed in order to find significant
models explaining correlations between each protein and the
others. The model used was like the following:
Predicted[P] = β0 + β1[P1] + β2[P2] + β3[P3] + β4[P4] + ε (2)
where [P1]-[P4] are the average optical density values of the
analysed proteins, as measured by western blot;
“Predicted[P]” is the predicted mean value of optical density
relative to a given protein; β0 – β4 represent the regression
coefficients and ε is the residual error. Similar multivariate
regression models were used in our previous works [16, 25].
All analyses were carried out by using Systat 11 (Systat
Software Inc.).
RESULTS
Anatomical and Functional Effects of CTB-SAP Lesion
The animals did not show any significant sign of illness
after surgery, except three lesioned mice which died during
the first four days after CTB-SAP injection. As soon as the
second day after toxin injection, all mice displayed an
evident weakness of the injected hind limbs, although they
remained capable of walking on a horizontal plane. The
unilateral injection of CTB-SAP caused a significant 30% of
motoneuron depletion ipsilaterally to the injected muscles, as
compared to the contralateral side (Paired Student’s t-test: t19
= 5.05; P = 0.032; Fig. 1). The lesion also caused a
significant worsening of grid walk performance. In
particular, lesioned mice displayed a five-fold increase of the
number of footfalls/step compared with controls (Unpaired
Student’s t-test: t35 = 3.258; P = 0.003; Fig. 2A).
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Fig. (1). Light microscope image of a cresyl violet stained
horizontal section of the lumbar spinal cord from a unilaterally
CTB-SAP lesioned animal. The effect of neurotoxic lesion in terms
of motoneuron loss is evident in the lesioned side (right), compared
to the intact (left) spinal cord side. The original image has been
converted in greyscale and adjusted in brightness and contrast.
Scale bar: 250 µm.

Fig. (2). Motor function evaluated at the grid walk test (A) and
average protein expression levels (B). Grid walk performance (A)
of lesioned animals (LES; n=17) is expressed as footfalls/step and
normalized to control (CTRL; n=20) levels. Western blot results
(B) show the expression levels of ChAT, Synapsin-I, GluR1,
GluR2, GluR4 and TDP-43 in spinal cord homogenates from CTRL
(n=20) and lesioned animals (n=17). Values are expressed as
arbitrary units; they are reported as mean ± s.e.m. and normalized
to control levels. Asterisks (*) indicate significant difference from
control levels (P<0.05), as calculated by unpaired Student’s t-test.

Protein Expression After CTB-SAP Lesion
Protein expression levels in the lumbar spinal cord were
assessed by Western blotting and the mean values of the
relative OD among groups were compared by Student’s ttest. Normal and sham lesioned groups did not differ from
each other, so these groups were considered as a single
control group (CTRL). Data analysis revealed a significant
(t35 = 3.634; P = 0.000) 24 ± 4% decrease of the average
ChAT expression in lesioned mice, compared to the
expression in the intact spinal cord (Figs. 2B, 3). Similarly,
synapsin-I was significantly (t35 = 3.512; P = 0.001)
decreased by 21 ± 4% (Figs. 2B, 3) and GluR4 was reduced
by 22 ± 6% (t35 = 2.841; P = 0.007; Figs. 2B, 3) whereas
GluR2 reduction was smaller (13 ± 4%) but statistically
significant (t35 = 2.441; P = 0.002; Figs. 2B, 3). Conversely,
the mean expression levels of GluR1 and TDP43 did not
change after the lesion (P > 0.050; Figs. 2B, 3).
In order to verify if the worsening of motor performance
after injury could be associated to the protein expression
levels, we used the multivariate regression model in equation
1. After the application of backward stepwise regression, we
obtained the model reported in Fig. (4A) and the relative
equation A (Fig. 4). The graph shows the significant
correlation between the actual values of motor deficit as
measured at the grid walk test and those predicted by the
model (R16 = 0.590, P = 0.013, Fig. 4A). As shown in the
equation A, the expression of synapsin-I is a good predictor
of hind limb deficit (Fig. 4A).
Given the significant relationship between motor
performance of lesioned animals and synapsin-I expression,
we again used a multivariate regression model (equation 2)
to verify if this protein could be linked to the other analysed

4

CNS & Neurological Disorders - Drug Targets, 2015, Vol. 14, No. 1

Gulino et al.

proteins (AMPA receptor subunits and TDP-43). The results
have shown that synapsin-I expression could be predicted by
the expression levels of TDP-43 (see Fig. 4B and the relative
equation B), and significantly correlated with the actual
values of synapsin-I (R16 = 0.537, P = 0.026, Fig. 4B).
Moreover, as shown in Fig. (4C) and the relative equation C,
the expression levels of TDP-43 could be predicted by those
of all AMPA receptor subunits (R16 = 0.798, P = 0.004, Fig.
4C). In particular, TDP-43 appeared directly correlated with
both GluR1 and GluR2, and inversely correlated with GluR4
expression levels (Fig. 4C and equation C). No association
between variables was found within the control group (not
shown).
DISCUSSION

Fig. (3). Western blot immunoreactive bands relative to ChAT,
Synapsin-I, GluR1, GluR2, GluR4 and TDP-43, as well as their
corresponding actin signals in control (CTRL) and lesioned (LES)
animals.

In our previous study [17], a neurotoxic spinal cord
lesion model was established and used for studying the
compensatory changes occurring in the spinal cord circuitry
after partial depletion of the motoneuron population. The
injection of cholera toxin-B saporin into the gastrocnemius
muscle determined a partial depletion of lumbar
motoneurons [16-18] accompanied by a decreased ChAT
expression within the lumbar spinal cord. The downregulation of ChAT was paralleled by a similar reduction of
synapsin-I, suggesting a decreased number and/or a reduced
trafficking of synaptic vesicles [26, 27]. The downregulation of synapsin-I could be either due to the loss of
synapse connections, as a consequence of cell death, and/or
to the reduced activity of the spared synapses caused by the
overall reduction of spinal cord activity. The observed
changes in the expression levels of GluR2 and GluR4 could
also be caused by the reduced number and/or activity of
synapses or, moreover, it could reflect changes of AMPA
subunits stoichiometry, which ultimately can affect synaptic
plasticity [28-30]. In particular, we can suppose that the
reduced GluR2 expression could increase Ca2+- permeability
of the AMPA receptors, with relevant effects on synaptic

Fig. (4). Significant correlations between the actual values of functional performance (A) or protein expression levels (B, C) with those
predicted by the multivariate regression models. The equations related to the final regression models and reported in the grey window have
been obtained after the application of backward stepwise regression.
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plasticity [29]. Moreover, a higher number of Ca2+permeable AMPA receptors could increase glutamate
toxicity [29]. In general, the observed down-regulation of
GluR2 and GluR4 could affect the trafficking of AMPA
receptors, thus modifying the number of receptors at
synapses, as well as their function, and modulating synaptic
efficacy [28, 31].
The main purpose of our study was to investigate the role
of TDP-43 in this already established model of neurotoxic
motoneuron depletion [16-18]. As demonstrated by the
multivariate regression analysis, the motor deficit occurring
after lesion is inversely correlated with the expression of
synapsin-I. This correlation suggests that the motor
performance could be improved by increasing synaptic
efficacy. This result confirms similar findings obtained in
our lab by using a spinal cord hemisection model [25], and
this model of synaptic plasticity has been already proposed
by other authors [32, 33]. Since synapsin-I has been found to
affect functional outcome after spinal cord neurotoxic injury,
we used multivariate regression analysis to verify if its
expression is linked with the other analyzed proteins. The
results have demonstrated that synapsin-I correlates with
TDP-43 expression, and that the latter is linked to the
expression of AMPA receptor subunits. The association
between TDP-43 and the AMPA receptor subunits GluR1,
GluR2 and GluR4 is interesting. As above-mentioned, it is
known that synaptic plasticity is affected by the trafficking
of AMPA receptor subunits and in particular by the
regulation of Ca2+- permeable AMPA receptors [28-30]. The
ion permeation is dependent on the amount of Q/R –
unedited GluR2 subunits included into the AMPA channels.
Interestingly, TDP-43 is likely involved in the Q/R – editing
of GluR2 subunit. Therefore, one of the proposed
mechanism underlying motoneuron death in TDP-43
proteinopathies is the glutamate toxicity caused by the
pathological increase of unedited GluR2 subunits [6, 34].
Interestingly, our data suggest that the same process could
likely be active as a modulator of synaptic plasticity in our
model. Unlike the functional linkage between AMPA
receptors and TDP-43, the association between synapsin-I
and TDP-43 is absolutely novel. Here, we could propose a
model of synaptic plasticity where synaptic efficiency is
dependent on expression of synapsin-I and AMPA receptors.
Then, synapsin-I expression could be modulated by TDP-43,
which in turn could interact with AMPA receptors. In
conclusion, our results suggest that TDP-43 is likely a
regulator of synaptic plasticity within the spinal cord. This
conclusion could be supported by recent findings suggesting
that different mRNA binding proteins, including TDP-43,
could be present at synapses and control the local synthesis
of synaptic proteins [11, 35]. Other recent findings have
shown that the depletion of TDP-43 could cause synaptic
effects and locomotor deficits in Drosophila [7, 12]. Our
results suggest that TDP-43 is involved in the modulation of
synaptic plasticity in mammals.
Given the increasing interest in mouse models of TDP-43
gain or loss of function as models of neurodegenerative
diseases, such as amyotrophic lateral sclerosis [36-38], we
believe that the elucidation of the physiological role of TDP43 in the spinal cord would provide an important
contribution. Moreover, given the recently increased
knowledge about spinal cord plasticity, we could
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hypothesize that the stimulation of the intrinsic plastic
potential of the spinal cord would be an effective repairing
strategy.
LIST OF ABBREVIATIONS
AMPA
= Alpha-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid
BSA

= Bovine serum albumin

ChAT

= Choline acetyltransferase

CTB-SAP = Cholera toxin-B saporin
TDP-43
43 kDa

= Transactive response DNA-binding protein of
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