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Fragment C of tetanus toxin, more than a carrier.
Novel perspectives in non-viral ALS gene therapy
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Abstract The non-toxic carboxy-terminal fragment of
tetanus toxin heavy chain (TTC) has been implicated in
the activation of cascades responsible for trophic actions
and neuroprotection by inhibition of apoptosis. Previous in
vitro studies have described signalling pathways that
underlie the administration of TTC to neurons. We
investigated whether these properties were maintained in a
mouse model of neurodegenerative disease. Naked DNA
encoding for TTC was injected intramuscularly and
neuromuscular function and clinical behaviour were mon-
itored until endstage in the transgenic SOD1G93A mouse
model that expresses a mutant variant of human superoxide
dismutase 1 (SOD1). Our results indicate that TTC
treatment ameliorated the decline of hindlimb muscle
innervation, significantly delayed the onset of symptoms
and functional deficits, improved spinal motor neuron

survival, and prolonged lifespan. Furthermore, we found
that caspase-1 and caspase-3 proapoptotic genes were
down-regulated in the spinal cord of treated mice. Western
blot analysis showed that the active form of caspase-3 was
also down-regulated after TTC treatment and survival
signals, such as the significant phosphorylation of serine/
threonine protein kinase Akt, were also detected. These
results suggest that fragment C of tetanus toxin, TTC,
provides a potential therapy for neurodegenerative diseases.
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Introduction

Neurodegenerative diseases include many neurological
disorders that lead to neuronal death. The main handicap
in neurodegenerative diseases lies not only on the difficult
task to find their targets but also on selecting a steady
therapeutic agent, especially when many molecular path-
ways are involved. In relation to the therapeutic agent, a
wide range of choices, from agonists/antagonists of
molecular receptors to neurotrophic factors have been
described during the last years. In particular, neurotrophic
factors have been initially identified as potential therapeutic
agents in the treatment of amyotrophic lateral sclerosis
(ALS), a progressive neurodegenerative disorder involving
the loss of cortex, brainstem, and spinal cord motor neurons
(MNs) that result in muscle paralysis [1]. Clinical trials
using subcutaneous and intrathecal delivery of neurotrophic
factors caused several adverse side effects such as weight
loss, fever, cough, fatigue and behavioural changes [2]. A
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possible explanation for the failure of these treatments
could relate to the inappropriate route of administration
and/or the poor bioavailability of molecules to the target
cells [3]. Some gene therapy strategies include the use of
adeno-associated virus (AAV) or lentivirus vectors, which
are retrogradely transported to motor neurons (MNs) after
intramuscular injection in animal models of ALS [4, 5],
Unfortunately, viral vectors are unpredictable and pose a
number of inherent hazards [6]. Although viral-related
problems may be eventually overcome, an alternative
strategy is the use of recombinant protein fusion molecules.
In previous studies, we produced the recombinant protein
fusion glial-derived factor and C-fragment of tetanus toxin
(GDNF-TTC) to test the anti-apoptotic activity of this
molecule in vitro and in vivo. We demonstrated that
GDNF-TTC induced survival pathways in mouse cortical
culture neurons and maintained its anti-apoptotic neuronal
activity in Neuro2A cells [7]. Furthermore, GDNF-TTC
increased survival by 9 days and improved quality of
symptomatic ALS animal models. Another alternative to
non-viral therapy is the use of naked DNA for delivering
specific therapeutic genes [8, 9]. Interestingly, some authors
have implicated the non-toxic C-terminal fragment of
tetanus toxin heavy chain (TTC) in neurotrophic signalling
pathways and anti-apoptotic processes in neuronal cultures
[10, 11]. In order to take a step forward in the research on
the neuroprotective nature of TTC and based on our
previous studies, we decided to test the effects of TTC
alone when injected intramuscularly as naked DNA as we
had observed that the expression of protein injection
decreased along time in in vivo assays (data not shown).
The main advantage of using TTC as a potential therapeutic
agent instead of neurotrophic factors, particularly in ALS, is
that TTC is sufficient for neuron binding, internalisation,
and retrograde and transynaptic transport [12], becoming an
attractive and promising therapeutic agent.

These hallmarks led us to study the effects of intramus-
cular delivery of a TTC-encoding plasmid in a neurode-
generative mouse model. We analysed clinical features and
focused on gene expression and protein assays to detect
anti-apoptotic processes in the spinal cord of one of the best
characterised ALS mouse models that expresses a mutant
variant of human superoxide dismutase 1 (SOD1), in which
glycine is changed to alanine at amino acid position 93
(SOD1G93A) and presents both clinical and pathological
characteristics of ALS patients [13].

Materials and methods

Construction of recombinant plasmid carrying TTC
DNA ATTC-encoding gene was cloned into the pcDNA3.1
(Invitrogen S.A., Prat de Llobregat, Spain) eukaryotic

expression plasmid under control of the cytomegalovirus
(CMV) immediate–early promoter. The TTC gene was
removed from pGex-TTC plasmid [10] with BamHI and
NotI restriction enzymes and inserted into pCMV to create
the pCMV-TTC plasmid. After sequencing, vectors were
expanded in chemically competent Escherichia coli
(DH5α) and purified using Genelute maxiprep-kit (Sigma-
Aldrich Química, S.A., Madrid, Spain).

Transgenic mice Transgenic mice with the G93A human
SOD1 mutation (B6SJL-Tg[SOD1-G93A]1Gur) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME,
USA). Hemizygotes were maintained by breeding SOD1G93A

males with female littermates. The offspring were identified
by PCR amplification of DNA extracted from the tail tissue,
as described in The Jackson Laboratory protocol for
genotyping hSOD1 transgenic mice (http://jaxmice.jax.org/
pub-cgi/protocols.sh?objtype=protocol,protocol_id=523).
Mice were housed in the Unidad Mixta de Investigación of
the University of Zaragoza. Food and water were available
ad libitum. All experimental procedures were approved by
the Ethics Committees of our institutions and followed the
international guidelines for the use of laboratory animals
based on the guidelines for the preclinical in vivo evaluation
of pharmacological active drugs for ALS/MND.

Intramuscular injection SOD1G93A transgenic mice were
injected intramuscularly at eight weeks of age with 300 µg
of pCMV-TTC using an insulin syringe (25GA 5/8 Becton
Dickinson SA, Madrid, Spain) into the quadriceps femoris
muscles (two injections with 50 µg per muscle) and triceps
brachii muscles (one injection with 50 µg per muscle)
bilaterally. Control group mice were similarly injected with
the same amount of empty plasmid.

Extraction of biological samples Ten days after intramus-
cular plasmid injections, mice were anaesthetised with
pentobarbital (50 mg/kg). Inoculated muscles were har-
vested, snap-frozen in liquid nitrogen, and then stored at
−80°C for vector expression detection. Another group of
mice was sacrificed 50 days post-injection, and spinal cord
tissues were harvested for gene expression and western blot
analyses. Spinal cord tissues from wild-type age-matched
mice were also extracted.

RNA extraction, synthesis of cDNA, and PCR amplification
Tissues were frozen in liquid nitrogen and subsequently
pulverised in a cold mortar. To determine the expression of
TTC gene in muscle fibres, total RNA was extracted from
muscles homogenised according to the TRIzol Reagent
protocol (Invitrogen S.A., Prat de Llobregat, Spain). cDNA
amplification reactions were performed with 2× SYBR®
Green PCR Master Mix (Applied Biosystems, Madrid,

298 J Mol Med (2010) 88:297–308

http://jaxmice.jax.org/pub-cgi/protocols.sh?objtype=protocol,protocol_id=523
http://jaxmice.jax.org/pub-cgi/protocols.sh?objtype=protocol,protocol_id=523


Spain). The presence of TTC gene amplicon (115 bp) was
verified by 4% agarose gel electrophoreses, stained with
ethidium bromide. Spinal cord powdered tissue was divided,
one for RNA extraction and the other one for protein
extraction. The RNeasy Mini Kit protocol (Qiagen-Izasa,
Barcelona, Spain) was followed for total RNA extraction
from spinal cord. Gene expression variations in spinal cord
due to TTC treatment were assayed by real-time PCR. Three
endogenous genes (18S rRNA, GAPDH, and β-actin) were
used for normalizations. Primer and probe mixtures for each
gene of interest were supplied by Applied Biosystems
(Madrid, Spain; Table 1). PCR reactions were carried out
in an ABI Prism 7000 Sequence Detection System (Applied
Biosystems, Madrid, Spain).

Protein extraction and Western blot analysis Powdered
spinal cord tissue was resuspended in RIPA buffer with
antiproteases and centrifuged to collect the supernatants.
Protein concentrations were quantified by BCA (Sigma-
Aldrich Química, S.A., Madrid, Spain). Protein extracts were
subjected to SDS/PAGE and transferred to PVDFmembranes
(Amersham Biosciences, GE Healthcare Europe GmbH,
Barcelona, Spain). Membranes were incubated overnight
with the appropriate antibody diluted in blocking buffer:
1:500 anti-TTC (antibody SP48 purified in rabbit, Euro-
gentec S.A., Belgium), 1:1,000 Procaspase-3, 1:1,000 p44/42
MAPK (Erk 1/2), 1:1,000 phospho-p44/42 MAPK (Cell
Signalling Technology, Inc., Danvers, MA, USA); 1:200
Caspase-3 (Calbiochem, San Diego, CA, USA); 1:2,000 Bax,
1:2,000 Bcl-2, 1:1,000 total Akt, 1:1,000 phospho-Akt,
1:5,000 β-tubulin antibody (Santa Cruz Biotechnology,
Inc., CA, USA). The secondary antibody was diluted
1:5,000 in blocking buffer (goat anti-rabbit IgG-HRP or goat
anti-mouse IgG-HRP, Santa Cruz Biotechnology, Inc.).

Rotarod, hanging-wire test, and survival The hanging-wire
test was used to assess muscular strength and onset of ALS
symptoms [14]. Animals performed this test weekly
beginning at 8 weeks of age. Each mouse was given up to

three attempts to hold on to the inverted lid for a maximum
of 180 s, and the longest period was recorded. The rotarod
test was used to assess motor coordination, strength, and
balance [14]. Mice were trained for one week to perform on
an accelerating rotarod (ROTA-ROD/RS, LE8200, LSI-
LETICA Scientific Instruments; Panlab, Barcelona, Spain).
Baseline performance was measured at 8 weeks of age and
tested weekly thereafter. Disease endpoint was defined as
the day on which the mice were unable to right themselves
within 30 s when placed on their sides (late-symptomatic
stage of the disease).

Electrophysiological tests Two additional groups of male
SOD1G93A mice were injected with recombinant plasmid
pCMV-TTC or empty plasmid in the hindpaw. To assess
neuromuscular function, nerve conduction tests were
performed at 12 and 16 weeks of age. A third group of
age-matched wild-type mice (n=8) was also tested for
comparisons. For motor nerve conduction tests, the sciatic
nerve was stimulated percutaneously with a pair of needle
electrodes placed near the sciatic notch, and the compound
muscle action potential (CMAP, M wave) was recorded
from tibialis anterior and plantar muscles with microneedle
electrodes. For sensory nerve conduction tests, the record-
ing electrodes were placed near the digital nerves of the
fourth toe to record the compound sensory nerve action
potential (CNAP). The evoked potentials were amplified
and displayed on a digital oscilloscope (Tektronix 450S) at
appropriate settings to measure the amplitude from baseline
to the maximal negative peak and the latency from stimulus
to the onset of the first negative deflection [15, 16]. During
electrophysiological tests, the animals were placed over a
warm flat steamer controlled by a water circulating pump to
maintain body temperature.

Histological and immunohistochemical processing Follow-
ing electrophysiological tests, the same animals (n=5) were
perfused with 4% paraformaldehyde in PBS at 16 weeks of
age. The lumbar segment of the spinal cord was removed,

Table 1 References for primers and TaqMan probe mixtures purchased from Applied Biosystems

Name Gene symbol Accession number Probe location Part number Organism

Caspase 1 Casp1 NM_009807.2 Exon 3-4 Mm00438023_m1 Mus musculus

Caspase 3 Casp3 NM_009810.1 Exon 6-7 Mm01195085_m1 Mus musculus

Bcl2-associated X protein Bax NM_007527.2 Exon 4-5 Mm00432050_m1 Mus musculus

B-cell leukaemia/lymphoma 2 Bcl2 NM_009741.2 Exon 2-3 Mm00477631_m1 Mus musculus

Frequenin homolog (Drosophila) Freq (Ncs1) NM_019681.2 Exon 7-8 Mm00490552_m1 Mus musculus

Ras-related associated with diabetes Rrad NM_019662.1 Exon 1-2 Mm00451053_m1 Mus musculus

Glyceraldehyde-3-phosphate dehydrogenase Gapdh NM_008084.2 Exon 3 4352932E Mus musculus

Actin, beta, cytoplasmic Actb (β-actin) NM_007393.1 Exon 6 4352933E Mus musculus

18S ribosomal RNA (18S rRNA) – X03205.1 – Hs99999901_s1 Homo sapiens
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post-fixed for 24 h, and cryopreserved in 30% sucrose.
Transverse 40-µm thick sections were serially cut with a
cryotome (Thermo Electron, Cheshire, UK), at L2, L3, and
L4 segmental levels. For each segment, each section of a
series of 10 was collected sequentially on separate gelatin-
coated slides. One slide was rehydrated for 1 min with tap
water and stained for 1 h with an acidified solution of
3.1 mM cresyl violet. Then, the slides were washed in
distilled water for 1 min, dehydrated, and mounted with DPX
(Fluka). MNs were identified by their localization in the
lateral ventral horn of the stained spinal cord sections and
counted following strict size and morphological criteria.
Overlapping images covering the whole lateral ventral horn
were taken at ×40, and a 20-μm-squared grid was super-
imposed onto each micrograph. Only MNs with diameters
larger than 20 μm and with polygonal shape and prominent
nucleoli were counted. The number of MNs present in both
ventral horns was counted in four serial sections of each L2,
L3, and L4 segments. Another series of sections was blocked
with TBS-Triton-FBS and incubated for 2 days at 4°C with
primary antibody anti-glial fibrilar acidic protein (GFAP,
1:1000, Dako) or rabbit anti-ionised calcium binding adaptor
molecule 1 (Iba1, 1:2000, Wako) to label astrocytes and
microglia, respectively. After washes, sections were incu-
bated for 1 day at 4°C Cy3-conjugated secondary antibody
(1:200; Jackson Immunoresearch). Sections from the three
groups of mice were processed in parallel for immunohisto-
chemistry. Microphotographs of the grey matter of the
ventral horn were taken at ×400 and, after defining the
threshold for background correction, the integrated density
of GFAP or Iba1 labelling was measured using ImageJ
software [17]. The integrated density is the area above the
threshold for the mean density minus the background.

Data analysis All values are expressed as mean ± S.E.M.,
and n=number of mice in each group. Statistical signifi-
cance was evaluated by one- or two-factor ANOVA and
posterior Post-hoc analysis. Statistical differences were
considered significant at P<0.05. We plotted Kaplan–Meier
survival curves for the age at death and the age of onset of
symptoms to examine the cumulative probability of
survival or disease onset. Differences in survival curves
were tested with the Mantel–Cox log-rank test, with
statistical significance set at P value <0.05.

Results

Detection of TTC expression in muscle and spinal cord
of SOD1G93A mice

We initially confirmed the ability of the pCMV-TTC
constructed vector to express TTC within the muscle cells

of SOD1G93A transgenic mice. As there is no endogenous
expression of TTC in mice, we PCR-amplified cDNA from
injected muscles in order to detect mRNA expression of
this gene. Previous studies on spatial-temporal patterns of
gene expression in mouse skeletal muscle after injection
of plasmid-DNA revealed maximal expression levels
between 7 and 14 days after injection [18]. Furthermore,
once the DNA is captured by the cell, it is not expressed in
a constant level so it is observed a peak of expression for
the following days then decreases and finally remains till
19 months [9]. Our previous studies revealed that the TTC
naked gene delivery last in muscle at least until 60 days
[18]. Quadriceps extracted from different transgenic mice
were used to study the expression of the pCMV-TTC
plasmid construct or empty plasmid 10 days after inocula-
tion. As shown in Fig. 1a, no TTC gene expression was
observed in the control group. In contrast, RT-PCR revealed
the presence of TTC gene amplification in muscles
inoculated with the encoding vector, indicating that it
successfully reached the muscle cells and was transcribed.
In order to confirm that TTC is being transported back to
spinal cord, western blot detection of TTC protein was
carried out. Interestingly, TTC expression was only ob-
served in the TTC-treated group, while no TTC detection
was found in wild-type and control G93A (vehicle-plasmid
transgenic mice: empty naked DNA-injected transgenic
mice) groups (Fig. 1a).

TTC delays the onset of symptoms, improves evolution
and prolongs survival of SOD1G93A transgenic mice

Intramuscular treatment with TTC-encoding plasmid vector
delayed the onset of symptoms, improved motor activity,
and postponed the endpoint of the disease in the ALS
mouse model harbouring the G93A mutation in the human
SOD1 gene. A statistical significance in humoral response
was not observed in each group of animals under study
(data not shown). The first signs of motor deficits in
transgenic SOD1G93A mice were detected at around
100 days of age, on average, so TTC treatment started at
8 weeks, well before disease onset. The onset of symptoms
was scored as the first day that a mouse could not remain
on the hanging wire and on the rotarod for 3 min. We
observed that intramuscular treatment with TTC-plasmid
significantly delayed the onset of symptoms by 5.5 days as
compared to the control group (114.5±1.4, treated versus
109.4±1.7, control), as shown in Fig. 1b and c. Moreover,
the duration of the symptomatic phase until endpoint was
prolonged in the treated group (17 days, control group
versus 24.3 days, treated group; Fig. 1b).

We next tested the therapeutical potential of TTC
treatment on the life span of SOD1G93A transgenic mice.
Survival probability analysis showed that the endpoint was
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postponed by 12.8 days (Log-rank test, P<0.001) in the
TTC-treated group compared to the vehicle-plasmid group
(Fig. 1b and d). The beneficial effect of TTC treatment was
also tested by assessment of motor function and coordina-
tion on the rotarod. We found that from 13–15 weeks of age
(90–109 days), the average motor performance of TTC-
treated mice was significantly improved compared to
control animals (Fig. 1e). Strength was also evaluated
beginning at 8 weeks of age by the hanging-wire test
(Fig. 1f). At 14 weeks of age (approximately 102 days),
vehicle-plasmid group (control) showed the first signs of
weakness, while TTC-treated mice were significantly
stronger at 14–16 weeks of age (102–116 days; P<0.05).

The neuromuscular function of SOD1G93A mice was
assessed at two time points: at 12 weeks of age, just before
the approximate time of disease onset, and 16 weeks of age,
when the disease is in a late-symptomatic stage. By
12 weeks of age, there were marked abnormalities in motor

nerve conduction tests, evidenced by a 40–50% decline in
the amplitude of the M waves in tibialis anterior and plantar
muscles of both TTC-treated and vehicle-plasmid transgen-
ic mice (Fig. 2, Table 2). There was also a slight but
significant increase in the latency (about 14% longer)
compared to age-matched wild-type mice (Table 2). At
16 weeks, there was a clear reduction in the M wave
amplitudes in vehicle-treated SOD1G93A mice, to about 20–
25% of normal values (Fig. 2). This decline was less
pronounced in TTC-treated mice (to 30–38%), although the
differences did not attain significance. The latency of M
wave onset slightly increased between 12 and 16 weeks in
the vehicle-treated SOD1G93A mice (Table 2), in contrast to
the mild shortening and consequent increase in conduction
velocity that occur in normal mice during this age [19].
Fibrillation potentials were detected with moderate abun-
dance in the tested muscles at 12 weeks; these were
increased at 16 weeks. In contrast to motor nerve

Fig. 1 Effect of intramuscular injection of TTC-encoding plasmid in
SOD1G93A mice. a PCR amplification to detect TTC-plasmid
expression in mouse quadriceps extract after intramuscular injection.
MW molecular weight marker, B reaction blank, C control (vehicle or
empty-plasmid-injected quadriceps extract). Western blot detection of
TTC in spinal cord tissue of wild type (WT), control C and TTC-
treated mice (n=5 animals per group). b Table showing the onset of
symptoms and mortality of mice treated with TTC or empty plasmid
(control). c Age of onset of disease symptoms in SOD1G93A mice

injected at 60 days of age with TTC-plasmid (green line) or empty
plasmid (blue line). d Cumulative probability of survival in transgenic
animals injected at 60 days of age. Disease onset and mortality were
significantly delayed in mice treated with TTC-plasmid (green line)
compared to the control group (blue line). Strength and motor function
were assessed with the rotarod at 15 rpm (e) and the hanging-wire test
(f). Mice were allowed 180 s for each test performance, and time at
which the mice fell was recorded. (*P<0.05; error bars indicate SEM;
n=20 mice per group, balanced males and females)
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abnormalities, sensory nerve conduction tests showed no
significant differences in the amplitude of CNAPs recorded
from the digital nerves in the toes between groups (Table 2).
The latency time of sensory CNAP was slightly delayed in

vehicle-plasmid SOD1G93A mice compared to age-matched
wild-type animals.

These findings indicate that gene delivery of TTC has
protective effects on the ALS murine model expressing the
G93A mutant human SOD1 gene with regard to behav-
ioural assessments, neuromuscular function and survival.

TTC protects against spinal motor neuron loss
in SOD1G93A mice and promotes a reduction of microgliosis

The degenerative events underwent by SOD1G93A mice
MNs were observed under light microscopy. A prominent
feature of the MNs in SOD1G93A mice was a vacuolization
of the cytoplasm indicating active degeneration (Fig. 3a).
These vacuoles had different sizes and a clear content.
SOD1G93A mice MNs also showed a depletion of Nissl
substance, becoming pale and less visible. In contrast, the
MNs in wild-type mice had darkly stained aggregates of
Nissl substance and no cytoplasmic vacuoles (Fig. 3a). The
extent of MN degeneration was determined by counting the
number of stained MNs in the lateral ventral horns of
lumbar spinal cord sections of wild-type and SOD1G93A

mice at 16 weeks of age. The three lumbar segments
sectioned contain motor nuclei of different muscles of the
hindlimbs; the nuclei of quadriceps femoris muscles, in
which plasmid injections were made at 8 weeks, are mainly
located at L2; whereas motor nuclei of tibialis anterior and
foot plantar muscles, that were tested electrophysiological-
ly, are mostly represented at L3 and L4 levels, respectively
[20]. Figure 3b shows representative spinal cord sections
from wild-type, control SOD1G93A mice and SOD1G93A–
TTC-treated mice. Only neurons that met the criteria of a
MN were included in the counts (see “Materials and
methods” section). Small neurons were excluded from our
counts; even if these neurons were, in fact, atrophic MNs,
they were unlikely to be functional MNs. The number of
surviving MNs was significantly reduced at the lumbar

Fig. 2 Amplitude of M waves in hindlimb muscles of SOD1G93A

mice at 12 and 16 weeks of age. Representative recordings of M
waves recorded from tibialis anterior muscles in a a wild-type mouse
at 16 weeks of age, b a SOD1G93A mouse at 12 weeks of age, and (c)
a SOD1G93A mouse at 16 weeks of age. Note the marked decline in
amplitude and the slight increase in latency from the stimulus to the
onset of the M wave in SOD1G93A mice, abnormalities that progress
with time (compare b and c). Squares in the recording are 10 mV in
height and 1 ms in width. d Histogram of the mean CMAP (M wave)
amplitude in tibialis anterior and plantar muscles in SOD1G93A mice.
The amplitudes were similar in control (vehicle-plasmid mice) and
TTC-treated mice at 12 weeks, but declined more markedly in control
than in treated mice at 16 weeks. The neurophysiological results are
shown on Table 2

Table 2 Neurophysiological results in the groups of wild-type (WT), SOD1G93A control (SOD control), and SOD1G93ATTC-treated mice (SOD +
TTC). Values are mean ± SEM

12weeks 16weeks

Group WT SOD control SOD+TTC WT SOD control SOD+TTC
(n) (8) (7) (7) (8) (5) (5)

Tibialis ant muscle Latency (ms) 0.94±0.04 1.09±0.04 * 1.09±0.02 * 0.87±0.03 1.13±0.04 * 1.14±0.04 *

CMAP (mV) 52.3±2.4 23.4±2.2 * 23.0±2.0 * 50.4±2.8 9.2±2.1 * 14.3±5.2 *

Plantar muscle Latency (ms) 1.69±0.04 1.92±0.03 * 1.94±0.07 * 1.55±0.08 2.00±0.10 * 2.23±0.18 *

CMAP (mV) 7.2±0.4 3.5±0.7 * 3.6±0.6 * 7.0±0.5 1.8±0.9 * 2.6±0.9 *

Digital nerve Latency (ms) 1.08±0.03 1.26±0.06 * 1.17±0.05 1.00±0.06 1.24±0.05 * 1.21±0.04

CNAP (µV) 51.7±3.7 43.9±5.8 41.2±4.2 51.4±3.5 44.6±6.6 41.0±5.4

*P<0.05 vs. WT group.

CMAP compound muscle action potential, CNAP compound nerve action potential
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spinal cord in both SOD1G93A groups compared to the
wild-type age-matched controls (Fig. 3c). Nevertheless, the
extent of MN loss was significantly higher in vehicle-
plasmid injected (about 43% of surviving MNs with respect
to wild-type mice) than in TTC-treated SOD1G93A mice
(about 60%). The results indicate that the neuroprotective
effect of TTC extended along spinal cord segments and not
only affected the segment containing the quadriceps muscle
motoneuronal pool. However, the improvement in MN
survival induced by TTC showed a slight gradient, since
the proportion of MNs was increased in mice treated with
TTC about 22% at L2, 16% at L3, and 12% at L4 compared
with SOD1G93A control mice (Fig. 3c).

In order to indirectly examine the state of lumbar MNs
and the reactive glial response, we stained the spinal cord
sections with markers for astrocytes (GFAP) or microglia
(Iba1). Glial reactivity was measured in L2 sections, as this
segment had the highest increased proportion of MN

survival. Reactive astrocytosis and microgliosis were
clearly evident in both SOD1G93A groups, at significantly
higher levels than in wild-type mice, which had a lower
basal labelling for these markers (Fig. 4a). Quantitative
analysis of the immunoreactivity showed that the TTC
treatment had no effect on astrocyte reactivity, whereas it
was able to promote a significant reduction of the increased
microglia reactivity in the SOD1G93A mice (Fig. 4b).

TTC produces anti-apoptotic effects and activates survival
signals in spinal cords of SOD1G93A mice

We tested if TTC treatment affected apoptotic pathways
since these pathways are known to play important roles in
the pathogenesis of ALS [21]. We first compared the
transcriptional regulation of apoptosis-associated genes
caspase-1, caspase-3, Bax, and Bcl2 at a late-symptomatic
stage (110 days of age) in the spinal cord of wild-type and

Fig. 3 Motor neuron survival in
SOD1G93A mice. a Microphoto-
graphs of MNs from wild type
and SOD1G93A mice stained
with cresyl violet. Note the
vacuolization and disintegration
of Nissl substance in the
SOD1G93A MNs. Bar 40 μm. b
Representative micrographs
showing cross-sections of the
lumbar spinal cords stained with
cresyl violet from a wild type, a
control SOD1G93A and a
SOD1G93A-TTC-treated mouse
at 16 weeks of age. Bar 500 μm.
c Motor neuron survival was
assessed by counting the num-
ber of stained (cresyl violet)
MNs within the lateral column
of each ventral horn. The results
show the average numbers of
MNs counted in the ventral
horns at L2, L3 and L4 spinal
cord segments of wild type,
control SOD1G93A (vehicle-
plasmid mice) and TTC-treated
SOD1G93A mice (n=5 per
group). *P<0.05 vs. wild type;
#P<0.05 vs. control SOD1
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vehicle-plasmid SOD1G93A mice. We found a significant
up-regulation of caspase-1 (P<0.05), caspase-3 (P<0.05)
and Bcl2 (P<0.01), but we did not find significant
differences in Bax expression (P>0.05) in vehicle-plasmid
SOD1G93A mice compared to wild-type (Fig. 5a). Further-
more, in TTC-treated mice, caspase-1 and caspase-3
expression was maintained at wild-type levels; this expres-
sion differed significantly compared to the vehicle-plasmid
group (P<0.05 for caspase-1 and P<0.01 for caspase-3).
However, Bax and Bcl2 expression levels were not affected
by TTC treatment (P>0.05; Fig. 5a).

Calcium-induced cytotoxicity can lead cell to apoptotic
conditions. In fact, there is evidence of abnormal
intracellular-calcium homeostasis related to ALS. Neuronal
calcium sensor-1 (Ncs1) frequenin protein has been shown
to regulate neurosecretion in a calcium-dependent manner,
and it has also been implicated in the modulation of
calcium/calmodulin dependent enzymes involved in neuro-
nal signal transduction. Modification of these enzymes has
been described in spinal cords of ALS patients [22]. We
also tested the expression of Ncs1 in spinal cord tissues of
SOD1G93A at 50 days after TTC treatment. In our RT-PCR
experiments, we found that Ncs1 gene expression was
down-regulated (P<0.05) in late-symptomatic vehicle-
plasmid SOD1G93A mice compared to wild type. In
contrast, TTC-treated SOD1G93A mice had significantly

higher Ncs1 levels (P<0.05, Fig. 5b), approaching levels in
age-matched wild-type mice. Using the same samples, we
also analysed mRNA levels of Ras-related associated with
diabetes (Rrad), which has been described to bind calmod-
ulin in the presence of calcium [23]. We found that Rrad
levels were increased nearly twofold in spinal cords of
vehicle-plasmid SOD1G93A mice as compared to age-
matched wild-type mice (Fig. 5). However, TTC-treated
SOD1G93A mice significantly (P<0.05) reduced Rrad
expression to levels similar to those observed in wild-type
mice (Fig. 5b).

In order to evaluate the effects of TTC on inhibiting
apoptotic mechanisms in the spinal cords of SOD1G93A

mice at protein level, western blot analysis was performed.
We found that caspase-3 activation was significantly
decreased (P<0.05) in TTC-treated mice compared to
vehicle-plasmid SOD1G93A mice and that these levels were
similar to wild-type levels. Procaspase-3 protein levels
remained unaltered between transgenic animals. In contrast
to gene expression assay results, Bax and Bcl2 protein
levels were decreased in TTC-treated mice (Fig. 5c). TTC
has been reported to phosphorylate Akt, a protein kinase
that is activated by various growth factors and involved in
blocking proapoptotic pathways through receptor-mediated
phosphatidylinositol 3-kinase signalling [24]. Densitometric
quantification indicated that TTC-treated animals had more

Fig. 4 Analysis of glial reactiv-
ity in SOD1G93A mice. a Rep-
resentative microphotographs of
spinal cords ventral horns from
a wild type, a SOD1G93A and a
SOD1G93A-TTC-treated mice
immunolabelled with markers
for astrocytes (GFAP) and
microglia (Iba1). Bar 100 μm. b
Histograms representing the
quantification of GFAP and Iba1
immunoreactivity (IR) in the
three groups of mice. *P<0.05
vs. wild type; #P<0.05 vs. con-
trol SOD1
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than twofold higher levels of phosphorylated Akt at Ser473
as compared to vehicle-plasmid SOD1G93A mice (P<0.05),
as assessed by western blot analysis (Fig. 5d). Equal
loading of proteins between samples was confirmed by
detection with antibodies against β-tubulin. We also
determined the expression level of total kinase protein Akt
and Erk 1/2 using the housekeeping protein β-tubulin. As

we found statistical significance in their expression levels
among the tested groups, we did not consider total kinase
Akt and Erk 1/2 to determine the Akt and Erk 1/2 kinase
activation. The protein Erk family is one of the MAP kinase
family members, and they are traditionally viewed as
survival factors. TTC has been previously reported to
phosphorylate Erk1/2 in cultured cortical neurons [24]. In

Fig. 5 Analysis of gene expression and proteins involved in the
apoptotic signalling pathway in spinal cord specimens of symptomatic
SOD1G93A mice at 110 days of age. (a) Fold-changes in the
expression of caspase-1, caspase-3, Bax, and Bcl2 mRNA levels in
control, vehicle-plasmid (white) and TTC-treated (grey) groups. These
were related to age-matched wild-type (black) mice (n=5 mice per
group). A significant decrease in caspase-1 and caspase-3 was
observed in the treated group, while no significant variations in Bax
and Bcl2 gene expression were found compared to the untreated
control group. b Ncs1 and Rrad gene expression levels were
determined in transgenic mice treated with TTC-plasmid (grey) or
vehicle-plasmid (white). Changes in mRNA levels were compared to
age-matched wild-type mice (black; *P<0.05; error bars indicate
SEM; n=5 mice per group). c Western blot analysis for procaspase-3,
active caspase-3, Bax, and Bcl2 proteins in spinal cord lysates (25 μg

of total protein) of SOD1G93A animals treated with TTC (grey) or
control vehicle-plasmid (white) mice (n=5 mice per group), compared
to untreated wild-type mice (black). Statistical significance was found
in all the tested proteins. Notice that the protein expression levels in
the TTC group tends to reach the levels in the age-matched wild-type
mice group. d Western blot analysis of Akt and ERK1/2 phosphor-
ylation showing higher levels of activated Akt in the treated group
(grey), but lower levels of ERK1/2 phosphorylation (n=5 mice per
group) when quantifications are shown as a ratio to β-tubulin and
compared to levels in wild-type mice (black). (*P<0.05, **P<0.01;
error bars indicate SEM). The normalisation of total protein kinase Erk
1/2 expression levels as a ratio to β-tubulin only yielded a significant
increase in the control group (white) with respect to the wild type and
the TTC-treated group
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this way, to assess the effect of TTC on the MAP kinase
pathway, we performed western blot analyses on spinal
cord extracts of TTC-treated and vehicle-plasmid
SOD1G93A mice at 110 days of age. We found increased
activation/phosphorylation of Erk1/2 in vehicle-plasmid
SOD1G93A mice compared to the TTC-treated group
(Fig. 5d).

Discussion

The retrograde and trans-synaptic transport of TTC into the
central nervous system (CNS) after intramuscular injection
of naked DNA or recombinant protein has been widely
demonstrated [18, 25]. Indeed, many authors suggested that
the trans-synaptic transcytosis pathway used by tetanus
toxin was most likely “designed” for the trafficking of
trophic factors through a chain of connected neurons [26].
Furthermore, two trophic factors, GDNF and BDNF, have
been reported to possess similar trans-synaptic transcytotic
properties to those of tetanus toxin [27]. Based on our
previous studies that showed anti-apoptotic activity of
GDNF-TTC fusion protein in vitro and in vivo and given
that TTC maintains transport properties of the native
tetanus toxin without causing toxic effects [28] and that
the route followed by this toxin to reach the CNS is similar
to that of some trophic factors, it is likely that TTC might
have a direct neuroprotective role. This is supported by the
fact that TTC can induce neurotrophin-specific Trk recep-
tors phosphorylation [29]. In addition, TTC has been
reported to have neuroprotective effects on neuronal
cultures when applied as a recombinant protein [7, 11].
However, these studies described the neuroprotective nature
of TTC in vitro.

We report here for the first time that treatment with TTC
shows clear therapeutic benefits in a murine model of MN
disease. The nature of TTC described by Longstreth and
colleagues [30] and Larsen and colleagues [31], based on
its stability to reach MN specifically through the retrograde
axonal transport system, is now reinforced as a potential
neuroprotective agent in this article. We then open the door
to a novel and safe gene therapy strategy by using naked
DNA gene delivery as this method has no described
adverse reactions like other viral-based gene transfer
strategies [6]. Until now, the neuroprotective nature of
TTC was not observed due to the inappropriate experimen-
tal conditions that even hamper the TTC transport through
MNs. As an example, in a neonatal rat axotomy model,
TTC cannot be transported retrogradely and therefore a
possible neuroprotective effect cannot undoubtedly take
place [31]. However, in the SOD1 mutant transgenic mice,
although the neurodegeneration process is progressively
changing for the disease stages, TTC can move retrogradely

through the still degenerated motor neurons, as it is
confirmed by the positive detection of TTC protein in
spinal cord tissue of treated animals while in wild-type and
control animals, this detection was not found.

The improved functional and survival results shown in
this study confirm the claim that TTC provides a potential
therapy for neurodegenerative diseases. Our data indicate
that intramuscular naked DNA TTC gene therapy adminis-
tered into neurodegenerative mouse model delayed the
onset of symptoms (by approximately 5 days) and
prolonged survival (by approximately 13 days). Moreover,
this increase in survival was accompanied by significant
improvements in the motor function activity in TTC-treated
mice throughout disease progression and by increased
numbers of surviving MNs. In particular, from three to
four months of age, TTC therapy showed a partial
protective effect, as demonstrated by the lower decline in
amplitudes of the M waves, improvement in motor
behavioural tests, and increased survival of MNs in the
lumbar spinal cord of TTC-treated animals. Interestingly,
loss of MNs was partially prevented not only at the motor
nuclei of TTC-plasmid injected muscles (i.e. quadriceps),
but also affected motor nuclei in near cord segments,
separated by a few millimetres, further pointing to the
transcytotic transfer properties of the TTC. The increased
MN survival in TTC-treated animals was accompanied by a
reduction of microglial reactivity which, in turn, could
reduce the disease progression [32]. The fact that the
astrocyte reactivity was not modified possibly indicates a
lower dependence of the activation of these glial cells on
MN degeneration along a chronic disease.

The positive effects on MN preservation, animal motor
function, and survival were confirmed with studies of anti-
apoptotic effects and survival signals in the spinal cords of
treated animals. Initiator caspase-1, effector caspase-3
proapoptotic proteins and active caspase-3 are activated
and upregulated in spinal cord of ALS mouse models [33].
In the present study, we found that caspase-1 and caspase-3
mRNA levels were upregulated in the spinal cord of late-
symptomatic vehicle-plasmid SOD1G93A mice, supporting
these findings. These upregulations were not observed in
TTC-treated animals; rather, levels of these genes remained
at levels found in age-matched wild-type mice. In addition,
TTC treatment revealed variations in calcium-related gene
expression in spinal cords of TTC-treated SOD1G93A

animals, as we have observed in Ncs1 and Rrad gene
expression levels. These results suggest that TTC adminis-
tration can affect antiapoptic pathways by means of
calcium-related mechanisms.

At protein level, vehicle-plasmid SOD1G93A mice
showed increased caspase-3 activation that was not ob-
served in TTC-treated animals, indicating once more that
TTC may act through an anti-apoptotic pathway.
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Bax and Bcl2 have also been implicated in the apoptotic
processes of the SOD1G93A neurodegenerative mouse
model [34]. Our data show that Bcl2 gene expression was
significantly higher in vehicle-treated SOD1G93A mice
compared to wild-type mice, and no difference between
TTC-treated and vehicle-plasmid animals was observed.
However, Bax mRNA expression did not differ between
animal groups. At protein level, Bax and Bcl2 expression
patterns in TTC-treated animals were close to those of wild-
type animals. This could explain a decrease of apoptosis in
the TTC group compared to the vehicle-plasmid SOD1G93A

mice, which is in accordance with previous studies that
indicating that Bax protein increase could be a consequence
of apoptosis [34].

Our data show that gene delivery of TTC increased
phospho-Akt levels in TTC-treated animals’ spinal cords
further supporting its protective effect. Erk activation by
phosphorylation can also promote neuronal survival after
different stresses in vitro [11]. However, increased phospho-
Erk immunoreactivity has been observed in astrocytes at late
disease stages in SOD1G93A mice, which might be a
consequence of MN degeneration in the pathological process
of ALS [35]. Our findings support these studies as we
observed increased Erk activation in vehicle-treated
SOD1G93A animals compared to wild-type mice. In contrast,
Erk activation was lower in TTC-treated animals and similar
to that of the wild-type mice, which suggests a lower degree
of MN degeneration due to TTC treatment.

In summary, TTC treatment of a neurodegenerative
mouse model significantly slowed disease progression in
this model, as evidenced by amelioration of symptoms,
delayed motor failure and increased MN survival. More-
over, anti-apoptotic pathways and survival signal activation
were increased in spinal cords of TTC-treated mice. Our
results indicate that the delivery of this gene by means of
intramuscular injection of naked DNA is successful, plays a
significant role in neuroprotection, and improves disease
progression. One future approach could use naked DNA
gene delivery to encode for a chimeric molecule, TTC and
trophic factor, in order to study the potential synergistic
effect of these molecules in neurodegenerative animal
models. Further studies will go on with this step. Therefore,
this non-viral gene-therapy-based treatment could be a safe
and promising neuroprotective strategy for other neurode-
generative diseases.
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