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a  b  s  t  r  a  c  t

We  have  previously  shown  that the  intrastriatal  injection  of the C-terminal  domain  of  tetanus
toxin  (Hc-TeTx)  protects  the nigrostriatal-dopaminergic  pathways  and  improves  motor  behavior  in
hemiparkinsonism-rat  models  caused  by  MPP+ (1-methyl-4-phenylpyridinium).  Here  we have  inves-
tigated  the  protective  effects  of the intramuscular  application  of  the  Hc-TeTx  on motor  asymmetry  and
neurodegeneration  in the  striatum  of 6-hydroxydopamine  (6-OHDA)-treated  rats.  Adult  male  rats  were
intramuscularly  injected  with  the  recombinant  Hc-TeTx  protein  (0.1–20  �g/kg,  daily)  3  days  before  the
stereotaxic  injection  of  6-OHDA  into  the  left  striatum.  Our  results  showed  that the  motor-improvement
functions  were  extended  for 4 weeks  in  all  Hc-TeTx-treated  groups,  obtaining  the  maximum  perfor-
europrotection
tepping test
ylinder test
opamine
-Hydroxydopamine, Motor asymmetry

mance  with  the  highest  dose  of Hc-TeTx  (20  �g/kg).  The  improvements  found  were  97%,  87%,  and  70%
in  the  turning  behavior,  stepping  test,  and  cylinder  test,  respectively.  The  striatal  levels  of  dopamine  and
its metabolites  did  not  vary  compared  to the  control  group.  Moreover,  the  peripheral  treatment  with
Hc-TeTx  in  rats  prevents,  for  30  days,  the  neurodegeneration  in  the  striatum  caused  by  the  toxicity  of
the  6-OHDA.  Our  results  lead  us to believe  that  the  Hc-TeTx  could  be  a potential  therapeutic  agent  in

pairm
12  El
pathologies  caused  by im
© 20

. Introduction

Dopamine (DA) plays a critical role in the control of locomotion
nd it is the main neurotransmitter system affected in Parkinson’s
isease (PD). This neurodegenerative disorder is characterized by
he progressive loss of dopaminergic neurons that originate from
he substantia nigra and project to the nucleus striatum. The major
linical features of patients with PD are tremor at rest, rigidity,

radykinesia, and postural instability (Obeso et al., 2010).

Several models of selective DA-neurons degeneration have
een established, including animals treated with the neurotoxin

∗ Corresponding author at: Laboratorio de Neurofarmacología, FCQ-Benemérita
niversidad Autónoma de Puebla, 14 Sur y Av. San Claudio C.U. Edificio 105C, A.P.
2570, Puebla, Puebla, México. Tel.: +52 222 229 55 00x7528;
ax: +52 222 229 55 00x7528.

E-mail address: ilhlimon@yahoo.com.mx (I.D. Limón).

168-0102/$ – see front matter © 2012 Elsevier Ireland Ltd and the Japan Neuroscience S
ttp://dx.doi.org/10.1016/j.neures.2012.08.006
ent  of  dopaminergic  innervations  such as  Parkinson’s  disease.
sevier  Ireland  Ltd and  the  Japan  Neuroscience  Society.  All rights  reserved.

6-hydroxydopamine (6-OHDA). The unilateral injection of 6-OHDA
into the striatum generates a progressive retrograde degenera-
tion of the nigrostriatal pathway over a period of weeks, which
has been used as a successful model to study the progression of
PD (Przedborski et al., 1995; Kirik et al., 1998). Furthermore, the
6-OHDA-treated animals show impairments in motor functions
(Sauer and Oertel, 1994; Chang et al., 1999).

At the molecular level, studies have shown that 6-OHDA causes
oxidative stress that result in cell death (Kumar et al., 1995;
Liang et al., 2004; Park et al., 2002; Mazzio et al., 2004). There
is an increase of astroglial and microglial activations accompa-
nied by proinflammatory cytokines that can lead to DA-neuronal
vulnerability, atrophy, and neuronal death (Cicchetti et al., 2002;
Mladenovic et al., 2004). Thus, rodents treated with 6-OHDA are

a suitable model system to study the effects of potential new
antiparkinsonian drugs that may  have survival-promoting activi-
ties on the remaining DA neurons (Kirik et al., 1998; Emborg, 2004;
Ceravolo et al., 2006).

ociety. All rights reserved.

dx.doi.org/10.1016/j.neures.2012.08.006
http://www.sciencedirect.com/science/journal/01680102
http://www.elsevier.com/locate/neures
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Fig. 1. Location of the striatal injection and diagrammatic representation of design. (A) The figure shows the site of striatal injection from the Paxinos and Watson Atlas
compared to a coronal slice obtained to corroborate the coordinates. (B) A diagrammatic representation of the experimental design. Eight groups were injected with vehicle
or  Hc-TeTx at different doses (0.1, 1, 5, 10, and 20 �g/kg i.m.; n = 10) during 3 days before the stereotaxical surgery. At time 0, the 2 �L of 0.1% ascorbic acid vehicle or 6-OHDA
was  injected into the striatum. After that, all groups were tested for the motor behavior; turning (double line down arrow), cylinder (single up dark arrow), and stepping tests
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single  down dark arrow) over 28 days. At 30 days post-lesion all animals were kille
nd  biochemical analyses (double arrow).

Several trophic factors have been proposed to be effective in
rotecting dopaminergic neurons in vivo (Kearns and Gash, 1995;
inkler et al., 1996; Rosenblad et al., 2000). These protective effects

re observed after intrastriatal or intracerebroventricular applica-
ions, but not with systemic administration of these agents. Thus,
otential therapeutic agents that do not cross the blood–brain bar-
ier (BBB) will not be effective in treating PD.

The C-terminal domain of tetanus toxin (Hc-TeTx) is used by the
lostidial neurotoxin to bind to the neuronal membrane, after it is
ndocyted and carried through axons to arrive at the inhibitory
lycinergic and GABAergic neurons of the spinal cord and brain
tem. That is why the Hc-TeTx fragment has been proposed as a
arrier to deliver molecules to the CNS (Payne et al., 2006; Larsen
t al., 2006; Li et al., 2009; Ciriza et al., 2008). In addition, evi-
ence suggests that the intramuscular administration of Hc-TeTx

n rodents results in the delivery of the fragment to the brain. The
c-TeTx is able to be internalized by motoneurons at the neuro-
uscular junction followed by a fast axonal retrograde-transport to

he brain (Fishman and Carrigan, 1987; Fishman et al., 1990; Roux
t al., 2005a,b; Perreault et al., 2006; Deinhardt et al., 2006). How-
ver, there are a few studies that indicate that the Hc-TeTx is able
o modulate the cellular signaling. Previous reports have demon-
trated that this nontoxic fragment has a trophic action highly
ssociated with the stimulation of phosphorylation of tyrosine
inase receptors (Trk receptors) in cultured-cortical neurons and
erebellar-granule neurons (CGN) (Gil et al., 2003; Chaib-Oükadour

t al., 2004). In addition, the Hc-TeTx fragment protects against cell
eath in a cellular model of PD (Chaib-Oükadour et al., 2009). We
ave previously demonstrated for the first time that the intrastri-
tal injection of Hc-TeTx protects against DA loss and improves
btain the ipsilateral and contralateral striatum to make the immunohistochemical

motor behavior in rats treated with MPP+ (Mendieta et al., 2009).
In our present study, we sought to determine if rats treated with 6-
OHDA are protected by Hc-TeTx given by intramuscular injection;
application that would have strong therapeutic relevance.

2. Materials and methods

2.1. Animals

Adult, male Wistar rats weighing 200–250 g were provided
by the animal breeding facility of the Benemérita Universidad
Autónoma de Puebla (BUAP). They were housed until the behavioral
tests in groups of 3–5 animals in a room maintained at 23 ± 2 ◦C
and a 12 h:12 h light–dark cycle (lights on at 0700) with free access
to food and water. All procedures were done in accordance with
the National Institutes of Health Guide for Care and Use of Labora-
tory Animals and were approved by the institutional animal-care
committee of BUAP.

2.2. Synthesis and purification of Hc-TeTx

The non-toxic C-terminal domain of tetanus toxin that is the
binding domain of TeTx and formed by 685–1315 residues (50 kDa)
was synthesized in accordance to Chaib-Oükadour et al. (2004)
with some modifications. Briefly, Escherichia coli BL21 cells were
grown in Luria Beltane medium containing 100 �g/mL ampi-

cillin. Protein expression was  induced by the addition of 0.4 mM
isopropyl-�-d-thiogalactoside (IPTG). After 3 h, cells were pelleted
by centrifugation at 4000 × g for 20 min  at 4 ◦C, resuspended in lysis
buffer [50 mM NaH2PO4, 300 mM NaCl and 1% Triton X-100; pH
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Fig. 2. Effect of Hc-TeTx treatment on motor asymmetry in hemiparkinsonian rats. One group was  assigned for each dose of the Hc-TeTx fragment protein (0.1, 1, 5, 10, and
20  �g/kg daily) or vehicle before making the dopaminergic lesion (n = 7 in each group). In (A) during the rotational behavior the groups Hc-TeTx plus 6-OHDA at 5, 10, and
20  �g/kg had significantly lower rotations than the 6-OHDA group (***P < 0.001). (B) The graph shows the number of contralateral forelimb adjusting steps evaluated with
the  four trials. The group with a dopaminergic lesion generated by 6-OHDA showed a lower performance during the test compared to the control group. The groups Hc-TeTx
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] and sonicated on ice for six 30 s periods. The suspension was
entrifuged at 30,000 × g for 30 min  at 4 ◦C. The clear supernatant,
hich contains the His-tagged protein, was purified by cobalt affin-

ty chromatography. The proteins, without His-Tags, were eluted
y washing the resin with elution buffer [50 mM NaH2PO4·H2O
nd 300 mM NaCl; pH 7]. Hc-TeTx contains six histidines it is
etained in the resin forming a Co-complex. Hc-TeTx was eluted
ith the elution buffer [50 mM NaH2PO4·H2O, 300 mM NaCl and

50 mM imidazole; pH 7], and those fractions containing purified
c-TeTx protein were dialyzed [40 mM Na2HPO4, 10 mM NaH2PO4
nd 150 mM NaCl; pH 7.4], overnight at 4 ◦C, and for 2 h with new
uffer. The Hc-TeTx was stored in aliquots at −20 ◦C. The recombi-
ant Hc-TeTx fragment was obtained with a high grade of purity.

t has been patented by the Universidad Autònoma de Barcelona,
pain (Patent No. P200600132) as an invention concerning the
reatment of Parkinson’s disease.

.3. Treatments

One group was assigned for each dose of the Hc-TeTx fragment
0.1, 1, 5, 10, and 20 �g/kg daily) or SSI (isotonic saline solution),
hich were injected intramuscularly (i.m.) into the gastrocnemius
uscle for 3 days before producing the dopaminergic lesion.

.4. Surgery

The animals were anesthetized with chloral hydrate (350 mg/kg,
.p.; Sigma–Aldrich Corp, St. Louis, MO,  USA). The rats were ran-
omly assigned to receive the vehicle or 6-OHDA injected into the

eft striatum (n = 10 per group). The stereotaxic apparatus (Stoelting
o., Wood Dale, IL, USA) was used to cause dopaminergic denerva-
ion by injecting 2 �L of 6-OHDA (8 �g/�L; Sigma–Aldrich Corp, St.
ouis, MO,  USA) dissolved in 0.01% ascorbic acid solution, pH 7.4
Coordinates: A: +0.5 mm from Bregma, L: +3.6 mm from midline,
V1: −4.9 and DV2: −5.5 below dura) with reference to the stereo-

axic atlas (Paxinos and Watson, 1998). Proper postoperative care
as provided until the animals completely recovered.

.5. Behavioral testing

Three behavioral tests were used to assess the ability of the
c-TeTx fragment to improve the contralateral motor perfor-
ance after the unilateral 6-OHDA lesion of the striatum. The time

equences of the behavioral test are shown in Fig. 1.

.5.1. Rotational behavior
On test day the rats were removed from their home cages and

laced in the behavioral room for habituation for 30 min. Then,
he rats were placed into cages and the rotations in each group
ere counted for 80 min  after injection of methamphetamine. The

otations (360◦, short axis) ipsilateral to the side of the injection
ere counted by individuals trained in behavioral observation. The

nimals were tested following the response to methamphetamine
5 mg/kg, sc; Sigma–Aldrich Corp., St. Louis, MO,  USA) on the

4th day after stereotaxic injection in all groups, as described
y Ungerstedt and Arbuthnott (1970).  The number of ipsilateral
otations in each 10-min period was registered as the mean rota-
ions ± SE.

lus 6-OHDA at 5, 10, and 20 �g/kg had a significantly higher performance compared to t
imultaneously by the ipsilateral and contralateral forepaws inside the cylinder is a percen
mproves the simultaneous forelimb use in rats with unilateral 6-OHDA lesions (***P < 0.00
nd  cylinder tests. The data are the mean ± SE and they were analyzed using a one-way A
esearch 74 (2012) 156–167 159

2.5.2. Forelimb-use asymmetry in the cylinder test
Forelimb akinesia was  assessed using the cylinder test as

reported by Mendieta et al. (2009).  This test evaluates the use of the
forelimb to support the body against the walls of a cylinder. Six days
before of the dopaminergic lesion, the animals were assessed for the
asymmetry test in the cylinder to obtain the base values. The ani-
mals were placed in the cylinder test for 5 min with one trial every
week, and their activity was  videotaped. The forelimb-use asymme-
try test was  made in four assays because the exploratory behavior
of rats showed habituation upon daily exposure to the cylinder.
The number of wall contacts made with the forelimbs was counted
because it represents a more sensitive index of striatal-dopamine
depletion than landing movements. The wall contacts were classi-
fied as contralateral forelimb (CF), ipsilateral forelimb (IF), or both
forelimbs (BF). A minimum of 8 wall contacts per trial must occur to
be considered a valid test. The percentage of the use of independent
or simultaneous forelimbs, relative to the total number of contacts
made by each animal, was  calculated.

2.5.3. Adjusting steps test
Seven days before the surgery, the numbers of adjusting steps

made with the ipsilateral and contralateral forepaws were recorded
to obtain the base values. Rats were held at the rear part of the
torso by one hand with their hindlimbs lifted and one forepaw was
held steadily with the other hand of the experimenter to cause the
rat to bear its weight on the other forepaw. The animals did the
stepping test on the surface of the table for 1 m, at a speed of about
14 cm/s. Each stepping test consisted of two trials for each forepaw,
alternating between forepaws and videotaped for later analysis.
The same procedure was  done in the four consecutive weeks after
the lesion had been made.

2.6. HPLC-EC determination of catecholamines and metabolites

Dopamine and its metabolites were estimated by HPLC using
an electrochemical detector. The striatum of each group of rats
(n = 7) was used to determine the endogenous levels of dopamine
(DA), 3,4-dihydroxyphenylacetic acid (DOPAC), and homovanil-
lic acid (HVA). The striatum was dissected, weighed, and frozen
in isopentane. Then it was  homogenized with a Dynatech Sonic
Dismembrator Model 300 at 4 ◦C for 40 s in 500 �L of an
antioxidant solution of 0.25 M perchloric acid containing 250 �M
EDTA-Na2, 100 �M potassium metabisulfite, and 1000 ng/mL of
3,4-dihydroxybenzylamine (DHBA) as the internal standard for
catecholamine determination. The homogenates were stored at
−70 ◦C. They were centrifuged in an Eppendorf microcentrifuge for
10 min  at 8000 rpm, the supernatant was collected, and it was  fur-
ther filtered through 0.25 �m nylon filters before injecting it into
the HPLC device. Samples (5 �L) were injected manually to be ana-
lyzed by HPLC (LaChrom, Merck-Hitachi). Standards of the amine
and its metabolites were made to evaluate the peaks. The analysis
was made at room temperature and the elution was run at a flow
rate of 1 mL/min. The mobile phase consisted of 0.1 M anhydrous
citric acid, 0.05 mM EDTA-Na2·H2O, 1 mM sodium octyl sulfate, and

0.3% acetonitrile. The pH was  adjusted to 2.3 with triethylamine.
The HPLC consists of a BAS LC-4C electrochemical detector with a
unijet-electrode analytical cell. The electrode potential was 0.75 V
and the analysis software was  ChromGraphTM.

he 6-OHDA group (***P < 0.001). (C) The graph of the number of wall contacts made
tage of use of both limbs. The results show that the intramuscular Hc-TeTx injection
1). The vehicle and Hc-TeTx groups showed a high performance during the stepping
NOVA for repeated measures followed by Bonferroni multiple-comparison test.
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.7. Histological examination

After behavioral experiments, the rats (n = 6) from the vehicle,
c-TeTx, 6-OHDA, and 20 �g/kg Hc-TeTx plus 6-OHDA groups were
nesthetized and intracardially perfused with 70 mL  of PBS and
00 mL  of 4% paraformaldehyde-PBS to kill them. All their brains
ere removed and postfixed in more 4% paraformaldehyde for 48 h.

ome of them (n = 3 per group) were embedded in paraffin and coro-
al 5-�m thick sections were taken containing the striatum from
ach brain at the level of the anterior temporal area, approximately
0.5 to 1.5 from Bregma, to follow the fluorescence immunohisto-

hemistry. Other brains (n = 3 per group) were transferred to 30%
ucrose–4% paraformaldehyde–PBS, and coronal sections at −5.0
o −6.0 from Bregma were taken containing the substantia nigra
70 �m,  6 per rat) to be collected in PBS–Triton (0.2%). Finally, they
ere processed for free-floating TH immunohistochemistry (n = 3
er group).

.7.1. Immunohistochemistry to tyrosine hydroxylase
The tissue sections containing the SNpc were first washed in

% H2O2 and PBS–Triton (Tx at 0.2%) after that, they were washed
n PBS–Tx (0.2%), both steps using cycles of 10 min. The tissue
ections were blocked using 5% BSA–PBS free of IgG for 1 h. They
ere incubated overnight at 4 ◦C with a mouse monoclonal anti-TH

ntibody (1:1000 Millipore) followed by incubation with biotiny-
ated antimouse IgG for 2 h at room temperature. After rinsing in
.1 M phosphate buffer (pH 7.4), the sections were incubated in
hosphate buffer with ABC Complex (Dako, CA, USA) and avidin-
iotinylated horseradish peroxidase complexes (Kit Dako) at room
emperature for 1 h. The signal was developed by incubation with
iaminobenzidine (50 mg/100 mL  TRIS; pH 7.6) in the presence of
.03% H2O2. Then, the sections were mounted on gelatin-subbed
lides and air-dried. Finally, each tissue from the ipsilateral or con-
ralateral SNpc were observed using the DM750 Leica microscope
nd captured at the same level of contrast and sharpness using
he 4× and 10× objective and Leica software. The digitized images
ere and transformed into JPEG files for storage and analysis in the

mageJ software.

.7.2. Immunohistochemistry to GFAP and caspase-3
For the glial-fibrillary-acidic-protein (GFAP) immunohisto-

hemistry, the sections containing the striatum were blocked by
ncubating in IgG-free 2% bovine serum albumin (BSA, Sigma) for
0 min. Then the slides were incubated overnight at 4 ◦C with a
olyclonal rabbit antibody anti-GFAP (Dako Denmark, Gostrup,
enmark), all at 1:100 dilutions. The antibody labeling was  rec-
gnized with an isospecific, secondary FITC-conjugated antibody
nd visualized in the green channel. The same procedure was  done
or caspase-3 (Santa Cruz Biotechnology Inc., CA, USA) at 1:100
ilutions, and this antibody labeling was recognized with an isospe-
ific secondary rhodamine and visualized in the red channel. Slides
ere counterstained with VectaShield with DAPI (Vector Labs.,
urlingame, CA, USA) for nuclei staining and visualized in the blue
hannel. The striatum regions were photographed with a Leica
MLS microscope at 40× (Leica Microsystems GmbH, Wetzlar,
ermany) using a Leica digital camera DFC-300FX (Leica Microsys-

ems Digital Imaging, Cambridge, UK). The digitized images were
aptured at the same level of contrast and sharpness using the
M1000 software (Imagic Bildverarbeitung AG, Leica Microsystems;
eerbrugg, Switzerland) and transformed into JPEG files for storage
nd analysis in the software ImageJ.
.7.3. Amino-cupric-silver stain
Neurodegeneration caused by the dopaminergic denervation

as seen by the precipitation of the ionic silver-staining method
De Olmos et al., 1994). The pre-impregnation solution contained
esearch 74 (2012) 156–167

cupric nitrate, silver nitrate, cadmium nitrate, lanthanum nitrate,
and pyridine (Sigma–Aldrich, St. Louis, MO,  USA), dissolved in
deionized water. After the components were well-mixed, the solu-
tion was  warmed to 45–50 ◦C. First, the sections containing the
striatum were incubated in this solution overnight. The impreg-
nation solution contained silver nitrate, ethanol, acetone, lithium
hydroxide, and ammonium hydroxide (Sigma–Aldrich, St. Louis,
MO,  USA) in deionized water. Second, the sections were rinsed
in deionized water, next in acetone, and then placed into the
impregnation solution to be incubated in this solution for 50 min.
The reducing solution contained ethanol, Formalin, and citric acid
(Sigma–Aldrich, St. Louis, MO,  USA) in deionized water. Third, the
sections were transferred from the impregnation solution into the
reducing solution and placed in a water bath with a temperature
between 32 ◦C and 35 ◦C. After that, the sections were incubated for
25 min  in the reducing solution, then were transferred into deion-
ized water and rinsed twice. Next, the sections were counterstained
with neutral red (Sigma–Aldrich, St. Louis, MO,  USA). Finally, all sec-
tions were transferred into alcohol and xylene and then mounted
permanently with Entellan (Merck, Darmstadt, Germany). The
slices stained in the striatum were examined through a DM750
Leica microscope at 40× (Leica Microsystems GmbH, Wetzlar) and
photographed using a Leica digital camera ICC50 (Leica Microsys-
tems Digital Imaging, Coldhams Lane, Cambridge, UK). The digitized
images were captured at the same level of contrast and sharpness
using the Leica software and transformed into JPEG files for stor-
age and analysis in the ImageJ software for the measurement of the
neurodegenerative cells.

2.8. Data analysis

All values are the mean ± SE. A one-way analysis of vari-
ance (ANOVA) for repeated measures followed by a Bonferroni
multiple-comparison test was used to analyze the differences in the
behavioral test. A one-way analysis of variance (ANOVA) followed
by a Bonferroni multiple-comparison test was  used to analyze the
cell numbers with an argyrophilic stain, the number of positive
cells for caspase-3 or GFAP, and the catecholamine levels between
groups. The differences were considered significant when P < 0.05.
The statistical analysis was made using Prism 5 Software (Prism5,
San Diego, CA, USA).

3. Results

3.1. Rotational behavior

Fig. 2A shows the mean number of ipsilateral turns for
every 10 min  and the SE for all groups. We  found that the
Hc-TeTx plus 6-OHDA groups decreases the number of ipsilat-
eral turns per minute; at 20 and 10 �g/kg of Hc-TeTx (0.3 ± 0.2
and 0.9 ± 0.2 turns/min; respectively; P < 0.001), at 5 �g/kg of Hc-
TeTx (5.2 ± 0.9 turns/min; P < 0.05), with no significant changes in
the turning behavior at 1.0 and 0.1 �g/kg of Hc-TeTx (6.7 ± 1.0,
8.1 ± 1.0 turns/min; n.s.), all compared with compared with the 6-
OHDA group (8.7 ± 1.2 turns/min). The vehicle and Hc-TeTx groups
did not show a change in turning behavior caused by metham-
phetamine during the test. The vehicle and Hc-TeTx groups did not
show rotational behavior caused by methamphetamine during the
test. These data were analyzed using one-way ANOVA for repeated
measures [F(7,63) = 32.67], followed by a Bonferroni multiple com-
parison test.
3.2. Adjusting steps

Fig. 2B shows the time-course of the changes in the forelimb
adjusting steps. All animals were, before making the dopaminergic
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Fig. 3. The effect of intramuscular Hc-TeTx injection at different doses on the dopamine and metabolite levels in the striatum of rats with 6-OHDA lesion. (A) The ipsilateral
striatums have a reduction of catecholamines (dopamine, DOPAC, and HVA) levels compared to the contralateral striatum in rats treated with 6-OHDA. (B) The reduction is
partially restored with the pretreatment of Hc-TeTx at the dose of 20 �g/kg. (C and D) Figures showed the concentrations of DOPAC and HVA that show that the Hc-TeTx did
not  produce changes in the metabolism of DA in both metabolites in the striatum. The data are the mean (�g/mg of the tissue wet weight) ± SE (bars) with each group (n = 7
in  each group).*P < 0.05, **P < 0.01, ***P < 0.001 were considered significant in the statistical analyses using a one-way ANOVA followed by Bonferroni multiple-comparison
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esion, assessed for the stepping test using one trial, 14 ± 1 mean
f ipsilateral or contralateral steps (mean ± SE). After the surgery,
ll the groups were assessed in four trials on different days. The
-OHDA group showed the contralateral forelimb adjusting steps
ignificantly decreased 4 weeks after the dopaminergic lesion (at
ast trial 4.1 ± 0.4 steps) and did not show any change in ipsilateral
orelimb steps (13.5 ± 0.1 steps; mean ± SE). Similar levels of steps
ere registered, before and after the surgery for all groups of rats

graph not shown).
The other groups of rats with Hc-TeTx plus 6-OHDA showed the

ontralateral forelimb adjusting steps were significantly increased
uring the 4 weeks post-lesion; principally the groups with 20, 10
nd 5 �g/kg of Hc-TeTx (12.2 ± 0.6 and 10.3 ± 0.6, and 8.0 ± 0.6,
espectively; P < 0.001), all compared to 6-OHDA group (4.1 ± 0.4

teps) (Fig. 2B). The lower doses of Hc-TeTx (1.0 and 0.1 �g/kg) had
o significant improvement of the contralateral forelimb adjus-
ing steps (4.4 ± 0.3 and 5.6 ± 0.5 steps, respectively). The results
learly indicate that the better performances were caused by the
Hc-TeTx (20 and 10 �g/kg) plus 6-OHDA groups at 87% and 73%
compared to the 6-OHDA group that had a low performance of
29%. The vehicle and Hc-TeTx groups had a high performance dur-
ing the test (14.1 ± 0.1 and 14.2 ± 0.1 steps, respectively). These
data were analyzed using a one-way ANOVA for repeated measures
[F(7,31) = 159.7], followed by a Bonferroni multiple comparison test.

3.3. Cylinder test

Animals were tested for symmetric forelimb use in the cylin-
der at day 6 before the dopaminergic lesion was  made. We  have
found that 6 days before treatment all animals showed symmetri-
cal use of both forelimbs; about 90% in the cylinder test for vertical
exploration (Fig. 2C). The animals treated with 6-OHDA group were

severely impaired in the use of the contralateral paw in the cylin-
der test yielding a low performance of 22 ± 2% (mean ± SE) in the
use of both forelimbs during the 4 weeks postlesion (Fig. 2C). The
recovery was seen for all groups with the Hc-TeTx, particularly
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Fig. 4. Tyrosine hydroxylase immunohistochemistry following treatment with Hc-TeTx and 6-hydroxydopamine. The Hc-TeTx treatment, at the dose of 20 �g/kg i.m., causes
neuroprotective effects on the side ipsilateral side to the 6-OHDA lesion. More TH-IR neurons were observed in Hc-TeTx/6-OHDA group than in the vehicle/6-OHDA group,
w l (veh
S alater
p

t
t
t
g
l

here  the number of neurons TH-IR was markedly reduced in the latter. The contro
Npc.  Photomicrography of TH immunoreactive neurons on the ipsilateral or contr
lus  6-OHDA, and Hc-TeTx plus 6-OHDA. All were observed and captured at 4×.

he higher performance in the use of both limbs during the four

rials measured for 20 and 10 �g/kg of Hc-TeTx plus 6-OHDA-
reated groups (70 ± 2% and 64 ± 2%, respectively; P < 0.001). The
roups of 5 and 1 �g/kg of Hc-TeTx decreased use of both fore-
imbs (48 ± 4% and 36 ± 4%, respectively; P < 0.001). However, we
icle) and Hc-TeTx groups, showed a similar TH-IR in the side ipsilateral side of the
al SNpc of animals (n = 3 in each group) with vehicle, Hc-TeTx plus vehicle, vehicle

found an exception for the low dose of 0.1 �g/kg of the Hc-TeTx

(28 ± 3%, n.s.), all groups compared with the 6-OHDA group. These
data were analyzed using one-way ANOVA for repeated measures
[F(7,31) = 182.6], followed by a Bonferroni multiple comparison
test.
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.4. Determination of catecholamine and metabolites

To determine if a unilateral change in dopaminergic transmis-
ion was associated with the improvement in motor behavior after
he Hc-TeTx i.m. application, the tissue levels of DA, DOPAC, and
VA for the ipsilateral or contralateral striatum were measured
nd expressed as �g/mg of tissue. The data obtained for three
eterminations of dopamine and its metabolites for each exper-

mental group are reported as the mean ± SE. In Fig. 3A the DA
evels in the ipsilateral striatum are shown 30 days after of the Hc-
eTx injection (20 �g/kg) and dopaminergic lesion with 6-OHDA
10.0 ± 1.0; P < 0.01), which were found to be higher compared to
he 6-OHDA-treated group (3.7 ± 0.6); without important changes
t the lower doses of the Hc-TeTx (one-way ANOVA [F(7,47) = 15.84]).
oreover, the vehicle group showed similar DA levels in the ipsi-

ateral and contralateral striatum (13.0 ± 1.3 and 12.4 ± 1.3). These
esults were contrasted with the lower DA levels in the ipsilateral
triatum of the 6-OHDA-treated group (∼28%). However, the dete-
ioration of the catecholamine system in the 6-OHDA group was
artially prevented by the Hc-TeTx injection at 20 �g/kg by ∼49%
P < 0.01). In Fig. 3B the data show that there are no changes in the
A levels in the contralateral striatum for the different groups with
r without the Hc-TeTx, which means that the contralateral area is
ot affected [F(7,47) = 0.0964].

Fig. 3C and D shows the reduction of the main metabolites
OPAC and HVA (1.1 ± 0.1 and 0.8 ± 0.1, respectively) for the 6-
HDA-treated group, compared to vehicle group (2.5 ± 0.3 and
.5 ± 0.2, respectively). The Hc-TeTx plus the 6-OHDA-treated
roup showed levels similar to vehicle group of these metabolites
2.2 ± 0.3 and 1.2 ± 0.2). In the ipsilateral striatum the DOPAC was
ound decreased in the 6-OHDA-treated group compared to the
ontrol group (one-way ANOVA [F(7,54) = 3.128; P < 0.05]) and there
ere no significant differences in the other groups treated with
c-TeTx plus 6-OHDA or the group using only the Hc-TeTx. More-
ver, the data indicated that all groups had no significant changes
n the HVA levels. Our findings of the deterioration of the cate-
holamine system in the 6-OHDA group compared to the Hc-TeTx
lus 6-OHDA group show an effective protection by the Hc-TeTx
ragment on the DA levels and its metabolites at 20 �g/kg (one-way
NOVA [F(7,47) = 0.037]).

.5. Tyrosine hydroxylase immunoreactivity in the SNpc

Our findings of the Hc-TeTx effects on motor asymmetry and the
A system in the striatum suggest that the trophic effects are most
vident when we use the intramuscular injection dose of 20 �g/kg
f Hc-TeTx, therefore we decided to use this dose in the other group
f animals for examination of the dopaminergic neurodegeneration
f the nigrostriatal system.

Animals of the following groups: vehicle-vehicle, Hc-TeTx-
ehicle, vehicle-6-OHDA, and Hc-TeTx-6-OHDA were examined to
yrosine hydroxylase (TH) immunoreactivity (IR) in the ipsilateral
nd contralateral SNpc 30 days after the dopaminergic lesion. The
rincipal findings were the major positive-TH-IR (151.0 ± 5.0) in
he neurons from ipsilateral SNpc to the Hc-TeTx plus 6-OHDA-
reated group, compared to 6-OHDA group (67.0 ± 14) (Fig. 4). The
umber of positive to TH-IR in the contralateral SNpc of both groups
as similar (140.0 ± 7.0). Moreover, the control groups, Hc-TeTx or

ehicle, did not show a different number of positive TH-IR cells from
he ipsilateral and contralateral SNpc. The photographs captured at
0× were analyzed using ImageJ software.
.6. Caspase-3 and GFAP immunoreactivity (IR) in the striatum

The caspase-3-IR was assessed in the ipsilateral and contralat-
ral striatum as a marker of apoptosis caused 30 days after the
esearch 74 (2012) 156–167 163

dopaminergic lesion (Fig. 5A–H). In Fig. 5E the caspase-3-positive
cells were found located close to the site of injection in the ipsilat-
eral striatum for the 6-OHDA-treated group and the quantitative
analysis showed a large number of caspase-3-positive cells. Con-
trarily, the Hc-TeTx plus 6-OHDA-treated group in the ipsilateral
striatum showed fewer caspase-3 positive cells in the caspase-3-
IR compared to the 6-OHDA-treated group (Fig. 5F and E). These
findings indicate that the neuronal damage was prevented by
the intramuscular injection of the Hc-TeTx. Consistent with the
findings from the argyrophilic staining, we did not find caspase-3-
positive cells in the ipsilateral striatum of the vehicle and Hc-TeTx
groups. Therefore, there were no caspase-3-positive cells in the
contralateral striatum of each group when they were assessed
(Fig. 5C, D, G, and H).

The immunohistological examination 30 days after the
dopaminergic lesion showed a strong expression of GFAP, a
marker for astrocytosis. The aim of immunofluorescence anal-
ysis was  to estimate the effect of the Hc-TeTx injection plus
the dopaminergic lesion on astrocytosis over the long term
(Fig. 5I–O). In the 6-OHDA-treated group the GFAP-IR increased
compared to the vehicle group in the ipsilateral striatum, as the
photomicrographs show (Fig. 5M and I). The most interesting
finding was the lower GFAP-IR of the Hc-TeTx and 6-OHDA-
treated group compared to the 6-OHDA-treated group (Fig. 5N
and M).  In addition, we  found that Hc-TeTx by itself showed a
low immunoreactivity to GFAP in the same area of the ipsilateral
striatum (Fig. 5J; P < 0.05). The quantitative analysis of positive
GFAP cells confirms the result that the Hc-TeTx treatment causes
a small number of positive cells to GFAP compared to the control
6-OHDA in the ipsilateral striatum (Fig. 5R). The GFAP-IR for the
contralateral striatum was found to be small for each group after
30 days (Fig. 5K, L, O, and P). Fig. 5Q and R shows the quantitative
data of the caspase-3- and the GFAP-immunopositive cells in the
ipsilateral striatum. The statistical analysis was  made using a
one-way ANOVA [F(3,11) = 44.95 and F(3,12) = 24.17] followed by a
Bonferroni multiple comparison test and indicates that there is a
significant difference between the Hc-TeTx plus 6-OHDA and 6-
OHDA groups for caspase-3 (P < 0.001) and GFAP immunoreactivity
(**P  < 0.01, ***P < 0.001).

3.7. Neurodegeneration

The effects of the neuronal damage caused by the intras-
triatal injection of 6-OHDA and the protection by the previous
intramuscular injection of Hc-TeTx were studied with the amino-
cupric-silver stain. As shown in Fig. 6B, C, F, and G, the regions close
to the site of the injection were studied and analyzed in the ipsilat-
eral striatum and in the same region of the contralateral striatum
(Fig. 6D, E, H and I).

We found an evident argyrophilic reaction that characterizes
the neuronal damage in the ipsilateral striatum of animals with
a dopaminergic lesion (Fig. 6F), which was  more evident close to
the site of the injection. This was  shown by the notably dark cells
from the 6-OHDA-treated group compared to the fewer number
of dark cells in the same areas of the Hc-TeTx plus 6-OHDA group
(Fig. 6G).

On another hand, control groups that were only treated with Hc-
TeTx or the vehicle groups did not show a significant argyrophilic
stain in the ipsilateral striatum (Fig. 6B and C). The contralateral
striatum did not show argyrophilic cells for any group analyzed
(Fig. 6D, E and H–I). The number of positive argyrophilic cells was
measured using the ImageJ software, by using the mean of five pho-

tomicrographs captured at 4×. The quantitative data of the positive
argyrophilic cells in the ipsilateral striatum for the 6-OHDA-treated
group was  34 ± 4 (mean ± SE), although the Hc-TeTx plus 6-OHDA-
treated group that had a low number of positive argyrophilic cells,



164 L. Mendieta et al. / Neuroscience Research 74 (2012) 156–167

Fig. 5. The injection of Hc-TeTx into hemiparkinsonian rats caused changes in the immunoreactivity to caspase-3 and GFAP in the striatum. The photomicrographs
show  the caspase-3 (red color) in the ipsilateral and contralateral striatum (A–H). The immunohistochemical assessments were done 30 days after the injection of the
6-OHDA (n = 3 in each group). The photomicrographs show that the Hc-TeTx/6-OHDA-treated group had a decrease in the caspase-3 immunoreactivity compared to the
6-OHDA group (F and E). The photomicrographs show the GFAP (green color) in the ipsilateral and contralateral striatum (I–P). The photomicrographs show that the
astrocytosis of Hc-TeTx/6-OHDA-treated group was lower than the 6-OHDA group (M and N). The nucleus was observed with DAPI staining (blue stain). All the slices were
observed at 40×. In (Q) the graph shows the quantification for positive caspase-3 cells for the ipsilateral striatum. Our results show a few positive caspase-3 cells compared to
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0 ± 1 (mean ± SE; P < 0.001) (Fig. 6A). The statistical analysis (one-
ay ANOVA followed by a Bonferroni multiple comparison test)

ndicates that there is a significant difference between the groups
one-way ANOVA [F(3,18) = 34.20]). The control groups of vehicle
nd Hc-TeTx show a small number of positive argyrophilic cells,

 ± 1 and 4 ± 1 (mean ± SE) for the ipsilateral striatum.

. Discussion

In recent years the investigation of the neuroprotective effects of
he C-terminal domain of tetanus toxin has increased (reviewed in
oivonen et al., 2010) and subsequently revealed that its action on
he antiapoptotic and survival pathways is similar to neurotrophins
n the animal models of neurodegenerative diseases (Moreno-Igoa
t al., 2010; Chaib-Oükadour et al., 2004). In our study, the effects
f the intramuscular Hc-TeTx injection to arrive at the brain in a rat
odel of PD were explored. The principal findings are the improve-
ents of several motor behaviors and protection against the loss of
A associated with amelioration of the neurodegenerative process

n the striatum.
During these behavioral tests, we found that the motor asym-

etry was a minimum for the Hc-TeTx using the doses of 10 and
0 �g/kg compared with the 6-OHDA group. There was a severe
epletion of striatal dopamine resulting in a lower ability of the
nimals to make adjusting steps or use both forelimbs during the
xploration in the cylinder test, and these results were corrobo-
ated with other reports (Johnson et al., 1999; Kirik et al., 2004;
owd et al., 2005; Grealish et al., 2008).

Furthermore, the effects on rats were shown on the motor
symmetry over the long term. The lower doses of Hc-TeTx (0.1,

 or 5 �g/kg) did not cause improvement in the motor asymme-
ry. These findings suggest that the protective action of Hc-TeTx is
elated to the dose, because the higher doses of the Hc-fragment
roduced better effects on the motor asymmetry than the lower
oses, as we had shown in the model of a striatal lesion with MPP+

Mendieta et al., 2009).
The lower doses of Hc-TeTx did not cause changes in the striatal

opamine levels of the rats compared to the 6-OHDA-treated ani-
als. However, only the 20 �g/kg dose of Hc-TeTx in rats showed a

igh significant increase in the amounts of dopamine in the ipsilat-
ral striatum compared with the 6-OHDA-treated group. Moreover,
hese results suggest that Hc-TeTx exerts its neuroprotective effects
n an dose-dependent way in animals with a dopaminergic lesion

ade by 6-OHDA. The main finding is that the 20 �g/kg dose of
he Hc-TeTx in the animals causes improvement in their motor
ehavior. The improvement in the DA levels is related to the size
f the Hc-TeTx dose because there are no important changes in the
A levels using a dose of <10 �g/kg Hc-TeTx. The results obtained
t 20 �g/kg of Hc-TeTx also showed that it is efficient in preventing
he degeneration of the nigral-dopamine cell bodies over the
ong-term. It is probable that the Hc-TeTx treatment can preserve
he functional dopamine innervations if it were administered early
n the degenerative process.

The dopaminergic neurotransmission is the key to the reg-
lation of the basal ganglia for the movement performance;
onsequently the principal therapy for PD has been focused on
he replacement of this neurotransmitter by its precursor levodopa

hich results in a useful drug that leads to a remarkable amelio-

ation of the symptoms. However, the levodopa loses its efficacy
fter several years of treatment because the patients develop motor
omplications, such as dyskinesia, and the neurodegeneration is

he 6-OHDA group (***P < 0.001). The graph (R) shows the quantification for positive GFA
ower  for animals with Hc-TeTx plus 6-OHDA group than animals with only the 6-OHDA g
n  the statistical analyses using a one-way ANOVA followed by Bonferroni multiple-comp
esearch 74 (2012) 156–167 165

not stopped, as might be expected with the use of trophic agents or
using the Hc-TeTx fragment that promotes neuronal survival over
the long term.

The molecular mechanisms underlying the neuroprotective
action of the Hc-TeTx has been shown through the Trk pathways
(Chaib-Oükadour et al., 2004), which suggests that Hc-TeTx might
have a direct neuroprotective role. In cultured neurons, the Hc-TeTx
acts similarly to growth factors causing the activation of several
prosurvival pathways, including the phosphatidylinositol-3-kinase
(PI3K)-protein kinase B (Akt), Ras-extracellular-signal-regulated
kinase (ERK), and the phospholipase C-�  (PLC-�) (Gil et al., 2000,
2001). The first evidence of the neuroprotective action of Hc-TeTx
was assessed in a model for the study of PD, using the neurotoxin
MPP+ in cerebellar-granule neurons (CGN). These experiments
showed that the Hc-TeTx fragment protects against MPP+ by
inhibiting apoptosis (Chaib-Oükadour et al., 2004).

In addition, during the study of neuroprotection by the glial-
derived-growth factor (GDNF), the fusion of Hc-TeTx with this
growth factor showed the maintenance of the neurotrophic effects
in a model of neurodegeneration (Ciriza et al., 2008). The Hc-TeTx
fragment was  later proved to be a neuroprotective agent in an ani-
mal  model of amyotrophic lateral sclerosis, and it caused the same
antiapoptotic effects and had a high efficiency to cause cellular
survival (Moreno-Igoa et al., 2010).

There is another possibility for the action of Hc-TeTx that is
directly associated with the increase in the dopamine levels, such
as we found in the striatum. The activation of dopamine receptors,
such as the D1 type, has been associated with a neuroprotective
response because these kinds of receptors are G-protein-coupled
receptors (GPCRs) causing the transactivation of Trk receptors after
the activation of the classical cascade of signaling, PI3-K/Akt, and
p21 ras/ERK1–2, independent of the neurotrophins’ action or along
with them (Iwakura et al., 2008). In an attempt to understand the
molecular mechanisms that involved the trophic action of Hc-TeTx
in rats with a striatal dopaminergic lesion, we are assessing the TrkB
pathways because it is plausible that the Akt and mitogen-activated
protein kinase (MAPK) pathways are crucial in promoting the sur-
vival of dopaminergic neurons, as other studies have suggested
(Ugarte et al., 2003).

The quantitative analysis of argyrophilic-positive cells con-
firmed this idea that the Hc-TeTx decreases neuronal death in
the ipsilateral striatum. The 6-OHDA group had a large amount of
caspase-3-IRin the ipsilateral striatum, and we found the Hc-TeTx-
treated group showed low caspase-3-IR in the same area of the
striatum. These data suggest the protective action of the Hc-TeTx
against the apoptotic process caused by the 6-OHDA. Interestingly,
there was almost complete rescue of the nigral neurons (TH-IR
cells) at the 20 �g/kg dose of Hc-TeTx. We  report for first time
that the intramuscular application of the Hc-TeTx is also effective
in decreasing the striatal neurodegeneration of hemiparkinsonian
rats even after 30 days. Its effects are associated with the protection
at the site of the lesion or in the terminal neurons remaining in the
nigrostriatal system caused by the sprouting generated in the dam-
aged neurons, similar to the action of GDNF in the striatum (Kirik
et al., 2000, 2004).

Previous studies have shown that when a lesion of the nigros-
triatal pathway is caused by 6-OHDA, it leads to the astroglial and

microglial activation that modulates the response to the injury
that triggers neuronal survival or death (Rodrigues et al., 2003;
Chadi and Gomide, 2004; Maeda et al., 2008). We  found that a
high astrocytosis in the ipsilateral striatum of rats with a 6-OHDA

P cells for the ipsilateral striatum. Our results showed that astrocytosis (GFAP) is
roup. The data are the mean ± SE (*P < 0.05; **P < 0.01) were considered significant
arisons test.
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Fig. 6. Effects of Hc-TeTx treatment on the striatal neurodegeneration of rats injured with the specific catecholamine neurotoxin 6-OHDA. (A) Quantification of positive
argyrophilic cells in the ipsilateral striatum from the vehicle, Hc-TeTx, 6-OHDA, and Hc-TeTx/6-OHDA groups. The statistical analysis (one-way ANOVA followed by Bonferroni
multiple-comparisons test) indicates that there is a significant decrease in the number of positive argyrophilic cells in the Hc-TeTx/6-OHDA-treated group compared with
t  cells.
s hicle (
o

l
c
t
v
t
c
b
n
l

b
c
m
c
t
6
c
t
e
m
t
b
g
T
P
d
c

(Dirección General de Investigación) from the Spanish Govern-
he  6-OHDA group (***P < 0.001). The photomicrographs (B–I) show the argyrophilic
triatum of animals (n = 3 in each group) with vehicle/vehicle (B and D), Hc-TeTx/ve
bserved at 4×.

esion may  be related to the high number of argyrophilic and
aspase-3-positive cells, accompanied by low dopamine levels in
he striatum. This phenomenon appears be attenuated by the pre-
ious treatment with Hc-TeTx, so 30 days after dopaminergic lesion
here is a low astrocytosis. Moreover, we found a moderate astro-
ytosis in the group treated with the Hc-TeTx plus ascorbic acid,
ut it probably means this is a trophic effect because there was  no
euronal damage in the same area of the striatum as shown by the

ow argyrophilic stain.
However, the trophic effect of astrocytes remains in controversy

ecause it is present in the beginning of a toxic event, so astrocytes
ause the release of neurotrophins and increase the antioxidant
olecules that give protection to the neurons. If the astrocytosis is

hronic and high, it causes neuronal death. Some studies showed
hat the dopaminergic cells became dramatically resistant to the
-OHDA neurotoxicity when the cells are in the presence of astro-
ytes, as reported by Yu and Zuo (1997).  These observations suggest
hat the astroglial activity by the Hc-TeTx can result in beneficial
ffects for the striatum cells, when this cellular response occurs to a
iddling degree. Consequently, all evidence and our findings lead

o suggest that the Hc-fragment can have a trophic action in the
rain. The discovery of Hc-TeTx as a trophic fragment to mimic
rowth factors represents a promising avenue for exploring the

rkB (and others neurotrophin receptors) pathways in models of
D. This may  lead to the understanding of the neurodegenerative
isorder. At the same time the Hc-TeTx may  have important impli-
ations in the future of the neurodegenerative process where there
 Photomicrography of the amino-cupric staining of the ipsilateral and contralateral
C and E), vehicle/6-OHDA (F and H), and Hc-TeTx/6-OHDA (G and I). The slices were

is a decrease in the production of growth factors, and consequently,
several deficits in behavior.

5. Conclusion

Altogether, our findings indicate that (i) 20 �g/kg i.m. is the most
effective dose of the Hc-TeTx in the animals to cause improve-
ment of their motor behavior, (ii) this dose of Hc-TeTx protects
against loss of DA, and (iii) it is able to prevent the nigrostriatal
neurons of neurodegeneration by 6-OHDA over the long term. Thus
the intramuscular injection of Hc-TeTx may  have the therapeutic
potential to prevent the motor-behavior deficits and the apoptotic
neuronal death in PD. Moreover, several attempts must still be
made to establish that the chronic treatment of Hc-TeTx is able
to delay the motor-behavioral impairments and the dopaminergic
neurodegeneration in parkinsonian patients.
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