Neuroprotective effect of the systemic delivery of (-) nicotine
in hemiparkinsonian rats
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ABSTRACT

The detection of lower incidences of Parkinson’s disease (PD) among smokers has sparked a renewed interest in the
administration of (-) nicotine as a tool for the manipulation of the cholinergic system in experimental models of
parkinsonism. This work evaluated five groups of Wistar rats (1: Healthy rats (n = 11), 2: Rats with lesions in the
substantia nigra pars compacta (SN¢) (n = 10), 3: Rats with SNc lesions, treated with (-) nicotine (n = 18), 4: Rats
with false SNc lesions, obtained by treatment with physiological saline solution (PSS) (n = 10), 5: Rats with SNc
lesions, treated with PSS (n = 10); measuring motor coordination and asymmetry, the extracellular concentrations
of glutamate (Glu) and y-aminobutyric acid (GABA) in the pedunculopontine nucleus (PPN), cell survival at the
SNC, and the striatal expression of several neurotrophic factors. SNc-injured rats treated with (-) nicotine per-
formed better and had smaller average numbers of errors at the largest diameter bridges when compared to
untreated hemiparkinsonian rats. The treatment with (-) nicotine decreased the extracellular concentration of Glu
and GABA at the PPN, attenuated motor asymmetry, promoted a higher striatal expression of brain-derived neu-
rotrophic factor and diminished the loss of dopaminergic cells from the SNc. The results suggest a neuroprotective
effect for (-) nicotine in the administration scheme employed in this study.
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RESUMEN

Efecto neuroprotector de la administracién sistémica de (-) nicotina en ratas hemiparkinsonizadas. La
manipulacién del sistema colinérgico en el parkinsonismo experimental, a través de la administracién de (-) nicotina,
adquiere gran importancia a partir del hallazgo de una menor incidencia de la enfermedad de Parkinson (EP) en
sujetos fumadores. Se evaluaron cinco grupos de ratas Wistar: 1. Ratas sanas (n = 11), 2. Ratas lesionadas en la
substantia nigra compacta (SNc¢) (n = 10), 3. Ratas tratadas con (-) nicotina y lesionadas en la SNc¢ (n = 18), 4.
Ratas con falsa lesion de la SNc por inyeccién de solucién salina fisiologica (SSF) (n = 10), 5. Ratas tratadas con SSF
y lesionadas en la SNc (n = 10). Se evaluaron la coordinacién y la asimetria motora, las concentraciones extracelulares
de glutamato (Glu) y écido y-aminobutirico (GABA) en el nicleo pedunculopontino (NPP), la supervivencia de
células en la SNc y la expresion estriatal de distintos factores neurotréficos. Las ratas tratadas con (-) nicotina y
lesionadas en la SNc mostraron una mejor ejecucién y un menor nUmero promedio de errores en los puentes de
mayores didmetros en comparacién con las ratas hemiparkinsonizadas no tratadas con la droga. El tratamiento con
(-) nicotina disminuyé las concentraciones extracelulares de Glu y GABA en el NPP, atenué la asimetria motora de
las ratas, promovié mas expresién estriatal del factor neurotréfico derivado del cerebro y hubo menos pérdida de
células dopaminérgicas en la SNc. El esquema de administraciéon de (-) nicotina en este estudio sugiere un efecto
neuroprotector.

Palabras clave: (-) nicotina, ganglios basales, substantia nigra compacta, nicleo pedunculopontino

Introduction

The discovery of dopaminergic deficiencies as the
distinctive feature of Parkinson’s disease (PD) paved
the way for the successful pharmacological treatment
of this disorder through the administration of a dopa-
mine precursor, L-dihydroxyphenylalanine (L-DOPA)
[1, 2]. However, it is now known that long-term levo-
dopa therapy results in a number of side effects, such
as involuntary movements and fluctuations in the
motor response [3]. Different pharmacological alter-
natives have been tested with the aim of counterba-
lancing the neurochemical disequilibrium of the basal
ganglia (BG) induced by the degeneration of the ni-
grostriatal pathway [4], and a significant emphasis
has recently been placed on the study of neuropro-
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tective drugs that prevent the death of nigral cells or
decelerate the degenerative course of this disease
[5-7]. In this context, the discovery of lower inciden-
ces of PD among smokers [8] led to the investigation
of (-) nicotine as a potential neuroprotective drug that
might prevent the degeneration of the dopaminergic
cells of the substantia nigra compacta (SNc). Nicotine
is a natural alkaloid from the plant Nicotiana tabacum,
with well-known effects on the central and peripheral
nervous system [9]. Although the mechanism behind
the protective effect of nicotine on dopaminergic cells
has not been elucidated, it is hypothesized to be me-
diated, among others, by the synthesis and release of
neurotrophic factors, the release of striatal dopamine
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from cells surviving neurotoxic injury, the promotion
of intracellular signaling events, and the activation of
nicotinic receptors [10-14].

Although the neurochemistry of BG has been in-
tensely studied during the last 20 years, the changes
that take place in the pedunculopontine nucleus (PPN)
-closely related both anatomically and functionally to
the nuclei of the BG- have not received the same atten-
tion within the context of experimental models of PD
[15]. Itis known that the PPN is connected reciprocally
to the BG, sending cholinergic and glutamatergic pro-
jections to the SNc that modulate the dopaminergic
activity of nigral cells [16]. Also, the connections of
the PPN to the interneuronal network of the spinal
chord through the medial reticulospinal tract highlight
the role of this structure on the processing of motor
information [17].

The goal of this study is the evaluation of the effect
of the systemic administration of (-) nicotine on the
motor disorders, the survival of dopaminergic cells in
the SN, the striatal expression of neurotrophic factors
(NTF) and the extracellular concentration of Glu and
GABA in the PPN of hemiparkinsonian rats.

Experimental subjects

The study used male, adult Wistar rats weighing from
200 to 250 g, provided by the Center for the Produc-
tion of Laboratory Animals (CENPALAB, La Havana,
Cuba). Three individuals were housed per cage throu-
ghout the experiment, with a 12 h/12 h cycle of light
and darkness and water and food ad libitum. The ex-
perimental work followed the Guidelines for the Care,
Use and Reproduction of Laboratory Animals.

Materials and methods

SNc lesion

The animals were anesthetized by the intraperito-
neal (i.p.) administration of a chloral hydrate solution
(420 mg/kg of body weight) and placed on a stereotactic
surgery device for rodents (Stoelting, U.S.A). Three
microliters of a neurotoxic solution containing 8 ug of
6-OHDA in 3 uL of 0.9% physiological saline solution
(PSS) plus 0.5 mg/mL of ascorbic acid were injected
using a flow of 1 uL/min into the right SNc, at the follo-
wing stereotactic coordinates (mm) described in the
Paxinos and Watson atlas [18]: AP =-0.49, L = 0.17,
DV =0.81 (according to Bregma). A control group with
false SNc lesions was obtained by the administration
of an identical volume of PSS at the same coordinates.

Rotational activity

The rotational activity induced by D-amphetamine
(5 mg/kg, i.p.) was studied one month after the admi-
nistration of 6-OHDA, using an LE 3806 Electronic
Multicounter coupled to LE 902 sensors (PanLAB,
Barcelona, Spain) that measured the sense of rotation.
The measurements were performed for a period of 90
minutes.

Systemic administration of (-) nicotine

The rats received 3 subcutaneous (s.c.) injections of
(-) nicotine (1 mg/kg body weight) every 30 min.,
after which the solution of 6-OHDA was administered.
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This administration schedule was repeated at days 7,
14 and 21 after the intracerebral injection of 6-OHDA.

The false SNc lesion group was administered (-)
nicotine by the same schedule, but PSS was used ins-
tead of 6-OHDA.

Measurement of motor coordination
by the transversal bridge test

The transversal bridge tests were carried out under
proper conditions of silence and illumination, eva-
luating their results by direct observation. The rats
were placed at the middle point of a bridge at a height
of 60 cm from a supporting surface, equipped with
escape platforms at each end. Sixty seconds were allot-
ted for each assay, which quantified the time it took
for each animal to reach any of the escape platforms
(escape latency). Failure to reach either platform or
falling from the bridge was scored as a latency of 60 s
(fall latency). The number of errors was also simulta-
neously counted in each assay. An error was defined
as any failed attempt to hold on to the bridge with
either the extremities or the tail, any loss of balance,
or any fall from the bridge before the 60 s assigned to
each assay.

The bridges were 60 cm long with rectangular or
circular cross-sections, used in order of increasing test
complexity (rectangular large (2.5 cm diameter)-circular
large (2.5 cm diameter)-rectangular small (1 cm dia-
meter)-circular small (1 cm diameter). The complete
experiment was performed over 2 consecutive days,
carrying out 3 assays per day. The final escape and
fall latency figures were computed as the mean of the
6 values obtained from all assays.

In vivo microdialysis

Two weeks after the behavioral studies, a guide cannula
was surgically implanted at the coordinates (mm)
corresponding to the right PPN (AP =-8.00, L = 2.00,
DV =5.40 (according to Bregma).

The cerebral microdialysis experiments were per-
formed 24 h after the implantation of this guide. Each
rat was connected to a cerebral microdialysis infusion
pump (CMA 100, CMA Microdialysis, Stockholm,
Sweden) and the cannulae were then continuously per-
fused, at a flow of 2 uL/min, with a solution of artificial
cerebrospinal fluid (aCSF) containing 125 mmol/L
NaCl, 2.5 mmol/L KCI, 0.5 mmol/L NaH,POQO.,
5 mmol/L Na;HPO., 1 mmol/L MgCl,; x 6H,0,
1.2 mmol/L CaCl; and 1.2 mmol/L ascorbic acid, at a
pH of 7.4 to 7.6.

The dialysates were manually collected 1 hour after
beginning the process. Atotal of 6 samples were taken
and immediately stored at -80 °C until further analysis.
All the experiments were performed while the animals
remained awaken.

Biochemical evaluation. Neurotransmitter
analysis. Aminoacid quantification

Aminoacid concentrations in the dialysates were mea-
sured by High Performance Liquid Chromatography
(HPLC) coupled to a fluorescence detector, via deriva-
tization with o-phthaldialdehyde (OPA). Briefly, 10 uL
of each sample were mixed with 10 uL of the derivati-
zing agent (10 mmol/L OPA dissolved into 0.1 mol/L
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sodium tetraborate buffer containing 77 mmol/L 3-
mercaptopropionic acid and 10% methanol, pH 9.3).
The mixture was homogenized in a top mixer for 15,
and the reaction was stopped after 45 s by the addition
of 5% acetic acid. Twenty microliters from the resulting
solution were loaded with a Hamilton syringe into a
reversed-phase 80 x 4.6 mm ESA HPLC column fitted
with a similar stationary phase precolumn and connec-
ted to an isocratic chromatography pump, detecting
the derivatized aminoacids with a fluorescence detector
(Philips PU 4027) at excitation and detection wave-
lengths of 340 nm and 460 nm, respectively. The chro-
matograms were recorded with the CHROMATEPC
software application, version 4.24 (Philips). The mo-
bile phase consisted of 0.1 mol/L NaH,PO, and 20%
methanol. Each sample was analyzed in duplicate runs.

Measurement of the expression of Brain-derived
neurotrophic factor (BDNF) and Glial-derived neu-
rotrophic factor (GDNF)

A. Obtention of total protein preparations

After concluding all the assays and evaluations, the
rats were anesthetized with chloral hydrate (480 mg/kg
body weight, i.p.) and decapitated. Their brains were
extracted and washed with cold 0.9% NaCl, after which
the striatum (St) was dissected. The obtained tissue
was frozen in liquid nitrogen, weighed and stored at -
80 °C for further analysis.

Protein extraction from striatal tissue was accom-
plished using the TriPure technique. After homoge-
nization in 1 mL of TriPure solution and addition of
0.2 mL of chloroform, the lower phase was isolated
and treated with 0.3 mL of absolute ethanol to preci-
pitate nucleic acids. The proteins in the resulting solu-
tion were then precipitated by the addition of 1.5 mL
of isopropanol, followed by centrifugation at 4 °C,
12 000 rpm for 10 min. The pellet was washed 3 times
with 0.3 mol/L guanidine thiocyanate in 95% ethanol,
washed then with absolute ethanol, centrifuged under
the conditions described above, and finally resuspended
into 0.2 mL of 1% sodium dodecyl sulfate (SDS).

B. Protein quantification

Duplicate 1:100 dilutions from each protein sample
were prepared in a final volume of 0.1 mL. Each dilu-
tion was then mixed with 0.1 mL of a solution prepared
by mixing 5 mL of 4% bicinchoninic acid, 0.2 mL of
cupper sulfate and 5.2 mL of microreagent A (7 g
anhydrous sodium carbonate, 1.6 g sodium hydroxide
and 1.6 g sodium tartrate dissolved in 100 mL of dis-
tilled water, pH 11.25). After incubation overnight at
room temperature, the absorbance of the samples at
280 nm was measured with a spectrophotometer (Shi-
madzu, Kyoto, Japan). The total protein concentration
in the samples was determined by interpolation from
a standard curve prepared with known concentrations
of bovine serum albumin.

C. Western Blot

The immunodetection of BDNF, GDNF and B-actin
was performed by Western blotting, using the latter
molecule as a control for protein integrity. Aliquots
containing 50 mg of protein were taken from each
sample and electrophoresed at 80 V in a 12% polya-
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crylamide gel, together with a dual color molecular
weight ladder covering the range from 10 to 250 kDa
(Bio-Rad, Richmond, VA, U.S.A). Once the protein
species were resolved, they were transferred to a poly-
vinylidene fluoride (PVDF) membrane

(Bio-Rad, Richmond, VA, U.S.A) for 1 h. After
blocking non-specific binding sites by incubation for
1 h at room temperature in 5% skimmed milk (dissol-
ved in PBS-Tween 0.05%), the membranes were then
incubated overnight at 4 °C with primary antibodies
against GDNF, BDNF and B-actin, diluted 1:200,
1:200 and 1:300 respectively in blocking solution (The
antibodies were specific anti-GDNF and anti-BDNF
poyclonal rabbit immunoglobulins (Santa Cruz Biotech-
nology, Santa Cruz, CA, U.S.A). ) or B-actin-specific
mouse monoclonal antibody (CINVESTAV, Mexico).
The following day the membranes were washed with
PBS-Tween 0.05% and incubated for 1 h at room tem-
perature with enzyme-labeled secondary antibodies
(horseradish peroxidase (HRP)-labeled goat anti-rabbit
immunoglobulins for BDNF and GDNF, and HRP-
labeled goat anti-mouse immunoglobulins for B-actin,
Zymed, CA, U.S.A.; used at dilutions of 1:2000 and
1:6000, respectively). After washing, the signals were
developed with the Enhanced Chemiluminescence
(ECL) system (Amersham Biosciences Europe, Frei-
burg, Germany).

The quantification of NTF expression was perfor-
med by digitizing the images in a BioDoc-It system
(Bio-Rad, Richmond, VA, U.S.A), using the software
application Lab Works 4.0 Image Acquisition for den-
sitometric analysis. The expression of each factor was
normalized against that of B-actin by calculating the
NTF/B-actin optical density ratio for each electropho-
retic run. Each sample was analyzed by triplicate.

Evaluation of the loss of dopaminergic cells

A. Tissue sampling

After concluding the in vivo studies, the rats received
a higher dose of chloral hydrate (480 mg/kg body
weight, i.p.) and were then perfused via the ascending
aorta with 500 mL of 0.9% NaCl and 500 mL of a
fixing solution containing 4% paraformaldehyde, 0.1%
glutaraldehyde and 15% picric acid in 0.1 mol/L sodium
phosphate, pH 7.4. The brains were extracted after-
wards, placed in fixing solution for 1 h, washed with
0.1 mol/L sodium phosphate pH 7.4, cryoprotected
in 7, 15 and 30% sucrose (24 h at each concentration),
and frozen in liquid nitrogen. Coronal sections (20 im)
were obtained from the areas corresponding to the
SNc and mounted on microscopy slides previously
coated with gelatin-chrome alum.

B. Immunohistochemical processing

In order to visualize the cells immunoreactive to tyro-
sine hydroxylase (TH), the slides with the histological
sections were washed 3 times in PBS for 7 min each,
followed by incubation during 20 min. in blocking and
permeabilization solution (20% fetal bovine serum
(FSB), 0.25% Triton X-100), and overnight coating at
4 °C with an anti-TH antibody (1:100 in 1% FSB/
0.25% Triton X-100). The slides were then washed
3 times in PBS for 7 min each and incubated for 1 h
with a biotinylated anti-mouse 1gG antibody (1:500 in
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1% SFB/0.25% Triton X-100). After washing again in
PBS as described above, the slides were incubated for
1 h with a streptavidin-horseradish peroxidase conju-
gate, washed with PBS, and developed with H,0, as
peroxidase substrate together with diaminobenzidine
as the chromogen. The tissue sections were dehydrated
using alcohol solutions of increasing concentrations,
cleared with xylol and mounted in DPX.

The samples from animals where the 6-OHDA
injection or the implantation of the cerebral micro-
dialysis cannula had taken place at an anatomically
incorrect location were excluded from the analysis.

Data processing

The normality of the data was verified with the Kol-
mogorov-Smirnov test in every case. The homogenei-
ty of variance was checked by the Levene test.

The comparisons of escape latency, fall latency,
average number of errors and extracellular concen-
trations of Glu and GABA at the PPN were done by
one-way ANOVA, followed by Tukey’s test. In the
case of the rotational activity induced by D-amphe-
tamine the data did not follow a normal distribution,
and therefore the comparison of this variable among
the experimental groups was performed instead using
anon-parametric analysis of variance (Kruskal-Wallis)
followed by Mann-Whitney’s U-test.

A level of statistical signification of 0.05 was chosen
for all analyses. The statistical software package
Statistica CSS, version 6.1, was employed throughout.

Results

Study of motor coordination
by the transversal bridge test
Escape latency in the 2.5 cm diameter, rectangular

cross-section bridge was different only in the negative
control groups (healthy rats or rats with false lesions)

vs. the groups with SNc lesions (whether pharmaco-
logically treated or not) (p < 0.05) (Figure 1A). Escape
latency was not evaluated in bridges with smaller
diameters (1 cm), since the rats with SNc lesions (phar-
macologically treated or not) were unable to complete
the time allotted for the tests.

When evaluating escape latency at the 2.5 cm dia-
meter, circular cross-section bridge there was also a
statistically significant increase for the groups with
untreated (p < 0.01) or treated (p < 0.05) SNc lesions
in comparison with the controls (Figure 1A). Howe-
ver, the increase in escape latency for the rats with
SNc lesions treated with (-) nicotine was significantly
smaller than for rats with untreated lesions, placing
the former at an intermediate position between the
negative controls and the untreated group (Figure 1A).

Although fall latency was quantified for almost
all the experimental groups at the 2.5 cm diame-
ter- rectangular cross-section bridge, it could not be
measured for healthy rats and is not shown. No sta-
tistically significant differences were detected among
any groups at the 2.5 cm diameter-circular cross-
section bridge. However, the fall latency of rats with
SNc lesions (treated or untreated with (-) nicotine)
was significantly smaller (p < 0.001) than that of
the control groups at the 1 cm diameter bridges (Fi-
gure 1B).

Quality of motor performance

The direct observation of motor performance evi-
denced that the limbs contralateral to the lesion site in
the rats receiving 6-OHDA but not treated with (-)
nicotine had a small oscillation that swayed the body
of the animal without achieving forward movement,
and thus were not involved in forward locomotion.
This group of rats never moved in a straight line along
the bridges, instead alternating straight movements
with tight turns that forced them to adopt increasin-
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Figure 1. Effects of the systemic administration of (-) nicotine (1 mg/kg body weight, s.c.) in escape and fall latencies for the
transversal bridge tests. A. Comparison of escape latencies for the 2.5 cm diameter rectangular (F(4.59) = 5.13, p < 0.05) and
circular (F(4.62) = 9.22 p < 0.01) cross-section bridges. The letters on top of each bar represent the differences between groups
avs.ab,p<0.05,cvs.adp <0.05,cvs.ae, p < 0.01.B. Comparison of fall latency among the experimental groups, per bridge.
The letters atop the bars represent the differences between the groups avs. ab, p < 0.01. Experimental groups: rats with lesion
of the substantia nigra pars compacta (SNc) without (-) nicotine treatment (n = 11), rats with SNc lesion treated with (-) nicotine
(n = 13), rats with mock SNc lesions (n = 11), rats with SNc lesions treated only with physiological saline solution (PSS) (n = 10),
healthy rats (n = 22). The multiple comparisons were performed with a one-way ANOVA, followed by Tukey's test. The bars
represent X = S.E.M.
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gly unstable positions as the diameter of the bridge
was decreased (Figure 2A).

Although the rats with SNc lesions treated with (-)
nicotine also turned spontaneously in tight circles, the
hind limb contralateral to the SNc lesion site was less
dysfunctional in their case, as evidenced by its use for
support in a resting position (Figure 2B) and during
locomotion (Figure 2C).

The rats with SNc lesions that were either untreated
or treated with PSS instead of (-) nicotine had a signi-
ficant (p < 0.05) increase in the average number of
errors during their performance at the 2.5 cm diameter
rectangular cross-section bridge. In contrast, the rats
with SNc lesions but treated with (-) nicotine had ave-
rage numbers of errors undistinguishable from those
of healthy individuals at the same bridge. When using
circular cross-sectioned bridges, no statistically signi-
ficant differences were found among the experimen-
tal groups for the 2.5 cm diameter bridge (p > 0.05).
However, all the groups with SNc lesions had a sig-
nificant increase in the average number of errors
(p < 0.05) at the 1 cm bridge when compared to the
control groups (healthy rats and rats with false SN¢
lesions) (Figure 3).

Evaluation of the rotational activity induced
by D-amphetamine

The study of the rotational activity induced by D-am-
phetamine revealed a significant decrease (p < 0.01) in
rotational behavior for the rats treated by systemic
administration of (-) nicotine in comparison with the
individuals with SNc lesions but without pharmacolo-
gical treatment. The attenuation of motor asymmetry
in the treated group suggests, therefore, a positive effect
for nicotine administration (Figure 4).

Evaluation of the effect of the systemic delivery of
(-) nicotine on the extracellular concentration of Glu
and GABA in the PPN and on the loss of dopaminergic
cells at the SNc

Study of the extracellular concentrations of
Glu and GABA at the PPN

There was a significant (p < 0.01) decrease in the
extracellular concentrations of both Glu and GABA at
the PPN of the rats treated with (-) nicotine when
compared to the individuals with SNc lesions that did
not receive pharmacological treatment (Figure 5).

Study of the loss of dopaminergic cells
at the SNc

The results of the immunohistochemical assays for ty-
rosine hydroxylase (TH) indicated that the pharmaco-
logical treatment with (-) nicotine protects SNc neurons
from 6-OHDA-mediated neurotoxic injury. It was
possible to observe TH+ cells at the medial and lateral
regions of this structure (Figure 6A and B).

Evaluation of the effect of the systemic
delivery of (-) nicotine in the striatal
expression of BDNF and GDNF

The evaluation of the amounts of BDNF and GDNF
by Western blotting yielded in both cases intense,
well delimited bands after all electrophoretic runs
(Figure 7A). The detection and quantitation of actin,
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Figure 2. Most frequently observed errors during the execution of the transversal bridge test. A. Rat with
a lesion in the substantia nigra pars compacta (SNc), adopting an unstable posture during spontaneous
twisting. B and C. Rat with SNc lesion treated with (-) nicotine, using both hind limbs for support during
resting (B) and locomotion (C) at the 2.5 cm diameter rectangular cross-section bridge.
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Figure 3. Comparison among the experimental groups for the average number of errors at the transversal
bridge test. Different letters atop the bars represent statistically significant differences between the
groups: avs. a b, p < 0.05. Experimental groups: rats with lesion of the substantia nigra pars compacta
(SNc) without (-) nicotine treatment (n = 11), rats with SNc lesion treated with (-) nicotine (n = 13), rats
with mock SNc lesions (n = 11), rats with SNc lesions treated only with physiological saline solution (PSS)
(n = 10), healthy rats (n = 22). The multiple comparisons were performed with a one-way ANOVA,
followed by Tukey’s test. The bars represent X + S.E.M.
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Figure 4. Comparison of the rotational activity induced by D-
amphetamine (5 mg/kg body weight, i.p.) between rats with a
lesion in the substantia nigra compacta (SNc) (n = 10), rats
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only with physiological saline solution (PSS) (n = 7). Different
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avs.ab, p < 0.001. The multiple comparisons were
performed with a non-parametric ANOVA (Kruskal-Wallis test,
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test. The error bars represent X = S.E.M.
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which is constitutively expressed in all cell types,
allowed the normalization of the concentration of
neurotrophic factors in reference to total protein ex-
pression levels in the St.

The data indicate that injuries to the SNc triggered
by the administration of 6-OHDA in rats induce a sig-
nificant increase (p < 0.01) in the expression levels of
both BDNF and GDNF at the St, as evidenced when
compared to the homologous values in the healthy and
false SNc lesion control groups (Figure 7B and C).

In the case of BDNF, the systemic administration of
(-) nicotine before and 7, 14 or 21 days after the SNc
lesion resulted in an increased striatal expression of
this molecule (Figure 7B). On the other hand, the same
treatment decreased the striatal expression of GNDF
in hemiparkinsonian rats to levels undistinguishable
from those of healthy controls (Figure 7C).

Discussion

Effect of the systemic administration
of (-) nicotine on the motor disorders
of hemiparkinsonian rats

The results indicate that the (-) nicotine systemic de-
livery scheme applied in this work promotes an impro-
vement in motor performance for hemiparkinsonian
rats. The treatment decreased the escape latency to
values midway between those of healthy individuals
and lesioned, untreated animals; additionally, it also
decreased the average number of errors to the levels of
the healthy control group at the 2.5 cm diameter rec-
tangular cross-section bridge. Although no improve-
ment was detectable when using bridges of smaller
diameters (where fall latency and the average number
of errors are the same as those observed for untreated
hemiparkinsonian rats), the systemic administration
of (-) nicotine also reduced motor asymmetry, as evi-
denced by the measurements of D-amphetamine-
induced rotational activity.

A neuroprotective effect of (-) nicotine over the
dopaminergic system has been proposed by several
authors, based on the observed inverse relationship
between addiction to this substance and the incidence
of PD [19]. The delivery scheme used for (-) nicotine
in this study is referred to in the literature as “subchro-
nic administration”, and has been used frequently for
the study of its neuroprotective effects in models of
chelator-induced PD [20]. In our specific case, the ad-
ministration of (-) nicotine immediately before the
delivery of 6-OHDA followed two objectives: the ear-
ly stimulation of the mechanisms promoting the re-
lease of NTF, and the use of the antioxidant properties
of (-) nicotine for the attenuation of the effects of the
neurotoxin [8, 21]. Although (-) nicotine is known to
be quickly inactivated, a dose of 1 mg/kg body weight
administered subcutaneously is able to cross the blood-
brain barrier and reach the brain within 8 s, approxima-
tely. In these conditions, the intracerebral concentration
of nicotine has been estimated to be around 5 nmol/L,
at which the nicotinic receptors would be kept in a
desensitized state for approximately 8 h [22]. The
two follow-up doses, administered in this study eve-
ry 30 min after the first administration, were used for
maintaining and enhancing the initial effect of the
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Figure 5. Effect of the systemic treatment with (-) nicotine (1 mg/kg body weight, s.c.) on the extracellular
concentrations of glutamate (Glu) and 3-aminobutyric acid (GABA) at the pedunculopontine nucleus. A.
Comparison of Glu concentration between the experimental groups (F(4, 39) = 15.45, p < 0.001). B.
Comparison of GABA concentration between the experimental groups (F(4, 36) = 2.96, p < 0.05).
Experimental groups: rats with lesions at the substantia nigra compacta (SNc) (n = 9), rats with SN¢
lesions treated with (-) nicotine (n = 9), rats with mock SNc lesions (n = 6), rats with SNc lesions treated
with physiological saline solution (PSS) (n = 6) and healthy rats (n = 10). The multiple comparisons were
performed with a one-way ANOVA followed by Tukey’s test. The letters atop the bars represent

statistically significant differences: avs. ab, p < 0.01. The error bars represent X = S.E.M.
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Figure 6. Microphotography of the immunodetection of tyrosine hydroxylase (TH) in a coronal section of
the substantia nigra compacta (SNc) in a rat with a SNc lesion, treated by systemic administration of (-)
nicotine. A. Microphotography (10X) of the right hemisphere, showing TH+ cells throughout the area

corresponding to the SNc, at coordinate AP =

-4.4 (according to Bregma). B. Local microphotography

(20X) showing the cellular dopaminergic bodies of the medial and lateral SNc. The arrow indicates the
trail left by the injection needle on the SNc area. SNeme and SNcla: Medial and lateral substantia nigra

compacta, respectively.

drug. Similarly, the boosting doses administered 7, 14
and 21 days after the SNc lesion were intended to
reinforce the effects of the exposition to nicotine [23,
24], by maintaining trophic support and promoting
the release of striatal DA in order to counterbalance
the dopaminergic deficiency associated to the injec-
tion of 6-OHDA [25-27].

During the study of motor activity by the trans-
versal bridge test all the animals displayed the typical
diagonally coupled alternating sequence that charac-
terizes quadrupedal locomotion [28]. However, and
in agreement with previous reports in the literature
[29], the hemiparkinsonian rats were handicapped for
the use of the limbs contralateral to the lesion site du-
ring both postural adjustments and ambulation. This
dysfunction may be related to difficulties for adequa-
tely transferring the weight of the body and achieving
an optimal postural adjustment in small supporting
surfaces [30]. The observations presented here on the
modifications of the locomotor pattern in hemipar-
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kinsonian rats, dependent on the characteristics of the
supporting surface, agree with those reported by other
authors [31, 32].

It has been pointed out that striatal dopaminergic
deficiencies represent an obstacle to the controlled
application of the force demanded by the coordinated
movement of all body parts. This obstacle may be
manifested as a deficiency in the control of the affec-
ted limbs, as limb rigidity, as diminished motor reflexes
or as a number of other sensory and motor deficiencies
[33-35].

The treatment used in this study had a positive
impact on motor performance during the tests with
2.5 cm diameter bridges. A milder loss of function in
the hind limb contralateral to the 6-OHDA lesion site
was observed in the hemiparkinsonian rats treated
with (-) nicotine, and the time required to reach the
escape platforms also decreased in this group when
compared to untreated hemiparkinsonian individuals.
This improvement is congruent with the similarities
in the average number of errors between the group
treated with (-) nicotine and the healthy controls. Ho-
wever, the limits of this recovery are shown by the
results obtained when the determinants of support,
equilibrium and locomotion -such as the shape and
size of the supporting surface- approach critical values.

The treatment with (-) nicotine did not eliminate
the tendency to spontaneously take tight turns in
narrow circles, previously described for rats with SNc
lesions. This behavior further pushes the center of
mass off-balance, adding up to the difficulties already
imposed by the diameter and the cross-sectional shape
of the bridge [29]. The tendency to take tight turns
further deteriorates the locomotor abilities of the
animals and results in more frequent failures when
attempting to hold onto the bridge or just staying on
its surface [32].

As a whole, the data suggest that when cross-
sectional shape and diameter are combined to im-
plement high complexity situations, the systemic
treatment with (-) nicotine applied in this study fails
to improve the motor performance of the animals,
which is dominated in this case by the locomotor
dysfunctions associated with the lesions to the SNc
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and is undistinguishable from that displayed by un-
treated hemiparkinsonian rats.

The lower motor asymmetry of the hemiparkin-
sonian rats treated with (-) nicotine may be related to
smaller losses of dopaminergic cells at the SNc in the-
se individuals. According to the literature, the nigral
dopaminergic cells surviving a neurotoxic lesion can
promote the release of DA from their storage vesicles
when under the effects of a systemic administration
of D-amphetamine [38, 39]. The net result of such a
scenario would be a decrease in the number of amphe-
tamine-induced turns and, therefore, the attenuation
of motor asymmetry.

One of the mechanisms supposed to mediate the
neuroprotective effect of (-) nicotine in PD is the
activation of the presynaptic nicotinic cholinergic
receptors found at intact nigrostriatal dopaminergic
terminals [13]. It is known that this activation pro-
motes DA release, and a small amount of this neuro-
transmitter is all that is needed to stimulate the striatal
dopaminergic receptors [13, 40].

Effect of the systemic delivery of (-) nicotine
on the extracellular concentrations of Glu
and GABA in the PPN

The restoration to normal levels of the extracellular
concentrations of Glu and GABA in the PPN of
hemiparkinsonian rats treated with (-) nicotine may
be a manifestation of the general effects of the phar-
macological treatment, which counterbalances any
disequilibrium between the neurotransmitter systems
of the two motor circuits at the BG. The PPN is a
point of convergence for gabaergic and glutamatergic
impulses originating at the “direct” and “indirect” path-
ways of the motor circuit [15]. Consequently, any func-
tional alteration of these pathways will influence the
release of neurotransmitters at the PPN and, therefore,
their concentration in the extracellular space [41].
The improvement in dopaminergic activity afforded
by the (-) nicotine treatment used in this study may
originate from a decrease in the loss of dopaminergic
bodies at the medial and lateral SNc. The surviving
dopaminergic cells might exert some control over the
St and counterbalance, to a degree, the disequilibrium
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between the pathways of the motor circuit. Nicotine
inhibits the activity of the enzymes MAO-A and
MAO-B, involved in the metabolism of DA [21]. This
property would result in slower rates of enzymatic
oxidation for DA and thus in reduced levels of oxi-
dative stress at the nigral dopaminergic cells [21, 42].
The systemic administration of (-) nicotine may, the-
refore, prevent or attenuate this cascade of molecular
events, ultimately resulting in reduced levels of cell
death among the dopaminergic bodies of the SNc [43].

As mentioned above, the delivery scheme employed
in this study was aimed at keeping the central nicotinic
cholinergic receptors in a desensitized state (whe-
re desensitization is defined as a transition towards a
stable, closed state of the receptor) [27]. According to
the literature nicotinic receptors maintain, even after
desensitization, a basal response to nicotine that results
in the activation of protein phosphatases of the cal-
cineurin family [44]. The proteins in this family act as
high affinity sensors that activate even with very low
intracellular calcium concentrations [44]. Under phy-
siological conditions, an equilibrium is kept between
protein kinases acting as low affinity sensors (requiring
quantitatively superior calcium signals) and phospha-
tases. However, under conditions of desensitization
of the nicotinic receptors, this balance is tipped to-
wards the protein phosphatases, which then dephos-
phorylate a number of protein substrates, ultimately
slowing down or completely aborting the triggering of
mechanisms for cell death [44].

The inhibitory effect of (-) nicotine on the MAO-
A and MAO-B enzymes, as well as the unbalanced
equilibrium leading to the predominance of intracellular
phosphatase activities, may contribute to the milder
loss of dopaminergic cells from the SNc observed in
this study for nicotine-treated hemiparkinsonian rats.

The effects of the partial restoration of the nigros-
triatal dopaminergic activity are mediated by two main
mechanisms: the correction of the increased striatal
glutamatergic tone through the restoration of the DA-
Glu interaction at the striatal level, and the restoration
of dopaminergic stimulation of its striatal receptors
[45]. Both mechanisms converge to correct the func-
tional imbalance between the “direct” and “indirect”
pathways of the motor circuit, and may partially ex-
plain the reestablishment of the normal extracellular
concentrations of Glu and GABA at the PPN.

Effect of (-) nicotine treatment on the striatal
expression of BDNF and GDNF
in hemiparkinsonian rats

The results show that a neurotoxic injury to the SNc
leads to an increase in the striatal expression of BDNF
and GDNF. The (-) nicotine treatment schedule em-
ployed in this work further raised the expression levels
of BDNF at the striatal tissue, but a similar effect was
not observed for GDNF. One of the mechanisms hy-
pothesized by other authors to explain the beneficial
effects of the systemic delivery of (-) nicotine on par-
kinsonian symptoms is the increase in NTF expression
levels [20, 46, 47].

Maggio et al. (1997) suggested that the neuropro-
tective effect of (-) nicotine in PD models might be
based in the activation of mechanisms that modulate
the susceptibility of dopaminergic neurons to excito-
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toxic damage [46]. The activation of the nicotinic cho-
linergic receptors of the dopaminergic cells of the SNc
triggers an inward flow of Ca++ to the neurons, which
may result in the phosphorylation of a number of pro-
tein Kinases, the transcription of early response genes
and new protein synthesis, ultimately leading to enhan-
ced synaptic plasticity and neuronal remodeling [47].

The data collected here about the behavior of BDNF
agree with previous reports in the literature. Bustos et
al. (2004) found an increase both in mMRNA transcrip-
tion and in BDNF expression levels at the St of he
miparkinsonian rats [48]. This finding has been lin-
ked to the activation of striatal N-methyl-D-aspartate
(NMDA) glutamatergic receptors, based on the fact
that BDNF controls the expression of different sub-
units of this receptor in cultured mesencephalic cells
in a dose-dependent manner [49, 50]. In turn, Knott et
al. (2002) showed increased immunoreactivity to-
wards BDNF in association to the glial fibrillary acid
protein in astroglia and ramified microglia during a
post-mortem study of the St and SNc of parkinsonian
subjects [51].

Neurotrophins such as BDNF can be synthesized
by the glia. An increased activity of these molecules is
suggestive of a glial response to signals originating
from dopaminergic neurons exposed to an excitotoxic,
oxidative, or other type of damage [51].

The available literature shows that the chronic and
subchronic administration of (-) nicotine in rodents
increases the expression of BDNF mRNA and the
concentrations of BDNF itself [46]. The (-) nicotine
administration scheme employed in our work is similar
to the schemes employed by these authors.

The return to normality of the expression levels of
GNDF at the St of hemiparkinsonian rats treated with
(-) nicotine, as observed in this study, may be a typical
result of the subchronic administration of this sub-
stance. Those publications reporting increased, rather
than decreased, levels of GNDF have used chronic
exposition schedules [52]. In any case, a neuroprotec-
tive effect for GDNF can not be discarded even at
levels equivalent to those of healthy individuals, since
Eslamboli et al. (2005) showed that the functional re-
covery of parkinsonian animals may be compromised
if high levels of GDNF are expressed by means of a
lentiviral vector [53].

As awhole, our results are consistent with a neuro-
protective effect for the (-) nicotine treatment sche-
dule employed in the present study, since it promotes
changes in a model of hemiparkinsonism that lead to
the adoption of support and locomotion strategies si-
milar to those of healthy animals, as long as the diameter
and cross-sectional shape of the supporting surface do
not fall into critical values. The lower extracellular con-
centrations of Glu and GABA at the PPN may contri-
bute in this model to a qualitative improvement in the
transmission of motor signals that results in a better
activation of muscular movement patterns. The increa-
se in the amount of BDNF expressed at the St, together
with milder losses of dopaminergic cells, can be part of
the mechanisms behind this neuroprotective effect,
attenuating the disequilibrium between the “direct” and
“indirect” pathways of the motor circuits at the BG
and, therefore, contributing to a detectable level of do-
paminergic control over striatal activity.
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