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Abstract Parkinson’s disease is a motor and cognitive
disorder characterised by a progressive loss of the sub-
stantia nigra pars compacta (SNc) dopaminergic neurons
as well as of the locus coeruleus (LC) noradrenergic neu-
rons. It has been suggested that LC neurodegeneration
might influence levodopa-induced motor disturbances and
cognitive performance. We investigated the influence of
dopaminergic and noradrenergic lesions on levodopa-
induced dyskinesias and on working memory in rats. Two
groups of animals were used: (1) rats with a dopaminergic
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lesion induced by a unilateral administration of the neu-
rotoxin 6-hydroxydopamine (6-OHDA), and (2) rats with a
combined lesion of the dopaminergic and noradrenergic
systems induced by 6-OHDA and N-(2-chloroethyl)-N-
ethyl-2-bromobenzylamine (DSP-4), respectively. Dyski-
nesias were evaluated on days 1, 8, 15 and 22 of chronic
levodopa treatment (6 mg/kg, twice at day, i.p.). Working
memory was evaluated by a radial-arm maze (1) before
lesions, (2) before levodopa administration and (3) after
22 days of levodopa treatment. Total, axial, limb and
orofacial dyskinesias not differed significantly between
both groups. Working memory tasks worsened in both
lesioned groups reaching significance in terms of time of
performance (P < 0.05). The number of repeated entries in
the same arm (errors) was only significant in the double-
lesioned group (P < 0.05). This behaviour was not differ-
ent from the one observed after chronic levodopa treat-
ment. These results suggest that levodopa-induced
dyskinesias in the 6-OHDA-lesioned rats were not affected
by the additional noradrenergic lesion, whereas this last
condition was sufficient to worse the cognitive perfor-
mance deficit produced by the dopaminergic lesion.

Keywords 6-OHDA - DSP-4 - Working memory -
Dyskinesias - Rat - Parkinson

Introduction

Parkinson’s disease (PD) is a motor and cognitive disorder
characterised by a progressive loss of the substantia nigra
pars compacta (SNc) dopaminergic neurons and by the
presence of intracytoplasmic eosinophilic inclusions
known as Lewy bodies. Neurochemical and pharmacolog-
ical studies implicate striatal dopamine (DA) deficiency as
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the basis for most of the motor features of PD
(Hornykiewicz 1982). Although PD is defined classically
in terms of their classical motor signs and symptoms—
hypokinesia, rigidity and tremor, it has become apparent in
recent years that cognitive impairment and other non-motor
features form an important part of the disease (Chaudhuri
et al. 2006; Gsell et al. 1997; Poewe 2008; Williams-Gray
et al. 2007). Cognitive impairment mainly affects executive
functions, such as planning ability, mental flexibility and
activation of strategic processes (Pillon et al. 2001). At a
cognitive level, executive dysfunction may be partly due to
an alteration of working memory (WM), a system that
temporarily stores and manipulates information needed for
complex cognitive tasks such as language, comprehension,
planning or reasoning (Baddeley 1992). At an anatomical
level, the decrease of the striatal dopaminergic activity
observed in the progression of PD may disrupt the cortico-
striato-thalamo-cortical loops (Alexander et al. 1986;
Alexander and Crutcher 1990; Gabrieli et al. 1996)
impairing executive functions and diminishing working
memory performance (Glickstein et al. 2002; Lewis et al.
2003).

Parkinson’s disease is characterised not only by a pro-
gressive loss of dopaminergic neurons in the SNc, but also
by a degeneration of locus coeruleus (LC) noradrenergic
(NA) neurons (Del Tredici et al. 2002; Forno 1996; Fornai
et al. 2007; Hornykiewicz and Kish 1987). Furthermore, it
has been described that the greatest neuronal loss in PD
occurs in LC more than in SNc¢ (Zarow et al. 2003) and
deficient NA mechanisms might play a critical role in both
the symptoms and the progression of PD (Fornai et al. 2007,
Narabayashi 1983). Changes in both DA and NA activity
have been observed in the execution of cognitive functions.
DA but also noradrenaline levels increase in the prefrontal
cortex (PFC) when WM tests are correctly performed
(Rossetti and Carboni 2005). The LC-NA activity on the
PFC (Avery et al. 2000) facilitates WM tasks (Arnsten
2001) by modulating the cognitive processes (Berridge and
Waterhouse 2003) through stimulation of adrenergic
opa-receptors (Franowicz et al. 2002; Li and Mei 1994;
Xin-Chun et al. 2007). Furthermore, a potentiation of par-
kinsonian symptoms by depletion of LC has been shown in
rats with a lesion of the nigrostriatal pathway induced by
6-hydroxydopamine (6-OHDA) (Srinivasan and Schmidt
2003) or in 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP)-treated monkeys (Mavridis et al. 1991). However,
contradictory results have also been reported since addi-
tional NA lesions with N-(2-chloroethyl)-N-ethyl-2-bro-
mobenzylamine (DSP-4) did not produce significant
difference on catalepsy in bilateral 6-OHDA-lesioned rats
(Srinivasan and Schmidt 2004).
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Replacement therapy with the DA precursor, L-DOPA,
is highly effective in ameliorating the motor signs and
symptoms of PD (Cotzias et al. 1967). However, disabling
motor complications usually (i.e. dyskinesias and fluctua-
tions) appear within months to years, and sometimes within
weeks, after initiation of L-DOPA (Marsden and Parkes
1977; Obeso et al. 2000; Olanow and Obeso 2000). On the
other hand, deficits in DA stimulation of the frontal cortex
in PD, either from direct alteration of the mesolimbic—
mesocortical pathway or by indirect denervation of cortico-
subcortical basal ganglia circuits (Kulisevsky 2000),
remain a reasonable postulate for the “frontal” type of
cognitive impairment, similar to that observed in patients
affected by frontal lobe damage (Elsinger and Grattan
1993; Taylor et al. 1990) that characteristically accompany
motor symptoms in the progression of the disease
(Goldman et al. 1998). Nevertheless, L-DOPA treatment in
PD patients only appears of some benefit in the initial
phases of PD (Kulisevsky et al. 2000) while it may cause
negative effects in frontal performance in patients with
advanced disease (Cooper et al. 1992; Kulisevsky et al.
1996). Additional lesions of other neurotransmitter systems
appearing with the progression of PD may explain the lack
of L-DOPA responsiveness of the non-motor symptoms of
PD and may exert some influence on L-DOPA-associated
motor complications. Nevertheless, the behavioural effects
of dopaminergic drugs in animal models of PD with
additional NA lesions are incompletely known and also
somehow contradictory, with motor response to L-DOPA
decreased in MPTP-mice (Nishi et al. 1991), increased
(Srinivasan and Schmidt 2003) or not modified (Pérez et al.
2007) in 6-OHDA-lesioned rats. In terms of L-DOPA-
induced motor complications, it has been recently descri-
bed a lack of potentiation of L-DOPA-induced motor
fluctuations (Marin et al. 2008) after DSP-4-induced LC
lesion in 6-OHDA-lesioned rats. Regarding L-DOPA-
induced dyskinesias, it has been suggested that a unilateral
damage to the NA system, induced by desmethylimipr-
amine treatment, may anticipate the onset and worsening
the severity of L-DOPA-induced abnormal involuntary
movements (AIMs) in 6-OHDA-lesioned rats (Fulceri et al.
2007). Overall, death of NA neurons of the LC could be
important to induce the expression of dyskinesias as well as
to influencing WM performance and the cognitive response
to DA replacement. However, the exact effect of LC
depletion on L-DOPA-induced dyskinesias and cognitive
disturbances is still unknown. The objective of the present
study was to investigate the effect of LC denervation on
L-DOPA-induced dyskinesias and WM, in the experimental
model of parkinsonism in rats with a nigrostriatal pathway
lesion induced by 6-OHDA.
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Materials and methods
Animals

Sprague-Dawley male rats were obtained from Charles
River and were allowed free access to food and water. All
animal experiments were conducted in compliance with the
European Communities Council Directive of 24 November
1986 (86/609/EEC) for care and use of laboratory animals.
All efforts were made to minimise the number of animals
used and their suffering.

Unilateral dopaminergic lesion in the medial forebrain
bundle (MFB)

Dopaminergic lesion was made as described previously
(Pérez et al. 2007). Briefly, male Sprague-Dawley rats
weighing 170 + 15 g placed on a David Kopf stereotaxic
frame, received a unilateral injection of 4 pl of 6-OHDA
containing 2 ng 6-OHDA per pl in 0.2% ascorbic acid
(Sigma, Spain), at a flow rate of 1 pl/min. The solution was
injected into the left medial forebrain bundle, using the
following coordinates relative to bregma, A: —4.4 mm, L:
—1.2 mm, V: —7.8 mm. In order to diffuse the neurotoxin
away, the injection needle was left in place for 2 min.

In order to protect NA neurons from 6-OHDA damage,
the inhibitor of the noradrenaline uptake, desipramine
(25 mg/kg, i.p., Sigma), was administered to rats 30 min
prior to 6-OHDA injections.

Noradrenergic lesion

In the group of animals with the double DA and NA lesion,
the selective NA toxin N-(-2-chloroethyl)-N-ethyl-2-bro-
mobenzylamine (DSP-4, 50 mg/kg i.p., Sigma) was
administered 7 days before 6-OHDA lesion.

Rotational behaviour

Three weeks after the 6-OHDA-induced lesions were per-
formed, the rats were screened according to their rotating
capacity in response to apomorphine (0.05 mg/kg, s.c.,
Sigma) (Casas et al. 1999). Dopaminergic-lesioned rats
showing up to 100 contralateral rotations in the apomor-
phine test were selected for the study. It has previously
been demonstrated that rats meeting this criterion have a
greater than 95% depletion of striatal DA (Papa et al.
1994).

Protocol of treatments

Seven days after the radial-arm maze test was performed in
the apomorphine selected rats, the animals were separated

in two groups: (i) dopaminergic-lesioned rats (n = 10) and,
(i) combined NA- and dopaminergic-lesioned rats
(n = 13). L.-DOPA treatment (6 mg/kg, twice/day, i.p.,
Sigma) was started in both groups of rats for 22 consecu-
tive days. To prevent the peripheral oxidation of L-DOPA,
the L-aromatic decarboxylase inhibitor benserazide (15 mg/kg,
i.p., Sigma) was administrated with each dose of L-DOPA
(dissolved in 0.9% NaCl).

Saline or Selection by
DSP-4 6-OHDA Apomorphine

Dayly L-DOPA ——— Sacrifice

43days  7days 21 days 7days 4 3days 4 4 4 4 A3days
: : : [

' '
Day1 Days Day1s Day22 !

Working Memory Working Memory Dyskinesias Working Memory

Abnormal involuntary movements (AIMs) rating

L-DOPA-induced AIMs were scored according to a rat’s
dyskinesia scale (Cenci et al. 1998). Rats were placed
individually in transparent plastic cages and were observed
every 20th min, starting 20 min before the injection of
L-DOPA to 240 min thereafter. En each time, AIMs were
monitoring in periods of 1 min.

Three subtypes of AIMs were classified according to
their topographic distribution: (1) axial AIMs, i.e. dystonic
posturing or choreiform twisting of the neck and upper
body towards the side contralateral to the lesion; (2) limb
AlIMs, i.e. abnormal purposeless and repetitive movements
of the forelimb contralateral to the lesion and (3) orolingual
AlMs, i.e. empty jaw movements and tongue protrusion.
Each subtypes of AIMs was scored on a scale from O to 4
according to the proportion of time/monitoring period
during which the AIM is present: 0 = absent; 1 = occa-
sional, i.e. present during less than 50% of the observation
time; 2 = frequent, i.e. present during more than 50% of
the observation time; 3 = continuous but interrupted by
strong sensory stimuli; 4 = continuous, not interrupted by
strong sensory stimuli.

Abnormal involuntary movements were evaluated
throughout L-DOPA-treatment, on days 1, 8, 15 and 22.
The dose of L-DOPA used in the present study has been
described to induce a gradual development of AIMs over
the course of 3 weeks of treatment (Cenci et al. 1998).

Radial-arm maze

Radial-arm maze test was carried out in the following
conditions: (1) before lesions; (2) after DA or combined
DA plus NA lesions and, (3) after L-DOPA treatment.
Cognitive test of WM was performed using a black, woo-
den 8-arm radial maze (Panlab, Spain). Each arm was
baited in each test with one half piece of Kellogg’s Froot
Loops® cereal. A total of 18 sessions on the radial-arm
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maze were carried out in the working memory test. Data
obtained in the last four sessions were recorded for statis-
tical analysis. In each session, the rat was placed on the
central platform and 10 s later the doors were opened. The
trial finished when all arms were visited or well after 8 min
that the trial was started. An arm is recorded as visited by
the rat when their all four legs cross the opened door.
Number of repeated entries in the arms, previously visited
during the same test, was also recorded. Maximal time
needed by each rat to perform the working memory test
was evaluated.

Tissue collection

Three days after rats were tested in the radial-arm maze at
the end of L-DOPA treatment, and were killed by an
overdose of anaesthesia (Forane). Brains were quickly
removed from the skull and then frozen on dry ice and kept
at —80°C until coronal 14 pm thick sections were obtained
by means of a cryostat. Coronal sections were collected
through the striatum and LC onto APTS (3-amino-pro-
pyltriethoxysilane) coated slides, and kept at —80°C until
used.

Immunohistochemistry

Striatal and LC sections were thawed and dried at room
temperature and fixed with acetone for 10 min at 4°C. The
sections were rinsed in PBS (phosphate buffered saline, pH
7.4) twice, 5 min each, and immersed in 0.3% hydrogen
peroxide in PBS for 10 min to block the endogenous per-
oxidase. At this point, sections were rinsed again in PBS
and incubated with horse serum with 0.1% Triton X-100
for 20 min. Sections were incubated overnight at 4°C with
mouse anti-tyrosine hydroxylase (TH) monoclonal anti-
body at a dilution 1:5,000 or with mouse monoclonal
antibody anti-dopamine transporter (DAT) a dilution 1:500
in PBS for LC and striatal sections, respectively. Sections
were rinsed twice in PBS, 5 min each, and ImmunoPure
Ultra-Sensitive ABC Peroxidase staining kit was used to
carry out the ABC staining method. By so doing, sections
were incubated with biotinylated horse anti-mouse Ig-G for
30 min, followed by two rinses in PBS, and then incubated
with avidin-biotinylated peroxidase complex for 30 min
more. Finally, sections were rinsed in PBS and incubated
with 3-3’-diaminobenzidine and 0.01% hydrogen peroxide
for 15 min. Slides were washed with PBS, dehydrated in
ascending alcohol concentrations, cleared in xylene and
coverslipped in DPX-EXLI mounting medium.

The optical densities of the TH and DAT immunore-
activites in the LC and striatum, respectively, were mea-
sured in three to five slices per animal of the rostral level of
the striatum. Sections were placed under a microscope
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connected via a video camera to a computer. Quantitative
image analysis was performed with a computerised image
analysis system. The measured values (optical densities)
were averaged for each rat and then expressed as relative
percent from intact LC or striatum of control animals.

Statistical analysis

Data were analysed by analysis of variance (ANOVA)
followed by Dunnett’s #-test for multiple comparisons or
paired Student z-test when comparing intact side versus
lesioned side. The level of significance was set at P < 0.05
for all analysis.

Results
Valoration of striatonigral and LC lesions

An absence of striatal DAT-immunoreactivity was
observed in all 6-OHDA-lesioned animals in the side
ipsilateral to the lesion (Fig. la). An absence of
TH-immunoreactivity was observed in the LC-lesioned
animals pretreated with DSP-4 in comparison with vehicle-
pretreated animals (Fig. 1b).

Effect of the additional LC lesion on L-DOPA-induced
AlIMs in 6-OHDA-lesioned rats

Total dyskinesia score

Total score of L-DOPA-induced dyskinesia for each
observation session was computed using the sum of all
AlIMs subtypes: axial, limb and orolingual dyskinesias.
L-DOPA-induced dyskinesias were observed only on the
side contralateral to 6-OHDA lesions.

No significant differences were observed in the total
dyskinesia score between the two groups of lesioned
animals (dopaminergic-lesioned group and combined
NA-dopaminergic group) in any of the observation days
(P =0.87onday 1, P = 0.61, on day 8; P = 0.97 on day
15 and P = 0.48 on day 22) (Fig. 2a).

The time—course curves evidence similar pattern of total
dyskinetic movements in both groups on days 1 and 22 of
L-DOPA treatment (Fig. 2b, c).

Axial, orolingual and limb dyskinesias score

No significant differences were observed in the axial,
orolingual or limb dyskinesias scores between the two
groups of lesioned animals (dopaminergic-lesioned group
and combined NA-dopaminergic group) in any of the
observation days (P = 0.96 on day 1, P = 0.67 on day 8§;
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Fig. 1 Representative a striatal DAT immunohistochemistry from
the lesioned and intact side of rats that received 6-OHDA injection
(8 pg) in the left forebrain bundle and b LC TH immunohistochem-
istry from rats that received 6-OHDA in the MFB alone or plus an
additional DSP-4 administration (50 mg/kg, i.p)

P =0.84 on day 15 and P = 0.38 on day 22 for axial
dyskinesias; P = 0.53 on day 1, P =0.76 on day 8§;
P = 0.3 on day 15 and P = 0.31 on day 22 for orolingual
dyskinesias and P = 0.72 on day 1, P = 0.57 on day 8;
P =0.82 on day 15 and P = 0.93 on day 22 for limb
dyskinesias) (Fig. 3).

Effect of the additional LC lesion on the performance
of cognitive tasks in 6-OHDA-lesioned rats

Working memory analysis showed significant effects in the
lesion factor for time (F4210 = 28.021, P < 0.001) and for
repeated entries (F4210 = 7.863, P < 0.001).

Performance in the WM test worsened after dopami-
nergic lesion. Time needed to perform the radial-arm maze
test was significantly higher in 6-OHDA-lesioned rats
(P < 0.001) (Fig. 4a). Although not reaching statistical
significance, these rats showed an increase of the number
of repeated entries in the previously visited arms in com-
parison with non-lesioned animals (P = 0.507) (Fig. 4b).

The time needed to perform the radial-arm maze test
was also significantly higher in the double-lesioned rats
when compared to controls (P < 0.001) (Fig. 4a). In these
animals, the increase of the number of repeated entries in
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Fig. 2 Effect of an additional NA LC lesion on the total dyskinesias
(a) induced by chronic levodopa treatment (6 mg/kg with 15 mg/kg
benserazide, i.p., twice a day). No significant modification of
levodopa-induced dyskinesia was observed in any of the observation
days. Time-course curves of the total dyskinesias on days 1 (b) and 22
(c) after levodopa treatment are also shown. Data are represented as
mean + SEM

the previously visited arms reached
(P = 0.008) (Fig. 4b).

Significative differences in time of performance but also
in number of repeated entries were not observed between
single- and double-lesioned groups.

Both groups of lesioned animals exhibited no significant
changes in WM performance after chronic L.-DOPA treat-

ment (Fig. 4a, b).

significance

Discussion

In the present study, we have investigated the effect of NA
LC depletion induced by the central NA neurotoxin DSP-4,
which produces selective degeneration of NA axon termi-
nals originating in the LC (Archer and Fredriksson 2000;
Archer et al. 1982; Fritschy and Grzanna 1989) on
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Fig. 3 Effect of an additional NA LC lesion on axial (a), orolingual
(b) and limb (c) dyskinesias induced by chronic levodopa treatment
(6 mg/kg with 15 mg/kg benserazide, i.p., twice a day). No significant
modification of levodopa-induced dyskinesia was observed in any of
the observation days. Data are represented as mean = SEM

L-DOPA-induced dyskinesias and on working memory
performance in 6-OHDA-lesioned rats.

Our results show that LC depletion induced by DSP-4
pretreatment is not able to potentiate L-DOPA-induced
dyskinesias in rats with a lesion of the nigrostriatal path-
ways suggesting that LC depletion might not be involved in
the pathophysiology of L-DOPA-induced dyskinesias.
These results are in agreement with similar observations
done by Miguelez et al. (personal communication). Bio-
chemical studies have widely reported that in PD, in
addition to striatal DA loss, a severe NA depletion exists
(Ehringer and Hornykiewicz 1960; Hornykiewicz and Kish
1987; Hornykiewicz and Pifl 1994; Pifl et al. 1991) and
others preclinical studies have indicated the existence of a
direct projection from the LC to the striatum (Jones and
Moore 1977; Jones and Yang 1985; Mason and Fibiger
1979) and another from the LC to the SNc (Collingridge
et al. 1979; Grenhoff et al. 1993).

On the other hand, there is evidence suggesting that
endogenous NA plays a protective role on DA neurons in
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MFB dopaminergic depleted rats. a The time needed to carried out the
experiment by the single- and the double-lesioned rats increased
significantly (¥*P < 0.05 compared to non-lesioned rats). b Significa-
tive differences in repeated entries observed in the double-lesioned
group (*P < 0.05 compared to non-lesioned rats). Differences in the
working memory performance after chronic levodopa treatment were
not significant between single- and double-lesioned rats. Data are
represented as mean == SEM

the adult brain (Fornai et al. 2007; Mavridis et al. 1991;
Srinivasan and Schmidt 2003) since NA depletions pro-
duced by pretreatment with systemic injections of DSP-4,
as done in the present study, or direct lesioning of the LC
by local injection of 6-OHDA potentiated the neurotoxic
effects of MPTP in dopaminergic neurons of the SNc in
mice (Bing et al. 1994) and monkeys (Mavridis et al.
1991). However, other contradictory results have been
found since Nishi et al. (1991) did not find significant
differences between the loss of striatal DA in the MPTP-
treated mice in comparison with the MPTP plus DSP-4
mice.

Both, in the MPTP mouse model and in the 6-OHDA rat
model of parkinsonism, additional LC degeneration with
DSP-4 has been observed to increase parkinsonism (Archer
and Fredriksson 2006; Nishi et al. 1991; Srinivasan and
Schmidt 2003). Also, in MPTP monkeys, additional lesions
of the LC-NA system exacerbate parkinsonian symptom-
atology and nigral cell loss (Mavridis et al. 1991). How-
ever, contradictory results have also been reported since
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additional NA lesions with DSP-4 did not produce signif-
icant difference on catalepsy in bilateral 6-OHDA-lesioned
rats (Srinivasan and Schmidt 2004). Moreover, the
behavioural effects of DA drugs in animal models of PD
with additional lesions of the NA neurons are incompletely
known and also somehow contradictory, with motor
response to L-DOPA decreased in MPTP-mice (Nishi et al.
1991), or increased in 6-OHDA-lesioned rats (Srinivasan
and Schmidt 2003; Pérez et al. 2007).

Regarding L-DOPA-induced dyskinesias, it has been
suggested that a unilateral damage to the NA system may
anticipate the onset and worsening the severity of L-DOPA-
induced AIMs in 6-OHDA-lesioned rats (Fulceri et al.
2007). However, in this study, no additional bilateral NA
LC lesion to dopaminergic lesion was performed (Fulceri
et al. 2007). The groups of animals compared were the one
lesioned with 6-OHDA alone with another one that
received desmethylimipramine to prevent the NA damage
(Fulceri et al. 2007). Thus, the effect of a combined
dopaminergic and a total NA lesion on L-DOPA-induced
dyskinesias was unknown until now.

Our results are in agreement with the effect of the
adrenoreceptor antagonists, such as idazoxan and fipa-
mezole, attenuating L-DOPA and DA agonists-induced
dyskinesia in animal models and in PD (Colosimo and
Craus 2003; Fox et al. 2001; Rascol et al. 2001; Savola
et al. 2003). It has been suggested that the action of adre-
noceptor antagonists on dyskinesias may involve blockade
of the actions of NA synthesised from L-DOPA (Fox et al.
2001). This finding may have major implications for
understanding L-DOPA-induced dyskinesia.

In the present study, we also show in hemiparkinso-
nian rats that the nigrostriatal DA neurodegeneration
affects WM performance and that the observed worsen-
ing is significantly aggravated by NA lesion. Interest-
ingly, we observed that both these circumstances are
unaffected by chronic L-DOPA treatment. Catecholam-
inergic deficits have been related with a disfunction of
the PFC that could contribute to the -characteristic
“frontal-like” cognitive disturbances of PD. (Elsinger
and Grattan 1993; Taylor et al. 1990). Our results con-
curs with previous work indicating that selective SNc
neurodegeneration induce WM deficits (Bellissimo et al.
2004; Braga et al. 2005; Glickstein et al. 2002). This
effect may be based on frontal cortex dysfunction orig-
inated on malfunctioning of the cortico-striato-thalamo-
cortical loops (Alexander and Crutcher 1990) when
striatal dopaminergic activity decreases (Briick et al.
2001; Collins et al. 2000; Marié et al. 1999). Impairment
of WM performance could also be explained by the
failure of the mesolimbic-mesocortical DA pathway
(Brozoski et al. 1979) directly influencing PFC activity
(Goldman-Rakic 1992).

Remarkably, a partial depletion of striatal DA can
impair memory performance (Da Cunha et al. 2001;
Miyoshi et al. 2002) also when it is not enough to cause
motor impairment (Dubois and Pillon 1997). Our results in
rats studied with a different WM paradigm (radial-arm
maze vs. water maze tasks) complement previous infor-
mation (Bellissimo et al. 2004) of the role that SNc plays in
cognitive deficits. We also observed in our experiment that
non-lesioned rats showed a preference to visit the radial-
maze arms in a typical clockwise behaviour (non-published
data). This probably indicates that spatial WM could be
preferentially controlled by unilateral information. Inter-
estingly, the fact that we performed lesions of the left DA
areas apparently contradicts clinical data suggesting the
right dorsolateral PFC as the area preferentially implicated
in WM (Bechara et al. 1998; Faw 2003; Cheesman et al.
2005).

Complementary to the enhancement of cortical DA
levels when spatial WM test are performed correctly
(Rossetti and Carboni 2005), adequate NA stimulation of
the PFC is also involved in the active maintenance of the
information of WM tasks (Arnsten and Goldman-Rakic
1985; Arnsten and Li 2005). Accordingly, the additional
lesioning of the NA system in our experiment was asso-
ciated with a further worsening of WM performance indi-
cated by the significant increase in the number of errors in
the WM task. This effect could be explained by a dimin-
ished stimulation of the prefrontal cortical adrenergic
ao-receptors (Li et al. 1999; Wang et al. 2007). Concur-
rently, in PD patients, the stimulation of these receptors by
clonidine, an adrenergic agonist, is associated with an
increase in spatial WM accuracy (Riekkinen et al. 1999).

Changes in the level of DA stimulation with L-DOPA
can significantly influence cognitive performance in PD
patients (Cooper et al. 1992; Huber et al. 1987; Kulisevsky
2000; Kulisevsky et al. 1996, 2000; Pascual-Sedano et al.
2008). Interestingly, PD is a progressive disease that can
exhibit different cognitive responses to a similar dose of
DA medication depending on the severity of DA dener-
vation (Cools 2008; Kulisevsky 2000). Early PD patients
who begin DA replacement with either L-DOPA or per-
golide, show an improvement in frontal-related cognition
including WM tasks (Kulisevsky et al. 2000). While
advanced patients showing a stable motor response to
L-DOPA does not exhibit significant cognitive changes
after an acute challenge with a suprathreshold dose of
L-DOPA, patients with motor fluctuations can significantly
worsen their cognitive performance in response to the same
L-DOPA dose (Kulisevsky et al. 1996). Surprisingly, no
positive or negative effect of L-DOPA was observed in our
animals. Regarding single-denervated animals, our results
concur with a previous work showing no reverse of WM
impairment after L-DOPA administration (Da Cunha et al.
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2002). In the present experiment, we used a single dose
range of L-DOPA in animals, which show no spontaneous
signs of parkinsonism. Thus, it may be difficult to stablish a
simple parallelism of the L-DOPA response between our
animal model and the natural model of the disease. Future
work examining the dose—curve cognitive response of
L-DOPA in this model is needed to stablish whether a
different dose of L-DOPA could have changed WM
performance.

The results presented here indicate that the AIMs,
described as dyskinesias, observed throughout the chronic
L-DOPA-treatment in 6-OHDA-lesioned rats, not showed
differences to the observed in the 6-OHDA + DSP-4-
lesioned rats. By contrast, the additional NA lesion further
aggravates WM performance observed after DA lesion.
Further studies are needed to address the relevance of NA
degeneration in the appearance, evolution and pharmaco-
logical response of cognitive deficits in PD.
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