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Abstract
Rationale Accumulating evidence in humans demonstrated
that visuo-spatial deficits are the most consistently reported
cognitive abnormalities in Parkinson disease (PD). These
deficits have been generally attributed to cortical dopamine
degeneration. However, more recent evidence suggests that
dopamine loss in the striatum is responsible for the visuo-
spatial abnormalities in PD. Studies based on animal
models of PD did not specifically address this question.
Objectives Thus, the first goal of this study was to analyze
the role of dopamine within the dorsal striatum in spatial
memory. We tested bilateral 6-OHDA striatal lesioned CD1
mice in an object–place association spatial task. Further-

more, to see whether the effects were selective for spatial
information, we measured how the 6-OHDA-lesioned
animals responded to a non-spatial change and learned in
the one-trial inhibitory avoidance task.
Results The results demonstrated that bilateral (approxi-
mately 75%) dopamine depletion of the striatum impaired
spatial change discrimination. On the contrary, no effect of
the lesion was observed on non-spatial novelty detection or
on passive avoidance learning.
Conclusions These results confirm that dopamine depletion
is accompanied by cognitive deficits and demonstrate that
striatal dopamine dysfunction is sufficient to induce spatial
information processing deficits.
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Introduction

Motor symptoms in Parkinson disease (PD), a neurodegen-
erative disorder characterized by a progressive dopamine
(DA) loss in the nigrostriatal pathway, are often associated
with cognitive symptoms. Among them, visuo-spatial
deficits are the most consistently reported (Boller et al.
1984; Giraudo et al. 1997).

A conspicuous number of neuroimaging studies on
Parkinson patients are being conducted to specifically
address the neural basis of their cognitive deficits (Berger et
al. 2004; Cools et al. 2002, 2007; Lewis et al. 2003; Owen
et al. 1998). These deficits in PD have been generally
attributed to the impairment of mesocortical dopaminergic
projections (Cools et al. 2002; Crofts et al. 2001). However,
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it has been recently suggested that they might also be related
to the subcortical pathology of the disease (Berger et al.
2004; Collins et al. 2000; Cools et al. 2007; Crofts et al.
2001; Dubois and Pillon 1997). Indeed, the cognitive
abnormalities observed in PD patients do not match closely
those observed in frontal lobe patients (Owen et al. 1993).
Furthermore, they have been reported even at the early stage
of the disease when the degeneration of DA neurons is
restricted to the striatal projections (Owen et al. 1997; Pillon
et al. 1997). Preclinical studies in rodents confirm the
involvement of the nigrostriatal DA system in mediating
learning and memory processes. For example, bilateral 6-
OHDA lesions of the medial forebrain bundle impair visuo-
spatial navigation in the Morris water maze; deficits that
seem specific to the processing of spatial information rather
than to a more general disturbance in motor performance
(Courtiere et al. 2005; Miyoshi et al. 2002; Mura and Feldon
2003; Whishaw and Dunnett 1985). However, medial
forebrain bundle lesions affect both cortical and subcortical
DA projections; thus, they are not a good animal model to
study cognitive deficit associated to striatal dopamine loss in
PD (Miyoshi et al. 2002). Therefore, we tried to clarify
whether DA lesions restricted to the dorsal striatum affect
cognitive functions, and, in particular, spatial information
processing. For this purpose, we tested the effects of dorsal
striatum DA depletion on mice ability to solve a spatial
object–place association task (Roullet et al. 2001). The face
validity of this task in assessing spatial deficits in an animal
model of PD is demonstrated by the fact that PD patients are
impaired in a computerized version of the object–place
association task (Giraudo et al. 1997; Mollion et al. 2003).

Another interesting point, which is still debated in the
human literature, is the nature of the visuo-spatial deficit
accompanying the striatal DA loss (Crofts et al. 2001;
Mollion et al. 2003; Owen et al. 1997). Indeed, it is not
clear whether the deficit observed could be attributed to a
general memory impairment, or, alternatively, it is specific
for working or long-term memory; a further issue to be
clarified is whether it is selective for spatial material
(Giraudo et al. 1997; Postle et al. 1997). Unfortunately,
none of the studies in rodents available in the literature
properly addressed these questions by testing the effects of
striatal DA loss on different memory demands in the same
task or on different kinds of memory in different tasks.

To help clarify these points, we tested the effects of dorsal
striatum 6-OHDA bilateral lesion on spatial information
processing using different time intervals to verify the effects
on both spatial working and long-term memories. Further-
more, to assess whether the effect of the lesion was limited to
the processing of spatial information, we tested the ability of
mice to react to a new object (object substitution) and to
learn and remember stimulus-aversive reinforcement asso-
ciation in one-trial inhibitory avoidance task.

Experimental procedure

Animals

The subjects were CD1 outbred mice obtained from Charles
River (Calco, Italy). Upon arrival, mice were housed in
groups of 12 in standard breeding cages (46×26×21.8 cm),
placed in a rearing room at a constant temperature (22±1°C)
and maintained on a 12-h light/dark cycle with food and
water available ad libitum. At the time of surgery, they were
8–10 weeks old.

Dopamine lesion

Mice were anaesthetized with i.p. injection of chloral
hydrate (500 mg/kg, Fluka, Milan, Italy) and placed in a
stereotaxic apparatus (David Kopf Instruments, Tujunga,
CA, USA) with mouse adaptor and lateral ear bars. The
head skin was cut longitudinally, and an injector (0.25 mm
in diameter), connected with polyethylene tubing to a 2-μl
Hamilton syringe, was lowered bilaterally into the dorsal
striatum. The following stereotaxic coordinates were used:
+0.3 mm anterior to bregma, ±2 mm lateral to midline,
−3.0 mm ventral from the skull surface, according to
Franklin and Paxinos (1997) mouse brain atlas. Striatal
dopamine lesions were performed using 6-hydroxydop-
amine (6-OHDA) hydrochloride solution (Sigma, Milan,
Italy), in a concentration of 1.5 μg/0.1 μl of saline
containing Na-metabisulfite (0.1 M; Sigma, Milan, Italy).
The injection volume was 0.3 μl per side. The sham lesions
consisted of bilateral perforation of the skull at sites
corresponding to the structures. To protect noradrenergic
terminals, mice were given desipramine (35 mg/kg, i.p.;
Sigma). Mice were allowed to recover from the operation
for at least 20 days.

Immunohistochemistry

Seven of the lesioned animals and seven sham animals
were used to estimate the extent of the lesion using tyrosine
hydroxylase (TH) immunolabeling. Animals were deeply
anaesthetized with chloral hydrate (500 mg/kg, i.p.) and
then perfused with 0.9% saline solution followed by cold
4% formaldehyde solution. Brains were removed and post-
fixed for 3 h in a 10% formaldehyde solution at 4°C and
then transferred to a 30% sucrose solution at 4°C for
cryoprotection. Thirty micrometers coronal sections were
collected throughout the rostrocaudal extent of the stria-
tum. Using standard ABC methods (Vector Laboratories,
Burlingame, CA, USA), sections were processed for TH
immunolabeling using the rabbit anti-TH primary antibody
(1:500, AB152, Chemicon International Temecula, CA,
USA) and the biotinylated goat anti-rabbit secondary
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antibody (1:500, Vector Laboratories, Burlingame, CA,
USA). Immunoreactivity was visualized with metal-
enhanced DAB (Sigma).

Consecutive coronal brain sections of the striatum were
taken from each animal between the coordinates +1.18 and
−0.10 mm anterior to bregma and analyzed using a
microscope in combination with a video camera (Leica) to
capture digitized images. The extent of the lesion was
analyzed using ImageJ (NIH; Bethesda, MD, USA) to
measure optical density in four different striatal subregions
distinguished on the coronal plane: MD (mediodorsal), DL
(dorsolateral), VM (ventromedial), and VL (ventrolateral).
Furthermore, these regions were analyzed over three
different levels on the sagittal plane. The three levels were
defined as follows: anterior (from AP +1.18 to AP +0.74)
medial (from AP +0.62 to AP +0.08) posterior (from AP
+0.02 to AP −0.10), according to the mouse atlas of
Franklin and Paxinos (1997). Level of gray was measured
by measuring the optical density of a constant area
(0.298 mm2) applied in the four different subregions at
different anteroposterior coordinates.

Behavioral procedures and data collection

For the spatial memory and non-spatial novelty reaction
task, the apparatus and behavioral procedure were similar to
those previously described (Roullet et al. 2001; Sargolini et
al. 1999). In brief, the apparatus was a circular open field.
We performed two experiments that differed in terms of the
delay between the habituation phase (from session 2 to
session 4) and the spatial test session (session 5). In the
short-term experiment, the interval imposed was 3 min,
while in the long-term experiment, we used a 24-h interval.

For a detailed description of the measures collected, refer
to Roullet et al. (2001). In brief, mice were individually
submitted to seven consecutive, 6-min sessions. During
session 1 (S1), mice were placed into the empty open field.
During sessions 2–4 (S2–S4), five objects were present, and
mice were placed into the apparatus to allow them to
habituate to the apparatus and to the objects configuration
(habituation phase). During the 3-min intersession interval,
the animals were returned to a waiting cage located inside
the test room. During the spatial test session (S5), the objects
configuration was changed by moving two objects (displaced
objects, DO) and leaving the other three objects in the same
position (non-displaced objects, NDO). After the spatial test
session in both experiments, animals were submitted to two
additional sessions: 6 and 7, with an intersession interval of
3 min. In session 6, the configuration of the objects was kept
unchanged as compared to S5. In the last session (session 7),
one of the familiar objects was replaced by a new object
(substituted object, SO); the other four objects were left
unchanged (non-substituted objects, NSO).

In all sessions, locomotor activity was recorded by
counting the number of sector crossings. From sessions 2 to
7, object exploration was evaluated on the basis of the
mean time spent by the animal in contact with the different
objects. A contact was defined as the snout of the subject
actually touching an object. Habituation to objects explo-
ration was assessed by averaging the duration of contacts
with the five objects during sessions 2, 3, and 4 in each
group. The animals’ ability to selectively react to the spatial
change was analyzed by calculating the spatial re-exploration
index (DO [S5]−DO [S4]=DO and NDO [S5]−NDO
[S4]=NDO), while the animals’ ability to selectively react
to the non-spatial change (novel object) was analyzed by
calculating non-spatial re-exploration index (SO [S7]−SO
[S6]=SO and NSO [S7]−NSO [S6]=NSO). The effects of
the 6-OHDA lesions on the variables measured were
analyzed by using two-way analysis of variance (ANOVA)
for repeated measure, with treatment (two levels: sham and
lesion) as between factor. Tukey honestly significant
difference post hoc analysis was used when appropriate.
Furthermore, the relationship between the dopamine deple-
tion and spatial novelty reaction was evaluated by means of
Pearson’s two-tailed correlation analysis on all animals
(sham and lesioned) tested in the spatial task.

In a further experiment, independent groups of sham and
6-OHDA-lesioned animals were tested in the one-trial
inhibitory avoidance task. For a detailed description of the
apparatus and procedures used, refer to De Leonibus et al.
(2003). In brief, the dependent variable measured was the
time taken by the animals to completely enter the dark
compartment (latency). Training latency refers to the
latency measured on the training day. Testing latency refers
to the latency measured on the test day performed 24 h after
training. A maximum step-through latency of 240 s was
imposed. Training and testing latencies were analyzed using
a one-way ANOVA, the between-factor always being
treatment (two levels: sham and lesion).

The criterion for significance was always set at p<0.05.

Lesion verification

To assess striatal DA levels in lesioned and sham animals,
biochemical analyses were performed ex vivo on tissue
samples. All subjects were killed by decapitation, the brain
removed and plunged directly into saline (NaCl 9%)
contained in a thermic box and left in place for 60 s. The
brain was frozen at −10°C before punching. The brain was
then fixed on the brain matrix. Punches were obtained from
brain slices (frontal sections) no thicker than 300 μm.
Stainless steel tubes 1 mm internal diameter were used to
punch the dorsal striatum and the nucleus accumbens.
Tissue samples were stored in liquid nitrogen. DA was
determined by means of reverse high-performance liquid
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chromatography coupled with electrochemical detection
(for a detailed description of the method, refer to Puglisi-
Allegra et al. 2000). Tissue levels of DA and norepineph-
rine (NA) metabolites (pg/mg wet weight) were used for
statistical analyses.

Results

Immunohistochemical and biochemical verification
of the lesion

Gray values of brain areas stained for TH immunochemis-
try of lesioned and sham animals were compared dividing
the striatum in four different subregions, as shown in Fig. 1.
As summarized in Table 1, lesioned animals differed from
sham controls in all the subregions considered at all the
anteroposterior levels. The only component of the striatum
that did not differ between the two groups was the
ventromedial. This result shows that the lesion was
widespread over the anteroposterior subregions, but only
in the dorso-medial and lateral components of the striatum.
The three-way ANOVA for repeated measure revealed a
significant effect of the lesion (F1/12=28.87; p<0.05), of
the striatal subregions (F3/36=42.01; p<0.05) and of the
level on the sagittal plane (F2/24=4.73; p<0.05). Further-
more, interactions between lesion and subregions (F3/36=
21.76; p<0.05) and subregions for sagittal level (F6/72=
6.95; p<0.05) were significant (Table 1).

The biochemical analysis, performed in the sham and the
lesioned animals tested in the behavioral experiments,
revealed a depletion of tissue levels of DA >60% in 30
animals (out of 40). The final number of animals in the
different groups was: 13 in the short-term spatial discrim-
ination experiment (sham n=8), ten in the long-term spatial

discrimination experiment (sham n=11), seven in the passive
avoidance experiment (sham n=10). Striatal tissue levels
of DA in the 6-OHDA-lesioned mice (4,212±303 pg/mg)
was significantly reduced (F1/51=257.745; p<0.05) as
compared to sham animals (17,938±895 pg/mg tissue). On
the contrary, striatal tissue levels of norepinephrine did not
differ in lesioned compared with sham animals (6-OHDA
lesioned=179±35 pg/mg tissue; sham=249±35 pg/mg
tissue). DA (sham=18,388±1,597 pg/mg; 6-OHDA-
lesioned=15,980±1,111 pg/mg) as well as NE (Sham=546±
150 pg/mg; 6-OHDA-lesioned=481±91 pg/mg) tissue levels
in nucleus accumbens were not affected by 6-OHDA injection
within the dorsal striatum.

Effects of 6-OHDA bilateral lesions of the dorsal striatum
on spatial discrimination and non-spatial novelty reaction

As reported in Table 2, all groups progressively reduced
locomotor activity in a similar way over the consecutive
sessions. The two-way ANOVA for repeated measures
evidenced a significant effect of session [short-term
experiment: (F6/114=52.442; p<0.05); long-term experi-
ment: (F6/114=79.418; p<0.05)], but no other significant
effect. Whatever the treatment (sham or lesion) or the
experimental condition (short-term versus long-term), the
animals showed a similar pattern of objects exploration
during the habituation phase (from S2 to S4 in Table 2),
namely, a high level of exploration in session 2 and a
progressive reduction in the following sessions [session
effect: short-term (F2/38=111.916; p<0.05); long-term
(F2/38=122.998; p<0.05)].

As illustrated in Fig. 2a, in the short-term experiment,
sham animals selectively re-explored the displaced objects
(DO) as compared to the non-displaced objects (NDO),
thus, demonstrating that they were able to discriminate and
selectively react to the spatial change. On the contrary,
lesioned animals did not show any preference for any of the
two object categories re-exploring DO and NDO for a
similar amount of time. The statistical analysis revealed
a significant effect for all the factors: object category
(F1/19=9.452; p<0.05), treatment (F1/19=14.9; p<0.05)
and interaction between treatment and object category
(F1/19=4.471; p<0.05). Post hoc comparisons confirmed
that only the sham-operated animals explored the DO
significantly more than the NDO (p<0.05).

Similar results were obtained when the animals were
tested 24 h after training (Fig. 2b). Indeed, the ability of
sham animals to selectively react to DO as compared to
NDO was intact 24 h after the last habituation session. On
the contrary, 6-OHDA lesions of the dorsal striatum
completely abolished the differential exploration of the
two object categories (Fig. 2b). Statistical analysis re-
vealed a significant effect of object category (F1/19=8.481;

Fig. 1 Representative coronal section of brain stained for TH in 6-
OHDA-lesioned animals. In the figure are indicated the four striatal
subregions considered to measure the extend of the lesion on the
coronal plane: MD (mediodorsal), DL (dorsolateral), VM (ventrome-
dial), and VL (ventrolateral)
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p<0.05) and of the interaction between treatment and object
category (F1/19=5.744; p<0.05). Post hoc analysis con-
firmed that DO was explored more than NDO only in the
sham group. Person’s analysis (Fig. 3) revealed that
displaced object re-exploration positively correlated with
the tissue levels of dopamine within the dorsal striatum (R=
0.416; p<0.05).

In Fig. 4a and b are represented the re-exploration
indexes for the SO and the NSO in the two experiments. 6-
OHDA lesions did not affect the ability of the animals to
detect and react to the novel object. All groups explored the
new object much more than the familiar ones. Statistical
analysis revealed only an effect of object category [short-
term experiment: (F1/19=45.162; p<0.05); long-term
experiment: (F1/19=23.397; p<0.05)].

Effects of 6-OHDA bilateral lesions of the dorsal striatum
on one-trial inhibitory avoidance task

The effects of bilateral striatal 6-OHDA lesions were also
assessed in the one-trial inhibitory avoidance task. Lesioned
animals did not show any significant difference in the
latency to step-through when compared to sham animals on
the training (latencies: sham=10±1.4 s, lesioned=8±2.3 s)
as well as on testing 24 h later (latencies: sham=146±28 s,
lesioned=126±42 s).

Discussion

In this study, we demonstrate that bilateral 6-OHDA lesions
of the striatum impair the ability of mice to perform a
spatial discrimination task. Interestingly, we found that this
effect was delay independent, thus, providing evidence
supporting a deficit in both short- and long-term spatial
information processing. Furthermore, the lack of effect of
the same lesions on a novel object discrimination paradigm
and in an associative learning task demonstrates a selective
role of striatal DA in modulating the acquisition and
maintenance of spatial information rather than a generic
role in memory, independent on the kind of information to
be processed.

In the first two experiments, we assessed the effects of
striatal DA depletion on the ability of the animals to react to
a spatial change. The results clearly demonstrate that 6-
OHDA-lesioned animals were impaired in spatial novelty
detection and reaction. This deficit was independent of the
delays. Indeed, lesioned mice re-explored the two object
categories for the same amount of time independently on
whether they were tested 3 min or 24 h after the last session
of habituation, thus, indicating that 6-OHDA bilateral
lesion of the striatum impaired both short- and long-term
spatial memory. This conclusion is further confirmed by the
positive correlation (Fig. 3) found between tissue levels of

Table 2 Mean duration of contact with the objects (±SEM) during habituation (S2 to S4) and mean number of sector crossings (±SEM) during
sessions (S1 to S7) in sham and 6-OHDA-lesioned (Les) animals tested at 3-min (short-term experiment) or 24-h (long-term experiment) delay

Experiments Treat Habituation Locomotion

S2 S3 S4 S1 S2 S3 S4 S5 S6 S7

Short-term Sham 27±2 14±2 9±1 214±21 133±8 117±8 93±5 94±5 70±9 72±6
Les 23±1 14±1 11±0.7 200±9 135±11 132±8 102±10 114±9 109±13 87±10

Long-term Sham 25±1 12±1 8±1 228±8 143±7 118±8 116±8 163±10 101±10 71±10
Les 25±2 12±2 10±2 238±14 166±13 130±16 121±18 210±12 145±17 119±13

Table 1 Mean optical density
(±SEM) measured in the four
striatal compartments in the
lesioned and sham animals at
different anterposterior (AP)
cluster (i.e. from +1.18 to
+0.74) of coordinates referred
to the atlas for mouse brain
Franklin and Paxinos 1997

Lack of staining for TH, or
white, corresponds to 200
*p<0.05 sham vs lesioned

Striatal compartment AP Lesioned Sham

Dorsomedial (+1.18) – (+0.74) 140±8* 111±3
(+0.62) – (+0.08) 154±6* 119±4
(+0.02) – (–0.10) 167±5* 123±5

Ventromedial (+1.18) – (+0.74) 112±7 114±3
(+0.62) – (+0.08) 122±6 123±5
(+0.02) – (–0.10) 124±6 115±4

Dorsolateral (+1.18) – (+0.74) 142±6* 102±4
(+0.62) – (+0.08) 144±6* 104±5
(+0.02) – (–0.10) 147±5* 108±5

Ventrolateral (+1.18) – (+0.74) 117±7* 95±2
(+0.62) – (+0.08) 123±6* 94±4
(+0.02) – (–0.10) 125±5* 97±5
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dopamine within the dorsal striatum and the re-exploration
of the displaced objects, indicating that the less the
dopamine in the dorsal striatum the worst was the
performance in the spatial discrimination task.

The nigrostriatal dopamine system has been involved
in the control of motor, and motivational processes
(De Leonibus et al. 2006; Keitz et al. 2003; Robbins and
Everitt 1996); hence, the impairment we observed in mice
ability to react to the spatial change might be interpreted as
secondary to motivational or motor deficits. However, a
deeper analysis of the results suggests that this interpreta-
tion is unlikely. For example, objects exploration and
locomotor activity during the habituation phase was
comparable in sham and lesioned animals, which rules out
any deficit in the motor activity of the lesioned animals.
Furthermore, the discrimination and the reactivity to a
novel object was not affected by the lesion, thus, suggesting
that the ability to react to a novelty was intact. These results
are in agreement with the occurrence of visuo-spatial
deficits in medial forebrain bundle 6-OHDA-lesioned
animals (Mura and Feldon 2003). Further, they demonstrate
that dopamine depletion of the striatum is sufficient to

induce cognitive deficits, suggesting that the animal model
we present has a high face validity to mimic the cognitive
deficits associated to striatal dopamine loss in PD. Indeed,
our data are perfectly consistent with those reporting a
spatial but not object working memory deficit in mild PD
patients (Boller et al. 1984; Giraudo et al. 1997; Owen et al.
1997; Postle et al. 1997).

Regarding the relative contribution of different DA
terminal regions in processing the same kind of spatial
information, previous studies reported the effects of D1 and
D2 receptor antagonists administration within the prefrontal
cortex and the ventral striatum in the same spatial task
(Coccurello et al. 2000; Rinaldi et al. 2007). Similar to the
present findings, DA receptors blockade within the pre-
frontal cortex impairs short-term spatial memory, and does
not affect novel object discrimination (Rinaldi et al. 2007).
However, the same pharmacological manipulations within
the ventral striatum produce receptors subtype-dependent
effect; in particular, D2 dopamine receptor blockade
affects both spatial and non-spatial novelty discrimination
(Coccurello et al. 2000; Rinaldi et al. 2007). Taking into
account that a direct comparison between these studies is
limited by the use of different pharmacological manipu-
lations of DA system, all together, these data, on the one
hand, provide support to the idea that normal transmission
of information through frontostriatal circuitries is necessary
for normal visuo-spatial information processing (Cools et al.
2002; Lewis et al. 2003; Owen et al. 1998; Pillon et al.
1996). On the other hand, they confirm the functional
specialization of the dopamine terminal regions in process-
ing different kinds of information (Bracs et al. 1984; Cools
et al. 2007; De Leonibus et al. 2006; Smith-Roe et al. 1999).

Interestingly, bilateral 6-OHDA lesions of the dorsal
striatum do not affect mice ability to perform a passive
avoidance task when animals are tested 24 h after training.
Very few studies have assessed the role of the striatal
complex and in particular of DA system within this region
in aversive learning (Bracs et al. 1984; Lorenzini et al.
1995; Reyes Vazquez et al. 1978; White and Salinas 2003).
However, even if the results relative to dorsal component of
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Fig. 3 Correlation between time of displaced objects re-exploration
and tissue levels of dopamine within the dorsal striatum in sham and
6-OHDA-injected animals. The line represents the regression based fit
line at a confidence level of 95%. One single dot represents one single
mouse

Fig. 2 Effects of the 6-OHDA
lesion (Les) on animals ability to
react to a spatial novelty after
a 3-min delay (a) and 24−h
delay (b) from S4. The histo-
grams illustrate the mean time
(±SEM) spent exploring dis-
placed (DO) and non-displaced
(NDO) in S5 minus the time
spent exploring the same
object category in S4, spatial
re-exploration index.
*p<0.05 DO vs NDO within
the same group
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the striatum are somewhat contradictory in the literature,
thus, not allowing us to draw definite conclusions,
experimental evidence suggests that it is the ventral rather
than the dorsal striatum involved in mediating the response
in this task (Bracs et al. 1984; Lorenzini et al. 1995; Reyes
Vazquez et al. 1978). The present findings are in line with
this suggestion, demonstrating that normal DA activity
within the dorsal striatum does not seem to be involved in
mediating this response. In fact, the TH immunostaining
and tissue levels measures of DA and NE demonstrated that
the extent of the lesion was limited to the dorsal and lateral
components of the striatum spearing the ventromedial
component (i.e., the nucleus accumbens).

The lack of effect observed after striatal DA depletion on
the performance of one-trial inhibitory avoidance task is
also of interest because it helps to interpret the nature of
spatial deficit. Indeed, it confirms that the deficit found in
the spatial task at 24-h delay is specific for spatial
information, and it is not due to an aspecific memory
impairment. It is worth noting, in this respect, that to solve
the one-trial inhibitory avoidance task are necessary intact
abilities not only to form conditional association but also to
processes contextual (spatial) information. This allegation
is supported by the impairment induced by hippocampal
pharmacological manipulations on passive avoidance mem-
ory (Roesler et al. 2006), an effect that has been suggested
to depend upon the inability to discriminate between the
shocked and the safe compartment. Indeed, the impairment
induced by the hippocampal lesion in aversive conditioning
disappears if the shock is coupled with a discrete
conditional stimulus (White and Salinas 2003). All togeth-
er, this suggests that the spatial deficit observed in the
object–place association task after striatal dopamine deple-
tion is selective for a particular kind of spatial information,
which is necessary to discriminate between displaced and
non-displaced objects, but irrelevant to distinguish between
contexts (De Leonibus et al. 2005).

Another possible interpretation of the present results is
that the striatum is involved in memory processes only
when visuo-spatial information must be actively organized

to guide behavior (Berger et al. 2004; Buytenhuijs et al.
1994; Giraudo et al. 1997; Pillon et al. 1996). Such a
hypothesis has been frequently used to explain why PD
patients are most consistently found to be impaired in free
recall tasks (which require active organization of the
material), but not in familiarity recognition task (which
requires stimulus-driven cognitive processes; Breen 1993;
Farina et al. 2000; Weingartner et al. 1984). The results of
our study fit well with this explanation. In fact, striatal DA-
depleted mice were selectively impaired in the spatial
novelty task, which requires comparing an internal repre-
sentation of the previous disposition (which was not
available during the discrimination) with the current
position of the objects to guide selective re-exploration of
the displaced objects.

The last interesting point raised by the results of our
study is whether the lack of discrimination observed could
be due to an attentional or a mnemonic visuo-spatial deficit.
It has been reported that both processes are affected by the
degeneration of the dopaminergic system (Collins et al.
2000; Crofts et al. 2001; Lewis et al. 2004). The fact that
the spatial deficit was not selective for working or long-
term memory seems to suggest either that it was due to an
encoding or to an attentional deficit. Consistently, studies
on PD patients often report that the visuo-spatial deficits are
not delay-dependent (Pillon et al. 1996; Sahakian et al.
1988), but that they seem to worsen if the “task used
exceeds the normal limit of working memory capacity” or
when the memory load is increased (Owen et al. 1997;
Sahakian et al. 1988). However, we cannot exclude a
differential interaction between the two different processes
at the two different delays. On the one hand, indeed, the
deficit observed at the 3-min delay might be due to an
attentional deficit, namely, to focus on the perceived spatial
change. On the other hand, at 24-h delay, the spatial
attentional deficit might add to a deficit to consolidate and/
or retrieve spatial memory.

In conclusion, in this study, we confirmed a role of the
nigrostriatal dopamine system in cognitive functions. Fur-
ther we demonstrated for the first time in rodents that the

Fig. 4 Effects of the 6-OHDA
lesion (Les) on animals ability to
react to a non-spatial novelty
after a 3-min delay (a) and
24-h delay (b) from S4. The
histograms illustrate the mean
time (±SEM) spent exploring
substituted (SO) and non-substi-
tuted (NSO) in S7 minus the
time spent exploring the same
object category in S6, non spa-
tial re-exploration index. *p<
0.05 SO vs NSO within the
same group

Psychopharmacology (2007) 194:517–525 523



cognitive deficit induced by striatal DA depletion is selective
for visuo-spatial information processing rather than caused
by a generalized memory deficit or a motivational impair-
ment. The similarity of the results of the present study with
those obtained in patients at the early stages of PD
demonstrates that some of cognitive deficits in PD might
not be a consequence of frontal dysfunction per se, but rather
due to impaired DA activity in the striatum (Owen et al.
1992, 1998; Postle et al. 1997; Pillon et al. 1997). The high
face validity of the spatial task used prompts the use of this
model to better assess the cognitive deficits in PD and to
discover new pharmacological treatments. Finally, a mice
model of cognitive deficit in PD might be extremely useful
to test knockout mice, which, nowadays, are the most
frequent tool used to address possible genetic cause of PD.
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