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III. Summary 

Parkinson’s disease is a severe neurodegenerative disorder. Current pharmacological 

treatment by dopamine replenishment offers benefits but causes serious side-effects 

after long-term use. In the present series of studies the 6-hydroxydopamine (6-

OHDA) lesion-model of Parkinson’s disease was used to investigate alternative 

treatment approaches, i.e., intranasal (IN) treatment with L-3,4-

dihydroxyphenylalanine (L-dopa) and chronic treatment with progesterone. 

Furthermore, we investigated the features of a test of sensorimotor performance that 

had not been used in the study of 6-OHDA-lesioned rats before, and extended our 

investigations to the neuronal mediators of cognitive symptoms seen in Parkinson’s 

disease. In experiment 1, intranasal administration of L-dopa was applied in an 

animal model of late stage Parkinson’s disease and its behavioral effects were 

assessed. Intranasal L-dopa alleviated sensorimotor deficits in the hemiparkinsonian 

rats compared to the vehicle-treated group. In experiment 2, chronic progesterone 

administration was conducted after the injections of 6-OHDA into the striatum to test 

possible neurorestorative effects. However, the results indicated that under the given 

experimental conditions progesterone had deleterious effects on turning behavior 

and the use of limbs. In experiment 3, animals with severe and moderate 

dopaminergic lesions were used to validate a new test of motor performance on an 

elevated grid. In severely lesioned animals, L-dopa had beneficial effects, while the 

moderately lesioned rats showed deficits of sensorimotor performance on the side 

contralateral to the lesion. The results suggested that the grid test is a sensitive and 



6

useful assessment for hemiparkinsonian rats. In experiment 4, the interaction 

between the medial prefrontal cortex and the nigrostriatal dopamine-system was 

studied by using a disconnection procedure. The unilateral 6-OHDA lesion was 

combined with a contralateral medial prefrontal cortex lesion. It was found that, 

following such disconnections between the nigrostriatal dopamine-system and the 

medial prefrontal cortex, rats showed impaired object recognition memory. Thus, the 

interaction between these two brain regions could play a key role in learning and 

memory. 
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IV. Zusammenfassung 

Morbus Parkinson ist eine schwere neurodegenerative Erkrankung. Die 

pharmakologische Behandlung mit Dopamin-Ersatzstoffen bietet Vorteile, 

verursacht aber bei chronischer Behandlung schwere Nebenwirkungen. In der 

vorliegenden Reihe von Untersuchungen wurde das 6-OHDA-Läsionsmodell der 

Parkinson-Krankheit verwendet, um alternative Behandlungsansatze, wie die 

intranasale Behandlung mit L-Dopa oder die chronische Behandlung mit Progesteron 

untersucht. Weiterhin wurden die Eigenschaften eines Tests von sensomotorischen 

Leistungen untersucht, die zuvor nicht bei der Untersuchung von 6-OHDA-lädierten 

Ratten benutzt wurde, und es wurden die neuronalen Mediatoren kognitiver 

Symptome der Parkinson-Krankheit untersucht. In Experiment 1 wurden die 

Verhaltemseffekte einer intranasalen Verabreichung von L-Dopa in einem 

Tiermodell für die späte Phase der Parkinson-Krankheit getestet. Intranasale L-Dopa 

reduzierte die sensomotorischen Defizite in den Hemiparkinson-Ratten im Vergleich 

zur vehikel-behandelten Gruppe. In Experiment 2 wurde, nach den Injektionen von 

6-OHDA in das Striatum von Ratten, mögliche neurorestorative Effekte einer 

chronischen Progesteron-Behandlung durchgeführt. Jedoch zeigten die Ergebnisse, 

dass Progesteron unter den gegebenen Versuchsbedingungen das läsinons-

induzierte Drehverhalten und die Beeinträchtigung beim Gebrauch der Gliedmaßen 

verstärkte. In Experiment 3 wurden Tiere mit schweren und moderate dopaminerge 

Läsionen verwendet, um einen neuen Test der motorischen Leistungsfähigkeit auf 

einem erhöhten Gitter (Grid-Test) zu validieren. In stark lädierten Tieren hatte L-
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Dopa positive Effekte, während die moderat lädierten Ratten Defizite der 

sensomotorischen Leistungen auf der Seite kontralateral zur Läsion zeigten. Die 

Ergebnisse legen nahe, dass der Grid-Test ein sensitives und nützliches Verfahren 

zur Testung Hemiparkinson-Ratten ist. In Experiment 4 wurde die Interaktion 

zwischen dem medialen präfrontalen Kortex und dem nigrostriatalen Dopamin-

System durch ein Diskonnektions-Verfahren untersucht. Die einseitige 6-OHDA 

Läsion wurde mit einem kontralateralen Läsion des medialen präfrontalen Kortex 

kombiniert. Es wurde festgestellt, dass nach einer solchen Trennung zwischen dem 

nigrostriatalen Dopamin-System und dem medialen präfrontalen Kortex, Ratten ein 

beeinträchtes Objektwiedererkennungs-Gedächtnis zeigten. Daher könnte die 

Wechselwirkung zwischen diesen beiden Hirnregionen eine Schlüsselrolle bei der 

Lern-und Gedächtnisleistung spielen. 
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V. Abbreviations 

MPTP                                                    1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine 

DOPAC                                                 3,4-dihydroxyphenylacetic acid 

5-HIAA                                                 5-hydroxyindoleacetic acid 

6-OHDA                                               6-hydroxydopamine 

AADC                                                   aromatic L-amino acid decarboxylase 

BBB                                                        blood-brain-barrier 

CNS                                                       central nervous system 

DBS                                                       deep brain stimulation 

DA                                                         dopamine 

EC                                                          electrochemical detection 

HPLC                                                    high-performance liquid chromatography 

HVA                                                      homovanillic acid 

IN                                                           intranasal  

i.p.                                                          intraperitoneal injection 

L-dopa                                                   L-3,4-dihydroxyphenylalanine 

LID                                                         levodopa-induced dyskinesia 

MFB                                                       medial forebrain bundle 

mPFC                                                     medial prefrontal cortex 

min                                                         minutes 

NMDA                                                  N-methyl-D-aspartate 

NE                                                         norepinephrine 
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PD                                                          Parkinson’s disease 

PBS                                                         phosphate buffered saline 

PFC                                                        prefrontal cortex 

P4                                                           progesterone 

5-HT                                                       serotonin 

SNc                                                         substantia nigra pars compacta 

STN                                                         subthalamic nucleus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



11

1. Introduction 

 

Parkinson’s disease (PD) is a neurodegenerative disorder and is still an incurable 

progressive disease. In Germany, the prevalence of PD is around 7 per 1,000 when 

the age is over 55 years (von Campenhausen et al., 2005). Patients with PD suffer 

from postural imbalance, gait disorder and bradykinesia, which mainly result from 

the atrophy of dopamine (DA)-ergic neurons in the substantia nigra pars compacta 

(SNc) (Dauer and Przedborski, 2003; Obeso et al., 2010). Currently, the most effective 

treatment is still the therapy of DA replenishment by administration of L-3,4-

dihydroxyphenylalanine (L-dopa) or other DA agonists. However, PD is not only a 

motor disorder but also related to many non-motor problems. Sleep abnormalities, 

constipation, depression and dementia are common in this disease (Obeso et al., 

2010). Therapy by DA replenishment cannot alleviate the non-motor deficits and 

chronic administration of L-dopa induces serious adverse-effects in PD patients. 

Thus, studies investigating alternative treatments are required. 

          In order to investigate alternative treatments for PD, it is necessary to have 

adequate and sensitive behavioral tests and to understand the neuronal circuits 

involved in the disease. The present series of studies set out to approach these issues.  
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1.1. Parkinson’s disease 

 

PD is a neurodegenerative disease characterized by the manifestation of motor 

deficits, such as tremors at rest, rigidity in muscles, akinesia and postural instability. 

James Parkinson was first to describe the clinical features of this disease as “shaking 

palsy” in his classic 1817 monograph (Parkinson, 2002): 

“Involuntary tremulous motion, with lessened muscular power, in 

parts not in action and even when supported; with a propensity to 

bend the trunk forwards, and to pass from a walking to a running pace: 

the senses and intellects being uninjured.”  

At present, PD is the second most common neurodegenerative disease after 

Alzheimer’s disease and is also strongly correlated with age (Collier et al., 2011). In 

general, the prevalence increases from 0.5 to 1 percent at age 65 to 69, to 1 to 3 

percent at age 80 and older (Nussbaum and Ellis, 2003). The atrophy of DAergic 

neurons in the SNc and the presence of intraneuronal proteinacious cytoplasmic 

inclusions, termed “Lewy bodies”, are the pathological hallmarks of PD. The 

deficiency of DA in the nigrostriatal pathway, the DAergic projections from the SNc 

to the putamen, accounts for the major motor deficits in PD (Dauer and Przedborski, 

2003). Thus, replenishment of striatal DA by treatment with a DA precursor or 

agonist alleviates most of the motor deficits. The administration of the DA precursor 

L-dopa, in combination with a peripheral dopa decarboxylase inhibitor (benserazide 

or carbidopa), is still the “gold-standard” therapy in PD (Lang and Lozano, 1998a; 
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Brooks, 2008). However, the chronic administration of L-dopa causes adverse 

fluctuations in motor response which is known as levodopa-induced dyskinesia 

(LID). LID was observed in 20-30% of PD patients for a mean of 20.5 months of 

receiving DA replenishment (Bezard et al., 2001). Furthermore, up to 80% of patients 

developed dyskinesia within five years of treatment (Quinn, 1995; Rascol et al., 2000). 

Both the frequency and the severity of dyskinesia are increased with duration of 

treatment (Bezard et al., 2001). In addition, L-dopa treatment cannot alleviate non-

motor deficits in PD and prevent the progression of the disease. Other therapeutic 

alternatives, like the subthalamic nucleus -deep brain stimulation (STN-DBS) or 

infusion of neurotrophic factors, are developing options for treating PD.  

          In addition to the motor deficits, PD patients also show emotional (Eskow 

Jaunarajs et al., 2011) and cognitive (Dubois and Pillon, 1997; Kehagia et al., 2010) 

deficits. Depression has been found in approximately 40% of PD patients (Cummings, 

1992), while anxiety disorders occur in approximately 25-35% of this population 

(Dissanayaka et al., 2010; Goetz, 2010). Furthermore, executive, memory and visuo-

spatial functions are commonly affected by PD (Dubois and Pillon, 1997) and the 

performance of patients with PD in cognitive tasks resembles that seen in patients 

with prefrontal cortex (PFC) lesions (Taylor et al., 1986; Owen et al., 1992; Kehagia et 

al., 2010). PD patients also show deficits of temporal processing (Sagar et al., 1988) 

and recognition memory (Cooper et al., 1993; Stebbins et al., 1999; Whittington et al., 

2000). Neuroimaging studies in PD patients have found that the nigrostriatal (Owen 

et al., 1998; Dagher et al., 2001; Sawamoto et al., 2008) and the mesocortical (Cools et 
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al., 2002; Mattay et al., 2002) pathways contribute to the cognitive impairments in PD. 

More specifically, around 31% of PD patients may suffer from dementia (Aarsland et 

al., 2005), which is a 4- to 6-fold increased risk compared to an age-matched 

population (Aarsland et al., 2010). These cognitive and emotional impairments may 

not be solely attributed to dysfunctions of the DAergic systems. As serotonin (5-HT)-

ergic, norepinephrine (NE)-ergic and cholinergic neurotransmitter systems are also 

degenerated in PD (Agid et al., 1987), these factors may play a role in emotionality 

and cognition. Given that emotional and cognitive deficits in PD have a strong 

impact on quality of life (Schrag et al., 2000; Den Oudsten et al., 2007; Soh et al., 2011), 

understanding their mechanisms and the development of selective treatments are 

highly required.  
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1.2. Unilateral 6-OHDA lesioned rat model 

 

One of the most common animal models of PD is unilaterally applying 6-

hydroxydopamine (6-OHDA) into the nigrostriatal tract in rats (Deumens et al., 2002; 

Lindgren and Dunnett, 2012). 6-OHDA is a selective catecholaminergic neurotoxin, 

preferentially damaging DAergic and NEergic neurons. 6-OHDA cannot pass 

through the blood-brain-barrier (BBB) and thus, has to be injected intracranially for 

producing catecholamine depletions in the brain. Desipramine, a NE reuptake 

inhibitor, is usually administrated prior to a 6-OHDA injection in order to protect 

NEergic neurons. Thereby, a selective DA depletion can be produced. Since DA 

deficiency in the nigrostriatal tract is one of the pathological hallmarks of PD, 6-

OHDA is injected into the SNc (somata), the medial forebrain bundle (MFB; axons) or 

the striatum (terminals) to produce nigrostriatal DA depletions (Fig. 1). Bilateral 

injections of 6-OHDA easily induce dysphagia and high mortality, thus, 6-OHDA is 

generally applied only into one hemisphere to create the hemiparkinsonian rat. 

          Urban Ungerstedt developed the unilateral 6-OHDA lesioned rat model of PD. 

Unilateral injections of 6-OHDA into the nigrostriatal tract cause turning asymmetry, 

i.e., the animal shows significantly more rotations toward the side of the lesion 

(Ungerstedt, 1968; Ungerstedt and Arbuthnott, 1970; Schwarting and Huston, 1996). 

When an indirect DA agonist, e.g. amphetamine, is administrated, the lesioned rats 

show pronounced rotations toward the lesioned side, but when a direct DA agonist, 

e.g. apomorphine, is administrated, the lesioned rats exhibit contraversive turnings 
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(Schwarting and Huston, 1996). Whereas amphetamine stimulates release of 

endogenous DA primarily on the intact side of brain, apomorphine causes direct 

activation of supersensitive DA receptors on the lesioned side. These drug-induced 

rotations can be used as a behavioral index for the assessment of the degree of striatal 

DA depletion (Fuxe and Ungerstedt, 1976; Schwarting and Huston, 1996). 

Furthermore, the hemiparkinsonian rats show sensorimotor deficits on the body-side 

contralateral to the lesioned hemisphere. For example, unilateral 6-OHDA lesion-

induced impairments in the initiation of stepping movements (Olsson et al., 1995) 

and grasping of food (Miklyaeva et al., 1994) with the contralateral paw were 

reported. In a cylinder, the lesioned animals used the contralateral forelimb less than 

the ipsilateral forelimb to support rearing against the walls (Schallert et al., 2000) and 

showed more contralateral than ipsilateral foot-slips on a grid (Chao et al., 2012). 

These sensorimotor deficits of unilateral 6-OHDA lesioned rats mimic, the 

parkinsonian deficits, like postural instability and bradykinesia (Schallert and Hall, 

1988; Johnston et al., 1999).  

          At different sites of the nigrostriatal tract, injections of 6-OHDA cause different 

degrees of DA degeneration in rats (Kirik et al., 1998). Injection of 6-OHDA into the 

MFB leads to severe nigrostriatal degeneration and a striking asymmetry in motor 

behaviors (Schwarting and Huston, 1996; Deumens et al., 2002; Yuan et al., 2005). 

This lesion model can be considered appropriate to investigate late-stage PD (Yuan et 

al., 2005). In contrast, injections of 6-OHDA into the striatum causes a progressive 

loss of SN neurons (Berger et al., 1991; Ichitani et al., 1991; Sauer and Oertel, 1994), 
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which is useful as a partial DA depletion model in studies of functional recovery 

(Kirik et al., 1998). Therefore, different stages of PD can be studied based on the site 

of unilateral 6-OHDA injections and on the applied dose of the toxin. These 

properties make the model very useful for testing new treatment approaches, 

studying neuroprotective/neurorestorative therapeutics and complex 

electrophysiological as well as neurochemical mechanisms that underlie the observed 

deficits. 

Figure 1. Sketch of a unilateral injection 

of 6-OHDA into the nigrostriatal tract 

in rats. 6-OHDA is unilaterally injected 

into the SNc, the MFB or the striatum 

to produce hemi-parkinsonian rats. 

Gray parts indicate DA depletions 

(Schwarting and Huston, 1996).  
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2. Methods 

 

This section briefly describes the methods and paradigms used in this dissertation. 

The detailed description can be found in the methods section of the published 

studies in the appendix.  

 

2.1. Surgeries  

 

Male Wistar rats were anesthetized with pentobarbital (50 mg/kg, i.p.). They were 

placed on a heating pad for maintaining body temperature and heads were fixed in a 

Kopf stereotaxic frame. The scalp was cut and retracted to expose the skull. Holes 

were drilled above either the right or left MFB (Metz and Whishaw, 2002). 6-OHDA 

(dose used based on (Monville et al., 2006) was injected into the MFB. This lesion 

procedure was used for inducing severe nigrostriatal DA depletions as seen in 

advanced PD. For those animals that received unilateral 6-OHDA injections into the 

striatum, holes were drilled above the right dorsal striatum (Kirik et al., 1998). 6-

OHDA was injected at various coordinate of the dorsal striatum. This procedure 

leads to a moderate degree of DA depletion and was thus used as an early-stage 

model of PD.    

          In experiment 4, a unilateral N-methyl-D-aspartate (NMDA) injection into the 

medial prefrontal cortex (mPFC) was conducted, combined either with a sham-lesion 

or a unilateral 6-OHDA lesion of the MFB, ipsilaterally or contralaterally. NMDA 
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was injected into either the right or left mPFC (Lacroix et al., 2002). For sham lesions 

the same surgical procedures were followed, but phosphate buffered saline (PBS) 

was injected into the brain. Toxin injections into opposite hemispheres are used to 

functionally disconnect two brain areas, while an intact circuit is spared in the group 

with lesions in the same hemisphere. Figure 2 presents an illustration of this 

disconnection procedure.  

 

 

Figure 2. Schematic of a disconnection procedure. For example, two areas, called X 

and Y in the brain, are interconnected with each other (normal condition). When 

lesions are made in one hemisphere only, an intact circuit is preserved (ipsilateral 

lesions). When the same lesions are made in opposite hemispheres, the 

interconnections are damaged (contralateral lesions). Gray parts indicate lesioned 

areas.   
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2.2. Behavioral paradigms 

2.2.1. Open-field test 

 

The open-field test is a behavioral paradigm based on animals’ spontaneous behavior. 

Usually a round or square arena is used as the apparatus. The test was introduced in 

1932 by Calvin Hall and has been used extensively in behavioral neuroscience since 

then (Walsh and Cummins, 1976). Distance travelled by the animal can be taken as 

an general index for locomotor activity, while resident time at different areas of the 

arena is an index for emotionality (more time spent in the center of the arena reflects 

lower anxiety) (Prut and Belzung, 2003). In the present projects, a video image 

analyzing system was used to analyze locomotion, turning and thigmotactic 

behavior in hemiparkinsonian rats. (Schwarting et al., 1993)    

 

2.2.2. Cylinder test 

 

The cylinder test (Schallert et al., 2000) is a widely used behavioral assessment of 

forelimb use for hemiparkinsonian rats. The lesioned rats show more ipsilateral than 

contralateral forelimb uses during rearing against the walls (Tillerson et al., 2001; 

Woodlee et al., 2008), and this kind of forelimb asymmetry is correlated with the 

degree of DA depletion (Tillerson et al., 2001) and can be improved by 

administration of L-dopa or a DA agonist (Lundblad et al., 2002). In the present 

studies, a transparent cylinder (30 cm in diameter and 45 cm high) and a camera 
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connected to a DVD-recorder were used. After the animal was placed in the cylinder, 

the animal’s use of its forelimbs while rearing up against the walls was recorded on 

DVDs for 5 minutes (min). The frequency of the use of limbs ipsilateral (intact) and 

contralateral (impaired) to the lesion side was assessed.   

 

2.2.3. Grid test 

 

The grid test is a widely used behavioral assessment in many models of neurological 

diseases, while it has not been used to investigate animals of PD before. There are 

multiple tests available for the assessment of motor deficiencies of hemiparkinsonian 

rats, such as drug-induced rotations (Ungerstedt, 1971; Steiner et al., 1985), adjusting 

steps of the weight-bearing forepaw (Olsson et al., 1995; Chang et al., 1999), food 

retrieval on a descending staircase (Whishaw et al., 1997; Barneoud et al., 2000), food-

grasping (Miklyaeva et al., 1994), the analysis of foot prints (Metz et al., 2005), 

asymmetrical thigmotactic scanning (Steiner et al., 1988), and forelimb use (Schallert 

et al., 2000). However, these methods did not prove to be sensitive for less than 

severe DA depletion (Kirik et al., 1998; Deumens et al., 2002). Given that the motor 

impairments in the 6-OHDA lesioned model can be very subtle, it is important to 

have multiple behavioral criteria for such assessments (Metz et al., 2000). Since the 

grid test is a sensitive test for assessment of sensorimotor functions involved in 

precise stepping, coordination, and accurate paw placement, it could provide 

information on the effect of DA depletion in the nigrostriatal system that is hard to 



22

gain from other methods. Furthermore, it has the advantage that it does not include 

possible confounding factors, like extensive handling of the animals as the adjusting-

steps test (Olsson et al., 1995; Chang et al., 1999), or food deprivation like the 

staircase test (Whishaw et al., 1997; Barneoud et al., 2000). In the present study, a 

metal square grid was used and a camera connected to a DVD-recorder was located 

below the grid with an angle of 20-40 degrees. Animals were put on the grid for 5 

min and their behaviors were recorded on DVDs. Foot-slips for each limb were 

assessed. A slip was scored (a) when the paw completely missed a rung and the limb 

fell between the rung, or (b) when the paw was correctly placed on the rung but 

slipped off during weight bearing (Ma et al., 2001; Zhang et al., 2002; Starkey et al., 

2005).  

 

2.2.4. Spontaneous object exploration 

 

Rodents prefer exploring a novel stimulus more than a familiar one. Several 

spontaneous object exploration tests exploiting this natural tendency were developed 

to investigate recognition memories for object, location and temporal order. In the 

classical design of novel object recognition, rodents are put firstly into an arena, e.g, 

an open-field, for habituation. Then, two copies of objects are placed in the arena and 

the animal is free to explore them for a period of time (usually four to five min). After 

a delay, the animal is put back into the arena with one old object and a novel object 

presented simultaneously. Normal rodents tend to explore the novel object more 
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than the old one, suggesting that they remember the object which has been explored 

earlier (Ennaceur and Delacour, 1988). Comparable procedures are used to test 

memory for location of objects and temporal order of presentation of objects. To test 

memory for location, one of the objects remains at the old location, while the other 

one is moved to a novel location during the test trial. Rodents prefer exploring the 

object at the novel location more than the one at the old location, suggesting that they 

remember where they encountered a particular object before (Ennaceur et al., 1997). 

In a temporal order memory test, two copies of objects are placed into an arena for 

exploration, then, two copies of a novel object are presented after a delay. After 

another delay, one of the old familiar objects and one of the recent familiar objects 

are placed into the arena together. Rodents spend more time exploring the old 

familiar object than the recent familiar one, indicating that rodents remember the 

temporal-order by which the objects had been presented (Mitchell and Laiacona, 

1998). In a further object-exploration test called object-in-place test (Barker et al., 2007; 

Barker and Warburton, 2011), four distinct objects are placed in an open-field and 

rats are allowed to freely explore them for 5 min. After a delay of 5min, they are 

placed back into the arena with the same objects, while the locations of two of them 

are interchanged. The time spent exploring the two changed objects is higher than 

the time spent exploring the two stationary objects by normal rats, suggesting that 

rats exhibit memory for the original spatial configuration of the different objects 

(Barker et al., 2007; Barker and Warburton, 2011). Figure 3 represents the four kinds 

of spontaneous object exploration tests. 
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          Different sets of objects in quadruplicate were used in experiment 4. The 

assignments of objects for each test were counterbalanced and different sets of objects 

were used for each test. The heights and diameters of the objects were about 18-34.5 

and 8-12 cm, respectively. The objects were made of different materials (plastic, glass, 

porcelain) and had different colors (white, red, green), shapes (column, square, 

irregular-shapes) and textures (smooth, rough). As previously described, the animals 

underwent the four object recognition tests. For the object and spatial recognition 

tests, the exploration time for each trial was 4 min with a delay of 90 min. For the 

temporal order memory test, the exploration time for each trial was also 4 min with 

delays of 30 and 40 min. For the object-in-place test, the exploration time was 5 min 

in the sample trial, followed by a delay of 5 min, the time for the test trial was 4 min. 

Object exploration was defined as a physical contact with the object with snout, 

vibrissae or forepaws. Climbing on the object, or contacting the object with the body 

but not being oriented toward it, was not included in this measure. Time for 

exploring objects was recorded and analyzed. 
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Figure 3. Schematic of representation of four spontaneous object exploration tests. 

Small arrows indicate the object(s) which normal rodents spend more time exploring 

than the other one(s). 

 

2.3. Neurochemical analysis 

 

After behavioral tests, the animals were anaesthetized with CO2, decapitated and 

their brains immediately excised. Both hemispheres of dorsal striatum were dissected 

and stored at -80 °C until analysis. The samples were analysed for the content of DA 

and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and homovanillic acid 

(HVA), and 5-hydroxyindoleacetic acid (5-HIAA), by means of high-performance 

liquid chromatography – electrochemical detection (HPLC-EC). Evaluation of the 

striatal DA content offers the extent of DA depletion by the 6-OHDA injection. 
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3. Experiment 1: Effects of intranasal administration of L-dopa in 

hemi-parkinsonian rats 

 

Intranasal (IN) administration offers a method of drug delivery which is non-

invasive and bypasses the first-pass metabolism (Hanson and Frey, 2008; Dhuria et 

al., 2010). Many studies indicate that drugs that can bypass the BBB via the IN route 

show therapeutic and behavioral effects. For instance, IN insulin administration 

improved memory in Alzheimer’s patients (Reger et al., 2008). IN DA ameliorated 

attention deficits in an animal model of attention-deficit-hyperactivity disorder 

(Ruocco et al., 2009), sensitized the turning responses to amphetamine, and increased 

the use of the ipsilateral forelimb in hemiparkinsonian rats (Pum et al., 2009). The 

present experiment investigated the effect of IN L-dopa in unilateral 6-OHDA 

lesioned rats. IN L-dopa or vehicle was administrated in lesioned rats, with or 

without benserazide pre-treatment, before conducting open-field, cylinder and grid 

tests. There was no significant group effect in the extent of DA depletion. IN L-dopa 

reduced ipsilateral turnings and increased contralateral turnings 10-20 min after the 

administration. This 10-20 min effect was consistent with a peak of DA concentration 

at around 12 min following IN L-dopa administration (Kim et al., 2009). IN L-dopa 

also reduced contralateral forelimb-slips on the grid. These effects were found under 

the saline pre-treatment condition, while no group difference was found when 

benserazide was pre-treated. There is evidence that benserazide increases striatal DA 

and DOPAC (de Souza Silva et al., 1997) and decreases aromatic L-amino acid 
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decarboxylase (AADC) activity in the striatum (Jonkers et al., 2001; Shen et al., 2003). 

Thus, it is possible that benserazide affected the conversion from L-dopa to DA, and 

attenuated the effect of IN L-dopa. Statistically, there was no difference between the 

performance with saline pretreatment and the performance with benserazide 

pretreatment, suggesting that the influence of such an interaction is negligible. At 

present, L-dopa administration is usually applied via the oral route in PD patients. 

However, food may compete with the drug for intestinal absorption (Simon et al., 

2004; Muller et al., 2006) and dysphagia, with a highest prevalence as 52% in PD, may 

reduce bioavailability of L-dopa (Nyholm, 2006). On the other hand, intravenous 

injection is inconvenient for routine clinical use and is painful for patients. IN 

administration prevents the disadvantages of systemic administration and offers 

rapid delivery with non-invasive application. These present results suggested 

beneficial effects of IN L-dopa in the unilateral 6-OHDA lesioned rats, without 

requiring the combination with benserazide.    
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4. Experiment 2: Effects of chronic administration of progesterone in 

hemi-parkinsonian rats 

 

progesterone (P4) shows neuroprotective effects in the central nervous system (CNS), 

such as decreasing behavioral abnormalities in rodent models of traumatic brain 

injury (Shear et al., 2002; Djebaili et al., 2004), spinal cord injury (Thomas et al., 1999) 

and middle cerebral artery occlusion (Gibson and Murphy, 2004; Sayeed et al., 2007). 

Furthermore, P4 also exhibits neuroprotective effects against DAergic degeneration 

induced by 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine (MPTP) (Grandbois et al., 

2000; Callier et al., 2001; Morissette et al., 2008) and methamphetamine (Yu and Liao, 

2000) in rodents. Thus, we applied P4 in a unilateral 6-OHDA lesioned rat model of 

PD to investigate its effects. Rats received unilateral 6-OHDA injections into the 

striatum (Kirik et al., 1998) and were divided into three treatment groups: vehicle, P4 

4 mg/kg, and P4 8 mg/kg. The animals were treated daily for 13 days after surgery 

and behavioral tests in the open-field, the cylinder and on the grid were conducted. 

No group difference was found in the content of striatal DA (mean depletion of 67%). 

Chronic P4 8 mg/kg-treated hemiparkinsonian rats showed a higher ipsiversive 

turning asymmetry, more contralateral hind limb slips, and more asymmetrical use 

of the forelimbs during rearing behavior. In addition, the high dose of chronic P4 

administration increased DA turnover in the lesioned striatum. Thus, negative effects 

of chronic P4 administration were found in the male hemiparkinsonian rats. In 

previous MPTP studies, P4 was applied 5 days before until 5 days after MPTP 
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injection (Grandbois et al., 2000; Callier et al., 2001; Morissette et al., 2008), which 

may increase the expression of antiapoptotic molecules (Yao et al., 2005) in the CNS 

before the lesion, while P4 was administrated after the surgery in the present study. 

Negative effects of P4 were also reported in other studies (Murphy et al., 2000; Goss 

et al., 2003). The neuroprotective mechanisms of sex steroids for PD are complicated 

and interact with other steroids, dose and gender. Estrogens had neuroprotective 

effects in female hemiparkinsonian rats, while no or detrimental effects were found 

in males (Gillies et al., 2004; Gillies and McArthur, 2010). These findings are 

incompatible with the hypothesis of positive treatment effects with P4 administration 

after the onset of PD, but do not rule out possible beneficial effects of P4 when given 

in early stages of the disease onset. 
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5. Experiment 3: The grid test as a measure of sensorimotor 

performance of hemiparkinson 

 

The grid test is a sensitive test for evaluating the sensorimotor coordination of the 

four limbs in models of neurological disorders such as pyramidotomy (Z'Graggen et 

al., 1998; Starkey et al., 2005), spinal cord injury (Ma et al., 2001; Onifer et al., 2005; 

Sandrow et al., 2008), somatosensory cortex lesion (Napieralski et al., 1998; Shanina 

et al., 2006), and ischemic stroke (Zhang et al., 2002; Lourbopoulos et al., 2008). 

Behavior of hemiparkinsonian rats on a grid was shown to be suitable for screening 

of rotational activity (Silvestrin et al., 2009), while the foot-slips on a grid have not 

been analyzed systematically. Given that bradykinesia, rigidity and postural 

abnormalities are the primary motor characteristics of PD (Dauer and Przedborski, 

2003), observing skilled use of the limbs is likely to provide useful information. In the 

present study 6-OHDA was injected either into the MFB or the striatum for 

producing severe and progressive DA degeneration in the nigrostriatal tract, 

respectively. The group of severely lesioned animals (mean depletion 92%) was 

divided into an L-dopa and a vehicle treatment group, and were placed on the grid 

30 min after the treatment. The L-dopa-treated group showed fewer forelimb-slips 

than the vehicle-treated group. Animals with moderate DA depletions (mean 

depletion 54%) showed more contralateral than ipsilateral forelimb-slips. Compared 

with naïve rats, the hemiparkinsonian rats exhibited more foot-slips. These results 

suggest that the grid test is a sensitive behavioral assay for sensorimotor deficits in 6-



31

OHDA lesioned animals, which can be used to study impairments also in animals 

with moderate DA-depletions.   
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6. Experiment 4: The functional role of the interaction between the 

mPFC and the dopamine system 

 

Patients with PD show not only motor deficits but also impairments in learning and 

memory (Lang and Lozano, 1998a, b; Rodriguez-Oroz et al., 2009). Neuroimaging 

and neuropsychological studies indicate that the PFC and the nigrostriatal pathway 

both contribute to the cognitive deficits in PD (Owen et al., 1992; Owen et al., 1998; 

Dagher et al., 2001; Mattay et al., 2002; Sawamoto et al., 2008). However, little is 

known about the functional role of the interaction between the PFC and the 

nigrostriatal DA-pathway. Thus, a disconnection procedure was applied to 

investigate this hypothesis. Male rats received either a unilateral injection of 6-

OHDA into the MFB or a unilateral NMDA lesion in the mPFC, or both these lesions 

combined in either the same or opposite hemispheres. The circuit is disconnected 

bilaterally at two different levels when these lesions are applied in opposite 

hemispheres, whereas an intact circuit is preserved in one hemisphere when these 

lesions are applied in the same hemisphere (Geschwind, 1965b, a). Spontaneous 

object recognition, motor and sensorimotor tests were conducted. The three groups 

with 6-OHDA lesions showed over 90% DA loss in the lesioned striatum, while there 

was no group difference among them. The group with the combined lesions in 

opposite hemispheres showed no intact object recognition memory, whereas the 

group with the same lesions in the same hemisphere did. The groups treated with 6-

OHDA showed impairments on temporal order memory, while the groups with 
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combined lesions showed no intact memories in the object-in-place and spatial 

recognition tests. Detailed results are presented in Table 1. A disconnection between 

the PFC and the MFB disrupted object association learning and object recognition 

memory in a delayed match-to-sample task in monkeys (Easton and Gaffan, 2001; 

Easton et al., 2001). The interplay between these two brain regions may be involved 

in information processing during object recognition or in the transmission of memory 

to the medial temporal lobe (Easton and Gaffan, 2001; Easton et al., 2001). The 

present result indicates that the forebrain DAergic projections may play a crucial role 

in these processes. The groups with 6-OHDA lesions exhibited an impairment of 

temporal order memory, which is consistent with studies in PD patients showing 

deficits on temporal processing (Sagar et al., 1988). In addition, our results 

strengthened the association between DA and time perception (Coull et al., 2011; 

Allman and Meck, 2012). In normal rats, the mPFC is not involved in spatial 

recognition memory (Barker et al., 2007; Barker and Warburton, 2011), while in the 

hemiparkinsonian rats the mPFC lesions contributed to the impairment of spatial 

cognition. This suggests that the mPFC might play a role when DA is deficient in the 

nigrostriatal pathway. This explanation is in line with studies in PD patients, which 

showed increases of cortical activity during cognitive tasks (Cools et al., 2002; 

Monchi et al., 2007), particularly, when the tasks do not require the striatum (Monchi 

et al., 2007). Thus we concluded that the interaction between the mPFC and the 

DAergic forebrain pathways, particularly the nigrostriatal pathway, is crucial for 
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object recognition memory. This finding may account for possible mechanisms that 

underpin cognitive deficits in PD. 

 

Table 1. Summary of the results of experiment 4. OR = object recognition; TOM = 

temporal order memory; OP = object-in-place; SR = spatial recognition. Symbols of + 

and - mean that the group does or does not show the specific recognition memory, 

respectively. 

 Hemi-PD Hemi-PD + 

mPFC Ipsi- 

Hemi-PD + 

mPFC Contra- 

mPFC Sham 

OR + + - + + 

TOM - - - + + 

OP + - - + + 

SR + - - + + 
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7. General discussion 

 

IN L-dopa ameliorated sensorimotor deficits and modulated the turning pattern in 

hemiparkinsonian rats. Notably, IN L-dopa tended to have more pronounced 

behavioral effects when it was applied without benserazide pre-treatment. These 

results suggest that L-dopa can bypass the BBB via the IN route and influence 

behaviors of hemiparkinsonian rats. Whereas oral administration of L-dopa is 

confounded by the competition from food for intestinal absorption and dysphagia, a 

common symptom in PD, IN administration of L-dopa circumvents these factors. 

Whether IN L-dopa administration may be considered as an adjuvant treatment 

procedure for PD will depend on the outcome of further studies, particularly on the 

effects of chronic treatment.       

          Studies using repeated systemic treatment with the neurotoxin MPTP to lesion 

the DA-system indicate that P4 has neuroprotective effects, while our results suggest 

that P4 exacerbated the motor impairments in hemiparkinsonian rats. In previous 

MPTP studies, P4 was applied for 5 days before until 5 days after MPTP injection 

(Callier et al., 2000; Grandbois et al., 2000; Morissette et al., 2008). Thus, P4 influenced 

the CNS before the lesion and showed neuroprotective effects, while in the present 

study P4 was applied after the lesion and thus, might have lost its neuroprotective 

effects. Furthermore, the neuroprotective mechanisms of sex steroids against PD are 

complicated as there are interactions with other steroids, dose, and gender. In 

hemiparkinsonian rats, estrogens had neuroprotective effects in females, but they 
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had no effects or exacerbated the neurodegeneration in males (Gillies et al., 2004; 

Gillies and McArthur, 2010). The present results indicate that P4 is deleterious in 

male hemiparkinsonian rats when administrated after the lesion, which provides 

valuable information concerning the role of sex steroids and gender for testing 

alternative therapies for PD.  

          The grid test is a suitable and sensitive behavioral assessment for testing the 

sensorimotor function in the 6-OHDA lesioned animal model of PD. Detecting motor 

impairments in 6-OHDA lesioned animals with moderate DA depletions (below 80%) 

has proven to be difficult because of functional recovery taking place (Schwarting 

and Huston, 1997). Furthermore, most tests were used in animals with over 80% DA-

depletion of the nigrostriatal tract (Olsson et al., 1995; Chang et al., 1999; Schallert et 

al., 2000; Tillerson et al., 2001). In the present study, the animals with moderate 

DAergic lesions (mean 54%) showed significantly more contralateral than ipsilateral 

foot-slips on the grid. Therefore, the grid test offers a behavioral phenotype for 

evaluating moderate DA depletion, which is very useful for developing 

neuroprotective agents and studying early-stage of PD. 

          Cognitive deficits in PD have a strong impact on the quality of life (Schrag et al., 

2000). Thus, understanding the neuronal circuits that contribute to the impairments 

of learning and memory is important. Previous findings have claimed that the PFC 

and the nigrostriatal DA system are both involved in parkinsonian cognition (Owen 

et al., 1998; Dagher et al., 2001; Cools et al., 2002; Mattay et al., 2002; Sawamoto et al., 

2008). Based on these findings, the present study focused on testing the functional 
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role of the interaction between these two regions, showing that the interplay is 

critical for object recognition memory. The results shed light on the understanding of 

the cognitive deficits in PD.   

          The present results raise some interesting issues concerning the use of the 6-

OHDA model. For example, experiment 2 suggests that the interaction between the 

factors “time since lesion” and “initiation of treatment” might be important for the 

interpretation of drug effects. In experiment 2, chronic administration of P4 had 

deleterious effects when applied after the lesion, but P4 shows beneficial effects 

when treatment was conducted before MPTP injections (Callier et al., 2000; 

Grandbois et al., 2000; Morissette et al., 2008). Compared with the situation of 

treating patients with PD with drugs, the present experimental approach can be 

considered as a more valid assessment of drug action.  

          There was a significant effect of the interaction between the mPFC and the DA-

system in experiment 4. 6-OHDA lesions alone did not induce impairments in object 

recognition memory but influenced temporal order memory, whereas the additional 

lesions of the mPFC led to impairments of both memories. Our results suggest that 

the mPFC plays an important role in learning and memory in animals with DA 

deficiency. Replenishment of DA by administration of L-dopa does not necessarily 

ameliorate cognitive deficits in patients with PD (Svenningsson et al., 2012), while in 

some cases it has deleterious effects (Cools et al., 2003). A hypothesis claims that L-

dopa compensates DA in the midbrain DAergic system but overdoses in the PFC, 

thus, exacerbating cognitive performance of PD patients (Cools, 2006). The 
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interaction between the PFC and the midbrain DA-system, and the association 

between the compensation of midbrain DA and the imbalance of DA in the PFC, 

could be key factors to understand some of the non-motor symptoms of PD. 

Comparable findings might be expected for the interaction of the midbrain DA 

system and brain areas related the cognitive and/or emotional processes.    

          Some limitations are worth noting when taking the unilateral 6-OHDA lesioned 

rats as a PD animal model. Firstly, this unilateral 6-OHDA lesioned model lacks the 

pathological characteristic of PD, the Lewy bodies. Secondly, PD is a progressive 

neurodegenerated disease in which the DAergic neurons are degraded over years, 

while the 6-OHDA rapidly damages the DAergic neurons in a short period. Thirdly, 

PD accompanies emotional as well as cognitive impairments, while the unilateral 6-

OHDA lesioned animal model does not necessarily result in such deficits. For 

instance, the unilateral 6-OHDA lesioned rats showed normal emotionality 

compared to the controls on the elevated plus maze (Delaville et al., 2012). 

Alternatively, inconsistent results were found in various learning and memory tasks 

when comparing hemiparkinsonian rats to the controls (Mura and Feldon, 2003; 

Hritcu et al., 2008; Ciobica et al., 2012). When conducting experiments using the 

unilateral 6-OHDA lesioned rats as an animal model of PD, these differences should 

be considered.  

          Although the administration of L-dopa is still the “gold-standard” therapy in 

PD (Lang and Lozano, 1998a; Brooks, 2008), it causes severe side-effects, the 

therapeutic effects are not stable for non-motor deficits, and L-dopa cannot prevent 
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the progression of PD. Alternative treatments for PD are highly required. The present 

studies suggest that a single approach for studying the disease is not sufficient to 

resolve the issue. Therefore, multiple complementary approaches considering a wide 

spectrum of possible interactions at the behavioral, pharmacological and anatomical 

levels are needed.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



40

8. References 
 

Aarsland D, Zaccai J, Brayne C (2005) A systematic review of prevalence studies of 

dementia in Parkinson's disease. Mov Disord 20:1255-1263. 

Aarsland D, Bronnick K, Williams-Gray C, Weintraub D, Marder K, Kulisevsky J, 

Burn D, Barone P, Pagonabarraga J, Allcock L, Santangelo G, Foltynie T, 

Janvin C, Larsen JP, Barker RA, Emre M (2010) Mild cognitive impairment in 

Parkinson disease: a multicenter pooled analysis. Neurology 75:1062-1069. 

Agid Y, Ruberg M, Dubois B (1987) Anatomoclinical and biochemical concepts of 

subcortical dementia. Oxford: Oxford University Press. 

Allman MJ, Meck WH (2012) Pathophysiological distortions in time perception and 

timed performance. Brain 135:656-677. 

Barker GRI, Warburton EC (2011) When Is the Hippocampus Involved in 

Recognition Memory? J Neurosci 31:10721-10731. 

Barker GRI, Bird F, Alexander V, Warburton EC (2007) Recognition memory for 

objects, place, and temporal order: A disconnection analysis of the role of the 

medial prefrontal cortex and perirhinal cortex. J Neurosci 27:2948-2957. 

Barneoud P, Descombris E, Aubin N, Abrous DN (2000) Evaluation of simple and 

complex sensorimotor behaviours in rats with a partial lesion of the 

dopaminergic nigrostriatal system. Eur J Neurosci 12:322-336. 



41

Berger K, Przedborski S, Cadet JL (1991) Retrograde degeneration of nigrostriatal 

neurons induced by intrastriatal 6-hydroxydopamine injection in rats. Brain 

Res Bull 26:301-307. 

Bezard E, Brotchie JM, Gross CE (2001) Pathophysiology of levodopa-induced 

dyskinesia: potential for new therapies. Nat Rev Neurosci 2:577-588. 

Brooks DJ (2008) Optimizing levodopa therapy for Parkinson's disease with 

levodopa/carbidopa/entacapone: implications from a clinical and patient 

perspective. Neuropsychiatr Dis Treat 4:39-47. 

Callier S, Morissette M, Grandbois M, Di Paolo T (2000) Stereospecific prevention by 

17beta-estradiol of MPTP-induced dopamine depletion in mice. Synapse 

37:245-251. 

Callier S, Morissette M, Grandbois M, Pelaprat D, Di Paolo T (2001) Neuroprotective 

properties of 17beta-estradiol, progesterone, and raloxifene in MPTP C57Bl/6 

mice. Synapse 41:131-138. 

Chang JW, Wachtel SR, Young D, Kang UJ (1999) Biochemical and anatomical 

characterization of forepaw adjusting steps in rat models of Parkinson's 

disease: studies on medial forebrain bundle and striatal lesions. Neuroscience 

88:617-628. 

Chao OY, Pum ME, Li JS, Huston JP (2012) The grid-walking test: assessment of 

sensorimotor deficits after moderate or severe dopamine depletion by 6-

hydroxydopamine lesions in the dorsal striatum and medial forebrain bundle. 

Neuroscience 202:318-325. 



42

Ciobica A, Olteanu Z, Padurariu M, Hritcu L (2012) The effects of pergolide on 

memory and oxidative stress in a rat model of Parkinson's disease. J Physiol 

Biochem 68:59-69. 

Collier TJ, Kanaan NM, Kordower JH (2011) Ageing as a primary risk factor for 

Parkinson's disease: evidence from studies of non-human primates. Nat Rev 

Neurosci 12:359-366. 

Cools R (2006) Dopaminergic modulation of cognitive function-implications for L-

DOPA treatment in Parkinson's disease. Neurosci Biobehav R 30:1-23. 

Cools R, Barker RA, Sahakian BJ, Robbins TW (2003) L-Dopa medication remediates 

cognitive inflexibility, but increases impulsivity in patients with Parkinson's 

disease. Neuropsychologia 41:1431-1441. 

Cools R, Stefanova E, Barker RA, Robbins TW, Owen AM (2002) Dopaminergic 

modulation of high-level cognition in Parkinson's disease: the role of the 

prefrontal cortex revealed by PET. Brain 125:584-594. 

Cooper JA, Sagar HJ, Sullivan EV (1993) Short-term memory and temporal ordering 

in early Parkinson's disease: effects of disease chronicity and medication. 

Neuropsychologia 31:933-949. 

Coull JT, Cheng RK, Meck WH (2011) Neuroanatomical and neurochemical 

substrates of timing. Neuropsychopharmacology 36:3-25. 

Cummings JL (1992) Depression and Parkinson's disease: a review. Am J Psychiatry 

149:443-454. 



43

Dagher A, Owen AM, Boecker H, Brooks DJ (2001) The role of the striatum and 

hippocampus in planning: a PET activation study in Parkinson's disease. Brain 

124:1020-1032. 

Dauer W, Przedborski S (2003) Parkinson's disease: mechanisms and models. Neuron 

39:889-909. 

de Souza Silva MA, Mattern C, Hacker R, Tomaz C, Huston JP, Schwarting RK (1997) 

Increased neostriatal dopamine activity after intraperitoneal or intranasal 

administration of L-DOPA: on the role of benserazide pretreatment. Synapse 

27:294-302. 

Delaville C, Chetrit J, Abdallah K, Morin S, Cardoit L, De Deurwaerdere P, 

Benazzouz A (2012) Emerging dysfunctions consequent to combined 

monoaminergic depletions in Parkinsonism. Neurobiol Dis 45:763-773. 

Den Oudsten BL, Van Heck GL, De Vries J (2007) Quality of life and related concepts 

in Parkinson's disease: a systematic review. Mov Disord 22:1528-1537. 

Deumens R, Blokland A, Prickaerts J (2002) Modeling Parkinson's disease in rats: an 

evaluation of 6-OHDA lesions of the nigrostriatal pathway. Exp Neurol 

175:303-317. 

Dhuria SV, Hanson LR, Frey WH, 2nd (2010) Intranasal delivery to the central 

nervous system: mechanisms and experimental considerations. J Pharm Sci 

99:1654-1673. 



44

Dissanayaka NN, Sellbach A, Matheson S, O'Sullivan JD, Silburn PA, Byrne GJ, 

Marsh R, Mellick GD (2010) Anxiety disorders in Parkinson's disease: 

prevalence and risk factors. Mov Disord 25:838-845. 

Djebaili M, Hoffman SW, Stein DG (2004) Allopregnanolone and progesterone 

decrease cell death and cognitive deficits after a contusion of the rat pre-

frontal cortex. Neuroscience 123:349-359. 

Dubois B, Pillon B (1997) Cognitive deficits in Parkinson's disease. J Neurol 244:2-8. 

Easton A, Gaffan D (2001) Crossed unilateral lesions of the medial forebrain bundle 

and either inferior temporal or frontal cortex impair object-reward association 

learning in Rhesus monkeys. Neuropsychologia 39:71-82. 

Easton A, Parker A, Gaffan D (2001) Crossed unilateral lesions of medial forebrain 

bundle and either inferior temporal or frontal cortex impair object recognition 

memory in Rhesus monkeys. Behav Brain Res 121:1-10. 

Ennaceur A, Delacour J (1988) A new one-trial test for neurobiological studies of 

memory in rats. 1: Behavioral data. Behav Brain Res 31:47-59. 

Ennaceur A, Neave N, Aggleton JP (1997) Spontaneous object recognition and object 

location memory in rats: the effects of lesions in the cingulate cortices, the 

medial prefrontal cortex, the cingulum bundle and the fornix. Exp Brain Res 

113:509-519. 

Eskow Jaunarajs KL, Angoa-Perez M, Kuhn DM, Bishop C (2011) Potential 

mechanisms underlying anxiety and depression in Parkinson's disease: 

consequences of l-DOPA treatment. Neurosci Biobehav Rev 35:556-564. 



45

Fuxe K, Ungerstedt U (1976) Antiparkinsonian drugs and dopaminergic neostriatal 

mechanisms: studies in rats with unilateral 6-hydroxydopamine (=6-OH-DA)-

induced degeneration of the nigro-neostriatal DA pathway and quantitative 

recording of rotational behaviour. Pharmacol Ther B 2:41-47. 

Geschwind N (1965a) Disconnexion syndromes in animals and man. I. Brain 88:237-

294. 

Geschwind N (1965b) Disconnexion syndromes in animals and man. II. Brain 88:585-

644. 

Gibson CL, Murphy SP (2004) Progesterone enhances functional recovery after 

middle cerebral artery occlusion in male mice. J Cereb Blood Flow Metab 

24:805-813. 

Gillies GE, McArthur S (2010) Independent influences of sex steroids of systemic and 

central origin in a rat model of Parkinson's disease: A contribution to sex-

specific neuroprotection by estrogens. Horm Behav 57:23-34. 

Gillies GE, Murray HE, Dexter D, McArthur S (2004) Sex dimorphisms in the 

neuroprotective effects of estrogen in an animal model of Parkinson's disease. 

Pharmacol Biochem Behav 78:513-522. 

Goetz CG (2010) New developments in depression, anxiety, compulsiveness, and 

hallucinations in Parkinson's disease. Mov Disord 25 Suppl 1:S104-109. 

Goss CW, Hoffman SW, Stein DG (2003) Behavioral effects and anatomic correlates 

after brain injury: a progesterone dose-response study. Pharmacol Biochem 

Behav 76:231-242. 



46

Grandbois M, Morissette M, Callier S, Di Paolo T (2000) Ovarian steroids and 

raloxifene prevent MPTP-induced dopamine depletion in mice. Neuroreport 

11:343-346. 

Hanson LR, Frey WH, 2nd (2008) Intranasal delivery bypasses the blood-brain 

barrier to target therapeutic agents to the central nervous system and treat 

neurodegenerative disease. BMC Neurosci 9 Suppl 3:S5. 

Hritcu L, Ciobica A, Artenie V (2008) Effects of right-unilateral 6-hydroxydopamine 

infusion-induced memory impairment and oxidative stress: relevance for 

Parkinson's disease. Cent Eur J Biol 3:250-257. 

Ichitani Y, Okamura H, Matsumoto Y, Nagatsu I, Ibata Y (1991) Degeneration of the 

nigral dopamine neurons after 6-hydroxydopamine injection into the rat 

striatum. Brain Res 549:350-353. 

Johnston RE, Schallert T, Becker JB (1999) Akinesia and postural abnormality after 

unilateral dopamine depletion. Behavioural Brain Research 104:189-196. 

Jonkers N, Sarre S, Ebinger G, Michotte Y (2001) Benserazide decreases central 

AADC activity, extracellular dopamine levels and levodopa decarboxylation 

in striatum of the rat. J Neural Transm 108:559-570. 

Kehagia AA, Barker RA, Robbins TW (2010) Neuropsychological and clinical 

heterogeneity of cognitive impairment and dementia in patients with 

Parkinson's disease. Lancet Neurol 9:1200-1213. 



47

Kim TK, Kang W, Chun IK, Oh SY, Lee YH, Gwak HS (2009) Pharmacokinetic 

evaluation and modeling of formulated levodopa intranasal delivery systems. 

Eur J Pharm Sci 38:525-532. 

Kirik D, Rosenblad C, Bjorklund A (1998) Characterization of behavioral and 

neurodegenerative changes following partial lesions of the nigrostriatal 

dopamine system induced by intrastriatal 6-hydroxydopamine in the rat. Exp 

Neurol 152:259-277. 

Lacroix L, White I, Feldon J (2002) Effect of excitotoxic lesions of rat medial prefrontal 

cortex on spatial memory. Behav Brain Res 133:69-81. 

Lang AE, Lozano AM (1998a) Parkinson's disease. Second of two parts. N Engl J Med 

339:1130-1143. 

Lang AE, Lozano AM (1998b) Parkinson's disease. First of two parts. N Engl J Med 

339:1044-1053. 

Lindgren HS, Dunnett SB (2012) Cognitive dysfunction and depression in 

Parkinson's disease: what can be learned from rodent models? Eur J Neurosci 

35:1894-1907. 

Lourbopoulos A, Karacostas D, Artemis N, Milonas I, Grigoriadis N (2008) 

Effectiveness of a new modified intraluminal suture for temporary middle 

cerebral artery occlusion in rats of various weight. J Neurosci Methods 

173:225-234. 



48

Lundblad M, Andersson M, Winkler C, Kirik D, Wierup N, Cenci MA (2002) 

Pharmacological validation of behavioural measures of akinesia and 

dyskinesia in a rat model of Parkinson's disease. Eur J Neurosci 15:120-132. 

Ma M, Basso DM, Walters P, Stokes BT, Jakeman LB (2001) Behavioral and 

histological outcomes following graded spinal cord contusion injury in the 

C57Bl/6 mouse. Exp Neurol 169:239-254. 

Mattay VS, Tessitore A, Callicott JH, Bertolino A, Goldberg TE, Chase TN, Hyde TM, 

Weinberger DR (2002) Dopaminergic modulation of cortical function in 

patients with Parkinson's disease. Ann Neurol 51:156-164. 

Metz GA, Whishaw IQ (2002) Cortical and subcortical lesions impair skilled walking 

in the ladder rung walking test: a new task to evaluate fore- and hindlimb 

stepping, placing, and co-ordination. J Neurosci Methods 115:169-179. 

Metz GA, Merkler D, Dietz V, Schwab ME, Fouad K (2000) Efficient testing of motor 

function in spinal cord injured rats. Brain Res 883:165-177. 

Metz GA, Tse A, Ballermann M, Smith LK, Fouad K (2005) The unilateral 6-OHDA 

rat model of Parkinson's disease revisited: an electromyographic and 

behavioural analysis. Eur J Neurosci 22:735-744. 

Miklyaeva EI, Castaneda E, Whishaw IQ (1994) Skilled reaching deficits in unilateral 

dopamine-depleted rats: impairments in movement and posture and 

compensatory adjustments. J Neurosci 14:7148-7158. 



49

Mitchell JB, Laiacona J (1998) The medial frontal cortex and temporal memory: tests 

using spontaneous exploratory behaviour in the rat. Behav Brain Res 97:107-

113. 

Monchi O, Petrides M, Mejia-Constain B, Strafella AP (2007) Cortical activity in 

Parkinson's disease during executive processing depends on striatal 

involvement. Brain 130:233-244. 

Monville C, Torres EM, Dunnett SB (2006) Comparison of incremental and 

accelerating protocols of the rotarod test for the assessment of motor deficits 

in the 6-OHDA model. J Neurosci Methods 158:219-223. 

Morissette M, Al Sweidi S, Callier S, Di Paolo T (2008) Estrogen and SERM 

neuroprotection in animal models of Parkinson's disease. Mol Cell Endocrinol 

290:60-69. 

Muller T, Erdmann C, Bremen D, Schmidt WE, Muhlack S, Woitalla D, Goetze O 

(2006) Impact of gastric emptying on levodopa pharmacokinetics in Parkinson 

disease patients. Clin Neuropharmacol 29:61-67. 

Mura A, Feldon J (2003) Spatial learning in rats is impaired after degeneration of the 

nigrostriatal dopaminergic system. Mov Disord 18:860-871. 

Murphy SJ, Traystman RJ, Hurn PD, Duckles SP (2000) Progesterone exacerbates 

striatal stroke injury in progesterone-deficient female animals. Stroke 31:1173-

1178. 



50

Napieralski JA, Banks RJ, Chesselet MF (1998) Motor and somatosensory deficits 

following uni- and bilateral lesions of the cortex induced by aspiration or 

thermocoagulation in the adult rat. Exp Neurol 154:80-88. 

Nussbaum RL, Ellis CE (2003) Alzheimer's disease and Parkinson's disease. N Engl J 

Med 348:1356-1364. 

Nyholm D (2006) Pharmacokinetic optimisation in the treatment of Parkinson's 

disease : an update. Clin Pharmacokinet 45:109-136. 

Obeso JA, Rodriguez-Oroz MC, Goetz CG, Marin C, Kordower JH, Rodriguez M, 

Hirsch EC, Farrer M, Schapira AH, Halliday G (2010) Missing pieces in the 

Parkinson's disease puzzle. Nat Med 16:653-661. 

Olsson M, Nikkhah G, Bentlage C, Bjorklund A (1995) Forelimb akinesia in the rat 

Parkinson model: differential effects of dopamine agonists and nigral 

transplants as assessed by a new stepping test. J Neurosci 15:3863-3875. 

Onifer SM, Zhang YP, Burke DA, Brooks DL, Decker JA, McClure NJ, Floyd AR, Hall 

J, Proffitt BL, Shields CB, Magnuson DS (2005) Adult rat forelimb dysfunction 

after dorsal cervical spinal cord injury. Exp Neurol 192:25-38. 

Owen AM, Doyon J, Dagher A, Sadikot A, Evans AC (1998) Abnormal basal ganglia 

outflow in Parkinson's disease identified with PET. Implications for higher 

cortical functions. Brain 121 ( Pt 5):949-965. 

Owen AM, James M, Leigh PN, Summers BA, Marsden CD, Quinn NP, Lange KW, 

Robbins TW (1992) Fronto-striatal cognitive deficits at different stages of 

Parkinson's disease. Brain 115 ( Pt 6):1727-1751. 



51

Parkinson J (2002) An essay on the shaking palsy. 1817. J Neuropsychiatry Clin 

Neurosci 14:223-236; discussion 222. 

Prut L, Belzung C (2003) The open field as a paradigm to measure the effects of drugs 

on anxiety-like behaviors: a review. Eur J Pharmacol 463:3-33. 

Pum ME, Schable S, Harooni HE, Topic B, De Souza Silva MA, Li JS, Huston JP, 

Mattern C (2009) Effects of intranasally applied dopamine on behavioral 

asymmetries in rats with unilateral 6-hydroxydopamine lesions of the nigro-

striatal tract. Neuroscience 162:174-183. 

Quinn N (1995) Drug treatment of Parkinson's disease. BMJ 310:575-579. 

Rascol O, Brooks DJ, Korczyn AD, De Deyn PP, Clarke CE, Lang AE (2000) A five-

year study of the incidence of dyskinesia in patients with early Parkinson's 

disease who were treated with ropinirole or levodopa. 056 Study Group. N 

Engl J Med 342:1484-1491. 

Reger MA, Watson GS, Green PS, Wilkinson CW, Baker LD, Cholerton B, Fishel MA, 

Plymate SR, Breitner JC, DeGroodt W, Mehta P, Craft S (2008) Intranasal 

insulin improves cognition and modulates beta-amyloid in early AD. 

Neurology 70:440-448. 

Rodriguez-Oroz MC, Jahanshahi M, Krack P, Litvan I, Macias R, Bezard E, Obeso JA 

(2009) Initial clinical manifestations of Parkinson's disease: features and 

pathophysiological mechanisms. Lancet Neurol 8:1128-1139. 

Ruocco LA, de Souza Silva MA, Topic B, Mattern C, Huston JP, Sadile AG (2009) 

Intranasal application of dopamine reduces activity and improves attention in 



52

Naples High Excitability rats that feature the mesocortical variant of ADHD. 

Eur Neuropsychopharmacol 19:693-701. 

Sagar HJ, Sullivan EV, Gabrieli JD, Corkin S, Growdon JH (1988) Temporal ordering 

and short-term memory deficits in Parkinson's disease. Brain 111 ( Pt 3):525-

539. 

Sandrow HR, Shumsky JS, Amin A, Houle JD (2008) Aspiration of a cervical spinal 

contusion injury in preparation for delayed peripheral nerve grafting does not 

impair forelimb behavior or axon regeneration. Exp Neurol 210:489-500. 

Sauer H, Oertel WH (1994) Progressive degeneration of nigrostriatal dopamine 

neurons following intrastriatal terminal lesions with 6-hydroxydopamine: a 

combined retrograde tracing and immunocytochemical study in the rat. 

Neuroscience 59:401-415. 

Sawamoto N, Piccini P, Hotton G, Pavese N, Thielemans K, Brooks DJ (2008) 

Cognitive deficits and striato-frontal dopamine release in Parkinson's disease. 

Brain 131:1294-1302. 

Sayeed I, Wali B, Stein DG (2007) Progesterone inhibits ischemic brain injury in a rat 

model of permanent middle cerebral artery occlusion. Restor Neurol Neurosci 

25:151-159. 

Schallert T, Hall S (1988) 'Disengage' sensorimotor deficit following apparent 

recovery from unilateral dopamine depletion. Behav Brain Res 30:15-24. 

Schallert T, Fleming SM, Leasure JL, Tillerson JL, Bland ST (2000) CNS plasticity and 

assessment of forelimb sensorimotor outcome in unilateral rat models of 



53

stroke, cortical ablation, parkinsonism and spinal cord injury. 

Neuropharmacology 39:777-787. 

Schrag A, Jahanshahi M, Quinn N (2000) What contributes to quality of life in 

patients with Parkinson's disease? J Neurol Neurosurg Psychiatry 69:308-312. 

Schwarting RK, Huston JP (1996) The unilateral 6-hydroxydopamine lesion model in 

behavioral brain research. Analysis of functional deficits, recovery and 

treatments. Prog Neurobiol 50:275-331. 

Schwarting RK, Huston JP (1997) Behavioral and neurochemical dynamics of 

neurotoxic meso-striatal dopamine lesions. Neurotoxicology 18:689-708. 

Schwarting RK, Goldenberg R, Steiner H, Fornaguera J, Huston JP (1993) A video 

image analyzing system for open-field behavior in the rat focusing on 

behavioral asymmetries. J Neurosci Methods 49:199-210. 

Shanina EV, Schallert T, Witte OW, Redecker C (2006) Behavioral recovery from 

unilateral photothrombotic infarcts of the forelimb sensorimotor cortex in rats: 

role of the contralateral cortex. Neuroscience 139:1495-1506. 

Shear DA, Galani R, Hoffman SW, Stein DG (2002) Progesterone protects against 

necrotic damage and behavioral abnormalities caused by traumatic brain 

injury. Exp Neurol 178:59-67. 

Shen H, Kannari K, Yamato H, Arai A, Matsunaga M (2003) Effects of benserazide on 

L-DOPA-derived extracellular dopamine levels and aromatic L-amino acid 

decarboxylase activity in the striatum of 6-hydroxydopamine-lesioned rats. 

Tohoku J Exp Med 199:149-159. 



54

Silvestrin RB, de Oliveira LF, Batassini C, Oliveira A, e Souza TM (2009) The footfault 

test as a screening tool in the 6-hydroxydopamine rat model of Parkinson's 

disease. J Neurosci Methods 177:317-321. 

Simon N, Gantcheva R, Bruguerolle B, Viallet F (2004) The effects of a normal protein 

diet on levodopa plasma kinetics in advanced Parkinson's disease. 

Parkinsonism Relat Disord 10:137-142. 

Soh SE, Morris ME, McGinley JL (2011) Determinants of health-related quality of life 

in Parkinson's disease: a systematic review. Parkinsonism Relat Disord 17:1-9. 

Starkey ML, Barritt AW, Yip PK, Davies M, Hamers FP, McMahon SB, Bradbury EJ 

(2005) Assessing behavioural function following a pyramidotomy lesion of the 

corticospinal tract in adult mice. Exp Neurol 195:524-539. 

Stebbins GT, Gabrieli JD, Masciari F, Monti L, Goetz CG (1999) Delayed recognition 

memory in Parkinson's disease: a role for working memory? 

Neuropsychologia 37:503-510. 

Steiner H, Morgan S, Huston JP (1985) Effect of forebrain commissurotomy on 

recovery from unilateral 6-OHDA lesions of the substantia nigra and circling 

induced by apomorphine. Behav Brain Res 17:245-249. 

Steiner H, Bonatz AE, Huston JP, Schwarting R (1988) Lateralized wall-facing versus 

turning as measures of behavioral asymmetries and recovery of function after 

injection of 6-hydroxydopamine into the substantia nigra. Exp Neurol 99:556-

566. 



55

Svenningsson P, Westman E, Ballard C, Aarsland D (2012) Cognitive impairment in 

patients with Parkinson's disease: diagnosis, biomarkers, and treatment. 

Lancet Neurology 11:697-707. 

Taylor AE, Saint-Cyr JA, Lang AE (1986) Frontal lobe dysfunction in Parkinson's 

disease. The cortical focus of neostriatal outflow. Brain 109 ( Pt 5):845-883. 

Thomas AJ, Nockels RP, Pan HQ, Shaffrey CI, Chopp M (1999) Progesterone is 

neuroprotective after acute experimental spinal cord trauma in rats. Spine 

(Phila Pa 1976) 24:2134-2138. 

Tillerson JL, Cohen AD, Philhower J, Miller GW, Zigmond MJ, Schallert T (2001) 

Forced limb-use effects on the behavioral and neurochemical effects of 6-

hydroxydopamine. J Neurosci 21:4427-4435. 

Ungerstedt U (1968) 6-Hydroxy-dopamine induced degeneration of central 

monoamine neurons. Eur J Pharmacol 5:107-110. 

Ungerstedt U (1971) Postsynaptic supersensitivity after 6-hydroxy-dopamine 

induced degeneration of the nigro-striatal dopamine system. Acta Physiol 

Scand Suppl 367:69-93. 

Ungerstedt U, Arbuthnott GW (1970) Quantitative recording of rotational behavior in 

rats after 6-hydroxy-dopamine lesions of the nigrostriatal dopamine system. 

Brain Res 24:485-493. 

von Campenhausen S, Bornschein B, Wick R, Botzel K, Sampaio C, Poewe W, Oertel 

W, Siebert U, Berger K, Dodel R (2005) Prevalence and incidence of 

Parkinson's disease in Europe. Eur Neuropsychopharm 15:473-490. 



56

Walsh RN, Cummins RA (1976) The Open-Field Test: a critical review. Psychol Bull 

83:482-504. 

Whishaw IQ, Woodward NC, Miklyaeva E, Pellis SM (1997) Analysis of limb use by 

control rats and unilateral DA-depleted rats in the Montoya staircase test: 

movements, impairments and compensatory strategies. Behav Brain Res 

89:167-177. 

Whittington CJ, Podd J, Kan MM (2000) Recognition memory impairment in 

Parkinson's disease: power and meta-analyses. Neuropsychology 14:233-246. 

Woodlee MT, Kane JR, Chang J, Cormack LK, Schallert T (2008) Enhanced function in 

the good forelimb of hemi-parkinson rats: compensatory adaptation for 

contralateral postural instability? Exp Neurol 211:511-517. 

Yao XL, Liu J, Lee E, Ling GS, McCabe JT (2005) Progesterone differentially regulates 

pro- and anti-apoptotic gene expression in cerebral cortex following traumatic 

brain injury in rats. J Neurotrauma 22:656-668. 

Yu L, Liao PC (2000) Estrogen and progesterone distinctively modulate 

methamphetamine-induced dopamine and serotonin depletions in C57BL/6J 

mice. J Neural Transm 107:1139-1147. 

Yuan H, Sarre S, Ebinger G, Michotte Y (2005) Histological, behavioural and 

neurochemical evaluation of medial forebrain bundle and striatal 6-OHDA 

lesions as rat models of Parkinson's disease. J Neurosci Methods 144:35-45. 

Z'Graggen WJ, Metz GA, Kartje GL, Thallmair M, Schwab ME (1998) Functional 

recovery and enhanced corticofugal plasticity after unilateral pyramidal tract 



57

lesion and blockade of myelin-associated neurite growth inhibitors in adult 

rats. J Neurosci 18:4744-4757. 

Zhang L, Schallert T, Zhang ZG, Jiang Q, Arniego P, Li Q, Lu M, Chopp M (2002) A 

test for detecting long-term sensorimotor dysfunction in the mouse after focal 

cerebral ischemia. J Neurosci Methods 117:207-214. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



58

9. Publications 
 

The following lists are the published studies, on which this dissertation is based. 

 

1. Chao OY, Mattern C, De Souza Silva MA, Weßler J, Ruocco LA, Nikolaus S, 

Huston JP, Pum ME (2012) Intranasally applied L-DOPA alleviates 

parkinsonian symptoms in rats with unilateral nigro-striatal 6-OHDA lesions. 

Brain Res. Bull. 87: 340-345.  

2. Chao OY, Huston JP, von Bothmer A, Pum ME (2011) Chronic progesterone 

treatment of male rats with unilateral 6-hydroxydopamine lesion of the dorsal 

striatum exacerbates parkinsonian symptoms. Neuroscience 196: 228-236. 

3. Chao OY, Pum ME, Li JS, Huston JP (2012) The grid test: assessment of 

sensorimotor deficits after moderate or severe dopamine depletion by 6-

hydroxydopamine lesions in the dorsal striatum and medial forebrain bundle. 

Neuroscience 202: 318-325. 

4. Chao OY, Pum ME, Huston JP (2013) The interaction between the 

dopaminergic forebrain projections and the medial prefrontal cortex is critical 

for object recognition memory: Implications for Parkinson’s disease. Exp. 

Neurol. 

 
 



59

10.  Appendix 



Brain Research Bulletin 87 (2012) 340– 345

Contents lists available at SciVerse ScienceDirect

Brain  Research  Bulletin

journa l  h o me pag e: www.elsev ier .com/ locate /bra inresbul l

Research  report

Intranasally  applied  l-DOPA  alleviates  parkinsonian  symptoms  in rats  with

unilateral  nigro-striatal  6-OHDA  lesions

Owen  Y. Chaoa, Claudia  Matternb,  Angelica  M.  De  Souza  Silvaa,  Janet  Weßlera, Lucia A.  Ruoccoc,
Susanne  Nikolausd,  Joseph  P.  Hustona,∗, Martin  E.  Puma

a Center for Behavioral Neuroscience, University of  Düsseldorf, Universitaetstraße 1, 40225 Düsseldorf, Germany
b M et P Pharma AG, Stans, Switzerland
c Department of Experimental Medicine, Faculty of  Medicine, II University of Naples, Naples, Italy
d Clinic of Nuclear Medicine, University Hospital Düsseldorf, Moorenstr. 5, D-40225 Düsseldorf, Germany

a  r  t  i c  l  e  i  n f  o

Article history:

Received 5 August 2011

Received in revised form 31 October 2011

Accepted 7 November 2011

Available online 15 November 2011

Keywords:

Intranasal l-DOPA

6-Hydroxydopamine

Benserazide

Turning behavior

Footslips

Forelimb use

a  b  s t r a  c t

l-3,4-Dihydroxyphenylalanine  (l-DOPA)  remains  the  most effective  drug  for  therapy of Parkinson’s  dis-

ease. However,  the  current  clinical route  of l-DOPA  administration  is variable  and  unreliable because  of

problems with  drug absorption  and  first-pass  metabolism.  Administration  of drugs  via  the  nasal  passage

has been  proven  an effective  alternate  route  for  a  number  of medicinal  substances.  Here we examined

the acute  behavioral  and neurochemical  effects  of intranasally  (IN) applied  l-DOPA  in rats  bearing  uni-

lateral lesions of  the  medial  forebrain  bundle, with  severe  depletion (97%)  of striatal  dopamine.  Turning

behavior in an  open field,  footslips  on a  horizontal  grid  and postural  motor  asymmetry  in a cylinder  were

assessed following  IN l-DOPA  or  vehicle  administration  with,  or  without, benserazide  pre-treatment.  IN

l-DOPA without benserazide  pre-treatment  mildly  decreased  ipsilateral  turnings and  increased  contralat-

eral turnings 10–20  min  after  the  treatment.  IN l-DOPA  with  saline  pre-treatment  reduced  contralateral

forelimb-slips on the  grid while no effects  were  evident  in  the  cylinder  test. These results support  the

hypothesis that  l-DOPA  can  bypass the  blood–brain  barrier  by  the  IN route  and  alleviate behavioral

impairments in  the  hemiparkinsonian  animal  model.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Parkinson’s disease (PD) is a  neurodegenerative disorder which

is characterized by the loss of dopaminergic neurons in the substan-

tia nigra pars compacta (SNc). Loss of SNc neurons leads to striatal

dopamine (DA) deficiency, which is  responsible for the major PD

symptoms such as bradykinesia, resting tremor, muscle rigidity,

and postural abnormalities [8].  Due to  DAs hydrophilic properties,

it  cannot cross the blood–brain-barrier (BBB). Thus, the DA precur-

sor, l-3,4-dihydroxyphenylalanine (l-DOPA) is  used to replenish

DA in PD [2,4]. l-DOPA bypasses the BBB via a  saturable transporter

and is converted to  DA by aromatic l-amino acid decarboxylase

(AADC), primarily within the presynaptic terminals of DAergic neu-

rons in the striatum [29].  However, l-DOPA is  converted to DA in

the periphery as well, and only a small amount of l-DOPA enters

the brain [14].  In order to  prevent the conversion of l-DOPA into

DA  in the periphery, AADC inhibitors, such as benserazide or  car-

bidopa, which cannot cross the BBB, are used in combination with

l-DOPA [18,19].  l-DOPA combined with carbidopa administration

∗ Corresponding author. Fax: +49 211 811 2024.

E-mail address: Huston@uni-duesseldorf.de (J.P. Huston).

is  usually applied via the oral route in PD patients. However, large

neutral amino acids contained in food may  compete with the drug

for intestinal absorption [27,41] and dysphagia, with a highest

prevalence as 52% in  PD, may  reduce bioavailability of l-DOPA [28].

Intravenous infusion of drugs is effective for PD treatment, but is

impractical and inconvenient for routine clinical use.

The intranasal (IN) route of administration, which is non-

invasive and bypasses first-pass metabolism due to  its potential

for  a direct delivery to the brain, is offered as an alternative to

systemic methods of drug application [13,15].  A number of  drugs

have been shown to  by-pass the BBB via IN route and to have ther-

apeutic effects in rodents, nonhuman primates and humans. For

instance, IN insulin administration improved memory in healthy

volunteers and Alzheimer’s patients [1,32,33], IN oxytocin admin-

istration reduced stress in  monkeys [30] and IN insulin-like growth

factor-I (IGF-I) decreased infarct volume and improved neurologic

function in stroke models in  rats [22,23].  DA seems also to bypass

the BBB when applied into the nose and has been shown to  have

behavioral and neurochemical effects in rats. For  example, IN DA

administration increased DA levels in the neostriatum and nucleus

accumbens [12].  Animals showed an antidepressant-like behav-

ior in a  forced-swimming task and higher activity in a familiar

open field (OF) following IN DA administration [3].  IN DA  also

0361-9230/$ – see front matter ©  2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.brainresbull.2011.11.004
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reduced activity and improved attention in an animal model of

attention-deficit-hyperactivity disorder [34]. In animals with uni-

lateral 6-hydroxydopamine (6-OHDA) lesions of the nigrostriatal

tract, one of the most used animal models of PD [38,39,43],  IN DA

administration sensitized the turning response to amphetamine,

and increased the use of the ipsilateral forelimb [31].

IN l-DOPA has not, so far, been examined in  an animal model

of PD. Microdialysis studies have shown that IN l-DOPA admin-

istration increased extracellular DA in the neostriatum of healthy

rats and that this increase is  stronger in the hemisphere ipsilat-

eral to the nostril into which l-DOPA was injected [9,10].  Based

on this finding, we predicted also an effect of IN l-DOPA in  the

hemiparkinsonian rat. Thus, the objective of the present study was

to  characterize the effects of IN l-DOPA administration, with and

without benserazide pre-treatment in the rat bearing a unilateral

6-OHDA lesion of the nigro-striatal DA projections. Amphetamine-

induced turning behavior in  the open field, footslips on a grid

and  forelimb contacts in a  cylinder were analyzed. HPLC-EC was

used  to  quantify contents of DA, and its main metabolites, 3,4-

dihydroxyphenylacetic acid (DOPAC), and homovanillic acid (HVA),

as  well as 5-hydroxyindoleacetic acid (5-HIAA), the main metabo-

lite of  serotonin (5-HT), in  the lesioned and intact striatum.

2. Materials and methods

2.1. Animals

Twenty male Wistar rats (Tierversuchsanlage, University of Duesseldorf,

Germany) weighing between 350 and 400 g were used. Animals were housed under

standard controlled conditions, with a reversed light–dark rhythm (light off from

07:00 to 19:00). They were grouped 4 or 5 in a cage and water and food was  pro-

vided ad  libitum.  After arrival, they were given at  least 2 weeks before surgery. All

experiments were conducted in conformity with the Animal Protection Law of  the

Federal Republic of Germany and with the European Communities Council Directive

of 24 November 1986 (86/609/EEC).

2.2. Surgery

Animals were anaesthetized with pentobarbital (50 mg/kg; Narcoren, Merial

GmbH, Germany, i.p.). The rats were placed in a  Kopf stereotaxic frame and the

scalp was  cut and retracted to expose the skull. A hole was drilled above the right

or  left medial forebrain bundle (MFB). 6-OHDA (10.5 �g  in 3 �l PBS with 0.1% ascor-

bic acid) was  used to damage dopaminergic neurons by a  unilateral injection into

the MFB  (AP: −4.0 mm,  ML:  ±1.5 mm,  DV: −8.5 mm;  relative to bregma, flow  rate

1  �l/min) [24]. The  cannula was left in place for 4 min  to prevent reflux. Finally, the

scalp was sutured and 70% ethanol was used for disinfection. Behavioral measure-

ments were begun two weeks after the surgery. The dose of  6-OHDA used here was

previously shown to create an effective massive DA depletion [26],  since behavioral

deficits are typically not manifested unless striatal DA  is depleted by 80–90% [38,44].

2.3.  Apparatus

An  open field (OF) (48 cm × 48  cm  ×  48  cm), which was  located in a  sound atten-

uating box (110 cm  ×  70 cm  ×  70 cm), was used to  measure the animals’ turning

behavior and locomotor activity. Two red  light bulbs provided illumination (lumi-

nous density on  floor level ∼8  lux). A  camera was mounted 66 cm above the OF,

and connected to  a  DVD-recorder and a  personal computer running the VIAS video

imaging software, provided by Dr. Jay-Shake Li,  for analyzing turning behavior

(counts of ipsilateral or contralateral quarter-turns). A metal square elevated grid

(41 cm × 41  cm,  high 41  cm, with each grid cell 3.5 cm × 3.5 cm)  was used to  test

the animals’ ability of accurately placing limbs during spontaneous exploration in

the grid test. The grid apparatus was located in a quiet room under dim lighting. A

transparent plastic cylinder (30 cm in diameter and 45  cm high) was used to test the

animals’ forelimb contacts with the cylinder’s wall. The cylinder was  located in the

same room as the grid apparatus. The apparatus was cleaned with 70% ethanol after

each trial.

2.4. Drugs

The drugs used in the present study: amphetamine, l-DOPA, benserazide and

castor oil, were purchased from Sigma–Aldrich (Germany). A single amphetamine

injection was  used to test the effectiveness of  the 6-OHDA lesion [16]. The dose of

amphetamine used (1.5 mg/kg in saline, injection volume 1 ml/kg; i.p.) was  based

on its high effectiveness in inducing ipsilateral turning behavior in previous studies

[31].  l-DOPA was  suspended in castor oil for IN drug administration. The  dose of

12 mg/kg of  l-DOPA was  previously shown to  induce contralateral turning in the

unilateral 6-OHDA lesioned animal [21,25].  A relatively low dose of benserazide

(15 mg/kg in saline, injection volume 1 ml/kg; i.p.) was used for pre-treatment,

because higher doses (e.g., 50 mg/kg) directly influenced DA levels in the central

nervous system (CNS) [18,40].  Behavioral effects of benserazide pre-treatment fol-

lowed by l-DOPA were not different when compared to concomitant l-DOPA and

benserazide administration in the 1-methyl-4-phenyl-1,2,3,6 tetrahydropyridine

(MPTP)-treated marmoset [42]. A  transferpettor (Brand GmbH, Germany) was used

to apply the castor oil for the vehicle group or l-DOPA for the treatment groups

into  both nostrils (5 �l/nostril). The  method for IN drug administration used was

previously shown to  be effective behaviorally and neurochemically [3,11,34].

2.5. Experimental procedures

A  mixed design with two-way factors was  used. The animals were distributed

into two groups based on  the treatment factor (IN l-DOPA or  vehicle) with repeated

pre-treatment factor (benserazide and saline).

The  animals were injected with amphetamine and placed into the OF.

Amphetamine-induced turning behavior was measured for 30 min. Animals which

showed less  than 80% ipsiversive turnings were excluded from the experiment

(n =  5). Then the animals were divided into two groups: IN l-DOPA (n =  8)  and vehi-

cle (n = 7). After the amphetamine-induced turning test, the following behavioral

tests were conducted (Fig. 1A): measurement of l-DOPA-induced turning was  per-

formed one week following the amphetamine-induced turning test. Two 30-min

habituation sessions were performed on subsequent days. l-DOPA (12 mg/kg) was

administrated intranasally and a  vehicle group also received IN castor oil. Each ani-

mal  was tested twice. Half of the animals received an  i.p.  injection of the peripheral

AADC inhibitor, benserazide (15  mg/kg), 30 min  before l-DOPA treatment. The other

half of the animals was pre-treated with saline (1 ml/kg). On the next day, the ani-

mals that had been treated with benserazide were injected with saline and vice

versa (Fig. 1B). Immediately after intranasal administration, the animal was  placed

into the OF for 60 min  for measurement of locomotor activity and turning behavior.

The grid test was conducted one week after OF testing. Behavior was recorded

30 min  following the same administration of l-DOPA or vehicle as in the OF  test,

including the pre-treatment. The  animal was placed on the grid and allowed to

explore it for 5 min. All behaviors were recorded on DVD and analyzed by an exper-

imenter blind to the treatment group. A footslip was scored either when the  paw

completely missed a rung and, thus, the limb fell between the rungs, or when the

paw was correctly placed on  the rung, but slipped off during weight bearing [5].

The  cylinder test [35,36] was conducted one week after the grid test. Behavior

was  recorded 30 min following the same administration of l-DOPA or vehicle as in

the previous two tests, including the pre-treatment. The forelimb wall contacts and

behavior was recorded for 3 min. This test assessed the use of the forelimbs to sup-

port the body against the wall of a  cylinder. The number of wall contacts made using

the ipsilateral (unimpaired), the contralateral (impaired), and both (simultaneous)

limbs was  recorded on DVDs. Later, an experimenter blind to  the treatments scored

the animals’ forelimb contacts with the wall.

2.6. Neurochemical analysis

At  least  one week after the cylinder test, the animals were anaesthetized by

CO2 and decapitated and the brains were excised. The left and right dorsal striatum

was  dissected separately, homogenised, centrifuged, filtered, and stored at  −80 ◦C

until analysis. The samples were analyzed for their contents of  DA, DOPAC, HVA

and 5-HIAA by means of HPLC-EC. The column was an  ET 125/4, Nucleosil 120-5,

C-18 reversed phase column (Macherey &  Nagel, Germany), perfused with a mobile

phase composed of 75 mM NaH2PO4,  4  mM KCl, 20 �M EDTA, 1.5 mM sodium dode-

cylsulfate, 100 �l/l diethylamine, 12% methanol and 12% acetonitrile adjusted to  pH

6.0 using phosphoric acid. The electrochemical detector (Intro, Antec, Leyden, The

Netherlands) was  set at 500 mV vs. an ISAAC reference electrode (Antec, Leyden, The

Netherlands) at 30 ◦C.

2.7. Statistics

Two-way ANOVAs were conducted to  analyze the distance moved in the OF,

foot-slips on  the grid for each paw, and forepaw-use asymmetry in the cylinder with

the factors pre-treatment (benserazide, saline) and treatment (IN l-DOPA, vehicle).

The asymmetry ratio was calculated as the number of ipsilateral observations plus

1/2 the number of “both” observations, divided by the total number of observa-

tions (ipsi plus contra plus both) [45]. Repeated three-way ANOVAs with the factors

pre-treatment, treatment, and interval were used to analyze turning behavior. This

was  followed by two-way ANOVAs with the factors treatment and interval for each

pre-treatment condition. One-way ANOVAs with the factor treatment at each time

point were conducted when appropriate. Independent samples t-test were used

to compare the  vehicle and the IN l-DOPA group when appropriate. The results of

HPLC-EC were analyzed by paired sample t-tests  to  compare the values from the

lesioned striatum with the values from the intact striatum. The  level of  significance

was  p  ≤  0.05 for all  the tests.



342 O.Y. Chao et  al. /  Brain Research Bulletin 87 (2012) 340– 345

Fig. 1. Experimental design: (A) two  weeks after the 6-OHDA lesions, the animals were injected with amphetamine to  test the lesion efficiency. One  week later, the open field,

grid and cylinder test were conducted separately. Each test was administrated twice. The  brains were removed at least one week after the  cylinder task. Black arrow =  injection

of amphetamine. Triangles =  injection of benserazide or saline 30 min  before the treatment. (B) After the amphetamine test, the animals were divided into IN l-DOPA and

vehicle groups. Thirty minutes before each trial, half  of the animals received benserazide pre-treatment on  the first day of each behavioral test, and the same animals received

saline pre-treatment on  the second day. Conversely, the other half of the animals received saline on  the first day and benserazide on the second day.

3. Results

3.1. Neurochemistry

The lesioned striatum was significantly lower in content of

DA, DOPAC, HVA than the intact striatum (p <  0.001, p  < 0.001

and p =  0.004, respectively). The neurochemical results indicated

a  severe lesion by the unilateral 6-OHDA treatment. In  the lesioned

striatum the percentage of DA, DOPAC and HVA was decreased

about 97%, 53% and 83%, respectively. Table 1  summarizes the post-

mortem results.

3.2. Turning behaviors

IN l-DOPA did not influence the animals’ locomotor activity in

the  OF. There were no overall treatment, pre-treatment or inter-

action effects on distance moved during 60 min  (p  >  0.05, data not

shown).

The analysis of  the time-course of ipsilateral turning behavior

showed significant effects of treatment [F(1, 78) =  8.943; p  = 0.004]

and interval [F(5, 78) = 12.078; p <  0.001] but no effects of pre-

treatment and interactions (p  > 0.05). Separate two-way ANOVAs

were conducted for each pre-treatment condition. There was  an

effect of interval [F(5, 90) =  6.994; p  < 0.001] but no effects of

treatment and interaction (p  >  0.05) under the benserazide pre-

treatment condition (Fig. 2A). Following saline pre-treatment there

were significant effects of treatment [F(1, 90) = 9.315; p = 0.003]

and  interval [F(5, 90) = 8.66; p  <  0.001] but no interaction (p  >  0.05).

The IN l-DOPA group showed significantly fewer ipsilateral rota-

tions 40–50 min  after the treatment when compared to the vehicle

group (p = 0.035) (Fig. 2B). In addition, the area under curve (AUC)

indicated that the animals treated with IN l-DOPA showed fewer

ipsilateral turnings than the vehicle-treated animals (p  = 0.05)

(Fig. 2B).

The analysis of  the time-course of contralateral turning behav-

ior  showed an effect of interval [F(5, 78) = 4.981; p =  0.001] but no

effects of treatment and pre-treatment and no interaction (p > 0.05).

The following analyses showed that under the benserazide pre-

treatment condition no effect of treatment, interval and interaction

were found (p > 0.05) (Fig. 3A). Following the saline pre-treatment,

there was an effect of interval [F(5, 90) = 2.362; p = 0.047] but no

effect of treatment and no interaction (p  >  0.05). The IN l-DOPA

group exhibited significantly more contralateral turnings than the

vehicle group 10–20 min  after the treatment (p  =  0.034) (Fig. 3B).

3.3. Skilled walking behavior

For the analysis of the forelimbs slips, there were significant

treatment effects [F(1, 14) =  4.729; p =  0.047 for ipsilateral side; F(1,

14) =  6.979; p =  0.019 for contralateral side] but no pre-treatment

nor interaction effects (p > 0.05). There was  no significant difference

between the vehicle and the IN l-DOPA group when benserazide

was  administrated as pre-treatment (Fig. 4A). With the saline pre-

treatment, the IN l-DOPA emitted fewer contralateral forelimb slips

compared to the vehicle group (p = 0.013) (Fig. 4B). No significant

main effect or interaction was found in  the analysis of the hindlimbs

slips (p > 0.05, data not shown).

3.4. Forelimbs usage preference

There was no treatment effect, pre-treatment effect or pre-

treatment × treatment interaction in the analysis of the cylinder

asymmetry (p >  0.05, data not shown).

4. Discussion

In  the present study we investigated the effects of  IN l-DOPA,

with and without benserazide pre-treatment, on turning-behavior,

behaviors on a  horizontal grid and in the cylinder test on rats with

unilateral 6-OHDA lesion of the nigro-striatal DA projections. IN

l-DOPA without benserazide pre-treatment decreased ipsilateral

turnings and increased contralateral turnings 10–20 min after the

treatment. IN l-DOPA with saline pre-treatment also decreased

contralateral forelimb slips during the grid test.

Rats with unilateral 6-OHDA lesions rotate towards the side of

the  lesion, while unstimulated contralateral rotation is  rare [38].

Drugs  that act by  releasing DA or blocking the DA transporter,

like  amphetamine, induce ipsilateral behavioral asymmetries [37],

while  post-synaptic DA agonists, like apomorphine or l-DOPA,

induce contralateral behavioral asymmetries [38].  In the present

study IN l-DOPA treatment without benserazide pre-treatment

decreased ipsiversive turning and increased contraversive turning

10–20 min  after the treatment. This 10–20 min effect may  reflect

the  rapid delivery characteristic of IN administration and was con-

sistent with a  peak of DA concentration at around 12 min  following

IN l-DOPA administration [20].  Thus, the turning effects of l-DOPA

administration were most likely a result of rapid absorption char-

acteristic of the IN route, rather than through systemic circulation.
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Table 1
Post-mortem neurochemistry results of the lesioned and the intact striatum.

DA DOPAC HVA 5-HIAA DA depletion %

Lesioned 3.85 ± 1.29*** 48.50 ± 11.93*** 3.51 ± 0.99** 22.42 ± 3.31 96.90 ±  0.79

Intact 127.52 ± 19.65 92.25 ± 11.44 39.76 ± 11.38 31.45 ± 4.18

Values are  expressed as ng/mg wet tissue weight. Data are  expressed as mean ± S.E.M. and analyzed by paired t-test,  n = 15.
** p <  0.01.

*** p <  0.001.

Fig. 2. Time-course of ipsilateral turning behavior following benserazide (A), or saline (B) pre-treatment. IN l-DOPA without benserazide pre-treatment reduced ipsilateral

turns 40–50 min  after the treatment, while the AUC showed a  general reduction when compared to  the vehicle group (B). Values are  expressed as mean + S.E.M. *p <  0.05

compared to  the vehicle group.

Fig. 3. Time-course of contraversive turning behavior following benserazide (A) or saline (B) pre-treatment. IN l-DOPA without benserazide pre-treatment increased

contralateral turns 10–20 min  after the treatment (B). Values are expressed as mean + S.E.M. *p < 0.05 compared to the vehicle group.

Fig. 4. Forelimb-slips of the hemiparkinsonian rats following the IN l-DOPA or vehicle administration with (A) or without benserazide pre-treatment (B). IN l-DOPA without

benserazide pre-treatment reduced contralateral foot-slips (B). Values are expressed as mean +  S.E.M. *p <  0.05 compared to the vehicle group.
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The grid test measures skilled walking and increased foot-slips

reflect impaired coordination. Vehicle-treated 6-OHDA lesioned

animals showed an increased trend of foot-slips (Fig. 4), while the

contralateral forelimb-slips were reduced by IN l-DOPA treatment

without benserazide pre-treatment. IN l-DOPA had more sensitized

behavioral effects in  the contralateral side, which indicates that

the  l-DOPA administration via the IN route functions primitively

in  the lesioned hemisphere, thereby ameliorating the contralateral

slips. Surprisingly, the animals with the unilateral 6-OHDA lesions

showed no significant contralateral footslip preference. One rea-

son may  be  that animals with contralateral-limb deficits, use the

ipsilateral paws more to explore the grid and, thereby, increase the

probability of ipsilateral footslips.

In  the present study, the behavioral effects of IN l-DOPA were

not  significant when compared to vehicle-treated animals under

the  condition with benserazide pre-treatment. It  is  well known

that systemic l-DOPA administration combined with benserazide

ameliorates parkinsonian symptoms. This discrepancy with IN l-
DOPA administration might be a result of a possible decreased

AADC activity induced by benserazide. It  is generally thought that

benserazide cannot pass through the BBB, but there is evidence

that benserazide increases extracellular neostriatal concentrations

of  DA and DOPAC [10] and a  low dose of benserazide (10 mg/kg)

decreased AADC activity in  the striatum [18,40].  It is  likely like that

even the relatively low dose of benserazide (15 mg/kg in  the present

study) can affect the conversion from l-DOPA to DA in the brain.

Thus, if benserazide entered the brain, AADC may  have been inhib-

ited  and the conversion of l-DOPA to DA attenuated. Statistically,

there was no different between the behaviors with benserazide

pre-treatment and the behaviors with saline pre-treatment, sug-

gesting that this possible influence is  minor, however, enough to

affect the actions of IN l-DOPA treatment. In a  previous study of

pharmacokinetic evaluation, IN l-DOPA administration combined

with carbidopa showed a  higher value of AUC from time zero to

infinity when compared to IN l-DOPA administration alone [20].

However, the dose of carbidopa was likely too low (0.63 mg/kg),

to  influence the conversion from l-DOPA to  DA in the brain. The

present results do  not rule out the beneficial effects of benserazide,

but indicate the possibility that the behavioral effects of  IN l-DOPA

can be expressed without a  peripheral AADC inhibitor.

The  most common oral route for l-DOPA administration which

was absorbed in the proximal duodenum is  limited by high-protein

diets and gastric factors [27,41].  Although intravenous injection has

therapeutic action, it is inconvenient and painful for PD patients. IN

administration of drugs provides an alternative method of deliv-

ery  to bypass the BBB and to  directly target the CNS [6,7,17].

Intranasally applied l-DOPA was rapidly absorbed into the brain

and showed a  higher bioavailability as compared with the oral and

intravenous administration [20]. Thus, IN l-DOPA administration

could be a useful therapy for a  replacement of  systemic l-DOPA

administration for PD patients [20].

To summarize, it was shown, (A) that IN l-DOPA administration

had behavioral effects by decreasing contralateral forelimb-

slips, ipsilateral turnings and increasing contralateral turnings

10–20 min  after the treatment, but did not  influence the postural

asymmetry in the cylinder test, and (B) IN l-DOPA administration

had more sensitized behavioral effects under the condition with-

out  benserazide pre-treatment. These results suggest that l-DOPA

can bypass the BBB following IN administration and alleviate motor

impairments in animals with unilateral 6-OHDA lesions of the MFB,

without requiring the combination of benserazide. It is  the first

study to show the behavioral effects of IN l-DOPA administration

in  the hemi-parkinsonian rat. Although IN l-DOPA administra-

tion showed mildly contralateral turning behaviors, it effectively

decreased the number of  contralateral foot-slips. The results of

the present study are  based on acute application of IN l-DOPA.

Further studies employing high solubility of l-DOPA (methyl ester)

and chronic IN treatment will decide whether this route of l-DOPA

administration may  be considered as an adjuvant treatment proce-

dure for PD.
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CHRONIC PROGESTERONE TREATMENT OF MALE RATS WITH
UNILATERAL 6-HYDROXYDOPAMINE LESION OF THE DORSAL
STRIATUM EXASPERATES PARKINSONIAN SYMPTOMS
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Abstract—Progesterone (PROG) shows neuroprotective ef-

fects in numerous lesion models, including a mouse model of

Parkinson’s disease (PD) induced by 1-methyl-4-phenyl-

1,2,3,6-tetrahydropyridine (MPTP). However, the possible

beneficial effects of PROG on the behavioral and neurochem-

ical impairments incurred in the hemiparkinsonian 6-hy-

droxydopamine (6-OHDA) model have not been investigated.

Vehicle or PROG (4 mg/kg or 8 mg/kg) was daily applied over

13 days after unilateral injection of 6-OHDA into the dorsal

striatum of male rats. Turning behavior, foot slips on a hori-

zontal grid, and forelimb use during rearing in a cylinder were

observed on days 4, 5, 9, 10, 13, and 14 postlesion, and then

the brain samples were analyzed by HPLC-EC. Chronic 8

mg/kg of PROG administration increased the DOPAC/dopa-

mine (DA) ratio in the lesioned striatum, ipsiversive turnings,

and the number of hind limb slips and decreased the sym-

metrical use of forelimbs. Thus, contrary to hypothesis, the

chronic treatment with PROG exasperated rather than allevi-

ated the motor impairments in the hemiparkinsonian rats.

Because previous studies with the MPTP model had shown

protective effects when PROG treatment was administrated

before the lesion, our results do not rule out such potential

neuroprotective action with prelesion PROG treatment. How-

ever, our results raise the question of possible negative in-

teractions between PROG and parkinsonian symptoms in

males. © 2011 IBRO. Published by Elsevier Ltd. All rights

reserved.

Key words: Parkinson’s disease, progesterone, 6-OHDA,

turning behavior, foot slips, forelimb use.

Parkinson’s disease (PD) is associated with a loss of do-
paminergic neurons in the substantia nigra pars compacta
(SNc). The resulting depletion of striatal dopamine (DA)
leads to the major motor symptoms of PD, such as brady-
kinesia, resting tremor, muscle rigidity, and postural abnor-
malities (Dauer and Przedborski, 2003). These symptoms
are reversed by DA replacement therapy using selective
DA agonists or L-DOPA, which is still the most effective
drug for the treatment of PD (Lang and Lozano, 1998;
Brooks, 2008). However, the chronic administration of L-

DOPA causes involuntary movements (Obeso et al., 2000;
Ahlskog and Muenter, 2001), and DA replacement therapy
cannot prevent the progression of PD. Thus, it is neces-
sary to develop new therapies that can delay neurodegen-
eration or even restore the atrophied DAergic neurons in
PD. Several neurotrophic factors have been shown to have
neuroprotective and neurorestorative effects in animal
models of PD, such as glial cell line-derived neurotrophic
factor (GDNF) (Tomac et al., 1995; Gash et al., 1996;
Kordower et al., 2000), conserved DA neurotrophic factor
(CDNF) (Lindholm et al., 2007), and mesencephalic astro-
cyte-derived factor (MANF) (Voutilainen et al., 2009). How-
ever, neurotrophic factors with large molecular weight can-
not cross the blood–brain barrier, and thus intraventricular
infusion is necessary and some of these agents also cause
side effects in humans (Lie et al., 2004; see Aron and
Klein, 2011 for review).

Many studies have indicated a higher prevalence and
incidence of PD in men than in women (Kurtzke and Gold-
berg, 1988; Mayeux et al., 1992; Marder et al., 1996;
Baldereschi et al., 2000; Van Den Eeden et al., 2003;
Wooten et al., 2004). This gender difference suggests an
influence of sex hormones on the development of PD.
Consistent with this assumption, estrogens play a neuro-
protective role by decreasing the nigrostriatal DA loss in-
duced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) in mice (Dluzen et al., 1996; Callier et al., 2001;
Ramirez et al., 2003) and 6-hydroxydopamine (6-OHDA) in
rats (Dluzen, 1997; Ferraz et al., 2008). Furthermore, in-
creasing evidence suggests that progesterone (PROG)
has neuroprotective effects in the CNS (Baulieu et al.,
1996; Giachino et al., 2003; Magnaghi et al., 2006; Gon-
zalez Deniselle et al., 2007; Leonelli et al., 2007; Schum-
acher et al., 2007a,b). PROG decreased cerebral edema
(Roof et al., 1994) and behavioral abnormalities (Shear et
al., 2002; Djebaili et al., 2004) in a rodent model of trau-
matic brain injury, reduced neurological deficits after spinal
cord injury (Thomas et al., 1999), and promoted functional
recovery after middle cerebral artery occlusion in rodents
(Gibson and Murphy, 2004; Sayeed et al., 2007; Cai et al.,
2008). In intact male rats, a single dose of PROG in-
creased tissue contents of DA and its metabolites in the
striatum in postmortem samples (Di Paolo et al., 1986) and
increased the extracellular striatal DA concentration mea-
sured by in vivo microdialysis (Petitclerc et al., 1995; de
Souza Silva et al., 2008). PROG also exhibited neuropro-
tective effects against DAergic degeneration induced by
MPTP (Grandbois et al., 2000; Callier et al., 2001; Moris-
sette et al., 2008) and methamphetamine (Yu and Liao,

*Corresponding author. Tel: �49-211-811-4296; fax: �49-211-811-2024.
E-mail address: Huston@uni-duesseldorf.de (J. P. Huston).
Abbreviations: DA, dopamine; GABA, �-aminobutyric acid; GP, globus
pallidus; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; OF,
open field; PD, Parkinson’s disease; PROG, progesterone; SNc, sub-
stantia nigra pars compacta; STN, subthalamic nucleus; 6-OHDA,
6-hydroxydopamine.
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2000) in rodents. Thus, there is a substantial body of evi-
dence suggesting that PROG has neuroprotective properties,
that is, it attenuates detrimental effects of a manipulation
when it is applied before the intervention. However, less is
known about possible therapeutic effects of PROG, that is,
the effects of a treatment applied following a manipulation.

In the previous studies, neuroprotective effects of
PROG were reported when PROG was applied before
MPTP administration (Grandbois et al., 2000; Callier et al.,
2001; Morissette et al., 2008). However, to our knowledge,
there has been no investigation of whether PROG can
delay or restore the effects of a selective neurochemical
lesion when administrated at the time of lesion onset.
Therefore, in the present study, we evaluated the effects of
chronic daily treatment with PROG on different tests of
motor behavior in rats with a unilateral 6-OHDA lesion
of the dorsal striatum. This lesion method was used to
produce a progressive lesion (Kirik et al., 1998; Deumens
et al., 2002), to be able to test the neuroprotective potential
of the PROG treatment.

EXPERIMENTAL PROCEDURES

Animals

Twenty-nine male Wistar rats (Tierversuchsanlage, University of
Düsseldorf, Germany) weighing between 250 and 350 g were
used. Animals were grouped four or five in a cage and located in
a standard environment with controlled temperature and humidity.
They were housed under a reversed light-dark rhythm (light off
from 07:00 to 19:00 h) and water and food was provided ad
libitum. After arrival, they were given at least 10 days for adapta-
tion before surgery. Each animal was handled 3 min daily for 3
days before surgery. All experiments were in accordance with the
Animal Protection Law of the Federal Republic of Germany and of
the European Communities Council Directive (86/609/EEC).

Surgery

Animals were anesthetized with 50 mg/kg pentobarbital (Narco-
ren, Merial GmbH, Germany; i.p.). The rats were placed in a Kopf
stereotaxic frame; the scalp was cut and retracted to expose the
skull. Aiming at the dorsal striatum, four holes were drilled and
6-OHDA (7 �g in 1 �l PBS with 0.1% ascorbic acid, flow rate of 1
�l/min) was injected at the following coordinates relative to breg-
ma: AP: �1.3 mm, ML: �2.6 mm, DV: �5.0 mm; AP: �0.4 mm,
ML: �3.0 mm, DV: �5.0 mm; AP: �0.4 mm, ML: �4.2 mm, DV:
�5.0 mm; and AP: �1.3 mm, ML: �4.5 mm, DV: �5.0 mm (Kirik
et al., 1998). The cannula was left in place for 2 min to prevent a
reflux. Finally, the scalp was sutured and 70% ethanol was applied
for disinfection.

PROG treatment

Animals were randomly divided into vehicle, 4 mg/kg PROG, and
8 mg/kg PROG (Sigma, Steinheim, Germany) treatment groups
(n�10, 10, 9, respectively). PROG was dissolved in sesame oil
(Sigma). The injection volume was 0.8 ml/kg (s.c.). The animals
were treated daily for 13 days, starting 22–24 h after surgery, with
the injections being applied between 17:30 and 18:30 h. The
doses of 4 mg/kg and 8 mg/kg used in this study were shown to
have behavioral or morphological effects in the animal models of
traumatic brain injury (Roof et al., 1994; Murphy et al., 2002; Yao
et al., 2005), spinal cord injury (Thomas et al., 1999; Labombarda
et al., 2006), and middle cerebral artery occlusion (Sayeed et al.,
2007; Cai et al., 2008; Ishrat et al., 2009).

Apparatus

A transparent plastic cylinder (30 cm in diameter and 45 cm high)
was used to measure animals’ use of forelimbs during rearing
against the walls (Schallert et al., 2000; Schallert and Tillerson,
2000). The cylinder apparatus was located in a sound-attenuating
room. A metal-elevated grid (41�41 cm2, 41 cm high, with each
grid cell 3.5�3.5 cm2) was used to test animals’ ability to accu-
rately place their limbs during spontaneous exploration of the grid.
The grid was located in the same room as the cylinder apparatus.
An open field (OF; 48�48�48 cm3), which was located in a
sound-attenuating box (110�70�70 cm3), was used to assess
the animals’ horizontal activity and turning behavior. Two red light
bulbs provided illumination (luminous density on floor level �8
lux). A camera was mounted 66 cm above the OF and connected
to a DVD recorder and a personal computer. The behaviors were
automatically recorded by the VIAS video imaging software
(Schwarting et al., 1993; Duesseldorf, Germany). Ethanol (70%)
was used to clean the apparatus following each trial.

Experimental procedures

All behavioral measurements were conducted between 10:00 and
17:00 h (before the treatments). The experimental procedure is
shown in Fig. 1.

Cylinder test. Four, 9, and 13 days after the surgery, the
animal was placed into the cylinder and its behavior was recorded
on DVD for 5 min. An experimenter blind to the treatments, scored
the animal’s wall contacts with the ipsilateral (intact), contralateral
(impaired), and both limbs. One animal from the vehicle group,
which performed no wall contacts, was excluded from the analy-
sis. A cylinder asymmetry ratio was calculated as the number of
ipsilateral wall contacts plus 1/2 the number of both limbs’ wall
contacts, divided by the total number of wall contacts (ipsi �
contra � both) (Woodlee et al., 2005).

Grid test. Testing was conducted 90 min after the cylinder
test. The animal was placed on the center of the grid and allowed
to freely explore it for 5 min. All behaviors were DVD-recorded and
analyzed by an experimenter blind to the treatment groups. A foot
slip was scored either when the paw completely missed a rung,
and thus, the limb fell between the rungs, or when the paw was
correctly placed on the rung but slipped off during weight bearing
(Baskin et al., 2003; Menet et al., 2003; Starkey et al., 2005).

OF test. Five, 10, and 14 days after the surgery, the animal
was put into the OF for 30 min, and the distance it moved and
rotational behaviors were analyzed. A single dose of the DA
D2/D1 receptor agonist apomorphine (0.25 mg/kg, Sigma; diluted
in saline; injection volume 1 ml/kg) (Kirik et al., 1998) was injected
s.c. 14 days postlesion to test for contraversive turnings (Unger-
stedt, 1971; Schwarting and Huston, 1996). The percentage of the
rotational asymmetry was computed as follows: the ipsiversive

Fig. 1. Experimental procedure of daily progesterone treatments in rats
with a 6-OHDA lesion in the dorsal striatum. Twenty-four h after the
surgery, the animals received vehicle or PROG administrations daily over
13 days. Behavioral tests were conducted on days 4,5,9,10,13 and14
after the lesion. A single apomorphine injection was used to test for
contralateral turnings on day14 postlesion. One day after the apomor-
phine injection, the animal’s brain was removal for neurochemical analy-
sis. Black bar: daily PROG treatments. Arrow: apomorphine injection. Cyl,
cylinder test.
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turning counts were divided by the total turning counts, and then
multiplied by 100.

Neurochemical analysis

One day after the test for apomorphine-induced rotations, the
animals were anesthetized by CO2, decapitated, and their brains
excised. The left and right dorsal striatum were dissected, homog-
enized, centrifuged, filtered, and stored at �80 °C until analysis.
The samples were analyzed for the content of DA and its metab-
olites DOPAC and HVA and the main metabolite of serotonin,
5-HIAA, by means of HPLC-EC. The column was an ET 125/4,
Nucleosil 120-5, C-18 reversed phase column (Macherey & Na-
gel, Germany) perfused with a mobile phase composed of 75 mM
NaH2PO4, 4 mM KCl, 20 �M EDTA, 1.5 mM sodium dodecylsul-
fate, 100 �l/L diethylamine, 12% methanol, and 12% acetonitrile
adjusted to pH 6.0 using phosphoric acid. The electrochemical detector
(Intro, Antec, The Netherlands) was set at 500 mV vs. an ISAAC
reference electrode (Antec, Leyden, The Netherlands) at 30 °C.

Statistic

Two-way mixed ANOVAs with the factors treatment (vehicle, 4
mg/kg PROG, 8 mg/kg PROG) and time (3 test days) were con-
ducted to analyze the use of the forelimbs in the cylinder test, the
foot slips on the grid for each limb, and horizontal activity and
turning in the OF. One-way ANOVAs were used to analyze the
factor treatment at each time point when appropriate. The area
under curve (AUC) of the symmetric forelimb use in the cylinder
was analyzed by independent samples t-test. To compare the
contralateral foot slips with the ipsilateral foot slips, paired sam-
ples t-tests were used. One-way ANOVA with the factor treatment
was used to analyze horizontal locomotion and turning behavior
after the apomorphine administration. Paired sample t-tests were
used to compare the values from the lesioned striatum with the
values from the intact striatum. One-way ANOVAs with the factor
treatment were applied to analyze the neurochemical contents
and their ratios for each side. Fisher’s LSD was used for post hoc
examination. All the values were presented as mean�SEM, and
the level of significance was P�0.05 for all the tests.

RESULTS

OF test

The PROG administrations did not affect the horizontal
activity in the OF. No effect of treatment and interaction
between treatment and time (P	0.05), but an effect of time
[F(2,52)�79.85, P�0.001] was found (data not shown). In
the analysis of the rotational asymmetry, there was a main
effect of treatment [F(2,26)�3.713, P�0.038] and an effect
of time [F(2,52)�106.646, P�0.001], but no treatment�
time effect (P	0.05) was found. Subsequent one-way
ANOVAs revealed significant effects of treatment 5 days
[F(2,26)�4.808, P�0.017] and 10 days postlesion
[F(2,26)�6.649, P�0.005]. Post hoc tests showed that the
8 mg/kg PROG group had a higher asymmetry score than
the vehicle and the 4 mg/kg PROG group 5 days
(P�0.027, P�0.006, respectively) and 10 days postlesion
(P�0.019, P�0.001, respectively) (Fig. 2).

The analysis of the apomorphine test did not indicate
significant main effects for locomotion (P	0.05; data not
shown) and rotational asymmetry (P	0.05) (Fig. 2).

Grid test

There were significantly more forelimb slips on the con-
tralateral side in all the groups 4 days [all groups
(P�0.001); data not shown], 9 days [vehicle (P�0.001), 4
mg/kg PROG (P�0.002), 8 mg/kg PROG (P�0.007); data
not shown], and 13 days postlesion [vehicle (P�0.005), 4
mg/kg PROG (P�0.006), 8 mg/kg PROG (P�0.002); data
not shown]. In the analysis of the foot slips of the hind
limbs, there were significant increases in number of con-
tralateral foot slips in the 4 mg/kg PROG group 4 days
(P�0.001; data not shown) and 9 days postlesion
(P�0.038; data not shown). The 8 mg/kg PROG group
also showed an increase in number of contralateral slips 9
days postlesion (P�0.038; data not shown).

In the analyses of the forelimb slips, there was no
effect of treatment and no interaction between treatment

Fig. 2. Effects of daily PROG administrations on spontaneous rota-
tional asymmetry and the asymmetries after an apomorphine injection.
The 8 mg/kg PROG treatment increased asymmetry when compared
to the vehicle and the 4 mg/kg PROG groups on days 5 and 10
post-lesion. After an apomorphine injection, no group difference was
observed. The rotational asymmetry � (ipsilateral turnings / total turn-
ings) � 100. Apo. � apomorphine; D � day. *P�0.05 compared to the
vehicle group; ##P�0.01 compared to the 8 mg/kg PROG group.

Fig. 3. Chronic PROG administration increased the hindlimb-slips on
the grid. On the ipsilateral side, the 8 mg/kg PROG group exhibited
more foot-slips than the vehicle group. The 4 mg/kg and the 8 mg/kg
PROG groups also emitted more foot-slips than the vehicle group on
the contralateral side. *P�0.05, **P�0.01 compared to the vehicle
group.
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and time (P	0.05), but significant effects of time [F(2,52)�
12.962, P�0.001 for ipsi-; F(2,52)�5.616, P�0.006 for
contra-] were found. In the analysis of the hind limb slips,
there were significant effects of treatment [F(2,26)�3.436,
P�0.047 for ipsi-; F(2,26)�4.113, P�0.028 for contra-],
but no effect of time and no treatment�time interaction
(P	0.05). The following post hoc tests showed that the
8-mg/kg PROG administration significantly increased hind
limb slips on both sides (P�0.027 for ipsi-; P�0.039 for
contra-), whereas the 4-mg/kg PROG treatment signifi-
cantly increased the number of contralateral hind limb slips
(P�0.009) (Fig. 3).

Cylinder test

The analyses of the forelimb-use asymmetry indicated no
effect of treatment, time, and interaction between treat-
ment and time (P	0.05; data not shown). However, there
was a decreasing trend for the symmetric forelimb use in
the high dose of PROG group (Fig. 4A). Accordingly, anal-
ysis of the AUC showed that the 8 mg/kg PROG group
used both limbs during rearing less often than the vehicle
group (P�0.031) (Fig. 4B).

Neurochemistry

Animals injected unilaterally with 6-OHDA into the dorsal
striatum were relatively severely depleted of striatal DA in
the lesioned side (Table 1). The extent of DA depletion was
about 58% in the vehicle group, 68% in the 4 mg/kg PROG
group, and 76% in the 8 mg/kg group, whereas no signif-
icant group difference was found (P	0.05). DA tissue
levels were decreased in the lesioned striatum when com-
pared with the intact side in all groups [vehicle (P�0.001),
4 mg/kg PROG (P�0.006), 8 mg/kg PROG (P�0.001)].
DOPAC levels were also reduced in the vehicle and the 4
mg/kg PROG groups (P�0.013, P�0.026, respectively).
There was a significant decrease in 5-HIAA tissue levels in
the animals of the 4 mg/kg PROG group (P�0.009).

There was no significant effect of treatment on tissue
levels of DA, DOPAC, HVA, and 5-HIAA (P	0.05). How-
ever, there was a treatment effect in the analysis of the
DOPAC/DA ratio in the lesioned striatum [F(2,26)�5.531,
P�0.01]. Post hoc tests indicated that the 8 mg/kg PROG
group had a higher DOPAC/DA ratio when compared with
the vehicle group (P�0.004) and with the 4 mg/kg PROG

Fig. 4. Use of symmetric forelimbs in the cylinder on the testing days 4, 9 and 13 (A) and the area under the curve - AUC (B) in all the animals. There
is a significantly lower symmetric forelimb use in the 8 mg/kg PROG group when compared to the vehicle group (B). D � day. *P�0.05 compared to
the vehicle group.

Table 1. Neurochemical results of contents of DA, DOPAC, HVA, and 5-HIAA in the intact and the lesioned striatum

DA depletion Vehicle(n�10) P 4 mg/kg (n�10) P 8 mg/kg(n�9)

58.22�6.69% 67.77�6.77% 76.18�7.45%

Intact Lesioned Intact Lesioned Intact Lesioned

DA 451.60�60.72** 188.48�36.77 529.34�114.47** 146.26�34.81 381.84�45.81*** 101.20�42.46
DOPAC 194.39�45.15* 122.36�36.06 179.79�35.07* 100.99�34.84 192.41�43.27 169.70�61.63
HVA 195.47�40.16 172.17�52.92 330.75�79.46 201.52�52.54 234.93�55.62 265.26�83.16
5-HIAA 40.23�11.27 22.32�6.12 37.32�6.94** 12.09�4.13 24.81�9.23 18.19�5.93

Values are expressed as ng/mg wet tissue weight. DA depletion�(intact DA content�lesioned DA content)/intact DA content, then�100. P,
progesterone.
*** P�0.05, * P�0.01, ** P�0.001 compared with the lesioned side.
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group (P�0.017) (Fig. 5). There was no significant effect of
treatment on the ratio of HVA/DA in either hemisphere
(P	0.05; data not shown).

DISCUSSION

The main results of chronic daily treatment with PROG in
animals given unilateral injections of 6-OHDA into the dor-
sal striatum were as follows: daily administration of 8
mg/kg of PROG enhanced the DOPAC/DA ratio in the
lesioned striatum of unilateral 6-OHDA-lesioned rats. The
ipsiversive turning asymmetry in the OF and the number of
hind limb slips were increased by the 8 mg/kg of PROG
treatments, whereas the dose of 4 mg/kg PROG also
increased the number of contralateral hind limb slips. In the
cylinder test, the symmetric forelimb use during rearing
against the walls was decreased by the daily treatment
with 8 mg/kg PROG.

Rats with unilateral 6-OHDA lesions rotate toward the
side of the lesion (ipsiversive), whereas turning toward the
side of the intact (contraversive) side is rare (Schwarting
and Huston, 1996). In the present study, there was a
PROG-dose-dependent increase in ipsiversive turning be-
havior on days 5 and 10 after the lesion (Fig. 2), whereas
there was no effect on contraversive turning. Neurochem-
ical results showed that in the lesioned striatum, the
DOPAC/DA ratio was also increased in a PROG-dose-
dependent manner. Thus, the increased turning asymme-
try in the 8 mg/kg PROG-treated animals could have been
influenced by the increased DA metabolism in the lesioned
hemisphere. It is plausible to assume that PROG en-
hanced DA release in the intact side, thereby affecting the
turning asymmetry. However, there was no difference in
the DA tissue contents between the vehicle and PROG
groups in the intact side, suggesting that the increased
turning asymmetry by the PROG treatment was not be-
cause of an imbalance of DA release. Possible mechanism
will be discussed later.

Daily treatment with 8 mg/kg PROG decreased the use
of both forelimbs during wall-supported rearing. Previous
studies showed that rats with unilateral 6-OHDA lesions
performed fewer wall contacts with both forelimbs when
compared with the presurgery baseline, whereas the sham
animals did not show such a decrease (Woodlee et al.,
2008). Thus, such a decrease in symmetrical forelimb use
during rearing after a unilateral 6-OHDA lesion may be
regarded as an index for a motor impairment. Consistent
with this finding is that PROG administrations increased
the number of contralateral hind limb slips on the grid. The
8 mg/kg PROG group showed behavioral effects on both
sides. However, the contralateral side was more sensitized
by PROG administrations because the low dose of PROG
was enough to induce more contralateral slips. All the
animals showed more contralateral than ipsilateral fore-
limb slips. In addition, PROG-treated animals exhibited
contralateral than ipsilateral hind limb slips. Our previous
findings indicated that L-DOPA treatment effectively re-
duced number of foot slips of hemiparkinsonian rats on a
horizontal grid (Chao et al., unpublished observation),
showing that more foot slips on the grid are an index for a
motor impairment in the unilateral 6-OHDA-lesioned rats.

There was no effect of PROG-treatment on the con-
tents of DA, DOPAC, HVA, and 5-HIAA in the intact and
lesioned striatum. However, daily treatment with 8 mg/kg
PROG enhanced the DOPAC/DA ratio in the lesioned
striatum, which suggests that the chronic PROG treatment
augmented DA turnover in the hemiparkinsonian rats. Pre-
vious studies have shown that PROG enhanced sponta-
neous DA release in the striatum of healthy male rats as
measured by in vivo microdialysis (Petitclerc et al., 1995;
de Souza Silva et al., 2008). Chronic PROG treatment
increased DA transporter density in striatum and SNc of
ovariectomized rats (Morissette and Di Paolo, 1993).
These findings show that there is a cross-talk pathway
between PROG and the neurotransmission of DA in the
striatum, although the exact mechanism is yet to be deter-
mined. The fact that an acute treatment with PROG in-
creased DA release in the striatum of rats (Petitclerc et al.,
1995; de Souza Silva et al., 2008), suggests that this
treatment has an amphetamine-like action. Such an action
would seem to preclude the possibility of PROG being
considered as a therapeutic tool for PD, although it is
possible that such a psychostimulant-like action could fa-
vor recovery of function in other neurological lesion mod-
els, as has been reported (Roof et al., 1994; Thomas et al.,
1999; Murphy et al., 2002; Yao et al., 2005; Labombarda et
al., 2006; Sayeed et al., 2007; Cai et al., 2008; Ishrat et al.,
2009). It should be mentioned that an acute injection of
PROG also increased DA in the amygdale of rats (de
Souza Silva et al., 2008). It is not known how such an
effect could interact with DAergic depletion on the striatum,
or how it could influence beneficial effects of PROG in
other lesion models. However, in the present study, it is
unlikely that the effects of chronic PROG treatment could
be due to increased release of DA from intact terminals, as
all the behavioral tests were conducted before the PROG
treatments.

Fig. 5. DOPAC/DA ratio in the intact and the lesioned striatum. The 8
mg/kg PROG group showed a higher DOPAC/DA ratio than the vehicle
and the 4 mg/kg PROG groups in the lesioned striatum. **P�0.01 com-
pared to the vehicle group; #P�0.05 compared to the 8 mg/kg PROG
group.
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Taken together, the behavioral results point out a clear
direction: chronic-applied PROG-treated hemiparkinso-
nian rats exhibited a higher ipsiversive turning asymmetry,
more contralateral hind limb slips, and lower symmetrical
use of the forelimbs during rearing behavior. Although
chronic PROG administration affects the DA metabolism in
the lesioned striatum, this neurochemical change may not
be the only factor underlying the behavioral effects. PROG
and its metabolites modulate several neurotransmitters
including the activity of the �-aminobutyric acid type A
(GABAA) receptor (Schumacher et al., 2000, 2007b). It is well
known that the basal ganglia are extensively coordinated by
the GABAergic system. Anatomical evidence indicates that
the globus pallidus (GP) and SN pars reticulata receive
GABAergic input from the striatal medium spiny neurons
and the GP pars externa provides a dense GABAergic
input to the subthalamic nucleus (STN). In MPTP-treated
monkeys, local administration of muscimol, a GABAA re-
ceptor agonist, into areas outside of the motor territory of
the STN induced circling and behavioral abnormalities,
whereas injections into the sensorimotor region amelio-
rated motor impairments (Baron et al., 2002). Intrasubtha-
lamic injection of muscimol in rats with a unilateral nigro-
striatal lesion exacerbated motor deficits in the forced-step
test, but alleviated some motor impairments (Mehta and
Chesselet, 2005). Inactivation of STN by a GABAA recep-
tor agonist relieved parkinsonian symptoms; however, un-
der some conditions aggravated the motor deficits (Baron
et al., 2002; Mehta and Chesselet, 2005). In the present
study, the motor impairments that were induced by sys-
temic PROG administration might have been a result of an
influence on the basal ganglia neural circuit through the
GABAergic pathway.

Even though we did not find evidence for a neuropro-
tective effect of PROG in the hemiparkinsonian male rat,
the time point for PROG treatment might be an important
factor to consider. In previous MPTP studies, PROG was
applied for 5 days before until 5 days after MPTP injection
(Grandbois et al., 2000; Callier et al., 2001; Morissette et
al., 2008). Thus, PROG influenced the nervous system
before the lesion, perhaps by increasing the expression of
antiapoptotic molecules, such as B-cell lymphoma (Bcl)-2
(Yao et al., 2005), which showed protective effects against
MPTP and 6-OHDA in SNc neurons (Yang et al., 1998;
Yamada et al., 1999). In the present study, PROG was
administrated after the lesion and thus might have lost its
neuroprotective effects. Furthermore, PROG activates
PROG receptors, and thus, the expression of ERK
(Boonyaratanakornkit et al., 2001; Ballaré et al., 2003). In
in vitro studies, activation of ERK contributed to the sur-
vival of neurons (Xia et al., 1995; Cavanaugh et al., 2006;
Lin et al., 2008), but in some other conditions, neural cell
death was enhanced by persistent rather than transient
ERK activation (Stanciu et al., 2000; Kulich and Chu,
2001). In an animal model of middle cerebral artery occlu-
sion, daily PROG treatment (30 mg/kg) for 4 days exacer-
bated infarct volumes in the striatum, whereas a single
dose did not (Murphy et al., 2000). Chronic PROG treat-
ment (32 mg/kg) also negatively influenced the outcome of

traumatic brain injury in rats (Goss et al., 2003). These
results are consistent with the present findings that postle-
sion daily PROG (especially the high dose) administration
exacerbated the behavioral impairments incurred by a dor-
sal striatal 6-OHDA lesion.

A critical factor that may contribute to the ineffective-
ness of PROG to ameliorate the lesion-induced deficits
could be that treatment was started 24 h after the lesion,
which might be already too late to find significant effects.
The lesion method used was introduced as a progressive
lesion model of PD (Kirik et al., 1998). Walsh et al. (2011)
found that the injection of 6-OHDA into the striatum in-
duced a DA depletion in the striatum of about 50%, 6 h
after surgery, whereas no significant degeneration of the
nigral cells was evident within 72 h. Only after this period,
a progression of the lesion extend was observed (Walsh et
al., 2011). In the present study, the first treatment was
applied 24 h after lesion surgery, which might have been
too late to affect the initial strong effects of the toxin, which
seem to occur within 6 h (Walsh et al., 2011).

The neuroprotective mechanisms of sex steroids for
PD are complicated and interact with other steroids, dose,
and gender. Although PROG and estrogens have shown to
have neuroprotective effects in preventing striatal DA de-
pletion by MPTP toxicity (Dluzen et al., 1996; Grandbois et
al., 2000; Callier et al., 2001; Ramirez et al., 2003; Moris-
sette et al., 2008; see Bourque et al., 2009 for review),
under some conditions they may worsen the degeneration
of PD. For example, in young PD women, the progression
of parkinsonian symptoms was more rapid during preg-
nancy (relatively higher levels of PROG and estrogens)
(Rubin, 2007). In unilateral 6-OHDA-lesioned rats, estrogens
had neuroprotective effects in females, whereas they had no
effects or even exacerbated the neurodegeneration in males
(Gillies et al., 2004, see Gillies and McArthur, 2010 for re-
view). More studies are needed to assess the role of PROG
in PD in relation to gender.

In the present study, it was shown that PROG has
behavioral as well as neurochemical effects in rats with
unilateral 6-OHDA lesions of the dorsal striatum. Chronic
PROG administration increased DA turnover in the le-
sioned striatum and induced a higher ipsiversive turning
asymmetry, more hind limb slips, and lower symmetric
forelimb use, which are representative of motor impair-
ments in the hemiparkinsonian rats. These findings are
incompatible with the hypothesis of positive treatment ef-
fects with PROG administration after the onset of parkin-
sonism, but do not rule out possible beneficial effects of
such treatment given in early stages of the disease onset.
In fact, the impairing effects of PROG in this study raise the
question of possible negative interactions between PROG-
related substances and parkinsonian symptoms. It will be
interesting to assess the effects of chronic PROG adminis-
tration in advance of the initiation of the 6-OHDA lesion for the
possibility of preventive, rather than ameliorative actions.
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THE GRID-WALKING TEST: ASSESSMENT OF SENSORIMOTOR
DEFICITS AFTER MODERATE OR SEVERE DOPAMINE DEPLETION
BY 6-HYDROXYDOPAMINE LESIONS IN THE DORSAL STRIATUM AND
MEDIAL FOREBRAIN BUNDLE
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Abstract—The present study aims to evaluate the applicabil-

ity of the grid-walking test in rats with moderate or severe

dopamine-depletion incurred by unilateral nigro-striatal 6-hy-

droxydopamine (6-OHDA) lesions. Striatum samples were an-

alyzed by high pressure liquid chromatography coupled to

electrochemical detection (HPLC-EC) after behavioral test-

ing. In Experiment 1, 2 weeks after the injection of 6-OHDA

into the medial forebrain bundle, adult Wistar rats were di-

vided into an L-3,4-dihydroxyphenylalanine (L-dopa) and a

vehicle treatment group and their behaviors on the grid were

compared. The severely lesioned animals (mean dopamine

depletion of 92%) did not exhibit behavioral asymmetry in the

number of contralateral foot-slips. However, L-dopa adminis-

tration selectively reduced the number of foot-slips of the

contralateral forelimb when compared with the vehicle group.

In Experiment 2, 6-OHDA was injected into the dorsal stria-

tum and foot-slips on the grid were analyzed 4, 9 and 13 days

following the lesion. The rats with moderate dopamine-deple-

tion (mean depletion of 54%) exhibited more contralateral

forelimb-slips on all testing days. Compared with naive rats,

hemiparkinsonian rats also showed more forelimb-slips.

These results suggest that the grid-walking test should be a

powerful and sensitive behavioral assay for sensory-motor

deficits in rat models of nigro-striatal dopamine lesions.

© 2011 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: 6-OHDA, grid-walking, foot-slips, medial forebrain

bundle, dorsal striatum, hemiparkinsonian rats.

Parkinson’s disease (PD) is a progressive, neurodegen-
erative disorder associated with a loss of dopaminergic
neurons in the substantia nigra pars compacta. This de-
generation of the nigro-striatal pathway is presumed to be
the cause of the defining motor symptoms of PD such as
bradykinesia, resting tremor, muscle rigidity, and postural
abnormalities (Dauer and Przedborski, 2003). A widely-
used animal model of PD applies unilateral injections of
the catecholaminergic neurotoxin 6-hydroxydopamine (6-
OHDA) into the nigro-striatal tract, thereby producing be-
havioral asymmetries (Ungerstedt, 1976; Schwarting and

Huston, 1996a,b). Several behavioral tests have been pro-
posed to assess behavioral asymmetries in these so called
“hemiparkinsonian” animals, such as drug-induced rota-
tions (Ungerstedt, 1971; Steiner et al., 1985), adjusting
steps of the weight-bearing forepaw (Olsson et al., 1995;
Chang et al., 1999), food retrieval on a descending stair-
case (Whishaw et al., 1997; Barnéoud et al., 2000), food-
grasping (Miklyaeva et al., 1994), the analysis of foot prints
(Metz et al., 2005), asymmetrical thigmotactic scanning
(Steiner et al., 1988), and asymmetrical forelimb use
(Schallert et al., 2000). However, various studies report
that the measurement of drug-induced rotations seems to
be a poor indicator of an impairment of motor function
(Chang et al., 1999; Metz and Whishaw, 2002b; Lane et
al., 2006; Meredith and Kang, 2006). In tests involving food
reward (Miklyaeva et al., 1994; Whishaw et al., 1997;
Barnéoud et al., 2000), motivational factors may interact
with motor variables. The adjusting-step test requires an
experimenter to hold the animal (Olsson et al., 1995;
Chang et al., 1999). Furthermore, it is difficult to evaluate
motor impairments and behavioral asymmetries when the
reduction of striatal dopamine is below 80% (Schwarting et
al., 1991; Lee et al., 1996; Kirik et al., 1998; Deumens et
al., 2002), wheras the onset of clinical motor symptoms in
PD can occur with 60–80% losses of striatal dopaminergic
terminals (Kish et al., 1988; Lang and Obeso, 2004). Given
that the motor impairments induced by unilateral 6-OHDA-
lesions can be very subtle, it is important to have multiple
behavioral criteria for such assessments (Metz et al.,
2000), particularly to develop sensitive tests for partial
dopamine depletions in the hemiparkinsonian rat.

The grid-walking test (or foot-fault test) has been
shown to be sensitive for evaluating the sensorimotor co-
ordination of the four limbs in various rodent models of
neurological diseases such as pyramidotomy (Z’Graggen
et al., 1998; Starkey et al., 2005), spinal cord injury (Ma et
al., 2001; Onifer et al., 2005; Sandrow et al., 2008), so-
matosensory cortex lesion (Barth et al., 1990; Napieralski
et al., 1998; Shanina et al., 2006), and ischemic stroke
(Zhang et al., 2002; Lourbopoulos et al., 2008). A previous
study demonstrated that rotational activity on a grid is
suitable for screening hemiparkinsonian rats; however, in
that study foot-slips were not tested (Silvestrin et al.,
2009). Since bradykinesia, rigidity, and postural abnormal-
ities are the primary characteristics of PD motor symptoms
(Dauer and Przedborski, 2003), observing skilled use of

*Corresponding author. Fax: �49-211-811-2024.
E-mail address: Huston@uni-duesseldorf.de (J. P. Huston).
Abbreviations: DOPAC, 3,4-dihydroxyphenylacetic acid; dSTR, dorsal
striatum; HVA, homovanillic acid; MFB, medial forebrain bundle; PD,
Parkinson’s disease; 6-OHDA, 6-hydroxydopamine.
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the limbs is likely to provide useful sensorimotor informa-
tion on the hemiparkinsonian rat.

The objective of the present study was to evaluate the
applicability of the grid-walking test to assess 6-OHDA-
lesion induced motor impairments by measuring foot-slips
through a grid. To this end, two experiments and one
supplementary experiment were conducted; in Experiment
1, we investigated the effects of dopamine depletions in-
curred by injection of 6-OHDA into the medial forebrain
bundle (MFB) on grid-walking. The MFB carries ascending
dopaminergic neurons from the substantia nigra pars com-
pacta to the striatum. This lesioned-procedure leads to
severe nigrostriatal degeneration and a striking asymmetry
in motor behaviors (Schwarting and Huston, 1996a; Deu-
mens et al., 2002; Yuan et al., 2005). The lesion induced
can be considered appropriate to investigate late-stage PD
(Yuan et al., 2005). In Experiment 2, 6-OHDA was infused
into the dorsal striatum (dSTR) in order to (a) determine
the effects of a lesion that develops over time and to (b)
investigate the influence of a moderate depletion of dopa-
mine on foot-slips (Kirik et al., 1998). The injection of
6-OHDA into the striatum causes a progressive loss of
substantia nigra neurons (Berger et al., 1991; Ichitani et
al., 1991; Sauer and Oertel, 1994), which is useful as a
partial dopamine depletion model in studies of functional
recovery (Kirik et al., 1998). In the supplementary experi-
ment, naive rats were also subjected to the grid-walking
test to compare their behaviors with the hemiparkinsonian
rats.

EXPERIMENTAL PROCEDURES

Animals

Male Wistar rats (Tierversuchsanlage, University of Düsseldorf,
Germany) weighing between 250 and 350 g were used. They
were grouped four to five in a cage with water and food provided
ad libitum and they were housed under a reversed light–dark
cycle (lights off from 7:00–19:00). The animals were given at least
1 week for adaptation before surgery. All experiments were con-
ducted in conformity with the Animal Protection Law of the Federal
Republic of Germany and with the European Communities Coun-
cil Directive (86/609/EEC).

Experiment 1—MFB lesion

The animals were anesthetized with pentobarbital (50 mg/kg, i.p.,
Narcoren, Merial GmbH, Germany). Body temperature was main-
tained at normothermia using a heating pad. They were placed in
a Kopf stereotaxic frame, and the scalp was cut and retracted to
expose the skull. Holes were drilled above the MFB. 6-OHDA
(10.5 �g in 3 �l PBS with 0.1% ascorbic acid) (Monville et al.,
2006) was used to damage dopaminergic neurons by a unilateral
injection into the right or left MFB (AP: �4.0 mm, ML: �1.5 mm,
DV: �8.5 mm; relative to bregma) (Metz and Whishaw, 2002a)
with a 26-gauge steel cannula. The injection was made at a flow
rate of 1 �l/min with a 10 �l Hamilton syringe and a micro-infusion
pump. The cannula was left in place for 4 min to prevent a reflux.
Finally, the scalp was sutured and 70% ethanol was used for
disinfection. After the surgery, the rats were returned to their home
cage and behavioral tests were started 2 weeks later.

Experiment 2—dSTR lesion

Surgery was carried out as described in Experiment 1. After
anesthesia with pentobarbital (50 mg/kg, i.p.), the animals were
placed in a stereotaxic frame with a heating pad beneath the body.
The scalp was cut and holes were drilled above the dSTR. Then,
6-OHDA (7 �g in 1 �l PBS with 0.1% ascorbic acid) was injected
at four coordinates unilaterally into the right dSTR: AP: �1.3 mm,
ML: �2.6 mm, DV: �5.0 mm; AP: �0.4 mm, ML: �3.0 mm, DV:
�5.0 mm; AP: �0.4 mm, ML: �4.2 mm, DV: �5.0 mm and AP:
�1.3 mm, ML: �4.5 mm, DV: �5.0 mm; relative to bregma (Kirik
et al., 1998). For injections a 10 �l Hamilton syringe, fitted with a
26-gauge steel cannula, was used. The injection rate was 1 �l/min
and the cannula was left in place for 2 min before slowly retracting
it. Then, the scalp was sutured and the wound was disinfected
with 70% ethanol. The animals were allowed to recover for 3 days
and the grid-walking test was conducted on day 4.

Grid-walking apparatus

An elevated metal square grid (41�41 cm2, with each grid cell
3.5�3.5 cm2; height: 41 cm) was used (Fig. 1A). The grid appa-
ratus was located in a sound attenuated room with dim lighting.
After each trial, 70% ethanol was used to clean the apparatus. A
camera connected to a DVD-recorder was located below the
apparatus with an angle of about 20–40 degrees (Fig. 1B). Be-
haviors on the grid were recorded on DVD and were analyzed
later by an experimenter who was blind to the experimental de-
sign.

Procedures

Experiment 1. Two weeks after the surgery, the animals
were given amphetamine (1.5 mg/kg, i.p.) and put into an open-
field (48�48�48 cm3) for 30 min. Their turning behaviors were
recorded automatically by VIAS system (Schwarting et al., 1993)
provided by Dr. Jay Shake Li (Li and Huang, 2006). Animals
exhibiting more than 80% of ipsiversive turning were chosen for
the grid-walking test (n�16). Then, the animals were randomly
divided into the vehicle (n�8) or the L-dopa treatment group
(n�8). Vehicle (castor oil with 0.8 ml/kg volume s.c.) or L-dopa (12
mg/kg with 0.8 ml/kg volume s.c.) were administrated 30 min
before the grid-walking test. The animal was placed onto the
central part of the grid apparatus and was free to explore the
apparatus for 5 min. The behaviors were recorded on DVD, and
analyzed afterward.

Experiment 2. For the animals with the dSTR lesion the
grid-walking test was conducted 4, 9 and 13 days after the lesion
(n�11). The behavioral testing of grid-walking and data acquisi-
tion was carried out as described for Experiment 1. Then, their
behaviors on the grid were recorded and analyzed later.

Supplementary experiment. Seven naive rats were used for
this experiment. All procedures were conducted as described
above.

Drugs

Amphetamine, L-3,4-dihydroxyphenylalanine (L-dopa), castor oil,
and 6-OHDA were purchased from Sigma-Aldrich (Steinheim,
Germany). In Experiment 1, a single amphetamine injection was
used to evaluate the lesion extent induced by the 6-OHDA injec-
tion (Hudson et al., 1993). L-dopa was suspended in castor oil for
s.c. administration. Our previous study showed that the 12 mg/kg
dose of L-dopa effectively modulated behaviors in 6-OHDA le-
sioned rats (Chao et al., in press).
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Behavioral analysis

The grid-walking test assesses spontaneous motor deficits and
limb movements involved in precise stepping, coordination, and
accurate paw placement. A foot-slip was scored (a) when the
paw completely missed a rung and (b) the limb fell between the
rungs, or (c) when the paw was correctly placed on the rung,
but slipped off during weight bearing (Ma et al., 2001; Zhang et
al., 2002; Baskin et al., 2003; Menet et al., 2003; Starkey et al.,
2005). Counts of foot-slips for right forelimb, left forelimb, right
hindlimb and left hindlimb were obtained. Later, the data were
recorded as ipsilateral or contralateral to the lesioned side.
Total foot-steps were also recorded in Experiment 1. Activities
on the grid, latency to move, and time spent around the edges
of the grid (Fig. 1C) were also assessed. The apparatus was
divided equally into nine areas and line-crossings were re-
corded (Fig. 1D). In Experiment 2, these indexes were collected
on day 13 after the lesion. The number of forelimbs- and
hindlimb-slips of the naive and the hemiparkinsonian rats were
compared.

Post-mortem analysis

Two weeks after the grid-walking test in Experiment 1 and 15 days
after the dSTR surgery, the animals were anesthetized by CO2,
decapitated, and the brains were excised. The left and right dorsal
striatum was dissected, homogenized, centrifuged, filtered, and
stored at �80 °C until analysis. The samples were analyzed for
their contents of dopamine, 3,4-dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), and 5-hydroxyindoleacetic
acid (5-HIAA) by means of high pressure liquid chromatography
coupled to electrochemical detection (HPLC-EC). The column
was an ET 125/4, Nucleosil 120-5, C-18 reversed phase column
(Macherey & Nagel, Germany), perfused with a mobile phase
composed of 75 mM NaH2PO4, 4 mM KCl, 20 �M EDTA, 1.5 mM
sodium dodecylsulfate, 100 �l/L diethylamine, 12% methanol, and
12% acetonitrile adjusted to pH 6.0 using phosphoric acid. The

electrochemical detector (Intro, Antec, Leyden, The Netherlands)
was set at 500 mV vs. an ISAAC reference electrode (Antec,
Leyden, The Netherlands) at 30 °C.

Statistics

All the values were expressed as the mean�SEM. Paired sam-
ples t-tests were used to compare the ipsilateral foot-slips with the
contralateral foot-slips and the neurochemical contents of the
lesioned with the non-lesioned dorsal striatum. One-way ANOVA
with the factor Treatment was used to compare the behaviors of
the vehicle group with the behaviors of the L-dopa group. The
behaviors of the naive rats were compared with the behaviors of
the lesioned animals by separate one-way ANOVAs. A repeated
one-way ANOVA with the factor TIME was conducted to analyze
the foot-slips on the grid in the dSTR lesion experiment. The level
of significance was P�0.05 for all the tests.

RESULTS

Neurochemistry

In the MFB lesioned animals, the content of dopamine,
DOPAC and HVA in the lesioned striatum was significantly
decreased when compared with the intact striatum
(P�0.001, P�0.001 and P�0.003, respectively; paired
t-test; Table 1). The mean reduction of striatal dopamine
content was 92%. Dopamine and DOPAC were also sig-
nificantly reduced in the striatum of the animals that had
received unilateral 6-OHDA injections into the dSTR
(P�0.001 and P�0.009, respectively; paired t-test; Table
1). The mean decrease in striatal dopamine concentration
was 54%.

Fig. 1. (A) The grid-walking test apparatus, (B) the relative location between the apparatus and the camera, (C) the definition of the edges of the grid,
and (D) example to count line-crossings. (B) The camera, connected to a DVD recorder, was located in front of the grid apparatus and lower than the
grid with an angle. Video recorded by the camera was required to capture the whole extent of the grid in order to count foot-slips. (D) The white-oval
shape represents an animal. The line and the arrow represent its moving trajectory, and in this example the number of line-crossings is four.
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Experiment 1

There was no significant difference between the ipsilateral
foot-slips and the contralateral foot-slips within the vehicle
and the L-dopa treatment groups (P	0.05; data not shown for
hindlimbs). However, the animals treated with L-dopa showed
significantly fewer contralateral forelimb-slips when com-
pared with the vehicle-treated animals [F(1,14)�8.463,
P�0.011] (Fig. 2A). There were no significant differences in
line-crossings and foot-steps between the vehicle and the
L-dopa groups (P	0.05; Table 2). In addition, L-dopa treat-
ment did not influence the time spent around the edges of the
grid and latency to move when compared with the vehicle
group (P	0.05; Table 2).

Experiment 2

The animals with the dSTR lesion exhibited significantly
more contralateral than ipsilateral forelimb-slips (Fig. 2B),
although not in the hindlimbs (data not shown). This asym-
metry was evident 4, 9 and 13 days following the lesion (all
P�0.001; paired t-test). There was a TIME effect in the
analysis of the ipsilateral slips [F(2,20)�9.696, P�0.001],
whereas not contralateral slips (P	0.05). The slips of the
ipsilateral forelimb were increased on day 13 as compared
to day 9 (P�0.001; paired t-test with Bonferroni’s correc-
tion; Fig. 2B). There was no significant effect in the anal-
yses of hindlimb-slips (P	0.05; data not shown).

Supplementary experiment

The hemiparkinsonian rats with both, dSTR or MFB 6-OHDA
injections, showed significantly more forelimb-slips than the
naive rats (Table 2). The animals with severe dopamine
depletion induced by injection of 6-OHDA into the MFB ex-
hibited more forelimb-slips than the naive rats, irrespective of
vehicle or L-dopa treatment [F(1,14)�29.061, P�0.001;
F(1,14)�24.341, P�0.001, respectively]. The vehicle-treated
animals spent less time close the edges of the grid when
compared with the naive rats [F(1,14)�6.793, P�0.022],
whereas the L-dopa-treated animals did not (P	0.05). No
significant differences were found in the comparisons of line-
crossings, hindlimbs-slips and latency for both MFB lesioned
groups compared with the naive rats (P	0.05). L-dopa ad-
ministration also significantly reduced forelimb-slips when

Table 1. Neurochemical results of the lesioned and the intact striatum in the 6-OHDA lesioned rats

MFB lesion Depletion 92.58% dSTR lesion Depletion 54.40%
Lesioned striatum Intact striatum Lesioned striatum Intact striatum

Dopamine 7.98�5.17 116.10�16.29*** 186.98�33.30 429.21�59.31**
DOPAC 56.74�11.45 90.04�10.52*** 115.34�33.36 181.64�42.78**
HVA 2.44�0.58 27.25�7.17** 180.25�48.54 202.41�36.98
5-HIAA 17.99�3.49 22.37�2.94 23.47�5.66 38.71�10.31

Values are expressed as ng/mg wet tissue weight.

Depletion�(intact dopamine content–lesioned dopamine content)/(intact dopamine content), then �100.

MFB lesioned rats n�16, dSTR lesioned rats n�11.

Paired t-tests were used to compare the lesioned and the intact striatum ( ** P�0.01, *** P�0.001).

Fig. 2. Slips of forelimbs in the unilateral 6-OHDA MFB lesioned and
in the dSTR lesioned rats. (A) The L-DOPA treatment group showed
fewer slips of the contralateral forelimb when compared with the vehicle
group. * P�0.05 compared with the respective vehicle group; one-way
ANOVA. (B) The animals exhibited more slips of the contralateral than
ipsilateral forelimb 4, 9, and 13 d after the surgery. The animal made more
ipsilateral slips on day 13 as compared with day 9. ## P�0.01 compared
with day 9 after the surgery. ** P�0.01, *** P�0.001 compared with the
ipsilateral slips; paired sample t-test.
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compared with the vehicle-treated animals [F(1,15)�9.493,
P�0.008], whereas no group differences were found in the
analyses of other parameters (P	0.05; Table 2).

The animals with partial dopamine depletion induced by
6-OHDA injections into the dSTR exhibited significantly more
forelimb- and hindlimb-slips than the naive animals
[F(1,17)�29.746, P�0.001; F(1,17)�5.37, P�0.034, respec-
tively; Table 2]. The dSTR lesioned rats also showed less
activity when compared with the naive rats [F(1,17)�17.921,
P�0.001], whereas no significant difference was found in the
comparisons of time spent near edges and latency (P	0.05;
Table 2).

DISCUSSION

This study describes a simple behavioral test that as-
sesses foot-slips on a grid in rats with severe and partial
dopamine-depletions of the nigro-striatal tract. L-dopa ad-
ministration reduced the number of slips of the contralat-
eral forelimb in the severely dopamine-depleted animals
(mean 92%) that had received 6-OHDA-lesions of the
MFB. The animals with the moderate striatal dopamine-
depletion (mean 54%) expressed an obvious behavioral
asymmetry by exhibiting more contralateral than ipsilateral
forelimb-slips.

In Experiment 1, there was no difference in the number
of foot-slips between the paws ipsi- and contra-lateral to
the MFB lesions. It is likely that the severe dopamine
reduction strongly affects the contralateral limbs and, thus,
the animal depends more on the ipsilateral limb to explore
the apparatus, thereby increasing the probability of ipsilat-
eral foot-slips. It could also be that the serve dopamine-
depletion influenced not only the ipsilateral- but the con-
tralateral-hemisphere. Previous studies have shown that
dopamine content was reduced also in the contralateral
striatum 7 days after the unilateral 6-OHDA lesions
(Pierucci et al., 2009) and alternations in both hemispheres
were found by in vivo magnetic resonance imaging in
6-OHDA lesioned rats (Soria et al., 2011). The nigro-stri-
atal afferents include interhemispheric connections (Pritzel
et al., 1983; Morgan et al., 1985, 1986), which are likely to
be influenced by severe dopamine-depletion animals and,
thereby may also incur deficits in the limb usage ipsilateral

to the 6-OHDA injection. In the present study L-dopa ad-
ministration reduced the slips of the contralateral forelimb
in the animals with a severely dopamine-depleted nigro-
striatal system. The hypothesis that foot-slips on the grid
assess motor impairments of hemiparkinsonian rats was
supported by the improvement after the replenishment of
dopamine by L-dopa treatment. The hemiparkinsonian rats
exhibited more forelimbs slips than the naive rats (Table
2), which suggests that the increase in the number of
foot-slips was likely because of the degeneration of dopa-
mine neurons in the nigro-striatal pathway. There was a
trend for fewer slips of the ipsilateral forelimb after the
L-dopa treatment (Fig. 2A), but the treatment led to a more
pronounced improvement of the impaired side as com-
pared with the intact side. These results are consistent with
previous observations that L-dopa alleviated motor impair-
ments of the contralateral forelimb in hemiparkinsonian
rats (Olsson et al., 1995; Chang et al., 1999). Given that
total foot-steps and locomotion on the grid were not differ-
ent between the vehicle and the treatment animals (Table
2), the reduction in contralateral foot-slips seen in the
treatment group is likely to be caused by the L-dopa
treatment.

The animals with moderate dopamine-depletion of the
nigro-striatal tract showed remarkable behavioral asym-
metries on the grid. In the hemiparkinsonian animal mod-
els, behavioral performance of the ipsilateral limbs (con-
trolled by the intact hemisphere) are usually considered as
a within-subject control for the contralateral side (the dam-
aged hemisphere) (Schwarting and Huston, 1996a). The
impaired function of the contralateral limbs were usually
compared with the ipsilateral limbs in numerous behavioral
tests, like limb-use asymmetry (Schallert et al., 2000; Til-
lerson et al., 2001), adjusting steps (Olsson et al., 1995;
Chang et al., 1999), and forelimb placing (Schallert et al.,
2000). Detecting motor impairments in animals with mod-
erate dopaminergic lesions (below 80%) has proved to be
difficult because of functional recovery taking place
(Schwarting and Huston, 1997). However, these tests
were used in animals with over 80% dopamine-depletion of
the nigro-striatal tract (Olsson et al., 1995; Chang et al.,
1999; Schallert et al., 2000; Tillerson et al., 2001). Here we

Table 2. Detailed behaviors of the hemiparkinsonian rats and naive rats on the grid

Experiment 1 MFB Experiment 2 dSTR Suppl. naive

Vehicle n�8 L-dopa n�8 n�11 n�7

Line-crossings 15.25�3.90 18.25�3.39 9.91�0.89** 20.43�2.83
Forelimbs slips 7.25�1.22*** 3.13�0.55***† 17.45�2.5*** 0.14�0.14
Hindlimbs slips 3.63�1.05 4.25�0.65 5.55�0.81* 2.71�0.84
Time in periphery 198.75�29.41* 255.75�10.82 229.64�22.15 283.43�8.14
Latency 6.50�3.14 7.13�3.89 4.73�2.71 1.43�0.3
Foot-steps 86.13�11.11 110.25�10.02 # #

Counts of line-crossings, forelimbs slips, hindlimbs slips, foot-steps, latency to move (seconds) and time in peripheral areas (seconds).

Forelimbs slips � summation of the slips of both forelimbs; hindlimbs; slips � summation of the slips of both hindlimbs. Suppl. � supplementary
experiment. * P�0.05, ** P�0.01, *** P�0.001 compared with control group (one-way ANOVAs); † P�0.01 compared with vehicle group (one-way
ANVOA). # data not provided.
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found that rats with less than 60% dopamine-depletion
induced by the infusion of 6-OHDA into the dSTR can
show a substantial behavioral asymmetry. The grid-walk-
ing test provides a suitable and sensitive behavioral as-
sessment for testing the sensorimotor function of hemipar-
kinsonian rats, especially when the extent of the lesion is
moderate.

We hypothesized that the impairment of the contralat-
eral limb should increase over time. Tyrosine hydroxylase
immunoreactivity in the striatum was largely decreased
almost immediately after the infusion of 6-OHDA into the
dSTR and then declined slowly (Grealish et al., 2008;
Walsh et al., 2011). The slow atrophy of dopaminergic
fibers taking place after lesion might be too slow to be
detectable within 2 weeks of testing. Probably, more time
is needed to determine such an increase of impairment
parallel to the degeneration of dopaminergic cells caused
by 6-OHDA-injections into the dSTR.

The vehicle-treated MFB-lesioned animals spent less
time close the edges of the grid when compared with the
naive rats (Table 2). Whether this index reflects motor
impairments or other parameters, like emotional deficits, is
not clear from the present data. The rats with a moderate
dopamine depletion showed fewer line-crossings compar-
ing with the naive rats. Since the animals were placed on
the grid for the third time (day 13 after the surgery), they
could have been habituated to the environment and, thus,
showed less exploratory behavior. Nevertheless, both
groups of 6-OHDA lesioned animals exhibited more foot-
slips than naive rats on the grid (Table 2).

In both experiments, slips of forelimbs were more
evident than slips of hindlimbs. According to our obser-
vations, there are three kinds of behavioral patterns on
the grid: (a) the animal moves with four limbs, (b) the
animal does not move, and (c) the animal’s hind-limbs
are immobile while the forelimbs are used to “explore”
the environment. Slips of the forelimbs resulted from
moving and exploring, but slips of the hindlimbs were
primarily generated by moving. The time involved for
moving and exploring was definitely more than that re-
quired for moving, thereby increasing the probability of
forelimb-slips. Secondly, impairments in forelimb and
digit use are the most obvious symptoms after nigro-
striatal dopamine loss in rodents, especially when they
are linked to sensorimotor integration (Aldridge and Ber-
ridge, 1998; Schallert and Woodlee, 2003). The grid-
walking test assesses limb movements involved in sen-
sorimotor functions, such as precise stepping, coordina-
tion and accurate placement of the paw. Accordingly, we
found a significant reduction in foot-slips upon treatment
with L-dopa (Experiment 1) and more foot-slips of the
contralateral forelimbs (Experiment 2).

The ladder-rung walking test provides a similar behav-
ioral assessment as the present grid-walking test. The
ladder-rung apparatus consists of two transparent walls
with metal rungs inserted at irregular distances to create a
floor, which evaluates skilled walking, coordination of four
limbs, limb placing, and stepping (Metz and Whishaw,
2002a,b). Qualitative scales based on observing paw-us-

age on the floor have also been used (Metz and Whishaw,
2002a,b). Rats with unilateral 6-OHDA lesions of the MFB
exhibited more slip-errors of all limbs when compared with
the control group (Metz and Whishaw, 2002a); whereas no
behavioral asymmetry (higher errors in the contralateral
side) was observed (Metz and Whishaw, 2002a,b; Pa-
quette et al., 2009), there was an asymmetry in the scores
of paws (Metz and Whishaw, 2002b; Faraji and Metz,
2007). There is a study showing more errors in the con-
tralateral side and no difference in the ipsilateral errors
compared with the control group (Klein et al., 2009).
Among differences between the ladder-rung walking and
the grid-walking tests is that animals are “freer” on the grid
than on the ladder in that they show a diversity of behav-
iors, like grooming, rearing, exploration, and turnings. This
difference could lead to different results observed in the
hemiparkinsonian rats, for example, evident results in the
number of forelimb-slips rather than hindlimbs in the pres-
ent study as compared with more errors of the hindlimbs
than forelimbs on the ladder (Metz and Whishaw, 2002a).

L-dopa administration reduced the number of slips of
the contralateral forelimb following severe unilateral dopa-
mine depletion, which validates the applicability of this test
upon pharmacological treatment. Furthermore, animals
with moderate dopaminergic lesions (about 54% depletion)
showed an increase of contralateral foot-slips in the grid-
walking test. Our results suggest that the grid-walking test
is sensitive to behavioral deficits in two different animal
models of PD, and, thus, may provide a sensitive proce-
dure to assess motor changes and within modulation in
animals with a lower degree of dopamine depletion.
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Neuropsychological and neuroimaging studies have implicated the dopaminergic nigrostriatal pathway and
the prefrontal cortex in learning and memory deficits in patients with Parkinson's disease. However, little
is known about how these two brain regions interact in the processing of learning and memory. We
employed a disconnection procedure to test whether interaction of these regions contributes to performance
in various memory tasks. Male rats received either a unilateral injection of 6-hydroxydopamine into the
nigro-striatal tract or a unilateral NMDA lesion in the medial prefrontal cortex, or both these lesions com-
bined in either the same or opposite hemispheres. Spontaneous object exploration, spatial working memory,
locomotor, emotional and sensorimotor tests were administered. Only the group with both lesions placed
in opposite hemispheres failed to show object recognition memory. None of the groups treated with
6-hydroxydopamine showed intact temporal order memory, whereas only the groups that received com-
bined lesions failed to show object-in-place and spatial recognition memory. No differences between groups
were found in the spatial working memory test. Our data indicate that locomotor, emotional and sensorimo-
tor factors are not likely to confound the results of the memory tests. Thus, the interaction between the do-
paminergic forebrain projections, particularly the nigrostriatal dopamine, and the medial prefrontal cortex is
critical for object recognition memory but not for spatial working memory in rats.

© 2013 Elsevier Inc. All rights reserved.

Introduction

Parkinson's disease (PD) is a neurodegenerative disorder charac-
terized by atrophy of dopaminergic neurons in the substantia nigra
pars compacta (SNc). The resulting dopamine (DA) deficiency of the
nigrostriatal pathway is considered to account for the major motor
symptoms in PD (Dauer and Przedborski, 2003). In addition to
motor deficits, PD patients exhibit impairments in learning and mem-
ory (Lang and Lozano, 1998a, 1998b; Rodriguez-Oroz et al., 2009).
Executive as well as visual–spatial functions are affected by PD
(Dubois and Pillon, 1997) and the pattern of cognitive impairments
in PD resembles that seen in patients with prefrontal cortex (PFC) le-
sions (Kehagia et al., 2010; Owen et al., 1992; Taylor et al., 1986). In
particular, PD patients are deficient in tasks of temporal processing
(Harrington et al., 2011; Sagar et al., 1988) and recognition memory
(Cooper et al., 1993; Stebbins et al., 1999; Whittington et al., 2000).
Learning and memory impairments are also found in animal models
of PD, such as in 1-methy-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-
treated monkeys and rats (Da Cunha et al., 2001; Fernandez-Ruiz et al.,
1995; Miyoshi et al., 2002; Taylor et al., 1990; Wang et al., 2009) and in

genetically modified mice (Freichel et al., 2007; Pham et al., 2010; Zhu
et al., 2007). Neuroimaging studies in PD patients suggest that the
nigrostriatal (Dagher et al., 2001; Owen et al., 1998; Sawamoto et al.,
2008) and the mesocortical (Cools et al., 2002; Mattay et al., 2002) path-
ways contribute to the cognitive deficits in PD. However, it is not clear
whether the cognitive impairments in PD originate from theDAdepleted
nigrostriatal pathway or from the PFC, which is modulated by the
mesocortical DA-pathway, or if they are caused by a disruption of the in-
teraction between these brain regions. Given that both, the nigrostriatal
pathway and the PFC, play an important role for cognition in PD patients,
knowing the nature of their interaction is of critical importance for un-
derstanding learning and memory deficits in this population.

Accordingly, the aimof the present studywas to investigatewhether
the interaction between the DA-depleted nigrostriatal pathway and the
medial PFC (mPFC) contributes to learning and memory processing. To
this end, male rats received a 6-hydroxydopamine (6-OHDA) injection
in one hemisphere and a unilateral N-methyl-D-aspartate (NMDA) in-
jection into either the ipsilateral or contralateral mPFC. When these
lesions are applied in opposite hemispheres, the circuit is disconnected
bilaterally at two different levels, whereas when the lesions are applied
in the same hemisphere, an intact circuit is preserved in one hemi-
sphere (Geschwind, 1965a, 1965b). This disconnection paradigm
employing the hemiparkinsonian preparation together with the mPFC
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lesion provides the possibility to assess task specific functions of this cir-
cuit with the added relevance for understanding mechanisms that un-
derlie PD-related cognitive deficits.

Materials and methods

Animals

Male Wistar rats (Tierversuchsanlage, University of Düsseldorf,
Germany) weighing between 250 and 350 g were used. Until surgery
they were housed in groups of five animals per cage. They were locat-
ed in a standard environment under a normal light–dark rhythm
(lights off from 19:00 to 07:00). Water and food was provided ad
libitum except during periods of food restriction for behavioral testing
(see below). Each animal was handled for about 3 min per day for
three days before surgery. All experiments were in accordance with
the Animal Protection Law of the Federal Republic of Germany and
of the European Communities Council Directive (86/609/EEC). All ef-
forts were made to minimize suffering and the number of animals
used.

Surgery

Animalswere anesthetizedwith 50 mg/kg pentobarbital (Narcoren;
Merial GmbH, Germany, i.p.), placed in a Kopf stereotaxic frame, and
the scalp was retracted to expose the skull. They received either
a unilateral 6-OHDA-injection into the medial forebrain bundle
(MFB) (6-OH, n=13), a unilateral NMDA-injection into the mPFC
(NM, n=6), unilateral lesions of both areas in the same hemisphere
(6-OH+NM S, n=10) or in different hemispheres (6-OH+NM D,
n=16), or sham lesions (n=8).

Holes were drilled into the skull above the target sites of the MFB
and mPFC. 6-OHDA (10.5 μg in 3 μl phosphate buffer saline, pH 7.3,
with 0.1% ascorbic acid, flow rate 1 μl/min; Monville et al., 2006)
was injected into either the right or the left MFB (AP: –4.0 mm, ML:
±1.5 mm, DV: –8.5 mm; relative to bregma; Metz and Whishaw,
2002) in the 6-OH, 6-OH+NM D and 6-OH+NM S groups. After
each injection, the needle was left in situ for an additional 4 min to
prevent reflux. NMDA (2 μg in 0.2 μl phosphate buffer saline, pH
7.3, flow rate 0.1 μl/min; Lacroix et al., 2002) was injected into
either the right or the left mPFC (AP: +3.0 mm, ML: ±0.7 mm, DV:
–3.0 mm; AP: +3.0 mm, ML: ±0.7 mm, DV: –4.0 mm; AP:
+4.0 mm, ML: ±0.7 mm, DV: –3.0 mm; relative to bregma; Lacroix
et al., 2002) in the NM, 6-OH+NM D and 6-OH+NM S groups.
After each injection, the needle was left in situ for an additional
1 min to allow diffusion. The injections were applied with a
26-gauge steel cannula by a 10 μl Hamilton syringe connected to a
micro-infusion pump. In the 6-OH+NM D group, the injection-sites
were in opposite hemispheres. In the 6-OH+NM S group, the le-
sioned sites were in the same hemisphere. The sham group received
phosphate buffered saline infusions unilaterally into the MFB and
into the mPFC in the contralateral hemisphere. In the 6-OH and NM
groups, phosphate buffered saline was injected into the mPFC and
the MFB, respectively. The experimental design of surgeries is
presented in Fig. 1. After the injections, the scalp was sutured and
70% ethanol was applied for disinfection of the wound. The animals
were kept in a single cage until recovery from anesthesia, after
which they were housed in the original groups again, except for one
cage in which two animals were lost during surgery. Their body
weights were recorded.

Apparatus

An acrylic open-field (60×60×30 cm), located in a sound attenu-
ating room, was used to measure locomotor activity and turning. Dim
light (luminous density on the center ~6 lx and ~4 lx in the corners)

was used to provide illumination. A camera was mounted 2 m above
the open-field and connected to a DVD-recorder. Several distinct geo-
metric symbols were presented on the walls of the room as spatial
cues. The behaviors were analyzed by the VIAS software (Schwarting
et al., 1993) modified by Dr. Jay-Shake Li. The same open-field was
used as an arena for conducting spontaneous object exploration tests
(Dere et al., 2007; Ennaceur and Delacour, 1988; Ennaceur et al.,
1997; Mitchell and Laiacona, 1998). Different sets of objects in quadru-
plicate were used. The objects were heavy enough to ensure that the
rats could not move them. The assignments of objects for each test
were counterbalanced and different sets of objects were used for each
test. The heights and diameters of the objects were about 18–34.5 and
8–12 cm, respectively. The objects were made of different materials
(plastic, glass, porcelain) and with different colors (white, red, green),
shapes (column, square, irregular-shapes) and textures (smooth,
rough). An acrylic light–dark box (50×35×30 cm) and an acrylic
elevated-plus-maze (EPM) were used to assess anxiety-related behav-
iors. The light–dark box and the EPMwere located in a sound attenuat-
ing room. The light–dark box consisted of two compartments (one
being black and the other white), divided by a central barrier with a
small passage. The dim light used in the open-field test was applied to
provide illumination. The EPM was composed of two open arms
(50×10 cm) and two walled arms (50×10×38.5 cm) and a central
platform (10×10 cm). The two arms of each typewere placed opposite
to each other (luminous density on the closed arm ~40 lx and ~38 lx on
the open arms). A camera wasmounted 1.5 m above the apparatus and
connected to a DVD-recorder. A radial-arm maze modified as a T-maze
was used to assess working memory by a delayed nonmatching-
to-place task (Dias and Aggleton, 2000; Murphy et al., 1996). The
T-maze consisted of three walled arms (72×14×20 cm) and at each
end there was a food well (diameter 3 cm, depth 1.5 cm). There was a
central platform with a diameter of 46 cm. The maze was elevated
50 cm high and illumination was provided by a 36 W white light. A
camerawasmounted 1.5 mabove themaze. Several geometric symbols
were provided as spatial cues on the walls. A transparent plastic cylin-
der (30 cm in diameter and 45 cm high) (Schallert et al., 2000) and a
metal elevated grid (41×41 cm, high 41 cm, with each grid cell
3.5×3.5 cm) were used to measure the use of forelimbs during rearing
against the walls and the use of four limbs on the horizontal grid, re-
spectively (Chao et al., 2012). Dim light bulbs were used for illumina-
tion (luminous density on floor level ~2 lx). The behaviors of animals
in the cylinder and on the grid were captured by a camera and recorded
on DVDs.

Fig. 1. Schematic of the experimental design. A shape represents a rat brain with two
hemispheres. Either right or left sides of lesions are presented in one side.
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Behavioral testing

Behavioral assessments were conducted between 10:00 and
16:00. Ethanol (70%) was used to clean the apparatus after each trial.

Open-field test
Fourteen days after the surgery, the animal was placed into the

open-field for 15 min for two consecutive days. The distance traveled,
number of center crossings and turning were analyzed.

Object recognition
Two days after the open-field tests, the animal was put into the

center of the arena and two copies of an object were placed in two
corners of the apparatus. The animal was situated so as to face the op-
posite wall with no objects present and was free to explore the ob-
jects and the arena for 4 min (Barker and Warburton, 2011; Barker
et al., 2007). Then, it was returned to its home cage. After 90 min,
the animal was returned to the arena for 4 min and one of the previ-
ous objects was replaced by a novel one (Fig. 5A). Normal rats prefer
to explore a novel object more than a familiar one (Ennaceur and
Delacour, 1988).

Temporal order memory
One day after the object recognition test, a test for temporal order

memory was conducted. This test was composed of two sample trials
and a test trial. The animal was placed into the center of the arena
with two copies of an object for 4 min (sample 1). The two objects
were located in two corners of the open-field. After 30 min, the ani-
mal was put into the apparatus containing two identical novel objects
for 4 min (sample 2). After 40 min, one of the objects used in sample
1 and one of the objects presented in sample 2 were placed into the
open-field and the animal was allowed to explore the two objects
and the arena for 4 min (Fig. 5B). The locations used for placing ob-
jects were identical in all the trials. Normal rats tend to spend more
time exploring the old familiar object than the recent familiar one
(Mitchell and Laiacona, 1998).

Object-in-place
This test involves the integration of object- and spatial informa-

tion (Barker and Warburton, 2011; Barker et al., 2007). One day
after the test for temporal order memory, four different novel objects
were presented in the four corners of the arena. Each animal was
placed into the center of the open-field and allowed to explore the
objects for 5 min and then was returned to its home cage. After
5 min, it was returned to the arena in which the locations of two of
the objects were exchanged, while the other two objects remained
at the same place (Fig. 5C). The animal was allowed to explore the ob-
jects for 4 min. Normal rats explore the displaced objects more than
the stationary ones (Barker andWarburton, 2011; Barker et al., 2007).

Spatial recognition
One day after the object-in-place test, the animal was put into the

center of the open-field containing two identical copies of an object.
All procedures were the same as described for the object recognition
test, except that during the second trial one of the objects was placed
at a novel location (Fig. 5D). Normal rats spend more time exploring
an object in a novel location (Ennaceur et al., 1997).

For all the spontaneous object exploration tests, object exploration
was defined as a physical contact with the object with snout, vibrissae
or forepaws. Climbing of the object, or contacting the object, but
looking around the environment, were not included in this measure.

Light–dark box
The day after the spatial recognition test, the animal was placed into

the center of thewhite compartment facing the black compartment and

allowed to explore the box for 5 min. The time spent in the white and
black compartments was measured.

Elevated plus maze
Two hours after the light–dark box test, each animal was placed

onto the central platform of the EPM facing an open arm and allowed
5 min for free exploration. The time spent in the open and the closed
arms was computed (Henniger et al., 2000; Pellow et al., 1985).

T-maze nonmatching-to-place
This task was conducted as described previously (Dias and

Aggleton, 2000), with minor modifications. The animals were
food-deprived to 85% body weight and maintained at this weight
throughout the experiment. Before the task, the animals were given
15 min to explore the whole apparatus in which food pellets were
scattered. Then, food pellets were placed into the food wells at the
end of both arms. Pre-training was continued until animals ran reli-
ably down the stem of the maze to find food pellets in both arms. Sub-
sequently, a series of seven acquisition sessions, each consisting of six
trials, was conducted. Each trial was divided into a “sample run” and a
“choice run”. Before each trial, one food pellet was placed in each food
well, but an acrylic barrier blocked one of the arms. On the sample
run, the animal was placed into the start arm and was free to find
the food pellet. Since one of the two arms was blocked, the rat
could only enter the arm with no barrier. After eating the food, the
rat was returned to the start arm. A transparent acrylic board was
used to confine the animal in the start area for 10 s and the barrier
in the second goal arm was removed during the delay. Then, the
board was raised and the animal was free to choose between the
two goal-arms of the maze. A choice was scored when the hindlimbs
entered one of the two arms. If the animal entered into the armwhich
was previously blocked, it could eat the food pellet in the well and
was then returned to its cage (correct choice). If the animal turned
into the arm which was previously entered, it was confined therein
for 10 s and obtained no food reward and was then returned to its
cage (wrong choice). A random sequence of three correct left and
three correct right choices between the two arms was applied. The
percent of correct choices was calculated for each session. Animals
were free to eat food after completion of this task.

Cylinder test
Two days after the T-maze task, the animal was placed into the

cylinder and its behavior was recorded for 5 min. The animal's use
of its forelimbs while rearing up against the walls was scored. The
frequency of the use of limbs ipsilateral (intact) and contralateral
(impaired) to the MFB lesion was assessed.

Grid test
Ninety min after the cylinder test, the animal was placed into the

center of the grid and was free to explore it for 5 min. All behaviors
were recorded on DVD and analyzed offline. A footslip was scored
either when the paw missed a rung and, thus, fell between the
rungs, or when the paw was placed onto the rung but slipped off dur-
ing weight bearing (Chao et al., 2012).

Neurochemical analysis

After the behavioral tests, the animals were anesthetized with
CO2, decapitated and their brains immediately excised. Both hemi-
spheres of dorsal striatum and the nucleus accumbens (NAc), and
the non-lesioned side of mPFC were dissected. Tissue samples were
homogenized in 500 μl of 0.05 N perchloric acid and centrifuged at
9000 rpm for 20 min at 4 °C. Then the samples were filtered and
stored at –80 °C until analysis. The samples were analyzed for the
content of DA and its metabolites 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA), and serotonin (5-HT) with
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its main metabolite 5-hydroxyindoleacetic acid (5-HIAA), by means
of high-performance liquid chromatography-electrochemical detec-
tion (HPLC-EC). The column was an ET 125/4, Nucleosil 120-5, C-18
reversed phase column (Macherey & Nagel, Germany) perfused
with a mobile phase composed of 75 mM NaH2PO4, 4 mM KCl,
20 μM EDTA, 1.5 mM sodium dodecylsulfate, 100 μl/l diethylamine,
12% methanol and 12% acetonitrile adjusted to pH 6.0 using phospho-
ric acid. The electrochemical detector (Intro, Antec, The Netherlands)
was set at 500 mV vs. an ISAAC reference electrode (Antec, Leyden,
The Netherlands) at 30 °C.

Histology

The lesioned side of mPFC was immersed in a 10% buffered formalin
solution for at least 48 h and then transferred into a 30% sucrose–formalin
solution and preserved at 4 °C. Coronal brain sections were cut with a
cryostat (50 μm; Leica, Germany). The slices were stained with cresyl vi-
olet (Sigma Aldrich, USA) and used to assess the extent of the lesions.

Statistics

Only data of animals with a dopamine-depletion in the dorsal stri-
atum of more than 70% were used for statistical analyses, which led to
in the unequal group sizes described above. Repeated two-way
ANOVAs with the factor group and days were applied to analyze be-
haviors in the T-maze and relative body weight. One-way ANOVAs
with the factor group were used to analyze behavioral data and neu-
rochemical values. Bonferroni post-hoc tests were conducted when
appropriate. For the object exploration tests, mixed two-way ANOVAs
with the within factor, object, and the between factor, group, were
applied (Li and Chao, 2008). Since exploring one object prevents ex-
ploring the others, the time spent in exploring each is not indepen-
dent from each other. Therefore, paired t-tests were used for the
comparisons (Schable et al., 2012). As the sign of exploring prefer-
ence is important for the interpretation, one-tailed statistical compar-
isons were applied (Li and Chao, 2008). One-sample t-tests were
applied for the cylinder test to compute the comparisons against
chance level performance. Paired sample t-tests were used to com-
pare turning and foot-slip behavior and the neurochemical values
from the lesioned side with the values from the intact side. With
the exception of the paired t-tests applied in the object exploration
tests, other statistical tests were two-tailed comparisons. All tests
were with level of significance set at p≤0.05.

Results

Histology

The extent of the lesions in the mPFC was similar in the
6-OH+NM D, 6-OH+NM S and NM groups that received the
NMDA injections. The mPFC lesions extended from the frontal pole
and continued rostrally to the genu of the corpus callosum. The dorsal
anterior cingulated, the prelimbic and the infralimbic areas were
damaged, with minor variability between the groups. A diagram of
the lesions is presented in Fig. 2.

Neurochemistry

DA depletion was found in the dorsal striatum in the 6-OH,
6-OH+NM D and 6-OH+NM S groups (p=0.011, p=0.003, p=
0.001, respectively). The animals with a DA depletion of less than
70%were excluded from this study. The three groupswith the unilateral
6-OHDA injection showed over 90% DA loss in the lesioned striatum
(Table 1). One-way ANOVA indicated that there was no significant
group effect in the extent of DA depletion (p>0.05). Details are
presented in Table 1.

The between-hemisphere comparisons of DA content of the NAc
were significant in the 6-OH, 6-OH+NM D and 6-OH+NM S groups
(p=0.001, pb0.001, p=0.027, respectively). There was an average
DA depletion of 78% in the three groups, with no significant differ-
ences between the groups (p>0.05; Table 1).

In the mPFC, there were significant group differences in contents
of DA and 5-HT on the side ipsilateral to the 6-OHDA-lesion (F3,30=
8.001, pb0.001; F3,30=6.287, p=0.002, respectively). Significant ef-
fects of group were also found in the contents of DA and 5-HT on
the contralateral side (F3,30=5.017, p=0.006; F3,30=6.488, p=
0.002, respectively). Post-hoc tests showed that the NM group had
higher DA content as compared to the sham, 6-OH ipsi-, 6-OH contra-
lateral and 6-OH+NM D groups (p=0.002, p=0.001, p=0.007, p=
0.001, respectively; Fig. 3A). On the other hand, the 6-OH ipsi-, 6-OH
contralateral, 6-OH+NM D and 6-OH+NM S groups had lower 5-HT
content when compared to the sham group (p=0.007, p=0.003, p=
0.002, p=0.004, respectively; Fig. 3B). No significant difference was
found in the comparisons of the ipsilateral and the contralateral
sides in the 6-OH group (p>0.05).

Fig. 2. Diagrammatic reconstructions of the NMDA injected mPFC. It shows that the
smallest (black) and largest (gray) lesions in the 6-OH+NM D (A), 6-OH+NM S (B)
and NM (C) groups. Either left or right sides of the lesions are presented in the right
hemisphere. Numbers show the approximate distance (mm) from bregma.
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Body weight

There was no significant effect of group (p>0.05) and no effect of
interaction between time and group (p>0.05), but a significant effect
of time in the analyses of relative body weight (F3,117=102.575,
pb0.001). The following one-way ANOVAs showed no significant dif-
ference at any time point (p>0.05; data not shown).

Open-field

There was a significant effect of group in the analysis of distance
traveled (F4,39=5.774, p=0.001). The 6-OH group exhibited signifi-
cantly less horizontal locomotion when compared to the sham,
6-OH+NM S and NM groups (p=0.014, p=0.024, p=0.002, respec-
tively; Fig. 4A). The analysis of the frequency of center-crossings
showed no significant effect of group (p>0.05; data not shown).

The 6-OH, 6-OH+NM D and 6-OH+NM S groups performed sig-
nificantly more ipsilateral than contralateral turnings (p=0.006, p=
0.015, p=0.05, respectively), while the sham and the NM groups did
not show a significant turning bias (p>0.05; Fig. 4B).

Spontaneous object exploration

The 6-OH+NM D group showed an impairment of novel object
recognition memory, while the other four groups did not (Fig. 5A).
The two-way ANOVA showed that there was a significant effect of
object (F1,33=35.88, pb0.001), while no significant effect of group
and effect of the interaction between object and group were found

(p>0.05). The sham, 6-OH, 6-OH+NM S and NM groups spent sig-
nificantly more time exploring the novel object than the familiar
one (t7=3.208, p=0.008; t7=2.250, p=0.03; t8=5.452, pb0.001;
t5=2.873, p=0.018, respectively), while the 6-OH+NM D group
did not (p>0.05; Fig. 5A). No significant effect of group was found
in total exploration time in the sample and the test trials (p>0.05;
Table 2). For the temporal order test, a significant effect of object and
an interaction effect between object and group were found (F1,32=
10.847, p=0.002; F4,32=3.991, p=0.01, respectively), while there
was no significant effect of group (p>0.05). The three groups of ani-
mals with the 6-OHDA injection did not show the preference for ex-
ploring the familiar object more than the recent familiar one
(p>0.05), while the sham and NM groups did (t7=5.441, pb0.001;
t5=4.354, p=0.004, respectively; Fig. 5B). There was no significant
effect of group in total exploration time in the sample and the test
trials (p>0.05; Table 2). In the analysis of the object-in-place task,
there were significant effects of object, group and their interaction
(F1,29=29.754, pb0.001; F4,29=4.979, p=0.004; F4,29=4.583, p=
0.005, respectively). The 6-OH+NM D and 6-OH+NM S groups
did not spend significantly more time exploring the changed objects
than the stationed ones (p>0.05), while the 6-OH, sham and NM
groups did (t7=2.212, p=0.032; t7=4.119, p=0.002; t5=6.259,
p=0.001, respectively; Fig. 5C). However, there were significant ef-
fects of group in the sample and the test trials in the total exploration
time (F4,29=3.742, p=0.014; F4,29=4.979, p=0.004, respectively).
The 6-OH+NM S group spent less time exploring objects when
compared to the NM group in the sample trial (p=0.028).
In the test trial, the 6-OH+NM D and 6-OH+NM S groups

Table 1
Neurochemical data from the dSTR and the NAc in the groups 6-OH, 6-OH+NM D and 6-OH+NM S. DA depletion=(intact DA content− lesioned DA content)×100. Values are
expressed as μg/mg wet tissue weight. *pb0.05, **pb0.01, ***pb0.001 compared to the lesioned side. dSTR=dorsal striatum.

dSTR
DA loss %

6-OH n=12 6-OH+NM D n=9 6-OH+NM S n=9

94.11±1.65 92.72±3.49 95.98±2.17

Intact Lesioned Intact Lesioned Intact Lesioned

DA 417.14±137.30* 17.65±7.27 323.15±72.51** 21.77±13.76 489.40±97.40** 12.76±5.24
DOPAC 751.67±330.89 1903.56±1185.71 358.61±111.60 450.24±227.79 115.89±28.97** 9.61±3.15
HVA 190.53±50.70 364.65±233.61 101.37±21.37 66.30±18.89 232.68±92.04 45.08±14.35
5-HT 10.47±2.65 11.86±2.45 8.97±3.69 5.77±1.03 12.62±4.17 7.93±2.06
5-HIAA 21.72±7.86 24.51±4.65 17.99±5.37 11.52±1.70 27.55±8.39 18.08±6.22

NAc
DA loss % 78.16±7.93 87.53±5.98 70.53±11.50

DA 173.30±34.34** 43.29±27.20 214.29±30.42*** 27.43±14.27 453.88±144.61* 68.88±21.05
DOPAC 897.15±463.35 473.32±248.22 509.98±225.15 369.79±160.39 235.70±98.84 36.61±11.57
HVA 103.63±28.07 326.92±254.26 102.32±18.38 79.20±35.70 297.25±110.69 109.48±27.76
5-HT 18.93±3.31 17.42±4.85 19.78±3.32 21.72±6.90 45.91±21.76 23.29±6.82
5-HIAA 19.86±2.89 25.26±6.49 25.26±4.38 26.20±9.52 65.78±25.75 35.77±5.99

Fig. 3. Neurochemical results of DA (A) and 5-HT (B) contents in the non-lesioned mPFC. The NM group shows a higher DA content when compared to the sham group (A), while
the three 6-OHDA-lesioned groups show lower 5-HT contents compared to the sham group (B). **pb0.01 compared to the sham group; ##pb0.01 compared to the NM group.
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showed less time exploring objects compared to the sham
group (p=0.048, p=0.003, respectively; Table 2). Finally, there
were significant effects of object and interaction (F1,34=40.88,
pb0.001; F4,34=2.717, p=0.046, respectively), while no significant

effect of group was found in the spatial recognition test (p>0.05).
The sham, 6-OH, and NM groups spent significantly more time ex-
ploring the object at the novel location than at the old location
(t7=5.589, pb0.001; t11=3.348, p=0.035; t5=2.466, p=0.029,

Fig. 4. Locomotion (A) and turning preference (B) in the open-field test. The 6-OH group shows less horizontal activity as compared to the sham, 6-OH+NM S and NM groups (A).
*pb0.05 compared to the sham group; ##pb0.01 compared to the NM group. The three groups treated with 6-OHDA showmore ipsilateral than contralateral turnings (B). *pb0.05,
**pb0.01 compared to the contralateral side by paired sample t-tests.

Fig. 5. Schematic of the spontaneous object exploration tests and performance of the experimental groups. Animals showed object exploration in the object recognition test (A),
temporal order memory test (B), object-in-place memory test (C) and spatial recognition test (D). NS=non-significance; *pb0.05, **pb0.01, ***pb0.001 compared by paired sam-
ple t-tests.
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respectively), while the 6-OH+NM D and the 6-OH+NM S groups
did not (p>0.05; Fig. 5D). No evident effect of group was found
in total exploration time in the sample and test trials (p>0.05;
Table 2). Animals which did not explore all the objects either in sam-
ple or test trials were excluded (Table 2).

Emotionality tests

No significant effect of group was found in the analyses of the be-
haviors in the light–dark box test (p>0.05; data not shown). Like-
wise, there was no effect of group in the analyses of the behaviors
on the elevated-plus maze (p>0.05; data not shown). Animals
which did not explore the elevated-plus maze or drop from the
maze were excluded (n=1 for each sham and 6-OH+NM D groups).

Spatial working memory

There was a significant effect of time (F6,186=5.077, pb0.001), but
no significant effect of group or interaction between time and group
(p>0.05; data not shown). One-way ANOVAs showed that there
was also no significant effect of group at any time point (p>0.05).
Animals which did not respond to the task on the first day of training
were excluded (n=3 for 6-OH; n=3 for 6-OH+NM D; n=2 for
6-OH+NM S groups).

Cylinder test

There was a significant effect of group in the analysis of forelimb
usage (F4,36=4.745, p=0.004). The 6-OH and 6-OH+NM D groups
showed higher percent for ipsilateral forelimb preference than the
NM groups (p=0.049, p=0.043, respectively; Fig. 6A). The 6-OH,

6-OH+NMD and 6-OH+NM S groups showed a significant ipsilater-
al asymmetry in the use of forelimbs (t10=3.772, p=0.004; t7=
4.528, p=0.003; t7=4.733, p=0.002, respectively; one-sample
t-test), while the sham and NM groups did not (p>0.05; Fig. 6A).
Animals which did not explore the cylinder were excluded (n=1
for each 6-OH, 6-OH+NM D and 6-OH+NM S groups).

Grid test

The 6-OH and 6-OH+NM D groups showed significantly more
contralateral than ipsilateral forelimb-slips (p=0.032, p=0.002, re-
spectively; Fig. 6B), while the sham, 6-OH+NM S and NM groups
did not show a significant bias (p>0.05). No significant differences
were found in the analysis of hindlimb-slips (p>0.05).

Discussion

The major finding in the present study was that object recognition
memory was impaired by a unilateral lesion of the mPFC combined
with a contralateral 6-OHDA lesion of the nigrostriatal pathway, while
the same lesions placed into the same hemisphere did not have this
effect. Unilateral 6-OHDA lesion of the nigrostriatal pathway only
disrupted temporal ordermemory,while the groupswith the combined
lesions were totally deficient in memory for temporal order, object-
in-place and spatial recognition memory. None of the experimental
groups showed impairments in the T-maze non-matching to place
task, a test for spatial workingmemory. The results indicate that the in-
teraction between themPFC and theDAergic forebrain projections, par-
ticularly the nigrostriatal pathway, is essential for the expression in
object recognition memory.

Table 2
Total object exploration time (seconds) in sample and test trials of spontaneous object exploration tests. OR=object recognition; TOM=temporal order memory; OP=
object-in-place; SR=spatial recognition. S=sample trial; T=test trial. #pb0.05 compared to the NM group. *pb0.05, **pb0.01 compared to the sham group. The used numbers
for object recognition test are n=8, n=7, n=9, n=6, and n=8; for temporal order memory test are n=8, n=7, n=8, n=6, and n=8; for object-in-place memory test are
n=8, n=4, n=8, n=6, and n=8; for spatial recognition test are n=12, n=4, n=9, n=6, and n=8 for the 6-OH, 6-OH+NM D, 6-OH+NM S, NM and sham groups,
respectively.

OR TOM OP SR

S T S1 S2 T S T S T

6-OH 49.7±3.9 44.0±8.7 25.4±3.4 23.3±4.6 23.1±6.7 45.8±4.1 36.6±10.0 27.3±3.0 24.8±3.6
6-OH+NM D 59.9±8.3 47.4±10.9 28.9±6.4 23.8±4.9 26.3±5.0 52.4±8.0 21.8±6.7* 23.3±5.3 26.8±5.3
6-OH+NM S 44.4±3.5 34.1±4.2 22.0±2.9 17.9±3.0 19.4±4.2 41.3±2.9# 13.7±2.9** 25.0±2.3 23.4±3.7
NM 62.4±5.7 46.7±7.2 32.3±4.0 30.5±4.2 23.6±3.2 58.8±3.1 30.5±3.0 34.7±3.2 34.4±4.7
Sham 63.5±6.8 67.5±11.1 29.0±2.4 26.7±3.0 35.0±5.0 55.5±2.7 63.5±11.7 25.5±1.6 37.5±5.9

Fig. 6. Forelimbs usage preference of the experimental groups in the cylinder (A) and forelimb-slips of the experimental groups on the grid (B). The three groups treated with
6-OHDA show more uses of ipsilateral forelimb (A). Use of ipsilateral forelimb %=(counts of ipsilateral forelimb/total counts of ipsi- plus contralateral forelimbs)×100.
**pb0.01 compared to 50% by one-sample t-tests. #pb0.05 compared to the NM group. The 6-OH and 6-OH+NM D groups show more contralateral than ipsilateral
forelimb-slips (B). *pb0.05, **pb0.01 compared to the ipsilateral side by paired sample t-tests.
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The unilateral 6-OHDA injection into the MFB in the present study
not only led to severe depletion of DA (over 90%) in the striatum but
also in the NAc (~78%). This pattern is similar to the pattern found in
patients with PD where the DAergic nigrostriatal pathway is severely
damaged, while the DAergic mesocortical/limbic pathways are also
lesioned but less severely (Agid et al., 1993; Hornykiewicz, 1998;
Javoy-Agid et al., 1984; Miller et al., 1997; Uhl et al., 1985). Bilateral
injections of 6-OHDA into the NAc were reported to impair object rec-
ognition memory after a 24 hour but not 5 min delay, while spatial
recognition memory was impaired (Nelson et al., 2010). Whether
the unilateral loss of DA in the NAc in the present study contributes
significantly to the behavioral deficits observed is not clear. In many
studies, desipramine, a norepinephrine (NE) reuptake inhibitor, is ad-
ministrated before a unilateral 6-OHDA injection for preventing le-
sions of NEergic neurons. Since desipramine was not applied here,
6-OHDA may also have damaged NEergic neurons. Thus, the present
results may not be solely due to the lesion of the DA system.

In the mPFC, the unilateral MFB 6-OHDA injection did not affect DA,
but decreased 5-HT content, while the unilateral mPFC lesions alone in-
creased the tissue-level of DA, but did not affect 5-HT (Fig. 3). This result
is consistent with previous findings on alternations of the 5-HT system
in the PFC of parkinsonian rats and PD patients (Chen et al., 1998;
Cicin-Sain and Jenner, 1993). Electrophysiological studies also show
that the response of mPFC interneurons to 5-HT receptor stimulation
is decreased in unilaterally 6-OHDA-lesioned rats (Gui et al., 2010;
Zhang et al., 2010). However, the extent of mPFC 5-HT lesions and the
alternation of mPFC DA in the present study were not sufficient to
have an effect on object recognition memory (Fig. 5A).

It is known from lesion (Kolb et al., 1994; Meunier et al., 1997)
and electrophysiological (Xiang and Brown, 2004) studies that the
mPFC is involved in recognition memory tasks. More specifically,
lesions of the mPFC disrupt acquisition of temporal order and
object-in-place memory, but not spatial and object recognition mem-
ory (Barker and Warburton, 2011; Barker et al., 2007), whereas the
mPFC, particularly the anterior cingulate cortex (Weible et al.,
2012), is involved in consolidation of long-term object recognition
memory (Akirav and Maroun, 2006). On the other hand, systemic ad-
ministration of a DA D2 receptor antagonist and apomorphine im-
pairs spatial recognition (Mehta et al., 1999) and item recognition
memory (Montoya et al., 2008) in healthy human subjects, respec-
tively. Systemic administration of a DA D1 receptor antagonist re-
duced the preference for novel objects (Besheer et al., 1999; Clausen
et al., 2011), whereas DA D1 receptor agonists improved object recog-
nition memory in rats (de Lima et al., 2011; Hotte et al., 2005). Ani-
mals with MPTP injections in the SNc exhibited deficits in object
recognition memory (Sy et al., 2010; Wang et al., 2009). Furthermore,
object recognition memory was restored in genetically DA-deficient
mice by DA replenishment in the striatum by viral rescue (Darvas
and Palmiter, 2009, 2010). Anatomically, the basal ganglia are tightly
connected to the PFC. Outputs from the basal ganglia to the PFC are
extensive and topographically organized (Middleton and Strick,
2002). In monkeys, a disconnection between the fontal cortex and
the MFB impaired object association learning and object recognition
memory in a delayed match-to-sample task (Easton and Gaffan,
2001; Easton et al., 2001). The interaction between these two regions
could play a role in information processing involved in object recogni-
tion memory or in the transmission of memory to the medial tempo-
ral lobe (Easton and Gaffan, 2001; Easton et al., 2001), and according
to our results, the forebrain DAergic projections seem to be crucial for
these processes.

Temporal order memory was impaired in the three 6-OHDA-treated
groups (Figs. 5B–C). These findings are consistent with human studies
showing that PD patients are impaired in tasks of temporal processing
(Harrington et al., 2011; Sagar et al., 1988). Administration of a DA D1
receptor agonist enhanced temporal order memory in rats (Hotte et
al., 2005), which supports the hypothesis that DA modulates memory

containing temporal components and strengthens the association be-
tween DA and time perception (Allman and Meck, 2012; Coull et al.,
2011).

Ratswith themPFC lesion combinedwith theDAdepletionwere im-
paired in object-in-place and spatial recognition memory, while the
hemiparkinsonian ratswere not (Figs. 5C–D). The object-in-placemem-
ory task involves the presentation of four distinct objects. Furthermore,
the relative locations of the objects to each other aswell as the relation-
ships between objects and spatial cues are relevant sources of informa-
tion in this task. Animals with DA depletion combined with lesions of
the mPFC showed less exploratory behavior during the test trial
(Table 2), which may indicate that they interpreted the altered config-
uration as the original one and, thus, lost the motivation to explore.
The performance of the combined lesion groups in the object-in-place
test may also have been confounded by the deficits on spatial recogni-
tion (Fig. 5D). Accumulating evidence indicates that striatal DA plays
an important role in spatial cognition. For instance, rats with bilateral
6-OHDA injection into the medial striatum preferred to use a response
strategy in a place- and response-learning task, suggesting that DA in
the medial striatum mediates spatial processing (Lex et al., 2011). Rats
with striatal DA depletion also showed impaired spatial navigation
(Braun et al., 2012; De Leonibus et al., 2007). In genetically DA-
deficientmice restoration of DA in the striatum compensated for spatial
memory impairments (Darvas and Palmiter, 2009). In normal animals,
the mPFC is not involved in the acquisition of spatial recognition mem-
ory (Barker and Warburton, 2011; Barker et al., 2007). However, in the
hemiparkinsonian rats themPFC lesions led to an impairment of spatial
recognition memory (Fig. 5D). This suggests that when DA is deficient
in the nigrostriatal pathway, the mPFC is activated to participate in in-
formation processing. This explanation is consistent with the findings
that PD patients showed increased cortical activity when performing
cognitive tasks (Cools et al., 2002; Monchi et al., 2007), particularly,
when the tasks do not require the striatum (Monchi et al., 2007).

The PFC (D'Esposito et al., 1995; Rowe et al., 2000) and nigrostriatal
DA have been implicated in the function of working memory. In
humans, striatal DA levels correlated with the activity of the PFC and
working memory performance (Landau et al., 2009). Working memory
capacity can be used to predict DA synthesis in the striatum (Cools et al.,
2008). Animals with lesions of DAneurons in the SNc showed deficits of
working memory (Braga et al., 2005), while a disconnection between
the mPFC and the striatum impaired performance in a delayed alterna-
tion task (Dunnett et al., 2005; White and Dunnett, 2006). The lack of
impairment found in the present spatial working memory task may
be due to an involvement of another system (e.g., the hippocampus)
that ismore important for spatial cognition. Taken together, the present
results demonstrate that the interaction between the mPFC and the
DA-forebrain pathways, particularly the nigrostriatal projection, plays
a critical role in memory for objects but not in spatial workingmemory.

Rats with combined lesions showed no difference in locomotion
when compared to the animals with sham lesions (Fig. 4A). On the
other hand, the 6-OH group engaged in less locomotor activity not
only compared to the sham group but also to the 6-OH+NM S and
NM groups. Locomotor and sensorimotor activities may bemodulated
by a within-hemisphere mechanism between the mPFC and the
nigrostriatal pathway (Alexander et al., 1986; Haber et al., 2000).
No group difference was found in the two emotional tests, which is
in line with the finding that hemiparkinsonian rats and controls
show similar emotionality in the EPM test (Delaville et al., 2012).
Lesion-induced turning behavior (Fig. 4B) and the sensorimotor defi-
cits (Fig. 6) were not likely to affect object exploration because the
6-OH group still showed object recognition memory and no signifi-
cant difference was found between the 6-OHDA-treated groups. Fur-
thermore, there were no differences in total time spent in exploring
the objects in the sample and test trials, except for the object-in-
place test. There were no differences between the animals with the
6-OHDA lesion plus the mPFC lesion and the animals with sham
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lesion in locomotion and emotional behaviors. Thus, it seems unlikely
that locomotor, emotional and sensorimotor factors contribute to the
findings of the object recognition tests.

The present study provides evidence for a critical role of the inter-
play between the mPFC and the 6-OHDA-lesioned DA-forebrain path-
ways in the expression of novel object recognition memory in the rat.
These findings also shed light on the possible mechanisms that un-
derlie learning and memory deficits in PD, in-so-far as these involve
interaction between the mPFC and the DAergic forebrain projections.
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