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Abstract We examined the effects of bilateral 6-hy- 
droxydopamine (6-OHDA) lesions of the medial pre- 
frontal cortex (PFC) in rats on motor initiation and exe- 
cution in a simple reaction time task. Reaction times 
(RT) and movement times (MT) were measured in 
trained rats on four pre- and postoperative days. Ani- 
mals with 6-OHDA lesions were selectively impaired on 
motor initiation as measured by a significant increase in 
RT on each postoperative day. Motor execution was 
intact postoperatively, since MT was not altered. Neu- 
rochemical analysis revealed a significant depletion of 
prefrontal dopamine (DA) and noradrenaline (NA) in 
lesioned animals. It was concluded that DA and, to a 
lesser extent, NA in the rat PFC were involved in mon- 
itoring RT performance. 
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Introduction 

In mammals the prefrontal cortex (PFC) is defined on 
the basis of its reciprocal and dense connections with 
the mediodorsal nucleus of the thalamus (Krettek and 
Price 1977; Groenewegen 1988). The rat PFC receives 
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cortical afferents which arise in secondary sensory areas, 
motor areas and paralimbic cortices (van Eden et al. 
1992), and it projects to various cortical and subcortical 
structures, e.g. midbrain, nucleus accumbens (ACC) and 
anteromedial striatum (Leonard 1969; Beckstead 1979; 
Sesack and Pickel 1992). Furthermore, the PFC receives 
a dopaminergic innervation from mesocortical do- 
pamine (DA) cells (Bj6rklund and Lindvall 1984) and 
DAergic axon terminals exhibit synaptic contacts main- 
ly with pyramidal neurons in deeper cortical layers (Ver- 
ney et al. 1990). Besides, there exists a noradrenergic 
innervation which originates in the locus coeruleus and 
projects particularly to the superficial cortical layers 
(Swanson and Hartman 1975). 

Depletion of prefrontal DA produces locomotor hy- 
peractivity and deficits in delayed alternation tasks in 
rats (Carter and Pycock 1980; Simon and LeMoal 1984; 
Bubser and Schmidt 1990) and primates (Brozoski et al. 
1979). Therefore prefrontal DA has been implicated in 
the control of motor and cognitive functions. While be- 
havioural functions of the primate PFC and the role of 
prefrontal DA have been intensively investigated in var- 
ious motor tasks (e.g. Sawaguchi et al. 1986, 1990; Bous- 
saoud and Wise 1993), little is known about the role of 
prefrontal DA in rodents in more complex motor tasks. 
This may also be of interest in view of marked anatom- 
ical differences of the cerebral DAergic innervation be- 
tween rodents and primates (Berger et al. 1991). There- 
fore we investigated the effects of prefrontal 6-hydroxy- 
dopamine (6-OHDA) lesions in rats trained in a simple 
reaction time (RT) task. The task allows measurement 
of movement time (MT) and RT (Hauber 1990; Hauber 
and Schmidt 1990) and thus examination of lesion ef- 
fects on motor initiation and execution as well. 

Materials and methods 
Subjects 

Male Sprague-Dawley rats (Interfauna, Tuttlingen, Germany), 
weighing 215-245 g at the time of surgery, were housed in groups 



of four to five animals in a temperature-controlled colony room 
(24_+2 ~ C) with a 12-h light-dark cycle (lights on at 6.00 a.m.). 
They were fed with 12 g of standard laboratory rat chow per 
animal per day (Altromin, Lage, Germany) immediately after the 
experiment. Water was freely available. 

Surgery 

One hour before surgery, rats received 40 mg/kg desipramine (Ser- 
va, Heidelberg, Germany) per os in order to protect noradrenergic 
terminals in the PFC from 6-OHDA neurotoxicity (Breese and 
Traylor 1971). Thirty minutes afterwards, the rats were injected 
intraperitoneally (i.p.) with promethazin (10 mg/kg; Tropon, 
Cologne, Germany) and 10 rain later with atropine sulphate (0.25 
mg/kg i.p.; Serva, Heidelberg, Germany). They were anaesthetized 
by an i.p. injection of a mixture of ketamine (40 mg/kg; Parke- 
Davis, Munich, Germany) and xylazine (2.7 mg/kg; Bayer, 
Leverkusen, Germany), and stereotaxic surgery was carried out as 
described previously (Bubser and Schmidt 1990). Infusions were 
made at the following coordinates with respect to bregma: 
AP+3.0 mm, L+0.8 mm, V+5.5 and +6.5 mm above the inter- 
aural line (incissor bar 3.3 mm below interaural line). At each 
injection site 1.0 Ixl vehicle (physiological saline containing 0.1 mg 
ascorbic acid/ml) or 6-OHDA HBr (6 ~tg/gl) was infused over a 
period of 4 min. After each injection, the eannula remained in 
place for 1 min in order to allow for diffusion of solution. Rats 
were given 12 days to recover before their postoperative perfor- 
mance was tested. 

Tissue dissection and high-pressure liquid 
chromatography analysis 

Nineteen days after surgery, animals were killed by decapitation. 
Their brains were rapidly removed from the skull, and the medial 
PFC, ACC, anterior striatum and posterior striatum were rapidly 
dissected and analysed for their contents of biogenic amines and 
their metabolites by HPLC with electrochemical detection (Kil- 
patrick et al. 1986; for details see Bubser et al. 1992). 

Table 1 Effects of 6-hydroxydopamine (6-OHDA) lesion of the 
prefrontal cortex in rats (n = 9 per group) on tissue levels of bio- 
genic amines and some of their metabolites in prefrontal cortex, 
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Apparatus 

The experiments were carried out in a modified runway made of 
transparent perspex, as previously described (Hauber 1990; 
Hauber and Schmidt 1990). In brief, the apparatus consisted of a 
start box and a runway terminating in a goal box. The entrance to 
the runway was lockable by a remote-controlled guillotine door 
situated between start box and runway. The entrance was moni- 
tored by an infrared photocell beam (resolution < 10 ms; IDEC, 
Hamburg, Germany) horizontally mounted directly behind the 
guillotine door. A combined light (I0 W) and tone (8 kHz, 40 dB) 
stimulus signalled the simultaneous opening of the front door. 
Below the start box a force platform was mounted which enabled 
a measurement of forces that an animal emitted during an operant 
response. The synchronous stimulus presentation and opening of 
the front door was controlled by a computer-operated interface 
(type 1401; Cambridge Electronic Design, Cambridge, UK). This 
device was also used as analogue-digital (A/D) converter for sam- 
pling of the force transducer output and photobeam signal at a 
rate of 1000 Hz. RT and MT were measured from each trial. RT 
was defined as latency from stimulus presentation and up to pho- 
tobeam interruption. Only RT in a range of 100-1000 ms (termed 
here as correct RT) were evaluated to exclude inadequate respons- 
es, e.g. anticipations. MT was defined as latency from RT (photo- 
beam interruption) up to unloading of the force platform, which 
represents leaving of the start box. 

Behavioural procedure 

The rats were trained for rapid initiation of locomotion in re- 
sponse to the stimulus to receive a food reward (one 45-mg food 
pellet; Noyes, Lancaster, UK). A food-deprived rat was placed in 
the start box facing the closed guillotine door, blocking the en- 
trance to the runway. After a variable delay (3-10 s) the stimulus 
signalled the simultaneous opening of the front door. A trained 
rat rapidly initiated locomotion, moved through the runway to 
the goal box and received the food reward in a baited cup. The rat 
was placed back in the start box for a new trial when the pellet was 
eaten or 10 s passed. On day 1 rats were first habituated to the 
baited apparatus for 10 rain. From the next day on, animals were 
trained in one session per day. Each session consisted of ten suc- 
cessive trials. When rats had learned the task, i.e. reached a crite- 
rion of ten correct trials (RT between 100-1000 ms), their preoper- 

nucleus accumbens, anterior striatum and posterior striatum. 
(DA, dopamine, DOPAC dihydroxyphenylacetic acid, N A  nora- 
drenaline, 5-HTserotonin, 5-HIAA hydroxyindole-acetic acid) 

DA (pg/mg wet wt) DOPAC (pg/mg wet wt) NA (pg/mg wet wt) 5-HT (pg/mg wet wt) 5-HIAA (pg/mg wet wt) 

Mean SEM % Mean SEM % Mean SEM % Mean SEM % Mean SEM % 
Control Control Control Control Control 

Prefrontal cortex 

Vehicle 127 7 59 7 496 24 651 43 625 37 
6-OHDA 16 2*** 12 16 2*** 28 116 19"** 23 401 55** 62 521 47 83 

Nucleus accumbens 

Vehicle 8851 279 1979 120 ND 707 43 613 53 
6-OHDA 8532 925 96 1758 185 90 ND 976 92* 138 604 38 99 

Anterior striatum 

Vehicle 12078 424 1744 118 ND 319 57 402 63 
6-OHDA 12500 836 104 1624 125 93 ND 594 218 186 647 177 122 

Posterior striatum 

Vehicle 8452 952 1322 115 ND 432 82 530 29 
6-OHDA 8549 101 101 1268 183 96 ND 550 49 127 534 54 101 

* P < 0.05; ** P < 0.01 ; *** P < 0.0001 ; significantly different from vehicle group (Students t-test) 



526 

ative performance was tested on 4 successive days with one ses- 
sion per day. After surgery and a recovery period the animals' 
postoperative performance was tested under the same conditions 
as preoperatively. 

Statistics 

Only rats with 6-OHDA lesions that exhibited less than 50% 
depletion of prefrontal DA - with respect to the means of the 
controls - were not included in the statistical analyses. Data are 
presented as means and standard errors of the mean (SEM). RT 
and MT data were subjected to a two-way analysis of variance 
(ANOVA), with days and treatment (6-OHDA/vehicle) as factors. 
In case of significant differences, postoperative performance on 
days 1-4 was compared with preoperative performance of the 
respective days using Tukey's protected t-test. Neurochemical 
data were subjected to a Student's t-test. A P value of less than 
0.05 was considered to represent a significant difference. 
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Results 

Neurochemis t ry  

The effects of prefrontal  6 - O H D A  lesion on the levels of 
t ransmit ters  and  their metaboli tes  are summar ized  in 
Table 1. In the medial  PFC,  tissue levels of DA, nora-  
drenaline (NA) and serotonin were depleted to 12, 23 
and 62% of controls,  respectively. Prefrontal  dihy- 
droxyphenylacet ic  acid (DOPAC)  was also reduced to 
23% of controls. In subcortical  structures, neither D A  
nor  D O P A C  were affected by 6 - O H D A  lesion, but  there 
was a 38% increase in serotonin in the ACC. 

M o t o r  init iation and execution 

As shown in Fig. 1, R T  per formance  of rats (n = 9) with 
vehicle infusions was not  altered pos topera t ive ly  (n - 90 
each day;  factor day, F3,712 = 1.79, P > 0.05; factor treat- 
ment,  F1,712 = 0.11, P > 0.05). In addit ion M T  of animals  
with vehicle infusions was not  affected pos topera t ive ly  
( n = 9 0  each day; factor  day, F3,712= 1.39, P > 0 . 0 5 ;  fac- 
tor  t reatment ,  F1,712 = 0.19, P > 0.05). 

Rats  with 6 - O H D A  lesions (n = 9) showed an increase 
in R T  on each pos topera t ive  day. Two-way A N O V A  
revealed a significant effect of lesion (F1,695=44.01, 
P < 0.001) and days (F3,695 = 3.47, P < 0.02). Subsequent  
analysis showed that  R T  on postlesion days 1-4 were 
significantly increased compared  with the respective 
preopera t ive  days (P < 0.05 on all days, Tukey's  protect-  
ed t-test). In all pos topera t ive  sessions some animals 
failed to complete  ten correct runs with R T  in the range 
of 100-1000 ms (npreo p = 90 each day, npostop = 87 on days 
1,2 and 4, and ~/postop m 82 on day 3). Mo to r  execution of 
rats with 6 - O H D A  lesions was not  impaired  pos tope-  
ratively. Two-way A N O V A  revealed no significant 
effect of t r e a t m e n t  (F1,695 = 3.66, P > 0.05), but  of days 
(F3,695 = 4.37, P < 0.005). No correlat ions between R T  
and M T  from all pre- and pos topera t ive  days were 
found in vehicle (rpreop=0.18, rpostop=0.23) and 6- 
O H D A  (rpreo p = 0.07, rpostop = 0.09) groups. 
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Fig. 1 Mean reaction and movement times (___ SEM) of animals 
tested on 4 preoperative and 4 postoperative days with one ses- 
sion per day consisting of ten runs per animal. Pre- and postoper- 
ative performance of animals with vehicle (sham; n = 9; 90 runs per 
day) or 6-hydroxydopamine (6-OHDA; n = 9; 82-90 runs per day) 
infusions are depicted. * P<0.05; ** P<0.01; significant differ- 
ence between pre- and postlesion reaction times (Tukey's protect- 
ed t-test) 

Discussion 

The present study shows that  prefrontal  6 - O H D A  le- 
sions produced a significant depletion of D A  and N A  in 
the P F C  and induced a pos topera t ive  impa i rment  of 
m o t o r  initiation, as measured  by a slowing of R T  while 
m o t o r  execution was not  affected postoperat ively.  

6 -OHDA- induced  depletion of D A  was in a similar 
range to that  shown in previous studies (Joyce et al. 
1983; Clarke etal .  1988; Deutch e ta l .  1990; Bubser 
1994). Despite  pre t rea tment  with desipramine a signifi- 
cant depletion of N A  was also detectable, indicating a 
high sensitivity of the NAergic  system against  6 - O H D A  
toxicity. Al though tissue levels of N A  were reduced to a 
lesser extent than  D A  levels, it cannot  be excluded that  
N A  depletion contr ibuted to the behavioural  impair-  
ments  of 6 -OHDA-les ioned  rats. In conf i rmat ion of nu- 



merous studies (Joyce et al. 1983; Clarke et al. 1988; 
Bubser 1994), no subcortical changes in the DAergic 
system could be measured. Therefore 6-OHDA-induced 
behavioural impairments are due to a DAergic or a 
combined DA/NAergic depletion within the PFC. 

The lack of correlations between RT and MT in pre- 
operatively untreated animals or postoperatively in ani- 
mals with vehicle or 6-OHDA infusions support the no- 
tion that different mechanisms may be involved in mo- 
tor initiation and execution (e.g. Montgomery and 
Buchholz 1991). Furthermore, this study shows for the 
first time that 6-OHDA lesions in the rat PFC selective- 
ly impaired motor initiation, while motor execution was 
intact in the simple RT task used here. 

The role of prefrontal DA for intact delayed response 
performance was repeatedly shown (e.g. Simon and 
LeMoal 1984; Sawaguchi et al. 1986, 1990), and meso- 
cortical DA neurons have been implicated in cognitive 
functions, e.g. regulation of attentional processes (Si- 
mon and LeMoal 1984). Thus, an impaired DA-depen- 
dent attentional control may be one important factor 
which could account for the increase in RT in the 
present study. The additional depletion of prefrontal 
NA may contribute to this impairment. However, rats 
with 6-OHDA lesion of the dorsal noradrenergic bundle 
producing an extensive depletion of neocortical NA 
content were unimpaired in a visual discrimination task 
(Cole and Robbins 1992). Thus, one may conclude that 
the increase in RT is predominantly caused by a disrup- 
tion of the DAergic prefrontal modulation. The be- 
havioural impairment induced by a disrupted prefrontal 
modulation may be mediated through cortico-striatal 
pathways. The anteromedial caudate-putamen (CP) re- 
ceives prominent projections from the PFC and has 
been suggested to be part of a specific cortico-striato- 
cortical functional loop (Alexander et al. 1986) mediat- 
ing cognitive, i.e. complex, non-motor functions (e.g. 
Pisa 1988; Robbins and Brown 1990). 

In contrast the lateral subregion of the CP and relat- 
ed sensorimotor cortical areas have been implicated in 
processing motor functions (Alexander et al. 1986). The 
CP but not the ACC has been implicated in the initia- 
tion of rapid responses, because even moderate DA de- 
pletion of the CP impaired RT performance in rats 
(Amalric and Koob 1987). The medial subregion of the 
CP seems to be important for rapid movement initia- 
tion, since neurotoxic lesions of the medial but not of 
the lateral CP impaired RT performance of rats in the 
RT task used in the present study (Hauber and Schmidt 
1994) and other RT tasks (Brown and Robbins 1989). 
Furthermore, neurons of the medial CP were found to 
respond predominantly to a sensory trigger stimulus, 
while neurons in the lateral CP showed mainly re- 
sponse-related activity in a rat lever-release task (White 
and Rebec 1993). Thus the cognitive cortico-striato-cor- 
tical loop may play a role in monitoring the behavioural 
context for detection of relevant stimuli and is thus a 
prerequisite for intact RT performance. In accordance 
with this view, separate mechanisms underlying motor 
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initiation and execution were suggested and the caudate 
nucleus was proposed to be involved in mechanisms for 
motor initiation (Montgomery and Buchholz 1991). 

The present results have several implications: the in- 
creased RT induced by systemic administration of vari- 
ous DA antagonists in this (Hauber and Schmidt 1990) 
or other simple RT tasks for rodents (Amalric et al. 
1993; Marrow et al. 1993) may not be due exclusively to 
an impaired DAergic transmission in the CP but also to 
a DA receptor blockade in the PFC. An involvement of 
prefrontal DA may be also relevant for increased RT 
measured in patients with Parkinson's disease (Evarts 
et al. 1981). In advanced stages of Parkinson's disease 
there is not only an impaired DA innervation of the CP 
but, additionally, a reduced DAergic and NAergic in- 
nervation of the cerebral cortex, which may play a role 
in motor (Scatton et al. 1983) and attentional processes 
(Stam et al. 1993). 

In conclusion, the present study shows that prefron- 
tal DA and probably to a lesser extent NA contribute to 
rapid motor initiation but not to motor execution in the 
rat. Thus not only the DAergic innervation of the CP 
but also prefrontal DA innervation are involved in 
monitoring RT. 
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