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Abstract Reward-predictive cues are important to guide

behavioral responding. In a series of experiments, we sought

to characterize the role of dopamine in the dorsomedial

striatum in modulation of reward-directed responding by

visual cues. Different groups of rats subjected to infusion of

6-hydroxydopamine or vehicle into the posterior part of the

dorsomedial striatum (pDMS) were tested in three experi-

ments. In experiment 1, rats were examined in an operant

task demanding a lever release response. In intact rats,

reaction times of responding were reliably shorter on cued

large reward trials than on cued small reward trials. Results

showed that pDMS dopamine depletion impaired reward-

dependent modulation of reaction times, if visual cues pre-

dict large versus small reward, but not if visual cues predict

reward versus no reward. These observations suggest that

dopamine signaling in the pDMS contributes to a process

through which reward-directed responses become guided

by cues associated with distinct reward magnitudes.

Experiment 2 revealed that pDMS dopamine depletion did

not compromise the acquisition of a conditional visual

discrimination task in an operant box that required learning a

rule of the type ‘‘if the cue light is bright press left lever for

reward, if dim press right lever’’. Furthermore, experiment 3

showed that pDMS dopamine depletion did not impair the

acquisition of a cross maze task that required learning a

visual cue discrimination strategy to obtain food reward.

Together results of experiments 2 and 3 indicate that dopa-

mine signaling in the pDMS does not subserve stimulus

discrimination per se and stimulus-response learning.
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Introduction

Environmental cues predictive of reward powerfully influ-

ence the vigor of reward-seeking responses (Gold 2003).

For example, in addicts cues predictive of drug reward can

elicit craving, support compulsive drug use or precipitate

relapse to drug-seeking behavior (O’Brien et al. 1998;

Volkow et al. 2006). Considerable evidence suggests that

the dorsal striatum is important in mediating the impact of

reward-predictive stimuli on behavior. For example, elec-

trophysiological studies demonstrated that the dorsal

striatum is involved in the acquisition of stimulus-reward

(Aosaki et al. 1994) and stimulus–response associations

(Barnes et al. 2005; Brasted and Wise 2004; Jog et al. 1999;

Yin and Knowlton 2004) as well as in stimulus-guided

performance (Adams et al. 2001; Bailey and Mair 2006;

Cromwell and Schultz 2003; Hassani et al. 2001; Kawagoe

et al. 1998; Samejima et al. 2005; Tremblay et al. 1998).

Different subregions of the dorsal striatum play distinct

roles in the modulation of behavior by reward-predictive

cues. Lesion studies in rats suggest that the sensorimotor

subregion of the dorsal striatum, i.e., the dorsolateral stri-

atum, is critically involved in stimulus–response learning

(Yin and Knowlton 2004) and in mediating excitatory

effects of reward-predictive cues on responding (Corbit and

Janak 2007). By contrast, the associative subregion of the

dorsal striatum, i.e., the dorsomedial striatum (DMS),

mediates the influence of specific stimulus–outcome asso-

ciations to produce selective responding (Corbit and Janak

2007). Furthermore, recent findings indicate a functional

dissociation of the anterior and posterior part of the DMS.
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(Yin et al. 2005a, b) demonstrated that the posterior DMS

(pDMS), but not the anterior DMS, is crucial for encoding

the outcomes associated with actions. Relatively little is

known about the role of pDMS in behavioral modulation by

reward-predictive cues. Therefore, we set out to examine

how the pDMS modulates reward-seeking responses that

are guided by visual cues. In particular, we were interested

how dopamine (DA) influences these processes. There is

substantial evidence that DA signals carry information

about the reward predicted by distinct cues (Schultz 2007;

Tobler et al. 2005). Hence, it is possible that this phasic

activity of DA neurons represents a teaching signal con-

veyed to the dorsal striatum, including the pDMS, which is

critical for reward-dependent modulation of behavior by

visual cues. In this study, we tested rats subjected to a

pDMS DA depletion (i) in an operant task demanding a

lever release response that was guided by visual cues pre-

dictive of reward, (ii) in a conditional visual discrimination

task in an operant box that required learning a rule of the

type ‘‘if the cue light is bright press left lever for reward, if

dim press right lever’’, and, (iii) in a cross maze task that

required learning a visual cue discrimination strategy to

obtain food reward.

Materials and Methods

All animal experiments were conducted according to the

European Communities Council Directive of November

24, 1986 (86/609/EEC) as well as the German Law on

Animal Protection and were approved by the proper

authorities in Stuttgart, Germany. All efforts were made to

minimize the number of animals used and their suffering.

Experiment 1A

This experiment examined the effects of a pDMS DA

depletion on acquisition of a reaction time (RT) task that

required a lever release response to obtain high or low

reward as signaled in advance.

Animals

Fifteen Lister-Hooded rats (Harlan-Winkelmann, Borchen,

Germany) were housed in transparent plastic cages

(55 9 39 9 27 cm, Ferplast, Nürnberg, Germany). Tem-

perature (20 ± 2�C) and humidity (50–60%) in the animal

house were kept constant and a 12:12-h light–dark sche-

dule was used with lights on between 19:00 h and 7:00 h.

Rats were given ad libitum access to water; food was

restricted to 15 g per animal and day. On days without

behavioral testing, rats received 15 g standard laboratory

maintenance chow (Altromin, Lage, Germany). On days

with behavioral tests, rats received in the testing apparatus

food pellets as reward (45 mg pellets, Bioserv, French-

town, USA). On these days, the amount of standard

laboratory chow given was reduced to 12 g. Rats weighed

200–210 g on arrival and 250–270 g at the time of surgery.

Surgery

For stereotaxic surgery, animals were pretreated with

atropine (0.2 mg/kg i.p.; WDT, Garbsen, Germany),

anaesthetized with sodium pentobarbital (60 mg/kg i.p.;

Medial GmbH, Hallbergmoos, Germany) and xylazine

(4 mg/kg i.m.; Bayer AG, Leverkusen, Germany) and

secured in a Kopf stereotaxic apparatus (Kopf Instruments,

Tujunga, USA). Rats received either bilateral dopamine

lesions (n = 7) by injecting 6 lg 6-hydroxydopamine (6-

OHDA) in 0.4 ll 0.01% ascorbic acid or sham lesions

(n = 8) into the pDMS using a blunt stainless steel cannula

with an outer diameter of 0.4 mm. The coordinates were

0.4 mm posterior bregma, 2.6 mm lateral to midline, and

5.0 mm ventral from the skull with the toothbar -3.3 mm

below the interaural line. Coordinates were determined

from the atlas of Paxinos and Watson (1997). Each rat was

given at least 7 days to recover from surgery before

behavioral testing was started.

Apparatus

Six experimental chambers (24 9 21 9 30 cm) (Med

Associates, St. Albans, VT, USA) were used. Each cham-

ber was supplied with a retractable lever, two stimulus

lights (one above the retractable lever, the other above the

food receptacle) and encased in a sound attenuating cubicle

with a fan providing a constant low level of background

noise. Each food receptacle was equipped with an infrared

head entry detector. The experiments were controlled

online by a Windows 98
TM

based computer system equip-

ped with SmartControl�-Interfaces and the MedPC
TM

-

Software (Med Associates, St. Albans, VT, USA).

RT Task

A simplified schematic of the order of trial events is given

in Fig. 1. First, an instructive stimulus above the food

receptacle was turned on at one of two brightness levels

indicating the upcoming reward magnitudes (one or five

pellets, 45 mg pellets, Bioserv, Frenchtown, USA), 3 s

later the lever was inserted. Thereafter, a trained rat pressed

the inserted lever spontaneously. After a foreperiod of

0.3 s, an imperative stimulus provided by a stimulus light

above the lever signaled the animal to release the lever.

Responses with RT \2 s were considered as being correct

and were rewarded. Early responses initiated before the
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onset of the imperative stimulus or late responses

(RT C 2 s) caused the trial to be repeated. After an inter-

trial interval of 3 s, the instructive stimulus was turned on

again thereby signaling the beginning of a new trial. The

reward magnitude (low/high) for each trial was pseudo-

randomly determined in advance. Brightness levels of

instructive stimuli were counterbalanced, i.e., for 50% of

the rats a bright stimulus was associated with low reward

and a dim stimulus was associated with high reward. For

the other 50% of the rats, the opposite pattern was used. A

daily session demanded 40 correct trials, i.e., 20 correct

trials for low and high reward.

Reaction time was defined as latency from the onset of

the imperative stimulus to lever release, movement time

(MT) was defined as latency from lever release to photo-

beam disruption in the food receptacle. Both measures

were recorded with an accuracy of \10 ms and calcula-

tions on RT and MT values were conducted with data from

correct trials (RT \ 2 s). Furthermore, the overall number

of trials (early ? correct ? late responses) to reach the

criterion of 40 correct responses was counted and used as

an index of the accuracy of performance. These measures

allow a detailed analysis of the guidance of behavior by

reward-predictive stimuli. Response latencies measured by

RTs become shorter for expected high versus low reward.

Therefore, the RT differences of responses for expected

low and high reward are a sensitive index of discrimination

of stimulus-associated reward values. Response accuracy

measured by the number of responses necessary to reach a

fixed criterion of 40 correct responses was used as an index

of learning the contingency. Incorrect, i.e., early and late

responses permitted us to further assess lesion effects on

response preparation.

Experimental Procedures

Preoperative Habituation

In the first two habituation sessions, subjects were adapted

to the experimental chamber with access to food pellets

placed into the food receptacle. In the following five ses-

sions, a habituation program with a fixed ratio-1 schedule

commenced until a criterion of 20 consecutive lever

responses was attained. Afterward, rats were subjected to

surgery.

Acquisition

After postoperative recovery, the experiment was started

with one daily session. On days 1–18, acquisition of the RT

task described above was examined.

Data Analysis

In line with earlier studies (e.g., Calaminus and Hauber

2007), subjects perceived brightness levels of instructive

stimuli equally, i.e., for a given reward magnitude level

mean accuracy and RT values obtained with a bright or a

dim stimulus did not differ significantly (data not shown).

Therefore, response measures for a given reward magni-

tude obtained with bright and dim instructive stimuli were

collapsed. Data are expressed as means ± standard error of

the mean (SEM) from blocks of two sessions. The calcu-

lations on RT and MT performance were conducted with

data from correct trials (RT \ 2 s). When averaging RT

and MT data, a geometric mean was calculated for each rat

and session, as the geometric mean is less influenced by

outlying data points than is the arithmetic mean. Overall,

RT and MT means of responses associated with the high

Fig. 1 Schematic representation of the order of trial events. First, an

instructive stimulus was turned on at one of two brightness levels

indicating the upcoming reward magnitudes (one or five pellets).

Thereafter, the rat pressed the inserted lever spontaneously. After a

foreperiod of 0.3 s, the imperative stimulus signaled the animal to

release the lever. Responses with RT \ 2 s were considered as being

correct and were rewarded. Early responses initiated before the onset

of the imperative stimulus or late responses (RT C 2 s) caused the

trial to be repeated
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and low reward magnitude represent the arithmetic average

of the geometric means of individual rats.

Data was subjected to repeated measures analysis of

variance (ANOVA). Numbers of correct and early

responses and RTs and MTs of correct responses of blocks

1–9 were compared using an ANOVA with treatment

group as between-subjects factor and reward magnitude

and blocks as within-subjects (repeated measures) factors.

For a detailed analysis, RTs of correct responses for high

and low reward were subjected to a planned contrast

analysis, i.e., for each block and group, mean RTlow reward

versus mean RThigh reward were compared separately by

linear contrasts. All statistical computations were carried

out with STATISTICA
TM

(version 7.1, StatSoft�, Inc.,

Tulsa, OK, USA). The level of statistical significance (a-

level) was set at P \ 0.05.

Immunohistochemistry

After behavioral testing, animals were killed by an over-

dose of isoflurane (cp-pharma, Burgdorf, Germany),

perfused transcardially with 0.05% buffered heparin solu-

tion followed by a 4% buffered formalin solution. The

brains were extracted, postfixed in a 4% buffered formalin

solution for 24 h and then transferred into a 30% sucrose

solution for at least 48 h. Coronal brain sections were cut

(40 lm; Microm HM550, Microm GmbH, Walldorf, Ger-

many) in the region of the pDMS. The slices were initially

washed in tris-buffered saline (TBS; 3 9 10 min), treated

for 15 min with TBS containing 2% hydrogen peroxide and

10% methanol, washed again in TBS (3 9 10 min) and

then blocked for 20 min with 4% natural horse serum

(NHS; Vector Laboratories Burlingame, CA, USA) in TBS

containing 0.2% Triton X-100 (Sigma Aldrich; TBS-T).

Slices were incubated overnight at 4�C in a primary anti-

body (mouse, anti-TH, 1:7500 in TBS-T containing 4%

NHS; Immunostar, Hudson, WI, USA), then washed in

TBS-T (3 9 10 min) and incubated in a secondary anti-

body (horse, anti-mouse, rat-adsorbed, biotinylated IgG

(H ? L), 1:500 in TBS-T containing 4% NHS; Vector

Laboratories) for 90 min at room temperature. Using the

biotin-avidin system, slices were washed in TBS-T con-

taining the avidin-biotinylated enzyme complex (1:500,

ABC-Elite Kit; Vector Laboratories) for 60 min at room

temperature, washed in TBS (3 9 10 min.) and stained

with 3,30-diaminobenzidine (DAB Substrate Kit, Vector

Laboratories). The brain slices were then washed in TBS

(3 9 10 min), mounted on coated slides, dried overnight,

dehydrated in ascending alcohol concentrations, treated

with xylene and finally coverslipped using DePex

(Serva, Heidelberg, Germany). The sections were exam-

ined with a microscope to determine placement and size of

the lesions.

Experiment 1B

Experiment 1B was performed to reproduce findings from

experiment 1A. Unless otherwise noted the same proce-

dures as in experiment 1 were used.

Animals

Sixteen Lister-Hooded rats (Harlan-Winkelmann, Borchen,

Germany) were used weighing 190–210 g on arrival and

250–270 g at the time of surgery.

Surgery

Rats received bilateral infusions of 6 lg 6-OHDA in 0.4 ll

vehicle (n = 8) or vehicle (n = 8) into the pDMS. Each rat

was given at least 7 days to recover from surgery before

behavioral testing was started.

RT Task

A RT task as used in experiment 1A was employed. After

nine blocks of training, the reward magnitude predicted by

cues were changed for one block (=2 days) as follows: the

high reward was raised to from 5 to 7 pellets, whereas the

low reward was kept at 1 pellet. Thereafter, for another

block, the high reward was set at 5 pellets, the low reward

at 0 pellets (no reward). These task conditions were

introduced to characterize lesion-induced impairments

observed in experiment 1A in more detail.

Procedures

In experiment 1B, habituation and acquisition was per-

formed as described in experiment 1A. After 18 and

20 days of acquisition, respectively, stimulus-reward

magnitude contingencies were changed as described above.

Data Analysis

Data of the RT task was collected as in experiment 1A and

subjected to repeated measures analysis of variance

(ANOVA). Numbers of correct and early responses and

RTs and MTs of correct responses during acquisition on

blocks 1–9 and on blocks 10 and 11 were compared using

separate ANOVAs with treatment group as between-sub-

jects factor and reward magnitude and blocks as within-

subjects factors. For a detailed analysis, RTs of correct

responses for high and low reward were subjected to a

planned contrast analysis, i.e., for each block and group,

mean RTlow reward versus mean RThigh reward were com-

pared separately by linear contrasts. All statistical

100 Neurotox Res (2009) 15:97–110

123



computations were carried out with STATISTICA
TM

(version 7.1, StatSoft�, Inc., Tulsa, OK, USA). The level of

statistical significance (a-level) was set at P \ 0.05.

Immunohistochemistry (TH-Staining)

After behavioral testing, rats were killed and brains were

dissected as described in experiment 1A.

Experiment 2

This experiment examined the effects of a pDMS DA

depletion on acquisition of conditional discrimination task.

Animals

Twenty-three Lister-Hooded rats (Harlan-Winkelmann,

Borchen, Germany) weighing 190–210 g on arrival and

240–270 g at the time of surgery were kept under the same

conditions as described in experiment 1A.

Surgery

Rats received infusions of 6-OHDA (n = 12) or vehicle

(n = 11) into the pDMS. Each rat was given at least 7 days

to recover from surgery before behavioral testing was

started.

Apparatus

Six experimental chambers (24 9 21 9 30 cm) (Med

Associates, St. Albans, VT, USA) were used. Each cham-

ber was supplied with two retractable levers, three stimulus

lights (one above each retractable lever, the other above the

food receptacle) and encased in a sound attenuating cubicle

with a fan providing a constant low level of background

noise. Each food receptacle was equipped with an infrared

head entry detector.

CVD Task

This task required rats to discriminate a bright and a dim

predictive cue provided by a stimulus light above the food

receptacle, to press at an assigned lever and to release this

lever, if a second cue, the imperative stimulus, above the

lever was provided. Half of the rats learned the rule ‘‘if

the instructive is bright press the right lever, if dim press

the left lever’’ the other half learned the opposite rule.

Thus, this conditional visual discrimination (CVD) task

requires learning of a cue-response rule, but is—regarding

the sensorimotor demands—very similar to the RT task

used in experiment 1.

Habituation

On the first day, rats were habituated to the operant box in a

single 15-min session with the cue light above the food

receptacle illuminated. Every 5 s, one pellet (45 mg pel-

lets, Bioserv, Frenchtown, USA) was delivered. On the

following 6 days, rats learned in one daily session to

associate the brightness of the predictive stimulus, i.e.,

bright or dim, provided above the food receptacle with

pressing the assigned lever, i.e., left or right. During these

sessions, the predictive cue was turned on in a pseudo-

random order at one of two brightness level and the

associated lever was introduced, respectively. After the rat

pressed this lever, the predictive cue was extinguished, the

lever retracted and one pellet delivered in the food recep-

tacle. After an inter-trial interval of 3 s, a new trial was

initiated. A session ended after 20 presses for each lever.

Acquisition

Following habituation, the acquisition of the CVD task

was examined. The order of trial events was as follows:

first, an instructive stimulus above the food receptacle was

turned on at one of two brightness levels indicating the

right or left lever as being correct in a counterbalanced

way. Three second later, both levers were introduced into

the operant box. Thereafter, a rat had to press the correct

lever within 20 s. An incorrect response resulted in

retraction of the both levers, extinction of the house light

as well as the instructive cue and a 5 s time-out. After

time-out, the house light was illuminated again for 5 s

before a new predictive cue was presented. In order to

match sensorimotor demands of this task and those of the

RT task used in experiment 1, an animal had to press the

correct lever for at least 0.3 s. After this delay an

imperative stimulus provided by a stimulus light above the

lever signaled the animal to release the lever. An early

lever release (\0.3 sec) resulted in a time-out. On each

correct trial, the rats received one food pellet. After an

intertrial interval of 3 s, the instructive stimulus was

turned on again at the beginning of new trial 3 s before

lever insertion and remained present until delivery of the

food reward. A session was terminated after 30 min. The

following parameters were measured: (1) number of cor-

rect responses, (2) RTs defined as latency between

imperative cue onset and the lever release, (3) errors of

omission defined as failure to respond within 20 s after

lever insertion.

Data Analysis

Data of eight blocks consisting of five sessions each were

analyzed. Accuracy scores as well as RTs and errors of
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omission were each analyzed by a two-way ANOVA with

repeated measures using treatment group as between-sub-

jects factor and blocks as within-subjects factor. Statistical

analyses were performed using STATISTICA
TM

(ver-

sion 7.1, StatSoft�, Inc., Tulsa, OK, USA). The level of

statistical significance (a-level) was set at P \ 0.05.

Immunohistochemistry (TH-Staining)

Rats were killed and brains were dissected after behavioral

testing as described in experiment 1A.

Experiment 3

This experiment examined the effects of a pDMS DA

depletion on acquisition of a visual discrimination task in a

cross maze in which rats were required to choose the arm

that contained the visual cue predictive for reward.

Animals

Twenty Lister-Hooded rats (Harlan-Winkelmann, Borchen,

Germany) weighing 190–210 g on arrival and 240–270 g

at the time of surgery were kept under the same conditions

as described in experiment 1A.

Surgery

Rats received an infusion of 6 lg 6-OHDA in 0.4 ll

vehicle (n = 10) or vehicle (n = 10) into the pDMS. Each

rat was given at least 7 days to recover from surgery before

behavioral testing was started.

Apparatus

A four arm cross maze made of gray plastic was used. Each

arm was 60 cm long and 10 cm wide, with 20 cm high

walls on each arm and with round glass food wells (2 cm

wide 9 1 cm deep) placed 2 cm from the end wall. Four

removable table legs attached to the ends of each arm

elevated the maze 100 cm above the floor. A removable

piece of plastic insert was used to block the arms of the

maze to form a ‘‘T’’ configuration.

Spatial Visual Discrimination Task

Habituation

On the day prior to their initial exposure to the maze, rats

were given free access to pellets (45 mg pellets, Bioserv,

Frenchtown, USA) in their homecages. On the first day of

habituation, 20 pellets were distributed in the maze; 2

pellets in the food wells and 3 down the length of the 4

arms. A rat was placed in the middle of the maze and was

allowed to consume all food pellets within 15 min. If the

rat consumed all pellets before 15 min passed, the rat was

removed and placed back into the homecage. Subsequent

habituation sessions were similar to the first, except that

only one pellet was placed at the end of each arm.

Whenever the rat traversed the entire length of the arm and

consumed the pellet, it was picked up and placed back in

the center of the maze. This procedure was conducted to

habituate the animal to repeated handling after consuming

the reward. After approximately 5 days of training, all rats

consumed all four food pellets at least 4 times during a

15 min period. On the last day of habituation, a plastic

insert was placed in the entrance of one arm to form a ‘‘T’’

configuration. Two different arms were equipped with

either a black or a black/white striped floor covering

serving as visual cues. For 50% of the animals the black,

and for the other 50% the black/white striped covering was

predictive for one food pellet. Each session comprised 12

trials. For the first 7 trials, the location of the stem and the

choice arm relative to the spatial cues in the room was the

same for one rat, but varied across animals. On the last 5

trials the location of the choice arms were changed, so that

the rat was required to make the appropriate turn in the

opposite direction as before to get a food pellet. Responses

were counted as correct or incorrect after the rat traversed

the whole length of the arm. Between trials animals were

placed back in their homecages for an intertrial interval of

15 s. After 12 consecutive trials, the session ended and on

the next day the visual discrimination test began.

Acquisition

Choice behavior was tested in one session with a criterion

of 10 consecutive correct trials. The location of the start

arm and arms containing the rewarded and non-rewarded

visual cue were varied according to a preset pseudoran-

dom sequence that was different for each animal. On an

individual trial, the rat was placed into the stem arm and

had to choose the correct arm to receive a food pellet.

The rat was picked up after consuming the food pellet, or

reaching the end of the non-rewarded arm. Then, it was

placed back in the homecage and for inter-trial interval of

15 s. The session was completed, if the criterion of 10

consecutive correct trials was reached. There was no trial

or time limit in achieving this criterion. The following

measures were taken for each rat and used for data

analysis: (1) trials to criterion, defined as the number of

trials an animal required to reach criterion of 10 correct

consecutive choices and (2) response latencies from each

correct response defined as time from placing an animal

into the start arm until arrival at the food well in the

rewarded arm.
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Data Analysis

Trials to criterion and response latency data obtained on

visual discrimination day were analyzed by a one-way

ANOVA with treatment group as a between subjects

factor.

Immunohistochemistry (TH-staining)

The day after behavioral testing rats were killed and brains

were dissected as described in experiment 1A.

Results

Histology

Figure 2a provides a schematic representation of the

extent of striatal damage based on all animals with 6-

OHDA lesions in experiments 1–3. The lesion placements

were assessed by reconstructing the damaged areas on

standard stereotaxic atlas templates from Paxinos and

Watson (1997). Loss of TH-positive fibers in the pDMS

appeared from about ?0.2 to -0.8 relative to bregma.

Few animals had relatively small (n = 4) or large (n = 3)

lesions. Typical lesions were confined largely to the

medial striatum, minimal damage to the more lateral parts

of the striatum was observed only occasionally. No evi-

dence was found for a loss of TH-positive fibers in regions

anterior to the pDMS. A representative photomicrograph

of a typical pDMS lesion is shown in Fig. 2b. In experi-

ments 1A, 2, and 3 one rat was excluded, respectively, due

to either a misplaced or unilateral 6-OHDA lesion of the

pDMS.

Experiment 1A: Effects of pDMS DA Depletion in the

RT Task

Accuracy of Performance

As observed in previous studies (Calaminus and Hauber

2007; Giertler et al. 2005), rats needed approximately 50–

60 trials to achieve the criterion of 40 correct responses (20

responses with RT \ 2 s for each reward magnitude). As

incorrect trials largely reflected early errors, only this type

of errors was given. 6-OHDA lesion had no effect on the

number of early errors (Fig. 3) and the number of trials to

reach criterion (data not shown). Three-way ANOVA on

the number of early responses revealed no main effects of

group but a trend to a main block effect (F(8,104) = 2.02,

P = 0.051) as well as an effect of reward magnitude

(F(1,13) = 16.06, P = 0.001) without treatment 9 reward

magnitude interaction (F \ 1, n.s.). Similarly, an ANOVA

on the trials to reach criterion indicated no main effects of

group (F \ 1, n.s.), but a trend to a main block effect

(F(8,104) = 2.02, P = 0.051) and an effect of reward

magnitude (F(1,13) = 16.06, P = 0.001) (Table 1).

Reaction Times

As shown in Fig. 4, RTs of 6-OHDA-lesioned and sham-

lesioned animals significantly decreased over blocks

(F(8,104) = 27.38, P \ 0.0001) and were guided by

expected reward magnitude (F(1,13) = 21.82, P \ 0.001).

An ANOVA also revealed a significant reward magnitude x

treatment interaction (F(1,13) = 7.76, P \ 0.02). Planned

contrast analysis further demonstrated that in sham-

lesioned animals rats RT for expected low and high reward

differed significantly starting on block 2, while no

Fig. 2 Localization and extent of pDMS DA depletion in experiment

1–3. a Schematic illustration of 6-OHDA lesions of the pDMS in

coronal sections; black areas represent the largest extent of damage,

and gray areas the smallest extent of damage found in all animals

used in experiments 1A/B, 2 and 3. Numbers indicate distance from

bregma in millimeter. b Representative photomicrographs demon-

strating the extent of pDMS damage following infusions of 6-OHDA
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significant differences in separate blocks were found in 6-

OHDA-lesioned animals.

Movement Times

Lesion of the pDMS had no effects on movement times

(Table 1). MTs in both treatment groups significantly

decreased over blocks (F(8,104) = 33.60, P \ 0.0001). MTs

for responses for expected high and low reward differ

significantly as analyzed by ANOVA (F(1,13) = 7.75,

P = 0.01), but there was no effect of treatment (F \ 1.7,

n.s.) and no reward magnitude 9 treatment interaction

(F \ 1.5, n.s.).

Experiment 1B: Effects of a pDMS DA Depletion

in RT Task

Accuracy of Performance

6-OHDA lesion had no effect on the number of early errors

(Fig. 5) and the number of trials to reach criterion (data not

shown). Three-way ANOVAs on the number of early

responses revealed no main effect of treatment and block

(Fs \ 1, n.s), but an effect of reward magnitude

(F(1,14) = 35.49, P \ 0.001), but no treatment 9 reward

magnitude interaction (F \ 1, n.s.). Similarly, an ANOVA

on the trials to reach criterion indicated no main effects of

treatment and block (Fs \ 1, n.s.), but an effect of reward

magnitude (F(1,14) = 35.49, P \ 0.001) (data not shown).

On block 10, an ANOVA of the number of early

responses revealed a significant effect of reward magnitude

(F(1,14) = 32.04, P \ 0.0001), but not of treatment (F \ 1,

n.s.) and no reward magnitude 9 treatment interaction

Fig. 3 Effects of a pDMS DA depletion on the accuracy of

responding in the RT task (experiment 1A). Mean number of early

responses (±SEM) for expected high and low reward in blocks of two

sessions are given

Table 1 Number of early errors and movement times (ms) in animals

with pDMS DA depletion and sham controls (experiment 1A)

Sham Lesion

5 versus 1 5 versus 1

Movement

times

203.9 (15.6) 216.4 (13.0) 160.4 (27.0) 175.5 (29.7)

Early errors 10.6 (2.6) 7.3 (1.6) 12.8 (2.3) 3.9 (0.9)

Means (±SEM) from block 9 (high vs. low reward: 5:1 pellets) are

given

Fig. 4 Effects of a pDMS DA depletion on RTs in the RT task

(Experiment 1A). Mean RTs (±SEM) of correct responses for expected

high and low reward in blocks of two sessions are given. *P \ 0.05,

?P \ 0.01 (planned contrasts; RTlow reward vs. RThigh reward)
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(F \ 2, n.s.). Similarly, an ANOVA on the trials to reach

criterion indicated a significant effect of reward magnitude

(F(1,14) = 32.04, P \ 0.0001) but not of treatment (F \ 1,

n.s.) and no reward magnitude 9 treatment interaction

(F \ 2, n.s.) (Table 2).

On block 11, an ANOVA on the number of early

responses revealed a significant effect of reward magnitude

(F(1,14) = 23.28, P \ 0.001) but not of treatment (F \ 1,

n.s.) and no reward magnitude 9 treatment interaction

(F \ 1, n.s.). Similarly, an ANOVA on the trials to reach

criterion indicated a significant effect of reward magnitude

(F(1,14) = 23.28, P \ 0.001) but not of treatment (F \ 1,

n.s.) and but no reward magnitude 9 treatment interaction

(F \ 1, n.s.) (Table 2).

Reaction Times

As shown in Fig. 6, RTs of 6-OHDA-lesioned and sham-

lesioned animals showed a trend toward decreasing over

blocks (F(8,112) = 1.86, P = 0.06). Furthermore there was a

significant effect of reward magnitude (F(1,14) = 22.20,

P \ 0.001). ANOVA also indicated a significant reward

magnitude 9 treatment interaction (F(1,14) = 5.59, P = 0.03).

In addition, planned contrast analysis further demonstrated

that in sham-lesioned animals rats RT for expected low

and high reward differed significantly starting on block 3,

while no significant differences in separate blocks were

found in 6-OHDA-lesioned animals. On block 10, RTs of

sham but not of 6-OHDA-lesioned animals differed between

expected high versus low reward. ANOVA displayed an

effect of reward magnitude (F(1,14) = 12.57, P = 0.003) and

a reward magnitude 9 treatment interaction (F(1,14) = 4.91,

P = 0.04).

On block 11, RTs of sham- and 6-OHDA-lesioned ani-

mals differed for expected high versus no reward. ANOVA

indicated an effect of reward magnitude (F(1,14) = 94.08,

P \ 0.001), treatment (F(1,14) = 5.40, P = 0.03), but no

reward magnitude 9 treatment interaction (F \ 1, n.s.).

Movement Times

Lesion of the pDMS had no effect on MTs (Table 1). MTs

in both treatment groups significantly decreased over

blocks (F(8,112) = 23.80, P \ 0.0001). MTs for responses

for expected high and low reward did not differ signifi-

cantly as analyzed by ANOVA (F \ 1, n.s.). Likewise,

ANOVAs on respective blocks 10 and 11 revealed no

significant main effects of reward magnitude or treatment

and no significant reward magnitude 9 treatment interac-

tions (Fs \ 1, n.s.).

Fig. 5 Effects of a pDMS DA depletion on the accuracy of

responding in the RT task (experiment 1B). Mean number of early

responses (±SEM) for expected high and low reward in blocks of two

sessions are given

Table 2 Number of early errors and movement times (ms) in animals with pDMS DA depletion and sham controls (experiment 1B)

5 versus 1 7 versus 1 5 versus 0

Sham

Movement times 149.6 (26.9) 164.0 (29.3) 148.6 (23.7) 163.8 (24.0) 136.0 (21.5) 242.3 (37.2)

Early errors 15.8 (4.9) 4.3 (1.6) 9.8 (2.3) 4.7 (1.9) 12.0 (2.9) 4.2 (0.9)

Lesion

Movement times 135.0 (19.8) 142.8 (24.2) 157.8 (17.4) 154.6 (22.8) 153.2 (18.6) 248.6 (37.0)

Early errors 14.5 (3.5) 3.9 (1.4) 13.5 (3.2) 5.0 (1.7) 12 (3.0) 3.25 (1.2)

Means (±SEM) from blocks 9 (high vs. low reward: 5:1 pellets), 10 (high vs. low reward: 7:1 pellets) and 11 (high vs. low reward: 5:0 pellets)

are given
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Experiment 2: Effects of a pDMS DA Depletion

in a Conditioned Visual Discrimination Task

Accuracy of Performance

Sham controls (n = 12) and 6-OHDA-lesioned animals

(n = 11) choose the correct lever in about 75% of choices

after 7 blocks of training (Fig. 7). A two-way ANOVA on

the number of percent correct answers revealed no main

effects of treatment (F \ 4, n.s.), but a main block effect

(F(7,147) = 72.04, P \ 0.001) without treatment 9 block

interaction (F \ 1, n.s.). The mean response rate on the

final three blocks of acquisition were sham 71.3% (sham

controls) and 69.9% (6-OHDA lesioned rats).

Reaction Times

During acquisition RTs of lesioned and sham animals

significantly decreased over blocks (F(7,147) = 52.25,

P \ 0.0001), but there was no effect of treatment (F \ 4,

n.s.) and no blocks 9 treatment interaction (F \ 2, n.s.)

(data not shown).

Experiment 3: Effects of a pDMS DA Depletion

on Visual Discrimination in a Spatial Learning Task

Behavioral Results

Rats of both treatment groups reached the criterion (10

consecutive correct trials) within less than 20 trials. Sham

controls (n = 10) required 19.4 ± 2.8 trials, lesioned rats

(n = 9) 17.0 ± 1.9 trials (Fig. 8). Data analysis revealed

no significant main effects of treatment (F \ 2, n.s.). On

correct trials, response latencies in sham controls were

5.0 ± 0.6 s, in lesioned rats 5.3 ± 0.9 s (F \ 1, n.s.).

Discussion

In this series of experiments, we sought to characterize the

role of DA signaling in the pDMS in reward-directed

Fig. 6 Effects of a pDMS DA depletion on RT in the RT task

(experiment 1B). Mean RTs (±SEM) of correct responses for

expected high and low reward in blocks of two sessions are

given. *P \ 0.05, ?P \ 0.01 (planned contrasts; RTlow reward vs.

RThigh reward)

Fig. 7 Effects of a pDMS DA depletion on the accuracy of

responding in the CVD task (experiment 2). Percentage of correct

responses (±SEM) are given

Fig. 8 Effects of a pDMS DA depletion on the number of trials to

reach criterion (?SEM) in a spatial visual discrimination task

(experiment 3)
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responding guided by visual cues. Results reveal that

pDMS DA depletion did not impair visual cue discrimi-

nation learning in a cross maze task and acquisition of a

CVD task in an operant box. These results indicate that

stimulus discrimination per se and stimulus–response

learning do not depend on DA signaling in the pDMS.

Results further indicate that pDMS DA depletion impaired

reward-dependent modulation of a lever release response

if visual cues predict large versus small reward, but not

if visual cues predict reward versus no reward. These

results suggest that DA signaling in the pDMS contributes

to a process through which reward-directed responses

become guided by cues associated with different reward

magnitudes.

Immunohistochemistry

In experiments 1–3, 6-OHDA infusions produced a similar

loss of TH-positive fibers that was largely restricted to the

pDMS. In addition, we found no evidence for a loss of TH-

positive fibers in regions anterior to the pDMS. As con-

siderably higher volumes, that is 2.0 ll and more has been

frequently used for intrastriatal 6-OHDA infusion (e.g.,

Amalric and Koob 1987; Brown and Robbins 1991a, b;

Courtiere et al. 2005; Cousins et al. 1999; Faure et al.

2005), the size of our lesions is hardly comparable with

these studies. Notably, intra-pDMS infusion of the ex-

citotoxin N-methyl-D-asparate in the same volume (0.4 ll)

as used here for 6-OHDA infusion produced a focal lesion

of the pDMS (Yin et al. 2005a, b). The size of N-methyl-D-

asparte lesions reported in this study is somewhat smaller

but nevertheless roughly comparable to the size of 6-

OHDA-induced lesions observed here. A number of pre-

vious studies reported that intrastriatal infusion of solutions

with lower concentrations of 6-OHDA (4 lg/ll) as used

here (15 lg/ll) profoundly reduced tissue contractions of

DA ([85%) (e.g., Brown and Robbins 1991a, b). Likewise,

intrastriatal infusion of solutions containing 3.5 lg/ll–

6.7 lg/ll 6-OHDA caused a significant DA denervation as

assessed by DA transporter autoradiography (Winkler et al.

2002) and markedly reduced striatal DA levels as well as

the % density of TH-positive fibers (Yuan et al. 2005).

Together these findings provide strong support to our

observation that rats subjected to 6-OHDA infusions had a

near complete pDMS DA depletion.

Effects of pDMS dopamine depletion on Cue-Directed

Responding

Our experiments in the cross maze task revealed that

pDMS DA depletion did not compromise visual cue dis-

crimination learning. Correspondingly, previous studies

reported that inactivation of the DMS did not impair the

acquisition of a similar visual cue discrimination task as

used here (Ragozzino et al. 2002; Ragozzino 2007). Our

results further show that rats sustaining pDMS DA deple-

tions were not impaired in the acquisition of a CVD rule of

the type ‘‘if the cue light is bright press left lever, if dim

press right lever’’. Like in sham-controls, the accuracy of

responding gradually increased in 6-OHDA-lesioned rats

reaching a criterion of 75% correct responses after eight

blocks of training, a result that corresponds well with

learning curves obtained in a related task (Winters et al.

2004). Thus, rats with pDMS DA depletion were able to

discriminate reward-predictive visual cues, which were

identical in the CVD and RT task. Furthermore, intact

CVD learning suggests that stimulus–response learning

was not compromised by a pDMS DA depletion. Consis-

tent with this observation, recent studies indicate that the

DMS (Featherstone and McDonald 2004, O’Neill and

Brown 2007) including the pDMS (Yin and Knowlton

2004; Yin et al. 2005a, b) does not play a crucial role in

stimulus–response learning.

In the RT task, pDMS DA depletion impaired reward-

dependent modulation of RTs, if visual cues predict large

versus small reward but not if visual cues predict reward

versus no reward. This pattern of results suggests that in 6-

OHDA-lesioned rats visual cue discrimination per se was

intact and sensorimotor impairments may not account for

impaired reward magnitude modulation. In line with this

latter notion, in 6-OHDA-lesioned rats no obvious motor

problems were observed and MTs recorded from reward-

directed responses were normal. As in previous studies

(e.g., Giertler et al. 2005), in sham-controls the number of

early errors became higher for responses for high, but not

for low reward, a bias that most probably reflects the

impact of high reward cues. Notably, a similar reward

magnitude-dependent bias of the early error rate was found

in animals with pDMS DA depletion implying that they

may have access to an intact representation of the incentive

value of the reward-predictive cues. It is well known that in

decision making tasks low doses of systemic DA receptor

antagonists did not affect the ability to discriminate large

from small rewards (Denk et al. 2005; Martin-Iverson et al.

1987; Salamone et al. 1994). Therefore, animals with

pDMS DA depletion may not be impaired in processing

reward magnitude but in utilizing reward magnitude pre-

dictions to modulate the vigor of responding. If so, pDMS

DA depletion could affect performance in Pavlovian-

instrumental transfer tasks in which presentation of stimuli

previously associated with food reward can invigorate

instrumental responding (Colwill and Rescorla 1988; Estes

1943; Lovibond 1983). Experiments are underway to test

this hypothesis. Enhanced premature responding to

expected high reward observed in 6-OHDA-lesioned and

sham-lesioned animals could reflect a form of impulsive
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responding that is governed by structures such as the

nucleus accumbens (Dalley et al. 2007) or the orbitofrontal

cortex (Winstanley et al. 2004), but not by the pDMS.

Another notable feature of our data is that rats with

pDMS DA depletion were not totally unable to discrimi-

nate reward predictive cues as the lesion effects can be

remediated if the ratio of reward magnitudes predicted by

the cues was changed to from 7:1 to 5:0, but not from 5:1 to

7:1. Thus, the effects of pDMS DA depletion seem to be

limited to experimental conditions where cues signaled

high versus low reward. It is well known that reward-

directed behavior is markedly influenced by the disparity of

the expected outcomes (e.g., Bloomfield 1967; Crespi

1942; McSweeney 1975). Our data are in line with this

account and further suggest that response modulation by

cues predictive of high versus low reward seems to depend

on the pDMS and its DA input while response modulation

by expected reward versus no reward could rely on dif-

ferent neural circuits. In line with this notion, acquisition of

tasks demanding to discriminate rewarded and non-rewar-

ded responses was intact in animals with excitotoxic

lesions or transient inactivation of the DMS (e.g., Rago-

zzino et al. 2002, Ragozzino 2007). Likewise, our

observations in the cross maze and CVD task indicate that

the pDMS does not support discrimination of stimuli pre-

dictive of reward versus non-reward. Taken together, our

findings suggest that DA signaling in the pDMS contributes

to a process through which reward-directed responses

become guided by cues associated with different reward

magnitudes.

Dopamine in the pDMS and Reward-Dependent

Modulation of Behavior

There is a considerable body of evidence that implicated

the dorsal striatum in the acquisition of cue–reward asso-

ciations (Aosaki et al. 1994) and in cue-guided

performance (Adams et al. 2001; Bailey and Mair 2006;

Hassani et al. 2001; Kawagoe et al. 1998; Samejima et al.

2005; Tremblay et al. 1998). For example, the neuronal

activity of striatal neurons is influenced depending on the

reward magnitude signaled in advance by discriminative

cues (Cromwell and Schultz 2003) and plays a critical role

in maintaining reward magnitude representations to guide

actions (e.g., Hikosaka et al. 2006). Consistent with these

electrophysiological data, our behavioral data suggest that

the striatum utilizes reward magnitude predictions to guide

behavioral responses. Furthermore, using a visually guided

saccade task Nakamura and Hikosaka (2006) found in

primates that saccadic RTs were shorter on large-reward

trials than on small reward trials. Importantly, this study

was the first to show that intra-caudate infusions of DA

receptor antagonists altered reward magnitude-dependent

RT guidance suggesting that the impact of reward expec-

tation on RTs depends on DA modulation of the activity of

striatal neurons. Our present data are in keeping with these

data and further suggest that within the DS, the pDMS and

its DA input may be one striatal key region that is critically

involved in guidance of reward-directed behavior by

reward-predictive cues. The role of the DA input to other

striatal subregions such as the anterior DMS will be

addressed in future studies.

The question is where the information about cue-asso-

ciated reward magnitudes that influences neuronal activity

in the striatum originates from. It is well known that the

pDMS receives major afferents from a number of areas that

detect reward-predicting stimuli such as the orbitofrontal

cortex (e.g., Tremblay and Schultz 1999) or basolateral

amygdala (BLA) (e.g., Schoenbaum et al. 2000). Given the

prominent input the pDMS receives from the BLA

(McGeorge and Faull 1989), it has been argued that this

projection could be an important pathway to convey

information on the relative values of expected outcomes

(Yin et al. 2005a, b). In view of its connectivity, it is

conceivable that the pDMS could integrate reward-pre-

dictive information to guide behavioral actions. According

to this account, DA input to the pDMS could play an

enabling role allowing afferent input related to the cued

reward magnitudes to be processed and to guide instru-

mental action. However, DA signals also carry information

about the differences of reward magnitudes predicted by

distinct cues (Schultz 2007; Tobler et al. 2005). Thus, it is

also possible that this phasic activity of DA neurons rep-

resents a teaching signal conveyed to the pDMS that is

critical for reward-dependent modulation as examined

here. However, our data do not allow to decide whether an

impaired enabling influence or a compromised prediction

error signal (or both) account for impaired guidance of

behavioral actions by reward magnitudes seen here. Nev-

ertheless, the present finding that DA in the pDMS

contributes to guidance of behavior by expected reward

magnitude is in line with previous studies implicating this

striatal subregion in behavioral control by reward value.

For instance, the observation that cell body lesions of the

pDMS disrupted the sensitivity to outcome devaluation and

contingency degradation (Yin et al. 2005a, b) suggests a

critical role of the pDMS in reward representation. How-

ever, the role of DA in pDMS in outcome devaluation und

contingency degradation remains to be established.

To conclude, the pDMS has been suggested to represent

a critical neural substrate for learning and expression of

goal-directed actions and flexible choice behavior (see Yin

and Knowlton 2006 for a review). Our present data reveal

that another important function of the pDMS and its DA

input is the modulation of reward-directed behavior by

reward-predictive cues.

108 Neurotox Res (2009) 15:97–110

123



Acknowledgments This research was supported by a grant of the

DFG (Ha2340/8–1) and the Friedrich-Naumann Stiftung. The authors

wish to thank J. Heide for assistance in experiment 3.

References

Adams S, Kesner RP, Ragozzino ME (2001) Role of the medial and

lateral caudate-putamen in mediating an auditory conditional

response association. Neurobiol Learn Mem 76(1):106–116

Amalric M, Koob GF (1987) Depletion of dopamine in the caudate

nucleus but not in nucleus accumbens impairs reaction-time

performance in rats. J Neurosci 7(7):2129–2134

Aosaki T, Tsubokawa H, Ishida A, Watanabe K, Graybiel AM,

Kimura M (1994) Responses of tonically active neurons in the

primate’s striatum undergo systematic changes during behavioral

sensorimotor conditioning. J Neurosci 14(6):3969–3984

Bailey KR, Mair RG (2006) The role of striatum in initiation and

execution of learned action sequences in rats. J Neurosci

26(3):1016–1025

Barnes TD, Kubota Y, Hu D, Jin DZ, Graybiel AM (2005) Activity of

striatal neurons reflects dynamic encoding and recoding of

procedural memories. Nature 437(7062):1158–1161

Bloomfield TM (1967) Behavioral contrast and relative reinforcement

frequency in two multiple schedules. J Exp Anal Behav

10(2):151–158

Brasted PJ, Wise SP (2004) Comparison of learning-related neuronal

activity in the dorsal premotor cortex and striatum. Eur J

NeuroSci 19(3):721–740

Brown VJ, Robbins TW (1991a) Simple and choice reaction time

performance following unilateral striatal dopamine depletion in

the rat. Brain 114:513–525

Brown VJ, Robbins TW (1991b) Simple and choice reaction time

performance following unilateral striatal dopamine depletion in

the rat. Impaired motor readiness but preserved response

preparation. Brain 114(Pt 1B):513–525

Calaminus C, Hauber W (2007) Intact discrimination reversal

learning but slowed responding to reward-predictive cues after

dopamine D1 and D2 receptor blockade in the nucleus accum-

bens of rats. Psychopharmacology (Berl) 191(3):551–566

Colwill RM, Rescorla RA (1988) Associations between the discrim-

intaive stimulus and the reinforcer in instrumental learning. J

Exp Psychol Anim Behav Process 14:155–164

Corbit LH, Janak PH (2007) Inactivation of the lateral but not medial

dorsal striatum eliminates the excitatory impact of Pavlovian

stimuli on instrumental responding. J Neurosci 27(51):13977–

13981

Courtiere A, Hardouin J, Locatelli V, Turle-Lorenzo N, Amalric M,

Vidal F, Hasbroucq T (2005) Selective effects of partial striatal

6-OHDA lesions on information processing in the rat. Eur J

NeuroSci 21(7):1973–1983

Cousins MS, Trevitt J, Atherton A, Salamone JD (1999) Different

behavioral functions of dopamine in the nucleus accumbens and

ventrolateral striatum: a microdialysis and behavioral investiga-

tion. Neuroscience 91(3):925–934

Crespi LP (1942) Quantitative variation of incentive and performance

in the white rat. Am J Psychol 55:467–517

Cromwell HC, Schultz W (2003) Effects of expectations for different

reward magnitudes on neuronal activity in primate striatum. J

Neurophysiol 89(5):2823–2838

Dalley JW, Fryer TD, Brichard L, Robinson ES, Theobald DE, Laane

K, Pena Y, Murphy ER, Shah Y, Probst K, Abakumova I,

Aigbirhio FI, Richards HK, Hong Y, Baron JC, Everitt BJ,

Robbins TW (2007) Nucleus accumbens D2/3 receptors predict

trait impulsivity and cocaine reinforcement. Science 315(5816):

1267–1270

Denk F, Walton ME, Jennings KA, Sharp T, Rushworth MF,

Bannerman DM (2005) Differential involvement of serotonin

and dopamine systems in cost-benefit decisions about delay or

effort. Psychopharmacology (Berl) 179(3):587–596

Estes WK (1943) Discriminative conditioning. I. A discriminative

property of conditioned anticipation. J Exp Psychol 32:150–155

Faure A, Haberland U, Conde F, El Massioui N (2005) Lesion to the

nigrostriatal dopamine system disrupts stimulus-response habit

formation. J Neurosci 25(11):2771–2780

Featherstone RE, McDonald RJ (2004) Dorsal striatum and stimulus-

response learning: lesions of the dorsolateral, but not dorsome-

dial, striatum impair acquisition of a simple discrimination task.

Behav Brain Res 150(1–2):15–23

Giertler C, Bohn I, Hauber W (2005) Involvement of NMDA and

AMPA/KA receptors in the nucleus accumbens core in instru-

mental learning guided by reward-predictive cues. Eur J

NeuroSci 21(6):1689–1702

Gold JI (2003) Linking reward expectation to behavior in the basal

ganglia. Trends Neurosci 26(1):12–14

Hassani OK, Cromwell HC, Schultz W (2001) Influence of expec-

tation of different rewards on behavior-related neuronal activity

in the striatum. J Neurophysiol 85(6):2477–2489

Hikosaka O, Nakamura K, Nakahara H (2006) Basal ganglia orient

eyes to reward. J Neurophysiol 95(2):567–584

Jog MS, Kubota Y, Connolly CI, Hillegaart V, Graybiel AM (1999)

Building neural representations of habits. Science 286(5445):

1745–1749

Kawagoe R, Takikawa Y, Hikosaka O (1998) Expectation of reward

modulates cognitive signals in the basal ganglia. Nature Neurosci

1(5):411–416

Lovibond PF (1983) Facilitation of instrumental behavior by a

Pavlovian appetitive conditioned stimulus. J Exp Psychol Anim

Behav Process 9(3):225–247

Martin-Iverson MT, Wilkie D, Fibiger HC (1987) Effects of

haloperidol and d-amphetamine on perceived quantity of food

and tones. Psychopharmacology (Berl) 93(3):374–381

McGeorge AJ, Faull RL (1989) The organization of the projection

from the cerebral cortex to the striatum in the rat. Neuroscience

29(3):503–537

McSweeney FK (1975) Matching and contrast on several concurrent

treadle-press schedules. J Exp Anal Behav 23(2):193–198

Nakamura K, Hikosaka O (2006) Role of dopamine in the primate

caudate nucleus in reward modulation of saccades. J Neurosci

26(20):5360–5369

O’Brien CP, Childress AR, Ehrman R, Robbins SJ (1998) Condi-

tioning factors in drug abuse can they explain compulsion? J

Psychopharmacol 12(1):15–22

O’Neill M, Brown VJ (2007) The effect of striatal dopamine

depletion and the adenosine A2A antagonist KW-6002 on

reversal learning in rats. Neurobiol Learn Mem 88(1):75–81

Paxinos G, Watson C (1997) The rat brain in stereotaxic coordinates.

Academic, New York

Ragozzino ME (2007) The contribution of the medial prefrontal

cortex, orbitofrontal cortex, and dorsomedial striatum to behav-

ioral flexibility. Ann N Y Acad Sci 1121:355–375

Ragozzino ME, Ragozzino KE, Mizumori SJ, Kesner RP (2002) Role

of the dorsomedial striatum in behavioral flexibility for response

and visual cue discrimination learning. Behav Neurosci 116(1):

105–115

Salamone JD, Cousins MS, Bucher S (1994) Anhedonia or anergia?

Effects of haloperidol and nucleus accumbens dopamine deple-

tion on instrumental response selection in a T-maze cost/benefit

procedure. Behav Brain Res 65(2):221–229

Neurotox Res (2009) 15:97–110 109

123



Samejima K, Ueda Y, Doya K, Kimura M (2005) Representation of

action-specific reward values in the striatum. Science 310(5752):

1337–1340

Schoenbaum G, Chiba AA, Gallagher M (2000) Changes in

functional connectivity in orbitofrontal cortex and basolateral

amygdala during learning and reversal training. J Neurosci

20(13):5179–5189

Schultz W (2007) Behavioral dopamine signals. Trends Neurosci

30(5):203–210

Tobler PN, Fiorillo CD et al (2005) Adaptive coding of reward value

by dopamine neurons. Science 307(5715):1642–1645

Tremblay L, Schultz W (1999) Relative reward preference in primate

orbitofrontal cortex. Nature 398(6729):704–708

Tremblay L, Hollerman JR, Schultz W (1998) Modifications of

reward expectation-related neuronal activity during learning in

primate striatum. J Neurophysiol 80(2):964–977

Volkow ND, Wang GJ, Telang F, Fowler JS, Logan J, Childress AR,

Jayne M, Ma Y, Wong C (2006) Cocaine cues and dopamine in

dorsal striatum: mechanism of craving in cocaine addiction. J

Neurosci 26(24):6583–6588

Winkler C, Kirik D, Bjorklund A, Cenci MA (2002) L-DOPA-

induced dyskinesia in the intrastriatal 6-hydroxydopamine model

of Parkinson’s disease: relation to motor and cellular parameters

of nigrostriatal function. Neurobiol Dis 10(2):165–186

Winstanley CA, Theobald DE, Cardinal RN, Robbins TW (2004)

Contrasting roles of basolateral amygdala and orbitofrontal

cortex in impulsive choice. J Neurosci 24(20):4718–4722

Winters BD, Robbins TW, Everitt BJ (2004) Selective cholinergic

denervation of the cingulate cortex impairs the acquisition and

performance of a conditional visual discrimination in rats. Eur J

NeuroSci 19(2):490–496

Yin HH, Knowlton BJ (2004) Contributions of striatal subregions to

place and response learning. Learn Mem 11(4):459–463

Yin HH, Knowlton BJ (2006) The role of the basal ganglia in habit

formation. Nat Rev Neurosci 7(6):464–476

Yin HH, Knowlton BJ, Balleine BW (2005a) Blockade of NMDA

receptors in the dorsomedial striatum prevents action-outcome

learning in instrumental conditioning. Eur J NeuroSci 22(2):

505–512

Yin HH, Ostlund SB, Knowlton BJ, Balleine BW (2005b) The role of

the dorsomedial striatum in instrumental conditioning. Eur J

NeuroSci 22(2):513–523

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(1):35–45

110 Neurotox Res (2009) 15:97–110

123


	Modulation of Behavior by Expected Reward Magnitude Depends on Dopamine in the Dorsomedial Striatum
	Abstract
	Introduction
	Materials and Methods
	Experiment 1A
	Animals
	Surgery
	Apparatus
	RT Task
	Experimental Procedures
	Preoperative Habituation

	Acquisition
	Data Analysis
	Immunohistochemistry
	Experiment 1B
	Animals
	Surgery
	RT Task
	Procedures
	Data Analysis
	Immunohistochemistry (TH-Staining)
	Experiment 2
	Animals
	Surgery
	Apparatus
	CVD Task
	Habituation
	Acquisition
	Data Analysis
	Immunohistochemistry (TH-Staining)
	Experiment 3
	Animals
	Surgery
	Apparatus
	Spatial Visual Discrimination Task
	Habituation

	Acquisition
	Data Analysis
	Immunohistochemistry (TH-staining)

	Results
	Histology
	Experiment 1A: Effects of pDMS DA Depletion in the RT Task
	Accuracy of Performance

	Reaction Times
	Movement Times
	Experiment 1B: Effects of a pDMS DA Depletion �in RT Task
	Accuracy of Performance

	Reaction Times
	Movement Times
	Experiment 2: Effects of a pDMS DA Depletion �in a Conditioned Visual Discrimination Task
	Accuracy of Performance

	Reaction Times
	Experiment 3: Effects of a pDMS DA Depletion �on Visual Discrimination in a Spatial Learning Task
	Behavioral Results


	Discussion
	Immunohistochemistry
	Effects of pDMS dopamine depletion on Cue-Directed Responding
	Dopamine in the pDMS and Reward-Dependent Modulation of Behavior

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


