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Abstract Deep brain stimulation (DBS) of the subtha-

lamic nucleus (STN) is an effective treatment for motor

impairments in Parkinson’s disease (PD) but its effect on

the motivational regulation of action control is still not

fully understood. We investigated whether DBS of the STN

influences the ability of PD patients to act for anticipated

reward or loss, or whether DBS improves action execution

independent of motivational valence. 16 PD patients (12

male, mean age = 58.5 ± 10.17 years) treated with bilat-

eral STN-DBS and an age- and gender-matched group of

healthy controls (HC) performed a go/no-go task whose

contingencies explicitly decouple valence and action. Pa-

tients were tested with (ON) and without (OFF) active STN

stimulation. For HC, there was a benefit in performing

rewarded actions when compared to actions that avoided

punishment. PD patients showed such a benefit reliably

only when STN stimulation was ON. In fact, the relative

behavioral benefit for go for reward over go to avoid losing

was stronger in the PD patients under DBS ON than in HC.

In PD patients, rather than generally improving motor

functions independent of motivational valence, modulation

of the STN by DBS improves action execution specifically

when rewards are anticipated. Thus, STN-DBS establishes

a reliable congruency between action and reward

(‘‘Pavlovian congruency’’) and remarkably enhances it

over the level observed in HC.
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Introduction

Deep brain stimulation of the subthalamic nucleus (STN-

DBS) has become a standard and effective treatment in

advanced Parkinson’s disease (PD). Although the

mechanisms of DBS are still not sufficiently clarified, it is

assumed that the high-frequency stimulation leads to a

functional inhibition of the hyperactive STN and thereby

reduces the inhibitory influence of the basal ganglia (BG)

nuclei on thalamo-cortical projections [1] which—in con-

sequence—leads to an overall improvement in motor

functions.

While STN-DBS can lead to considerable motor im-

provements [1, 2], its effects on the motivational regulation

of action control are still unclear and there is evidence to

suggest that STN-DBS could influence the flexibility of

instrumental behavior in the face of a motivational out-

come. Goal-directed instrumental action control ideally

entails the flexibility to deploy or withhold actions inde-

pendent of whether the goal is to obtain reward or to avoid

loss [3]. However, this flexibility is constrained by seem-

ingly hard-wired congruencies (so-called ‘‘Pavlovian con-

gruencies’’) that favor the performance of actions that lead

to rewards and the inhibition of actions that lead to losses

[4]. This asymmetry in choices is mirrored by the direct

and indirect pathways of the striatum that reinforce re-

warded actions or inhibit punished actions, respectively [5]

and is modulated by dopamine [3, 4, 6, 7]. It has been

suggested that the STN acts by increasing the decision

threshold of actions encoded within the BG systems [8]

when control over preponderant actions needs to be exerted

[9]. Therefore, one possibility is that STN-DBS selectively

releases the brake over Pavlovian congruent actions pref-

erentially computed in the striatum resulting in advanced

performance for reinforce rewarded actions and inhibit

punished actions. Alternatively, STN-DBS will improve

performance of any action regardless of Pavlovian con-

gruency between action and reward and increased errors of

commission on the no-go trials.

In the present study, we tested between these two al-

ternatives. To that end, we adapted the Go/NoGo action/

loss (or valenced Go/NoGo) paradigm [4, 10] to a simpli-

fied format that can be performed by PD patients. Patients

were instructed to make actions to obtain rewards, to make

actions to avoid losses, to withhold actions to obtain re-

wards and to withhold actions to avoid losses. Patients

were tested in two conditions, with the STN-DBS being

ON and OFF. We hypothesize that if STN-DBS selectively

releases the brake over Pavlovian congruent actions, DBS

ON will increase the advantage of performing instructed go

actions to obtain rewards when compared to make actions

to avoid losses.

Methods

Participants

The study included 16 patients with PD (12 male (75 %),

mean age = 58.5 ± 10.17 years; 13 right handed) with

bilateral DBS of the STN. Patients were recruited from the

Departments of Neurology and Stereotactic Neurosurgery

at the University of Magdeburg and the diagnosis of PD

was confirmed by a neurologist specialized in movement

disorders. The mean duration since DBS operation was

27.63 ± 24.51 months. Demographic and disease charac-

teristics of each patient can be seen in Table 1. All patients

remained on their prescribed dopaminergic medication in

conjunction with DBS and were tested during the ON state

of their medication cycle. All patients had chosen DBS

surgery because their medications were no longer provid-

ing optimal control over their motor symptoms. Group

DBS parameters at the time of testing were as follows:

voltage (right: median = 2.8, range 1.0–5.8; left: medi-

an = 2.5; range 2.0–5.5), frequency (right: median = 130,

range 60–200; left: median = 130; range 60–200) and

pulse width (right: median = 60; range 60–130; left: me-

dian = 60; range 60–130). Individual parameters are listed

in Table 1.

Electrodes were placed bilaterally in the STN of all

patients. The surgical procedure for STN-DBS utilized

standard stereotactic techniques with microelectrode

recordings for electrophysiological localization and has

been described previously [11]. The healthy control group

(HC) consisted of 16 age- and gender-matched participants

(mean age 58.38 ± 10.14 years, 12 male). None of the

patients and controls fulfilled neuropsychological criteria

for dementia or showed clinically relevant levels of de-

pression at the time of testing. Further exclusion criteria

were: history of neurological condition other than PD (for

patients), any psychiatric condition known to compromise

executive cognitive functioning (e.g., schizophrenia, bipo-

lar affective disorder, mood disorders) or any untreated or

unstable medical conditions. Also, patients only par-

ticipated when they were able to execute simple finger

movements to press a button when STN-DBS was OFF.

All patients and HC participated voluntarily and could

quit the test at any times. Written informed consent was

obtained from all patients and HC participating in the study

and the experiment was approved by the local ethics

committee (University of Magdeburg, Germany).

Stimuli

The experimental paradigm was generated and carried out

with Presentation software (Neurobehavioral Systems,
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Inc.). The paradigm was adapted from Guitart-Masip et al.

[10] (see Fig. 1) to simplify it for patient use.

On each trial, patients first saw an iconic cue: green or red

signs (O or X) combined with different € symbols (see Fig. 1).

There were four trial types depending on the cues presented at

the beginning of the trial: (1) ‘‘go to win’’: a green circle

combined with a € sign indicated that a reward could be ob-

tained by action (button press); (2) ‘‘go to avoid losing’’: a

green cross combined with a crossed-out € sign indicated that

a punishment could be avoided by action (button press); (3)

‘‘no-go to win’’: a red circle combined with a € sign indicated

that reward could be gained by withholding an action (button

press). (4) ‘‘no-go to avoid losing’’: a red cross combined with

a crossed-out € sign indicated that a loss could be avoided by

withholding action. Half of the trials (160) were go cues, the

other half no-go cues.

The button press had to be made in response to a target

(a black circle appearing either on the right or the left side

from a fixation cross) subsequently presented within a time

period of 250–2000 ms after the cue. Participants had to

indicate the side (left or right) of the circle with a press on

the corresponding mouse button within 1000 ms with their

preferred hand. After the response, a fixation mark ap-

peared that was followed by a feedback indicating whether

the response was correct (green upward arrow) or wrong

(red downward arrow) or if a punishment was avoided

(yellow horizontal bar). For each correct answer, the pa-

tient won 0.08 €; for each wrong answer, 0.08 € were

subtracted. The gains and losses for each trial were added

to a total; at the end of the experiment, the entire amount

was paid to the participant.

Experimental procedure

The experiment and the process of switching the stimulator

ON or OFF were explained to the patients and confirmation

of consent was affirmed. The values and response contin-

gencies associated with each cue were fully explicit. Pa-

tients were seated in front of a computer screen, looked at a

fixation cross in the middle of the screen and had to press

either the left or the right button on a computer mouse with

their preferred hand. During one session, 320 trials were

presented in four runs with a short break (2–3 min max-

imum) after each 80 trials. Cues were displayed in a ran-

dom manner, i.e., 80 trials were assigned to each of the four

trial types (‘‘go to win’’, ‘‘go to avoid losing’’, ‘‘no-go to

win’’ and ‘‘no-go to avoid losing’’). The randomization was

carried out by Presentation.

One test session (320 trials) lasted about 40 min; the

first session was preceded by a training of 15 min. In the

training, patients were instructed to the functionality of the

answering buttons, the cues were introduced and explained,

and patients could practice the go/no-go procedure in three

parts (1. presentation of and responding to the circle on

either the left or right side, 2. explanation of the iconic cues

and afterwards training of go/no-go trials with combined

written instructions underneath the pictures, 3. training of

go/no-go trials without written instructions).

Fig. 1 Experimental design: on each trial, one of the four different

cues was presented that indicated the required reaction to the coupling

of action (press or do not press a button) and valence (win or lose) to a

target, followed by a black circle appearing either on the right or left

side of a fixation cross. In go trials, patients had to press a right or left

button of a computer mouse according to the direction of the target

with their preferred hand. In no-go trials, patients had to withhold a

response. Feedback was given in terms of a green upward arrow

(correct reaction, win of € 0.08), a red downward arrow (wrong

reaction, loss of € 0.08) or a yellow horizontal bar (absence of win or

loss) after presentation of the black circle and a delay of 1000 ms.

320 trials were presented in a randomized matter in four blocks of

each 80 trials

1544 J Neurol (2015) 262:1541–1547
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The order of the ON/OFF testing was randomized across

patients. Between both sessions, a break of 1 h was inte-

grated after the DBS stimulator was switched ON or OFF,

respectively, to assure a complete remission of the DBS

effect. This ensured that motor symptoms had largely

subsided after inducing stimulation and that the increase in

motor symptoms had reasonably stabilized after terminat-

ing stimulation [12, 13]. Before the start of the second

session, participants were reminded of the four different

cue pictures and their outcomes.

Results

Successful trials

For the analysis of behavioral data, the percentage of

successful trials (correct on time button press responses for

all conditions) were analyzed (see Fig. 2). For the HC, the

two-way repeated-measures ANOVA with the factors ac-

tion (go/no-go) and valence (win/avoid losing) revealed a

significant main effect (ME) of the factor action

(F(1,15) = 10.18; p\ 0.01) as well as a significant ac-

tion 9 valence interaction (F(1,15) = 4.84; p\ 0.05).

Thus, HC performed better in no-go trials than in go trials

(ME action) and the choice of action was modulated by the

anticipation of reward; replicating former results in a ver-

sion of this task in which participants were instructed on

task contingencies before testing [4, 10].

For the comparison of HC and PD patients under DBS-

OFF, the three-way repeated-measures ANOVA with the

factors action (go/no-go), valence (win/avoid losing) and

group (PD/HC) revealed significant main effects of the

factors action (F(1,15) = 9.49; p\ 0.01) and group

(F(1,15) = 6.24; p\ 0.05) as well as a significant

group 9 action interaction (F(1,15) = 6.01; p\ 0.05).

Thus, whereas PD patients with DBS-OFF performed

generally worse than HC (ME group), both groups

performed worse in actively executing a response than in

omitting one, which resulted in less successful go trials

than no-go trials (ME action). Furthermore, this effect of

action selection was stronger in PD patients under DBS

OFF (group 9 action).

For the comparison of HC and PD patients under DBS

ON, the ANOVA revealed significant main effects of the

factors action (F(1,15) = 8.46; p\ 0.01), valence

(F(1,15) = 5.38; p\ 0.05) and group (F(1,15) = 5.95;

p\ 0.05), a significant action 9 valence—(F(1,15) =

18.41; p\ 0.001), a significant group 9 action—

(F(1,15) = 5.08; p\ 0.05), a significant group 9

valence—(F(1,15) = 8.07; p\ 0.01), and a significant

group 9 action 9 valence interaction (F(1,15) = 6.97;

p\ 0.05). Thus, PD patients under DBS ON performed

generally worse than HC (ME group). However, both

groups performed worse in actively executing a response

than in omitting one, which results in less successful go

trials than no-go trials (ME action), and finally, both

groups performed better when anticipating a reward than a

loss (ME valence). The effects of action selection

(group 9 action) as well as the effect of valence an-

ticipation were stronger in PD patients with DBS ON

(group 9 valence). Furthermore, in HC as well as PD with

DBS ON the choice of action was modulated by the an-

ticipation of reward (action 9 valence). Importantly, this

interaction was considerably stronger in STN-DBS ON

(group 9 action 9 valence).

Fig. 2 The percentage of successful trials, i.e., the trials that were

answered in a correct way (button presses in go trials, no responses in

no-go trials), was assessed. Light gray bars indicate results when DBS

was ON, dark gray bars show results when DBS was OFF, black bars

show results of the healthy control group. All bars show M ± SE

***p\ 0.001

Fig. 3 For successful trials, the behavioral benefit for the reward-

related gain as the difference between go to win and go to avoid

losing trials (left) and between no-go to win and no-go to avoid losing

trials (right) was assessed. These two scores represent the interaction

between action and valence in choice accuracy (difference value of

win–lose). Light gray bars indicate results for DBS ON, dark gray

bars for DBS OFF and black bars show the difference values for

healthy controls. All bars show M ± SE

J Neurol (2015) 262:1541–1547 1545
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To further elucidate the observed STN stimulation effect

on the valence 9 action interaction—i.e., the behavioral

benefit for initiating a response when anticipating a reward

over the response initiation when anticipating to avoid a

punishment (Pavlovian congruency effect [10])—we sub-

sequently calculated and directly compared ‘‘Pavlovian

congruency gain indexes’’ by subtracting values of avoid

losing trials from win trials (see Fig. 3).

Here, PD patients under DBS ON showed the largest

reward-related gain in go trials when compared to DBS

OFF (T(15) = 2.37; p = 0.031) and to HC (T(14) = 3.03;

p = 0.008). No differences for gain in go trials are visible

between PD patients with DBS OFF and HC (T(15) =

-0.05; p = 0.96). For no-go trials, no differences were

observed between all three groups (DBS ON vs. DBS OFF:

T(15) = 0.12; p = 0.91; DBS ON vs. HC: T(15) = 0.0;

p = 1.0); DBS OFF vs. HC: T(15) = -0.09; p = 0.93).

Subsequently, the patientś differential parameters were

correlated with the individual daily L-dopa equivalent dose

(in mg). Neither under DBS ON (r = .29, p = 0.27) nor in

the OFF condition (r = -0.03, p = 0.91), the Pavlovian

congruency effect (i.e., the benefit for initiating a response

when anticipating a reward over the response initiation

when anticipating to avoid a punishment) was modulated

by the dopaminergic medication.

Reaction times

For the comparison of RT in the go trials between HC and

PD patients under DBS ON and OFF, the separate ANO-

VAs with the factors valence (win/avoid losing) and group

(PD patients ON or OFF/HC) revealed a significant main

effects for the factor group only (HC/PD ON (F(1,15) =

10.36; p = 0.006);—HC/PD OFF (F(1,15) = 14.89;

p = 0.002). HC were faster compared to PD patients when

DBS was ON (go to win: T(14) = 3.33; p = 0.005; go to

avoid losing: T(14) = 2.79; p = 0.014) and OFF (go to

win: T(14) = 3.52; p = 0.003); go to avoid losing:

T(14) = 3.65; p = 0.002). Neither HC nor PD differed in

their RT for go to win versus go to avoid losing trials HC:

(T(15) = -1.42; p = 0.18), PD ON: (T(15) = -0.56;

p = 0.59), PD OFF: (T(15) = -0.76; p = 0.46).

Discussion

As in a previous study with healthy old adults [14], our HC

took advantage of a Pavlovian congruency between action

and reward; they showed a behavioral benefit for initiating

a response when anticipating a reward over the response

initiation when anticipating to avoid a punishment. PD

patients with DBS OFF were overall slower and less ac-

curate independent of valence. Also, the Pavlovian

congruency effect observed in HC did not reach sig-

nificance in PD DBS OFF, presumably because there was

high performance variability (Fig. 3). Importantly, DBS

modulation of the STN enhanced the interaction of action

and valence anticipation such that it was considerably

stronger than under DBS OFF and in HC. PD patients

under DBS ON showed the largest reward-related gain in

go trials when compared to DBS OFF and to HC.

Thus, our present data show that STN-DBS does not

lead to a valence-independent motor improvement. Instead,

our data demonstrate the impact of STN-DBS on motiva-

tional action control in PD. We hypothesize that this DBS-

related enhancement of the interaction between action and

valence (Pavlovian congruency) results from a modulation

of both the limbic ventral as well as the motor dorsal

striatum.

Previous studies investigating the effects of STN-DBS

on the motor domain in PD reported impairments of the

ability to withhold strong predominant answers in response

conflict tasks as the Stroop Task [15], the Simon reaction

task [16], go/no-go tasks [2, 17] and decision-making tasks

[8]. Our task also involved a response conflict component

because participants had to sometimes make actions and

sometimes withhold actions to obtain a reward or to avoid

punishment. Thus, a strategy to always act for a reward or

to avoid punishment would have impaired performance.

The selective effect of STN-DBS on the go-reward con-

dition rules out a general increase in response impulsivity.

This is remarkable because STN-DBS acts via a reduction

of the inhibitory influence of the BG nuclei on thalamo-

cortical projections in the indirect BG-pathway [1] and it is

feasible to assume STN-DBS could lead to a general motor

improvement irrespective of an expected reward. As for

limbic consequences, STN-DBS has been shown to influ-

ence mood states such as depression, mania, anxiety or

apathy [18], as well as to alter emotion processing by either

improving [19] or worsening emotion recognition [20], and

finally is also affecting aversive and appetitive motiva-

tional processing [21]. It is, therefore, feasible to assume

that a combination of limbic and motor consequences of

DBS led to the behavioral pattern that we have observed

here. Indeed, there is evidence indicating a role of the STN

in reward and valence coding [22–24].

A limitation of our study is that patients were tested

while they remained on their supplementary dopaminergic

medication in conjunction with DBS. Thus, this study was

not designed to isolate the effect of PD per se on the in-

teraction between action and valence. Therefore, it is likely

that our results underestimate the impact of the disease on

this interaction. Furthermore, by the same argument, our

results might overestimate the impact of STN-DBS on the

reported action and valence interaction due to possible

amplifying effects of the dopaminergic medication.
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In conclusion, we show that STN-DBS in PD in-

vigorates actions specifically when these actions lead to

rewards. There is no enhancement of actions that are per-

formed to avoid punishment. This tight coupling between

action and valence indicates that STN-DBS influences the

congruency between action and valence (Pavlovian con-

gruency) rather than enhancing action initiation per se.
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