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VIII. ABSTRACT
Background and purpose: Being exposed to acute stress may cause people to behave more habitual, which purportedly is associated stress-induced increased dopamine release. In contrast, experimental rises in systemic dopamine levels have been shown to increase goal-directed behaviour and, thus, decrease habitual control. Whether experimentally increased dopamine functioning can modulate stress-induced reductions in goal-directed behaviour and its neural substrates, is currently unknown. 
Experimental approach: To assess whether increased dopamine functioning reduces stress effects on goal-directed behaviour, 100 participants were recruited who were randomly assigned to one of four conditions in a 2x2 between participants design. Participants underwent a stress induction protocol (Maastricht Acute Stress Test; MAST) or a control procedure and received methylphenidate (40 mg, oral) or placebo. In a well-established instrumental learning paradigm, participants were trained to learn stimulus-response-outcome associations, after which rewards were selectively devalued and participants’ goal-directed behaviour was assessed at peak cortisol/methylphenidate concentrations in a magnetic resonance imaging scanner to assess brain activation. 
Key results: The MAST effectively increased physiological measures of stress (salivary cortisol, blood pressure) and subjective stress. Methylphenidate also increased cortisol levels over time. While stress selectively reduced goal-directed behaviour, this effect was not modulated by methylphenidate. However, methylphenidate modulated stress effects on activation in paracingulate, orbitofrontal cortex, and anterior cingulate associated with expected value representation in goal-directed behaviour.  
Conclusion and implications: Our neuroimaging data suggest increased dopamine levels reverse stress-induced changes in brain activation associated with goal-directed behaviour. These effects may be relevant for preventing stress-induced relapse in addictive behaviour.
· Stress reduces goal-directed behaviour, but the role of dopamine remains unclear.
· We show that methylphenidate reverses stress-induced brain activation changes.
· Methylphenidate may increase stress resilience in addicts preventing relapse 
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1 INTRODUCTION
Stress plays an important role in the development and maintenance of addictive behaviours (Brewer, Catalano, Haggerty, Gainey, & Fleming, 1998; Sinha, 2001; Sinha & Jastreboff, 2013). Particularly the hypothesis of stress-induced relapse within the context of instrumental learning has received substantial attention (Sinha, 2001), and the frequent observation that stress renders behaviour habitual (Quaedflieg, Stoffregen, Sebalo, & Smeets, 2019; Schwabe & Wolf, 2010, 2013; Schwabe, Wolf, & Oitzl, 2010; Smeets, van Ruitenbeek, Hartogsveld, & Quaedflieg, 2019) provides a potential mechanism (see Schwabe & Wolf, 2011 for review).
Responding to a stimulus to obtain an outcome is coined goal-directed behaviour and is sensitive to changes in outcome value and contingency, while habitual behaviour is characterised by a stimulus-response association that is not sensitive to changes in outcome value (Balleine & Dickinson, 1991). In addictive disorders, behaviour that was originally goal-directed has progressively become more habitual and may dominate the behavioural repertoire; addictive behaviour is no longer sensitive to the outcome value and is no longer under cognitive control (Everitt & Robbins, 2005, 2016). This behavioural shift is supported by neuroimaging data of addicts showing increased activation of brain networks underlying habitual behaviour, and decreased activation of brain networks underlying goal-directed behaviour compared with healthy controls (Belin, Belin-Rauscent, Murray, & Everitt, 2013; Vollstadt-Klein et al., 2010). Additionally, stress has been observed to induce a similar change in network activation (Schwabe, 2017; Schwabe, Tegenthoff, Hoffken, & Wolf, 2012), and stress-induced cortisol elevations are associated with a shift from goal-directed to habitual behaviour (Smeets et al., 2019).
Dopamine plays a crucial role in goal-directed behaviour and habit formation in humans (Gasbarri, Pompili, Packard, & Tomaz, 2014) and in rodents (Nelson & Killcross, 2013) by signalling positive reward prediction error (Sharpe et al., 2020) and providing motivation to display approach behaviour (Berridge & Robinson, 2016). Reductions in brain wide dopamine levels through acute phenylalanine/tyrosine depletion rendered behaviour habitual in healthy female participants (de Wit, Standing, et al., 2012). Additionally, increased dopamine levels by administering L-dopa enhanced model-based (i.e., goal-directed) behaviour (Wunderlich, Smittenaar, & Dolan, 2012) particularly in individuals with high working memory capacity (Kroemer et al., 2019), suggesting that frontal cortex function modulates the dopaminergic effects on goal-directed behaviour. On the other hand, glucocorticoids have been shown to increase dopamine release depending on basic dopamine tonus in the ventral striatum in rats (Piazza et al., 1996) and ventral medial prefrontal cortex (vmPFC: Hernaus et al., 2015, for review see: Vaessen, Hernaus, Myin-Germeys, & van Amelsvoort, 2015), while decreasing goal-directed behaviour (e.g. Schwabe et al., 2012). Collectively, these observations raise the question of how stress-induced changes in goal-directed behaviour and changes in dopamine signalling interact.  
The present study aimed to unravel the effects of acute stress and dopamine manipulation on goal-directed behaviour and its neuronal correlates. One-hundred healthy participants underwent a stress induction protocol (Smeets et al., 2019) and/or received 40mg oral methylphenidate (MPH) to increase synaptic dopamine levels before performing an instrumental learning task to assess goal-directed behaviour. It was hypothesised that stress decreases goal-directed behaviour in an instrumental learning task and that increased dopamine levels may reverse this stress-induced effect on instrumental behaviour and associated brain activation. 

2 METHODS
2.1 Participants
Healthy male and female young adults were recruited from the general population. One hundred participants entered the study (56 female, range 18-35,=22.47 years, SE=0.34) after having provided written informed consent and following a medical examination. Potential participants received a full physical examination to determine their suitability. First, exclusion criteria were assessed by means of a questionnaire. Participants were excluded in case of regular intoxications (i.e. substance/drug use in the 3 weeks prior, > 24 alcoholic consumptions/week), Body Mass Index (BMI) outside the range of 18 - 28 m2/kg, pregnancy, the presence of non-removable metal objects in or on the body, and current or past medical condition. Subsequently, a standard physical medical examination, including a reassessment of the medical questionnaire, assessment of vital signs, electrocardiogram, drug screen, blood biochemistry, haematology, serology and urine-analysis, was performed by a licensed, independent physician. Any abnormalities in the results of the medical examination were evaluated at the discretion of the physician and if indicative of a medical condition, participants were excluded from further participation. Upon full participation, participants received financial compensation for their time investment. From the 100 participants that entered the study, data from two participants were removed due to high baseline cortisol levels (i.e., > 3 SD), four participants discontinued due to personal reasons, and one participant for insufficiently learning (i.e., < 50% for the final assessment during training and reminder phase) Stimulus-Response-Outcome (S-R-O) associations. The study was approved by the local Medical Ethics Committee Academic Hospital/Maastricht University (nr.METC163021) and conducted in accordance with the declaration of Helsinki and its amendments (World-Medical-Association, 1964, 1996, 2008, 2013). 

2.2 Design and Manipulations
The study was conducted according to a 2(Drug: methylphenidate (MPH) vs. placebo (PLC) x 2(MAST: stress vs. control) between-subjects partially blind design. Both participant and experimenter were blind with respect to receiving MPH, but the stress manipulation could not be blinded. Participants were randomly allocated to one of the conditions using a computerised block-randomisation procedure taking sex and age into account for equal distribution across conditions, which resulted in the following groups: stress/MPH (n=24, 14 female, =22.25 years, SE=0.63), stress/placebo (n=21, 15 female, =22.81 years, SE=0.65), control/MPH (n=24, 14 female, =21.37 years, SE=0.52), control/placebo (n=24, 14 female, =23.83 years, SE=0.88). 

2.2.1 Stress
The Maastricht Acute Stress Test (MAST: Smeets et al., 2012) was used to induce acute stress and is a reliable method to induce strong autonomic, glucocorticoid and subjective stress responses (Quaedflieg, Meyer, van Ruitenbeek, & Smeets, 2017). The MAST combines physical stress induction, unpredictability, uncontrollability and social evaluative nature of other stress induction protocols. The task consists of a 3 min introduction period, during which participants are seated in front of a computer screen and the experimenter explains the procedures with flat affect. Participants were told that their facial expressions were recorded for future analysis, for which they had to provide explicit consent. This is followed by a 12-minute acute stress phase consisting of alternating periods that lasted between 45 and 90 seconds in which participants submerged their hand in 2°C water and performed mental arithmetic (counting back from 2 043 in steps of 17). Participants were told that the duration of the periods in which they had to submerge their hand was randomly determined by the computer (unpredictability, uncontrollability). During the entire procedure social-evaluative pressure (i.e., negative feedback) was provided by an experimenter by urging them to count faster and whenever participants made a mistake tell them to start again from the start or a random number on a list. A validated comparable control procedure, but without the stress-inducing procedures, was used in the control condition. They alternated between submerging their hand in lukewarm water (36 ℃) and counting from 1 to 25 at a self-chosen pace and started counting again from 1 after they reached 25, while not recording their faces. To determine individuals’ response to the stressor, salivary cortisol samples and vital signs (heart rate (HR), systolic (SBP) and diastolic (DBP) blood pressure) were obtained prior to and following the MAST (see figure 1 panel B). Subjective stress was assessed after performance of the MAST using visual analogue scales (VAS). Participants placed a vertical mark on three 10 cm horizontal lines indicating how they felt at that moment. Anchors were ‘not at all stressful’, ‘extremely stressful’; ‘not at all painful’, ’worst pain imaginable’; ‘extremely pleasant’, ‘extremely unpleasant’.

2.2.2 Methylphenidate
Methylphenidate (40 mg, oral) was administered to increase synaptic dopamine levels in the brain during task performance in the MR scanner (i.e., 105 minutes after administration). MPH blocks dopamine transporters and increases synaptic dopamine levels in the striatum and frontal cortex (Montgomery, Asselin, Farde, & Grasby, 2007). Orally administered MPH immediate release (IR) formulation, reaches Cmax between 60 and 120 minutes after administration, occupies approximately 70% of striatal dopamine transporters (Volkow, Fowler, Wang, Ding, & Gatley, 2002) and plasma levels decrease to 50% after approximately 6 hours (Volkow et al, 2002). Existing data suggest a wide margin of a safe dose-response range 10-90 mg (Mehta et al., 2000; Volkow et al., 2002). An oral dose of 40 mg methylphenidate has already been shown to induce changes in resting state functional connectivity between reward related structures in a previous study (Ramaekers et al., 2013). 

2.3 Instrumental learning task 
A four-stage instrumental learning task divided over two days was used to assess goal-directed and habitual behaviour (Smeets et al., 2019, see figure 1 panel A). Participants learned six Stimulus-Response-Outcome (S-R-O) associations by trial-and-error on day one (stage 1). Visual stimuli consisted of abstract black and white block figures in a 3x3 grid on the outside of a box. Participants selected six preferred food type outcomes beforehand (three chocolate and three crisp) that served as rewards/outcomes and participants had to press a left- or right-hand button as fast as possible as response. Upon a correct response the box opened, and a virtual reward was inside (chocolate or crisp type reward) and points were earned (ranging from 5 to 1 depending on the speed with which they responded). Incorrect responses lead to an empty box and no points were collected. To half of the stimuli a left button press was the correct response and to half a right button press was the correct response. A contingency rate of 75% was implemented. Therefore, in 25% of all correct button presses no reward was presented and no points were collected. Participants performed eight blocks of 24 trials totalling 192 trials in the learning stage. After each block of trials during the learning phase participants were presented with a small snack (chocolate or crisp) to make receiving the reward realistic and provide motivation to learn the S-R-O associations, explicit knowledge of which was assessed after every second block of trials. The aim for the participant was to collect as many rewards and points as possible. 
On day 2, participants performed a reminder task with the same S-R-O associations (stage 2, two blocks of 24 trials), after which explicit knowledge of the S-R-O associations was assessed. After the reminder task, one reward type (crisp or chocolate) was selectively devalued (stage 3). Fifty grams of chocolate or crisps were initially presented, which participants were required to eat. A subsequent 200 grams were presented, and participants were urged to eat as much as possible until satiety was reached.
Finally, the slips-of-action task was performed in the MR scanner (stage 4) that consisted of 6 blocks of 24 trials. Participants were instructed to respond with the opposite button to stimuli associated with devalued outcomes, which can be seen as a marker for goal-directed behaviour. In addition, at the start of every block of trials an image was shown with potential outcomes with a red cross superimposed on the devalued rewards serving as a cognitive devaluation. Participants were required to continue making the learned response to stimuli associated with still-valuable outcomes. Feedback was not provided to prevent relearning the associations. Inter-trial-intervals were jittered applying a variable interval between 6 and 10 seconds following offset of the stimulus. Learned responses were defined as the response to a stimulus that leads to a valued or devalued outcome. The number of learned responses was taken as indicators of performance. Note that for a devalued outcome the learned response is inconsistent with the last instruction and outcome value and, therefore, is considered a reflection of reduced goal-directed behaviour.

2.4 Neuroendocrine stress response
Salivary cortisol was used to assess the neuroendocrine stress response and was collected via synthetic Salivatte (Sarstedt, Etten-Leur, the Netherlands) devices. Saliva samples were stored at -20°C immediately after collection and kept until data collection was completed. Salivary cortisol levels were determined using a chemiluminescence immunoassay with high sensitivity (IBL International, Hamburg, Germany). The intra- and interassay coefficients for cortisol both were below 9%. For the cortisol data, two participants were excluded from further analysis due to high baseline values (i.e., > 3SD). Concentration values at indicated time points are in reference to the end of MAST (see figure 1, for additional tests see supporting information). 

2.5 Procedures and testing
Participants were instructed on each day of the two-day procedure to visit our facilities well rested, not having performed any strenuous exercise the previous 24 hours, not having used any over the counter drugs in the past 2 days or prescribed drugs in the past 3 weeks, not having consumed alcohol since 7p.m. the day before or caffeine containing products or food the last three hours. No participant reported any violations of these requirements. On day 1, participants learned the S-R-O associations. On day 2 participants received either encapsulated PLC or MPH (T-90 relative to end of MAST) that had to be swallowed whole assisted by plain water. Selective devaluation (T-45) was achieved by having participants eat until satiety. At T-15 the MAST was performed and subjective levels of stress, pain and unpleasantness were assessed. MR scanning (T+15) was performed lasting one hour. Participants performed the SOA during the peak cortisol and MPH levels. Structural, resting state brain activation and arterial spin labelling images were also recorded (all to be reported elsewhere). Three cognitive tasks were performed typically sensitive to frontal lobe dysfunctions (i.e., N-back task, Stop Signal Task, and Iowa Gambling task; all to be reported elsewhere). 

· Insert Figure 1 about here   -

Imaging data acquisition and processing
Functional imaging was performed using a Siemens 3-Tesla Prisma MRI scanner. Each volume consisted of forty-two slices, consisting of 3mm isotropic voxels in a 224 mm field of view. Slice thickness was 3 mm with no gap between the slices. TR = 1 000 ms and a multi-echo sequence was used to optimise the signal for each voxel offline (TE 1 = 15 ms; TE = 2, 29.93 ms; TE 3 = 44.86 ms). Flip angle was 60 degrees and a multi-band acceleration factor of 3 was used. For co-registration, high-resolution T1-weighted structural images were obtained using an MPRAGE sequence resulting in 256 slices and 0.7 mm isotropic voxels in a 224 mm field of view. TR = 2 400 ms, TE = 2.34 ms and flip angle = 8 degrees. 
Analyses were done using custom and FSL (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012) scripts (see figure 1, panel C for an overview). First, images from the 3 echo times were combined to construct a single optimised 4D image in which the TE with the best signal to noise ratio was determined and used per voxel. Thereafter, realignment was performed using MCFLIRT (Jenkinson, Bannister, Brady, & Smith, 2002) for the first echo data and applied to other 2 echo data by registering them using FLIRT (Jenkinson et al., 2002; Jenkinson & Smith, 2001). Next, Parallel-Acquired Inhomogeneity Desensitization (PAID: Poser, Versluis, Hoogduin, & Norris, 2006) weighting was performed by splitting the first 30 volumes from the time series and smoothing them using a 2 mm FWHM Gaussian kernel. Of the 30 volumes a mean image and standard deviation were calculated, and the mean was multiplied by the echo time. Subsequently, this was divided by the standard deviation. Values are then adjusted such that the value per voxel is 1. Then, individual images are divided by the sum of the images and the weights are applied to the individual echoes. Finally, the weighted echoes are summed to generate a weighted time series. The same processing was applied to reverse phase encoded acquired images with distortions in opposite directions and which were used to determine susceptibility-induced off-resonance field to correct for the distortions using FSL’s topup (Andersson, Skare, & Ashburner, 2003; Smith et al., 2004) These PAID weighted images were then subjected to a preprocessing pipeline using FSL6.0. The pipeline included brain extraction of the anatomical images using Brain Extraction Tool (BET2: Smith, 2002) assisted by using coordinates of the massa intermedia for accurate extraction and manual parameter setting for each brain for high quality results. 
Preprocessing of the functional data was done using FSL FEAT and consisted of: removal of the first 3 volumes of the functional data, a 4 pass rigid-body motion correction (MCFLIRT: Jenkinson et al., 2002), co-registration of the functional data with the anatomical data using FLIRT and normalization to MNI space using FNIRT (Andersson, Smith, 2010). The preprocessed functional data were inspected manually for exceeding set motion limits (framewise displacement > 1 mm). None of the participants exceeded the limits. Subsequently the data was smoothed with a 5mm FWHM Gaussian kernel, and ICA-AROMA (Pruim et al., 2015) was applied to remove head motion related noise. ICA-AROMA is an automatic procedure that uses independent component analysis to identify components representing head motion generated noise. Subsequently it removes the components from the data using least squares regression. Next, data were high pass filtered (>.008Hz). Finally, signal from white matter and CSF was extracted from the denoised data by segmenting the anatomical data from white matter and CSF masks were created. The masks were co-registered with the functional data using the inverse of the previously created transformation matrix and used to extract the signal from the time series.
All trials were compared with baseline which was defined as the final time period of the presentation of the subsequent inter-trial fixation cross with length of the previous RT, where trail and baseline epochs never overlap.
Neuroimaging data analysis
A mask was created across all participants including all areas showing significant activation differences for valuable and/or devalued trails compared with an implicit baseline. First, to determine significant activation difference FEAT (Woolrich, Behrens, Beckmann, Jenkinson, & Smith, 2004; Woolrich, Ripley, Brady, & Smith, 2001) was used with a p<.05 Family Wise Error (FWE) corrected as threshold and Threshold Free Cluster Enhancement (TFCE) applied. The contrast parameters of estimate were normalised to MNI space (FNIRT) and merged into a 4D image. Second, to determine activation for goal-directed, trials in which the participant responded for a devalued outcome (devaluedlearned-response) were contrasted with trials with a valuable outcome. These contrasts were taken to a second level analysis in which the interaction between MAST and Drug was determined within the mask of activation associated with both valuablecorrect-response and devaluedlearned response trials using permutation testing operationalised with randomise in FSL with 10 000 permutations and p<.001 FWE corrected as threshold and TFCE applied. Significant clusters were determined by thresholding the resulting statistical map using a minimum cluster size of 100 voxels, and p<.05 FWE corrected. Within these regions of significant MAST*Drug interaction a follow-up analysis was performed assessing the effect of MAST separately in PLC and the effects of MPH using the same permutation testing procedure (cluster threshold 50 voxels). Finally, a conjunction analysis of the statistical maps of the MAST effects in PLC and MAST effects in MPH was performed (cluster threshold 25 voxels). Beta values for Valuable-Devaluedlearned-response are extracted for significant peak voxels for all of these clusters.

Data and statistical analysis
Conservative power analyses (GPower; α = .05 two-tailed; power = .80) based on previous studies (Alvares, Balleine, & Guastella, 2014; Smeets et al., 2019), indicate that the required sample size for detecting medium effects is 92. We aimed to achieve 25 participants in each condition. 
Behavioural data were checked for outliers (3SD) and non-normality using the Shapiro-Wilk tests and transformed by taking the natural log of the values whenever needed. Outliers in the number of learned responses in the instrumental learning task were checked per condition (Stress, Drug, Value), per block (1 to 6). No outliers in the number of learned responses were detected. As Block showed no significant effect and did not interact with any other factor all blocks were concatenated by averaging the scores over blocks. α < .05 was regarded as the statistical significance threshold. In case of violations of the sphericity assumptions as shown by significant Mauchly’s test, Greenhouse-Geisser corrected values are reported. For all significant ANOVAs Partial Eta Squared (ηp2) are reported as a measure of effect size (Fritz, Morris, & Richler, 2012).
MAST (stress, control), Drug (MPH, PLC), and Time (Tbase, T-25, T+01, T+75, T+105) effects on cortisol levels and physiological stress measures (HR, SBP and DBP) and the interaction between these factors were tested for significance using a repeated measures Analysis of Variance (ANOVA) with Time as repeated measure. Physiological data for one participant were not recorded before the MAST. Drug and MAST effects on subjective stress were assessed in a MAST (control, stress) x Drug (placebo, MPH) model using univariate ANOVAs. Data for seven participants for the subjective measures were missing. For the instrumental learning task, the amount of food (weighted in grams) consumed during stage 3 (outcome devaluation) was compared between conditions using a univariate ANOVA with MAST (control, stress), and Drug (placebo, MPH) as between subject factors. For learned responses during the SOA test, a repeated measures ANOVA was performed with MAST (control, stress), and Drug (placebo, MPH) as between subject factors and Value (valuable, devalued) as repeated measure. Only significant ANOVA were followed up by post-doc tests.
We focused the imaging data on regions associated with goal-directed behaviour as shown by previous studies (de Wit, Watson, et al., 2012; Tricomi, Balleine, & O'Doherty, 2009; Valentin, Dickinson, & O'Doherty, 2007; Watson, van Wingen, & de Wit, 2018), i.e. orbitofrontal cortex (OFC), ventromedial prefrontal cortex (vmPFC), anterior cingulate (ACC), paracingulate, putamen, caudate, operculum and insula. Regions showing significant drug dependent MAST effects were selected to be reported here, while other brain areas are reported in the supporting information. 

RESULTS
Physiological and subjective stress
Significant changes in salivary cortisol confirmed the effectiveness of the stress induction (Figure 2, panel A). Drug did not change the effect of MAST on cortisol levels over time or across all time points (Drug*MAST*Time: F(2.898, 255.003) = .714; Drug*MAST: F(1,88) = 3.46). Cortisol levels differed over time between stress and control condition (MAST*Time: F(2.898,255.003) = 3.26, ηp2 = .036). Follow up simple effect analyses revealed that cortisol levels were not different between the stress and control condition at baseline (Tbase: F(1,90) = .054) and immediately before the stress manipulation (T-25: F(1,91) = 0.03). Hereafter, elevated cortisol levels were observed in the stress relative to the control condition until 75 minutes after the stress induction (T+01: F(1,91) = 7.96, ηp2 = .080; T+75: F(1,91) = 10.69, ηp2 = .105; T+105: F(1,91) = 0.11). MPH increased cortisol levels over time compared with PLC (Drug*Time: F(2.898, 255.003) = 3.18, ηp2 = .035). Follow up simple effect analyses revealed no differences before (Tbase: F(1,90) < 0.01) and elevated cortisol levels until 195 min after the MPH administration compared with PLC (T-25: F(1,91) = 7.50, ηp2 = .076; T+01: F(1,91) = 8.10, ηp2 = .082; T+75: F(1,91) = 12.84, ηp2 = .124; T+105: F(1,91) = 25.39, ηp2 = .218).

· Insert Figure 2 about here   -
[bookmark: _Hlk29458590]
DBP was elevated only immediately following the MAST but not following the control condition (MAST*Time: F(3.522, 309.931) = 9.24, ηp2 = .095; MAST: T+01: F(1,91) = 15.24, ηp2 = .143; T+75 and T+105: Fs(1,91) < 0.39), irrespective of Drug (Drug*MAST*Time: F(3.522, 309.931) = 0.81) and without baseline differences (Tbase; F(1,91) = 0.26). MAST did not affect SBP and HR over time (SBP: MAST*Time: F(2.951,259.730) = 1.39; HR: MAST*Time: (F(3.138,276.108) = 0.87, supporting information, figure S1). 
Participants reported increased feelings of stress (F(1,84) = 162.16, ηp2 = .659), pain (F(1,84) = 356.13, ηp2 = .809) and unpleasantness (F(1,84) = 107.79, ηp2 = .562) after the MAST compared with the control condition (supporting information, table S1), irrespective of Drug (Drug*MAST: all Fs < 2.61). MPH reduced feelings of pain (F(1,84) = 4.58, ηp2 = .052), but did not affect feelings of stress or unpleasantness (F(1,84) < 0.03 and F(1,84) = 3.59, respectively).

Goal-directed behaviour
As expected, instrumental learning did not differ between the 4 groups and increased significantly over the 8 learning blocks (see supporting information, figure S2). The amount of food (weigthed in grams) consumed during the devaluation procedure did not differ as a function of MPH adminstration or stress exposure (all main and interactive effects involving Drug and MAST: Fs(1,89) < 1.35). For the SOA test, results showed that Drug did not modulate the effect of MAST on learned responses dependent on Value (Value*MAST*Drug: F(1,89) = 0.03). The differential effect of stress on learned responses made towards valuable and devalued outcomes approached significance (Value*MAST: F(1,89) = 3.91, ηp2 = .042). Exploratory simple effects showed that stress reduced goal-directed behaviour as indicated by a larger number of learned repsonses on devalued outcomes compared with control (MAST: F(1,91) = 5.45, ηp2 = .056). The effect of stress was absent for valuable outcomes (MAST: F(1,91) = 1.83). Drug did not affect responding to valuable versus devalued outcomes (Value*Drug: F(1,89) = 0.15; Figure 3). 

· Insert Figure 3 about here   -

fMRI
Effects of stress and Drug on regions implicated in goal-directed control
The Valuable-Devaluedlearned-response contrast revealed several clusters in which the effect of stress on goal-directed behaviour was moderated by drug (supporting information, Figure S5; Table S3A and B). The subsequent conjunction analysis of the statistical maps of MAST effects after PLC and MAST effects after MPH revealed 16 significant clusters in which stress decreased the activity difference between valuable and devalued trials (i.e. goal-directed behaviour related activation) compared with the control condition after PLC while the reversed pattern was found after MPH (Figure 4, Table 1 and supporting information Table S3B). These effects included brain areas of primary focus, i.e., left and right orbitofrontal cortex, anterior cingulate and right paracingulate. For the PLC (but not MPH), MAST affected brain activation in 15 clusters including the left insula and right putamen, with stress reducing the positive activation for valuable > devaluedlearned  responses.  
· Insert Figure 4 about here   -
· Insert Table 1 about here   - 

DISCUSSION
The current experiment aimed to determine the effects of increased dopamine levels on acute stress-induced reduction in goal-directed behaviour and associated brain activation by administrating 40 mg MPH orally to healthy participants. The MAST successfully increased both subjective and objective measures (i.e., salivary cortisol levels and vital signs) of stress. MPH increased salivary cortisol levels and decreased feelings of pain. Stress disproportionately increased the number of learned responses for devalued compared with valuable outcomes and reduced activation in the putamen and insula, areas that are associated with habitual behaviour. MPH did not modulate this effect but was associated with the reversal of stress-induced changes in goal-directed behaviour related activation of the OFC, ACC, and paracingulate cortex, areas that are associated with goal-directed behaviour.
[bookmark: _Hlk32953818]As in the control placebo condition, the OFC, ACC and paracingulate were activated more during devalued rewards in the stress MPH group, while both the control MPH and stress placebo group showed no difference in activation between valuable and devalued rewards. A potential explanation for the reversing effect of MPH on the stress-induced activation changes in OFC, ACC and paracingulate may be the concurrent action of dopamine increases by MPH and stress. Dopamine transmission in the ACC/mPFC is amplified if MPH coincides with acute stress (Marsteller et al., 2002) and stress hormones control striatal dopamine concentrations through prefrontal dopamine release (Hernaus et al., 2015; Nagano-Saito et al., 2013; Vaessen et al., 2015). The stress-induced reduction in the activation difference between trials with valuable and devalued outcomes in the bilateral OFC, ACC and paracingulate may be interpreted as stress reducing the differentiation in judgement of reward/outcome (Graybiel & Grafton, 2015; Quaedflieg et al., 2019) and reducing the ability to inhibit a learned response elicited by the stimulus (Verbruggen & Logan, 2008) and impairing resolution of response conflict (Botvinick, Huffstetler, & McGuire, 2009). The observed stress effects are in line with previous studies showing stress reduced reward related medial PFC responses (Ossewaarde et al., 2011), and simultaneous action of glucocorticoids and noradrenaline (NA) released during stress) affect OFC activation (Schwabe et al., 2012). Moreover, stress changes the functional connectivity between areas involved in goal-directed behavior, i.e., vmPFC-ventral striatum and vmPFC-amygdala increased while vmPFC-dlPFC decreased (Maier, Makwana, & Hare, 2015). In line with previous studies (Watson et al., 2018), the OFC and ACC were also activated more during devalued rewards in the control placebo group. Reversing the required response for devalued outcomes increased the demand of S-R-O information processing compared with well-trained S-R-O associations that had to be utilised when responding for valuable outcomes. Our findings that MPH reversed stress-induced activation changes in OFC, ACC and paracingulate suggest that increased tonic dopamine may be beneficial for goal-directed behaviour-related information processing under stress.
We found that stress reduced the activation difference between trials with valuable and devalued outcomes in the bilateral putamen and left insula. Both the putamen and insula have been consistently reported in studies using outcome devaluation paradigms (Balleine & Dickinson, 2000; de Wit, Watson, et al., 2012; Watson et al., 2018). The putamen has been argued to track the likeliness of a response to be correct (Brovelli, Nazarian, Meunier, & Boussaoud, 2011), which is in line with the current findings of higher activation for valuable compared with incorrect responding for devalued outcomes. Less successful goal-directed behaviour may therefore occur when putamen activation is relatively low (Graybiel & Grafton, 2015), as seen in the current stress placebo group. As part of the salience network, the insula has been shown to play a role in assigning incentive value to outcomes based on saliency (Balleine & Dickinson, 2000), facilitates action selection (Oldham et al., 2018) and has previously been implicated in habitual behaviour control (Watson et al., 2018). Therefore, the reversed and even enhanced insula activity for devalued rewards under stress may suggest that the saliency of devalued rewards is still high under stress and results in habitual action selection. 
[bookmark: _GoBack]Our finding that stress reduced goal-directed behaviour corroborate previously observed effects of stress (e.g., Quaedflieg et al., 2019; Smeets et al., 2019, for review see Schwabe & Wolf, 2011), on instrumental behaviour. Experimentally increasing tonic dopamine functioning did not modulate stress-induced reductions in goal-directed behaviour. The current neuroimaging findings may hint to a possible underlying compensation mechanism. The MPH-induced normalized representation of expected value in the OFC and ACC under stress may compensate for the stress-induced reduction in likeliness of a response to be correct based on saliency (i.e., putamen and insula). In addition, the relation between dopamine levels and cognitive performance has been characterised by an inverted-U curve (Cools & D'Esposito, 2011). Advantageous dopamine release by MPH has been shown to be most pronounced at lower doses (Kodama et al., 2017), which enhance cognitive performance, while higher doses, associated dopamine release in the PFC, do not (Kodama et al., 2017), perhaps similar to stress effects on striatal dopamine concentrations through PFC dopamine release. Our results pave the way for future research as it is of high interest to investigate a larger dose range, which may result in a reversal of the stress effect on a behavioural level. 
It has to be noted that our conclusions are derived from a relatively small behavioral effect. Indeed, stress effects on goal-directed behaviour may be limited by some boundary conditions. One such condition is that stress-induced changes in instrumental behaviour may be limited to participants characterised by low working memory capacity (Quaedflieg et al., 2019). Our sample consisted mostly of students following higher education and are expected to have relatively high working memory capacity. Also, some participants may have emphasised speed of responding more than accuracy, while others used the opposite strategy. To account for a potential shift in the speed-accuracy trade-off (e.g. (Callaway, Halliday, Naylor, Yano, & Herzig, 1994)) a composite score was calculated whereby points were assigned to response depending on both accuracy and speed representing overall performance. These results confirmed the conclusion that stress reduces goal-directed behaviour which was modulated by MPH (see supporting information). For future research, in order to be able to assess the potential modulating effects of MPH, stress-induced changes in instrumental behaviour should be unequivocally demonstrated.
The current findings may be relevant to our understanding of stress-associated relapse behaviour in addiction (Sinha, 2001), as stress reduced goal-directed behaviour (Smeets et al., 2019) and thus could prompt reliance on old habits such as drug-taking behaviour in addicts. In addition, dopamine plays a role in habit formation (Gasbarri et al., 2014; Nelson & Killcross, 2013), and the dorsal striatal changes that trigger habitual behaviour (Belin et al., 2013) are possibly mediated by D2 receptor downregulation (Volkow et al., 2006). As MPH action (Volkow et al., 2013) and subsequent behaviour (Kwak et al., 2014) may be mediated by the subcortical D2 receptor, administration of MPH to addicts may enhance striatal dopamine function, ultimately enhancing frontal cortex based goal-directed behaviour. In support, MPH administration to cocaine abusers has been shown to normalise ACC activation and increase inhibitory control (Li et al., 2010). Arguing against a utility of dopamine agonism in addiction treatment, is the observation that dopamine increasing drugs like amphetamine increase the motivation to gamble (Zack & Poulos, 2004) and increase striatal dopamine release in pathological gamblers (Boileau et al., 2014). 
To conclude, stress-induced reductions in goal-directed behaviour is associated with diminished differentiation between valuable and devalued rewards both on the level of expected value as seen in the OFC and ACC, and on the level of action selection as seen in the putamen and insula. In the OFC, ACC, and right paracingulate, MPH seemed to reverse this stress-induced reduction in activation implying a normalized representation of the value of reward alike the control placebo condition. In line with the idea that MPH did not influence action selection, we found no effect of MPH on activity in the putamen and insula, nor in goal-directed behaviour. The interaction between dopamine agonism and stress on brain activation appears highly complex in terms of interaction of effects, the additional role of NA taking into account differences in task-induced and stimulant-induced effects on PFC dopamine levels (Hernaus & Mehta, 2016). Therefore, future studies should clarify these findings and extent them by studying a larger dose range, to further disentangle the association between dopamine, stress and goal-directed brain activation.
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XII. TABLES
Table 1: Clusters of main interest showing activation differences between stress and control after placebo, and clusters identified showing stress effects after placebo and after methylphenidate. All clusters are identified within a mask of brain areas showing drug dependent stress effects.
	Area
Number
Figure 4
	Brain
area
	Lat.
	BA
	Cluster size (voxels)
	Peak F-value
(p < .05 FWE)
	Peak coordinates (MNI)

	
	
	
	
	
	
	X
	Y
	Z

	
	MAST*Drug (valued-devaluedlearned response) & MAST (PLC)

	1
	Paracingulate
	R
	32
	86
	1.86
	10
	28
	38

	2
	Insula/Putamen
	L
	48
	221
	8.60
	-40
	-4
	-6

	3
	Putamen
	R
	48
	182
	6.37
	28
	0
	14

	
	
	
	
	
	
	
	
	

	
	MAST*Drug (valued-devaluedlearned response) & MAST (PLC) & MAST (MPH)

	4
	Paracingulate
	R
	32
	95
	0.35
	8
	18
	42

	5
	Orbitofrontal cortex
	R
	47
	208
	0.50
	26
	24
	-10

	6
	Orbitofrontal cortex
	L
	47
	56
	0.37
	-34
	28
	-8

	7
	Anterior cingulate
	L/R
	24
	70
	0.34
	0
	28
	20

	
	
	
	
	
	
	
	
	


L = left R = right Lat. = laterality BA = Brodmann area FWE = familywise error MNI = Montreal Neurological Institute PLC = placebo MPH = methylphenidate 

XIII. FIGURE LEGENDS

Figure 1: Overview of the instrumental learning task, procedure and imaging processing pipeline. Panel A: Overview of the Instrumental Learning Task. Participants pressed a left hand or right hand button as fast as possible as response to the stimulus presented at the outside of a box on the screen. Upon a correct response the box opened and a virtual reward was inside (chocolate or crisp; 75% contingency) and points were collected. Incorrect responses led to an empty box and no points. Explicit S-R-O association knowledge was assessed after every two blocks. After each block, participants received a small snack (chocolate and crisp) to provide motivation to continue to learn the S-R-O associations. For the slips-of-action phase, devalued rewards were shown before every block by a red cross superimposed on an image of potential outcomes. Panel B: Overview of day 2 of the experiment. Vital signs and saliva samples were taken at baseline (Tbase), after devaluation (T-25), after MAST (T+01), after scanning (T+75), and at the end of the test day (T+105). Tx = time in minutes relative to the end of the MAST, cort + vs = salivary cortisol sample and vital signs collection, drug admin. = administration of MPH 40mg orally or placebo. Panel C: Processing of imaging data. TE time of echo, MCFLIRT motion correction FMRIB linear registration tool, FLIRT FMRIB linear registration tool, PAID parallel acquired inhomogeneity desensitization, FNIRT FMRIB nonlinear registration tool, BET brain extraction tool, ICA-AROMA independent component analysis-based automatic removal of motion artefacts, CSF cerebrospinal fluid, WM white matter. 

Figure 2: Effectiveness of stress induction.  Both the MAST (red lines) and MPH (dashed lines) increased cortisol levels significantly, but Drug did not modulate the effect of MAST. Data show untransformed means (± SE). Comparisons are simple effects following significant MAST*Time and Drug*Time interactions. Stress/MPH (n=24), stress/placebo (n=21), control/MPH (n=24), control/placebo (n=24). * p < .05

Figure 3: Performance on the slips-of-action task. Stress increased learned responses to devalued, but not to valued outcomes independent of Drug. Note that learned responses to devalued rewards indicate reduced goal-directed behaviour. Stress/MPH (n=24), stress/placebo (n=21), control/MPH (n=24), control/placebo (n=24). * p < .05.
Figure 4: Effect of stress and methylphenidate (MPH) on brain activation related to goal-directed behaviour. Left: Statistical maps of the stress effects after PLC for the contrast valued – devaluedlearned-responses. Significant clusters are indicated by orange coloured numbers (MAST; p<.05, FWE, TFCE, minimal cluster size 50 voxels). Right: Statistical maps in which stress affected activation both after PLC and after MPH for the contrast valued – devaluedlearned-responses. Significant clusters are indicated by purple coloured numbers (MAST; p < .05, FWE, TFCE, minimal cluster size 25 voxels). Stress/MPH (n=24), stress/placebo (n=21), control/MPH (n=24), control/placebo (n=24). Bar graphs display extracted peak beta values ( ± SE). 
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