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Abstract 

 

Background: Early adverse experiences are assumed to affect fundamental processes of 

reward learning and decision-making. However, computational neuroimaging studies 

investigating these circuits are sparse and limited to studies that investigated adversities 

retrospectively in adolescent samples. 

Methods: We used prospective data from a longitudinal birth cohort study (n=156, 87 

females, mean age=32.2) to investigate neurocomputational components underlying 

reinforcement learning in an fMRI-based passive avoidance task. We applied a principal 

component analysis to capture common variation across seven prenatal and postnatal 

adversity measures. The resulting adversity factors (factor 1: postnatal psychosocial 

adversities and prenatal maternal smoking, factor 2: prenatal maternal stress and obstetric 

adversity, and factor 3: lower maternal stimulation) and single adversity measures were then 

linked to computational markers of reward learning (i.e. expected value, prediction errors) in 

the core reward network.  

Results: Using the adversity factors, we found that adversities were linked to lower expected 

value representation in striatum, ventromedial prefrontal cortex (vmPFC) and anterior 

cingulate cortex (ACC). Expected value encoding in vmPFC further mediated the relationship 

between adversities and psychopathology. In terms of specific adversity effects, we found that 

obstetric adversity was associated with lower prediction error signaling in the vmPFC and 

ACC, whereas lower maternal stimulation was related to lower expected value encoding in 

the striatum, vmPFC, and ACC. 

Conclusions: Our results suggested that adverse experiences have a long-term disruptive 

effect on reward learning in several important reward-related brain regions, which can be 
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associated with non-optimal decision-making and thereby increase the vulnerability of 

developing psychopathology. 
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Introduction 

Being able to adapt and learn about one’s environment is critical for successfully navigating 

the world (1). Developing accurate predictions about future events and updating them based 

on novel information becomes especially important in dynamic environments where constant 

change is present (2). However, these fundamental processes of feedback learning have been 

found to be impaired across a range of mental disorders (3,4). Early adverse environments are 

also believed to alter reinforcement learning processes as inconsistencies in feedback 

contingencies (5)  and suboptimal conditions for neurocognitive development (6) are 

prevalent in adverse rearing environments. 

Expected value (EV) and prediction error (PE) are two important interrelated 

processes that underlie successful reinforcement learning (7). PE occurs when there is a 

discrepancy between expected and actual outcomes, and serves as a teaching signal by 

allowing the organism to update the EV of a future event (8). At the neural level, several brain 

regions were found to involve in EV and PE signaling including the striatum (7–9), 

ventromedial prefrontal cortex/medial orbitofrontal cortex (7,10), anterior cingulate cortex 

(11), and amygdala (1,9). Lower EV and PE signaling in these regions has also been 

identified in several psychiatric conditions (12–15). 

 Several neuroimaging studies have reported a relationship between adverse 

experiences and alterations in the reward circuitry (16–20), however, research investigating 

this using computational neuroimaging approaches remains scarce. Computational 

neuroimaging brings new insights by taking into account other important information 

regarding the stimulus (e.g., probability and magnitude), which allows modeling the cognitive 

process beyond the simple stimulus-response relationship (10). To date, only a few previous 

studies investigated the association between early adverse experiences and EV/PE signaling 

using a model-based fMRI, suggesting that adversities may indeed affect EV and PE signaling 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

in the adolescent brain (21–23). However, these studies included only single measures of 

adversity (21–23), despite the fact that adversities tend to co-occur and accumulate over time 

(24). Therefore, a comprehensive approach is needed to study the long-term effects of 

developmental risks on EV and PE signaling in the adult brain. Moreover, although previous 

evidence exists that prenatal and perinatal adversities have an impact on child behavior and 

brain development (25), their relations to the reward system have barely been studied (26) and 

need to be explored. 

 Here, we aimed to investigate the effect of a lifespan adversity profile on EV/PE 

signaling in a cohort of adults followed since birth using a reinforcement learning paradigm. 

Risk measures were collected across the development and included prenatal, perinatal, and 

postnatal factors. Based on previous research (21–23), we hypothesized that adverse 

experiences across the development would be associated with lower EV and PE encoding in 

the striatum, ventromedial prefrontal cortex (vmPFC), and anterior cingulate cortex (ACC). 

Furthermore, lower EV and PE encoding in these regions would be associated with higher 

psychopathology symptoms in adulthood. 
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Methods and Materials 

Participants 

The present study was conducted within the framework of the Mannheim Study of Children at 

Risk, which is an ongoing longitudinal birth cohort study. The initial sample included 384 

children born between 1986 and 1988. The infants were recruited from two obstetric and six 

children´s hospitals in the Rhine-Neckar region of Germany. The participants were followed 

from their birth up to around the age of 33 years (age range: 31.7- 34.5 years) across 11 

assessment waves. 

At the last assessment wave, 256 participants (67%) agreed to participate in the study 

and completed psychological measurements. fMRI data for the passive avoidance task was 

available for 170 participants. After the quality check (Supplementary Material S1 for 

exclusion criteria), the sample size was reduced to 156 participants (Table 1). At the time of 

the fMRI assessment, 22 (14%) participants had current psychopathology including major 

depressive disorder (n=7), anxiety disorder (n=9) and alcohol and substance abuse (n=5) and 

attention deficit hyperactivity disorder (n=1), which was assessed using the German version 

of the Structured Clinical Interview for DSM-IV (27).  The study was approved by the ethics 

committee of the University of Heidelberg. All participants gave informed consent and were 

financially compensated for their contribution. 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

Table 1. Sample Characteristics. 

 N=156 

Age, M(SD) 32.4(0.4) 

Sex, N, F/M 87/69 

Maternal Smoking, N, non-/moderate/heavy smoker 116/17/23 

Maternal Stress, M(SD), range 2.8(1.9), 0-8 

Obstetric Adversity, N, no/moderate/high risk 62/83/11 

Maternal Stimulation a, M(SD), range 0.31(2.4), 6-7.2 

CTQ total, Median(IQR), range 28(6), 25-87 

Family Adversity, M(SD), range 3.5 (2.3), 0-10 

Stressful Life Events b, M(SD), range 0(6), -11.2-22.2 

Internalizing Symptoms, Median(IQR), range 5(8), 0-40 

Externalizing Symptoms, Median(IQR), range 7(12), 0-45 

ADHD, Median(IQR), range 4(6),0-24 

Antisocial Personality, Median(IQR), range 2(3),0-19 

Anxiety, Median(IQR), range 3(4),0-9 

Avoidant Personality, Median(IQR), range 1(4), 0-11 

Depression, Median(IQR), range 2(5), 0-19 

Somatic Problems, Median(IQR), range 1(2), 0-11 

a We used reversely-coded z-transformed scores. Higher scores indicated lower maternal 

stimulation. 

 b We used the sum score of z-transformed total scores across the 11 assessment waves. 

 

Psychological Measurements 

Lifespan Adversity 

The Mannheim Study of Children at Risk was designed to investigate long-term outcomes of 

psychosocial and biological risk factors on development (28). Consequently, several risk 

measures were collected across the development (Figure 1). All developmental risk measures 

were carefully selected based on their impact on psychosocial and psychopathological 

development (16,17,21,25,26,29,30). For the prenatal period, we included maternal stress (30) 

and maternal smoking (31), which were measured using a standardized interview during the 
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3-month assessment. Maternal stress measure contained 11 questions covering negative 

experiences during pregnancy (e.g., ‘Did you have mood swings/ a depressed mode?’), 

whereas maternal smoking measured daily cigarette consumption of mothers (1= no, 2= up to 

5 per day, 3= more than 5 per day). Obstetric adversity included obstetric complications (e.g., 

low birth weight, preterm birth, medical complications) as a measure of perinatal risk (28). 

Postnatal measures included several psychosocial measures. Maternal stimulation was based 

on video recordings of mother-infant interactions in a play and nurse setting at the 3-month 

assessment (32), where trained raters evaluated mothers’ attempts (vocal, facial or motor) to 

draw infants’ attention.  We prospectively assessed psychosocial adversities covering family 

adversity such as parental psychopathology, marital discord from birth to 11 years (28), and 

stressful life events over the lifespan using the Munich Event List (33). At the age of 23 years, 

participants filled childhood trauma questionnaire (34). Detailed descriptions for each 

adversity measure can be found in Supplementary Material S2. 

Figure 1. Design of Mannheim Study of Children at Risk. 
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 To reduce the dimensionality while also accounting for their interrelatedness of the 

adversity measures (Table S1), we applied principal component analysis using the above-

mentioned adversity measures (35–37). We identified three components with an eigenvalue > 

1, which in total explained 66.8% of the variance in the data (See details in Results).  

Psychopathology 

We used the Adult Self Report (38) to assess current symptoms of psychopathology. The 

Adult Self Report (ASR) includes summary measurements of psychopathology such as 

internalizing and externalizing problems. We here used internalizing and externalizing 

problems total scores to see if general psychopathology scores are associated with adversity 

factors and brain responses. If we identified an association, we further explored if a specific 

subscale contributed to this association using the six DSM-oriented ASR subscales including 

depression, anxiety, avoidant personality, somatic problems, attention deficit and 

hyperactivity disorder (ADHD) and antisocial personality scales. Due to the high number of 

testing, we applied a Bonferoni correction (p < 0.05/6 = 0.008) to correct for multiple testing 

problem.  

Functional MRI Paradigm 

We used a passive avoidance task (14) to measure neural correlates of EV and PE signaling. 

Each trial started with a presentation (1500 ms) of one of the four colored shapes (Figure 2). 

During this period, participants had to decide whether to respond or not respond to a shape. A 

randomly jittered fixation cross (0-4000 ms) followed the presentation of the shapes. If 

responded, participants received one of the four outcomes: winning 1 €, winning 5 €, losing 1 

€, or losing 5 €. Each shape could engender each of these outcomes. However, the feedback 

was probabilistic. That is, one shape overall resulted in a high reward, one in low reward, one 

in low punishment, and one in high punishment. If not responded, participants received no 

feedback. Instead, a fixation cross was presented. Another randomly jittered fixation cross (0–
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4000 ms) was displayed at the end of each trial. Participants completed 112 trials over two 

runs. 

 

Figure 2. Passive avoidance task. (A) The participant responds to a shape and receives 

feedback. (B) The participant avoids responding and receives no feedback. 

MRI Data Acquisition and Preprocessing 

The functional and structural images were acquired on a Siemens Magnetom Prisma Fit 

(Siemens, Erlangen, Germany) 3T MRI scanner with a standard 32-channel head coil. During 

the passive avoidance task, 175 volumes were obtained for each run using a gradient echo-

planar sequence sensitive to blood oxygen level-dependent (BOLD) contrast (36 slices, TE= 

35 ms, TR = 2100 ms, voxel size = 3 × 3 × 3 mm). Functional data was preprocessed using 

SPM 12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) applying standard preprocessing 

steps (Supplementary Material S3). 
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Computational Modelling  

To understand the observed behavior of participants during decision-making, we compared 

five Rescorla-Wagner model variations. Each model included three parameters, V0 (i.e., 

expected value for the first trial), α (learning rate) and β (i.e., inverse temperature), however, 

they differed in terms of extended SoftMax function parameter (e.g., π, pressing bias) and 

learning rate (common versus separate learning rates for positive and negative PEs) (39). The 

best model was determined using Akaike and Bayesian Information Criterion. The winning 

model was the model with four free parameters (V0, α, β, and π; See Supplementary Material 

S4 for a detailed description of the models and model comparison procedure).   

On each trial t, we calculated PE using the following formula. 

PE(t) = F(t) - EV(t) 

In this formula, the PE for the current trial equals the feedback value (F) minus the EV 

for the current trial. For the first trial, EV was set to subject-specific parameter estimation 

obtained from the winning model and was then updated with the following formula. 

EV(t)=EV(t-1) + (α * PE(t-1)) 

In this formula, the EV for the current trial equals the EV for the previous trial plus the 

PE for the previous trial multiplied by the learning rate. The learning rate was set to the 

subject-specific parameter estimation obtained from the winning model. These parameters 

were then used for the fMRI analysis.  

fMRI Data Analysis 

At the first level, we added two onset regressors (at cue and feedback phases) and their 

parametric modulators (EV and PE, respectively), which were convolved with the 

hemodynamic response using generalized linear modelling implemented in SPM 12. Six 
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motion parameters were included as covariates of no interest to reduce the motion-related 

artefacts. At the second level, we performed a one-sample t-test to identify neural correlates 

of EV and PE signaling. Multiple regression analysis was performed to investigate the 

associations between three adversity factors and EV and PE signaling in preselected regions 

of interest: striatum, vmPFC and ACC. These regions reliably take part in EV/PE signaling 

(7) and show abnormalities in individuals exposed to adverse experiences (21–23). Sex and 

current psychopathology were included as covariates of no interest. The same regression 

analysis was also conducted for each adversity measure separately.  

Similar to previous reinforcement learning studies (40,41), we thresholded the results 

with z > 2.3 (cluster-forming threshold) at p < 0.05 (family-wise error corrected (FWE) at 

cluster level). To correct identified clusters for multiple comparisons, we applied Bonferroni 

correction to FWE-corrected p values (p < 0.05/3=0.017 for adversity factors and p < 

0.05/7=0.007 for single adversity measures). Since our cluster-forming threshold was liberal 

(41,42), we further performed bootstrapping analysis with 5000 iterations and a 95% 

confidence interval in IBM SPSS (Version 27) to show the robustness of our results. For that 

purpose, we extracted mean activation from each significant cluster using the MarsBar 

toolbox (https://marsbar-toolbox.github.io/).  

Exploratory Analyses 

Recently, more attention has been allocated to sensitive period for neural systems, which 

represents a time window of increased vulnerability to stress (43), and may provide important 

implications to decide the timing of preventative strategies. To explore the existence of a 

sensitivity period in which stress exerts enduring effects on reward-related brain activity, we 

conducted several multiple regression analyses using prospectively collected psychosocial 

adversity measures. In total, we performed five tests for family adversity (T1-T5) and eleven 

tests for stressful life events (T1-T11). Since several previous studies have shown that current 
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stress has an impact on neural EV and PE encoding (44–46), we used stressful life events in 

the last 12 months (T11) to investigate the effect of current stress. Due to the high number of 

testing and correlative nature, the findings should be considered preliminary. 

Brain-Behavior Association 

To investigate the brain-behavior relationship, we extracted mean activation from the clusters 

significantly related to adversity using the MarsBar toolbox. We used regions-of-interest 

masks for the extraction if a significant cluster contained several regions-of-interest such as 

striatum subdivisions and vmPFC to examine the region-specific effect. To this end, putamen, 

caudate and nucleus accumbens masks were derived from the Melbourne Subcortex Atlas 

(47) and the vmPFC mask was chosen from a previous study (48). Due to non-normally 

distributed data, Spearman’s correlation test was performed to identify associations between 

psychopathology and adversity factors. Furthermore, if we identified association between an 

adversity factor and psychopathology measure, we performed mediation analysis using the 

PROCESS toolbox implemented in IBM SPSS (Version 27) to see whether this association 

was mediated by EV and PE signaling in the brain. 
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Results 

Behavioral Results 

Principal component analysis identified three adversity factors. The first adversity factor was 

strongly informed by stressful life events, family adversity, maternal smoking, and childhood 

trauma questionnaire. The second adversity factor was strongly related to obstetric adversity 

and maternal stress. The third adversity factor mostly reflected maternal stimulation (Table 2). 

Table 2. The rotated component matrix for three-factor solution. 

 Factor 1 Factor 2 Factor 3 

Maternal Stress 0.26 0.76 -0.02 

Maternal Smoking 0.72 0.04 -0.38 

Maternal Stimulation  0.16 0.02 0.88 

Obstetric Adversity -0.14 0.83 0.03 

Family Adversity 0.80 0.10 0.13 

Childhood Trauma Questionnaire 0.59 0.01 0.35 

Stressful Life Events 0.83 0.02 0.19 

 

The first adversity factor was associated with higher internalizing (r=0.35, p<0.001) 

and externalizing (r=0.39, p<0.001) symptoms, specifically to depression (r=0.43, p<0.001), 

anxiety (r=0.34, p<0.001), avoidant personality (r=0.23, p = 0.005), ADHD (r=0.29, 

p<0.001), antisocial personality (r=0.32, p<0.001) and somatic problems (r=0.16, p= 0.045). 

All survived the Bonferroni correction except for the last association. Similarly, the third 

adversity factor was associated with higher internalizing (r=0.19, p = 0.006) and externalizing 

(r=0.16, p = 0.040) problems, and in particular with avoidant personality (r=0.22, p = 0.007) 

and ADHD (r=0.16, p =0.045) scales, although the latter did not survive the Bonferroni 
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correction. The second adversity factor was not related to psychopathology. The correlations 

between single adversity measures and psychopathology can be found in Table S2.  

fMRI Results 

Task Effect 

A one-sample t-test was performed to identify brain regions involving EV and PE signaling. 

We found robust activation in key brain regions such as striatum (caudate, putamen, and 

nucleus accumbens) and medial prefrontal cortex during EV and PE signaling (Figure 3; p < 

0.05, whole-brain FWE-corrected), which was compatible with a previous meta-analysis on 

neural correlates of reinforcement learning (7). Detailed list of brain regions showing 

activation/deactivation during EV and PE encoding can be found in the Supplementary 

Material S5 (Table S4-S7). 

 

Figure 3. Expected value and prediction error signaling in the brain (p <0.05, whole-brain 

FWE corrected). Results were mapped on the brain surface using MRIcroGL toolbox 

(https://www.nitrc.org/projects/mricrogl). 
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Adversity Effect 

Multivariate Effects. The associations between adversity factors and EV signaling are 

shown in Figure 4. The first adversity factor, related to postnatal psychosocial adversities and 

prenatal smoking, was associated with lower EV activation in the vmPFC cluster extending to 

the left amygdala and left parahippocampal gyrus (p = 0.02, cluster level FWE-corrected; 

cluster size= 268, z= 3.38). However, the vmPFC cluster did neither survive the Bonferroni 

correction nor bootstrapping test, and should be considered preliminary.  

We did not find any significant cluster related to the second adversity factor.  

The third adversity factor, reflecting mostly low maternal sensitivity, was associated 

with lower EV encoding in a large cluster including vmPFC, right striatum (caudate, putamen, 

nucleus accumbens), and right insula (p < 0.001, cluster level FWE-corrected; cluster size= 

836, z= 4.24). A second cluster included pregenual ACC (p = 0.012, cluster level FWE-

corrected; cluster size= 294, z= 3.97). These results remained significant after the Bonferroni 

correction and bootstrapping test. We did not find any significant PE signaling alteration for 

the adversity factors.  
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Figure 4. The associations between adversity factors and expected value representation. Blue 

color represents lower expected value signaling in the regions-of-interest. * The results did 

not survive after Bonferroni correction and bootstrapping test. Abbreviations: EV, expected 

value; pgACC, pregenual anterior cingulate cortex; vmPFC, ventromedial prefrontal cortex. 

Specific Adversity Effects. To determine the specific contribution of each adversity 

measure to EV and PE encoding, we performed separate analyses in SPM. Two adversity 

measures were associated with significant alterations in EV and PE signaling (Figure 5). 

Lower maternal stimulation was associated with lower EV encoding in vmPFC as well as 

right striatum (caudate and putamen) and pregenual ACC (p < 0.001, cluster level FWE-

corrected; cluster size= 1833, z= 4.61), thereby confirming the previous analysis based on 

adversity factors. Interestingly, obstetric adversity was related to lower PE representation in 

the pregenual ACC, vmPFC, and several prefrontal regions (p < 0.001, cluster level FWE-

corrected; cluster size= 1342, z= 4.07). These results were robust after the Bonferroni 
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correction and bootstrapping test. We did not find any significant alterations in EV and PE 

signaling for the other adversity measures. 

 

Figure 5. The associations between adversity measures and expected value/prediction error 

signaling. Maternal stimulation scores are reverse coded. Higher scores indicates lower 

maternal care. Blue color represents lower expected value and prediction error representation 

in the regions-of-interest. Abbreviations: EV, expected value; PE, prediction error; pgACC, 

pregenual anterior cingulate cortex; vmPFC, ventromedial prefrontal cortex. 

Whole-brain results for adversity factors and single adversity measures are reported in 

the Supplementary Material (Table S8-S9).  

Exploratory Analyses. As expected, family adversity measures highly correlated with 

each other, while the life events measures exhibited small-to-moderate correlations (Table 

S10-S11). Our exploratory analyses on the effects of psychosocial adversities occurring 

during different developmental periods (Supplementary Material S7) revealed that higher 

family adversity during infancy (T2) was linked to lower EV signaling in striatum, while 

family adversity during toddlerhood (T3) was related to lower EV encoding in the striatum 

and vmPFC (all p<0.01, cluster level FWE-corrected). Higher stressful life events during 

infancy (T2) and childhood (T4) and higher current stress (T11) was linked to lower EV 

signaling in vmPFC (all p <0.01, cluster level FWE-corrected), all of which did not survive 
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Bonferroni correction. We did not identify any EV or PE abnormalities for stressful life 

events during adolescence and young adulthood. 

Brain- Behavior Associations 

The results for mediation analyses are shown in Figure 6. The first adversity factor predicted 

higher scores in all psychopathology measures including internalizing problems, externalizing 

problems, depression, anxiety, avoidant personality, somatic problems, ADHD, and antisocial 

personality subscales, and was related to lower EV representation in the vmPFC. Therefore, 

we run mediation analyses to see if EV representation in the vmPFC mediated the adversity-

psychopathology association. Our results showed that the vmPFC partially mediated the 

relationship between the first adversity factor and ADHD symptoms (interaction effect 

(a*b)=0.21, CI= [0.04 0.50]).  

The third adversity factor predicted higher scores in internalizing problems, 

externalizing problems, avoidant personality, and ADHD subscales, and was associated with 

lower EV signaling in the pregenual ACC, vmPFC, and striatum. EV signaling in the vmPFC 

fully mediated the relationship between the third adversity factor and ASR internalizing 

(interaction effect= 0.35, CI= [0.09 0.75]), externalizing (interaction effect=0.51, CI= [0.15 

1.06]), avoidant personality (interaction effect=0.13, CI= [0.02 0.30]) and ADHD (interaction 

effect=0.25, CI= [0.05 0.56]) scales.  

Similar to these results, EV encoding in vmPFC was specifically associated with 

several psychopathology measures (See Supplementary Material S8 for correlation analyses). 

No association was found for other regions. 
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Figure 6. Mediation analysis. The association between adversity factors and expected value 

signaling in ventromedial prefrontal cortex (a). Mediation models (b-f). Each model included 

expected value signaling in ventromedial prefrontal cortex as a mediator (M) to explain the 

impact of adversity factors (X) on psychopathology symptoms (Y). Significant paths were 

shown with asterisk. Abbreviations: ADHD, attention deficit and hyperactivity disorder; 

vmPFC, ventromedial prefrontal cortex.  
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Discussion 

Capitalizing on data from a birth cohort, we investigated the specific and combined effect of 

lifespan adversities on EV and PE encoding. Our findings showed that adversities were 

associated with lower EV and PE signaling in the striatum and prefrontal cortex, and altered 

EV signaling further mediated the relationship between adversities and psychopathology. 

These results critically extend previous reports (21–23) by incorporating a developmental 

perspective, considering multiple prospectively assessed risk factors, and offering compelling 

evidence for enduring neurobiological and psychopathological consequences. 

The findings regarding the three-factor adversity solution indicated that the third 

adversity factor reflecting lower maternal sensitivity was associated with a more extensive EV 

disruption in the brain, including vmPFC, ACC and striatum.  This finding underscores the 

importance of caregiver-infant interaction on reward learning, which is essential for learning, 

exploration and normative brain development (5,6,49). Inconsistent caregiver behavior can 

create an unstable environment where the rewards are sparse and random, and thus impair the 

utilization of environmental information to optimize the behavior (5). On the other hand, 

consistent and good quality maternal care can buffer negative outcomes of adverse 

experiences on reward processing and learning. Indeed, a previous study from our lab showed 

that higher maternal stimulation was associated with increased striatum activation during 

reward anticipation in young adults with parental psychopathology (32). Therefore, 

implementing programs for promoting positive parenting in risk groups could help infants and 

children to develop normative behavioral and brain responses in reward processing and 

learning. Moreover, while the second adversity factor capturing common variance in obstetric 

adversity and prenatal maternal stress did not yield any EV or PE abnormality, specifically 

analyzing obstetric adversity showed disrupted PE signaling in ACC and vmPFC. Lastly, the 
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first adversity factor informed by postnatal psychosocial adversities and prenatal smoking was 

associated with EV abnormalities in vmPFC. However, this result was not robust. 

Moreover, our results indicated that the adversity measures collected very early in life 

(up to 3 months of age) can disrupt neural representation of EV and PE signaling. These 

results were also confirmed by our exploratory analyses on the timing effect of adversities 

(Supplementary Material S7), which revealed that family adversity experienced during 

infancy and toddlerhood had an impact on EV signaling in striatum and vmPFC.  Several 

studies suggested that stressors occurring in early life are more likely to affect reward 

circuitry (5,17,50). Indeed, a previous study performing a sensitivity period analysis found 

that the striatum was sensitive to maltreatment that occurred between the ages of 0-4 years 

(51). We also identified EV abnormalities in individuals with higher current stress. However, 

this result was restricted to vmPFC. Taken together, these results may indicate that the 

striatum can be more sensitive to early life stress occurring in a caregiver context, as seen in 

lower maternal stimulation and adverse family environment in our study and maltreatment in 

a previous study (51), whereas stress over the lifespan may have an impact on the prefrontal 

cortex. Previous literature suggests that prefrontal cortex has a longer maturation window (52) 

and remarkable neural plasticity in adulthood (53), therefore, it might be susceptible to stress 

over the life course. However, more research is needed to make inferences about the 

sensitivity period for the reward network.  

Importantly, we further showed that lower EV signaling in vmPFC was associated 

with psychopathology symptoms and mediated the relationship between adversity factors and 

psychopathology symptoms in internalizing and externalizing spectrum. These results are 

compatible with several previous studies that identified neural EV and PE abnormalities in 

depression (54), ADHD (3) , substance abuse (55), generalized anxiety disorder (13), and 

conduct disorder (56). Taken together, these results indicate that disruptions in EV and PE 
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signaling in the brain can increase the risk of developing psychopathology in individuals 

exposed to adversities via non-optimal decision-making processes. 

Stress disrupts the dopaminergic system in animals (57) and humans (58,59), which is 

pivotal for EV and PE signaling. Indeed, there is a striking overlap between stress and reward 

neurobiology, which recruits the same brain regions including the ventral striatum, amygdala, 

and medial prefrontal cortex (5,49,50). Moreover, these regions are dense in terms of 

glucocorticoid receptors(60), which were found to be altered following early life stress 

exposure in animals (61) and humans (62). Therefore, it is not surprising that we identified 

that adversities were associated with disrupted EV and PE signaling in the reward network. 

Indeed, several previous studies reported functional (16–18,20,63,64), structural (65,66)  and 

white matter tract (67,68) abnormalities in striatum and prefrontal cortex in individuals 

exposed to adversity. Disrupted EV and PE signaling in striatum and prefrontal cortex in 

individuals exposed to adversities may lead to impairments in several important skills such as 

subjective value representation, approach behavior, and risk/benefit assessment (16,18). These 

skills might especially be important to adapt rapidly changing environments that require 

flexibility to face new challenges as we have nowadays experienced with the COVID-19 

pandemic, wars and climate change.  

Limitations 

Here, we investigated the combined and specific effects of developmental adversities on 

neural correlates of reinforcement learning using a longitudinal design with several 

prospective adversity measures in a relatively large well-phenotyped sample. However, the 

current study has also some limitations. First, we did not investigate the differential neural 

responses to reward and punishment prediction errors to increase power in the statistical 

analysis. However, several studies suggest that reward and loss networks are similar (69,70). 

Second, our sample contained mostly healthy participants.  Although our results indicated 
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vulnerability direction given the relationship with psychopathology, the limited variation in 

psychopathology symptoms warrants further validation in clinical samples.  

Conclusions 

In conclusion, we showed that adversities across the development were linked to altered 

neural EV signaling in the reward network in adulthood, and neural alterations mediated the 

relationship between adversities and internalizing and externalizing psychopathology. These 

results indicate that developmental risk factors are related to impaired neural processing of 

reward-related cues and contingencies, which in turn, are linked to enhancing the risk of 

developing psychopathology. Therefore, it is very important to develop preventative strategies 

for individuals at risk to buffer negative outcomes of adverse experiences on the brain and 

behavior. 

Acknowledgements 

The authors would like to thank the participants for their continued participation in the 

Mannheim Study of Children at Risk and the reviewers for their constructive comments and 

suggestions. 

NEH gratefully acknowledges grant support from the German Research Foundation 

(grant numbers DFG HO 5674/2-1, GRK2350/1) and in the framework of the Radboud 

Excellence Fellowship. TB gratefully acknowledges grant support by the German Federal 

Ministry of Education and Research  (01EE1408E ESCAlife; FKZ 01GL1741[X] ADOPT; 

01EE1406C Verbund AERIAL; 01EE1409C Verbund ASD-Net; 01GL1747C STAR; 

01GL1745B IMAC-Mind), by the German Research Foundation (TRR 265/1), by the 

Innovative Medicines Initiative Joint Undertaking (IMI JU FP7 115300 EU-AIMS; grant 

777394 EU-AIMS-2-TRIALS) and the European Union – H2020 (Eat2beNICE, grant 

728018; PRIME, grant 847879).TUH is supported by a Sir Henry Dale Fellowship 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

(211155/Z/18/Z; 211155/Z/18/B; 224051/Z/21) from Wellcome & Royal Society, the Medical 

Research Foundation,  and a Philip Leverhulme Prize from the Leverhulme Trust (PLP-2021-

040). TUH is also supported by the Carl-Zeiss-Stiftung. The Max Planck UCL Centre is a 

joint initiative supported by UCL and the Max Planck Society. The Wellcome Centre for 

Human Neuroimaging is supported by core funding from the Wellcome Trust 

(203147/Z/16/Z). 

 

Disclosures 

DB serves as an unpaid scientific consultant for an EU-funded neurofeedback trial, which is 

unrelated to the present work. TB served in an advisory or consultancy role for eye level, 

Infectopharm, Lundbeck, Medice, Neurim Pharmaceuticals, Oberberg GmbH, Roche, and 

Takeda. He received conference support or speaker’s fee by Janssen, Medice and Takeda. He 

received royalities from Hogrefe, Kohlhammer, CIP Medien, Oxford University Press. TUH 

has a paid consultancy with limbic ltd, which had no influence on this manuscript. 

All other authors report no biomedical financial interests or potential conflicts of interest. 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 
 

References 

1. Dolan RJ (2007): The human amygdala and orbital prefrontal cortex in behavioural 

regulation. Philos Trans R Soc B Biol Sci 362: 787–799. 

2. Den Ouden HEM, Kok P, de Lange FP (2012): How prediction errors shape perception, 

attention, and motivation. Front Psychol 3: 1–12. 

3. Hauser TU, Iannaccone R, Ball J, Mathys C, Brandeis D, Walitza S, Brem S (2014): Role 

of the medial prefrontal cortex in impaired decision making in juvenile attention-

deficit/hyperactivity disorder. JAMA Psychiatry 71: 1165–1173. 

4. Zald DH, Treadway M (2018): Reward Processing, Neuroeconomics, and 

Psychopathology. 471–495. 

5. Novick AM, Levandowskic ML, Laumanna LE, Philipa NS, Price LH, Tyrkaa AR (2018): 

The Effects of Early Life Stress on Reward Processing. J Psychiatr Res 101: 80–103. 

6. Gee DG, Bath KG, Johnson CM, Meyer HC, Murty VP, van den Bos W, Hartley CA 

(2018): Neurocognitive development of motivated behavior: Dynamic changes across 

childhood and adolescence. J Neurosci 38: 9433–9445. 

7. Chase HW, Kumar P, Eickhoff SB, Dombrovski AY (2015): Reinforcement learning 

models and their neural correlates: An activation likelihood estimation meta-analysis. 

Cogn Affect Behav Neurosci 15: 435–459. 

8. Schultz W (2016): Dopamine reward prediction-error signalling. Nat Rev. 

9. Dayan P, Niv Y (2008): Reinforcement learning: The Good, The Bad and The Ugly. Curr 

Opin Neurobiol 18: 185–196. 

10. O’Doherty JP, Hampton A, Kim H (2007): Model-based fMRI and its application to 

reward learning and decision making. Ann N Y Acad Sci 1104: 35–53. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

11. Hyman JM, Holroyd CB, Seamans JK (2017): A Novel Neural Prediction Error Found in 

Anterior Cingulate Cortex Ensembles. Neuron 95: 447-456.e3. 

12. Chen C, Takahashi T, Nakagawa S, Inoue T, Kusumi I (2015): Reinforcement learning in 

depression: A review of computational research. Neurosci Biobehav Rev 55: 247–267. 

13. White SF, Geraci M, Lewis E, Leshin J, Teng C, Averbeck B, et al. (2017): Prediction 

error representation in individuals with generalized anxiety disorder during passive 

avoidance. Am J Psychiatry 174: 110–117. 

14. White SF, Pope K, Sinclair S, Fowler KA, Brislin SJ, Williams WC, et al. (2013): 

Disrupted Expected Value and Prediction Error Signaling in Youths With Disruptive 

Behavior Disorders During a Passive Avoidance Task. Am J Psychiatry 170: 315–323. 

15. White SF, Tyler PM, Erway AK, Botkin ML, Kolli V, Meffert H, et al. (2016): 

Dysfunctional representation of expected value is associated with reinforcement-based 

decision-making deficits in adolescents with conduct problems. J Child Psychol 

Psychiatry 57: 938–946. 

16. Birn RM, Roeber BJ, Pollak SD, Reyna VF (2017): Early childhood stress exposure, 

reward pathways, and adult decision making. Proc Natl Acad Sci U S A 114: 13549–

13554. 

17. Boecker R, Holz NE, Buchmann AF, Blomeyer D, Plichta MM, Wolf I, et al. (2014): 

Impact of early life adversity on reward processing in young adults: EEG-fMRI results 

from a prospective study over 25 years. PLoS One 9: 1–13. 

18. Holz NE, Boecker-Schlier R, Buchmann AF, Blomeyer D, Jennen-Steinmetz C, 

Baumeister S, et al. (2017): Ventral striatum and amygdala activity as convergence sites 

for early adversity and conduct disorder. Soc Cogn Affect Neurosci 12: 261–272. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

19. Blair KS, Aloi J, Bashford-Largo J, Zhang R, Elowsky J, Lukoff J, et al. (2022): Different 

forms of childhood maltreatment have different impacts on the neural systems involved 

in the representation of reinforcement value. Dev Cogn Neurosci 53: 101051. 

20. Hendrikse CJ, du Plessis S, Luckhoff HK, Vink M, van den Heuvel LL, Scheffler F, et al. 

(2022): Childhood trauma exposure and reward processing in healthy adults: A 

functional neuroimaging study. J Neurosci Res 100: 1452–1462. 

21. Gerin MI, Puetz VB, Blair RJR, White S, Sethi A, Hoffmann F, et al. (2017): A 

neurocomputational investigation of reinforcement-based decision making as a candidate 

latent vulnerability mechanism in maltreated children. Dev Psychopathol 29: 1689–1705. 

22. Palacios-Barrios EE, Hanson JL, Barry KR, Albert WD, White SF, Skinner AT, et al. 

(2021): Lower neural value signaling in the prefrontal cortex is related to childhood 

family income and depressive symptomatology during adolescence. Dev Cogn Neurosci 

48: 100920. 

23. Cisler JM, Esbensen K, Sellnow K, Ross M, Weaver S, Sartin-Tarm A, et al. (2019): 

Differential Roles of the Salience Network During Prediction Error Encoding and Facial 

Emotion Processing Among Female Adolescent Assault Victims. Biol Psychiatry Cogn 

Neurosci Neuroimaging 4: 371–380. 

24. Holz NE, Berhe O, Sacu S, Schwarz E, Tesarz J, Heim CM, Tost H (2023): Early Social 

Adversity, Altered Brain Functional Connectivity, and Mental Health. Biol Psychiatry 

93: 430–441. 

25. Entringer S, Buss C, Wadhwa PD (2015): Prenatal stress, development, health and disease 

risk: a psychobiological perspective – 2015 Curt Richter Award Winner. 

Psychoneuroendocrinology 62: 366–375. 

26. Muller KU, Mennigen E, Ripke S, Banaschewski T, Barker GJ, Buchel C, et al. (2013): 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 
 

Altered reward processing in adolescents with prenatal exposure to maternal cigarette 

smoking. JAMA Psychiatry 70: 847–856. 

27. Wittchen H-U, Zaudig M, Fydrich T (1997): SKID. Strukturiertes Klinisches Interview 

für DSM-IV. Achse I und II. Handanweisung. Hogrefe. https://doi.org/10.1026//0084-

5345.28.1.68 

28. Laucht M, Esser G, Baving L, Gerhold M, Hoesch I, Ihle W, et al. (2000): Behavioral 

sequelae of perinatal insults and early family adversity at 8 years of age. J Am Acad 

Child Adolesc Psychiatry 39: 1229–1237. 

29. Morgan JK, Shaw DS, Forbes EE (2014): Maternal Depression and Warmth During 

Childhood Predict Age 20 Neural Response to Reward. Am Acad Child Adolesc 

Psychiatry 53: 108–117. 

30. Zohsel K, Buchmann AF, Blomeyer D, Hohm E, Schmidt MH, Esser G, et al. (2014): 

Mothers’ prenatal stress and their children’s antisocial outcomes - A moderating role for 

the Dopamine D4 Receptor (DRD4) gene. J Child Psychol Psychiatry Allied Discip 55: 

69–76. 

31. Holz NE, Boecker R, Baumeister S, Hohm E, Zohsel K, Buchmann AF, et al. (2014): 

Effect of Prenatal Exposure to Tobacco Smoke on Inhibitory Control Neuroimaging 

Results from a 25-Year Prospective Study. JAMA Psychiatry 71: 786–796. 

32. Holz NE, Boecker-Schlier R, Jennen-Steinmetz C, Hohm E, Buchmann AF, Blomeyer D, 

et al. (2018): Early maternal care may counteract familial liability for psychopathology 

in the reward circuitry. Soc Cogn Affect Neurosci 13: 1191–1201. 

33. Maier-Diewald W, Wittchen H-U, Hecht H, Werner-Eilert K (1983): Die Münchner 

Ereignisliste (MEL) - Anwendungsmanual. München. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 
 

34. Wingenfeld K, Hill A, Gast U, Beblo T, Höpp H, Schlosser N, et al. (2010): Die deutsche 

Version des Childhood Trauma Questionnaire (CTQ): Erste Befunde zu den 

psychometrischen Kennwerten. PPmP - Psychother · Psychosom · Medizinische Psychol 

60: 442–450. 

35. Green JG, McLaughlin KA, Berglund PA, Gruber MJ, Sampson NA, Zaslavsky AM, 

Kessler RC (2010): Childhood adversities and adult psychiatric disorders in the national 

comorbidity survey replication I: Associations with first onset of DSM-IV disorders. 

Arch Gen Psychiatry 67: 113–123. 

36. Mersky JP, Janczewski CE, Topitzes J (2017): Rethinking the Measurement of Adversity: 

Moving Toward Second-Generation Research on Adverse Childhood Experiences. Child 

Maltreat 22: 58–68. 

37. Afifi TO, Salmon S, Garcés I, Struck S, Fortier J, Taillieu T, et al. (2020): Confirmatory 

factor analysis of adverse childhood experiences (ACEs) among a community-based 

sample of parents and adolescents. BMC Pediatr 20: 1–14. 

38. Achenbach TM, Rescorla LA (2003): Manual for the ASEBA Adult Forms & Profiles. 

Research Center for Children, Youth, & Families. Burlington, VT, USA. 

39. Hauser TU, Iannaccone R, Dolan RJ, Ball J, Hättenschwiler J, Drechsler R, et al. (2017): 

Increased fronto-striatal reward prediction errors moderate decision making in obsessive-

compulsive disorder. Psychol Med 47: 1246–1258. 

40. Boorman ED, O’Doherty JP, Adolphs R, Rangel A (2013): The behavioral and neural 

mechanisms underlying the tracking of expertise. Neuron 80: 1558–1571. 

41. Wittmann MK, Kolling N, Akaishi R, Chau BKH, Brown JW, Nelissen N, Rushworth 

MFS (2016): Predictive decision making driven by multiple time-linked reward 

representations in the anterior cingulate cortex. Nat Commun 7: 1–13. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


32 
 

42. Roy M, Shohamy D, Daw N, Jepma M, Wimmer GE, Wager TD (2014): Representation 

of aversive prediction errors in the human periaqueductal gray. Nat Neurosci 17: 1607–

1612. 

43. Goff B, Tottenham N (2015): Early-life adversity and adolescent depression: Mechanisms 

involving the ventral striatum. CNS Spectr 20: 337–345. 

44. Robinson OJ, Overstreet C, Charney DR, Vytal K, Grillon C (2013): Stress increases 

aversive prediction error signal in the ventral striatum. Proc Natl Acad Sci U S A 110: 

4129–4133. 

45. Carvalheiro J, Conceição VA, Mesquita A, Seara-Cardoso A (2021): Acute stress blunts 

prediction error signals in the dorsal striatum during reinforcement learning. Neurobiol 

Stress 15. https://doi.org/10.1016/j.ynstr.2021.100412 

46. Cremer A, Kalbe F, Gläscher J, Schwabe L (2021): Stress reduces both model-based and 

model-free neural computations during flexible learning. Neuroimage 229: 117747. 

47. Tian Y, Margulies DS, Breakspear M, Zalesky A (2020): Topographic organization of the 

human subcortex unveiled with functional connectivity gradients. Nat Neurosci 23. 

Retrieved from http://dx.doi.org/10.1038/s41593-020-00711-6 

48. Chase HW, Grace AA, Fox PT, Phillips ML, Eickhoff SB (2020): Human Brain Mapping 

- 2020 - Chase - Functional differentiation in the human ventromedial frontal lobe A 

data‐driven.pdf. Hum Brain Mapp. https://doi.org/DOI: 10.1002/hbm.25014 

49. Fareri DS, Tottenham N (2016): Effects of early life stress on amygdala and striatal 

development. Dev Cogn Neurosci 19: 233–247. 

50. Birnie MT, Kooiker CL, Short AK, Bolton JL, Chen Y, Baram TZ (2020): Plasticity of 

the Reward Circuitry After Early-Life Adversity: Mechanisms and Significance. Biol 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


33 
 

Psychiatry 87: 875–884. 

51. Takiguchi S, Fujisawa TX, Mizushima S, Saito DN, Okamoto Y, Shimada K, et al. 

(2015): Ventral striatum dysfunction in children and adolescents with reactive 

attachment disorder: functional MRI study. BJPsych Open 1: 121–128. 

52. Gee DG, Casey BJ (2015): The impact of developmental timing for stress and recovery. 

Neurobiol Stress 1: 184–194. 

53. McEwen BS, Morrison JH (2013): Brain On Stress: Vulnerability and Plasticity of the 

Prefrontal Cortex Over the Life Course. Neuron 79: 16–29. 

54. Gradin VB, Kumar P, Waiter G, Ahearn T, Stickle C, Milders M, et al. (2011): Expected 

value and prediction error abnormalities in depression and schizophrenia. Brain 134: 

1751–1764. 

55. White SF, Tyler P, Botkin ML, Erway AK, Thornton LC, Kolli V, et al. (2016): Youth 

with substance abuse histories exhibit dysfunctional representation of expected value 

during a passive avoidance task. Psychiatry Res - Neuroimaging 257: 17–24. 

56. Zhang R, Aloi J, Bajaj S, Bashford-Largo J, Lukoff J, Schwartz A, et al. (2021): 

Dysfunction in differential reward-punishment responsiveness in conduct disorder relates 

to severity of callous-unemotional traits but not irritability. Psychol Med. 

https://doi.org/10.1017/S0033291721003500 

57. Spyrka J, Gugula A, Rak A, Tylko G, Hess G, Blasiak A (2020): Early life stress-induced 

alterations in the activity and morphology of ventral tegmental area neurons in female 

rats. Neurobiol Stress 13: 100250. 

58. Pruessner JC, Champagne F, Meaney MJ, Dagher A (2004): Dopamine Release in 

Response to A Psychological Stress in Humans and Its Relationship to Early Life 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


34 
 

Maternal Care: A Positron Emission Tomography Study Using [11C] Raclopride. J 

Neurosci 24: 2825–2831. 

59. Bloomfield MA, McCutcheon RA, Kempton M, Freeman TP, Howes O (2019): The 

effects of psychosocial stress on dopaminergic function and the acute stress response. 

Elife 8: 1–22. 

60. McEwen BS, Nasca C, Gray JD (2016): Stress Effects on Neuronal Structure: 

Hippocampus, Amygdala, and Prefrontal Cortex. Neuropsychopharmacology 41: 3–23. 

61. Tran CH, Shannon Weickert C, Weickert TW, Sinclair D (2022): Early Life Stress Alters 

Expression of Glucocorticoid Stress Response Genes and Trophic Factor Transcripts in 

the Rodent Basal Ganglia. Int J Mol Sci 23. https://doi.org/10.3390/ijms23105333 

62. Parent J, Parade SH, Laumann LE, Ridout KK, Yang B-Z, Marsit CJ, et al. (2017): 

Dynamic stress-related epigenetic regulation of the glucocorticoid receptor gene 

promoter during early development: The role of child maltreatment. Dev Psychopathol 

29: 1635–1648. 

63. Mehta MA, Gore-Langton E, Golembo N, Colvert E, Williams SCR, Sonuga-Barke E 

(2010): Hyporesponsive reward anticipation in the basal ganglia following severe 

institutional deprivation early in life. J Cogn Neurosci 22: 2316–2325. 

64. Casement MD, Shaw DS, Sitnick SL, Musselman SC, Forbes EE (2013): Life stress in 

adolescence predicts early adult reward-related brain function and alcohol dependence. 

Soc Cogn Affect Neurosci 10: 416–423. 

65. Gold AL, Sheridan MA, Peverill M, Busso DS, Lambert HK, Alves S, et al. (2016): 

Childhood abuse and reduced cortical thickness in brain regions involved in emotional 

processing. J Child Psychol Psychiatry 57: 1154–1164. 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/


35 
 

66. Price M, Albaugh M, Hahn S, Juliano AC, Fani N, Brier ZMF, et al. (2021): Examination 

of the association between exposure to childhood maltreatment and brain structure in 

young adults: a machine learning analysis. Neuropsychopharmacology 46: 1888–1894. 

67. Kennedy B V., Hanson JL, Buser NJ, van den Bos W, Rudolph KD, Davidson RJ, Pollak 

SD (2021): Accumbofrontal tract integrity is related to early life adversity and feedback 

learning. Neuropsychopharmacology 46: 2288–2294. 

68. DeRosse P, Ikuta T, Karlsgodt KH, Szeszko PR, Malhotra AK (2020): History of 

childhood maltreatment is associated with reduced fractional anisotropy of the 

accumbofrontal ‘reward’ tract in healthy adults. Brain Imaging Behav 14: 353–361. 

69. Oldham S, Murawski C, Fornito A, Youssef G, Yücel M, Lorenzetti V (2018): The 

anticipation and outcome phases of reward and loss processing: A neuroimaging meta-

analysis of the monetary incentive delay task. Hum Brain Mapp 39: 3398–3418. 

70. Tom SM, Fox CR, Trepel C, Poldrack RA (2007): The neural basis of loss aversion in 

decision-making under risk. Science (80- ) 315: 515–518. 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 21, 2023. ; https://doi.org/10.1101/2023.06.19.545539doi: bioRxiv preprint 

https://doi.org/10.1101/2023.06.19.545539
http://creativecommons.org/licenses/by-nc-nd/4.0/

