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Abstract

Everyday life requires an adaptive balance between distraction-resistant maintenance of
information and the flexibility to update this information when needed. These opposing
mechanisms are proposed to be balanced through a working memory gating mechanism. Prior
research indicates that obesity may elevate the risk of working memory deficits, yet the underlying
mechanisms remain elusive. Dopaminergic alterations have emerged as a potential mediator.
However, current models suggest these alterations should only shift the balance in working
memory tasks, not produce overall deficits. The empirical support for this notion is currently
lacking, however. To address this gap, we pooled data from three studies (N = 320) where
participants performed a working memory gating task. Higher BMI was associated with overall
poorer working memory, irrespective of whether there was a need to maintain or update
information. However, when participants, in addition to BMI level, were categorized based on
certain putative dopamine-signaling characteristics (Single Nucleotide Polymorphisms;
specifically, TaglA and DARPP-32), distinct working memory gating effects emerged. These
SNPs, primarily associated with striatal dopamine transmission, appear to be linked with
differences in updating, specifically, among high-BMI individuals. Moreover, blood amino acid
ratio, which indicates central dopamine synthesis capacity, combined with BMI, shifted the
balance between distractor-resistant maintenance and updating. These findings suggest that both
dopamine-dependent and dopamine-independent cognitive effects exist in obesity.
Understanding these effects is crucial if we aim to modify maladaptive cognitive profiles in
individuals with obesity.
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INTRODUCTION

In order to function efficiently in a dynamic environment, we must be able to resist distractions
while simultaneously being open to update information in response to evolving goals and task
requirements. This tension demands a delicate balance, which is thought to be governed by one
of our core cognitive control systems - our working memory (WM). Computational and
neurophysiological theories propose a metaphorical "gate" that regulates the access to WM
(Badre, 2012; O’Reilly and Frank, 2006). When the gate is closed, WM representations are
isolated from perceptual input and interference is prevented. When the gate is opened, rapid
updating is allowed. Evidence strongly implicates the prefrontal cortex (PFC) in distractor-
resistant maintenance, while updating is thought to be supported by the striatum (Miller and
Cohen, 2001; D’Ardenne et al., 2012; Braver and Cohen, 2000). Importantly, the neurotransmitter
dopamine plays a crucial role in balancing these complementary processes. Within the PFC, tonic
dopamine levels mediate maintenance in an inverted-U-shaped manner: very high and very low
levels promote gate opening, while medium levels promote gate closing (Cools and D'Esposito,
2011). Within the striatum, phasic increases in dopamine are needed to signal WM updating
(Hazy, Frank, and O’Reilly, 2006; D’Ardenne et al., 2012). Importantly, the effectiveness of phasic
rises in dopamine to override PFC tonic signals depends on initial baseline dopamine levels in
the striatum (Cools and D'Esposito, 2011; Schouwenburg, Aarts, & Cools, 2010; Ranganath &
Jacob, 2016). Decreases in tonic dopamine levels in the striatum seem to raise the threshold for
updating signals, thus potentially hindering updating (O’Reilly and Frank, 2006). Supporting this,
worse updating of WM contents can be observed in unmedicated patients with Parkinson's
disease (Fallon et al. 2017), older individuals (Podell et al., 2012), or more generally, in individuals
with lower dopamine synthesis capacity (Colzato et al., 2013). Notably, dominance in one WM
process typically comes at the cost of the other (Dreisbach & Fréber, 2019; Dreisbach et al., 2005;
Fallon and Cools, 2017, 2019a, 2019b). Consequently, an individual's capacity to ignore or update
(inrelevant information may vary according to their baseline dopamine levels (e.g. Cools &
D’Esposito, 2011; Furman et al., 2021, Jongkees, 2020).

Interestingly, the intricate relationship between dopamine levels and working memory
gating might be key in further understanding discrepancies in the literature regarding working
memory functioning in obesity. While many studies show reduced (general) working memory in
obese individuals (e.g., Yang et al., 2020, 2019, 2018; Gonzales et al., 2010; Coppin et al., 2014),
there are others who do not find such associations (e.g., Calvo et al., 2014; Schiff et al., 2016;
Alarcon et al., 2016). Based on the above considerations these inconsistencies may be due to
prior studies not clearly differentiating between distractor-resistant maintenance and updating in
the context of working memory. This distinction may be crucial, however, as indirect evidence
hints at potential specific alteration in these two sub-processes in obesity. For instance, obesity
has been associated with aberrant dopamine transmission, with there being an abundance of
literature linking obesity to changes in D2 receptor availability in the striatum (see e.g. Horstmann
et al., 2015). However, results are not consensual, with studies reporting decreased, increased,
or unchanged D2 receptor availability in obesity (Ribeiro et al., 2023; Janssen & Horstmann, 2022;
see Darcey et al. (2023) for a potential explanation). Additionally, there are reports of differences
in dopamine transporter (DAT) availability in both obese humans (Chen et al., 2008; but also see
Pak et al., 2023) and rodents (Narayanaswami et al., 2013; Jones et al., 2021; Hamamah et al.,
2023). The observed changes in dopamine are often interpreted as being due to chronic
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dopaminergic overstimulation resulting from overeating (Volkow & Wise, 2005; Volkow et al.,
2008) and altered reward sensitivity as a consequence thereof (Blum et al., 1996). Considering
that working memory gating is highly dependent on dopamine signaling, such changes could
theoretically alter the balance between maintenance and updating processes in obesity. Next to
this, obesity has frequently been associated with functional and structural changes in WM gating-
related brain areas, implying another pathway through which working memory gating might get
affected. At the level of the prefrontal cortex (PFC), studies have reported reduced gray matter
volume and compromised white matter microstructure in individuals with obesity (Debette et al.,
2014; Kullmann et al., 2016; Morys et al., 2024; Lv et al., 2024), and functional changes become
evident with frequent reports of decreased activity in the dorsolateral PFC during tasks requiring
cognitive control (e.g., Morys et al., 2018; Xu et al., 2017). Notably, Han et al. (2022) observed
significantly lower spontaneous dIPFC activity during rest, potentially indicating reduced baseline
dIPFC activity in obesity. On the level of the striatum, gray matter volume seems to correlate
positively with measures of obesity (Horstmann et al., 2011), and individuals with obesity show
greater activation of the dorsal striatum in response to high-calorie food stimuli compared to
normal-weight individuals, indicating a stronger dopamine-dependent reward response to food
cues (Stice et al., 2008; Small et al., 2003). Additionally, changes in connectivity between and
within the striatum and PFC in obesity, both structurally (Li et al., 2023) and functionally (Verdejo-
Roman et al., 2017a, 2017b; Contreras-Rodriguez et al., 2017) have been reported. Although
these studies mostly investigate brain function in relation to food and reward processing, changes
in these areas may also impair the ability to adequately engage in working memory gating
processes, as activity in affective (reward) and cognitive fronto-striatal loops immensely overlap
(Janssen et al., 2019). On the behavioral level, individuals with obesity consistently demonstrate
impairments in food-specific (Janssen et al., 2017) but also non-food specific goal-directed
behavioral control (Janssen et al., 2020) and reinforcement learning (Weydmann et al., 2023). It
seems that difficulties with integrating negative feedback may be central to these alterations
(Mathar et al., 2017; Kastner et al., 2017), which could explain a potential insensitivity to the
negative consequences associated with (over) eating. Crucially, in humans, a substantial
contribution to (reward) learning is mediated by working memory processes (Moustafa et al.,
2008; Collins & Frank, 2012, 2018; Collins et al., 2014, 2017; Westbrook et al., 2024). The
observed difficulties in reward learning in obesity may hence partly be rooted in a failure to update
working memory with new reward information, suggesting cognitive issues that extend beyond
mere difficulties in valuation processes. However, empirical support for this interpretation is
currently lacking. A more nuanced understanding of the effects of obesity on working memory is
crucial, however, as it could lead to more targeted intervention options.

In the present study we therefore aim to examine potential obesity-dependent alterations
in working memory gating. To this end, we pooled together data on Body-Mass-Index (BMI; kg/m2)
and a working memory gating task from three different studies conducted in our lab. In light of the
behavioral and neuropharmacological findings discussed above, we hypothesized that individuals
with a high BMI would display worse updating, potentially offset by enhanced distractor-resistant
maintenance.

Given dopamine's central role in WM gating, such behavioral patterns might be driven by
the altered dopamine signaling observed in obesity (as discussed above). However, in addition
to this, inherent predispositions with respect to dopamine signaling have also contribute. In this
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context, several single-nucleotide polymorphisms (SNPs) related to dopamine transmission have
garnered significant attention in recent years. For instance, Catechol-O-methyltransferase
(COMT) Val158Met activity primarily influences dopamine breakdown in the PFC (Tunbridge et
al., 2004; Sesack, Hawrylak, Matus, Guido, & Levey, 1998), and carrying the Met allele of this
SNP is associated with reduced COMT activity, leading to higher synaptic dopamine levels (Bilder
et al., 2004). Consistent with this, individuals with the Met allele tend to perform better on tasks
that require stable maintenance of working memory representations compared to those with the
Val allele (Berryhill et al., 2013; Farrell et al., 2012; Savitz, Solms, & Ramesar, 2006).
Furthermore, the TaqlA polymorphism has been associated with D2 receptor density in the
striatum. A-allele carriers of this polymorphism exhibit lower receptor density and show distinct
performance patterns on tasks involving working memory updating (Pohjalainen et al., 1998;
Jonsson et al., 1999; Eisenstein et al., 2016; Stelzel et al., 2010; Persson et al., 2015; Li et al.,
2019). Interestingly, TaglA and COMT have been demonstrated to interactively affect working
memory functioning (Berryhill et al., 2013; Xu et al., 2007, Reuter et al., 2006, Gracia-Gracia et
al., 2011; Stelzel et al., 2009, Wishart et al., 2011, Persson & Stenfors, 2018). Consequently, we
aim to examine this interactive effect and assess if it varies with BMI. In addition, PPP1R1B and
C957T gene polymorphisms have also been linked to working memory (Hotte et al., 2006; Ma et
al., 2022; Smith, Swift-Scanlan & Boettiger, 2014; Xu et al., 2007; Klaus et al., 2019; Jacobsen et
al., 2006). The PPP1R1B polymorphism (rs907094) codes for Dopamine and cAMP-regulated
neuronal phosphoprotein (DARPP-32) - a protein that potently modulates dopamine D1-
dependent synaptic plasticity in the striatum (Ouimet et al., 1984; Calabresi et al., 2000; Lindskog
et al., 2006; Girault & Nairn, 2021). The C957T (rs6277) polymorphism, on the other hand, is
known to impact dopamine D2 mRNA translation (Duan et al., 2003) and postsynaptic D2 receptor
availability in the striatum (Hirvonen et al., 2005). Both polymorphisms have also been associated
with (diet-induced) weight gain (Sharma & Fulton, 2013; Hu et al., 2006, Miller et al., 2012). Their
effect on BMI-dependent WM gating, however, remains unknown. In order to test the impact of
these four candidate polymorphisms we also added participants’ genetic information to our
analyses. We hypothesized that BMI-dependent distractor-resistant maintenance and/or updating
of working memory representations would be modulated by (1) an interaction of COMT and
TaglA, a main effect of (2) DARPP-32, and/or a main effect of (3) C957T.

In addition to our primary investigations, we further conducted exploratory analyses on a
subsample of our data. Two of the three studies had data available on the ratio of phenylalanine
and tyrosine to other large neutral amino acids. This ratio represents the peripheral dopamine
precursor availability and can be considered a potential proxy for central dopamine synthesis
capacity (Leyton et al., 2004; Montgomery et al., 2003). Existing evidence suggests that this
measure may be linked to WM performance in a diet-dependent manner (Hartmann et al., 2020).
By looking at amino acid ratio and its connection to BMI-dependent WM gating, we sought to
assess the possible influence of dopamine at the system level.
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RESULTS

Sample descriptives

Three participants were excluded from the analyses, as they performed below chance (<50%
correct in all four conditions). One subject was excluded as they reported that they didn’t perform
the task properly during the post-task strategy assessment. The final sample thus consisted of
320 participants. The average age of the sample was 26.93 years (SD = 6.82, min = 12.17, max
= 49.75). There were 166 males. Mean BMI was 26.38 kg/m2 (SD = 6.35, min = 17.51, max =
45.54). Mean 1Q was 105.41 (SD = 10.61, min = 71, max = 122). Data for DFSQ was missing for
5 subjects. Mean DFSQ score was 54.89 (SD = 11.61, min = 33, max = 97). Please refer to Table
1 for a list of full sample characteristics (per study).

TaqlA Genotype Moderates the Association between BMI and Working Memory Updating,
Independent of COMT

As expected, results for model 1 showed a significant main effect of BMI on overall task
performance (X? = 16.80, df = 1, peorrected < 0.001), such that BMI was negatively associated with
accuracy (OR = 0.84, Cl = 0.78 — 0.91, see Figure 2). Against our main hypothesis, however,
there was no difference in this effect between the working memory conditions. The two-way
interaction between BMI and condition was insignificant (X? = 2.66, df = 3, pcorrected > 1), indicating
no evidence for BMI to have different effects across our working memory conditions. We found
significant main effects of 1Q, gender, tiredness, and concentration (all corrected p-values <
0.008). As expected, IQ and concentration were positively associated with task performance
(ORig = 1.24, Clig = 1.14 — 1.35; ORconcentration = 1.30, Clconcentration = 1.20 — 1.41), while tiredness
predicted task performance in a negative manner (OR = 0.87, Cl = 0.80 — 0.95). Males performed
worse than females on the task (OR = 0.86, Cl =0.82 — 0.97). Please refer to Table 2 for the full
model output displaying the original, uncorrected p-values.

When investigating the interactive effects of COMT and TaglA on BMI-dependent WM
gating (model 2), results reveal that the four-way interaction of BMI x condition x COMT x TaqlA
was non-significant (X? = 4.09, df = 6, pcorected > 1). This indicates that the two SNPs did not have
the expected differential effects on WM gating. There were no main effects of COMT (X? = 0.159,
df = 2, peorrected > 1) Or TaglA (X? = 1.13, df = 1, pcorected > 1), and all other two- or three-way
interactions involving COMT were insignificant (all corrected p-values > 0.34). Interestingly,
however, we could observe a significant three-way interaction between TaglA genotype, BMI,
and condition (X2 = 12.40, df = 3, pcorrected = 0.024), indicating that Tag1A genotype might moderate
BMI-dependent effects on working memory gating. Please refer to Table 3 for the full model output
with original, uncorrected p-values.

To further investigate the significant TaglA x condition x BMI interaction, we ran simple
effects analyses, testing the TaqlA-BMI interaction separately for each condition. These analyses
showed that the BMI-genotype interaction was significant in the update condition (p = 0.002), but
not in the other three conditions (all p-values > 0.079), suggesting that the effect was specific to
updating and hence might drive the observed overall three-way interaction (Fig. 3).
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Further post hoc examination of the effects on updating revealed that, the association between
BMI and performance was significant for Al-carriers (95%Cls: -0.488 to -0.190), with 33.9% lower
probability to score correctly per unit change in BMI, but non-significant for non-Al-carriers
(95%Cls: -0.153 t0 0.129; 1.22% lower probability). Interestingly, compared to all other conditions,
in the update condition, the negative association between BMI and task performance was weakest
for non-Al-carriers (estimate = -0.012, SE = 0.072, but strongest for Al-carriers (estimate = -
0.339, SE = 0.076; see Figure 3 and Table S6), emphasizing that genotype impacts this condition
the most. To further check if this difference in slope was statistically significant across conditions,
we stratified the sample into Taq1A subgroups (Al+ vs. Al-) and assessed whether BMI affected
task performance differently across conditions separately for each subgroup. This analysis
revealed no significant difference in the relationship between BMI and task performance across
conditions among Al+ individuals (pemricondiion = 0.219). However, within the Al- subgroup, a
significant interaction effect between BMI and condition emerged (pemicondiion = 0.049).
Collectively, these findings suggest that the absence of the Al-allele is linked to improved task
performance, particularly in the context of updating, where it seems to mitigate the otherwise
negative effects of BMI.

In order to determine whether our results stemmed from mere match/non-match response
biases or from proper ignoring/updating, we conducted a follow-up analysis, investigating the
effects of the probe type presented at the end of each trial. The probe could either be the target
item, a completely novel item, or a distractor item, meaning that the probe was one of the items
that had to be encoded initially, but then be overwritten. Thus, a distractor probe measures the
cognitive challenge of updating in its most exact form, while a target or novel item primarily assay
match/non-match responses. For this analysis, we thus subset our data, including updating trials
only, and re-ran our model augmented with the factor probe type. Results showed a significant
main effect of probe type (X? = 94.11, df = 2, p < 0.001). trials where the probe was a distractor
were the hardest (mean accuracy = 86.44%), followed by target probe trials (mean accuracy =
91.58%), and novel probe trials (94.96%). The three-way interaction between probe type, BMI,
and TaglA genotype was not significant (X2 = 1.645, df = 2, p = 0.439), indicating that the probe
type did not affect the BMI-TaqlA interaction in updating trials. High-BMI A-allele carriers were
worse than non-carriers in all three probe trial types similarly. However, this pattern was most
pronounced in the distractor condition (see Figure 4).

DARPP-32 Genotype Moderates the Association between BMI and Working Memory
updating

Investigation of the effects of DARPP-32 on BMI-dependent working memory gating, revealed a
similar picture to TaqlA. We found a significant 3-way interaction of DARPP-32, BMI, and
condition (X? = 20.21, df = 3, Pcorrected < 0.001), such that DARPP-32 interacted with BMI in the
update condition only (ppostioc = 0.006). For the full model output with original, uncorrected p-
values, please refer to Table 4. Once more, further examination of the observed DARPP-32, BMI,
and condition interaction showed that, in the update condition, the negative association between
BMI and task performance was weakest and non-significant for A/A (estimate = -0.044, SE =
0.066; 95%Cls: -0.174 to 0.086), but strongest and significant for G-carrying individuals (estimate
= -0.324, SE = 0.079; 95%Cls: -0.478 to — 0.170). See Table S7 and Figure 5. Splitting the
sample in to DARPP subgroups (A/A vs. G-carrier) revealed that in both subgroups, there was
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significant interaction effect of BMI and condition on task performance (paa = 0.034, pc-carier =
0.003). In the case of DARPP, it hence appears that carrying the disadvantageous G-allele could
exacerbate the negative effects of BMI, while the more advantageous allele (A/A) might mitigate
them - once again particularly in the context of updating.

To further explore this association, we ran a follow-up analysis, investigating whether the
type of the probe item had an effect. We subset our data, including only updating trials, and re-
ran our model augmented with the factor probe type. Results revealed a significant main effect of
probe type (p < 0.001), and a significant three-way interaction between probe type, BMI, and
DARPP genotype (X?=10.792, df = 2, p = 0.005). Post hoc analyses indicated that this interaction
was driven by a significant DARPP-BMI interaction in distractor (p = 0.046) and target (p = 0.008)
trials, while there was no such interaction in novel trials (p = 0.242; see Figure 6).

No Association of C957T with BMI-dependent Working Memory Gating

Our analysis revealed no significant main effect of the C957T polymorphism (X? = 0.03, df= 1,
Peorrected > 1). All other main effects stayed significant (all corrected p < 0.012), except for the effect
of BMI (X2 = 3.49, df= 1, pcorrected = 0.247). Furthermore, we found no substantial evidence for two-
or three-way interactions involving the C957T polymorphism (all corrected p > 0.186), suggesting
that C957T does not significantly interact with BMI or one of our working memory conditions. See
Table 5 for the full model output. Because the main effect of BMI dissipated when including C957T
in the model, we ran an additional exploratory analysis to check whether this polymorphism
directly related to BMI. Linear regression, predicting BMI by genotype, showed no association
between the two (p = 0.2432), indicating that BMI effect is probably not masked by the presence
of the C957T polymorphism. See Table S8.

BMI-dependent Alterations in Working Memory Gating are Associated with Peripheral
Dopamine Synthesis Capacity
When investigating potential influences of dopamine changes on the system level (model 5), we
found a significant three-way interaction between amino acid ratio, BMI, and condition (X?=10.88,
df = 3, peorected < 0.049). Post hoc simple effects analyses suggested that this interaction seems
to be driven by differential performance specifically in update vs. ignore (X2 =5.57,df=1, p =
0.018). As BMI increases, higher ratios of amino acids promote better performance in updating,
but worse performance in ignoring (see Figure 7, upper panel). All other comparisons (update vs.
control short; ignore vs. control long; control long vs. control short, update vs. control long, ignore
vs. control short) did not yield significant differential relationships between amino acid ratio and
BMI (all p values > 0.168).

The main effects of BMI, condition, and amino acid ratio were insignificant (all pcorrected >
1). The main effect of z-1Q (X?= 11.64, df = 1, pcorrectea = 0.002) and z-concentration (X?= 18.60, df
= 1, peorected < 0.001) were significant, both relating positively to performance (ORiq = 1.28,
ORconcentration = 1.33). The interactions between BMI and condition (X?= 9.80, df = 3, pcorrected =
0.081), and between amino acid ratio and condition (X?= 8.69, df = 3, pPcorrected = 0.135) were not
significant. BMI and amino acid ratio showed no significant two-way interaction (X?= 0.322, df =
1, pcorected > 1). Because there was an extreme BMI data point, we re-ran the model excluding
this data point to check whether the results still hold. The three-way interaction between Amino
Acid Ratio, BMI, and condition became trend-significant (Pcorrected = 0.063, see Table S1 & Figure
S1).
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DISCUSSION

The present investigation sought to evaluate whether obesity might be associated with
impairments in working memory gating. Consistent with previous literature (Yang et al., 2020,
2019, 2018; Gonzales et al., 2010; Coppin et al., 2014, Hartmann et al., 2023) we found evidence
for impairments in overall working memory in individuals with a high BMI. Yet, we could not
observe the expected interaction of BMI and condition, indicating no specific associations
between BMI and WM gating. Interestingly, however, distinct effects of BMI on gating became
apparent when taking into account potential changes in inherent dopamine signaling. Specifically,
TaqlA and DARPP-32 particularly affected performance in the updating condition. Against our
expectation, however, we did not find evidence for an interaction effect of COMT and TaqlA on
BMI-dependent working memory gating, nor did we find any effects of C957T.

Selective BMI-Genotype Effects on Working Memory Updating

Our findings are partially in line with our hypothesis. While we did observe the expected worsening
of updating WM contents in individuals with a high BMI, this effect was not exclusive to updating.
Only when participants - along with BMI - were categorized based on certain putative dopamine-
signaling characteristics, distinct effects on updating became apparent. This finding is compelling
as it demonstrates a rarely observed selective effect.

Notably, it were the TaglA and DARPP-32 SNPs that selectively modulated WM updating
in a BMI-dependent manner. Intriguingly, both of these SNPs are associated with, predominantly,
striatal dopamine signaling (Hemmings & Greengard, 1986, Meyer-Lindenberg et al., 2007,
Gluskin & Mickey, 2016), implying a targeted modulation of processes occurring within the
striatum. Both, the A-allele (TaglA) as well as the G-allele (DARPP-32), have previously been
considered risk alleles for various conditions and behaviors involving maladaptive cognitive
flexibility, such as addiction (Smith et al., 2008; Munafo, Matheson, & Flint, 2007; Deng et al.,
2015), Schizophrenia (Meyer-Lindenberg et al., 2007; Gonzalez-Castro, 2016; Albert et al., 2002),
or impaired reinforcement learning (Frank et al., 2007; Doll et al., 2011). Noteworthy, our data
revealed that differences in updating appeared to be driven by the non-risk allele groups. Despite
increasing BMI, performance remained stable. This pattern suggests that possessing the more
advantageous genotype could potentially mitigate the generally negative effects of a high BMI on
working memory updating. Moreover, in the normal-weight BMI range, carriers of a risk allele (in
both, TaglA and/or DARPP) slightly outperformed their non-risk allele carrying counterparts. This
is especially intriguing as it emphasizes that carrying a "risk-allele” can in fact be advantageous
under certain cognitive demands — a claim that has also been put forward by e.g. Stelzel et al.
(2010).

Finally, the effects of genotype were particularly pronounced in trials where the probe was
a distractor, suggesting that the effect is primarily due to "real" updating, i.e. when initially encoded
items need overwriting, as opposed to simple match/non-match responses (as in novel vs. target
probe items).

Potential Mechanistic Accounts

Mechanistically, our findings are potentially due to differential go/no-go path activation in the basal
ganglia — pathways that are crucially involved in governing working memory gating. In essence,
the D1 pathway modulates the 'go’ signaling responsible for updating, while the D2 pathway
facilitates 'no-go' signaling crucial for distractor-resistant maintenance (Frank & O Reilly, 2006).
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Considering TaglA, evidence points at increased striatal dopamine synthesis and
corresponding increases in striatal BOLD signals in A-carriers compared to non-carriers (Laakso
et al. 2005; Stelzel et al., 2010). These findings suggest that the phasic dopamine signal needed
to trigger “go” (i.e. updating), might be enhanced in A-carriers. This aligns with the idea that A-
carriers, who possess fewer D2 receptors (Thompson et al., 1997; Pohjalainen et al., 1998;
Jonsson et al., 1999), fall more within the ambit of the D1/go-dominant regime (Klein et al., 2007).
Our data support this speculation by revealing slightly better updating performance in A-carriers
in the normal-weight BMI range. However, as BMI increases, the possession of a greater D2
receptor density seems to become advantageous, as evidenced by the lack of a negative
correlation between BMI and updating performance in non-A carriers. We speculate that this
phenomenon could potentially be attributed to the compensating effects of this genotype. While
individuals with fewer D2 receptors (Al+) may have quicker saturation of receptors regardless of
dopamine levels, in those with more D2 receptors (Al-) saturation may be slower. This could
contribute to a more finely tuned balance between "go" and "no-go" signaling, despite potential
alterations in dopamine tone in obesity (Horstmann et al., 2015; but also see Darcey et al., 2023
or Janssen & Horstmann, 2022). Clearly, the current data cannot provide empirical evidence for
these speculations, and further discrete research is needed to establish firm conclusions.

Regarding DARPP, we found that carrying the G-allele significantly exacerbated the
negative effects of BMI, while the more advantageous allele (A/A) mitigated them, once again
particularly in the context of updating. Interestingly, the G-allele has been associated with reduced
striatal D1 efficacy (Meyer-Lindenberg et al., 2007). Moreover, Frank et al. (2007) and Doll et al.
(2011) showed that carrying a G-allele was associated with worse go-learning — a process
requiring activation of the same go-pathway that is likely to be activated during updating of working
memory contents. Similarly, Frank and colleagues (2009) demonstrate that the G-carrier group
compared to the A/A allele group displayed worse approach learning — again a process relying
on go-path activation. However, there were no effects of DARPP on no-go learning (Frank et al.,
2007), which requires D2-mediated no-go path activation. Our results hence broadly align with
the literature and suggest that, particularly, markers of striatal go-signaling modulate BMI-
dependent effects on working memory updating.

Collectively, our observations hint at the potential of advantageous genotypes to moderate
the adverse impacts of high BMI on cognitive functions.

Possible Accounts for the Absence of COMT and C957T Effects

Considering that according to the prevailing models, PFC and striatum interact to foster effective
WM gating (Cools & D'Esposito, 2011), the question arises as to why we could not observe the
expected COMT-TaglA interaction on BMI-dependent working memory gating. We posit several
explanations for the absence of the anticipated interaction.

Firstly, these polymorphisms may indeed exert a limited interactive effect on working
memory gating. In line with this notion, prior findings concerning the interactive effects of COMT
and TaqlA on working memory have yielded contradictory results. For instance, Garcia-Garcia
etal. (2011) and Stelzel et al. (2009) reported patterns of COMT-TaqlA interactions in the context
of working memory updating that were consistent in terms of direction of effect. In contrast,
Wishart et al. (2011) observed an opposing interaction pattern, while Persson & Stenfors (2018)
did not identify any COMT-TaqlA interaction at all. All these studies explored genotype
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interactions using paradigms that either assessed the two memory processes separately (Gracia-
Garcia et al., 2011; Wishart et al., 2011; Persson & Stenfors, 2018) or in a manner that they were
not distinctly discernible (Berryhill et al., 2013). None of them examined the comprehensive
interaction of COMT, TaqlA, and working memory updating vs. ignoring within a single paradigm,
as we did here. Secondly, it has recently been debated whether COMT has a noteworthy effect
on cognition. Some meta-analyses find (small) effects (Barnett et al., 2007), while others don’t
(Geller et al., 2017, Barnett et al., 2008; also see Goldman et al., 2009; Wacker, 2011; and Barnett
et al., 2011 for a discussion on the meta-analysis from Barnett et al., 2008).

Beyond this, the absence of significant effects related to COMT could further be
interpreted as underscoring the selectiveness of our observed effects. COMT effects are
predominantly observed in the PFC (Mier, Kirsch & Meyer-Lindenberg, 2010; Egan et al., 2011,
Kaenmaki et al., 2010) and rather tied to maintenance of working memaory contents (Nolan et al.,
2004; Rosa et al.,, 2010). This lends weight to the interpretation that distractor-resistant
maintenance, or prefrontal processes, remain unaffected by BMI. In a similar vein, also our
findings concerning the C957T polymorphism bolster the selective nature of our findings. Much
like COMT, this polymorphism is presumably more involved in working memory maintenance, that
is, prefrontal-related functioning. Supporting this notion, Xu and colleagues (2007) found an
association between the C957T polymorphism and specifically maintenance of (phonological and
serial) information, but not with other tasks requiring updating. Furthermore, this polymorphism
has also been associated with D2 binding potential in extrastriatal regions (Hirvonen et al., 2009b)
and greater WM-related activity in PFC (Li, Backmann & Persson, 2019). Lastly, the results with
respect to C957T involvement in striatal-dependent cognition are mixed (see e.g. discussion part
in Baker, Stockwell, & Holroyd, 2013), indicating that C957T may not be a good candidate for
influencing striatal-dependent processes.

Selective Modulation of Working Memory Gating: System-Level Dopamine versus Genetic
Profiles

Our BMI-gene findings show a selective modulation of working memory updating, as opposed to
the previously observed trade-off between ignoring and updating (e.g. Fallon and Cools, 2017;
see Cools (2019) for an extensive review). To the best of our knowledge, none of the previous
studies investigating working memory gating in relation to dopamine signaling have found such a
selective modulation. We speculate that this is because previous studies looked at broader
changes in the dopamine system, i.e. by using drug manipulations or comparing Parkinson’s vs.
healthy controls, rather than particular genetic profiles. Such broad “system-level” dopamine
changes may impact both PFC-facilitated distracter resistance and striatal-dependent updating.
This, in turn, might foster the commonly observed inverted-U-shaped relationship between
dopamine and cognition: In cases where baseline dopamine levels are low, a dopamine increase
(for instance, through agonists) would enhance ignoring, albeit at the expense of updating.
Conversely, at medium baseline dopamine levels an increase would lead to impaired ignoring,
potentially benefiting updating (for a more detailed discussion, see Cools and D'Esposito, 2011).
Indeed, we also see this pattern when looking at system-level dopaminergic changes: depending
on BMI, low (or high) peripheral dopamine synthesis capacity (as indicated by blood amino acid
ratios) was associated with worsening of distractor-resistant maintenance, while improving
updating (or vice versa). It should be noted that the sample for our amino acid analyses was much
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smaller (N = 160) than the one used in our SNP analysis (N = 320), and the BMI-range for this
sub-sample was narrower (mean = 23.63, SD = 2.78, min = 18.63, max = 36.42). This was
because only two of the three studies had the data on amino acids available. Interestingly, the
system-level effect of amino acid ratio becomes visible in a healthy- to overweight BMI range,
indicating that already small changes in BMI can promote different dopamine-dependent cognitive
profiles.

Strengths and Limitations

A major strength of this study is that it was the first to probe gene-gene interactions on a direct
working memory maintenance and updating comparison. This is a notable advantage, as previous
studies have usually examined these aspects in separate paradigms, which might have
contributed to the heterogeneous results regarding SNP interaction effects on working memory
(see above). Another main strength of our study is the sizable sample. However, despite this
relatively large size, our sample was still not big enough for systematic and reliable analysis of
multiple gene-gene interactions. This would be of interest however, as possible interactions of all
SNPs presented in this paper have been shown (Zmigrod & Robbins, 2021; Frank & Hutchison,
2009; Smith, Swift-Scanlan & Boettiger, 2014, Xu et al., 2007). Such analyses would require even
larger cohorts, however, as the effect sizes of single SNPs are usually small. We nevertheless
report the outcome of such highly explorative models in our supplements for the purpose of
transparency and to guide future studies. Yet, those results should be interpreted with caution.
Furthermore, an additional limitation is that our data is slightly skewed towards participants within
the normal BMI range. The effective sample size to detect meaningful genotype effects (e.g. for
COMT or C957T) might thus have been too small, particularly at higher BMI levels. Future studies
may address this limitation by recruiting a more balanced sample, including more individuals with
higher BMI. Additionally, the correlational nature of our findings highlights the need for more direct
experimental manipulations of dopaminergic processes in obesity. Previous studies have
established a causal link between dopamine and WM gating through drug manipulations (Fallon
etal., 2017, 2019). Applying a similar approach to an obese sample could help establish a clearer
causal link between dopamine activity and WM gating in the context of obesity. Lastly, the sample
used for this study was very heterogeneous, as it was pooled from three separate studies. The
BMI distribution, for instance, was significantly different depending on gender. BMI was higher in
females. This was because females were overrepresented in the BEDOB study, which had the
largest BMI range (refer to Table 1). Although we ran control analyses to account for this
heterogeneity, we cannot exclude the possibility that certain properties of the data distribution
could have influenced our results.

Overall Conclusions

Overall, our data aligns with previous evidence for working memory impairments in obesity.
However, selective effects of BMI on working memory gating - specifically updating - become
visible only when accounting for genetic markers of striatal dopamine transmission. This level of
specificity adds a new nuance to existing research as it demonstrates condition-specific effects
of BMI on working memory. Previous research, that generally utilized drug manipulations,
consistently demonstrated system-level modulations, leading to a trade-off between ignoring and
updating information. While we also observe this trade-off when examining more comprehensive
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system-level relationships (i.e. blood amino acid ratio), the specificity of our SNP-related findings
to updating sets them apart from previous studies. Our results hence pave the way for new
individualized treatments for obesity, as they highlight the potential of advantageous genotypes
to mitigate the adverse effects of high BMI on cognitive functions that require updating of
information, and suggest that previously documented deficits in reward learning, which partially
rely on information updating, could potentially be targeted more specifically when taking
genotypes into account.
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MATERIALS AND METHODS

Participants

The data used in this study were collected in the scope of three separate pre-registered cross-
sectional studies, which are all part of a larger line of research in the O’Brain Lab: GREADT (see
https://osf.io/w9e5y), BEDOB  (see https://osf.io/fyn6q), and WORMCRI (see
https://osf.io/zdmkx). Prior to participation, participants were screened for a history of clinical drug
or alcohol abuse, neurological or psychiatric disorders, and first-degree relative history of
neurological or psychiatric disorders. Symptoms of depression were assessed via a screening
interview using the Structured Clinical Interview for DSM-IV (SCID, Wittchen 1997; in BEDOB &
WORMCRI) or Beck Depression Inventory (BDI, Beck et al., 1996; in GREADT).

Study Design

All measures relevant to the present study were collected in a comparable manner. In all studies,
participants were first asked to come to the lab for a screening session where in- and exclusion
criteria were checked. Weight and height were measured to calculate BMI. After inclusion, blood
samples were taken from the participants to assess COMT Val**®Met, TaglA, C957T, and
DARPP-32 genotypes. Analysis of these SNPs was performed in the laboratory for ‘Adiposity and
diabetes genetics’ at the Medical Research Center, University Leipzig, Leipzig, Germany. In
WORMCRI and GREADT, we also took serum blood samples in order to extract information on
the amino acid profiles. Participants, therefore, came overnight-fasted for these two studies.
Serum blood samples were analyzed at the “Institut flir Laboratoriumsmedizin, Klinische Chemie
und Molekulare Diagnostik (ILM)” Universitatsklinikum Leipzig, Germany. After the blood draw,
participants did a number of neuropsychological tests among which were the digit span task
(Wechsler, 2008; assessing baseline working memory), and a proxy for IQ (in BEDOB:
“Wortschatztest” (Schmidt & Metzler, 1992; assessing verbal 1Q); in GREADT and WORMCRI:
“Wiener Matrizen Test” (Formann, Waldherr & Piswanger, 2011). After that, participants filled in
several questionnaires, of which the Dietary Fat and free Sugar Questionnaire (DFSQ); Francis &
Stevenson, 2013; Fromm & Horstmann, 2019; assessing eating behavior), was subject to all three
studies. On the second test day, participants completed the working memory task (described
below), either during fMRI (GREADT & BEDOB) or during EEG (WORMCRI). After completion of
the task, all participants were asked to indicate the level of tiredness and concentration they felt
during the task on a 10-point Likert scale. For a more detailed description of each study’s design,
please refer to the respective pre-registration mentioned above.

Working Memory Task

Participants completed a modified version of a delayed match-to-sample task originally designed
by Fallon and Cools (2014). This modified version has already been described in Hartmann et al.
(2023) and Herzog et al. (2023). The task comprises 4 conditions (Fig. 1). In the ignore condition,
testing distractor-resistant maintenance, participants first have to memorize two target stimuli,
signaled by the letter "T" centered in between the two. Next, they are presented with two new
stimuli, this time marked by a centered “N”, indicating non-targets which have to be ignored. After
that, participants are presented with a probe stimulus and have to determine whether one of the
first two target stimuli matches the presented probe. In the update condition, participants are first
shown two target stimuli (centered "T"). After that, they see a new set of target stimuli (again
indicated by a centered "T"). These two new stimuli replace the previously presented stimuli as
the target and thus have to be evaluated for a match when the probe is presented subsequently.
The two control conditions do not have any interference and are matched to the temporal delay
between encoding the to-be-matched targets and probe. The probe is presented for 2000 msec.
The task is separated into four blocks, with each block entailing 8 trails of each condition,
interleaved among all blocks. Each block thus consists of 32 trials. The total number of trials in
the task amounts to 128. Feedback is presented after each of those blocks. Each trial is separated
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by a jittered inter-trial interval ranging from 2000 to 6000 msec. The stimuli are randomly
computer-generated, monochromatic RGB “spirographs”. The primary outcome measure is
accuracy. The total duration of the task is approximately 30 minutes.

Statistical Analyses of Behavioral Data

All behavioral analyses were performed in R in RStudio v4.2.2 (R Core Team, 2015; RStudio
Team, 2016). Given the within-subject design of our study, we used generalized linear mixed
models (GLM) of the ‘/me4’ package to analyze the primary outcome measure of the working
memory task: accuracy. We ran a logistic regression using glmer() with a binomial link function.
We used trial-by-trial information for each subject with binary coded response (0 = incorrect; 1 =
correct). Trials with a reaction time < 200 ms and > 2000 ms were excluded, as those trials can
be considered false alarms and misses, respectively. Trials with a reaction time > 2000 ms were
excluded, as they reflect misses. To first test our main hypothesis that working memory gating is
altered, depending on BMI, we built a trial-based regression model including the interaction of the
within-subject factor condition (ignore vs. update vs. control long vs. control short) and the
continuous between-subject factor BMI. We further probed the influence of several potential
covariates: study (GREADT vs. BEDOB vs. WORMCRI), 1Q, Age, DFSQ, binge-eating
phenotype, tiredness, concentration, and gender. Using the anova() function from the ‘stats’
package, we compared AIC and BIC (Akaike, 1979; Stone, 1979) of the full model against a
simpler version of the model. We found the best-fitting model (lowest AIC and BIC) to include 1Q,
tiredness, concentration, and gender (see supplementary materials). Due to model convergence
problems, the continuous predictors BMI, 1Q, tiredness, and concentration were z-scored.
Furthermore, the model did not converge with a maximal random structure (including the within-
subject factor ‘condition’). The random structure of the model was thus reduced to include the
factor ‘subject’ only, thereby accounting for the repeated measures taken from each subject. The
final model was:

(1) accuracy ~ condition * BMI + 1Q + tiredness + concentration + gender + (1 |subject)

To test how BMI-dependent working memory gating is moderated by the respective dopamine
proxy (SNP or amino acid ratio), we ran 4 additional models, each including the respective
between-subject factor as an additional factor of interest. Model fit was again assessed using AIC
and BIC for each model (see supplementary materials). Again, due to converges, the random
structure of the models included the factor ‘subject’ only. The final models were:

(2) accuracy ~ COMT * TaqlA* condition * BMI + 1Q + tiredness + concentration + gender + (1|subject)
(3) accuracy ~ DARPP * condition * BMI + IQ + tiredness + concentration + gender + (1|subject)
(4) accuracy ~ C957T * condition * BMI + 1Q + tiredness + concentration + gender + (1|subject)
(5) accuracy ~ amino acid ratio * condition * BMI + 1Q + concentration + gender + (1|subject)

As we ran 4 additional models testing similar hypotheses, all main results for these models were
corrected for multiple comparisons using bonferroni correction, i.e. p-values were multiplied by 4.
Model outputs were called using the Anova() function, from the ‘car’ package. Reported odds
ratios (OR) are retrieved from exponentiating the log-odds coefficients called with the summary()
function.


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgements

The authors thank Sylvia Stasch, Miriam Huml, Eva Burmeister, Elena Cesnaite and Lisa Okhof
for helping with recruitment of participants and data collection. Furthermore, we thank Ines Muller
from Peter Kovacs lab at the University of Leipzig for the analyses of our blood samples. Last but
not least, we thank Susan Prejawa for her assistance in study organization and financial
management.

Author contribution statement

NH, LJ and AH designed the studies. NH, LJ, HH, and MW collected the data. NH analyzed the
data. NH drafted the manuscript. Code review was done by HH. HH, AK, LJ, PK, AV, MW, LD,
SF, and AH critically revised and approved the final manuscript.

Conflict of interest statement
No potential conflicts of interest relevant to this article were reported

Data availability statement
Data and scripts used for the analysis will be available at https://github.com/O-BRAIN/WM_SNP
upon publication

Declaration of Generative Al and Al-assisted Technologies in the writing process

During the preparation of this work, the author used ChatGPT to improve readability and
language. After using this tool, the author reviewed and edited the content as needed and takes
full responsibility for the content of the publication


https://github.com/O-BRAIN/WM_SNP
https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

Akaike, H. (1979). A Bayesian extension of the minimum AIC procedure of autoregressive model
fitting. Biometrika, 66(2), 237-242

Albert KA, Hemmings HC Jr, Adamo Al, Potkin SG, et al. (2002). Evidence for decreased DARPP-
32 in the prefrontal cortex of patients with schizophrenia. Arch. Gen. Psychiatry 59: 705-712

Anticevic, A., Repovs, G., Krystal, J. H., & Barch, D. M. (2012). A broken filter: prefrontal functional
connectivity abnormalities in schizophrenia during working memory interference. Schizophrenia
research, 141(1), 8-14.

Badre, D. (2012). Opening the gate to working memory. Proceedings of the national academy of
ofciences, 109(49), 19878-19879. https://www.pnas.org/doi/abs/10.1073/pnas.1216902109

Baker, T. E., Stockwell, T., & Holroyd, C. B. (2013). Constraints on decision making: implications
from genetics, personality, and addiction. Cognitive, Affective, & Behavioral Neuroscience, 13,
417-436

Barnett, J. H., Jones, P. B., Robbins, T. W., & Miiller, U. (2007). Effects of the catechol- O -
methyltransferase Val 158 Met polymorphism on executive function: A meta-analysis of the
Wisconsin Card Sort Test in schizophrenia and healthy controls. Molecular Psychiatry, 12(5),
502-509. https://doi.org/10.1038/sj.mp.4001973

Barnett, J. H., Scaoriels, L., & Munafd, M. R. (2008). Meta-Analysis of the Cognitive Effects of the
Catechol-O-Methyltransferase Gene Val158/108Met Polymorphism. Biological Psychiatry, 64(2),
137-144. https://doi.org/10.1016/j.biopsych.2008.01.005

Barnett, J. H., Scoriels, L., & Munafd, M. R. (2011). Reply to: With Great Power Comes Great
Responsibility: Meta-Analytic Proof for a Timeless Insight. Biological Psychiatry, 69(10), e39.
https://doi.org/10.1016/j.biopsych.2010.11.028

Beck, A. T., Steer, R. A., & Brown, G. K. (1996). Manual for the beck depression inventory-Il. San
Antonio, TX: Psychological Corporation, 1, 82.

Berryhill, M. E., Wiener, M., Stephens, J. A., Lohoff, F. W., & Coslett, H. B. (2013). COMT and
ANKK1-Tag-la genetic polymorphisms influence visual working memory. PLoS One, 8(1), Article
e55862. https://doi.org/10.1371/journal.pone.0055862

Bilder, R. M., Volavka, J., Lachman, H. M., & Grace, A. A. (2004). The catechol-O-
methyltransferase polymorphism: Relations to the tonic—phasic dopamine hypothesis and
neuropsychiatric phenotypes. Neuropsychopharmacology, 29(11), 1943-1961

Blum, K., Sheridan, P. J., Wood, R. C., Braverman, E. R., Chen, T. J. H., phd, J. C., & Comings,
D. E. (1996). The D2 dopamine receptor gene as a determinant of reward deficiency
syndrome. Journal of the Royal Society of Medicine, 89(7), 396-400.


https://www.pnas.org/doi/abs/10.1073/pnas.1216902109
https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Braver, T. S., & Cohen, J. D. (2000). On the control of control: The role of dopamine in regulating
prefrontal function and working memory. Control of cognitive processes: Attention and
performance XVIII, (2000)

Calabresi, P., Gubellini, P., Centonze, D., Picconi, B., Bernardi, G., Chergui, K., & Greengard, P.
(2000). Dopamine and cAMP-regulated phosphoprotein 32 kDa controls both striatal long-term
depression and long-term potentiation, opposing forms of synaptic plasticity. Journal of
Neuroscience, 20(22), 8443-8451

Chatham, C. H., & Badre, D. (2015). Multiple gates on working memory. Current opinion in
behavioral sciences, 1, 23-31

Chen, P. S,, Yang, Y. K., Yeh, T. L., Lee, I. H., Yao, W. J., Chiu, N. T., & Lu, R. B. (2008).
Correlation between body mass index and striatal dopamine transporter availability in healthy
volunteers—a SPECT study. Neuroimage, 40(1), 275-279.

Coallins, A. G., & Frank, M. J. (2012). How much of reinforcement learning is working memory, not
reinforcement learning? A behavioral, computational, and neurogenetic analysis. European
Journal of Neuroscience, 35(7), 1024-1035.

Callins, A. G., Brown, J. K., Gold, J. M., Waltz, J. A., & Frank, M. J. (2014). Working memory
contributions to reinforcement learning impairments in  schizophrenia. Journal of
Neuroscience, 34(41), 13747-13756.

Coallins, A. G., Ciullo, B., Frank, M. J., & Badre, D. (2017). Working memory load strengthens
reward prediction errors. Journal of Neuroscience, 37(16), 4332-4342.

Collins, A. G., & Frank, M. J. (2018). Within-and across-trial dynamics of human EEG reveal
cooperative interplay between reinforcement learning and working memory. Proceedings of the
National Academy of Sciences, 115(10), 2502-2507.

Colzato, L. S., Jongkees, B. J., Sellaro, R., & Hommel, B. (2013). Working memory reloaded:
tyrosine repletes updating in the N-back task. Frontiers in behavioral neuroscience, 7, 200.

Contreras-Rodriguez, O., Martin-Pérez, C., Vilar-Lépez, R., & Verdejo-Garcia, A. (2017). Ventral
and dorsal striatum networks in obesity: link to food craving and weight gain. Biological
psychiatry, 81(9), 789-796.

Cools, R., & D'Esposito, M. (2011). Inverted-U—shaped dopamine actions on human working
memory and cognitive control. Biological psychiatry, 69(12), e113-e125

Cools, R. (2019). Chemistry of the adaptive mind: lessons from dopamine. Neuron, 104(1), 113-
131.

Coppin, G., Nolan-Poupart, S., Jones-Gotman, M., & Small, D. M. (2014). Working memory and
reward association learning impairments in obesity. Neuropsychologia, 65, 146-155.


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Darcey, V. L., Guo, J., Chi, M., Chung, S. T., Courville, A. B., Gallagher, I., & Hall, K. D. (2023).
Striatal dopamine tone is positively associated with body mass index in humans as determined
by PET using dual dopamine type-2 receptor antagonist tracers. medRxiv.

D’Ardenne, K., Eshel, N., Luka, J., Lenartowicz, A., Nystrom, L. E., & Cohen, J. D. (2012). Role
of prefrontal cortex and midbrain dopamine system in working memory updating. Proceedings of
the National Academy of Sciences, 109(49), 19900-19909.

Deng, X. D., Jiang, H., Ma, Y., Gao, Q., Zhang, B., Mu, B., & Liu, Y. (2015). Association between
DRD2/ANKK1 TaglA polymorphism and common illicit drug dependence: Evidence from a meta-
analysis. Human Immunology, 76(1), 42-51

Doll, B. B., Hutchison, K. E., & Frank, M. J. (2011). Dopaminergic genes predict individual
differences in susceptibility to confirmation bias. Journal of Neuroscience, 31(16), 6188-6198

Duan, J., Wainwright, M. S., Comeron, J. M., Saitou, N., Sanders, A. R., Gelernter, J., & Gejman,
P. V. (2003). Synonymous mutations in the human dopamine receptor D2 (DRD2) affect mMRNA
stability and synthesis of the receptor. Human molecular genetics, 12(3), 205-216.

Durstewitz, D., & Seamans, J. K. (2008). The dual-state theory of prefrontal cortex dopamine
function with relevance to catechol-o-methyltransferase genotypes and schizophrenia. Biological
psychiatry, 64(9), 739-749.

Egan, M. F., Goldberg, T. E., Kolachana, B. S., Callicott, J. H., Mazzanti, C. M., Straub, R. E., &
Weinberger, D. R. (2001). Effect of COMT Val108/158 Met genotype on frontal lobe function and
risk for schizophrenia. Proceedings of the National Academy of Sciences, 98(12), 6917-6922.

Eisenstein, S. A, Bogdan, R., Love-Gregory, L., Corral-Frias, N. S., Koller, J. M., Black, K. J., et
al. (2016). Prediction of striatal D2 receptor binding by DRD2/ANKK1 TaglA allele status. Synapse
(New York, N.Y.), 70(10), 418. https://doi.org/10.1002/ SYN.21916

Fallon, S. J., Mattiesing, R. M., Muhammed, K., Manohar, S., & Husain, M. (2017). Fractionating
the neurocognitive mechanisms underlying working memory: Independent effects of dopamine
and Parkinson’s disease. Cerebral Cortex, 27(12), 5727-5738.

Formann, A. K., Waldherr, K., & Piswanger, K. (2011). Wiener Matrizen-Test 2 (WMT-2): Ein
Rasch-Skalierter Sprachfreier Kurztest zur Erfassung der Intelligenz [Viennese Matrices Test 2
(WMT-2): A Rapid-Scaled, Language-Free Short-Circuit Test for the Assesment of Intelligence].
Gottingen: Hogrefe.

Francis, H., & Stevenson, R. (2013). Validity and test-retest reliability of a short dietary
guestionnaire to assess intake of saturated fat and free sugars: a preliminary study. Journal of
Human Nutrition and Dietetics, 26(3), 234—242. https://doi.org/10.1111/jhn.12008


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Frank, M. J., & O'Reilly, R. C. (2006). A mechanistic account of striatal dopamine function in
human cognition: psychopharmacological studies with cabergoline and haloperidol. Behavioral
neuroscience, 120(3), 497.

Frank, M. J., Moustafa, A. A., Haughey, H. M., Curran, T., & Hutchison, K. E. (2007). Genetic
triple dissociation reveals multiple roles for dopamine in reinforcement learning. Proceedings of
the National Academy of Sciences, 104(41), 16311-16316.

Frank, M. J., & Hutchison, K. (2009). Genetic contributions to avoidance-based decisions: striatal
D2 receptor polymorphisms. Neuroscience, 164(1), 131-140

Fromm, S. P., & Horstmann, A. (2019). Psychometric Evaluation of the German Version of the
Dietary Fat and Free  Sugar-Short  Questionnaire.  Obesity Facts, 1-11.
https://doi.org/10.1159/000501969

Furman, D.J., Zhang, Z., Chatham, C.H., Good, M., Badre, D., Hsu, M., Kayser, A.S. (2021)
Augmenting Frontal Dopamine Tone Enhances Maintenance over Gating Processes in Working
Memory. J Cogn Neurosci;33(9):1753-1765. doi: 10.1162/jocn_a_01641. PMID: 33054556;
PMCID: PMC8647935.

Garcia-Garcia, M., Barcelo, F., Clemente, I. C., & Escera, C. (2011). COMT and ANKK1 gene—
gene interaction modulates contextual updating of mental representations. Neuroimage, 56(3),
1641-1647.

Geller, S., Wilhelm, O., Wacker, J., Hamm, A., & Hildebrandt, A. (2017). Associations of the
COMT Vall58Met polymorphism with working memory and intelligence—A review and meta-
analysis. Intelligence, 65, 75-92.

Girault, J. A., & Nairn, A. C. (2021). DARPP-32 40 years later. Advances in Pharmacology, 90,
67-87.

Gluskin, B. S., & Mickey, B. J. (2016). Genetic variation and dopamine D2 receptor availability: a
systematic review and meta-analysis of human in vivo molecular imaging studies. Translational
psychiatry, 6(3), e747-e747

Goldman, D., Weinberger, D. R., Malhotra, A. K., & Goldberg, T. E. (2009). The Role of COMT
Vall58Met in Cognition. Biological Psychiatry, 65(1), el-e2.
https://doi.org/10.1016/j.biopsych.2008.07.032

Gonzales, M. M., Tarumi, T., Miles, S. C., Tanaka, H., Shah, F., & Haley, A. P. (2010). Insulin
sensitivity as a mediator of the relationship between BMI and working memory-related brain
activation. Obesity, 18(11), 2131-2137.

Gonzalez-Castro, T. B., Hernandez-Diaz, Y., Judrez-Rojop, I. E., Lopez-Narvédez, M. L., Tovilla-
Zarate, C. A., Genis-Mendoza, A., & Alpuin-Reyes, M. (2016). The role of C957T, Taqgl and


https://doi.org/10.1016/j.biopsych.2008.07.032
https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Ser311Cys polymorphisms of the DRD2 gene in schizophrenia: systematic review and meta-
analysis. Behavioral and Brain Functions, 12(1), 1-14

Hamamah, S., Hajnal, A.,, & Covasa, M. (2023). Reduced Striatal Dopamine Transporter
Availability and Heightened Response to Natural and Pharmacological Stimulation in CCK-1R-
Deficient Obese Rats. International journal of molecular sciences, 24(11), 9773.

Han, X. D., Zhang, H. W., Xu, T., Liu, L., Cai, H. T., Liu, Z. Q., & Yuan, T. F. (2022). How
impulsiveness influences obesity: the mediating effect of resting-state brain activity in the
dIPFC. Frontiers in Psychiatry, 13, 873953.

Hartmann, H., Pauli, L. K., Janssen, L. K., Huhn, S., Ceglarek, U., & Horstmann, A. (2020).
Preliminary evidence for an association between intake of high-fat high-sugar diet, variations in
peripheral dopamine precursor availability and dopamine-dependent cognition in humans.
Journal of Neuroendocrinology, 32(12), e12917.

Hartmann, H., Janssen, L. K., Herzog, N., Morys, F., Fangstrom, D., Fallon, S. J., & Horstmann,
A. (2023). Self-reported intake of high-fat and high-sugar diet is not associated with cognitive
stability and flexibility in healthy men. Appetite, 183, 106477.

Hazy, T. E., Frank, M. J., & O’'Reilly, R. C. (2006). Banishing the homunculus: making working
memory work. Neuroscience, 139(1), 105-118

Hemmings, H. C. Jr., and Greengard, P. (1986). DARPP-32, a dopamine- and adenosine 3"5'-
monophosphate- regulated phosphoprotein: regional, tissue, and phylogenetic distribution. J.
Neurosci. 6, 1469-1481.

Herzog, N. D., Hartmann, H., Janssen, L., Waltmann, M., Deserno, L., Fallon, S. J., & Horstmann,
A. (2023). Working Memory Gating in Obesity: Insights from a Case-Control fMRI Study. medRXxiv,
2023-009.

Hilbert, S., Nakagawa, T. T., Puci, P., Zech, A., & Blihner, M. (2014). The Digit Span Backwards
Task. Http://Dx.Doi.Org/10.1027/1015-5759/A000223. https://doi.org/10.1027/1015-
5759/A000223

Hirvonen, M., Lumme, V., Hirvonen, J., Pesonen, U., Nagren, K., Vahlberg, T. (2009). C957T
polymorphism of the human dopamine D2 receptor gene predicts extrastriatal dopamine receptor
availability in vivo, Prog. Neuropsychopharmacol. Biol. Psychiatry 33 (4) 630-636,
https://doi.org/10.1016/j.pnpbp.2009.02.021

Hirvonen, M., Laakso, A., Nagren, K. et al. Erratum: C957T polymorphism of the dopamine D2
receptor (DRD2) gene affects striatal DRD2 availability in vivo. Mol Psychiatry 10, 889 (2005).
https://doi.org/10.1038/sj.mp.4001707

Horstmann, A., Fenske, W. K., & Hankir, M. K. (2015). Argument for a non-linear relationship
between severity of human obesity and dopaminergic tone. Obesity Reviews, 16(10), 821-830


https://doi.org/10.1038/sj.mp.4001707
https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Hotte, M., Thuault, S., Lachaise, F., Dineley, K. T., Hemmings, H. C., Nairn, A. C., & Jay, T. M.
(2006). D1 receptor modulation of memory retrieval performance is associated with changes in
pCREB and pDARPP-32 in rat prefrontal cortex. Behavioural brain research, 171(1), 127-133.

Hu, J., Redden, D. T., Berrettini, W. H., Shields, P. G., Restine, S. L., Pinto, A., & Allison, D. B.
(2006). No evidence for a major role of polymorphisms during bupropion treatment. Obesity,
14(11), 1863-1867

Jacobsen, L. K., Pugh, K. R., Mencl, W. E., & Gelernter, J. (2006). C957T polymorphism of the
dopamine D2 receptor gene modulates the effect of nicotine on working memory performance
and cortical processing efficiency. Psychopharmacology, 188, 530-540.

Janssen, L. K., Duif, 1., van Loon, |., Wegman, J., de Vries, J. H., Cools, R., & Aarts, E. (2017).
Loss of lateral prefrontal cortex control in food-directed attention and goal-directed food choice
in obesity. Neuroimage, 146, 148-156.

Janssen, L. K., Mahner, F. P., Schlagenhauf, F., Deserno, L., & Horstmann, A. (2020). Reliance
on model-based and model-free control in obesity. Scientific reports, 10(1), 22433.

Janssen, L. K., & Horstmann, A. (2022). Molecular imaging of central dopamine in obesity: A
gualitative review across substrates and radiotracers. Brain sciences, 12(4), 486.

Jones, S. R., & Fordahl, S. C. (2021). Bingeing on High-Fat Food Enhances Evoked Dopamine
Release and Reduces Dopamine Uptake in the Nucleus Accumbens. Obesity, 29(4), 721-730.

Jongkees, B. J. (2020). Baseline-dependent effect of dopamine’s precursor L-tyrosine on working
memory gating but not updating. Cognitive, Affective, & Behavioral Neuroscience, 20(3), 521-535

Jonsson, E. G., Nothen, M. M., Griinhage, F., Farde, L., Nakashima, Y., Propping, P., et al.
(1999). Polymorphisms in the dopamine D2 receptor gene and their relationships to striatal
dopamine receptor density of healthy volunteers. Molecular Psychiatry, 4(3), 290-296.
http://mwww.ncbi.nim.nih.gov/pubmed/10395223.

Kéaenmaki, M., Tammimaki, A., Mydhanen, T., Pakarinen, K., Amberg, C., Karayiorgou, M., &
Mannisto, P. T. (2010). Quantitative role of COMT in dopamine clearance in the prefrontal cortex
of freely moving mice. Journal of neurochemistry, 114(6), 1745-1755.

Kastner L, Kube J, Villringer A, Neumann J. Cardiac concomitants of feedback and prediction
error processing in reinforcement learning. Front Neurosci. 2017; 11:598.

Klaus, K., Butler, K., Curtis, F., Bridle, C., & Pennington, K. (2019). The effect of ANKK1 TaglA
and DRD2 C957T polymorphisms on executive function: a systematic review and meta-analysis.
Neuroscience & Biobehavioral Reviews, 100, 224-236.

Klein, T. A., Neumann, J., Reuter, M., Hennig, J., von Cramon, D. Y., & Ullsperger, M. (2007).
Genetically determined differences in learning from errors. Science, 318(5856), 1642-1645


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Laakso, A., Pohjalainen, T., Bergman, J., Kajander, J., Haaparanta, M., Solin, O., & Hietala, J.
(2005). The Al allele of the human D2 dopamine receptor gene is associated with increased
activity of striatal L-amino acid decarboxylase in healthy subjects. Pharmacogenetics and
genomics, 15(6), 387-391.

Li, X., Backman, L., & Persson, J. (2019). The relationship of age and DRD2 polymorphisms to
frontostriatal brain activity and working memory performance. Neurobiology of Aging, 84, 189-
199.

Li, G., Hu, Y., Zhang, W., Wang, J., Ji, W., Manza, P., & Wang, G. J. (2023). Brain functional and
structural magnetic resonance imaging of obesity and weight loss interventions. Molecular
psychiatry, 28(4), 1466-1479.

Lindskog, M., Kim, M., Wikstrom, M. A., Blackwell, K. T., & Kotaleski, J. H. (2006). Transient
calcium and dopamine increase PKA activity and DARPP-32 phosphorylation. PLoS
computational biology, 2(9), e119.

Lv, H., Zeng, N., Li, M., Sun, J., Wu, N., Xu, M., & Wang, Z. (2024). Association between body
mass index and brain health in adults: a 16-year population-based cohort and mendelian
randomization study. Health Data Science, 4, 0087.

Ma, H., Qiu, R., Zhang, W., Chen, X., Zhang, L., & Wang, M. (2022). Association of PPP1R1B
polymorphisms with working memory in healthy Han Chinese adults. Frontiers in Neuroscience,
16, 989046.

Mathar, D., Neumann, J., Villringer, A., & Horstmann, A. (2017). Failing to learn from negative
prediction errors: Obesity is associated with alterations in a fundamental neural learning
mechanism. Cortex, 95, 222-237

Meyer-Lindenberg, A., Straub, R. E., Lipska, B. K., Verchinski, B. A., Goldberg, T., Callicott, J. H.,
& Weinberger, D. R. (2007). Genetic evidence implicating DARPP-32 in human frontostriatal
structure, function, and cognition. The Journal of clinical investigation, 117(3), 672-682

Mier, D., Kirsch, P., & Meyer-Lindenberg, A. (2010). Neural substrates of pleiotropic action of
genetic variation in COMT: a meta-analysis. Molecular psychiatry, 15(9), 918-927.

Miller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal cortex function. Annual
review of neuroscience, 24(1), 167-202.

Morys, F., Tremblay, C., Rahayel, S., Hansen, J. Y., Dai, A., Misic, B., & Dagher, A. (2024). Neural
correlates of obesity across the lifespan. Communications Biology, 7(1), 656.

Moustafa, A. A., Sherman, S. J., & Frank, M. J. (2008). A dopaminergic basis for working memory,
learning and attentional shifting in Parkinsonism. Neuropsychologia, 46(13), 3144-3156.


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Munafo, M. R., Matheson, I. J., & Flint, J. (2007). Association of the DRD2 gene TaqlA
polymorphism and alcoholism: a meta-analysis of case—control studies and evidence of
publication bias. Molecular psychiatry, 12(5), 454-461

Muller, D. J., Zai, C. C., Sicard, M., Remington, E., Souza, R. P., Tiwari, A. K., & Kennedy, J. L.
(2012). Systematic analysis of dopamine receptor genes (DRD1-DRD5) in antipsychotic-induced
weight gain. The pharmacogenomics journal, 12(2), 156-164.

Narayanaswami, V., Thompson, A. C., Cassis, L. A., Bardo, M. T., & Dwoskin, L. P. (2013). Diet-
induced obesity: dopamine transporter function, impulsivity and motivation. International journal
of obesity, 37(8), 1095-1103.

Nolan, K. A., Bilder, R. M., Lachman, H. M., & Volavka, J. (2004). Catechol O-methyltransferase
Vall158Met polymorphism in schizophrenia: differential effects of Val and Met alleles on cognitive
stability and flexibility. American Journal of Psychiatry, 161(2), 359-361

O'Reilly, R. C., & Frank, M. J. (2006). Making working memory work: a computational model of
learning in the prefrontal cortex and basal ganglia. Neural computation, 18(2), 283-328

Pak, K., Seok, J. W., Lee, M. J., Kim, K., & Kim, I|. J. (2023). Dopamine receptor and dopamine
transporter in obesity: A meta-analysis. Synapse, 77(1), e22254.

Persson, J., & Stenfors, C. (2018). Superior cognitive goal maintenance in carriers of genetic
markers linked to reduced striatal D2 receptor density (C957T and DRD2/ANKK1-TaglA). PLoS
One, 13(8), e0201837.

Podell, J. E., Sambataro, F., Murty, V. P., Emery, M. R., Tong, Y., Das, S., & Mattay, V. S. (2012).
Neurophysiological correlates of age-related changes in working memory updating. Neuroimage,
62(3), 2151-2160.

Pohjalainen, T., Rinne, J. O., Nagren, K., Syv" alahti, E., & Hietala, J. (1998). Sex differences in
the striatal dopamine D2receptor binding characteristics in vivo. American Journal of Psychiatry,
155(6), 768—773. https://doi.org/10.1176/ ajp.155.6.768

Ouimet, C. C., Miller, P. E., Hemmings, H. C., Walaas, S. |., & Greengard, P. (1984). DARPP-32,
a dopamine-and adenosine 3': 5'-monophosphate-regulated phosphoprotein enriched in
dopamine-innervated brain regions. Ill. Immunocytochemical localization. Journal of
Neuroscience, 4(1), 111-124

Rac-Lubashevsky, R., & Frank, M. J. (2021). Analogous computations in working memory input,
output and motor gating: Electrophysiological and computational modeling evidence. PL0S
computational biology, 17(6), e1008971.

Ranganath, A., & Jacob, S. N. (2016). Doping the mind: dopaminergic modulation of prefrontal
cortical cognition. The Neuroscientist, 22(6), 593-603


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Ribeiro, G., Maia, A., Cotovio, G., Oliveira, F. P., Costa, D. C., & Oliveira-Maia, A. J. (2023).
Striatal dopamine D2-like receptors availability in obesity and its modulation by bariatric surgery:
A systematic review and meta-analysis. Scientific Reports, 13(1), 4959.

Rosa, E. C., Dickinson, D., Apud, J., Weinberger, D. R., & Elvevag, B. (2010). COMT Val158Met
polymorphism,  cognitive  stability @ and  cognitive flexibility: an  experimental
examination. Behavioral and brain functions, 6(1), 1-6.

Schmidt, K.-H., & Metzler, P. (1992). Wortschatztest: WST. Beltz.

Sesack, S. R., Hawrylak, V. A., Matus, C., Guido, M. A., & Levey, A. |. (1998). Dopamine axon
varicosities in the prelimbic division of the rat prefrontal cortex exhibit sparse immunoreactivity for
the dopamine transporter. Journal of Neuroscience, 18(7), 2697-2708.

Sharma, S., & Fulton, S. (2013). Diet-induced obesity promotes depressive-like behaviour that is
associated with neural adaptations in brain reward circuitry. International journal of obesity, 37(3),
382-389.

Small, D. M., Jones-Gotman, M., & Dagher, A. (2003). Feeding-induced dopamine release in
dorsal striatum correlates with meal pleasantness ratings in healthy human
volunteers. Neuroimage, 19(4), 1709-1715.

Smith, L., Watson, M., Gates, S., Ball, D., & Foxcroft, D. (2008). Meta-analysis of the association
of the TaglA polymorphism with the risk of alcohol dependency: a HUGE gene-disease
association review. American journal of epidemiology, 167(2), 125-138

Smith, C. T., Swift-Scanlan, T., & Boettiger, C. A. (2014). Genetic polymorphisms regulating
dopamine signaling in the frontal cortex interact to affect target detection under high working
memory load. Journal of cognitive neuroscience, 26(2), 395-407.

Stelzel, C., Basten, U., Montag, C., Reuter, M., & Fiebach, C. J. (2009). Effects of dopamine-
related gene—gene interactions on working memory component processes. European Journal of
Neuroscience, 29(5), 1056-1063

Stelzel, C., Basten, U., Montag, C., Reuter, M., & Fiebach, C. J. (2010). Frontostriatal involvement
in task switching depends on genetic differences in D2 receptor density. Journal of Neuroscience,
30(42), 14205-14212.

Stice, E., Spoor, S., Bohon, C., Veldhuizen, M. G., & Small, D. M. (2008). Relation of reward from
food intake and anticipated food intake to obesity: a functional magnetic resonance imaging
study. Journal of abnormal psychology, 117(4), 924.

Stone, M. (1979). Comments on model selection criteria of Akaike and Schwarz. Journal of the
Royal Statistical Society. Series B (Methodological), 276-278


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Thompson, J., Thomas, N., Singleton, A., Piggot, M., Lloyd, S., Perry, E. K., & Ferrier, I. N. (1997).
D2 dopamine receptor gene (DRD2) Tagl A polymorphism: reduced dopamine D2 receptor
binding in the human striatum associated with the Al allele. Pharmacogenetics and
Genomics, 7(6), 479-484

Tunbridge, E. M., Bannerman, D. M., Sharp, T., & Harrison, P. (2004). Catechol-o-
methyltransferase inhibition improves set-shifting performance and elevates stimulated dopamine
release in the rat prefrontal cortex. Journal of Neuroscience, 24(23), 5331-5335

van Schouwenburg, M., Aarts, E., & Cools, R. (2010). Dopaminergic modulation of cognitive
control: distinct roles for the prefrontal cortex and the basal ganglia. Current pharmaceutical
design, 16(18), 2026-2032.

Verdejo-Roman, J., Fornito, A., Soriano-Mas, C., Vilar-Lopez, R., & Verdejo-Garcia, A. (2017a).
Independent functional connectivity networks underpin food and monetary reward sensitivity in
excess weight. Neuroimage, 146, 293-300.

Verdejo-Roman, J., Vilar-Lopez, R., Navas, J. F., Soriano-Mas, C., & Verdejo-Garcia, A. (2017b).
Brain reward system's alterations in response to food and monetary stimuli in overweight and
obese individuals. Human Brain Mapping, 38(2), 666-677.

Volkow, N. D., & Wise, R. A. (2005). How can drug addiction help us understand
obesity? Nature neuroscience, 8(5), 555-560.

Volkow, N. D., Wang, G. J., Fowler, J. S., & Telang, F. (2008). Overlapping neuronal circuits in
addiction and obesity: evidence of systems pathology. Philosophical Transactions of the Royal
Society B: Biological Sciences, 363(1507), 3191-3200.

Volkow, N. D., Wang, G. J., Fowler, J. S., Tomasi, D., & Baler, R. (2012). Food and drug reward:
overlapping circuits in human obesity and addiction. Brain imaging in behavioral neuroscience, 1-
24.

Wacker, J. (2011). With great power comes great responsibility: Meta-analytic proof for a timeless
insight. Biological Psychiatry, 69(10), e37

Wang, G. J., Volkow, N. D., Logan, J., Pappas, N. R., Wong, C. T., Zhu, W., & Fowler, J. S.
(2001). Brain dopamine and obesity. The Lancet, 357(9253), 354-357.

Wechsler, D. (2008). Wechsler adult intelligence scale—Fourth Edition (WAIS-IV). San Antonio,
TX: NCS Pearson, 22(498), 1.

Westbrook, A., van den Bosch, R., Hofmans, L., Papadopetraki, D., Maatta, J. I., Collins, A. G.
E., & Cools, R. (2024). Striatal Dopamine Can Enhance Learning, Both Fast and Slow, and Also
Make it Cheaper. bioRxiv, 2024-02.


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

Weydmann, G., Miguel, P. M., Hakim, N., Dube, L., Silveira, P. P., & Bizarro, L. (2023). How are
overweight and obesity associated with reinforcement learning deficits? A systematic
review. Appetite, 107123.

Wittchen, H.-U. Strukturiertes klinisches Interview fir DSM-IV: SKID. Achse I: Psychische
Stérungen: Interviewheft und Beurteilungsheft; eine deutschsprachige, erweiterte Bearbeitung
der amerikanischen Originalversion des SCID-I. (Hogrefe, Verlag fir Psychologie, 1997).

Xu, H., Kellendonk, C. B., Simpson, E. H., Keilp, J. G., Bruder, G. E., Polan, H. J., & Gilliam, T.
C. (2007). DRD2 C957T polymorphism interacts with the COMT Vall58Met polymorphism in
human working memory ability. Schizophrenia research, 90(1-3), 104-107.

Xu, X., Deng, Z. Y., Huang, Q., Zhang, W. X., Qi, C. Z., & Huang, J. A. (2017). Prefrontal cortex-
mediated executive function as assessed by Stroop task performance associates with weight loss
among overweight and obese adolescents and young adults. Behavioural brain research, 321,
240-248.

Yang, Y., Shields, G. S., Guo, C., & Liu, Y. (2018). Executive function performance in obesity and
overweight individuals: A meta-analysis and review. Neuroscience & Biobehavioral Reviews, 84,
225-244

Yang, Y., Shields, G. S., Wu, Q., Liu, Y., & Guo, C. (2019). Obesity is associated with poor working
memory in women, not men: Findings from a nationally representative dataset of US adults.
Eating behaviors, 35, 101338.

Yang, Y., Shields, G. S., Wu, Q., Liu, Y., Chen, H., & Guo, C. (2020). The association between
obesity and lower working memory is mediated by inflammation: Findings from a nationally
representative dataset of US adults. Brain, Behavior, and Immunity, 84, 173-179.

Zmigrod, L., & Robbins, T. W. (2021). Dopamine, Cognitive Flexibility, and |Q: Epistatic Catechol-
O-MethylTransferase: DRD2 Gene-Gene Interactions Modulate Mental Rigidity. Journal of
Cognitive Neuroscience, 34(1), 153-179.


https://doi.org/10.1101/2023.11.03.565528
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.03.565528; this version posted July 23, 2024. The copyright holder for this preprint (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 made
available under aCC-BY-NC-ND 4.0 International license.

FIGURES AND TABLES

Task condition Encoding Phase Interference Phase Probe
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Figure 1. Schematic illustration of the task structure and experimental conditions. The task consists of three task
phases. In the encoding phase, participants have to remember two target stimuli (signaled by the letter “T”), or are
presented with a centered cross (short control trials). In the interference phase, participants either have to ignore two
non-target stimuli (ignore trials; signaled by the letter “N”) or allow two new stimuli (again marked by a “T”) to replace
the previously remembered target stimuli (update trials). No-interference trials (short and long control) do not require
any manipulations in the interference phase. At the end of each trial, participants evaluate whether a presented figure
was a target figure or not. Figure reused from Hartmann et al. (2023) with permission.

Table 1. Sample Characteristics

project all ‘ BEDOB ‘ GREADT ‘ WORMCRI
(m,e\lee) 320 (166) 156 (43) 86 (86) 78 (37)
mean min  max mean min max mean min max mean min max
(sd) (sd) (sd) _(sd)
26.38 29.172 24.025 23.217
BMI (6.35) 17.51 45.54 (7.695) 17.51 4554 (2.799) 18.632 36.419 (2.735) 18.929 29.888
105.41 101.575 109.151 107.731
1Q (10.61) 71 122 (11.979) 71 122 (7.249) 91 118 (10.416) 74 118
26.93 26.879 26.756 26.799
Age (6.82) 12.17 49.75 (8.907) 12.167 49.75 (4.474) 18 40 (3.859) 20.106 36.290
DES 54.89 33 97 55.839 35 91 57.046 33 97 50.584 34 71

(11.61) (10.163) (15.107) (8.546)
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Figure 2. Main effect of BMI on working memory performance (model 1). Increasing BMI was associated with worse
performance (Pcorrected < 0.001, OR = 0.84). This trend was similar for all four conditions, as there was no interaction
between BMI and condition (pcorrected > 1). Shaded areas represent the 95% confidence intervals.

Table 2. Full output model 1 with uncorrected p-values.

Chisq Df Pr(>Chisq)
(Intercept) 3623.78 1 <0.001
condition 282.00 3 <.001
zBMI 16.80 1 <.001
zIQ 25.10 1 <.001
Gender 10.50 1 0.001
ZWM _tired 36.00 1 <.001
zWM_conc 9.19 1 0.002
condition:zBMI 2.66 3 0.447

N =320
Marginal R? / Conditional R? = 0.069 / 0.172
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Figure 3. Interaction of TaqlA genotype, BMI, and condition on working memory performance (model 2). The two-way
interaction of Tag1lA and BMI was significant in the update condition only (p = 0.002). In this condition, carrying the A-
allele led to a decrease in performance with each increasing unit of BMI (33.9%; SE = 7.58), while there was only -
1.22% (SE = 7.21%) change in non-carriers. Shaded areas represent the 95% confidence intervals.

Table 3. Full output model 2 with uncorrected p-values.

Chisq Df Pr(>Chisq)
(Intercept) 3228.77 1 <0.001
condition 212.81 3 <.001
COMT 0.16 2 0.923
TaqlA 1.13 1 0.288
zBMI 22.15 1 <.001
zIQ 24.09 1 <.001
Gender 7.53 1 0.006
zZWM_tired 12.39 1 <.001
zWM_conc 30.80 1 <.001
condition:COMT 10.30 6 0.113
condition:TaglA 4.69 3 0.196
COMT:TaglA 2.47 2 0.291
condition:zBMI 3.49 3 0.322
COMT:zBMI 0.86 2 0.650
TaqlA:zBMI 2.98 1 0.085
condition:COMT:TaqlA 2.09 6 0.911
condition:COMT:zBMI 6.29 6 0.391
condition:TaqlA:zBMI 12.40 3 0.006
COMT:TaqlA:zBMI 3.68 2 0.159
condition:COMT:Taq1A:zBMI 4.09 6 0.665

N =318
Marginal R? / Conditional R? = 0.076 / 0.173
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Figure 4. Interaction of TaglA genotype, BMI, and probe type in updating trials only. There was no significant three-
way interaction between probe type, BMI and TaqlA (p = 0.439). The BMI - Taq1A interaction was in a similar direction
in all trials. There was a significant main effect of probe type (p < 0.001). Trials where the probe was a distractor had
lowest probability to be correct. Shaded areas represent the 95% confidence intervals.
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Figure 5. Interaction of DARPP-32, BMI, and condition on working memory performance (model 3). The two-way
interaction of DARPP-32 and BMI was significant in the update condition only (p = 0.006). In this condition, carrying the
G-allele led to a decrease in performance with each increasing unit of BMI (32.4%; SE = 7.86), while there was only -
4.39% (SE = 6.61) change in A/A homozygots. Shaded areas represent the 95% confidence intervals.

Table 4. Full output final model 3 with uncorrected p-values.

Chisq Df Pr(>Chisq)
(Intercept) 3511.81 1 <.001
DARPP 0.03 1 0.853
zBMI 17.18 1 <.001
condition 274.62 3 <.001
zIQ 25.10 1 <.001
zWM_conc 35.27 1 <.001
ZWM _tired 10.52 1 0.001
Gender 9.17 1 0.002
DARPP:zBMI 0.18 1 0.668
DARPP:condition 1.00 3 0.801
BMI:condition 3.61 3 0.307
DARPP:BMI:condition 20.21 3 <.001

N =320
Marginal R? / Conditional R? = 0.071/0.173
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Figure 6. Interaction of DARPP-32 genotype, BMI, and probe type for update trials only. There was a significant three-
way interaction between probe type, BMI and DARPP-32 (p = 0.005). Post hoc analyses showed that the BMI - DARPP
interaction was significant in distractor (p = 0.046) and target (p = 0.008) trials, but not in trials where the probe was a
novel item (p = 0.242). There was a significant main effect of probe type (p < 0.001). Trials where the probe was a
distractor had lowest probability to be correct. Shaded areas represent the 95% confidence intervals.

Table 5. Full output final model 4 with uncorrected p-values.

Chisq Df Pr(>Chisq)
(Intercept) 328.55 1 <.001
C957T 0.03 1 0.859
zBMI 3.49 1 0.062
condition 48.06 3 <.001
zIQ 25.30 1 <.001
zWM_conc 33.66 1 <.001
ZWM _tired 10.54 1 0.001
Gender 8.85 1 0.003
C957T:zBMI 0.36 1 0.548
C957T:condition 7.97 3 0.047
BMI:condition 0.31 3 0.958
C957T:BMl:condition 0.07 3 0.995

N =318
Marginal R? / Conditional R? = 0.070/0.171
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Interaction of Amino Acid Ratio, BMI and condition (model 5). For illustration purposes, amino acid ratio was

artificially grouped into high, middle, and low. The difference in condition (pignore vs. update < 0.001) becomes especially

apparent
worse in
BMI com
intervals.

when looking at individuals with high amino acid ratios: With each increasing unit of BMI, performance gets
ignore, but better in update. There were no significant differences in the relationship of amino acid ratio and
paring all other conditions against each other (all p > 0.168). Shaded areas represent the 95% confidence

Table 6. Full output final model 5 with uncorrected p-values.

Chisq Df Pr(>Chisq)
(Intercept) 13.31 1 <.001
AAratio 0.58 1 0.444
zBMI 0.98 1 0.321
condition 3.43 3 0.330
zIQ 11.64 1 <.001
zZWM_conc 18.60 1 <.001
Gender 5.08 1 0.024
AAratio:zBMI 0.32 1 0.570
AAratio:condition 8.69 3 0.034
BMI:condition 9.80 3 0.020
AAratio:BMI:condition 10.88 3 0.012

N =160
Marginal R? / Conditional R? = 0.068 / 0.170
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