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Abstract

Substance use disorders (SUDs) are seen as a continuum ranging from goal-directed

and hedonic drug use to loss of control over drug intake with aversive conse-

quences for mental and physical health and social functioning. The main goals of

our interdisciplinary German collaborative research centre on Losing and Regaining

Control over Drug Intake (ReCoDe) are (i) to study triggers (drug cues, stressors, drug

priming) and modifying factors (age, gender, physical activity, cognitive functions,

childhood adversity, social factors, such as loneliness and social contact/interaction)

that longitudinally modulate the trajectories of losing and regaining control over
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drug consumption under real-life conditions. (ii) To study underlying behavioural,

cognitive and neurobiological mechanisms of disease trajectories and drug-related

behaviours and (iii) to provide non-invasive mechanism-based interventions. These

goals are achieved by: (A) using innovative mHealth (mobile health) tools to longitu-

dinally monitor the effects of triggers and modifying factors on drug consumption

patterns in real life in a cohort of 900 patients with alcohol use disorder. This

approach will be complemented by animal models of addiction with 24/7 automated

behavioural monitoring across an entire disease trajectory; i.e. from a naïve state to

a drug-taking state to an addiction or resilience-like state. (B) The identification and,

if applicable, computational modelling of key molecular, neurobiological and psycho-

logical mechanisms (e.g., reduced cognitive flexibility) mediating the effects of such

triggers and modifying factors on disease trajectories. (C) Developing and testing

non-invasive interventions (e.g., Just-In-Time-Adaptive-Interventions (JITAIs), vari-

ous non-invasive brain stimulations (NIBS), individualized physical activity) that spe-

cifically target the underlying mechanisms for regaining control over drug intake.

Here, we will report on the most important results of the first funding period and

outline our future research strategy.

K E YWORD S

addiction, alcohol, alternative rewards, ambulatory assessment (AA), animal models, behavioural
control, cocaine, cognitive control, computational models, craving, decision-making, ecological
momentary assessment (EMA), habit formation, relapse, tobacco

1 | INTRODUCTION

In 2019, we established a collaborative research centre, which brings

together three renowned locations (Berlin, Dresden, Mannheim) of

addiction research in Germany. Our multidisciplinary ReCoDe

(Regaining Control over Drug Intake) consortium requires the close

interaction of addiction medicine experts, experimental and clinical

psychologists, medical engineers specialized in medical sensor devel-

opment and bioinformatics, geneticists, behavioural pharmacologists

and experimental and computational neuroscientists. Our highly

inter-disciplinary team consists of 51 principal investigators (PIs)

working on 22 research projects and 2 infrastructure projects on

data management (INF) and mobile infrastructure for real-life assess-

ments. ReCoDe is funded by the German Research Foundation

(DFG) with a 12-year perspective. The first funding period was from

07/2019 to 06/2023 and the second funding period, which was

positively evaluated by an international expert panel runs from

07/2023 to 06/2027. Depending on a further evaluation funding for

ReCoDe can be extended until 06/2031 with substantial financial sup-

port. Here we will first describe the key aims and research domains of

our consortium, will then report on some of our key findings from the

first funding period, and will finally present our future research

strategy.

2 | THE KEY AIMS AND RESEARCH
DOMAINS OF THE RECODE CONSORTIUM

The main goals of our research consortium during the entire 12-year

funding period are (i) to identify triggers and modifying factors that

longitudinally modulate the trajectories of losing and regaining control

over drug consumption in real life (Research Domain A), (ii) to study

underlying behavioural, cognitive, molecular and neurobiological

mechanisms (Research Domain B) and (iii) to develop mechanism-

based interventions (Research Domain C) (Figure 1). We have

designed a work plan and developed the methodology to investigate

the following core research domains.1

2.1 | Domain A trajectories

Defining individual trajectories of drug intake from voluntary and

hedonistic use to habitual and compulsive use requires a holistic

approach, which longitudinally assesses the interactions between trig-

gers (drug cues, stressors, drug priming) and modifying factors (age,

gender, physical activity, cognitive functions, childhood adversity,

social factors such as loneliness and social contact/interaction) in real-

life in SUD subjects and animal models of addiction. Technically, we

are using innovative mobile health (mHealth) tools comprising
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custom-developed ecological momentary assessment (EMA), smart-

phone sensing as well as mobile sensors (wearables) and accelerome-

ters.2 Here, we acquire geolocation and additional data on

psychological and physiological cues stress reactivity and alcohol

intake, as well as physical activity and movement patterns, and collect

thereby intensive longitudinal datasets (ILDs) with high temporal reso-

lution.3 These data are combined with app-based tests for key cogni-

tive control and learning mechanisms in real-life settings. In animal

models of addiction4 - that capture the entire disease trajectories of

addictive behaviour - ILDs for drug consumption patterns and motor

activity are also sampled. Moreover, the use of animal models allows

to study of triggers and modifying factors on drug consumption pat-

terns and measures of habit formation and compulsivity in highly con-

trolled conditions.5,6 We are analysing these large data sets using new

multiscale analysis tools from statistical physics and biosignal proces-

sing to identify tipping points in substance use trajectories; for exam-

ple, we are using advanced machine learning techniques such as deep

neural networks7 to analyse our sequential data in order to build pre-

diction models.

2.2 | Domain B mechanisms

The effects of the triggers outlined above and modifying factors on

goal-directed, habitual and compulsive aspects of addictive behav-

iours are mediated by distinct processes. The key behavioural/

cognitive processes that we are studying in Domain B in the context

of the transition towards losing and regaining control include (i) goal-

directed decision-making and habitization processes, (ii) enhanced

stress and cue reactivity – the latter also involves sign tracking and

Pavlovian-To-Instrumental Transfer (PIT) effects, (iii) reduced choice

of alternative rewards, (iv) heightened reward discounting and aver-

sive discounting and (v) reduced cognitive control. The processes that

are studied in Domain B largely overlap with a recent international

Delphi study that aimed to reach a consensus among experts in the

addiction field on the primary Research Domain Criteria (RDoC con-

structs) most relevant to SUDs, which include reward learning, reward

valuation, action selection, habit formation, response inhibition and

compulsivity.8 In the B projects, we are not only studying those key

behavioural processes but also their molecular and neurobiological

underpinnings. According to published data and our findings we are

building computational models consisting of animal and human data

derived from tandem translational projects. The goals of our models

are to understand corticolimbic control mechanisms as well as aber-

rant learning mechanisms and action control and their interaction with

triggers and modifying factors, which bias behaviour towards habitual

or even compulsive drug-seeking and -intake9 (Figure 1).

2.3 | Domain C interventions

Based on the prediction of individual trajectories of losing and regain-

ing control in Domain A and mechanisms in Domain B, we are devel-

oping non-invasive mechanism-based interventions that specifically

match the key processes outlined above. All these interventions build

on the fact that regaining control over drug intake can be achieved by

some patients, which suggests that behavioural processes associated

with losing control can be partly reversed or compensated.10,11

Regaining behavioural control over drug intake may be attributed to:

(i) extinction of drug cue-induced behavioural tendencies, (ii) mindful

selection of goals replacing habitual behaviour or to establish healthy

habits,12 (iii) prioritization of alternative non-drug rewards,

(iv) reducing discounting tendencies and (v) increased cognitive con-

trol over behaviour, including inhibitory control, all of which are stud-

ied in the B domain (Figure 1).

3 | WHAT HAS THE RECODE
CONSORTIUM ACHIEVED IN THE FIRST
FUNDING PERIOD (2019–2023)?

In the first funding period, we built a functional infrastructure and

common “inter-disciplinary language” across three sites – Berlin,

Dresden and Mannheim. To date, we have primarily focused on

F IGURE 1 The losing and regaining control over drug intake (ReCoDe) framework. The projects are divided into three research domains.
Research domain A relates to trajectories of alcohol and drug use; research domain B relates to mechanisms (e.g. cue reactivity) on different
system levels (behavioural, neural and molecular); and research domain C focuses on the modification of mechanisms (e.g., by increasing cognitive
control via physical activity or neurofeedback). Pavlovian-to-instrumental transfer (PIT).
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alcohol use disorder (AUD), as this produces in Germany the largest

health and socioeconomic burden of all drugs of abuse (allowing for

comorbid tobacco and cannabis use and assessing their respective

impact). On all dissemination levels, ranging from collaborative efforts

within the ReCoDe consortium to interdisciplinary publication output

and media outreach to more than 115 million people to disseminate

our findings with hopefully preventive impact - we have already real-

ized added value that is clearly more than simply the sum of all stand-

alone projects (see https://www.trr265.org/).

The trajectories and mechanisms determining substance use and

SUDs in everyday life are complex, operate moment-to-moment,

and are characterized by the dynamic interplay of triggers and modify-

ing factors. Here, methodological developments in everyday life

research have greatly expanded the ability of researchers to gain

insight into the manner in which triggers and modifying factors act on

relevant neurobiological and psychological mechanisms and conse-

quently shape real-life substance use and the development of addic-

tive behaviour. Recent work by us and others in ecological

neuroscience has further demonstrated the value of combining eco-

logical momentary assessment (EMA), sensor and neuroimaging

methods to determine the neural bases of momentary changes in

behaviour and experiences in everyday life.2,13–16 One of the key

innovative aspects of our ReCoDe consortium is – in addition to the

classic clinical- and laboratory-based view on SUDs – the focus on

studying the moderating role of real-life contexts on disease trajecto-

ries and underlying mechanisms. Therefore, in the first funding period,

we built a robust infrastructure for various mHealth tools and online

assessments along with common data infrastructure and applied them

to a real-life cohort study – the so-called ReCoDe cohort.

3.1 | The ReCoDe infrastructure for mHealth tools
and online assessment

We are using established EMA and newly-developed tools to measure

key processes engaged in the development of addictive behaviour.

These mHealth tools were implemented or newly developed by sev-

eral projects in close collaboration with the mental mHealth Lab

located at the Karlsruhe Institute of Technology (KIT). These mHealth

tools and online assessments include:

1. We custom-developed and employed a mobile (e-diary) infrastruc-

ture for real-life assessments and sparse sampling across 365 days

and for high-frequency intense sampling across 2 � 6 weeks,

including smartphone sensing and geolocation tracking, in compli-

ance with the General Data Protection Regulation (GDPR) and

comprising a software interface for APPs testing cognitive control.

2. A smartphone-based gamified assessment battery of cognitive

control (response inhibition, working memory) and decision-making

(risk-taking, information sampling).17,18 A smartphone-based

decision-making experiment (according to19) in combination with

real-life assessments of electroencephalogram (EEG) and electro-

cardiogram (ECG) in individuals from the ReCoDe cohort. The

codes of smartphone-based tasks and analyses are publicly avail-

able (https://osf.io/n5a2z/).

3. An online version of the Trier Social Stress Test (TSST - adapted

from Gunnar et al, 2021) was developed. In this version, partici-

pants interact with the committee via video conference. We con-

firmed the effectiveness of this online version to induce moderate

social stress on physiological (e.g., increase in cortisol) and subjec-

tive outcomes.

F IGURE 2 The INF infrastructure
provides central storage for all ReCoDe
projects. For participant management,
PAMS (participant management system)
was developed. The PAMS serves as a
central system for the administration of
personal data and pseudonymization.
REDCap, a web-based system for managing
projects, studies, online surveys, interviews,
standardized documentation, metadata and
other types of data has also been
implemented. In addition, an extensible
neuroimaging archive toolkit (XNAT) server
is used to store all types of image files
generated by MRI scanners and the
corresponding log files of task-related fMRI
experiments. DICOM = digital imaging and
Communications in Medicine;
ORSEE = online recruitment system for
economic experiments.
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4. Web-based reward and aversion discounting tasks.20,21

3.2 | The common ReCoDe data infrastructure

Our real-life assessments produce massive ILDs with high time resolu-

tion, many projects conduct multimodal neuroimaging, where also

large datasets are generated, and our multi-omics approaches produce

big data as well. These data need to be stored and processed by our

ReCoDe data infrastructure, which is located in the Center for Infor-

mation Services and High Performance Computing (ZIH) in Dresden

(Figure 2).

The DFG outlines three important points that need to be consid-

ered. (i) Research data management must be planned, (ii) access to

data should be made possible for others; i.e., to adhere to open sci-

ence principles and (iii) long-term archiving of the data is necessary.

These three points are considered by FAIR data management (find-

able, accessible, interoperable and reusable), which is a building block -

not only for the reproducibility of research results but also for the

reusability of research data to generate new knowledge.22 Our data

infrastructure project ensures the implementation of FAIR and has

established a well-functional information and data infrastructure for

the entire ReCoDe consortium (Figure 2).

3.3 | The ReCoDe cohort involves a multi-centre
systematic longitudinal assessment of patients with
AUD with massive real-life data

In Domain A, the goal of the first funding period was to recruit a large

prospective cohort with 900 patients with AUD and 150 control per-

sons and follow them over the course of 12 months. We were acquir-

ing massive real-life information with a longitudinal design that will

also include follow-up assessments in the second funding period. All

subjects of the ReCoDe cohort underwent four personal and online

assessments (baseline and follow-up every 4 months) and provided

ambulatory assessment data over the course of 1 year sampled every

2 days and additionally triggered by alcohol use. Ambulatory assess-

ments have thus allowed us to assess both reported alcohol consump-

tion and intention to alter consumption every 2 days, as well as

triggers of alcohol use, including momentary exposure to stress, social

isolation, impulsivity and alcohol cues and priming doses.23 In the

ReCoDe cohort a broad age range is covered in three age sub-cohorts

in order to enable conclusions on disease trajectories and mechanisms

over the entire lifetime. These sub-cohorts include currently drinking

adolescents and young adults (16-32y), early middle-aged adults

(33-49y) and late middle-aged adults (50-65y). The control group has

a quite similar age range distribution (Figure 3).

3.4 | The use of the ReCoDe cohort to study the
impact of the COVID-19 pandemic on real-life alcohol
consumption patterns – a showcase study of domain
trajectories

The question of whether the pandemic had an impact on alcohol con-

sumption in the general population and on AUD trajectories has

received a lot of attention.24 To minimize the efficacy of the virus

spreading, the governments of many countries worldwide initiated sev-

eral lock-down phases to repress social interference and therefore hin-

der the spread of the virus. These strict conditions and the general

burdensome situation of the pandemic led to a significant increase in

mental health problems and coping strategies such as increased alcohol

intake, especially in adolescents.24,25 However, different clusters were

observed during the pandemic, with decreased and increased alcohol

consumption or no change in drinking behaviour.26,27 Most worrisome

F IGURE 3 Shows the multi-site recruitment of the ReCoDe cohort. The recruitment aim during the first funding period was N = 900 patients
with AUD. As of today (May 2024), after accounting for drop-outs we still have 746 (291 female/455 male) patients with AUD and 269 controls
(131 female/138 male) for follow-up assessments. Mostly mild to moderate cases (with 4.1 ± 1.7 SD AUD criteria) were recruited, as those
patients are suggested to demonstrate higher disease dynamics in terms of losing and regaining control than severe cases. A broad age range is
covered in three age sub-cohorts in order to draw conclusions on disease trajectories and mechanisms across the entire lifetime. S01, S02, etc.,
relate to different projects of the ReCoDe consortium.
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was the situation for patients with AUD, as governmental regulations

such as lockdowns restricted access to ongoing therapy for extended

periods, with unpredictable impact on further disease progression.

Hence it is suggested that a lockdown represents a risk factor for

increasing alcohol consumption in people with AUD and relapse for

those who were previously abstinent.27,28 In summary, there are mixed

findings in studies that examined the impact of the pandemic on alcohol

consumption in the healthy population as well as in patients with AUD.

By means of our ReCoDe cohort, we were able to study real-life

patterns of alcohol consumption in patients with AUD during the

COVID-19 pandemic and lockdowns in Germany over the course of

1 year.14 Our real-time measures revealed surprising results. Contrary

to our expectations, during the hard lockdown periods, despite the

fact that perceived social isolation was significantly higher, alcohol

consumption in the mainly mild to moderate patients with AUD was

significantly lower,14 potentially reflecting reduced social drinking.

3.5 | A common molecular pathology for reduced
cognitive flexibility and increased craving in AUD – a
showcase study of domain mechanisms

A main driver for AUD development is the progressive loss of cognitive

control (Figure 1). In a previous study, PIs of our consortium discovered

reduced metabotropic glutamate receptor 2 (mGluR2) in the corticos-

triatal neurocircuitry of alcohol-dependent humans and rats.29 This rep-

resents a key pathophysiological mechanism mediating impairments in

executive functions that facilitates loss of control and craving and can

thus lead to relapse. Subsequently, in the first funding period, a causal

link for reduced prefrontal mGluR2 function in both cognitive flexibility

and alcohol craving was demonstrated using a bi-directional neuromo-

dulation approach. By means of a neuron-specific prefrontal knock-

down of mGluR2 in rats, a phenotype of reduced cognitive flexibility

and excessive alcohol-seeking was induced. Conversely, viral restora-

tion of prefrontal mGluR2 levels in alcohol-dependent rats rescued

these pathological behaviours.30 Furthermore, we showed that the

serotonergic hallucinogen psilocybin could also normalize mGluR2

expression in alcohol-dependent rats, which provides a potential mech-

anism for the long-lasting action of this drug in the treatment of

AUD.31 In conclusion, we identified a common molecular pathological

mechanism for both executive dysfunction and alcohol craving.

Based on this mechanism, we hypothesized that in the first fund-

ing period mGlu2 agonists and mGlu2 positive allosteric modulators

(PAMs) may be effective in reducing relapse in alcohol-dependent

individuals. We tested several compounds in a well-established rat

model of relapse, the alcohol deprivation effect (ADE) with repeated

deprivation phases.4 All tested compounds significantly and dose-

dependently reduced the expression of the ADE in male and female

subjects. No significant changes in water intake, body weight and

locomotor activity were observed. mGluR2 PAMs showed a better

side effect profile than mGluR2 agonists.32 Together with other pre-

clinical data showing that PAMs can reduce alcohol-seeking behaviour

we conclude that mGlu2 PAMs should be considered for clinical trials

in alcohol-dependent patients.

Although we intend to further develop mGluR2-based treatment

approaches clinically, in the research context of such a cross-site DFG-

funded collaborative research centre it will not be possible to aim for a

randomized control trial (RCT) with a candidate drug in patients with

AUD. RCTs even with registered drugs (also repurposed registered

drugs) involve a highly regulatory framework with extensive monitoring

and other factors and are thus prohibitively cost-intensive. Given this

limitation to test innovative drugs within the ReCoDe consortium, we

have put our focus on non-invasive interventions in Domain C.

3.6 | The application of non-invasive mechanisms-
based interventions

In the Domain Interventions, we are focusing on the modification of

learning and cognitive control mechanisms in subjects with SUD, using

the information on risk and protective factors observed under real-life

conditions, as well as the learning and executive control paradigms

and their computational modelling. Especially, transcranial magnetic

stimulation (TMS),33 transcranial alternating current stimulation

(tACS),34 or network-based functional connectivity real-time fMRI

neurofeedback (rt-fMRI NF)35 are used as promising non-invasive

techniques to target the key behavioural processes/mechanisms

shown in Figure 1. The interventions include the targeting of habitual

vs goal-directed control of behaviour, the modification of Pavlovian

and instrumental learning parameters, the modification of cognitive

control and the modulation of neural cue reactivity.

For example, during the first funding period, we enhanced cognitive

control in smokers who underwent a standard smoking cessation pro-

gram by using an add-on chess-based cognitive remediation treatment

(CRT). CRT was developed to improve cognitive skills relating to execu-

tive functioning such as inhibition, decision-making, working memory and

cognitive flexibility, and is suggested as a promising tool to improve cog-

nition and treatment outcomes in substance abuse.36 We used chess-

based CRT (CB-CRT) conducted smartphone-based (GYMCHESS®,

https://gymchess.com/en/), as cognitive control and inhibitory capacity

can be enhanced by chess training and chess trains the frontal brain

regions impaired in SUDs.37 The chess-based cognitive remediation

treatment (CB-CRT) was applied twice a week over 14 weeks as an

add-on treatment in patients with AUD and tobacco use disorder

(TUD).38 We found increased executive functioning, e.g. in working

memory and cognitive flexibility. In conclusion, chess-based CRT is

suggested to improve inhibitory control and cognitive flexibility and

thus in turn should positively affect the course of therapy and outcome

measures in smokers and patients with AUD (e.g., craving and relapse).

3.7 | Professional dissemination of new relevant
information from our ReCoDe consortium to the
scientific community and the public.

The ReCoDe consortium brings together the three most prominent

centres of addiction research in Germany. Some of the PIs of these

three centres have cooperated in the addiction field in a highly

6 of 13 SPANAGEL ET AL.
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translational and interdisciplinary fashion over the last 20 years. These

collaborations have now been substantially intensified by the DFG-

funded ReCoDe consortium and have resulted in over 720 joint publi-

cations to date. Importantly, the added value of ReCoDe collaborations

within the first funding period is demonstrated by 63 multi-PI and

multi-disciplinary published original investigations and reviews. A list of

all publications can be found on our website https://TRR265.org. Some

key publications of the ReCoDe Consortium are displayed in Box 1.

Alcohol, tobacco and other drugs of abuse are topics of enormous

socio-economic and health interest and relevance to the public

domain and also to politicians. Importantly, the use of alcohol and

other drugs during the lockdowns of the COVID-19 pandemic and the

recent legalization of cannabis products in Germany boost interest in

these topics that are already of very high awareness in normal day-

to-day business. Therefore, it is of critical importance that we dissemi-

nate our findings from the ReCoDe consortium in all possible ways via

BOX 1 Selected key publications (original investigations, methodological papers and reviews of the ReCoDe

consortium.

• Bach et al.39 published in Biological Psychiatry the original investigation on stress induced sensitization of insula activation predicts

alcohol craving and alcohol use in alcohol use disorder. In this study, the effect of stress- and alcohol cue-exposure on alcohol craving

and the underlying neurocircuitry were determined. Specifically, results indicate a stress-induced sensitization of left insula reactivity

to alcohol cues as a neurobiological correlate of the effects of psychosocial stress on alcohol craving and alcohol use in AUD, which

likely reflects changes in salience attribution and goal-directed behaviour.

• Hoffmann et al.40 published in the American Journal of Psychiatry the original investigation on associations of menstrual cycle and

progesterone-to-estradiol ratio with alcohol consumption in alcohol use disorder: a sex-separated multicentre longitudinal study. The

menstrual cycle and the progesterone-to-estradiol ratio are associated with problem drinking in females and males with AUD. The

results of this study highlight the hormone ratio as a promising future treatment target and provide a basis for the development of

therapies tailored to the cycle phases.

• Hildebrandt et al.41 published in Biological Psychiatry the original investigation on dissociating the link of neural correlates of inhibi-

tion to the degree of substance use and substance-related problems: here a large functional magnetic resonance imaging (fMRI) data-

set on a stop signal task was combined with detailed and distinguishable assessments of substance use and problems in (poly)

substance users. The results support a dual-process model of SUDs and indicate that frontal hypoactivation during inhibition is linked

to substance-related problems and thus to risk for SUDs. In contrast, frontal hyperactivation during inhibition and the degree of sub-

stance use suggest that inhibition network functioning can protect against the risk of developing SUDs.

• Chen et al.42 published in Biological Psychiatry the original investigation on the association of non–drug-related pavlovian-

to-instrumental transfer effect in nucleus accumbens with relapse in alcohol dependence: A replication. This study successfully repli-

cated the significant behavioural PIT effects previously reported by Garbusow et al.43 Furthermore, in both studies, a stronger PIT

effect and nucleus accumbens (NAcc) responses were observed among subsequent relapsers compared to abstainers, underscoring

the predictive value of PIT-related mechanisms in alcohol intake and relapse behaviour.

• Rane et al.44 published in Elife an original investigation on structural differences in adolescent brains that can predict alcohol misuse.

Here, a general machine-learning pipeline for analysing structural and functional MRI data involving both classical machine learning

and more advanced deep learning methods, such as convolutional neural networks, was developed. In a large dataset of adolescents

at ages 14, 19 and 22, alcohol misuse could be predicted with a balanced accuracy of up to 78% using brain structure data from

T1-weighted and diffusion tensor imaging.

• Hasanpour et al.45 published in Cell Reports a method paper on intensive longitudinal characterization of multidimensional biobehav-

ioral dynamics in laboratory rats. One challenge in studying rodents in normal social conditions is a group-housed setting in which it

is difficult to ascertain behaviours of individual rodents concurrently. Here a major methodological breakthrough was made by utiliz-

ing wireless tracking technology and videography that allowed us to collect and analyse more than 130 billion data points to charac-

terize at the individual level the evolution of behaviour and physiology of healthy group-housed male and female rats throughout

their development. The resulting high dimensional ILDs reflect and predict strain and sex differences and mark bi-stable developmen-

tal states and the transition indicating the onset of puberty.

• Durstewitz et al.46 published in Nature Reviews Neuroscience a perspective on Reconstructing computational system dynamics from

neural data with recurrent neural networks. In this perspective, the author focuses on recent trends in artificial intelligence and

machine learning in neuroscience. They discuss formal prerequisites, different model architectures and training approaches for recur-

rent neural networks (RNN)-based dynamical system reconstructions, ways to evaluate and validate model performance, how to

interpret trained models in a neuroscience context, and current challenges.
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classical and social media channels. In Figure 4, we visualize our public

outreach efforts by presenting the data from one centre, the Central

Institute of Mental Health (CIMH) in Mannheim. The CIMH has a

communication centre that provides a precise record of the entire

information flow from all CIMH PIs working in the ReCoDe consor-

tium to the public domain. On our website (https://TRR265.org) a

detailed list of all media reports can be found.

4 | THE SECOND FUNDING PERIOD OF
THE RECODE CONSORTIUM

In addition to the described key aims in section one, in the second fund-

ing period we will study different SUDs (e.g. cocaine use disorder and

cannabis use disorder) in a comparative manner in order to generalize

findings from the first funding period where the focus was on AUD.

We will also put sex/gender differences - in disease trajectories, mecha-

nisms and interventions - more into focus. We will further strengthen

our computational expertise for better integration and model building

of our multi-spatial and multi-temporal big data sets derived from real-

time assessments in the ReCoDe cohort and other big data approaches

(e.g. the use of knowledge graphs in addiction research50) within our

consortium. This goes along with a further strengthening of our

m-Health infrastructure by implementing more app-based tasks (e.g., in

the cognitive domain) and Ecological Momentary Interventions (EMIs).

At the preclinical level, we will test various psychedelic drugs for the

treatment of AUD and SUDs.51,52 Recently, we demonstrated that psi-

locybin produces very similar functional brain signatures in rodents and

• Holtz et al.47 published in Biological Psychiatry a review on early social adversity, altered brain functional connectivity and mental

health. Here the authors take an expanded concept of developmentally relevant adverse experiences from infancy over childhood to

adolescence as a starting point and focus their review of functional connectivity studies on a selected subset of functional magnetic

resonance imaging-based phenotypes, including connectivity in the limbic and within the frontoparietal as well as default mode

networks.

• Gianonne et al.48 published in Translational Psychiatry a review and meta-analysis on bad habits – good goals? Meta-analysis and

translation of the habit construct to alcoholism. A meta-analysis of animal data shows a clear bias towards habitual responding after

a history of chronic alcohol intake, but the expression of complete and stable habitual control is rarely seen. Moreover, it is difficult

to elicit habitual responses in human laboratory tasks and animal paradigms cannot easily be translated to humans.49 Importantly, in

typical habit tests goal-directed adaptive responses reemerge within the test session already after some minutes. Thus, while these

tests are moment-to-moment assessments of contingency-dependent response biases, they are fundamentally different from the

concept of compulsivity, which is operationalized as a persistent drug approach despite aversive consequences that are largely inde-

pendent of specific cues or context. Consequently, our research suggests that habitual response tendencies in a narrow definition

may not be causally linked to the development of compulsivity (see also9). Instead, they may act as a moderating factor in the pro-

gression from controlled substance use to compulsive drug taking. Taken together, despite the limitations of the traditional habit-goal

dichotomy, enhancing our understanding of decision-making processes and response biases offers promising avenues for advancing

both basic research and clinical interventions in AUD.

F IGURE 4 Media reports from the CIMH during the first funding period FP (as of March 2023). The number of printed reports, online reports
and social media are shown with a total reach of approx. 140 million interactions. ReCoDe PIs also wrote several posts for the German website
“Das Gehirn” – www.dasGehirn.info - which has millions of visits and has set itself the goal of presenting the brain, its functions and its
importance for our feelings, thoughts and actions - comprehensively, understandably, attractively and clearly in words, images and sound.
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humans,53 highlighting the use of preclinical model organisms for a bet-

ter mechanistic understanding of psychedelic drugs.

4.1 | Ecological momentary interventions (EMIs)

Our mHealth infrastructure is currently built for real-life assessments

of physiological, cognitive and behavioural measures and the hereof-

resulting ILDs that will be processed by advanced machine learning54

to make predictions of future individual events (e.g., relapse to alco-

hol). However, the ultimate goal of the ReCoDe consortium is to use

mHealth tools for mechanism-based interventions. For doing so, we

introduce in the second funding period a real-life intervention plat-

form that will use Just-In-Time-Adaptive-Interventions (JITAIs) for

patients with AUD from our ReCoDe cohort and in patients with

harmful cannabis use. JITAIs use real-time analyses to determine

momentary states, which are best suited for micro-interventions

(e.g., e-diary ratings of alcohol craving and device-based read-outs,

such as acceleration signals for physical activity detection), using

controlled or randomized intervention-assignments (e.g., an instruc-

tion to engage in physical activity after a couple of high-craving rat-

ings). The advantages of real-life interventions are obvious. First,

they are non-invasive, and second, they can provide low-threshold

interventions and thus be used in a preventative way. An additional

advantage that is often mentioned in this context is that interven-

tions can be tailored to the time and context, meaning that treat-

ments can be delivered exactly when they are needed, adapted to

the context in which a person finds themselves. Validated and ulti-

mately certified EMIs will increasingly play an important role in pre-

serving mental health and counteracting harmful substance use

patterns. The reasons for this are three-fold: (i) The modern digital

person has smartphone affinity, (ii) there is a huge treatment gap in

AUD in Germany and other countries55 that can only be captured by

low-threshold interventions and (iii) there is a new target group,

completely reliant on smartphone use - as this is often one of few

items they possess - that would largely benefit from low-threshold,

language and culturally sensitive smartphone-based interventions,

such as refugees and internally-displaced persons now residing in

Germany and throughout Europe.

4.2 | Multi-omics analysis of biomaterials from the
ReCoDe cohort and other sources of biomaterials and
functional validation of candidate genes in animal
models of addiction

We will give more focus on multi-omics data exploration and integra-

tion (also on the single cell level) from biomaterials of the consortium.

A benefit that derives from our ReCoDe cohort is the availability of

biomaterials for genetic, epigenetic, gene expression and protein/

metabolite expression analyses that we obtained from all subjects and

that are stored in our biobank at the CIMH. We will use these bioma-

terials from the ReCoDe cohort to calculate polygenic scores for each

individual and also to generate data for multi-omics analyses. In

particular, we will create pathway- and gene-derived polygenic scores

for phenotypes of interest using the genome-wide genetic data gener-

ated for all subjects of the cohort. Evaluations on a single omics level

cannot adequately reflect this complexity. Given the rapid develop-

ments in the application of multi-omics in the biomedical field, it is

obvious that such an approach should also play a major role in our

research activities. In particular, the integration of transcriptomics,

chromatin accessibility and epigenomics will allow the identification

of molecular patterns associated with the disease, and increase the

validity of findings. This is of particular importance in the field of

addiction as this disease is the result of cumulative responses to alco-

hol or drug exposure, the genetic makeup of an individual and the

environmental perturbations over time. This complex drug x gene x

environment interaction can be best captured on a molecular level by

an integrative multi-omics approach with subsequent functional vali-

dation of candidate genes in animal models of addiction.

During the first funding period, we have already demonstrated

the applicability of such a multi-omics approach in brain tissue from

patients with AUD where we integrated genome-wide DNA methyla-

tion and gene expression (RNASeq) data from the ventral striatum,

caudate nucleus and putamen. We found convergent evidence on the

importance of neuroinflammation-related pathways, and identified a

conserved hub gene in AUD-associated networks, STAT3, demon-

strating the value of integrating data from different omics sources.56

However, bulk brain tissue analysis as it was done in the Zillich et al.56

study has its limitations as it does not take the heterogeneity of

single-cell populations into consideration. Here, multiome analysis

of single cells is the way to go but its application by e.g. 10xGenomics

is prohibitively expensive and can thus again only be done in a few

samples. Therefore, we take great advantage of previous consortia

that we established with the help of the German SysMedAlcoholism

consortium57 (https://www.sysmedsud.org), and the DFG Sequencing

grant “Deciphering alcohol addiction-associated gene regulation

changes on a single cell level” a large brain tissue bank and an in-silico

brain bank of numerous AUD and SUD cases that will now be of great

help to the here proposed multi-omics approach. In summary, our

multi-omics approach will retrieve new candidate genes for AUD and

cocaine addiction that will then be functionally validated in appropri-

ate rat models of addiction. Given that functional validation in the rat

model of addiction is a very time-consuming task we will also use

Drosophila for functional validation studies. This model organism and

the large existing genetic toolbox allow for rapid functional validation

of human candidate genes - an approach that we have repeatedly

applied in a successful way in the past.58–60

4.3 | From 3R to 6R and Open Science

Finally, ReCoDe will further integrate the 3R principles of animal test-

ing, introduce other model organisms (Drosophila) and introduce the

6R principles. Strech and Dirnagl61 introduced Robustness, Registra-

tion and Reporting, in addition to the 3Rs, all of which aim to safe-

guard and increase the scientific value and reproducibility of animal

research.
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Science has long been considered “self-correcting” because it is

based on replication of previous work. However, in recent decades

the checks and balances that once ensured scientific security have

largely disappeared. Fidelity has been questioned throughout the bio-

medical field. This has affected the ability of today's researchers to

reproduce others' results62 and has led to many translation errors. In

recent perspective articles, we provided recommendations according

to Open Science principles to improve reproducibility and transla-

tion.22,63 However, even if we follow best preclinical practice and

open science principles, translation errors will still occur - but probably

to a lesser extent. Nevertheless, one can always learn from translation

errors. To this end, however, a critical dialogue between basic

researchers, preclinical researchers and clinicians is essential.

5 | SUMMARY AND FUTURE
PERSPECTIVES OF THE RECODE
CONSORTIUM

In the first funding period, we examined not only the loss but also the

regaining of control over drug use in men and women across the life-

span with different SUDs. In particular, we examined real-life disease

progression in a large cohort of mild to moderate patients with AUD

(taking into account comorbid tobacco and cannabis use) and, in some

projects, also patients with TUD. For the second funding period, we

are moving step by step from the real-time description of the disease

progression to the underlying mechanisms and the mechanism-based,

non-invasive interventions derived from them. We are also focusing

on more severe AUD cases and attempting to generalize our results

from AUD to other SUDs, particularly cannabis use disorders. In the

third funding period, there will be an increased focus on other drugs,

particularly opioids and new psychostimulants to achieve the general-

izability of our conclusions and to develop an integrative framework

for a better understanding of addictive behaviour.

In the second funding period, we will continue to focus on real-

life assessments and non-invasive, mechanism-based interventions.

Non-invasive treatment developments that will mature into the third

funding period concern various NIBS approaches and our EMI inter-

vention platform. JITAIs are used to capture momentary states

(e.g., mood, stress, impulsivity ratings, etc.) and, where appropriate,

controlled or randomized intervention assignments (e.g., exercise

instruction after some high-stress assessments). During the second

funding period, the EMI intervention platform will be established

and tested in a cohort of AUD patients and in a small exploratory

sample of heavy cannabis users. This EMI platform can then be used

in future studies to examine larger samples of smokers, and patients

with cannabis use disorder, methamphetamine use disorder or opi-

oid use disorder. Additionally, we can use EMIs to target patients

with high PIT responses or apply JITAIs to sign trackers to reverse

their neural prediction error, to name just a few examples of how

we might interfere with mechanisms and potential MRI-based bio-

markers (e.g. B.41,42) in real-life to normalize risky behaviour or even

addictive behaviour.

We will investigate the role of oxytocin in social alcohol con-

sumption behaviour and the underlying mechanisms. Oxytocin is a

prime candidate for impairment of social drinking behaviour,64 and

intranasal use in at-risk social drinkers is a viable clinical development

process. Another pharmacological intervention that is being devel-

oped preclinically is the use of psychedelic medications to treat AUD

and SUDs. Here we build on promising preclinical and human findings

from the ERANET grant PsiAlc (https://www.psialc.org) and the

recent milestone publication by Bogenschutz et al.,65 where it was

shown in an RCT that administration of psilocybin in combination with

psychotherapy resulted in a significant decrease in the percentage of

heavy drinking days compared to those caused by active placebo and

psychotherapy. These results support further research into psilocybin-

assisted treatment of AUD.

The ultimate future perspective is the clinical development and

EMA approval of innovative pharmacological and NIBS interventions.

We also want to develop an app that allows predicting the risk of

relapse associated with EMI. Obviously, these cost-intensive treat-

ment developments can only be carried out in the context of the

newly founded German Center for Mental Health (DZPG partner sites

Mannheim and Berlin-Potsdam) and RCTs supported by industry.
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