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Abstract

Individuals with gambling disorder display deficits in decision-making in the Iowa

Gambling Task. The rat Gambling Task (rGT) is a rodent analogue that can be used to

investigate the neurobiological mechanisms underlying gambling behaviour. The aim of

this explorative study was to examine individual strategies in the rGT and investigate

possible behavioural and neural correlates associated with gambling strategies. Thirty-

two adult male Lister hooded rats underwent behavioural testing in the multivariate

concentric square field™ (MCSF) and the novel cage tests, were trained on and per-

formed the rGT and subsequently underwent resting-state functional magnetic reso-

nance imaging (R-fMRI). In the rGT, stable gambling strategies were found with

subgroups of rats that preferred the suboptimal safest choice as well as the disadvanta-

geous choice, that is, the riskiest gambling strategy. R-fMRI results revealed associa-

tions between gambling strategies and brain regions central for reward networks.

Moreover, rats with risky gambling strategies differed from those with strategic and

intermediate strategies in brain functional connectivity. No differences in behavioural

profiles, as assessed with the MCSF and novel cage tests, were observed between the

gambling strategy groups. In conclusion, stable individual differences in gambling strat-

egies were found. Intrinsic functional connectivity using R-fMRI provides novel evi-

dence to support the notion that individual differences in gambling strategies are

associated with functional connectivity in brain regions important for reward networks.

K E YWORD S

behaviour, functional connectivity metrics, multivariate concentric square field, novel cage, rat
gambling task, resting-state fMRI

Abbreviations: ANOVA, analysis of variance; BOLD, blood oxygen dependent; CC, cross-correlation coefficients; CDI, connection density index; CSI, connection strength index; CTRCl, central

circle; D, duration of visits; DCR, dark corner room; D/F, duration per frequency; DSM-5, Diagnostic and Statistical Manual of Mental Disorders, 5th Edition; F, frequency of visits; fMRI,

functional magnetic resonance imaging; FOV, field of view; FSE, fast spin echo sequence; FWER, family-wise error rate; GD, gambling disorder; GRE, gradient recalled echo; Head entries, total

head entries during punishment; ICV, intracranial volume; IGT, Iowa Gambling Task; ITI, inter-trial interval; IQR, interquartile range; Lat leave, latency to leave centre; rGT, rat Gambling Task;

MCSF, multivariate concentric square field™ test; PCA, principal component analysis; PRdR, perseverative responses during reward; PRdP, perseverative responses during punishment; QDA,

quantitative data-driven analysis; RFC, resting-state functional connectivity; R-fMRI, resting-state functional Magnetic Resonance Imaging; ROI, region of interest; SAP, stretch attend posture;

TOTACT, total activity, that is, sum of all frequencies; TOTCORR, total corridor; %D, percentage duration; %F, percentage frequency.

Received: 18 March 2021 Revised: 29 November 2021 Accepted: 7 December 2021

DOI: 10.1111/adb.13131

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

© 2022 The Authors. Addiction Biology published by John Wiley & Sons Ltd on behalf of Society for the Study of Addiction.

Addiction Biology. 2022;27:e13131. wileyonlinelibrary.com/journal/adb 1 of 16

https://doi.org/10.1111/adb.13131

https://orcid.org/0000-0002-4013-5220
https://orcid.org/0000-0001-5418-8289
mailto:nikita.tjernstrom@farmbio.uu.se
https://doi.org/10.1111/adb.13131
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/adb
https://doi.org/10.1111/adb.13131


1 | INTRODUCTION

Gambling problems are important health concerns. The prevalence of

problematic gambling, including both problem gambling and gambling

disorder (GD), is around 0.1%–5.8% worldwide.1 Whereas problem gam-

bling usually is based on self-reports of past behaviour, GD is a diagnosis

in the category Substance-Related and Addictive Disorders in the Diag-

nostic and Statistical Manual of Mental Disorders, 5th Edition (DSM-5).

Thus, GD is the first non-substance addictive disorder to be included in

the addiction category.2 Problem gambling and GD share features with

alcohol and substance use disorders, such as clinical manifestation,

underlying personality traits and pharmacological treatment options.3–6

Moreover, similarities in neurobiological characteristics have been

found, for example, altered processing in the brain reward networks.7

In humans, the Iowa Gambling Task (IGT) is used to study

impaired decision-making.8 Poor performance on the IGT is predictive

of problem gambling,9 and individuals with GD display deficits in

decision-making when performing the IGT.10,11 Rodent tests have pro-

vided important contributions in studies of decision-making processes.12

The rat Gambling Task (rGT) is the rodent analogue to the IGT, and the

outline of the test corresponds to the IGT, with four choices associated

with wins or losses. Four different versions of the rGT have been devel-

oped with slightly different focus, advantages and disadvantages.13 The

rGT used in this study involves sucrose pellets as reward and time-out

periods as punishment.14,15 From a translational value, it is important to

note that rats appear to use strategies in the rGT that resembles those

used by humans in the IGT.12 However, in studies conducted so far in

rats, the main focus has been on factors and treatments that attenuate

the disadvantageous options in favour of the more advantageous

choices.15–18 Studies on individual differences in gambling strategies,

underlying behavioural endophenotypes and neural correlates are pre-

requisites for an understanding of features in problem gambling and

GD. This novel approach is of focus herein.

Human data reveal that patients with GD express a more risk-

taking behaviour,19,20 although diverging results regarding the rela-

tionship between decision-making in the rGT and risk-taking behav-

iour have been found in rats.21–24 This discrepancy may be due to the

limitation of many conventional tests in capturing risk-taking behav-

iour. Moreover, in rats, little is known about behavioural traits associ-

ated with individual differences in gambling strategies. Therefore, two

ethologically founded exploration based tests were used herein, that

is, the multivariate concentric square field™ (MCSF)25,26 and novel

cage27 tests. The MCSF arena contains areas of different environmen-

tal qualities that give the animal opportunity to display behaviours

associated with general activity, exploration, risk assessment, risk-

taking and shelter-seeking and thereby generate a behavioural pro-

file.25,26 The MCSF test has previously been useful in studies of sub-

groups of rats with different behavioural profiles associated with high

and low propensity for voluntary alcohol intake28 and different

potassium- and amphetamine-induced dopamine responsivity.29

Decision-making depends on a complex interplay between several

neural systems. A study on healthy volunteers performing the IGT dur-

ing functional magnetic resonance imaging (fMRI) scanning revealed

activity in several areas associated with brain reward networks, includ-

ing the prefrontal cortex, cingulate cortex and nucleus accumbens.30

Moreover, Clark et al reviewed the neuroimaging literature and con-

cluded that dysregulation in several brain regions has been linked to

GD. Furthermore, the neuroimaging profiles of patients suffering from

GD and substance use disorders shared similar vulnerability markers.31

Functional connectivity networks in the human brain assessed using

resting-state fMRI (R-fMRI) are consistent with fMRI results invoked

by external stimuli. A recent study by Gratton et al investigated varia-

tions in the brain functional networks and found that these networks

possessed day-to-day stability for individual subjects. Most of the var-

iations were due to individual differences, although the tasks and ses-

sions had little impact on the fMRI results.32

Studies in rodents have demonstrated corresponding neuronal

networks.33,34 However, little is known about the behavioural and

neural mechanisms that drive some individuals to make risky or

advantageous decisions. To the best of our knowledge, this is the first

study utilizing R-fMRI to study brain functional connectivity networks

in rats following behavioural testing and evaluation of gambling strat-

egies in the rGT. It was of particular interest to explore how brain

functional networks vary in individuals with different gambling strate-

gies. Therefore, the aim of this study was to explore individual differ-

ences in the rGT and investigate possible behavioural predictors and

neural correlates of the different strategies in the rGT.

2 | MATERIAL AND METHODS

2.1 | Animals and housing

Male Lister hooded rats (HsdOla:LH, Envigo, Horst, the Netherlands,

n = 32) were delivered at 5–6 weeks of age. The animals were pair-

housed in transparent cages Type IV (59 � 38 � 20 cm) with raised

lids containing wood chip bedding. For enrichment purposes, each

cage had paper sheets (40 � 60 cm, Cellstoff, Papyrus) and a wood

tunnel. The cages were kept in an animal room on reversed light/dark

cycle (lights off at 6:00 am) with a masking background noise. The ani-

mal room was kept in constant temperature (22 ± 1�C) and humidity

(50 ± 10%). The animals had access to rat chow (Type R36,

Lantmännen, Kimstad, Sweden) ad libitum before and after the rGT.

During all parts of the rGT, the rats were food restricted to 85% of

their free feeding weight and maintained on 14 g of rat chow given

1 h after their gambling session. The chow was spread out in the cage

to secure access for both individuals in a pair. Body weight of the ani-

mals (Figure 1A) was closely monitored to ensure that the food

restriction was properly carried out. Water was available ad libitum

during the whole experiment.

All animal experiments were approved by the Uppsala Animal

Ethical Committee (permit number 5.8.18-00833/2017) and followed

the guidelines of the Swedish Legislation on Animal Experimentation

(Animal Welfare Act SFS 1998:56) and the European Union Directive

on the Protection of Animals Used for Scientific Purposes (Directive

2010/63/EU).
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2.2 | Experimental outline

An experimental outline is shown in Figure 1B. After delivery, the ani-

mals were left undisturbed for 2 weeks to acclimate to the animal

facility and the reversed light/dark cycle.35 During the following week,

the rats were handled on 3 consecutive days to habituate to the

experimenter and the daily procedures. The handling consisted of

individual handling, weighing and adaptation to the transportation

bucket used to transport the animals to the behavioural testing room.

During this week, the rats were individually marked by ear punching.

The behavioural tests were carried out the following 2 weeks, first the

MCSF and 1 week later the novel cage test. The animals were tested

in the same order in both tests. One rat in each pair was tested first

across all cages followed by the second rat across all cages. Before

training for the rGT, the animals were habituated to the operant

chambers. For the last part of the study, the animals were transported

by truck to the MRI facility. After transport, they were again left

undisturbed for 2 weeks to acclimate to the animal facility. Due to

time constraints, 30 animals underwent the R-fMRI scan; the two ani-

mals that were excluded were the last ones to accomplish the rGT

training. The body weight of the animals was continually monitored

(Figure 1A): weekly during the behavioural testing, daily during rGT,

and a measurement was taken before the MRI scan.

2.3 | MCSF test

The MCSF test has been described in detail elsewhere.26 Briefly, the

apparatus is 100 � 100 cm with walls that divide it into different

parts (Figure S1). In the middle of the apparatus is an open area called

centre (70 � 70 cm). During analysis, a central circle (CTRCI; 25 cm in

diameter) is added in the centre for interpretation of risk-taking versus

thigmotaxic behaviour. From the centre, three corridors are accessi-

ble, which in turn lead to different areas; a sheltered area called the

dark corner room (DCR); an elevated area called the hurdle, which

contains a hole board with two holes for the animal to nose poke into

as an explorative incentive; and an elevated and brightly lit bridge

construction with stainless-steel wire-mesh floor. The beginning of

the bridge is called slope and is accessible from the corridor. The light-

ing conditions (lux) in the arena were as follows: centre and corridors

<30, DCR <0.5 and bridge >500. When testing began, the animal was

placed in the centre facing the wall without a corridor entry and was

allowed to explore the arena during 20 min. In between animals, the

arena was cleaned with 10% ethanol and left to dry.

2.4 | Novel cage test

The novel cage test27 consisted of a cage (38 � 38 � 31 cm) that the

individual has never experienced before. The floor of the cage is cov-

ered with wood chip bedding (7 cm deep). The rat was released in the

middle of the cage and allowed to freely explore for 5 min. An eth-

ogram of behaviours scored is shown in Table S1. The bedding was

changed, and the walls were cleaned with 10% ethanol solution and

left to dry in between animals.

2.5 | Behavioural recordings

The MCSF and novel cage test sessions were recorded by an over-

head camera and the experimenter observed from an adjacent room.

Descriptive parameters were generated using the EthoVision system

F IGURE 1 (A,B) Rat population (n = 32) body weight (g; A) and the outline of the experiment (B) over the corresponding experimental weeks.
(A) The population mean body weight is displayed by the black line, and the grey shadow shows the body weight range. (B) The order of the
different tests is shown corresponding to the weeks on the x-axis of Figure 1A. The time required to complete training prior to the free choice
rGT differed between animals and is indicated by the overlap between training and free choice rGT, that is, the first individual finished training
and moved on to free choice rGT during Week 9 and the last animal during Week 14. (C) Schematic of the rat gambling task (rGT). The size of the
white and grey parts of the reward/punishment blocks indicates the probability of reward and punishment for each choice (P1–P4). The
contingencies with regard to reward probability, number of pellets and duration of punishing time-outs for the different options were: P1 p = 0.9,
1 and 5 s; P2 p = 0.8, 2 and 10 s; P3 p = 0.5, 3 and 30 s; P4 p = 0.4, 4 and 40 s. ITI, inter-trial interval; MCSF, multivariate concentric square
field™ test; rGT, rat gambling task; R-fMRI, resting-state functional magnetic resonance imaging
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(Version XT 12.0, Noldus Information Technology, Wageningen, the

Netherlands). For the MCSF test, the total distance (cm) moved and

mean velocity (cm/s) in the arena were tracked automatically. Auto-

matic tracking was also used to determine the latency to first visit(s),

duration(s) and frequency of visits to the defined zones (except for

slope and bridge that were scored manually due to poor detection).

Frequency of rearing, grooming, nose pokes into the hole board holes

and stretched attend postures (SAPs) were scored manually. The fol-

lowing parameters were derived: latency to leave centre (Lat leave),

duration per frequency in all zones (D/F), sum of all frequencies (total

activity; TOTACT), duration and frequency in the corridors (D and F

TOTCORR, respectively) and percentage duration and frequency in all

zones (%D and %F, respectively). The novel cage test duration(s) and

frequency of behaviours described in Table S1 were scored manually.

2.6 | rGT

2.6.1 | Apparatus

The rGT took place in five-hole operant chambers

(34 � 33 � 33 cm) placed inside ventilated sound-attenuating cabi-

nets (56 � 56 � 70 cm; Med Associates, Inc.). The chambers included

five response holes, a food tray and a house light. Only four response

holes are used in the rGT; therefore, the middle response hole was

not used during training or testing. A response in that hole was not

recorded as a choice or a premature response. However, responses in

that hole were included in the measurements preservative responses

and total head entries during punishment, which are described in the

rGT section. Both the response holes and the food tray were

equipped with stimulus lights and photo beams to record responses.

The food tray was connected to a pellet dispenser that delivered

45-mg sucrose pellets (Sandown Scientific, Middlesex, UK). The cham-

bers were controlled by a software written in Med PC (Med Associ-

ates, Inc.). The chambers were cleaned with 10% ethanol solution and

allowed to dry in between subjects.

2.6.2 | Habituation and training

The rats were habituated to the chambers on two daily 30-min ses-

sions when sugar pellets were placed in all nose poke holes and in the

food tray. Following this, the rGT training started, and the rats had to

progress through six levels of increasing complexity. The training

schedule is similar to that for the five-choice serial reaction time task

and was based on the schedule published by Zeeb et al, but with some

modifications.14 A response in the food tray is needed to start a trial.

Firstly, all four holes (Holes 1, 2, 3 and 4) were illuminated, and a

response in either of them resulted in one pellet reward. The session

was finished when the rat had completed 100 trials or after 30 min.

When 100 trials under 30 min had been achieved, the subject went

on to the next level where only one response hole was illuminated,

and a response had to be made in the correct hole before a one pellet

reward was given. In order to proceed, 100 trials had to be completed

with ≥80% correct responses and ≤20% omissions. In the first level,

the stimulus light was lit until a response was made. In the following

levels, the stimulus duration and time to respond was gradually

decreased until they reached 2 s, respectively. The last level of the

training was a forced choice rGT that had all the same parameters as

the free choice rGT (described in the following section), with the

exception that only one response hole was lit and only a response in

that hole gave rise to either a pellet reward or a punishing time-out.

This was done for seven sessions to make sure that all the choice

alternatives had been explored. The time to reach the last level of the

rGT training differed between individuals (median: 18.5 training days,

min: 11, max: 34).

2.6.3 | rGT

The rGT version used in the present study is the same as previously

described.14 A schematic of the test is shown in Figure 1C. In the rGT,

all four holes were lit, and the rat could make a free choice. A trial was

initiated by a response in the illuminated food tray. The trial began

with a 5-s inter-trial interval (ITI) where the subject had to wait before

the four response lights were illuminated and a response could be

made. Any response made during the ITI was recorded as a premature

response, and the house light turned on for 5 s before another trial

could be initiated. If no response was made within 10 s after the

response holes were activated, the trial was recorded as an omission,

and the tray light was re-illuminated, and a new trial could be initiated.

The response holes are associated with different number of pellets,

length of punishing time-outs and probabilities of reward or punish-

ment. The contingencies with regard to reward probability, number of

pellets and duration of punishing time-outs for the different options

were P1 p = 0.9, 1 and 5 s; P2 p = 0.8, 2 and 10 s; P3 p = 0.5, 3 and

30 s; P4 p = 0.4, 4 and 40 s. Thus, P2, the response hole with two pel-

lets as reward, is most advantageous and will give rise to the highest

number of pellets earned during a session. P4 is the riskiest choice

and will give the least number of pellets due to the long duration of

punishing time-outs. The task was performed 5 consecutive days per

week, and the sessions lasted for 30 min. The percentage of each

choice was calculated ((#choice of that option/#completed trials)

� 100) for P1, P2, P3 and P4. Premature responses and omissions

were recorded as total number during each session. Additional

responding in the response holes after a choice had been made was

defined as perseverative responses. Perseverative responses were

divided into perseverative responses during reward (PRdR) and per-

severative responses during punishment (PRdP). To make comparisons

possible, the PRdR and PRdP were divided by the number of rewarded

trials or punished trials, respectively. Total head entries during punish-

ment (head entries), that is, both response holes and the food tray,

were also recorded and divided by the number of punished trials.

The individual gambling strategies were based on stable choice

patterns during week 5, and groups were formed as follows: the top

quartile in P1 formed the safe group, and the top quartile in P2
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formed the strategic group. The risky group included the individuals

with P4% > Q3 + 1.5 � IQR (interquartile range). One individual that

was an outlier (according to Grubbs' outlier test) in P3% was also

included in the risky group, as it increased in P3% every week. The

remaining individuals formed the group other.

2.7 | R-fMRI

2.7.1 | Animal preparation for MRI

Animals underwent MRI scanning 4–7 weeks after the completion of

rGT. Anaesthesia was induced in a box with 5% isoflurane (1:4 oxy-

gen/air mixture; Isoflo® Vet, Orion Pharma Animal Health, Sollentuna,

Sweden), and a subcutaneous catheter was inserted when the animals

were anaesthetized. The animals were thereafter placed prone in a

stereotactic holder with their head cinched, teeth placed in a tooth

bar and a nosecone placed around their nose that provided 2% iso-

flurane in a mixture of oxygen and air (ratio 1:4). A rectal thermome-

ter, a pulse oximeter and breathing sensor (all SA Instruments, Stony

Brook, NY, USA) were used to monitor the animal during the MRI

measurements. To maintain a steady body temperature of 37�C, a

feedback hot air system (SA Instruments, Stony Brook, NY, USA) was

used. When the rat reached a steady core temperature of 37�C, a

bolus dose of medetomidine (0.05 mg/kg; Domitor® Vet, Orion

Pharma Animal Health, Sollentuna, Sweden) was administered by an

infusion pump (PHD 2000 infuse/withdraw, Harvard Apparatus,

Holliston, MA, USA) via the subcutaneous catheter. Isoflurane flow

was lowered to 0.25% 5 min after the bolus. Fifteen minutes after the

reduction of isoflurane flow, a steady flow of medetomidine

(0.1 mg/kg/h) was administered by an infusion pump (PHD 2000

infuse/withdraw, Harvard Apparatus, Holliston, MA, USA) until the

end of the experiment.

2.7.2 | MRI data acquisition procedure

All MRI measurements were conducted using a 9.4T experimental

MRI system (VnmrJ software 3.1, Agilent, Yarnton, UK). The MRI

scanner was equipped with a gradient system of 12 cm inner diameter

and a maximum strength of 600 mT/m. An actively tuned transmit–

receive bird-cage coil of 72 mm ID (RAPID Biomedical GmbH,

Wüzburg-Rimpar, Germany) was utilized for the volumetric scanning

of the brain anatomy. An actively detuned, receiver-only, four-channel

phased array surface coil (RAPID Biomedical GmbH, Wüzburg-Rimpar,

Germany) was used for rapid data acquisition of R-fMRI based on an

echo-planar-imaging (EPI) method. The MRI acquisition protocol

included the following:

1. 3D gradient recalled echo (GRE) imaging using the following main

acquisition parameters: 50 � 40 � 40 mm3 field of view (FOV),

matrix size = 128 � 128 � 128 data matrix, TE/TR = 2.91/

1.47 ms and flip angle = 20�.

2. Anatomic reference scans were acquired using a fast spin echo

sequence (FSE) with a stack of 11 transverse slices of 1 mm thick-

ness. The positions of the slices were carefully selected so that the

anterior commissure joined medially in the central slice. The fol-

lowing settings were used for the scanning: TR = 3 s, echo train

containing 8 echoes where the fourth echo was localized to the

centre of k-space, NEX = 1, matrix size = 256 � 256,

FOV = 48 � 48 mm2 and a slice thickness of 1 mm.

3. R-fMRI data were acquired using a single-shot GRE EPI protocol

with the following acquisition parameters: FOV = 32 � 32 mm2,

matrix size = 64 � 64, 11 interleaved transverse slices at the same

positions as the anatomic reference scan described above, slice

thickness = 1 mm with no slice gap, TR/TE = 1000/16.33 ms, 300

dynamic repetitions with a total acquisition time of 5 min,

bandwidth = 2791 Hz/pixel and eight dummy scans preceded the

data collection in order to achieve signal steady state. For each ani-

mal, the R-fMRI data acquisition was repeated twice in the same

session.

2.7.3 | R-fMRI data preprocessing

The R-fMRI data underwent the following preprocessing procedures:

1. Rigid-body motion correction. After de-spiking, each R-fMRI time

series was aligned to the first volume using a six-parameter model

to correct for rigid motion artefacts. Skull stripping based on the

average image of each time series was preformed prior to the reg-

istration to eliminate ghosting and bone signals outside the brain

volume. The skull stripping was preformed manually by using the

ITK-SNAP software (www.itksnap.org).36

2. Correction of the image distortion associated B0 inhomogeneity.

B0 inhomogeneity can affect GRE measurements acquired with

single-shot EPI and result in spatially non-linear image distortions.

To mitigate such image distortions, we implemented a deformable

registration framework based on mutual information metric. The

framework can reduce EPI distortions and significantly improve

the quality of the blood oxygen level dependent (BOLD) fMRI data.

The correction was carried out firstly by co-registering the average

image volume for the GRE time series to the corresponding FSE

anatomical reference image and then applying the correction

parameters to each image volume in the BOLD time series.

3. Spatial normalization of the R-fMRI data sets for individual animals

to the intermediate template based on group average. The con-

struction of the group-based intermediate template was performed

by selecting a typical rat brain as the initial reference (the average

of any BOLD time series), registering the different rat brains (the

average of each BOLD time series) to the initial reference and tak-

ing average for the registered group data. The spatial normalization

to the intermediate template was completed by using a

12-parameter linear affine registration algorithm.

4. Nuisance signal removal. This was performed by voxel-wise regres-

sion using 14 regressors based on the motion correction
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parameters, average signal of the ventricles and their first-order

derivatives.

5. Smoothing and bandpass filtering to suppress signal noise and

improve signal-to-noise ratio of the R-fMRI data. After baseline trend

removal up to the third-order polynomial, effective bandpass filtering

was performed using low-pass filtering at 0.08 Hz. The smoothing of

the spatially normalized R-fMRI data was conducted by using a

Gaussian kernel with full width at half maximum of 0.65 mm.

The entire preprocessing pipeline was conducted using a shell wrap-

per based on different C programs of the AFNI (afni.nimh.nih.gov) and

FSL (fmrib.ox.ac.uk) software packages.

2.8 | Statistical analyses

2.8.1 | Behavioural data analysis

Statistical analyses were carried out in Statistica 13 (TIBCO Software

Inc., Tulsa, OK, USA) unless otherwise specified. Data were consid-

ered statistically significant at p < 0.05. Parameters were examined for

normality using the Shapiro–Wilk W test. The majority of all parame-

ters in the MCSF, novel cage and rGT were not normally distributed;

hence, non-parametric statistics were used. Between-subject differ-

ences with more than two groups were examined with Kruskal–Wallis

analysis of variance (ANOVA) by ranks and post hoc Mann–Whitney

U test with continuity correction where appropriate. Between-subject

differences with two groups were examined using the Mann–Whitney

U test with continuity correction. Analysis of main effects and interac-

tions in non-parametrical, longitudinal data sets from the rGT were

carried out in R 3.2.337 using the nparLD package38 with gambling

strategy group as between-subject factor and choice as within-subject

factor. Between-subject post hoc tests were performed with the

Mann–Whitney U test with continuity correction, and within-subject

post hoc tests were performed with Wilcoxon's matched pairs test.

Outliers in the P3 choice of the rGT were identified with Grubbs' out-

lier test. The Spearman rank order correlation was used for analysis of

correlations.

For the MCSF data, a trend analysis was performed, as previously

described.39 The trend analysis is a rank order procedure that groups

descriptive parameters within the same functional behavioural catego-

ries. These categories are general activity (total activity, number of

visits to the corridors, duration per visit to the corridors [reversed],

number of visits to the centre and the total distance moved in the

arena), exploratory activity (duration in the corridors [reversed], dura-

tion in the centre [reversed], duration in the hurdle, number of

rearings and nose-pokes in the hole board holes), risk assessment

(SAPs in the centre and number of visits to, duration in and duration

per visit in the slope), risk-taking behaviour (number of visits to, dura-

tion on and duration per visit on the bridge and number of visits to,

duration in and duration per visit to the CTRCI) and shelter-seeking

behaviour (number of visits to, duration in and duration per visit to

the DCR).

2.8.2 | R-fMRI data analysis

Quantitative data-driven analysis of R-fMRI data

Quantitative data-driven analysis (QDA) reveals changes in general

brain connectivity. Every voxel in the brain was used in turn as a seed,

and clusters with high connectivity metrics were identified as func-

tional hubs. For QDA, a framework to compute the voxel-wise cross-

correlation coefficient matrix of the R-fMRI data was implemented.

For each voxel inside the brain, Pearson's cross-correlation coeffi-

cients (CC) of the R-fMRI time course with that of every other voxel

inside the brain was computed. With the QDA approach, two voxel-

wise resting-state functional connectivity (RFC) metrics were derived

from the CC matrix, the connectivity strength index (CSI) and connec-

tivity density index (CDI).40 CSI is defined as the non-zero mean value

of the cube of the CC for all voxel pairs involving the current voxel in

question, CSI=
P

CC ≠ 0CC
3

� �
=n, where n is the total number of voxel

pairs with non-zero CC. CSI provides a metric for the local connectiv-

ity strength with the rest of the brain, that is, how strong the local

voxel is associated with the rest of the brain. CDI is defined as the

convolution between the histogram of the CC for all voxel pairs

involving the current voxel in question and the kernel function

y= abs x3
� �

(where �1.0 ≤ x≤ 1.0), CDI=hist CCð ÞN abs x3
� �

: CDI pro-

vides a metric for the local connectivity density with the rest of the

brain, that is, how densely the local voxel is associated with the rest

of the brain.

Seed-based analysis

The QDA method does not highlight the specific connectivity changes

between selected brain regions. To further explore the specific con-

nectivity differences related to the reward networks, a seed-based

analysis using the regions of interests (ROIs) detected from the QDA

analysis was performed. The seeds were placed at the peaks of the

nucleus accumbens clusters detected from the group comparisons of

the QDA metrics. The CC map was computed for each animal by using

the average time course of the BOLD signals for the selected ROIs as

the reference.

2.8.3 | Statistical analysis of R-fMRI data

QDA

To investigate the possible association between the spontaneous

brain activities with gambling behaviour, regression analysis of the

rGT behaviour data and RFC metrics derived from the R-fMRI mea-

surements was used. For data reduction, a principal component analy-

sis (PCA) was conducted on the rGT behaviour data using the

MATLAB software (the MathWorks, Inc., Natick, Massachusetts,

USA). The rGT data for all 30 animals (Table S2) were analysed using

PCA. The first three PCA components accounted for 95.3% of the

variance (the contributions from the respective components were

56.2%, 23.3% and 15.8%, respectively). To further explore the possi-

ble links between the intrinsic brain activities and gambling behaviour,
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we carried out linear regression analysis of the top two PCA compo-

nents with the CSI and CDI metrics in a voxel-by-voxel fashion using

the AFNI program 3dRegAna. Moreover, voxel-wise two-sample t-test

analyses of the CSI and CDI metrics between the different subgroups

of animals with different gambling strategies were performed using

the AFNI program 3dttest++ to identify RFC metrics unique for the

gambling strategy groups. The two-sample t-test procedure was car-

ried out systematically for all possible group combinations among the

four subgroups of animals with different gambling strategies. Normali-

zation of regional volumes by intracranial volume (ICV) may influence

the assessment of local functional connectivity. Therefore, we con-

ducted voxel-based morphometry analysis with SPM12 software

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) to derive tissue

fractional distributions and ICV. The raw RFC metrics versus ICV

adjusted RFC metrics were compared by including ICV as a covariate

factor into the regression and t-test analyses.

The statistical significance for the regression analysis and t-test

was assessed using a two-step approach. Firstly, a voxel-wise thresh-

old of p < 0.001 (uncorrected) to form initial cluster candidates was

imposed. Secondly, permutation simulations without assuming a par-

ticular form of probability distribution for the voxel values in the RFC

metric images were performed to identify the ROIs from the initially

detected clusters with significant difference in the RFC metrics at

family-wise error rate (FWER) p ≤ 0.05. That is, a corrected p-value

was estimated for each initially identified cluster through the random

permutation simulations. Using the detected ROIs as masks, the RFC

mean values for the ROIs were evaluated for further analysis in the

context of their relevance for the animals' gambling behaviour.

Seed-based analysis

For the derived CC maps associated with the selected nucleus

accumbens seed, a one-sample t-test was performed to generate the

average connectivity network associated with the selected seeds.

Between-group differences were tested with two-sample t-test. The

two-sample t-test procedure was carried out systematically for all

possible group combinations among the four subgroups of animals

with different gambling strategies. The statistical significance of the

t-tests was also assessed with FWER p ≤ 0.05 at cluster level.

2.8.4 | Visualization of the R-fMRI results

An open-access volumetric atlas based on structural MRI of 39-μm

isotropic spatial resolution41 was used as a template to provide

detailed anatomical delineations of the rat brain in addition to a rat

brain atlas.42 For the spatial registration of the R-fMRI slab to the

whole-brain template, we manually selected an initial location of an

axial slab of 11 mm that approximately matched the brain volume

for the BOLD R-fMRI measurements from the template. The loca-

tion of the slab was then systematically incremented through a

numerical loop of 100 steps (±50 mm of the initial location) so that

the selected final template slab and the intermediate template from

the BOLD R-fMRI group average were optimally matched with the

minimum difference. The affine registration parameters were

then applied to the statistical results from the regression and t-test

analyses by using the final template slab as the master

reference. The spatially aligned statistical results were resampled to

0.1 mm resolution and overlaid onto the template brain for

visualization.

3 | RESULTS

3.1 | rGT and behaviour

The progression of choices in the rGT over the weeks is shown in

Figure S2 and Table S3. Individual differences in gambling strategies

revealed a stable pattern. From week 3 onwards, P2 was the preferred

option for the population as a whole (Table S3). However, individual

differences in choice of the different options started to emerge during

week 3 and remained stable for the rest of the experiment (Figure S2).

Based on performance during week 5, the groups safe (n = 6),

strategic (n = 8) and risky (n = 7) were formed. The remaining individ-

uals constituted the group other (n = 11; Figure 2A). The following

presentation of the rGT results focus on the risky, safe and

strategic rats.

There were main effects (p < 0.001) of gambling strategy group

(risky, strategic and safe) and choice (% P1, P2, P3 and P4) as well as

an interaction (p < 0.001) between gambling strategy group and

choice. The choices within the respective groups revealed different

patterns (Figure 2B–D). The risky group chose P2 more than P3

(Figure 2B). The strategic group chose P2 more than any other option

and P1 more than P3 and P4 (Figure 2C). Finally, the safe group chose

P1 more than P3 and P4, P2 more than P4 and P3 more than P4

(Figure 2D). When comparing differences in choices between the

groups (Figure 2E–H), rats in the risky group chose P1 and P3 fewer

times and P4 more times than the safe group (Figure 2E,G,H). More-

over, the risky group chose P2 fewer times and P4 more times than

the strategic group (Figure 2F,H). The strategic group choose P1 and

P3 fewer times and P2 more times than the safe group (Figure 2E–G).

Further parameters derived from the rGT are shown in Table S4.

The risky rats had shorter latency in first collecting the reward than

the safe rats, but not relative to the strategic rats. Moreover, the risky

group made more perseverative responses during reward than rats in

the strategic and safe group, respectively. Finally, the strategic group

made more omissions than the risky and safe group, respectively

(Table S4). The validation of the gambling strategy groups is shown in

Supporting Information, p.7, and Figure S3.

The body weight was closely monitored during the weeks of

restricted feeding (Figure 1A) and did not differ between the gambling

strategy groups during rGT (Table S4).

No differences in behaviour in the MCSF or novel cage tests

between the gambling strategy groups were observed (Supporting

Information, p. 8, Figure S4, Tables S5 and S6).
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3.2 | Gambling strategies and R-fMRI

Two-sample t-tests of the voxel-based morphometric analysis

results did not show significant differences (FWER, p < 0.05) in

grey matter volume between any of the gambling strategy groups.

The ICV did not scale proportionally with the connectivity metrics

in any specific local region, and ICV correction did not significantly

change the R-fMRI results in relation to the different gambling

strategies.

3.2.1 | QDA

Based on the explorative focus of the study and the novel aspect of

investigating gambling strategies using R-fMRI, the group other was

incorporated in the analysis of the R-fMRI results. Figure 3A shows

the scatter plot of PCA component t(1) versus component t(2) (vari-

ance contribution 79.5%) with all animals coloured according to gam-

bling strategy groups. Four clusters could readily be identified, which

were associated with animals of different strategy groups in the rGT.

F IGURE 2 Results from the
rGT. (A) Distribution of the
choices in the population tested
(n = 32), with choices in per cent
on the y-axis and the four
available choices (P1–P4) on the
x-axis. The individuals are
coloured by gambling strategy
group into safe (green circles),

strategic (blue diamonds) and
risky (red squares). The groups
are only marked out in the choice
that distinguishes that strategy
group, the uncoloured circles
represent all individuals who are
not a part of the group being
displayed in that choice category.
(B–D) Choices of P1, P2, P3 and
P4 within the (B) risky (n = 7), (C)
strategic (n = 8) and (D) safe
(n = 6) rats. Data are presented
as median with upper and lower
quartiles. *p < 0.05, **p < 0.01,
***p < 0.001 (post hoc Wilcoxon
matched pairs test). (E–H)
Difference in choice between the
gambling strategy groups. Choice
(%) of P1 (E), P2 (F), P3 (G) and P4
(H). Individual rats are shown as
symbols with group median
marked by a line and upper and
lower quartiles indicated by
whiskers. *p < 0.05, **p < 0.01,
***p < 0.001 (post hoc Mann–
Whitney U test)
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The risky group had negative t(1) and t(2) and was located in the lower

left quadrant of the graph. Animals in the safe group had low t(1) and

the highest t(2) values and formed a cluster in the top of the graph.

The strategic group had low t(2) and the highest t(1) values and

formed a cluster at the far right of the graph. Finally, the group other

loaded in the middle of the graph and had intermediate t(1) and t(2)

values. The parameter's contribution to the loading of the individuals

are shown in Figure S5. P2 and P2% (strategic) dominated the projec-

tion to positive t(1), whereas P1 and P1% dominated the contribution

to positive t(2). P4 and P4% (risky) contributed mainly to negative

t(1) and t(2).

The CSI metrics showed no significant correlation with the top

two PCA components (data not shown), whereas CDI metrics

depicted a significant (p < 0.05) negative correlation with the top two

principal components in a number of brain regions. Figures 3B and 3C

shows the regression results for CDI versus principal components

t(1) and t(2), respectively. As summarized in Table 1, the principal

component t(1) was negatively correlated with CDI in the hippocam-

pus, caudate putamen, stria terminalis, thalamus and habenula

(Figure 3D). Moreover, the principal component t(2) was negatively

correlated with CDI in the septum, caudate putamen, nucleus

accumbens, primary and secondary motor cortices, primary somato-

sensory cortices (hindlimb region, forelimb region, upper lip region),

thalamus, basal forebrain region, globus pallidus, amygdala, medial

forebrain region and ventral pallidum (Figure 3E). The CDI metrics in

these brain regions demonstrated a stronger association with the prin-

cipal component t(2). The correlation coefficients for t(1) and t(2) were

�0.62 and �0.73, respectively. The risky gambling group tended to

possess low PCA t(1) and high CDI, which was opposite to the strate-

gic group (Figure 3B). The risky group also tended to possess low PCA

t(2) and high CDI, which was opposite to the animals in the safe group

(Figure 3C).

F IGURE 3 (A) Scatter plot of the top two principal components for the 30 animals that underwent the R-fMRI according to gambling strategy
group. (B–E) R-fMRI results on a population level. (B) The scatter plot of the average CDI for the ROIs with significant correlation between the
CDI metric and principal component t(1). (C) The scatter plot of the average CDI for the ROIs with significant correlation between the CDI metric

and principal component t(2). (D) Brain regions with significant correlations (p ≤ 0.05) between CDI and principal component t(1) shown in three
anatomical sections: coronal (A), sagittal (B) and horizontal (C). The green lines indicate the location of the crossing planes. The colour bar shows
the scale for the t-score. The numeric annotations indicate the ROIs of different sizes in descending order according to Table 1. (E) Brain regions
with significant correlation (p ≤ 0.05) between CDI and principal component t(2) shown in three anatomical sections: coronal (A and D), sagittal
(B and E) and horizontal (C and F). To illustrate all the significant ROIs, cross sections at two different locations are depicted corresponding to the
upper and lower rows, respectively. The green lines indicate the locations of the crossing planes. The colour bar shows the scale for the t-score.
The numeric annotations indicate the ROIs of different sizes in descending order according to Table 1
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Among all possible pairwise comparisons between the different

gambling strategy groups, the risky versus strategic group (Figure 4) and

risky versus other group (Supporting Information, p. 15, Figure S6,

Table S7) showed significant differences in CDI. There was no signifi-

cant difference in the CDI metrics between the remaining groups (risky

versus safe, strategic versus safe and safe versus other; data not

shown). As summarized in Table 2 and shown in Figure 4A, the risky

group depicted significantly higher CDI in the caudate putamen, nucleus

accumbens, septum, insular cortex, primary somatosensory cortex

(upper lip region), bed nucleus of stria terminalis, external part of globus

pallidus, agranular insular cortex and primary motor cortex compared

with the strategic rats. The CDI differences between risky and strategic

rats are further illustrated by the group averages shown in Figure 4B.

3.2.2 | Seed-based analysis

The results for the seed-based analysis are summarized in Figure 5. The

brain functional network associated with the nucleus accumbens is

shown in Figure 5A. Besides the prefrontal-striatal circuit, the nucleus

TABLE 1 Summary of the brain regions of interest (ROIs) with significant correlation (p ≤ 0.05) between CDI and the top two principal
components t(1) and t(2), respectively

PCA ROI Size (μl) p Anatomic annotation

t (1) 1 2.245 0.05 Hippocampus, caudate putamen, stria terminalis

2 1.601 0.05 Thalamus, hippocampus, habenula

t (2) 1 43.787 0.01 Septum, caudate putamen, nucleus accumbens

2 14.968 0.01 Neocortex (M1, M2, S1HL and S1FL)

3 13.398 0.01 Neocortex (M1, M2, S1HL and S1FL)

4 5.699 0.03 Thalamus, basal forebrain region, globus pallidus

5 4.387 0.05 Amygdala, basal forebrain region, medial forebrain region,

ventral pallidum

6 4.157 0.05 Neocortex (M1 and M2)

7 2.736 0.05 Neocortex (M1 and M2)

8 1.607 0.05 Neocortex (S1ULp)

9 1.559 0.05 Caudate putamen, neocortex (S1ULp)

Note: Brain regions were located with the guidance of a rat brain atlas.42

Abbreviations: M1, primary motor cortex; M2, secondary motor cortex; S1FL, primary somatosensory cortex, forelimb region; S1HL, primary

somatosensory cortex, hindlimb region; S1ULp, primary somatosensory cortex, upper lip region.

F IGURE 4 R-fMRI results when comparing rats with different gambling strategies. (A) Brain regions with significant difference in CDI
(p ≤ 0.05) between the risky (n = 6) and the strategic (n = 7) group. The green lines indicate the locations of the crossing sections: coronal (a),
sagittal (b) and horizontal (c). The colour bar shows the scale for the t-score. The numeric annotations indicate the ROIs of different sizes in
descending order according to Table 2. (B) Box scatter plots of the average CDI metrics for the risky versus strategic rats. The box plots depict the
averages for the different subgroups, and the scatters within each box indicate the ROI average for the individual animal in each group
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accumbens was also associated with the motor neocortex, thalamus

and hippocampus. As shown in Figures 5B and 5C, there were several

brain regions with significant differences in the specific functional con-

nectivity associated with nucleus accumbens between the risky and

strategic animals. As detailed in Table 3, the involved areas included

thalamus, septum, caudate putamen, nucleus accumbens, motor

neocortex and hippocampus. Thus, the results for the seed-based anal-

ysis depicted similarities with the QDA results (see Figure 3 and

Table 2). However, the QDA appeared more sensitive and the t-test

results were more extensive (91 vs. 20 μl). There was no significant dif-

ference between the remaining groups (risky versus safe, strategic ver-

sus safe, strategic versus other and safe versus other; data not shown).

TABLE 2 Summary of the two-sample t-test results for the brain regions of interest (ROIs) with significant differences (FWER, p ≤ 0,05) in
CDI between the risky (n = 6) and strategic (n = 7) rats

ROI Size (μl) p Anatomic annotation

1 43.787 0.01 Caudate putamen, nucleus accumbens, septum,

neocortex (insular cortex)

2 14.968 0.01 Neocortex (S1ULp, insular cortex), caudate putamen

3 13.398 0.01 Caudate putamen, bed nucleus of stria terminalis, EGP

4 5.699 0.05 Caudate putamen, septum

5 4.718 0.05 Neocortex (AI)

6 4.387 0.04 Neocortex (S1ULp)

7 4.157 0.04 Neocortex (M1)

Note: Brain regions were located with the guidance of a rat brain atlas.42

Abbreviations: A1, agranular insular cortex; EGP, external part of globus pallidus; M1, primary motor cortex; S1ULp, primary somatosensory cortex, upper

lip region.

F IGURE 5 Summary of R-fMRI results for the seed-based analysis. The encircled areas indicate the seed locations, the green lines indicate
the locations of the crossing sections and the colour bar shows the scale for the t-score. (A) Brain regions where the R-fMRI time courses are
significantly (FWER, p ≤ 0.05) associated with the average time course of the seed in the nucleus accumbens as detected with the QDA approach.
(B) Brain regions with significant difference in CC associated with the average time course of the seed (FWER, p ≤ 0.05) as detected by two-
sample t-test between the risky (n = 6) and strategic (n = 7) rats. The numeric annotations indicate the ROIs of different sizes in descending order
according to Table 3. (C) Box scatter plots of the average CC of animals in the risky versus strategy groups. The box plots depict the averages for
the different subgroups, and the scatters within each box indicate the ROI average for the individual animal in each group
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4 | DISCUSSION

To the best of our knowledge, this is the first study exploring indi-

vidual differences in gambling strategies in the rGT and associations

to behavioural profiles and brain connectivity as assessed by R-

fMRI. Stable individual differences in gambling strategies were iden-

tified, with subgroups of rats that preferred the suboptimal, safest

gambling strategy as well as the disadvantageous, riskiest gambling

strategy, and these strategies were associated with distinct varia-

tions in functional connectivity in brain regions central for brain

reward networks.

4.1 | Gambling strategies in the rGT

In the literature, studies on individual differences in gambling strate-

gies over time are scarce. Herein, it was revealed that individual differ-

ences in choice patterns became visible during the third week of rGT

and remained stable throughout the study. The most advantageous

choice (P2) was the preferred choice on a group level, which agrees

with previous studies using the same rGT version.14,43

Individuals with the most extreme gambling phenotypes were

identified and formed the safe, strategic and risky groups. The out-

come for the risky individuals proved to be the worst as they had a

lower number of rewarded trials and longer time-outs per trial and

earned the least cumulative number of pellets. In contrast, the strate-

gic group had the highest number of pellets per trial and a higher

number of cumulative pellets earned than the risky group. In studies

using the rGT, groups are commonly formed using the sum of the

advantageous and the disadvantageous choices, respectively.14,43

However, because this approach adds together different choices, it

cannot be used to identify the individuals that are most extreme in

their choices, with potentially different underlying neurobiology also

between extremes in P1 and P2, as indicated by the PCA and subse-

quent regression analysis herein.

4.2 | Brain functional connectivity in rats with
different gambling strategies

Decision-making depends on a complex interplay between several

neural systems. The PCA based upon the rGT parameters revealed a

clear separation between the gambling strategy groups with signifi-

cant correlations in brain connectivity in brain regions including the

hippocampus, nucleus accumbens, caudate putamen, stria terminalis,

septum, habenula, amygdala and thalamus. These brain regions are

central for brain reward networks and implicated in motivation,

reward and reinforcement and decision-making, as well as different

stages of the addiction process.44,45 Moreover, the findings herein are

in agreement with a human study on healthy volunteers performing

the IGT during fMRI scanning that revealed activity in areas including

the dorsolateral prefrontal cortex, cingulate cortex and nucleus

accumbens, but not the hippocampus and amygdala.30 The impor-

tance of the amygdala has however been shown in other studies on

decision-making processes as measured by the IGT.46,47

Based on the QDA and seed-based analyses, the risky rats dif-

fered from the strategic and, based on QDA only, also the group

other. The risky gambling strategy was correlated with higher CDI in

the nucleus accumbens, caudate putamen and amygdala and higher

CC in caudate putamen and nucleus accumbens. This agrees with

findings from studies of patients with GD that reported higher func-

tional connectivity between nucleus accumbens and amygdala48 as

well as increased R-fMRI connectivity in the network including cingu-

late cortex, caudate nucleus and nucleus accumbens compared with

healthy controls.49 Moreover, a study using a cued version of the rGT

showed that inhibition of dopaminergic projections to the nucleus

accumbens induced a switch from risky to optimal gambling strategies

in male rats.50 Finally, in a recent study based on a rodent ‘blackjack’
task and manipulation of the connections between the basolateral

amygdala and nucleus accumbens, van Holstein et al investigated how

the interactions between the basolateral amygdala and nucleus

accumbens promoted non-advantageous choices.51 The emerging evi-

dence thus support the notion that the amygdala–nucleus accumbens

circuitry play an essential role in decision-making.

Results from both QDA and seed-based analysis indicated that the

strategic gambling strategies were correlated with lower functional con-

nectivity in the hippocampus, caudate putamen, thalamus and habenula.

The low functional connectivity in the hippocampus of the strategic rats

was unexpected as it contradicts the demonstrated role of the hippo-

campus in flexible decision-making.52 In contrast, our findings resonates

with a recent BOLD fMRI study in which activity in the thalamus and

caudate was negatively correlated with gambling severity.20 Moreover,

the negative correlation in the habenula is notable based on its critical

role in reward-associated learning by modulating dopamine levels53 and

TABLE 3 Summary of the two-sample t-test results for the specific connectivity associated with the selected nucleus accumbens seeds. The
ROIs are listed in descending order and have significant difference (FWER, p ≤ 0.05) between the risky (n = 6) and strategic (n = 7) rats

ROI Size (μl) p Anatomic annotation

1 6.707 0.03 Thalamus

2 6.112 0.03 Neocortex (M1)

3 4.699 0.04 Caudate putamen, septum, nucleus accumbens

4 2.256 0.05 Hippocampus

Note: Brain regions were located with the guidance of a rat brain atlas.42

Abbreviation: M1, primary motor cortex.
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results demonstrating that deep brain stimulation of the habenula could

reduce cocaine and sucrose intake in rats.54,55

In healthy volunteers performing different versions of the IGT

during fMRI scanning, activity in areas of the prefrontal cortex was

revealed.30 As reviewed by Clark et al, dysregulation in the prefrontal

cortex has been identified in numerous fMRI studies on GD, but the

direction of the reported differences was inconsistent.31 The results

of the presented study revealed differences in functional connectivity

between risky and strategic rats in several cortical areas, including cin-

gulate cortex, but not the medial prefrontal cortical areas with demon-

strated involvement in decision-making processes.56 However, the

seed-based analysis detected intrinsic activity associations between

nucleus accumbens and prefrontal cortex, but no differences between

the strategy groups. This is likely due to the limited number of animals

in each gambling subgroup. It may also explain the lack of CSI related

findings, as differences in CSI have been reported in previous rodent57

and human58 studies with sufficient statistical power.

4.2.1 | Methodological considerations

There is currently no consensus as to which normalization approach is

optimal. The residual correction by including ICV as a covariate effec-

tively eliminated the correlation between the RFC and ICV. However,

as expected, the association between RFC and gambling strategies

was not altered by the ICV normalization.

In this study, we applied the QDA framework. The QDA metrics

can identify connectivity hubs and assess the general connectivity

with the rest of the brain without specifying a specific path or net-

work. The seed-based analysis has been widely used for R-fMRI,

and the connectivity between specific regions is explicitly tested in

a model-driven framework. Unlike atlas-based ROI definitions, we

used an ROI defined from the QDA results. This can potentially

improve the accuracy and sensitivity of the seed-based analysis and,

as shown herein, further strengthened some of the results from

the QDA.

4.3 | Gambling strategies are not related to
behavioural profiles

To our knowledge, this is the first time that this version of the rGT

has been combined with exploration-based behavioural tests. Surpris-

ingly, no associations between behavioural profiles and explorative

strategies, assessed using the MCSF and novel cage tests, respec-

tively, and gambling strategies were found. This contrasts previous

work where the MCSF was useful in revealing associations between

risk-related behaviour and voluntary alcohol intake.28,59 Human data

reveal that patients with GD expressed a more risk-taking

behaviour,19,20 though diverging results regarding risk-taking behav-

iour have been found in rodents. Some studies have revealed that

risk-taking differs between good decision makers and poor decision

makers,22–24 whereas others have not found this relationship.21 Such

discrepancies in results could be due to the use of different rGT ver-

sions or methods used to measure risk-taking behaviour.

4.4 | General discussion

Traits of impulsivity and gambling proneness have been found to

be correlated in rats12,60,61 as well as in humans.12,62,63 In previous

studies using the rGT, no associations between motor impulsivity

and decision-making were revealed.14,64,65 However, a recent meta-

analysis demonstrated a negative correlation between advantageous

choices and premature responses.43 This agrees with the

finding herein that the strategic rats had lower premature

responses than the safe and risky groups, albeit not statistically

significant.

Data on the distribution into advantageous or disadvantageous

gambling strategies in the general population are scarce. In previous

studies using the IGT, nearly half of the subjects failed to learn the

advantageous decks,30 and impaired performance has been shown to

range from 11% to 65% depending on scoring method.66–68 The per-

centage of rats with risky gambling strategies in the present study,

where all rats performed the rGT, was 22%, which corresponds well

to the human literature.

It cannot be completely ruled out that the R-fMRI pattern charac-

terizing the risky rats is caused by performing the rGT. However, the

detected areas herein cohere with regions found to be significant for

human volunteers engaging in the IGT30 as well as for GD

patients.20,48,49 Additionally, the brain functional connectivity net-

works are largely stable and suggested to be innate.32 Based on these

considerations, it is tempting to speculate that certain individual dif-

ferences are predisposing a risky gambling strategy that may lead to

problem gambling and GD.

4.5 | Conclusion

In this explorative study, stable individual differences in gambling

strategies were found with subgroups of rats that preferred the sub-

optimal safest choice as well as the disadvantageous choice. More-

over, R-fMRI results provided evidence that individual differences in

gambling strategies were associated with regions in or associated with

brain reward networks.
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