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Abstract

:

Animals, including humans, frequently make decisions involving risk or uncertainty. Different strategies in these decisions can be advantageous depending the circumstances. Short sleep duration seems to be associated with more risky decisions in humans. Animal models for risk-based decision making can increase mechanistic understanding, but very little data is available concerning the effects of sleep. We combined primary- and meta-research to explore the relationship between sleep and risk-based decision making in animals. Our first objective was to create an overview of the available animal models for risky decision making. We performed a systematic scoping review. Our searches in Pubmed and Psychinfo retrieved 712 references, of which 235 were included. Animal models for risk-based decision making have been described for rodents, non-human primates, birds, pigs and honey-bees. We discuss task designs and model validity. Our second objective was to apply this knowledge and perform a pilot study on the effect of sleep deprivation. We trained and tested male Wistar rats on a probability discounting task; a “safe” lever always resulted in 1 reward, a “risky” lever resulted in 4 or no rewards. Rats adapted their preferences to variations in reward probabilities (p < 0.001), but 12 h of sleep deprivation during the light phase did not clearly alter risk preference (p = 0.21).
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1. Introduction


Goal-directed behaviour is essential in daily life, and animals, including humans, frequently make decisions involving risk or uncertainty in reaching a goal. Depending on the environment and circumstances, preference for or avoidance of uncertain outcomes can be beneficial. However, risk taking can also have negative consequences and it is associated with several neurologic and psychiatric conditions, comprising attention-deficit hyperactivity disorder, frontotemporal dementia, unipolar and bipolar depression, anxiety disorders, obsessive-compulsive disorder and schizophrenia [1,2,3,4]. Furthermore, impulsive decision making could be at the base of addictive disorders with or without substance abuse (pathological gambling) [5,6,7,8,9].



Humans are generally risk-aversive when considering potential gains, and more risk-prone when facing potential losses [10]. Sleep deprivation may increase risk taking in humans. In the laboratory, sleep deprivation results in selection of riskier decks of cards in the Iowa gambling task (IGT) [11,12]. Riskier decisions were associated with shorter REM sleep duration [11]. Also, normal sleep after first task exposure seems to improve subsequent performance on the IGT [13]. Sleep deprivation has similarly been shown to affect risk-based decision making on other laboratory tasks, e.g., the Mosaic Task [14], the Columbia Card Task [14] and the Lottery Choice Task [10].



Outside the laboratory, sleep deprivation seems to increase risk taking in, e.g., alcohol and other drug use, violent/delinquent behaviour, transport risk-taking/road safety, and sexual risk taking [10,12,15,16,17]. The reason for sleep deprivation (voluntary vs. involuntary) may affect the outcome; participants with voluntary sleep loss are more risks-prone concerning driving and drinking alcohol, and they have higher disinhibition than those with insomnia and normal sleepers [17].



Decision making apparently depends on a network comprising the orbitofrontal cortex, somatosensory cortex, amygdala and striatum [3], and several neurotransmitters, comprising dopamine, serotonin, noradrenaline, acetylcholine and glutamate [4]. Further knowledge of the network and neurochemistry can result in innovative treatment for the patients suffering from impaired decision making [3], and help to limit the aversive consequences of risk taking after sleep deprivation. Animal models allow for mechanistic studies which could lead to improved insights into the neurochemistry, but up to now validated study design data are scarce, as are experimental data.



The optimal animal model and experimental design to answer a research question should be selected based on previous work. Interpretation of the results also requires awareness of the related literature. Reproducible systematic review techniques can aid evidence-based decision making on the experimental design and interpretation of the results. One review type implementing systematic methods is the scoping review [18,19], which provides an explorative analysis of the literature on a topic such as animal models for risk taking.



Behavioural tasks have been developed to test risk taking and gambling in laboratory settings. Many possible task designs have been developed for use in humans and animals. While these tasks have been reviewed before (e.g., [4,20,21,22,23,24]), we are not aware of any systematic overview. In this work, we thus describe a combined approach, consisting of a systematic scoping review (meta-research) and a primary pilot-study, to explore the relationship between sleep and risk-based decision making in animals.



The systematic scoping review answers the review question: “What are the available animal models to test risk-based decision making?” To find out if the effect of sleep deprivation on risk-based decision making in rats is comparable to that in man and might be used as a model to elucidate underlying mechanisms, we performed a pilot experiment to address the research question: “Is risk-based decision making affected by sleep deprivation in male Wistar rats?” The main purpose of this pilot study was to determine the standard deviation in risk preference at baseline, and the potential effect size of sleep deprivation. These parameters are needed to reliably estimate how many animals would be needed for a full experiment.




2. Results


2.1. Systematic Scoping Review


2.1.1. Reference Flow


Our most recent search in Pubmed retrieved 535 papers, while that in Embase retrieved 358. After duplicate removal, 712 references were screened for inclusion. From these 712 references, 235 described at least one animal model for risk-based decision making and were included in our review. The reference flow and reasons for exclusion are summarised in Figure 1.



The 235 references described 245 risk-based decision making tasks in various species. Species comprised rodents (k = 181, rats and mice), non-human primates (NHPs) (k = 40, various species) birds (k = 20, pigeons and starlings), pigs (k = 2) and honey bees (k = 2). The distribution of the species-categories of the included studies is shown in Figure 2. Lists of the included papers are provided by species category in the Supplementary File.



The sex of the tested animals was reported for 217 of the tasks. Most tested only male animals (k = 178), k = 3 tested only female animals, and k = 36 tested both males and females. Most tests were performed in an operant cage (k = 177). Alternatives were different kinds of mazes (k = 15) and other test boxes. Testing in the home cage is not yet common (k = 7). Rewards for the animals generally comprise drinks or food; the included publications used, e.g., vegetables, crackers, chocolate, marshmallows, precision pellets, (sugar)water, fruit juices, condensed milk and milkshakes. Alternatives are direct brain stimulation [25] and (in NHPs) tokens that are exchanged for juice at a later stage [26].




2.1.2. Narrative Summary of Animal Models for Risk-Based Decision Making


The included papers described highly variable task designs, with little consistency in terminology between research groups. Also, descriptions of the experiments sometimes lack sufficient detail for full evaluation and categorisation. Moreover, some tasks that are very comparable in design are conceptually quite different, which makes the categorisation of tasks disputable. Therefore, we cannot quantitatively summarise our data by overall task design. To provide an indication of the different types of tasks used, we present a narrative summary of the three main categories we observed. These categories are summarised in Table 1.



Probability Discounting


The majority of the included publications described some kind of probability discounting task. In these tasks, animals are given the choice between a safe and a risky option to attain reward. In general, the reward on the risky choice is larger than the reward on the safe choice, but the amount of reward can be varied for both the safe, e.g., [27,28] and the risky (see below) option. The authors used various synonyms, e.g., betting task, discrete-trial choice task, economic decision-making task, food-gambling task, pig gambling task, probabilistic choice task, rat gambling task, risk discounting task, risky choice task, risky decision task, risky decision making task, risk preference test and visual gambling task. These tasks are mainly used in rats, various species of NHPs and pigeons, but also in mice [29,30], starlings [31,32], honey bees [33,34] and pigs [35].



Both the reward size and the probability of “winning” on the risky choice can be varied. The average net gain associated with each option, and the animal’s optimal strategy, depend on these variables. For example, if the safe option always gives a small reward, while the risky option gives a reward of 4 times the size of the small reward on 50% of the trials, the risky choice is clearly advantageous. With similar reward sizes, any probability below 25% would make the certain choice the optimal strategy.



Depending on the task design, the optimal strategy can change over time, e.g., when the reward size or the probability change within or between test sessions. When altering the probabilities on probability discounting tasks, the order in which different probabilities are given may affect the outcome [36]; ascending probabilities of winning on the risky option seem to encourage risk-avoidance compared to descending probabilities, which result in more risk-prone choice behaviour.



In general, probability discounting tasks offer the animals a binary choice between safe and risky, but many variations exist. For example, there are tasks where animals have multiple risky options and one safe one (e.g., [37,38,39]). Also, in NHPs, probability discounting can be tested by first giving a small reward and letting the animal choose to keep it, or to give it back and play for a possibly larger reward (e.g., [40]). Furthermore, the safe options can vary in reward size (e.g., [41]). Fourth, while most of the probability discounting tasks are positively reinforced, some of them paired larger rewards with the risk of foot shocks (e.g., [42]).



In probability discounting tasks, risky and safe choice options can be based on discrimination of place (left/right lever/nose poke hole/arm on a maze) or distinct visual, auditory or odour stimuli. Choices can be additionally cued; different stimuli can indicate reward size and probability [26,43]. Alternatively, in NHPs, the choice can be between a safe cup and several uncertain cups with varying content, with the rewards that go into the different cups shown upfront (e.g., [44]). Also, the feed-back after the choice can be limited to the actual reward, or be additionally cued, e.g., by lights in the feeder or cue lights elsewhere. The latter is very common in the protocols used with pigeons (e.g., [45]).



The main analysed outcome measure for probability discounting tasks is the percentage or proportion risky choices. Additional measures comprised the percentage optimal choice (which depends on the reward sizes and chance level), the total amount of rewards earned, and the effect of the preceding outcome on the new choice as, e.g., proportions of win-stay and lose-switch trials.




Animal Versions of the Iowa Gambling Task


Besides the probability discounting tasks, animal versions of the IGT are popular. These tasks are based on the human IGT; a task in which subjects repeatedly choose between four different stacks of cards [46,47]. Each choice results in a reward or a penalty, each stack has a different average outcome. Two stacks contain cards with large rewards but also large penalties, the other two contain cards with smaller rewards but also smaller penalties. Over time, the two stacks with large rewards and penalties are not profitable, while the stacks with small reward and penalties are. This task has been adapted for animals using mazes and operant chambers [48,49]. The authors of the animal IGT-like papers also used various synonyms, e.g., gambling task, mouse gambling task, mouse Iowa gambling task, pig gambling task, primate gambling task, rat gambling task, rodent gambling task and rodent Iowa gambling task. These tasks are mainly used in rats, and to a lesser extent in mice. They have also been described for pigs [50], pigeons [45,51] and rhesus macaques [52].



The different response options (maze arms or nose poking holes in operant chambers) offer rewards of different size at different probabilities. Over time, these options are more or less profitable. Punishments/losses are either time-outs or quinine pellets. The main outcomes are the numbers/percentages/proportions of choices for each individual option, which can be pooled to choices for advantageous and disadvantageous options, and the total number/amount of rewards earned. Additionally, many authors analyse the effects of the preceding outcome on the new choice as, e.g., proportions of win-stay and lose-switch trials.



Probability discounting tasks and animal versions of Iowa-like tasks are not that different. This is nicely illustrated by a paper by Zentall et al. [45]. They perform two rather similar experiments, but the optimal choice is always rewarded in experiment 1 (thus, it had a safe option and we categorised it as probability discounting), while it was only rewarded in 75% of the trials in experiment 2 (thus, we categorised experiment 2 as IGT-like). Furthermore, tasks can be a cross-over of the two types of tasks by alternating binary choices between two uncertain outcomes (IGT-like) with binary choices with one safe outcome (probability discounting) on different trials [26,53]. Additionally, in tasks combining variable ratio (VR) and fixed ratio (FR) reward schemes, the safer option is not necessarily the optimal choice [25,54,55].



The names used by the authors do not clearly distinguish the tasks, if the authors report using the rat gambling task, they could have used either be a probabilistic discounting task or an IGT-like task.




The Balloon Analogue Risk Task


The last task that was repeatedly described is the balloon analogue risk task (BART). In the human task, participants can sequentially pump virtual balloons by clicking a button [56]. Virtual monetary reward is given for each pump, but if the balloon pops before participants collect their reward, all earnings for that balloon are lost.



Within our sample of the literature, an animal alternative of the BART has only been described for rats. In the rat analogue balloon task, rats are given a binary choice between two levers [57]. One of the levers is the “increase reward” lever, when this lever is pressed the prospected reward increases by one. The other lever is the “cash-out” lever, pressing it results in receiving the build-up number of rewards. The “increase reward” however has a probability of losing all rewards and starting a time-out.



The analysed outcomes are the mean number of lever presses over all or only for successful trials, the total number of rewards earned, the percentage of trials on which rats used the optimal strategy and the number of failed trials.




Internal and External Validity of Animal Risk-Based Decision Making Tasks


As the goal of this review was descriptive, we did not perform a formal quality assessment of the included studies. Thus, we cannot make conclusive statements on the internal validity of these models. However, it is safe to assume that the risk of bias is unclear for the majority of the included studies, as systematic reviews of animal studies consistently report the lack of reporting experimental details. Besides the standard study quality elements, in risk-based decision making studies, it is important to ward against side preferences confounding the results. Some authors explicitly mention using the same lever as the risky lever for all animals [58], others describe appropriate counterbalancing within and between animals [54,59].



Several authors have analysed the external, animal-to-human translational validity of their models by performing comparable tests in humans. Two studies compared NHPs with humans. Rivière et al., used a variant of probability discounting, where red-capped mangabeys and children could choose between 5 cups [44]. A single (striped) green cup always contained a single reward (chocolate chips for the children, cake for the mangabeys). One out of the four other, indistinguishable pink cups, contained four rewards, resulting in equivalent expected value. The authors concluded that toddlers show a strong risk preference, while monkeys do not. Perdue and Brown concluded that there is some degree of continuity between humans, Capuchin monkeys and Rhesus macaques in the desire to have choice simply for the sake of having choice on a binary choice task with one stimulus indicating one or four rewards and the other two or three [60].



Two studies compared pigeons with humans. Ludvig et al., tested pigeons and humans on formally identical choice tasks [61]. The test comprised binary choices between two out of four stimuli: safe choice small reward, risky choice large reward, safe choice large reward and risky choice small reward. They concluded that both species were more risk seeking for larger rewards than for smaller ones. McDevitt et al., tested pigeons and humans on a binary classical discounting test where the risky option was suboptimal (a large reward was only provided on 20% of the trials) [62]. They showed that both pigeons and humans can choose suboptimally, but stimuli presented during the delays affected both species differently.



Two studies compared rodents with humans on the IGT. Van den Bos et al., compared the performance of rats and mice upon introduction of the rodent IGT with typical human performance [48]. They concluded that rats, mice and humans show similar learning curves. Van Enkhuizen et al., used the standardized task with the four computerized card decks for humans. For mice, a single-session test was used where a nosepoke in one of four illuminated holes was rewarded with strawberry milkshake or punished with a time-out with contingencies comparable to the card decks in the human task. The authors concluded that the mouse IGT is similar to the human IGT for measuring risk-based decision making [63].



One study compared honey bees with humans on a binary choice probability discounting task and found comparable risk preference in both species [33].



While the studies described in this section (Internal and External Validity of Animal Risk-Based Decision Making Tasks) are interesting, and indicative of a certain amount of translational validity of these types of tasks, relatively few direct comparisons have been made. Additionally, the study designs of these studies are too heterogeneous for overall conclusions on the relevance of animal risk-based decision-making tasks for humans.






2.2. Pilot Experiment


We trained and tested male Wistar rats on a probability discounting task, which is fully described in Section 4.2.4. On this task, a “safe” lever always resulted in one reward; a “risky” lever resulted in four or no rewards. Probabilities of reward on the risky lever were varied between, but not within sessions. Gradual training on the task, from pressing a lever until stable task performance, is described in Section 4.2.3. We only present data from after the training period, when rats were performing at a stable level. The final task combines single choice trials, providing one of the two levers, exposing the rats to the probability and reward at each leaver, and choice trials, where both levers are present. Data from single choice trials are only analysed to verify completion, which results in adequate exposure to the probability in that session. Data from choice trials are analysed for risk preference. As a learning effect may occur at the start of a session, data are not only presented for the entire session, but also separately for the second half. Analysis of the data is detailed in Section 4.2.8.



At a reward probability of 0, the risky lever is never rewarded, and the optimal decision is the safe lever. When the probability of reward on the risky lever is 0.25, the expected total amount of reward is equal for both levers. We call this the “indifference point”. At probabilities above 0.25, consistent selection of the risky lever results in higher amounts of reward than consistent selection of the safe lever. Rats were tested at each probability level once each week, in the same order: 0.50 on Mondays, 1.00 on Tuesdays, 0.00 on Wednesdays, 0.25 on Thursdays and 0.75 on Fridays. We first analysed the preference for the risky lever at varying probabilities, to verify that rats adapt their choices towards the optimum.



We then analysed the effects of 12 h of sleep deprivation on risk-based decision making in our paradigm, using a within-subject cross-over design. Performance after sleep deprivation was compared with performance under control conditions and with the preceding undisturbed baseline and following recovery. Performance under control conditions was also compared with baseline and recovery. These tests were performed in 2 × 3 sequential weeks, and only data from the Thursday tests at the indifference point were included in these analyses.



2.2.1. Variation in Risk Preference with Varying Reward Probabilities


To verify that rats prefer the lever resulting in most rewards, we compared risk preference on the different levels of reward probability on the risky lever. Data from the first baseline week after training were analysed. There were no omissions in any of the single choice trials in the first block on any of the probabilities. Thus, all completed choice trials were included in all calculations. The overall preference for the risky lever at the different reward probabilities (individual values and median) is shown in Figure 3a. The preference for the risky lever at the different reward probabilities in the second half of the test is shown in Figure 3b. Numerical summary data are presented in Table 2.



The Friedman test showed an overall significant difference in the preference for the risky lever at different probabilities (χ2(4) = 29.3, p < 0.001). The post hoc Wilcoxon signed rank tests showed that the median preference for the risky lever was different from the indifference point (25% of trials rewarded) at all other reward probabilities (p < 0.01).




2.2.2. Sleep Deprivation


Rats were sleep-deprived for 12 h during the light phase by means of variable forced locomotion in sleep deprivation devices (SDDs). The experiment is detailed in Section 4.2. In the sleep deprivation condition, rats were habituated to the non-moving SDDs for 2.5 days before sleep deprivation. Sleep deprivation lasted 12 h, until the Thursday test.



Sleep Deprivation Compared to Control Condition


In the control condition for sleep deprivation, rats were housed in non-moving SDDs. Data from the sleep deprivation condition (Table 3) were directly compared to data from the control condition (further described below, Table 4), shown in Figure 4. The Wilcoxon signed rank test showed that, in this experiment, risk preference was not significantly altered after sleep deprivation compared to control (p = 0.12). Of note, the post-hoc calculated power for this analysis is only 0.27, mainly due to the relatively low rank correlation in risk preference between the conditions (ρ = 0.08).




Sleep Deprivation Compared to Baseline


Control housing in the sleep deprivation devices might have unexpected effects on risk-based decision making, which could confound the analysis described in section Sleep Deprivation Compared to Control Condition. Therefore, data from the sleep deprivation condition, at the indifference point, were also compared with data from the week before (baseline) and the week after (recovery). Data are shown in Table 3 and Figure 5.



The Friedman test confirmed that, in this experiment, there was no significant effect of a 12 h sleep deprivation (χ2(2) = 3.16, p = 0.21) on risk preference compared to baseline and recovery.





2.2.3. Control Condition


To visualise any potential effect of the control condition on task performance, data from the control condition Thursday, at the indifference point, were plotted with data from the week before (baseline) and the week after (recovery). Data are shown in Table 4 and Figure 6. No statistical tests were performed on these comparisons.






3. Discussion


The aim of systematic scoping reviews is to explore a replicable sample of literature to provide a preliminary answer to a review question [19]. In this systematic scoping review, we provide an overview of the different types of tasks used to analyse risk-based decision making in animals. We included 235 publications describing animal models for risk-based decision making in rodents, non-human primates, birds, pigs and honey bees, with unclear internal and some external validity. Most tests allow the animals to choose between options with varying chances for reward. The list of included papers is presented by species in the Supplementary Materials.



Other recent reviews have summarised the results from risk-based decision making experiments focussing on, e.g., neurochemistry [4] and anatomy [23]. We summarised the different tasks in three categories: probabilistic discounting, Iowa gambling task-like tasks and balloon analogue risk tasks. Using a relatively similar categorisation, Yates distinguished risky decision tasks where larger rewards were paired with the risk of punishment from the more standard probability discounting tasks, which were only positively, or not, reinforced [4]. We recognise the risk of punishment as a factor affecting decision making, but did not create separate summaries for positively and negatively reinforced probability discounting tasks. We preferred grouping the positive and negative reinforcements together as the risk-based decision itself may be seen as comparable (a safe small reward versus an unsure alternative). Other reviews have focussed on, e.g., models for risks versus losses [24] or gambling versus impulsivity [23].



Anselme has argued that most of the animal tasks described in this review do not address risk taking, because the occasional, unpredictable absence of reward is not a real risk [64]. The risk in positively reinforced tasks is indeed restricted to loss of reward. The idea that lacking reward is a punishment goes against the evidence that partial reinforcement in instrumental tasks actually enhances the response rates [64]. However, we think of the tasks in this paper as models for uncertainty-based decision making, even if they do not address actual risk taking. Following these semantics, token tasks and tasks comprising the risk for punishment may have wider external validity, encompassing risk-taking.



From an economic perspective, the optimal decision is the one with the highest expected value [65]. However, in decision making comprising uncertainty, there is an asymmetry between gains and losses. Humans usually tend to prefer a small certain gain over a larger more risky gain, but a large uncertain loss over a small certain loss [10]. Additionally, they often overrate low probability outcomes and devalue high probability outcomes [66]. These concepts can result in suboptimal decision making.



Compared to preceding reviews [4,20,21,22,23,24], our scoping review implemented a more thorough, replicable methodology. However, it is not a full systematic review, but a scoping review with the corresponding limitations. The main limitation is that the literature searches were not comprehensive. We are aware of a few papers that were not retrieved by our searches. For example, our searches retrieved a thesis [67], but not an original relevant publication [68] which was reprinted as chapter 2 in the thesis.



Together with our preceding observations on searching literature databases for studies on T-maze tasks [69] and activity measurements [19], this illustrates a general problem for comprehensively retrieving the literature on animal behavioural tasks via searching literature databases. This problem is caused by behavioural studies being published in journals from different fields, mainly medicine, psychology, biology and veterinary sciences, which are indexed by different databases. For full comprehensive systematic reviews of animal behavioural tasks, searching multiple databases and supplemental search strategies are thus crucial.



In the pilot experiment, rats adapted their preferences to variations in reward probabilities, showing that they learned the task and could make economic decisions and distinguish the overall expected values. This is in line with the literature (e.g., [65,70,71]).



We performed the pilot sleep deprivation experiment at the indifference point, where equal amounts of rewards were expected with consistently pressing one of the two levers, i.e., always one pellet on the safe lever or four pellets on 25% of the trials on the risky lever. Tests at the indifference point can thus be considered to reflect risk preference instead of economic decision making. In our experiment, 12 h of sleep deprivation during the light phase did not significantly alter risk preference, in two different analyses: a comparison with a control condition and one with undisturbed baseline performance. However, because of the high variability in performance within subjects and non-parametric testing, our analyses are underpowered. The graphs may suggest that individual rats respond differently to sleep deprivation: five out of eight rats decreased their risk preference after SD. While testing at the indifference point is theoretically interesting, we recommend reducing the variation in performance before further testing using this procedure, as large numbers of animals would be needed for adequately powered conclusive results.



Our scoping review identified only one other animal sleep deprivation study [72]. In mice, 24 h of sleep deprivation showed a small decrease in the percentage advantageous choices on a maze-based Iowa-like task with varying probabilities for reward and quinine pellets. The mice thus seem to increase their risk preference after sleep deprivation, while five of our rats decreased their risk preference. The different results may be explained by several factors.



First, this could be caused by differences in task design. In the maze task, there were clearly advantageous and disadvantageous options, but overall, mice selected advantageous options on only slightly over 60% of the trials. In our Skinnerbox probability discounting task, at the equivalence point there was no advantageous option. In line with this, the literature on human laboratory risk-based decision making after sleep deprivation is also inconsistent; while alterations in risk taking have been reported by several authors on several tasks [10,11,12,73,74], other risk-related tasks were not affected [73,75,76]. Full systematic reviews with meta-analyses are necessary to determine the overall effect of sleep deprivation on specific types of risk-based decision making (i.e., on specific laboratory tests) in humans.



Second, the difference in results could be caused by a species effect; rats may be more resistant to sleep deprivation than mice. Third, the difference in results could be caused by a “dose” effect; the mice were sleep deprived for 24 h, our rats for only 12 h, which may be too short to elicit an effect on risk taking. In line with this, experiments in human subjects have shown that risk taking was not affected by one night of total sleep deprivation, but altered after multiple (5 or 7) nights of sleep restriction resulting in larger cumulative sleep loss [14,77]. Another potentially relevant difference between the studies is the sleep deprivation method: platform bouncing versus forced locomotion.



This paper shows that the effect of uncertainty on decision making can be tested in several animal models. Differences between species and sexes have been observed, highlighting the importance of an appropriate experimental design. Our pilot results suggest that male Wistar rats may not change their risk preference at the indifference point after 12 h of sleep deprivation in the light phase. However, the current study design is not sufficient to draw reliable conclusions based on a realistic number of animals, the variance is too large.



At this stage, the overall evidence base for the general effects of sleep deprivation on animal risk-based decision making remains small and further studies are still necessary. Yet, future animal studies should be preceded by further analyses of human risk-based decision making after sleep deprivation.




4. Methods


4.1. Systematic Scoping Review


Our scoping review followed an informal protocol which was not externally registered; we did not expect to publish the results upon initiation of this work. We searched two literature databases for studies on animal models for gambling/ risk-based decision making: PubMed and PsychInfo. Searches comprised both terms from their internal thesauri and words in the title, abstract and keywords. Individual search terms were tested for each database, and terms that retrieved relevant literature without exploding the search with irrelevant hits were included in the final search strings. This process resulted in asymmetries between the search strings for the two databases. The resulting search strategy was reviewed by an information specialist. The search strings for gambling/ risk-based decision-making tests are provided in Table 5. These strings were combined with standard animal filters [78,79]. The first searches were performed 6 July 2017. Searches were updated on 6 August 2020.



Screening was performed by two independent reviewers for publications indexed up to 6 July 2017 (our original search date). Screening for the update (for publications after 6 July 2017) was performed by one reviewer. To be included in this review, the publication had to describe an original study, it had to describe a behavioural task relating to individual risk-based decision making/gambling and the task had to be performed by animals. Excluded were other behavioural tasks, exclusively human studies and reviews [20,24,80,81].



Clearly defining risk-based decision making and gambling is challenging. For the purpose of this review, we operationalise decision making as actively selecting one from several options [2], and we restricted to decision-making involving risk (i.e., unknown outcome). The following types of experiments (with examples) were thus excluded from this review: tasks without an active choice (e.g., single-option response tasks [82], progressive ratio tasks [83,84] or Pavlovian autoshaping [85]), delay discounting tasks without an uncertain component [86], naturalistic responses to alarm cues [87], risk taking outside the laboratory [88], time spent on open arms of an elevated maze [89,90] or parts of other devices [91,92], risk-based decision making including social components (e.g., social risk taking comparing selfish and social choices in Non-Human Primates (NHPs) [93] and collective decision making on risky or safe options in ants [94]), and self-administration studies of addiction [95]. Also excluded was the rodent slot machine task [96,97,98]. While this last task seems relevant, the choices the animals make are not chance-related; it focusses on distinguishing a win from a loss.



Data extraction was performed by a single reviewer (SvdM or CL). Extracted were the species, sex, test name according to the original authors, test setting and outcome measures related to decision making. About half of the data underwent quality control, in which no discrepancies were identified.



Species were categorised as non-human primates (NHP), rodents, birds and other. If the same test paradigm was used in multiple species from the same category, it was included in the analyses as one test. If the same test paradigm was used for, e.g., non-human primates and rodents, it was included twice. The unit of measurement for the analyses was the risk-based decision-making model; if different tests or species from different categories were described in a single publication, these were separately included in the tables and analyses.




4.2. Pilot Experiment


4.2.1. Animals and Husbandry


The pilot experiment was performed in 8 male Wistar rats (Harlan, Horst, The Netherlands; weight on arrival 250–300 g, estimated age 7–8 weeks), as was common practice at the time (the experiment was performed in 2008). We strongly recommend including both male and female animals for any future experiment, particularly in this field, as sex differences in risk-based decision making have been observed in animals and humans [73,99,100].



The animals were housed in groups of four rats in in type-IV Makrolon (polycarbonate) cages (60 × 38 × 20 cm) with stainless steel wire covers holding a water bottle (tap water), and during the habituation phase standard laboratory chow. Home cages contained standard bedding and a shelter (12 cm high, 25 cm PVC tubing cut through lengthwise) for cage enrichment.



The homecages were placed in a light-controlled cabinet with an inverted light-dark cycle of 12:12 h, lights on at 23:15. The cabinet maintained the temperature (22.5 °C ± 1.5) and humidity (31.6% ± 8.04) at a stable level. On Fridays, cages were replaced by clean ones, always transferring one hand of bedding from the old cage to the new one to increase familiar odours. The animal facility was conventional (i.e., non-SPF). Rats were observed in their home cage each day to monitor visible indicators of lack of wellbeing (e.g., piloerection, poor grooming, lethargy, discharge from nose or ears). Humane endpoints were not explicitly defined.



Adaptation after arrival lasted 1 week, during which period the animals had free access to standard laboratory rat chow and bottled tap water. Animals were handled and weighed daily. Upon first handling by an experimenter, they were numbered with waterproof marker on the tail, animal number reflecting the order of catching them at that time (1–8). Two days prior to training, daily food was restricted to 15 g per rat (60 g per home cage) per day. On test days, daily food was adjusted to correct for the amount of food obtained in the test. Access to water remained ad libitum throughout the experiment.



All experimental protocols were approved by the ethical review committee (DEC; Dier-Experimenten Commissie, P_NIN2007-45 with an addendum) and were in accordance with the Dutch law (“Wet op de dierproeven”) and European guidelines (Guideline 86/609/EEC) that were applicable at the time of the experiment (2008).




4.2.2. General Behavioural Test Procedures


Behavioural sessions were performed only on weekdays, excluding national holidays. Experiments testing the effects of sleep deprivation were planned in three sequential weeks (5 days/week) without national holidays. For each test session, rats were transported from the light-controlled cabinet to the skinner boxes within the same room. Behavioural sessions were started as soon as all the rats had been placed in their individual skinner box (30 cm × 30 cm × 30 cm aluminium Skinner boxes, Med Associates Inc., Fairfax, VT, USA). Skinner boxes were controlled by MED-PC IV software (Med Associates Inc., Fairfax, VT, USA).



The first test of the day was always performed as soon as possible after the onset of the dark phase at 11:15. During the autoshaping phase, a remedial second test could be added for some or all rats half a day later. After shaping, a single session was performed each day at the onset of the dark phase at 11:15.




4.2.3. Training


The rats underwent a training program as summarised in Table 6.



In autoshaping, the house light was lit throughout, and at random intervals either the left or the right lever was presented, accompanied by its corresponding lever light. Each lever was presented until it was pressed (FR1) or 150 s had passed without a press (omission). Upon pressing, the lever was retracted, the lever light was turned off, the feeder light was turned on and one pellet was delivered in the feeder. An omission was followed by retraction of the lever and 5 s of darkness.



For one rat (rat #7), the autoshaping was supplemented with hand shaping, because it was not learning as fast as the others. In hand shaping, an experimenter observed the rat and reinforced behaviours increasingly close to lever pressing by overruling the skinner box with a remote control. At first, even orientation towards the lever was rewarded. When the rat consistently oriented towards the lever for reward, active approaches were rewarded, then lever contacts, until the rat started pressing the lever. Shaping was performed until all animals responded in 90% of the trials (5–8 sessions).



Operant responses were progressively increased to FR4 in one session, to prevent later choice trials being affected by accidental lever presses. The progressive ratio session started with 10 trials on FR1, followed by 10 at FR2, 10 at FR3 and 34 trials at FR4. In the next phase, rats had to initiate the trials with a nosepoke in the feeder, signalized by the feeder light. Active trial initiation positions the rat in the middle of the skinner box, decreasing effects of potential side bias.




4.2.4. Probability Discounting Choice Task


We modelled our final task on a probability discounting task developed by colleagues elsewhere [101]. Our final task consisted of 8 blocks of 12 trials (total: 96 trials). The first eight trials of each block were single choice trials, only one of the two levers was presented (four times left and four times right). In the single choice trials, the rats sampled the chance and reward contingencies for that test on each lever. The last four trials of each block were choice trials, rats could choose between the two levers. A flow scheme of a choice trial is provided in Figure 7.



In each session, one of the levers was the “safe” lever, it always offered one pellet (probability = 1.00). The other lever was the “risky” lever, which offered four pellets, but with variable probability levels (0.00, 0.25, 0.50, 0.75 or 1.00). The probability on the risky lever was constant over the session. The designated risky lever was the same over a session, but varied between sessions. The animals were tested on the different probability levels in 38 sessions (each probability level at most once each week, order varied) to reach stable response levels. Data from the training period are not shown.




4.2.5. Risk Preference at Different Probability Levels


For the remainder of the experiment, rats were tested at each probability level once each week, in the same order. The probability of reward on the risky lever was 0.50 on Mondays, 1.00 on Tuesdays, 0.00 on Wednesdays, 0.25 on Thursdays and 0.75 on Fridays. From this phase onwards, the risky lever remained on the same side for an individual rat, but balanced between rats (left for odd-numbered rats, right for even-numbered rats).



An exploratory analysis was performed to determine the risk preference on the different probability levels in the week before the first sleep deprivation.




4.2.6. Sleep Deprivation


Sleep deprivation was tested in two sets of three sequential experimental weeks (15 sessions); a baseline week, a week with a single exposure to 12 h of sleep deprivation during the rest (light) phase or control condition before the Thursday test, and a recovery week. Comparisons were only made between Thursday sessions at the indifference point, i.e., at the 25% probability of reward at the risky lever. By consequently responding on either the safe (one pellet each trial) or the risky (four pellets once in every four trials) lever, the rat can obtain the same amount of reinforcement.



The effect of sleep deprivation was tested in all rats in a counterbalanced manner; rats 1 and 2 (cage A) and rats 5 and 6 (cage B) were first tested in the control condition, and 4 weeks later in the sleep deprivation condition. For rats 3 and 4 (cage A) and rats 7 and 8 (cage B), the test sequence was reversed. There was no apparent effect of test order on the outcome (not formally analysed).



Sleep deprivation was realised by variable forced locomotion, according to a previously described and validated protocol [102]. In short, the sleep deprivation devices consist of an upright drum, which can turn in both directions, with an immobile transparent wall in the middle. One rat was housed on each side of the wall; communication with the other rat was possible via holes in the wall. Food (restricted) and water (ad libitum) were available in the devices as in the home cage.



The rats were habituated to the SDDs from Monday, after the probability discounting test, onwards, and only taken out for daily testing. During these periods, the SDDs did not turn; rats were free to sleep as they pleased. Rats were exposed to 12 h of sleep deprivation during the light phase, or left undisturbed, in the 12 h preceding their Thursday behavioural session. Locomotor activity was measured during the sleep deprivation period, confirming that the sleep-deprived rats were active throughout while activity levels in control rats were lower (data not shown).




4.2.7. Experimental Design


No protocol was preregistered for this experiment as no registries were available at the time. The experimental unit was the individual animal. The sample size for this pilot experiment of a novel task was based on other behavioural experiments from our group, without a formal a priori power calculation. All animals were included in all statistical analyses.



Our experimental design did not comprise randomisation and blinding. As adequate blinding for sleep deprivation is not possible, sequence predictability is not a concern. We thus generally focus sleep deprivation experimental designs on appropriate counterbalancing, to prevent randomisation failure affecting the outcomes. For this experiment, we used a within-subject design, counterbalancing the test order between animals, home cage/housing group, skinnerbox and SDD.




4.2.8. Data Analysis


We only present data from our main outcome measure: risk preference. Risk preference was calculated as the percentage of choices for the risky lever on completed free choice trials. Completion of all single choice trials in the first block of each test was verified to ensure adequate sampling (i.e., all single choice trials completed) of the probability and reward size on both levers. Inadequate sampling only occurred once in the control for sleep deprivation condition (see below). We show the preference for the risky lever separately for the entire sessions (32 choice trials) and for the last four blocks (16 choice trials) in each session. Data are presented as median and range (minimum–maximum). Graphs show medians (in black) and individual animal data (in grey). Statistical analyses were only performed for the entire sessions.



We started with an exploratory analysis of baseline choice behaviour on the various probabilities during the week before the first sleep deprivation (i.e., the first baseline week) with a Friedman test. Next, we analysed the effect of sleep deprivation within subjects for all 8 rats in two manners. We compared risk preference after sleep deprivation with risk preference after control housing in the sleep deprivation devices with a Wilcoxon signed rank test. Risk preference after sleep deprivation was also compared to both baseline (1 week earlier on the same day and at the indifference probability level) and recovery (1 week later) with a Friedman test. As no effect was found, no further analyses were performed, and the control condition was not statistically compared to the preceding and following week.



As we cannot assume a normal distribution with percentages based on at most 32 observations, we used non-parametric tests. Our data meet the assumptions of the Friedman and Wilcoxon signed rank tests: repeated measures within independent subjects. For the Friedman test comparing risk preference on the various probabilities, post-hoc Wilcoxon signed-rank tests were performed comparing the other probabilities to the indifference point.



Within the sleep deprivation experiment, only one rat (rat 1) omitted one single choice trial (the fifth, on the risky lever) within the first block of the test in the control condition. This rat did not omit any single choice trials in the second block, so all further data were included and percentages for this session for this rat were based on the 28 choice trials from block 2 onwards. Another rat (rat 6) started omitting all trials from the 31st trial onwards after sleep deprivation. As the activity levels measured in the skinnerbox at this time were low, we suspect that this rat went to sleep. For this rat in this session, overall data are shown based on the completed choice trials, data from the 2nd half of the test are left out of the graphs.



Data were copied from the skinnerbox output (MedPC files) to Excel for pre-processing, and analysed in R version 3.6.3 (29 February 2020)—“Holding the Windsock” via RStudio [103]. Data were imported using the readxl package [104], organised and analysed using the dplyr package [105], and visualised using the ggplot2 package [106]. A two-tailed post-hoc power calculation was performed in G*Power 3.1, using α = 0.05 and actual values for the comparison between sleep deprivation and control.
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Figure 1. Flow scheme of references. 
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Figure 2. Animals used in included studies. 
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Figure 3. Risk preference at varying reward probabilities on the risky lever in the first baseline week. (a) Preference in the completed choice trials from the entire session; (b) Preference in the completed choice trials from the second half of the session. Individual data in grey, median values in black. Compared to the indifference point (risky lever rewarded with four pellets in 25% of the trials), rats preferred the risky lever less when it was never rewarded, and more when it was rewarded in 50–100% of the trials (statistical details provided in the text). 
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Figure 4. Risk preference after sleep deprivation and the control condition. (a) Preference in the completed choice trials from the entire session; (b) Preference in the completed choice trials from the second half of the session. Individual data in grey, median values in black. Please note that rat 6 is excluded from Figure 6b because there were no data in the sleep deprivation condition. In this experiment, there is no significant effect of sleep deprivation on risk preference compared to control (as detailed in the text). 
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Figure 5. Risk preference in the sleep deprivation condition. (a) Preference in the completed choice trials from the entire session; (b) Preference in the completed choice trials from the second half of the session. Individual data in grey, median values in black. W1: baseline, W2: sleep deprivation, W3: recovery. Please note that rat 6 is excluded from Figure 5b because there were no data in the sleep deprivation condition. In this experiment, there is no significant effect of sleep deprivation on risk preference compared to baseline or recovery (as detailed in the text). 






Figure 5. Risk preference in the sleep deprivation condition. (a) Preference in the completed choice trials from the entire session; (b) Preference in the completed choice trials from the second half of the session. Individual data in grey, median values in black. W1: baseline, W2: sleep deprivation, W3: recovery. Please note that rat 6 is excluded from Figure 5b because there were no data in the sleep deprivation condition. In this experiment, there is no significant effect of sleep deprivation on risk preference compared to baseline or recovery (as detailed in the text).
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Figure 6. Risk preference in the control condition for sleep deprivation. (a) Preference in the completed choice trials from the entire session; (b) Preference in the completed choice trials from the second half of the session. Individual data in grey, median values in black. W1: baseline, W2: control housing in the SDDs, W3: recovery. 
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Figure 7. Flow chart of a trial on the probability discounting task (ITI: Intertrial interval). 
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Table 1. Summary of task categories.
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	Task Category
	Animal Species Tested
	Brief Description
	Comparable Tests in Humans





	Probability

Discounting (PD)
	Rats, NHPs, Pigeons, Mice, Starlings, Bees, Pigs.
	Choices between safe and risky

options.
	Human PD tests; tests with safe and risky options.



	Iowa Gambling Task (IGT)
	Rats, Mice, Pigs, Pigeons, Macaques.
	Repetitive choices between options that are on average advantageous or disadvantageous, with a risk for loss/punishment at each option.
	Human IGT, picking cards that will result in gains or losses from 4 card decks. Two decks are on average advantageous, the others are on average disadvantageous.



	Balloon Analogue Risk Task (BART)
	Rats.
	Pressing on one of two levers

increases the size of a reward, but at a risk of losing everything. Pressing the other lever results in receiving the build-up reward.
	Human BART; pressing a button to inflate a virtual balloon at the risk of popping it, or another

button to cash out a reward

proportional to the balloon size.







NHP: Non-Human Primate.
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Table 2. Median (minimum–maximum) risk preference at varying reward probabilities.
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	Probability of Reward at Risky Lever
	Overall % Risky Choice
	Risky Choices in 2nd Half of Session





	0.00
	7.8 (0–12.5)
	0 (0–0)



	0.25
	44.4 (6.3–80.6)
	50 (6.3–81.3)



	0.50
	89.1 (53.1–100)
	90.4 (43.8–100)



	0.75
	98.4 (53.1–100)
	100 (50–100)



	1.00
	100 (59.4–100)
	100 (56.3–100)
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Table 3. Median (minimum–maximum) risk preference in the sleep deprivation condition.
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	Test
	Overall % Risky Choice
	Risky Choices in 2nd Half of Session





	Baseline
	62.5 (6.3–93.8)
	62.5 (6.3–93.8)



	Sleep Deprivation
	32.5 (9.4–71.9)
	20 (0–62.5)



	Recovery
	62.5 (6.3–87.1)
	46.9 (6.3–86.7)
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Table 4. Median (minimum–maximum) risk preference in the control condition.
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	Test
	Overall % Risky Choice
	Risky Choices in 2nd Half of Session





	Baseline
	44.4 (9.4–80.6)
	46.9 (6.3–80)



	Control housing in SDDs
	60.4 (6.3–84.4)
	53.1 (12.5–81.3)



	Recovery
	46.9 (28.1–84.4)
	50 (37.5–75)
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Table 5. Search strings for risk tasks.
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	Database
	Last Update
	Risk Task Search String





	PubMed

(legacy)
	6 August 2020
	((risk taking [mesh] OR risk taking [tiab] OR risk preference [tiab] OR risk-based [tiab] OR risk tolerance [tiab]) AND (decision making [mesh] OR decision making [tiab])) OR (choice behavior [majr] AND risk [tiab])



	Psychinfo
	10 August 2020
	((Risk taking/OR gambling/OR (risk taking OR risk preference OR risk-based OR risk tolerance).mp.) AND ((decision making/OR decision making.mp.) OR (choice behavior/AND risk.mp.)))
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Table 6. Training program.
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	Phase
	Task
	Session Length
	FR
	# Sessions





	Autoshaping
	Press lever
	60 min or 64 trials
	1
	5–8



	Progressive ratio
	Press lever at FR
	64 trials
	1–4
	1



	Trial initiation
	NP for trial start
	64 trials
	4
	7



	Stable risk preference
	Final task
	96 trials
	4
	38







FR: Fixed ratio (# leverpresses to reward). NP: Nosepoke.
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