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[bookmark: _Toc308469636]Introduction & thesis aim
Our daily life is a chain of decisions. Some of these decisions have to be made quickly and under stress, whereas others can be reflected on over time. Decision-making comprises choosing between different options that vary in both long- and short-term costs and benefits. In addition, it can lead to the development of a successful choice strategy [16]. On the one hand, decision-making requires motivational factors such as receiving high rewards. On the other hand, it needs evaluation of the potential risks and benefits that might occur as a consequence of these choices. Thus, decision-making involves both emotional processing such as motivation and expectation of high rewards and cognitive processing such as predictability of risks and benefits. How does stress affect decision-making? The interaction between the decision-making and stress is of special interest because many important decisions have to be made under stress in our daily life. Many studies have investigated how stress affects decision- making, however the results have been variable and seem to depend on the level of stress, the nature of the task and characteristics of participants (e.g. age and gender). The purpose of the thesis is to provide an overview of the current research on how stress affects decision-making.  
In the first part of this thesis, the different types of decision-making tasks are explained that have been used to investigate decision making processes. In the second part, the neural substrates and their functions in the decision-making processes are described. In the third part, the stress system and its effects on the neural substrates involved in decision-making are discussed. Lastly, the currently known studies on stress and decision-making are compared and discussed.
[bookmark: _Toc308469637]Decision-making paradigms
When making a choice between two or more options, one may not always know the odds of a favourable outcome. Decision-making under ambiguity and under explicit risk are two examples of decision-making without knowledge of the outcome [11]. Although many other types of decision-making exist, studies of decision-making in patients with damage to the amygdala and ventromedial prefrontal cortex have used these two decision-making paradigms extensively [4, 10]. 
Socially interactive decision-making contains basic building blocks of decision-making such as learning and valuation. Decision-making in a social context shows some additional features however. To investigate social decision-making in humans and nonhuman primates, tasks derived from experimental economies, known as game theories, are often used. Finally, moral decision-making is examined in experimental-laboratory by complex moral dilemmas such as the trolley problem. The lesion studies revealed that patients with damage of the medial and ventromedial prefrontal cortex are impaired in making emotional-based moral judgment[30].

[bookmark: _Ref303945587][bookmark: _Toc308469638]Iowa Gambling Task 
[bookmark: OLE_LINK1][bookmark: OLE_LINK4][bookmark: OLE_LINK5]The Iowa Gambling Task (IGT) has enabled, for the first time, to detect and measure the decision-making process in a laboratory environment [3, 4]. The IGT measures decision-making processes by mimicking real-life ambiguous decision-making scenarios, involving uncertainty of outcomes, reward and punishment [4]. It models the daily-life development of long term profitable strategies in an uncertain situation. The participants have to choose between four decks of cards that differ in their rewards: an immediate large reward (100 USD) in two long-term loosing decks (A and B; −250 USD per 10 cards) and an immediate small reward (50 USD) in two long-term winning decks (C and D; +250 USD per 10 cards) [3]. The IGT consists of two phases: (1) an early or exploration phase (approximately the first 40 trials) where subjects learn to make choices, without having any explicit knowledge about the contingencies in the task that guide their decision; (2) a later phase (after the first 40 trials) where subjects acquire some conceptual knowledge about the contingencies in the task and the decisions become more influenced by explicit knowledge about the risks associated with each deck [11]. The IGT is said to measure decision-making in ambiguous situations, because in order to perform successfully one must use the feedback gained throughout the task to identify strategies that maximize the initial bet. Healthy 'normal' volunteers tend to predominantly choose cards from the advantageous decks after the first 40 trials, whereas patients with lesions to the ventromedial and orbitofrontal prefrontal cortex tend to consistently choose disadvantageous cards, showing the important role of these anterior brain areas in decision-making [3, 4]. Not only patients with damage to the ventromedial prefrontal (VMF) cortex, but also patients with amygdala damage show decision-making impairment measured by the IGT [4]. These brain structures are important in developing a choice for long-term winning decks C and D (Figure 1). Poor decision-making after damage to the amygdala or VMF cortex is the consequence of different kinds of impairments however. Patients with amygdala damage are unable to generate anticipatory skin conductance responses (SCRs) when they receive a reward or a punishment, whereas patients with VMF cortex damage are able to generate SCRs (Figure 2). Thus, the amygdala is an important brain structure which is necessary for somatic state activation. For example, after amygdala damage loss of money can no longer evoke the somatic state of punishment [4].  Patients with VMF damage, on the other hand, are able to generate SCRs to emotional events such as losing or winning of money. It was concluded that VMF plays a significant role in the integration of somatic state information triggered by the amygdala, hypothalamus and the brainstem nuclei. For instance, VMF plays a role in sorting out between the decks in the IGT, which are associated with somatic states of reward or punishments.

	[image: ]
[bookmark: _Ref302481346]Figure 1: Normal controls gradually shifted their preference towards the advantageous decks (C and D) and away from the disadvantageous decks (A and B). By contrast, both the amygdala and VMF patients failed to demonstrate this shift towards advantageous decks (C and D) [4].
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[bookmark: _Ref302482749]Figure 2: VMF patients are able to generate skin conductance responses (SCRs) when they receive a reward or a punishment (winning/losing money), whereas amygdala patients fail to generate SCRs [4].



To further investigate the neural pathway underlying decision-making, the rodent model of the IGT 
(r-IGT) has been developed [73]. The r-IGT apparatus consists of a start box, choice area and four arms (Figure 3). Rats can freely enter each of four arms. The chosen arm can be closed only when the animal is in this arm with its whole body including tail. Of the four arms in the maze, two are baited and two are empty. Two empty arms are included in order to measure non-reward related exploration (van den Bos 2006). The two bated arms consist of a “bad” and “good” arm. In the “bad” long-term disadvantageous arm rats receive frequent punishments (three quinine-treated sucrose pellets) but occasionally a big reward (three sucrose pellets). In the “good” long-term advantageous arm, rats receive frequent small rewards (one sucrose pellets) and occasional punishments (one quinine-treated sucrose pellets) [17]. The four-arm maze model provides the same principle as in the human IGT with card decks.  There is an option with an immediate large reward in the long-term disadvantageous / loosing arm / deck and an immediate small reward in a long-term advantageous / winning arm / deck. While learning the r-IGT, rats have to develop the same long-term advantageous strategy as humans in an IGT. 
	[image: ]
[bookmark: _Ref303944310]Figure 3: Apparatus used in the four-arms box maze rodent IGT model [73].



[bookmark: OLE_LINK7][bookmark: OLE_LINK10]To summarize, the IGT is a very complex task. The task might only be a measure of ambiguous decision-making during the early trials. When participants are able to identify which of the decks are 'safe' and which are 'risky', the IGT becomes a task of decision-making under explicit risk [11]. Furthermore, an interaction between the cognitive control system and the emotional system is required for successful performance on the IGT. Functional brain imaging study highlighted the role of the limbic loop, which includes the amygdala, orbitofrontal cortex and a striatal system, in successful performance of the IGT [34, 64]. In addition, the neural mechanism of decision-making can be analyzed in the rodent IGT.
[bookmark: _Ref303264536][bookmark: _Toc308469639]Decision-making under risk
We are frequently faced with real-life decisions for which we have explicit information regarding the risks and consequences that might result from our choices. 
A task that simulates decisions under risk conditions with explicit and stable rules is the Game of Dice Task (GDT) [8]. The goal of this task is to maximize a starting capital of fictitious money. Decision-making is based on calculations of risk and processing of feedback from previous trials. During GDT, participants are asked to guess which number (or combination of numbers) will finish face upwards after rolling a dice (Figure 4). The participants can choose between a single number and combination of two, three or four numbers that are shown on the screen. When a player bets on a single number, the chance of winning 1000 € is 1 to 6. The participants can also choose the combinations of numbers: for two numbers the chance of winning 500 € is 2 to 6, for three numbers the chance of winning 200 € is 3 to 6 and for four numbers chance of winning 100 € is 4 to 6. Thus, betting on the combination of three or four numbers is safe and advantageous in the long run because the probability of winning is higher than betting on a combination of one or two numbers. Recent studies with the GDT have shown that task performance is related to executive functioning [11], but also to emotional feedback processing [12]. 
Another task that measures decision-making under risk is the financial decision-making task, where the gambles are presented in either the loss or gain domain [53]. Participants have to choose between two potential positive outcomes (gain domain) and two potential negative outcomes (loss domain). Participants decide between an 80% chance of losing 0.75 and a 20% chance of losing 3.00 in the loss domain. In the gain domain, participants choose between 60% chance of gaining 1.00 and a 40% chance of gaining 1.50 (Figure 5). When the participant chooses the option with a lower probability in the gain (e.g. 40% choice) or loss domain (e.g. 20% choice), it is considered as a risky choice. When the participant chooses the option with a higher probability in the gain (e.g. 60% choice) or loss domain (e.g. 80% choice), it is considered as a conservative and safe choice [53].
Both the GDT and the financial decision-making task measure risk -related decision-making under explicit and stable rules. In the GDT, the participants choose between a more long-term advantageous option and a risky option with high loosing probability. The financial decision-making task gives a player a choice between more or less risky options. It also shows risk taking differences when decisions involve losses rather than gains [53].
The balloon analogue risk task (BART) measures the risk-taking propensity [46]. It consists of different balloons that have to be pumped up by the participants. Every pump means that the participant earns some points. However, on each pump there is a certain probability of the balloon exploding involving the loss of temporary bank earnings. To prevent loosing the earnings, the participants can decide to stop pumping the balloon and accumulate the earnings in a permanent bank. In the BART, only one decision has to be made to continue pumping or to put the earnings in a bank. In this sense, the test differs from the GDT and the financial decision-making task, where the participants can choose between different levels of risk.

	[image: ]
[bookmark: _Ref302998970]Figure 4: If participants choose a specific number, they have a one in six chance of winning 1.000€, and a five in six chance of losing the same amount. If the participant decides to bet on two numbers, they have a one in three chance of winning 500€ and a two in three chance of losing the same amount. Participants are also allowed to bet on three numbers for a 50% chance of winning or losing 200€, or they can bet on four numbers with a two in three chance of winning 100€ or a one in three chance of losing the same amount [8].
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[bookmark: _Ref303351637]Figure 5: Financial decision-making task. The loss domain is illustrated on the left with two options. On the right, the gain domain with two options [53]. 


[bookmark: _Ref304022375][bookmark: _Toc308469640]Social dilemmas: Behavioural game theory 
Game theory can be used to investigate cooperation and altruism by a well known game, the prisoner’s dilemma. The two players can simultaneously choose between cooperation and defection. When both players defect they get a low punishment. In case only one of the players defects the defecting player receives a high punishment and the cooperating player none. When both players cooperate both players receive medium punishment (Figure 6). Humans often cooperate in prisoner's dilemma games, whether the game is one-shot or repeated [60]. Therefore, for humans, decision-making in social contexts may not be entirely driven by self-interest. Indeed, cooperation and altruistic behaviours occur in human societies and may also occur in nonhuman primates. In theory, direct (people help those who help them) and indirect reciprocity (people help those who help others) and group selection can increase the fitness of co-operators [45].
	[image: ]
[bookmark: _Ref303006020]Figure 6: A pair of numbers within the parentheses indicates the payoffs to players I and II, respectively. The yellow and green rectangles correspond to mutual cooperation and mutual defection, respectively, whereas the gray rectangles indicate unreciprocated cooperation [45].



Evidence for altruistic social preference is also seen in other experimental games, such as the dictator game, the ultimatum game and the trust game [13, 25]. In the dictator game, a dictator receives a fixed amount of money and donates a part of it to the recipient. This ends the game, so there is no opportunity for the recipient to retaliate. This amount of money provides a measure of altruism. During dictator games, people tend to donate on average about 25% of their money [13, 45]. An ultimatum game is similar to the dictator game in that one of the players (proposer) offers a proportion of the money to the recipient. The recipient, however, has the option of accepting or rejecting the offer. If the offer is accepted, the sum is divided as proposed. However, if it is rejected, neither player receives anything. The average offer in ultimatum games is about 40%, significantly higher than in the dictator game, implying that proposers are motivated to avoid the potential rejection [13, 45]. In the trust game, one of the players (investor) invests a proportion of the money. This money then is multiplied by some factor, often tripled, and transferred to the other player (trustee). The trustee then has to decide how much money is returned to the investor. Thus, trust games quantify the moral obligations that a trustee might feel toward the investor. The studies have shown that investors tend to invest half their money, and trustees tend to repay an amount comparable to the original investment [13, 45].
[bookmark: _Ref303439027][bookmark: _Toc308469641]Moral dilemmas: Trolley problem 
Moral decision-making is examined in experimental-laboratory studies by complex moral dilemmas such as the trolley problem (Thomson 1985). The Trolley problem has two scenarios: the switch dilemma and the footbridge dilemma. In the first, there are five people on the track who will be killed by the trolley. However, the observer has a possibility to divert the trolley to another track, where it will kill only one person. Many people judge that it is morally acceptable to divert the trolley in order to save five lives. In the second dilemma, the only way to save the life of five people is to push a man off a footbridge in order to stop the trolley. The footbridge dilemma is perceived as emotionally more aversive when compared to the switch dilemma [28]. Lesions studies revealed that patients with lesions of the medial and ventromedial prefrontal cortex, associated with emotional processing, show altered moral decision-making [42].  Additionally, patients with fronto-temporal dementia, which affects also the function of the ventromedial prefrontal cortex, are impaired in making emotional-based moral judgment [49].
Another task that can be used to measure altruism is the Everyday Moral Decision-Making Task [65], in which participants are presented with 20 everyday dilemmas, which have a high or low emotional valence. For each dilemma, the participants can choose between more egoistic or more altruistic decision alternatives within 30 seconds. The effects of stress on moral decision-making can be investigated by using these dilemmas (section 5.2.4)
	[image: ]
Figure 7: The Trolley problem (A) The Switch dilemma: Is it morally acceptable to push the lever to kill one person instead of five? (B) The footbridge dilemma: Is it morally acceptable to push a man off the bridge? (Thomson 1985)


[bookmark: _Ref303250567][bookmark: _Ref303250574]


[bookmark: _Toc308469642]Neurobiology of decision-making
Decision-making can be modulated by a variety of factors such as the expectation of a high reward, predictability and uncertainty of outcome [21]. Recent studies have shown roles of different anatomical structures and neuromodulatory systems in decision-making.
Expectation of a high reward motivates the subject to act despite a large cost. In a rat, cost-benefits evaluation can be studied using a T-maze paradigm that offers the animals a choice between a high reward obtained with a larger effort and a low reward obtained with a smaller effort. Lesion in the anterior cingulate cortex (ACC) and blockade of the dopamine D2 receptor cause impairment in the expectation of a high reward. These studies revealed the important role of the dopamine neurotransmitter system in the ACC in the motivation for a high reward (Figure 8) [20, 21]. 
[bookmark: OLE_LINK6]Reduction in serotonin function results in impulsivity, i.e. choosing an immediate small reward over a larger delayed reward. Studies using the same rat T-maze paradigm showed that the dopamine neurotransmitter system is required for decisions about effort, while the serotonin neurotransmitter system is important for longer-delayed reward [20]. Additionally, human brain imaging revealed that the dorsal part of the striatum as well as the dorsal prefrontal cortex is important in longer-delayed reward (Figure 8) [68]. 
Uncertainty of outcomes requires taking a risk and exploring different possible choices. Human imaging studies have shown activation of the anterior insula [44], ventral part of the striatum and the lateral orbitofrontal cortex [71] in response to uncertainty in the predicted reward (Figure 8)
	[image: ]
[bookmark: _Ref303247859]Figure 8: The link between computational factors, the parameters of decision-making and their neurobiological substrates [21]. ACC and dopamine neurons (DA) are important in the expectation of high rewards (illustrated in red). The lateral part of the orbitofrontal cortex (OFC), ventral pert of the striatum (VS) and the norepinephrine (NE) are involved in risk seeking and exploratory behaviour promoted by uncertainty of action outcomes (illustrated in blue). The dorsolateral prefrontal cortex (DLPFC), dorsal part of the striatum (DS) and serotonin (5-HT) are important in the consideration of longer-delayed rewards (illustrated in purple).


[bookmark: _Ref303867817]


[bookmark: _Toc308469643]Iowa Gambling Task
[bookmark: OLE_LINK8][bookmark: OLE_LINK9]The studies on lesion and brain imaging have identified several neural substrates, which underlie decision-making in the IGT. The OFC, AMY and VS are associated with the performance in the early phase of the IGT. The performance in the latter phase of the IGT is suggested to be regulated by the ACC, DLPFC and VS [4, 7, 9, 21] (Figure 9).  The early phase of IGT requires exploratory and risk taking behavior, involving activation in the ventral part of the striatum and the lateral orbitofrontal cortex. By contrast, the later phase of the task requires the long-term prediction of rewards, which is linked to the activation of the DLPFC and the dorsal part of the striatum.
IGT performance can be manipulated by using dopamine and serotonin blockers/stimulators. It was found that blockade of dopamine impairs and stimulation of dopamine improves performance during the early part of the IGT, whereas that blockade of serotonin impairs and stimulation of serotonin improves performance in the later part of the IGT [5]. It has been suggested that there is a transition from the reward system, which is important for learning the long-term advantageous option, to a cognitive system in order to keep choosing the best long-term option during IGT. The dopaminergic system and the serotonergic system are involved in this transition process [5].  The dopaminergic system is involved in exploring different decks and responding to rewards, in the early stage of the IGT [27], whereas the serotonergic system is related to continuation and maintaining choices for the best long-term option [5]. The dopaminergic system mediates exploratory behavior. Serotonin plays an important role in controlling levels of impulsivity [48]. Thus, there is a conflict between the reward system, which shows high activity to immediate reward, and the cognitive control system, which shows high activity to long-term advantageous option[72].  
	
[bookmark: _Ref304026135]Figure 9: Neuronal substrates involved in decision-making in the Iowa Gambling Task. In the exploration phase, the ventral loop (OFC-AMY-vSTR) is associated with decision-making during the IGT-the reward system. In the exploration phase, the dorsolateral loop (dlPFC-dSTR) and the ACC are involved in decision-making during the IGT-the cognitive control system (van den Bos et.al).  




[bookmark: _Toc308469644]Social decision-making 
Many of our decisions are made in the context of social interaction. To better understand the neural basis of social decision-making, the behavioral paradigms from game theory have been combined with a variety of others neuroscience methods, most notably neuroimaging. 
In imaging studies it was shown that brain areas involved in reward evaluation and reinforcement learning such as the striatum, insula and orbitofrontal cortex, are also activated during social decision-making (Figure 10). The striatum is a critical area of the brain in the social decision-making process. For instance, during the prisoner’s dilemma game, when the cooperation is reciprocated by the partner, it results in a positive BOLD response in the ventral striatum. However, when the cooperation is not reciprocated by the partner, it results in a negative BOLD response in the same brain area [56, 57]. Thus, activity changes in the striatum are caused by reward prediction errors during decision-making in a social context. 
In addition, the insula is involved in evaluation of various negative emotional states including social exclusion and unfair treatment [58]. During the ultimatum game, rejected unfair offers produce heightened activity in the recipient’s anterior insula. Unfair offers are also associated with activation of the dlPFC, which is involved in cognitive control over emotions (Figure 11). In the ultimatum game, rejected unfair offers have greater anterior insula than dlPFC activation, whereas accepted offers exhibit greater dlPFC than anterior insula activation [61]. This may indicate that difficult social decisions involve competition between emotional processing and cognitive processing thereby influencing behavior. The threat of punishment in the proposer’s brain activates the dlPFC, lateral OFC and caudate nucleus [45, 63]. 
	[image: ]
[bookmark: _Ref303163101]Figure 10: Brain areas involved in social decision-making. (a), (b) Coronal sections of the human brain showing the caudate nucleus (CD), the insula (Ins) and the orbitofrontal cortex (OFC). (c) Sagittal section showing the anterior paracingulate cortex (APC). Arrows indicate approximate locations of the sections shown in (a), (b) [45].
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[bookmark: _Ref303093395]Figure 11: Deciding whether to accept or reject an unfair offer in the Ultimatum Game leads to a conflict between the emotional, ‘reject’, and cognitive, ‘accept’, systems. (a) Activated brain regions in response to an unfair offer in the Ultimatum Game, (b) ratio of anterior insula to dorsolateral prefrontal cortex (dlPFC) activation in response to unfair offers as a function of whether the offer was accepted or rejected [61, 62].



To summarize, both decision-making in a social context and in the IGT involves a competition between emotional and cognitive control systems influencing the final choice. Unfair offers elicit activity in brain regions related to both emotion (anterior insula) and cognition (dlPFC) indicating that social decision-making involves a conflict between these two systems. Similarly, there is a competition between the reward system (striatum, dopamine) and the cognitive control system (dlPFC, serotonin) in the IGT, indicating a conflict between an immediate high reward and long-term advantageous reward.   
[bookmark: _Ref303429509][bookmark: _Ref304199806]

[bookmark: _Toc308469645][bookmark: _Ref315729787][bookmark: _Ref315729842]Stress system
[bookmark: _Toc308469646]Hormonal system activated by stress
What happens when an organism is exposed to stress? The stress is perceived through sensory organs and relayed via various brain areas. The stressful event leads to activation of two biological systems: the autonomic nervous system (ANS), involving release of (nor) adrenaline, and the hypothalamo-pituitary-adreanal (HPA) axis [35]. With respect to the latter: In response to perceived stress, the hypothalamus releases corticotrophin releasing hormone (CRH), which induces the adrenocorticotropin hormone (ACTH) secretion from the pituitary. ACTH targets the adrenal cortex and induces corticosteroids synthesis and secretion from the adrenal gland [35]. Released corticosteroids have far reaching adaptive effects on the organism's metabolism, immune and central nervous system. Additionally, corticosteroids exert a negative feedback action via glucocorticoid receptors in the hypothalamus and pituitary. Negative feedback actions normalize high activity of the HPA axis. 
The wave of noradrenaline is relatively short lived (lasting less than 30 minutes), whereas corticosteroids exposure is slower. The peak of the corticosteroids levels is reached not earlier than 20 minutes after stress onset and normalization takes place only after 1-2 hours [22, 38]. 
	[image: C:\Users\Svetlana\Pictures\Desktop\systems activated by stress.png]
Figure 12: The brain areas and hormone systems involved in the rodent stress response. Limbic brain structures including the hippocampus (Hipp), amygdala (AMY) and prefrontal cortex (PFC) are linked to the hypothalamus (HYP), which regulates the autonomic sympathetic system (ANS) and hypothalamo-pituitary-adrenal (HPA) axis. Activation of the HPA axis causes enhanced release of corticosterone (in most rodents) or cortisol (in human) from the adrenal gland. Corticosteroids hormones enter the brain and bind to the mineralocorticoid receptors and glucocorticoid receptors. Autonomic system activation leads indirectly to increase in (nor) adrenaline release in the brain [35].





[bookmark: _Ref307760498][bookmark: _Toc308469647]Regulation of HPA activity by the brain 
A regulatory network regarding HPA axis is formed by limbic brain structures including the hippocampus, PFC and amygdala, where corticosteroids receptors are highly expressed. Both the hippocampus and PFC have been associated with the corticosteroid-mediated feedback inhibition of the HPA axis, whereas the amygdala is believed to potentiate HPA axis activity.
Findings in animal  [26] and human studies [77] indicate positive as well as negative associations between prefrontal regions and the endocrine stress response, depending on the exact location within the PFC (Figure 13). Negative correlations between stress-induced glucose metabolic rate and saliva cortisol concentrations were found in the medial dorsal PFC [67], whereas positive associations were found to be located in more lateral PFC regions [77]. Decreased activity in orbitofrontal cortex and ACC was associated with increased cortisol secretion in stress response [55, 77]. A similar effect was shown in medial PFC regions [40]. Importantly, the orbitofrontal PFC and ventromedial PFC process a complex set of interconnections and have projections to the limbic system including the hypothalamus, amygdala and brainstem nuclei [31]. These brain regions may play a potential role in the stress perception and perseverance of stress response. 
 Increased activity in the ventrolateral PFC was linked with increased cortisol secretion [55, 77]. These brain imaging studies suggested that the ventrolateral PFC might be in active control of the cortisol release [70, 77]. Also, neural activation changes in the ACC have been found in stress response, cognitive and emotional processes. However, the exact role in stress processing is not well established and depends on the specificity of the stress task.
Interestingly, the central regulation of cortisol secretion is under excitatory control of the right hemisphere. Brain imaging studies report that there is a positive association between patterns of increased glucose metabolic rate in the right prefrontal cortex [55]. Specifically, it was shown that the right ventral prefrontal and orbitofrontal cortices are associated with the magnitude of cortisol secretion during brief mental stress [77]. These human studies report consistent findings with animal data showing that lesions in the right but not in the left PFC causes significant decreases in corticosterone level in acutely restrained animals [66].










	[image: ]
[bookmark: _Ref303774285]Figure 13: The brain areas involved in processing of physical and psychological stressors. Physical stressors tend to implicate the brainstem, whereas psychological stressors tend to engage limbic system regions. The amygdala is directly connected to the brainstem nuclei indicating an important role in the processing of physical stimuli. Decreased activity of the oPFC, mPFC and ACC are associated with increased cortisol secretion in stress response. vlPFC activity positively correlates with an increase in cortisol secretion [19]. 



To summarize, brain areas involved in the stress response partly overlap with those involved in decision-making; this holds true for e.g. the medial PFC, lateral PFC, amygdala, orbitofrontal cortex and ACC. The predominant role of the right hemisphere in the regulation of cortisol secretion is suggested to explain the sex differences in IGT performance under stress conditions (section 5.2.1).     
[bookmark: _Ref307747633][bookmark: _Ref307747643][bookmark: _Toc308469648]Corticosteroid actions on the brain 
Corticosteroid hormones are released in high amounts in response to stress as the end product of the HPA axis and are known to cross the blood-brain barrier to affect brain functioning [32]. The hormones exert their effects via two types of intracellular receptors in the brain: glucocorticoid receptors (GRs) and mineralocorticoid receptors (MRs), both abundantly expressed in the brain [15]. Corticosteroids bind to these receptors that act as transcriptional regulators. These two receptors show different localization patterns in the brain. The GR is expressed ubiquitously throughout the brain, both in Glia cells and in neurons, with the highest levels in the paraventricular nucleus (PVN) of the HYP and in the hippocampus. The MR, on the other hand, is mostly expressed in neurons of the limbic areas; with moderate levels in the prefrontal cortex and the amygdala and high levels in the hippocampus. GRs play a role in normalizing stress-induced effects and promoting consolidation, while MRs are important in maintaining the integrity and stability of limbic circuits and play a proactive role in maintaining homeostasis [36]. Until recently it was thought that corticosteroids change brain functioning via these receptors in a genomic manner, i.e. very slow and long lasting changes. However, recent animal research has indicated that corticosteroids can act through a signalling pathway that bypasses gene transcription (non-genomic) and thus alter the neuronal activity over the course of minutes [37, 69]. 
Corticosteroids are thought to affect neuronal plasticity in brain regions involved in memory formation, including the hippocampus and prefrontal cortex. Animal studies have shown that rapid, non-genomic effects, facilitating synaptic plasticity, followed several hours later by a gene-mediated suppression of this plasticity [33]. During initial phase of the stress response, corticosteroids promote hippocampal excitability and amplify the effects of other stress hormones such as catecholamine (e.g. noradrenaline) and CRH [38]. Corticosteroids rapidly increase hippocampal neurons excitability and glutamate release probability by binding to a low-affinity membrane MR in a rapid, non-genomic manner  [29] (Figure 14). In its slow, genomic mode corticosteroid hormones raise the amplitude for the induction of long-term potentiation (LTP) and enhance AMPAR surface expression in the hippocampus, thus normalizing the earlier raised activity to pre-stress levels [38]. Thus, corticosteroids play a role in preventing the hippocampal response from overshooting and persisting when no longer necessary. A human functional MRI study revealed that the slow effects of corticosteroids seem to improve the performance during a memory encoding task, whereas no rapid effects of corticosteroids were found [33]. This human study indicates that the dynamic changes of corticosteroids affect the brain regions that are involved in the formation of memory. 
Recent animal studies revealed that interaction between noradrenaline and corticosteroids play a key role in the emotional memory formation. This interaction between corticosteroids and adrenergic signalling in the amygdala is associated with the rapid non-genomic effects of corticosteroids [38]. For instance, systematic injection of corticosterone directly after a learning task rapidly increases the levels of noradrenaline in the basolateral amygdala (BLA). This was correlated with the facilitation of emotional memory formation by corticosterone. It was found that corticosteroids significantly increase the mEPSC frequency in the BLA, comparable to the effects found in the hippocampus. The increase in mEPCSs frequency is long-lasting and persistent in the BLA, in contrast to the effects on the hippocampus  [29] (Figure 14). In its slow genomic effects, corticosteroids gradually normalize the response of BLA neurons, allowing a more prominent higher cognitive control after the stress exposure. In humans, the emotional memory effect observed in the amygdala is controlled by noradrenergic activity. The combination of noradrenaline and corticosteroid facilitate the emotional memory formation in a rapid non-genomic fashion. Functional MRI study has shown that the slow effects of cortisol normalize the amygdala activity by increasing the connection to the mPFC [32] . 
A number of studies have shown the effects of chronic stress or corticosteroid exposure on the PFC. Under these conditions, LTP, dendritic complexity and PFC-dependent working memory performance were reduced in a slow, genomic manner [29]. On the contrary, the coricosterone increases glutamatergic transmission and improves working memory performance with a delay of several hours [33]. The rapid, non-genomic effects of corticosteroids on the PFC are not well established. Some studies have found rapid non-genomic actions of corticosteroids in the prefrontal areas. Mostly these effects seem to be excitatory and have implications for higher-order learning in complex tasks [29].
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[bookmark: _Ref307739882][bookmark: _Ref307739869]Figure 14: Temporal dynamics model of the excitability in the hippocampus and  amygdala. A corticosterone injection induces a temporal diverse set of responses in the two different brain areas. Denoted are the receptors that are (mainly) responsible for the effects in the different areas. Importantly, the temporal pattern of excitability in hippocampus and amygdala determines the actions of stress and corticosterone on neuroendocrine regulation, behaviour and cognition. mMR/mGR: membrane-associated MR/GR; gGR: genomic GR[29].





[bookmark: _Toc308469649]Effects of stress on decision-making 
[bookmark: _Ref303690433][bookmark: _Ref307757956][bookmark: _Toc308469650]Cognitive function impairment by stress
The prefrontal cortex is important for regulating our thoughts, actions and emotions through a variety of connections with others brain areas. The PFC enables to shift our attention and alter our decision-making depending on reward and punishment factors [59]. Additionally, the PFC plays a role in monitoring errors giving us the insight that we are incorrect and need to change strategy [51]. All of those functions depend on PFC neuronal network connections which are sensitive to their neurochemical environment. The PFC has connections with other cortical and subcortical regions (Figure 15). The dlPFC is connected with sensory and motor cortices and regulates attention, thought and action. The key regulator of emotion is the vlPFC, which has connections with subcortical structures such as the amygdala, the nucleus accumbens and the hypothalamus. Lastly, the dorsomedial PFC is involved in error monitoring and reality testing. These PFC regions strongly interconnect in order to regulate executive processes, e.g. decision-making [2]. 
Corticosteroid hormones (e.g. cortisol in human) have impact on brain function through binding to corticosteroid receptors which are located in the hippocampus, prefrontal cortex and  amygdala (section 4.3). The secretion of these hormones is under control of the hypothalamic-piuitary-adrenal (HPA) axis and their release depends on the time of the day (e.g. morning or evening) and perception of different stressors (section 4). Stress is known to influence cognitive performance. However, the relationship between stress, cortisol level and cognitive function involves a very complex network [2]. It was found that high levels of cortisol impact declarative memory through actions in the hippocampus, emotional memory via effects on the amygdala function and working memory via the DLPFC[2]. Consistent findings in animal and human studies revealed that mild acute stress can very rapidly disrupt PFC network connections and impair high-order PFC abilities such as working memory and attention regulation [2]. The amygdala activates stress pathways in the hypothalamus and brainstem which evoke high levels of noradrenaline and adrenaline release under stress conditions. This impairs PFC regulation but strengthens the amygdala function [2] (Figure 15). Thus, stress changes the brain’s response patterns from slow thoughtful PFC regulation to the reflexive and rapid emotional responses of the amygdala and others subcortical brain structures [2]. 
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[bookmark: _Ref303613576]Figure 15: Prefrontal cortical and amygdala circuit: from non-stress to stress conditions. The amygdala activates stress pathways in the hypothalamus and brainstem which evokes high noradrenaline (NA) and dopamine (DA) release. During stress conditions, stress leads to loss of “top-down” control of the PFC over the amygdala and related subcortical brain structures. This means that stress disturbs PFC functioning and enhances for example fear conditioning mediated by the amygdala [2]. 



It was recently shown that corticosteroid hormones can affect the higher cognitive function in two temporal domains. It may rapidly suppress activity of some parts of the PFC, but the slow effects of corticosteroids may improve the PFC function. These time-dependent effects of corticosteroids have been tested using a working memory paradigm during functional MRI in humans [33]. The working memory paradigm is associated with the activation of a frontoparietal executive function involving the DLPFC. The slow actions of corticosteroid hormones appeared to improve the working memory performance and increase the DLPFC activity. The rapid actions of corticosteroids have not shown any effects on the working memory performance. The slow changes through corticosteroid actions appear to facilitate the higher-order cognitive functioning. This finding seems to support the role of corticosteroids in recovery after a stress exposure. 
Coricosteroids also affect the amygdala in a time-dependent manner. The time-specific effects of corticosteroids on human amygdala functioning have been studied using a face-processing task during functional MRI [32]. The face-processing task consists of the passive viewing of photographed faces that change from a neutral expression into a fearful or happy expression. This enables to test whether the normalization after the corticosteroids exposure is specific for certain emotional input. This task activates the amygdala bilaterally and the visual processing network. The study revealed that the rapid non-genomic effects of corticosteroids inhibit overall amygdala activity in an unspecific manner. The slow effects of corticosteroids, on the other hand, normalize responses to negative input specifically by increasing the connection to the mPFC. Thus, corticosteroids rapidly guard amygdala activation from potential overshoot and normalize the amygdala response slowly, especially to negative emotional stimulus. 
To summarize, both studies revealed that the slow actions of the corticosteroid hormones play a role in normalizing the brain function after stress response, thereby protecting the brain from stress overexposure.
[bookmark: _Toc308469651]Stress affecting decision-making
Various studies from different lines of research have shown that stress can lead to changes in the prefrontal cortex functioning [19, 40, 77]. Neuropsychological studies have examined the effects of stress on functions associated with the prefrontal cortex, such as memory and executive processes and decision-making. The results of these studies are variable and depend on the level of stress, nature of the task, the properties of the participants (e.g. age and gender) and the time after which the stress hormones are released. Neuropsychological studies revealed that stress negatively affects the decision-making processes by increasing sensitivity to immediate reward in the IGT, enhancing risk seeking behavior in the GDT and the financial decision-making task. In addition, stress tends to alter moral decision-making. 
Interestingly, stress can affect the executive function differently depending on the time after the stress exposure. Directly after stress, the executive function is usually impaired, but after some time, the executive function is improved.
[bookmark: _Ref303774499][bookmark: _Toc308469652]Stress and decision-making in Iowa Gambling Task
[bookmark: OLE_LINK2][bookmark: OLE_LINK3][bookmark: OLE_LINK14][bookmark: OLE_LINK15]Stress can be induced for the IGT by instructing participants to deliver a public speech, for instance in the so-called Trier Social Stress Test (TSST). This leads to the typical neuroendocrine stress responses, increase of the sympathetic nervous system and activation of HPA axis. TSST is composed of a public speaking component (5 minutes, usually mock job interview) and mental arithmetic (5 minutes, serial of subtractions) in front of an audience [18]. Recently, it was shown that speech anticipation stress impairs the IGT performance in men by creating interference with the task related emotion necessary to guide advantageous choices [54]. However, not all individuals respond in the same way to a psychological stress such as TSST [41], i.e. delivery of public speech. Some subjects respond stronger than others as measured by salivary free cortisol levels. High cortisol responders are more sensitive to immediate rewards than low cortisol responders [1, 52]. The increased sensitivity to immediate rewards induced by cortisol secretion is associated with impairment of DLPFC functioning (section 5.1 ). A previous study has shown that cortisol reactivity is associated with decision-making performance [75].  Moreover, acute stress induced by the TSST [41] affects decision-making behavior of men and women differently. To summarize, studies using psychological stressors and the IGT report consistently that acute stress affects decision-making whether induced by a TSST (public speaking and mental arithmetic task before the IGT experiment) [75] or just by announcing the participation in public speaking after the IGT [54]. 
On decision-making in the IGT under normal conditions, men show better performance and a more goal-directed choice pattern than women [74]. This difference in performance between men and women can be explained by the different activation patterns in the left and right hemisphere during the IGT. Men show more activation in the right dorsolateral prefrontal areas than women during the IGT [7]. Under psychological stress, men make more high-risk disadvantageous choices, whereas women make more low-risk advantageous choices during the IGT. The predominant role of the right hemisphere in the regulation of cortisol secretion is suggested to explain the sex differences in IGT performance under stress conditions (chapter 4) [75]. In women, cortisol release may lead to a higher activation of the right prefrontal areas, associated with the development of a more goal-directed strategy in the IGT. By contrast, cortisol release may have negative effects on IGT performance in men. A possible explanation for this is that the activity in the prefrontal areas is already stronger in men than in women during the IGT. The negative and disruptive effects of cortisol, already biased for the right prefrontal areas, would be stronger in men than in women [75]. These disruptive effects may lead to the loss of top-down control. However, more experiments are needed to better link the gender differences in IGT performance to hemispheric activity.
[bookmark: _Toc308469653]Anxiety and decision-making in Iowa Gambling Task
How can anxiety impact decision-making measured by IGT in human and rats? As was explained in section 0, the OFC, amygdala and vSTR are thought to mediate the early phase of the IGT, whereas the later phase of the task is believed to involve the ACC, the dlPFC and the dSTR (Figure 9) [17]. Some of these brain areas, which are associated with decision-making, play an important role in anxiety.  For instance, high anxiety has been associated with increased amygdala and vmPFC activation [24]. Additionally, changed activity in the ACC and dlPFC has also been linked with anxiety [6]. Anxiety can be measured with the State Trait Anxiety Inventory. This is a questionnaire, which allows determining the state of anxiety. The IGT studies revealed that high anxiety impairs IGT performance in men and women [16, 50]. Thus, anxiety may disturb decision-making by interfering in both emotional and cognitive control processing [16]. The study on gender-specific differences in IGT revealed that high anxiety impairs decision-making in men and women by affecting different neural substrates (Figure 16). In men, the IGT performance has already been affected during the exploration phase of the task (approximately the first 40 trials). However, women’s IGT performance is rather affected in the latter phase of the task. It was suggested that anxiety has an impact primarily on the ventral loop (OFC-AMY-vSTR network) in men, whereas in women anxiety alters decision-making at the level of cognitive control mediated by the ACC and the “dorsolateral” loop (lPFC and dSTR) [16]. Interestingly, high and low anxiety men performed poorly in the IGT, but not low anxiety women (Figure 16). It was proposed that the choice pattern of low anxiety men (lower basal cortisol levels) may be associated with increased risk taking [16, 76]. However, the neural mechanism underlying the relationship between anxiety and risk seeking behavior needs to be further investigated.
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[bookmark: _Ref303937343]Figure 16: Cumulative number of advantageous (CD) disadvantageous (AB) choices in the IGT for low, medium and high anxiety subjects in men (panel A) and women (panel B). Both high anxiety and low anxiety men performed worse on the IGT when compared to medium anxiety subjects (panel A). High anxiety women performed worse on IGT when compared  to medium and low anxiety women, who performed similar on the IGT (panel B) [16]



      To further investigate the neural pathway underlying the relationship between anxiety/stress and decision-making, the rodent model of the IGT has been developed (section 2.1). In line with human studies, increased anxiety does negatively affect decision-making performance in the IGT for male rats [16, 17]. It was demonstrated that r-IGT performance positively correlates with the open arm time on the elevated plus maze. This means that the longer the male rats spend time on the elevated plus maze (i.e. the less anxious they are), the better they perform on the r-IGT. Additionally, it was found that the medial prefrontal cortex and striatum play a key role in anxiety and decision-making. Specifically, high anxious male rats with a “poor” performance showed increased level of c-fos expression in the pre-and infralimbic cortices and the nucleus accumbens shell when compared to the non-anxious male rats with a“good” performance [17]. The c-fos is a transcriptional factor which is used as a marker for general neuronal activity. These results indicate that an increased neuronal activity in the frontostriatal circuitry, due to high anxiety, leads to impairment of decision-making in the r-IGT. In addition, this finding suggests the involvement of the frontostriatal circuitry in the interaction between anxiety and decision-making. The medial prefrontal cortex may play an important role in the cognitive control system that mediates anxiety effects on decision-making [17].
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Figure 17: Correlation between r-IGT performance and open arm time on the elevated plus maze [17].



The interaction between acute stress and decision-making has also been analyzed in male rats [43]. Male rats received cortocosterone injections leading to increased plasma corticosterone levels approximately 30 minutes after the administration. The male rats treated with corticosterone showed poor r-IGT performance when compared to saline-treated controls.  These results support human studies in male subjects showing that acute stress impairs IGT performance and stress leads to more choices for the long-term disadvantageous option. Similar were the case for anxiety and decision-making, the medial prefrontal cortex and the striatum seem to be involved in interaction between stress and decision-making [43].    
[bookmark: _Toc308469654]Stress and decision-making under risk 
Many of our decisions involve choosing a risky option associated with a larger reward versus a safer, more conservative choice. Induction of stress can modulate the risk taken in decision-making.
Stress can affect decision-making even in a situation with explicit and stable rules that rely on executive processes and feedback learning (GDT see section 2.2). A human study has demonstrated that subjects in the stress condition (the anticipation of giving public speech) perform significantly worse in the GDT when compared to the control subjects [64]. This means that subjects in the stress conditions are choosing the risky option more frequently (Figure 18). Additionally, analysis showed that the increase in cortisol level correlated negatively with GDT performance. This means that the more the cortisol level increased the poorer the GDT performance of the participants was. The GDT is associated with feedback processing [12] and executive functioning [11]. The question is which one of these processes is disrupted by the stressor. Research results indicated that the orbitofronatal cortex and the limbic system functioning were impaired by the stressor. Interaction between orbitofronatal cortex and amygdala is essential for emotional feedback learning [23]. However, no effect was found on dlPFC which is associated with executive processing. These findings indicate that even in decision situations for which we have explicit information regarding the risks and consequences, the risk of making disadvantages decisions increases under stressful conditions [64].
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[bookmark: _Ref303338489]Figure 18:  (A) Mean net score of the experimental group (EG) compared to the control group (CG) from the GDT. Error bars represent standard deviation. (B) The single alternative choices by the EG and CG in the GDT. One and two numbers are risky choices; three and four numbers are safe choices. Error bars represent standard error[64].



Furthermore, studies on the financial decision-making task (section 2.2) revealed that acute stress induced by immersing the participant’s dominant hand in ice-cold water (4°C) altered decision-making[39]. The participants more often made risky decisions in the loss domain but conservative decisions in the gain domain (Figure 19) [53]. Acute stress possibly interferes with the executive system. This idea was also supported by the stressed participant’s poor performance on the recognition memory task. This study leads to the conclusion acute stress impairs executive functioning and subjects rely more on intuitive processes in response to stress, which might have an evolutionarily adaptive value.
To summarize, stress disturbs orbitofrontal cortex and the limbic system functioning associated with feedback learning during decision-making under risky conditions. In the financial decision-making task, stress impairs the DLPFC which is associated with executive function. Which brain areas are impaired during decision-making depends on the stressor and the nature of the decision-making task. Generally, studies found that stress tends to increase risk seeking behaviour and thereby has a negative impact on decision-making under risky conditions. 
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[bookmark: _Ref303428511]Figure 19: Proportion of participants’ risky and conservative strategy choices as a function of the domain (loss or gain domain) and conditions (no stress vs. acute stress).  Participants under acute stress made more risky choices in the loss domain and more conservative choices in the gain domain when compared to no-stress control participants [53].



Another factor that impacts risk taking is gender. In the BART (section 2.2), acute stress (induced by cold pressor stress task) was found to amplify sex differences in risk seeking (Figure 20), meaning men show even more risk seeking behaviour and women even more risk avoidant behaviour [47]. Depending on the task, risk seeking behaviour can be beneficial, such as in the BART, or can have negative effects on the final performance, such as in the IGT. For instance, men under effect of stress tend to select more high-risk disadvantageous choices in the IGT, but stress exerts the opposite effect on women [54, 75]. Interestingly, emotional and visceral networks seem to be activated in response to acute stress in women, while the dorsolateral and medial prefrontal regions appear to be activated in men. Lesion studies have shown that the activation of emotional and visceral network structures is associated with increased risk avoidance [47]. 
In conclusion, several studies showed consistent findings on sex differences in the effects of stress on decision-making under risky conditions. Despite the different tasks and stress inducers that were used, women were found to be more conservative under stressful conditions, whereas men showed increased risk seeking behavior [47, 54]. 
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[bookmark: _Ref303849810]Figure 20: Interaction between gender and stress in risk taking. Average number of balloon pumps on trials without explosions for males and females. Stress increases differences in risk taking between males and females. Men show even more risk seeking behaviour under stress than in control conditions, whereas women become more conservative and risk aversive under stress[47].


[bookmark: _Ref304128551]
[bookmark: _Ref304206898][bookmark: _Toc308469655]Stress and moral decision-making
The moral decision-making relies on brain regions which are associated with cognition and emotion such as the prefrontal cortex and limbic system [65]. These brain regions are also affected by stress [19, 65]. A study in humans has shown that subjects under stressful conditions, which are induced by a TSST, tend to choose egoistic rather than the altruistic option in a moral decision-making task (section 2.4). The cortisol increase was positively correlated with egoistic decision-making in the high emotional dilemmas test (Figure 21) [65], indicating that activation of the HPA axis in response to stress might be associated with egoistic decision-making. 
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[bookmark: _Ref303608194]Figure 21: (a) Negative correlation between the cortisol-delta increase and the number of altruistic decisions in a high-emotional dilemma in the group subjected to a TSST (SG). (b) No correlation was found between the cortisol-delta increase and the number of altruistic decisions in high-emotional dilemmas in the control group (CG) [65].






[bookmark: _Ref308351010][bookmark: _Toc308469656]Time-dependent effects of corticosteroids on decision-making 
The corticosteroid hormones can affect the higher cognitive function in two temporal domains. It can rapidly impair the functioning of some parts of the PFC, but the slow effects of corticosteroids may normalize or improve the PFC function. Human study has shown that the slow actions of corticosteroids improve the working memory performance and the DLPFC function (section 5.1). In addition, the slow effects of corticosteroids normalize responses to negative input in the  amygdala specifically by increasing the connection to the mPFC.
How do rapid and slow actions of the corticosteroids affect decision making? Human study showed that immediately after stress individuals follow a simple behavioural strategy, which means choosing for more egoistic and small-soon rewards. After 20 minutes, individuals change their strategy to more altruistic and future oriented rewards [14]. Thus the cortisol release has immediate and postponed effects on decision-making. The rapid non-genomic actions of cortisol in combination with noradrenaline may change the brain’s response patterns from slow thoughtful PFC regulation to the reflexive and rapid emotional responses of the amygdala and other subcortical brain structures. The slow genomic actions of cortisol, on the other hand, normalize the amygdala activity by increasing the connection to the mPFC. The increased connectivity with mPFC may improve the higher-order cognitive functioning and thereby activate the top-down control. These human studies support the hypothesis that the slow actions of corticosteroids play an important role in the recovery after a stress exposure. Based on these studies, it would be interesting to investigate the rapid and slow effects of corticosteroids on decision-making with the IGT and social decision-making with the trust game (section 2.3). A possible outcome could be that the participants will show a poor performance on the IGT immediately after stress induced by a TSST. In contrast, the participants may improve their performance and choose a more long-term advantageous option with a delayed stress response. A similar outcome is expected in the trust game. The investors will invest less money and the trustee will repay less money than the original investment immediately after stress induction. In contrast, the participants may show more altruistic and more future oriented behaviour in the trust game with a delayed stress response. 


[bookmark: _Toc308469657]Discussion 
From the many examples above it is clear that stress affects the decision-making process. Stress leads to loss of “top-down” control of the prefrontal cortex over subcortical brain structures and thereby disturbs prefrontal cortex functioning associated with decision-making [2]. Moreover, functional MRI studies revealed the common brain regions involved in the control of the stress response and decision-making such as the medial PFC, lateral PFC, orbitofrontal cortex, ACC, as well as the amygdala [19]. Interestingly, decision-making involves a conflict between emotional and cognitive control systems, which has an impact on the final choice. Stress may interfere in this competition between emotion and cognitive functioning and thereby impair decision-making. The complex neural mechanism underlying the interaction between stress and decision-making is not completely understood. There are some factors which influence decision-making under stressful conditions such as gender and the time-dependent effects of corticosteroid hormones. 
Human studies have shown that there are gender specific differences in how stress influences decision-making. It is not completely clear whether the gender differences are due to differences in neural activation patterns and how stress affects this neural network  [75]. In addition, men and women differ in their sensitivity to stress depending on the type of the stressor. In general, men are more sensitive to achievement tasks such as TSST, whereas women are more sensitive to social rejection, both indicated by differences in cortisol level [75]. Furthermore, the behavioural responses to stress are mediated by testosterone in men and by estrogen and oxytocin in women. In men, stress tends to increase stress-related testosterone changes and induce typical fight-or-flight responses. In contrast, oxytocin has been shown to exert calming effects in women under stressful conditions [47]. Since all these factors influence gender-specific differences in decision-making under stressful conditions, investigations on this difference should be performed with consideration of these factors to reach valid conclusions.
Rapid and slow actions of corticosteroids can affect the decision-making process differently (section 5.2.5). The rapid effects of corticosteroids may increase sensitivity to the immediate high rewards and risk seeking behaviour, whereas the slow effects of corticosteroids may normalize the DLPFC function and top-down control. Immediately after stress, the DLPFC function may be impaired and the reward system shows increased activity to immediate high rewards. Therefore, male individuals tend to choose more long-term disadvantageous options in the IGT shortly after TSST induction [54, 75]. Human studies have shown that some time after corticosteroids release, individuals show improvements in the DLPFC function [33] and in social decision-making [14]. Based on these findings, slow effects of the stress hormone may change the strategy of the participants to more long-term advantageous and thereby improve their IGT performance. In addition, men tend to make more risky decisions under stressful conditions immediately after stress [47]. These studies confirm that rapid effects of corticosteroids impair PFC function. However, it has not been shown yet how slow actions of corticosteroids affect decision-making under risk. Probably, the slow effects will decrease risk-seeking behaviour in men. Thus, further investigation is needed to examine the time-dependent effects of corticosteroid hormones on decision-making in the IGT, social decision-making and decision-making under risk conditions. To better understand rapid and slow effects of corticosteroids on decision-making, human studies such as functional MRI and decision-making tasks (BART, IGT ect.) can be combined. In addition, animal studies can provide more information about the molecular mechanism underlying genomic and non-genomic effects of corticosteroids on decision-making. This can be realized by performing behavioural tests (e.g. r-IGT), electrophysiology and molecular methods (e.g. Immunohistochemistry).
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[bookmark: _Toc308469659]Glossary 
	5-HT
	Serotonin

	ACC
	Anterior cingulate cortex

	ACTH
	Adrenocorticotropin hormone

	AMY
	Amygdala

	ANS
	Autonomic nervous system

	BART
	Balloon analogue risk task

	BLA
	Basolateral  amygdala

	CD
	Caudate nucleus 

	CRH
	Corticotrophin releasing hormone

	DA
	Dopamine neurons 

	DLPFC/dlPFC
	Dorsolateral prefrontal cortex

	DS/dSTR
	Dorsal striatum 

	GDT
	Game of Dice Task

	gGRs
	genomic Glucocorticoid receptors

	GRs
	Glucocorticoid receptors

	Hipp
	Hippocampus 

	HPA
	Hypothalamo-pituitary-adreanal

	HYP
	Hypothalamus 

	IGT
	Iowa gambling task

	Ins
	Insula

	LTP
	Long-term potentiation

	mGRs
	membrane-associated Glucocorticoid receptors

	mMRs
	membrane-associated Mineralocorticoid receptors

	mPFC
	Medial prefrontal cortex

	MRI
	Magnetic resonance imaging 

	MRs
	Mineralocorticoid receptors

	NA
	Noradrenaline 

	NE
	Norepinephrine

	OFC
	Orbitofrontal cortex

	PFC 
	Prefrontal cortex 

	PVN
	Paraventricular nucleus

	r-IGT
	rodent- Iowa gambling task

	SCRs
	Skin conductance responses

	TSST
	Trier Social Stress Test

	vlPFC
	Ventrolateral prefrontal cortex

	VMF/vmPFC
	Ventromedial prefrontal cortex 

	VS/vSTR
	Ventral striatum 
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