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Abstract

The ability to learn from experience is critical for determining when to take risks and when to
play it safe. However, we know little about how within-person state changes, such as an individual’s
degree of neurophysiological arousal, may impact the ability to learn which risks are most likely to fail
vs. succeed. To test this, we used a randomized, double-blind, placebo-controlled design to
pharmacologically manipulate neurophysiological arousal and assess its causal impact on risk-related
learning and performance. Eighty-seven adults (45% female, Mage= 20.1 £ 1.46 years) took either
propranolol (n= 42), a beta-adrenergic receptor blocker that attenuates sympathetic nervous system-
related signaling, or a placebo (n=45). Participants then completed the Balloon Emotional Learning Task,
a risk-taking task wherein experiential learning is necessary for task success. We found that individuals
on propranolol, relative to placebo, earned fewer points on the task, suggesting that they were less
effective risk-takers. This effect was mediated by the fact that those on propranolol made less optimal
decisions in the final phase of the task on trials with the greatest opportunity for advantageous risk-taking.
These findings highlight how neurophysiological arousal supports risk-related learning and, in turn, more

advantageous decision-making and optimal behavior under conditions of risk.
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Everyday life is filled with situations in which we must decide whether to take a risk or play it
safe. Should we ask that attractive stranger for their number, try out that new restaurant, risk not getting a
health concern examined? Effective risky decision-making does not just involve estimations of chance,
but also requires learning from prior information and experience in order to predict the likelihood of
positive or negative outcomes (Ben-Elia, Erev, & Shiftan, 2008; Denrell, 2007). One classic illustration of
learning-informed risk-taking is how drivers learn over time which roads have the least risk of traffic
given the time of day, weather conditions, etc. For example, during rush-hour, a driver might risk using a
short-cut but discover that this risky choice proved worse than their typical route, reducing their
likelihood to risk similar short-cuts in the future during comparable traffic conditions.

Ultimately, what factors contribute to people’s ability to learn from experience in order to
optimize when to play it safe vs. take a risk? Most prior literature investigates the role of trait-based
factors such as impulsivity or sensation-seeking in predicting risk-taking (e.g., Khurana, Romer,
Betancourt, & Hurt, 2018; Nigg, 2017). This focus on trait-based predictors means we still know little
about how state factors within the individual impact risk-taking, especially in contexts where experiential
learning is critical to success. One longstanding state factor of interest has been arousal, with prior theory
suggesting that some arousal is beneficial or facilitative for decision-making, especially when decisions
are more intuitive, uncertain, ambiguous, or risky (e.g., Bechara, Damasio, & Damasio, 2000; Storbeck &
Clore, 2008). Furthermore, a certain degree of arousal can support effective learning, as arousal helps
sustain the attention needed for noticing and encoding information while also potentially promoting the
acquisition of feedback for learning via exploration and experimentation (e.g., Aston-Jones & Cohen,
2005; Eldar, Cohen, & Niv, 2013; Yerkes & Dodson, 1908). Arousal can be operationalized in several
ways—subjectively (e.g., self-report), behaviorally (e.g., pupil dilation), or neurophysiologically (e.g.,
sympathetic nervous system or SNS signaling). Herein, we manipulated SNS-related neurophysiological
arousal using the beta-blocker drug propranolol and investigated subsequent effects on risk-taking
behavior in a task that requires learning from experience, with the key prediction that propranolol would

ultimately impair advantageous risk-taking.
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Advantageous Risk-Taking Involves Learning from Experience

Building more accurate predictions from past experience (i.e., learning) is key for guiding
advantageous risk decisions in real life outside the laboratory (Ben-Elia et al., 2008; Denrell, 2007; Lo &
Repin, 2002). However, most prior lab research examines risk-taking in the context of gambling-based
chance games wherein there is little opportunity for learning (FeldmanHall, Glimcher, Baker, & Phelps,
2016; Lejuez et al., 2002; Rogers, Lancaster, Wakeley, & Bhagwagar, 2004). When learning-guided risk-
taking is studied in the lab, the lowa Gambling Task (Bechara et al., 1994) is often used. In this task,
participants choose cards from four decks with different—initially unknown—average reward and
punishment contingencies. As an implicit learning task, participants must learn from successive trials
which decks produce advantageous versus disadvantageous outcomes. Although the lowa Gambling Task
allows for a behavioral test following implicit learning, the choices are forced choice (i.e., participants
must choose a card) and categorical, resulting in fewer opportunities to learn and explore within each
trial.

To address the need for a more dimensional, learning-driven risk-taking task, Humphreys and
colleagues (Humphreys, Lee, & Tottenham, 2013) created the Balloon Emotional Learning Task (BELT).
In the BELT, individuals have more opportunity within each trial to explore the bounds of risk-taking
(e.g., via balloon pumps) while learning across multiple trials which conditions afford more advantageous
vs. disadvantageous risks. The BELT thus offers an improvement over other implicit learning tasks (e.g.,
lowa Gambling Task), as it captures more dimensional decision-based processes in contexts that support
greater exploration within each trial rather than forced-choice decisions. Initial studies using the BELT
suggested that a combination of dispositional factors are associated with maximal task performance
(Humphreys et al., 2013). However, less research has examined the intra-individual mechanisms that
contribute to learning about advantageous risk-taking. As such, we know little about how within-person

state fluctuations influence learning about when it is most effective to take risks.
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Theoretical Role of Arousal in Risk-Taking

Both theory and empirical research identify arousal as one fundamental intra-individual pathway
that facilitates learning and effective risk-taking. Arousal supports diverse functions such as wakefulness,
motivational states, attention to salient or evocative stimuli, encoding and retrieval in learning and
memory, and affect-based perceptions and decisions (see discussion in Satpute, Kragel, Barrett, Wager, &
Bianciardi, 2019). Arousal is derived from the integration of afferent autonomic signals from the
periphery (e.g., the SNS) alongside signals from other neuro-modulating pathways such as the
adrenergic/noradrenergic, serotoninergic, and dopaminergic systems (e.g., Berridge, 2008; Coull et al.,
1997; Critchley et al., 2000; Kleckner et al., 2017; Robbins & Everitt, 1995; Satpute et al., 2019).

More generally, theories of arousal such as affect-as-information theory posit that individuals
implicitly use their momentary feelings (e.g., arousal rooted in afferent physiological signals) to evaluate
contextual cues and make decisions that drive behavior (Clore, Gasper, & Garvin, 2001; Schachter &
Singer, 1962; Schwarz, 2010; Storbeck & Clore, 2008). Similarly, the somatic marker hypothesis
suggests that physiological sensations during and after decisions help individuals better determine
whether or not it will be advantageous to make that decision again in future (Bechara, Damasio, Damasio,
& Lee, 1999; Damasio, 1994, 1999). Finally, predictive inference models of affect argue that the brain
uses both a priori knowledge and ongoing afferent physiological signals (including arousal) to interpret
contextual cues and inform behavior (Barrett, 2017; Barrett & Simmons, 2015; MacCormack &
Lindquist, 2017). Ultimately, these theories suggest that the predictions built through experiential learning
should interact with the neurobiology underpinning arousal to improve decision-making under conditions
of uncertainty (e.qg., risk). Risky decisions, as assessed in this study with a learning task rather than a
gambling task and combined with the power of pharmacological blockade, provide a valuable model for
testing these theory-driven hypotheses.

Neurobiological Evidence for Arousal in Learning and Risk-Taking
Consistent with the theoretical insights above, a long history of studies in animals and humans

show that arousal and arousal-related neurobiology are key mediators of effective learning and risk-



Neurophysiological Arousal and Risk-Taking 6

taking. For instance, economic traders who exhibit greater autonomic responses during market trades and
those who were more interoceptively aware of their physiological sensations make more advantageous
decisions compared to their colleagues (Kandasamy et al., 2016; Lo & Repin, 2002). Arousal also appears
to influence gamblers’ ability to judge situations and risks effectively (Tranel, 2000). Conversely, blunted
arousal or the impaired ability to perceive physiological signaling may hinder learning about
advantageous risk-taking (Critchley, Mathias, & Dolan, 2001). For example, during the lowa Gambling
Task, individuals with medical conditions that weaken afferent peripheral signals selected riskier options
and performed worse compared to healthy individuals (Busemeyer & Stout, 2002; Yechiam, Busemeyer,
Stout, & Bechara, 2005). Neurophysiological arousal may be particularly important for guiding decisions
in ambiguous contexts when more information is needed to perform optimally (FeldmanHall et al., 2016;
Zink, Pagnoni, Martin-Skurski, Chappelow, & Berns, 2004).

Not only is there promising behavioral evidence for the role of arousal in facilitating
advantageous risk-taking, but also there is compelling neurobiological evidence that the SNS and
adrenergic/noradrenergic systems matter for both learning and risk-taking (Sara, 2009). The SNS is a fast-
acting branch of the autonomic nervous system that helps initiate changes across the cardiovascular
system and other modalities (e.g., pupil dilation, sweat) in response to environmental stimuli. As such, the
SNS facilitates heightened action-readiness and vigilance to environmental cues, providing richer
information when making decisions (Blascovich, Vanman, Mendes, & Dickerson, 2011; Ruffolo, 1991).
SNS activation itself is largely instigated by the adrenergic/noradrenergic systems via binding of the
catecholamines epinephrine and norepinephrine to beta-adrenergic receptors throughout the body and
brain.

Classic rodent experiments demonstrates that knockout, lesioning, or blockade of SNS-related
neurobiology reduces learning across multiple domains (e.g., motor, spatial, taste, affective), while
increasing reactivity to novel stimuli and modulating arousal-driven memory consolidation and
reconsolidation (Cahill, Pham, & Setlow, 2000; Clayton & Williams, 2000; D¢biec & Ledoux, 2004;

Decker, Gill, & McGaugh, 1990; Gazarini, Stern, Carobrez, & Bertoglio, 2013; Giustino & Maren, 2018;
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Heron, Gould, & Bickford, 1996; Miranda, Rodriguez-Garcia, Reyes-Lopez, Ferry, & Ferreira, 2008;
Myers & Rinaman, 2002; Spreng, Cotecchia, & Schenk, 2001). SNS-related signaling further appears to
regulate learning through trial-and-error (Amemiya, Kubota, Umeyama, Nishijima, & Kita, 2016), which
underscores how arousal-related neurobiological systems may drive learning through the accumulation of
priors. More recently, parallel evidence has been observed in humans, wherein SNS-related signaling can
alter learning and memory across many domains, including in the affective contexts of reward, threat, and
uncertainty (Chae et al., 2019; Coull et al., 1997; Kroes, Strange, & Dolan, 2010; Marshall et al., 2016;
Mihov et al., 2010; Soeter & Kindt, 2011). For instance, recent evidence suggests that the this same
neurobiology also helps regulate prediction updating in humans during learning tasks (Jepma et al., 2018).

In addition to arousal-related neurobiology supporting learning, these systems are firmly
implicated in the computation of risk and resultant decisions and behaviors. Prior experiments suggest
that pharmacologically attenuating SNS activation using beta-blockers such as propranolol to disrupt
beta-adrenergic signaling can impair cognitive processes related to advantageous risk-taking. Yet most of
this work has been conducted in the context of chance-based gambling tasks. For example, individuals
randomly assigned to take propranolol were less able to discriminate large potential losses and gains from
small ones, in order to guide advantageous gambling decisions (Rogers et al., 2004). Propranolol has also
been shown to reduce the ability to track and refer to recent experiences (Lempert, Lackovic, Tobe,
Glimcher, & Phelps, 2017), reduce aversion to monetary loss (Sokol-Hessner, Lackovic, et al., 2015), and
diminish amygdala-driven modulation of memory in contexts of chance (Phelps, 2006). Despite this work
suggesting that beta-adrenergic signaling causally influences decision-making during chance-based
gambling, we understand little about whether this same pathway impacts risk-taking during situations in
which learning from experience is crucial for success.
The Present Study

The present study thus used propranolol, a beta-blocker that blocks the SNS-related effects of
epinephrine and norepinephrine at the sites of $1 and 2 adrenoceptors (Turner, Granville-Grossman, &

Smart, 1965) in order to blunt neurophysiological arousal. Specifically, in a randomized, double-blind,
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placebo-controlled mechanistic trial, participants took a single 40 mg dose of propranolol or a placebo
and completed the BELT to examine beta-adrenergic impacts on learning and advantageous risk-taking.
We hypothesized that individuals on propranolol (vs. placebo) would learn the task parameters less
effectively and thus take fewer advantageous risks, due to blunted access to neurophysiological arousal.
Methods

Participants

Data presented here were collected as part of a larger project examining how beta-adrenergic
receptor blockade impacts reactivity to stress (MacCormack et al., 2021; MacCormack et al., under
review). None of the data herein are published elsewhere. Participants were recruited from the University
of North Carolina at Chapel Hill and its surrounding community via flyers, class announcements, and
email listservs and then screened for eligibility via telephone interview and an in-person visit. Individuals
were excluded if they: reported prior/current use of beta-blockers, cigarettes, substances, or prescription
medications; had a history of/current physical or mental illness, a pacemaker, known cardiac
irregularities, BMI over 33; or if they exhibited low resting blood pressure (BP <80 Hg/ml) or heart rate
(HR <60 bpm), given that low BP/HR are contraindications for propranolol. Of the 90 total participants
enrolled in the study, 3 had missing BELT data due to computer error. The remaining 87 participants
(45% female; Mage=20.1+1.46 years, 18-25 years; 56% White, 25% Asian, 9% Black, 7% bi- or multi-
racial, and 2% other) are included herein, with n=42 randomly assigned to take propranolol and n=45
randomly assigned to take placebo. Drug groups were randomized such that they were matched on sex
[t(85)=.074, p=.942] and race/ethnicity [y?(4, N=87)= 1.25, p= .870]. See Table 1 for full participant
characteristics and the Supplementary Materials (SMs) for details on statistical power.
Procedures

Participants received either a visually-identical propranolol (40 mg) or placebo tablet, which they
self-administered orally under supervision. A single propranolol dose of 40 mg was chosen given that
higher doses may have lowered HR/BP to the point of causing fainting in our healthy, young adult

sample, and given that 40 mg is a common clinical dosage administered for one-time performance anxiety
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situations (e.g., Alexander, Hillier, Smith, Tivarus, & Beversdorf, 2007; Currie, Lewis, McDevitt,
Nicholson, & Wright, 1988; Ernst, Lago, Davis, & Grillon, 2016). Given that this was part of a larger
study examining stress (see OSF), all participants in both conditions first completed a standard laboratory
paradigm designed to elicit social stress (Kirschbaum, Pirke, & Hellhammer, 1993), reported their
affective responses, and provided biological samples. Two hours after completing the stressor and 3.5
hours after ingesting the propranolol or placebo, participants completed the BELT. Given that the half-life
of propranolol is 5 hours after oral administration (Paterson, Conolly, Dollery, Hayes, & Cooper, 1970;
Williams, Leeser, & Rawlins, 1986), propranolol was still in effect during this task. Participants were
compensated $100 USD and discharged after confirming that their HR and BP had returned to baseline
levels. Procedures were approved by the University of North Carolina at Chapel Hill’s Human Subjects
Protection Committee (IRB #16-2498).
Measures

Balloon Emotional Learning Task (BELT). To measure risk-taking and learning, participants
completed the BELT, a computer task in which participants make decisions about how much to pump up
three different colored balloons in order to obtain the highest score. Participants were told that the more
points they earned in the game, the more money they would receive as an extra reward.

Participants pumped three different types of balloons which differed by color (blue, pink, orange).
Each successful pump was worth one point regardless of balloon color, but each balloon color exploded
after a different number of pumps. Specifically, certain-long balloons always exploded at 20 pumps,
certain-short balloons always exploded at 8 pumps, and uncertain balloons were unpredictable, exploding
at 8, 14, or 20 pumps, depending on the trial. Participants were not told that balloon colors signified
different explosion points, but they were explicitly told that not all balloons explode at the same point.
Thus, to perform well on the task, participants needed to learn the strength of each balloon type (i.e.,
color). To make the most advantageous decisions on when to continue vs. stop pumping, participants had
to learn that certain-long balloons could be pumped the most and would yield the greatest number of

points, certain-short balloons could only be pumped a few times and yielded fewer points but were still
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predictable, whereas uncertain balloons could sometimes be pumped many times and thus yield many
points but were risky because they would sometimes explode quickly.

To track learning effects, the BELT is divided into three separate task phases (Humphreys et al.,
2013). Participants first complete an early phase (first 1/3 of trials) wherein they know little about which
balloons are the least vs. most risky. This is when we would expect participants to experiment and learn
through trial-and-error. The second or mid-phase allows individuals to continue learning and fine-tuning
their risk predictions based on the early phase. Finally, the third or late phase is where individuals can
most fully apply whatever information they gained from the prior phases (if they learned effectively) in
order to make the most advantageous risk decisions. Ultimately, we expected that if individuals are
effectively learning about risk throughout the task, then by the late phase, they should be at their most
effective in judging when to vs. not to pump up balloons further.

There were 18 trials per balloon type across the entire task (54 trials in total), and for each third of
the task, there was an equal number of trials of each balloon type. This task was identical to that used in
prior work (Humphreys et al., 2013), except that we doubled the number of trials, allowing us to examine
learning over a longer period of time and provided more opportunities for participants to explore and
learn the different balloon contingencies. Participants pressed the spacebar to “pump up” balloons. After
the first pump, participants could press another button to “cash in” their pumps for points, or they could
continue pumping the balloon. Points accumulated across the course of the entire task. If participants
pumped beyond a balloon’s limit, an explosion occurred, resulting in the loss of all points for that trial.
We examined two primary outcomes from the BELT: (1) number of points, which served as our measure
of overall task performance and (2) number of pumps, which served as our measure of risk-taking.
Finally, as a secondary measure of risk-taking—and more specifically, untempered risk-taking, we
examined (3) the number of explosions that an individual incurred. Given that we doubled the number of
trials compared to prior work (e.g., Humphreys et al., 2013), in analyses, we first replicated prior findings
with this lengthened task in the placebo group to confirm that participants effectively learned task

parameters (see SMs).
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Covariates. Both negative, high arousal affect post-stressor and BMI were examined as
covariates, to assess whether the stressor from two-hours previously had any lingering effects on BELT
performance, and whether BMI altered dosage effects of propranolol. There were no main effects or
interactions of either covariate with propranolol or the BELT task parameters in predicting outcomes (see
SMs for full details and results).

Data Analyses

Following prior analytical approaches with the BELT (Humphreys et al., 2013), we examined
task outcomes (i.e., points, pumps, explosions) by balloon type (i.e., certain-long, certain-short, uncertain)
and by task phase (i.e., early, mid, late). Table 2 displays descriptive statistics for the BELT outcomes
split by drug. We conducted three separate mixed ANOVAs (with points, pumps, and explosions as the
outcome, respectively), with balloon type (certain-long, certain-short, uncertain) x task phase (early, mid,
late) as within-subjects predictors, and drug (O=placebo, 1=propranolol) as a between-subjects predictor.
Significant interactions were probed via ANOVAs within each specific task phase and balloon type, to
minimize the inflation of a Type 1 error due to multiple pair-wise comparison testing (Kao & Green,
2008). Results presented herein are the main effects of drug, and interactions of drug with the within-
subjects variables (e.g., task phase, balloon type). Full results are presented in the SMs.

After testing main effects of drug and interactions, we ran a mediation model used SPSS
PROCESS Model 4 (Hayes, 2012), in order to model a simple, parallel mediation between (a) the
predictor of drug (O=placebo, 1=propranolol), (b) the primary mediator of interest, pumps made in the late
phase with the certain-long balloon, and (c) the primary outcome, total number of points overall achieved
across the entire BELT. To assess the indirect effect (a*b), we used a nonparametric boot-strap procedure
with replacement (N= 5000) with 95% bias-corrected confidence intervals (Cls). If the Cls did not include

zero, the indirect effect was considered statistically significant.
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Results
Beta-Adrenergic Blockade Reduces Overall Task Performance

To examine whether SNS signaling via beta-adrenergic receptors impacts the overall ability to
perform well on the BELT, we assessed the effects of propranolol on the number of points earned (Tables
3-5). As shown in Figure 1, there was a main effect of drug, F(1, 84)=4.86, p=.030, partial n>=.055, such
that participants on propranolol (M=337.74, SD=72.50) earned fewer points overall in the task overall
relative to those on placebo (M=373.96, SD=82.44). This suggests that attenuated beta-adrenergic
signaling impaired overall task performance. There were no two- or three-way interactions of task phase
or balloon type with drug on total points earned across the task (see Table 3).

Beta-Adrenergic Blockade Reduces Advantageous Risk-Taking

To examine how SNS signaling via beta-adrenergic receptors impacts advantageous risk-taking,
we assessed effects of propranolol on the number of pumps made. There was no main effect of drug,
though participants on propranolol on average made fewer pumps overall (M=457.14, SD=116.02)
relative to those on placebo (M=487.36, SD=98.93). There was however a significant three-way
interaction between drug, balloon type, and task phase, F(4, 336)=3.91, p=.011, partial n?=.044 (see
Table 3). To probe this interaction, we ran mixed ANOVASs within each task phase (early, mid, late) to
examine the main effects and interaction of balloon type and drug. Within the late task phase (but not the
early or mid-phases), we also found a significant interaction of balloon type x drug, F(2, 168)=4.52,
p=.027, partial n?=.051 (see Table S1 in SMs).

To probe these interactions further, we conducted three separate ANOVAs within the late task
phase for each balloon type (Table 4). In each of these three models, drug was the independent variable
(i.e., between-subjects factor) and pumps in the late phase was the dependent variable. As shown in
Figure 2, the difference in pumps in the late task phase between drug groups was only significant for the
certain-long balloon (i.e., the balloon type with the greatest opportunity for advantageous risk-taking),

F(1, 84)=4.39, p=.039, n?>=.050. Specifically, individuals on propranolol pumped the certain-long balloon
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less (M=66.29, SD=29.72) than those on placebo (M=79.13, SD=29.93) in the late task phase. This effect
of drug in the late task phase was not observed for the certain-short nor uncertain balloons.

As a secondary measure of risk-taking—and more specifically, untempered risk-taking, we
examined the number of explosions. Although the propranolol group exploded more balloons on average
(M=13.07, SD=6.32) than those on placebo (M=12.38, SD=5.82), there was no main effect of drug, nor
any two-way or three-way interactions between drug, balloon type, and task phase (Table 3). These
findings suggest that people in both the propranolol and placebo conditions exploded balloons at a similar
rate.

Mediation Linking Propranolol with Reduced Task Performance

Finally, in a mediation model, we examined if decreased pumping of the certain-long balloon
during the final phase explained why individuals on propranolol scored fewer points overall relative to
those on placebo. As shown in Figure 3, all paths were significant (ps<.00-.03), with a significant total
effect (c=-37.40, SE= 16.95, p=.028). The indirect (a*b) effect was also significant, 95% Cls [-61.78, -
2.17], demonstrating mediation. This suggests that blunted neurophysiological arousal (i.e., via SNS-
related beta-adrenergic signaling) among those on propranolol disrupted optimal performance in part
because it decreased effective learning about which risks were advantageous, particularly in the task
condition with the most opportunity for risk-taking.

Discussion

The goal of this study was to examine how in-the-moment neurophysiological arousal impacts
learning which risks are likely to be rewarded vs. detrimental. In a sample of healthy young adults, we
pharmacologically manipulated SNS-related beta-adrenergic signaling, a key contributor to
neurophysiological arousal, and examined consequent effects on risk-taking during a task in which
learning from experience is critical for success. We found that individuals randomly assigned to take
propranolol earned fewer points in the task than those on placebo, suggesting that blockade of beta-
adrenergic signaling impaired performance. Moreover, mediation analysis suggested that attenuated beta-

adrenergic signaling impaired performance in part because it reduced learning about which risks (i.e.,
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balloon pumps) were advantageous. Together, these results suggest that a certain amount of
neurophysiological arousal can help individuals more effectively learn over time which risks are
advantageous, ultimately optimizing decision-making performance.

Specifically, we found that individuals with full access to their neurophysiological signals (i.e.,
those on a placebo) took more risks compared to those with attenuated neurophysiological arousal (i.e.,
those on propranolol), but only in the task condition that allowed the most risk-related exploration (i.e.,
the balloon that exploded the slowest), and only toward the end of the task (i.e., in the last phase of the
trials). Indeed, mediation analysis showed that the placebo group’s greater pumping during this
condition partially explained their greater overall task performance. We take these findings as evidence
that SNS-related beta-adrenergic signaling helped facilitate more effective information gathering and
risk-related learning, leading those on placebo to ultimately take more advantageous risks. In contrast,
we there were no arousal effects on BELT performance in the early phase, as presumably both groups
(regardless of whether they were on placebo vs. propranolol) were gathering information about the risky
nature of each balloon type. Likewise, there were no effects of propranolol in the mid-phase of the task,
suggesting that beta-adrenergic facilitation of risk-related learning may take time to unfold. Beta-
adrenergic signaling also did not impact risk-taking behavior within the certain-short balloon type (i.e.,
balloons that quickly exploded consistently). Indeed, it appears that all participants quickly mastered the
meaning of certain-short balloons, perhaps because quickly exploding balloons may be more surprising
or easy to detect. Similarly, beta-adrenergic signaling did not impact risk-taking in the uncertain
condition, in which balloons exploded seemingly at random, consistent with the notion that arousal
could not facilitate effective learning when there were no predictable rules or parameters that could be
inferred from the context.

Collectively, these findings are consistent with classic work wherein an optimal amount of
arousal can be facilitative for performance (Yerkes & Dodson, 1908) whereas too little arousal (e.g.,
when blunted by beta-blockade) can impair performance. We did not test what might happen when there

is a high degree of neurophysiological arousal (e.g., upon administration of epinephrine or
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norepinephrine), but it is likely that this would likewise impair performance on the BELT, given that
high arousal states and related neurophysiology can impair several domains of performance, memory,
and cognition (e.g., Maran et al., 2017; Marko & Rie¢ansky, 2018; Wichary, Mata, & Rieskamp, 2016).

One possible psychological mechanism underlying these findings is that optimal
neurophysiological arousal heightens attention and salience of low-level perceptual cues that augment
performance. Supporting this interpretation, affect-as-information theory and related work posit that
arousal provides valuable insight in part by heightening attention to important environmental stimuli
(Critchley & Garfinkel, 2018; Storbeck & Clore, 2008). Indeed, SNS-derived physiological activation is
known to amplify the sensitivity of sensory modalities associated with vigilance, such as pupil dilation
(Bradley, Miccoli, Escrig, & Lang, 2008; Lempert et al., 2017). Supporting this, a recent study found
that propranolol led individuals to commit to an early decision in an information sampling task, rather
than continue to gather more information (Hauser, Moutoussis, Purg, Dayan, & Dolan, 2018).
Moreover, there is emerging evidence that visceral afferent signals and interoceptive awareness thereof
can more broadly enhance evaluations of risk and learning more generally (Kandasamy et al., 2016;
Pfeifer et al., 2017; Sokol-Hessner et al., 2009, 2015). Given that neurophysiological arousal facilitates
the saliency of and attention to low-level perceptual cues in the environment, an optimal amount of
arousal could, as part of learning, increase attention to the success vs. failure of past and ongoing risky
decisions, thus guiding effective decision-making.

A second possible psychological mechanism is that individuals on propranolol may have been
less cognitively alert compared to those on placebo, which may have reduced their capacity to learn
from task feedback (e.g., explosions or tracking of point gains). As propranolol lowers heart rate and
blood pressure and can contribute to feelings of lethargy (Ko, 2002), individuals on propranolol may
have exerted less effort in the task. In future studies, one way to assess this “effort” hypothesis would be
to collect trial-by-trial reaction times, as these could provide implicit measures of participant effort and

risky decision deliberation. Unfortunately, we did not collect reaction time data during the BELT, and
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thus can only speculate that propranolol-induced lethargy and/or a lack of alertness could be one
pathway contributing to these effects.

This study had limitations. Although propranolol’s bioavailability peaks one hour after ingestion,
we did not administer the BELT until 3.5 hours after participants took the medication. Although this is
within the 5-hour half-life of propranolol (Paterson et al., 1970; Williams et al., 1986), our effects may
have differed or been stronger if the BELT was completed when effects of propranolol were at their peak.
Further, we did not collect physiological measures proximal to BELT completion, which would have
provided further confirmation that propranolol was still active. It is also possible that the stress task
completed as part of the larger study influenced the present results, although we controlled for post-
stressor negative, high arousal affect in analyses to reduce this possibility. Future replications and
extensions wherein the BELT is completed at the peak of propranolol bioavailability and without
preceding tasks would provide a more precise estimate of the effect of propranolol on advantageous risk-
taking. In addition, future research should clarify the extent to which laboratory-based tasks such as the
BELT generalize to real-world contexts wherein optimal performance is contingent upon higher-stakes
learning, such as in classroom, health, and personal finance settings.

In sum, the present study adds to growing literature on the role of arousal and SNS-related beta-
adrenergic signaling as a key neurophysiological pathway subserving successful risk-taking and
learning. These findings are important given that real-world risk-taking is often predicated upon
experiential, adaptive learning processes (e.g., using predictions gained through trial-and-error) that
support optimal risk-related decisions (Denrell, 2007; Pleskac, 2008). To our knowledge, this constitutes
the first known causal evidence in humans that neurophysiological arousal instantiated by beta-
adrenergic signaling contributes to our ability to learn when to take advantageous risks that lead to
desired outcomes. More generally, these findings contribute to growing understanding that physiology
influences cognitive and behavioral processes (e.g., Critchley & Garfinkel, 2018; Eisenberger, Moieni,

Inagaki, Muscatell, & Irwin, 2017; MacCormack & Lindquist, 2018) and extends this work by
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suggesting that neurophysiological arousal can enhance the learning of risky, yet advantageous,

behavioral strategies.



Neurophysiological Arousal and Risk-Taking 18

Acknowledgements
We acknowledge the assistance of the North Carolina Translational and Clinical Sciences (NC TraCS)
Institute, which is supported by the National Center for Advancing Translational Sciences (NCATS),
National Institutes of Health, through Grant Award Number UL1TR002489. Additionally, Jennifer K.
MacCormack received support from a Ruth L. Kirschstein National Research Service Award predoctoral
fellowship from the National Institute on Aging (1F31AG055265-01A1) as well as a T32 postdoctoral
fellowship from the National Heart, Lung, and Blood Institute (5T32HL007560-37) via the University of
Pittsburgh Department of Psychiatry. We thank Dr. Samantha Meltzer-Brody for prescribing propranolol
and monitoring participant safety, and the UNC Investigational Drug Service for providing blinding and
dispensing medication. Finally, we thank Tristen Inagaki, Meghan Meyer, and members of the Carolina

Social Neuroscience and Health Laboratory for their comments on prior versions of this manuscript.



Neurophysiological Arousal and Risk-Taking 19

References

Alexander, J. K., Hillier, A., Smith, R. M., Tivarus, M. E., & Beversdorf, D. Q. (2007). Beta-adrenergic
modulation of cognitive flexibility during stress. Journal of Cognitive Neuroscience, 19, 468-478.
https://doi.org/10.1162/jocn.2007.19.3.468

Amemiya, S., Kubota, N., Umeyama, N., Nishijima, T., & Kita, I. (2016). Noradrenergic signaling in the
medial prefrontal cortex and amygdala differentially regulates vicarious trial-and-error in a spatial
decision-making task. Behavioural Brain Research, 297, 104-111.
https://doi.org/10.1016/j.bbr.2015.09.002

Aston-Jones, G., & Cohen, J. D. (2005). An integrative theory of locus-coeruleus-norepinephrine
function: Adaptive gain and optimal performance. Annual Review of Neuroscience, 28, 403—450.
https://doi.org/10.1146/annurev.neuro.28.061604.135709

Barrett, L. F. (2017). The theory of constructed emotion: An active inference account of interoception and
categorization. Social Cognitive and Affective Neuroscience, 12, 1-23.
https://doi.org/10.1093/scan/nsw154

Barrett, L. F., & Simmons, W. K. (2015). Interoceptive predictions in the brain. Nature Reviews
Neuroscience, 16, 419-429. https://doi.org/10.1038/nrn3950

Bechara, A., Damasio, H., & Damasio, A. R. (2000). Emotion, decision making and the orbitofrontal
cortex. Cerebral Cortex, 10, 295-307. https://doi.org/10.1093/cercor/10.3.295

Bechara, A., Damasio, H., Damasio, A. R., & Lee, G. P. (1999). Different contributions of the human
amygdala and ventromedial prefrontal cortex to decision-making. The Journal of Neuroscience, 19,
5473-5481. https://doi.org/10.1523/JNEUROSCI.19-13-05473.1999

Ben-Elia, E., Erev, I., & Shiftan, Y. (2008). The combined effect of information and experience on
drivers’ route-choice behavior. Transportation, 35, 165-177. https://doi.org/10.1007/s11116-007-
9143-7

Berridge, C. W. (2008). Noradrenergic modulation of arousal. Brain Research Reviews, 58, 1-17.

https://doi.org/10.1016/j.brainresrev.2007.10.013



Neurophysiological Arousal and Risk-Taking 20

Blascovich, J., Vanman, E., Mendes, W., & Dickerson, S. (2011). Social psychophysiology for social and
personality psychology. London, UK: SAGE Publications. https://doi.org/10.4135/9781446287842

Bradley, M. M., Miccoli, L., Escrig, M. A., & Lang, P. J. (2008). The pupil as a measure of emotional
arousal and autonomic activation. Psychophysiology, 45, 602—-607. https://doi.org/10.1111/j.1469-
8986.2008.00654.x

Busemeyer, J. R., & Stout, J. C. (2002). A contribution of cognitive decision models to clinical
assessment: Decomposing performance on the Bechara gambling task. Psychological Assessment,
14, 253-262. https://doi.org/10.1037/1040-3590.14.3.253

Cahill, L., Pham, C. A., & Setlow, B. (2000). Impaired memory consolidation in rats produced with f3-
adrenergic blockade. Neurobiology of Learning and Memory, 74, 259-266.
https://doi.org/10.1006/nlme.1999.3950

Chae, W. R., Metz, S., Weise, J., Nowacki, J., Piber, D., Mueller, S. C., ... Otte, C. (2019). Effects of
glucocorticoid and noradrenergic activity on spatial learning and spatial memory in healthy young
adults. Behavioural Brain Research, 373, 112072. https://doi.org/10.1016/j.bbr.2019.112072

Clayton, E. C., & Williams, C. L. (2000). Noradrenergic receptor blockade of the NTS attenuates the
mnemonic effects of epinephrine in an appetitive light-dark discrimination learning task.
Neurobiology of Learning and Memory, 74, 135-145. https://doi.org/10.1006/nIme.1999.3946

Clore, G. L., Gasper, K., & Garvin, E. (2001). Affect as information. In J. P. Forgas (Ed.), Handbook of
affect and social cognition (pp. 121-144). Lawrence Erlbaum Associate Publishers.

Coull, J. T., Frith, C. D., Dolan, R. J., Frackowiak, R. S. J., & Grasby, P. M. (1997). The neural correlates
of the noradrenergic modulation of human attention, arousal and learning. European Journal of
Neuroscience, 9, 589-598. https://doi.org/10.1111/j.1460-9568.1997.tb01635.x

Critchley, H. D, Corfield, D. R., Chandler, M. P., Mathias, C. J., & Dolan, R. J. (2000). Cerebral
correlates of autonomic cardiovascular arousal: A functional neuroimaging investigation in humans.
The Journal of Physiology, 523, 259-270. https://doi.org/10.1111/j.1469-7793.2000.t01-1-00259.x

Critchley, Hugo D., Mathias, C. J., & Dolan, R. J. (2001). Neural activity in the human brain relating to



Neurophysiological Arousal and Risk-Taking 21

uncertainty and arousal during anticipation. Neuron, 29, 537-545. https://doi.org/10.1016/S0896-
6273(01)00225-2

Critchley, Hugo D, & Garfinkel, S. N. (2018). The influence of physiological signals on cognition.
Current Opinion in Behavioral Sciences, 19, 13-18. https://doi.org/10.1016/j.cobeha.2017.08.014

Currie, D., Lewis, R., McDevitt, D., Nicholson, A., & Wright, N. (1988). Central effects of beta-
adrenoceptor antagonists. I-Performance and subjective assessments of mood. British Journal of
Clinical Pharmacology, 26, 121-128. https://doi.org/10.1111/j.1365-2125.1988.tb03378.x

Damasio, A. R. (1994). Descartes’ error: Emotion, reason, and the human brain. New York: Putnam.

Damasio, A. R. (1999). The feeling of what happens: Body and emotion in the making of consciousness.
San Diego, CA: Harcourt.

Debiec, J., & Ledoux, J. E. (2004). Disruption of reconsolidation but not consolidation of auditory fear
conditioning by noradrenergic blockade in the amygdala. Neuroscience, 129, 267-272.
https://doi.org/10.1016/j.neuroscience.2004.08.018

Decker, M. W., Gill, T. M., & McGaugh, J. L. (1990). Concurrent muscarinic and p-adrenergic blockade
in rats impairs place-learning in a water maze and retention of inhibitory avoidance. Brain Research,
513, 81-85. https://doi.org/10.1016/0006-8993(90)91091-T

Denrell, J. (2007). Adaptive learning and risk taking. Psychological Review, 114, 177-187.
https://doi.org/10.1037/0033-295X.114.1.177

Eisenberger, N. 1., Moieni, M., Inagaki, T. K., Muscatell, K. A., & Irwin, M. R. (2017). In sickness and in
health: The co-regulation of inflammation and social behavior. Neuropsychopharmacology, 42,
242-253. https://doi.org/10.1038/npp.2016.141

Eldar, E., Cohen, J. D., & Niv, Y. (2013). The effects of neural gain on attention and learning. Nature
Neuroscience, 16, 1146-1153. https://doi.org/10.1038/nn.3428

Ernst, M., Lago, T., Davis, A., & Grillon, C. (2016). The effects of methylphenidate and propranolol on
the interplay between induced-anxiety and working memory. Psychopharmacology, 233, 3565—

3574. https://doi.org/10.1007/s00213-016-4390-y



Neurophysiological Arousal and Risk-Taking 22

FeldmanHall, O., Glimcher, P., Baker, A. L., & Phelps, E. A. (2016). Emotion and decision-making under
uncertainty: Physiological arousal predicts increased gambling during ambiguity but not risk.
Journal of Experimental Psychology: General, 145, 1255-1262.
https://doi.org/10.1037/xge0000205

Gazarini, L., Stern, C. A. J., Carobrez, A. P., & Bertoglio, L. J. (2013). Enhanced noradrenergic activity
potentiates fear memory consolidation and reconsolidation by differentially recruiting 1- and -
adrenergic receptors. Learning & Memory, 20, 210-219. https://doi.org/10.1101/Im.030007.112

Giustino, T. F., & Maren, S. (2018). Noradrenergic modulation of fear conditioning and extinction.
Frontiers in Behavioral Neuroscience, 12, 43. https://doi.org/10.3389/fnbeh.2018.00043

Hauser, T. U., Moutoussis, M., Purg, N., Dayan, P., & Dolan, R. J. (2018). Beta-blocker propranolol
modulates decision urgency during sequential information gathering. The Journal of Neuroscience,
38, 7170-7178. https://doi.org/10.1523/JNEUROSCI.0192-18.2018

Hayes, A. F. (2012). PROCESS: A versatile computational tool for observed variable mediation,
moderation, and conditional process modeling. University of Kansas, KS.

Heron, C., Gould, T. J., & Bickford, P. (1996). Acquisition of a runway motor learning task is impaired
by a beta adrenergic antagonist in F344 rats. Behavioural Brain Research, 78, 235-241.
https://doi.org/10.1016/0166-4328(95)00252-9

Humphreys, K. L., Lee, S. S., & Tottenham, N. (2013). Not all risk taking behavior is bad: Associative
sensitivity predicts learning during risk taking among high sensation seekers. Personality and
Individual Differences, 54, 709-715. https://doi.org/10.1016/j.paid.2012.11.031

Jepma, M., Brown, S. B. R. E., Murphy, P. R., Koelewijn, S. C., de Vries, B., van den Maagdenberg, A.
M., & Nieuwenhuis, S. (2018). Noradrenergic and cholinergic modulation of belief updating.
Journal of Cognitive Neuroscience, 30, 1803-1820. https://doi.org/10.1162/jocn_a_01317

Kandasamy, N., Garfinkel, S. N., Page, L., Hardy, B., Critchley, H. D., Gurnell, M., & Coates, J. M.
(2016). Interoceptive ability predicts survival on a London trading floor. Scientific Reports, 6,

32986. https://doi.org/10.1038/srep32986



Neurophysiological Arousal and Risk-Taking 23

Kao, L. S., & Green, C. E. (2008). Analysis of variance: Is there a difference in means and what does it
mean? Journal of Surgical Research, 144, 158-170. https://doi.org/10.1016/j.jss.2007.02.053

Khurana, A., Romer, D., Betancourt, L. M., & Hurt, H. (2018). Modeling trajectories of sensation seeking
and impulsivity dimensions from early to late adolescence: Universal trends or distinct sub-groups?
Journal of Youth and Adolescence, 47, 1992-2005. https://doi.org/10.1007/s10964-018-0891-9

Kirschbaum, C., Pirke, K. M., & Hellhammer, D. H. (1993). The *Trier Social Stress Test’--a tool for
investigating psychobiological stress responses in a laboratory setting. Neuropsychobiology, 28, 76—
81. https://doi.org/10.1159/000119004

Kleckner, I. R., Zhang, J., Touroutoglou, A., Chanes, L., Xia, C., Simmons, W. K., ... Barrett, L. F.
(2017). Evidence for a large-scale brain system supporting allostasis and interoception in humans.
Nature Human Behaviour, 1. https://doi.org/10.1038/s41562-017-0069

Ko, D. T. (2002). B-blocker therapy and symptoms of depression, fatigue, and sexual dysfunction. JAMA,
288, 351. https://doi.org/10.1001/jama.288.3.351

Kroes, M. C. W., Strange, B. A., & Dolan, R. J. (2010). Beta-adrenergic blockade during memory
retrieval in humans evokes a sustained reduction of declarative emotional memory enhancement.
Journal of Neuroscience, 30, 3959-3963. https://doi.org/10.1523/JNEUROSCI.5469-09.2010

Lejuez, C. W., Read, J. P., Kahler, C. W., Richards, J. B., Ramsey, S. E., Stuart, G. L., ... Brown, R. A.
(2002). Evaluation of a behavioral measure of risk taking: The Balloon Analogue Risk Task
(BART). Journal of Experimental Psychology: Applied, 8, 75-84. https://doi.org/10.1037/1076-
898X.8.2.75

Lempert, K. M., Lackovic, S. F., Tobe, R. H., Glimcher, P. W., & Phelps, E. A. (2017). Propranolol
reduces reference-dependence in intertemporal choice. Social Cognitive and Affective Neuroscience,
12, 1394-1401. https://doi.org/10.1093/scan/nsx081

Lo, A. W., & Repin, D. V. (2002). The psychophysiology of real-time financial risk processing. Journal
of Cognitive Neuroscience, 14, 323-339. https://doi.org/10.1162/089892902317361877

MacCormack, J. K., Armstrong-Carter, E. L., Gaudier-Diaz, M. M., Meltzer-Brody, S., Sloan, E. K.,



Neurophysiological Arousal and Risk-Taking 24

Lindquist, K. A., & Muscatell, K. A. (2020). Beta-adrenergic contributions to emotion during acute
psychosocial stress. Under Review.

MacCormack, J. K., Gaudier-Diaz, M. M., Armstrong-Carter, E. L., Arevalo, J. M. G., Meltzer-Brody, S.,
Sloan, E. K., ... Muscatell, K. A. (2021). Beta-adrenergic blockade blunts inflammatory and
antiviral/antibody gene expression responses to acute psychosocial stress.
Neuropsychopharmacology, 46, 756—762. https://doi.org/10.1038/s41386-020-00897-0

MacCormack, J. K., & Lindquist, K. A. (2017). Bodily contributions to emotion: Schachter’s legacy for a
psychological constructionist view on emotion. Emotion Review, 9, 36-45.
https://doi.org/10.1177/1754073916639664

MacCormack, J. K., & Lindquist, K. A. (2018). Feeling hangry? When hunger is conceptualized as
emotion. Emotion, 19, 301-319. https://doi.org/10.1037/emo0000422

Maran, T., Sachse, P., Martini, M., Weber, B., Pinggera, J., Zuggal, S., & Furtner, M. (2017). Lost in time
and space: States of high arousal disrupt implicit acquisition of spatial and sequential context
information. Frontiers in Behavioral Neuroscience, 11, 206.
https://doi.org/10.3389/fnbeh.2017.00206

Marko, M., & Riecansky, 1. (2018). Sympathetic arousal, but not disturbed executive functioning,
mediates the impairment of cognitive flexibility under stress. Cognition, 174, 94-102.
https://doi.org/10.1016/j.cognition.2018.02.004

Marshall, L., Mathys, C., Ruge, D., de Berker, A. O., Dayan, P., Stephan, K. E., & Bestmann, S. (2016).
Pharmacological fingerprints of contextual uncertainty. PLOS Biology, 14, e1002575.
https://doi.org/10.1371/journal.pbio.1002575

Mihov, Y., Mayer, S., Musshoff, F., Maier, W., Kendrick, K. M., & Hurlemann, R. (2010). Facilitation of
learning by social-emotional feedback in humans is beta-noradrenergic-dependent.
Neuropsychologia, 48, 3168-3172. https://doi.org/10.1016/j.neuropsychologia.2010.04.035

Miranda, M. I, Rodriguez-Garcia, G., Reyes-Ldpez, J. V., Ferry, B., & Ferreira, G. (2008). Differential

effects of B-adrenergic receptor blockade in basolateral amygdala or insular cortex on incidental and



Neurophysiological Arousal and Risk-Taking 25

associative taste learning. Neurobiology of Learning and Memory, 90, 54-61.
https://doi.org/10.1016/j.nIm.2008.01.004

Myers, E., & Rinaman, L. (2002). Viscerosensory activation of noradrenergic inputs to the amygdala in
rats. Physiology & Behavior, 77, 723-729. https://doi.org/10.1016/S0031-9384(02)00925-3

Nigg, J. T. (2017). On the relations among self-regulation, self-control, executive functioning, effortful
control, cognitive control, impulsivity, risk-taking, and inhibition for developmental
psychopathology. Journal of Child Psychology and Psychiatry, 58, 361-383.
https://doi.org/10.1111/jcpp.12675

Paterson, J. W., Conolly, M. E., Dollery, C. T., Hayes, A., & Cooper, R. G. (1970). The
pharmacodynamics and metabolism of propranolol in man. Pharmacologia Clinica, 2, 127-133.
https://doi.org/10.1007/BF00420338

Pfeifer, G., Garfinkel, S. N., Gould van Praag, C. D., Sahota, K., Betka, S., & Critchley, H. D. (2017).
Feedback from the heart: Emotional learning and memory is controlled by cardiac cycle,
interoceptive accuracy and personality. Biological Psychology, 126, 19-29.
https://doi.org/10.1016/j.biopsycho.2017.04.001

Phelps, E. A. (2006). Emotion and cognition: Insights from studies of the human amygdala. Annual
Review of Psychology, 57, 27-53. https://doi.org/10.1146/annurev.psych.56.091103.070234

Pleskac, T. J. (2008). Decision making and learning while taking sequential risks. Journal of
Experimental Psychology: Learning, Memory, and Cognition, 34, 167-185.
https://doi.org/10.1037/0278-7393.34.1.167

Robbins, T. W., & Everitt, B. J. (1995). Arousal systems and attention. In M. S. Gazzaniga (Ed.), The
cognitive neurosciences (pp. 703-720). The MIT Press.

Rogers, R. D., Lancaster, M., Wakeley, J., & Bhagwagar, Z. (2004). Effects of beta-adrenoceptor
blockade on components of human decision-making. Psychopharmacology, 172, 157-164.
https://doi.org/10.1007/s00213-003-1641-5

Ruffolo, R. R. (1991). Chirality in a- and B-adrenoceptor agonists and antagonists. Tetrahedron, 47,



Neurophysiological Arousal and Risk-Taking 26

9953-9980. https://doi.org/10.1016/S0040-4020(01)96045-4

Sara, S. J. (2009). The locus coeruleus and noradrenergic modulation of cognition. Nature Reviews
Neuroscience, 10, 211-223. https://doi.org/10.1038/nrn2573

Satpute, A. B., Kragel, P. A., Barrett, L. F., Wager, T. D., & Bianciardi, M. (2019). Deconstructing
arousal into wakeful, autonomic and affective varieties. Neuroscience Letters, 693, 19-28.
https://doi.org/10.1016/j.neulet.2018.01.042

Schachter, S., & Singer, J. (1962). Cognitive, social, and physiological determinants of emotional state.
Psychological Review, 69(5).

Schwarz, N. (2010). Feelings-as-Information Theory, (January), 1-32.

Soeter, M., & Kindt, M. (2011). Noradrenergic enhancement of associative fear memory in humans.
Neurobiology of Learning and Memory, 96, 263-271. https://doi.org/10.1016/j.nIm.2011.05.003

Sokol-Hessner, P., Hartley, C. A., Hamilton, J. R., & Phelps, E. A. (2015). Interoceptive ability predicts
aversion to losses. Cognition and Emotion, 29, 695-701.
https://doi.org/10.1080/02699931.2014.925426

Sokol-Hessner, P., Hsu, M., Curley, N. G., Delgado, M. R., Camerer, C. F., & Phelps, E. A. (2009).
Thinking like a trader selectively reduces individuals’ loss aversion. Proceedings of the National
Academy of Sciences, 106, 5035-5040. https://doi.org/10.1073/pnas.0806761106

Sokol-Hessner, P., Lackovic, S. F., Tobe, R. H., Camerer, C. F., Leventhal, B. L., & Phelps, E. A. (2015).
Determinants of propranolol’s selective effect on loss aversion. Psychological Science, 26, 1123—
1130. https://doi.org/10.1177/0956797615582026

Spreng, M., Cotecchia, S., & Schenk, F. (2001). A behavioral study of alpha-1b adrenergic receptor
knockout mice: Increased reaction to novelty and selectively reduced learning capacities.
Neurobiology of Learning and Memory, 75, 214-229. https://doi.org/10.1006/nlme.2000.3965

Storbeck, J., & Clore, G. L. (2008). Affective arousal as information: How affective arousal Influences
judgments, learning, and memory. Social and Personality Psychology Compass, 2, 1824-1843.

https://doi.org/10.1111/j.1751-9004.2008.00138.x



Neurophysiological Arousal and Risk-Taking 27

Tranel, D. (2000). Electrodermal activity in cognitive neuroscience: Neuroanatomical and
neuropsychological correlates. In R. D. Lane & L. Nadel (Eds.), Series in affective science.
Cognitive neuroscience of emotion (pp. 192-224). Oxford University Press.

Turner, P., Granville-Grossman, K. L., & Smart, J. V. (1965). Effect of adrenergic receptor blockade on
the tachycardia of thyrotoxicosis and anxiety state. The Lancet, 286, 1316-1318.
https://doi.org/10.1016/S0140-6736(65)92340-8

Wichary, S., Mata, R., & Rieskamp, J. (2016). Probabilistic inferences under emotional stress: How
arousal affects decision processes. Journal of Behavioral Decision Making, 29, 525-538.
https://doi.org/10.1002/bdm.1896

Williams, F. M., Leeser, J. E., & Rawlins, M. D. (1986). Pharmacodynamics and pharmacokinetics of
single doses of ketanserin and propranolol alone and in combination in healthy volunteers. British
Journal of Clinical Pharmacology, 22, 301-308.

Yechiam, E., Busemeyer, J. R., Stout, J. C., & Bechara, A. (2005). Using cognitive models to map
relations between neuropsychological disorders and human decision-making deficits. Psychological
Science, 16, 973-978. https://doi.org/10.1111/j.1467-9280.2005.01646.x

Yerkes, R. M., & Dodson, J. D. (1908). The relation of strength of stimulus to rapidity of habit-formation.
Journal of Comparative Neurology and Psychology, 18, 459-482.
https://doi.org/10.1002/cne.920180503

Zink, C. F., Pagnoni, G., Martin-Skurski, M. E., Chappelow, J. C., & Berns, G. S. (2004). Human striatal
responses to monetary reward depend On saliency. Neuron, 42, 509-517.

https://doi.org/10.1016/S0896-6273(04)00183-7



Table 1. Participant characteristics.
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Demographics Placebo Propranolol Total
N Sex: Female 20 (23.0%) 19 (21.8%) 39 (44.8%)
N Sex: Male 25 (28.7%) 23 (26.4%) 48 (55.2%)
N Race: Asian descent 11 (12.6%) 11 (12.6%) 22 (25.3%)
N Race: African descent 5 (5.7%) 3 (3.4%) 8 (9.2%)
N Race: European descent 26 (30.0%) 23 (26.4%) 49 (56.3%)
N Race: Bi- or multi-racial 2 (2.3%) 4 (4.6%) 6 (6.9%)
N Race: Other 1 (1.1%) 1(1.1%) 2 (2.3%)
Mean Age 20.49 +1.59 20.07 £1.30 20.28 +1.45
Mean BMI 22.96 +2.38 22.47 £2.52 22.72+2.45
Mean Obj SES 16.48 £1.95 16.24 £1.88 16.36 £1.92

Note: Frequency counts show percentages of total sample. Objective SES was operationalized as the mean years of
education that both parents completed. There were no significant differences between drug groups (as tested by
Person’s chi-square and independent samples t-tests) on sex, race, age, BMI, or objective SES (all ps> .10).
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Table 2. Mean points, pumps, and explosions by balloon condition, drug, and task phase.

Outcome Balloon Drug Task Phase
Early Phase Mid-Phase Late Phase
M SD M SD M SD

Points 2 Certain-long Placebo 55.02 1834 66.98 2353 73.69 27.54
Propranolol 4938 1507 60.83 2537 59.95 2353

Certain-short Placebo 16.31 8.86 2418 11.02 26.07 11.21

Propranolol 16.14 6.57  19.57 981 2214 11.63

Uncertain Placebo 37.07 1335 3540 1317 3929 11.25

Propranolol 2669 1026 3410 1361 29.02 1321

Pumps ® Certain-long Placebo 59.60 2194 7144 2749 79.13 29.93
Propranolol 55.69 2322 6426 2899 66.29 29.72

Certain-short Placebo 42.31 496 4182 434  40.73 4.86

Propranolol 40.19 7.03  40.52 725 39.90 7.25

Uncertain Placebo 4853 12.02 4853 12.03 49.89 10.34

Propranolol 50.45 1526 49.79 1356 51.05 16.06

Explosions ° Certain-long Placebo 0.33 0.56 0.38 0.65 0.42 0.69
Propranolol 0.41 0.73 0.24 0.43 0.52 0.77

Certain-short Placebo 3.38 1.50 2.24 1.69 1.96 1.68

Propranolol 3.07 1.40 2.69 1.81 2.38 1.96

Uncertain Placebo 1.67 1.07 1.56 1.39 1.20 131

Propranolol 1.38 1.08 1.83 1.53 1.31 1.28

Note. Points represent performance on the BELT, pumps represent risk-taking, and explosions represent
untempered risk-taking. The total task contained 54 trials, with 18 trials (6 of each balloon type) in each
phase of the task. 2 In each task phase, participants could earn a maximum of 114 points from the certain-
long balloons, 42 points from the certain-short balloons, and variable number of points from the
uncertain balloons. ® In each task phase, the certain-long balloon exploded on the 20th pump (with a
maximum number of 114 possible safe pumps and up to 6 explosions), the certain-short balloons
exploded on the 8th pump (with a maximum number of 42 possible safe pumps and up to 6 explosions),
and uncertain balloons exploded on the 8th, 14th, or 20th pumps (with a variable number of maximum
possible safe pumps and up to 6 explosions). For any trial where a balloon exploded, all points on that
trial were lost.
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Table 3. Mixed effects ANOVAs assessing overall effects of propranolol, balloon type, and BELT task phase on BELT points earned, pumps made, and
explosions, controlling for negative, high arousal affect.

Points Model Pumps Model Explosions Model
Predictors df F p partial 7 F p partial n? F p partial 7
Between-subject effects
Intercept 1 224.34 .000 728 192.41 .000 .699 56.63 .000 403
Drug 1 4.86 .030 .055 1.90 172 .022 0.16 .688 .002
Affect 1 0.22 .641 .003 0.55 463 .007 0.56 456 .007
Error 84
Within-subject effects
Balloon 2 35.26 .000 .296 11.94 .000 124 20.43 .000 196
Balloon x Drug 2 2.65 .092 .031 2.22 135 .026 0.23 728 .003
Balloon x Affect 2 0.38 .613 .004 0.19 713 .002 0.14 .808 .002
Balloon (Error) 168
Task phase 2 3.08 .051 .035 2.36 115 .027 0.70 491 .008
Task phase x Drug 2 1.57 213 .018 0.38 .616 .004 2.43 .094 .028
Task phase x Affect 2 0.01 .984 .000 0.40 599 .005 0.88 412 .010
Task phase (Error) 168
Balloon x Task 4 2.72 .034 031 6.53 .000 072 2.86 .031 .033
Balloon x Task x Drug 4 1.32 .264 .015 3.91 011 .044 1.52 .203 .018
Balloon x Task x Affect 4 0.70 .584 .008 0.78 .500 .009 1.40 .239 016

Balloon x Task (Error) 336
Note: Drug was coded 0=Placebo, 1=Propranolol. Affect refers to post-stressor mean negative, high arousal affect. Balloon included three types: certain-long,
certain-short, and uncertain. Task included three phases or averaged timepoints: the early task phase, mid-task phase, and the late task phase. Given that the
repeated measures of balloon type and task phase were significant in Mauchly’s test of sphericity (ps<.000), model p-values reported use the Greenhouse-Geisser
correction. Significant effects are bolded.
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Table 4. Univariate ANOVAs probing overall effects of propranolol on BELT pumps in the late task phase split by balloon type, controlling for negative, high
arousal affect.

Long-Certain Balloon Model Short-Certain Balloon Model Uncertain Balloon Model
Predictors df F p 7 F p i F p i
Between-subject effects
Intercept 1 72.19 .000 462 479.18 .000 .851 153.86 .000 647
Drug 1 4.39 .039 .050 0.58 448 .007 0.11 744 .001
Affect 1 0.61 438 .007 0.92 .339 011 0.22 .639 .003
Error 84

Note: Drug was coded 0=Placebo, 1=Propranolol. Affect refers to post-stressor mean negative, high arousal affect. Significant effects are bolded.
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Figure 1. Points earned by placebo and propranolol groups in across the task. There was a main
effect of drug, F(1, 84)=4.85, p=.030, partial n?=.055, such that participants on propranolol (M=337.74,
SD=72.50) earned fewer points across the task than those on placebo (M=373.96, SD=82.44). Error bars
are standard errors.
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Figure 2. Pumps across task phases split by drug within the certain-long balloon type. The
difference in pumps between drug groups was only significant for the certain-long balloon in the final
phase of the task, F(1, 84)=4.39, p=.039, n2=.050, and not the first two task phases (ps>.05), such that the
propranolol group (M=66.29, SD=29.72) pumped less in the final third of the task than did the placebo
group (M=79.13, SD=29.93). Error bars are standard errors.
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Pumps in late phase,
certain-long balloon

c=-37.40
Drug (0=Placebo, SE=16.95 Overall (total) BELT
1=Propranolol) > performance score
c’=-5.77
SE=17.95

ax b effect=-31.62, SE = 14.99
95% CI=-61.78, -2.17

Figure 3. Mediation model. The link between drug condition and higher overall BELT performance
scores (total accumulated points across the entire task) was mediated via a significant indirect (a*b) effect
of pumps made in the late phase with the certain-long balloon, estimated between 95% Cls [-61.78, -
2.17]. Because zero was not within the 95% CI, the indirect effect was significantly different from zero at
p<.05. Note all paths are significant but see Results for specific details.
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Supplementary Methods

Power Estimates

A priori power analyses were conducted to determine sample size with respect to the study’s
primary goal of investigating the effects of beta-blockade with propranolol on stress reactivity, but not
with respect to secondary measures such as the BELT. However, there are two prior studies which
similarly investigated the effects of propranolol on decision-making and risk-taking: Sokol-Hessner,
Lackovic et al. (2015) with a final overall N=47 and Lempert et al. (2017) with a final N=37. Our sample
of N=87 roughly doubles that of prior studies, increasing the power to detect a between-subjects effect of
propranolol. Finally, the BELT task is a within-subjects, repeated-measures design with numerous trials
for each balloon type and task phase, affording greater power to detect significant effects.
Covariates

One of the primary questions of interest in the broader study was propranolol’s effect on
participants’ emotional responses to an acute psychological stressor, which was operationalized as a mean
score of self-reported negative, high arousal affect after the stress task. Negative, high arousal affect was
assessed with the expanded Positive and Negative Affect Schedule (e.g., endorsement of emotions such as
anxious, embarrassed, stressed; Watson, Clark, & Tellegen, 1988) after the stressor. Participants in the
propranolol condition reported somewhat lower negative, high arousal affect after the stressor (M=1.63,
SD=.67) relative to those in the placebo condition (M=1.82, SD=.61), although this was not significant:
t(85)=1.36, p=.179. The BELT task was administered two hours after the termination of the stressor,
which should have provided ample time for recovery. Nonetheless, as one could argue that there may be
lingering stressor effects on BELT performance, we included negative, high arousal affect as a covariate

in the present statistical models (though there was never a significant effect of this variable in any model).
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Finally, some prior relevant work with propranolol and risk-taking has found that BMI can
moderate propranolol’s effects (e.g., Sokol-Hessner, Lackovic et al., 2015 and Lempert et al., 2017),
especially in samples with a wide range in participant BMI. In our study, we specifically excluded
individuals with high BMI (i.e., greater than 33), resulting in a restricted BMI range (BMI1=18-28) and no
significant drug condition differences by BMI. Nonetheless, to support completeness in the literature, we
report exploratory analyses controlling for BMI in addition to negative, high arousal affect. No BMI
effects were observed (see below).

While our primary analyses control for negative, high arousal affect and/or BMI, we also report
the results from unadjusted analyses with no covariates included in models in Tables S4-S5, for the sake
of future meta analyses.

Supplementary Results
Assessing Potential Participant Unblinding

We assessed whether participants were able to correctly guess whether they were on placebo or
propranolol using a Pearson y?test. Within the placebo group (n=45), 43 participants (95.6% on placebo)
correctly guessed they were on placebo, with only 2 participants (4.4% on placebo) incorrectly guessing
they might be on propranolol. Within the propranolol group (n=42), 14 participants (36.8% on
propranolol) correctly guessed they were on propranolol, 24 participants (63.2%) incorrectly thought they
were on placebo, with responses missing from 4 participants on propranolol. The overall y?test was
significant: y?(1, N=87)= 13.90, p<.001, largely driven by placebo participants correctly guessing they
were on placebo. Notably, when examining within-guess type effects, there were no significant
differences between groups in terms of guessing they were on placebo nor guessing they were on
propranolol (ps<.05). Altogether, this suggests that by the end of the study session when we asked
participants to guess their condition, individuals on placebo were likely unblinded, but individuals on
propranolol largely remained blinded to their condition (i.e., unable to guess greater than chance within
the condition). The potential unblinding in the placebo condition could be explained by participants’ lack

of noticeable side effects, consistent with other work noting this as common in placebo groups (Kolahi,
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Bang, & Park, 2009; Park, Bang, & Cariette, 2008; Schulz, Chalmers, & Altman, 2002). The fact that
most individuals on propranolol also thought they were on placebo further suggests that propranolol at
40mg has a subtle (i.e., less noticeable) dampening beta-adrenergic cardiovascular effect, which is ideal
for drug effect studies where it is better for drug effects to be unobtrusive.
Replication of BELT Performance in the Placebo Condition Only

Our first goal was to test for replication of findings from the BELT (Humphreys et al., 2013) with
our lengthened design. In order to do so, we first examined outcomes of interest (i.e., points, pumps) first
among the placebo group only (n=45) and then in the full sample (n=87). We ran two separate repeated-
measures ANOVAs (one with points as outcome, one with pumps as outcome), with balloon type
(certain-short, uncertain, certain-long) and task phase (early, mid, late) as within-subject factors, within
the placebo group only. We also controlled for negative, high arousal affect measured after the stress task.

Points Earned. For our measure of performance, points earned, there was a main effect of
balloon type, F(2, 84)=15.12, p<.001 partial n?=.261, such that the most points were earned in the certain-
long condition (M=195.69, SD=63.61), followed by the uncertain condition (M=111.76, SD=14.65), and
then the certain-short condition (M=66.56, SD=26.91). Post-hoc analyses revealed that the difference in
points earned between each of the balloon types were all significant from one another (p<.01). There was
also a main effect of task phase, F(2, 84)=3.85, p=0.25, partial n?=.82, such that number of points earned
in each phase increased linearly across the task, with the greatest number of points earned in the late
phase (i.e., last third of trials) of the task (M=139.04, SD=34.71), followed by mid-phase (M=126.56,
SD=35.30) and then the early phase (M=108.40, SD=26.42). The differences between each of these task
phases was also significant, p<.01. These results indicate an improvement in performance (i.e., number of
points earned) with greater task experience (i.e., each subsequent phase of the task), and replicate prior
work by Humphreys et al. (2013).

Pumps Made. For our measure of risk-taking, pumps, there was a main effect of balloon type,

F(2, 84)=4.30, p=.017, partial n?=.09, such that there were the greatest number of pumps on the certain-
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long balloons (M=210.18, SD=72.28), followed by uncertain balloons (M=152.31, SD=32.20), and then
certain-short balloons (M=124.87, SD=11.03). Only the difference between pumps in the certain-long
balloon and pumps in the certain-short balloon was significant, p<.05. A marginal main effect was also
found for task phase, F(2, 84)=2.54, p=.085, partial n>=.06, such that pumps increased in the late phase of
the task, with more pumps in the late phase (M=169.76, SD=35.18), compared to the mid-phase
(M=161.80, SD=36.83) or the early phase (M=155.80, SD=38.10), p<.05. The difference between pumps
in the early and mid- phases of the task was not significant (p=.18). There was also a significant balloon
type x task phase interaction, F(4, 168)=3.90, p<.005, partial n>=.08. To further examine this interaction,
we conducted three additional ANOVASs within each task phase with pumps in each balloon type included
as a within-subject factor (repeated measures). The difference between balloon types was only significant
in the final phase of the task, F(2,84)=6.00, p=.004, partial n*=.12, although it was also marginal for the
mid-phase of the task, F(2,84)=4.30, p=.017, partial n?=.091. This indicates that pumping differences
between the balloon types were most prominent in the last phase of the task, when participants had
learned task parameters.

Explosions. For our measure of un-tempered risk-taking, explosions, there was a main effect of
balloon type, F(2, 84)=13.08, p<.001 partial n?=.23, such that the most explosions occurred in the certain-
short balloons (M=7.31, SD=4.11), followed by uncertain balloons (M=4.22, SD=2.30), and then certain-
long balloons (M=0.84, SD=1.04). These were all significantly different from each other, p<.001. There
was also a marginal main effect of task phase, F(2, 84)=2.61, p=.08 partial n>=.06, such that there were
significantly more explosions in the early phase of the task (M=5.12, SD=2.12), compared to the mid-
phase (M=3.91, SD=2.76) and compared to the late phase (M=3.33, SD=2.18), and a trend toward more
explosions in the mid-phase compared to the late phase (p=.09). These results indicate a general pattern of
reduction in explosions with greater task experience and mirror prior work by Humphreys et al. (2013).

Taken together, analyses examining the effect of balloon type and task phase on points and

pumps suggest that participants within the placebo condition were able to learn the basic task parameters
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across the testing session, and that we replicate the results of Humphreys et al. (2013) in this doubled
version of the original BELT task, as examined within the placebo group.
BELT Main Effects and Interactions between Balloon Type and Task Phase

As the main goal of the present study was to examine the effects of beta-adrenergic blockade on
advantageous risk-taking and risk-related learning, results presented in the main text focus on the main
effects of drug condition and interactions between drug condition, balloon type, and task phase on points,
pumps, and explosions. Primary results control for the between-subject covariates of post-stressor
negative, high arousal affect)—see Table S1. Exploratory results additionally controlling for BMI are
presented in Tables S2-S3.

Points Earned. For our measure of performance, points, there was a main effect of balloon type,
F(2, 168)=35.26, p<.0001, partial n?=.30, such that participants scored the most points with the certain-
long balloon (M=183.36, SD=61.98), followed by the uncertain balloon (M=110.82, SD=17.20), and then
the certain-short balloon (M=62.36, SD=24.61). The differences between points earned across balloon
types were all significantly different from each other, as revealed by post-hoc pairwise comparisons:
long-certain vs. short-certain balloon, Mgir= 40.23, SE=2.21, p<.0001, long-certain vs. uncertain balloon,
Muit= 24.04, SE=1.97, p<.0001, and short-certain vs. uncertain balloon, Mgi#= -16.19, SE=1.13, p<.0001.

There was also a marginal effect of task phase, F(2, 168)=3.08, p=.051, partial n*=.04, such that
points somewhat increased linearly across the task, with the greatest number of points in the late phase of
the task (M=130.38, SD=35.34), followed by mid-phase (M=120.74, SD=34.59) and then the early phase
(M=105.41, SD=23.87). The differences between each of these task phases were significant: early vs.
mid-task, Mai= -5.07, SE=1.09, p<.0001, early vs. late task, Mgirr= -8.26, SE=1.18, p<.0001, and mid- vs.
late task Mgir= -3.18, SE=.97, p=.002. There was also a significant balloon type x task phase interaction
for points, F(4, 336)=2.72, p=.034, partial n>=.03.

To further examine this balloon type x task phase interaction, we conducted additional ANOVAs

separately for each task phase, with balloon type as a repeated-measures factor. In the early phase of the
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task, there was a significant effect of balloon type, F(2,168)=24.99, p<.0001, partial n?=.23. Post-hoc
pair-wise comparisons showed that, in the early phase, participants scored the most points in the long
condition, followed by the uncertain condition, and then the short condition, which were all significantly
different from each other: long-certain vs. short-certain balloon, Mgiz= 35.97, SE=2.08, p<.0001, long-
certain vs. uncertain balloon, Mgir= 15.32, SE=1.79, p<.0001, and short-certain vs. uncertain balloon,
Muirr= -20.65, SE=1.70, p<.0001. In the mid-phase of the task, there was a similar significant effect of
balloon typ,e F(2,168)=24.67, p<.0001, partial n?=.23, with the same pattern of participant scoring: long-
certain vs. short-certain balloon, Mgir= 42.02, SE=2.74, p<.0001, long-certain vs. uncertain balloon, Mgi#=
29.14, SE=2.53, p<.0001, and short-certain vs. uncertain balloon, Mgix= -12.88, SE=1.80, p<.0001.
Finally, there was the same effect of balloon type in the last phase of the task as well, F(2,168)=22.25,
p<.0001, partial n*=.21, with the same pattern of participant scoring: long-certain vs. short-certain
balloon, Mgir= 42.69, SE=2.67, p<.0001, long-certain vs. uncertain balloon, Mgir= 27.65, SE=2.90,
p<.0001, and short-certain vs. uncertain balloon, Mgis= -15.04, SE=1.85, p<.0001.

Pumps Made. For our measure of risk-taking, pumps, we broadly replicated our main findings
from the placebo group analysis. There was again a main effect of balloon type, F(2, 168)=11.94,
p<.0001, partial n?=.12, such that there were the greatest number of pumps on the certain-long balloons
(M=198.62, SD=74.92), followed by uncertain balloons (M=151.80, SD=34.50) and then certain-short
balloons (M=122.82, SD=16.39). The differences between pumps made across balloon types were all
significantly different from each other, as revealed by post-hoc pairwise comparisons: long-certain vs.
short-certain balloon, Mgir= 25.15, SE=2.57, p<.0001, long-certain vs. uncertain balloon, Mgif= 15.47,
SE=2.14, p<.0001, and short-certain vs. uncertain balloon Mgis= -9.68, SE=1.00, p<.0001. There was no
main effect of task phase, F(2, 168)=2.36, p=.115, partial n?=.03. There was however, as above with
points, a significant balloon type x task phase interaction for pumps, F(4, 336)=6.53, p<.0001, partial

n*=.07.
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To further examine this interaction, we conducted additional ANOVAs separately for each task
phase, with balloon type as a repeated-measures factor. Post-hoc pairwise comparisons revealed that the
interaction was driven by a strong increase in pumps made across the certain-long balloon type compared
to stable pumps during the certain-short condition and the uncertain balloon type. Specifically, in the
early phase, there was a significant effect of balloon type, F(2,168)=5.82, p=.009, partial n*=.07. Post-hoc
pairwise comparisons revealed that participants pumped more in the long condition, followed by the
uncertain condition, and then the short condition, which were all significantly different from each other:
long-certain vs. short-certain balloon, Mgir= 16.40, SE=2.33, p<.0001, long-certain vs. uncertain balloon,
Mairr= 20.77, SE=2.35, p<.0001, and short-certain vs. uncertain balloon, Mgi= 4.37, SE=1.23, p=.001. In
the mid-phase of the task, there was a similar significant effect of balloon type, F(2,168)=18.30, p<.0001,
partial n?=.18, with the same pattern of pumps: long-certain vs. short-certain balloon, Mgif= 26.70,
SE=2.89, p<.0001, long-certain vs. uncertain balloon, Mgi= 33.09, SE=2.88, p<.0001, and short-certain
vs. uncertain balloon, M= 6.42, SE=1.55, p<.0001. Finally, there was the same effect of balloon type in
the last phase of the task as well, F(2,168)=13.09, p<.0001, partial n?=.14, with a similar pattern of
pumps as above: long-certain vs. short-certain balloon, Mgir= 32.38, SE=3.22, p<.0001, long-certain vs.
uncertain balloon, Mgir= 22.23, SE=2.83, p<.0001, and short-certain vs. uncertain balloon, Mgt=-10.15,
SE=1.35, p<.0001.

Explosions. For explosions, there was a main effect of balloon type, F(2, 168)=20.43, p<.0001,
partial n?=.20, such that the most explosions occurred in the certain-short balloons (M=7.59, SD=4.17),
followed by uncertain balloons (M=4.28, SD=2.51), and then certain-long balloons (M=0.85, SD=1.13),
p=.001. The differences between pumps made across balloon types were all significantly different from
each other, as revealed by post-hoc pairwise comparisons: long-certain vs. short-certain balloon, Mgit= -
2.24, SE=.16, p<.0001, long-certain vs. uncertain balloon Mgix=-1.11, SE=.09, p<.0001, and short-certain

vs. uncertain balloon, Mair= 1.13, SE=.14, p<.0001. However, there was no effect of task phase, F(2,
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168)=.70, p=.491, partial n*=.01. Finally, as in the other two models, there was a significant balloon type
x task phase interaction, F(4, 336)=2.86, p=.031 partial n*=.03.

To further examine this interaction, we conducted additional ANOVAs to examine explosions in
balloon type included as factors (repeated measures) within each task phase. Specifically, in the early
phase, there was a significant effect of balloon type on explosions: F(2,168)=24.84, p<.0001, partial
n?=.23. Post-hoc pairwise comparisons revealed that participants exploded balloons the least in the long
condition, followed by the uncertain condition, and then the short condition, which were all significantly
different from each other: long-certain vs. short-certain balloon, Mgit= -2.86, SE=.16, p<.0001, long-
certain vs. uncertain balloon, Mgir= -1.16, SE=.11, p<.0001, and short-certain vs. uncertain balloon M=
1.70, SE=.17, p<.0001. In the mid-phase of the task, there was a similar significant effect of balloon type
F(2,168)=9.64, p<.0001, partial n?=.10, with the same pattern of explosions as above: long-certain vs.
short-certain balloon, Mgix= -2.16, SE=.19, p<.0001, long-certain vs. uncertain balloon, Mgir= -1.39,
SE=.16, p<.0001, and short-certain vs. uncertain balloon, Mgi#= .77, SE=.18, p<.0001. Finally, there was
the same effect of balloon type in the last phase of the task as well, F(2,168)=7.46, p=.002, partial n*=.08,
with the same pattern of explosions as above: long-certain vs. short-certain balloon, Mgir= -1.69, SE=.22,
p<.0001, long-certain vs. uncertain balloon, Mgi#= -.78, SE=.16, p<.0001, and short-certain vs. uncertain
balloon, Mgirr= .91, SE=.22, p<.0001.These results again indicate a reduction of explosions with greater
task experience, particularly in the certain-short and uncertain conditions, and mirror our results in the
placebo group and prior work (Humphreys et al., 2013).

Supplementary Discussion

Although not the focus of the present study, it is worth speculating about the possible neural
pathways through which neurophysiological arousal may contribute to successfully learning what risks
are likely to be rewarded vs. those that should be avoided. Prior research suggests that an amygdala-
striatal circuit is important for guiding affect-based decision-making (van Holstein, MacLeod, &

Floresco, 2020; Watanabe, Sakagami, & Haruno, 2013) and that propranolol attenuates amygdala
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activity (Hurlemann et al., 2010), suggesting the possibility that propranolol may disrupt effective risk-
taking in part by blunting amygdala activity and/or amygdala-striatal connectivity (Phelps, Lempert, &
Sokol-Hessner, 2014). Further, the anterior insula is known to play a critical role in integrating afferent
physiological information to guide effective behavior (Craig, 2004, 2009; Critchley, 2009) while also
helping identify salient stimuli that can then facilitate motivated behaviors (Uddin, 2015). Thus,
diminished beta-adrenergic signaling among those on propranolol could potentially lead to both blunted
amygdala and anterior insula activity and a corresponding decreased ability to track and identify optimal
risk-taking conditions, a hypothesis that should be more fully tested in future studies. Alternatively,
given that propranolol has been shown to disrupt the acquisition of emotion-related memories (Chalkia,
Weermeijer, Van Oudenhove, & Beckers, 2019; Weymar et al., 2010; see Lonergan, Olivera-Figueroa,
Pitman, & Brunet, 2013 for meta-analysis), it could be the case that individuals on propranolol did not
learn as effectively which task conditions were optimally “risky” in part because they did not fully
encode or update this information in memory during the task due to attenuations of amygdala and/or
hippocampal activation. Future neuroimaging work that examines the effects of propranolol on the
neural circuitry engaged during learning and risk-taking is needed to adjudicate between these different

possibilities.
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Table S1. ANOVAS probing effects of propranolol on BELT points, pumps, and explosions, split by task phase, controlling for negative, high arousal affect.

Early Task Phase Mid-Task Phase Late Task Phase
Predictors df F p partial 7 F p partial 7 F p partial 77

BELT Points

Between-subject effects
Intercept 1 214.73 .000 719 132.31 .000 .612 150.82 .000 .642
Drug 1 1.65 .203 .019 2.77 .100 .032 5.93 .017 .066
Affect 1 0.38 .538 .005 0.12 729 .001 0.08 778 .001
Error 84

Within-subject effects
Balloon 2 24.99 .000 229 24.67 .000 227 22.25 .000 .209
Balloon x Drug 2 1.44 .239 .017 0.71 .468 .008 3.91 .030 .044
Balloon x Affect 2 0.11 .884 .001 0.73 460 .009 0.49 578 .007
Balloon (Error) 168

BELT Pumps

Between-subject effects
Intercept 1 195.37 .000 .699 160.01 .000 .656 194.84 .000 .699
Drug 1 0.96 .330 011 1.60 .209 .019 2.50 118 .029
Affect 1 0.11 747 .001 0.19 .668 .002 0.80 374 .009
Error 84

Within-subject effects
Balloon 2 5.83 .009 .065 18.30 .000 179 13.09 .000 135
Balloon x Drug 2 0.33 .642 .004 1.16 .304 .014 452 .027 .051
Balloon x Affect 2 0.04 914 .000 0.95 .363 011 0.34 .615 .004
Balloon (Error) 168

BELT Explosions

Between-subject effects
Intercept 1 47.66 .000 .362 35.72 .000 .298 33.75 .000 .287
Drug 1 1.03 314 .012 0.61 436 .007 1.18 .280 .014
Affect 1 0.01 919 .000 1.15 .287 .014 0.59 443 .007
Error 84

Within-subject effects
Balloon 2 24.84 .000 .228 9.64 .000 .103 7.46 .002 .082
Balloon x Drug 2 1.06 .342 012 1.41 .248 .016 0.26 734 .003
Balloon x Affect 2 0.12 .855 .001 1.03 .356 .012 0.81 429 .010
Balloon (Error) 168

Note: Drug was coded 0=Placebo, 1=Propranolol. Affect refers to post-stressor mean negative, high arousal affect. Given that balloon type was significant in
Mauchly’s test of sphericity, model p-values reported use the Greenhouse-Geisser correction. Significant effects are bolded.
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Table S2. Mixed effects ANOVAs assessing overall effects of propranolol, balloon type, and BELT task phase on BELT points earned, pumps made, and
explosions, controlling for both affect and BMI.

Points Model Pumps Model Explosions Model
Predictors df F p partial n? F p partial n* F p partial 7
Between-subject effects
Intercept 1 197.33 .000 .704 192.41 .000 .699 49.55 .000 374
Drug 1 4.96 .029 .056 1.90 172 .022 0.15 .699 .002
Affect 1 0.16 .686 .002 0.55 463 .007 0.51 476 .006
BMI 1 0.79 377 .009 0.36 553 .004 0.18 .676 .002
Error 83
Within-subject effects

Balloon 2 28.81 .000 .258 9.34 .002 101 17.89 .000 177
Balloon x Drug 2 2.75 .085 .032 2.35 123 .028 0.21 744 .002
Balloon x Affect 2 0.29 671 .004 0.14 .755 .002 0.13 811 .002
Balloon x BMI 2 1.22 .289 .014 1.61 .209 .019 1.13 312 013
Balloon (Error) 166

Task phase 2 2.55 .084 .030 1.07 329 .013 0.87 419 .010
Task phase x Drug 2 1.57 212 .019 0.40 .603 .005 2.33 .104 .027
Task phase x Affect 2 0.02 979 .000 0.28 .683 .003 0.71 488 .008
Task phase x BMI 2 0.10 .899 .001 2.68 .090 .031 2.44 .093 .029
Task phase (Error) 166

Balloon x Task 4 1.85 126 .022 4.47 .005 .051 2.18 .081 .026
Balloon x Task x Drug 4 1.32 .263 .016 4.10 .009 .047 151 .207 .018
Balloon x Task x Affect 4 0.59 .654 .007 0.66 571 .008 1.29 277 .015
Balloon x Task x BMI 4 1.38 244 016 2.20 .093 .026 0.66 .597 .008

Balloon x Task (Error) 332

Note: Drug was coded 0=Placebo, 1=Propranolol. Affect refers to post-stressor mean negative, high arousal affect. BMI refers to body mass index. Balloon
included three types: certain-long, certain-short, and uncertain. Task included three phases or averaged timepoints: the early task phase, mid-task phase, and the
last or final task phase. Given that the repeated measures of balloon type and task phase were significant in Mauchly’s test of sphericity (ps<.000), model p-
values reported use the Greenhouse-Geisser correction. Significant effects are bolded.
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Early Task Phase Mid-Task Phase Late Task Phase
Predictors df F p partial 7’ F p partial 7 F p partial 77

BELT Points

Between-subject effects
Intercept 1 189.10 .000 .695 116.47 .000 .584 131.57 .000 .613
Drug 1 1.70 195 .020 2.81 .098 .033 6.05 .016 .068
Affect 1 0.32 576 .004 0.09 .760 .001 0.05 .825 .001
BMI 1 0.64 427 .008 0.32 575 .004 0.80 374 .010
Error 83

Within-subject effects
Balloon 2 22.35 .000 212 19.51 .000 190 17.37 .000 173
Balloon x Drug 2 1.44 .239 017 0.77 443 .009 4.03 .028 .046
Balloon x Affect 2 0.11 .888 .001 0.61 .520 .007 0.38 .642 .005
Balloon x BMI 2 0.09 .906 .001 1.55 .218 .018 1.69 194 .020
Balloon (Error) 166

BELT Pumps

Between-subject effects
Intercept 1 175.27 .000 679 139.63 .000 .627 170.46 .000 673
Drug 1 0.96 331 011 1.67 .199 .020 2.60 111 .030
Affect 1 0.10 .758 .001 0.13 715 .002 0.68 413 .008
BMI 1 0.03 .859 .000 0.87 .354 .010 1.03 314 012
Error 83

Within-subject effects
Balloon 2 5.54 011 .063 14.10 .000 .145 9.33 .001 101
Balloon x Drug 2 0.32 .648 .004 1.24 .283 .015 481 .022 .055
Balloon x Affect 2 0.04 .922 .000 0.80 416 .010 0.23 .694 .003
Balloon x BMI 2 0.05 .896 .001 1.46 235 .017 2.50 .108 .029
Balloon (Error) 166

BELT Explosions

Between-subject effects
Intercept 1 47.40 .000 .364 29.39 .000 .262 28.13 .000 .253
Drug 1 0.97 .328 .012 0.56 455 .007 1.12 .292 .013
Affect 1 0.00 972 .000 1.00 .320 .012 0.51 479 .006
BMI 1 0.95 .333 011 1.02 315 .012 0.69 409 .008
Error 83

Within-subject effects
Balloon 2 21.52 .000 .206 8.49 .000 .093 6.16 .004 .069
Balloon x Drug 2 1.05 .343 .013 1.37 .256 .016 0.24 .748 .003
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Balloon x Affect 2 10 .881 .001 1.05 .350 .013 0.69 480 .008
Balloon x BMI 2 44 .614 .005 0.11 .894 .001 1.81 173 021
Balloon (Error) 166

Note: Drug was coded 0=Placebo, 1=Propranolol. Affect refers to post-stressor mean negative, high arousal affect. BMI refers to body mass index. Given that
balloon type was significant in Mauchly’s test of sphericity, model p-values reported use the Greenhouse-Geisser correction. Significant effects are bolded.
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Table S4. Unadjusted (i.e., no covariates included) mixed effects ANOVASs assessing overall effects of propranolol, balloon type, and BELT task phase on
BELT points earned, pumps made, and explosions, reported for future meta-analytic purposes.

Points Model Pumps Model Explosions Model
Predictors df F p partial n? F p partial n* F p partial 7
Between-subject effects
Intercept 1 1818.90 .000 .955 1680.19 .000 .952 398.81 .000 .824
Drug 1 4.70 .033 .052 1.60 209 .019 0.27 .606 .003
Error 85
Within-subject effects
Balloon 2 247.14 .000 744 79.93 .000 485 150.33 .000 .639
Balloon x Drug 2 2.47 .106 .028 212 144 .024 0.28 .688 .003
Balloon (Error) 170
Task phase 2 29.99 .000 261 8.16 .002 .088 10.15 .000 107
Task phase x Drug 2 1.66 193 .019 0.37 620 .004 2.90 .058 .033
Task phase (Error) 170
Balloon x Task 4 10.67 .000 112 27.14 .000 .242 10.30 .000 .108
Balloon x Task x Drug 4 1.39 .240 .016 3.58 017 .040 1.61 .182 .019

Balloon x Task (Error) 340

Note: Drug was coded 0=Placebo, 1=Propranolol. Balloon included three types: certain-long, certain-short, and uncertain. Task included three phases or
averaged timepoints: the early task phase, mid-task phase, and the last or final task phase. Given that the repeated measures of balloon type and task phase were
significant in Mauchly’s test of sphericity (ps<.000), model p-values reported use the Greenhouse-Geisser correction. Significant effects are bolded.

Table S5. Unadjusted (i.e., no covariates included) univariate ANOVAs probing overall effects of propranolol on BELT pumps in the late task phase split by
balloon type, reported for future meta-analytic purposes.

Long-Certain Balloon Model Short-Certain Balloon Model Uncertain Balloon Model
Predictors df F p v F p /i F p v
Between-subject effects
Intercept 1 516.30 .000 .859 3758.81  .000 978 1231.19  .000 .935
Drug 1 4.03 .048 .045 0.40  .530 .005 0.16  .688 .002
Error 85

Note: Drug was coded 0=Placebo, 1=Propranolol. Significant effects are bolded.
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