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Abstract

Background The use of cannabis has been clinically associated with decreased motivation to engage in normally rewarding
activities. However, evidence from previous controlled studies is mixed.

Method In this study, we examined the effects of acute delta-9-tetrahydrocannabinol (THC) versus placebo on a task meas-
uring willingness to exert effort for rewards. This is a secondary analysis of a larger study examining interactions between
ovarian hormones and THC. In this within-subjects study, oral THC and placebo were administered under double-blind
conditions in counterbalanced order to healthy young adult (M age =24 years) women with previous cannabis experience
who were not regular users. Forty subjects completed three 4-h sessions with PL, 7.5 and 15 mg THC, while an additional
18 completed only PL and 15 mg THC sessions (design abridged due to pandemic). At each session, they completed a task
consisting of making repeated choices between a hard and an easy task, which were worth varying amounts of money at
varying probabilities.

Results THC dose-dependently decreased hard task choices (drug effect, b= —0.79, SE=0.29, z= —2.67, p<0.01), espe-
cially at moderate to high expected values of reward (drug X probability X amount interaction, »=0.77, SE=0.38, z=1.99,
p=0.04). THC also slowed task performance (drug effect, b=0.01, SE=0.005, #(5.24)=2.11, p=0.04), but the effect of
THC on choice was still significant after controlling for this psychomotor slowing.

Conclusions These findings support the idea that cannabis acutely reduces motivation to earn non-drug rewards. Still to be
determined are the neurochemical mechanisms underlying this effect.
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Introduction

It has long been believed that cannabis use is associated with
apathy and a lack of motivation, a constellation of behav-
iors sometimes referred to as the “amotivational syndrome”
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(Volkow et al. 2016; Petrucci et al. 2020). The evidence for
this syndrome is mixed, with some studies finding increases
in apathy or anhedonia in regular cannabis users (Barnwell
et al. 2006; Cherek et al. 2002; Lac 2018; Pacheco-Colén
et al. 2018), while others do not (Barnwell et al. 2006). It
is difficult to define and measure the syndrome, and if it
exists, it is difficult to determine the direction of the associa-
tion. That is, it is not clear whether lower motivational states
result from the use of cannabis and its associated lifestyle, or
if they pre-dated and perhaps contributed to the use of can-
nabis (Leventhal et al. 2017). It is also not clear if this syn-
drome refers mainly to long-term consequences of chronic
cannabis use or whether it also reflects an acute behavio-
ral effect of cannabis. “Amotivational syndrome” typically
refers to a lasting pattern of apathy and lack of motivation
attributed to repeated cannabis use, but it may also reflect the
direct pharmacological effects of acute cannabis consump-
tion on motivation or willingness to exert effort.
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Several studies have examined the direct, acute effects
of cannabis or its primary active ingredient delta-9-tetrahy-
drocannabinol (THC) on effort or motivated behavior in
humans. In one early inpatient research study (Foltin et al.
1990), regular cannabis users were given the opportunity to
earn rewards either under the influence of smoked canna-
bis (2.7% THC) or after placebo. Contrary to expectations,
cannabis increased, rather than decreasing, the subjects’
willingness to work for desired outcomes. Cherek et al.
(2002) tested the effects of smoking cannabis cigarettes
(1.77% or 3.58% THC) on participants’ willingness to exert
effort using a progressive ratio procedure where subjects
were required to emit increasing numbers of button presses
to earn money. Cannabis decreased the number of presses
subjects emitted, especially when the monetary value of the
reward was low. However, in the Cherek et al. study, as in
many other studies using tasks involving motor performance
to assess motivation, it is difficult to separate drug effects
on motor performance from the effects on motivation (Sala-
mone et al. 2015).

Procedures have been developed in rodents to distinguish
between the effects of drugs on motor performance versus
motivation (Hosking et al. 2015), often to study the role of
dopamine in motivated behaviors (Salamone et al. 1994). In
these procedures, animals choose between high or low effort
(either physical or cognitive) responses to earn rewards
(Salamone 2009). The researchers also assess motor perfor-
mance to separate motivational effects from motoric effects
(Salamone et al. 2016). One study using such a procedure
in rodents, assessed the effects of THC (0, 0.3, 1, 2, 3 mg/
kg THC) on cognitive effort (Silveira et al. 2017). The study
found that THC decreased preference for hard trials without
impairing the animals’ ability to accurately complete them.

Similar procedures have been used with human partici-
pants (Wardle et al. 2011), including one study investigating
the effects of vaporized cannabis in regular cannabis users
(Lawn et al. 2016). Lawn et al. used an effort choice task to
study the effects of vaporized cannabis (8 mg THC) or pla-
cebo on a task in which subjects chose between performing
a high-effort task (finger tapping) for money, or a low effort
task for a lower amount of money (Treadway et al. 2009).
Cannabis decreased the choices for the high effort option. In
a second phase of the study, the investigators compared per-
formance on the effort task in occasional users and depend-
ent cannabis users to assess lasting effects on motivation.
The occasional and dependent users did not differ in their
selection of high versus low effort choices. These findings
provide some evidence that acute, but perhaps not chronic,
administration of THC does decrease the willingness to exert
effort.

The present study extends the findings of Lawn et al.
(2016) in several ways. Instead of using inhaled cannabis,
the present study examined the effects of oral THC, reducing
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the variability that might occur with inhalation and whole
plant material. Second, we assessed two doses of THC (7.5
and 15 mg), to investigate dose-related effects. Another dif-
ference was that our study included only female participants.
This is an artifact of the fact that this is a secondary analysis
of a larger study investigating the interaction of ovarian hor-
mones and THC, but nevertheless contributes to the litera-
ture on acute drug effects that have tended to include more
male participants. Finally, our participants were lighter users
of drugs and alcohol than the Lawn et al. subjects. Testing
participants with little prior drug use minimize the potential
influence of prior drug use on responses to the test drug. We
hypothesized that THC would dose-dependently reduce the
choice of the high effort option on the effort task (i.e., that
there would be a linear main effect of the drug, such that
effort in the PL condition < 7.5 mg condition < 15 mg con-
dition). We additionally investigated interactions between
the effect of the drug and the expected value of the reward
(which is a combination of the amount of the reward and
the probability of receiving the reward). Here our hypoth-
esis was open. In previous studies, drug manipulations that
increase effort have been more evident at low expected val-
ues (where overall effort is generally low; Soder et al. 2021).
Thus any tendency of THC to decrease effort might be more
evident in moderate to high expected values, where overall
effort is generally high. However, Lawn et al. (2016) actu-
ally found more effects of cannabis at lower expected values.
Thus, we explored these interactions primarily to inform
future research by identifying what, if any, reward conditions
on this task have greater sensitivity to the effect of THC.

Methods
Design

The study was initiated as a three-session, within-subjects
counterbalanced design with placebo and two doses of THC
(7.5 and 15 mg), but was later reduced to only two sessions:
placebo and 15 mg THC. This change was made to mini-
mize the number of sessions that needed to be conducted
during the COVID-19 pandemic. We continued the higher
dose only because interim analyses conducted at that point
suggested that the effects of THC were (as expected) more
evident at this dose. Therefore, 40 subjects completed all
three sessions, and 58 completed two sessions. This is a
secondary analysis of this study, with main results to be
reported elsewhere. During the two or three 4-h laboratory
sessions, participants completed the Effort Expenditure for
Rewards Task (EEfRT; Treadway et al. 2009) after double-
blind oral administration of 7.5 mg THC (early subjects
only), 15 mg THC, and placebo, in a randomized order. Par-
ticipants were women who reported having used cannabis
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at least four times throughout their lifetime but less than 11
times in the last 30 days.

Participants

Sixty healthy women (18-35 years) who reported some use
of cannabis (>4 times ever and < 11 times in the past month)
participated. The screening included a semi-structured clini-
cal psychiatric interview (First et al.) and a medical and drug
use history. Exclusion criteria were prescription medication
use, serious psychiatric disorders (psychosis, generalized
anxiety disorder, major depressive disorder, severe post-
traumatic stress disorder or obsessive—compulsive disorder,
and moderate or severe substance use disorder), BMI< 19
or>29, abnormal resting-state ECG or HR, or pregnant or
planning to be pregnant. Participants agreed to refrain from
alcohol and over-the-counter drug use for 24 h before and
12 h after the session, from cannabis use 7 days before and
24 h after the session, and from other recreational drugs 48 h
before and 24 h after the session. Compliance was verified
using breath (Alcosensor III, Intoximeters Inc., St. Louis,
MO) and urine tests (ToxCup, Branan Medical Corporation,
Irvine, CA). The study was approved by the local institu-
tional review board.

Forty individuals completed all three sessions, and 20
individuals completed only the placebo and 15 mg ses-
sions. Two individuals were missing EEfRT data from the
15 mg THC session due to adverse reactions to the drug.
Their available data were included in analyses, using multi-
level modeling techniques that accommodate missing data.
Excluding these two individuals did not change the pattern
of results. Two other participants were excluded from all
analyses of the EEfRT, as they chose the low effort task on
all trials at all sessions (this is consistent with our exclusion
criteria in previous uses of this task in repeated measures
studies (Wardle et al. 2011; Soder et al. 2021). Therefore,
all analyses reflect a sample size of 58.

Procedure

Participants attended a pre-study orientation session fol-
lowed by two or three 4-h experimental sessions. During
the orientation, participants provided informed consent,
were familiarized with the study procedures, and practiced
the EEfRT task. The experimental sessions were conducted
in the early afternoon, separated by at least 3 days. Upon
arrival, participants provided urine, blood, and breath tests
to confirm drug abstinence, test for pregnancy, and exam-
ine hormone levels (not reported here). Heart rate (HR) and
blood pressure (BP) were measured throughout the session
(— 15, 30, 60, 90, 120, and 180 min post capsule; Omron 10
Plus, Omron Healthcare). After completing baseline drug
effect questionnaires, subjects ingested a capsule containing

THC (7.5 or 15 mg) or placebo under double-blind con-
ditions. Participants completed drug effect questionnaires
repeatedly throughout the session (— 15, 30, 60, 90, 120, and
180 min post capsule).

Drug

THC capsules (2.5, 5, and 10 mg; Dronabinol Akorn Inc,
Lake Forest IL) were placed in opaque size 00 capsules with
dextrose filler. Placebo capsules contained dextrose only.

Subjective drug effect measures

To assess cannabis-specific subjective drug effects, we
included the Addiction Research Center Inventory (Martin
et al. 1971; Chait et al. 1985). The ARCI consisted of 53
true—false questions measuring typical effects from sev-
eral classes of drugs. The scores are the number of items
endorsed. For our analysis, we focused on the M (marijuana)
subscale which assesses cannabis (marijuana) effects. It
includes 12 items such as “I have difficulty in remember-
ing,” “My mouth feels very dry,” “I notice that my heart is
beating faster,” and “My thoughts seem to come and go.”
Scores range from O to 12 and specify the magnitude of
cannabis-specific intoxication symptoms a participant was
experiencing.

EEfRT task

The EEfRT (Treadway et al. 2009) is a multi-trial game in
which participants are asked to choose on each trial between
a “hard,” high effort/high reward task (HE/HR) and an
“easy,” low effort/low reward task (LE/LR) to obtain vary-
ing monetary rewards (Fig. 1). The “hard task” (HE/HR)
requires 100 button presses with the nondominant pinky
finger within 21 s, and the “easy task” (LE/LR) requires 30
button presses with the dominant index finger within 7 s. For
easy-task choices, subjects could win $1.00 for each suc-
cessfully completed trial, and for hard-task choices, subjects
could win higher amounts that varied per trial within a range
of $1.24-$4.30 (“reward magnitude”). Trials were rewarded
on a probabilistic basis. Some trials were “win” trials, in
which the subject received the reward amount, while others
were “no-win” trials, in which they did not receive money.
Before each trial subjects were informed of the probability
of receiving a reward, if they responded correctly: There
were three levels of probability: “high” 88% probability
of a winning trial, “medium” 50%, and “low” 12%. Prob-
ability levels were applied to both the hard and easy task,
and there were equal proportions of each probability level
across the experiment. Probability and reward information,
task progress, and feedback displays (as depicted in Fig. 1)
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Fig. 1 Schematic diagram of a A
single EEfRT trial. A 1-s fixa-
tion cue; B 5-s choice period
in which subjects are presented

with reward magnitude of the +
hard task for that trial, and

the probability of receiving
a reward for that trial; C 1-s

Choose Your Task:
Probability of win: 88%

€35y Task  Hard Task C

“ready” screen; D Subjects
make rapid button presses to

$1.00 $

complete the chosen task for 7 s
(easy task LC/LR) or 21 s (hard
task HC/HR); E Feedback com-
pletion of the task; F Feedback
on whether they received any
money for that trial

were presented on a computer screen. Button presses were
completed on a standard keyboard.

Statistical analyses
Physiological and subjective drug effects

Physiological (HR, systolic BP, diastolic BP) and subjec-
tive effects (ARCI: M scale) of oral THC across session
time were analyzed using multilevel models with Toeplitz
covariance structures. Time (linear and quadratic) effects
were included to allow for analysis of linear or curvilin-
ear trends across time. All analyses were completed in IBM
SPSS statistical software (IBM Corp. Released 2017. IBM
SPSS Statistics for Windows, Version 25.0. Armonk, NY:
IBM Corp). Mixed-effects models offer significant advan-
tages relative to traditional repeated-measures ANOVA in
the handling of missing data, relaxation of assumptions of
homogeneity of variance, and increased statistical power
for smaller sample sizes. All physiological effects models
(HR, systolic BP, diastolic BP) and subjective effects models
(“feel drug,” M scale, state anxiety) included the effect of
drug and time (linear and quadratic) effects as independent
fixed variables. Significant linear effects of the drug were
followed up by post hoc contrasts between placebo and
7.5 mg THC and placebo and 15 mg THC. Effect sizes are
reported as unstandardized coefficients (B) with standard
errors (SE).
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Ready? D

Button Press:

E

You Completed
the task!

You won!
$2.37

EEfRT task

All analyses of the EEfRT task were performed in R (Team
2019) using lmer and Imertest packages with the Satterth-
waite method for degrees of freedom (Bates et al. 2014;
Kuznetsova et al. 2017). All continuous variables (i.e.,
amount and trial) were mean-centered and categorical vari-
ables (i.e., drug, probability, and session) were coded using
polynomial contrasts to assess linear and quadratic effects.
We established the random effects models by generating a
maximal model and iteratively reducing it per Bates, Kliegl,
Vasishth, and Baayen using the RePsychLing package (Bates
et al. 2014; Baayen et al. 2015; Matuschek et al. 2017). Fol-
low-up tests of significant main effects or interactions were
conducted using the emmeans package (Lenth et al. 2019).
Follow-up tests of interactions estimated the effect at each
probability (12%, 50%, 88%) and two representative values
of amount (low = $1.96, high=$3.40).

Choices were modeled using a generalized linear mixed-
effects model (GLMM) with a logit link function for the
binomial (hard/easy) outcome. Fixed effects were drug (pla-
cebo, 7.5 mg or 15 mg), probability (12%, 50%, or 88%),
amount ($1.24-$4.21), and their interactions, with the prob-
ability by amount interaction representing the expected value
of a reward. Fixed effects for trial number (0-50) and session
(1, 2, or 3) were also entered into the equation to account for
effects of fatigue and practice (Wardle et al. 2011). We also
performed a separate analysis controlling for psychomotor
speed. To do this, we first used a linear mixed-effects model
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to model key pressing speed as a function of the drug (pla-
cebo, 7.5 mg or 15 mg) and the type of task chosen (hard/
easy). Individual estimates for the linear effect of the drug
on tapping speed were entered as a between-subject covari-
ate in the final choice model described above. Finally, we
used GLMM to investigate if THC affected the participants’
ability to complete the tasks, with a logit link function for
the binomial (completed, incomplete) outcome. This was a
secondary analysis of this study, and as such a priori power
calculations were not based on this outcome, nevertheless,
our sample is considerably larger than previous investiga-
tions that have found acute effects of THC on motivation
(e.g., N=17 for Lawn et al. 2016, and N=5 for Cherek et al.
2002).

Results

Participant characteristics

Demographic data for the participants can be found in
Table 1. The participants who completed three sessions

did not differ from participants who completed only two
sessions.

Physiological measures

At both the 7.5 mg and 15 mg THC condition, HR signifi-
cantly increased across session time compared to placebo
(Brime*7.5 mg=1.23, SE=0.40, p=0.002, 95% CI [0.45,
2.02]; Brime1s mg=2-40, SE=0.37, p <0.0005, 95% CI
[1.67, 3.13]; Fig. 2). Follow up Bonferroni corrected ¢-tests
comparing the drug to placebo at each time point indicated

Heart Rate sesssr Placebo

85 A mmmm—75mg
A *_ 15mg

80

75

70

Heart Rate (BPM)

65

60 :
-20 20 60 100 140 180

Time (minutes post capsule)

Fig.2 Effects of oral THC (7.5 mg, 15 mg) on mean heart rate in
beats per minute across session time. Oral THC dose dependently
increased heart rate across session time compared to placebo. Errors
bars+/—1 standard error. Bonferroni corrected post hoc r-tests: *
p<0.05 [placebo vs. 15 mg THC]; » p <0.05 [placebo vs. 7.5 mg]

Table 1 Participant

R . 15 mg THC 7.5 mg and 15 mg THC Group com-
characterlst}cs mcludmg . N=58 N=19 parison:
demographic characte.rlstlcs paired
and recent drug use history. All rtest
subjects were female

Age 24.0 (4.2) 24.8 (3.8) ns
Education (years) 154 (1.9) 15.5(1.7) ns
Physical
Body mass index (BMI) 23.5(2.7) 24.7 (2.9) ns
Weight (Ibs.) 140.0 (20.2) 145.5 (17.4) ns
Height (inches) 64.4(3.2) 64.4(3.1) ns
Ethnicity
Hispanic 23.3% 30%
Race
Caucasian 60% 70%
African American 15% 5%
Asian 10% 5%
Other/more than one race 15% 20%
Recent (past month) substance use, mean (SD)
Caffeine (cups/day) 1.5(0.9) [N=5T7] 1.3 (1.0) [N=19] ns
Tobacco cigarettes (cigs/day) 4.9 (6.2) [N=9] 4.0 (0.0) [N=1] ns
Alcohol (days/week) 2.1 (1.4) [N=55] 22 (1.5) [N=17] ns
Cannabis (times/month) 3.7 (5.2) [N=41] 3.7(33.9) [N=17] ns

Results presented as mean (SD) unless otherwise noted. ns, not significant (p>0.05). Continuous variable
ranges: age (18-35 years); education (12-20 years); BMI (18.2-29); weight (93-194 1bs.); height (55-75
in.); caffeine (0—4 cups); cigarettes (0-20 cigs.); alcohol (0-5); cannabis (0-10)
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that the 15 mg dose increased HR at 60 min post-capsule
and both the 7.5 mg and 15 mg dose increased HR from 90
to 180 min post-capsule. THC did not significantly affect
systolic or diastolic BP across session time, at either dose,
compared to placebo.

Subjective measures

At both doses, THC increased ARCI: M Scale scores across
session time (Brjpe7.5 me =0-71, SE=0.07, p<0.0005, 95%
CI[0.57, 0.86]; Brime+1s mg=0.91, SE=0.07, p <0.0005,
95% C1[0.78, 1.05]; Fig. 3). Follow-up Bonferroni corrected
t-tests comparing drug to placebo at each time point indi-
cated that the 15 mg dose increased ARCI: M scale scores
at 60 min post-capsule and both the 7.5 mg and 15 mg
dose increased ARCI: M scale scores from 90 to 180 min
post-capsule.

EEfRT task performance

Table 2 presents the raw % of hard task choices made under
different drug, probability, and amount conditions. Table 3
presents the full results of the GLMM. As shown in Fig. 4,
THC decreased overall choice of the hard task at the 15 mg
dose (linear drug effect, b= —0.79, SE=0.29, z= —2.67,
p<0.01). The 15 mg dose decreased hard choice tasks com-
pared to placebo, with a 55% lower likelihood of select-
ing the hard choice task (OR=0.45, SE=0.13, z=—-2.71,
p<0.001), while the 7.5 mg dose was not significantly differ-
ent from placebo (OR=0.68, SE=0.21, z=—1.27, p=0.21).
Doses did not differ from one another (OR=0.66, SE=0.21,
z=—1.22, p=0.18). Notably, the effect of THC depended on
the expected value of the reward, which is a combination of
the probability and amount of reward (linear drug X quadratic

ARCI: M Scale = Placebo

—— 15 mg
*

o

A

ARCI: M Scale Score (0 -12)
-

Time (minutes post capsule)

Fig.3 Effects of oral THC (7.5 mg, 15 mg) on mean ARCI: Mari-
juana (M) scale across session time. Oral THC dose dependently
increased ARCI: M scale scores across session time compared to pla-
cebo. Errors bars +/—1 standard error. Bonferroni corrected post hoc
t-tests: * p<0.05 [placebo vs. 15 mg THC]; » p<0.05 [placebo vs.
7.5 mg]

@ Springer

Table 2 Percentage of hard task choices under different conditions

% hard task

choices
(SD)
Drug
Placebo 41% (16)
7.5 mg THCA 38% (21)
15 mg THC 35% (24)
Probability of win
12% 9% (15)
50% 43% (24)
88% 61% (21)
Hard task amount*
$1.24 9% (18)
$1.96 20% (22)
$2.68 38%(24)
$3.40 50% (22)
$4.12 61% (20)
N N=40 only

“Representative amounts selected from range $1.24 to $4.12

probability X amount interaction, b=0.77, SE=0.38, z=1.99,
p=0.04). As shown in Fig. 5, there was no effect of oral THC
at low expected values (low probability and low amount:
OR=1.03, SE=0.58, z=0.06, p=0.96; low probability and
high amount: OR=0.56, SE=0.25, z=—1.32, p=0.19). How-
ever, the effect of THC was more pronounced at moderate to
high expected values, with 48—-82% less likelihood of choosing
the hard task (medium probability and low amount OR =0.43,
SE=0.15, z=-2.41, p=0.02; medium probability and high
amount: OR=0.40, SE=0.13, z=—-2.91, p<0.01, high
probability and low amount OR=0.52, SE=0.20, z=-1.71,
p=0.08; high probability and high amount: OR=0.18,
SE=0.08, z= —4.07, p<0.01). Figure 5 shows the effect
of drug graphed at representative points across the range of
possible reward amounts and at the three probabilities, with
expected values for each point noted in parentheses. Although
THC significantly and dose-dependently slowed key pressing
speed (linear drug effect, b=0.01, SE=0.005, #(5.24)=2.11,
p=0.04), including the effect of THC on keypress speeds as
a covariate did not change the results of the choice analysis.
This suggests that the observed decrease in hard task choices
is not likely to be due to psychomotor slowing. THC also dose-
dependently decreased the number of completed trials (lin-
ear drug effect, OR=0.26, b= —1.36, SE=0.33, z= —4.11,
p<0.01), with a 74% lower likelihood of completion.



Psychopharmacology (2022) 239:1487-1497 1493
Table 3 Generalized linear mixed effects model results of choice on EEfRT task

Choice of hard task
Predictors Odds ratios SE 95% CI P
Intercept 0.26 0.07 0.15-0.44 <0.001
Linear effect of drug 0.46 0.13 0.26-0.81 0.008
Quadratic effect of drug 1.02 0.27 0.60-1.73 0.944
Linear effect of probability 282.19 107.46 133.78-595.23 <0.001
Quadratic effect of probability 2.08 0.28 1.59-2.71 <0.001
Reward amount 18.92 4.20 12.24-29.24 <0.001
Trial number 0.43 0.05 0.35-0.53 <0.001
Linear effect of session 0.60 0.20 0.31-1.16 0.128
Quadratic effect of session 0.99 0.23 0.63-1.56 0.963
Linear drug X linear probability 0.40 0.21 0.14-1.10 0.075
Quadratic drug X linear probability 0.45 0.19 0.20-1.01 0.053
Linear drug X quadratic probability 0.86 0.20 0.54-1.37 0.529
Quadratic drug X quadratic probability 0.67 0.15 0.43-1.03 0.070
Linear drug X reward amount 0.55 0.12 0.36-0.84 0.006
Quadratic drug X reward amount 0.70 0.14 0.47-1.04 0.077
Linear probability X reward amount 16.80 6.53 7.84-35.99 <0.001
Quadratic probability X reward amount 0.85 0.15 0.60-1.21 0.377
Linear drug X linear probability X reward amount 0.62 0.35 0.20-1.86 0.389
Quadratic drug X linear probability X reward amount 1.36 0.70 0.50-3.75 0.547
Linear drug X quadratic probability X reward amount 2.15 0.83 1.01-4.58 0.046
Quadratic drug X quadratic probability X reward amount 1.31 0.47 0.65-2.67 0.448
Random effects SD 95% CI
Subject 1.93 1.48-2.30
Linear drug 1.59 0.85-1.93
Quadratic drug 1.20 0.41-1.57
Linear probability 2.40 1.73-3.01
Quadratic probability 0.60 0.20-0.86
Amount 1.42 1.02-1.74
Trial number 0.54 0.30-0.72
Linear session 1.37 0.83-2.20
Quadratic session 0.51 0.22-1.23
Linear drug X linear probability 2.55 1.48-3.40
Quadratic drug X linear probability 1.32 0.00-1.91
Linear probability X amount 1.98 1.12-2.62
Nsubject 58
Observations 7452

AIC=4781.9; BIC=5010.1; SE, standard error; SD, standard deviation; 95% CI, 95% confidence interval

p-values < 0.05 presented in bold

Discussion

We found that oral administration of THC decreased willing-
ness to exert effort for rewards compared to placebo. This
effect appeared dose-dependent, as was a significant linear
effect of the drug on effort, and post hoc tests showed the
effect of the drug on effort was only significant at 15 mg;
however, it should be noted that the 7.5 mg dose did not

differ significantly from either PL or 15 mg. The effects
of THC on effort for reward were also more pronounced
at moderate to high expected values. THC also slowed the
performance of the task overall, but the main effect of THC
on motivation and the moderation of this effect by expected
value was still significant after controlling for psychomotor
slowing. THC also significantly reduced the number of com-
pleted tasks, an effect that could be due to both psychomotor
and motivational effects of THC.
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Effect of Oral THC on Effort
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Fig.4 Effects of oral THC (7.5 mg, 15 mg) on EEfRT task perfor-
mance (% hard task choices). A main effect of the drug demonstrated
that 15 mg oral THC reduced willingness to exert effort for reward
compared to placebo. Error bars reflect the standard error of the mean

Our primary results are consistent with findings from a
previous study testing effects of vaporized cannabis with and
without cannabidiol (CBD) on this same task (8 mg; Lawn
et al. 2016). Lawn et al (2016) vaporized cannabis with-
out CBD; the condition most similar to the oral THC used
here also reduced willingness to exert effort for rewards.
In this previous study, the inclusion of CBD somewhat
(although not significantly) ameliorated the effects of can-
nabis on effort. We are unable to speak to combining CBD
with THC, but our study clearly supports a dose-dependent
detrimental effect of THC alone on effort. There were also
some differences in results. First, Lawn et al. found that
effects of THC were more pronounced at low probability. In
contrast, we saw no effects of THC on low probability/low
expected value trials. Instead, the effects of THC were more
pronounced at moderate to high expected values. This could
simply represent the fact that effect estimates for interactions
have naturally lower power and may produce less stable and

Fig.5 Effects of oral THC
on % hard choice task by the
probability of win and reward 100%
amount. Expected values are
displayed in parentheses under
each reward amount. Interac-
tion between drug, probability,
and reward amount demon-
strated that the drug effect was
generally more pronounced at
medium to high expected values

12% Chance of Win

75%

50% 1

% Hard Task Choices
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replicable results. However, we also saw pronounced effects
on the psychomotor speed that were not present in Lawn
et al. These psychomotor effects were not responsible for
the observed decrease in effort, suggesting separate effects
of THC on psychomotor versus decision-making processes.
We may have seen psychomotor effects while Lawn et al.
did not due to the use of a mixed-gender sample in the Lawn
and colleagues study, contrasted with our all-female popu-
lation or due to pharmacodynamic or pharmacokinetics of
the drug administration (vaporized cannabis vs. oral THC,
dose). These results could also indicate that tolerance for
the psychomotor effects of THC develops more quickly than
tolerance for decision-making effects. This would explain
why the drug failed to impair psychomotor performance in
the heavier users Lawn and colleagues sampled, while still
affecting decision-making in that study. Confirming this pos-
sibility would require a longitudinal study of cannabis users
over the course of the development of tolerance. Finally,
we also saw significant effects of THC on the likelihood
of completing tasks. This could be due to either psycho-
motor effects hindering completion of trials, or to motiva-
tional effects leading participants to “abandon” trials. This
decrease in task completion was also not observed in the
Lawn study, again suggesting potentially “stronger” effects
of THC here, either due to our lighter-using sample, due
to dose-dependent effects being more evident at our higher
dose, or due to our differing route of administration.

Our study adds to evidence that the endocannabinoid sys-
tem is involved in computations involving effort and reward.
Like all drugs of abuse, cannabis increases dopamine levels
in the nucleus accumbens (NAcc) (Zehra et al. 2018), which
would generally be expected to increase willingness to exert
effort (Di Chiara 1988; Salamone et al. 2007). However, it is
true that the effect of cannabis on dopamine is weaker than
other classic drugs of abuse (Bossong et al. 2014), which
might also justify a null effect on effort. However, both
our study and previous studies in humans suggest cannabis

Effect of Oral THC by Probability of Win and Reward Amount

50% Chance of Win

88% Chance of Win

Drug
* Placebo
= 7mg

m— 15mg

%
$1.24 $1.96 $268 $3.40 $4.12

$1.24 $1.96 $268 $3.40 $4.12 $1.24 $1.96 $2.68 $3.40 $4.12

($0.15) ($0.24) ($0.32) ($0.41) ($0.49) ($0.62) ($0.98) ($1.34) ($1.70) ($2.06) ($1.09) ($1.72) ($2.36) ($2.99) ($3.63)
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actually impairs willingness to exert effort for rewards.
Indeed, cannabinoid agonists administered either directly
into the NAcc, the anterior cingulate cortex, or the orbito-
frontal cortex of rodents (Fatahi 2018), decrease willing-
ness to exert effort for reward. The small number of fMRI
studies involving THC administration and reward measures
that have been conducted in humans similarly suggest some
dampening of reward-related responses, including in the
NAcc during anticipation of monetary reward, and in the
ventral striatum during the enjoyment of music (see Skum-
lien et al. 2021 for a recent review). This has led to the sug-
gestion that the endocannabinoid system may function as
a “brake” on effort-based decision-making, although the
exact details of how this endocannabinoid “brake” interacts
with the dopaminergic aspects of effort-based decision-
making are unknown (Fatahi 2018). Moreover, it is not
clear precisely how THC, as a partial agonist, affects the
endocannabinoid receptor system. The downstream effects
of a partial agonist such as THC are difficult to predict. On
one hand, the partial agonist may activate the receptor but
do so with less efficacy (i.e., lesser maximal effect) than a
pure agonist. On the other hand, a partial agonist may also
block the activity of an endogenous ligand, thus dampening
downstream actions of the system. Adding to the complex-
ity, the endocannabinoid system modulates actions of other
neurotransmitters, in ways that are difficult to predict. Thus,
it is difficult to speculate about the receptor mechanisms
that underlie the effects of THC on higher-level cognitive
behaviors such as effort. Finally, motivation for rewards is
also underpinned by not just dopamine, but a complex set
of interlocking systems with adenosine elements (Salamone
et al. 2010) and opioidergic elements (Laurent et al. 2015)
among many others, any of which could be indirectly altered
by THC administration.

The cognitive or psychological effects underlying this
change in motivation for reward also remain to be eluci-
dated. Typical cannabis effect scales, including the one used
here, contain items such as “Things around me seem more
pleasing than usual” and “I feel as if something pleasant
had just happened to me,” so it is possible cannabis satis-
fies some need for reward, reducing motivation for other,
non-drug rewards. However, stimulants such as ampheta-
mine also produce euphoria, yet increase exertion of effort
for other rewards (Wardle et al. 2011; Soder et al. 2021).
It is also possible that cannabis operates on perceptions of
effort, making costs appear higher rather than rewards lower.
It seems likely that these changes in perception of effort
may occur independently of actual psychomotor changes
in ability. Indeed, the effects of amphetamine on motiva-
tion for reward are independent of psychomotor speeding
(Wardle et al. 2011; Soder et al. 2021), just as the effects
of cannabis appear independent of psychomotor slowing.
Further, caffeine results in psychomotor speeding without

affecting choice behavior in this same task (Wardle et al.
2012). Future studies should consider including measures of
perceived effort to investigate this possibility further.

It is also important to consider that the amotivational
effects of THC may be specific to reward type. In mice,
systemically administered THC did not alter motivation
to engage in wheel running (typically a rewarding activity
in mice) but actually increased motivation for food reward
(Hurel et al. 2021). This raises a point nearly universal to
translational research, which is that rodent studies are typi-
cally conducted using primary rewards, such as food, while
human studies typically use secondary rewards, such as
money. The neural circuitry underlying primary and sec-
ondary reward does seem to differ (Sescousse et al. 2013),
suggesting they could be differently influenced by pharma-
cological manipulations. Future human behavioral pharma-
cology studies should consider contrasting effects of drugs
on standard money-based effort tasks with directly parallel
tasks that use food rewards (Racine et al. 2019).

This study had several limitations. First, our sample
consisted entirely of women, so we were unable to test for
any moderating effects of sex on these results. Our primary
results were similar to a previous study that used a mixed-
gender sample (Lawn et al. 2016), but a direct comparison of
sexes within the same design would be preferable. Second,
although oral use of cannabis and THC is not uncommon,
smoked administration remains the most common route in
the US and internationally (Freeman 2020). Smoked ver-
sus oral administration may have different subjective and
behavioral effects due to pharmacokinetic factors (Wach-
tel et al. 2002). Similarly, we used only THC in this study,
omitting the other cannabinoids present in whole-plant
cannabis. Although some studies suggest that whole-plant
cannabis has similar effects to THC alone (Wachtel et al.
2002), there is some evidence that CBD, which is found
in whole-plant cannabis and some medical preparations of
THC (e.g., Sativex, GW Pharmaceuticals) reduce the amo-
tivational effects of THC (Lawn et al. 2016; Silveira et al.
2017). Future studies should continue to explore the possi-
bility that CBD may reduce the harms of THC in this area.
Finally, we were unable to examine the dose-response curve
with full power due to abbreviations made in the protocol in
response to COVID-19, with only 40 of our 58 participants
completing both doses of THC.

In summary, our study adds to the evidence suggesting
that THC has dose-dependent acute amotivational effects.
Although this study does not speak to the possibility of
chronic or lasting effects of THC, more frequent or heavier
users of cannabis could certainly experience these effects
in everyday life. This could contribute both to qualitative
impressions of a “amotivational” presentation in cannabis
users, and to the mixed quantitative data, assuming these
effects are primarily acute, and present at higher doses. The
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information that cannabis seems to have acute impacts on
motivation, particularly at higher doses, is important for pro-
viders who are counseling individuals with cannabis use dis-
order about potential problems associated with their use, and
for individuals who are considering either abstaining from
cannabis or changing their use to reduce associated harms.
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