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Abstract

Background: Few studies have examined how Δ9-Tetrahydrocannabinol (THC), the main 

psychoactive component of cannabis, impacts brain reward circuitry in humans. In this study, we 

examined if an acute dose of THC altered resting state functional connectivity between the 

striatum and prefrontal cortex among healthy young adults with limited cannabis use.

Methods: Participants received THC (n=24) or placebo (n=22) in a double-blind, randomized, 

between-subject design. Participants completed self-report measures of euphoria and drug-liking 

throughout the visit. Approximately 120 minutes after drug administration, participants completed 

an 8-minute resting state functional MRI (rs-fMRI) scan. We utilized seed-based connectivity of 

the striatum (bilateral putamen, caudate, and NAcc seeds) to the frontal cortex.

Results: Individuals who received THC demonstrated greater rs-fMRI connectivity between the 

right NAcc and regions of the medial prefrontal cortex (mPFC) (p-values<0.05, corrected) and 

higher subjective euphoria ratings p=.03) compared to compared to individuals who received 

placebo. Higher ratings of euphoria were related to greater right NAcc-dorsal mPFC (dmPFC) 

connectivity for the THC group (p=.03), but not for the placebo group (p=.98).

Conclusions: This is one of the first studies to examine rs-fMRI connectivity in healthy young 

non-users after THC administration. We found individuals receiving THC show greater rs-fMRI 

connectivity between the NAcc and mPFC, regions implicated in reward, compared to individuals 

receiving placebo. In addition, individuals receiving THC reported higher subjective euphoria 
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ratings, which were positively associated with NAcc-dmPFC connectivity. Overall, our findings 

suggest THC may produce subjective and neural reward responses that contribute to the rewarding, 

reinforcing properties of cannabis.
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1. Introduction

As cannabis becomes increasingly available in the U.S. there is concern about its negative 

health, mental health, and psychosocial outcomes (Brook et al., 2012; Crane et al., 2013; 

Degenhardt et al., 2003; Fergusson and Boden, 2008; Meier et al., 2012). To minimize the 

adverse impact of the increased use, it is critical to examine how different components of 

cannabis affect brain circuitry to understand what contributes to continued cannabis use, to 

the development of problematic cannabis use, and to identify treatment and prevention 

targets. The main psychoactive component of cannabis, Δ9-Tetrahydrocannabinol (THC), is 

linked to the rewarding and addictive properties of cannabis (see Bloomfield et al., 2016). 

The potency of cannabis (i.e., amount of THC) has steadily increased since the 1970s. 

Currently, THC potency is estimated to be 15-20% in street cannabis (Chandra et al., 2019; 

Sevigny, 2013). Cannabis with high THC potency has been shown to produce higher 

subjective reward response (Cooper and Haney, 2008; Niesink and van Laar, 2013), which 

may make it more addictive. Indeed, individuals who experience greater subjective reward 

response to a drug, especially drug-induced euphoria, are more likely to use that drug again, 

continue drug use, and develop a Substance Use Disorder (SUD) (Davidson et al., 1993; de 

Wit and Phillips, 2012; de Wit et al., 1986; Haertzen et al., 1983; King et al., 2014; Lambert 

et al., 2006; Quinn and Fromme, 2011; Rush et al., 2001). Therefore, to understand the 

rewarding, reinforcing properties of cannabis that contribute to continued cannabis use and 

problematic cannabis use, it is important to study THC and how THC affects brain reward 

circuitry.

Accumulating evidence suggests that THC activates frontostriatal reward circuitry, including 

the striatum and medial prefrontal cortex (mPFC) (see Bloomfield et al., 2016; Weinstein et 

al., 2016). THC binds to cannabinoid receptors in the brain, which are densely concentrated 

in the striatum, a key region in brain reward circuitry (see Bloomfield et al., 2016). Indeed, 

the endogenous cannabinoid system seems to increase dopamine transmission in the striatum 

(Fernandez-Ruiz et al., 2010), which is known to play an important role in the rewarding 

effect of drugs, the development of want or desire for the drug, and the development of drug-

seeking habits (see Koob and Le Moal, 1997; Koob and Volkow, 2016). Animal studies have 

shown that acute THC administration increased dopaminergic cell firing and increased 

dopamine synthesis and release in the ventral striatum (i.e., nucleus accumbens (NAcc)) 

(Chen et al., 1990; French, 1997; Sperlagh et al., 2009; Tanda et al., 1997). In human studies 

using positron emission tomography (PET) imaging, THC administration seems to modestly 

increase striatal dopamine transmission among healthy volunteers (see Weinstein et al., 

2016). Therefore, THC seems to activate frontostriatal brain reward regions, which may 

contribute to its pleasurable and rewarding effects.
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To date, only a handful of studies have examined how THC impacts rs-fMRI functional 

connectivity of brain reward regions. Understanding how THC may alter rs-fMRI 

connectivity of brain reward regions provides valuable insights about how THC impacts the 

intrinsic circuitry underlying frontrostriatal brain reward regions. In animal and human 

studies of healthy adults, increased dopaminergic activity in reward circuitry was associated 

with increased frontostriatal rs-fMRI functional connectivity (Cole et al., 2013a; Cole et al., 

2013b; Febo et al., 2017; Weafer et al., 2020), although see (Ramaekers et al., 2013). 

Growing evidence indicates THC increases dopaminergic activity and activates frontostriatal 

brain reward circuitry, but it is not clear how the connections between frontostriatal brain 

regions are altered during acute THC intoxication. One study found that an acute dose of 

THC (10mg oral) did not significantly alter frontostriatal rs-fMRI connectivity compared to 

placebo among 16 healthy male participants using dorsal striatal (i.e., putamen and caudate) 

seeds; however, THC levels in blood plasma during the rs-fMRI scan were low suggesting 

that THC rs-fMRI data in this study should not be interpreted (Grimm et al., 2018). Another 

study found that an acute dose of THC (450 micrograms/kg inhaled) reduced rs-fMRI 

connectivity between the NAcc and the prefrontal cortex, limbic lobe, striatum and thalamus 

(in a similar manner to an acute dose of cocaine) among 122 occasional and regular cannabis 

and cocaine users (Ramaekers et al., 2016). Two recent studies from the same group also 

found reduced rs-fMRI connectivity between the NAcc and the frontal cortex. Specifically, 

the first study found that among 10 occasional cannabis users receiving an acute dose of 

THC (300 micrograms/kg inhaled) showed reduced rs-fMRI between the NAcc and the 

frontal and limbic lobes, while 10 occasional cannabis users receiving an acute dose of THC 

that was divided over time (3 successive doses of 100 μg/kg inhaled, separated by 30 min) 

did not demonstrate any significant differences in rs-fMRI compared to placebo (Mason et 

al., 2019). The second study found that among 12 occasional cannabis users receiving an 

acute dose of THC (300 micrograms/kg inhaled) showed reduced rs-fMRI between the 

NAcc and the frontal cortex, limbic, parietal, and occipital lobes, while 12 chronic cannabis 

users did not demonstrate any changes in rs-fMRI (Mason et al., in press). More studies are 

needed to better understand how THC may impact frontostriatal resting state connectivity, 

especially among individuals with a limited history of cannabis use in order to better 

understand how initial experiences with THC may alter brain reward connectivity.

As such, the current study was derived from secondary analysis of study data presented in 

Gorka et al., 2016, to examine if an acute dose of THC altered rs-fMRI connectivity between 

striatal seeds (i.e., putamen, caudate, and NAcc) and the prefrontal cortex among healthy 

young adults. The sample was comprised of healthy young adults, who have a minimal 

history of cannabis use (or other drug use) given that chronic cannabis use is associated with 

structural and functional changes in frontolimbic and frontostriatal regions (see Bloomfield 

et al., 2016; Weinstein et al., 2016). Studying healthy young adults allows us to better 

understand how initial responses to THC may impact frontostriatal rs-fMRI connectivity, 

which could contribute to continued cannabis use. In addition, as an exploratory aim, we 

were interested in understanding how frontostriatal rs-fMRI connectivity was related to 

subjective measures of drug reward during THC intoxication, a known risk factor for SUD 

(de Wit and Phillips, 2012; Haertzen et al., 1983). An oral dose of Marinol (dronabinol) was 

used to specifically study the effects of THC instead of smoked cannabis, given Marinol’s 
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well-known pharmokinetic and pharmodynamic properities and the fact that Marinol does 

not contain other cannabinoids that may also effect frontolimbic and frontostriatal regions, 

which are factors that are less controlled and are more variable when using smoked 

cannabis. Although reductions in frontostriatal connectivity in response to THC 

administration have been found by a few studies in occasional and regular cannabis users 

(Mason et al., in press; Mason et al., 2019; Ramaekers et al., 2016), we hypothesized that 

healthy non-cannabis users receiving THC (vs. placebo) would show greater rs-fMRI 

connectivity between the NAcc and the mPFC based on studies finding THC increased 

frontostriatal dopaminergic-related activity and that increased frontostriatal dopaminergic-

related activity (in response to other drugs) is related to increased frontostriatal rs-fMRI 

functional connectivity in healthy animal and human samples (Cole et al., 2013a; Cole et al., 

2013b; Febo et al., 2017; Weafer et al., 2020). We also hypothesized that individuals with 

greater NAcc-mPFC functional connectivity after receiving THC would report greater 

subjective reward response to THC.

2. Materials and Methods

2.1. Participants

The current study was derived from secondary analysis of study data presented in Gorka et 

al., 2016, which examined how THC affects frontolimbic activation and functional 

connectivity during a cognitive reappraisal task. Participants were healthy right-handed 

young adults recruited from the local community through online and printed advertisements. 

Eligibility was assessed using an in-person interview that involved comprehensive medical 

and psychiatric screening (using a research version of the Structured Clinical Interview for 

DSM-IV disorders; (First et al., 2002). Inclusion criteria included age 21-45, at least a high 

school education, English fluency, no lifetime DSM-IV Axis I psychiatric disorders 

(including substance use disorders), and no serious medical or neurological conditions. 

Participants were also required to have minimal history of cannabis use (≤10 lifetime 

exposures) to limit prior THC exposure. No participant reported that they had used cannabis 

within the past 30 days and all participants were required to test negative on a urine 

toxicology screen at the time of the study. No participant was a daily tobacco smoker. 

Exclusion criteria included night shift work, left-handedness, pregnancy or lactation 

(women), individuals with a contraindication for MRI scanning (i.e., claustrophobia, 

pacemaker, heart valves, or body mass too large for the scanner bore), and current or past 

allergic or adverse reaction or known sensitivity to cannabinoid-like substances (Dronabinol/

Marijuana/Cannabis/THC, cannabinoid oil, sesame oil, gelatin, glycerin, and titanium 

dioxide.). The final sample included 46 individuals who completed a rs-fMRI scan during 

the drug administration visit; four participants (placebo n=1, THC n=3) were excluded due 

to excessive motion during fMRI scans (i.e., >2-mm displacement in any one direction). 

Participant characteristics of the final sample are presented in Table 1.

2.2. Experimental Protocol

Data collection took place at the University of Illinois at Chicago (UIC). The protocol was 

approved by the UIC Institutional Review Board for human participants. All participants 

provided written informed consent and were compensated for their participation. Eligible 
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participants completed a screening visit during which they provided informed consent and 

received instructions regarding drug and alcohol use before scanning sessions; they were 

required to abstain from drugs and alcohol for 24h prior to visits, as verified by breath and 

urine samples. At the screening visit, participants were informed that they may receive a 

capsule containing either placebo or dronabinol, a cannabinoid/marijuana-like drug in the 

study. After screening, participants were randomized to receive THC (n=24) or placebo 

(n=22) in a double-blind, between-subject design as previously described (Gorka et al., 

2016). Participants then attended a separate drug administration visit during which resting 

state fMRI data was captured. Participants arrived to the drug administration visit at 

10:00am and provided breath and urine samples before they completed subjective measures. 

Then around 10:10am, approximately 120 min before scanning, participants ingested an 

opaque gelatin capsule (size 00) with dextrose filler that contained either synthetic THC 

(Marinol; 7.5 mg; Solvay Pharmaceuticals, Marietta, GA) or dextrose alone (PBO). Plasma 

levels of THC and the subjective effects of THC have been shown to peak around 120 

minutes after drug administration of Marinol (see Curran et al., 2002; Phan et al., 2008). The 

dose of 7.5 mg was chosen because it has been used in other pharmaco-fMRI studies (e.g., 

Phan et al., 2008) and is the lowest effective dose that has been found to be behaviorally 

active and increase subjective drug ratings without producing adverse effects or pronounced 

subjective or cardiovascular effects (Ballard and de Wit, 2011; Curran et al., 2002; Rabinak 

et al., 2012). Participants completed subjective reports every half hour or hour for about a 4-

hour period. At the end of the drug administration visit, participants were asked, “Based on 

the effects of the capsule you were given, what do you think it was?” and 77% of 

participants who received placebo reported that they thought they received placebo, while 

54% of participants who received THC reported that they thought they received a 

cannabinoid. Participants left the visit shortly after 2:10pm.

2.3. Subjective Measures

Addiction Research Center Inventory (ARCI; Martin et al., 1971).—To assess 

subjective euphoric response to drug, participants completed the ARCI throughout the drug 

administration visit, including at baseline (0 minutes; prior to drug administration), 90 

minutes (prior to the fMRI scan), and 180 minutes (after the fMRI scan). The Morphine–

Benzedrine Group (MBG, euphoric effects) scale was used, as this has been shown to 

represent the positive, rewarding effects of drugs (e.g., de Wit et al., 1986; Fischman and 

Foltin, 1991). The peak change difference score for ARCI-MBG (peak score (average of 90 

minute and 180 minute assessments) minus baseline (0 minutes) score; Mayo and de Wit, 

2015) was used for analyses.

Drug Effects Questionnaire (DEQ; Johanson and Uhlenhuth, 1980).—To assess 

subjective liking of drug response, participants completed the DEQ throughout the drug 

administration visit, including at baseline (0 minutes; prior to drug administration), 90 

minutes (prior to the fMRI scan), and 180 minutes (after the fMRI scan). As part of the 

DEQ, participants were asked to rate their response to the question “Do you like the effects 

you are feeling now (rated from “dislike”=−4 to “like very much”=4)?”. Participants were 

instructed to choose “0” for neutral if they were not feeling any effects at all. The peak 

change difference score for DEQ-Like (peak score (average of 90 minute and 180 minute 
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assessments) minus baseline (0 minutes) score; Mayo and de Wit, 2015) was used for 

analyses. For descriptive purposes, participants were also asked to rate their responses to the 

questions, “Do you feel any drug effects?” and “Do you feel high right now” (rated from 

“not at all”=0 to “very strongly”=4). Approximately 70% of participants receiving THC 

reported feeling the effect of the drug (DEQ-Feel scale) and 67% of participants receiving 

THC reported feeling high (DEQ-High scale).

2.4. fMRI Data Acquisition and Preprocessing

An eyes-open rs-fMRI scan was collected over 8 minutes on a 3T GE magnetic resonance 

scanner at the UIC Center for Magnetic Resonance Research. Participants were asked to 

look at a fixation cross on the screen and let their mind wander. Functional images were 

acquired using a gradient-echo echo-planar images (2s TR, 25ms TE, 82° flip, 64x64 matrix, 

200mm FOV, 3mm slice thickness, 0mm gap, with 44 axial slices).

Motion outliers were identified based on framewise displacement (FD; >0.5 mm) using 

FSL’s motion outlier tool and then censored from analyses. In addition, imaging data were 

inspected and individuals with >2mm displacement in any direction were not included in the 

analysis. The remaining subjects met criteria for high quality and scan stability. There were 

no significant group differences in peak movement (PBO: M= 0.30 mm, SD= 0.23 mm; 

THC: M= 0.25 mm, SD= 0.18 mm), mean movement, or variability (p-values>.05). 

Preprocessing of fMRI data was conducted using Statistical Parametric Mapping software 

(SPM8, Wellcome Department of Imaging Neuro-Science, London, UK). Images were 

spatially realigned, slice-time corrected, warped to Montreal Neurological Institute (MNI) 

space using the participant’s mean functional image, resampled to 2 mm3 voxels, and 

smoothed (8 mm3 kernel). The effects of nuisance covariates (time-series predictors for 

global signal, white matter, cerebrospinal fluid and movement parameters including the first 

derivative), obtained during realignment to account for motion-related effects in blood-

oxygen level dependent (BOLD) signal, were regressed from the data following the 

implemented anatomical component-based noise correction method (aCompCor; Behzadi et 

al., 2007). The data were then bandpass filtered to 0.01–0.09 Hz.

2.5. Statistical Analysis

Analyses were performed using SPM8 and SPSS 24.0 (IBM). Connectivity analyses were 

performed using the functional connectivity (CONN) toolbox (Whitfield-Gabrieli and Nieto-

Castanon, 2012; www.nitrc.org/projects/conn) for statistical parametric mapping software 

(SPM8: Wellcome Trust Centre for Neuroimaging, London, UK).

2.5.1. Group differences in functional connectivity—Seed-based connectivity 

analyses were performed by calculating the temporal correlation between BOLD signals 

from bilateral striatal (putamen, caudate, and NAcc) seeds to all other voxels in the brain. 

The striatal seeds of interest (SOIs), except the NAcc, were anatomically defined via the 

AAL atlas and created using MARINA (http://www.bion.de/Marina.html, Walter et al., 

2003; Figure 1). The NAcc SOI was anatomically predefined based on prior PET studies 

(Martinez et al., 2005; Martinez et al., 2003; Figure 1). Visual inspection, using the Check 

Reg tool in SPM, showed the NAcc ROI was nearly identical to the AAL3 NAcc anatomical 
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ROI. First level correlation maps were created for all subjects. The participant maps of the 

correlations between the seed regions and all voxels of the brain were then entered into a 

second-level group analysis, using a two (group: PBO, THC) by one (rs-fMRI) analysis of 

variance (ANOVA). The contrast of interest was the main effect of group (THC versus 

PBO).

Given our a priori hypothesis regarding frontostriatal connectivity, neural activity from 

second-level models were considered significant if it exceeded correction of multiple 

comparisons across the entire frontal cortex and cingulate cortex. Due to concerns of high 

rates of false positives with lenient significance thresholds and following recent guidelines 

(Eklund et al., 2016; Woo et al., 2014), neural activity was considered significant if it 

exceeded correction of multiple comparisons within the frontal cortex and cingulate cortex 

(e.g., a gray matter mask [volume=54,426mm3]). Correction for multiple comparisons was 

performed using a spatial clustering operation in AFNI’s 3dClustSim utilizing the 

autocorrelation function (-acf) with 10,000 Monte Carlo simulations. Spatial autocorrelation 

was estimated from residuals from the individual-level GLMs. In line with current 

recommendations, the voxel threshold was set at p=.001; Cox et al., 2017). Significance at 

corrected α<0.05 and a voxel threshold of p<0.001 yielded a minimum cluster size of at 

least 55 contiguous voxels (volume=440mm3). In order to show the distribution of 

connectivity data in a scatterplot, we extracted parameter estimates/β-weights from a 10mm 

radius sphere surrounding the peak connectivity.

2.5.2. Group differences in subjective effects—Subjective ratings of euphoria and 

drug liking were assessed separately using two (group: PBO, THC) by one analysis of 

variance (ANOVA) tests.

2.5.3. Exploratory Aim: Relationship between functional connectivity and 
subjective effects—Pearson correlation analyses were used to examine if there were 

relationships between significant functional connectivity findings and subjective effects 

(ARCI-MBG and DEQ-Like).

3. Results

3.1. Group differences in functional connectivity

Individuals who received THC demonstrated increased functional connectivity between the 

right NAcc and the right mPFC and the right dorsomedial prefrontal cortex (dmPFC) 

compared to individuals who received PBO (Table 2; Figure 1). No results were significant 

for the putamen or caudate SOIs. There were no significant decreases in functional 

connectivity for any SOI. Of note, these results remained after controlling for past month 

tobacco user status.

3.2. Group differences in subjective effects

Individuals who received THC reported significantly higher ratings of euphoria (ARCI-

MBG) (M= 0.88, SD= 2.26) compared to individuals who received PBO (M=−0.59, 

SD=2.29), F(1, 45)=4.77, p=.03. There were no significant differences between THC (M=
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−0.67, SD=1.63) and PBO (M=−0.19, SD=0.95) groups in ratings of drug liking (DEQ-

Like), F(1, 43)=1.40, p=.24. The time-course of ARCI-MBG and DEQ-Like ratings are 

shown in Figure 2.

For descriptive purposes, individuals who received THC reported significantly greater 

ratings of feeling the drug (M=1.14, SD=0.95) than individuals who received PBO (M=0.45, 

SD=0.55), F(1, 45)=8.23, p=.006. Individuals who received THC also reported significantly 

greater ratings of drug high (M=0.95, SD=0.99) than individuals who received PBO 

(M=0.26, SD=0.41), F(1, 45)=8.89, p=.005. The time-course of DEQ-Feel and DEQ-High 

ratings are shown in Figure 2.

3.3. Exploratory Aim: Relationship between functional connectivity and subjective effects

Higher ratings of euphoria were significantly related to greater right NAcc-dmPFC 

connectivity for the THC group (r=.44, p=.03), but not for the PBO group (r=.01, p=.98; see 

Figure 3). This finding did not survive correction for multiple comparisons using False 

Discovery Rate (FDR). No other significant relationships between subjective drug ratings 

(ARCI-MBG, DEQ-Like) and functional connectivity were found for either group (p >.05).

4. Discussion

This is one of the first studies to examine rs-fMRI connectivity in healthy young adults with 

limited history of cannabis use after THC administration. We found that healthy individuals 

who received THC demonstrated greater rs-fMRI connectivity between frontostriatal regions 

implicated in reward including between the right NAcc and the right mPFC, as well as the 

right dorsomedial prefrontal cortex (dmPFC) compared to individuals who received placebo. 

No significant group differences were seen for the putamen or caudate seeds. No decreases 

in rs-fMRI were found. Additionally, individuals who received THC reported higher 

subjective euphoria ratings, but not subjective drug liking, compared to individuals who 

received placebo. Furthermore, in our exploratory aim, we found preliminary evidence that 

higher ratings of euphoria were related to greater right NAcc-dmPFC connectivity for the 

THC group, but not for the placebo group. Together, these findings indicate that THC may 

produce subjective and neural reward responses that may contribute to the rewarding, 

reinforcing properties of cannabis.

The finding that healthy young adults with a limited history of cannabis use receiving THC 

demonstrated greater rs-fMRI connectivity between frontostriatal regions implicated in 

reward than those receiving placebo provides novel information about how THC may affect 

frontostriatal reward circuitry in non-users. Previous studies among occasional and regular 

cannabis users have found reductions in frontostriatal connectivity (Mason et al., in press; 

Mason et al., 2019; Ramaekers et al., 2016). Given that history of cannabis use can impact 

frontostriatal functional connectivity (Mason et al., in press), it is possible that the 

discrepancy in findings is due to differences in cannabis use history among the samples. 

Specficially, the current study was comprised of healthy young adults who had used 

cannabis 10 times or less in their lifetime and had minimal other substance use, so the 

current findings may reflect how frontostriatal networks interact during initial exposure to 

THC. On the other hand, the previous studies had samples of occasional and regular 
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cannabis users and one of the studies, Ramaekers et al., 2016, recruited occasional and 

regular cannabis and cocaine users. So, the previous findings may reflect frontostriatal 

network connectivity during THC intoxication among individuals who have already 

experienced drug-related alterations in brain reward cicruity from previous use. Indeed, it is 

well established that as drug use progresses and a Substance Use Disorder (SUD) develops, 

drug-related neuroadaptations occur such that brain reward circuitry becomes hypoactive, or 

less sensitive, to rewards (Volkow et al., 2016). It is possible that these neuroadaptions begin 

to occur even before an individual develops a SUD, impacting functional connectivity of 

brain reward circuitry. Taken together, our findings provide novel evidence that initial 

exposure to THC may increase connectivity between the ventral striatum and prefrontal 

regions including the mPFC and dmPFC among healthy young adults with a limited 

cannabis use history. The mPFC and dmPFC are regions within frontostriatal circuitry 

involved in reward processing, decision making, and cognitive flexibility and have known 

connections to the NAcc (Haber and Knutson, 2010; Rouault et al., 2019). Our findings of 

greater rs-fMRI connectivity between the NAcc and these regions among individuals who 

received THC (compared to those who received placebo) indicate that THC may increase the 

intrinsic connectivity of these reward-related regions, even at a relatively low dose (7.5 mg). 

Future studies are needed to better understand how cannabis use history and other substance 

use history may differently impact frontostriatal connectivity during acute THC intoxication.

In addition, we found novel, preliminary evidence for a relationship between rs-fMRI 

frontostriatal connectivity and individuals’ subjective euphoria ratings among individuals 

who received THC. First, we found that overall, participants who received THC reported 

higher subjective euphoria ratings, but not subjective drug liking compared to individuals 

who received placebo. Previous findings for how THC affects subjective ratings of euphoria 

and drug liking are mixed, with some reporting increased subjective ratings of drug liking 

and drug reward to THC (Hart et al., 2005; McDonald et al., 2003) and others reporting 

decreased subjective ratings of drug liking and drug reward to THC (Wardle et al., 2015), 

indicating there may be individual differences in how rewarding individuals find THC. 

Indeed, in the current study we found large individual differences in ratings of drug reward 

(see Figures 2 & 3). In general, participants in both groups reported relatively neutral drug 

liking (see Figure 2). Second, in exploratory analyses we found that these individual 

differences in subjective euphoria ratings to THC were related to the strength of rs-fMRI 

frontostriatal connectivity. To our knowledge this is the first study to find a relationship 

between rs-fMRI connectivity and subjective response to THC. Specifically, we found that 

individuals with higher ratings of euphoria demonstrated greater right NAcc-dmPFC 

connectivity among those who received THC, but this positive association was not 

significant among those who received placebo. However, it is important to note that although 

this relationship had a medium effect size, it did not survive correction for multiple 

comparisons, highlighting the preliminary nature of this finding and the need for replication. 

Despite the preliminary nature of this finding, it is interesting that increased connectivity 

between the NAcc and the dmPFC, but not a more ventral mPFC node, was related to higher 

euphoria ratings to THC. As mentioned above, the dmPFC is involved in reward processing, 

decision making, and cognitive flexibility and has known connections to the NAcc (Haber 

and Knutson, 2010; Rouault et al., 2019). Therefore, individuals with greater NAcc-dmPFC 
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connectivity after receiving THC may experience greater THC-induced euphoria and it is 

possible that these individuals are more likely to use cannabis again.

It is important to note the limitations of the current study. First, the study is a between-

subject design. Although THC and placebo groups were matched on participant 

characteristics, it is possible that the groups differed on measures not included in the current 

study that may have influenced the results. Future studies using within-subject designs with 

larger sample sizes are needed to replicate the findings. Second, the participants were 

healthy young adults who had minimal previous exposure to cannabis (≤10 lifetime 

exposures). Although this allowed us to better understand how initial responses to THC may 

impact frontostriatal rs-fMRI connectivity, which could contribute to continued cannabis 

use, this limits the generalizability of the findings. It is not clear that the findings would be 

generalizable to individuals who are at high risk, such as those with a family history of drug 

use, or to individuals with a history of more lifetime cannabis use. Third, we found that 

functional connectivity was related to ratings of euphoria, but not ratings of drug liking. In 

previous studies, the ARCI-MBG and DEQ-Like are only modestly correlated after 

administration of other substances (i.e., alcohol, amphetamine, nicotine; (Morean et al., 

2013), suggesting that they are capturing difference subjective experiences. In the current 

study, these measures were not significantly correlated (r= −.10, p=.54). Overall, participants 

in both groups reported neutral/no effects of the drug for the DEQ-Like scale. Therefore, the 

lack of correlation between the ARCI-MBG and DEQ-Like scales may be due to a restricted 

range of drug liking ratings. More research is needed to better understand how THC impacts 

euphoria and liking ratings in healthy individuals and in cannabis users. Fourth, we tested 

only one dose of THC and only one mode of drug delivery (i.e., oral ingested pill). 

Examining different doses and different modes of THC delivery (e.g., smoked, oral ingested 

pill, edible) would provide a more complete picture of the pharmacological profile. Fifth, 

physiological measures (e.g., respiratory rate, heart rate, vascular changes) were not 

measured in the study. THC may alter these physiological measures, which may have 

influenced the BOLD response among individuals given THC in the study. Sixth, we did not 

collect pharmacokinetic measures to support the effectiveness of the THC manipulation. 

Seventh, we did not measure drug expectancies, which are known to impact subjective drug 

response (e.g., Kirk et al., 1998) and may also impact neural activity. Eighth, we did not 

measure caffeine or tobacco use on the day of the drug administration visit. Although groups 

did not differ on recent caffeine or tobacco use (and results did not change controlling for 

past month tobacco user status), it is possible that groups may have differed on caffeine 

and/or tobacco use on the day of the drug administration visit, which may have affected the 

results. Lastly, our study is cross-sectional and we did not measure substance use over time. 

Future and ongoing studies are needed to replicate the current study in larger, longitudinal 

samples.

5. Conclusions

Overall, our findings provide novel evidence that healthy, non-cannabis users who take THC 

experience greater subjective and neural reward responses compared to those who take 

placebo, which may contribute to the rewarding, reinforcing properties of cannabis. 

Specifically, we found that individuals who received THC demonstrated greater 
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frontostriatal rs-fMRI connectivity and higher subjective euphoria ratings compared to 

individuals who received placebo. In addition, we found preliminary evidence that greater 

frontostriatal rs-fMRI connectivity is related to higher subjective ratings of euphoria among 

individuals who received THC compared to individuals who received placebo. These 

findings extend our understanding of how THC impacts the brain, especially frontostriatal 

brain reward circuitry, among healthy adults with limited lifetime cannabis use and provide 

preliminary evidence that individual differences in subjective euphoria ratings to THC are 

related to the strength of rs-fMRI frontostriatal connectivity, which may represent a profile 

of risk for continued cannabis use.
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Highlights

• It is not clear how Δ9-Tetrahydrocannabinol (THC) impacts brain reward 

circuitry

• We examined how THC alters resting state functional connectivity in non-

users

• THC increased frontostriatal rs-fMRI connectivity and subjective euphoria 

ratings

• Higher euphoria ratings to THC were related to greater frontostriatal 

connectivity

• These findings extend our understanding of how THC impacts the brain
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Figure 1. 
Group Differences in Resting State Functional Connectivity. Individuals who received THC 

demonstrated increased resting state fMRI (rs-fMRI) connectivity between the right NAcc 

and the right mPFC, the right dorsomedial prefrontal cortex (dmPFC) compared to 

individuals who received placebo (p< 0.05, corrected).
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Figure 2. 
Group Differences in Subjective Drug Responses Over Time. Panel A shows ARCI-MBG 

scores for the placebo and THC groups over time (*, p< .05). Panel B shows DEQ-Like 

scores for the placebo and THC groups over time (*, p< .05). Panel C shows DEQ-Feel 

scores for the placebo and THC groups over time (*, p< .05). Panel D shows DEQ-High 

scores for the placebo and THC groups over time (*, p< .05).
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Figure 3. 
Frontostriatal Resting State Functional Connectivity is Associated with Subjective Ratings 

of Drug Reward. Greater right NAcc-dmPFC connectivity during THC intoxication was 

related to higher ratings of euphoria for the THC group, but the relationship of these 

measures was not significant among individuals in the placebo group.
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Table 1.

Participant Characteristics

THC
(N = 24)

Placebo
(N = 22)

Age 25.95 (5.63) 24.00 (4.01)

Gender (% Female) 58% 64%

Years of Education 15.75 (1.42) 16.32 (1.94)

Ethnicity (% Hispanic)* 42% 9%

Race

 % Caucasian 37% 50%

 % More than 1 Race or Unknown 27% 5%

 % African-American 9% 5%

 % Asian 18% 36%

 % American Indian/Alaskan Native 9% 0%

 % Native Hawaiian/Pacific Islander 0% 4%

Past Month Substance Use

 Cannabis use frequency 0.00 (0.00) 0.00 (0.00)

 Alcoholic drinks/week 1.20 (0.99) 1.02 (0.74)

 Caffeine drinks/day 1.15 (1.11) 1.13 (0.81)

 % Used tobacco (averaged cigarettes/day for users) 17% (n=4; 0.40 ± 0.00) 5% (n=1; 0.87 ± 1.10)

Lifetime Substance Use

 Number of times used cannabis [range] 1.54 (0.51) [1-2] 1.73 (0.55) [1-3]

 Number of times used barbiturates [range] 0.00 (0.00) [0] 0.00 (0.00) [0]

 Number of times used stimulants (prescribed or recreational use) [range] 0.00 (0.00) [0] 0.00 (0.00) [0]

 Number of times used opiates (recreational use) [range] 0.00 (0.00) [0] 0.00 (0.00) [0]

 Number of times used hallucinogens [range] 0.00 (0.00) [0] 0.10 (0.31) [0-1]

 Number of times used inhalants [range] 0.00 (0.00) [0] 0.00 (0.00) [0]

Note. All values are means and standard deviations unless otherwise noted;

*
p< .05
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Table 2.

Regions Demonstrating Increased Functional Connectivity in THC Group

Region Voxels
(k)

Z score Peak Coordinates (MNI)

x y z

Right NAcc seed

 Right mPFC 70 4.22 20 68 18

 Right dmPFC 59 4.18 20 26 46

Note. dmPFC= dorsomedial prefrontal cortex, MNI= Montreal Neurological Institute, and mPFC= medial prefrontal cortex.
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