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Abstract

Rationale.—Excessive fear and anxiety, coupled with corticolimbic dysfunction, are core
features of stress- and trauma-related psychopathology, such as posttraumatic stress disorder
(PTSD). Interestingly, low doses of A9-tetrahydrocannabinol (THC) can produce anxiolytic
effects, reduce threat-related amygdala activation, and enhance functional coupling between the
amygdala and medial prefrontal cortex and adjacent rostral cingulate cortex (MPFC/rACC) during
threat processing in healthy adults. Together, these findings suggest the cannabinoid system as a
potential pharmacological target in the treatment of excess fear and anxiety. However, the effects
of THC on corticolimbic functioning in response to threat have not be investigated in adults with
trauma-related psychopathology.

Objective.—To address this gap, the present study tests the effects of an acute low-dose of THC
on corticolimbic responses to threat in three groups of adults: 1) non-trauma-exposed healthy
controls (HC; n = 25), 2) trauma-exposed adults without PTSD (TEC; n = 27), and 3) trauma-
exposed adults with PTSD (n = 19).

Methods.—Using a randomized, double-blind, placebo-controlled, between-subjects design, 71
participants were randomly assigned to receive either THC or placebo (PBO) and subsequently
completed a well-established threat processing paradigm during functional magnetic resonance
imaging.
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Results.—In adults with PTSD, THC lowered threat-related amygdala reactivity, increased
mPFC activation during threat, and increased mPFC-amygdala functional coupling.

Conclusions.—These preliminary data suggest that THC modulates threat-related processing in
trauma-exposed individuals with PTSD, which may prove advantageous as a pharmacological
approach to treating stress- and trauma-related psychopathology.
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Introduction

Self-medication with Cannabis sativato relieve negative affective symptoms, like anxiety, is
common in individuals with posttraumatic stress disorder (PTSD) and related disorders
(Bolton et al. 2009; Bowles 2012; Bujarski et al. 2012; Boden et al. 2013; Walsh et al. 2017;
O’Neil et al. 2017). Cannabis exerts its anxiolytic effects via the psychoactive component,
A9-tetrahydrocannabinol (THC), which acts as an agonist on cannabinoid type-1 receptors
(CB1Rs) in the brain (Viveros et al. 2005a). Importantly, the engagement of the
endocannabinoid (ECB) system in the brain plays a critical role in fear-related learning and
memory (Ruehle et al. 2012). For instance, animal models show that acute systemic THC
administration reduces the behavioral expression of fear following exposure to a stressor
(e.g., physical restraint; Patel et al. 2005). Conversely, CB1R blockade via systemic
pharmacological administration of a CB1R antagonist or CB1R genetic deletion increases
anxiety-related behaviors in the elevated-plus maze (Haller et al. 2002) and interferes with
successful extinction of conditioned fear responses (Marsicano et al. 2002; Chhatwal et al.
2005; Pamplona and Takahashi 2006; Bitencourt et al. 2008; Lin et al. 2009). Given that fear
and anxiety are central features of PTSD and other stress-related pathologies, these
observations have prompted interest in using THC and other ECB modulators to alleviate
PTSD symptoms (Trezza and Campolongo 2013; Patel et al. 2017).

Corticolimbic brain regions, including the amygdala, medial prefrontal cortex and adjacent
rostral anterior cingulate cortex (mPFC/rACC), are involved in threat processing; however,
individuals with PTSD often display dysfunction within and between these regions. This
dysfunction is thought to be a mechanism by which acute stress responses following trauma
exposure persist and develop into psychopathology (Etkin and Wager 2007; Fenster et al.
2018). The amygdala, for instance, which encodes threat-related information and generates
fear responses (LeDoux 2000), is hyperactive in PTSD in response to trauma-related
imagery (Shin et al. 1997, 2004), combat-related sounds or smells (Liberzon et al. 1999;
Pissiota et al. 2002; Vermetten et al. 2007), trauma-related photographs or words (Driessen
et al. 2004; Neumeister et al. 2017), and threatening facial expressions (Rauch et al. 2000;
Shin et al. 2005; Williams et al. 2006; Bryant et al. 2008; Simmons et al. 2011; Stevens et al.
2013; Killgore et al. 2014; Badura-Brack et al. 2018). Exaggerated amygdala reactivity is
likely due, in part, to insufficient top-down regulation from the mPFC/rACC, consequently
leading to hyperarousal and an inability to suppress attention and responses to trauma-
related stimuli (Pitman et al. 2001; Liberzon 2006; Garfinkel and Liberzon 2009; Fenster et
al. 2018; Andrewes and Jenkins 2019). Indeed, lower functional connectivity between the
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amygdala and mPFC/rACC during threat processing has been reported in patients with
PTSD relative to healthy individuals (Stevens et al. 2013; Wolf and Herringa 2016).

Interestingly, CB1Rs are highly abundant in these regions of the corticolimbic system (Tsou
et al. 1998; Marsicano and Lutz 1999; Patel et al. 2017) and recent neuroimaging studies in
healthy adults show that THC modulates activity in the amygdala and mPFC/rACC.
Specifically, an acute oral low dose of THC (7.5 mg) reduced amygdala reactivity, but
enhanced coupling between the amygdala and mPFC/rACC, to social threat (i.e., fearful and
angry facial expressions), as compared to placebo (PBO; Phan et al. 2008; Gorka et al.
2015a). These findings suggest that pharmacological enhancement of ECB signaling may
help to address corticolimbic dysfunction in PTSD and other stress-related disorders.
However, it should be noted that others have reported that administration of THC,
particularly at a higher dose (10 mg) increases amygdala activation (Bhattacharyya et al.
2010, 2017), and modulates activation in frontal and parietal regions (Crippa et al. 2009),
while increasing levels of anxiety and autonomic arousal to fearful faces (Crippa et al. 2009;
Bhattacharyya et al. 2010, 2017). These divergent findings highlight the complexity of
THC’s effect on threat responding that may be bimodal, such that low doses of THC may be
anxiolytic (Wachtel et al. 2002), whereas higher doses of THC are typically anxiogenic
(D’Souza et al. 2004; Genn et al. 2004; Viveros et al. 2005b; Bhattacharyya et al. 2015,
2017). To-date, the effects of THC on corticolimbic responses to threat have only been
conducted in healthy individuals. Thus, it is unclear whether the observed effects of THC on
corticolimbic function and functional connectivity would replicate in individuals with
trauma exposure who are at risk for developing PTSD and/or meet criteria for PTSD.

To address this gap, the present study tests the effects of an acute oral low dose of THC on
corticolimbic activation and functional coupling to social threat in three groups of adults: 1)
non-trauma-exposed healthy controls (HC), 2) trauma-exposed adults without PTSD (TEC),
and 3) trauma-exposed adults with PTSD (PTSD).

Materials and Methods

Participants

Eighty-six right-handed individuals met pre-screening eligibility and were enrolled in the
present study. Of the 86, a total of 15 were subsequently excluded (see Fig. 1 for summary),
thus, N = 71 participants were included in our final analyses (20-45 years of age; 36
females; see Table 1). Participants were recruited from the Detroit community via print and
online advertisements and flyers. Full exclusionary criteria, comorbid psychiatric conditions,
and daily medication usage is presented in Online Resource 1. All participants gave written
informed consent after explanation of the experimental protocol, as approved by the Wayne
State University Institutional Review Board. Of note, this study is part of a larger study
investigating the effects of THC on fear extinction in participants with PTSD
(NCT02069366).
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Trauma-related psychopathology

The Life Events Checklist for DSM-5 (LEC-5) was used to identify potentially traumatic
events in the participants’ lifetime (Weathers et al. 2013a) and total number of different
types of traumatic events experienced and witnessed were used as an index of trauma load.
A total of 65 of the N = 71 participants endorsed prior trauma exposure, and of these N = 46
had endorsed a traumatic event that met Criterion A per the Diagnostic and Statistical
Manual of Mental Disorders (DSM-5; American Psychiatric Association 2014). Of the 46
Criterion A-exposed individuals, 22 were classified as meeting criteria for PTSD using The
Clinician-Administered PTSD Scale for Diagnostic and Statistical Manual of Mental
Disorders (CAPS-5; Page et al. 2013), by either meeting CAPS-5 diagnostic criteria or
having CAPS-5 PTSD symptom severity scores = 25. Twenty-four participants did not reach
criteria for PTSD diagnosis or had severity scores < 25 and, thus, were labeled as TEC.
Nineteen participants endorsed at least one traumatic event on the LEC-5 without any
meeting Criterion A per the DSM-5. These participants, plus six that denied any exposure to
a traumatic event over their lifetime, were therefore labeled as HC (N = 25). Importantly,
HC, TEC, and PTSD groups did not differ in age, gender distribution, or race/ethnicity (¢’s
> 0.4). See Online Resource 1 for analyses comparing trauma load between groups. In
addition, analyses comparing PTSD symptom severity and number of PTSD symptoms
between PTSD and TEC were conducted and results can be found in Online Resource 1.

Drug groups

Procedure

Participants were randomized to receive either THC (dronabinol; 7.5 mg capsule; Ascend
Laboratories, LLC, Parsippany, NJ) or a matching capsule containing only dextrose (PBO).
This dose was previously found to reduce amygdala reactivity to threat in healthy volunteers,
without affecting activity in primary visual or motor cortices (Phan et al. 2008). Importantly,
the drug was administered evenly across groups ()(2(2) =0.116, p=0.944) and individuals
receiving THC vs PBO did not differ in sociodemographic factors or PTSD symptom
severity (see Table 1 and Fig. 1). Self-reported cannabis use did not significantly differ
between drug groups and did not affect the behavioral or brain results (see Online Resource
1).

Participants ingested a capsule containing either PBO (N = 36) or THC (N = 35) by mouth
approximately 120 minutes prior to the fMRI scan, which corresponds to the anticipated
peak drug effects (Wachtel et al. 2002).The study’s principal investigator (CAR) performed
drug randomization, and participants and research staff were blinded to the contents of the
capsule and subsequent drug grouping.

Threat processing task

During fMRI scanning, participants completed an emotional face processing task developed
by Hariri and colleagues (Hariri et al. 2002) that has been shown to reliably elicit threat-
related amygdala responses. This social threat task has been extensively used in previous
pharmacological fMRI studies (Hariri et al. 2002; Paulus et al. 2005; Tabbert et al. 2005),
and consists of photographs of angry, fearful, and happy facial expressions of an equal
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number of adult male and female actors. During a given trial, participants were presented
with a trio of faces selected from the validated Gur stimulus set (Gur et al. 2002).
Participants were instructed to select which one of two bottom faces matched the expression
of the top target face. The third, distracter face, was a neutral face. All three faces in a given
trial were of different actors.

The task was administered in a block design, such that six blocks of each target expression
(angry, fearful, happy) were presented. To allow for amygdala reactivity to return to
baseline, blocks of shapes matching trials were interleaved with emotion blocks. During
shapes trials, participants were instructed to match simple geometric shapes (i.e., circles,
rectangles, or triangles). Of note, no target stimuli were repeated within or across blocks.
This task design allows us to explore valid contrasts of social threat (angry and fearful faces)
vs. shapes and non-threat (happy faces vs. shapes). The task lasted a total of 12 minutes,
broken into two six-minute runs, with a total of 36 blocks (18 emotional faces, 18 shapes).
Block order was counterbalanced across runs, and each 20 second block consisted of four 5-
second trials.

Behavioral data

Accuracy and reaction time were measured for each condition. We performed a drug (PBO
vs. THC) x group (PTSD vs. TEC vs. HC) x condition (threatening faces vs. non-
threatening faces vs. shapes) ANOVA to test for main effects or interactions on accuracy and
reaction time, using SPSS software (IBM SPSS Statistics 26). When needed, for each
analysis we applied the Greenhouse-Geisser correction (if the probability of Mauchly’s Test
of Sphericity was less than 0.05). Significant main effects and interactions were followed up
by #tests, and all results were considered significant at p < 0.05 (two-tailed), Bonferroni
corrected for multiple comparisons.

Subjective anxiety ratings and drug effects

fMRI

We collected subjective anxiety ratings using the State-Trait Anxiety Inventory (STAI state
anxiety; Spielberger 1983) and Visual Analog Scales (VAS; Folstein and Luria 1973). See
Online Resource 1 for details regarding these measures and results (Figs. S1 and S2).

Data collection.—MRI data were collected on a 3T Siemens MAGNETOM Verio scanner
with a 32-channel head coil at the Wayne State University MR Research Facility. See Online
Resource 1 for scanning parameters.

Preprocessing.—FMRI data were analyzed using SPM8 software (Wellcome Department
of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk/spm). The following
preprocessing steps were applied, in order: (1) distortion correction, (2) realignment to the
first image, (3) slice timing correction, (4) coregistration, (5) normalization to MNI space,
(6) reslicing, and (7) spatial smoothing (6 mm FWHM Gaussian kernel). Data from 71
participants met criteria for high quality and scan stability with minimum motion correction
and were subsequently included in the analyses (Online Resource 1).
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Anatomically defined left and right amygdala were tested separately and defined using the
AAL atlas (Tzourio-Mazoyer et al. 2002; Fig. 2a). For better anatomic localization in the
amygdala, we also examined activation within cytoarchitectonically-defined amygdala
subregions (basolateral [BL], centromedial [CM], superficial [SF], amygdalostriatal [AStr])
as defined in the SPM Anatomy Toolbox (Eickhoff et al. 2005; Amunts et al. 2005; Fig. 2b).
The mPFC/rACC was defined using a 10 mm radius sphere centered on coordinates reported
in a previous study of acute THC administration in healthy adults during social threat (x =
14, y=42,z=12; Gorka et al., 2015; Fig. 2c). All coordinates in this report are given in
MNI convention.

Analysis.—See Online Resource 1 for first-level model details. Following Phan et al.
(2008), individual contrast maps for threatening (angry, fear) faces > shapes and non-
threatening (happy) faces > shapes were estimated in SPM8 and subsequently submitted to
second level analyses in a random-effects statistical model (Friston et al. 1998). The first
principal component of the activation within each region of interest (ROI) for the contrasts
threatening faces vs. shapes and non-threatening faces vs. shapes, was extracted for each
participant.

For each ROI, a drug (PBO vs. THC) x group (PTSD vs. TEC vs. HC) x condition
(threatening faces (vs. shapes) vs. non-threatening faces (vs. shapes)) repeated-measures
ANOVA was performed on the extracted first-principal component S-estimates across the
ROI, using SPSS software. When needed, for each analysis we applied the Greenhouse-
Geisser correction (if the probability of Mauchly’s Test of Sphericity was less than 0.05).
Significant main effects and interactions were followed up by #tests, and all results were
considered significant at p < 0.05 (two-tailed), Bonferroni corrected for multiple
comparisons. Within SPM8, a complementary whole-brain corrected threshold pFWE < 0.05
was used for exploratory purposes (See Online Resource 1 for whole-brain results).

Functional connectivity.—Functional connectivity of the mPFC/rACC was assessed
using a generalized psychophysiological interaction analysis (gPPI; McLaren et al. 2012) in
SPMS8. First, we created an mPFC/rACC seed region using the same mPFC/rACC ROI
described above for the activation analysis, and deconvolved the time series of that seed
region with the HRF to put the seed time series in “neuronal space”. Then, we created
interaction terms (PPI) by multiplying the deconvolved time series from the mPFC/rACC
with the onset times for threatening faces (vs. shapes) and non-threatening faces (vs.
shapes). These PPIs were then used in a whole-brain regression, to obtain estimates of
whole-brain voxelwise connectivity with the seed region during the task conditions. gPPI
estimates were extracted from individual participant contrast images for mPFC/rACC
connectivity during threat and non-threat using the anatomically defined left and right
amygdala and cytoarchitectonically-defined amygdala subregions described above. These
gPPI estimates were entered into repeated-measures ANOVAs using SPSS software. When
needed, for each analysis we applied the Greenhouse-Geisser correction (if the probability of
Mauchly’s Test of Sphericity was less than 0.05). Significant main effects and interactions
were followed up by #tests, and all results were considered significant at p < 0.05 (two-
tailed), Bonferroni corrected for multiple comparisons. Within SPM8, a complementary
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whole-brain corrected threshold pFWE < 0.05 was used for exploratory purposes (See
Online Resource 1 for whole-brain results).

Activation.—A drug (THC, PBO) x group (HC, TEC, PTSD) x condition (threatening
faces vs. shapes, non-threatening faces vs. shapes) ANOVA showed a significant main effect
of condition in bilateral whole amygdala (left: A1,65) = 5.131, p=0.027; right: A1,65) =
4.396, p=0.040; Fig. 3a), which was further localized to the BL subdivision (left: A1,65) =
6.090, p=0.016; right: A1,65) =4.538, p=0.037) and left AStr (H1,65) = 4.456, p=
0.039). Compared to non-threatening faces (vs. shapes), amygdala responding (bilateral BL,
left AStr, bilateral amygdala as a whole) was greater to threat (vs. shapes). There was also a
significant main effect of group in the BL subdivision of the left amygdala (A2,65) = 5.032,
p=0.009; Fig. 3b). Compared to the HC group, the TEC group showed greater left BL
activation across conditions (p = 0.007), however, there were no differences between TEC
and PTSD or PTSD and HC (ps > 0.05). Importantly, there was a significant main effect of
drug in the BL and SF subdivisions of the left (BL: A1,65) = 7.182, p=0.009; SF: A1,65)
= 4.740, p=0.033) and right (BL: A1,65) = 4.511, p=0.037; SF: A1,65) =8.614, p=
0.005) amygdala (Fig. 3c). Overall, THC decreased bilateral BL and SF activation compared
to PBO.

There was a significant drug x group interaction in the mPFC/rACC (H2,65) = 4.887, p=
0.011; Fig. 3d). Follow-up #tests showed that within the PBO group, the TEC group showed
higher mPFC/rACC activation compared to both PTSD (£21) = 2.987, p=0.007) and HCs
(417.737) = 2.468, p=0.024). There was no difference in mPFC/rACC activation between
the PTSD and HC groups that had received PBO. Notably, within the PTSD group, THC
increased mPFC/rACC activation compared to PBO ({17) = 2.945, p=0.009). There were
no significant differences in mPFC/rACC activation between PTSD, TEC, and HC groups
that had received THC or between THC and PBO within the TEC and HC groups (ps >
0.05).

Finally, there was a significant three-way interaction (drug x group x condition) in the AStr
subdivision of the right amygdala (AH2,65) = 5.995, p = 0.004; Fig. 3e). Follow-up #tests
showed that within the PTSD group, THC decreased right AStr response to threat relative to
PBO (#17) = 2.161, p=0.045). In the HC group, THC decreased right AStr response to
non-threat relative to PBO (423) = 2.662, p=0.011). There were no significant differences
in AStr activation between drug groups within the TEC group for either condition (threat,
non-threat) and no significant between group (HC, TEC, PTSD) differences for either
condition (ps> 0.05). In our g prioriregions of interest (i.e., mPFC/rACC, amygdala and
subregions), there were no significant drug x condition or group x condition interactions (ps
> 0.05).

Functional connectivity.—A drug (THC, PBO) x group (HC, TEC, PTSD) x condition
(threatening faces vs. shapes, non-threatening faces vs. shapes) ANOVA showed a
significant main effect of group on functional connectivity between the mPFC/rACC and the
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right amygdala as a whole (H2,65) = 3.823, p=0.023; Fig. 4a). Compared to TEC, the
PTSD and HC groups showed greater functional connectivity between the mPFC/rACC and
right amygdala, as a whole, across conditions (ps < 0.020), however, there were no
differences between PTSD and HC (p > 0.05). There was also a significant group x
condition interaction for mPFC/rACC functional connectivity with BL and SF subdivisions
of the right amygdala (BL: A2,65) = 4.946,p = 0.010; SF: A2,65) = 4.115, p=0.021; Fig.
4b). The group x condition interaction was driven by /ncreased functional connectivity
between the mPFC/rACC and right BL and SF to non-threat in the HC group compared to
the TEC group (BL: £50) = 3.030, p=0.004; SF: £50) = 2.237, p=0.030). There were no
significant differences to non-threat between PTSD and TEC or PTSD and HCs, nor to
threat between any groups (os > 0.05).

There was a significant main effect of drug on functional connectivity between the mPFC/
rACC and the SF subdivision of the right amygdala (A1,65) = 8.181, p= 0.006; Fig. 4c).
Overall, THC /increased functional connectivity between the mPFC/rACC and right SF
compared to PBO. Moreover, there was a significant drug x condition interaction on mPFC/
rACC functional connectivity with the SF subdivision of the left and right amygdala (left:
H1,65) =7.070, p=0.010; right: A1,65) =7.675, p=0.007; Fig. 4d). Compared to PBO,
THC Jncreased functional connectivity between the mPFC/rACC and bilateral SF during the
non-threat condition (left: £69) = 2.525, p= 0.014; right: £59.556) = 3.165, p=0.002).
There was no significant difference in mPFC/rACC-SF connectivity between THC and PBO
during the threat condition (ps > 0.05). In the PBO group, mPFC/rACC-left SF functional
connectivity to threat was /ncreased compared to non-threat (435) = 2.385, p=0.023),
whereas, within the THC group, mPFC/rACC-right SF functional connectivity to threat was
decreased compared to non-threat (434) = 2.258, p= 0.030).

Finally, there was a significant drug x group interaction for mPFC/rACC functional
connectivity with the SF subdivision of the right amygdala (A2,65) = 3.719, p= 0.030; Fig.
4e). Follow-up #tests showed no difference in mPFC/rACC-right SF functional between the
groups (i.e., PTSD, TEC, HC) that received PBO (ps > 0.05). However, within the THC
group, the PTSD group showed increased mPFC/rACC-right SF functional connectivity
compared to both TEC (#21) = 2.869, p=0.009) and HCs (£16.381) = 3.039, p=0.008).
Notably, within the PTSD group, THC /ncreased mPFC/rACC-right SF functional
connectivity compared to PBO (49.539) = 3.673, p= 0.005). There were no significant
differences in mPFC/rACC-SF connectivity between THC and PBO within the TEC and HC
groups (s> 0.05). In our a priori regions of interest, there was no significant main effect of
condition and no significant three-way interactions for mPFC/rACC-SF connectivity (ps >
0.05).

Accuracy.—A drug (THC, PBO) x group (HC, TEC, PTSD) x condition (threatening faces
vs. non-threatening faces vs. shapes) ANOVA showed a significant main effect of condition
on accuracy (A1.717,111.606) = 21.910, p< 0.001). There were no significant main effects
of drug or group, and no group or drug interactions on accuracy (s> 0.05). Follow-up #
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tests revealed that accuracy was higher for non-threatening faces as compared to both
threatening faces and shapes trials (ps < 0.001).

To test whether the observed main effect of condition remained significant within trauma-
exposed participants alone, we ran two additional ANOVASs. First, we ran a drug (THC,
PBO) x group (TEC, PTSD) x condition (threatening faces vs. non-threatening faces vs.
shapes) ANOVA. The main effect of condition remained significant (H1.618,67.960) =
10.760, p < 0.001). We found similar results when we took out the “group” factor and ran a
drug (THC, PBO) x condition (threatening faces vs. non-threatening faces vs. shapes)
ANOVA across trauma-exposed participants (i.e., TEC + PTSD; main effect of condition,
A1.588,69.860) = 10.312, p< 0.001).

Reaction time.—A drug (THC, PBO) x group (HC, TEC, PTSD) x condition (threatening
faces vs. non-threatening faces vs. shapes) ANOVA showed a significant main effect of
condition (A1.419, 92.234) = 149.226, p < 0.001), such that reaction time was slower for
threatening faces as compared to non-threatening faces and shapes trials (0’s < 0.001). In
addition, reaction time to non-threatening faces was significantly slower as compared to
shapes trials (p < 0.001). There were no significant main effects of drug or group and no
significant drug or group interactions for reaction time (ps> 0.05).

As we did for accuracy, we ran two additional ANOVAS to test whether the observed main
effect of condition remained significant within trauma-exposed groups. First, we ran a drug
(THC, PBO) x group (TEC, PTSD) x condition (threatening faces vs. non-threatening faces
vs. shapes) ANOVA. The main effect of condition remained significant (A1.473, 61.3863) =
93.007, p< 0.001). We found similar results when we took out the “group” factor and ran a
drug (THC, PBO) x condition (threatening faces vs. non-threatening faces vs. shapes)
ANOVA across trauma-exposed participants (i.e., TEC + PTSD). The main effect of
condition (A1.471,64.709) = 101.832, p < 0.001) was significant. Interestingly, the drug x
condition interaction became significant in the trauma-only subsample (A1.471, 64.709) =
3.713, p=0.042).

To further explore these potential drug effects in trauma-exposed individuals, we calculated
a difference score, comparing reaction time to threatening — non-threatening (i.e., happy
faces), with higher values indicating a slower response for threatening (vs. non-threatening)
faces. We found that, relative to PBO, THC administration resulted in a faster response to
threatening (vs. non-threatening; f44) = 2.121; p = 0.040) faces (see Fig. 5). Similar results
were observed for threatening faces vs. shapes (H1,44) = 5.337; p=0.026), suggesting that
THC may reduce the observed slowing of response to threatening faces vs. non-threatening
faces or shapes. There was no significant difference between drug groups for non-
threatening faces vs shapes (AH1,44) = 1.559; p=0.218).

Discussion

We assessed the effects of an acute low dose of oral THC on threat-related corticolimbic
activity and coupling in a preliminary study of Criterion A trauma-naive and trauma-
exposed adults, both with and without PTSD. Consistent with previous findings in healthy
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adults, we found that, within the PTSD group, THC attenuated amygdala activation,
increased mPFC/rACC activation, and increased corticolimbic functional connectivity to
threat compared to PBO (Phan et al. 2008; Gorka et al. 2015).

The amygdala is a region with a high density of CB1Rs and responds to threatening and
other biologically-relevant stimuli in the environment (Gl&scher and Adolphs 2003;
Goossens et al. 2009). Notably, we found that the modulatory effects of THC were localized
to the BL, SF, and, in PTSD specifically, the AStr subdivisions of the amygdala. Amygdala
subregions have distinct circuitry and specialized roles in emotion and threat-related
processing (Hurlemann et al. 2008; Goossens et al. 2009; Kamprath et al. 2011; Boll et al.
2011). For instance, the BL integrates sensory information regarding threats and relays this
information to the CM, which modulates physiological responses associated with fear and
anxiety via dense interconnections with hypothalamic and midbrain regions (LeDoux 2000;
Robinson et al. 2010; Pessoa 2011; Bzdok et al. 2013). Like the BL, the AStr subdivision
also receives sensory information regarding threats and is interconnected with the BL and
CM (Shammah-Lagnado et al. 1999; Wang et al. 2002). Indeed, rodent studies suggest that
connections between the lateral amygdala and AStr subdivision are responsible for fast and
accurate transmission of information that is critical for initial emotional reactivity (i.e.,
reflex; Wang et al. 2002). In contrast, information flow from the lateral amygdala to the BL,
which is comparatively slower and less efficient, has been suggested to be important in
facilitating signal integration and learning (Wang et al. 2002). The CM subdivision is
involved in linking contextual information to emotional facial expressions in order to
decipher the significance of the faces for the observer (Boll et al. 2011). Specifically, CM
activation is greater in response to angry faces when the observer is told the anger is directed
at him or her, than when the observer is told that the anger is directed at another person (Boll
et al. 2011). Similarly, the SF is also involved in processing socially relevant stimuli, such as
facial expressions (Hurlemann et al. 2008; Goossens et al. 2009; Eickhoff et al. 2011; Bzdok
et al. 2013). Given that the administered task involved social threat, it is not surprising that
we observed modulatory effects on BL, SF, and AStr amygdala subdivisions since they are
largely involved in processing the socioemotional aspects of the stimuli.

Whereas THC blunted threat-related amygdala reactivity in the PTSD group, THC /ncreased
activation in the mPFC/rACC - a key region in emotion regulation, attentional control, and
conflict monitoring (Etkin et al. 2011). A modulatory effect of THC on mPFC reactivity is
consistent with the reported dense expression of CB1Rs in frontal regions (Tsou et al. 1998).
In addition, increased amygdala-mPFC/rACC coupling has been reported in healthy
individuals during threat processing following administration of THC (Gorka et al. 2015).
Similarly, we found that THC (vs. PBO) /ncreased mPFC/rACC-amygdala functional
connectivity in the PTSD group, which is consistent with the known top-down control of the
mPFC/rACC over amygdala reactivity (Quirk et al. 2003; Quirk and Beer 2006; Yizhar and
Klavir 2018). For instance, mPFC/rACC activity increases while amygdala activity
decreases during down-regulation of negative affect, highlighting the oppositional role of
these structures (Urry 2006; Ochsner et al. 2012; Kohn et al. 2014; Buhle et al. 2014).
Activation of CB1Rs in prefrontal brain regions terminates stress and threat-related
behavioral responses, suggesting a mechanism by which prefrontal brain regions exert top-
down inhibitory control of the amygdala (Hill et al. 2011).
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Our behavioral analyses showed, overall, that accuracy was reduced and reaction times
slowed when processing threatening faces relative to non-threatening faces or shapes.
Interestingly, in trauma-exposed individuals alone, THC administration reduced the
observed slowing of response to threatening faces vs. non-threatening faces or shapes. This
finding may reflect a normalization of behavioral responses to threat that accompanies the
observed THC-related modulation of underlying corticolimbic circuitry.

Limitations of this study warrant mention. First, although the fMRI session and task were
approximately timed to occur during peak blood levels of THC and its metabolites (120
minutes following ingestion) we did not collect blood samples to confirm that THC and its
metabolites were at peak levels at the time of scanning. However, we did collect subjective
drug effect ratings from participants across several time points following capsule
administration to estimate peak subjective THC effects (Online Resource 1). Relative to
PBO, those who received THC reported significantly higher ratings on “feeling a drug
effect” and “feeling high” at 120 to 240-minutes post-drug administration, the latter time
point being after the task was completed. Second, we examined acute effects of a single,
low-dose of THC on corticolimbic reactivity and behavior. There is differential sensitivity to
the effects of THC and other cannabinoid modulators between individuals (Henquet et al.
2006; Bhattacharyya et al. 2012; Atakan et al. 2013) that cannot be controlled for by using
the same dose across individuals. However, we were interested in replicating and extending
previous studies, which used the same acute dose of THC in healthy participants (Phan et al.
2008; Gorka et al. 2015). Third, we included individuals with a wide history of self-reported
cannabis use—from denying any use to reporting over 100 uses during their lifetime—rather
than limiting our sample to non-users, as previous cannabis use could affect the ECB system
(Colizzi et al. 2018; Colizzi and Bhattacharyya 2018). However, we re-ran all analyses in
only participants that had reported no prior use of cannabis and our findings did not change.
Self-reported prior cannabis use also did not affect self-reported anxiety and drug-effect
ratings in the present study. Additionally, ECB changes associated with cannabis use can
reverse rapidly starting within two days following abstinence (D’Souza et al. 2016). In our
study, all participants had to screen negative on a urine drug test in order to participate,
which means that if they did use cannabis, they would have had to abstain using anywhere
from 3-30+ days prior to participating in the study (\erstraete 2004).

Together, these preliminary findings add to the growing body of literature suggesting that
pharmacologic modulation of the ECB may be a promising approach for addressing
corticolimbic dysfunction, which is a core feature of PTSD and stress-related
psychopathologies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

44 To receive capsule
containing 7.5 mg THC

86 Randomized
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42 To receive capsule
containing placebo

15 Excluded
1 Brain abnormality
1 Lost to follow-up
3 Ineligible
4 Poor behavioral performance
6 Incomplete fMRI

35 Included in analysis
10 PTSD
13TEC
12 HC

36 Included in analysis
9 PTSD
14TEC
13 HC

Screening and randomization breakdown of the present study. Eighty-six individuals that
met inclusion criteria were randomized to THC or PBO. Of the 86, a total of 15 were
subsequently excluded for the following reasons: 3 were ineligible based on participation
criteria (i.e., positive drug screening, recently diagnosed mood disorder after enroliment), 4
had poor behavioral task performance (< 50% accuracy for shapes trials), 6 had incomplete
functional magnetic resonance imaging (fMRI) data (i.e., did not complete scan or task,
scanner malfunction), 1 participant’s structural MRI showed a brain abnormality, and 1
participant was lost to follow-up. Seventy-one participants had complete and reliable data to
use for analyses. PTSD = posttraumatic stress disorder; TEC = trauma-exposed controls; HC
= healthy controls; PBO = placebo; THC = A9-tetrahydrocannabidiol
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Fig. 2.
Anatomically defined left and right amygdala using the AAL atlas (Tzourio-Mazoyer et al.

2002) (a), cytoarchitectonically-defined amygdala subregions as defined in the SPM
Anatomy Toolbox (Eickhoff et al. 2005; Amunts et al. 2005) (b), and mPFC/rACC defined
using a 10 mm radius sphere centered on coordinates reported in a previous study of acute
THC administration in healthy adults during social threat (x= 14, y=42,z = 12; Gorka et
al., 2015) (c). BL = basolateral subdivision; SF = superficial subdivision; CM =
centromedial subdivision; AStr = amygdalostriatal subdivision; mPFC/rACC = medial
prefrontal cortex/rostral anterior cingulate cortex
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Fig. 3.

Significant main effect of condition on right and left amygdala activation as a whole, the BL
subdivision of the left and right amygdala, and the AStr subdivision of the left amygdala (a)
main effect of group on activation in the BL subdivision of the left amygdala (b), main effect
of drug on activation in the BL and SF subdivision of the left and right amygdala (c), drug x
group interaction on activation in the mPFC/rACC (d), and drug x group x condition
interaction on activation in the AStr subdivision of the right amygdala (). Stars indicate
significant within- and between-group differences in corticolimbic activation. Error bars
represent standard error of the mean. L = left; R = right; BL = basolateral subdivision; AStr
= amygdalostriatal subdivision; SF = superficial subdivision; mPFC/rACC = medial
prefrontal cortex/rostral anterior cingulate cortex; PTSD = posttraumatic stress disorder;
TEC = trauma-exposed control; HC = healthy control; PBO = placebo; THC = A9-
tetrahydrocannabidiol; a.u. = arbitrary units
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Fig. 4.
Significant main effect of group on functional connectivity between the mPFC/rACC and

right amygdala as a whole (a), group x condition interaction on functional connectivity
between the mPFC/rACC and SF and BL subdivisions of the right amygdala (b), main effect
of drug on functional connectivity between the mPFC/rACC and SF subdivision of the right
amygdala (c), drug x condition interaction on functional connectivity between the mPFC/
rACC and SF subdivision of the left and right amygdala (d), and drug x group interaction on
functional connectivity between the SF subdivision of the right amygdala (e). Stars indicate
significant within- and between-group differences in corticolimbic functional connectivity.
Error bars represent standard error of the mean. L = left; R = right; mPFC/rACC = medial
prefrontal cortex/rostral anterior cingulate cortex; SF = superficial subdivision; BL =
basolateral subdivision; PTSD = posttraumatic stress disorder; TEC = trauma-exposed
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control; HC = healthy control; PBO = placebo; THC = A9-tetrahydrocannabidiol; a.u. =
arbitrary units
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Fig. 5.
Within trauma-exposed individuals (PTSD+TEC), relative to PBO, THC administration is

associated with less slowing of response to threatening vs non-threatening faces. Slowing in
reaction time to threatening faces was calculated by subtracting reaction time to non-
threatening faces from threatening faces, such that higher values indicate a slower response.
Star indicates a significant between-group difference. Error bars represent standard error of
the mean. PBO = placebo; THC = A9-tetrahydrocannabidiol.
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