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Influence of Δ9-tetrahydrocannabinol on long-term neural
correlates of threat extinction memory retention in humans
Mira Z. Hammoud1, Craig Peters2, Joshua R. B. Hatfield2, Stephanie M. Gorka1, K. Luan Phan1,3,4, Mohammed R. Milad1 and
Christine A. Rabinak 2

The neural mechanisms and durability of Δ9-tetrahydrocannabinol (THC) impact on threat processing in humans are not fully
understood. Herein, we used functional MRI and psychophysiological tools to examine the influence of THC on the mechanisms of
conditioned threat extinction learning, and the effects of THC on extinction memory retention when assessed 1 day and 1 week
from learning. Healthy participants underwent threat conditioning on day 1. On day 2, participants were randomized to take one
pill of THC or placebo (PBO) 2-h before threat extinction learning. Extinction memory retention was assessed 1 day and 1 week after
extinction learning. We found that THC administration increased amygdala and ventromedial prefrontal cortex (vmPFC) activation
during early extinction learning with no significant impact on skin conductance responses (SCR). When extinction memory
retention was tested 24 h after learning, the THC group exhibited lower SCRs to the extinguished cue with no significant extinction-
induced activations within the extinction network. When extinction memory retention was tested 1 week after learning, the THC
group exhibited significantly decreased responses to the extinguished cues within the vmPFC and amygdala, but significantly
increased functional coupling between the vmPFC, hippocampus, and dorsal anterior cingulate cortex during this extinction
retention test. Our results are the first to report a long-term impact of one dose of THC on the functional activation of the threat
extinction network and unveil a significant change in functional connectivity emerging after a week from engagement. We
highlight the need for further investigating the long-term impact of THC on threat and anxiety circuitry.

Neuropsychopharmacology (2019) 44:1769–1777; https://doi.org/10.1038/s41386-019-0416-6

INTRODUCTION
The recreational use of cannabis within the United states is
becoming more mainstream, especially with the recent legaliza-
tion of its use across many States. Its use worldwide has also been
on the rise. In addition, cannabis use for clinical purposes is
becoming more accepted. In turn, research efforts have been on
the rise to try to understand and characterize the impact of Δ9-
tetrahydrocannabinol (THC) use on the brain and behaviors,
especially those associated with the impact of THC on emotion
regulation [1]. There is an accumulating mass of rodent and
human literature on the mechanisms by which THC could
modulate neural correlates of emotion regulation. One key aspect
that remains to be explored is the long-term impact of THC use on
the functional activation of brain regions involved in affect
regulation [1].
A plethora of studies now show that the amygdala, hippocam-

pus, ventromedial prefrontal cortex (vmPFC), and dorsal anterior
cingulate cortex (dACC) are part of a network critical for detecting
and responding to threatening encounters, encoding contextual
information about threat and safety, and retaining and expressing
extinction memories [2]. We refer to these brain regions
henceforth as the threat network. For example, preclinical studies
have implicated the endocannabinoid system as a modulator of
the threat extinction network. Many of these studies show that

enhancing the cannabinoid system engages the threat extinction
network [3–9]. The expression of cannabinoid type-1 (CB1)
receptors is highly concentrated in the amygdala-hippocampus-
corticostriatal circuit [10]. THC, which is the major psychoactive
constituent in cannabis, is a non-specific CB1/CB2 ligand that
exerts its central effects mainly though agonism of the CB1
receptor [11]. Animal studies indicate that manipulation of the CB1
receptor could modulate memory consolidation associated with
threat learning and inhibition. For example, blocking CB1
receptors in mice resulted in failure to extinguish conditioned
threat [12], whereas administering CB1 receptor agonists prior to
extinction enhanced extinction learning and long-term retention
of extinction memory in a drug-free state [13]. Aside from
influencing extinction memory consolidation, CB1 receptor
agonists appear to block reconsolidation of aversive 1-day and
7-day old memories when given directly after retrieval [14].
Translational work is starting to uncover a similar role for the

endocannabinoid system in emotion regulation in the human
brain. In healthy humans, THC administration influences the
activation of the threat network, generally enhancing threat
memory extinction. In prior studies, we found that THC attenuates
amygdala activation in response to fearful stimuli [15], increases
functional coupling between amygdala and medial prefrontal
cortex [16], and reduces subgenual ACC reactivity to negative cues
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[17]. At the psychophysiological level, THC reduced conditioned
skin conductance responses (SCRs) during extinction learning, but
did not affect fear-potentiated startle [11]. We have previously
examined the effects of THC on threat extinction learning and
memory in healthy humans using psychophysiological indices for
conditioned threat, and found that a low-dose of THC adminis-
tered to healthy adults prior to extinction learning enhanced the
threat extinction memory compared to placebo [18]. However, no
effect of THC was observed during the within-session extinction
learning phase as indexed by SCR [18]. In a follow-up study with
the same design, we showed that THC administration attenuated
amygdala reactivity to the conditioned stimulus during early
extinction, and increased activation in the vmPFC and hippocam-
pus during extinction memory testing [19]. The parallel between
the rodent and human data suggests a role for THC in threat
processes and extinction retention, though the long-term
mechanisms of the modulation and durability of THC’s effects
on threat extinction retention and retrieval are still unclear.
The longevity of the effects of THC on the neural correlates of

memory of extinction learning and its psychophysiological indices
has not been examined. In the present study, our first objective
was to attempt to replicate the findings from the Rabinak et al.
[19] study using a different paradigm that adds contextual
manipulation into threat conditioning, extinction learning and
extinction memory retention. The second objective was to test the
neural mechanisms and interactions of the threat extinction
network when extinction memory retention is retrieved one week
after learning. This latter test is to evaluate the influence of THC on
long-term extinction memory retention. To achieve our objectives,
we randomized (double-blind) a sample of healthy humans into
two groups: THC and Placebo. Participants ingested either an oral
dose of synthetic THC or a placebo pill prior to extinction learning
in a 4-day Pavlovian threat extinction paradigm. Outcome
measures were skin conductance level and blood oxygenation
level dependent (BOLD) response. We anticipated that THC would
enhance extinction memory retention when tested after a short
and long delay and we expected a significant activation of the
threat-extinction network during the long-term extinction reten-
tion test. We submit that a test conducted one week after learning
is still relatively short and does not capture the impact of THC
use months and years after its use on emotion regulation. Also,
the experimental design used in the present study examines the
effects of a single dose of THC, which is unlikely to be the same
effect as that used after multiple or chronic use. Nonetheless,
the data to be obtained would be the first to show any potential
impact of a single dose beyond the customary within-session or
24-h test points.

MATERIALS AND METHODS
Participants
Fifty-two healthy participants were recruited from the community.
Individuals reporting use of marijuana more than 10 times in life,
use within the past 30 months, adverse reaction to cannabinoid
substances, use of psychoactive or psychotropic medications or
medication that would interact with dronabinol, medical illness,
DSM-IV lifetime Axis I disorder or MRI exclusion criteria were not
eligible for participation.
After excluding individuals that did not complete all experi-

mental days or showed excessive head motion during scanning,
40 participants remained in the final sample. Participants were
randomized to receive THC (n= 20) or placebo (n= 20). Descrip-
tion of all demographics can be found in Supplementary Table 1.
Self-reported drug effects questionnaires and the results obtained
from them, can be found in Supplemental Methods and Results
sections. To reduce any between-group effects of sex hormones
on our experimental outcomes, all women (22) participants
underwent the experiment within approximately 1 week prior to

menses onset. Of the 22 women, only 5 were on oral contra-
ceptives (3 in THC group and 2 in PBO group). The University of
Illinois-Chicago Institutional Review Board approved study
procedures.

Threat conditioning and extinction procedure
The experimental protocol was similar to that used in our prior
studies [19, 20], took place over 10 days and included 4 visits
(Fig. 1). On Day-1, participants completed threat conditioning
training in context A, in the absence of any drug. Participants were
presented with three cues, two of which were terminated with an
unconditioned stimulus (termed CS+ vs. cue not followed by
shock will be termed CS−). The unconditioned stimulus was an
aversive mild electric shock to the left ankle that lasted 0.5 s and
with maximum intensity 4.4 mA. We used a partial reinforcement
rate of 60%. All participants were asked to select a shock level that
was “highly annoying, but not painful”. There were 40 CS+ trials
and 20 CS− trials. On Day 2, participants ingested an opaque
gelatin capsule (size 00) with dextrose filler that contained either
synthetic THC (generic dronabinol 7.5 mg; PAR Pharmaceutical) or
dextrose alone (PBO). This dose has been shown to affect threat
extinction processes in humans [19] and it is the lowest effective
dose found to produce behavioral and subjective effects [15, 17].
Approximately 2-h after ingesting the capsule, participants
completed threat extinction learning in context B. Timing of the
session was designed to match the expected window of peak
subjective effects and plasma levels of THC and matches our prior
pharmacological-fMRI design [19]. During extinction learning,
participants viewed 20 trials each of two cues: one of the
CS+ cues, now labeled CS+ E and the CS−.
24-hours after extinction learning (Day 3) and 1-week after

extinction learning (Day 10), memory of extinction learning was
tested in context B. In these two sessions, participants viewed all
three cues: the CS+E, CS−, and the other CS+, now CS+U that
was not extinguished on Day 2. Participants were given one
unsignaled shock prior to the onset of extinction and of the test
phases (in the absence of a CS) and were told that they may or
may not receive shocks during the task.
For each of the phases the visual context (A or B) was presented

for 3–8 s, followed by presentation of the CS (within the visual
context) for 4 s. All trials were interleaved with a fixation cross for
4–9 s and the task was presented over the course of two runs.
Total task time for Conditioning, Day 3 and Day 10 was 15-min;
Extinction was 10-min.

Skin conductance response (SCR) analysis
For details regarding the SCR data acquisition, see Supplemental
Methods. For the conditioning phase, SCRs for all the CS+trials not
followed by the US and all CS-s were analyzed to test for
differential threat conditioning within and between groups using
two-way ANOVA [21, 22]. For extinction learning, given that
extinction occurs very quickly and skin responses decrease rapidly
in human experiments [23], we focused on analyses of extinction
learning on the first 10 trials (first 5 trials, block1, and trials 6–10,
block 2). We conducted a group (THC vs. PBO) × trial × CS type
ANOVA examining the first 5 trials which correspond to the same
period interrogated by our fMRI analysis. During Days 3 and Day
10 tests, we compared SCRs during the last 4 trials from extinction
learning and first 4 trials from recall (for CS+E) [24]. For statistical
analysis of this measure, we used one-tailed Student t-test, given
our a priori hypothesis that THC would reduce the response to
threat during the extinction memory retention test, based on two
already published studies from our group [18, 19].

Functional MRI analysis
For details regarding functional MRI data acquisition and scanner
details, see supplemental methods. For each person, we created
individual contrast maps for the following: CS+ vs. CS− during
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early (first 5 trials) and late (last 5 trials) extinction learning, early
CS+E vs. CS+U during Day 3 and Day 10. The rationale for
selecting these specific trials for each phase is based on prior fMRI
studies showing distinct neural activations for these specific trials
within each of the learning phases being examined [for review see
ref. [25]. We had strong a priori hypotheses that extinction
learning would engage the amygdala, anterior and posterior
hippocampus, dACC and vmPFC, and that THC would modulate
the activations of these regions. Therefore, we searched for
significant activations that fell within our regions of interest (ROIs)
defined as 5 mm radius spheres around peak activations found in
our previous published study [19]. In addition, and since we are
conducting de novo connectivity analysis on the effect of THC on
the threat network, we used ROIs defined a priori using anatomical
masks (MARINA: http://www.bion.de/Marina.htm) defined by atlas-
based boundaries [26]. Within our ROIs (across Extinction and Day
3 and Day 10), activations surviving small volume correction (SVC)
at p < 0.05 family-wise error (FWE) were considered significant.

Psychophysiological interaction analysis
Given that group differences, at the neural level during the threat
extinction memory test, were found only in Day 10, we performed
psychophysiological interaction analysis [gPPI; http://brainmap.
wisc.edu/PPI; [27]] during this phase only. The seed of interest
(SOI) in our analysis was a 5 mm radius sphere around the peak
vmPFC activation during Day 10. The de-convolved time series
from the SOI was extracted for each subject to create the
physiological variable. The stimulus onset times for CS+E and
CS+U were separately convolved with the canonical hemody-
namic response function, creating the psychological regressors.
The physiological variable was multiplied by the time series from

the psychological regressors (CSs) to create the interaction terms
(PPIs). Activity within the SOI was then regressed on a voxel-wise
basis against the interaction. The physiological and psychological
variables, as well as motion parameters, were included as
regressors of no interest. We entered individual contrast images
for CS+E vs. CS+U during the early part of that phase, into a 2nd-
level between-group (PBO vs. THC) test to determine if there was
any effect of THC on functional connectivity. We set the
significance at p < 0.005 (uncorrected) with a cluster extent
threshold greater than 10 contiguous voxels to balance between
Type I and Type II errors [28].

RESULTS
Threat extinction learning: SCR and BOLD
The focus of our study was to examine the impact of single dose
of THC on extinction learning and its memory retention. However,
it is important to show that all subjects showed comparable threat
conditioning. To accomplish this, we analyzed the SCR during the
threat conditioning phase of the study. We found that threat
conditioning was successful in all participants as indicated by a
significant difference between CS+ and CS− (main effect of CS:
F(1,44)= 24.212, p < 0.0001). Importantly, the to-be PBO and to-be
THC groups did not differ in conditioning as evidenced by the
absence of main effect of group (F(1,44)= 1.036, p= 0.314) and of
CS by group interaction (F(1,44)= 1.952, p= 0.17). Thus, these data
indicate clear differential threat conditioning that did not differ
between groups. Supplemental Fig. 1A depicts these results.
Regarding extinction learning, we first examined if extinction

learning took place using SCR data. We focused on the first and
second blocks of CS+ extinction for each group (Fig. 2a). This

Day 1
Threat Conditioning

Day 2
Threat Extinction 

Learning

Day 3
Threat Extinction 
Retention Test

Day 10
Threat Extinction 
Retention Test

2-hours 
before 

Fear 
Ex�nc�on 
Learning

Context A Context B Context B Context B

Fig. 1 Threat conditioning and extinction paradigm. Threat conditioning occurred on Day 1 in context A by pairing a mild shock
(unconditioned stimulus) to the lamp light colors pink and blue (termed conditioned stimuli or CS+), but not yellow (termed non-conditioned
stimulus or CS-). THC (dronabinol 7.5 mg) or placebo was administered 2-h before threat extinction learning on Day-2, where one CS+ (pink
light, now termed extinguished CS+ or CSE) and the CS− are shown in context B. Extinction memory retention was tested one day (Day 3)
and one week (Day 10) after extinction learning, where both CS+s (pink light, CSE and the blue light, now termed unextinguished CS+ or
CSU) and the CS− are shown
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analysis showed a main effect of block (F(1,44)= 9.29, p= 0.004),
no main effect of group (F(1,44)= 1.39, p= 0.24) and a significant
block × group interaction (F(1,44)= 3.84, p= 0.05) indicating that
extinction learning took place from block 1 to block 2 and hinting
to potential impact of THC on extinction learning: either
facilitating extinction learning or blunting SCR expression during
early extinction learning. In an attempt to clarify this point, we
conducted a trial-by-trial analysis for the first 5 extinction trials for
the CS+. We found a main effect of trial (F(4,176)= 7.65, p < 0.001)
and marginal effect of group (F(1,44)= 3.42, p= 0.071) (see
Supplemental Results and Supplemental Fig. 1B), suggesting a
potential marginal effect of THC on reducing the expression of
SCR during early extinction learning. To test if THC had a non-
specific effect on expression of SCR, we examined the expression
of SCR during the very first 2 extinction trials (CS+ vs. CS−). We
found that the two groups did not differ in the SCR expression at
the beginning of extinction learning (see Supplemental Results
and Supplemental Fig. 1C), arguing against a general impact of
THC on SCR expression.
Regarding the BOLD responses during extinction learning, we

found that the group of individuals who received THC had
significantly increased activation of the vmPFC (t= 2.60, k= 37,
p= 0.03, Fig. 2b) and the left amygdala (t= 2.81, k= 96, p= 0.02,
Fig. 2b). Extracted beta weights from these loci show that THC
caused an increased relative activation in both the vmPFC and
amygdala (Fig. 2c). As for late extinction learning, no significant
between group differences were observed at either the SCR or
BOLD responses (data not shown).

Extinction memory retention test on Day 3 and on Day 10
We first focused on analyzing the SCR data during extinction
memory retention tests (Day 3 and Day 10). We subtracted SCRs to
the last four trials of CS+E during extinction learning from the first
four trials of CS+E in extinction memory test on Day 3 to
specifically test the rebound of threat conditioned responses to
the extinguished cue (CS+E). We observed a significant between-
group difference (t(37)= 2.06, p= 0.04, Fig. 3a) showing that the
THC group expressed significantly less SCR responses during this
test point. For Day 10, no significant between-group differences
were observed (t(37)= 1.28, p= 0.21, Fig. 3b). As for the BOLD
responses during Day 3, we did not observe any significant
between-group differences within our a priori ROIs. During Day 10,
however, there was significantly higher activation by the PBO
group within the vmPFC (t= 3.36, k= 14, p= 0.013) and right
amygdala (t= 3.23, k= 54, p= 0.026, Fig. 3c). Extracted BOLD
responses from these brain regions for both time points (Day 3
and Day 10) are shown in Fig. 3d. As can be noted from the figure,
the THC group showed a significant reduction in activation within
both the amygdala and vmPFC during the Day-10 test.

Long-term effects of THC on functional coupling
While there was no significant effect of THC use on the
psychophysiological expression of extinction memory 10 days
from THC administration, the BOLD data show a marked impact
on the functional activation of two key nodes of the threat
extinction network during this time point. To further examine the
impact of THC on the threat network, we conducted a
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Fig. 2 Skin conductance response and BOLD response during early extinction learning. a Skin conductance response during extinction
learning to the conditioned stimulus (CS+) over trial blocks (5 trials per block) in both the PBO and THC groups. *p < 0.05. b BOLD signal for
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vmPFC (left) and left amygdala (right). Color bars represent t-maps. c Extracted average beta-weights (and standard errors) from the significant
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psychophysiological interaction analysis, taking vmPFC as the
seed (Fig. 4a). Given that the effects of THC on vmPFC activation
were on noted in Day 10 we focused the gPPI analysis during Day
10 only. This analysis revealed that the THC group had significantly
greater connectivity between the vmPFC and the right anterior
and posterior hippocampus (t= 2.99, k= 37, p= 0.02; t= 2.83,
k= 26, p= 0.02, respectively Fig. 4b, c) and between the vmPFC
and the right and left dACC (t= 2.77, k= 23, p= 0.025; t= 4.13,
k= 271, p= 0.001 respectively, Fig. 4d-only right shown). These
results suggest a long-term impact of one dose of THC on the
functional coupling of the threat-extinction network.

DISCUSSION
In the current study, we administered THC to healthy participants
prior to extinction learning and tested extinction memory
retention after a 1-day and 1-week delay. Our functional imaging
data during extinction learning revealed that the group receiving
THC showed significant amygdala and vmPFC activation, con-
sistent with the possibility of enhanced extinction learning and
perhaps memory consolidation. During the short-term extinction
memory test (1-day after extinction learning), we observed
enhanced extinction retention in the THC group (indexed by
SCR). One week later, we found no between-group differences at
the SCR level. However, functional imaging data during this phase
revealed the PBO group activated the vmPFC and amygdala more
than the THC group, a surprising and apparently contradictory
finding to our hypothesis. Another novel finding in our study is
that a single dose of THC has caused a long-term effect on the
functional coupling between the vmPFC, bilateral dACC, and the
right anterior and posterior hippocampus, key nodes of the threat

extinction network (results summarized in Table 1). The results
reveal a distinct impact on neural circuits of threat-extinction and
the expression of this extinction memory indicating an intricate
effect of THC on threat extinction memory and its expression.
During extinction learning, THC did not seem to impact the

expression of SCR in the very first two extinction trials (see
supplemental Fig. 1C) but marginally reduced SCR during the first
5 extinction trials. THC, however, had a more significant impact on
brain activations. We found that the THC group displayed greater
activations in the amygdala, and vmPFC in the early trials of
extinction learning. Early trials of extinction typically involve the
recall of the conditioned memory and therefore display high levels
of threat detection [25]. In our study, THC appears to reduce the
threat response while possibly at the same time accelerating
extinction learning and consolidation. A potential mechanism for
this effect is that THC induces increased amygdala activation
during early extinction thus leading to accelerated mechanisms of
extinction learning consolidation. Evidence from animal studies
show that CB1 receptor activation in mice impairs the retrieval of
aversive memories, and local infusion of a CB1 agonist within the
amygdala interferes with reconsolidation of aversive memories
[12, 29]. In addition to the amygdala, THC enhanced vmPFC
activation compared to PBO. Translational work in threat
extinction research suggests a role for the vmPFC in processing
and the consolidation of new extinction memories during the late
trials of extinction learning [20, 21]. Here, THC induced a
significant increase in vmPFC activation during early extinction,
suggesting that THC might accelerate the consolidation process of
extinction.
The lower psychophysiological threat expression in THC group

observed during the first extinction retention test (Day 3) is
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consistent with enhanced extinction memory by THC, further
supporting and replicating prior reports [19]. The lack of between-
group difference (at the psychophysiological level) during the
long-term extinction memory retention test (Day 10) might be due
to a practice effect; subjects were exposed to too many extinction
trials leading to a floor effect. At the neurobiological level,
however, we found that the PBO group activated the vmPFC and
the amygdala more than the THC group to the CS+E vs. CS+U
contrast, which is the opposite of our hypothesis. A plausible
explanation for this apparent discrepancy is that during extinction

learning, THC generated a generalized extinction memory to both
CS+E and CS+U. The activation of the vmPFC and amygdala
during extinction learning may have contributed to forming
generalized representations of all events in a specific context. We
speculate that the PBO group increased activation of both the
vmPFC and the amygdala in order to learn that CS+U is safe and
in order to consolidate that safety memory, considering that these
processes during extinction learning were not as robust as they
were in the THC group. In support of this idea, several animal
studies have shown that manipulation of the vmPFC during
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extinction learning is critical for the consolidation and expression
of the extinction memory after a delay [for review see ref. [25]].
Another novel finding we report in the present study, and that

supports the long-term effects of THC on the threat network,
pertains to long-term changes in functional coupling induced by a
single dose of THC. We found that during the 1-week test of
extinction memory, THC induced an increase in functional
connectivity between the vmPFC and anterior and posterior
hippocampus. Published data support a bidirectional flow of
information between the vmPFC and different parts of the
hippocampus that serves in the formation and retrieval of
memories [reviewed in the ref. [30]]. Specifically, the anterior
hippocampus is responsible for initiating prefrontal control over
memories [30]. Whereas the posterior hippocampus is more
involved in retaining and recalling fine details of events [31, 32]. In
addition, the functional coupling between the vmPFC and
hippocampus is believed to be important in first, resolving
conflict around existing memories and new events as they are
processed, second, consolidation of new memories and third, in
the expression of these memories [30]. Following this narrative
and building on our findings, THC might be enhancing the
functional connectivity between these key regions, thus promot-
ing a more efficient extinction memory that requires less
engagement of the threat extinction network. This is supported
by our data showing less activation of the vmPFC and amygdala
observed during the long-term extinction memory test in a drug-
free state. In addition to increasing connectivity between the
vmPFC and the hippocampus, THC also increased functional
coupling between the vmPFC and the dACC. This is a novel and
exciting finding given that the dACC is a brain region known to be
modulator of expression of threat detection [33–36]. By increasing
functional coupling with the vmPFC, THC could be enhancing
prefrontal control over the expression of threat conditioning while
also engaging the hippocampus to promote the extinction
memory and its contextualization as previously suggested [37].
There may be apparent inconsistencies between our current

findings and those reported by our group previously [19] that we
attribute to subtle but significant paradigm differences. In the

present study, THC induced a quick effect on extinction learning
that appears to have caused a marked improvement on short-
term extinction retention, without the need to activate vmPFC
during the extinction memory retention test itself. In contrast,
Rabinak et al. [19] reported no THC effect on neural correlates of
extinction learning but enhanced vmPFC activation during the
extinction memory retention, along with reduced SCR. These
differences may be due to contextual manipulation differences
between the studies. Specifically, the current paradigm uses
contextual manipulations, whereas the prior study used simple
colored squares as the cues with no context shifts. Perhaps the use
of more complex cues during the experimental manipulation
leads to more rapid engagement of the extinction network thus
leading to accelerated impact of THC on emotion regulation.
Testing the impact and interactions of THC administration on
extinction learning and contextual manipulations could be tested
in prospective preclinical studies. One important aspect to note is
that the overall effect of THC on threat extinction is consistent
across the two studies; timing of the effect is the key variant. Thus,
combined from the two studies, we propose that THC has a
significant impact on extinction memory retention and its
expression; its engagement of the vmPFC could be either during
extinction learning or during extinction memory retention.
Here we note some limitations in this study. First, the THC group

is more likely to know that they had the active pill and not
placebo. This aspect of the study is difficult, if not impossible, to
mitigate (we used a low dose of THC). It is important to note,
however, that our findings were independent of any subjective
reports but the subjective feelings and their impact on our
findings cannot be fully ruled out. A second limitation in the study
is that we did not take into consideration sex differences or the
impact of hormonal variance and its potential interactions with
THC use. Future studies should control for the effect of sex
hormones, as studies have shown that estradiol particularly
influences threat extinction learning and its memory retention
[38, 39]. The interpretation of the PPI results should be considered
with caution. Here, we infer that the changes in connectivity
between the brain regions interrogated reflect a long-term impact

Table 1. Summary table of the influence of THC on SCR and BOLD response and PPI during threat extinction learning, extinction retention tests Day
3 and Day 10

SCR BOLD 

THREAT EXTINCTION LEARNING
vmPFC 

Amygdala 

EXTINCTION RETENTION TEST DAY 3 No significant differences 

EXTINCTION RETENTION TEST DAY 10 No significant differences 
vmPFC 

Amygdala 

PPI DURING EXTINCTION TEST DAY 10  

SEED=VMPFC
vmPFC-Hippocampus 

vmPFC-dACC 

vmPFC ventromedial prefrontal cortex, dACC dorsal anterior cingulate cortex
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of THC on the connectivity of the brain nodes examined. However,
PPI analyses use activation data induced by the task per se and
thus do not necessarily measure task-independent connectivity.
Moreover, while our Day 10 test reflect a long-time window
between THC use and the test, it is a not real long-term measure
as in months or years of THC use, nor does it reflect the multiple
doses or chronic THC use. Future studies should take into
consideration all of these critical aspects of THC use on neural
circuits of emotion regulation.
In sum, our results are the first to examine the long-term impact

of a single dose administration of THC on the functional activation
of the threat extinction network. Our findings show a significant
effect on the functional connectivity of threat-detection network
that emerged after a week from engagement. These data
highlight the need to further investigate the long-term influence
of THC on threat and anxiety circuitry. Specifically, THC, or
compounds with comparable impact on CB1 receptors (e.g.,
cannabidiol) could be used as adjuncts to extinction-based
therapies for PTSD and anxiety disorders. This is especially
relevant to PTSD treatment given that threat extinction learning
and extinction memory retention has been shown to be deficient
in PTSD patients. Moreover, the neural correlates related to PTSD
psychopathology are comparable to those engaged by THC in the
present study.
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