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Abstract

Purpose of Review Recently, an association between cannabis use and Takotsubo (stress) cardiomyopathy (TTC) has been
shown. With the current trend of legalization of cannabis, it is important to understand brain effects of cannabis use that could
lead to cardiac disease, such as TTC. Here we review recent brain imaging studies in order to search for the evidence supporting
the association between cannabis use, stress, and TTC.

Recent Findings There exist brain imaging studies showing similar findings across TTC, stress, and cannabis use. These similar
findings are mainly centered on a key central autonomic network region amygdala, i.e., amygdala hyperactivity/
hyperconnectivity when exposed to challenge, stress, or negative stimuli.

Summary This similarity supports a close association among cannabis use, stress, and TTC. Amygdala-centered neuronal
circuits could underlie cannabis use as risk factor to TTC. Based on the findings, several directions for future studies are

proposed.
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Introduction

Takotsubo cardiomyopathy (TTC) [1] is a clinical syndrome
characterized by an acute and reversible myocardial dysfunc-
tion, often precipitated by an emotional or physical stress, not
explained by an obstruction in an epicardial coronary artery
[1, 2]. Cardiac dysfunction in TTC is unlikely to be a mani-
festation of circulating cardiac depressant factors (i.e., cyto-
kines) [3] but rather represents a form of neurogenic stunned
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myocardium mediated by a catecholaminergic spillover from
the sympathetic nerves at myocardial level [4-9]. Female sex,
postmenopausal status, schizophrenia, anxiety/depression,
asthma/chronic obstructive pulmonary disease, diabetes,
chronic medications, and substance use disorders are some
potential risk factors for TTC [1].

Accumulating evidence shows an association between can-
nabis (marijuana) use and adverse cardiovascular events [10,
11]. Recently, an association between cannabis use and TTC
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has been shown in several case reports [12—14]. In a large
sample of hospitalized patients (n >3000), cannabis use was
found to be an independent predictor of TTC [15]. These
previous reports suggest that cannabis use could be one of
the risk factors [1] for TTC. With the current trend of legali-
zation of cannabis in the USA and the finding showing a trend
that TTC could occur earlier in the cannabis users [15], it is
important to understand brain effects of cannabis use that
could lead to cardiac disease, especially life-threatening pre-
sentations like TTC. Here we review recent brain imaging
studies exploring the evidence supporting the association be-
tween cannabis use and TTC, in a perspective of neurocardi-
ology (i.e., brain-heart link) [16—18]. Brain-heart link is an
emerging specialty that addresses the interaction between the
brain and the heart, that is, the effects of brain function on the
heart and the effects of cardiac injury on the brain.

Association Between Stress and Cannabis Use

Stress refers to an adaptive response of an organism to a real or
perceived threat (i.e., stressful stimuli) in the environment
which is aimed to re-establish homeostasis [19]. While the
complete pathophysiology of TTC is still unknown, TTC
has been linked to psychological or physical stress [1, 2],
although, in rare cases, episodes of TTC may also follow
unexpected pleasant events [20]. That is why TTC is also
known as “stress” cardiomyopathy. A previous study [21]
investigated the patients’ narratives about long-term stress ex-
perienced before the onset of Takotsubo syndrome and re-
vealed that the TTC patients lived under stressful circum-
stances long before the onset of TTC. This long-term stress
wore down defenses against stress creating vulnerability, such
that the smallest stressor could make them unable to cope,
precipitating TTC [21]. Another study [22] reported that the
onset of TTC was associated with exposure to multiple stress-
ful life events during the 6 months preceding the onset of TTC
but not with exposure to an acute, recent event. These findings
support the role of stress, which could exert its influence in a
long-term and cumulative way, in the pathophysiology of
TTC.

A survey [23] of studies investigating the role of stress as a
risk factor and motivation for cannabis use/misuse provides
evidence that using cannabis to cope with stress or relieve
tension is common and may be most prominent in heavier
cannabis users [23], which is also supported by more recent
studies [24, 25]. In addition, compared with other illicit drugs,
cannabis may be most commonly used for stress reduction
[23]. On the other hand, chronic drug use can affect stress
systems, making stress related motivation to use more salient
for chronic users and sensitizing individuals to the effects of
subsequent life stressors [23]. Thus, at least for some individ-
uals, there is a “vicious circle” between stress and cannabis
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use. Over time, this cycle could result in cannabis use disorder
or stress-related disorders, including TTC. In addition, the
effects of stress and cannabis use could be additive. Indeed,
a recent research [26¢] showed that adolescent mice treated
with cannabis’s psychoactive ingredient A9-tetrahydrocan-
nabinol (THC) and exposed to stress, but not mice exposed
to these two factors separately, exhibit impaired cued fear
extinction in adulthood.

Exploring Brain-Heart Link
Central Autonomic Network

The central autonomic network (CAN) is an intricate system
of brainstem, subcortical, and cortical structures that play key
roles in the function of the autonomic nervous system [27].
The CAN regulates cardiovascular function [16—18, 28, 29] to
maintain homeostasis by modulating the release of critical
hormonal factors, chemical messengers, and neurotransmit-
ters, in addition to mediating the activity of the sympathetic
and parasympathetic autonomic nervous system, which regu-
lates the function of different organs and tissues [29]. The
CAN is composed of a complex network including, but not
limited to, some key regions: amygdala, hypothalamus,
insula, hippocampus, ventromedial prefrontal, and cingulate
cortices [30-33]. These key regions of CAN largely overlap
with the neuronal network underlying emotion processing
[34, 35] and stress reactivity [30]. Through these common
brain regions, CAN is able to integrate emotional stress (such
as anxiety, fear, and sadness) in the autonomic response. By
integrating the information from other CAN regions, the hy-
pothalamus plays a central role in maintaining homeostasis,
controlling involuntary functions such as breathing, blood
pressure, heart rate, and inotropism [36].

Endocannabinoid System

The endocannabinoid system, composing of the cannabinoid
receptors types 1 and 2 (CB1R and CB2R respectively) for
THC, the endogenous ligands (N-arachidonoyl-ethanolamine
or AEA and 2-arachidonylglycerol or 2-AG), and the enzy-
matic systems involved in their biosynthesis and degradation,
has emerged as an important factor modulating emotional be-
haviors. The elements of the endocannabinoid system are
prevalent throughout the neuronal circuits underlying stress-
related disorders and CAN, including hypothalamus, hippo-
campus, prefrontal cortex, amygdala, and forebrain monoam-
inergic circuits. In other words, the neuronal circuits with
prevalent endocannabinoid receptors largely overlap with the
neuronal circuits underlying emotion processing, stress reac-
tivity, and CAN. The natural endocannabinoid system
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regulates anxiety and the response to stress by dampening
excitatory signals that involve the neurotransmitter glutamate
[37].

Resting State Networks

A growing literature suggests that brain networks identified
during a resting state reflect co-activated regions during task-
elicited cognitive activity [38] and are essentially the same
networks in different states of activity vs. quiescence, includ-
ing during sleep [39]. These networks have since been asso-
ciated with certain mental processes [40]. Furthermore, in
light of recent concerns about rigor and reproducibility in
fMRI [41], ancillary resting-state data has been used to quasi
“replicate” task-elicited co-activations in the same subject(s)
[42]. Furthermore, of increasing interest is the degree to which
separate brain networks (as identified by independent compo-
nents analysis) interact with each other, as either a cause or
marker of psychiatric illness. For example, alcohol use disor-
der is characterized by aberrant connectivity between salience
and default mode networks [43]. To date, the most commonly
studied interacting brain networks include default-mode, sa-
lience, central executive, dorsal attention, sensorimotor, visu-
al, and auditory networks [38, 44].

Brain Model of TTC

Some key CAN regions (i.e., amygdala, insula, and anterior
cingulate cortex) have been included in a previous brain mod-
el of TTC [33]. According this model, when exposed to anger/
fear/sadness or environmental/psychological stressors, the rel-
evant negative emotional information was first processed/
evaluated by amygdala, insula, and anterior cingulate cortex
[33]. For the individuals with risk of stress-related disorders,
the evaluation could facilitate subsequent response in the sub-
cortical autonomic network consisting of hypothalamus, nu-
cleus tractus solitarius, rostral ventrolateral medulla, and
parabrachial nucleus, which is signaled by the amygdala
[33]. The response in the subcortical autonomic network could
then result in subsequent physiological responses [33]. A di-
rect catecholamine toxicity and microvascular spasm, due to
the increased cardiac sympathetic outflow, might explain the
wall motion abnormalities seen in patients suffering from TTC

[1].

Brain Imaging Findings in Individuals with a Previous
Episode of TTC

To date, several fMRI studies have been conducted in patients
had previously experienced an episode of TTC, either during
resting state [45—47, 48¢] or when challenged by Valsalva
maneuver [49] and low temperature [48]. Klein et al. [46]
found that resting state functional (non-directional)

connectivity in left insula largely distinguishes TTC partici-
pants from healthy controls although the direction of the group
comparison was not reported in this study. The other three
studies found that relative to the healthy controls, the TTC
participants had greater resting state functional connectivity
in a posterior default mode network region (i.e., precuneus)
and lower functional connectivity in an anterior default mode
network region (i.e., ventromedial prefrontal cortex) [45];
lower resting state functional connectivity in parasympathetic-
and sympathetic-associated subnetworks (including amygda-
la, hippocampus, insula, cingulate, parietal, temporal, and cer-
ebellar regions) and default mode network and limbic regions
(including the hippocampus, parahippocampal, and medial
prefrontal regions) [47]; and greater resting state functional
connectivity in the bilateral hippocampus [48¢]. In response
to autonomic challenges triggered by the Valsalva maneuver,
TTC individuals showed greater activation in amygdala,
insula, and hippocampus than healthy controls [49]. When
stressed by local exposure to cold, the TTC participants dif-
fered significantly from both a prestress baseline interval and
from the control group, showing increased connectivity in a
network that included the left amygdala and the right insula
[48-].

Although sparse, these previous fMRI studies collectively
indicate that TTC individuals have an altered CAN network
and default mode network. These results, found both during
resting state and when being challenged, tend to support the
hypothesis that a dysregulation of autonomic control at the
central level plays a significant role in the pathology of TTC
[48¢]. When challenged, the amygdala showed hyperactivity
[48e, 49], consistent with its crucial role in the brain model
about TTC proposed by Nagai et al. [33]. Relatively more
resting state fMRI studies have been conducted, possibly be-
cause resting state fMRI is relatively easy to implement (no
task performance in the scanner, particularly useful and feasi-
ble for TTC patients).

Brain Imaging Findings in Stress

Resting State Studies In a study conducted by Soares et al.
[50], resting state networks were compared between healthy
participants exposed to prolonged stress (long period of prep-
aration for the medical residence selection examination) and
gender- and age-matched controls who did not expose to
stress (under normal academic activities). This study found
that the stressed participants had greater resting state function-
al connectivity in the default mode network, dorsal attention,
ventral attention, sensorimotor, and primary visual networks
than controls. In addition, the deactivation of these resting
state networks was found to be lower in the stressed partici-
pants than controls. The same research group [51] also exam-
ined the change of the resting state networks by comparing the
same individuals before and after recovery from the exposure
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to prolonged psychological stress and comparing these
stressed participants and controls who did not expose to stress
(under normal academic activities). This study shows that af-
ter recovery from the exposure to prolonged stress, the
stressed individuals displayed a partial recovery in the default
mode network, ventral attention network, and sensorimotor
network (lower functional connectivity than immediately after
stress but greater functional connectivity than controls). While
these studies suggest that the stress is associated with greater
activation in the default mode network, others [52, 53] also
demonstrated that the stress may be associated with increased
functional connectivity between the salience network and de-
fault mode network. Spripada et al. [52] investigated posttrau-
matic stress disorder (PTSD) and found that during resting
state, the PTSD participants had lower functional connectivity
within the default mode network, greater functional connec-
tivity within the salience network, and greater functional con-
nectivity between the default mode network and the salience
network. Another study [53] compared resting state functional
connectivity in healthy participants before and after a mild
social stressor and found that the default mode network ex-
hibited increased resting-state functional connectivity follow-
ing the stressor to the key nodes of the salience network, i.e.,
the dorsal anterior cingulate cortex and the anterior insula, as
well as sensorimotor regions and higher-order visual areas.

Task-Based Studies Admon et al. [54] examined the emotional
experience and brain responses of healthy soldiers before and
after their subsequent exposure to stressful combat events.
This study found that increase in combat stress symptoms
was significantly correlated to the amygdala’s reactivity be-
fore stress and also the hippocampal change in activation over
time. van Winden et al. [55] investigated the influence of
severe stress in soldiers before and after deployment to a com-
bat zone. The authors of this study reported that within the
stressed individuals, amygdala and insula reactivity to biolog-
ically salient stimuli increased after combat stress. In addition,
perceived threat was positively associated with the functional
connectivity between the amygdala and insula and the func-
tional connectivity between the amygdala and dorsal anterior
cingulate cortex.

Brain Imaging Findings in Cannabis Use

Resting State Studies Focusing on the default mode network
and salience network, Pujol et al. [56] found that relative to
healthy non-drug-using controls, cannabis users showed
greater functional connectivity in the posterior default mode
network (i.e., posterior cingulate cortex or PCC). The greater
functional connectivity in this PCC area was associated with
greater amount of cannabis used and partially persisted
after 1 month of abstinence. Another resting state study [57]
found that the cannabis users had lower functional
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connectivity in the PCC, the cerebellum, medial prefrontal
cortex, parahippocampus, and anterior insula. In cannabis-de-
pendent individuals, PCC-right anterior insula connectivity
strength correlated with duration of cannabis use.

Task-Based Studies Spechler et al. [58] used an fMRI emo-
tional face processing task to compare a group of young can-
nabis user and non-drug-using controls. As demonstrated in
Fig. 1, this study showed that cannabis users had greater re-
activity in the bilateral amygdalae to angry faces than neutral
faces, an effect that was not observed in the non-drug-using
controls. Employing a combination of fMRI and positron
emission tomography (PET), Bhattacharyya et al. [S9] inves-
tigated whether the effects of THC, the main psychoactive
ingredient of cannabis, on anxiety and on amygdala response
while processing fearful stimuli were related to local availabil-
ity of its main central molecular target, CB1 receptors in
males. Relative to the placebo condition, THC induced in-
creased anxiety and increased right amygdala activation while
processing fear. Both these effects (increased anxiety and in-
creased right amygdala activation) were positively correlated
with CB1R availability in the right amygdala. Ma et al. [60¢]
used dynamic causal modeling to measure effective
(directional) connectivity and found that when exposed to
angry/fearful facial expressions, cannabis users showed great-
er changes in the left amygdala to hypothalamus effective
connectivity (positively associated with Perceived Stress
score), the right amygdala to bilateral fusiform gyri effective
connectivities (positively associated with Perceived Stress
score), and the left ventrolateral prefrontal cortex to bilateral
fusiform gyri effective connectivities (negatively associated
with Perceived Stress score); see Fig. 2 for the schematic
diagram summarizing above effective connectivity results.

Summary of the Reviewed Brain Imaging Studies

As reviewed above, there exist brain imaging studies showing
similar findings across TTC, stress, and cannabis use. These
similar findings are centered on a key CAN region, the amygda-
la, i.e., amygdala hyperactivity/hyperconnectivity when exposed
to challenge, stress, or negative stimuli. This similarity supports a
pathophysiological association among cannabis use, stress, and
TTC.

While processing fear, amygdala hyperactivation/hyper-
connectivity can be observed both following acute adminis-
tration of THC [59] and in chronic cannabis users [58, 60¢]. It
is still unclear whether amygdala hyperactivation/
hyperconnectivity was a consequence of chronic cannabis
use or actually preceded cannabis use. If it is a consequence
of cannabis use, it is possibly related to the interaction be-
tween exogenous cannabinoids and the endocannabinoid sys-
tem. It has been shown that exogenous cannabinoids inhibit
GABAergic neurotransmission in the amygdala [61], and this
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Fig. 1 Cannabis users showed greater reactivity (mean signal) in the
bilateral amygdalae to angry faces than neutral faces, an effect that was
not observed in the non-drug-using controls. Asterisks indicate post hoc ¢
test differences significant at p <.05, corrected. Error bars represent the

Cannabis

effect is enhanced when the animal was placed in a threatening
environment and was given THC [62].

Amygdala-centered circuits may be one of the factors un-
derlying cannabis as a risk factor for TTC. According to a
model proposed in [63], the basolateral amygdala AEA/
CBIR couple “gates” Hypothalamic—pituitary—adrenal
(HPA) axis activation: when basolateral amygdala AEA con-
centrations are high, CBIR signaling inhibits the activation of
HPA axis; on the other hand, HPA axis activation could be
initialized when AEA concentrations in the basolateral
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Fig. 2 When exposed to angry/fearful facial expressions, cannabis users
showed greater changes in the left (L) amygdala (AMY) to hypothalamus
(HTH) effective connectivity (positively associated with Perceived Stress
score), the right amygdala to bilateral fusiform gyri (FG) effective
connectivities (positively associated with Perceived Stress score), and
the left ventrolateral prefrontal cortex to bilateral fusiform gyri effective
connectivities (negatively associated with Perceived Stress score).
(Adapted from: Ma L, et al. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2019 Jun 5. pii: S2451-9022(19)30141-7. doi: https://
doi.org/10.1016/j.bpsc.2019.05.013. [Epub ahead of print], with
permission from Elsevier) [60¢]

Left Amygdala ROI

B Angry
B Neutral

Cannabis Controls

standard error of the mean. ROI region of interest. (Adapted from:
Spechler PA, et al. Dev Cogn Neurosci. 2015;16:63—70. doi:https:/doi.
0rg/10.1016/j.den.2015.08.007, with permission from Elsevier) [58]

amygdala are low [64]. As commented by Spechler at al.
[58], exogenous cannabinoids may compromise the inhibitory
mechanism within the amygdala and lower the threshold for
HPA axis activation, especially when affected by threat.
Indeed, it has been shown [60¢] that when exposed to angry/
fearful facial expressions, the cannabis users showed greater
changes in the amygdala to hypothalamus effective connec-
tivity, and the greater change of this effective connectivity was
associated with greater Perceived Stress score.

Another relatively important finding is the hyperactivation/
hyperconnectivity in the posterior default mode network (i.e.,
PCC/precuneus). The findings on the posterior default mode
network could reflect the neuropsychopharmacological effects
of cannabinoids, consistent with very high density of CB1 recep-
tors in the PCC [65]. Specifically, as commented by Wall et al.
[66], the acute effect of THC is to disrupt PCC function [66—68].
Chronic use may lead to downregulation of CB1 receptors in the
PCC/precuneus, as evidenced by a PET study showing that
CBIR distributions were downregulated in daily cannabis
smokers in the PCC/precuneus, and that this downregulation
was reversible after 4 weeks of abstinence [69]. The longer-
term impairment of PCC function may then lead to
hyperactivation/hyperconnectivity of the PCC in chronic canna-
bis users. Prashad et al. [70] have shown that cannabis users
exhibited heightened salience to external self-relevant stimuli that
were modulated after repetitive transcranial magnetic stimulation
(rTMS) which targeted the PCC and precuneus.

Conclusive Remarks
Authors’ Opinion

Based on the literature reviewed above, we propose the fol-
lowing (Fig. 3): (1) Both chronic stress and cannabis use are
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Individuals

vulnerable to TTC

Amygdala

hyperactivation/
hyperconnectivity

TTC

Cumulative
effects

. [

L]
Cannabis
use
Fig. 3 Diagram depicting author’s opinion regarding the interplay
between stress, cannabis use, and TTC. Chronic stress and cannabis are

interlinked, both playing as risk factors to TTC. The cumulative effects of
chronic stress and or/cannabis use can result in hyperactivation/

risk factors for TTC; (2) there is close association be-
tween stress and cannabis use that, at least for some indi-
viduals, represents a “vicious circle”; (3) the effects of
stress and cannabis use are similar, additive, and cumulate
over time; (4) the cumulative effects of stress and or/can-
nabis use can result in hyperactivation/hyperconnectivity
in amygdala; (5) with-long term cumulative effects of the
risk factors, TTC could occur when suddenly triggered by
severe stressor(s).

Limitations

Several limitations of the present opinion deserve men-
tion. (1) The number of brain imaging studies investi-
gating TTC is quite small (n =5), as well as the num-
ber of TTC participants in these studies, suggesting that
the findings are still preliminary warranting further in-
vestigation. (2) TTC often occurs in females and we
could not draw any conclusion on gender effects. (3)
Although both hyperactivation/hyperconnectivity and
hypoactivation/hypoconnectivity were reported in the
majority of the TTC brain imaging studies, there exists
an exception [47], in which only hypoconnectivities
were reported. (4) Given the rare cases of TTC in can-
nabis users, we did not conduct exhaustive review about
stress and cannabis use. It should be expected that there
exist findings which are not consistent with those found
in TTC, in parallel with the fact that only a very small
portion of persons who are exposed to stress and/or
cannabis develop to TTC. (5) The dosage of chronic
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Triggered
by severe
stress

hyperconnectivity in amygdala. With-long term cumulative effects of
the risk factors, TTC could occur when suddenly triggered by severe
stressor(s)

cannabis assumption leading to potential alteration of
central autonomic network is still unknown. (6) Users
of cannabis may concomitantly use other illicit drugs
which may have some effect on central autonomic net-
work. (7) Transient microvascular or epicardial coronary
artery spasm in the absence of atherosclerotic coronary
artery disease has been described in cannabis users with
potential clinical overlap with TTC.

Future Directions

Based on our opinion and the limitations summarized
above and described in Fig. 3, we propose several fu-
ture directions of research in order to further advance
our understanding of cannabis use as a risk factor for
TTC. (1) The hypothesis that the hyperactivation/
hyperconnectivity in amygdala is the key underlying
neuronal factor could be tested by directly comparing
individual with episode of TTC, cannabis users, and
healthy controls. (2) A previous study [60¢] suggests
that against amygdala-centered risk circuits, there may
be prefrontal cortex related circuits reflecting a protec-
tive mechanism in cannabis users. Investigating these
potential protective circuits may shed light on potential
treatment mechanisms. (3) Based on the fact that TTC
more frequently occurs in females, it would be interest-
ing to test if more hyperactivation/hyperconnectivity in
amygdala can be observed in the female cannabis users
than the male cannabis users. (4) It is still unclear if the
proposed hyperactivation/hyperconnectivity in amygdala
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preexists or is due to cannabis use. Therefore, longitu-
dinal studies are needed to test if more hyperactivation/
hyperconnectivity in amygdala can be observed after
some duration of continued cannabis use or if treatments
which reduce cannabis use alter amygdala hyperactiva-
tion/hyperconnectivity. (5) There is increasing interest in
characterizing brain network at larger scale [71, 72].
Functional connectivity is easy to compute, but there is
lack of information about direction of connectivity; effec-
tive connectivity provides information of connectivity but
requires additional computation time. Therefore, we pro-
pose to combine functional connectivity and effective
connectivity: starting from a large brain network, use
functional connectivity analysis to provide preliminary in-
formation about the nodes involved in the altered func-
tional connectivities. After that, conduct effective connec-
tivity analysis within a smaller brain network with the
nodes found by the functional connectivity analysis.
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