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Abstract

Background Disordered autonomic nervous system regulation and supraspinal pain inhibition have been repeatedly described
in chronic pain. We aimed to explore the effects of 5-9-tetrahydrocannabinol (THC), an emerging treatment option, on auto-
nomic nervous system and central pain modulation measures in patients with chronic pain.

Methods Twelve male patients with chronic radicular neuropathic pain participated in a randomized, double-blind, crossover,
placebo-controlled, single-administration trial. Low/high frequency (LF/HF) heart rate variability (HRV) ratio and condi-
tioned pain modulation (CPM) response were measured and resting-state functional magnetic resonance imaging (MRI) was
performed at baseline and after sublingual administration of either 0.2 mg/kg oral THC or placebo.

Results THC significantly reduced the LF/HF ratio compared with placebo (interaction effect F(1,11) = 20.5; p < 0.005)
and significantly improved CPM responses (interaction effect F(1,9) = 5.2; p = 0.048). The THC-induced reduction in LF/
HF ratio correlated with increased functional connectivity between the rostral ventrolateral medulla and the dorsolateral
prefrontal cortex [T(10) = 6.4, cluster p-FDR < 0.005].

Conclusions THC shifts the autonomic balance towards increased parasympathetic tone and improves inhibitory pain
mechanisms in chronic pain. The increase in vagal tone correlates with connectivity changes in higher-order regulatory
brain regions, suggesting THC exerts top-down effects. These changes may reflect a normalizing effect of THC on multiple

domains of supraspinal pain dysregulation.
Clinical Trial Registry Number NCT02560545.

1 Introduction

Chronic pain is one of the most common problems encoun-
tered in healthcare [1]. Normally, pain perception is modu-
lated by an array of biological, environmental, cognitive and
affective factors that heavily influence the subjective experi-
ence of pain [2]. These in turn are supported by a network
of cortical and subcortical brain areas that can facilitate or
inhibit nociceptive afferent brain input via brainstem nuclei
[3]. In chronic pain conditions, there is altered modulation
of such inhibitory pathways [4], as well as dysfunction of the
autonomic nervous system (ANS) [5]. The ANS comprises
the sympathetic and parasympathetic nervous systems, in
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which the latter is dominated by the vagus nerve, involved
in many physiological processes, including cardiovascular
function and gastrointestinal responses, and has recently
been shown to also be involved in pain regulation [6, 7].
Although the ANS and supraspinal pain modulatory systems
do not necessarily interact directly [8], all display abnor-
mal activity patterns in chronic pain states. A recent meta-
analysis concluded, based on heart rate variability (HRV)
findings from chronic pain patients, that the ANS imbalance
specifically implicates dysregulation of the parasympathetic
arm of the ANS [9]. Notably, relief of chronic pain by injec-
tion of a local anesthetic results in an improvement in vagal
cardiovascular control measures [10].

Higher central nervous system modulation and pro-
cessing of the autonomic activity involves a set of neural
structures in the brain stem, and limbic and cortical areas
[11]. HRV dynamics are mediated through efferent outflow
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Chronic pain can be extremely debilitating and difficult
to treat, and is also a complex neurobiological phenom-
enon, involving the entire neural system.

In recent years, the use of medical cannabis to treat
chronic pain has gained much attention; however, the
neurobiological mechanisms underlying cannabis-
induced pain relief are complex, multimodal, and remain
poorly understood.

This article presents a double-blind, randomized trial
that demonstrates that the main psychoactive ingredient
in medical cannabis, 8-9-tetrahydrocannabinol (THC),
exerts a balancing effect on autonomic nervous system
activity and central nervous system pain modulation,
with corresponding changes in functional brain con-
nectivity in male patients with chronic neuropathic pain.
These findings could potentially contribute to under-
standing chronic pain dysregulation mechanisms and
support the medicinal use of cannabis as well as other
re-emerging treatments.

from medulla nuclei [12]. Specifically, neurons within the
rostral ventrolateral medulla (RVLM) play a pivotal role in
the maintenance and control of the tonic sympathetic activ-
ity [13, 14]. This activity includes high-frequency (HF)
and low-frequency (LF) components, representing vagal
and sympathetic influences, accordingly. The LF/HF ratio
assesses sympathetic-parasympathetic balance, providing a
better insight into stimulus-response relations. The RVLM
is a crucial region in the brainstem that plays a key role in
regulating cardiovascular functions, impacting HRV (both
LF and HF). Thus, understanding RVLM-HRYV interaction
helps decipher autonomic regulation, crucial when assess-
ing drug effects (e.g. cannabis), where changes in the LF/
HF ratio better reflect overall autonomic dynamics [11].
Descending excitatory and inhibitory inputs from higher
brain regions are demonstrated from the hypothalamus,
amygdala, and regions in the prefrontal cortex (PFC) [15,
16]. These neuronal centers play critical roles in the control
of both the emotional-cognitive aspects of pain processing
and autonomic responses, as described in animal models as
well as in human neuroimaging studies. Numerous resting
state functional magnetic resonance imaging (fMRI) studies
have shown that these brain networks show altered activation
in chronic pain patients [17, 18], and this remains one of the
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most widely used functional neuroimaging methods used in
imaging chronic pain [19, 20].

The function of other pain regulatory systems, in particu-
lar the inhibitory pathway, can be evaluated by the experi-
mental paradigm of conditioned pain modulation (CPM),
which estimates the reduction in pain perception that occurs
when a participant is exposed to pain and an additional
conditioning pain stimulus is applied, a phenomenon also
known as ‘pain inhibits pain’ [21, 22]. Patients with chronic
pain exhibit an impairment in the inhibitory pathway, result-
ing in lower CPM efficiency [23].

Cannabis and its main psychoactive component 5-9-
tetrahydrocannabinol (THC) have gained increased inter-
est over recent years as accumulating evidence has shown
their safety and efficacy in treating chronic pain conditions
[24-26]. Cannabis treatment for patients with chronic pain
provides short- and long-term benefits in pain reduction
along with improvements in quality of life and wellbeing
[27]. A recent comprehensive review concluded that there
was conclusive or substantial evidence that cannabinoids are
effective for the treatment of pain in adults [28], although
others have shown more ambiguous results [29]. Cannabis
can potentially affect both arms of the ANS, sympathetic and
parasympathetic, although its effects on the hemodynam-
ics and interplay amidst the two systems parts are incon-
clusive [30]. THC given to healthy participants resulted
in an increase in sympathetic cardiac activity, alongside
a decrease in vagal cardiac activity [31, 32]. Contrarily, a
study conducted on regular recreational users of cannabis
showed an opposite effect [33].

To our knowledge, there is no evidence of the effect of
cannabis or THC on the autonomic nervous control and on
CPM paradigm measures in chronic pain patients. Thus, in
this study, we aimed to investigate the effect of THC on
supraspinal pain modulation as reflected by the inhibitory
pathway activity, as well as on parasympathetic autonomic
tone as reflected by the sympathovagal balance. In order
to achieve this, we tested the effect of THC on the CPM
response as well as HRV indices in male patients with
chronic pain, in a double-blind, placebo-controlled trial
assessing the effect of a single dose of THC versus placebo
in patients with chronic neuropathic radicular pain. Physio-
logically, radicular pain is pain evoked by ectopic discharges
emanating from a dorsal root or its ganglion [34]. In that
sense, it is a classic example of neuropathic pain, i.e. pain
emanating from lesion or dysfunction of the somatosen-
sory nervous system. In addition, patients underwent rest-
ing state fMRI scans before and after receiving sublingual
THC/placebo.
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2 Methods
2.1 Study Participants

Patients were recruited by their treating physicians from
the Institute of Pain Medicine, Tel-Aviv Sourasky Medi-
cal Center. Inclusion criteria were established neuropathic
lower limb radicular pain for over 6 months and medium
to high chronic pain (over 40 on a 100-point visual analog
scale), with no other significant comorbidities or chronic
pain syndromes. Women were excluded due to evidence that
menstruation-related hormonal fluctuations may alter pain
sensitivity and ANS regulation [35, 36]. Seventeen male par-
ticipants provided written informed consent to be included
in this study. Two participants were excluded because, on
further examination, they did not fulfill the inclusion criteria.
Three participants were not included in the final analyses due
to data acquisition problems. Twelve patients with chronic
lumbar radicular pain completed the study (27-40 years of
age, mean age 33.9 + 3.6 years, all males). Importantly, all
patients were cannabis-naive based on direct questioning,
although we did not conduct a toxicological screening prior
to participation. Full data for two participants of the CPM
part were not completed and therefore they were excluded
from the CPM analysis. Participants’ demographic and clini-
cal data, as well as detailed inclusion and exclusion criteria,
are available in Appendix Tables 1a and 1b. The study was
approved by the Tel-Aviv Sourasky Medical Center Institu-
tional Review Board (Clinical Trial Registration: clinicaltri-
als.gov/study/NCT02560545). The CONSORT diagram is
shown in Fig. 1.

2.2 Study Procedure

Patients participated in two counterbalanced meetings of
a crossover, randomized, double-blind, placebo-controlled
trial. In each meeting, patients received THC oil or placebo
hemp oil (similar in color and smell to cannabis oil) sub-
lingually (0.2 mg/kg, average THC dose = 15.3 + 2.1 mg;
Panaxia Pharmaceutical Industries Ltd, Israel), and were
instructed to keep the formulation sublingually in an upright
position for 2 min. Of note, the oral formulation used con-
sisted of isolated THC with no other trace substances, and
therefore was independent of cultivar effects. Randomiza-
tion was performed by a dedicated physician using a sealed
envelope website (sealedenvelope.com/). The experimental
design is depicted in Fig. 2.

In each session, patients underwent baseline clinical
evaluation, including heart rate (HR) and blood pressure
(BP) measurements, and HRV assessment (Nexfin, BMEYE,
Amsterdam, The Netherlands). HRV was sampled, calcu-
lated, and monitored by a three-lead electrocardiogram

(ECG) for a period of 5 min after patients were asked to rest
in a supine position, task-free, for 15 min. The CPM para-
digm was applied, with a noxious heat stimulus as the test
stimulus (Ts), delivered first alone and then concomitantly
with a conditioning stimulus. Patients rated the pain intensity
of the Ts continuously using a computerized visual analog
scale (COVAS, Medoc, Israel), ranging from 0 (no pain at
all) to 100 (the most intense pain imaginable). Subsequently,
patients underwent a non-task resting state fMRI scan, last-
ing 6 min, and patients were instructed to keep their eyes
closed, rest, and relax, but not to fall asleep. After the scan,
patients received the treatment (THC/placebo). One hour
post drug administration, the same procedure was repeated.
The second fMRI scan was thus started about 2 h post drug
administration, in accordance with THC sublingual absorp-
tion, usually showing maximal plasma concentrations after
2-3 h [37]. The meetings were separated by at least 1 week
in order to enable a THC washout period (average weeks
interval = 2.8 + 3.4). Participants were not questioned as
to the perceived allocation to THC or placebo per session.

2.3 Conditioned Pain Modulation (CPM) Paradigm

The Ts was a tonic noxious heat stimulus (TSA II, Neuro-
sensory Analyzer; Medoc, Israel) delivered to the dominant
volar forearm for 120 s at PAIN60 intensity. PAIN60 was
determined individually as the temperature that induces
pain at the intensity of 60 in a 0100 scale. The temperature
increase and decrease rate was 0.3 °C/s from a baseline tem-
perature of 31 °C. The conditioning stimulus was immersion
of the left foot into a cold water bath (8 °C) for 120 s or until
the patient could not tolerate the stimulus and removed his
leg.

2.4 Functional Magnetic Resonance Imaging (fMRI)
Data Acquisition

fMRI data were acquired with a 3T MRI scanner (Mag-
netom Prisma, Siemens, Munich, Germany), with a
20-channel head coil, located at the Wohl Institute for
Advanced Imaging at the Tel Aviv Sourasky Medi-
cal Center. Functional scans were performed with T2*-
weighted echoplanar images (44 axial interleaved slices,
repetition time [TR] 3000 ms, echo time [TE] 35 ms,
field of view [FOV] 220 mm, in-plane matrix resolu-
tion 96 X 96, voxel size 2.3 X 2.3 X 3.0 mm, slice thick-
ness 3 mm, flip angle 90°). Anatomical scan consisted
of T1-weighted magnetization-prepared rapid gradient
echo structural images (TR 1860 ms, TE 2.74 ms, FOV
256 mm, in-plane matrix resolution 256 X 256, voxel size
1 x 1 x 1 mm, slice thickness 1 mm, flip angle 8°).
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Fig.1 Study CONSORT diagram. CONSORT Consolidated Standards of Reporting Trials

2.5 Data Analysis
2.5.1 Physiologic Measurements

Statistical analyses for physiologic measurements were per-
formed using STATISTICA 10 (TIBCO Software Inc., Palo
Alto, CA, USA). Within-subject repeated measures analysis
of variance was employed to ascertain significant interaction
and simple main effects between the treatment (THC, pla-
cebo) and the state (pre, post) for cardiovascular measures
(HR, BP and HRV) and CPM.

2.5.2 Heart Rate Variability (HRV) Analysis
The HRV measures that were calculated were low fre-
quency (LF), high frequency (HF), and LF/HF ratio, which

reflects the balance between the two components of the
autonomic system. A three-lead surface ECG was sampled
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for 5 min and digitized at 500 Hz by an analog-to-digital
converter using the Windaq pro software (WinDag, version
2.27; DataQ Instruments, Akron, OH, USA). The assess-
ment of the power spectral analyses of R-R intervals was
performed using the Welch periodogram method for power
spectral density calculation. Band pass filter (BPF) was
used for respiration and noise reduction. A Hanning win-
dow in the time domain was adopted to attenuate spec-
tral leakage (512 samples). Two subsets of the frequency
domain were used for the RR interval, low-frequency band
(LFRR: 0.04-0.15 Hz) and high-frequency band (HFRR:
0.15-0.4 Hz). LF and HF were also normalized as the rela-
tive value of each power component in proportion to the
total power minus the very LF (VLF) component (local
software, using MathLab 2018 [38]).

For each participant, in each treatment condition, HRV
changes were determined as the delta between the HRV score
before intervention and the HRV score after intervention.
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Fig.2 Experiment design: Twelve patients with chronic lumbar radic-
ular pain participated in two meetings of a randomized, double-blind,
counterbalanced, placebo-controlled trial. In each meeting, they
received a sublingual dose of either 0.2 mg/kg THC oil or placebo.

2.5.3 CPM Analysis

CPM response was calculated by subtracting the mean pain
intensity ratings of the Ts alone from the mean pain inten-
sity ratings of the Ts during the conditioning stimulus. Thus,
greater CPM response is presented as a negative value. For
each patient, the difference between baseline and the inter-
vention stages was calculated [8]. The whole paradigm was
completed by 12 participants but due to recording problems,
two participants did not include the whole dataset and were
excluded.

2.6 fMRI Data Analysis
2.6.1 Preprocessing and Functional Connectivity Analysis

Functional analyses were performed using Statistical Paramet-
ric Mapping (SPM12) software (fil.ion.ucl.ac.uk/spm/soft-
ware/spm12/) and the Functional Connectivity toolbox [39]
(nitrc.org/projects/conn). Preprocessing included the follow-
ing; the first 18 s of the functional data were discarded to allow

Patients underwent clinical evaluation and an fMRI scan pre and post
drug/placebo administration. fMRI functional magnetic resonance
imaging, THC 8-9-tetrahydrocannabinol

steady-state magnetization. Functional images were slice-time
corrected, realigned to the middle scan, motion-corrected, and
normalized according to standard Montreal Neurological Insti-
tute (MNI) space. Spatial smoothing was performed using a
6-mm full width at half maximum Gaussian kernel. In order
to reduce noise, functional volumes were bandpass filtered
at 0.008-0.15 and the component-based method (CompCor)
was used for noise signals such as white matter, CSF, and
movement artifacts that were taken as confounders. In addi-
tion, images that were regarded as movement outliers were
regressed out. Outliers were detected using the ART toolbox
(nitrc.org/projects/artifact_detect/) and defined as volumes
with a movement >2 mm or signal intensity changes >9 SD.

Functional connectivity was performed using a seed-based
analysis looking for temporal correlations of the resting-state
blood oxygenation level-dependent (BOLD) signal time series
between the RVLM as the seed region and the rest of the brain.
The region of interest (ROI) was defined using the left RVLM
peak coordinates from an fMRI study of the sympathetic nerve
activity [40]. A 2 mm radius sphere was generated around the
coordinates (MNI coordinates — 5, —42, —52).
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For each participant, first-level correlation maps were
produced by extracting the residual BOLD time course from
the seed and computing the Pearson correlation coefficients
between that time course and the time course of all other
voxels. Correlation coefficients were converted to normally
distributed z scores using the Fisher transformation to allow
second-level general linear model analyses.

To examine HRV-related changes in connectivity, first-
level connectivity maps for each participant, at each state (pre,
post), were entered into a whole-brain regression analysis with
HRYV changes as a covariate. The states were contrasted (post
> pre) in order to examine the change in the treatment state
(post) compared with the baseline state (pre). In this analysis,
reported clusters survived a height threshold of uncorrected
p < 0.001 and an extent threshold of false discovery rate
(FDR)-corrected p < 0.05 at the cluster level.

3 Results
3.1 HRV

THC administration significantly reduced the LF/HF ratio
compared with placebo, from 1.53 + 0.27 to 0.96 + 0.21
(interaction effect F(1,11) = 20.5, p = 0.001; simple
effect p = 0.001) (Fig. 3 and Table 1). The decrease in
LF/HF ratio was mainly driven by the significant increase
observed in the HF component following THC adminis-
tration, from 34.0 + 3.5 to 46.3 + 4.1 (normalized unit)
[interaction effect F(1,11) =27.2, p < 0.001; simple effect
p = 0.009) (Fig. 3). However, the cardiovascular meas-
ures of HR and BP did not change significantly post THC
administration compared with placebo (Table 1).

3.2 C(PM

THC significantly improved the CPM response. The mean
pain reports subtraction between the Ts and the Ts during the
conditioned stimulus changed from —9.8 + 6.2 at baseline
to —25.7 + 7.4 post THC administration (interaction effect
F(1,9) = 5.2, p = 0.048; simple effect p = 0.002) [Fig. 4].
Placebo administration had no significant effect on the CPM
response.

3.3 Functional Connectivity (FC)
In order to examine the brain regions that may associate with
the HRV changes, the LF/HF ratio was used as a covariate

in a seed-to-whole-brain functional connectivity regres-
sion analysis. The RVLM was used as the seed ROI and
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Fig. 3 Mean absolute data of the normalized HFgy (upper graph) and
ratio between the LFpi to HFyy values (lower graph). The p value
represents the result of the two-tailed paired #-test. Error bars repre-
sent the SEM. HF high frequency, HF; high-frequency domain of
RR intervals, LF low frequency, LF g, low-frequency domain of the
RR intervals, NS non-significant, P placebo, SEM standard error of
the mean, 7 THC, THC &-9-tetrahydrocannabinol

the changes in functional connectivity were tested via the
contrast between the pre and post THC administration dur-
ing the resting state fMRI scans (pre < post).

An increase in functional connectivity between the
RVLM and the dorsolateral PFC (DLPFC) was found in
correlation to the reduction in the LF/HF ratio after THC
administration (right DLPFC, MNI coordinates 18 38 38;
145 voxels, T(10) = 6.4, cluster p-FDR = 0.000071) (Fig. 5),
whereas in the placebo condition, no association was found
when testing the RVLM functional connectivity and the LF/
HF ratio changes.
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Table 1 Hemodynamic and heart variability data, time domain, and
frequency domain

Parameter Placebo THC
Baseline  Drug Baseline Drug
HR bpm 70+3 68 +3 72 +4 70+3
Systolic BP 125+ 6 123 +5 124 + 4 123 + 6
mmHg
Diastolic BP 74 + 4 75+2 73+2 74 +3
VAS score  52+3.5 4443 53+45 35414
HRV frequency domain
LFn (nu) 35+35 387+2.1 40+2.6 34+24
HFn (nu) 40+57 36.5+48 34 +3.5 46 + 4.1*°
LF to HF 148 +04 1.47+028 1.53+0.27 0.96 +0.21*°
ratio

Delta: drug—baseline

A LFn (nu) 3.8+2.7 —5.86 +2.4°

A HFn (nu) —45+35 12 +2.36°

A LF to HF —0.004 + —0.57 £0.2°
ratio 0.2

HRYV time domain

RMSSD 34+8 39 11 31+5 51+ 1280
ms

PNN50% 10+4 11+5 11+3 18+6

Data are expressed as mean + SEM

bpm beats per minute, Delta changes from baseline for each inter-
vention, LF low frequency, HF high frequency, HR heart rate, HRV
heart rate variability, nu normalized unit, RMSSD root mean square of
successive differences between normal heartbeats, PNN50% propor-
tion of adjacent NN intervals that differ from each other by more than
50 ms (both these time-domain data are indices of vagal cardiac con-
trol), SEM standard error of the mean, VAS visual analog scale

ap < 0.05 compared with baseline
°p < 0.05 compared with placebo

4 Discussion

The aim of this study was to examine the changes that THC
induces on behavioral and brain measures of the autonomic
system, and on the efficiency of inhibitory pain modulation
mechanisms in patients with chronic pain. To this end, we
applied a double-blind, placebo-controlled trial using HRV,
CPM paradigm and resting state fMRI assessed before and
after a single dose of THC versus placebo in male patients
with chronic neuropathic pain.

The LF/HF ratio was significantly reduced only after
THC administration, but not after placebo. Based on the
concept that a lower LF/HF ratio reflects parasympathetic
dominance, whereas a high LF/HF ratio indicates the con-
trary, toward sympathetic dominance [41], we conclude
that THC shifted the autonomic system towards a higher
parasympathetic activity as expressed by cardiovascular
control (increased HF band). Since chronic pain condi-
tions are characterized by lower parasympathetic activity

Conditioned Pain Modulation

0
)
=
= -10 7
©
: 1
£
© -20
o
< P
~ ns
= -30 |
o
(&)
p=0.02
-40 T T T T

Baseline-P Placebo Baseline-T THC

Fig.4 CPM after THC/placebo administration. Compared with pla-
cebo, THC significantly increased CPM. Error bars represent the
SEM. Within-subject repeated measures ANOVA was employed to
ascertain significant interaction and simple main effects between the
treatment (THC, placebo) and the state (pre, post). Interaction effect
F(1,9) = 5.2, p = 0.048; simple effect p = 0.02. ANOVA analysis of
variance, CPM conditioned pain modulation, SEM standard error of
the mean, P placebo, T THC, THC §-9-tetrahydrocannabinol

(i.e., sympathetic dominance) [7, 11], and are specifically
associated with a significant increase in the LF/HF ratio
compared with healthy controls [9], our results of a reduced
LF/HF ratio signifying increased parasympathetic activity
may reflect THC modulation of the autonomic system in
the direction of normalizing existing aberrations in patients
with chronic pain.

The CPM response was significantly improved follow-
ing THC administration, compared with placebo, meaning
patients reported a higher reduction in experienced pain
when the Ts was delivered together with the conditioning
stimulus. This observation signifies a more efficient inhibi-
tory modulation of peripheral pain stimuli. It has been
shown, including in meta-analyses, that CPM is impaired
in patients with chronic pain [42], and that different factors
could alter the CPM response in various chronic pain condi-
tions [43, 44]. Such factors include the specific type of pain
syndrome [44] (e.g. fibromyalgia vs. chronic low back pain
[45]), opioid, and other medication use [44]; use of non-
invasive neuromodulation; and, relevant to this case, auto-
nomic cardiovascular measures [46]. Interestingly, healthy
participants do not exhibit changes in CPM response after
THC administration [47, 48]. Our results therefore indicate
that THC promotes activation in the inhibitory pain path-
ways and improves their function in patients with chronic
neuropathic radicular pain.

Interactions between the autonomic and nociceptive sys-
tems can be found at the levels of the periphery, spinal cord,
brainstem, midbrain and forebrain [49, 50]. It has been sug-
gested that the impairments in descending inhibitory control
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tvalue

Fig.5 LF-HF ratio decrease post THC administration correlates
with an increase in functional connectivity between RVLM and
DLPFC. Seed-to-whole-brain functional connectivity regression
analysis was performed with left RVLM ROI (-5, —42, —52, 2 mm)
30. Increased functional connectivity was found between RVLM
and right DLPFC correlated with LF-HF ratio reduction after THC

in chronic pain conditions relates to central sensitization
resulting from sustained ongoing pain [4], and that the lat-
ter also influences the imbalances observed in activity of
the ANS [51, 52].

Subsequently, the RVLM, a part of the medulla in the
brainstem, was chosen as the ROI due to its key role,
through neuronal connections, in controlling the tonic
sympathetic activity [13, 14]. We found that the decrease
in the LF/HF ratio after THC administration correlated
with an increase in functional connectivity between the
RVLM and the DLPFC. The DLPFC is a region within
the PFC and is generally identified with maintenance and
regulation of top-down modulation of various processes,
including the CPM response [53]. Moreover, this region
has been shown to display anatomical and functional
alterations in chronic pain conditions [53, 54]. It has been
suggested that the output of the human RVLM at rest
may provide a tonic modulatory role during experimental
tonic muscle pain, and is held in check by active inhibi-
tion from several higher-order brain regions, including
the DLPFC, withdrawal of which can lead to increases
in pain related muscle sympathetic nerve activity and BP
[55]. Interestingly, a brain imaging study investigating the
associations between fMRI time series and HRV found
that the right DLPFC was involved in modulation of the
parasympathetic system activity [15]. Additionally, accu-
mulating data from recent studies of non-invasive brain
stimulation of the DLPFC have demonstrated that this
stimulation results in attenuation of sympathetic activ-
ity [56-58]. The organization of higher brain regions in
the PFC and brainstem nuclei was conceptualized in a
neurovisceral model, based largely on animal studies,
where it posits the PFC regulates and inhibits the activity
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administration. Right DLPFC, MNI coordinates 18 38 38; 145 voxels,
T(10) = 6.4, cluster p-FDR = 0.000071. DLPFC dorsolateral prefron-
tal cortex, FDR false discovery rate, HF high frequency, LF low fre-
quency, MNI Montreal Neurological Institute, ROI region of interest
RVLM rostral ventrolateral medulla, THC §-9-tetrahydrocannabinol

of limbic structures and brainstem regions, which con-
trol vagal tone and the activity of the autonomic system
[16]. Specifically, according to the neurovisceral model,
regulation through the PFC and the RVLM is related to
direct control of the sympathetic arm, while other brain-
stem nuclei, such as the nucleus ambiguous (NA) and
dorsal vagal motor nucleus (DVN), are related to control
of the parasympathetic arm. However, our results could
not determine whether the changes documented in the
RVLM connectivity caused inhibition in the sympathetic
activity resulting in higher parasympathetic activity, and/
or impacted the other brainstem nuclei, which in turn
affected the parasympathetic system.

THC is a potent partial agonist of the CB1 and CB2
receptors of the endocannabinoid system [59]. The distri-
bution of these receptors in the nervous system consists of
particularly dense expression of CB1 receptors through-
out the cortex and especially the PFC, with relatively
low expression in the brainstem [60]. Considering this
pattern, the increased functional connectivity between
the RVLM and DLPFC is more likely to reflect a THC
modulation of the DLPFC, which exerts top-down regu-
lation on the RVLM and the autonomic response. This
suggestion should be further investigated with methods
and paradigms that can allow for drug-specific locality
and directionality effects. In addition, bottom-up effects
cannot be ruled out and might still also contribute to the
autonomic changes through THC effects on CB1 recep-
tors in the brain stem, spinal cord or the peripheral nerv-
ous systems [61].

Taken together, our results of increased connectivity
of the DLPFC and the RVLM resting state functional
connectivity associated with increased parasympathetic
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activity may indicate that THC modulates and influences
the autonomic response through key substantial brain
regions for controlling and regulation of the ANS, known
to be plausibly malfunctioning in chronic pain conditions.
Further fMRI studies with high resolution should investi-
gate other brainstem nuclei and their potential contribu-
tions for the effect of THC on the ANS in healthy indi-
viduals and patients with chronic pain.

4.1 Limitations

While we included patients who were reportedly cannabis-
naive we did not test participants for cannabinoids or other
drugs of abuse prior to inclusion. In addition, we did not
directly question participants as to whether they thought they
received a cannabis or placebo intervention, which would
have made it possible to at least partly control for incom-
plete blinding and the effects of expectation. This study has
two major limitations. Sample size was relatively small, as
the complex logistics of conducting extensive psychophysi-
ological tests and four fMRI scans (two of which were phar-
maco-fMRI scans) in patients with clinical ongoing pain was
extremely demanding. In addition, crucially, women were
excluded from this study due to a concern regarding men-
struation-induced fluctuations in pain sensitivity, therefore
larger-scale studies with bigger sample size cohorts should
examine whether these results are reproducible and in a het-
erogeneous population including women before assuming
generalizability. Future investigations should include other
chronic conditions to better understand whether our results
represent a pervasive neuronal mechanism of THC effects on
chronic pain. Moreover, high fMRI resolution studies should
further investigate other brainstem nuclei and their involve-
ment in the effect of THC on the autonomic system. The
three considered measures in this study were not performed
simultaneously, which may affect our conclusions.

5 Conclusions

To conclude, in this study, THC administration in the con-
text of chronic clinical neuropathic pain, in this case radicu-
lar neuropathic pain, resulted in changes in the sympathova-
gal balance, shifting the balance toward a parasympathetic
dominance. In addition, THC improved the CPM response
in patients, indicating enhanced inhibitory modulation of
pain. Lastly, the increase in parasympathetic control was
associated with increased connectivity between the RVLM
and DLPFC, indicating enhanced higher-order prefrontal
modulation. It therefore seems that THC has a normalizing
effect on multiple supraspinal pain modulatory pathways,
known to be abnormal in chronic pain.
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