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Abstract 
The development of a high-end cannabinoid-based therapy 
is the result of intense translational research, aiming to con-
vert recent discoveries in the laboratory into better treat-
ments for patients. Novel compounds and new regimes for 
drug treatment are emerging. Given that previously unre-
ported signaling mechanisms for cannabinoids have been 
uncovered, clinical studies detailing their high therapeutic 
potential are mandatory. The advent of novel genomic, op-
togenetic, and viral tracing and imaging techniques will help 
to further detail therapeutically relevant functional and 
structural features. An evolutionarily highly conserved group 
of neuromodulatory lipids, their receptors, and anabolic and 
catabolic enzymes are involved in a remarkable variety of 
physiological and pathological processes and has been 
termed the endocannabinoid system (ECS). A large body of 
data has emerged in recent years, pointing to a crucial role 
of this system in the regulation of the behavioral domains of 
acquired fear, anxiety, and stress-coping. Besides neurons, 

also glia cells and components of the immune system can 
differentially fine-tune patterns of neuronal activity. Dysreg-
ulation of ECS signaling can lead to a lowering of stress resil-
ience and increased incidence of psychiatric disorders. 
Chronic pain may be understood as a disease process evoked 
by fear-conditioned nociceptive input and appears as the 
dark side of neuronal plasticity. By taking a toll on every part 
of your life, this abnormal persistent memory of an aversive 
state can be more damaging than its initial experience. All 
strategies for the treatment of chronic pain conditions must 
consider stress-related comorbid conditions since cognitive 
factors such as beliefs, expectations, and prior experience 
(memory of pain) are key modulators of the perception of 
pain. The anxiolytic and anti-stress effects of medical canna-
binoids can substantially modulate the efficacy and tolera-
bility of therapeutic interventions and will help to pave the 
way to a successful multimodal therapy. Why some individu-
als are more susceptible to the effects of stress remains to be 
uncovered. The development of personalized prevention or 
treatment strategies for anxiety and depression related to 
chronic pain must also consider gender differences. An emo-
tional basis of chronic pain opens a new horizon of opportu-
nities for developing treatment strategies beyond the re-
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peated sole use of acutely acting analgesics. A phase I trial to 
determine the pharmacokinetics, psychotropic effects, and 
safety profile of a novel nanoparticle-based cannabinoid 
spray for oromucosal delivery highlights a remarkable inno-
vation in galenic technology and urges clinical studies fur-
ther detailing the huge therapeutic potential of medical can-
nabis (Lorenzl et al.; this issue). © 2022 The Author(s).

Published by S. Karger AG, Basel

Phytocannabinoids

Cannabis triggers a complex set of experiences in hu-
mans including euphoria, heightened sensitivity to ex-
ternal experience, and relaxation [1]. The pharmacolog-
ical effects of medical cannabis presently used are main-
ly due to two ingredients of the chemotype- and 
variety-rich cannabis plant Cannabis sativa [2], the psy-
choactive phytocannabinoid (−)-∆9-tetrahydrocannab-
inol (THC) and the primary noneuphorizing and non-
addictive compound cannabidiol (CBD). The different 
content of THC and CBD and their ratio to each other 
may offer opportunities for a more individualized treat-
ment (entourage effect, see below). Today, cannabis 
plant strains are available with more than 20% THC but 
also variants with content less than 1% THC and up to 
20% CBD. Besides THC and CBD, cannabis flowers 
contain more than 170 different cannabinoids, with 
dozens of pharmacologically active molecules, such as 
cannabichromene, cannabigerol, tetrahydrocannabiva-
rin, cannabidivarin, and cannabinol [3, 4]. The propor-
tion of each phytocannabinoid is influenced by various 
factors such as growing conditions and extraction meth-
ods. In addition, the cannabis plant contains more than 
200 terpenes and terpenoids with different pharmaco-
logical properties and alleged therapeutic potential [5]. 
Members of this highly heterogeneous group of sub-
stances and a plethora of various other noncannabi-
noids such as flavonoids, steroids, and alkaloids are con-
tained in a formulated full-spectrum cannabis extract 
and may act in concert [6] (see below). The investiga-
tions on the endocannabinoid system (ECS) (see below) 
enable us to start to understand also the mechanisms of 
actions of phytocannabinoids. For example, exogenous 
cannabinoids influence behavior in a biphasic manner, 
with low and high doses exerting anxiolytic and anxio-
genic states, respectively, in both animals and humans 
[7–9]. Preclinical data suggest that the anxiolytic effect 
of cannabinoids at low doses depends on the presence of 
cannabinoid receptors on cortical glutamatergic neu-

rons, whereas the anxiogenic effect of higher doses is 
mediated by cannabinoid receptors on forebrain GABA-
ergic neurons. Such a bimodal control via cannabinoid 
receptors on excitatory glutamatergic and inhibitory 
GABAergic neurons correlates well with the behavioral 
alterations observed.

Cannabinoid Receptors

Cannabinoids bind reversibly and stereo-selectively to 
the canonical cannabinoid receptor type 1 and type 2 re-
ceptors (CB1R and CB2R; see refs. in: [10–17]. There is 
evidence that also other non-CB1R and non-CB2R 
(GPR18, GPR119, and GPR55) are involved in the signal-
ing of the ECS [18]. Certain plant natural products, from 
both cannabis and other plants, target other proteins of 
the ECS, such as hydrolytic enzymes that control endo-
cannabinoid (eCB) levels [19]. CB1R and CB2R are high-
ly versatile and adaptable containing seven transmem-
brane spanning domains, which can form homo- and 
heterodimers with various receptors, thereby altering sig-
naling and trafficking in membranes and in intracellular 
compartments. Despite their ubiquitous occurrence and 
cellular plasticity, particularly CB1R acts in a highly spe-
cific manner as integrators of synaptic signaling in many 
neurotransmitter and lipid signaling systems. Their ex-
pression levels and location vary greatly depending on the 
brain region and cell type (see details in [17]. The CB1R 
appears to be the most highly expressed receptor in the 
brain. Deleting CB1R specifically in nociceptive neurons 
localized in the peripheral nervous system of mice reduc-
es the analgesia produced by local and systemic but not 
intrathecal delivery of cannabinoids, suggesting a sub-
stantial contribution of CB1R expressed on the periph-
eral terminals of nociceptors to cannabinoid-induced an-
algesia [20].

CB1R is also present at very low levels in astrocytes, 
a major class of glia cells, which tightly interacts with 
neurons through specific signaling molecules and takes 
up glucose from the bloodstream to provide energy to 
the brain (see Fig. 1). There is evidence that astrocytes 
can directly regulate glucose metabolism and impair 
behavioral responses in social interaction tests. CB1R is 
present in the outer mitochondrial membrane (mito-
chondrial CB1R; mtCB1R). Stimulation of the mtCB1R 
leads to inhibition of mitochondrial oxidative phos-
phorylation and ATP production and modulates neu-
rotransmitter release through mechanisms still un-
known [21]. The role of mtCB1R in anxiety-, fear-, and 
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stress-related circuits is not known yet, but neuronal 
redox stress is eventually involved in the fine-tuning of 
neuronal activity, making bioenergetic processes pri-
mary acute regulators of learning, memory formation, 
and cognitive functions [21, 22]. It was reported that 
acute cannabinoid intoxication induces amnesia in hu-
mans and animals, with causal involvement of CB1R 
expressed by astrocytes [15].

CB2R is expressed in both neurons and glial cells in the 
brain under physiological and pathological conditions 
[23]. CB2R transcripts are less abundant than CB1R 
mRNA but are strongly upregulated in response to vari-
ous insults, such as chronic pain and neuroinflammation. 
CB2R expressed in the immune system is involved in im-
mune-modulating effects on T cells, B cells, monocytes, 
and microglia cells. CB2R is particularly expressed in ac-
tivated microglia. CB2R agonists are potential analgesics 
void of psychotropic effects. Peripheral immune cells, 
neurons, and glia express CB2R. However, their involve-
ment in neuropathic pain remains unresolved. A recent 

study identified a simultaneous activity of neuronal and 
lymphoid CB2R that protects against spontaneous and 
evoked neuropathic pain [24]. CB2R expressed in the im-
mune system is involved in an overall reduction in pro-
inflammatory cytokine expression and an increase in an-
ti-inflammatory cytokines [25]. Functional CB2R are not 
exclusively expressed in the immune system but also in 
neurons, suggesting a more widespread expression and 
functional relevance in the CNS. For instance, action po-
tential-driven eCB release leads to a long-lasting mem-
brane potential hyperpolarization in CA3 and CA2 hip-
pocampal principal cells. Modulating the activity of a so-
dium-bicarbonate cotransporter alters the input/output 
function of CA3 hippocampal principal neurons and 
gamma oscillations in vivo [26]. Noteworthy, eCB diffu-
sion by volume transmission [27] in the extracellular 
space can alter glial functioning and modulate neu-
rotransmitter release, e.g., at synaptic terminals of neigh-
boring neurons [28, 29].

Fig. 1. “Tripartite cannabinergic synapse.” The concept of a ‘tripartite cannabinergic synapse” includes neuronal, 
glial, and vascular elements (for details see text). NAPE-PLD, N-acyl-phosphatidylethanolamine phospholipase 
D; ABHD6, α-β-hydrolase domain protein 6; DAGL, diacylglycerol lipase.
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The ECS

The neuromodulatory lipids, their receptors, and an-
abolic and catabolic enzymes of eCBs play a crucial role 
in the regulation of a great variety of physiological and 
pathological processes including chronic pain [17, 30] 
(Fig. 1). In the brain, anandamide (AEA) and 2-arachi-
donoyl glycerol (2-AG) are the main eCBs produced 
from cell membrane lipid membrane precursors. The 
synthesis machinery for AEA seems to be mainly lo-
cated presynaptically, whereas the degrading machin-
ery is at the postsynaptic site. The neuronal CB1R is 
predominantly expressed at the presynapse; however, 
functional postsynaptic CB1R and CB2R have also been 
reported.

On depolarization of the postsynaptic terminal, e.g., 
by activation of glutamate receptors (N-methyl-D-aspar-
tate [NMDAR] or metabotropic glutamate receptors 
mGluR1 and mGluR5) or muscarinic receptor type 1 and 
2 in response to increased cytoplasmic calcium, 2-AG 
and possibly AEA are synthesized “on demand” from lip-
id precursors by the AEA synthesizing enzyme N-acyl-
phosphatidylethanolamine phospholipase D, which is 
predominantly expressed in the presynaptic terminal, al-
though it might also be present postsynaptically and the 
2-AG synthesizing enzyme diacylglycerol lipase in den-
dritic spines of excitatory synapses [17, 31]; see Fig. 1). 
Transporter systems release 2-AG and possibly AEA, 
which then travel to the presynaptically located CB1R to 
inhibit neurotransmitter release, thus acting as an “on 
demand” negative-feedback mechanism to tune-down 
synaptic transmission, especially when the postsynaptic 
terminal is strongly activated. This signaling can typi-
cally lead to processes called depolarization-induced 
suppression of excitation at the glutamatergic synapse 
and depolarization-induced suppression of inhibition at 
the GABAergic synapse. Depolarization-induced sup-
pression of excitation and depolarization-induced sup-
pression of inhibition appear to be mediated exclusively 
by 2-AG. CB1R is typically located presynaptically and 
coupled to Go proteins. The concept of “on-demand” 
ECS synthesis represents an attractive construct for un-
derstanding the roles of the ECS in neuronal-network 
modulation and behaviors. ECS signaling appears as a 
local activity-driven process, which is mostly silent when 
the neuronal activity is low at this site. However, there 
are convincing data that AEA is also involved in tonic 
suppression of neurotransmitter release [32]. This mech-
anism is very well detailed for glutamatergic and GABA-
ergic synapses. AEA and 2-AG can also activate other 

receptors, such as TRPV1 and GABAA receptors, respec-
tively [33–35].

THC treatment evokes long-lasting internalization of 
presynaptic cannabinoid receptors located within soma-
dendritic endosomes [36]. eCB synthesis in microglia 
and astrocytes can be stimulated by the activation of P2X 
purinoreceptor 7 by ATP. ECS signaling is terminated by 
cellular uptake processes, which likely involve transport-
er proteins. The cellular uptake is followed by intracel-
lular hydrolysis of 2-AG by presynaptic monoacylglyc-
erol lipase (MAGL), a serine hydrolase. AEA is catabo-
lized by postsynaptic fatty-acid amide hydrolase (FAAH). 
In the CNS, these components are expressed in neurons, 
microglia, astrocytes, and oligodendrocytes (see Fig. 1). 
The synthesis and degradation machinery of AEA and 
2-AG have different cellular and subcellular distribu-
tions. Noteworthy, AEA binds to ligand-activated tran-
scription factors such as peroxisome proliferator-acti-
vated receptor gamma, which regulates genes responsi-
ble for fatty-acid and energy metabolism, orphan 
G-protein-coupled receptors, such as non-CB1R/non-
CB2R (GPR18, GPR119, and GPR55), and cytosolic do-
mains of postsynaptically localized TRPV1 channels 
(transient receptor potential vanilloid type-1; see below), 
thereby promoting activation. The major 2-AG-degrad-
ing enzyme MAGL is located at the presynaptic terminal 
and in astrocytes, whereas another 2-AG-degrading en-
zyme α-β-hydrolase domain protein 6 can limit the 2-AG 
availability at the site of production. Astrocytic MAGL 
seems to enable astrocyte-neuron transcellular shuttling 
and metabolism of 2-AG and arachidonic acid. The 
AEA-degrading enzyme FAAH is present at the postsyn-
aptic terminal. Thus, AEA may act in both an autocrine 
and a retrograde manner. CB2R and possibly CB1R are 
also present on microglial cells and are involved in im-
mune reactions. Furthermore, although presynaptic 
CB1R is coupled to Go, CB1R on astrocytes is Gq-cou-
pled, and agonist stimulation leads to an increase in in-
tracellular Ca2+ concentration, possibly associated with a 
concomitant release of glutamate, GABA, ATP, and D-
serine, the physiological coagonist of NMDA receptors 
involved in synaptic plasticity [37]. The roles of these 
molecules released from glial structures in synaptic 
transmission are still rather scant (for details see [17]). 
Elevation of D-serine levels fully rescued long-term po-
tentiation (LTP) and memory impairments in mice. 
These data reveal a novel mechanism of in vivo astro-
glial control of memory and synaptic plasticity via the 
D-serine-dependent control of NMDARs [37]. There is 
substantial evidence from animal studies that the ECS 
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modulates the physiological processes underlying aging. 
The activity of the ECS declines during aging, as CB1R 
expression and coupling to G-proteins are reduced in the 
brain tissues of older mice, and the levels of the major 
eCB 2-AG are decreasing with age. A chronic low dose of 
THC restored cognitive function in old mice and re-
versed the age-related decline. This effect was accompa-
nied by increased hippocampal spine density [38].

Many diseases including neuropathic pain and in-
flammation involve TRP channel dysfunction. AEA can 
activate the postsynaptic nonselective cation channel 
TRPV1, leading to an increase in postsynaptic current. 
2-AG can in addition stimulate postsynaptic GABAA 
receptors. Note, despite that they have AEA as a com-

mon ligand, the involvement of CB1R and TRPV1 in 
anxiety is opposite, comprising an intriguing antago-
nistic regulatory mode between both signaling systems 
[39].

To date, six TRP channels from three subfamilies have 
been reported to mediate cannabinoid activity (TRPV1–
V4, TRPA1, and TRPM8) [40]. THC acts most potently 
at TRPV2. TRP channels, including several splice vari-
ants, can be activated by noxious heat, some endogenous 
lipid-derived molecules, acidic solutions, and some pun-
gent chemicals and a variety of molecules [41]. Inflamma-
tory mediators in damaged tissues sensitize these ion 
channels expressed on sensory neurons, triggering an in-
flux of cations to chemical and physical stimuli [42]. This 

Fig. 2. Pain pathophysiology (see text). WDR, wide-dynamic range; BDNF, brain-derived neurotrophic factor; 
CGRP, calcitonin gene-related peptide; NPY, neuropeptide Y; SOM, somatostatin; DAMP, damage-associated-
molecular-pattern.
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nonselective, outwardly rectifying ion channel functions 
as a molecular integrator for multiple types of sensory in-
puts and functions as an important transducer of painful 
and itch-related stimuli (Fig. 2).

TRPV1 interact physically with the sigma 1 receptor 
(σ1R). The σ1R is a transmembrane protein, expressed in 
many different tissue types [43]. The σ1R acts as a chap-
erone protein at the endoplasmic reticulum that modu-
lates calcium signaling through the inositol 1, 4, 5-tri-
sphosphate receptor. It binds the neurosteroid progester-
one and downregulates TRPV1R expression in the plasma 
membrane of sensory neurons and appears closely associ-
ated to the reduction of nociception by elevated proges-
terone levels [44]. Synthetic compounds, amines, as well 
as neuroactive steroids, such as dehydroepiandrosterone 
and pregnenolone [45] activate the receptor and modu-
late the functionality of different receptors and ion chan-
nels (e.g., NMDAR). Other molecules that induce eCB 
synthesis have also been identified, including corticoste-
roids and estradiol [46–48], leading to the hypothesis that 
ECS signaling is the effector by which these hormones 
alter synaptic activity.

CBD, a Multi-Target Ligand

CBD, a main ingredient of C. sativa [2], was found to 
exert beneficial effects in chronic pain, fear, anxiety and 
stress-coping, epilepsy, cardiovascular disease, inflam-
mation, and autoimmunity to neurodegenerative and 
kidney diseases. Numerous studies showed that CBD has 
a therapeutic potential in patients with psychosis [49–52]. 
CBD is a multi-target ligand with a poor affinity for CB1R 
and CB2R and behaves as a modulator of eCB levels [53]. 
For example, CBD enhances neurogenesis, possibly by in-
creasing AEA levels [54], suggesting mechanisms via an 
indirect stimulation of the ECS. CBD reduces the negative 
effects of NMDAR overactivity (see below, entourage ef-
fect). Molecular findings support a role for σ1R antago-
nists in inhibiting augmented excitability, secondary to 
sustained afferent input [55]. In animal studies, CBD en-
hanced morphine antinociception, diminished NMDA 
mediated seizures, and reduced stroke damage via the 
σ1R [56]. In an in vitro assay, CBD disrupted the regula-
tory association of σ1R with the NR1 subunit of the NM-
DAR, an effect shared by σ1R antagonists such as proges-
terone and prevented by σ1R agonists. σ1R antagonists 
exert an antinociceptive effect on pain of different etiol-
ogy, and σ1R knockout mice display reduced pain sensi-
tivity [55].

ECS and Stress

Preclinical data strongly support the hypothesis that 
ECS signaling is altered by chronic stress. Stress can be 
defined as a reaction of the body to an internal or external 
challenge to prepare its response to possible dangers or 
injuries. Stress has been identified as a major causal factor 
for several mental disorders [57]. Exposure to nonhabitu-
ating chronic stress downregulates CB1R signaling in 
many brain regions involved in emotional processing. 
The ECS facilitates the activation of resilience factors dur-
ing and/or after stress exposure [58, 59]. Chronic stress-
induced alterations of the ECS ensue changes in activa-
tion and feedback regulation of the hypothalamic-pitu-
itary-adrenal axis [60]. Chronic pain triggers chronic 
stress responses including dendritic regression and loss of 
dendritic spines in brain neurons that are accompanied 
by deficits in synaptic plasticity and memory and may 
predispose patients to impaired cognition [61, 62]. Den-
dritic spines are the target structure of most excitatory 
synapses in the brain and are functionally and structur-
ally highly dynamic. The formation of new synapses and 
new dendritic processes occurs continuously. Decreased 
dendritic branches and spine numbers are associated 
with reduced LTP and short-term spatial memory and 
increased depression-like behavior. However, our knowl-
edge about the chain of molecular and cellular events 
translating stress experience into altered behavior is still 
rather scant, and the presently available evidence from 
preclinical in vitro, ex vivo, and in vivo studies is consis-
tent but still correlative in nature [36, 63].

The molecular composition of the CB1R complex be-
yond the classical G-protein signaling components is not 
known. CB1R assembles with multiple members of the 
WAVE1 complex and the RhoGTPase Rac1, which or-
chestrates a variety of events related to actin cytoskeleton 
rearrangement in postsynaptic spine morphology and 
density. Abnormal dendritic spine remodeling following 
disease or injury may be involved in maintaining, e.g., 
chronic pain states sensitive to cannabinoids [64]. The 
WAVE regulatory complex is a multi-subunit complex 
that controls actin cytoskeletal dynamics related to stress. 
Activation levels of CB1R directly impact on actin polym-
erization and stability via WAVE1 in growth cones of de-
veloping neurons, as well as in synaptic spines of mature 
neurons. In adult mice, CB1R agonists attenuate activity-
dependent remodeling of dendritic spines in spinal cord 
neurons in vivo and reduce inflammatory pain by regu-
lating the WAVE1 complex. This study reports novel sig-
naling mechanisms for cannabinergic modulation of the 
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nervous system and reveals a previously unreported puta-
tive role for the WAVE1 complex in therapeutic applica-
tions of cannabinoids [64].

A murine ortholog of the putative tumor suppressor 
gene DRR1 is a unique stress-induced protein in brain 
that binds to actin, promotes bundling and stabilization 
of actin filaments, and impacts on actin-dependent neu-
rite outgrowth [65]. By way of a promotion of F-actin 
clusters, it participates in the regulation of NMDA recep-
tor signaling and expression and signaling of ionotropic 
AMPA and metabotropic glutamate receptor-mediated 
synaptic transmission and plasticity.

Besides the WAVE1 complex, also Shank proteins play 
a role in synapse formation and dendritic spine matura-
tion. Members of the SHANK gene family code for mul-
tidomain scaffold proteins of the postsynaptic density 
that connect neurotransmitter receptors, ion channels, 
and other membrane proteins to the actin cytoskeleton 
and G-protein-coupled signaling pathways. SHANK3 de-
ficiency impairs heat hyperalgesia and TRPV1 signaling 
in primary sensory neurons [66].

Pain Pathophysiology

The physiology of nociception and pathophysiology of 
chronic pain include peripheral and central structural 
and functional neuronal alterations as well as neuro-im-
mune interactions, which become more prominent dur-
ing inflammatory reactions [67]. Research over the past 
decades has increasingly detailed the brain’s capacity for 
reorganization of structural and functional neural net-
work architecture to adapt to environmental needs. It is 
a key goal in the field of pain research to understand 
mechanisms involved in the transition between nocicep-
tion (acute pain) and chronic pain (see below). Most im-
portantly, chronic pain is not the same as acute nocicep-
tion that lasts longer. Chronic pain is a stress-induced 
disease process associated with anxiety and depression. 
Human brain imaging studies indicate that cortical and 
subcortical fear conditioning pathways may be funda-
mental to chronic pain. There is evidence that brain struc-
tures involved in social pain and physical pain are shared 
[68]. A core set of brain networks is commonly disturbed 
with chronic pain. No clinically applicable biomarkers 
are available to predict chronification of pain. The devel-
opment of chronic pain is a dynamic process that involves 
continuous interactions among complex ascending and 
descending systems on all levels of the neuraxis [69]. De-
scending systems orchestrate spinal cord activity [70], 

and nociception produces lasting effects in the sensory 
and the reward circuitry of the brain [71]. Fear condition-
ing evoked by nociceptive input induces memory traces, 
which can recover spontaneously or after a reexposure to 
the aversive stimulus. The physiological and emotional 
state of the organism at the moment of this perception 
determines the intensity of the autonomic, hormonal, 
and behavioral outputs [72]. Note, the brain has no sim-
ple “erase” function, and often, decades-old personal ex-
periences can be recalled or come unbidden into everyday 
consciousness. These recalls may ensue deleterious phys-
ical and psychological consequences. Anticipatory anxi-
ety rises when the stress which goes along with these re-
calls chronically exceeds the normal range and becomes 
disproportionate to the actual level of threat [73, 74]. 
Anxiety is an innate behavioral state associated with the 
anticipation of potential future threats that allows an or-
ganism to avoid potentially dangerous or harmful situa-
tions. Anxiety behaviors such as avoidance, decreased 
motion, increased heart rate, and hypervigilance occur-
ring within the normal range of intensity are important 
for survival [75, 76].

Various neuropeptides such as substance P and calci-
tonin gene-related peptide were released from nerve end-
ings in the periphery (neurogenic inflammation). They 
act directly on vascular endothelial and smooth-muscle 
cells in the skin, muscle, and joints. Release also includes 
adrenomedullin, neurokinins A and B, vasoactive intesti-
nal peptide, neuropeptide Y, gastrin-releasing peptide as 
well as glutamate, nitric oxide, and cytokines. Activity-
dependent gene expression in the spinal ganglion is 
evoked by primary afferent signaling via C-fibers and Aδ-
fibers. Glu, SP, ATP, brain-derived neurotrophic factor, 
calcitonin gene-related peptide, neuropeptide Y, somato-
statin, cytokines, damage-associated-molecular-pattern, 
and fractalkine (member of the CX3C chemokine family) 
are released in the dorsal horn and activate the innate im-
mune system and promote pathological neurogenic neu-
roinflammatory responses [77].

Persistent nociceptive input increases neuronal excit-
ability (LTP) and induces a program of gene expression 
in projection neurons and interneurons in the dorsal spi-
nal cord. Glia can be directly activated by afferent stimu-
lation. Peripheral immune cells entering the CNS after 
injury or in disease may directly affect microglia, astro-
cyte, and oligodendrocyte function in integrated net-
works (gating). Projection neurons within Rexed’s lami-
nae I and V constitute the major output from the dorsal 
horn of the spinal cord to the brain. Inflammation en-
hances the excitability of, e.g., neurons in lamina 1, and 
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reveals their subliminal synaptic input. When these neu-
rons increase their discharge activity, they display re-
sponse patterns resembling multireceptive wide-dynam-
ic range-type neurons located in lamina 5 of the dorsal 
horn of the spinal cord. Peripheral nerve injury increases 
expression of the purinergic receptor P2X4 located on 
microglia in the spinal cord [78]. Activation of P2X4 re-
ceptors results in the release of brain-derived neuro-
trophic factor, which blocks a chloride transporter 
(KCC2) in projection neurons in lamina 1 of the spinal 
dorsal horn. The resulting increase of intracellular chlo-
ride reduces or even reverses the inhibitory action of GA-
BAA receptor activation into excitation. GABA released 
from segmental interneurons might lose its inhibitory 
control function (disinhibition) or even synergistically 
excite their target neurons together with, e.g., NMDAR-
mediated excitation [79]. The parabrachial nucleus is a 
major target of ascending neurons from laminae 1 and 5 
which bypass the thalamus and innervate targets in limbic 
structures (Fig. 2). This synaptic input has a potent im-
pact on the strengthening of the nociception-emotion 
link in persistent pain [80].

Chronic pain is characterized by the abnormal persis-
tent memory (memory of pain) of an aversive state [71, 
81]. Recent studies suggest that stable connections of 
neurons are a support for memories to be generated, 
whereas flexible connections on the other hand were 
found to be responsible for learning [82]. There is evi-
dence that these fear memories may be actively protected 
from erasure by the generation of perineuronal nets 
(PNNs) in limbic structures which integrate cognitive 
und emotional signals such as the hippocampus, the an-
terior cingulate and insular cortex, the amygdala, as well 
as the nucleus accumbens and the nucleus caudatus [83]. 
The PNN is a specialized extracellular matrix that envel-
ops mature neurons. PNNs are composed by various link 
proteins. After the so-called critical period has passed, 
PNNs are quickly produced, stabilizing the whole neural 
network, making it difficult for neurons to make new 
connections.

Repeated noxious stimuli engage central circuits oper-
ated by the ECS. These emotion-related limbic circuits play 
an important role in higher cognitive processes, in the reg-
ulation of stress-induced activity, and in the regulation of 
hypothalamic-pituitary-adrenal activity as well as adult 
neuroneogenesis (see [31, 84]. In general, assemblies of 
neurons have a high propensity to engage in oscillatory ac-
tivity and to form dynamic densely interconnected func-
tional networks [85]. In vitro experiments neural circuits, 
distributed across several brain areas, can be optically inter-

rogated and controlled with millisecond precision and sin-
gle-cell resolution. Optogenetically driven oscillations in 
the hippocampus are impaired by the stress hormone cor-
ticotropin-releasing factor [86]. The persistence of exces-
sive fear and anxiety is also a characteristic of disorders such 
as post-traumatic stress disorder and phobias. The thera-
peutic benefits of cannabinoids have also raised interest in 
understanding the molecular mechanisms that underlie the 
beneficial effects of exposure therapy in phobic disorders 
[87]. Adding CBD to exposure therapy is expected to 
strengthen effects of this treatment [88].

Modification of a Dysfunctional Cognition by 
Cannabinoids
The modification of a dysfunctional cognition by can-

nabinoids is a novel approach in the therapy of chronic 
pain states [71, 89]. Long-term memory formation and 
storage are complex and dynamic processes. Repeated ex-
posure to a feared stimulus in the absence of the previ-
ously aversive event leads to a gradual reduction in the 
fear response (extinction by formation of new memories 
following a prediction error) (see below). The activation 
of CB1R specifically located on GABAergic interneurons 
inhibits long-term depression in the lateral amygdala. 
These observations indicate that AEA decreases the activ-
ity of inhibitory interneurons in the amygdala. This dis-
inhibition increases the activity of common output neu-
rons and could provide a prerequisite for “extinction” by 
formation of new memories [13, 14].

Therapeutic Targeting
The emotional basis of chronic pain opens up a new 

horizon of opportunities for developing new treatment 
strategies since cognitive factors such as beliefs, expecta-
tions, and prior experience are key modulators of the per-
ception of pain and can substantially modulate the effi-
cacy and tolerability of therapeutic interventions. All 
strategies for the treatment of chronic pain conditions 
must consider stress-related comorbid conditions, such 
as the altered hedonic state, disordered cognition, and ab-
errant behaviors with negatively balanced affective states 
such as fear, anxiety, and depression. A synopsis of clini-
cal findings suggests a negative correlation between ECS 
activity and anxiety. Enhancement of AEA and 2-AG by 
FAAH and MAGL blockade, respectively, attenuates anx-
iety in rodents [90]. Increasing eCB levels locally “on de-
mand” by inhibiting their degrading enzymes could be 
more selective and avoid unacceptable side effects of 
CB1R agonists. However, as these indirect agonists have 
not yet been approved for use in humans, the option of 
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direct CB1R stimulation has yet to be explored. CB1R 
stimulation with THC enhances fear extinction in hu-
mans, which warrants further investigation in post-trau-
matic stress disorders and chronic pain. Strategies have 
been proposed to minimize cannabinoid side effects. 
Blockade of the mammalian target of rapamycin pathway 
prevents THC-induced cognitive impairment in mice, 
without modifying its anxiolytic effects [91]. The anxio-
lytic effect of AEA depends on CB1R and is associated 
with cognitive impairment, whereas the anxiolytic effect 
of 2-AG seems to be CB2R-dependent and not associated 
with cognitive disruption. COX2 inhibition increases 
eCB levels in the brain, reduces anxiety in rodents, and 
blocks THC-induced cognitive impairment [92]. Positive 
allosteric modulators regulating orthosteric ligand activ-
ity can open new perspectives for reducing side effects 
[93]. These novel modulators bind to distinct sites of the 
CB1 receptor and control their binding to different G-
proteins- or β-arrestin-controlled processes. The inhibi-
tion of eCB membrane transporters represents another 
promising pharmacological target.

Human studies and multiple animal pain models sup-
port the view that therapeutic interventions with canna-
binoids should intercept with chronification processes 
already at an early stage. The anxiolytic and anti-stress 
effects of cannabinoids will provide a gateway to a suc-
cessful multimodal therapy. An experience-based adap-
tation of expectancies is responsible for the progress of 
anticipatory anxiety, i.e., a person experiences increased 
levels of anxiety by thinking about an event or situation 
in the future [75, 76, 94]. This maladaptive process is best 
countered by overlaying it with positive new associations 
to regain the ability to derive pleasure from ordinary ac-
tivities. Effective recognition and treatment of anxiety 
and depression [95, 96] may create new links in neuronal 
circuits and could help to establish context-specific safety 
signals in chronic pain patients (retraining the brain). 
Medical cannabis should be used preferentially as an ad-
junct treatment (add-on), starting out with low doses 
which are incremented and adjusted individually. Can-
nabis containing high levels of active ingredients de-
signed for recreational use might expose patients to po-
tential harm. No acute analgesia should be intended.

The Entourage Effect

Studies where THC and CBD were administered un-
der controlled conditions in pure form suggest that can-
nabis products that are high in THC but low in CBD may 

be particularly hazardous for mental health [97]. When 
THC was either smoked or applied together with CBD 
(ratios of 2:1, 1:1, and 1:2 of CBD to THC), patients high-
light the more favorable therapeutic effects and less side 
effects compared to taking pure THC orally [98]. This so-
called entourage effect of cannabinoids, terpenes [99], 
and other cannabis components [5, 100]) is not only re-
ported in community-based studies but also by patients 
[101] suggesting that the phytomolecule assemblages 
found in cannabis chemovars that exhibit entourage ac-
tivity should be explored further. THC evokes its side ef-
fects, such as fear and tachycardia, especially in cannabis-
naive patients, limiting its therapeutic potential [98, 102, 
103]. Some studies found that CBD reduced intense ex-
periences of anxiety or psychosis-like effects of THC and 
blunted some of the impairments on emotion and reward 
processing. Up to now, only few studies have investigated 
the biological benefits of full-spectrum cannabis plant ex-
tract. Employing the full spectrum of cannabis com-
pounds should increase the tolerability of THC and 
booster the therapeutic benefit of cannabinoids [100, 
104]. In a recent randomized placebo-controlled 4-way 
crossover trial, the acute analgesic effects of inhaled phar-
maceutical-grade cannabis varieties were tested. The 
pharmacokinetics and pharmacodynamics after inhala-
tion of cannabis flowers with a high content of THC 
(“Bedrocan 6”) were compared with a cannabis chemo-
type containing THC and CBD in a ratio of 1:1 (“Bediol”). 
CBD inhalation increased THC plasma concentrations 
and diminished THC-induced analgesic effects, revealing 
a synergistic pharmacokinetic but antagonistic pharma-
codynamic interaction of THC and CBD. Animal experi-
ments showed that repeated CBD applications reduce the 
development of tolerance to the acute antinociceptive ef-
fects of THC [105]. The mechanism(s) underlying the 
ameliorating effect of CBD has been recently studied us-
ing functional magnetic resonance imaging [106]. In-
creasing evidence indicates that the positive effect is rep-
resented in the intrinsic brain networks. The inhalation 
of low or non-CBD plant material affected the functional 
connectivity in the default mode network which consists 
of discrete, bilateral, and symmetrical cortical areas of the 
human, nonhuman primate, cat, and rodent brains and is 
a region that is normally active when the brain is at wake-
ful rest. A disruption of the salience network, a large-scale 
network which includes subcortical structures such as the 
amygdala, the ventral striatum, and the substantia nigra/
ventral tegmental area provides a neuronal basis for cog-
nitive decline and may be a candidate neuroimaging bio-
marker of cognitive impairment. After taking CBD-con-
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taining plant material, the connectivity in these regions is 
slightly influenced, suggesting that CBD might counter-
act some of the harmful and unpleasant acute effects of 
THC by influencing brain regions responsible for psy-
chotropic side effects. A dysregulated ECS activity as a 
consequence of genetic and/or epigenetic alterations may 
result in several neuropsychiatric disorders. A synopsis of 
these experimental trials illustrate the complex behavior 
of inhaled cannabinoids and the shortcomings in an at-
tempt to gain clinically relevant information about long-
term treatment of chronic pain states with cannabinoids 
[107].

The interplay of drug-metabolizing enzymes such as 
CYP 3A4 and transport systems controls the drug dispo-
sition [108]. The bioavailability of most drugs is influ-
enced by hepatic and intestinal biotransformation. The 
first-pass metabolism increases the concentrations of the 
metabolites during the first hour after smoking. THC is 
metabolized to 11-OH-THC (and further 11-nor-car-
boxy-THC) preferentially by the CYP2C9 pathway in the 
liver and the intestines after oral administration [109]. 
The psychoactive effects of this equipotent metabolite of 
THC are judged of clinical relevance. The evidence that 
CBD could delay the degradation of THC in the blood by 
inhibiting the P450-catalyzed degradation to 11-OH-
THC is weak since the effect of CBD is rather small in 
comparison to the variability caused by other factors 
[110].

Absorption Barriers for Phytocannabinoids

In addition to various other factors such as first-pass 
metabolism, pre-systemic elimination and the degree of 
protein binding greatly affect the pharmacokinetics of a 
drug. Low and imbalanced oral bioavailability jeopardiz-
es the development of a therapeutic algorithm. For effec-
tive oral absorption, drugs need to have a balance be-
tween hydrophilic and lipophilic properties. Next to the 
aqueous solubility in body fluids, high lipid solubility is 
equally required to be able to cross the epithelial mem-
branes [111] (see Fig. 3). Drug substances need to be sol-
uble in the aqueous, buccal, or gastrointestinal fluids in 
order to permeate across the biological membranes [112].

Cannabinoids and terpenes in cannabis flowers are 
highly lipophilic compounds and considered to be very 
poorly water-soluble substances and thus exhibit only 
poor oral bioavailability. The European Pharmacopoeia 
defines a substance as practically insoluble at a solubility 
of less than 0.1 mg/mL in a certain solvent. Such sub-

stances are scarcely taken up following oral application. 
By increasing their water solubility, the therapeutic po-
tential for an oral application increases dramatically (see 
below). At a solubility ranging from 33 to 100 mg/mL, a 
substance may be considered as water-soluble.

Oral administration followed by intestinal absorption 
is the most frequently used route of drug delivery [113–
116]. In the oral cavity, the top third region of the epithe-
lium acts as a selective penetration barrier for lipophilic 
substances [117] taken orally or inhaled [118]. Sublingual 
and buccal regions of the oral cavity are lined by the non-
keratinized stratified squamous epithelium, which acts as 
a selective penetration barrier for drugs [117]. The squa-
mous epithelium is covered by a layer of mucins. Mucins 
are the primary gel-forming components of mucus and 
provide a critical layer of protection on wet epithelial sur-
faces in the body including the gastrointestinal tract, fe-
male genital tract, and respiratory tract (see [119] for de-
tails). Oral mucosal epithelial cells express the mem-
brane-anchored mucins, localized mainly to small vesicles 
and plasma membranes of oral epithelial cells.

These high-molecular-weight mucopolysaccharides 
are members of the mucin family encoded by at least 20 
different genes. MUC5B is the prevailing mucin in the 
oral cavity. The lamina propria, situated beneath the 
squamous epithelium, consists of connective tissue with 
a network of blood vessels and muscles where drugs are 
predominantly absorbed via transcellular or paracellular 
diffusion (see Fig. 3) [113, 116]. It involves three main 
types of mucosae [120], of which the mucosa, also re-
ferred as lining mucosa (cheek area) [118], has the largest 
surface area.

Smart Lipids (Nano-Carrier)

Water-insoluble ingredients cannot pass through the 
aqueous mucous layer in the oral cavity without a special 
surface coating. An intact mucous layer allows only very 
few water-insoluble particles to pass through [121, 122]. 
These particles must be smaller than 5 μm in diameter 
[123], not to be retained. Recently developed nano-carri-
ers (patented for Apurano Life Sciences GmbH, Munich, 
Germany) are small enough to overcome these limita-
tions. This striking advance in galenic technology uses a 
hydrophilic shell in order to interact with the hydrophil-
ic nature of the mucous layer. The uptake capacity of na-
no-carriers can be gauged from enterocytes, the most 
abundant epithelial cell lineage in both the small and the 
large intestines. Enterocytes are responsible together with 



Chronic Pain and the Endocannabinoid 
System

71Med Cannabis Cannabinoids 2022;5:61–75
DOI: 10.1159/000522432

microvilli for nutrient uptake in the small intestine. Im-
portantly, drug particles can only be absorbed when they 
are significantly smaller than enterocytes [124].

Orally administered lipophilic drugs, such as the phy-
tocannabinoids, are absorbed, after swallowing mainly in 
the small intestine. The mucous layer of the small intes-
tine allows only very few water-insoluble particles to pass 
through. The intestinal villi of the small intestine are cov-
ered by an aqueous and slightly negatively charged layer 
(120–480 µm) of MUCs [125, 126] which retains water-
insoluble particles and allows only particles with a hydro-
philic surface to reach the brush border on the intestinal 
epithelial cells (microvilli) to be absorbed by the cells of 
the intestinal wall.

Common Application Routes
The most common application routes for cannabis are 

oral intake and inhalation. The concentration of THC in 
the plasma peaks and drops more rapidly after smoking 
compared to oral administration [127, 128]. During 
smoking, e.g., a cigarette containing 34 mg THC resulted 
in a peak plasma concentration of 162 ng/mL, after 9 min, 
the plasma concentration drops to 10 ng/mL after about 
1 h. Since the effect may have vanished after about 2 h, a 
sufficient treatment will require further attention making 
smoking cannabis unacceptable in hospitals and care fa-
cilities, although THC and CBD would rapidly achieve 
high plasma concentrations after smoking. Furthermore, 
the affective consequences of a rapidly achieved peak 
concentration and the aversive experience of a repeated 
end-of-dose effect must be avoided. Cigarettes contain-
ing cannabis may also more easily pave the way to abuse. 
Cannabis and tobacco smoke contain similar carcinogen-
ic polyaromatic hydrocarbons [129].

A standardized drug release is a prerequisite for clini-
cally relevant studies. The efficacy is too difficult to gauge 

when the number and depth of inhalations fluctuate. In 
general, cannabinoids should not be used to treat acute 
nociception (vulgo: acute pain). Noteworthily, also can-
nabis applied primarily for medical purposes can lead to 
paradoxical and adverse effects, depending on the amount 
of cannabis used and the individual responsivity of ge-
netically predisposed patients.

Besides smoking, the vaporization of cannabis is an-
other form of inhalative application. Vaporizing cannabis 
flowers is considered less hazardous than smoking since 
fewer pyrolytic products are produced, and dosing seems 
easier. When put side by side, the pharmacokinetic pro-
files of THC produced either by vaporization or smoking 
are similar. A higher interindividual variability was ob-
served after smoking compared to vaporization [130]. 
The absorption and the pharmacokinetic profile of CBD 
and THC after vaporization are almost identical. In pa-
tients, a pharmacokinetic profile was established follow-
ing the administration of Bedrolite®, a CBD-focused can-
nabis strain [107]. Vaporization of Bedrolite® with 18.4 
mg CBD and less than 1 mg of THC was inhaled. CBD 
increased within a few min in the plasma and reached a 
maximum plasma concentration of 160 ng/mL after ap-
proximately 5 min.

A standardized cannabis extract with an approximate-
ly equal ratio of THC to CBD is Sativex®, approved in 
Germany and elsewhere [131]. It is used as an oromucosal 
spray. The two cannabinoids are obviously absorbed 
mainly via the gastrointestinal tract since there is no de-
layed second peak in the plasma curve as one would ex-
pect from an absorption through the oral mucosa trailed 
by intestinal uptake. Since the highest plasma concentra-
tion for THC was measured 1.5 h following ingestion, it 
may be concluded that THC is taken up almost exclu-
sively via the gastrointestinal route burdened by a puta-
tive increase of 11-OH-THC, the equipotent psychoac-

Fig. 3. Nano-carrier (see text).
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tive first metabolite of THC. The concentration ratio 
11-OH-THC/THC allows distinguishing oral from inha-
lative cannabis consumption. The pharmacokinetic pro-
file of the plasma concentration of CBD after administra-
tion of Sativex® is comparable to THC. After a single ad-
ministration of three different doses, the highest plasma 
concentration of THC (4 ng/mL THC) was found ap-
proximately 1.5 h after sublingual application of Sativex® 
(THC 21.6 mg/CBD 20 mg) with no clear linearity with 
increasing doses [132].

A medication containing only THC (dronabinol) is 
available in Germany [133]. It can be taken orally using 
drops or capsules. Drops and capsules with the same THC 
concentration yield similar plasma concentrations after 
about 1 h [134]. The pharmacokinetics of dronabinol 
when applied as liquids or capsules is similar, indicating 
that dronabinol is not absorbed via the oral mucosa, oth-
erwise it should result in a different outline of the AUC, 
when applied as drops.

In 2019, the US Food and Drug Administration (FDA) 
approved the CBD drug Epidiolex® (Epidyolex in Ger-
many) for the treatment of epilepsy (Dravet syndrome 
and Lennox-Gastaut syndrome) in children [131]. Epid-
iolex® contains plant-derived CBD. In a human study, 
the pharmacokinetics of CBD was evaluated after single-
dose administrations of Epidiolex® [135]. For all doses, 
the highest plasma concentration was measured after 
about 5 h. A plasma concentration of 782 ng/mL was 
achieved by the highest applied dose of CBD (6,000 mg). 
CBD appears to have a favorable safety and tolerability 
profile, but there remains still a paucity of data, particu-
larly in terms of chronic exposure in humans.

Perspectives
Cannabis has been used for centuries for medicinal 

purposes. The fascinating journey from a legal and fre-
quently prescribed status to illegal and now back to liber-
alization has been driven by political and social factors 
rather than by science. Well-designed experimental pro-
cedures, as well as landmark studies, have significantly 
advanced the field, and a synopsis of recent research pro-
poses promising therapeutic potential of cannabinoid-
based drugs for a wide range of medical conditions, in-
cluding neurological and psychiatric disorders.

The ECS describes an evolutionarily highly conserved 
group of neuromodulatory lipids, their receptors, and an-
abolic and catabolic enzymes, which is involved in a 
plethora of physiological and pathological processes. Tar-
geting receptors and metabolic pathways of this wide-
spread system and components of biochemically related 

mediators may provide new therapeutic algorithms. Re-
cent research has suggested that chronic pain can be seen 
as the inability to extinguish associative memory traces 
encoded by nociceptive inputs, rendering chronic pain 
states less somatic and more associative in nature (mem-
ory of pain). Adequately modulating stressful chronic 
pain states critically depends on associative learning pro-
cesses in the limbic circuitry of the brain, controlling an-
ticipatory anxiety.

The evidence that full-spectrum cannabis prepara-
tions have medical benefits with less unwanted central 
effects stimulated the development of an oromucosal 
spray containing full-spectrum water-soluble cannabis. 
This remarkable innovation in galenic technology advo-
cates clinical studies further and enables the realization of 
the very promising therapeutic potentials. Medicinal can-
nabis has a favorable safety and tolerability profile, but 
there remains still a paucity of data, particularly in terms 
of chronic exposure. A phase I, open-label clinical trial in 
healthy male subjects was conducted to assess the phar-
macokinetic and safety profile of an oromucosal canna-
binoid spray (AP701) containing a lipid-based nanopar-
ticular drug formulation standardized to THC (for details 
see [136]; this issue).
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