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Abstract 
Cannabidiol (CBD), an important terpenoid compound from marijuana with no psychoactive effects, has become of great 
pharmaceutical interest for several health conditions. As CBD is a multitarget drug, there is a need to establish the molecular 
mechanisms by which CBD may exert therapeutic as well as adverse effects. The a,7 nicotinic acetylcholine receptor (a,7 
nAChR) is a cation-permeable ACh-gated channel present in the nervous system and in non-neuronal cells. It is involved in 
different pathological conditions, including neurological and neurodegenerative disorders, inflammation, and cancer. By high
resolution single-channel recordings and confocal microscopy, we here reveal how CBD modulates a,7 nAChR ionotropic 
and metabotropic functions. CBD leads to a profound concentration-dependent decrease of a,7 nAChR single-channel activ
ity with an IC50 in the sub-micromolar range. The inhibition of a,7 nAChR activity, which takes place through a membrane 
pathway, is neither mediated by receptor phosphorylation nor overcome by positive allosteric modulators and is compatible 
with CBD stabilization of resting or desensitized a,7 nAChR conformational states. CBD modulation is complex as it also 
leads to the later appearance of atypical, low-frequency a,7 nAChR channel openings. At the cellular level, CBD inhibits the 
increase in intracellular calcium triggered by a,7 nAChR activation, thus decreasing cell calcium responses. The modulation 
of a,7 nAChR is of pharmacological relevance and should be considered in the evaluation of CBD potential therapeutic uses. 
Thus, our study provides novel molecular information of CBD multiple actions and targets, which is required to set the basis 
for prospective applications in human health. 

Keywords Nicotinic receptor• Patch-clamp• Single-channel recordings• Cannabinoids • Cys-loop receptors 

Abbreviations 
nAChR 
ACh 
ICD 
5-HI 
PNU-1 20596 

CBD 
THC 
a,-BTX 
ECS 
nPO 

Nicotinic acetylcholine receptor 
Acety lcho line 
Intracellular domain 
5-Hydroxyindole 
N-( 5-Chloro-2,4-dimethoxypheny 1)-N' -(5-
methyl-3-isoxazolyl)-urea 
Cannabidiol 
Trans-.6.9 -tetrahydrocannabinol 
a,-Bungarotoxin 
Extracellular solution 
Fraction of time in the open state 

~ Cecilia Bouzat 
inbouzat@criba.edu.ar 

1 Departarnento de Biologfa, Bioquirnica y Farrnacia, 
Ins ti tu to de Investigaciones Bioquirnicas de Bahia Blanca, 
Universidad Nacional del Sur-Consejo Nacional de 
Investigaciones Cientificas y Tecnicas (CONICET), Camino 
La Carrindanga Km 7, 8000 Bahia Blanca, Argentina 

Introduction 

Cannabis sativa plant extracts contain a large number of 
structurally related, highly lipophilic terpenoid deriva
tives known as phytocannabinoids [1]. The plant, known 
commonly as marijuana, is widely popular as a recreative 
drug due to its ability to induce psychological and euphoric 
states in individuals, an effect mainly due to the presence of 
the cannabinoid compound trans-.6.9 -tetrahydrocannabinol 
(THC). However, Cannabis sativa has long history as a 
medicinal plant. Recently, there has been considerable inter
est in its therapeutic potential for patients with a variety 
of medical conditions, including pain, cancer, neurological 
andneurodegenerative disorders [2-4]. Cannabidiol (CBD), 
which is the second most abundant cannabinoid compound, 
has become of great pharmaceutical interest. In contrast to 
THC, CBD does not produce psychoactive effects [3]. 

In vitro and in vivo studies have indicated that CBD can 
be used in the treatment of various neurological condi
tions, such as neuropathic pain, epilepsy, and brain damage 
from stroke [5~7]. CBD-based therapies have been recently 
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legalized for the treatment of epilepsy (and other medical 
conditions) in children and adults in several countries [1, 3, 
8, 9]. CED has very low affinity for endogenous cannabinoid 
receptors, and the current evidence suggests that it does not 
directly interact with the endocannabinoid system except at 
supraphysiological concentrations [10, 11]. Therefore, its 
beneficial effects appear to be mediated by other receptor 
targets. 

Thus, as further evidence for CBD's potential beneficial 
effects for diverse pathological situations emerges, there is 
an urgent need to establish the molecular targets by which 
CED exerts its therapeutic or adverse effects. In this regard, 
several targets, including ion channels, G-protein coupled 
receptors, and Cys-loop receptors, have been proposed [12, 
13]. 

Cys-loop receptors are pentameric ligand-gated ion chan
nels involved in chemical synapses throughout the peripheric 
and central nervous systems and are also present in non
neuronal cells. In vertebrates, they are anionic channels acti
vated by GABA or glycine, and cationic channels activated 
by ACh (nicotinic receptors, nAChRs) or serotonin (5-HT3 

receptors) [ 14]. 
Several reports have shown modulation of Cys-loop 

receptors by phytocannabinoids and endocannabinoids inde
pendent of cannabinoid receptors with potential physiologi
cal or therapeutic consequences. It has been reported that 
exogenous and endogenous cannabinoids potentiate glycine 
receptors in a subunit-specific manner [15- 18]; CED and 
THC allosterically inhibit 5-HT3A macroscopic responses 
[19, 20]; the endocannabinoid 2-arachidonoyl glycerol 
(2-AG), THC and CED potentiate GABAA receptors [21, 
22]. With respect to a.7 nAChR, it has been reported that 
anandamide, 2-AG, R-methanandamide, and CED allosteri
cally decrease macroscopic responses in oocytes and that 
CED decreases choline-evoked currents in rat hippocampal 
slices [23- 25]. 

a.7 nAChR shows high calcium permeability and the fast
est desensitization among nAChRs [14]. In addition to its 
ionotropic actions, a.7 nAChR induces the release of calcium 
from intracellular stores and triggers signaling pathways 
[26, 27]. a.7 nAChR is one of the most abundant nAChRs 
in the nervous system. It is highly expressed in cortex, hip
pocampus, and subcortical limbic regions and contributes 
to cognition, attention, and memory. It regulates the release 
of neurotransmitters, mediates fast synaptic transmission, 
and modulates neuronal excitability [28- 30]. Its dysfunction 
has been associated with several neurological and neuro
degenerative disorders, such as schizophrenia, autism, and 
Alzheimer's disease [31, 32]. a.7 nAChR is also expressed 
in non-neuronal cells, including astrocytes, microglia, and 
immune cells, where it contributes to anti-inflammatory 
and neuroprotecti ve effects. Therefore, a.7 nAChR potentia
tion has emerged as a therapeutic strategy for neurological, 
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neurodegenerative and inflammatory disorders [14, 33, 34]. 
On the other hand, increased a.7 nAChR activity in certain 
cells may contribute to cancer progression via promotion of 
cell proliferation, apoptosis inhibition and tumor angiogen
esis stimulation [35, 36]. 

Given the relevant functions of a,7 nAChR in physiologi
cal and pathological situations, deciphering the molecular 
basis of the effects of phytocannabinoids on this receptor is 
of importance due to the progressive interest in their estab
lishment as therapeutic drugs. Here, we revealed from a 
molecular perspective how CED modulates integrated cell 
responses mediated by a.7 nAChR activation, including sin
gle channel currents and intracellular calcium signaling. 

Materials and methods 

Chemicals 

Compounds purchased from commercial sources were as 
follows: probenecid from Santa Cruz Biotechnology (USA), 
PNU-120596 from Tocris Bioscience (UK), a.-bungarotoxin 
from Invitrogen (USA), 5-hydroxyindol, acetylcholine and 
atropine from Merck (USA); Fluo-3AM (Molecular Probes, 
USA). The stock CED solution (in ethanol) was kindly pro
vided by Drs. Fernando J. Sepulveda and Gonzalo Yevenes 
(Universidad de Concepcion, Chile). CED (99.56 wt%) was 
identified as the only phytocannabinoid present in the sam
ple by convergence chromatography compared to reference 
standards (Pro Verde Laboratories, USA). Delta-9-tetrahy
drocannabinol (THC) was kindly provided by Dr. Susana 
Pasquare (lnstituto de Investigaciones Bioqufmicas de Bahia 
Blanca, CONICET) and corresponded to the standard THC 
(Cerilliant Corporation). 

Cell culture 

BOSC-23 cells derived from HEK-293 cells (kindly pro
vided by Dr. Sine, Mayo Clinic, USA) were cultured with 
Dulbecco's Modified Eagle's Medium (DMEM) culture 
medium (GIBCO, USA) supplemented with 100 µg/mL 
streptomycin- 100 IU/mL penicillin (lnvitrogen, USA), 10% 
fetal bovine serum (Internegocios, Argentina). 

Receptor expression and mutations 

Human a.7 nAChR cDNA subunit was subcloned into the 
pRBG4 expression vector [37]. Mutant a.7 nAChRs were: 
a.7-Y386F/Y442F, which is a double mutant receptor lack
ing tyrosine residues in the intracellular domain (ICD) 
[38] ; a.7-TSLMF, which carries five mutations in different 
transmembrane domains (S223T and A226S in Ml, M254L 
in M2, and I281M and V288F in M3) and is insensitive 



Cannabidiol as a modulator of a7 nicotinic receptors 

to PNU-120596 and other PAMs [39--41); <X7-S365A and 
<X7-T331A, which carry mutations of serine or threonine to 
alanine residues located in the ICD. The mutations were 
carried out using the Quick-Change kit (Stratagene, USA) 
and were confirmed by sequencing (Macrogen Inc., South 
Korea). 

BOSC-23 cells were transfected by the calcium phos
phate procedure with wild type or mutant <X7 subunit cDNAs 
together with the <X7 nAChR chaperone cDNAs, Ric-3 and 
NACHO, using a cDNA ratio <X7:Ric-3:NACHO 1:2:1 and 
total amount of cDNA of 5 µg/35 mm dish; green fluo
rescence protein (GFP) cDNA plasmid was used to allow 
identification of transfected cells [38, 42). All transfections 
were carried out for about 8- 12 h in DMEM with 10% fetal 
bovine serum. Cells were used for experiments two to three 
days after transfection [3 7, 4 2). 

Single-channel recordings 

Single channels were recorded in the cell-attached or inside
out patch configurations as described before [37, 4 1--43]. 
The extracellular solution (ECS) and pipette solutions con
tained 142 mM KCl, 5.4 mM NaCl, 1.8 mM CaC12, 1.7 mM 
MgC12 and 10 mM HEPES (pH 7.4). Single-channel cur
rents were digitized at 5-10 µs intervals and low-pass fil
tered at a cut-off frequency of 10 kHz using an Axopatch 
200B patch-clamp amplifier (Molecular Devices, USA). 
Analysis was performed with the program TAC (Bruxton 
Corporation, Seattle, USA) with the Gaussian digital filter 
at 9 kHz (Final cut-off frequency 6.7 kHz). For recordings 
with ACh and PNU-120596, the filter was set at 3 kHz to 
facilitate the analysis. TAC detects events by searching the 
data to find a threshold crossing. An estimate of the channel 
amplitude is used to set the threshold level. Every crossing 
of the threshold is interpreted as the opening or closing of 
the channel. We used the half-amplitude threshold criterion; 
thus, if the amplitude value crosses the 50% value of the esti
mated amplitude, the event starts, and when the data value 
crosses threshold in the opposite direction, the event ends 
[44). To determine channel amplitude, events were tracked 
regardless of current amplitude and amplitude histograms 
for events longer than 0.3 ms were constructed and fitted by 
a Gaussian function [43]. Open-time histograms were fitted 
by the sum of exponential functions by maximum likelihood 
using the program TACFit (Bruxton Corporation, USA). 
Bursts of channel openings were identified as a series of 
closely separated openings preceded, followed by closings 
longer than a critical duration, which was taken as the point 
of intersection between closed components as previously 
described [37, 4 1, 45). Critical durations were defined by 
the intersection between the first and second briefest compo
nents in the closed-time histogram for bursts of <X7 activated 
by ACh ( ~ 200- 500 µs). For defining bursts in the presence 
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of 5-HI, critical times were selected between the second and 
third closed components(~ 1-3 ms) [37, 43, 45]. In the pres
ence of PNU-120596 and ACh, the critical time for defining 
clusters was determined by the point of intersection between 
the third and fourth closed components which allows a clear 
separation of clusters ( ~ 30- 60 ms) [45]. The mean open 
duration (r0 pe0 ) and the mean burst duration (rbursJ were 
taken from the slowest components of the corresponding his
tograms. The fraction of time that the channel is in the open 
state (nPo) was determined only for experiments in which 
the drug was added during the recording to discard varia
tions in receptor expression level among different patches. 
It corresponded to the total time that the channel is open/ 
total time of the recording analyzed and was determined in 
the same recording for the same period of time before and 
after addition of the drug. 

For measuring the effects of CBD on <X7 nAChR from 
cell-attached patches, two different strategies were followed. 
In one strategy, CBD (at the desired final concentration) was 
added to the pipette solution together with A Ch. In the other 
strategy, single-channel currents were recorded (ACh in the 
pipette solution) from cells in a 35-mm dish with 1.8 ml 
ECS. Then, 0. 2 ml of ECS containing a tenfold concentra
tion of CBD was added to the dish to yield the final concen
tration required for each experiment. For inside-out patches, 
channels were recorded after excising the patch before and 
after CBD addition following the same strategy as described 
above. 

For each condition, n indicates the number of recordings 
from different cell patches, and N, the number of cell trans
fections, each from different days and cell batches. 

Measurement of changes in intracellular calcium 
levels ([Ca2+]i) 

Cells expressing <X7 nAChR were grown in cover-glass 
bottomed culture dishes (coated with poly-L-ornithine) in 
DMEM. Before the experiments, cells were preincubated 
with 1 µM atropine (antagonist of cholinergic muscarinic 
receptors). Atropine was maintained throughout the whole 
experiment. Cells were then loaded with 3 µM of the 
Ca2+-sensitive fluorescent indicator fluo-3/AM for 30 min 
at room temperature in Fura Buffer (138 mM NaCl, 5 mM 
KCl, 1 mM MgC12, 5 mM glucose, 10 mM HEPES, 1.5 mM 
CaC12, 0.1 % bovine serum albumin, pH 7.4). Cells were 
washed and incubated for 30 min with 1 mM probenecid in 
the same buffer. 

[Ca2+]i was measured using a confocal laser scanning 
microscope (LSM 900 Zeiss) with a 10 X objective and 
10 x eyepiece. Fluo-3/AM -loaded cells were excited at 
506 nm, and the fluorescence emission above 526 nm was 
recorded using the software Zen 3.0 Blue edition (Zeiss, 
Germany). Images of fluorescence were obtained at a rate 
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of one frame every 0.633 s during 180 s. 500 µM ACh and 
3 µM PNU-120596 were added directly to the samples to 
elicit a7 nAChR activation. 10 µM CBD (in 1 %v/v etha
nol) or ethanol alone (1 %v/v) was added to the cells 3 min 
before addition of 500 µM ACh and 3 µM PNU-120596. 
To determine specificity, cells were incubated with 1 µM 
a-bungarotoxin (a-BTX) before the addition of the fluo-3/ 
AM and were included in solutions throughout the whole 
experiment. Analysis of the fluorescence was performed by 
Zen lite software. 

Basal fluorescence (F0) was determined prior to the addi
tion of a7 nAChR ligands, and measurements were normal
ized to this F 0 value (FIF0 ratio) for each condition. All 
conditions were measured in parallel assays, and the whole 
experiment was repeated with different batches of cells and 
transfections. For quantification, for each individual assay, 
we determined the values of F0 (time 0) and F45 (45 s after 
the stimulus of 500 µM ACh and 3 µM PNU-120596) for a 
total of 10 to 25 cells in the same field, and the mean F 45/F0 

value was calculated. The resulting F4sf F0 values of different 
assays for each condition were averaged, and the results were 
expressed as mean± SD. 

Statistical analysis 

Data are presented as mean± SD. Data sets were analyzed 
using the two-tailed Student's t-test or Mann-Whitney rank 
sum test for pairwise comparisons or one-way ANOVA for 
multiple comparisons with SigmaPlot 12.0 (Systat Software, 
Inc.). Statistically significant differences between two groups 
of data were established at p values< 0.05. Dose-response 
curves were fitted by a logistic function using SigmaPlot 12, 
from which IC50 (half inhibitory concentration) values were 
obtained and expressed as mean± SEM. 

Results 

CBD modulates a7 nAChR single-channel activity 

We explored the effects of CBD as an a7 nAChR modula
tor using high-resolution single-channel recordings. Control 
recordings with 100 µM ACh in the pipette solution showed 
that> 90% patches exhibited channel activity (n=38, N= 15; 
Fig. 1). Channel activity appeared as brief and isolated open
ings ( ropen - 0.1-0.3 ms) or less often as several openings 
in quick succession, known as bursts (rburst -0.35-0.50 ms). 
Each burst corresponds to the activation of a single receptor 
molecule (Fig. 1) [37, 38, 42, 43]. Although the frequency 
of channel activity (isolated openings and bursts) was vari
able among patches due to variations in receptor expression 
levels, recordings with 100 µM ACh and 50 µM CBD in 
the pipette solution showed systematically reduced channel 
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Fig. 1 Effects of CED on single-channel currents of a7 nAChR elic
ited by ACh. Single-channel currents of a7 nAChR were recorded 
in the presence of 100 µM ACh with or without 50 µM CED in the 
pipette solution. For each condition, representative channel traces 
are shown at two different temporal scales. Membrane potential: 
- 70 mV. Filter: 9 kHz. Openings are shown as upward deflections 

activity compared to control recordings performed in paral
lel (n = 12, N = 4) (Fig. 1 ). We also noted that after several 
minutes of recording prolonged bursts of slightly smaller 
amplitude appeared at a low frequency only in recordings in 
which CBD was present together with ACh (Fig. 1). 

These observations suggested that CBD mediates at least 
two different actions, rapid inhibition of channel activity, fol
lowed by the appearance of prolonged openings and bursts 
with smaller amplitude than the typical a7 nAChR chan
nels. Thus, we analyzed both phenomena using different 
strategies. 

To quantify the reduction of the frequency of channel 
activity as a function of CBD concentration, we recorded 
single-channel currents elicited by 100 µM ACh present in 
the pipette solution. Then, ECS solution containing CBD 
was added to the dish to yield the required final concentra
tion, and single channels were recorded again for the same 
period of time (Fig. 2). The advantage of this strategy is that 
it allows the comparison of the frequency of channel activity 
in the absence and presence of the drug in the same patch, 
and therefore, the measurements are not affected by the 
variability of receptor expression among different patches 
[38]. For determining the frequency of channel activity, we 
measured the number of bursts/min. We did not establish any 
limit in the number of openings to define a burst. Therefore, 
bursts include all activation episodes that occur either as 
isolated single openings or as bursts composed of several 
openings in quick succession separated by closings briefer 
than the critical duration. 

As shown in Fig. 2A, CBD induced a marked concen
tration-dependent decrease in the frequency of channel 
opening. To quantify this effect, we measured for each 
patch the number of bursts/min before and in the interval 
of time between minute 2 and 10 after the addition of CBD 
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Fig. 2 CBD reduces channel activity in a concentration-dependent 
manner. Single-channel currents of a.7 nAChR activated by 100 µM 
ACh were recorded in the cell-attached patch configuration (before), 
and 2 to 10 min after the addition to the dish of ethanol (0.1 %v/v), 
CBD at different final concentrations or TIIC (10 µM) (after). The 
CBD concentration values correspond to the final concentrations in 
the ECS in contac t wi th the cells. A Single-channel traces of typi
cal recordings before and after exposure to 0.1 %v/v ethanol, 0.5 µM 
CBD or 10 µM CBD. Channel openings are shown as upward deflec
tions. Membrane potential: - 70 m V. Filter 9 kHz. B Bar chart show
ing the change in the number of bursts/min due to the addition of 
ethanol, CBD at different concentrations, or 10 µM THC. For each 
recording, the number of bursts was measured during the same period 
of time before and after exposure to the drugs. The ratio of the num
ber of bursts/min after/before drug exposure was calculated for each 
patch (individual data points). The mean± SD of the ratios for n= 5, 

or ethanol as the control (0.1 %v/v final concentration). The 
ratios determined for each patch were averaged for differ
ent experiments. The addition of ethanol produced a very 
slight reduction in the frequency of bursts (ratio after/ 
before= 0 .93 ±0.10; n = 5, N=3), probably due to the 
expected desensitization of a,7 nAChR (Fig. 2A, E ). In con
trast, a profound decrease in the frequency of channel activ
ity occurred a few seconds after the addition of CED. Fig
ure 2E shows that the reduction of the frequency, measured 
by the ratio of bursts/min after/before CED addition, was 
statistically significant at concentrations as low as 500 nM 
(ratio after/before = 0.56 ± 0.16; n= 5, N=2; p = 0.00238) 
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N=3 (0.1%v/v ethanol); n=5, N=3 (0.01 µM CBD); n=5, N= 3 
(0. 1 µM CBD); n =5, N =2 (0.5 µM CBD); n =6, N=3 (1 µM CBD); 
n= 6, N= 2 (3 µM CBD); n=8, N=4 (10 µM CBD); n=5, N= 3 
(50 µM CBD); and n = 6, N= 2 (10 µM TIIC) are shown. Statistical 
comparisons were performed by two-tailed Student's t test between 
ethanol and CBD or TIIC conditions (ns: not significant, p ~ 0.05; 
asterisk symbol (*) indicates statistical significance: p < 0.05*; 
p< 0.01 **; p< 0.001 ***). C Concentration- response curve for the 
inhibition of channel frequency, measured from the ratio of the num
ber of bursts/min (after/before drug addition) as a function of the 
final CBD concentration. Each point corresponds to the mean of 5 to 
8 independent experiments as described in B. Dose-response curves 
were fi tted by a logistic function using SigmaPlot 12, from which 
IC50 (half maximal inhibitory concentration) value was obtained and 
expressed as mean± SEM 

and that 50 µM CED led to a> 90% channel inhibition (ratio 
after/before= 0.07 ± 0.03; n=5, N=3; p= 0.000000112). 
The fit to the data revealed that CED inhibits a,7 nAChR 
channel activity with an IC50 of 0.53 ± 0.14 µM (Fig. 2C). 

To test reversibility of the decrease in burst frequency 
mediated by CED (10 µM ), we replaced three times the 
ECS to washout the free CED. We found no significant 
reversion of burst frequency after 8 to 10 min of com
plete ECS exchange. The ratio of burst frequency observed 
after washout (burst frequency after washout/ before CED 
addition) was 0.1 7 ± 0.05 (n = 3, N = 2). This ratio was 
similar to that determined in the presence of CED (burst 
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frequency after CED/before CED addition: 0.15 ± 0.06; 
n = 3, N = 2; p = 0.634). The lack of reversibility may be 
due to the fact that CED remains in the membrane due to 
its high hydrophobicity during the tested period or that it 
shows a slow unbinding time constant from the receptor 
[46]. 

To explore in detail the later appearance of longer dura
tion activation episodes (openings or bursts) with reduced 
amplitude in the presence of CED, we applied two differ
ent strategies from single-channel recordings, one including 
CED in the pipette solution and the other adding CED to the 
dish during the recording. 

We first analyzed the recordings in which 50 µM CED was 
included in the pipette solution together with 100 µM A Ch 
as described in Fig. 1. For the control condition (100 µM 
ACh), open and burst duration histograms showed two expo
nential components and the mean duration of the slowest 
component was 0.30±0.06 ms (-ropen) and 0.46±0.12 ms 
(rbursJ, respectively (n =38, N= 15; Fig. 3A, B). In the pres
ence of 50 µM CED, there was a 4.8-fold increase in the 
mean open duration (ropen= 1.47 ±0.38 ms; n = 12, N=4; 
p = 0.001) and 5 .1-fold increase in the mean burst duration 
(rburst =2.36 ± 0.54 ms; n= 12, N =4, p =0.001) (Fig. 3A). 

Control recordings of a,7 nAChR activated by ACh 
showed a wide range of channel amplitudes because their 
brief open durations do not allow full resolution at our 
recording conditions [43]. However, if only events longer 
than 0.3 ms are considered, a homogenous amplitude class 
of 10.05 ± 0.15 pA was detected (n= 5, N =4) [38, 43, 47]. 
In the presence of 50 µM CED, amplitude histograms con
structed for events longer than 0.3 ms showed a mean ampli
tude of 8.36 ±0.24 pA (n= 12, N=4), which was smaller 
than that of the control (p = 0.00000386) (Fig. 3A). 

We also analyzed the duration of bursts from experiments 
in which different concentrations of CED were added to the 
dish during the course of the recording as described in the 
experiments shown in Fig. 2. Besides the rapid reduction 
in channel activity, longer duration openings and bursts 
were clearly detected after several minutes (typically after 
about 10 min) of exposure to CED concentrations higher 
than 1 µM. The mean open and burst durations of chan
nels recorded after addition of 50 µM CED were markedly 
longer than those determined in the same patch before its 
addition. This increase was about threefold for the mean 
open duration (ropen before = 0.28 ± 0.04 ms and ropen 
after=0.89 ±0.30 ms; n=5, N= 3;p =0.00190) and fivefold 
for the mean burst duration (r burst before = 0.44 ± 0.11 ms 
and r burst after = 2.25 ± 0.90 ms; n = 5, N = 3; p = 0.00211). 
Figure 3B shows the increase in burst duration (rbursJ, quan
tified by the ratio of r burst after and before drug addition, for 
different CED concentrations. The increase was dependent 
on CED concentration and was statistically significant at 
1 µMCBD. 
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To determine if ethanol used as the vehicle for CED was 
mediating the changes in channel properties, we recorded a,7 
nAChR channels in the presence of 100 µM ACh before and 
after addition of ethanol (0.1 %v/v). The addition of ethanol 
did not produce changes in the mean open and burst dura
tions (Fig. 3B). The values of ropen were 0.24 ± 0.03 ms and 
0.24 ± 0.05 ms before and after ethanol addition, respec
tively (n =5, N=3;p=0.796); and rburst were 0.38 ±0.07 ms 
and 0.36 ± 0.09 ms before and after ethanol addition, respec
tively (n=5, N=3;p=0.847). 

To confirm that the long-duration openings corresponded 
to a,7 nAChR channels, we made recordings from non-trans
fected cells in the presence of 100 µM ACh. No channel 
openings were detected before or after addition of 50 µM 
CED (n = 5, N = 3), thus indicating that the long openings 
arise from a,7 nAChR activity. 

The fraction of time that the channel is in the open state 
(nP0 ) depends both on the frequency of channel opening 
and the duration of each opening. After short times of 
CED exposure (less than 10 min), nPo decreased to a simi
lar extent to the burst frequency, showing an IC50 value of 
0.44±0.15 µM. 

Given the later appearance of long-duration openings 
and bursts, we explored at longer times of exposure how it 
affected nPo. We found that after longer times of exposure 
to 10 µM CED, measured between minutes 15 and 18, the 
ratio of nPo increased with respect to the ratio measured 
between 2 and 5 min exposure (0.54 ±0.21 and 0.15 ±0.04, 
respectively; n = 3, N = 3; p = 0.036). In contrast, the burst 
frequency (after/ before CED) remained similarly low at 
both periods (0.11 ± 0.02 and 0.12 ± 0.04, respectively; n = 3, 
N = 3; p = 0.864). The increase in nPo was therefore due to 
the appearance of the infrequent long-duration openings and 
bursts and not to an increase in channel frequency. 

Taken together, our results revealed that CED has dual 
actions at a,7 nAChR, which consist in a rapid and marked 
decrease in channel activity, followed by partial recovery of 
the activity of channels with different kinetics and amplitude 
properties. 

We tested if THC, which is the psychoactive component 
of marijuana, also affects a,7 nAChR channel frequency. 
After recording single-channel activity elicited by ACh, 
10 µM THC was added to the dish (final concentration), 
and the ratio of the frequency of bursts (after/before THC) 
was averaged for different patches. In contrast to the results 
with CED, non-statistically significantly differences were 
observed on channel opening frequency after addition of 
THC (ratio after/before=0.97 ±0.15; n = 6;N= 2,p=0.971) 
(Fig. 2B). Also, the mean open and burst durations 
remained unaffected after 10 min addition of THC (ropen 
before =0.25 ±0.08 ms and ro pen after=0. 24±0.07 ms; 
n=6; N=2; p =0.826; r burst before=0.40 ± 0.18 ms and rburst 
after =0.42 ±0.20 ms; n = 6; N = 2;p =0.937) (Fig. 3B). 
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Fig. 3 Novel modulation of cO nAChR by CBD revealed by different 
application strategies. A Single-channel currents were recorded in the 
presence of 100 µM ACh in the absence or presence of 50 µM CBD 
in the pipette solution. Top: Typical channel traces of a.7 nAChR 
recording in the absence and presence of CBD are shown at two dif
ferent temporal scales. Membrane potential: - 70 m V. Filter: 9 kHz. 
Bottom: R epresentative histograms of open and burst durations 
and amplitude are shown. Amplitude histograms were constructed 
for events longer than 0.3 ms. The arrows indicate the duration of 
the slowest component for the dwell time histograms and the mean 
amplitude for the amplitude histogram. B Channels were recorded 
in the cell-attached patch before and after CBD addition to the dish 
(after about 10 min). Bar chart shows the change in mean burst dura
tion (-rbur,;) due to the addition of ethanol, CBD at different concen-

trations, or THC to the dish. The concentration values correspond to 
the final concentrations of the drugs in the ECS to which the cells 
were exposed during the recording. The ratio of the mean burst dura
tion after/before drug addition was calculated for each patch. The bars 
show the values for independent experiments and the mean± SD of 
the ratios for n =5, N = 3 (0.1%v/v ethanol); n = 5, N= 3 (0.01 µM 
CBD); n= 4, N = 2 (0.1 µM CBD); n=5, N = 2 (0.5 µM CBD); n=4, 
N= 3 (1 µM CBD); n =4, N = 2 (3 µM CBD); n =5, N = 3 (10 µM 
CBD); n=5, N =3 (50 µM CBD); and n = 6, N =2 (10 µM THC). 
Statistical comparisons were performed by two-tailed Student's t 
test between ethanol and CBD or THC conditions (ns: not signifi
cant, p;:: 0.05; asterisk symbol (*) indicates statistical significance: 
p< 0.05*;p < 0.01 **; p < 0.001 ***) 
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Effects of CBD on a7 nAChR channel frequency 
in the presence of PAMs 

To further analyze the mechanism underlying the profound 
decrease in channel frequency, we determined if it also 
occurred in the presence of PAMs. To this end, single chan
nels were recorded in the presence of 100 µM ACh and a 
type I (5-HI) or a type II (PNU-120596) PAM in the pipette 
solution. 

ACh elicited activity was potentiated in the presence of 
2 mM 5-HI, which was evidenced as prolonged openings 
and bursts composed of successive openings of about 4 ms 
as described before (Fig. 4A) [38, 45). The addition of CED 
to the dish produced a marked concentration-dependent 
decrease in channel activity. The reduction in the number of 
bursts/min was statistically significant at final CED concen
trations as low as 100 nM (ratio after/before = 0.67 ± 0.10; 
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n=5, N=3;p=0.010) with respect to ethanol alone (ratio 
after/before=0.96±0.16; n=5, N=3). At 1 µM CED, chan
nel activity almost disappeared, and the burst frequency 
was only 8% of that measured before addition of the drug 
(ratio after/before= 0.08 ±0.06; n= 5, N=3;p=0.0000031) 
(Fig. 4A, E). 

In the presence of 1 µM PNU-120596, a high-efficacy 
type II PAM, channel activity elicited by 100 µM ACh 
showed long episodes of high-frequency openings, named 
clusters, with a mean duration of about 1-3 sand amplitude 
of - 10 pA (- 70 m V). A cluster comprises successive pro
longed openings separated by brief closings and corresponds 
to the activation episode of the same receptor that oscillates 
between open and closed states before reaching a stable non
conducting desensitized state [40, 42) (Fig. 4C). As shown 
in the figure, both non-potentiated (isolated openings) and 
potentiated (clusters) events appear in the same recording. 
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Fig. 4 CBD decreases frequency of a7 nAChR channels potentiated 
by type I and type II PAMs. A Recordings of a7 nAChR in the pres
ence of 100 µM ACh and 2 mM 5-HI in the pipette solution. Typical 
channel traces recorded before and after addition of CBD (10 nM and 
10 µM final concentrations) to the dish are shown (top). a7 nAChR 
channels potentiated by 5-HI are shown at a higher temporal resolu
tion (bottom). Membrane potential: - 70 mV. Filter: 9 kHz. B Bar 
chart showing the reduction of burst frequency of a7 nAChRs acti
vated by ACh and potentiated by 5-HI after addition of ethanol or 
CBD at different concentrations. For each recording, the number of 
bursts were measured during the same period of time before and after 
addition of the drugs. The ratio of the number of bursts/min after/ 
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before drug addition was calculated for each patch. The bars show 
the values for independent experiments and mean± SD of the ratios 
for n=5, N = 3 (0.1%v/v ethanol); n = 6, N = 2 (0.01 µM CBD); n=5, 
N= 3 (0.1 µM CBD); n= 5, N = 3 (0.5 µM CBD); n =5, N = 3 (1 µM 
CBD); n =5, N = 3 (10 µM CBD); and n =5, N= 3 (50 µM CBD). 
Statistical comparisons were performed by two-tailed Student's t-test 
between ethanol and CBD conditions (ns: not significant, p ~ 0.05 ; 
asterisk symbol (*) indicates statistical significance: p< 0.05*; 
p< 0.01 **; p< 0.001 ***). C Single-channel traces of a continuous 
recording in the presence of 100 µM ACh and 1 µM PNU-120596 in 
the pipette solution before and after addition of CBD (50 µM final 
concentration). Membrane potential: -70 mV. Filter: 3 kHz 
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Channel activity was quantified by the number of clusters/ 
min. However, clusters included all activation episodes that 
can occur as isolated openings or as the typical long-duration 
clusters since we did not establish any limit in the number 
of openings to consider a cluster. Addition of 50 µM CBD 
produced a statistically significant, - 90%, reduction in clus
ter frequency (ratio after/before=0.10±0.06; n=5, N=3; 
p = 0.000000089) compared to that of the control condition 
(ratio after/before= 0.96 ± 0.09; n = 5, N = 3) (Fig. 4C). 
Thus, CBD acts as a negative modulator in the presence of 
type I and type II PAMs. 

Exploring structural basis underlying a7 nAChR 
modulation by CBD 

To better understand the molecular basis of a,7 nAChR mod
ulation by CBD, we tested its inhibitory effect on mutant 
receptors. In this set of experiments, we compared the fre
quency of bursts before and after exposure to 3 µM CBD 
(final concentration). At this concentration, the reduction in 
burst frequency for the wild-type receptor was 82 ± 6% (ratio 
after/before = 0.18 ±0.06; n = 6, N=2) (Fig. 2B, Fig. 5). 

To explore if CBD modulates a,7 nAChR by affecting its 
phosphorylated state, we examined a double tyrosine mutant 
receptor (a,7-Y386F/Y442F). This mutant receptor, which 
lacks the two tyrosine residues of the ICD, shows longer 
duration bursts, reduced desensitization rate and signifi
cantly faster recovery from desensitization than wild-type 
receptors [38]. After addition of 3 µM CBD to the dish, 
channel activity markedly decreased, leading to a reduc
tion in the number of bursts/min of 75 ± 13% (ratio after/ 
before=0.25 ± 0.13 ; n =6, N=3) (Fig. 5). Thus, tyrosine 
phosphorylation of the ICD is not involved in CBD negative 
modulatory effects. 

We also examined if serine/threonine phosphorylation 
was involved in CBD effects on a,7 nAChR. We mutated to 
alanine, residues S365 and T331 of the ICD, that have the 
potential to be phosphorylated by serine/threonine protein 
kinases. As these mutant receptors have not been previously 
described, we first characterized their channel properties. 
The mean open and burst durations for channels activated 
by 100 µM ACh were 0.29±0.03 ms and 0.42±0.09 ms, 
respectively (a,7-S365A, n =6, N=3); and 0.30±0.08 ms 
and 0.46±0.13 ms, respectively (a,7-T331A, n=6, N=3). 
Thus, the mutations did not affect the kinetics of the recep
tor with respect to that of wild-type a,7 nAChR (a,7-S365A: 
p = 0.620 and p = 0.383 for -ropen and -rburst, respectively; 
and a,7-T331A: p = 0.742 and p = 0.985 for -ropen and -rburst, 

respectively). Addition of 3 µM CBD during the course of 
the recording, also produced a profound decrease in the num
ber of bursts/min of the mutants: 69 ± 11 % for a,7-S365A 
(ratio after/before = 0.31 ± 0.11; n= 5, N=3) and 73 ± 17% 
for a,7-T331A (ratio after/before = 0.27 ±0.17; n = 6, N = 3) 
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Fig. 5 CBD effects on mutant rx7 nAChRs. A Typical channel traces 
from recordings of different rx7 nAChR mutants activated by 100 µM 
ACh before and after addition of 3 µM CBD to the dish (final con
centration) during the course of the recording. Membrane potential: 
- 70 m V. Filter: 9 kHz. B Bar chart comparing the reduction of burst 
frequency due to exposure to 3 µM CBD among different rx7 nAChR 
mutants. For each recording, the number of bursts was measured dur
ing the same period of time before and after addition of CBD. The 
ratio of the number of bursts/min after/before CBD addition was cal
culated for each patch. The bars show the values from independent 
experiments and mean±SD of the ratios for n=6, N=2 (rx7-wild
type); n= 6, N = 3 (rx7-Y386FN442F); n =S, N= 3 (rx7-S365A); n= 6, 
N= 3 (a7-T331A); and n =7, N= 3 (a7-TSLMF). Statistical com
parisons among groups were petformed by one-way ANOVA. The 
mean values among groups are not statistically significantly different 
(p = 0.335) 

(Fig. 5). Thus, serine/threonine phosphorylation of these 
residues is not involved in CBD negative modulatory effects. 

Previous studies have shown that simultaneous mutations 
of five transmembrane residues in a,7 nAChR ( a,7-TSLMF) 
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inhibit potentiation by PNU-120596 and other PAMs, indi
cating that these residues are determinants for allosteric 
modulation [39-41]. This mutant receptor showed pro
longed open (ropen = 1.36 ±0.50 ms; n =5, N= 3;p < 0.001) 
and burst durations (rburst=2.31 ±0.98 ms; n=5, N=3; 
p<0.001) with respect to wild-type a,7 nAChR [40, 4 1]. 
Exposure to 3 µM CED produced a profound reduc
tion of the frequency of bursts: 68 ± 15% (ratio after/ 
before= 0.32 ± 0.15; n = 7, N = 3) (Fig. 5). Thus, determi
nants that affect PNU-120596 potentiation do not alter CED 
inhibition of a,7 nAChR. 

Once established that all the analyzed mutants were inhib
ited by CED, we explored if they showed differences in the 
degree of inhibition of channel activity. Comparison of the 
reduction of bursts/min after CED addition among wild-type 
and mutant receptors showed no statistically significant dif
ferences in this parameter (one-way ANOVA test,p =0.335), 
indicating similar sensitivity to CED among wild-type and 
mutant a,7 nAChRs (Fig. 5E ). 

Application of CBD to inside-out patches 

To gain further insights into the basis of CED action, we 
recorded single-channel currents activated by 100 µM ACh 
in the inside-out patch configuration, which allows bath per
fusion of the cytoplasmic face of the membrane (Fig. 6). 
Channels were recorded from the excised patch before and 
after addition to the dish of ECS containing CED to yield a 
final concentration of 50 µM. The exposure to CED led to a 
profound, > 90%, channel frequency reduction (ratio after/ 
before = 0.07 ± 0.05; n = 6, N = 2). This value was similar 
to that obtained in the cell-attached configuration at the 
same concentration (ratio after/before = 0.07 ±0.03; n = 5, 
N = 3;p =0.662). Moreover, the long-duration openings also 
appeared after several minutes of CED exposure. We con
firmed that CED similarly affects a,7 nAChR function from 
both sides of the membrane, thus indicating that it reaches 
its binding site in the receptor through a membrane pathway. 

CBD inhibits agonist-elicited intracellular calcium 
mobilization 

a,7 nAChR activation triggers the increase in intracellular 
Ca2+ levels ([Ca2+]J It has been shown that activation by 
the agonist in the presence of PNU-120596 induces larger 
and sustained calcium responses than by the agonist alone 
[45, 48- 51]. To explore how CED affects calcium mobiliza
tion elicited by a,7 nAChR, we conducted confocal micros
copy analysis of a,7-expressing cells loaded with Fluo-3/ 
AM. Receptors were activated by a pulse of 500 µM ACh 
together with 3 µM PNU-120596. Application of ACh and 
the PAM led to a rapid increase of [Ca2+l , which was main
tained during at least 3 min as shown in Fig. 7 A. 
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Fig. 6 Effect of CED on a.7 nAChR from the intracellular membrane 
side. A Typical c hannel traces from single a.7 nAChR channel cur
rents activated by I 00 µM A Ch recorded in the inside-out patch con
figuration before (top) and after addition of 50 µM CED to the dish 
(final concentration). Membrane potential: - 70 m V. Filter: 9 kHz. B 
Bar chart comparing the reduction of burst frequency due to 10 µM 
CED between recordings in the cell-attached patch and inside-out 
patch configurations. The bars show the values from independent 
experiments and the mean ± SD of the ratio for n =5, N= 3 (cell
attached patch) and n= 6, N = 2 (inside-out patch) 

To quantify the change, we determined the F45/F0 ratio 
from fluorescence measurements before and 45 s after a,7 
nAChR activation by ACh and PNU-120596 as explained 
in Methods (Fig. 7). The increase in [Ca2+]i induced by 
500 µM ACh and 3 µM PNU-120596 (F4sfF0 = 5.6±0.7; 
n = 3; N = 1) was not affected by a 3-min preincubation of 
cells with 1 %v/v ethanol, which was the vehicle used for 
CED (F4/ F0 =5.7 ± 2.3; n=6, N=3;p= 0.96) (Fig. 7). In 
contrast, a profound reduction in the response to ACh and 
PNU-120596 was detected if cells were preincubated 3 min 
with 10 µM CED (F4/F0 =2.0 ±0.7; n=9,N=4;p= 0.003) 
(Fig. 7). No changes in intracellular calcium levels were 
detected in cells expressing a,7 nAChR but preincubated 
during 3 h with the irreversible antagonist cr-ETX (1 µM) 
(F4sfF0 = 1.0 ± 0.1 ; n = 8, N =4;p < 0.001), indicating that 
the calcium increase was mediated by a,7 nAChR. This set 
of experiments demonstrate that CED mediates a profound 
decrease in cell calcium responses triggered by a,7 nAChR 
activation. 
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Fig. 7 Effects of CBD on intracellular calcium mobilization trig
gered by a.7 nAChR. BOSC-23 cells expressing a.7 nAChR were 
loaded with Fluo-3/ AM, and analyzed by laser scanning confocal 
microscopy as described under Methods. The images were obtained 
immediately before (0 s) and after 45 s (45 s) of a pulse of 500 µM 
ACh and 3 µM PNU-120596 to activate the receptor. A Left: Confo
cal microscope images of cells. The scale corresponds to 50 µm and 
the total magnification was l 00x. The different conditions correspond 
to different treatments before the ACh/PNU-120596 stimulus: ETOH: 
3 min-preincubation with 1 %v/v ethanol; CBD: 3 min-preincubation 
with 10 µM CBD in 1%v/v ethanol ; a.-BTX: 3 h-preincubation with 

Page 11 of 16 564 

F/Fo 
7 
6 

5 
4 
3 
2 

7 
6 
5 
4 
3 
2 
1 

10 30 50 70 90 110 130 150 170 

Time (s) 

0-----------------------------

7 
6 
5 
4 
3 

10 

10 

30 50 

30 50 

70 90 110 130 150 170 

Time (s) 

70 90 11 0 130 150 170 

Time (s) 

2 t 
1 
0 -t----r-,--"'"T'"---,-...---r--,-"T"""-,---,,---r-......--....--,---,,-,--"'"T'"-, 

10 30 50 70 90 110 130 150 170 

Time (s) 
B 

ns 

• 

• • • 

0 

ETOH CBD a:-BTX 

1 µM a.-BTX and 3 min-preincubation with I %v/v ethanol. The 
color scale represents the relative fluorescence intensity of Fluo-3/ 
AM-loaded cells, with black representing the lowest and green the 
highest [Ca2+ ]i levels. Right: typical curves for a given cell for each 
condition showing the changes in the relative fluorescence values cal
culated as FIF0 as a func tion of time. The arrow indicates the time 
of ACh/PNU-120596 application. B Bars show values correspond
ing to independent experiments with about 10-25 cells in each assay 
(see Methods) and the mean±SD of the F4sfF0 ratio. ns: not signifi
cant, p ;;: 0.05; asterisk symbol (*) indicates statistical significance: 
p < 0.05*;p < 0.01 **; p< 0.001 *** 
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Discussion 

CBD is emerging as a therapeutic agent for several patho
logical conditions due to a large body of evidence showing 
its therapeutic benefits and no psychoactive effects. CBD 
shows low affinity for cannabinoid receptors (CB 1 and 
CB2) and acts as a pleiotropic drug by targeting a great 
variety of receptors, channels and signaling pathways [12]. 
We here reveal how CBD affects a,7 nAChR ionotropic and 
metabotropic functions. It produces a profound concentra
tion-dependent decrease in single-channel activity with 
an IC50 in the sub-micromolar range, indicating a potent 
negative modulation of pharmacological significance. 
However, CBD modulation is complex since, after chan
nel activity inhibition, it leads to the later appearance of 
infrequent ACh-elicited a,7 nAChR openings with different 
kinetics and amplitudes to the typical ones. At the cellular 
level, CBD negatively modulates a,7 nAChR metabotropic 
function, which is revealed by a profound decrease of cell 
calcium responses triggered by a,7 nAChR activation. 

A few studies have shown that some endocannabinoids 
allosterically inhibit macroscopic responses of a,7 nAChR 
expressed in oocytes [23, 24]. To our knowledge, there 
is only one report of CBD effects on a,7 nAChR, show
ing that preincubation with CBD inhibits agonist-elicited 
currents in oocytes and rat hippocampal slices [25]. How
ever, macroscopic current recordings cannot provide pre
cise mechanistic information. By applying high-resolution 
single-channel recordings, we showed that CBD produces 
rapid and profound decrease in the frequency of activation 
episodes. The IC50 estimated for the channel activity inhi
bition (~ 0.5 µM) is significantly lower than that estimated 
previously from the reduction of the macroscopic currents 
( ~ 11 µM, [25]), probably due to the higher temporal res
olution of our measurements [52]. The decrease in the 
frequency of the activation episodes (both isolated open
ings and bursts) may be due to impaired channel opening, 
channel blockade, or stabilization of a desensitized state, 
all of which are manifested as reduced channel activity. 
We discard open-channel blockade since there was no 
concentration-dependent decrease in open channel lifetime 
[53]. Enhancement of desensitization has been suggested 
as a potential mechanism for the decrease in 5-HT3A cur
rents mediated by CBD [54]. In a,7 nAChR, enhancement 
of the rate of desensitization results in decreased open 
durations since this rate governs open channel lifetime 
[37], an effect that was not detected. As a potent type II 
PAM, PNU-120596 decreases desensitization and recovers 
receptors from desensitized states [39, 41 , 55]. Neverthe
less, this PAM cannot overcome CBD inhibition, indicat
ing that either CBD does not affect a,7 nAChR desensitiza
tion or that it stabilizes a desensitized state that cannot be 
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recovered by PNU-120596 [56]. Thus, it is likely that CBD 
inhibits a,7 nAChR activity by impairing channel opening 
through stabilization of the closed resting state and/or sta
bilization of a PNU-120596-insensitive desensitized state 
(Fig. 8). Interestingly, CBD also shows state-dependence 
selectivity for voltage-gated sodium channels as it prevents 
activation from resting state and stabilizes the inactivated 
state [46, 57, 58]. 

The appearance of the longer openings and bursts with 
slightly reduced amplitude after CBD treatment attracted 
our attention as a novel modulatory process. Both ACh 
and CBD acting through a,7 nAChR are required to gener
ate this unique type of channel openings. The fact that the 
appearance of the atypical openings is a delayed effect with 
respect to the reduction in channel frequency suggests that 
these events may arise from CBD-bound channels that re
open from a CED-stabilized conformational state (resting or 
desensitized) (Fig. 8). Alternatively, CBD may act through 
two different sites, one mediating the decrease of channel 
activity and the other, the changes in channel kinetics. 

THC neither decreases a,7 nAChR channel frequency nor 
changes open and burst durations. However, THC is active 
at other Cys-loop receptors, including glycine, 5-HT3 and 
GABAA receptors [16, 18, 20- 22]. CBD and THC share 
chemical structures, with the difference of the closure of a 
ring on THC as opposed to a free hydroxyl group in CBD. 

To explore possible determinants of the CBD inhibitory 
action, we tested its effects on a,7 nAChR mutants. We first 
evaluated if CBD reduces channel frequency by increasing 
receptor phosphorylation, which may take place indirectly 
by affecting intracellular signaling pathways that change 
kinase or phosphatase activities [59, 60]. We have previously 
shown that a,7 nAChR tyrosine phosphorylation increases 
desensitization and decreases recovery rate from desensi
tization, resulting in reduced channel activity [38]. The a,7 
nAChR double mutant lacking tyrosine residues at the ICD 
(a,7-Y386F/Y442F) also shows a marked decrease in channel 

Fig. 8 Scheme for CED mechanism of modulation. The scheme 
shows the main classes of conformational states: closed (C), open 
(0), and desensitized (D). The green arrows show the states that 
could be stabilized by CED 
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activity in the presence of CED, thus discarding enhanced 
tyrosine phosphorylation as a cause of CED inhibition. We 
also tested if serine/threonine phosphorylation of a,7 nAChR 
is involved in CED action. By using NetPhos-3.1 server, 
we selected serine and threonine residues at the ICD that 
may have the potential of being phosphorylated. Previously, 
it was reported that S365 is phosphorylated by PKA [61]. 
Our first single-channel characterization of a,7-T331A and 
a,7-S365A mutants shows no changes in channel amplitude 
or in mean open and burst durations. The mutant receptors 
not only activate similarly to wild-type receptors, but they 
are similarly inhibited by CED. Thus, neither tyrosine nor 
serine/threonine phosphorylation is involved in CED inhibi
tion of a,7 nAChR activity. 

CED also inhibits the activity of the quintuple mutant 
a,7-TSLMF receptor carrying mutations in residues located 
in Ml , M2 and M3 transmembrane helices, which confer 
resistance to potentiation by PNU-120596 and other PAMs 
[40, 4 1]. Moreover, CED is also capable of inhibiting a,7 
nAChR potentiated by type I or type II P AMs, indicating no 
competition with their actions. 

Our results demonstrate that CED reaches it binding 
site(s) through a membrane pathway, as also shown for CED 
binding at voltage-gated sodium channels [46, 62]. Struc
tural, mutagenesis, and computational studies have shown 
that a variety of hydrophobic allosteric ligands bind at differ
ent transmembrane sites of a,7 nAChR and Cys-loop recep
tors [39, 63, 64]. The a,7 nAChR structure in complex with 
PNU- 120596 revealed that the PAM binds to a transmem
brane cavity formed by transmembrane helices of adjacent 
subunits [65]. Thus, CED may modify a,7 nAChR activa
tion by binding to one or more transmembrane sites, which 
remain to be defined. In addition, CED has been shown to 
localize below the phosphate headgroups in bio-membranes 
and to increase the membrane stiffness [57]. As described 
for voltage-gated sodium channels [57], the changes in the 
biophysical properties of the membrane may also alter a,7 
nAChR activation properties, resulting in a complementary 
mechanism of CED modulation. High-resolution structures 
of a,7 nAChR in complex with CED are required for pre
cisely identify its binding site(s) which, in turn, could pro
vide further insights into its molecular mechanisms, as well 
as for elucidating structural basis of cannabinoid selectivity. 

a,7 nAChR acts as a dual ionotropic-metabotropic recep
tor. Its activation triggers the opening of the cation-perme
able channel, which results in rapid membrane depolari
zation and calcium influx into the cell. However, this fast 
ionotropic response is converted into a sustained, wide
ranging phenomenon by calcium release from intracellular 
stores through a calcium-induced calcium release mecha
nism, a process involving IP3 and ryanodine receptors [14, 
27, 66, 67 ]. The increase in intracellular calcium levels 
has been shown to be associated with neuroprotection and 
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inflammation [14, 33 , 34] In our a,7 nAChR-expressing 
cells, an increase in intracellular calcium was clearly 
detected after stimulation with ACh in the presence of 
PNU-120596, and was abolished by a,-BTX, confirming 
that it was mediated by a,7 nAChR. The precise mecha
nism that couples ionotropic to metabotropic activities, 
including calcium mobilization from intracellular stores, 
still remains unclear and may differ among different types 
of cells [27]. Nevertheless, our results show that the rapid 
cell calcium response mediated by a,7 activation is sig
nificantly reduced after a very brief pre-exposure to CED. 

CED modulation of Cys-loop receptors has pharma
cological relevance. In this regard, CED inhibition of 
5-HT3 receptors may contribute to its role in modulation of 
nociception and emesis, potentiation of GABA receptors 
may account for its anti-seizure, anxiolytic and analgesic 
effects, and potentiation of glycine receptors may be rel
evant for CED anti-nociceptive actions [3, 16, 22]. Poten
tiation of a,7 nAChR is required for improving cognition 
and memory and has neuroprotective, anti-nociceptive, 
and anti-inflammatory effects [14, 33, 34]. On the other 
hand, a,7 nAChR mediates oncogenic signal transduction 
during cancer development, promotes cancer cell prolif
eration and metastasis in lung, gastrointestinal, and blad
der tissues [35, 68]. Therefore, a,7 nAChR inhibition has 
been proposed as a potential therapeutic strategy for sev
eral types of cancer associated with overexpressed a,7 [ 68, 
69]. For these pathological situations, CED acting through 
a,7 nAChR could be therapeutically beneficial. 

The concentration range at which CED modulates a,7 
nAChR is similar to that at which it is active on other 
channels, transporters, and receptors, including Cys-loop 
receptors [22, 54, 70- 72]. Commonly used CED doses 
in animal models resulted in mean plasma CED levels in 
the low micromolar range [71 , 73, 74], although its mem
brane concentration is expected to be higher than blood 
levels. Therefore, the functional modulation of a,7 nAChR 
by CED may be of pharmacological relevance and should 
be considered in the evaluation of prospective therapeu
tic uses. Due to the CED promiscuous pharmacological 
activities, some may contribute to beneficial effects, others 
to adverse effects, and others may counteract effects of 
other therapeutic drugs under different pathological con
ditions [71]. Thus, as the interest in CED as a therapeutic 
drug for a vast repertoire of health conditions increases 
and the CED product industry shows increasing growth, 
molecular information related to CED multiple actions 
and targets acquires great significance by providing the 
basis for understanding its applications in human health. 
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