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Heterogeneity of cannabinoid ligand-induced modulations
in intracellular Ca2+ signals of mouse pancreatic acinar
cells in vitro
Kun-kun Xia1,2, Jian-xin Shen3, Ze-bing Huang2, Hui-min Song3, Ming Gao2, De-jie Chen2,4, Shui-jun Zhang1 and Jie Wu1,2,3,4

We recently reported that a CB2R agonist, GW405833 (GW), reduced both the ACh-induced Ca2+ oscillations and the L-arginine-
induced Ca2+ signal enhancement in mouse pancreatic acinar cells, suggesting that GW-induced inhibition may prevent the
pathogenesis of acute pancreatitis. In this study, we aim to evaluate the effects of other cannabinoid ligands on Ca2+ signaling in
acinar cells. Patch-clamp whole-cell recordings were applied to measure ACh-induced intracellular Ca2+ oscillations in pancreatic
acinar cells acutely dissociated from wild-type (WT), CB1R knockout (KO), and CB2R KO mice, and the pharmacological effects
of various cannabinoid ligands on the Ca2+ oscillations were examined. We found that all the 8 CB2R agonists tested inhibited ACh-
induced Ca2+ oscillations. Among them, GW, JWH133, and GP1a caused potent inhibition with IC50 values of 5.0, 6.7, and 1.2 μmol/L,
respectively. In CB2R KO mice or in the presence of a CB2R antagonist (AM630), the inhibitory effects of these 3 CB2R agonists were
abolished, suggesting that they acted through the CB2Rs. The CB1R agonist ACEA also induced inhibition of Ca2+ oscillations that
existed in CB1R KO mice and in the presence of a CB1R antagonist (AM251), suggesting a non-CB1R effect. In WT, CB1R KO, and CB2R
KO mice, a nonselective CBR agonist, WIN55,212-2, inhibited Ca2+ oscillations, which was not mediated by CB1Rs or CB2Rs. The
endogenous cannabinoid substance, 2-arachidonoylglycerol (2-AG), did not show an inhibitory effect on Ca2+ oscillations. In
conclusion, CB2R agonists play critical roles in modulating Ca2+ signals in mouse pancreatic acinar cells, while other cannabinoid
ligands modulate Ca2+ oscillations in a heterogeneous manner through a CB receptor or non-CB-receptor mechanism.

Keywords: cannabinoid; CB2 receptor; CB1 receptor; endocannabinoid; Ca
2+ oscillations; pancreatic acinar cells; patch-clamp

Acta Pharmacologica Sinica (2019) 40:410–417; https://doi.org/10.1038/s41401-018-0074-y

INTRODUCTION
Cannabis is a common cash crop that can be used for textiles, raw
materials, and food. It is also a herbal medicine whose extract can be
used as an analgesic. It is considered a drug and is regulated in many
countries. At least 4% of adults in the world use cannabis each year,
making it one of the most commonly used illicit drugs in the world.
Cannabinoid receptors are divided into two categories, named

cannabinoid type 1 receptor (CB1R) and cannabinoid type 2
receptor (CB2R), which are both G protein-coupled receptors [1].
The traditional view holds that CB1R is mainly expressed in central
neurons and in small amounts in peripheral tissues and cells, while
CB2R is mainly expressed in peripheral immune cells and the
hematopoietic system.
In pancreatic tissues, both CB1R and CB2R messenger RNAs

(mRNA) are expressed, suggesting that cannabinoid receptors are
involved in the regulation of pancreatic function [2, 3]. Addition-
ally, a recent study showed that in animal models of pancreatitis,
CB2R mRNA and protein levels are changed in pancreatic acinar
cells and CB2R agonists can reduce the pathological changes in
acinar cells [2, 3]. In acutely dissociated mouse pancreatic acinar

cells, we reported that the selective CB2R agonist GW405833 (GW)
inhibited both the acetylcholine (ACh)-induced Ca2+ oscillations
and the L-arginine-induced elevation of intracellular Ca2+ oscilla-
tions, indicating that CB2R plays important roles in regulating the
physiology and pathophysiology of pancreatic acinar cells [4].
Many synthetic and endocannabinoid substances show a

variety of pharmacological effects. Accumulating lines of evidence
suggest that the cannabinoid ligands modulate CB signaling in a
complex way, including through diverse targets, signaling path-
ways, and heterogeneous effects, and through CB receptor (CB1R
and CB2R) and non-CB receptor mechanisms. However, the
pharmacological effects of various cannabinoid ligands on
intracellular Ca2+ signaling in pancreatic acinar cells have not
been well studied. The aim of this study was to detect the
pharmacological effects of various cannabinoid ligands, including
eight commercially available CB2R agonists, one CB1R agonist
(arachidonyl-2'-chloroethylamide (ACEA)), a nonspecific CB recep-
tor agonist (WIN55,212-2), and an endocannabinoid substance
(2-arachidonoylglycerol (2-AG)), on the ACh-induced Ca2+ oscilla-
tions in acutely isolated pancreatic acinar cells from wild-type
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(WT), CB1R knockout (KO), and CB2R KO mice. The Ca2+ oscillations
were determined by measuring the Ca2+-activated Cl− currents
using patch-clamp whole-cell recordings.

MATERIALS AND METHODS
All experimental protocols were approved by and performed in
accordance with the guidelines set by the animal care and use and
ethical committees at the Barrow Neurological Institute and
the First Affiliated Hospital of Zhengzhou University (Zhengzhou,
He-nan, China).

Mouse pancreatic acinar cell preparation
The mice used for this study were adult (4–6 months old) male CD1

mice (Charles River Laboratories International, Inc., Wilmington, MA,
USA). Additionally, C57BL/6J WT, CB1R KO [5], and CB2R KO mice [6]
of similar ages and gender on a C57BL/6J genetic background were
used to determine the targets of cannabinoid ligands. Pancreatic
cells were acutely isolated as previously described [7–9]. In brief,
pancreatic glands were taken from isoflurane-anesthetized mice,
and fragments of the pancreatic tissue were minced and digested
using collagenase (200 U/mL, 25–30min, 37 °C; Wako Pure Chemi-
cals, Osaka, Japan) in the presence of 1mM Ca2+. After collagenase
digestion, the cell suspension was gently pipetted to obtain further
separation of the cells and then washed with physiological saline. A
100 μL volume of cell suspension was then poured into extracellular
solution in a 2mL experimental bath solution. The isolated cells
usually adhered to the bottom within 15–20min and were used for
recording within 3 h after preparation. All experiments were
performed at room temperature (22 ± 1 °C).

Conventional patch-clamp whole-cell recordings
Conventional patch-clamp whole-cell recording was used to record
the Ca2+-activated Cl− currents for monitoring intracellular Ca2+

oscillations, as reported previously [8, 9]. Recording pipettes were
made from borosilicate glass capillaries. They had a resistance of 3–5
MΩ when filled with pipette solution. After a GΩ seal was established
between the cell membrane and the pipette, a whole-cell configura-
tion was achieved by brief negative suction. Transmembrane currents

were recorded with a patch-clamp amplifier (Axopatch 200B;
Molecular Devices, Sunnyvale, CA, USA) at a holding potential (VH)
of −30mV. In this study, the series resistance was not compensated.

Solution and chemicals
The standard extracellular solution contained the following (in mM):
140 NaCl, 1.0 CaCl2, 4.7 KCl, 1.13 MgCl2, 10 glucose, and 10 HEPES,
adjusted to pH 7.2 with NaOH. The pipette solution contained the
following (in mM): 140 KCl, 1.13 MgCl2, 5 Na2ATP, 0.24 EGTA, 10
glucose, and 10 HEPES, pH 7.2. The drugs used in this study were
GW, GP1a, JWH133, SER601, CB65, JWH015, Hu308, L759656 ACEA,
WIN55,212-2, and 2-AG (Fig. 1), which were purchased from Tocris
Bioscience (Minneapolis, MN, USA). ACh was purchased from Sigma-
Aldrich (St Louis, MO, USA). A stream of the standard extracellular
solution was continuously perfused over the cell during recording. A
computer-controlled U-tube system was used for drug application
[10]. For intracellular drug application, the drug was added to the
pipette solution, and the establishment of a whole-cell configuration
allowed the drug to diffuse into the recorded cell.

Statistical analysis
For patch-clamp experiments, the Ca2+-activated Cl− current
responses in dissociated mouse pancreatic acinar cells (Fig. 2)
were presented as the current charge (current area· Cm−1 min−1),
and then the drug-induced changes were compared to the
baseline level of charge (induced by ACh). All data are presented
as the mean ± SEM. When data were obtained from the same
recorded cell and the changes in ACh response were compared
before and after drug exposure, paired Student’s t-test was used.
To analyze the effects of CB ligands on different groups of cells
(eg, WT, CB1R, and CB2R KO mice), one-way analysis of variance
(ANOVA) with Tukey’s post hoc test was used.

RESULTS
Effects of CB2R agonists GW, JWH133, GP1a on ACh-induced Ca2+

oscillations
To determine the effects of CB2R agonists on intracellular Ca2+

signals, we examined the effect of three CB2R agonists with similar

Fig. 1 Chemical structures of 11 tested cannabinoid ligands
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chemical structures (Fig. 1) on ACh-induced Ca2+ oscillations. The
results showed that the three tested CB2R agonists (at 10 μM
concentration), GW, JWH133, and GP1a, showed marked inhibi-
tion. As shown in Fig. 3a–c, 10 μMGW, JWH133, or GP1a
significantly inhibited the 10 nM ACh-induced Ca2+ oscillations.
Statistical analysis showed that after exposure of WT mice to GW,
JWH133, and GP1a, the normalized net charges of 10 nM ACh-
induced Ca2+ oscillations were reduced to 23% ± 4.4% (P < 0.001,
n= 7), 26% ± 4.2% (P < 0.001, n= 9), and 4.6% ± 4.2% (P < 0.001,
n= 6), respectively (Fig. 3d). In CB2R KO mice (Fig. 3e) or in the
presence of the CB2R antagonist AM630 (Fig. 3g), the 10 μΜ GW-,
JWH133-, and GP1a-induced inhibition of 30 nM ACh-induced
Ca2+ oscillations was abolished. The concentration–inhibition
relationship curves for these three agonists were measured,
showing half-maximal inhibitory concentration (IC50) values of 5.0,
6.7, and 1.2 µM for GW-, JWH133-, and GP1a-induced inhibition,
respectively (Fig. 3f). These results indicate that the CB2R agonists
GW, GP1a, and JWH133 potently inhibit the intracellular Ca2+

signal through CB2Rs of mouse pancreatic acinar cells.

Effects of CB2R agonists SER601, CB65, Hu308, L759656, and
JWH015 on ACh-induced Ca2+ oscillations
We tested five other CB2R agonists, SER601, CB65, Hu308,
L759656, and JWH015, that possess different chemical structures
(Fig. 1). The results showed a mild reduction in Ca2+ oscillations
for all tested agonists (Fig. 4a–e). Statistical analysis (Fig. 4f)
showed that after exposure to 10 μM SER601, CB65, Hu308,
L759656, and JWH015, the normalized net charges of 10 nM ACh-
induced Ca2+ oscillations were reduced (F30, 6= 9.59, P < 0.0001).
Tukey’s post hoc comparison between baseline and each CB2R
agonist tested showed the effects of SER601 (88.1% ± 5.1%,
P < 0.001), CB65 (85.9% ± 5.5%, P < 0.01), Hu308 (88.0% ± 4.0%,
P < 0.001), L759656 (96.4% ± 2.09%, P > 0.05), and 89.0% ± 6.4%,
P < 0.01). These results demonstrate that four of the five tested
CB2R agonists showed lower affinity/potency of inhibition of
intracellular Ca2+ signaling in pancreatic acinar cells, while
L759656 did not show a significant effect.

Effect of the CB1R agonist on ACh-induced Ca2+ oscillations
It has been reported that both CB1R and CB2R are expressed in
mouse pancreatic tissue [3], but in our acute dissociated mouse
pancreatic acinar cells, the CB1R mRNA was not detected [4]. Here,
we tested the effect of CB1R agonists on ACh-induced Ca2+

oscillations. As shown in Fig. 5a, the CB1R agonist ACEA (10 μM)
reversibly reduced 30 nM ACh-induced Ca2+ oscillations. Con-
sidering that ACEA was solubilized with ethanol (10 μM ACEA=
7.3 mM ethanol), we examined the effect of 7.3 mM ethanol on
ACh-induced Ca2+ oscillations and found a similar inhibitory effect
on 30 nM ACh-induced Ca2+ oscillations (Fig. 5b). Furthermore, we
examined the inhibitory effect of ACEA on the ACh-induced Ca2+

oscillations in the presence of the CB1R antagonist AM251 (Fig. 5c)
or in the pancreatic acinar cells isolated from either CB1R KO
(Fig. 5d) or CB2R KO (Fig. 5e) mice and found a similar inhibition.
One-way ANOVA showed that there was no significant difference
in ACEA-induced inhibition among the five tested groups (P > 0.05,
Fig. 5f). These results suggest that the inhibitory effect of ACEA on
the ACh-induced Ca2+ oscillations is not mediated through either
CB1R or CB2R.

Effect of the nonselective cannabinoid receptor agonist
WIN55,212-2 on the ACh-induced Ca2+ oscillations
To further clarify the regulatory role of cannabinoid CB1 and CB2
receptors, we tested the effect of a classic synthetic nonselective
CBR agonist, WIN55,212-2, since this compound has been widely
used to test the effects of the cannabinoid. The results showed
that WIN55,212-2 inhibited the ACh-induced Ca2+ oscillations in a
concentration-dependent manner, with an IC50 value of 1.1 µM
(Fig. 6a–d). Statistical analysis (Fig. 6d) showed that the normalized
net charge was reduced to 7% ± 3.5% (P < 0.001, n= 5) on 30 nM
ACh-induced Ca2+ oscillations after the addition of 10 μM
WIN55,212-2. Then, we compared the effects of WIN55,212-2
(10 μM) on 30 nM ACh-induced Ca2+ oscillations in WT, CB1R, and
CB2R KO mice. The results showed that WIN55,212-2 (10 μM)
inhibited the 30 nM ACh-induced Ca2+ oscillations in all WT
(Fig. 6e), CB1R KO (Fig. 6f), and CB2R KO mice (Fig. 6g). Statistical
analysis showed that the rates of inhibition (the currents of
1-drug/baseline) by WIN55,212-2 (10 μM) of the normalized net
charge of the ACh-induced Ca2+ oscillations were 92.5% ± 3.5%
(P < 0.001, n= 6), 92.5% ± 3.1% (P < 0.001, n= 6), and 90.7% ±
4.6% (P < 0.001, n= 8), respectively, after addition of 10 μMWIN to
pancreatic acinar cells isolated from WT, CB1R KO and CB2R KO
mice (Fig. 6h). These results suggest that the inhibition of Ca2+

oscillations by WIN55,212-2 is not mediated by CB1R or CB2R.

Effect of the endocannabinoid substance 2-AG on ACh-induced
Ca2+ oscillations
Lastly, we examined the effects of an endogenous cannabis-like
substance, 2-AG, on 30 nM ACh-induced Ca2+ oscillations in
pancreatic acinar cells dissociated from WT mice. As shown in
Fig. 7, 2-AG at either 10 μM (Fig. 7a) or 100 μM (Fig. 7b) failed to
affect the ACh-induced Ca2+ oscillations (Fig. 7c).

DISCUSSION
In this study, we have systematically examined the pharmacolo-
gical effects of cannabinoid ligands on ACh-induced Ca2+

oscillations in single pancreatic acinar cells acutely dissociated
from WT, CB1R, and CB2R KO mice. We found heterogeneous
effects of different cannabinoid ligands on Ca2+ oscillations
through the different targets. First, all tested CB2R ligands showed
inhibitory effects with different efficiencies. Three higher-
efficiency agonists, GW, JWH133, and GP1a, showed remarkable
inhibition of the ACh-induced Ca2+ oscillations. Based on the IC50
values of the concentration–inhibition curves of these three
agonists, the order of affinity was GP1a > GW > JWH133 for

Fig. 2 a Photograph of freshly dissociated mouse pancreatic acinar
cells. Typical acinar cells have a kidney shape (indicated by red
arrow). b Representative trace of ACh-induced Ca2+ oscillations by
measuring Ca2+-dependent Cl− current oscillations in patch-clamp
whole-cell recording
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inhibiting the ACh-induced Ca2+ oscillations. The inhibitory effects
of these CB2R ligands were eliminated in the acinar cells
dissociated from CB2R KO mice or in the presence of a CB2R
antagonist (AM630), which suggests that the inhibition is
mediated through the CB2Rs. Then, a selective CB1R agonist,
ACEA, also showed inhibition of the ACh-induced Ca2+ oscilla-
tions. However, this inhibition was still maintained in the presence
of CB1R antagonists (AM251) or in the acinar cells dissociated from
either CB1R KO or CB2R KO mice. This suggests that ACEA inhibits
ACh-induced Ca2+ oscillations through a non-CBR mechanism.
Since ACEA was dissolved in ethanol, we tested the effects of
7.3 mM (equal to 10 µM ACEA) ethanol and found a similar
inhibition. Furthermore, a commonly used, nonselective CBR
ligand, WIN55,212-2, showed significant inhibition of the ACh-
induced Ca2+ oscillations, with an IC50 value of 1.1 µM.

Unexpectedly, the WIN55,212-2-induced inhibition still occurred
in the acinar cells dissociated from either CB1R KO or CB2R KO
mice, suggesting that WIN55,212-2-induced inhibition of ACh-
induced Ca2+ oscillations is not mediated by CB1R or CB2R. Finally,
an endogenous cannabis-like substance, 2-AG, did not alter the
ACh-induced Ca2+ oscillations, even at a concentration of 100 µM.
Collectively, we have profiled the heterogeneous nature of the
pharmacological properties of different CBR ligands in the
intracellular Ca2+ signals of mouse pancreatic acinar cells. Our
results show that cannabinoid ligands modulate cellular Ca2+

signals through heterogeneous pathways, in which CB2R ligands
inhibit the ACh-induced Ca2+ oscillations by targeting CB2Rs,
while other ligands, such as ACEA and WIN55,212-2, modulate
Ca2+ oscillations that are not mediated through the CBRs. This
study provides new insights into cannabinoid modulations of the

Fig. 3 Effects of the CB2R agonists GW, JWH133, and GP1a on the ACh-induced Ca2+ oscillations. a–c Representative traces of the effects of 10
μMGW (a), JWH133 (b) and GP1a (c) on 10 nM ACh-induced Ca2+ oscillations in pancreatic acinar cells. d The bar graph summarizes the effects
of three CB2R agonists on the ACh-induced Ca2+ oscillations. ***P < 0.001. e Similar experiments were done as in (d) but in CB2R-KO mice and
showed that the above three CB2R agonists did not affect the ACh-induced Ca2+ oscillations in CB2R-KO mice. f Concentration–inhibition
relationship curves of GW, JWH133, and GP1a. g The effects of a CB2R antagonist (0.1 μM AM630) on the GW-, JWH133-, and GP1a-induced
inhibition of the ACh-induced Ca2+ oscillations. In this and all following figures, the vertical column represents an averaged mean of total
charge (current area/Cm per 2 min), and the vertical bars indicate the standard error
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Fig. 4 CB2R agonists SER601, CB65, Hu308, L759656, and JWH015 show weak inhibition of ACh-induced Ca2+ oscillations. a–e Representative
traces of the effects of 10 μM SER601 (a), CB65 (b), Hu308 (c), L759656 (d), and JWH015 (e) on 10 nM ACh-induced Ca2+ oscillations in
pancreatic acinar cells of WTmice. f Statistical analysis shows that these five CB2R agonists with different chemical structures mildly inhibit the
ACh-induced Ca2+ oscillations. **P < 0.01, ***P < 0.001

Fig. 5 Effects of CB1R agonist (ACEA, 10 μΜ) on ACh-induced Ca2+ oscillations. a A typical case of 10 μM ACEA (dissolved by 7.3 mM ethanol)-
induced reduction in ACh-induced Ca2+ oscillations in WT mice. b A typical trace of the effects of 7.3 mM ethanol (as a control) on the
ACh-induced Ca2+ oscillations. c A typical trace of the effects of the CB1R antagonist AM251 (1 μM) on 10 μM ACEA-induced inhibition of
the ACh-induced Ca2+ oscillations. d A typical trace of the effects of ACEA on the ACh-induced Ca2+ oscillations in CB1R KO mice. e A typical
trace of the effects of ACEA on the ACh-induced Ca2+ oscillations in CB2R KO mice. f Statistical analysis shows similar levels of inhibition of the
ACh-induced Ca2+ oscillations in all tested groups. One-way ANOVA shows no significant difference among the effects of these CB2R agonists
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Ca2+ signal in mouse pancreatic acinar cells and suggests that
carefully selected CB2R agonists should be considered as novel
therapeutic compounds for treating acute pancreatitis.

CB2R is the major target to mediate the cannabinoid modulations
in the ACh-induced Ca2+ oscillations in mouse pancreatic acinar
cells
Cannabinoid receptors are divided into two subtypes, CB1R and
CB2R. CB2R has been called the “peripheral” cannabinoid receptor
because it is mainly expressed in peripheral tissues, including
immune cells, cardiomyocytes, gastrointestinal cells, and hepato-
cytes [11–17]. In pancreatic acinar cells, CB2R protein expression has
been found in rodents using immunohistochemical staining and
Western blotting [3, 18]. In mouse pancreatic tissues, CB1R and CB2R
mRNAs have been identified using reverse transcription-polymerase
chain reaction (RT-PCR) and immunohistochemical staining [3].
Functionally, we examined the roles of CB2Rs in the modulation of
the ACh-induced Ca2+ oscillation in mouse pancreatic acinar cells, a
well-established cell model for the study of intracellular Ca2+ signals
[19]. Using patch-clamp whole-cell recording to measure Ca2+-
activated Cl−currents, we found that all eight commercially available
CB2R agonists showed significant inhibition of Ca2+ oscillations.
Three of them, GW, JWH133, and GP1a, showed dramatic inhibition,
and this inhibition was mediated through CB2R. These results
support previous reports that CB2R agonists play critical roles in the
prevention of acute pancreatitis pathology [3] and the reduction of
intracellular Ca2+ signals [18].

Effects of CB1R agonists on the ACh-induced Ca2+ oscillations in
mouse pancreatic acinar cells
Whether mouse pancreatic acinar cells express CB1Rs is unknown.
Both CB1R and CB2R mRNA and proteins have been detected in

pancreatic tissue [3, 18]. Using real-time RT-PCR, our recent work
detected CB2R but not CB1R mRNA in freshly isolated mouse
pancreatic acinar cells [4]. Therefore, in this study, we examined
the effects of a CB1R agonist on the ACh-induced Ca2+ oscillations
in isolated single mouse pancreatic acinar cells. Interestingly, we
found that a CB1R selective agonist, ACEA, also inhibited the ACh-
induced Ca2+ oscillations. To determine whether the effect of
ACEA was mediated by CB1Rs, we tested the effect of a CB1R
antagonist (AM251, 10 µM) on the ACEA-induced inhibition and
found that AM251 failed to prevent ACEA's effect. Moreover, we
tested the effects of ACEA on the Ca2+ oscillations in the acinar
cells dissociated from CB1R KO and WT mice and found similar
inhibition by ACEA in these two groups. These results suggest
that the ACEA-induced inhibition of ACh-induced Ca2+ oscilla-
tions is not mediated by CB1R. ACEA also inhibited Ca2+

oscillations in CB2R KO mice, suggesting that the CB2R is also
not the target for the ACEA. Considering that ACEA was dissolved
in ethanol (10 µM ACEA contained 7.3 mM ethanol), we further
examined the effects of 7.3 mM ethanol and found a similar
inhibition on the ACh-induced Ca2+ oscillations, suggesting that
ACEA-induced inhibition was likely a solvent effect. Taken
together, our data demonstrate that the ACEA-induced inhibition
of cellular Ca2+ oscillations is achieved through a non-CBR
mechanism. This functional study supports our previous work, in
which we failed to detect CB1R mRNA expression in mouse
pancreatic acinar cells [4]. The reason for the differences between
previous reports and ours may be the use of different
preparations. Previous reports that tested CB1R and CB2R
mRNA expression used pancreatic tissue [3], while we used
dissociated pancreatic acinar cells [4]. In pancreatic tissue, there
are other types of cells, such as beta-cells, which have been
reported to express both CB1R and CB2R [3, 18].

Fig. 6 Effect of a nonselective CBR agonist WIN55,212-2 (10 μΜ) on 30 nM ACh-induced Ca2+ oscillations. a–c Typical traces of the WIN55,212-
2-induced inhibition of the ACh-induced Ca2+ oscillations in a concentration-dependent manner in WT mice, which formed a sigmoidal
concentration–inhibition relationship curve (d). In the acinar cells prepared from WT (e), CB1R KO (f), or CB2R KO (g) mice, WIN55,212-2
reduced the ACh-induced Ca2+ oscillations. h Statistical analysis (one-way ANOVA) indicates that there are no significant differences among
the inhibitory effects of WIN55,212-2 on the Ca2+ oscillations of the acinar cells prepared from WT, CB1R KO, and CB2R KO mice
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Effects of nonspecific CBR ligands on the ACh-induced Ca2+

oscillations
In the cannabinoid signaling field, many studies have used
nonspecific CBR ligands such as WIN55,212-2 and endocannabi-
noid substances such as 2-AG. These ligands nonselectively
activate both CB1Rs and CB2Rs. Thus, we tested the effects of
WIN55,212-2 and 2-AG on the ACh-induced Ca2+ oscillations.
Interestingly, we found that WIN55,212-2 inhibited Ca2+ oscilla-
tions in a non-CBR way (Fig. 6), while 2-AG did not show a
significant effect on the Ca2+ oscillations, even at a high
concentration (Fig. 7b, c). Although the precise mechanisms of
these diverse effects by cannabinoid ligands on the Ca2+

oscillations in mouse pancreatic acinar cells are still unclear, our
findings suggest the heterogeneous and complex ways that
cannabinoid ligands modulate intracellular Ca2+ signals. Emerging
evidence shows that there are complex relationships between
cannabinoid receptors and intracellular Ca2+ signals in different
types of cells. For example, the activation of CB1R or CB2R
increases intracellular Ca2+ levels in endothelial cells, submandib-
ular acinar cells, canine kidney cells, and bladder cancer cells
[20–23], while the activation of CB1R or CB2R reduces glucose-
induced intracellular Ca2+ oscillations and insulin release in
pancreatic beta-cells [24, 25].

Clinical significance of CB2R agonists in the modulation of Ca2+

signals in pancreatic acinar cells
Acute pancreatitis is an inflammatory disease with complex
pathogenesis requiring immediate medical treatment [26, 27]. In
clinical practice, there are still no effective drugs for the specific
treatment of acute pancreatitis [26]. Pancreatic acinar cells are
exocrine pancreatic units that synthesize, store, and secrete

inactive digestive enzymes into the lumen of acinar cells. The
activity of pancreatic acinar cells is strictly regulated by the
secretagogues ACh and cholecystokinin (CCK), both of which act
on specific membrane receptors (muscarinic and CCK receptors,
respectively) and then increase the Ca2+ levels in the cytoplasm. If
the intracellular Ca2+ has been maintained at a high concentra-
tion, the intracellular signal transduction is disrupted, harming the
cells and resulting in acute pancreatitis. Recent studies have
shown that the early pathological changes in acute pancreatitis
are caused by an abnormal increase in Ca2+ levels in acinar cells.
The sustained increase in intracellular Ca2+ levels can trigger
digestive enzymes, resulting in inflammation and necrosis. Drugs
that block the accumulation of calcium store-operated Ca2+

channels will prevent the sustained increase in intracellular Ca2+

levels and protease activation [28]. In an animal model of acute
pancreatitis, activation of CB2Rs (but not CB1Rs) in pancreatic
acinar cells can prevent pathological changes caused by cerulein
or L-arginine [3]. In our previous study, we reported that the CB2R
agonist GW reduced ACh-induced Ca2+ oscillations, eliminated
L-arginine-induced enhancement of Ca2+ oscillations, and pre-
vented the L-arginine-induced increases in serum amylase and
lung myeloperoxidase levels in acute pancreatitis [4]. These results
suggest that CB2R agonists rather than CB1R agonists may be
potential novel therapeutic agents for the prevention and
treatment of acute pancreatitis.
In conclusion, our study profiles the pharmacological effects of

cannabinoid ligands on the intracellular Ca2+ signals in mouse
pancreatic acinar cells. It confirms that modulation by CBR ligands
can be accomplished through CB2R as well as through non-CBR
pathways. In consideration of the heterogeneity of the regulatory
process, we should be cautious when selecting CBR ligands as
potential drugs for the treatment of acute pancreatitis.

ACKNOWLEDGEMENTS
This work was partially supported by the Shantou University Seed Fund. The authors
thank Karen Vu for his assistance in editing the English.

AUTHOR CONTRIBUTIONS
K.-k.X. performed patch-clamp recording, data analysis, made figures, and wrote
initial manuscript; J.-x.S. performed some experiments, data analysis, and wrote part
manuscript; Z.-b.H. performed some experiments and analysis data; H.-m.S.
performed experiments and data analysis; M.G. performed experiments and data
analysis; D.-j.C. performed data analysis; S.-j.Z. designed experiments and revised
manuscript; J.W. designed experiments, data analysis, made and revised figures, and
wrote and revised the manuscript.

ADDITIONAL INFORMATION
Competing interests: The authors declare no competing interests.

REFERENCES
1. Pertwee RG. The diverse CB1 and CB2 receptor pharmacology of three plant

cannabinoids: delta9-tetrahydrocannabinol, cannabidiol and delta9-
tetrahydrocannabivarin. Br J Pharmacol. 2008;153:199–215.

2. Li C, Bowe JE, Jones PM, Persaud SJ. Expression and function of cannabinoid
receptors in mouse islets. Islets. 2010;2:293–302.

3. Michler T, Storr M, Kramer J, Ochs S, Malo A, Reu S, et al. Activation of canna-
binoid receptor 2 reduces inflammation in acute experimental pancreatitis via
intra-acinar activation of p38 and MK2-dependent mechanisms. Am J Physiol
Gastrointest Liver Physiol. 2013;304:G181–92.

4. Huang Z, Wang H, Wang J, Zhao M, Sun N, Sun F, et al. Cannabinoid receptor
subtype 2 (CB2R) agonist, GW405833 reduces agonist-induced Ca2+ oscillations
in mouse pancreatic acinar cells. Sci Rep. 2016;6:29757.

5. Zimmer A, Zimmer AM, Hohmann AG, Herkenham M, Bonner TI. Increased
mortality, hypoactivity, and hypoalgesia in cannabinoid CB1 receptor knockout
mice. Proc Natl Acad Sci U S A. 1999;96:5780–5.

Fig. 7 Effect of the endocannabinoid substance 2-AG on 30 nM
ACh-induced Ca2+ oscillations. a A typical trace of the effects of 2-
AG (10 μM) on 30 nM ACh-induced Ca2+ oscillations. b A typical
trace of the effects of 2-AG (100 μM) on 30 nM ACh-induced Ca2+

oscillations. c The bar graph summarizes the effects of 2-AG on Ca2+

oscillations

Cannabinoid ligands differently modulate intracellular Ca2+ signals
KK Xia et al.

416

Acta Pharmacologica Sinica (2019) 40:410 – 417



6. Buckley NE, McCoy KL, Mezey E, Bonner T, Zimmer A, Felder CC, et al. Immu-
nomodulation by cannabinoids is absent in mice deficient for the cannabinoid
CB2 receptor. Eur J Pharmacol. 2000;396:141–9.

7. Huang ZB, Wang HY, Sun NN, Wang JK, Zhao MQ, Shen JX, et al. Congo red
modulates ACh-induced Ca2+ oscillations in single pancreatic acinar cells of mice.
Acta Pharmacol Sin. 2014;35:1514–20.

8. Wu J, Kamimura N, Takeo T, Suga S, Wakui M, Maruyama T, et al. 2-
Aminoethoxydiphenyl borate modulates kinetics of intracellular Ca2+ signals
mediated by inositol 1,4,5-trisphosphate-sensitive Ca2+ stores in single pan-
creatic acinar cells of mouse. Mol Pharmacol. 2000;58:1368–74.

9. Wu J, Takeo T, Kamimura N, Wada J, Suga S, Hoshina Y, et al. Thimerosal mod-
ulates the agonist-specific cytosolic Ca2+ oscillatory patterns in single pancreatic
acinar cells of mouse. FEBS Lett. 1996;390:149–52.

10. Yang K, Hu J, Lucero L, Liu Q, Zheng C, Zhen X, et al. Distinctive nicotinic acet-
ylcholine receptor functional phenotypes of rat ventral tegmental area dopa-
minergic neurons. J Physiol. 2009;587:345–61.

11. Guillot A, Hamdaoui N, Bizy A, Zoltani K, Souktani R, Zafrani ES, et al. Cannabinoid
receptor 2 counteracts interleukin-17-induced immune and fibrogenic responses
in mouse liver. Hepatology. 2014;59:296–306.

12. Li Q, Wang F, Zhang YM, Zhou JJ, Zhang Y. Activation of cannabinoid type 2
receptor by JWH133 protects heart against ischemia/reperfusion-induced apop-
tosis. Cell Physiol Biochem. 2013;31:693–702.

13. Mallat A, Teixeira-Clerc F, Lotersztajn S. Cannabinoid signaling and liver ther-
apeutics. J Hepatol. 2013;59:891–6.

14. Mule F, Amato A, Baldassano S, Serio R. Involvement of CB1 and CB2 receptors in
the modulation of cholinergic neurotransmission in mouse gastric preparations.
Pharmacol Res. 2007;56:185–92.

15. Pacher P, Mechoulam R. Is lipid signaling through cannabinoid 2 receptors part of
a protective system? Prog Lipid Res. 2011;50:193–211.

16. Sanger GJ. Endocannabinoids and the gastrointestinal tract: what are the key
questions? Br J Pharmacol. 2007;152:663–70.

17. Steffens S, Pacher P. Targeting cannabinoid receptor CB2 in cardiovascular dis-
orders: promises and controversies. Br J Pharmacol. 2012;167:313–23.

18. Linari G, Agostini S, Amadoro G, Ciotti MT, Florenzano F, Improta G, et al.
Involvement of cannabinoid CB1- and CB2-receptors in the modulation of exo-
crine pancreatic secretion. Pharmacol Res. 2009;59:207–14.

19. Petersen OH. Ca2+ signaling in pancreatic acinar cells: physiology and patho-
physiology. Braz J Med Biol Res. 2009;42:9–16.

20. Chou KJ, Tseng LL, Cheng JS, Wang JL, Fang HC, Lee KC, et al. CP55,940 increases
intracellular Ca2+ levels in Madin-Darby canine kidney cells. Life Sci. 2001;69:1541–8.

21. Jan CR, Lu YC, Jiann BP, Chang HT, Su W, Chen WC, et al. Novel effect of CP55,940,
a CB1/CB2 cannabinoid receptor agonist, on intracellular free Ca2+ levels in
bladder cancer cells. Chin J Physiol. 2002;45:33–9.

22. Kopach O, Vats J, Netsyk O, Voitenko N, Irving A, Fedirko N. Cannabinoid
receptors in submandibular acinar cells: functional coupling between saliva
fluid and electrolytes secretion and Ca2+ signalling. J Cell Sci. 2012;125:1884–95.

23. Zoratti C, Kipmen-Korgun D, Osibow K, Malli R, Graier WF. Anandamide initiates
Ca2+ signaling via CB2 receptor linked to phospholipase C in calf pulmonary
endothelial cells. Br J Pharmacol. 2003;140:1351–62.

24. Juan-Pico P, Fuentes E, Bermudez-Silva FJ, Javier Diaz-Molina F, Ripoll C, Rodri-
guez de Fonseca F, et al. Cannabinoid receptors regulate Ca2+ signals and insulin
secretion in pancreatic beta-cell. Cell Calcium. 2006;39:155–62.

25. Nakata M, Yada T. Cannabinoids inhibit insulin secretion and cytosolic Ca2+

oscillation in islet beta-cells via CB1 receptors. Regul Pept. 2008;145:49–53.
26. Bakker OJ, Issa Y, van Santvoort HC, Besselink MG, Schepers NJ, Bruno MJ, et al.

Treatment options for acute pancreatitis. Nat Rev Gastroenterol Hepatol.
2014;11:462–9.

27. Pandol SJ, Saluja AK, Imrie CW, Banks PA. Acute pancreatitis: bench to the
bedside. Gastroenterology. 2007;132:1127–51.

28. Gerasimenko JV, Gryshchenko O, Ferdek PE, Stapleton E, Hebert TO, Bychkova S,
et al. Ca2+ release-activated Ca2+ channel blockade as a potential tool in anti-
pancreatitis therapy. Proc Natl Acad Sci U S A. 2013;110:13186–91.

Cannabinoid ligands differently modulate intracellular Ca2+ signals
KK Xia et al.

417

Acta Pharmacologica Sinica (2019) 40:410 – 417


	Heterogeneity of cannabinoid ligand-induced modulations in�intracellular Ca2+ signals of mouse pancreatic acinar cells�in�vitro
	Introduction
	Materials and methods
	Mouse pancreatic acinar cell preparation
	Conventional patch-clamp whole-cell recordings
	Solution and chemicals
	Statistical analysis

	Results
	Effects of CB2R agonists GW, JWH133, GP1a on ACh-induced Ca2+ oscillations
	Effects of CB2R agonists SER601, CB65, Hu308, L759656, and JWH015 on ACh-induced Ca2+ oscillations
	Effect of the CB1R agonist on ACh-induced Ca2+ oscillations
	Effect of the nonselective cannabinoid receptor agonist WIN55,212-2 on the ACh-induced Ca2+ oscillations
	Effect of the endocannabinoid substance 2-AG on ACh-induced Ca2+ oscillations

	Discussion
	CB2R is the major target to mediate the cannabinoid modulations in the ACh-induced Ca2+ oscillations in mouse pancreatic acinar cells
	Effects of CB1R agonists on the ACh-induced Ca2+ oscillations in mouse pancreatic acinar cells
	Effects of nonspecific CBR ligands on the ACh-induced Ca2+ oscillations
	Clinical significance of CB2R agonists in the modulation of Ca2+ signals in pancreatic acinar cells

	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGMENTS




