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Endocannabinoid 2-AG inhibits the release of dopamine from PC12 cells
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Abstract The endocannabinoid system (ECS) is known to be involved in the retrograde suppression of signal transduc-
tion at synapse. Although there are several reports investigating the effect of ECS on dopamine (DA) signaling, consistent
results have not been reported. Therefore, in this study, PC12 cells differentiated with nerve growth factor were used as
model cells for dopaminergic neuron, and the true effects of endocannabinoid on DA release in these cells were accurately
evaluated using mass spectrometry. The induction of DA release by hexanal was significantly suppressed by co-treatment
with endocannabinoid 2-arachidonylglycerol (2-AG). In addition, it was suggested that the changes in intracellular calcium
kinetics mediated by cannabinoid receptors were involved in the suppression of DA release by co-treatment with 2-AG. We
have also shown in previous studies that DA enhances the function of the ECS in glial cells. These results suggest that glial

ECS may act as a suppression system for DA signaling in situations where DA signaling is abnormally enhanced in the cen-

tral nervous system.
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Introduction

After the 1990s, cannabinoid receptors were identified as
receptors for tetrahydrocannabinol, the major psychotropic
component of cannabis sativa. Currently, cannabinoid recep-
tor type 1 and type 2 (CB1 and CB2) are known as the major

.. 12
cannabinoid receptors )

Thereafter, arachidonylethanol-
amide and 2-arachidonylglycerol (2-AG) have been identified

as the endogenous ligand of these receptorsH). In addition to
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these cannabinoid receptors and endocannabinoids, the sys-
tem composed of enzymes involved in the synthesis and deg-
radation of endocannabinoids (N-acyl phosphoatidylethanol-
amide phospholipase D, phospholipase C beta 4,
diacylglycerol lipase alpha, fatty acid amide hydrolase and
monoglyceride lipase) is known as the endocannabinoid sys-
tem (ECS)G). This system has been shown to be involved in
the regulation of various physiological functions” .

The central nervous system (CNS) is composed of neurons
and glial cells. Neurons play a central role in signal transduc-
tion in the CNS. When a stimulus above the threshold is
applied to a neuron, depolarization occurs and an action
potential is generated. The action potential conducts on the
axon. At the axon terminal, synapse is formed with other
neuron, and signal transduction between neurons is carried
out by converting electrical signals into chemical neurotrans-
mitters. The neurotransmitters released from presynaptic ter-

minals induce depolarization or hyperpolarization of postsyn-
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aptic neuron. These conflicting signal transductions interact
with each other to regulate neuronal activity. Glial cells, the
other cells that constitute the CNS, are classified into oligo-
dendrocytes, microglia, and astrocytes. These glial cells pro-
vide environmental maintenance and metabolic support in
the CNS for neuronal survival and function. Oligodendro-
cytes are involved in axon signaling and microglia are
involved in the immune response in the CNS. Astrocytes are
involved in the regulation of signal transduction in the CNS
by forming tripartite synapses with neurons' .

The ECS is involved in the retrograde suppression of sig-
nal transduction at synapses. This mechanism begins with
the release of endocannabinoids from postsynaptic neuron
into the synaptic cleft. The endocannabinoids suppress the
elevation of intracellular calcium ions in presynaptic neu-
rons through binding to cannabinoid receptors. As a result,
the release of neurotransmitters from presynaptic neuron is
suppressed. Among such inhibition of synaptic transduction
with ECS, the suppression of gamma-aminobutyric acid
(GABA) release at inhibitory synapses is known as depolar-
15’16), and the

suppression of glutamic acid (Glu) release at excitatory

ization-induced suppression of inhibition (DSI)

synapses is known as depolarization-induced suppression of
excitation (DSE)”). Such DSI and DSE have been observed
in many brain regionslg). In addition to GABA or Glu sig-
naling, it is known that various other neurotransmitter sig-
naling are regulated by ECS" .

In our previous study, we investigated the relationship
between dopamine (DA) signaling and the ECS and found
that long-term high concentrations of DA induced the
2-AG-productivity in glial cells”. From these facts, we
speculate that glial ECS acts as an inhibitory mechanism of
DA signaling when synaptic DA signaling is abnormally
enhanced. Although there are several reports investigating
the effect of ECS on DA signaling, consistent results have
not been reportedzsfzg). It seems that the reason why consis-
tent results have not been reported is the experimental mod-
els and methods are not suitable. First, slice culture of the
brain was used in these previous reports and it is possible
that they detected the results of the interaction of multiple
types of cells present there. Second, these results may differ
from the real behavior of endogenous DA release, because
they were investigating the effects of endocannabinoids on
the release of radiolabeled-DA. In addition, other reports
have detected the effect of endocannabinoid on the release

of DA by electrophysiological techniques using voltamme-
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try, which is only an indirect evidence. In order to improve
these problems, we used PC12 cells as the model of dopa-
minergic neuron in this study. In addition, mass spectrome-
try was used to directly evaluate the effect of 2-AG on the
release of endogenous DA in these cells. Furthermore, we
also investigated the effect of 2-AG on intracellular calcium
ion behavior because it is known that intracellular calcium
dynamics are deeply involved in not only the release of
neurotransmitters but the suppression of synaptic signal
transduction by ECS. We considered that our experimental

model could reveal the true effect of ECS on DA signaling.

Materials and Methods
Reagents and chemicals

All reagents and chemicals were purchased from Merck
(Darmstadt, Germany), and listed as follows: nerve growth
factor (NGF), hexanal, 2-AG, isoproterenol, trifluoroacetic
acid (TFA), acetonitrile (MeCN), N,O-bis(trimetylsilyl)tri-
(BSTFA+TMCS),
calcium bis
tetraacetic acid (EGTA). The primary antibodies (CBI
(ab23703) and CB2 (ab45942)) were purchased from
Abcam plc (Cambridge, UK) and secondary antibody was
purchased from Cell Signaling Technology (MA, USA).

fluoroacetamide+trimetylchlorosilane

ionophore (A23187) and ethyleneglycol

Cell culture and treatment

The PC12 rat pheochromocytoma cell line was pur-
chased from American Type Culture Collection (VA, USA).
Cells were cultured in Dulbecco's Modified Eagle's
Medium (DMEM, Merck, Darmstadt, Germany) supple-
mented with 10% v/v heat-inactivated horse serum (Merck,
Darmstadt, Germany) and 5% v/v heat-inactivated fetal
bovine serum (Merck, Darmstadt, Germany) in a humidi-
fied incubator at 37°C with an atmosphere of 5% CO,.
Cells were reseeded in the 6 well plates (for western blot
assay and quantification of DA) or 96 well plates (for mea-
surement of intracellular Ca2+) at a density 4x10" cells/cm’.
To investigate the morphological change and expression
change of cannabinoid receptors due to NGF treatment,
PCI12 cells were treated with Ong/mL NGF or 100ng/mL
NGF and designated as NGF(—)-PC12 or NGF(+)-PC12,
respectively. The treatment with NGF was performed for 7
days, and cell morphological observation and sampling of
total protein were performed every day from day 1 to day 7.
To investigate the expression levels of CB1 and CB2 canna-

binoid receptors, these cells were collected by using cell lysis
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buffer (Cell Signaling Technology, MA, USA). For quantifi-
cation of DA, reseeded cells were cultured with NGF for 4
days. The DA release from NGF(+)-PC12 was induced by
treatment with 10mM hexanal. In addition, to assess the
effect of 2-AG on DA release from NGF(+)-PC12 with hex-
anal treatment, these cells were co-treated with hexanal and
2-AG. Five minutes after, culture supernatant and cells
were collected for DA analysis and protein quantification,
respectively. For measurement of change of intracellular
Ca’", reseeded cells were cultured with NGF for 4 days and
loaded with Fluo4-AM (DOJINDO, Kumamoto, Japan).

Western blot assay

The concentrations of total protein were determined by
the Quant-iT Protein Assay kit and Qubit fluorometer
(Thermo Fisher Scientific, MA, USA). Twenty micrograms
of total proteins were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (BIO RAD, CA,
USA) and transferred to the polyvinylidene fluoride mem-
brane (Merck, Darmstadt, Germany). The membrane was
incubated with the primary antibody (1:1000 for CB1 and
1:500 for CB2) at room temperature for lh and with
anti-rabbit secondary antibody (1:10000 for CBI and
1:5000 for CB2) at room temperature for 1h. The ECL
select (Cytiva, Tokyo, Japan) was used to determine the
expression levels of the proteins. Immunoreactive bands
were analysed by densitometry using ImageJ 1.48 v (Weyne
Rasband, national Institutes of Health).

Solid phase extraction and derivatization of DA

The DA in collected culture supernatants was extracted
using Bond Elut PBA (Agilent, CA, USA). The cartridge
was conditioned with MeCN, 1% TFA-MeCN and 50 mM
phosphate buffer (pH10). After loading the sample (buffered
to pH8.5), cartridge was washed with 10mM phosphate buf-
fer (pH8.5)+5% MeCN and 0.1% TFA-MeCN. The DA was
eluted from the cartridge with 1% TFA-MeCN. Isoproterenol
was added as an internal standard (I.S.) to eluted solution.
The eluted solution was evaporated, and the residue was deri-
vatized with BSTFA+TMCS for 1h at 60°C. The trimethylsi-
1yl (TMS) derivatized samples were analysed by gas chroma-
tography/mass spectrometry (GC/MS).

Quantification of DA by GC/MS
GC/MS analysis was performed on GCMS-QP2010 (Shi-
madzu, Kyoto, Japan) equipped with an AOC-20i auto-in-
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jector (Shimadzu, Kyoto, Japan). Analysis was performed
in positive electron ionization mode. The GC/MS condi-
tions were as follows: column, DB-SMS (30 m*0.25 mm,
i.d. 0.25um, Agilent, CA, USA). The column oven tem-
perature was programed to be held at 120°C for 3 min,
increased at 10°C/min to 180°C, at 5°C/min to 190°C, and
at 15°C/min to 280°C, then held for 5min. The injector,
interface, and ion source temperature, 270°C, 260°C and
200°C, respectively; carrier gas and flow rate, helium at
1 mL/min®”. MS detection was carried out in selected ion
monitoring (SIM) mode using m/z values of 280 for
DA-TMS, m/z values of 355 for I.S.-TMS. The limit of
detection and limit of quantification for DA-TMS were
2ng/mL and 10ng/mL, respectively. Six-point calibration
curves were constructed for DA-TMS in the concentration
range 100-600ng/mL (r2=0‘999). In addition, the final con-
centration of DA was standardized by total protein concen-

tration of cells derived from the same well.

Measurement of intracellular Ca’ with Fluo4

To detect the change in [Caer]i treated with hexanal and
2-AG, the Fluo4-AM dye, a calcium indicator, was loaded
into our dopaminergic model cells (NGF (+)-PC12). The
fluorescence intensity of Fluo4-loaded cells was measured
by using ARVO X5 multilabel reader (Parkin Elmer, MA,
USA). After baseline was collected at an emission wave-
length of 535nm and excitation wavelength of 485nm for
20s, hexanal and 2-AG were added to culture supernatant.
The change of fluorescence intensity of Fluo4 was detected
for 200s at the same condition. The intracellular Ca’ con-
centration ([Ca2+],-) was calculated using equation: [Ca2+]i=
K X{(F-F,, )/(F

constant for Ca” -bound Fluo4 and is 345 nM. F represents

min) Frax—F)}. Ky represents the dissociation

the fluorescence of experimental samples. F . represents

the minimum fluorescence of Ca’ -bound Fluo4 by adding
EGTA. F,, represents the maximum fluorescence of Ca’™-

bound Fluo4 by adding A23187.

Statistical analysis

All data were shown as the mean=standard error (SE). A
one way analysis of variance followed by Tukey—-Kramer
method was used to compare the significance of difference
among all groups. Results were considered significant at *p
<0.05 and **p<0.01.
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Results
Change of cellular morphology and expression state
of cannabinoid receptors in PCI12 cells by NGF
treatment

In NGF(—)-PC12, cell proliferation was observed, but no
significant change in its morphology was observed (Fig.
1A). On the other hand, in NGF(+)-PC12, extension of neu-
rite began to be observed after day 2 in addition to cell pro-
liferation, and these neurites became a network structure
with each passing day (Fig. 1B). The expression states of
the cannabinoid receptors (CB1 or CB2)
NGF(—)-PC12 or NGF(+)-PC12 were confirmed by west-
ern blotting method. Although the expression states of CB1

in these

in NGF(—)-PC12 were slightly up-regulated with the prog-
of culture, of CBIl in
NGF(+)-PC12 were highest on day 4, and this expression
level was significantly higher than that in NGF(—)-PC12
(Fig. 1C). On the other hand, the expression states of CB2

ress the expression states

were not significantly changed in either NGF(—)-PC12 or
NGF(+)-PC12 (Fig. 1D). We used the NGF(+)-PC12 on
day 4 as the model of dopaminergic neuron in subsequent
experiments because the neurites are sufficiently extended

and CBI is the most highly expressed.

Effect of 2-AG on DA release

In Fig. 2A, chromatograms from DA-TMS and 1.S.-TMS
in collected sample were shown. The concentrations of
extracellular DA after the treatment were as shown below:
0.17£0.01 ng/mg protein for 0mM hexanal+0nM 2-AG,
155.29%31.28ng/mg protein for 10mM hexanal+0nM
2-AG, 73.85%20.15ng/mg protein for 10mM hexanal+
1nM 2-AG, 41.66=13.94ng/mg protein for 10 mM hexanal
+10nM 2-AG, and 48.66=7.29ng/mg protein for 10mM
hexanal+100nM 2-AG (Fig. 2B). The DA release from
NGF(+)-PC12 were markedly increased by hexanal treat-
ment, and these induction of DA release were significantly
decreased in a dose-dependent manner of co-treated 2-AG.
Similar results were reproduced by multiple independent

experiments.

Effect of 2-AG on change of[CaH]i

In the control sample (cont.), no significant change was
observed in [Caer]i (Fig. 3). When the cells were treated with
10mM hexanal alone, [Ca2+]i

(16505+2287 nM) at 10 s after the addition of the agent (Fig.
3). The [Caer]i when co-treated with hexanal and 2-AG also

reached the highest value
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reached the highest value at 10 s after the addition of the
agent, and these values were shown below: 4176+1086 nM
for hexanal+1nM 2-AG, 2977£288 nM for hexanal+10 nM
2-AG, and 1725*183 nM for hexanal+100nM 2-AG, (Fig.
3). The [Ca2+]i were markidly increased by hexanal treat-
ment (P<<0.01, compared with cont.), and this increase was
significantly suppressed in dose-dependent manner of
co-treated 2-AG (P<<0.01, compared with 10 mM hexanal+
0 nM 2-AG).

Discussion

PC12 cells were established by Greene and Tischler in
1976 from rat adrenal pheochromocytoma3l). These cells
have the ability to release some neurotransmitters (nor-
adrenaline, catecholamines, and DA) by vesicles. In addi-
tion, since this cell differentiates into a sympathetic nerve
in response to NGF, it is often used as a model cell for exo-
cytosis studies of such neurotransmitters . CB1 and CB2
are known as major cannabinoid receptors. The distribution
of these receptors is distinctly different: CB1 is expressed
mainly in the nervous system, whereas CB2 is expressed
mainly in the peripheral immune system tissue’. It was
considered that the sensitivity to endocannabinoid may
change by differentiation with NGF. Therefore, to use PC12
cells as a model of dopaminergic neuron in this study, we
first confirmed the expression state of cannabinoid recep-
tors (CB1 and CB2) by NGF-treated PC12. As a result, the
expression level of CB1 increased due to the differentiation
of PC12 cells by NGF treatment, although no significant
change was observed in the expression level of CB2. These
increase in expression level of CB1 associated with the dif-
ferentiation of PC12 cells into neuron-like cell by NGF
treatment suggest not only morphological change but
change of cell properties into neuron-like cell. Based on
facts, PCI12 differentiated by NGF
(NGF(+)-PC12) were used as the model of dopaminergic

neuron in the subsequent our studies.

these cells

Generally, the release of neurotransmitters from presyn-
aptic terminals begins with the influx of calcium ions into
the cell through voltage-gated calcium channels after the
action potential reaches the presynaptic terminal. The ele-
vation of intracellular calcium ions causes synaptic vesicles
containing neurotransmitters to fuse with the presynaptic
membrane and release neurotransmitters into the synaptic
cleft. In other words, the progress of signal transduction at

synapses is triggered by an increase in [Caﬁ]i. In this study,
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Intracellular Ca’ kinetics in NGF(+)-PC12 cells co-treated with hexanal and 2-AG were measured using Fluo4. All results were ex-

pressed as the mean+SE from three independent preparations.

we used PC12 cells as the model of dopaminergic neuron to
investigate the effect of 2-AG on the release of DA inherent
in these cells. Hexanal was used to induce the release of
DA from these cells. In addition, the ECS is involved in ret-
rograde suppression of signal transduction at synapses.
Therefore, we examined whether endocannabinoid 2-AG
acts suppressively on DA release from the model of dopa-
minergic neuron (NGF(+)-PC12). As a result, it was clari-

fied that the extracellular DA level was markedly increased
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by the treatment of hexanal, and these induction of release
of DA by hexanal was significantly suppressed in a dose-de-
pendent manner of 2-AG. Hexanal is straight-chain ali-
phatic aldehyde having 6 carbon atoms, and is known to
induce the release of DA from PC12 cells by increasing the
[Ca™"

hexanal is a good experimental model of the physiological

]i34). It seems that the induction of release of DA by

process of release of neurotransmitters at synapses. From

these facts, we speculate that 2-AG also suppresses the
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Generally, DA release from synaptic terminal of dopaminergic neuron is promoted in a Ca”']-depending manner. DA release from
y; ynap p g p idep g

DA neurons is also abnormally enhanced by the action of addictive drugs such as stimulants. These enhancements in DA signaling

are detected by astrocytes coexisting at synapses. The productivity of 2-AG in astrocytes are induced due to the changes in the ex-

pression of factors involved in the turnover of 2-AG in these cells. The 2-AG released from astrocytes into the synaptic cleft binds

to cannabinoid receptors exist at presynaptic terminals. The action of G;

/o Drotein coupled to these receptors suppresses the increase

in [Ca ]i‘ resulting in the suppression of DA release from presynaptic terminals. In other words, astrocytic ECS acts as the inhibi-

tory mechanism for DA signaling.

release of DA from dopaminergic neuron in vivo.

The retrograde suppression of signal transduction at syn-
apses by ECS is initiated by the binding of endocannabi-
noids to cannabinoid receptors present at presynaptic termi-
nals. These cannabinoid receptors are classified as
G-protein-coupled receptors, and CB1 is coupled with Gy,
The action of G;

receptors by endocannabinoids induce not only the inhibi-

o proteins through activation of these
tion of voltage-gated calcium channel but the activation of
voltage-gated and inward-rectifier potassium channels. As a
result, the influx of calcium ions into the cell is suppressed,
and finally the release of neurotransmitters from the presyn-
apse is suppressed. The calcium ion dynamics are deeply
involved in both the release of neurotransmitters at syn-
apses into the synaptic cleft and the suppression of synaptic
signal transduction by ECS. Therefore, we investigated
whether calcium ion dynamics was involved in the suppres-
sion of DA release by 2-AG observed in our experimental
model. As a result, the increase in [Ca2+]i by hexanal was
significantly suppressed in dose-dependent manner of
2-AG. These facts demonstrated that our experimental sys-
tem sufficiently reproduced the mechanism of suppression
of signal transduction at synapses by ESC at the cultured

cell level.
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We have been investigating the effects of glial endocan-
nabinoid systems on DA signaling. In our previous study,
we revealed that the long-term exposure of high-concentra-
tion DA induced the 2-AG-productivity in glial cells
through changes in the expression state of factors involved
in 2-AG turnover . A common site affected by addictive
drugs is the dopaminergic neuron, which projects from the
=P Such

dopaminergic neuron, also called the reward system, is

ventral tegmental area to the nucleus accumbens’

deeply involved in the formation of drug dependence. It is
thought that repeated use of addictive drugs causes abnor-
malities in CNS function due to long-term stimulation of
the reward system, resulting in drug dependence. From the
results of our previous studies, it is suggested that the func-
tion of ECS in glial cells present at synapses is enhanced
under the condition that DA at synaptic cleft is abnormally
high due to long-term repeated use of addictive drugs. Fur-
thermore, in this study, we revealed that endocannabinoid
2-AG actually suppresses the release of DA from dopami-
nergic neuron. Thus, these results suggest that glial ECS
may act as a suppression system for DA signaling in situa-
tions where DA signaling is abnormally enhanced in the

central nervous system (Fig. 4).
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Conclusion

The purpose of this study was to reveal the true effect of
ECS on DA signaling by improving the problems of previ-
ous report that investigated the effect of ECS on the release
of DA. Using PC12 cells as a model for dopaminergic neu-
rons, we investigated the effect of 2-AG on the release of
endogenous DA in these cells. As a result, it was clarified
that the release of DA under physiological conditions was
inhibited by suppressing the increase in [Caer]i by 2-AG.
Considering the results of our previous studies and this
study, it is suggested that glial ECS coexisting at synapses
may act as a inhibitory mechanism for abnormally
enhanced DA signaling. In other words, ECS may have an
antagonistic effect on addictive drugs, and it is suggested
that extrinsic activation of this system may be applicable to

the treatment of drug addiction.
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