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Abstract

The neuronal cannabinoid receptor clone was expressed in Xenopus laevis oocytes as shown by the expression of saturable
HIWIN 55,212-2 binding sites. Co-expression of the cannabinoid-receptor with cRNA coding for the G-protein-gated inwardly
rectifying K* channel (GIRK1) resulted in oocytes exhibiting large inward K* currents in response to the cannabinoid agonist WIN
55,212-2. The activation of the potassium current by WIN 55,212-2 was dose-dependent with an ECsq of 630 nM. These results
sugeest that activation of inwardly rectifying K* channels may be an additional effector mechanism for brain cannabinqid receplors.
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Aside from its widespread recreational use, cannabis
and its extracts have been employed therapeutically in
relieving nausea, pain, and inflammation as well as the
“ievated intraocular pressure associated with glaucoma
*]. Cannabinoid binding sites have been demonstrated in
“iammalian brain [7], and receptors are most prominent
'n the basal ganglia, hippocampus and the cerebral and
cerebellar cortices [10]. Stimulation of the neuronal can-
nabinoid receptor inhibits adenylate cyclase in cultured
heuroblastoma cells [11], cerebellar granule neurons [19],
“nd brain slices [1]. Since the recent cloning of neuronal
115} and peripheral [16] forms of this G-protein-coupled
feieptor, the intracellular signalling mechanisms of these
“-eplors are being revealed. The neuronal cannabinoid
‘eceptor inhibits Ca?* channels in a pertussis toxin (PTX)-
*ensitive manner in NG108-15 cells [2,14], but this action
"' not correlated with an alteration of intracellular cAMP
i"“”?ls [14]. Recently, Deadwyler et al. [6] reported a can-
"abinoid receptor-mediated enhancement of A-type K+
“hannels in cultured hippocampal neurons. The present
"“POrt describes neuronal cannabinoid receptor activation

"1 GIRK1 (or KGA), a recently cloned G-protein-coupled -

‘Mwardly rectifying K* channel {5,12].
“omesponding author, Fax: +1 206 685 3822;
il ¢chavkin @y washington.edu.
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The neuronal cannabinoid receptor (generously pro-
vided by Dr. Tom Bonner, NIMH) in the plasmid SKR6-
14p2 [15] was amplified by PCR using synthetic oligo-
mers designed to introduce a T7 promoter and AMV
spacer sequence at the 5" end and 30-mer poly A tail on
the 3" end of the coding sequence, as previously described
(5]. The resulting cDNA template was used to prepare
capped cRNA using the Megascript in vitro transcription
kit protocol (Ambion Inc). The same PCR procedure was
also used to produce a ¢cDNA template of the neuronal
cannabinoid receptor from a rat brain library (generous
gift of Dr. Lisa DiMagno, Caltech). cRNA for GIRK1
was prepared as described [5]. Purity and yield of the
products were verified by gel electrophoresis and meas-
urement of absorbance spectra. Stage V and VI oocytes,
prepared as previously described [13], were maintained at
18°C in ND96 media (mM: 96 NaCl; 2 KCl; 1 CaCl,; 1
MgCly; 5 HEPES, pH 7.5) supplemented with 5% heat-
inactivated horse serum, 2.5 mM sodium pyruvate and
50 ug/ml gentamycin (Sigma Chemical Co.). One day
after harvest, 5 or 10 ng of cannabinoid cRNA was typi-
cally co-injected with 2 ng of GIRK] ¢cRNA (50 nl vol-
ume), and oocytes were tested 5-9 days later.

For radioligand binding assays, membranes were pre-
pared as previously described [9]. Briefly, 30-60 oocytes
were homogenized in 2 ml of sucrose buffer (320 mM
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sucrose, 1.0mM EDTA, 10mM sodium phosphate,
3 mM MgCl,, pH 7.4) with protease inhibitors (0.5 ug/ml
aprotinin, 10 ug/ml leupeptin and 10 ug/ml pepstatin A,
Sigma Chemical Co.) and centrifuged at low speed
(1000 x g, 10 min, 4°C) to remove high density debris.
The supernatant was centrifuged at 100000 x g for
30 min at 4°C. The resulting pellet was resuspended
50 mM Tris-HCl Buffer (pH 7.5) with 1 mM EDTA,
3 mM MgCl,, | mg/ml bovine serum albumin (BSA) and
protease inhibitors. Membranes (15-20 ug protein/tube,
the average-yield from two oocytes) were incubated with
1 nM [PHJWIN 55,212-2 (Amersham) for 90 min at 22—
24°C. Non-specific binding was defined by 10 uM WIN
55,212-2 (Research Biochemicals). Assays were termi-
nated by vacuum filtration through Whatman GF/B paper
saturated with 0.1% polyethylenimine and 1 mg/ml BSA,
and radioactivity was quantified by liquid scintillation
counting. Protein content was determined using a Bio-
Rad assay with BSA as the standard.

An Axoclamp 2A amplifier was used for standard two-
electrode voltage clamp experiments, in which oocytes
were clamped at =80 mV. The pCLAMP program (Axon
Instruments) was used for data acquisition and analysis.
Because the conductance of the inward rectitier K* chan-
nel is dependent on both voltage and the ionic composi-
tion of the media, recordings of ligand-gated activity were
made in high K* (hK) buffer (mM: 2 NaCl; 96 KCI; 1
CaCly; | MgCly; 5 HEPES, pH 7.5) (5]. BSA (3 uM) was
added to all WIN 55,212-2 solutions to minimize adsorp-
tion of this compound to the perfusion system [14]. Con-
centrations of WIN 55,212-2 in the recording bath were
verified by determining the percentage of cannabinoid
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adhering to the drug delivery system following perfusiog
of different concentrations of [PHJWIN 55,212-2. EC,,
values were calculated by log-logit transformation 'dn‘ci‘
linear regression of dose-response curves. For PTX ex.
periments, oocytes were incubated for 2024 h at 18°C iy
serum-free media with or without PTX (500 ng/m),
(Sigma Chemical Co.).

Oocytes expressed neuronal cannabinoid (nCANN,
binding sites 5-9 days following a 5ng injection of
cRNA, exhibiting an average of 46 fmol sites/oocvie
(5.8 pmol/mg protein) when incubated with 1 nM
[PHIWIN 55,212-2. Two assays were conducted in tripli.
cate with oocyte batches from different frogs. Uninjecteg
oocytes or those injected with only GIRKI1 cRNA (2 ng
displayed no significant [*HIWIN 55,212-2 binding. Qc.
cytes co-injected with nCANN plus GIRK]1 cRNA exhib-
ited large (maximum 1 uA at -80 mV) inwardly rectifv.
ing K* currents in response to WIN 55,212-2 (Fig. 1A
Oocytes injected with nCANN cRNA prepared from the
plasmid SKR6-14p2 and the rat brain library gave quali-
tatively similar results. and the results were pooled. Thi-
response to WIN 55.212-2 was not observed in oocvie.
injected with cRNA coding for the GIRKI channel alone
(2ng, n=9, Fig. 1B) or nCANN receptor alone (10 nu.
n =3, Fig. 1C). Oocytes injected with 10 ng nCANN rz-
ceptor cRNA alone exhibited no response to 10 uM WIN
55,212-2 when a protocol that detects agonist modulation
of the endogenous Ca?*-activated CI- current [3] was
utilized (n=4). The current—voltage relationship for the
inwardly rectifying response (Fig. 2) gave a reversal po-
tential of —14 mV, which is similar to that observed for
kappa opioid receptor-stimulated GIRKI currents in
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Fig. 1. (A) Inward K* currents evoked in cocytes injected with 10 ng nCANN plus 2 ng GIRK1 ¢RNA. An inwardly rectifying K* current was induced

by exchange of ND96 buffer for high K* (hK) buffer in a representative oocyte voltage clamped at —80 mV. This current was enhanced by introduc
of the cannabinoid agonist, WIN 55,212-2 (10 £#M). Introduction of 300 uM Ba2* blocked the agonist response and left a small. non-GIRK1 medi
component of the inward current response to hK. Ba2* and hK were washed out simultaneocusly, resulting in a small inward current wil. (B) Appiic
tion of the same compounds to an cocyte injected with only GIRKI channel cRNA (2 ng) resuited in a response to hK but not WIN 55,212-2. Th

won

<

response to hK partially desensitized, which was observed in GIRK l-expressing oocytes in the absence of agonist. (C) An oocyte injected with oni:
nCANN cRNA (10 ng) exhibited no response to WIN 55,212-2 and only a small, Ba2*-insensitive, non-GIRK |-mediated response to hK. Vertical and
horizontal scale bars represent 250 nA and 4 min, respectively, in (A) and 100 nA and 4 min in (B) and (C).
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Fig. 2. The cannabinoid receptor activates the inwardly rectifying
GIRK1 channel. Current-volage relationships for the responses ob-
served from the experiment in Fig. 1A. This plot was generated by
applying a continuous voltage ramp (~160 to +40 mV over 500 ms)
during peak responses to high K* (hK) buffer and 10 uM WIN 55,212-
< 1n hK. The reversal potentials for hK and hK + WIN currents were
:entical (—-14 mV). Currents persisting in the presence of 300 M Ba2*
have been subtracted from both plots.

tenopus oocytes {9). The WIN 55,212-2-activated re-
sponse was blocked by application of 300uM Ba2*
>95% blockade, n = 3), a concentration shown to pro-
‘uce selective GIRK1 channel block [4].
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The ECyp for WIN 55,212-2 in nCANN + GIRK1-
injected oocytes (630 nM, Fig. 3) was significantly higher
than that reported for inhibition of Ca2* channels in
NG108-15 cells [14]. This may be due in part to poor
penetration of the drug through the hydrophobic vitelline
membrane surrounding the oocyte. However, similar
lower-potency ECs, values have been observed for WIN
55,212-2 enhancement of A-type K* currents (500-
1000 nM) and stimulation of a low K,,, GTPase (500 nM)
in cultured hippocampal neurons [6], as well as the 1C4
for inhibition of adenylate cyclase in rat striatum
(320 nM) and cerebellum (400 nM) [18]. These results
suggest that NG108-15 cells may be unique in exhibiting
high-affinity G-protein coupling or differing levels of
spare receptors, as previously suggested by Deadwyler et
al. [6].

Activation of GIRK]1 by the neuronal cannabinoid re-
ceptor was accomplished without introduction of exoge-
nous cRNA coding for G-protein, indicating that coupling
between this receptor and G-protein-gated ion channel
occurs via an intracellular intermediate endogenous to the
oocyte. The GIRK1 channel is stimulated by G-protein By
subunits (20,21}, and this may also be the mechanism
coupling cannabinoid receptors to GIRKI in oocytes.
PTX treatment, which inactivates the mammalian a-
subunits of G; and G,, had no effect on currents stimu-
lated by 10 uM WIN 55,212-2 in oocytes (control = 68 +
32nA, n=5; PTX-treated=56+8, n=4). Previous
studies have demonstrated that PTX-sensitive and insen-
sitive forms of G;/G, exist in Xenopus oocytes [4,17]; our
results suggest that nCANN-GIRK 1 coupling occurs via a
PTX-insensitive mechanism. The present findings suggest
an additional effector system for the cannabinoid receptor
which may exist in brain; the question of whether or not
GIRK] channels and cannabinoid receptors co-exist on
neurons within the central nervous system awaits further
study.
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