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Background and purpose: ‘Spice’ is an herbal blend primarily marketed in Europe as a mild hallucinogen with prominent
cannabis-like effects and as a legal alternative to cannabis. However, a recent report identified a number of synthetic additives
in samples of ‘Spice’. One of these, the indole derivative JWH018, is a ligand for the cannabinoid receptor 1 (CB1) cannabinoid
receptor and inhibits cAMP production in CB1 receptor-expressing CHO cells. Other effects of JWH018 on CB1 receptor-
mediated signalling are not known, particularly in neurons. Here we have evaluated the signalling pathways activated by
JWH018 at CB1 receptors.
Experimental approach: We investigated the effects of JWH018 on neurotransmission in cultured autaptic hippocampal
neurons. We further analysed its activation of ERK1/2 mitogen activated protein kinase (MAPK) and internalization of CB1

receptors in HEK293 cells stably expressing this receptor.
Key results: In cultured autaptic hippocampal neurons, JWH018 potently inhibited excitatory postsynaptic currents (IC50 =
14.9 nM) in a concentration- and CB1 receptor-dependent manner. Furthermore, it increased ERK1/2 MAPK phosphorylation
(EC50 = 4.4 nM). We also found that JWH018 potently induced rapid and robust CB1 receptor internalization (EC50 = 2.8 nM;
t1/2 = 17.3 min).
Conclusions and implications: JWH018, a prominent component of several herbal preparations marketed for their psycho-
activity, is a potent and effective CB1 receptor agonist that activates multiple CB1 receptor signalling pathways. Thus, it is likely
that the subjective effects of ‘Spice’ are due to activation of cannabinoid CB1 receptors by JWH018, added to this herbal
preparation.
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Introduction

Cannabis sativa (cannabis, marijuana or hashish) is a widely
used drug with well-known psychoactivity as well as potential
medicinal value. D9-tetrahydrocannabinol (THC) has been
identified as the principal psychoactive component of
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C. sativa, although it is only one of a number of bioactive
phytocannabinoids found in the plant (Taura et al., 2007).
The physiological effects of THC have been well described
(Ameri et al., 1999; Howlett, 2002; Howlett et al., 2002; Costa,
2007; Pertwee, 2008).

The cannabinoid receptor 1 (CB1) cannabinoid receptor
(nomenclature follows Alexander et al., 2008) has been iden-
tified as the receptor that mediates the behavioural effects of
THC in animals (Monory et al., 2007) and likely does so in
humans (Huestis et al., 2001). The CB1 receptor is predomi-
nately expressed in the CNS, particularly in areas such as the
hippocampus, basal ganglia, cortex, amygdala and cerebellum
– areas linked to behaviours affected by THC (Mackie, 2005).
At the subcellular level, CB1 receptors are primarily found on
axon terminals, a prime location to influence neurotransmis-
sion (Gulyas et al., 2004; Mackie, 2005; Nyiri et al., 2005;
Yoshida et al., 2006; Matyas et al., 2007). The CB1 receptor is a
G protein coupled receptor (GPCR) that couples to the Gi/o

class of G proteins and as such, upon agonist activation leads
to an inhibition of adenylyl cyclase and subsequent decrease
in cellular cAMP levels. CB1 receptor activation also inhibits
voltage gated calcium channels and activates inwardly recti-
fying potassium channels (Mackie et al., 1995; Twitchell et al.,
1997; Howlett et al., 2002). Cumulatively, these effects on
intracellular signalling result in reduced cellular excitability
and, due to its proximity to synaptic terminals (Nyiri et al.,
2005), in a reduction in the probability of neurotransmitter
release (Shen et al., 1996). This ability to inhibit neurotrans-
mission allows both exogenous cannabinoid agonists (such as
THC) and endogenous cannabinoids (endocannabinoids) to
have a profound impact on neuronal communication. As CB1

receptors are found on both glutamatergic and GABAergic
terminals, their activation can suppress both inhibitory and
excitatory synaptic transmission (Kreitzer and Regehr, 2001;
Ohno-Shosaku et al., 2001; Wilson and Nicoll, 2001; Cheva-
leyre et al., 2006; Straiker and Mackie, 2006).

CB1 receptor stimulation also results in activation of
mitogen activated protein kinases (MAPKs), particularly
extracellular signal-regulated kinase (p42/44 or ERK1/2)
(Bouaboula et al., 1995; Daigle et al., 2008). MAPK activation
results in phosphorylation of both nuclear transcription
factors and other cytosolic targets that lead to changes in
transcription, translation, cell motility, shape, proliferation,
and differentiation (Derkinderen et al., 2003; Lefkowitz and
Shenoy, 2005). Furthermore, in response to prolonged activa-
tion, CB1 receptor signalling is subject to regulation via recep-
tor desensitization and internalization (Hsieh et al., 1999; Jin
et al., 1999; Roche et al., 1999; Marchese et al., 2008). Desen-
sitization is thought to result from phosphorylation of spe-
cific residues by GPCR kinases resulting in uncoupling of the
receptor from G-protein signalling complexes. In contrast,
internalization occurs via translocation of the receptor by
endocytotic machinery to endosomes. Internalized receptors
are subsequently recycled to the plasma membrane or
degraded.

‘Spice’ is an herbal blend, marketed primarily in Europe for
its cannabis-like effects and as an alternative to marijuana. A
recent report used gas chromatography/mass spectrometry to
analyse a number of different ‘Spice’ preparations as well as
competing products from other manufacturers (Auwarter

et al., 2009). Interestingly, these herbal ‘Spice’ blends con-
tained diverse synthetic cannabinoid additives. Common
among the different preparations was JWH018, a cannabinoid
agonist from the aminoalkylindole family (Figure 1A).
JWH018 has been shown to have a binding affinity for CB1

receptors in the low nanomolar range (~9 nM) (Huffman
et al., 1994; Showalter et al., 1996; Chin et al., 1999; Aung
et al., 2000). In CB1 receptor expressing CHO cells, JWH018
inhibits forskolin-stimulated cAMP production with an EC50

of 14.7 nM with a maximal inhibition of 79% (Chin et al.,
1999). Beyond this there has been no report of the effect of
JWH018 on CB1 receptor-mediated cellular signalling. There
has been a single report to date of the behavioural effects of
JWH018 treatment. Wiley et al. (1998) found that JWH018
produced the tetrad of behaviours classically associated with
cannabinoids (analgesia, catalepsy, hypomotility and hypoth-
ermia), having ED50 values ranging from a low of 0.09 mg·kg-1

for analgesia to a high of 1.47 mg·kg-1 for hypothermia in the
rodent model, suggesting that JWH018 activated CB1 recep-
tors in vivo.

Based on previous findings, we thought it was likely that
JWH018 would act as an agonist in other CB1 receptor-
mediated signalling pathways and sought to characterize its
ability to function as such. We examined the effect of JWH018
on neurotransmission and ERK1/2 MAPK activation and its
ability to produce CB1 receptor internalization. We found that
JWH018 is both a potent and an efficacious CB1 receptor
agonist in each of these areas, actions that likely explain the
ability of ‘Spice’ preparations to produce marijuana-like
effects.

Methods

Cell culture and transfection
All animal care and experimental procedures used in this
study were approved by the Animal Care Committees of
Indiana University and conform to the Guidelines of the
National Institutes of Health on the Care and Use of Animals.
Mouse (CD1 strain and GAD67-GFP) hippocampal neurons
isolated from the CA1–CA3 region were cultured on micro-
islands as previously described (Furshpan et al., 1976; Bekkers
and Stevens, 1991). No significant differences were found
between neurons isolated from either strain at any drug con-
centration tested, so the data from both strains were pooled.
Neurons were obtained from animals (at postnatal day 0–2,
killed via rapid decapitation without anaesthesia) and plated
onto a feeder layer of hippocampal astrocytes that had been
laid down previously (Levison and McCarthy, 1991). Cultures
were grown in high-glucose (20 mM) minimum essential
media containing 10% horse serum, without mitotic inhibi-
tors and used for recordings after 8 days in culture and for no
more than 3 h after removal from culture medium (Straiker
and Mackie, 2005). All electrophysiological experiments were
performed exclusively on excitatory neurons. All drugs were
tested on cells from at least two different preparations.

Cell lines stably expressing CB1 receptors were made as
previously described (Brown et al., 2002; Daigle et al., 2008).
Stable clones, uniformly expressing CB1 receptors, were
expanded and used for internalization and MAPK assays. Cells
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were grown in Dulbecco’s modified Eagle’s media with 10%
fetal bovine serum and penicillin/streptomycin (GIBCO,
Carlsbad, CA, USA) at 37°C in 5% CO2.

Electrophysiology
When a single neuron is grown on a small island of permis-
sive substrate, it forms synapses – or ‘autapses’ – onto itself.

All experiments were performed on isolated autaptic neurons.
Whole-cell, voltage-clamp recordings from autaptic neurons
were carried out at room temperature using an Axopatch
200A amplifier (Axon Instruments, Burlingame, CA, USA).
The extracellular solution contained (mM) NaCl 119, KCl 5,
CaCl2 2, MgCl2 1, glucose 30 and HEPES 20. Continuous flow
of solution through the bath chamber (2 mL·min-1) ensured
rapid drug application and clearance. Drugs were typically

Figure 1 JWH018 decreases neurotransmitter release by activating presynaptic CB1 receptors. (A) Chemical structure of JWH018. (B) JWH018
concentration-dependently decreased EPSC charge (n = 8 to 14 for each concentration tested). This inhibitory effect was reversed by 1 mM
rimonabant (n = 12) and was absent in CB1 -/- neurons (n = 5). (C) A representative experiment showing a time course of EPSC inhibition by
1 nM JWH018 followed by 100 nM JWH018. 1 mM rimonabant reversed JWH018 inhibition. Inset shows representative traces for three
indicated time points. JWH018 (100 nM) significantly increases the paired-pulse ratio (right: representative traces of paired pulses, numbers
indicate order of pulses) (D) and decreases miniature EPSC frequency (E) without affecting miniature EPSC amplitude (F), indicative of
decreasing the probability of neurotransmitter release by acting at a presynaptic site (n = 5 to 8 for each). Inset scale bars: 1 nA and 10 ms.
(G) Coefficient of variation analysis demonstrating that r < p < 1, which is consistent with a presynaptic site for JWH018’s action resulting in
synaptic depression. Values are presented as mean � SEM where applicable. *P < 0.05, **P < 0.01, ***P < 0.0001. CB1, cannabinoid receptor
1; EPSC, excitatory postsynaptic current.
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prepared as a stock then diluted into extracellular solution at
their final concentration and used on the same day. Recording
pipettes of 1.8–4 MW were filled with solution containing
(mM): potassium gluconate 121.5, KCl 17.5, NaCl 9, MgCl2 1,
HEPES 10, EGTA 0.2, MgATP 2 and LiGTP 0.5. Access
resistance was monitored and only cells with a stable access
resistance were included for data analysis.

The membrane potential was held at -70 mV and excitatory
postsynaptic currents (EPSCs) were evoked every 20 s by trig-
gering an unclamped action current with a 1.0 ms depolariz-
ing step. The resultant evoked waveform consisted of a brief
stimulus artefact (i.e. a large downward spike representing
inward sodium currents) followed by the slower EPSC. The
size of the recorded EPSCs was calculated by integrating the
evoked current to yield charge (in pC). Calculating the charge
in this manner yields an indirect measure of the amount of
neurotransmitter released while minimizing the effects of
cable distortion on currents generated far from the site of the
recording electrode (the soma). Data were acquired at a sam-
pling rate of 5 kHz.

Depolarization suppression of excitation (DSE) is a process
whereby depolarization of a neuron results in production of
endocannabinoids and activation of presynaptic CB1 recep-
tors with a subsequent transient decrease of glutamate release
and EPSC amplitude. Cultured autaptic neurons are heteroge-
neous, with some expressing CB1 receptors and others not.
The presence of DSE (which requires CB1 receptors) was used
as a marker for neuronal cannabinoid sensitivity. DSE was
induced as previously described (Straiker and Mackie, 2005).
Recordings were primarily (see results) made from cells that
exhibited DSE.

To determine the site of JWH018’s action on neurotrans-
mission, paired pulse ratio analysis, miniature EPSC (mEPSC)
recordings and measurements of changes in the coefficient of
variation (CV) were performed. Paired pulse ratios were cal-
culated as the charge of the first of two pulses (60 ms interval)
divided by the second. Ratios smaller than 1.0 were inter-
preted as paired-pulse depression. Analysis was performed
only on neurons that displayed paired-pulse depression under
basal conditions, indicating neurons with high probabilities
of release. Ratios were calculated for each neuron under basal
and drug-treated conditions.

mEPSC analysis was performed by measuring the frequency
(Hz) and amplitude (pA) of mEPSC events under basal and
drug-treated conditions. mEPSC events were analysed
without knowledge of the treatments, and then the data from
each condition were pooled. Plots of cumulative probability
and graphs of mean mEPSC frequency and amplitude were
made from this pooled data.

CV analysis was performed as described in Faber and Korn
(1991) and Shen et al. (1996). Means and coefficients of varia-
tion were calculated from 6 to 20 sweeps from basal and
drug-treated conditions. p and r were calculated for each
individual experiment and means � SEM were calculated for
each. A presynaptic site of drug action leading to synaptic
depression was deduced if r < p < 1.

MAPK and receptor internalization assays
MAPK activation was analysed as previously described (Daigle
et al., 2008), with a few modifications. HEK293 cells stably

expressing CB1 receptors were plated onto poly-D lysine-
coated 96 well plates (Corning, Corning, NY) and allowed to
grow to ~95% confluency. The following day the growth
media was removed and replaced with serum-free growth
media and the cells were incubated overnight. The cells were
washed once with HEPES buffered saline (HBS; 130 mM NaCl,
5.4 mM KCl, 1.8 mM MgCl2, and 10 mM HEPES, pH 7.5)
containing 0.2 mg·mL-1 bovine serum albumin (BSA). Drug
containing solutions were made in the HBS/BSA solution and
added to the wells at appropriate time points. Following drug
incubation, the wells were emptied and ice-cold 4% paraform-
aldehyde was added immediately to each well, and the plates
were placed on ice for 15 min followed by 30 min at room
temperature. The paraformaldehyde was then removed and at
least 100 mL of ice-cold methanol was added to each well and
the plate was incubated at -20°C for at least 20 min. For
methanol incubation times shorter than an hour, an addi-
tional washing step was performed using phosphate-buffered
saline (PBS; 137 mM NaCl, 10 mM NaH2PO4, 2.7 mM KCl, pH
7.4) containing 0.1% Triton-X 100 for 25 min. The methanol
or PBS/Triton-X 100 was replaced with a blocking solution of
Tris-buffered saline (TBS; 137 mM NaCl, 10 mM Tris, pH 7.4)
containing 5 mg·mL-1 BSA and incubated for at least 1 h at
room temperature. The blocking solution was then removed
and replaced by a blocking solution containing rabbit anti-
phospho-ERK1/2 MAPK antibody (1:200) (Cell Signaling
Technologies Inc., Danvers, MA) and was allowed to shake
overnight at 4°C or for 3 h at room temperature. The antibody
solution was removed and the plates were washed five times
with TBS containing 0.05% Tween-20 (TBST) for 5–15 min
each time. A blocking solution containing an IRDye conju-
gated anti-rabbit IgG antibody [either donkey anti-rabbit
IR800 (1:500 dilution) or goat anti-rabbit IgG IR680 (1:200)
antibody (LI-COR Biosciences, Lincoln, NE)] was added and
allowed to shake for 1 h at room temperature. The plates were
then washed five times with TBST, 5–15 min each time, fol-
lowed with a final quick single rinse in distilled water. The
plates were patted dry and then scanned using a LI-COR
Odyssey. Integrated intensities were used for each well. The
amount of MAPK activation was calculated as the average
integrated intensities of the drug-treated wells divided by the
average integrated intensities of the untreated wells and are
expressed as percentages.

The extent of CB1 receptor internalization was analysed as
previously described in (Daigle et al., 2008). The extent of
internalization was calculated as the average integrated inten-
sities of the drug-treated wells divided by the average inte-
grated intensities of the untreated wells and are expressed as
percentages.

Data analysis
Data are reported as mean � SEM (except EC50, IC50 and t1/2

data, which are reported as mean � 95% CI). Non-linear
regression was used to fit the concentration response curves
and the time course of internalization. Paired Student’s t-tests
were used to evaluate the effect of drugs on paired pulse ratios
and mEPSC data and unpaired Student’s t-tests were used on
all other comparison analyses. Statistical significance is indi-
cated as follows: ***P < 0.0001, **P < 0.01, and *P < 0.05. All
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graphs and statistical analyses were generated using GraphPad
Prism 4.0 software (Hearne Scientific Software, Chicago, IL,
USA).

Materials
Drugs and reagents were purchased from Tocris Cookson
(Ellisville, MO, USA), Cayman Chemical (Ann Arbor, MI, USA)
or Sigma-Aldrich (St Louis, MO, USA). JWH018 was synthe-
sized as described by Huffman et al. (1994). Heterozygote
(CB1+/-) mice to establish our colony were generously pro-
vided by Dr Catherine Ledent (University of Brussels, Belgium;
Reibaud et al., 1999). GAD67-GFP mice generated by Dr Yuchio
Yanagawa (Gunman University, Gunma, Japan; Tamamaki
et al., 2003) were provided by Dr Albert Berger (University of
Washington, Seattle, WA, USA) and used with Dr Yanagawa’s
permission. Rimonabant (SR141716) was obtained from the
National Institute of Drug Abuse drug supply.

Results

JWH018 decreases the probability of neurotransmitter release via
CB1 receptor activation
In the CNS, CB1 receptors are predominately located on axon
terminals. Upon agonist binding, CB1 receptor activation
leads to a reduced probability of neurotransmitter release. To
see whether JWH018 acts similarly to other CB1 receptor ago-
nists in this regard, we recorded EPSCs from glutamatergic
autaptic neuron cultures in the presence and absence of
JWH018. Autaptic neuronal cultures are a well-characterized
preparation that uses a single electrode to both stimulate and
record EPSCs (Bekkers and Stevens, 1991). We found
that JWH018 potently inhibited EPSCs (Figure 1B,C) in a
concentration-dependent manner with a mean IC50 of
14.9 nM (4.8–45.9 nM; 95% CI) and a maximal inhibition of
48.0 � 4.2% of control at 1 mM. As seen in Figure 1C, the
inhibition by JWH018 was poorly reversed upon washout of
the drug. However, the effect of JWH018 (1 mM) on EPSC
charge was fully reversed by 1 mM rimonabant (Figure 1C), a
CB1 antagonist, suggesting that the limited reversal is due to
persistent receptor occupancy. The effect of JWH018 on EPSCs
was examined in neurons that exhibited DSE, a transient
reduction in EPSC size that results from depolarization. DSE is
a well-described process that has been shown to be dependent
on cannabinoid signalling molecules including CB1 receptors.
We found that in neurons that did not exhibit DSE (and are
likely to lack CB1 receptors); JWH018 had no effect on EPSC
size (data not shown). To confirm that the effect observed
with JWH018 was indeed due to action at CB1 receptors, we
treated neurons from CB1 receptor null mice with 1 mM
JWH018. In wild-type neurons, 1 mM JWH018 treatment
reduced EPSC size (Figure 1B), whereas in the CB1 receptor
null neurons, 1 mM JWH018 had no effect (Figure 1B). To
establish that JWH018 was operating through presynaptic CB1

receptors to decrease the probability of neurotransmitter
release, we performed paired-pulse analysis under baseline
conditions and during JWH018 treatment. Figure 1D shows
that 100 nM JWH018 treatment significantly increases the
paired-pulse ratio (P = 0.0056), suggesting a presynaptic site of

action. To further validate a presynaptic site of action we
recorded mEPSCs before and after JWH018 treatment. Treat-
ment of neurons with 100 nM JWH018 decreased mEPSC
frequency (Figure 1E; P = 0.031) but did not significantly alter
mEPSC amplitude (Figure 1F; P = 0.19). CV analysis further
supported a presynaptic locus of JWH018’s action (Figure 1G).
1 mM JWH018 treatment gave a mean value for r of 0.26 �

0.049 and a mean p value of 0.54 � 0.41. All of these measures
are consistent with a presynaptic site of drug action resulting
in synaptic depression. In summary, JWH018 reduced the
probability of glutamate release in autaptic neurons by acting
at presynaptic CB1 receptors in a concentration-dependent
fashion.

JWH018 activated MAPK
In addition to modulating neurotransmission and cAMP
levels, CB1 receptor signalling activates MAPK activity in cul-
tured cells (Bouaboula et al., 1995; Daigle et al., 2008) and
neurons (Derkinderen et al., 2003). This is conveniently
detected by increased phosphorylation of ERK1/2. As JWH018
activated other CB1 receptor-mediated signalling pathways we
hypothesized that JWH018 would also activate ERK1/2.
HEK293 cells stably expressing CB1 receptors were treated
with either JWH018 or WIN55,212, another well-
characterized, efficacious CB1 receptor agonist. The time
course of ERK1/2 MAPK activation for 100 nM of each drug
was determined. Maximal activation occurred between 5
and 10 min of treatment with both drugs (Figure 2A).
Interestingly, at both 5 and 7.5 min JWH018 was a more
efficacious activator of ERK1/2 phosphorylation. A
concentration-response analysis was performed at the 7.5-
min time point (Figure 2B). JWH018 was more potent with an
EC50 of 4.4 nM (1.6–12.5 nM) compared with WIN55,212,
which had an EC50 of 69.9 nM (37.2–131.4 nM). The two
agonists had similar maximal effects at 1 mM, although
JWH018 was more potent than WIN55,212. In addition, to
ensure that the MAPK activation observed from these drug
treatments required CB1 receptors, the cells were treated with
rimonabant and then agonist. Here, 1 mM rimonabant pre-
vented the activation of MAPK by either 1 mM JWH018 or
WIN 55,212 (JWH018: 97.1 � 5.7%, WIN55,212: 86.8 � 5.8%,
NS vs. untreated). Thus, in addition to its inhibition of ade-
nylyl cyclase and neurotransmission, JWH018 also serves as a
potent agonist of CB1 receptor-mediated ERK1/2 MAPK
activation.

JWH018-induced robust CB1 receptor internalization
Following prolonged exposure to agonists, many GPCRs
undergo internalization. This is thought to be a means
whereby the cell can control its spatial and temporal
response to receptor agonists (Drake et al., 2006; Marchese
et al., 2008). CB1 receptor internalization has been described
in response to numerous cannabinoid drugs (Hsieh et al.,
1999; Coutts et al., 2001; Daigle et al., 2008). We hypoth-
esized that based on previous experiments, if JWH018 was
acting as a CB1 receptor agonist, long-term treatment of CB1
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receptor expressing cells with JWH018 would lead to pro-
found receptor internalization. Figure 3A shows the time
course of CB1 receptor internalization in HEK293 cells stably
expressing the receptor. After 3 h of exposure to 100 nM
JWH018, 38.1 � 3.1% of the CB1 receptors present at the
plasma membrane under basal conditions remained on the
cell surface (61.9% internalization). We again used an equal
concentration of WIN55,212 as a control, in which 3 h of
treatment led to 58.7 � 3.2% internalization (NS vs.
JWH018). JWH018 induced a much more rapid internaliza-
tion than WIN55,212 with a t1/2 of 17.3 min (13.6–23.7 min)
compared with 39.6 min (26.2–80.9 min) for WIN 55,212.
Each drug caused similar maximal levels of internalization
reaching plateaus of approximately 60% internalization
(JWH018 = 40.7 � 1.8% of basal levels; WIN55,212 = 41.1 �

4.9% of basal levels). We performed concentration-response
analysis of internalization using a 2 h treatment period
(Figure 3B). JWH018 and WIN55,212 had similar maximal
effects reaching 54.7 � 3.4% and 56.0 � 3.0% internaliza-

tion at 1 mM concentrations respectively (NS). However,
JWH018 was once again the more potent with an EC50 of
2.8 nM (1.2–6.3 nM) compared with WIN55,212, which had
an EC50 of 19.4 nM (8.5–44.4 nM). 1 mM rimonabant pre-
vented internalization by 1 mM of either drug (JWH018: 91.5
� 3.8%, WIN55,212: 103.3 � 3.3%, NS vs. untreated).
Therefore, prolonged exposure to JWH018 leads to
robust CB1 receptor internalization, as did treatment with
WIN55,212, although JWH018 was more potent and caused
faster internalization.

Discussion

JWH018 is a common synthetic additive found in diverse
preparations of the herbal blend known as ‘Spice’ (Auwarter
et al., 2009). JWH018 was first synthesized during an analysis
of cannabimimetic indole structures that aimed to design new
indoles with effects comparable with those of natural cannab-
inoids such as THC (Huffman et al., 1994). Relatively little
characterization of this ligand has been performed. It has
been reported to have a high affinity for CB1 receptor with a

Figure 2 JWH018 activation of CB1 receptors stimulated ERK1/2
MAPK phosphorylation. (A) 100 nM JWH018 treatment of CB1

expressing HEK293 cells, transiently increased ERK1/2 phosphoryla-
tion, similar to the time course of 100 nM WIN55,212 activation (4–6
replicate samples from 7–15 independent experiments). (B) CB1

receptor expressing HEK293 cells were treated for 7.5 min with
increasing concentrations of JWH018 and WIN55,212. JWH018 acti-
vated ERK1/2 in a concentration-dependent manner and was more
potent than WIN55,212 (4–6 replicate samples from 8–15 indepen-
dent experiments). 1 mM rimonabant reversed the effect of JWH018
and WIN55,212 on ERK1/2 activation. Values are presented as mean
� SEM. *P < 0.05, **P < 0.01, ***P < 0.0001: significantly different
from WIN55,212 treatment. ###P < 0.0001: significantly different
from rimonabant treatment. CB1, cannabinoid receptor 1; MAPK,
mitogen activated protein kinase.

Figure 3 JWH018 induced CB1 receptor internalization. (A) In CB1

receptor expressing HEK293 cells, 100 nM JWH018 treatment
resulted in robust receptor internalization that was quicker than that
induced by 100 nM WIN55,212 (4–6 replicate samples from 5–10
independent experiments). (B) Following 2 h of exposure to increas-
ing concentrations of each drug, CB1 receptors were internalized in a
concentration-dependent manner with JWH018 being more potent
than WIN55,212 (4–6 replicate samples from 5–10 independent
experiments). 1 mM rimonabant, a CB1 receptor antagonist, pre-
vented receptor internalization due to JWH018 or WIN55,212 treat-
ment. Values are presented as mean � SEM. *P < 0.05, **P < 0.01:
significantly different from WIN55,212 treatment. ###P < 0.0001:
significantly different from rimonabant treatment. CB1, cannabinoid
receptor 1.
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Ki of approximately 9 nM (Huffman et al., 1994; Showalter
et al., 1996; Chin et al., 1999; Aung et al., 2000) and to inhibit
adenylyl cyclase with an IC50 of 14.7 nM and a 79% maximal
inhibition. Beyond these preliminary studies, there have been
no other investigations of JWH018’s effect on CB1 receptor-
mediated signalling. In light of its presence in ‘Spice’ and its
cannabinoid-like psychoactivity, we have examined the
effects of this compound on neurotransmission, MAPK
activity, and CB1 receptor internalization.

CB1 receptor activation may suppress neurotransmission
and neuronal excitability (Kano et al., 2009). Here we have
used autaptic excitatory hippocampal neurons as a well-
characterized model system of cannabinoid-mediated effects
on neurotransmission (Straiker and Mackie, 2005; 2007). We
found that JWH018 potently inhibits glutamate release in
these neurons in a concentration-dependent fashion. The
effect of JWH018 on synaptic transmission was due to its
action at CB1 receptors as JWH018 had no effect on EPSC in
neurons cultured from CB1 receptor knockout mice, and
rimonabant, a CB1 receptor antagonist, blocked its effect in
wild-type neurons. Furthermore, JWH018 is very likely acting
at presynaptic CB1 receptors based on its ability to increase
the paired-pulse ratio, to decrease the frequency of mEPSCs
without affecting mEPSC amplitude and to increase the CV.
Cannabinoid agonists sometimes do not decrease mEPSC fre-
quency at glutamatergic synapses (Yamasaki et al., 2006).
However, our results here are consistent with most reports
that find cannabinoid suppression of mEPSC frequency (see
Misner and Sullivan, 1999; Sullivan, 1999; Morisset and
Urban, 2001; Robbe et al., 2001; Derbenev et al., 2004), and
the difference may lie in the brain region, cell type or culture
conditions used. The effect of JWH018 on neurotransmission
is both potent and effective with an IC50 of 14.9 nM and a
maximal inhibition to 48.0% of control at 1 mM. JWH018
exhibtied effects comparable with those of WIN55,212
(Straiker and Mackie, 2005). In light of the internalization
data, JWH018’s effect on neurotransmission may potentially
be influenced by receptor desensitization or internalization.
We cannot make any certain conclusions based on our data
here as to whether desensitization had an effect on our
recordings. Internalization is unlikely to play a role as little
CB1 receptor internalization would occur at room temperature
during the 20–30 min of recording. In summary, JWH018
inhibits synaptic transmission as a potent and efficacious CB1

receptor agonist.
Based on the earlier studies discussed above and our finding

that JWH018 inhibited synaptic neurotransmission, it seemed
probable that JWH018 would exhibit signalling effects similar
to those of other CB1 receptor agonists. However, it was
important to test this hypothesis as JWH018 may exhibit a
different functional selectivity relative to other cannabinoid
agonists (Urban et al., 2007). ERK1/2 MAPK activation is a
typical consequence of CB1 receptor stimulation (Bouaboula
et al., 1995; Daigle et al., 2008). We have demonstrated that as
observed with other cannabinoid ligands such as WIN55,212,
JWH018 also stimulated ERK1/2 MAPK activation in a
concentration-dependent manner. This ERK1/2 activation
had the typically observed rapid time course (Daigle et al.,
2008) reaching a peak level of activation between 5 and
10 min. Comparing JWH018 with WIN55,212, we found that

despite having a similar time course of activation, JWH018
was more potent with an EC50 of 4.4 nM compared with
WIN55,212 with an EC50 of 69.9 nM. Both were similarly
efficacious.

CB1 receptor internalization has been reported to occur in
response to a number of different cannabinoid ligands in a
number of cell types (Hsieh et al., 1999; Coutts et al., 2001;
Daigle et al., 2008). Here we found that JWH018, consistent
with its ability to act as a CB1 receptor agonist, produces
robust CB1 receptor internalization that is rapid (t1/2 =
17.3 min), potent (EC50 = 2.8 nM) and efficacious (38.1% of
basal surface levels at 3 h with 100 nM). We found it more
potent and to induce internalization more rapidly than
WIN55,212 (EC50 = 19.4 nM and t1/2 = 39.6 min). However, the
two drugs are of similar efficacy (JWH018 – plateaus at 40.7%
and WIN55,212 – plateaus at 41.1% of basal surface levels).
Thus, prolonged engagement of CB1 receptors by JWH018, as
with many other CB1 receptor agonists, leads to profound
cellular adaptations that may serve to decrease cellular sensi-
tivity to the drug. Interpretation of the effects of chronic
JWH018 on behaviour must consider its ability to produce
cellular desensitization and tolerance.

Previously we found that in autaptic neuronal cultures,
THC did not inhibit EPSCs but rather, it antagonized inhibi-
tion by both WIN55,212 and 2-arachidonyl glycerol (2-AG)
(Straiker and Mackie, 2005). Similar results have been
reported in non-autaptic hippocampal cultures (Roloff and
Thayer, 2009). In these systems, THC effectively acts as an
antagonist with short-term treatment but desensitizes CB1

receptor signalling with long-term treatment. Since THC,
which is the principal psychoactive component of marijuana,
is a low-efficacy CB1 receptor agonist, we speculated that it
prevents full CB1 receptor activation by the endocannabinoid
2-AG and mimics the effects of the low-efficacy endocannab-
inoid anandamide (Straiker and Mackie, 2005). This was a
provocative hypothesis to explain the psychoactive effects of
marijuana. However, in light of the findings from this study,
this hypothesis must be revised. ‘Spice’ apparently produces
marijuana-like psychoactivity when smoked (Auwarter et al.,
2009). However, it has not been reported to contain THC but
rather contains at least one potent and efficacious CB1 recep-
tor agonist. Therefore, if the cognitive effects of ‘Spice’ are due
to JWH018, our proposition that the psychoactivity of THC
may in part be due to the antagonism of 2-AG activation of
CB1 receptors requires rethinking. The effects we previously
observed with THC may be unique to the cultured neuron
preparation itself. In cultures, the number of CB1 receptors or
their coupling may be limited, which will cause a low-efficacy
agonist to act as an antagonist. In contrast, these factors may
not be limiting for CB1 receptors expressed in brain, and a
low-efficacy agonist such as THC may act as an agonist in vivo.
Alternatively, as was suggested in a recent study, the differ-
ence may also lie in the firing rate of the neurons, which can
influence a neuron’s response to THC (Roloff and Thayer,
2009). Furthermore, it may be a possibility that there are
other uncharacterized additives in ‘Spice’ that influence neu-
rotransmission. Despite these uncertainties, it is clear that
JWH018 potently inhibits neurotransmission, with an effi-
cacy comparable with other synthetic cannabinoids such as
WIN55,212.
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Among the different preparations of ‘Spice’ that were analy-
sed by Auwarter et al. (2009), JWH018 was a frequent additive.
Here we have demonstrated that JWH018 treatment has cel-
lular effects similar to those of other efficacious cannabinoid
agonists such as WIN55,212. We have found that JWH018 is
a more potent CB1 receptor agonist than WIN55,212,
although of similar efficacy. This is consistent with the reports
that ‘Spice’ has marijuana-like effects when smoked. While
Auwarter et al. found that JWH018 was not the most abun-
dant of the additives present in various spice preparations, its
high potency suggests that it will produce behavioural effects
in humans. The selectivity of JWH018 for CB1 receptors is low:
JWH018 has a Ki of about 9 nM at CB1 receptors and a Ki of
about 3 nM at CB2 receptors (Huffman et al., 1994; Chin et al.,
1999; Aung et al., 2000). While the effects we observed are
clearly due to CB1 receptor activation, the potential role of
CB2 receptors in the effects of ‘Spice’ requires further study.
This study has focused on JWH018; however, different prepa-
rations of ‘Spice’ apparently contain diverse synthetic addi-
tives such as a modified version of CP47,497 (extending the
dimethylheptyl side chain to dimethyloctyl), a cannabinoid
ligand, that may also act as agonists at CB1 receptors but so far
remain uncharacterized and HU210 (Huffman et al., 2008;
Auwarter et al., 2009). It is likely that these additional com-
pounds might also contribute to the behavioural and subjec-
tive effects produced by smoking ‘Spice’, and their different
pharmacologies might cause different preparations of ‘Spice’
to vary in their psychoactivity or health effects. Investigation
into these additional synthetic additives requires further
attention. Despite these caveats, we have shown that JWH018
has profound CB1 receptor-mediated effects on cellular signal-
ling and neurotransmission, which are likely to have a sig-
nificant impact on cognitive function. Thus, ‘Spice,’ which is
marketed as a ‘natural’ herbal blend, is actually a vehicle of
delivery for at least one very potent synthetic CB1 receptor
agonist, and its presence is likely to account for the psycho-
active effects produced when ‘Spice’ is smoked.
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