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Abstract

The G protein coupled receptors CB4 and CB,, are targets for the psychoactive constituents of
cannabis, chief among them A°-THC. They are also key components of the multifunctional
endogenous cannabinoid signaling system. CB; and CB receptors modulate a wide variety of
physiological systems including analgesia, memory, mood, reward, appetite and immunity.
Identification and characterization of selective CB1 and CB, receptor agonists and antagonists will
facilitate understanding the precise physiological and pathophysiological roles of cannabinoid
receptors in these systems. This is particularly necessary in the case of CB, because these
receptors are sparsely expressed and problematic to detect using traditional immunocytochemical
approaches.

1-Propyl-2-methyl-3-(1-naphthoyl)indole (JWHO015) is an aminoalkylindole that has been
employed as a “CB»-selective” agonist in more than 40 published papers. However, we have
found that JWHO015 potently and efficaciously activates CB; receptors in neurons. Using murine
autaptic hippocampal neurons, which express CB1, but not CB, receptors, we find that JWHO015
inhibits excitatory postsynaptic currents with an EC50 of 216 nM. JWHO15 inhibition is absent in
neurons from CB1~/~ cultures and is reversed by the CB; antagonist, SR141716 [200 nM].
Furthermore, JWHO015 partially occludes CB-mediated DSE (~35% remaining), an action
reversed by the CB5 antagonist, AM630 [1 and 3 uM], suggesting that high concentrations of
AMGB30 also antagonize CB; receptors.

We conclude that while JWHO15 is a CBy-preferring agonist, it also activates CB, receptors at
experimentally encountered concentrations. Thus, CB4 agonism of JWHO15 needs to be
considered in the design and interpretation of experiments that use JWHO015 to probe CB»-
signaling.
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1. Introduction

The endocannabinoid system has many roles within the body. Its functions are mediated via
endogenous cannabinoids, including anandamide (AEA [1]) and 2-arachidonoylglycerol (2-
AG [2]), binding to the well-characterized metabotropic cannabinoid receptors, CB4 and
CB, [3,4]. Cannabinoid receptors are best known as the endogenous targets of the
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psychoactive ingredients of marijuana and hashish, chief among them A%-THC [5]. These G
protein-coupled receptors are widely distributed throughout the body and have been found to
modulate diverse physiological systems including analgesia, memory, mood, reward,
appetite, and immunity [6].

CBy is richly expressed in the CNS [7,8] and is the chief mediator of the psychoactive
effects of marijuana and hashish. Because of its prominent role in the psychoactive effects of
THC, CB; has received more attention than CB,. However, CB, has been the object of
growing interest as a potential therapeutic target, particularly for pain, inflammation, and
osteoporosis [9]. CB5 is widely expressed in the immune system and is known to modulate
some inflammatory responses [10-14]. As compared to CB, CB, is expressed at low levels
in the healthy brain and has been proposed as a promising pharmacological target, insofar as
CB, activation is hypothesized to be less likely to cause adverse psychoactivity. However,

to fully characterize the therapeutic potential of CB, receptors it is essential to employ
appropriately selective CB», agonists and antagonists.

Many synthetic cannabinoids have been developed, with varying degrees of selectivity for
the two cannabinoid receptors [15,16]. However the pharmacology of cannabinoid receptor
ligands—endogenous, exogenous (e.g. derived from cannabis), and synthetic—has proved
complex. Some nominally CBy-selective agonists have come into widespread use without a
full consideration of their selectivity in a functional context. One of these is 1-propyl-2-
methyl-3-(1-naphthoyl)indole (JWHO015, Fig. 1A), an aminoalkylindole that has been
reported to be 12-24 times more selective for CB, than for CBq [17-19].

Since first described, JWHO15 has been used as a CBy-selective agonist in more than 40
published articles. Initial characterization reported a Kj;of 13.8 nM at the CB, receptor, and
a K;of 336 nM at the CB; receptor [17]. This offers a ~25-fold selectivity for CB, over
CB;, though a subsequent study reported only a 12-fold selectivity [19]. Regardless, a 12- to
24-fold selectivity is relatively slender margin, especially when CB1 is found at very high
levels and may efficaciously signal at low occupancy. For example, CB1-signaling can be
observed at receptor occupancy ranging from 4 to 14% [20]. This narrow selectivity range
raises the possibility that some reported effects of JWHO015 have in fact occurred via CBy,
especially when employing higher concentrations or doses of the drug. But how efficacious
and potent is JWHO15 in an endogenous neuronal CB; signaling system? In autaptic
hippocampal neurons, CB; activation is coupled to inhibition of calcium channels and
neurotransmitter release [21-23]. These neurons express a robust CB1-dependent
endogenous cannabinoid signaling system [22,24,25] including depolarization-induced
suppression of excitation (DSE) [26,27]. DSE is a well-described 2-AG/CB; receptor-
dependent signaling mechanism characterized by a transient decrease in excitatory post-
synaptic current (EPSC) size, with subsequent recovery back to baseline over tens of
seconds.

Using autaptic hippocampal cultures we explored the action of JWHO015 at CB4. Neurons in
these cultures express CB receptors, but lack CB, receptors, and express robust DSE [22].
Thus, they serve as a useful model for the study of the selectivity of CB signaling in a
controlled neuronal environment. Using this system we found that JWHO015 is an efficacious
and relatively potent CB receptor agonist, similarly, the CB,-preferring antagonist, AM630,
has appreciable antagonistic activity at CB receptors. Thus, both compounds should be
used with caution as “CB,-selective” agents.

Pharmacol Res. Author manuscript; available in PMC 2013 November 01.
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2. Experimental procedures

2.1. Culture preparation

All 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. Experiments were designed in such a way as to minimize the number of
animals used and their suffering. Mouse hippocampal neurons isolated from the CA1 to
CA3 region were cultured on microislands as described previously [28,29]. Neurons were
obtained from animals (age postnatal days 0-2, killed via rapid decapitation) and plated onto
a feeder layer of hippocampal astrocytes that had been laid down previously [30]. Cultures
were grown in high-glucose (20 mM) medium containing 10% horse serum, without mitotic
inhibitors and used for recordings after 8 days in culture and for no more than 3 h after
removal from culture medium. All drugs were tested on cells from at least two different
preparations.

2.2. Electrophysiology

When a single neuron is grown on a small island of permissive 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 (Molecular Devices, Sunnyvale, CA). The
extracellular solution contained 119 mM NaCl, 5 mM KCI, 2.5 mM CaCl,, 1.5 mM MgCl,,
30 mM glucose, and 20 mM HEPES. Continuous flow of solution through the bath chamber
(2 ml/min) ensured rapid drug application and clearance. Drugs were typically prepared as
stock, then diluted into extracellular solution at their final concentration and used on the
same day. Recording pipettes of 1.8-3 Mohm were filled with 121.5 mM potassium
gluconate, 17.5 mM KCI, 9 mM NaCl, 1 mM MgCl,, 10 mM HEPES, 0.2 mM EGTA, 2
mM MgATP, and 0.5 mM LiGTP. Access resistance and holding current were monitored,
and only cells with both stable access resistance and holding current were included for data
analysis. Conventional stimulus protocol: the membrane potential was held at 70 mV and
excitatory post-synaptic currents (EPSCs) were evoked every 20 s by triggering an
unclamped action current with a 1.0-ms depolarizing step. The resultant evoked waveform
consisted of a brief stimulus artifact and a large downward spike representing inward
sodium currents, followed by the slower excitatory postsynaptic current. The size of the
recorded EPSCs was calculated by integrating the evoked current to yield a charge value (in
picocoulombs). Calculating the charge value 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 sampling rate of 5 kHz.

2.3. DSE stimuli

After establishing a 20-s 0.5-Hz baseline, DSE was evoked by depolarizing to 0 mV for
0.05-10 s, followed by resumption of a 0.5-Hz stimulus protocol for 10-80 s. This allowed
EPSCs to recover to baseline values before the next DSE stimulus.

2.4. Statistics

Values are expressed as mean * s.e.m. Statistical analysis and dose—response curves were
generated using GraphPad Prism version 4.0a for Macintosh, GraphPad Software, San
Diego, CA, USA. Statistical tests used are indicated in the corresponding figure.

Pharmacol Res. Author manuscript; available in PMC 2013 November 01.
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3. Results

3.1. JWHO015 activates CB; to inhibit excitatory postsynaptic currents

Using autaptic culture hippocampal neurons, we tested the ability of JWHO15 to inhibit
excitatory neurotransmission via CB receptors. We found that 2 uM JWHO015 strongly
inhibited excitatory postsynaptic currents (EPSCs; Fig. 1B and C; relative EPSC charge (1.0
=no inhibition): 0.46 £ 0.06, 7= 19). This inhibition is the same as the maximal inhibition
observed during DSE in the same population of neurons (Fig. 4a), JWHO015 inhibition of
EPSCs was CB1-mediated, as it was fully reversed by the CB; antagonist SR141716 (200
nM; Fig. 1B; 1.0 = no inhibition); relative EPSC charge after SR141716: 0.86 + 0.08, 7= 5,
p>0.05). Furthermore, JWHO015 had no effect on EPSCs in neurons cultured from mice
lacking CBy receptors (Fig. 1C, Relative EPSC charge with JWHO015 (2 pM): 1.01 + 0.04, n
=5). JWHO015 has been reported to act at GPR55 [31] however JWHO015 yielded strong
inhibition of EPSCs in GPR55™/~ neurons, indicating that the effect of JWHO15 in these
neurons does not depend on the presence of GPR55 (Fig. 1C, relative EPSC charge with
JWHO015 (3 uM): 0.53 £ 0.05, 7= 8). To examine the potency of JWHO015 we tested a range
of concentrations (Fig. 1C) and determined that the EC50 of EPSC inhibition by JWH015
was 216 nM (95% CI: 199-238 nM). In addition, 2 .M JWHO015 occluded about 70% of the
DSE evoked by a 3 s depolarization, demonstrating potent competition with endogenous 2-
AG (Fig. 4C).

3.2. JWHO015 acts pre-synaptically

To further confirm that the site of JWHO15 action in our system was acting at presynaptic
CB; receptors we evaluated the effect of JWHO015 on the paired-pulse ratio. Paired pulse-
ratios (PPRs) were determined by giving two 1 ms depolarizing pulses in rapid succession
(60 ms interstimulus interval) and measuring the amplitudes of the two EPSCs. The peak
amplitude of the second EPSC divided by that of the first yields the PPR ratio. An increase
in the PPR following drug application is consistent with a presynaptic site of action.
Conversely, an unchanged PPR value suggests the drug is acting postsynaptically.

Inhibition of neurotransmission by CB receptor agonists is presynaptic in autaptic
hippocampal neurons [21]. Therefore, CB; activation by JWHO015 would be expected to
increase the paired pulse ratio. Consistent with this, we found that application of 2 uM
JWHO15 statistically significantly increases the paired-pulse ratio (Fig. 2A, ratio of 2nd
response/1st response before JWHO015: 0.88 + 0.05; after JWHO015: 1.04 £ 0.06, n=13, p<
0.05, paired £test).

3.3. AM630 antagonizes CB

Many investigators recognize that the limited selectivity of JWHO15 is problematic.
Consequently, AM630 is often used as a CB, receptor antagonist to establish involvement of
CB;, receptors. Based on binding studies, AM630 is 165 times more selective for CB, over
CB;. However with a Kjof 5.15 uM [32], one would still expect significant occupancy of
CB; receptors by AM630 at low-micromolar concentrations, as are often used [9,33,34].
Thus, we next determined if AM630 attenuated activation of CB; by JWHO015.

In neurons cultured from CB; ™~ mice, a 3-s depolarization did not elicit DSE and
application of 10 M AM®630 did not significantly change EPSC size (Fig. 3C, relative to
the baseline EPSC charge with 3 s DSE: 0.91 + 0.02, 7=5; 10 uM AM630: 0.97 £ 0.03, n=
5, p> 0.05 for both).

We found that 10 uM AM630 strongly attenuated JWHO15 inhibition of EPSCs in WT
autaptic neurons (Fig. 3B, relative EPSC charge with JWHO015 (2 uM): 0.46 + 0.05, 7= 19;

Pharmacol Res. Author manuscript; available in PMC 2013 November 01.
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2 .M AM630 + 10 M JWHO015: 0.79 £ 0.09, n=7, p< 0.05). Importantly, our results
suggest that this concentration of AM630 also likely blocks endogenous CB1 signaling.
Therefore we tested whether 3 uM AM630 reduced DSE. Application of 3 uM AM630
attenuated DSE (Fig. 4, relative to the baseline EPSC charge with 3 s DSE: 0.56 + 0.19, n=
13; and with 3 s DSE + 3 pM AM®630: 0.94 + 0.02, 7= 5, p< 0.05). Moreover, application
of 1 »M AMG630 also attenuated DSE (relative to the baseline EPSC charge with 3 s DSE +
1 M AM630: 0.80 + 0.08, 7=5). AM630 alone did not alter EPSC amplitude (Fig. 3C,
Relative EPSC charge with AM630: 1.01 + 0.10, n=5, p> 0.05). AM630 increased the
duration of depolarization required to elicit an equivalent magnitude of DSE (Fig. 4B).
AMG630 also occluded DSE: after 3 uM AM630 only 11.7 + 4.3% DSE remained; JWHO015
also partially occluded DSE: after 2 uM JWHO15 only 32 = 9.9% DSE remained (Fig. 4C).

3.4. JWHO015 causes little CB1 receptor desensitization

Prolonged agonist exposure desensitizes CB; receptors through multiples processes [35,36].
For example, we have previously shown that WIN55212-2 [100 nM] applied overnight
strongly desensitizes CB receptors in autaptic neurons [22]. Thus, we wanted to determine
whether JWHO015 similarly desensitized CB receptors.

To test this we incubated cultured neurons with 100 nM JWHO15 overnight. This produced a
statistically non-significant desensitization of DSE (Fig. 5). Interestingly, even overnight
incubation with 1 .M JWHO015 produced statistically significant CB receptor
desensitization only at a single duration of depolarization (3 s) (Fig. 5; relative EPSC charge
with DSE 3s: 0.61 £ 0.05, n=13; after overnight 1 oM JWHO015: 0.80 £+ 0.04, n=10, p<
0.05). We conclude that at concentrations where JWHO015 significantly activates neuronal
CB; receptors to suppress synaptic transmission, it induces minimal CB; receptor
desensitization. This contrasts with WIN55212-2, which efficaciously inhibits synaptic
transmission with an EC50 of 28 nM (data not shown), while overnight incubation with 100
nM of WIN55212-2 causes profound desensitization.

4. Discussion

JWHO15 is a synthetic cannabinoid agonist that was synthesized by John Huffman as one of
a series of aminoalkylindole analogs [19]. This compound generated excitement as it was
one of the first CB,-preferring agonists to be identified, and has become the CB, agonist of
choice for many investigators. The importance of pharmacological tools like JWHO015 to
understand the role of CB5, receptors in physiological systems is amplified as CB, receptor
expression remains difficult to assess and the commonly used CB, knockout mice lines have
drawbacks [10,37]. In the early literature that followed the initial description of these
cannabimimetic indoles, JWHO015 was described as having K;= 164 nM at CB4 [38].
Subsequently, an in vitro study determined the Kjvalue to be 336 nM, which is the affinity
generally accepted by scientific community e.g. [17,38]. The rather modest selectivity of
JWHO015 for CB, over CB is a potential cause for concern. With the ongoing use of
JWHO015 as a nominal CB selective agonist it was therefore imperative to examine the
action of JWHO015 in a well-characterized cannabinoid signaling system with robust levels
of CB4 receptor expression.

We found that JWHO15 is an efficacious and relatively potent agonist at CB4, inhibiting
neurotransmitter release in a concentration-dependent manner, with an EC50 of 216 nM. It
is also notable that AM630 substantially reversed JWHO15-induced inhibition of excitatory
postsynaptic currents as well as DSE (which is likely mediated by 2-AG) [22], at
concentrations as low as 1 .M. AM630 alone does not affect EPSC amplitude, but serves as
an antagonist at CB4. These findings raise concerns about the ongoing use of JWHO015 as a
CB,-selective agonist, even in combination with AM630. We conclude that one must

Pharmacol Res. Author manuscript; available in PMC 2013 November 01.
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exercise caution in the use of these drugs as well as in the interpretation of previous studies.
This is especially important to note when reviewing studies using JWHO015 without an
antagonist (e.g. [39-41]), and those that used AM630 at micromolar concentrations (e.g.
[42]). It should also be noted that JWHO015 has also been implicated as an agonist at GPR55,
another cannabinoid-like G protein coupled receptor [31], a receptor that does not appear to
play a functional role in signaling in excitatory autaptic hippocampal neurons (unpublished
observations).

A substantial number of studies have used AM630 and/or JWHO015 to identify CB»-
mediated processes. However, a healthy skepticism must be employed when using
“receptor-specific” compounds since the knowledge pool is so shallow for many of these
compounds. Close attention to drug concentrations and proper controls are needed to avoid
to avoid drawing incorrect conclusions, particularly when high doses or concentrations of
the drugs are used, since at higher concentrations there is a significant likelihood of
“specific” compounds engaging additional, unsuspected targets.

In addition, the use of CB; ™/~ controls is important to ensure CB,, specificity of observed
effects. For instance, the widely used CB1 receptor antagonist SR141716 has been shown to
act at GPR55 receptors [31,43,44]. Our use of CB;~/~ offered concrete support for our
hypothesis that JWHO015 acts via CB1. One should also consider the possibility of using
model systems lacking CB1 when examining the effects of CB, agonists in vitro, such as
microglia cultured from CB1 null mice. In addition, there is still an obvious need for the
development of alternative CB5 selective agonists/antagonists. Those promoting receptor-
specific compounds should perform, as much as practical, a full characterization of the
compounds to establish the specificity of the compounds in “real world” pharmacology.
However, even if this is done, significant responsibility remains with the investigator to
ensure that the conclusions drawn in the study are appropriately conservative given the
likely limited specificity of the compounds used, particularly when compounds from a single
chemical class are used.

In summary, our data indicate that the nominally CB,-selective agonist JWHO015 potently
and efficaciously activates endogenous neuronal CB; receptors. Our results suggest that
caution is warranted in the use of JWHO15, particularly at concentrations in excess of 100
nM. Also the use of AM630 at micromolar concentrations should be viewed cautiously as
this concentration of AM630 can block CB1-mediated responses. It is possible that previous
studies using JWHO015 and AM630 that implicated CB;, receptors in specific physiological
or behavioral responses will need to be reconsidered in light of the present findings.

Abbreviations

2-AG 2-arachidonoylglycerol

CBq cannabinoid receptor 1

CcB2 cannabinoid receptor 2

JWHO015 (2-methyl-1-propyl-1H-indol-3-yl)-1-naphthalenylmethanone
AS-THC tetrahydrocannabinol

SR141716 (aka Rimon- 5-(4-chlorophenyl)-1-(2”,4-dichloro-phenyl)-4-methyl-N-
abant) (piperidin-1-yl)-1H-pyrazole-3-carboxamide

AM 630 6-iodopravadoline

DSE depolarization-induced suppression of excitation
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Fig. 1.

JWHO015 potently and efficaciously inhibits excitatory neurotransmission via CB;. (A)

JWHO15 (nM)
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Structure of JWHO015. (B) Sample EPSC time—course showing inhibition by JWHO015 [2
pM] and reversal by the CB; antagonist SR141716 (SR1) [200 nM]. Inset shows sample
EPSC traces at time-points indicated by A, B, and C. (C) Concentration—response curve for
JWHO015 in wild-type (squares), GPR55 knock-out neurons (diamond), and CB; knock-out

neurons (triangle).
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Fig. 2.

JWHO15 inhibits EPSCs via a presynaptic site of action. (A) Graph shows paired-pulse
ratios under control conditions (circles) and following treatment with JWHO15 (triangles).
(B) Sample EPSC pairs under control and after JWHO15 treatment. Scale bars: 1 nA, 5 ms.
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Fig. 3.

The “CB,-selective” antagonist AM630 also antagonizes CB4. (A) Sample EPSC time—
course showing inhibition by JWHO015 [2 tM] and reversal by the CB,-preferring antagonist
AMG630 [10 M]. Inset shows sample EPSC traces at time-points indicated by A, B, and C.
(B) Bar graph showing relative EPSC charge after treatment with JWHO015 [2 M] either on
its own or with SR141716 [200 nM], AM630 [2 wM] or AM630 [10 uM]. *p < 0.05, **p<
0.01, one-way ANOVA vs. JWHO015. (C) Bar graph showing relative EPSC charge after
DSE (3-s depolarization) and/or treatment with AM630 [10 M] in CB;~/~ or wild-type
mice. There are no statistically significant differences between the treatments.
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Fig. 4.

AMGB30 attenuates and JWHO015 occludes DSE. (A) Depolarization—response curve shows
relative EPSC inhibition with increasing durations of depolarization, under control
conditions and following AM630-treatment [1 wM] and [3 wM] in wild-type neurons. There
is statistically significant difference between each treatment and the control at time points of
500 ms (except for 1 wM), 1 s, 3 sand 10 s. (B) Bar graph shows that AM630 increases the
duration of depolarization required for a half maximal response. The treatments differ
significantly from control. (C) Bar graph shows percent DSE from a 3 s stimulus that
remains after treatment with JWHO15 [2 wM] or AM630 [3 nM].
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Fig. 5.

JWHO015 induces little CB; receptor desensitization. Depolarization—response curve showing
relative EPSC inhibition after increasing durations of depolarization—under control
conditions and after over-night treatment with 100 nM JWHO015 (triangles) or 1 uM
JWHO015 (diamonds). The only condition where there was a statistically significant
difference from control was with 1 pM JWHO015 pretreatment and a depolarization of 3 s (p
< 0.05 two-way ANOVA, Bonferroni post hoc test).
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