British Journal of Pharmacology (2002) 137, 421 -428

© 2002 Nature Publishing Group Al rights reserved 0007-1188/02 $25.00 '@

www.nature.com/bjp

Anandamide is a partial agonist at native vanilloid receptors in
acutely isolated mouse trigeminal sensory neurons
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1 The endogenous fatty acid anandamide (AEA) is a partial agonist at cannabinoid CB1 receptors
and has been reported to be a full agonist at the recombinant vanilloid receptor, VR1.

2 Whole cell voltage clamp techniques were used to examine the efficacy of AEA and related
analogues methanandamide and N-(4-hydroxyphenyl)-arachidonylamide (AM404) at native VRI1
receptors in acutely isolated mouse trigeminal neurons.

3 Superfusion of the VR1 agonist capsaicin onto small trigeminal neurons voltage clamped at
+40 mV produced outward currents in most cells, with a pECsy of 6.3 +0.1 (maximum currents at
10-30 um).

4 AEA produced outward currents with a pECsy of 5.6+ 0.1. Maximal AEA currents (30— 100 uM)
were 38+2% of the capsaicin maximum. AEA currents were blocked by the VRI1 antagonist
capsazepine (30 uM), but unaffected by the CB1 antagonist SR141716A (1 um).

5 Methanandamide and AM404 were less potent than AEA at activating VR1. Methanandamide
(100 um) produced currents 37+ 6% of the capsaicin maximum, the highest concentration of AM404
tested (100 uM) produced currents that were 55+9% of the capsaicin maximum.

6 Capsazepine abolished the currents produced by AM404 (100 uMm) and strongly attenuated
(>70%) those produced by methanandamide (100 uMm).

7 Co-superfusion of AEA (30 uM, methanandamide (100 yM) or AM404 (100 uM) with capsaicin
(3 um) resulted in a significant reduction of the capsaicin current.

8 These data indicate that AEA, methanandamide and AM404 activate native VR1 receptors, but

that all three compounds are partial agonists when compared with capsaicin.
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Introduction

The endogenous fatty acid anandamide (AEA, Devane et al.,
1992), activates cannabinoid CBI receptors in sensory
neurons, resulting in inhibition of nociception. (Calignano
et al., 1998; Richardson ef al., 1998). AEA also activates the
vanilloid receptor VR1 (Caterina et al., 1997; Zygmunt et al.,
1999), a protein known to be primarily activated by noxious
stimuli, including heat, hydrogen ions and capsaicin, the
pungent ingredient found in chili peppers. The possible
concurrent activation of these two receptors, which may be
expressed on the same primary afferent fibers (Ahluwalia et
al., 2000; Tognetto et al., 2001), raises interesting questions
regarding the physiological role of AEA in nociceptive
function and its effect on sensory neuronal activity. In order
to address these questions, it is important that the
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interactions of AEA with its cellular effectors such as CBI
receptors and VR1 be unambiguously characterized.

AEA is considered to be a partial agonist at CB1 receptors
(Mackie et al., 1993; Burkey et al., 1997; Glass & Northup,
1999), although it can exhibit similar maximal effectiveness to
efficacious synthetic cannabinoids at native CB1 receptors
(Shen et al., 1996; Twitchell et al., 1997; Morisset & Urban,
2001). AEA and capsaicin appear to share a similar binding
site on VR1 (Jordt & Julius, 2002) but the relative efficacy of
AEA at VRI1 has been the subject of some controversy.
Initial reports suggested that AEA was a partial agonist at
recombinant VR1 (Zygmunt et al., 1999; Hwang et al., 2000)
while a number of subsequent studies have demonstrated that
AEA is apparently a full agonist at recombinant rat and
human VRI1 (Smart er al., 2000; De Petrocellis et al., 2000;
Ralevic et al., 2001; Ross et al., 2001). The latter studies have
used measurements of elevations of intracellular calcium
([Ca®*]) or *Ca** uptake as an indirect method of
determining VRI1 receptor activation. Elevations of [Ca’*];
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resulting from VRI1 activation are likely to be significantly
amplified in any cell, including heterologous expression
systems (see Discussion), so it seemed possible that the high
potency and efficacy of AEA reported in these studies may
not be a true reflection of the efficacy and potency of AEA at
VRI1. In order to better define the potency and efficacy of
AEA at VRI1, we have used whole cell patch clamp
techniques to examine the effectiveness of AEA in activating
native VR1 ion channels in isolated mouse trigeminal sensory
neurons. We found that AEA, and its analogues methanan-
damide and AM404, all act as partial agonists when
compared with the prototypical agonist of VRI1, capsaicin.

Methods

All experiments in this study were conducted in accordance
with protocols approved by the University of Sydney Animal
Ethics Committee. C57B16/J male mice were anaesthetized
with halothane (4%), and killed by decapitation. The
trigeminal ganglia were removed and placed in ice-cold
physiological saline containing (mM) NaCl 126; KCl 2.5;
CaCl, 2.5; MgCl, 10; NaH,PO4 1.2; NaHCO; 24; and
glucose 10, gassed with 95% 0,-5% CO,. Cells were
prepared as previously described (Borgland er al., 2002).
Briefly, ganglia were cut up with iridectomy scissors and
incubated at 32—34°C for 20 min in physiological saline. The
ganglia were then transferred to physiological saline contain-
ing collagenase for 10 min. The ganglia were then transferred
to oxygenated modified HEPES buffered saline (HBS)
containing 20 units ml~' papain and incubated at 32-34°C
for 20 min. The modified HBS contained (mMm): NaCl 140;
KCl 2.5; CaCl, 2.5; MgCl, 10; HEPES 10; glucose 10;
pH 7.3 (NaOH); 330+ 5 mosmol. The digestion was termi-
nated with addition of HBS containing 1 mg ml~' bovine
serum albumin (BSA) and 1 mgml~' trypsin inhibitor.
Minced ganglia were washed free of enzyme and enzyme
inhibitors with room temperature modified HBS. Cells were
released by gentle trituration through decreasing bore,
silanized Pasteur pipettes with fire-polished tips. The cells
were plated onto plastic culture dishes and kept at room
temperature in modified HBS. Cells remained viable for up
to 10 h after dissociation.

Electrophysiological recording

Tonic currents from mouse trigeminal neurons were recorded
in the whole-cell configuration of the patch-clamp method
(Hamill et al., 1981) at room temperature (22—24°C). Dishes
were continually perfused with HBS containing (mM) NaCl
140; KCl 2.5; CaCl, 2.5; MgCl,1; HEPES 10; glucose 10;
pH 7.3 (NaOH), 330+ 5 mosmol 1-'. Except where noted,
extracellular solutions contained BSA (0.05%) to facilitate
reversal of AEA effects. BSA was not included in solutions
containing AEA unless noted. For recording of currents
through Ca?* channels (Ic,), the extracellular solution
contained (mM) tetraecthylammonium chloride (TEACI) 140;
CsCl 2.5; HEPES 10; MgCl, 1, BaCly,; glucose 10, pH 7.2
(CsOH) 330+ 5 mosmol 1~'. Recordings were made with fire
polished borosilicate pipettes of resistance approximately
2 MOhm when filled with intracellular pipette solution which
contained (in mMm) CsCl 40; EGTA 10; HEPES 10;

Csmethanesulfonate 90; MgATP 5; pH 7.3 (with CsOH),
29045 mosmol 17,

Recordings were made using an Axopatch 1D or Axopatch
200B amplifier using pCLAMP, and Axotape acquisition
software (Axon Instruments, Union City, CA, U.S.A.). For
Ic, recordings currents were sampled at 20-50 KHz,
recordings of currents through VRI1 were sampled at
500 Hz. Currents were recorded on hard disk for later
analysis. Series resistance ranged from 2—7 MOhm and was
compensated by 80% in all experiments. Cell capacitance was
compensated manually by nulling the capacitive transient
evoked by a 20 mV pulse from —90 mV and ranged from 6—
20 pF.

We have previously characterized several populations of
trigeminal neurons in mice that are defined by the presence or
absence of a prominent low voltage activated ‘T-type’ Ic,
(LVA Ic,, Borgland et al., 2001; 2002). Type 1 cells do not
express a prominent LVA [I-, and are usually capsaicin
sensitive whereas Type 2 cells have a prominent LVA I, and
are never sensitive to capsaicin. Therefore, the types of Ic, in
each cell was determined by stepping the membrane potential
from a holding potential of —90 mV to test potentials
between —60 mV and +60 mV in 10 mV increments. Type 2
cells were defined as having an I, evoked by step from —90
to —40 mV greater than 15% of the maximal inward current
and were discarded. The remaining cells were then voltage
clamped at +40 mV to measure currents through VRI. A
holding potential of +40 mV was chosen to minimize
calcium entry, as previous studies have demonstrated that
desensitization of capsaicin evoked currents in dorsal root
ganglion neurons was significantly less at holding potentials
of +40 mV versus a more physiological —60 mV (Piper et
al., 1999). Under our recording conditions VRI1 receptor
desensitization in response to brief capsaicin exposures was
minimal. Three consecutive applications of 10 uM capsaicin
applied 3 min apart produced currents 102+10 and
106 +20% of the first application (n=06). Cells were exposed
to drugs via a series of flow pipes positioned about 200 um
from the cells. Drug solutions were switched using a Warner
SF 77B rapid solution exchanger, which produced solution
exchange times of less than 100 ms.

Data analysis

Currents produced by AEA and other test drugs were
normalized to the currents produced by maximally effective
concentrations of capsaicin (10—30 uM) in the same cells.
Concentration response relationships were constructed using
either consecutive or cumulative addition of 2—3 concentra-
tions of a single agonist to each cell. Normalized concentra-
tion-response data was pooled and fitted to a logistic
equation using the software package GraphPad Prism v.3.
Significant differences between means were tested, using a
paired or unpaired, two tailed Student’s t-test as noted. All
data are expressed as mean=s.e.mean unless otherwise
indicated.

Drugs and chemicals
Capsaicin, capsazepine and anandamide (in water soluble

emulsion) were from Tocris Cookson (Bristol, U.K.). R-1
Methanandamide and AM404 were from Cayman Chemical
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Company (Ann Arbor MI, U.S.A.)). BSA and trypsin
inhibitor (chicken egg white ovomucoid, type II-O) were
from Sigma Australia. Papain and Collagenase were from
Worthington Biochemical Corporation (Freehold, NJ,
U.S.A.). Buffer salts were from either BDH or Sigma.
SR141716A (N-piperidino-5-(4-chlorophenyl)-/-(2,4-dichloro-
phenyl)-4-methyl-3-pyrazole carboxamide) was kindly do-
nated by Sanofi Recherche. OL-53 (1-(oxazolo[4,5-b]pyridin-
2-yl)-1-ox0-6-phenylhexane (Boger er al., 2000) was kindly
donated by Dr Dale L. Boger (The Scripps Research
Institute, La Jolla, CA, U.S.A.).

Results
Anandamide activates VRI receptors in sensory neurons

Application of AEA (30 nM—100 uMm) to Type 1 trigeminal
neurons voltage clamped at +40 mV resulted in outward
currents in 56 of 61 cells (see Methods). All of these cells
subsequently responded to the VRI1 agonist capsaicin. The
activation of outward currents by AEA was relatively slow,
and could take up to 2 min to reach a steady state (Figure
la). Wash of AEA from cells was also very slow (taking up
to 15 min) and could only be achieved by washing the cells
with buffer containing BSA (0.05%, data not shown).
Inclusion of BSA (0.05% in the perfusion buffer containing
AEA resulted in a dramatic reduction of the effectiveness of
AEA (1-10 uMm, P<0.005), but not capsaicin (100 nM—
10 uM), to activate outward currents in sensory neurons
(Figure 2, n=06 for each). The currents induced by capsaicin
(10 uMm) in the presence of BSA were 3300+ 500 pA (n=38) in
the absence of BSA they were 28004450 (n=9).

Outward currents produced by AEA (30 uM) were
completely blocked following a 2 min pre-application of the
vanilloid receptor antagonist capsazepine (30 uM Figure 3a,
n=6). AEA is also an agonist at the cannabinoid CBI
receptor and we examined whether the CB1 receptor activity
of AEA played any role in the AEA-induced activation of
VRI1. The CBI1 antagonist SR141716 (1 uMm) was applied
2 min before the co-application of SR141716 and AEA
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Anandamide, 100 uM
N

Figure 1 Anandamide activates outward currents in capsaicin-
sensitive mouse trigeminal sensory neurons. Selected trigeminal
neurons were voltage clamped at +40 mV, as described in Methods.
Superfusion of AEA (100 um) produced a slowly developing outward
current that reversed slowly on wash. Subsequent superfusion of
capsaicin produced a large, rapidly developing outward current in the
same neuron. This experiment is typical of 56 small trigeminal
neurons challenged with both AEA and capsaicin, five additional
cells did not respond to either agonist.
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Figure 2 The activity of anandamide, but not capsaicin, is
antagonized by bovine serum albumin. Trigeminal sensory neurons
were voltage clamped at +40 mV and superfused with anandamide
and capsaicin in the presence or absence of 0.05% BSA. (a)
Concentration-response relationships for AEA in the absence and
presence of BSA (0.5 mg ml~!). BSA strongly inhibited the outward
currents produced by submaximally effective concentrations of AEA.
Each point represents the mean+s.e.mean of six cells, the currents
produced by AEA were normalized to that produced by 10 um
capsaicin. (b) Concentration-response relationships for capsaicin in
the absence and presence of BSA (0.5 mg ml~'). Capsaicin currents
were not affected by the inclusion of BSA. Each point represents the
mean+s.e.mean of six cells.

(10 um). The addition of the CBI antagonist did not alter
outward currents produced by AEA (Figure 3b, n=06).
Superfusion of SR141716 (1 uM) and capsaicin (300 nM)
after a 2-min pre-incubation with SR141716 (1 um) produced
an outward current that was similar to that produced by
superfusion of 300 nM capsaicin alone in the same cells
(Figure 3c). Superfusion of SR141716 alone did not produce
any currents.

Anandamide has a lower maximum effect than capsaicin
at VRI receptors in trigeminal neurons

The relative efficacy and potency of AEA and capsaicin at
VR1 in mouse trigeminal neurons was investigated by
constructing concentration-response curves, as outlined in
the Methods. Capsaicin activated VR1 with an ECsy of
300 nMm (pECsy 6.3+0.1) with maximal capsaicin currents
observed at 10-30 um (Figure 4). AEA activated VRI1
currents were normalized to maximum currents induced by
capsaicin (10—30 uM) in the same cell. AEA activated
VRI1 currents with an ECsy of 3 um (pECsq 5.34+0.1,
Figure 4). The maximum outward current produced by
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Figure 3 Anandamide acts via vanilloid and not cannabinoid
receptors to produce outward currents in mouse trigeminal neurons.
Trigeminal sensory neurons were voltage clamped at +40 mV and
superfused with AEA and capsaicin alone or in the presence of the
VR1 antagonist capsazepine or the CBIl receptor antagonist
SR141716. (a) Representative trace showing that capsazepine
(30 um) blocks AEA-induced outward currents in a AEA and
capsaicin-sensitive neuron. Typical of six similar experiments. (b)
Summary data of the effect of a 2-min preincubation of SR141716 on
currents induced by AEA (10 um). The currents were normalized to
those produced by 10 uM capsaicin, each bar represents the
mean +s.e.mean of six cells. (¢) Summary data of the effect of a 2-
min preincubation of SR141716 on currents induced by capsaicin.
The same cells were challenged with capsaicin, then superfused with
SR141716 and rechallenged with SR141716+ capsaicin. The bars
represent the mean +s.e.mean of six cells.

AEA (30-100 umM) was 38+2% of the maximal capsaicin
response.

We also examined the effects of the cannabinoid analogues
methanandamide and AM404 on VR1 receptors in trigeminal
neurons. Superfusion of methanandamide or AM404 pro-
duced concentration-dependent outward currents at +40 mV
in trigeminal neurons, although both compounds were less
potent than AEA or capsaicin (Figure 5a). The maximal
current produced by methanandamide was similar to that of
AEA (37+6% of the capsaicin maximum). The outward
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Figure 4 Anandamide activation of VRI is concentration-depen-
dent, but less efficacious than capsaicin. Selected trigeminal neurons
were voltage clamped at +40 mV, as described in Methods.
Concentration-response curves for capsaicin and AEA to activate
VRI in trigeminal neurons. In each cell, capsaicin or AEA responses
were normalized to that produced by 10—30 uM capsaicin in that cell.
The ECs, for capsaicin was 300 nMm, for AEA 3 uM. AEA produced
maximal currents 38 +2% of maximal capsaicin currents. Each point
represents the mean+s.e.mean of at least six cells, error bars are

currents produced by highest concentration of AM404 tested
was 55+9% of that produced by high concentrations of
capsaicin, and was significantly greater than the maximum
currents produced by AEA or methanandamide (P<0.002,
Figure 5a). A 2-min preapplication of capsazepine (30 uM,
Figure Sb) significantly attenuated the currents produced by
methanandamide (100 uM, currents were 27% of control
methanandamide currents, n=35, P<0.01, unpaired z-test,
Figure 5c¢) and AM404 (100 um, currents were 0.1% of
control AM404 currents, n=5, P<0.01, unpaired z-test,
Figure 5c).

Anandamide is a partial agonist at VRI receptors in
trigeminal neurons

Preceding experiments suggest that anandamide acts as a
partial agonist at VRI1 receptors in sensory neurons. To
explicitly test this, cells were exposed to 3 uM capsaicin,
followed by co-application of 30 uM AEA + capsaicin (3 uM)
(Figure 6a). Co-application of AEA with capsaicin signifi-
cantly reduced the currents produced by capsaicin (n=6,
P<0.01, paired t-test, Figure 6b). Subsequent application of
3 uM capsaicin following wash of AEA produced similar
currents to the first application, indicating that decrease in
current produced by AEA was not simply due to VRI
desensitization (Figure 6a). Co-application of methananda-
mide (100 um) or AM404 (100 um) with capsaicin (3 uM)
produced similar results (n=5-6 for each, Figure 6b). These
results confirm that AEA, and related analogues methanan-
damide and AM404 act as partial agonists at native mouse
VRI1 receptors.

Discussion

This study demonstrates that the endogenous cannabinoid
anandamide acts as a partial agonist at native VR1 receptors
in mouse trigeminal ganglion neurons. This conclusion is
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Figure 5 Anandamide analogs methanandamide and AM404 acti-
vates VR1 in sensory neurons. Trigeminal sensory neurons were
voltage clamped at +40 mV and superfused with methanandamide or
AM404 and the currents produced compared with capsaicin (10 pm).
(a) Concentration-response curves for methanandamide and AM404 to
activate outward currents in trigeminal neurons, each response was
normalized to that produced by 10—30 uM capsaicin in the same cell.
Methanandamide produced maximum currents of 37+ 6% of maximal
capsaicin currents, at the highest concentration of AM404 tested the
currents were 55+9% of the capsaicin maximum. Each point
represents the mean +s.e.mean of at least six cells. (b) Representative
trace showing that capsazepine (30 uM) blocks most of the
methanandamide-induced outward currents in a capsaicin-sensitive
neuron. (¢) Summary data of the effect of a 2-min preincubation of
capsazepine (30 um) on currents produced by methanandamide
(100 um) and AMA404 (100 puMm), determined as illustrated in (b).
Capsazepine significantly (P<0.01) blocked the currents produced by
both agonists. Outward currents were normalized to those produced by
10 pum capsaicin, each bar represents the mean +s.e.mean of six cells.

based on two main findings. Firstly, the currents induced by
maximally effective concentrations of AEA were only about
40% of those induced by high concentrations of capsaicin.

Secondly, co-superfusion of high concentrations of AEA
significantly reduced the currents produced by a high
concentration of capsaicin. Two AEA analogues, methanan-
damide and AM404, also appear to be partial agonists at
VRI1 receptors in trigeminal ganglion neurons. A previous
study demonstrated that AEA apparently had a substantially
lower efficacy than capsaicin to activate single VR1 channels,
but the effectiveness of the two substances were not directly
compared (Hwang et al., 2000). This study provides the first
direct comparison of the efficacy of AEA and capsaicin at
native VRI1 receptors and the results suggest that previous
uncertainty about its efficacy may have resulted, at least in
part, from the indirect methods used to measure VRI
activation.

The effects of capsaicin, AEA and AM404 were completely
inhibited by capsazepine. Although capsazepine has been
reported to inhibit /¢, and calcium release activated currents
(Icrac) with an ECsg of less than 10 uM (Docherty et al.,
1997; Fischer et al., 2001), these currents are not directly
activated by vanilloid agonists, nor is their activity likely to
contribute significantly to background currents recorded at a
holding potential of +40 mV. The effects of capsaicin, AEA
and AM404 were thus likely mediated via VR1 receptors. The
effects of methanandamide were largely (>70%) but not
completely inhibited by capsazepine. It is possible that
capsazepine does not fully compete with the methanandamide
binding site on VRI, although there is no other evidence that
methanandamide activates VR1 at a site distinct from AEA
or capsaicin. We have preliminary data from mice in which
the VRI receptor has been deleted which indicate that high
concentrations of methanandamide produce a small, capsa-
zepine-insensitive outward current in the same population of
cells as examined in this study (Roberts, Christie & Connor,
unpublished observations). The nature of this additional
current is under investigation.

Although VRI can be activated by a number of very
different stimuli such as heat, low pH and vanilloids
(Tominaga et al., 1998), AEA and capsaicin appear to share
a binding site on VRI1 that is at least partially distinct from
regions of the receptor that mediate activation by heat or pH
(Jordt & Julius, 2002). Thus the partial agonist properties of
AEA with respect to capsaicin are not likely to arise from a
distinct mechanism of VRI1 activation by the two agonists,
but reduced capacity of AEA to promote the conformational
change in VR1 necessary for activation of the channel.

Anandamide was identified as a VR1 agonist through its
ability to cause a capsazepine-sensitive relaxation of visceral
blood vessels, a process mediated by VRI1-dependent release
of the neuropeptide CRGP from sensory neuron nerve
terminals (Zygmunt et al., 1999). Capsaicin, AEA and
methanandamide each produced complete relaxation of the
preconstricted blood vessels, but electrophysiological experi-
ments with the cloned VRI receptors expressed in HEK293
cells and Xenopus oocytes led the authors to estimate the
efficacy of AEA at about 30-50% of that of capsaicin
(Zygmunt et al., 1999), and methanandamide as an even
lower efficacy agonist. As discussed by Zygmunt et al. (1999),
the simplest explanations for the differences between the
agonist efficacies in native tissues and at the cloned receptors
was that in the native tissues there could be a significant
receptor reserve for VR1-dependent relaxation, a significant
cellular amplification of the VRI1 receptor activation and/or
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Figure 6 Anandamide, methanandamide and AM404 inhibit cap-
saicin-stimulated VRI1 currents. Trigeminal sensory neurons were
voltage clamped at +40 mV and superfused with capsaicin (3 um)
alone until the outward current reached a steady state and then AEA
(30 uM), methanandamide (100 um) or AM404 (100 um) were co-
superfused with capsaicin. (a) An example trace illustrating the effects
of co-superfusion of AEA (30 um) with capsaicin (3 pMm). Approxi-
mately 4 min of wash have been removed for clarity. This is typical
of six cells. (b) Bar chart summarizing the effect of co-superfusion
AEA, methanandamide and AM404 on the currents induced by
capsaicin. Each drug significantly (P<0.01) reduced the capsaicin
(3 uMm) current. Each bar represents the mean +s.e.mean of 5—6 cells.

proteins associated with native VR1 receptors that changed
their responses to AEA and analogues. Later studies have
shown that AEA can be as efficacious as capsaicin in
activating VR1-dependent processes in some (Ralevic er al.,
2001), but not all sensory nerves (Tucker et al., 2001). We
have used a direct measurement of VRI activation to
conclude that AEA is a partial agonist; determining the
current passed by the AEA-activated VR1 channel.

The studies reporting high efficacy for AEA at recombinant
human (Smart et al., 1999; De Petrocellis ez al., 2000) or rat
(Ralevic et al., 2001) VR1 have used indirect measures of
channel activity, usually elevation of total [Ca>*]; following
stimulation of VR1 in HEK293 or CHO cells. There are
several possible explanations for the apparently higher
efficacy of AEA at VRI expressed in heterologous expression
systems, and these are essentially the same as those advanced
by Zygmunt et al. (1999), and outlined above. Firstly, VR1
pharmacology may differ between HEK293 or CHO cells and
native sensory neurons, and AEA may be a full agonist at
VRI in these cells. Although expression of VRI by itself is
sufficient to form a heat and capsaicin activated channel
(Caterina et al., 1997), native sensory neurons likely contain
other transient receptor potential-superfamily channels that
interact with VR1 and may give rise to a native pharmacol-
ogy different to that of VRI1 expressed in heterologous

systems (Smith ez al., 2002). However, as the binding site for
AEA and capsaicin on VR1 appears to be the same (Jordt &
Julius, 2002), it is likely that AEA and capsaicin potency and
efficacy would change in parallel across different systems.
Differences in post-translational modification such as glyco-
sylation could also lead to differences in channel properties in
sensory neurons vs cell lines or oocytes (Kedei et al., 2001).

A second difference between the present study and those
that utilize indirect measurements of VRI1 activity is that
there is likely to be significant signal amplification in these
studies. Activation of VR1 will produce an elevation of
[Ca?*]; that is an integrated signal from a number of
processes, only some of which are directly proportional to
initial agonist activation of VR1. VRI1 activation will lead to
Ca’?" entry via plasma membrane VRI channels, and also
Ca?* release from intracellular stores in the endoplasmic
reticulum, where functional VR1 is located in both sensory
neurons and cells heterologously expressing VR1 (Jahnel et
al., 2001; Olah et al., 2001b). The release of Ca®>" from the
intracellular stores will likely stimulate Ca**-permeable
plasma membrane channels that are expressed in HEK-293
cells (Wu et al., 2000; 2002), and perhaps further release of
Ca’" by Ca’"-mediated stimulation of phospholipase C.
These processes will amplify the initial Ca®>" signal through
VRI1. Considering this, it is notable that the ECs, for
capsaicin in the indirect assays of VRI activation is generally
of the order of 10—80 nM (Smart et al., 2000; Szallasi et al.,
1999; De Petrocellis et al., 2000; Jerman et al., 2000; Ralevic
et al., 2001), which is up to 50 times less than the potency for
capsaicin to maximally activate VRI1 currents at the
recombinant receptor expressed in the same cells (100—
600 nM, Tominaga et al., 1998; Gunthorpe et al., 2000; Shin
et al., 2001). Interestingly, when the capsaicin-mediated
elevation of [Ca®"]; was determined during the first 10-20 s
of the drug exposure, a time when signal amplification and
receptor desensitization is likely to be minimized, capsaicin’s
potency for elevating [Ca®*]; was essentially identical to that
for activating VR1 currents (350 v 200 nM) in the same cells
(Mclntyre et al., 2001). Unless there is considerable signal
amplification or saturation of the Ca?* reporter system, it is
difficult to understand how maximum elevations of [Ca’"];
can be achieved at concentrations of agonist significantly
lower than those which result in maximum ligand-dependent
activation of VR1 currents.

Another study compared radioligand binding and “Ca*"-
uptake in CHO cells transfected with rat VR1 and concluded
that AEA and AM404 were low potency, low efficacy VRI
agonists, despite AEA and AM404 producing a similar
maximal **Ca®" -uptake to capsaicin and resiniferatoxin (Ross
et al., 2001). Methanandamide was virtually inactive in
stimulating “Ca’"-uptake. Similar results for AEA were
obtained in a study of *Ca?*-uptake in dorsal root ganglion
cells and various heterologous systems (Olah er al., 2001a),
but in these experiments AEA was only substantially active at
low pH (less than 6.5), which is in contrast to the present
findings.

The results of this study have also reinforced the role of
another possible confounding factor in determining AEA
potency and efficacy, namely the influence of serum albumin
on AEA responses. BSA is routinely used in many
laboratories, including ours, to inhibit the non-specific
absorption of drugs to glass and plastic. However, BSA has
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long been known to be a carrier protein for fatty acids,
particularly the AEA precursor arachidonic acid (Spector,
1975), and it seems likely that BSA also sequesters AEA (Di
Marzo et al., 1994). Consistent with this, addition of BSA to
assay buffer dramatically inhibits AEA stimulated increases
in [Ca®"]; in VR1-expressing HEK-293 cells (De Petrocellis et
al., 2001). BSA at concentrations from 0.1% to 0.5% has
been included in the assay buffers of virtually all studies that
have examined the effects of AEA on VRI1 or CBI1 receptors,
and this is likely to have resulted in a significant under-
estimation of both the potency and efficacy of AEA at its
effectors (e.g. Burkey et al., 1997; Twitchell et al., 1997; Glass
& Northup, 1999; Smart et al., 2000; Olah et al., 2001a;
Tognetto et al., 2001). The routine inclusion of a functional
antagonist of AEA in indirect assays of AEA activity further
underscores the likelihood of significant signal amplification
in the assays of [Ca®"]; which utilized 0.2% BSA. We were
only able to obtain a significant reversal of AEA responses in
trigeminal neurons if BSA was included in the wash buffer
(data not shown), similar to a recent study examining the
effect of AEA on TASK-1 K channels (Maingret ef al., 2001).
The extremely slow reversal of AEA currents in HBS without
BSA suggested that under our recording conditions AEA
metabolism in sensory neurons was minimal. This could be
due to low levels of the principal enzyme responsible for
AEA degradation, fatty acid amide hydrolase (FAAH,
Cravatt et al., 1996; PNAS), in sensory neurons or low
FAAH activity at room temperature. The potent inhibitor of
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