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The myriad functions of lipids as signalling molecules is one of the most interesting fields in contemporary pharmacology,
with a host of compounds recognized as mediators of communication within and between cells. The N-acyl conjugates of
amino acids and neurotransmitters (NAANs) have recently come to prominence because of their potential roles in the nervous
system, vasculature and the immune system. NAAN are compounds such as glycine, GABA or dopamine conjugated with long
chain fatty acids. More than 70 endogenous NAAN have been reported although their physiological role remains uncertain,
with various NAAN interacting with a low affinity at G protein coupled receptors (GPCR) and ion channels. Regardless of their
potential physiological function, NAAN are of great interest to pharmacologists because of their potential as flexible tools to
probe new sites on GPCRs, transporters and ion channels. NAANs are amphipathic molecules, with a wide variety of potential
fatty acid and headgroup moieties, a combination which provides a rich source of potential ligands engaging novel binding
sites and mechanisms for modulation of membrane proteins such as GPCRs, ion channels and transporters. The unique
actions of subsets of NAAN on voltage-gated calcium channels and glycine transporters indicate that the wide variety of
NAAN may provide a readily exploitable resource for defining new pharmacological targets. Investigation of the physiological
roles and pharmacological potential of these simple lipid conjugates is in its infancy, and we believe that there is much to be
learnt from their careful study.

Abbreviations
Abn-CBD, abnormal cannabidiol; COX2, cyclooxygenase 2; FAAH, fatty acid amide hydrolase; GAT1, g-amino butyric
acid transporter 1; GLYT1, glycine transporter 1; GLYT2, glycine transporter 2; GPCR, G protein coupled receptor; ICa,
voltage gated calcium channel current; NAc-Tau, N-acyl taurine; NAAN, N-acyl amino acid/neurotransmitter; NA-Ala,
N-arachidonoyl alanine; NA-DA, N-arachidonoyl dopamine; NA-GABA, N-arachidonoyl g-amino butyric acid; NA-Gly,
N-arachidonoyl glycine; NA-Ser, N-arachidonoyl serine; NA-5HT, N-arachidonoyl serotonin; NA-Tau, N-arachidonoyl
taurine; NO-DA, N-oleoyl dopamine; NP-DA, N-palmitoyl dopamine; NP-Gly, N-palmitoyl glycine; NS-DA, N-stearoyl
dopamine; PGH2-Gly, prostaglandin H2-glycine; TRP, transient receptor potential channel; TRPM8, transient receptor
potential melastatin 8 receptor; TRPV1, transient receptor potential vanilloid 1 receptor; TRPV4, transient receptor
potential vanilloid 4 receptor

Introduction

The myriad functions of lipids as signalling mol-
ecules has emerged as one of the most interesting

fields in contemporary pharmacology, with a host of
compounds being recognized as mediators of com-
munication within and between cells (Piomelli
et al., 2007). Much attention has been focussed on
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the synthesis, catabolism and cellular effects of lipid
ligands for the cannabinoid CB1 G protein coupled
receptor (GPCR). The first endogenous ligand iden-
tified for this receptor, N-arachidonoyl ethanola-
mide (anandamide, Devane et al., 1992), represents
the prototype for the N-acyl ethanolamides, a large
family of lipid signalling molecules which vary in
hydrocarbon chain length and saturation (Di Marzo
et al., 1994). Recently, another family of molecules
has been identified in mammals which differ from
anandamide in that rather than ethanolamide, com-
pounds such as glycine, GABA or dopamine are
linked to fatty acids to form N-acyl amino acid/
neurotransmitter (NAAN) conjugates. More than 70
endogenous NAAN have been reported from
mammals (Huang et al., 2001, 2002; Chu et al.,
2003; Milman et al., 2006; Saghatelian et al., 2004;
2006; Rimmerman et al., 2008; Bradshaw et al.,
2009b; Tan et al., 2010). The structures of a subset of
these compounds are presented in Figure 1. Most
NAAN are differentially distributed in the body,
several undergo hormonal regulation of their levels
in the brain (Bradshaw et al., 2006) and they have a
range of biological activities in the nervous system,
vasculature and immune system although the func-
tional effects of many recently identified NAAN
remain unexplored. In addition to their physiologi-
cal roles, NAAN are interesting because of their
potential as flexible pharmacological tools to probe
new sites on GPCRs, transporters and ion channels
(Table 1). NAAN effects have been studied for some
time in invertebrates and plants; we will restrict our
discussion to NAAN that have been found in
mammals.

Physical properties of NAAN

The physical properties of NAAN need to be kept in
mind when considering their functional properties.
NAAN are amphiphiles, consisting of a hydrocarbon
tail and a polar head group (Figure 1). The head
group may be charged (e.g. N-arachidonoyl glycine,
NA-Gly) or neutral [e.g. N-arachidonoyl dopamine
(NA-DA)]. The hydrocarbon tail of NAANs allows
them to intercalate into cell membranes, potentially
altering the biophysical properties of the mem-
branes, much as detergents do, and like detergents,
NAAN could affect the functional properties mem-
brane proteins this way. Headgroup charge means
some NAAN may also potentially affect ion channel
function through surface charge screening effects at
high concentration, and it will also affect their pro-
pensity to penetrate into membranes; however,
neither detergent or charge effects of NAAN has
been explicitly examined. The best studied NAAN

effects are on transient receptor potential vanilloid 1
receptors (TRPV1), the glycine transporter GLYT2
and T-type calcium channels (ICa) and these effects
are inconsistent with simple perturbation of mem-
brane properties. In the cases of GLYT2 and T-type
ICa the effects of the NAAN point to the existence of
novel sites on channels and transporters that have
the potential to be manipulated by pharmacological
means (Figure 2).

Additional important considerations in distin-
guishing between specific interactions between
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Figure 1
Structures of N-acyl amino acid/neurotransmitter (NAAN). The pro-
totypical NAAN, N-arachidonoyl glycine (NA-Gly) is shown with the
tail and head groups circled. The various NAAN differ in the length
and degree of saturation of the hydrophobic acyl tail group. NA-Gly
is closely related to anandamide, with the only difference being that
NA-Gly has a carboxyl group compared with a hydroxyl group on
anandamide. Other amino acid or neurotransmitter head groups are
also shown.
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NAAN and potential targets and non-specific
membrane effects are the concentration the NAANs
produced and the accessibility of the compounds to
their potential site of action. While amounts of
NAAN present in a variety of tissues has been
reported by several investigators (see next), no
attempt has been made to estimate the free concen-
trations of the compounds, and as yet there is no
indication where NAAN are found within cells, or
whether they are released from cell membranes.
One potential difficultly in accurately estimating
effective concentrations of NAAN both in vivo and in
in vitro experiments is that these compounds will
form micelles and have an inherent propensity to be
incorporated in lipid membranes. The critical
micelle concentration for NAANs is likely to be in
the range of 30–100 mM, making any observed
effects in this concentration range difficult to inter-
pret. In the following review, we will briefly discuss
how NAAN are produced, describe the apparent
physiological actions of a number of NAAN and
consider how they may interact with and manipu-
late receptors, channels and transporters.

Biosynthesis and metabolism of NAAN

The mechanisms responsible for the formation and
degradation of NAAN are not completely defined
and a full review of these areas is beyond the scope
of this article. Two major types of biosynthetic route
have been proposed for NAAN. The first is the con-
jugation of the amino acid/neurotransmitter with
arachidonic acid or arachidonoyl coenzyme A, the

second is the sequential modification of a precursor
fatty acid conjugate to form the final NAAN.
Examples of each route have been described for the
formation of N-acyl glycines (Huang et al., 2001;
Merkler et al., 2004; McCue et al., 2008; Aneetha
et al., 2009) and been suggested for NA-DA (Huang
et al., 2002), although it seems likely that NA-DA is
formed predominantly through FAAH-mediated
condensation (Hu et al., 2009). There is some evi-
dence for differential cellular distribution of the dis-
tinct pathways for NA-Gly synthesis in different cell
types (Bradshaw et al., 2009a) and the physiological
regulation of NAAN synthesis is a topic of intense
investigation.

The metabolism of NAAN is likely to be more
complex, with at least three major types of meta-
bolic pathways identified. The first of these is
hydrolysis by fatty acid amide hydrolase (FAAH) to
produce the free fatty acid and neurotransmitter/
amino acid. FAAH is the major enzyme responsible
for terminating the action of anandamide (Cravatt
et al., 1996), and it may serve as a primary source of
arachidonic acid for the biosynthesis of some NAAN
(Bradshaw et al., 2009a). The other two major types
of metabolism are modification of the acyl moiety
or the NAAN headgroup. Many enzymes modify
fatty acid groups, while each amino acid/
neurotransmitter potentially has its own series of
metabolic enzymes. There is significant potential for
NAAN interaction with metabolic enzymes to con-
tribute significantly to the biological activity of the
NAAN, either via enzyme inhibition or a change in
the target profile of the metabolite.

N-acyl glycine

N-arachidonoyl glycine is the carboxylic acid con-
gener of anandamide and was originally synthesized
as part of a study of anandamide structure-activity
relationships at the CB1 receptor (Sheskin et al.,
1997). It is the simplest N-arachidonoyl amino acid
and was the first identified in mammals (Huang
et al., 2001). Endogenous NA-Gly is not uniformly
distributed in the body, with highest levels found in
the spinal cord and small intestine (~140 pmol g-1

dry tissue weight), lower levels in brain, kidney and
skin (~80–100 pmol g-1) and very low levels in the
heart (<5 pmol g-1, Huang et al., 2001). N-oleoyl
glycine (NO-Gly) was postulated as an intermediate
in the synthesis of oleamide (Merkler et al., 2004)
and is most abundant in skin and lung. N-palmitoyl
glycine (NP-Gly), N-stearoyl, N-linoleoyl and
N-docosahexaenoyl glycine are most abundant in
skin and/or lung (Rimmerman et al., 2008; Brad-
shaw et al., 2009b), with levels up to 10-fold higher

Eg: CB1 receptor                Ca2+ channel GLYT2 transporter 

Figure 2
Potential sites of action for N-acyl amino acid/neurotransmitter
(NAAN) on receptors, channels and transporters. A variety of sites has
been proposed for NAAN binding to membrane proteins, some
possible ones are illustrated here. Very little is known about NAAN
interactions with G protein coupled receptors (GPCRs), but some
possibilities are that the NAAN may disrupt lipid packing at the
GPCR-lipid interface and alter the dynamics of protein signaling. The
head group may provide specificity, while the lipid tail may alter
membrane dynamics. Both inhibitory and stimulatory binding sites
have been proposed for Ca2+ channels. NAAN may diffuse through
the membrane to interact with intracellular binding sites of ion
channels and alter the kinetics of channel function. NAAN may bind
to extracellular recognition sites of transporters and alter the confor-
mational changes associated with the transport process.
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than that of NA-Gly, and NP-Gly is also found in
appreciable amounts in spinal cord and intestine.

NA-Gly metabolism potentially provides links
with its biological activities. NA-Gly is metabolized
by COX-2 to prostaglandin H2-glycine (PGH2-Gly;
Burstein et al., 2000; Prusakiewicz et al., 2002) and
by FAAH to arachidonic acid and glycine. The cata-
lytic efficiency of COX-2 for the generation of PGH2-
Gly is only 10% of that for the production of PGH2

from arachidonic acid while FAAH hydrolizes
NA-Gly much more slowly than its principal sub-
strate, anandamide. Thus, NA-Gly may be thought
of as an endogenous inhibitor of both COX-2 and
FAAH (Prusakiewicz et al., 2002; Cascio et al., 2004),
although the biological significance if this remains
to be demonstrated.

In vivo effects
Anti-nociception is the most intensively studied
biological effect of NA-Gly. Systemic or local admin-
istration of NA-Gly reduces responses to a noxious
thermal stimulus in mouse (Burstein et al., 2000;
Barbara et al., 2009) and local administration of
NA-Gly into mouse paw inhibits nociceptive behav-
iours produced by co-injection of formalin (Huang
et al., 2001). Intrathecal administration of NA-Gly
partially reverses mechanical allodynia and thermal
hyperalgesia produced by paw inflammation (Succar
et al., 2007) and also partially reverses mechanical
allodynia produced by chronic spinal nerve ligation
(Vuong et al., 2008).

The mechanism underlying the thermal anti-
nociceptive effect of locally applied NA-Gly is likely
to involve inhibition of T-type ICa (Barbara et al.,
2009; Ross et al., 2009), specifically CaV3.2 (Barbara
et al., 2009). When injected into the paw, NA-Gly
increases the paw withdrawal latency to a noxious
thermal stimulus, and this effect is abolished in
CaV3.2 knockout mice (Barbara et al., 2009). The
mechanism(s) responsible for the antinociceptive
effects of NAGly administered via different routes or
in other animal pain models remain unknown. For
example, while NA-Gly can inhibit FAAH and
enhance anandamide levels when administered sys-
temically (Burstein et al., 2002), the anti-nociceptive
effects of intrathecally administered NA-Gly were
not blocked by either CB1 or CB2 receptor antago-
nists (Succar et al., 2007; Vuong et al., 2008), ruling
out direct or indirect roles of these receptors. NP-Gly
also has in vivo actions consistent with an anti-
nociceptive activity; injection of NP-Gly into in the
paw of anaesthetized rats inhibits the activation of
dorsal horn neurons by noxious thermal stimuli
applied to the paw (Rimmerman et al., 2008).

NA-Gly has also been tested in a variety of in vitro
and in vivo assays of inflammation and immune cell

function. NA-Gly reduces proliferation of stimu-
lated human T lymphocytes and modestly sup-
presses interleukin1b release from mononuclear
cells (Burstein et al., 2000). Several glycine series
NAANs, including NA-Gly and NO-Gly (but not
NP-Gly), also reduce proliferation of macrophage
RAW 264.67 cells and have anti-inflammatory
effects in a range of in vivo assays. The mechanisms
underlying these effects remain to be determined
(Burstein et al., 2007) but possible sites of action
include COX-2 (Prusakiewicz et al., 2002) and per-
oxisome proliferator-activated receptors, a recently
described target of endo- and phyto-cannabinoids
(O’Sullivan, 2007).

N-arachidonoyl GABA

N-arachidonoyl GABA (NA-GABA) was also synthe-
sized as an anandamide congener (Burstein et al.,
2000) before its isolation from brain tissue (Huang
et al., 2001). NA-GABA levels are generally similar to
those of NA-Gly, although they differ about twofold
between brain regions and modestly across the
oestrus cycle in rats (Bradshaw et al., 2006). Unlike
NA-Gly, no NA-GABA is found in the pituitary
(Bradshaw et al., 2006). NA-GABA has very modest
anti-nociceptive effect after systemic administration
(Burstein et al., 2000) but lacks anti-nociceptive
activity in a rat inflammatory pain model after
intrathecal administration (Succar et al., 2007). The
NA-GABA analog NA-GABA-OH is an effective
inhibitor of thermal nociception when adminis-
tered locally into mouse paw (Barbara et al., 2009).

N-arachidonoyl alanine

N-arachidonoyl alanine (NA-Ala) was isolated from
brain tissue along with NA-Gly and NA-GABA
(Huang et al., 2001). Like NA-GABA, NA-Ala did not
produce anti-nociception in a model of inflamma-
tory pain in rat (Succar et al., 2007), and is a very
weak inhibitor of FAAH (Cascio et al., 2004). N-acyl
alanines are active in the assays of RAW 264.7 cell
function and a subset of the in vivo assays of inflam-
mation described in Burstein et al. (2007) but the
mechanisms underlying these effects are unknown.
The reported cellular actions of NA-Ala include
enhancement of N-type ICa (Guo et al., 2008), inhi-
bition of T-type ICa (Barbara et al., 2009) and inhibi-
tion of the glycine transporter, GLYT2 (Wiles et al.,
2006). These effects are similar to those of NA-Gly
and N-arachidonoyl serine (NA-Ser), discussed
below.
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N-acyl dopamine

N-acyl dopamine compounds were first described as
potent inhibitors of 5-lipoxygenase (Tseng et al.,
1992), while N-arachidonoyl dopamine was synthe-
sized as a possible inhibitor of FAAH (Bisogno et al.,
2000). NA-DA was isolated from bovine brain
(Huang et al., 2002) and oleoyl-, palmitoyl- and
stearoyl-dopamine (NO-DA, NP-DA, NS-DA)
reported shortly afterwards (Chu et al., 2003).
NA-DA has a restricted distribution in the brain,
with levels highest in the striatum (~5 pmol g-1 wet
tissue weight) and very low elsewhere (Huang et al.,
2002; Bradshaw et al., 2006). NA-DA has not been
identified outside the brain.

The actions of NA-DA in vivo are strikingly
dependent on the route of administration. Systemic
injection of NA-DA had anandamide-like activity in
mice, producing the classic tetrad of behavioural
signs characteristic of cannabinoid agonists such as
increased immobility in the ring test, decreased
body temperature, reduced locomotor activity and
delayed response to a thermal stimulus (Bisogno
et al., 2000; Bezuglov et al., 2001). However, the
involvement of cannabinoid receptors in these
effects was not explicitly addressed. Systemic NA-DA
also reduces opioid-induced emesis in ferrets via
mechanisms broadly consistent with its actions at
both TRPV1 and CB1 receptors (Sharkey et al.,
2007), but additionally reduces spontaneous motor
activity in via mechanisms partially independent of
TRPV1 or CB1 receptors (Sharkey et al., 2007).

By contrast, when NA-DA or NO-DA is adminis-
tered in the periphery, they generally behave like
the prototypic TRPV1 agonist capsaicin. Injection of
either compound into the hindpaw of rats produces
thermal allodynia (Huang et al., 2002; Chu et al.,
2003) and injection of NO-DA is accompanied by
spontaneous paw lifting and licking. These behav-
iours are blocked by a TRPV1 antagonist (Chu et al.,
2003). Similar results were reported in mouse, where
the sensitizing effects of NO-DA to heat were
strongly reduced in TRPV1 knockout animals
(Szolcsanyi et al., 2004). Consistent with the effects
observed in rodents, both NA-DA and NO-DA pro-
duced thermal allodynia after topical administra-
tion to the tail of monkeys (Butelman et al., 2003,
2004).

N-arachidonoyl serine

NA-Ser was also originally synthesized as an analog
of anandamide (Sheskin et al., 1997) and was iso-
lated from bovine brain by Milman et al. (2006). The
effect of systemic or central nervous system admin-

istration of NA-Ser has not been reported. NA-Ser
has negligible affinity for CB1 or CB2 receptors
(Sheskin et al., 1997; Milman et al., 2006) but a
complex in vitro pharmacology is becoming appar-
ent, as discussed next.

N-acyl taurine

N-acyl taurine (NAc-Tau) conjugates were discov-
ered by comparing the brain metabonome of FAAH
knockout mice with their wild-type controls
(Saghatelian et al., 2004). The concentrations of the
previously unknown acyl-taurine compounds were
elevated by 10 to 100-fold in the FAAH knockouts,
increases at least as great as those seen with the
N-acyl ethanolamides (Saghatelian et al., 2004,
2006). NAc-Taus were subsequently found in liver
and kidney, but the particular species found in the
periphery differed strikingly from brain (Saghatelian
et al., 2006). The predominant species in liver and
kidney were polyunsaturated compounds, including
N-arachidonoyl taurine (NA-Tau, ~20 pmol g-1 liver,
~160 pmol g-1 kidney), while long chain (C22-C24)
saturated and mono-unsaturated species were the
most common in brain (up to 2 nmol g-1, Saghat-
elian et al., 2006). The function(s) of the NAc-Tau
remain largely unexplored, although NA-Tau is a
weak activator of several transient receptor potential
(TRP) channels and an inhibitor of T-type ICa

(Barbara et al., 2009).

Actions of NAAN at GPCR

Anandamide is an agonist for the GPCRs CB1, CB2
and GPR55 (Ross, 2009), with many of its most
important biological effects mediated via the CB1
receptor. Some NAAN may be physiologically rel-
evant GPCR agonists as well, but current data are
sparse and inconsistent. Identifying endogenous
ligands for poorly characterized GPCR can be
fraught, and lipid-related compounds seem particu-
larly prone to cause discordant results (see Seuwen
et al., 2006; Ross, 2009). NAANs are not known to
activate GPR55, but the complexities underlying the
unresolved pharmacology of this receptor should be
kept in mind when attempting to reconcile the pos-
sible GPCR activities of NAAN (Ross, 2009). Impor-
tantly, although there are a significant number of
orphan GPCR (~140, see Harmar et al., 2009), there
are also at least 30 receptors known to be activated
by lipophilic molecules such as lysophosphotidyli-
nositol derivatives, sphingosine-1-phosphate, free
fatty acids, fatty acid ethanolamides, eicosanoids
and related molecules (see Alexander et al., 2009).
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Some of these GPCRs are affected by NAAN, albeit
with modest potency (Williams et al., 2009).

Cannabinoid CB1 and CB2 receptors
NA-DA is the only NAAN that has been directly
shown to be a CB receptor agonist. However, the
affinity of NA-DA and other N-acyl dopamine com-
pounds for CB1 receptors is modest, and there is
little information about their relative potency and
efficacy compared with other cannabinoid receptor
agonists. In binding assays at CB1 receptors, the Ki

for NA-DA is 250–500 nM (Bisogno et al., 2000;
Bezuglov et al., 2001; Chu et al., 2003) while OL-DA
has lower affinity (Ki 1.5 mM, Chu et al., 2003).
NA-DA stimulates calcium mobilization in neuro-
blastoma cells in a manner consistent with activa-
tion of CB1 receptors (Bisogno et al., 2000) and
inhibits GABA release onto dopaminergic neurons
of the substantia nigra via CB1 receptor activation
(Marinelli et al., 2007). The signalling of NA-DA and
other acyl dopamine ligands has not been studied at
recombinant CB receptors, and it is not known
whether OL-DA is a CB1 agonist or antagonist.
NA-Gly has been suggested to act in a CB2 receptor-
dependent manner (Sipe et al., 2005), but a direct
interaction has not been demonstrated.

GPR18 and GPR92
NA-Gly has been reported to be an agonist for
GPR18 (Kohno et al., 2006) and GPR92 (Oh et al.,
2008). GPR18 is expressed in the testis and compo-
nents of the immune system while GPR92 is found
more widely, including in brain and sensory
neurons (Oh et al., 2008). NA-Gly potently (EC50

20 nM) inhibited adenylyl cyclase activity in
GPR18-transfected Chinese hamster ovary (CHO)
cells and enhanced elevations of intracellular
calcium in response to NA-Gly are observed in
several cell lines following GPR18 transfection
(Kohno et al., 2006). However, a recent study using
different bioassays to that of Kohno et al. (2006)
found no activity for NA-Gly at GPR18 (Yin et al.,
2009). NA-Gly effects on native GPR18 have not
been reported.

Several studies that have investigated recombi-
nant GPR92/LPA5 receptor pharmacology have
found relatively weak activation of the receptor by
NA-Gly at concentrations between 1 and 30 mM.
(Oh et al., 2008; Williams et al., 2009; Yin et al.,
2009). Maximal NA-Gly effects were much less than
those produced by other endogenous agonists lyso-
phosphatidic acid and farnesyl pyrophosphate.
Some evidence for NA-Gly activation of native
GPR92 was provided by the observation that eleva-
tions of intracellular calcium in sensory neurons by
NA-Gly were strongly reduced by siRNA targeting

GPR92 (Oh et al., 2008). NA-Gly was reported to be
a weak antagonist of signalling through LPA1, LPA3

and LPA4 receptors and a weak agonist at LPA2 recep-
tors (Williams et al., 2009). NP-Gly stimulates Ca2+

influx in F-11 neuroblastoma hybrid cells by a
mechanism partially sensitive to the inhibitor of G
protein activation pertussis toxin (PTX) and this
effect was not mimicked by NA-Gly (Rimmerman
et al., 2008), implying an action at a site distinct
from GPR18 or GPR92.

GPR119
Oleoyl dopamine is one of a group of lipids which
activate GPR119, a Gs coupled receptor found in
pancreatic islet cells and gut (Chu et al., 2010).
OL-DA promoted insulin secretion from pancreatic
cell lines in vitro and improved glucose tolerance
after oral administration in wild-type mice but not
those with a deletion of GPR119 (Chu et al., 2010).
Intriguingly, NA-DA was inactive at GPR119, as was
N-oleoyl tyrosine, suggesting that ligand recogni-
tion by the receptor involved elements of both the
fatty acid moiety and head group of the NAAN (Chu
et al., 2010).

Unidentified putative GPCR
A putative endothelial cannabinoid receptor, the
Abnormal-cannabidiol receptor (Abn-CBD recep-
tor), mediates several effects including an
endothelium-dependent relaxation of some vascular
beds (Jarai et al., 1999) and inhibition of N-formyl-
methionyl-leucyl-phenylalanine-induced migration
of human neutrophils (McHugh et al., 2008). Anan-
damide, Abn-CBD and O-1602 are agonists at this
receptor while cannabidiol and the related molecule
O-1918 are antagonists. NA-DA, NA-Gly, NA-Ser and
NA-GABA may act at least partially through the
Abn-CBD receptor to produce relaxation of mesen-
teric blood vessels (O’Sullivan et al., 2004; Parmar
and Ho, 2010) while NA-DA also inhibits neutrophil
migration (McHugh et al., 2008). NA-Ser mimics the
biochemical effects of Abn-CBD receptor activation
in human umbilical vein endothelial fibroblasts,
including potentiation of large conductance calcium
activated potassium channel (BKCa) activity and
stimulation of p42/44 mitogen activated protein
kinase and protein kinase B signalling (Milman et al.,
2006). Intriguingly, however, in the assay of neutro-
phil migration NA-Ser was reported to be an Abn-
CBD receptor antagonist (McHugh et al., 2008).
Comprehensive studies comparing the potency and
efficacy of Abn-CBD receptor agonists have not been
reported, so whether NA-Ser is a partial agonist or
perhaps couples to only a subset of possible effector
pathways is unknown. The similar pharmacological
profiles of GPR55 and the Abn-CBD receptor raises
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the possibility that some of the effects of NA-DA or
NA-Ser attributed to activation of the Abn-CBD
receptor are mediated by GPR55, although there is
strong evidence that GPR55 and the Abn-CBD recep-
tor are distinct molecular entities, at least in blood
vessels (Johns et al., 2007).

There may be other GPCR-linked sites of action
for NA-DA and NA-Ser on blood vessels. Both com-
pounds produce relaxation of rat aorta that is PTX-
sensitive but only partially blocked by endothelium
removal. The effects are similar to those produced
through activation the endothelial cannabinoid
receptor, but in this vessel the effects of ananda-
mide, Abn-CBD and NA-Ser are largely insensitive to
the antagonist O-1918 (O’Sullivan et al., 2005;
Milman et al., 2006; Herradon et al., 2007). The sen-
sitivity of NA-DA vasorelaxation in aorta to O-1918
has not been tested, but the data point to the exist-
ence of a GPCR activated by NA-DA and NA-Ser that
is distinct from the Abn-CBD receptor.

Actions of NAAN at transient receptor
potential channels

Transient receptor potential channels are a large
family of cation channels whose various members
can be activated by an enormous range of ligands
and environmental stimuli. Many of the ligands for
TRP channels are lipophilic and include arachidonic
acid-derived molecules such as O-acyl glycerol,
epoxyeicosatrienoic acids and anandamide.

NA-DA, NO-DA and NA-Tau are agonists at TRPV1
(Huang et al., 2002; Saghatelian et al., 2006), while
NA-Gly is not (Huang et al., 2001; Ross et al., 2009).
The reported efficacy and potency of NA-DA and
NO-DA at TRPV1 varies enormously, even among
investigators using superficially similar assays.
NA-DA and NO-DA seem to be partial agonists, with
potencies between that of capsaicin and anandamide
(Huang et al., 2002; Chu et al., 2003; Szolcsanyi et al.,
2004), although no studies have directly compared
the potency of NA-DA or NO-DA with capsaicin in
activating TRPV1 currents. When maximal responses
to NA-DA and capsaicin at human TRPV1 expressed
in CHO cells were normalized to responses produced
by pH activation of the channel, NA-DA had about
50% of the efficacy of capsaicin (Sutton et al., 2005).
An electrophysiological study of NA-DA activation of
native capsaicin receptors in embryonic rat sensory
neurons suggests a somewhat lower efficacy (Prem-
kumar et al., 2004). NA-Tau activation of TRPV1 is
weak, with an EC50 of 30 mM and unknown efficacy
(Saghatelian et al., 2006).

NA-DA activation of TRPV1 depends on the same
region of the channel crucial for conferring sensitiv-

ity to capsaicin and anandamide (Jordt and Julius,
2002; Sutton et al., 2005). Located at the intracellu-
lar interface of transmembrane domain 3 and the
cytoplasm, this region includes the aromatic Y511
and polar S512 residues, both of which are essential
for capsaicin and anandamide gating of the
channel. Access to this site appears to depend on a
minimal degree of saturation as NO-DA (C18:1) is
an agonist while NP-DA (C20:0) is only very weakly
active (Chu et al., 2003; De Petrocellis et al., 2004).
Anandamide may be a less efficacious TRPV1 agonist
than NA-DA, and consistent with this oleamide
appears to be a less efficient TRPV1 agonist than
NO-DA (Ahern, 2003). The omega hydroxylated
metabolites of NA-DA produced by cytochrome
P450 activity retain activity at TRPV1, albeit with a
lower apparent potency (Rimmerman et al., 2009).

Changing the head group alters NAAN activation
of TRPV1. Dopamine conjugates are the most effec-
tive activators of TRPV1, and changes in the sub-
stituents on the benzene ring of NO-DA have effects
that precisely mirror changes made to the benzyl
ring of capsaicin (e.g. Walpole et al., 1993). Shield-
ing the 4-hydroxyl group in the aromatic ring of
NO-DA with a methyl group abolished TRPV1
agonist activity and produced a weak antagonist
(4-MOLDA) but in contrast, N-oleoyl 3-methyl-
dopamine (NA-3MeDA or 3-MOLDA), whose aro-
matic substituents correspond to those of capsaicin,
retained agonist activity (Almasi et al., 2008). The
potency and efficacy of 3-MOLDA were not com-
pared directly with that of NO-DA (Almasi et al.,
2008), but it might be predicted to be a more effi-
cacious agonist than the parent compound. NA-Gly,
a carboxylic acid, does not activate TRPV1, but
NA-Tau, a sulphonic acid, does albeit weakly. It is
not known if NA-Tau interacts with TRPV1 in a
manner analogous to NA-DA or capsaicin.

NA-DA or anandamide activation of recombi-
nant TRPV1 is potentiated by co-application of a
relatively low concentration (100 nM) of NS-DA or
NP-DA, an example of the so-called entourage effect
observed with many endocannabinoids (Fowler,
2003; De Petrocellis et al., 2004). The NS-DA or
NP-DA concentrations that maximally enhanced
TRPV1 activation by NA-DA did not activate TRPV1
by themselves and the stimulatory effect on NA-DA
responses was not dose-related over the concentra-
tion range examined. The mechanism of the entou-
rage effect remains unknown but both compounds
also modestly enhanced pH activation of TRPV1,
suggesting that they may be having a general effect
on TRPV1 gating, possibly by acting at the uniden-
tified regions of TRPV1 that mediate a residual cap-
saicin effect on pH gating of the channel after
inactivating mutations in the primary capsaicin
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binding domain (Sutton et al., 2005). The low con-
centrations at which NS-DA and NP-DA were effec-
tive, together with the in vivo evidence for the
physiological relevance of entourage effects of acyl
ethanolamides suggest that the phenomena war-
rants further study on TRPV1 and other channels
modulated by NA-DA.

NA-Tau has been reported to activate calcium
entry through the transient receptor potential vanil-
loid 4 receptor (TRPV4, Saghatelian et al., 2006)
expressed in CHO cells. TRPV4 is a channel poten-
tially involved in sensing osmolarity and mechani-
cal stimuli. NA-Tau was not a potent activator of
TRPV4 (EC50 20 mM), but there are few other
reported natural agonists. The mechanism underly-
ing the effect of NA-Tau was not determined but its
effects were mimicked by arachidonic acid. This is of
particular importance because both arachidonic
acid and anandamide activate TRPV4 after intracel-
lular metabolism to an epoxyeicosatrienoic acid,
raising the possibility that the effects of NA-Tau are
also due to metabolites (Watanabe et al., 2003).

In contrast to the NA-DA activation of TRPV1
and NA-Tau activation of TRPV4, agonist activation
of recombinant rat TRPM8 is inhibited by NA-DA
and anandamide (De Petrocellis et al., 2007). NA-DA
antagonized icilin- and menthol-stimulated calcium
elevations in TRPM8 expressing HEK 293 cells with
a potency of around 1 mM. The effects of NA-DA or
other NAAN on native TRPM8 channels or TRPM8
currents remain to be established.

Actions of NAAN at ICa

NAANs have distinctive and contrasting effects on
different types of ICa; they can stimulate high voltage
activated N-type ICa and inhibit low voltage acti-
vated T-type ICa. NA-Ser, NA-Gly and NA-Ala (but
not NA-DA) potentiate native N-type ICa in sympa-
thetic neurons (Guo et al., 2008). The stimulation of
N-type ICa amplitude was rapid, readily reversible
and independent of G-proteins. The basis for the
potentiation of ICa was tested for NA-Ser, which was
found to produce a hyperpolarizing shift of about
-5 mV in the N-type ICa activation curve, meaning
that more channels opened following depolariza-
tion to relatively negative membrane potentials.
The steepness of the ICa activation curve makes this
modest shift functionally quite significant. Other
studies have reported a similar effect for arachidonic
acid (Barrett et al., 2001) and anandamide (Guo and
Ikeda, 2004). Interestingly, however, arachidonic
acid and anandamide also produce a slower devel-
oping inhibition of N-type ICa that was not seen with
the NAAN in the study of Guo et al. (2008). Modest

inhibition of total sensory neuron HVA ICa has also
been reported for NA-Gly and NA-GABA-OH,
although the current types affected were not defined
(Barbara et al., 2009). It has been suggested that the
inhibition of N-type ICa by arachidonic acid is via an
intracellular site (Barrett et al., 2001; Liu et al.,
2001), and perhaps the NAAN cannot access this
site, or are unable to bind to it productively if it is
accessible.

In contrast to their effect (or lack of) on N-type
ICa, NA-Gly, NA-DA, NA-Ser, NA-Ala, NA-GABA and
NA-Tau inhibit recombinant human CaV3 ICa

(Barbara et al., 2009; Ross et al., 2009) and where
examined, native mouse T-type ICa. This effect is
grossly similar to that of anandamide and arachi-
donic acid (Chemin et al., 2001). NA-DA inhibits
recombinant human T-type ICa with EC50 values
between 300 nM and 1 mM (Ross et al., 2009),
making it one the most potent endogenous inhibi-
tors of these channels identified to date. NO-DA
mimics the effects of NA-DA on the cloned human
channels but NP-DA is virtually without effect at
10 mM (Ross et al., 2009). NA-Gly was much less
potent than NA-DA or anandamide when examined
under the same recording conditions (EC50

�10 mM), but when a more depolarized holding
potential was utilized (-75 mV vs. -86 mV), NAGly
inhibited the channels with EC50 values between
600 nM and 2 mM (Barbara et al., 2009). The reason
for this difference in potency arises from the mecha-
nism of action of NAAN and their analogs on CaV3
ICa – each of them produces a profound increase in
the degree of steady state channel inactivation at
membrane potentials where the channels are closed
(Barbara et al., 2009; Ross et al., 2009). Thus, the
inhibitory effects of both NA-DA and the NA-GABA
analog NA-GABA-OH are almost abolished at
holding potentials where CaV3 channels are closed
but not inactivated (more negative than -100 mV),
but enhanced when cells are held at potentials with
significant steady state inactivation (more positive
than -80 mV) (Barbara et al., 2009; Ross et al., 2009).
Neither NA-DA nor NA-Gly affects the voltage-
dependence of channel activation and they have
minimal effects on CaV3 kinetics (Ross et al., 2009).
This contrasts with the actions of anandamide and
arachidonic acid, which also have no affect on the
voltage-dependence of activation but which signifi-
cantly speed channel activation and inactivation
from the open state (Chemin et al., 2001, 2007; Ross
et al., 2009).

NAANs as probes for the development of a
novel pharmacology of ICa

Amphiphilic detergents, arachidonic acid and cho-
lesterol depletion generally have a similar effect on
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voltage-gated channels – they promote the steady-
state inactivation of the channels (Lundbaek, 2008).
These effects are thought to result from increased
membrane elasticity, which presumably affects the
ease with which the intramolecular re-arrangements
responsible for different voltage-dependent states of
ion channels occur. NA-Gly, NA-DA and ananda-
mide all have a prominent effect on T-type ICa

steady-state inactivation, which may reflect a direct
effect of these compounds on lipid interactions in
the plasma membrane. The differing potencies of
NA-DA, NA-Gly and AEA may simply reflect the
efficiency with which the structurally distinct mol-
ecules affect lipid order, although this has not been
directly tested. However, anandamide, NA-DA and
other lipophilic cannabinoids such as D9-THC and
cannabidiol have different rank orders of potency to
inhibit different T-type ICa (Ross et al., 2008; 2009)
perhaps implying that rather than simply having a
general effect on lipid dynamics these molecules are
acting at a specific site on the channels or at a site
on the lipid-protein interface that is subtly different
among the channels. The fact that NA-DA and
NA-Gly do not strongly affect channel kinetics,
unlike AEA or arachidonic acid, also indicates that it
is possible to decouple kinetic effects from those on
channel steady-state inactivation. If this holds true,
it raises the possibility of modulating channel kinet-
ics without generalized inhibitory effects, which
would potentially lead to being able to fine-tune
channel activity pharmacologically.

The rapid potentiation of N-type ICa by a subset of
NAAN and arachidonic acid is an unusual effect, and
may also indicate the existence of another largely
uncharacterized site on these channels. Amphiphiles
as a class do not tend to affect voltage-gated channel
activation (Lundbaek, 2008), which indicates that
the effects of the negatively charged NAAN and
arachidonic acid are not simply non-specific. Arachi-
donic acid and NAAN (Barrett et al., 2001; Guo et al.,
2008) likely affect N-type ICa activation at a site
accessible from the outer leaflet of the plasma mem-
brane, different to the site mediating increases in
inactivation, which may be within the inner leaflet
or be on an intracellular domain. Intriguingly,
D9-THC has ‘arachidonic acid-like’ effects on CaV3.1
and CaV3.2; it potentiates currents at potentials
where fewer channels are activated while producing
a profound inhibition of maximally activated cur-
rents through an increase in steady-state inactiva-
tion (Ross et al., 2008). The observations that only
some NAAN engage the putative potentiating site
and that the potency to access the inhibitory site
differs significantly among the small number of
NAAN so far examined suggest that they may also be
valuable tools to further define these two sites.

Actions of NAAN at
potassium channels

Anandamide modulates a wide range of potassium
channels including voltage dependent-, calcium
activated- and two pore domain channels (reviewed
in Oz, 2006). To date, only NA-Ser has been reported
to mimic any of these effects (Godlewski et al.,
2009), while NA-Gly and NA-GABA-OH have been
shown not to affect human two pore domain
TASK-1 channels (Barbara et al., 2009). In experi-
ments on recombinant human BKCa (KCNMA1),
NA-Ser produced a hyperpolarizing shift in the
voltage-dependence of channel a-subunit activation
(Godlewski et al., 2009), meaning outward current
produced by a given depolarization was greater in
the presence of NA-Ser. This effect was
concentration-dependent (EC50 ~ 3 mM), cannab-
inoid receptor-, G protein- and intracellular Ca2+

concentration-independent and mimicked by
arachidonic acid and anandamide. Interestingly, the
putative Abn-CBD receptor antagonist O-1918 had
the opposite effect to NA-Ser; it shifted the activa-
tion curve for the BKCa channels strongly positive,
blocking the effect of NA-Ser. These opposing and
apparently receptor-independent effects of NA-Ser
and O-1918 raise questions about the use of O-1918
to identify effects mediated by the putative Abn-
CBD receptor, a possible site of action for ananda-
mide, NA-DA and NA-Ser. For example, the NA-Ser
mediated relaxation of intact rat mesenteric arteri-
oles (Milman et al., 2006), which is O-1918-
sensitive, superficially resembles effects of activating
the Abn-CBD receptor, which had been previously
suggested to mediate vessel relaxation by activating
BKCa through Gi/Go proteins (Begg et al., 2003).
However, the effects of NA-Ser on mesenteric arteri-
oles are not pertussis toxin sensitive (Milman et al.,
2006; Godlewski et al., 2009), and thus may be via
direct NA-Ser modulation of BKCa.

Actions of NAANs at glycine
transporters and receptors

NA-Gly is found in highest concentrations in the
spinal cord (Huang et al., 2001), which is also where
glycine acts as an inhibitory neurotransmitter.
NA-Gly inhibits glycine transport by the glycine
transporter GLYT2, but has no effect on the closely
related glycine transporter GLYT1 or the GABA
transporter GAT1. NA-Gly reduces the maximal rate
of glycine transport but does not affect the Km for
transport, which suggests that it is a non-
competitive inhibitor (Wiles et al., 2006). NA-Gly
inhibits transport with an IC50 of 5 mM, and NA-Ala
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has a similar potency and efficacy to NA-Gly.
NA-GABA also inhibits GLYT2, albeit with signifi-
cantly lower potency. It is interesting to note that
although GLYT1 is insensitive to NA-Gly, transport
activity is inhibited by arachidonic acid
(IC50 ~ 3 mM) and stimulated by high concentrations
of anandamide (~20 mM, Pearlman et al., 2003). By
contrast, GLYT2 is insensitive to both arachidonic
acid and anandamide. Thus, it appears that the
chemical nature of the arachidonoyl conjugate head
group plays an important role in determining the
specificity of interactions with glycine transporters.
The site of action of NA-Gly on GLYT2 has been
investigated through the use of chimeric GLYT1/
GLYT2 transporters and in contrast to the presumed
membrane-delimited site of action of other NAANs,
the recognition site appears to be on the extracellu-
lar surface of the protein (Edington et al., 2009). In
particular, extracellular loops 2 and 4 of GLYT2 play
crucial roles in forming the NA-Gly recognition site.
A series of point mutations in extracellular loop 4
cause significant reductions in potency and efficacy
of NA-Gly and NA-Ala. Extracellular loop 4 of
GLYT2 is likely to play an important role in the
gating process of the transporter by controlling
access to the glycine binding site within the trans-
porter (Ju et al., 2004, Singh et al., 2007) and thus,
the mechanism of inhibition by NA-Gly may be to
slow the gating process of the transporter (Edington
et al., 2009).

NAANs as probes for the development of a
novel pharmacology of glycine transporters
The differential sensitivity of glycine and GABA
transporters to the activity of NA-Gly (and other
closely related derivatives) provides an intriguing
possibility that it may be possible to develop alter-
nate compounds that mimic these effects to gener-
ate an alternative class of glycine transport
inhibitors. Indeed, specific amino acid residues in
extracellular loop 4 that are present in GLYT2 and
not other closely related transporters have been
identified that influence NA-Gly activity (Figure 2)
(Edington et al., 2009). More detailed definition of
how NA-Gly interacts with this site may provide
design principles for developing novel synthetic
compounds.

NA-Gly also modulates the activity of glycine
receptors in a complex manner. At low concentra-
tions of glycine, 10 mM NA-Gly stimulates the
channel activity of glycine receptors, but at higher
concentrations of glycine, the same concentration
of NA-Gly speeds the rate of desensitization of the
channel and reduces the steady-state current. Fur-
thermore, the actions of NA-Gly are dependent on

the time of exposure to the receptors (Yang et al.,
2008).

Conclusions

NAAN interact with a diverse range of proteins, and
often do so in a manner subtly distinct from the
well-described effects of molecules such as arachi-
donic acid or anandamide. The wide range of pos-
sible ‘headgroup’ moieties of NAAN make them
potentially valuable pharmacological tools to probe
poorly described binding sites on channels, recep-
tors and transporters. There are already some
intriguing questions raised by NAAN modulation of
calcium channels and glycine transporters. It will be
of interest to see how this field develops and
whether therapeutic drugs can be developed from
our growing understanding of the diverse actions of
this class of compounds.
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