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The effect of the palmitoylethanolamide analogue,
palmitoylallylamide (L-29) on pain behaviour in
rodent models of neuropathy
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Background and Purpose: Cannabinoids are associated with analgesia in acute and chronic pain states. A spectrum of central
cannabinoid (CB1) receptor-mediated motor and psychotropic side effects limit their therapeutic potential. Here, we
investigate the analgesic effect of the palmitoylethanolamide (PEA) analogue, palmitoylallylamide (L-29), which via inhibition
of fatty acid amide hydrolase (FAAH) may potentiate endocannabinoids thereby avoiding psychotropic side effects.
Experimental Approach: The in vivo analysis of the effect of L-29 on measures of pain behaviour in three rat models of
neuropathic pain.
Key Results: Systemically administered L-29 (10 mg kg�1) reduced hypersensitivity to mechanical and thermal stimuli in
the partial sciatic nerve injury (PSNI) model of neuropathic pain; and mechanical hypersensitivity in a model of antiretroviral
(ddC)-associated hypersensitivity and a model of varicella zoster virus (VZV)-associated hypersensitivity. The effects of L-29
were comparable to those of gabapentin (50 mg kg�1). The CB1 receptor antagonist SR141716a (1 mg kg�1) and the CB2

receptor antagonist SR144528 (1 mg kg�1) reduced the effect of L-29 on hypersensitivity in the PSNI and ddC models, but not
in the VZV model. The peroxisome proliferator-activated receptor-a antagonist, MK-886 (1 mg kg�1), partially attenuated the
effect of L-29 on hypersensitivity in the PSNI model. L-29 (10 mg kg�1) significantly attenuated thigmotactic behaviour in the
open field arena without effect on locomotor activity.
Conclusions and Implications: L-29 produces analgesia in a range of neuropathic pain models. This presents L-29 as a novel
analgesic compound that may target the endogenous cannabinoid system while avoiding undesirable side effects associated
with direct cannabinoid receptor activation.
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Introduction

There is now considerable evidence demonstrating that

D9-tetrahydrocannabinol (THC), the psychoactive ingredi-

ent of Cannabis sativa, and a number of synthetic canna-

binoid (CB) receptor agonists have analgesic activity in

rodent models of acute nociception and persistent pain

(Rice, 2005) and also clinical efficacy in central neuropathic

pain associated with multiple sclerosis (Rice et al., 2007). In

particular, cannabinoid agonists attenuate signs of hindpaw

hypersensitivity associated with nerve injury-induced mod-

els of neuropathic pain (Herzberg et al., 1997; Bridges et al.,

2001; Fox et al., 2001; Scott et al., 2004), demyelination-
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associated pain (Wallace et al., 2003) and with inflammatory

pain models (Smith et al., 1998; Farquhar-Smith et al., 2002;

Kehl et al., 2003; De Vry et al., 2004). These effects, together

with similar findings in models of inflammatory pain, are

mediated via both cannabinoid CB1 and CB2 receptors

(Bridges et al., 2001; Fox et al., 2001; Farquhar-Smith et al.,

2002). However, there is a need to improve the therapeutic

index of existing cannabinoids, particularly with respect to

short-term motor and psychotropic side effects and the

longer-term risk of psychosis associated with Cannabis use,

which are mediated by cannabinoid CB1 receptors expressed

in brain (Rice et al., 2007).

An alternative approach that may avoid such side effects

is to manipulate the endogenous cannabinoid system

(Pertwee, 2001; Rice, 2001; Rice et al., 2002; Hohmann and

Suplita, 2006). The endogenous cannabinoids (endocanna-

binoids) include arachidonoyl ethanolamide (anandamide)

and 2-arachidonoyl glycerol (2-AG). Anandamide, acting

preferentially via the CB1 receptor (Calignano et al., 1998,

2001; Conti et al., 2002; Farquhar-Smith et al., 2002;

Farquhar-Smith and Rice, 2003) has been shown to produce

analgesia in a number of acute and inflammatory pain

models (Smith et al., 1994; Jaggar et al., 1998; Richardson

et al., 1998; Farquhar-Smith and Rice, 2001). However,

systemically administered endocannabinoids such as ana-

ndamide have a reduced efficacy compared to synthetic CB

receptor agonists due to their rapid degradation (Smith et al.,

1994). The pharmacological actions of anandamide are

terminated by its metabolism to arachidonic acid, catalysed

by fatty acid amide hydrolase (FAAH) (Giang and Cravatt,

1997; Cravatt et al., 2001). FAAH is also involved in the

degradation of 2-AG (de Lago et al., 2005; Jhaveri et al., 2006;

Maione et al., 2006) and is one of the two enzymes that

metabolises another fatty acid amide, palmitoylethanola-

mide (PEA), a shorter, fully saturated analogue of ananda-

mide (Lambert et al., 2002; Darmani et al., 2005). PEA is also

degraded by a second enzyme, N-acetylethanolamine acid

hydrolase (NAAA) (Tsuboi et al., 2005). While FAAH has been

shown to degrade 2-AG, the major catabolizing enzyme

in vivo is monoacylglycerol lipase, which is also a therapeutic

target in a similar fashion to FAAH (Hohmann, 2007).

PEA has been sold as an orally administered anti-

inflammatory for decades (LoVerme et al., 2005a) and

limited evidence from an unpublished clinical trial suggests

that it has efficacy in the neuropathic pain condition of

sciatica (Rice, 2001). PEA is efficacious in animal models of

inflammatory pain (Calignano et al., 1998, 2000; Jaggar et al.,

1998; Farquhar-Smith and Rice, 2001, 2003; Farquhar-Smith

et al., 2002), neuropathic pain (Helyes et al., 2003) and

spasticity and tremor in multiple sclerosis (Baker et al., 2001).

Moreover, endogenous levels of PEA decrease in a model of

neuropathic pain (Petrosino et al., 2007).The mechanism by

which PEA acts remains something of a mystery. Although

the analgesic actions of PEA are consistently antagonised by

the CB2 receptor antagonist SR144528 (Calignano et al.,

1998, 2001; Farquhar-Smith et al., 2002), it does not have

high affinity for CB2 receptors. Several different scenarios of

the mechanism of PEA action have been suggested (LoVerme

et al., 2005a) including; interaction with hitherto unchar-

acterised CB2-like receptors at which SR144528 is also a

functional antagonist, interaction with the peroxisome

proliferator-activated receptor-a (PPAR-a) (LoVerme et al.,

2005b) and inhibition of FAAH, thus increasing local con-

centrations of anandamide and perhaps PEA (the so-called

‘entourage effect’) (Ben Shabat et al., 1998; Lambert and Di

Marzo, 1999; Lambert et al., 2002; LoVerme et al., 2005b).

Inhibition of FAAH should therefore prolong the actions of

anandamide, 2-AG and PEA. Importantly, this effect should

be specific to pathways in which synthesis is upregulated as a

result of activity, such as in nociceptive pathways in chronic

pain conditions. In support of this, mice lacking the faah

gene are hypoalgesic, have increased anandamide and PEA

concentrations in the brain and display an increase in

anandamide-induced analgesia (Cravatt et al., 2001; Licht-

man et al., 2004b; Patel et al., 2005). Additionally, the FAAH

inhibiting compounds, OL135 and URB597 ameliorate pain

behaviours in selected models of inflammatory and/or

neuropathic pain in rats (Lichtman et al., 2004b; Leung

et al., 2005; Chang et al., 2006; Jayamanne et al., 2006;

Jhaveri et al., 2006). However, the exact mechanism by

which FAAH inhibition exerts these effects is not clear.

The PEA analogue, palmitoylallylamide (L-29) (Vandevoorde

et al., 2003a) does not significantly bind to either CB1 or CB2

receptors and acts as an inhibitor of FAAH thereby blocking

the metabolism of anandamide (Vandevoorde et al., 2003a).

Therefore, we have investigated the analgesic actions of L-29

in three models of neuropathic pain including, a model of

nerve injury-induced pain involving partial sciatic nerve

injury (PSNI) (Seltzer et al., 1990), a model of drug-induced

neuropathy in treatment of infection with human immuno-

deficiency virus (HIV) (Joseph et al., 2004; Wallace et al.,

2006) and a model of varicella zoster virus (VZV)-associated

pain (Garry et al., 2005; Hasnie et al., 2007). The latter

models represent more recently characterised, clinically

relevant rodent models of persistent pain. We have demon-

strated that L-29 (10 mg kg�1) attenuated measures of

hypersensitivity in all three models and that CB1 and CB2

receptors were differentially involved in the actions of L-29

between the models and modalities tested. The PPAR-a
antagonist reduced the effect of L-29 in the PSNI model,

suggesting that it acts, at least partly, via this mechanism.

Additionally, L-29 (10 mg kg�1) was effective in reversing

measures of anxiety-like behaviour in PSNI-treated rats when

assessed in the open field paradigm, a novel integrative

measure of pain-associated behaviour. Our results indicate

that L-29 may prove to be a useful analgesic drug that

potentially avoids the psychotropic side effects of drugs that

directly activate CB receptors.

Methods

Animals and surgery

All experiments conformed to the British Home Office

Regulations and IASP guidelines (Zimmermann, 1983). Male

Wistar rats weighing 200-250 g were used for all experiments

(B & K, Hull, UK) and were housed in a temperature-

controlled environment, maintained on a 14:10 h light–dark

cycle (experiments were performed during the light phase)

and provided with feed and water ad libitum.
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Nerve injury model. Under 1–2% isoflurane anaesthesia

(Abbott, Queenborough, UK) in O2 and N2O, and aseptic

surgical conditions, the left sciatic nerve was exposed in the

popliteal fossa. A PSNI (Seltzer et al., 1990) was performed in

which 1/3–1/2 of the sciatic nerve was tightly ligated using

7.0 suture thread (Ethicon, Edinburgh, UK). The wound was

then closed with 4.0 sutures and animals allowed to recover.

For sham animals, the same surgical procedure was followed

as for PSNI animals, but the nerve was not ligated.

Drug-induced neuropathy model. Animals were injected in-

traperitoneally (i.p.) with dideoxycitadine (ddC) (50 mg kg�1

in 0.5 ml saline; Sigma-Aldrich, Poole, UK) three times a

week for up to 3 weeks (Mon, Wed, Fri) (Joseph et al., 2004;

Wallace et al., 2006).

Varicella zoster-induced neuropathy model. This model is

based upon the injection of VZV into the hindpaw of a rat

(Fleetwood-Walker et al., 1999; Dalziel et al., 2004; Garry

et al., 2005; Hasnie et al., 2007). Primary human embryonic

lung cells (gift from J Breuer, Royal London Hospital, UK)

were inoculated with VZV and harvested when cells

exhibited approximately 80% cytopathic effect on micro-

scopy (equivalent to 104–105 PFU). Virus-infected cells were

gently scraped from the flask surface onto which they had

formed a monolayer culture and the cell suspension

centrifuged at 200 g in 41C for 15 min. The resulting pellet

from each 75 cm2 flask was re-suspended in 150 ml sterile

phosphate buffer solution (Invitrogen, Paisley, UK). Animals

were anaesthetised with pentobarbitone (40 mg kg�1 i.p.

Animalcare Ltd., York, UK) and subcutaneously injected

with 50 ml viral inoculum into the left (ipsilateral) hind

footpad using a 25-gauge needle.

Behavioural reflex testing

The threshold for hindpaw withdrawal in response to graded

mechanical stimulation was measured in conscious animals

using an electronic ‘von Frey’ device (Moller et al., 1998;

Ahmad and Rice, 1999) of 0.5 mm2 probe tip area (Somedic

Sales AB, Sweden) applied manually at a rate of 8–15 g s�1 to

the mid-plantar surface of the hindpaw with the withdrawal

threshold (grams) defined as the average force that evoked

an active limb withdrawal response over five applications.

We have previously validated this as a reliable measure for

measuring mechanical hypersensitivity in rodent models of

neuropathic pain (Hasnie et al., 2007; Wallace et al., 2007).

The time for hindpaw withdrawal in response to a quantified

noxious heat stimulus was assessed using the plantar test

(Ugo Basile, Comerio, Italy) (Hargreaves et al., 1988). The

thermal stimulus (set at an infrared intensity that produced

standard latency of approximately 10 s) was applied to the

mid-plantar surface of the hindpaw and the latency

(seconds) to withdrawal recorded over three applications.

The presence of a behavioural correlate of cold allodynia was

assessed using the acetone drop application technique

(Bridges et al., 2001). A single drop of acetone was applied

via a 1 ml syringe to the mid-plantar surface of each hindpaw

and the outcome defined as the percentage of applications,

which evoked an active limb withdrawal from a total of five

applications. The threshold value at each time point tested

was calculated as the mean7s.e.m.

Baseline measurements were obtained for all animals over

the course of a week before surgery. Animals were then tested

on day 7 (for PSNI), or day 14 (for VZV) following surgery; or

day 19 following initial ddC injection to identify the

development of any reflex sensitivity in treated animals.

For PSNI, only animals that developed significant hypersen-

sitivity in all three modalities (at least 30% change from

baseline for thermal and mechanical and at least 80%

response to acetone) were included in the study. For VZV

and ddC models, only animals that developed significant

hypersensitivity to mechanical stimulation (at least 30%

change from baseline) were included in the study. Drugs

were administered over the course of a week and no animals

were tested on 2 consecutive days. On each day of drug

testing, animals were tested once for each modality (dis-

played as t¼0) to ensure presence of behavioural reflex

hypersensitivity before drug injection. All testing was

performed by an investigator, unaware of the treatments.

Open field activity

At day 14 post-surgery, rats (n¼11 per group) were placed into

a 1�1 m arena illuminated to 4 lux with a defined inner zone

of 40�40 cm. Locomotion of the rats within the arena was

tracked over a 15 min period recorded using a Sanyo VCB

3372 high-resolution monochrome camera (Tracksys, Notts,

UK) and stored and analysed with Ethovision software version

3 (Tracksys). The total distance moved, time spent in the inner

zone and the number of entries into the inner zone were

calculated and displayed as the mean7s.e.m. (Hasnie et al.,

2007; Wallace et al., 2007). Only those with mechanical and

thermal hypersensitivity (a change of at least 30% from

baseline) were included (100% inclusion rate).

Statistics

For determination of the development of significant beha-

vioural hypersensitivity (Po0.05), a paired t-test was used

to compare pre- and post-treatment thermal and mechani-

cal values and a Mann Whitney-Rank Sum test for cold

values. To determine significant drug effects, a one-way

analysis of variance (ANOVA) with Bonferroni post hoc

analysis was used between groups at each time point and a

one-way ANOVA with Dunnett’s multiple comparisons vs

control post hoc analysis for comparing pre- and post-

injection threshold values.

Drugs

L-29, SR141716a, SR144528 (NIMH, Bethesda, MD, USA) and

MK-886 (Biomol International, Exeter, UK) were all dissolved

in a 1:2 mixture of ethanol (absolute molecular grade; VWR,

Poole) and cremophor EL (Univar; Essex, UK). For reflex

behavioural tests, L-29 was used at doses of 1, 5, 10 and

20 mg kg�1 and injected (i.p. at a volume of 0.15 ml),

following the behaviour measure taken at t¼0. For receptor

antagonist studies, SR141716a (1 mg kg�1 in 0.1 ml) or

SR144528 (1 mg kg�1 in 0.1 ml) or MK-886 (1 mg kg�1 in
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0.1 ml) were injected 2 min before L-29. Gabapentin (Sigma-

Aldrich) was dissolved in saline and injected (50 mg kg�1 in

0.5 ml) at t¼0. Behavioural reflex tests were carried out

at 20, 40, 60, 80 and 100 min post-injection in a rotational

manner. For open field activity, L-29 was used at 10 mg kg�1

and injected (i.p. at a volume of 0.15 ml) 20 min before

testing. Animals were randomised as to which treatment

they received using randomisation tables and all experiments

were conducted without knowledge of drug treatments.

Results

L-29 significantly attenuated mechanical and thermal, but not

cold hypersensitivity in PSNI-treated animals

By post-operative day 7, 80% of rats that had undergone

PSNI surgery developed significant (Po0.01) sensitivity to (a)

thermal stimuli (baseline¼11.471.5 s vs day 7¼6.970.9 s)

(b) mechanical stimuli (baseline¼55.7277.1 g vs day

7¼19.673.5 g) and cold stimuli (baseline¼7.575.5% vs

day 7¼9076.1%) ipsilateral to injury and were therefore

included in the study. In the drug paradigm, vehicle control-

treated animals showed no significant change in paw

withdrawal threshold in any modality as compared to pre-

injection values. At doses of 1 and 5 mg kg�1, L-29 had no

significant effect on the threshold for hindpaw withdrawal

from thermal (Figure 1a), mechanical (Figure 1b) or cold

stimuli (Figure 1c) as compared to vehicle control. At

10 mg kg�1, there was a significant (Po0.01) attenuation of

hypersensitivity to thermal stimuli at 40, 60, 80 and 100 min

post-injection as compared to vehicle control and pre-

injection values (Figures 1a). There was also a significant

(Po0.01) attenuation of hypersensitivity to mechanical

stimuli 20, 40, 60 and 100 min post-injection as compared

to vehicle control and at 20, 40, 60 and 100 min post-

injection as compared to pre-injection values (Figure 1b). At

20 mg kg�1, there was a significant (Po0.01) attenuation of

hypersensitivity to thermal stimuli at 40, 80 and 100 min

post-injection as compared to vehicle control and pre-

injection threshold (Figure 1a). However, there was no

significant effect on thresholds to mechanical stimuli as

compared to vehicle over the test period (Figure 1b).

In all cases, the effect of L-29 at 20 mg kg�1 was less than

that of 10 mg kg�1. Therefore, we tested no higher doses of

L-29. For all doses tested, there was no significant difference

in the paw withdrawal threshold to cold stimuli as compared

to vehicle control (Figure 1c) and therefore, we conducted no

further investigations using the cold stimulus. The dose

Figure 1 The effect of L-29 (1–20 mg kg�1) on hindpaw reflex behaviours in PSNI-treated rats. Hindpaw withdrawal thresholds to (a) thermal
(b) mechanical and (c) a cooling stimulus in PSNI rats treated with L-29 (1–20 mg kg�1) vs vehicle control (n¼12 per group). Statistical
significance of differences between each dose and the vehicle control (*Po0.01) was determined by a one-way ANOVA with Dunn’s all
pairwise multiple comparisons or (yPo0.01) between each post-injection value vs the pre-injection values (at time 0) using a one way ANOVA
with Dunnett’s multiple comparisons vs control post hoc analysis. Each value is the mean7s.e.m. ANOVA, analysis of variance; PSNI, partial
sciatic nerve injury.
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response of L-29 on paw withdrawal thresholds to thermal

(Figure 2a), mechanical (Figure 2b) and cold (Figure 2c)

stimuli was calculated as the % change in paw withdrawal

threshold from the pre-injection value (t¼0) at the time

point at which there was the greatest significant change.

This confirmed 10 mg kg�1 to be the optimum dose for

further studies of the effect of L-29 on mechanical (a change

of 66.6% from pre-injection value at 20 min post-injection)

and thermal (a change of 26.5% from pre-injection value at

40 min post-injection) hypersensitivity.

L-29 (10 mg kg�1) significantly attenuated mechanical

hypersensitivity in ddC-treated animals

In line with previous studies (Wallace et al., 2006), by day 19

after the initial ddC injection, 100% of rats developed a

significant (Po0.01) bilateral hindpaw withdrawal sensitivity

to mechanical simulation (baseline¼48.770.9 g vs day

19¼30.771.8 g), but not to thermal or cold stimuli. There-

fore, only responses to mechanical stimulation were measured

for the remainder of the study. L-29 at 10 mgkg�1 caused a

significant (Po0.01) increase in paw withdrawal threshold

at t¼20–100 min post-injection as compared to vehicle and

pre-injection values (Figure 3a).

L-29 (10 mg kg�1) significantly attenuates mechanical

hypersensitivity in VZV-treated animals

By day 14 post-VZV injection, 50% of animals developed a

significant (Po0.01) ipsilateral hindpaw withdrawal sensi-

tivity to mechanical simulation (baseline¼47.871.1 g vs

day 14¼27.071.1 g) and were therefore included in the

study. In line with previous studies (Hasnie et al., 2007), no

hypersensitivity developed to thermal or cold stimuli and

therefore, once again only responses to mechanical stimula-

tion were measured for the remainder of the study. L-29 at

10 mg kg�1 caused a significant (Po0.01) increase in paw

withdrawal threshold at 40 and 60 min post-injection as

compared to vehicle and at 20–80 min post-injection as

compared to pre-injection values (Figure 3b).

L-29 is comparable to gabapentin in attenuating behaviour reflex

hypersensitivity in rodent models of neuropathic pain

To assess the effect of L-29, as compared to a commonly

employed analgesic, we compared the effect of L-29 at

10 mg kg�1 on hindpaw withdrawal thresholds in all three

rodent models to that of gabapentin (50 mg kg�1). In all

animals, there was no significant difference in values

between the vehicle for L-29 (ethanol/cremophor) and the

vehicle for gabapentin (saline), therefore the vehicle values

are pooled.

In PSNI-treated animals, gabapentin significantly attenuated

(Po0.01) thermal hypersensitivity at 20–100 min post-

injection as compared to vehicle control and as compared to

pre-injection values (Figure 4a). At all time points, there was

no significant difference between the effect of L-29 and

gabapentin. Gabapentin also significantly (Po0.01) attenu-

ated mechanical hypersensitivity at 40–100 min post-injection

as compared to vehicle control and as compared to

Figure 2 The dose response of L-29 on hindpaw reflex behaviours in partial sciatic nerve injury-treated rats. Dose response curves for
the effect of L-29 on hindpaw withdrawal responses to (a) thermal (at 40 min post-injection), (b) mechanical (at 20 min post-injection) and
(c) a cold (40 min post-injection) stimulus. The time point with the largest effect of L-29 for each modality was chosen and values determined
as % change from pre-injection value. In all modalities, 10 mg kg�1 is the optimum dose.
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pre-injection values (Figure 4b). At 40–100 min post-

injection, there was no significant difference between

gabapentin and L-29 values. At 20 min post-injection, L-29

withdrawal values were significantly (Po0.01) higher than

that of gabapentin.

In ddC-treated animals, gabapentin significantly (Po0.01)

attenuated mechanical hypersensitivity at 20–100 min post-

injection as compared to vehicle control and as compared

to pre-injection values (Figure 4c). At 40–100 min post-

injection, there was no significant difference between

gabapentin and L-29 values. At 20 min post-injection, L-29

withdrawal values were significantly (Po0.05) higher than

that of gabapentin.

In VZV-treated animals, gabapentin significantly (Po0.05)

attenuated mechanical hypersensitivity at 100 min post-

injection as compared to vehicle control and as compared

to pre-injection values (Figure 4d). At 40 and 60 min post-

injection, L-29 withdrawal values were significantly

(Po0.01) higher than those of gabapentin.

The cannabinoid receptor antagonists SR141716a and SR144528

had selective effects on hypersensitivity associated with rodent

models of neuropathic pain

To investigate the possible site of action of L-29-mediated

effects, we assessed the effects of the CB1 receptor antagonist

SR141716a and the CB2 receptor antagonist SR144528 on

L-29-mediated analgesia. When administered at 1 mg kg�1,

2 min before L-29, SR141716a completely abolished the

effect of L-29 on thermal hypersensitivity in PSNI-treated

animals only at 60 min post-injection (Figure 5a). At 20, 80

and 100 min post-injection, the effect of SR141716aþL-29

was not significantly different from either; L-29 alone or

vehicle values, suggesting it is having a partial effect and

therefore results in withdrawal thresholds between that of

the vehicle or L-29. At 40 min post-injection, SR141716aþ
L-29 was not significantly different from L-29 alone and was

significantly (Po0.05) higher than vehicle values.

The CB2 receptor antagonist SR144528, given at 1 mg kg�1,

2 min before L-29, had no effect on L-29-induced attenua-

tion of thermal hypersensitivity in PSNI animals at 20, 40, 80

and 100 min post-injection (Figure 5a). At 60 min post-

injection, the effect of SR144528þL-29 is not significantly

different from either L-29 alone or vehicle treatment again

suggesting a partial effect. In contrast, pre-treatment with

either SR141716a or SR144528 completely abolished the

effects of L-29 on mechanical hypersensitivity in PSNI

animals over the entire time tested (Figure 5b). At all time

points, SR141716aþL-29 or SR144528þL-29 values were

not significantly different to vehicle values. Likewise,

pre-treatment with either SR141716a or SR144528 com-

pletely abolished the effects of L-29 on mechanical hyper-

sensitivity in ddC-treated animals over the entire time

tested. At all time points, SR141716aþL-29 or SR144528þ
L-29 values were not significantly different to vehicle

values (Figure 5c).

In VZV-treated rats, pre-treatment with SR141716a or

SR144528 had no significant effect on withdrawal values

with L-29 alone across the entire time tested (Figure 5d).

The PPAR-a receptor antagonist MK-886 significantly reduced the

effect of L-29 on reflex withdrawal thresholds in the PSNI model

of neuropathic pain

To further investigate the possible site of action of L-29-

mediated effects, we assessed the effects of the PPAR-a
receptor antagonist MK-886 (Kehrer et al., 2001; Verri et al.,

2005; Collino et al., 2006) on L-29-mediated analgesia in the

PSNI model. When administered at 1 mg kg�1, 2 min before

L-29, MK-886 significantly (Po0.01) reversed the effect of

L-29 on thermal hypersensitivity at 60 min post-injection.

However, at 40 and 100 min post-injection, the effect of

MK-866 was not significant from either L-29 alone or vehicle

suggesting a partial effect (Figure 6a). MK-886 also signifi-

cantly (Po0.01) reversed the effect of L-29 on mechanical

hypersensitivity in PSNI-treated animals at 20, 40 and

100 min post-injection (Figure 6b). At 20 and 40 min post-

injection, the effect of MK-866þL-29 was comparable to

vehicle, whereas at 100 min, it was significantly less than

L-29 alone, but significantly greater than vehicle suggesting

a partial attenuation. Likewise, at 60 min MK-866þL-29 was

Figure 3 The effect of L-29 (10 mg kg�1) on hindpaw hypersensi-
tivity to a mechanical stimulus in ddC- and VZV-treated rats.
Hindpaw withdrawal thresholds in response to mechanical stimula-
tion in (a) ddC-treated rats at day 19 post-initial treatment (n¼12)
and (b) VZV-treated rats at day 14 post-treatment (n¼10) following
L-29 (10 mg kg�1) or vehicle control. Statistical significance of
differences between L-29 and vehicle control values (*Po0.01) was
determined by a one-way ANOVA with Dunn’s all pairwise multiple
comparisons or (yPo0.01) between each post-injection value vs the
pre-injection values (at time 0) using a one way ANOVA with
Dunnett’s multiple comparisons vs control post hoc analysis. Each
value is the mean7s.e.m. ANOVA, analysis of variance; ddC,
dideoxycitadine; VZV, varicella zoster virus.
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not significantly different from either L-29 or vehicle alone

indicating partial effects on the action of L-29.

L-29 effectively reversed thigmotactic behaviour displayed by PSNI

animals in the open field arena

As a novel measure of pain-related behaviour that does not

rely on reflex thresholds, we have employed the open field

paradigm, which has been used extensively for the assess-

ment of anxiolytic agents in rodents (Carli et al., 1989;

Holmes, 2001; Cryan and Holmes, 2005). Previous charac-

terisation of rodent models of neuropathic pain have

demonstrated that animals with significant hypersensitivity

to reflex withdrawal tests demonstrated significant thigmo-

tactic (‘wall hugging’) behaviour reflected by a significant

decrease in both number of entries into and time spent in

the inner zone that is responsive to classically employed

analgesics (Wallace et al., 2006; Hasnie et al., 2007). There-

fore, assessment of novel drug compounds using this

paradigm can give further insight into their potential as

analgesics in humans. At day 7 post-surgery, PSNI rats that

displayed significant behavioural reflex sensitivity changes

to mechanical, thermal and cold stimuli were treated with

vehicle control (ethanol/cremophor) 20 min before exposure

to the open field. These rats displayed significant thigmo-

tactic (‘wall hugging’) behaviour of a magnitude similar to

other neuropathic pain models reflected by a significant

(Po0.01) decrease in both number of entries and time spent

in the inner zone as compared to day 7 sham control animals

(Figures 7a and b). Pre-treatment with L-29 (10 mg kg�1)

caused a significant (Po0.05) increase in both the number of

entries and the time spent in the inner zone, such that they

were not significantly different from sham animals. Further-

more, the total distance travelled was not significantly

different between all groups (Figure 7c), indicating a lack of

motor or cognitive impairment in the altered behaviour.

Discussion

In the present study, we have demonstrated that acute systemic

administration of the PEA analogue, L-29, reduces hypersensi-

tivity associated with nerve injury, antiretroviral treatment or

injection of VZV in to the hindpaw. We have demonstrated a

potential role for CB receptors and the PPAR-a receptor in L-29

effects. Additionally, nerve injury-related thigmotactic beha-

viour was inhibited by L-29 without overt effects on motor

performance. This suggests that L-29 was analgesic in a variety

of pain states, without producing the side effects generally

associated with CB receptor agonist administration.

Figure 4 The effect of gabapentin (50 mg kg�1) vs L-29 (10 mg kg�1) on hindpaw reflex behaviours in PSNI-, ddC- and VZV-treated rats.
Hindpaw withdrawal thresholds to (a) thermal or (b) mechanical stimulus in PSNI rats treated (c) mechanical stimulus in ddC-treated rats and
(d) mechanical stimulus in VZV-treated rats following injection with L-29 (10 mg kg�1) or gabapentin (50 mg kg�1) (n¼12 per group).
Statistical significance of differences (*Po0.01) of each drug vs vehicle control or (yPo0.05) between L-29 vs gabapentin was determined by a
one-way ANOVA with Dunn’s all pairwise multiple comparisons post hoc analysis. Each value is the mean7s.e.m. ANOVA, analysis of variance;
ddC, dideoxycitadine; PSNI, partial sciatic nerve injury; VZV, varicella zoster virus.
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Anandamide, 2-AG and endogenous fatty acid amides,

such as PEA, have been shown to have analgesic properties in

several different animal models of pain. The major mechan-

ism terminating the actions of anandamide and one of those

terminating the actions of PEA is hydrolysis by the enzyme,

FAAH. L-29, synthesised via modification of the ethyl head

chain in N-palmitoylethanolamine, inhibits the metabolism

of anandamide in vitro (Vandevoorde et al., 2003a), most

likely via inhibition of FAAH activity. Other FAAH inhibitors

have been shown to potentiate the pharmacological actions

of anandamide in vitro and in vivo (Childers et al., 1994;

Pertwee et al., 1995) as well as to elevate levels of 2-AG

(de Lago et al., 2005; Jhaveri et al., 2006; Maione et al., 2006).

The proposal that FAAH inhibition enhances the analgesic

effects of these endocannabinoids is supported by the finding

that FAAH knockout mice (Cravatt et al., 2001) display a

Figure 5 The effect of the cannabinoid antagonists SR141716a and SR144528 on the response to L-29 in PSNI-, ddC- or VZV-treated rats.
Hindpaw withdrawal thresholds to (a) thermal or (b) mechanical stimulus in PSNI rats; (c) mechanical stimulus in ddC-treated rats and
(d) mechanical stimulus in VZV-treated rats, following injection with L-29 (10 mg kg�1) or SR141716A (1 mg kg�1)þ L-29 (10 mg kg�1)
or SR144528 (1 mg kg�1)þ L-29 (10 mg kg�1) (n¼10 per group). The statistical significance of difference (*Po0.05) between drug and vehicle
control or (#Po0.05) the antagonist and L-29 was determined by a one-way ANOVA with Dunn’s all pairwise multiple comparisons post hoc
analysis. Each value is the mean7s.e.m. ANOVA, analysis of variance; ddC, dideoxycitadine; PSNI, partial sciatic nerve injury; VZV, varicella
zoster virus.

Figure 6 The effect of the PPAR-a antagonist MK-886 on the response to L-29 in PSNI-treated rats. Hindpaw withdrawal thresholds to
(a) thermal or (b) mechanical stimulus in PSNI rats treated following injection with L-29 (10 mg kg�1) or MK-886 (1 mg kg�1)þ L-29
(10 mg kg�1) (n¼10 per group). The statistical significance of difference (*Po0.01) between drug and vehicle control or (#Po0.01)
L-29þMK-886 and L-29 was determined by a one-way ANOVA with Dunn’s all pairwise multiple comparisons post hoc analysis. Each value is
the mean7s.e.m. ANOVA, analysis of variance; PSNI, partial sciatic nerve injury; PPAR, peroxisome proliferator-activated receptor-a.
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hypoalgesic phenotype and by the production of analgesia in

rodent pain models by the FAAH inhibiting compounds;

OL135 and URB597 (Lichtman et al., 2004a; Chang et al.,

2006; Jayamanne et al., 2006; Jhaveri et al., 2006).

We have therefore assessed the analgesic ability of L-29 in a

variety of rodent models of neuropathic pain including, a

model of nerve injury-induced neuropathic pain, the PSNI

model (Seltzer et al., 1990), a model of antiretroviral (ddC)-

associated neuropathic pain (Joseph et al., 2004; Wallace

et al., 2006) and a model of varicella zoster-associated pain

(Garry et al., 2005; Hasnie et al., 2007), which correlates with

mechanisms of post-herpetic neuralgia (PHN) in humans.

These three models have very distinct initiating insults, but

share the common behavioural outcome of hypersensitivity

to a punctate mechanical stimulus and thigmotaxis. In such

models, we hope to highlight the therapeutic potential of

L-29 as an analgesic in a number of aetiologies associated

with neuropathic pain.

L-29 reversed signs of punctate mechanical hypersensitivity

in all models of neuropathic pain and thermal hypersen-

sitivity in the PSNI model. Importantly, L-29 was as effective,

and in the case of VZV animals, more effective than

gabapentin (50 mg kg�1), an analgesic which has been shown

to be effective in rodent models of neuropathy (Abdi et al.,

1998; De Vry et al., 2004; Donovan-Rodriguez et al., 2005)

and in a number of human neuropathic pain conditions,

including HIV-neuropathy and PHN (Finnerup et al., 2005;

Hempenstall et al., 2005). This highlights the potential

clinical efficacy of L-29.

The exact mechanisms of L-29-induced analgesia remains

to be determined. The inhibition of the metabolism of

anandamide in vitro (Vandevoorde et al., 2003a) suggested

that L-29 would act as a FAAH inhibitor. PEA is also degraded

by a second enzyme, NAAA (Tsuboi et al., 2005) and

therefore it remains a possibility that L-29 can act to inhibit

the action of this enzyme also with the similar effect of

increasing endogenous PEA. However, further studies are

required to fully assess the effect of L-29 levels of FAAH

activity, NAAA activity and the ensuing effect on levels of

endogenous cannabinoids in vivo.

A potential mechanism of action addressed by this study is

the activation of CB receptors. Anandamide is a weak partial

agonist at CB1 receptors, which are expressed throughout the

peripheral and central sensory nervous system. There is now

a large body of evidence supporting CB1-mediated antino-

ciceptive and antihyperalgesic effects (Richardson et al.,

1998; Bridges et al., 2001; Farquhar-Smith and Rice, 2001;

Wallace et al., 2003). Evidence supports a direct involvement

of the CB1 receptor in the analgesic phenotype of FAAH

knockout mice (Cravatt et al., 2001) and in OL135-mediated

FAAH inhibition in the formalin test (Lichtman et al.,

2004b). In contrast, reversal of mechanical hypersensitivity

in a model of mild thermal injury or sciatic nerve ligation

did not appear to have a CB1 receptor-mediated component

(Chang et al., 2006). The CB2 receptor also mediates the

analgesic effects of endocannabinoids (Malan et al., 2001,

2003) and has been shown to play a role in inflammatory

and neuropathic pain states (Farquhar-Smith and Rice, 2001;

Farquhar-Smith et al., 2002; Ibrahim et al., 2003; Scott et al.,

2004) as well as analgesia in FAAH�/� mice (Lichtman et al.,

2004a). A further CB receptor may exist because, although

PEA does not have high affinity for CB2 receptors, the

analgesic actions of PEA are consistently antagonised by the

CB2 receptor antagonist SR144528 (Calignano et al., 1998,

2001; Farquhar-Smith et al., 2002). PEA may therefore act via

hitherto uncharacterised CB2-like receptors, at which

SR144528 is also a functional antagonist (LoVerme et al.,

2005b).

Therefore, we assessed the role of CB receptors in L-29-

induced analgesia using selective CB1 and CB2 receptor

antagonists. The effect of the antagonists varied depending

on model type and modality tested, suggesting that different

mechanisms downstream of FAAH are involved in these

models and their manifestations of hypersensitivity. The

greatest effect was on L-29 associated reversal of hypersensi-

tivity to punctate mechanical stimulation in PSNI and

ddC-treated animals, which was abolished by both anta-

gonists. Although anandamide, PEA and L-29 do not have

high affinity for the CB2 receptor, there are a number of

explanations as to why SR144528 produced an effect. First,

although a potent CB2 antagonist, SR144528 has also been

associated with CB1 receptor antagonism at relatively low

doses (Griffin et al., 1999; Iwamura et al., 2001). As we

cannot quantify the concentration of SR144528 in our in vivo

experiments, it is possible that it is acting at the CB1 receptor.

Figure 7 The effect of L-29 (10 mg kg�1) on altered spontaneous
exploratory activity in the open field arena in rats 7 days following
PSNI. (a) The number of entries into the inner zone (40�40 cm) and
(b) time spent in the inner zone of the open field arena was
significantly reduced in rats 7 days following PSNI treatment as
compared to sham (n¼10 per group). This reduction was reversed
in animals treated with L-29 (10 mg kg�1) 20 min before the test as
compared to vehicle-treated rats. (c) The total distance moved
within the open field arena (1�1 m) was assessed over 15 min and
is not significantly different between sham control animals,
vehicle-treated PSNI animals or L-29-treated PSNI animals. The
statistical significance of differences from the vehicle control
group (*Po0.05) was determined using a one way ANOVA with
Dunn’s all pairwise multiple comparisons. Each value is the
mean7s.e.m. (d, e) Example traces of (d) vehicle-treated and
(e) L-29-treated PSNI rats over 15 min in the open field arena.
ANOVA, analysis of variance; PSNI, partial sciatic nerve injury.
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This may explain why in both the PSNI and ddC models,

both antagonists have equal effect when used alone. Second,

as mentioned above, SR144528 may be antagonising a

hitherto unrecognised ‘CB2-like’ receptor, which is activated

by PEA and perhaps also directly by L-29. Nevertheless, these

data suggest that the endocannabinoid system is directly

involved in L-29-induced analgesia and may provide a useful

therapeutic target. In contrast, CB receptor blockade had

no consequences for the L-29-associated analgesia in

VZV-treated animals. VZV-associated hypersensitivity is thus

likely to involve a different pathophysiology from that

of nerve injury or drug-induced neuropathic models, which

may account for mechanistic differences in response to L-29.

These results suggest that L-29 or the endocannainoids

affected by L-29 are acting, at least in part, via CB receptor-

independent mechanisms. This may include L-29 acting

directly on alternative receptors or via the promotion of

known endocannabinoid-CB receptor-independent mechan-

isms. L-29 is a structural analogue of PEA and therefore may

act mechanistically in a manner similar to PEA. The

molecular target for PEA is controversial and evidence would

suggest that it is not a ligand at either known CB receptors

(LoVerme et al., 2005b). However, it is thought that PEA

mediates its anti-inflammatory and some of its analgesic

actions through activation of PPAR-a (LoVerme et al., 2005a,

2006). In line with this, the analgesic effect of L-29 was

diminished by blockade of the PPAR-a receptor, suggesting

that L-29 may be acting directly via this receptor or

indirectly by increasing endogenous levels of PEA.

The possible involvement of CB receptor-independent

mechanisms are supported by the fact that anandamide is

thought to be a ligand at various targets relevant to

transmission and modulation of nociceptive information

including; transient receptor potential vanilloid type-1

receptors (TRPV-1), 5-HT receptors, voltage-gated calcium

channels, and the NMDA receptor (Fan, 1995; Mackie et al.,

1995; Twitchell et al., 1997; Hampson et al., 1998; Barann

et al., 2002; Oz et al., 2002; Roberts et al., 2002). L-29 is

known not to directly activate TRPV1 (Vandevoorde et al.,

2003b). However, it is possible that anandamide, the levels of

which may be affected by L-29, may be acting upon these

receptors and could therefore potentially become pro-

nociceptive, in addition to being analgesic. We found the

analgesic effect of L-29 at the highest does tested

(20 mg kg�1) to be less than at the optimum dose of

10 mg kg�1. This could represent that at higher doses, L-29

causes anandamide accumulation of a magnitude great

enough to activate pro-nociceptive targets such as TRPV-1

thereby counteracting analgesic effects via CB receptors.

Therefore, further in-depth investigation of these receptor

types would be of interest.

Finally, L-29 affected measures of spontaneous exploratory

activity and thigmotaxis in the open field paradigm, which is

classically used as a measure of anxiety related behaviour

(Carli et al., 1989; Holmes, 2001; Cryan and Holmes, 2005).

Such altered patterns of behaviour are associated with rodent

models of pain (Wallace et al., 2007) and are sensitive to

clinically employed analgesics, such as gabapentin and

morphine (Wallace et al., 2006; Hasnie et al., 2007),

suggesting that it represents a measure of non-stimulus

evoked pain-like behaviour, either spontaneous pain or pain

co-morbidities. Such measures are likely to prove more

clinically relevant due to the fact that the majority of

neuropathic pain patients present primarily with sponta-

neous pain with a lesser degree of hyperalgesia or allodynia

(for a review, see (Mogil and Crager, 2004)). Moreover, pain

co-morbidities such as anxiety and depression have a huge

impact on neuropathic pain (Dworkin and Gitlin, 1991;

Meyer-Rosberg et al., 2001) and therefore merit investiga-

tion. The reversal of thigmotactic behaviour in PSNI-treated

animals by L-29 suggests that, in addition to modulating

simple reflex pain pathways, it modulates higher levels of

pain processing. Importantly, locomotor activity was un-

affected by L-29, implying a lack of adverse central side

effects that are often associated with CB receptor activation

(Jarbe et al., 2004).

In conclusion, these data highlight the potential of PEA

analogues as analgesics that are associated with fewer

unacceptable side effects than globally acting cannabinoid

agents.
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