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Abstract

The G-protein coupled receptor 55 (GPR55) is activated by cannabinoids and non-cannabi-

noid molecules and has been speculated to play a modulatory role in a large variety of physi-

ological and pathological processes, including in metabolically perturbed states. We

therefore generated male mice deficient in the gene coding for the cannabinoid/lysopho-

sphatidylinositol (LPI) receptor Gpr55 and characterized them under normal dietary condi-

tions as well as during high energy dense diet feeding followed by challenge with the CB1

receptor antagonist/GPR55 agonist rimonabant. Gpr55 deficient male mice (Gpr55 KO)

were phenotypically indistinguishable from their wild type (WT) siblings for the most part.

However, Gpr55 KO animals displayed an intriguing nocturnal pattern of motor activity and

energy expenditure (EE). During the initial 6 hours of the night, motor activity was signifi-

cantly elevated without any significant effect observed in EE. Interestingly, during the last 6

hours of the night motor activity was similar but EE was significantly decreased in the Gpr55

KO mice. No significant difference in motor activity was detected during daytime, but EE

was lower in the Gpr55 KO compared to WT mice. The aforementioned patterns were not

associated with alterations in energy intake, daytime core body temperature, body weight

(BW) or composition, although a non-significant tendency to increased adiposity was seen

in Gpr55 KO compared to WT mice. Detailed analyses of daytime activity in the Open Field

paradigm unveiled lower horizontal activity and rearing time for the Gpr55 KO mice. More-

over, the Gpr55 KO mice displayed significantly faster reaction time in the tail flick test, indic-

ative of thermal hyperalgesia. The BW-decreasing effect of rimonabant in mice on long-term

cafeteria diet did not differ between Gpr55 KO and WT mice. In conclusion, Gpr55 defi-

ciency is associated with subtle effects on diurnal/nocturnal EE and motor activity behav-

iours but does not appear per se critically required for overall metabolism or behaviours.
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Introduction

Cannabinoids affect a large variety of physiological processes, including energy metabolism,

appetite regulation, emesis and pain. Various cannabinoid molecules have been developed

with aims to treat obesity, anorexia, neuralgia, inflammation, Parkinson’s and Alzheimer’s dis-

ease, epilepsy, cardiovascular disorders and cancer (reviewed in [1]). These multiple putative

clinical indications suggest the existence of comprehensive and complex signalling systems for

endogenous cannabinoid molecules (endocannabinoids) in peripheral tissues as well as in the

central nervous system (CNS). GPCR0s identified that are activated by endocannabinoids,

include the cannabinoid receptor 1 (CB1) [2, 3], 2 (CB2) [4], TRPV1 [5], GPR18 [6] GPR119

[7] and GPR55 [8].

Gpr55 is expressed in various tissues, including white adipose tissue, liver, adrenal glands,

gastrointestinal tract, as well as in the hypothalamus, frontal cortex and other CNS structures

[8–11]. The expression pattern together with previous literature supports a role for GPR55 in

the regulation of components involved in the control of energy homeostasis, pain, motor func-

tion and behaviour [12–14].

Lysophophatidylinositol (LPI) is reported to be the main endogenous ligand for GPR55

[15], and other putative endogenous GPR55 ligands are also active on other receptors and

channels in similar concentrations [16, 17]. Due to the lack of robust and specific GPR55

assays, there are no well-characterized ligands for this target. Hence, the biological role of

GPR55 is not entirely clear. Gpr55 deficient mice have been developed and studied to under-

stand the importance of the receptor in a variety of areas [18–21]. Wu et al. [14] reported that

Gpr55 deficient mice do not display any gross abnormalities, and no significant effects were

observed on body weight, grip strength nor on behaviour in models used to detect anxiolytic-

or antidepressant-like action. However, these mice displayed a trend towards decreased hori-

zontal activity in the open field test, and significantly shorter reaction time in the hot plate test,

indicating thermal hyperalgesia [14]. Another recent study reported that Gpr55 deficient mice

have unaltered body weight but when older (5–9 months) display increased fat mass and insu-

lin resistance [12]. Moreover, this study also found that 5 months old Gpr55 deficient mice had

unaltered energy intake and respiratory exchange ratio, but reduced energy expenditure and

motor activity. Also, a number of other recent reports have pointed to a putative role of Gpr55
in metabolic disorder (see, e.g., [11, 22]).

In the present study, a new independent Gpr55 deficient mouse line was developed and

studied to understand the importance of GPR55 in metabolism and behaviours in young ani-

mals under normal dietary conditions. In addition, separate cohorts of Gpr55 deficient mice

were subjected to a longitudinal study during which high energy dense diets was provided fol-

lowed by challenge with the CB1 receptor /GPR55 ligand rimonabant.

Methods

Generation of Gpr55 deficient mice

For targeting vector construction, a 1.98kb 5’ homology and a 5.11kb 3’ homology fragment

was amplified by Pfu PCR from a bacterial artificial chromosome (BAC), which contained the

mouse Gpr55 gene. Both fragments were sub-cloned and sequenced with 3100 BigDye termi-

nator (v3.1 Matrix Standard, Applied Biosystems, Foster city, USA). A region containing the

complete Gpr55 coding sequence (CDS) in exon 2 was replaced with a loxP-flanked Neo cas-

sette (Fig 1A). The targeting vector was linearized and electroporated into embryonic stem

(ES) cells (R1/E, Univ. Ave, Toronto, Canada) and selected with G418 (300 μg/ml). ES-cell

clones that successfully underwent homologous recombination were identified by PCR
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screening, and then confirmed by Southern blotting (Fig 1B). Targeted ES-cell clones were

injected into C57BL/6 blastocysts, which were subsequently implanted into pseudo pregnant

female mice. Chimeric male offspring was bred to C57BL/6 mice to produce germ line trans-

mitted N1 offspring. The Neo cassette was deleted by breeding the N1 mice with Rosa26Cre

Fig 1. Construction and confirmation of Gpr55 KO mice. (A) Schematic diagram of the mouse Gpr55 gene and the

targeting strategy. CDS: coding sequence, 30UTR: 3 end un-translated region, PGK Neo: a loxP-flanked Neo cassette. (B)

Southern blotting analyses of ES-cell clones using the probes indicated in (A). (C) Gpr55 expression analyses by reverse

transcriptase (RT) PCR analysis of cerebrum dissected from Gpr55 homozygous KO (lane 1–2), Gpr55 heterozygous (lane

3–4) and wild type (lane 5–6) mice.

doi:10.1371/journal.pone.0167965.g001
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mice [23], having a pure C57BL/6 background. The Gpr55 mutant mice were obtained by

intercrossing heterozygous mice. Genotyping of the offspring was performed by PCR to detect

wild type and mutant alleles by using the following primers: 50-ATGCGGAATTCCTGTTACCC
A -30 (forward), 50-CACCCTAGGGCCTCAGTTGTA -30 (reverse) and 50-GGAAAGCTGAGAT
ACAGACTT–30 (reverse). Gpr55 deficiency was confirmed by RT-PCR analysis. Cerebrums

were dissected from 8-week old littermates of Gpr55 KO homozygous, heterozygous and wild

type mice. Reverse transcription was run with SuperScript First-Strand kit (Invitrogen, Carls-

bad, USA) followed by a PCR using one primer located in the upstream exon 5'-GGAAAGGG
GACTTCTCTTGG-3'and one primer in the deleted region 5'-CACTCCACCAGAGTGCAGA
A-3’ (Fig 1C).

Animal care

All animal experiments were approved by the AstraZeneca internal committee for animal

studies as well as the Gothenburg Ethics Committee for Experimental Animals, licence (no:

192–2006) compliant with EU directives on the protection of animals used for scientific

purposes.

The animals used in these studies were crossed three generations towards C57Bl/6J (Harlan,

the Netherlands). Control animals used throughout the experiments were wild-type (WT) lit-

termates of the Gpr55 KO mice. All studies were performed on male mice. The mice were

housed individually in a temperature controlled room (21˚C) with a 12:12 hour light-dark

cycle (dawn: 5.30am, lights on: 6.00am, dusk: 5.30pm, lights off: 6pm) and controlled humidity

(45–55%). Except where otherwise stated, they had access to a normal chow diet (R36, Lacta-

min AB, Stockholm, Sweden) and water ad libitum. The R36 chow diet contained (weight %):

3.5% cellulose, (energy %): 22.9% protein, 67.1% carbohydrate and 9.6% fat. Environmental

enrichment was provided (cartons, wooden tongue depressors & cotton nesting pads) in home

cages unless otherwise stated. Upon completion of the studies, mice were fasted for 3h and

euthanised by means of cardiac puncture under isoflurane inhalation anaesthesia.

Comprehensive characterization of Gpr55 deficient male mice

General phenotypic characterization of the Gpr55 KO mice followed the protocol previously

described [24]. In short, the nose-anus length of mice was measured at 3, 7 and 9 weeks of age

and their body weight assessed weekly from 3 to 7 weeks of age, and then in conjunction with

in vivo experimentation. The condition of fur, nose, eyes and teeth was examined during this

initial study period. Normal home cage behaviours, including nesting, grooming, sniffing,

rearing and climbing, was monitored by cage-side observations, and basic sensory responses

investigated by eye-blink, grip-strength, beam-walking (balance) and click-box (startle reac-

tion) tests during the initial 7 weeks was studied as described [24]. Thermal sensory pain was

investigated by the hot water (55˚C) immersion tail flick test at 7 weeks of age.

The comprehensive laboratory animal monitoring system (CLAMS, Columbus Instru-

ments, USA) was used to assess energy expenditure (EE), respiratory exchange ratio (RER),

spontaneous locomotor activity, as well as diet and water consumption at thermoneutrallity

(set for WT mice to be 29.5˚C) as previously described [24]. The mice were placed in the

CLAMS calorimeter chambers at 9 weeks of age with ad libitum access to diet and water for

72 hours. Faeces produced over the experimental time was sampled and energy content deter-

mined by a bomb calorimeter (C5000, IKA, Germany).

Rectal core body temperatures were recorded in conscious non-anaesthetised mice in room

temperature at day-time (10.00–11.00 am) using a rectal probe.

GPR55 Deficiency - Metabolism, Motor Activity & Pain

PLOS ONE | DOI:10.1371/journal.pone.0167965 December 12, 2016 4 / 16



Body composition was assessed by dual energy X-ray absorptiometry (DEXA, GE Lunar,

Madison, USA) in isoflurane anaesthetised mice at 8 weeks of age as previously described [24].

Detailed day-time locomotor activity behaviour was monitored over 1h on two consecutive

days in specially designed open field boxes in 10 week old animals, all as previously described

[24]. In addition, the mice were assessed in behavioural models commonly used to detect anxi-

olytic-like (Zero maze system) and antidepressant-like (forced swim test system) drug proper-

ties, and a passive avoidance test (Shuttle box system) used to assess memory and learning

abilities, according to protocols previously described [24].

Extended assessments during high fat diet and drug intervention

The Gpr55 KO and corresponding littermate WT control mice were studied during long-term

(28 weeks) exposure to ad libitum choice of calorie-dense foodstuff (‘cafeteria diet’: cheese

(38% fat, 1% carbohydrate, 20% protein; Arla Ost, Vaästervik, Sweden), milk chocolate (32%

fat, 58% carbo- hydrate, 6% protein; Marabou1, Kraft Foods, Upplands Vaäsby, Sweden),

nougat (39% fat, 47% carbohydrate, 6% protein; Odense Marcipan1, Odense, Denmark), and

chocolate pastry (31% fat, 52% carbohydrate, and 5% protein; Delicato1, Huddinge, Sweden)

along with standard R36 chow diet (Lactamin AB, Stockholm, Sweden) to assess any potential

interactions of Gpr55 deficiency with body weight gain and body composition, assessed by

DEXA. Furthermore, when in the diet-induced obesity (DIO) condition, Gpr55 KO and WT

littermate control mice were subjected to a 14 days challenge with the CB1 antagonist/GPR55

ligand [8] rimonabant (20 μmol/kg p.o., once daily for 14 days) to examine the relative influ-

ence of the CB1 vs. GPR55 component in the well-established weight-reducing profile of this

agent.

Statistical analysis

All values are given as group means ± SEM. The in vivo phenotyping parameters were com-

pared between WT littermates and Gpr55 KO mice using Student’s t-test, or 2-way ANOVA

for repeated measures. A linear regression model for adiposity with body weight and genotype

as predictors was used to estimate relative adiposity between genotypes. Probability values

p<0.05 were considered statistically significant. The data was log-normalized when

appropriate.

Results

Generation of Gpr55 knockout mice

Gpr55 knock out (Gpr55 KO) mice were generated by targeted deletion of a 3.1 kb fragment of

the coding region in exon 2 (Fig 1A). Mice that were heterozygote for the deletion were inter-

crossed to produce male homozygote for the deletion (Gpr55 KO) and wild type (WT) litter-

mate control mice that were studied. Of 67 male pups, 18 were homozygote (27%), 39 were

heterozygote (58%) and 10 were WT (15%). Female offspring was not counted or genotyped.

General characterization

No gross abnormalities were observed at birth, nor during growth, and no significant differ-

ences were observed in the condition of fur, nose, eyes and teeth upon ocular inspection com-

parison of Gpr55 KO and WT siblings throughout the life-span covering the experiments in

the study. In respect to observed behaviours, nesting, grooming, rearing, grid grip strength

and climbing demonstrated no differences between Gpr55 KO and WT control mice (not

shown).

GPR55 Deficiency - Metabolism, Motor Activity & Pain
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Assessments of behavior and thermal sensory pain

No significant differences were observed between Gpr55 KO and WT mice in the behavioural

anxiolytic/antidepressant-like property assessment models (Zero Maze/Forced Swim Test),

nor in the memory/learning ability (Passive Avoidance) paradigm (data not shown).

Gpr55 KO mice reacted significantly faster in the hot water immersion tail flick test (Fig 2),

indicative of thermal hyperalgesia.

Body weight, body length and body composition

Although, at 3 weeks of age, the Gpr55 KO mice tended to be slightly shorter than their WT

siblings (WT: 8.29 ± 0.09 cm, Gpr55 KO: 8.01 ± 0.10 cm; p = 0.06; n = 8 in both groups), no

significant differences or tendencies were observed at any of the following assessment time

points. In addition, no significant difference was observed regarding body weight gain (3–7

weeks of age). In line with this, neither lean mass, fat mass, nor gross bone mineral density or

content (not shown) were significantly altered when Gpr55 KO and WT mice were compared

at 8 weeks of age.

Consistent with the above, neither was there any significant difference in the rate or extent

of body weight gain in Gpr55 KO mice relative to their WT littermates when fed a calorie-

dense cafeteria diet for 28 weeks (Fig 3A, 2-way ANOVA for repeated measures with time and

genotype as factors; time, F28, 280 = 423.8, p<0.0001; genotype, F1, 10 = 0.1030, N.S.; interaction

F28, 280 = 0.3260, N.S.). Assessment by means of DEXA of body composition after the pro-

longed cafeteria diet access revealed no significant alterations in any of the parameters

assessed, including fat mass, lean mass nor bone mass or bone density. However, a linear

regression analysis indicated a slightly though non-significant (p ~ 0.10) increase in adiposity

(fat mass relative to body weight) in the old (28 weeks) Gpr55 KO mice (Fig 3B). Subsequent

pharmacological challenge with rimonabant (20 μmol/kg, p.o./q.d.) for 14 days significantly

and comparably reduced body weight both in Gpr55 KO and WT mice by 15–18% from

Fig 2. Pain sensitivity. Thermal pain assessed by the tail flick test in Gpr55 KO (n = 8) and corresponding

WT (n = 8) mice. Statistical analysis by Student0s t-test. * indicates p<0.05.

doi:10.1371/journal.pone.0167965.g002
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Fig 3. Body weight gain, adiposity and effects of rimonabant. (A) Body weight gain over 28 weeks during

continuous high fat ‘café diet’ feeding in Gpr55 KO (n = 5) and corresponding WT (n = 7) mice. Statistical

analysis by 2-Way ANOVA for repeated measures, with time and genotype as factors, indicated a significant

effect of time (F28, 280 = 423.8, p<0.0001) but no difference between genotypes (F1, 10 = 0.1030, N.S.). (B)

Correlation analysis of body weight (g) over relative body fat mass (g fat/ g body weight) in Gpr55 KO (n = 8)

and corresponding WT (n = 8) mice at 2 months of age and in DIO Gpr55 KO (n = 5) and WT (n = 5) mice at 7
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baseline (Fig 3C, 2-way ANOVA for repeated measures with time and genotype as factors;

time F14, 126 = 162.6, p<0.0001, genotype F1, 9 = 0.0773, N.S., interaction F14, 126 = 0.2382,

N.S.).

Indirect calorimetry, body temperature and locomotor activity

Indirect calorimetry, diet and water intake as well as day- and night-time locomotor activity

was assessed in 9 week old Gpr55 KO and WT littermate control mice at thermoneutral ambi-

ent temperature (29.5˚C).

No significant differences were observed in diet or water consumption or respiratory

exchange ratio (RER), indicating unaltered relative usage of energy sources. Energy expendi-

ture (EE, kcal/kg) tended to be lower over the duration of the experimental period for the

Gpr55 KO mice. Although there was no significant difference in EE between Gpr55 KO and

WT mice in the initial part of the night (6.00 pm—midnight) the Gpr55 KO mice displayed sig-

nificantly reduced EE during the last 6 hours (midnight—6.00 am) of the dark period as well

as during daytime (Fig 4A).

Energy intake and expenditure are typically adjusted to maintain body energy homeostasis.

Surprisingly, energy intake or energy uptake (energy intake minus energy left in faeces) was

not significantly different between Gpr55 KO and WT mice indicative of similar energy

absorption in these two cohorts. The reduced EE was not correlated to reduced day-time core

body temperature, which was not significantly altered in the Gpr55 KO mice (WT: 37.7 ±
0.2˚C; Gpr55 KO: 37.8 ± 0.2˚C).

Paradoxically, locomotor activity was significantly increased during the initial 6 hours of

the night period (6.00 pm—midnight) in the Gpr55 KO mice, when EE was unaltered (Fig 4B).

Locomotor activity was not significantly different between the cohorts the latter part of the

night (midnight– 6.00 am) when EE was lower in the Gpr55 KO mice.

Locomotor activity was assessed both in conjunction with the indirect calorimetry mea-

surements referred above over 72 continuous hours, as well as in separate 1h-sessions on two

consecutive days in an open field activity system during day-time. In this latter model, perfor-

mance in the arena on the initial experimental day, representing exploratory behaviour, was

not significantly different between Gpr55 KO and WT mice (not shown). During the second

day, representing locomotor activity after habituation, the Gpr55 KO mice displayed low activ-

ity and high corner time. In particular, 2-way ANOVA for repeated measures indicated signifi-

cantly lower horizontal activity (F1, 14 = 5.120, p < 0.05) and rearing time (F1, 14 = 5.543,

p< 0.05) and significantly increased corner time (F11, 154 = 10.75, p< 0.01) in the Gpr55 KO

compared to the WT mice (Fig 5A, 5B and 5C). The increased corner time measure in particu-

lar is suggestive of more immobility for the Gpr55 KO compared to WT control mice. For the

remainder of the parameters assessed, including peripheral activity and locomotion (sequen-

tial beam breaks), the Gpr55 KO mice appeared consistently less active and less prone to rear.

Faeces production over the test period, often used as a measure of stress behaviour and emo-

tionality [25], was not significantly different between Gpr55 KO and WT mice (not shown).

months of age. A linear regression model for adiposity with body weight and genotype as predictors to

estimate relative adiposity indicated a non-significant trend (p ~0.10, N.S.) to increased adiposity in DIO

Gpr55 KO vs. WT at 7 months of age. (C) Effects on body weight of daily dosing of rimonabant (20 μmol/kg p.

o., once daily for 14 days) in Gpr55 KO (n = 5) and corresponding WT (n = 6) mice. Dashed line depicts the

(100%) baseline level. Statistical analysis by 2-Way ANOVA for repeated measures, with time and genotype

as factors, indicated a significant effect of time (F14, 126 = 162.6, p<0.0001) but no difference between

genotypes (F1, 9 = 0.07729, N.S.).

doi:10.1371/journal.pone.0167965.g003
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Discussion

Many of the CNS actions of both endogenous and exogenous cannabinoid ligands seem to

derive from targets other than the commonly and most well documented CB1, CB2 and

TRPV1 receptors. In the present paper we describe the phenotypical outcome of a mouse line

carrying a disrupted gene encoding one of these alternative cannabinoid targets, Gpr55. Simi-

larly to CB1, Gpr55 mRNA is widely distributed throughout the brain. However, compared to

the CB1 receptors, Gpr55 generally displays lower expression levels, may be more heteroge-

neously distributed, and the actual CNS levels of receptor protein remains to be verified [26].

This notwithstanding, there is indications in the emerging literature for a possible involvement

Fig 4. Energy expenditure and locomotor activity. (A) Energy expenditure (EE, kcal hr-1 kg-1) and (B) locomotor activity was

continuously assessed over 72 hours at a thermoneutral temperature in Gpr55 KO (n = 8) and corresponding WT (n = 7) mice. Light and

dark grey bars indicate initial (6pm– 00) and late (00—6am) part of the night time respectively. Statistical analysis was done by 2-Way

ANOVA for repeated measures with time and genotype as factors. Bar charts to the right of the line charts show average night time EE

(panel (A)) and average night time locomotor activity (panel (B)). Statistical comparisons of the averaged data was done by Student0s t-test.

* p < 0.05; *** p < 0.001.

doi:10.1371/journal.pone.0167965.g004
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Fig 5. Open Field locomotor activity. (A) Horizontal activity, (B) rearing time and (C) corner time during the

second day assessments in Gpr55 KO (n = 8) and corresponding WT (n = 8) mice. Statistical analysis by

2-Way ANOVA for repeated measures, with time and genotype as factors was carried out for each variable.

Horizontal activity: significant effect of time (F11, 154 = 13.87, p < 0.0001) and between genotypes (F1, 14 =

5.120, p < 0.05) but no interaction (F11, 154 = 0.8475, N.S.). Rearing time: significant effect of time (F11, 154 =

2.393, p < 0.001) and genotype (F1, 14 = 5.543, p < 0.05) but no interaction (F11, 154 = 0.51, N.S.). Corner time:

GPR55 Deficiency - Metabolism, Motor Activity & Pain
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of GPR55 receptors in non-CB1/non-CB2/non-TRPV1 centrally and peripherally elicited

responses to ligands otherwise primarily considered as cannabinoid receptor-active agents.

Since the first publication on GPR55, discussing the possibility that it might belong to the

cannabinoid receptor family [8], several studies have been aimed at further understanding the

pharmacology of this GPCR (reviewed in [27, 28]). The present report shows that deletion of

Gpr55 produces no conspicuous gross phenotypical, behavioural or pathological changes.

Interestingly however, we identified subtle yet significant differences with respect to motor

and metabolic parameters between Gpr55 KO and corresponding WT mice.

Gross behavioural phenotyping showed that Gpr55 KO mice display similar body weight

gain, body composition, energy intake and assimilation, water consumption as WT littermate

mice. A slight non-significant shortening of the Gpr55 KO vs. WT mice was noted only at the

3 week time-point, an observation that may or may not be related to the suggested role of the

receptor in bone physiology [21]. No significant differences were observed between the experi-

mental and control cohorts in performance in behavioural tests commonly used to assess anti-

anxiety, anti-depressive, cognition or anti-stress properties of drugs. These observations are

generally also consistent with a previous study [14] performed in a different strain of Gpr55
KO mice. That Gpr55 KO mouse strain was generated by targeting the coding sequence of

exon 2 of the Gpr55 gene and backcrossed to C57BL/6 genetic background, similar to the

Gpr55 KO mouse strain described in the current paper.

Motor function

The present data and recent observations by others indicate that GPR55 plays a role in the con-

trol of central processes involved in behavioural and/or motor function. The data however are

partly contradictory, seemingly at least depending on experimental model and conditions used

for measurement. Firstly, as a general background, mice are nocturnal, and thus differ in their

baseline motor activity across the day-night cycle. We therefore decided to monitor the poten-

tial role of GPR55 in two distinctly separate situations: the CLAMS cages (small confined area,

thermoneutral temperature, habituation, continuous 72 hrs day & night), and an open field

test (large arena, room temperature, 2 days to assess novel and habituated conditions, 1h-ses-

sions during day-time). Assessment of motor activity in 9-week old Gpr55 KO mice over three

consecutive day and night episodes in the CLAMS cages revealed consistently elevated hori-

zontal motor activity during the initial 6-hour phase of the dark period. However, during the

remainder of the night as well as during daytime, the motor activity did not differ from levels

observed in WT mice. In contrast to these findings, the 1-hour open field, day-time light phase

activity was indicative of reductions in overall mobility in the Gpr55 KO mice relative to WT

littermates. The open field motor assessment is performed in a setting with a much larger

arena, has greater resolution allowing for gauging motor activity patterns in a more detailed

manner compared to the CLAMS cages, but may additionally involve a stress/emotional com-

ponent to the response. For comparison, Meadows et al. [12] recently reported that 5-months

old Gpr55 KO mice exhibited unaltered forced treadmill activity but reduced total 12h-accu-

mulated night-time locomotor activity and voluntary wheel running, although it was not stated

if during initial or later parts of the dark phase. Using the same strain of Gpr55 KO, Wu et al.
[14] found that while gross motor activity assessed in the open field test was largely unaffected

in 2–5 months old mice, a significant impairment was seen with respect to more challenging

significant effect of time (F11, 154 = 2.598, p < 0.01) and of genotype (F11, 154 = 10.75, p < 0.01) but no

interaction (F11, 154 = 0.7387, N.S.). Statistically significant differences between Gpr55 KO and WT are

indicated in the Fig.

doi:10.1371/journal.pone.0167965.g005
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motor coordination responses, including rotarod and foot-slip test, tentatively in line with the

lowered propensity to open field rearing activity observed in the current study. Taken together,

the aforementioned motor activity studies thus display overlapping as well as contrasting out-

comes. Methodological factors such as the phase of the day-night cycle, the size of the area uti-

lized for assessment, ambient temperature, age, and tentatively also single- vs. group-housing

of the animals (e.g., present study vs. [14]), may account for some of the discrepancies in this

regard. Overall, however, it appears evident that GPR55 demonstrates a subtle but definite

modulatory role impacting motor control, and consistent with the presence of GPR55 recep-

tors in brain areas important to motor function (e.g., [14]). The possibility that GPR55 may

play a role in CNS reward systems was also raised in this context by Meadows et al. [12], and

remains a potential contributory factor to be explored further.

Pain

While GPR55 does appear to be involved in pain control, available data suggest a clear differ-

ence in its impact among different pain modalities (e.g., mechanical/inflammatory vs. thermic;

[14, 20]; present data). Our studies showed that Gpr55 KO mice display a significantly shorter

reaction time in respect to the tail-flick test. This is in line with findings by others using the

hot-plate model [14, 20], and is indicative of a mild thermic hyperalgesia in the absence of the

GPR55 receptor. Generally consistent with a potential analgesic role of GPR55 are also reports

that intrathecal administration of AM251 or PEA (a CB1 antagonist and indirect-acting ago-

nist, respectively, which both possess GPR55 agonist activity; e.g., [8]), results in analgesia in

the formalin test [29]. However, in contrast, Gpr55 KO mice were reported to lack the typical

inflammatory mechanical hyperalgesia following intraplantar administration of Freund’s com-

plete adjuvant [20]. Clearly, more work is warranted to define the role of GPR55 in relation to

type and origin of pain stimulus and the anatomical level(s) involved (peripheral sensory, spi-

nal and/or central).

Metabolic function

Whether or not GPR55 has a direct role in the development of obesity and diabetes has

remained an open question. In two recent review papers, the potential role of GPR55 as a regu-

lator of metabolic function was discussed [11, 22]. While GPR55 is indeed expressed in multi-

ple central and peripheral compartments relevant to energy intake, storage and expenditure

(e.g., hypothalamus, adipose tissue, liver, pancreas), its role and importance in nutritional/

energy homeostasis remains unclear due to several contradictory and confusing observations.

It is reported that GPR55 expression in adipose tissue is positively correlated with obesity

in humans, particularly in women [30]. It might therefore be expected that deletion of Gpr55
would yield a lean phenotype. The present data however indicate that the absence of Gpr55
does not result in any major alteration of weight gain or body composition in young or aged

male mice, regardless of whether given standard (low-fat) lab chow or being exposed to a pro-

tracted high-caloric obesogenic diet. Furthermore, neither was the capacity of the CB1 antag-

onist/(weak) GPR55 agonist rimonabant (cf. [8]) to decrease body weight in the latter diet-

induced obese mice significantly different between Gpr55 KO and WT animals. Thus, while

it was proposed that increased GPR55 activity might promote obesity in humans [30], genetic

deletion of the receptor in male mice does not result in leanness or in attenuated body weight

loss by rimonabant treatment (present data). We cannot discard the possibility that rimona-

bant exposure at the GPR55 receptor was too low under the current drug treatment schedule.

Regardless, the findings may tentatively suggest low or no tone at GPR55 under physiological

conditions. Needless to say, alternative interpretations relating to species or gender
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differences and/or compensatory adjustments to genetic Gpr55 deletion also remain a possi-

ble explanation.

Although there was no significant main effect of Gpr55 deficiency on body weight, body fat

mass, calorie intake or assimilation, RER or day time core body temperature, we discovered an

intriguing pattern of energy expenditure vs. motor activity. These parameters are often linked,

but were seemingly dissociated in Gpr55 KO compared to WT mice in our metabolic cage

studies. Thus, during the 6h-time period between lights off and midnight, motor activity was

significantly higher in Gpr55 KO mice without any significant effect on EE. After midnight

and throughout the remainder 6h of the night phase, motor activity was normalized but EE

was significantly lower in the Gpr55 KO than in the WT mice. Also during day-time (when

rodents are typically at rest) EE was significantly lower in Gpr55 KO than in WT mice; no dif-

ferences in motor activity were observed. It would appear that Gpr55 deficiency is generally

associated with low EE, but that its display may be offset in the early part of the dark period by

the concomitant increase in motor activity observed in these KO mice. The principal compo-

nents determining EE are basal metabolism, thermogenesis, thermic effects of diet and physi-

cal activity [31]. The low EE in Gpr55 KO mice is not explained by reduced motor activity in

young animals. Altered thermogenesis is also not a likely explanation for low EE as these

experiments were conducted under thermoneutrality, and core body temperature was not

changed when assessed in room temperature. The reduced EE in the absence of a correspond-

ing effect on energy intake or body weight may indicate increased energy utilization efficiency

in the Gpr55 KO mice. The exact mechanism(s) however remain to be further clarified.

Even if small in size, a persistent lowering of EE will if prolonged be expected to affect

energy homeostasis and result in increased body weight. The lack of effect Gpr55 deficiency on

BW and but modest effect on fat mass vs. WT mice may therefore seem puzzling. Our data in

this regard concur with the observations of Meadows et al. [12]. However, in contrast with

their report of reduced motor activity in the Gpr55 KO, we find a transient increase of locomo-

tion during the dark phase (cf. above). In addition to factors already discussed above, age and

diet may need to be considered with respect to the net effect of reduced EE on fat mass and

body weight. Whereas our metabolic chamber studies were carried out in 9-week old mice,

those of the aforementioned authors represent observations in 5-month old mice (and in a dif-

ferent motor activity paradigm). As the animal background strain and the (relatively high-car-

bohydrate and low-fat) standard lab diets used were similar in the two studies, it may be

speculated that an age-related general decay in mobility (cf. [32]) accounts for the somewhat

more pronounced—although still modest—adiposity observed in the older mice. For compari-

son, feeding our Gpr55 KO mice a high-caloric (high-fat, high-carbohydrate) content diet for 7

months did not influence body weight gain, but showed a small, non-significant trend towards

increased adiposity across body weight in the Gpr55 KO mice vs. WT littermates—consistent

with the previous report [12]. However, it appears likely that the HFD regimen applied in our

studies is close to an obesogenic ‘ceiling’ effect, and therefore that Gpr55 KO separate only

slightly from the WT littermates. Possibly, a more moderate-caloric diet might accentuate the

adiposity-promoting action of Gpr55 deficiency.

The seemingly paradoxical and intriguing pattern of motor activity vs. EE and, in turn,

body weight/adiposity, may thus be rationalized by sustained actions involving GPR55 on

pathways modulating motor as well as energy homeostasis systems. Thus, as motor activity

overall declines with increased age it appears reasonable to assume that even the observed sub-

tle reduction in EE may increase fat mass in Gpr55 deficiency, particularly in conjunction with

long-term high-caloric diet exposure. Further detailed studies are required to reconcile these

findings, and whether or not they may invoke GPR55-dependent alterations also in, e.g., circa-

dian behavioral and/or metabolic patterns.
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It deserves mention in this context that heterodimeric interactions between CB1 and

GPR55 have been described [33]. It has further been suggested that CB1 receptor upregulation

may trigger a compensatory normalization of food intake following GPR55 deletion, thereby

obscuring effects otherwise elicited by a deficiency in the latter [22]. Explanations like these

appear, however, less likely to account for the present findings as there was no difference

between Gpr55 KO and WT mice in either the rate or extent of weight gain while on high-calo-

ric diet, nor in weight loss after challenge with the CB1 receptor antagonist (/GPR55 agonist;

[8]) rimonabant (Fig 4).

Concluding remarks

The present study has pinpointed some of the subtle phenotypical traits in the mouse following

genetic deletion of Gpr55. The data demonstrate clearly discernible alterations in motor, pain

and metabolic variables. Several effects of cannabinoid-receptor active agents have defied full

identification within a CB1 and/or CB2 receptor framework (cf. [27, 28]). As some such

endogenous and exogenous CB receptor ligands are additionally known to interact with

GPR55 sites in an agonist or antagonist capacity (reviewed by [11, 22]), it remains to be deter-

mined to what extent GPR55 may be involved in mediation of non-CB1/CB2 actions of these

agents. Taken together, the modest (and temporally transient) magnitude of the effects seen in

the Gpr55 deficient mice would appear to be in general agreement with the idea that GPR55

serves a modulatory role jointly with CB1 and/or CB2 receptors in central and/or peripheral

control of motor, pain and metabolic function (cf., e.g., [26, 34]). It might be speculated that

approaches involving more drastic experimental challenges would be required to reveal

enhanced insight into the function of GPR55. Further studies are clearly required to unveil

physiological/pathophysiological states in which GPR55 enhancement or blockade might

become therapeutically exploitable.
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