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Abstract 

Joint pain is a common clinical problem for which both inflammatory and degenerative 

joint diseases are major causes. The purpose of this study was to investigate the role of 

CB1 and CB2 cannabinoid receptors in the behavioral, histological and neurochemical 

alterations associated to joint pain. The murine model of monosodium iodoacetate (MIA) 

was used to induce joint pain in knockout mice for CB1 (CB1KO) and CB2 cannabinoid 

receptors (CB2KO) and transgenic mice over-expressing CB2 receptors (CB2xP). In 

addition, we evaluated the changes induced by MIA in gene expression of CB1 and CB2 

cannabinoid receptors and mu-, delta- and kappa- opioid receptors in the lumbar spinal 

cord of these mice. Wild-type mice, as well as CB1KO, CB2KO and CB2xP, developed 

mechanical allodynia in the ipsilateral paw after MIA intra-articular injection. CB1KO 

and CB2KO showed similar levels of mechanical allodynia of that observed in wild-type 

mice in the ipsilateral paw, whereas allodynia was significantly attenuated in CB2xP. 

Interestingly, CB2KO displayed a contralateral mirror image of pain developing 

mechanical allodynia also in the contralateral paw. All mouse lines developed similar 

histological changes after MIA intra-articular injection. Nevertheless, MIA intra-articular 

injection produced specific changes in the expression of cannabinoid and opioid receptor 

genes in lumbar spinal cord sections that were further modulated by the genetic alteration 

of the cannabinoid receptor system. These results revealed that CB2 receptor has a 

predominant role in the control of joint pain manifestations and is involved in the 

adaptive changes induced in the opioid system under this pain state. 

Key words: joint pain; MIA; CB1 receptor; CB2 receptor; opioid receptors 
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1. Introduction

Pain in joints is a major clinical problem mainly associated in elder people to 

osteoarthritis, the most common form of arthritis [1], whereas in young people is mainly 

caused by inflammatory joint disease such as rheumatoid arthritis. Currently, the 

therapeutic approaches to treat joint diseases are limited since no drugs are available to 

control the disease progression and the treatment with analgesic compounds has restricted 

efficacy and significant side effects. 

Several findings support the interest of the endocannabinoid system as a new possible 

target for the development of innovative therapeutic approaches for joint pain associated 

to arthritis. The cannabinoid system has been involved in a wide range of 

pathophysiological processes [33] and plays an important role in pain modulation [16]. 

At least, two different cannabinoid receptors, CB1R and CB2R, have been identified 

[37,41]. CB1R is extensively expressed in the central nervous system (CNS) and 

peripheral sensory neurons, while CB2R has been mainly found in peripheral tissues and 

is also expressed in neurons [63]. The analgesic effects of CB1R agonists are well 

established (reviewed in [12]) and the selective agonism of CB2R may constitute a new 

strategy for treating chronic pain (reviewed in [20,67]). Behavioral and 

electrophysiological studies have shown the antinociceptive effects of CB1 and CB2 

agonists in different models of chronic pain and arthritis [10,55,57,59,66,68]. In addition, 

in vitro studies identified the expression of CB1R and CB2R on chondrocytes [39] and 

revealed the potential ability of cannabinoids to prevent cartilage degradation [38]. 

Interestingly, the functional expression of CB1R and CB2R in synovia was detected in 
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 4 

patients with osteoarthritis, together with increased levels of the endocannabinoids 

anandamide (AEA) and 2-arachidonyl glycerol (2-AG) in the synovial fluid [53]. In 

agreement, enhanced levels of AEA and 2-AG were also shown in the spinal cord in a 

rodent model of osteoarthritis [54]. However, the specific role of the different 

components of the endocannabinoid system in the pathophysiology of joint pain remains 

largely unknown. 

A well established animal model of joint pain consists in the intra-articular injection of 

monosodium iodoacetate (MIA). MIA inhibits chondrocyte glycolysis [26,61] and 

produces histological alterations, with similarities to clinical histopathology [21,25,27]. 

The pain-related behavior developed after the injection of MIA has been widely 

described in rats [14,15,54,65] and more recently in mice [23].  

The aim of the present study was to evaluate the role of CB1R and CB2R in the 

development of joint pain. We have first characterized in our experimental conditions the 

behavioral manifestations induced by MIA local administration in wild-type mice. Then, 

the nociceptive responses induced in this model were evaluated in CB1 and CB2 

knockout mice and in transgenic mice over-expressing the CB2 receptor. The 

endocannabinoid system has close relationships with the endogenous opioid system in the 

control of pain [35]. Therefore, we also analyzed the changes in gene expression of 

cannabinoid (CB1R and CB2R) and mu-(MOR), delta-(DOR) and kappa-(KOR) opioid 

receptors induced in the spinal cord by the intra-articular injection of MIA in these 

genetically modified mice.  
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2. Materials and methods 

 

2.1. Animal experimental conditions  

Swiss albino mice (Charles River, Lyon, France), CB1 receptor and CB2 receptor 

constitutive knockout mice (CB1KO and CB2KO, respectively) and mice over-

expressing CB2 receptor (CB2xP) were used. The generation of mice lacking CB1 

cannabinoid receptors was described previously [29]. For the generation of CB2KO mice 

on a CD1 background, male CB2KO mice on a C57BL/6J congenic background (kindly 

provided by Nancy E. Buckley, Cal State Polytechnic University, Pomona, CA) [5] were 

crossed with outbred CD1 background (Charles River, France) for 8 generations. Mice 

over-expressing CB2 receptor (CB2xP) with a CD1 genetic background were generated 

as previously described [51]. Mice were 2–3 months old and weighed 25–30 g at the 

beginning of the experiments and were housed in groups of three to five with ad libitum 

access to water and food. Only male mice were used in all the experiments. The housing 

conditions were maintained at 21 ± 1°C and 55 ± 10% relative humidity in a controlled 

light/dark cycle (light on between 8:00 A.M. and 8:00 P.M.). All experimental 

procedures and animal husbandry were conducted according to standard ethical 

guidelines (European Community Guidelines on the Care and Use of Laboratory Animals 

86/609/EEC) and approved by the local ethical committee (Comité Etico Experimental 

Animal–Instituto Municipal de Asistencia Sanitaria/Universitat Pompeu Fabra). All 

behavioral, histological and neurochemical experiments were performed under blind 

conditions. 
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2.2. Intra-articular injection of monosodium iodoacetate (MIA)  

Joint pain was induced in mice briefly anaesthetized with isoflurane by the intra-articular 

injection of monosodium iodoacetate (MIA, Sigma, UK) into the knee joint. The knee 

joint was shaved and flexed at a 90° angle. Five μl of 5 mg/ml MIA in sterile saline 

(0.9%) were injected through the infra-patellar ligament into the joint space of the right 

(ipsilateral) knee using a 30-gauge needle. This concentration of MIA has been 

previously demonstrated to precipitate histological changes in the cartilage [61,62] and to 

induce joint pain [23] in mice. Control mice received an intra-articular injection of 

vehicle (5 μl of sterile saline, 0.9%). 

 

2.3. Locomoror activity 

Locomoror activity boxes (9X20X11 cm; Imetronic, Passac, France) were equipped with 

two lines of photocells and placed in a low luminosity environment (20-25 lux). Mice 

were initially habituated to the locomotor cages for 30 min on three consecutive days. 

Horizontal and vertical locomotion was recorded during 30 min each experimental day. 

 

2.4. Motor coordination 

Rotarod test was used to evaluate motor coordination. The apparatus consists of a black 

striated rod (diameter 5 cm; located 10 cm above the ground) with five crossing 

compartments 5 cm wide each. Before the basal measurement, animals were habituated to 

the apparatus on two consecutive days using a low-speed rotation (4 rpm), until they were 

able to stay on it at least 90 s. On test days, the rotarod accelerated from 4 to 20 rpm over 

50 s and was maintained at 20 rpm thereafter. Ten daily trials were carried out with a 2-
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min rest period between them. In each trial, the fall latency was recorded automatically 

and a cut-off time was established at 90 s. The mean fall latencies of total trials were used 

for statistical analyses.  

 

2.5. Nociceptive behavioral tests 

Hyperalgesia to noxious thermal stimulus and allodynia to cold and mechanical stimuli 

were used as outcome measures of joint pain by using the following behavioral models.  

Mechanical allodynia was quantified by measuring the hind paw withdrawal response to 

von Frey filaments stimulation [11]. Briefly, animals were placed in Plexiglas® boxes (20 

cm high, 9 cm diameter) positioned on a grid surface through which the von Frey 

calibrated filaments (North Coast Medical, Inc., San Jose, CA, USA) were applied by 

using the up-down paradigm, as previously reported [11]. The threshold of response was 

then calculated by using the up-down Excel program generously provided by Dr. A. 

Basbaum (UCSF, San Francisco, USA). Animals were allowed to habituate for 1 h before 

testing in order to allow an appropriate behavioral immobility. Clear paw withdrawal, 

shaking or licking was considered as nociceptive-like response. Both ipsilateral and 

contralateral hind paws were tested.  

Heat hyperalgesia was assessed as previously reported [22]. Paw withdrawal latency in 

response to radiant heat was measured using plantar test apparatus (Ugo Basile, Varese, 

Italy). Mice were placed in Plexiglas® boxes (20 cm high, 9 cm diameter) positioned on a 

glass surface and were habituated to the environment for 30 min before testing in order to 

allow an appropriate behavioral immobility. The mean paw withdrawal latencies for the 

ipsilateral and contralateral hind paws were determined from the average of 3 separate 
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trials, taken at 5-10 min intervals to prevent thermal sensitization and behavioral 

disturbances. A cut-off time of 20 s was used to prevent tissue damage in absence of 

response.  

Cold allodynia was assessed by using the hot/cold-plate analgesia meter (Columbus, OH, 

USA), as previously described [3]. A glass cylinder (40 cm high, 20 cm diameter) was 

used to keep mice on the cold surface of the plate, which was maintained at a temperature 

of 5 ± 0.5◦C. The number of elevations of each hind paw was then recorded for 5 min. A 

score was calculated for each animal as the difference of number of elevations between 

ipsilateral and contralateral paw. 

 

2.6. Experimental protocol  

Mice were habituated for 1 h to the environment of the different experimental tests during 

3 days. After the habituation period, baseline responses were established in the following 

sequence: locomotor activity, motor coordination, von Frey stimulation, plantar and cold-

plate test. One day after baseline measurements, joint pain was induced as previously 

described. Then mice were tested in each paradigm on days 1, 3, 7, 10, 14, 17 and 27 

after the MIA injection, using the same sequence as for baseline responses. In a first 

experimental sequence, the behavioral manifestations induced by MIA were evaluated in 

wild-type mice. In a second set of experiments, we investigated the development of 

mechanical allodynia with the von Frey stimulation in CB1KO and CB2KO mice, as well 

as in CB2xP transgenic mice by using the same experimental sequence described above.  

 

 



 1 

 2 

 3 

 4 

 5 

 6 

 7 

 8 

 9 

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

 9 

2.7. Histology 

2.7.1. Knee joints isolation 

Six weeks after the experimental induction of joint pain, both MIA and saline control 

mice were deeply anesthetized with ketamine/xylazine (50/10 mg/Kg) and intra-cardially 

perfused with 4% paraformaldehyde. The ipsilateral and contralateral knee joints were 

subsequently removed, post-fixed over-night in 4% paraformaldehyde and then 

cryopreserved in 30% sucrose solutions at 4◦ C.   

 

2.7.2. Histological preparation 

The fixed knee joints were decalcified in OSTEOMOLL® (Merck, Germany) for 6-7 h 

and left over-night in 30% sucrose solution. The joints were subsequently embedded in 

gelatin (7.5%) and frozen in cold 2-methyl-butane. Coronal 16-18 µm sections were cut 

in a cryostat from the frontal plane towards the back of each joint and mounted on 

gelatinized slides (6-7 slides with 10 sections each). All the serial sections were stained 

using Safranin O-Fast green staining protocol. Briefly, after hydrating sections with 

decreasing concentrations of ethanol, they were stained with Hematoxylin (Merck, 

Germany) and subsequently with 0.002 % Fast Green (Sigma, Spain) and 0.2 % Safranin 

O (Merck, Germany) solutions. The sections were finally dehydrated and cleared with 

increasing ethanol concentrations and xylene and then mounted with Eukitt® (O. Kindler 

GmbH, Germany) and a covering glass. All the stained sections were viewed at 10X 

objective with a Leica DMR microscope equipped with a Leica DFC 300 FX digital 

camera. Nine images of the obtained sections spanning the central load bearing region of 
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the knee were taken for both medial and lateral sides of each joint (18 total images per 

joint) and used for histological scoring.  

 

2.7.3. Histological scoring 

A semi-quantitative scoring system for murine histopathology, the OARSI score [18], 

was applied and adapted to our experimental conditions. All four quadrants of the knee 

joint were evaluated: medial tibial plateau (MTP), medial femoral condyle (MFC), lateral 

tibial plateau (LTP) and lateral femoral condyle (LFC). The scores were expressed as the 

summed histological score. The summed score represents the additive scores for each 

quadrant of the joint on each section through the joint of each animal. Then the average 

summed score for each experimental group was calculated. The same observer scored all 

the histological changes and was blinded to the specimen samples. 

 

2.8. Opioid and cannabinoid receptors gene expression 

2.8.1. Spinal cord isolation  

Six weeks after the experimental induction of joint pain, both MIA and saline control 

mice were killed by cervical dislocation. Lumbar sections of the spinal cord were 

removed rapidly and dissected in ipsilateral and contralateral portions with respect to the 

lesion, fresh-frozen and stored immediately at -80° C until use.  
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2.8.2. Opioid and cannabinoid receptors gene expression analyses by Real-Time 

PCR 

Total RNA was isolated from frozen (-80° C) spinal cord micro-punches using TRI 

Reagent® (Ambion) and subsequently retrotranscribed to cDNA. Gene expression of 

CB1R, CB2R, MOR, DOR and KOR in lumbar spinal cord was assessed by using Real-

Time PCR. CB1R gene expression was evaluated in wild-type and genetically modified 

mice for CB2R (CBKO and CB2xP), whereas CB2R gene expression was evaluated in 

wild-type and CB1KO mice. Opioid receptors gene expression was evaluated in wild-

type and all the lines of genetically modified mice. Quantitative analysis of gene 

expression was measured using Taqman Gene Expression assays “Mm 

00432621_s1 Cnr1” for CB1R, “Mm 00438286_m1 Cnr2” for CB2R, “Mm 

01188089_m1 Oprm1” for MOR, “Mm 00443063_m1 Oprd” for DOR, “Mn 

01230885_m1 Oprk1” for KOR (Applied Biosystems, Madrid, Spain) as a double-

stranded DNA-specific fluorescent dye and performed on the Step One Real Time PCR 

System (Applied Biosystems, Madrid, Spain). The reference gene used was 18S rRNA, 

detected using Taqman ribosomal RNA control reagents “Hs 99999901_s1 18S”. Data 

for each target gene were normalized to the endogenous reference gene, and the fold 

change in target gene mRNA abundance was determined using the 2(-DDCt) method [32].  

 

2.9. Statistical analysis 

A two-way ANOVA between groups with repeated measures (injection and time as 

factors of variance), followed by post-hoc analysis (Fisher LSD test) when appropriate, 
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was used during the first experimental sequence in locomotor activity, motor 

coordination, von Frey stimulation, plantar and cold plate test.       

In the second experimental sequence, behavioral, histological and neurochemical data 

obtained from CB1KO, CB2KO, CB2xP and wild-type mice were compared by using a 

two-way ANOVA between groups (injection and genotype as factors of variance), 

followed by post-hoc analysis (Fisher LSD test) when appropriate. An additional plot of 

the data from behavioral and histological studies was included to allow comparisons 

between genotypes in this second experimental sequence (Fig. 4). In this case, data 

obtained from CB1KO, CB2KO, CB2xP and wild-type mice were compared by using a 

one-way ANOVA between groups (genotype as factor of variance), followed by post-hoc 

analysis (Fisher LSD test) when appropriate. The data from behavioral studies were 

analyzed separately each experimental day for the ipsilateral and contralateral hind paws.  

Data passed the Shapiro-Wilk test for normality and parametric statistics were applied. 

SPSS statistical package was used. The differences between means were considered 

statistically significant when the P value was below 0.05. 
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3. Results 

 

3.1. Behavioral manifestations of MIA-induced joint pain in wild-type mice 

Significant increased allodynia was revealed, although no significant alterations were 

observed in locomotor activity and motor coordination after the intra-articular injection 

of MIA in wild-type mice. 

 

3.1.1. Locomotor activity 

Mice were placed in locomotor activity boxes on each experimental day in order to 

evaluate possible alterations in motor activity after MIA intra-articular injection (Table 

1). Both horizontal and vertical activities were recorded for 30 min. Basal horizontal and 

vertical activities were similar in both groups of mice before the local injection of MIA or 

saline. After MIA or saline intra-articular injection, no differences were found between 

these two groups at any time point of the experiment. Thus, motor function performances 

were not significantly impaired in this mouse joint pain model, although previous studies 

revealed motor disturbances in osteoarthritic rodents using gait analysis [2,14].  

 

3.1.2. Motor coordination 

The motor coordination was assessed by using the rotarod (Table 1). Basal latencies to 

fall were similar in both groups of mice before MIA or saline local injection. However, a 

non significant trend to decrease the latency to fall was observed at days 7 and 17 in the 

MIA group, if compared with the saline group. Therefore, the motor coordination was not 

significantly altered after the intra-articular injection of MIA in wild-type mice. 
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However, a previous work showed a mild coordination disturbance revealed by a 

reduction in the latency to fall 14 days after MIA-injection [23]. The different genetic 

background and a distinct protocol for the rotarod could explain these discrepancies.  

 

3.1.3. Mechanical allodynia (von Frey filament stimulation model) 

Mechanical allodynia following MIA injection was assessed with the von Frey 

stimulation model by using the up-down method. Baseline values were similar in both 

groups of mice before the local MIA or saline injection for both ipsilateral and 

contralateral hind paws (Fig. 1A). In the saline control group, no modifications of the 

nociceptive responses during the stimulation with von Frey filaments were observed in 

any of the hind paws. Following MIA injection, a significant decrease of the withdrawal 

threshold occurred in the hind paw ipsilateral to the lesion, but not in the contralateral 

paw. The mechanical allodynia appeared from the first day after MIA injection (P < 

0.001; Fisher LSD test vs. saline injection and vs. baseline) and was maintained for all 

the experimental period (day 3, P < 0.001; day 7, P < 0.001; day 10, P < 0.001; day 14, P 

< 0.001; day 17, P < 0.001; day 27, P < 0.001) (Fisher LSD test vs. saline injection and 

vs. baseline). Therefore, accordingly to a previous characterization of MIA-induced joint 

pain in mice [23], the intra-articular injection of MIA led to the development of a marked 

and long-lasting mechanical allodynia in the ipsilateral paw, but not in the contralateral 

side (Fig. 1A). 
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3.1.4. Heat hyperalgesia (plantar test) 

Heat hyperalgesia following MIA injection was evaluated using the plantar test (Fig. 1B). 

Baseline paw withdrawal latencies were similar in both groups of mice before the local 

MIA or saline injection for both ipsilateral and contralateral hind paws (Fig. 1B). 

Following MIA or saline injection, no modifications in the nociceptive responses during 

the stimulation with the heat stimulus were observed in any group of mice. Thus, in 

agreement with a previous study [23], we confirmed that MIA local injection in mice did 

not produce heat hyperalgesia in these experimental conditions.  

 

3.1.5. Cold allodynia (cold plate test) 

The responses to a cold thermal stimulus evaluated with the cold-plate analgesia meter 

were represented at each time point as the score value (difference of the number of 

elevations between ipsilateral and contralateral paw) (Fig. 1C). Baseline score values 

were similar in both groups of mice before the local MIA or saline injection for both 

ipsilateral and contralateral hind paws (Fig. 1C). After saline intra-articular injection, no 

modifications of nociceptive responses to the cold stimulus were observed. Following the 

intra-articular injection of MIA, mice showed a clear tendency to enhance the score value 

during all the experimental period. The score value in MIA-injected mice was 

significantly higher only on day 17 (P < 0.05; Fisher LSD test vs. saline injection). Thus, 

MIA intra-articular injection in mice produced a modest hypersensitivity to a cold 

stimulus in the paw ipsilateral to the lesion, as reported in previous studies with rats in a 

different behavioral paradigm [52,65]. 
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3.2. Development of mechanical allodynia in CB1KO, CB2KO and CB2xP following 

MIA injection 

CB1KO and CB2KO, as well as CB2xP and wild-type mice were used to investigate the 

role played by CB1R and CB2R in the development of joint pain. All mouse lines were 

evaluated using the same protocol and behavioral paradigms described in the previous 

experiment for wild-type mice. Specific changes in response to mechanical stimulation 

were produced by MIA injection, as detailed below. In contrast, the injection of MIA did 

not produce significant alterations in other behavioral responses in any group of these 

genetically modified mice (data not shown).  

 

3.2.1. Development of mechanical allodynia in CB1KO 

Baseline responses to mechanical stimulation by von Frey filaments were similar in both 

CB1KO and wild-type mice. Saline injection did not modify the response to mechanical 

stimulation in CB1KO or wild-type mice, neither in the ipsilateral nor in the contralateral 

paw. MIA injection produced a significant reduction of the threshold for evoking hind 

paw withdrawal to mechanical stimulus on the ipsilateral side in a similar manner in 

CB1KO and wild-type mice. No significant changes were observed in the contralateral 

paw after MIA injection in any experimental group. The mechanical allodynia emerged 

on the first measurement after MIA injection (day 1) and persisted for the whole duration 

of the experiment in both genotypes (P < 0.001; Fisher LSD test vs. saline injection) (Fig. 

2A). No significant differences were found between both genotypes. Therefore, MIA 

intra-articular injection produced similar allodynic responses in both CB1KO and wild-

type mice in the ipsilateral paw.  
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3.2.2. Development of mechanical allodynia in CB2KO 

Baseline responses to mechanical stimulation by von Frey filaments were similar in 

CB2KO and wild-type mice. Saline injection did not produce any change of the 

nociceptive threshold in both genotypes. MIA injection induced mechanical allodynia in 

the ipsilateral paw in CB2KO and wild-type mice (Fig. 2B) from day 1 until the last day 

of measurement (P < 0.001; Fisher LSD test vs. saline injection). However, CB2KO 

developed a significant highest level of mechanical allodynia compared with wild-type 

mice on day 17 after MIA injection (P < 0.05) (Fisher LSD test). Most strikingly, 

CB2KO also developed mechanical allodynia in the contralateral paw revealing a mirror 

image of pain, which was not observed in wild-type mice (Fig. 2B). The decrease of the 

mechanical threshold on the non-injured side of CB2KO appeared on day 1 after MIA 

injection and persisted until the last day of the study (P < 0.001; Fisher LSD test vs. 

saline injection). In agreement, significant differences between CB2KO and wild-type 

mice were revealed in the withdrawal thresholds of the contralateral paw on day 1 (P < 

0.001), day 3 (P < 0.01), day 7 (P < 0.01), day 10 (P < 0.001), day 14 (P < 0.001), day 17 

(P < 0.001) and day 27 (P < 0.001) after MIA injection (Fisher LSD test). Therefore, the 

development of the mechanical allodynia following MIA injection was enhanced in mice 

lacking CB2 cannabinoid receptor. 

 

3.2.3. Development of mechanical allodynia in CB2xP  

Baseline responses to a mechanical stimulation by von Frey filaments were similar in 

CB2xP and wild-type mice. Saline injection did not cause any alteration in the 

mechanical nociceptive threshold in both genotypes. MIA injection induced mechanical 
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allodynia in the ipsilateral paw in CB2xP and wild-type mice (Fig. 2C). However, the 

appearance of mechanical allodynia was delayed in CB2xP. Indeed, a significant 

decrease of the mechanical threshold was only observed 3 days after MIA injection (P < 

0.001) and was maintained on day 7 (P < 0.001), day 10 (P < 0.05), day 14 (P < 0.01), 

day 17 (P < 0.001) and day 27 (P < 0.001) (Fisher LSD test vs. saline injection). 

Additionally, mechanical allodynia in CB2xP was significantly lower in comparison to 

wild-type mice on day 1 (P < 0.01), day 7 (P < 0.05), day 10 (P < 0.01) and day 27 post-

injection (P < 0.05) (Fisher LSD test) (Fig. 2C). No modifications were revealed in the 

contralateral side following MIA injection in CB2xP and wild-type mice. Therefore, 

mechanical allodynia induced by MIA intra-articular injection in the ipsilateral paw 

resulted significantly attenuated in CB2xP.  

 

3.3. Histopathological changes in CB1KO, CB2KO and CB2xP following MIA intra-

articular injection 

Representative pictures from serial histological sections of the knee joints of CB1KO, 

CB2KO and CB2xP stained with Safranin O–Fast green are presented in Fig. 3A. The 

histopathological alterations were determined by the OARSI score [18] that was 

calculated for all four quadrants of each knee joint (MTP, MFC, LTP, LFC) and was 

expressed as summed score combined for the entire joint (Fig. 3B). This is a particular 

scoring system restricted to the evaluation of cartilage alterations that excludes the 

evaluation of other important aspects of joint disease, such as bone remodeling and 

synovial changes. Indeed, in our experimental conditions, the low MIA dose used 

produced a clear loss of proteoglycans and chondrocytes degeneration, as revealed by 
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acellular areas in the cartilage, without major changes in subchondral bone, in agreement 

with previous histological studies with the same model [61,62]. The scores for cartilage 

damage indicated that the saline injection did not induce histological alterations in the 

ipsilateral and contralateral knee joints of wild-type mice, CB1KO, CB2KO and CB2xP. 

In contrast, the intra-articular injection of MIA induced significant histological alterations 

in the ipsilateral knee joint of wild-type mice in all the experiments (from P < 0.01 to P < 

0.001; Fisher LSD test vs. saline injection) (Fig. 3B). No histological changes were 

observed in the contralateral knee joint of wild-type mice after MIA injection in any of 

the experiments. Following MIA local injection, a significant increase of the histological 

score was also observed in the ipsilateral knee joint of CB1KO (P < 0.001), CB2KO (P < 

0.001) and CB2xP (P < 0.001) (Fisher LSD test vs. saline injection) (Fig. 3B). These 

increased scores were not significantly different from the score observed after MIA 

injection in wild-type mice. No changes were observed in the contralateral knee joint of 

CB1KO, CB2KO and CB2xP receiving MIA injection. Therefore, following the intra-

articular injection of MIA, CB1KO, CB2KO and CB2xP developed similar histological 

alterations than wild-type mice in the ipsilateral knee joint.  

 

3.4. Comparison between genotypes of the behavioral and histopathological changes 

induced by MIA intra-articular injection 

A comparison between the different mouse lines of pain behavior and histological 

changes induced by MIA intra-articular injection was made. In this analysis, data from 

the wild-type mice corresponding to each genetically modified mouse line, all from a 

CD1 genetic background, did not differ within the same experimental group (saline or 
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MIA groups), and were therefore pooled in order to simplify the plotting graph (Fig. 4). 

Baseline responses to mechanical stimulation by von Frey filaments (Fig. 4A, 4B) and 

the mechanical responses after saline injection (Fig. 4A) were similar in CB1KO, 

CB2KO, CB2xP and wild-type mice, in both ipsilateral and contralateral hind paws. The 

withdrawal thresholds to mechanical stimulation were similar in the ipsilateral paw of 

CB1KO, CB2KO and wild-type mice following MIA injection, excepting a significant 

reduction of the mechanical threshold that was revealed in CB2KO when compared with 

wild-type mice on day 1 (P < 0.05) (Fisher LSD test vs. wild-type) (Fig. 4B). In contrast, 

a significant enhancement of the withdrawal threshold was revealed in the ipsilateral paw 

of CB2xP after MIA injection for the whole duration of the experiment, if compared to 

the other mouse lines. Indeed, the ipsilateral paw withdrawal threshold in CB2xP was 

significantly enhanced on day 1 (P < 0.001), day 3 (P < 0.01), day 7 (from P < 0.01 to P < 

0.001), day 10 (P < 0.001), day 14 (from P < 0.01 to P < 0.001), day 17 (from P < 0.05 to 

P < 0.01) and day 27 (P < 0.001) after MIA injection (Fisher LSD test vs. wild-type, 

CB1KO and CB2KO) (Fig. 4B). Similar nociceptive responses were observed in the 

contralateral paw of CB1KO, CB2xP and wild-type mice after MIA injection. In contrast, 

the nociceptive threshold of the contralateral paw after MIA injection was significantly 

decreased in CB2KO when compared to the other genotypes during the whole 

experimental sequence: day 1 (P < 0.001), day 3 (from P < 0.05 to P < 0.001), day 7 (P < 

0.001), day 10 (P < 0.001), day 14 (P < 0.001), day 17 (P < 0.001) and day 27 (P < 0.001) 

(Fisher LSD test vs. wild-type, CB1KO and CB2xP) (Fig. 4B). No significant differences 

between genotypes were found in the histological scores of both the ipsilateral and 

contralateral joints of mice receiving saline or MIA injection (Fig. 4C). This analysis 
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revealed similar allodynic responses in the ipsilateral paw of CB1KO and wild-type mice 

following MIA intra-articular injection. In contrast, these responses were significantly 

attenuated in the ipsilateral paw of CB2xP, whereas they were enhanced in the 

contralateral paw of CB2KO. These results also revealed that the histological alterations 

observed in our experimental conditions did not correlate with the pain behavior induced 

by the intra-articular injection of MIA. Indeed, the attenuated pain manifestations in the 

ipsilateral paw of CB2xP were not reflected by reduced cartilage modifications on the 

same joint side. Similarly, the appearance of allodynia in the not injured paw of CB2KO 

was not induced by histological alterations in the contralateral joint of these mice.  

 

3.5. Changes in cannabinoid receptors gene expression in the lumbar spinal cord of 

CB1KO, CB2KO and CB2xP exposed to MIA injection 

MIA intra-articular injection induced a decrease in the expression of CB1R and CB2R 

genes in the ipsilateral side of the lumbar spinal cord of both wild-type and genetically 

modified mice. Additional changes in the expression of CB1R gene were revealed after 

MIA injection in CB2KO. 

 

3.5.1. CB1R gene expression in CB2KO and CB2xP  

The changes in CB1R gene expression in ipsilateral and contralateral sections of the 

lumbar spinal cord of CB2KO and CB2xP are shown in Fig. 5A and 5B, respectively. 

CB1R gene expression was similar in both sides of the lumbar spinal cord of wild-type 

mice, CB2KO and CB2xP receiving intra-articular saline injection. The intra-articular 

injection of MIA significantly reduced CB1R gene expression in the ipsilateral side of the 
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lumbar spinal cord in wild-type mice in all the experiments (from P < 0.01 to P < 0.001; 

Fisher LSD test vs. saline injection) (Fig. 5 A, B), and no changes were observed in the 

contralateral side of these wild-type mice. Similarly to wild-type mice, CB1R gene 

expression was also reduced after MIA intra-articular injection in the ipsilateral spinal 

cord side of CB2xP (P < 0.01; Fisher LSD test vs. saline injection) (Fig. 5B), whereas no 

alterations were revealed in the contralateral side. Following MIA local injection, a 

reduction of CB1R gene expression was also observed in the ipsilateral spinal cord of 

CB2KO (P < 0.001; Fisher LSD test vs. saline injection) (Fig. 5A). This effect was 

significantly more pronounced in MIA-injected CB2KO than in wild-type mice (P < 

0.05; Fisher LSD test). Interestingly, MIA injection produced a significant increase of 

CB1R gene expression in the contralateral side of the lumbar spinal cord (P < 0.01; 

Fisher LSD test vs. saline injection; P < 0.01; Fisher LSD test vs. wild-type). Therefore, 

the reduction of CB1R gene expression revealed after MIA injection was similar in wild-

type and CB2xP mice, whereas it was more pronounced in CB2KO.  

 

3.5.2. CB2R gene expression in CB1KO 

The changes in CB2R gene expression in the ipsilateral and contralateral side of the 

lumbar spinal cord of CB1KO are shown in Fig. 5C. Gene expression of CB2R was 

similar in both sides of the lumbar spinal cord after saline intra-articular injection in wild-

type mice and CB1KO. The intra-articular injection of MIA significantly reduced CB2R 

gene expression in the ipsilateral side of the lumbar spinal cord in wild-type mice (P < 

0.01; Fisher LSD test vs. saline injection) and CB1KO (P < 0.001; Fisher LSD test vs. 

saline injection) (Fig. 5C), whereas no changes were revealed in the contralateral side of 
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both genotypes. Therefore, MIA intra-articular injection produced a similar reduction of 

CB2R gene expression in wild-type and CB1KO mice in the ipsilateral side of the lumbar 

spinal cord. 

 

3.6. Changes in opioid receptors gene expression in the lumbar spinal cord of 

CB1KO, CB2KO and CB2xP exposed to MIA injection 

MIA intra-articular injection in mice induced specific changes in opioid receptors gene 

expression in lumbar spinal cord sections. These responses promoted by MIA were 

modulated by the alteration of the cannabinoid receptor system.  

 

3.6.1. MOR gene expression 

 

The changes in MOR gene expression in ipsilateral and contralateral sections of the 

lumbar spinal cord of CB1KO, CB2KO and CB2xP are shown in Fig. 6. The saline 

injection did not alter MOR gene expression in the lumbar spinal cord of wild-type mice, 

CB1KO, CB2KO and CB2xP. However a significant basal reduction of MOR gene 

expression was observed in both sides of the lumbar spinal cord in CB2KO compared to 

wild-type mice (P < 0.001; Fisher LSD test) (Fig. 6B). The intra-articular injection of 

MIA significantly reduced MOR gene expression in the ipsilateral side of the lumbar 

spinal cord in wild-type mice in all the experiments (Fig. 6). No changes were observed 

in the contralateral side of wild-type mice receiving MIA injection in any of the 

experiments. Following MIA local injection, a reduction of MOR gene expression was 

also observed in the ipsilateral spinal cord of CB1KO (P < 0.01; Fisher LSD test vs. 

saline injection) (Fig. 6A). This effect was significantly more pronounced in MIA-
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injected CB1KO than in wild-type mice (P < 0.05; Fisher LSD test). No changes were 

observed in the contralateral side of CB1KO receiving MIA injection. MIA injection did 

not produce any significant modification in MOR gene expression in the spinal cord of in 

CB2KO. However, no significant differences between CB2KO and wild-type mice were 

revealed in the ipsilateral side after MIA injection, probably due to the basal reduction of 

MOR gene expression in the CB2KO. MOR gene expression was reduced after MIA 

intra-articular injection in the ipsilateral spinal cord side of CB2xP (P < 0.001; Fisher 

LSD test vs. saline injection) (Fig. 6C). This reduction was significantly higher in MIA-

injected CB2xP than in wild-type mice (P < 0.001; Fisher LSD test). No alterations in 

MOR gene expression were found in the contralateral spinal cord of CB2xP. Therefore, 

the reduction after MIA injection in MOR gene expression in the ipsilateral spinal cord 

side of CB1KO and CB2xP was more pronounced than in wild-type mice. In contrast, a 

basal reduction of MOR gene expression was revealed in CB2KO that was not further 

modified after MIA injection. 

 

3.6.2. DOR gene expression 

The changes in DOR gene expression in the ipsilateral and contralateral side of the 

lumbar spinal cord of CB1KO, CB2KO and CB2xP are shown in Fig. 7. The saline 

injection did not alter DOR gene expression in the lumbar spinal cord of wild-type mice, 

CB1KO, CB2KO and CB2xP. However a significant basal reduction of DOR gene 

expression was observed in both sides of the lumbar spinal cord of CB1KO compared to 

wild-type mice (P < 0.001; Fisher LSD test) (Fig. 7A). The intra-articular injection of 

MIA significantly enhanced DOR gene expression in the ipsilateral side of the lumbar 
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spinal cord in wild-type mice in all the experiments (Fig. 7). No changes were observed 

in the contralateral side of wild-type mice receiving MIA injection in any of the 

experiments. MIA injection did not produce any significant change in the spinal cord 

gene expression of DOR in CB1KO. However, significant differences were observed in 

ipsilateral (P < 0.01) and contralateral side (P < 0.001) of the spinal cord of MIA-injected 

CB1KO compared with wild-type mice (Fisher LSD test). No changes in DOR gene 

expression in any side of the spinal cord were revealed in CB2KO after MIA intra-

articular injection (Fig. 7B). Significant lower levels of DOR gene expression with 

respect to wild-type mice were observed in MIA-injected CB2KO in both the ipsilateral 

(P < 0.001) and the contralateral side (P < 0.05) (Fisher LSD test). In contrast, a 

significant reduction of DOR gene expression in the ipsilateral side of CB2xP was 

observed after MIA injection (P < 0.01; Fisher LSD test vs. saline injection) (Fig. 7C), 

which was significantly different from the change observed in MIA-injected wild-type 

mice (P < 0.001; Fisher LSD test). No modifications in DOR gene expression were 

observed after MIA injection in the contralateral lumbar spinal cord of CB2xP. Thus, the 

intra-articular injection of MIA significantly reduced DOR gene expression in the 

ipsilateral spinal cord of CB2xP. This decreased DOR gene expression is in contrast to 

the enhancement observed in wild-type mice. Basal reductions in DOR gene expression 

were observed in CB1KO and CB2KO. 

 

3.6.3. KOR gene expression 

The changes in KOR gene expression in the ipsi- and contralateral side of the lumbar 

spinal cord of CB1KO, CB2KO and CB2xP are shown in Fig. 8. No modifications in 
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KOR gene expression were observed after the saline injection in the lumbar spinal cord 

of wild-type mice, CB1KO, CB2KO and CB2xP. A significant basal reduction of KOR 

gene expression was observed in both sides of the spinal cord in CB1KO and CB2xP 

(from P < 0.01 to P < 0.001; Fisher LSD test vs. wild-type). In contrast, a basal increase 

of KOR gene expression was found in both sides of the lumbar spinal cord of CB2KO (P 

< 0.01; Fisher LSD vs. wild-type). The intra-articular injection of MIA induced a specific 

increase of KOR gene expression in the ipsilateral lumbar spinal cord of wild-type mice 

in all the experiments, while no changes were observed in the contralateral side (Fig. 8). 

MIA intra-articular injection did not produce significant changes in KOR gene expression 

in the spinal cord of CB1KO, although significant differences were observed in both 

spinal cord sides of MIA-injected CB1KO compared to wild-type mice (P < 0.001; Fisher 

LSD test), due to the basal reduction in the gene expression of this receptor in CB1KO 

(Fig. 8A). The intra-articular injection of MIA induced a reduction of KOR gene 

expression in the ipsilateral spinal cord side of CB2KO (P < 0.05; Fisher LSD test vs. 

saline injection). No significant differences between CB2KO and wild-type mice were 

revealed after MIA injection in the ipsilateral side. However a significant difference in 

KOR gene expression was observed in the contralateral side of CB2KO compared to 

wild-type mice (P < 0.01; Fisher LSD test), due to the basal increase in the gene 

expression of this receptor in CB2KO (Fig. 8B). In addition, the intra-articular injection 

of MIA did not induce significant modifications of KOR gene expression in the 

ipsilateral spinal cord side of CB2xP. However, significant differences in KOR gene 

expression were found in both the ipsilateral and contralateral spinal cord sections in 

CB2xP compared to wild-type mice (P < 0.001; Fisher LSD), due to the basal reduction 
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in the gene expression of this receptor in CB2xP (Fig. 8C). Therefore, the intra-articular 

injection of MIA produced an enhancement in KOR gene expression in the ipsilateral 

spinal cord of wild-type mice. In contrast, changes of KOR gene expression were mainly 

observed under basal conditions in all the three lines of genetically modified mice. 

Indeed, a basal over-expression of KOR was revealed in CB2KO, whereas KOR was 

down-regulated in CB1KO and CB2xP under these conditions.  
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4. Discussion 

 

Genetically modified mice were used in this study to clarify the contribution of CB1R 

and CB2R in specific behavioral, histological and neurochemical alterations associated to 

joint pain. The results revealed a crucial role of CB2R in the development of joint pain 

induced by MIA. Indeed, mechanical allodynia induced by MIA was enhanced in 

CB2KO, as revealed by a mirror image of pain in the contralateral hind paw. In 

agreement, these manifestations appeared attenuated in transgenic mice over-expressing 

CB2R in brain and spinal cord. These nociceptive manifestations were not modified in 

mice lacking CB1R, suggesting that this receptor does not play a major role in this 

chronic pain state.  

The present results support the idea that CB2R activation with specific agonists could 

reduce joint pain-related manifestations. The antinociceptive responses of CB2 agonists 

have been reported in animal models of acute, inflammatory and neuropathic pain [20] 

and at lesser extent in specific models of osteoarthritis [68]. In agreement, an active 

cannabinoid system has been reported in the knee synovia of patients with osteoarthritis 

and rheumatoid arthritis [53]. Similarly, studies in animal models of osteoarthritis 

revealed a tonic release of endocannabinoids that could counteract peripheral 

sensitization and nociception [56,57]. Spinal cord levels of AEA and 2-AG, as well as 

their synthesizing enzymes, were also increased in the rat MIA model [54]. Therefore, 

high levels of endocannabinoids could produce a tonic activation of CB2R during joint 

pain that would attenuate pain manifestations. The attenuation of joint pain 

manifestations in CB2xP that over-express CB2R in the CNS suggests that the elevated 
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endocannabinoid activity would play an important role in the control of this pain state. 

Indeed, endocannabinoids would activate CB2R over-expressed in CNS areas related to 

pain regulation leading to an improvement of the mechanical hypersensitivity in the 

ipsilateral side of CB2xP. In agreement, both CB1R and CB2R gene expression were 

down-regulated in the ipsilateral spinal cord after MIA injection. A similar down-

regulation was revealed in CB1KO and CB2KO in the remaining cannabinoid receptor. 

This down-regulation would be probably promoted by the increased endocannabinoid 

tone in the ipsilateral spinal cord. This endocannabinoid tone would be enhanced in 

CB2KO due to the increased sensory input into the ipsilateral spinal side leading to a 

further down-regulation of CB1R. This increased CB1R tone could participate in 

maintaining not exacerbated the responses in the ipsilateral paw of CB2KO. In the 

absence of CB2R, central sensitization mechanisms could also promote changes in the 

contralateral spinal cord side that would facilitate the contralateral mechanical responses. 

Since the enhanced pain manifestations in the contralateral paw would not be initiated at 

periphery, the endocannabinoid tone would not be enhanced on the contralateral side and 

CB1R expression would be up-regulated on this side in order to attenuate the nociceptive 

responses in the absence of CB2R. Moreover, the enhanced pain manifestations induced 

by MIA in CB2KO did not correlate with a greater extent of histological alterations in the 

knee joints, further supporting a centrally-mediated control of pain by CB2R. 

Our results correlate with the findings reported in a model of neuropathic pain using the 

same lines of genetically modified mice [9,51] that revealed a crucial role of CB2R, but 

not CB1R, in neuropathic pain control. A possible neuropathic component could 

participate in these joint pain manifestations since a temporal expression of a biomarker 
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of nerve damage/neuropathy, ATF-3 protein, has been found in the rat MIA model 

[24,45]. However, our results showed an earlier development of mechanical allodynia in 

the contralateral side of CB2KO, compared with neuropathic pain conditions [51], 

suggesting the presence of earlier central adaptive changes involving CB2R during MIA-

induced joint pain. Moreover, a previous study providing a behavioral and 

electrophysiological characterization of both neuropathic and MIA-induced joint pain 

[23] revealed that these two pain manifestations are distinct diseases with different 

behavioral and neuronal responses.   

The endocannabinoid system has close relationships with the endogenous opioid system 

in the control of several physiological responses including pain [35]. Plastic changes of 

the opioid system have been revealed in animal models of inflammatory and neuropathic 

pain, mainly in primary afferents and spinal cord [8,44,48,50,58], and at less extent at 

supraspinal levels [40,42]. Therefore, we analyzed the changes in gene expression of 

MOR, DOR and KOR at lumbar spinal cord level to investigate possible adaptive 

modifications of the endogenous opioid system under our experimental conditions. MIA-

induced joint pain promoted a reliable decrease of MOR and a concomitant increase of 

DOR and KOR in the ipsilateral spinal cord side of wild-type mice. The reduced MOR 

expression in the spinal cord could potentially contribute to facilitate pain transmission. 

Indeed, decreased levels of MOR would reduce the ability of its endogenous ligands to 

inhibit pain transmission through pre-synaptic [19,28] and post-synaptic actions [69] in 

the spinal cord. A similar finding was reported in a model of chronic inflammatory joint 

disease, where the down-regulation of MOR was responsible of the loss of opioid-

induced analgesia [31]. The increased KOR expression would have the same 
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consequences since KOR activation, despite its own analgesic effects, opposes several 

central MOR-mediated actions, including analgesia [47]. The increased levels of KOR 

could represent a complementary change associated to the enhanced dynorphin levels 

reported for inflammatory and nerve injury models [13,34,49] and that may have pro-

nociceptive actions [43,64]. KOR expression on GABAergic neurons could be 

responsible of a pre-synaptic inhibition of GABA release leading to pro-nociceptive 

actions [30]. The DOR gene expression enhancement in the spinal cord during joint pain 

is in accordance with previous studies indicating that DOR function and expression 

increase under chronic pain states [4,7].  The enhancement of DOR suggests an important 

role of this receptor in controlling the increased afferent nociceptive stimuli occurring in 

this joint pain model.  

Our findings suggest functional interactions between the endogenous cannabinoid and 

opioid systems in the control of joint pain. Indeed, adaptive changes in the expression of 

different opioid receptors were revealed by the genetic manipulation of the 

endocannabinoid system. First, the adaptive changes promoted by MIA on MOR were 

facilitated in both CB1KO and CB2xP, suggesting an opposite regulation of MOR by 

CB1R and CB2R. However, these changes in MOR expression were not correlated to the 

behavioral manifestations of joint pain. It has been reported that MOR and CB1R share a 

variety of functions and can be reciprocally regulated [6,35], which could also occur 

when pain transmission is chronically enhanced, such as during joint pain. In CB2xP, the 

increased CB2R activity could induce a concomitant enhancement of endogenous opioid 

levels acting on MOR, which would lead to further MOR down-regulation. In agreement, 

previous studies have revealed elevated opioid levels after cannabinoid system activation 
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[36,60]. Therefore, the over-expression of CB2R would be sufficient to alleviate pain, 

despite MOR down-regulation. A decrease of MOR, similar to that induced by MIA, was 

revealed under basal conditions in CB2KO. The lack of CB2R could be enough to 

exacerbate joint pain manifestations without further adaptive responses in MOR 

expression. In agreement, a recent study showed that CB2R blockade reduced the 

expression and activation of MOR in the mouse brainstem [46]. In the absence of CB2R 

activity, no changes would be induced in endogenous opioid levels and MOR expression 

would not be further modulated during joint pain.   

Similarly to MOR, the changes observed in KOR were comparable in both CB1KO and 

CB2xP, further suggesting an opposite role of these two cannabinoid receptors in 

modulating opioid activity. A reduced KOR gene expression was already observed under 

basal conditions in both lines of mice, which was not modified after MIA injection. In 

agreement, increased levels of KOR were revealed under basal conditions in CB2KO. 

The differential basal changes observed for MOR and KOR in CB2KO suggest an 

opposite modulation of these two opioid receptors by CB2R activity.  

The enhanced DOR expression promoted by MIA was not observed when CB1R and 

CB2R activity was altered in these genetically modified mice. Therefore, the genetic 

disruption of the endocannabinoid system would alter the adaptive changes induced by 

MIA in DOR expression, a crucial receptor for the control of chronic pain states [17]. 

These results suggest that both CB1R and CB2R could have a parallel role in the 

modulation of DOR activity in response to peripheral pain stimuli. In addition, a 

decreased DOR gene expression was revealed in CB1KO under basal conditions 
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suggesting that this cannabinoid receptor would play a predominant role on this specific 

adaptive change of the endogenous opioid system.  

The present results reveal for the first time the crucial role played by CB2R in the 

development of joint pain induced by MIA, underlying the potential interest of this target 

as a new approach for the treatment of chronic joint pain. These findings also provide an 

additional evidence of the bidirectional interaction between the cannabinoid and opioid 

systems in chronic pain modulation. Indeed, the alteration in the expression of CB1R and 

CB2R modifies the modulation induced by chronic joint pain in the expression of the 

different opioid receptors at the spinal level. 
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Figure legends 

 

Figure 1. Nociceptive behavior in mice after MIA or saline intra-articular injection. Mice 

were tested in the ipsilateral and contralateral paws to evaluate mechanical allodynia, 

heat hyperalgesia and cold allodynia under basal conditions and on day 1, 3, 7, 10, 14, 17 

and 27 after the intra-articular injection of MIA (n = 17) or saline (n = 15). (A) 

Development of mechanical allodynia in MIA-injected mice evaluated by using the von 

Frey model. The von Frey pressures (g) required to elicit the paw withdrawal are 

expressed as mean ± SEM. (B) Absence of heat hyperalgesia in MIA-injected mice in 

plantar test. The paw withdrawal latencies under heat stimulation are expressed as mean 

± SEM. (C) Cold allodynia in MIA-injected mice in the cold plate test. Score values 

(difference in the number of elevations between the ipsilateral and contralateral paws) are 

expressed as mean ± SEM. « P < 0.05, ««« P < 0.001 MIA injection vs. saline 

injection (Fisher LSD test). ¶¶¶ P < 0.001 vs. baseline (Fisher LSD test). 

 

Figure 2. Enhanced manifestation of mechanical allodynia in CB2KO mice after the 

intra-articular injection of MIA. Mechanical allodynia was evaluated in the ipsilateral and 

contralateral paws by using the von Frey model. Nociceptive measurements were taken 

under basal conditions and on day 1, 3, 7, 10, 14, 17 and 27 after the intra-articular 

injection of MIA or saline. Data are expressed as mean ± SEM (n = 12-13 animals per 

group). The development of mechanical allodynia was evaluated in wild-type mice (WT), 

CB1KO (A), CB2KO (B) and CB2xP (C) after MIA or saline injection. « P < 0.05, «« 
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P < 0.01, ««« P < 0.001 vs. saline injection (Fisher LSD test). ¶ P < 0.05, ¶¶ P < 

0.01, ¶¶¶ P < 0.001 vs. wild-type (Fisher LSD test). 

 

Figure 3. Genetically modified mice for CB1 and CB2 receptors developed similar 

histological changes than wild-type mice (WT) after MIA intra-articular injection. (A) 

Representative histological knee joint sections (medial side) stained with Safranin O and 

Fast green. Both ipsilateral and contralateral joints of WT, CB1KO, CB2KO and CB2xP 

receiving the intra-articular injection of saline or MIA (six weeks post-injection) are 

represented. (B) Quantification of articular cartilage alterations using the OARSI scoring 

system for WT, CB1KO, CB2KO and CB2xP. Data are expressed as the mean of the 

summed score for each knee joint ± SEM (n = 5 animals per group). Scale bar: 500µm. 

«« P < 0.01, ««« P < 0.001 vs. saline injection (Fisher LSD test). 

 

Figure 4. Comparison between genotypes of the behavioral and histopathological 

changes induced by the intra-articular injection of MIA. (A-B) Plotting of the data 

showing the levels of mechanical allodynia evaluated by the von Frey model in wild-type 

mice (WT), CB1KO, CB2KO and CB2xP after saline (A) or MIA (B) injection.            

(C) Plotting of the data from the quantification of histological alterations observed in the 

ipsilateral and contralateral joints of WT, CB1KO, CB2KO and CB2xP after saline or 

MIA injection. Data are expressed as mean ± SEM. « P < 0.05, «« P < 0.01, ««« P 

< 0.001 vs. wild-type (Fisher LSD test). ¶¶ P < 0.01, ¶¶¶ P < 0.001 vs. CB1KO 

(Fisher LSD test). ## P < 0.01, ### P < 0.001 vs. CB2KO (Fisher LSD test). $ P < 0.05, 

$$$ P < 0.001 vs. CB2xP (Fisher LSD test).  
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Figure 5. Relative cannabinoid receptors gene expression in lumbar spinal cord sections 

of wild-type mice (WT), CB1KO, CB2KO and CB2xP receiving MIA or saline intra-

articular injection. Relative CB1R gene expression was evaluated in wild-type mice 

(WT), CB2KO (A) and CB2xP (B). Relative CB2R gene expression was evaluated in 

wild-type mice (WT) and CB1KO (C). Both ipsilateral and contralateral sides of the 

lumbar spinal cord were analyzed. Data are expressed as mean ± SEM (n = 5-6 animals 

per group).   «« P < 0.01, ««« P < 0.001 vs. saline injection (Fisher LSD test). ¶ P < 

0.05, ¶¶ P < 0.01 vs. wild-type (Fisher LSD test). 

 

Figure 6. Relative MOR gene expression in lumbar spinal cord sections of wild-type 

mice (WT), CB1KO (A), CB2KO (B) and CB2xP (C) receiving MIA or saline intra-

articular injection. Both ipsilateral and contralateral sides of the lumbar spinal cord were 

evaluated. Data are expressed as mean ± SEM (n = 5-6 animals per group). « P < 0.05, 

«« P < 0.01, ««« P < 0.001 vs. saline injection (Fisher LSD test). ¶ P < 0.05, ¶¶    

P < 0.01, ¶¶¶ P < 0.001 vs. wild-type (Fisher LSD test). 

 

Figure 7. Relative DOR gene expression in lumbar spinal cord sections of wild-type 

mice (WT), CB1KO (A), CB2KO (B) and CB2xP (C) receiving MIA or saline intra-

articular injection. Both ipsilateral and contralateral sides of the lumbar spinal cord were 

evaluated. Data are expressed as mean ± SEM (n = 5-6 animals per group). «« P < 0.01, 

««« P < 0.001 vs. saline injection (Fisher LSD test). ¶ P < 0.05, ¶¶ P < 0.01, ¶¶¶ 

P < 0.001 vs. wild-type (Fisher LSD test). 
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Figure 8. Relative KOR gene expression in lumbar spinal cord sections of wild-type 

mice (WT), CB1KO (A), CB2KO (B) and CB2xP (C) receiving MIA or saline intra-

articular injection. Both ipsilateral and contralateral sides of the lumbar spinal cord were 

evaluated. Data are expressed as mean ± SEM (n = 5-6 animals per group). « P < 0.05, 

««« P < 0.001 vs. saline injection (Fisher LSD test). ¶¶ P < 0.01, ¶¶¶ P < 0.001 

vs. wild-type (Fisher LSD test). 
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Summary:  

CB2 cannabinoid receptor plays a crucial role in the development of joint pain induced 

by MIA in mice.  
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