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3. Abstract 
 
Tolerance to compounds that target G protein-coupled receptors (GPCR), such as the 

cannabinoid type-1 receptor (CB1R), is in part facilitated by receptor desensitization. Processes 

that mediate CB1R desensitization include phosphorylation of CB1R residues S426 and S430 by 

a GPCR kinase (GRK), and subsequent recruitment of the β-arrestin2 scaffolding protein. 

Tolerance to cannabinoid drugs is reduced in S426A/S430A mutant mice and β-arrestin2 knock 

out (KO) mice according to previous work in vivo. However, the presence of additional 

phosphorylatable residues on the CB1R C-terminus made it unclear as to whether recruitment to 

S426 and S430 accounted for all desensitization and tolerance by β-arrestin2. Therefore, we 

assessed acute response and tolerance to the cannabinoids, delta-9-tetrahydrocannabinol (Δ9-

THC) and CP55,940, in S426A/S430A x β-arrestin2 KO double mutant mice. We observed both 

delayed tolerance and increased sensitivity to the antinociceptive and hypothermic effects of 

CP55,940 in male S426A/S430A single and double mutant mice compared to wild-type 

littermates, but not with Δ9-THC. Female S426A/S430A single and double mutant mice were 

more sensitive to acute antinociception (CP55,940 and Δ9-THC) and hypothermia (CP55,940 

only) exclusively after chronic dosing, and did not differ in the development of tolerance. These 

results indicate that phosphorylation of S426 and S430 are likely responsible for β-arrestin2-

mediated desensitization, as double mutant mice did not differ from the S426A/S430A single 

mutant model in respect to cannabinoid tolerance and sensitivity. We also found antinociceptive 

and hypothermic effects from cannabinoid treatment demonstrate sex-, agonist-, and duration-

dependent features. 
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4. Significance Statement 
 

A better understanding of the molecular mechanisms involved in tolerance will improve the 

therapeutic potential of cannabinoid drugs. This study determined that further deletion of beta-

arrestin2 does not enhance the delay in cannabinoid tolerance observed in CB1R S426A/S430A 

mutant mice. 
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5. Introduction 
 
The therapeutic potential of cannabinoids has been studied for multiple health concerns, 

including treatment of chronic pain, management of nausea and poor appetite, reduction of 

anxiety, and alleviation of involuntary muscle spasticity (Andre et al., 2016). The development 

of tolerance and subsequent decrease in response limits the therapeutic potential of cannabinoid-

directed medicines (D'Souza et al., 2008; Fan et al., 1996; Sim-Selley & Martin, 2002). 

Therefore, it is important to expand our knowledge of the molecular mechanisms responsible for 

tolerance and to optimize the potential of cannabinoid-based medicines. 

 

Desensitization and subsequent internalization of G protein-coupled receptors (GPCRs), such as 

the cannabinoid type 1 receptor (CB1R), are key processes involved in the acute response to 

cannabinoids and the development of cannabinoid tolerance. Both delta-9-tetrahydrocannabinol 

(Δ9-THC), the primary psychoactive phytocannabinoid in cannabis, and CP55,940, a potent 

synthetic cannabinoid, have documented “tetrad” effects, including hypolocomotion, 

hypothermia, catalepsy, and analgesia (Gilbert et al., 2016; Janoyan et al., 2002; Moore & 

Weerts, 2022). Preclinical research in rodents demonstrates rapid tolerance to the antinociceptive 

and hypothermic effects of both agonists and lower potency and efficacy for Δ9-THC compared 

to CP55,940 (Henderson-Redmond et al., 2020; Henderson-Redmond et al., 2022; LaFleur et al., 

2018b). In addition to differences in full versus partial agonism between Δ9-THC (partial 

agonist) and CP55,940 (full agonist), divergence in response to these compounds could be due to 

functional selectivity as CB1R activation by Δ9-THC, CP55,940, and other cannabinoid agonists 

can differentially stimulate ERK ½, JNK, and p38 MAPK pathways (Daigle, Kearn, et al., 2008; 

Derkinderen et al., 2001; Henderson-Redmond et al., 2020; Ibsen et al., 2017).  
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GPCR activation is known to be regulated by G protein receptor kinases (GRKs) that recognize 

active confirmations of the receptor and phosphorylate specific amino acids on the C-terminal 

tail (Gurevich & Gurevich, 2019; Lefkowitz, 1998). Arrestin proteins, such as β-arrestin2, are 

then recruited to sites of phosphorylation and cause receptor desensitization by binding and 

sterically blocking the ability of the receptor to couple to G proteins (Jean-Charles et al., 2017; 

Nguyen et al., 2012). Binding of arrestins to GPCRs also facilitate the initiation of endocytosis 

which can lead to either degradation or resensitization of the inactive receptor (Gyombolai et al., 

2013). CB1R desensitization causes a decrease in agonist-stimulated GTPγS binding in the brain 

following long-term cannabinoid administration (Sim-Selley et al., 2006). Several serine and 

threonine residues in the C-terminal tail of CB1R are phosphorylated by GRKs, recruit arrestins, 

and facilitate either desensitization (S426, S430) or internalization (T461, S463, S465, T466, 

T468, and S469) in vitro (Daigle, Kwok, et al., 2008; Delgado-Peraza et al., 2016; Jin et al., 

1999).  

 

Mutant S426A/S430A mice, possessing serine to alanine point mutations, are resistant to 

cannabinoid-induced desensitization and display delayed tolerance development to the 

antinociceptive and hypothermic effects of cannabinoid agonists (Henderson-Redmond et al., 

2020; Henderson-Redmond et al., 2022; Morgan et al., 2014; Nealon et al., 2019). Similarly, β-

arrestin2 (-/-) knockout mice exhibit a similar decrease in cannabinoid tolerance and CB1R 

desensitization (Breivogel et al., 2008; Nguyen et al., 2012). Due to the presence of additional 

phosphorylatable serine and threonine residues in the distal tail of CB1R, it was not clear whether 

β-arrestin2 recruitment to S426 and S430 accounted for all β-arrestin2-mediated desensitization 
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and cannabinoid tolerance. Therefore, this study assessed the acute response and tolerance for 

Δ9-THC and CP55,940 in acute pain models of antinociception and hypothermia in double-

mutant mice expressing the S426A/S430A desensitization-resistant mutation that also lacked β-

arrestin2 and whether these effects were agonist and/or sex-specific. 
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6. Materials and Methods 
 
Animals: 

Male and female mice (N=404) were weaned between 21 and 28 days of age, were group housed 

by sex, and utilized in experiments between 10 and 16 weeks of age. Ears snips were taken at 

weaning to collect tissues for genotyping by PCR analysis. A consistent environment of 21±1 °C 

on a standard 12-h light–dark cycle was maintained with ad libitum access to food and water. For 

each biological replicate, between 20 and 30 mutant mice were randomly assigned to treatment 

(dose-response testing or daily tolerance; vehicle, Δ9-THC, or CP55,940) and experimenters 

were blinded to genotypes during data collection. All animal care and experimental procedures 

used were approved and conducted in accordance with the NIH guidelines for the Care and Use 

of Laboratory Animals (2011) and with approval from the Institutional Animal Care and Use 

Committees (IACUC) at the Penn State College of Medicine (PSUCoM) and Marshall 

University (MU). All data collected using Δ9-THC, excluding one cohort for the daily tolerance 

and post-dose-response conducted by author MKP at MU, were conducted at the PSUCoM by 

authors MKP, DES, and ANH-R. All data collected using CP55,940, excluding one cohort for 

the pre-dose-response by author DES at PSUCoM, were conducted at MU by authors MKP and 

ANH-R. Each cohort included 20-30 mice, with at least one male and female mouse of each 

mutant group. 

 

Genotyping: The S426A/S430A mutant mouse strain, described previously (Morgan et al., 

2014), was crossed with β-arrestin2 KO mice obtained from Jackson Laboratories to create 

double mutant mice on a C57BL/6J background consisting of the following genotypes: wild-type 

(WT/WT), S426A/S430A knock-in mutant mice (WT/KI), β-arrestin2 knock-out mice 
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(KO/WT), and S426A/S430A x β-arrestin2 KO double mutant mice (KO/KI). Genotyping for 

the S426A/S430A was performed using primers 1107-02 (5’-

GTCAAGGAAACAGCAACTGCAC-3’) and 1208-07 (5’-GCAGGGTGACCCCTGTTTA-3’). 

Conversely, primers BARR2CIN (5’-GATCAAAGCCCTCGATGATC-3’), BARR2FLAG22 

(5’-ACAGGGTCCACTTTGTCCA-3’), and BARR2FLAG23 (5’-

GCTAAAGCGCATGCTCCAGA-3’) were used for genotyping the β-arrestin2 knockout allele. 

Only mice that were homozygous for each mutation were included in the study (See 

Supplementary Figure 1). 

 

Drugs: Delta-9-tetrahydrocannabinol (Δ9-THC) was obtained from the National Institute on 

Drug Abuse (NIDA) Drug Supply program (Baltimore, MD) and (-)- CP55,940 was obtained 

from Cayman Chemical (Ann Arbor, MI). Drugs were dissolved in vehicle composed of 0.9% 

saline, 5% Cremophor® EL, and 5% ethanol (18:1:1 v/v/v). Drug administration occurred via 

intraperitoneal (IP) injection according to body weight (10 mL/kg) and with a 1mL syringe and 

26 gauge 0.5” needle. Behavioral testing occurred 60±2 minutes after drug administration for 

both Δ9-THC and CP55,940.  

 

Dose-response Testing: Dose-response curves were generated in naïve mice by giving 

cumulative (0, 1, 3, 10, 30, and 100 mg/kg) doses of Δ9-THC or cumulative (0, 0.01, 0.03, 0.1, 

0.3, and 1 mg/kg) doses of CP55,940 (Henderson-Redmond et al., 2022; Nealon et al., 2019). As 

an example, 60 minutes after injection with vehicle (0 mg/kg), mice were dosed with 1 mg/kg 

∆9-THC. Sixty minutes following this injection, mice were again assessed for antinociception 

and hypothermia, and then administered 2 mg/kg ∆9-THC to achieve a cumulative dose of 3 
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mg/kg ∆9-THC. This was repeated for all cumulative Δ9-THC doses and for cumulative doses of 

CP55,940. Dose-response curves were also generated in mice that were administered 30 mg/kg 

of Δ9-THC once-daily for 7 or 0.6 mg/kg of CP55,940 once-daily for 14 consecutive days. These 

doses were selected based on previously published work from our laboratory where both male 

and female mice exhibited antinociceptive tolerance to 30 mg/kg of Δ9-THC after 7 days 

(Henderson-Redmond et al., 2022; Morgan et al., 2014) and to 0.6 mg/kg of CP55,940 after 

more than 12 days (Henderson-Redmond et al., 2022) of once-daily injections. In addition to our 

previously published regimen, dosing regimens of twice-daily Δ9-THC (10 mg/kg) for 6.5 days 

was enough to show significant decrease in antinociception and hypothermia and decreased 

GTPγS binding in the PAG, which mediates antinociception (McKinney et al., 2008). Likewise, 

CP55,940 treatment was carried out twice as long as Δ9-THC dosing given that Δ9-THC has been 

shown to only be a partial agonist giving only half the maximal effect obtained with CP55,940 

Petitet et al, 1998) or WIN55,212-2 (Sim et al., 1996). In mice exposed to once-daily treatment, 

(post) dose-response curves were generated for cumulative doses of 0, 3, 10, 30, 100, and 130 

mg/kg of Δ9-THC or 0, 0.03, 0.1, 0.3, 1, and 3 mg/kg of CP55,940 on the day immediately 

following their final daily drug injection. 

 

Tail-Flick Antinociception: A Tail-Flick Analgesia Meter (1430 Analgesia Tail-Flick 

Apparatus with USB/RS-232 Output Option, Columbus Instruments, Columbus, OH) was used 

to measure the latency of tail-flick withdrawal response to a radiant heat stimulus applied to the 

distal tail, which was observed just prior to drug administration (average latency pre-drug), and 

again 60 minutes later (average latency post-drug). Mice were habituated to a Broome style 

mouse restraint that allowed access to the tail. The radiant heat source was calibrated to an 
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intensity of 3 in order to elicit a 3-4 second withdrawal latency in untreated WT control mice. To 

prevent tissue damage and excessive pain, a maximum cut-off time of 10 seconds was used for 

all testing. Data is reported as the percentage of the maximal possible effect (%MPE) with 

[%MPE = (average latency post-drug – average latency pre-drug)/(10 – average latency pre-

drug) x 100%]. 

 

Hot-Plate Antinociception: A Hot-Plate Analgesia Meter (1440 Analgesia Hot-Plate with RS-

232 Port and Software, Columbus Instruments, Columbus, OH) set to 55°C was used to measure 

thermal hot-plate antinociception. The latency to elicit a behavioral indication of a pain response, 

paw-licking and/or jumping, was measured for each mouse with a maximum cut-off time of 30 

seconds. Measurements were recorded at baseline or just prior to drug administration (latency 

pre-drug), and again 60 minutes later (latency post-drug). Again, the percentage of the %MPE 

was reported with [%MPE = (latency post-drug – latency pre-drug)/(30 – latency pre-drug) x 

100%]. 

 

Hypothermia: A rectal mouse thermometer (Physitemp, Clifton, NJ) was used to measure 

changes in body temperature at baseline (pre-drug temperature) and approximately 60 minutes 

after injection (post-drug temperature). The values were calculated as a percent change in basal 

temperature (%ΔBT) with [%ΔBT = (pre-drug temperature – post-drug temperature)/pre-drug 

temperature x 100%]. 

 

Statistical Analysis: Power analysis and previous publications were used to estimate appropriate 

sample sizes for each experiment (Morgan et al., 2014; Nealon et al., 2019), although variations 
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in sample size are present due to unequal creation of mutant mice through breeding. Data for the 

dose-response and daily tolerance were analyzed using IBM SPSS (version 26.0 for Windows; 

Armonk, NY) for three-way analyses of variance (ANOVAs). For all repeated measure analyses 

done with SPSS, Mauchly’s test of sphericity was calculated to assess equal variances. Where 

sphericity was violated, the Greenhouse–Geisser correction was used to reduce the probability of 

making a type I error. When the Greenhouse–Geisser correction was used in reporting degrees of 

freedom, it has been rounded off to the nearest whole number. Bonferroni post-hoc analyses 

were performed to identify sources of variation when significant interaction effects were 

detected. Prism GraphPad (9.0.0 for Windows; La Jolla, CA) was used to generate all graphs, 

displaying the mean and standard error of the mean (±SEM). To calculate ED50 (effective dose) 

for hot-plate and tail-flick antinociception from dose-response curves, nonlinear regressions were 

plotted as log(agonist) vs. normalized response with variable slope, provided by the equation 

Y=100/(1+10^((LogEC50-X)*HillSlope)) in Prism. Conversely, ED50 for hypothermia was 

calculated from dose-response curves by plotting nonlinear regressions as log(inhibitor) vs. 

response [equation: Y=Bottom + (Top-Bottom)/(1+10^(X-LogIC50)]. Differences between pre- 

and post-drug ED50s were determined to be significant when the 95% CI (confidence intervals) 

did not overlap. Instances where Prism could not calculate ED50 values or confidence intervals, 

or when values fell outside of our experimental parameters, were denoted as not able to be 

determined (ND). To determine a second means of assessing dose-response shifts, all pre- and 

post-dose-response curves were assessed for the doses in common to see if there was a difference 

within each genotype between time point given the large amount of undeterminable ED50s. In 

all cases, significance was set at p<0.05 for all analyses. 
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7. Results 
 
Tolerance to once-daily vehicle, Δ9-THC, or CP55,940 injections 

Assessment of vehicle and testing environment. 

Mice (N=40; n=20/sex, 5/genotype) treated once-daily (IP) for 7 consecutive days with 18:1:1 

vehicle (VEH) were evaluated for alterations in antinociception or hypothermia (Fig.1). There 

was no effect of vehicle on hot-plate nociception in male and female mice (Fig.1a-b) with results 

from two-way ANOVAs revealing no effects of day (male: p=0.3091; female: p=0.2012), 

genotype (male: p=0.5570; female: p=0.7879), or a day x genotype interaction (male: p=0.6228; 

female: p=0.2879). Likewise male and female mice treated with vehicle showed no evidence of 

tail-flick antinociception (Fig.1c-d), as there were no effects of day (male: p=0.1321; female: 

p=0.0713), genotype (male: p=0.6574; female: p=0.6636), or a day x genotype interaction (male: 

p=0.8398; female: p=0.4923). Finally, vehicle treatment did not produce alterations in body 

temperature (Fig.1e-f) as there were no effects of day (male: p=0.3204; female: p=0.7510), 

genotype (male: p=0.1755; female: p=0.8363), or a day x genotype interaction (male: p=0.9985; 

female: p=0.5438). Taken together, these data show that there are no effects of either vehicle or 

testing procedures (i.e., intraperitoneal injections, repeated exposure to testing measures) on 

hypothermia or tail-flick and hot-plate antinociception.  

 

Tolerance to the antinociceptive and hypothermic effects of Δ9-THC. 

Tolerance to antinociceptive effects of Δ9-THC in the hot-plate test  

Male and female littermates were given 30 mg/kg Δ9-THC once-daily for 7 consecutive days to 

observe how the combined S426A/S430A and β-arrestin2 mutations altered tolerance (Fig. 2). 

Utilizing a three-way repeated measures ANOVA comparing day, sex, and genotype (n=107), 
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we observed main effects of day (F5,484=88.451, p<0.001), genotype (F3,99=12.994, p<0.001), and 

a day x genotype (F15,484=2.289, p=0.004) interaction. In contrast, there was no effect of sex 

(p=0.989) nor a sex x genotype (p=0.990), day x sex (p=0.056) or a day x sex x genotype 

(p=0.906) interaction. Given that there was not a sex x genotype effect, we collapsed our data 

across sex (Fig. 2a). Collectively (across day and sex), mice with the S426A/S430A mutation 

showed a greater antinociceptive response to 30 mg/kg Δ9-THC across day (WT/KI = 24.973 ± 

3.155, p=0.001; KO/KI = 33.887 ± 3.159, p<0.001) compared to wildtype littermates (WT/WT = 

8.465 ± 2.907); however, double mutants (KO/KI) mice did not differ from single mutants 

(WT/KI) in their antinociceptive response in the hot-plate assay (p=0.223). Likewise, Bonferroni 

post-hoc analyses revealed that, while overall, WT/WT mice were faster to develop tolerance to 

the antinociceptive effects of 30 mg/kg Δ9-THC than their WT/KI and KO/KI counterparts, that 

these differences were likely driven by the increased antinociceptive response to Δ9-THC on days 

1-3 in WT/KI and 1-4 in KO/KI mice compared to WT/WT mice (see Supp. Table 1a). From 

these results, there is no evidence to suggest that β-arrestin2 recruitment influences Δ9-THC-

induced tolerance in the absence of S426 and S430 phosphorylation in the hot-plate assay. 

 

Tolerance to the antinociceptive effects of Δ9-THC in the tail-flick test 

Tail-flick antinociception was measured in male and female mice treated with once-daily 

injections of 30 mg/kg Δ9-THC for 7 consecutive days. Results from a three-way ANOVA 

(n=107) found collective main effects of day (F5,535=28.418, p<0.001), sex (F1,99=8.113, 

p=0.005), and genotype (F3,99=10.680, p<0.001) as well as a day x sex (F5,535=2.319, p=0.038) 

and day x genotype (F16,535=1.753, p=0.034) but not a sex x genotype (p=0.610) or a day x sex x 

genotype (p=0.393) interaction. As there was no sex x genotype interaction, we collapsed our 
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data across sex (Fig. 2b). Overall, females were less sensitive to the antinociceptive effects of 30 

mg/kg Δ9-THC (30.187 ± 2.285) than males (39.654 ± 2.413; p=0.005) and post-hoc analyses 

revealed that the faster tolerance development observed in females was driven by a decreased 

antinociceptive response in the tail-flick on days 1 (46.859 ± 5.177), 2 (43.981 ± 4.534), and 3 

(31.456 ± 4.755) compared to males (day 1: 66.643 ± 5.468, p=0.010; day 2: 63.405 ± 4.789, 

p=0.004; day 3: 45.406 ± 5.023, p=0.046). As with the hot-plate assay, mice with the 

S426A/S430A mutation showed a greater antinociceptive response to 30 mg/kg Δ9-THC across 

day (WT/KI = 38.045 ± 3.328, p=0.016; KO/KI = 48.123 ± 3.333, p<0.001) and were slower to 

develop tolerance (Fig. 2b) compared to wildtype littermates (WT/WT = 23.667 ± 3.067) with 

double mutant (KO/KI) mice, once again, not differing from single mutants (WT/KI) in their 

antinociceptive response in the tail-flick assay (p=0.149). Post-hoc analyses likewise revealed 

that the differences in tolerance development are driven by genotype-specific differences in 

antinociceptive response on days 1-4 with double mutants (KO/KI) showing a greater response 

compared to WT/WT (day 1: p=0.001; day 2 p<0.001; day 3: p=0.009; day 4: p=0.012) but not 

compared to S426A/S430A mice on days 1 (p=0.217), 2 (p=1.000), 3 (p=0.494), or 4 (p=1.000; 

Supp. Table 1b) of Δ9-THC treatment. From these results, there is no evidence to suggest that β-

arrestin2 recruitment influences tolerance to Δ9-THC in the absence of S426 and S430 

phosphorylation in the tail-flick assay. 

 

Tolerance to the hypothermic effects of Δ9-THC 

The hypothermic effects for once-daily injections of 30 mg/kg Δ9-THC was also determined over 

7 days (Fig. 2c). Results from a three-way ANOVA (n = 107) revealed main effects of day 

(F4,400=229.035, p<0.001), genotype (F3,99=10.680, p<0.001), and sex (F1,99=5.669, p=0.019), 
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and a day x genotype (F12,400=1.916, p=0.031) but not a day x sex (p=0.773), sex x genotype 

(p=0.706), or day x sex x genotype (p=0.161) interaction. Again, the lack of a sex x genotype 

interaction led us to collapse our data across sex (Fig. 3c)  Overall, female mice were less 

sensitive to the hypothermic effects of 30 mg/kg Δ9-THC (-3.317 ± 0.216) than their male 

counterparts (-4.066 ± 0.228; p=0.019), and collectively, mice expressing the S426A/S430A 

mutation showed a greater hypothermic response (WT/KI: -4.667 ± 0.315; KO/KI: -5.115 ± 

0.315) compared to WT/WT littermates (-2.548 ± 0.290). As with the hot-plate and tail-flick 

assays, KO/KI mice did differ from WT/KI mice in their hypothermic response (p=1.000; Supp. 

Table 1c). In contrast to the hot-plate and tail-flick assays, genotype-specific differences in 

tolerance development were not the result of different hypothermic responses on Day 1 (Fig. 2c). 

Bonferroni post-hoc analyses revealed that while WT/WT and KO/WT mice were tolerant to the 

hypothermic effects of Δ9-THC by day 3, WT/KI and KO/KI mice took until approximately days 

4 and 6, respectively (see Supp. Table 1c). From these data, we conclude that mice with the 

S426A/S430A mutation maintain an enhanced response to daily Δ9-THC administration and are, 

therefore, slower to develop tolerance to the hypothermic effects of 30 mg/kg Δ9-THC compared 

to wild-type littermates. There was not a significant difference between S426A/S430A single and 

double mutant mice, suggesting that phosphorylation at residues S426 and S430 fully accounts 

for all β-arrestin2-mediated tolerance to the hypothermic effects of Δ9-THC.  

 

Tolerance to the antinociceptive and hypothermic effects of CP55,940. 

Tolerance to antinociceptive effects of CP55,940 in the hot-plate test  

Naïve male and female mice were evaluated for tolerance to 14 days of once-daily injections of 

0.6 mg/kg CP55,940 (Fig. 3). When assessing the response to the hot-plate nociceptive test (Fig. 
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3a), results from a three-way ANOVA (n=93) revealed main effects of sex (F1,85=17.685, 

p<0.001), genotype (F3,85=26.599, p<0.001), and day (F10,847=61.510, p<0.001) as well as a day x 

genotype (F30,847=2.446, p<0.001), but not a day x sex (p=0.153), sex x genotype (p=0.631), or 

day x sex x genotype (p=0.766) interaction. Due to the lack of a sex x genotype interaction, we 

collapsed our data across sex (Fig. 3a). Overall, females were less sensitive to the antinociceptive 

effects of 0.6 mg/kg CP55,940 (49.154 ± 2.441) than males (63.589 ± 2.414; p<0.001). 

Collectively (across day and sex), mice with the S426A/S430A mutation showed a greater 

antinociceptive response to 0.6 mg/kg CP55,940 across day (WT/KI = 68.181 ± 3.376, p<0.001; 

KO/KI = 74.099 ± 3.159, p<0.001) compared to wildtype littermates (WT/WT = 37.040 ± 

3.376); however, double mutants (KO/KI) did not differ from single mutants (WT/KI) in their 

antinociceptive response in the hot-plate assay (p=1.000). Bonferroni post-hoc analyses revealed 

that, overall, WT/WT mice were faster to develop tolerance to the antinociceptive effects of 0.6 

mg/kg CP55,940 than their WT/KI and KO/KI counterparts. While all mice started with a near 

100% MPE on Day 1, starting on Day 4 and lasting throughout the duration of the experiment, 

WT/KI and KO/KI mice showed significantly elevated hot-plate responses compared to WT/WT 

mice. In contrast, by Day 5 of treatment, CP55,940 was 50% less potent in WT/WT mice 

(eliciting a response of 37% MPE) compared to its effect in WT/KI (77%) and KO/KI (86%) 

mice (Supp. Table 2a). While the presence of the S426A/S430A mutation significantly delayed 

tolerance development compared to WT/WT mice, at no point was there any difference between 

WT/KI and KO/KI mice, suggesting that S426 and S430 phosphorylation account for the 

majority of β-arrestin2 recruitment in CP55,940-induced tolerance in the hot-plate. 

 

Tolerance to antinociceptive effects of CP55,940 in the tail-flick test  
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Following once-daily treatment with 0.6 mg/kg CP55,940 across 14 days, results from a three-

way ANOVA (n=93) revealed main effects of sex (F1,85=12.250, p=0.001), genotype 

(F3,85=22.474, p<0.001), and day (F11,899=17.054, p<0.001), as well as a significant day x 

genotype interaction (F32,899=2.476, p<0.001). However, there were no significant day x sex 

(p=0.570), sex x genotype (p=0.285), or day x sex x genotype (p=0.161) interactions. As a result, 

all data for the tail-flick are collapsed across sex (Fig. 3b). As with hot-plate, male mice showed 

an overall greater antinociceptive response following treatment with 0.6 mg/kg CP55,940 

(84.746 ± 1.645) than female littermates (76.560 ± 1.663; p=0.001) on the tail-flick assay. Post-

hoc analyses revealed that, collectively, mice with the S426A/S430A mutation showed a greater 

overall antinociceptive response to 0.6 mg/kg CP55,940 (WT/KI = 89.775 ± 2.300, p<0.001; 

KO/KI = 89.600 ± 2.352, p<0.001) compared to wildtype littermates (WT/WT = 67.396 ± 

2.300); however, double mutant (KO/KI) mice did not differ from single mutants (WT/KI) in 

their antinociceptive response in the tail-flick assay (p=1.000). 

 

Bonferroni post-hoc analyses revealed that, overall, WT/WT mice were faster to develop 

tolerance to the antinociceptive effects of 0.6 mg/kg CP55,940 than their WT/KI and KO/KI 

counterparts. While all mice started with a near 100% MPE on Day 1, starting on Day 4 and 

lasting throughout the duration of the experiment, WT/KI and KO/KI mice showed significantly 

elevated tail-flick responses compared to WT/WT mice. Interestingly, while there was evidence 

of partial tolerance (a significant difference in antinociceptive response from Day 1 of CP55,940 

treatment) by Day 4 in WT/WT mice, there was no evidence of any tolerance development in 

either WT/KI or KO/KI mice across 14 days of once-daily treatment with 0.6 mg/kg CP55,940 

(Supp. Table 2b). Despite none of the mice showing complete tolerance development, the 
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presence of the S426A/S430A mutation significantly delayed at least initial tolerance 

development compared to WT/WT mice, at no point was there any difference between WT/KI 

and KO/KI mice, suggesting that S426 and S430 phosphorylation account for β-arrestin2 

recruitment in CP55,940-induced tolerance in the tail-flick. 

 

Tolerance to the hypothermic effect of CP55,940 

Tolerance to hypothermic effects of once-daily administration of 0.6 mg/kg CP55,940 was 

assessed in mutant mice over 14 days (Fig. 3c). Three-way ANOVA (n=93) found main effects 

of day (F7,623=150.846, p<0.001) and genotype (F3,85=47.277, p<0.001), and significant day x sex 

(F7,623=3.321, p=0.001) and day x genotype (F22,623=1.982, p=0.005) interactions. There was not, 

however, a main effect of sex (p=0.084), a sex x genotype (p=0.189), or a day x sex x genotype 

interaction (p=0.091). As there was not a sex x genotype interaction, we collapsed all data across 

sex (Fig. 3c). Post-hoc analyses revealed that, collectively, mice with the S426A/S430A 

mutation showed a greater overall hypothermic response to 0.6 mg/kg CP55,940 (WT/KI  -

11.354 ± 0.492, p<0.001; KO/KI = -11.405 ± 0.503, p<0.001) compared to wildtype littermates 

(WT/WT = -4.996 ± 0.492); however, double mutants (KO/KI) did not differ from single 

mutants (WT/KI) in their hypothermic response (p=1.000). Bonferroni post-hoc analyses 

revealed that though single mutant S426A/S430A (WT/KI) mice were significantly more 

hypothermic on Day 1 of 0.6 CP55,940 administration (-21.458 ± 1.223, p<0.001) compared to 

WT/WT (-14.288 ± 1.223) mice, double mutants did not differ from either WT/WT mice (-

18.388 ± 1.250, p=0.128) or single mutants (WT/KI, p=0.497) on Day 1. By Day 2 and 

continuing through Day 14, however, hypothermia was significantly diminished in WT/WT mice 

(but not WT/KI or KO/KI mice) following CP55,940 administration such that by Day 14 of 
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treatment, wild-type (WT/WT) mice were nearly tolerant to the hypothermic effects of CP55,940 

(-1.492 ± 0.492) compared to both WT/KI (-7.538 ± 0.524, p<0.001) and KO/KI (-8.034 ± 0.536, 

p<0.001). Though mice expressing the S426A/S430A mutation (WT/KI and KO/KI) show 

delayed tolerance compared to wild-type mice to the hypothermic effects of CP55,940, WT/KI 

and KO/KI mice did not differ from each other at any time point in their hypothermic responses 

to CP55,940 (Supplementary Table 2c), suggesting that the S426A/S430A mutation accounts for 

the β-arrestin2-mediated tolerance to the hypothermic effects of CP55,940.  

 

Assessment of dose-response effects for Δ9-THC and CP55,940 

Dose-dependent effects of antinociception and hypothermia to Δ9-THC. 

Dose-dependent effects of Δ9-THC in the hot-plate test 

Naïve mice treated with increasing cumulative doses (0, 1, 3, 10, 30, and 100 mg/kg) of Δ9-THC 

were assessed for hot-plate antinociception (Fig. 4a) and this was termed the “pre-dose-

response.” Overall, while there was a main effect of dose across all mice (F4,243=68.897, 

p<0.001), results from a three-way ANOVA failed to reveal main effects of genotype (p=0.088) 

or sex (p=0.478) or a sex x genotype (p=0.807), dose x sex (p=0.830), dose x genotype 

(p=0.093), or a dose x sex x genotype (p=0.894) interaction. Post-hoc analyses revealed that the 

main effect of dose was driven by the differences in response at both 30 and 100 mg/kg of Δ9-

THC between S426A/S430A single mutants and wild-type littermates such that S426A/S430A 

mice showed a significantly greater antinociceptive response on the hot-plate assay at both doses 

compared to WT/WT mice.  
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A “post-dose-response” curve for Δ9-THC (0, 3, 10, 30, 100, and 130 mg/kg) was determined in 

a second group of mice following 7 days of once-daily treatment with 30 mg/kg Δ9-THC (Fig. 

4b). Results from a three-way ANOVA (n=65) of the Δ9-THC post-dose-response curve for hot-

plate antinociception revealed a main of dose (F5,285=2.264, p=0.048) and a dose x genotype 

effect (F15,285=2.183, p=0.007), suggesting genotype-specific differences in tolerance 

development. Bonferroni post-hoc analyses revealed that KO/KI mice were more sensitive to the 

antinociceptive effects of 100 mg/kg Δ9-THC compared to WT/WT mice (Fig. 4b; 

Supplementary Table 3a). In contrast, there were no observed effects of sex (p=0.421) or 

genotype (p=0.697) or any sex x genotype (p=0.297), dose x sex (p=0.546), or dose x sex x 

genotype (p=0.248) interactions (Fig. 4). Given these results, we conclude that the combination 

of GRK-phosphorylation at residues S426 and S430 and β-arrestin2-mediated Δ9-THC-induced 

tolerance may attenuate Δ9-THC tolerance only at higher doses following chronic dosing given 

that the current experiment found only the KO/KI mice showed a slight delay in antinociceptive 

tolerance compared to WT/WT mice and only at the highest dose (100 mg/kg). At all other (and 

more pharmacologically relevant) doses tested, however, neither GRK-phosphorylation at 

residues S426 and S430 nor β-arrestin2 induced tolerance prevent the shift in dose-response to 

Δ9-THC after chronic dosing at 30 mg/kg Δ9-THC. 

 

Dose-dependent effects of Δ9-THC in the tail-flick test  

As with hot-plate, these same mice were assessed for pre- and post-dose-responses in the tail-

flick assay (Fig. 5). Results from a three-way ANOVA (n=71) assessing acute tail-flick 

antinociception in the pre-dose-response revealed main effects of dose (F4,256=109.508, p<0.001) 

and sex (F1,63=28.268, p<0.001), and a dose x sex interaction (F4,256=9.795, p<0.001). In contrast, 
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there was not a main effect of genotype (p=0.127) nor any dose x genotype (p=0.734), sex x 

genotype (p=0.770), or dose x sex x genotype (p=0.093) interaction effects (Fig. 5a). Bonferroni 

post-hoc analysis revealed that male mice, collapsed across genotype, showed greater 

antinociceptive responses than female mice following treatment with 3, 10, 30, and 100 mg/kg of 

Δ9-THC (Supplementary Table 3b).  

 

Results from a three-way ANOVA (n=65) assessing the Δ9-THC post-dose-response revealed  

main effects of dose (F5,285=13.249, p<0.001) and sex (F1,57=5.904, p=0.018), but not of 

genotype (p=0.108), nor any sex x genotype (p=0.651), dose x sex (p=0.893), dose x genotype 

(p=0.254), or dose x sex x genotype (p=0.929) interactions (Fig. 5b). Post-hoc analyses revealed 

that, as with the pre-dose-response curve, male mice showed a greater antinociceptive response 

to Δ9-THC in the tail-flick assay (28.243 ± 4.024) compared to female littermates (14.739 ± 

3.833). Given these results, we conclude that neither GRK-phosphorylation at residues S426 and 

S430 nor β-arrestin2-mediated Δ9-THC-induced tolerance to prevent the shift in dose-response to 

Δ9-THC after chronic dosing at the doses tested in the current experiment.  

 

Dose-dependent hypothermic effects of Δ9-THC 

Finally, we sought to determine how S426 and S430 phosphorylation and β-arrestin2 impacts 

tolerance to the hypothermic effects of Δ9-THC through dose-response shift assessment (Fig. 6). 

Three-way ANOVA of the pre-dose-response curves in naïve mice (n=71) revealed main effects 

of dose (F3,162=119.339, p<0.001), genotype (F3,63=5.934, p=0.001), and a dose x genotype 

(F8,162=2.404, p=0.019) interaction. In contrast, there were not a main effect of sex (p=0.426) or 

any sex x genotype (p=0.545), dose x sex (p=0.780), or dose x sex x genotype (p=0.692) 
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interactions. Post-hoc analyses revealed that the dose x genotype interaction was due to the 

double mutant mice (KO/KI) being having a significantly greater hypothermic response at doses 

of 30 and 100 mg/kg Δ9-THC compared to wild-type (WT/WT) littermates (Fig 6a). Likewise, 

overall, KO/KI double mutants showed greater Δ9-THC-induced hypothermia (particularly at 30 

mg/kg Δ9-THC) compared to single S426A/S430A littermates (Supp Table 3c), suggesting that 

the S426A/S430A mutation alone might not be solely responsible for the increased hypothermic 

response to Δ9-THC.  

 

Regarding the post-dose-response curves (Fig. 6b) results from a three-way ANOVA (n=65), 

revealed main effects of dose (F3,177=32.478, p<0.001), sex (F1,57=34.101, p<0.001), and 

genotype (F3,57=4.637, p=0.006) and significant dose x sex (F9,177=4.845, p<0.001) and dose x 

genotype (F9,177=8.813, p<0.001) but not a sex x genotype (p=0.094) or dose x sex x genotype 

(p=0.549) interaction. Bonferroni post-hoc analyses revealed that Δ9-THC-induced hypothermia 

was significantly greater in males than females at all doses tested (0, 3, 10, 30, 100, and 130 

mg/kg; Supp. Table 3c). Likewise, post-hoc analyses also revealed that the genotype by dose 

interaction was driven by a greater degree of Δ9-THC-induced hypothermia in single (WT/KI) 

mutants at 130 mg/kg and double (KO/KI) mutants at both 100 and 130 mg/kg compared to 

wild-type (WT/WT) littermates. In contrast to the pre-dose-response curve, following 7 days of 

once-daily administration of 30 mg/kg of Δ9-THC the significant difference in Δ9-THC-induced 

hypothermia between KO/KI and WT/KI mice was eliminated, suggesting that while other β-

arrestin2 phosphorylation sites besides S426 and S430 may mediate initial Δ9-THC-induced 

hypothermia, that S426 and S430 may account for β-arrestin2-mediated hypothermic tolerance to 

Δ9-THC. 
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Δ9-THC: Assessing dose-response and ED50 shifts  

When analyzing the antinociceptive and hypothermic responses to Δ9-THC above, we used 

curve-fitting analyses to calculate ED50 values to assess tolerance-induced shifts in pre- and post-

dose-response curves for Δ9-THC-induced antinociception (Tables 1-2) and hypothermia (Table 

3). Unfortunately, we were unable, in most cases, to calculate ED50 values for post-dose-

response curves due to flatness (indicative of tolerance) that precluded curve fitting analysis. 

Taken together, these data suggest that while all mice developed tolerance to the antinociceptive 

effects of Δ9-THC in the hot-plate (Table 1) and tail-flick (Table 2) assays, there is no difference 

in antinociceptive response to Δ9-THC as a function of either the S426A/S430A or the β-

arrestin2 knock-out mutations following development of tolerance at the doses tested. That said, 

we compare the same doses tested for both pre- and post-dose-response curves to determine if 

tolerance developed within genotype (see Supp. Table 3). 

 

Dose-dependent effects of antinociception and hypothermia to CP55,940. 

Dose-dependent effects of CP55,940 in the hot-plate test 

As with Δ9-THC, separate groups of naïve male and female mice of all four genotypes (WT/WT, 

KO/WT, KI/WT, and KO/KI) were assessed for hot-plate and tail-flick antinociception and 

alterations in body temperature following the administration of increasing cumulative doses of 

CP55,940 (0, 0.01, 0.03, 0.1, 0.3, 1, and/or 3 mg/kg) to determine the “pre-dose-response” curve 

and to generate a “post-dose-response” curve following 14 days of once-daily treatment with 0.6 

mg/kg CP55,940 (Fig. 7). Results from a three-way ANOVA (n=93) revealed a main effect of 

dose (F4,352=133.428, p<0.001), a sex x genotype (F3,85=2.992, p=0.035), and a dose x genotype 
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(F12,352=2.599, p=0.002) interaction on the hot-plate assay. In contrast, there were no effects of 

sex (p=0.380) or genotype (p=0.239), or a dose x sex (p=0.414) or a dose x sex x genotype 

(p=0.891) interaction. Bonferroni post-hoc analyses revealed that while, overall, male KO/KI, 

WT/KI, and WT/WT males tended to be more sensitive to the antinociceptive effects of 

CP55,940 than their female counterparts, the sex x genotype effect was driven by the female 

KO/WT mice having a significantly greater overall antinociceptive response (30.762 ± 5.983) 

compared to male KO/WT mice (13.067 ± 5.729; p=0.036) on the hot-plate assay. In contrast, 

post-hoc analyses revealed that the dose x genotype interaction as driven by the KO/KI and 

WT/KI mice having significantly greater antinociceptive responses to 0.3 mg/kg CP55,940 

(57.808 ± 8.958 and 48.806 ± 10.058, respectively) compared to WT/WT littermates (10.621 ± 

8.958) at the same dose (Supp. Table 4a). There were no differences in acute responses to 

CP55,940 in the hot-plate test between KO/KI and WT/KI mice on any day. 

 

Results from a three-way ANOVA (n=93) assessing the post-dose-response curve revealed main 

effects of dose (F4,306=481.641, p<0.001), sex (F1,85=10.718, p<0.001), and genotype 

(F3,85=7.019, p<0.001) as well as significant dose x sex (F4,306=3.744, p=0.007) and dose x 

genotype (F11,306=5.992, p<0.001) but not a sex x genotype (p=0.603) or dose x sex x genotype 

(p=0.409) interactions. Bonferroni post-hoc analyses revealed that the sex by dose interaction 

was due to male mice showing greater antinociceptive effects of CP55,950 at doses of 0.1, 0.3, 

and 1.0 in the hot-plate assay compared to female littermates. Likewise, the dose x genotype 

interaction was due all mutant mice (KO/WT, WT/KI, and KO/KI) showing a greater 

antinociceptive responses in the hot-plate assay at doses of 1 and 3 mg/kg CP55,940 compared to 
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WT/WT littermates (Fig. 7b; Supp. Table 4a). Once again, there were no doses in which KO/KI 

and WT/KI mice differed from each other. 

 

Dose-dependent effects of CP55,940 in the tail-flick test 

Results from a three-way ANOVA (n=93) assessing the pre-dose-response effect on the tail-flick 

assay revealed main effects of dose (F4,366=211.420, p<0.001), sex (F1,85=13.297, p<0.001) and 

genotype (F3,85=3.517, p=0.019) as well as dose x sex (F4,366=7.186, p<0.001) and dose x 

genotype (F13,366=3.295, p<0.001) but not sex x genotype (p=0.175) or dose x sex x genotype 

(p=0.126) interactions (Fig. 8). Bonferroni post-hot analyses revealed that the sex x dose 

interaction was driven by male mice showing greater antinociceptive responses than female mice 

on the tail-flick assay at doses of 0.1 and 0.3 mg/kg CP55,940 (Supp. Table 4b). Likewise, post-

hoc analyses revealed that the genotype x dose interaction was driven by WT/KI and KO/KI 

mice showing a greater antinociceptive response in the tail-flick assay (WT/KI: 61.326 ± 6.711; 

KO/KI: 73.968 ± 5.977) compared to wild-type littermates (WT/WT: 27.465 ± 5.977) at a dose 

of 0.3 mg/kg CP55,940 (Fig. 8a; Supp. Table 4b). However, WT/KI and KO/KI mice did not 

differ from each other at any dose tested, suggesting that β-arrestin2 deletion does not further 

enhance the effect of S426 and S430 phosphorylation on CP55,940-mediated antinociception in 

the tail-flick assay. 

 

Three-way ANOVA (n=93) assessing the post-dose-response on tail-flick revealed main effects 

of dose (F4,361=527.391, p<0.001), genotype (F3,85=5.188, p=0.002), and sex (F1,85=35.452, 

p<0.001) as well as significant dose x sex (F4,361=6.796, p<0.001) and dose x genotype 

(F13,361=5.115, p<0.001) interactions. In contrast, no significant sex x genotype (p=0.621) or dose 
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x sex x genotype (p=0.538) interactions were found. Bonferroni post-hoc analysis revealed that 

male mice showed greater antinociceptive responses in the tail-flick assay following 

administration of 0, 0.03, 0.1, 0.3, and 1.0 mg/kg of CP55,940 compared to female mice (Supp. 

Table 4b). Post-hoc analyses also determined that the genotype x dose interaction was driven by 

WT/KI and KO/KI mice showing a greater antinociceptive response following 0.3 and KO/WT, 

WT/KI, and KO/KI mice all showing greater antinociceptive responses at 1.0 mg/kg CP55,940 

compared to WT/WT littermates (Fig. 8b). 

 

Dose-dependent hypothermic effects of CP55,940  

Three-way repeated measures ANOVA (n=93) assessing the pre-dose-response on CP55,940-

induced hypothermia (Fig. 9) revealed main effects of dose (F2,177=579.367, p<0.001) and sex 

(F1,85=6.477, p=0.013) but not of genotype (p=0.449) nor any significant interaction effects [dose 

x sex (p=0.092); sex x genotype (p=0.462); dose x genotype (p=0.253); dose x sex x genotype 

(p=0.249)]. Overall, male mice displayed a greater degree of CP55,940-induced hypothermia (-

4.868 ± 0.307) than female littermates (-3.782 ± 0.296). 

 

In contrast, results from a three-way ANOVA (n=93) assessing the post-dose-response curve for 

CP55,940-induced hypothermia revealed main effects of dose (F2,157 = 490.630, p<0.001) and 

genotype (F3,85=30.879, p<0.001) but not sex (p=0.690). Likewise, there was a significant sex x 

genotype (F3,85=2.753, p=0.048) and dose x genotype (F6,157=12.315, p<0.001) but not a dose x 

sex (p=0.110) or dose x sex x genotype (p=0.352) interaction. Bonferroni post-hoc analyses 

revealed male mice showed greater hypothermic responses than females following 

administration of 0.03, 0.1, and 0.3 mg/kg CP55,940 (Supp. Table 4c). Likewise, post-hoc 
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analyses assessing the sex x genotype interaction revealed that among male mice, all mice with 

the S426A/S430A mutation (WT/KI: -5.562 ± 0.490 and KO/KI: -5.029 ± 0.490) showed greater 

CP55,940-induced hypothermia compared to KO/WT (-1.936 ± 0.511, p<0.001) and WT/WT 

littermates (-0.483 ± 0.049, p<0.001; Fig. 9d). In contrast, female S426A/S430A (WT/KI: -5.022 

± 0.490) but not KO/KI mice showed greater CP55,940-induced hypothermia than both KO/WT 

(-2.341 ± 0.511, p=0002) and WT/WT (-1.611 ± 0.490, p<0.001) mice (Fig. 9f). 

 

CP55,940: Assessing dose-response and ED50 shifts  

To analyze the antinociceptive and hypothermic responses to CP55,940, we used curve-fitting 

analyses to calculate ED50 values to assess tolerance-induced shifts in pre- and post-dose-

response curves (Tables 1-3) for CP55,940-induced antinociception [hot-plate (Table 1) and tail-

flick (Table 2)] and for CP55,940-induced hypothermia (Table 3). On the hot-plate, daily 

treatment with 0.6 mg/kg of CP55,940 increased the ED50 values for all female mutants and for 

male WT/KI mice. In contrast, ED50 values for CP55,940-induced tail-flick antinociception and 

hypothermia revealed that none of the mice showed any evidence of tolerance to either measure. 

Unfortunately, in some cases, we were unable to calculate ED50 values for post-dose-response 

curves due to flatness (indicative of tolerance) that precluded curve fitting analysis. That said, we 

compare the same doses tested for both pre- and post-dose-response curves to determine if 

tolerance developed within genotype (see Supp. Table 4). 

 

Summary of Results 

Collectively, our findings suggest that mice with the S426A/S430A mutation show delayed 

tolerance and greater CP55,940- and Δ9-THC-induced antinociception and hypothermia. Given 
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that double S426A/S430A x β-arrestin2 double mutant mice (KO/KI) show similar rates of 

cannabinoid tolerance and magnitudes of responses to CP55,940- and Δ9-THC-induced 

antinociception and hypothermia compared to S426A/S430A single mutants (WT/KI), we can 

conclude from the range of doses tested that phosphorylation at residues S426 and S430 account 

for β-arrestin2-mediated cannabinoid tolerance and response. To better assess how sex affected 

tolerance to the antinociceptive and hypothermic effects of Δ9-THC and CP55,940, we included 

supplemental figures showing tolerance to hot-plate (a-b), tail-flick (c-d), and hypothermia (e-f) 

collapsed across genotype across day for each drug (Supp. Fig. 2) and dose-response pre and 

post shifts for both male and female mice (collapsed across genotype) for both a range of Δ9-

THC and CP55,940 doses on hot-plate (a-b), tail-flick (c-d), and hypothermia (e-f; Supp. Fig. 3). 

8. Discussion 
 

Previous work has suggested that phosphorylation of residues S426 and S430 followed by 

recruitment of β-arrestin2 is primarily responsible for desensitization of CB1R and facilitates 

tolerance to cannabinoid agonists (Morgan et al., 2014; Nguyen et al., 2012). Therefore, the 

current study was designed to determine whether cannabinoid tolerance due to β-arrestin2 

recruitment was exclusively due to phosphorylation by GRKs at serines 426 and 430 or whether 

β-arrestin2 recruitment to additional serines and threonines located more distally on the receptor 

might also contribute. This question was addressed by generating S426A/S430A x β-arrestin2 

knockout double mutant mice (KO/KI) so we could compare cannabinoid tolerance or acute 

cannabinoid responses to single mutant (WT/KI) littermates. As current literature suggests a 

similar degree of response to cannabinoid agonism in single WT/KI and single β-arrestin2 

knockout (KO/WT) mice (Morgan et al., 2014; Nguyen et al., 2012), we also sought to compare 
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all mutant mice to their wild-type littermates (WT/WT). Furthermore, we evaluated whether 

these mutations alone or in combination presented differences in tolerance or in their magnitude 

of cannabinoid response (sensitivity) in an agonist- or sex-specific manner, as these variables 

have been implicated as key modifiers of tolerance in preceding studies (Henderson-Redmond et 

al., 2022; Nealon et al., 2019). 

 

We assessed the effects of acute and daily vehicle, Δ9-THC, or CP55,940 administration to 

observe whether the S426A/S430A and β-arrestin2 mutations alone or in combination would 

further prevent tolerance and increase cannabinoid-induced responses, including antinociception 

and hypothermia. These data replicated previous findings, showing that mice possessing the 

S426A/S430A mutation exhibited delayed tolerance and heightened cannabinoid responses to the 

antinociceptive and hypothermic effects of Δ9-THC and CP55,940 (Henderson-Redmond et al., 

2022; Morgan et al., 2014). While the double mutant mice likewise sustained these effects 

compared to their wild-type littermates, the magnitude of their responses and tolerance were 

unaltered compared to their WT/KI single mutant littermates. This finding suggests that β-

arrestin2 recruitment to residues S426 and S430 is responsible for most, if not all, β-arrestin2-

mediated cannabinoid tolerance. While CB1R desensitization is, in part, attributed to 

phosphorylation of residues T461, S463, S465, T466, T468, and S469 (Jin et al., 1999; Straiker 

et al., 2012), these data further implicate S426 and S430 as central targets specialized in 

desensitization and cannabinoid tolerance in vivo. 

 

Male mice with the S426A/S430A mutation exhibited an enhanced antinociceptive response to 

CP55,940 in both the pre- and post-dose-response curves relative to wild-type littermate controls. 
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Female mutant mice, conversely, only showed effects of these point mutations in their post-dose-

response curve. We found moderate antinociceptive effects to the highest doses of CP55,940 in 

the pre- and post-dose-response, 1 and 3 mg/kg respectively, which we believe is due to a ceiling 

effect in mutant mice reaching 100% MPE. When observing the hypothermic response to acute 

CP55,940, male and female S426A/S430A single and double mutant mice had heightened 

sensitivity exclusively for the post-dose-response. From these findings, we conclude S426 and 

S430 phosphorylation reduces CP55,940-induced hypothermia following previous CB1R 

activation. While hypothermia to the CP55,940 post-dose-response was the only source of 

variation between S426A/S430A single and double mutant mice, these findings were only at 

lower doses that produced no change in antinociception and contributed to less than a three 

percent change in body temperature.  

 

S426A/S430A single and double mutant mice treated with Δ9-THC were more sensitive 

(females) and showed evidence of delayed tolerance development (males) to the hypothermic 

effects of dosing, although there was no evidence of such effects in respect to hot-plate and tail-

flick antinociception. Interestingly, male and female mice showed near complete tolerance 

development to the antinociceptive effects of Δ9-THC in the hot-plate assay. Collapsed across 

genotype (Supp. Fig. 3), we see that females and males show a similar degree of hot-plate 

antinociception across dose and end up completely tolerant to the effects of 30 mg/kg Δ9-THC 

following 7 days of once-daily treatment. In contrast, male mice show a significantly enhanced 

response to the antinociceptive effects of Δ9-THC across an initial range of doses compared to 

female mice and we see that following 7 days of once-daily treatment, females have become 

fully tolerant to the effects of Δ9-THC while males are now showing levels similar to what 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 20, 2023 as DOI: 10.1124/jpet.122.001367

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Page 33 

females showed in the pre-dose-response (Supp. Fig. 3C). These results are similar to what 

Henderson-Redmond and colleagues (2022) noted with tail-flick (hot-plate was not assessed). In 

contrast, mice showed similar initial levels of Δ9-THC-induced hypothermia, but female mice 

showed significantly faster tolerance development to these effects. However, tolerance to the 

hypothermic effects of Δ9-THC, for all mice, was much more robust than it was for Δ9-THC-

induced antinociception in the tail-flick assay, consistent with pervious findings in our laboratory 

(Morgan et al., 2014; Henderson-Redmond et al., 2022).   

 

One explanation for this difference has been suggested previously, in that region-specific 

differences in the brain may be responsible (Henderson-Redmond et al., 2022; Morgan et al., 

2014). Diverse localization of CB1R throughout the brain and spinal cord is present and 

reinforces tissue specific effects, with dense binding most notably observed in the cortex, basal 

ganglia, and cerebellum (Herkenham et al., 1991; Herkenham et al., 1990). In addition, studies 

have found the rate at which changes in CB1R activation of G proteins occurs varies across brain 

region as well (Breivogel et al., 1999). It is also possible that the differences between the more 

complete, faster tolerance observed on the hot-plate compared to the slower development of 

tolerance in the tail-flick assay could be confounded by learning effects. Given that the 

elicitation of a particular behavior (biting or licking of the paw or jumping) resulted in the 

mouse’s immediate removal from the hot-plate, it is possible that the mice were faster to learn 

this association, resulting in the appearance of faster tolerance development. While we attempted 

to determine the role of learning in tolerance through the administration of vehicle across 7 days 

of treatment, this effect would definitely be more profound when generating dose-response 

curves that saw the mouse being exposed to the hot-plate approximately 7 times during a single 
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testing day. Our route of administration may also contribute to these region-specific effects. 

When compared to the more clinically-relevant inhaled administration, intraperitoneal injection 

of Δ9-THC resulted in delayed hypothermia and increased brain concentrations of the active 

metabolite 11-OH-THC (Baglot et al., 2021). This could, in part, explain why we observed that 

male mice with the S426A/S430A mutation were slower to develop tolerance to the 

hypothermic, but not the antinociceptive, effects of Δ9-THC. However, these findings may also 

be circumstantial as nociception is a more subjective and variable measurement in contrast to 

body temperature (hypothermia). 

 

In addition to the substantial delay in tolerance to CP55,940 (compared to a more rapid 

development of tolerance to Δ9-THC), we found responses were only enhanced in mutant mice 

treated acutely and daily with CP55,940. These findings have been presumed to be a difference 

in classification of agonists, as CP55,940 is a full agonist at CB1Rs and upwards of 50 times 

more potent than the partial agonist Δ9-THC (Little et al., 1988). However, CP55,940 is robustly 

internalized allowing CB1R to be trafficked, dephosphorylated, resensitized, and recycled to the 

membrane in a signaling capable form (Atwood et al., 2012; Hsieh et al., 1999). Additionally, 

Δ9-THC is capable of signaling through differential coupling of G proteins, JNK and ERK1/2 

signaling (Diez-Alarcia et al., 2016; Henderson-Redmond et al., 2020; Ibsen et al., 2017), while 

CP55,940 is generally considered less diverse in its signaling pathways (Ford et al., 2017). 

Disputing this generalization, however, is CP55,940, but not Δ9-THC, has been shown to 

stimulate translocation of β-arrestin2 in vitro and contribute to the internalizing properties of 

CP55,940 (Ibsen et al., 2019). This preference for β-arrestin2 recruitment with CP55,940 is 
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further supported by our findings, as S426A/S430A, but not β-arrestin2 knock-out mice, are 

resistant to develop tolerance and display enhanced cannabinoid responses. 

 

Functional selectivity has also been demonstrated through both S426/S430 phosphorylation and 

arrestin recruitment, which may explain why we observed enhanced cannabinoid responses and 

reduced tolerance in S426A/S430A mice, but less so in β-arrestin2 knockout mice (Ahn et al., 

2013; Delgado-Peraza et al., 2016; Drake et al., 2008). Additionally, the β-arrestin2 protein itself 

possesses sites capable of phosphorylation by GRK that regulate recruitment of β-arrestin2 to 

specific receptors (Violin et al., 2006). These differences, in addition to conformational changes 

in the receptor, may contribute to whether β-arrestin2 functions as a signaling scaffold or to 

assist in receptor desensitization and internalization. Our β-arrestin2 knockout mice were also 

not as sensitive as predicted to the antinociceptive and hypothermic properties of Δ9-THC. This 

may be due to testing our effects at 60 minutes after injection, while previous work only 

indicated differences as a function of genotype as early as 90 minutes after injection (Breivogel 

et al., 2008). Therefore, further work should be completed to test the duration of effect to 

cannabinoid agonism, specifically for Δ9-THC in β-arrestin2 knockout mice. 

 

Finally, we sought to determine whether GRK-phosphorylation of S426/S430 and β-arrestin2 

recruitment functioned in a sex-specific manner. With minimal findings between sexes as a 

function of genotype, we determined CB1R desensitization driven by GRK-mediated 

phosphorylation of S426/S430 and β-arrestin2 recruitment is functionally similar between male 

and female mice. Male β-arrestin2 knockout mice were less sensitive to acute treatment of 

CP55,940 when compared to females of the same genotype, although this was our only instance 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 20, 2023 as DOI: 10.1124/jpet.122.001367

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


Page 36 

of sex differences in relation to mutation. The remaining findings in relation to sex determined 

the opposite; female mice were generally less sensitive to and more likely to display signs of 

tolerance development to Δ9-THC and CP55,940. These data are consistent with previous 

findings in that cannabinoid agonism is selectively modulated by sex as female mice, regardless 

of genotype, were less sensitive to Δ9-THC and CP55,940 (Henderson-Redmond et al., 2021; 

Henderson-Redmond et al., 2022; LaFleur et al., 2018a). While current literature suggests 

hormones may alter cannabinoid tolerance, it is not the sole contributor (Gorzalka & Dang, 2012; 

Marusich et al., 2015). Endocannabinoid expression was also found to vary between sexes, and 

in some cases, regardless of estrous cycle (Bradshaw et al., 2006; Levine et al., 2021). 

 

While our study provides an outline of the relationship between S426/S430 phosphorylation and 

β-arrestin2 regarding CB1R desensitization in vivo, more work is necessary utilizing the 

remaining GRK-associated phosphorylation sites to determine whether they occupy specific 

roles in CB1R desensitization and tolerance. Since we saw robust cannabinoid responses and 

delayed tolerance, particularly in CP55,940 treated mice, we are also interested in assessing 

potential CB1R desensitization and downregulation in our double and single mutant strains with 

the use of GTPγS and ligand binding assays. These assessments could be made in brain regions 

associated with pain-like response (periaqueductal grey, amygdala, dorsolateral pontine 

tegmentum, and rostroventral medulla) compared to body temperature regulation (hypothalamus) 

to delineate the cause for variation in response between these measures. 

 

Given the lack of differences between S426A/S430A single and S426A/S430A x β-arrestin2 KO 

double mutant mice, we conclude that residues S426 and S430 account for most, if not all 
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cannabinoid tolerance due to βarrestin2-mediated CB1R desensitization. That said, tolerance to 

the antinociceptive and hypothermic effects of both Δ9-THC and CP55,940 did eventually 

develop, suggesting that while S426 and S430 may account for most of βarrestin2-mediated 

CB1R desensitization, that there are other mechanisms independent of βarrestin involved in 

CB1R tolerance which should be explored. With the growing interest in synthetic cannabinoids 

as a viable, non-addictive target for the treatment of pain, our data provides novel insight into 

signaling mechanisms of tolerance that could limit the therapeutic potential of cannabinoids and 

other pharmacotherapies. Furthermore, our double mutant model offers an innovative tool for 

characterizing cannabinoid tolerance in vivo in the context of a wide range of pain-like behaviors 

and chronic pain models. 
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12.  Figure Legends 
 

Figure 1. Vehicle treatment does not elicit antinociception or hypothermia. The effects of 

vehicle in the hot-plate (A and B) and tail-flick (C and D) tests of nociception and on 

hypothermia (E and F) were tested in female (left panel) and male (right panel) wild-type 

(WT/WT; black open circles and dashed line), β-arrestin2 KO (KO/WT; grey triangles and line), 

S426A/S430A mutant (WT/KI; blue squares and line) and β-arrestin2 KO x S426A/S430A 

double mutant (KO/KI; red circles and lines) mice once-daily for seven days. Data points 

represent the mean +/- standard error of the mean (SEM). Sample sizes for each test are identical 

and listed in parentheses. 

Figure 2. Tolerance to Δ9-THC is not changed in β-arrestin2 KO x S426A/S430A double 

mutant mice. The effects of once-daily IP injections of 30 mg/kg Δ9-THC on hot-plate (A) and 

tail-flick (B) antinociception and on hypothermia (C) were tested in male and female (collapsed 

across sex) wild-type (WT/WT; black open circles and dashed line), β-arrestin2 KO (KO/WT; 

grey triangles and line), S426A/S430A mutant (WT/KI; blue squares and line) and β-arrestin2 

KO x S426A/S430A double mutant (KO/KI; red circles and lines) mice. Baseline measurements 

(BL) were recorded for 18:1:1 vehicle administration on Day 0. Data points represent the mean 

+/- standard error of the mean (SEM). Sample sizes for each test are listed in parentheses. *p < 

0.05, **p < 0.01, ***p < 0.001 overall means of the adjacent group compared to KO/KI (red 

stars) and WT/KI (blue stars) mice. 

 

Figure 3. Tolerance to CP55,940 is not changed in β-arrestin2 KO x S426A/S430A double 

mutant mice. The effects of once-daily IP injections of 0.6 mg/kg CP55,940 on hot-plate (A) 
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and tail-flick (B) antinociception and on hypothermia (C) were tested in male and female 

(collapsed across sex) wild-type (WT/WT; black open circles and dashed line), β-arrestin2 KO 

(KO/WT; grey triangles and line), S426A/S430A mutant (WT/KI; blue squares and line) and β-

arrestin2 KO x S426A/S430A double mutant (KO/KI; red circles and lines) mice. Baseline 

measurements (BL) for 18:1:1 vehicle administration was recorded on Day 0. Data points 

represent the mean +/- standard error of the mean (SEM). Sample sizes for each test are listed in 

parentheses. ***p < 0.001 overall means of the adjacent group compared to KO/KI (red stars) 

and WT/KI (blue stars) mice. 

. 

 

Figure 4. Assessment of tolerance to the effects of Δ9-THC on hot-plate antinociceptive in 

double mutant mice using shifts in the dose-response curves. Dose-response curves for the 

antinociceptive effects of Δ9-THC in the hot-plate test were assessed before (pre-dose-response; 

A, C, and E) and after (post-dose-response; B, D, and F) chronic treatment with 7 once-daily 

injections of 30 mg/kg Δ9-THC. Dose-response curves were assessed in all (collapsed across sex; 

A and B), male (C and D), and female (E and F) wild-type (WT/WT; black open circles and 

dashed line), β-arrestin2 KO (KO/WT; grey triangles and line), S426A/S430A mutant (WT/KI; 

blue squares and line) and β-arrestin2 KO x S426A/S430A double mutant (KO/KI; red circles 

and lines) mice. The post dose-response curves have the pre-dose response curves in the 

background (faded matching symbols) to give an indication of tolerance development. Data 

points represent the mean +/- standard error of the mean (SEM). Sample sizes for each test are 

listed in parentheses. 
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Figure 5. Assessment of tolerance to the effects of Δ9-THC on tail-flick antinociceptive in 

double mutant mice assessed using shifts in dose-response curves. Dose-response curves for 

the antinociceptive effects of Δ9-THC in the tail-flick test were assessed before (pre-dose-

response; A, C, and E) and after (post-dose-response; B, D, and F) chronic treatment with 7 

once-daily injections of 30 mg/kg Δ9-THC. Dose-response curves were assessed in all (collapsed 

across sex; A and B), male (C and D) and female (E and F) wild-type (WT/WT; black open 

circles and dashed line), β-arrestin2 KO (KO/WT; grey triangles and line), S426A/S430A mutant 

(WT/KI; blue squares and line) and β-arrestin2 KO x S426A/S430A double mutant (KO/KI; red 

circles and lines) mice. The post dose-response curves have the pre-dose response curves in the 

background (faded matching symbols) to give an indication of tolerance development. Data 

points represent the mean +/- standard error of the mean (SEM). Sample sizes for each test are 

listed in parentheses. 

 

Figure 6. Tolerance to the hypothermic effects of Δ9-THC in double mutant mice assessed 

using shifts in dose-response curves. Dose-response curves for the hypothermic effects of Δ9-

THC were assessed before (pre-dose-response; A. C. and E) and after (post-dose-response; B, D, 

and F) chronic treatment with 7 once-daily injections of 30 mg/kg Δ9-THC. Dose-response 

curves were assessed in all (collapsed across sex; A and B), male (C and D) and female (E and F) 

wild-type (WT/WT; black open circles and dashed line), β-arrestin2 KO (KO/WT; grey triangles 

and line), S426A/S430A mutant (WT/KI; blue squares and line) and β-arrestin2 KO x 

S426A/S430A double mutant (KO/KI; red circles and lines) mice. The post dose-response curves 
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have the pre-dose response curves in the background (faded matching symbols) to give an 

indication of tolerance development. Data points represent the mean +/- standard error of the 

mean (SEM). Sample sizes for each test are listed in parentheses. *p < 0.05, **p < 0.01, overall 

means of the adjacent group compared to KO/KI (red stars) mice. 

 

Figure 7. Tolerance to the effects of CP55,940 on hot-plate antinociception in double 

mutant mice assessed using shifts in dose-response curves. Dose-response curves for the 

antinociceptive effects of CP55,940 in the hot-plate test were assessed before (pre-dose-

response; A, C, and E) and after (post-dose-response; B, D, and F) chronic treatment with 14 

once-daily injections of 0.6 mg/kg CP55,940. Dose-response curves were assessed in all 

(collapsed across sex; A and B), male (C and D) and female (E and F) wild-type (WT/WT; black 

open circles and dashed line), β-arrestin2 KO (KO/WT; grey triangles and line), S426A/S430A 

mutant (WT/KI; blue squares and line) and β-arrestin2 KO x S426A/S430A double mutant 

(KO/KI; red circles and lines) mice. The post dose-response curves have the pre-dose response 

curves in the background (faded matching symbols) to give an indication of tolerance 

development. Data points represent the mean +/- standard error of the mean (SEM). Sample sizes 

for each test are listed in parentheses. **p < 0.01 overall means of the adjacent group compared 

to KO/KI (red stars) and WT/KI (blue stars) mice. 

Figure 8. Tolerance to the effects of CP55,940 on tail-flick antinociception in double mutant 

mice assessed using shifts in dose-response curves. Dose-response curves for the 

antinociceptive effects of CP55,940 in the tail-flick test were assessed before (pre-dose-response; 

A, C, and E) and after (post-dose-response; B, D, and F) chronic treatment with 14 once-daily 
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injections of 0.6 mg/kg CP55,940. Dose-response curves were assessed in all (collapsed across 

sex; A and B), male (C and D) and female (E and F), wild-type (WT/WT; black open circles and 

dashed line), β-arrestin2 KO (KO/WT; grey triangles and line), S426A/S430A mutant (WT/KI; 

blue squares and line) and β-arrestin2 KO x S426A/S430A double mutant (KO/KI; red circles 

and lines) mice. The post dose-response curves have the pre-dose response curves in the 

background (faded matching symbols) to give an indication of tolerance development. Data 

points represent the mean +/- standard error of the mean (SEM). Sample sizes for each test are 

listed in parentheses. *p < 0.05, **p < 0.01, overall means of the adjacent group compared to 

KO/WT (grey stars), WT/KI (blue stars), and KO/KI (red stars) mice. 

Figure 9. Tolerance to the hypothermic effects of CP55,940 in double mutant mice assessed 

using shifts in dose-response curves. Dose-response curves for the hypothermic effects of 

CP55,940 were assessed before (pre-dose-response; A, C, and E) and after (post-dose-response; 

B, D, and F) chronic treatment with 14 once-daily injections of 0.6 mg/kg CP55,940. Dose-

response curves were assessed in all (collapsed across sex; A and B), male (C and D) and female 

(E and F), wild-type (WT/WT; black open circles and dashed line), β-arrestin2 KO (KO/WT; 

grey triangles and line), S426A/S430A mutant (WT/KI; blue squares and line) and β-arrestin2 

KO x S426A/S430A double mutant (KO/KI; red circles and lines) mice. The post dose-response 

curves have the pre-dose response curves in the background (faded matching symbols) to give an 

indication of tolerance development. Data points represent the mean +/- standard error of the 

mean (SEM). Sample sizes for each test are listed in parentheses. ***p < 0.001, overall means of 

the adjacent group compared to WT/KI (blue stars) KO/KI (red stars) mice. 
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13.  Tables 
 

Table 1. ED50 values calculated from hot-plate antinociception to Δ9-THC and CP55,940 dose-

response curves. ED50s were calculated from dose-response curves including male and female wild-type 

(WT/WT), β-arrestin2 KO (KO/WT), S426A/S430A mutant (WT/KI), and β-arrestin2 KO x 

S426A/S430A double mutant (KO/KI) mice. Values were generated by non-linear regression analysis. 

Values shown are the means with the 95% confidence intervals in parentheses. Confidence intervals that 

could not be accurately calculated from curve fitting are listed as not determined (ND). Significance (*) 

between pre- and post-dose-response ED50 was determined where confidence intervals did not overlap. 

Drug Genotype Sex Pre Drug ED50 (CI) Post Drug ED50 (CI) 

Δ9-THC WT/WT Male 45.15 (ND) ND 

Female ND ND 

KO/WT Male 30.60 (ND) ND 

Female 21.06 (ND) ND 

WT/KI Male 8.12 (4.06 – 15.66) ND 

Female 13.60 (7.89 – 23.41) ND 

KO/KI Male 18.67 (8.78 – 48.13)  ND 

Female 27.11 (15.04 – 52.59) ND 

CP55,940 WT/WT Male 0.54 (0.37 – 0.76) 1.38 (ND)  

Female 0.79 (ND) 1.93 (1.56 – 2.39)  

KO/WT Male 0.47 (0.32 – 0.73) 0.73 (0.55 – 0.96)  

Female 0.26 (0.16 – 0.40) 1.16 (0.97 – 1.42)* 

WT/KI Male 0.23 (0.16 – 0.32) 0.48 (0.38 – 0.62)* 

Female 0.39 (0.25 – 0.63)  0.89 (0.73 – 1.06)* 

KO/KI Male 0.24 (ND) 0.48 (0.39 – 0.59) 
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Female 0.40 (0.27 – 0.62)  0.90 (0.72 – 1.07)* 

 

 

Table 2. ED50 values calculated from tail-flick antinociception to Δ9-THC and CP55,940 dose-

response curves. ED50s were calculated from dose-response curves including male and female wild-type 

(WT/WT), β-arrestin2 KO (KO/WT), S426A/S430A mutant (WT/KI), and β-arrestin2 KO x 

S426A/S430A double mutant (KO/KI) mice. Values were generated by non-linear regression analysis. 

Values shown are the means with the 95% confidence intervals in parentheses. Confidence intervals that 

could not be accurately calculated from curve fitting are listed as not determined (ND) 

Drug Genotype Sex Pre Drug ED50 (CI) Post Drug ED50 (CI) 

Δ9-THC WT/WT Male 14.44 (8.22 – 25.96) ND 

Female ND ND 

KO/WT Male 12.95 (7.86 – 21.67) ND 

Female 60.79 (ND) ND 

WT/KI Male 6.58 (4.56 – 9.33) ND 

Female 54.69 (37.06 – 82.08) ND 

KO/KI Male 4.26 (2.61 – 7.09) 65.97 (ND) 

Female 38.32 (22.45 – 66.64) ND 

CP55,940 WT/WT Male 0.40 (0.25 – 0.66) 0.39 (0.29 – 0.53) 

Female 0.54 (0.44 – 0.67) 0.82 (0.63 – 1.04) 

KO/WT Male 0.16 (0.11 – 0.24) 0.24 (0.18 – 0.31) 

Female 0.52 (0.40 – 0.68) 0.46 (0.39 – 0.56) 

WT/KI Male 0.16 (0.12 – 0.20) 0.21 (ND) 

Female 0.40 (0.30 – 0.53) 0.40 (0.34 – 0.47) 

KO/KI Male 0.15 (ND) 0.18 (0.15 – 0.21) 

Female 0.24 (0.16 – 0.34) 0.40 (0.30 – 0.55) 
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Table 3. ED50 values calculated from hypothermic response to Δ9-THC and CP55,940 dose-response 

curves. ED50s were calculated from dose-response curves including male and female wild-type 

(WT/WT), β-arrestin2 KO (KO/WT), S426A/S430A mutant (WT/KI), and β-arrestin2 KO x 

S426A/S430A double mutant (KO/KI) mice. Values were generated by non-linear regression analysis. 

Values shown are the means with the 95% confidence intervals in parentheses. Confidence intervals that 

could not be accurately calculated from curve fitting are listed as not determined (ND) 

Drug Genotype Sex Pre Drug ED50 (CI) Post Drug ED50 (CI) 

Δ9-THC WT/WT Male 13.28 (ND) 39.37 (ND) 

Female 7.18 (1.38 – 35.32) ND 

KO/WT Male 7.10 (0.82 – 45.69) ND 

Female 9.51 (1.87 – 41.60) ND 

WT/KI Male 7.21 (0.93 – 40.76) 19.34 (ND) 

Female 12.51 (4.31 – 37.08) ND 

KO/KI Male 12.65 (4.25 – 38.35) 46.31 (ND) 

Female 7.60 (1.93 – 26.49) 78.56 (ND) 

CP55,940 WT/WT Male ND ND 

Female ND ND 

KO/WT Male ND 2.698 (ND)  

Female ND ND 

WT/KI Male ND 1.97 (ND) 

Female ND 2.40 (ND) 

KO/KI Male 0.48 (ND) 1.35 (0.81 – 2.46) 

Female ND 1.27 (ND) 
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