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Background and Purpose: Src homology 3-domain growth factor receptor-bound

2-like endophilin interacting protein 1 (SGIP1) interacts with cannabinoid CB1 recep-

tors. SGIP1 is abundantly and principally expressed within the nervous system. SGIP1

and CB1 receptors co-localize in axons and presynaptic boutons. SGIP1 interferes

with the internalization of activated CB1 receptors in transfected heterologous cells.

Consequently, the transient association of CB1 receptors with β-arrestin2 is

enhanced and prolonged, and CB1 receptor-mediated ERK1/2 signalling is decreased.

Because of these actions, SGIP1 may modulate affect, anxiety, pain processing, and

other physiological processes controlled by the endocannabinoid system (ECS).

Experimental Approach: Using a battery of behavioural tests, we investigated the

consequences of SGIP1 deletion in tasks regulated by the ECS in SGIP1 constitutive

knockout (SGIP1−/−) mice.

Key Results: In SGIP1−/− mice, sensorimotor gating, exploratory levels, and working

memory are unaltered. SGIP1−/− mice have decreased anxiety-like behaviours. Fear

extinction to tone is facilitated in SGIP1−/− females. Several cannabinoid tetrad

behaviours are altered in the absence of SGIP1. SGIP1−/− males exhibit abnormal

behaviours on Δ9-tetrahydrocannabinol withdrawal. SGIP1 deletion also reduces

acute nociception, and SGIP1−/− mice are more sensitive to analgesics.

Conclusion and Implications: SGIP1 was detected as a novel protein associated with

CB1 receptors, and profoundly modified CB1 receptor signalling. Genetic deletion of

SGIP1 particularly affected behavioural tests of mood-related assessment and the

cannabinoid tetrad. SGIP1−/− mice exhibit decreased nociception and augmented

responses to CB1 receptor agonists and morphine. These in vivo findings suggest that

SGIP1 is a novel modulator of CB1 receptor-mediated behaviour.

Abbreviations: 2-AG, 2-arachidonoylglycerol; AP-3, adaptor protein 3; CME, clathrin-mediated endocytosis; CRIP1, CB1 receptor interacting protein; ECS, endocannabinoid system; EPM,

elevated plus maze; FC, fear conditioning; FCHO1/2, FCH/F-BAR domain only protein 1 and 2; FE, fear extinction; GASP1, G-protein-associated sorting protein 1; LDB, light/dark box test; OF,

open field; PPI, prepulse inhibition; SA, spontaneous alternation; SGIP1, Src homology 3-domain growth factor receptor-bound 2-like endophilin interacting protein 1; THC, Δ9-

tetrahydrocannabinol; TIT, tail immersion test; TST, tail suspension test.
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1 | INTRODUCTION

The endocannabinoid system (ECS) is involved in synaptic plasticity

regulation with a wide range of physiological consequences. The can

nabinoid CB1 receptor, a GPCR, is a central component of the ECS.

GPCRs are regulated by universal mechanisms, including phosphoryla-

tion mediated by G-protein coupled receptor kinases (GRKs) that

trigger interactions with β-arrestin and initiate endocytosis, via

clathrin-mediated endocytosis (CME) in the case of CB1 receptors.

Besides signalling molecules common for all GPCRs, several other

proteins have been reported to interact with CB1 receptors and to

influence specific functions. The CB1 receptor interacting protein

(CRIP1a) regulates CB1 receptor signalling and endocytosis, the adap-

tor protein 3 (AP-3) affects processing and signalling of the internal-

ized pool of CB1 receptors, and G-protein-associated sorting protein

1 (GASP1) controls lysosomal trafficking of down-regulated CB1

receptors (Martini et al., 2007; Mascia et al., 2017; Niehaus

et al., 2007; Rozenfeld & Devi, 2008).

The muniscin family of proteins comprise the Src homology

3-domain growth factor receptor-bound 2-like endophilin inter-

acting protein 1 (SGIP1), together with the ubiquitous FCH/F-BAR

domain only protein 1 and 2 (FCHO1/2) (Uezu et al., 2007).

Muniscins interact with other molecules involved in CME, such as

endophilin (Trevaskis et al., 2005), AP-2 (Hollopeter et al., 2014),

intersectin (Dergai et al., 2010), and Eps15 (Uezu et al., 2007).

FCHO1/2 initiates plasma membrane invagination during the initia-

tion of CME, while SGIP1 opposes this process. Hypothetically, the

apparent difference between SGIP1 and FCFO1/2 domain organi-

zation within their N-termini may explain their contrasting effects.

FCHO1/2 proteins have their N-terminal portion folded to form

F-Bar domains that are involved in the initiation of plasma mem-

brane invagination during early stages of CME pit formation

(Henne et al., 2007), while the N-terminus of SGIP1 contains mem-

brane phospholipid-binding (MP) domain that has no sequence sim-

ilarity to the F-Bar motives and probably interacts with the plasma

membrane in a way different from that of the F-Bar domains of

FCHO1/2. Most likely, the interaction of the MP domain with

plasma membrane does not impose invagination of the membrane

within the nascent pit formation.

SGIP1 is highly conserved across species, abundantly expressed

in the nervous system, and enriched in compartments adjoining pre-

synaptic boutons, in which it constitutes over 0.4% of protein content

(Wilhelm et al., 2014). We did not detect SGIP1 when using our anti-

bodies on immunoblots from peripheral tissues. In mice, SGIP1 and

CB1 receptors have discernible overlapping expression patterns in

most brain regions, including those involved in mood control, for

example, in prefrontal cortex, striatum, and hippocampus, and

nociception, namely, in the hypothalamus and other pain processing

circuits (Lein et al., 2007). SGIP1 co-immunoprecipitates with CB1

receptors from brain homogenates, and in neurons, the two molecules

co-localize in presynaptic compartments (Hajkova et al., 2016). One

recognized physiological role of SGIP1 relates to regulation of energy

homeostasis. Elevated levels of SGIP1 mRNA in the hypothalamus of

the Israeli sand rat (Psammomys obesus) correlate with obesity of the

animals held in captivity (Trevaskis et al., 2005), and genetic variations

within the SGIP1 gene are associated with energy balance distur-

bances in humans (Cummings et al., 2012). Also, a possible association

of mutations within the SGIP1 gene with neurological disorders has

been reported in humans (Chwedorowicz et al., 2016). Interestingly,

the ECS is involved in regulation of energy balance and in addiction.

Thus, the CB1 receptors–SGIP1 relationship may be relevant here. On

the other hand, genetic deletion of SGIP1 did not affect body weight

implying that only overexpression of SGIP1 in the hypothalamus is

associated with obesity.

CB1 receptors accumulate on axonal plasma membranes in cul-

tured neurons, where they are substantially more stable than the

receptors found on the neuronal soma (Coutts et al., 2001; Dudok

et al., 2015; Leterrier et al., 2004; McDonald et al., 2007; Simon

What is already known

• The protein SGIP1 modulates signalling from activated

CB1 receptors in vitro.

• SGIP1 interferes with the internalization of desensitized

CB1 receptors.

What this study adds

• Genetic deletion of SGIP1 causes an anxiolytic-like phe-

notype, reinforces cannabinoid tetrad behaviour and

alters nociception.

• CB1 receptor agonists are more effective anti-nociceptive

agents in mice lacking SGIP1.

What is the clinical significance

• Activation of CB1 receptors is clearly involved in pain

management.

• Regulation of CB1 receptors by SGIP1 may initiate

approaches to enhanced anti-nociception via CB1

receptors
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et al., 2013; Wu et al., 2008). Mikasova et al. used single-quantum dot

microscopy to study the properties of CB1 receptors on the surface of

cultured cortical neurons and identified an immobile fraction of these

receptors that remained on the plasma membrane in the vicinity of

synapses for at least 30 min following agonist stimulation. Therefore,

in the presynaptic compartments, a proportion of the CB1 receptors is

resistant to agonist-induced internalization and has low mobility

(Mikasova et al., 2008).

Robust internalization follows the stimulation of CB1 receptors in

transfected cells that lack SGIP1 (Daigle et al., 2008; Hsieh

et al., 1999; Jin et al., 1999; Leterrier et al., 2004; Rinaldi-Carmona

et al., 1998). Co-expression of SGIP1 with CB1 receptors interferes

with agonist-stimulated internalization of these receptors in this

system (Hajkova et al., 2016). Functional consequences of SGIP1

association with CB1 receptors result from decreased down-

regulation of these receptors. Although G-protein activation and

termination of G-protein-mediated signalling are not affected by

SGIP1, subsequent events that are facilitated by C-tail phosphoryla-

tion in CB1 receptors and would result in CME, are markedly

decreased by SGIP1. SGIP1 halts CME and the desensitized receptor

remains on the cell surface.

Our current understanding suggests two broad pathways of

GPCR signalling, one from the cell surface and a second signalling

wave mediated by the internalized GPCR from intracellular compart-

ments (Daaka et al., 1998). We proposed the following scheme for

the effects of the relationship between SGIP1 and CB1R on events

that follow the receptor desensitization. During CB1 receptor

desensitization, arrestins interact with the phosphorylated receptors.

The temporary association between phosphorylated CB1 receptors

and arrestins terminates as the receptor is internalized. SGIP1 halts

internalization of CB1 receptors. Therefore, the interaction of

arrestin with the desensitized CB1 receptor persists longer in the

presence of SGIP1. The consequence of stabilizing CB1 receptors at

the cell surface by SGIP1 is that dissociation of arrestin from the

receptor that follows internalization, occurs more slowly (Hajkova

et al., 2016).

In our earlier study, we also observed that ERK1/2 signalling is

decreased in the presence of SGIP1. This decrease is likely the conse-

quence of a lack of the arrestin-mediated ERK1/2 pathway activation

from internalized CB1 receptors.

Therefore, SGIP1 adjusts CB1 receptor signalling in a biased

manner; it does not influence CB1 receptor-mediated G-protein

signalling at the cell surface, but it reduces ERK1/2 signalling from

internalized CB1 receptors. For a schematic representation of these

events, please see our earlier study (Figure 8, Hajkova et al., 2016).

We thus asked what would be the consequences of the

SGIP1– CB1 receptor relationship in vivo. To gain insight into the

physiological roles of SGIP1, we used a reverse genetic approach.

For the current study, we developed mice with constitutively

deleted SGIP1 for behavioural studies, assessing anxiety-related

behaviour, coping with unescapable situations, and we tested their

acute nociception. We also studied the efficiency of CB1 receptor

agonists and an opioid in mice lacking SGIP1, in nociception.

Observations resulting from this study have the potential to

improve pain management.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures used in this study were

in accordance to applicable laws, Guidelines of the National Institutes

of Health on the Care and Use of Animals and to Directive

2010/63/EU. All animal models and experiments in this study were

ethically reviewed and approved by the Institutional Animal Care and

Use Committee of Indiana University or the Institute of Molecular

Genetics, as appropriate for where the experiments were conducted.

Animal studies are reported in compliance with the ARRIVE guidelines

(Percie du Sert et al., 2020) and with the recommendations made by

the British Journal of Pharmacology (Lilley et al., 2020).

Mice were bred on a C57Bl/NCrl background. SGIP1−/− mice

were generated in-house starting with embryonic stem cells carrying

the Sgip1tm1b(EUCOMM)Hmgu allele obtained from the European Condi-

tional Mouse Mutagenesis Program (EUCOMM). For more details

about SGIP1−/− mice production, see Supporting Information. For all

behavioural studies, wild-type (WT) and SGIP1−/− mice were siblings

of heterozygote parents of age 8 to 12 weeks. The mice were accli-

mated in the facility for 2 weeks prior to experiments. The animals

were randomly distributed to the treatment groups. Testing was per-

formed during the light phase of the circadian cycle. Mice were bred

and group-housed in accordance with animal welfare rules in a

pathogen-free facility with temperature 22 ± 2�C, 45% humidity,

12:12-h light/dark cycle, and food and water ad libitum.

2.2 | Spontaneous alternation

Exploration and distance travelled in the Y-maze (Hughes, 2004) was

recorded for a period of 5 min, and the percentage of arm alternations

were calculated according to the equation %SA = (TA*100)/(TE − 2),

where SA = spontaneous alternations, TA = total alternations made by

animals, and TE = total entries to the arms, using software (Biobserve

GmbH, Germany).

2.3 | Startle reflex and prepulse inhibition

Animals were habituated to a holder in a soundproofed cabinet for

10 min (Med Associates Inc., USA). Animal testing composed of six

repetitions, each included 10 sets of trials. The interval between the

trials varied randomly from 10 to 20 s. Within each set of the trials,

the mice were exposed to 10 repetitions of prepulse sound with

defined intensities (0, 70, 77, 82, and 85 dB, 7 kHz), followed by a null

(no sound), or startle sound (110 dB, 7 kHz). The delay between the

prepulse and startle stimuli was 120 ms. The sound intensities of each
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prepulse and incidence of the startle (null or noise) alternated to

ensure no repetitions of the same prepulse/startle pattern occur, and

each of the patterns is presented only once within each set of the

trials. The entire testing was performed on background noise (65 dB)

(Yeomans & Frankland, 1995). Prepulse inhibition (PPI) is expressed as

the percentage of decrease in startle reactivity amplitude caused by

presentation of the prepulse (% PPI).

2.4 | Open field, elevated plus maze, and light/
dark box

The open field (OF) area was a 42 × 42 cm square, with a light

intensity of 200 lux, virtually divided into peripheral and central

zones (62% and 38% of the whole arena, respectively) (Choleris

et al., 2001). Mice were placed individually in a corner and were

observed for 20 min. We measured and analysed residence time in

the central zone and the distance travelled in the whole arena

(Biobserve GmbH).

The elevated plus maze (EPM) apparatus consisted of two closed

and two open elevated arms, with a light intensity of 60 lux in the

centre of the maze (Lister, 1987). The animal was placed in the centre

and was left to explore the EPM for 5 min. The total time spent in

open and closed arms and the centre and the total distance travelled

were tracked as well as the number of visits of open and closed arms

and the incidence of rearing (Biobserve GmbH).

The light/dark box (LDB) was divided into a light part (light

intensity of 430 lux, 67% area) and an enclosed dark area (Bourin &

Hascoet, 2003; Crawley & Goodwin, 1980). The animal was placed in

the dark compartment and explored the arena for 5 min. The time

spent in both sides of the box and the total distance travelled were

analysed (Biobserve GmbH). The results are expressed as percentage

of the total time spent in the distinct zones.

2.5 | Tail suspension test

The animal was attached to an apparatus hook with tape and left

suspended for 6 min to determine the duration of immobility (Porsolt

et al., 1977). The immobility time was recorded and analysed using

software BIO-TST 4.0.2.1 (Bioseb, France).

2.6 | Fear conditioning and fear extinction

Fear conditioning (FC) trial started with a 4-min adaptation of the

animal in the apparatus, after which the conditioned stimulus

(CS; 20 s of 9-kHz pure tone at 77 dB) and the unconditioned stimu-

lus (US; foot shock; 1 s, 0.7-mA scrambled current to the cage floor)

followed (Stiedl et al., 1999). The US was presented with the termina-

tion of the CS. The dependent measure was freezing, defined as the

absence of movement except for respiration. Animals were tested for

contextual memory 24 h later in a novel context (new patterns on the

walls, metal bars on the floor changed to a smooth plastic surface, and

a different scent applied).

The fear extinction (FE) protocol was performed daily following

the FC. The experiment was terminated when the freezing score did

not evolve further (females 5, males 11 days). The tested animal was

left to habituate for 1 min, and CS followed for 3 min. Freezing epi-

sodes during these times were automatically evaluated (Ugo Basile,

Gemonio, Italy). The results are expressed as a percentage of the total

time spent freezing during the CS.

2.7 | Cannabinoid tetrad behavioural tests and
THC withdrawal

The tetrad test included the ring tests, tail immersion test (TIT), body

temperature measurements, and motor coordination assessment using

a rotarod (Li et al., 2017) and was conducted in this order.

During the ring test, the mouse was placed on an elevated ring

(6.35-cm-diameter wire ring suspended 16 cm above a flat plat-

form) and recorded for 5 min to assess catalepsy (Pertwee, 1972).

The TIT is described below. Body temperature was measured by

rectal thermometer (Physitemp Instruments, USA). For the rotarod

test, the mice were pre-trained for 2 days prior to the experiment.

The mice were placed on an accelerating rotarod (4–40 rpm), and

the time spent on the rotating cylinder was recorded (Rahn

et al., 2011). For chronic treatment with Δ9-tetrahydrocannabinol

(THC), mice received daily i.p. injections of 10 mg�kg−1 of THC and

vehicle for 8 days. Behaviour was tested 60 min after THC injec-

tions on days 1, 4, and 8. Baseline data were obtained prior to

each THC injection.

On day 9, the mice were injected once more with 10 mg�kg−1
THC or vehicle. The i.p. injection of a vehicle without any active

substance was delivered 30 min later, and the inverse agonist

rimonabant (SR141716) was applied 30 min later. Mouse behaviour

was recorded for the entire period up to 30 min after rimonabant

application. The incidence of withdrawal behaviours (head

shakes, paw shakes, scratching and grooming, and jumping) was

quantified as described previously (Cook et al., 1998; Morgan

et al., 2014a).

2.8 | Tail immersion test

The mice were gently restrained in a towel, and the tip of the animal's

tail was immersed in 52�C water. Three measurements of latency to

withdrawal with 30-min intervals between individual measurements

were recorded (Ramabadran et al., 1989). The cut-off times for TIT

when cannabinoid agonists THC and WIN 55,212-5 were tested

(10 s) or morphine (15 s) were adjusted in order to reach full effect

with these compounds. The mice from this cohort were killed with the

conclusion of the experiment.

The anti-nociceptive effect of WIN 55,212-5, THC, and morphine

was evaluated as described (Morgan et al., 2014b; Nealon
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et al., 2019). Briefly, following baseline nociception assessment, the

mice were injected with increasing doses of WIN 55,212-5 (0, 0.3,

1, 3, and 10 mg�kg−1, i.p.), THC (0, 1, 3, 10, 30, and 50 mg�kg−1, i.p.),
or morphine (0, 0.3, 1, 3, 10, and 30 mg�kg−1, i.p). The TIT was done

1 h after each injection, and succeeding injection with the higher dose

followed immediately. For the rimonabant experiment, mice were

injected daily for 3 days with 10 mg�kg−1 of rimonabant or vehicle for

3 days. The tail flick latencies were measured 30 and 60 min after

each injection. Baseline responses were measured each day prior to

the injections.

2.9 | Order of testing

In tests with both sexes, the male and female cohorts were tested

separately. The order of the behavioural tests was as follows: OF, SA,

EPM, LDB, tail suspension test (TST), PPI, and TIT. For the FC and FE,

we used naïve cohorts. For cannabinoid tetrad and withdrawal experi-

ments, a new male cohort was used. Separate cohorts of naïve mice

were used for each pharmacological experiment with rimonabant,

WIN 55,212-5, THC, and morphine.

2.10 | Data and statistical analysis

The experimental procedures and data analysis were blinded to the

experimenter and in cases of video analyses to the observer. The

data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). We used F test to

analyse the homogeneity of sample variances employing R program,

stats library. We did not detect violations of normality, or spheric-

ity using R program (version 4), library moments in our data except

the data in Figure 3i. Here, the analysis used the general linear

model using Poisson link in R program (version 4), library stats

(Team, 2020). We used qq plots to inspect normal distribution of

residuals and calculated the correlation coefficient between

observed residuals and theoretical residuals, R library Olsrr

(Hebbali, 2020). We used log transformation for data which show

abnormality in qq plot (Figures 2q, 3f,g, and 4e–h). Bonferroni post

hoc test was applied only if F in ANOVA achieved P < .05 and

there was no significant variance inhomogeneity. To analyse the

ligand dose needed for 50% effect (ED50) in TIT, the curves were

fitted as non-linear regressions with variable slope (four parame-

ters). The curves were constrained to 0 at the bottom and to

100 at the top. The ED50 values, the 95% confidence intervals,

and Hill slopes were determined from the fit. Student's t tests,

ANOVA, and non-linear regression analyses were performed using

GraphPad Prism version 8.0.1 for Windows (GraphPad Software,

USA). The rimonabant experiment analysis was done by general

linear model in R program (version 4), library stats. P < .05 was

considered significant. In graphs, the error bars represent the SEM.

Sample sizes for each cohort are specified in the Figures and

legends. The tests used are specified in the Figure legends and the

results of the statistical analysis are shown in Tables 1 and S1–S6.

Table S7 summarizes methods of statistical analysis used specifi-

cally for each data set.

2.11 | Materials

Chemicals were obtained from Sigma-Aldrich (USA, Czech Republic)

if not stated otherwise. The polymerase and immunoblotting

reagents were purchased from Promega (USA, Czech Republic)

and Thermo Fisher (USA, Czech Republic). WIN 55,212-2

mesylate was obtained from Tocris (UK, Czech Republic). Δ9-

Tetrahydrocannabinol (THC) and morphine were kindly provided by

Dr. Martin Kuchar (University of Chemistry and Technology,

Prague, Czech Republic).

2.12 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-

OGY (http://www.guidetopharmacology.org) and are permanently

archived in the Concise Guide to PHARMACOLOGY 2019/20

(Alexander, Christopoulos et al., 2019; Alexander, Fabbro et al., 2019).

TABLE 1 Statistical analysis of dose–response data sets in Figure 4E–J using the ED50 values

Sex ED50; (mg�kg−1) 95% CI Hill slope ED50 95% CI Hill slope P value

THC (mg�kg−1) M 28.24 21.67–37.91 0.97 10.77 9.09–12.58 2.10 < .05

F 31.20 24.63–40.13 1.32 30.67 23.31–37.23 2.40 > .05

WIN 55,212-5 (mg�kg−1) M 4.73 3.74–5.86 0.52 1.70 1.48–1.96 0.37 < .05

F 18.11 12.63–38.23 0.26 3.20 2.71–3.83 0.45 < .05

Morphine (mg�kg−1) M 4.86 3.88–6.14 0.44 2.18 1.70–2.76 0.36 < .05

F 5.71 4.58–7.12 2.26 3.20 2.23–4.61 1.47 < .05

Note: The curves were fitted in GraphPad Prism 8.0.1. as non-linear regressions with variable slope (four parameters). The curves were constrained to 0 at

the bottom and 100 at the top. The ED50 values, the 95% confidence intervals, and Hill slopes were determined from the fit.. Abbreviations: CI,

confidence interval; THC, Δ9-tetrahydrocannabinol.
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3 | RESULTS

3.1 | Deletion of the second exon from the SGIP1
gene leads to the loss of SGIP1 expression in mice

To generate the SGIP1−/− mice, a novel DNA sequence with inte-

grated Lox sites flanking the second exon was introduced by

homologous recombination (Figure S1A). The mice lacking SGIP1

expression were generated using enzymic removal of this exon crit-

ical for protein expression. The second exon is composed of

64 base pairs. Its deletion results to a frameshift in the SGIP1

gene transcript, with stop codon insertion afterwards (Dickinson

et al., 2016). The targeting and recombination events were

detected by PCR from tail biopsies (Figure S1B). The SGIP1 protein

was not expressed in the knockout (KO) mice, as confirmed on

immunoblot from brain extracts (Figure S1C). The SGIP1−/− mice

were fertile, and no apparent abnormalities were observed, includ-

ing growth and body weight (males: Figure S1D, females:

Figure S1E).

3.2 | SGIP1−/− mice have normal working
memory, exploration levels, and sensorimotor gating

Rodents show a tendency for alternations between the arms in

the Y-maze test. We examined short-term working memory

and exploration levels using this test. SGIP1−/− mice showed no

differences in the percentage of alternations between arms when

compared with the WT groups (males: Figure 1a, females:

Figure 1b).

Sensorimotor gating was evaluated by determination of PPI. No

differences were observed in PPI between SGIP1−/− and WT mice

(males: Figure 1c, females: Figure 1d). For detailed statistical analysis,

seeTable S1.

3.3 | SGIP1−/− mice display signs of anxiolytic-like
phenotype and more vigorous response to
unescapable situation

In the OF tests, SGIP1−/− males spent 60% more time in the centre

(Figure 2a), while distances walked in the entire arena were compara-

ble with WT males (Figure 2b). We did not observe significant differ-

ences in the time spent in the centre for female mice (Figure 2c), and

SGIP1−/− females showed only a non-significant trend for decreased

distance walked (Figure 2d). The animals from all groups did not

exhibit any unusual behaviours (e.g., explosive running and jumping).

When not moving around, they rested, with occasional episodes of

freezing, grooming, or rearing. We have compared additional indices—

average speed, resting time, freezing behaviour, and rearing—and

included the data in Figure S2. We observed higher incidence of

rearing in SGIP1−/− males, whereas SGIP1−/− females did not show a

significantly different incidence of the rearing behaviour. We also

compared freezing time in the periphery and in the centre of the field

F IGURE 1 Cognitive functions and sensorimotor gating in mice is not affected by deletion of SGIP. Working memory was assessed as
a percentage of spontaneous alterations in theY-maze. Both male and female SGIP1−/− mice alternated the arms comparably to WT mice
(males: a, females: b). Sensorimotor gating, measured as a percentage of prepulse inhibition (PPI), was not affected by the mouse genotype
(males: c, females: d). The data were analysed by parametric t test (a, b) and by multiple t tests with the Holm–Sidak correction for multiple
comparisons (c, d) and are presented as means ± SEM
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F IGURE 2 SGIP1−/− mice show signs of altered emotionality. The exploratory and anxiety-related behaviour of both male and female mice
was tested in a set of behavioural paradigms: open field (OF) (a–d), elevated plus maze (EPM) (e–h), light/dark box (LDB) (i–l), tail suspension test
(TST) (m, n), fear conditioning (FC) (o, p), and fear extinction (FE) (q, r). Male SGIP1−/− mice spent more time in the centre of the open field
(a) while walking comparable distances in the whole arena compared to WT littermates (b). We did not observe any differences in the time spent
in the centre in female mice (c); however, there was a trend for the ambulatory behaviour expressed as distanced walked to be decreased in
SGIP1−/− females (d). Anxiety behaviour was further analysed in the EPM. Both male and female SGIP1−/− animals spent significantly more time
in the open arms (males: e, females: g) and walked longer distances (males: f, females: h). We did not detect any significant changes in the time
spent in the light compartment of the LDB (males: i, females: k) or in the total distance walked between SGIP1−/− and WT mice (males: j, females:
l). To assess how the mice are coping with an unescapable situation, we employed theTST. Both male and female SGIP1−/− mice spent
significantly less time immobile in this test (males: m, females: n). We did not observe any difference in FC in male (o) or female (p) mice when we
compared SGIP1−/− to WT cohorts. The freezing time is expressed as a percentage of the total time. We did not observe any alteration in the FE
to tone in SGIP1−/− males (q). SGIP1−/− females, on the other hand, show significantly decreased freezing on days 2–4 (r). Data were analysed by
parametric t test (b–d, f–h, j, l–n) or by Mann–Whitney U test in the case of nonnormally distributed data (a, e, i, k). For the FC and FE, two-way
ANOVA with repeated measures was used for analysis (o–r). We used a logarithmic transformation of the data from male mice (q). The data are
presented as means ± SEM. *P < .05, significantly different from WT; in ( r), *P < .05, significantly different from SGIP-/-
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F IGURE 3 SGIP1 absence affects anti-nociception, catalepsy, and body temperature in the cannabinoid tetrad test, and THC withdrawal
triggers jumping. Males were injected with 10 mg�kg−1, i.p., of THC daily for 8 days and tested on days 1, 4, and 8. The baseline response was
measured each day prior to theTHC injection. The data are plotted as percentage of the maximal possible efficacy (%MPE) in the ring test and tail
immersion test, as percentage of body temperature change (%ΔBT) for the body temperature measurements and as raw values in the rotarod
test. In the ring test, the baseline responses and responses after the first drug delivery were comparable for animals from both groups. On days
4 and 8, the SGIP1−/− mice were more cataleptic than the WT mice (a). In theTIT, the latencies were prolonged in the SGIP1−/− mice group even
prior to theTHC injection. On the first day, theTHC injection doubled the latency in SGIP1−/− mice compared to WT mice; however, this effect
was not maintained on days 4 and 8 (b). WT and SGIP1−/− mice temperature lowered significantly after the first THC injection. The effect of
genotype in this test was detected by ANOVA on day 1 (c). The rotarod test did not reveal significant effect of genotype (d). To study THC
withdrawal symptoms, after nine consecutive days of THC injections (10 mg�kg−1), a CB1R inverse agonist rimonabant was used. Thirty minutes
after the last THC injection, the mice were injected with a vehicle and after another 30 min with rimonabant (10 mg�kg−1) (e). We studied the
incidence of THC withdrawal signs: headshakes (f), paw shakes (g), and scratching/grooming (h). There were no relevant differences between
WT and SGIP1−/− mice in the manifestations of headshakes, paw shakes, and scratching/grooming; however, after rimonabant application,
SGIP1−/− mice jumped more frequently (i). The data from the tetrad tests and withdrawal were analysed by three-way ANOVA with repeated
measures (a–d, f–h) followed by Bonferroni post hoc test. For the withdrawal data without normal distribution, we used logarithmic
transformation (f, g), and for analysis of incidence of jumping, the general model with the Poisson link in program R was used (i). Data are
presented as means ± SEM. In (a-c),*P < .05, significant effect of THC in WT mice; #P < .05, significant effect of THC in SGIP1−/− mice; &P < .05,
SGIP1−/− (THC treated) significantly different from WT (THC treated); in (f-i), *P < .05, significantly different as indicated
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F IGURE 4 SGIP1−/− mice have an anti-nociceptive phenotype. To assess anti-nociception, we used the tail immersion test (TIT). The tip of
the mouse's tail was immersed into a water bath of 52�C, and the latency to flick the tail was measured. We measured the latencies in three trials
with 30-min inter-trial intervals and averaged the responses. Both sexes of SGIP1−/− mice have prolonged latencies to flick the tail (males: a,

females: b). Lower panel graphs show that there is no significant difference between the individual trials, averaged in (a) and (b) (males: c, females:
d). To assess the anti-nociceptive effect of CB1 receptor agonists or an opioid, mice were i.p. injected with increasing doses of THC (0, 1, 3, 10,
30, and 50 mg�kg−1), WIN 55,212-2 (WIN; 0, 0.3, 1, 3, and 10 mg�kg−1), or morphine (0, 0.3, 1, 3, 10, and 30 mg�kg−1), and after 1 h, the tail flick
was measured. THC dose–response curve is shifted to the left in male SGIP1−/− mice (e), but both female SGIP1−/− and WT mice showed similar
responses in theTIT (f). The WIN dose–response curve is shifted to the left, which indicates decreased nociception in SGIP1−/− mice of both
sexes compared to WT controls (males: g, females: h). We observed a similar leftward shift in male and female SGIP1−/− mice in the morphine
dose–response experiment (i). For the dose–response experiments, the data are plotted as percentage of the maximal possible efficacy (%MPE).
The data were analysed by parametric t test (b), Mann–Whitney U test (a), and two-way ANOVA with repeated measures (c, d). The calculated
ED50 values of the curves from panels (e)–(j) are shown inTable 1. Data are presented as means ± SEM. *P < .05, significantly different from WT
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to verify if animals reacted to anxiogenic centre by more frequent and

longer freezing. There were no differences between the cohorts in

freezing behaviour in either compartment. We also compared average

speed and resting time in the centre and found that SGIP1−/− females

had lower average speed and increased resting time.

In the EPM tests, both male and female SGIP1−/− animals spent

significantly more time in the open arms (males: Figure 2e, females:

Figure 2g) and walked longer total distances than the WT animals

(males: Figure 2f, females: Figure 2h). We detected a 2.3-fold and

2.1-fold change in the open arms permanence time in male and female

mice, respectively, when comparing SGIP1−/− to WT mice. The num-

ber of visits into open and closed arms, as well as the incidence of rea-

ring, was not significantly different in SGIP1−/− mice (Figure S3A–F).

We conducted the LDB test with the same cohort of animals. We

did not observe any significant differences between the WT and

SGIP1−/− mice regarding the time spent in the light compartment

(males: Figure 2i, females: Figure 2k) nor in the total distance walked

(males: Figure 2j, females: Figure 2l). In an independent testing with a

naïve cohort of animals, the outcome of the LDB test was the same,

with no significant differences between SGIP1−/− and WT mice (data

not shown).

To assess coping with an unescapable situation, as an estimate of

depressive-like behaviour, we used the TST. SGIP1−/− mice of both

sexes exhibited greater resilience than WT mice in an unescapable sit-

uation. In the TST, there is a 1.6-fold change between SGIP1−/− and

WT both male and female mice. This indicates greater resilience in

unescapable situation (Figure 2m,n). For detailed statistical analysis,

seeTable S2.

3.4 | SGIP1−/− mice have comparable levels of
acute fear processing, but fear extinction varies
between sexes

We examined fear conditioning of the aversive memory connected

with context and a tone. The data are presented as percentage of the

time spent freezing. Male SGIP1−/− mice spent comparable time

freezing as their WT littermates (Figure 2o). We also did not observe

major differences in freezing of female SGIP1−/− mice (Figure 2p).

Extinction of the aversive memory (FE) connected with a tone

occurred at a similar pace for both strains in male mice (Figure 2q).

However, in female SGIP1−/− mice, the extinction to tone was facili-

tated compared to WT female mice (Figure 2r). For detailed statistical

analysis, seeTable S2.

3.5 | Cannabinoid tetrad tests reveal alterations in
SGIP1−/− mice

We compared SGIP1−/− and WT male mice behaviour in the cannabi-

noid tetrad tests (catalepsy, anti-nociception, hypothermia, and sup-

pression of motor coordination) to study initial responses and

development of tolerance toTHC treatment (10 mg�kg−1�day−1, i.p., in

9- to 10-week-old male mice). We injected the mice for 8 days and

tested their behaviour on days 1, 4, and 8 (Martin et al., 1991).

To assess catalepsy, we used the ring test. While the duration

of catalepsy was comparable for animals from both groups after the

first drug doses, on the fourth and eighth days, the THC-treated

SGIP1−/− mice were cataleptic for a longer time than the WT mice.

Neither group of sham animals showed differences in these tests

(Figure 3a). The THC significantly prolonged the latencies in TIT in

SGIP1−/− mice compared to WT mice on day 1 (fold change 1.6.);

on day 4, the difference was significantly less pronounced (fold

change 1.4); and on day 8, the SGIP1−/− mice again displayed

1.8-fold higher antinociceptive effect upon chronic delivery of THC

than the WT mice (Figure 3b). The hypothermic effect evoked by

acute THC treatment was greater in SGIP1−/− mice than in WT mice

(Figure 3c). In the rotarod tests, the effect of genotype between

SGIP1−/− and WT mice was not significant prior to and following

the treatments (Figure 3d). For detailed statistical analysis, see

Table S3.

3.6 | THC withdrawal of SGIP1−/− mice

WT and SGIP1−/− males were given 10 mg�kg−1�day−1 of THC for

9 days. On the ninth day, the mice were injected with 10 mg�kg−1
THC, followed by vehicle 30 min later, and another 30 min later,

10 mg�kg−1 rimonabant was applied (Figure 3e). Following the

rimonabant application after chronic delivery of THC, we monitored

behaviours associated with withdrawal (Figure 3f–h). We did not

observe an increased incidence of headshakes or scratching/

grooming after the rimonabant injection in THC-pretreated WT and

SGIP1−/− mice (Figure 3f,h). We detected a higher incidence of paw

shakes in THC-pretreated WT and SGIP1−/− mice after the

rimonabant injection; however, there was no significant difference

between the two genotypes (Figure 3g). Interestingly, in SGIP1−/−,

the withdrawal was expressed as intense jumping (Figure 3i). The

jumps were manifested as straight leaps in the air with a strong

charging from all four paws (see Movie S1). For detailed statistical

analysis, see Table S4.

3.7 | Delayed nociception and enhanced
sensitivity to CB1 receptor agonists and morphine in
SGIP1−/− mice

We detected different responses to heat stimuli in WT and KO ani-

mals. In the TIT, the latency to react to the heat stimuli was signifi-

cantly prolonged in male and female SGIP1−/− mice (Figure 4a;

females: Figure 4b). There is a 1.7-fold and 1.5-fold change in laten-

cies of SGIP1−/− compared to WT male and female mice, respectively.

We examined nociception in three trials with 30 min inter-trial inter-

vals and plotted individual values as well. The latencies to tail flick do

not change over time (males: Figure 4c, females: Figure 4d). For

detailed statistical analysis, seeTable S5.
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To further study the effect of SGIP1 deletion on CB1 receptor-

mediated anti-nociception, we injected the mice with increasing

doses of THC (0, 1, 3, 10, 30, and 50 mg�kg−1, i.p.) in TIT to obtain

a dose–response relationship. The THC dose-response curve shifts

leftward in male SGIP1−/− mice (Figure 4e), whereas in female mice,

there was no significant difference in the THC-induced anti-

nociception (Figure 4f). Next, we tested the anti-nociceptive effect

of WIN 55,212-5 (0, 0.3, 1, 3, and 10 mg�kg−1, i.p.) in the TIT exper-

iments. The dose-dependent anti-nociceptive effects of WIN

55,212-5 were augmented in SGIP1−/− mice of both sexes when

compared to the WT mice (males: Figure 4g, females: Figure 4h).

Lastly, we tested the anti-nociceptive effects of morphine (0, 0.3,

1, 3, 10, and 30 mg�kg−1, i.p.) by measuring the latencies to tail flick,

as above. There was a leftward shift of the morphine dose–

responses in male and female SGIP1−/− mice (Figure 4i,j). For THC

treatments of the WT and SGIP1−/− male cohorts, the ED50 values

and 95% confidence intervals are stated in Table 1. We analysed

further the dose–responses for WIN 55,212-5 and morphine and

detected distinct patterns of cooperativity for the two ligands with

the SGIP1 deletion. When comparing these drug effects in the male

cohorts, the effects of WIN 55,212-5 appeared to be synergistically

enhanced in SGIP1−/− males compared with WT males. However,

the increased sensitivity to morphine, in the TIT dose-response

assays, was suggestive of additive-like effect in the SGIP1-/- mice

(Figure S4).

3.8 | Transient effects of the CB1 receptor
antagonist on nociception in SGIP1−/− mice

We examined the responses of WT and SGIP1−/− mice to the

known CB1 receptor antagonist rimonabant in the TIT. We contin-

ued the treatments for three consecutive days and measured the

responses to the drug on days 1 and 3. On day 1, we observed

significantly decreased latencies to tail flick in SGIP1−/− mice

treated with rimonabant, compared to vehicle-treated SGIP1−/−

mice, 30 min after the injections (Figure 5a). The initial differences

did not persist when the latencies were measured 60 min after the

injections (Figure 5a). The TIT responses following the 3-day treat-

ment with rimonabant between the WT and SGIP1−/− mice were

significantly different, 60 min after the treatment, but not 30 min

after the injections (Figure 5b). For detailed statistical analysis, see

Table S6.

4 | DISCUSSION

4.1 | Sensorimotor processing and working
memory in SGIP1−/− mice

SGIP1 null mice were used in a reverse genetic approach to inves-

tigate the role of SGIP1 in vivo in the behavioural tests. SGIP1−/−

mice have phenotypes restricted to particular tasks, namely, in

tests that examined aspects of mood-related behaviours and

nociception, while other modalities, including their mobility, explor-

atory drive, and working memory, remained intact. These results

indicate that the development of the nervous system in SGIP1−/−

mice was not profoundly affected. Both male and female SGIP1−/−

mice have similar exploratory drives and mobility in the Y-maze

test. We also verified the integrity of sensorimotor gating in the

SGIP1−/− mice. The PPI test assesses sensorimotor processing by

measuring both transmissions of afferent sensory information and

motor responses following efferent signalling. Sensorimotor

processing and working memory are not altered in SGIP1−/− mice.

As performance in both the Y-maze and PPI tasks was normal, we

exclude altered exploratory drives or impaired sensorimotor gating

as causes of the observed differences in further behavioural

examinations.

F IGURE 5 CB1 receptor antagonist temporarily alters nociception of SGIP1−/− mice. To assess the effect of the CB1 receptor antagonist on
nociception, we injected the mice with 10 mg�kg−1�day−1 of rimonabant or vehicle for 3 days and measured their tail flick latencies on days 1 and
3 each day 30 and 60 min after injections. On day 1, 30 min after the injections, we observed significantly decreased latencies in SGIP1−/− mice
treated with rimonabant compared to SGIP1−/− mice injected with vehicle (a). We continued the treatments for three consecutive days and
measured the responses on day 3. TheTIT responses following 30 min after the treatments with rimonabant between the WT and SGIP1−/− mice
were not significantly different (b). The data were analysed by general linear model using program R and are presented as means ± SEM. *P < .05
significantly different as indicated
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4.2 | Mood-related behaviour and emotionality in
SGIP1−/− mice

OF, EPM, and LDB tests are based on the conflict between the drive

to explore a new environment and the avoidance of aversive light

areas. SGIP1−/− males spent more time in the centre of the OF arena

than WT males, while female SGIP1−/− and WT mice had comparable

times in each section of the arena. We examined the levels of anxiety

in tests assessing anxiety-like behaviours. In the EPM test, both male

and female SGIP1−/− mice spent more time in the open arms and wal-

ked longer distances in the maze than WT mice. We did not observe

any significant differences between the two groups in the LDB test,

even when we tested an autonomous cohort with a group of animals

that were not previously exposed to any testing. SGIP1−/− mice

exhibited greater resilience in an unescapable situation, as assessed in

theTST.

The ECS is involved in controlling mood, processing of fear, and

adaptive handling of stressful situations (see Lutz et al., 2015;

Mechoulam & Parker, 2013; Micale et al., 2013; Morena et al., 2016).

Our results from the EPM and OF experiments imply an anxiolytic-like

phenotype for SGIP1−/− mice, with variability between sexes. These

data are compatible with previous reports (Fattore & Fratta, 2010).

The anxiolytic-like phenotype of SGIP1−/− and higher resistance to

unescapable situation are in accordance with pharmacological studies

demonstrating anxiolytic-like and antidepressive-like effects of

enhanced endocannabinoid transmission by blocking their metabolic

degradation in rodents (Bortolato et al., 2007; Danandeh et al., 2018).

Anxiety and depression have a high rate of co-morbidity. Previous

investigations have noted overlapping molecular pathophysiological

mechanisms of both modalities. Perhaps, further studies will elucidate

if SGIP1 engages the same pathways leading to two distinctive

phenotypes.

Further studies of the intracellular signalling by the activated,

internalized CB1 receptors will benefit from the availability of the

SGIP1−/− mice. These behavioural studies (OF, EPM, and LDB) will

require cohorts of mice chronically treated with perorally supplied

rimonabant. This would be required to the detect consequences of

different rates of internalization of the activated CB1 receptors in WT

and SGIP1−/− mice. Such treatments will avoid the undesired carry-

over effects of the stress, induced by handling of the animals, leading

to ECS activation.

In the TIT experiment with rimonabant treatments for 3 days, we

observed residual differences between the WT and SGP1−/− cohorts.

Therefore, more extended treatment, or higher doses of the compound,

will be required to prevent lasting signalling by the ECS and

consequences of the activation of CB1 receptors, prior to the testing.

However, such treatment will not eliminate the effects of crosstalk of

ECS with other systems involved in nociception. Animals treated chroni-

cally with rimonabant will be an essential control. The results of the

testing of this cohort will have to be compared to behaviours of mice

that will be exposed to acute stress prior to the delivery of rimonabant.

A comparison of outcomes of such testing may allow us to estimate the

role of the internalized pool of CB1 receptors in these tasks.

Extinction of fear memories is modulated by the ECS

(Lutz et al., 2015; Marsicano et al., 2002). Our current study rev-

ealed a strong sex-related difference in FE. In the FC tests, both in

a context and as a response to a cue, the results were comparable

between SGIP1−/− and WT mice for both sexes. Extinction of the

aversive memories was comparable for SGIP1−/− and WT males, but

there was a significantly more efficient FE in SGIP1−/− female mice

compared to WT females. Differences between sexes are known for

this process (see Velasco et al., 2019). For instance, anatomical dif-

ferences between male and female mice in densities of CB1 recep-

tors in the hippocampus have been correlated with sex-dependent

differences in FE (Lopez-Gallardo et al., 2012; Reich et al., 2009). As

discussed above, our previous study revealed that SGIP1 has a neg-

ative impact on CB1 receptor-mediated ERK1/2 signalling levels

(Hajkova et al., 2016). Differences between ERK1/2 levels of signal-

ling were correlated with FE variabilities (Matsuda et al., 2015). The

SGIP1−/− mice are therefore suitable to study the outcomes of this

signalling pathway on behaviour, in future studies. Based on our

results, we would conclude that SGIP1 can regulate anxiety levels

under specific contexts, possibly via modulation of CB1 receptor

signalling.

4.3 | Responses to acute and chronic THC
treatment

We examined the acute responses and tolerance progression to THC

in the cannabinoid tetrad tests. After initial THC treatments,

SGIP1−/− and WT mice displayed similar levels of catalepsy but the

SGIP1−/− mice developed a tolerance to THC-induced catalepsy at a

significantly slower rate. SGIP1−/− mice also exhibited enhanced THC

antinociception with a significant effect on the first day of dosing

that decayed over the next 7 days of repeated drug delivery at a rate

similar to WT mice. Similarly, THC-induced hypothermia was aug-

mented in SGIP1−/− mice, and they progressively developed toler-

ance to this effect. In the rotarod tests, WT and SGIP1−/− animals

performed comparably (Figure 3d). For detailed statistical analysis,

see Table S3.

Following the chronic treatment with THC, rimonabant was

applied, to provide a model of withdrawal, resulting in abnormal

behaviours in the SGIP1−/− mice, with intense and persistent

jumping. Interestingly, similar jumping has also been reported upon

morphine withdrawal (Francis & Schneider, 1971) and is decreased

in mice lacking CB1 receptors (CB1R-/-; Ledent et al., 1999). In our

previous investigations in vitro, SGIP1 markedly affected CB1

receptor-mediated β-arrestin2 signalling (Hajkova et al., 2016).

β-Arrestin2 association with the CB1 receptor occurs upon phos-

phorylation of serine or threonine residues within the receptor's

carboxy-terminal. Mice with a double mutation of two critical ser-

ine residues to alanine in the CB1 receptor (S426A, S430A) have

enhanced sensitivity to THC (Morgan et al., 2014a). Thus, mice

with the mutant CB1 receptor (S426A, S430A) and SGIP1−/− mice

have an overlapping phenotype in this regard. Another apparent
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similarity between these strains is in their withdrawal after chronic

THC treatments. In both cases, withdrawal resulted in jumping.

Crosstalk between the ECS and other signalling pathways, namely,

the opioid system, may explain this observation on a molecular

level (Canals & Milligan, 2008; also reviewed in Robledo

et al., 2008).

4.4 | Nociception and pharmacological evaluation
of CB1 receptor agonists and morphine in SGIP1−/−

mice

Activation of CB1 receptors is known to blunt reactions to painful

stimuli (Hasanein et al., 2007; Mascarenhas et al., 2017; Woodhams

et al., 2017) and we found SGIP1−/− mice to have prolonged

reaction latencies in the TIT, compared with WT animals. This was

observed upon both single and repeated tests. As a part of the

tetrad tests, we also studied the effect of THC on nociception.

SGIP1−/− mice had elevated latency in the TIT before THC treat-

ment and enhanced sensitivity to the drug. Also, after daily THC

administration for 8 days, tolerance developed more slowly in

SGIP1−/− males. Moreover, in male SGIP1−/− mice, there was an

enhanced anti-nociception to THC and WIN 55,212-5 in the TIT.

This effect was particularly noticeable in the delayed responses

upon increasing doses of the CB1 receptor agonists (Figure 4e,g,

respectively). Re-analyses of the dose-response for WIN 55,212-5

suggest that there was synergy between WIN 55,212-5 and SGIP1

deletion, in terms of the anti-nociceptive effects (Figure S4).

However, morphine, in the TIT, interacted differently with SGIP1

deletion. While morphine-induced anti-nociception was still

enhanced in SGIP1−/− mice, this interaction was weaker than that

with the CB1 receptor agonist and was more consistent with an

additive type of interaction (Figure S4).

In our earlier in vitro study, we tested the effect of SGIP1 on CB1

receptor signalling using two agonists, 2-arachidonoylglycerol (2-AG)

and WIN 55,212-5 (Hajkova et al., 2016). Following activation by

either of these agonists, G-protein-mediated signalling by CB1 recep-

tors was unaffected by the presence or absence of SGIP1 (Figure 6b,

Hajkova et al., 2016). Arrestin recruitment, and activation of ERK1/2

signalling stimulated by WIN 55,212-5 was, in general, greater than

that elicited by 2-AG and was markedly depressed in the presence of

SGIP1, compared with the results of 2-AG application (Hajkova

et al., 2016) (Figure 7a,b). It would seem that when there is a low level

of arrestin recruitment to theCB1 receptor and less signalling via

ERK1/2, the effects of SGIP1 are also modest. When there is robust

arrestin recruitment to the receptor and higher levels of ERK1/2 path-

way activation, SGIP1 plays a more dominant role (Hajkova

et al., 2016). Further studies will be necessary to find out if the

in vitro observations correlate with the current in vivo findings.

The inverse agonist rimonabant has been shown to elicit

hyperalgesia in TIT in several previous reports (Costa &

Colleoni, 1999; Meng et al., 1998; Richardson et al., 1998), while in

other studies, the authors did not detect any effect on nociception

in mice (Compton et al., 1996; Rinaldi-Carmona et al., 1994). In our

experiments, pre-treatment with the CB1 receptor antagonist

rimonabant resulted in transiently increased nociception in SGIP1−/−

males, 30 min after the injections, but this effect did not persist

after 1 h. Interestingly, on day 3 of the treatment, rimonabant-

treated SGIP1−/− cohort responses were not significantly different

from the WT cohort. The inverse agonist possibly influences the

cognitive aspect of nociception in this test, as the stress of injection

might play a role in activating the ECS, an effect that might be

significant at early, but not later post-injection time points

(Woodhams et al., 2017). In accord with previous reports, we also

detected sex-dependent variation of the ECS effects on nociception

(Fattore & Fratta, 2010). We propose that SGIP1 may well be a

novel regulator of CB1 receptor-mediated anti-nociception.

4.5 | The phenotype of SGIP1−/− mice coincides
with behaviour detected following genetical and
pharmacological manipulations of ECS

The results of the behavioural tests described in previous studies, in

which the ECS was manipulated chemically or genetically, may be

related to the present study. Global deletion of CB1 receptors

(CB1R-/-) also resulted in a modified exploratory phenotype, hypo-

activity and anxiety-like behaviour, if the CB1R−/− mice were sub-

jected to highly aversive conditions (Zimmer et al., 1999). In another

study, moderate doses of CB1 receptor agonists evoked anxiolytic

effects (while higher doses lead to the opposite) (Rey et al., 2012).

The anxiolytic phenotype that we observed in the tests with SGIP1−/−

mice parallels the situation with moderately up-regulated tone within

the ECS. This is in accordance with our hypothesis about the SGIP1

effect on CB1 receptor signalling.

Modification of the endocannabinoid degradation and synthesis

pathways also influences behaviour. Increasing anandamide levels via

chemical inhibition of its catabolic enzyme fatty acid amide hydrolase

(FAAH) (Kathuria et al., 2003) or the deletion of FAAH (Moreira

et al., 2008) resulted in phenotypes with behavioural aberrations

including decreased anxiety-like behaviour, as we observed in the pre-

sent tests with SGIP1−/− mice. On the other hand, global deletion of

DAG lipase (DAGLα), the enzyme primarily involved in neuronal 2-AG

synthesis, results in increased levels of anxiety-like behaviour

(Jenniches et al., 2016; Shonesy et al., 2014). We conclude that our

results of the behavioural testing of SGIP1−/− mice are comparable

with the phenotype in which the ECS signalling had been modified.

Altered CB1 receptor signalling in the SGIP1−/− mice may thus be

imposed on adjacent signalling cascades. Mice lacking β-arrestin2 also

exhibited enhanced acute responses to THC and altered tolerance fol-

lowing repeated THC treatment (Breivogel et al., 2008; Nguyen

et al., 2012). As discussed above, SGIP1 influences the association of

CB1 receptors with β-arrestin2 and signalling mediated by this rela-

tionship. Also, genetic disruption of GASP1 results in reduced toler-

ance to cannabinoid-mediated antinociception in the TIT in mice

(Martini et al., 2010).

1600 DVORAKOVA ET AL.

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=729
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2364
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1400
https://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1400


The results from studies with mouse strains with manipulated

levels of β-arrestins or GASP1 closely resemble our observations using

SGIP1−/− mice and further supports our hypothesis that SGIP1 affects

behaviour by the modification of CB1 receptor signalling.

In summary, SGIP1−/− mice have specific variations in a discrete

subset of behavioural tests and nociception. This resonates with

observations from similar studies that used mouse models with mild

enhancements of neuronal ECS signalling. Also, SGIP1−/− mice

responses to CB1 receptor agonists are affected by SGIP1 deletion in

several tests. Together with our previously reported findings that

SGIP1 and CB1 receptors interact with functional consequences and

the data presented here, we propose that the SGIP1−/− mouse phe-

notype may be a consequence of the alteration of CB1 receptor sig-

nalling and that SGIP1 regulates the function of CB1 receptors

in vivo.

There are, however, several unresolved questions to answer. For

example, does SGIP1 influence CB1 receptor signalling uniformly

throughout the nervous system, or is this effect confined to certain

neuronal populations? As not all CB1 receptor-associated physiological

effects were affected equally by SGIP1 deletion, we hypothesize that

only particular neuronal subtypes, or circuits, may be selectively mod-

ulated in SGIP1−/− mice or that the phenotype is apparent only when

reaching certain thresholds of system engagement. Also, potential

interactions between SGIP1 and other receptors or signalling systems

await further investigation.

ACKNOWLEDGEMENTS

This project was supported by Grant Agency of Czech Republic

(GACR 19-24172S), National Institutes of Health (NIH DA009158),

Czech Centre for Phenogenomics (LM2015040), Ministry of

Education, Youth and Sports of the Czech Republic; ’Higher quality

and capacity for transgenic models’ (CZ.1.05/2.1.00/19.0395) and

Czech Academy of Sciences (RVO 68378050). We thank the J. W.

Fulbright Commission for providing financial support enabling the col-

laboration between our laboratory and the laboratory of Prof. Ken

Mackie. We are grateful for several ligands supply to Martin Kuchar

(University of Chemistry and Technology, Prague, Czech Republic).

We are thankful to Nicolle Rafferty, Björn Schuster, and Inken Beck

for help with the production of the SGIP1−/− mice, Vaclav Zatecka,

and Biocev CCP team members for animal handling during the experi-

ments. We are grateful to Jan Honetschläger and his crew from our

animal facilities. We are very thankful to Jan Jakubik for the drug

effects analysis, Vendula Novosadova for help with the statistics, and

Irina Cheveleva for genotyping and the behavioural data collection.

We also thank Prof. Andrea Hohmann and her team for help with

establishing several procedures. For help with editing of the text, we

are thankful to Anna Karimova, Aaron Rulseh, and Alin Perreur-Lloyd.

AUTHOR CONTRIBUTIONS

A.H. and R.S. were involved in the SGIP1−/− mice production. M.D.,

A.K.Z., and J.B. carried out the experiments and analysed the data.

J.B., M.D., A.K.Z., K.M., A.S., and R.S. contributed to the writing of the

manuscript. J.B. and K.M. supervised the project.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

DECLARATION OF TRANSPARENCY AND SCIENTIFIC

RIGOUR

This Declaration acknowledges that this paper adheres to the princi-

ples for transparent reporting and scientific rigour of preclinical

research as stated in the BJP guidelines for Design & Analysis, and

Animal Experimentation, and as recommended by funding agencies,

publishers, and other organizations engaged with supporting research.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available from the

corresponding author upon reasonable request. Some data may not

be made available because of privacy or ethical restrictions.

ORCID

Michaela Dvorakova https://orcid.org/0000-0003-3002-8568

Ken Mackie https://orcid.org/0000-0001-8501-6199

Jaroslav Blahos https://orcid.org/0000-0001-9803-0061

REFERENCES

Alexander, S. P. H., Christopoulos, A., Davenport, A. P., Kelly, E., Mathie, A.,

Peters, J. A., Veale, E. L., Armstrong, J. F., Faccenda, E., Harding, S. D.,

Pawson, A. J., Sharman, J. L., Southan, C., Davies, J. A., & Collaborators

C. (2019). The Concise Guide to PHARMACOLOGY 2019/20: G

protein-coupled receptors. British Journal of Pharmacology, 176(Suppl

1), S21–S141.
Alexander, S. P. H., Fabbro, D., Kelly, E., Mathie, A., Peters, J. A.,

Veale, E. L., Armstrong, J. F., Faccenda, E., Harding, S. D.,

Pawson, A. J., Sharman, J. L., Southan, C., Davies, J. A., & CGTP Collab-

orators. (2019). The Concise Guide to PHARMACOLOGY 2019/20:

Enzymes. British Journal of Pharmacology, 176, S297–S396. https://
doi.org/10.1111/bph.14752

Bortolato, M., Mangieri, R. A., Fu, J., Kim, J. H., Arguello, O., Duranti, A.,

Tontini, A., Mor, M., Tarzia, G., & Piomelli, D. (2007). Antidepressant-

like activity of the fatty acid amide hydrolase inhibitor URB597 in a rat

model of chronic mild stress. Biological Psychiatry, 62, 1103–1110.
https://doi.org/10.1016/j.biopsych.2006.12.001

Bourin, M., & Hascoet, M. (2003). The mouse light/dark box test. European

Journal of Pharmacology, 463, 55–65. https://doi.org/10.1016/S0014-
2999(03)01274-3

Breivogel, C. S., Lambert, J. M., Gerfin, S., Huffman, J. W., & Razdan, R. K.

(2008). Sensitivity to Δ9-tetrahydrocannabinol is selectively enhanced

in beta-arrestin2−/− mice. Behavioural Pharmacology, 19, 298–307.
https://doi.org/10.1097/FBP.0b013e328308f1e6

Canals, M., & Milligan, G. (2008). Constitutive activity of the cannabinoid

CB1 receptor regulates the function of co-expressed Mu opioid recep-

tors. The Journal of Biological Chemistry, 283, 11424–11434. https://
doi.org/10.1074/jbc.M710300200

Choleris, E., Thomas, A. W., Kavaliers, M., & Prato, F. S. (2001). A detailed

ethological analysis of the mouse open field test: Effects of diazepam,

chlordiazepoxide and an extremely low frequency pulsed magnetic

field. Neuroscience and Biobehavioral Reviews, 25, 235–260. https://
doi.org/10.1016/S0149-7634(01)00011-2

Chwedorowicz, R., Raszewski, G., Kapka-Skrzypczak, L., Sawicki, K., &

Studzinski, T. (2016). Event-related potentials (ERP) and SGIP1 gene

polymorphisms in alcoholics: Relation to family history of alcoholism

and drug usage. Annals of Agricultural and Environmental Medicine, 23,

618–624. https://doi.org/10.5604/12321966.1226856

DVORAKOVA ET AL. 1601

https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.14207
https://bpspubs.onlinelibrary.wiley.com/doi/10.1111/bph.15232
https://orcid.org/0000-0003-3002-8568
https://orcid.org/0000-0003-3002-8568
https://orcid.org/0000-0001-8501-6199
https://orcid.org/0000-0001-8501-6199
https://orcid.org/0000-0001-9803-0061
https://orcid.org/0000-0001-9803-0061
https://doi.org/10.1111/bph.14752
https://doi.org/10.1111/bph.14752
https://doi.org/10.1016/j.biopsych.2006.12.001
https://doi.org/10.1016/S0014-2999(03)01274-3
https://doi.org/10.1016/S0014-2999(03)01274-3
https://doi.org/10.1097/FBP.0b013e328308f1e6
https://doi.org/10.1074/jbc.M710300200
https://doi.org/10.1074/jbc.M710300200
https://doi.org/10.1016/S0149-7634(01)00011-2
https://doi.org/10.1016/S0149-7634(01)00011-2
https://doi.org/10.5604/12321966.1226856


Compton, D. R., Aceto, M. D., Lowe, J., & Martin, B. R. (1996). In vivo char-

acterization of a specific cannabinoid receptor antagonist

(SR141716A): Inhibition of delta 9-tetrahydrocannabinol-induced

responses and apparent agonist activity. The Journal of Pharmacology

and Experimental Therapeutics, 277, 586–594.
Cook, S. A., Lowe, J. A., & Martin, B. R. (1998). CB1 receptor antagonist

precipitates withdrawal in mice exposed to Δ9-tetrahydrocannabinol.

The Journal of Pharmacology and Experimental Therapeutics, 285,

1150–1156.
Costa, B., & Colleoni, M. (1999). SR141716A induces in rats a behavioral

pattern opposite to that of CB1 receptor agonists. Zhongguo Yao Li

Xue Bao, 20, 1103–1108.
Coutts, A. A., Anavi-Goffer, S., Ross, R. A., MacEwan, D. J., Mackie, K.,

Pertwee, R. G., & Irving, A. J. (2001). Agonist-induced internalization

and trafficking of cannabinoid CB1 receptors in hippocampal neurons.

Journal of Neuroscience, 21, 2425–2433. https://doi.org/10.1523/

JNEUROSCI.21-07-02425.2001

Crawley, J., & Goodwin, F. K. (1980). Preliminary-report of a simple animal

behavior model for the anxiolytic effects of benzodiazepines. Pharma-

cology Biochemistry and Behavior, 13, 167–170. https://doi.org/10.

1016/0091-3057(80)90067-2

Cummings, N., Shields, K. A., Curran, J. E., Bozaoglu, K., Trevaskis, J.,

Gluschenko, K., Cai, G., Comuzzie, A. G., Dyer, T. D., Walder, K. R.,

Zimmet, P., Collier, G. R., Blangero, J., & Jowett, J. B. (2012). Genetic

variation in SH3-domain GRB2-like (endophilin)-interacting protein

1 has a major impact on fat mass. International Journal of Obesity, 36,

201–206. https://doi.org/10.1038/ijo.2011.67
Curtis, M. J., Alexander, S., Cirino, G., Docherty, J. R., George, C. H.,

Giembycz, M. A., Hoyer, D., Insel, P. A., Izzo, A. A., Ji, Y.,

MacEwan, D. J., Sobey, C. G., Stanford, S. C., Teixeira, M. M.,

Wonnacott, S., & Ahluwalia, A. (2018). Experimental design and analy-

sis and their reporting II: Updated and simplified guidance for authors

and peer reviewers. British Journal of Pharmacology, 175, 987–993.
https://doi.org/10.1111/bph.14153

Daaka, Y., Luttrell, L. M., Ahn, S., Della Rocca, G. J., Ferguson, S. S. G.,

Caron, M. G., & Lefkowitz, R. J. (1998). Essential role for G protein-

coupled receptor endocytosis in the activation of mitogen-activated

protein kinase. Journal of Biological Chemistry, 273, 685–688. https://
doi.org/10.1074/jbc.273.2.685

Daigle, T. L., Kwok, M. L., & Mackie, K. (2008). Regulation of CB1 cannabi-

noid receptor internalization by a promiscuous phosphorylation-

dependent mechanism. Journal of Neurochemistry, 106, 70–82. https://
doi.org/10.1111/j.1471-4159.2008.05336.x

Danandeh, A., Vozella, V., Lim, J., Oveisi, F., Ramirez, G. L., Mears, D.,

Wynn, G., & Piomelli, D. (2018). Effects of fatty acid amide hydrolase

inhibitor URB597 in a rat model of trauma-induced long-term anxiety.

Psychopharmacology, 235, 3211–3221. https://doi.org/10.1007/

s00213-018-5020-7

Dergai, O., Novokhatska, O., Dergai, M., Skrypkina, I., Tsyba, L., Moreau, J.,

& Rynditch, A. (2010). Intersectin 1 forms complexes with SGIP1 and

Reps1 in clathrin-coated pits. Biochemical and Biophysical Research

Communications, 402, 408–413. https://doi.org/10.1016/j.bbrc.2010.
10.045

Dickinson, M. E., Flenniken, A. M., Ji, X., Teboul, L., Wong, M. D.,

White, J. K., Meehan, T. F., Weninger, W. J., Westerberg, H.,

Adissu, H., Baker, C. N., Bower, L., Brown, J. M., Caddle, L. B.,

Chiani, F., Clary, D., Cleak, J., Daly, M. J., Denegre, J. M., …
Murray, S. A. (2016). High-throughput discovery of novel developmen-

tal phenotypes. Nature, 537, 508–514. https://doi.org/10.1038/

nature19356

Dudok, B., Barna, L., Ledri, M., Szabo, S. I., Szabadits, E., Pinter, B.,

Woodhams, S. G., Henstridge, C. M., Balla, G. Y., Nyilas, R., Varga, C.,

Lee, S.-H., Matolcsi, M., Cervenak, J., Kacskovics, I., Watanabe, M.,

Sagheddu, C., Melis, M., Pistis, M., … Katona, I. (2015). Cell-specific

STORM super-resolution imaging reveals nanoscale organization of

cannabinoid signaling. Nature Neuroscience, 18, 75–86. https://doi.

org/10.1038/nn.3892

Fattore, L., & Fratta, W. (2010). How important are sex differences in can-

nabinoid action? British Journal of Pharmacology, 160, 544–548.
https://doi.org/10.1111/j.1476-5381.2010.00776.x

Francis, D. L., & Schneider, C. (1971). Jumping after naloxone precipitated

withdrawal of chronic morphine in rat. British Journal of Pharmacology,

41, P424–P425.
Hajkova, A., Techlovska, S., Dvorakova, M., Chambers, J. N., Kumpost, J.,

Hubalkova, P., Prezeau, L., & Blahos, J. (2016). SGIP1 alters internaliza-

tion and modulates signaling of activated cannabinoid receptor 1 in a

biased manner. Neuropharmacology, 107, 201–214. https://doi.org/10.
1016/j.neuropharm.2016.03.008

Hasanein, P., Parviz, M., Keshavarz, M., & Javanmardi, K. (2007). CB1

receptor activation in the basolateral amygdala produces antino-

ciception in animal models of acute and tonic nociception. Clinical and

Experimental Pharmacology & Physiology, 34, 439–449. https://doi.org/
10.1111/j.1440-1681.2007.04592.x

Hebbali A (2020). Olsrr: Tools for Building OLS Regression Models. R

package version 0.5.3. https://CRAN.R-project.org/package=olsrr

Henne, W. M., Kent, H. M., Ford, M. G. J., Hegde, B. G., Daumke, O.,

Butler, P. J. G., Mittal, R., Langen, R., Evans, P. R., & McMahon, H. T.

(2007). Structure and analysis of FCHo2F-BAR domain: A dimerizing

and membrane recruitment module that effects membrane

curvature. Structure, 15, 839–852. https://doi.org/10.1016/j.str.

2007.05.002

Hollopeter, G., Lange, J. J., Zhang, Y., Vu, T. N., Gu, M. Y., Ailion, M.,

Lambie, E. J., Slaughter, B. D., Unruh, J. R., Florens, L., &

Jorgensen, E. M. (2014). The membrane-associated proteins FCHo and

SGIP are allosteric activators of the AP2 clathrin adaptor complex.

eLife, 3, 65–78.
Hsieh, C., Brown, S., Derleth, C., & Mackie, K. (1999). Internalization and

recycling of the CB1 cannabinoid receptor. Journal of Neurochemistry,

73, 493–501. https://doi.org/10.1046/j.1471-4159.1999.0730493.x
Hughes, R. N. (2004). The value of spontaneous alternation behavior (SAB)

as a test of retention in pharmacological investigations of memory.

Neuroscience and Biobehavioral Reviews, 28, 497–505. https://doi.org/
10.1016/j.neubiorev.2004.06.006

Jenniches, I., Ternes, S., Albayram, O., Otte, D. M., Bach, K., Bindila, L.,

Michel, K., Lutz, B., Bilkei-Gorzo, A., & Zimmer, A. (2016). Anxiety,

stress, and fear response in mice with reduced endocannabinoid levels.

Biological Psychiatry, 79, 858–868. https://doi.org/10.1016/j.

biopsych.2015.03.033

Jin, W., Brown, S., Roche, J. P., Hsieh, C., Celver, J. P., Kovoor, A.,

Chavkin, C., & Mackie, K. (1999). Distinct domains of the CB1 cannabi-

noid receptor mediate desensitization and internalization. The Journal

of Neuroscience, 19, 3773–3780. https://doi.org/10.1523/

JNEUROSCI.19-10-03773.1999

Kathuria, S., Gaetani, S., Fegley, D., Valino, F., Duranti, A., Tontini, A.,

Mor, M., Tarzia, G., La Rana, G., Calignano, A., Giustino, A., Tattoli, M.,

Palmery, M., Cuomo, V., & Piomelli, D. (2003). Modulation of anxiety

through blockade of anandamide hydrolysis. Nature Medicine, 9,

76–81. https://doi.org/10.1038/nm803

Ledent, C., Valverde, O., Cossu, C., Petitet, F., Aubert, L. F., Beslot, F.,

Böhme, G. A., Imperato, A., Pedrazzini, T., Roques, B. P., Vassart, G.,

Fratta, W., & Parmentier, M. (1999). Unresponsiveness to cannabi-

noids and reduced addictive effects of opiates in CB1 receptor knock-

out mice. Science, 283, 401–404. https://doi.org/10.1126/science.

283.5400.401

Lein, E. S., Hawrylycz, M. J., Ao, N., Ayres, M., Bensinger, A., Bernard, A.,

Boe, A. F., Boguski, M. S., Brockway, K. S., Byrnes, E. J., Chen, L.,

Chen, L., Chen, T.-M., Chin, M. C., Chong, J., Crook, B. E.,

Czaplinska, A., Dang, C. N., Datta, S., … Jones, A. R. (2007). Genome-

wide atlas of gene expression in the adult mouse brain. Nature, 445,

168–176. https://doi.org/10.1038/nature05453

1602 DVORAKOVA ET AL.

https://doi.org/10.1523/JNEUROSCI.21-07-02425.2001
https://doi.org/10.1523/JNEUROSCI.21-07-02425.2001
https://doi.org/10.1016/0091-3057(80)90067-2
https://doi.org/10.1016/0091-3057(80)90067-2
https://doi.org/10.1038/ijo.2011.67
https://doi.org/10.1111/bph.14153
https://doi.org/10.1074/jbc.273.2.685
https://doi.org/10.1074/jbc.273.2.685
https://doi.org/10.1111/j.1471-4159.2008.05336.x
https://doi.org/10.1111/j.1471-4159.2008.05336.x
https://doi.org/10.1007/s00213-018-5020-7
https://doi.org/10.1007/s00213-018-5020-7
https://doi.org/10.1016/j.bbrc.2010.10.045
https://doi.org/10.1016/j.bbrc.2010.10.045
https://doi.org/10.1038/nature19356
https://doi.org/10.1038/nature19356
https://doi.org/10.1038/nn.3892
https://doi.org/10.1038/nn.3892
https://doi.org/10.1111/j.1476-5381.2010.00776.x
https://doi.org/10.1016/j.neuropharm.2016.03.008
https://doi.org/10.1016/j.neuropharm.2016.03.008
https://doi.org/10.1111/j.1440-1681.2007.04592.x
https://doi.org/10.1111/j.1440-1681.2007.04592.x
https://CRAN.R-project.org/package=olsrr
https://doi.org/10.1016/j.str.2007.05.002
https://doi.org/10.1016/j.str.2007.05.002
https://doi.org/10.1046/j.1471-4159.1999.0730493.x
https://doi.org/10.1016/j.neubiorev.2004.06.006
https://doi.org/10.1016/j.neubiorev.2004.06.006
https://doi.org/10.1016/j.biopsych.2015.03.033
https://doi.org/10.1016/j.biopsych.2015.03.033
https://doi.org/10.1523/JNEUROSCI.19-10-03773.1999
https://doi.org/10.1523/JNEUROSCI.19-10-03773.1999
https://doi.org/10.1038/nm803
https://doi.org/10.1126/science.283.5400.401
https://doi.org/10.1126/science.283.5400.401
https://doi.org/10.1038/nature05453


Leterrier, C., Bonnard, D., Carrel, D., Rossier, J., & Lenkei, Z. (2004). Consti-

tutive endocytic cycle of the CB1 cannabinoid receptor. The Journal of

Biological Chemistry, 279, 36013–36021. https://doi.org/10.1074/jbc.
M403990200

Li, A. L., Carey, L. M., Mackie, K., & Hohmann, A. G. (2017). Cannabinoid

CB2 agonist GW405833 suppresses inflammatory and neuropathic

pain through a CB1 mechanism that is independent of CB2 receptors

in mice. Journal of Pharmacology and Experimental Therapeutics, 362,

296–305. https://doi.org/10.1124/jpet.117.241901
Lilley, E., Stanford, S. C., Kendall, D. E., Alexander, S. P., Cirino, G.,

Docherty, J. R., George, C. H., Insel, P. A., Izzo, A. A., Ji, Y.,

Panettieri, R. A., Sobey, C. G., Stefanska, B., Stephens, G., Teixeira, M.,

& Ahluwalia, A. (2020). ARRIVE 2.0 and the British Journal of Pharma-

cology: Updated guidance for 2020. British Journal of Pharmacology,

177, 3611–3616. https://doi.org/10.1111/bph.15178
Lister, R. G. (1987). The use of a plus-maze to measure anxiety in the

mouse. Psychopharmacology, 92, 180–185. https://doi.org/10.1007/
BF00177912

Lopez-Gallardo, M., Lopez-Rodriguez, A. B., Llorente-Berzal, A.,

Rotllant, D., Mackie, K., Armario, A., Nadal, R., & Viveros, M. P. (2012).

Maternal deprivation and adolescent cannabinoid exposure impact

hippocampal astrocytes, CB1 receptors and brain-derived neuro-

trophic factor in a sexually dimorphic fashion. Neuroscience, 204,

90–103. https://doi.org/10.1016/j.neuroscience.2011.09.063
Lutz, B., Marsicano, G., Maldonado, R., & Hillard, C. J. (2015). The endo-

cannabinoid system in guarding against fear, anxiety and stress. Nature

Reviews. Neuroscience, 16, 705–718. https://doi.org/10.1038/

nrn4036

Marsicano, G., Wotjak, C. T., Azad, S. C., Bisogno, T., Rammes, G.,

Cascio, M. G., Hermann, H., Tang, J., Hofmann, C.,

Zieglgänsberger, W., Di Marzo, V., & Lutz, B. (2002). The endogenous

cannabinoid system controls extinction of aversive memories. Nature,

418, 530–534. https://doi.org/10.1038/nature00839
Martin, B. R., Compton, D. R., Thomas, B. F., Prescott, W. R., Little, P. J.,

Razdan, R. K., Johnson, M. R., Melvin, L. S., Mechoulam, R., &

Ward, S. J. (1991). Behavioral, biochemical, and molecular modeling

evaluations of cannabinoid analogs. Pharmacology, Biochemistry, and

Behavior, 40, 471–478. https://doi.org/10.1016/0091-3057(91)

90349-7

Martini, L., Thompson, D., Kharazia, V., & Whistler, J. L. (2010). Differential

regulation of behavioral tolerance to WIN55,212-2 by GASP1.

Neuropsychopharmacology, 35, 1363–1373. https://doi.org/10.1038/
npp.2010.6

Martini, L., Waldhoer, M., Pusch, M., Kharazia, V., Fong, J., Lee, J. H.,

Freissmuth, C., & Whistler, J. L. (2007). Ligand-induced down-

regulation of the cannabinoid 1 receptor is mediated by the G-protein-

coupled receptor-associated sorting protein GASP1. FASEB Journal,

21, 802–811. https://doi.org/10.1096/fj.06-7132com
Mascarenhas, D. C., Gomes, K. S., Sorregotti, T., & Nunes-de-Souza, R. L.

(2017). Blockade of cannabinoid CB1 receptors in the dorsal per-

iaqueductal gray unmasks the antinociceptive effect of local injections

of anandamide in mice. Frontiers in Pharmacology, 8, 695–706. https://
doi.org/10.3389/fphar.2017.00695

Mascia, F., Klotz, L., Lerch, J., Ahmed, M. H., Zhang, Y., & Enz, R. (2017).

CRIP1a inhibits endocytosis of G-protein coupled receptors activated

by endocannabinoids and glutamate by a common molecular mecha-

nism. Journal of Neurochemistry, 141, 577–591. https://doi.org/10.

1111/jnc.14021

Matsuda, S., Matsuzawa, D., Ishii, D., Tomizawa, H., Sutoh, C., &

Shimizu, E. (2015). Sex differences in fear extinction and involvements

of extracellular signal-regulated kinase (ERK). Neurobiology of Learning

and Memory, 123, 117–124. https://doi.org/10.1016/j.nlm.2015.

05.009

McDonald, N. A., Henstridge, C. M., Connolly, C. N., & Irving, A. J. (2007).

An essential role for constitutive endocytosis, but not activity, in the

axonal targeting of the CB1 cannabinoid receptor. Molecular Pharma-

cology, 71, 976–984. https://doi.org/10.1124/mol.106.029348

Mechoulam, R., & Parker, L. A. (2013). The endocannabinoid system and

the brain. Annual Review of Psychology, 64, 21–47. https://doi.org/10.
1146/annurev-psych-113011-143739

Meng, I. D., Manning, B. H., Martin, W. J., & Fields, H. L. (1998). An analge-

sia circuit activated by cannabinoids. Nature, 395, 381–383. https://
doi.org/10.1038/26481

Micale, V., Di Marzo, V., Sulcova, A., Wotjak, C. T., & Drago, F. (2013).

Endocannabinoid system and mood disorders: Priming a target for

new therapies. Pharmacology & Therapeutics, 138, 18–37. https://doi.
org/10.1016/j.pharmthera.2012.12.002

Mikasova, L., Groc, L., Choquet, D., & Manzoni, O. J. (2008). Altered sur-

face trafficking of presynaptic cannabinoid type 1 receptor in and out

synaptic terminals parallels receptor desensitization. Proceedings of the

National Academy of Sciences of the United States of America, 105,

18596–18601. https://doi.org/10.1073/pnas.0805959105
Moreira, F. A., Kaiser, N., Monory, K., & Lutz, B. (2008). Reduced anxiety-

like behaviour induced by genetic and pharmacological inhibition of

the endocannabinoid-degrading enzyme fatty acid amide hydrolase

(FAAH) is mediated by CB1 receptors. Neuropharmacology, 54,

141–150. https://doi.org/10.1016/j.neuropharm.2007.07.005

Morena, M., Patel, S., Bains, J. S., & Hill, M. N. (2016). Neurobiological

interactions between stress and the endocannabinoid system.

Neuropsychopharmacology, 41, 80–102. https://doi.org/10.1038/npp.
2015.166

Morgan, D. J., Davis, B. J., Kearn, C. S., Marcus, D., Cook, A. J., Wager-

Miller, J., Straiker, A., Myoga, M. H., Karduck, J., Leishman, E., Sim-

Selley, L. J., Czyzyk, T. A., Bradshaw, H. B., Selley, D. E., & Mackie, K.

(2014a). Mutation of putative GRK phosphorylation sites in the canna-

binoid receptor 1 (CB1R) confers resistance to cannabinoid tolerance

and hypersensitivity to cannabinoids in mice. The Journal of Neurosci-

ence, 34, 5152–5163. https://doi.org/10.1523/JNEUROSCI.3445-12.

2014

Morgan, D. J., Davis, B. J., Kearn, C. S., Marcus, D., Cook, A. J., Wager-

Miller, J., Straiker, A., Myoga, M. H., Karduck, J., Leishman, E., Sim-

Selley, L. J., Czyzyk, T. A., Bradshaw, H. B., Selley, D. E., & Mackie, K.

(2014b). Mutation of putative GRK phosphorylation sites in the canna-

binoid receptor 1 (CB1R) confers resistance to cannabinoid tolerance

and hypersensitivity to cannabinoids in mice. Journal of Neuroscience,

34, 5152–5163. https://doi.org/10.1523/JNEUROSCI.3445-12.2014

Nealon, C. M., Henderson-Redmond, A. N., Hale, D. E., & Morgan, D. J.

(2019). Tolerance to WIN55,212-2 is delayed in desensitization-

resistant S426A/S430A mice. Neuropharmacology, 148, 151–159.
https://doi.org/10.1016/j.neuropharm.2018.12.026

Nguyen, P. T., Schmid, C. L., Raehal, K. M., Selley, D. E., Bohn, L. M., & Sim-

Selley, L. J. (2012). β-Arrestin2 regulates cannabinoid CB1 receptor

signaling and adaptation in a central nervous system region-dependent

manner. Biological Psychiatry, 71, 714–724. https://doi.org/10.1016/j.
biopsych.2011.11.027

Niehaus, J. L., Liu, Y., Wallis, K. T., Egertova, M., Bhartur, S. G.,

Mukhopadhyay, S., Shi, S., He, H., Selley, D. E., Howlett, A. C.,

Elphick, M. R., & Lewis, D. L. (2007). CB1 cannabinoid receptor activity

is modulated by the cannabinoid receptor interacting protein CRIP 1a.

Molecular Pharmacology, 72, 1557–1566. https://doi.org/10.1124/

mol.107.039263

Percie du Sert, N., Hurst, V., Ahluwalia, A., Alam, S., Avey, M. T., Baker, M.,

Browne, W. J., Clark, A., Cuthill, I. C., Dirnagl, U., Emerson, M.,

Garner, P., Holgate, S. T., Howells, D. W., Karp, N. A., Lazic, S. E.,

Lidster, K., MacCallum, C. J., Macleod, M., … Würbel, H. (2020). The

ARRIVE guidelines 2.0: Updated guidelines for reporting animal

research. PLoS Biology, 18(7), e3000410. https://doi.org/10.1371/

journal.pbio.3000410

Pertwee, R. G. (1972). The ring test: A quantitative method for assessing

the ‘cataleptic’ effect of cannabis in mice. British Journal of

DVORAKOVA ET AL. 1603

https://doi.org/10.1074/jbc.M403990200
https://doi.org/10.1074/jbc.M403990200
https://doi.org/10.1124/jpet.117.241901
https://bpspubs.onlinelibrary.wiley.com/doi/full/10.1111/bph.15178
https://doi.org/10.1007/BF00177912
https://doi.org/10.1007/BF00177912
https://doi.org/10.1016/j.neuroscience.2011.09.063
https://doi.org/10.1038/nrn4036
https://doi.org/10.1038/nrn4036
https://doi.org/10.1038/nature00839
https://doi.org/10.1016/0091-3057(91)90349-7
https://doi.org/10.1016/0091-3057(91)90349-7
https://doi.org/10.1038/npp.2010.6
https://doi.org/10.1038/npp.2010.6
https://doi.org/10.1096/fj.06-7132com
https://doi.org/10.3389/fphar.2017.00695
https://doi.org/10.3389/fphar.2017.00695
https://doi.org/10.1111/jnc.14021
https://doi.org/10.1111/jnc.14021
https://doi.org/10.1016/j.nlm.2015.05.009
https://doi.org/10.1016/j.nlm.2015.05.009
https://doi.org/10.1124/mol.106.029348
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.1146/annurev-psych-113011-143739
https://doi.org/10.1038/26481
https://doi.org/10.1038/26481
https://doi.org/10.1016/j.pharmthera.2012.12.002
https://doi.org/10.1016/j.pharmthera.2012.12.002
https://doi.org/10.1073/pnas.0805959105
https://doi.org/10.1016/j.neuropharm.2007.07.005
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1038/npp.2015.166
https://doi.org/10.1523/JNEUROSCI.3445-12.2014
https://doi.org/10.1523/JNEUROSCI.3445-12.2014
https://doi.org/10.1523/JNEUROSCI.3445-12.2014
https://doi.org/10.1016/j.neuropharm.2018.12.026
https://doi.org/10.1016/j.biopsych.2011.11.027
https://doi.org/10.1016/j.biopsych.2011.11.027
https://doi.org/10.1124/mol.107.039263
https://doi.org/10.1124/mol.107.039263
https://doi.org/10.1371/journal.pbio.3000410
https://doi.org/10.1371/journal.pbio.3000410


Pharmacology, 46, 753–763. https://doi.org/10.1111/j.1476-5381.

1972.tb06900.x

Porsolt, R. D., Le Pichon, M., & Jalfre, M. (1977). Depression: A new animal

model sensitive to antidepressant treatments. Nature, 266, 730–732.
https://doi.org/10.1038/266730a0

Rahn, E. J., Thakur, G. A., Wood, J. A., Zvonok, A. M., Makriyannis, A., &

Hohmann, A. G. (2011). Pharmacological characterization of AM1710,

a putative cannabinoid CB2 agonist from the cannabilactone class:

Antinociception without central nervous system side-effects. Pharma-

cology, Biochemistry, and Behavior, 98, 493–502. https://doi.org/10.
1016/j.pbb.2011.02.024

Ramabadran, K., Bansinath, M., Turndorf, H., & Puig, M. M. (1989). Tail

immersion test for the evaluation of a nociceptive reaction in mice—
Methodological considerations. Journal of Pharmacological Methods,

21, 21–31. https://doi.org/10.1016/0160-5402(89)90019-3
Reich, C. G., Taylor, M. E., & McCarthy, M. M. (2009). Differential effects

of chronic unpredictable stress on hippocampal CB1 receptors in male

and female rats. Behavioural Brain Research, 203, 264–269. https://doi.
org/10.1016/j.bbr.2009.05.013

Rey, A. A., Purrio, M., Viveros, M. P., & Lutz, B. (2012). Biphasic effects of

cannabinoids in anxiety responses: CB1 and GABAB receptors in the

balance of GABAergic and glutamatergic neurotransmission.

Neuropsychopharmacology, 37, 2624–2634. https://doi.org/10.1038/
npp.2012.123

Richardson, J. D., Aanonsen, L., & Hargreaves, K. M. (1998). Hypoactivity

of the spinal cannabinoid system results in NMDA-dependent

hyperalgesia. Journal of Neuroscience, 18, 451–457. https://doi.org/10.
1523/JNEUROSCI.18-01-00451.1998

Rinaldi-Carmona, M., Barth, F., Heaulme, M., Shire, D., Calandra, B.,

Congy, C., Martinez, S., Maruani, J., Néliat, G., Caput, D., Ferrara, P.,

Soubrié, P., Brelière, J. C., & Fur, G. L. (1994). SR141716A, a potent

and selective antagonist of the brain cannabinoid receptor. FEBS Let-

ters, 350, 240–244. https://doi.org/10.1016/0014-5793(94)00773-X
Rinaldi-Carmona, M., Le Duigou, A., Oustric, D., Barth, F., Bouaboula, M.,

Carayon, P., Casellas, P., & Le Fur, G. (1998). Modulation of CB1 canna-

binoid receptor functions after a long-term exposure to agonist or

inverse agonist in the Chinese hamster ovary cell expression system.

Journal of Pharmacology and Experimental Therapeutics, 287,

1038–1047.
Robledo, P., Berrendero, F., Ozaita, A., & Maldonado, R. (2008). Advances

in the field of cannabinoid–opioid cross-talk. Addiction Biology, 13,

213–224. https://doi.org/10.1111/j.1369-1600.2008.00107.x
Rozenfeld, R., & Devi, L. A. (2008). Regulation of CB1 cannabinoid recep-

tor trafficking by the adaptor protein AP-3. FASEB Journal, 22,

2311–2322. https://doi.org/10.1096/fj.07-102731
Shonesy, B. C., Bluett, R. J., Ramikie, T. S., Baldi, R., Hermanson, D. J.,

Kingsley, P. J., Marnett, L. J., Winder, D. G., Colbran, R. J., & Patel, S.

(2014). Genetic disruption of 2-arachidonoylglycerol synthesis reveals

a key role for endocannabinoid signaling in anxiety modulation. Cell

Reports, 9, 1644–1653. https://doi.org/10.1016/j.celrep.2014.11.001
Simon, A. C., Loverdo, C., Gaffuri, A. L., Urbanski, M., Ladarre, D.,

Carrel, D., Rivals, I., Leterrier, C., Benichou, O., Dournaud, P.,

Szabo, B., Voituriez, R., & Lenkei, Z. (2013). Activation-dependent

plasticity of polarized GPCR distribution on the neuronal surface.

Journal of Molecular Cell Biology, 5, 250–265. https://doi.org/10.

1093/jmcb/mjt014

Stiedl, O., Radulovic, J., Lohmann, R., Birkenfeld, K., Palve, M.,

Kammermeier, J., Sananbenesi, F., & Spiess, J. (1999). Strain and

substrain differences in context- and tone-dependent fear condition-

ing of inbred mice. Behavioural Brain Research, 104, 1–12. https://doi.
org/10.1016/S0166-4328(99)00047-9

Team RC. (2020). R: A language and environment for statistical computing.

Vienna, Austria. URL: R Foundation for Statistical Computing. https://

www.R-project.org/

Trevaskis, J., Walder, K., Foletta, V., Kerr-Bayles, L., McMillan, J.,

Cooper, A., Lee, S., Bolton, K., Prior, M., Fahey, R., Whitecross, K.,

Morton, G. J., Schwartz, M. W., & Collier, G. R. (2005). Src homology

3-domain growth factor receptor-bound 2-like (endophilin) interacting

protein 1, a novel neuronal protein that regulates energy balance.

Endocrinology, 146, 3757–3764. https://doi.org/10.1210/en.2005-

0282

Uezu, A., Horiuchi, A., Kanda, K., Kikuchi, N., Umeda, K., Tsujita, K.,

Suetsugu, S., Araki, N., Yamamoto, H., Takenawa, T., & Nakanishi, H.

(2007). SGIP1α is an endocytic protein that directly interacts with

phospholipids and Eps15. Journal of Biological Chemistry, 282,

26481–26489. https://doi.org/10.1074/jbc.M703815200

Velasco, E. R., Florido, A., Milad, M. R., & Andero, R. (2019). Sex differ-

ences in fear extinction. Neuroscience and Biobehavioral Reviews, 103,

81–108. https://doi.org/10.1016/j.neubiorev.2019.05.020
Wilhelm, B. G., Mandad, S., Truckenbrodt, S., Krohnert, K., Schafer, C.,

Rammner, B., Koo, S. J., Claßen, G. A., Krauss, M., Haucke, V.,

Urlaub, H., & Rizzoli, S. O. (2014). Composition of isolated synaptic

boutons reveals the amounts of vesicle trafficking proteins. Science,

344, 1023–1028. https://doi.org/10.1126/science.1252884
Woodhams, S. G., Chapman, V., Finn, D. P., Hohmann, A. G., &

Neugebauer, V. (2017). The cannabinoid system and pain. Neurophar-

macology, 124, 105–120. https://doi.org/10.1016/j.neuropharm.2017.

06.015

Wu, D. F., Yang, L. Q., Goschke, A., Stumm, R., Brandenburg, L. O.,

Liang, Y. J., Höllt, V., & Koch, T. (2008). Role of receptor internalization

in the agonist-induced desensitization of cannabinoid type 1 receptors.

Journal of Neurochemistry, 104, 1132–1143. https://doi.org/10.1111/
j.1471-4159.2007.05063.x

Yeomans, J. S., & Frankland, P. W. (1995). The acoustic startle reflex: Neu-

rons and connections. Brain Research. Brain Research Reviews, 21,

301–314. https://doi.org/10.1016/0165-0173(96)00004-5
Zimmer, A., Zimmer, A. M., Hohmann, A. G., Herkenham, M., &

Bonner, T. I. (1999). Increased mortality, hypoactivity, and hypoalgesia

in cannabinoid CB1 receptor knockout mice. Proceedings of the

National Academy of Sciences of the United States of America, 96,

5780–5785. https://doi.org/10.1073/pnas.96.10.5780

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of this article.

How to cite this article: Dvorakova M, Kubik-Zahorodna A,

Straiker A, et al. SGIP1 is involved in regulation of

emotionality, mood, and nociception and modulates in vivo

signalling of cannabinoid CB1 receptors. Br J Pharmacol. 2021;

178:1588–1604. https://doi.org/10.1111/bph.15383

1604 DVORAKOVA ET AL.

https://doi.org/10.1111/j.1476-5381.1972.tb06900.x
https://doi.org/10.1111/j.1476-5381.1972.tb06900.x
https://doi.org/10.1038/266730a0
https://doi.org/10.1016/j.pbb.2011.02.024
https://doi.org/10.1016/j.pbb.2011.02.024
https://doi.org/10.1016/0160-5402(89)90019-3
https://doi.org/10.1016/j.bbr.2009.05.013
https://doi.org/10.1016/j.bbr.2009.05.013
https://doi.org/10.1038/npp.2012.123
https://doi.org/10.1038/npp.2012.123
https://doi.org/10.1523/JNEUROSCI.18-01-00451.1998
https://doi.org/10.1523/JNEUROSCI.18-01-00451.1998
https://doi.org/10.1016/0014-5793(94)00773-X
https://doi.org/10.1111/j.1369-1600.2008.00107.x
https://doi.org/10.1096/fj.07-102731
https://doi.org/10.1016/j.celrep.2014.11.001
https://doi.org/10.1093/jmcb/mjt014
https://doi.org/10.1093/jmcb/mjt014
https://doi.org/10.1016/S0166-4328(99)00047-9
https://doi.org/10.1016/S0166-4328(99)00047-9
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1210/en.2005-0282
https://doi.org/10.1210/en.2005-0282
https://doi.org/10.1074/jbc.M703815200
https://doi.org/10.1016/j.neubiorev.2019.05.020
https://doi.org/10.1126/science.1252884
https://doi.org/10.1016/j.neuropharm.2017.06.015
https://doi.org/10.1016/j.neuropharm.2017.06.015
https://doi.org/10.1111/j.1471-4159.2007.05063.x
https://doi.org/10.1111/j.1471-4159.2007.05063.x
https://doi.org/10.1016/0165-0173(96)00004-5
https://doi.org/10.1073/pnas.96.10.5780
https://doi.org/10.1111/bph.15383

	SGIP1 is involved in regulation of emotionality, mood, and nociception and modulates in vivo signalling of cannabinoid CB1 ...
	1  INTRODUCTION
	  What is already known
	  What this study adds
	  What is the clinical significance
	2  METHODS
	2.1  Animals
	2.2  Spontaneous alternation
	2.3  Startle reflex and prepulse inhibition
	2.4  Open field, elevated plus maze, and light/dark box
	2.5  Tail suspension test
	2.6  Fear conditioning and fear extinction
	2.7  Cannabinoid tetrad behavioural tests and THC withdrawal
	2.8  Tail immersion test
	2.9  Order of testing
	2.10  Data and statistical analysis
	2.11  Materials
	2.12  Nomenclature of targets and ligands

	3  RESULTS
	3.1  Deletion of the second exon from the SGIP1 gene leads to the loss of SGIP1 expression in mice
	3.2  SGIP1-/- mice have normal working memory, exploration levels, and sensorimotor gating
	3.3  SGIP1-/- mice display signs of anxiolytic-like phenotype and more vigorous response to unescapable situation
	3.4  SGIP1-/- mice have comparable levels of acute fear processing, but fear extinction varies between sexes
	3.5  Cannabinoid tetrad tests reveal alterations in SGIP1-/- mice
	3.6  THC withdrawal of SGIP1-/- mice
	3.7  Delayed nociception and enhanced sensitivity to CB1 receptor agonists and morphine in SGIP1-/- mice
	3.8  Transient effects of the CB1 receptor antagonist on nociception in SGIP1-/- mice

	4  DISCUSSION
	4.1  Sensorimotor processing and working memory in SGIP1-/- mice
	4.2  Mood-related behaviour and emotionality in SGIP1-/- mice
	4.3  Responses to acute and chronic THC treatment
	4.4  Nociception and pharmacological evaluation of CB1 receptor agonists and morphine in SGIP1-/- mice
	4.5  The phenotype of SGIP1-/- mice coincides with behaviour detected following genetical and pharmacological manipulations...

	ACKNOWLEDGEMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DECLARATION OF TRANSPARENCY AND SCIENTIFIC RIGOUR
	  DATA AVAILABILITY STATEMENT

	REFERENCES



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


