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and by low doses of JZL 184
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Abstract Activation of cannabinoid CB1 receptors may offer
new therapeutic strategies, but the efficiency of CB1 receptor
agonists may be impaired by tolerance development upon
prolonged administration. We compared the influence of re-
peated administration of Δ9-tetrahydrocannabinol (THC)
10 mg/kg on the motility and on basal and CB1 receptor-
stimulated 35S-GTPγS binding of adolescent and aged mice.
Moreover, we determined the influence of JZL 184 (which
inhibits the 2-arachidonoylglycerol, 2-AG, degrading enzyme
monoacylglycerol lipase, MAGL) on 35S-GTPγS binding and
2-AG levels of young adult mice. Mouse motility was tested
in the open field. 35S-GTPγS binding was studied in hippo-
campal membranes. THC and CP 55,940 were used as canna-
binoid agonists in the behavioural and biochemical studies,
respectively. 2-AG levels were quantified by liquid
chromatography-multiple reaction monitoring. The THC
(10 mg/kg)-induced hypomotility was stronger in untreated
than in THC-pretreated adolescent mice but similar in both
treatment groups of aged mice. Basal and stimulated 35S-
GTPγS binding was decreased in membranes from THC-

pretreated adolescent but not affected in membranes from
aged mice. Treatment of young adult mice with JZL 184 (4,
10 and 40 mg/kg) for 14 days did not affect basal binding.
Stimulated binding tended to be decreased by 25 % only in
mice treated with JZL 184 (40 mg/kg). Hippocampal 2-AG
level was increased by JZL 184 at 40 and 10 but not affected at
4 mg/kg. In conclusion, CB1 receptor tolerance does not occur
in aged mice pretreated with THC and in young adult mice
treated with a low dose of the MAGL inhibitor JZL 184.
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Introduction

Cannabis preparations have been used for centuries, but their
major endogenous target, the endocannabinoid system, has
been elucidated during the last 25 years only (Mechoulam
and Parker 2013). This signalling system encompasses vari-
ous endogenous cannabinoids (endocannabinoids), including
anandamide (AEA) and 2-arachidonoylglycerol (2-AG)
(Piomelli 2014), mechanisms involved in their production
and inactivation (Blankman and Cravatt 2013) and receptor-
mediated effects of the endocannabinoids (Howlett et al.
2002). The neurotropic and psychotropic effects of the canna-
binoids are mainly related to the activation of CB1 receptors,
which are Gi/o protein-coupled (Alexander et al. 2013) and
typically located presynaptically on the nerve endings of a
variety of central neurons (Szabo and Schlicker 2005;
Ohno-Shosaku et al. 2012). CB1 receptors are involved in
the effects of cannabinoids on functions including learning
and memory, anxiety, stress coping, reward, motor coordi-
nation, nociception and appetite (Puighermanal et al. 2012;
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Ruehle et al. 2012; Zogopoulos et al. 2013; Scherma et al.
2014; Vlachou and Panagis 2014; Irie et al. 2015; Morena
et al. 2015).

Endogenous and exogenous cannabinoids have CB1

receptor-mediated negative effects on cognition; specifically,
they impair working memory and long-term memory without
affecting memory acquisition and consolidation. These effects
can be related to the inhibition of long-term potentiation, the
facilitation of long-term depression, the inhibition of hippo-
campal acetylcholine release and/or other mechanisms; the
major anatomical site is the hippocampus. Opposite effects
were found when the animals were treated with an inverse
CB1 receptor agonist such as rimonabant or if CB1

−/− mice
were examined (for review, see Puighermanal et al. 2012).
On the other hand, activation of CB1 receptors could be
beneficial in the ageing brain by improving cognitive func-
tions and by alleviating symptoms of neurodegenerative
disorders. Several lines of evidence suggest that the can-
nabinoid system is part of an anti-ageing homeostatic de-
fence system (for review, see Bilkei-Gorzo 2012; Di Marzo
et al. 2015), the activity of which declines in ageing
(Piyanova et al. 2015). The age-related decrease in CB1

signalling may contribute to the development of brain age-
ing and increasing susceptibility to neurodegenerative dis-
orders because genetic deletion of CB1 receptors leads to
early onset of cognitive deficits (Bilkei-Gorzo et al. 2005;
2012; Albayram et al. 2012), enhanced neuroinflamma-
tion, reduced neurogenesis (Albayram et al. 2011) and
lipofuscin accumulation (Piyanova et al. 2013), i.e. typical
symptoms of brain ageing.

Although CB1 agonists like Δ9-tetrahydrocannabinol
(THC) could have a therapeutic value against age-related cog-
nitive disorders, a long-standing therapy might be necessary
for this purpose, and therefore, the development of tolerance
has to be considered as a potential problem of such a thera-
peutic strategy. Previous studies on THC tolerance were car-
ried out on adolescent and young adult animals (Bass and
Martin 2000; McKinney et al. 2008; Puighermanal et al.
2013); thus, it is not known whether age affects the develop-
ment of tolerance against chronic THC. Thus, the first aim of
the present study was to examine whether CB1 receptor-
mediated behavioural (quantified in the open-field test) and
biochemical reactivity (determined with the guanosine
5′-[γ-35S]thiotriphosphate (35S-GTPγS) binding assay) to re-
peated administration of THC differs between adolescent and
agedmice. These groups were chosen since a detailed analysis
of CB1 receptor activity on cognitive functions and brain age-
ing is available in these age groups (Bilkei-Gorzo et al. 2005;
2012). Moreover, the activity of the cannabinoid system peaks
in adolescent age and decreases later on in ageing (Lee et al.
2013; Long et al. 2012); therefore, we also expect the maximal
age-related effect on tolerance development (if any) between
adolescent and aged mice.

Provided that CB1 receptor activation becomes a new strat-
egy for treatment of age-related cognitive disorders, THC it-
self will not be the ideal drug due to its abuse potential.
Inhibitors of the degradation of endogenous cannabinoids
(e.g. JZL 184, which inhibits 2-AG degradation) might be
used instead. In the second series of experiments, we studied
whether JZL 184, which both increases brain 2-AG levels and
desensitizes CB1 receptors at a high dose (40 mg/kg;
Schlosburg et al. 2010), still increases 2-AG levels without
inducing desensitization at lower doses (10 or 4 mg/kg).

Part of the present experiments has been presented at the
Annual Meeting of the Deutsche Gesellschaft für
experimentelle und klinische Pharmakologie und
Toxikologie, Hannover (Feliszek et al. 2014).

Methods

Animals

Mice were kept on a reversed light/dark cycle and housed in
standard cages in groups of 3–5 animals receiving food and
water ad libitum. For our biochemical studies, we determined
the most appropriate cannabinoid receptor agonist using hip-
pocampal membranes from untreated young adult C57BL/6J
(wild type, Charles River, Sulzfeld, Germany) and from
CB1

−/− or CB1
−/−/CB2

−/− double knockout mice (Zimmer
et al. 1999; Karsak et al. 2007).

The first major series (treatment of mice with THC) was
carried out using 6–8-week-old (adolescent) and 12-month-
old (aged) male C57BL/6J mice (Charles River).
Biochemical studies (35S-GTPγS binding) were performed
on hippocampus homogenates from animals of the behaviour-
al study (open-field test). The second major series (treatment
of mice with JZL 184) was carried out on hippocampi from
young adult CD-1 IGS mice (Charles River). CD-1 were pre-
ferred over C57BL/6J mice due to their bigger size since one
hippocampal side was needed for the binding experiments and
the other one for the determination of 2-AG and AEA levels.

Pharmacological treatments

THC, JZL 184 or their respective vehicles were administered
in a volume of 0.1 mL/10 g ofmouse bodyweight. Adolescent
and aged C57BL/6J mice received 8 intraperitoneal (i.p.) in-
jections of 3 or 10mg/kg THC or its vehicle over a time period
of 5 days. One hundred microliters of an ethanolic solution of
THC were added to a mixture of 0.5 mL CremophorR and
9.4 mL saline; the vehicle had the same composition except
for THC. Injections were administered approximately at
8.00 a.m. and 4.30 p.m. On the fourth and fifth day, animals
were treated in the morning only. Thirty minutes after the final
injection the motility of the animals was tested in the open-
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field apparatus. One hour later, the vehicle- and chronic THC-
treated animals were killed and their hippocampi were pre-
pared, stored at −80 °C and used for the binding studies.
The treatment schedule was modified from Bass and Martin
(2000). The CD-1 mice of the second major series received
daily i.p. injections of 4, 10 or 40 mg/kg JZL 184 or of its
vehicle over a time period of 1, 3 or 14 days. JZL 184 was
dissolved in a mixture of 1 mL CremophorR and 9 mL saline;
the JZL 184-free mixture served as the vehicle. Animals were
sacrificed by cervical dislocation 24 h after the final injection
and the hippocampi were rapidly isolated, shock-frozen in dry
ice-cooled isopentane within 5 min after killing to avoid post-
mortem changes in endocannabinoid levels (Buczynski and
Parsons 2010) and stored at −80 °C until further processing.
All applicable international, national and institutional guide-
lines for the care and use of animals were followed. For the
experiments, a permit (Az 87–51.04.2011.A038) was obtain-
ed from the local ethical committee (Bezirksregierung Köln,
Köln, Germany).

Open-field test

Experiments were carried out in a sound and light isolated
room in the active phase of the animals between 10 a.m. and
1 p.m. Animals were placed onto an open-field arena
(42 cm × 42 cm), and the motility of the animals was followed
for 10 min as interruptions of infrared beams using an auto-
matic system (Actimot, TSE-Systems, Bad Homburg vor der
Höhe, Germany). The distance travelled was calculated as
parameter. Three groups of mice were compared, i.e. mice that
received 8 injections of vehicle (“control”), 7 injections of
vehicle and 1 injection of THC (“acute THC”) and 8 injections
of THC (“chronic THC”).

Binding studies

Hippocampus was thawed and then homogenized (Potter-
Elvehjem) in 1.5 mL of ice-cold Tris-EDTA buffer (Tris
50 mM; EDTA 5 mM; pH 7.5) containing 10.27 % sucrose
and centrifuged at 1500×g for 10 min (4 °C). The supernatant
was centrifuged at 20,000×g for 25 min (4 °C), and the pellet
was washed twice with Tris-EDTA buffer. The final pellet,
which was used as the membrane fraction, was resuspended
in Tris-EGTA buffer (Tris 50 mM, pH 7.4; EGTA 1 mM;
MgCl2 3 mM; NaCl 100 mM) and frozen at −80 °C. The
protein content was determined according to Bradford (1976).

For the experiments, frozen membranes were thawed and
resuspended in reaction buffer (for composition, see below)
and preincubated for 10 min at 30 °C with adenosine deami-
nase (Roche, Mannheim, Germany; final concentration
0.004 U/mL) to remove endogenous adenosine, which in-
creases basal binding by activating G protein-coupled adeno-
sine receptors. Through the inactivation of adenosine, basal

binding decreases and the signal-noise ratio is improved
(Moore et al. 2000). Binding was performed in Tris-EGTA
buffer in a final volume of 0.5 mL containing GDP 30 μM
and 6.3 μg protein. 35S-GTPγS was used at a concentration of
0.05 nM. The incubation (30 °C) was terminated after 60 min
by filtration through Whatman GF/B filters (Whatman,
Maidstone, UK). Non-radioactive GTPγS (10 μM) was used
to determine non-specific binding (15–26 % of total binding).

Endocannabinoid extraction and quantification by liquid
chromatography-multiple reaction monitoring

Frozen hippocampi were weighed in the cold room. Cold 5-
mm steel balls followed by 50 μL acetonitrile containing the
internal standards, 300 μL of ice-cold 0.1 M formic acid (ho-
mogenization buffer) and 300 μL ethylacetate/hexane (9:1,
v/v) (extraction buffer) were added to each tube. Samples were
then homogenized using the TissueLyser II (Qiagen, Hilden,
Germany) for 1 cycle of 30 s at 30 Hz. Subsequently, samples
were centrifuged for 10 min at 10,000×g and 4 °C, and the
upper (organic) phase was removed, evaporated to dryness
under a gentle stream of nitrogen at 37 °C and re-dissolved
in 50 μL acetonitrile to water (1:1, v/v). Quantitative analysis
of the endocannabinoids was carried out on a 5500 QTrap
triple-quadrupole linear ion trap mass spectrometer equipped
with a TurboV Ion Source (AB SCIEX, Darmstadt, Germany)
coupled to an Agilent 1200 series LC system (degasser, pump
and thermostated column compartment; Agilent, Waldbronn,
Germany) and a CTC HTC PAL autosampler (CTC Analytics
AG, Zwingen, Switzerland). Endocannabinoids were sepa-
rated with a Phenomenex Luna 2.5-μm C18(2)-HST col-
umn, 100 mm × 2 mm, combined with a SecurityGuard
preco lumn (C18 , 4 mm × 2 mm; Phenomenex ,
Aschaffenburg, Germany) with solvents A (0.1 % formic
acid in water) and B (0.1 % formic acid in acetonitrile). The
liquid chromatography-multiple reaction monitoring (LC-
MRM) transitions and other mass spectrometric (MS) pa-
rameters were as previously reported (Wenzel et al. 2013).
Tissue weights were used for normalization of the
endocannabinoid levels.

Drugs and chemicals used

The drugs and chemicals used were 35S-GTPγS (guanosine
5′-[γ-35S]thiotriphosphate, triethylammonium salt; specific
activity 1250 Ci/mmol) (PerkinElmer, Boston, MA, USA);
C P 5 5 , 9 4 0 ( ( − ) - c i s - 3 - [ 2 - h y d r o x y - 4 - ( 1 , 1 -
d i m e t h y l h e p t y l ) p h e n y l ] - t r a n s - 4 - ( 3 -
hydroxypropyl)cyclohexanol), JZL 184 (4-[bis(1,3-
benzodioxol-5-yl)hydroxymethyl]-1-piperidinecarboxylic ac-
id 4-nitrophenyl ester) (Biotrend, Köln, Germany); WIN 55,
2 1 2 - 2 ( ( R ) - ( + ) - [ 2 , 3 - d i h y d r o - 5 -m e t h y l - 3 [ ( 4 -
morpholinyl)methyl]pyrrolo[1,2,3-de]-1,4-benzoxazinyl]-(1-
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naphthalenyl)methanone mesylate salt; Sigma-Aldrich,
München, Germany). The other chemicals used were of re-
agent grade. Δ9-Tetrahydrocannabinol was provided as a
100 mg/mL stock in ethanol 96 % by THC-Pharm
(Frankfurt am Main, Germany). Stock solutions of CP 55,
940 andWIN 55,212-2were preparedwith DMSO and further
diluted with reaction buffer containing 0.5 % bovine serum
albumin to avoid adsorption of the cannabinoids to surfaces
like glass or synthetic materials. The solvents did not affect
binding by themselves.

For the endocannabinoid determinations, standard ananda-
mide (AEA), 2-arachidonoylglycerol (2-AG) and their deuter-
ated analogues AEA-d4 and 2-AG-d5 were obtained from
Cayman Chemicals (Ann Arbor, MI, USA). Water (H2O),
acetonitrile, formic acid, ethylacetate and hexane (all of LC-
MS grade) were obtained from Sigma-Aldrich.

Calculations and statistics

Binding data are presented as counts per minute (cpm) per
microgram protein. The concentration-response curves of the
cannabinoids were fitted as double sigmoidal curves using the
GraphPadPrism software (GraphPad Software, San Diego,
CA, USA) and EC50 values were determined to characterize
their potencies. Due to the restricted availability of knockout
mice, the experiments of that series were carried out over a
longer time period with different batches of 35S-GTPγS and
for this reason stimulated binding was expressed as percent of
basal binding.

Results are given as means ± standard error of the mean
(SEM) of n experiments; n refers to the number of animals.
The analysis of variance (ANOVA) was used for comparison
of mean values and the Tukey test (for in vitro experiments)
and the LSD (least significant difference) test (for in vivo
experiments) were used as post hoc tests. Differences with a
P < 0.05 were considered statistically significant.

Results

In initial experiments on hippocampal membranes from
young adult C57BL/6J mice, both CP 55,940 and WIN 55,
212-2 stimulated 35S-GTPγS binding (concentration-re-
sponse curves not shown). CP 55,940 was the more potent
agonist whereas WIN 55,212-2 elicited the higher maximum
effect when compared to CP 55,940 (Table 1). The effect of
CP 55,940 was abolished in membranes from CB1

−/− mice.
By contrast, WIN 55,212-2 still facilitated binding in mem-
branes from CB1

−/− and CB1
−/− plus CB2

−/− mice although its
pEC50 was reduced by almost 1.5 log units (Table 1) and its
maximum effect by ~75 % in both strains. Since the effect of
CP 55,940 is solely related to the activation of CB1 receptors,

this drug was preferred over WIN 55,212-2 for the binding
studies described below.

Effect of Δ9-tetrahydrocannabinol

Basal and CP 55,940-induced 35S-GTPγS binding was com-
pared in hippocampal membranes from 6 to 8-week- and 12-
month-old C57BL/6J mice pretreated withΔ9-tetrahydrocan-
nabinol (THC) or its vehicle. In hippocampal membranes
from vehicle-treated mice, basal binding was ~250 cpm/μg
protein for adolescent mice but ~150 cpm/μg protein for aged
animals only (Fig. 1). In samples from both age groups, CP
55,940 concentration-dependently increased 35S-GTPγS
binding. The maximum effect was higher in 6–8-week-
(~350 cpm/μg protein) when compared to 12-month-old mice
(~ 150 cpm/μg protein) whereas the pEC50 values did not
differ (Fig. 2, Table 1). Next, the effect of 3 mg/kg THC,
administered 8 times over a time period of 5 days, on basal
and CP 55,940-induced 35S-GTPγS binding was studied.
Since no effects occurred (results not shown), the dose of
THC was increased to 10 mg/kg. Pretreatment with the higher
dose of THC decreased basal 35S-GTPγS binding from ado-
lescent mice by ~25 % without affecting basal binding from
aged animals (Fig. 1). In hippocampal samples from adoles-
cent mice, THC decreased the maximum effect of the CP 55,
940-induced 35S-GTPγS binding by ~40 % but did not affect
the pEC50 (Fig. 2, Table 1). On the other hand, THC did not
affect CP 55,940-induced 35S-GTPγS binding in terms of
maximum effect and pEC50 in membranes from old animals
(Fig. 2, Table 1).

The question whether chronic administration of THC has a
different effect between adolescent and aged mice was also
studied in a behavioural model. For this purpose, the motility
of the animals was assessed as distance travelled within
10 min in the open field. THC at a dose of 3 mg/kg failed to
alter the activity of both adolescent (F2,29 = 1.229; P > 0.05)
and aged (F2,28 = 1.810; P > 0.05) mice (not shown). At
10 mg/kg, THC decreased the activity of the animals in both
age groups (adolescent: F2,23 = 11.59; P < 0.001; aged:
F2,23 = 8.961; P < 0.01) (Fig. 3). Post hoc analysis of the data
revealed that acute treatment with THC reduced the motility
of animals independent from age. Acute and chronic THC
treatment induced similar hypomotility in aged mice, suggest-
ing that no tolerance was developing in this age group
(Fig. 3b). By contrast, in adolescent mice, the motor activity
of THC-injected animals was significantly higher after chron-
ic than after acute treatment (Fig. 3a).

Effect of JZL 184

Then, we compared the effect of JZL 184 pretreatment on CP
55,940-induced 35S-GTPγS binding and on endocannabinoid
levels in the hippocampus from young adult CD-1 mice. Mice
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received daily i.p. injections of JZL 184, an inhibitor of
monoacylglycerol lipase, or its vehicle. The dose of JZL 184
was 4, 10 or 40 mg/kg and the duration of the treatment was 1,
3 or 14 days. Basal 35S-GTPγS binding, which was
150 ± 36 cpm/μg protein in the group of mice treated with
vehicle for 14 days (n = 6), was not affected by JZL 184,
irrespective of the dose and the duration of treatment (not
shown). CP 55,940-induced 35S-GTPγS binding was not af-
fected by 4, 10 and 40 mg/kg JZL 184 administered for 1 or
3 days (results not shown). When the treatment was extended

to 14 days, the two lower doses of JZL 184 again failed to
affect this parameter whereas the highest dose, 40 mg/kg,
tended to decrease the maximum effect from ~200 to
~150 cpm/μg protein; this effect, however, did not reach sta-
tistical significance (P > 0.05) (Fig. 4, Table 1). The pEC50was
not affected by any of the three doses of JZL 184 (Table 1).

With respect to the hippocampal endocannabinoid levels,
4 mg/kg JZL 184 failed to affect the 2-AG level when given
up to 14 days. One injection of the next higher dose, 10 mg/kg,
also failed whereas three injections tended to increase the 2-AG

Table 1 pEC50 and Emax values of CP 55,940 and WIN 55,212-2 for their facilitatory effect on 35S-GTPγS binding to hippocampal membranes from
different groups of mice

Strain Age Treatment CP 55,940 WIN 55,212-2

Drug mg/kg pEC50 Emax pEC50 Emax

C57BL/6J Wild type (WT) Young adult – – 7.32 ± 0.24 86 ± 6 6.87 ± 0.12 156 ± 7

C57BL/6J CB1
−/− Young adult – – ¶ −1 ± 4 5.43 ± 0.20*** 43 ± 4

C57BL/6J CB1
−/− / CB2

−/− Young adult – – – – 5.45 ± 0.34** 45 ± 5

C57BL/6J WT 6–8-week-old Vehicle – 7.48 ± 0.19 375 ± 46 – –

C57BL/6J WT 6–8-week-old THC 10 7.38 ± 0.15 222 ± 20+ – –

C57BL/6J WT 12-month-old Vehicle – 7.49 ± 0.15 159 ± 14+++ – –

C57BL/6J WT 12-month-old THC 10 7.46 ± 0.19 158 ± 17++ – –

CD-1 WT Young adult Vehicle – 7.50 ± 0.37 207 ± 55 – –

CD-1 WT Young adult JZL 184 4 7.60 ± 0.27 208 ± 31 – –

CD-1 WT Young adult JZL 184 10 7.34 ± 0.21 214 ± 35 – –

CD-1 WT Young adult JZL 184 40 7.45 ± 0.23 160 ± 20 – –

Hippocampal membranes were prepared from mice that were not pretreated (1st to 3rd group; results not shown), pretreated with THC (Δ9- tetrahy-
drocannabinol) or its vehicle for 5 days (4th to 7th group; Fig. 2) or pretreated with JZL 184 or its vehicle for 14 days (8th to 11th group; Fig. 4).
Means ± SEM of 3–7 (1st to 3rd group), 7–9 (4th to 7th group) and 6 mice (8th to 11th group). Emax is given as percent of basal binding for the 1st to 3rd
group and as counts per minute per microgram protein in excess of basal binding for the 4th to 11th group

**P < 0.01, ***P < 0.001, compared to the 1st group; +P < 0.05, ++P < 0.01, +++P < 0.001, compared to the 4th group
¶ In this group, CP 55,940 was unable to stimulate 35 S-GTPγS binding; for this reason, a pEC50 value could not be determined

Fig. 1 Effect of pre-treatment of 6–8-week-old (“adolescent”) and 12-
month-old (“old”) C57BL/6J mice withΔ9-tetrahydrocannabinol (THC)
or its vehicle on basal 35S-GTPγS binding to hippocampal membranes.
Mice received 8 i.p. injections of 10mg/kg THC or its vehicle over a time
period of 5 days. Membranes were incubated (30 °C) for 60 min with
0.05 nM 35S-GTPγS. Means ± SEM of 7–9 mice. *P < 0.05, **P < 0.01,
***P < 0.001

Fig. 2 Effect of pre-treatment of 6–8-week-old (“adolescent”) and 12-
month-old (“old”) C57BL/6J mice withΔ9-tetrahydrocannabinol (THC)
or its vehicle on the CP 55,940-induced 35S-GTPγS binding to
hippocampal membranes. Mice received 8 i.p. injections of 10 mg/kg
THC or its vehicle over a time period of 5 days. Membranes were
incubated (30 °C) for 60 min with 0.05 nM 35S-GTPγS. Means ± SEM
of 7–9 mice. For statistical evaluation of the Emax values, see Table 1
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level; treatment for 14 days increased the 2-AG level by 260 %
(Fig. 5a). JZL 184 at 40 mg/kg given over time periods of 1, 3
and 14 days led to increases by 90, 420 and 820 %, respectively
(Fig. 5a). The level of the other endocannabinoid, AEA, was not
affected by JZL 184, irrespective of the dose and the duration of
the treatment (Fig. 5b and not shown).

Discussion

The aim of the present study was to examine whether toler-
ance to repeated THC is influenced by age and whether a
treatment schedule can be found for JZL 184 under which 2-
AG is increased but CB1 receptor tolerance does not develop.

General

To term CB1 receptor plasticity, Martin et al. (2004) used
“down-regulation” for decreased CB1 receptor binding, “de-
sensitization” for decreased CB1 receptor-mediated G protein
activation, “tolerance” for decreased CB1 receptor function in
a general sense (including behavioural effects) and we

adhered to this nomenclature in the present paper. In our bio-
chemical studies we used the hippocampus, which shows the
greatest magnitude of tolerance in the brain (reviewed in
Martin et al. 2004). The development of desensitization on a
biochemical level was evaluated as a decrease in the CB1

receptor-related 35S-GTPγS binding after repeated injections,
which allows the quantification of receptor function and not
only of receptor affinity (for review, see Strange 2010). CP 55,
940 was used as CB1 receptor agonist since it totally loses its
effect in membranes from the whole mouse brain (Breivogel
et al. 2001) or hippocampus (present study) when the CB1

receptor is missing (CB1
−/− mouse). WIN 55,212-2, frequent-

ly used as a CB1 receptor agonist (Pertwee et al. 2010) includ-
ing 35S-GTPγS binding studies (Mato and Pazos 2004; Sim-
Selley et al. 2006; Moore et al. 2010), retains some activity in
whole brain membranes from CB1

−/− mice (Breivogel et al.
2001) and in hippocampal membranes from CB1

−/− or from
CB1

−/− plus CB2
−/− double knockout mice (present study).

The remaining low-affinity effect of WIN 55,212-2 may be
ascribed to a putative receptor for anandamide and WIN 55,
212-2 (discussed in Pertwee et al. 2010).
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Fig. 3 Effect of acute and chronic Δ9-tetrahydrocannabinol (THC)
treatment on the open-field activity of a 6–8-week-old (“adolescent”)
and b 12-month-old (“aged”) C57BL/6J mice. Mice received 7 i.p.
injections of 10 mg/kg THC (chronic THC) or its vehicle (control and

acute THC) before they were challenged with 10 mg/kg THC (acute and
chronic THC) or vehicle (control) 30 min before the test. Means ± SEM
of 8–10 mice. *P < 0.05, **P < 0.01, ***P < 0.001, compared to the
respective control. +P < 0.05, compared to acute THC

Fig. 4 Effect of pre-treatment with JZL 184 on the CP 55,940-induced
35S-GTPγS binding to hippocampal membranes from young adult CD-1
mice. Animals were treated for 14 days with 4, 10 or 40mg/kg JZL 184 or
its vehicle. Membranes were incubated (30 °C) for 60 min with 0.05 nM
35S-GTPγS. Means ± SEM of 6 mice

Fig. 5 Effect of pre-treatment with JZL 184 on endocannabinoid levels
in the hippocampus from young adult CD-1 mice. Animals were treated
for 1, 3 or 14 days with 4, 10 or 40 mg/kg JZL 184 or its vehicle.
Concentrations of 2-arachidonoylglycerol (2-AG; a) and anandamide
(AEA; b) were determined by liquid chromatography-multiple reaction
monitoring (LC-MRM). Means ± SEM of 7–8 mice. *P < 0.05,
**P < 0.01, ***P < 0.001, compared to Vehicle
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Tolerance to the behavioural effects of THC was assessed
as reduced hypomotility after chronic THC treatment. The
degree of tolerance against THC strongly differs between be-
havioural readouts. Strong tolerance was detected for the hy-
pothermic effect whereas no tolerance occurred for the
hypomotor effect after 4 daily injections of 30 mg/kg THC
(Tai et al. 2015). Using a lower dose (10 mg/kg) and a differ-
ent protocol (a total of 7 injections, twice daily), McKinney
et al. (2008) reported a similar amplitude of tolerance for
hypomotility as we found in our study. A possible reason of
the variability is that the striatum and its projection areas show
a low level whereas the hippocampus exhibits a high level of
CB1 receptor desensitization and down-regulation (Sim-
Selley 2003; Martin et al. 2004; McKinney et al. 2008). It
was suggested that regional differences in the induction of
immediate early genes (Lazenka et al. 2013), the intensity of
receptor internalization (Wu et al. 2008) or β2-arrestin levels
(Nguyen et al. 2012) due to the different cytoarchitecture of
the brain areas could be responsible for this phenomenon.

Age dependence of tolerance/desensitization
to Δ9-tetrahydrocannabinol

THC itself was used to induce tolerance since this compound
was chosen for this purpose in most of the studies (Sim et al.
1996; Martin et al. 2004; González et al. 2005). Our treatment
schedule (8 doses of 10 mg/kg) was almost identical to that
used by Bass andMartin (2000). The latter authors could elicit
tolerance even at a dose of 3 mg/kg. However, this dose when
given to adolescent mice in the present investigation did not
induce hypomotility nor did it lead to desensitization in our
biochemical studies. THC at 10 mg/kg induced a strong
hypomotility after acute treatment and tolerance after chronic
administration in adolescent animals, similarly as in other
studies (McKinney et al. 2008; Puighermanal et al. 2013).
Our biochemical study revealed that THC 10 mg/kg did not
only reduce the maximum of the CP 55,940-induced increase
in 35S-GTPγS by ~40 % (whereas the pEC50 value was not
affected) but also decreased basal binding by ~25%. The latter
phenomenon is not surprising since some receptors and par-
ticularly CB1 receptors are spontaneously active in the ab-
sence of an exogenous or endogenous agonist (Pertwee
2005). It is very plausible that repeated administration of an
agonist at CB1 receptors, which have a particularly high re-
ceptor density among the G protein-coupled receptors (Baker
et al. 2003), markedly alters basal 35S-GTPγS binding.
Comparison of the CP 55,940-induced increase in 35S-
GTPγS binding in membranes from vehicle- and THC-
treated mice has to be interpreted critically since the additional
binding is on top of a different amount of basal binding. This
latter phenomenon by itself may influence the size of the CP
55,940-induced binding.

In 12-month-oldmice, the level of hypomotility induced by
acute or chronic THC treatment was similar suggesting that
tolerance to repeated administration of THC develops in aged
animals. On the other hand, the degree of hypomotility to
acute administration of THC did not differ between adolescent
and aged mice. In the biochemical experiments, we observed
four age-dependent alterations (identified by Roman nu-
merals). Compared to young vehicle-treated animals, (i) basal
and (ii) CP 55,940-induced increase in 35S-GTPγS binding
was reduced. A marked age dependence of basal 35S-GTPγS
binding in the brain has been also shown for the cerebral
cortex of humans without neurological or psychiatric disor-
ders (death mainly by accident; González-Maeso et al. 2002;
Mato and Pazos 2004). In the paper by Mato and Pazos
(2004), the age dependence of the WIN 55,212-2-stimulated
increase in 35S-GTPγS binding was studied as well; the au-
thors expressed stimulated binding as percent of basal bind-
ing. The ratio of ~1 did not change with increasing age, sug-
gesting that stimulated 35S-GTPγS binding declines in paral-
lel to basal binding. By contrast, in our hands, ageing led to a
much more marked decrease of stimulated (Fig. 2) than of
basal binding (Fig. 1) with ratios of 1.6 (adolescent) and 1.0
(old mice). In a study on limbic forebrain membranes from the
mouse (Wang et al. 2003), 35S-GTPγS binding stimulated by
the cannabinoid receptor agonist HU 210 and expressed as
percent of basal binding also showed an age-dependent de-
crease (whether the decrease also affects basal binding is
unclear since absolute values have not been given by Wang
et al. 2003). Thus, these studies together suggest that the G
protein coupling of CB1 receptors decreases in age.

In our study, treatment of 1-year-old mice with THC did no
longer attenuate (iii) the basal and (iv) CP 55,940-induced
increase in 35S-GTPγS binding. In order to further prove that
ageing interferes with the development of desensitization ad-
ditional experiments with longer treatment periods, with dose
escalation and with mature animals are necessary; a possible
influence of pharmacokinetics also has to be considered.
Moreover, it would be interesting to study whether CB1 re-
ceptor down-regulation (to be quantified with a conventional
radioligand like 3H-rimonabant) occurs as well. Although a
comparison between adolescent and aged mice has so far not
been described for THC, our data are reminiscent of studies in
which the effect of opioid treatment on opioid receptor toler-
ance was compared in (young) adult and aged individuals (for
review, see Zhao et al. 2012). Thus, the dose escalation to
opioids was higher in younger (≤50 years) than in older pa-
tients (≥60 years; Buntin-Mushock et al. 2005) and the toler-
ance to the analgesic effect of morphine developed faster in
young adult than in one year-old rats (Wang et al. 2005). In the
latter study, pharmacokinetic differences do not appear to be
responsible for the age-dependent difference (Wang et al.
2005). A comparison between opioid and cannabinoid CB1

receptors may be justified since both groups of receptors
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resemble each other with respect to their transduction machin-
ery (coupling to Gi/o proteins), neuronal location (presynaptic
site) and function (e.g. analgesic and addictive effect). On the
other hand, such comparisons have to be made with caution
since THC, due to its lipophilic character, has a long half-time
(reviewed in Grotenhermen 2003).

JZL 184 10 mg/kg increases 2-AG levels without inducing
desensitization

For activation of CB1 receptors, exogenously administered ag-
onists may be used although, due to their side effects and abuse
potential (particularly true for THC), theymay be not ideal. For
a long-term treatment, e.g. of individuals suffering from age-
dependent cognitive decline (see “Introduction”), drugs that
increase the level of endogenously formed cannabinoids by
blocking their degradation may be preferable. The MAGL in-
hibitor JZL 184 (Long et al. 2009) led to a marked increase of
brain 2-AG levels of mice when administered at 40 mg/kg over
6 days; the compound, however, also led to CB1 receptor
down-regulation, desensitization and tolerance (determined
by behavioural experiments) (Schlosburg et al. 2010).

We were interested whether lower doses of the compound
increase 2-AG without leading to tolerance; this part of the
study was restricted to young adult mice. First, we could con-
firm that 40 mg/kg JZL 184 markedly increases 2-AG
(determined in the hippocampus and not in the whole brain
as in the study by Schlosburg et al. 2010); the increase was
already significant after one injection and more than 9-fold
after 14 days. Unlike in the study of Schlosburg et al.
(2010), the level of AEA, another endocannabinoid, was not
affected; the reason for the discrepancy may be that this short-
lived effect (Schlosburg et al. 2010) could not be detected
since we determined the endocannabinoids 24 h (and not
2 h) after the final administration of JZL 184. In our study,
basal 35S-GTPγS binding was not affectedwhereas the CP 55,
940-induced increase in 35S-GTPγS binding showed a clear
tendency towards a desensitization although this effect, unlike
in the study by Schlosburg et al. (2010), did not reach a sig-
nificant level. Next, 4 mg/kg JZL 184 was studied but proved
unsuited for our studies since it failed to affect 2-AG even
after 14 days. Increasing the dose of JZL 184 to 10 mg/kg
led to a time-dependent rise in 2-AG (almost four-fold after
14 days) without affecting the CP 55,940-induced increase in
35S-GTPγS binding, suggesting that a treatment schedule
with JZL 184 can be titrated leading to continuous activation
of CB1 receptors without desensitizing them.

When the experiments of the present study were in prog-
ress, two papers appeared in which the effects of lower doses
of JZL 184 on 2-AG and CB1 receptors of the mouse brain
were studied as well (Ghosh et al. 2013; Kinsey et al. 2013);
like in the study by Schlosburg et al. (2010), JZL 184 was
administered over a time period of 6 days and experiments

were done or brain samples were prepared already 2 h after the
final JZL 184 injection. JZL 184 at a dose of 8 mg/kg did not
desensitize CB1 receptors in brain homogenates nor did it lead
to tolerance of the CB1 receptor-mediated antinociceptive and
gastroprotective effects (Kinsey et al. 2013). Moreover,
4 mg/kg JZL 184 did not down-regulate CB1 receptors in
brain homogenates (Kinsey et al. 2013) nor did it cause toler-
ance of the CB1 (plus CB2) receptor-mediated anti-allodynic
effect in the carrageenan test (Ghosh et al. 2013). However, all
parameters underwent tolerance when JZL was increased to
16 mg/kg (Ghosh et al. 2013; Kinsey et al. 2013). Although
most of the data in the latter two papers and in the present one
fit together, the level of 2-AG was increased by 4 mg/kg JZL
184 in the study by Kinsey et al. (2013) but not affected in the
present one. The discrepancy may be related to the fact that
Kinsey et al. (2013) used the whole brain (as opposed to the
hippocampus) and/or determined 2-AG already 2 h (as op-
posed to 24 h) after the final administration of JZL 184.

Conclusion

Our study shows that the age of the animals influences the
development of desensitization/tolerance against THC.
Repeated administration of THC decreases hypomotility, bas-
al 35S-GTPγS binding and (as expected) desensitizes CB1

receptors in adolescent mice whereas no tolerance was detect-
ed in aged animals. Moreover, our data confirm that the
MAGL inhibitor JZL 184 at 10 mg/kg still increases the hip-
pocampal level of the endocannabinoid 2-AG without induc-
ing CB1 receptor desensitization. The above findings are en-
couraging, but much work has still to be done to prove that a
CB1 receptor-based treatment is a useful treatment strategy for
patients suffering from age-related cognitive decline.
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