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Development/Plasticity/Repair

Enhanced Functional Activity of the Cannabinoid Type-1
Receptor Mediates Adolescent Behavior
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Adolescence is characterized by drastic behavioral adaptations and comprises a particularly vulnerable period for the emergence of
various psychiatric disorders. Growing evidence reveals that the pathophysiology of these disorders might derive from aberrations of
normal neurodevelopmental changes in the adolescent brain. Understanding the molecular underpinnings of adolescent behavior is
therefore critical for understanding the origin of psychopathology, but the molecular mechanisms that trigger adolescent behavior are
unknown. Here, we hypothesize that the cannabinoid type-1 receptor (CB1R) may play a critical role in mediating adolescent behavior
because enhanced endocannabinoid (eCB) signaling has been suggested to occur transiently during adolescence. To study enhanced
CB1R signaling, we introduced a missense mutation (F238L) into the rat CnrI gene that encodes for the CBIR. According to our hypoth-
esis, rats with the F238L mutation (Cnrl"*®") should sustain features of adolescent behavior into adulthood. Gain of function of the
mutated receptor was demonstrated by in silico modeling and was verified functionally in a series of biochemical and electrophysiological
experiments. Mutant rats exhibit an adolescent-like phenotype during adulthood compared with wild-type littermates, with typical high
risk/novelty seeking, increased peer interaction, enhanced impulsivity, and augmented reward sensitivity for drug and nondrug reward.
Partial inhibition of CBIR activity in Cnr1***®*" mutant rats normalized behavior and led to a wild-type phenotype. We conclude that the
activity state and functionality of the CB1R is critical for mediating adolescent behavior. These findings implicate the eCB system as an
important research target for the neuropathology of adolescent-onset mental health disorders.
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We present the first rodent model with a gain-of-function mutation in the cannabinoid type-1 receptor (CB1R). Adult mutant rats
exhibit an adolescent-like phenotype with typical high risk seeking, impulsivity, and augmented drug and nondrug reward
sensitivity. Adolescence is a critical period for suboptimal behavioral choices and the emergence of neuropsychiatric disorders.
Understanding the basis of these disorders therefore requires a comprehensive knowledge of how adolescent neurodevelopment
triggers behavioral reactions. Our behavioral observations in adult mutant rats, together with reports on enhanced adolescent
CBIR signaling, suggest a pivotal role for the CBIR in an adolescent brain as an important molecular mediator of adolescent
behavior. These findings implicate the endocannabinoid system as a notable research target for adolescent-onset mental health

disorders. j
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Introduction

Adolescence, the transitional stage between childhood and adult-
hood, is characterized by drastic processes of neuronal architec-
ture and function involving mainly maturational processes in
cortical networks and limbic regions (Spear, 2000; Casey et al.,
2008). These neuronal changes result in adolescent behavioral
characteristics that can be observed in various mammalian spe-
cies (Spear, 2000). Adolescent behavioral characteristics include
high risk/novelty seeking, the development of social skills, impul-
sivity, enhanced reward sensitivity, and increased susceptibility
toward drugs of abuse (Spear, 2000; Casey et al., 2008; Friemel et
al., 2010). The molecular mechanisms that trigger adolescent be-
havior are unknown. This is alarming when considering that ad-
olescents appear to be prone to suboptimal decisions that may
lead to unintentional injuries and/or death (Eaton et al., 2010)
and are specifically vulnerable to the emergence of psychiatric
disorders (Paus et al., 2008). Understanding the molecular un-
derpinnings of adolescent behavior is therefore critical for under-
standing the origin of psychopathology.

One molecular candidate system that may be involved in me-
diating adolescent behavior is the endocannabinoid (eCB) sys-
tem. The role of eCBs as retrograde messengers to suppress both
excitatory and inhibitory transmission is well established. There-
fore, the eCB system is considered a ubiquitous regulator of syn-
aptic transmission in the brain that mediates numerous forms of
plasticity (Kano et al., 2009; Castillo et al., 2012). Enhanced eCB
signaling has been reported to occur during adolescent brain
development. In particular, cannabinoid type-1 receptor (CB1R)
expression increases during postnatal development, with peak
levels being reached around mid-adolescence in rats (Rodriguez
de Fonseca et al., 1993; Schneider, 2008; Klugmann et al., 2011).
Accordingly, cannabinoid pharmacology exerts stronger effects
in adolescent than adult animals (Schneider et al., 2008; Sch-
neider, 2008; Cass et al., 2014), also providing an explanation of
augmented cannabis abuse during adolescence (Schneider,
2008). Because the eCB system represents a crucial mediator of
various processes of neuroplasticity, the transient boost in eCB
signaling during adolescence may provide increased plasticity
and behavioral flexibility required specifically during this devel-
opmental stage. We therefore hypothesized that enhanced CB1R
signaling is a mediator of adolescent behavior. Enhanced CB1R
signaling may theoretically be obtained by a gain of function of
the receptor, but an appropriate genetic animal model does not
exist. We also do not have any in silico information on putative
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point mutations in the Cnrl gene, which encodes for the CB1R
that potentially could result in a gain of function of the receptor.

To induce a gain of function of the CB1R, we performed an
N-ethyl-N-nitrosourea (ENU)-driven, target-selected mutagen-
esis screen in the rat (van Boxtel et al., 2011). Point mutations in
genes of interest can be introduced rapidly by the mutagen ENU
(van Boxtel and Cuppen, 2011), which can be combined with a
priori target selection (van Boxtel et al., 2011). We preselected a
number of eCB-related genes, including Cnrl, and performed an
ENU-driven, target-selected mutagenesis screen. In this screen,
we identified a point mutation in exon 2 of Cnrl, which induces
an amino acid exchange from phenylalanine to leucine (F238L).
We then performed in silico modeling on the encoded mutated
CBIR and predicted a gain of function for the receptor. Gain of
function was further verified by a series of biochemical, electro-
physiological, and pharmacological studies. We then used this
novel genetic rat model (Cnrl"**" mutants) to assess the role of
CBIR signaling in adolescent behavior. In particular, immatu-
rities in adolescent reward processing are thought to promote
riskier or suboptimal choices (Casey et al., 2008). It has been
shown recently that reward-evoked neural activity differs as a
function of age and regions that are not traditionally associated
with affective processing in adults, such as the dorsal striatum,
may act as critical mediators for reward processing and psychiat-
ric vulnerability in adolescents (Simon and Moghaddam, 2015).
Notably, CB1R expression is particularly dense in striatal regions
(Kano etal., 2009), so we chose the dorsal striatum as main region
of interest for the present study.

Materials and Methods

Subjects

Male adult/adolescent Fischer 344 rats (n = 85) (Charles River Labora-
tories) and Cnrl F*®" mutant and wild-type (MT/WT) littermates (n =
165) were housed in groups of 3—5 on a 12 h light/dark schedule (lights on
7:00-19:00). Water and food were provided ad libitum if not indicated
otherwise. The body weight did not differ between genotypes. MT/WT
rats were tested in adulthood (with exception of reward intake, which was
also assessed in adolescent MT/WT rats) and adolescent Fischer rats in
mid-adolescence at postnatal day 38 (P38) to P55 (Schneider, 2013). The
body weight between MT and WT rats was compared at 3, 5, 8, and 12
months of age and did not differ significantly (data not shown, ANOVA:
F(1 33y = 2.2, p = 0.16). All experiments were conducted in accordance
with the European Union guidelines on the care and use of laboratory
animals and were approved by the local animal care committee (Regier-
ungsprisidium Karlsruhe, Germany).

Generation of G, individuals and breeding of the Cnr1 %"

mutant rat line

A gene-driven identification approach was used for generation of the
Cnrl MT rat line (Grosse et al., 2006; van Boxtel and Cuppen, 2011; van
Boxtel etal., 2011). Male Fischer rats (G,) were injected intraperitoneally
with three weekly doses of 65 mg/kg ENU (Serva) at Ingenium Pharma-
ceuticals. ENU-treated G, animals were mated with WT Fischer females
and the offspring (G,) was screened for mutations in the Cnrl gene by
temperature gradient capillary electrophoresis (Li et al., 2002; Grosse et
al., 2006). One missense mutation in exon 2 of the CnrI gene (F238L) was
detected in a male founder rat. The male was mated to female Fischer rats
and G, animals were then transferred to the Central Institute of Mental
Health in Mannheim (Germany). Animals were backcrossed to WT Fi-
scher rats for 10 generations to avoid potential ENU-driven bystander
mutations (van Boxtel and Cuppen, 2011).

Computer model

Our previously published human WT CB1R model was used as a starting
point (Anavi-Goffer et al., 2007). This model contains a truncated N
terminus (last 18 residues were retained) and truncated C terminus
[truncated after G(428)]. This initial h(CBIR model was equilibrated in a
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fully hydrated 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) lipid
bilayer, followed by 40 ns of NPAT molecular dynamics simulations at
310 K. The CBIR was then extracted from the simulation cell. The hu-
man WT CB1R model was converted to a rat WT model via mutation of
the human sequence. These mutations included 1(106)M and V(111)I in
the N terminus, E(259)K and H(271)L in the second extracellular loop,
and 12.62(176)V, and R3.22(187)P within the transmembrane helix re-
gion. The rat CBIR mutant was generated from the WT rat CBIR via
mutation at residue position 4.46 (F4.46L). All mutations were produced
using the CHARMM modeling package (MacKerell et al., 1998). The
initial rat WT CB1R model was embedded and equilibrated in a fully
hydrated POPC lipid bilayer, followed by 40 ns of NPAT molecular dy-
namics simulations at 310 K. The system contained 240 POPC molecules,
19,485 water molecules, the CB1R (rat WT or rat F4.46L mutant), and 12
chloride ions, the latter of which were added to achieve charge neutrality.
An identical procedure was performed to generate the model of the
F4.46L mutant in POPC.

Molecular dynamics simulations. The NAMD?2 (Phillips et al., 2005)
molecular simulation package, along with the CHARMM?27 parameter
set (MacKerell et al., 1998; Feller and MacKerell, 2000), were used for all
molecular energy minimizations and dynamics calculations using a
TIP3P water model. Particle Mesh Ewald (PME) was used for the non-
bonded interactions using a 10.0 A real-space cutoff for the short-range
electrostatics and a switching function between 10.0 A and 11.5 A for the
Van der Waals terms. A cutoff of 13.0 A was used for the neighbor list
generation, which was updated every 20 steps. A PME grid size of 90 X
90 X 128 A was used for the long-range electrostatic contribution. The
following series of energy minimizations were performed to relax the
system with respect to the mutated sidechains. First, with all atoms frozen
(except the mutated side chains), a short minimization was performed.
This was followed by three subsequent minimizations in which: (1) the
mutated sidechains and any residue within 5.0 A were allowed to relax,
(2) only the heavy atoms of the protein were fixed, and (3) only the
protein backbone atoms were fixed. These minimizations were run for
5000 steps and the entire system was minimized for 20,000 steps. The
purpose of these initial minimizations was to gently remove any clashes
that resulted from the addition of atoms via the mutations. Each system
(rat WT CBIR or rat F4.46L CBIR) was then warmed slowly in 10 K
increments to 310 K at 20 ps per increment. The calculations were per-
formed at constant volume (NVT ensemble). For Langevin coupling of
the heavy atoms to a heat bath, a damping constant of 10 ps ~ ' was used
(Bhandarkar et al., 2003). During this heating phase, the heavy atoms of
the protein were restrained using a harmonic force (k = 0.5 kcal/mol A?).
After this warming, the restraints were released in 10 0.5 ns increments
using MD in the NVT ensemble at 310 K. For each subsequent incre-
ment, the force constant was reduced by a factor of 10. Production runs
were performed to 300 ns in the NPAT ensemble using the Nose—Hoover
Langevin piston for pressure control and a Langevin bath for tempera-
ture control (with a 2 ps ' damping coefficient). A second, replicated
trajectory was also performed for both systems in which the velocities
were resampled using a Boltzman distribution and the production run
was repeated.

Analysis of molecular dynamics trajectories. Trajectory analyses were
performed with the VMD (Humphrey et al., 1996) package and associ-
ated plug-ins and with additional analysis scripts developed in-house.
For the 300 ns molecular dynamics runs, the root mean square deviation
from the initial structure was calculated using the VMD RMSD trajectory
tool. Root mean square fluctuations were calculated with the RMSF tool
available in VMD (Humphrey et al., 1996).

[P°S]GTPYS analysis

Agonist-stimulated [ **S]GTPyS binding assays were performed on stri-
atal tissue (Steindel etal., 2013). Samples were preincubated for 10 min at
30°C in the presence of 0.004 U/ml adenosine deaminase (Sigma-
Aldrich). Striatal homogenates were incubated with 0.05 nm [ 3S]GTPYS
(1250 Ci/mmol, PerkinElmer). For dose-response experiments, 10 > m
to 10 ~7 M of the CB1R agonist HU-210 in assay buffer (50 mm Tris-HCI,
pH 7.4, 3 mm MgCl,, 0.2 mm EGTA, 100 mm NaCl) containing 30 um
GDP and 0.5% fatty-acid-free BSA in a final volume of 0.5 ml were
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incubated for 60 min at 30°C. Specific binding values were generated by
subtracting nonspecific binding in presence of 30 um GTP+S from total
binding for each agonist concentration. Bound [*°S]GTPyS was har-
vested by vacuum filtration through Whatman GF/B filters with a Bran-
del Cell Harvester, followed by 3 washing steps (3 ml of ice-cold 50 mm
Tris-HCl buffer, pH 7.4). After overnight incubation of filters in 2.5 ml of
scintillation mixture Aquasafe 300 plus (Zinsser Analytic), radioactivity
was measured by liquid scintillation counting using Tri-Carb 2800 TR
(PerkinElmer).

Electrophysiological studies

Whole-cell patch-clamp recordings were performed from visualized me-
dium spiny neurons located in the dorsolateral striatum (Kasanetz and
Manzoni, 2009; Kasanetz et al., 2010). Glass electrodes (resistance 4—6
MQ) were filled with (mm): 128 K+Gluconate, 20 NaCl, 1 MgCL,, 1
EGTA, 0.3 CaCl,, 2 Na?*ATP, 0.3 Na ™ GTP, buffered with 10 HEPES,
pH 7.3, osmolarity 290-300 mOsm. To evaluate the access resistance
(Ra), a2 mV hyperpolarizing pulse was applied before each EPSC. Ra was
not compensated and cells were rejected if Ra was >25 M() or changed
>20% during the experiment. The potential reference of the amplifier
was adjusted to zero before breaking into the cell. Data were recorded
with Axopatch-1D or Axopatch-200B amplifiers (Molecular Devices),
filtered at 1-2 kHz, digitized at 10 kHz on a DigiData 1332A interface
(Molecular Devices), and collected on a PC using Clampex (version 9.2
or 10). Analysis was performed using Clampfit (version 9.2 or 10; Mo-
lecular Devices). For recording evoked and spontaneous EPSCs (SEP-
SCs), cells were voltage clamped at —70 mV. For assessing paired-pulse
facilitation (PPF), synaptic responses to two consecutive stimuli were
delivered at different frequencies (5-40 Hz). The PPF was computed as
the ratio between the amplitudes of the second EPSC over the first EPSC.
SsEPSCs were saved with Axoscope 10 (Molecular Devices) and were de-
tected using a template of SEPSCs generated from averaging several typ-
ical synaptic events with Clampfit 10 (Molecular Devices). The template
was slid along the data trace one point at a time. At each position, this
template was optimally scaled and offset to fit the data. A lower ampli-
tude threshold of 6 pA was applied, equivalent to 2.5 times the SD of
baseline noise. For field EPSPs (fEPSPs), extracellular recording elec-
trodes were filled with ACSF. To evoke synaptic currents, electrical stim-
uli (100—200 us duration) were delivered at 0.1 Hz with a glass electrode
filled with ACSF and placed at a distance >150 wm from the recording
electrode.

Slice preparation. Adult and adolescent (P40—P43) rats were deeply
anesthetized with halotane and transcardially perfused with a sucrose-
based physiological solution at 4°C containing the following (in mm): 87
NaCl, 75 sucrose, 25 glucose, 5 KCI, 21 MgCl,, 0.5 CaCl,, and 1.25
NaH,PO,). The brain was removed and sliced (300 wm) in the coronal
plane while maintained in the sucrose-based solution. Immediately after
cutting, slices were stored for 40 min at 32°C in alow Ca*" artificial CSF
(ACSF) containing the following (in mm): 130 NaCl, 11 glucose, 2.5 KCl,
2.4 MgCl,, 1.2 CaCl,, 23 NaHCOs, and 1.2 NaH,PO, and equilibrated
with 95% O,/5% CO,. Slices were then stored in low Ca®" ACSF at room
temperature until recording and then placed in the recording chamber
and superfused (1.5-2 ml/min) with ACSF (similar to low Ca** ACSF
except for 1.2 MgCl, and 2.4 CaCl,) containing picrotoxin (100 um) to
block GABAA receptors. All experiments were performed at ~30°C. All
drugs were added at the final concentration to the superfusion medium.

Sample collection for Western blot and eCB analysis

Rats were briefly anesthetized with CO, and decapitated. Aside from the
striatum, we further analyzed expression of components of the eCB sys-
tem in the hippocampus. For dissection of both regions, 3 mm of the
rostral end of the brain were removed. The adjacent 15 mm coronal
section corresponding to ~2.5 to 1 mm from bregma according to Paxi-
nos rat brain atlas was placed on an ice-cold plate. The striatum was
bilaterally dissected by a circular section of 3.5-4 mm diameter beneath
the corpus callosum, typically yielding 40—-50 mg of tissue. A further 3
mm portion of the brain was removed until the approximate position
of —1.8 mm from bregma. The complete hippocampus was unwinded
and dissected, typically yielding 60—65 mg of tissue per side.
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Western blots

Immunological staining was conducted for the CBIR, fatty acid
amide hydrolase (FAAH), monoacylglycerol lipase (MAGL; Cayman
Chemical), and B-actin (Santa Cruz Biotechnology) as protein stan-
dard, as described previously (Schneider et al., 2014). Dissected re-
gions (striatum and hippocampus) were homogenized in 500 ul of
chilled buffer solution (10 mm TrisHCI, 2 mm EDTA, pH 8.0) con-
taining protease inhibitors (Roche Diagnostics). Samples were mixed
with 2X mercapto/SDS sample buffer (Sigma-Aldrich), denatured at
95°C for 5 min and loaded on precast NuPAGE Novex 4-12% Bis-
Tris Mini-Gels (Life Technologies ). Electrophoresis was performed
at 180 V for 60 min using MOPS running buffer (Life Technologies ).
Proteins were subsequently blotted onto PVDF FL membranes (Mil-
lipore) using Towbins buffer and 400 mA current for 90 min. Mem-
branes were blocked in Odyssey blocking buffer (Li-Cor Biosciences)
at room temperature for 1 h. The primary antibody was coincubated
with the B-actin antibody [concentrations: CB1 (1:750), FAAH (1:
1000), MAGL (1:500), and B-actin (1:2000)]. Primary antibodies
were incubated for 24 h. Subsequently, membranes were washed 3 X
with 1 XTBS with 0.1% Tween (TBS-T) and incubated with fluores-
cent secondary antibody diluted in Odyssey blocking buffer for 1 h at
room temperature. The secondary antibodies were raised either anti-
rabbit (Li-Cor Biosciences) targeting CB1R, FAAH, and MAGL anti-
bodies or anti-goat (Li-Cor Biosciences) targeting 3-actin antibodies
and differed in the fluorescent signal wavelength. Both antibodies
were coincubated with a dilution of 1:10.000. Membranes were
washed 3X with TBS-T and aqua bidest prior fluorescent scanning
(Li-Cor Biosciences). Analysis of band density was done with Image
Studio software (Li-Cor Biosciences). The expression levels of CBIR,
FAAH, and MAGL were corrected for the B-actin content. Values
were expressed as arbitrary units.

Endocannabinoid measurement

The two main eCBs, N-arachidonoylethanolamide (AEA) and 2-ara-
chidonoylglycerol (2-AG), were extracted as described previously (Fegley
et al., 2005) with methanol-chloroform (2/1 v/v) and fractionated by
open-bed silica gel chromatography. The organic phase was concen-
trated before analysis. Endocannabinoids were measured by isotope-
dilution liquid chromatography/tandem mass spectrometry performed
with an Agilent 1200 high-performance liquid chromatography (HPLC)
system coupled to an API 5000 triple quadrupole mass spectrometer (AB
Sciex) operating in positive electrospray ionization mode. Fragmented
ions of AEA and 2-AG were quantified in the multiple reaction monitor-
ing mode.

CBIR PET

Acquisition of the PET data after administration of the CBIR ligand
[ "®F]MK-9470 was conducted using a Focus 120 microPET scanner (Sie-
mens/CTI). The detectors were composed of lutetium oxyorthosilicate
detectors for coincidence detection (timing window: 6 ns; size: 1.5 X
1.5 X 10 mm?). A resolution of =1.4 mm was achieved at the center of
the field of view. Before the emission scan, a 10 min °’Co transmission
scan was performed. The acquisition time was 60 min, resulting in list
mode data that were sorted into 1 X 2400 s and a 1 X 1200 s sinograms.
Reconstruction was undertaken by filtered back projection (ramp filter,
cutoff = 0.5) into 95 slices of 0.80 mm thickness ( pixel size: 0.87 X 0.87
mm?) and a matrix of 128 X 128 pixels. Correction of the data was
applied for dead time, randoms, attenuation, and scatter. Regional mean
radioactivity values and ['®*F]MK-9470 uptake ratios were calculated
(Miederer et al., 2013; mean uptake of the target region/mean uptake of
the whole brain). Radiolabeling was conducted by reaction with [ '*F]-
fluoroethyltosylate (PETNET), whereby the phenolic group of the pre-
cursor ([N-[(1S,2S)-2-(3-cyanophenyl)-3-(4-hydroxyphenyl)-1-meth
ylpropyl]-2-methyl-2-[ (5-methylpyridin-2-yl)oxy|propanamide) was
deprotonated with cesium carbonate (Sigm-Aldrich) in dimethylforma-
mide (Fluka). The production time, including HPLC and C18 cartridge
purification, was 30 min, which yielded the CB1R ligand [ '*F]MK-9470.
The positioning of the rats in the scanner was head first supine and they
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received 2-2.5% isoflurane vaporized in 100% O,. To enable adminis-
tration of the ligand, a peripheral venous catheter was inserted into the
tail vein.

A 60 min summed PET image was calculated and coregistered by
rigid-body transformation to an MR T2 rat template that was provided
by the PMOD software package (version 3.12). The obtained transfor-
mation parameters were applied to the PET data from minutes 40— 60.
Volumes of interest in the striatum, hippocampus, and whole brain were
selected from the template and projected onto the PET image.

Behavioral testing and pharmacological experiments

Behavioral testing took place during the light phase, except for recording
of social play behavior. If not indicated otherwise, the behavioral perfor-
mance was videotaped and rated offline by a trained observer blinded to

genotype.

Experimental design and age of testing

Six cohorts were used for the behavioral experiments in WT and MT rats.
Animals were tested at an age between 4 and 8 months, except for cohort
6, which was tested during adolescence. The first cohort (MT, n = 13,
WT n = 10) was tested in the open-field test, elevated plus maze (EPM)
test, light/dark emergence test (EMT), novelty preference test, novel ob-
ject exploration test, delay discounting test, limited access food reward
intake test, and progressive ratio (PR) test (with a break of 3—-5 d between
each test session) and some of these animals were videotaped for social
play behavior (MT, n = 11; WT, n = 9). One WT rat had to be removed
from further analysis during delay discounting testing because it did not
achieve the initial criterion. A second cohort (MT, n = 6; WT, n = 8) was
used for cocaine sensitization and CPP. Cohorts 3 and 4 were tested for
the dose—response effects of cocaine (MT, n = 7; WT, n = 12) and the
inhibitory effects of SR141716 on palatable food intake (MT, n = 10; WT,
n=11). Cohort5 (MT, n = 12; WT, n = 6) was used in the predator odor
risk-taking (PORT) task and a final cohort (Cohort 6) was used to assess
reward intake in adolescence (MT/WT, n = 7).

Three cohorts were used for behavioral testing in adolescent/adult
Fischer animals. Adolescent rats were tested between P38 and P55
(Schneider, 2013) and adult animals were tested at an age of 4—6
months. The first cohort (n = 12) was used for behavioral testing. Due
to the restricted time window of adolescence (Schneider, 2013) and
the already existing body of literature describing an adolescent phe-
notype in rodents (for review, see Spear, 2000), only a selection of
short behavioral tests previously performed in MT animals was re-
peated in adolescent and adult Fischer rats. Cohorts 2 and 3 were used
to examine the dose—response effects of cocaine (adolescent, n = 12;
adult, n = 10) and the inhibitory effects of SR141716 on food intake
(adolescent, n = 8; adult, n = 9).

Risk-taking behavior

Open-field, EPM, and EMT tests were performed as described previously
(Goepfrich et al., 2013). Locomotor activity was measured in an open
field (50 X 50 X 45 cm) made of dark PVC. Distance traveled (in centi-
meters) was digitally recorded for 30 min at a light intensity of 150 Ix (and
3 d later again at 50 Ix) by the observation program Viewer > (Biobserve).
Performance in the EPM was recorded for 5 min (open arm illumination
of 75 Ix). The following behaviors were analyzed: number of entries into
open or closed arms and time spent in open and closed arms (in seconds).
Percentage of open arm entries and percentage of time spent in open
arms were calculated. Light/dark EMT testing took place for 5minina2
compartment box (illumination: 80 Ix). Subsequent manual video anal-
ysis scored the emergence latency (in seconds) and the duration of time
spent in the light compartment (in seconds).

Risk-based decision making was assessed by the PORT task (Dent et
al., 2014). Testing consisted of initial food reward (casein pellet; Bio
Serve Dustless Precision Pellets; Bilaney) collection in various con-
texts and a final testing phase in the presence of a neutral odor (un-
scented bedding) or predator odors (urine-scented bedding: coyote/
mountain lion).

Apparatus. The PORT test apparatus consisted of a dark gray PVC
arena divided into three compartments arranged in a row such that
the middle compartment could be entered from both end compart-
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Location of residue 4.46(238) in the (B1R (a, b) and molecular dynamics results for wild-type (WT) and mutant (MT) CB1R (¢, d). In a, the transmembrane helix (TMH) bundle

is shown in a side view looking from the lipid bilayer toward TMH2/3/4. Here, it is clear that 4.46(238) (green) is located on the lipid face of TMH4, one turn below the highly conserved
class A G-protein-coupled receptor residue, W4.50 (orange). In b, the CB1R is shown in an extracellular view, with the location of residue 4.46(238) highlighted in green. Here, it is clear
that residue 4.46(238) faces the TMH2—3-4 outside interface. ¢ presents a plot of root mean square fluctuations (RMSF) for the transmembrane portion of rat WT CB1R(black) and the
F238L mutant (red) versus residue number for the period before W6.48 undergoes the x, g+ —> trans conformational change (7.5-25 ns portion of MD trajectory). The green bars
identify the residue spans for each TMH. The RMSF values for the F238L mutant (red) are larger than WT (black) in the following regions: the intracellular (IC) ends of TMH3/TMH4 (the
IC-21oop), the ICend of TMH6 (IC-3 loop), as well as the TM portion of TMH6 itself. Similar results were obtained for the second trajectory. This increase in RMSF is an indicator of increased
flexibility of these regions in the MT receptor compared with WT. d presents a plot of RMSF for the transmembrane portion of rat WT CB1R (black) and the F238L MT (red) versus residue
number for the period after W6.48 returnstoa g+ x; (75—-300 ns portion of MD trajectory). The green bars identify the residue spans for each transmembrane helix. The ECends of TMH4
and TMHS (ends of EC-2 loop) of the MT undergoes the largest fluctuation, which is consistent with previous studies showing EC-2 loop movement during GPCR activation (Ahn et al.,

2009; Ahuja et al., 2009; Bertalovitz et al., 2010). Similar results were obtained for the second trajectory.

ments. The compartments were separated by a dividing wall with a
12-cm-wide opening that enabled the test subjects to move freely
between the compartments. The first compartment was small and
served as starting box (20 X 50 X 45 cm), the two following compart-
ments were equal in size (35 X 50 X 45 cm). The second compartment
could be filled with scented/unscented bedding and, in the third (end)
compartment, the food reward was provided in a small Petri dish
attached to the floor. The box was thoroughly cleaned with 70%
alcohol between sessions.

Testing procedure. First, animals were habituated to the casein pellets in
their home cage for 2 consecutive days. After habituation, the latency to
collect a pellet was assessed in various contexts with different degrees of
familiarization. First, latency to collect the food reward was measured in
the home cage. Animals were then habituated for 10 min to the test
apparatus and, 24 h later, the latency to collect reward in the apparatus
was recorded. Therefore, animals were placed in the start chamber and
were required to cross the middle chamber to collect the reward in the
end compartment. Latency until the pellet was collected and eating was
initiated was recorded. This was repeated after 5 d of habituation to the
test apparatus and the availability of casein pellets. After apparatus ha-
bituation, the animals were then habituated to the presence of bedding
material (standard rat bedding) in the middle compartment of the box.

The final testing phase consisted of 3 testing days with a 48 h break
between test sessions. The middle compartment of the apparatus was
then filled with 600 ml of bedding (either unscented or scented with
predator urine) that was distributed evenly over the entire floor of the
compartment and had to be crossed by the animals to obtain the food
reward. All subjects had to complete three successive trials per test session
with various odor conditions (neutral, mountain lion, and coyote). A
trial ended when the rat initiated eating of the pellet, with a maximum
trial duration of 10 min. From the latency of all three trials, the mean was
calculated per session/per animal. Fresh scented bedding was used for
each animal.

Predator odors. Unscented standard animal bedding (corn cob bed-
ding) was used as a neutral cue in the control condition. In the risk-taking
sessions, two predator odors were applied. We used coyote and moun-
tain lion urine (Maine Outdoor Solutions). Thirty milliliters of urine was
pipetted onto 10 pieces of filter paper (10 cm?), which were then placed
in a bag containing 6 L of bedding material. Therefore, every 600 ml of
scented bedding placed in the middle chamber of the apparatus was
equivalent to 3 ml of predator urine. All odor mixtures were made 1 d
before use and kept in sealed bags in a room separate from the holding or
test rooms.
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Figure2. Functional characterization and expression of the mutated CB1R and other components of the e(B system in the striatum of Cnr7 mutant (MT) and WT rats. a, b, Cannabinoid-induced
[3SS]GTPyS binding (a; interaction effect: fy 5,) = 2.1, p = 0.048), as well as PPR (b; genotype effect: F; ¢5) = 13.6, p = 0.001) were significantly higher in MT animals compared with WT
littermates. Representative traces for PPR: EPSCamplitudes are normalized to the peak of the first EPSC. In each example, there are three trials superposed (for three different interstimulus intervals).
Scale bar, 20 ms. No differences could be observed for SEPSC amplitude (p = 0.27), but the interevent interval was enhanced (p = 0.034) in MT rats. Representative traces for SEPSCs are shown.
There are 7 consecutive seconds for each condition (two rows per each). Scale bar, 10 pA; 500 ms (c). Effects of the (CB1R antagonist/inverse agonist SR141716 (SR, 2 wum) on field EPSP (fEPSP) were
significantly stronger (p = 0.01) in MT rats. Representative traces of field EPSPs recorded before (black) and after (gray) application of SR141716. Scale bar, 0.1 mV; 2 ms (d). CB1R expression did
not differ between genotypes. No significant differences could be detected between MT animals and WT controls for protein levels (e) (Western blot analysis) (p = 0.50) and uptake of the CB1R
ligand [ "8FIMK-9470 (assessed in vivo by PET analysis) (p = 0.95) (f). Protein levels of monoacylglycerol lipase (MAGL) were also unaltered (p = 0.73) (g), but FAAH levels were significantly lower
inMT (p = 0.043) compared with WT rats (h). No significant differences between the genotypes could be found for expression of AEA (p = 0.62) (i) and 2-AG (p = 0.58) (j). All data are indicated
asmeans = SEM ([**S]IGTP~yS: MT/WT n = 4; PPR:MTn = 12; WT n = 13;SEPSC:n = 12; SRon fEPSP: MT:n = 6, WT n = 5; Western blot (B1R: n = 5; PET analysis: n = 6; Western blot FAAH,
MAGL: n = 5; AEA, 2-AG: MT:n = 9, WTn = 14; *p =< 0.05).

Limited access SCM intake For assessing the effects of SR141716 on food reward intake,
Sweetened condensed milk (SCM) (Nestle; freshly mixed 1:3 with animals were tested twice for SCM intake after intraperitoneal injec-
water) was used as palatable food reward. Intake was measured for 15 tions of a low dose of SR141716 (0.3 mg/kg) or vehicle in a within-
min as described in detail previously (Brand et al., 2012; Goepfrich et~ subject design. Between the test sessions, animals were left
al., 2013) and calculated as milliliters intake/kilogram body weight. undisturbed for 5 d.
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Figure3.  Expression of CB1R and other components of the e(B system in the hippocampus.
(B1R protein levels in the rat hippocampus did not differ between MT animals and WT controls
(@) (p = 0.2). Protein levels of MAGL were also unaltered (b) (p = 0.8). As in the striatum,
FAAH levels were significantly reduced in MT compared with WT rats (c) (p = 0.03). No signif-
icant differences between the genotypes could be found for expression of AEA (d) (p = 0.32)
and 2-AG (e) (p = 0.85). Data are indicated as means == SEM (Western blot analysis: CBTR and
MAGLn = 5; FAAH: MTn = 5, WTn = 4; AEA, 2-AG: MT:n = 9, WTn = 14; *p =< 0.05).

PR test

PR testing was conducted in operant chambers (Med Associates). Rats
were trained to lever press for 90 ul of SCM in daily sessions of 30 min.
Training was performed under continuous reinforcement until a stable
baseline was reached (> 60 lever presses). During PR testing, the number
of lever presses required for reward delivery increased sequentially ac-
cording to a progression of 2 (PR2). The highest completed PR sequence
during the complete 30 min test session was recorded. During testing,
animals were maintained on ~95% of their free-feeding bodyweight.

Delay discounting

Delay discounting (Adriani et al., 2009) was conducted in operant boxes.
During training, lever pressing on the left lever delivered a small reward
(30 wl), whereas the right lever dispensed the larger reward (150 ul).
Training continued until animals displayed a stable preference for the
right lever (~80%) over 3 consecutive days. During the testing phase, a
delay was inserted between the lever press and the delivery of the larger
reward. The delay remained fixed over the daily session and was in-
creased over the subsequent days (5, 10, 15, 20, 25 s). During the delay,
any further presses on this lever were ineffective (no SCM delivery).
During testing, animals were maintained on ~95% of their free-feeding
bodyweight.

Social play behavior

Animals were videotaped in their home cage for 1 h directly after onset of
the dark cycle. The recorded hour was divided into three short intervals
(20 min duration) that were prescreened for the occurrence of play to
identify intervals with intense play bouts (Schneider et al., 2014). All play
bouts recorded were analyzed either in slow motion or by frame-by-
frame advancement, depending upon the complexity of the sequence and
pinning, and attacks were counted.

Behavioral response to cocaine

Sensitization to cocaine (10 mg/kg, i.p.) was measured in the open field in
sessions of 30 min. First, baseline activity was measured after vehicle
injection, followed by daily cocaine injections on the following 5 d. All
animals were challenged again with cocaine on day 12 after the first
injection. Percentage sensitization was calculated for cocaine injection
on days 1, 5, and 12 in relation to baseline activity. Conditioned place
preference (CPP) for cocaine was performed using a biased training pro-
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cedure (Schneider et al., 2010). Initial place preference for the test com-
partments was recorded for 15 min. Conditioning included eight
alternating training sessions of 30 min (one session per day), four for
cocaine (10 mg/kg), and four for vehicle. After the last training day, CPP
was measured for 15 min. The CPP score was calculated as the difference
between the time (in seconds) spent in the cocaine-assigned compart-
ment before and after conditioning. The acute stimulatory effects of
different doses of cocaine/vehicle (5, 10, 20 mg/kg) on locomotor activity
were assessed by a within-subject procedure. Locomotor activity was
assessed for 30 min directly after injection every fifth day.

Drugs

The cannabinoid agonist HU-210 (Tocris Bioscience) was used for
[*°S]GTPyS binding experiments, dissolved in DSMO, and then diluted
in assay buffer (50 mm Tris-HCL, pH 7.4, 3 mm MgCl,, 0.2 mm EGTA, 100
mM NaCl). The CBIR antagonist/inverse agonist SR141716 (SR, gener-
ously provided by the National Institute on Drug Abuse) was dissolved in
ethanol and Tween 80 and diluted with saline (1:1:18). A dose of 2 um SR
was used for the electrophysiological study and a dose of 0.3 mg/kg was
used for the pharmacological experiments. SR was injected 30 min before
testing with an injection volume of 1 ml/kg. Cocaine (Sigma-Aldrich)
was dissolved freshly in saline and injected immediately before testing
with an injection volume of 1 ml/kg. For behavioral sensitization and
CPP, a dose of 10 mg/kg was used. For the dose-response effects on
locomotor activity, doses of 5, 10, and 20 mg/kg were administered.

Statistical analysis

Differences between MT and WT rats and between adolescent and adult
animals were analyzed by Student’s ¢ tests, with exception for:
[**S]GTP+S binding, paired-pulse ratio (PPR), PORT, delay discount-
ing test, cocaine sensitization, cocaine dose—response curve, and the ef-
fects of SR141716 on SCM intake. These measures were all analyzed by
repeated-measures two-way ANOVA with the Student-Neuman—Keuls
test as post hoc analysis. All data are expressed as means = SEM. The level
of statistical significance was defined as p < 0.05.

Results

The missense mutation in exon 2 of CnrI induced an amino acid
exchange from phenylalanine to leucine (F238L) and falls into
the fourth transmembrane (TMH4) region of the CB1R protein
at position 4.46. The amino acid residue 4.46(238), which corre-
sponds to the F238L mutation, is located on the lipid face of
TMH4 facing the TMH2-3-4 outside interface (Fig. 1). In silico
modeling of the mutated CB1R indicated a TMH bundle with
increased flexibility in key regions associated with receptor acti-
vation, making the mutant protein a more labile receptor than
the WT CBIR. The aromatic interaction between F3.36 and
W6.48 was identified as the binding pocket toggle switch for
CBIR (McAllister et al., 2004). These residues have been pro-
posed to undergo a conformational change (W6.48y, g+—trans
and F3.36 transition x,trans—g+) as CB1R activates. Two sepa-
rate 300 ns molecular dynamics trajectories were run. In the mu-
tant CB1R, the x, of W6.48 changed rotameric state (g+—>trans)
in both trajectories. In contrast, in both WT trajectories, the y, of
W6.48 remained in g+ for the entire 300 ns (Fig. 1¢,d). Given that
the change of the rotameric state of W6.48 is part of the toggle
switch mechanism for activation (McAllister et al., 2004 ), these
results suggest a larger propensity for the F238L mutant to form
the activated form of the receptor, predicting a gain-of-function
model of the mutant CB1R.

Gain of function of the receptor was then verified by a series
of biochemical and electrophysiological experiments. Striatal
[**S]GTP%S binding was significantly higher in MT than in WT,
indicating a higher activity of the CB1R (Fig. 24; for statistics, see
figure legends). The PPR is thought to inversely correlate with the
basal probability of neurotransmitter release. Because activation
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Figure4. Novelty-seeking andrisk-taking behavior of adult Cnr7 MTand WT animals. MT rats showed a significantly higher activity in the open-field test than WT when tested under high-anxiety
conditions (unhabituated testing and a high light intensity of 150 Ix; p = 0.026) (a). Only a trend for increased activity between the genotypes was observed when animals were retested in the open
field under low anxiety conditions (b) (p = 0.062). MT rats were found to show increased risk-taking behavior in the EPM (% time: p = 0.002; percentage entries: p = 0.011) compared with WT
(), although the acitivity level did not differ between the genotypes (closed arm entries: p = 0.38). In the light/dark emergence test (d), MT rats showed a decreased emergence latency (p = 0.021)
and spent more time in the lit compartment (p = 0.008) than WT controls. MT also showed higher novelty-seeking during exploration of a novel object (p = 0.005) (e) and novelty preference
testing (p = 0.013) (f). Risk-based decision making was assessed in a PORT. First, the latency to collect a palatable food reward was assessed in various contexts with different degrees of
familiarization (g). No genotype differences were found in the latency to collect the pellet within in the home cage (p = 0.98), whereas WT rats showed initially a significant higher latency in reward
collection in the testapparatus ( p = 0.048), which was not observable anymore after 5 d of habituation to the test environment (p = 0.41). MT and WT rats differed significantly during PORT testing
(interaction effect: F, 5,, = 7.72, p = 0.002) (h). Presentation of both predator odors increased reward-collection latency significantly in WT (mountain lion: p < 0.001; coyote: p << 0.001),
whereas only the coyote odor affected response latency in MT rats (p << 0.001). Latency did not differ between the genotypes in the control condition (p = 0.57), but was significantly enhanced
in WT compared with MT animals for both predator odors (mountain lion: p = 0.01; coyote: p = 0.013). Data are indicated as means == SEM (open-field, EPM, EMT, novel object exploration, novelty

preference: MTn = 13, WTn = 10; PORT: MT:n = 12, WTn = 6; *p =< 0.05).

of CB1R inhibits neurotransmitter release, including glutamate,
PPR should be enhanced in MT rats. We compared excitatory
synaptic responses with 2 consecutive stimuli delivered at differ-
ent frequencies (5-40 Hz) and indeed detected an increased PPR
in MT rats (Fig. 2b). We then recorded sEPSCs from striatal
neurons to assess presynaptic function of the mutated CB1R. No
differences were observed for sEPSC amplitude, but the sEPSC
interevent interval was significantly enhanced in MT rats (Fig.
2c). Finally, striatal field EPSPs were induced by electrical stimu-
lation of local axons and CB1R function was evaluated with the
inverse agonist/antagonist SR141716 (Rimonabant; 2 um). This
treatment had no consequences on fEPSP in WT rats, but in-
duced a strong potentiation of synaptic transmission in MT (Fig.

2d). Altogether, these results showed an altered function in Cnrl
MTs with a decreased probability of glutamate release, indicating
enhanced presynaptic CB1R signaling.

A gain-of-function mutation in the Cnrl gene might lead to
alterations in the entire eCB system. Therefore, we studied the
most important components of the eCB system in the striatum
and the hippocampus, which show a dense expression of CBIR
(Kano etal., 2009). Western blot analysis indicated no differences in
striatal CB1R protein levels. This was confirmed in vivo by PET,
demonstrating the same level of CB1R-binding sites in MT and WT
rats (Fig. 2e,f). No differences were found in protein levels of MAGL
(Fig. 2¢), but the AEA-degrading enzyme FAAH was decreased in
MT rats (Fig. 2h). Mass spectrometry was then used to quantify
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Figure 5.

Cocaine dose [mg/kg]

Reward-related behavior in Cnr7 MT and WT animals. Limited-access SCM intake was significantly increased in adult MT (p = 0.00002) (a), but not adolescent MT rats (p = 0.083),

compared with age-matched WT animals, indicating a ceiling effect in adolescent rats (b). During PR responding, the highest completed ratio (p = 0.0001) and the inactivity ratio (p = 0.000002)
were significantly enhanced in MT rats (). Social play, a highly rewarding social activity most pronounced during mid-adolescence, was strongly enhanced in MT rats compared with WT controls
(attacks received: p = 0.0005; attacks initiated: p = 0.0002; pinning: p = 0.014) (d). Morever, impulsive choice was increased in MT compared with WT animals during delay discounting testing
(interaction effect: Fi5 o0 = 4.9, p << 0.001) (). MT rats were also found to show increased reward sensitivity toward the rewarding effects of cocaine. CPP for cocaine (p = 0.007) (),
cocaine-induced sensitization (genotype effect: F, ,,) = 13.1,p = 0.003) (g) and the acute stimulatory effects of cocaine (h) were also increased in MT rats compared with WT controls (interaction
effect: F, 35 = 5.3,p = 0.01). Data are indicated as means = SEM (SCMintake, PR: MT: n = 13, WTn = 10; social play: MT:n = 11, WT n = 9; delay discounting: MT: n = 13, WTn = 9; cocaine
(PP:MT:n = 6, WT n = 8; cocaine sensitization: MT: n = 6, WT n = 8; cocaine dose—response curve: MT:n = 7, WTn = 12; *p =< 0.05).

endocannabinoid levels and no differences were observed between
the genotypes for the two main endocannabinoids, AEA and 2-AG
(Fig. 2i,j). Comparable results were obtained in the hippocampus for
expression of CBIR and different components of the eCB system
(Fig. 3), indicating that MT rats show only minor compensatory
alterations within the eCB system.

Enhanced eCB signaling has been reported to occur tran-
siently during mid-adolescence (Rodriguez de Fonseca et al.,
1993; Schneider, 2008; Klugmann et al., 2011), leading to our
hypothesis that the F238L mutation in Cnrl™**" rats may
sustain features of an adolescent brain into adulthood, which
was confirmed by behavioral analysis. Therefore, adult MT
rats showed more risk-taking behavior in the EPM, open-field,

and EMT tests (Fig. 4a—d) and enhanced novelty seeking (Fig.
4e,f). Risk-based decision making measured by the PORT task
(Dent et al., 2014) differed significantly between genotypes,
with increased risk seeking in MT rats (Fig. 4h); reward col-
lection per se differed significantly between the genotypes only
in an unfamiliar context (Fig. 4¢).

Reward-related behaviors were also enhanced in MT animals.
Food reward intake and operant responding for SCM were sig-
nificantly increased in adult MT compared with WT rats (Fig.
5a,¢). Interestingly, when tested as adolescents, reward intake was
also substantially increased in WT and did not differ significantly
from MT rats anymore (Fig. 5b), indicating a ceiling effect during
adolescence. MT rats also engaged significantly more in social
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Figure 6.  Effects of the CB1R antagonist/inverse agonist SR141716 (SR) on palatable food
intake in MT/WT animals (a) and adolescent/adult Fischer344 rats (b). A low dose of SR (0.3
mg/kg) was found to significantly attenuate intake of SCM in MT and adolescent Fischer rats to
intake levels of WT or adult Fischer rats, respectively, whereas 0.3 mg/kg SR had no effect on
SCMintake in WT animals and adult Fischer rats (WT/MT: interaction effect: F; 10y = 19.5,p <
0.001; adolescent/adult: interaction effect: F; 15y = 11.8, p = 0.004). Effects of SR or vehicle
(VEH) on SCMintake were tested in a within-subject design. Data are indicated as means == SEM
(MT: SR/VEH n = 10, WT: SR/VEH n = 11; adolescent: SR/VEH n = 8, adult: SR/VEH = 9;
*p=10.05).

play behavior, which has a high incentive value during adoles-
cence (Schneider et al., 2014) (Fig. 5d). Impulsivity is considered
a multidimensional concept and impulsive choice is of particular
interest for research on adolescent decision making (Blakemore
and Robbins, 2012) and is enhanced in adolescent rats
(Doremus-Fitzwater et al., 2012). Impulsive choice behavior was
assessed with the delay-discounting test, in which MT rats
showed increased impulsivity (Fig. 5e). Finally, susceptibility to-
ward the effects of cocaine was tested (Fig. 5/~h). A significantly
higher CPP, increased development and expression of cocaine
sensitization and enhanced acute stimulatory effects of cocaine
were detected in MT rats. WT rats from the Fischer strain showed
only a mild reaction toward the stimulating and rewarding as-
pects of cocaine, which is consistent with previous studies report-
ing very poor behavioral and molecular reactions to cocaine and
other nondrug rewards in the Fischer strain (Kosten et al., 1997;
Brand etal., 2012). We recently reported decreased CB1R expres-
sion and attenuated activation of eCB signaling pathways and
concomitant diminished reward processing in Fischer rats com-
pared with the Wistar strain (Brand et al., 2012). The present data
indicate that decreased eCB signaling in Fischer rats may also
contribute to diminished behavioral response toward cocaine,
which is ameliorated by introduction of the Cnrl point mutation
and subsequently enhanced CBIR functionality. In summary,
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adult MT rats show an adolescence-like phenotype with high risk
and novelty seeking, strongly enhanced peer interaction, in-
creased impulsivity, and a higher sensitivity toward natural and
drug rewards.

With an additional experiment, we tested whether partial in-
hibition of CBIR activity in Cnr1 "***" mutant rats would lead to
a WT phenotype. For this, we selected a subthreshold dose of the
CBIR antagonist/inverse agonist SR141716 (0.3 mg/kg) that did
not affect behavior in adult WT littermates (Fig. 6a). In contrast,
administration of this subthreshold dose completely normalized
reward seeking behavior in adult MT rats. Therefore, SR141716
reduced SCM consumption in MT to WT/adult performance
levels (Fig. 6a). Similarly, when we applied this subthreshold dose
of SR141716 to adolescent Fischer rats, SCM consumption
dropped to levels seen in adult Fischer rats. The intake of SCM
was not affected by SR141716 subthreshold treatment in adult
Fischer rats (Fig. 6b).

Finally, we sought to demonstrate that the basic neurobiolog-
ical and behavioral features observed in adult MT rats do indeed
resemble adolescent features in the Fischer strain. Therefore, we
compared adolescent and adult WT Fischer rats directly in a se-
lection of measures previously assessed in MT rats (Fig. 7). Con-
sistent with our earlier findings (Klugmann et al., 2011), striatal
CBIR protein levels were higher in adolescent than adult Fischer
rats. No age-specific differences were detected for PPR and the
amplitude of sSEPSC, but, as in M T rats, sEPSC interevent interval
was significantly enhanced in adolescence. Finally, SR141716 in-
duced a stronger potentiation of synaptic transmission (fEPSPs)
in adolescent rats. These data implicate that adolescent Fischer
rats have enhanced CB1R-binding sites, whereas adult MT rats
have a gain of function of the CB1R without changes in total
binding sites. Regardless of this molecular difference, the result-
ing physiological alterations in adolescent WT rats, namely
increased CBIR signaling and concomitant diminished neu-
rotransmitter release, largely resemble the neurobiology of the
adult brain in MT rats. A similar phenotype as observed in adult
MT rats was also found in adolescent Fischer rats, including in-
creased risk taking, reward sensitivity, social play, and a stronger
reaction toward the stimulatory effects of cocaine compared with
adult rats (Fig. 7), which is consistent with previous behavioral
findings in adolescent animals (Spear, 2000). Therefore, at a be-
havioral level, adolescent WT rats were not distinguishable from
adult MT rats.

Discussion

The Cnr1">**" MT rats generated here represent the first genetic
animal model with enhanced CBIR activity and signaling. Al-
though the mutation induces a gain of function for the activity
state of the CB1R, MT rats do not exhibit alterations in the ex-
pression of CB1R-binding sites and show only minor changes in
the eCB system. Initial in silico modeling of the mutated CBIR
predicted that the F238L mutation produces a TMH bundle with
more flexibility in key regions associated with receptor activation,
making the F238L mutant a more labile receptor that is able to
undergo changes associated with activation more easily than WT
CBIR. This initial prediction on facilitated receptor activation
could be confirmed by enhanced [ *°S]GTP%S binding in striatal
tissue of MT rats. No differences were observed in levels of eCBs
despite the decrease in protein levels of the eCB-degrading en-
zyme FAAH. A similar nonlinear relationship between FAAH
expression/activity and eCB levels has been reported in CBI1R
knock-out mice, in which a pronounced increase in FAAH levels
and functionality in CBIR knock-out was reported, whereas no,
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Figure 7.  Expression and functionality of the adolescent (B1R and behavioral characterization of adolescent and adult Fischer 344 rats. Striatal CB1R protein levels were higher in adolescent
compared with adultrats (p = 0.036) (a). No differences were found for PR (age effect: ; g3 = 3.2, p = 0.08) Representative traces for PPR: EPSC amplitudes are normalized to the peak of the
first EPSC. In each example, there are three trials superposed (for three different interstimulus intervals). Scale bar, 20 ms. (b). The CB1R antagonist/inverse agonist SR141716 (SR) was found to exert
astronger effect in adolescent compared with adult rats on fEPSPs (p = 0.033). Representative traces of fEPSPs recorded before (black) and after (gray) application of SR141716. Scale bar, 0.1 mV;
2ms (c). The amplitude of sEPSCs did not differ between the two groups (p = 0.08), but, as in MT rats, the SEPSC interevent interval was significantly enhanced in adolescent rats (p = 0.012).
Representative traces for SEPSC: There are 7 consecutive seconds for each condition (two rows per each). Scale bar, 10 pA; 500 ms (d). Adolescent animals were further screened for a selection of
behavioral characteristics observed before in MT animals. Adolescent rats showed increased risk-taking in the EPM (e) compared with adult Fischer rats (EPM: percentage time: p = 0.009;
percentage entries: p = 0.028). Exploration of a novel object (f) was also increased (p = 0.009). Adolescent Fischer rats showed an increase in reward-related behaviors compared with adult rats.
Intake of a palatable food reward (g), as well as PR responding (h), was significantly higher in adolescents than adults (intake: p = 0.001; PR testing: p = 0.004). Social play behavior was also
strongly increased in adolescent animals () compared with adult controls (attacks received, initiated and pinning: p << 0.001). Finally, the acute stimulatory effects of cocaine (j) were significantly
enhanced in adolescence compared with adulthood (F, 45) = 3.3, p = 0.047). Data are indicated as means = SEM (CB1R Wester blot: n = 5; PPR: adolescent: n = 11, adult n = 12; sEPSC:
adolescent: n = 11, adult n = 10; effects of SR on fEPSP: n = 6; EPM, novel object exploration, food reward intake, PR: n = 12; social play: n = 9; cocaine dose—response curve: adolescent: n =
12, adultn = 10).
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or only minor, changes were detected in AEA and 2-AG levels
(Maccarrone et al., 2001; Maccarrone et al., 2002).

In the present study, the MT rat model was used to gain mo-
lecular insights into adolescent behavior, but this genetic model
will also be of great use for many research questions in the can-
nabinoid research field. In respect to adolescent behavior, adult
Cnrl MT rats exhibit an adolescent-like phenotype that is not
distinguishable from adolescent WT rats. Likewise, similarities in
CBI1R functionality could also be observed between adult M T rats
and adolescent Fischer WT rats, further confirming that en-
hanced CBIR activity is critical involved in driving adolescent
behavior. In particular, when considering the enhanced pharma-
cological reactivity in these animals, we conclude that CB1R sig-
naling is enhanced in both conditions but for different reasons:
increased receptor activity in Cnrl MT rats versus increased re-
ceptor expression in adolescence. In conclusion, adolescent
behavior seems to be driven by enhanced CBIR functionality
because MT rats that have an inherent gain of function of this
receptor show a persistent adolescent behavioral profile that is
preserved into adulthood. The present observation of an
adolescent-like phenotype in adult Cnrl MT rats, together with
reports on enhanced CBIR signaling during adolescence (Rodri-
guez de Fonseca et al., 1993; Klugmann et al., 2011), therefore
emphasizes a pivotal role of eCB signaling in an adolescent brain,
which may also underlie increased neuroplasticity and concom-
itant complex and transient adolescent behavioral adaptations.
Notably, when tested as adolescents, WT and MT animals no
longer differed significantly in reward-related behavior, indicat-
ing a ceiling effect of the adolescent phenotype in MT that cannot
be further increased during the adolescent period. Therefore, our
data strongly implicate enhanced CB1R activity in increased risk
and novelty seeking, impulsive choice, social play behavior, and
reward processing for food and drug rewards.

Detailed mechanisms on adolescent brain development
are still only poorly understood. This is a crucial deficit in knowl-
edge considering that adolescents appear to be specifically
vulnerable to suboptimal choices and the emergence of neuro-
psychiatric disorders (Kessler et al., 2007; Paus et al., 2008; Meri-
kangas et al., 2009) that arise from these transient but drastic
behavioral and neurological adaptations during adolescence. The
eCB system constitutes an ideal candidate for mediating these
adaptational changes. Because presynaptic CBIR is probably
the most abundant G-protein-coupled receptor in the mamma-
lian brain, the eCB system plays a critical role as a modulator of
excitatory/inhibitory balance throughout the entire CNS and is
crucial for the maintenance of the organism’s homeostasis (Kano
et al., 2009; Castillo et al., 2012).

One important question concerns the neurobiological conse-
quences of enhanced CBIR activity in the adolescent brain. A
recent study reported elevated firing activity of ventral tegmental
area (VTA) dopamine neurons in adolescent compared with
adult rats (McCutcheon et al., 2012). Similar to our findings, this
study also detected a decreased frequency in AMPAR-mediated
sEPSCs in adolescent animals without concomitant changes in
PPR, potentially involving a decreased GABAergic tone (Mc-
Cutcheonetal., 2012). These findings on increased dopaminergic
and decreased GABAergic signaling are consistent with our pres-
ent observation of an increased activity state of CBIR during
adolescence. Inhibitory effects of presynaptic CB1R activation on
GABA are well established (Kano et al., 2009). An indirect
cannabinoid-mediated stimulation of dopaminergic signaling
has also been described (Lupica and Riegel, 2005). Notably,
cannabinoid-mediated pharmacological effects were highly aug-
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mented to a comparable extent in adult MT and adolescent WT
rats, which is consistent with the heightened susceptibility of an
adolescent brain toward adverse and persistent cannabinoid ef-
fects reported in human studies and animal research (Schneider,
2008; Chadwick et al., 2013; Schneider, 2013). CBIR function was
first evaluated by assessing the effects of SR141716 on striatal
fEPSPs. Whereas SR141716 application had no consequences in
adult WT rats, it induced a potentiation of synaptic transmission
in slices from adult MT and adolescent WT rats, which further
supports a tonic activity of the adult mutated and the WT ado-
lescent CB1R. This finding could also be confirmed on the sys-
temic level, where administration of the CB1R antagonist/inverse
agonist SR141716 was found to exert a stronger effect on behav-
ioral performance in adult MT and adolescent Fischer rats com-
pared with the respective controls. It has been well documented
in various studies in vivo and in vitro that SR141716 behaves as an
inverse agonist rather than a neutral antagonist. Therefore, its
biochemical or behavioral effects generally are opposite to the
effects of cannabinoid agonists and include, among others, inhi-
bition of MAPK activity, adenylyl cyclase activity, and GTPvyS
binding in selected brain regions (Pertwee, 2005; Bergman et al.,
2008). It has been suggested that SR141716 binds preferentially to
the so-called inactive R state of the CBIR, thereby decreasing the
activation of the signaling pathway (Lange and Kruse, 2005;
Pertwee, 2005). Therefore, the lower availability of CBIR in WT
and adult Fischer rats might well explain the reduced behavioral
effects of the low dose of SR141716 in these animals, considering
its inverse cannabimimetic action at the receptor. Therefore, one
neurobiological consequence of enhanced and tonic CB1R activ-
ity in the adolescent brain may be a decreased GABAergic tone
(McCutcheon et al., 2012) within the VTA. A subsequent conse-
quence of a decreased GABAergic tone is enhanced dopaminergic
activity that in turn can drive increased novelty seeking and in-
creased reward processing for food and drug rewards in rodents
as well as in humans (Spanagel and Weiss, 1999; Zald et al., 2008).
A similar mechanism has been described in the prefrontal cortex,
where enhanced CBIR activity causes a functional downregula-
tion of GABAergic transmission in the adolescent brain (Cass et
al., 2014) that in turn may mediate increased risk and impulsive
behavior (Jupp et al., 2013).

In summary, the adolescent state comprises a complex behav-
ioral phenotype that bears many vulnerability factors for subop-
timal behavioral choices and psychiatric disorders (Paus et al.,
2008; Merikangas et al., 2009). Understanding the basis of these
disorders therefore requires a comprehensive knowledge of how
molecular processes affect and trigger behavior during adoles-
cence. We conclude that the activity state of the CB1R is an im-
portant molecular mediator of adolescent behavior.
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