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Abstract

Heavy cannabis abuse increases the risk of developing schizophrenia. Adolescents appear particularly
vulnerable to the development of psychosis-like symptoms after cannabis use. To test whether the
schizophrenia candidate gene neuregulin 1 (NRG1) modulates the effects of cannabinoids in adolescence,
we tested male adolescent heterozygous transmembrane domain Nrgl mutant (Nvg1 TM HET) mice and
wild type-like littermates (WT) for their neurobehavioural response to repeated A’-tetrahydrocannabinol
(THC, 10 mg/kg i.p. for 21 d starting on post-natal day 31). During treatment and 48 h after treatment
withdrawal, we assessed several behavioural parameters relevant to schizophrenia. After behavioural
testing we measured autoradiographic CB,, 5-HT,, and NMDA receptor binding. The hyperlocomotor
phenotype typical of Nrgl mutants emerged after drug withdrawal and was more pronounced in vehicle
than THC-treated Nrg1 TM HET mice. All mice were equally sensitive to THC-induced suppression of
locomotion. However, mutant mice appeared protected against inhibiting effects of repeated THC on
investigative social behaviours. Neither THC nor Nrgl genotype altered prepulse inhibition. Repeated
adolescent THC promoted differential effects on CB, and 5-HT,4 receptor binding in the substantia nigra
and insular cortex respectively, decreasing binding in WT while increasing it in Nrgl TM HET mice. THC
also selectively affected 5-HT,4 receptor binding in several other regions in WT mice, whereas NMDA
receptor binding was only affected in mutant mice. Overall, Nrg1l mutation does not appear to increase the
induction of psychotomimetic symptoms by repeated adolescent THC exposure but may attenuate some
of its actions on social behaviour and schizophrenia-relevant neurotransmitter receptor profiles.
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Introduction

The “two-hit” hypothesis of schizophrenia suggests
that genetic and environmental risk factors interact to
produce the disorder (Bayer et al. 1999). Onset of
symptoms is usually during adolescence or early
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adulthood, periods of major change in brain mor-
phology and neural connectivity and thus increased
vulnerability to insult (Paus et al. 2008). Perturbation to
normal brain maturation during the transition from
adolescence to adulthood, for example, by drug abuse,
might contribute to exacerbation or precipitation of
schizophrenia onset. Cannabis abuse is linked with a
moderate increase in the risk of developing schizo-
phrenia (Moore et al. 2007). Interestingly, individuals
predisposed to schizophrenia are more vulnerable
to adverse effects of cannabis (i.e. hallucinations,
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confusion and learning and memory deficits; d’Souza
et al. 2005; Peters et al. 2009). One mediator of this in-
creased vulnerability appears to be the schizophrenia
candidate gene catechol-O-methyltransferase (Caspi
et al. 2005). Further research has to clarify whether
other candidate genes have similar properties.
Neuregulin 1 (NRG1) is a proposed schizophrenia
susceptibility gene (Stefansson et al. 2002; for review
and meta-analysis respectively, see Harrison & Law,
2006; Munafo et al. 2006; but also see Sanders et al.
2008). One of several transgenic mouse models avail-
able for Nrgl (Duffy et al. 2008) contains a hetero-
zygous mutation in the transmembrane domain (Nrg1
TM HET). Nrg1 TM HET mice show face and partial
predictive validity for schizophrenia, exhibiting age-
dependent locomotor and exploratory hyperactivity
(Karl et al. 2007; onset at age 5 months; reversible
by clozapine treatment; Stefansson et al. 2002) and
impaired preference for social novelty (O'Tuathaigh
et al. 2007). We have shown that male Nrg1 TM HET
mice possess increased sensitivity to neurobehaviour-
al effects of acute A%tetrahydrocannabinol [THC; i.e.
enhancement of prepulse inhibition (PPI), hypoloco-
motive and anxiogenic effects, selective increases
in c-Fos expression; Boucher et al. 2007a,b]. This
phenomenon is sex-specific, since female Nrgl TM
HET mice do not show increased behavioural sensi-
tivity to acute THC treatment (Long et al. 2010a). The
role of Nrgl in the response to cannabinoid agonists is
further exemplified by altered rates of tolerance in
adult Nrgl TM HET mice to the locomotor and anxio-
genic effects of the synthetic cannabinoid CP 55940
(Boucher et al. 2011). Based on our findings, Nrgl
might be another genetic mediator of increased vul-
nerability to cannabis-induced psychosis.
Importantly, earlier age of onset of cannabis use
appears to confer increased susceptibility to detri-
mental effects in adulthood, such as cognitive deficits
(Ehrenreich et al. 1999; Pope et al. 2003), and may also
precipitate earlier onset of schizophrenia (Large ef al.
2011). Rodent studies also suggest that cognitive defi-
cits are induced by chronic THC exposure during
adolescence, but not adulthood (Quinn et al. 2008;
Rubino ef al. 20094a,b). Such early cannabinoid ex-
posure may have long-lasting behavioural and neuro-
biological consequences (Realini ef al. 2009) and there
is evidence that both genetic and age-associated fac-
tors might play a role in the link between cannabis use
and psychosis. Therefore, we aimed to determine the
effects of acute and chronic adolescent THC on be-
haviour and receptor binding density in the Nrg1 TM
HET mouse. As these mice exhibit an age-dependent
phenotype, we hypothesized that male adolescent

Nrgl TM HET mice, like adults (Boucher et al. 20074),
would be more sensitive to the behavioural effects of
THC in a battery of tests relevant to schizophrenia,
resulting in earlier onset of schizophrenia-relevant
behaviours and a more severe phenotype. We ex-
pected that these behavioural changes would be ac-
companied by alterations in CB,, 5-HT,5, and NMDA
receptors (NMDARs). These receptors are relevant
to the pharmacological effects of cannabis and the
pathophysiology of schizophrenia (Dalton et al. 2011;
Kang et al. 2009; Matsumoto et al. 2005; Zavitsanou
et al. 2002, 2004) and levels and/or activation of which
are altered in adult NrgI TM HET mice (Bjarnadottir
et al. 2007 ; Dean et al. 2008 ; van den Buuse et al. 2009).

Method
Animals

Male heterozygous Nrgl*/~ (Nrgl TM HET) and wild
type-like control Nrg1*/* (WT) littermates (Karl et al.
2007) from 14 litters were used. To target adolescence,
the study commenced at post-natal day (PND) 31 (+2;
Spear, 2004). Standard social interaction (SI) op-
ponents were age-matched male A /JArc mice (Animal
Resources Centre, Australia). Mice were pair-housed
with limited environmental enrichment [certified
polycarbonate mouse igloo (Bioserv, USA) and a
metal ring in the cage lid] under a 12 h light/dark
schedule (lights on 08:30 hours). Food and water were
available ad Ilibitum. Research and animal care proce-
dures were approved by the University of New
South Wales Animal Care and Ethics Committee and
were in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific
Purposes.

Drug treatment

THC (THC Pharm GmbH, Germany) was suspended
in a 1:1:18 mixture of ethanol:Tween 80" :saline and
injected at a volume of 10 ml/kg. Mice received 21
consecutive daily i.p. injections of vehicle or THC
(10 mg/kg; n=11-16; Long et al. 20100b).

Behavioural testing

Mice were behaviourally tested as outlined in Table 1.
Devices were cleaned between trials with 70%
ethanol.

Body temperature

Mice were assessed for hypothermia (Compton et al.
1993). Body temperature was measured 5 min before
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Table 1. Test biography of mice

Test Postnatal

day day Test
1 31 Body temperature, catalepsy, OF, LD, PPI
13 43 OF
14 44 NORT habituation trials 1-2
15 45 LD, NORT habituation trial 3
16 46 NORT habituation trials 4-5
17 47 NORT test trials 1-2
19 49 Social interaction
21 51 PPI
23 53 OF, LD, PPI (withdrawal day)

OF, Open field; LD, light-dark test; PPI, prepulse inhibition;
NORT, novel object recognition test.

Mice were injected with either vehicle or A’-tetra-
hydrocannabinol (10 mg/kg body weight) once daily from
test day 1 to day 21 (n=11-16).

and 30 min after injection using a lubricated rectal
thermometer (SDR Clinical Technology, Australia).

Spontaneous locomotor activity

Locomotor activity was measured in an open field
(OF) activity chamber (41 x41 cm; Tru-Scan Photo
Beam Activity System; Coulbourn Instruments, USA)
for 10 min. Horizontal (distance travelled) and vertical
activity (rearing) in central and peripheral zones was
measured by the Tru-Scan system and ANY-maze™
video tracking software (Stoelting Co., USA). The ratio
of central:total distance travelled (distance ratio) and
time spent in the centre were taken as measures of
anxiety (Denenberg, 1969).

Light—dark test (LD)

Mice were placed into the opening of a dark box insert
(Coulbourn Instruments) in the OF activity chamber
and allowed to explore freely for 10 min. The ratio of
distance travelled in the light compartment to total
distance travelled (distance ratio) and time spent in
the light compartment were taken as measures of
anxiety.

Nowel object recognition test (NORT)

NORT apparatus was a grey Perspex arena
(85x35x30 cm). Mice were habituated to the empty
arena for 5 min twice daily for 2 d. The following day,
mice were habituated to the test procedure (ie. ex-
posure to objects). The next day, mice were placed in
the arena, which contained two identical objects placed
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in opposite corners, and allowed to explore freely (test
trial 1). In test trial 2, 60 min later, the chamber con-
tained one copy of these objects (familiar object) and
one novel object, in the same positions as in test trial 1.
Object exploration was scored for 5 min by the behav-
iours nosing (when the mouse directed its nose to an
object at a distance of <1 cm) and rearing on the object.

Social interaction

SI between rodent pairs is used to measure anxiety-
like behaviours (File & Seth, 2003). Reduction in SI
models aspects of social withdrawal (WD), which also
occurs in schizophrenia (Ellenbroek & Cools, 2000).
Test mice and untreated A/JArc standard opponents
were placed in opposite corners of the NORT arena
and allowed to explore freely for 10 min. Frequency
and duration of the active socio-positive behaviours
general sniffing, anogenital sniffing, allogrooming,
following and climbing over/under were scored
(Boucher et al. 2007a). Distance travelled was meas-
ured by ANY-maze™.

Prepulse inhibition

PPI, an operational measure of sensorimotor gating, is
the attenuation of the startle response by a non-
startling stimulus (prepulse) presented before the
startling stimulus (pulse). PPI is impaired in schizo-
phrenia patients (Braff et al. 2001). Startle reactivity
was measured using SR-LAB startle chambers
(San Diego Instruments, USA). Sensitivity of the pie-
zoelectric accelerometer was adjusted for the lower
body weight of the adolescent mice. The PPI test
consisted of 5min acclimatization to 70 dB back-
ground noise, followed by 105 trials presented in a
pseudorandom order: 5x70 dB trials (background);
5x80dB trials; 5x100dB trials; 15x 120 dB trials
(startle) and 15 sets of five trials comprising a prepulse
of 74, 82 or 86 dB presented 32, 64, 128, 256 or 512 ms
(variable inter-stimulus interval) prior to a startling
pulse of 120 dB (PPI response). The inter-trial interval
varied randomly from 10-20s. Acoustic startle re-
sponse (ASR) was calculated as the mean amplitude to
all startle trials. Percentage PPI (%PPI) was calculated
as [(mean startle response (120 dB) — PPI response)/
mean startle response (120 dB)] x100%. PPI was
averaged across inter-stimulus intervals to produce a
mean %PPI for each prepulse intensity.

Receptor autoradiography

A subset of mice (n=4-5 per factor) were killed after
PPI testing on WD day. Brains were dissected, snap
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frozen and stored at —80° C. Coronal sections (14 um)
were cut and thaw-mounted onto slides.

Autoradiographic binding

Ligand binding and quantification was performed as
previously described. For CB; receptors (CB;Rs) (Deng
et al. 2007), sections were pre-incubated for 30 min in
50 mm Tris-HCI buffer (pH 7.4) containing 5% bovine
serum albumin then incubated for 120 min in the same
buffer containing 10 nm [*H]CP-55, 940 (168 Ci/mmol;
PerkinElmer, USA) in the presence (non-specific
binding) or absence (total binding) of 10 um CP 55 940.
After incubation, sections were washed three times in
ice-cold buffer (1x60, 1x180 and 1 x5 min), dipped
in distilled water and air dried.

For 5-HT,4 receptors (5-HT»sR), sections were pre-
incubated in 170 mm Tris-HCl buffer (pH 7.4) for 15 min
then incubated for 120 min in the same buffer contain-
ing 4 nm [*H]ketanserin (88 Ci/mmol; PerkinElmer) in
the presence (non-specific binding) or absence (total
binding) of 2 um spiperone (Kang et al. 2009). After in-
cubation, sections were washed in ice-cold buffer
(2 x 10 min), dipped in distilled water and air dried.

For NMDARs, sections were incubated for 2.5h
in 30 mM Hepes buffer (pH7.5) containing 100 um
glycine, 100 um glutamate, 1 mM EDTA and 20nm
[BHIMK-801 (17.1 Ci/mmol; PerkinElmer) in the
presence (non-specific binding) or absence (total
binding) of 20 um MK-801 (Newell et al. 2007). After
incubation, sections were washed in ice-cold 30 mm
Hepes containing 1 mm EDTA (pH?7.5, 3 x20 min),
dipped in distilled water and air dried.

Quantification

Slides were exposed to Kodak BioMax MR film (Kodak,
USA) for 3 months and developed. Films were analysed
with a computer-assisted image analysis system, Multi-
Analyst, connected to a GS-690 Imaging Densitometer
(Bio-Rad, USA). Brain regions were identified with ref-
erence to a mouse brain atlas (Paxinos & Franklin, 2004).
Quantification of binding in each region was performed
by measuring the average density in each region in two
to three adjacent sections for both hemispheres and
comparing the values against an autoradiographic
standard (GE Healthcare, UK) (Kang ef al. 2009).

Statistical analysis

Data were analysed with analysis of variance
(ANOVA; between-subjects factors: ‘treatment’
and “genotype’). For OF and PPI, repeated measures
three-way ANOVA was used [within-subjects factor:

“interval” (OF) and ‘prepulse intensity” (PPI)]. Linear
contrasts identified differences between levels of pre-
pulse intensity. For all analyses, initial ANOVA was
followed by two- or one-way ANOVAs split by
the corresponding factor(s) if appropriate. Main effects
were regarded as statistically significant when p <0.05.
Degrees of freedom, F values and p values (* vs. WT;
# vs. vehicle of corresponding genotype) are pre-
sented. Analysis was performed using SPSS 17.0 IBM,
USA).

Results

At study commencement, WT and Nrgl TM HET
mice weighed 14.9+3.0 and 13.7+3.8 g respectively.
Throughout the study there was no significant differ-
ence in body weight between any groups of mice.

Body temperature

THC reduced body temperature in WT and Nrgl TM
HET mice [thermic response (A°C): 0.2+0.3 (vehicle
WT), —1.14+0.7 (THC WT), 0.5+0.7 (vehicle Nrgl TM
HET), —0.8+0.4 (THC Nrgl TM HET); two-way
ANOVA for ‘treatment”: F, 44=>5.9, p <0.05].

Locomeotor activity

THC decreased locomotion in the OF on day 1 in both
WT and Nrgl TM HET mice [F,;5=17.8, p<0.001;
Supplementary Table 1; Fig. 1a]. This effect was no
longer present on day 13. On WD day, Nrgl TM HET
mice in both treatment groups showed higher loco-
motor activity than WT controls (F5=6.7, p<0.05).
However, only THC-treated Nrg1 TM HETs displayed
significantly lower locomotor activity compared to
vehicle-treated mutants (F;,;=6.6, p<0.05; Sup-
plementary Table 1; Fig. 1a).

THC also decreased locomotor activity in the SI test
on day 19 [distance travelled (cm): 2176.7 £91.6 (ve-
hicle WT), 3078.42+158.0 (vehicle Nrg1 TM HET),
911.8+163.6 (THC WT); 1328.8 +120.1 (THC Nrgl TM
HET); Supplementary Table 1].

When distance travelled was measured in 5 min
intervals within the OF test, there was an effect of time
on locomotor activity such that distance travelled was
decreased in the second 5 min of the test on all test
days (day 1: F, 5,=109.1, p<0.001; day 13: F, 5 =59.4,
p<0.001; WD day: F,5,=17.5, p<0.001; Fig. 1c). THC-
treated mutant mice of both genotypes showed greater
habituation than vehicle-treated mice after acute and
chronic administration (interval x treatment interac-
tion, day 1: F5=93, p<0.01; day 13 F,5=26.7,
p<0.001).
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Fig. 1. Horizontal locomotor and vertical exploratory activity after injection of A’-tetrahydrocannabinol (THC; 10 mg/kg).

(a) Overall distance travelled; (b) rearing; (c) 5-min interval habituation of distance travelled in the open field (OF) on days 1, 13
and withdrawal (WD) day. Data represent means +s.e.M.; n=12-16. WT, Wild-type litter; HET, heterozygous; Veh, vehicle.
*p<0.05, ** p <0.01 vs. WT receiving corresponding treatment; # p <0.05, * p <0.01, #* p <0.001 vs. vehicle (analysis of variance).

Exploratory activity

THC reduced rearing in the OF in both genotypes on
days1and 13butnoton WD day (e.g. day 1: F, 53=49.4,
p<0.001; Supplementary Table 1; Fig. 1b). Exploratory
activity was higher in vehicle-treated Nrgl TM HET
mice than in their WT counterparts in the OF on day 13
(F1,26=5.1,p<0.05; Supplementary Table 1; Fig. 1b).

Anxiety

Acute administration of THC on day 1 induced task-
specific anxiogenic-like behaviour in the OF in WT
mice only, which showed more pronounced reduc-
tions in the time spent in the centre (F;2,=11.2,
p<0.01) and the distance ratio (F;5y=9.4, p<0.01)
compared to Nrgl TM HET mice (Supplementary
Table 1; Fig. 2a,c). Chronic THC administration in-
duced anxiogenic-like behaviour in the OF in both
genotypes, as shown by the reduced OF distance ratio

in WT and Nrgl TM HET mice on day 13 (F;5 =20.2,
p<0.001; Supplementary Table 1). In contrast, in the
LD, there were no effects of ‘treatment’ or ‘genotype’
on anxiety-related parameters (Fig. 2b,d).

Learning and memory

Unexpectedly, exploration times were generally low in
the NORT (<15 s/5-min trial) and object recognition
bias was not highly prevalent in control mice, al-
though the same NORT protocol previously yielded
high recognition scores in our laboratory. Thus, NORT
data are not shown.

Social interaction

There were no effects of THC treatment or genotype on
total time spent in SI (data not shown). However, when
examining individually scored behaviours, THC
reduced the frequency and duration of general sniffing,
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Fig. 2. Anxiety-related measures after injection of A%tetrahydrocannabinol (THC) (10 mg/kg). (2) Time spent in the central
area of the open field (OF) on days 1, 13 and withdrawal (WD) day ; (b) time spent in the light compartment of the light-dark (LD)
on days 1, 15 and WD; (c), distance ratio (OF); (d) distance ratio (LD). Data represent means +s.e.M.; n=11-16. WT, wild-type
litter; HET, heterozygous; Veh, vehicle. # p <0.01 vs. vehicle (analysis of variance).

the frequency of anogenital sniffing (e.g. anogenital
sniffing: F, 5p=14.3, p<0.001; Supplementary Table 1;
Fig. 3a,b) and the duration of allogrooming (data not
shown). The effect of THC on the duration of general
sniffing and frequency of anogenital sniffing was speci-
fic to WT mice and while the frequency of general
sniffing was reduced by THC in both WT and Nrg1 TM
HET mice, it was significantly higher in THC-treated
Nrgl TM HET mice (Fy24=5.7, p<0.05) compared to
THC-treated WT mice (Supplementary Table 1).

ASR and PPI

ASR

Chronic THC decreased the ASR in both WT and Nrg1
TM HET mice (F,5=19.5, p<0.001; Supplementary
Table 2; Table 2).

Prepulse inhibition

PPI increased with increasing prepulse intensity on
each test day (Supplementary Table 2; Fig. 4a—c).

Acute THC decreased PPI at the 74 dB prepulse
intensity in Nrg1 TM HET mice only (Nrgl TM HET
74 dB: F,5,=4.8, p<0.05; Supplementary Table 2;
Fig. 4a).

CB,, 5-HT,4 and NMDAR receptor binding

Figure 5 depicts representative autoradiograms
for [PH]CP 55940, [*H]ketanserin and [*H]MK-801
binding in WT and Nrgl TM HET mice. THC
reduced [*H]CP-55940 CB,;R binding in the hippo-
campus (HPC) and ventromedial hypothalamus of
WT and Nrgl TM HET mice. In the substantia nigra,
CB;R binding was reduced in vehicle-treated Nrgl TM
HET mice compared to vehicle-treated WT littermates,
while THC reduced CB,R binding in WT mice but in-
creased it in Nrgl TM HET mice [treatment X genotype
interaction: F;;3=28.2, p<0.001; Supplementary
Table 3; Fig. 6a]. There was a trend towards a re-
duction in CB;R binding by THC in the external globus
pallidus in both genotypes (p=0.06).
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—l_ W Veh WT
B THCWT
# —l_ [ Veh HET
THC HET
I =

Fig. 3. Measures of social interaction after injection of A*-tetrahydrocannabinol (THC) (10 mg/kg) on day 19. (a) Frequency of
general sniffing; (b) anogenital sniffing. Data represent means +s.E.M. ; n=12-14. WT, wild-type litter; HET, heterozygous; Veh,
vehicle. * p<0.05 vs. WT; # p<0.01, # p <0.001 vs. vehicle (analysis of variance).

Table 2. Acoustic startle response

WT Nrgl TM HET
Day Vehicle THC 10 Vehicle THC 10
1 51.74+5.8 45.64+5.0 453435 34.04+3.8
21 73.2+5.7 46.8+4.3% 57.0+6.5 39.5+2.4%

WD 69.0+6.2 87.2+11.9 52.7+6.0 60.5+7.0

Nrg1 TM HET, heterozygous transmembrane domain Nrg1
mutant; WT, wild-type-like littermate control;

WD, withdrawal day.

Chronic A’-tetrahydrocannabinol (THC; 10 mg/kg) reduces
the startle response (arbitrary units) to a 120 dB acoustic
stimulus.

Data represent means (+s.E.M.); n=12-15.

#1<0.05; # p<0.01 (vs. vehicle).

[*H]Ketanserin 5-HT,sR binding was also genotype
and treatment dependent. Specifically, vehicle-treated
Nrgl TM HET mice showed reduced 5-HT,,R binding
in the agranular insular and cingulate cortices but
increased binding in the caudate putamen compared
to WT controls. THC reduced 5-HT;4 binding in the
anterior insula, cingulate cortex and ventral pallidum
and increased binding in the caudate putamen of
WT mice, but in Nrgl TM HET mice THC increased
5-HT,aR binding only in the anterior insula (F, 4=239.8,
p<0.001; Supplementary Table 3; Fig. 6b).

The effects of THC on [PH]MK-801 NMDAR bind-
ing were restricted to mutant mice, such that THC
increased binding in the auditory cortex, cingulate
cortex and hippocampus of Nrgl TM HET, but not WT
mice (e.g. Nrgl TM HET in HPC: F,;=15.0, p<0.01;
Supplementary Table 3; Fig. 6¢).

Discussion

This study describes novel effects of adolescent THC
on behaviour and receptor binding in a mouse model
for the schizophrenia candidate gene NRGI. THC
produced acute and chronic hypolocomotor and
hypoexploratory responses in both Nrgl TM HET and
WT mice, but only mutant mice showed residual hy-
polocomotion after THC WD. In contrast, mutant mice
were less susceptible to other effects of THC, such as
acute anxiogenic effects and reduction in investigative
sniffing during SI elicited by repeated THC exposure.
Repeated adolescent THC notably promoted differen-
tial effects on CB,R and 5-HT;sR density in the sub-
stantia nigra and insular cortex respectively, such
that THC decreased binding density in WT but in-
creased it in Nrgl TM HET mice. While repeated
adolescent THC also affected 5-HT;sR density in WT
mice in the ventral pallidum, caudate putamen and
cingulate cortex, no such effects were observed in
Nrgl TM HET mice. Interestingly, the opposite pro-
file was evident for NMDAR binding: repeated
adolescent THC increased binding density in the
hippocampus and auditory and cingulate cortices in
mutants only.

Behavioural effects of Nrgl genotype and THC
treatment

Baseline hyperactivity in Nrgl TM HET mice
emerged at an earlier age (PND 49-53) in this study
than previously reported (Karl et al. 2007). As the Nrg1
TM HET phenotype is sensitive to environmental
modification (Karl et al. 2007), effects of the individu-
ally ventilated cage housing used in the present study
and conventional housing used previously as well as
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Fig. 4. Sensorimotor gating after injection of A%
tetrahydrocannabinol (10 mg/kg). (a—) % Prepulse
inhibition (PPI) on days 1, 21 and withdrawal day.

Data represent means +s.E.m.; n=12-15. WT, wild-type litter;
HET, heterozygous; Veh, vehicle. # p <0.05 vs. vehicle
(analysis of variance).

the adolescent treatment procedure (i.e. stress of daily
i.p. injections) might have contributed to the earlier
phenotype onset (Kallnik et al. 2007). Repeated OF
testing is unlikely to have contributed to the earlier
onset as we have previously shown that locomotor
activity is not altered by repeated exposure of Nrgl
mutant mice to the OF paradigm (Boucher et al. 2011;
Karl et al. 2007).

Acute THC elicited the typical cannabinoid effects
of hypothermia and hypolocomotion in WT mice,
similarly to our previous studies (Boucher et al. 20074;
Long et al. 2010b). These effects, observed at around
PND 31, may represent one of the earliest manifes-
tations of activation of CB;Rs, which are suggested to
be functionally immature until around PND 23, i.e.
after weaning (Fride & Mechoulam, 1996). THC in-
duced hypolocomotion in adolescents of both geno-
types, which contrasts with the heightened sus-
ceptibility to THC-induced hypolocomotion of adult
Nrg1 TM HET mice (Boucher et al. 2007 a). It is possible
that using a lower, less sedative dose of THC in the
present study, such as 1 mg/kg, may have unmasked
some subtle differences in locomotor effects of THC
between genotypes at this younger age.

Adolescent mice developed an overall tolerance to
THC-induced hypolocomotion in the OF after chronic
exposure. While tolerance to cannabinoid agonist-
induced hypolocomotion is common (Boucher et al.
2011; Howlett et al. 2004), adolescent rats have
been reported to be less susceptible than adults to
the development of tolerance (Wiley et al. 2007).
Interestingly, in THC-treated mice of both genotypes,
hypolocomotor tolerance was evident only in the
first half of the 10 min OF test on day 13, suggesting
that the rate of tolerance to some THC effects may
interact with its effects on habituation to the test
environment. On the other hand, residual hypolo-
comotion was present in THC-treated Nrgl TM
HET, but not WT mice in the OF and LD at WD.
One possible interpretation for this phenomenon is
that THC induced selective neurobiological alterations
in Nrgl TM HET mice, which diminished the emerg-
ence of the typical hyperactive phenotype of these
mice.

There were no baseline genotype differences in
generalized anxiety-like behaviour in the adolescent
mice, confirming the age-dependency of phenotypic
features of this Nrgl mutant mouse model, since a
task-specific, anxiety-related phenotype has been
observed in adult Nrgl TM HET mice (Karl et al.
2007). Acute THC induced anxiety-like effects task-
specifically in the OF, predominantly in WT mice,
whereas chronic effects were detectable in all mice.
The data suggest that adolescent WT and Nrgl T™M
HET mice have similar responses to chronic, but
not acute, effects of THC on anxiety measures and that
the effects of repeated adolescent THC exposure are
not long lasting. This also appears to be an age-
dependent phenomenon, as adult Nr¢gl mutants ex-
hibited an increased sensitivity to acute THC (Boucher
et al. 2007 a).
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Fig. 5. Representative autoradiograms showing [*H]CP 55 940, [*H]ketanserin and [*H]MK-801 binding in specific brain regions
in wild-type litter and heterozygous transmembrane domain Nrgl mutant (Nr¢g1 TM HET) mice. PrL, Prelimbic cortex; Al,
agranular insular cortex; Cg, cingulate cortex; CPu, caudate putamen; VP, ventral pallidum; GPe, external globus pallidus; Au,
auditory cortex; HPC, hippocampus; VMH, ventromedial hypothalamus; SN, substantia nigra.

Interestingly, adolescent Nrgl TM HET mice were
resistant to THC-induced suppression of investigative
social behaviours. There were no baseline differences
between vehicle-treated mutant and WT mice in the SI
test, which intends to model both social anxiety and
social WD. While acute THC reduced total SI to a
similar extent in adult Nrgl TM HET and WT mice
(Boucher et al. 2007a), we now show that THC selec-
tively reduced general sniffing and anogenital sniffing
in adolescent WT mice. This selective reduction in in-
vestigative social behaviour cannot be explained by a
locomotor suppressant effect of THC, since THC re-
duced locomotion to the same extent in both WT and
Nrgl TM HET mice. It is possible that adolescent Nrg1
TM HET mice undergo differential neurobehavioural
adaptations to repeated THC that render them less
susceptible to reductions in social behaviour induced
by the drug — an effect worthy of consideration in light

of the purported relief from negative symptoms
experienced by cannabis users with schizophrenia
(Smit et al. 2004).

There were no baseline genotype differences in
startle response and PPI. Importantly, the PPI deficit of
Nrg1 TM HET mice initially reported (Stefansson et al.
2002) has not been replicated reliably (Boucher et al.
2007a; van den Buuse et al. 2009; but also see
Boucher et al. 2011; Karl et al. 2011). Acute THC treat-
ment selectively reduced PPI at the lowest prepulse
intensity in N¥gl TM HET mice but did not alter the
startle response, while chronic THC reduced the star-
tle response in both genotypes but did not alter PPI
during treatment or WD. These data suggest that THC
has differential acute effects on sensorimotor gating in
adult and adolescent Nrgl TM HET mice, since we
have previously found that a single THC exposure
enhanced PPI in adult Nrg1l TM HET mice, while no
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Fig. 6. Autoradiographic binding of (a) [PFH]CP-55 940, (b)
[*H]ketanserin and (c) [FH]MK-801 on withdrawal day. Data
represent mean binding density nCi/mg tissue (+s.E.Mm.);
n=4-5. WT, wild-type-like littermate control;

HET, heterozygous; Veh, vehicle; CPu, caudate putamen;
HPC, hippocampus ; VMH, ventromedial hypothalamus; SN,
substantia nigra ; GPe, external globus pallidus; Al, agranular
insular cortex; VP, ventral pallidum; PrL, prelimbic cortex;
Cg, cingulate cortex; ACo, auditory cortex; PMCo,
posteromedial cortical amygdaloid nucleus. * p <0.05,
*p<0.01vs. WT; # p<0.05, ™ p <0.01, ## p <0.001 vs. vehicle
(analysis of variance).

effect was observed in WT mice (Boucher et al. 2007 4).
Furthermore, repeated THC exposure had no effect on
PPI in adolescent WT and Nrgl TM HET mice, simi-
larly to our recent findings in adult mutants after re-
peated exposure to a synthetic cannabinoid agonist
(Boucher et al. 2011).

Effects of Nrgl genotype and THC treatment on
autoradiographic receptor binding

We report for the first time a decrease in CB;R density
in the substantia nigra of adolescent Nrg1 TM HET
mice. Since the binding ligand we used is a CB;R
agonist, it is possible that this finding reflects altered
binding site affinity rather than overall receptor num-
ber. Nevertheless, we note with interest that using the
same radioligand ([*H]CP 55940), CB;R binding was
modestly increased in the substantia nigra in adult
Nrgl TM HET mice (Newell et al. unpublished ob-
servations), suggesting that the developmental trajec-
tory of CB;R expression between adolescent and adult
mice differs between Nrgl TM HET and WT mice.
Within the basal ganglia, CB,R mRNA is synthesized
in striatal medium spiny neurons and the receptor
protein is transported to terminals projecting to the
substantia nigra via the direct pathway and the exter-
nal globus pallidus via the indirect pathway (Julian
et al. 2003; van der Stelt & di Marzo, 2003). These
pathways facilitate and inhibit movement, respect-
ively. The reduced CB;R binding in vehicle-treated
adolescent mutant mice appears specific to the direct
pathway, since CB;R binding was not altered in the
external globus pallidus. Combined with the obser-
vation that mRNA encoding ErbB4 receptors for
NRGI is localized on dopaminergic neurons in the
substantia nigra (Abe et al. 2009), it is possible to
speculate that hyperactivity in Nrgl mutant mice in-
volves altered nigral dopaminergic neurotransmis-
sion, possibly related to reduced CB,R availability in
the direct pathway. We also report for the first time
genotype differences in the effects of repeated ado-
lescent THC on CB;R binding in the substantia nigra,
such that it reduced CB,R binding in WT mice (con-
sistent with prior research; Romero et al. 1997) but in-
creased binding in Nrg1 TM HETs. Combined with a
trend towards reduced CB;R binding in the external
globus pallidus of both WT and mutant mice treated
with THC, this suggests an involvement of both direct
and indirect pathway CB;Rs in the locomotor effects of
chronic THC in WT mice. The increased CB,R binding
in the substantia nigra of THC-treated Nrg1 TM HET
mice may represent a maladaptive or compensatory
response underlying the persistent reduction in loco-
motor activity after THC WD in mutant mice.
5-HT,4R binding was reduced in the anterior insu-
lar and cingulate cortices and increased in the caudate
putamen of drug-free, adolescent Nrg1 TM HET mice.
This is consistent with reduced 5-HT;sR density in
prefrontal and other cortical regions in schizophrenia
(Kang et al. 2009; Matsumoto et al. 2005; Pralong et al.
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2000). Given that our data are from mice in mid-ado-
lescence, the findings are particularly relevant to ob-
servations in the early stages of schizophrenia in
humans, such as reduction in cortical 5-HT,5Rs in in-
dividuals at high risk for schizophrenia (Hurlemann et
al. 2008) and in first-episode patients (Rasmussen ef al.
2010), and increased subcortical 5-HT,5Rs (Erritzoe et
al. 2008) in first-episode patients. While this suggests
that changes in 5-HT,;sRs may be an early manifes-
tation of schizophrenia neuropathophysiology, it is
possible that genetic influences such as Nrgl mutation
may alter the development of the expression of this
receptor, since we have previously observed a global
increase in 5-HT,4Rs in adult Nrgl TM HET mice
(Dean et al. 2008). The effects of THC on 5-HT;sRs,
similar to CB,Rs, also appear to be genotype-specific,
such that THC reduced binding in the agranular
insula and ventral pallidum in WT mice but increased
or did not change it in mutants. Overall, our results
suggest that Nrgl modulates 5-HT,sR binding den-
sity in brain regions relevant to schizophrenia and
social anxiety (Furmark, 2009; Vertes, 2006; Wylie &
Tregellas, 2010), which may subserve the differential
patterns in THC effects on social anxiety in the present
study.

We observed no baseline genotype differences in
NMDAR binding. This is in line with a previous report
of hypophosphorylation, but no change in total pro-
tein levels, of the NMDAR NR2B subunit in adult Nrg1
TM HET mice (Bjarnadottir et al. 2007). Meanwhile,
NMDAR binding density was selectively increased
in the hippocampus and auditory and cingulate cor-
tices of THC-treated mutant mice. This may represent
an adaptation to THC-induced changes in endo-
cannabinoid control of synaptic transmission (Bodor
et al. 2005; Brown et al. 2003 ; Hoffman ef al. 2010). Since
NMDAR antagonists generally induce hyperactivity,
increased NMDAR density may also underlie the
persistent hypolocomotion after THC WD in mutant
mice.

Here, we add to the Nrgl mutant mouse model
literature by reporting adolescence-specific and
genotype-dependent differences in the neurobeha-
vioural response of these mice to THC. We hypoth-
esized that adolescent Nrgl TM HET mice would be
more susceptible to the hypolocomotor, hyposocial
and anxiogenic effects of THC. However, we found no
difference in the sensitivity of mutant mice to loco-
motor reduction by THC and, in fact, mutants were
less susceptible to THC-induced reduction in social
behaviour and to induction of anxiety-like behaviour
by acute THC. Furthermore, the changes in CB,, 5-
HT,5s and NMDAR receptors in adolescent mutants
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that we observe are different to those previously found
in adult mice, supporting the implications of our be-
havioural data that there are developmental differ-
ences in both the baseline phenotype of these mice and
in their behavioural and neurochemical response to
chronic cannabinoid agonist exposure. Overall, these
findings are consistent with evidence for differential
effects of THC between adolescents and adults and
between ‘vulnerable’ (i.e. genetically modified) and
“healthy’ brains.

Note

Supplementary material accompanies this paper on
the Journal’s website (http:/ /journals.cambridge.org/

pnp).

Acknowledgements

This work was supported by the National Health and
Medical Research Council (NHMRC, project grant
493301) and by the Schizophrenia Research Institute,
utilizing infrastructure funding from NSW Health, the
Baxter Charitable Foundation and the Alma Hazel
Eddy Trust. TK is funded by a NHMRC career devel-
opment award (568752). T. K. and ]. A. are also sup-
ported by the National Alliance for Research on
Schizophrenia and Depression (Young Investigator
Awards). We thank Jarrah Spencer for technical as-
sistance, the animal caretaker, Adam Bryan, and
Jerry Tanda for his critical comments on this manu-
script.

Statement of Interest

None.

References

Abe Y, Namba H, Zheng Y, Nawa H (2009). In situ
hybridization reveals developmental regulation of ErbB1-4
mRNA expression in mouse midbrain: implication of ErbB
receptors for dopaminergic neurons. Neuroscience 161,
95-110.

Bayer TA, Falkai P, Maier W (1999). Genetic and non-genetic
vulnerability factors in schizophrenia: the basis of the
‘Two hit hypothesis’. Journal of Psychiatric Research 33,
543-548.

Bjarnadottir M, Misner DL, Haverfield-Gross S, Bruun S,
et al. (2007). Neuregulinl (NRG1) signaling through Fyn
modulates NMDA receptor phosphorylation: differential
synaptic function in NRG1+ / — knock-outs compared
with wild-type mice. Journal of Neuroscience 27, 4519-4529.

Bodor AL, Katona I, Nyiri G, Mackie K, et al.

(2005). Endocannabinoid signaling in rat somatosensory

¥202 Iudy $Z uo 1senb Ag 0288z29/€91/1/9L/e1oe/dull/woo dno-olwspeoe//:sdpy woly papeojumoq



174 L. E. Long et al.

cortex : laminar differences and involvement of specific
interneuron types. Journal of Neuroscience 25, 6845-6856.

Boucher AA, Arnold JC, Duffy L, Schofield PR, et al.

(2007 a). Heterozygous neuregulin 1 mice are more
sensitive to the behavioural effects of Delta(9)-
tetrahydrocannabinol. Psychopharmacology 192, 325-336.

Boucher AA, Hunt GE, Karl T, Micheau J, et al. (2007b).
Heterozygous neuregulin 1 mice display greater baseline
and Delta(9)-tetrahydrocannabinol-induced c-Fos
expression. Neuroscience 149, 861-870.

Boucher AA, Hunt GE, Micheau J, Huang X-F, et al. (2011).
The schizophrenia susceptibility gene neuregulin 1
modulates tolerance to the effects of cannabinoids.
International Journal of Neuropsychopharmacology 14,
631-643.

Braff DL, Geyer MA, Swerdlow NR (2001). Human studies
of prepulse inhibition of startle: normal subjects, patient
groups, and pharmacological studies. Psychopharmacology
156, 234-258.

Brown TM, Brotchie JM, Fitzjohn SM (2003). Cannabinoids
decrease corticostriatal synaptic transmission via an effect
on glutamate uptake. Journal of Neuroscience 23,
11073-11077.

Caspi A, Moffitt TE, Cannon M, McClay J, et al. (2005).
Moderation of the effect of adolescent-onset cannabis use
on adult psychosis by a functional polymorphism in the
catechol-O-methyltransferase gene: longitudinal evidence
of a gene x environment interaction. Biological Psychiatry
57,1117-1127.

Compton DR, Rice KC, De Costa BR, Razdan RK, et al.
(1993). Cannabinoid structure-activity relationships:
correlation of receptor binding and in vivo activities. Journal
of Pharmacology and Experimental Therapeutics 265, 218-226.

d’Souza DC, Abi-Saab WM, Madonick S, Forselius-Bielen
K, et al. (2005). Delta-9-tetrahydrocannabinol effects in
schizophrenia: implications for cognition, psychosis, and
addiction. Biological Psychiatry 57, 594-608.

Dalton VS, Long LE, Weickert CS, Zavitsanou K (2011).
Paranoid schizophrenia is characterized by increased CB1
receptor binding in the dorsolateral prefrontal cortex.
Neuropsychopharmacology 36, 1620-1630.

Dean B, Karl T, Pavey G, Boer S, et al. (2008). Increased
levels of serotonin 2A receptors and serotonin transporter
in the CNS of neuregulin 1 hypomorphic/mutant mice.
Schizophrenia Research 99, 341-349.

Denenberg VH (1969). Open-field behavior in the rat: what
does it mean? Annals of the New York Academy of Sciences
159, 852-859.

Deng C, Han M, Huang XF (2007). No changes in densities of
cannabinoid receptors in the superior temporal gyrus in
schizophrenia. Neuroscience Bulletin 23, 341-347.

Duffy L, Cappas E, Scimone A, Schofield PR, et al. (2008).
Behavioral profile of a heterozygous mutant mouse model
for EGF-like domain neuregulin 1. Behavioral Neuroscience
122, 748-759.

Ehrenreich H, Rinn T, Kunert HJ, Moeller MR, et al. (1999).
Specific attentional dysfunction in adults following early
start of cannabis use. Psychopharmacology 142, 295-301.

Ellenbroek BA, Cools AR (2000). Animal models for the
negative symptoms of schizophrenia. Behavioural
Pharmacology 11, 223-233.

Erritzoe D, Rasmussen H, Kristiansen KT, Frokjaer VG,
et al. (2008). Cortical and subcortical 5-HT2A receptor
binding in neuroleptic-naive first-episode schizophrenic
patients. Neuropsychopharmacology 33, 2435-2441.

File SE, Seth P (2003). A review of 25 years of the social
interaction test. European Journal of Pharmacology 463, 35-53.

Fride E, Mechoulam R (1996). Ontogenetic development of
the response to anandamide and delta 9-
tetrahydrocannabinol in mice. Brain Research.
Developmental Brain Research 95, 131-134.

Furmark T (2009). Neurobiological aspects of social anxiety
disorder. Israel Journal of Psychiatry and Related Sciences 46,
5-12.

Harrison PJ, Law AJ (2006). Neuregulin 1 and schizophrenia:
genetics, gene expression, and neurobiology. Biological
Psychiatry 60, 132-140.

Hoffman AF, Laaris N, Kawamura M, Masino SA, et al.
(2010). Control of cannabinoid CB1 receptor function on
glutamate axon terminals by endogenous adenosine acting
at A1 receptors. Journal of Neuroscience 30, 545-555.

Howlett AC, Breivogel CS, Childers SR, Deadwyler SA,
et al. (2004). Cannabinoid physiology and pharmacology :
30 years of progress. Neuropharmacology 47 (Suppl. 1),
345-358.

Hurlemann R, Matusch A, Kuhn K-U, Berning J, et al.
(2008). 5-HT,4 receptor density is decreased in the at-risk
mental state. Psychopharmacology 195, 579-590.

Julian MD, Martin AB, Cuellar B, Rodriguez De Fonseca F,
et al. (2003). Neuroanatomical relationship between type 1
cannabinoid receptors and dopaminergic systems in the rat
basal ganglia. Neuroscience 119, 309-318.

Kallnik M, Elvert R, Ehrhardt N, Kissling D, et al. (2007).
Impact of IVC housing on emotionality and fear learning in
male C3HeB/Fe] and C57BL/6] mice. Mammalian Genome
18, 173-186.

Kang K, Huang X-F, Wang Q, Deng C (2009). Decreased
density of serotonin 2A receptors in the superior temporal
gyrus in schizophrenia — a post mortem study. Progress in
Neuro-Psychopharmacology and Biological Psychiatry 33,
867-871.

Karl T, Burne THJ, Van den Buuse M, Chesworth R (2011).
Do transmembrane domain neuregulin 1 mutant mice
exhibit a reliable sensorimotor gating deficit? Behavioural
Brain Research 223, 336-341.

Karl T, Duffy L, Scimone A, Harvey RP, et al. (2007). Altered
motor activity, exploration and anxiety in heterozygous
neuregulin 1 mutant mice: implications for understanding
schizophrenia. Genes Brain and Behavior 6, 677-687.

Large M, Sharma S, Compton MT, Slade T, et al. (2011).
Cannabis use and earlier onset of psychosis: a systematic
meta-analysis. Archives of General Psychiatry 68, 555-561.

Long LE, Chesworth R, Arnold JC, Karl T (20104). A follow-
up study: acute behavioural effects of A9-THC in female
heterozygous Neuregulin 1 transmembrane domain
mutant mice. Psychopharmacology 211, 277-289.

¥202 Iudy $Z uo 1senb Ag 0288z29/€91/1/9L/e1oe/dull/woo dno-olwspeoe//:sdpy woly papeojumoq



Long LE, Chesworth R, Huang X-F, McGregor IS, et al.
(2010b). A behavioural comparison of acute and chronic
delta-9-tetrahydrocannabinol and cannabidiol in
C57BL/6JArc mice. International Journal of Neuro-
psychopharmacology 13, 861-876.

Matsumoto I, Inoue Y, Iwazaki T, Pavey G, et al. (2005).
5-HT2A and muscarinic receptors in schizophrenia:

a post mortem study. Neuroscience Letters 379, 164-168.

Moore THM, Zammit S, Lingford-Hughes A, Barnes TRE,
et al. (2007). Cannabis use and risk of psychotic or affective
mental health outcomes: a systematic review. Lancet 370,
319-328.

Munafo MR, Thiselton DL, Clark TG, Flint J (2006).
Association of the NRG1 gene and schizophrenia: a meta-
analysis. Molecular Psychiatry 11, 539-546.

Newell KA, Zavitsanou K, Huang XF (2007). Short and long
term changes in NMDA receptor binding in mouse brain
following chronic phencyclidine treatment. Journal of
Neural Transmission 114, 995-1001.

O’Tuathaigh CMP, Babovic D, O’Sullivan GJ, Clifford JJ,
et al. (2007). Phenotypic characterization of spatial
cognition and social behavior in mice with ‘knockout” of
the schizophrenia risk gene neuregulin 1. Neuroscience 147,
18-27.

Paus T, Keshavan M, Giedd JN (2008). Why do many
psychiatric disorders emerge during adolescence? Nature
Reviews Neuroscience 9, 947-957.

Paxinos G, Franklin KB]J (2004). The Mouse Brain in Stereotaxic
Coordinates. Oxford: Oxford Academic.

Peters BD, de Koning P, Dingemans P, Becker H, et al.
(2009). Subjective effects of cannabis before the first
psychotic episode. Australian and New Zealand Journal of
Psychiatry 43, 1155-1162.

Pope Jr. HG, Gruber AJ, Hudson JI, Cohane G, et al. (2003).
Early-onset cannabis use and cognitive deficits: what is the
nature of the association? Drug and Alcohol Dependence 69,
303-310.

Pralong D, Tomaskovic-Crook E, Opeskin K, Copolov D,
et al. (2000). Serotonin(2A) receptors are reduced in the
planum temporale from subjects with schizophrenia.
Schizophrenia Research 44, 35-45.

Quinn HR, Matsumoto I, Callaghan PD, Long LE, et al.
(2008). Adolescent rats find repeated Delta(9)-THC less
aversive than adult rats but display greater residual
cognitive deficits and changes in hippocampal protein
expression following exposure. Neuropsychopharmacology
33, 1113-1126.

Rasmussen H, Erritzoe D, Andersen R, Ebdrup BH, et al.
(2010). Decreased frontal serotonin2A receptor binding in
antipsychotic-Naive patients with first-Episode
schizophrenia. Archives of General Psychiatry 67, 9-16.

Realini N, Rubino T, Parolaro D (2009). Neurobiological
alterations at adult age triggered by adolescent exposure to
cannabinoids. Pharmacological Research 60, 132-138.

Romero J, Garcia-Palomero E, Castro JG, Garcia-Gil L, et al.
(1997). Effects of chronic exposure to delta9-
tetrahydrocannabinol on cannabinoid receptor binding

Chronic THC in adolescent Nrgl mutant mice 175

and mRNA levels in several rat brain regions. Brain
Research. Molecular Brain Research 46, 100-108.

Rubino T, Realini N, Braida D, Alberio T, et al. (2009a).
The depressive phenotype induced in adult female rats by
adolescent exposure to THC is associated with cognitive
impairment and altered neuroplasticity in the prefrontal
cortex. Neurotoxicity Research 15, 291-302.

Rubino T, Realini N, Braida D, Guidi S, et al. (2009b).
Changes in hippocampal morphology and neuroplasticity
induced by adolescent THC treatment are associated with
cognitive impairment in adulthood. Hippocampus 19,
763-772.

Sanders AR, Duan J, Levinson DF, Shi J, et al. (2008).

No significant association of 14 candidate genes with
schizophrenia in a large European ancestry sample:
implications for psychiatric genetics. American Journal of
Psychiatry 165, 497-506.

Smit F, Bolier L, Cuijpers P (2004). Cannabis use and the risk
of later schizophrenia: a review. Addiction 99, 425-430.

Spear LP (2004). Adolescent brain development and animal
models. Annals of the New York Academy of Sciences 1021,
23-26.

Stefansson H, Sigurdsson E, Steinthorsdottir V,
Bjornsdottir S, et al. (2002). Neuregulin 1 and
susceptibility to schizophrenia. American Journal of Human
Genetics 71, 877-892.

van den Buuse M, Wischhof L, Xi Lee R, Martin S, et al.
(2009). Neuregulin 1 hypomorphic mutant mice: enhanced
baseline locomotor activity but normal psychotropic drug-
induced hyperlocomotion and prepulse inhibition
regulation. International Journal of Neuropsychopharmacology
12, 1383-1393.

van der Stelt M, Di Marzo V (2003). The endocannabinoid
system in the basal ganglia and in the mesolimbic
reward system: implications for neurological and
psychiatric disorders. European Journal of Pharmacology
480, 133-150.

Vertes RP (2006). Interactions among the medial prefrontal
cortex, hippocampus and midline thalamus in
emotional and cognitive processing in the rat.
Neuroscience 142, 1-20.

Wiley JL, O’Connell MM, Tokarz ME, Wright MJ
(2007). Pharmacological effects of acute and repeated
administration of delta-9-tetrahydrocannabinol in
adolescent and adult rats. Journal of Pharmacology and
Experimental Therapeutics 320, 1097-1105.

Wylie KP, Tregellas JR (2010). The role of the insula in
schizophrenia. Schizophrenia Research 123, 93-104.

Zavitsanou K, Garrick T, Huang XF (2004). Selective
antagonist [PH]SR141716A binding to cannabinoid CB1
receptors is increased in the anterior cingulate cortex in
schizophrenia. Progress in Neuro-Psychopharmacology and
Biological Psychiatry 28, 355-360.

Zavitsanou K, Ward PB, Huang XF (2002). Selective
alterations in ionotropic glutamate receptors in the anterior
cingulate cortex in schizophrenia. Neuropsychopharmacology
27, 826-833.

¥202 Iudy $Z uo 1senb Ag 0288z29/€91/1/9L/e1oe/dull/woo dno-olwspeoe//:sdpy woly papeojumoq



