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HETEROZYGOUS NEUREGULIN 1 MICE DISPLAY GREATER
BASELINE AND ⌬9-TETRAHYDROCANNABINOL-INDUCED
c-Fos EXPRESSION
A. A. BOUCHER,a,b,c G. E. HUNT,d T. KARL,a,e
J. MICHEAU,c I. S. MCGREGORf AND J. C. ARNOLDa,b*

these effects. These data provide neurobiological correlates
for the enhanced behavioral sensitivity of Nrg1 HET mice to
THC and reinforce the existence of cannabinoid-neuregulin 1
interactions in the CNS. This research may enhance our understanding of how genetic factors increase individual vulnerability to schizophrenia and cannabis-induced psychosis.
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Schizophrenia is a chronic and disabling mental disorder
that affects 1% of the world’s population. Drugs of abuse
such as cannabis increase the risk of developing schizophrenia (Linszen et al., 1994; Arseneault et al., 2004).
Cannabis consumption is associated with an earlier onset
of psychotic symptoms, an exacerbation of the disorder,
poor treatment outcome and an increased likelihood of
psychotic relapse (Degenhardt and Hall, 2002). The observation that many cannabis users do not develop schizophrenia has led to the hypothesis that cannabinoid exposure is a component cause that might unmask schizophrenia in people that have a predisposition to the disorder.
Indeed, the cause of schizophrenia is likely to be multifactorial involving the interaction of susceptibility genes
with environmental risk factors such as cannabis use
(Bayer et al., 1999; Arseneault et al., 2004).
Human and animal studies have reported that neuregulin 1 (NRG1), a gene from chromosome 8p, is a candidate gene for schizophrenia (Stefansson et al., 2002;
Walss-Bass et al., 2006). Nrg1 is a ligand for ErbB receptor
tyrosine kinases which when bound may affect schizophrenia-related neurodevelopmental processes such as the
expression and function of CNS neurotransmitter receptors, myelination, axon guidance, neuronal migration and
glial differentiation (Falls, 2003). Several studies have
shown that mutant mice heterozygous for the transmembrane domain of Nrg1 (Nrg1 HET mice) exhibit a schizophrenia-related behavioral phenotype. This includes sensorimotor gating deficits, hyperlocomotion and an increased sensitivity to environmental factors (Stefansson et
al., 2002; O’Tuathaigh et al., 2006; Boucher et al., 2007;
Karl et al., 2007). In addition, consistent with the neurodevelopmental theory of schizophrenia, these mice display
an age-dependent phenotype and a hypofunctional glutamatergic system with a deficit in NMDA receptor expression (Stefansson et al., 2002; Karl et al., 2007). Taken
together, Nrg1 HET mice provide one of the most promising animal models of genetic vulnerability to schizophrenia.
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Abstract—Cannabis use may increase the risk of developing
schizophrenia by precipitating the disorder in genetically vulnerable individuals. Neuregulin 1 (NRG1) is a schizophrenia
susceptibility gene and mutant mice heterozygous for the
transmembrane domain of this gene (Nrg1 HET mice) exhibit
a schizophrenia-related phenotype. We have recently shown
that Nrg1 HET mice are more sensitive to the behavioral
effects of the main psychoactive constituent of cannabis,
⌬9-tetrahydrocannabinol (THC). In the present study, we examined the effects of THC (10 mg/kg i.p.) on neuronal activity
in Nrg1 HET mice and wild type-like (WT) mice using c-Fos
immunohistochemistry. In the lateral septum, THC selectively
increased c-Fos expression in Nrg1 HET mice with no corresponding effect being observed in WT mice. In addition, THC
promoted a greater increase in c-Fos expression in Nrg1 HET
mice than WT mice in the central nucleus of the amygdala,
the bed nucleus of the stria terminalis and the paraventricular
nucleus of the hypothalamus. Consistent with Nrg1 HET mice
exhibiting a schizophrenia-related phenotype, these mice expressed greater drug-free levels of c-Fos in two regions
thought to be involved in schizophrenia, the shell of the
nucleus accumbens and the lateral septum. Interestingly, the
effects of genotype on c-Fos expression, drug-free or following THC exposure, were only observed when animals experienced behavioral testing prior to perfusion. This suggests
an interaction with stress was necessary for the promotion of
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We have recently shown that Nrg1 HET mice also have
increased sensitivity to the acute behavioral effects of the
main psychoactive constituent of cannabis, ⌬9-tetrahydrocannabinol (THC) (Boucher et al., 2007). These mice were
more sensitive to the locomotor suppressant and anxiogenic effects of THC than wild type-like (WT) mice. Further, THC selectively facilitated sensorimotor gating as
measured by prepulse inhibition (PPI) in Nrg1 HET mice.
This prior study provided the first evidence that heterozygous deletion of a schizophrenia susceptibility gene alters
the behavioral effects of cannabinoids. Here we examine
the neurobiological underpinnings of such a phenomenon
by measuring THC-induced neuronal activation in Nrg1
HET and WT mice using c-Fos immunohistochemistry.

EXPERIMENTAL PROCEDURES
Animals
Male adult (18 –19 weeks) heterozygous Nrg1 transmembrane
domain mice generated from a C57BL/6 background strain were
provided by Prof. Richard Harvey (Victor Chang Cardiac Research Institute, Sydney, Australia) as previously described
(Boucher et al., 2007; Karl et al., 2007). Animals were pair-housed
under a 12 h light/dark schedule with food and water available
ad libitum. All research and animal care procedures were approved by the “Garvan Institute/St. Vincent’s Hospital Animal Experimentation Ethics Committee” and were in agreement with the
“Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes.” Every effort was made to minimize the number of animals used and their suffering.

were stored in freezing solution (ethanediol/glycerol) at ⫺15–
20 °C until the c-Fos staining was performed. For immunohistochemistry, free floating sections were washed in phosphate buffer
(PB) before being sequentially incubated in 3% hydrogen peroxide
for 30 min and 3% normal horse serum for 30 min. Sections were
then stained with the c-Fos primary antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA, rabbit polyclonal; reacts with c-Fos
p62 of mouse and non– cross-reactive with FosB, Fra-1 or Fra-2)
diluted 1:10,000 in phosphate-buffered horse serum (PBH) (0.1%
bovine serum albumin, 0.2% Triton X-100, 2% normal horse serum) for 3 days at 4 °C. Sections were washed in PB and then
incubated for 1 h in biotinylated anti-rabbit IgG secondary antibody
(Vector Laboratories, Burlingame, CA, USA) diluted 1:500 in PBH.
Sections were washed again before being incubated in ExtrAvidin
peroxidase (Sigma, diluted 1:1000 in PBH) for 2 h. After three
washes in PB, peroxidase activity was visualized by placing the
tissue in nickel diaminobenzidine (0.05% diaminobenzidine tetrahydrochloride, 0.4% ammonium chloride, 2% nickel ammonium
sulfate, 20% D-glucose) and glucose oxidase (Sigma, 1:1000) and
the reaction was terminated after 10 min by washing in PB.
Sections were stored in PB at 4 °C before being mounted onto
gelatinized slides, dehydrated, xylene cleared and coverslipped.
Fos immunoreactive cells (black and dark brown) were quantified
by a rater blind to treatment with reference to the mouse brain
atlas of Paxinos and Franklin (2000) as previously described
(McGregor et al., 1998; Arnold et al., 2001). Digitized images were
produced by a Leica DC500 camera using a 10⫻ objective attached to an Olympus BX51 light microscope. Images were acquired using Leica IM1000 Image Manager (version 4) software.
The only post-production enhancement was reduction of color to
black and white and the adjustment of brightness and contrast
equally for all images using Adobe Photoshop CS2 (version 9.0).

Data analysis
Drug and experimental procedures
As previously described by Boucher et al. (2007), THC (SigmaAldrich, Sydney, NSW, Australia) was dissolved in 4% ethanol,
1% Tween 80, and 95% saline. THC or vehicle (VEH) was administered intraperitoneally (i.p.) at 10 mg/kg in a volume of 10 ml/kg
of body weight. Thirty minutes after the injection, mice were tested
in various paradigms of motor coordination (wire hang, pole, beam
walk and rotarod tests), explorative (open field and hole-board
tests) and anxiety-related behaviors (light– dark test and elevated
plus maze). Animals were habituated to these behavioral tests on
two consecutive days prior to the administration of THC to limit the
impact of novelty-induced c-Fos expression. Data for these results
are not reported due to an insufficient number of animals being
tested to provide meaningful results. Immediately following behavioral testing and approximately 90 min after injection with either
VEH or THC (10 mg/kg), mice were anesthetized with halothane
and perfused transcardially with 0.9% saline followed by 4% paraformaldehyde (PFA). To assess the influence of behavioral testing
on c-Fos expression, another group of animals was treated with
VEH or THC (10 mg/kg) 90 min before the perfusion, however
none of these animals were tested in any behavioral paradigms.
We then analyzed c-Fos expression using the same protocol and
analyzed the regions of interest where a differential effect between
Nrg1 HET and WT mice was observed in animals that were
behaviorally tested.

Immunohistochemistry
The brains were removed and postfixed overnight in fresh PFA at
4 °C. For cryoprotection, brains were incubated in 15% sucrose
until they sank (approximately 1–2 days). The brains were then
placed in 30% sucrose for approximately 3 days, until they sank
again. Following this, the brains were placed in the cryostat for
slow freezing for 1 h at ⫺11–17 °C and sliced at 40 m. Tissues

Data for c-Fos immunoreactivity were analyzed using two-way
analysis of variance (ANOVA). The two factors were genotype
(WT and Nrg1 HET mice) and treatment (VEH and THC). When a
significant two-way ANOVA was found, within group comparisons
were made using Tukey’s post hoc test (where the factors of
genotype or treatment were split by the corresponding factor).
These post hoc comparisons are shown in Table 1 and Table 2.
To assess the effects of behavioral testing on c-Fos expression,
the regions of interest were also analyzed by two-way ANOVA in
animals not previously tested in behavioral paradigms. These data
were additionally analyzed using a three-way ANOVA where the
factors were genotype (WT and Nrg1 HET mice), treatment (VEH
and THC) and behavior (testing or no testing). A significant level
of P⬍0.05 was chosen for all comparisons.

RESULTS
VEH-treated Nrg1 HET express greater c-Fos levels
in the LSV and NAS
c-Fos expression in behaviorally tested animals for all reported regions is shown in Table 1. The comparison of baseline genotype differences in behaviorally tested animals
showed that VEH-treated Nrg1 HET mice expressed significantly more c-Fos than VEH-treated WT mice in the ventrolateral septum (LSV) and in the nucleus accumbens shell
(NAS) (Fig. 1). This was highlighted by two-way ANOVA with
a significant overall effect of genotype in the LSV
[F(1,12)⫽40.18, P⬍0.01] and in the NAS [F(1,12)⫽8.9,
P⬍0.05]. Consistent with this post hoc analysis using Tukey’s
test showed an increased c-Fos expression in VEH-treated
Nrg1 HET compared with WT mice in the LSV (P⬍0.05) and
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Table 1. Quantification of c-Fos expression in WT and Nrg1 HET mice after behavioral testing
Region

Bregma

WT
VEH

Frontal regions
PFC, medial
NAS
NAC
CPU, medial
CPU, central
CPU, dorsolateral
LSV
BNST, dorsolateral
Hypothalamus
PVN
Lateral
Ventromedial
Thalamus
PV
Amygdala
CEA
Hippocampus
CA1
CA3
Midbrain
VTA
PAG, ventrolateral

Nrg1 HET
THC

VEH

THC

⫹1.98
⫹0.98
⫹0.98
⫹0.98
⫹0.98
⫹0.98
⫹0.98
⫹0.26

24.5⫾7
12⫾1
1.5⫾1
8⫾4
1⫾1
0⫾0
39⫾8
2⫾0.4

⫺0.94
⫺1.58
⫺1.58

19⫾8
8⫾2
0.5⫾0.3

53.5⫾8#
10.5⫾3
3.5⫾2

30⫾4
10⫾3
2.5⫾1

69⫾3###
13⫾3
3⫾1

⫺0.94

27⫾4

68.5⫾16#

28⫾8

70⫾15#

⫺1.34

1.5⫾1

39⫾14#

2⫾1

48⫾10##

0⫾0
0.25⫾0.25

1⫾1
1⫾1

0⫾0
0.5⫾0.3

⫺1.58
⫺1.58
⫺3.28–3.40
⫺4.60

1⫾0.5
2⫾1
6⫾3
10⫾3

16⫾1
12⫾2
1⫾0.5
1⫾1
0.5⫾0.5
1⫾1
36⫾9
37⫾13#

7.5⫾2
11.5⫾2

23⫾6
21⫾3*
1⫾0.6
4⫾2
1⫾0.5
1⫾0.5
65⫾4*
2⫾1

7.5⫾2
10.5⫾2

28⫾6
22.5⫾5
1.5⫾1
12⫾7
1⫾1
0.25⫾0.25
99⫾6##
52⫾7###

11⫾1
18⫾5

Number of Fos-labeled cells in various brain regions of behaviorally tested WT and Nrg1 HET mice following VEH or THC (10 mg/kg) (n⫽4 per
group). Data are presented as means⫾S.E.M.
* P⬍0.05, significant effects of vehicle-treated Nrg1 HET compared to WT mice.
#
P⬍0.05, significant effects of THC compared to vehicle in Nrg1 HET and WT mice.
##
P⬍0.01, significant effects of THC compared to vehicle in Nrg1 HET and WT mice.
###
P⬍0.001, significant effects of THC compared to vehicle in Nrg1 HET and WT mice.

in the NAS (P⬍0.05). A trend for an increased baseline c-Fos
expression was also detected in the paraventricular nucleus
of the hypothalamus (PVN) [F(1,12)⫽4.49, P⫽0.056].
THC-induced c-Fos expression in Nrg1 HET and WT
mice not tested in behavioral paradigms prior to perfusion
is shown in Table 2. Interestingly, VEH-treated Nrg1 HET
mice did not express more c-Fos than VEH-treated WT
mice, as shown by two-way ANOVA with no effect of
genotype being observed in any region examined including
the LSV and the NAS. Moreover, three-way ANOVA comparing the effect of THC on mice that were behaviorally
tested or not prior to c-Fos analysis showed a genotype by

behavioral testing interaction in the LSV [F(1,19)⫽19.02,
P⬍0.001] and a trend in the NAS [F(1,19)⫽3.63, P⫽0.07].
These results highlight that the selective increase in c-Fos
in the LSV and NAS of VEH-treated Nrg1 HET mice was
only apparent when animals were behaviorally tested prior
to the perfusion.
Nrg1 HET but not WT mice display THC-induced
c-Fos expression in the LSV
When examining the effect of THC treatment in behaviorally tested animals we observed that, THC selectively in-

Table 2. Quantification of c-Fos expression in WT and Nrg1 HET mice without prior behavioral testing
Region

NAS
LSV
BNST, dorsolateral
PVN
CEA

Bregma

⫹0.98
⫹0.98
⫹0.26
⫺0.94
⫺1.34

WT

Nrg1 HET

VEH

THC

VEH

THC

7⫾3
14⫾6
0⫾0
6⫾2
0⫾0

5⫾2
40⫾3#
13⫾3#
52⫾24
28⫾5##

4⫾0
18.5⫾6.5
1⫾1
7⫾0
9⫾2

7⫾7
41⫾4#
34⫾7#
57⫾20
40⫾8

Number of Fos-labeled cells in brain regions of non-behaviorally tested WT and Nrg1 HET mice following VEH or THC (10 mg/kg) (n⫽2–3 per
group). Data are presented as means⫾S.E.M.
#
P⬍0.05, significant effects of THC compared to vehicle in Nrg1 HET and WT mice.
##
P⬍0.01, significant effects of THC compared to vehicle in Nrg1 HET and WT mice.
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Fig. 1. Fos-labeled neurons within the LSV and the NAS in representative sections from WT mice treated with (A) VEH or (B) THC (10 mg/kg) and
Nrg1 HET mice treated with (C) VEH or (D) THC (10 mg/kg). The lateral ventricle (lv) and anterior commissure (ac) are also indicated. Scale
bar⫽300 m.

creased c-Fos expression in Nrg1 HET mice with no corresponding effect being observed in WT mice in the LSV
(see Table 1 and Fig. 1). This was highlighted by two-way
ANOVA with a strong trend in treatment [F(1,12)⫽4.72,
P⫽0.05] and a significant genotype by treatment interaction [F(1,12)⫽6.95, P⬍0.05]. Consistent with this post hoc
analysis of the LSV showed THC selectively increased
c-Fos expression compared with VEH only in Nrg1 HET
mice (P⬍0.01) but not in WT mice.
Two-way ANOVA of THC-induced c-Fos expression in
animals not exposed to behavioral tests prior to the perfusion (see Table 2) revealed no effect of genotype and no
genotype by treatment interaction in the LSV. In nonbehaviorally tested animals, THC increased c-Fos expression in the LSV as supported by an effect of the treatment
[F(1,7)⫽26.15, P⬍0.01]. However, no differential effect
was observed as analyzed by Tukey’s post hoc test where
the THC-induced increase in c-Fos expression was similar
for both WT and Nrg1 HET mice (Ps⬍0.05 for both
groups). Interestingly, when examining the effect of behav-

ior on the results observed in the LSV, three-way ANOVA
revealed a genotype by treatment by behavioral testing
interaction [F(1,19)⫽4.62, P⬍0.05], highlighting that the
increased sensitivity of Nrg1 HET mice to THC-induced
c-Fos in the LSV is dependent on behavioral testing.
The effects of THC on c-Fos expression in other
brain regions
In behaviorally tested animals, THC increased c-Fos expression in both Nrg1 HET and WT mice according to
two-way ANOVA with a significant overall effect of treatment in the paraventricular nucleus of the thalamus (PV)
[F(1,12)⫽12.78, P⬍0.01], the central nucleus of the amygdala (CEA) [F(1,12)⫽24.01, P⬍0.01], the dorsolateral part
of the bed nucleus of the stria terminalis (BNST) [F(1,12)⫽
33.62, P⬍0.01] and the PVN [F(1,12)⫽34.49, P⬍0.01]
(see Table 1). Although no genotype by treatment interactions were observed in these regions, post hoc analysis
revealed that THC exerted a greater magnitude of effect on

A. A. Boucher et al. / Neuroscience 149 (2007) 861– 870

865

Fig. 2. Fos-labeled neurons within the CEA in representative sections from WT mice treated with (A) VEH or (B) THC (10 mg/kg) and Nrg1 HET mice
treated with (C) VEH or (D) THC (10 mg/kg). Scale bar⫽300 m.

the Nrg1 HET mice in the CEA (Fig. 2), dorsolateral BNST
(Fig. 3) and PVN (Fig. 4) (P⬍0.01, P⬍0.001 and P⬍0.001
respectively) compared with WT mice (Ps⬍0.05).
Interestingly, in animals not behaviorally tested this
increased magnitude of effect of THC on Nrg1 HET compared with WT mice in these regions was not observed.
According to two-way ANOVA, THC increased c-Fos expression as supported by an effect of the treatment in the
CEA [F(1,7)⫽28.39, P⬍0.01], BNST [F(1,7)⫽23.54, P⬍0.01]
and PVN [F(1,7)⫽7.41, P⬍0.05]. However, Tukey’s post
hoc test showed that in animals that have not been behaviorally tested, a greater magnitude of effect of THC in Nrg1
HET compared with WT mice was not observed in any
region (see Table 2). These results show that the increased magnitude of effects of THC on c-Fos expression
in the CEA, BNST and PVN is also dependent on behavioral testing.
Other brain regions were also analyzed for c-Fos expression in behaviorally tested animals (Table 1), with THC
having no effect on either Nrg1 HET or WT mice in the
medial prefrontal cortex (PFC), the NAS, the core of the

nucleus accumbens (NAC), the caudate putamen (CPU),
the lateral and ventromedial hypothalamus (LH and VMH,
respectively), the CA1 and CA3 subregions of the hippocampus, the ventral tegmental area (VTA) and the ventrolateral periaqueductal gray (PAG).

DISCUSSION
The main finding of the present study is that THC selectively induced c-Fos in the LSV of Nrg1 HET mice with no
such effect being observed in WT mice. Interestingly, this
differential effect of genotype was dependent upon behavioral experimentation as this effect was not observed when
animals were exposed to THC and left in their home cage
prior to perfusion. Consonant with prior research THC
increased c-Fos levels according to the classic expression
pattern for cannabinoids. That is, THC increased c-Foslabeled neurons in the PV, CEA, dorsolateral BNST and
PVN in both genotypes. Interestingly, the magnitude of
effect of THC-induced c-Fos expression was greater in
Nrg1 HET than WT mice in the CEA, dorsolateral BNST
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Fig. 3. Fos-labeled neurons within the dorsolateral part of the BNST in representative sections from WT mice treated with (A) VEH or (B) THC
(10 mg/kg) and Nrg1 HET mice treated with (C) VEH or (D) THC (10 mg/kg). The lateral ventricle (lv) and anterior commissure (ac) are also indicated.
Scale bar⫽300 m.

and PVN only in behaviorally tested animals. Supporting
the notion that Nrg1 HET mice display a schizophreniarelated phenotype, these mice showed augmented baseline c-Fos expression in both the NAS and the LSV compared with WT mice, although, once again, this effect was
reliant on behavioral assessment with no genotype effect
being observed in these regions in testing naïve animals.
Here we demonstrate for the first time that behaviorally
tested Nrg1 HET mice have higher baseline c-Fos expression in the NAS and LSV. As the lateral septum projects to
the NAS (Risold and Swanson, 1997; Sheehan et al.,
2004), enhanced c-Fos expression in these regions may
indicate an abnormal LSV–NAS pathway in Nrg1 HET
mice. Given that both these areas are implicated in the
etiology of schizophrenia, the current results provide further support for the notion that Nrg1 HET mice display a
schizophrenia-related phenotype (Stefansson et al., 2002;
Boucher et al., 2007; Karl et al., 2007). Human studies
show that excessive dopamine release in schizophrenia
patients subserves the positive symptoms of the disorder

and explains the effectiveness of typical antipsychotic
agents that antagonize dopamine receptors (Carlsson,
1988; Egan and Weinberger, 1997). Augmented dopamine
release is likely responsible for the increased c-Fos levels
observed in the NAS of Nrg1 HET mice as this region
predominantly releases this neurotransmitter. This also
offers a parsimonious explanation for the marked motor
and exploratory hyperactivity exhibited by Nrg1 HET mice
(Stefansson et al., 2002; Boucher et al., 2007; Karl et al.,
2007).
Increased c-Fos expression in the LSV and NAS of
Nrg1 HET mice compared with WT mice in behaviorally
tested animals may also provide a neuronal correlate for
PPI deficits observed in Nrg1 HET mice first reported by
Stefansson et al. (2002). While we did not initially repeat
this finding (Boucher et al., 2007) we have recently replicated such an effect using a modified PPI design (unpublished observations). Schizophrenia patients display deficits in PPI consistent with attentional dysfunction being a
symptom of the disorder. Importantly, a polymorphism in
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Fig. 4. Fos-labeled neurons within the PVN in representative sections from WT mice treated with (A) VEH or (B) THC (10 mg/kg) and Nrg1 HET mice
treated with (C) VEH or (D) THC (10 mg/kg). The third ventricle (3v) and the fornix (f) are also indicated. Scale bar⫽300 m.

the NRG1 gene was recently associated with PPI deficits
in both healthy and schizophrenic patients (Hong et al.,
2007). Further, elevated dopamine levels in the NAS are
well established in mediating PPI deficits and the septum
also appears to mediate sensory gating phenomena (Koch,
1996; van Luijtelaar et al., 2001). Given that the LSV and
NAS are responsive to stress (Abercrombie et al., 1989;
Sheehan et al., 2004), it is possible that reduced Nrg1
levels interact with the stress of behavioral testing promoting overactivity in these brain sites which might subserve
the PPI deficits observed in Nrg1 HET mice.
THC administration strongly increased c-Fos expression in the PV, CEA, dorsolateral BNST and PVN. These
results are consistent with studies examining the effects of
cannabinoids on c-Fos expression in both mice (Valjent et
al., 2002) and rats (McGregor et al., 1998; Arnold et al.,
2001). However, no effect of THC on c-Fos expression
was observed in the PFC, NAS, NAC, CPU, LH, VMH,
CA1, CA3, VTA and PAG. Unlike our study, Valjent et al.
(2002) demonstrated THC-induced c-Fos expression in
the NAS, NAC, CPU and VMH, while Derkinderen et al.

(2003) reported that THC promoted c-Fos in the CA1 and
CA3. Strain differences in the effectiveness of cannabinoids might explain why we did not replicate these findings
in our study as we used a distinct strain to that used by
Valjent et al. (2002) and Derkinderen et al. (2003) who
both used CD-1 mice. Here the C57BL/6 background
strain was utilized which has been previously shown to be
subsensitive to the actions of cannabinoids (Onaivi et al.,
1995). Genetic variation in the responsiveness of animals
to cannabinoids is well-documented, for example, Arnold
et al. (2001) demonstrated that Lewis rats display less
cannabinoid-induced c-Fos compared with Wistar rats.
THC-induced c-Fos expression in the PV, CEA, dorsolateral BNST and PVN is likely to reflect cannabinoid action
on an integrated circuit that mediates emotional, endocrine
and behavioral responses to sensory information. The PV
sends highly processed sensory information to the BNST
and CEA (Moga et al., 1995). The BNST appears to be a
rostral extension of the CEA and these areas share reciprocal connections consistent with their intimate role in mediating anxiety-related behavior (Swanson and Petrovich,
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1998). Further, the CEA indirectly connects with the PVN
via a relay through the BNST (Prewitt and Herman, 1998;
Dong et al., 2001). Thus, THC-induced activation of a
PV–CEA–BNST–PVN “stress circuit” likely subserves the
well-characterized effects of cannabinoids on anxiety-related
behavior and the hypothalamo-pituitary–adrenal (HPA) axis
(Onaivi et al., 1995; Viveros et al., 2005; Boucher et al.,
2007).
The observation that heterozygous deletion of the Nrg1
gene renders animals more sensitive to the effects of THC
in the LSV provides a neurobiological correlate for our
recent data showing Nrg1 HET mice are more sensitive
to the behavioral effects of THC. Boucher et al. (2007)
showed THC facilitated PPI in Nrg1 HET but not in WT
mice. This is interesting as drugs which modulate PPI in
animal studies, whether they be pro-psychotic agents that
impair PPI (e.g. amphetamine, phencyclidine) (Dulawa
and Geyer, 1996), or anti-psychotic agents that facilitate
PPI (e.g. haloperidol, clozapine) (Ouagazzal et al., 2001)
all increase the expression of c-Fos in the lateral septum
(Sumner et al., 2004). The lateral septum is also likely
involved in the “stress circuit” outlined above sharing reciprocal connections with the PV, BNST, CEA and the PVN
(Moga et al., 1995; Risold and Swanson, 1997; Sheehan et
al., 2004). Further, the LSV is thought to mediate stressand anxiety-related behavior (Dielenberg et al., 2001;
Sheehan et al., 2004). Therefore, the selective effect of
THC on c-Fos expression in the LSV of Nrg1 HET mice,
combined with the observation that THC exerted an increased magnitude of effect on c-Fos expression in the
CEA, BNST and PVN only in behaviorally tested Nrg1 HET
mice suggests that depletion of Nrg1 interacts with the
stress of experimentation to enhance the sensitivity of an
LSV–CEA–BNST–PVN circuit to the actions of THC. Such
a circuit might also underlie the enhanced behavioral effects of THC on Nrg1 HET mice including increased THCinduced anxiety-related behavior as measured in the light–
dark emergence test (Boucher et al., 2007).
The enhanced sensitivity of Nrg1 HET mice to THCinduced c-Fos expression was only observed in animals
exposed to behavioral testing. Behavioral testing involves
manipulations likely to stress animals such as handling
and removal from the home cage. Indeed, it has been
shown that rats exposed to a battery of behavioral tests
exhibit higher levels of the stress hormone corticosterone
compared with rats with no prior behavioral experience
(Uphouse et al., 1983). Interestingly in our study, the brain
regions where THC exerted greater effects upon Nrg1 HET
mice are stress-related, i.e. the LSV, CEA, BNST and
PVN. The interaction between neuregulins, stress and
cannabinoids is interesting given studies highlighting that
such neurochemical systems independently impact upon
stress systems. For example, a recent human study
showed a single nucleotide polymorphism in NRG1 interacts with environmental stress in the form of job strain to
enhance the development of atherosclerosis (Hintsanen et
al., 2007). Further, THC exposure increases corticosterone
levels (Weidenfeld et al., 1994) and deletion of CB1 receptors
decreases basal release of this hormone (Uriguen et al.,

2004). Furthermore, a synergistic interaction occurs between cannabinoids and stress exposure on c-Fos expression in the CEA (Patel et al., 2005). This is consistent with
human evidence reporting that the stress of mild oral surgery precipitates adverse emotional reactions in cannabisintoxicated patients (Gregg et al., 1976).
The robust increased sensitivity of behaviorally tested
Nrg1 HET mice to THC induced c-Fos expression further
supports the view that interactions occur between neuregulin and cannabinoid systems. Such an interaction may
occur in this region as neuregulins, ErbB3, ErbB4 and CB1
receptors are localized in the septum (Pinkas-Kramarski et
al., 1994, 1997; Tsou et al., 1998; Steiner et al., 1999). The
cellular and molecular explanation for such an interaction
in the CNS is unknown. Cancer research has shown that
crosstalk exists between G protein– coupled receptors and
ErbB receptors mediated by two known mechanisms: 1) G
protein receptor–promoted metalloproteinase cleavage of
membrane-tethered ErbB ligands or 2) G protein receptor
activation of Src family kinases and phosphorylation of
ErbB receptors (Yarden and Sliwkowski, 2001). Interestingly, cannabinoids have been shown to activate metalloproteinases (Rosch et al., 2006) and Src (Berghuis et al.,
2005; He et al., 2005). Furthermore, cannabinoids induce
cancer cell proliferation by metalloproteinase-mediated
transactivation of the ErbB1 receptor (Hart et al., 2004).

CONCLUSION
Here we present neurobiological evidence that behaviorally tested Nrg1 HET mice are more sensitive to the effects
of THC. This was most robustly observed in the LSV where
THC promoted c-Fos expression selectively in Nrg1 HET
mice with no corresponding effect being observed in WT
mice. This further supports our prior behavioral research
showing that interactions occur between cannabinoid and
neuregulin systems. Consistent with Nrg1 HET mice exhibiting a schizophrenia-related phenotype, these animals
displayed greater baseline c-Fos expression in two regions
implicated in the etiology of schizophrenia, the NAS and
the LSV. The effects of genotype on c-Fos expression at
baseline or following THC exposure were only observed
when animals experienced behavioral testing prior to perfusion. This suggests an interaction with stress was necessary in the promotion of these effects. Taken together,
these data demonstrate that heterozygous deletion of Nrg1—
a schizophrenia susceptibility gene—alters the sensitivity of
animals to the neurobehavioral effects of the main psychoactive constituent of cannabis, THC under conditions of
stress. This research enhances our understanding of how
genetic factors may increase an individual’s vulnerability to
schizophrenia and cannabis-induced psychosis.
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