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Abstract

Changes in neuregulin 1 expression have been reported in the CNS from subjects with schizophrenia. As neuregulin 1 is
important in cortical development we postulated that changes in neuregulin 1 expression may contribute towards changes in
cholinergic, glutamatergic and serotonergic markers that are well documented in the CNS of subjects with that disorder. To begin to
test this hypothesis, we used in situ radioligand binding to measure levels of muscarinic M1/M4 receptors, the kainate receptor, the
NMDA receptor, the serotonin 2A receptor, the serotonin 1A receptor and the serotonin transporter in the CNS from heterozygous
transmembrane domain neuregulin 1 mutant mice. The major outcomes from these studies was the demonstration of an overall
increase in levels of the serotonin 2A receptor (F=11.3, d.f.=3,1,72, p=0.0012) and serotonin transporter (F=5.00, d.f.=1,3,72,
p<0.05) in the mutant mice. Levels of the other receptors did not vary in the mutant mice compared to their wild type-like litter
mates. These data are the first evidence to suggest that NRGI gene expression may be involved in regulating the development of
the serotonergic system in the mammalian CNS.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction with an increased susceptibility for schizophrenia

(Stefansson et al.,, 2002; Stefansson et al., 2003;

Numerous genetic studies support the hypothesis that Williams et al., 2003; Bakker et al., 2004; Hall et al.,

variation in the neuregulin 1 (NVRGI) gene is associated 2004;Yang et al., 2003; Tang et al., 2004; Li et al., 2004;

Zhao et al., 2004). This posit is further supported by the
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alternative splicing and multiple promoters (Harrison
and Law, 2006) with postmortem CNS studies failing to
show changes in mRNA for either type II / type III
(Hashimoto et al., 2004) or type II to IV (Law et al.,
2006) in schizophrenia. It has also been reported that
cortical levels of total NRG1 protein are either not
changed (Hahn et al., 2006) or decreased (Bertram et al.,
2007) in subjects with schizophrenia. Hence it appears
that CNS region and transcript-specific changes in
NRG1, which may not always manifest as a change
total NRGI1 protein, may contribute to the pathology of
schizophrenia.

It has long been accepted that abnormal cortical
functioning is present in subjects with schizophrenia
(Weinberger, 1988). This is particularly relevant to
NRGI1, which plays a role in cortical development
(Lopez-Bendito et al., 2006). Extending this argument,
there have been replicated findings of a changed cortical
molecular cytoarchitecture in subjects with schizophre-
nia; these changes include important components of the
glutamatergic, cholinergic and serotonergic pathways
(Meltzer, 1987; Dean, 2000; Raedler et al., 2007).
Given the role of NRGI in cortical development, it
seems possible that changes in NRG/ expression in the
CNS from subjects with schizophrenia could be con-
tributing to the abnormalities in the glutamatergic, choli-
nergic and serotonergic pathways that have been observed
in the CNS of subjects with the disorder. To begin to
address this issue, we have determined whether there are
changes in important components of the glutamatergic,
cholinergic and serotonergic systems in the CNS of he-
terozygous transmembrane domain neuregulin 1 mutant
(Nrgl™) mice.

2. Materials and methods
2.1. Materials

[*H]pirenzepine, [*H]kainate, ["H]MK-801, [*H]
ketanserin and [*H]citalopram were obtained from New
England Nuclear. [PH]8OH-DPAT and [*H]microscales
were obtained from Amersham. Paroxetine was kindly
donated by GlaxoSmithKline. All other chemicals were
obtained from Sigma.

2.2. Tissue collection

Frozen CNS from 5-6 months old male mutant mice
Nrgl ™ mice on a C57BL/6j background (17th back-
cross generation- heterozygous breeding) and wild type-
like (WT) littermates were obtained from the colony
maintained at the biological testing facility of the

Garvan Institute of Medical Research under enriched
environmental conditions (Karl et al., 2007).

For each radioligand binding measured; five frozen
sections (3 total binding; 2 non-specific binding [NSB])
were cut from CNS of 10 Nrg/“"and 10 WT mice,
approximately 1.5 mm anterior to bregma.

The binding of [*H]pirenzepine to muscarinic M1/M4
receptors (Dean et al., 1996a), [*H]kainate to kainate
receptors (Scarr et al., 2005), PH]MK-801 to NMDA
receptors (Scarr et al., 2005), [H]ketanserin to serotonin
(5HT) 2A receptors (Dean and Hayes, 1996), [*H]8OH-
DPAT to 5HTIAR (Dean et al., 1999b) and [*H]
citalopram to the SHT transporter (SERT) (Dean et al.,
1999b) in mouse CNS was measured as described
previously. A more comprehensive methodology is sup-
plied as supplementary material. Importantly, the levels of
radioligand binding on the resulting autoradiographs,
which were in the form of phosphoimages, could be
measured by comparison to the intensity of the blocks of
radioactivity on the [*H]microscales that were opposed to
the same phosphoimage. These comparisons were
achieved using the AIS image analysis software, with
results being expressed as dpm mg—1 estimated wet
weight tissue equivalents (ETE) and then converted to
fmol mg—1 ETE. In this way, radioligand binding was
measured using a single point saturation analysis, which
gives a good approximation of the density of radioligand
binding sites in tissue sections.

Statistically significant variation in radioligand bind-
ing was identified by two-way ANOVA with Nrg! status
(WT vs. Nrgl “"mice) and CNS regions as variables. For
[*H]ketanserin binding, each layer of cortical radioligand
binding was treated as a discrete CNS region. Bonferroni
posthoc tests were used to identify the specific differences
in radioligand binding that contributed to any global
variance in binding. Differences were regarded as
statistically significant if p<.05.

3. Results

Analyses of [*H]pirenzepine binding across the
cortex and striatum showed no significant variation in
levels of binding of this radioligand (Fig. 1A) and
therefore an integrated measure was taken across the
entire cortex and striatum. By contrast, whilst the
binding of [*H]kainate, ["’H]MK-801, [*H]ketanserin,
*H]citalopram and [*H]8OH-DPAT (Fig. 1B-F) was
homogeneous across the striatum, and was therefore taken
as an integrated measure across that region, all these
radioligands showed layered binding in the cortex. For
[Hlkainate and [*H]SOH-DPAT, a comparison with
cresyl violet stained sections showed that the distinct outer
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Fig. 1. Typical autoradiographs showing the binding of [*H]pirenzepine (A), [*H]kainate (B), "HIMK-801 (C), [*H]ketanserin (D), [’H]8OH-DPAT
(E) and [*H]citalopram (F) to CNS from wild type-like Nrgl* and wild type-like mice; the binding of each radioligand in the presence of the
appropriate displacing agent (non-specific binding) is shown as an insert to each image.

binding layer (Layer 1) was over laminae I to IIT and inner
binding layer (Layer 2) was over laminae IV to VI. For
[PHJMK-801, [*H]citalopram and [*H]ketanserin three
distinct layers of radio ligand binding were detected in the
mouse cortex with radioligand binding Layer | included
cortical laminae I and III, Layer 2 included cortical
laminae IV whilst Layer 3 included laminae V and VI
Subsequently, the binding of [*H[kainate, [°H]SOH-
DPAT, [*H]MK-801, [*H]citalopram and [*H]ketanserin
across each binding layer was measured in both WT and
Nrgl ™ mice.

Table 1

3.1. Muscarinic Receptors

There was significant variance in levels of [*H]piren-
zepine binding between CNS regions (F=272, d.f.=
1,1,36, p<0.0001) but not with Nrg/ status (F=0.01,d.f.=
1,1,36, p=0.91) and there was no interaction between the
variables (F=0.54, d.f.=1,1,36, p=0.46) (Table 1). Post-
hoc test analysis showed that the variation between regions
was due to lower [*H]pirenzepine binding in the cortex
compared to the striatum in both WT (p<0.001) and
Nrgl ™™ (p<0.001) mice.

Levels (mean+SEM) of [*H]pirenzepine, [*H]kainate and [*H]ketanserin binding in the cortex and striatum from Nrg/ ™ mice (KO) and wild type-

like (WT) mice

Cortex Striatum

Layer 1 2 3

Radioligand wT Nrgl™™ wT Nrgl™™ wT Nrgl™™ wT Nrgl™™"

g g g g rg

[PH]pirenzepine 277+5.0 270+5.7 393+9.9 398+7.9
[PH]kainate 75+2.7 82+3.2 83+2.3 86+3.6 83+2.3 86+3.4
PH]MK-801 239+7.2 235+8.9 203+5.6 195+5.3 136+3.7 142+5.8 110+£3.3 110+4.1
[PH]citalopram 44+2.9 50+2.9 71+5.0 79+3.7 54+3.8 62+2.5 69+2.3 70+2.2

Abbreviations: = fmol / mg estimated tissue equivalents.
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3.2. Glutamatergic Receptors

There was no significant variance in the levels of [*H]
MK-801 binding with Nrg/ status (F=0.14, d.f.=1,3,72,
p=0.15) but radioligand binding did vary between CNS
regions (F=3.81, d.f.=1,3,72, p<0.0001); there was no
interaction between the variables (F=0.60, d.f.=3,3,72,
p=0.64) (Table 1). The variation of [’H]MK-801 between
CNS regions reflected differences in levels of radioligand
binding which had the rank order of Layer 1>Layer
2>Layer 3>striatum in both the Nrg/ ™ -and WT mice.

There was no significant variance in the levels of
[*H]kainate binding with Nrgl status (F=3.14, d.f.=
1,1,36, p=0.08) or CNS region (F=3.81, d.f.=1,1,36,
p=0.06) and there was no interaction between the
variables (F=0.60, d.f.=1,1,36, p=0.29).

3.3. Serotonergic markers

There was significant variance in the levels of [*H]
ketanserin binding with Nrgl status (F=11.3, d.f.=
3,1,72, p=0.0012) and CNS region (F=170, d.f.=
3,1,72, p<0.0001) but there was no significant interac-
tion between the variables (F=0.10, d.f.=3,1,72,
p=0.96). Posthoc tests failed to detect significant
differences in [*H]ketanserin binding within any single
CNS region studied (Fig. 2A). The explanation for these
findings is that there are non-significant increases in [*H]
ketanserin binding in all regions of the CNS from Nrg/ ™"
mice compared to that in WT mice (percentage increase in
binding layers in the cortex: Layer 1=26%, Layer
2=18%, Layer 3=9%, the striatum=18%), the sum of
these changes resulting in the significant region-wide
increase in [*H]ketanserin binding. For WT mice there
were significant differences in [*H]ketanserin binding
between all CNS regions (Layer 2> striatum>Layer
3>Layer 1) but for Nrgl*levels of [*H]ketanserin
binding did not differ between Layer 2 and the striatum
(Layer 2=striatum>Layer 3> Layer 1).

There was no significant variation in [*H]8OH-DPAT
binding between the Nrg/ " and WT mice (F=0.77, d.f.=
1,2,54, p=0.38) but levels of radioligand binding did vary
between CNS regions (F=851, d.f.=2,1,54, p<0.0001);
there were no interaction between the variables (F=0.39,
d.f.=2,2,54, p=0.68) (Table 1). The rank order of [*H]
8OH-DPAT binding being Layer 2>Layer 1> striatum.

There was a significant variation in [*H]citalopram
binding between Nrg/"and WT mice (F=5.00, d.f.=
1,3,72, p<0.05) and CNS region (F=29.01, d.f.=
3,1,72, p<0.0001) and there was no interaction between
the variables (F=0.38, d.f.=3,3,72, p=0.76). Post hoc
analysis failed to show any significant differences in
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Fig. 2. Levels (mean+SEM: fmol/mg ETE) of (A) SHT,sR and
(B) SERT in the CNS of Nrg/ ™ mice.

[*H]citalopram binding in any individual CNS region
and therefore the CNS region-wide change in radi-
oligand binding was reflecting the summed effect of
non-significant increase in [*H]citalopram binding in
each CNS region in the Nrg/ ™ mice (Fig. 2B). The
variation in [*H]citalopram binding across regions were
complex; binding was significantly lower in Layer |
compared to Layer 2 and the striatum in both Nrgl ™"
and WT mice (p from <0.01 to <0.001). By contrast,
levels of radioligand binding were significantly lower in
Layer 3 compared to Layer 2 in the WT (p<0.05) but
not in the Nrg/ ™ mice.

4. Discussion

The hypothesis tested in this study was that changes
in the molecular cytoarchitecture of key markers in the
glutamatergic, cholinergic and serotonergic pathways,
which have been shown to be altered in the cortex of
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subjects with schizophrenia, may also be affected in the
cortex of the heterozygous Nrg/ " ‘mouse. This study
has subsequently shown that there are omnibus
increases in the levels of [*H]ketanserin to the
5HT2AR and [*H]citalopram to SERT, but not [*H]
8OH-DPAT binding to the SHTIAR, in the Nrgl™”
mouse. Hence our data suggests that there are subtle,
selective changes in the serotonergic pathways in the
Nrgl ™ mouse. This supports the concept that develop-
ment of serotonergic pathways in the mammalian cortex
may be, in part, regulated by NRGI.

The increase in 5-HT,4R was not uniform through-
out the cortex, with mean levels of binding increasing by
26% in Layer 1, 18% in Layer 3 and 9% in Layer 2.
Indeed, using a focused comparison, the increase in [*H]
ketanserin binding in Layer 1 of the Nrg/ ™ mice is
statistically significant (unpaired t-test: p=0.022). Sig-
nificantly, changes in cortical SHT,, receptors have
been widely reported in schizophrenia (Dean, 2003) and
therefore our findings raise the possibility changes in the
5SHT, 4 receptors may be in some way related to changes
in NRG1 expression in subjects with the disorder.

This study has also identified a generalised increase in
levels of SERT in the Nrgl " mouse. These data support
the view that NRGI! may have a complex role in
regulating the serotonergic pathways. In the cortex our
data suggests that, unlike for SERT, changes in SHT,,R
are not uniform across the cortex of the Nrg/ ™ mouse.
Significantly, changes in SERT have been reported in the
CNS of subjects with schizophrenia (Dean et al., 1995,
1996b, 1999b; Hernandez and Sokolov, 1997) raising the
possibility that changes NRG/ may be influence the
development of the cortical serotonergic systems in
schizophrenia as well as in the Nrg” mouse.

By contrast to our data on serotonergic markers, we
failed to show any significant differences in levels of
[*H]pirenzepine binding to the muscarinic M1/M4R,
[*’H]MK-801 binding to the NMDAR or [*H]kainate
binding to kainate receptor in the cortex or striatum from
Nrgl™ mice. Thus, our data would not support the
hypothesis that changes in NRG expression has a role
in mediating the decreased level of muscarinic M1/M4
or kainate receptors that are widely reported in subjects
with schizophrenia (Dean et al., 1996a,b; Crook et al.,
2000; Crook et al., 2001; Dean et al., 2002; Zavitsanou
et al., 2004; Deng and Huang, 2005; Porter et al., 1997,
Scarr et al., 2005; Ibrahim et al., 2000; Meador-
Woodruff et al., 2001; Garey et al., 2006) in this
mouse model.

Unlike this study, it has been previously reported that
Nrgl ™ mice have decreased levels of cortical NMDA
receptors (Stefansson et al., 2002). There are two main

reasons for such discrepant results. First, the levels of
NMDA receptors were measured using two different
methodologies (in situ radioligand binding and particu-
late membrane binding). In addition, environment has
been shown to affect NMDA receptor sub-unit expres-
sion(Guilarte et al., 2003) and therefore the differences
in levels of cortical NMDA receptors reported could
have resulted from maintaining mice in different
housing conditions, the animal in this study being
maintained in an enriched environment (Karl et al.,
2007).

It is notable that, at the level of radioligand binding, it
is most commonly reported that levels of NMDA re-
ceptors are increased in the CNS from subjects with
schizophrenia (Table 2). However, there is no convin-
cing data to show changes in radioligand binding to the
NMDA receptor in studies limited to Brodmann’s area 9
or 10, suggesting that changes in NMDA receptors may
have a degree of regional specificity. The NMDA recep-
tor is a heteromeric complex that incorporates subunits
from three families of proteins, the NR1, NR2 and NR3
subunits (Paoletti and Neyton, 2007). Studies examining
the expression of these subunits at the level of protein or
mRNA predominantly suggest that subunit expression is
unchanged in schizophrenia (Table 2). However, there
are reports of both increased and decreased gene ex-
pression of different subunits in different regions.

Focusing on radioligand binding, it would seem that
findings from this and a previous showing decreased
cortical NMDA receptors in the Nrg/ ™ mice (Stefansson
etal., 2002) can both be accommodated by the findings in
postmortem CNS from subjects with schizophrenia.
However, given the findings on the NMDA receptor in
schizophrenia it must be concluded that any interactions
between NRGI1 and the NMDA receptor that are
associated with the disorder are also complex. Adding
to the complexity of findings on the relationships between
NRG1, the NMDA receptor and schizophrenia are two
recent findings in rat and human CNS suggesting that
NRG1 may be able to act to alter the activity of NMDA
receptors directly (Gu et al., 2005; Hahn et al., 2006),
without affecting receptor expression. Moreover, it has
been suggested that the mechanisms by which NRG/ can
affect NMDA receptor activity are altered in the CNS of
subjects with schizophrenia (Hahn et al., 2006). Clearly, a
better understanding of the relationship between NRG!
and NMDA receptor activity and / or expression is
required to fully understand the potential role of this nexus
in the pathology of schizophrenia. Further study on how
levels of NMDA receptors may be affected by changes in
NRG1 expression completed in Nrg/ ™ mice may be
invaluable in resolving this conundrum.
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Table 2
A Summary of Findings on Levels of the NMDA receptor in the CNS of subjects with schizophrenia
Methodology CNS region Outcome Reference
Radioligand Binding
[PH]IMK-801 Frontal Cortex 1 8.5% Kornhuber et al. (1989)
Striatum 1 44%
Striatum No Change Noga et al. (1997)
Cortex — Brodmann’s area 24 1 44% only in laminae II & III Zavitsanou et al. (2002)
Cortex — Brodmann’s area 9 No Change Scarr et al. (2005)
[PH]TCP Cortex — Brodmann’s area 11 126% Simpson et al. (1991)
Brodmann’s area 10 No Change
Cortex — Brodmann’s Area 9 No Change Dean et al. (1999a)
PH]glycine Prefrontal Cortex No Change Ishimaru et al. (1994)
Precentral Cortex 1 82%- Premotor area
Temporal Cortex No Change
Parietal Cortex Depending on region: No Change to 1 107%
Occipital Cortex 1 48%
[PH]L-689,560 Striatum (Putamen only) 135% paricio-Legarza et al. (1998)
Cortex — Brodmann’s area 22 T 15% Nudmamud and Reynolds,
(2001)
Brodmann’s area 10 No Change
Cortex — Brodmann’s area 22 No Change Nudmamud-Thanoi and
Reynolds, (2004)
Cortex — Brodmann’s area 22 1 27% Grimwood et al. (1999)
Cortex — Brodmann’s area 6 No Change
Western blotting
Dorsolateral Prefrontal Cortex No Change Kristiansen et al. (2006)

mRNA

Anterior Cingulate Cortex
Cortex — Brodmann’s area 22

Cortex — Brodmann’s areas
11, 12, 45 and 47

Prefrontal Cortex

Parieto-temporal Cortex
Cortex — Brodmann’s area 22

Frontal Cortex
Cortex — Brodmann’s area 46
Cortex — Brodmann’s area 17

Cortex — Brodmann’s area 46
Dorsolateral Prefrontal Cortex

Dorsolateral Prefrontal Cortex

Inferior Temporal Cortex

1 31% NR1? subunit but No Change in NR1%,
NR2A, NR2B, NR2C or NR2D sub-units
No Change NR1

No Change NR1

1 53% NR2D but No Change in NR1,

NR2A or NR2D

No Change

| 30% in NR1 Schizophrenia with Dementia

No Change in Schizophrenia without Dementia
| 80% NRI1 in Antipsychotic-Free Subjects Only
1 164% NR1 but No Change in NR2A or NR2B
1 268% NRI, T 93% NR2A but

No Change in NR2B

No Change NR2B

No Change NR1% or NR1% sub-unit

1 32% NR3A

No Change

Nudmamud-Thanoi and
Reynolds, (2004)
Toro and Deakin, (2005)

Akbarian et al. (1996)

Humphries et al. (1996)

Sokolov (1998)
Dracheva et al. (2001)

Martucci et al. (2006)
Kristiansen et al. (2006)
Mueller and Meador-
Woodruff, (2004)

In conclusion, the main finding of this study is that
there are increased levels of the SHT,, receptor and
SERT in the CNS of the Nrg/ mouse. Our data is
therefore the first to suggest that NRG/ may play a role
in regulating the serotonergic systems of the CNS; a
system recognised as being affected by the pathology of
schizophrenia (Meltzer, 1987). Such findings strongly
support the argument that further study of NRG1, both
in human CNS and knockout animals, will inform on the

neurobiological abnormalities that underpin the disorder
(Harrison and Law, 2006).
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