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Fig. 2. A representative gel showing the protein levels of ErbB4, AKT1, NRG1, COMT, and BDNF in the mPFC brain region. GAPDH was used as the housekeeping protein. The molecular
weight of the protein marker is shown in kDa. (A) 7.5% gel; ErbB4, 147 kDa; AKT1, 60 kDa. (B) 10% gel; NRG1, 50 kDa; COMT, 24-30 kDa. (C) 15% gel; BDNF, 32 kDa. M, molecular weight
marker; Lane C, mPFC of the rats delivered by cesarean section (C group); Lane A, mPFC of the rats delivered by cesarean section with 15 min anoxia (A group).

schizophrenia at both the gene and transcript levels, our results further
support the general concept that perinatal asphyxia interacts with the
genes for schizophrenia (Schmidt-Kastner et al., 2006).

It is not known when the levels of the expression of NRG1 mRNA
begin to decrease. Although there are no available reports in this regard,
in the present study the reduction of the gene mRNA levels was ob-
served at two developmental periods, i.e., 12 and 6 weeks after birth.
Therefore, alterations of the expression of NRG1 mRNA may be a long-
lasting phenomenon. Our data may not be comparable with those of a
previous study in which 6-day-old rat pups were exposed to a hypoxia
condition (an air mixture of 8% O, 0.03% CO,, and balance N, for
120 min), and then protein levels of the NRG1« isoform in the frontal
cortex were measured in 56-day-olds, and found to be elevated (Nadri
et al,, 2007). A similar inconsistency is found among the postmortem

Table 2
Normalized relative mRNA expression in rats born by the C-section with or without global
perinatal asphyxia.

studies of schizophrenic patients. Bertram et al. (2007) reported
NRG1a isoform protein reductions in the PFC of schizophrenic patients.
However, isoform-specific increases in NRG1 mRNA expression in the
PFC have also been observed in schizophrenic patients (Hashimoto
etal, 2004; Law et al., 2006, 2007; Silberberg et al,, 2006). The inconsis-
tent results may be due to the use of different samples, i.e., patients or
various animal models. Nonetheless, all the results from animal and pa-
tient studies seem to show that aberrant signals of NRG1 may play roles
in schizophrenia, because both mutant mice deficient in NRG1 and
transgenic mice overexpressing NRG1 are known to exhibit
schizophrenia-like phenotypes (Ehrlichman et al., 2009; Kato et al.,
2010; O'Tuathaigh et al,, 2007, 2010).

In contrast to NRG1 mRNA levels in the mPFC, which were altered at
6 and 12 weeks after delivery, COMT mRNA levels in the mPFC

Table 3

Normalized protein levels of the mPFC of rats delivered by C-section with or without glob-
al perinatal asphyxia.

mPFC HP

Gene Cgroup A group p C group A group p mPFC
value value Protein C group A group p value

6 weeks of age 6 weeks of age
NRG1 100+96 83567 049 100+131 86874 204 NRG1 0323 + 0.014 0.321 + 0.014 550
ErbB4 100 £+ 19.1 89.3 + 23.2 .599 100 4209 968 + 17.1 .865 ErbB4 0.558 + 0.027 0.600 + 0.021 239
AKT1 100 4 13.1 1085 £ 87 473 100 £ 50 101.0 +49 917 AKT1 0.479 + 0.019 0.504 + 0.009 253
COMT 100 & 22.6 1284 + 107 .180 100 4 13.8 1136 + 141 373 COMT 0.335 £+ 0.012 0.341 + 0.017 .768
BDNF 100 + 72 1040+ 11.3 .719 100 £ 52 1130 £ 65 .059 BDNF 0.410 + 0.009 0.398 + 0.012 428
12 weeks of age 12 weeks of age
NRG1 100 + 85 758 £ 127 026 100+ 156 915+99 .505 NRG1 0.324 + 0.014 0.331 4 0.010 .670
ErbB4 100 £ 135 116.1 + 16.8 .341 100 4+ 100 921 £ 152 .529 ErbB4 0.559 + 0.025 0.544 + 0.021 .651
AKT1 100 £ 221 799 % 146 .249 100 £ 59 906 £53 .104 AKT1 0.466 + 0.021 0.450 £ 0.014 540
COMT 100 + 16.1 1480 + 123 019 100+ 141 955475 .689 COMT 0.343 &+ 0.015 0.356 + 0.011 462
BDNF 100 + 11.3 1140 £ 127 293 100 £ 48 917 £95 .268 BDNF 0.386 + 0.008 0.396 + 0.008 385

Values are expressed as the means = SEM.N = 6 animals in each group. Note a statisti-
cally significant difference, *p < 0.05.

Values are expressed as the means + SEM. Values indicates the relative protein levels
normalized to GAPDH expression. N = 8 animals in each group.
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increased at 12 weeks with no change at 6 weeks. These results may be
compatible with our previous study employing the same perinatal
model, in which we showed that methamphetamine-induced locomo-
tor activity can be greatly increased at 12 weeks, with no change at
6 weeks after birth (Wakuda et al., 2008). Dopaminergic projections
from the ventral tegmental area to the cortex exhibit marked postnatal
maturation (Rosenberg and Lewis, 1995; Tseng et al., 2007). Until young
adulthood, the concentration of dopamine continues to increase in the
PFC (Lambe et al.,, 2000; Rosenberg and Lewis, 1995). The delayed oc-
currence of the increase in COMT mRNA levels may reflect functional
impairment of the maturation of the mesocortical dopaminergic projec-
tions. However, the degree to which the disturbance of the mesocortical
dopaminergic system affects the methamphetamine-induced locomo-
tor activity (Wakuda et al., 2008) is unclear from the current study. In
a previous postmortem study, COMT mRNA overexpression due to pro-
moter hypomethylation was observed in the frontal lobes of patients
with schizophrenia (Abdolmaleky et al., 2006). Since perinatal asphyxia
may change the methylation patterns of gene promoters
(Herrera-Marschitz et al,, 2011; Kumral et al., 2013), epigenetic modu-
lation may be involved in the increase in COMT mRNA observed in the
mPFC of animals experiencing perinatal asphyxia.

In a previous study, we used the same animal model of perinatal as-
phyxia as used in the present study, and assessed behaviors using a
methamphetamine-induced locomotion test at 6 and 12 weeks after
birth. At 6 weeks, there was no change in the methamphetamine-
induced locomotion. However, at 12 weeks, we found an elevation in
methamphetamine-induced locomotor activity (Wakuda et al., 2008).
This previous observation suggests that perinatal asphyxia can cause
delayed alterations in central dopamine function. The present results
suggest a possible explanation for this phenomenon. In this study, de-
creased NRG1 mRNA levels in the mPFC were observed at 6 and
12 weeks after birth. Since the NRG1-ErbB signaling cascade is involved
in the regulation of neurodevelopment and neurotransmission, includ-
ing via dopamine pathways (Roy et al., 2007), an interruption in the de-
velopment of dopamine systems in the mPFC may begin at least from
adolescence (at 6 weeks) and persist during adulthood (at 12 weeks).
The present study also showed increased COMT mRNA levels in the
mPFC at 12, but not 6, weeks after birth. Since COMT is critically in-
volved in the degradation of synaptic dopamine (Gogos et al., 1998),
an increase of dopamine turnover in the mPFC may emerge during
adulthood (at 12 weeks). Taken together, these results suggest that
the immaturity of the mesocortical dopamine system in the peripheral
asphyxia model might arise through a disturbance of the NRG1-ErbB
signaling cascade, in addition to enhancement of the COMT function
during adulthood. Such a mechanism might be responsible for the de-
layed appearance of dopamine dysfunction, as represented by the exhi-
bition of aberrant behavior after methamphetamine during adulthood,
but not in adolescence (Wakuda et al., 2008).

The HP is one of the brain regions which have been shown to be vul-
nerable to hypoxia. Indeed, in our previous study using the same animal
model, we observed a decrease in the number of dentate granule cells in
the hippocampus at 12 weeks (Wakuda et al.,, 2008). New neurons are
continuously generated in the dentate gyrus throughout the adult life
of a variety of mammals (Eriksson et al., 1998), and all of the 5 genes
tested here, NRG1, ErbB4, AKT1, COMT and BDNF, appear to increase
the growth and development of newly born dentate granule cells.
NRG1 induces an increase in cell proliferation and migration in the
adult dentate gyrus (Mahar et al,, 2011), while ErbB4 plays a fundamen-
tal role in controlling NGR1-induced migration (Gambarotta et al.,
2004). AKT1-knockout mice have lower levels of cell proliferation in
the dentate gyrus (Balu et al,, 2012), indicating that AKT1 can activate
neurogenesis in dentate granule cells. It has been proposed that dopa-
mine modulates the maturation of newly born dentate granule cells
(Mu et al,, 2011). BDNF is strongly expressed in the dentate granule
cells, and increases neurogenesis in the adult dentate gyrus
(Scharfman et al,, 2005). In spite of evidence that the 5 genes are
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particularly well-documented pro-proliferative factors, there was no
apparent change in mRNA levels of any of the 5 genes. Therefore, the de-
crease in the number of dentate granule cells observed in the previous
study may have been caused by factors other than the 5 genes.

Although proteins, as the end products of gene expression, are the
major executors of biological processes, we observed no change in the
protein levels of NRG1 and COMT in the mPFC at 6 and 12 weeks. That
the mRNA levels of NRG1 and COMT were altered without any change
in the protein levels could suggest that the protein translation is
interrupted during steady-state measurement in perinatal asphyxia
model. A similar discordance between mRNA and protein levels has
been reported in schizophrenic patients (Baracskay et al,, 2006). Alter-
natively, the protein may be less abundant by steady-state measure-
ment in a perinatal asphyxia model. Whatever the reason, the
mismatch in the mRNA and protein levels may still provide important
information in regard to the pathophysiology of the perinatal asphyxia
model. The decreased NRG1 mRNA levels without a corresponding
change in the protein levels may have a lower rate of degradation, lead-
ing to down-regulation of the NRG1 signal, while the increased COMT
mRNA levels without a change in the protein levels may have a higher
rate of degradation, causing the up-regulation of the COMT signal.
Such altered metabolic mechanisms in the perinatal asphyxia model
might partially contribute to the potentiated responsiveness to meth-
amphetamine (Wakuda et al,, 2008). Clearly, further work on the rela-
tionship between mRNA levels and the corresponding protein
expressions will be needed to gain additional insights into the detailed
pathophysiology of schizophrenia.

There were limitations in the present study. The multiple compari-
sons of five genes in two regions and the relatively small sample size,
which might have caused type [ and type Il errors, respectively, render
the data presented here preliminary. In addition, we only tested two de-
velopmental periods, i.e., 6 and 12 weeks after birth. Given the
neurodevelopmental hypothesis for schizophrenia and the fact that
the genes examined here have been shown to be regulated by hypoxia
(Schmidt-Kastner et al., 2006), further studies of the earlier periods of
development (from birth to 6 weeks of life) would be informative.

5. Conclusion

The findings from the current study suggest that perinatal asphyxia
may induce the alteration of both NRG1 and COMT mRNA expression in
the mPFC, which may account for the dysfunction in the mesocortical
dopaminergic system in schizophrenia. Our findings of altered gene ex-
pressions associated with exposure to hypoxia during the perinatal pe-
riod may provide an explanation for the epidemiological evidence thata
history of perinatal hypoxia is a risk factor for the development of
schizophrenia. This animal model was thus found to be useful for re-
vealing the pathogenesis of schizophrenia, especially at the cellular
and molecular levels.
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