u

) <

The University of Osaka
Institutional Knowledge Archive

Perinatal Epidermal Growth Factor Signal

Title Perturbation_Resu!ts in the Series of Abnormal
Auditory Oscillations and Responses Relevant to
Schizophrenia

Author (s) ;Taba, Hiroyoshi; Kai, Ryota; Namba, Hisaaki et

Schizophrenia Bulletin Open. 2021, 2(1), p.

Citation 5922070

Version Type|VoR

URL https://hdl. handle.net/11094/93414

This article is licensed under a Creative
rights Commons Attribution-NonCommercial 4.0
International

Note

The University of Osaka Institutional Knowledge Archive : OUKA

https://ir. library. osaka-u. ac. jp/

The University of Osaka



Schizophrenia Bulletin Open
doi:10.1093/schizbullopen/sgaa070

Perinatal Epidermal Growth Factor Signal Perturbation Results in the Series of
Abnormal Auditory Oscillations and Responses Relevant to Schizophrenia

Hiroyoshi Inaba'®, Ryota Kai?, Hisaaki Namba', Hidekazu Sotoyama', Eiichi Jodo®, Fumiaki Nin*, Hiroshi Hibino*5,
Hirooki Yabe®, Satoshi Eifuku®, Arata Horii2, and Hiroyuki Nawa*!

"Department of Molecular Neurobiology, Brain Research Institute, Niigata University, Niigata, Japan; 2Department of Otolaryngology
Head and Neck Surgery, Graduate School of Medical and Dental Sciences, Niigata University, Niigata, Japan; *Department of Systems
Neuroscience, School of Medicine, Fukushima Medical University, Fukushima, Japan; “Department of Molecular Physiology, Graduate
School of Medical and Dental Sciences, Niigata University, Niigata, Japan; ’AMED-CREST, AMED, Niigata, Japan; ‘Department of
Neuropsychiatry, School of Medicine, Fukushima Medical University, Fukushima, Japan

*To whom correspondence should be addressed; 1-757 Asahimachi-dori, Chuo-ku, Niigata 951-8585, Japan; fax: +81-25-227-0815,

e-mail: hnawa@bri.niigata-u.ac.jp

Auditory neurophysiological responses, such as steady-
state responses, event-related potential P300/P3, and
phase-amplitude coupling, are promising translational
biomarkers for schizophrenia, but their molecular under-
pinning is poorly understood. Focusing on ErbB receptor
signals that are implicated in both schizophrenia and au-
ditory processing/cognition, we explored the causal bi-
ological links between ErbB signals and these auditory
traits with an experimental intervention into rats. We
peripherally challenged rat pups with one of the amni-
otic ErbB ligands, epidermal growth factor (EGF), and
characterized its consequence on the series of these au-
ditory electrocorticographic measures. Auditory brain-
stem responses (ABRs) and cortical ON responses were
also assessed under anesthesia to estimate the influence of
higher brain regions. An auditory steady-state paradigm re-
vealed attenuation of spectral power and phase synchrony
to 40-Hz stimuli in EGF-challenged rats. We observed a re-
duction in duration mismatch negativity-like potentials and
a delay of P3a responses, all of which are relevant to the
reported auditory pathophysiological traits of patients with
schizophrenia. Moreover, the perinatal EGF challenges
resulted in enhanced theta-alpha/beta and theta-gamma
coupling within the auditory cortex and changes in ABRs.
However, the EGF challenges retained the normal ranges
of cortical ON responses, potentially ruling out their fun-
damental auditory deficits. Perinatal exposure of an ErbB
ligand to rats strikingly reproduced the whole series of ab-
errant auditory responses and oscillations previously re-
ported in patients with schizophrenia. Accordingly, these

findings suggest that developmental deficits in ErbB/EGF
signaling might be involved in the auditory pathophysiology
associated with schizophrenia.
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Introduction

Auditory electroencephalographic (EEG) impairments
are often observed in patients with schizophrenia, such as
auditory steady-state responses (ASSRs), mismatch neg-
ativity (MMN), an attention-triggered event-related po-
tential (ERP) component P300/P3a, and phase-amplitude
coupling (PAC), and some of these are expected to be
clinical and translational biomarkers for schizophrenia.'®
Similarly, the threshold and latency of the auditory brain-
stemresponse (ABR)have been reported to be elevated and
delayed, respectively, in schizophrenia.’!! These deficits
might be associated with auditory hallucinations®!* or
abnormal verbal recognition!? of patients although this
notion is controversial.'* Thus, what induces the multiple
sets of audio-pathophysiological impairments from the
brainstem to the integrative higher brain remains a chal-
lenging question in schizophrenia research.

Epidermal growth factor (EGF) and neuregulin-1 are
ligands for ErbB receptors and both implicated in the
genetic association with!*1¢ and the neuropathology of
schizophrenia.'”'® The ErbB members of ErbB1-4 are
expressed in various types of cells in the brain,'” ! and
their abnormal expressions and genetic associates are
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also reported in schizophrenia.?»? These receptors also
interact with other ligands of the EGF family, such as
transforming growth factor (TGF)a, heparin-binding-
EGF, and neuregulin-3,""? which exhibit genetic or
neuropathologic association with schizophrenia.>*2¢
Despite accumulating evidence for the phenotypic and
genetic association of ErbB ligands with schizophrenia,
their impact on the associated audio-pathophysiological
deficits has not been fully characterized.

Maternal infections and obstetric complications in-
duce the expression of ErbB ligands (EGF, TGFa, and
neuregulin-1) in fetal amniotic fluids or the neonatal
brain.?”? These molecules transmit peripheral signals
through the developing blood-brain barrier, disrupting
the structural and functional development of the brain,
as proposed in the neurodevelopmental hypothesis for
schizophrenia.’®3!' In agreement with this hypothesis,
rodents perinatally challenged with EGF, neuregulin-1,
or other ErbB ligands exhibit behavioral endophenotypes
that are relevant to schizophrenia, such as prepulse inhibi-
tion of sound startles.?>>* In addition, our pilot study on
frequency MMN of the EGF-challenged rats has raised
the hypothesis that the developmental deficits in ErbB
signaling might contribute to the whole series of audio-
pathophysiological deficits found in this disorder, but the
experimental evidence of this hypothesis is limited.? %

In the present study, therefore, we comprehensively
evaluated the developmental impact of hyper-ErbB/EGF
signaling on various audio-pathophysiological traits as-
sociated with schizophrenia. In the place of the frequency
MMN we previously examined,” we newly adopt the
duration MMN (dMMN) paradigm that involves dis-
tinct brain circuits or functions.***' For these purposes,
we challenged rat pups with the ErbB ligand, EGF,
and characterized its consequences on these auditory
responses. In addition, we compared the antipsychotic
responses of the present rat model with those reported in
patients with schizophrenia.

Methods

Full methods and resource information are provided in
the supplementary Methods.

Animals

Newborn male Sprague-Dawley rats were obtained from
a local vendor (SLC). After weaning, 2—3 male rats per
cage were housed under a reversed 12-hour light/dark
cycle (8:00 am OFF and 20:00 pm ON). After surgery,
rats were given foamed soft baits (CMF sprouts) to as-
sist their normal body weight gain.*! All physiological
measurements were performed in the dark cycle, following
the intensive handling of rats. All animal experiments
were approved by the Animal Care and Use Committee
of Niigata University and performed in accordance with
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the Guide for the Care and Use of Laboratory Animals
of the Japan Neuroscience Society.

ASSR Recording

Rats (9-11 wk old) were anesthetized with the
medetomidine-based mixture during surgery.** Four
stainless-steel bolts were screwed to the skull to contact
the dura mater at the right primary auditory cortex, the
right frontal cortex, the frontal sinus (reference), and
the cerebellum (ground) as described previously.*'** The
maximum sound pressure level (SPL) was set to 80 dB at
5 cm above the center of the chamber floor. The stimuli
comprised 1000-ms click trains composed of 1-ms DC
pulses presented at 20, 40, 60, and 80 Hz.** The order
of the stimulation frequencies was pseudorandomly
selected. For data analyses, see supplementary Methods.

MMN and P3a Recording

The stimuli were 12-kHz sine tones with the maximum
SPL set to 85 dB.*> Tones were presented using a dura-
tion oddball paradigm with a short- vs long-deviant
conditions. Standard tones (50-ms duration for the long-
deviant condition and 150-ms duration for the short-
deviant condition; 90% probability) and deviant tones
(the opposite allocation, 10% probability) were presented
a total of 2000 times with a stimulus onset asynchrony
of 500 ms.

Cortical ON Response and ABR Recording

Rats (12-17 wk old) were anesthetized with chloral hy-
drate (400 mg/kg, ip). We monitored auditory ON re-
sponse from electrocorticography (ECoG) -electrode
on the auditory cortex. The 100-ms sine tones of 2, §,
16, and 20 kHz were delivered in pseudorandom order.
Stimulus sounds at 50 dB SPL were initially provided and
thereafter increased in 10-dB steps. Only in the ABR test,
we placed subcutaneous electrodes on the parietal cortex
and in the pinnae and neck. The 2-ms tone bursts of 2, 8,
16, 24, and 32 kHz were produced by a tweeter, and their
responses were amplified 1000-fold, bandpass filtered
(0.3-2 kHz), digitized, and averaged across 500 trials.

Drug Treatments

To activate ErbB signaling perinatally, recombinant
human EGF (0.875ug/g/d; Higeta Shoyu) was subcu-
taneously administered to male rat pups repeatedly on
postnatal days 2-10.* Control littermates received sa-
line injections. After growth, risperidone (RIS; Janssen
Pharmaceuticals) was administered for at least 2 weeks
in drinking water (60 mg/L) with a target dose of 3 mg/
kg/day. The final doses, which were estimated with the
amount of consumed water, were indistinguishable be-
tween groups; 3.47 + 0.11 mg/kg/day for control rats
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and 3.68 = 0.12 mg/kg/day for EGF rats (their difference
P = .22, Student’s z-test).

Statistical Analysis

Statistical details are shown in supplementary table 1. All
data in each group were initially subjected to the Shapiro-
Wilk test and Levene’s test to test their normality and ho-
mogeneity, respectively. Non-normally distributed data
were analyzed using the Mann-Whitney U-test. Normally
distributed data were analyzed using Student’s z-test or
Welch’s ¢-test. Time series data were analyzed by 2-way
repeated ANOVA with Greenhouse-Geisser correction
followed by Shafter’s modified post hoc tests. A P-value
less than .05 was significant.

Results
Impaired ASSRs in EGF-Challenged Rats

EGF is known to penetrate the blood-brain barrier and
activate ErbB1 and ErbB2 receptors in the neonatal
brain.!” Here, we investigated whether the ErbB re-
ceptor activation later influences ASSRs in the rat au-
ditory cortex using ECoG. Click stimulation at various
frequencies produced distinct responses in grand average
event-related spectral perturbations (ERSPs) (figure 1A)
and intertrial phase coherence (ITPC) (figure 1B).
ERSPs in EGF-challenged rats were significantly lower
at 40 Hz but higher at 20 Hz compared with those of the
controls (P < .05, n = 14-18 each, Student’s or Welch’s
t-test) (figure 1C). The ITPC in EGF-challenged rats dis-
played similar alterations (P < .01, Student’s or Welch’s
t-test). These effects were largely stable throughout the
stimulus presentation period (supplementary figure 1A).
Additionally, only control rats tended to show 40-Hz
harmonic activity in response to the 20-Hz stimuli (sup-
plementary figure 2). There was no difference in the
baseline power between rat groups, however (supplemen-
tary figure 1B). These results indicate that perinatal EGF
challenges result in abnormal phase synchronization in
the auditory cortex.

Impairments in dM MN- and P3a-Like Responses

Although MMN-like responses of the same EGF-
challenged rats were assessed with the frequency devia-
tion,* it has been proposed that reduced/delayed dIMMN
would be a better biomarker for schizophrenia.**¢ We
employed the oddball paradigms with 50-ms and 150-ms
sine tones (both 12 kHz) in their short- and long-deviant
conditions and measured dMM N-like potentials from the
auditory cortex electrode as well as P3a-like potentials
from the frontal cortex electrode (figure 2A). In the long-
deviant condition, the deviant stimulus produced more
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negative ERPs than the standard stimulus in both groups
(both P < .05, n = 10 each, Shaffer’s test; figure 2B),
whereas no ERP differences by the stimulus type were
observed in the short-deviant condition (supplementary
figures 3A and 3B). Therefore, the long-deviant condition
only resulted in dMMN-like waveforms (deviant ERP
minus standard ERP; figure 2C). The peak amplitude of
the dMMN-like potential was lower in EGF-challenged
rats than that in control rats (P < .05, Welch’s z-test;
figure 2D). However, the peak latency did not differ be-
tween rat groups.

According to the previous P3a protocol for con-
scious rats,*” we measured grand average ERPs from
the frontal cortex electrode (figure 2E and supplemen-
tary figure 3C). The deviant stimulus produced signif-
icantly more positive ERPs than the standard stimulus
in both groups (both P < .05, Shaffer’s test; figure 2E).
The peak latency for the deviant stimulus appeared
to be delayed in the EGF group. In the short-deviant
condition, however, no significant difference by stim-
ulus type was observed in either group (supplementary
figure 3D). Figure 2F shows the P3a-like waveforms in
the long-deviant condition, which were calculated from
the ERP difference between the stimulus types. The
peak amplitude was not different between the groups
(P = .40, Student’s z-test; figure 2G), although the peak
latency was significantly longer in EGF-challenged rats
(P < .05, Student’s ¢-test).

Of note, the magnitude of the dMMN-like potentials
in control rats depended on the number of standards
preceding the deviant, whereas, in EGF-challenged rats,
this dependence was disrupted, as in schizophrenia (sup-
plementary figures 4 and 5).*4° These results indicate that
perinatal ErbB1/EGF hypersignals in rats disrupted their
auditory dMMN- and P3a-like responses.

Abnormal Resting-State PAC Within the
Auditory Cortex

In the resting and listening states of the above experiments,
we calculated the cross-frequency PAC within or between
the auditory and frontal ECoG data. In the resting states,
theta-alpha/beta coupling and theta-gamma coupling
were significantly elevated within the auditory cortex
of EGF-challenged rats (P < .05, n = 29 and 30, Mann-
Whitney U-test; figure 3A). However, there was no sig-
nificant difference in cross-frequency coupling within the
frontal cortex or between brain regions (figures 3B-D).
In contrast, the listening-state PAC did not differ between
any groups (supplementary figures 6A—D). There was no
difference in the ECoG power spectra between groups
(figure 3E and supplementary figure 6E). These results
indicate that the increased PAC of EGF-challenged
rats was limited to their resting states and within the
auditory cortex.
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Fig. 1. Electrocorticogram responses to auditory steady-state stimuli. (A) Grand average event-related spectral perturbations (ERSPs)
and (B) intertrial phase coherence (ITPC) for 20-, 40-, 60-, and 80-Hz auditory stimuli were recorded from the auditory cortex of awake
control and EGF-challenged rats (n = 1418, each). (C) ERSPs and ITPC of the auditory steady-state response (ASSR; 0-1000 ms)

in the stimulus frequency *3-Hz range at each stimulus frequency. Error bars denote standard error of the mean; *P < .05, **P < .01

between rat groups.

Cortical ON Response and ABR Thresholds Under
Anesthesia

Does the above auditory pathophysiology involve prin-
cipal deficits in their audibility? To address this ques-
tion, we performed cortical ERP and ABR tests under
anesthesia (figure 4 and supplementary figure 7). The
anesthetic condition presumably minimized the central
influences of sensory filtering or attention deficits™*! as
well as those of ascending nerve efferents.’>*> We meas-
ured the peak amplitudes of ON responses of the audi-
tory ERPs (figure 4A). At the higher frequency ranges, the
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amplitudes were indistinguishable across the given tone
intensities between rat groups. At the lower frequency
ranges, their responses to 50- and 60-dB stimuli mod-
estly differed, although the responses to 70 dB-stimuli
produced marked differences in their amplitudes: higher
at 2 kHz but lower at 8 kHz in the EGF group (P < .01,
n = 5 and 6, Student’s - or Mann-Whitney U-test). In
contrast, the ABR test produced controversial results
(figure 4B). ABR thresholds in EGF-challenged rats
were markedly elevated in the high frequency range (24,
32 kHz, P < .001; 16 kHz, P < .01; n = 10 each, Student
t-, Welch ¢-, or Mann-Whitney U-test).
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average event-related potentials (ERPs) were recorded from the auditory cortex of awake control and epidermal growth factor (EGF)-
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standard error of the mean, *P < .05 between stimulus types or rat groups.
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spectral densities. (A-D) Grand average PAC modulation indices

were calculated within the auditory (A) or the frontal cortex
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Amplitude and [D] Amplitude vs Phase, respectively) of control

(n = 30) and epidermal growth factor (EGF)-challenged rats

(n = 29) for the acclimation (resting) period of the above auditory
steady-state response (ASSR) and mismatch negativity (MMN)
tests. The mean strength of theta-alpha/beta and theta-gamma
coupling was compared between rat groups. (E) Power spectral

densities at the resting-state condition. *P < .05 between rat
groups.
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Fig. 4. Cortical ON responses and auditory brainstem responses
(ABRS) at low sound pressure levels. (A) Grand average event-
related potentials to various sine tones were recorded under
anesthesia from the auditory cortex of control (n = 5) and
epidermal growth factor (EGF)-challenged rats (n = 6). The peak
amplitudes of ON responses are plotted against 3 sound pressure
levels. (B) ABRs to 2-32 kHz tone bursts (20-110 dB) were
monitored from control and EGF-challenged rats (n = 10, each).
ABR thresholds were determined at each stimulus frequency. See
real waveforms in supplementary figure 7. *P < .05, **P < .01,
**% P < 001 between rat groups.

The Antipsychotic Effects

Our previous studies have shown that subchronic
treatment with antipsychotics ameliorates behavioral
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and neurophysiological deficits of this rat model.’*>
Therefore, we investigated the effects of RIS on
dMMN- and P3a-like responses and resting-state PAC
(figure 5). RIS treatment failed to affect the amplitude
deficits of dMMN-like responses in EGF-challenged
rats (P < .05, n = 19 and 22, Mann-Whitney U-test;
figures SA—C). As this treatment almost abolished the
positive ERP responses, we hardly detected P3a-like
potentials themselves (supplementary figure 8). The
increases in the theta-alpha/beta and theta-gamma cou-
pling were blunted within the auditory cortex of EGF-
challenged rats treated with RIS (theta-alpha/beta,
P = .26, theta-gamma, P = .85, both Mann—Whitney
U-test) (figure 5D and supplementary figure 9). These
results suggest that subchronic RIS administration
could reverse the abnormally high resting-state PAC
but not AIMMN. RIS had no significant effects on the
power spectral densities of the auditory cortex, how-
ever (figure SE).

Discussion

Patients with schizophrenia exhibit a series of auditory
physiological traits at the distinct test paradigms: AMMN,
P3a, ASSR, ABR, and PAC. These audio-physiological
responses are almost replicated by the present rat model,
verifying their reverse translatability into rodents.® In par-
ticular, our findings indicate that perinatal exposure to
the cytokine EGF disrupts various auditory oscillations
and responses in rats, most of which are implicated in
schizophrenia pathophysiology.

Accordance and Discordance of the ErbBIEGF-Induced
Traits With Schizophrenia Pathophysiology

We compare the magnitude of auditory neurophysiolog-
ical responses between schizophrenia patients and the
present ErbB/EGF intervention in rats. Meta-analyses
have reported that the effect size and disease specificity
of these neurophysiological impairments are promising:
40-Hz ASSRs and MMN are reduced in schizophrenic
patients with the effect sizes of 0.33-0.83 and 0.45-0.73
with a 95% confidence range, respectively.** The latency
of P3a is delayed in patients with an effect size of 0.38—
0.75.57 In the present study, EGF-challenged rats attained
effects sizes of 1.24, 0.85, and 1.06 in dMMN, 40-Hz
ASSR, and P3a, respectively. Therefore, the neuropath-
ological traits produced in the present study are either
comparable to or more pronounced than those observed
in patients with schizophrenia.

In addition, individual pathophysiological profiles of
EGF-challenged rats exhibited many similarities to those
reported for patients with schizophrenia. In the ASSR
test, the present ErbB/EGF intervention also replicated
the power alterations in 80- and harmonic 40-Hz ASSRs
as well as the changes in their phase synchronization.%-%

ErbB and Schizophrenia Auditory Pathophysiology

Although we found a discordant increase in 20-Hz
ASSRs in this rat study, a clinical study on patients with
schizophrenia found a similar increase in 20-Hz response
with a low SPL.% In addition, the enhancement in theta-
alpha/beta and theta-gamma PAC is also consistent be-
tween the present results and reports on patients with
schizophrenia.**

Some of our results contradict those of previous reports
on schizophrenia. One of these is the antipsychotic effect
on P3a; the antipsychotic medication shortens P3a latency
in patients with schizophrenia,’ whereas it suppressed P3a
amplitudes in the present rat study. Another controversy
is that AMMN-like potentials in the short-deviant para-
digm were blunted in the present study. The result that
the dMMN-like responses were sensitive to the degree of
preceding stimulus regularity in control rats allows us to
assume that the potential changes observed here are rel-
evant to AMMN in humans.*® Compared with our pilot
study on frequency MMN of the same EGF-challenged
rats, the electrode position detecting MM N-like potential
was different; frequency MMN-like potentials were re-
corded from the electrode on the frontal cortex, whereas
the present dMMN-like potentials were from that of
the auditory cortex. Although the positional difference
in MMN detection is not clear in EEG recording on
the human scalp, this finding appears to agree with the
literatures that the deviation detection system presum-
ably differs between frequency and duration deviation
of tone stimulus.***! These MMN differences between
humans and rats might originate from the differences in
electrode positioning or structural differences in their au-
ditory system as suggested in a study of rat MMN.®

ErbB Signaling in the Audio-Pathophysiological Traits
Implicated in Schizophrenia

Previous postmortem studies have indicated an associ-
ation of schizophrenia with the ErbB1/EGF system as
well as with the ErbB4/neuregulin system.!”? Genetic
studies support this association,!>?>? although there are
several controversies.®** This notion has been tested by
various animal models.®*% ErbB1 and ErbB4 receptors
are similarly distributed in various neural cells: glial
cells, GABAergic neurons, and dopaminergic cells.!”!
EGF-driven or neuregulin-evoked ErbB signals reg-
ulate their phenotypic development as well as their ex-
pression of glutamate receptors.®®¢7-¢ Therefore, rodents
with disrupted ErbB signaling are often employed to
model the GABAergic or dopaminergic deficits in schiz-
ophrenia.'”2! Thus, it is possible that GABAergic or do-
paminergic impairments may contribute to the auditory
abnormalities in this rat model.

There are only a few studies on auditory neurophys-
iology in neurodevelopmental models of schizophrenia.
Rats receiving neonatal ventral hippocampal lesions
showed no reduction in the 40-Hz ASSRs in the awake
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Fig. 5. Effects of risperidone (RIS) on impaired duration mismatch negativity (AMMN)-like responses and resting-state phase-amplitude
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auditory cortex,” whereas a study using microelectrodes
under urethane anesthesia reported that 40- and 80-Hz
ASSRs were decreased at the posterior auditory cortex.”!
Decreased MMN-like responses have also been reported
in this rat model.”” Of note, a previous pharmacolog-
ical study found a substantial deficit in ErbB1 signaling
in this rat model, supporting the present conclusion.”
Another rat model, which is established by prenatal ex-
posure of rats to methylazoxymethanol, exhibits MMN
deficits,” although the contribution of ErbB signaling to
this model remains unknown.

In addition, there is the audio-pathophysiology of the
mouse genetic mutants, which lack the genes of NMDA
receptor, Src, or phospholipase C.*-"*77 These mutant
mice have shown auditory deficits in either MMN or
ASSR. With respect to ErbB signals in their auditory
deficits, it is of great interest that EGF-driven ErbB1 ac-
tivation potently evokes those signal cascades of Src and
phospholipase C to modulate the expression of AMPA
and NMDA receptors. 437677

Limitations of Data Explanations

The ABR deficits in patients appear to match the ABR
deficits of this rat model,”!° indicating the possibility that
the effects of perinatal EGF challenge may spread to ei-
ther the brainstem or the cochlear level. However, previous
behavioral tests of EGF-challenged animals have not re-
vealed any obvious decline in sound recognition or audi-
bility.>” These behavioral-level trends appear to agree with
their audibility estimated by the cortical ON responses and
ASSRs. The modest alteration in cortical ON responses
and ASSRs cannot directly account for the ABR reduction
in the high-frequency ranges of this rat model. However,
the known biological role of ErbB suggests its potential
influences on the lower auditory system; EGF-evoked
ErbBl signals promote the growth of supernumerary hair
cells, which do not directly influence ABR thresholds,”
whereas neuregulin-1-triggered ErbB2/B3 signals deter-
mine the survival of spiral ganglion neurons, which pre-
sumably influences ABRs.* % However, we do not rule
out that the present ErbB/EGF intervention produced any
influences on the brainstem or cochlear functions.
Technical differences must be considered when
comparing electrophysiological data between humans
and rats. EEG is recorded from electrodes on the human
scalp, whereas ECoG is recorded from electrodes on
the rat dura mater. The other is the variation in brain
size. There is another technical issue; the repeated
sound stimuli over a long period might promote rats
to sleep, especially during the ASSR test. As sleeping
suppresses ASSR in humans,® we omitted the data
from the analysis, which represented the sleep states.
The arousal levels of rats were not further controlled
for the final analysis, however. As EGF mainly
activates ErbB1 (EGFR) and ErbB2 signaling, the

ErbB and Schizophrenia Auditory Pathophysiology

audio-pathophysiological consequences of ErbB3/4 ac-
tivation remain unknown and require future studies."”
Thus, the present discussions must keep these limita-
tions in mind.

Conclusions

The entire set of disease-associated auditory traits was
almost reproduced by the perturbation of the single mo-
lecular cascade from ErbB1/EGF. These findings suggest
that abnormal ErbB signals during development, which
can be triggered by infection, inflammation, and hypoxia,
might contribute to the auditory pathophysiology of
patients with schizophrenia.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin Open online.

Funding

This work was supported by Grants-in-Aid for Scientific
Research from Japan Society for the Promotion of
Science and Ministry of Education, Culture, Sports,
Science and Technology of Japan (19K17084 to H.IL;
18H02950 to FEN.; 18H04062 to H.H.; 18H04938,
18H05429, and 18K 19495 to H. Nawa) and the AMED-
CREST grant from Japan Agency for Medical Research
and Development (20gm0810004h to H.H.).

Acknowledgment

The authors are grateful to Ms Eiko Kitayama for her
technical assistances and Dr Keiichi Kitajo for his tech-
nical advices under the NIPS General Collaborative
Project. The authors declare that they have no conflict
of interest.

References

1. Javitt DC. Neurophysiological models for new treatment de-
velopment in schizophrenia: early sensory approaches. Ann N
Y Acad Sci. 2015;1344:92-104.

2. O’Donnell BF, Vohs JL, Krishnan GP, Rass O, Hetrick WP,
Morzorati SL. The auditory steady-state response (ASSR):
a translational biomarker for schizophrenia. Suppl Clin
Neurophysiol. 2013;62:101-112.

3. Lakatos P, Schroeder CE, Leitman DI, Javitt DC. Predictive
suppression of cortical excitability and its deficit in schizo-
phrenia. J Neurosci. 2013;33(28):11692-11702.

4. Won GH, Kim JW, Choi TY, Lee YS, Min KJ, Seol KH.
Theta-phase gamma-amplitude coupling as a neurophysio-
logical marker in neuroleptic-naive schizophrenia. Psychiatry
Res. 2018;260:406-411.

5. Hirano S, Nakhnikian A, Hirano Y, et al. Phase-amplitude
coupling of the electroencephalogram in the auditory
cortex in schizophrenia. Biol Psychiatry Cogn Neurosci
Neuroimaging. 2018;3(1):69-76.

Page 9 of 12

€202 Jaquisda 9z Uo Jesn Alsiaalun exesQ Agq 902101 9/0.0eebs/| /z/eionie/uadolingziyos/woo dno-olwepeoe//:sdiy wodj pepeojumoq



H. Inaba et al

6.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

21.

22.

23.

Koutsoukos E, Angelopoulos E, Maillis A, Papadimitriou GN,
Stefanis C. Indication of increased phase coupling between
theta and gamma EEG rhythms associated with the ex-
perience of auditory verbal hallucinations. Neurosci Lett.
2013;534:242-245.

. Onitsuka T, Spencer KM, Nakamura I, et al. Altered P3a

modulations to emotional faces in male patients with chronic
schizophrenia. Clin EEG Neurosci. 2020;51(4):215-221.

. Tada M, Kirihara K, Mizutani S, et al. Mismatch negativity

(MMN) as a tool for translational investigations into early
psychosis: a review. Int J Psychophysiol. 2019;145:5-14.

Igata M, Ohta M, Hayashida Y, Abe K. Missing peaks in
auditory brainstem responses and negative symptoms in
schizophrenia. Jpn J Psychiatry Neurol. 1994;48(3):571-578.
Lindstrom L, Klockhoff I, Svedberg A, Bergstrom K.
Abnormal auditory brain-stem responses in hallucinating
schizophrenic patients. Br J Psychiatry. 1987;151:9-14.
Hayashida Y, Mitani Y, Hosomi H, Amemiya M, Mifune K,
Tomita S. Auditory brain stem responses in relation to
the clinical symptoms of schizophrenia. Biol Psychiatry.
1986;21(2):177-188.

Vierti6 S, Perdla J, Saarni S, Koskinen S, SuvisaariJ. Hearing loss
in persons with psychotic disorder—findings from a population-
based survey. Schizophr Res. 2014;159(2-3):309-311.

Javitt DC, Sweet RA. Auditory dysfunction in schizophrenia:
integrating clinical and basic features. Nat Rev Neurosci.
2015;16(9):535-550.

Stefansson H, Thorgeirsson TE, Gulcher JR, Stefansson K.
Neuregulin 1 in schizophrenia: out of Iceland. Mol Psychiatry.
2003;8(7):639-640.

. Anttila S, Illi A, Kampman O, Mattila KM, Lehtiméki T,

Leinonen E. Association of EGF polymorphism with schizo-
phrenia in Finnish men. NeuroReport. 2004;15(7):1215-1218.
Groenestege WM, Thébault S, van der Wijst J, et al. Impaired
basolateral sorting of pro-EGF causes isolated recessive renal
hypomagnesemia. J Clin Invest. 2007;117(8):2260-2267.

Futamura T, Toyooka K, Iritani S, ez al. Abnormal expres-
sion of epidermal growth factor and its receptor in the fore-
brain and serum of schizophrenic patients. Mol Psychiatry.
2002;7(7):673-682.

Law AJ, Lipska BK, Weickert CS, et al. Neuregulin 1 tran-
scripts are differentially expressed in schizophrenia and regu-
lated by 5 SNPs associated with the disease. Proc Natl Acad
Sci US A. 2006;103(17):6747-6752.

Iwakura Y, Nawa H. ErbB1-4-dependent EGF/neuregulin
signals and their cross talk in the central nervous system:
pathological implications in schizophrenia and Parkinson’s
disease. Front Cell Neurosci. 2013;7:4.

Mei L, Nave KA. Neuregulin-ERBB signaling in the
nervous system and neuropsychiatric diseases. Neuron.
2014;83(1):27-49.

Corfas G, Roy K, Buxbaum JD. Neuregulin 1-erbB signaling
and the molecular/cellular basis of schizophrenia. Nat
Neurosci. 2004;7(6):575-580.

Benzel I, Bansal A, Browning BL, et al. Interactions among
genes in the ErbB-Neuregulin signalling network are asso-
ciated with increased susceptibility to schizophrenia. Behav
Brain Funct. 2007;3:31.

Silberberg G, Darvasi A, Pinkas-Kramarski R, Navon R.
The involvement of ErbB4 with schizophrenia: association
and expression studies. Am J Med Genet B Neuropsychiatr
Genet. 2006;141B(2):142-148.

Page 10 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

Kao WT, Wang Y, Kleinman JE, et al Common genetic
variation in Neuregulin 3 (NRG3) influences risk for schizo-
phrenia and impacts NRG3 expression in human brain. Proc
Natl Acad Sci U S A. 2010;107(35):15619-15624.
Nicodemus KK, Law AJ, Radulescu E, e al. Biological val-
idation of increased schizophrenia risk with NRG1, ERBB4,
and AKT]I epistasis via functional neuroimaging in healthy
controls. Arch Gen Psychiatry. 2010;67(10):991-1001.

Pitcher GM, Kalia LV, Ng D, et al. Schizophrenia susceptibility
pathway neuregulin 1-ErbB4 suppresses Src upregulation of
NMDA receptors. Nat Med. 2011;17(4):470-478.

Varner MW, Dildy GA, Hunter C, Dudley DJ, Clark SL,
Mitchell MD. Amniotic fluid epidermal growth factor levels
in normal and abnormal pregnancies. J Soc Gynecol Investig.
1996;3(1):17-19.

Carter CJ. Schizophrenia susceptibility genes directly im-
plicated in the life cycles of pathogens: cytomegalovirus,
influenza, herpes simplex, rubella, and Toxoplasma gondii.
Schizophr Bull. 2009;35(6):1163-1182.

Hayes LN, Severance EG, Leek JT, et al. Inflammatory mo-
lecular signature associated with infectious agents in psych-
osis. Schizophr Bull. 2014;40(5):963-972.

Weinberger DR. Implications of normal brain development
for the pathogenesis of schizophrenia. Arch Gen Psychiatry.
1987:44(7):660-669.

Nawa H, Takahashi M, Patterson PH. Cytokine and growth
factor involvement in schizophrenia—support for the develop-
mental model. Mol Psychiatry. 2000;5(6):594-603.
Futamura T, Kakita A, Tohmi M, Sotoyama H,
Takahashi H, Nawa H. Neonatal perturbation of neuro-
trophic signaling results in abnormal sensorimotor gating
and social interaction in adults: implication for epidermal
growth factor in cognitive development. Mol Psychiatry.
2003;8(1):19-29.

Tsuda N, Mizuno M, Yamanaka T, Komurasaki T,
Yoshimoto M, Nawa H. Common behavioral influences
of the ErbBl ligands transforming growth factor alpha
and epiregulin administered to mouse neonates. Brain Dev.
2008;30(8):533-543.

Paterson C, Law AJ. Transient overexposure of neuregulin 3
during early postnatal development impacts selective behav-
iors in adulthood. PLoS One. 2014;9(8):¢104172.

. Bramon E, Dempster E, Frangou S, et al. Neuregulin-1

and the P300 waveform-a preliminary association
study using a psychosis endophenotype. Schizophr Res.
2008;103(1-3):178-185.

Kéri S, Beniczky S, Kelemen O. Suppression of the P50
evoked response and neuregulin 1-induced AKT phosphor-
ylation in first-episode schizophrenia. Am J Psychiatry.
2010;167(4):444-450.

Ehrlichman RS, Luminais SN, White SL, ez al. Neuregulin
1 transgenic mice display reduced mismatch negativity, con-
textual fear conditioning and social interactions. Brain Res.
2009;1294:116-127.

Namba H, Nagano T, Jodo E, et al. Epidermal growth
factor signals attenuate phenotypic and functional de-
velopment of neocortical GABA neurons. J Neurochem.
2017;142(6):886-900.

Jodo E, Inaba H, Narihara I, et al. Neonatal exposure to
an inflammatory cytokine, epidermal growth factor, re-

sults in the deficits of mismatch negativity in rats. Sci Rep.
2019:9(1):7503.

€202 Jequieos 9z uo Jasn AjisiaAlun exesO Aq 90zZ7019/0.0eebs/|/z/e1onie/uado|ngziyos/wod dno-olwspeose//:sdny woly peapeojumoq



40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Peter V, McArthur G, Thompson WF. Effect of devi-
ance direction and calculation method on duration and
frequency mismatch negativity (MMN). Neurosci Lett.
2010;482(1):71-75.

Mahajan Y, Peter V, Sharma M. Effect of EEG referencing
methods on auditory mismatch negativity. Front Neurosci.
2017;11:560.

Inaba H, Namba H, Sotoyama H, et a/. Sound frequency
dependence of duration mismatch negativity recorded from
awake rats. Neuropsychopharmacol Rep. 2020;40(1):96-101.

Nakao K, Nakazawa K. Brain state-dependent abnormal
LFP activity in the auditory cortex of a schizophrenia mouse
model. Front Neurosci. 2014;8:168.

Naidtinen R, Gaillard AW, Mintysalo S. Early selective-
attention effect on evoked potential reinterpreted. Acta
Psychol (Amst). 1978;42(4):313-329.

Erickson MA, Ruffle A, Gold JM. A meta-analysis of
mismatch negativity in schizophrenia: from clinical risk
to disease specificity and progression. Biol Psychiatry.
2016;79(12):980-987.

Nagai T, Tada M, Kirihara K, ef al. Auditory mismatch
negativity and P3a in response to duration and frequency
changes in the early stages of psychosis. Schizophr Res.
2013;150(2-3):547-554.

Yamaguchi S, Globus H, Knight RT. P3-like potential in rats.
Electroencephalogr Clin Neurophysiol. 1993;88(2):151-154.
Baldeweg T, Klugman A, Gruzelier J, Hirsch SR. Mismatch
negativity potentials and cognitive impairment in schizo-
phrenia. Schizophr Res. 2004;69(2-3):203-217.

Koshiyama D, Kirihara K, Tada M, et al. Reduced auditory
mismatch negativity reflects impaired deviance detection in
schizophrenia. Schizophr Bull. 2020;46(4):937-946.

Rinne T, Balk MH, Koistinen S, Autti T, Alho K, Sams M.
Auditory selective attention modulates activation of human
inferior colliculus. J Neurophysiol. 2008;100(6):3323-3327.

Chaieb L, Wilpert EC, Reber TP, Fell J. Auditory beat stimu-
lation and its effects on cognition and mood States. Front
Psychiatry. 2015;6:70.

Ruel J, Nouvian R, Gervais d’Aldin C, Pujol R, Eybalin M,
Puel JL. Dopamine inhibition of auditory nerve ac-
tivity in the adult mammalian cochlea. Eur J Neurosci.
2001;14(6):977-986.

Elgoyhen AB, Katz E, Fuchs PA. The nicotinic receptor of
cochlear hair cells: a possible pharmacotherapeutic target?
Biochem Pharmacol. 2009;78(7):712-719.

Sotoyama H, Zheng Y, Iwakura Y, et «l Pallidal
hyperdopaminergic innervation underlying D2 receptor-
dependent behavioral deficits in the schizophrenia animal
model established by EGF. PLoS One. 2011;6(10):e25831.
Sotoyama H, Namba H, Chiken S, Nambu A, Nawa H.
Exposure to the cytokine EGF leads to abnormal
hyperactivity of pallidal GABA neurons: implica-
tions for schizophrenia and its modeling. J Neurochem.
2013;126(4):518-528.

Thuné H, Recasens M, Uhlhaas PJ. The 40-Hz auditory
steady-state response in patients with schizophrenia: a meta-
analysis. JAMA Psychiatry. 2016;73(11):1145-1153.

Bramon E, Rabe-Hesketh S, Sham P, Murray RM, Frangou S.
Meta-analysis of the P300 and P50 waveforms in schizo-
phrenia. Schizophr Res. 2004;70(2-3):315-329.

Kwon JS, O’Donnell BF, Wallenstein GV, et al. Gamma
frequency-range abnormalities to auditory stimulation in
schizophrenia. Arch Gen Psychiatry. 1999;56(11):1001-1005.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

ErbB and Schizophrenia Auditory Pathophysiology

Hamm JP, Gilmore CS, Picchetti NA, Sponheim SR,
Clementz BA. Abnormalities of neuronal oscillations
and temporal integration to low- and high-frequency
auditory stimulation in schizophrenia. Biol Psychiatry.
2011;69(10):989-996.

Vierling-Claassen D, Siekmeier P, Stufflebeam S, Kopell N.
Modeling GABA alterations in schizophrenia: a link between
impaired inhibition and altered gamma and beta range audi-
tory entrainment. J Neurophysiol. 2008;99(5):2656-2671.
Umbricht D, Javitt D, Novak G, et al. Effects of risperidone
on auditory event-related potentials in schizophrenia. Int J
Neuropsychopharmacol. 1999;2(4):299-304.

Nakamura T, Michie PT, Fulham WR, et al. Epidural audi-
tory event-related potentials in the rat to frequency and
duration deviants: evidence of mismatch negativity? Front
Psychol. 2011;2:367.

Watanabe Y, Fukui N, Muratake T, Kaneko N, Someya T. No
association of EGF polymorphism with schizophrenia in a
Japanese population. NeuroReport. 2005;16(4):403-405.
Tosato S, Zanoni M, Bonetto C, et al. No association
between NRGI and ErbB4 genes and psychopatho-
logical symptoms of schizophrenia. Neuromolecular Med.
2014;16(4):742-751.

Nawa H, Sotoyama H, Iwakura Y, Takei N, Namba H.
Neuropathologic implication of peripheral neuregulin-1 and
EGF signals in dopaminergic dysfunction and behavioral
deficits relevant to schizophrenia: their target cells and time
window. Biomed Res Int. 2014;2014:697935.

Karl T. Neuregulin 1: a prime candidate for research into gene-
environment interactions in schizophrenia? Insights from
genetic rodent models. Front Behav Neurosci. 2013;7:106.
Abe Y, Namba H, Kato T, Iwakura Y, Nawa H. Neuregulin-1
signals from the periphery regulate AMPA receptor sensitivity
and expression in GABAergic interneurons in developing
neocortex. J Neurosci. 2011;31(15):5699-5709.

Lu Y, Sun XD, Hou FQ, ef al. Maintenance of GABAergic
activity by neuregulin 1-ErbB4 in amygdala for fear memory.
Neuron. 2014;84(4):835-846.

Li B, Woo RS, Mei L, Malinow R. The neuregulin-1 receptor
erbB4 controls glutamatergic synapse maturation and plasti-
city. Neuron. 2007;54(4):583-597.

Vohs JL, Chambers RA, Krishnan GP, O’'Donnell BF, Berg S,
Morzorati SL. GABAergic modulation of the 40 Hz auditory
steady-state response in a rat model of schizophrenia. Int J
Neuropsychopharmacol. 2010;13(4):487-497.

Li S, Ma L, Wang Y, Wang X, Li Y, Qin L. Auditory steady-
state responses in primary and non-primary regions of the
auditory cortex in neonatal ventral hippocampal lesion rats.
PLoS One. 2018;13(2):1-16.

Cabungcal JH, Counotte DS, Lewis E, et al. Juvenile anti-
oxidant treatment prevents adult deficits in a developmental
model of schizophrenia. Neuron. 2014;83(5):1073-1084.
Mizuno M, Iwakura Y, Shibuya M, et al. Antipsychotic po-
tential of quinazoline ErbB1 inhibitors in a schizophrenia
model established with neonatal hippocampal lesioning. J
Pharmacol Sci. 2010;114(3):320-331.

Kohlhaas KL, Robb HM, Roderwald VA, Rueter LE.
Nicotinic modulation of auditory evoked potential electro-
encephalography in a rodent neurodevelopmental model of
schizophrenia. Biochem Pharmacol. 2015;97(4):482-487.
Shahriari Y, Krusienski D, Dadi YS, Seo M, Shin HS,
Choi JH. Impaired auditory evoked potentials and oscilla-
tions in frontal and auditory cortex of a schizophrenia mouse
model. World J Biol Psychiatry. 2016;17(6):439-448.

Page 11 of 12

€202 Jequieos 9z uo Jasn AjisiaAlun exesO Aq 90zZ7019/0.0eebs/|/z/e1onie/uado|ngziyos/wod dno-olwspeose//:sdny woly peapeojumoq



H. Inaba et al

76.

77.

78.

79.

Featherstone RE, Shin R, Kogan JH, Liang Y, Matsumoto M,
Siegel SJ. Mice with subtle reduction of NMDA NRI1 re-
ceptor subunit expression have a selective decrease in mis-
match negativity: implications for schizophrenia prodromal
population. Neurobiol Dis. 2015;73:289-295.

Nakao K, Nakazawa K. Brain state-dependent abnormal
LFP activity in the auditory cortex of a schizophrenia mouse
model. Front Neurosci. 2014;8:168.

Tohmi M, Tsuda N, Mizuno M, Takei N, Frankland PW,
Nawa H. Distinct influences of neonatal epidermal growth
factor challenge on adult neurobehavioral traits in four
mouse strains. Behav Genet. 2005;35(5):615-629.

Watanabe F, Kirkegaard M, Matsumoto S, et al. Signaling
through erbB receptors is a critical functional regulator in the
mature cochlea. Eur J Neurosci. 2010;32(5):717-724.

Page 12 of 12

80.

81.

82.

83.

84.

Jin D, Ohlemiller KK, Lei D, et al. Age-related neuronal
loss in the cochlea is not delayed by synaptic modulation.
Neurobiol Aging. 2011;32(12):2321.e13-2321.¢23.

Stankovic K, Rio C, Xia A, et al. Survival of adult spiral gan-
glion neurons requires erbB receptor signaling in the inner
ear. J Neurosci. 2004;24(40):8651-8661.

Obleser J, Kayser C. Neural entrainment and atten-
tional selection in the listening brain. Trends Cogn Sci.
2019;23(11):913-926.

Gittelman JX, Perkel DJ, Portfors CV. Dopamine modulates
auditory responses in the inferior colliculus in a heteroge-
neous manner. J Assoc Res Otolaryngol. 2013;14(5):719-729.
Cohen LT, Rickards FW, Clark GM. A comparison of steady-
state evoked potentials to modulated tones in awake and
sleeping humans. J Acoust Soc Am. 1991;90(5):2467-2479.

€202 Jaquisoa( 9z uo Jasn Alsiaaiun exeso Agq 90z019/0.0eebs/|/z/a1o1nie/uado|ingziyos/woo dno-olwapeoe//:sdiy Woil papeojumMo(]



