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Abstract

Background: Systemic administration of noncompetitive N-methyl-D-aspartate receptor (NMDAR) antagonists such as MK-
801 is widely used to model psychosis of schizophrenia (SZ). Acute systemic MK-801 in rodents caused an increase of the
auditory steady-state responses (ASSRs), the oscillatory neural responses to periodic auditory stimulation, while most studies
in patients with SZ reported a decrease of ASSRs. This inconsistency may be attributable to the comprehensive effects of
systemic administration of MK-801. Here, we examined how the ASSR is affected by selectively blocking NMDAR in the
thalamus.

Methods: We implanted multiple electrodes in the auditory cortex (AC) and prefrontal cortex to simultaneously record the
local field potential and spike activity (SA) of multiple sites from awake mice. Click-trains at a 40-Hz repetition rate were used
to evoke the ASSR. We compared the mean trial power and phase-locking factor and the firing rate of SA before and after
microinjection of MK-801 (1.5 pg) into the medial geniculate body (MGB).

Results: We found that both the AC and prefrontal cortex showed a transient local field potential response at the onset of
click-train stimulus, which was less affected by the application of MK-801 in the MGB. Following the onset response, the AC
also showed a response continuing throughout the stimulus period, corresponding to the ASSR, which was suppressed by the
application of MK-801.

Conclusion: Our data suggest that the MGB is one of the generators of ASSR, and NMDAR hypofunction in the thalamocortical
projection may account for the ASSR deficits in SZ.
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Introduction

The auditory steady-state responses (ASSRs) are evoked os-
cillatory responses that are entrained to the frequency and
phase of repeating auditory stimulation (Picton et al., 2003).
The ASSRs reflect the propensity of neurons to oscillate at
a particular gamma-band “resonant” frequency induced
by external periodic stimulation. Electroencephalographic
and magnetoencephalographic recordings can be used to
noninvasively detect ASSRs in humans, which show a peak

frequency at 40 Hz (Pastor et al., 2002). A number of studies
on the 40-Hz ASSR have reported reductions in the evoked
power and phase-locking measures (i.e., inter-trial phase co-
herence) in individuals with schizophrenia (SZ) (Thune et al,,
2016; Tada et al., 2019). The reduction of 40-Hz ASSR has been
proposed as a biomarker of the N-methyl-D-aspartate receptor
(NMDAR) hypofunction in SZ patients (Sivarao et al., 2016).
Because administration of drugs that block NMDAR can mimic
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Significance Statement

The auditory steady-state response (ASSR) is a well-used electrophysiological approach for examining the synchronizing re-
sponses from large ensembles of neurons and binding neural activity across brain areas. The deficits of ASSR may reflect the
hypofunction of N-methyl-D-aspartate receptor (NMDAR), which is hypothesized to contribute to the pathophysiology of schizo-
phrenia (SZ). In this way, NMDAR antagonists have been systemically applied in rodents to test whether alterations in NMDAR
function produce ASSR disturbances similar to those observed in patients with SZ. However, the results of animal experiments
are inconsistent. To avoid the comprehensive effects of systemic application of NMDAR antagonist, in this study, we examined
whether NMDAR antagonist action in the thalamus can induce abnormal ASSR. We found evidence supporting that the medial
geniculate body contributes to the generation of ASSR, and NMDAR hypofunction is associated with the reduction of ASSR. Our
paradigms thus provide a powerful translational model for testing cellular mechanism of NMDAR dysfunction.

some aspects of synaptic dysfunction in SZ (Umbricht et al.,
2000; Kirov et al., 2012; Timms et al., 2013), evaluating the 40-Hz
ASSR in the animal models has been represented as a prom-
ising target in translational research (McNally et al., 2016). By
recording electroencephalographic signals from the electrodes
implanted in the brain of rodents, previous studies have estab-
lished several measures to investigate the 40-Hz ASSR in the
NMDAR hypofunction models induced by actually or chronically
injecting NMDAR antagonists (Vohs et al., 2012; Hiyoshi et al.,
2014; Leishman et al., 2015; Sullivan et al., 2015; Kozono et al.,
2019). However, they commonly reported that the treatment
of NMDAR antagonist causes an enhancement of 40-Hz ASSR,
which is inconsistent with the frequently reported reduction of
40-Hz ASSR in SZ patients. Such an inconsistence may be at-
tributable to the complicated effects of systemic application of
NMDAR antagonist, which cannot specifically target the neural
circuits of ASSR generation. Therefore, it is important to select
a more specific approach to examine the association between
NMDAR hypofunction and the ASSR deficits.

As for the generator of the 40-Hz ASSR, we have found the
evidence supporting the auditory cortex (AC) as the region of
ASSR originator by simultaneous recording from the elec-
trodes directly implanted in multiple brain areas (Wang et al.,
2018). Previous studies on humans also have localized the
source of ASSR at the AC and the medial geniculate body (MGB)
(Gutschalk et al., 1999; Herdman et al., 2002). The AC is the core
station of cortical auditory processing, which plays a key role
in the representation and perception of periodic sound stimu-
lation (Bendor et al., 2010; Dong et al., 2011, 2013). The MGB is
the auditory part of the thalamus, which provides the imme-
diate inputs to the AC. The extensive afferent and efferent
projections between the MGB and the AC constitute the pri-
mary neural circuit for auditory perception (Malmierca, 2003).
Noninvasive neuroimaging studies in humans have revealed
hyper-connectivity (i.e., greater correlation) between thalamus
and cortical areas in SZ (Woodward et al., 2012; Anticevic et al.,
2014; Klingner et al., 2014; Giraldo-Chica et al., 2017). The abnor-
mality of thalamocortical connectivity can be observed before
psychosis onset in at-risk patients (Anticevic et al., 2015). For
this, the MGB is an appropriate candidate for the study of the
neural mechanisms underlying ASSR deficits. In this study, we
aimed to investigate the link between the 40-Hz ASSR deficits
and NMDAR hypofunction in MGB. This was done by examining
how the 40-Hz ASSRs are altered by direct administration of
MK-801, an NMDAR antagonist known to produce ASSR changes
in rodents (Hiyoshi et al.,, 2014), into the MGB of awake mice.
Because prefrontal cortex (PFC) is also reported to be the target
of systemic injection of NMDAR antagonists in animal models
of SZ (Stefani et al., 2005; Blot et al., 2013, 2015), we simultan-
eously recorded the ASSRs in AC and PFC through the electrodes

implanted in multi brain sites. And because ASSR is heavily
affected by anesthesia (Wang et al., 2018), this study was con-
ducted on unanesthetized mice.

METHODS

Animals

Six- to 8 week-old C57BL/6 mice (Vital River Laboratory, Beijing,
China) were housed on a 12-hour-day/-night cycle to main-
tain their normal biorhythms and had free access to food and
water. The animals were maintained and treated in compliance
with the policies and procedures detailed in the “Guide for the
Care and Use of Laboratory Animals” of the National Institutes
of Health. All procedures were approved by the Animal Ethics
Committee of China Medical University (no. KT2018060). Effort
was made to minimize the suffering and discomfort of animals
and to reduce the number of animals used.

Surgical Procedures

Mice were anesthetized with systemic injection of urethane
(1.6 g/kg, i.p.) and with 2% lidocaine under the scalp. Body tem-
perature was monitored rectally and maintained at 37°C using
a feedback-controlled heating pad. Anesthetized mice were
placed in a stereotaxic apparatus with blunt ear bars (#68001,
RWD Life science, Shenzhen, China). Microelectrode arrays
were implanted in the AC to record LFP and extracellular spike
activities. Arrays consisted of eight 50-pm-diameter Teflon-
coated tungsten micro wires (50 um out diameter, #795500, A-M
Systems, Sequim, WA) arranged in a 2x2 pattern measuring
about 0.3x0.3 mm. Electrode arrays were implanted in the sur-
face layer of AC (AP -3.0 mm, ML 4.0 mm, 0.3-0.5 mm below
the dura). To record LFPs of the PFC, a stainless-steel screw elec-
trode connected with a Teflon-coated sliver microwire (#785500,
A-M Systems) was implanted over the left hemisphere skull of
the PFC (AP=+1.8 mm, ML=0.30 mm). The micro wires were sol-
dered to a pin connector, which was secured onto the cranium of
the right hemisphere using dental acrylic resin. A stainless-steel
screw electrode over the cerebellum served as ground. To inject
MK-801 into the MGB, a cannula (#62001; RWD Life Science)
was implanted into the region of the left MGB (AP=-3.3 mm,
ML=2.0 mm, DV=3.0 mm). Four additional skull screws were
implanted serving as anchors.

Acoustic Stimuli

Click-trains were trains of rectangular pulses of a 0.2-milli-
second duration each, which repeated at a rate of 40 cycles/s and
continued for a total duration of 0.5 seconds. The waveforms of



sound stimuli were generated digitally with a 100-kHz sampling
rate using a custom built MATLAB (Mathworks, Natick, MA) pro-
gram and transferred to a analog signal by a D/A board (PCI-
6052E, National Instruments, Austin, TX) then played through
an open-field loudspeaker (K701, AKG, Vienna, Austria) placed at
the top of a recording box. The intensity of the sound stimulus
was adjusted to be at 70 dB SPL and measured at the center of
the recording box (type 2238 sound level meter, Bruel & Kjeer,
Naerum, Denmark).

Electrophysiological Recording and MK-801 Infusion

Animals were allowed 1 week to recover from surgery before
the start of experiments. After that, animals were acclimated to
the sound-attenuated recording room. Briefly, the animals were
transported in their home cage to the recording room where they
were left alone for 5 minutes. They were then put in a mesh box
(20x20x20 cm) and tethered to the recording system via a flex-
ible cable and allowed to freely behave in the recording box for
15 minutes. This procedure was repeated for 3 days. Recording
experiments started from the fourth day. A multi-channel pre-
amplifier (PBX Preamplifier; Plexon, Dallas, TX) and a digital
multichannel acquisition processor (Plexon) were used for signal
filtering (1-300 Hz for LFP signal, 0.3-5 kHz for spike signal), amp-
lification, and data acquisition. Multi-unit spikes were detected
online by threshold crossing. LFPs were stored on a hard disk and
then imported to MATLAB (The MathWorks) for the online aver-
aging and monitoring of neural responses to sound stimuli.

In 1 recording session, 120 trials of click-trains were pre-
sented at random intervals between 4 and 8 seconds. After
completing 1 session of recording under normal conditions, the
mouse was restrained in a plastic tube and received a micro-
injection of 1.5 pg MK-801 (Sigma, dissolved in saline containing
5% DMSO at 3 pg/pL) or vehicle solution through stainless-steel
tubes (30G) inserted into the MGB (AP=-3.0 mm, ML=2.0 mm,
DV=3.0 mm). Solutions were delivered at a rate of 250 nL/min
via a PE pipe (# 62302, RWD Life Science) connecting to a 10-pL
Harvard Apparatus syringe pump system (Pump 11 Elite). The
pipe was left in place for another 5 minutes at the end of injec-
tion and the cannulae capped to prevent reflux of the injected
solution. The mouse was then released; the second recording
session was conducted at 30 minutes after injection. Then, the
animals were returned to their feeding cage. The recording and
injection procedures were repeated 48 hours later. The mice in-
jected with MK-801 in the first test round now received injection
of vehicle and vice versa. Each mouse experienced 4 rounds of
experiments with an interval of 1 day; MK-801 and vehicle were
injected alternatively. Because the injection order had no effect
on the results, the data of the 2 groups were pooled together for
the presentation.

Analysis of LFP Data

Spectral analysis was conducted on the click-train evoked LFPs.
LFPs were analyzed using a wavelet-based analysis algorithm im-
plemented in custom-written code using eeglab toolbox (https://
scen.ucsd.edu/eeglab/index.php). Prior to spectral analysis, the
LFP signals were visually inspected, referring to the video re-
cordings of animal behavior, and the noisy trials containing the
artifacts of abrupt movement were removed. If the percentage
of noisy trial was beyond 5%, the whole session of data was dis-
carded to ensure our data represented the animal’s quiet state.
There was no drug-related difference in the number of dis-
carded sessions. The trial-based spectra of LFPs were accessed
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by the mean trial power (MTP) and phase-locking factor (PLF)
analysis (Delorme et al., 2004). MTP was computed by averaging
the LFP power in the spectral-temporal domain across the 120
trials from 1 session. PLF measures the synchronization of the
LFP phase across individual trials at particular frequencies and
time intervals. For the data recorded from 1 session, the MTP
and PLF were calculated to obtain a spectral-temporal function
using the multitaper method provided by eeglab. The results of
MTP were presented following a dB baseline correction imple-
mented by eeglab.

Analysis of Spike Activity

We computed the instantaneous firing rate from multi-unit
spike activity for each stimulus presentation, which were used
to construct peri-stimulus time histograms (PSTHs) and raster
plots from -500 to 1000 milliseconds relative to the onset of
stimulus. This was accomplished using 1-millisecond bins
for each stimulus trial; each 1-millisecond bin contained 1 or
0 timestamps representing the discharges from the unit as a
series of zeros and ones across the analysis window that was
displayed as a raster plot. Then, each column of this matrix was
smoothed with a 5-millisecond Gaussian sliding window, which
transformed each binned vector of zeros and ones into a con-
tinuous waveform that represents the instantaneous firing rate
of each trial for each unit.

Histology

To confirm the position of the electrodes, at the end of the ex-
perimental period, all animals were deeply anesthetized with
pentobarbital (100 mg/kg). The animals were then perfused
transcardially with fixative (4% paraformaldehyde). The brains
were removed and placed in fixative solution. After further fix-
ation, the brains were coronal sectioned in 40-mm slices, col-
lected on noncoated glass slides, and stained with thinonin.
Electrode tip positions were confirmed by microscopic observa-
tion of the slides.

Statistical Analysis

Statistical analysis was performed using SPSS for Windows
(18.0, 2010, SPSS, Inc., Chicago, IL). We used the Shapiro-Wilk
test to examine the normality of the data and found our data
were normally distributed. Therefore, mixed model analysis and
Benjamini-Hochberg post hoc analysis were used to access the
differences caused by drug application and recording location.
Statistical significance was determined at P<.05. Data were pre-
sented as mean =+ SE.

RESULTS

We implanted a single electrode in the PFC and 4 electrodes in
the AC on the left-brain hemisphere of 22 mice. Multiple elec-
trodes were used in the AC to collect more spike activities, and
the LFP signal averaged across the 4 electrodes was used as the
LFP of AC. Stable signal could not be collected in the PFC of 6
mice and in the AC of 2 mice due to the unsuccessful surgery
of electrode implantation. In these 8 mice, we collected data
from only the AC or the PFC. The recording experiments were
repeated 4 times for each mouse; in total, 80 sessions (20x4) of
data were collected in the AC and 64 sessions (16 x4) in the PFC.
Sixteen and 8 sessions were excluded in the data of the AC and
PFC, respectively, because the occurrence frequency of moving
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artifacts was higher than 5%. There was no correlation between
the number of discarded session and drug application. As a re-
sult, we successfully acquired 64 LFP data sets in the AC (34 of
MK-801 injection, 30 of vehicle injection) and 56 in the PFC (30
of MK-801 injection, 26 of vehicle injection). The representative
examples of LFPs in AC averaged over 120 trials of 40-Hz click-
train stimulus are presented in Figure 1. Before the injection
(Pre), click-train stimuli evoked a large deflection at the stimulus
onset in the LFP of AC, and a stable oscillation of LFP synchron-
izing to each click stimulus was observed during the stimulus
period (Figure 1A,C). To compare with the repetition rate of click
stimulus, the LFPs were filtered with a bandpass filter of 35-45
Hz (Figure 1A,C, lower panel ). The filtered LFP showed an ob-
vious oscillation during the stimulus period, and the amplitude
of oscillation was steady during the stimulus period (ASSR).
Injection of vehicle did not obviously affect the click-train
evoked responses (Figure 1B). In contrast, MK-801 injection ob-
viously suppressed the ASSR, while the onset response was less
affected (Figure 1D).

The representative examples of LFPs in the PFC are pre-
sented in Figure 2. Click-train stimuli only evoked a clear onset
response of LFP in the PFC; ASSR during the stimulus period
was too weak to be robustly evaluated (Figure 2A,C). Injection
of vehicle or MK-801 injection had no obvious effect on the LFP
response in the PFC (Figure 2B,D).

We used time-frequency analysis of the MTP and PLF to
quantitatively evaluate the change of LFP. MTP reveals the amp-
litude of the evoked LFP, and PLF examines the trial-to-trial dy-
namics of the phase-locked response. The time-frequency plots
of MTP and PLF at before and after vehicle/MK-801 injection are
shown in Figures 3 and 4. Consistent with above inspection in
Figures 1 and 2, click-trains evoked a transient increase of MTP
and PLF over a broad frequency range in both AC and PFC, while
only AC showed a steady increase of MTP and PLF around the
40-Hz stimulation frequency. Injection of MK-801 did not affect
the onset MTP and PLF but suppressed the steady MTP and PLF
in the AC (Figure 3C,D).
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To compare the population results of different brain re-
gions, we calculated the mean MTP and PLF averaged across 2
different time-frequency ranges: 0-0.1 seconds and 0-80 Hz to
evaluate the onset response and 0.1-0.5 seconds and 35-45 Hz to
evaluate 40 Hz ASSR (Figure 3A, white rectangles). The MTPs of
the onset response in each group are presented in Figure 5A. The
data were statistically analyzed with 4-factor fix model analysis:
drug (MK-801 vs vehicle) xtime (pre vs post)xlocation (AC vs
PFC) xrepetition (4 times of recording). No significant difference
was found in the main effects and their interactions. The PLFs
of the onset response in each group were similar too (Figure 5B).
However, for the MTPs of the steady response (Figure 5C), a fix
model analysis revealed significant differences in main effects
of location (F, ., =850.7; P<.001) and drug (F, ,,,=16.5; P<.001),
interaction of time x location (F, ,., =7.7; P=.006), drug xlocation
(Fuo05=18-4; P<.001), and interaction of drugxtime xlocation
(F (120 =18.4; P<.001). A Benjamini-Hochberg post hoc analysis
revealed that the mean MTP of post MK-801 injection in the
AC was significantly lower than that of pre MK-801 injection
(t=6.2, P<.001). The PLFs of the steady response (Figure 5D) were
also affected by location (F, ,.,=336.4; P<.001) and interaction
of drugxtime (F,,=7.6; P=.006), drugxlocation (F,,,=5.9;
P=.016), timexlocation (F,,,=6.1; P=.014), and interaction
of drugxtimexlocation (F,,,=14.2; P<.001). A Benjamini-
Hochberg post hoc analysis revealed a significant difference be-
tween the mean PLFs of the pre and post MK-801 injection group
in the AC (t=5.7; P<.001).

To further reveal the neural mechanism of the MK-801-in-
duced changes of ASSR, we examined the effect of MK-801 injec-
tion in the MGB on the spike activity of AC neurons. Figure 6 shows
the raster plot and PSTH of the representative AC units. Before
injection, the 40-Hz click trains evoked a repetitive firing activity
with an adaptation (Figures 6A,C). The PSTH showed a peak of
firing rate at the onset of stimulus and a decayed tail extending to
the stimulus offset. Injection of vehicle had no significant effect
on the neural firing activity (Figure 6B), while injection of MK-801
reduced the firing activity during the steady stimulus period. We
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Figure 1. Examples of click-train evoked local field potentials (LFPs) recorded from the auditory cortex (AC). (A,B) LFPs recorded before and after injection of vehicle.
Top panel: unfiltered LFP averaged from 120 trials of electroencephalographic (EEG) signals evoked by 40-Hz click stimuli lasting from 0 to 0.5 seconds. Bottom panel:
the same EEG responses filtered with a bandpass filter. (C,D) LFPs recorded before and after injection of MK-801.
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Figure 2. Examples of click-train evoked LFPs recorded from the prefrontal cortex (PFC) and using the same format as Figure 1.
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Figure 3. Spectral-temporal analysis of the example LFPs shown in Figure 1. (A,B) before and after injection of vehicle. Top panel: spectral-temporal function of main
trial power (MTP). Bottom panel: spectral-temporal function of phase-locking factor (PLF). White rectangles show the time-frequency ranges: 0-0.1 seconds and 0-80 Hz
to evaluate the onset response; and 0.1-0.5 seconds and 35-45 Hz to evaluate 40 Hz ASSR. (C,D) Before and after injection of MK-801.

calculated the mean firing rates during the —-0.5-0, 0-0.1, and 0.1-
0.5 second time window to evaluate the spontaneous activity, the
onset, and steady response, respectively. Figure 7 shows the mean
and SE of firing rate of AC units during different time windows.
A fixed model analysis did not find any significant differences in
the spontaneous activities (Figure 7A) and the onset responses
(Figure 7B), but a significant mean effect of drug (F.,=11.3,
P=.001) and interaction of drugxtime (F,,,=6.2, P=.015) was
found in the steady responses (Figure 7C). A Benjamini-Hochberg

post hoc analysis confirmed that the steady responses in the post
MK-801 injection were significantly lower than those in the pre
MK-801 injection (t=2.8; P=.044).

Discussion

ASSR, as an evoked gamma band oscillation, provides an ap-
proach for examining the synchronized responses from large
ensembles of neurons and binding neural activity across brain



464 |

A

Pre
60
40
T T T
60
A 40
N 20
5 T Igl T T T
5\ 0.2 0 0.2 0.4 0.6 0.8
c
®
= C
o
g Pre _
w60
40
20 L — B
60
40
20 g—
T 1 T 1 T

International Journal of Neuropsychopharmacology, 2020

B Vehicle MTP
60 —
40 0
20 s i

T T T T —T -4

PLF,

60
40 0.5
20 g

T T T T T 0

0.2 0 0.2 0.4 0.6 08

D MK-801 MTP4
60
40 - 0
20 -

—m— 4

PLF
1
60
40 0.5
=
T T T T T 0

Time(s)

Figure 4. Spectral-temporal analysis of the example LFPs shown in Figure 2 and using the same format as Figure 3.
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Figure 5. Mean MTP and PLF of the onset and steady response under different conditions. Bars represent the mean and SE. *P<.01.

areas (Pastor et al.,, 2002; Picton et al.,, 2003; Uhlhaas et al.,
2010). Also, some studies on humans suggest that 40-Hz ASSR
reflects some resonant responses generated by the superpos-
ition of the auditory brainstem response and middle latency
responses that are specifically enhanced during 40-Hz stimula-
tion (Bohérquez et al., 2008; Presacco et al., 2010). In the present

study, we attempted to identify how ASSR was altered in a
model of NMDAR hypofunction. For this, we recorded click-train
evoked LFPs and spike activities from the AC and PFC of awake
mice before and after intrageniculate injection of MK-801. We
found that 40-Hz click-trains evoked a transient LFP response at
the onset of stimulus and a steady response during the steady
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Figure 6. Examples of spike activity in the AC. (A,B) Spike activity recorded before and after injection of vehicle. Top panel: raster displays of spike discharges. Bottom
panel: peristimulus time histograms (PSTHs) constructed from the raster displays. Vertical lines mark the onset of conditioning and testing tones. (C,D) Spike activity
recorded before and after injection of MK-801.

period of stimulus (ASSR). The onset responses were observed suppressed the ASSR in the AC but did not affect the onset re-
in both the AC and PFC, while the ASSRs were only found in the sponses in the AC and PFC. The firing pattern of AC neurons
AC. Microinjection of MK-801 (1.5 pg) into the MGB significantly showed a similar change as the LFP.
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Figure 7. Mean firing rate of the spontaneous activity, onset, and steady response under different conditions. Bars represent mean and SE. *P<.05.

There is accumulating evidence showing that power or
phase synchronization of 40-Hz ASSRs is reduced in SZ pa-
tients (Spencer et al., 2009; Hamm et al., 2011; Mulert et al., 2011;
Tsuchimoto et al., 2011; Koenig et al., 2012; Hirano et al., 2015)
and individuals vulnerable to SZ (Rass et al., 2012). The deficits
of 40-Hz ASSR may reflect the hypofunction of NMDAR (Sivarao
et al., 2016), which has been hypothesized to contribute to the
pathophysiology of SZ (Javitt et al., 2012; Moghaddam et al.,
2012). Administration of NMDAR antagonists can elicit tran-
sient schizophrenic-like positive and negative symptoms in
humans and produce schizophrenia-related phenotypes in ro-
dents (Gandal et al., 2012; Moghaddam et al., 2012). In this way,
NMDAR antagonists were used in rodents to test whether al-
terations in NMDAR function produce electrophysiological dis-
turbances similar to those observed in patients with SZ (Vohs
et al., 2012; Hiyoshi et al., 2014; Leishman et al., 2015; Sullivan
et al., 2015; Kozono et al., 2019). However, the results showed a
profound impact of NMDAR antagonists on the ASSR, which was
inconsistent with the observations in SZ patients. The effect of
NMDAR antagonist on ASSR may differ by brain region and local
neural architecture. A strength of our approach in mice is that
we had the ability to record LFP signals simultaneously from
multiple brain areas during the ASSR in unrestrained mice. This
enabled us to probe the generation and transmission of ASSR
within the mouse brain. Furthermore, we could directly admin-
istrate MK-801 to the MGB, avoiding the potential side effects
of systemic administration of NMDAR antagonist. Our results
showed that the click-train evoked responses have 2 segments
in the temporal domain: onset response and ASSR. Previous
studies on the neural spike activities have also revealed 2 tem-
poral patterns of discharge in the auditory neurons of awake
animals (Qin et al., 2004; Wang et al., 2005; Ma et al., 2013): one
is the transient response phase-locking to the onset of sound
stimulus, and the other is the sustained response continuing
throughout the stimulus period. Our spike data recorded in the
AC also showed a similar result. The new finding in the present
study is that the onset response was observed in both the PFC
and the AC, while the ASSR was found only in the AC, suggesting
that the onset signal of a sound stimulus can be broadly trans-
mitted among the brain, whereas the transmission of steady
sound signals was localized in the auditory system. More im-
portantly, we found that blocking the NMDAR in the MGB can
easily cause a significant decrease of ASSR in the AC. In contrast,
the onset responses in the AC and PFC are not changed by the
blockade of NMDAR in the MGB. These results confirmed that
the ASSR in the AC originate from the glutamatergic activity in
the MGB, while the onset response in the AC and PFC may have
multiple originators not dependent on the NMDAR neurons
in the MGB. The distinct characteristics of the onset response
and ASSR may be associated with the differences between their
functions. The transient and widespread onset response may
serve as an alert signal for an external acoustic event, while the

sustained and localized response may be responsible for cap-
turing and encoding the ethological referents contained in the
sounds (Wang et al., 2005).

Resting-state functional magnetic resonance imaging con-
nectivity studies in humans have provided broad support to
abnormal functional interactions between the cortex and thal-
amus in SZ (Gupta et al., 2009; Minzenberg et al., 2009; Welsh
et al.,, 2010). A specific disruption of synaptic transmission at
thalamocortical projections in the AC was also found in murine
models of SZ (Chun et al., 2014). In this study, we found that
disrupting the NMDAR function in MGB can cause a reduc-
tion of ASSR in the AC similar to the demonstrations of SZ pa-
tients. Our findings provide the evidence suggesting that ASSR
deficits in SZ may be related to NMDAR dysfunction at the level
of thalamocortical connectivity. This is in agreement with the
NMDAR-hypofunction hypothesis in SZ (Nakazawa et al., 2020).
Postmortem studies have consistently provided molecular evi-
dence for NMDAR-hypofunction in SZ and found that NMDAR
expression levels are reduced in the thalamus (Meador-Woodruff
et al., 2003).

Because functional magnetic resonance imaging studies
showed increased functional connectivity between the thal-
amus and sensory cortex in SZ patients (Welsh et al., 2010;
Woodward et al., 2012; Anticevic et al.,, 2015), this raises the
question of how blockage of NMDAR in the MGB could lead to
increased thalamocortical connectivity. A possible explanation
is that MK-801 may primarily work on the NMDAr in GABAergic
interneurons and suppress their inhibitory activities, whereas
the excitatory activities from pyramidal neurons increased by
disinhibition. It has been established that synaptic interactions
between GABAergic interneurons and pyramidal neurons deter-
mine the excitation/inhibition balance in neural circuit func-
tioning and contribute to the generation of gamma oscillations
(Cardin et al., 2009; Sohal et al., 2009). There is also evidence
that NMDARs contribute more to the excitatory postsynaptic
currents in GABAergic interneurons than in pyramidal neurons
(Jones et al., 1993), and ketamine/MK-801 preferentially blocks
NMDARs in GABAergic interneurons (Homayoun et al., 2007;
Suryavanshi et al.,, 2014; Fan et al., 2018). Thus, it is important
to further examine the hypothesis that GABAergic interneurons
are particularly affected by NMDAr hypofunction in SZ (Cohen
et al,, 2015). Moreover, the other unresolved question in this
study is whether the abnormality of NMDAR-mediated MGB-AC
communication is the specific mechanism leading to 40-Hz
ASSR deficits in SZ patients. Multiple receptors of other neuro-
transmitters, such as GABA, receptor (Waldvogel et al., 2017)
and dopamine D2/D3 receptor (Buchsbaum et al., 2006), partici-
pate in the MGB-AC communication. Whether and how they are
involved in regulation of 40-Hz ASSR in AC need to be testified
in future studies.

In conclusion, ASSRs appear to be highly sensitive to acute ad-
ministration of an NMDAR antagonist in the MGB. As suggested



by the present data in mice and previous studies in humans,
the MGB contributes to the generation of ASSR in the AC and
NMDAR hypofunction is associated with the reduction of ASSR.
Parallel use of ASSR paradigms in humans and rodent models
thus provides a powerful translational vehicle for testing puta-
tive cellular mechanisms and development of novel treatments
targeting neural circuits for understanding the effects of abuse
of NMDAR antagonists and clinical syndromes affecting NMDAR
function such as anti-NMDA encephalitis. Important limitations
of the current study include lack of precise control of drug dis-
tribution range, lack of identification of cell types (pyramid or
inter-neuron), and the use of single rather than multiple types
of drugs. Future studies combined with assessment of cell type
will help better characterize the cellular and circuit mechanisms
of ASSR generation and elucidate the functional consequences
of thalamocortical disconnectivity.
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