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Low dose acute administration of N-methyl-D-aspartate receptor (NMDAR)

antagonist MK-801 is widely used to model cognition impairments associated

with schizophrenia (CIAS) in rodents. However, due to no unified standards for

animal strain, dose, route of drug delivery, and the duration of administration,

how different doses of MK-801 influence behavior and fundamental frequency

bands of the local field potential (LFP) in cortical and subcortical brain

regions without consistent conclusions. The optimal dose of MK-801 as

a valid cognition impairers to model CIAS in C57BL/6J mice remains

unclear. The current study characterizes the behavior and neural oscillation

alterations induced by different low doses of MK-801 in medial prefrontal

cortex (mPFC) and hippocampus CA1 of C57BL/6J mice. The results reveal

that mice treated with 0.1 and 0.3 mg/kg MK-801 demonstrate increased

locomotion and diminished prepulse inhibition (PPI), while not when treated

with 0.05 mg/kg MK-801. We also find that MK-801 dose as low as 0.05 mg/kg

can significantly diminishes spontaneous alteration during the Y-maze test.

Additionally, the oscillation power in delta, theta, alpha, gamma and HFO

bands of the LFP in mPFC and CA1 was potentiated by different dose levels

of MK-801 administration. The current findings revealed that the observed

sensitivity against spontaneous alteration impairment and neural oscillation at

0.05 mg/kg MK-801 suggest that 0.05 mg/kg will produce changes in CIAS-

relevant behavior without overt changes in locomotion and sensorimotor

processing in C57BL/6J mice.
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Introduction

Schizophrenia is one of the top 20 leading causes of
disability (2018) that affects approximately 0.7% worldwide
(McGrath et al., 2008; Moreno-Küstner et al., 2018). Economic
burdens related to schizophrenia are as high as more than
$150 billion annually in the United States (Cloutier et al., 2016;
Jin and Mosweu, 2017). Schizophrenia treatment remains a
major challenge, especially the associated animal models cannot
totally reproduce the psychological factors of schizophrenia
patients. Despite limitations existed in animal models of
schizophrenia, they are potent investigative tools when used
to model specific symptoms of a neuropsychiatric disorder.
Acute administration of the N-methyl-D-aspartate receptor
(NMDAR) noncompetitive antagonists (phencyclidine, MK-801
and ketamine) results in cognition impairments associated with
schizophrenia, social interaction dysfunctions, lower thresholds
of psychopathic behavior (Meltzer et al., 2013; Cadinu et al.,
2018), and abnormal electrical activities of the brain in rodents
and primates (Hunt and Kasicki, 2013). Particularly, MK-801
(Dizocilpine) is widely used as a pharmacological tool to evoke
psychotic-like behaviors and disturbed local field potential
(LFP) signal existed in several neuropsychiatric disorders (Hunt
and Kasicki, 2013; Neill et al., 2014).

However, a close examination of literatures showed that
the behavioral aberrations and the electrical activity alterations
induced by different doses of MK-801 without unanimous
definition. Firstly, the administration dose range of MK-801
was relatively narrow among various behavioral paradigms.
For example, as is commonly done at the second half
hour after drug injection, 0.15 mg/kg MK-801 increased
locomotion activities, while the increment in locomotion was
quite minimal with a single dose of 0.3 mg/kg (Wu et al.,
2005); Additionally, MK-801 doses around 0.1 mg/kg enhanced
locomotor activities, while 0.02 mg/kg MK-801 resulted in
marked reduction of locomotion (Tang et al., 2006); stereotypy
was not observed in animals given 0.05 mg/kg MK-801, while
detected at 0.15 mg/kg (Wu et al., 2005). Secondly, in the
NMDAR hypofunction model of schizophrenia, how electrical
activities changed that might mediate the perceptual and
cognitive impairments remained controversial. For example,
with 0.1 mg/kg MK-801 administration, there were no changes
in theta band power of motor/visual cortex (Phillips et al.,
2012) as well as CA3 (Saunders et al., 2012), while decreased
(Dimpfel and Spüler, 1990) or increased (Sebban et al.,
2002) in frontal cortex. Moreover, variation in behaviors and
electrical activities depending on the animal strain, gender
of the subject, way of drug delivery and the timing of
administration made it difficult to compare the behavioral
and electrophysiological characteristics reported in different
investigations.

Each mouse strain seems to show different dose-response
relationships for behaviors and electrical activity induced by low

dose of MK-801 (Mabunga et al., 2019), emphasizing the need
for improvement in this area. The behavioral aberrations and
neural electrical activity alterations induced by different doses
of MK-801 in C57BL/6J mice have not been comprehensively
quantified until now. C57BL/6J mouse is one of the most
commonly used strains because it is robust, easy to replicate
and frequently used in transgenic techniques. Therefore, the
MK-801-induced behavioral aberrations such as hyperactivity,
cognition impairment, and declined prepulse inhibition (PPI)
as well as MK-801-evoked electrical activity alterations are
characterized using 8–9 weeks old male C57BL/6J mice, which
provide an experimental reference for future studies.

Materials and methods

Animals

Male C57BL/6J mice (7–8 weeks) were obtained from the
Zhejiang Academy of medical Sciences (Hangzhou, Zhejiang,
China) and habituated for at least 5 days under conditions with
a constant temperature (22 ± 1◦C) and humidity (50 ± 10%),
a 12 h light/dark cycle, and free access to food and water. All
procedures were carried out in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals, and were implemented according to the Animal Care
and Use Committees of Ningbo University, China. Two batches
of mice were used in the current study. The animal were about
8–9 weeks old when they were tested and they were run on
behavioral tasks at least 1 week after animal shipment. In the
open field test (OFT), PPI and LFP recordings, all animals were
acclimated to the behavioral facility at least 1 h in advance.

Drugs

The MK-801 powder (Abcam, England) was dissolved in
0.9% NaCl solution and administered intraperitoneally at a
volume of 10 ml/kg of body weight, while the vehicle group
received the same volume of saline. The dose selection (0.05, 0.1,
and 0.3 mg/kg) for the MK-801 was based on previous reports
(Adell et al., 2012; Hiyoshi et al., 2014; Torrisi et al., 2017; Cieślik
et al., 2019; Mabunga et al., 2019) and our preliminary studies.
All behavioral tests were started 30 min after MK-801 or saline
were injected.

Local field potential

Electrode implantation surgery
Mice were anesthetized with sodium pentobarbital

(80 mg/kg, intraperitoneally) and fixed in a stereotaxic
apparatus (Ruiwode, Shenzhen, China). After the skull was
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exposed, two 1 mm × 1 mm craniotomies were performed
ipsilaterally, centered on areas of the mPFC (AP: +1.8;
ML: +0.3; DV: −2.5 mm) and the CA1 (AP: −1.7; ML:
+1.0; DV: −1.5 mm). The custom-made electrode with
two channels was implanted into the mPFC and the CA1,
respectively. Four stainless-steel screws were implanted
into the skull with one doubling as the reference and
ground electrode. The other screws together with dental
acrylic (Hualun Medical Instrument Co., China) were
used to fix the electrode onto the skull. The electrode-
implanted mice were laid on a thermo-regulated blanket
to facilitate anesthesia recovery and were then singly
housed until electrophysiology recording (more than
1 week interval).

Local field potential recording
All the LFP recordings were performed during the light

phase of the light/dark cycle. Cerebus 64-channel system
(Blackrock microsystems) was used to amplified and filtered the
LFP signals that were sampled at 1 kHz with a low-pass filter
(<250 Hz). A baseline LFP was recorded for 30 min before MK-
801 (0.05, 0.1, and 0.3 mg/kg) administration and LFP recording
was continued for another 120 min. Each mouse was transferred
to a square plexiglass chamber (40 cm × 40 cm × 40 cm)
placed within an electrically shielded device. All LFP recordings
were performed in mice under awake, quiet and unrestrained
conditions. LFP recordings were repeated 2–4 times in each
mouse after a more than 7 day interval for drug washout.

Data analysis

All the LFP data were individually analyzed off-line with the
analysis program NeuroExplorer (NexTechnologies, Colorado
Springs, CO, United States) and custom-made Matlab programs.
After digital filtering (0.1–200 Hz bandpass), a fast Fourier
transform was performed for each 1 s epoch for a power
spectrum analysis. Power and coherence spectra were calculated
using 2,048-point fast Fourier transform and smoothed with 3-
point Gaussian sliding window. For power spectral density, the
power was normalized using logarithmic scale and the mean
value of baseline recordings 30–60 min after administration. The
LFP activities spanning across the 1–4, 6–8, 8–12, 30–60, 60–
100, and 150–200 Hz band were defined as delta, theta, alpha,
high gamma and HFO (oscillations), respectively. For the time
course change of LFP power, the total power of frequency band
was averaged for each 1 min bin and normalized with the mean
value in the 30 min baseline recordings. The effect of the drug
was evaluated by calculating the area under the curve (AUC) of
LFP power 30–60 min after administration. The time windows
to assess the dose response were selected based on the drug
pharmacokinetic profiles (Hiyoshi et al., 2014).

Behavioral tests

Open field test
Handling and acclimation of animals were conducted before

any behavioral test. The locomotor and exploratory activity
of the MK-801 or saline treated mice were measured by
open field test (OFT). MK-801 or saline was injected 30 min
before the OFT. Each mouse was gently placed in a square
plexiglass chamber (40 cm × 40 cm × 40 cm) and allowed
to freely explore the area for 30 min. The locomotor activity
of four mice (0.05, 0.1, and 0.3 mg/kg and saline group,
respectively) were monitored simultaneously at a time. All
tests were recorded by an automated video-tracking system
(Xiaoyi, Beijing, China) and analyzed off-line by Any-maze
V5.33 (Stoelting, IL, United States).

Y-maze spontaneous alteration behavior test
Spontaneous alteration and exploration activities were

measured with a Y-shaped maze with three white, opaque,
plastic arms (40 cm long, 10 cm wide, and 15 cm high)
at a 120◦ angle from each other. After introduction to
the central intersection of the Y-maze, the animal was
allowed to freely explore the three arms for 8 min. An
arm entry was recorded when four paws of the mouse
were within the arm zone and a spontaneous alternation
was counted when three successive entries to different arms.
The percentage of spontaneous alternations was defined
as [total alternations/(total entries – 2)] × 100. Total
arm entries and spontaneous alternations indicated the
exploratory activity and cognitive function of the tested
mice, respectively.

Prepulse inhibition test
Prepulse inhibition (PPI) was used to measure sensory

gating in animal. The PPI testing used here had been described
in detail in previous publications (Valsamis and Schmid,
2011; Kobayashi et al., 2021; Si et al., 2021). Firstly, the
mice was tenderly constrained in the holder during the
whole measurement process. Following sufficient acclimation
(defecation and urination ceased or considerably decreased
in the holder), the startle response of the mice was detected
using an accelerometer located underneath the holder. Each
mouse underwent a startle habituation (5 min, 60 dB white
noise, repeated five times) before PPI recording. The PPI
measurement contained 50 trials which were presented in a
pseudorandom order with 20–40 s inter-trial interval. Five
types of stimuli were presented: the startle-alone stimulus
(120 dB, 40 ms) and four types of PPI stimuli consisted
a prepulse (70, 73, 76, or 79 dB, 40 ms) and a startle
stimulus (120 dB, 40 ms) and the interval between the
prepulse and the startle stimuli was 80 ms (Figure 1).
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FIGURE 1

Acute MK-801 administration disrupted the prepulse inhibition of mice. PPI testing started after 30 min. drug injection. The prepulse inhibition
(A) and amplitude of 120 dB responses (B) were analyzed. All values were expressed as mean ± SEM (n = 8 mice per group). *p < 0.05,
***p < 0.001, ****p < 0.0001 compared with the saline group and ####p < 0.0001 compared with the 0.3 mg/kg group as revealed by Tukey’s
multiple comparisons test.

The PPI for each prepulse intensity level was calculated as
follows:

PPI (%) = (1−A_PPI/A_startle) × 100%

Where A_PPI indicated the reaction amplitude of the mouse
to each type of PPI stimulus, A_startle represented the reaction
amplitude to the startle-alone stimulus.

Statistical analysis

All data were displayed as means ± SEM. Statistical
significance (p < 0.05) was assessed by the one-way ANOVA,
two-way repeated measures ANOVA and unpaired t-test
followed by Tukey’s post-hoc test using the GraphPad Prism
Version 6.01 (CA, United States).

Result

MK-801 dose-dependently increased
locomotor activity

The effects of different doses of MK-801 on the locomotor
activity were monitored by the open field test (OFT) (Figure 2).
The total distance traveled shown and analyzed in Figure 2A
[F(4, 39) = 45.47, p < 0.0001, one-way ANOVA, Tukey’s
multiple comparisons test]. Compared with the saline group,
both 0.1 mg/kg [F(4, 39) = 45.47, p < 0.0001] and 0.3 mg/kg
[F(4, 39) = 45.47, p < 0.0001] MK-801 injections significantly
increased the locomotor activity as revealed by longer distance
moved in testing, while both 0.01 mg/kg [F(4, 39) = 45.47,
p = 0.79] and 0.05 mg/kg [F(4, 39) = 45.47, p = 0.23] had

no discernible effect on the locomotion (Figure 2A). Since
the 0.01 mg/kg dose acted similar effect as to the 0.05 mg/kg,
the 0.01 mg/kg was ruled out in the following experiment.
Accordingly, their progression in a 5 min bin during the last
25 min in the OFT was showed in Figure 2B. Two-way repeated
measures ANOVA revealed that there were significant main
effects of time [F(4, 28) = 7.13, p = 0.004] and dose [F(4,
28) = 64.16, p < 0.0001] on PPI, while no interaction between
them [F(16, 112) = 1.39, p = 0.17].

MK-801 impaired spontaneous
alteration

The effects of acute MK-801 exposure (0.05, 0.1, and
0.3 mg/kg) on spontaneous alteration were assessed by the
Y-maze test (Figure 3). Both the percentage of spontaneous
alternations [Figure 3A; F(3, 30) = 29.4, p < 0.0001] and the
total number of arm entries [Figure 3B, F(3, 33) = 10.34,
p = 0.0192] in each MK-801-treated group were all changed
compared with the saline group. Particularly, MK-801-treated
group displayed decreased (0.05 mg/kg, p < 0.0001; 0.1 mg/kg,
p < 0.0001; 0.3 mg/kg, p < 0.0001) the percentage of
spontaneous alternations while and increased the total number
of arm entries (0.05 mg/kg, p = 0.0192; 0.1 mg/kg, p = 0.0080;
0.3 mg/kg, p < 0.0001) compared with the control group,
which indicated impaired spatial working memory of mice after
MK-801 administration.

MK-801 dose-dependently diminished
prepulse inhibition

Prepulse inhibition was a paradigm for measuring the
sensorimotor gating function which was widely used in
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FIGURE 2

Effects of MK-801 injection on the locomotor activity of mice in the OFT. MK-801 (0.01, 0.05, 0.1, and 0.3 mg/kg) or 0.9% NaCl were injected
intraperitoneally 30 min prior to the OFT. The total distance of mice moved (A) and their progression in a 5 min bin during the last 25 min in the
OFT (B) were analyzed. All values were expressed as mean ± SEM (Saline: n = 8; MK-801, 0.01 mg/kg: n = 8; 0.05 mg/kg: n = 8; 0.1 mg/kg:
n = 10; 0.3 mg/kg: n = 10). ****p < 0.0001 vs. the saline group, $$p < 0.01, $$$$p < 0.0001 vs. the 0.1 mg/kg group, and ##p < 0.01,
###p < 0.001, ####p < 0.0001 vs. the 0.3 mg/kg group as revealed by Tukey’s multiple comparisons test.

FIGURE 3

MK-801 administration resulted in declined spatial working memory of mice in Y-maze. Behavioral testing started following 30 min MK-801 or
0.9% NaCl injection. The percentage of spontaneous alternations (A) and the total number of arm entries (B) were analyzed. All values were
expressed as mean ± SEM (Saline: n = 8; MK-801, 0.05 mg/kg: n = 10; 0.1 mg/kg: n = 10; 0.3 mg/kg: n = 8). *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 vs. the saline group and #p < 0.05, ####p < 0.0001 vs. the 0.3 mg/kg group as revealed by Tukey’s multiple comparisons test.

evaluating animal models of schizophrenia. Animals in the
four groups (0.05, 0.1, and 0.3 mg/kg and saline) were
counterbalanced and four prepulse intensities (70, 73, 76,
and 79 dB) were used in the PPI measurement. Two-
way repeated measures ANOVA revealed that there were
significant main effects of prepulse intensities [F(3, 84) = 6.50,
p < 0.001] and groups [F(2, 84) = 18.49, p < 0.0001] on
PPI, while no interaction between them [F(6, 84) = 0.33,
p = 0.9201]. Particularly, compared with the control group,
PPI in the 0.1 and 0.3 mg/kg MK-801 groups was significantly
reduced (0.1 mg/kg, p = 0.0007; 0.3 mg/kg, p < 0.0001),
while there was no difference in the 0.05 mg/kg MK-801
group (p > 0.9999). Furthermore, no significant differences
(0.05 mg/kg, p = 0.9768; 0.1 mg/kg, p = 0.1148; 0.3 mg/kg,
p = 0.3383) were observed in amplitudes of responses to
the startle-alone stimulus (120 dB, 40 ms) between the

saline and MK-801-treated mice. There was a statistical
difference between 0.05 and 0.1 mg/kg MK-801 group
(p = 0.0491).

MK-801 dose-dependently increased
the power of theta and high frequency
oscillation band in the medial
prefrontal cortex

As showed in the Figure 4 and Table 1, MK-801 dose-
dependently altered the power of LFP in the mPFC. One way
ANOVA revealed that 0.05 mg/kg MK-801 increased [F(3,
20) = 13.43, p = 0.0336] the power of the theta band (30–60 min.
post-injection); 0.1 mg/kg MK-801 increased both the theta
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FIGURE 4

Effects of MK-801 on LFP in the prefrontal cortex. The left panels showed the heatmap for time courses of changes in LFP power. The right
panels showed the averaged power spectrum density (PSD) in all tested frequency bands. The averaged LFP power in the saline group (A) and
the 0.05 mg/kg MK-801 (B), 0.1 mg/kg MK-801 (C), and 0.3 mg/kg MK-801 (D) groups were displayed in the form of heatmap and PSD,
respectively. The arrow indicated the moment of drug injection. Intracranial electrical signals collected from 4 to 8 mice per group and were
recorded continuously before and after drug administration (Saline: n = 8; MK-801, 0.05 mg/kg: n = 8; 0.1 mg/kg: n = 5; 0.3 mg/kg: n = 4).
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TABLE 1 Effects of MK-801 on the delta, theta, alpha, gamma, and high frequency oscillation (HFO) recorded in the prefrontal cortex
and hippocampus.

Frequency (HZ) MK-801Dose (mg/kg) Structure

Delta Theta Alpha High gamma HFO

1–4 6–8 8–12 60–100 150–200

– ↑ – – – 0.05 mPFC

– ↑ – – ↑↑ 0.1

↑ ↑↑↑↑ ↑↑↑↑ ↑ ↑↑↑↑ 0.3

– – – ↑ – 0.05 CA1

– – – ↑↑ – 0.1

↑ – ↑↑↑ ↑↑ ↑↑ 0.3

– ↑ – ↓↓ – 0.3 mPFC-CA1

coherence

– means there is no changes. ↑, ↑↑, ↑↑↑, and ↑↑↑↑ represent enhancement (p < 0.05, p < 0.01, p < 0.001 and p < 0.0001, respectively) in power. ↓↓ represents a decrease
(p < 0.01) in power. Hz, Hertz; HFO, high frequency oscillations; CA1, CA1 field of the hippocampus; mPFC, medial prefrontal cortex.

[F(3, 20) = 13.43, p = 0.0403] and high frequency oscillation
(HFO) [F(3, 20) = 11.18, p = 0.0062]; 0.3 mg/kg MK-801
increased the delta [F(3, 19) = 3.335, p = 0.0212], theta [F(3,
20) = 13.43, p < 0.0001], alpha [F(3, 21) = 22.72, p < 0.0001],
gamma [F(3, 21) = 4.033, p = 0.0206] and HFO [F(3, 20) = 11.18,
p < 0.0001; Figure 5 up].

MK-801 increased the power of high
gamma band in the CA1

As showed in the Figure 6 and Table 1, the power of gamma
band in the CA1 was potentiated after MK-801 injection [F(3,
21) = 7.803, 0.0.5 mg/kg, p = 0.0450; 0.1 mg/kg, p = 0.0016;
0.3 mg/kg, p = 0.0022]. The power of the delta [F(3, 19) = 3.945,
p = 0.0109], alpha [F(3, 21) = 6.737, p = 0.0009] and HFO [F(3,
21) = 6.028, p = 0.0013] band were increased after 0.3 mg/kg
MK-801 administration. Additionally, the coherence of mPFC
and CA1 was decreased in the power of high gamma frequency
after 0.3 mg/kg MK-801 injection [F(3, 21) = 4.741, p = 0.0037;
Figure 5 bottom].

Discussion

Although several previous studies have confirmed MK-801
acute exposure as a valid model for schizophrenia, there was no
consensus on dose-administration. A valid cognition impairer
was defined as a compound that impaired learning and/or
memory function without necessarily affecting locomotion and
sensorimotor processing (van der Staay et al., 2011). Previous
reports based on disrupted cognition performance of MK-
801-treated rat suggested that 0.1 mg/kg MK-801 appeared to
impair learning and/or memory processes without inducing
adverse side effects such as sensorimotor impairments and/or

signs of intoxication (van der Staay et al., 2011). Doses of
MK801 of 0.075 and 0.15 mg/kg did not affect the accuracy
of C57BL/6J mice in the operant-based two-choice visual
discrimination task (Bitanihirwe et al., 2011). Still, a study used
CD-1 mice to recapitulate behavioral impairments following
acute administration of MK-801 observed that 0.1 mg/kg
MK-801 diminished spontaneous alteration with no effects
on total arm entries during the Y-maze test (Mabunga
et al., 2019). Wu et al. (2005) also found that the dose
of 0.05 mg/kg did not alter motor activities in C57BL/6J
mice half an hour after MK-801 injection, while there were
no experiments conducted to probe the cognitive function.
It seems that the dose of MK-801 that evoked behavioral
aberrations varied among experiments and across species.
The current study provided evidence that low dose MK-801
administration induced neuropsychiatric behavioral features
and evoked aberrations in rhythmic patterns of neural activity.
Specifically, MK-801 dose-dependently increased locomotor
activities, impaired spontaneous alteration and diminished PPI.
Additionally, the neural oscillation power in local field potential
(LFP) was potentiated on different dose levels following MK-
801 administration, which was revealed by delta (1–4 Hz),
theta (6–8 Hz), alpha (8–12 Hz), gamma (60–100 Hz), or
HFO (150–200 Hz) band power in both mPFC and CA1,
respectively. Particularly, 0.1 mg/kg MK-801 administered
i.p. into C57BL/6J not only impaired spontaneous alteration
in Y-maze, but also increased total arm entries, elevated
locomotor activities in OFT and disturbed sensory gating in
PPI measurement. Additionally, 0.05 mg/kg MK-801 effectively
impaired spontaneous alternation in Y-maze but did not change
the locomotion in OFT and spread no effect on PPI. The
current experimental study found that acute administration of
0.05 mg/kg of MK-801 impaired spontaneous alternation in the
Y-maze without affecting locomotion in C57BL/6J mice, which
provided a reference for future investigations.
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FIGURE 5

Effects of MK-801 on the area under the curve (AUC) of each LFP power in the prefrontal lobe and hippocampus. The up row displayed AUC
values of the mPFC for 30–60 min. after drug administration in transitions of delta power (1–4 Hz; A), theta power (6–8 Hz; B), alpha power
(8–12 Hz; C), high gamma power (60–100 Hz; D), and HFO power (150–200 Hz; E). The down row displayed AUC values of the CA1 for
30–60 min. after drug administration in transitions of delta power (F), alpha power (G), high gamma power (H), and HFO power (I). The data
represented the mean ± SEM obtained from 4 to 8 animals per group. *, **, *** and **** indicated p < 0.05, p < 0.01, p < 0.001, p < 0.0001
compared to the vehicle. Theta (J) and gamma (K) power coherence between mPFC and CA1 under saline and MK-801 (0.05, 0.1, and
0.3 mg/kg) condition during 30–60 min. post-dosing.

It is worth noting that although there was no statistically
significant difference in the amplitude of startle response
(A_startle) between the 0.1 and 0.3 mg/kg MK-801 groups
compared with the saline group, there a trend toward a decrease.
While there was a statistical difference between 0.05 and
0.1 mg/kg MK-801 group (p = 0.0491). To rule out the effect
of startle reactivity on PPI levels in C57BL/6J mice (Shoji and
Miyakawa, 2018), the reaction amplitude of the PPI (A_PPI)
was reanalyzed. Compared with the saline group, the A_PPI was
significantly increased in both the 0.1 and 0.3 mg/kg MK-801
groups [Two-way repeated measures ANOVA, F(3, 21) = 76.69,
p < 0.0001]. It is revealed that the declined PPI after 0.1 and
0.3 mg/kg MK-801 administration was due to A_PPI.

The LFP activities spanning across different frequency band
were differently altered following different doses of MK-801
treatment. Specifically, delta band power in mPFC was increased
by 0.3 mg/kg MK-801; theta band power in mPFC was increased
by all tested MK-801 doses; alpha band power in both mPFC
and CA1 was potentiated by 0.3 mg/kg MK-801; gamma band
power in mPFC was increased by 0.3 mg/kg MK-801, and
gamma band power in CA1 was potentiated by all tested MK-
801 doses; HFO in mPFC was increased by 0.1 mg/kg MK-801

and 0.3 mg/kg MK-801, and HFO in mPFC was increased by
0.3 mg/kg MK-801 (Table 1). One of the most concerned was
the gamma oscillations, rhythmic patterns of electrical activities
(60–100 Hz) observed in the LFP, owing to their association
with perceptual and cognitive processes. In the current study,
0.3 mg/kg MK-801 induced an increment in gamma power of
mPFC, and gamma power in CA1 was potentiated by all tested
MK-801 doses. Those findings were consistent with previous
results that MK-801 triggered enhanced power in spontaneous
gamma oscillations in rodents (Carlén et al., 2012; Molina et al.,
2014; Hudson et al., 2020). It had been reported that inhibitory
parvalbumin (PV) interneurons played an important role in
the coordinated interaction of excitation and inhibition that
underlies the emergence of gamma oscillations (Buzsáki and
Wang, 2012). Particularly, the NMDAR (N-methyl-D-aspartate
receptor) in PV interneurons had been demonstrated to be
critical for expression of normal gamma rhythms (Carlén et al.,
2012; Picard et al., 2019; Hudson et al., 2020). Therefore,
the PV interneurons might the central targets of NMDAR
antagonist. It was worth noting that a recent study reported that
pharmacologically induced enhancement of broadband gamma
power was distinct from the increased spontaneous broadband
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FIGURE 6

Effects of MK-801 on LFP in the CA1 of hippocampus. The same format as Figure 4.

caused by PV neuron dysfunction (Guyon et al., 2021). That was,
the spontaneous gamma oscillations that were measured via a
power increase across a wide frequency range at baseline or task-
free conditions might be a reflection of increases in the overall
level of circuit activities rather than of rhythmic neural activities

that was synchronized across neurons (Sohal and Rubenstein,
2019). In addition, ketamine, another NMDAR antagonist, had
been showed to result in a desynchronized state and enhanced
broadband gamma power whether systemic administration
(Mahdavi et al., 2020) or local application (Guyon et al., 2021).
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Given ketamine-treated LFP changes were found to be related
to ketamine-induced alterations in the thalamic reticular
nucleus and thalamocortical networks (Mahdavi et al., 2020),
the enhanced gamma power might be similar to the effect
of systemic ketamine of thalamic networks (Mahdavi et al.,
2020). Prefrontal lobe and hippocampus are important brain
regions related to cognitive function. Converging lines of
evidence from cognitive assessment, multimodal brain imaging,
postmortem studies, and electrophysiological studies point to
PFC and hippocampal dysfunction in schizophrenia. NMDAr
antagonists produce cognitive impairment that may result
from the effect of these drugs on gamma oscillatory activity
(Lewis et al., 2005). Functional connectivity between cortical
and subcortical brain areas plays an important role in
cognitive function. Reduced functional connectivity between
hippocampal and cortical regions is associated with reduced
hippocampal glutamate levels in patients with psychiatric
disorders (Nelson et al., 2022). The current results consistently
shows that the high gamma frequency coherence of CA1-PFC
in mice decreases after acute low dose MK-801 administration.
These results suggest that an alteration in the relationship
between glutamate and functional connectivity may disrupt the
dynamic of major neural networks.

Most often, researchers interpret NMDAR antagonist-
induced behavior aberrations and neural activities deficits based
on the conclusion that NMDAR antagonists preferentially
regulated the firing rate of cortical inhibitory interneurons and
the excitatory in pyramidal neuron caused by a net disinhibition
was indirect (Homayoun and Moghaddam, 2007; Seamans,
2008; Coyle, 2012). More specifically, the sustained firing rate
potentiation in the majority of PFC neurons produced by
MK-801 could be sorted into random spike activities and
burst activities (Jackson et al., 2004). The disrupted PFC
function caused by MK-801 administration was due to an
increase in the number of randomly distributed single spikes
and simultaneous a profound reduction in burst activities
(Jackson et al., 2004). By genetic ablation of NMDRs in
corticolimbic interneurons, mutant mice showed a wide range
of aberrant behaviors, including deficits in cognition and PPI,
novelty-induced hyperlocomotion, and anxiety-like behaviors
(Belforte et al., 2010). However, NMDAR ablation specifically
in PV interneurons displayed largely normal behaviors except
for selective cognitive impairments, including deficits in
habituation, working memory and associative learning (Carlén
et al., 2012). A latest study updated the notion of schizophrenia-
related PV-specific NMDAR hypofunction by mute mice with
NMDAR knockout from PV interneurons, which sensitized
to schizophrenia-related deficits induced by MK-801 (Bygrave
et al., 2016). These results suggested a model where NMDAR
hypofunction in multiple cell types might contribute to the
disease. A recent study reported that NMDAR on PV-positive
interneurons and pyramidal neurons both contributed to MK-
801 induced gamma oscillatory disturbances and engaged

complex relationships with behavior (Hudson et al., 2020).
Both acute and chronic administration of NMDA receptor
antagonists are classic models of schizophrenia. Studies have
shown that acute and sub-chronic administration of PCP in
perinatal rats results in different patterns of neurodegeneration
(Anastasio and Johnson, 2008). Compared with acute PCP
administration, sub-chronic treatment produces a reduction
in glucose utilization and blood flow in the prefrontal cortex
(hypofrontality),which is more relevant modeling the non-
psychotic symptoms of schizophrenia (Pratt et al., 2008). The
persistent nature of effects produced by sub-chronic PCP
withdrawal is one of the reasons that acute administration of
PCP is more stable than the schizophrenia symptoms mimicked
by chronic administration (Lydall et al., 2010; Fellini et al., 2014).

The potential linking between the behavioral findings and
the electrophysiological results were still inconsistent. A single
injection of noncompetitive NMDAR antagonists induces
psychotic symptoms (including hallucinations), cognitive
impairment and exacerbates symptoms in patients with
schizophrenia (Adler et al., 1998). The NMDAR hypofunction-
related pathophysiological cortical gamma oscillations are
accompanied by abnormal behavior, including hyperlocomotion
and ataxia (Ho et al., 2004; Jeon et al., 2007). Studies of cortical
local field potentials evoked by MK-801 under different
anesthesia conditions found that abnormal gamma oscillations
were not dependent on hyperlocomotion-related brain state or
conscious sensorimotor processing (Hakami et al., 2009). This
was again verified in our experiments, where increased exercise
in the 0.1 mg/kg group was not accompanied by a significant
increase in prefrontal gamma oscillations. Additionally,
ketamine and MK-801 increased sustained gamma power and
decreased evoked gamma power, both of which are related to
disrupted sensorimotor gating (Jones et al., 2014). Previous
studies have shown that ketamine-induced changes in GBO
power in the PFC are significantly associated with sensory
gating (Qi et al., 2018). In our study, 0.3 mg/kg Mk-801
increased prefrontal gamma oscillation and impaired sensory
gating function in mice. 0.1 mg/kg MK-801 impaired sensory
gating, while, had no effect on prefrontal gamma oscillations.
This may suggest that sensory gating function is regulated by
multiple factors. Theta oscillations convey hippocampal inputs
to the PFC and simultaneously synchronize the activity of these
two regions during memory, learning and other cognitive tasks
(Soltani Zangbar et al., 2020). The spontaneous alternating
decrease of 0.05 mg/kg MK-801 may be related to the decrease
of theta band in prefrontal lobe.

It is worthy to be pointed out that there could be
local or institution-specific conditions that could potentially
affect sensitivity to MK-801 considering animal husbandry
choices, whether animals are bred in-house or ordered from
a breeder, environmental factors at the testing site (e.g.,
sounds, construction) and the age of the testing animals. All
those factors could lead to different effects at different testing
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sites, particularly if such factors interact with developmental
sensitivity periods. Since the study was conducted at a single test
site, we cannot totally rule out these potential factors. Therefore,
it is difficult to tell from current findings whether C57BL/6J
mice do have a higher sensitivity to MK-801. A meta-analysis
or comparison of behavioral findings between C57BL/6J mice
and other rodents across multiple sites were required to reveal a
more definite conclusion.

In conclusion, considering the acute effects, high face and
construct validity of pharmacological NMDAR antagonism
model (Corbett et al., 1995; Tsai and Coyle, 2002; Coyle, 2006;
Frohlich and Van Horn, 2014), MK-801 is still widely utilized
as a model for symptoms observed in schizophrenia (Ranson
et al., 2019). Pharmacological NMDAR antagonism presents
a powerful experimental model in which to recapitulate of
perceptual disturbances and cognition deficits in psychosis,
while the neural mechanisms underlie those neuropsychiatric
behavioral features have not been totally elucidated. Further
studies will be required to confirm how MK-801 targets the
NMDAR in different types of fast-spiking interneurons in
different brain area.
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