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1  |  INTRODUC TION

Schizophrenia (SZ) is a one of the most common neuropsychiatric dis-
orders, which affects approximately 1% of the world population.1–3 It 

is manifested by the presence of three core symptoms: positive symp-
tom, negative symptom and cognitive deficits.2,4 Hyperlocomotion is 
a characteristic behavioral phenotype associated with SZ, linked to 
dysregulated dopamine system function in subcortical regions such 
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Abstract
Aims: The hippocampus has been reported to be morphologically and neurochemi-
cally altered in schizophrenia (SZ). Hyperlocomotion is a characteristic SZ- associated 
behavioral phenotype, which is associated with dysregulated dopamine system func-
tion induced by hippocampal hyperactivity. However, the neural mechanism of hip-
pocampus underlying hyperlocomotion remains largely unclear.
Methods: Mouse pups were injected with N- methyl- D- aspartate receptor antagonist 
(MK- 801) or vehicle twice daily on postnatal days (PND) 7–11. In the adulthood phase, 
one	cohort	of	mice	underwent	electrode	implantation	in	field	CA1	of	the	hippocam-
pus	 for	 the	 recording	 local	 field	potentials	and	spike	activity.	A	separate	cohort	of	
mice underwent surgery to allow for calcium imaging of the hippocampus while moni-
toring	the	locomotion.	Lastly,	the	effects	of	atypical	antipsychotic	(aripiprazole,	ARI)	
were evaluated on hippocampal neural activity.
Results: We found that the hippocampal theta oscillations were enhanced in MK- 801- 
treated mice, but the correlation coefficient between the hippocampal spiking activ-
ity and theta oscillation was reduced. Consistently, although the rate and amplitude 
of calcium transients of hippocampal neurons were increased, their synchrony and 
correlation	to	locomotion	speed	were	disrupted.	ARI	ameliorated	perturbations	pro-
duced by the postnatal MK- 801 treatment.
Conclusions: These results suggest that the disruption of neural coordination may 
underly the neuropathological mechanism for hyperlocomotion of SZ.
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as	the	nucleus	accumbens	(NAc).5,6 Hyperactivity of the hippocampus 
is	believed	to	enhance	dopamine	efflux	in	the	NAc,7,8 and significant 
increases in glutamate levels and hyperactivity have been reported in 
the hippocampus of SZ.9–12 However, the precise hippocampal neural 
mechanism underlying hyperlocomotion remains unclear.

To address this issue, it is necessary to conduct neurophysi-
ological experiments on animal model of SZ. Because N- methyl- 
D-	aspartate	 receptors	 (NMDAR)	 are	 involved	 in	 the	 normal	
development	of	neural	 circuits,	 rodents	administered	NMDAR	an-
tagonists (MK- 801) during early developmental periods are well 
utilized as animal models for SZ.13,14 This type of treatment impairs 
motor function, similar to it observed in SZ patients.13,15 The firing 
rates	 of	 hippocampal	 CA1	 neurons	 exhibited	 a	 significant	 linear	
correlation with the locomotion speed of rats.16	And	a	series	of	dis-
ruptions	have	been	reported	in	the	hippocampal	CA1	region	of	MK-	
801 model mice, including impaired synaptic plasticity,17 increased 
gamma oscillations and disrupted theta/gamma coupling.18

Here, we used in vivo electrophysiological recording and calcium 
imaging on the MK- 801- induced model mice of SZ to evaluate the 
correlation	between	abnormalities	of	hippocampal	CA1	neural	 ac-
tivity and hyperlocomotion. In the electrophysiological recording ex-
periment, we recorded local field potentials (LFPs) and single- neuron 
spikes, which is an effective method for elucidating the ability of 
neural oscillations and coordinated assemblies of neurons. Calcium 
imaging with genetically encoded calcium indicators can simultane-
ously monitor individual neural activities, is optimal for investigating 
the neural activities during locomotion.

Furthermore, objectively evaluating therapeutic effects of antipsy-
chotic	drugs	 is	also	an	 important	 issue	 for	SZ	 research.	Aripiprazole	
(ARI)	 is	 an	 atypical	 antipsychotic	 drug	with	 a	 unique	mechanism	 of	
action	comprising	partial	dopamine	type2	(D2)	and	serotonin	5-	HT1A	
receptors	agonism	and	antagonism	at	serotonin	5-	HT2A	receptors,19 
which is effective for improving symptoms associated with SZ.20 We 
do not yet know how this drug affects the activity of individual hip-
pocampal neurons and the correlations between them. We, there-
fore, examined this by employing electrophysiological recording and 
calcium imaging on the hippocampus of model mice. We found that 
hippocampal neurons in the MK- 801- induced SZ mice showed hyper-
activity and dysrhythmia, which may correlate with hyperlocomotion; 
and	these	abnormalities	were	ameliorated	by	ARI.	Our	study	provided	
a system- level strategy to investigate the neuropathological mecha-
nism	of	SZ	and	evaluate	the	therapeutic	effects	of	ARI.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

C57BL/6	mice	 (Vital	River	 laboratory,	Beijing,	China)	were	housed	
in group of 2–3 per cage with free access to food and water, and 
maintained on a 12:12 light/dark cycle. 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	 experiment	 procedures	 were	
approved	by	the	Animal	Ethics	Committee	(CEUA)	of	China	Medical	
University.	In	total,	36	mice	were	used	in	the	open-	field	test	(OFT),	
46	mice	 in	electrophysiological	recordings,	and	16	mice	 in	calcium	
imaging. Mice in all experiments included both male and female.

2.2  |  Experimental procedures

On	postnatal	day	(PND)	7–11,	C57BL/6	mouse	pups	were	randomly	
intraperitoneally	 (i.p.)	 injected	 with	 0.5 mg/kg	 MK-	801	 (Sigma-	
Aldrich,	St.	Louis,	MO,	USA)	freshly	dissolved	in	0.9%	saline,	or	an	
equal	volume	of	vehicle	(saline)	twice	daily.	After	the	injection,	pups	
were returned to their cages and remained with their mother until 
the age of weaning (PND 21). On PND- 70, MK- 801- treated and 
vehicle mice were subjected to OFT, electrophysiological recording 
and in vivo calcium imaging.

As	 referenced	 in	 previous	 study,21	we	 selected	 a	 dose	 of	 1 mg/
kg	ARI	(MedChemExpress,	Monmouth	Junction,	NJ,	USA)	for	admin-
istration (i.p.) to attenuate MK- 801- induced hyperlocomotion. In the 
OFT,	ARI	was	 injected	30 min	before	 the	start	of	 the	 test.	For	elec-
trophysiological	 and	 calcium	 imaging	 experiments,	ARI	was	 injected	
after	baseline	recordings.	After	3 days	for	washing	out,	drug	injections	
were administered again, followed by repeated electrophysiological or 
imaging	experiments.	Each	mouse	received	2	rounds	of	ARI	injection.

2.3  |  Open- field test

The	OFT	was	 conducted	 in	 a	 55 × 40 × 30 cm	 (length × width × height)	
arena constructed of non- transparent black boards for well position 
tracking. Before testing, each mouse was brought into the procedure 
room	singly	 and	underwent	5 min	of	habituation	 in	 their	home	cage.	
Upon completion of the habituation period, the mouse was placed in 
the center of the open field arena. Results include total distance trave-
led	and	duration	in	center	(located	in	the	center	of	arena	with	25%	of	
total	area).	The	total	duration	of	OFT,	excluding	habituation,	was	30 min.

2.4  |  Electrophysiological recordings

After	 recovery	 from	 the	 surgery,	 electrophysiological	 recordings	
were conducted in an electrically shielded, sound- proof box. The 
mice were accustomed to head fixation and familiarized with the 
environment	 for	2 h	where	 they	were	affixed	atop	a	 free-	spinning	
treadmill through the custom headposts on the skull. The mouse 
could move its body while the head was fixed. The recording 
experiments	were	performed	on	the	5th	day.

In the experiments of multi- channel probe recording, mice were 
briefly anesthetized by isoflurane, a small craniotomy was performed 
above the marked locations of hippocampus. The dura was removed 
and	the	craniotomy	was	protected	with	saline.	After	recovery	from	
anesthesia,	 a	 multi-	channel	 silicon	 probe	 (A1x16-	3.8 mm-	50-	177,	
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NeuroNexus,	MI,	USA)	was	mounted	on	a	remotely	controlled	ma-
nipulator (MO- 10, Narishige, Tokyo, Japan) and gradually penetrated 
into the hippocampus to record LFP and extracellular spike activ-
ities. Raw signals were digitized with a multichannel extracellular 
amplifier	 (RA16PA;	 Tucker-	Davis	 Technologies,	 TDT;	 Alachua,	 FL,	
USA).	And	 they	were	band-	pass	 filtered	 to	extract	LFP	 (1–300 Hz)	
and	 spike	 activity	 (300–5000 Hz),	 then	 imported	 into	 computer	
for	 further	analysis.	Single	unit	activity	 (SUA)	was	 isolated	using	a	
wavelet- based spike sorting package (OpenSorter software, TDT).

2.5  |  Calcium imaging

For awake imaging, we used a free- spinning treadmill, which allowed 
imaging during running states. On experimental day: imaging started 
after	30 min	of	 habituation	 in	head	 fixation	under	 the	microscope	
for each mouse. The window was centered under the microscope. 
Images were acquired with a 4× objective (Laite Photoelectric 
Technology Co., LTD, Guangzhou, China). Image acquisition was 
carried	out	with	a	LED	tuned	to	485 nm	to	excite	GCaMP6s.	Single	
planes	(1024 × 1024	pixels)	were	acquired	at	10 Hz.	For	the	repetitive	
imaging,	 the	 position	 of	 the	 field	 of	 view	 (FOV)	was	 registered	 in	
the first imaging session with the help of vascular landmarks and 
cell	bodies	of	CA1	pyramidal	neurons.	This	allowed	for	subsequent	
retrieval	of	the	FOV	for	each	mouse.	The	treadmill	running	speed	of	
mice was collected using a custom- built software.

2.6  |  Analysis of electrophysiology data

LFP power and spike- field coherence were analyzed using chronux 
toolbox implemented in custom- written code (http:// chron 
ux.	org/	 ).22 For the analysis of spike activity, we computed the 
instantaneous firing rate (spike count/bin duration). The spike- field 
coherence	was	determined	in	theta	band	(5	to	12 Hz)	for	each	spike	
unit. To facilitate comparison across units, the same number of spikes 
was used for each unit (# of spikes from the unit with the fewest 
spikes) from randomly selected spikes. For each randomly selected 
spike	during	locomotion,	300 ms	of	raw	LFP	surrounding	the	event	
was averaged and the power spectral density was taken. This was 
then normalized to the average of each power spectrum used to 
generate the average signal, yielding a coherence value ranging from 
0 to 100%. Theta band spike- field coherence was defined by the 
maximum	coherence	value	in	the	range	of	5	to	12 Hz.

2.7  |  Analysis of calcium imaging data

Motion	 correction	 of	 GCaMP6s	 calcium	 imaging	 movies	 was	
performed offline using FIJI (National Institutes of Health, Bethesda, 
MD,	 USA)	 plugin	 “Image	 Stabilizer”	 (http:// www. cs. cmu. edu/ 
~kangli/ code/ Image_ Stabi lizer. html).	After	motion	correction,	signal	
extraction, correlation, and analysis for calcium signal was performed 

using	Python	(Python	Software	Foundation,	New	Hampshire,	USA)	
in the Spyder (Pierre Raybaut, The Spyder Development Team) 
development environment. Calcium imaging data were analyzed 
with the Suite2p toolbox.23,24

The number and height of calcium transient properties were 
calculated with the scipy function find_peaks on the raw calcium 
traces	with	the	following	parameters:	height = 20,	distance = 10,	and	
prominence = 20.	The	decay	was	computed	on	the	10	best	isolated	
transients	of	each	neuron,	using	the	OASIS	toolbox	(https:// github. 
com/	j-		fried	rich/	OASIS	). We used the deconvolve function with the 
following	parameters:	penalty = 0	and	optimize_g = 10.	Traces	with	
an	estimated	decay	over	2.5 s	were	considered	cases	of	 failed	ex-
traction and removed from further analysis. Correlations were com-
puted both as Pearson (numpy function corrcoeff) and Spearman 
(custom- written function) coefficient on the z- scored signal. To both 
sets of coefficients, the Fisher correction was applied.

2.8  |  Statistical analyses

Statistical analysis was performed using GraphPad Prism 9.0 (graph pad. 
com). Data were compared via t-	tests	or	two-	way	ANOVA	with	Šídák's	
post-	hoc	test	for	multiple	comparisons.	Values	in	the	text	are	reported	
as	mean ± standard	difference	(SD)	unless	reported	otherwise.	Results	
were considered statistically significant when the p value <0.05.

More detailed methods of experiment procedures, surgery and 
immunofluorescence are provided in Supplemental Materials.

3  |  RESULTS

3.1  |  Early postnatal MK- 801 treatment induces 
hyperlocomotion and increased expression of 
immediate early gene in hippocampal neurons

To establish the model of SZ, PND- 7 mouse pups were intraperi-
toneally	 injected	with	MK-	801	or	vehicle	twice	daily	for	5 days.	At	
adulthood (PND- 70), the MK- 801- treated and vehicle mice were 
subjected to OFT to estimate locomotor behavior in the model of 
SZ (Figure 1A). In the OFT, MK- 801- treated mice showed traveled 
more in both the center and peripheral area when compared to 
controls (Figure 1B), resulted in a dramatical increase in the trave-
led distance (t14 = 7.94,	p < 0.001,	Figure 1C). However, the percent-
age of time spent in the center area was not significantly changed, 
despite an elevated trajectory density in the center area (t14 = 0.10,	
p = 0.92,	Figure 1D). The results indicated that MK- 801- treated mice 
exhibited hyperlocomotion but not anxiety. Early postnatal MK- 801 
treatment caused hyperlocomotion in the adulthood phase. To ana-
lyze hippocampal neuronal activity during locomotion, we evaluated 
the expression of c- Fos, which is one of the immediate early genes. 
The results (Figure 1E,F) showed that the number of c- Fos- positive 
cell	in	the	dCA1	was	significantly	increased	in	MK-	801-	treated	mice	
(t8 = 8.95,	p = <0.001).

http://chronux.org/
http://chronux.org/
http://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html
http://www.cs.cmu.edu/~kangli/code/Image_Stabilizer.html
https://github.com/j-friedrich/OASIS
https://github.com/j-friedrich/OASIS
http://graphpad.com
http://graphpad.com
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3.2  |  Early postnatal MK- 801 treatment 
disrupts coupling between hippocampal spiking 
activity and theta oscillations

Using electrophysiological recording from the hippocampus of 
PND- 70 mice, we investigated how the MK- 801 treatment affects 

the correlation between the spiking activities of neurons and the 
oscillations of LFP (Figure 2A,B). First, Figure 2C shows the exam-
ple power spectra of LFP recorded from hippocampus, and MK- 801 
treatment significantly increased the powers of LFP in the theta 
(5–12 Hz)	 (t18 = 7.94,	 p < 0.001,	 Figure 2E) and gamma band (30–
80 Hz)	 (t18 = 4.61,	p < 0.001,	Figure 2G), while did not affect those 

F I G U R E  1 Effects	of	early	postnatal	MK-	801	treatment	on	locomotion	and	expression	of	c-	Fos	in	hippocampus.	(A)	The	experimental	
timeline for vehicle or MK- 801 treatment and behavioral tests. (B) Movement trace diagrams of the vehicle and MK- 801- treated mice in the 
OFT (the white box indicates the central area of the OFT). (C, D) Statistical charts of total traveled distance and the percent of time spent in 
the	center	in	the	OFT.	Dots	represent	the	values	of	individual	mouse.	Bars	and	ticks	are	means ± SD	from	eight	mice	(four	male/four	female)	
per	group.	(E)	Representative	images	of	c-	Fos	(red)	and	DAPI	(blue)	in	the	dCA1,	white	arrows	on	c-	Fos/DAPI	panel.	(F)	Quantification	of	the	
number	of	c-	Fos	positive	cells	in	dCA1	between	vehicle	and	MK-	801-	treated	mice.	Values	are	from	five	mice	(two	male/three	female)	per	
group. *p < 0.05,	**p < 0.01,	***p < 0.001,	Student's	t- test.

F I G U R E  2 Effects	of	early	postnatal	MK-	801	treatment	on	hippocampal	spiking	activities	and	LFP	oscillations.	(A)	The	timeline	of	the	
experimental procedures for in vivo electrophysiological recording. (B) Histological sections showing the location of the multi- channel 
probe. (C) The example power spectra of LFP recorded from one vehicle (black line) and MK- 801- treated mouse (dashed line). Gray shadings 
indicate the frequency bands of delta, theta, beta and gamma. (D–G) Statistical charts of the power of delta, theta, beta and gamma bands 
(n = 10;	five	male/five	female).	*p < 0.05,	**p < 0.01,	***p < 0.001,	Student's	t- test. (H, I) Statistical charts of spiking rate for RS unit (n = 37/32	
from 10 vehicle/MK- 801- treated mice; five male/five female) and FS unit (n = 34/39	from	10	vehicle/MK-	801-	treated	mice;	five	male/five	
female). (J) Example LFP and simultaneously recorded two spiking activities. Black dots show one spiking activity phase- locking with respect 
to hippocampal theta oscillations, whereas the other represented in gray dots does not. (K) Line plot showing spike- LFP coherence for two 
examples from (I). (L, M) Probability distribution histogram of the peak frequency of spike- LFP coherence in RS unit. (N) Line plot displaying 
cumulative distribution of coherence coefficients in RS unit. (O, P) Probability distribution histogram of the peak frequency of spike- LFP 
coherence in FS unit. (Q) Line plot displaying cumulative distribution of coherence coefficients in FS unit.
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in	 the	delta	 (1–4 Hz)	 (t18 = 0.19,	p = 0.85,	Figure 2D) and beta band 
(13–30 Hz)	(t18 = 0.28,	p = 0.78,	Figure 2F).

Second, we extracted two classes of unit (RS and FS) based 
on their waveform shape. FSs were distinguished from RSs by 

their comparatively rapid time course, about half that of RSs. RSs 
discharged	 spontaneously	 at	 rates	 of	 less	 than	 1–15/s,	 whereas	
FSs	 displayed	 rates	 of	 15–50/s.	 The	 amplitudes	 of	 FSs,	 which	
were generally smaller than those of RSs, often decreased during 
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high- frequency discharges. No significant difference of spik-
ing rate in the unit of RS (t67 = 0.59,	p = 0.56,	Figure 2H) and FS 
(t71 = 0.37,	 p = 0.71,	 Figure 2I) was found between the MK- 801- 
treated and vehicle mice.

Third, we examined the coupling between spiking activities 
and theta oscillations. Figure 2J presents two representative units, 
one (represented in black dots) shows phase- locked firing with 
respect to theta oscillations, whereas the other (represented in 
gray dots) does not. The peak coherence of the two units reached 
43.93%	and	6.55%	at	8 Hz,	 respectively	 (Figure 2K). We counted 
the number of FS and RS units which showed a peak of spike- LFP 
coherence higher than 20%, and found that the peak coherence 
value dominantly distributes in the theta band (Figure 2L,M,O,P). 
MK- 801 treatment did not alter the frequency distribution of peak 
spike- LFP coherence, but reduced the coherence coefficients at 
theta band as shown by the cumulative distribution functions 
(CDFs, Figure 2N,Q).

3.3 | Early postnatal MK- 801 treatment 
disrupts cellular calcium dynamics in individual 
hippocampal neurons

To image the neural activity, a virus encoding the calcium indicator 
for	glutamatergic	neurons	(rAAV1-	CamKII-	GCaMP6s)	was	targeted	
unilaterally	to	the	dorsal	CA1	area	in	both	MK-	801-	treated	and	vehi-
cle mice on PND- 40. Chronic cranial window surgery was conducted 
at	the	site	of	hippocampal	dCA1	on	PND-	50,	and	calcium	dynamics	
in individual hippocampal neurons were recorded on PND- 70 while 
monitoring the locomotion in the head- fixed mice (Figure 3A–C).	As	
showed by the example individual neurons (Figure 3D,E), the rate 
and amplitude of neural calcium transients were higher in MK- 801- 
treated mice than the vehicle mice.

Figure 4A,B present the raster plots of z- scored calcium tran-
sients of the example neurons. In the vehicle mice, a large proportion 
of neural calcium dynamics showed a high level of synchronization 

F I G U R E  3 In	vivo	calcium	imaging	in	dCA1	and	calcium	transients	during	locomotion.	(A)	The	timeline	of	the	experimental	procedures	
for	in	vivo	calcium	imaging.	(B)	Mice	head-	fixed	and	allowed	to	run	freely	on	a	treadmill.	(C)	Immunohistological	image	showing	GCaMP6s	
expression	in	the	dCA1.	(D,	E)	Representative	calcium	traces	of	vehicle	and	MK-	801-	treated	mice.	Each	line	represents	the	calcium	transient	of	
one cell.
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F I G U R E  4 Effects	of	early	postnatal	MK-	801	treatment	on	calcium	activities	of	individual	hippocampal	neurons.	(A,	B)	Raster	plot	of	z- 
scored	calcium	activities	imaged	from	the	dCA1	neurons	of	one	example	mouse.	Blue	line	below	showing	locomotion	speed.	(C,	D)	Heat	map	
displaying representative correlation matrices of calcium activities between pairs of neurons in vehicle and MK- 801- treated mice. (E, F) Line 
plot displaying cumulative distribution of pairwise correlation coefficients of calcium activities between individual neurons, and between 
the	neural	calcium	activities	and	locomotion	speed.	(G–I)	Violin	plots	quantifying	the	number,	amplitude,	and	decay	of	detected	calcium	
transients.	Values	are	from	four	mice	(two	male/two	female)	per	group.	***p < 0.001,	Student's	t- test.
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coupling to locomotion. However, the calcium dynamics had less syn-
chronization across neurons in the MK- 801- treated mice. First, we 
calculated Fisher- corrected Pearson pairwise correlation of calcium 
dynamics between individual neurons (Figure 4C,D), and plotted the 
CDFs of correlation coefficients (Figure 4E). These results indicated 
that MK- 801 treatment reduced pairwise correlations between 
neural activities. We further analyzed the correlation between the 
neural calcium dynamics and locomotion speed, and found that 
MK- 801 treatment reduced the correlations coefficients between 
them (Figure 4F). Finally, we analyzed the rate (i.e., the number of 
transients, Figure 4G), amplitude (Figure 4H), and duration (i.e., the 
decay constant) (Figure 4I) of calcium transients averaged across all 
imaging sessions. Comparing to the vehicle group, MK- 801- treated 
group showed higher rates (t967 = 10.10,	p < 0.001)	 and	amplitudes	
(t967 = 22.49,	 p < 0.001)	 but	 similar	 durations	 of	 calcium	 transients	
(t967 = 1.03,	p = 0.30).

3.4  |  Therapeutic effects of ARI on hippocampal 
neural activities and hyperlocomotion in MK- 801- 
treated mice

Furthermore,	we	 evaluated	 the	 therapeutic	 effects	 of	 ARI	 on	 the	
electrophysiological activities of MK- 801- treated mice (Figure 5A). 
Two-	way	 ANOVA	 with	 Šídák's	 post-	hoc	 test	 revealed	 that	 theta	
powers were significantly different between groups (F1,8 = 13.39,	
p = 0.006),	 treatment	 (F1,8 = 19.81,	 p = 0.002)	 and	 interaction	
(F1,8 = 13.27,	p = 0.007),	in	the	MK-	801	group,	theta	power	was	sig-
nificantly	 reduced	by	ARI	 treatment	 (post-	hoc,	 t8 = 5.72,	p < 0.001,	
Figure 5B). Similarly, gamma powers were significantly reduced by 
ARI	 treatment	 in	 the	 MK-	801	 group	 (Fgroup (1,8) = 22.87,	 p = 0.001;	
Ftreatment (1,8) = 13.56,	 p = 0.006;	 Finteration (1,8) = 7.68,	 p = 0.02;	 post-	
hoc, t8 = 4.56,	p = 0.004,	Figure 5C). The spontaneous spike activ-
ity	of	RS	and	FS	units	were	significantly	reduced	by	ARI	treatment	
in the MK- 801 group. (post- hoc, t152 = 3.38,	 p = 0.006,	Figure 5D; 
t120 = 3.05,	p = 0.02,	Figure 5E). We, then, examined the effect on co-
herence coefficients between spiking activity and theta oscillation. 
ARI	injection	increased	the	coherence	coefficients	between	RS	and	
theta oscillation in the MK- 801- treated mice (post- hoc, t152 = 4.02,	
p < 0.001,	Figure 5F), as well as between FS and theta oscillation 
(post- hoc, t120 = 2.89,	p = 0.03,	Figure 5G).

Next,	 we	 used	 calcium	 imaging	 to	 evaluate	 the	 effect	 of	 ARI	
on the activities of individual hippocampal neurons (Figure 5H). 

ARI	 injection	 reduced	 the	 rate	 in	 MK-	801-	treated	 mice	
(Fgroup	 (11362) = 25.21,	 p < 0.001;	 Ftreatment	 (11362) = 39.12,	 p < 0.001;	
Finteration	 (11362) = 38.49,	 p < 0.001;	 post-	hoc,	 t1362 = 8.81,	 p < 0.001,	
Figure 5I), but not in the vehicle mice (t1362 = 0.04,	 p > 0.99).	
Amplitude	of	calcium	transients	was	significantly	decreased	in	MK-	
801- treated mice (post- hoc, t1362 = 5.62,	 p < 0.001,	 Figure 5J), but 
not in the vehicle mice (t1362 = 0.01,	p > 0.99).	The	duration	of	calcium	
transients	 was	 not	 affected	 by	 ARI	 (Fgroup	 (11362) = 3.73,	 p = 0.054;	
Ftreatment	 (11362) = 0.14,	 p = 0.71;	 Finteration	 (11362) = 0.32,	 p = 0.57,	
Figure 5K).	Comparing	to	saline	injection,	ARI	injection	had	no	effect	
on pairwise correlations of calcium dynamics between individual 
neurons in vehicle mice (black solid line and dash line in Figure 5L). 
And	the	correlations	between	the	neural	calcium	dynamics	and	lo-
comotion	speed	was	not	affected	by	ARI	 injection	(black	solid	 line	
and dash line in Figure 5M).	In	contrast,	ARI	injection	in	the	MK-	801-	
treated mice significantly increased pairwise correlations of calcium 
dynamics between individual neurons (gray solid line and dash line in 
Figure 5L) and the those between the neural calcium dynamics and 
locomotion speed (gray solid line and dash line in Figure 5M).

The	OFT	was	conducted	to	elucidate	the	role	of	ARI	on	the	lo-
comotion impairment associated with MK- 801 treatment. Both the 
vehicle and MK- 801- treated mice were randomly divided into two 
groups	(five	in	each):	administered	with	saline	and	ARI.	The	OFT	was	
conducted	 at	 30 min	 after	 the	 drug	 administration	 (Figure 5N). In 
MK- 801- treated mice, the locomotor hyperactivity in the OFT was 
significantly	 reduced	 by	 the	 injection	 of	 ARI	 (post-	hoc,	 t16 = 5.99,	
p < 0.001,	Figure 5O), whereas no significant changes were observed 
in vehicle mice (t16 = 1.68,	p = 0.51).

4  |  DISCUSSION

The goal of the present study was to test whether early postnatal 
MK- 801 treatment, a well- established model of SZ, alters the lo-
comotor activity, neural electrophysiological activities and calcium 
dynamics,	and	evaluate	the	potential	therapeutic	effects	of	ARI.	Our	
results confirmed that early postanal MK- 801 treatment could drive 
hyperlocomotion, and increase the theta power of LFP in hippocam-
pus. Furthermore, we found that early postanal MK- 801 treatment 
reduced the correlation coefficient between the hippocampal spik-
ing activity and theta oscillation. Consistently, the calcium dynamics 
of hippocampal neurons desynchronized and lost the correlation to 
locomotion speed, even though the rate and amplitude of calcium 

F I G U R E  5 Effects	of	ARI	treatment	on	the	hippocampal	neural	activities	and	hyperlocomotion	in	MK-	801-	treated	mice.	For	neural	
electrophysiological	activities,	(A)	timeline	of	the	experimental	procedures	of	electrophysiological	recording,	(B)	theta	power	of	LFP	(n = 5;	
three male/two female), (C) gamma power of LFP (n = 5;	three	male/two	female),	(D)	spiking	rate	of	RS	unit	(n = 36/42	from	eight	vehicle/
MK- 801- treated mice; four male/four female), (E) spiking rate of FS unit (n = 34/28	from	eight	vehicle/MK-	801-	treated	mice;	four	male/
four female), (F) coherence coefficients between spiking activity of RS unit and theta oscillation and (G) coherence coefficients between 
spiking activity of FS unit and theta oscillation. For calcium dynamics, (H) timeline of the experimental procedures of calcium imaging, (I) 
number, (J), amplitude, and (K) decay of detected calcium transients, (L) pairwise correlation of calcium activities between individual neurons 
and (M) correlation coefficients between the calcium activities and locomotion speed (n = 4;	two	male/two	female).	For	locomotor	activity,	
(N) timeline of the experimental procedures of OFT, (O) total traveled distance in OFT (n = 5;	three	male/two	female).	*p < 0.05,	**p < 0.01,	
***p < 0.001,	Two-	way	ANOVA	with	Šídák's	post-	hoc	test.
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transients	were	increased.	ARI	corrected	all	the	measured	abnormal-
ities of neural electrophysiological activities and calcium dynamics. 
Therefore, this study reconciles experimental approaches in neuro-
science to comprehensively assess the neurophysiological changes 
of	SZ	model,	and	evaluate	the	therapeutic	effect	of	ARI.

It has been well established that glutamatergic neurotransmis-
sion	and	more	particularly	that	mediated	by	NMDAR,	is	disturbed	
in SZ.25,26	Therefore,	NMDAR	antagonists,	such	as	MK-	801,	have	
been largely employed as experimental models of psychosis in ro-
dents.27–29 Consistent with previous reports, our current results 
show that postnatal injection of MK- 801 in mice could cause hy-
perlocomotion.30,31 We further found that the power of hippo-
campal theta oscillation was increased in MK- 801- treated mice. 
Our study for the first time observed that spike activities of hippo-
campal neurons were less locked to the phase of theta oscillation 
in MK- 801- treated mice. This decreased phase locking was not 
accompanied by any alterations in the frequency range of theta 
oscillation. That is, neurons maintained a reduced phase relation-
ship with the theta oscillations, which may reflect a disruption 
of firing coordination within neuron clusters. Gamma powers of 
LFP in hippocampus were also increased in MK- 801- treated mice, 
which	is	consistent	with	previous	studies	in	NMDAR	hypofunction	
models.14,32,33 Gamma activities in the hippocampus have been 
reported to correlate with arousal and active waking.34,35 Under 
normal conditions, hippocampal gamma activity was higher during 
active behaviors, such as walking, as compared to awake immo-
bility.35,36	 Additionally,	 our	 study	 employed	 calcium	 imaging	 to	
investigate	 the	 activities	of	hippocampal	CA1	neural	 network	 in	
the MK- 801- treated mice, and found that the amplitude and rate 
of calcium transients were increased but the synchrony was de-
creased, the correlation between calcium transient and locomo-
tion speed was reduced.

Theta oscillation is a prominent pattern of hippocampal neural 
electrical activity, which is generated by the medial septum (MS) 
and can recruit hippocampal neurons to discharge synchronously at 
theta rhythm.37–39 Because theta oscillation closely correlates with 
locomotion, there is also a correlation between hippocampal neuron 
activity and locomotion.40–44 The coupling between neural activities 
and theta oscillation plays an important role in spatial navigation 
by facilitating the processing of spatial information during move-
ment.24,45,46 Previous studies have shown that MK- 801 treatment 
can disrupt synaptic transmission between hippocampal neurons,17 
thereby reducing the ability of neurons to coordinate with each other 
and decreasing the coherence to theta oscillation. Consequently, the 
mutual correlations between neural activities, theta oscillation, and 
locomotion are disrupted, and the hippocampal function to encode 
spatial information during movement is impaired.

Moreover,	 we	 evaluated	 the	 therapeutic	 effects	 of	 ARI	 on	
neural electrophysiological activities, calcium dynamics and 
behaviors.	 Our	 results	 indicated	 that	 ARI	 could	 correct	 all	 the	
measured abnormalities of neural electrophysiological activities, 
calcium dynamics and the locomotor deficits of MK- 801- treated 
mice.	ARI	 is	 an	 atypical	 antipsychotic	 that	 acts	 as	 an	 antagonist	

of	 both	 5-	HT2A	 and	 postsynaptic	 dopamine	 type	 2	 (D2)	 recep-
tors	 as	 well	 as	 a	 partial	 agonist	 of	 5-	HT1A	 and	 presynaptic	 D2	
receptors.47,48	And	ARI	displays	a	higher	affinity	for	the	dopamine	
receptor than the serotonin receptor.49,50 Hippocampal hyperac-
tivity has been reported to increase dopamine release from the 
ventral	 tegmental	 area	 (VTA)	 to	 the	 NAc,51 which is associated 
with hyperlocomotion.52 This regulation may occur through a dis-
inhibition	of	dopamine	neuron	activity	in	the	VTA.	It	has	been	pro-
posed that hippocampus modulates dopamine neuron population 
activity via a polysynaptic projection involving a glutamatergic 
input	to	the	NAc	that	increases	GABAergic	activity	to	the	ventral	
pallidum	(VP).	This	 increase	in	GABA	activity	decreases	tonic	VP	
activity, resulting in a disinhibition of dopamine neuron activity 
in	 the	VTA.53,54 Conversely, the hyperfunction of dopamine sys-
tem underlies hyperresponsive and dysrhythmic activities in the 
hippocampus of SZ patients and animal models.55 Consistent with 
previous studies,56,57	we	confirmed	that	ARI	could	reduce	the	lo-
comotor hyperactivity in our SZ model. This may be due to the 
stabilizing	effect	of	ARI	on	the	dopaminergic	activities	of	NAc	and	
VTA.	Consequently,	 their	 interference	with	hippocampal	neuron	
activity was eliminated.

5  |  CONCLUSION

The hyperactivity and dysrhythmia of the hippocampal neurons 
in	 the	 model	 mice	 may	 correlate	 with	 the	 hyperlocomotion.	 And	
ARI	ameliorated	perturbations	produced	by	the	postnatal	MK-	801	
treatment.
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