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Physical exercise can alleviate some of the schizophrenia symptoms in patients,
the mechanisms, however, are still unclear. To investigate whether the GABAergic
interneuron involved in the therapeutic effect of treadmill running on schizophrenia,
the parvalbumin (PV)-positive GABAergic interneurons in the dentate gyrus (DG) was
specifically activated or abolished and the effects were evaluated. In the MK801-
induced schizophrenia-like animal model, we found:(1) Treadmill running rescued
the schizophrenia-related behavioral phenotypes, promoted the adult hippocampal
neurogenesis, and increased the dendrite number and complexity of newborn neurons.
(2) Treadmill running increased the number of PV-positive interneurons in the DG;
genetic ablation of these interneurons reduced adult neurogenesis and abolished
the effect of treadmill running on the schizophrenia-related behaviors. Consistently,
chemogenetic activation of these interneurons improved neurogenesis and alleviated
the schizophrenia-related behaviors. These results suggest a pivotal role of PV-positive
interneuron-mediated adult neurogenesis in exercise. (38) However, schizophrenia-
related behavioral phenotypes and adult neurogenesis in the DG could still be reversed
by exercise after specifically knocking out the schizophrenia-related gene ErbB4 in PV
interneurons, as a means to reduce their GABA release. These results suggest that
activation of PV interneurons in the DG is sufficient for treadmill running to reverse
schizophrenia-like phenotypes.

Keywords: treadmill running, adult neurogenesis, hippocampus, schizophrenia, parvalbumin, ErbB4

INTRODUCTION

Schizophrenia is a serious chronic mental disorder that affects approximately 1% of the world’s
population since their adolescence or early adulthood, thus placing a high economic burden
for individuals and society (Wu et al., 2006; Chang et al., 2017). Schizophrenia symptoms
can be classified into three categories: positive, negative, and cognitive. Positive symptoms like
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hallucinations and delusions are treatable with antipsychotic
drugs, whereas negative symptoms like affection blunt and
cognitive symptoms are almost not amenable with drugs
(Goldberg et al., 2007). Clinical investigations have indicated that
physical exercise is effective in alleviating negative and cognitive
symptoms in patients with schizophrenia (Rosenbaum et al.,
2014; Firth et al., 2015; Dauwan et al., 2016), but the mechanism
is largely unknown.

Adult neurogenesis is crucial for normal cognitive function
and regarded as a unique brain plasticity that occurs mainly in
two regions, the subgranular zone (SGZ) of the hippocampal
dentate gyrus (DG) and the subventricular zone (SVZ).
Studies from postmortem (Pedersen and Cohen, 1990; Falkai
et al, 2016), fibroblasts-derived induced pluripotent stem
cell (iPSC) from patients with schizophrenia (Yu et al,
2014), and genetic or pharmacological animal models of
schizophrenia (Pereira et al, 2007; Christian et al, 2014;
Allen et al., 2016) have revealed that dysregulation of adult
neurogenesis in the SGZ of the DG is associated with
schizophrenia; adult hippocampal neurogenesis impairment can
induce schizophrenia-related behavioral phenotypes, especially
cognitive symptoms (Reif et al, 2006; Mao et al, 2009),
and promotion of adult neurogenesis in the SGZ can rescue
behavioral deficits in schizophrenia animal models (Ouchi et al.,
2013; Wu et al., 2017).

Although both typical and atypical antipsychotics used for
schizophrenia cannot promote adult neurogenesis in animal
models (Toro and Deakin, 2007) and patients (Reif et al,
2006), physical exercise promotes adult neurogenesis in the
SGZ and SVZ (Pajonk et al., 2010); however, whether exercise
improves schizophrenia-related phenotypes through promotion
of adult neurogenesis needs further investigation. Several
neurotransmitters and neurotrophic factors are involved in the
effect of exercise in promoting adult neurogenesis. Among
them, GABA has attracted much attention in the context of the
transition from excitatory to inhibitory during maturation of
neurons (Yamashita and Fukuda, 1993; Moss and Toni, 2013),
which is regulated by Disrupted-in-Schizophrenia 1 (DISCI)
(Kim et al., 2012) and brain-derived neurotrophic factor (BDNF)
signaling (Rivera et al., 2002). However, how local GABAergic
interneurons regulate neural stem cells (NSCs) is still not well
understood; probably due to the distinct properties of different
types of GABAergic interneurons.

In the DG, parvalbumin (PV)-, somatostatin-, and vasoactive
intestinal polypeptide-containing neurons are the main types
of GABAergic interneurons, with PV interneurons being
particularly critical due to their fast firing pattern and
projection to the soma or the axon initial segments of target
neurons. Schizophrenia is associated with abnormalities in PV
interneurons, resulting from their weakened inhibitory control of
mature pyramidal cells (Beasley et al., 2002; Zhang and Reynolds,
2002; Sakai et al., 2008; Lewis et al., 2012). PV interneurons
can also form immature synaptic inputs onto the already-born
progeny, thus promoting its survival and development in the
adult DG (Song et al, 2013); however, PV neurons inhibit
quiescent NSC activation (Song et al., 2012). Thus, it is still
largely unknown whether PV-positive interneurons’ activity can

alleviate schizophrenia-like phenotypes through modulation of
adult neurogenesis.

To date, more than one hundred schizophrenia-related genes
have been identified, many of them are expressed in PV neurons
with hypofunction and, as a result, lead to reduced GABA
release from these neurons. Neural trophic factor neuregulin 1
(NRG1) and its receptor ErbB4 are two schizophrenia-related
genes (Stefansson et al., 2002; Yang et al., 2003; Mei and Xiong,
2008). ErbB4 is specifically expressed in GABAergic neurons in
rodents and mainly expressed in PV neurons (Fazzari et al.,
2010). Specific knockout of ErbB4 in PV neurons reduces GABA
release (Lipska, 2004; Neddens and Buonanno, 2010). If PV
interneurons in the DG are required for the effect of exercise
therapy in schizophrenia, whether ErbB4 in PV interneurons
in the DG is also required for the effect of exercise therapy to
alleviate schizophrenia-like phenotypes through modulation of
adult neurogenesis needs further investigation.

MKB801 is an antagonist of N-methyl-D-aspartate (NMDA)
receptor often used to induce schizophrenia-like phenotypes
in animal models, although the mechanisms are still largely
unknown (Uttl et al., 2018). MK801 injection has been shown
to significantly decrease the number of PV-positive neurons
(Braun et al., 2007; Kaneta et al., 2017) and the expression of
PV mRNA in the DG (Romon et al., 2011). Chronic MK801
treatment decreases adult neurogenesis (Maeda et al., 2007),
whereas acute treatment enhances neurogenesis in the DG
(Cameron et al., 1995; Singh et al., 2017), suggesting that chronic
treatment is a good means to investigate adult neurogenesis
in schizophrenia.

In this study, we found in MK801-induced schizophrenia-
like animal models, adult neurogenesis and schizophrenia-
related behavior phenotypes could be rescued by treadmill
running. To investigate whether PV interneurons is required
for therapy effect of treadmill running, PV interneurons were
ablated or activated through induced apoptosis or chemogenetic
method, respectively. Ablating PV interneurons in the DG
decreased adult neurogenesis and blocked the rescue effect of
treadmill running, while activation of these neurons alleviated
schizophrenia-related phenotypes and improved neurogenesis.
These data suggest that PV interneurons are required for the
effects of treadmill running in increasing adult neurogenesis
and rescuing schizophrenia-like phenotypes. However, treadmill
running could still rescue schizophrenia-like phenotypes after
knockout of ErbB4 in PV neurons, suggesting that ErbB4 in PV
neurons in the DG is not required for the effect of exercise therapy
in schizophrenia.

MATERIALS AND METHODS

Animals
All experimental procedures with mice were approved by the
Animal Welfare Committee of Huazhong University of Science
and Technology, and experiments in this study were carried out
in accordance with the rules of this committee.

The mouse strains used included wild-type C57BL/6, PV-
Cre, and loxP-flanked (floxed)-ErbB4 mice. C57BL/6 male mice
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(7-weeks-old) were purchased from the Experimental Animals
Center of Tongji Medical College, Huazhong University of
Science and Technology. Floxed-ErbB4 (Garcia-Rivello et al,
2005) and PV-Cre mice were described previously (Wen et al,
2010), PV-Cre mouse line used was kindly provided by Dr. Lin
Mei (Case Western Reserve University).

Parvalbumin-Cre mice were crossed with floxed-ErbB4 mice
to generate PV-Cre;floxed-ErbB4™/* (PV-ErbB4~/~) mice, in
which ErbB4 was ablated in PV neurons. Tail genomic DNA was
used for genotyping by PCR. PV-ErbB4~/~ and ErbB4™*/* mice
were confirmed by PCR. A 500-bp DNA fragment (mutant) was
specifically amplified in ErbB4*/+ mice, while a 300-bp fragment
was detected for the PV-Cre allele.

Less than 5 mice were housed per cage at 22-24°C and 55-
80% humidity, on a schedule of 12:12 h light/dark cycle, with
water and food available ad libitum. All mice were backcrossed
with C57BL/6 mice for more than 10 generations.

Treadmill Running

Mice in the run groups underwent adaptive run-training sessions
in individual lanes of a treadmill (FT-200, Taimeng, China;
5 m/min for 45 min) for 5 days, and running sessions (5 m/min
for 10 min, 8 m/min for 30 min, 5 m/min for 10 min)
for the next 4 weeks to prevent stress-induced inhibition of
hippocampal neurogenesis (Leem et al., 2018). Mice in the
static groups were left for the same duration on the treadmill
without running.

Stereotaxic Viral Injection

Adult mice were anesthetized with chloral hydrate (400 mg/kg,
i.p.) and head-fixed in a stereotaxic device (RWD life science;
68025). Viruses were bilaterally injected (0.2 pL per side,
20 nL/min) with a glass pipette (Cetin et al.,, 2006) (tip size,
~20 mm) at the following coordinates relative to bregma:
anteroposterior, —1.94 mm; dorsoventral, —2.14 mm; and
mediolateral, &= 1.5 mm. After injection, the glass pipette was
left in place for 10 min before slowly removing it. The titers of
AAV-flex-taCasp3-TEVp (Taitool Bioscience, catalog #50236-9),
shRNA-EF1a(S)-EGFP (Obio Technology, Shanghai, China) and
AAV-DIO-hM3DGq-mCherry (GeneChem technologies, catalog
#AAV00030) were 10'2 genome copies per mL. After injection
of AAV-DIO-hM3DGq-mCherry into the DG of PV-Cre mice,
hM3DGq was expressed only in PV interneurons in the DG
(PV-DGMM3D4 mice). Mice were injected with either saline
or clozapine-N-oxide (CNO, dissolved in saline, 3 mg/kg),
an agonist for the DREADD (Designer Receptors Exclusively
Activated by Designer Drug) system, 30 min prior to the
behavioral tests.

Behavioral Analysis

Only 12-week-old males were used. The analysis was carried
out by investigators unaware of the animal genotype and
grouping information. Tests were performed in a sequential
order as follows: open-field test (OFT), prepulse inhibition
(PPI), T-maze test, and fear conditioning. All tests were
performed during the light period, and all mice were handled
for at least 5 min twice a day for 3 days prior to the

behavioral test. No body weight, whisker number, and motor
coordination differences were found in any groups during
behavioral analysis.

Open Field Test

Open field test (OFT) is a widely used test to determine
locomotion, exploratory and anxiety-related behavior in rodent
models of CNS disorders. Hyperactivity, a characteristic rodent
phenotype corresponding to the psychomotor agitation of
schizophrenic patients (Adriani et al., 1998; Carey et al., 1998;
Kanes et al, 2007), is commonly tested by OFT. The mice
were gently placed at the center of a rectangular chamber
(45 x 45 x 45 cm), and movement was monitored for 5 min
using an automated video tracking system (TMV-100S, TaiMeng,
China). After each trial, the apparatus was swept with 75% alcohol
to avoid the presence of olfactory cues. The distance traveled
during a session was measured.

Prepulse Inhibition of Acoustic Startle
Prepulse inhibition (PPI) deficits seen in patients with
schizophrenia can be mimicked in rodents by treatment
with MK801 (Curzon and Decker, 1998; Swerdlow and Geyer,
1998; Eyjolfsson et al, 2006). PPI tests were conducted in
a sound-attenuated box (SR-LAB, Startle Response System,
San Diego Instruments, CA). Mice were placed in a non-
restrictive Plexiglas cylinder mounted on a plastic platform,
and their motion was transduced into analog signals via a
piezoelectric accelerometer. Before the test, mice were allowed
to habituate to the chamber, to a 70-dB background white
noise for 5 min, and to auditory-evoked startle stimuli (120 dB,
20 ms for 10 times). In the PPI test, mice were subjected to
12 startle trials (120 dB, 20 ms) and 12 prepulse/startle trials
(20 ms, white noise at 75, 80, or 85 dB at 100-ms intervals;
and 20 ms, 120-dB startle stimulus). Different trial types were
presented pseudorandomly, with each trial type presented 12
times, while no two consecutive trials were identical. Mouse
movement was measured during 100 ms after the startle
stimulus onset (sampling frequency 1 kHz) for 100 ms. PPI
(%) was calculated according to the formula: [1 - (startle
amplitude on prepulse-pulse trials/startle amplitude on pulse
alone trials)] x 100%.

T-Maze Test

Working memory deficits are considered important for poor
cognitive performance in schizophrenia (Seidman et al., 1994;
Tek et al.,, 2002). T-maze test is widely used for evaluation of
working memory. The apparatus was an enclosed maze with
three arms, a start arm (38 x 7 cm) and two symmetrical choice
arms (30 x 7 cm) flanking a central choice area (7 x 7 cm).
In each session, the mouse was placed in the start arm facing
the wall and allowed to explore the apparatus. As soon as the
animal entered (with all four paws) one of the two choice arms,
the door of that compartment was closed for 30 s. Then the
mouse was removed gently from the maze and placed in the
home cage, then placed back in the start arm to perform a
second choice trial. The novel arm in the second trial was the
right choice. The test was performed in the room where the
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animals were housed and comprised 10 trials. Correct percentage
(%) = (total entry to the novel arm in the second trial/total
second trial) x 100%.

Contextual Fear Discrimination Learning
This paradigm tests the animal’s ability to distinguish between
two similar contexts (Sahay et al., 2011). Pattern separation is a
fundamental computational function of the DG (McNaughton
et al., 1986; Faghihi and Moustafa, 2015), which depends on
normal adult neurogenesis.

The shock-associated training context A (shock) and the
similar (no-shock) context B shared many features, including
an exposed stainless steel grid floor and roof. The similar
context differed from the training context in that four plastic
inserts were used to cover the walls. A non-alcoholic antiseptic
solution was used to clean the grids between trials. In pilot
experiments, mice were exposed to the training context where
they received a single 2-s foot shock of 0.75 mA, 185 s following
placement in the sound proof chamber (29 x 29 x 24 cm;
Coulbourn instruments, Allentown, PA, United States, model
H10-11M-7C-SF). For discrimination learning, mice were again
exposed to training context A. One hour later, mice were
placed in the similar context and left for 180 s, and were
never shocked. Freezing levels were measured by video camera
each day and computed as a Discrimination ratio: (Freezing
training context - Freezing similar context)/(Freezing training
context + Freezing similar context). A score of 0 indicated
complete lack of discrimination, i.e., freezing levels were the
same in the similar and training contexts (Freezing similar
context = Freezing training context).

Immunofluorescence
Wild-type and PV-Cre mice were anesthetized with chloral
hydrate and perfused transcardially with 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS). Brains were fixed
overnight in 4% PFA at 4°C. After cryoprotected in 30% sucrose,
brains were frozen in OCT medium (Tissue-Tek, Sakura, Japan)
and sliced at 40-pum free-floating coronal sections using a cryostat
(Thermo Scientific, HM550).

Sections were rinsed three times in PBS (pH 7.4) and blocked
in blocking buffer (PBS with 0.1% Triton containing 10%
goat serum and 3% BSA) for 60 min at room temperature.
Sections were then incubated at 4°C overnight in blocking
buffer containing the following primary antibodies: rabbit
anti-PV (A2791, Abclonal; 1:100), rabbit anti-Ki67 (ab15580,
Abcam; 1:500), rat anti-BrdU (FITC conjugated; ab74545,
Abcam; 1:300), mouse anti-NeuN (ab104224, Abcam;
1:500). After washing with PBS three times, sections were
incubated with donkey anti-rabbit IgG conjugated with Alexa
Fluor 594 or goat anti-rabbit IgG conjugated with Alexa
Fluor 488 in blocking buffer for 1 h at room temperature.
Samples were mounted with mounting medium (containing
DAPI), and images were taken using Olympus Fluoview
FV1000. Quantification of labeling was determined by
counting all fluorescent cells in every sixth section. A total
of five images were analyzed per mouse, and each group
contained 5 mice.

For BrdU staining, sections were incubated with 2 N HCl for
30 min at 37°C to denature the DNA, followed by neutralization
with 0.1 M borate buffer (pH 8.5) for 10 min at room temperature.
After neutralization, sections were rinsed with PBS several times
before incubation with primary antibodies.

Quantification of labeling was determined by counting all
fluorescent cells in every section. A total of five section were
analyzed in each mouse, and each group contained five mice.

Sholl Analysis

The total dendritic branches in one GFP-positive cell in DG were
chosen and scanned by an Olympus Fluoview FV1000. Images
were imported into Image] by 8 bit and made binary. Dendritic
branches was analyzed by the Image] Sholl Analysis Plugin'.
The center of all concentric circles defined as the center of cell
soma. There were three mice in each group, five sections in each
animal were picked. Three cells in the DG from each section were
analyzed and counted.

Western Blot

One day after the behavioral tests, mice were anesthetized
with 5% chloral hydrate (8 mL/kg), and the tissues were
rapidly collected. Tissue homogenates were prepared on ice in
RIPA buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM
NaCl, 5% sodium deoxycholate, 1% NP40, 1 mM PMSE and
1 pg/mL protease inhibitor cocktail. Homogenates or bound
proteins were resolved on SDS/PAGE and transferred to PVDF
membranes, which were then incubated in blocking buffer [tris-
phosphate buffer solution (TBS) containing 0.1% Tween-20 and
5% milk] for 1 h at room temperature before adding the primary
antibodies for incubation overnight at 4°C. After washing,
the membranes were incubated with horseradish peroxidase-
conjugated secondary antibodies (BLO03A, Biosharp; 1: 30000)
in TBS for 1 h at room temperature. Immunoreactive bands
were visualized using enhanced chemiluminescence (1705060,
Biorad). Films were scanned using MicroChemi 4.2 (DNR
Bio-imaging Systems, Israel). Primary antibodies used were:
rabbit anti-ErbB4 (A10853, Abclonal; 1: 1000), rabbit anti-
parvalbumin (A2791, Abclonal; 1: 1000), and rabbit polyclonal
anti-a-tubulin (AC003, Abclonal; 1: 500). The band density
was measured by Image] software [National Institutes of
Health (NIH), United States] and Data were analyzed by
GraphPad Prism 6.0.

Statistical Analysis

All statistical analysis was performed using GraphPad Prism
6.0 (GraphPad Software, San Diego, CA). Statistical differences
between two groups were analyzed by applying the two-tailed
Student’s t-test. Data containing more than two groups were
tested by using analysis of variance (ANOVA). Significant main
effects or interactions were followed up with Tukey’s post hoc
test. Data are presented as mean =+ standard error of the
mean. Statistical differences were considered to be significant
when P < 0.05.

'http://ghoshlab.org/software/
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FIGURE 1 | Treadmill running increases adult neurogenesis in the dentate gyrus (DG) in the MK801-induced schizophrenia-like mouse model. (A) Schematic
experimental design of BrdU injection for the treadmill running in MK801-induced schizophrenia-like model. (B) Representative photomicrographs showing Ki67- and
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FIGURE 1 | Continued

test: *P < 0.05; **P < 0.01, **P < 0.001, ***P < 0.0001.

DAPI-positive cells in the DG. Arrowheads (in red) indicate co-labeled cells (Ki67TDAPI* cells) in the DG. Scale bar, 100 pm. (C) Quantitative analysis of the number
of Ki67-positive cells in the DG. Data are expressed as mean + SEM, and there were five mice in each group. Five sections in each animal were picked and counted.
The numbers of Ki67 + cells in the vehicle + static, MK801 + static, vehicle + run and MK801 + run groups were 78.85 + 7.81, 58.06 + 4.15, 92.7 + 45.77 and
76.16 + 9.46 cells/mm?, respectively, One-way ANOVA, F3,16 = 20.21, P < 0.001; post hoc test: *P < 0.05, P < 0.01, **P < 0.001. (D) Representative
photomicrographs showing BrdU- and NeuN-positive cells in the DG. Arrowheads (in white) indicate co-labeled cells (BrdUtNeuN™ cells) in the DG. Scale bar,

100 wm. (E) Quantitative analysis of the number of BrdU*NeuN™ cells in the DG. Data are expressed as mean 4+ SEM, and there were five mice in each group. Five
sections in each animal were picked and counted. The numbers of BrdU*NeuN™ cells in the vehicle + static, MK801 + static, vehicle + run and MK801 + run groups
were 88.71 £ 7.27, 40.99 + 7.17, 109.97 + 9.38, 59.14 + 8.88 and 76.16 =+ 9.46 cells/mm?, respectively. One-way ANOVA, F3,15 = 69.27, P < 0.001; post hoc

RESULTS

Treadmill Running Increases DG Adult
Neurogenesis of MK801-Induced

Schizophrenia Mice

To investigate the effect of treadmill running on MK801-induced
schizophrenia model, MK801 (HY-15084, MCE, 0.5 mg/kg body
weight) or saline were administered intraperitoneally (i.p.) 2 h
prior to each treadmill running. Animals were randomly selected
and divided into four groups according to the treatment: (1)
vehicle + static: mice subjected to saline injection and static
treadmill, (2) MK801 + static: mice subjected to MK801 injection
and static treadmill, (3) vehicle 4+ run: mice subjected to
saline injection and running treadmill, (4) MK801 + run: mice
subjected to MK801 injection and running treadmill (Figure 1A).
In agreement with previous studies (Overall et al., 2013), our
investigation indicated that running promotes neurogenesis in
the DG, comparing vehicle + run to vehicle + static group. Ki67-
positive cell was used as marker of neurogenesis, these cells were
majorly located in the SGZ, in pairs or clusters (Figure 1B). Mice
with MK801 (MK801 + static) showed Ki67-positive cells loss in
the DG when compared to mice with vehicle (vehicle + static).
MK801 administration reduced the proliferation of NSCs in the
hippocampus, while treadmill running reversed this effect of
MKS801 (Figure 1C).

To further investigate whether running affects the survival
of NSCs, bromodeoxyuridine (BrdU, Sigma) was injected i.p.
to the mice for the first 5 running days in order to label
proliferating progenitor cells (Figure 1A). Co-labeling, with anti-
NeuN and anti-BrdU antibodies, showed BrdU™ cells with an
elliptical shape distributed from basal to apical portions of
the GCL (Figure 1D). Post hoc analysis revealed that MK801
injection significantly decreased NeuNTBrdU" cell numbers
compared to vehicle injection, while running significantly
enhanced NeuNTBrdU™ cell numbers (Figure 1E). These results
indicate that running increases adult neurogenesis in the DG of
the schizophrenia-like mouse model.

Treadmill Running Increases the Number
of PV-Positive Interneurons and NSCs in
the DG of MK801-Induced Schizophrenia
Model Mice

To investigate whether PV interneurons regulate the
development of adult newborn neurons, we labeled the

latter with a retrovirus expressing GFP (shRNA-EFla(s)-EGFP;
Obio Technology, China) (Ge et al., 2006; Ma et al., 2009) by
stereotaxic microinjection to DG 3 days before adaptive running
(Figure 2A). GFP completely filled the soma, dendrites, and
frequently the axons of adult-born granular cells (Figure 2B).
Schizophrenia-like model ones (MK801 + static) decreased PV-
positive cell numbers, accompanied by a drop in GFP-positive
cells when compared to the control ones (vehicle + static).
Running increased PV-positive and GFP-positive cell numbers,
compared the vehicle + run group to the vehicle + static
group, in line with previous studies (Arida et al., 2004, 2007).
In schizophrenia-like model mice, running also significantly
increased GFP-positive neurons and PV-positive neurons,
almost back to normal numbers (Figures 2C,D). These findings
implied that reduced neurogenesis in the hippocampus caused
by MKS801 injection might due to the reduced number of
PV-positive interneuron, and treadmill running treatment
restored adult neurogenesis by increasing the number of
PV-positive interneuron.

Dendritic morphology is regarded as one important indicator
of neuronal maturation (Livneh and Mizrahi, 2011; van der
Velden et al., 2012). To further elucidate the effect of treadmill
running on the maturation of newborn neurons, the total
dendritic branches of GFP-positive neurons were analyzed by
sholl analysis (Sholl, 1953; Figure 2E). Treadmill running
significantly increased the number of total dendritic branches,
and a significant decrease was observed in the DG after MK801
injection; however, treadmill running partially reversed the effect
of MK801 injection on total dendritic branches of GFP-positive
neurons in the DG (Figure 2F).

Treadmill Running Ameliorates
MK801-Induced Behavioral Changes

To investigate whether schizophrenia-like model mice could
be reversed by treadmill running, we performed a series
of behavior tests.

First, we evaluated hyperactivity using OFT. Post hoc analysis
revealed that the total distance traveled were not changed
in the mice subjected to treadmill running (vehicle + run)
compared to the control mice (vehicle + static). This is in line
with the previous research (Zheng et al., 2019). Schizophrenia-
like model mice (MK801 + static) showed hyperlocomotion
compared to the control ones (vehicle + static). Treadmill
running (MK801 + run) decreased the distances traveled in the
arena almost back to normal (vehicle + static) (Figure 3A),
providing further evidence that the hyperlocomotion phenotype
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schizophrenia-like mouse model. (A) Schematic experimental design of retrovirus injection for the treadmill running in MK801-induced schizophrenia-like model.

(B) Representative photomicrographs showing PV-positive interneurons (in red) and GFP-positive cells (in green) in the DG. Arrowheads (in white) indicate
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GFP-positive cells. Arrows (in white) indicate PV-positive interneurons. Scale bar, 100 um. (C) Quantitative analysis of PV-positive interneuron number in the DG.
Data are expressed as mean £ SEM, and there were five mice in each group. Five sections in each animal were picked and counted. The numbers of PV cells in
the vehicle + static, MK801 + static, vehicle + run and MK801 + run groups were 55.11 =+ 6.48,36.29 + 4.40, 68.68 =+ 5.7 and 50.69 + 4.84 cells/mm?,
respectively. One-way ANOVA, F3,16 = 30.39, P < 0.001; post hoc test: P < 0.01, P < 0.001, ***P < 0.0001. (D) Quantitative analysis of the GFP-positive cell
number in the DG. Data are expressed as mean 4+ SEM, and there were five mice in each group. Five sections in each animal were picked and counted. The
numbers of GFP* cells in the vehicle + static, MK801 + static, vehicle + run and MK801 + run groups were 43.01 + 5.21,23.30 + 4.12, 54.13 + 4.13 and

34.15 + 4.45 cells/mm?, respectively. One-way ANOVA, F3,16 = 42.41, P < 0.001; post hoc test: *P < 0.05; P < 0.01, **P < 0.001, ***P < 0.0001.

(E) Representative images of the total branching dendrites in one GFP-positive cell in the DG. Scale bar, 200 pm. (F) Quantitative analysis of the total number
dendritic branches in a GFP-positive cell. Data are expressed as mean + SEM, and there were three mice in each group. Five sections in each animal were picked.
Three cells in the DG from each section were analyzed and counted. The numbers of the total branching dendrites in one GFP-positive cell in the vehicle + static,
MK801 + static, vehicle + run and MK801 + run groups were 7.43 + 0.89, 2.6 £+ 0.22, 9.34 + 1.05 and 4.00 £ 0.40 cells/mm?, respectively. One-way ANOVA,

F3,16 = 90.76, P < 0.001; post hoc test: *P < 0.05, **P < 0.01, ***P < 0.0001.

of MK801 induced schizophrenia-like model mice can be rescued
by treadmill running.

Second, we evaluated the effect of treadmill running on
sensory gating using PPI. We found that PPI significantly
increased with prepulse intensity in all groups, indicating that
prepulse intensity can be distinguished by animals. Post hoc
analysis revealed that PPI in the schizophrenia-like model mice
(MKS801 + static) was significantly lower than those control ones
(vehicle + static). Treadmill running (MK801 + run) increased
PPI when compared to the model mice (MK801 + static),
but significantly lower than the control ones (vehicle 4 static)
(Figure 3B). These observations demonstrate that running can
rescue the MK801-induced sensory gating phenotype.

Third, we evaluated the effect of treadmill running on
working memory using the T-maze test. The schizophrenia-
like model mice (MK801 -+ static) performed significantly
fewer correct entries when compared to those control ones
(vehicle + static), indicating that MK801 administration
impaired working memory. Treadmill running (vehicle 4+ run)
significantly increased the times of correct choices when
compared to the control ones (vehicle + static). In the
same way, treadmill running attenuated the working memory
deficits induced by MK801 administration, but failed to restore
performance to control levels (Figure 3C), indicating that
running can only partially reverse working memory deficits.

Fourth, we examined the effect of treadmill running on pattern
separation using contextual fear conditioning. It was shown
that repeated MK801 administration impairs the ability of mice
to discriminate similar environments (Mandillo et al., 2003).
Since running improved the survival of newborn neurons after
MK801 administration, we tested whether pattern separation
deficits in the schizophrenia model could be improved by
running. Thus, we performed a contextual fear discrimination
learning paradigm, as summarized in Figure 3D (Sahay et al,,
2011). All groups in training context A (with foot shock after
24 hr) showed elevated and indistinguishable levels of freezing,
suggesting that all mice acquired and retained contextual fear
equally. Negligible levels of freezing were observed in similar
context B, which included no foot shock (data not shown). All
mice learned to differentiate between context A and context
B, resulting in a significant interaction between the freezing
behaviors in the two contexts over time (Figure 3E). Running
(vehicle + run) significantly increased the discrimination ratio
between the two contexts when compared to those of control

ones (vehicle + static), which is in line with the previous study
(Creer et al.,, 2010). This discrimination ratio was significantly
reduced by MK801 injection (MK801 + static). In the same way,
this effect was improved by treadmill running (MK801 + run),
while significantly lower than the control ones (vehicle + static)
(Figure 3E). Hence, running improved pattern separation not
only in normal mice but also in the schizophrenia-like model
would provide additional evidence for a role of neurogenesis.

Previously, it has been reported that ErbB4 is a schizophrenia
susceptibility gene. It is expressed in many neuronal populations
(Stefansson et al,, 2002; Yang et al, 2003; Mei and Xiong,
2008), mainly in PV-positive interneurons (Fazzari et al., 2010).
ErbB4 is critical for maintaining PV neuron activity (Chen
et al, 2010; Wen et al, 2010). Western blotting confirmed
that both ErbB4 and PV expression was significantly down-
regulated in the hippocampus after MK801 injection. Conversely,
running significantly upregulated ErbB4 protein expression
(Figures 3E,G). These results suggest ErbB4 and PV might be
critical for the therapeutic effect of running to schizophrenia-
related phenotypes.

PV Interneuron Ablation in the DG Leads
to Reduction in Adult Hippocampal
Neurogenesis

Recent studies have shown that PV-positive interneurons
form immature synaptic inputs onto proliferating newborn
progenitors, thus promoting their survival and maturation in the
adult DG (Song et al., 2013). However, long-term consequences
of altered hippocampal neurogenesis resulting from disrupted PV
activity remain unknown. To further evaluate the relationship
between PV and newborn cells, a Cre-dependent AAV expressing
the pro-apoptotic protease Casp-3 (AAV-flex-taCasp3-TEVp,
Taitool Bioscience, China; Figures 4A,B) (Yang et al., 2013;
Zhangetal., 2016) and a retrovirus expressing GFP (RV-U6-GFP)
were microinjected simultaneously into the hilus of adult PV-Cre
mice 3 days before adaptive run-training to ablate PV neurons
and label newborn cells, respectively (Figures 4A,B). Animals
were randomly divided into three groups: (1) mice injected
with a control virus (AAV-DIO-mCherry) and static on the
treadmill (control + static group), (2) animal injected with AAV-
flex-taCasp3-TEVp and static on the treadmill (Casp3 + static
group), and (3) animals injected with AAV-flex-taCasp3-TEVp
and subjected to treadmill running (Casp3 + run group).
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FIGURE 3 | Schizophrenia-related behavioral phenotypes are reversed by running. (A) Hyperlocomotion induced by MK801 is inhibited by running. Data are
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group, respectively. One-way ANOVA, F3,16 = 30.39, P < 0.001; post hoc test: vehicle + static vs. MK801 + static: P < 0.0001, vehicle + static vs. MK801 + run:
P < 0.05, MK801 + static vs. vehicle + run: P < 0.0001, MK801 + static vs. MK801 + run: P < 0.0001, vehicle + run vs. MK801 + run: P < 0.001. (B) Treadmill
running attenuates the prepulse inhibition deficit induced by MK801. Data are expressed as mean + SEM, and 3 were 10 mice in vehicle + static group, 10 mice in
MKB801 + static, 10 mice in vehicle + run group, and 14 mice in MK801 + run group, respectively. Two-way ANOVA, F3,117 = 55.43, P < 0.001; post hoc test:

*P < 0.01, ™*P < 0.0001. (C) The working memory deficit induced by MK801 is attenuated by running. Data are expressed as mean + SEM, and there were 10
mice in vehicle + static group, 10 mice in MK801 + static, 10 mice in vehicle + run group, and 14 mice in MK801 + run group, respectively. One-way ANOVA,
Fs,37 =75.61, P < 0.001; post hoc test: **P < 0.01, ****P < 0.0001. (D) Mice were tested in a contextual fear discrimination learning paradigm. Briefly, in two similar
contexts, foot shook was only present in context A. After several trials training in context A and B, mice could discriminate context A but not B as the cue of foot
shook tested by freezing. (E) Pattern separation is improved by running. Data are expressed as mean + SEM, and there were 10 mice in vehicle + static group, 10
mice in MK801 + static, 10 mice in vehicle + run group, and 14 mice in MK801 + run group, respectively. Two-way ANOVA, F3,005 = 117.3, P < 0.001; post hoc
test: vehicle + static vs. MK801 + static: P < 0.0001, vehicle + static vs. vehicle + run: P < 0.01, vehicle + static vs. MK801 + run: P < 0.05, MK801 + static vs.
vehicle + run: P < 0.0001, MK801 + static vs. MK801 + run: P < 0.0001, vehicle + run vs. MK801 + run: P < 0.001. (F) Western blotting for PV and ErbB4 in the
hippocampus. a-Tubulin served as loading control. (G) Quantitative analysis of the Expression of PV and ErbB4 in the hippocampus. Data are expressed as

mean + SEM, and there were three mice in each group. Two-way ANOVA, F3,1s = 1565.7, P < 0.001; post hoc test: “P < 0.05; **P < 0.01, **P < 0.001,

P < 0.0001.

Western blot analysis (Figures 4C,D) confirmed that ErbB4  was observed even 42 days after virus injection (Figures 4E,F).
and PV levels were significantly decreased in the hippocampus Moreover, a significant decrease in PV-positive and GFP-
of PV-taCasp3 mice, while almost no PV interneuron in the DG  positive cell numbers in the DG was noted in PV-taCasp3
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FIGURE 4 | Treadmill running cannot improve adult neurogenesis and behavioral deficits induced by PV neuron ablation in the dentate gyrus (DG). (A) Experimental

design for PV-Cre mice. Animals were stereotaxically injected with RV-U6-GFP to label newborn neurons (RV-GFP; green) and with AAV-flex-taCasp3 to ablate PV

neurons. (B) Schematic illustration of AAV-flex-taCasp3-TEVp injection in PV-Cre mice to ablate PV neurons. (C) Representative western blots of PV and ErbB4 in
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FIGURE 4 | Continued

the hippocampus (Hip) and prefrontal cortex (PFC). a-Tubulin served as loading control. (D) Quantitative analysis of the Expression of PV and ErbB4 in the
hippocampus and PFC. Data are expressed as mean + SEM, and there were three mice in each group. Two-way ANOVA, Fz,04 = 72.76, P < 0.001; post hoc test:
****P < 0.0001. (E) DREADD expression in PV neurons in the DG was identified by immunofluorescence staining for PV (red). Arrowheads indicate GFP-positive
cells. Arrows indicate PV-positive interneurons. Scale bar, 100 wm. (F) Quantitative analysis of PV-positive interneurons and GFP-positive cells in the DG. Data are
expressed as mean + SEM, and there were five mice in each group. The numbers of PV + cells in the control + static, Casp3 + static and Casp3 + run groups were
49.46 + 5.17, 2.15 + 1.04 and 3.00 + 0.98, respectively. The numbers of GFP + cells in the control + static, Casp3 + static and Casp3 + run groups were

44.35 + 6.33, 23.29 + 1.79 and 27.78 + 6.85 cells/mm?, respectively. Two-way ANOVA, Fp,04 = 182.2, P < 0.001; post hoc test: **P < 0.01,

**P < 0.001,**P < 0.0001. (G) Representative photomicrographs showing GFP-positive branching dendrites (white) in the DG. Scale bar, 200 wm.

(H) Quantitative analysis of the total dendrite branch in a GFP-positive cell in the DG. Data are expressed as mean + SEM, and there were three mice in each group,
five sections in each animal were picked. Three cells in the DG from each section were analyzed and counted. The numbers of the total dendrite branch in a
GFP-positive cell in the control + static, Casp3 + static and Casp3 + run groups were 7.50 £+ 0.50, 1.60 =+ 0.75 and 2.60 + 0.64 branches/cell, respectively,
Two-way ANOVA, F»,12 = 122.5, P < 0.001; post hoc test: ****P < 0.0001. (I) Representative photomicrographs showing Ki67- and DAPI-positive cells in the DG.
Arrowheads (in red) indicated co-labeled cells (Ki67* DAPI* cells) in the DG. Scale bar, 100 um. (J) Running cannot reverse proliferating cell reduction, as marked by
Ki67 expression, induced by PV neuron ablation in the DG. Data are expressed as mean + SEM, and there were five mice in each group. The numbers of Ki67+ cell
in the control + static, Casp3 + static and Casp3 + run groups were 7.50 = 0.50, 1.60 4 0.75 and 2.60 + 0.64 cells/mm?, respectively, Two-way ANOVA,

Fo,12 =21.06, P = 0.0001; post hoc test: “**P < 0.0001. (K) PV neuron ablation does not affect the locomotor activity in OFT. Data are expressed as mean + SEM,
and there were eight mice in each group. Two-way ANOVA, Fo,g5 = 2.305, P = 0.1060; post hoc test: There were no significant difference. (L) Deficits in prepulse
inhibition induced by PV neuron ablation cannot be improved by running. Data are expressed as mean + SEM, and there were eight mice in each group. Two-way

ANOVA, Fs,51 =101, P < 0.0001; post hoc test: ***P < 0.0001. (M) Deficits in spatial working memory induced by PV neuron ablation (Casp3 + static group)
cannot be improved by running (Casp3 + run group). Data are expressed as mean + SEM, and there were eight mice in each group. One-way ANOVA,

Fo,15 = 12.28, P = 0.0007; post hoc test: “***P < 0.0001. (N) Pattern separation deficits induced by PV neuron ablation cannot be improved by running. Data are
expressed as mean + SEM, and there were eight mice in each group. Two-way ANOVA, F»,115 = 180.2, P < 0.0001; post hoc test: control + static vs.

Caspg3 + static: P < 0.0001, control + static vs. Casp3 + run: P < 0.0001.

mice (Casp3 + static and Casp3 + run) compared to those of
control ones (control + static) (Figures 4E,F). Interestingly, no
difference was observed in GFP-positive cell number between
the Casp3 + static and Casp3 + run groups (Figure 4F),
suggesting that caspase-induced neuron ablation was efficient
and specific to PV interneurons, and this ablation leads to
reduction of newborn cells.

To further elucidate the effect of PV interneurons ablation
on the maturation of newborn cells, the total dendritic trees
of GFP-positive neurons were observed. GFP-positive dendritic
branches were sharply reduced (Figures 4G,H). The number
of GFP-positive dendritic branches was significantly lower in
PV-taCasp3 mice (Casp3 + static and Casp3 + run) when
compared to those control ones (control + static); however,
there were no difference between the static and running
group of PV-taCasp3 mice (Figure 4I), indicating that PV
interneurons ablation imposes restrictions on adult hippocampal
neurogenesis. The number of proliferating cells marked by Ki67
was also significantly reduced after PV ablation in the two
groups with PV-taCasp3 mice (Figures 4L,]), suggesting that PV
ablation leads to impaired proliferation. These results further
indicate that PV-positive interneurons involved in neurogenesis
induced by running.

PV Interneuron Ablation in the DG
Exacerbates Abnormal PPI, Cognitive

Impairment, and Discrimination Deficits

To test whether PV interneurons in the DG are required
for the positive effects observed in schizophrenia-like model
mice by treadmill running, we compared the PV-taCasp3 mice
with their littermate wild-type control mice on a series of
experiments, including the OFT, PPI, and T-maze. Animals
were randomly divided into three groups: (1) control mice
with static (control + static), (2) PV-taCasp3 mice with

static (Casp3 + static), and (3) PV-taCasp3 mice with run
(Casp3 + run).

In the OFT, the exploratory behavior was similar for all
three groups of mice, indicating that PV interneurons ablation
in DG does not result from lower or higher motor abilities
(Figure 4K). However, PV-positive interneuron ablation in
the DG (Casp3 + static) significantly decreased PPI and
working memory when compared to those control ones
(control + static), and these effects could not be reversed by
running (Casp3 + run) (Figures 4L,M). Furthermore, when
PV interneurons were ablated, the pattern separation deficits
persisted, the discrimination ratio of PV-taCasp3 mice with static
(Casp3 + static) being significantly decreased when compared
to those control ones (control + static) and are not significantly
different from mice subjected to treadmill running (Casp3 + run)
(Figure 4N). These data indicate that PV interneurons are
indispensable for reversing cognitive function deficits.

Activation of PV Neurons of the DG Is
Sufficient to Improve
Schizophrenia-Related Behaviors and
Neurogenesis

To examine whether PV-interneuron activation in the DG
improves schizophrenia-related behaviors, DREADD (Designer
Receptors Exclusively Activated by Designer Drugs) technology
was used (Alexander et al., 2009). Briefly, the Cre-dependent
AAV-DIO-hM3DGq-mCherry (Figure 5A) was bilaterally
injected (0.4 WL per hemisphere, titer: 1 x 10'2, GeneChem
technologies, China) into the DG of PV-Cre mice (PV-DGMM3Dq
mice) (Figure 5A). Animals were randomly divided into two
groups: (1) mice injected with vehicle (vehicle group) and 2)
those injected with clozapine-N-oxide (CNO; CNO group).

To investigate whether PV-interneuron activation could
improve behavior, we performed a series of behavior tests. CNO
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FIGURE 5 | Activation of PV neurons in the dentate gyrus (DG) is sufficient to attenuate schizophrenia-like behavioral phenotypes. (A) Schematic illustration of
AAV-hSyn-DIO-hM3DGg-mCherry injection in PV-Cre mice to express the DREADD receptor. (B) Locomotor activity of PV-DG"™3Da mice in the OFT is improved by
clozapine-N-oxide (CNO) treatment. Data are expressed as mean 4+ SEM, and there were eight mice in each group. Two-way ANOVA, F»,119 = 98.58, P < 0.0001;
post hoc test: vehicle vs. CNO: P < 0.0001. (C) Prepulse inhibition of PV-DG"™3D4 mice is improved by CNO treatment. Data are expressed as mean + SEM, and
there were eight mice in each group. Two-way ANOVA, F1 42 = 47.45, P < 0.0001; post hoc test: ***P < 0.0001. (D) Spatial working memory of PV-DG"™M3Pa mice
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FIGURE 5 | Continued

is improved by CNO treatment. Data are expressed as mean + SEM, and there were eight mice in each group. Unpaired T-test: ***P < 0.001. (E) Representative
photomicrographs showing PV-positive interneurons (in green) and mCherry-positive cells (in red) in the DG. Unfilled triangles indicate mCherry-positive cells in the
DG. Unfilled arrowheads indicate PV-positive interneurons. Filled Arrowheads indicate PV*mCherry™ co-labeled interneurons. Scale bar, 100 wm. (F) Representative
photomicrographs showing mCherry™* cells (in red), c-Fos™ cells (in green), and their overlay (in yellow) in the DG. Scale bar, 100 um. (G) CNO activates
PV-hM3Dg* interneurons in the DG. Data are expressed as mean 4+ SEM, and there were five mice in each group. Unpaired T-test: ****P < 0.0001.

(H) Representative photomicrographs showing mCherry™ cells (in red) and Ki67-positive cells (in green) in the DG. Scale bar, 100 um. (1) PV-hM3Dg™ interneurons
are activated by CNO-induced neurogenesis. Data are expressed as mean + SEM, and there were five mice in each group. Unpaired T-test: **P < 0.01.

treatment decreased the total distance traveled in the OFT
(Figure 5B), in the same way, PPI and spatial working memory
were also improved by CNO treatment (Figures 5C,D).

Cre dependent expression of mCherry was confirmed
by immunofluorescence staining for PV. The PV-positive
interneurons in the DG were co-localized with mCherry-positive
cells (Figure 5E). To observe PV-positive interneurons activated
by CNO, we performed immunofluorescence staining for c-Fos,
the immediate early gene, a marker for neuronal activation in
the brain (Hoffman et al., 1993). After CNO administration,
mCherry and c-Fos co-localized expression confirmed activation
of PV interneurons (Figure 5F). Post hoc analysis confirmed the
number of mCherry*c-Fos™ cells were significantly increased by
CNO compared to vehicle (Figure 5G). To evaluate whether PV-
interneuron activation can improve neurogenesis, proliferating
cells, marked by Ki67, in the DG were also observed (Figure 5H).
Post hoc analysis confirmed the number of Ki67-positive cells was
also significantly increased by CNO activation (Figure 5I). These
results suggested that PV-interneuron activation in the DG might
represent an efficient strategy to improve schizophrenia-related
behaviors and neurogenesis.

Treadmill Running Ameliorates

Behavioral Changes of PV-ErbB4—/~

Mice

To investigate whether the ErbB4 receptor is involved in
antipsychotic effect of treadmill running, we performed
schizophrenia-related behavior tests in PV-ErbB4~/~ mice
(Figure 6A). PV-ErbB4~/~ mice has been shown to increase
locomotor activity, disrupt sensorimotor gating (PPI) and
cognitive function, and impair T-maze spatial working memory
(Wen et al., 2010). Treadmill running (PV-ErbB4=/~ + run)
decreased the distance traveled in the OFT (Figure 6B),
increased PPI (Figure 6C), attenuated the working memory
deficits, and even restored T-maze performance back to
control levels when compared to those corresponding model
mice (PV-ErbB4~/~ 4 static) (Figure 6D). This provides
further evidence that these phenotypes, partially comparable
to those in schizophrenic patients, can be rescued by treadmill
running in mice.

Treadmill Running Increases

Neurogenesis and PV-Positive
Interneurons in the DG of PV-ErbB4—/~
Mice

To determine the effect of running on PV-positive interneurons
in PV-ErbB4~/~ mice, we used immunofluorescence staining

for PV interneurons. The membrane and cytoplasm of PV
interneurons in the DG of control mice were strongly
immunoreactive by immunostaining, having a fusiform or
elliptical shape (Figure 6E). Post hoc analysis revealed that
ErbB4 ablation significantly decreased PV-positive cells number
(Figure 6F), which is in line with previous reports (Chen et al.,
2010; Tian et al., 2017; Zhang et al., 2018). PV-ErbB4~/~ mice
subjected to treadmill running (PV-ErbB4~/~ + run) increased
the number of PV-positive interneurons when compared to those
corresponding model mice (PV-ErbB4—/~ + static) (Figure 6F).

ErbB4 ablation in PV interneurons sharply increase the
proliferation of NSCs in the hippocampus (Figures 6G,H), in line
with previous reports using BrdU labeling (Zhang et al., 2018).
Moreover, PV-ErbB4~/~ mice subjected to treadmill running
significantly increased the number of Ki67-positive cells in the
DG (Figure 6H). Intriguingly, treadmill running also increased
the number of PV-positive neurons in the DG (Figures 6F,H),
suggesting the involvement of PV interneuron and neurogenesis
in the antipsychotic effect of treadmill running.

DISCUSSION

Our study confirms that PV neurons in the DG are critical
for the action of treadmill running in reversing schizophrenia-
like phenotypes by promoting adult neurogenesis. First, deficits
in adult neurogenesis in the MK801-induced schizophrenia
model were partially reversed by treadmill running both through
increased NSC proliferation and generation of new neurons
in the DG. Interestingly, PV-neuron number and their activity
in the DG were also decreased in the schizophrenia model
and were fully restored by treadmill running. In parallel,
schizophrenia-related behavioral phenotypes induced by MK801
were ameliorated by treadmill running. Finally, PV-neuron
ablation in the DG significantly decreased adult neurogenesis and
induced cognitive impairments, which could not be reversed by
treadmill running.

Aerobic exercise has been shown to improve both “positive
symptoms” of schizophrenia, including delusions and
hallucinations, and “negative symptoms,” including cognitive
inability and emotion blunt (Beebe et al., 2005; Duraiswamy
et al, 2007; Vancampfort et al., 2011, 2017; Scheewe et al,
2013; Firth et al., 2017; Kurebayashi and Otaki, 2017). Since
negative symptoms are almost not amenable with antipsychotic
drug treatment (Fusar-Poli et al., 2015; Leucht et al, 2017),
non-pharmacological interventions, including aerobic exercise
and enriched environment, are needed to achieve better
outcomes. Although the mechanism by which exercise improves
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FIGURE 6 | Treadmill running improves schizophrenia-related behavioral phenotypes and increases adult neurogenesis in the dentate gyrus (DG) of PV-ErbB4~/~
mice. (A) Schematic experimental design for PV-ErbB4~/~ mouse. (B) Hyper-locomotion of PV-ErbB4~/~ mice is inhibited by running. Data are expressed as
mean + SEM, and there were six mice in ErbB4*/+ + static group, nine mice in PV-ErbB4~/~ + static group and six mice in PV-ErbB4~/~ + run group. Two-way
ANOVA, Fy,90 = 42.79, P < 0.0001; post hoc test: ErbB4*/+ + static group vs. PV-ErbB4~/~ + static: P < 0.0001, PV-ErbB4~/~ + static group vs.

PV-ErbB4~/~ + run: P < 0.0001. (C) Prepulse inhibition deficits in PV-ErbB4~/~ mice are attenuated by treadmill running. Data are expressed as mean + SEM, and
there were six mice in ErbB4*/+ + static group, nine mice in PV-ErbB4~/~ + static group and six mice in PV-ErbB4~/~ + run group. Two-way ANOVA,

Fo,90 = 42.79, P < 0.0001; post hoc test: **P < 0.01, ***P < 0.0001. (D) Working memory deficits in PV-ErbB4~/~ mice are attenuated by running. Data are
expressed as mean =+ SEM, and there were six mice in ErbB4*/+ + static group, nine mice in PV-ErbB4~/~ + static group and six mice in PV-ErbB4~/~ + run
group. Two-way ANOVA, Fp,51 = 47.38, P < 0.0001; post hoc test: *P < 0.05, ***P < 0.001. (E) Representative photomicrographs showing PV-positive
interneurons in the DG. Arrowheads (in white) indicate PV-positive cells in the DG. Scale bar, 100 wm. (F) Quantitative analysis of PV-positive cells in the DG. Data
are expressed as mean + SEM, and there were five mice in each group. One-way ANOVA, F»,12 = 21.78, P = 0.0001; post hoc test: **P < 0.001, ***P < 0.0001.
(G) Representative photomicrographs showing Ki67-positive cells in the DG. Arrowheads (in yellow) indicate Ki67-positive cells in the DG. Scale bar, 100 pm.

(H) Quantitative analysis of Ki67-positive cells in the DG. Data are expressed as mean + SEM, and there were five mice in each group. One-way ANOVA,

static run

schizophrenia symptoms is still largely unknown, it is well
accepted that moderate exercise increases adult neurogenesis,
and that aberrant neurogenesis contributes to schizophrenia
symptoms. In this study, MK801 induced aberrant neurogenesis
in the DG and schizophrenia-related behavioral phenotypes
that were almost fully reversed by moderate treadmill running

(Figure 1), suggesting that NSCs in the SGZ are critical mediators
of the effect of exercise in rescuing schizophrenia symptoms.
Exercise was shown to increase adult neurogenesis through
neurotrophins, including BDNF (Vaynman et al, 2004) and
insulin-like growth factor 1 (Trejo et al., 2001). BDNF promotes
adult neurogenesis through GABAergic neurons, including
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PV neurons (Waterhouse et al., 2012). It is well accepted
that hypofunction of PV neurons causes schizophrenia-like
symptoms (Nakazawa et al, 2012), and that anti-psychotic
medications, including fluoxetine and clozapine, have protective
effects on PV neurons (Filipovic et al., 2018). In the present study,
exercise preserved the number and activity of PV neurons at
normal levels after MK801 treatment, suggesting that PV neurons
play a critical role in exercise-induced adult neurogenesis,
reversing the schizophrenia-related behavioral phenotypes.

Parvalbumin-positive interneurons associated in close
proximity with the adult-born GCs (Gupta et al, 2019),
form immature synaptic inputs onto proliferating newborn
progeny and promote newborn neuronal progeny survival and
development in the adult DG (Song et al., 2013), while suppressed
PV-interneuron activity decreases the survival and maturation
of newborn neurons (Song et al., 2013). In the present study,
PV neurons were also spotted very close to NSCs. However,
the adult neurogenesis deficit induced by their elimination in
the DG could not be rescued by treadmill running, indicating
that PV is required for exercise to promote adult neurogenesis.
Newborn neurons mature and form functional synapses with
their efferent targets from CA2 and CA3 pyramidal neurons, and
receive synaptic information from the perforant pathway and
from inhibitory interneurons (Zhao et al., 2006; Toni et al., 2008;
Llorens-Martin et al., 2015; Alvarez et al., 2016). Therefore, these
newborn neurons are pivotal for the normal function of the DG,
and any impairment in their survival and maturation will induce
various schizophrenia-related cognitive deficits.

Exercise promotes adult neurogenesis in the SGZ (van Praag
et al, 1999; Kronenberg et al., 2003), and several studies
have investigated the potential implications of decreased adult
neurogenesis in this region in patients with schizophrenia
(Pereira et al., 2007; Allen et al., 2016). Intriguingly, ablating PV
neurons only in the DG is enough to elicit schizophrenia-related
cognitive behavioral phenotypes, suggesting that PV neurons and
adult neurogenesis in the SGZ are required for the therapeutic
effect of exercise on schizophrenia. Moreover, excitation of PV-
positive interneurons in the cortex and hippocampus contributes
to normal cognitive functions in mice (Yi et al., 2014). Our results

REFERENCES

Adriani, W., Felici, A., Sargolini, F., Roullet, P., Usiello, A., Oliverio, A., et al.
(1998). N-methyl-D-aspartate and dopamine receptor involvement in the
modulation of locomotor activity and memory processes. Exp. Brain Res. 123,
52-59. doi: 10.1007/s002210050544

Alexander, G. M., Rogan, S. C., Abbas, A. I., Armbruster, B. N., Pei, Y., Allen, J. A,
et al. (2009). Remote control of neuronal activity in transgenic mice expressing
evolved G protein-coupled receptors. Neuron 63, 27-39. doi: 10.1016/j.neuron.
2009.06.014

Allen, K. M., Fung, S. J., and Weickert, C. S. (2016). Cell proliferation is reduced
in the hippocampus in schizophrenia. Aust. N. Z. J. Psychiatry 50, 473-480.
doi: 10.1177/0004867415589793

Alvarez, D. D., Giacomini, D., Yang, S. M., Trinchero, M. F., Temprana, S. G.,
Buttner, K. A., et al. (2016). A disynaptic feedback network activated by
experience promotes the integration of new granule cells. Science 354, 459-465.
doi: 10.1126/science.aaf2156

Arida, R. M., Scorza, C. A,, da Silva, A. V., Scorza, F. A., and Cavalheiro, E. A.
(2004). Differential effects of spontaneous versus forced exercise in rats on

show that activation of PV-positive neurons only in the DG
using chemogenetic technology reduces hyperlocomotion and
improves PPI, working memory, and neurogenesis. These results
suggest that PV-interneuron activation in the DG represents a
good strategy to rescue schizophrenia-like phenotypes. Although
such activation was reported to inhibit quiescent NSCs (Song
et al., 2012), we found that exercise increases PV interneurons
number and adult neurogenesis, which might due to the different
strategies employed to activate PV interneurons. So our findings
suggest activation of PV interneurons in the DG might be a new
strategy to reverse schizophrenia-like phenotypes.

DATA AVAILABILITY STATEMENT

All datasets generated for this study are included in the
article/supplementary material.

ETHICS STATEMENT

The animal study was reviewed and approved by the
Animal Welfare Committee of Huazhong University of
Science and Technology.

AUTHOR CONTRIBUTIONS

YL conceived the study and participated in the experiment
design. YY performed the experiments, carried out the functional
analysis, and drafted the manuscript. YS contributed to the
experiment design and manuscript preparation.

FUNDING

This work was supported in part by grants from the
National Natural Science Foundation of China, grant numbers
91332106 and 31771190.

the staining of parvalbumin-positive neurons in the hippocampal formation.
Neurosci. Lett. 364, 135-138. doi: 10.1016/j.neulet.2004.03.086

Arida, R. M., Scorza, C. A,, Scorza, F. A., Gomes da Silva, S., da Graca Naffah-
Mazzacoratti, M., and Cavalheiro, E. A. (2007). Effects of different types
of physical exercise on the staining of parvalbumin-positive neurons in the
hippocampal formation of rats with epilepsy. Prog. Neuropsychopharmacol.
Biol. Psychiatry 31, 814-822. doi: 10.1016/j.pnpbp.2007.01.021

Beasley, C. L., Zhang, Z. J., Patten, I, and Reynolds, G. P. (2002). Selective
deficits in prefrontal cortical GABAergic neurons in schizophrenia defined by
the presence of calcium-binding proteins. Biol. Psychiatry 52, 708-715. doi:
10.1016/s0006-3223(02)01360-4

Beebe, L. H., Tian, L., Morris, N., Goodwin, A., Allen, S. S., and Kuldau, J.
(2005). Effects of exercise on mental and physical health parameters of persons
with schizophrenia. Issues Ment. Health Nurs. 26, 661-676. doi: 10.1080/
01612840590959551

Braun, I, Genius, J., Grunze, H., Bender, A., Moller, H. J., and Rujescu, D. (2007).
Alterations of hippocampal and prefrontal GABAergic interneurons in an
animal model of psychosis induced by NMDA receptor antagonism. Schizophr.
Res. 97, 254-263. doi: 10.1016/j.schres.2007.05.005

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 24


https://doi.org/10.1007/s002210050544
https://doi.org/10.1016/j.neuron.2009.06.014
https://doi.org/10.1016/j.neuron.2009.06.014
https://doi.org/10.1177/0004867415589793
https://doi.org/10.1126/science.aaf2156
https://doi.org/10.1016/j.neulet.2004.03.086
https://doi.org/10.1016/j.pnpbp.2007.01.021
https://doi.org/10.1016/s0006-3223(02)01360-4
https://doi.org/10.1016/s0006-3223(02)01360-4
https://doi.org/10.1080/01612840590959551
https://doi.org/10.1080/01612840590959551
https://doi.org/10.1016/j.schres.2007.05.005
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yietal.

Parvalbumin Activation Reduces Schizophrenia Risk

Cameron, H. A, McEwen, B. S., and Gould, E. (1995). Regulation of adult
neurogenesis by excitatory input and NMDA receptor activation in the dentate
gyrus. J. Neurosci. 15, 4687-4692. doi: 10.1523/jneurosci.15-06-04687.1995

Carey, R. J., Dai, H,, and Gui, J. (1998). Effects of dizocilpine (MK-801) on
motor activity and memory. Psychopharmacology 137, 241-246. doi: 10.1007/
5002130050616

Cetin, A., Komai, S., Eliava, M., Seeburg, P. H., and Osten, P. (2006). Stereotaxic
gene delivery in the rodent brain. Nat. Protoc. 1,3166-3173. doi: 10.1038/nprot.
2006.450

Chang, W. C,, Wong, C. S. M,, Chen, E. Y. H, Lam, L. C. W., Chan, W. C,, Ng,
R. M. K,, et al. (2017). Lifetime prevalence and correlates of schizophrenia-
spectrum, affective, and other non-affective psychotic disorders in the Chinese
adult population. Schizophr. Bull. 43, 1280-1290. doi: 10.1093/schbul/sbx056

Chen, Y.J., Zhang, M., Yin, D. M., Wen, L., Ting, A., Wang, P, et al. (2010). ErbB4
in parvalbumin-positive interneurons is critical for neuregulin 1 regulation
of long-term potentiation. Proc. Natl. Acad. Sci. US.A. 107, 21818-21823.
doi: 10.1073/pnas.1010669107

Christian, K. M., Song, H., and Ming, G. L. (2014). Functions and dysfunctions
of adult hippocampal neurogenesis. Annu. Rev. Neurosci. 37, 243-262.
doi: 10.1146/annurev-neuro-071013-014134

Creer, D. J., Romberg, C., Saksida, L. M., van Praag, H., and Bussey, T. J. (2010).
Running enhances spatial pattern separation in mice. Proc. Natl. Acad. Sci.
U.S.A. 107, 2367-2372. doi: 10.1073/pnas.0911725107

Curzon, P., and Decker, M. W. (1998). Effects of phencyclidine (PCP) and
(+)MK-801 on sensorimotor gating in CD-1 mice. Prog. Neuropsycho-
pharmacol. Biol. Psychiatry 22, 129-146. doi: 10.1016/50278-5846(97)00
184-x

Dauwan, M., Begemann, M. J., Heringa, S. M., and Sommer, I. E. (2016). Exercise
improves clinical symptoms, quality of life, global functioning, and depression
in schizophrenia: a systematic review and meta-analysis. Schizophr. Bull. 42,
588-599. doi: 10.1093/schbul/sbv164

Duraiswamy, G., Thirthalli, J., Nagendra, H. R., and Gangadhar, B. N. (2007).
Yoga therapy as an add-on treatment in the management of patients with
schizophrenia-a randomized controlled trial. Acta Psychiatr. Scand. 116,
226-232. doi: 10.1111/§.1600-0447.2007.01032.x

Eyjolfsson, E. M., Brenner, E., Kondziella, D., and Sonnewald, U. (2006). Repeated
injection of MK801: an animal model of schizophrenia? Neurochem. Int. 48,
541-546. doi: 10.1016/j.neuint.2005.11.019

Faghihi, F., and Moustafa, A. A. (2015). A computational model of pattern
separation efficiency in the dentate gyrus with implications in schizophrenia.
Front. Syst. Neurosci. 9:42. doi: 10.3389/fnsys.2015.00042

Falkai, P., Malchow, B., Wetzestein, K., Nowastowski, V., Bernstein, H. G., Steiner,
J., et al. (2016). Decreased oligodendrocyte and neuron number in anterior
hippocampal areas and the entire hippocampus in schizophrenia: a stereological
postmortem study. Schizophr. Bull. 42(Suppl. 1), S4-S12. doi: 10.1093/schbul/
sbv157

Fazzari, P., Paternain, A. V., Valiente, M., Pla, R,, Lujan, R, Lloyd, K., et al. (2010).
Control of cortical GABA circuitry development by Nrgl and ErbB4 signalling.
Nature 464, 1376-1380. doi: 10.1038/nature08928

Filipovic, D., Stanisavljevic, A., Jasnic, N., Bernardi, R. E., Inta, D., Peric, I, et al.
(2018). Chronic treatment with fluoxetine or clozapine of socially isolated rats
prevents subsector-specific reduction of parvalbumin immunoreactive cells in
the hippocampus. Neuroscience 371, 384-394. doi: 10.1016/j.neuroscience.2017.
12.020

Firth, J., Cotter, J., Elliott, R., French, P., and Yung, A. R. (2015). A systematic
review and meta-analysis of exercise interventions in schizophrenia patients.
Psychol. Med. 45, 1343-1361. doi: 10.1017/S0033291714003110

Firth, J., Stubbs, B., Rosenbaum, S., Vancampfort, D., Malchow, B., Schuch, F.,
et al. (2017). Aerobic exercise improves cognitive functioning in people with
schizophrenia: a systematic review and meta-analysis. Schizophr. Bull. 43,
546-556. doi: 10.1093/schbul/sbw115

Fusar-Poli, P., Papanastasiou, E., Stahl, D., Rocchetti, M., Carpenter, W., Shergill,
S., et al. (2015). Treatments of negative symptoms in schizophrenia: meta-
analysis of 168 randomized placebo-controlled trials. Schizophr. Bull. 41,
892-899. doi: 10.1093/schbul/sbul70

Garcia-Rivello, H., Taranda, J., Said, M., Cabeza-Meckert, P., Vila-Petroff, M.,
Scaglione, J., et al. (2005). Dilated cardiomyopathy in Erb-b4-deficient
ventricular muscle. Am. J. Physiol. Heart Circ. Physiol. 289, H1153-H1160.

Ge, S., Goh, E. L,, Sailor, K. A, Kitabatake, Y., Ming, G. L., and Song, H. (2006).
GABA regulates synaptic integration of newly generated neurons in the adult
brain. Nature 439, 589-593. doi: 10.1038/nature04404

Goldberg, T. E., Goldman, R. S., Burdick, K. E., Malhotra, A. K,, Lencz, T.,
Patel, R. C,, et al. (2007). Cognitive improvement after treatment with second-
generation antipsychotic medications in first-episode schizophrenia: is it a
practice effect? Arch. Gen. Psychiatry 64, 1115-1122.

Gupta, J., Bromwich, M., Radell, J., Arshad, M. N., Gonzalez, S., Luikart, B. W., et al.
(2019). Restrained dendritic growth of adult-born granule cells innervated by
transplanted fetal GABAergic interneurons in mice with temporal lobe epilepsy.
eNeuro 6:ENEURO.0110-18.2019.

Hoffman, G. E., Smith, M. S., and Verbalis, J. G. (1993). c-Fos and related
immediate early gene products as markers of activity in neuroendocrine
systems. Front. Neuroendocrinol. 14, 173-213. doi: 10.1006/frne.1993.1006

Kanes, S. J., Tokarczyk, J., Siegel, S. J., Bilker, W., Abel, T., and Kelly, M. P. (2007).
Rolipram: a specific phosphodiesterase 4 inhibitor with potential antipsychotic
activity. Neuroscience 144, 239-246. doi: 10.1016/j.neuroscience.2006.09.026

Kaneta, H., Ukai, W., Tsujino, H., Furuse, K., Kigawa, Y., Tayama, M., et al.
(2017). Antipsychotics promote GABAergic interneuron genesis in the adult
rat brain: role of heat-shock protein production. J. Psychiatr. Res. 92, 108-118.
doi: 10.1016/j.jpsychires.2017.03.008

Kim, J. Y., Liu, C. Y., Zhang, F., Duan, X., Wen, Z., Song, J., et al. (2012). Interplay
between DISC1 and GABA signaling regulates neurogenesis in mice and risk
for schizophrenia. Cell 148, 1051-1064. doi: 10.1016/j.cell.2011.12.037

Kronenberg, G., Reuter, K., Steiner, B., Brandt, M. D., Jessberger, S., Yamaguchi,
M, et al. (2003). Subpopulations of proliferating cells of the adult hippocampus
respond differently to physiologic neurogenic stimuli. /. Comp. Neurol. 467,
455-463. doi: 10.1002/cne.10945

Kurebayashi, Y., and Otaki, J. (2017). Association between altered physical
activity and neurocognitive function among people with schizophrenia:
a minimum 6-months’ follow-up study. Compr. Psychiatry 77, 45-52.
doi: 10.1016/j.comppsych.2017.06.001

Leem, Y. H., Kato, M., and Chang, H. (2018). Regular exercise and creatine
supplementation prevent chronic mild stress-induced decrease in hippocampal
neurogenesis via Wnt/GSK3beta/beta-catenin pathway. J. Exerc. Nutrition
Biochem. 22, 1-6. doi: 10.20463/jenb.2018.0009

Leucht, S., Leucht, C., Huhn, M., Chaimani, A., Mavridis, D., Helfer, B., et al.
(2017). Sixty years of placebo-controlled antipsychotic drug trials in acute
schizophrenia: systematic review, bayesian meta-analysis, and meta-regression
of efficacy predictors. Am. J. Psychiatry 174, 927-942. doi: 10.1176/appi.ajp.
2017.16121358

Lewis, D. A., Curley, A. A, Glausier, J. R, and Volk, D. W. (2012). Cortical
parvalbumin interneurons and cognitive dysfunction in schizophrenia. Trends
Neurosci. 35, 57-67. doi: 10.1016/j.tins.2011.10.004

Lipska, B. K. (2004). Using animal models to test a neurodevelopmental hypothesis
of schizophrenia. J. Psychiatry Neurosci. 29, 282-286.

Livneh, Y., and Mizrahi, A. (2011). Long-term changes in the morphology and
synaptic distributions of adult-born neurons. J. Comp. Neurol. 519, 2212-2224.
doi: 10.1002/cne.22625

Llorens-Martin, M., Jurado-Arjona, J., Avila, J., and Hernandez, F. (2015). Novel
connection between newborn granule neurons and the hippocampal CA2 field.
Exp. Neurol. 263, 285-292. doi: 10.1016/j.expneurol.2014.10.021

Ma, D. K., Jang, M. H., Guo, J. U, Kitabatake, Y., Chang, M. L., Pow-Anpongkul,
N, etal. (2009). Neuronal activity-induced Gadd45b promotes epigenetic DNA
demethylation and adult neurogenesis. Science 323, 1074-1077. doi: 10.1126/
science.1166859

Maeda, K., Sugino, H., Hirose, T., Kitagawa, H., Nagai, T., Mizoguchi, H., et al.
(2007). Clozapine prevents a decrease in neurogenesis in mice repeatedly
treated with phencyclidine. J. Pharmacol. Sci. 103, 299-308. doi: 10.1254/jphs.
p0061424

Mandillo, S., Rinaldi, A., Oliverio, A., and Mele, A. (2003). Repeated administration
of phencyclidine, amphetamine and MK-801 selectively impairs spatial learning
in mice: a possible model of psychotomimetic drug-induced cognitive deficits.
Behay. Pharmacol. 14, 533-544. doi: 10.1097/00008877-200311000-00006

Mao, Y., Ge, X., Frank, C. L., Madison, J. M., Koehler, A. N., Doud, M. K.,
et al. (2009). Disrupted in schizophrenia 1 regulates neuronal progenitor
proliferation via modulation of GSK3beta/beta-catenin signaling. Cell 136,
1017-1031. doi: 10.1016/j.cell.2008.12.044

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 24


https://doi.org/10.1523/jneurosci.15-06-04687.1995
https://doi.org/10.1007/s002130050616
https://doi.org/10.1007/s002130050616
https://doi.org/10.1038/nprot.2006.450
https://doi.org/10.1038/nprot.2006.450
https://doi.org/10.1093/schbul/sbx056
https://doi.org/10.1073/pnas.1010669107
https://doi.org/10.1146/annurev-neuro-071013-014134
https://doi.org/10.1073/pnas.0911725107
https://doi.org/10.1016/s0278-5846(97)00184-x
https://doi.org/10.1016/s0278-5846(97)00184-x
https://doi.org/10.1093/schbul/sbv164
https://doi.org/10.1111/j.1600-0447.2007.01032.x
https://doi.org/10.1016/j.neuint.2005.11.019
https://doi.org/10.3389/fnsys.2015.00042
https://doi.org/10.1093/schbul/sbv157
https://doi.org/10.1093/schbul/sbv157
https://doi.org/10.1038/nature08928
https://doi.org/10.1016/j.neuroscience.2017.12.020
https://doi.org/10.1016/j.neuroscience.2017.12.020
https://doi.org/10.1017/S0033291714003110
https://doi.org/10.1093/schbul/sbw115
https://doi.org/10.1093/schbul/sbu170
https://doi.org/10.1038/nature04404
https://doi.org/10.1006/frne.1993.1006
https://doi.org/10.1016/j.neuroscience.2006.09.026
https://doi.org/10.1016/j.jpsychires.2017.03.008
https://doi.org/10.1016/j.cell.2011.12.037
https://doi.org/10.1002/cne.10945
https://doi.org/10.1016/j.comppsych.2017.06.001
https://doi.org/10.20463/jenb.2018.0009
https://doi.org/10.1176/appi.ajp.2017.16121358
https://doi.org/10.1176/appi.ajp.2017.16121358
https://doi.org/10.1016/j.tins.2011.10.004
https://doi.org/10.1002/cne.22625
https://doi.org/10.1016/j.expneurol.2014.10.021
https://doi.org/10.1126/science.1166859
https://doi.org/10.1126/science.1166859
https://doi.org/10.1254/jphs.fp0061424
https://doi.org/10.1254/jphs.fp0061424
https://doi.org/10.1097/00008877-200311000-00006
https://doi.org/10.1016/j.cell.2008.12.044
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yietal.

Parvalbumin Activation Reduces Schizophrenia Risk

McNaughton, B. L., Barnes, C. A., Rao, G., Baldwin, J., and Rasmussen, M.
(1986). Long-term enhancement of hippocampal synaptic transmission and
the acquisition of spatial information. J. Neurosci. 6, 563-571. doi: 10.1523/
jneurosci.06-02-00563.1986

Mei, L., and Xiong, W. C. (2008). Neuregulin 1 in neural development, synaptic
plasticity and schizophrenia. Nat. Rev. Neurosci. 9, 437-452. doi: 10.1038/
nrn2392

Moss, J., and Toni, N. (2013). A circuit-based gatekeeper for adult neural stem
cell proliferation: parvalbumin-expressing interneurons of the dentate gyrus
control the activation and proliferation of quiescent adult neural stem cells.
Bioessays 35, 28-33. doi: 10.1002/bies.201200136

Nakazawa, K., Zsiros, V., Jiang, Z., Nakao, K., Kolata, S., Zhang, S., et al.
(2012). GABAergic interneuron origin of schizophrenia pathophysiology.
Neuropharmacology 62, 1574-1583. doi: 10.1016/j.neuropharm.2011.01.022

Neddens, J., and Buonanno, A. (2010). Selective populations of hippocampal
interneurons express ErbB4 and their number and distribution is altered in
ErbB4 knockout mice. Hippocampus 20, 724-744. doi: 10.1002/hipo.20675

Ouchi, Y., Banno, Y., Shimizu, Y., Ando, S., Hasegawa, H., Adachi, K., et al. (2013).
Reduced adult hippocampal neurogenesis and working memory deficits in the
Dgcr8-deficient mouse model of 22q11.2 deletion-associated schizophrenia can
be rescued by IGF2. J. Neurosci. 33, 9408-9419. doi: 10.1523/JNEUROSCI.
2700-12.2013

Overall, R. W., Walker, T. L., Leiter, O., Lenke, S., Ruhwald, S., and Kempermann,
G. (2013). Delayed and transient increase of adult hippocampal neurogenesis
by physical exercise in DBA/2 mice. PLoS One 8:€83797. doi: 10.1371/journal.
pone.0083797

Pajonk, F. G., Wobrock, T., Gruber, O., Scherk, H., Berner, D., Kaizl, I, et al. (2010).
Hippocampal plasticity in response to exercise in schizophrenia. Arch. Gen.
Psychiatry 67, 133-143. doi: 10.1001/archgenpsychiatry.2009.193

Pedersen, S. E., and Cohen, J. B. (1990). d-Tubocurarine binding sites are located at
alpha-gamma and alpha-delta subunit interfaces of the nicotinic acetylcholine
receptor. Proc. Natl. Acad. Sci. U.S.A. 87, 2785-2789. doi: 10.1073/pnas.87.7.
2785

Pereira, A. C., Huddleston, D. E., Brickman, A. M., Sosunov, A. A., Hen, R,,
McKhann, G. M., et al. (2007). An in vivo correlate of exercise-induced
neurogenesis in the adult dentate gyrus. Proc. Natl. Acad. Sci. U.S.A. 104,
5638-5643.

Reif, A., Fritzen, S., Finger, M., Strobel, A., Lauer, M., Schmitt, A., et al. (2006).
Neural stem cell proliferation is decreased in schizophrenia, but not in
depression. Mol. Psychiatry 11, 514-522. doi: 10.1038/sj.mp.4001791

Rivera, C., Li, H., Thomas-Crusells, J., Lahtinen, H., Viitanen, T., Nanobashvili,
A., et al. (2002). BDNF-induced TrkB activation down-regulates the K+-Cl-
cotransporter KCC2 and impairs neuronal Cl- extrusion. J. Cell Biol. 159,
747-752. doi: 10.1083/jcb.200209011

Romon, T., Mengod, G., and Adell, A. (2011). Expression of parvalbumin
and glutamic acid decarboxylase-67 after acute administration of MK-
801. Implications for the NMDA hypofunction model of schizophrenia.
Psychopharmacology 217, 231-238. doi: 10.1007/s00213-011-2268-6

Rosenbaum, S., Tiedemann, A., Sherrington, C., Curtis, J., and Ward, P. B. (2014).
Physical activity interventions for people with mental illness: a systematic
review and meta-analysis. J. Clin. Psychiatry 75, 964-974. doi: 10.4088/jcp.
13r08765

Sahay, A., Scobie, K. N, Hill, A. S., O’Carroll, C. M., Kheirbek, M. A., Burghardt,
N. S, et al. (2011). Increasing adult hippocampal neurogenesis is sufficient
to improve pattern separation. Nature 472, 466-470. doi: 10.1038/nature
09817

Sakai, T., Oshima, A., Nozaki, Y., Ida, I, Haga, C., Akiyama, H., et al
(2008). Changes in density of calcium-binding-protein-immunoreactive
GABAergic neurons in prefrontal cortex in schizophrenia and bipolar disorder.
Neuropathology 28, 143-150. doi: 10.1111/j.1440-1789.2007.00867.x

Scheewe, T. W., Backx, F. J., Takken, T., Jorg, F., van Strater, A. C., Kroes,
A. G, et al. (2013). Exercise therapy improves mental and physical health
in schizophrenia: a randomised controlled trial. Acta Psychiatr. Scand. 127,
464-473. doi: 10.1111/acps.12029

Seidman, L. J., Yurgelun-Todd, D., Kremen, W. S., Woods, B. T., Goldstein, J. M.,
Faraone, S. V., et al. (1994). Relationship of prefrontal and temporal lobe MRI
measures to neuropsychological performance in chronic schizophrenia. Biol.
Psychiatry 35, 235-246. doi: 10.1016/0006-3223(94)91254-8

Sholl, D. A. (1953). Dendritic organization in the neurons of the visual and motor
cortices of the cat. J. Anat. 87, 387-406.

Singh, S., Mishra, A., Srivastava, N., and Shukla, S. (2017). MK-801 (Dizocilpine)
regulates multiple steps of adult hippocampal neurogenesis and alters
psychological symptoms via Wnt/beta-catenin signaling in Parkinsonian rats.
ACS Chem. Neurosci. 8, 592-605. doi: 10.1021/acschemneuro.6b00354

Song, J., Christian, K. M., Ming, G. L., and Song, H. (2012). Modification of
hippocampal circuitry by adult neurogenesis. Dev. Neurobiol. 72, 1032-1043.
doi: 10.1002/dneu.22014

Song, J., Sun, J., Moss, ], Wen, Z, Sun, G. J, Hsu, D, et al. (2013).
Parvalbumin interneurons mediate neuronal circuitry-neurogenesis coupling
in the adult hippocampus. Nat. Neurosci. 16, 1728-1730. doi: 10.1038/nn.
3572

Stefansson, H., Sigurdsson, E., Steinthorsdottir, V., Bjornsdottir, S., Sigmundsson,
T., Ghosh, S., et al. (2002). Neuregulin 1 and susceptibility to schizophrenia.
Am. J. Hum. Genet. 71, 877-892.

Swerdlow, N. R., and Geyer, M. A. (1998). Using an animal model of deficient
sensorimotor gating to study the pathophysiology and new treatments of
schizophrenia. Schizophr. Bull. 24, 285-301. doi: 10.1093/oxfordjournals.
schbul.a033326

Tek, C., Gold, J., Blaxton, T., Wilk, C., McMahon, R. P., and Buchanan, R. W.
(2002). Visual perceptual and working memory impairments in schizophrenia.
Arch. Gen. Psychiatry 59, 146-153.

Tian, J., Geng, F., Gao, F., Chen, Y. H,, Liu, J. H.,, Wu, J. L, et al. (2017). Down-
regulation of neuregulinl/ErbB4 signaling in the hippocampus is critical for
learning and memory. Mol. Neurobiol. 54, 3976-3987. doi: 10.1007/s12035-
016-9956-5

Toni, N., Laplagne, D. A., Zhao, C., Lombardi, G., Ribak, C. E., Gage, F. H., et al.
(2008). Neurons born in the adult dentate gyrus form functional synapses with
target cells. Nat. Neurosci. 11, 901-907. doi: 10.1038/nn.2156

Toro, C. T., and Deakin, J. F. (2007). Adult neurogenesis and schizophrenia:
a window on abnormal early brain development? Schizophr. Res. 90, 1-14.
doi: 10.1016/j.schres.2006.09.030

Trejo, J. L., Carro, E., and Torres-Aleman, I. (2001). Circulating insulin-like growth
factor I mediates exercise-induced increases in the number of new neurons in
the adult hippocampus. J. Neurosci. 21, 1628-1634. doi: 10.1523/jneurosci.21-
05-01628.2001

Uttl, L., Petrasek, T., Sengul, H., Svojanovska, M., Lobellova, V., Vales, K., et al.
(2018). Chronic MK-801 application in adolescence and early adulthood: a
spatial working memory deficit in adult long-evans rats but no changes in the
hippocampal NMDA receptor subunits. Front. Pharmacol. 9:42. doi: 10.3389/
fphar.2018.00042

van der Velden, L., van Hooft, J. A., and Chameau, P. (2012). Altered dendritic
complexity affects firing properties of cortical layer 2/3 pyramidal neurons
in mice lacking the 5-HT3A receptor. J. Neurophysiol. 108, 1521-1528.
doi: 10.1152/jn.00829.2011

van Praag, H., Kempermann, G., and Gage, F. H. (1999). Running increases cell
proliferation and neurogenesis in the adult mouse dentate gyrus. Nat. Neurosci.
2,266-270. doi: 10.1038/6368

Vancampfort, D., De Hert, M., Knapen, J., Wampers, M., Demunter, H., Deckx,
S., et al. (2011). State anxiety, psychological stress and positive well-being
responses to yoga and aerobic exercise in people with schizophrenia: a pilot
study. Disabil. Rehabil. 33, 684-689. doi: 10.3109/09638288.2010.509458

Vancampfort, D., Rosenbaum, S., Schuch, F., Ward, P. B, Richards, J., Mugisha,
J., et al. (2017). Cardiorespiratory fitness in severe mental illness: a systematic
review and meta-analysis. Sports Med. 47, 343-352. doi: 10.1007/s40279-016-
0574-1

Vaynman, S., Ying, Z., and Gomez-Pinilla, F. (2004). Hippocampal BDNF mediates
the efficacy of exercise on synaptic plasticity and cognition. Eur. J. Neurosci. 20,
2580-2590. doi: 10.1111/j.1460-9568.2004.03720.x

Waterhouse, E. G., An, J. J., Orefice, L. L., Baydyuk, M., Liao, G. Y., Zheng, K.,
et al. (2012). BDNF promotes differentiation and maturation of adult-born
neurons through GABAergic transmission. J. Neurosci. 32, 14318-14330. doi:
10.1523/JNEUROSCI.0709-12.2012

Wen, L., Lu, Y. S., Zhu, X. H,, Li, X. M., Woo, R. S., Chen, Y. J.,, et al. (2010).
Neuregulin 1 regulates pyramidal neuron activity via ErbB4 in parvalbumin-
positive interneurons. Proc. Natl. Acad. Sci. U.S.A. 107, 1211-1216. doi: 10.
1073/pnas.0910302107

Frontiers in Cell and Developmental Biology | www.frontiersin.org

February 2020 | Volume 8 | Article 24


https://doi.org/10.1523/jneurosci.06-02-00563.1986
https://doi.org/10.1523/jneurosci.06-02-00563.1986
https://doi.org/10.1038/nrn2392
https://doi.org/10.1038/nrn2392
https://doi.org/10.1002/bies.201200136
https://doi.org/10.1016/j.neuropharm.2011.01.022
https://doi.org/10.1002/hipo.20675
https://doi.org/10.1523/JNEUROSCI.2700-12.2013
https://doi.org/10.1523/JNEUROSCI.2700-12.2013
https://doi.org/10.1371/journal.pone.0083797
https://doi.org/10.1371/journal.pone.0083797
https://doi.org/10.1001/archgenpsychiatry.2009.193
https://doi.org/10.1073/pnas.87.7.2785
https://doi.org/10.1073/pnas.87.7.2785
https://doi.org/10.1038/sj.mp.4001791
https://doi.org/10.1083/jcb.200209011
https://doi.org/10.1007/s00213-011-2268-6
https://doi.org/10.4088/jcp.13r08765
https://doi.org/10.4088/jcp.13r08765
https://doi.org/10.1038/nature09817
https://doi.org/10.1038/nature09817
https://doi.org/10.1111/j.1440-1789.2007.00867.x
https://doi.org/10.1111/acps.12029
https://doi.org/10.1016/0006-3223(94)91254-8
https://doi.org/10.1021/acschemneuro.6b00354
https://doi.org/10.1002/dneu.22014
https://doi.org/10.1038/nn.3572
https://doi.org/10.1038/nn.3572
https://doi.org/10.1093/oxfordjournals.schbul.a033326
https://doi.org/10.1093/oxfordjournals.schbul.a033326
https://doi.org/10.1007/s12035-016-9956-5
https://doi.org/10.1007/s12035-016-9956-5
https://doi.org/10.1038/nn.2156
https://doi.org/10.1016/j.schres.2006.09.030
https://doi.org/10.1523/jneurosci.21-05-01628.2001
https://doi.org/10.1523/jneurosci.21-05-01628.2001
https://doi.org/10.3389/fphar.2018.00042
https://doi.org/10.3389/fphar.2018.00042
https://doi.org/10.1152/jn.00829.2011
https://doi.org/10.1038/6368
https://doi.org/10.3109/09638288.2010.509458
https://doi.org/10.1007/s40279-016-0574-1
https://doi.org/10.1007/s40279-016-0574-1
https://doi.org/10.1111/j.1460-9568.2004.03720.x
https://doi.org/10.1523/JNEUROSCI.0709-12.2012
https://doi.org/10.1523/JNEUROSCI.0709-12.2012
https://doi.org/10.1073/pnas.0910302107
https://doi.org/10.1073/pnas.0910302107
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

Yietal.

Parvalbumin Activation Reduces Schizophrenia Risk

Wu, E. Q. Shi, L, Birnbaum, H., Hudson, T. and Kessler, R. (2006).
Annual prevalence of diagnosed schizophrenia in the USA: a claims data
analysis approach. Psychol. Med. 36, 1535-1540. doi: 10.1017/5003329170600
8191

Wu, Q,, Tang, W,, Luo, Z,, Li, Y., Shu, Y., Yue, Z,, et al. (2017). DISC1 regulates
the proliferation and migration of mouse neural stem/progenitor cells through
Pax5, Sox2, DII1 and neurog2. Front. Cell. Neurosci. 11:261. doi: 10.3389/fncel.
2017.00261

Yamashita, M., and Fukuda, Y. (1993). Calcium channels and GABA receptors in
the early embryonic chick retina. J. Neurobiol. 24, 1600-1614. doi: 10.1002/neu.
480241205

Yang, C. F., Chiang, M. C,, Gray, D. C., Prabhakaran, M., Alvarado, M., Juntti, S. A.,
et al. (2013). Sexually dimorphic neurons in the ventromedial hypothalamus
govern mating in both sexes and aggression in males. Cell 153, 896-909.
doi: 10.1016/j.cell.2013.04.017

Yang, J. Z., Si, T. M., Ruan, Y., Ling, Y. S., Han, Y. H., Wang, X. L., et al. (2003).
Association study of neuregulin 1 gene with schizophrenia. Mol. Psychiatry 8,
706-709.

Yi, F., Ball, ], Stoll, K. E,, Satpute, V. C., Mitchell, S. M., Pauli, J. L., et al. (2014).
Direct excitation of parvalbumin-positive interneurons by M1 muscarinic
acetylcholine receptors: roles in cellular excitability, inhibitory transmission and
cognition. J. Physiol. 592, 3463-3494. doi: 10.1113/jphysiol.2014.275453

Yu, D. X,, Di Giorgio, F. P., Yao, J., Marchetto, M. C., Brennand, K., Wright, R.,
et al. (2014). Modeling hippocampal neurogenesis using human pluripotent
stem cells. Stem Cell Rep. 2, 295-310. doi: 10.1016/j.stemcr.2014.01.009

Zhang, H., He, X., Mei, Y., and Ling, Q. (2018). Ablation of ErbB4 in parvalbumin-
positive interneurons inhibits adult hippocampal neurogenesis through

down-regulating BDNF/TrkB expression. J. Comp. Neurol. 526, 2482-2492.
doi: 10.1002/cne.24506

Zhang, J., Tan, L., Ren, Y., Liang, J., Lin, R, Feng, Q. et al. (2016).
Presynaptic excitation via GABAB receptors in habenula cholinergic neurons
regulates fear memory expression. Cell 166, 716-728. doi: 10.1016/j.cell.2016.
06.026

Zhang, Z. J., and Reynolds, G. P. (2002). A selective decrease in the relative
density of parvalbumin-immunoreactive neurons in the hippocampus in
schizophrenia. Schizophr. Res. 55, 1-10. doi: 10.1016/50920-9964(01)00188-8

Zhao, C., Teng, E. M., Summers, R. G. Jr., Ming, G. L., and Gage, F. H. (2006).
Distinct morphological stages of dentate granule neuron maturation in the
adult mouse hippocampus. J. Neurosci. 26, 3-11. doi: 10.1523/jneurosci.3648-
05.2006

Zheng, J., Sun, X., Ma, C.,, Li, B. M., and Luo, F. (2019). Voluntary wheel running
promotes myelination in the motor cortex through Wnt signaling in mice. Mol.
Brain 12:85. doi: 10.1186/s13041-019-0506-8

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Yi, Song and Lu. This is an open-access article distributed under the
terms of the Creative Commons Attribution License (CC BY). The use, distribution
or reproduction in other forums is permitted, provided the original author(s) and
the copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

18

February 2020 | Volume 8 | Article 24


https://doi.org/10.1017/s0033291706008191
https://doi.org/10.1017/s0033291706008191
https://doi.org/10.3389/fncel.2017.00261
https://doi.org/10.3389/fncel.2017.00261
https://doi.org/10.1002/neu.480241205
https://doi.org/10.1002/neu.480241205
https://doi.org/10.1016/j.cell.2013.04.017
https://doi.org/10.1113/jphysiol.2014.275453
https://doi.org/10.1016/j.stemcr.2014.01.009
https://doi.org/10.1002/cne.24506
https://doi.org/10.1016/j.cell.2016.06.026
https://doi.org/10.1016/j.cell.2016.06.026
https://doi.org/10.1016/s0920-9964(01)00188-8
https://doi.org/10.1523/jneurosci.3648-05.2006
https://doi.org/10.1523/jneurosci.3648-05.2006
https://doi.org/10.1186/s13041-019-0506-8
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Parvalbumin Interneuron  Activation-Dependent Adult Hippocampal Neurogenesis Is Required for Treadmill Running to Reverse Schizophrenia-Like Phenotypes
	Introduction
	Materials and Methods
	Animals
	Treadmill Running
	Stereotaxic Viral Injection
	Behavioral Analysis
	Open Field Test
	Prepulse Inhibition of Acoustic Startle
	T-Maze Test
	Contextual Fear Discrimination Learning
	Immunofluorescence
	Sholl Analysis
	Western Blot
	Statistical Analysis

	Results
	Treadmill Running Increases DG Adult Neurogenesis of MK801-Induced Schizophrenia Mice
	Treadmill Running Increases the Number of PV-Positive Interneurons and NSCs in the DG of MK801-Induced Schizophrenia Model Mice
	Treadmill Running Ameliorates MK801-Induced Behavioral Changes
	PV Interneuron Ablation in the DG Leads to Reduction in Adult Hippocampal Neurogenesis
	PV Interneuron Ablation in the DG Exacerbates Abnormal PPI, Cognitive Impairment, and Discrimination Deficits
	Activation of PV Neurons of the DG Is Sufficient to Improve Schizophrenia-Related Behaviors and Neurogenesis
	Treadmill Running Ameliorates Behavioral Changes of PV-ErbB4-/- Mice
	Treadmill Running Increases Neurogenesis and PV-Positive Interneurons in the DG of PV-ErbB4-/- Mice

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


