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Abstract Neuronal polarity is involved in multiple devel-

opmental stages, including cortical neuron migration,

multipolar-to-bipolar transition, axon initiation, apical/

basal dendrite differentiation, and spine formation. All of

these processes are associated with the cytoskeleton and

are regulated by precise timing and by control-

ling gene expression. The P-Rex1 (phosphatidylinositol-

3,4,5-trisphosphate dependent Rac exchange factor 1) gene

for example, is known to be important for cytoskeletal

reorganization, cell motility, and migration. Deficiency of

P-Rex1 protein leads to abnormal neuronal migration and

synaptic plasticity, as well as autism-related behaviors.

Nonetheless, the effects of P-Rex1 overexpression on

neuronal development and higher brain functions remain

unclear. In the present study, we explored the effect of

P-Rex1 overexpression on cerebral development and

psychosis-related behaviors in mice. In utero electropora-

tion at embryonic day 14.5 was used to assess the influence

of P-Rex1 overexpression on cell polarity and migration.

Primary neuron culture was used to explore the effects of

P-Rex1 overexpression on neuritogenesis and spine mor-

phology. In addition, P-Rex1 overexpression in the medial

prefrontal cortex (mPFC) of mice was used to assess

psychosis-related behaviors. We found that P-Rex1 over-

expression led to aberrant polarity and inhibited the

multipolar-to-bipolar transition, leading to abnormal neu-

ronal migration. In addition, P-Rex1 overexpression

affected the early development of neurons, manifested as

abnormal neurite initiation with cytoskeleton change,

reduced the axon length and dendritic complexity, and

caused excessive lamellipodia in primary neuronal culture.

Moreover, P-Rex1 overexpression decreased the density of

spines with increased height, width, and head area in vitro

and in vivo. Behavioral tests showed that P-Rex1 overex-

pression in the mouse mPFC caused anxiety-like behaviors

and a sensorimotor gating deficit. The appropriate P-Rex1

level plays a critical role in the developing cerebral cortex

and excessive P-Rex1 might be related to psychosis-related

behaviors.

Keywords P-Rex1 � Neurodevelopment � Polarity �
Lamellipodia � Psychosis-related behavior

Introduction

The function of mammalian cerebral cortex is closely

related to neurodevelopment, including neuronal prolifer-

ation and migration, as well as axon/dendrite polarization

and spine formation [1, 2], all of which are important for

establishing neural circuits and indispensable for brain

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s12264-019-00408-2) contains sup-
plementary material, which is available to authorized users.

& Dai Zhang

daizhang@bjmu.edu.cn

& Jun Li

junli1985@bjmu.edu.cn

1 Peking University Institute of Mental Health, Peking

University Sixth Hospital, Beijing 100191, China

2 National Health Center Key Laboratory of Mental Health

(Peking University), Beijing 100191, China

3 National Clinical Research Center for Mental Disorders,

Peking University Sixth Hospital, Beijing 100191, China

4 Peking-Tsinghua Center for Life Sciences, Peking Univer-

sity, Beijing 100871, China

5 PKU-IDG/McGovern Institute for Brain Research, Peking

University, Beijing 100871, China

123

Neurosci. Bull. December, 2019, 35(6):1011–1023 www.neurosci.cn

https://doi.org/10.1007/s12264-019-00408-2 www.springer.com/12264

https://doi.org/10.1007/s12264-019-00408-2
http://crossmark.crossref.org/dialog/?doi=10.1007/s12264-019-00408-2&amp;domain=pdf
https://doi.org/10.1007/s12264-019-00408-2
www.springer.com/12264


functions [3, 4]. Recent studies have revealed that neuronal

polarity is critical in many developmental stages, such as

cortical neuron migration, axon initiation, apical/basal

dendrite differentiation, and spine formation [5, 6]. So far,

abnormal neuronal polarity-related developmental pheno-

types have been found in many neuropsychiatric diseases,

such as lissencephaly [7–9], epilepsy [10, 11], schizophre-

nia [12–14], and autism [15, 16]. For example, altered

neuronal polarity and position have been found in patients

with schizophrenia [17, 18]. Patients with autism also

display irregular lamination and aberrant neuron size and

density [19–21]. However, although great progress has

been made in understanding the relationship between brain

disorders and neurodevelopment, the key mechanisms

remain unclear.

Postmortem brain research and neuroimaging studies

have revealed that neuropsychiatric diseases are associated

with the cerebral cortex, especially the function of medial

prefrontal cortex (mPFC) [20, 22]. Relevant processes

include neuronal migration [23, 24] and dendrite and

dendritic spine development [25], as well as disruption of

the neuronal cytoskeleton [26, 27], which plays a vital role

in neuronal physiology by sustaining the polarity of

structure and highly dissymmetric neuronal morphology

[28]. The coordination of actin and microtubules, which

directs neuronal morphogenesis including growth cone

advancing and filopodia/lamellipodia turning, has been

shown to be involved in neuronal migration, axon/dendrite

polarization, and synapse formation [29, 30]. Studies have

discovered that neuronal polarity is regulated by genes

related to cytoskeletal regulation pathways, such as

myocardin-related transcription factors [31], nerve growth

factor [32], and the Rho GTPase-related signaling pathway

[33], which are known to regulate actin and microtubule

interactions as well as the establishment of neuronal

polarity. Nevertheless, the underlying mechanism has not

yet been entirely clarified. Thus, it is of great importance to

explore the exact functions of new genes in

neurodevelopment.

As one of the upstream signaling pathways of Rho-

family GTPases, phosphatidylinositol-3,4,5-trisphosphate-

dependent Rac exchange factor 1 (P-Rex1) exerts its

guanine nucleotide exchange factor activity due to the Rac

small GTPase to undergo rapid spatiotemporally coordi-

nated cycles of activation and inactivation, thereby regu-

lating key aspects of actin cytoskeletal dynamics. P-Rex1

regulates cell motility and migration in polarized and non-

polarized cells, including melanoma cells [34], neutrophils

[35], PC12 cells, and cultured cortical neurons [36]. In

polarized cells such as neurons, P-Rex1 knockout causes

the complete loss of F-actin polymerization, while its

overexpression results in excessive F-actin polymerization

and decreased neurite differentiation in culture [37].

In mouse brains, P-Rex1 is strongly expressed in the

cerebral cortex, hippocampus, and cerebellum [36]. Mice

without P-Rex1 (P-Rex1-/-) exhibit defects in Purkinje

cell dendrite morphology and display cerebellar dysfunc-

tion [38]. In addition, our group previously found that

P-Rex1-/- mice show autism-like social behavior, and

altered AMPA receptor endocytosis resulting in long-term

depression in the CA1 region of the hippocampus [39]. In

the cerebral cortex, dysregulation of P-Rex1 leads to the

abnormal migration of embryonic cerebral cortical neurons

in mice [36]. However, the influence of P-Rex1 overex-

pression on neuronal migration, neurite outgrowth, and

spine development in the cerebral cortex and the psychosis-

related behaviors in mice remain unclear and need to be

further investigated.

Therefore, in this study, we set out to explore the effects

of P-Rex1 overexpression on cerebral development in

mice, including its role in neuronal development in vitro

and in vivo, as well as mouse behaviors.

Methods and Materials

Animals

The Department of Laboratory Animal Science at Peking

University Health Science Center provided the animals for

our study. Their living conditions were as follows: temper-

ature, (22 ± 1) �C; relative humidity, (50 ± 1)%; a 12/12-h

light/dark cycle; and food and water ad libitum. All animal

experiments were performed in strict accordance with the

Peking University institutional animal care and use guide-

lines and approved by the Animal Care Committee.

The day when vaginal plug was detected was defined as

embryonic day 0.5 (E0.5). Postnatal day 0 (P0) was

assumed to be E19. ICR mice were used for in vivo

electroporation and neuron culture; male C57BL/6 mice

were used for virus injection and behavioral tests; and

Thy1-GFP transgenic mice on the C57BL/6 background

were used for spine measurements in vivo.

Plasmids

The pcDNA3-Myc-P-Rex1 plasmid was a gift from Dr.

Heidi Welch (The Babraham Institute, Cambridge, UK).

The Myc-P-Rex1 encoding sequence was cloned into the

pCAGGS-IRES-EGFP vector (a gift from Prof. Yuqiang

Ding, Tongji University, Shanghai, China). The plasmid

pCAGGS-IRES-EGFP was used as the Mock plasmid. In

addition, Myc-P-Rex1 was cloned into NeuroD: IRES-

EGFP plasmid (a gift from Dr. Franck Polleux, Neuro-

science Center, University of North Carolina, Chapel

Hill, USA).
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Viral Vector

The P-Rex1 overexpression lentivirus, pLenti-hSyn-myc-

prex1, was provided by OBiO Technology Corp., Ltd

(Shanghai, China). The mock virus was pLenti-hsyn-

mcherry (The plasmid for virus production was a gift from

Prof. Zilong Qiu, Institute of Neuroscience, Shanghai

Institute of Biological Sciences, Chinese Academy of

Sciences, Shanghai, China).

Antibodies

The primary antibodies used were as follows: rabbit anti-

GFP (Invitrogen, 1:2000, Carlsbad, CA, USA), rabbit anti–

bIII tubulin (Cell Signaling, 1:1000, Danvers, MA, USA),

mouse monoclonal anti-Nestin (Millipore, 1:100, Billerica,

MA, USA), rabbit monoclonal anti-GRASP65 (Abcam,

1:1000, Cambridge, MA, USA). F-actin was stained with

Alexa-555 phalloidin (Molecular Probes, 1:100), apoptosis

was analyzed using a TUNEL staining Kit (Roche,

Southern San Francisco, Californi), nuclei were stained

with Hoechst 33342 (Sigma-Aldrich, 1:2000, St. Louis,

MO,USA), Bovine serum albumin (BSA, 3%) and Tri-

tonX-100 (0.3%) were from Sigma-Aldrich (St. Louis,

MO, USA). Mouse P-Rex1 monoclonal antibody (1:500)

was generated as previously described [39].

The secondary antibodies for immunostaining were

Alexa 488 or 555 anti-rabbit IgG and Alexa 488 or 555

anti-mouse IgG (Invitrogen, 1:500, Carlsbad, CA, USA).

In Utero Electroporation

Pregnant ICR mice at E14.5 were anesthetized with sodium

pentobarbital (40 lg/g body weight). Then, the abdomen

was sterilized and an incision was made to expose the

uterus. A high concentration of plasmid DNA with Fast

Green (0.01%, Fluka) was injected into the lateral ventri-

cles of intrauterine embryos through a polished glass

micropipette. Mock (2 lg/lL) or P-Rex1 OE plasmids

(2 lg/lL) with CAG-driven enhanced green fluorescent

protein expression vector (CAG-EGFP) were used for in

utero electroporation. The electroporator (ECM 830, BTX

Harvard Apparatus, Holliston, MA, USA) parameters were

as follows: 31 V, 50 ms, 950-ms intervals, 4 times. The

uterus was then returned to the peritoneal cavity and the

abdominal wall and skin were sutured. Electroporated mice

were sacrificed at E16.5 or P0.

Immunostaining

Animals were anesthetized and embryos were collected at

E16.5 or P0. Embryonic brains were fixed in 4% PFA

(paraformaldehyde) at 4 �C overnight, then transferred into

30% (wt/vol) sucrose, and dehydrated at 4 �C for 48 h. All

brains were embedded in OCT compound and stored at

- 80 �C for sectioning.

Brains were coronally sectioned with the thick of 25 lm
on a freezing microtome (Leica VT1200S, Wetzlar,

Germany). The sections were then washed twice (15 min

each) in PBS to remove the OCT, and blocked and

permeabilized in PBS with 3% BSA and 0.3% (vol/vol)

Triton X-100 for 20 min at room temperature. Thereafter,

sections were directly transferred into primary antibody

solution and incubated at 4 �C overnight.

Then the sections were washed twice (15 min each), and

incubated in a mixture including the appropriate secondary

antibodies (1:500) and Hoechst (1:2000) for 1 h at room

temperature. Finally, the sections were washed twice in

PBS (15 min each) and mounted on slides (Thermo

Scientific, Waltham, MA, USA) with coverslips (Fisher-

brand) and anti-fade solution (Applygen, Beijing, China).

Images were captured under a confocal laser scanning

microscope (Olympus, Tokyo, Japan).

Thy1-GFP mice were euthanized at 6–7 weeks, and

were operated on following the above procedure to spines.

Primary Neuron Culture

Electroporated or unelectroporated E14.5 embryonic cor-

tex was isolated and cut into small pieces, then treated

with 0.25% trypsin for 6 min at 37 �C until most were

dissociated into single cells. Neurons were suspended in

medium containing Dulbecco’s modified Eagle’s high-

glucose medium and 20% (vol/vol) FBS, then plated on

35-mm glass dishes pre-coated with poly-D-lysine under

5% CO2/95% air at 37 �C. After 4 h, new complete

medium composed of Neurobasal medium, B27 (Invitro-

gen, Carlsbad, CA, USA), and L-glutamine MAX was

used to replace the old medium. Thereafter, half of the

old culture medium was replaced by new medium every

48 h.

Stage Definition in Primary Neuron Culture

Differentiation stages in cortical neuron culture were

defined by their polarization. Stage 1 neurons (E14.5?0

days in vitro (DIV)) had lamellipodia and filopodial

protrusions; stage 2 neurons (E14.5?1-2 DIV) showed

multiple immature neurite extensions; stage 3 neurons

(E14.5?2-4 DIV) showed breaking of symmetry and

specification; stage 4 neurons (E14.5?4-15 DIV) had axon

and dendrite outgrowth and branching; and stage 5 neurons

(E14.5?15-25 DIV) showed spine morphogenesis and

synapse formation.
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Calcium Phosphate Transfection of Primary Corti-

cal Neurons

Calcium phosphate transfection was performed at DIV4 to

reveal neuronal morphology. The culture medium was

changed to fresh medium 2 h before transfection. Briefly,

4 lg plasmid DNA and 6 lL 2 mol/L CaCl2 were mixed

with H2O to a total volume of 61 lL and added to an equal

volume of 2 9 Hanks Balanced Salt and then left for

20 min. The primary cortical neurons were treated with

calcium phosphate-DNA suspension by gently shaking the

dish. Transfected neurons were incubated under 5% CO2/

95% air at 37 �C for 1 h, then the culture medium was

replaced with fresh medium.

Immunofluorescence

To measure neurite growth at different stages, neurons

were fixed with 4% PFA at 37 �C for 15 min at different

days. After blocking in BSA, neurons were incubated in the

primary antibodies at 4 �C overnight.

F-actin was stained by phalloidin on DIV4. Cultured

neuronswere washedwith PBS, fixed in 4%PFA for 10 min,

and washed with PBS at room temperature. After that,

sampleswere treatedwith phalloidin solution (1:200 in PBS)

for 40 min at 37 �C. Neurons were washed 3 times in PBS,

then incubated with Hoechst (1:1000) for 15 min at room

temperature. Finally, the neurons were washed 3 times in

PBS (5 min each), then mounted for photography under a

confocal laser scanning microscope (FV1000, Olympus).

Imaging

Images of sections and primary cortical neurons were

captured on the confocal laser scanning microscope or an

Olympus IX 71 microscope. Only the color balance,

contrast, and brightness were optimized after imaging.

EGFP? cells within the cortex at different positions were

counted for fluorescence quantification (mean ± SEM).

Analyses for each condition were based on no less than 4

animals from 3 independent experiments.

Neurite Growth Analysis

We examined the morphology of primary cultured neurons

at different early stages after P-Rex1 overexpression. We

first calculated the percentages of transfected neurons at

different stages on DIV3. Meanwhile, the lamellipodia

protrusion area of stage 1 neurons, the number of neurites

of stage 2 neurons, and the axon length and the number of

other neurites of stage 3 neurons were analyzed. We

evaluated stage 4 dendrites according to four criteria:

number of branch points, length of the longest dendrite,

total number of intersections, length of the longest

dendrite, and total length of dendrites.

Sholl analysis was used to assess the neuronal dendritic

branching patterns. The intersects between neurons and the

circles were counted and plotted.

Morphological Analysis of Spines

The neurons in the virus injection site were chosen to

investigate the influence of P-Rex1 overexpression on

spine development in the mPFC of Thy1-GFP mice. For

in vitro and in vivo morphological analysis, a spine was

defined as mushroom-shaped/stubby protrusion with a

distinct head or thin protrusion with a small head

[40, 41]. Based on previous research [42, 43], at least

three images were chosen from each animal to compute the

average. Due to the high density of dendrites, it was

difficult to identify cells individually, so we chose den-

drites that were clearly visible to calculate the mean spine

density by their total length; isolate spines were chosen to

measure mean spine area [43]. The height was the distance

between the top of a spine and the central line parallel to

the direction of dendritic extension, and the width was the

greatest diameter of a spine. Image-Pro Plus 6.0 was used

for all measurements.

Virus Injection into the mPFC Region

P-Rex1 overexpression virus was injected into the mPFC

on both sides in male C57BL/6 mice at P7 for behavioral

tests at P42. Mice were anesthetized by pentobarbital

sodium (4 lg/g body weight), fixed in a stereotactic

apparatus, and a craniotomy performed. Microsyringes

(5 lL; Hamilton Instruments, Cinnaminson, NJ, USA)

were used to inject virus into the mPFC at 0.1 lL/min by

an injection pump (RWD, Shenzhen, China). After injec-

tion, we left the needle for 10 min to ensure the virus was

absorbed, then drew it out slowly. There were two injection

sites (1 lL/site) in the left and right mPFC at AP - 2.3

mm, ML ± 0.35 mm, DV 2.2 mm from bregma.

Thy1-GFP transgenic male mice were used to observe

the spines after virus injection. Mice were injected with

Mock virus in the left mPFC and P-Rex1 overexpression

virus in the right mPFC at P7. The injection sites were: left

mPFC: AP - 2.3 mm, ML ? 0.35 mm, DV 2.2 mm; right

mPFC: AP - 2.3 mm, ML - 0.35 mm, DV 2.2 mm from

bregma. The injection volume was 1 lL per site.

Behavioral Tests

Two groups of mice underwent the behavioral tests, each

performing to the same sequence of tests. To minimize the

influence of repeated test exposure, we arranged them from
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least to most invasive [44]. The order was: open field test,

light-dark box, elevated plus maze, three-chamber social

interaction, courtship UltraSonic Voices, repetitive behav-

ior tests, and pre-pulse inhibition (PPI). When each

experiment was completed, the mice were rested for 2

days. Mice were labeled on the tail to identify the test order

in advance.

Open Field Test

The open field test was performed as previously described

[45]. We set the central zone at 40% of total area of the

box. The whole test lasted 60 min and the animals were

allowed free movement. During the test, we put a mouse in

the center of the chamber and used a video camera to

record its movements. We analyzed the percentage of time

spent in the central zone during the first 10 min, as well as

the total movement distance.

Light-Dark Box Test

The light-dark box test was performed as previously

described [45]. The chamber allowed animals to shuttle

back and forth between the light and dark chambers. Mice

were allowed to move freely for 5 min. A translocation

occurred when all feet were in one chamber. We recorded

the time spent in the light chamber.

Elevated Plus Maze Test

The elevated plus maze test was performed as described

[39]. The whole test lasted 5 min. We placed a mouse on

the central area (the overlap of the open and closed arms)

and used the EthoVision 7.1 video-tracking system (No-

dules) to record the time spent in the open arms.

Pre-pulse Inhibition

The PPI test was performed and the PPI ratio (% PPI) was

calculated as previously described [45]. The day before

testing,micewere placed in the box for 30 min to adapt to the

environment. The baseline, the 110 dB startle pulse, and the

pulse after the pre-pulse (70, 74, or 82 dB) were recorded.

We analyzed the startle response amplitude and PPI.

Three-Chamber Social Interaction Test

The equipment and protocol were as described [39]. Male

mice 6–7 weeks old with virus injected into the mPFC

were used for the social interaction test. The total test

included 3 trials of 5, 10, and 10 min. Stranger 1 and

stranger 2 were also 6–7 week old male mice never seen by

subject mice. During trial 1, the test mouse was placed in

the center of the middle chamber and allowed to freely

explore each chamber. During trial 2, stranger 1 was placed

in a grid enclosure, and the sniffing time of stranger 1 and

another empty grid enclosure were recorded. During trial 3,

new stranger 2 was placed in the other grid enclosure and

the sniffing times of stranger 1 and stranger 2 were

recorded. The Ethovision 7.1 video-tracking system (No-

dules, Leesburg, VA, USA) was used for all tests.

Courtship USV

First, the test mouse was alone in a new cage for 5 min,

then a female mouse was put in for another 5 min. Audio

was recorded by an Avisoft SASLab Pro Recorder. All

parameters were set as follows: 300 kHz sampling fre-

quency; 1,024-point fast Fourier transform length; format

16-bit.

Repetitive Behaviors

For the grooming and digging test, the test mouse was put

into a new cage with new bedding and recorded for 20 min.

We recorded the time mice spent in grooming and digging.

For grooming behavior, we recorded the time when mice

used two forelimbs to stroke or scratch the body, head, and

face, or licked body parts. For digging behavior, we

recorded when bedding materials were dig out or displaced

by the fore or hind limbs.

For the hole-board test, mice were put in the center of a

square board with 16 holes, and allowed to explore each

hole freely. We counted the total time of exploration and

the time of exploring to the same hole. We defined twice or

more times in the same hole as repetitive behavior.

Western Blot

Western blotting was used to assess the P-Rex1 expression

after virus injection into the mPFC. The injected area was

isolated and dissolved in RIPA lysis buffer with 0.1% Triton

X-100 and 1X protease inhibitor (Roche). P-Rex1 protein in

the mPFC was blotted with anti-P-Rex1 (1:1,000)

antibodies.

Statistical Analysis

During all testing and counting, the investigator was blind

to the kind of virus injected. Data are presented as the

mean ± SEM. SPSS 20.0 (SPSS) was used for statistical

analyses. We considered a difference significant at

P\ 0.05. Data with a normal distribution were analyzed

by Student’s t test. Data without a normal distribution were

analyzed by the Mann-Whitney test.
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Results

P-Rex1 Overexpression Impedes Neuronal Migra-

tion by Inhibiting Multipolar-to-bipolar Transition

To explore whether P-Rex1 overexpression affects neu-

ronal migration, we performed in utero electroporation at

E14.5 with P-Rex1 overexpression and Mock plasmids

expressing the GFP reporter gene to identify transfected

cells. We analyzed the distribution of GFP? cells at P0 and

found that a majority neurons with Mock plasmids

migrated to the upper cortical plate (CP). However, most

neurons overexpressing P-Rex1 accumulated in the inter-

mediate zone (IZ) and only a few neurons migrated to the

upper CP (Fig. 1A, B). These results suggested that P-Rex1

overexpression inhibits cortical neuronal migration.

Furthermore, we observed the morphology of neurons

residing in the IZ (Fig. 1C). Most of the neurons in the

Mock group showed a radial distribution and normal

polarity. In the Mock group, neurons showed bipolar

morphology with a straight and thick leading process

towards the cortical surface and a trailing process towards

the ventricular zone. Neurons overexpressing P-Rex1 were

multipolar, especially those retained in the IZ, having lost

the normal leading process and the radial direction of

migration (Fig. 1D). Besides, we observed the morphology

of neurons in layers II–III and V–VI of P2 cortex, and

found that neurons overexpressing P-Rex1 showed

increased branches in the leading process with excessive

lamellipodia (Fig. 1E).

During neuronal migration, neurons in the subventric-

ular zone and IZ move randomly towards the CP.

Meanwhile, the centrosomes and Golgi reorient in the

same direction. In this study, we determined the direction

of neuronal migration by staining the Golgi protein

GRASP65 in the IZ of E16.5 embryonic brains that were

electroporated at E14.5. Only neurons with Golgi apparatus

located ahead of the nucleus and with an angle towards the

pial surface of\ 90� were defined as migrating radially

(Fig. 1F). The percentages of cells with the Golgi facing

the CP were significantly lower in the group overexpress-

ing P-Rex1 than in the Mock group (Fig. 1G).

To exclude the effect of P-Rex1 overexpression on

progenitor cell-division or the radial glial cytoskeleton

during neuronal migration, we introduced P-Rex1 overex-

pression plasmid under the control of the NeuroD promoter

to express this gene in postmitotic migratory neurons

[46, 47]. We performed in utero electroporation with the

plasmid NeuroD::P-Rex1-IRES-EGFP on E14.5 to over-

express P-Rex1 only in postmitotic neurons. The plasmid

NeuroD::IRES-EGFP was used as control. Then we

observed the position of GFP? neurons (Fig. 1H) and

analyzed the distribution of GFP? neurons at P0 (Fig. 1I).

The results showed that most control neurons were located

in the upper IZ and CP, but the majority of neurons

overexpressing P-Rex1 were found the in IZ, suggesting a

cell-autonomous role of P-Rex1 overexpression in neuron

migration.

Due to the abnormal development of radial glial cells,

neuronal proliferation and apoptosis can impair neuronal

migration. In this study, we stained the radial glial cells

with Nestin (Fig. S1A), neuronal proliferation with BrdU

(Fig. S1B and S1C), and apoptosis with TUNEL

(Fig. S1D). We found no abnormalities, which further

indicated that P-Rex1 overexpression inhibits the radial

migration of cortical pyramidal neurons rather than radial

glial cells, neuronal proliferation, or apoptosis.

P-Rex1 Overexpression Results in Aberrant Neurite

Initiation by Altering Cytoskeletal Dynamics In

Vitro

We found that P-Rex1 overexpression inhibited the migra-

tion of cortical neurons by abnormal morphology and

migration direction in vivo. To further identify the influ-

ence of P-Rex1 overexpression on the early neuronal

development, we cultured electroporated cortical neurons

at 0 days (DIV0) and DIV3. About 64% neurons in the

Mock group were found to develop to stage 3 at DIV3;

conversely, most neurons overexpressing P-Rex1 remained

at stages 1 and 2 (Fig. 2A).

cFig. 1 P-Rex1 overexpression inhibited the radial migration of

cortical neurons by impairing neuron polarity. A Representative

images of E14.5 mouse cortices electroporated with P-Rex1:OE and

Mock plasmids at P0. Representative coronal sections at P0 stained

with antibodies to GFP (green) and counterstained with Hoechst

(blue). Scale bar, 50 lm. B Percentages of GFP cells in each region

[379 cells from 9 embryos (Mock); 238 cells from 7 embryos (P-

Rex1:OE)]. Data are represented as the mean ± SEM; *P\ 0.05,

**P\ 0.01, ***P\ 0.001, Student’s t test. C, D Enlarged images of

electroporated neurons after the overexpression of P-Rex1 that

inhibited the formation of leading processes and changed neuronal

polarity. Scale bars, 50 lm. E Representative images showing the

morphology of neurons in layers II–III and V–VI of P2 cortex. Scale

bar, 50 lm. F Representative images showing the Golgi apparatus

localization of electroporated neurons in the IZ (arrows) (E14.5–

E16.5). Scale bar, 50 lm. G Radially migrating cells defined as the

percentage of cells with Golgi apparatus facing the cortical plate.

Mock cells from 12 slices; P-Rex1:OE cells from 16 slices.

*P\ 0.05, **P\ 0.01, ***P\ 0.001, Pearson’s v2 test. Data

represented as the mean ± SEM. H Representative images showing

the migration of cortical neurons electroporated with NeuroD:: IRES-

EGFP and NeuroD: P-Rex1-IRES-EGFP (E14.5-P0). Scale bars,

50 lm. I Percentages of GFP? cells in each region (E14.5-P0) [93

cells from 5 embryos (NeuroD::IRES-EGFP); 182 cells from 6

embryos (NeuroD::P-Rex1-IRES-EGFP)]. *P\ 0.05, **P\ 0.01,

***P\ 0.001, Mann-Whitney test. Data represented as the

mean ± SEM.
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During neurodevelopment, cytoarchitecture and dynam-

ics changes are essential for neurite extension and polar-

ization. Neuritogenesis depends on cytoskeletal adaptation,

so we observed the cytoskeleton after Mock and P-Rex1

neuronal overexpression. We observed cytoskeletal

changes of early-developing neurons at DIV3 (stages

1–3) (Fig. 2B, D, G) and found that neurons with P-Rex1

overexpression exhibited excessive F-actin assembly at the

growth cone compared with Mock neurons, as well as

reduced branches and length of bIII-tubulin.
Meanwhile, we measured the protrusion area of lamel-

lipodia in stage1 neurons and found that the area in neurons

overexpressing P-Rex1 was larger than in the Mock group

(Fig. 2C). We also counted the number of primary neurites

in stage 2 neurons, and the number of other neurites and

axon length in stage 3 cortical neurons at DIV3; all of them

Fig. 2 P-Rex1 overexpression impeded neurite initiation through

cytoskeletal change. A Percentages of primary cortical neurons at

different developmental stages (DIV0-3) [846 Mock cells and 782

P-Rex1:OE cells from 3 independent experiments analyzed using

two-way ANOVA. Interaction effect: F (2, 36) = 82.340, P\ 0.001.

Data represented as the mean ± SEM. B, C Stage 1 neurons, and

lamellipodia protrusion area in stage 1 neurons [59 Mock cells and 49

P-Rex1:OE cells from 3 independent experiments]. *P\ 0.05,

**P\ 0.01, ***P\ 0.001, Student’s t test. Scale bar, 20 lm. Data

presented as the mean ± SEM. D, E Stage 2 neurons, and numbers of

primary neurites in these neurons. P-Rex1 overexpression regulated

F-actin and influenced neurite initiation. Scale bar, 20 lm; 43 Mock

cells and 52 P-Rex1:OE cells from 3 independent experiments;

*P\ 0.05, **P\ 0.01, ***P\ 0.001, Student’s t test. Data pre-

sented as the mean ± SEM). F–H Stage 3 neurons, and quantification

of other neurites and axon length in these neurons (scale bar, 20 lm;

DIV0-3; 130 Mock cells and 97 P-Rex1:OE cells from 3 independent

experiments: *P\ 0.05, **P\ 0.01, ***P\ 0.001, Mann-Whitney

test. Data presented as the mean ± SEM).
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were lower in neurons overexpressing P-Rex1 than the

Mock group (Fig. 2E, F, H). These results suggested that

P-Rex1 overexpression influences the early development of

neurons by changing cytoskeletal dynamics.

P-Rex1 Overexpression Results in Excess Lamel-

lipodia and Influences Spine Morphology

To explore the effect of P-Rex1 overexpression on the later

developmental stages of primary cortical neurons, neurons

were transfected at DIV4 and collected at DIV10. We

found that overexpression of P-Rex1 induced excess

lamellipodia formation on both apical and basal dendrites

(Fig. 3A). High-magnification images also showed marked

lamellipodia formation in dendrites of cells overexpressing

P-Rex1 (Fig. 3B).

In addition, the group overexpressing P-Rex1 showed

fewer dendrite branch points, fewer dendritic intersections,

shortened length of the longest dendrites, and a shortened

total dendritic length than the Mock group at DIV10

(Fig. 3C–E). Moreover, Sholl analysis showed that neurons

overexpressing P-Rex1 exhibited reduced dendritic com-

plexity (Fig. 3F). These results suggested that P-Rex1

overexpression induced excess lamellipodia formation to

influence dendrite outgrowth and branching.

Besides, we analyzed the spines in cultured neurons by

transfecting the P-Rex1 overexpression plasmid at DIV10.

At DIV18, the neurons overexpressing P-Rex1 exhibited a

decreased spine density with increased head area, height,

and width (Fig. 3G, H).

Mice with P-Rex1 Overexpression in the mPFC

Displayed Abnormal Dendritic Spine Morphology

and Psychosis-Related Behaviors

To further investigate the influence of P-Rex1 overexpres-

sion on dendritic spine morphology in vivo, a viral vector for

P-Rex1 overexpression was injected into Thy1-GFP trans-

genic mice. The injection site was checked in brain sections

(Fig. 4A), and the expression of P-Rex1 after virus injection

was verified using western blot (Fig. 4B). After analyzing

the spine morphology in the mPFC, we found a decreased

spine density with increased head area, height, and width

(Fig. 4C, D), consistent with the presentation in vitro.

Next, we explored whether P-Rex1 overexpression

influenced higher brain functions and psychosis-related

behaviors in mice. Although the open field was not affected

(Fig. 4E), we found a significant effect of P-Rex1 overex-

pression on the elevated plus maze (Fig. 4F) and light-dark

box behavior (Fig. 4G), which suggested anxiety-like

behavior. In addition, we found a significant effect of

P-Rex1 overexpression on PPI (Fig. 4H), which further

indicated that mice with P-Rex1 overexpression in the

mPFC showed sensorimotor gating deficits. Besides, we

found no significant difference in PFC-dependent spatial

working memory (Y- maze; Fig. S2A), stereotyped behav-

iors (grooming, hole detection, and digging; Fig. S2B–D),

social communication (ultrasonic voice test; Fig. S2E), and

social interaction (Fig. S2F, G).

Discussion

Deficiency of P-Rex1 has been shown to impair cell

motility and neuron migration, as well as synaptic plastic-

ity and mouse behaviors [36, 37, 39]. Nevertheless, the role

of P-Rex1 was not fully understood due to a lack of

research on the effect of P-Rex1 overexpression on cortical

development. In the present study, we found that P-Rex1

overexpression caused altered neuronal polarity, mani-

fested as an increased percentage of multipolar cells and

excessively branched leading processes of bipolar cells

during radial migration. In addition, primary neuronal

culture showed that P-Rex1 overexpression impeded the

development of neurite initiation and dendritic spine

formation by a cytoskeletal change. Furthermore, P-Rex1

overexpression in the mouse mPFC caused anxiety-like

behaviors and sensorimotor gating deficits.

Insufficient P-Rex1 causes abnormal neuronal migration

and polarization [36, 48, 49] as well as abnormal neurite

morphology during cortical development [37]. In our study,

we found that P-Rex1 overexpression showed similar

phenotypes. Therefore, excessive or deficient of P-Rex1

might be prejudicial to neuronal development. P-Rex1

regulates the actin and microtubule cytoskeleton by the

dynamic assembly or disassembly, as well as reorganiza-

tion [50]. Meanwhile, it has been reported that P-Rex1, a

sensitive activator of Rac1, regulates the cytoskeleton

depending on Rac1 activation, while insufficient or super-

fluous Rac1 has adverse consequences for neurodevelop-

ment [36, 51–53]. Studies have suggested that both

deficient and excessive P-Rex1 cause a consistent change

in the Rac1 activation level [33]. Consequently, our

findings indicated that an appropriate level of P-Rex1 is

required for normal development of the cerebral cortex,

which might involve P-Rex1-related signaling pathways

such as P-Rex1-Rac1 signaling.

It is generally believed that the lamellipodia can attach

and pull the cell body to drive cell migration [54], and the

actin network provides powerful protrusive force to

command forward movement [55], especially the polymer-

ization of actin filaments [56]. Meanwhile, lamellipodia

play an important role in neurite initiation by transforming

them into smaller structures to form growth cones [57]. A

substantial body of research has shown that insufficient

lamellipodia impair cell migration [58, 59] and the
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Fig. 3 P-Rex1 overexpression

led to excess lamellipodia and

abnormal spines in vitro.

A Representative images of

cortical neurons transfected

with Mock and P-Rex1 at DIV 4

for 10 days (OE plasmids by

calcium phosphate transfection;

scale bar, 50 lm). B High

magnification images showing

marked lamellipodia formation

in the dendrites of rat primary

cortical neurons overexpressing

P-Rex1 (DIV4–10; scale bar,

10 lm). C–E Numbers of den-

drite branch points, length of the

longest dendrites, and total

dendritic length (DIV4–10;

Scale bars, 10 lm; 59 Mock

cells and 50 P-Rex1:OE cells;

OE cells from 3 independent

experiments; *P\ 0.05,

**P\ 0.01, ***P\ 0.001,

Student’s t test). Data presented

as the mean ± SEM. F Sholl

analysis showing numbers of

dendritic intersections and total

number of dendritic intersec-

tions (DIV4-10; cells from 3

independent experiments; main

effect of group, F (1,

2676) = 357.411, P\ 0.001,

two-way ANOVA). Data pre-

sented as the mean ± SEM. G,
H Dendritic spine morphology

at DIV10–18 (scale bar, 5 lm;

216 Mock cells and 122

P-Rex1:OE cells from 3 inde-

pendent experiments;

*P\ 0.05, **P\ 0.01,

***P\ 0.001, Student’s t test).

Data presented as the

mean ± SEM.
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Fig. 4 P-Rex1 overexpression in vivo caused abnormal spines and

abnormal behaviors. A Virus overexpressing P-Rex1 injected into the

mPFC (scale bar, 500 lm).BWestern blot result of the virus injection site in

the mPFC after the behavioral tests. C Morphology of dendritic spines in

Mock and P-Rex1:OE group (scale bar, 5 lm). D Dendritic spine density,

height,width, andheadareaweregreater in theP-Rex1:OEgroup (135mock

cells and 114 P-Rex1:OE cells from 3 independent experiments; *P\0.05;

**P\0.01; ***P\0.001, Student’s t test). Data presented as mean ±

SEM. E The open field results did not different between the Mock and

P-Rex1:OEgroups (*P\0.05; **P\0.01;***P\0.001,Student’s t test;

Mock, n = 16, P-Rex1:OE, n = 19). Data presented as the mean ± SEM.

F The time in open arms was significantly lower in the P-Rex1:OE group

(*P\0.05, **P\0.01, ***P\0.001, Student’s t test; Mock, n = 13,

P-Rex1:OE,n = 15).Datapresentedas themean ± SEM.GThe time in the

light box was lower in the P-Rex1:OE group (*P\0.05, **P\0.01,

***P\0.001, Student’s t test; Mock, n = 17, P-Rex1:OE, n = 17). Data

presented as the mean ± SEM. H Performance of P-Rex1:OE mice was

abnormal in PPI. P-Rex1:OE mice showed a significant reduction in the

ability to gate the startle response, as indicated by decreased pre-pulse

inhibition at three kindsof startle (70, 74, and82 dB) (main effect of group: F

(1, 60) = 16.709, P\0.001, two-way ANOVA; Mock, n = 12; P-Rex1,

n = 10). Data presented as the mean ± SEM.
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initiation of neurite protrusions [50, 60]. However, to the

best of our knowledge, there are no reports on the effects of

excess lamellipodia on neurodevelopment. In the present

study, we found that excess lamellipodia had negative

implications for cytoskeleton-mediated neuronal polarity

including, migration, neuritogenesis. and dendritic spine

formation. We demonstrated that excess lamellipodia

impede neuronal development.

It has been shown that P-Rex1 is necessary for downstream

Rac1 activation. P-Rex1-Rac1 signaling is critical for the

regulation of cytoskeletal dynamics in the central nervous

system [61]. However, since a similar impairment of Rac1

activation occurred with disruption of P-Rex1, our findings of

excess lamellipodia during dendritic outgrowth and the

enlarged spines caused by P-Rex1 overexpression were not

so markedly represented in Rac1 overexpression [62]. These

results suggested that, in addition to this signaling pathway,

other signaling pathways might be involved, such as RhoG,

which is directly activated by P-Rex1 to regulate Rac

signaling and actin polarity [49]. In addition, the effect of

P-Rex1 overexpression on mouse behavior had not yet been

reported, and our study revealed that mice with P-Rex1

overexpression in the mPFC displayed anxiety-like behav-

iors, as well as impaired PPI. Further studies are required

to investigate other molecules downstream of P-Rex1 and

to establish the mechanisms underlying these psychosis-

related behaviors.

In summary, our findings suggest that P-Rex1 overex-

pression results in deficits in neuron migration and neurode-

velopment through altered neuron polarity, neurite initiation.

and dendritic spine development. Our results highlight the

vital role of P-Rex1 in the developing cerebral cortex, which

might be related to psychosis-related behaviors.
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