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Synaptic plasticity is known to regulate and support signal transduction between neurons, while synaptic dysfunction contributes
to multiple neurological and other brain disorders; however, the specific mechanism underlying this process remains unclear. In
the present study, abnormal neural and dendritic morphology was observed in the hippocampus following knockout of Atp11b
both in vitro and in vivo. Moreover, ATP11B modified synaptic ultrastructure and promoted spine remodeling via the asymmetrical
distribution of phosphatidylserine and enhancement of glutamate release, glutamate receptor expression, and intracellular Ca%*
concentration. Furthermore, experimental results also indicate that ATP11B regulated synaptic plasticity in hippocampal neurons
through the MAPK14 signaling pathway. In conclusion, our data shed light on the possible mechanisms underlying the regulation
of synaptic plasticity and lay the foundation for the exploration of proteins involved in signal transduction during this process.
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Introduction

Information storage and transmission in the brain depend
on effective signal transduction between neurons, which takes
place across synapses (Harris and Littleton, 2015). Synaptic
plasticity is critical for healthy nerve function, and synaptic dys-
function is linked to neurological diseases such as Parkinson’s
disease (Schroll et al., 2014), Alzheimer’s disease (Singh and
Abraham, 2017), and depression/anxiety (Marsden, 2013). Pre-
ciseregulation of synaptic plasticity is therefore extremely impor-
tant for maintenance of neural network activity and normal brain
function. However, the precise regulation mechanisms underly-
ing synaptic plasticity remain unclear.

Synaptic plasticity results in concomitant structural changes
(Bailey et al., 2015). Neurotransmitters and their receptors are
important components during synaptic transmission, together
with synaptic vesicles consisting of a phospholipid bilayer
(Saheki and De Camilli, 2012; Raynaud et al., 2018). Biological
cell membranes are dynamic and fluidic secure structures that
require continuous adjustments in the chemical structure and
molecular shape of their lipid constituents, particularly of
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the phospholipids (McMahon and Gallop, 2005; Piomelli et
al., 2007). Phosphatidylserine (PS) is distributed mainly on
the cytoplasmic face of the plasma membrane and plays an
important role in the maintenance of membrane asymmetry
(Pomorski et al., 2001). P4-ATPases are a relatively novel
family of membrane proteins that have been implicated in the
active transport of PS across cell membranes (Piomelli et al.,
2007), and they have been reported to be involved in multiple
neurological diseases (Kato et al., 2008; Li et al., 2008; Levano
et al., 2012; Coleman et al., 2013). It has been suggested
that ATP8B4 may participate in Alzheimer’'s disease and that
the single nucleotide polymorphism, RS10519262 (intergenic
between ATP8B4 and SLC27A2), is associated with the risk of
Alzheimer’'s disease (Li et al., 2008). Moreover, Atp8a1-knockout
mice exhibit significant learning and memory deficits (Levano et
al., 2012). In addition, the Atp10c gene has been identified as
an autism susceptibility gene (Kato et al., 2008). Considering
the important functions of P4-ATPases in neurological diseases,
the ATP11 subfamily of P4-ATPases, which includes ATP11B,
serves as lipid flippases, regulates membrane asymmetry (Wang
et al., 2018), and modulates the morphology of neural stem
cells (Wang et al., 2017), implying that ATP11B may regulate the
function of neural systems, although the specific mechanism
underlying this process remains unknown.

In the present paper, we show that both overexpression and
silencing of ATP11B induce changes in synaptic ultrastructure,
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spine motility, and maturation of hippocampal neurons in
vitro and in vivo. Moreover, our results indicate that ATP11B
functions as a lipid flippase and regulates the asymmetrical
distribution of PS. Further, upregulation of ATP11B increases
glutamate release, enhances expression of glutamate receptors,
and raises the intracellular Ca?*t concentration in mouse hip-
pocampal neurons. In addition, we found that ATP11B regulation
of synaptic plasticity appears to be mediated by the mitogen-
activated protein kinase 14 (MAPK14) signaling pathway.
Our research provides evidence that ATP11B is an important
regulator of synaptic plasticity, which lays the foundation for
further research in neurological diseases.

Results
ATP11B influences neurite length, spine motility, and dendritic
spine density in hippocampal neurons

Since short neurite outgrowth of neural stem cells is impli-
cated in synaptic plasticity—related neurological diseases
(Sellier et al., 2010; Hagerman, 2012) and was observed follow-
ing ATP11B downregulation in our previous study (Wang et al.,
2017), we investigated the effect of ATP11B on synaptic plastic-
ity. Atp11b~/~ mice were crossed with Thy1-EGFP reporter mice to
generate Atp11b~/~ /Thy1-EGFP mice (Supplementary Figure S1)
in which green fluorescent protein (GFP) is expressed in the
neurons (Feng et al., 2000). Atp11b*/*/Thy1-EGFP mice were
used as the control. As seen by confocal microscopy, the total
neurite length of hippocampal neurons in Atp11b~/~[Thy1l-
EGFP mice was ~80% of that in Atp11b™*/Thyl-EGFP mice
(Figure 1A and B). Moreover, dendritic spine density was also
reduced in Atp11b=/~/Thy1-EGFP mice compared with
Atp11b*/*[Thy1-EGFP mice (Figure 1C and D). Furthermore, to
assess developmental changes in spine maturation, the spines
were classified into four categories according to their morphol-
ogy (Zagrebelsky et al., 2005): mushroom and stubby spines
represented more mature spines, while thin and branched
spines tended to be more plastic and immature (Bourne and
Harris, 2008). Statistical analysis shows that the proportion
of mushroom and thin spines was decreased, while that of
branched and stubby spines was increased in Atp11b~/~[Thy1-
EGFP mice as compared with Atp11b*/*/Thy1-EGFP mice
(Figure 1E), indicating that ATP11B affects the formation of
dendritic spines. For in vitro investigation, primary cultured
hippocampal neurons were transfected with overexpression
and silencing constructs of Atp11b (Supplementary Figure S2),
and the morphology of neurons was observed by laser confocal
microscopy. As shown in Figure 1Fand G, overexpression of
ATP11B significantly increased the total neurite length, and
silencing of ATP11B robustly reduced the total neurite length,
indicating that ATP11B significantly influences neurite outgrowth
of hippocampal neurons. Moreover, dendrites are the primary
sites at which neurons deal with inputs from their multiple
presynaptic partners, and their functions are critically dependent
on spine density (Kumar et al.,, 2005). Furthermore, changes
in dendritic spine density and morphology influence synaptic
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plasticity (Montagna et al., 2017). Consequently, the dendritic
spine was observed by confocal microscopy, and the results
show that ATP11B knockdown decreased dendritic spine density
(Figure 1H and ). In contrast, enhancing ATP11B expression
increased dendritic spine density (Figure 1H and I), indicating
a pivotal role of ATP11B in dendritic remodeling. Moreover,
it is noteworthy that spine motility is important for synaptic
function, calcium compartmentalization, synaptogenesis, and
developmental plasticity (Bonhoeffer and Yuste, 2002). To
further investigate the dynamic process of dendritic spine
development in primary hippocampal neurons, rapid time-
lapse imaging was performed over time (Figure 1) and K).
Dendritic spines in the ATP11B overexpression group were
highly motile, whereas a significant reduction in spine motility
was induced by ATP11B downregulation (Figure 1) and K).
These results suggest that ATP11B influenced remodeling of
dendritic spines and enhanced spine motility, indicating that
ATP11B plays an important role in the regulation of synaptic
plasticity.

ATP11B affects synaptic ultrastructure

Since active zones are a key component of what defines
a synapse (Sudhof, 2012), to further explore the impact of
ATP11B on synaptic structure, electron microscopy was used
to observe synaptic ultrastructure. Complete synaptic structure
can be observed following both up- and downregulation
of ATP11B (Figure 2A and B, indicated by the red arrow),
demonstrating that alterations in ATP11B expression do not
compromise the integrity of synaptic structure. It has been
reported that certain types of synaptic plasticity can influence
cleft width, curvature of the synaptic interface, length of
the synaptic active zone, and thickness of the postsynap-
tic density (PSD) (Xu et al.,, 2013; Posfai et al., 2016). As
such, these features were compared following overexpression
or silencing of ATP11B in primary hippocampal neurons.
Statistical analyses are shown in Figure 2C—F. The distance
across the synaptic cleft was significantly narrowed following
overexpression of ATP11B and widened following ATP11B
knockdown (Figure 2C). In addition, a noticeable increase
in the curvature of the synaptic interface was observed in
the ATP11B overexpression group, whereas no significant
changes were observed in the ATP11B knockdown group
(Figure 2D). Furthermore, the length of the synaptic active
zone and thickness of the PSD were also increased by overex-
pression of ATP11B and reduced by the silencing of ATP11B
(Figure 2E and F). Overexpression of ATP11B increased the
length of the presynaptic active zone 2-fold over the control
(Figure 2E), while silencing of ATP11B significantly shortened the
active zone as compared with the control (Figure 2E). Similarly,
ATP11B overexpression increased the thickness of the PSD,
whereas this thickness was decreased 2-fold following ATP11B
downregulation as compared with the control (Figure 2F).
These results indicate that ATP11B indeed affects synaptic
ultrastructure.
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Figure 1 ATP11B regulates spine density and morphology in hippocampal neurons. (A) Representative confocal observation of hippocampal
sections from Atp11b*/*/Thy1-EGFP and Atp11b~/~/Thy1-EGFP mice with neuronal Thy1-EGFP expression (green). Scale bar, 60 pm.
(B) Statistical analysis of total cumulative length of dendritic processes per GFP-positive neuron from Atp11b*/*/Thy1-EGFP and
Atp11b~/~[Thy1-EGFP mice, respectively. The length was normalized to the mean length of Atp11b*/*/Thy1-EGFP mice. (C) Confocal
Z-projections of representative Atp11b*/*+ /Thy1-EGFP and Atp11b~/~/Thy1-EGFP dendrite branches on GFP-positive neurons. Scale bar,
1 um. (D) Statistical analysis of the spine density in vivo. The spine density was normalized to the mean density of Atp11b*/* /Thy1-EGFP
mice. (E) The density statistics of different spine types. (F) Confocal micrographs of primary hippocampal neurons (green) with following four
groups: Control, ATP11B overexpression (ATP11B), shRNA-Control, and ATP11B silencing (shRNA-ATP11B). The nuclei were stained with DAPI
(blue). Scale bar, 30 pm. (G) Statistical analysis of total cumulative length of dendritic processes per GFP-positive neuron in four groups. The
length was normalized to the mean length of control. (H) Confocal Z-projections of representative dendrite branches on primary hippocampal
neurons in four groups. Scale bar, 10 um. (I) Statistical analysis of the spine density in vitro. The spine density was normalized to the mean
density of control. Enhancing ATP11B expression increased dendritic spine density in hippocampal neurons. (J) Fast time-lapse imaging
reveals that upregulation of ATP11B promotes spine motility. Scale bar, 1 pm. (K) Quantification of the spine motility index. Data are expressed
as mean £ SEM. One-way analysis of variance (ANOVA). **P < 0.01, ***P < 0.001.
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ATP11B regulates the asymmetrical distribution of PS in
neuronal cell membranes

It has been reported that membrane asymmetry plays an
importantrole in the maintenance of synaptic structure (Fontaine
et al.,, 1979; Wood et al., 2011; Epand, 2015). Thus, it can
be speculated that ATP11B is involved in the preservation of
synaptic structure (Figure 2) via the modulation of neuronal
membrane asymmetry (Piomelli et al., 2007) and the regulation
of PSinternalization (Lopez-Marques et al., 2014). To investigate
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this, Annexin V fluorescent probes were used to detect the
externalization of PS from the cytoplasmic face of the membrane.
Annexin V binds specifically to PS with high affinity, and thus,
the fluorescence intensity represents the degree of PS exter-
nalization (Kenis et al., 2004). Primary hippocampal neurons
were transfected with overexpression and silencing plasmids
of Atp11b, Annexin V-PE staining was performed after 48 h,
and the fluorescence changes were detected by flow cytometry
(Figure 3A and B). ATP11B knockdown resulted in a significant
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Figure 2 Electron micrographs of the synaptic ultrastructure mediated by ATP11B. (A and B) Electron micrographs show the synaptic
ultrastructure of primary hippocampal neurons with following four groups: Control, ATP11B overexpression (ATP11B), shRNA-Control,
and ATP11B silencing (shRNA-ATP11B). (B) The higher magnification images of A. Red arrows indicate the synaptic specializations.
(C—F) Quantification of the width of the synaptic gap (C), the curvature of the synaptic interface (D), the length of presynaptic active zone (E),
and the thickness of the PSD (F) in four groups (Control, n = 24; ATP11B, n = 27; shRNA-Control, n = 25; shRNA-ATP11B, n = 27). Scale bar,
100 nm. Data are expressed as mean + SEM. One-way ANOVA. **P < 0.01, ***P < 0.001.
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Figure 3 ATP11B regulates the asymmetrical distribution of PS in
neuronal cell membranes. (A) Flow cytometry was used to detect
the externalization of PS from the cytoplasmic face of the plasma
membrane using Annexin V fluorescent probes. Primary hippocam-
pal neurons with up- and downregulation of ATP11B were stained
with Annexin-V PE and 7-AAD. Neurons were acquired for PE in FL-1
and 7-AAD in FL-4 in Becton Dickinson FACS scan and analyzed. (B)
Statistical analysis of Annexin V-positive neurons. Data are represen-
tative of three independent experiments. (C) The detection of ATPase
enzyme activity. The amount of inorganic phosphorus determines
the level of ATPase activity. Data are expressed as mean = SEM. One-
way ANOVA. **P < 0.01, ***P < 0.001.

increase in Annexin V-positive cells (Figure 3A and B), indicating
that ATP11B regulates the asymmetrical distribution of PS in
neuronal cell membranes. To further explore the biological
activity of ATP11B, ATPase activity was evaluated in both ATP11B
overexpression and silencing groups (Figure 3C). It was found
that there was a significant increase in enzyme activity upon
ATP11B overexpression, indicating that ATP11B indeed exerts
ATPase activity in primary hippocampal neurons (Figure 30).
Taken together, these results indicate that ATP11B regulates
the asymmetrical distribution of PS in neuronal cell membranes
and, consequently, induced the above morphological changes
(Figures 1 and 2).

ATP11B regulates the levels of synapse-associated proteins in
hippocampal neurons

Synaptic plasticity involves synapse formation, maturation,
and maintenance, as well as the expression of synapse-
associated proteins (Yong et al., 2014). For instance, synaptic
vesicle glycoprotein 2A (SV2A) is known to modulate neurotrans-
mitter release (Vogl et al., 2015); SYP, as a calcium-binding pro-
tein, is specific to the synaptic vesicle membrane of presynaptic
components and can indirectly reflect the number, distribution,
and density of synapses, which is commonly used as a marker
of synaptic density (Matosin et al., 2016; Wang et al., 2016),
and discs large homolog 4 (DLG4) has been shown to be the
main structural protein of PSD (Steiner et al., 2008). Due to the
important role of synapse-associated proteins in synaptic struc-
ture, the impact of ATP11B on the mRNA and protein levels of
these synaptic-associated proteins, SV2A, SYP, and DLG4, were
measured. RNA and protein were extracted from cultured primary
hippocampal neurons and analyzed by quantitative real-time
polymerase chain reaction (PCR) and western blotting. Overex-
pression of ATP11B increased the mRNA levels of these three pro-
teins (Figure 4A and B). Conversely, the expression of synapse-
associated proteins was downregulated in the ATP11B knock-
down group (Figure 4C and D), indicating that ATP11B regulated
the synaptic plasticity through synapse-associated proteins.

ATP11B increases glutamate release and glutamate receptor
expression in primary hippocampal neurons

It has been reported that changes in synaptic structure can
promote the release of synaptic neurotransmitters (Tang et al.,
2016). Moreover, glutamate is an important excitatory neuro-
transmitter in the central nervous system (CNS) and plays a vital
role in the development of the nervous system and maintenance
of synaptic plasticity (Mattson, 2008). Here, ATP11B overex-
pression modulated synaptic structure (Figure 2) and increased
the spine density of hippocampal neurons (Figure 1H and I). To
explore the release of synaptic neurotransmitters in synaptic
plasticity, the extracellular glutamate concentration in neurons
was measured following up- and downregulation of ATP11B. Pri-
mary hippocampal neurons were transfected with ATP11B over-
expression and silencing plasmids. The extracellular glutamate
concentration was measured 48 h later. The results demon-
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Figure 4 ATP11B regulates the levels of synapse-associated proteins. (A) QPCR detection of the mRNA expression levels of the synaptic
proteins Sv2a, Syp, and Dlg4 in primary hippocampal neurons from the following four groups: Control, ATP11B overexpression (ATP11B),
shRNA-Control, and ATP11B silencing (shRNA-ATP11B). Gapdh was used as the internal control. (B) The gPCR products were separated on the
agarose gel. (C) Western blotting detection of the protein expression levels of SV2A, SYP, and DLG4 following transfection with overexpression
or silencing plasmids of Atp11b in primary hippocampal neurons. (D) Data are expressed as a percentage of the control relative to GAPDH
following background subtraction. Data are expressed as mean 4+ SEM. One-way ANOVA. *P < 0.05, **P < 0.01.

strate a significant increase in extracellular glutamate concen-
tration caused by overexpression of ATP11B, and conversely,
ATP11B knockdown reduced the glutamate release (Figure 5A).
It has been shown that an increase in glutamate release can
activate glutamate receptors and modulate synaptic plasticity
(Futagi and Kitano, 2015; Park et al., 2015; Twomey et al., 2017).
Interestingly, dysfunction of NMDA receptors induces significant
reduction in dendritic complexity (Andreae and Burrone, 2015),
and AMPA receptors regulate experience-dependent dendritic
arbor growth (Kumar et al., 2005). To detect glutamate receptor
expression, gPCR and western blotting were employed to explore
changes in mRNA and protein levels following transfection with
the ATP11B overexpression and silencing plasmids. The expres-
sion of glutamate receptors was upregulated by overexpression
of ATP11B and downregulated by silencing (Figure 5B—E), indi-
cating that ATP11B regulates the release of synaptic glutamate
and glutamate receptor expression in hippocampal neurons and
may play an important role in the maintenance of synaptic
plasticity.

ATP11B increases the intracellular Ca®* concentration in primary
hippocampal neurons

An increase in intracellular Ca** has been reported to trigger
synaptic plasticity, and its mobilization is a critical step (Fitzjohn

and Collingridge, 2002; Futagi and Kitano, 2015; Zhang et
al., 2015a). An increase in intracellular Ca?* concentration,
a process that occurs during synaptic transmission induced
by the release of intracellular Ca®t stores, plays an impor-
tant role in the growth and elimination of dendritic spines
(Segal et al., 2000). Moreover, here, upregulation of ATP11B
induced spine remodeling (Figure 1H and I). Thus, to investigate
the effect of ATP11B on intracellular Ca’* concentration in
neurons, primary hippocampal neurons were transfected
with ATP11B overexpression and silencing plasmids. Fluo-
4AM was used to monitor the intracellular Ca** levels by
flow cytometry (Figure 6). Overexpression of ATP11B signif-
icantly increased the fluorescence intensity and therefore
the intracellular Ca?* concentration (Figure 6). In contrast,
ATP11B knockdown clearly reduced the fluorescence intensity
(Figure 6), indicating that ATP11B affects the intracellular Ca**
concentration.

ATP11B regulates synaptic plasticity through the MAPK14
signaling pathway

The requirement of the MAPK14 signaling cascade in the
induction of synaptic plasticity has been well characterized (Cor-
rea and Eales, 2012), and its downstream signaling molecules
Creb1 (Benito and Barco, 2010) and Arc (Soule et al., 2012) have
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Figure 6 ATP11B increases the intracellular Ca?>T concentration in
hippocampal neurons. Cytogram showing Fluo4-AM-labelled pri-
mary neurons with up- or downregulation of Atp11b monitored by
flow cytometry. X-axis: intensity of fluorescence (log scale); y-axis:
number of events. The green color represents Control, the yellow
color represents shRNA-Control, the blue color represents ATP11B
overexpression, and the red color represents shRNA-ATP11B.

also been reported to play a key role in the regulation of synaptic
plasticity. Based on the above studies, the hypothesis that
ATP11B influences synaptic plasticity through the MAPK14 sig-
naling pathway was provided. To investigate the effect of ATP11B
on MAPK14 signaling molecules, primary hippocampal neurons
were transfected with ATP11B overexpression and silencing

plasmids. Real-time PCR was used to detect the mRNA levels of
Mapk14, Creb1, and Arc, with statistical analysis demonstrating
a significantincrease in the ATP11B overexpression group and a
decrease in the ATP11B knockdown group (Figure 7A). Agarose
gel electrophoresis is shown in Figure 7B. Western blotting
results were consistent with those obtained by real-time PCR
(Figure 7C), where the protein levels of MAPK14 and ARC were
significantly increased following upregulation of ATP11B and
clearly reduced following knockdown of ATP11B. Statistical anal-
ysis is shown in Figure 7D. Furthermore, we examined the effect
of ATP11B on MAPK phosphorylation. Western blotting results
showed that ATP11B overexpression enhances phosphorylation
of MAPK and ATP11B silencing reduces phosphorylation of MAPK
(Figure 7E). In light of the above results, it can be speculated that
ATP11B is involved in the regulation of synaptic plasticity via the
MAPK14 signaling pathway.

SB203580 blocks the regulation of ATP11B on the MAPK14
signaling pathway

The results showed that ATP11B regulates the MAPK14 signal-
ing pathway. Subsequently, SB203580 (Kumar et al., 2010), a
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specific p38 MAPK inhibitor, was used for further validation. Pri-
mary hippocampal neurons were treated with SB203580 (20 pm)
for 1 h, and western blotting was carried out to detect changes
in the expression of MAPK14, CREB1, and ARC (Figure 8A).
Statistical analysis is shown in Figure 8B. It was found that the
expression of MAPK14, CREB1, and ARCwas decreased following
treatment with SB203580. Furthermore, the expression of
MAPK14, CREB1, and ARC was significantly downregulated
in the group transfected with ATP11B following pretreatment
with SB203580 as compared with the group transfected with
ATP11B, indicating that SB203580 blocked the influence
of ATP11B on the MAPK14 signaling pathway (Figure 8B).
Hence, it can be concluded that ATP11B indeed influences the
regulation of synaptic plasticity through the MAPK14 signaling
pathway.

Discussion

In the present paper, we found that up- and downregulation of
ATP11B induced changes in neurite outgrowth and spine motility
(Figure 1) of hippocampal neurons both in vitro and in vivo,
and in synaptic ultrastructure (Figure 2), through alteration of
the asymmetrical distribution of PS in neuronal cell membranes
(Figure 3). Moreover, overexpression of ATP11B increased glu-
tamate release, enhanced the expression of glutamate recep-
tors (Figure 5), and raised the intracellular Ca®>* concentration
(Figure 6) in mouse hippocampal neurons. Furthermore, ATP11B

regulation of synaptic plasticity appears to be mediated by the
MAPK14 signaling pathway (Figures 7-9). This study lays the
foundation for the exploration of the mechanism of ATP11B in
the regulation of synaptic plasticity.

It has been reported that changes in synaptic structure are
caused by asymmetry of the neuronal cell membrane, and it
is this asymmetry that maintains the structure of the synapse
(Fontaine et al., 1979; Wood et al., 2011; Epand, 2015). PS
is the most important phospholipid in the plasma membrane
(Fadeel and Xue, 2009) and has been reported to be associ-
ated with functional maintenance of membranes (Pomorski et
al., 2001). ATP11B belongs to P4-type ATPases, which regulate
cellular internalization of phospholipids and maintain unstable
distribution of phospholipids in the plasma membrane (Lopez-
Marques et al., 2014). Here, we show that downregulation of
ATP11B promotes PS externalization, whereas upregulation of
ATP11B has no significant effect on PS localization (Figure 3),
indicating that changes in ATP11B expression influence neu-
ronal cell membrane asymmetry, ultimately regulating synaptic
structure.

Recently, the function of SV2A in presynaptic signal trans-
duction has been reviewed (Nensa et al., 2014), and its knock-
down appears to negatively regulate dendritic spine density
and synaptic plasticity (Cohen et al., 2011). Moreover, SV2A is
also critical for Ca*"-dependent exocytosis in central neurons
and can act as a redundant Ca*" regulator in neurotransmitter
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Figure 8 SB203580 blocks the regulation of ATP11B on the MAPK14 signaling pathway. (A) Western blotting detection of MAPK14 signaling
molecules (MAPK14, CREB1, and ARC) in primary hippocampal neurons after pretreatment with SB203580 (20 um) for 1 h and/or transfection
with ATP11B. (B) Data are expressed as a percentage of the control relative to GAPDH after background subtraction in the following
four groups: Control, treatment with SB203580 (SB203580), transfection with ATP11B (ATP11B), and transfection with ATP11B following
pretreatment with SB203580 (SB203580 + ATP11B). Data are expressed as mean & SEM. One-way ANOVA. *P < 0.05, ***P < 0.001.
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Figure 9 Schematic diagram showing that ATP11B regulates the synaptic-associated proteins (SV2A, SYP, and DLG4), increases glutamate
release, enhances the expression of glutamate receptors, and raises the intracellular Ca** concentration in the mouse hippocampus, thus
regulating synaptic plasticity through the MAPK14 signaling pathway.

release (Janz et al., 1999; Chang and Sudhof, 2009; Vogl et
al., 2015). SYP and DLG4 are both important synaptic markers
(Metz et al., 1986), mutants of which can impair synapse for-
mation and neurotransmitter release (Tarsa and Goda, 2002;
Beique and Andrade, 2003). In summary, the above proteins
have been reported to participate in the regulation of synap-
tic plasticity. In the present paper, as shown in Figure 4, the
expression of these synapse-associated proteins (including the
presynaptic protein SV2A, synaptic vesicle-related protein SYP,

ARC

and postsynaptic protein DLG4) were upregulated at both the
mRNA and protein levels following overexpression of ATP11B
in hippocampal neurons and downregulated following ATP11B
knockdown. These results indicate that upregulation of ATP11B
may increase neurotransmitter release (Janz et al., 1999), the
function of synaptic vesicles (Alderetal., 1995; Sun et al., 2006;
Kolos et al., 2015), and synaptic activity (Blanpied et al., 2008)
via the upregulation of SV2A, SYP, and DLG4, which are closely
associated with synaptic plasticity.
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Glutamate is a crucial excitatory neurotransmitter in the CNS
and plays an important role in the maintenance of synaptic plas-
ticity (Mattson, 2008). Gated by the neurotransmitter glutamate,
ionotropic AMPA glutamate receptors are known to mediate fast
excitatory neurotransmission (Twomey et al., 2017). Moreover,
AMPA receptors are important for synaptic plasticity, and dys-
regulation of AMPA receptors is linked to multiple neurologi-
cal diseases (Twomey et al., 2017). Furthermore, an increase
in glutamate release could also activate NMDA receptors and
modulate NMDA receptor—-dependent synaptic plasticity (Futagi
and Kitano, 2015; Park et al., 2015). It is noteworthy that neu-
rotransmitter releases via exocytosis as well as a number of
synaptic receptors and proteins are modulated by PS on neu-
ronal membranes (Kim et al., 2014). In addition, PS has been
shown to facilitate neuronal activities depending on the plasma
membrane composition, to prevent neuronal apoptosis, and to
restore the levels of neurotransmitters and receptors (Osetla
et al., 2008). As shown herein, ATP11B overexpression pro-
moted glutamate release, increased the expression of AMPAR
and NMDAR (Figure 5), and regulated the asymmetrical distri-
bution of PS (Figure 3), indicating that upregulation of ATP11B
increases glutamate release and the expression of its receptors
through regulation of the asymmetrical distribution of PS, ulti-
mately regulating synaptic plasticity.

NMDARs and AMPARs are involved in the regulation of glu-
tamate release and calcium dynamics, which are colocalized
at most excitatory synapses in the CNS (Chen and Diamond,
2002). Moreover, an increase in intracellular Ca?* mediated by
NMDA receptors in surrounding neurons often triggers changes
in synaptic plasticity (Futagi and Kitano, 2015). It has been
reported thatan activity-dependent Ca** influxis required during
the consolidation phase of synaptic plasticity in hippocampal
neurons (Zhang et al., 2015a). Moreover, Ca?* mobilization is a
critical step in synaptic plasticity and is often the initial trigger
for changes in plasticity (Fitzjohn and Collingridge, 2002). Fur-
thermore, PS production is increased in cells of neuronal origin
by compounds that trigger Ca®* release, which is consistent
with the fact that PS synthesis is a Ca*"-dependent process
(Mikhaevitch et al., 1994). In the present paper, we found that
overexpression of ATP11B increased the intracellular Ca** con-
centration (Figure 6) and regulated the asymmetrical distribution
of PS (Figure 3) in primary hippocampal neurons, indicating that
ATP11B regulates synaptic plasticity via increasing the intracel-
lular Ca’* concentration.

It has been reported that PS is localized in the cytoplasmic
leaflet of the plasma membrane, which forms part of the dock-
ing site of proteins and is essential for the activation of cru-
cial signaling pathways (Akbar et al., 2005; Kim, 2007, 2010).
Modulation of the PS level in the plasma membrane of neurons
contributes to these signaling processes (Kim et al., 2014); how-
ever, PS has also been shown to inhibit the phosphorylation
and activation of MAPK14 (Doffek et al., 2011). Here, we found
that changes in ATP11B expression influenced the asymmetri-
cal distribution of PS, which participates in the regulation of
the phosphorylation and expression of MAPK14. Furthermore,
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numerous lines of evidence have revealed that the MAPK14 sig-
naling pathway plays a crucial role in synaptic plasticity and neu-
rodegenerative diseases (Correa and Eales, 2012). Hippocampal
synaptic plasticity that depends on glutamate receptor activa-
tion has been reported to be inhibited by SB203580, indicating
a requirement for MAPK14 in synaptic plasticity (Thomas and
Huganir, 2004). Further, it has been reported that CREB1, a com-
mon downstream target of MAPK14 (Mayer et al., 2013), is also
involved in synaptic plasticity (Lazary et al., 2011). In addition,
ARC degradation is critical for synaptic plasticity and memory
(Husainetal., 2017). Interestingly, ARCis also involved in synap-
tic elimination of hippocampal neurons, which is specifically
targeted to inactivated synapses and induces inactive synap-
tic/dendritic spines (Okuno et al., 2012). It has been shown
that CREB1 is regulated by the GSK-3B signaling pathway (Pan
et al.,, 2016; Xu et al., 2016). The ERK and MAPK signaling
pathways can both activate CREB1 and trigger ARC transcription
(Ying et al., 2002). In the present study, it was also demon-
strated that the expression levels of CREB1 and ARC were not
significantly reduced following treatment with SB203580. There-
fore, we speculate that inhibition of MAPK14 by SB203580 may
reduce the levels of CREB1 and ARC. Moreover, the expression
of CREB1 and ARC may be regulated by the ERK and GSK-38 sig-
naling pathways following other alternative proteins, including
ATP11B. Thus, in comparison with the controls, the expression
levels of CREB1 and ARC were not significantly reduced following
treatment with SB203580 in the present study. In the present
study, overexpression of ATP11B upregulated MAPK14 signaling
molecules (Figure 7),and SB203580 treatment blocked the influ-
ence of ATP11B on the MAPK14 signaling pathway, indicating
that ATP11B indeed regulates synaptic plasticity via the MAPK14
signaling pathway.

Our future research will aim to identify the crucial points in the
ATP11B regulatory network with respect to hippocampal synaptic
plasticity using time-series omics data for the construction of a
specific network (Liu et al., 2016) and network biology methods
for the integration of edge and node biomarkers (Zhang et al.,
2015b; Zhao et al., 2016) and dynamic network biomarkers
(DNB) (Chen et al., 2012; Li et al., 2017; Yang et al., 2018; Liu
etal., 2019a, b).

Our experiments show that ATP11B overexpression influ-
ences the asymmetrical distribution of PS, which affects
neuronal membrane asymmetry, improves the intracellular
Ca*" concentration, and increases the release of glutamate.
Upregulated levels of synapse-associated proteins (including
the presynaptic protein SV2A, synaptic vesicle—associated
protein SYP, and postsynaptic protein DLG4) are important for
neurotransmitter release. Accompanied by glutamate release,
the trafficking and stabilization of AMPAR are needed post-
synaptically to strengthen the excitatory synaptic transmis-
sion. Our results show that expression of the glutamate
receptor was upregulated in mouse hippocampal neurons
through the MAPK14 signaling pathway. In conclusion, ATP11B
modifies synaptic ultrastructure and regulates synaptic plas-
ticity. These data provide a novel perspective on synaptic
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plasticity and lay a theoretical foundation for neuroscience
research.

Materials and methods
Materials

Neuralbasal (Gibco), B-27 (Gibco), GlutaMax (Gibco), fetal
bovine serum (FBS; Invitrogen), Lipofectamine 2000 (Invitro-
gen), anti-GluR1 mouse monoclonal antibody (Santa Cruz), anti-
AMPAR rabbit monoclonal antibody (BBI), anti-GRIN1 rabbit
monoclonal antibody (BBI), 4',6-diamidino-2-phenylindole
(DAPI) (Invitrogen), anti-GAPDH mouse monoclonal antibody
(Santa Cruz), and SB203580 (Selleck).

Ethics approval and consent to participate

All animals were treated in accordance with the International
Guidelines for Animal Research. The study design was approved
by the Animal Ethics Committee of Shanghai University.

Primary neuron culture

Culture of the primary neurons was performed as previously
described (Jiang and Chen, 2006; Seibenhener and Wooten,
2012). The day prior to neuron isolation, all plates were coated
with poly-D-Lysine, which was diluted with ddH,0 at 37°C
for 30 min. For immunofluorescence applications, poly-D-
Lysine solution was used to coat glass coverslips in a 24-well
plate. For cell culture applications, 60-mm dish was coated
with poly-D-Lysine solution. The plates were washed with
sterile ddH,0 three times and rested uncovered under a UV
light overnight. PO mice were placed under ice anesthesia,
sterilized with 75% ethanol, and transferred into a new plate.
The entire brain was carefully removed using a sterile scalpel,
and the hippocampus was separated under a stereoscope.
Each hippocampus was transferred into a small tissue culture
dish with warmed (37°C), sterile phosphate-buffered saline
(PBS). After removing all PBS, the tissues were cut into pieces
~1 mm? in size using sterile ophthalmic scissors. Trypsin was
added, and the samples were incubated at 37°C for 5 min.
Preheated culture medium (Neuralbasal +10% heat-inactivated
FBS + 1% Penicillin/Streptomycin + 2% B-27 + 1% GlutaMax)
was immediately added to terminate the digestion reaction. The
samples were placed on ice for 5 min, and the supernatant was
transferred to a new tube and centrifuged for 5 min at 800 g to
collect single cells. The pellet was re-suspended in 1-ml culture
medium after discarding the supernatant, and the cells were
counted using an automated cell counter. The number of cells
required for each well on 6- and 24-well plates was 5 x 10° and
1 x 10°, respectively. The culture plates were gently shaken ~ 10
times and placed at 37°C. Serum-free medium was replaced on
the fourth day, followed by the semi-quantitative liquid being
changed every 3 days.

Cell transfection
The transfection of primary neurons was performed as
described previously (Jiang and Chen, 2006). Cells from

mouse hippocampus were seeded at 2 x 10° cells per well
in 24-well plates (NEST) 72 h prior to transfection. Fresh pre-
warmed serum-free medium was replaced prior to transfection.
The plates and the original medium were both returned to
the incubator (37°C, 5% CO0;). A typical composition of the
precipitate for each 60-mm dish: 150 pl HEPES-buffered saline
(HeBS) was placed in one tube and 15 pl 2.5 M CaCl,, 10 ug
DNA, and ddH,0 to a total of 150 pl were added to another tube.
The DNA/CaCl, mixture was subsequently added dropwise to
the HeBS, ~1/8 of the mixture was added each time with gentle
vortexing (2-3 sec), swirling well between each drop to mix well,
which is critical for the formation of the precipitate. The DNA
mixture was incubated for 15-20 min at room temperature, and
the suspension solution was added dropwise onto the cells.
After incubation for 45 min to 3 h in 5% CO, incubator at 37°C,
the precipitate was dissolved by incubating with a medium pre-
equilibrated in a 10% CO; incubator at 37°C for 15-20 min. A
slightly acidic culture medium can dissolve the precipitate to
reduce cell toxicity. Consequently, the acidic culture medium
was replaced with the original medium and incubated at 5%
CO,, 37°C. Semi-quantitative liquid was changed every 3 days.
The primary neurons were transfected with the pcAGGS-EGFP,
RNAi-Blank, pcAGGS-ATP11B-EGFP (GenelD:23200), and RNAi-
ATP11B plasmids according to the protocol (Wang et al., 2018).

Immunofluorescence

The primary neurons that cultured on coverslips in a 24-well
plate were washed with PBS, fixed in 4% paraformaldehyde for
30 min at room temperature, and permeabilized with 0.2% Triton
X-100 for a further 30 min. The neuronal cells were stained
with DAPI at room temperature for 30 min and then washed
three times with PBS. Fluorescence was observed using a Zeiss
LSM710 microscope.

Image morphological analysis

Confocal images were imported into Imaris (Version 9.0.1).
Each spine on every dendritic branch was defined using
the Filaments module of the Imaris software. Protrusions
longer than 5 pm were considered as filopodia and excluded.
Spine subtypes were classified as follows: Mushroom, spine
head diameter (d,) > 1.5 x the spine neck diameter (dn);
Stubby, spine length (L) not significantly longer than the head
diameter, and spine head and neck roughly the same width
(dn/dn < 1.5, L/dy, < 2); Thin, spine length longer than spine
width, and spine head and neck diameters nearly equivalent
(dn/dn < 1.5, L/dy > 2); Branched, spines with more than one
head (Bian et al., 2015).

Standard error of the mean observation

The primary neurons were analyzed using a Hitachi S-520
scanning electron microscope to detect changes in the following
surface morphological features: synaptic cleft (nm), synaptic
interface curvature, presynaptic active zone length (nm), and
synaptic PSD (nm). For standard error of the mean (SEM), living
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cells require chemical fixation to preserve and stabilize their
structure. Fixation is performed by incubation in a solution of a
buffered glutaraldehyde. Samples for imaging will be mounted
on asolid flat substrate. Before observation, the microscope was
checkedto seeifitwas energized and ready for operation, and all
required personal protective equipment was worn. The samples
were placed inside the microscope, and following ion milling
to expose the required region, an electron beam of 1.6 kV was
used with a milling beam of 30 kV and 800 pA. Each milling and
imaging cycle took ~ 90 sec, with a pixel dwell time of 10 psec
for the electron beam. Six hundred to a thousand images were
collected by sequentially milling and imaging, with a final image
size of 2048 by 1536 pixels. Each pixel was 5 x 5 nm. Images
were obtained on the screen and saved in the appropriate
folder.

ATPase enzyme activity assay

Before detection, all reagents were brought to room temper-
ature before use, and lab wares were ensured free from con-
taminating phosphate after thorough washing. Approximately
2 x 10° suspended cells were lysed in ice-cold buffer and
observed under a microscope. The cells were then centrifuged,
and the supernatant retained. An appropriate range of dilution
concentrations were selected for detection, and the enzyme
was serially diluted in assay buffer. Reaction volumes of 40 pl
were set up, including a control with no enzyme. The reaction
was incubated for 30 min and 200 pl reagent was then added
and incubated for a further 30 min at room temperature. The
absorbance was read at 620 nm using a microplate reader.
Compute the concentration of free phosphate produced [Pi]
(um) from the standard curve. Enzyme activity was calculated
according to the following formula:

[Pi] (WM) x 40 l

Enzyme activity = 10ulxt UL

Annexin V assay

For flow cytometry, the primary neurons were seeded on 6-
well plates at a density of 4 x 10° cells per well and incu-
bated for 72 h at 37°C, 5% CO,, followed by transfection. The
primary neurons were collected in 10% FBS-Dulbecco’s modi-
fied Eagle’s medium, digested with trypsin without Ethylenedi-
aminetetraacetic acid, fixed in fresh medium, and centrifuged at
800 g for 5 min. Primary neurons were resuspended in 100 pul
bufferand fixed with 5 plAnnexin V-PEand 5 pl 7-AAD in the dark,
followed by incubation at room temperature for 15 min. Finally,
the mixture was added to 400 pl buffer and detected using a
PE Annexin V apoptosis detection kit (BD). Annexin V-PE binding
was analyzed by flow cytometry (Ex = 488 nm; Em = 350 nm)
using PE signal detector and 7-AAD staining by the phycoerythrin
emission signal detector.

Quantitative real-time PCR
To calculate the relative expression levels of target genes, it is
necessary to compare the expression level of target gene with the

internal control. Using an RNA extraction kit (Promega), the total
RNA was extracted following the manufacturer’s protocol. An RT
Master Mix (TaKaRa) was used for cDNA synthesis. For the quan-
tity of cDNA synthesis, the absorbance at 260 nm was measured
to determine the concentration of cDNA, and the purity of cDNA
was determined by the ratio of the absorbance at 260 to that at
280. Quantitative real-time PCR amplification was performed in
Top Green gPCR Super Mix (Yeasen) containing cDNA samples
and specific primers. The primer sequences are shown in Table 1.
Relative gene expression was calculated by comparison of the CT
value of the target gene with that of Gapdh.

Western blotting

The primary hippocampal neurons were transfected with
ATP11B overexpression or silencing constructs. To extract the
total protein from the primary neurons, cells were cultured
on 6-well plates, washed with ice-cold PBS, and lysed in 2%
Triton X-100 buffer. Sodium dodecyl sulfate polyacrylamide gel
electrophoresis was used to separate the protein samples, which
were subsequently electroblotted onto nitrocellulose mem-
branes. The membranes were blocked with 5% bovine serum
albumin—PBS for 1 h, and the following primary antibodies were
applied at 4°C overnight: rabbit anti-SV2A (Abcam), rabbit anti-
SYP (Boster), rabbit anti-DLG4 ((BBI), rabbit anti-MAPK14 (CST),
rabbit anti-pMAPK14 (Abclonal), rabbit anti-CREB1 (BBI), rabbit
anti-ARC (BBI), and rabbit anti-ATP11B (Sigma). The following
day, the membranes were incubated with a mouse anti-GAPDH
(1:1000, Abcam) antibody at room temperature for 1 h, followed
by an infrared dye 700-conjugated affinity-purified goat anti-

Table 1 Alist of primers used for quantitative real-time PCR.

Gene name Primer sequences (5’ to 3')

Sv2a Upstream: GGCTTTCGAGACCGAGCAG
Downstream: GACCTTCGGGAATACTCATCCT
Syp Upstream: CAGTTCCGGGTGGTCAAGG

Downstream: ACTCTCCGTCTTGTTGGCAC

Dlg4 Upstream: TGAGCTATGAGACGGTGACG
Downstream: CGGGAGGAGACAAAGTGGTA
Glur1 Upstream: AAAGGAGTGTACGCCATCTTTG
Downstream: GATATTGTTGGGGAAATTGGCACC
Glur2 Upstream: TTCTCCTGTTTTATGGGGACTGA
Downstream: CTACCCGAAATGCACTGTATTCT
Glur3 Upstream: ACCATCAGCATAGGTGGACTT
Downstream: ACGTGGTAGTTCAAATGGAAGG
Glur4 Upstream: GGGAGGTGACTCCAAGGACA
Downstream: CCAGTGATGGATAACCTGGCT
Grin1 Upstream: AGAGCCCGACCCTAAAAAGAA
Downstream: CCCTCCTCCCTCTCAATAGC
Mapk14 Upstream: GGCTCGGCACACTGATGAT

Downstream: TGGGGTTCCAACGAGTCTTAAA
Arc Upstream: GTGTCCAAGCAGGTGGAGCG
Downstream: TTGATGGACTTCTTCCAGCGCTG

Creb Upstream: AGCAGCTCATGCAACATCATC
Downstream: AGTCCTTACAGGAAGACTGAACT
Gapdh Upstream: TCACCACCATGGAGAAGGC

Downstream: GCTAAGCAGTTGGTGGTGCA
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mouse 1gG secondary antibody (Zemed) and an infrared dye
800-labeled goat anti-rabbit 1gG secondary antibody (Zemed)
for another hour. The relative protein expression levels were
normalized to GAPDH, and the protein bands were detected
usingthe LI-COR Odyssey infrared imaging system (simultaneous
dual-color targeted analysis) and software (LI-COR).

Measurement of the glutamate concentration

The glutamate concentration was measured at 340 nm using
a glutamic acid concentration detection kit (Njjcbio), according
to the manufacturer’s protocol. Before detection, the 10 mmol/L
glutamate standard stock solution was diluted with standard
sample diluent to different concentrations: 25, 50, 100, 200, and
400 pmol/L for the preparation of the standard curve. The sam-
ples were the neuron culture medium, pretreated with reagent
one, and then with the other reagents, according to the manu-
facturer’ protocol. The absorbance of each tube at 340 nm was
measured as the Al value, after the reagents and samples were
thoroughly mixed. Reagent Five (400 pmol/L dilution) was then
added. The mixture was incubated at 37°C for 40 min, and the
absorbance of each tube at 340 nm was measured as the A2
value. Distilled water was used as the negative control (blank),
and the 200 pmol/L glutamic acid standard solution was used
as the positive control.

The glutamic acid concentration was calculated using the fol-
lowing formula:

Glutamate concentration (umol/L) = [(measured A2 value —
measured Al value) — (blank A2 value — blank A1 value)]/
[(standard A2 value — standard A1 value) — (blank A2 value —
blank A1 value)] x standard concentration (200 pmol/L) x 4
(sample dilution prior to measurement).

Fluo4-AM assay

Fluo4-AM can be hydrolyzed by intracellular esterases to pro-
duce Fluo-4, which is a high-affinity Ca** dye that shows >100-
fold increase in fluorescence following binding to Ca?* (Spinelli
and Gillespie, 2012). The fluorescence level was determined
by flow cytometry at an excitation wavelength of 488 nm and
an emission wavelength of 525 nm. A mass of 1 mg Fluo4-AM
(Invitrogen) was dissolved in 912 pl anhydrous DMSO to make a
stock solution of 1 mm, 5 pl of which was diluted with 1 mlHanks’
balanced salts solution (HBSS) to give a working liquid of 5 pum.
This liquid was freshly prepared before each use. Neuron cells
were washed three times with HBSS, followed by the addition of
the Fluo4-AM working liquid and incubation at 37°C for 30 min.
Following the treatment, cells were washed three times with
HBSS to fully remove the Fluo4-AM and incubated at 37°C for
a further 30 min. The cell samples were subjected to a flow
cytometer (MoFlo XDP, Beckman Coulter). Prior to detection, the
samples were protected from light.

MAPK14 inhibition experiment
The cultured primary neurons were randomly assigned to four
groups: control group, ATP11B overexpression group, MAPK14

inhibitor SB203580 (20 um)-treated group, and the MAPK14
inhibitor SB203580 (20 um)-treated in combination with overex-
pression of ATP11B group. The control group was incubated with
an equal volume of PBS. The MAPK14 inhibitor was added 1 h
prior to transfection with the ATP11B overexpression construct.
After 48 h, protein was extracted, and the expression of MAPK14
signaling—related molecules was detected by western blotting.

Statistical analysis

Morphometric measurement and analysis of neuronal and
synaptic structure were performed using the Image-Pro Plus 6.0
image analysis software. Spine subtypes were defined and clas-
sified using the Filaments module of the Imaris software (Version
9.0.1). All data are expressed as the mean + SEM and analyzed
by one-way analysis of variance or a t-test. SPSS18.0 software
was used for all statistical analysis. Statistical significance was
accepted at P < 0.05.
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