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Abstract

Our previous studies showed that the early use of calpain inhibitors reduces calpain activity in multiple brain regions, and that postnatal
treatment with calpeptin may lead to cerebellar motor dysfunction. However, it remains unclear whether postnatal calpeptin application
affects hippocampus-related behaviors. In this study, Sprague-Dawley rats were purchased from the Animal Center of Anhui Medical
University of China. For the experiments in the adult stage, rats were intraperitoneally injected with calpeptin, 2 mg/kg, once a day, on
postnatal days 7-14. Then on postnatal day 60, the Morris water maze test was used to evaluate spatial learning and memory abilities.
The open field test was carried out to assess anxiety-like activities. Phalloidin staining was performed to observe synaptic morphology in
the hippocampus. Immunohistochemistry was used to count the number of NeuN-positive cells in the hippocampal CA1 region. Dil was
applied to label dendritic spines. Calpeptin administration impaired spatial memory, caused anxiety-like behavior in adulthood, reduced
the number and area of apical dendritic spines, and decreased actin polymerization in the hippocampus, but did not affect the number
of NeuN-positive cells in the hippocampal CA1 region. For the neonatal experiments, neonatal rats were intraperitoneally injected with
calpeptin, 2 mg/kg, on postnatal days 7 and 8. Western blot assay was performed to analyze the protein levels of Akt, Erk, p-Akt, p-Erk1/
2, Erkl1/2, SCOP, PTEN, mTOR, p-mTOR, CREB and p-CREB in the hippocampus. SCOP expression was increased, and the phosphor-
ylation levels of Akt, mTOR and CREB were reduced in the hippocampus. These findings show that calpeptin administration after birth
affects synaptic development in neonatal rats by inhibiting the Akt/mTOR signaling pathway, thereby perturbing hippocampal function.
Therefore, calpeptin administration after birth is a risk factor for neurodevelopmental defects.
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Introduction

Neurodevelopment consists of prenatal and postnatal devel-
opment. Neuronal differentiation and migration preferen-
tially happen in the prenatal phase. Postnatal development
is critical for synaptic formation and connection (Andreae
and Burrone, 2014). As reported, synaptic malfunction is a
major reason for behavioral changes, including memory im-
pairment, anxiety, and depression (Han and Tian, 2005; Sin-
di and Dodd, 2015). The second week after birth is a critical
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period of postnatal development in rodents (Tashiro et al.,
2007). Environmental stressors, such as maternal separation,
or neurotoxin exposure in this period perturb neurodevel-
opment, causing neuropsychiatric disorders (Skilbeck et al.,
2018). A typical example is early maternal separation, which
causes memory and neurobehavioral deficits (Vetulani,
2013). However, the underlying mechanisms are still not
completely known.

Calpains are important calcium-dependent proteases
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(Stalker et al., 2003). Two subtypes of calpains are widely
found in brain tissue, namely calpain-1 and calpain-2 (Prang-
saengtong et al., 2012). Most studies on calpains have focused
on their negative role in pathological conditions, i.e., calpain
overactivation resulting in neurodegenerative diseases (Ma,
2013; Cheng et al., 2018). However, their positive role in neu-
rodevelopment has recently been recognized. Using transgen-
ic mice, Amini et al. (2013) demonstrated that calpain knock-
out in the central nervous system alters dendritic growth
and impairs memory. Calpain-1 silencing causes cerebellar
ataxia (Wang et al., 2016). Furthermore, Zhu et al. (2015b,
2017) reported that calpain-1 silencing impairs hippocampal
synaptic plasticity. Together, these studies demonstrate that
calpain is required for neurodevelopment, as well as for syn-
aptic plasticity (Briz and Baudry, 2016). Our previous studies
also showed that the early use of calpain inhibitors reduces
calpain activity in multiple brain regions, and that postnatal
application of calpeptin causes cerebellar motor dysfunction
(Li et al., 2017a). However, whether postnatal calpeptin appli-
cation affects hippocampus-related behaviors and the under-
lying mechanisms are not known. In this study, postnatal rats
were administered calpeptin, and the behavioral changes in
the adult stage were assessed.

Materials and Methods

Animals

Adult specific-pathogen-free Sprague-Dawley rats aged two
months old and weighing 200-250 g (two males and five
females) were obtained from the Animal Center of Anhui
Medical University, China (license No. SCXY (Wan) 2014-
0009). All rats were bred in a temperature-controlled envi-
ronment (25°C) with a standard 12-hour light/dark cycle
and allowed free access to food and water. All experimental
procedures were approved by Animals Ethics Committee
of Anhui University of Chinese Medicine, China (approv-
al No. AUCM-2015-0901). The pups were kept with their
dams throughout the experiment. Control and experimen-
tal pups were obtained randomly from the same litters in
each experiment.

The experiment was divided into postnatal and adult
phases. In the experiments in the postnatal phase, 42 pups
(half female, half male) were randomly assigned to the cal-
peptin and control groups (half female, half male), and were
intraperitoneally administered calpeptin (2 mg/kg, 100 uL;
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and sa-
line (100 pL), respectively, on postnatal day 7 (P7) and P8
(n = 5 per group) (Figure 1A). Pups were sacrificed after
anesthesia with isoflurane (RWD Life Science, Shenzhen,
China), and the hippocampus was isolated for biochemical
experiments 2 hours after the last injection of calpeptin. For
the experiments in the adult phase (Figure 1B), 32 pups
were randomly divided into calpeptin and control groups
and intraperitoneally administered calpeptin (2 mg/kg) and
saline (100 pL), respectively, from P7 to P14 (one injection
per day). The open field test, Morris water maze (MWM)
test, and NeuN, Dil and actin polymerization assays (n = 8
per group) were performed on P60.

A Lp. calpeptin
\l/ l/ Tissue collecting for WB (n=5 in each group)
[ | 2h ]
Postnatal period
Postnatal (P)0  P7 P8
i OF (n = 8 in each group)
8 L.p. calpeptin MWM, tissue for
l/ \L \L l/ \L l/ l/ \L Phalloidin staining/IHC/Dil
(n =8 in each group)
L 11 11 11| 1 Adult period
Postnatal (P) 0 P7 P14 P60

Figure 1 Experimental procedure.

(A) Experiments in the postnatal period. (B) Experiments in the adult
period. WB: Western blot assay; MWM: Morris water maze; IHC: im-
munohistochemistry; h: hours; i.p.: intraperitoneally.

MWM test

The navigation experiment was performed for 5 days. The
rats were randomly placed in one of the four quadrants of
the MWM apparatus (Shanghai Xinruan Information Tech-
nology Co., Ltd., Shanghai, China). The latency to find the
platform was recorded and averaged. If the rat did not find
the platform in 60 seconds, it was led to the platform and the
escape latency was counted as 60 seconds. Then, 24 hours af-
ter the navigation experiment, the MWM spatial exploration
task was conducted. The rats were placed in the contralateral
quadrant and the time spent in the platform quadrant was
recorded by Ugo Basile software (Gemonio, Varese, Italy).

Open-field test

Adult rats were tested in an open field. In a quiet environment,
the rats were put in the center of the box (40 cm x 40 cm X 65
cm). The behaviors were captured by a video camera. All ex-
periments were carried out in a fixed time period of 5 minutes.
After that, the box was cleaned with 70% alcohol. The border
and central distances were analyzed by SUPER MAZE soft-
ware (Shanghai Xinruan Information Technology Co. Ltd.).

Phalloidin staining

Actin polymerization in apical dendrites was analyzed after
MWM by phalloidin staining (Kaech et al., 1997). The rats
were sacrificed, and the hippocampus was isolated. Phalloi-
din-rhodamine dye was applied to the hippocampal CA1
dendrites in ventral hippocampal slices. After incubating for
30 minutes, the slices were fixed in 4% paraformaldehyde
for 24 hours at 4°C. The slices were cryoprotected in 30% su-
crose and cut into 20-um-thick frozen sections. The images
were taken on a confocal microscope (F1000; Olympus, To-
kyo, Japan) using Z-axis scanning (thickness: 0.5 um). The
number and area of the spines were analyzed using Image]J
v2.1.4.7 software (National Institutes of Health, Bethesda,
MD, USA) after the 3D image was obtained using the “Z
Project” function.

Immunohistochemistry

Pyramidal neurons in the CAl region were detected by
counting NeuN-positive cells as described previously (Zhu
et al., 2015a; Li et al., 2017c¢). Briefly, hippocampal slices
from adult rats were fixed in 4% paraformaldehyde for 1
hour, cryoprotected in 30% sucrose for 1 hour at 4°C, and
sectioned on a freezing microtome (20 pm). The slides were
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blocked with goat serum, incubated with primary antibody
(rabbit anti-NeuN; 1:500; Millipore, Shanghai, China) over-
night at 4°C, washed three times (15 minutes each) in phos-
phate-buffered saline (PBS), and incubated in Alexa Fluor
488 goat anti-mouse IgG (Life Technologies, Boston, MA,
USA) for 2 hours at room temperature. The images were
taken under a confocal microscope (F1000; Olympus, To-
kyo, Japan).

Dil labeling procedure

The hippocampus was isolated. Dendritic spines were
stained with Dil (Molecular Probes, Eugene, OR, USA) as
previously described (Zhu et al., 2015a). Briefly, the hippo-
campal slices were labeled with Dil and fixed with 4% para-
formaldehyde. Afterwards, the slices were cryoprotected in
30% sucrose for 1 hour at 4°C and sectioned on a freezing
microtome (20 pum). Dendritic spines in the CA1 region that
belonged to a different neuron were imaged using a confocal
laser scanning microscope (FV1000; Olympus). Serial stack
images with a step size of 0.5 pum were collected, and then
projected to reconstruct a 3D image. Hippocampal slices
from eight animals in each group were stained with Dil. For
the analysis, at least one hundred dendrites in each image
were imaged, and the average value was obtained with Im-
age] software (National Institutes of Health).

Western blot assay

Hippocampi were isolated and lysed as previously described
(Xu et al., 2018; Zhu et al., 2018). The protein samples were
subjected to sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis for 75 minutes at 120 V and transferred onto a
nitrocellulose membrane for 2 hours at 300 mA. The mem-
brane was blocked with 5% skim milk for 2 hours at room
temperature and incubated with the following primary
antibodies overnight at 4°C: protein kinase B (Akt) (1:1000;
rabbit mAb; Cell Signaling Technology, Boston, MA, USA),
p-Akt (1:1000; rabbit mAb; Cell Signaling Technology),
p-Erk1/2 (1:1000; rabbit mAb; Cell Signaling Technology),
Erk1/2 (1:1000; rabbit mAb; Cell Signaling Technology), su-
prachiasmatic nucleus circadian oscillatory protein (SCOP)
(1:500; rabbit mADb; Santa Cruz Biotechnology), phospha-
tase and tensin homolog (PTEN) (1:1000; rabbit mAb; Cell
Signaling Technology), mammalian target of rapamycin
(mTOR) (1:500; mouse mAb; Santa Cruz Biotechnology),
p-mTOR (1:500; mouse mAb; Santa Cruz Biotechnology),
cAMP response element-binding protein (CREB) (1:500;
mouse mAb; Santa Cruz Biotechnology), p-CREB (1:500;
mouse mAb; Santa Cruz Biotechnology), -actin (1:1000;
mouse mAb; ZsBio, Beijing, China) and GAPDH (1:1000;
mouse mAb; BIOSS, Beijing, China). After washing in PBS,
the secondary antibody (1:1000; goat anti-mouse or rab-
bit; ZsBio) was incubated with the membrane for 2 hours
at room temperature. The phosphorylated proteins were
normalized to the total levels, while other proteins were nor-
malized to B-actin or GAPDH. Chemiluminescent substrate
detection reagent was used to visualize immunoreactive
bands, and the target band was analyzed with Image]J soft-
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ware v2.1.4.7 (National Institutes of Health).

Statistical analysis

The data are presented as the mean + SEM. Statistical anal-
ysis was performed using GraphPad Prism 6.0 statistical
software (GraphPad Software, Inc., La Jolla, CA, USA). Sig-
nificant differences between two groups were analyzed by
independent samples t-test. A value of P < 0.05 was consid-
ered statistically significant.

Results

Postnatal administration of calpeptin impairs memory in rats
As shown in Figure 2A, the latency to the platform in the
calpeptin group was not statistically different from that in the
control group (P > 0.05). By contrast, the time spent in the
target quadrant was significantly less in the calpeptin group
compared with control group (P < 0.05; Figure 2B & C). There
was no significant difference in swimming time or the number
of crossings of the original platform location among the first,
third and fourth quadrants. These results suggest that postnatal
injection of calpeptin impairs spatial memory in rats.

Postnatal administration of calpeptin increases
anxiety-like activity

As shown in Figure 3, the ratio of border and central distanc-
es was significantly higher in the calpeptin group compared
with the control group (P < 0.001). The total distance was not
significantly different between the two groups (P > 0.05).

Postnatal administration of calpeptin reduces the number
of apical dendritic spines and actin polymerization

As shown in Figures 4 & 5, pyramidal neurons in the hippo-
campal CA1 region (Figure 4A), apical dendritic spines and
actin polymerization (Figure 4A) were detected by NeuN,
Dil and phalloidin staining. Compared with the control
group, pyramidal neurons in the hippocampal CA1 region
were not altered in the adult rats in the calpeptin group (Fig-
ure 4B). By contrast, spine numbers and area in apical den-
drites were reduced in rats in the calpeptin group compared
with the control group (P < 0.05; Figure 4C-E). Compared
with the control, actin polymerization in the hippocampal
CALl region was also significantly reduced after calpeptin
injection (P < 0.05; Figure 5).

Postnatal administration of calpeptin inhibits the
SCOP-Akt pathway

We next sought to clarify the mechanisms underlying the
behavioral changes and neurodevelopmental impairment.
The Akt-mTOR pathway is critical for protein synthesis and
spine development (Wang et al., 2015; Zhu et al., 2015b). Be-
cause spine development was perturbed in calpeptin-treated
rats, we examined spine-related protein expression in the
postnatal period. After calpeptin injection, SCOP expression
in the hippocampus was significantly increased compared
with the control group (P < 0.01; Figure 6A), while calpeptin
injection did not affect PTEN expression, another substrate
of calpain (P > 0.05; Figure 6B).
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As shown in Figure 6C-F, compared with the control
group, p-Akt levels were significantly reduced after calpeptin
injection (P < 0.05). There was no significant difference in
p-Erk levels between the control and calpeptin groups (P >
0.05). In addition, p-mTOR and p-CREB levels were also
significantly reduced after calpeptin injection compared
with the control group (P < 0.05 or P < 0.01).

Discussion

Here, our results show that postnatal calpeptin administra-
tion impairs spatial memory and causes anxiety-like behavior.
Furthermore, calpeptin injection promoted SCOP accumula-
tion, which reduced Akt/mTOR-mediated spine formation.
These findings provide insight into the mechanisms underly-
ing early stress-induced neurodevelopmental deficits.

Acquisition function relies on a series of precisely-timed
neurodevelopmental events. Perturbation of neuronal
network organization during critical neurodevelopmental
periods can have severe and long-lasting effects in the adult
phase (Kuchibhotla et al., 2008). Moreover, a balance of syn-
aptic excitatory and inhibitory activity is critically important
for neurodevelopment (Gatto and Broadie, 2010; Tatti et al.,
2017). Maternal separation causes malfunction of y-amino-
butyric acid receptors during development (Furukawa et al.,
2017; Skilbeck et al., 2018). Glutamate signaling plays a key
role in brain development, promoting neuronal progenitor
propagation and migration, as well as dendritic outgrowth
and axonal elongation, and synapse formation and connec-
tion. Fast excitatory neurotransmission in the postnatal peri-
od is predominantly modulated by the N-methyl-D-aspartate
(NMDA) receptor. Calpain has been proposed to be the ma-
jor effector connecting NMDA receptors with downstream
functional changes (Baudry and Bi, 2016). Therefore, inhi-
bition of calpain activity should reduce excitatory synaptic
transmission, consistent with our present observations. Post-
natal calpeptin administration produced symptoms similar to
those in animals exposed to early life stress (Vetulani, 2013).

In our previous study, calpeptin reduced calpain activity in
several brain regions, especially the cerebellum, and caused
cerebellum-related motor abnormalities (Li et al., 2017d).
In contrast to its effect on the cerebellum, calpeptin did not
trigger cell loss in the hippocampus. Calpeptin blocks both
calpain-1 and calpain-2. It can pass through the blood-brain
barrier and distributes in various brain areas. Thus, calpeptin
is considered an effective inhibitor of calpain activity in the
nervous system (D’Orsi et al., 2012; Samantaray et al., 2015).
Although calpain transgenic animals show a variety of genetic
functional deficits, such as decline of memory and cerebellar
dysfunction (Zhu et al., 2015b, 2017; Wang et al., 2016), the
role of calpain in postnatal development, especially in the hip-
pocampus, has not been reported. Our current study shows
for the first time that application of a calpain inhibitor during
the postnatal period perturbs neurodevelopment.

The morphology of the hippocampus was not impaired in
the rats following early calpeptin administration in the CA1 re-
gion. In fact, calpain 4 conditional knockout mice also display
grossly normal brain morphology and cell arrangement. There-

fore, we examined apical dendritic spines and actin polymer-
ization in the CA1 region. Consistent with a previous study (Fan
et al,, 2011), spine development was impaired in rats given ear-
ly calpeptin administration. Actin polymerization is required
for the activation of synapses (Huang et al., 2007) and memory
(Baudry et al., 2012). Here, a substantial reduction in actin po-
lymerization was found in calpeptin-treated rats.

Calpain may play multiple roles in various biological pro-
cesses by degrading different substrates. For example, calpain
was reported to degrade SCOP, and regulate the activity of
Akt and other kinases in learning and memory (Smith and
Dodd, 2007). In a previous study, we reported that 1-meth-
yl-4-phenylpyridinium (MPP") activates calpain, which
degrades protein tyrosine phosphatase enzymes, thereby
impairing 3,5-dihydroxyphenylglycine-induced long-term
depression (Li et al., 2017b). SCOP protein is a high molec-
ular weight polypeptide containing a pleckstrin homology
domain, leucine-rich repeat, protein phosphatase 2C-like
domain, glutamine-rich region, and a PDZ-binding domain.
As reported, SCOP protein is highly expressed in the nervous
system (Shimizu et al., 2010). The overexpression of SCOP
protein in the hippocampus impairs learning and memory
(Shimizu et al., 2007). In the current study, we found that
early application of calpeptin results in the accumulation of
SCOP, whereas another key substrate of calpain, PTEN, was
unaffected. These results suggest that calpain-mediated degra-
dation of SCOP may play an important role in hippocampal
neurodevelopment. Protein kinases are also indispensable for
the formation of synaptic connections (Cuesto et al., 2011;
Hojo et al., 2015). For example, early inhibition of Akt inhib-
its hippocampal neuronal spine development (Wang et al,,
2015; Zhu et al., 2015b). In our study, calpain inhibition at-
tenuated the SCOP-Akt signaling pathway, thereby affecting
the development of neurons and spines.

mTOR is an integrator of signaling pathways that plays
a key role in the hippocampal CA3-CA1 region (Xu,
2011; Komatsuzaki et al., 2012). It has been reported that
mTOR-dependent protein synthesis induced by brain-de-
rived neurotrophic factor is associated with calpain-2 (Briz
etal., 2013). Here, we found that early administration of cal-
peptin decreases p-mTOR levels. Therefore, it is likely that
calpeptin inhibits calpain-2 activity to exert its function. It
is well known that mTOR phosphorylation can be induced
by p-Akt, thereby initiating a protein synthesis cascade that
regulates neuronal synaptic development. The accumulation
of SCOP caused by calpeptin inhibits Akt phosphorylation
and inhibits protein synthesis via the mTOR pathway. We
also found here that CREB phosphorylation was robustly
decreased by calpeptin. CREB is a transcription factor that
influences gene transcription, which might be required for
spine formation. Moreover, CREB is a regulatory target of
the protein kinase Akt (Li et al., 2011). Therefore, early ad-
ministration of calpeptin likely interrupts protein synthesis
and spine development, thereby causing behavioral changes.

This study provides novel insight into the function of cal-
pain in brain development. However, there are some limita-
tions. For example, additional calpain inhibitors should be
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Figure 2 Calpeptin administration impairs
memory in adult rats as assessed with the
Morris water maze test.

(A) Escape latency in the learning session. (B)
The time spent in the platform quadrant. Data
are presented as the mean + SEM (n = 8; inde-
pendent samples t-test). *P < 0.05, vs. control
group. (C) Representative traces of control and
calpeptin-treated rats.

Figure 3 Calpeptin administration increases
anxiety-like activity in adult rats as assessed
with the open-field test.

(A) Total distance in the open field represents the
motor function of the rats. (B) The ratio of the
times in the border and center represents anxi-
ety-like activity. Data are presented as the mean
+ SEM (n = 8; independent samples t-test). kP
< 0.001, vs. control group.

Figure 4 Calpeptin administration reduces the
number and area of apical dendritic spines, but
does not alter pyramidal neurons in the CA1
region in adult animals (60 days).

(A) Regions of NeuN staining (green) and Dil/
phalloidin staining (red). (B) Representative
images of NeuN staining. Calpeptin injection
did not affect pyramidal cell numbers in the CA1
region. (C) Dil staining of the apical spine of the
dendrite in the hippocampal CA1. Scale bars: 50
pum in B, 5 um in C. (D) Numbers of apical den-
dritic spines were reduced in adult rats following
calpeptin treatment. (E) Area of apical dendritic
spines was reduced in adult rats following cal-
peptin treatment. Data are presented as the mean
+ SEM (n = 8; independent samples t-test). *P <
0.05, vs. control group.
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tested to confirm the results. Furthermore, the underlying
mechanisms need to be investigated in greater detail. Ul-
timately, clinical studies are needed to assess the effects of
calpain inhibition on neurodevelopment in humans.

In summary, postnatal administration of calpeptin im-
paired memory and produced an anxiety-like phenotype in
rats. The mechanism is associated with the impairment of
Akt-mTOR-regulated spine development.
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