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Mitotic arrest deficient 2-like protein 2 (MAD2B) is not only a DNA damage

repair agent but also a cell cycle regulator that is widely expressed in the

hippocampus and the cerebral cortex. However, the functions of MAD2B in

hippocampal and cerebral cortical neurons are poorly understood. In this

study, we crossedMAD2Bflox/flox and calcium/calmodulin-dependent protein

kinase II alpha (Camk2a)-Cre mice to conditionally knock out MAD2B in

the forebrain pyramidal neurons by the Cre/loxP recombinase system. First,

RNA sequencing suggested that the di�erentially expressed genes in the

hippocampus and the cerebral cortex between the WT and the MAD2B cKO

micewere related to learning andmemory. Then, the results of behavioral tests,

including the Morris water maze test, the novel object recognition test, and

the contextual fear conditioning experiment, suggested that the learning and

memory abilities of theMAD2B cKOmice had improved. Moreover, conditional

knockout of MAD2B increased the number of neurons without a�ecting the

number of glial cells in the hippocampal CA1 and the cerebral cortex. At the

same time, the number of doublecortin-positive (DCX+) cells was increased

in the dentate gyrus (DG) of the MAD2B cKO mice. In addition, as shown by

Golgi staining, the MAD2B cKO mice had more mushroom-like and long-like

spines than the WT mice. Transmission electron microscopy (TEM) revealed

that spine synapses increased and shaft synapses decreased in the CA1 of the

MAD2B cKO mice. Taken together, our findings indicated that MAD2B plays an

essential role in regulating learning and memory.
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Introduction

Learning and memory are vital foundations of life activities. Neurodegenerative

diseases such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), which are

accompanied by a gradual decline in learning and memory ability, are increasing

every year. AD is the most common neurodegeneration disease with eventual memory

Frontiers inCellularNeuroscience 01 frontiersin.org

https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://www.frontiersin.org/journals/cellular-neuroscience#editorial-board
https://doi.org/10.3389/fncel.2022.956029
http://crossmark.crossref.org/dialog/?doi=10.3389/fncel.2022.956029&domain=pdf&date_stamp=2022-09-23
mailto:drzhangchun@hust.edu.cn
mailto:xfmeng@mails.tjmu.edu.cn
https://doi.org/10.3389/fncel.2022.956029
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fncel.2022.956029/full
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Cheng et al. 10.3389/fncel.2022.956029

decline (Hu et al., 2016). Some neuronal pathological changes,

including neuronal loss (Spangenberg et al., 2016), synapse loss

(Duncan and Valenzuela, 2017), and decrements in dendritic

arborization and spine density (Maiti et al., 2021), occur in AD.

Abnormal gene expression in some brain areas can also lead

to changes in learning and memory ability (Konopka et al.,

2010; Brault et al., 2021; Kar et al., 2021). For example, Bin1

deficiency in neurons leads to the impairment of spatial learning

and memory due to abnormal presynaptic regulation (De Rossi

et al., 2020). In mice, the brain-specific knockout of follistatin

results in declines in spatial learning and working memory, as

well as deficits in LTP and neurogenesis in the hippocampus

(Chen et al., 2021).

Mitotic arrest deficient 2-like protein 2 (MAD2B, also

known as MAD2L2 or REV7) is a component of the mitotic

spindle assembly checkpoint, which plays an important role

in regulating cell cycle, gene transcription, DNA repair, and

carcinogenesis. It has been reported that MAD2B is mainly

expressed in neuronal-like cells with pyramidal shapes in

the hippocampus and cerebral cortex (Meng et al., 2012).

In addition, MAD2B is related to the pathophysiology of

diabetic encephalopathy (Meng et al., 2014). Under high

glucose treatment, primary cultured neurons with high MAD2B

expression undergo apoptosis. MAD2B is also overexpressed in

the cerebral cortex of diabetic rats. As one of the risk factors for

AD (Baglietto-Vargas et al., 2016; Khan et al., 2021; Zhang et al.,

2021; Athanasaki et al., 2022), diabetes encephalopathy shares

similar pathogenesis with AD. In diabetes encephalopathy, the

proliferation and neuronal differentiation of newborn cells in

the dentate gyrus (DG) and neuronal density in the hilar

region (Beauquis et al., 2009) is reduced. Moreover, diabetic rats

have low dendritic spine density and downregulated synaptic-

related protein expression in the hippocampus (Jin et al., 2018).

Transmission electron microscope indicates that pathological

changes in synaptic ultrastructure such as the thickness of

postsynaptic density and the synaptic gap of the hippocampal

CA1 fields as well as decreased survival of CA1 neurons occur

in diabetes encephalopathy (Xu et al., 2021). These abnormal

changes in synaptic plasticity have become the main reasons for

the decline in learning and memory in diabetes encephalopathy.

Although MAD2B is closely related to diabetes encephalopathy

(Meng et al., 2014), its direct role in the nervous system remains

to be clarified.

The conditional knockout (cKO) of a gene in specific

neurons has become a valuable method for studying gene

function. The calcium/calmodulin-dependent protein kinase II

alpha (Camk2a)-Cre mouse line, in which forebrain pyramidal

neurons in postnatal mice are targeted (Tsien et al., 1996; Wang

et al., 2021a), is widely used in this field. Therefore, in the present

study, we generated the MAD2B cKO mice under the control

of Camk2a gene regulatory elements by using the Cre/loxP

system and investigated the direct role of the MAD2B gene

in the nervous system. We first analyzed the RNA sequencing

(RNA-seq) results of the hippocampus and the cerebral cortex

of the MAD2B cKO mice and found several differentially

expressed genes (DEGs) that might be involved in learning and

memory regulation. Next, we conducted behavioral tests on

learning and memory. The MAD2B cKO mice demonstrated

enhanced hippocampus-dependent learning and memory in the

Morris water maze (MWM) test, the novel object recognition

test (NORT), and the contextual fear conditioning (CFC)

experiment. Finally, we found that the number of doublecortin-

positive (DCX+) cells in the DG, mushroom-like spines, and

spine synapses in the CA1 region increased. These findings

provide a foundation for revealing the role of MAD2B in the

central nervous system and for treating cognitive dysfunction.

Materials and methods

Animals

All procedures for the care and use of laboratory animals

were approved by the Institutional Guidelines and Animal Care

and Use Committee of Huazhong University of Science and

Technology, Wuhan, China. In addition, animal experiments

were performed in accordance with the Guidelines for the Care

and Use of Laboratory Animals from the National Institutes of

Health, USA. Mice were housed in a 21 ± 1 ◦C temperature

room with constant humidity under a 12 h light/dark cycle (8:00

AM−8:00 PM). Food and water were freely available.

All male mice (7–8 weeks) shared the same C57/BL6J

genetic background (Jackson Laboratory stock). MAD2B was

conditionally knocked out in the forebrain pyramidal neurons

under the control of the Camk2a promoter with the Cre/loxP

system. MAD2Bflox/flox mice, which have loxP sites flanking

exons 3 and 4 of the MAD2B gene, were generated and

Camk2a Cre mice were purchased from Shanghai Model

Organisms Center, Inc. MAD2Bflox/flox and Camk2a-Cre mice

were intercrossed to generate MAD2Bflox/flox; Camk2a Cre+

mice (cKO mice) andMAD2Bflox/flox; Camk2a Cre− mice (WT

mice) as previously described (McGill et al., 2018).

All mice were handled by the experimenter for a week before

the behavioral experiments to reduce the unnecessary influence

of stress. All mice were acclimated to the behavioral room for 2 h

before experiments. All behavioral experiments were conducted

between 8:00 AM−8:00 PM with dim light and performed in a

double-blinded manner.

Genotyping

Mice were genotyped through polymerase chain reaction

(PCR) by using tail DNA as previously described (Sadick et al.,

2022). In brief, a 3mm piece of tissue was cut from the end

of the tail of a 1-month-old mouse and then digested in 75 µl
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of alkaline lysis regent (25mM NaOH and 0.2mM EDTA in

DNase- and RNase-free water) at 98 ◦C for 1 h. Subsequently,

the mixture was centrifuged for 1min at 1,000 rpm, and 75 µl

of neutralizing reagent (40mM Tris-HCl, pH 5.5) in DNase-

and RNase-free water) was added to each sample on ice. Then,

the solution was centrifuged at 4,000 rpm for 3min at 4 ◦C,

and the supernatant containing genomic DNA (gDNA) was

collected for later genotyping. The PCR system comprised 10 µl

of 2× Taq Plus Master Mix (Vazyme, code number: P212); 0.5

µl of forward primer (10 pmol/µl); 0.5 µl of reverse primer (10

pmol/µl); and 9 µl of gDNA. The cycling reaction was step1: 94
◦C for 3min; step 2 (35 repeats): 94 ◦C for 30 s, 58 ◦C for 30 s,

and 72 ◦C for 30 s; step 3: 72 ◦C for 5min; and step 4: holding

at 12 ◦C. The primer sequences were MAD2B forward: 5′-

TCTTCCCTTAGATTGGGTTTCTC-3′ and MAD2B reverse:

5′-GCACGAATAGGACAAACAGCAA-3′ and Camk2a-Cre

forward: 5′-GGGGAGGTAGGAAGAGCGATGA-3′ and

Camk2a-Cre reverse: 5′-ATCGACCGGTAATGCAG-3′.

Open field test

The open field test was performed as previously described

(Yoshizaki et al., 2020). Briefly, each mouse was placed in the

center of an open-field apparatus (50 × 50 × 50 cm with four

black walls and a white floor) and allowed to move freely in

the apparatus, which was divided into 25 small squares. The

nine middle squares were defined as the central zone, and

the four squares in four corners were defined as the corner

zone. Behaviors were automatically recorded using a camera

connected to a digital tracking device (Xinruan Information

Technology Co. Ltd, Shanghai, China) for 10min. Once finished,

the mouse was moved back to its home cage immediately. The

equipment was cleaned with 70% ethanol between mice. A

computer with the Super maze software (Xinruan Information

Technology Co. Ltd, Shanghai, China) was then used to process

the tracking information. Data on total moving distance and

speed and the time in the corner zone or central zone were

then analyzed.

Elevated plus maze

The elevated plus maze was 50 cm in length, 10 cm in width,

and 40 cm in height with two open arms, two closed arms, and

a central zone. The elevated plus maze test was performed as

previously described (Qi et al., 2022). Briefly, each mouse was

placed in the central zone facing the open arm, and its behaviors

were recorded for 10min. Once finished, the mouse was moved

back to its home cage immediately. The equipment was cleaned

with 70% ethanol between mice. Behaviors were automatically

recorded by a camera connected to a digital tracking device

(Xinruan Information Technology Co. Ltd, Shanghai, China). A

computer with the Super maze software (Xinruan Information

Technology Co. Ltd, Shanghai, China) then processed the

tracking information. The time that the mice spent in the open

arms and the closed arms was then analyzed.

Morris water maze

The MWM was performed as previously described (Qu

et al., 2021). The setup for MWM consisted of a circular pool

(diameter of 1.2m and height of 50 cm) filled with water that was

maintained at 24–25 ◦C and whitened with titanium dioxide.

The maze was located in a room with numerous extra-maze

visual cues and divided into four equal quadrants. A platform

with a 10 cm diameter was placed in a fixed quadrant (target

quadrant) of the pool. On the first day, the platform was placed

1–2 cm above the water surface (Bromley-Brits et al., 2011; Luo

et al., 2020) to enable the mice to see the platform and cues.

The influence of mouse vision on the experimental results was

thus excluded. Each mouse was trained for three trials with

a 30min inter-trial interval. From the second to the 5th day,

each mouse was trained for three trials to find the platform

that was hidden 1–2 cm below the water surface. The mouse

was placed into the pool from the other three quadrants in

each trial, except for the target quadrant, and given 60 s to find

the platform. If the mouse failed to find the platform within

60 s, it was guided to the platform by the experimenter. The

mouse was allowed to stay on the platform for 20 s. On the

6th day (probe test), the mouse was placed in the pool from

the opposite side of the target quadrant for 60 s. Once finished,

the mouse was moved back to its home cage immediately.

Behaviors were automatically recorded by a camera (fixed to

the device 1m from the water surface) connected to a digital

tracking device (Xinruan Information Technology Co. Ltd,

Shanghai, China). A computer with the Morris water maze

software (Xinruan Information Technology Co. Ltd, Shanghai,

China) then processed the tracking information. Escape latency,

escape length on training days, velocity, the number of platform

crossings, and total distance traveled in the target quadrant on

the probe test day was automatically recorded for later analysis.

Novel object recognition test

The NORT was conducted in an open field apparatus (50 ×

50× 50 cm) with four black walls and a white floor as previously

described (Li et al., 2021). Briefly, the mice were acclimated to

the conditions of the experimental room for 2 h. Then, each

mouse was presented with two identical objects (familiar objects;

3 × 3 × 6 cm blue plastic cuboids) placed at the rear left and

right corners (fixed onto the floor with adhesive tape so that

the mouse cannot push them down) in the open field apparatus.

The mouse was allowed to explore the objects freely for 5min.
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The apparatus and objects were thoroughly cleaned with 70%

ethanol betweenmice. One h later, one of the familiar objects was

randomly replaced with a new object (a 3× 3× 7 cm redwooden

object with a mushroom-like shape), and the mouse was again

placed in the open field for 5min. Once finished, the mouse

was moved back to its home cage immediately. The apparatus

and objects were thoroughly cleaned with 70% ethanol between

mice. Behaviors were automatically recorded by a camera

connected to a digital tracking device (Xinruan Information

Technology Co. Ltd, Shanghai, China). A computer with the

Super maze software (Xinruan Information Technology Co. Ltd,

Shanghai, China) then processed the tracking information. The

timemice spent exploring each object (within 2 cm of the object)

with their noses or paws was calculated. The discrimination

index (DI) was defined as the percentage of time spent exploring

the novel object to the total time spent exploring both objects.

Contextual fear conditioning

The CFC was performed as previously described (Zhao

et al., 2019). On the training day, each mouse was acclimated

to the fear conditioning chamber for 5min. Then, the mouse

received four trials of electric foot shock (0.5mA, 2 s duration)

with a 1min intertrial interval and 1min of no stimulation

followed by the last foot shock. Once finished, the mouse was

moved back to its home cage immediately. Twenty-four h later,

the mouse was placed in the same chamber for 5min. The

equipment was cleaned with absolute ethanol between mice.

Behaviors were automatically recorded by a camera connected to

a digital tracking device (Xinruan Information Technology Co.

Ltd, Shanghai, China). A computer with the fear conditioning

software (Xinruan Information Technology Co. Ltd, Shanghai,

China) then processed the tracking information. The freezing

time was recorded and analyzed. Freezing behavior was defined

as immobility for more than 2 s.

Rotarod test

The rotarod test was carried out with a rotarod machine

(YLS-4C, Yiyan, Jinan, China) as previously described (Genc

et al., 2021). Before the test, each mouse was habituated to

staying on a stationary rod for 2min. Then, each mouse was

placed on the machine rotating from 5 to 40 rpm for 5min

and tested for three trials with a 30-min interval between each

trial. Once falling, the mouse was moved back to its home

cage immediately, and the latency of the mouse falling was

automatically recorded by the machine. If the mouse insisted

on the apparatus for more than 5min of a trial, the latency

was counted as 5min, and the mouse was then moved from

the apparatus. The equipment was cleaned with 70% ethanol

between mice. The average latency of three trials represented the

motor function of a mouse.

Immunofluorescence

Mice were sacrificed immediately after the last behavioral

task. Immunofluorescence was performed as previously

described (Jiang et al., 2021). Briefly, after fixation and

dehydration, brains were sliced into 30µm coronal sections

by using a cryostat microtome. The brain slices immediately

adhered to the slides. Then, brain slices at the same level were

randomly selected and subjected to the following procedures:

Membranes were lysed with 0.5% Triton-X for 10min.

Subsequently, non-specific protein binding sites were blocked

with 5% donkey serum for 1 h at room temperature. The slices

were then incubated overnight at 4 ◦C with mouse monoclonal

anti-neuron-specific nuclear protein (NeuN) (1:100, MAB377,

Millipore), rabbit polyclonal anti-glial fibrillary acidic protein

(GFAP) (1:200, 16825-1-AP, Proteintech), rabbit monoclonal

anti-induction of brown adipocytes 1 (Iba1) (1:100, ab178847,

Abcam), rabbit polyclonal anti-doublecortin (DCX) (1:200,

13925-1-AP, Proteintech), and rabbit polyclonal anti-MAD2B

(1:200 ab180579, Abcam) antibodies diluted with 5% bovine

serum albumin (BSA). After being rinsed three times for

5min each with PBS, the brain slices were incubated with

fluorochrome-conjugated secondary antibodies (1:200,

DyLight-488-labeled or DyLight-594-labeled donkey anti-

mouse or donkey anti-rabbit, Jackson, USA) for 1 h at room

temperature in the dark. Then, the brain slices were incubated

with Hoechst 33258 (Thermo Fisher Scientific, Shanghai,

China) for 5min. Finally, the brain slides were automatically

scanned by a fluorescence microscope (Olympus, SV120, Japan)

for imaging. The VS-ASW-S6 software was used to acquire the

images of MAD2B, NeuN, GFAP, and Iba1. A Carl Zeiss LSM780

laser scanning confocal microscope (Zeiss Microsystems, Jena,

Germany) was used to acquire images of DCX. The number

of NeuN-, GFAP-, and Iba1-positive cells were determined in

a 100 × 100µm square and the number of DCX+ cells was

obtained from the DG zone in each brain slice. All positive

puncta were counted by Fiji software (National Institutes of

Health, Bethesda, MD, USA). The relative number of positive

cells was normalized to that in the WT group by the following

formula: the relative number of positive cells of each mouse =

the number of positive cells of each mouse/the average number

of positive cells in the WT group.

Protein extraction and Western blot

Western blot was conducted as previously described

(Zhong et al., 2020). According to the references (McGill

et al., 2018), the whole hippocampal and cerebral cortical
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tissues were lysed with RIPA buffer (Beyotime Biotechnology,

Shanghai, China) supplemented with protease and phosphatase

inhibitors (Thermo Fisher Scientific, Shanghai, China). Protein

quantification was performed by using a BCA Protein Assay

Kit (Beyotime Biotechnology, Shanghai, China). Lysates were

then boiled with 5× loading buffer (Service Biotechnology

Co., Ltd., Wuhan) for 8min at 98 ◦C. A total of 50 µg of

protein per sample was separated through SDS-polyacrylamide

gel electrophoresis and transferred to PVDF membranes (Bio-

Rad Laboratories). After blocking in 5% skimmed milk for

1 h at room temperature, the membranes were incubated with

MAD2B (rabbit, 1:1000, Abcam, ab180579) and α-tubulin

(mouse, 1:30000, Proteintech, 66031-1-AP) antibodies overnight

at 4 ◦C and then incubated with rabbit peroxidase-conjugated

secondary antibody for 1 h at room temperature. Specific

signals were detected with film through ECL (Epizyme Biotech,

Shanghai, China). The results were obtained by normalizing

the intensity of each target band to its corresponding α-tubulin

band with Fiji software (National Institutes of Health, Bethesda,

MD, USA).

RNA-seq analysis

RNA-seq was performed as previously described (Koenen

et al., 2018). Briefly, RNA samples from the whole hippocampal

and cerebral cortical tissues according to the references (McGill

et al., 2018) were extracted following the RNeasy Mini kit

(Qiagen, 74104) instructions. Complementary DNA (cDNA)

library construction and sequencing were conducted by the

Beijing Genomics Institute (BGI) by using the BGISEQ-500

platform. The data obtained through sequencing were called raw

reads or raw data, which were submitted to NCBI (the accession

number was PRJNA866907). The raw reads were subjected to

quality control (QC) to determine whether the sequencing data

were suitable for subsequent analysis. After quality control, the

filtered clean reads were compared with the reference sequence.

After the comparison, whether the comparison results had

passed the second QC (QC of alignment) was determined by

counting the comparison rate and the distribution of reads on

the reference sequence. If they passed, gene quantitative analyses

(principal component analysis, correlation, and differential gene

screening) were performed on the basis of gene expression

level, and the DEGs in the screened samples were subjected to

Gene Ontology (GO) analyses, Kyoto Encyclopedia of Genes

and Genomes (KEGG) pathway enrichment analyses, and other

in-depth mining analyses. Each gene was normalized to the

maximum fragments per kilobase of transcript per million reads

mapped (FPKM) between the two groups. The DEGs between

theWT andMAD2B cKO groups were screened out through the

DESeq2 method (Love et al., 2014). Thus, the relative expression

number was between 0 and 1. The significant differences

in genes, pathways, and terms were corrected through the

Bonferroni method based on a Q value ≤ 0.05. GraphPad Prism

8 was used to reanalyze the relative expression, which was

presented in the form of a gene expression heatmap.

Total RNA extraction and quantitative
PCR

Total RNA was extracted from the whole hippocampal and

cerebral cortical tissues according to the references (McGill et al.,

2018; Zhao et al., 2020) by using TriZol reagent (Invitrogen,

Shanghai, China) and chloroform. The reverse transcription of

total RNA (1,000 ng) into cDNA was performed with a SYBR

Premix Ex Taq TMKit (Takara, Kyoto, Japan). Quantitative PCR

was performed with a Fast Start Universal SYBR Green Master

(ROX) PCR kit (Vazyme, Q311-02, Nanjing, China). Genes were

selected from the DEGs based on their relevance to learning and

memory. The selected genes included activating transcription

factor 4 (Atf4), Camk2a, cortistatin (Cort), RAB3B, member

RAS oncogene family (Rab3b), and methylenetetrahydrofolate

reductase (Mthfr). The expression levels of MAD2B, Atf4,

Camk2a, Cort, Rab3b, and Mthfr were determined by using

the following primers synthesized by Sangon Biotech (Sangon

Biotech Co. Ltd., Shanghai, China): MAD2B: Forward-

−5′ATTCTCTATGTGCGCGAGGTC-3′; Reverse-−5′TCCA

GGAGAGGTTTGACGCA-3′; Atf4: Forward-−5′AGTTTAG

AGCTAGGCAGTGAAG-3′; Reverse-−5′CATACAGAT

GCCACTGTCATTG-3′; Camk2a: Forward-−5′GCACCACT

ACCTTATCTTCGAT-3′; Reverse-−5′TGGCATCAGCTTCA

CTGTAATA-3′; Cort: Forward-−5′CCTTCTGACTTTCCTT

GCCT-3′; Reverse-−5′GAAGTTCTTGCAGGGCTTTTTA-3′;

Rab3b: Forward-−5′TTCTCGTGGGAAATAAGTGTGA-3′;

Reverse-−5′GAGTCAGACATCTTATCGCAGA-3′; Mthfr:

Forward-−5′GAAACCATCCTGCATATGACCT-3′; Reverse-

−5′CAAAATAGTCAGCAAACTCGGT-3′. All cDNA analyses

were performed in triplicate by using a 7500 qPCR instrument

(Applied Biosystems). The results were normalized to the

housekeeping mouse gene β-actin (Sangon Biotech Co.

Ltd., Shanghai, China) with primers as followed: β-actin:

Forward-−5′GGACTCCTATGTGGGTGACGAG-3′; Reverse-

−5′TCACGGTTGGCCTTAGGGTT-3′.

Golgi staining and Sholl analysis

Golgi staining was performed with the FD Rapid Golgi

Stain Kit (FD Neurotechnologies, Columbia, SC, USA) by the

instructions previously described (Wang et al., 2021b). An

upright microscope (Nikon Ni-E; Japan) with a 10× objective

lens or a 100× oil objective lens was used for image collection.

NIS-Elements software was used to acquire images. The results

were analyzed by Fiji software (National Institutes of Health,

Bethesda, MD, USA). For each selected sample, the analyzed

Frontiers inCellularNeuroscience 05 frontiersin.org

https://doi.org/10.3389/fncel.2022.956029
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Cheng et al. 10.3389/fncel.2022.956029

branch length was at least 10µm. The dendritic spine density

was evaluated as the number of spines per 10µmof the dendritic

branch. For Sholl analysis, neurons in CA1 were manually

traced by the Neuron J plugin. The intersections of sholl rings

(centered on the cell body and starting radius of 10µm with

diameter increments of 10µm) and dendrites were analyzed by

the Sholl plugin.

Transmission electron microscopy

The CA1 region was cut into 1 mm3 section within

1–3min, and the stained cuprum grids were obtained as

previously described (Rybka et al., 2019). Briefly, the samples

were transferred into fresh transmission electron microscopy

(TEM) fixative (Service Biotechnology Co., Ltd., Wuhan) at 4
◦C for preservation. The tissues were washed with 0.1M PB

(pH 7.4) three times for 15min each. Then, the CA1 tissues

were postfixed with 1% OsO4 (Ted Pella Inc.) in 0.1M PB (pH

7.4) for 2 h at room temperature. After OsO4 was removed, the

tissues were rinsed with 0.1M PB (pH 7.4) three times for 15min

each time. The tissues were dehydrated with ethanol (30, 50,

70, 80, 95, and 100%) (Sinopharm Group Chemical Reagent Co.

LTD) for 20min each time than with acetone (SinopharmGroup

Chemical Reagent Co. LTD) two times for 15min each time at

room temperature. The tissues were permeabilized in a mixture

of acetone and EMBed 812 (acetone: EMBed = 1:1 and 1:2) and

pure EMBed 812 (SPI, 90529-77-4) before being embedded in

pure EMBed 812 in a 37 ◦C oven overnight. The embedding

models with the resin and the samples were placed in a 65 ◦C

oven for more than 48 h for polymerization. Then, the resin

blocks were removed from the embedding models and stored at

room temperature for future use. Next, the resin blocks were cut

into 60–80 nm thick slices on an ultramicrotome (Leica, Leica

UC7), and the tissues were fished out onto 150 mesh cuprum

grids with formvar film. Then, the cuprum grids were stained

and finally imaged through TEM (HITACHI, HT7800) at 80 kV.

Images were acquired under 5,000× or 20,000× magnification.

The number of synapses per optical field was calculated by 29

optical fields from each group to quantify synapses.

Statistical analysis

All the results are displayed as the means ± standard

error of the mean (s.e.m), with ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001, and ∗∗∗∗p < 0.0001. Here, “ns” indicates

no significance. Unpaired two-tailed Student’s t-tests with or

without Welch’s correction were performed. Multiple-t-tests

with Bonferroni–Dunn correction were performed on MWM

learning days (escape latency and length). Two-way repeated-

measures ANOVA was performed on the fear acquisition stage

and Sholl analysis. All statistical analyses were performed by

using GraphPad Prism 8 software.

Results

The generation and identification of the
MAD2B cKO mice

A transgenic mouse line expressing a floxed allele ofMAD2B

was established to study the role of MAD2B in learning and

memory. Mice with MAD2B cKO in Camk2a-specific forebrain

pyramidal neurons were generated by using the Cre/loxP

recombination system (Figure 1A). We crossed MAD2Bflox/flox

mice with Camk2a Cre mice to generate the needed mice

for experiments (Figure 1B). Mice genotypes for the Cre and

floxed alleles were confirmed by performing PCR on gDNA

from the mice tails (Figure 1C). We used qRT-PCR (Figure 1D

hippocampus, p = 0.0001, t = 14.310, Figure 1D cortex, p =

0.0467, t = 4.271) and Western blot analyses (Figures 1E,F,

hippocampus p = 0.0459, t = 4.136, cortex p = 0.0023, t =

6.943) to confirm the cKO of MAD2B in the hippocampus

and the cerebral cortex. The expression of MAD2B was

significantly reduced at the mRNA and protein levels in the

hippocampus and the cerebral cortex of the MAD2B cKO mice.

Immunofluorescence of the brain slices also showed a significant

deficiency of MAD2B in the CA1, DG, CA3, and cerebral cortex

including medical parietal association cortex (MPtA), lateral

parietal association cortex (LPtA), parietal cortex, posterior

area, dorsal part (PtPD), parietal cortex, posterior area, rostral

(PtPR), and primary somatosensory cortex, barrel field (S1BF;

Figure 1G). However, there still existed residual expression of

MAD2B at the mRNA and protein level, as well as positive

puncta in the immunofluorescence image, which might be due

to the lack of Cre recombinase expression.

Altered signaling pathways and
expression profiles of downstream genes
in the hippocampus and the cerebral
cortex of the MAD2B cKO mice

We first performed RNA-seq analyses to understand the

further effects of MAD2B cKO. We identified 89 DEGs in

the hippocampus, among which 24 were upregulated and

65 were downregulated. The results were displayed in the

form of a heatmap (Figure 2A, q value < 0.05, |log2FC|

> 0). Next, the DEGs were subjected to GO analysis

and were divided into three categories, including biological

processes, cellular components, and molecular functions. The

changed cellular components included extracellular parts

(collagen-containing extracellular matrix, extracellular region,

and extracellular space) and intracellular parts (Golgi apparatus,
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FIGURE 1

The generation and identification of the MAD2B cKO mice. (A) Schematic diagram of MAD2B cKO by the Cre/loxP system. (B) Schematic

representation of the breeding strategy. (C) Tail DNA PCR confirmation of transgenic MAD2B cKO mice. (D) qRT-PCR validation of the

downregulation of the MAD2B gene in the hippocampus (p = 0.0001, t = 14.310, unpaired two-tailed t-test) and cerebral cortex (p = 0.0467, t =

4.272, unpaired two-tailed t-test with Welch’s correction), n = 3. (E,F) Western blot analysis showing the downregulation of MAD2B protein

expression in the hippocampus (p = 0.0459, t = 4.136) and cerebral cortex (p = 0.0023, t = 6.943), n = 3. Unpaired two-tailed t-test. (G)

Representative immunofluorescence images validating the cKO of MAD2B in the hippocampus and the cerebral cortex including MPtA, LPtA,

PtPD, PtPR, and S1BF, the scale bar is 500µm. *p < 0.05, **p < 0.01, ***p < 0.001. All data are displayed as means ± s.e.m.

Golgi medial cisterna, and phosphor–pyruvate hydratase

complex) (Figure 2B). These cellular components regulate

synaptic plasticity structurally and functionally (Stawarski et al.,

2014; Wójtowicz et al., 2015; Yang et al., 2022). In the

KEGG pathway enrichment analysis (p < 0.05 Figure 2C)

between the WT and cKO groups, the biological processes

mainly included protein metabolism (protein digestion and

absorption), glucose metabolism (glycolysis/gluconeogenesis,

carbohydrate digestion, and absorption), and other types of

metabolism (methane, tryptophan, and carbon) and hormone

regulation (thyroid hormone synthesis). These biological

processes directly or indirectly regulate learning and memory

(Knezovic et al., 2018; Chaalal et al., 2019; Ajoy et al., 2021;

Zhang et al., 2022). Moreover, three downregulated DEGs (Atf4
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FIGURE 2

Changes in signaling pathways and expression profiles of genes in the hippocampus of the MAD2B cKO mice. (A) Heat map of DEGs in the

hippocampus; the deeper the purple, the higher the expression. (B) GO analysis of cellular components of DEGs in the hippocampus, n = 3, p <

0.05. The size of the bubble indicates the gene number, the color depth indicates the Q-value, and the rich ratio indicates the gene number/the

total gene number in the y-axis item. (C) KEGG pathway enrichment analysis of DEGs in the hippocampus, n = 3, p < 0.05. The size of the

bubble indicates the gene number, the color depth indicates the Q-value, and the rich ratio indicates the gene number/the total gene number in

the y-axis item. (D) qRT-PCR identification of DEGs in the hippocampus (Atf4 p = 0.0079, t = 4.973; Cort p = 0.0354, t = 3.125; Rab3b p =

0.0046, t = 5.712; and Mthfr p = 0.0009, t = 8.831, unpaired two-tailed t-test) n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. All data are displayed as

means ± s.e.m.
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p= 0.0079, t = 4.973; Cort p= 0.0354, t = 3.125; and Rab3b p=

0.0046, t = 5.712) and one upregulated DEG (Mthfr p= 0.0009,

t = 8.831) (Figure 2D) were confirmed by qRT-PCR. These four

genes were selected because of their relationship with learning

and memory (Tallent et al., 2005; Tsetsenis et al., 2011; Jadavji

et al., 2015; Amar et al., 2021).

The RNA-seq results in the cerebral cortex indicated that

there were 30 DEGs between the WT and the MAD2B cKO

mice. Among these DEGs, 14 were upregulated and 16 were

downregulated relative to those in theWTmice. The results were

displayed in the form of a heatmap (Figure 3A, q value < 0.05,

|log2FC| > 0). Next, the DEGs were subjected to GO analysis,

and cellular components were displayed (Figure 3B). In contrast

to that of the hippocampus, the GO cell component analysis of

the cerebral cortex showed that the functions of DEGs could

be mainly divided into the following aspects: axon (axonemal

dynein complex), presynaptic (presynaptic cytosol), synaptic

vesicle (anchored component of synaptic vesicle membrane),

and postsynaptic (glutamatergic postsynaptic density, and

postsynaptic specialization membrane), undoubtedly suggesting

that these DEGs are closely related to synaptic functions.

Although cortical KEGG suggested that the change in the

main pathway after MAD2B cKO was related to glucose

metabolism, several other signaling pathways were found to

be involved in the regulation of learning and memory. These

pathways included the relaxin signaling pathway, the long-

term potentiation (LTP), the ErbB signaling pathway, and the

HIF1 signaling pathway (Figure 3C). Similar to those in the

hippocampus, three downregulated DEGs (Atf4 p = 0.0006,

t = 9.942; Cort p = 0.0032, t = 6.322; and Rab3b p =

0.0148, t = 4.106) and one upregulated DEG (Camk2a p =

0.0123, t = 4.334), which could promote learning and memory

processes (Lisman et al., 2012), were confirmed through qRT-

PCR (Figure 3D).

Taken together, the GO and KEGG pathway analyses of the

DEGs in the hippocampus and the cerebral cortex suggested

that MAD2B cKO in Camk2a-positive neurons affected the

expression levels of genes related to learning and memory.

Improved learning and memory in the
MAD2B cKO mice

We explored hippocampal-associated learning and memory

in the MAD2B cKO mice. First, we used the MWM to detect

spatial learning andmemory abilities. The results showed that on

the 5th day of the training period, the escape latency (Figure 4A,

multiple-t-test, p = 0.22 on day 1, p = 0.17 on day 2, p = 0.58

on day 3, p = 0.27 on day 4, p = 0.001 on day 5) and swimming

length (Figure 4B, multiple-t-test, p = 0.67 on day 1, p = 0.51

on day 2, p = 0.56 on day 3, p = 0.97 on day 4, p = 0.001 on

day 5) of the cKO mice were less than the WT mice. On the

probe test day, although the MAD2B cKO mice traveled for a

similar time in the target quadrant to the WT mice (Figure 4C,

p= 0.4077, t = 0.8415), they crossed the location of the missing

platform more frequently than the WT mice (Figures 4D,E, p =

0.0048, t = 3.082). The swimming velocity on the probe test day

did not significantly differ between the WT and the cKO mice

(Figure 4F, p= 0.4040, t = 0.8484).

Then, we performed the NORT, which detected short-

term memory. First, the mice were familiarized with two

identical objects. We found no significant difference in the total

exploration time (Figure 4G, p = 0.8198, t = 0.2301) and DI

between the two groups (Figure 4H, p = 0.3724, t = 0.9076),

indicating that the mice had no preference for similar objects

in different locations. However, when one of the two familiar

objects was replaced with a new object 1 h after the acquisition

phase, the MAD2B cKO mice were more inclined to approach

the new object than the WT mice given that the MAD2B cKO

mice showed higher DI than theWTmice (Figure 4I, p= 0.0468,

t = 2.087).

We used CFC to detect the effects of MAD2B cKO on the

fear acquisition and fear memory. TheMAD2B cKO and theWT

groups exhibited identical intact post-shock freezing during fear

acquisition (Figure 4J, two-way ANOVA with Sidak’s multiple

comparisons test, interaction: F(4,76) = 0.4746, p = 0.7543, DF

= 4; trials: F(2.949,56.04) = 73.44, p < 0.0001, DF = 4; genotype:

F(1,19) = 0.01582, p = 0.9012, DF = 1), which the mice learned

to link the chamber environment to the foot shock, indicating

that fear acquisition was unaffected by MAD2B cKO. However,

when the mice were placed in the fear conditioning chamber

after 24 h, the MAD2B cKO mice exhibited a considerably

longer freezing time than the WT mice (Figure 4K, p = 0.0212,

t = 2.684).

Anxiety and locomotion ability can affect learning and

memory ability (Csernansky et al., 2005; Ueda et al., 2017; Mett

et al., 2021). Therefore, we performed the open field, the elevated

plus maze, and the rotarod test to examine the influence of

MAD2B cKO on anxiety behavior and locomotion. Total moving

distance (Supplementary Figure 1A p = 0.5979, t = 0.5340) and

speed (Supplementary Figure 1B, p = 0.3712, t = 0.9100) in the

open field test showed no significant difference in exploration

and locomotion between the two groups. The time mice spent

in the corner zone (Supplementary Figure 1C, p = 0.3481, t =

0.9555) or central zone (Supplementary Figure 1D, p = 0.2191,

t = 1.259) in the open field test and the time mice spent in

open arms (Supplementary Figure 1E, p = 0.2727, t = 1.121) or

closed arms (Supplementary Figure 1F, p = 0.7198, t = 0.3657)

in the elevated plus maze test showed that the anxiety levels in

the MAD2B cKO group were comparable with those in the WT

group. In addition, we evaluated themotor coordination abilities

of the WT and the MAD2B cKO mice through the rotarod test.

The results showed no difference in motor coordination abilities

between the two groups (Supplementary Figure 1G p = 0.0787,

t = 1.833).
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FIGURE 3

Changes in signaling pathways and expression profiles of genes in the cerebral cortex of the MAD2B cKO mice. (A) Heat map of DEGs in the

cerebral cortex; the deeper the purple, the higher the expression. (B) GO analysis of cellular components in the cerebral cortex, n = 3, p < 0.05.

The size of the bubble indicates the gene number, the color depth indicates the Q-value, and the rich ratio indicates the gene number/the total

gene number in the y-axis item. (C) KEGG pathway enrichment analysis of DEGs in the cerebral cortex, n = 3, p < 0.05. The size of the bubble

indicates the gene number, the color depth indicates the Q-value, and the rich ratio indicates the gene number/the total gene number in the

y-axis item. (D) qRT-PCR identification of DEGs in the cerebral cortex (Atf4 p = 0.0006, t = 9.942; Cort p = 0.0032, t = 6.322; Rab3b p = 0.0148, t

= 4.106; and Camk2a p = 0.0123, t = 4.334), n = 3, *p < 0.05, **p < 0.01, ***p < 0.001. All data are displayed as means ± s.e.m.
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FIGURE 4

The MAD2B cKO mice showed increased hippocampus-dependent learning and memory abilities. (A) Escape latency during training days in

MWM (multiple-t-test, p = 0.22 on day1, p = 0.17 on day2, p = 0.58 on day3, p = 0.27 on day4, p = 0.001 on day5). (B) Escape length during

(Continued)
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FIGURE 4 (Continued)

training days in MWM (multiple-t-test, p = 0.67 on day1, P = 0.51 on day2, p = 0.56 on day3, p = 0.97 on day4, p = 0.001 on day5). (C) Total

time in the target quadrant on the probe test day (p = 0.4077, t = 0.8415, unpaired two-tailed t-test). (D,E) Times of crossing the platform on the

probe test day in MWM (p = 0.0048, t = 3.082, unpaired two-tailed t-test). (F) Swimming velocity on the probe test day in MWM (p = 0.4040, t =

0.8484, unpaired two-tailed t-test). (G,H) Total object exploration time (p = 0.8198, t = 0.2301) and DI (p = 0.3724, t = 0.9076) of the familiar

stage in NORT, unpaired two-tailed t-tests. (I) DI in the recognition stage in NORT (p = 0.0468 t = 2.087, unpaired two-tailed t-test. n = 16 in

the WT group and n = 12 in the cKO group). (J) Freezing of the adaption time and the learning curve of fear acquisition for the CFC test

(two-way ANOVA with Sidak’s multiple comparisons test, interaction: F(4,76) = 0.4746, p = 0.7543, DF = 4; trials: F(2.949,56.04) = 73.44, p < 0.0001,

DF = 4; genotype: F(1,19) = 0.01582, p = 0.9012, DF = 1). (K) Freezing time in the CFC test 24h after the fear acquisition, n = 12 in the WT group,

n = 9 in the cKO group, p = 0.0212, Welch-corrected t = 2.684, unpaired t-test with Welch’s correction, *p < 0.05, **p < 0.01, ns indicates no

significance. All data are displayed as means ± s.e.m.

FIGURE 5

Increased neurons in the CA1 region and the cerebral cortex. (A) Representative fluorescent images of NeuN in the hippocampus and the

cerebral cortex. The dashed box indicates the representative areas of the cerebral cortex, CA1, CA3, and DG. The scale bar is 500µm. The

representative enlarged images of these areas are shown on the right, and the scale bar is 50µm. (B) Quantification of NeuN in the cerebral

cortex (p = 0.0084, t = 3.85), CA1 (p = 0.0294, t = 2.845), CA3 (p = 0.0678, t = 2.224) and DG (p = 01413, t = 1.693), unpaired two-tailed t-tests,

n = 4. *p < 0.05, **p < 0.01, ns indicates no significance. All data are displayed as means ± s.e.m.

Increased number of neurons in the CA1
region and the cerebral cortex in the
MAD2B cKO mice

To explore the effects of MAD2B on different kinds of cells

in the hippocampus and cerebral cortex, we used NeuN, GFAP,

and Iba1 to label neurons, astrocytes, and microglia. The results

showed that the MAD2B cKO mice had more neurons in the

cerebral cortex (p = 0.0084, t = 3.856) and the CA1 area (p

= 0.0294, t = 2.845) than WT mice. However, the number of

neurons in the CA3 (p= 0.0678, t = 2.224) and DG (p= 0.1413,

t = 1.693) of the hippocampus (Figures 5A,B) did not differ
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FIGURE 6

MAD2B cKO promoted neurogenesis in the DG of the hippocampus. (A) Representative confocal fluorescent images of DCX in the DG of the

WT and the cKO groups. White arrows point to DCX positive neurons. The scale bar is 50µm. (B) Quantification of DCX+ cells in the DG of the

two groups (n = 3, p = 0.0019, t = 7.236, unpaired two-tailed t-test). **P < 0.01. All data are displayed as means ± s.e.m.

between the two groups. No significant differences were found

between the number of GFAP- and Iba1-positive cells in the

hippocampus and the cerebral cortex of theWT and theMAD2B

cKO mice (Supplementary Figures 2A–D, p > 0.05).

MAD2B cKO promoted neurogenesis in
the DG of the hippocampus

We next explored if MAD2B cKO influenced the levels of

neurogenesis in the hippocampus. DCX, a developmentally

regulated, microtubule-associated protein expressed in

migrating and differentiating neurons, is now widely used as a

marker of newly born neurons in the adult hippocampus. Our

immunofluorescence result showed thatMAD2B cKO increased

the number of DCX+ cells in the DG (Figures 6A,B, p= 0.0019,

t = 7.236) of the hippocampus.

Increased dendritic spines and spine
synapses in the CA1 area of the MAD2B

cKO mice

We used Golgi–Cox-stained mice coronal sections cut at

the level of the CA1 region (Figures 7A,B) to explore the

effects of MAD2B cKO in dendritic branches and dendritic

spines. The intersections of rings and dendrites were analyzed

by Sholl rings at 10 µm-diameter increments centered on the

cell body. Sholl analysis revealed that the cKO of MAD2B did

not influence dendritic arborization in CA1 (Figure 7C, two-

way RM ANOVA, interaction: F(29,2436) = 2.724, p < 0.0001,

DF = 29; radius: F(4.761,399.9) = 460.7 p < 0.0001, DF = 29;

genotypes: F(1,84) = 2.429, p= 0.1229, DF= 1). Dendritic spines

were visible under high magnifications of the dendritic arbor.

We analyzed four different types of dendritic spines: stubby-

, mushroom-, long-, and filopodia-like (Hering and Sheng,

2001). Our results showed that theMAD2B cKO mice exhibited

considerably more mushroom-like (p < 0.0001, t = 5.319) and

long-like dendritic spines (p = 0.0027, t = 3.060) than the WT

mice and comparable numbers of stubby-like (p = 0.8015, t

= 0.2519) and filopodia-like spines (p = 0.4089, t = 0.8285)

as the WT mice (Figures 7D,E). In addition, we used TEM to

observe synapses in the CA1 region. Here, we mainly observed

spine synapses (excitatory synapses) (upper Figure 7G) and shaft

synapses (inhibitory synapses) (lower Figure 7G). The results

showed that the MAD2B cKO mice had more spine synapses (p

= 0.0035, t = 3.044) and fewer shaft synapses (p = 0.0002, t =

4.028) than the WT mice. However, no significant difference in

the total number of synapses (p = 0.2242, t = 1.231) was found

between the two groups (Figures 7F–H).

Discussion

In mammals, MAD2B is an inhibitor of the anaphase-

promoting complex/cyclostome APC/Cdh1 (Reimann et al.,

2001), which has a role in placental development and the ability

of learning and memory, especially memory in CFC (Li et al.,

2008). APC/Cdh1 is also an E3-ubiquitinated protein-degrading
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FIGURE 7

Changes in neuronal complexity, dendritic spines, and synapses of the MAD2B cKO mice. (A) Representative images of neurons in the CA1

region; the scale bar is 100µm. (B) Representative traces of CA1 neurons; the scale bar is 100µm. (C) The number of intersections in the Sholl

(Continued)
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FIGURE 7 (Continued)

analysis of pyramidal cells in the CA1 region (n = 50 neurons in the WT group and n = 35 neurons in the cKO group from three mice each,

two-way RM ANOVA, interaction: F(29,2436) = 2.724, p < 0.0001, DF = 29; radius: F(4.761,399.9) = 460.7 p < 0.0001, DF = 29; genotypes: F(1,84) =

2.429, p = 0.1229, DF = 1). (D) Representative images of dendritic spines; the scale bar is 10µm. (E) Statistics of various types of dendritic spines,

n = 71 dendritic branches in the WT group and n = 65 dendritic branches in the cKO group from three mice each, unpaired two-tailed t-tests

with or without Welch’s correction (stubby spine, p = 0.8031, t = 0.2519, mushroom-like spine, p < 0.0001, t = 5.319; long spine, p = 0.0027, t

= 3.060; filopodia-like spine, p = 0.4089, t = 0.8285). (F) Representative TEM images of synapses in the CA1 region. The red arrows point to

spine synapses and the black arrows point to shaft synapses. The scale bar is 2µm. (G) The upper image shows spine synapse and lower image

shows shaft synapse. The scale bar is 500nm. (H) Quantification analyses of total synapses (p = 0.2242, Welch-corrected t = 1.231), spine

synapses (p = 0.0035, t = 3.044), and shaft synapses (p = 0.0002, t = 4.028), unpaired two-tailed t-tests with or without Welch’s correction. n =

29 field of views from three mice in each group. **p < 0.01, ***p < 0.001, **** p < 0.0001, ns indicates no significance. All data are displayed as

means ± s.e.m.

enzyme that degrades cyclin B1 to prevent its deposition,

thereby inhibiting cell cycle re-entry and preventing neuronal

apoptosis (Almeida et al., 2005). In the central nervous system,

Cdh1 activity is required for neurogenesis and normal cortex

size, as well as for the terminal differentiation of cortical

neurons (Delgado-Esteban et al., 2013). Cdh1 depletion led

to p53-mediated apoptosis and a decrease in the number

of neurons. Whether MAD2B, an inhibitor of APC/Cdh1,

is involved in the regulation of learning and memory is

worth pursuing.

RNA-seq suggested several changes in
signaling pathways and gene expression
profiles that are conducive to synaptic
plasticity and learning and memory

MAD2B was conditionally knocked out in the forebrain

pyramidal neurons. Therefore, we first performed RNA-seq

to explore the molecular expression changes after MAD2B

cKO in the whole hippocampus and the cerebral cortex. The

extracellular matrix presented in the GO cellular component

analysis of the hippocampus is involved in the regulation of the

structure and function of the dendritic spine (Dityatev et al.,

2010). Intracellular organelles, for example, the Golgi apparatus,

are necessary for the formation of synaptic vesicles and thus

play a dual role in synaptogenesis and neurotransmission

(Götz et al., 2021). The cellular component analysis of the

cerebral cortex revealed that DEGs were mainly involved in

pre- and postsynaptic components. According to the KEGG

pathway enrichment of the hippocampus, the relaxin signaling

pathway has been linked to long-term spatial memory in

the MWM and T maze tests (Nategh et al., 2015; Albert-

Gasco et al., 2017). Other molecules, such as cell adhesion

molecules, in the nervous system play an important role

in synapse formation regulation (Washbourne et al., 2004),

glutamate and GABA receptor trafficking (Keable et al., 2020),

homeostatic synaptic plasticity (Thalhammer and Cingolani,

2014), and LTP (Wu et al., 2019). The KEGG pathway

enrichment results of DEGs involving the cerebral cortical

mRNA included not only glucose metabolism but also the

ErbB signaling pathway, the HIF-1 signaling pathway, and

LTP, all of which are related to learning and memory

(Kaphzan et al., 2012; Dong et al., 2017; Ajoy et al., 2021).

We further found several DEGs related to synaptic plasticity

and learning and memory ability in the hippocampus and

cerebral cortex. RNA-seq and qRT-PCR results demonstrated

that Rab3b, Atf4, and Cort were downregulated in the

hippocampus and the cerebral cortex. Rab3b, which is a synaptic

vesicle protein, is highly enriched in inhibitory synapses in the

CA1 region. Rab3b KO mice have been reported to display

selective enhancement in reversal learning (Tsetsenis et al.,

2011). Atf4, also known as CREB2, is a synaptic plasticity

feedback regulator associated with LTP (Amar et al., 2021).

In addition, Atf4 is involved in GABABR internalization

and regulates neuronal excitability (Corona et al., 2018).

Cort, a neuropeptide of the somatostatin family, has many

of the same pharmacological and functional properties as

somatostatin, including the ability to suppress neuronal activity.

Cort overexpression is associated with impaired long-term

spatial memory and synaptic plasticity modulation especially

in aging-related cognitive deficits (Tallent et al., 2005). In

addition to these downregulated genes, some genes, such as

Mthfr in the hippocampus and Camk2a in the cerebral cortex,

were upregulated. The severe deficiency of Mthfr in embryonic

stem cells in pregnant mice might cause short-term memory

impairment in their 3-week-old male Mthfr+/+ mice offspring

as a result of apoptosis or altered choline metabolism in the

hippocampus (Jadavji et al., 2015; Bahous et al., 2017).Camk2a is

highly expressed in the forebrain, especially on the postsynaptic

densities of excitatory synapses, and is related to spatial memory

(Silva et al., 1992). The Ca2+-CaM–CaMKII signaling cascade

has been well-established to be the first reaction necessary for

LTP induction (Lisman et al., 2012). The expression changes of

these genes and signaling pathways implied that the learning and

memory ability of theMAD2B cKO mice may be improved.

The MAD2B cKO mice showed enhanced
hippocampus-dependent learning and
memory

We then explored whether depleting the MAD2B gene

in Camk2a-positive neurons affected learning and memory
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in mice. The MAD2B cKO mice showed normal motor

coordination in the accelerating rotarod test and locomotion in

the open field test. Moreover, MAD2B cKO did not influence

anxiety levels. However, in the MWM, the escape latency and

length of cKO mice on the fifth day of the training period were

less than those of the WT mice. On the probe test day, although

the total time in the target quadrant did not differ between the

two groups, the MAD2B cKO mice showed increased times of

crossing the location of the platform. Thus, the results of MWM

indicated slightly improved spatial learning and memory of the

MAD2B cKO mice.

To further verify the role of MAD2B in learning and

memory, we then performed NORT and CFC. In the NORT,

which is a hippocampus-dependent memory recognition test

based on the instinctive responses of mice toward novel

objects (Wu et al., 2020), the MAD2B cKO mice were more

biased toward the novel object when tested an hour after the

familiarization stage, indicating improved short-term memory

than the WT mice. Both the formation and extinction of CFC

are related to the hippocampus (Izquierdo et al., 2016; Lacagnina

et al., 2019; Kim and Cho, 2020). In the CFC experiment,

the MAD2B cKO mice showed normal fear acquisition and

long-term fear memory with increased robustness. Therefore,

these results indicated that MAD2B cKO in Camk2a-specific

neurons did not impair swimming speed and fear memory

acquisition but enhanced hippocampus-dependent learning and

memory abilities.

Numbers of neurons and neurogenesis in
the hippocampus of the MAD2B cKO
mice

Previous studies have further discovered that learning and

memory abilities, especially spatial learning, are correlated

with the number of neurons in the CA1 area (Zhang et al.,

2019; Arroyo-García et al., 2021). If neuronal survival in

the hippocampal CA1 subarea is improved, cognitive abilities

will be enhanced (Hei et al., 2019). Therefore, we examined

the numbers of neurons, astrocytes, and microglia in the

hippocampus and cerebral cortex to explore the mechanism

of enhanced learning and memory in the MAD2B cKO mice.

Our results indicated thatMAD2B cKO selectively increased the

number of neurons in the cerebral cortex and the CA1 region.

However, we found no differences in the CA3 and DG regions

between the two groups. Moreover, we discovered that MAD2B

cKO did not affect the numbers of microglial cells or astrocytes.

These results were consistent with previous findings showing

that MAD2B is mainly located in neurons in the central nervous

system (Meng et al., 2012). Thus, MAD2B cKO mainly affected

the number of neurons.

MAD2B is known as a component of the mitotic spindle

assembly checkpoint. In a high-glucose environment, the

increased expression of MAD2B in primary cultured neurons

induces cell cycle re-entry (Meng et al., 2014). Therefore,

the stable expression of MAD2B plays an important role in

maintaining neuronal cell cycle homeostasis. The neural stem

cells present in the DG area of the hippocampus play an

important role in complex learning and memory ability (Zhao

et al., 2008). We then wondered if the enhancement in learning

and memory in the MAD2B cKO mice was related to the

neurogenesis in the DG area. Our analysis showed that the

number of DCX+ neurons in the DG of the hippocampus had

increased. This result suggested that MAD2B cKO enhanced

neurogenesis in the DG and thus played a potential role in

increasing learning and memory.

Dendritic branches, dendritic spines, and
synapses of neurons changed to facilitate
synaptic plasticity after MAD2B cKO

The pathogenesis of cognitive disorders is influenced not

only by neuron number but also by synaptic plasticity. MAD2B

regulates the APC/Cdh1 activity, which plays an important

role in regulating synaptic plasticity in the mammalian brain

(Huang et al., 2015). APC/Cdh1 mediates the EphA4-dependent

downregulation of AMPA receptors in homeostatic plasticity

and is required for associative fear memory and long-term

potentiation in the amygdala of adult mice (Pick et al., 2012).

Late-phase LTP was found to be impaired in mice with Cdh1

cKO mediated by the Nse-cre driver (Li et al., 2008; Pick

et al., 2013). Changes in dendritic branches and dendritic spine

number and shape are important bases of synaptic plasticity

regulation. In many neurodegenerative diseases, cognitive

decline is frequently accompanied by a reduction in dendritic

branches (Mehder et al., 2020, 2021; Mendell et al., 2020).

High numbers of dendritic branches are usually associated

with memory improvement (Liu et al., 2008; Orellana et al.,

2018). In the present study, Golgi staining showed that although

the MAD2B cKO mice had a similar number of dendritic

branches as the WT group, they had more dendritic spines in

CA1 neurons than the WT mice. The number of mushroom-

and long-like spines was also increased in the MAD2B cKO

mice. Recent studies on spine plasticity have demonstrated that

modifications to the shapes of the spine neck and head may be

cellular indicators of learning and memory. An enlarged spine

head is indicative of increased contact surfaces with its synaptic

partner, numerous AMPARs on the postsynaptic membrane,

and the elevated amplitude of AMPAR-related currents (Harris

and Stevens, 1989; Schikorski and Stevens, 1997; Takumi et al.,

1999; Matsuzaki et al., 2001). A shortened and widened spine

neck facilitates the transportation of information between

dendrites and the spine (Tonnesen et al., 2014). Therefore, the

increased number of mushroom-like dendritic spines was one

of the structural foundations of memory enhancement in the
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MAD2B cKO mice. Some researchers have divided dendritic

spines into two categories: small spines (filopodial like- and

thin-/long- spines) and large spines (stubby- and mushroom-

like spines). Small spines are more changeable than large ones,

whereas large spines are more stable than small ones. In the

learning process, small spines have the potential to develop

into large spines (Parnass et al., 2000; Grutzendler et al., 2002;

Trachtenberg et al., 2002; Kasai et al., 2003). In our study, the

MAD2B cKO mice had numerous long dendritic spines, which

indicated increased learning plasticity ability.

In addition to the structural complexities of dendritic

branches and spines, different types of synapses play important

roles in synaptic plasticity. Excitatory and inhibitory synapses

release different neurotransmitters, inducing LTP or LTD.

Although inhibitory synapses target dendritic shafts (Chen et al.,

2012) and excitatory synapses target dendritic spines (Aoto

et al., 2007), the majority of glutamatergic excitatory synapses

are located on dendritic spines (Berry and Nedivi, 2017), and

GABAergic inhibitory synapses are located on dendritic shafts

(Wierenga et al., 2008). The state of some shaft synapses can

be changed. When some stimuli induce LTP, shaft synapses

can gradually change into spine synapses, increasing AMPARs

(Xu et al., 2020). Our results showed that the MAD2B cKO

mice had more spine synapses and fewer shaft synapses in the

CA1 area than the WT mice. Therefore, in the MAD2B cKO

mice, the presence of numerous spine synapses was indicative

of numerous excitatory spines, whereas the presence of few shaft

synapses was indicative of few inhibitory spines (Lee et al., 2021),

resulting in improved learning and memory.

In conclusion, we determined the role of MAD2B in

learning and memory by knocking out MAD2B in Camk2a-

specific neurons. We demonstrated that the MAD2B cKO

mice exhibited changes in the signaling pathways and genes

associated with synaptic plasticity, although in the present

study there was a relative limitation as we used the whole

cerebral cortex and hippocampus. The MAD2B cKO mice

had enhanced hippocampus-dependent learning and memory.

The cKO of endogenous MAD2B in Camk2a-specific neurons

increased the number of neurons in the CA1 and cerebral

cortex, enhanced neurogenesis in the DG, and promoted the

branching of dendrites and the growth of dendritic spines. All of

these factors are conducive to improved learning and memory.

However, numerous aspects of the MAD2B cKO mice, such

as the influence and mechanisms of hippocampus-dependent

memory in juvenile or senescent MAD2B cKO mice, remain

unknown. These prompt us to explore further functions of

MAD2B in learning and memory.

Data availability statement

The datasets presented in this study can be found in

online repositories. The name of the repository and accession

number can be found below: National Center for Biotechnology

Information (NCBI) BioProject, https://www.ncbi.nlm.nih.gov/

bioproject/, PRJNA866907.

Ethics statement

The animal study was reviewed and approved by Huazhong

University of Science and Technology Ethics Committee for

Care and Use of Laboratory Animals.

Author contributions

LC performed the experiments with assistance from YS and

KZ. YX analysed the data. CZ and XM supervised the project.

LC, XM, and CZ wrote the manuscript. All authors contributed

to the article and approved the submitted version.

Funding

This work was supported financially by grants from the

National Natural Science Foundation of China (Grant Nos.

81974162 and 81671066).

Acknowledgments

We would like to thank for the technical support from the

Huazhong University of Science and Technology Analytical and

Testing Center, Medical sub-center.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be

found online at: https://www.frontiersin.org/articles/10.3389/

fncel.2022.956029/full#supplementary-material

Frontiers inCellularNeuroscience 17 frontiersin.org

https://doi.org/10.3389/fncel.2022.956029
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.frontiersin.org/articles/10.3389/fncel.2022.956029/full#supplementary-material
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Cheng et al. 10.3389/fncel.2022.956029

References

Ajoy, R., Lo, Y. C., Ho, M. H., Chen, Y. Y., Wang, Y., Chen, Y.
H., et al. (2021). CCL5 promotion of bioenergy metabolism is crucial for
hippocampal synapse complex and memory formation. Mol. Psychiatry. 26,
6451–68. doi: 10.1038/s41380-021-01103-3

Albert-Gasco, H., Garcia-Aviles, A., Moustafa, S., Sanchez-Sarasua, S., Gundlach,
A. L., Olucha-Bordonau, F. E., et al. (2017). Central relaxin-3 receptor
(RXFP3) activation increases ERK phosphorylation in septal cholinergic neurons
and impairs spatial working memory. Brain Struct. Funct. 222, 449–463.
doi: 10.1007/s00429-016-1227-8

Almeida, A., Bolanos, J. P., and Moreno, S. (2005). Cdh1/Hct1-APC is
essential for the survival of postmitotic neurons. J. Neurosci. 25, 8115–8121.
doi: 10.1523/JNEUROSCI.1143-05.2005

Amar, F., Corona, C., Husson, J., Liu, J., Shelanski, M., and Greene, L. (2021).
Rapid ATF4 Depletion Resets Synaptic Responsiveness after cLTP. eNeuro 8,
ENEURO.0239-20.2021. doi: 10.1523/ENEURO.0239-20.2021

Aoto, J., Ting, P., Maghsoodi, B., Xu, N., Henkemeyer, M., and Chen, L.
(2007). Postsynaptic ephrinB3 promotes shaft glutamatergic synapse formation. J.
Neurosci. 27, 7508–7519. doi: 10.1523/JNEUROSCI.0705-07.2007

Arroyo-García, L. E., Tendilla-Beltrán, H., Vázquez-Roque, R. A., Jurado-Tapia,
E. E., Díaz, A., Aguilar-Alonso, P., et al. (2021). Amphetamine sensitization alters
hippocampal neuronal morphology and memory and learning behaviors. Mol.
Psychiatry 26, 4784–4794. doi: 10.1038/s41380-020-0809-2

Athanasaki, A., Melanis, K., Tsantzali, I., Stefanou, M. I., Ntymenou, S.,
Paraskevas, S. G., et al. (2022). Type 2 diabetes mellitus as a risk factor
for Alzheimer’s disease: review and meta-analysis. Biomedicines 10, 778.
doi: 10.3390/biomedicines10040778

Baglietto-Vargas, D., Shi, J., Yaeger, D. M., Ager, R., and LaFerla, F. M. (2016).
Diabetes and Alzheimer’s disease crosstalk. Neurosci. Biobehav. Rev. 64, 272–287.
doi: 10.1016/j.neubiorev.2016.03.005

Bahous, R. H., Jadavji, N. M., Deng, L., Cosin-Tomas, M., Lu, J., Malysheva,
O., et al. (2017). High dietary folate in pregnant mice leads to pseudo-MTHFR
deficiency and altered methyl metabolism, with embryonic growth delay and
short-term memory impairment in offspring. Hum. Mol. Genet. 26, 888–900.
doi: 10.1093/hmg/ddx004

Beauquis, J., Roig, P., De Nicola, A. F., and Saravia, F. (2009). Neuronal plasticity
and antidepressants in the diabetic brain. Ann. NY Acad. Sci. 1153, 203–208.
doi: 10.1111/j.1749-6632.2008.03983.x

Berry, K. P., and Nedivi, E. (2017). Spine dynamics: are they all the same?Neuron
96, 43–55. doi: 10.1016/j.neuron.2017.08.008

Brault, V., Nguyen, T. L., Flores-Gutierrez, J., Iacono, G., Birling, M. C., Lalanne,
V., et al. (2021). Dyrk1a gene dosage in glutamatergic neurons has key effects in
cognitive deficits observed in mouse models of MRD7 and Down syndrome. PLoS
Genet. 17, e1009777. doi: 10.1371/journal.pgen.1009777

Bromley-Brits, K., Deng, Y., and Song, W. (2011). Morris water maze test for
learning and memory deficits in Alzheimer’s disease model mice. J. Vis. Exp. 20,
e2920. doi: 10.3791/2920

Chaalal, A., Poirier, R., Blum, D., Laroche, S., and Enderlin, V. (2019).
Thyroid hormone supplementation restores spatial memory, hippocampal
markers of neuroinflammation, plasticity-related signaling molecules, and beta-
amyloid peptide load in hypothyroid rats. Mol. Neurobiol. 56, 722–735.
doi: 10.1007/s12035-018-1111-z

Chen, J. L., Villa, K. L., Cha, J. W., So, P. T., Kubota, Y., and Nedivi, E.
(2012). Clustered dynamics of inhibitory synapses and dendritic spines in the adult
neocortex. Neuron 74, 361–373. doi: 10.1016/j.neuron.2012.02.030

Chen, Y. J., Deng, S. M., Chen, H.W., Tsao, C. H., Chen, W. T., Cheng, S. J., et al.
(2021). Follistatin mediates learning and synaptic plasticity via regulation of Asic4
expression in the hippocampus. Proc. Natl. Acad. Sci. U S A. 118, e2109040118.
doi: 10.1073/pnas.2109040118

Corona, C., Pasini, S., Liu, J., Amar, F., Greene, L. A., and Shelanski,
M. L. (2018). Activating Transcription Factor 4 (ATF4) Regulates Neuronal
Activity by Controlling GABABR Trafficking. J. Neurosci. 38, 6102–6113.
doi: 10.1523/JNEUROSCI.3350-17.2018

Csernansky, J. G., Martin, M., Shah, R., Bertchume, A., Colvin, J., and
Dong, H. (2005). Cholinesterase inhibitors ameliorate behavioral deficits
induced by MK-801 in mice. Neuropsychopharmacology 30, 2135–2143.
doi: 10.1038/sj.npp.1300761

De Rossi, P., Nomura, T., Andrew, R. J., Masse, N. Y., Sampathkumar, V.,
Musial, T. F., et al. (2020). Neuronal BIN1 Regulates Presynaptic Neurotransmitter

Release and Memory Consolidation. Cell Rep. 30, 3520–3535.e3527.
doi: 10.1016/j.celrep.2020.02.026

Delgado-Esteban, M., Garcia-Higuera, I., Maestre, C., Moreno, S., and Almeida,
A. (2013). APC/C-Cdh1 coordinates neurogenesis and cortical size during
development. Nat. Commun. 4, 2879. doi: 10.1038/ncomms3879

Dityatev, A., Schachner, M., and Sonderegger, P. (2010). The dual role of the
extracellular matrix in synaptic plasticity and homeostasis. Nat. Rev. Neurosci. 11,
735–746. doi: 10.1038/nrn2898

Dong, J. H., Wang, Y. J., Cui, M., Wang, X. J., Zheng, W. S., Ma, M. L.,
et al. (2017). Adaptive activation of a stress response pathway improves learning
and memory through Gs and beta-arrestin-1-regulated lactate metabolism. Biol.
Psychiatry 81, 654–670. doi: 10.1016/j.biopsych.2016.09.025

Duncan, T., and Valenzuela, M. (2017). Alzheimer’s disease, dementia, and stem
cell therapy. Stem. Cell Res. Ther. 8, 111. doi: 10.1186/s13287-017-0567-5

Genc, B., Gautam, M., Gozutok, O., Dervishi, I., Sanchez, S., Goshu, G. M., et al.
(2021). Improving mitochondria and ER stability helps eliminate upper motor
neuron degeneration that occurs due to mSOD1 toxicity and TDP-43 pathology.
Clin. Transl. Med. 11, e336. doi: 10.1002/ctm2.336

Götz, T. W. B., Puchkov, D., Lysiuk, V., Lützkendorf, J., Nikonenko, A. G.,
Quentin, C., et al. (2021). Rab2 regulates presynaptic precursor vesicle biogenesis
at the trans-Golgi. J. Cell Biol. 220, e202006040. doi: 10.1083/jcb.202006040

Grutzendler, J., Kasthuri, N., and Gan, W.-B. (2002). Long-term dendritic spine
stability in the adult cortex. Nature 420, 812–816. doi: 10.1038/nature01276

Harris, K. M., and Stevens, J. K. (1989). Dendritic spines of CA 1
pyramidal cells in the rat hippocampus: serial electron microscopy with
reference to their biophysical characteristics. J. Neurosci. 9, 2982–2997.
doi: 10.1523/JNEUROSCI.09-08-02982.1989

Hei, Y., Chen, R., Mao, X., Wang, J., Long, Q., and Liu, W. (2019). Neuregulin1
attenuates cognitive deficits and hippocampal CA1 neuronal apoptosis partly via
ErbB4 receptor in a rat model of chronic cerebral hypoperfusion. Behav. Brain Res.
365, 141–149. doi: 10.1016/j.bbr.2019.02.046

Hering, H., and Sheng, M. (2001). Dendritic spines: structure, dynamics and
regulation. Nat. Rev. Neurosci. 2, 880–888. doi: 10.1038/35104061

Hu, X., Wang, T., and Jin, F. (2016). Alzheimer’s disease and gut microbiota. Sci.
China Life Sci. 59, 1006–1023. doi: 10.1007/s11427-016-5083-9

Huang, J., Ikeuchi, Y., Malumbres, M., and Bonni, A. (2015). A Cdh1-
APC/FMRP ubiquitin signaling link drives mGluR-dependent synaptic plasticity
in the mammalian brain. Neuron 86, 726–739. doi: 10.1016/j.neuron.2015.03.049

Izquierdo, I., Furini, C. R., and Myskiw, J. C. (2016). Fear Memory. Physiol. Rev.
96, 695–750. doi: 10.1152/physrev.00018.2015

Jadavji, N. M., Deng, L., Malysheva, O., Caudill, M. A., and Rozen,
R. (2015). MTHFR deficiency or reduced intake of folate or choline in
pregnant mice results in impaired short-term memory and increased
apoptosis in the hippocampus of wild-type offspring. Neuroscience 300, 1–9.
doi: 10.1016/j.neuroscience.2015.04.067

Jiang, Q., Su, D. Y., Wang, Z. Z., Liu, C., Sun, Y. N., Cheng, H.,
et al. (2021). Retina as a window to cerebral dysfunction following studies
with circRNA signature during neurodegeneration. Theranostics 11, 1814–1827.
doi: 10.7150/thno.51550

Jin, L., Lin, L., Li, G. Y., Liu, S., Luo, D. J., Feng, Q., et al. (2018). Monosodium
glutamate exposure during the neonatal period leads to cognitive deficits in adult
Sprague-Dawley rats. Neurosci. Lett. 682, 39–44. doi: 10.1016/j.neulet.2018.06.008

Kaphzan, H., Hernandez, P., Jung, J. I., Cowansage, K. K., Deinhardt, K., Chao,
M. V., et al. (2012). Reversal of impaired hippocampal long-term potentiation
and contextual fear memory deficits in Angelman syndrome model mice by ErbB
inhibitors. Biol. Psychiatry 72, 182–190. doi: 10.1016/j.biopsych.2012.01.021

Kar, R. K., Hanner, A. S., Starost, M. F., Springer, D., Mastracci, T. L.,
Mirmira, R. G., et al. (2021). Neuron-specific ablation of eIF5A or deoxyhypusine
synthase leads to impairments in growth, viability, neurodevelopment, and
cognitive functions in mice. J. Biol. Chem. 297, 101333. doi: 10.1016/j.jbc.2021.1
01333

Kasai, H., Matsuzaki, M., Noguchi, J., Yasumatsu, N., and Nakahara, H. (2003).
Structure–stability–function relationships of dendritic spines. Trends Neurosci. 26,
360–368. doi: 10.1016/S0166-2236(03)00162-0

Keable, R., Leshchyns’ka, I., and Sytnyk, V. (2020). Trafficking and activity of
glutamate and GABA receptors: regulation by cell adhesion molecules. Neurosci.
26, 415–437. doi: 10.1177/1073858420921117

Frontiers inCellularNeuroscience 18 frontiersin.org

https://doi.org/10.3389/fncel.2022.956029
https://doi.org/10.1038/s41380-021-01103-3
https://doi.org/10.1007/s00429-016-1227-8
https://doi.org/10.1523/JNEUROSCI.1143-05.2005
https://doi.org/10.1523/ENEURO.0239-20.2021
https://doi.org/10.1523/JNEUROSCI.0705-07.2007
https://doi.org/10.1038/s41380-020-0809-2
https://doi.org/10.3390/biomedicines10040778
https://doi.org/10.1016/j.neubiorev.2016.03.005
https://doi.org/10.1093/hmg/ddx004
https://doi.org/10.1111/j.1749-6632.2008.03983.x
https://doi.org/10.1016/j.neuron.2017.08.008
https://doi.org/10.1371/journal.pgen.1009777
https://doi.org/10.3791/2920
https://doi.org/10.1007/s12035-018-1111-z
https://doi.org/10.1016/j.neuron.2012.02.030
https://doi.org/10.1073/pnas.2109040118
https://doi.org/10.1523/JNEUROSCI.3350-17.2018
https://doi.org/10.1038/sj.npp.1300761
https://doi.org/10.1016/j.celrep.2020.02.026
https://doi.org/10.1038/ncomms3879
https://doi.org/10.1038/nrn2898
https://doi.org/10.1016/j.biopsych.2016.09.025
https://doi.org/10.1186/s13287-017-0567-5
https://doi.org/10.1002/ctm2.336
https://doi.org/10.1083/jcb.202006040
https://doi.org/10.1038/nature01276
https://doi.org/10.1523/JNEUROSCI.09-08-02982.1989
https://doi.org/10.1016/j.bbr.2019.02.046
https://doi.org/10.1038/35104061
https://doi.org/10.1007/s11427-016-5083-9
https://doi.org/10.1016/j.neuron.2015.03.049
https://doi.org/10.1152/physrev.00018.2015
https://doi.org/10.1016/j.neuroscience.2015.04.067
https://doi.org/10.7150/thno.51550
https://doi.org/10.1016/j.neulet.2018.06.008
https://doi.org/10.1016/j.biopsych.2012.01.021
https://doi.org/10.1016/j.jbc.2021.101333
https://doi.org/10.1016/S0166-2236(03)00162-0
https://doi.org/10.1177/1073858420921117
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Cheng et al. 10.3389/fncel.2022.956029

Khan,M. S., Ikram,M., Park, T. J., and Kim,M. O. (2021). Pathology, risk factors,
and oxidative damage related to type 2 diabetes-mediated Alzheimer’s disease and
the rescuing effects of the potent antioxidant anthocyanin. Oxid. Med. Cell Longev.
2021, 4051207. doi: 10.1155/2021/4051207

Kim, W. B., and Cho, J. H. (2020). Encoding of contextual fear
memory in hippocampal-amygdala circuit. Nat. Commun. 11, 1382.
doi: 10.1038/s41467-020-15121-2

Knezovic, A., Osmanovic Barilar, J., Babic, A., Bagaric, R., Farkas, V.,
Riederer, P., et al. (2018). Glucagon-like peptide-1 mediates effects of oral
galactose in streptozotocin-induced rat model of sporadic Alzheimer’s disease.
Neuropharmacology 135, 48–62. doi: 10.1016/j.neuropharm.2018.02.027

Koenen, M., Culemann, S., Vettorazzi, S., Caratti, G., Frappart, L., Baum,
W., et al. (2018). Glucocorticoid receptor in stromal cells is essential for
glucocorticoid-mediated suppression of inflammation in arthritis. Ann. Rheum.
Dis. 77, 1610–1618. doi: 10.1136/annrheumdis-2017-212762

Konopka, W., Kiryk, A., Novak, M., Herwerth, M., Parkitna, J. R., Wawrzyniak,
M., et al. (2010). MicroRNA loss enhances learning and memory in mice. J.
Neurosci. 30, 14835–14842. doi: 10.1523/JNEUROSCI.3030-10.2010

Lacagnina, A. F., Brockway, E. T., Crovetti, C. R., Shue, F., McCarty, M. J., Sattler,
K. P., et al. (2019). Distinct hippocampal engrams control extinction and relapse of
fear memory. Nat. Neurosci, 22, 753–761. doi: 10.1038/s41593-019-0361-z

Lee, J. H., Kim, J. Y., Noh, S., Lee, H., Lee, S. Y.,Mun, J. Y., et al. (2021). Astrocytes
phagocytose adult hippocampal synapses for circuit homeostasis. Nature 590,
612–617. doi: 10.1038/s41586-020-03060-3

Li, M., Shin, Y.-H., Hou, L., Huang, X., Wei, Z., Klann, E., et al. (2008).
The adaptor protein of the anaphase promoting complex Cdh1 is essential in
maintaining replicative lifespan and in learning and memory. Nat. Cell Biol. 10,
1083–1089. doi: 10.1038/ncb1768

Li, X., Xia, Q., Mao, M., Zhou, H., Zheng, L., Wang, Y., et al. (2021).
Annexin-A1 SUMOylation regulatesmicroglial polarization after cerebral ischemia
by modulating IKKα stability via selective autophagy. Sci. Adv. 7, 5539.
doi: 10.1126/sciadv.abc5539

Lisman, J., Yasuda, R., and Raghavachari, S. (2012). Mechanisms of
CaMKII action in long-term potentiation. Nat. Rev. Neurosci. 13, 169–182.
doi: 10.1038/nrn3192

Liu, F., Day, M., Muniz, L. C., Bitran, D., Arias, R., Revilla-Sanchez, R.,
et al. (2008). Activation of estrogen receptor-beta regulates hippocampal synaptic
plasticity and improves memory. Nat. Neurosci. 11, 334–343. doi: 10.1038/nn2057

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550.
doi: 10.1186/s13059-014-0550-8

Luo, Y., Yang, W., Li, N., Yang, X., Zhu, B., Wang, C., et al. (2020). Anodal
Transcranial Direct Current Stimulation Can Improve Spatial Learning and
Memory and Attenuate Abeta42 Burden at the Early Stage of Alzheimer’s
Disease in APP/PS1 Transgenic Mice. Front. Aging Neurosci. 12, 134.
doi: 10.3389/fnagi.2020.00134

Maiti, P., Bowers, Z., Bourcier-Schultz, A., Morse, J., and Dunbar, G. L.
(2021). Preservation of dendritic spine morphology and postsynaptic signaling
markers after treatment with solid lipid curcumin particles in the 5xFAD
mouse model of Alzheimer’s amyloidosis. Alzheimers Res. Ther. 13, 37.
doi: 10.1186/s13195-021-00769-9

Matsuzaki, M., Ellis-Davies, G. C., Nemoto, T., Miyashita, Y., Iino, M.,
and Kasai, H. (2001). Dendritic spine geometry is critical for AMPA receptor
expression in hippocampal CA1 pyramidal neurons. Nat. Neurosci. 4, 1086–1092.
doi: 10.1038/nn736

McGill, B. E., Barve, R. A., Maloney, S. E., Strickland, A., Rensing,
N., Wang, P. L., et al. (2018). Abnormal Microglia and Enhanced
Inflammation-Related Gene Transcription in Mice with Conditional Deletion
of Ctcf in Camk2a-Cre-Expressing Neurons. J. Neurosci. 38, 200–219.
doi: 10.1523/JNEUROSCI.0936-17.2017

Mehder, R. H., Bennett, B. M., and Andrew, R. D. (2020). Morphometric
Analysis of Hippocampal and Neocortical Pyramidal Neurons in a Mouse
Model of Late Onset Alzheimer’s Disease. J. Alzheimers Dis. 74, 1069–1083.
doi: 10.3233/JAD-191067

Mehder, R. H., Bennett, B. M., and Andrew, R. D. (2021). Age-Related Neuronal
Deterioration Specifically Within the Dorsal CA1 Region of the Hippocampus in a
Mouse Model of Late Onset Alzheimer’s Disease. J. Alzheimers Dis. 79, 1547–1561.
doi: 10.3233/JAD-201024

Mendell, A. L., Creighton, S. D., Wilson, H. A., Jardine, K. H., Isaacs, L.,
Winters, B. D., et al. (2020). Inhibition of 5alpha Reductase Impairs Cognitive
Performance, Alters Dendritic Morphology and Increases Tau Phosphorylation
in the Hippocampus of Male 3xTg-AD Mice. Neuroscience 429, 185–202.
doi: 10.1016/j.neuroscience.2020.01.011

Meng, X., Tian, X., Wang, X., Gao, P., and Zhang, C. (2012). A novel
binding protein of single-minded 2: the mitotic arrest-deficient protein MAD2B.
Neurogenetics 13, 251–260. doi: 10.1007/s10048-012-0333-x

Meng, X., Wang, X., Tian, X., Yang, Z., Li, M., and Zhang, C. (2014). Protection
of neurons from high glucose-induced injury by deletion of MAD2B. J. Cell Mol.
Med. 18, 844–851. doi: 10.1111/jcmm.12229

Mett, A., Karbat, I., Tsoory, M., Fine, S., Iwanir, S., and Reuveny, E. (2021).
Reduced activity of GIRK1-containing heterotetramers is sufficient to affect
neuronal functions, including synaptic plasticity and spatial learning and memory.
J. Physiol. 599, 521–545. doi: 10.1113/JP280434

Nategh, M., Nikseresht, S., Khodagholi, F., and Motamedi, F. (2015). Nucleus
incertus inactivation impairs spatial learning and memory in rats. Physiol. Behav.
139, 112–120. doi: 10.1016/j.physbeh.2014.11.014

Orellana, A. M., Leite, J. A., Kinoshita, P. F., Vasconcelos, A. R., Andreotti,
D. Z., de Sa Lima, L., et al. (2018). Ouabain increases neuronal branching in
hippocampus and improves spatial memory. Neuropharmacology 140, 260–274.
doi: 10.1016/j.neuropharm.2018.08.008

Parnass, Z., Tashiro, A., and Yuste, R. (2000). Analysis of spine morphological
plasticity in developing hippocampal pyramidal neurons. Hippocampus 10,
561–568. doi: 10.1002/1098-1063(2000)10:5&lt;561::AID-HIPO6&gt;3.0.CO;2-X

Pick, J. E., Malumbres, M., and Klann, E. (2012). The E3 ligase APC/C-Cdh1 is
required for associative fear memory and long-term potentiation in the amygdala
of adult mice. Learn Mem. 20, 11–20. doi: 10.1101/lm.027383.112

Pick, J. E., Wang, L., Mayfield, J. E., and Klann, E. (2013). Neuronal expression
of the ubiquitin E3 ligase APC/C-Cdh1 during development is required for long-
term potentiation, behavioral flexibility, and extinction. Neurobiol. Learn Mem.
100, 25–31. doi: 10.1016/j.nlm.2012.11.005

Qi, G., Zhang, P., Li, T., Li, M., Zhang, Q., He, F., et al. (2022). NAc-VTA
circuit underlies emotional stress-induced anxiety-like behavior in the three-
chamber vicarious social defeat stress mouse model. Nat. Commun. 13, 577.
doi: 10.1038/s41467-022-28190-2

Qu, X., Guan, P., Han, L., Wang, Z., and Huang, X. (2021). Levistolide
A Attenuates Alzheimer’s Pathology Through Activation of the PPARgamma
Pathway. Neurotherapeutics 18, 326–339. doi: 10.1007/s13311-020-00943-1

Reimann, J. D., Gardner, B. E., Margottin-Goguet, F., and Jackson, P.
K. (2001). Emi1 regulates the anaphase-promoting complex by a different
mechanism than Mad2 proteins. Genes Dev. 15, 3278–3285. doi: 10.1101/gad.
945701

Rybka, V., Suzuki, Y. J., Gavrish, A. S., Dibrova, V. A., Gychka, S.
G., and Shults, N. V. (2019). Transmission electron microscopy study of
mitochondria in aging brain synapses. Antioxidants 8, 171. doi: 10.3390/antiox80
60171

Sadick, J. S., O’Dea, M. R., Hasel, P., Dykstra, T., Faustin, A., and
Liddelow, S. A. (2022). Astrocytes and oligodendrocytes undergo subtype-specific
transcriptional changes in Alzheimer’s disease. Neuron 110, 1788–1805.e1710.
doi: 10.1016/j.neuron.2022.03.008

Schikorski, T., and Stevens, C. F. (1997). Quantitative ultrastructural
analysis of hippocampal excitatory synapses. J. Neurosci. 17, 5858–5867.
doi: 10.1523/JNEUROSCI.17-15-05858.1997

Silva, A. J., Stevens, C. F., Tonegawa, S., and Wang, Y. (1992). Deficient
hippocampal long-term potentiation in alpha-calcium-calmodulin kinase II
mutant mice. Science 257, 201–206. doi: 10.1126/science.1378648

Spangenberg, E. E., Lee, R. J., Najafi, A. R., Rice, R. A., Elmore, M. R., Blurton-
Jones, M., et al. (2016). Eliminating microglia in Alzheimer’s mice prevents
neuronal loss without modulating amyloid-beta pathology. Brain 139, 1265–1281.
doi: 10.1093/brain/aww016

Stawarski, M., Stefaniuk, M., and Wlodarczyk, J. (2014). Matrix
metalloproteinase-9 involvement in the structural plasticity of dendritic spines.
Front. Neuroanat. 8, 68. doi: 10.3389/fnana.2014.00068

Takumi, Y., Ramírez-León, V., Laake, P., Rinvik, E., and Ottersen, O. P. (1999).
Different modes of expression of AMPA and NMDA receptors in hippocampal
synapses. Nat. Neurosci. 2, 618–624. doi: 10.1038/10172

Tallent, M. K., Fabre, V., Qiu, C., Calbet, M., Lamp, T., Baratta, M.
V., et al. (2005). Cortistatin overexpression in transgenic mice produces
deficits in synaptic plasticity and learning. Mol. Cell Neurosci. 30, 465–475.
doi: 10.1016/j.mcn.2005.08.010

Thalhammer, A., and Cingolani, L. A. (2014). Cell adhesion
and homeostatic synaptic plasticity. Neuropharmacology 78, 23–30.
doi: 10.1016/j.neuropharm.2013.03.015

Tonnesen, J., Katona, G., Rozsa, B., and Nagerl, U. V. (2014). Spine neck
plasticity regulates compartmentalization of synapses. Nat. Neurosci. 17, 678–685.
doi: 10.1038/nn.3682

Frontiers inCellularNeuroscience 19 frontiersin.org

https://doi.org/10.3389/fncel.2022.956029
https://doi.org/10.1155/2021/4051207
https://doi.org/10.1038/s41467-020-15121-2
https://doi.org/10.1016/j.neuropharm.2018.02.027
https://doi.org/10.1136/annrheumdis-2017-212762
https://doi.org/10.1523/JNEUROSCI.3030-10.2010
https://doi.org/10.1038/s41593-019-0361-z
https://doi.org/10.1038/s41586-020-03060-3
https://doi.org/10.1038/ncb1768
https://doi.org/10.1126/sciadv.abc5539
https://doi.org/10.1038/nrn3192
https://doi.org/10.1038/nn2057
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.3389/fnagi.2020.00134
https://doi.org/10.1186/s13195-021-00769-9
https://doi.org/10.1038/nn736
https://doi.org/10.1523/JNEUROSCI.0936-17.2017
https://doi.org/10.3233/JAD-191067
https://doi.org/10.3233/JAD-201024
https://doi.org/10.1016/j.neuroscience.2020.01.011
https://doi.org/10.1007/s10048-012-0333-x
https://doi.org/10.1111/jcmm.12229
https://doi.org/10.1113/JP280434
https://doi.org/10.1016/j.physbeh.2014.11.014
https://doi.org/10.1016/j.neuropharm.2018.08.008
https://doi.org/10.1002/1098-1063(2000)10:5&lt
https://doi.org/10.1101/lm.027383.112
https://doi.org/10.1016/j.nlm.2012.11.005
https://doi.org/10.1038/s41467-022-28190-2
https://doi.org/10.1007/s13311-020-00943-1
https://doi.org/10.1101/gad.945701
https://doi.org/10.3390/antiox8060171
https://doi.org/10.1016/j.neuron.2022.03.008
https://doi.org/10.1523/JNEUROSCI.17-15-05858.1997
https://doi.org/10.1126/science.1378648
https://doi.org/10.1093/brain/aww016
https://doi.org/10.3389/fnana.2014.00068
https://doi.org/10.1038/10172
https://doi.org/10.1016/j.mcn.2005.08.010
https://doi.org/10.1016/j.neuropharm.2013.03.015
https://doi.org/10.1038/nn.3682
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org


Cheng et al. 10.3389/fncel.2022.956029

Trachtenberg, J. T., Chen, B. E., Knott, G. W., Feng, G., Sanes, J. R.,
Welker, E., et al. (2002). Long-term in vivo imaging of experience-dependent
synaptic plasticity in adult cortex. Nature 420, 788–794. doi: 10.1038/nature
01273

Tsetsenis, T., Younts, T. J., Chiu, C. Q., Kaeser, P. S., Castillo, P. E., and Sudhof,
T. C. (2011). Rab3B protein is required for long-term depression of hippocampal
inhibitory synapses and for normal reversal learning. Proc. Natl. Acad. Sci. U S A.
108, 14300–14305. doi: 10.1073/pnas.1112237108

Tsien, J. Z., Chen, D. F., Gerber, D., Tom, C., Mercer, E. H., Anderson, D. J., et al.
(1996). Subregion- and cell type–restricted gene knockout in mouse brain. Cell 87,
1317–1326. doi: 10.1016/S0092-8674(00)81826-7

Ueda, H., Sasaki, K., Halder, S. K., Deguchi, Y., Takao, K., Miyakawa, T.,
et al. (2017). Prothymosin alpha-deficiency enhances anxiety-like behaviors and
impairs learning/memory functions and neurogenesis. J. Neurochem. 141, 124–136.
doi: 10.1111/jnc.13963

Wang, H. T., Zhu, Z. A., Li, Y. Y., Lou, S. S., Yang, G., Feng, X., et al.
(2021a). CDKL5 deficiency in forebrain glutamatergic neurons results in recurrent
spontaneous seizures. Epilepsia 62, 517–528. doi: 10.1111/epi.16805

Wang, Z., Xie, R., Yang, X., Yin, H., Li, X., Liu, T., et al. (2021b).
Female mice lacking ERbeta display excitatory/inhibitory synaptic imbalance to
drive the pathogenesis of temporal lobe epilepsy. Theranostics 11, 6074–6089.
doi: 10.7150/thno.56331

Washbourne, P., Dityatev, A., Scheiffele, P., Biederer, T., Weiner, J. A.,
Christopherson, K. S., et al. (2004). Cell adhesion molecules in synapse formation.
J. Neurosci. 24, 9244–9249. doi: 10.1523/JNEUROSCI.3339-04.2004

Wierenga, C. J., Becker, N., and Bonhoeffer, T. (2008). GABAergic synapses
are formed without the involvement of dendritic protrusions. Nat. Neurosci. 11,
1044–1052. doi: 10.1038/nn.2180

Wójtowicz, T., Brzdak, P., and Mozrzymas, J. W. (2015). Diverse impact of
acute and long-term extracellular proteolytic activity on plasticity of neuronal
excitability. Front. Cell Neurosci. 9, 313. doi: 10.3389/fncel.2015.00313

Wu, C., Yang, L., Li, Y., Dong, Y., Yang, B., Tucker, L. D., et al. (2020). Effects of
exercise training on anxious-depressive-like behavior in Alzheimer Rat. Med. Sci.
Sports Exerc. 52, 1456–1469. doi: 10.1249/MSS.0000000000002294

Wu, X., Morishita, W. K., Riley, A. M., Hale, W. D., Sudhof, T. C., and Malenka,
R. C. (2019). Neuroligin-1 signaling controls LTP and NMDA receptors by distinct
molecular pathways.Neuron 102, 621–635.e623. doi: 10.1016/j.neuron.2019.02.013

Xu, C., Liu, H. J., Qi, L., Tao, C. L., Wang, Y. J., Shen, Z., et al. (2020). Structure
and plasticity of silent synapses in developing hippocampal neurons visualized by
super-resolution imaging. Cell Discov. 6, 8. doi: 10.1038/s41421-019-0139-1

Xu, T., Liu, J., Li, X. R., Yu, Y., Luo, X., Zheng, X., et al. (2021). The mTOR/NF-
kappaB pathway mediates neuroinflammation and synaptic plasticity in diabetic
encephalopathy.Mol. Neurobiol. 58, 3848–3862. doi: 10.1007/s12035-021-02390-1

Yang, S., Park, D., Manning, L., Hill, S. E., Cao, M., Xuan, Z., et al. (2022).
Presynaptic autophagy is coupled to the synaptic vesicle cycle via ATG-9. Neuron
110, 824–840.e810. doi: 10.1016/j.neuron.2021.12.031

Yoshizaki, K., Asai, M., and Hara, T. (2020). High-fat diet enhances working
memory in the Y-Maze test in male C57BL/6J mice with less anxiety in the elevated
plus maze test. Nutrients 12, 2036. doi: 10.3390/nu12072036

Zhang, Q., Hu, D. X., He, F., Li, C. Y., Qi, G. J., Cai, H. W., et al. (2019).
Locus coeruleus-CA1 projections are involved in chronic depressive stress-induced
hippocampal vulnerability to transient global ischaemia. Nat. Commun. 10, 2942.
doi: 10.1038/s41467-019-10795-9

Zhang, Y. M., Zheng, T., Huang, T. T., Gu, P. P., Gou, L. S., Ma, T. F.,
et al. (2021). Sarsasapogenin attenuates Alzheimer-like encephalopathy in diabetes.
Phytomedicine 91, 153686. doi: 10.1016/j.phymed.2021.153686

Zhang, Z., Mu, X., Cao, Q., Shi, Y., Hu, X., and Zheng, H. (2022). Honeybee
gut Lactobacillus modulates host learning and memory behaviors via regulating
tryptophanmetabolism.Nat. Commun. 13, 2037. doi: 10.1038/s41467-022-29760-0

Zhao, C., Deng, W., and Gage, F. H. (2008). Mechanisms and
functional implications of adult neurogenesis. Cell 132, 645–660.
doi: 10.1016/j.cell.2008.01.033

Zhao, S., Zhang, Z., Xu, D., Wang, Y., and Li, L. (2020). Selective Loss
of Brain-Derived Neurotrophic Factor Exacerbates Brain Injury by Enhancing
Neuroinflammation in Experimental Streptococcus pneumoniae Meningitis.
Front. Immunol. 11, 1357. doi: 10.3389/fimmu.2020.01357

Zhao, W., Xu, Z., Cao, J., Fu, Q., Wu, Y., Zhang, X., et al. (2019).
Elamipretide (SS-31) improves mitochondrial dysfunction, synaptic and memory
impairment induced by lipopolysaccharide in mice. J. Neuroinflam. 16, 230.
doi: 10.1186/s12974-019-1627-9

Zhong, W., Hou, H., Liu, T., Su, S., Xi, X., Liao, Y., et al. (2020).
Cartilage oligomeric matrix protein promotes epithelial-mesenchymal transition
by interacting with transgelin in colorectal cancer. Theranostics 10, 8790–8806.
doi: 10.7150/thno.44456

Frontiers inCellularNeuroscience 20 frontiersin.org

https://doi.org/10.3389/fncel.2022.956029
https://doi.org/10.1038/nature01273
https://doi.org/10.1073/pnas.1112237108
https://doi.org/10.1016/S0092-8674(00)81826-7
https://doi.org/10.1111/jnc.13963
https://doi.org/10.1111/epi.16805
https://doi.org/10.7150/thno.56331
https://doi.org/10.1523/JNEUROSCI.3339-04.2004
https://doi.org/10.1038/nn.2180
https://doi.org/10.3389/fncel.2015.00313
https://doi.org/10.1249/MSS.0000000000002294
https://doi.org/10.1016/j.neuron.2019.02.013
https://doi.org/10.1038/s41421-019-0139-1
https://doi.org/10.1007/s12035-021-02390-1
https://doi.org/10.1016/j.neuron.2021.12.031
https://doi.org/10.3390/nu12072036
https://doi.org/10.1038/s41467-019-10795-9
https://doi.org/10.1016/j.phymed.2021.153686
https://doi.org/10.1038/s41467-022-29760-0
https://doi.org/10.1016/j.cell.2008.01.033
https://doi.org/10.3389/fimmu.2020.01357
https://doi.org/10.1186/s12974-019-1627-9
https://doi.org/10.7150/thno.44456
https://www.frontiersin.org/journals/cellular-neuroscience
https://www.frontiersin.org

	Conditional deletion of MAD2B in forebrain neurons enhances hippocampus-dependent learning and memory in mice
	Introduction
	Materials and methods
	Animals
	Genotyping
	Open field test
	Elevated plus maze
	Morris water maze
	Novel object recognition test
	Contextual fear conditioning
	Rotarod test
	Immunofluorescence
	Protein extraction and Western blot
	RNA-seq analysis
	Total RNA extraction and quantitative PCR
	Golgi staining and Sholl analysis
	Transmission electron microscopy
	Statistical analysis

	Results
	The generation and identification of the MAD2B cKO mice
	Altered signaling pathways and expression profiles of downstream genes in the hippocampus and the cerebral cortex of the MAD2B cKO mice
	Improved learning and memory in the MAD2B cKO mice
	Increased number of neurons in the CA1 region and the cerebral cortex in the MAD2B cKO mice
	MAD2B cKO promoted neurogenesis in the DG of the hippocampus
	Increased dendritic spines and spine synapses in the CA1 area of the MAD2B cKO mice

	Discussion
	RNA-seq suggested several changes in signaling pathways and gene expression profiles that are conducive to synaptic plasticity and learning and memory
	The MAD2B cKO mice showed enhanced hippocampus-dependent learning and memory
	Numbers of neurons and neurogenesis in the hippocampus of the MAD2B cKO mice
	Dendritic branches, dendritic spines, and synapses of neurons changed to facilitate synaptic plasticity after MAD2B cKO

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	Supplementary material
	References


