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eEF2 in the prefrontal cortex promotes excitatory
synaptic transmission and social novelty behavior
Xuanyue Ma1,† , Liuren Li1,† , Ziming Li2,† , Zhengyi Huang1 , Yaorong Yang1 , Peng Liu1 ,

Daji Guo1,3 , Yueyao Li1 , Tianying Wu1 , Ruixiang Luo1 , Junyu Xu4 , Wen-Cai Ye1,5,6,* ,

Bin Jiang2,** & Lei Shi1,5,6,***

Abstract

Regulation of mRNA translation is essential for brain development
and function. Translation elongation factor eEF2 acts as a molecu-
lar hub orchestrating various synaptic signals to protein synthesis
control and participates in hippocampus-dependent cognitive
functions. However, whether eEF2 regulates other behaviors in dif-
ferent brain regions has been unknown. Here, we construct a line
of Eef2 heterozygous (HET) mice, which show a reduction in eEF2
and protein synthesis mainly in excitatory neurons of the pre-
frontal cortex. The mice also show lower spine density, reduced
excitability, and AMPAR-mediated synaptic transmission in pyrami-
dal neurons of the medial prefrontal cortex (mPFC). While HET
mice exhibit normal learning and memory, they show defective
social behavior and elevated anxiety. Knockdown of Eef2 in excita-
tory neurons of the mPFC specifically is sufficient to impair social
novelty preference. Either chemogenetic activation of excitatory
neurons in the mPFC or mPFC local infusion of the AMPAR poten-
tiator PF-4778574 corrects the social novelty deficit of HET mice.
Collectively, we identify a novel role for eEF2 in promoting pre-
frontal AMPAR-mediated synaptic transmission underlying social
novelty behavior.
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Introduction

Protein synthesis (mRNA translation) is one of the most crucial

steps that determine the cellular proteome (Schwanh€ausser

et al, 2011; Dong et al, 2020). Owing to the extensive polarized

structure of brain cells, including both nerve and glial cells, protein

synthesis is usually regulated locally in different cellular compart-

ments and is highly arranged in a cell type-specific manner, which

adds more complex layers to the mRNA translational regulation in

the brain comparing to other organs (Holt et al, 2019). Protein syn-

thesis is known to control almost every aspect of brain development

and circuit wiring, ranging from neurogenesis/morphogenesis to

synapse formation/plasticity (Park et al, 2021; Sossin, 2021). Not

surprisingly, accumulating evidence has demonstrated protein syn-

thesis as a vulnerable site for attack in a variety of neurological dis-

eases, including neurodevelopmental disorders, mood disorders,

and neurodegenerative disorders (Delaidelli et al, 2019; Sossin &

Costa-Mattioli, 2019; Laguesse & Ron, 2020; Sossin, 2021). Hence,

understanding the mRNA translational control machinery is critical

for deciphering the mechanisms of brain health and disease.

Eukaryotic elongation factor 2 (eEF2), a unique factor that regu-

lates the phase of mRNA translation elongation, catalyzes the GTP-

dependent translocation of peptidyl tRNA from the A site to the P site

of ribosome, thus making ribosome to shift along the reading frame

of mRNA with polypeptide elongation. Missense variations of EEF2 or

defective post-translation modification of the protein have been found

causatively linked with neurodevelopmental disorders and spinocere-

bellar ataxia (Hekman et al, 2012; Hawer et al, 2020; Nabais S�a

et al, 2021). The best studied molecular regulation of eEF2 activity is

through inhibitory phosphorylation at Thr56 (pT56) by eEF2 kinase

(eEF2K), also known as Ca2+/calmodulin-dependent protein kinases

III (CaMKIII). It has been revealed that eEF2K quickly senses different

forms of synaptic plasticity and antidepressants such as Ketamine
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(Sutton et al, 2007; Park et al, 2008; Adaikkan et al, 2018; Zanos &

Gould, 2018; David et al, 2020; Ghosh Dastidar et al, 2020), thereby

leading to the dephosphorylation and activation of eEF2 (Verpelli

et al, 2010; Heise et al, 2014). The most studied role of eEF2K-eEF2

pathway in animals is in the hippocampus, where it regulates synap-

tic transmission, neurogenesis, and cognition (Gosrani et al, 2020;

Taha et al, 2020). Using eEF2K knockout mice as a model, these

studies conclude that eEF2K could be a detrimental factor to a num-

ber of hippocampal-dependent forms of learning and memory,

whereas activation of eEF2 by eEF2K suppression facilitates cogni-

tion. Consistently, eEF2K activity is found to increase in several neu-

rodegenerative conditions, and deletion or pharmacological inhibition

of eEF2K enhances cognition in Alzheimer and Parkinson mouse

models (Jan et al, 2017, 2018; Beckelman et al, 2019; Ma, 2021;

Yang et al, 2021b).

Nonetheless, most of the above studies used eEF2K deficiency

models, which leads to several unsolved aspects for eEF2 itself.

First, evidence is missing regarding how the physiological level of

eEF2 regulates brain development and function from direct loss-of-

function manipulations of eEF2. Given that other possible mecha-

nisms exist to control the ribosome translocation activity of eEF2

(Shen et al, 2021), observations from eEF2K models may not be

necessarily sufficient to predict eEF2 function. Second, the spa-

tiotemporal expression of eEF2 in different brain regions and differ-

ent neuronal types has not been fully investigated. In this regard,

eEF2 may have essential roles in regulating the functioning of differ-

ent brain regions and related behaviors. Unraveling these functions

of eEF2 is important for the understanding of mRNA translation

elongation control in brain function and disease.

In the current study, we first characterized the spatiotemporal

expression of eEF2 in the brain, revealing a higher expression of

eEF2 in excitatory neurons. Using CRISPR/Cas9 strategy, we con-

structed a heterozygous Eef2-deleted mouse line (Eef2 HET mice),

which showed a specific reduction of eEF2 protein and lowered de

novo protein synthesis in the prefrontal cortex (PFC). Spine abnor-

malities and lowered synaptic GluA2 component were observed,

along with decreased excitability and impaired AMPAR-mediated

synaptic transmission in Layer 5 neurons of medial PFC (mPFC).

Intriguingly, the HET mice exhibited social and communication defi-

cits, stereotyped behavior, and elevated anxiety. Further study

showed that Eef2 knockdown in the excitatory neurons of mPFC

was sufficient to cause abnormal social novelty preference. Using

the chemogenetic approach, we demonstrated that enhancing the

excitability of these mPFC pyramidal neurons rescued the social

novelty behavior in Eef2 HET mice. Finally, either systematic or

mPFC local administration of the AMPAR potentiator PF-4778574

successfully corrected the social novelty deficit of the HET mice.

Collectively, these findings uncover a previously unrecognized role

of prefrontal eEF2 in regulating AMPAR-mediated synaptic trans-

mission and social novelty behavior.

Results

eEF2 is highly expressed in the excitatory neurons in mouse brain

We revealed that eEF2 is widely expressed in various brain regions,

with relatively higher expression in the cerebral cortex, in particular

the PFC, and hippocampus (Fig 1A and B). To show the cellular

subtype distribution of eEF2, we examined the colocalization of

eEF2 with markers of different cell types in both the cortex and hip-

pocampus (Figs 1C, and EV1A and B), including NeuN (a marker of

neurons), GFAP (glial fibrillary acidic protein; a marker of astro-

cytes), IBA1 (ionized calcium-binding adaptor molecule 1; a marker

of microglia), OLIG2 (oligodendrocyte lineage transcription factor 2;

a marker of oligodendrocytes), CaMKIIa (Ca2+/calmodulin-

dependent protein kinase IIa; a marker of excitatory neurons), and

GAD65/67 (glutamic-acid decarboxylase 65 and 67; markers of

GABAergic inhibitory neurons). eEF2 has much higher expression in

neuronal cells than in glial cells (Figs 1D and EV1C). Moreover, the

colocalization of eEF2 with CaMKIIa was significantly higher than

with GAD65/67 (Figs 1E and EV1D), suggesting that relative more

eEF2 is localized to excitatory neurons than inhibitory neurons. The

specificity of the immunoreactivity of eEF2 primary antibody was

verified (Fig EV1E). Thus, eEF2 is widely distributed in different

brain regions with the highest expression in the excitatory neurons.

Reduced eEF2 leads to lowered protein synthesis in the
excitatory neurons of prefrontal cortex

Although eEF2 has been suggested for participating in various pro-

cesses of neuronal development, most studies have focused on the

role of eEF2K and the consequent pT56-eEF2, thus lacking direct

evidence of eEF2 deficiency. To directly investigate the function of

eEF2, we constructed an Eef2 knockout mouse line by CRISPR/Cas9

strategy for studying its in vivo role in brain function and behavior

(Fig 2A). Notably, no Eef2 null embryos were detected even as early

as E11.5, suggesting a failure of embryo formation or very early

embryonic lethality by homozygous deletion of Eef2 (Fig EV2A and

B). Although the mortality rate of HET embryos appeared higher

than WT ones at gestation stages, the survived HET mice exhibited

normal growth rate (weight gain) and normal gross brain architec-

ture (Fig EV2C–I). We verified that gene editing of Eef2 was success-

ful in different brain regions (Fig EV2J), and the Eef2 mRNA levels

were reduced significantly in the cortex (without PFC), PFC, hip-

pocampus, and striatum of HET mice (Fig EV3A–D). However, the

eEF2 protein levels only showed a significant reduction (~30%) in

the PFC, a reduction trend in the hippocampus, but no change in

the rest part of the cortex or the striatum of the HET mice (Fig 2B

and C).

We further confirmed the reduction of eEF2 in HET PFC by

immunostaining (Fig EV3E). The fluorescence intensity of eEF2 and

the number of eEF2-positive cells were both significantly decreased

in the mPFC of the HET mice (Fig EV3F and G). By analyzing eEF2

expression in different neuronal types, we showed that eEF2 was

specifically reduced in CaMKIIa-positive excitatory neurons, but not

GAD65/67-positive inhibitory neurons in the mPFC of the HET mice

(Fig 2D–G). As eEF2 functions to promote protein synthesis, we

examined whether the reduced eEF2 in the HET PFC leads to

reduced protein synthesis. Surface sensing of translation (SUnSET)-

based measurement was performed to verify that de novo global

protein synthesis was evidently reduced in the PFC, but not in the

rest part of the cortex and the hippocampus of the HET mice

(Figs 2H and I, and EV4A and B). Furthermore, using the methion-

ine analog azidohomoalanine (AHA) as a non-canonical amino acid

to label newly synthesized proteins, we found that the AHA
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Figure 1. eEF2 is highly expressed in the excitatory neurons in mouse brain.

A Western blots of eEF2 expression in different brain regions, GAPDH was used as a loading control.
B eEF2 expression levels were quantified and represented as fold changes of that in the hippocampus. n = 3 mice for each brain region.
C Immunofluorescent staining of eEF2 (green) and different nervous system cells (red: NeuN/GFAP/IBA1/OLIG2/CaMKIIa/GAD65/67) in the somatosensory cortex of

adult mice brains. Arrows indicate highly colocalized cells. Scale bar, 10 lm.
D, E Colocalization of eEF2 and each cellular marker was quantified by calculating the Manders’ colocalization coefficients. Six slices from three mice in each condition.

(D) One-way ANOVA with Bonferroni’s multiple comparison post hoc, ****P < 0.0001 (NeuN+/eEF2+ versus GFAP+/eEF2+), ****P < 0.0001 (NeuN+/eEF2+ versus
IBA1+/eEF2+), ****P < 0.0001 (NeuN+/eEF2+ versus OLIG2+/eEF2+). (E) Unpaired t test, **P = 0.0065 (CaMKIIa+/eEF2+ versus GAD65/67+/eEF2+).

Data information: All data are shown as mean � s.e.m. All the t tests are two-tailed.
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Figure 2. Reduced eEF2 protein level and decreased protein synthesis in excitatory neurons of the prefrontal cortex in Eef2 HET mice.

A A schematic showing the CRISPR/Cas9 strategy used to delete Eef2.
B Western blots of eEF2 in the PFC, the rest part of the cortex, the hippocampus, and the striatum of Eef2 WT and HET mice.
C Quantification analysis of (B). n = 5 mice for the cortex (without PFC), n = 8 mice for PFC, n = 9 mice for HP, n = 3 mice for striatum. Unpaired t tests. Cortex

(without PFC), P = 0.9757; PFC, **P = 0.0049; HP, P = 0.1338; Striatum, P = 0.7301.
D Representative merged immunofluorescent staining images of eEF2 (green) and CaMKIIa (red) in the mPFC of Eef2 WT and HET mice. Scale bar, 10 lm.
E Quantification of mean fluorescent intensity of eEF2 in CaMKIIa+ cells in WT and HET mPFC. n = 918 cells from 3 WT mice, n = 965 cells from 3 HET mice. Unpaired

t test. ****P < 0.0001.
F Representative merged immunofluorescent staining images of eEF2 (green) and GAD65/67 (red) in the mPFC of Eef2 WT and HET mice. Scale bar, 10 lm.
G Quantification of mean fluorescent intensity of eEF2 in GAD65/67+ cells in WT and HET mPFC. n = 690 cells from 3 WT mice, n = 686 cells from 3 HET mice. Mann–

Whitney test. P = 0.6757.
H Western blots of de novo global protein synthesis in PFC slices of WT and HET mice, measured by SUnSET. a-tubulin was used as a loading control.
I Quantification analysis of puromycin-labeled protein levels. WT, n = 5 mice, HET, n = 4 mice. Unpaired t tests. **P = 0.0011.
J Representative images of AHA incorporation (green) with CaMKIIa+ staining (red) in mPFC of WT and HET mice. Arrows indicate CaMKIIa+ cells. Scale bar, 20 lm.
K Quantification of total AHA incorporation. Twelve slices from three mice for each genotype. Unpaired t test. *P = 0.0268.
L Quantification of AHA incorporation in CaMKIIa+ cells. n = 276 cells from 3 WT mice, n = 293 cells from 3 HET mice. Mann–Whitney test. ****P < 0.0001.

Data information: All data are shown as mean � s.e.m. All the tests are two-tailed.

4 of 22 EMBO reports 23: e54543 | 2022 � 2022 The Authors

EMBO reports Xuanyue Ma et al



incorporation levels were significantly reduced in the mPFC of the

HET mice, which may be mainly contributed by the reduction in

CaMKIIa-positive excitatory neurons (Fig 2J–L). Together, the Eef2

HET mice constructed in this study exhibit a specific reduction of

eEF2 protein with a concomitant protein synthesis decrease mainly

in the excitatory neurons of PFC.

Altered proteome and reduced number of excitatory synapses in
the prefrontal cortex of Eef2 HET mice

To investigate whether the lower protein synthesis in the HET PFC

leads to protein expression changes at the synapse, we performed liq-

uid chromatography–mass spectrometry (LC–MS)/MS-based pro-

teomic analysis in crude synaptosome preparations from the PFC of

WT and HET mice (Fig 3A). Principal component analysis (PCA) for

total 3,957 quantified proteins showed close clustering of replicates

but clear segregation between WT and HET samples (Fig 3B). The

top 15% of up- or downregulated proteins were represented in a

heatmap, which showed an obvious alteration in the synaptic pro-

teome of HET mice (Fig 3C). Gene Ontology (GO) analysis on these

proteins revealed that proteins involved in translation, including both

mitochondrial translation and cytosolic translation, were downregu-

lated, which was consistent with the decreased protein synthesis in

the PFC of HET mice. Besides, proteins involved in synapse function,

including those in regulating postsynaptic membrane neurotransmit-

ter receptor levels, receptor-mediated endocytosis, synapse organiza-

tion, and cytoskeleton, were also downregulated in PFC synaptosome

fractions of HET mice (Fig 3D and Dataset EV1). Interestingly, the

upregulated proteins were enriched in translational initiation, struc-

tural constituent of ribosome, nucleic acid transport, RNA splicing,

and protein stabilization, perhaps indicating a compensatory regula-

tion in the translation mechanism (Fig 3E and Dataset EV1). To fur-

ther investigate the altered processes in PFC synaptosome induced by

Eef2 reduction, we utilized Gene Set Enrichment Analysis (GSEA) to

analyze whether the gene sets of the above highlighted GO terms

show a difference between HET and WT groups. Similar to GO

enrichment, the mitochondrial translation-, actin binding-, and cell

adhesion-related proteins were significantly enriched in downregu-

lated sets in the HET samples (Fig 3F). We verified that the levels of

cytoskeletal regulators CDC42, RHOA, PAK1 were altered in PFC

synaptosome of Eef2 HET mice. Moreover, the autism-associated pro-

teins FMR1, ELMO1, and CYFIP1, and the synaptic protein synapto-

physin, were changed in the synaptosome by eEF2 reduction

(Fig EV4C and D).

These proteomic changes may indicate an altered synaptic

structure in the PFC. To this end, we analyzed the number of

dendritic spines, where the excitatory synapses reside. Indeed, the

spine density was reduced significantly in the pyramidal neurons of

HET mPFC (Fig 3G and H). We next examined the expressions of

different subunits of AMPARs and NMDARs, the most widely-

present excitatory synaptic receptors. Of note, the AMPAR subunit

GluA2, but not GluA1, was reduced significantly in the synaptosome

preparations of the HET PFC (Fig 3I and J). NMDAR subunits GluN1

and GluN2B levels were not altered at the synapse, but GluN2B

showed a decreasing trend (Fig 3I and J). The mRNA levels of all

these receptor subunits were unchanged in the HET PFC

(Appendix Fig S1), suggesting that these proteins were not affected

at the transcription level. Given the role of eEF2 in mRNA transla-

tion regulation, it is highly possible that the reduction in GluA2 in

eEF2 knockdown neurons is caused by decreased mRNA translation.

To test this hypothesis, we performed the proximity ligation assay

(PLA) to examine the level of de novo synthesized GluA2 in cortical

neurons infected by Eef2 shRNA-expressing lentivirus (Fig 3K).

Indeed, there was a remarkable decline of newly synthesized

GluA2 protein in Eef2 knockdown neurons (Fig 3L–N and

Appendix Fig S2). Together, eEF2 efficiency led to altered synaptic

proteome, reduced spine density, and decreased synaptic level of

GluA2 in the PFC of the HET mice.

Figure 3. Altered proteome and reduced number of excitatory synapses in the prefrontal cortex of Eef2 HET mice.

A PFC, indicated by the boxed area, was examined for LC–MS/MS for synaptosome proteome.
B Principal component analysis (PCA) of all quantified data sets of PFC synaptosome proteome. Green triangles and orange circles represent WT and HET samples,

respectively.
C A heatmap of expression levels of top 15% altered proteins in all samples.
D, E Gene ontology (GO) enrichment analysis for top 15% altered proteins of WT and HET samples. Bubble charts showed main biological process (BP) and molecular

function (MF) terms with significant enrichment (P-value < 0.05, FDR < 0.25) from downregulated (D) and upregulated (E) proteins.
F Gene Set Enrichment Analysis (GSEA) was performed to analyze expression cohorts from WT and HET PFC synaptosome. Enrichment plots of the GO mitochondrial

translation gene set (NES = �1.56, FDR = 0.010), actin-binding gene set (NES = �1.28, FDR = 0.023), and cell adhesion gene set (NES = �1.20, FDR = 0.080) were
shown. NES, normalized enrichment score.

G Representative images of Golgi-stained dendrite spines in the mPFC from WT and HET mice. Scale bar, 5 lm.
H Quantification of spine density per 10 lm of dendrites. n = 18 dendrites from 3 WT mice; n = 23 dendrites from 3 HET mice. Unpaired t test. ****P < 0.0001.
I Representative Western blots of expression levels of AMPAR and NMDAR subunits in the synaptosomal fraction of WT and HET PFC. a-tubulin was served as a load-

ing control.
J Quantification analysis of synaptosomal expression of different receptor subunits. Unpaired t test. GluA1, P = 0.9346; GluA2, **P = 0.0075; GluN1, P = 0.6946;

GluN2A, P = 0.4091; GluN2B, P = 0.0796. n.s.—not significant. n = 5 mice for each genotype.
K The schematic of puromycin-proximity ligation assay (PLA).
L Representative immunofluorescent images of eEF2 (magenta) and PLA signals (white) in lentivirus (LV)-scramble-EGFP or LV-Eef2 shRNA-EGFP infected primary cor-

tical neurons (green, DIV 14). Scale bar, 10 lm.
M Quantification of mean fluorescent intensity of eEF2 in EGFP+ cells in scramble and Eef2 shRNA groups. Sixty-four cells for scramble group and 51 cells for Eef2

shRNA group from three independent experiments. Mann–Whitney test. ****P < 0.0001.
N Quantification of mean fluorescent intensity of PLA signals in EGFP+ cells in the two groups. The PLA signals represent newly synthesized GluA2. Sixty-four cells for

scramble group, 51 cells for Eef2 shRNA group from three independent experiments. Mann–Whitney test. ****P < 0.0001.

Data information: All data are shown as mean � s.e.m. All the tests are two-tailed.
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Impaired AMPAR-mediated synaptic transmission of mPFC
pyramidal neurons in Eef2 HET mice

To examine whether the synaptic transmission is changed in the

HET mPFC, we applied whole-cell recordings on Layer 5 pyramidal

neurons in the prelimbic cortex (PrL), one of the major output neu-

rons of mPFC (Fig 4A). The action potential firing rate induced by

current injection was significantly lower in HET neurons than WT

neurons, suggesting lowered excitability of the mutant neurons

(Fig 4B and C). Furthermore, the excitatory postsynaptic current

(EPSC) amplitude was found to decrease notably (Fig 4D and E),

whereas the inhibitory postsynaptic current (IPSC) amplitude

remained intact (Fig 4D and F), leading to a reduction of excitation/

inhibition (E/I) ratio in these HET neurons (Fig 4G). To explore the

cause of decreased excitatory input of the mutant neurons, we dif-

ferentially measured AMPAR- and NMDAR-mediated evoked EPSCs
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in same neurons. Notably, we identified that only AMPAR-EPSCs

were reduced whereas NMDAR-EPSCs were intact (Fig 4H–K) in the

HET neurons. To further describe the alteration of AMPAR-mediated

synaptic transmission, we recorded the AMPAR-mediated miniature

EPSCs (mEPSCs) in layer 5 PrL pyramidal neurons. Interestingly,

although the mEPSC amplitude was unchanged, the current decay

time was significantly shortened in the HET neurons compared to

the WT group (Fig 4L–Q), suggesting aberrant kinetics of AMPARs

in the mutant neurons. Moreover, the mEPSC frequency was smaller

in HET neurons than in WT neurons (Fig 4O), which may be

resulted from decreased presynaptic input or reduced number of

AMPAR-containing synapses. We further confirmed that the peak

amplitude and the decay time of AMPAR-EPSCs evoked by different

stimulation intensities were significantly lower in HET neurons than

those in WT mice (Fig 4R and S, and Appendix Fig S3A). As we

observed declined expression of GluA2 but unaltered GluA1, we

measured the inward rectification of AMPARs characteristic by a

shift of synaptic AMPAR composition into a smaller GluA2-to-GluA1

ratio. Indeed, we recorded an increase in the inward rectification in

HET neurons (Fig 4T and U, and Appendix Fig S3B), suggesting

that a reduced fraction of GluA2-containing AMPARs is present at

the synapse resulting from eEF2 reduction. Together, these data

indicate that eEF2 is indispensable for maintaining normal AMPAR-

mediated synaptic transmission in the mPFC.

Eef2 HET mice exhibit social deficits and elevated anxiety

As PFC is critically involved in higher cognitive and emotional func-

tion (Chini & Hanganu-Opatz, 2021), we explored how mice behav-

iors are influenced by the abnormalities in the PFC of Eef2 HET

mice. A battery of behavior tests was run on Eef2 HET mice, includ-

ing spontaneous exploration, nesting, learning and memory, social

and communication behaviors, and anxiety/depression levels. In

the open-field test, HET mice traveled a slightly shorter distance

than the WT group, suggesting a reduction in spontaneous explo-

ration (Fig 5A). The nesting behavior, the object recognition mem-

ory, and the Y-maze alternation-based working memory were

normal in the HET mice (Fig EV5A–E). Intriguingly, however, the

HET mice exhibit a series of social and emotional abnormalities.

In the three-chamber sociability and social novelty test, the HET

mice displayed a normal discrimination score on sniffing a stranger

conspecific over an inanimate object (Fig 5B and C). However, they

failed to distinguish a novel conspecific from a familiar one, show-

ing impaired social novelty preference (Fig 5D). In another social

test, the tube test, which is a classical model to assess the social

dominance hierarchy, the HET mice had a greater percentage of

wins when they contended with the WT mice of matched sex, age,

and weight, suggesting that the HET mice showed stronger social

aggression than WT mice (Fig 5E). Having found that the HET mice

exhibited social deficits based on body behaviors, we examined

another aspect of social function, the social language communica-

tion. Ultrasonic vocalizations (USVs) of mouse pups were recorded

and analyzed during the isolation from their dam on different devel-

opmental days during the first two postnatal weeks, in which USVs

show a peak between postnatal day (P) 6 and P9 (Hahn et al, 1998;

Hahn & Schanz, 2002). Notably, the total number of calls was sig-

nificantly reduced in HET pups when comparing with their WT lit-

termates at P6, along with shortened duration, lowered peak

frequency of calls, and declined duration of the longest call

(Figs 5F–H and EV5F). These results collectively suggest that

impaired social interaction and communication are among the key

behavioral features of Eef2 HET mice. Interestingly, the HET mice

also exhibit a characteristic stereotyped repetitive behavior with

increased marble burying and grooming (Fig 5I�K).

We then examined whether emotional levels are altered in the

HET mice. First, the anxiety level was evaluated using the Elevated

Zero-maze (EZM). We found that the HET mice spent less time trav-

eling in the open sections than the WT mice (Figs 5L and EV5G).

Moreover, the HET mice did not place their heads outside the edge

of open corridors (an activity known as head dips) as often as the

WT mice did (Fig 5M), indicative of reduced exploratory activity of

HET mice. These results suggest that the Eef2 HET mice exhibit

anxiety-like behavior. Second, as eEF2 has been known to mediate

the fast antidepressant effect of Ketamine (Adaikkan et al, 2018;

▸Figure 4. Impaired AMPAR-mediated synaptic transmission of mPFC pyramidal neurons in Eef2 HET mice.

A A depiction of Layer 5 (L5) prelimbic region of mPFC (yellow area), which is the target region for electrophysiological recordings in this study.
B Representative traces of action potential from WT and HET mice by current injection at 300 pA.
C Averaged firing rates of L5 pyramid neurons, induced by 50 pA step-current injections (0–600 pA). WT (24 cells, 4 mice), HET (27 cells, 4 mice). Unpaired t test,

*P = 0.046.
D Representative traces of evoked EPSC and IPSC in the same L5 pyramidal cells of PrL from WT and HET mice.
E, F The maximal EPSC (E) and IPSC (F) recorded from WT (17 cells, 6 mice) and HET (16 cells, 6 mice) groups. Unpaired t test, **P = 0.0016 (E) and P = 0.9296 (F).
G The E/I ratio was reduced in HET mice. Unpaired t test, ***P = 0.0002.
H Representative traces of AMPAR/NMDAR-EPSC from WT and HET mice.
I–K AMPAR-EPSC in L5 cells is reduced in HET mice, unpaired t test, **P = 0.0100 (I), but NMDAR-EPSC is unchanged, unpaired t test, P = 0.3681 (J), resulting in

reduced AMPAR/NMDAR ratio, unpaired t test, **P = 0.0014 (K). WT: 11 cells, 4 mice; HET: 12 cells, 4 mice.
L, M Representative (L) and average (M) traces of mEPSCs in WT and HET L5 pyramidal cells.
N–Q Cumulative probabilities and averaged values of mEPSC amplitude (N), inter-event interval/frequency (O), rise time (P), and decay time (Q) in WT (13 cells, 4 mice)

and HET (20 cells, 4 mice) groups. For cumulative probabilities, two-sample Kolmogorov–Smirnov test, P = 0.1361 (N); ****P = 0.0001 (O); P = 0.999 (P);
**P = 0.0082 (Q). For averaged values, unpaired t test, P = 0.9068 (N); *P = 0.0197 (O); P = 0.0872 (P); *P = 0.0160 (Q).

R The EPSC evoked in L5 neurons has a smaller amplitude in HET than in WT mice. 25–30% decrease at strongest stimulation (10 cells from 3 WT mice, 13 cells from
4 HET mice), unpaired t test, *P = 0.0279.

S Quantification of decay time, 10 cells from 3 WT mice, 13 cells from 4 HET mice, unpaired t test. *P = 0.0047.
T Inward rectification in WT and HET mice (11 cells from 4 WT mice; 12 cells from 4 HET mice), unpaired t test, *P = 0.0393 at +20 mV; **P = 0.016 at +40 mV.
U Quantification of the inward rectification, 11 cells from 4 WT mice; 12 cells from 4 HET mice, unpaired t test, **P = 0.0078.

Data information: All data are shown as mean � s.e.m. n.s.—not significant. All the t tests are two-tailed.
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Figure 5. Eef2 HET mice show social deficits and elevated anxiety.

A Travel distance of WT and Eef2 HET mice in the Open-field test. WT, n = 14 mice; HET, n = 18 mice. Unpaired t test. *P = 0.0390.
B Heatmaps of the two social tasks (left, social approach; right, social novelty) of the three-chamber test performed by mice of different genotypes. E: empty cup; S1:

stranger #1 contained cup; S2: stranger #2 contained cup.
C Discrimination score of social approach of WT and HET mice, calculated by the difference of time spent in sniffing S1 and E. WT, n = 14 mice; HET, n = 18 mice.

Unpaired t test. P = 0.3947.
D Discrimination score of social novelty of WT and HET mice, calculated by the difference of time spent in sniffing S2 and S1. WT, n = 14 mice; HET, n = 18 mice.

Welch’s t test. *P = 0.0306.
E Social dominance evaluation of WT and HET mice in the tube test, quantified as the percentage of win numbers. WT, n = 12 mice; HET, n = 10 mice. Mann–

Whitney test. P = 0.0606.
F–H Three evaluation parameters of isolation-induced pup ultrasonic vocalizations (USVs) at different postnatal days (P3, P6, P9, P12). WT, n = 9 pups; HET, n = 11 pups.

(F) Number of calls during 5-min recording, quantified by the Mann–Whitney test, *P = 0.0465 at P6. (G) Total duration of calls analyzed by the Mann–Whitney
test. *P = 0.0465 at P6. (H) Average peak frequency of calls, unpaired t test. *P = 0.0209 at P6. No significance (P > 0.05) at P3, P9, and P12 between WT and HET
mice in all three measurements.

I The representative images of the marble-burying test.
J Statistics of the number of marbles buried by WT and HET mice. WT, n = 14 mice; HET, n = 18 mice. Mann–Whitney test. *P = 0.0417.
K Time spent for grooming during 20-min test of WT and HET mice. WT, n = 25 mice; HET, n = 20 mice. Unpaired t test. *P = 0.0436.
L, M Elevated Zero-maze was used to test anxiety-like behavior. WT, n = 14 mice; HET, n = 16 mice. (L) Duration spent in open sections by WT and HET mice, analyzed

by unpaired t test. *P = 0.0124. (M) Duration of head dips in open sections performed by WT and HET mice. Kolmogorov–Smirnov test, **P = 0.0042.

Data information: Data of (E–H) are shown as mean � s.e.m., data of (A, C, D, and J–M) are shown as an interquartile range, with a line across the box indicating
median, whiskers show the highest and lowest values. n.s.—not significant. All the t tests and Mann–Whitney tests are two-tailed.
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Zanos & Gould, 2018), we examined the acute depression levels

induced by the despair from the forced-swim test. However, the

HET mice showed no changes in the duration of immobility, escap-

ing, climbing, and swimming (Fig EV5H–K), suggesting a lack of

depression-associated behavior. Collectively, eEF2 reduction in the

PFC led to a set of social abnormalities including impaired social

novelty preference, increased social aggression, and altered vocal

communication, accompanied by increased repetitive stereotypes

and elevated anxiety.

eEF2 in excitatory neurons of mPFC regulates social novelty
behavior

As we have found that the Eef2 HET mice showed eEF2 reduction

mainly in the excitatory neurons of mPFC, we asked whether the

behavioral abnormalities are generated by eEF2 insufficiency in

these cells. We bilaterally injected adeno-associated virus (AAV)

expressing either CMV-DIO-EGFP-Eef2 shRNA or CMV-DIO-EGFP-

scramble shRNA into the mPFC of CaMKIIa-Cre mice, to achieve

Eef2 knockdown specifically in the excitatory neurons of mPFC

(Fig 6A). We confirmed that the EGFP signals were distributed in

CaMKIIa+ cells, but not GAD65/67+ cells, at all layers of PrL, Cg1

(cingulate cortex 1), and the majority of IL (infralimbic cortex;

Fig 6B). The knockdown efficiency of Eef2 shRNA was confirmed

by immunofluorescent staining, which showed marked reduction of

eEF2 in Eef2 shRNA-expressing cells (Fig 6C). Notably, reduced

expression of eEF2 specifically in the excitatory neurons of mPFC

was enough to impair social novelty behavior (Fig 6D–F).

To further investigate whether the lowered excitation of mPFC

excitatory neurons is responsible for the altered social novelty

behavior in Eef2 HET mice, we employed the DREADDs (Designer

Receptors Exclusively Activated by Designer Drugs)-based chemoge-

netic approach to activate these mutant neurons and then investi-

gated whether the social novelty deficit could be corrected in the

HET mice (Fig 6G). The EGFP-tagged CaMKIIa-driven excitatory

hM3D (Gq) DREADD AAV was bilaterally injected into the mPFC of

the HET mice (Fig 6G). After 2-week viral infection, hM3D-

expressed neurons were activated by chronic administration of the

DREADD ligand clozapine N-oxide (CNO) at a low dose (0.025 mg/

ml) in the drinking water for another 14 days (Fig 6H). We con-

firmed that the EGFP was accurately expressed at PrL, Cg1, and IL

(Fig 6I), and these EGFP-positive neurons were recorded in current-

clamp mode to successfully generate more action potentials trig-

gered by the application of CNO, indicative of potentiated excitabil-

ity (Appendix Fig S4). Without affecting the spontaneous

exploratory locomotion (Appendix Fig S5), CNO administration

notably restored social novelty preference in Eef2 HET mice (Fig 6J–

L), suggesting that normalization of the activity of mPFC excitatory

neurons was sufficient for correcting impaired social novelty prefer-

ence generated by eEF2 reduction. These results collectively provide

direct evidence that eEF2 in mPFC excitatory neurons regulates

social novelty behavior.

Pharmacological activation of AMPAR rescues social novelty
deficit in Eef2 HET mice

As the AMPAR-mediated synaptic transmission is reduced with low-

ered GluA2 fraction in the HET mPFC, we examined whether

enhancing AMPAR function could correct the social novelty deficits

in the HET mice. We used PF-4778574, a brain-penetrable AMPAR

positive allosteric modulator (PAM) that has the ability to activate

GluA2 (Shaffer et al, 2013; Shen et al, 2019), to test our hypothesis.

Application of PF-4778574 (10 or 20 lM) directly increased both

amplitude and decay time of AMPAR currents in mPFC layer 5 pyra-

midal neurons in brain slices from Eef2 HET mice (Fig 7A–C and

Appendix Fig S6). Moreover, the input–output response of AMPAR-

EPSCs in mutant neurons was rescued by PF-4778574, showing

enhanced AMPAR-EPSC amplitudes at different stimulus intensities

(Fig 7D). It has been shown that PF-4778574 has a rapid effect on

correcting social novelty defect in mouse models (Shen et al, 2019;

Jabarin et al, 2021). Prompted by these studies, we performed a

single-dose intraperitoneal administration of PF-4778574 (0.3 mg/

Figure 6. eEF2 in excitatory neurons of mPFC regulates social novelty behavior.

A CMV-DIO-EGFP-Eef2 shRNA or CMV-DIO-EGFP-scramble adeno-associated virus (AAV) was injected into bilateral mPFC of CaMKIIa-Cre mice.
B Validation of AAV expression in mPFC CaMKIIa+ cells. Scale bars, 500 lm (left) and 20 lm (right). Arrows indicate CaMKIIa+ cells, and arrowheads indicate GAD65/67+

cells.
C Validation of eEF2 knockdown efficiency in mPFC CaMKIIa+ cells. Scale bar, 10 lm.
D Representative heatmaps of the two social tasks (left, social approach; right, social novelty) performed by mice with eEF2 knockdown in mPFC excitatory neurons in

the three-chamber test. E: empty cup; S1: stranger #1 contained cup; S2: stranger #2 contained cup.
E Discrimination score of social approach of AAV-Eef2 shRNA or AAV-scramble injected mice, calculated by the difference of time spent in sniffing S1 and E. Unpaired

t test, P = 0.6442. Scramble group, n = 8 mice; Eef2-sh group, n = 9 mice.
F Discrimination score of social novelty performed by two groups of mice, calculated by the difference of time spent in sniffing S2 and S1. Unpaired t test, *P = 0.0448.

Scramble group, n = 8 mice; Eef2-sh group, n = 9 mice.
G EGFP-tagged CaMKIIa-driven excitatory hM3D (Gq) adeno-associated virus (AAV) was bilaterally injected into mPFC of HET mice.
H Schematic diagram of DREADDs-based experimental strategy in HET mice.
I Validation of hM3D (Gq) AAV expression in the mPFC. Scale bar, 500 lm.
J Representative heatmaps of the two social tasks (left, social approach; right, social novelty) performed by Eef2 HET mice with oral administration of CNO or H2O

(served as the control) in the three-chamber test. E: empty cup; S1: stranger #1 contained cup; S2: stranger #2 contained cup.
K Discrimination score of social approach of CNO- or H2O-treated mice, calculated by the difference of time spent in sniffing S1 and E. n = 14 mice for each group.

Unpaired t test, P = 0.1999.
L Discrimination score of social novelty performed by two groups of mice, calculated by the difference of time spent in sniffing S2 and S1. Unpaired t test, *P = 0.0423.

n = 14 mice for each group.

Data information: Data are shown as an interquartile range, with line across the box indicating median, whiskers show the highest and lowest values. n.s.—not
significant. All the tests are two-tailed.
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kg) in the HET mice and examined their social behavior in the

three-chamber test 30 min later. As we proposed, PF-4778574 effec-

tively corrected abnormal social novelty preference in the HET mice

without interrupting sociability (Fig 7E–G). To eliminate the

influences on peripheral organs and other brain regions by systemic

administration of PF-4778574, we applied local infusion of

PF-4778574 (20 lM) in bilateral mPFC through the implanted

cannula (Fig 7H). Importantly, local activation of AMPAR in mPFC

by PF-4778574 also rescued social novelty deficit in HET mice

(Fig 7I–K). Collectively, these findings suggest that eEF2 in the

mPFC modulates social novelty behavior via the regulation of

AMPAR function.
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Discussion

Dysregulation of mRNA translation is associated with a variety of

neurological diseases. However, the mRNA translation elongation is

among the least understood processes of mRNA translation in terms

of whether it has a brain region-specific control pattern of behav-

iors. In the current study, we identified a novel role of eEF2 in regu-

lating social novelty behavior through modulating AMPAR-

mediated excitatory synaptic transmission in the mPFC. To our best

knowledge, this is the first report elucidating the role of eEF2 in the

mPFC using genetic deleted mice.

The mRNA translation elongation consists of two consecutive

steps, the eEF1-dependent recruitment of selective aminoacyl-

transfer RNA (tRNA) and the eEF2-dependent ribosome transloca-

tion. eEF1 is a multisubunit complex, and genetic mutations of these

subunits are causatively linked to neurodevelopmental disorders

and ASD (McLachlan et al, 2019). So far, several animal models of

eEF1A2 and other eEF1 subunits have been generated and studied,

and most of them recapitulate the clinical phenotype (Davies

et al, 2017; Ugur Iseri et al, 2019; Larcher et al, 2020). Evidence

from human has shown a similar association of eEF2 to neurodevel-

opmental disorders (Hekman et al, 2012; Hawer et al, 2020; Nabais

S�a et al, 2021), strengthening the importance of mRNA translation

elongation in brain development. However, eEF2 is much less stud-

ied comparing with eEF1 due to the lack of animal models. In this

study, we constructed a mouse line of genetic deletion of Eef2 and

provided new pieces of evidence for the physiological function of

this gene. The failure of embryo formation caused by homozygous

Eef2 deletion notably suggests the absolute requirement of the gene

in early embryo development. Interestingly, the mRNA and protein

levels of Eef2 in the brain do not fall in correlation. Although Eef2

mRNA level had a similar decrease (~50%) in PFC, cortex (without

PFC), HP, and striatum of Eef2 HET mice, the eEF2 protein only

showed ~30% reduction in the PFC, a declined trend in HP, and no

change in the cortex (without PFC) and striatum. It has been exten-

sively studied that protein levels are not simply reflected by their

mRNA levels, as protein abundance is not solely dependent on

transcription, but also influenced by mechanisms including post-

transcriptional regulation, mRNA trafficking, and local translation,

posttranslational regulation, and protein turnover (Liu et al, 2016;

Moritz et al, 2019). As eEF2 is by far the only known factor for ribo-

some translocation without compensation from other redundant fac-

tors, it is possible that a stringent mechanism must exist to ensure

the protein level is not being easily attacked by sudden changes in

mRNA. Given that the eEF2 level is relatively higher in PFC than in

other brain regions (Fig 1A), this higher demand for eEF2 produc-

tion may be more sensitive to the changes in available mRNA. Fur-

ther investigations are required to decipher the underlying

mechanisms of the brain-specific discrepancy between eEF2 mRNA

and protein levels.

mPFC is one of the key brain subregions that control social

behavior. Altered cellular architecture, synaptic transmission, and

circuit wiring are frequently observed in both ASD individuals (Li

et al, 2020; Trakoshis et al, 2020) and ASD animal models (Cao

et al, 2018; Kelly et al, 2020; Sacai et al, 2020; Lee et al, 2021). In

particular, the excitatory pyramidal neurons of mPFC are drawing

great attention, as precise E/I balance of these neurons has to be

maintained for normal social behavior. Previous studies have

shown some evidence about how eEF2 may influence E/I balance

through pharmacological inhibition or genetic deletion of eEF2K.

Heise et al (2017) reported that eEF2K deletion resulted in an

increase of inhibitory synaptic transmission without affecting excita-

tory synaptic transmission in dentate gyrus granule cells in the hip-

pocampus. However, there are other studies showing that the

inhibition of eEF2K induced a fast enhancement of excitatory synap-

tic transmission in CA1 pyramidal neurons (Weng et al, 2016), and

genetic reduction in eEF2K restored long-term potentiation of HP

CA1 neurons of AD model mice (Beckelman et al, 2019). The con-

troversies may come from different cell populations and experimen-

tal paradigms. Different from these studies, we directly investigated

eEF2 instead of eEF2K and showed that eEF2 reduction specifically

attenuates EPSCs but not IPSCs of mPFC pyramidal neurons, result-

ing in lowered E/I ratio and excitability. Importantly, enhancing the

excitability of the mutant excitatory neurons by DREADDs

▸Figure 7. Pharmacological activation of AMPAR restores social novelty preference in Eef2 HET mice.

A PF-4778574 (PF) directly potentiates EPSC amplitude; dashed line represents baseline value of normalized EPSC amplitude. Bottom: representative EPSC traces from
baseline (1), maximal potentiation (2), and recovery (3).

B, C Quantifications of EPSC peak amplitude (B) and decay time (C) after PF (6 cells from 3 HET mice). (B) Wilcoxon signed-rank test, *P = 0.0313 (PF vs. baseline) and
P = 0.1600 (Wash out vs. baseline); (C) Paired t test, ****P < 0.0001 (PF vs. baseline) and P = 0.4423 (Wash out vs. baseline).

D PF rescued AMPAR-EPSC in L5 neurons from HET mice. 25–30% increase at strongest stimulation (7 cells from 3 HET mice), paired t test, **P = 0.0014. Bottom: rep-
resentative traces of the effects of PF on AMPAR-EPSC evoked by different stimulus intensities.

E Representative heatmaps of the two social tasks (left, social approach; right, social novelty) in the three-chamber test performed by Eef2 HET mice intraperitoneally
administered with PF-4778574 or DMSO (vehicle control). E: empty cup; S1: stranger #1 contained cup; S2: stranger #2 contained cup.

F Discrimination score of social approach performed by two groups of mice, calculated by the difference of time spent in sniffing S1 and E. Unpaired t test.
P = 0.7335. WT, n = 9 mice; HET, n = 8 mice.

G Discrimination score of social novelty performed by two groups of mice, calculated by the difference of time spent in sniffing S2 and S1. Unpaired t test.
*P = 0.0492. WT, n = 9 mice; HET, n = 8 mice.

H Schematic diagram of cannula implantation and PF infusion experimental strategy in HET mice.
I Representative heatmaps of the two social tasks (left, social approach; right, social novelty) performed by Eef2 HET mice with mPFC infusion of PF-4778574 or

DMSO (vehicle control) in the three-chamber test. E: empty cup; S1: stranger #1 contained cup; S2: stranger #2 contained cup.
J Discrimination score of social approach performed by two groups of mice, calculated by the difference of time spent in sniffing S1 and E. Unpaired t test.

P = 0.3984. n = 11 mice for each group.
K Discrimination score of social novelty performed by two groups of mice, calculated by the difference of time spent in sniffing S2 and S1. Unpaired t test.

*P = 0.0489. n = 11 mice for each group.

Data information: Data of (A–D) are shown as mean � s.e.m., data of (F, G, J, and K) are shown as an interquartile range, with line across the box indicating median,
whiskers show the highest and lowest values. n.s.—not significant. All the t tests are two-tailed.
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chemogenetics successfully reversed the social novelty deficit in

Eef2 HET mice, further confirming the decreased excitability in HET

excitatory neurons. These results are in line with observations from

several ASD animal models including those with deletions of the

high-risk genes Shank3, Cntnap2, or 16p11.2 (Wang et al, 2018;

Lazaro et al, 2019; Qin et al, 2019; Sacai et al, 2020; Yang

et al, 2021a), providing more evidence on the link between reduced

mPFC excitation and social novelty dysfunction.

We further revealed that eEF2 reduction in mPFC specifically

lowered AMPAR- but not NMDAR-mediated EPSCs. As an important

therapeutic target for ASD, either hyper- or hypofunction of AMPAR

could result in social novelty deficits in mice, and restoration of nor-

mal AMPAR transmission by pharmacological modulators corrects

the behavioral abnormalities (Shen et al, 2019; Yennawar

et al, 2019; Sacai et al, 2020; Jabarin et al, 2021). We demonstrated

that the AMPAR PAM PF-4778574 potently reversed the AMPAR

dysfunction and social novelty defect in Eef2 HET mPFC. As this

brain-penetrable compound also shows beneficial therapeutic effects

in other ASD mice models (Shen et al, 2019; Jabarin et al, 2021), it

holds the potential to be studied as a drug candidate for ASD with

AMPAR pathology. Intriguingly, the impaired AMPAR function in

HET mPFC was largely caused by the reduced synaptic expression

of GluA2, a unique subunit of AMPAR due to its ability on calcium

permeability and voltage rectification. Abnormal expression and

trafficking of GluA2 affect synaptic plasticity and memory impli-

cated in intellectual disability and Fragile X syndrome (Jia

et al, 1996; Cook et al, 2014; Mignogna et al, 2021), and de novo

GRIA2 mutations found in individuals of neurodevelopmental disor-

ders with ASD lead to reduced current amplitude (Salpietro

et al, 2019). Our findings suggest that eEF2 controls the mPFC de

novo GluA2 protein level, probably through mRNA translation elon-

gation phase, and thereby regulating the AMPAR transmission and

social novelty behavior. Besides GluA2, some actin dynamics regu-

latory proteins were also changed in mPFC synaptosome of Eef2

HET mice, consistent with the decreased spine density. In addition,

the translation regulatory proteins FMR1 and its interacting protein

CYFIP1 were changed in the HET synaptosome, suggesting possible

secondary alteration of local translation at the synapse by eEF2

reduction (Dom�ınguez-Iturza et al, 2019). Whether these proteins

contributed to the abnormal social novelty behavior of Eef2 HET

mice needs to be further explored.

Collectively, this study presents a new mouse model of eEF2

insufficiency and provides compelling evidence for the understand-

ing of translation regulation of synaptic receptors in the mPFC

underlying social novelty behavior.

Materials and Methods

Animals

All animal experiments were carried out in accordance with the Lab-

oratory Animal Ethics Committee of Jinan University (IACUC Issue

No: 20200325–54). Eef2 HET mice were generated using CRISPR/

Cas9 strategy. Cas9 mRNA and a pair of gRNAs (gRNA1: CATGCA-

CAGAGCGCGGTCTT; gRNA2: GAAGGATGAGACGCCCATTC) gen-

erated by in vitro transcription were injected into fertilized eggs of

C57BL/6 mice for deleting the genomic DNA sequence containing

the Eef2 coding exons 1–10. The positive founders were bred to the

next generation, which were used for colony breeding. Genotyping

details of Eef2 HET mice are provided as below. The CaMKIIa-Cre
mice (NMX-TG-192031) were purchased from Shanghai Model

Organisms Center.

Details of Eef2 HET mice genotyping

Genotyping was determined by PCR using genomic DNA extracted

from mouse tails, different brain regions including cortex (without

PFC), PFC, HP, striatum, thalamus, cerebellum, and other organs

including liver and spleen. WT allele was determined by a PCR pro-

duct of 725 bp amplified using Primer 1-F and Primer 1/2-R; the

Eef2 null allele was determined by a PCR product of 800 bp using

Primer 2-F and Primer 1/2-R. The primer sequences are as follows

(from 50 to 30):
Primer 1-F: CATAGGGCTGAGCCCTATGCCTG

Primer 2-F: GTCAAATTACATAACAGTCTCAAACCCAGG

Primer 1/2-R: GCCCTGTGAAGAGCTGGAAGTTAGAC

Embryo isolation and genotyping

The experiments were performed as described previously (Collins

et al, 2019; Jacobs et al, 2020). Eef2 heterozygous mice were inter-

crossed, followed by checking vaginal plugs of females at 9:00 am

and 18:00 pm each day to determine the age of embryos. The day

when plugs were found was determined as embryonic day 0.5. At

indicated days, females were cervical dislocated and embryos were

separated from the uterus in cold PBS. Yolk sac samples of death

embryos and a small part of the tails of normal embryos were used

for genotyping.

Protein extraction and Western blot analysis

Tissue sample homogenates and crude synaptosomes were prepared

as previously described (Guo et al, 2021). Western blot analysis is

performed using the following antibodies: eEF2 (Abcam, ab75748),

pT56-eEF2 (CST, 2331S), eEF2K (CST, 3692S), Puromycin (Milli-

pore, MABE343), GluA1 (CST, 13185S), GluA2 (Millipore,

MAB397), GluN1 (Invitrogen, 320500), GluN2A (GeneTex,

GTX134086), GluN2B (Millipore, 06-600), CYFIP1 (Abcam, ab6046),

FMR1 (Abcam, ab17722), ELMO1 (Santa Cruz, sc-271519), ELMO2

(Santa Cruz, sc-365739), RAC1 (BD, 610650), CDC42 (CST, 2466S),

RHOA (CST, 2117S), PAK1 (CST, 2602S), synaptophysin (Sigma,

S5768). GAPDH (Abbkine, A01020), a-tubulin (Abbkine, A01080),

b-actin (Abbkine, A01010).

RNA extraction and quantitative real-time (qRT)–PCR

After perfusing with RNase-free-DPBS treated by DEPC (Aladdin,

D137738), tissues were quickly dissected out and frozen in liquid

nitrogen, then homogenized in RNAiso PLUS (Takara, D9108B).

cDNA was synthesized using M-MLV Reverse Transcriptase Kit

(Promega, M1705). qRT–PCR was performed using SYBR Green

qPCR Master Mix (Bimake, B21203) according to the manufacturer’s

instructions. The amplification reaction was quantified by LightCy-

cler 480 Real-Time PCR System (Roche). The primer sequences used

for qRT–PCR are as follows (from 50 to 30):
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Eef2-RT1-F: CAGGCCATGTGGACTTCTC

Eef2-RT1-R: CTTGTTCATCATCAGGACGG

Eef2-RT2-F: CCGTCACTGCACAGAAGTAC

Eef2-RT2-R: CTACCAAAGGCATAGAAGCGG

Gapdh-F: GAGCCAAAAGGGTCATCATCTC

Gapdh-R: GTGAGCTTCCCGTTCAGCTCT

Gria1-F: AGATTGTCAGCGACGGCAA

Gria1-R: CCAAACTCATGAATGGCTTGG

Gria2-F: CCAATGGGATAAGTTCGCATACCT

Gria2-R: AGTCACCTGCCACTTCTTCTCC

Grin1-F: GGTGTCACTCACCCAACCTT

Grin1-R: ACCGGGATTAGGGGTGGTTA

Gin2a-F: TCCAGTTTGTTGGTGACGGT

Grin2a-R: GCCATGTTGTCGATGTCCAG

Grin2b-F: AGTTCCGACATTGCTTCATGG

Grin2b-R: CGGAGCAAGCGTAGGATATTG

Immunofluorescence

Mice were perfused with 4% paraformaldehyde (PFA; Sigma), post-

fixed, and gradient dehydrated in 10–30% sucrose solution, fol-

lowed by coronal sectioning (30 lm) on a cryostat (Leica CM1950).

Brain sections were immunostained with primary antibodies at 4°C

overnight and secondary antibodies at room temperature for 1 h,

then incubated with DAPI for 10 min at room temperature. After

being mounted with Hydromount (National Diagnostics), sections

were imaged by confocal fluorescence microscopy (Zeiss LSM 800).

The primary and secondary antibodies used are as follows: Anti-b-
tubulin III (Sigma, T8578), Anti-GFAP (Servicebio, GB12096),

Anti-eEF2 (Abcam, ab75748), Anti-NeuN (Millipore, MAB377), Anti-

IBA1 (Millipore, MABN92), Anti-OLIG2 (Millipore, AB9610),

Anti-CaMKIIa (Abcam, ab22609), Anti-GAD65/67 (Abcam, ab183999),

Alexa Fluor 546 Goat Anti-Mouse IgG (Invitrogen, A11030), Alexa

Fluor 488 Goat Anti-Rabbit IgG (Invitrogen, A11034), Alexa Fluor 647

Goat Anti-Rabbit IgG (Invitrogen, A21245). Images were taken by con-

focal microscopy (Zeiss LSM 800) with same settings across groups.

The colocalization of eEF2 with different cell type markers was ana-

lyzed by calculating the Manders’ Colocalization Coefficients using

ImageJ (National Institutes of Health, 1.8.0_172) and the plugin Coloc

2. The Manders’ Coefficient corresponds to the fraction of eEF2 (green)

overlapping with markers of different cell types (red) divided by the

total green signal in an image.

Validation of eEF2 antibody specificity for immunohistochemistry

The experiment procedure was similar to normal immunostaining,

except that the primary antibody was first incubated with full-length

recombinant eEF2 protein (cusabio, CSB-YP007434MO) as the

immunizing blocking agent at 1:5 or 1:10 weight ratio (antibody:

blocking protein) for 1 h constant rotation at room temperature,

before adding to the brain slice.

FUNCAT and immunofluorescence analysis

Acute brain slices from PFC were prepared as described in SUnSET

method. FUNCAT was performed as described previously with

minor modifications (Hörnberg et al, 2020). Slices (100 lm) from

WT and HET mice were incubated with 2 mM AHA (Click

Chemistry, 1066-100) for 4 h. After the incubation, slices were

washed using PBS for three times and fixed with 4% paraformalde-

hyde (PFA) overnight at 4°C. Slices were blocked and permeabilized

in 3% BSA, 10% goat serum, and 0.5% Triton X-100 at 37°C for

2 h. After washing 3 × 5 min with 3% BSA in PBS, Click-iT reaction

cocktail (Invitrogen, C10269) supplemented with 2 lM alkyne

tagged to Alexa 488 (Invitrogen, A10267) was added to slices and

incubated overnight at 4°C. Slices were washed with PBS the next

day followed by incubation with Anti-CaMKIIa (CST, 50049) at 37°C

for 3 h. Alexa Fluor 546 Goat Anti-Mouse IgG was added after slices

were washed, then incubated at 37°C for 2 h. DAPI was then added

for 15-min incubation and washed, and slices were mounted with

Hydromount. Images were taken by confocal fluorescence micro-

scopy (Zeiss LSM 800) with the same settings across groups. ImageJ

(National Institutes of Health, 1.8.0_172) was used to analyze the

AHA mean intensity in all AHA+ cells or in CaMKIIa+ cells.

SUnSET-based de novo protein synthesis measurement

Mice were anesthetized with tribromoethanol (Sigma, T48402) and

intracardially perfused with hypertonic dissection buffer (212.7 mM

sucrose, 2.6 mM KCl, 1.6 mM NaH2PO4, 10 mM MgCl2, 0.5 mM

CaCl2, 26 mM NaHCO3, and 10 mM glucose). Brains were removed

rapidly and immersed in pre-cold dissection buffer, bubbled with

95% O2 and 5% CO2. Slices from PFC, cortex without PFC, and hip-

pocampus were prepared using a vibratome (LEICA VT 1200S) and

immediately transferred to bubbled artificial cerebrospinal solution

fluid (ACSF, containing 124 mM NaCl, 3 mM KCl, 1.25 mM

NaH2PO4, 1 mM MgCl2, 2 mM CaCl2, 26 mM NaHCO3, and 10 mM

glucose) at 32°C and recovered for at least 1 h. Slices were then

incubated with 10 lg/ml puromycin (Millipore, 540411) in bubbled

ACSF for 45 min. Slices were homogenized with RIPA followed by

Western blot analysis.

Nissl staining

Coronal brain cryosections were prepared similarly as described in

the “Immunofluorescence” section. The slices were stained by Nissl

Staining Solution (Beyotime) at 37°C for 10 min and washed with

deionized water. After soaking in 95% ethanol twice, the slices were

dehydrated in 100% ethanol and cleared in xylene. Finally, the

slices were coverslipped and imaged with OLYMPUS BX53 micro-

scope then analyzed by ImageJ.

Golgi staining

In brief, the mouse brains were cut into 2–3 mm thickness tissue

sections after being fixed. These sections were incubated in Golgi-

cox staining solution (Servicebio, G1069) in the dark for 2 weeks at

room temperature. Then, the sections were immersed in 80% glacial

acetic acid followed by 30% sucrose and subsequently being sec-

tioned into 100 lm slices using a vibrating microtome (Leica

VT1200S). Slices were treated with concentrated ammonia water for

15 min, with distilled water for 1 min and acid-hardening fixing

solution for 15 min, finally sealed with glycerin gelatin. Neuronal

morphology was imaged using bright-field illumination of the Zeiss

microscope system (Zeiss Axio Observer). Spine density was ana-

lyzed using ImageJ.
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LC–MS/MS and data analysis

The PFC crude synaptosome fraction prepared from 3 WT and 3

HET mice was used for the proteomic analysis. Proteins of each

sample were precipitated using acetone. After drying, the precipitate

was sonicated in Triethylammonium bicarbonate (TEAB) with a

final concentration of 200 mM. Proteins were digested by incubating

with trypsin at 1:50 trypsin-to-protein m/m overnight at 37°C. To

reduce proteins, dithiothreitol (DTT) was added to a final concentra-

tion of 5 mM at 56°C for 30 min. Then, iodoacetamide (IAA) was

added at the final concentration of 11 mM and incubated for 15 min

at room temperature in the dark.

The digested peptides were dissolved in solvent A (0.1% formic

acid and 2% acetonitrile) and then separated on an EASY-nLC

1200 UPLC system (ThermoFisher Scientific). Solvent B (0.1%

formic acid and 90% acetonitrile) was applied with a liner gradient

of 6–80% over 90 min at 500 nl/min flow rate. The peptides were

injected into the NSI for ionization followed by analysis in Orbi-

trap ExplorisTM 480 mass spectrometer. The ion source voltage

applied was 2.3 kV, and the FAIMS compensation voltage (CV)

was �45 V, �65 V. The peptide precursor and its secondary frag-

ments were detected and analyzed by high-resolution Orbitrap.

The scanning range was set to 400–1,200 m/z for the primary

mass, and the scanning resolution was set at 60,000. The fixed

starting point of the secondary mass was 110 m/z, the secondary

scanning resolution was set to 15,000, and TurboTMT was set to

Off. The data-dependent scanning (DDA) program was used for

data acquisition. Automatic gain control (AGC) was set at 5E4

ions/s.

The obtained data were aligned using Proteome Discoverer

(v2.4.1.15) against the RefSeq database (Mus_muscu-

lus_10090_SP_20210721.fasta, 17,089 sequences). The anti-database

was added to calculate the false positive rate (FDR) caused by ran-

dom matching, and a common contamination library was added to

the database to eliminate the influence of contaminating proteins in

the identification results. The restriction method was Trypsin (Full).

The number of cut sites was 2. The minimum peptide length was

set to six amino acid residues. The maximum number of peptide

modifications was set to 3. The mass error tolerance of the primary

precursor ion was set to 10 ppm, which of the secondary fragment

ion was 0.02 Da. Set Carbamidomethyl (C) as a fixed modification,

and set Oxidation (M), Acetyl (N-terminus), Met-loss (M), and Met-

loss + acetyl (M) as variable modifications. The FDR for protein,

peptide, and PSM identification was set to 1%.

The number of proteins quantified by at least two unique pep-

tides was 3,957. The Principal Component Analysis (PCA) was car-

ried out by R 4.1.0. The ratio of the averaged relative quantitative

value of each protein in multiple repeated samples is used as the

Fold Change (FC). The top 15% proteins of upregulated or downreg-

ulated were selected for heatmap generating and Gene Ontology

(GO) annotation illustrated by clusterProfiler R package (Wu

et al, 2021). GSEA software v4.1.0 was used to identify the signifi-

cantly enriched specified GO terms (Mootha et al, 2003; Subrama-

nian et al, 2005), with the number of permutations set at 1,000 and

permutation type set as gene_set. Expression values were used as

phenotype labels and Signal-2-Noise was set as Metrics for Ranking

Genes. The P-value and FDR were set at < 0.05 and < 0.25,

respectively.

Primary cortical neuron culture

Primary cortical neurons were cultured from E18.5 Sprague Dawley

(SD) rat embryos as previously described (Xiao et al, 2013; Huang

et al, 2020). Briefly, the cortices were trypsinized to obtain single

cell suspension. Cells was seeded onto 18-mm coverslips coated

with Poly-D-Lysine (1 mg/ml, Sigma) in 12-well culture plates, at a

final density of 2.5 × 104 cells/coverslips, and cultured in Neu-

robasal Medium (21103049, Gibco) supplemented with 2% B27

(17504044, Gibco), 2 mM L-Glutamine (25030081, Gibco), and

0.06% D-Glucose (A2494001, Gibco).

Lentivirus infection and puromycin-proximity ligation assay (PLA)

Lentivirus (LV)-U6-Eef2 shRNA-CMV-EGFP-WPRE or LV-U6-

scramble-CMV-EGFP-WPRE (BrainVTA) was added into the primary

cortical neurons (MOI 10) at DIV (days in vitro) 9. The sequence of

Eef2 shRNA (from 50 to 30) was designed according to a previous

report (Gerashchenko et al, 2020): CCGG-CAGCCAAGCTGATC

GAGAA-CTCGAG-TTCTCGATCAGCTTGGCTG-TTTTTT. De novo

GluA2 was detected at DIV14 by proximity ligation assay (PLA) with

puromycin labeling as previously described with minor modifica-

tions (tom Dieck et al, 2015; Li & Götz, 2017). Newly synthesized

proteins were labeled for 10 min by 1 lM puromycin (Millipore,

540411), followed by quick washes with cold PBS, then neurons

were fixed in PFA for 20 min and permeabilized with 0.5% Triton

X-100 in PBS for 15 min at room temperature. After being blocked

with the Duolink blocking buffer (Sigma, DUO92002) for 1 h at

37°C, neurons were incubated with anti-puromycin (Millipore,

MABE342, 1:1,000) and anti-GluA2 (Abcam, ab206293, 1:500) anti-

bodies at 37°C for 1.5 h. Following washes with the Duolink wash

buffer (Sigma, DUO82049), PLA probes (Sigma, DUO92002,

DUO92004) were applied, and the ligation and amplification (Sigma,

DUO92008) steps were performed according to the manufacturer’s

instructions. The immunostaining of eEF2 or MAP2 after PLA reac-

tion was processed as described in the immunofluorescence method

using anti-eEF2 (Abcam, ab75748, 1:500) or anti-MAP2 (Millipore,

AB5622, 1:500) antibodies. Images were taken by confocal fluores-

cence microscopy (Zeiss LSM 800) with the same settings across

groups. ImageJ was used to analyze the mean intensity of PLA sig-

nals and eEF2 in EGFP+ cells.

Electrophysiology

Whole-cell recordings were performed as described previously (Li

et al, 2017; Guo et al, 2021). Briefly, mice were anesthetized with

isoflurane and transcardially perfused with an ice-cold solution con-

taining the following: (in mM): 212.7 sucrose, 3 KCl, 1.25 NaH2PO4,

3 MgCl2, 1 CaCl2, 26 NaHCO3, and 10 dextrose, bubbled with 95%

O2/5% CO2. Coronal slices from PFC (300 lm) were prepared using

a tissue slicer (Vibratome 3000; Vibratome) in ice-cold dissection

buffer which is the same as perfusion solution. The slices were

immediately transferred to ACSF at 35°C for 30 min before record-

ings. The recipe of ACSF was similar to the dissection buffer, except

that sucrose was replaced with 124 mM NaCl, and the concentra-

tions of MgCl2 and CaCl2 were changed to 1 and 2 mM, respectively.

All recordings were performed at 28–30°C. Pyramidal cells in layer 5

of PrL (1.8–2.0 mm from Bregma) were identified visually under
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infrared differential interference contrast optics on the basis of their

pyramidal somata and prominent apical dendrites. The recordings

were obtained using an Integrated Patch-Clamp Amplifier (Sutter

Instrument, Novato, CA, USA) controlled by Igor 7 software

(WaveMetrics, Portland, OR, USA) filtered at 5 kHz and sampled at

20 kHz. Igor 7 software was also used for acquisition and analysis.

The detailed procedures of electrophysiology experiments are as

follows.

mEPSCs
To isolate AMPAR-mediated mEPSCs from pyramidal cells in layer 5

of PrL, 1 lM TTX, 20 lM bicuculline, and 100 lM D, L-APV were

added to the ACSF which was continually bubbled with 95% O2/

5% CO2. mEPSCs were recorded at a holding potential (Vh) of

�70 mV. Acquired mEPSCs were analyzed using the Mini Analysis

ProgramTM (Synaptosoft). The threshold for detecting mEPSCs was

set at three times the root mean square (RMS) noise. There was no

significant difference in RMS noise between the WT and HET neu-

rons. For the computation of kinetic parameters, 200–300 fully iso-

lated events of mEPSCs were averaged.

Cell excitability
To measure the cell excitability of layer 5 neurons, whole-cell

recordings were performed in current-clamp mode at �60 mV.

Patch pipettes (2–4 mΩ) were filled with the internal solution con-

sisting of the following (in mM): 130 K-gluconate, 10 KCl, 10

HEPES, 0.5 Na3GTP, 4 MgATP, 10 Na-phosphocreatine, and 0.2%

biocytin, pH 7.2–7.4. The osmolarity was 275–290 mOsm. Spikes

were induced by incrementally increasing the current injection

(each step increase was 50 pA).

Evoked EPSCs
Evoked EPSCs were recorded from Layer 5 pyramidal cells in the

voltage-clamp method. A concentric bipolar stimulating electrode

with a tip diameter of 125 lm (FHC) was placed in layer 2/3 to

evoke excitatory responses onto pyramidal cells in layer 5. The

AMPAR- and NMDAR-mediated current ratio was recorded in the

presence of 50 lM PTX at holding membrane potentials of �70 and

+40 mV in the same cell with the same internal solution as in the

recording for input–output response of AMPAR-mediated EPSCs (be-

low), The AMPAR/NMDAR ratio was calculated as the ratio of the

average EPSC peak amplitude at �70 mV to the average amplitude

of EPSCs recorded at +40 mV (average of 40–50 ms after afferent

stimulation).

To measure the input–output response of AMPAR-mediated

EPSCs, Patch pipettes (2–4 mΩ) were filled with the internal solu-

tion consisting of the following (in mM): 120 Cs-methylsulfonate, 10

HEPES, 10 Na-phosphocreatine, 5 lidocaine N-ethyl bromide (QX-

314), 4 ATP, 0.5 GTP, pH 7.2–7.3; the osmolarity of the solution

was 270–285 mOsm. The cell membrane potential was held at

�70 mV, and recordings were performed in the presence of 50 lM
APV and 100 lM PTX. AMPAR-EPSCs were evoked by a pulse elec-

trical stimulus (0.1 ms width) with different stimulus intensities sys-

tematically (5, 10, 15, 20, 25, 30, 40, 60, and 80 lA). At least 10
responses for each intensity were averaged to measure the currents

of AMPAR-EPSCs. Only cells with series resistance < 20 mΩ and

input resistance > 100 mΩ were studied.

E/I balance measurement
To measure E/I balance, evoked EPSC and evoked IPSC were

recorded in the same cell in layer 5 of PrL. To isolate combined

AMPAR/NMDAR-mediated currents, neurons were held at the

reversal potential for GABAAR-mediated currents. To isolate

GABAAR-mediated currents, neurons were held at the reversal

potential for AMPAR/NMDAR-mediated currents. The reversal

potentials for each neuron were determined by holding the mem-

brane potential from �85 to �65 mV in 5 mV increments for

GABAAR and from �10 to +10 mV in 5 mV increments for AMPAR/

NMDAR. The average reversal potentials for EPSCs (WT:

2.625 � 1.438 mV, n = 8; HET: 4.375 � 1.752 mV, n = 8;

P = 0.4529) and IPSCs (WT: �71.29 � 1.085 mV, n = 7; KO:

�69.57 � 1.913 mV, n = 7; P = 0.4508) were not different between

WT and HET mice, and at least 10 responses for the stimulus inten-

sity to evoke the maximal amplitudes of EPSCs and IPSCs were

averaged to measure the E/I ratio.

Inward rectification of AMPAR-current
For generating current–voltage (I–V) curves for rectification measure-

ments, cells were held at �80, �60, �40, �20, 0, +20, and +40 mV.

Patch pipettes (2–4 mΩ) were filled with the internal solution consist-

ing of the following (in mM): 90 Cs-methanesulfonate, 5 MgCl2, 8

NaCl, 10 EGTA, 20 HEPES, 1 QX-314, 2 MgATP, 0.5 Na3GTP, and 0.2

spermine, pH 7.2 with CsOH. For the measurement of the I–V curve

and the rectification index (RI), the NMDAR antagonist AP-5 (50 lM)

and the GABAAR antagonist bicuculline (20 lM) were present in the

ACSF. Inward rectification was calculated by dividing the amplitude

of average EPSC measured at �60 mV by that at +40 mV. There were

no significant differences in calculated reversal potentials between

groups (WT: 3.45 � 3.7 mV, n = 11; HET: 2.8 � 3.8 mV, n = 12;

P = 0.4937, unpaired t test). Reversal potentials were calculated using

equations generated by fitting a linear regression curve to the current

values collected at negative holding potentials.

Behavior tests

Mice were housed in three or four per cage at 23 � 2°C in a 12 h

light/dark cycle (light on/off at 8:00 am/ 20:00 pm), with ad-lib

access to water and food. For the recording of pup USVs, pup litter-

mates of both sexes of Eef2 WT and HET were used. For the tests of

adult mice, experiments were performed using age-matched (3–

5 months) littermates of both sexes of Eef2 WT and HET mice.

Before the beginning of behavior tests, mice were housed individu-

ally for at least 4 days and handled 5 min each day for three consec-

utive days. Before each test, mice were transferred to the test room

1 h for habituation. Experimenters were blind to the genotypes dur-

ing testing. More behavioral experiments were performed following

our previous protocols (Guo et al, 2021, 2022; Xiao et al, 2021;

Yang et al, 2021c), and the detailed procedures are described as fol-

lows.

USV Recording
Calls emitted by pups during isolation were recorded on postnatal

days 3, 6, 9, and 12 as described previously (Yang et al, 2021c).

Briefly, each pup was isolated from its dam and littermates and

placed into a glass beaker with new bedding. The beaker was put
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just under the microphone in a sound-proof container. The pup

USVs were recorded for 5 min by Avisoft SASLab Pro Recorder.

Characteristics of ultrasounds were measured by automatic parame-

ter measurements.

Grooming
The tested mouse was placed in a new, thinly bedded test cage, which

was similar to its home cage. Before video recording, each mouse was

given a 10-min habitation. The following 20 min was taken for record-

ing the grooming behavior, which was timed manually.

Open-field test
Spontaneous exploration behavior was tested in a white opaque box

(40 × 40 × 40 cm). Each mouse was placed in the center of the box

and allowed to explore freely for 30 min. Performances of the mice

were recorded by an overhead video camera. The distance of move-

ment was analyzed by Topscan 3.0, Clever Sys Inc.

Marble-burying
The marble-burying test was used to detect repetitive stereotyped

behavior of mice. Each mouse was placed into a cage with 4-cm-

deep bedding. Twenty black glass marbles (1.5 cm in diameter)

were arranged in a rectangular, 4 by 5 array on the surface of bed-

ding. The mouse was placed in the testing cage from one side with-

out touching the marbles, then allowed to explore and dig for

20 min. A marble that was at least two-thirds under the bedding

was considered as a buried marble.

Three-chamber test
Social approach and social novelty were measured in a 60 cm

(length) × 40 cm (width) × 20 cm (height) opaque white box as

described previously (Guo et al, 2021). Briefly, the test mouse was

placed into the middle chamber and allowed to freely explore the

three chambers for 10 min to habituate. To perform the social

approach test, an empty wire mesh cup was placed in one outer

corner of one side chamber. A similar cup with an unfamiliar mouse

(stranger #1) was placed in the diagonally opposite corner of the

other side chamber. The test mouse was allowed to explore either

the empty cup or the stranger mouse-contained cup for 10 min. In

the social novelty phase, another novel mouse (strange #2) was put

into the empty cup, and the test mouse was allowed to explore

freely for another 10 min. The time for sniffing the strangers or the

empty cup was analyzed using Topscan 3.0. The discrimination

score of social approach and social novelty was calculated as below:

Social approach score = time difference on sniffing stranger #1

and empty cup/total time on sniffing stranger #1 and empty cup.

Social novelty score = time difference on sniffing stranger #2 and

#1/total time on sniffing stranger #2 and #1.

Tube test
The social dominance was measured by the tube test as described

(Fan et al, 2019). A 30-cm-long transparent Plexiglas tube with an

inside diameter of 30 or 26 mm was used for testing adult male or

female mice, respectively. The tube was fixed in the center of an

opaque white box. WT and HET mice of same sex and weight differ-

ences < 15% were paired to test. Each mouse was tested against all

paired opponents from the other genotype, and mice that could not

be matched in more than three pairs were excluded. Two days

before the test, mice were trained to go through the tube for five

successful passes from each side per day. On the test day, mice were

placed at the opposite ends of the tube, with their tails holding by

the experimenter until both mice meet in the middle of the tube.

The mouse that retreated from the tube first with all four paws out

was the loser, and the other one that remained in the tube was the

winner.

Elevated zero-maze
The elevated zero-maze test was performed as described to monitor

anxiety-like behavior (Guo et al, 2021). Each mouse was placed in

one of the four junctions of opened and closed quadrants randomly

and monitored for 5 min recorded by an overhead video camera.

The videos were analyzed using TopScan 3.0.

Nesting
The experiments were performed as described previously with

minor modifications (Deacon, 2006). A pressed cotton square nest-

ing material (Nestlet, Ancare) weighing 3 g was provided to each

mouse as a new bedding 1 h before the light off. On the next morn-

ing, after 1 h of the light on, the nests were evaluated and all the

untorn materials were weighed. A rating score (ranging 1–5, where

5 is the best) was assigned to each mouse according to the quality

of the nests.

Novel object recognition
The novel object recognition test was carried out as described previ-

ously (Bevins & Besheer, 2006). In brief, during the habituation ses-

sion, mice were habituated individually in the open-field arena for

10 min. One hour later, in the training session, two identical objects

(white plastic round bottle caps, 4 cm in diameter and 2.8 cm in

height) were fixed on the bottom of the arena, 30 cm apart from

each other. Mice were allowed to recognize the objects for 10 min.

One day later, a 10-min test session was performed, during which

one of the identical objects was replaced by a novel object (a Lego

structure, 4.6 × 2.2 × 3.5 cm). The travel distance and the time

spent sniffing each object were analyzed by Topscan 3.0.

Y-maze working memory
The Y-shaped maze contains three identical arms (34 cm long, 8 cm

wide, and 14 cm deep) marked as A, B, and C. Each mouse was

placed at the end of one of the three arms randomly to begin the

spatial working memory test. The total number and the order of

arm entries were recorded during an 8-min test. To count one arm

entrance, all four limbs of the mouse must enter the arm. The spon-

taneous alteration among three arms was defined as nonoverlapping

entrance sequences (i.e., ABC, ACB, CAB, etc.). The percentage of

the spontaneous alteration was calculated according to the following

formula: Alternation (%) = [number of actual alternations/maxi-

mum number of alternations in theory (total number of arm

entries�2)] × 100%.

Forced-swim test
The depression-like behavior was tested by a forced-swim test as

previously described (Xiao et al, 2021). Four mice were tested

simultaneously in an opaque white compartment (66.7 cm long,

16 cm wide, and 26 cm high), which is equally divided into four

parts, each containing a clear Plexiglas cylindrical container. The
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cylindrical containers are 26 cm high, 16 cm in diameter, and filled

with 2 liters of water (24 � 1°C). Each mouse was gently placed in

the center of the cylinder and allowed to swim freely for 6 min. The

first 2 min was for habituation, and the final 4 min was used for

evaluation. At the end of the test, mice were removed from the

cylinders and put back in home cages with a paper towel to dry off.

The time of four types of movement including immobility, escaping,

climbing, and swimming was analyzed by TopScan 3.0.

Stereotaxic virus injection

Mice were anesthetized with 1.25% tribromoethanol and secured in

a stereotaxic apparatus (RWD Life Science). Skull holes were drilled

bilaterally and 200 nl of recombinant adeno-associated virus for

each side were injected into mPFC: at AP 1.9 mm, LM � 0.4 mm,

DV �1.62 mm (left), �1.60 mm (right) for male mice, and AP

1.8 mm, LM � 0.4 mm, DV �1.59 mm (left), �1.57 mm (right) for

female mice. For the knockdown of Eef2, AAV-CMV-DIO-(EGFP-

U6)-Eef2 shRNA-WPRE-hGH polyA or the control virus AAV-CMV-

DIO-(EGFP-U6)-scramble-WPRE-hGH polyA (3.10 × 1012 vg/ml,

BrainVTA) was injected into bilateral mPFC of CaMKIIa-Cre mice at

a rate of 40 nl/min. Mice were subjected to behavior tests 4 weeks

after viral injection. For DREADDs-based chemogenetics, rAAV-

CaMKIIa-hM3DGq-EGFP-WPRE-hGH polyA (1.376 × 1012 vg/ml, PT-

0525, BrainVTA) were injected into bilateral mPFC of Eef2 HET mice

at a rate of 20 nl/min. Two weeks later, the infected excitatory neu-

rons were activated by oral administration of 0.025 mg/ml CNO

(TargetMol, T4494) in drinking water for 2 weeks (Phillips

et al, 2019), whereas the control mice were given normal drinking

water, followed by behavior tests.

Drug preparation and treatment

For intraperitoneal injection of PF-4778574 (Sigma, PZ0211), the

drug was dissolved in DMSO at a stock concentration of 0.6 mg/ml,

which was diluted in saline to a working concentration of 0.03 mg/

ml before use. A single dose of 0.3 mg/kg body weight of PF-

4778574 or equal volume vehicle (5% DMSO in 0.9% saline) was

intraperitoneally injected into Eef2 HET mice. Three-chamber test

was performed 30 min later. For local administration of PF-4778574

in mPFC, a 26-gauge, double guide cannula (RWD Life Science,

62023) was bilaterally implanted into the mPFC of HET mice at AP

1.9 mm, LM � 0.4 mm, DV �1.60 mm for male mice, and AP

1.8 mm, LM � 0.4 mm, DV �1.58 mm for female mice. After 7-day

recovery, 200 nl PF-4778574 (20 lM in 0.9% saline containing 2&
DMSO) or vehicle was infused at a rate of 40 nl/min through a 26-

gauge double injector cannula (RWD Life Science, 62223), and the

injector cannula was then remained for an additional 5 min before

removal. Mice were subjected to the three-chamber test 30 min

later.

Statistical analysis

All Data except electrophysiological parts were analyzed using

GraphPad Prism 8.0. Normal distribution tests were performed, fol-

lowed by the F test to compare variances. For comparisons between

two groups, data with non-normal distribution was analyzed by the

nonparametric Mann–Whitney test. For normal distributed data

from two groups, those with similar SD revealed in the F test was

analyzed by a paired or unpaired two-tailed t test, and those who

have significant various SD were analyzed by the Welch’s t test or

the nonparametric Kolmogorov–Smirnov test. One-way or two-way

analysis of variance (ANOVA) with the Bonferroni’s multiple com-

parison test was used for multigroup comparisons. For electrophysi-

ological data, all statistical analyses were performed in GraphPad

Prism 6.0 and SPSS 21.0. The normality test was performed by the

Shapiro–Wilk test. The homogeneity of variance test was performed

by the Levene’s test. Data that met these two conditions were ana-

lyzed using a two-tailed unpaired or paired t test, ANOVA, or

repeated-measures ANOVA followed by the Tukey’s multiple com-

parison test. Values are expressed as mean � s.e.m., and P < 0.05

is regarded as a statistically significant difference.

Data availability

The mass spectrometry proteomics data have been deposited to

the ProteomeXchange Consortium via the PRIDE (Perez-Riverol

et al, 2022) partner repository with the dataset identifier PXD034864

(https://www.ebi.ac.uk/pride/archive/projects/PXD034864).

Expanded View for this article is available online.
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