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Abstract
The role of potassium channels provides suggestive evidence for the etiology of autism. The voltage-gated potassium chan-
nel Kv10.2 (KCNH5) is widely expressed in the brain. However, the inherent relationship between Kv10.2 and autism is 
still unclear. Herein, a rat valproic acid (VPA)-induced autism spectrum disorder model was established. The expression 
level of Kv10.2 was obviously decreased in the hippocampus of VPA rats. Kv10.2 was mainly localized in neurons. Subse-
quently, a recombinant lentivirus expressing Kv10.2 was used to upregulate the expression of Kv10.2 in the hippocampus 
of VPA-exposed rats. The results were promising as injection of the Kv10.2 lentivirus in the hippocampus relieved anxiety 
and stereotypical behavior, and improved the social and exploratory abilities of rats that were prenatally exposed to VPA. 
In addition, spectral analysis of electroencephalogram data revealed that animals exposed to VPA exhibited increased high-
frequency activity compared with the control rats, and this activity recovered to a certain extent after upregulation of Kv10.2 
expression by lentivirus injection. These results suggest that changes in Kv10.2 may play an important role in the etiology 
of autism, thus providing a promising direction for further research on autism.
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Introduction

Autism spectrum disorder (ASD) is a highly heterogene-
ous neurodevelopmental disorder characterized by preva-
lent impairments in social interactions, deficits in verbal or 
non-verbal communication and repetitive or rigid behavior 
[1]. Genetic, environmental, neurologic and immunological 
factors are involved in the etiology of ASD [2]. Valproic 
acid (VPA), a commonly used anti-convulsant mood stabi-
lizer, can increase the risk of ASD development in humans 

and rodents during critical periods of neural tube closure 
[3, 4]. The VPA exposure model is considered one of the 
best-validated models for ASD study and an excellent tool 
to examine the etiology, gene expression and neuronal func-
tioning of ASD [5, 6].

Several brain regions are involved in the development of 
autism, including the cerebellum, amygdala, hippocampus 
and multiple cortical areas. The hippocampus is a crucial 
marginal structure that is located in the left and right hemi-
spheres of the brain and participates in cognition, learning 
and emotion [7, 8]. Courchesne et al. reported that the frontal 
cortex was larger in autistic patients after death [9]. Autistic 
children exhibited changes in the shape of the hippocampus 
as measured by magnetic resonance imaging [10]. Bauman 
and Kemper reported abnormalities in the CA1 region and 
subiculum of the hippocampal formation in autistic patients 
after death that mainly included abnormally small and dense 
cells [7]. Furthermore, a series of changes occur in the hip-
pocampus in the autism model, such as pyramidal cell loss 
[11], apoptosis and neuro-inflammatory dysfunction [12]. 
A reduction in dendritic branches has been reported in the 
CA3 area from ASD brains upon postmortem examination 
[13]. Lentiviral-mediated overexpression of brain-derived 
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neurotrophic factor in the dentate gyrus of the hippocampus 
reversed neonatal isolation-induced anxiety- and autism-like 
behaviors [14]. Roman Tyzio et al. reported an abnormal 
GABA sequence in hippocampal CA3 pyramidal neurons 
of VPA rats. Bumetanil therapy rescued GABA sequence 
abnormalities and the autism-like features [15]. As an 
important member of the limbic system, the hippocampus 
is of great significance for research and has become a target 
for treatment of neurodevelopmental disorders.

The molecular mechanisms of ASD pathophysiology 
are still not fully understood. In recent years, potassium 
channels have attracted widespread attention regarding the 
pathophysiology of various mental disorders [16]. Potassium 
channels are widely present in many excitable or non-excit-
able cells and are involved in cellular electrical impulse and 
endocrine regulation. Dysfunction of potassium channels 
somehow participates in the development of ASD [17, 18]. 
The rs74582884 single nucleotide polymorphism in potas-
sium voltage-gated channel subfamily Q member 3 (KCNQ 
3) has been reported to impair the function of the Kv7.3/
Kv7.5 channel complex in autistic patients [19]. In Fmr1 
knockout mice, an animal model of fragile X syndrome, 
Kv4.2 is indirectly involved in the regulation of autism by 
affecting long-term potentiation [20]. KCNH5 is one of 
two KCNH genes (KCNH1 and KCNH5) that encodes the 
Kv10 family of voltage-gated potassium channels. KCNH5 
is widely expressed in the central nervous system at both 
the RNA and protein levels. The voltage-gated potassium 
channel subunit Kv10.2 is mainly distributed in most neu-
ral tissues including the cortex, olfactory bulb, hippocam-
pus and thalamus, but not in the striatum and pituitary [21, 
22]. However, the physiological function and expression of 
Kv10.2 in the nervous system of VPA-exposed model rats 
remain largely unexplored.

In this study, rat fetuses exposed to VPA on day 12.5 
of pregnancy were established as a rat autism model. Con-
focal microscopic immunofluorescence analysis, RT-PCR 
and western blotting were used to investigate the expres-
sion of Kv10.2 in the hippocampus. Then, lentiviral vectors 
were injected to produce overexpression of Kv10.2 in the 
hippocampus of adult rats to further confirm the effects of 
Kv10.2 with regard to autism. Finally, a spectral analysis of 
electroencephalogram (EEG) data was conducted to explore 
whether the pathological mechanism of ASD was related to 
neural circuit abnormality.

Results

Expression of Kv10.2 in the Hippocampus

Immunofluorescence staining results showed that the Kv10.2 
channel was expressed in the hippocampus (CA3, CA1 and 

hilus, Fig. 1a left panel). To investigate the types of neural 
cells that expressed Kv10.2, brain tissue was double-labeled 
for Kv10.2 and specific makers of neurons, microglia and 
astrocytes. Confocal microscopic analysis revealed that 
Kv10.2 was co-localized with neurons (Fig. 1a), rather than 
astrocytes or microglia (Fig. 2). The number of Kv10.2-
positive cells was significantly decreased (P < 0.001) in 
the hippocampus of the VPA group compared with control 
rats (Fig. 1a–e). The basal protein and mRNA expression 
levels of Kv10.2 in control and VPA rats were determined 
using western blotting and quantitative real-time PCR. The 
Kv10.2 protein expression level was significantly reduced in 
the VPA group compared with the control group (Fig. 1f). 
Accordingly, the mRNA level of Kv10.2 was also decreased 
in VPA-induced autism model rats (Fig. 1g).

Behavior Changes Induced by Microinjection 
of Kv10.2 gRNA Lentivirus in the Hippocampus

After the establishment of the VPA-induced autism model 
in rats, postnatal growth and maturity development indica-
tors were detected. Autistic model rats exhibited delayed 
neurodevelopment compared with the control group (Addi-
tional file 1: Fig. s1). These manifestations of morphological 
and physiological characteristics were in accordance with 
previous literature [23]. Subsequently, a series of behavioral 
experiments was performed on rats at 35 days after birth. 
Autistic model rats showed severe social disorders (Addi-
tional file 1: Fig. s2a, 2b), anxiety (Additional file 1: Fig. 
s2c–e) and stereotypical behavior (Additional file 1: Fig. 
s2f). All male rats of the appropriate age were used for the 
following behavioral and molecular experiments.

To determine whether overexpression of Kv10.2 in the 
hippocampus can ameliorate autism-like behavior, VPA-
induced rats were infused with Kv10.2-expressing lentivi-
rus vectors, and behavioral experiments were conducted 15 
days later.

Effect on Social Interaction

Figure 3a, b illustrates the social characteristics of rats. 
VPA rats administered Lv-GFP were used as the negative 
control group. In the first stage, social characteristics were 
evaluated. Significant sociability was observed in the con-
trol group, control + Lv-GFP group and control + Lv-KCNH5 
group, which tended to spend more time in the chamber with 
the unfamiliar animal (stranger 1) than in the chamber with 
the object. In contrast to the control rats, VPA rats spent 
time in both chambers with no significant difference. VPA 
rats administered Lv-GFP also exhibited a lack of sociabil-
ity. In contrast, VPA rats administered Lv-KCNH5 displayed 
increased sociability, that is, they spent significantly more 
time in the chamber with stranger 1 than in the chamber 
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with the object (Fig. 3a). In the second stage, the social nov-
elty preferences were investigated. Rats in the control group 
spent more time with stranger 2 than stranger 1, while VPA 

rats showed no significant difference in the time spent in the 
two chambers. However, after overexpression of Kv10.2, 

Fig. 1  Expression of Kv10.2 in the hippocampus of VPA-induced 
autism rats and the control groups. a Co-localization of Kv10.2 (red) 
and NeuN (green) in the hippocampus of the control group. b Co-
localization of NeuN (green) and Kv10.2 (red) in the hippocampus 
of VPA-induced autism model rats. c–e Kv10.2- and NeuN-positive 
cells in the hippocampus. Quantification of the number of Kv10.2-
positive cells in the CA3 (c), CA1 (d) and hilus (e) subareas of the 

hippocampus. NeuN was used as a neuronal cell marker. f Kv10.2 
and GAPDH protein expression in the hippocampus in VPA-induced 
autism model rats and the control groups. g The mRNA fold change 
of Kv10.2. Values are expressed as the mean ± SEM. Scale bar repre-
sents 50 µm. *P < 0.05, **P < 0.01, ***P < 0.001 versus the control 
group. n = 5 (Color figure online)
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the social disorder of rats was improved, and normal social 
behavior was observed (Fig. 3b).

Impact on Anxiety

The elevated plus maze is considered an effective rodent 
anxiety behavior test. The results showed that the VPA 
rats were not inclined to enter the open arms and spent less 
time in the open arms than the control rats, which directly 
indicated the increased anxiety level of the VPA rats. The 
control + Lv-GFP group and the control + Lv-KCNH5 
group showed normal emotions without anxiety. However, 
the VPA + Lv-KCNH5 rats spent a significantly increased 
percentage of time entering and exploring the open arms 
compared with the VPA rats (Fig. 3c). The same result was 

obtained in the black and white box test. The control rats 
spent a longer time in the white box than in the black box, 
while VPA rats spent less time in the white box than the con-
trol group, which reflected the anxious behavior of VPA rats. 
The time spent in the white box by the VPA + Lv-KCNH5 
group was significantly greater than that of the VPA group 
(Fig. 3d). These results suggested that overexpression of 
Kv10.2 in the hippocampus can alleviate anxiety in VPA 
rats.

Impact on Exploratory Activity

The open field test is considered a reliable indicator of 
exploratory behavior. In this test, rats in the control group, 
control + Lv-GFP group and control + Lv-KCNH5 group 

Fig. 2  Co-localization of Kv10.2 (red) with NeuN (green), GFAP 
(green) and Iba1 (green) in the hippocampus of VPA-induced autism 
model rats. Kv10.2 was co-localized with neurons (a) rather than 

co-expressed with the astrocyte marker GFAP (b) or the microglia 
marker Iba1 (c). d–f Kv10.2-positive cells in the hippocampus (Color 
figure online)
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spent more time in the central region, which reflected nor-
mal exploratory behavior of the animals. The VPA rats spent 
markedly less time in the central region than the control 
rats, while the VPA + Lv-KCNH5 rats spent more time in 
the central region than the VPA rats as depicted in Fig. 3e.

Impact on Repetitive Behavior

A Y maze device was used to investigate repetitive behavior. 
The spontaneous alternation rate of VPA rats was signifi-
cantly lower than that of control rats, suggesting increased 
repetitive behavior in VPA rats. The control group, con-
trol + Lv-GFP group, control + Lv-KCNH5 group showed 

Fig. 3  Effect of Kv10.2 overexpression on animal social deficits. 
a, b A recombinant lentivirus expressing Kv10.2 injected into 
VPA rats improved their social preference. All data were analyzed 
using the Kruskal–Wallis test and Dunn’s test for post hoc analy-
sis (mean ± SEM). c Percentage of time spent in open arms in the 
elevated plus maze test. d Percentage of time spent in the light box 

in the black and white box test. e Time spent in the center area in 
the open field test. f Percentage of spontaneous alternation in the Y 
maze. Data are expressed as the mean ± SEM, *P < 0.05, **P < 0.01, 
***P < 0.001 versus the control group. #P < 0.05 versus the VPA 
group and the VPA + Lv-GFP group, n = 10
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normal behavior. The VPA + Lv-KCNH5-administered rats 
exhibited a significantly increased spontaneous alternation 
rate compared with that of the VPA rats as shown in Fig. 3 f. 
This result suggested that Kv10.2 overexpression attenuates 
VPA-induced rat anxiety and autistic behaviors.

Evaluation of Kv10.2 Protein Levels 
in the Hippocampus Following Lentiviral Injection

To explore the role of hippocampal Kv10.2 in autism-like 
behaviors, a Kv10.2 gRNA lentiviral vector and a nontar-
geted lentiviral vector (2.1 × 106 TU of purified vector) were 
delivered into the hippocampus of VPA rats. Although the 
protein levels of hippocampal Kv10.2 in VPA rats were not 
rescued to the control level, they were remarkably upreg-
ulated in VPA rats after Kv10.2 gene delivery (Fig. 4a, 
b), indicating that the Kv10.2 lentivirus could effectively 
increase Kv10.2 expression at the translational level.

Kv10.2 Overexpression Reversed Abnormal EEG 
Results

To understand the effect of Kv10.2 overexpression on the 
neurophysiological characteristics of ASD rats, EEG data 
were assessed. The recordings showed that VPA rats exhib-
ited increased activity in the theta (4–80 Hz), alpha (8–13 
Hz), beta (13–30 Hz), low gamma (30–60 Hz) and high 
gamma (60–100 Hz) frequency ranges, but not in the delta 
range (0.5–4 Hz). The frequency and amplitude of data 
recorded in the control rats were lower than those in the VPA 
group. However, injection of Kv10.2-overexpressing lenti-
virus into the hippocampus decreased the power of network 

oscillation and thus quelled the overactive state of autistic 
rats (Fig. 5a–e).

Discussion

Kv10.2 is a known target for the diagnosis and treatment 
of tumors, such as medulloblastoma [24], renal cell carci-
noma [25] and esophageal adenocarcinoma [26]. Never-
theless, few studies have revealed the relationship between 
Kv10.2 and VPA-induced autism. Veeramah et al. studied 
a Kv10.2-R327H residue mutation in a patient with an epi-
lepsy/autism mutation [27]. On the basis of this research, it 
was assumed that Kv10.2 may play some role in the develop-
ment of autism. In the present study, we probed the expres-
sion and distribution of Kv10.2 in the hippocampus of rats 
with autism-like behaviors induced by VPA as well as the 
changes in these behaviors after overexpression of Kv10.2 
via a lentivirus. We verified that the protein and mRNA 
levels of Kv10.2 were significantly decreased in the hip-
pocampus of the VPA group. In addition, we confirmed that 
Kv10.2 was mostly located in neurons, rather than astrocytes 
or microglia. Furthermore, expression of the Kv10.2 protein 
was significantly increased after injection of a lentivirus that 
mediated overexpression of Kv10.2. The behavioral experi-
ments confirmed that the anxiety, stereotypical behaviors 
and social disorders were alleviated in autistic rats to some 
degree. In addition, EEG recordings showed that brain oscil-
lations were also reversed to some extent. Our results sug-
gested that the expression of Kv10.2 in hippocampal neu-
rons contributes to the development of autism, which has not 
been reported previously.

VPA is a medication used to treat epilepsy and other 
psychiatric diseases. An increased incidence of autism is 

Fig. 4  Basal expression of Kv10.2 in the hippocampus. a, b West-
ern blot analysis revealed that Kv10.2 protein levels were signifi-
cantly decreased in the VPA and VPA + Lv-GFP groups. However, 
the expression level of Kv10.2 was significantly increased in the 

VPA + Lv-KCNH5 group compared with the VPA and the VPA + Lv- 
GFP groups. *P < 0.05, **P < 0.01, ***P < 0.001 versus the control 
group, #P < 0.05 versus the VPA and VPA + Lv-GFP groups, n = 7
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Fig. 5  Injection of a recombinant lentivirus expressing Kv10.2 in the 
hippocampus restores brain oscillations in the VPA model. a LFPs 
recording from the control group, control + Lv-GFP group, con-
trol + Lv-KCNH5 group, VPA group, VPA + Lv-GFP group and Lv-
KCNH5 group after band-pass filtering. b–d The 0–13 Hz, 13–30 Hz, 
30–100 Hz EEG of the control group, the control group + Lv-GFP 
group, the control group + Lv-KCNH5 group, the VPA group, the 
VPA + Lv-GFP group and the Lv-KCNH5 group were recorded after 
band-pass filtering. e Integral power of delta (0.5 to 4 Hz), theta (4 

to 8 Hz), alpha (8 to 13 Hz), beta (13 to 30 Hz), low gamma (30 to 
60 Hz) and high gamma (60 to 100 Hz) band components of EEG 
recordings. VPA group and VPA + Lv-GFP group vs. control group: 
for alpha, beta, low gamma and high gamma, *P < 0.01, for theta, 
**P < 0.001; Lv-KCNH5 group versus VPA group and VPA + Lv-
GFP group, for alpha, beta, low gamma and high gamma, *P < 0.05, 
for theta, **P < 0.01. *P < 0.05, **P < 0.01, ***P < 0.001 versus the 
control group. #P < 0.05 versus the VPA group and the VPA + Lv-GFP 
group. ##P < 0.01 versus the VPA group and the VPA + Lv-GFP group
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observed when children or rodents are prenatally exposed to 
VPA [3]. Our results showed that pups exposed to VPA had 
slower neurodevelopment and motor development than nor-
mal rats, which is consistent with the ASD model. Interest-
ingly, M Nica R. Favre et al. suggested that offspring treated 
with VPA exhibited no significant difference in weight, and 
we found the same result. Schneider et al. reported that VPA 
exposure during pregnancy caused serious anxiety, stereo-
typical behavior and reduced interest in communication with 
rodents of the same age [28]. The similarity of these behav-
ioral deficits to those of autistic patients highlights the valid-
ity of the rat model and the robustness of these phenotypes. 
A wide variety of phenotypes and pathogeneses have been 
studied using such VPA-induced ASD animals.

Potassium channels play an important role in the cen-
tral nervous system, which participates in the regulation of 
activities necessary for life by controlling neuronal excit-
ability, shaping action potential waveforms and regulating 
metabolism. Yang et al. identified an R327H mutation of 
the Kv10.2 gene by whole exome sequencing in a patient 
with epileptic encephalopathy accompanied by autism. 
The R327H mutation of Kv10.2 weakened the interaction 
between residue 327 and the negatively charged S1-S3 
residue in the resting state but not in the activated state, 
which caused the channel to open more easily. This is the 
first convincing evidence that Kv10.2 channels play a role in 
human neurological diseases [29]. De Oliveira et al. showed 
that recovery of Kv10.2 expression in the hippocampus and 
prefrontal cortex of rats with transient cerebral ischemia 
was accompanied by a reversal of anxiety. This result sug-
gested that Kv10.2 may be associated with cognition and 
anxiety [30]. In our research, expression of Kv10.2 in the 
hippocampus of VPA rats was significantly decreased at both 
the protein and mRNA levels. The VPA rats showed severe 
anxiety compared with the control group in the elevated plus 
maze and black and white box experiments, while the anxi-
ety of the rats was effectively alleviated with recovery of 
Kv10.2 in the hippocampus. On the basis of these findings, 
we suspected that Kv10.2 may be involved in the process of 
anxiety in the VPA model. It is notable that anxiety is one of 
the typical manifestations of autistic patients [31]. In recent 
years, a growing recognition of the importance of potassium 
channels in the pathogenesis of autism has occurred. The 
sensitivity of autism could be significantly increased by ion 
channel defects [17]. In our Y maze behavioral test, the VPA 
rats exhibited significant stereotypical behaviors compared 
with the control rats. Similarly, the stereotypical behavior 
was ameliorated with the recovery of Kv10.2 expression. We 
speculated that Kv10.2 may affect stereotypical behavior by 
altering the sensitivity of autistic rats. Deficits in social com-
munication are core symptoms of autism. In this research, 
restoring the expression of Kv10.2 alleviated social disor-
ders to a certain extent, suggesting that Kv10.2 may play a 

role in the VPA autism model. Notably, restoring Kv10.2 
expression in hippocampal neurons was sufficient to allevi-
ate impaired sociability. However, prenatal VPA exposure 
induces complex teratogenic effects in various brain regions. 
These effects include changes in synaptic function, altera-
tions of intrinsic neuronal activity and impaired expression 
of numerous ion channels and neurotransmitter receptors. 
Kv10.2 may play a role in alleviating the impairment of 
social behaviors through these mechanisms, which will be a 
direction of our follow-up research.

The pathological mechanism of neurodevelopmental 
disorders is generally associated with abnormalities in the 
neural circuit, as is autism [32]. Abnormalities in all fre-
quency bands (delta, theta, alpha, beta, and gamma) have 
been reported in autistic patients [33]. Previous EEG/mag-
netoencephalography studies have shown that abnormal 
gamma oscillations reflect core features of autism with vari-
ous disorders [34]. The gamma band is also thought to be 
related to cognition, attention and sensory processing. In this 
study, Kv10.2 overexpression ameliorated overactivity of 
phase-locked gamma oscillations in VPA rats. These results 
suggest that Kv10.2 expression in hippocampal neurons of 
autistic model rats may have a biological effect on brain 
function, and Kv10.2 may be involved in the occurrence 
of autism by affecting the balance between excitability and 
inhibition. However, additional animal models of autism 
are still needed to further verify and understand the internal 
function of Kv10.2 in the development of autism.

Materials and Methods

Animals

All efforts were made to minimize the number of animals 
used and their suffering. The animal experiments were 
approved in advance by the Animal Protection and Utiliza-
tion Committee (Department of Laboratory Animal Science, 
Shanghai University) and were performed in strict accord-
ance with the Institutional Animal Care and Use Program for 
Experimental Animals of Shanghai University.

Male and female Sprague-Dawley (SD) rats weighting 
270–350 g were obtained from the Experimental Animal 
Center of the Chinese Academy of Sciences in Shanghai, 
China. All rats were housed individually under standard 
housing conditions (23 ± 2 °C; 55% ± 5% humidity) with a 
12 h light-dark cycle.

Adult male and female rats were allowed to mate over-
night. The day of detection of a vaginal embolus was 
recorded as day 0.5 of pregnancy. A single-dose intraperi-
toneal injection of VPA (500 mg/kg in 0.85% saline) was 
given to adult female rats on day 12.5 of gestation. The same 
dose of saline was injected at the same time in the control 
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group. Female rats were allowed to raise the immature rats 
freely until weaning on the 23rd postnatal day. Subsequently, 
male rats were selected as experimental subjects and divided 
into six groups with six rats in each group and were fed 
separately. The behavioral assessment of rats was conducted 
at 6–8 weeks.

In this study, male offspring were divided into six groups 
(n = 10).

Group I: control group: male offspring of saline-treated 
females were used as the control group.

Group II: control + Lv-GFP group: Lv-GFP was delivered 
to the hippocampus of control rats.

Group III: control + Lv-KCNH5 group: Lv-KCNH5 was 
delivered to the hippocampus of control rats.

Group IV: VPA group: Pregnant female rats were admin-
istered VPA (500 mg/kg in 0.85% saline), and their male 
pups were used as the VPA group.

Group V: VPA + Lv-GFP group: Lv-GFP was delivered 
to the hippocampus of autism model rats.

Group VI: VPA + Lv-KCNH5 group: Lv-KCNH5 was 
delivered to the hippocampus of autism model rats.

Postnatal Growth and Maturation

Weight Gain

Weight gain was measured on postnatal days 7, 14, 21, 28, 
35 and 56.

Eye Opening

Eye opening was observed on postnatal days 12, 13, 14, 15 
and 16. Scoring criteria: 0 points: neither eye was open; 1 
point: one eye was open; 2 points: both eyes were open.

Behavioral Determinations

Behavioral development tests were performed on pups 
according to the procedure described by St Omer et al. [35]. 
All experiments were performed on a group of 20 animals 
(five rats/four litters/group).

Plane Correction

The pups were placed horizontally with their abdomen 
upward on a table. The number of days after birth when the 
pups could complete a 180° rotation with all four feet land-
ing within 3 s was observed and recorded.

Cliff Escape

The number of days until offspring showed a withdrawal 
trend within 15 s after being placed on the edge of a table 
was recorded.

Negative Geotaxis

This behavior was recorded according to the time spent turn-
ing 180° after losing grip with the paws, and the threshold 
was set to 30 s when the head of the offspring was placed 
downward on a rough wooden slope of 25°. The offspring 
were examined each day from postnatal day 7 to 10. Nega-
tive geotaxis reflects the development of vestibular and 
motor function.

Swimming Performance

An aquarium (water temperature 27–28 °C) was used for the 
swimming test. This behavior was observed for 5–10 s, and 
the scores were recorded on postnatal days 8, 10, 12 and 16. 
Scoring criteria: 0 points—head and nose below the water 
surface, 1 point—head above the water surface, nose below 
the water surface, 2 points—head and nose above the water 
surface, ear below the water surface, 3 points—head and 
nose above the water surface, with the water level at the mid-
dle of the ear, 4 points—the head, nose and ear were higher 
than the water level. At the end of each observation, the 
offspring were dried with a towel to prevent adverse effects 
caused by cold exposure.

Three-Chamber Social Test

The device consisted of two side chambers (30 (length) × 35 
(width) × 35 (height) cm), a central chamber (15 (length) × 35 
(width) × 35 (height) cm) and two identical transparent cyl-
inders [31]. The three chambers were interconnected. In the 
adaptation phase, two empty cylinders were placed in the 
side chambers. The rats were placed in the central chamber, 
and their behavior in the three chambers was recorded for 
10 min. In the first phase of the social ability test, an unfa-
miliar SD rat (stranger 1) was placed in the left chamber, 
the right side consisted of a cage, and the behavior of the 
rat was monitored for 10 min in the three chambers. During 
the social novelty test, a new unfamiliar SD rat (stranger 2) 
was placed in the right chamber, and the left side contained 
stranger 1. The communication of the test rat with stranger 
1 and stranger 2 was monitored for 10 min. Ethovision was 
used to automatically calculate the time spent in each area.
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Open Field Test

The open field test is a classic anxiety and exploratory 
behavioral test in rodents. A wooden open box with a 
length × width × height of 100 × 100 × 40 was used in this 
test. The walls of the box were colored black. The bottom 
of the box was divided into 25 equal squares. Nine small 
squares in the central area were designated as the central 
squares. The total number of times that rats crossed the box 
in 5 min was observed by Ethovision automatic tracking 
analysis to reflect the autonomous behavior of rats. The 
number of times that rats crossed the middle square reflected 
the exploratory behavior of rats in a novel environment.

Elevated Plus Maze Test

The elevated plus maze reflected the anxiety of animals 
based on the tendency of the animal to remain in the closed 
arm vs. exploring the open arms. The device consists of two 
open arms, two closed arms and a common central platform 
that is located 40 cm from the ground. The rat was placed 
on the platform facing the open arm. The time that the rat 
remained in each arm and the number of times an arm was 
entered were observed and recorded for 5 min.

Black and White Box

The black and white box test consisted of a white box and a 
black box. The rats could move freely between the two boxes. 
The rat to be tested was placed in the white box. The time 
spent in each box and the number of times the rat moved 
between boxes were observed and recorded for 10 min. Anx-
ious behavior was represented by an increased percentage of 
time spent in the white box compared with the black box.

Y Maze

Repetitive behavior of animals is an important indicator of 
ASD. The Y maze apparatus (42 cm × 15 cm × 14 cm) was 
used to study the repetitive behavior of rats [36]. The Y 
maze device consisted of three identical arms. Rats were 
placed on the starting arm of the Y maze and allowed to 
randomly explore for 10 min. The spontaneous alternation 
rate was recorded as an indicator of repetitive behavior.

Western Blotting

Total membrane protein from the hippocampus was prepared 
using a ProteinExt mammalian membrane protein extraction 

% Spontaneous alternations

= (Total alternations∕Total arms entered − 2) × 100

kit (TransGen Biotech, DE301). A BCA assay kit (Beyotime, 
Shanghai, China) was used to quantify the protein concen-
tration in the hippocampus. Proteins were loaded onto 6% 
SDS-PAGE gels and then transferred to a PVDF membrane 
(0.45 µm, Millipore, Billerica, USA). After incubating with 
QuickBlockTM Western Blocking Buffer (Beyotime Bio-
technology, P0252) for 30 min, the primary antibody was 
added, and the membrane was incubated overnight at 4 °C. 
The antibodies used included rabbit anti-EAG2 (1:200, Alo-
mone) and mouse anti-GAPDH (1:1000, TransGenBiotech). 
After washing with PBST, the membranes were incubated 
for 1.5 h with peroxidase-conjugated anti-rabbit or anti-
mouse secondary antibody (1:10,000 Santa Cruz biotechnol-
ogy USA) at room temperature. The signals were detected 
using an ECL chemiluminescence kit (Beyotime Biotech-
nology, P0018AS). Immunoblots were quantified using 
Image J software and normalized according to GAPDH 
immunoreactivity.

Immunofluorescence

The rat tissues were fixed in 4% paraformaldehyde and 
then post fixed in sequential buffers containing 25% and 
30% sucrose. The brain tissue was serially sliced with a 
frozen slicer (thickness 30 µm). The primary antibodies 
included rabbit anti-EAG2 (Alomone Labs, 1:400), mouse 
anti-neuron (Abcam, 1:400), goat polyclonal antiserum to 
Iba1 (1:400; Abcam) and mouse polyclonal antiserum to 
GFAP (1:400; Abcam). The secondary antibodies included 
Alexa Fluor 488 anti-goat (1:500; Abcam) and Alexa Fluor 
647 anti-mouse (1:500; Abcam) for neurons and GFAP 
and Alexa Fluor 555 anti-rabbit (1:400; Abcam) for 
Kv10.2. Hippocampus sections were scanned and imaged 
by a laser scanning confocal microscope (LSM 710; Carl 
Zeiss, Germany). The neuronal cell-positive areas were 
analyzed with Image J software. The data were assessed 
by an investigator who was blinded to the treatment group 
of the animals.

RNA Isolation, cDNA Synthesis and Real‑Time PCR

Total RNA was isolated from the hippocampus using an 
EasyPure RNA kit (TransGen Biotech) and reverse tran-
scribed into cDNA by cDNA Synthesis SuperMix (TransGen 
Biotech). All processes were in accordance with manufac-
turer’s instructions. Quantitative real-time PCR was per-
formed using TransStart Top Green qPCR Mix (TransGen 
Biotech). The gene-specific primer sequences for Kv10.2 
were forward 5′-TGT ATG CCA ACA CCA ACC G-3′ and 
reverse 5′-ACA CTC TCT CCA GCA TGG TA-3′. The gene-
specific primer sequences for β-actin were forward 5′-CGC 
GAG TAC AAC CTT CTT GCAG-3′ and reverse 5′- ACT ATC 
GGC AAT GAT CGG TTCC-3′.
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Injections of Lentivirus Into the Hippocampus

The Kv10.2 gRNA lentivirus (Lv-KCNH5) and nontar-
geting lentivirus (Lv-GFP) were produced and purified 
by Hanbio Co. Ltd. Shanghai, China. In brief, BamH I 
and EcoR I were considered as insertion sites, located in 
the MCS (polyclonal site) region after the EF1a promoter. 
The inserted base sequence consisted of the CDS region 
sequence of Gene ID: 171146 and the 3FLAG tag. The 
lentiviral vector expression plasmids (pLenti-EF1A-GFP-
Puro) were co-transfected into human embryonic kidney 
293T cells, along with the packaging construct plasmid 
pSPAX2 and the envelope plasmid pMD2G, to produce the 
viral particles [37, 38]. Then, we delivered the Lv-KCNH5 
and Lv-GFP vectors into the hippocampus. The lentiviral 
vectors (5 × 108 TU) were microinjected bilaterally into the 
CA3 region of the hippocampus at the following coordi-
nates of the Paxinos (2004) Atlas (4.0–4.2 mm posterior to 
bregma, 4.1–4.3 mm lateral to the midline and 3.9–4.1 mm 
below the cortical surface). A volume of 3 µL was injected 
for 15 min using a microprocessor-controlled syringe pump 
(Stoelting, Wood Dale, IL). Fifteen days after infection, 
the animals were used for behavioral testing and protein 
extraction.

Electroencephalographic Recordings

The operation was performed as described in a previous 
report [39]. Adult rats were deeply anesthetized with iso-
flurane. The skin and periosteum were cleared to expose the 
skull; then, pre-processed microelectrodes were implanted 
over the hippocampus. Once the operation was completed, 
signal recordings were started 24 h after the rats freely 
recovered. EEG recordings were conducted using the Omni-
Plex device (Plexon, Hongkong, China) and digitized at 5 
kHz using PlexControl software (Molecular Devices). The 
power spectrum in the hippocampus was divided into delta 
(0.5–4 Hz), theta (4–8 Hz), alpha (8–13 Hz), beta (13–30 
Hz), low gamma (30–60 Hz) and high gamma (60–100 Hz) 
frequency bands. EEG recording data were analyzed using 
MATLAB2016a software.

Statistical Analysis

Compiled data are presented as the mean ± SEM. Statisti-
cal analysis was performed by one-way ANOVA followed 
by a post hoc least significant difference test. Graphs were 
generated using Origin 8 and GraphPad Prism 5 (GraphPad 
Software Inc., La Jolla, CA, USA). A value of P < 0.05 was 
considered statistically significant in all tests.
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