
Vol.:(0123456789)1 3

Cellular and Molecular Neurobiology (2019) 39:809–822 
https://doi.org/10.1007/s10571-019-00680-w

ORIGINAL RESEARCH

Genistein Inhibits Aβ25–35‑Induced Neuronal Death with Changes 
in the Electrophysiological Properties of Voltage‑Gated Sodium 
and Potassium Channels

Yu‑xiang Wang1 · Zhen‑hong Xia1 · Xue Jiang1 · Li‑xia Li1 · Di An1 · Hong‑gang Wang1 · Bin Heng1 · Yan‑qiang Liu1 

Received: 25 December 2018 / Accepted: 25 April 2019 / Published online: 30 April 2019 
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
We established a model of Alzheimer’s disease in vitro by exposing primary hippocampal neurons of neonatal Wistar rats 
to the β-Amyloid peptide fragment 25–35, Aβ25–35. We then observed the effects of genistein, a type of soybean isoflavone, 
on Aβ25–35-incubated hippocampal neuron viability, and the electrophysiological properties of voltage-gated sodium chan-
nels  (NaV) and potassium channels  (KV) in the hippocampal neurons. Aβ25–35 exposure reduced the viability of hippocampal 
neurons, decreased the peak amplitude of voltage-activated sodium channel currents (INa), and significantly reduced INa at 
different membrane potentials. Moreover, Aβ25–35 shifted the activation curve toward depolarization, shifted the inactivation 
curve toward hyperpolarization, and increased the time constant of recovery from inactivation. Aβ25–35 exposure significantly 
shifted the inactivation curve of transient outward K+ currents (IA) toward hyperpolarization and increased its time constant 
of recovery from inactivation. In addition, Aβ25–35 significantly decreased the peak density of outward-delayed rectifier potas-
sium channel currents (IDR) and significantly reduced IDR value at different membrane potentials. We found that genistein 
partially reversed the decrease in hippocampal neuron viability, and the alterations in electrophysiological properties of  NaV 
and  KV induced by Aβ25–35. Our results suggest that genistein could inhibit Aβ25–35-induced neuronal damage with changes 
in the electrophysiological properties of  NaV and  KV.
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Introduction

Alzheimer’s disease (AD) is one of the most frequent causes 
of dementia, and its main clinical symptoms include progres-
sive memory loss accompanied by cognitive impairment and 
character changes (Graham et al. 2017). A few pathogenesis 
mechanisms that underlie these neuropathological changes 
include β-amyloid (Aβ) aggregation and tau hyperphospho-
rylation. Additionally, inflammatory processes, oxidative 
stress, and mitochondrial dysfunction have also been studied 
in neuropathologies (Blennow et al. 2006). The dominant 
hypothesis to explain these observations is the ‘amyloid cas-
cade hypothesis’, which supposes that deposition of Aβ in 
the brain is a crucial step in the pathogenesis of AD (Klafki 

et al. 2006). Other than acetylcholinesterase inhibitors and 
memantine, which have passed the FDA approval for AD 
management and show some symptomatic improvement in 
some Alzheimer’s patients (Anand et al. 2014; Scarpini et al. 
2003), there are currently no medications that slow the dis-
ease progression in AD (Klafki et al. 2006). Therefore, novel 
therapeutic strategies for AD are in great demand.

Flavonoids have been recognized to have potential 
neuroprotective roles (Frandsen and Narayanasamy 2017; 
Sharma et al. 2007). Soy isoflavones, or flavonoids from 
soybean, namely phytoestrogens, can affect estrogen-medi-
ated processes (Molteni et al. 1995). High soybean diets 
clearly improve short-term and long-term memory (File 
et al. 2001). The protective effect of genistein, the most 
active component of soy isoflavones, against Aβ-induced 
neurological damage has been reported. Pretreatment with 
genistein significantly inhibits Aβ25–35-induced injury 
via the PKC signaling pathway in PC12 cells (Luo et al. 
2012). Moreover, genistein has been reported to reverse 
the Aβ1–40-induced damage of short-term spatial memory 
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(Bagheri et al. 2011), and it also inhibits the aggregation 
of exogenous Aβ1–40 in rat hippocampus (Bagheri et al. 
2012). The mechanisms of genistein-mediated inhibition 
of Aβ-induced neuronal damage, however, still need to be 
clarified.

Ion channels are considered as vital proteins for main-
taining neuronal functions, since functional impairment of 
neurons is often accompanied by abnormal activity of ion 
channels (Calabresi et al. 1995; Du et al. 2008). Conse-
quently, ion channels have become attractive drug-targets 
for the treatment of nervous system diseases.

Voltage-gated sodium channels  (NaV) are required to 
generate and propagate action potential (AP), and are 
indispensable in excitable cells (Yu and Catterall 2003). 
Dysfunctional  NaV have been perceived to be correlated 
with AD. The levels of  NaV1.1 subtype in the cortex of 
AD patients as well as in human amyloid precursor protein 
(hAPP) transgenic mice are decreased, and this reduction 
results in abnormal conditions of network activity and cog-
nition in hAPP mice (Verret et al. 2012). After treatment 
with Aβ1–42, voltage-dependent sodium current density and 
expression of  NaV and  NaV1.6 subtype in cortical neurons 
increased significantly, and a similar trend was observed 
in the expression of  NaV1.6 in APP/PS1 mice (Wang 
et al. 2016). Moreover, the current density of  INa in CA1 
pyramidal neurons was observed to be depressed in APP/
PS1 mice (Brown et al. 2011) as well as in wild-type aged 
mice (Randall et al. 2012). Based on these finding,  NaV 
has become a potential target for new drugs to treat AD.

Voltage-gated potassium channels  (KV) are closely 
related to neuronal excitability and are necessary for cell 
survival (Shah and Aizenman 2014). In rat hippocampal 
neurons, several types of  KV, such as the outward-delayed 
rectifier potassium channels and transient outward potas-
sium channels, have been recognized (Mitterdorfer and 
Bean 2002). Dysfunctional  KV are also relevant in pathol-
ogy of AD. In the hippocampus, incubation with Aβ25–35 
reduced the gene expression levels of  KV2 as well as  KV3 
(Mayordomo-Cava et al. 2015). In hAPP mice, dendrites 
of hippocampal neurons showed overexcitability associ-
ated with depletion of  KV4.2 channel subunits (Hall et al. 
2015). Additionally, the expression and function of  KV3.4 
channel subunits was enhanced both in primary cultured 
astrocytes exposed to Aβ and in astrocytes of Tg2576 
mice, a transgenic animal model for AD (Boscia et al. 
2017), indicating that  KV is also a potential target for new 
drugs that treated AD.

In the present research, we studied the effects of gen-
istein on cell viability, and electrophysiological properties 
of voltage-gated sodium and potassium channels in Aβ25–35-
incubated hippocampal neurons. We hope to understand 
whether genistein can rescue the Aβ25–35-induced cell death 
and the involved mechanism.

Materials and Methods

Chemicals and Animals

Dulbecco’s modified Eagle medium (DMEM)/F12 + Glu-
tamaxTM-1, fetal bovine serum (FBS) and B27 supple-
ments were purchased from Gibco, Invitrogen (NY, USA). 
HEPES was purchased from Gen-View Scientific Inc. (FL, 
USA). Antibiotics (penicillin and streptomycin), cytosine 
arabinoside (Ara-c), genistein, poly-l-lysine, tetraethyl-
ammonium-chloride (TEA-Cl), 4-aminopyridine (4-AP), 
and tetrodotoxin (TTX) were obtained from Sigma-Aldrich 
(MO, USA). 3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphe-
nyltetrazolium bromide (MTT) was purchased from 
AMRESCO, Inc. (Solon, OH, USA). Mouse anti-neuronal 
class III-tubulin (Tuj1) antibody and Cy-3 conjugated goat 
anti-mouse IgG secondary antibody were purchased from 
Beyotime Biotechnology Co., Ltd (Nanjing, China).

The neonatal Wistar rats were purchased from the Labo-
ratory Animal Center of Academy of Military Medical 
Sciences. The Ethics Committee of Nankai University 
have ratified the experimental program.

Hippocampal Neurons Culture and Neuron 
Identification via Immunofluorescence

Hippocampal neurons were prepared from neonatal Wistar 
rats (1 day old) based on methods from a previous study by 
our laboratory (Ma et al. 2016). Briefly, the hippocampus 
isolated from the euthanized rats were placed in Hank’s 
balanced salt solution dissociation buffer and incubated 
with 0.125% trypsin for 20 min at 37 °C following treat-
ment with trypsin inhibitor. Finally, the cells were plated 
into poly-l-lysine-coated culture dishes at a density of 
1.0 × 105 to 5.0 × 105 cells/cm2 in DMEM/F12 + Glu-
tamaxTM-1. We then added 2% B27, 10% heat-inactivated 
FBS, 100 U/mL penicillin, and 100 μg/mL streptomycin, 
and cultured the cells in an incubator (Sanyo, Japan) at 
37 °C under 5%  CO2. After incubation for 12 h, the culture 
medium was changed to DMEM/F12 + GlutamaxTM-1, 
and an additional 2% B27, 100 μg/mL streptomycin, and 
100 U/mL penicillin were added after 12 h. Non-neuronal 
cell division was inhibited by adding 3 μM Ara-c for 24 h, 
after 48 h of culture. Half of the culture medium was 
replenished every 3 days. The cultures were maintained 
for 7 days prior to the experimental treatment.

To identify the purity of hippocampal neurons, they 
were fixed in 4% paraformaldehyde for 30 min and then 
washed with PBS three times. The hippocampal neurons 
were permeabilized by 0.25% Triton X-100 for 10 min and 
then washed with PBS three times. Next the hippocampal 
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neurons were incubated with 10% BSA and 10% horse 
serum for 30 min at room temperature. Then, we incubated 
the hippocampal neurons with primary antibody [mouse 
anti-neuronal class III-tubulin (Tuj1) antibody (1:250)] 
overnight at 4 °C and then washed them with PBS three 
times. Subsequently, we incubated the hippocampal neu-
rons with secondary antibody [Cy-3 conjugated goat anti-
mouse IgG (H + L) (1:500)] for 1 h at room temperature, 
followed by three PBS washes. Then, the cell nucleus 
were re-dyed with DAPI. After the PBS washes, we 
observed the cover slips under fluorescence microscopy. 
After counting the number of Tuj1-positive hippocampal 
neurons and the number of cells in 12 randomly selected 
views from each cover slip (20 × and 40 × objectives), the 
percentage of Tuj1-positive hippocampal neurons versus 
the total neuronal number was calculated and averaged.

Aβ25–35 Treatment and Experimental Group Design

In this study, we designed three groups including the con-
trol group, Aβ25–35 exposure (AD model) group, and Aβ25–35 
exposure plus genistein treatment (Aβ + genistein) group. 
The most appropriate concentrations of Aβ25–35 and gen-
istein were confirmed by applying MTT assay before the 
experimental treatment (data not shown). Based on the 
results, treatment with 20 μM Aβ25–35 for 3 h (in the whole-
cell patch-clamp recordings) or 24 h (in the MTT assay) 
was selected to establish the AD cellular model. Following 
the AD model, the Aβ + genistein group was established by 
applying genistein (10 μM) with Aβ25–35.

Measurement of Cell Viability Using the MTT Assay

We used 96-well plates to culture hippocampal neurons for 
this experiment. Following the different treatment, we added 
10 μL 5 mg/mL MTT per well. After incubation for 4 h, the 
culture medium was discarded and 150 μL DMSO per well 
was added. We used a Beauty Diagnostic Microplate Reader 
to measure the absorbance at 570 nm. The results are shown 
as a percentage of viable hippocampal neurons versus the 
control group.

Whole‑Cell Patch‑Clamp Recordings 
of Voltage‑Activated Potassium and Sodium 
Currents

After the different treatments, voltage-activated sodium 
and potassium channel currents in the hippocampal neu-
rons were recorded by Multiclamp 700B amplifier and 
DigiData 1440A digitizer at 23–25 °C and analyzed using 
pClamp 10.1 (Axon Instruments, San Jose, CA, USA). 
The glass electrodes had a tip resistance of 3–6 MΩ. We 
suctioned suitably until establishing a giga seal and then 

automatically compensated pipette resistance and capaci-
tance. Then, we used suitable “zap” to break the patch 
membrane for formation of the whole-cell voltage-clamp 
configuration, followed by series resistance compensation. 
We recorded the currents only when membrane resistance 
was greater than 800 MΩ, using Multi-Clamp Commander 
P/N subtraction.

To record the voltage-gated sodium channel currents, 
we prepared the internal solution and external solution, 
respectively. The former solution comprised 130  mM 
CsCl, 1 mM  MgCl2·6H2O, 10 mM EGTA, 20 mM TEA-
Cl, 10 mM HEPES, and 3 mM  Na2 ATP·3H2O. We then 
adjusted the pH to 7.3 with CsOH. The latter solution 
included 5 mM KCl, 125 mM NaCl, 2 mM  MgCl2·6H2O, 
2 mM  CaCl2, 10 mM glucose, and 10 mM HEPES. Even-
tually we adjusted the pH to 7.4 with NaOH. Additionally, 
we added 4 mM 4-AP and 20 mM TEA-Cl to block K+ 
currents and 200 mM  CdCl2 to block  Ca2+ currents.

To record the voltage-activated potassium channel cur-
rents, we compounded the internal solution and external 
solution, respectively. The former solution contained 
140 mM KCl, 1 mM  MgCl2·6H2O, 10 mM HEPES, 10 mM 
EGTA, and 4 mM  Na2ATP·3H2O. Finally, we regulated the 
pH to 7.3 with KOH. The later solution was formed with 
5.4 mM KCl, 145 mM NaCl, 2 mM  MgCl2·6H2O, 2 mM 
 CaCl2, 10 mM glucose, and 10 mM HEPES. Eventually 
we regulated the pH to 7.4 with NaOH. Additionally,  Ca2+ 
currents and  Na+ currents were blocked by, respectively, 
adding 200 mM  CdCl2 and 1 mM TTX. Moreover,  IK was 
separated by adding 4 mM 4-AP and IA was separated by 
adding 20 mM TEA-Cl.

It is worth mentioning that we counted the density of 
INa, IA, and IDR in the hippocampal neurons with current 
amplitude (pA)/Cm to weaken the effect of the differences 
in neuronal size.

Data Analyses

We employed the Clampfit 10.3(Axon Instruments, San 
Jose, CA, USA), Origin 8.5, SPSS 20.0 to analyze experi-
mental results which are shown as mean ± SEM. In addi-
tion, we used one-way ANOVA to analyze the statistical 
significance among multiple groups. p < 0.05 represents 
significance, and p < 0.01 represents extreme significance.

The method to obtain the activation curves was as fol-
lows, we used the formula G = I/(Vm − Vr) to calculate the 
conductance (G) at each test potential. G was divided by 
the maximum conductance value (Gmax). We then fitted the 
G/Gmax − V curves by the Boltzmann equation G = Gmax/
{1 + exp [(Vm − V1/2)/k]} (V1/2, the voltage at which G is 
half-maximal; k, the slope factor).
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Results

Genistein Inhibited Aβ25–35‑Induced Hippocampal 
Neurons Death

After confirming 92.13 ± 1.06% of Tuj1-positive hip-
pocampal neurons in the cultured neurons, the morphol-
ogy of hippocampal neurons was observed in the three 
treatment groups. In the control group, the cultured hip-
pocampal neurons showed normal morphology. Unlike the 
control group, the Aβ25–35-treated group showed morpho-
logical changes in hippocampal neurons, which included 
shrunken and incomplete neuronal membranes with 
decreased numbers of neurons, which exhibited reduced 
attachment to the culture dish. We observed that genistein 
treatment partly rescued Aβ25–35-induced morphological 
changes in the hippocampal neurons (Fig. 1a).

The viability of hippocampal neurons after Aβ25–35 
treatment was 64.94 ± 0.68%, which was dramatically 
lower than that of the control neurons (Aβ vs. control, 
p < 0.01). However, genistein significantly reversed the 

reduction induced by Aβ25–35 exposure (Aβ + genistein 
vs. Aβ; p < 0.01) (Fig. 1b).

Effects of Genistein on the Electrophysiological 
Properties of Voltage‑Gated Sodium Channels 
in Aβ25–35‑Treated Hippocampal Neurons

Figures 2, 3 and 4 show the properties of voltage-gated 
sodium channels in hippocampal neurons subjected to dif-
ferent treatments.

As shown in Fig. 2a, representative traces of  INa in the 
hippocampal neurons were elicited by the protocol. As 
shown in Fig. 2b, Aβ25–35 treatment resulted in a significant 
decrease in peak INa density in the hippocampal neurons [Aβ 
(− 33.30 ± 6.04 pA/pF) versus the control (− 84.39 ± 10.08 
pA/pF), p < 0.01], but genistein treatment markedly 
reversed the Aβ25–35-induced decrease (Aβ + genistein vs. 
the Aβ, p < 0.01). Figure 2c shows that Aβ25–35 treatment 
significantly reduced  INa at different membrane potentials, 
as shown in the I–V curve (Aβ vs. control, p < 0.05); gen-
istein markedly reversed the Aβ25–35-induced effects on INa 
[Aβ + genistein vs. Aβ, p < 0.01)]. After treatment with 

Fig. 1  Effects of genistein on the survival status of hippocampal neu-
rons treated with Aβ25–35. a Representative status of hippocampal 
neurons under micrograph upon different treatments; internal scale, 

100 µm. b Effects of genistein on the viability of hippocampal neu-
rons subjected to Aβ25–35 treatment. **p < 0.01 compared with the 
control group; ##p < 0.01 compared with the Aβ group; n = 10
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Aβ25–35, the activation curve of  NaV was positively shifted, 
V1/2 was trending up (Aβ vs. control, p > 0.05), and k signifi-
cantly increased (Aβ vs. control, p < 0.01), whereas genistein 
treatment significantly reversed the Aβ25–35-induced effects 
(Aβ + genistein vs. the Aβ, p < 0.01, Fig. 2d and e).

Figure 3a shows the typical traces of  NaV inactiva-
tion currents in the hippocampal neurons as well as the 

detailed protocol. We used the Boltzmann equation to find 
the inactivation curves. The inactivation curve of  NaV was 
negatively shifted, V1/2 was significantly decreased (Aβ 
vs. control, p < 0.05), and k was trending up (Aβ vs. con-
trol, p > 0.05) after treatment with Aβ25–35, whereas gen-
istein treatment partly reversed the Aβ25–35-induced effects 
(Fig. 3b and c).

Fig. 2  Effects of genistein on the amplitudes and activation proper-
ties of  NaV in hippocampal neurons subjected to Aβ25–35 treatments. 
a Typical traces of  INa in the hippocampal neurons (on the left) and 
the protocol (on the right). b The amplitudes of the  INa in different 
treatments. c I − V curves of the  NaV in different treatments. d Volt-

age-dependent activation curves of  NaV in different treatments. e 
Kinetic parameters (V1/2 and k) of the activation curves of  NaV in dif-
ferent treatments. *p < 0.05 and **p < 0.01 compared with the control 
group; #p < 0.05 and ##p < 0.01 compared with the Aβ group; n = 9 for 
the control and Aβ groups; n = 12 for the Aβ + genistein group
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Figure 4a shows the representative recovery traces of  NaV 
in the hippocampal neurons as well as the detailed proto-
col. The method was as follows. First, we fitted the dura-
tion using the mono-exponential equation: I/Imax = 1 − exp 
(−△t/τ) (τ, the time constant). We observed that τ was 
trending up after treatment with Aβ25–35 (Aβ vs. control, 
p > 0.05). However, genistein treatment partly reversed the 
Aβ25–35-induced increase in the time course of  NaV recovery 
(Fig. 4b and c).

Effects of Genistein on the Electrophysiological 
Properties of Transient Outward Potassium 
Channels in Aβ25–35‑Treated Hippocampal Neurons

Figures 5, 6 and 7 show the electrophysiological proper-
ties of the transient outward potassium channels in the hip-
pocampal neurons of three different groups.

As shown in Fig. 5a, the representative traces of IA in 
the hippocampal neurons were obtained using the protocol. 
As shown in Fig. 5b, the peak IA density was trending up 
after treatment with Aβ25–35 [Aβ (145.84 ± 21.59 pA/pF) 

vs. control (132.14 ± 15.80 pA/pF), p > 0.05], whereas gen-
istein significantly reversed the Aβ25–35-induced increase 
(Aβ + genistein vs. Aβ, p < 0.05). Figure 5c shows that IA 
at different membrane potentials were trending up after 
treatment with Aβ25–35, which can be observed in the I–V 
curve (Aβ vs. control, p > 0.05); whereas genistein admin-
istration reversed the Aβ25–35-induced increase (Aβ + gen-
istein vs. Aβ, p < 0.05). The activation curves (I/Imax − V) 
were fitted using the Boltzmann equation, and the results 
are shown in Fig. 5d and e. The activation curve was posi-
tively shifted, and V1/2 (Aβ vs. control, p > 0.05) and k (Aβ 
vs. control, p > 0.05) were trending up after treatment with 
Aβ25–35, whereas genistein treatment significantly inhibited 
the Aβ25–35-induced effects (Aβ + genistein vs. Aβ, p < 0.05 
or p < 0.01).

Figure 6a shows the representative traces of transient 
outward potassium channel inactivation currents from the 
hippocampal neurons and the detailed protocol. Inactiva-
tion curves of transient outward potassium channels were 
also obtained using the Boltzmann equation. Aβ25–35 treat-
ment significantly shifted the inactivation curve toward 

Fig. 3  Effects of genistein on the inactivation properties of  NaV in 
hippocampal neurons subjected to Aβ25–35 treatments. a Typical 
traces of  NaV inactivation currents in the hippocampal neurons (on 
the right) and the protocol (on the left). b The inactivation curves 
of  NaV in different treatments. c Kinetic parameters (V1/2 and k) of 

the inactivation curves for  NaV in different treatments. *p < 0.05 and 
**p < 0.01 compared with the control group; #p < 0.05 compared 
with the Aβ group; n = 7 for the control group; n = 8 for the Aβ and 
Aβ + genistein groups
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hyperpolarization and significantly decreased V1/2 (Aβ vs. 
control, p < 0.01) and k (Aβ vs. control, p < 0.05). However, 
genistein treatment significantly suppressed the Aβ25–35-
induced effects (Aβ + genistein vs. Aβ, p < 0.05 or p < 0.01; 
Fig. 6b and c).

Figure 7a shows the representative recovery traces of 
transient outward potassium channels in the hippocampal 
neurons and the detailed protocol. We fitted the duration 
with the mono-exponential equation. Aβ25–35 treatment sig-
nificantly increased τ (Aβ vs. control, p < 0.05). However, 
genistein significantly reduced the Aβ25–35-induced increase 
in the time course for the recovery (Aβ + genistein vs. Aβ, 
p < 0.05; Fig. 7b and c).

Effects of Genistein on the Electrophysiological 
Properties of Outward‑Delayed Rectifier Potassium 
Channels in Aβ‑Treated Hippocampal Neurons

Figure 8 shows the electrophysiological properties of the 
outward-delayed rectifier potassium channels in the hip-
pocampal neurons of three different groups.

Figure 8a shows the typical traces of IDR in the hip-
pocampal neurons as well as the detailed protocol. Aβ25–35 
treatment significantly decreased the peak IDR density in the 
hippocampal neurons [Aβ (38.35 ± 3.84 pA/pF) vs. control 
(105.57 ± 14.16 pA/pF), p < 0.01]. However, the addition of 
genistein significantly inhibited the Aβ25–35-induced effects 

(Aβ + genistein vs. Aβ, p < 0.05; Fig. 8b). Aβ25–35 treatment 
significantly reduced IDR at different membrane potentials, 
which can be observed in the I–V curves (Aβ vs. control, 
p < 0.05). Moreover, genistein markedly inhibited Aβ25–35-
induced effects (Aβ + genistein vs. Aβ, p < 0.05; Fig. 8c). 
The activation curves (I/Imax − V) were fitted using the 
Boltzmann equation, and the results are shown in Figs. 8d 
and e. The activation curve was negatively shifted, and V1/2 
(Aβ vs. control, p > 0.05) and k (Aβ vs. control, p > 0.05) was 
trending down after treatment with Aβ25–35. Genistein treat-
ment partly rescued the Aβ25–35-induced effects (Aβ + gen-
istein vs. Aβ, p > 0.05).

Discussion

In the present study, we established an in vitro model of 
AD by incubating the hippocampal neurons of neonatal 
Wistar rats with Aβ25–35, and then observed the effects 
of genistein, a soybean isoflavone, on the viability and 
the electrophysiological properties of  NaV and  KV in the 
Aβ25–35-incubated hippocampal neurons. The results 
showed that Aβ25–35 decreased cell viability and led to 
neuronal injury. Aβ25–35 exposure also altered the elec-
trophysiological properties of  NaV and  KV, including a 
marked decrease in the activity of voltage-gated sodium 
channels, delayed rectifier potassium channels, and a slight 

Fig. 4  Effects of genistein on the recovery of  NaV from inactivation 
in hippocampal neurons subjected to Aβ25–35 treatments. a Typical 
recovery traces of  NaV in the hippocampal neurons (on the left) and 
the protocol (on the right). b The recovery curves of  NaV in different 

treatments. c Kinetic parameters [τ (ms)] of the recovery curves for 
 NaV in different treatments. *p < 0.05 and **p < 0.01 compared with 
the control group; #p < 0.05 compared with the Aβ group; n = 8
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increase in the activity of transient outward potassium 
channels. However, genistein treatment partially reversed 
these effects induced by Aβ25–35 exposure. These results 
revealed that genistein inhibited neuronal damage with the 
changes in the electrophysiological properties of  NaV and 
 KV in Aβ25–35 exposed hippocampal neurons.

Voltage-gated sodium channels chiefly determine neu-
ronal excitability: to be more specific, they are crucial 
in depolarization in excitable cells (Yang et al. 2010b). 
The hippocampal and cortical networks exhibit spontane-
ous network hyperexcitability in hAPP transgenic mice 
(Palop et al. 2007). Age-dependent Aβ overproduction 

Fig. 5  Effects of genistein on the amplitudes and activation properties 
of transient outward potassium channels in hippocampal neurons sub-
jected to Aβ25–35 treatments. a Typical traces of IA in the hippocampal 
neurons (on the left) and the protocol (on the right). b The amplitudes 
of the IA in different treatments. c I–V curves of transient outward 
potassium channels in different treatments. d Voltage-dependent acti-

vation curves of transient outward potassium channels in different 
treatments. e Kinetic parameters (V1/2 and k) of the activation curves 
for transient outward potassium channels in different treatments. 
*p < 0.05 compared with the control group; ##p < 0.01 and #p < 0.05 
compared with the Aβ group; n = 9
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leads to a significantly short AP waveform, which cor-
relates with decreased current density of INa (Brown et al. 
2011; Tamagnini et al. 2015). The levels of  NaV1.1 are 
decreased in the cortex of hAPP mice and AD patients; 
further study speculated that the reduction was related to 
abnormalities in network activity and cognitive dysfunc-
tion in hAPP mice and possibly in AD patients (Verret 
et al. 2012). Additionally, INa density in CA1 pyramidal 
neurons was found to be reduced both in APP/PS1 mice 
(Brown et al. 2011) and in wild-type aged mice (Ran-
dall et al. 2012). In the present study, Aβ25–35 markedly 
decreased peak INa density and significantly reduced INa 
at different membrane potentials. Moreover, Aβ25–35 posi-
tively shifted the activation curve. Furthermore, V1/2 was 
trending up, and the k values increased, suggesting that 
Aβ25–35 exposure decreased the sensitivity of  NaV activa-
tion positive shifting as well as the activation rate. In terms 
of the inactivation curves, Aβ25–35 promoted  NaV inactiva-
tion and negatively shifted them. Moreover, the V1/2 of the 
inactivation curve markedly decreased, and the value of k 
of the activation curve was trending up, suggesting that 

Aβ25–35 leads to inactivation of  NaV more easily, while the 
rate of inactivation was trending down. Furthermore, the 
recovery curves of INa and the respective time constants 
indicated that the time constant was trending up after treat-
ment with Aβ25–35, suggesting that Aβ25–35 postponed the 
recovery of  NaV from inactivation. In a nutshell, Aβ25–35 
reduced the activity of  NaV in hippocampal neurons. Fur-
thermore, we speculate that alterations in the electrophysi-
ological properties of  NaV may contribute to a decrease 
in the viability of hippocampal neurons. Genistein treat-
ment largely reversed the Aβ25–35-caused changes in the 
electrophysiological properties of  NaV. Hence, we con-
clude that genistein inhibits Aβ25–35-induced neuronal 
death with changes in the electrophysiological proper-
ties of  NaV. Genistein-mediated inhibition of INa through 
PTK-dependent pathways in rabbit ventricular myocytes 
has been previously reported (Wang et al. 2003); how-
ever, the question of whether genistein reversed the altera-
tion of voltage-gated sodium channels in Aβ25–35-treated 
hippocampal neurons through PTK-dependent pathways 
needs further research.

Fig. 6  Effects of genistein on the inactivation properties of transient 
outward potassium channels in the hippocampal neurons subjected 
to Aβ25–35 treatments. a Typical traces of transient outward potas-
sium channels inactivation currents in the hippocampal neurons (on 
the right) and the protocol (on the left). b The inactivation curves 

of transient outward potassium channels in different treatments. c 
Kinetic parameters (V1/2 and k) of the inactivation curves for transient 
outward potassium channels in different treatments. **p < 0.01 and 
*p < 0.05 compared with the control group; ##p < 0.01, and #p < 0.05 
compared with the Aβ group; n = 10
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Voltage-gated potassium channels also determine several 
neuronal properties, such as repolarization, firing frequency, 
and neuronal excitability (Yang et al. 2010a).

The  KV4.x family encodes for a majority of transient out-
ward potassium channels. Preincubation of rat cerebellar 
granule neurons as well as HEK293 cells expressing  KV4.2 
subunits with Aβ1–40 significantly increases the IA density 
and  KV4.2 mRNA levels (Kerrigan et al. 2008). Similarly, 
treatment with Aβ1–40 and Aβ1-42 increases IA as well as 
the expression of  KV4.2 and  KV4.3 subunits in cerebellar 
granule neurons (Plant et al. 2006). The  KV3.4 subunit is 
also a component of transient outward potassium channels 
(Weiser et al. 1994). It has been reported that treatment 
with Aβ1-42 increases the levels of  KV3.4, as well as the IA 
amplitude; moreover, neuronal apoptosis is related to the 
increase in  KV3.4 (Pannaccione et al. 2007). In the early 
stages of AD, the increase in  KV3.4 changes the potassium 
current in neurons and leads to changes in synaptic activity 
that might be involved in the observed neurodegeneration 
(Angulo et al. 2004). In the present study, we observed that 
the peak IA density and IA at different membrane potentials 
were trending up after treatment with Aβ25–35. The cur-
rent activation was positively shifted after treatment with 
Aβ25–35. Moreover, the V1/2 and k of the activation curve 

were trending up, suggesting that the sensitivity and rate of 
transient outward potassium channel activation were trend-
ing down after treatment with Aβ25–35. In terms of inacti-
vation curves, Aβ25–35 exposure promoted the inactivation 
of transient outward potassium channels. Furthermore, the 
V1/2 and k of the inactivation curve decreased significantly 
following treatment with Aβ25–35, suggesting that Aβ25–35 
treatment can inactivate the transient outward potassium 
channels at an increased rate. In terms of recovery curves 
of IA, Aβ25–35 significantly increased the time constant, sug-
gesting that it postponed the recovery from the inactivation. 
In brief, Aβ25–35 slightly increased the activity of transient 
outward potassium channels in hippocampal neurons. Fur-
thermore, we speculate that the decrease in the viability of 
hippocampal neurons may be correlated with alterations in 
electrophysiological properties of transient outward potas-
sium channels.

Researchers have focused on the effect of Aβ on delayed 
rectifier rectifier potassium currents (IDR). Exposure to 
Aβ25–35 or Aβ1-42 enhanced IDR and shifted the activation 
curve toward hyperpolarized in cultured cortical neurons (Yu 
et al. 1998). The Kv3.1 subunit belongs to the delayed recti-
fier potassium channels (Weiser et al. 1994). Age-dependent 
Aβ overproduction leads to narrowing of AP waveforms, and 

Fig. 7  Effects of genistein on the recovery of transient outward potas-
sium channels from inactivation to resting state in the hippocampal 
neurons subjected to Aβ25–35 treatments. a Typical recovery traces of 
the transient outward potassium channels in the hippocampal neurons 
(on the left) and the protocol (on the right). b The recovery curves 
of transient outward potassium channels in different treatments. c 

Kinetic parameters [τ (ms)] of the recovery curves for transient out-
ward potassium channels in different treatments. *p < 0.05 com-
pared with the control group; #p < 0.05 compared with the Aβ group; 
n = 11 for the control group, n = 7 for the Aβ group and n = 8 for the 
Aβ + genistein group
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narrow AP width correlates with an increased expression of 
 KV3.1 channels (Tamagnini et al. 2015; Wykes et al. 2012). 
One study indicated that Aβ25–35 could significantly inhibit 
IDR in hippocampal neurons (Yin et al. 2017). In our study, 

we found that Aβ25–35 significantly decreased the peak cur-
rent density of IDR and significantly reduced IDR at different 
membrane potentials. The activation curve negatively shifted 
after treatment with Aβ25–35. Furthermore, the V1/2 and k of 

Fig. 8  Effects of genistein on the properties of outward-delayed recti-
fier potassium channels in hippocampal neurons subjected to Aβ25–35 
treatments. a Representative traces of IDR in the hippocampal neu-
rons (on the left) and the protocol (on the right). b The amplitudes 
of IDR in different treatments. c I–V curves for outward-delayed recti-
fier potassium channels in different treatments. d Voltage-dependent 

activation curves for outward-delayed rectifier potassium channels in 
different treatments. e Kinetic parameters (V1/2 and k) of the activa-
tion curves for IDR in different treatments. **p < 0.01 and *p < 0.05 
compared with the control group; #p < 0.05 compared with the Aβ 
group; n = 9
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activation curve were trending down, suggesting that the 
sensitivity and rate of outward delayed rectifier potassium 
channel activation were trending up after treatment with 
Aβ25–35. In short, treating the hippocampal neurons with 
Aβ25–35 decreased the activity of delayed rectifier potassium 
channels in hippocampal neurons. Moreover, we speculate 
that the decrease in the viability of hippocampal neurons 
may be correlated with alterations in the electrophysiologi-
cal properties of delayed rectifier potassium channels.

Based on the above results, Aβ25–35 differentially affected 
the electrophysiological properties of transient outward 
potassium channels and delayed rectifier potassium chan-
nels in hippocampal neurons. Although Aβ25–35 exposure 
produced different effects on the electrophysiological prop-
erties of transient outward potassium channels and delayed 
rectifier potassium channels, genistein partially reversed the 
Aβ25–35-induced alteration. Hence, we concluded that gen-
istein inhibits Aβ25–35-induced neuronal death with changes 
in the electrophysiological properties of  KV, including 
transient outward potassium channels and delayed rectifier 
potassium channels in Aβ25–35 treated hippocampal neurons. 
One study in mouse Schwann cells showed that genistein 
decreases the tyrosine phosphorylation of  KV1.4 as well as 
 KV1.5 and  KV2.1, which, respectively, code for transient 
outward potassium channels and delayed-rectifier potassium 
channel alpha subunits, thereby reducing the amplitude of 
IA and IDR (Peretz et al. 1999). However, genistein-mediated 
reversal of electrophysiological properties of transient out-
ward potassium channels and delayed rectifier potassium 
channels in Aβ25–35-treated hippocampal neurons through 
PTK-dependent pathways requires further research.

Here we will discuss the limitation of voltage-clamp 
technique and existed issue on space clamp in our experi-
ment. The voltage-clamp technique was first used to require 
quantitative description of the ionic channels (Hodgkin and 
Huxley 1952). Generally, voltage-clamp recordings can only 
be properly analyzed in isopotential structures. However, 
the cell membrane in most excitable cells such as neurons, 
muscle cells, and glandular cells are not in isopotential struc-
tures, so problems that occur upon incomplete space clamp 
have been addressed extensively (Armstrong and Gilly 1992; 
Major 1993; Spruston et al. 1993). Typically, incomplete 
space clamp may distort the recorded currents, rendering 
accurate analysis impossible in voltage-clamp experiments. 
Researchers have presented numerical algorithms that cor-
rects the space clamp errors (Castelfranco and Hartline 
2004; Schaefer et al. 2003). Not unexpectedly, the issue 
of “space clamp” may emerge in our recording of the hip-
pocampal neurons based on the delay in the activation of the 
 Na+ currents. In present study, we set series resistance com-
pensation to reduce the negative effects of incomplete space 
clamp referred on the previous research (Bekkers 2000), and 
we performed more than seven neurons recording in each 

treatment. We hope that the changes in electrophysiological 
properties approximately be a consequence of experimen-
tal treatment, not simply be a consequence of experimental 
errors. Certainly, finer recording methods such as applying 
nucleated patches might accurately reflect the impact of 
experimental treatment on electrophysiological properties.

Conclusion

Aβ25–35-induced neuronal death may be correlated with the 
alterations in electrophysiological properties of  NaV and  KV, 
including a marked decrease in the activities of  NaV and 
delayed rectifier potassium channels, and a slight increase 
in the activity of transient outward potassium channels in 
the hippocampal neurons. In conclusion, we suggest that 
genistein may inhibit Aβ25–35-induced neuronal death with 
changes in the electrophysiological properties of  NaV and  KV 
in Aβ25–35-treated hippocampal neurons.
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