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Abstract
The overproduction of neurotoxic amyloid-β (Aβ) peptides in the brain is a hallmark of Alzheimer’s disease (AD). To 
determine the role of intracellular zinc ion (iZn2+) dysregulation in mediating Aβ-related neurotoxicity, this study aimed to 
investigate whether N, N, N′, N′‑tetrakis (2‑pyridylmethyl) ethylenediamine (TPEN), a Zn2+‑specific chelator, could attenuate 
Aβ25–35‑induced neurotoxicity and the underlying mechanism. We used the 3-(4, 5-dimethyl-thiazol-2-yl)-2, 5-diphenyltetra-
zolium bromide assay to measure the viability of primary hippocampal neurons. We also determined intracellular Zn2+ and 
Ca2+ concentrations, mitochondrial and lysosomal functions, and intracellular reactive oxygen species (ROS) content in 
hippocampal neurons using live-cell confocal imaging. We detected L-type voltage-gated calcium channel currents (L-ICa) 
in hippocampal neurons using the whole‑cell patch‑clamp technique. Furthermore, we measured the mRNA expression 
levels of proteins related to the iZn2+ buffer system (ZnT-3, MT-3) and voltage-gated calcium channels (Cav1.2, Cav1.3) in 
hippocampal neurons using RT-PCR. The results showed that TPEN attenuated Aβ25–35‑induced neuronal death, relieved 
the Aβ25–35‑induced increase in intracellular Zn2+ and Ca2+ concentrations; reversed the Aβ25–35‑induced increase in ROS 
content, the Aβ25–35‑induced increase in the L-ICa peak amplitude at different membrane potentials, the Aβ25–35‑induced the 
dysfunction of the mitochondria and lysosomes, and the Aβ25–35‑induced decrease in ZnT-3 and MT-3 mRNA expressions; 
and increased the Cav1.2 mRNA expression in the hippocampal neurons. These results suggest that TPEN, the Zn2+-specific 
chelator, attenuated Aβ25–35‑induced neuronal damage, correlating with the recovery of intracellular Zn2+ and modulation 
of abnormal Ca2+-related signaling pathways.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegenera-
tive disease that leads to cognitive impairment accompanied 
by neuronal dysfunction or death in the elderly [1, 2]. AD 
patients show atrophy of the cerebral cortex and hippocam-
pus in the brain, which leads to impairment of learning 
and the ability to form new memories [3]. Amyloid-β (Aβ) 
aggregates and accumulates in the brain to form amyloid 
plaques, which are believed to play an important role in the 
pathogenesis of AD. The neurotoxicity of Aβ can trigger a 
deleterious cascade of events that accelerate AD progres-
sion, including neuronal excitotoxicity damage, intracellular 
ion dyshomeostasis, oxidative stress, loss of synapses, and 
cell apoptosis [4–6].

Zinc ions (Zn2+) are essential trace elements in humans 
and other animals that participate in a variety of physiological 
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processes, such as catalytic reactions of enzymes, intracellu-
lar signaling, metabolism, differentiation, cellular growth, and 
neurodevelopment [7]. However, excess free Zn2+ has been 
shown to be neurotoxic and can cause neuronal damage under 
some pathological conditions [8]. Furthermore, an increase in 
free Zn2+ concentration in the brain or Zn2+ dysregulation in 
neurons is related to the occurrence and development of AD [9, 
10]. Several autopsy studies have shown Zn2+ increase in the 
hippocampus and amygdala of AD patients [11]. Excess Zn2+ 
can promote the formation of Aβ oligomers by disrupting the 
helical structure at the N-terminus and inducing β-sheet forma-
tion at the C-terminus, along with the formation of intra- and 
inter-chain salt bridges [12]. Other than exogenous Zn2+, the 
free Zn2+ stored in presynaptic vesicles of some glutamatergic 
neurons is released into the synaptic cleft along with neuro-
transmitters in response to synaptic activity, and this could also 
promote the aggregation of Aβ [13]. Therefore, maintaining 
Zn2+ homeostasis is a potential strategy for AD treatment.

Calcium ions (Ca2+), an important second messenger, 
are involved in many different neurophysiological functions, 
including the modulation of membrane excitability and mito-
chondrial function, synaptic transmission, neuronal intra- and 
paracellular signaling, reactive oxygen/nitrogen species (ROS/
RNS) formation, and apoptosis/necrosis [14, 15]. Ca2+ can 
enter neurons from the extracellular space via membrane-
embedded Ca2+-permeable channels, such as voltage-gated 
calcium channels (VGCCs), non-specific cation channels, 
N-methyl-d-aspartate receptors (NMDAR), and transient 
receptor potential channels (TRPCs) [16]. In neurons, intra-
cellular Ca2+ (iCa2+) is mainly stored in the endoplasmic 
reticulum (ER) and mitochondria, and cytosolic Ca2+ is main-
tained at low nanomolar concentrations (50–300 nM) when 
neurons are at rest or having minimal activity [15, 17]. The 
loss of the ability to handle iCa2+ is one of the central features 
of aging neurons. The calcium hypothesis suggests that neu-
ronal iCa2+ dysregulation plays an important role in AD [18]. 
In different experimental models of AD, Ca2+ accumulates in 
neurons, and iCa2+ concentration increases, which is toxic to 
neurons and triggers subsequent pathological processes that 
drive AD development [17, 19]. Further evidence suggests 
that Aβ can increase iCa2+ concentrations via interactions with 
NMDAR and VGCCs [20, 21]. Collectively, drugs or strate-
gies to correct iCa2+ dysregulation are promising therapeutic 
approaches for AD treatment.

Mitochondria are organelles in buffering iCa2+ levels by 
taking up and releasing Ca2+[22]. At synaptic terminals, 
mitochondria can sequester excess iCa2+ and release Ca2+ to 
prolong their residual levels [23] and is involved in regulat-
ing neurotransmission and certain types of short-term synap-
tic plasticity [24]. Aged and dysfunctional mitochondria are 
not only defective in their abilities for ATP production and 
iCa2+ buffering, but can also release harmful ROS that induces 
neuronal apoptosis [25]. Mitochondrial dysfunction has been 

suggested as a hallmark of neurodegenerative diseases such as 
AD, Parkinson’s disease (PD), amyotrophic lateral sclerosis, 
and Huntington’s disease (HD) [26]. According to the mito-
chondrial cascade hypothesis of AD, mitochondrial dysfunc-
tion associated with elevated ROS levels accumulates for many 
years in susceptible patients and leads to synaptic defects, 
cognitive dysfunction, tau protein and Aβ aggregation, and 
neuroinflammation at certain time points [27, 28].

Collectively, Aβ-induced deleterious neuronal cascades 
might be involved in Zn2+ and iCa2+ dysregulation, mitochon-
drial dysfunction, and oxidative stress damage. Our previous 
studies have shown that N, N, N′, N′-tetrakis-(2‑pyridylmethyl)-
ethylenediamine (TPEN), a Zn2+‑specific chelator with cell 
membrane permeability, could attenuate soluble Aβ‑induced 
neuronal damage by restoring intracellular Zn2+ (iZn2+) concen-
tration and the electrophysiological properties of voltage-gated 
sodium channels (Nav) and voltage-gated potassium channels 
(Kv) [29]. However, the detailed mechanisms of increased iZn2+ 
or abnormal Zn2+ homeostasis involved in Aβ neurotoxicity 
need to be further studied. Therefore, in this study, we first 
established an in vitro model of AD by exposing primary hip-
pocampal neurons to soluble Aβ25–35, and then detected the 
potential protective effect and possible mechanism of TPEN 
on Aβ25-35-induced neuronal damage through in vitro experi-
ments. Herein, we aimed to elucidate the mechanisms of iZn2+ 
dysregulation in Aβ-induced neurotoxicity, enrich the patho-
physiological theory of AD, and provide a basis for preventing 
and combating AD using Zn2+-specific chelators.

Materials and Methods

Chemicals and Animals

Dulbecco’s modified Eagle medium/F12 + Glutamax™-1, 
Neurobasal™-A medium, Glutamax™, fetal bovine serum, 
B27 supplements, antibiotics (penicillin and streptomy-
cin), and 0.25% trypsin–EDTA were purchased from Gibco 
(Grand Island, NY, USA). Hank’s balanced salt solution 
(HBSS) was purchased from SolarBio (Beijing, China). 
DNase, cytosine β-d-arabinofuranoside (Ara-C), TPEN, poly-
l-lysine, TEA-Cl, 4-AP, and tetrodotoxin (TTX) were pur-
chased from Sigma-Aldrich (MO, USA). We obtained 3-(4, 
5-dimethyl-thiazol-2-yl)-2, 5-diphenyltetrazolium bromide 
(MTT) from Amresco Inc. (Solon, OH, USA). Chemical con-
structs of Aβ peptides were synthesized by China Peptides 
Co., Ltd. (Shanghai, China) using the Aβ25–35 sequences of 
human APP. Aβ25–35 was dissolved in ddH2O to prepare a 
stock solution at a concentration of 100 mM. The concen-
tration of Aβ25–35 used in this study was 20 μM. Neonatal 
Sprague–Dawley rats were purchased from SPF Biotechnol-
ogy Co., Ltd. (Beijing, China). All experimental protocols 
were approved by the Ethics Committee of Nankai University.
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Primary Hippocampal Neuronal Culture

Primary hippocampal neurons were prepared from early 
postnatal (postnatal day 0–1) Sprague–Dawley rats (either 
sex) using protocols described previously [29]. Briefly, the 
hippocampal tissues were dissected in an ice-cold dissocia-
tion buffer (HBSS), minced with forceps, and digested with 
0.25% trypsin–EDTA (Invitrogen, UK) at 37 °C for 12 min. 
The digested tissues were triturated in Dulbecco’s modified 
Eagle medium/F12 (Gibco, UK) medium supplemented with 
10% fetal bovine serum (Gibco, UK) and 50 μg/mL DNase 
(Sigma, USA) using a fire-polished plastic pipette. The cell 
suspension was centrifuged at 100 × g for 5 min, and the cells 
were re-suspended in the following plating medium: Dul-
becco’s modified Eagle medium/F12 medium supplemented 
with 10% fetal bovine serum, 5 unit/mL penicillin, and 50 µg/
mL streptomycin (all from Gibco, UK). The cell suspension 
was then filtered through a 74-µm screen mesh and was plated 
into poly l-lysine-coated 96-well plates or 35-mm culture 
dishes at a density of 120 cells/mm2 in the plating medium. 
After 4–6 h, the plating medium was replaced with a main-
tenance medium, which consisted of Neurobasal-A medium 
supplemented with 2% B27, 1% Glutamax, 50 μg/mL strepto-
mycin, and 5 unit/mL penicillin (all from Gibco, UK). On day 
3, Ara-C (Sigma, USA) was added at a final concentration 
of 1–5 μM to inhibit glial overgrowth. Cells were cultured 
in a humidified 5% CO2 incubator at 37 °C, with half of the 
maintenance medium replaced every 3 days. Neurons were 
cultured for 8–12 days in vitro before the experiments.

Experimental Design

The cultured hippocampal neurons were divided into 
three groups: control, Aβ25–35, and Aβ25–35 + TPEN. In 
the Aβ25–35 group, hippocampal neurons were treated with 
Aβ25–35 in the maintenance medium at a final concentra-
tion of 20 μM for 24 h to establish an in vitro model of 
AD. According to our previous experimental results [29], 
the most appropriate concentration of TPEN was 100 nM. 
In the Aβ25–35 + TPEN group, hippocampal neurons were 
treated with TPEN in the maintenance medium at a final 
concentration of 100 nmol L−1 for 30 min before and dur-
ing the exposure to Aβ25–35.

Measurement of Cell Viability Using the MTT Assay

Cultured neuron viability was determined using the MTT 
assay. The cells were plated in 96-well plates. Following 
cell treatment, the maintenance medium was removed, and 
the cells were incubated with MTT solution (5 mg/mL MTT, 
prepared in HBSS) at 37 °C for 4 h. Next, the supernatant 
was discarded, and the formazan particles were dissolved 

in 100 µL of DMSO. Absorbance was measured at 570 nm 
using a BIORAD680 plate reader (Thermo, Waltham, MA, 
USA). The experiments were repeated at least three times, 
and the results were expressed as the percentage of viable 
hippocampal neurons compared to the control group.

Single Live–Cell Confocal Imaging

Neurons were seeded in 35-mm glass-bottomed confocal 
dishes (Nest, China). After the corresponding treatments, 
neurons were rinsed with HBSS. For Ca2+ or Zn2+ imag-
ing, neurons were incubated in HBSS containing 2 µM 
Fluo4-AM (Beyotime Biotechnology, China), 2 µM Fluo-
Zin3-AM (Life Technologies, USA), and 0.02% (w/v) plu-
ronic acid (Solarbio) at 37 °C in the dark for 30–60 min. 
In order to detect the function of the mitochondria and 
lysosomes, neurons were incubated in HBSS containing 
200 nM MitoTracker Red CMXRos, 75 nM LysoTracker 
Red, or 1 µM Hoechst 33,342 (all from Beyotime Biotech-
nology) at 37 °C in the dark for 10–25 min. Cellular ROS 
generation was measured using DCFH-DA (Beyotime Bio-
technology, Shanghai, China). Neurons were incubated in 
HBSS containing 10 µM DCFH-DA at 37 °C in the dark 
for 20 min. Neurons were then rinsed and kept in HBSS 
before images were captured. The fluorescence of Fluo4-
AM (laser, 488 nm; emission, 512–520 nm), FluoZin3-
AM (laser, 488 nm; emission, 516 nm), MitoTracker Red 
CMXRos (laser, 579 nm; emission, 599 nm), LysoTracker 
Red (laser, 577 nm; emission, 590 nm), DCFH-DA (laser, 
488 nm; emission, 525 nm), and Hoechst 33,342 (laser, 
350 nm; emission, 461 nm) was measured with a confocal 
laser-scanning microscopic system (TCSSP5, Leica, Ger-
many). Image-Pro Plus software was used to analyze the 
fluorescence intensity of the images.

Whole‑Cell Patch‑Clamp Recording of Cultured 
Hippocampal Neurons

Whole-cell patch-clamp recordings were performed to 
record L-ICa in primary hippocampal neurons at room tem-
perature (22–25 °C). The recording micropipettes were 
pulled using a micropipette horizontal puller (P-97, Sutter 
Instrument Company, USA) from a borosilicate capillary 
glass. After being filled with the intracellular solution, 
the pipettes were chosen for the recordings, with the tip 
resistance ranging from 3 to 5 MΩ. Cultures were mounted 
on the stage of an inverted microscope (BX51W1, Olym-
pus, Japan) and incubated with the extracellular solution. 
Hippocampal neurons were patched in whole-cell voltage 
clamp mode and recorded using a Multiclamp 700B ampli-
fier (Molecular Devices, Foster City, CA, USA). Digidata 
1440A (Molecular Devices) was used to digitize the data. 
pClamp 10.1 software (Molecular Devices) was used for 
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data acquisition. Recordings were accepted only if the 
series resistance was less than 20 MΩ and if it did not 
vary by over 20% throughout the experiment.

To record L-ICa, the intracellular solution contained 
110 mM CsCl, 30 mM TEA-Cl, 10 mM EGTA, 10 mM 
HEPES, and 3 mM Na2ATP·3H2O (pH 7.3 with CsOH), 
and the extracellular solution contained 110 mM cho-
line chloride, 10 mM BaCl2, 1 mM MgCl2·6H2O, 10 mM 
HEPES, 10 mM glucose, 4 mM 4-AP, 20 mM TEA-Cl, and 
0.001 mM TTX (pH 7.4 with Tris).

To eliminate the influence of neuronal size, the currents 
were normalized to the cell membrane capacitance and 
presented as current densities (pA/pF).

Quantitative Real‑Time PCR

Total RNA was extracted from cultured neurons using the 
TransZol Up Plus RNA Kit (TransGen Biotech, Beijing, 
China), according to the manufacturer’s instructions. The 
mRNA was reverse-transcribed into cDNA using HiScript® 
II Q RT SuperMix for qPCR (Vazyme, Nanjing, China). 
The primer pair sequences used are listed in Table 1. RT-
PCR was performed on a RealPlex2 Mastercycler (Eppen-
dorf, Stevenage, UK) using 2 × Universal SYBR Green Fast 
qPCR Mix (ABclonal, Wuhan, China). Cycling conditions 
were as follows: 95 °C for 3 min and 40 cycles of 95 °C for 
5 s, then 60 °C for 30 s. At the end of the cycling process, 
melting curve analysis was performed on each sample to 
confirm amplification specificity. β-actin mRNA was used 
as an endogenous control. All samples were run in tripli-
cate. RT-PCR was repeated at least three times for each 
gene. Fold changes in the target genes were calculated using 
the comparative (2−△△CT) method [30].

Statistical Analysis

The experimental results were analyzed using Clampft 10.3 
(Molecular Devices), Origin 8.5, and SPSS (IBM SPSS 
Statistics for Windows, Version 20.0. Armonk, NY: IBM 
Corp.). All data were expressed as mean ± standard error of 
the mean (SEMs). Statistical significance was assessed by 
one-way analysis of variance, with significance at the level 
of p < 0.05 and extreme significance at the level of p < 0.01.

Results

TPEN Increased the Cell Viability of Hippocampal 
Neurons Exposed to Aβ25–35

The effect of TPEN on the viability of Aβ25–35-treated hip-
pocampal neurons was examined using the MTT assay. As 
shown in Fig. 1, exposure to 20 μM Aβ25–35 for 24 h led to 
significant neuronal death in control neurons (Aβ25–35 treatment 
vs. control: p < 0.01). However, Aβ25–35-induced neuronal death 
was markedly attenuated by treatment with 100 nM TPEN, 
although neuronal death could not be completely prevented 
(Aβ + TPEN vs. Aβ, p < 0.01; Aβ + TPEN vs. control, p < 0.01).

TPEN inhibited Aβ25–35‑induced iZn2+ and iCa2+ 
concentration increase in hippocampal neurons

To investigate the concentrations of iZn2+ and iCa2+ in pri-
mary hippocampal neurons, we used cell-permeant Zn2+- 
and Ca2+-selective fluorescent indicators, that is, FluoZin-3 
and Fluo-4 AM, respectively, to examine the iZn2+ and iCa2+ 
concentrations in individual hippocampal neurons. Live-cell 
confocal imaging showed that both FluoZin-3 and Fluo-4 
AM fluorescence intensities were significantly increased 
after Aβ25-35 treatment, which indicated that both iZn2+ and 
iCa2+ concentrations were increased after being treated with 
Aβ25-35 (Figs. 2 and 3); however, TPEN treatment strongly 
suppressed the Aβ25–35-induced iZn2+ and iCa2+ concentra-
tion increases (Figs. 2 and 3), especially the iZn2+ concentra-
tion, to the point where there was no difference between the 
Aβ + TPEN and control groups (p > 0.05).

TPEN Inhibited Aβ25–35‑Induced Increase of L‑ICa 
Density in Hippocampal Neurons

L-type voltage-gated calcium channel currents (L-ICa) in pri-
mary hippocampal neurons were examined using whole-cell 
patch-clamp recordings. To record L-ICa, hippocampal neu-
ron potentials were held at − 50 mV, and current traces were 
evoked using a 250-ms constant depolarizing pulse from − 60 
to + 40 mV in increments of 10 mV (Fig. 4a). Consequently, 
Aβ25–35 significantly increased the maximum current density 
of L-ICa compared to the control (from − 17.40 ± 1.08 pA/pF 
to − 27.61 ± 1.75 pA/pF, p < 0.01; Fig. 4b). Furthermore, the 

Table 1   Primer sequences used in RT-PCR

Gene Gene loci Forward primer (5′-3′) Reverse primer (5′-3′)

ZnT-3 NM_001013243.1 GAC​CAA​AGT​GTA​TAT​GAA​GGC​AGT​G CAG​GAA​TCG​TAG​AGG​ACA​AGCA​
MT-3 NM_053968.3 CCC​TGT​CCT​ACT​GGT​GGT​TC TTG​GCA​CAC​TTC​TCA​CAT​CC
CaV1.2 NM_012517.2 GGC​ATC​ACC​AAC​TTC​GAC​A TAC​ACC​CAG​GGC​AAC​TCA​TA
CaV1.3 NM_017298.1 TGA​CAT​TGG​GCC​AGA​AAT​CC GGT​GGT​ATT​GGT​CTG​CTG​AA
β-actin NM_031144.3 CGT​TGA​CAT​CCG​TAA​AGA​CCT​ TCA​GGA​GGA​GCA​ATG​ATC​TTG​
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L-ICa increased at different membrane potentials after exposure 
to Aβ25–35, which were visible from the current–voltage (I–V) 
curves (Fig. 4c), compared to that after exposure to the con-
trol (p < 0.05). However, TPEN treatment not only completely 

reversed the increase in the maximum L-ICa current density 
caused by Aβ25–35, but also prevented the Aβ25–35-induced 
downward shift of the I-V curves (Aβ + TPEN vs. Aβ, p < 0.05; 
Aβ + TPEN vs. control, p > 0.05; Fig. 4b, c).

TPEN Reversed Aβ25–35‑Induced Changes 
in the mRNA Expression of Proteins Related 
to the iZn2+ Buffer System and Cav in Hippocampal 
Neurons

We detected the mRNA expression levels of proteins related 
to the iZn2+ buffer system (ZnT-3, MT-3) and voltage-gated 
Ca2+ channels (Cav1.2, Cav1.3) in hippocampal neurons 
using RT-PCR. The results are shown in Fig. 5. After Aβ25–35 
treatment, the mRNA levels of ZnT-3 and MT-3 were sig-
nificantly decreased (Aβ vs. control, p < 0.05), but the mRNA 
level of Cav1.2 was significantly increased (Aβ vs. control, 
p < 0.05); however, TPEN treatment completely reversed 
these Aβ25-35‑induced changes (Aβ + TPEN vs. Aβ, p < 0.05; 
Aβ + TPEN vs. control, p > 0.05), whereas there was no differ-
ence in the mRNA level of Cav1.3 among all groups (p > 0.05).

TPEN Inhibited Aβ25–35‑Induced Mitochondrial 
and Lysosomal Dysfunctions in Hippocampal 
Neurons

We performed single live-cell confocal imaging to examine 
mitochondrial and lysosomal functions using MitoTracker 
Red CMXRos and LysoTracker Red. As shown in Figs. 6 and 
7, Aβ25–35 treatment noticeably reduced both MitoTracker 
Red CMXRos and LysoTracker Red fluorescence intensi-
ties, suggesting both mitochondrial and lysosomal dys-
functions. However, TPEN treatment completely reversed 
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Fig. 2   Effects of TPEN on 
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50 μm. b Mean fluorescence 
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ferent groups. The data shown 
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independent experiments, each 
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each condition. The data are 
presented as means ± SEMs; 
**p < 0.01 versus the control 
group; ##p < 0.01 versus the Aβ 
group. Aβ, amyloid-β
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Aβ25–35-induced effects (Aβ + TPEN vs. Aβ, p < 0.01; 
Aβ + TPEN vs. control, p > 0.05).

TPEN Inhibited Aβ25–35‑Induced Cellular ROS 
Increase in Hippocampal Neurons

The levels of ROS in hippocampal neurons were detected 
using a DCFH-DA fluorescent probe. Figure 8 shows that 
Aβ25–35 treatment increased the fluorescence intensity of 
DCFH-DA, which was abolished by TPEN treatment. These 

results indicate that TPEN inhibited the Aβ25–35-induced 
increase in cellular ROS in hippocampal neurons.

Discussion

This study showed that TPEN attenuated Aβ25–35-induced 
neuronal death, alleviated Aβ25–35-induced increase in 
iZn2+ and iCa2+ concentrations, reversed the Aβ25–35-
induced increase in the peak amplitudes of L-ICa at different 

Fig. 3   Effects of TPEN on 
the intracellular Ca2+ concen-
tration of the hippocampal 
neurons treated with Aβ25–35. a 
Representative confocal images 
showing Fluo-4 AM (green) 
staining under the different 
treatments. The scale bar is 
50 μm. b Mean fluorescence 
intensity of Fluo-4 AM in the 
different groups. The data 
shown in b were obtained from 
three independent experiments, 
each examining 15–20 neurons 
for each condition. The data are 
presented as means ± SEMs; 
**p < 0.01 versus the control 
group; ##p < 0.01 versus the Aβ 
group. Aβ, amyloid-β
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##p < 0.01 versus the Aβ group; 
n = 8 for the control group; 
n = 12 for the Aβ group; n = 14 
for the Aβ + TPEN group. 
Aβ, amyloid-β; L-ICa, L-type 
voltage-gated Ca2+ channel 
current

20 ms

200 pA

-60 -40 -20 0 20 40

-30

-25

-20

-15

-10

-5

0

Membrane potential (mV)

L-
I C

a
pe

ak
cu

rr
en

td
en

si
ty

(p
A
/p
F) #

*

*

##

*

##

**

##

**

**

Control

**

##

+40 mV

-50 mV

250 ms

Control

-50

-40

-30

-20

-10

0

L-
I C

a
m
ax

im
um

cu
rr
en

t
de

ns
ity

(p
A
/p
F)

##

**

a

b c



4238	 Molecular Neurobiology (2023) 60:4232–4245

1 3

membrane potentials, inhibited Aβ25–35-induced mito-
chondrial and lysosomal dysfunctions, and suppressed the 
Aβ25–35-induced increase in intracellular ROS level. These 
results suggest that Aβ25–35-induced neuronal damage cor-
relates with iZn2+ and iCa2+ dysregulation.

Under physiological conditions, the basal level of extra-
cellular Zn2+ is in the low nanomolar (~ 10 nM) range in 
the hippocampus, which increases with age [31, 32]. Extra-
cellular Zn2+ is mainly released from zincergic terminals 
during synaptic activity, which can interact with postsynap-
tic-related receptors and ion channels (NMDAR, α-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid receptors 
(AMPAR), γ-aminobutyric acid (GABA) receptors, glycine 
receptors, and VGCCs), thus mediating the neuronal excit-
ability and synaptic plasticity [33, 34]. The basal level of 
iZn2+ is estimated to be less than 1 nM (~ 100 pM), and 
the body is more sensitive to changes in iZn2+ than to that 
of extracellular Zn2+ [35]. Excess iZn2+ becomes neuro-
toxic, stimulating neurons to generate ROS and triggering 
oxidative stress, which eventually leads to cell death [36]. 
When the Aβ concentration in the extracellular compartment 
exceeds 100 pM, Aβ can rapidly bind to extracellular Zn2+ 
with high affinity through its histidine residues or carboxyl 
groups (His6, His13, His14, and AsP1), inducing the forma-
tion of Zn-Aβ complexes [37], and rapidly incorporated into 
neurons to form Zn2+-permeable ion channels [38]. Moreo-
ver, free Zn2+ can be released from Zn-Aβ oligomers, result-
ing in increased intracellular Zn2+ and Aβ concentrations 
and inducing neuronal death and cognitive decline [39]. 
Since there is an age-related increase in extracellular Zn2+ 

concentration, Aβ-induced iZn2+ neurotoxicity accelerates 
with aging [38]. In addition, in vivo experiments showed 
that extracellular Zn2+ is essential for Aβ-induced cogni-
tive decline [37]. Furthermore, extracellular Zn2+ can also 
enter cells via Ca2+- and Zn2+-permeable VGCCs, NMDAR, 
and GluR2-deficient AMPA receptors [40]. Excess influx 
of extracellular Zn2+ is more likely to induce glutamate 
excitotoxicity than the influx of extracellular Ca2+ because 
the iZn2+ concentration (~ 100 pM) is much lower than the 
iCa2+ concentration (~ 300 nM) but has higher neurotoxic-
ity [41–43]. Similar to our previous results [29], the present 
experiment also showed a decrease in neuronal viability and 
an increase in iZn2+ concentration after exposure to 20 μM 
Aβ25–35 for 24 h, whereas TPEN pretreatment markedly 
attenuated Aβ25–35-induced neuronal death and reversed 
the Aβ25–35-induced iZn2+ concentration increase. These 
results suggest that iZn2+ dysregulation mediates the neu-
rotoxicity of Aβ25–35. Additionally, systemic and cellular 
Zn2+ homeostasis in mammals is usually regulated by the 
expression and action of iZn2+-buffering systems, including 
zinc transporters (ZnTs), metallothioneins (MTs), and Zrt, 
Irt-related proteins (ZIPs) [44]. Zinc transporter 3 (ZnT-3) 
is mainly expressed in the cerebral cortex and hippocam-
pus and is responsible for the transport of cytoplasmic Zn2+ 
into presynaptic vesicles [45]. Similarly, metallothionein 3 
(MT-3) is principally expressed in the zincergic neurons. 
As an intracellular Zn2+ reservoir, MT-3 is to bind cytoplas-
mic Zn2+ with high affinity and releases Zn2+ when needed 
[46]. Both ZnT-3 and MT-3 are helpful for iZn2+ homeo-
stasis in the brain. However, multiple studies have shown 

Fig. 5   Effects of TPEN on the 
mRNA expression of ZnT-3, 
MT-3, Cav1.2, and Cav1.3 in 
the hippocampal neurons treated 
with Aβ25–35. a Quantifica-
tion of ZnT-3 mRNA levels. 
b Quantification of MT-3 
mRNA levels. c Quantifica-
tion of Cav1.2 mRNA levels. d 
Quantification of Cav1.3 mRNA 
levels. β-actin was used as an 
internal control. The data are 
presented as means ± SEMs; 
*p < 0.05 and **p < 0.01 versus 
the control group; #p < 0.05 and 
##p < 0.01 versus the Aβ group; 
n = 5 or 6; Aβ, amyloid-β
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that AD development is accompanied by decreased expres-
sion of ZnT-3 and MT-3 [47, 48]. Furthermore, lysosomal 
dysfunction was observed in MT-3 knockdown astrocytes, 
consistent with the reduced autophagy observed during AD 
[49]. Our RT-PCR results showed that Aβ25-35 significantly 
decreased ZnT-3 and MT-3 mRNA levels in hippocampal 
neurons, whereas TPEN completely reversed these changes. 
These results suggest that Aβ can induce iZn2+ increase by 
reducing the mRNA expression levels of MT-3 and ZnT-3 
in hippocampal neurons. Furthermore, TPEN partially coun-
teracted Aβ-induced neuronal damage by restoring iZn2+ 

homeostasis, suggesting that specific Zn2+ chelators have 
potential therapeutic value against AD.

Presenilin, Aβ oligomers, and hyperphosphorylated tau 
can cause iCa2+ dyshomeostasis [50], which is involved 
in numerous molecular mechanisms, including increased 
Ca2+ influx by hyperactivated NMDAR and VGCCs, and 
promoting Ca2+ release from the ER by increasing inositol 
1,4,5-trisphosphate receptors (IP3R) and ryanodine recep-
tors (RYR) activities [51, 52]. Excessive Ca2+ influx can 
trigger multiple deleterious events including increased 
ROS, metabolic derangement, excessive inflammation, 

Fig. 6   Effects of TPEN on 
the mitochondrial membrane 
potential of the hippocampal 
neurons treated with Aβ25–35. a 
Representative confocal images 
showing MitoTracker Red 
CMXRos staining under the 
different treatments. The scale 
bar is 10 μm. b Mean fluores-
cence intensity of MitoTracker 
Red CMXRos in the different 
groups. The data shown in 
b were obtained from three 
independent experiments, each 
examining 15–20 neurons for 
each condition. The data are 
presented as means ± SEMs; 
**p < 0.01 versus the control 
group; ##p < 0.01 versus the Aβ 
group. Aβ, amyloid-β
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excitotoxicity, mitochondrial dysfunction, and impaired 
autophagy, all prominent features of AD pathogenesis [16, 
19, 53]. Therefore, restoration and maintenance of iCa2+ 
homeostasis are helpful for the prevention and treatment of 
AD. In the VGCCs family, L-type voltage-gated calcium 
channels (LTCCs) can regulate neuronal synaptic plasticity 
and neuronal excitability by gating Ca2+ influx in response 
to membrane depolarization [54]. There are four known 
LTCCs (Cav1.1—Cav1.4), but only two, CaV1.2 and CaV1.3, 
are highly expressed in the brain [55]. There is increasing 
evidence of enhanced LTCCs activity in neurodegenerative 
diseases, such as PD and AD [56, 57]. The enhanced LTCCs 

activities on neurons are linked to altered mitochondrial 
function, with detrimental effects most commonly attrib-
uted to mitochondrial Ca2+ overload [58]. Moreover, LTCC 
antagonists as potential drugs may prevent the develop-
ment of dementia [59]. In this study, Aβ25–35 significantly 
increased the iCa2+ concentration in hippocampal neurons 
and upregulated the expression levels of Cav1.2 mRNA, 
which could contribute to the over-activation of LTCCs. 
Patch-clamp data showed that Aβ25–35 markedly increased 
the maximum current density of L-ICa and elevated L-ICa at 
different membrane potentials, resulting in increased Ca2+ 
influx and increased neuronal excitability. However, TPEN 

Fig. 7   Effects of TPEN on the 
lysosomal function of the hip-
pocampal neurons treated with 
Aβ25–35. a Representative confo-
cal images showing LysoTracker 
Red staining under the different 
treatments. The scale bar is 
25 μm. b Mean fluorescence 
intensity of LysoTracker Red in 
the different groups. The data 
shown in b were obtained from 
three independent experiments, 
each examining 15–20 neurons 
for each condition. The data are 
presented as means ± SEMs; 
**p < 0.01 versus the control 
group; ##p < 0.01 versus the Aβ 
group. Aβ, amyloid-β
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attenuated the Aβ25–35-induced iCa2+ concentration increase 
and reversed the changes in the electrophysiological proper-
ties of L-ICa as well as the Cav1.2 mRNA expression levels 
caused by Aβ25–35, which suggest that Aβ25–35-induced iZn2+ 
dysregulation mediated the increase in iCa2+ concentration 
in hippocampal neurons. We have previously shown that 
Aβ25–35-induced increase in iZn2+ concentration had a sig-
nificant inhibitory effect on voltage-gated K+ currents in hip-
pocampal neurons [29]. Notably, several studies have shown 
that blockade of K+ channels can increase Ca2+ influx and 
lead to iCa2+ accumulation [60, 61]. Therefore, an imbal-
ance in the homeostasis of iZn2+ may lead to iCa2+ increase 
by inhibiting K+ channels. Moreover, high concentrations 
of Zn2+ in the cytoplasm can activate RYR and promote 
Ca2+ release from the ER into the cytoplasm, leading to an 
increase in iCa2+ concentration, which eventually causes 
neuronal excitotoxic damage [62]. This may also explain 
the simultaneous dysregulation of iZn2+ and iCa2+ under 
pathological conditions; however, the specific mechanism 
involved needs to be further studied.

ROS are primarily produced in the mitochondria as physi-
ological byproducts of various cellular processes and are 
normally detoxified by enzymes and antioxidants to help 
maintain neuronal homeostasis [10]. However, mitochon-
drial dysfunction can lead to excessive ROS production, trig-
gering a state of oxidative stress that can lead to neuronal 
death. Furthermore, ROS can also contribute to mitochon-
drial dysfunction either indirectly through the initiation of 
toxic signaling cascades that target mitochondria or through 
direct damage to mitochondrial DNA [63]. Notably, ROS 

generation is closely related to iZn2+. Mitochondrial Zn2+ 
overload inhibits the mitochondrial electron transport 
chain and reduces mitochondrial membrane potential, 
resulting in increased ROS production and decreased cel-
lular ATP levels [64]. Excess iZn2+ also activates other 
intracellular generators of injurious oxidants, such as 
lipoxygenases, NADPH oxidases, peroxisomes, and nitric 
oxide synthases, and promotes the production of neuro-
toxic peroxynitrite (ONOO −), leading to oxidative stress 
[65]. Interestingly, oxidative stress can promote MT-3 to 
release additional free Zn2+ into the cytoplasm, further 
exacerbating the increase in iZn2+ concentration [10]. In 
this study, single live-cell imaging showed that Aβ25–35 
markedly impaired mitochondrial and lysosomal functions 
and increased intracellular ROS levels, whereas TPEN 
significantly inhibited the damages of mitochondrial and 
lysosomal functions caused by Aβ25-35, and reduced intra-
cellular ROS levels. The above statements also showed 
that Aβ25–35 significantly increased both the iCa2+ con-
centration and intracellular ROS levels in hippocampal 
neurons, indicating an interlinkage between Ca2+ and 
ROS production. Indeed, accumulating evidence suggests 
that increased iCa2+ levels may lead to ROS accumulation 
because of Aβ induction [66, 67]. However, the interac-
tions between Ca2+ and ROS signaling systems can be 
stimulatory or inhibitory, depending on the type of tar-
get proteins, ROS species, dose, and exposure time [68]. 
Therefore, it needs more evidences to clarify the interac-
tions between Ca2+ and ROS signaling systems and the 
condition of causing interaction.

Fig. 8   Effects of TPEN on 
the level of ROS in the hip-
pocampal neurons treated 
with Aβ25–35. a Representative 
confocal images showing DCFH 
(green) staining under the dif-
ferent treatments. The scale bar 
is 25 μm. b Mean fluorescence 
intensity of DCFH (green) in 
the different groups. The data 
shown in b were obtained from 
three independent experiments, 
each examining 15–20 neurons 
for each condition. The data are 
presented as means ± SEMs; 
**p < 0.01 versus the control 
group; ##p < 0.01 versus the Aβ 
group. Aβ, amyloid-β
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Excess iZn2+ is closely associated with lysosomal 
dysfunction. As acidic organelles containing hydrolase 
enzymes, lysosomes are indispensable for autophagy, 
which delivers unnecessary cellular materials to lysosomes 
for degradation [69]. Decreased autophagy is a distinguish-
ing feature of AD. In APP/PS1-expressing Chinese hamster 
ovary cells, clioquinol, a Zn2+ ionophore, not only attenu-
ated the accumulation of Aβ1-42, but also protected cells 
by overcoming autophagy arrest induced by chloroquine, 
suggesting that the accumulation of Zn2+ in lysosomes was 
related to Aβ aggregation [70]. Moreover, it has been sug-
gested that cell death may be due to oxidative stress-induced 
accumulation of Zn2+ and Aβ within lysosomes, leading to 

lysosomal membrane permeabilization and the subsequent 
release of Zn2+, Aβ, and other toxic molecules into the cyto-
sol [10, 71]. Taken together, these observations suggest that 
Aβ-induced iZn2+ increase can trigger oxidative stress by 
impairing mitochondrial and lysosomal functions in neu-
rons, as well as various other pathways, ultimately leading 
to neuronal damage.

Conclusions

The present study demonstrated that Aβ25-35 could increase 
the concentration of iZn2+ by decreasing the expression 
levels of ZnT-3 and MT-3 mRNA in hippocampal neurons, 
eventually resulting in more serious neuronal death. More-
over, Aβ25-35-induced iZn2+ increase significantly upregu-
lated the expression level of Cav1.2 mRNA in hippocampal 
neurons, leading to increased L-ICa activities, resulting in 
increased neuronal excitability, thereby mediating Aβ25-35-
induced neuronal excitotoxic damage. Furthermore, the 
excessive iZn2+ induced by Aβ25-35 synergistically increased 
iCa2+ in hippocampal neurons, leading to the damage of 
mitochondrial and lysosomal functions, resulting in an 
increase in ROS levels in neurons, thus mediating the neu-
ronal damage by Aβ25-35. These findings support the notion 
of a causal link between Aβ accumulation, iZn2+ and iCa2+ 
dyshomeostasis, and the dysregulation of crucial brain sign-
aling molecules (Fig. 9). Whereas TPEN attenuated Aβ25-35-
induced neuronal damage by recovering the concentrations 
of iZn2+ and iCa2+ in neurons, decreasing L-ICa activity 
and intracellular ROS levels, reducing oxidative stress, and 
restoring mitochondrial and lysosomal functions. Therefore, 
maintaining iZn2+ homeostasis may be an effective way to 
alleviate Aβ-induced neuronal damage in AD. TPEN, a 
specific-free Zn2+ chelator, has been shown to be neuropro-
tective by counteracting the neurotoxicity of Aβ and may 
represent a potential cell-targeted therapy in Zn2+-related 
diseases. However, our conclusions are somewhat limited 
due to the relatively simple and fixed assay conditions. To 
confirm these primary findings, more dose-dependent and 
in vivo experiments are required.
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