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A B S T R A C T

Cd2+ is one of the most widespread environmental pollutants and its accumulation in central and peripheral
nervous systems leads to neurotoxicity as well as aggravation of common neurodegenerative diseases.
Mechanism of the Cd2+ toxicity is far from being resolved. Here, using microelectrode recordings of postsynaptic
responses and fluorescent redox indicators we studied the effect of Cd2+ in the submicromolar range on timing
of neurotransmitter release and oxidative status in two functionally different compartments of the same frog
motor nerve terminal. Cd2+ (0.1–1 μM) acting as typical voltage-gated Ca2+channel (VGCC) antagonist de-
creased neurotransmitter release in both distal and proximal parts of the nerve terminal, but in contrast to the
VGCC blockers Cd2+(0.1–0.5 μM) desynchronized the release selectively in the distal region. The latter action of
Cd2+ was completely prevented by inhibitor of NADPH-oxidase and antioxidants, including mitochondrial
specific, as well as redox-sensitive TRPV1 channel blocker. Cd2+ markedly increased levels of mitochondrial
reactive oxygen species (ROS) in both the distal and proximal compartments of the nerve terminal, which was
associated with lipid peroxidation mainly in the distal region. Zn2+, whose transport systems translocate Cd2+,
markedly enhanced the effects of Cd2+ on both the mitochondrial ROS levels and timing of neurotransmitter
release. Furthermore, in the presence of Zn2+ ions, Cd2+ also desynchronized the neurotransmitter release in the
proximal region. Thus, in synapses Cd2+ at very low concentrations can increase mitochondrial ROS, lipid
peroxidation and disturb the timing of neurotransmitter release via a ROS/TRPV-dependent mechanism.
Desynchronization of neurotransmitter release and synaptic oxidative stress could be early events in Cd2+

neurotoxicity.

1. Introduction

Cd2+ is widely used as a non-selective blocker of voltage-gated
calcium channels (VGCCs) [1–4] as well as a potent neurotoxin in
model studies [5–7]. Furthermore, Cd2+ is one of the most essential
environmental pollutants and it accumulates in the tissues, including
central and peripheral nervous systems, and contributes to progression
of common neurodegenerative disorders, including Alzheimer's and
Parkinson's diseases, amyotrophic lateral sclerosis, and multiple
sclerosis [8,9]. However, the fundamental pathways for Cd2+ neuro-
toxicity remain poorly understood. Oxidative stress due to mitochon-
drial dysfunction is considered as one of the leading factors of Cd2+-

induced damage of neurons [6,7,9,10].
Cd2+ consumption dose- and treatment time-dependently disturbs

bioelectrical and higher order functions of the nervous system as well as
motor activity [11]. Cd2+ profoundly affects expression of essential
synaptic proteins and neurotransmission, including cholinergic trans-
mission in the brain and neuromuscular junctions [1,5,9,12,13]. At
high concentrations (10–200 μM), Cd2+ can modify presynaptic func-
tion by suppressing the refilling of synaptic vesicles with neuro-
transmitter as well as Ca2+ entry through VGCCs, which is responsible
for triggering both neurotransmitter release and synaptic vesicle en-
docytosis [1,12,14,15]. Additionally, in a Ca2+-free saline, Cd2+

(0.1–1 mM) can increase spontaneous neurotransmitter release leading
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to synaptic vesicle depletion due to blocked endocytosis [13,16]. In the
presence of Ca2+ ions, Cd2+ can also increase the spontaneous release,
but in a lesser extent [4,13]. These early studies suggest that pre-
synaptic compartment enriched with Cd2+-binding proteins could be
one of the most vulnerable targets for Cd2+ toxicity. Interestingly, like
Cd2+, reactive oxygen species (ROS) can increase spontaneous neuro-
transmitter release [17] and suppress evoked quantum release [18–20].
But the ability of Cd2+ to modulate ROS levels in the synapses and the
role of ROS in synaptic effects of Cd2+ have not been studied yet.

The essential aspect of neurotransmission is the timing of the exo-
cytotic neurotransmitter release. Although most synaptic communica-
tion is based on synchronous neurotransmitter release in response to
the arriving action potential (AP), neurotransmitter is also released
asynchronously with a longer, alterable delay following an AP [21].
Desynchronization of neurotransmitter release can affect network ac-
tivity, efficiency of neurotransmission, release of modulatory neuro-
peptides as well as cause prolonged inhibition or activation of post-
synaptic cells [21–24]. The observations that synchronous and
asynchronous release may be differently regulated suggest that these
phases of neurotransmitter release can be controlled by independent
pathways [21,22,24–26]. Furthermore, in models of neurodegenerative
disorders, namely spinal muscular atrophy and Alzheimer's disease, as
well as in epileptiform tissues, a shift from synchronous to asynchro-
nous neurotransmitter release occurs [21,27–29]. Theoretically, Cd2+

can interrupt synaptic transmission by affecting the timing of neuro-
transmitter release in response to AP. However, the ability of Cd2+ to
desynchronize the release still remains unclear.

Frog neuromuscular junction (NMJ) is a classic object for funda-
mental researches of synaptic transmission, particularly functioning of
exocytotic sites [30–33]. The frog motor nerve terminals as part of a
large synapse had a prominent proxy-distal gradient of the neuro-
transmitter release linked with functional differences of the proximal
and distal compartments [18,30,34–38]. This organization of the NMJs
enables the study of common principals of presynaptic events si-
multaneously in two different regions of the nerve terminal, char-
acterized by a higher (proxomal) and lower (distal) probability of
neurotransmitter release [18,34,38,39]. Additionally, proximal and
distal compartments of the frog NMJs utilize specific mechanisms of
neurotransmitter release regulation, including ROS-dependent
[18,34,40].

In the present study we found that Cd2+ at very low concentrations
(0.1–0.5 μM) markedly desynchronized neurotransmitter release in
distal part of the nerve terminal, which was accompanied by an in-
crease in mitochondrial ROS production and lipid peroxidation at the
frog NMJs. Inhibitor of NADH-oxidase and antioxidants, including a
mitochondria-target antioxidant, as well as a blocker of redox-sensitive
TRPV channels effectively prevented the action of Cd2+ on the timing
of the release. In contrast to Cd2+, blockage of VGCCs with Mg2+ or
omega-conotoxin GVIA (CgTx) synchronized the neurotransmitter re-
lease. Zn2+ at the micromolar concentration (acting as pro-oxidant
[41]) facilitated the Cd2+-induced desynchronization of neuro-
transmitter release and mitochondrial ROS production. Thus, we sug-
gest that Cd2+ at low concentrations can desynchronize neuro-
transmitter release in a ROS/TRPV channel dependent manner. This
new phenomenon can contribute to Cd2+ neurotoxicity especially at
early stage of Cd2+ accumulation.

2. Methods

2.1. Animals

Experiments were conducted in accordance with the NIH Guide for
the Care and Use of Laboratory Animals. Frogs (Rana ridibunda) of both
genders were collected from lakes during early autumn and kept in the
dark at 4 °C in a humidity- and temperature-stable environment in a
pool of dechlorinated flowing water. Experiments were carried out in

the autumn-winter period. Frogs were euthanized via decapitation and
destruction of the brain and spinal cord, then the cutaneous pectoris
muscles were quickly excised. All efforts were made to minimize the
animal suffering. The experimental protocol met the requirements of
the EU Directive 2010/63/EU for animal experiments and was ap-
proved by the Ethical Committee of Kazan Medical University.

2.2. Solution and chemicals

Isolated muscle with its nerve was placed in a Sylgard-lined ther-
mostated chamber (volume 5 ml) and superfused (5 ml/min) with
physiological saline: 113.0 mM NaCl, 2.5 mM KCl, 4.0 mM MgCl2,
0.3 mM CaCl2, 5 mM HEPES and 1.5 mM NaHCO3. The pH was adjusted
to 7.3 with NaOH/HCl and the temperature was kept at 20 ± 0.3°С.
CdCl2 at concentration of 0.1, 0.5 and 1 μM was added to the perfusion
for 20–25 min. The following chemicals were used: 200 μM apocynin
(inhibitor of NADPH oxidase); 2 μM capsazepine/CPZ (TRPV1 channel
inhibitor); 800 U/ml catalase from bovine liver (antioxidant enzyme);
5 μM mitoTEMPO (mitochondrial antioxidant); 1 mM N-acetyl-L-cy-
steine/NAC (antioxidant); 10 nM omega-conotoxin GVIA/CgTx (selec-
tive antagonist of N-type VGCCs); 25 μM ZnSO4. All reagents were from
Sigma. Apocynin, CPZ, NAC, CgTx, Zn2+ were added to the bathing
solution 25–30 min before treatment with Cd2+ and remained in the
perfusion throughout the experiment. Catalase was co-applied with
Cd2+ in the bathing solution to hydrolyze ROS (specifically, hydrogen
peroxide) produced in response to Cd2+ application. The muscles were
pre-incubated for 2h in mitoTEMPO to allow the mitochondria accu-
mulate this antioxidant.

2.3. Electrophysiological recording

Extracellular microelectrode recording of postsynaptic responses,
namely end plate potentials (EPPs) was performed as described in de-
tails previously [18]. Briefly, EPPs were evoked by supra-threshold
stimulation (0.1-ms duration, 0.5 Hz) of the motor nerve through a
suction electrode. Two Ringer-filled extracellular glass micropipettes
(2–3 MΩ resistance) were positioned in the proximal (~3–5 μm from
the end of the myelinated segment; Electrode #1) and distal region
(~90–120 μm; electrode #2) of the nerve terminal. In the proximal
region the AP had a typical shape [42], different from the AP in the
distal region which serves as an additional criterion for electrode pla-
cement. The recorded signals were filtered (a band-pass 0.03–10 kHz)
and digitized at 50 kHz. Precise evaluating the time course of the
neurotransmitter release from the analysis of the real synaptic delays
requires measuring the uni-quantal EPPs [43]. Accordingly, all ex-
periments were performed in the presence of 0.3 mM Ca2+ and
4.0 mM Mg2+; and the mean quantal content (m) was calculated from
the equation (“method of failures”): m = lnN/N0, where N is the total
number of stimuli and N0 is the number of synaptic failures [18,43–45].
To obtain reliable EPP measurements, in each experiment up to 2500
stimuli were applied before and after treatment.

Analysis of the real synaptic delays was performed as previously
described [18,43]. Briefly, the delays of uni-quantal EPPs were calcu-
lated as the time between the peak of the presynaptic Na+ spike and the
time point corresponding to the 20% rise phase of the EPP [18,43]. The
stability of electrode position was controlled in each experiment (see in
Refs. [18] for details). As characteristic value for dispersion of the sy-
naptic delay P90 was calculated (see in Ref. [18,46] for details). In-
crease or decrease in P90 reflects a desynchronization or synchroniza-
tion of neurotransmitter release, respectively. Delay histograms of the
uni-quantal EPPs were plotted with the 0.05-ms bin width [46]. Then,
P90 parameters for the timing of release were obtained from cumulative
curves. The interval between the minimal delay and the time at which
90% of all measured uni-quantal EPPs had occurred were designated as
the P90 (Fig. 1).
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2.4. Fluorescent microscopy

Samples were visualized using a BX51WI microscope (Olympus)
equipped with spinning disk confocal unit (Olympus), DIC-optics and
UPLANSapo 60хw/LumPlanPF 100×w objectives. Images were re-
corded by CCD-camera DP71 (Olympus) under control of cellSens
software (Olympus) and analyzed of-line with ImagePro (Media
Cybernetics). MitoSox was used as probe for mitochondrial ROS levels.
The indicator is specifically accumulated into the mitochondria and
emits a red fluorescence in response to oxidation by ROS, specifically
superoxide. The muscles were exposed to 2 μM MitoSox for 10 min and
then superfused with a dye-free physiological solution for 30 min.
Fluorescence was recorded using a 510/10 nm excitation filter and a
590/20 nm emission filter [47]. To estimate the lipid peroxidation in
response to Cd2+ application an Image‐iT lipid peroxidation kit (Mo-
lecular Probes) was used. Upon lipid peroxidation in living cells,
fluorescence of BODIPY 581/591C11 reagent (iT-sensor, a main com-
ponent of the kit) shifts from red (~590 nm) to green (~510 nm),
providing a ratiometric indication of lipid peroxidation. Muscles were
incubated with the iT‐sensor (8 μM) for 30 min, rinsed with a dye-free
physiological saline for 30 min and imaged using filters for fluorescein
isothiocyanate and Texas Red [17,20]. The ratio of fluorescence in-
tensities at 590 and 510 nm was used to quantify lipid peroxidation.
Analysis of the fluorescence was performed in region of interests (25 μm
length) in distal and proximal parts of the nerve terminals. Intensity of
fluorescence was calculated in arbitrary units, which were then con-
verted into percentage (for MitoSox signal) or ratio between red and
green fluorescence (iT-sensor).

2.5. Statistics

Statistical analysis was performed using Origin Pro software. Data
represent mean ± SD; where n is the number of independent experi-
ments on individual animals. Statistical significance of the differences
between group means was assessed by the Kolmogorov–Smirnov test
(P90) or paired (for values before and after drug application) and un-
paired (for comparison of two groups) Student's t-test assuming a 2-
tailed distribution (m, MitoSox and iT-sensor fluorescence). Values of
P < 0.05 were considered as significant.

3. Results

3.1. Effect of Cd2+ on neurotransmitter release: quantum content and
timing

Cd2+ as a blocker of VGCCs decreased the quantum content of EPP,
i.e. evoked neurotransmitter release. Increasing concentrations of Cd2+

(from 0.1 to 1 μM) had a more profound depressant effect on the
quantum content (Fig. 2A). Similarly, a non-specific Ca2+ channel an-
tagonist Mg2+ (5 mM) and a selective inhibitor of N-type CgTx (10 nM)
suppressed the neurotransmitters release (Fig. 2B) to the similar degree
as 0.5 μM Cd2+. VGCC blockers can synchronize synaptic vesicle exo-
cytosis [48], probably since under these conditions only synaptic ve-
sicles located maximally close to the VGCCs fused with the presynaptic
membrane. Indeed, Mg2+ and CgTx significantly decreased the P90
parameter (an indicator of synaptic delay dispersion) suggesting a more
synchronous neurotransmitter release (Fig. 2C). Interestingly, in distal
part of the nerve terminal Cd2+ at low concentrations (0.1 and 0.5 μM)

Fig. 1. Estimation of neurotransmitter release timing: P90 for quantification of synchrony of the release. Superimposed uni-quantal EPPs recorded in response to 70
stimuli in distal (A, C) and proximal parts (B, D) of the same nerve terminal in control (A, B) and in the presence of 0.5 μM Cd2+ (C, D). On A, stimulation artifact,
nerve terminal spike and synaptic delay are indicated. Quantal content of the low-quanta EPPs is determined by the method of failures, which is based on calculation
of the logarithmic ratio between the number of total stimuli and number of failures (see methods for details). Depressant action of Cd2+ on quantum contents
displayed as decreased number of EPPs in response to the same number of stimuli (compare the number of EPP traces in A and B vs C and D, respectively). In
experiments presented in A-D, the quantum content was 0.27/0.34 (A/B) and 0.14/0.18 (C/D) in distal/proximal parts in control and in the presence of Cd2+,
respectively. A-D, Right, histogram illustrating distribution of synaptic delay (in ms) in individual experiment; the bin width is 0.05 ms. E, F- Cumulative plot of
synaptic delays of uni-quantal EPPs (from A-D) in distal (E) and proximal (F) region of the NMJs. Dashed lines indicate the 90% percentile (P90). P90 was estimated in
milliseconds (ms). The increase in P90 (E) in response to Cd2+ application indicates on desynchronization of neurotransmitter release. This corresponds to Cd2+-
induced increase in asynchronous release in distal part of NMJs (compare A vs C).

A.N. Tsentsevitsky, et al. Free Radical Biology and Medicine 155 (2020) 19–28

21



desynchronized the exocytotic release (Fig. 1) and only at higher con-
centration (1 μM) Cd2+ slightly increased synchronous neuro-
transmitter release in both distal and proximal regions (Fig. 2D). In
proximal part of the nerve terminals Cd2+ at low concentrations (0.1
and 0.5 μM) had no influence on P90 (Fig. 2D). Thus, Cd2+ suppresses
neurotransmitter release and can bi-directionally affect the synchrony
of the quantum release in the NMJs. In contrast to other Ca2+ channel
blockers, Cd2+ (0.1–0.5 μM) promotes asynchronous acetylcholine
exocytosis in response to AP. This action of 0.1–0.5 Cd2+ is clearly
manifested in distal parts of NMJs. In the further experiments we
mainly used 0.5 μM Cd2+. Note that in the presence of CgTx, the effect
of 0.5 μM Cd2+ on the quantum content was fully expressed in both
distal and proximal part of the NMJs, suggesting that different types of
VGCCs can be involved in the depressant action of Cd2+ (S. Fig. 1).

The absolute value of the quantum content in the control was
0.23 ± 0.096 (n = 9) and 0.30 ± 0.12 (n = 10) in distal and
proximal parts of the nerve terminal, respectively. In control, P90 was
1.35 ± 0.46 ms (n = 9) and 1.16 ± 0.67 ms (n = 10) in distal and
proximal segments of the nerve terminal, respectively. These data are in
consistent with previous studies [18,34,38,39] indicating less quantum
content of neurotransmitter release in distal vs proximal parts of the
frog nerve terminal.

3.2. Dependence of Cd2+ effects on ROS

Cd2+ can provoke oxidative stress in many cell types leading to cell
death [6,7,9,10,49,50]. We tested the ability of various antioxidants

and NADPH oxidase inhibitor (apocynin) to modulate the effect of
Cd2+. All these compounds, namely ROS chelator NAC, H2O2 decom-
posing enzyme catalase, mitochondrial ROS chelator mitoTEMPO and
apocynin, completely prevented the desynchronization of neuro-
transmitter release induced by Cd2+ in distal compartment of the nerve
terminal (Fig. 3B). Antioxidant NAC and inhibitor of NADPH oxidase
apocynin itself had no influence on P90 in distal and proximal parts of
nerve terminals (Fig. 3A). Interestingly, that antioxidants and apocynin
cannot suppress the negative action of Cd2+ on evoked quantum release
(Fig. 3D). NAC alone did not modify the quantum content in distal
region, but slightly decreased it in proximal part of the NMJs (Fig. 3C).
Apocynin itself decreased the evoked neurotransmitter release in both
parts of the NMJs and enhanced the depressant effect of Cd2+ in distal
region (Fig. 3C and D). Similarly, in the presence of mitoTEMPO, Cd2+

profoundly suppressed the neurotransmitter release in distal part
(Fig. 3D). Catalase had no statistical significant influence on effect of
Cd2+ on quantum release (Fig. 3D). Note that NAC did not modulate
effect of 0.1 μM Cd2+ on the quantum content, while completely pre-
vented Cd2+ -induced desynchronization of exocytotic events in distal
compartment of the NMJs (S. Fig. 2).

Accordingly, the desynchronizing quantum release action of Cd2+

can be linked with an elevation of ROS production. In the case of
quantum content regulation, the role of ROS is complex, and assumably
ROS can partially attenuate Cd2+-induced decrease in neurotransmitter
release in distal compartment, since NADPH-oxidase inhibitor as well as
mitochondrial antioxidant enhanced the Cd2+ effect on the quantum
content in this part. Furthermore, the observation that mitoTEMPO (but

Fig. 2. Influence of Cd2+ and VGCC blockers on quantal
content (m) and timing (P90) of neurotransmitter release. A, B
– the effects of the chemicals on quantal content in distal and
proximal parts of the NMJs. D, C – the effects on P90 (an in-
dicator of synaptic delay dispersion and synchrony of neuro-
transmitter release). Data are represented as gray circles –
values in individual animals, box range – SEM, whiskers – SD.
Y-axis shows percentage changes, relative to the value before
onset of Cd2+ (A,D) and Mg2+ or CgTx (B,C) application. The
dashed line denotes the value prior (100%) to the drug ap-
plication. *P < 0.05 compared to value prior to drug ad-
ministration.
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not catalase) markedly enhanced the negative action of Cd2+ on
quantum content in distal part of the NMJs suggests that this action of
Cd2+ could be mainly dependent on superoxide rather than on H2O2.

3.3. Cd2+-induced ROS overproduction and lipid peroxidation

One of the main sources of ROS in neurons are mitochondria.
Indeed, Cd2+ markedly increased MitoSox fluorescence (an indicator of
mitochondrial ROS production) in proximal (more markedly) and distal
parts of the nerve terminals (Fig. 4A). There is no visible difference in
amount of MitoSox-positive spots (probably, mitochondria) between
proximal and distal parts (S. Fig. 3A). Note that MitoSox fluorescence
was co-localized with MitoTracker signal in NMJ (S. Fig. 3B). Fur-
thermore, application of Cd2+ led to an increase in the ratio of oxidized
510 nm (green)/reduced 590 nm (red) fluorescence of iT-sensor, in-
dicating on membrane lipid peroxidation (Fig. 4B). This increase was
significantly more profound in the distal parts of NMJs suggesting a
high vulnerability of the distal compartment to oxidative damage. Thus,
Cd2+ can cause an increased ROS production which is more marked in
proximal vs distal part; but Cd2+-induced lipid peroxidation is greater
in distal vs proximal compartment. The latter suggests a less antioxidant
capacity of the distal part of NMJs. This is consistent with the ob-
servation that NADPH-oxidase inhibitor apocynin and antioxidant mi-
toTEMPO modulated the effect of Cd2+ on the quantum content sta-
tistically significant in distal (but not proximal) part (Fig. 3D).

3.4. Effect of TRPV channel blocker capsazepine (CPZ)

Previously, we found a relatively high immunoexpression of TRPV1
channels at the frog NMJs and their sensitivity to ROS [17]. Theoreti-
cally, these channels can contribute to regulation of synaptic vesicle
exocytosis and timing of neurotransmitter release [17,47,51–53]. In-
hibition of TRPV1 with CPZ itself slightly decreased the quantum re-
lease in both proximal and distal compartments (Fig. 5A). CPZ in-
creased the depressant effect of Cd2+ on neurotransmitter release in the
distal part (Fig. 5A). Note that the same influence on the
Cd2+−mediated change in neurotransmitter release had apocynin and
mitoTEMPO. More importantly, CPZ itself had no influence on the P90
(i.e. synchronicity of quantum release), but completely prevented
Cd2+-induced desynchronization of neurotransmitter release (Fig. 5B).
Accordingly, similarly to antioxidants and NADPH-oxidase inhibitor,
CPZ can rescue distal parts of NMJs from Cd2+-induced disturbance of
neurotransmitter release timing.

3.5. Interplay between Cd2+ and Zn2+ in effects on quantum content and
timing

Evidently, the depressant effect of Cd2+ on neurotransmitter release
is mainly linked with its ability to block the voltage gated Ca2+ chan-
nels [1,2]. However, how Cd2+ can affect ROS production and timing
of neurotransmitter release remain unknown. One possibility is that
Cd2+ can penetrate into the neurons via transport system(s) which is
(are) also responsible for Zn2+ translocation, because of similar size
and charge of the cations [9]. Note that Zn2+ is important for synaptic

Fig. 3. Role of ROS in the effects of Cd2+ on timing (P90) and
quantal content (m) of neurotransmitter release. A, B – the
effects of antioxidants itself (A) and Cd2+ on background of
pretreatment with the antioxidants (B) on P90 (an indicator of
synchrony of neurotransmitter release) in distal and proximal
parts of the NMJs. C, D – the effects on quantal content of
neurotransmitter release. Results on B and D point on the
action of Cd2+ when the preparations were pre-exposed with
the antioxidants and the measured parameters (P90 or m) were
on steady-state levels prior to Cd2+ administration. Cntr – the
effect 0.5 μM Cd2+ itself (from Fig. 2). Data are represented as
gray circles – values in individual animals, box range – SEM,
whiskers – SD. Y-axis shows percentage changes, relative to
the value before onset of antioxidant (A, C) or Cd2+ (B, D)
application. The dashed line denotes the value prior (100%) to
the antioxidant (A, C) or Cd2+ (B, D) application. *P < 0.05,
compared to 100%; #P < 0.05, compared to the effect of
Cd2+ in control (Cntr).
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plasticity via modulation of neurotransmitter release as well as mi-
tochondria functioning [5,41,54–56]. We discovered that 25 μM Zn2+

profoundly decreased the quantum release in both the distal and
proximal parts of the NMJs (Fig. 6A). Furthermore, Zn2+ strongly de-
synchronized the neurotransmitter release in distal and proximal
compartments (Fig. 6B). Thus, Cd2+ and Zn2+ seem to share some si-
milar properties, namely the ability to depress and desynchronize the
neurotransmitter release. Surprisingly, in the presence of Zn2+, Cd2+

completely preserved the depressant effect on neurotransmitter release
(Fig. 6A), but its desynchronizing action was greatly potentiated and
expressed both in proximal and distal compartments (Fig. 6B). Simi-
larly, Zn2+ markedly potentiated Cd2+-induced in ROS production in
both distal and proximal parts of the NMJs (Fig. 6C). Thus, the effect of
Cd2+ on the quantum release is Zn2+-independent, while desynchro-
nization of transmitter release and increase in ROS levels in response to
Cd2+ can be augmented by Zn2+. This suggests that ROS production is
a key factor for the regulation of neurotransmitter release timing.

4. Discussion

The fact that Cd2+ decreases quantum neurotransmitter release
acting as a non-selective VGCC blocker is well established [1–3]. Here,
for the first time we found that at extremely low concentrations
(0.1–0.5 μM), Cd2+ can desynchronize neurotransmitter release, and
this effect is opposite to the action of other VGCC antagonists or Cd2+

itself at a higher concentration (1 μM). Indeed, N-type VGCC blocker
CgTx as well as non-specific antagonist Mg2+ synchronized neuro-
transmitter release, despite reducing the quantum content of the re-
lease. Suggesting that when VGCCs are blocked, only the closest to
VGCCs primed synaptic vesicles undergo exocytosis in a fast (syn-
chronous) manner [21,24,57,58].

Recent studies suggest that synaptic vesicles, responsible for syn-
chronous and asynchronous neurotransmitter release in response to
arrival AP, belong to different functional vesicle pools (in review
[21,24]). However, there is also a view that synchronous and

Fig. 4. Effect of Cd2+ on mitochondrial ROS production and lipid peroxidation. Changes in MitoSox fluorescence (marker of mitochondrial ROS levels) or ratio of
green/reed fluorescence of iT-sensor (probe for lipid peroxidation) in distal and proximal parts of NMJs. The muscles were exposed to physiological saline (control;
Cntr) or that containing 0.5 μM Cd2+. Data are represented as gray circles – values in individual animals, box range – SEM, whiskers – SD. A, right – representative
fluorescence images before and after administration of Cd2+. Yellow-colored rectangles denote proximal and distal regions that are shown at three times higher
magnification; magenta dashed lines indicate borders of muscle fiber (MF). Scale bar−10 μm. A, Y-axis shows percentage changes in red fluorescence, relative to the
value before onset (denoted with dashed line) of Cd2+ application. B, Y-axis – ratio of fluorescence in green and red channels. *P < 0.05, differences between Cntr
and Cd2+ groups or action of Cd2+ in distal vs proximal part.

Fig. 5. TRPV1 channels in the effects of Cd2+ on
quantal content (m) and timing (P90) of neuro-
transmitter release. A, B – the effect 0.5 μM Cd2+

itself (from Fig. 2), blocker of TRPV1 channels (CPZ)
itself and Cd2+ on background of pretreatment with
CPZ (Cd2++CPZ) on quantal content (A) and syn-
chrony (B) of neurotransmitter release in distal and
proximal parts of the NMJ. “Cd2++CPZ” group in-
dicates on the action of Cd2+ when the muscles were
pre-exposed with the CPZ and the estimated para-
meters (P90 or m) were on steady-state levels prior to
Cd2+ application. Data are represented as gray cir-
cles – values in individual animals, box range – SEM,
whiskers – SD. Y-axis shows percentage changes, re-
lative to the value before onset of Cd2+ (“Cd2+” and
“Cd2++CPZ” groups) or CPZ (“CPZ” group) appli-
cation. The dashed line denotes the value prior
(100%) to the drug application. *P < 0.05, com-
pared to 100%; #P < 0.05, compared to the effect of
Cd2+ itself.
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asynchronous release occurs from the same synaptic vesicle pool [59]
and unique characteristic of exocytotic sites, expression of Ca2+ sensor
proteins or specific regulation of exocytosis determine the balance be-
tween the synchronous and asynchronous release [60–62]. Our pre-
vious [18,63] and present data suggest that ROS can be an important
switch for these types of exocytotic events. Here we revealed that Cd2+-
induced ROS production markedly desynchronized the neuro-
transmitter release in distal part of the nerve terminal, which is a more
vulnerable to lipid peroxidation. Different antioxidants and NADPH-
oxidase inhibitor effectively blocked the desynchronizing action of
Cd2+. Augmentation of Cd2+-mediated ROS production by Zn2+

caused a profound increase in asynchronous release (desynchroniza-
tion) in either distal and proximal compartments of the NMJs. Ac-
cordingly, intoxication with Cd2+ causing oxidation stress can desyn-
chronize neurotransmitter release thereby disturbing the normal
neuronal network activity and synaptic efficiency.

The mechanism of Cd2+/ROS dependent desynchronization could
rely on TRPV1 channels. Relatively dense expression of TRPV1 chan-
nels was found in NMJs as well as in somato- and viscerosensory af-
ferents, solitary tract nucleus in the brain stem and caudal hypotha-
lamus [17,51]. Probably, TRPV1 channels can control release of a
discrete vesicle population and are sensitive to numerous stimuli, in-
cluding ROS [17,47,51–53]. Indeed, ROS via activation of TRPV1
channels can trigger sensory axon degeneration [52] as well as en-
hancement of spontaneous exocytosis in central and peripheral nerve
terminals [17,53]. Activity of TRPV1 channels contribute significantly
to asynchronous glutamate release in the solitary tract afferents and
pharmacological inhibition of TRPV1 suppressed by 50% of the the
asynchronous release [64]. Consistent with this, TRPV1 knockout led to
lacked asynchronous release in part of these afferents [65]. In the
present study, the Cd2+-mediated desynchronization of neuro-
transmitter release was prevented by TRPV1 channel antagonist.
Probably, that Cd2+ provokes ROS overproduction which, in turn, can
facilitate TRPV1 channel activation causing a shift of neurotransmitter
release mode to asynchronous.

Cd2+ is redox inter metal and unable to directly generate ROS via
Fenton reaction [66]. However, Cd2+ can induce oxidative stress in
numerous cell types by inhibiting mitochondrial electron transport
chain [10]. The increased ROS production can subsequently inactivate
protein phosphatases (2A and 5) and AMP-activated protein kinase as
well as disturb the mitochondrial integrity, leading to caspase-3

activation [6,67,68]. Ultimately, these events contribute to neuronal
apoptosis. Additionally, it has been found that acute application of
Cd2+ can quickly increase ROS levels in a NADPH oxidase-dependent
manner in hepatocytes, HepG2 and endothelial cells [69–71]. Fur-
thermore, Cd2+ can increase vasoconstrictor activity via increasing
ROS production by NADPH oxidase [72]. In SH-SY5Y cells, Cd2+ in-
duced the generation of ROS by upregulating the expression of NADPH
oxidase 2 and its regulatory proteins [73]. Accordingly, Cd2+ can in-
duce ROS production via both mitochondria and NADPH-oxidases de-
pendent manners.

In our experiments we tried to identify the source of ROS that is
most sensitive to Cd2+. Surprisingly, inhibitor of NADPH oxidase, ex-
tracellular antioxidant enzyme catalase as well as mitochondrial-spe-
cific antioxidant prevented the effect of Cd2+ on timing of neuro-
transmitter release. It is difficult to identify what is the primary and
secondary source, because of positive feedbacks between ROS produc-
tion from different sources, particularly mitochondria and NADPH
oxidases [74,75]. In many cell types, including neurons, Cd2+ toxicity
is linked with induction of ROS overproduction by mitochondria
[6,7,9,10,49,50]. We revealed that Cd2+ increased mitochondrial ROS
levels in the nerve terminal which was associated with lipid peroxida-
tion of the synaptic membranes. We suggest that the mitochondria are
the primary presynaptic targets for Cd2+ and an elevation of mi-
tochondrial ROS can lead to desynchronization of neurotransmitter
release and even affect a probability of neurotransmitter release [20].
These changes in presynaptic function may be early events in mani-
festation of mitochondrial dysfunction as well as Cd2+ poisoning in
nervous system.

Other important results of the present study are related with in-
teraction of Cd2+ and Zn2+. Initially, we supposed that Zn2+ can block
the effects of Cd2+ on ROS production and timing of neurotransmitter
release, because Zn2+ can compete with Cd2+ for using transport
system responsible to the cation translocation into the cytoplasm [9].
Zn2+ acting in a Zn-transporter 3 dependent manner can protect hip-
pocampal cells in culture from Cd2+ -induced neurotoxicity [5]. Sur-
prisingly, Zn2+ itself had similar to Cd2+ effects and augmented Cd2+-
induced desynchronization of the neurotransmitter release as well as
mitochondrial ROS production. Zn2+ has dual action and can function
as an antioxidant and prooxidant [76]. Both deficiency and excess of
Zn2+ provoke cellular oxidative stress [76,77]. Observed synergetic
role of Cd2+ and Zn2+ may reflect that Zn2+ acting as a prooxidant, can

Fig. 6. Zn2+ modulates the effects of Cd2+ in the NMJ. A, B- quantal content (m) and timing (P90) of neurotransmitter release in distal and proximal parts of NMJs. C
- MitoSox fluorescence (indicator of mitochondrial ROS levels). A-C, shown effects of Zn2+ and Cd2+ itself (from Fig. 2) as well as Cd2+ in muscles pretreated with
Zn2+. In the latter case, the measured parameters (m, P90, MitoSox fluorescence) were on steady-state levels before Cd2+ addition. Data are represented as gray
circles – values in individual animals, box range – SEM, whiskers – SD. Y-axis shows percentage changes, relative to the value before onset of Zn2+ (“Zn2+” group) or
Cd2+ (“Cd2+” and “Cd2++Zn2+” groups) application. The dashed line denotes the value of 100%. *P < 0.05 - compared to 100%; #P < 0.05 - compared to
“Cd2+” group.
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inhibit the mitochondrial electron transport chain, thus giving rise to
ROS production [41,56,76,78]. Zn2+-induced mitochondrial ROS pro-
duction may contribute to neuronal cell death at the early stage after
ischemic brain injury [79]. Additionally, Zn2+ can promote ROS pro-
duction by inducing NADPH oxidases via a protein kinase C-dependent
manner [80]. Interestingly, elevations of both Cd2+ and Zn2+ can ag-
gravate neurodegenerative diseases, particularly Alzheimer's disease
[8,9,81], which are associated with desynchronization of neuro-
transmitter release as well as oxidative stress [21,27,55]. The fact that
Cd2+ and Zn2+ might act synergistically raises the possibility that
presynaptic terminals containing the highest levels of Zn2+, especially
in the synaptic vesicles [82,83], could be the most vulnerable to Cd2+

neurotoxicity. Note that content of Zn2+ transporters was reduced in
AP3-deficient neurons [84], suggesting that population of synaptic
vesicles formed by endocytosis in AP-3 dependent manner (via endo-
somes) preferentially contains high levels of Zn2+ and its transporters
[85]. In the absence of neuronal AP-3, asynchronous release was pro-
foundly attenuated in hippocampal neurons [26]. Accordingly, synaptic
vesicle pool responsible for the asynchronous neurotransmitter release
could be a primary target for consequences of overload with Zn2+ and
(or) Cd2+.

We revealed that Cd2+ can desynchronize the neurotransmitter
release only in distal compartment of the nerve terminal; at the same
time Cd2+, like other VGCC blockers decreased the quantum content in
both distal and proximal parts (in the same degree). Although the ac-
tion of Cd2+ on timing of neurotransmitter release was dependent on
ROS, the enhancement of ROS production in response to Cd2+ was
expressed in both distal and proximal regions of the NMJ. Only if Cd2+-
induced ROS upregulation was enhanced by Zn2+, Cd2+ increased a
dispersion of exocytotic events in the distal and proximal compart-
ments. These results suggest that distal part is more sensitive to Cd2+/
ROS-mediated desynchronization. One possible reason is a decreased
antioxidant capacity of the distal nerve terminal compartment. This is
consistent with the observation that Cd2+ caused a more marked sign of
lipid peroxidation in this region.

5. Conclusions

Collectively, the present work discovered that Cd2+ at low con-
centrations desynchronizes neurotransmitter release and increases mi-
tochondrial ROS levels at the frog NMJ. The mechanism of Cd2+-in-
duced disruption of the neurotransmitter release timing is likely linked
with an increase in ROS production and involved the TRPV1 channels.
Antioxidants and inhibitor of NADPH oxidase as well as TRPV1 blocker
prevented Cd2+-induced desynchronization of release, whereas Zn2+

augmented both the release desynchronization and mitochondrial ROS
production in response to Cd2+. These changes in the neurotransmitter
release and synaptic ROS levels can underlie Cd2+ neurotoxicity and
ability of Cd2+ to aggravate neurodegenerative diseases. The latter are
frequently associated with desynchronization of neurotransmitter re-
lease and oxidative damage of synaptic contacts. Further studies are
required to establish the effects of Cd2+ on neurotransmitter release
timing and redox homeostasis in central synapses.

Funding

This study was supported in part by the government assignment for
FRC Kazan Scientific Center of RAS and the Russian Foundation for
Basic Research grant # 20-04-00077 (A.M.P and Z.G.).

Declaration of competing interest

We declare no competing interests.

Acknowledgements

We thank Prof. Rashid Giniatullin (University of Eastern Finland)
for his encouragement in preparing the present work, Morrie Lam
(Harvard University) and Nicole El-Darzi (Case Western Reserve
University) for carefully reading out manuscript. Author contributions:
A.T. and Z.G. performed all experiments and analyzed. A.T. and A.M.P.
designed the research, interpreted results of experiments. A.M.P. wrote
the manuscript. All the authors read and approved the final version of
manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.freeradbiomed.2020.05.017.

References

[1] M.F. Braga, E.G. Rowan, The pharmacological effects of cadmium on skeletal
neuromuscular transmission, Gen. Pharmacol. 25 (8) (1994) 1729–1739.

[2] C.A. Reid, J.M. Bekkers, J.D. Clements, N- and P/Q-type Ca2+ channels mediate
transmitter release with a similar cooperativity at rat hippocampal autapses, J.
Neurosci. 18 (8) (1998) 2849–2855.

[3] N. Zheng, I.M. Raman, Ca currents activated by spontaneous firing and synaptic
disinhibition in neurons of the cerebellar nuclei, J. Neurosci. 29 (31) (2009)
9826–9838.

[4] M.M. Abdrakhmanov, A.M. Petrov, P.N. Grigoryev, A.L. Zefirov, Depolarization-
induced calcium-independent synaptic vesicle exo- and endocytosis at frog motor
nerve terminals, Acta Naturae 5 (4) (2013) 77–82.

[5] S. Ben Mimouna, T. Le Charpentier, S. Lebon, J. Van Steenwinckel, I. Messaoudi,
P. Gressens, Involvement of the synapse-specific zinc transporter ZnT3 in cadmium-
induced hippocampal neurotoxicity, J. Cell. Physiol. 234 (9) (2019) 15872–15884,
https://doi.org/10.1002/jcp.28245.

[6] C. Xu, X. Wang, Y. Zhu, X. Dong, C. Liu, H. Zhang, L. Liu, S. Huang, L. Chen,
Rapamycin ameliorates cadmium-induced activation of MAPK pathway and neu-
ronal apoptosis by preventing mitochondrial ROS inactivation of PP2A,
Neuropharmacology 105 (2016) 270–284.

[7] Y. Yuan, C.Y. Jiang, H. Xu, Y. Sun, F.F. Hu, J.C. Bian, X.Z. Liu, J.H. Gu, Z.P. Liu,
Cadmium-induced apoptosis in primary rat cerebral cortical neurons culture is
mediated by a calcium signaling pathway, PloS One 8 (5) (2013) e64330.

[8] J.J.V. Branca, G. Morucci, A. Pacini, Cadmium-induced neurotoxicity: still much
ado, Neural Regen Res 13 (11) (2018) 1879–1882.

[9] B. Wang, Y. Du, Cadmium and its neurotoxic effects, Oxid Med Cell Longev 2013
(2013) 898034.

[10] Y. Wang, J. Fang, S.S. Leonard, K.M. Rao, Cadmium inhibits the electron transfer
chain and induces reactive oxygen species, Free Radic. Biol. Med. 36 (11) (2004)
1434–1443.

[11] I. Desi, L. Nagymajtenyi, H. Schulz, Behavioural and neurotoxicological changes
caused by cadmium treatment of rats during development, J. Appl. Toxicol. 18 (1)
(1998) 63–70.

[12] M.F. Braga, E.G. Rowan, Reversal by cysteine of the cadmium-induced block of
skeletal neuromuscular transmission in vitro, Br. J. Pharmacol. 107 (1) (1992)
95–100.

[13] J. Molgo, M. Pecot-Dechavassine, S. Thesleff, Effects of cadmium on quantal
transmitter release and ultrastructure of frog motor nerve endings, J. Neural.
Transm. 77 (2–3) (1989) 79–91.

[14] T. Borisova, N. Krisanova, R. Sivko, L. Kasatkina, A. Borysov, S. Griffin,
M. Wireman, Presynaptic malfunction: the neurotoxic effects of cadmium and lead
on the proton gradient of synaptic vesicles and glutamate transport, Neurochem.
Int. 59 (2) (2011) 272–279.

[15] H. Kuromi, A. Honda, Y. Kidokoro, Ca2+ influx through distinct routes controls
exocytosis and endocytosis at drosophila presynaptic terminals, Neuron 41 (1)
(2004) 101–111.

[16] C. Colasante, M. Pecot-Dechavassine, Ultrastructural distribution of synaptophysin
and synaptic vesicle recycling at the frog neuromuscular junction, J. Neurosci. Res.
44 (3) (1996) 272–282.

[17] A.M. Petrov, A.A. Yakovleva, A.L. Zefirov, Role of membrane cholesterol in spon-
taneous exocytosis at frog neuromuscular synapses: reactive oxygen species-calcium
interplay, J. Physiol. 592 (22) (2014) 4995–5009.

[18] A. Tsentsevitsky, E. Nikolsky, R. Giniatullin, E. Bukharaeva, Opposite modulation of
time course of quantal release in two parts of the same synapse by reactive oxygen
species, Neuroscience 189 (2011) 93–99.

[19] A.R. Giniatullin, S.N. Grishin, E.R. Sharifullina, A.M. Petrov, A.L. Zefirov,
R.A. Giniatullin, Reactive oxygen species contribute to the presynaptic action of
extracellular ATP at the frog neuromuscular junction, J. Physiol. 565 (Pt 1) (2005)
229–242.

[20] A. Giniatullin, A. Petrov, R. Giniatullin, Action of hydrogen peroxide on synaptic
transmission at the mouse neuromuscular junction, Neuroscience 399 (2019)
135–145.

[21] P.S. Kaeser, W.G. Regehr, Molecular mechanisms for synchronous, asynchronous,

A.N. Tsentsevitsky, et al. Free Radical Biology and Medicine 155 (2020) 19–28

26

https://doi.org/10.1016/j.freeradbiomed.2020.05.017
https://doi.org/10.1016/j.freeradbiomed.2020.05.017
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref1
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref1
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref2
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref2
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref2
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref3
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref3
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref3
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref4
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref4
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref4
https://doi.org/10.1002/jcp.28245
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref6
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref6
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref6
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref6
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref7
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref7
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref7
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref8
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref8
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref9
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref9
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref10
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref10
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref10
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref11
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref11
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref11
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref12
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref12
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref12
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref13
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref13
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref13
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref14
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref14
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref14
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref14
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref15
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref15
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref15
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref16
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref16
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref16
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref17
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref17
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref17
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref18
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref18
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref18
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref19
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref19
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref19
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref19
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref20
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref20
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref20
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref21


and spontaneous neurotransmitter release, Annu. Rev. Physiol. 76 (2014) 333–363.
[22] A.N. Tsentsevitsky, I.V. Kovyazina, E.A. Bukharaeva, Diverse effects of noradrena-

line and adrenaline on the quantal secretion of acetylcholine at the mouse neuro-
muscular junction, Neuroscience 423 (2019) 162–171.

[23] A. Saveliev, V. Khuzakhmetova, D. Samigullin, A. Skorinkin, I. Kovyazina,
E. Nikolsky, E. Bukharaeva, Bayesian analysis of the kinetics of quantal transmitter
secretion at the neuromuscular junction, J. Comput. Neurosci. 39 (2) (2015)
119–129.

[24] D.C. Crawford, E.T. Kavalali, Molecular underpinnings of synaptic vesicle pool
heterogeneity, Traffic 16 (4) (2015) 338–364.

[25] M.I. Daw, K.A. Pelkey, R. Chittajallu, C.J. McBain, Presynaptic kainate receptor
activation preserves asynchronous GABA release despite the reduction in synchro-
nous release from hippocampal cholecystokinin interneurons, J. Neurosci. 30 (33)
(2010) 11202–11209.

[26] A. Evstratova, S. Chamberland, V. Faundez, K. Toth, Vesicles derived via AP-3-de-
pendent recycling contribute to asynchronous release and influence information
transfer, Nat. Commun. 5 (2014) 5530.

[27] L. Yang, B. Wang, C. Long, G. Wu, H. Zheng, Increased asynchronous release and
aberrant calcium channel activation in amyloid precursor protein deficient neuro-
muscular synapses, Neuroscience 149 (4) (2007) 768–778.

[28] M. Jiang, J. Zhu, Y. Liu, M. Yang, C. Tian, S. Jiang, Y. Wang, H. Guo, K. Wang,
Y. Shu, Enhancement of asynchronous release from fast-spiking interneuron in
human and rat epileptic neocortex, PLoS Biol. 10 (5) (2012) e1001324.

[29] R. Ruiz, J.J. Casanas, L. Torres-Benito, R. Cano, L. Tabares, Altered intracellular
Ca2+ homeostasis in nerve terminals of severe spinal muscular atrophy mice, J.
Neurosci. 30 (3) (2010) 849–857.

[30] S.P. Ginebaugh, E.D. Cyphers, V. Lanka, G. Ortiz, E.W. Miller, R. Laghaei,
S.D. Meriney, The frog motor nerve terminal has very brief action potentials and
three electrical regions predicted to differentially control transmitter release, J.
Neurosci. 40 (18) (2020) 3504–3516, https://doi.org/10.1523/JNEUROSCI.2415-
19.2020.

[31] B. Katz, R. Miledi, Release of acetylcholine from a nerve terminal by electric pulses
of variable strength and duration, Nature 207 (5001) (1965) 1097–1098.

[32] T.B. Tarr, M. Dittrich, S.D. Meriney, Are unreliable release mechanisms conserved
from NMJ to CNS? Trends Neurosci. 36 (1) (2013) 14–22.

[33] C.R. Slater, The structure of human neuromuscular junctions: some unanswered
molecular questions, Int. J. Mol. Sci. 18 (10) (2017).

[34] R. Robitaille, J.P. Tremblay, Non-uniform responses to Ca2+ along the frog neu-
romuscular junction: effects on the probability of spontaneous and evoked trans-
mitter release, Neuroscience 40 (2) (1991) 571–585.

[35] P. Decino, Transmitter release properties along regenerated nerve processes at the
frog neuromuscular junction, J. Neurosci. 1 (3) (1981) 308–317.

[36] A.L. Zefirov, P.N. Grigor'ev, A.M. Petrov, M.G. Minlebaev, G.F. Sitdikova, [Analysis
of living motor nerve ending of a frog by endocytotic fluorescent marker FM 1-43],
Tsitologiia 45 (12) (2003) 1163–1171.

[37] E.E. Nikolsky, F. Vyskocil, E.A. Bukharaeva, D. Samigullin, L.G. Magazanik,
Cholinergic regulation of the evoked quantal release at frog neuromuscular junc-
tion, J. Physiol. 560 (Pt 1) (2004) 77–88.

[38] R. Robitaille, J.P. Tremblay, Non-uniform release at the frog neuromuscular junc-
tion: evidence of morphological and physiological plasticity, Brain Res. 434 (1)
(1987) 95–116.

[39] A.L. Zefirov, [Mediator secretion in the proximal and distal portions of a nerve
ending of the sartorius muscle in the frog], Neirofiziologiia 15 (4) (1983) 362–369.

[40] E.A. Bukharaeva, D. Samigullin, E. Nikolsky, F. Vyskocil, Protein kinase A cascade
regulates quantal release dispersion at frog muscle endplate, J. Physiol. 538 (Pt 3)
(2002) 837–848.

[41] K.E. Dineley, L.L. Richards, T.V. Votyakova, I.J. Reynolds, Zinc causes loss of
membrane potential and elevates reactive oxygen species in rat brain mitochondria,
Mitochondrion 5 (1) (2005) 55–65.

[42] A. Mallart, Presynaptic currents in frog motor endings, Pflügers Archiv 400 (1)
(1984) 8–13.

[43] B. Katz, R. Miledi, The measurement of synaptic delay, and the time course of
acetylcholine release at the neuromuscular junction, Proc. R. Soc. Lond. B Biol. Sci.
161 (1965) 483–495.

[44] A.N. Tsentsevitsky, G.F. Zakyrjanova, A.M. Petrov, I.V. Kovyazina, Breakdown of
phospholipids and the elevated nitric oxide are involved in M3 muscarinic reg-
ulation of acetylcholine secretion in the frog motor synapse, Biochem. Biophys. Res.
Commun. 524 (3) (2020) 589–594.

[45] J. Del Castillo, B. Katz, The effect of magnesium on the activity of motor nerve
endings, J. Physiol. 124 (3) (1954) 553–559.

[46] E.A. Bukcharaeva, K.C. Kim, J. Moravec, E.E. Nikolsky, F. Vyskocil, Noradrenaline
synchronizes evoked quantal release at frog neuromuscular junctions, J. Physiol.
517 (Pt 3) (1999) 879–888.

[47] U.G. Odnoshivkina, V.I. Sytchev, L.F. Nurullin, A.R. Giniatullin, A.L. Zefirov,
A.M. Petrov, β2-adrenoceptor agonist-evoked reactive oxygen species generation in
mouse atria: implication in delayed inotropic effect, Eur. J. Pharmacol. 765 (2015)
140–153.

[48] A.N. Tsentsevitsky, A.L. Vasin, E.A. Bukharaeva, E.E. Nikolsky, Participation of
different types of voltage-dependent calcium channels in evoked quantal trans-
mitter release in frog neuromuscular junctions, Dokl. Biol. Sci. 423 (2008) 389–391.

[49] S. Xu, H. Pi, Y. Chen, N. Zhang, P. Guo, Y. Lu, M. He, J. Xie, M. Zhong, Y. Zhang,
Z. Yu, Z. Zhou, Cadmium induced Drp1-dependent mitochondrial fragmentation by
disturbing calcium homeostasis in its hepatotoxicity, Cell Death Dis. 4 (2013) e540.

[50] A. Cuypers, M. Plusquin, T. Remans, M. Jozefczak, E. Keunen, H. Gielen,
K. Opdenakker, A.R. Nair, E. Munters, T.J. Artois, T. Nawrot, J. Vangronsveld,
K. Smeets, Cadmium stress: an oxidative challenge, Biometals 23 (5) (2010)

927–940.
[51] M. Andresen, Understanding Diverse TRPV1 Signaling - an Update vol. 8,

F1000Res, 2019.
[52] A.D. Johnstone, A. de Leon, N. Unsain, J. Gibon, P.A. Barker, Developmental axon

degeneration requires TRPV1-dependent Ca(2+) influx, eNeuro 6 (1) (2019).
[53] N. Nishio, W. Taniguchi, Y.K. Sugimura, N. Takiguchi, M. Yamanaka, Y. Kiyoyuki,

H. Yamada, N. Miyazaki, M. Yoshida, T. Nakatsuka, Reactive oxygen species en-
hance excitatory synaptic transmission in rat spinal dorsal horn neurons by acti-
vating TRPA1 and TRPV1 channels, Neuroscience 247 (2013) 201–212.

[54] A. Parducz, P. Correges, P. Sors, Y. Dunant, Zinc blocks acetylcholine release but
not vesicle fusion at the Torpedo nerve-electroplate junction, Eur. J. Neurosci. 9 (4)
(1997) 732–738.

[55] Y. Yuan, F. Niu, Y. Liu, N. Lu, Zinc and its effects on oxidative stress in Alzheimer's
disease, Neurol. Sci. 35 (6) (2014) 923–928.

[56] S.L. Sensi, H.Z. Yin, S.G. Carriedo, S.S. Rao, J.H. Weiss, Preferential Zn2+ influx
through Ca2+-permeable AMPA/kainate channels triggers prolonged mitochon-
drial superoxide production, Proc. Natl. Acad. Sci. U. S. A. 96 (5) (1999)
2414–2419.

[57] S. Hefft, P. Jonas, Asynchronous GABA release generates long-lasting inhibition at a
hippocampal interneuron-principal neuron synapse, Nat. Neurosci. 8 (10) (2005)
1319–1328.

[58] J.A. Fawley, M.E. Hofmann, M.C. Andresen, Distinct calcium sources support
multiple modes of synaptic release from cranial sensory afferents, J. Neurosci. 36
(34) (2016) 8957–8966.

[59] P.N. Grigoryev, A.L. Zefirov, The same synaptic vesicles originate synchronous and
asynchronous transmitter release, Acta Naturae 7 (3) (2015) 81–88.

[60] J. Turecek, W.G. Regehr, Neuronal regulation of fast synaptotagmin isoforms con-
trols the relative contributions of synchronous and asynchronous release, Neuron
101 (5) (2019) 938–949 e4.

[61] M.M. Bradberry, H. Bao, X. Lou, E.R. Chapman, Phosphatidylinositol 4,5-bispho-
sphate drives Ca(2+)-independent membrane penetration by the tandem C2 do-
main proteins synaptotagmin-1 and Doc2beta, J. Biol. Chem. 294 (28) (2019)
10942–10953.

[62] S. Rodrigues, M. Desroches, M. Krupa, J.M. Cortes, T.J. Sejnowski, A.B. Ali, Time-
coded neurotransmitter release at excitatory and inhibitory synapses, Proc. Natl.
Acad. Sci. U. S. A. 113 (8) (2016) E1108–E1115.

[63] A. Tsentsevitsky, I. Kovyazina, E. Nikolsky, E. Bukharaeva, R. Giniatullin, Redox-
sensitive synchronizing action of adenosine on transmitter release at the neuro-
muscular junction, Neuroscience 248 (2013) 699–707.

[64] J.H. Peters, S.J. McDougall, J.A. Fawley, S.M. Smith, M.C. Andresen, Primary af-
ferent activation of thermosensitive TRPV1 triggers asynchronous glutamate release
at central neurons, Neuron 65 (5) (2010) 657–669.

[65] A.J. Fenwick, S.W. Wu, J.H. Peters, Isolation of TRPV1 independent mechanisms of
spontaneous and asynchronous glutamate release at primary afferent to NTS sy-
napses, Front. Neurosci. 8 (2014) 6.

[66] M. Valko, K. Jomova, C.J. Rhodes, K. Kuca, K. Musilek, Redox- and non-redox-
metal-induced formation of free radicals and their role in human disease, Arch.
Toxicol. 90 (1) (2016) 1–37.

[67] A.H. Poliandri, L.I. Machiavelli, A.F. Quinteros, J.P. Cabilla, B.H. Duvilanski, Nitric
oxide protects the mitochondria of anterior pituitary cells and prevents cadmium-
induced cell death by reducing oxidative stress, Free Radic. Biol. Med. 40 (4) (2006)
679–688.

[68] X. Chen, W. Wu, B. Gong, L. Hou, X. Dong, C. Xu, R. Zhao, Q. Yu, Z. Zhou, S. Huang,
L. Chen, Metformin attenuates cadmium-induced neuronal apoptosis in vitro via
blocking ROS-dependent PP5/AMPK-JNK signaling pathway, Neuropharmacology
(2020) 108065.

[69] V. Souza, C. Escobar Mdel, L. Bucio, E. Hernandez, L.E. Gomez-Quiroz,
M.C. Gutierrez Ruiz, NADPH oxidase and ERK1/2 are involved in cadmium in-
duced-STAT3 activation in HepG2 cells, Toxicol. Lett. 187 (3) (2009) 180–186.

[70] K. Martinez Flores, B.C. Uribe Marin, V. Souza Arroyo, L. Bucio Ortiz, A. Lopez
Reyes, L.E. Gomez-Quiroz, E. Rojas del Castillo, M.C. Gutierrez Ruiz, Hepatocytes
display a compensatory survival response against cadmium toxicity by a mechanism
mediated by EGFR and Src, Toxicol. Vitro 27 (3) (2013) 1031–1042.

[71] S. Lian, Y. Xia, P.N. Khoi, T.T. Ung, H.J. Yoon, N.H. Kim, K.K. Kim, Y.D. Jung,
Cadmium induces matrix metalloproteinase-9 expression via ROS-dependent EGFR,
NF-small ka, CyrillicB, and AP-1 pathways in human endothelial cells, Toxicology
338 (2015) 104–116.

[72] J.K. Angeli, C.A. Cruz Pereira, T. de Oliveira Faria, I. Stefanon, A.S. Padilha,
D.V. Vassallo, Cadmium exposure induces vascular injury due to endothelial oxi-
dative stress: the role of local angiotensin II and COX-2, Free Radic. Biol. Med. 65
(2013) 838–848.

[73] L. Chen, B. Xu, L. Liu, Y. Luo, H. Zhou, W. Chen, T. Shen, X. Han, C.D. Kontos,
S. Huang, Cadmium induction of reactive oxygen species activates the mTOR
pathway, leading to neuronal cell death, Free Radic. Biol. Med. 50 (5) (2011)
624–632.

[74] D.B. Zorov, M. Juhaszova, S.J. Sollott, Mitochondrial ROS-induced ROS release: an
update and review, Biochim. Biophys. Acta 1757 (5–6) (2006) 509–517.

[75] S.I. Zandalinas, R. Mittler, ROS-induced ROS release in plant and animal cells, Free
Radic. Biol. Med. 122 (2018) 21–27.

[76] S.R. Lee, Critical role of zinc as either an antioxidant or a prooxidant in cellular
systems, Oxid Med Cell Longev 2018 (2018) 9156285.

[77] W. Maret, The redox biology of redox-inert zinc ions, Free Radic. Biol. Med. 134
(2019) 311–326.

[78] M.S. Sharpley, J. Hirst, The inhibition of mitochondrial complex I
(NADH:ubiquinone oxidoreductase) by Zn2+, J. Biol. Chem. 281 (46) (2006)
34803–34809.

A.N. Tsentsevitsky, et al. Free Radical Biology and Medicine 155 (2020) 19–28

27

http://refhub.elsevier.com/S0891-5849(20)30823-6/sref21
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref22
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref22
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref22
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref23
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref23
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref23
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref23
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref24
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref24
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref25
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref25
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref25
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref25
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref26
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref26
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref26
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref27
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref27
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref27
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref28
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref28
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref28
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref29
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref29
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref29
https://doi.org/10.1523/JNEUROSCI.2415-19.2020
https://doi.org/10.1523/JNEUROSCI.2415-19.2020
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref31
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref31
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref32
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref32
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref33
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref33
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref34
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref34
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref34
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref35
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref35
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref36
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref36
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref36
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref37
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref37
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref37
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref38
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref38
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref38
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref39
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref39
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref40
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref40
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref40
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref41
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref41
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref41
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref42
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref42
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref43
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref43
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref43
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref44
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref44
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref44
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref44
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref45
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref45
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref46
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref46
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref46
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref47
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref47
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref47
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref47
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref48
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref48
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref48
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref49
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref49
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref49
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref50
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref50
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref50
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref50
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref51
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref51
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref52
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref52
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref53
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref53
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref53
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref53
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref54
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref54
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref54
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref55
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref55
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref56
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref56
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref56
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref56
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref57
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref57
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref57
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref58
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref58
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref58
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref59
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref59
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref60
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref60
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref60
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref61
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref61
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref61
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref61
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref62
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref62
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref62
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref63
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref63
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref63
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref64
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref64
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref64
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref65
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref65
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref65
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref66
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref66
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref66
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref67
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref67
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref67
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref67
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref68
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref68
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref68
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref68
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref69
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref69
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref69
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref70
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref70
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref70
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref70
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref71
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref71
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref71
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref71
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref72
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref72
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref72
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref72
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref73
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref73
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref73
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref73
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref74
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref74
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref75
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref75
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref76
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref76
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref77
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref77
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref78
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref78
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref78


[79] Y. Zhao, F. Yan, J. Yin, R. Pan, W. Shi, Z. Qi, Y. Fang, Y. Huang, S. Li, Y. Luo, X. Ji,
K.J. Liu, Synergistic interaction between zinc and reactive oxygen species amplifies
ischemic brain injury in rats, Stroke 49 (9) (2018) 2200–2210.

[80] K.M. Noh, J.Y. Koh, Induction and activation by zinc of NADPH oxidase in cultured
cortical neurons and astrocytes, J. Neurosci. 20 (23) (2000) RC111.

[81] L. Wang, Y.L. Yin, X.Z. Liu, P. Shen, Y.G. Zheng, X.R. Lan, C.B. Lu, J.Z. Wang,
Current understanding of metal ions in the pathogenesis of Alzheimer's disease,
Transl. Neurodegener. 9 (2020) 10.

[82] A.R. Kay, Imaging synaptic zinc: promises and perils, Trends Neurosci. 29 (4)

(2006) 200–206.
[83] A.R. Kay, K. Toth, Is zinc a neuromodulator? Sci. Signal. 1 (19) (2008) re3.
[84] G. Salazar, R. Love, E. Werner, M.M. Doucette, S. Cheng, A. Levey, V. Faundez, The

zinc transporter ZnT3 interacts with AP-3 and it is preferentially targeted to a
distinct synaptic vesicle subpopulation, Mol. Biol. Cell 15 (2) (2004) 575–587.

[85] N. Lavoie, D.V. Jeyaraju, M.R. Peralta 3rd, L. Seress, L. Pellegrini, K. Toth, Vesicular
zinc regulates the Ca2+ sensitivity of a subpopulation of presynaptic vesicles at
hippocampal mossy fiber terminals, J. Neurosci. 31 (50) (2011) 18251–18265.

A.N. Tsentsevitsky, et al. Free Radical Biology and Medicine 155 (2020) 19–28

28

http://refhub.elsevier.com/S0891-5849(20)30823-6/sref79
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref79
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref79
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref80
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref80
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref81
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref81
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref81
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref82
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref82
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref83
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref84
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref84
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref84
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref85
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref85
http://refhub.elsevier.com/S0891-5849(20)30823-6/sref85

	Cadmium desynchronizes neurotransmitter release in the neuromuscular junction: Key role of ROS
	Introduction
	Methods
	Animals
	Solution and chemicals
	Electrophysiological recording
	Fluorescent microscopy
	Statistics

	Results
	Effect of Cd2+ on neurotransmitter release: quantum content and timing
	Dependence of Cd2+ effects on ROS
	Cd2+-induced ROS overproduction and lipid peroxidation
	Effect of TRPV channel blocker capsazepine (CPZ)
	Interplay between Cd2+ and Zn2+ in effects on quantum content and timing

	Discussion
	Conclusions
	Funding
	Declaration of competing interest
	Acknowledgements
	Supplementary data
	References




