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Abstract Inhibition of Ca2+ entry into the hippocampus and
dorsal root ganglion (DRG) through inhibition ofN-methyl-D-
aspartate (NMDA) receptor antagonist drugs is the current
standard of care in neuronal diseases such as Alzheimer’s
disease, dementia, and peripheral pain. Oxidative stress acti-
vates Ca2+-permeable TRPM2 and TRPV1, and recent studies
indicate that selenium (Se) is a potent TRPM2 and TRPV1
channel antagonist in the hippocampus and DRG. In this
study, we investigated the neuroprotective properties of Se
in primary hippocampal and DRG neuron cultures of aged rats
when given alone or in combination with scopolamine
(SCOP). Thirty-two aged (18–24 months old) rats were divid-
ed into four groups. The first and second groups received a
placebo and SCOP (1 mg/kg/day), respectively. The third and
fourth groups received intraperitoneal Se (1.5 mg/kg/ over
day) and SCOP+Se, respectively. The hippocampal and
DRG neurons also were stimulated in vitro with a TRPV1
channel agonist (capsaicin) and a TRPM2 channel agonist
(cumene hydroperoxide). We found that Se was fully effective
in reversing SCOP-induced TRPM2 and TRPV1 current den-
sities as well as errors in workingmemory and reference mem-
ory. In addition, Se completely reduced SCOP-induced oxida-
tive toxicity by modulating lipid peroxidation, reducing glu-

tathione and glutathione peroxidase. The Se and SCOP+ Se
treatments also decreased poly (ADP-ribose) polymerase ac-
tivity, intracellular free Ca2+ concentrations, apoptosis, and
caspase 3, caspase 9, and mitochondrial membrane depolari-
zation values in the hippocampus. In conclusion, the current
study reports on the cellular level for SCOP and Se on the
different endocytotoxic cascades for the first time. Notably,
the research indicates that Se can result in remarkable neuro-
protective and memory impairment effects in the hippocampal
neurons of rats.
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[Ca2+]i Intracellular free calcium ion
ACA N-(p-Amylcinnamoyl)anthranilic acid
CAP Capsaicin
CHPx Cumene hydroperoxide
CPZ Capsazepine
DMSO Dimethyl sulfoxide
DRG Dorsal root ganglion
EGTA Ethylene glycol-bis[2-aminoethyl-ether]-

N,N,N,N-tetraacetic acid
GSH Reduced glutathione
GSH-Px Glutathione peroxidase
HBSS Hank’s buffered salt solution
PARP Poly (ADP-ribose) polymerase
RAM radial arm-maze
RME Reference memory error
ROS Reactive oxygen species
SCOP Scopolamine
TRP Transient receptor potential
TRPM2 Transient receptor potential Mu
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TRPV1 Transient receptor potential vanilloid 1
WC Whole cell
WME Working memory error

Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative
disorder causing dementia [1]. Researches have shown that
the progressive nature of AD neurodegeneration leads to se-
nile plaques, neurofibrillary tangles, intracellular Ca2+ dysreg-
ulation, disruption of synapses, and loss of neurons in brain
cortical areas [1, 2]. In addition to the brain region, AD and
other dementia also affect patients’ dorsal root ganglion
(DRG) neurons. Studies have observed perturbations of Ca2+

homeostasis caused by excessive levels of oxidative stress in
AD patients’ cells and in cells from animal models of the
disease [3, 4]. It is well known that Ca2+ is an important
messenger, playing a crucial role in regulating many physio-
logical activities, such as cell viability, apoptosis, and synaptic
plasticity [5, 6]. The role of cellular and molecular pathophys-
iology of overloaded Ca2+ influx and memory injury-induced
DRG and hippocampal oxidative injury remains unclear de-
spite research suggesting associations with dementia and AD,
including beta amyloid plaque-induced oxidative stress
(Graphical abstract) [7–9].

Oxidative stress plays an important role in the
ethiopathogenesis of diseases with memory injury, such as
AD and dementia [7–9]. One of the most accepted hypotheses
for memory injury onset implicates mitochondrial dysfunction
and oxidative stress as primary events in the pathology insur-
gence [2]. There is accumulating evidence suggesting that an
overloaded intracellular free Ca2+ ([Ca2+]i) concentration in-
creases mitochondrial membrane depolarization, oxidative
stress, and apoptotic pathways even though antioxidants control
these pathways [10, 11]. Incorporated into the selenoproteins
involved in antioxidant defenses, selenium is an essential die-
tary trace element acting as a cofactor for the glutathione per-
oxidase (GSH-Px) enzyme [12, 13]. Decreased blood selenium
levels andGSH-Px activity were reported in patients withmem-
ory impairment [13, 14]. Selenium has been implicated as a
neuroprotective agent in animal models of AD [15, 16]. The
neuroprotective effects of selenium in DRG and hippocampal
neurons are attributed to its ability to inhibit apoptosis [17] and
to modulate Ca2+ influx through ion channels [18].

The Ca2+-permeable transient receptors (TRP) melastatin 2
(TRPM2) and vanilloid 1 (TRPV1) are part of the TRP family,
members of the melastatin and vanilloid subfamilies, respec-
tively. TRPV1 is activated by different stimuli, such as low pH
and noxious heat (≥43). TRPV1 is also activated by the pun-
gent (capsaicin) nature of hot chili peppers [19]. On the other
hand, poly (ADP-ribose) polymerase (PARP) pathways
through the production of ADP-ribose and NAD+ serve an

important role in activating the TRPM2 channel [20].
Nonetheless, both TRPV1 and TRPM2 are activated and po-
tentiated by reactive oxygen species (ROS) [21, 22]. TRPM2
and TRPV1 channels are primarily expressed in the DRG,
dentate gyrus, and hippocampal CA1 and CA3 regions [23,
24]. Growing interest in the therapeutic potential of TRPM2
and TRPV1 continually provides support for the hypothesis
that TRPM2 and TRPV1 channel inhibition likely underlies
many of the benefits associated with decreased dementia and
AD [25–27], including improved antioxidant, learning, and
executive functions [28]. Activating TRPM2 and TRPV1
has repeatedly resulted in increased cytosolic free Ca2+, oxi-
dative stress, and apoptotic cell injury [18]. Recently, a mod-
ulator role of selenium on TRPV1 and TRPM2 channels was
reported in the DRG and hippocampus of rats [18], human
neutrophils, and cell lines [29, 30]. Therefore, selenium may
modulate Ca2+ entry via TRPM2 and TRPV1 channels, thus
affecting oxidative stress and apoptosis in the DRG and hip-
pocampus of rats with memory impairment. This effect should
be clarified in the DRG and hippocampus of rats with memory
impairment.

The role of Ca2+ influx through NMDA receptors on AD
and dementia has been known for a long time [1, 2]. However,
there exists no report on Ca2+ influx through TRPM2 and
TRPV1 channels in rats with memory impairment. The mo-
lecular mechanism(s) underlying neuronal injury through
memory injury remains poorly understood. To address this
gap, we tested the effects of selenium treatment on apoptosis,
oxidative stress, and Ca2+ influx through TRPM2 and TRPV1
channels in the DRG and hippocampus of scopolamine
(SCOP)-induced aged rats.

Materials and Methods

Chemicals

Fura-2-acetoxymethyl ester (Fura-2AM) was obtained from
Calbiochem (Darmstadt, Germany). Roswell Park Memorial
Institute (RPMI) 1640 medium, sodium selenite, scopolamine
hydrobromide, reduced glutathione (GSH), N-acetyl-
Asp-Glu-Val-Asp-7-amino-4-methylcoumarin (ACDEVD-
AMC) , non ide t -P -40 subs t i t u t e (NP40 ) , 2 - (N -
morpholino)ethanesulfonic acid hydrate (MES hydrate),
polyethylene glycol (PEG), penicillin-streptomycin,
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), 3-[(3 cholamidopropyl)dimethylammonio]-1-
propanesulfonate (CHAPS), cumene hydroperoxide (CHPx),
dimethyl sulfoxide (DMSO), PARP, β-actin, and dithiothrei-
tol (DTT) were purchased from Sigma (Sigma Chemical Co.,
St. Louis, MO, USA). Dihydrorhodamine-123 (DHR-123),
dimethyl sulfoxide, and Tris-glycine gels were from
Molecular Probes (Eugene, OR, USA). His-Asp-7-amino-4-
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methylcoumarin (AC-LEHD-AMC) was obtained from
Bachem (Bubendorf, Switzerland). Dulbecco modified Eagle
medium (DMEM) was purchased from Gibco (Istanbul,
Turkey).

Animals and Groups

The study used 32 (18–24 months) old female Wistar albino
rats weighing 320±30 g at the start of the experiment. The
animals were housed in a room with a temperature of 22
±2 °C and humidity at 60 %. The environment included light
control with a 12-h cycle starting at 08:00 h. The rats were fed
with commercial food and allowed to drink water ad libitum.
The 32 rats received radial arm-maze (RAM) task education
for 14 days before starting, and their workingmemory (WME)
and reference memory errors (RME) were recorded. During
the experiments, three rats were not able to learn the radial
arm-maze task during the education procedure, so they were
exchanged for new rats prior to starting the study. The aged
rats were divided into four groups (eight animals per group):
(1) the control group, which received 1 ml of physiological
saline treatment (0.9 % NaCl) per day; (2) the SCOP-alone-
treated group for 21 days; (3) the selenium (Se)-alone-treated
group for 14 days; and (4) the SCOP-treated group receiving
Se treatment (SCOP+Se). Scopolamine hydrobromide was
dissolved in an isotonic saline solution (0.9 % NaCl), and
1 mg/kg SCOP was intraperitoneally (IP) injected into the rats
for 21 days [31]. Se (as sodium selenite at 1.5 mg/kg every
other day) also was IP administrated alone for 14 days [18].
The SCOP+Se group first received SCOP for 3 weeks, and
then they IP received Se for 14 days (Fig. 1).

SCOP-induced memory impairment was used in the cur-
rent study because it is one of the most widely used models
without necessitating complex surgical procedures [32]. All
research procedures and animal care complied with the guide-
lines of the International Association Study Plan for induction
of memory injury. The study was approved by the Local
Experimental Animal Ethical Committee of Suleyman
Demirel University (SDU) (protocol number 10.02.2015-
03). The animals were maintained and used according to the
Animal Welfare Act and the Guide for the Care and Use of
Laboratory.

At the end of each experiment, all rats were killed under
ether anesthesia by cardiac blood taking in accordance with
SDU experimental animal legislation. The DRG and hippo-
campal samples were isolated as described in a previous study
[18]. At the end of the experiments, the DRG and half of the
hippocampal samples were immediately used for patch-clamp
and Ca2+ signaling analyses. The remaining hippocampal neu-
rons were washed with phosphate buffer (pH 7.2) and frozen
at −33 °C. Western blot, GSH, GSH-Px, and lipid peroxida-
tion analyses were performed within 1 month.

Radial Arm-Maze Task

As previously reported, spatial memory testing was carried
out using a radial arm-maze task [33]. The rats were individ-
ually tested for spatial memory during a 21-day training, and
WME and RME were recorded. The animals were kept in the
test device for a maximum of 10 min.

Electrophysiology

Patch-clamp techniques have been described in detail else-
where [18, 29]. With the patch-clamp technique in the
whole-cell mode, DRG neurons were studied using an
EPC10 patch-clamp set (HEKA, Lamprecht, Germany).
Access cell resistances of whole-cell recording electrodes
were 3–7 MΩ. The standard extracellular bath solution and
pipette solutions were used in previous studies [18, 29]. For
Na+ free solution of extracellular buffer, Na+ was replaced by
150-mM N-methyl-D-glucamine (NMDG+) and the pH was
adjusted with HCl. The osmolarity of the solution was
310 mOsmol/L. It is well known that TRPM2 channels are
activated in the presence of high [Ca2+]i concentration. [Ca

2+]i
in TRPM2 experiments was set to 1 μM (0.886 mM Ca2+,
1 mM Cs-EGTA) instead of 100 nM Ca2+. The Ca2+ concen-
trations of the intracellular and extracellular solutions were
calculated by using the MAXC program (http://www.
stanford.edu/,cpatton/maxc.html).

The DRG neurons were held at a potential of −60 mV, and
current–voltage (I–V) relationships were obtained from volt-
age ramps from −90 to +60 mV applied over 400 ms. In the
patch-clamp experiments, TRPM2 and TRPV1 channels were
gated by adding extracellular H2O2 (10 mM) and capsaicin
(0.010 mM), and they were blocked by extracellular (in bath
of patch chamber) N-(p-amylcinnamoyl)anthranilic acid
(ACA, 0.04 mM) and capsazepine (CPZ). All experiments
were done at room temperature (21±2 °C). For the analysis,
the maximal current amplitudes (pA) in a DRG neuron were
divided by the cell capacitance (pF), a measure of the cell
surface. The results in the patch clamp experiments are the
current density (pA/pF).

Measurement of Intracellular Free Calcium
Concentration

Intracellular free calcium [Ca2+]i was measured with the fluo-
rescent indicator Fura-2-AM [34]. To measure, cells were
trypsin-digested, allowed to sediment, re-suspended in
HEPES-buffered medium, consisting of 20 mM HEPES (pH
7.4), 10 mM NaCl, 4.8 mM KCl, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 0.5 mM CaCl2, 25 mM NaHCO3, 15 mM glucose,
and 0.1 % bovine serum albumin (fatty acid free), and then
loaded with 5 μM fura-2AM for 45 min. Fluorescence was
recorded from 2-ml aliquots of magnetically stirred cellular

2854 Mol Neurobiol (2017) 54:2852–2868

http://www.stanford.edu/,cpatton/maxc.html
http://www.stanford.edu/,cpatton/maxc.html


Fig. 1 Experimental and treatment designs of rats

Fig. 2 Effects of selenium (Se) treatment on [Ca2+]i through TRPV1
channel in hippocampal (a) and DRG (b) neurons in control and rats
with scopolamine (SCOP)-induced memory injury (n = 8 and mean
± SD). The animals received intraperitoneal SCOP and Se. These
neurons were dissected from control and treated animals. Fura-2-loaded
rat hippocampal and DRG neurons in the four groups were further treated

with capsaicin (CAP and 0.01 mM) in the presence of normal
extracellular calcium (1.2 mM) for 100 s. The TRPV1 channels in the
neurons were inhibited by capsazepine (CPZ and 0.1 mM). (ap< 0.05 and
bp < 0.001 versus control. cp< 0.05 versus control +CPZ group. dp< 0.05
and ep< 0.001 versus SCOP group. ep< 0.05 versus Se group. gp< 0.05
versus SCOP+Se group) (Fig. 1c)
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suspensions at 37 °C by using a spectrofluorometer (Carry
Eclipsys, Varian Inc, Sydney, Australia) with excitation wave-
lengths of 340 and 380 nm and emission at 505 nm. Changes
in [Ca2+]i were monitored by using the Fura-2 340/380 nm
fluorescence ratio and were calibrated according to the meth-
od of Grynkiewicz [35].

Ca2+ release in the DRG and hippocampal neurons were
estimated using the integral of the rise in [Ca2+]i for the first
100 s after adding capsaicin (0.1 mM) or CHPx (0.1 mM).
Ca2+ release is expressed in nanomolar quantities by taking a
sample every second as previously described [36, 37]. In some
experiments, the neurons were incubated with ACA (0.04mM
and 1 min) and CPZ (0.1 mM and 30 min) before measuring
the concentration of [Ca2+]i.

Intracellular ROS Production Measurement

Rhodamine 123 (Rh 123) is a nonfluorescent, noncharged dye
that easily penetrates cell membranes. Once inside the cell,
DHR 123 becomes fluorescent upon oxidation to Rh 123,
with the fluorescence being proportional to ROS generation.
Succinctly, the hippocampal neurons (106 cells/ml) were
washed with serum-free RPMI 1640 medium and incubated
with 0.02-mM DHR 123 at 37 °C for 25 min [37, 38]. The

fluorescence intensity of Rh 123 was measured (excitation
488 nm and emission 543 nm) in an automatic microplate
reader (Infinite 200 PRO; Tecan Austria GmbH, Groedig,
Austria). Data are presented as fold increase over the pretreat-
ment level (experimental/control).

Determination of Mitochondrial Membrane Potential

JC-1 was used to determine the mitochondrial membrane po-
tential (ΔΨm) [37]. The hippocampal neurons were incubated
with JC-1 at 37 °C for 45 min. JC-1 fluorescence was mea-
sured by a single excitation wavelength (488 nm) with dual
emission, green (520 nm) and red (596 nm) using the micro-
plate reader (Infinite 200 PRO). The value of ΔΨm is calcu-
lated as the ratio of red to green fluorescence. The relative
transmembrane potential was expressed as a percentage of
ΔΨm relative to vehicle control (fold increase).

Assay for Apoptosis Level and Caspase 3 and Caspase 9
Activities

The apoptosis assay was performed using a commercial kit
according to the instructions provided by Biocolor Ltd
(Northern Ireland) and elsewhere [18]. When the membrane

Fig. 3 Effects of selenium (Se) treatment on [Ca2+]I through TRPM2
channel in hippocampal (a) and DRG (b) neurons in control and rats
with scopolamine (SCOP)-induced memory injury (n = 8 and mean
± SD). The animals received intraperitoneal SCOP and Se. These
neurons were dissected from control and treated animals. Fura-2-loaded
rat hippocampal neurons were further treated with TRPM2 agonist

cumene hydroperoxide (CHPx and 1 mM) in the presence of normal
extracellular calcium (1.2 mM) for 100 s. The TRPM2 channels in the
neurons were inhibited by ACA (0.04 mM). (ap < 0.05 and bp < 0.001
versus control. cp < 0.05 and dp < 0.001 versus SCOP group. ep < 0.05
and fp < 0.001 versus SCOP+ACA. gp< 0.05 versus Se group) (Fig. 2c)
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of the apoptotic cell loses its asymmetry, the APOPercentage
dye is actively transported into cells, staining apoptotic cells
red, thus allowing detection of apoptosis by spectrophotome-
ter [12].

The determinations of caspase 3 and caspase 9 activities in
hippocampus were based onmethods previously reported [37,
38] with minor modifications. Stimulated or resting cells were
washed once with PBS. Fifteen microliters of the neuron sus-
pension (106 cells/ml) were added to the microplate and mixed
with the appropriate peptide substrate dissolved in a standard
reaction buffer that was composed of 100 mM HEPES, pH
7.25, 10 % sucrose, 0.1 % CHAPS, 5 mM DTT, 0.001 %
NP40, and 0.04 ml of caspase 3 substrate (AC-DEVD-
AMC) or 0.1 M MES hydrate, pH 6.5, 10 % PEG, 0.1 %
CHAPS, 5 mm DTT, 0.001 % NP40, and 0.1 mM of caspase
9 substrate (AC-LEHD-AMC). Substrate cleavage was mea-
sured with the microplate reader with excitationwavelength of
360 nm and emission at 460 nm. The data were calculated as
fluorescence units per milligram protein and presented as fold
increase over the pretreatment level (experimental/control).

Lipid Peroxidation, Reduced Glutathione, Glutathione
Peroxidase, and Protein Assay

Spectrophotometric method of Placer et al. [39] was used for
analyses of lipid peroxidation levels of the hippocampal neu-
rons. Homogenates of hippocampal neurons were prepared in
50-mM phosphate buffer (pH 7.4) by an ultrasonic
homogenator. The amount of malondialdehyde was measured
by a spectrophotometer at 532 nm (UV-1800, Shimadzu,
Kyoto, Japan). The values of lipid peroxidation in the neurons
were expressed as micromoles per gram of protein.

The GSH concentration [40] and GSH-Px activity [41] of
the hippocampal neurons were spectrophotometrically mea-
sured at 37 °C and 412 nm using the method described in
our previous study [18]. The values of GSH and GSH-Px in
the neurons were expressed as micromoles per gram of protein
and International Unit per gram of protein, respectively. The
total protein was assessed using Bradford’s method, and bo-
vine serum albumin was used as the standard for the analyses.

Western Blot Analyses

All Western blot analyses in the hippocampal neurons were
performed using standard procedures [18]. Obtained bands
were visualized using ECL Western HRP Substrate
(Millipore Luminate Forte, USA), and visualization was
achieved through Syngene G:BOX Gel Imagination System
(UK) and normalized against β-actin protein. The data are
presented as relative density (fold increase) over the pretreat-
ment level (experimental/control).

Statistical Analyses

All results were expressed as means ± standard deviation
(SD), and p values less than 0.05 were regarded as significant.
To determine the effect of treatment, data were analyzed using
ANOVA. Presence of significance was assessed with LSD
test. The significant values in six groups were assessed with
an unpaired Mann–Whitney U test. The SPSS statistical pro-
gram was used to analyze the data (version 17.0 software,
SPSS Inc., Chicago, IL, USA).

Results

The Effects of Selenium and SCOP Treatments on [Ca2+]i
Accumulation Through TRPV1 Channel Activity
in the Hippocampus and DRG of Rats

CPZ is a specific TRPV1 receptor antagonist. This
study used it in the SCOP-induced dementia model in
order to identify the TRPV1 receptor involved in Ca2+

accumulation via TRPV1 channels. As shown in
Fig. 2a–c, the [Ca2+]i in hippocampal and DRG neurons
were significantly (p< 0.001) lower in the control +CPZ
group compared to the control animals. However,
[Ca2+]i was also markedly (p < 0.001) higher in the
SCOP group when compared to the control group. We
also observed a modulator role for CPZ on the [Ca2+]i
in the neurons. Its concentration was significantly
(p < 0.05) lower in the SCOP + CPZ and Se + CPZ
groups than in the SCOP and Se groups, respectively.
Ca2+ entry through inhibition of TRPV1 channel activity
was further decreased by the selenium treatments, and
[Ca2+]i was also significantly (p < 0.05) lower in the
Se + CPZ and SCOP + Se + CPZ than in the only Se
and SCOP+Se groups, respectively (Fig. 2c).

�Fig. 4 Effects of selenium (Se) treatments on TRPV1 channel activation
in the DRG of control and rats with scopolamine (SCOP)-induced
memory injury. The holding potential was −60 mV. a Control: original
recordings from control neuron. b Control + CAP group: DRG was
isolated from rats without SCOP administration, and they were
stimulated by capsaicin (CAP and 0.01 mM) but inhibited by
capsazepine (CPZ and 0.1 mM). c SCOP group: TRPV1 currents in the
DRG neurons of SCOP-administrated rats were stimulated by CAP
(0.01 mM) in the bath (chamber), and they were inhibited by CPZ
(0.1 mM) in the bath. d Se group: The rats received intraperitoneal Se,
and then the DRG neurons were stimulated by in vitro CAP. e SCOP+Se
group: The rats received 2 weeks Se after induction of experimental
dementia via SCOP, and then the DRG was stimulated by CAP. B I–V
and C I–V: Current voltage relationships of whole-cell currents in the
presence of various extracellular cations, activators, and inhibitors as
indicated (same experiments as in panels b, c). WC whole cell
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The Effects of Selenium and SCOP Treatments on [Ca2+]i
and TRPM2 Channel Activation in the DRG
and Hippocampus of Rats

Within nonspecific agonists of the TRPM2 channel, ACA is
the best TRPM2 receptor antagonist, and we used it in the
SCOP-induced memory injury model to identify the TRPM2
involved in calcium accumulation. As shown in Fig. 3a (hip-
pocampal neurons), b (DRG neurons), and c, [Ca2+]i in hip-
pocampal and DRG neurons were significantly (p<0.001)
higher in the SCOP group as compared to the control group.
[Ca2+]i was significantly (p< 0.001) lower in the Se and
SCOP+Se groups than in the SCOP groups. [Ca2+]i concen-
tration was also significantly (p<0.001) lower in the control +
ACA, SCOP+ACA, and Se+ACA groups than in the SCOP
groups. Compared to the Se and SCOP+Se groups, [Ca2+]i
was also further (p<0.05) decreased in the SCOP+Se+ACA
groups and Se+ACA groups by ACA treatments.

The Effects of Selenium on TRPV1 Channel in the DRG
of Rats with Scopolamine-Induced Memory Impairment

Figures 4 and 5 demonstrate the effects of SCOP and selenium
on TRPV1 channels activated by capsaicin. Capsaicin
(0.01 mM) induced a current in native DRG neurons
(Fig. 4b). Reaching amplitudes of well above 0.90 nA, the
currents induced by capsaicin developed gradually (between
1.15 and 1.35 min) following the addition of capsaicin to the
medium. These currents were reversibly and partially blocked
by CPZ and NMDG+ (see Fig. 4b, c). We observed no current
in the absence of capsaicin (Fig. 4a). We obtained control data
every experimental day using the same animals as those used
for studying TRPV1. In the absence of capsaicin, the mean
value for the current densities in the control DRG neurons was

6.69 pA/pF (n=6) (−60 mV holding potential). The mean
values of the current densities in the CAP, CPZ+CAP,
SCOP, and SCOP+CAP groups as pA/pF were 75 (n=6),
19 (n=6), 184 (n=4), and 21 (n=3), respectively. Current
densities of the DRG neurons were significantly (p<0.001)
decreased in the CAP and SCOP groups by CPZ treatments.
In essence, we observed an activating role for SCOP on the
TRPV1 current in DRG neurons. The current densities were
also significantly (p<0.001) lower in the Se and SCOP+Se
groups compared to the SCOP-only group, (Fig. 5), and sele-
nium treatments decreased the values to control levels.
Oxidative stress plays an important role in the etiology of
memory impairment [5, 7]. It is well known that excessive
production of ROS occurs in capsaicin-induced mitochondrial
membrane depolarization and mitochondrial Ca2+ accumula-
tion through activation of the TRPV1 channel. Nonetheless,
CPZ induces antioxidant effects in the DRG and hippocampus
of rats via modulation of TRPV1 channel activity and

Fig. 5 Role of selenium (Se) treatment on TRPV1 channel capacitance
of the DRG in control and rats with scopolamine (SCOP)-induced
memory injury. The DRG neurons were dissected from in vivo treated
animals, and they were further treated in vitro afterwards with CAP
(0.01 mM) and CPZ (0.1 mM). For each of the applications, the initial
current density (divided by the cell capacitance, a measure of cell size)

was calculated after administration of CAP (mean± SD). The numbers in
parentheses indicate n number of groups. Significant stimulation and
inhibition of currents are indicated with letters. (ap < 0.001 versus
control. bp < 0.001 versus CAP group. cp < 0.001 versus CPZ +CAP
group. dp < 0.001 versus SCOP group)

�Fig. 6 Effects of selenium (Se) treatments on TRPM2 channel activation
in the DRG of control and rats with scopolamine (SCOP)-induced
memory injury. The holding potential was −60 mV. a Control: original
recordings from control neuron. b Control + H2O2 group: DRG was
isolated from rats without SCOP administration, and they were
stimulated by capsaicin (CAP and 0.01 mM) but inhibited by
capsazepine (CPZ and 0.1 mM). c SCOP group: TRPV1 currents in the
DRG neurons of SCOP-administrated rats were gated by H2O2 (10 mM)
in the patch chamber, and they were inhibited by ACA (0.04 mM) in the
bath of patch chamber. d Se group: The rats received intraperitoneal Se,
and then the DRG neurons were stimulated by in vitro H2O2 (10 mM). e.
SCOP + Se group: The rats received 2 weeks Se after induction of
experimental memory injury via SCOP, and then the DRG was
stimulated by H2O2 (10 mM). B I–V and C I–V: current voltage
relationships of whole-cell currents in the presence of various
extracellular cations, activators, and inhibitors as indicated (same
experiments as in panels b, c).WC whole cell
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cytosolic Ca2+ [18]. As a result, we observed capsaicin-
evoked TRPV1 currents in neurons due to an increase in ef-
fective agonist concentration, presumably due to chemical re-
actions between the antioxidant selenium and ROS.

The Effects of Selenium on TRPM2 Channel in the DRG
of Rats with Scopolamine-Induced Memory Impairment

Figures 6 and 7 show effects of Se and SCOP on
TRPM2 channels activated by H2O2. TRPM2 currents
induced by H2O2 developed gradually (within 1.71
± 0.18 min) following infusion of H2O2 to neurons’ cy-
tosol, reaching amplitudes (at a holding potential of
−60 mV) of well above 0.78 nA. These currents were
reversibly blocked by the TRPM2 channel antagonist,
ACA, and NMDG+ as a substitute ion for Na+ (see
Fig. 6b, c). We obtained control data every experimental
day using the same animals as those used for studying
TRPM2, observing no current in the absence of H2O2

(Fig. 6a). In the control DRG neurons, the mean values
for the current densities in the absence of H2O2 was
3.41 pA/pF (n= 7). The mean values of the current den-
sities (as pA/pF) of the DRG neurons were significantly
(p < 0.001) higher in the control + H2O2 and SCOP +
H2O2 groups than in the control groups. Nonetheless,
ACA treatments significantly (p< 0.001) decreased mean
values in the control +ACA+H2O2 and SCOP+ACA+
H2O2 groups (Fig. 7). In addition, selenium treatment
decreased current densities for the Se + H2O2 and
SCOP+Se +H2O2 groups to control levels; the densities
were markedly lower in the Se +H2O2 and SCOP+Se +
H2O2 groups than in the control +H2O2 and SCOP+
H2O2 groups.

Results of Apoptosis, MTT, and Caspase 3 and Caspase 9
Values in Hippocampal Neurons of Rats
with SCOP-Induced Memory Impairment

Figures 8 and 9 show the effects of selenium on SCOP-
induced apoptosis, cell viability (MTT) levels, and cas-
pase 3 and caspase 9 activities through TRPV1
(Figs. 8a and 9a) and TRPM2 (Figs. 8b and 9b) channel
activation in the hippocampal neurons. The apoptosis
levels and caspase 3 and caspase 9 activities were sig-
nificantly (p< 0.001) higher in the SCOP groups than in
the controls, although the MTT levels were markedly
(p< 0.001) lower in the SCOP groups than in the con-
trols. The SCOP-induced apoptosis levels and caspase 3
and caspase 9 activities significantly (p< 0.05) decreased
in the SCOP + CPZ, Se, Se + CPZ, SCOP + Se, and
SCOP+Se +CPZ groups through the CPZ and Se treat-
ments, although MTT levels were markedly (p< 0.05)
increased in the groups with the CPZ and Se treatments.

Results of Mitochondrial Membrane Depolarization
(JC-1) and Intracellular ROS Production in Hippocampal
Neurons of Rats with SCOP-Induced Memory
Impairment

We also investigated the protective effects of melatonin and
selenium on JC-1 and ROS levels in the hippocampal
(Fig. 10a) and DRG (Fig. 10b) neurons. The JC-1 and ROS
levels in the hippocampal and DRG neurons were significant-
ly (p<0.001) higher in the SCOP groups than in the control.
In addition, the JC-1 (p<0.05) and ROS (p<0.001) levels in
the hippocampal and DRG neurons were also significantly

Fig. 7 Role of selenium (Se) treatment on TRPM2 channel capacitance
of the DRG in control and rats with scopolamine (SCOP)-induced
memory injury. The DRG neurons were dissected from in vivo treated
animals, and they were further treated in vitro afterwards with H2O2

(10 mM) and ACA (0.04 mM). For each of the applications, the initial
current density (divided by the cell capacitance, a measure of cell size)

was calculated after administration of CAP (mean ± SD). The numbers of
group were indicated in parentheses. Significant stimulation and
inhibition of currents are expressed by letters. (ap < 0.001 versus
control. bp < 0.001 and cp < 0.05 versus control + H2O2 group.
dp < 0.001 versus control + ACA + H2O2 group. ep < 0.001 versus
SCOP+H2O2 group)
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(p<0.05) lower in the Se and SCOP+Se groups compared to
the SCOP-only group.

Results of Reference Memory Error and Working
Memory Error Levels in RAM Tests of the Aged Rats

It is well known that RME in REM tests represents
short memory impairment while WME represents long
memory impairment in the brain [33]. Table 1 shows
the RME and WME results. The memory error values
increased in the SCOP group and significantly (p< 0.05
for RME and p < 0.001 for WME) increased in the

SCOP group between the first and second RAM tests.
However, selenium treatments decreased the values in
selenium and SCOP+ selenium groups (p< 0.001).

The Effects of SCOP and Selenium on GSH-Px, GSH,
and Lipid Peroxidation Values in the Hippocampal
Neurons

Table 2 illustrates the effects of SCOP and selenium on GSH-
Px, GSH, and lipid peroxidation values. Antioxidants includ-
ing selenium are thought to play a pivotal role in protecting
cells against ROS. Aging is an important source of oxidative

Fig. 8 Effects of selenium (Se) and SCOP administrations on apoptosis
and MTT levels through TRPV1 and TRPM2 channel activities in
hippocampal neurons of rats (n = 8). The hippocampal neurons were
dissected from in vivo treated animals, and they were further treated
in vitro afterwards with capsaicin (0.01 mM) (a) and CHPx (1 mM)
(b), although they were inhibited by CPZ (0.1 mM) and ACA

(0.04 mM), respectively. Values were expressed as fold increase over
the pretreatment level (experimental/control). (ap < 0.001 versus control.
bp < 0.05 and cp< 0.001 versus SCOP group. dp< 0.05 versus SCOP+
CPZ and SCOP+ACA groups. ep < 0.05 versus Se, Se +CPZ, and Se +
ACA groups. fp< 0.05 versus SCOP+Se groups)
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damage in the brain [5, 7]. Our data are consistent with this
view: following memory injury induction, lipid peroxidation
levels in the hippocampal neurons were significantly
(p<0.001) higher in the SCOP group than in the control.
However, lipid peroxidation levels in the neurons were signif-
icantly (p<0.05) lower in the Se and SCOP+Se groups com-
pared to the SCOP group. GSH-Px activity (p<0.01) and
GSH (p<0.001) levels in the hippocampal neurons were sig-
nificantly lower in the SCOP group than in the control. The
GSH and GSH-Px values in the neurons increased in the Se
and SCOP+Se groups when compared to the SCOP groups
(p<0.001).

Results of PARP, Procaspase 3, and Procaspase 9
Activities in Hippocampus

Caspase 9 activity is important in the mitochondrial apoptotic
cascade, and caspase 3 activity plays an important role in
executioner caspase-activated pathways [35, 42]. The
procaspases were further processed to caspase 3 and caspase
9 [43, 44]. We assayed procaspase 3 and procaspase 9 as
indicators of apoptosis (Fig. 11a). The activities of procaspase
3 and procaspase 9 were significantly (p<0.05) lower in the
Se group than in the control and SCOP groups, although they
did not differ between the control and SCOP groups.

Fig. 9 Effects of selenium (Se) and SCOP administrations on caspase 3
and 9 activities through TRPV1 (a) and TRPM2 (b) channel activations
in hippocampal neurons of rats (mean ± SD and n = 8). The caspase
activities were estimated as described under the BMaterials and
Methods^ section. The hippocampal neurons were dissected from
in vivo treated animals. Hippocampal neurons of control, SCOP, Se,
and SCOP + Se groups were in vitro stimulated in TRPV1 (a) and

TRPM2 (b) experiments by capsaicin (0.01 mM) and CHPx (1 mM),
although they were inhibited by CPZ (0.1 mM) and ACA (0.04 mM),
respectively. The values are expressed as fold increase over the
pretreatment level (experimental/control). (ap < 0.001 versus control.
bp < 0.05 and cp< 0.001 versus SCOP group. dp< 0.05 versus SCOP+
CPZ and SCOP+ACA groups. ep < 0.05 versus Se, Se +CPZ, and Se +
ACA groups. fp< 0.05 versus SCOP+Se groups)
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Fig. 10 Effects of selenium (Se) and SCOP treatments on mitochondrial
membrane depolarization (JC-1) and intracellular ROS production
through TRPV1 (a) and TRPM2 (b) channel activations in
hippocampal neurons of rats (mean ± SD and n = 8). The hippocampal
neurons were dissected from in vivo treated animals. The hippocampal
neurons of control, SCOP, Se, and SCOP + Se groups were in vitro
stimulated in TRPV1 (a) and TRPM2 (b) experiments by capsaicin

(0.01 mM) and CHPx (1 mM), although they were inhibited by CPZ
(0.1 mM) and ACA (0.04 mM), respectively. The values are expressed
as fold increase over the pretreatment level (experimental/control).
(ap< 0.001 versus control. bp< 0.05 and cp < 0.001 versus SCOP group.
dp < 0.05 versus Se, SCOP+CPZ, and SCOP+ACA groups. ep< 0.05
versus SCOP+Se group.)

Table 1 The effects of SCOP and
selenium treatments on reference
memory error (RME) and
working memory error (WME)
levels in RAM tests of the aged
rats (mean ± SD and n = 8)

Parameters Test 1 (Day 0) Test 2 Test 3
WME RME WME RME WME RME

Control 0.75 ± 0.66 2.13± 0.78 0.75 ± 0.43 2.25 ± 0.66 – –

SCOP 0.75 ± 0.40 1.88± 0.49 1.63 ± 1.11a 3.38 ± 0.70b

Se 0.88 ± 0.69 3.38± 0.94 0.38 ± 0.48b 1.75 ± 1.09b – –

SCOP+Se 0.63 ± 0.45 1.88± 0.83 2.25 ± 1.07b 4.63 ± 1.37b 0.63 ± 0.48c 2.13 ± 1.36c

RAM test and group details were shown in Fig. 1
a p<0.05 versus Test 1
b p<0.001 versus Test 1
c p<0.001 versus Test 2
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PARP is an abundant enzyme in cells indicating and sig-
naling DNA damage to repair mechanisms. Activated in re-
sponse to single-strand DNA breaks, it subsequently attaches

to regions of injured DNA [10, 11]. TRPM is activated by
PARP-induced ADP-ribose production. PARP activities in
hippocampal neurons were markedly (p<0.05) higher in the

Table 2 The effects of SCOP and
selenium treatments on lipid
peroxidation, reduced glutathione
(GSH) levels, and glutathione
peroxidase (GSH-Px) activity in
hippocampal neurons of aged rats
(mean ± SD)

Parameters Control SCOP Se SCOP+Se
(n = 8) (n = 8) (n= 8) (n= 8)

Lipid peroxidation

(μmol/g protein)

2.16 ± 0.13 2.77 ± 0.28a 2.39 ± 0.32d 2.44 ± 0.23d

GSH

(μmol/g protein)

5.32 ± 0.37 4.54 ± 0.30a 5.57 ± 0.28c 5.49 ± 0.24c

GSH-Px

(IU/g protein)

9.80 ± 0.52 8.57 ± 0.76b 10.60 ± 0.57c 10.10 ± 0.91c

a p<0.001 versus control
b p<0.01 versus control
c p<0.001 versus SCOP group
d p<0.05 versus SCOP group

Fig. 11 Effects of selenium (Se)
administration on procaspase 3,
procaspase 9 (Fig. 10b), and
PARP activities in the
hippocampus of rats. Values are
presented as mean ± SD of three
separate experiments and
expressed relative density (fold
increase). (ap< 0.05 versus
control. bp< 0.05 and cp < 0.001
versus SCOP group. dp< 0.05
versus SCOP+Se group)
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SCOP group than in the control group (Fig. 11b). However,
PARP activities in the neurons were significantly lower in the
Se (p<0.001) and SCOP+Se (p<0.05) groups than in the
SCOP-only group.

Discussion

Overactivation of glutamate receptors leads to neuronal death
in many neurodegenerative diseases, including AD with de-
mentia [2, 3]. The results of our limited study provide clues
about the TRPM2 [8–10] and TRPV1 [23, 25, 26] channels in
neurons’memory impairment in AD and dementia models. In
addition, one of the main causes of neurodegenerative dis-
eases is excessive production of oxidative stress with an over-
load of Ca2+ entry through increasedmitochondrial membrane
depolarization, along with TRPM2 and TRPV1 channel activ-
ity [5–7, 18]. Our results confirm previous data indicating that
selenium prevents capsaicin and oxidative stress-induced
excitotoxicity in rat neuronal cultures [18, 29]. Recent studies
have suggested that selenium in neurons and cell cultures
could preferentially block the TRPM2 and TRPV1 channels,
scavenging ROS [29, 30]. Looking at the results discussed
above, we suggest that SCOP-dependent alterations of Ca2+

influx through cation channels, mitochondrial function, and
oxidative stress induced parallel pathophysiological mecha-
nisms in memory impairment. Impaired memory signaling
and Ca2+ influx through TRP channel activations trigger sen-
sory neuron mitochondrial depolarization in this process [18,
29]. The successive increase in mitochondrial depolarization
induces further ROS production and disrupts Ca2+ homeostat-
ic mechanisms, particularly TRPM2 and TRPV1 channels [2].

Amyloid-beta peptide and tau proteins are the main
constituents of senile plaques in AD and dementia [1,
2]. SCOP induces overproduction of amyloid-beta peptide
and tau proteins in neurons [42]. Meanwhile, the proteins
are also the main source of mitochondrial oxidative stress
and glutathione depletion in the diseases [9, 43]. Some
researchers have reported evidence of amyloid-beta fibrils
in neurons, leading to calcium influx through activation of
TRPM2 and TRPV1 channels and neuronal death associ-
ated with overloaded Ca2+ entry and oxidative stress
[8–10]. Apart from the direct role in cell death, amyloid-
beta-mediated antioxidant GSH and GSH-Px depletion can
lead to synaptic dysfunction, resulting in excitotoxic neu-
rodegeneration during memory impairment [7]. GSH and
GSH-Px contain cysteine groups in their structure. Results
reported in recent papers indicate that oxidation of cyste-
ine groups and depletion of GSH play an important role
in the activation of TRPM2 and TRPV1 channels in neu-
rons [11, 12, 22]. To our knowledge, no studies have
reported on the role of selenium in the hippocampus and
DRG of aged rats with memory impairment. However,

studies have shown that selenium treatment decreases
TRPM2 and TRPV1 channel activities in Chinese hamster
ovary cells [29], human neutrophils [30], DRG, and hip-
pocampal neurons [18]. Recently, we have observed the
modulator role of selenium on GSH, GSH-Px, TRPM2,
and TRPV1 channels in the DRG and hippocampus of
diabetic rats [18]. We observed that SCOP-induced mem-
ory impairment is characterized by increased oxidative
stress, Ca2+ influx, and apoptosis. However, treatment with
selenium exerts beneficial effects on hippocampal and
DRG neuron values in rats with SCOP-induced memory
impairment. Data from the SCOP groups support the idea
that capsaicin acts by initiating metabolic pathways,
resulting in the production of a cytosolic factor, such as
the products of oxidative stress and decreased GSH and
GSH-Px which is responsible for the activation of TRPM2
and TRPV1 [22].

[Ca2+]i accumulation has been presented as a key regulator
of cell survival, but this ion can also induce apoptosis in neu-
ronal death [44]. In addition, mitochondria have a Ca2+ buff-
ering capacity by sequestering excess Ca2+ from the cytosol
[37, 38]. Overloaded [Ca2+]i concentration of mitochondria
can induce an apoptotic program by stimulating the release
of apoptosis-promoting factors, such as cytochrome c, and
by generating ROS due to respiratory chain damage [45]. If
mitochondrial membrane depolarization occurs in the hippo-
campus, it activates excessive ROS production and apoptotic
pathways, such as caspase 3 and caspase 9. We have provided
compelling evidence to support the belief that SCOP-induced
mitochondrial Ca2+ uptake evoked by rises in [Ca2+]i induces
mitochondrial membrane depolarization, excessive ROS pro-
duction, and apoptosis. Our results indicate that the blockade
of both Ca2+ uptake into mitochondria with selenium, TRPM2
(ACA), and TRPV1 (CPZ) antagonists as well as increases in
[Ca2+]i were able to decrease mitochondrial membrane depo-
larization, excessive ROS production, and apoptosis mediated
by CHPx and capsaicin, which was able to block Ca2+ entry
from outside the neurons into the cytosol.

In conclusion, in our memory impairment experi-
mental model, TRPM2 and TRPV1 channels are in-
volved in Ca2+ entry-induced neuronal death in the
hippocampal and DRG neurons; meanwhile, reduced
channel activity by selenium treatment may account
for their neuroprotective activity against apoptosis
and Ca2+ entry. Selenium treatment also increased
memory impairment indicators (WME and RME),
GSH level, and GSH-Px activity in the neurons.
These findings hold particular significance and may
provide an explanation for SCOP-induced neuronal
death and selenium’s memory impairment-reducing
properties through endogenous oxidative stress path-
ways. It seems that TRPM2 and TRPV1 channels
may become important pharmacological targets in the
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treatment of memory impairment-induced oxidative
hippocampal injury.
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