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Introduction

The spontaneous and synchronous oscillations of intra-
cellular Ca** concentrations ([Ca®*],) are found in various
types of neural tissues in vivo and in vitro, including the
olfactory bulb™, thalamus, hippocampus, and neocortex”.  cellular factor
Together with spontaneous neurotransmitters release, these
spontaneous and synchronous activities are believed to play
a pivotal role during neuronal development®, migration, in-
formation processing¥, and pathological events, such as
epileptic seizures in the hippocampus®. In primary cultures
of embryonic hippocampal neuronal networks, spontaneous
and synchronous calcium oscillations are observed without
external stimuli, resulting from periodic burst firing of action
potentials through excitatory synaptic transmission'®. This
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Abstract

Aim: Deoxyschisandrin is one of the most effective composites of Schisandra
chinensis, a famous Chinese medicine widely used as an antistress, anti-aging,
and neurological performance-improving herb. In this study, we examined its spe-
cific mechanisms of action on cultured hippocampal neurons. Methods: Hippoc-
ampal neurons, primarily cultured for 9—11 d in vitro, were used for this study. DS
were dissolved in DMSO and applied to calcium imaging and whole-cell patch
clamp. Results: The application of 3 mg/L DS decreased the frequency of sponta-
neous and synchronous oscillations of intracellular Ca* to 72%2+2% (mean+SEM),
and the spontaneous inhibitory postsynaptic currents to 60%=+3% (mean+SEM).
The inhibitory concentraton 50% (ICs,) for the effect of DS on calcium oscillations
was 3.8 mg/L. DS also depressed the high voltage-gated Ca** channel and the
voltage-gated Na* channel currents at the same time point. It had no effect, however,
on voltage-gated K™ and spontaneous excitatory postsynaptic currents.
Conclusion: DS inhibited the spontaneous and synchronous oscillations of intra-
cellular Ca* through the depression of influx of extracellular calcium and the
initiation of action potential. By repressing the spontaneous neurotransmitter
release, DS modulated the neuronal network activities.

experimental model, which has been widely characterized in
terms of synaptic development and functionality”*, also
provides a convenient and accessible system to investigate
the regulatory effects and underlying mechanisms for extra-
$1691,

Schisandra chinensis, or “five-taste fruit”, is a Chinese
herbal medicine which has been widely used for a long pe-
riod of time. In traditional Chinese medical sciences, it is
believed to have antioxidative, antiviral, antitumoral, and
antisenile properties, and offers ischemia injury protection
and cardioprotection. It is also used to enhance the func-
tions of the liver and the immune system and to improve the
neurological performance of healthy individuals under stress-
ful conditions. Based on modern research, lignans extracted

891



Fu M et al

Acta Pharmacologica Sinica ISSN 1671-4083

from Schisandra chinensis protect the mouse liver against
carbon tetrachloride toxicity!"”, enhance doxorubicin-in-
duced apoptosis of cancer cells"", and have an anti-HIV
effect!'?. As for its effect on the central nervous system, it
was reported that Schisandra chinensis and its effective com-
posites have sedative, hypnotic, and antiepileptic effects,
and improve intellectual performance. A previous study also
showed that Schisandra chinensis protects primary cultures
of rat cortical cells from glutamate-induced toxicity"?.
However, the exact cellular mechanisms of how Schisandra
chinensis and its composites work on the central nervous
system are less clear. In this paper, we chose Deoxyschi-
sandrin (DS; molecular structure shown in Figure 1), which
is known to be enriched in Schisandra chinensis"*' and is
considered a major effective compound of the herb, to in-
vestigate its pharmacological effects on cultured hippocam-
pal neurons. Further research evidence is needed to better
understand the efficacies of Schisandra chinensis for clini-
cal treatment and to expand the fields of application for this
traditional Chinese medicine.

OCH,

Figure 1. Chemical structure of DS.

Materials and methods

Materials Dulbecco’s modified Eagle’s medium (DMEM),
fetal bovine serum (FBS), equine serum, neurobasal medium,
B27 supplements, 0.25% trypsin—~EDTA, and Hanks’ bal-
anced salt solution for cell culture were from Invitrogen
(Carlsbad, CA, USA). Poly-D-lysine, L-glutamine, tetraethy-
lammonium chloride (TEA-C1), tetrodotoxin (TTX),
bicuculline, 6,7-dinitroquinoxaline-2,3-dione (DNQX),
aminophosphonobutyrate (APV), 4-aminopyridine (4-AP),
ethylene glycol-bis(2-aminoethylether)-tetraacetic acid
(EGTA), adenosine triphosphate disodium salt (Na,ATP),
cadmium chloride (CdCl,), and cesium chloride (CsCl) were
from Sigma (St. Louis, MO, USA). DS (powder, reference
substance for content determination, HPLC >98%; molecu-
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lar weight: 416.5) was from the China National Institute for
the Control of Pharmaceutical and Biological Products
(Beijing, China) and was dissolved in DMSO. Other reagents
were purchased from domestic reagent companies.

Cell culture Hippocampal neuron cultures were prepared
as previously described"”. Briefly, hippocampal tissues
from 17-19 d old fetal rats were dissected and treated with
0.15% trypsin—-EDTA at 37 °C for 15-20 min. Trypsin was
then removed with a Pasteur pipette. The single cell sus-
pension was diluted to a density of 120 000 cells/mL in
high glucose DMEM containing 5% FBS, 5% equine serum,
and 0.5 mmol/L L-glutamine, and was plated in 35-mm, glass
bottom dishes for subsequent microscopy imaging or in
35-mm, ordinary culture dishes for subsequent patch-clamp
experiments. All dishes were pretreated with poly-D-lysine
(20 mg/L in deionized water) overnight. The cultures were
incubated at 37 °C in a humidified incubator with 5% CO,.
After approximately 24 h, the medium was replaced by se-
rum-free neurobasal medium containing B27 supplement
and 0.5 mmol/L L-glutamine to inhibit the growth of glia
cells. Every 3-4 d, half of the media was replaced. After
plating, the cultures were then used for experiments 9—11
d in vitro (DIV).

Ca* imaging The hippocampal cells were loaded with 6
wmol/L Fluo-4-AM ( Invitrogen, USA) in Krebs—Ringer’s sa-
line (in mmol/L: 150NaCl, 5 KCl, 2 CaCl,, 1 MgCl,, 10 glucose,
and 10 HEPES, pH 7.4)! at 37 °C for 35 min, followed by 3
washes and a 15 min incubation for de-esterification of Fluo-
4-AM before imaging. Cells grown on the 35 mm, glass bot-
tom dishes were directly imaged on a Nikon inverted micro-
scope (TE300; Tokyo, Japan) using a 40x numerical aperture
1.30 oil immersion Plan Fluor objective. A Lambda DG-4 high-
speed wavelength switcher (Sutter Instruments, Novato, CA,
USA) was used for the Fluo-4 excitation at 480 nm, and a
cooled CCD camera (CoolSnap FX; Roper Scientific, Princeton,
NJ, USA) was used for image acquisition. MetaFluor imaging
software (Universal Imaging, Downingtown, PA, USA) was
used for hardware control, image acquisition, and image
analysis. Using a heater positioned near the microscope stage,
the hippocampal cells were maintained at 25-30 °C during
imaging. In a typical signal-recording process, the time-lapse
recording of Ca* signals in the hippocampal neurons was
performed for 2 min (as the control period) before and 15 min
after the application of different chemicals; the sampling rate
was 1 frame every 2 s with an exposure time of 80 ms and
CCD binning of 4x4 (Figure 2A, 2B).

Quantitative analysis of frequency of synchronized Ca**
spikes and spontaneous postsynaptic currents The quanti-
tative measurements of [Ca®"]; were obtained by getting the
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Figure 2. Synchronized spontaneous Ca* spikes in cultured hippoc-
ampal neurons. (A) hippocampal neurons 10 DIV. Light microscopic
image on the left and the corresponding Fluo-4 fluorescent micro-
scopic image on the right. Scale bar: 10 um. (B) traces representing
AF/F, of neurons depict Ca** synchronized oscillations in these cells.
(C) traces of synchronized calcium spikes in 3 neurons from a group
of synchronically firing cells before and after the bath application of
DS (final 3 mg/L). (D) histogram of the frequency of calcium spikes
in the control (n=22), DMSO control (n=17), 2 mg/L DS application
(n=25), and 3 mg/L DS application (n=19). Data are expressed as
mean+SEM. °P<0.01 vs DMSO control.

average Fluo-4 fluorescence intensity of a 3x3 pixel® analy-
sis box placed at the centre of the cell body; the intensity
values were then subtracted to the average background in-
tensity measured in cell-free region. The changes of [Ca™];
in each cell were represented by the changes of relative Fluo-
4 fluorescence (AF/F,), where F, was the baseline intensity.
Ca™ spikes were defined as the rapid elevation of AF/Fy>20%.
Under our imaging settings, fields of 4-8 neurons were typi-
cally recorded and subsequently analyzed. Data from at least
3 dishes from different batches of cultures were pooled to-

gether and analyzed for significant statistical differences.
We calculated the frequency of both the Ca** spikes and the
spontaneous currents by counting the number of spikes and
firings over the 2 min period of the recordings at a defined
time point. The frequency values after the drug application
were normalized to the control frequency value and expressed
as percentages; a value of 100% indicated no change. Data
were analyzed for significant statistical differences using
paired Student’s #-test. The compiled data were expressed
and graphed as mean+SEM, with n denoting the number of
neurons studied. The SigmaPlot software (SPSS, Chicago,
IL, USA) was used to fit the concentration—response data
to the equation: Y=1/(14+[IC/C]"), where C is the concen-
tration of drug, Y the inhibition percentage, and n the Hill
coefficient.

Bath application of different factors To examine the ef-
fects of DS on spontaneous calcium oscillation, the stock
solution was diluted at least 1000 times to a 2x working con-
centration with Krebs—Ringer’s solution just before
application. The dilution was applied to the cells to achieve
the desired final concentration through 1:1 dilution (v/v).
Specifically, we first recorded Ca* spikes for 2 min as the
control period in 1 mL Krebs—Ringer’s solution, then added
1 mL of the 2xsolutions, and recorded for another 15 min.
For the control, we performed the same procedure and ap-
plied 1 mL Krebs—Ringer’s solution or 1 pL. DMSO diluted
in 1 mL Krebs—Ringer’s solution.

Electrophysiology Before the experiments, the culture
dishes were rinsed twice and perfused with extracellular
solution. For calcium currents recording, the extracellular
solution contained the following (in mmol/L): 50 NaCl, 5
BaCl,, 90 TEA-CI, 10 HEPES, 10 glucose, 5 4-AP, and
0.001 TTX, pH 7.3. For spontaneous excitatory postsynap-
tic currents (SEPSC), it contained the following (in mmol/L):
140 NaCl, 5 KCl, 1 MgCl,, 0.5 CaCl,, 10 glucose, 10
HEPES, and 0.05 bicuculline, pH 7.4. For spontaneous in-
hibitory postsynaptic currents, the bicuculline was replaced
with 0.02 mmol/L DNQX and 0.05 APV. For potassium
currents, the bicuculline was replaced with 0.001 mmol/L
TTX and 0.4 mmol/L CdCl, to block Na* channel and Ca*
and Ca**-activated K* channels, respectively. For sodium
currents, the bicuculline was replaced with 5 mmol/L 4-AP.
The intracellular pipette solution used for spontaneous
postsynaptic currents and K* current recordings contained
the following (in mmol/L): 140 KCl, 10 HEPES, 10 EGTA, 2
MgCl,, 2 Na,ATP, and 1 CaCl,, pH 7.3. For Na* and Ca**
currents, it contained the following (in mmol/L): 140 CsCl, 10
HEPES, 10 EGTA, 2 MgCl,, 2 Na,ATP, and 1 CaCl,, pH7.3.
The whole-cell patch clamp experiments were performed at
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room temperature (2242 °C) with the Axopatch-200B ampli-
fier (Axon Instruments, Foster City, CA, USA). The patch
electrodes (Fisherbrand, Pittsburgh, UK) were pulled on a
PP-83 micropipette puller (Narishige, Tokyo, Japan). The typi-
cal resistance of glass electrodes was 4-7 MQ when filled
with the intracellular pipette solution. The signals were re-
corded with pClamp9 software (Axon Instruments, USA) and
were analyzed with clampfit9 software (Axon Instruments,
USA). All data were analyzed for significant statistical differ-
ences using paired Student’s #-test. The data were expressed
as the mean+SEM.

Results

DS decreased the frequency of synchronized Ca**
spikes To examine the effects of DS on synchronized Ca**
spikes, we bath-applied DS to hippocampal cultures and
recorded Ca* imaging before and after the application. We
found that 2 mg/L (equal to 4.8 umol/L) DS had no effect
on the frequency (Figure 2D) or the amplitude of Ca* spikes
(data not shown). However, 3 mg/L DS (equal to 7.2 pumol/L)
induced a remarkable decrease in the frequency of Ca®*
spikes immediately after the application, but the amplitude
of the Ca*" spikes was not significantly affected (Figure
2C). After 1 min of DS application, the Ca* spike frequency
was decreased to 72%=+2% from that of the control period,
and to 50%+4% at 9 min after application (Figure 2D). The
bath application of the control saline buffer and the diluted
DMSO did not affect the frequency of the Ca** spikes, in-
dicating that no artifact was produced by the bath applica-
tion method or by DMSO (Figure 2D). DS inhibited syn-
chronized calcium oscillation in a dose-dependent manner
(Figure 3). The concentration—response curve can be fitted
well with a logistic equation. The ICy, value for the inhibi-
tory effect of DS was calculated to be 3.8 mg/L.

DS repressed voltage-gated sodium channel currents
but had no effect on voltage-gated potassium channel cur-
rents It is reported that the spontaneous calcium spikes were
the direct result of membrane depolarization from action po-
tentials among synaptically-connected neurons®, so we first
examined the effect of DS on voltage-gated sodium and po-
tassium channel currents. Electrophysiological experiments
were performed on healthy, typical pyramidal hippocampal
neurons using the whole-cell patch-clamp technique.
Specifically, the cell was clamped at assumptive resting po-
tential (=70 mV), and step depolarized to +60 mV in 10 mV
increment. Since DS significantly decreased the calcium os-
cillation frequency after 1 min of application, we recorded
currents every 2 min after DS application. Data showed that
from 4 min after DS (3 mg/L) application, the voltage-gated
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Figure 3. Concentration—response curve for the effects of DS on
synchronized and spontaneous calcium oscillation frequencies. I1Cs,
=3.8 mg/L. Each point was the average of 7-19 cells. Curve shown
was the best fit of the data to the equation: Y=1/(1+[ICs,/C]"), where
C is the concentration of drug, Y the inhibition percentage, and n the
Hill coefficient.

sodium current amplitude was significantly decreased when
membrane potential was depolarized from —40 mV to +60
mV (Figure 4A,4C). However, in the same course of time,
the voltage-gated potassium current amplitude was not af-
fected (Figure 4B, 4D).

DS inhibited high voltage-activated calcium cur-
rents Since the influx of extracellular calcium shapes the
synchronized oscillations, and the high voltage-activated
(HVA) calcium channels are largely responsible for the
regulation of calcium entry''®, we investigated the effect
of DS on HVA calcium channels. The protocol was the same
as that used in the recording of sodium and potassium
currents. The cell was clamped at assumptive resting po-
tential (=70 mV), and step depolarized to +60 mV in 10
mV increments. Ba®* was used as the charge carrier in the
extracellular solution to avoid Ca**-induced inactivation.
We also recorded the HVA calcium current every 2 min
after DS application. The statistics indicated that the cur-
rent amplitude was significantly decreased 6 min after DS
(final 3 mg/L) application when membrane potential was
depolarized from —10 mV to +60 mV (Figure 5).

DS inhibited spontaneous inhibitory postsynaptic cur-
rents but not spontaneous excitatory postsynaptic currents
The HVA calcium channels require strong membrane depo-
larization for gating and are largely responsible for neu-
rotransmitter release from presynaptic nerve terminals. Be-
cause of this, we then investigated whether DS had influ-
ence on spontaneous synaptic transmission. At the time point
that HAV calcium currents were inhibited, DS had no influ-
ence on the frequency and amplitude of SEPSC (Figure 6A,
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Figure 4. DS depressed voltage-gated Na* currents, but not K* currents. (A) representative recordings of Na* inward currents induced by voltage
protocol of a series of depolarizing steps (top) after the application of DS (final 3 mg/L) (middle) or DMSO (bottom). (B) representative
recordings of K* outward currents induced by voltage protocol of a series of depolarizing steps (top) after the application of DS (final 3 mg/L)
(middle) or DMSO (bottom). (C) I-V curve for Na* channels 8 min after the application of DS (n=4) or DMSO (n=5). Data are expressed as
mean+SEM. "P<0.05 vs DMSO control. (D) I-V curve for K* channels 8 min after the application of DS (n=4) or DMSO (n=5). Data are
expressed as mean+SEM.
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Figure 5. DS inhibited HVA calcium currents in hippocampal neurons. (A) voltage protocol of a series of depolarizing steps to induce HVA
calcium currents. (B) representative recordings of HVA calcium currents induced by the voltage protocol with or without DS (final 3 mg/L)
application. (C) I-V curve for HVA calcium channels 8 min after the application of DMSO or DS (n=5 for both the DMSO control group and

the 3 mg/L DS application group). °P<0.05, °P<0.01 vs DMSO control.

6C), but had a remarkable inhibitory effect on sIPSC (Figure
6B). The frequency of sSIPSC was decreased to 60%=+3%
(mean+SEM) after 2 min of drug application, and to 42%=+1%
(mean+SEM) after 4 min of drug application (Figure 6D).

Discussion

In this study, we found that an appropriate concentra-
tion of DS effectively decreased the frequency of intracellu-
lar Ca® oscillation in cultured rat hippocampal neurons and
remarkably inhibited voltage-gated sodium and HVA Ca*
channel current amplitude. The whole-cell inward currents
of sodium and calcium were blocked by 36% and 48%,
respectively. The spontaneous neurotransmitter release in
the neuronal network was repressed in terms of decreased
sIPSC immediately after the application of DS.

It has been shown that primary hippocampal cultures
mature after ~1 week and form functional synaptic connec-
tions to exhibit spontaneous synaptic transmission ", Spon-
taneous Ca** spikes have been previously reported to result
from action potential firing among synaptically-connected
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neurons'® and have also been reported to be blocked by
TTX, blocker of neuronal action potentials®. The cascade
activation of voltage-gated sodium channels initiate action
potential firing and propagating. The inhibition of the influx
of sodium cation consequently prevents generating the
upstroke of action potentials. DS effectively inhibiting volt-
age-gated sodium is suggested to be one of the main rea-
sons for its inhibitory effect on intracellular Ca* oscillation.

In the central nervous system, calcium channels are
broadly grouped into HVA and low voltage-activated families.
HVA channels require strong membrane depolarization for
gating, and it has previously been reported that HVA cal-
cium channels allow calcium from entering from the extracel-
lular medium and from sustaining the long depolarization™,
The data showed that DS remarkably decreased the current
amplitude of the HVA calcium channels (Figure 5), indicating
that the inhibitory effect of DS on extracellular calcium in-
fluxes contributed to the decrease of intracellular calcium
oscillation.

Considering that the modulatory action of DS on synap-
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Figure 6. DS inhibited sIPSC, but not SEPSC. (A) representative traces of sSEPSC before and after the application of DS (final 3 mg/L). (B)
representative traces of sSIPSC before and after the application of DS (final 3 mg/L). (C) histogram of the frequency of SEPSC in the DMSO
control (n=6) and 3 mg/L DS application (n=6). Data are expressed as mean+SEM. (D) Histogram of the frequency of sIPSC in the DMSO
control group (n=6) and 3 mg/L DS application group (n=6). Data are expressed as meanSEM. "P<0.05, °P<0.01 vs DMSO control.

tic transmission may involve direct action on neurotransmit-
ter release in addition to the effects on ion channels, we
further examined whether DS modulated spontaneous neu-
rotransmitter release and recorded sEPSC and sIPSC
separately. The SEPSC were composed of an equal mixture
of TTX-insensitive miniature EPSC and EPSC that appeared
to result from spontaneous action potentials. The detection
of all sEPSC was glutamate-mediated synaptic events. DS
had no effect on the frequency and amplitude of SEPSC,
indicating that it may not be involved in presynaptic glutamate
release!"®. Interestingly, DS remarkably decreased the fre-
quency of sIPSC to 42%=+8%, with no influence on the
amplitude. One possible explanation for the different effect
of DS on sEPSC and sIPSC could be a selective interaction
between DS and the specific synaptic y-aminobutyric acid
(GABA) receptors. DS decreased the frequency of sIPSC,
but had no effect on their amplitude, which indicated its
selective action on GABAergic neurons and its inhibitory
effect on the presynaptic release of GABA. It has been pre-
viously reported that voltage-gated calcium channels were
involved in mediating GABAergic synaptic transmission''’,
We hypothesized that the inhibition of DS calcium influx
underlies the inhibitory effect of DS on GABA release.
However, this needs further investigation.

Interestingly, the inhibition of voltage-gated sodium and

calcium currents indicated that DS downregulating neural
excitability, in contrast to its inhibitory effect on sIPSC, which
indicating the upregulation of neural excitability. It was sug-
gested that the action of DS on neural network excitability
would be bidirectional. Under normal physiological
conditions, DS had no effect on the excitability of neural
networks, yet in the case of pathological events, when neu-
ral networks were in perturbations, DS might play important
roles to keep neural networks in homeostasis.

Even though Schisandra chinensis has been used for
the treatment of several neurological disorders, only limited
scientific evidence on its traditional use and mechanism of
action has been reported. We demonstrated that DS de-
creased spontaneous and synchronous intracellular calcium
oscillations in cultured hippocampal neural networks, result-
ing from the inhibitory effect of DS on voltage-gated sodium
and HVA calcium channel currents. Spontaneous neurotrans-
mitter release in the neuronal network was also repressed in
terms of decreased sIPSC after the application of DS. These
results provide further insights into the mechanisms involved
in DS action on the central nervous system.
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