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Abstract

Ginseng, the root of Panax ginseng C.A. Meyer (Araliaceae), is a widely used herbal medicine.
Ginsenosides, the active ingredients of ginseng, are the main components responsible for many
beneficial actions of ginseng. In the present study, we tested ten different ginsenosides in the
previously developed in vitro Huntington’s disease (HD) assay with primary medium spiny striatal
neuronal cultures (MSN) from the YAC128 HD mouse model. We found that nanomolar
concentrations of ginsenoside Rb1 and Rc effectively protected YAC128 medium spiny neurons
from glutamate-induced apoptosis; and that Rg5 was protective at micromolar concentration. The
other seven ginsenosides tested were not effective or exerted toxic effects in MSN cultures. In further
experiments we suggested that neuroprotective effects of ginsenosides Rb1, Rc, and Rg5 could
correlate with their ability to inhibit glutamate-induced Ca2* responses in cultured MSN. From these
results we concluded that ginsenosides Rb1, Rc and Rg5 offer a potential therapeutic choice for the
treatment of HD and possibly other neurodegenerative disorders.
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Introduction

Huntington’s disease (HD) is an inherited, incurable autosomal dominant disorder caused by

a polyglutamine expansion in Huntingtin, a 350-kDa ubiquitously expressed cytoplasmic
protein. (The Huntington’s Disease Collaborative Research Group, 1993). It is characterized
by progressive neurodegeneration resulting in motor abnormalities including chorea and
psychiatric disturbance with gradual dementia (Vonsattel and DiFiglia 1998). The pathological
hallmark of HD is the loss of medium spiny neurons (MSN) in the striatum which leads to
major clinical abnormalities that characterize the disease. The exact cause of neuronal loss is
still unknown. Recent evidence indicates that deranged neuronal calcium signaling plays an
important role in the pathophysiology of HD (Bezprozvanny and Hayden 2004; Tang et al.
2005). The HD mutation affects Ca2* signaling in medium spiny neurons (MSN) by sensitizing
InsP3R1 to activation by InsP3 (Tang et al. 2003), stimulating NR1/NR2B NMDAR activity
(Chen et al. 1999; Sun et al. 2001; Zeron et al. 2002; Zhang et al. 2008) and destabilizing
mitochondrial Ca2* handling (Choo et al. 2004; Panov et al. 2002). Enhanced glutamate-
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induced Ca?* responses lead to continuous mitochondrial Ca2* overload and eventual apoptosis
of HD MSN (Shehadeh et al. 2006; Tang et al. 2005; Zhang et al. 2008).

Ginseng, the root of Panax ginseng C.A. Meyer (Araliaceae), has been used as herbal medicine
in Asia to provide benefit in many disease states, including neurodegenerative and aging
disorders. Ginsenosides, the main components responsible for the actions of ginseng, have a
four-ring, steroid-like structures with sugar moieties attached. More than thirty different
ginsenosides have been isolated and identified from ginseng, and they are classified into
protopanaxadiol (PPD) and protopanaxatriol (PPT) saponins according to the chemical
structures. Ginsenosides Rb1, Rb2, Rc, Rd, and Rg3 belong to PPD saponin, while Rgl, Rg2,
and Re belong to PPT saponin. Previous studies demonstrated that ginsenoside Rb1 and Rg3
protected cortical neurons from glutamate-induced cell death by blocking Ca?* influx through
glutamate receptors (Kim et al. 1998). It was also demonstrated that saponins extracted from
ginseng could inhibit both NMDA-induced and glutamate-induced Ca2* increase in rat
hippocampal neurons (Kim et al. 2002). Neuroprotective effects of Rb1, Rb3, and Rd
ginsenosides have been demonstrated in the 3-nitropropionic acid (3-NP) model of striatal
neurodegeneration in rodents (Lian et al. 2005). The protective effects of ginseng saponins
have also been found on 3-NP induced striatal degeneration in rats (Kim et al. 2005). These
results suggest that ginsenosides may be useful and potentially therapeutic choices for the
treatment of neurodegenerative disorders (Nah et al. 2007).

In the present study, we tested a number of ginsenosides using previously developed in vitro
HD model (Tang et al. 2005). In these experiments, primary cultures of MSN neurons from
YAC128 HD mouse were exposed to glutamate stimulation and the protective effects of
ginsenosides on the survival of YAC128 MSN were studied. The effects of ginsenosides on
glutamate-stimulated Ca2* responses of primary cultured MSN were also investigated. From
these experiments, we concluded that ginsenosides Rb1, Rc and Rg5 may be useful in the
treatment of HD and possibly other neurodegenerative disorders.

Materials and Methods

Drugs

Glutamate was from Tocris. Ginsenosides Rb1, Rc, Rd, Re, Rg3, Rg5, Rhl1, ReRd mixture,
Rk1Rg5 mixture and Rh4Rk3 mixture were isolated as previously described (Kwon et al.
2001; Park et al. 2002). Briefly, raw and steamed ginsengs were refluxed with methanol for 6
h. After removal of methanol by evaporator, the aqueous residue was extracted with butanol.
Then butanol fraction was subjected to silica gel chromatography or prep-HPLC (high
performace liquid chromatography) for the isolation of ginsenoside. Chemical structure of
isolated ginsenoside was confirmed by NMR and MS. For the qualitative and quantitative
analysis of ginsenosides, HPLC-ELSD (evaporative light scattering detector) was used. The
purity of ginsenosides was decided by calculation of the peak area from HPLC-ELSD data.
The purity of the ginsenosides and percentage of various ginsenosides in mixtures used in our
experiments were: Rb1 (>85%), Rc (99%), Rd (97%), Re (99%), Rg3 (99%), Rg5 (85%), Rhl
(95%), Re/Rd (Re:Rd 39:50), Rk1/Rg5 (Rk1:Rg5 85:13) and Rh4/Rk3 (Rh4:Rk3 38:50).
Ginsenosides were dissolved in DMSO to 10 mM concentrated stock and further diluted to
final concentration in Neurobasal-A medium for in vitro HD assay or in artificial cerebrospinal
fluid (ACSF) for the Ca2* imaging experiments.

In vitro HD assay

YAC128 mice (FVBN/NJ background strain) (Slow et al. 2003) were obtained from Jackson
Labs (stock number 004938). The male YAC128 mice were crossed to wild-type (WT) female
FVBN/NJ mice and P1-P2 pups were collected and genotyped by PCR. The primary cultures
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of striatal medium spiny neurons (MSN) were established from YAC128 and wild type
littermates as previously described (Mao and Wang 2001; Tang et al. 2005). Striata were
dissected, diced and digested with trypsin. After dissociation, neurons were plated on poly-L-
lysine (Sigma) coated 12 mm round coverslips (Assistent) in Neurobasal-A medium
supplemented with 2% B27, 1 mM glutamine and penicillin-streptomycin (all from Invitrogen)
and kept at 37°C in a 5% CO, environment. Ginsenosides were added to the 14-DIV (days in
vitro) MSN at the final concentration of 0.01 uM, 0.1 uM and 1.0 uM. After 3 h incubation
with ginsenosides, the MSN were exposed for 7h to 250uM glutamate in Neurobasal-A added
to the culture medium. Immediately after the treatment with glutamate, neurons were fixed for
30 min in 4% paraformaldehyde plus 4% sucrose in PBS (pH7.4), permeabilized for 5 min in
0.25% Triton-X-100, and stained using the DeadEnd fluorometric TUNEL System (Promega).
Nuclei were counterstained with 5 uM propidium iodine (PI) (Molecular Probes). Coverslips
were extensively washed with PBS and mounted in Mowiol 4-88 (Polysciences). For
quantification, six to eight randomly chosen microscopic fields containing 100-300 MSN each
were cell-counted for YAC128 and wild type cultures. The number of TUNEL-positive
neuronal nuclei was calculated as a fraction of PI-positive neuronal nuclei in each microscopic
field. The fractions of TUNEL-positive nuclei determined for each microscopic field were
averaged and the results are presented as mean + SE (n= number of fields counted).

Calcium imaging

The Ca?* imaging experiments with 13-14 DIV MSN cultures were performed in multiple
pulses of glutamate application, using a DeltaRAM illuminator, an 1C-300 camera, and
IMAGEMASTER PRO software (all from PTI). The WT MSN were loaded with 5uM fura-2
AM (Molecular Probes) for 45 min at 37°C in artificial cerebrospinal fluid (ACSF, containing
the following: 140mM NaCl, 5mM KCI, ImM MgCl,, 2mM CaCl,, 10mM Hepes, pH7.3).
Coverslips were mounted onto a recording/perfusion chamber (RC-26G, Warner Instruments)
and positioned on the movable stage of an Olympus (Melville) 1X-70 inverted microscope.
Images at 340 and 380 nm excitation wavelengths were acquired every 6 s and shown as
340/380 image ratios as described previously (Tang et al. 2003). Neurons were stimulated with
20 uM glutamate (30s duration) repetitively with 4-5 min ACSF wash in between. Before the
third application of glutamate, neurons were incubated with Rb1, Rc, Rg3, Rg5, Re at 10 uM
concentration in ACSF for 1 min. Higher concentrations 50 uM or 100 uM and 5 min incubation
time were tested for Rc, Rg5 and Re. The Rg3 and Rb1 were also tested in Ca2* imaging
experiments at 0.1 uM concentration with 5 min incubation.

Statistical analysis

Results

All experiments were repeated at least three times. All data were evaluated for statistical
significance by analysis using SigmaPlot t-test or One-Way ANOVA. Statistical difference
was considered to be significant only if P<0.05.

Ginsenosides are protective in in vitro HD assay

In the absence of glutamate, approximately 5-15% of neurons were apoptotic in both wild type
(WT) and YAC128 MSN cultures. Following exposure to 250 uM glutamate, the fraction of
apoptotic WT MSN was increased to 30-45% and the fraction of apoptotic YAC128 MSN was
increased to 60-75% (Figs 1A and 1B, Table 1). As we previously described, the difference
between glutamate-induced apoptosis of YAC128 and WT MSN is highly significant and
constitute a quantitative basis for the in vitro HD assay (Tang et al. 2005). In the earlier study,
we utilized the in vitro HD assay to evaluate neuroprotective effects of five clinically relevant
glutamate pathway antagonists — folic acid, gabapentin, lamotrigine, memantine and riluzole
(Wu et al. 2006). Here we used similar approach to evaluate neuroprotective effects of ten
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isolated ginsenosides. The chemical structures of ginsenosides tested in our experiments are
shown on Supplementary Figure 1. Neuroprotective effects of all ten ginsenosides were
evaluated at 0.01 uM, 0.1 uM and 1 uM concentrations. In all experiments ginsenosides were
added 3h prior to addition of glutamate to WT and YAC128 MSN cultures. We found that
ginsenosides Re, Rh1, ReRd, Rk1Rg5 and Rh4Rk3 had no protective effects on glutamate-
induced apoptosis of YAC128 MSN at the concentrations tested (Figs 1E and 1F, Table 1).
The ginsenosides Re, Rh1 and Rk1Rg5 were toxic to MSN at 1 uM concentration (Table 1).
The ginsenosides Rd and Rg3 potentiated glutamate-induced apoptosis of WT and YAC128
MSN (Table 1).

In contrast to other ginsenosides tested, Rb1, Rc and Rg5 had significant protective effects in
the in vitro HD assay. Rb1 was most effective, with potent protective effects at 0.01 uM and
0.1 uM concentrations (Figs 1C, 1D, 2A, 2B, Table 1). Rc had protective effect at 0.01 uM
concentration (Fig 2C, Table 1). Rg5 was not effective at 0.01 pM and 0.1 uM concentrations
but was protective at 1.0 uM concentration (Fig 2D, Table 1). The neuroprotective effects of
Rb1, Rc and Rg5 were observed when 100 uM or 250 pM of glutamate was used to induce
apoptosis of YAC128 MSN (Fig 2).

Ginsenosides inhibit glutamate-induced Ca2* signals in MSN

How do ginsenosides exert their neuroprotective effects? In the previous studies, we
demonstrated that inhibitors of Ca2* signaling protect YAC128 MSN from glutamate-induced
apoptosis (Tang et al. 2005; Wu et al. 2006; Zhang et al. 2008). It has been previously
demonstrated that some ginsenosides inhibit NMDA-induced Ca?* responses in cultured
hippocampal neurons (Kim et al. 2002; Lee et al. 2006). Thus, in the next experiments we
examined the effects of ginsenosides on glutamate-induced calcium signals in Fura-2 Ca2*
imaging experiments with DIV13-14 WT MSN cultures in ACSF. The ratio of Fura-2 signals
at 340 and 380nm excitation wavelengths was used to quantitatively determine the
concentration of intracellular Ca2* ([Ca%*];). The acute application of glutamate (20 uM, a 30s
duration) to WT MSN cultures produced a rapid increase of Ca?* (Figs 3A, 4A). Following a
4-5 min washout with ACSF, repetitive applications of glutamate induced consistent Ca%*
responses in stimulated MSN (Figs 3A, 4A). The glutamate-induced responses were not
significantly affected following a 1 min preincubation with 0.1% DMSO (Figs 3A, 4A).
Preincubation with 10 uM Rb1 suppressed glutamate-induced Ca2* responses (Figs 3B, 4B),
whereas preincubation with 10 uM Re had no effect (Figs 3C, 4C). The inhibition by Rb1 was
reversible as the glutamate-induced Ca2* response could be restored to initial amplitude
following a washout of this ginsenoside (Figs 3B, 4B). To quantify the effects of the
ginsenosides, we calculated a ratio of peak glutamate-induced Ca2* responses before and after
the application of ginsenosides (peak3/peak?2 ratio). Using this statistical measurement, we
determined that the average peak3/peak?2 ratio was equal to 1.08 = 0.05 (n= 56) for DMSO
control, 0.41 + 0.03 (n=50) for Rb1-exposed cells and 1.25 + 0.11 (n=29) for Re exposed cells
(Fig 4D). Preincubation with 10 uM Rc or Rg5 had some modest inhibitory effect on glutamate-
induced Ca2* responses, but it did not reach a level of statistical significance when compared
to DMSO alone (Fig 4D). However, the trend of inhibition by Rc and Rg5 at 10 uM could be
seen. Thus, we evaluated higher concentrations of these ginsenosides. We determined that
incubation with 50 uM Rg5 for 1 min reduced the glutamate-induced Ca2* response to 24 +5
% (n=40) of the previous Ca?* response. The glutamate-induced Ca?* response was also
decreased to 70% * 9% (n=47) of the previous Ca?* response following 1 min treatment with
100 pM Re. In contrast, 1 or 5 min incubation with 100 pM Re had no significant effect on
glutamate-induced calcium responses. In additional experiments we tested Rg3 and Rb1in 0.1
uM concentrations with 5 min incubation time. In these experiments we did not observe
significant effects of Rg3 or Rb1 on glutamate-induced Ca2* responses eviked in YAC128
MSN (data not shown). Most likely lack of effect in these experiments could be explained by
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the low penetrance of the drugs at low concentrations within 5 min time frame allowed. Thus,
we concluded that the ability of these ginsenosides to inhibit glutamate-induced MSN Ca2*
responses follows the order Rb1 > Rg5 ~ Rc >> Re, which is the similar order as their ability
to protect YAC128 MSN from glutamate-induced apoptosis (Fig 2, Table 1). At least one
exception to this rule appears to be Rg3, which was not protective in the in vitro HD assay
(Table 1) but effectively blocked glutamate-induced Ca?* responses at the 10 uM concentration
(Fig 4D). The inability of Rg3 to exert protective effects in our experiments was most likely
related to the toxic effects of this ginsenoside on cultured MSN (Table 1). To rule out potential
toxic contamination present in the batch of Rg3 used in our experiments, we repeated apoptosis
experiments with an independently isolated preparation of Rg3 but did not observe
neuroprotection in these experiments either (data not shown). Furthemore, we separately
evaluated 20(R)-Rg3 and 20(S)-Rg3 stereoisomers but did not observe protective effects in in
vitro HD assay for either stereoisomer (data not shown).

Discussion

Development of small molecules, which can cross the blood-brain-barrier and confer
neuroprotection to medium spiny neurons, remains one of the primary objectives in HD
research. It has been previously demonstrated that ginsenosides have a variety of beneficial
effects in the central nervous system (Nah et al. 2007; Rhim et al. 2002; Wen et al. 1996).
Prevention of ischemic neuronal death by intravenous infusion of ginsenoside Rb1 suggests
that Rb1 may pass through blood brain barrier (Zhang et al. 2006). It has also been shown that
ginsenosides Rb1 and Rg3 can significantly attenuate glutamate-induced neurotoxicity in
cultured rat cortical and hippocampal cells (Kim et al. 2004; Kim et al. 1998). In vivo studies
demonstrated neuroprotective effects of Rb1, Rb3, and Rd ginsenosides in the 3-nitropropionic
acid (3-NP) model of striatal neurodegeneration (Lian et al. 2005). The systemic administration
of ginseng saponins (GTS) produced significant protections against systemic 3-NP- and
intrastriatal malonate-induced lesions in rat striatum (Kim et al. 2005). All these reports
indicate that ginsenosides may offer a potential therapeutic option for treatment of HD. Our
current results show that ginsenosides Rb1, Rc and Rg5 can efficiently protect YAC128 HD
MSN from glutamate-induced apoptosis in the in vitro HD assay (Figs 1 and 2, Table 1). In
contrast, ginsenosides Re, Rh1, ReRd, Rk1Rg5 and Rh4Rk3 did not show significant protective
effects and Re, Rh1 and Rk1Rg5 were toxic at 1 pM concentration (Table 1). Ginsenosides Rd
and Rg3 potentiated glutamate-induced apoptosis of MSN (Table 1). While low doses of Rb1
(0.01, 0.1 uM) and Rc (0.01 uM) were protective, the overdoses of the ginsenosides Rb1 (1.0
uM) and Rc (0.1, 1.0 uM) did not show significant protective effects (Table 1). From these
results we concluded that there is a fine line between neuroprotective and toxic effects of
ginsenosides. Similar dose-dependent phenomenon has been previously observed with Rb1
and Rg3 in experiments with cultured rat cortical neurons, however with somewhat wider
therapeutic window (Kim et al. 1998). It appears that at high concentrations ginsenosides are
toxic to neurons, which compromises their ability to act as neuroprotective agents at high doses
and limits their therapeutic window. The differences observed in our experiments and in
previous experiments performed with cortical neuronal cultures are most likely due to the
different sensitivity of striatal MSN and cortical neurons to toxicity of ginsenosides. Most
striking example of this phenomenon appears to be Rg3, which was neuroprotective in cortical
neuronal preparation (Kim et al. 1998) but was toxic in our experiments performed with striatal
MSN (Table 1). Previous studies revealed that Rg3 can affect activity of voltage-gated Ca?*
channels (Rhim et al. 2002), K* channels (Lee et al. 2008), Na* channels (Jeong et al. 2004),
and NMDA receptor (Lee et al. 2006). It is possible that the multiple effects exerted by Rg3
lead to different levels of toxicity in cortical and striatal cultures.

It has been hypothesized that glutamate-induced Ca2* overload contributes to the pathogenesis
of HD (Bezprozvanny and Hayden 2004; Tang et al. 2005). Our previous studies demonstrated
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that Ca2* signaling inhibitors, including clinically relevant compounds memantine and
riluzole, are protective in in vitro HD assay (Tang et al. 2005; Wu et al. 2006). Thus, we
evaluated the ability of ginsenosides Rb1, Rc and Rg5 to affect glutamate-induced Ca?*
responses of MSN. The effects of these ginsenosides were compared to the effects of Re, which
was not protective in the in vitro HD assay. In our Ca2* imaging experiments we utilized much
higher concentrations of ginsenosides (10 — 100 uM) as in these experiments ginsenosides had
to be applied acutely. We found that ginsenosides Rb1, Rc and Rg5 could inhibit the glutamate-
induced increase of Ca2* in MSN at concentrations ranging from 10 uM to 100 uM (Fig 4).
At the same concentrations, Re had no significant effect on glutamate-induced Ca2* signals
(Fig 4). These results are in agreement with the previous report of inhibitory effects of Rb1 on
NMDA-induced Ca2* responses in cultured rat hippocampal neurons (Kim et al. 2002).
Importantly, the ability of these ginsenosides to inhibit glutamate-induced MSN Ca2*
responses followed the order Rb1 > Rg5 ~ Rc >> Re (Fig 4D), which is the same order as their
ability to protect YAC128 MSN from glutamate-induced apoptosis (Fig 2, Table 1). The
exception to this rule appears to be Rg3, which potently inhinited glutamate-induced Ca?*
responses (Fig 4D) but was not protective in apoptosis experiments (Table 1). As discussed
above, this discrepancy is likely to be due to the toxic effects exerted by Rg3 on cultured MSN.
The effect of ginsenosides Rg3 or Rb1 on glutamate-induced Ca?* responses in MSN could
be observed at 10 uM concentrations (Fig 4), however lower concentrations of these
ginsenosides (0.1 uM) did not inhibit Ca2* responses in our experiments (data not shown).
This could probably caused by slow membrane partitioning of ginsenosides at low
concentrations. Given that the overall pharmacology of ginsenosides is complex, it is likely
that other factors in addtion to Ca2* stabilizing effects may also contribute to the actions of
ginsenosides.

In our experiments we evaluated neuroprotectve effects of ginsenosdies in striatal YAC128
MSN culture preparation. Although striatal neurons are most affected in HD, cortical neurons
also appear to be affected (Cepeda et al. 2007; Macdonald et al. 1997; Sotrel et al. 1991).
Moreover, it is becoming increasingly clear that the cortical inputs onto MSN play a significant
role in striatal cell loss and dysfunction in HD (Cepeda et al. 2007). Both cell-autonomous
toxicity and pathological cell-cell interaction synergistically contribute to neuropathogenesis
of the vulnerable cortical and striatal neurons in HD (Gu et al. 2007; Gu et al. 2005). Thus, it
will be interesting to evaluate effects of ginsenosides using co-culture of striatal and cortical
neurons, which is more close to a physiological situation. This experiment will be performed
in the future.

Ginseng has been a popular herbal remedy used in eastern Asia for thousands of years. The
use of ginseng, while beneficial, can cause complications when used in combination with other
medications. The herb has been documented to induce manic episode in patients taking
antidepressants (Vazquez and Aguera-Ortiz 2002). Ginseng also slightly decreases the
anticoagulant effects of warfarin, a drug often prescribed to patients with heart disease
(Greenblatt and von Moltke 2005). Other adverse effects from long term use and high doses
of ginseng have been reported, including nervousness, insomnia, hypertension and diarrhea
(Gyllenhaal et al. 2000). Although ginseng has beneficial anti-diabetic effects, decreasing
fasting blood glucose levels in type 2 diabetics (Xie et al. 2005), it may interact with treatment
for diabetes which is a well-known complication in HD. Therefore, more studies on basic
pharmacological mechanisms of actions and toxicity of ginsenosides are required.

In conclusion, our studies demonstrate that at low doses, the ginsenosides Rb1, Rc and Rg5
could attenuate neuronal apoptosis induced by glutamate in the in vitro HD model. The same
ginsenosides also inhibited glutamate-induced neuronal Ca2* signals in cultured MSN, which
suggests that, at least in part, their protective actions were due to inhibition of Ca2* signaling.
Although the cellular and molecular mechanisms that underlie the protective actions of
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ginsenosides are not fully understood, our results indicate that ginsenosides Rb1, Rc and Rg5
could potentially be useful for treatment of Huntington’s disease and possibly other
neurodegenerative disorders. Considering the long history of safe usage of Ginseng in the
human population, these compounds represent attractive leads for further clinical development.
As previously discussed (Nah et al. 2007), the issues related to metabolism of ginsenosides
and the blood-brain-barrier permeability of their metabolite will have to be addressed in order
to take a full advantage of their therapeutic potential for treatment of neurodegenerative
disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Effects of ginsenosides in in vitro HD assay

Fourteen-DIV medium spiny neurons (MSN) from WT and YAC128 mice were exposed to
250 uM glutamate for 7 h, fixed, permeabilized, and analyzed by TUNEL staining (green) and
PI counterstaining. Representative images showing the TUNEL stained and P1 stained medium
spiny neurons after glutamate application in (A) WT and (B) YAC128 cultures. The TUNEL-
staining images are also shown for WT and YAC128 MSN pre-treated for 3 h with 0.1pM Rb1
(C,D) and 0.1uM Re (E, F).
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Rb1 0.1 uM

-O—wr
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The fraction of TUNEL-positive MSN is plotted against glutamate concentration for WT (open
circle) and YAC128 (YAC, filled circles) mice. The data are shown as mean + SE (n = 6-8
microscopic fields, 100-300 MSN per field). The results in the absence (black symbols) and
in the presence (red symbols) of ginsenosides are shown for 0.01 uM Rb1 (A); 0.1 uM Rb1
(B); 0.01 uM Rc (C); 1.0 uM Rg5 (D). All ginsenosides were added 3 h prior to the application
of glutamate.
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Fig. 3. Effects of ginsenosides on glutamate-induced Ca2* responsed in cultured MSN
Representative images showing Fura-2 340/380 ratios in medium spiny neurons (MSN). The
pseudocolor calibration scale for 340/380 ratios is shown on the right. The acute application
of glutamate (20 pM, a 30s-duration) produced a rapid increase of Ca2+ in ACSF. The
glutamate-induced increase of Ca2+ was reproducible by repeated applications of glutamate
with 4-5 min ACSF wash within 30 min. Ratio recordings are shown for the glutamate-induced
responses in MSN for the second, third and fourth glutamate application with one minute
incubation with DMSO (A), 10 uM Rb1 (B) and 10uM Re (C) prior to the third glutamate
application.
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Fig. 4. Ginsenosides inhibit glutamate-induced ca?* responses in cultured MSN
(A-C) Representative 340/380 Fura-2 ratio traces are shown for MSN repetitively stimulated
with 20 uM glutamate pulses. Between 279 and 379 glutamate pulse the cells were exposed for

1 min to 0.1% DMSO (A), 10 uM Rb1 (B), or 10 uM Re (C).

(D) The average values of peak3/peak? ratios are shown for MSN exposed to DMSO or 10

uM of Rb1, Rc, Rg3, Rg5 or Re as mean +/— S.E (n — number of cells analyzed). The peak3/
peak?2 ratio was significantly (p < 0.05) reduced for Rb1 and Rg3 when compared to the DMSO

control (***).
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