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Abstract
Aim: We carried out this study to investigate the effect of ginsenoside Rg1 on 
the extracellular signal-regulated kinase/mitogen activated protein kinase (ERK/
MAPK) pathway for understanding its effect on synaptic platicity.  Methods: 
Western blotting and immunostaining were used to examine the phosphorylation 
of ERK1/2, CaMKIIα and cAMP response element binding protein (CREB) in 
PC12 cells and synaptosomes.  The confocal microscopy and fluorescent indica-
tor Fluo-3 was applied to observe the intracellular calcium ion flux.  Results: 
The phosphorylation of ERK1/2 in PC12 cells and synaptosomes incubated with 
Rg1 was increased and reached maximum at 4 min.  Rg1 also promoted the 
transient enhancement of upstream calcium ion and activated CaMKIIα, which 
reached maximum at 2 min.  CREB, the downstream protein, was phosphorylat-
ed within 8 min in PC12 cells after being incubated with Rg1.  Moreover, KN93 
partially inhibited the activation of ERK1/2, and PD98059 also partially blocked 
the phosphorylation of CREB.  Conclusions: Rg1 activated ERK/MAPK path-
way by CaMKIIα, and the activation of CREB was not only dependent on ERK 
induced by Rg1, which may provide an explanation for the effect of Rg1 on 
long-term potentiation.  
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Introduction
The mitogen-activated protein kinase (MAPK) is a 

family of serine/threonine protein kinases that transduce 
extracellular stimuli into intracellular posttranslational and 
transcriptional responses[1,2].  The MAPK family mainly in-
cludes extracellular signal-regulated protein kinase (ERK), 
p38 MAPK, c-Jun N-terminal kinase/stress-activated 
protein kinase (JNK/SAPK), and ERK5.  The ERK cas-
cade, like the other MAPK cascades, is distinguished by a 
characteristic core cascade of the three kinases.  The first 
kinase is a so-called MAP kinase kinase kinase (MAPKKK, 
Raf-1 and B-Raf in the ERK cascade), which activates the 
second, a MAP kinase kinase (MAPKK, MEK in the ERK 
cascade), by serine/threonine phosphorylation.  MEKs are 
dual specificity kinases, which in turn activate a MAPK 
kinase (P44 MAPK=ERK1, P42 MAPK=ERK2) by phos-
phorylating both a threonine and a tyrosine residue[3].  

The ERK/MAPK kinase pathway was first discovered 
for its role in regulating the cell cycle.  Recent research in-
dicates that ERK/MAPK plays important roles in the cen-
tral nervous system: promoting the differentiation of cells; 
involving rodent behavior, learning and memory; and act-
ing as a critical factor for neuronal plasticity such as long-
term potentiation (LTP)[4–6].  Stimuli that induce LTP in 
area CA1 of the hippocampus also potently activate ERK/
MAPK[7], and pharmacological inhibition of MEK partially 
inhibited LTP formation[4].  Furthermore, the gene expres-
sion-dependent L-LTP is blocked completely by the MEK 
inhibitor PD98059.  Thus, ERK/MAPK signal pathway not 
only promotes the induction of LTP, but is also involved 
in the maintenance of LTP by promoting the transcription 
and translation of new proteins.  Thus, ERK is an impor-
tant regulator of neuronal function in the physiological and 
pathological condition.  The ERK/MAPK pathways in the 
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primary afferents, as well as in the spinal cord and central 
nervous system may be potential targets for pharmaco-
logical intervention for synaptic plasticity or learning and 
memory improvement.  

Ginsenoside Rg1, is extracted from ginseng, the root of 
Panax Ginseng C A  Meyer (Araliaceae).  Ginseng, as one 
of the most extensively used traditional Chinese medicines 
throughout the world, has a number of pharmacological 
effects.  Accumulating evidence demonstrates that ginse-
nosides, also called ginseng saponins, are the major active 
ingredients.  Within more than 30 different ginsenosides, 
Rg1 has been shown to have beneficial effects on the cen-
tral nervous system, especially in improving learning and 
memory[8,9].  Rg1 improved cognition in several animal 
models, such as aged, OVX and cerebral ischemia-reperfu-
sion rats[9–11].  In vitro, neuroprotective effects were demon-
strated on neuronal cell lines, primary cortical neurons and 
nigral neurons damaged by glutamate, β-amyloid protein or 
rotenome[12,13].  Rg1 increased synaptic plasticity of freely 
moving rats and enhanced the basic synaptic transmis-
sion and the magnitude of LTP induced by high frequency 
stimulation[14,15].  

The study of the action mechanism of Rg1 on cogni-
tion and LTP showed that the increased synaptic plasticity 
may be attributed to the increased expression of GAP-43 
in granule cell layer of DG and the onset of the sprouting 
of granule cell axon-MF.  Nitric oxide produced by nNOS 
played a role in the induction of PP-DG LTP in anesthe-
tized rats[14,15].  Furthermore, recent studies showed that 
ginsenoside Rg1 exerted its presynaptic facilitatory effect 
likely through the activation of protein kinase A.  Our lab 
also previously demonstrated Rg1 promoted the release of 
neurotransmission[16,17].  However, the molecular mecha-
nism of Rg1 in neuron was not still elucidated clearly.  In 
the present study, the effect of Rg1 on ERK/MAPK path-
way was investigated.  

Materials and methods
Materials  Anti-phospho-ERK1/2, anti-phospho-

CaMKIIα subunit, anti-β-actin primary antibodies and 
anti-rabbit IgG secondary antibody were purchased from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).  Anti-
phospho-CREB antibody was obtained from Cell Signaling 
Biotechnology (Hertfordshire, England).  KN93, PD98059, 
Hoechst 33258 were obtained from Sigma.  Dulbecco’s 
Modified Eagle’s Medium (DMEM), fetal bovine serum 
(FBS) and equine serum were purchased from Gibco BRL 
(New York, NY, USA).  Fluorescein isothiocyanate (FITC) 
labeled goat anti-rabbit IgG and Fluo-3/AM ester were pur-

chased from Biotium Inc (CA, USA).  Enhanced chemilu-
minescent (ECL) substrate was from Pierce (Rockford, IL, 
USA).  Ginsenoside Rg1 with purity greater than 98% was 
obtained from Jilin University (Changchun, Jilin Province, 
China) and triturated into fine powder before being dis-
solved in double distilled water (DDW).  

Animals  Male Wistar rats (180–220 g) in this study 
were provided by the Experimental Animal Center of the 
Chinese Academy of Medical Sciences.  Rats were housed 
in a temperature- and light-control room (23°C , 12 h light 
cycle) and had free access to food and water.  All animals 
were handled in accordance with the standards established 
in the Guide for the Care and Use of Laboratory Animals 
published by the Institute of Laboratory Animal Resources 
of the National Research Council (United States) and ap-
proved by the Animal Care Committee of the Peking Union 
Medical College and the Chinese Academy of Medical Sci-
ences.  

Cell cultures and treatment with Rg1  PC12 cells, 
purchased from the American Tissue Type Collection, were 
grown in 75-cm2 tissue culture flasks in DMEM supplement-
ed with 5% FBS and 5% equine serum, penicillin (100 IU/
mL), streptomycin (100 mg/L), and L-glutamine (2 mmol/L).  
Cultures were maintained at 37 °C in 95% air, 5% CO2 in a 
humidified incubator.  PC12 cells were seeded into a 35-mm 
culture dish.  Cells were incubated under either experimental 
or control conditions for a total of 8 min, beginning with the 
change of the culture medium with HEPES-buffered saline 
(HBS) containing 150 mmol/L NaCl, 5.4 mmol/L KCl, 
1.8 mmol/L CaCl2, 0.8 mmol/L MgSO4, 20 mmol/L glu-
cose, and 20 mmol/L HEPES (pH 7.2).  Various concentra-
tions of Rg1 (0.1, 1 and 10 µmol/L) were added into PC12 
cells for a dose-dependent study.  In the time-dependent 
study, the cells were incubated with Rg1 for 0, 1, 2, 4, 6, 
and 8 min, respectively.  After a 30 min pre-incubation 
with or without 10 µmol/L KN93 or 50 µmol/L PD98059, 
the PC12 cells were stimulated by adding Rg1 and incu-
bated for a specified period.  Then the cells were rapidly 
washed with HBS and then either fixed for immunofluores-
cence experiments or lysed for immunoblotting.  The final 
concentration of Rg1 and the duration of the treatments as 
indicated in the results sections were optimized to maxi-
mize the effects on phosphorylation.  

Preparation of synaptosomes and treatment with 
Rg1  Synaptosomes were prepared from the cerebral corti-
ces of 2-month-old male Sprague-Dawley rats[18].  Cerebral 
cortices were dissected and homogenized in 0.32 mol/L 
sucrose buffer at 4 °C with 12 strokes in a glass teflon ho-
mogenizer at 900 r/min.  Nuclei and debris were removed 
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by centrifugation (900×g for 10 min).  Crude synaptosomes 
were isolated from the resultant supernatants by centrifu-
gation at 14 400×g for 20 min and resuspended in freshly 
aerated (95% O2, 5% CO2 for 10 min) Krebs-Henseleit-
HEPES (KHH) buffer containing 118 mmol/L NaCl, 
3.5 mmol/L KCl, 1.2 mmol/L CaCl2, 1.2 mmol/L MgSO4, 
1.2 mmol/L KH2PO4, 25 mmol/L NaHCO3, 10 mmol/L 
HEPES–NaOH, and 11.5 mmol/L glucose (pH 7.4).  The 
aliquots of synaptosomes were incubated at 37 °C without 
(control) or with 10 µmol/L Rg1 in KHH buffer for 1, 2, 4, 6, 
and 8 min.  The incubated synaptosomes were then pelleted 
by centrifugation (735×g for 20 min).  

Western blotting analysis  Cells or synaptosomes were 
collected and lysed in a lysis buffer (pH=8.0) containing 50 
mmol/L Tris-Cl, 150 mmol/L NaCl , 1% NP-40, 1 mmol/L 
PMSF, 1 mmol/L EDTA, 50 mmol/L NaF, 1 mmol/L di-
thiothreitol (DTT), 1 mg/L aprotinin and 1% Triton X-100 
on ice.  The protein concentration was determined by using 
a BCA protein assay kit.  Equal amount of proteins were 
separated by 9% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE), then transferred to poly-
vinylidene fluoride (PVDF) membrane (Millipore).  The 
membrane was blocked by 3% bovine serum albumin (BSA) 
and incubated with anti-phospho-ERK1/2, anti-phospho-
CaMKIIα, anti-phospho-CREB antibody, followed by 
horseradish peroxides (HRP)-conjugated secondary an-
tibody, and detected with the ECL plus detection system 
(Molecular Devices, Lmax).  The density of each band was 
quantified by using image analysis software (Science Lab 
2005 Image Guage; Fuji Film Co.  Ltd, Tokyo, Japan).  

Confocal microscopy analysis  Measurement of cal-
cium flux was carried out by confocal microscopy.  Briefly, 
PC12 cells were grown in specialized glass-bottom mi-
crowell dishes (Corning Corporation, USA) and loaded 
with 10 µmol/L Fluo-3/AM in HEPES-buffered saline at 

37 °C for 30 min in the dark.  The cells were rinsed with 
HEPES-buffered saline and stimulated with 10 µmol/L 
Rg1.  Fluorescence was monitored at 490 nm (excitation 
wavelength) and 530 nm (emission wavelength) every 5 s 
using a Leica TCSNT confocal fluorescence microscope.  
The measurement was completed at room temperature 
and each field of cells was selected randomly.  The images 
were analyzed for relative fluorescence using Leica confo-
cal software.  All calcium flux assays were carried out in 
the presence of extracellular calcium in the assay buffers.  
Therefore, both intracellular calcium release and extracel-
lular calcium influx were analyzed.  

The effects of Rg1 on the phosphorylation of ERK1/2, 
CREB, CaMKIIα were also observed by confocal micros-
copy.  The PC12 cells were seeded in a slide pre-coating 
with poly-L-lysine and treated with Rg1 at the final con-
centration of 10 µmol/L.  The PC12 cells were fixed in 4% 
paraformaldehyde containing 4% sucrose and 4 mmol/L 
egtazic acid (EGTA) for 10 min at room temperature.  After 
fixation, the cells were washed thrice with phosphate-buff-
ered saline (PBS) and then permeabilized with 0.2% (v/v) 
Triton X-100 in PBS.  Subsequently, the cells were blocked 
with 5% goat serum in PBS for 1 h at room temperature 
and washed once with PBS.  The cells were then incubated 
at 4 °C overnight with a 1:200 dilution of anti-phospho-
ERK1/2, anti-phospho-CaMKIIα, or anti-phospho-CREB 
antibody in PBS containing 5% goat serum.  They were 
washed thrice with PBS for 10 min each and then incubat-
ed with a 1:50 dilution of FITC-conjugated goat anti-rabbit 
IgG for 1 h.  Immunoreactivity was monitored by a Leica 
TCSNT confocal fluorescence microscope.  

Statistic analysis  Data are expressed as mean±SD as 
indicated.  ANOVA followed by Newman-Keuls post hoc 
tests were carried out to assess the differences between the 
relevant control and each experimental group.  P-values of 

Figure 1.  Effects of Rg1 on the phosphorylation of CaMKIIα, ERK1/2, and CREB in PC12 cells. (A) Representative photos of Western blotting. (B) 
Semi-quantitative results of  Western blotting. n=3. Mean±SD. bP<0.05, cP<0.01 vs control.
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<0.05 and 0.01 were regarded as statistically significant.  

Results
Effects of Rg1 on the phosphorylation of ERK1/2 in 

PC12 cells and synaptosomes  First, we determined the 
effect of Rg1 at doses of 0.1, 1.0, and 10.0 µmol/L on the 
phosphorylation of ERK1/2.  The results showed that Rg1 
enhanced the phosphorylation of ERK1/2, and the maxi-
mum effect was observed at the concentration of 10 µmol/L 
(Figure 1).  Thus, 10 µmol/L Rg1 was selected for the fol-
lowing study.  

Then, the time-dependent action of Rg1 on the phos-
phorylation of ERK1/2 was investigated.  As shown in 
(Figure 2), the phosphorylation of ERK1/2 in PC12 cells 
stimulated by Rg1 was increased gradually within 4 min 
and decreased from 4 to 8 min, the maximum was reached 
at 4 min, and the phosphorylation of ERK1/2 has no differ-
ence between 8 min and 0 min.  To confirm the role of Rg1 
on ERK1/2, we also observed its effect on the phosphory-
lation of ERK1/2 in synaptosomes and similar results were 
obtained.  

The activation of ERK1/2 by Rg1 in PC12 cells was 
subsequently detected with confocal microscopy.  The re-
sults showed that Rg1 increased phosphorylation of ERK 
increased in both cytoplasm and cell nucleus, indicating 
that activated ERK1/2 further activated the downstream 
transcription factors.  

Rg1 promoted the intracellular calcium ion flux and 
activated CaMKIIα  It has been demonstrated that Ca2+ 
activates the ERK/MAPK pathway in PC12 cells and pri-
mary neuron cultures[19].  Thus, the intracellular calcium 
ion flux was determined by confocal microscopy.  The re-
sults showed that Rg1 promoted the increase of intracellu-
lar calcium ion rapidly (Figure 3), suggesting that intracel-
lular calcium ion flux in PC12 cells induced by Rg1 played 
an important role during the activation of ERK1/2.  

CaMKII is known as one of the downstream effecters 
of calcium signals and exerts its effect at least in part via 
the ERK1/2 pathway[20].  So the effect of Rg1 on the phos-
phorylation of CaMKIIα at Thr286 was detected by both 
Western blotting analysis and confocal microscopy.  The 
results showed that Rg1 activated CaMKIIα at a concen-
tration-dependent manner (Figure 1).  The phosphorylated 

Figure 2.  The time-dependent action of Rg1 on the phosphorylation of ERK1/2 in cells (A) and synaptosomes (B) by Western blotting.  (C) Semi-quan-
titative results of Western blotting.  (D) The effect of Rg1 on the phosphorylation of ERK1/2 was also observed by confocal microscopy. n=3. Mean±SD.  
bP<0.05, cP<0.01 vs 0 min. 
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CaMKIIα in the Rg1-treated group increased rapidly with-
in 2 min and was stronger than that in the control for 8 min 
(Figure 4).  

CREB was activated by Rg1 in PC12 cells  CREB is 
one of the downstream proteins of ERK1/2, which is acti-
vated by phosphorylating at ser133 in the kinase-inducible 
domain of the N-terminal[21].  The results demonstrated that 
the activation of CREB reached a maximum at the concen-
tration of 10 µmol/L (Figure 1).  It is interesting that CREB 
was persistently activated within 8 min (Figure 4).  And 
the results of confocal microscopy also manifested that the 
phosphorylation of CREB increased remarkably in the cell 
nucleus.  

Effects of KN93 and PD98059 on the phosphoryla-
tion of ERK1/2 and CREB induced by Rg1 in PC12 
cells  It is well-known that CaMKIIα is located upstream 
of ERK1/2.  Therefore, we tried to investigate whether 

the enhancement of phosphorylation of ERK1/2 induced 
by Rg1 was only dependent on the phosphorylation of 
CaMKIIα.  Thus, KN93, the inhibitor of CaMKIIα, was 
pre-incubated with the PC12 cells for 30 min before Rg1 
was added.  The results showed that the phosphorylation of 
ERK1/2 was decreased in the presence of KN93, compared 
with the Rg1-treated group, but still remarkably increased 
compared with that in the control group (Figure 5), indicat-
ing that Rg1 activated ERK1/2 by other pathways besides 
CaMKIIα.  

CREB is a transcription factor and the converge point 
of many protein kinases, including ERK, CaMKII, protein 
kinase A (PKA), protein kinase C (PKC) and so on[22].  
PD98059, an inhibitor of MEK, and KN93 attenuated the 
phosphorylation of CREB (Figure 5), suggesting ERK1/2 
and CaMKIIα are involved in the activation of CREB.  
Therefore, multiple kinase pathways mediated the activa-
tion of CREB induced by Rg1.  

Discussion
In the present study, we have demonstrated that Rg1 

activated the ERK1/2 pathway through promoting intracel-
lular calcium flux and CaMKIIα phosphorylation.  Further-
more, the ERK1/2 and CaMKIIα pathways at least in part 
mediated the activation of CREB induced by Rg1.  

Although the ERK/MAPK kinase pathway was first 
discovered for its role in regulating the cell cycle, when 
members of the kinase cascade were found to be present in 
neurons, another role was ascribed to ERK/MAPK kinase: 
regulating synaptic plasticity and memory formation[23].  
Recent research indicates that ERK/MAPK signaling plays 
a key role in the induction of LTP.  For example, stimuli 
that induce LTP in area CA1 of the hippocampus also po-
tently activate MAPK[7,24] and the inhibitor of ERK blocks 
LTP formation in area CA1 of the hippocampus[4].  Several 
studies have shown that ERK/MAPK is rapidly phospho-
rylated after LTP and that this activation is essential for 
the expression of LTP in CA1 in vitro.  Furthermore, some 
work has highlighted the potential role of the ERK/MAPK 
cascade as a critical trigger to initiate gene transcription 
after synaptic activation.  For example, Early growth re-
sponse (Egr) transcription factors are among a relatively 
small number of regulatory immediate early genes (IEGs) 
that are expressed in response to neuronal activity and 
coupled to ERK/MAPK signaling[3,4].  Thus, we observed 
the change of ERK1/2 phosphorylation stimulated by Rg1 
in PC12 cells and synaptosome within 8 min.  In fact, Rg1 
promoted the activation of ERK1/2 at 1 min and reached a 

Figure 3.  Rg1 promoted the intracellular calcium ion flux by confocol 
microscopy. 
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maximum at 4 min, which may provide a reasonable expla-
nation for its effects on LTP induction and maintenance.  

Activity-dependent change in neuronal processes such 
as synaptic plasticity and neuronal survival are medi-
ated in large part through elevations in intracellular cal-
cium levels[25].  Many complicated downstream calcium-
dependent kinase signaling cascades were revealed, among 
which, ERK/MAPK is emerging as an important target 
for neuronal calcium signaling.  ERK activation by neu-
ronal calcium flux has been demonstrated both in vitro and 
in vivo[26,27].  We observed the calcium flux by confocal 
microscopy.  The results showed that Rg1 increased intra-

cellular calcium ion flux rapidly.  Thus, in the context of 
ERK1/2 activation, the calcium flux may be an important 
factor in determining signaling events.  

It is now well established that ERK activation is via 
multiple molecular partners[28,29].  Among them, CaMKIIα 
is the major target protein activated by the second mes-
senger calcium ion.  We found that Rg1 promoted the 
activation of CaMKIIα within 2 min.  CaMKII is a holoen-
zyme made up of 8–12 homologous peptides called α and 
β subunits[30].  When Ca2+/calmodulin binds a subunit of 
CaMKII, calmodulin displaces the autoregulatory domain 
of the subunit, enabling it to become phosphorylated by 

Figure 4.  The time-dependent action of Rg1 on the phosphorylation of CaMKIIα and CREB by Western blotting (A).  Semi-quantitative results of West-
ern blotting (B).  The effect of Rg1 on the phosphorylation of CaMKIIα (C) and CREB (D) was also observed by confocal microscopy.  n=3. Mean±SD. 
bP<0.05, cP<0.01 vs control. 

Figure 5.  Effects of KN93 and PD98059 on the phosphorylation of ERK1/2 and CREB induced by Rg1 in PC12 cells.  (A) Representative photos of 
Western blotting.  (B) Semi-quantitative results of Western blotting. n=3. Mean±SD. bP<0.05, cP<0.01 vs control. eP<0.05, fP<0.01 vs Rg1 group.
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the catalytic domain of a neighboring subunit.  Once phos-
phorylated, the subunit can remain active for a prolonged 
period, even in the absence of a sustained elevation in 
Ca2+[31].  The phosphorylation of CaMKIIα induced by Rg1 
maintained an increase over 8 min, which may partially 
contribute to its autophosphorylation.  

Regulation of the ERK cascade is complex.  The triki-
nase cascade consists of Raf-1 and B-raf, which activate 
MEK1/2, the obligate upstream activator of ERK1/2, and 
upstream of the Raf-MEK-ERK pathway is an enormous 
variety of membrane receptors, ions and protein kinases[32].  
Cross-talk between kinase pathways indicates that ERK/
MAPK may be a point of convergence integrating CaMKII, 
PKA signals and so on[22].  According to the time of reach-
ing the maximum activation of CaMKIIα and ERK1/2, we 
speculated that CaMKIIα is one of the upstream kinases 
of ERK1/2 induced by Rg1.  Therefore, the CaMKIIα in-
hibitor KN93 was treated with PC12 cells before Rg1 was 
added.  The results revealed that CaMKIIα mediated the 
activation of ERK1/2, but only partially.  The other protein 
kinases that participate in the ERK1/2 pathway activated 
by Rg1 will be further investigated.  

The activation of ERK1/2 is linked to the regulation 
of several transcription factors, CREB is the major down-
stream target of ERK signaling, which exists in the nucleus 
and is related to synaptic plasticity.  ERK1/2 phosphory-
lates pp90 ribosomal S6 kinases 1–3 (RSKs 1–3), which 
translocate to the nucleus and phosphorylate CREB at 
Ser133 to activate CRE-mediated gene expression.  CREB-
dependent gene transcription has been shown to be im-
portant for synaptic plasticity[22].  PD98059, the inhibitor 
of MEK, significantly inhibited the activation of CREB 
by Rg1, suggesting that Rg1 activated CREB through the 
ERK/MAPK pathway.  However, the phosphorylation of 
CREB in the PD98059-treated group was still stronger than 
that in the control, which indicated that other kinases medi-
ated the activation of CREB induced by Rg1.  It has been 
found that CREB can be phosphorylated by multiple kinas-
es including PKC, PKA, pp90 RSK, cGMP-dependent pro-
tein kinase, CaMKII and others[33].  The CaMKII inhibitor 
also partially attenuated the activation of CREB induced by 
Rg1.  Therefore, both ERK1/2 and CaMKIIα participated 
in the activation of CREB induced by Rg1, while other pro-
tein kinases, such as PKA and PKC, are to be investigated 
in the future to confirm whether they mediate the pathway.  

This is the first time that Rg1 has been identified to ac-
tivate the ERK1/2 pathway by increasing the intracellular 
calcium ion flux and phosphorylating CaMKIIα, eventually 
activating CREB in PC12 cells.  These findings imply that 

activation of the ERK/MAPK pathway may contribute to 
the effects of Rg1 on LTP induction and maintenance.  
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