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Abstract
Ginsenosides are the main active ingredients in ginseng and have recently been reported to have
beneficial effects on the central nervous system. Ocotillol is a derivate of pseudoginsenoside-F11,
which is an ocotillol-type ginsenoside found in American ginseng. We examined the effects of
ocotillol (a) on neuronal activity of projection neurons, mitral cells (MC), in a mouse olfactory
bulb brain slice preparation using whole-cell patch-clamp recording, and (b) on animal behavior
by measuring locomotor activity of mice in vivo. Ocotillol displayed an excitatory effect on
spontaneous action potential firing and depolarized the membrane potential of MCs. The effect
was concentration-dependent with an EC50 of 4 μM. In the presence of blockers of ionotropic
glutamatergic and gabaergic synaptic transmission (CNQX, 10 μM; D-AP5, 50 μM; gabazine, 5
μM), the excitatory effect of ocotillol on firing was abolished. Further experiments showed that
the ocotillol-induced neuronal excitation persisted in the presence of GABAA receptor antagonist
gabazine but was eliminated by applying AMPA/kainate receptor antagonist CNQX and NMDA
receptor antagonist D-AP5, suggesting that ionotropic glutamate transmission was involved in
mediating the effects of ocotillol. Bath application of ocotillol evoked an inward current as well as
an increased frequency of spontaneous glutamatergic EPSCs. Both the inward current and sEPSCs
could be blocked by ionotropic glutamate receptor antagonists CNQX and D-AP5. These results
indicate that the excitatory action of ocotillol on MCs was mediated by enhanced glutamate
release. Behavioral experiments demonstrated that ocotillol increased locomotor activities of mice.
Our results suggest that ocotillol-evoked neuronal excitability was mediated by increased release
of glutamate, which may be responsible for the increased spontaneous locomotor activities in vivo.
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Ginseng has been used as a traditional medicine in Asia for thousands of years and is a
popular natural medicine throughout the world. Ingredients of ginseng that have biological
activity include more than 30 different compounds known as ginsenosides. Recent studies
have reported that ginsenosides display beneficial effects on central nervous system (CNS)
processes and disorders such as aging, deficit of memory and learning capabilities, and
neurodegenerative diseases (Zhao et al., 2009; Yamaguchi et al., 1996; Mook-Jung et al.,
2001; Li et al., 1999; Van et al., 2003; Yuan et al., 2001). Ginsenosides can be classified
into four types of aglycones: protopanaxadiol, protopanaxatriol, ocotillol and oleanolic acid
types (Zhu et al., 2004). Pseudoginsenoside-F11 is an ocotillol-type ginsenoside found in
Panax quinquefolium (Zhang et al., 2010). As a major member of ocotillol-type
ginsenosides, pseudoginsenoside-F11 increased the excitability of rat cardiac cells (Yang et
al., 1994), had beneficial effects on memory impairment (Li et al., 1999), neurotoxicity (Wu
et al., 2003) and morphine-induced dependence (Hao et al., 2007). Ocotillol is an aglycon of
pseudoginsenoside-F11 in which the attached sugar moiety was removed (see Fig. 1).
Recently, it has been prepared using methods of chemical degeneration (Ma et al., 2005).
Even though a wide range of pharmacological activities of ginsenosides has been studied,
the bioactivity of ocotillol and the mechanisms underlying its activity have not been
reported.

Research into the structure-activity relationship of the antitumor effect of ginsenosides has
shown that the activity of sapogenins is more potent than that of ginseng saponins (Wang et
al., 2007). As an aglycon of pseudoginsenoside-F11, ocotillol may display similar
bioactivities but differences in potency in vivo and in vitro. We hypothesized that ocotillol
may be even more effective in modulating neuronal activity in the CNS since ocotillol is
more lipophilic compared to pseudoginsenoside-F11 and thus has a more favorable blood-
brain barrier permeability.

The excitability of neurons in the brain is an integral of intrinsic membrane conductances
and synaptic inputs. Neurons such as mitral cells (MCs) in the mouse main olfactory bulb
(MOB) display their neuronal excitability as spontaneous action potential firing, which can
be modulated by membrane receptors as well as synaptic inputs (Heinbockel et al., 2004).
Highly expressed proteins such as GABA receptors (GABAA, GABAB), Na+ channels,
ionotropic and metabotropic glutamate receptors in MCs are involved in the modulation of
neuronal excitability (Ennis et al., 2007). Thus, in this study, we used slices from the main
olfactory bulb of mice to record MC activity using whole-cell patch-clamp recording. The
effects of ocotillol on the activity of neurons, the underlying mechanism of its actions and its
effects on locomotor behavior were determined. We report that ocotillol enhanced neuronal
excitability which was mediated by increased release of glutamate. We also show that
ocotillol had a positive influence on locomotor activity of mice in vivo.

EXPERIMENTAL PROCEDURES
Animals

Juvenile (16–25 days old) wild-type mice (C57BL/6J, Jackson Laboratory, Bar Harbor, ME)
were used for slice preparation, and Male Swiss-Kunming mice weighing 18–23 g (supplied
by the Experimental Animal Centre of Luye Pharmaceutical Company, Yantai, Shandong)
were used for behavioral experiments. Both mice strains were used in agreement with
Institutional Animal Care and Use Committee and NIH guidelines. The experimental
procedures were approved by the local Committee on Animal Care and Use.
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Behavioral experiments
Spontaneous locomotor activity of mice was evaluated in open field tests in an automated
mode using an ambulometer (ZIL-2, Institute of Materia Medica, Chinese Academy of
Medical Sciences, China). Animals were placed individually into a chamber, which
consisted of opaque perspex walls and floors and transparent perspex lids. The chamber was
equipped with infrared photobeams connected to a computer to collect spontaneous
locomotor activity. The spontaneous locomotor activity (total accumulated counts of a
horizontal single photobeam interruption) was collected for a 15-min period.

Slice preparation
Wild type juvenile mice were anesthetized with 2-bromo-2-chloro-1,1,1-trifluoroethane
(Sigma, St. Louis, MO), and decapitated, the MOBs were dissected out and immersed in
artificial cerebrospinal fluid (ACSF, see below) at 4°C, as previously described (Heinbockel
et al., 2004). Horizontal slices (400 μm-thick) were cut parallel to the long axis using a
vibratome (Vibratome Series 1000, Ted Pella Inc., Redding, CA). Slices were incubated in a
holding bath in normal ACSF equilibrated with carbogen (95% O2 – 5% CO2) at room
temperature (22°C). After recovery for 30 min, the slices were used. For recording, a brain
slice was placed in a recording chamber mounted on a microscope stage and maintained at
30 ± 0.5°C by superfusion with oxygenated ACSF flowing at 2.5–3 ml/min.

Electrophysiological Recording and Data Acquisition
Visually-guided recordings were obtained from MCs in the mitral cell layer of the MOB
with near-infra red differential interference contrast optics and a BX51WI microscope
(Olympus Optical, Tokyo, Japan) equipped with a camera (C2400-07,
HamamatsuPhotonics, Japan). Images were displayed on a Sony Trinitron Color Video
monitor (PVM-1353MD, Sony Corp. Japan). Recording pipettes (5–8 MΩ) were pulled on a
Flaming-Brown P-97 puller (Sutter Instrument Co., Novato, CA) from 1.5 mm O.D.
borosilicate glass with filament (Sutter Instrument Co., Novato, CA). Liquid junction
potential was 9–10 mV and reported measurements were not corrected for this potential.
Data were obtained using a Multiclamp 700B amplifier (Molecular Devices, Sunnyvale,
CA) and a Digidata 1440A Interface (Molecular Devices) and digitized at 10 kHz. Data
acquisition was controlled by Clampex 10.1 (Molecular Devices). Signals were low-pass
Bessel filtered at 2 kHz and saved on computer disc. Membrane resistance was calculated
from the difference of voltage value obtained by injecting −100 pA current to recorded cells
to hyperpolarize the cell. The detection of events [intracellularly recorded excitatory
postsynaptic currents (EPSCs)] was performed off-line using Mini Analysis program
(Synaptosoft, Decatur, GA). Membrane potentials were calculated from the steady-state
membrane potential that occurred after an action potential (resting potential) during control
or drug treatment, respectively.

The ACSF consisted of (in mM): NaCl 124, KCl 3, CaCl2 2, MgSO4 1.3, glucose 10,
sucrose NaHCO3 26, NaH2PO4 1.25 (pH 7.4, 300 mOsm), saturated with 95 O2/5% CO2
(modified from Heyward et al., 2001). For intracellular recording of spiking activity,
pipette-filling solution consisted of (mM) K gluconate 125, MgCl2 2, HEPES 10, Mg2ATP
2, Na3GTP 0.2, NaCl 1, EGTA 0.2. For intracellular recordings of EPSCs, electrodes were
filled with a solution of the following composition (in mM): 125 cesium methanesulfonate
CsMeSO3, 1 NaCl, 10 phosphocreatine ditris salt, 2 MgATP, 0.3 GTP, 0.5 EGTA, 10
HEPES, and 10 QX-314 [2(triethylamino)-N-(2,6-dimethylphenyl) bromide], pH 7.3 with
1N CsOH (osmolarity, 290 Osm).
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Drugs
The following drugs were applied during the experiments: ocotillol (purity > 92%, provided
by Luye Pharmaceutical Company, China), L-2-amino-5-phosphonopentanoic acid (D-
AP5), 6-cyano-7-nitroquinoxaline-2-3-dione (CNQX), (2-(3-carboxypropyl)-3-amino-6-(4
methoxyphenyl)-pyridazinium bromide (gabazine, SR-95531). Ocotillol was dissolved in
dimethyl sulfoxide (DMSO) to make 10 mM stock solution (final concentration of DMSO in
bath < 0.1%). For all experiments, the drugs were applied by bath perfusion that was made
by dissolving aliquots of stock in the ACSF. Control recordings showed that 0.1% DMSO
had no detectable effects on the firing rate and membrane potential of MCs. Chemicals and
drugs were supplied by Sigma-Aldrich (St. Louis, MO) and Tocris (Ellisville, MO).

Numerical data are expressed as the mean ± SEM. Tests for statistical significance (p <0.05)
were performed using paired Student's t-tests, and one-way ANOVA followed by the
Bonferroni test for multiple comparisons.

RESULTS
Ocotillol increased spiking activity of mitral cells

The MOB contains principal neurons (mitral cells, MCs) that transmit olfactory information
to higher order olfactory structures. MCs play a crucial role in processing sensory
information in MOB. They receive direct synaptic inputs from the axons of olfactory
receptor neurons, send excitatory projections to piriform cortex, and receive strong feedback
inhibition primarily through reciprocal dendrodendritic synapses (Shepherd et al., 2004;
Ennis et al., 2007). In slices, MCs generate spontaneous action potentials in the range of one
to six Hz. Here, we took advantage of the intrinsic properties of MCs such as spontaneous
firing, membrane potential, membrane currents, and synaptic inputs such as spontaneous
EPSCs to investigate the actions of ocotillol on neuronal activity and the possible cellular
mechanism underlying the behavioral action of ocotillol.

MCs were identified visually by their soma location and relatively large soma size, and by
their input resistance (283.3 ± 31.6 MΩ, n = 19). The membrane potential of MCs in this
study was −51.5 ± 1.9 mV (n=19). Bath application of ocotillol (5 μM) reversibly increased
the MC firing rate (in control: 3.2 ± 0.5 Hz; in ocotillol: 4.0 ± 0.6 Hz) (n = 12; p < 0.001,
paired t test) (Fig. 2B). The increased spiking was accompanied by depolarization of the
membrane potential. Compared to control conditions, 5 μM ocotillol depolarized MCs by
1.1 ± 0.1 mV (n = 12; p < 0.001, paired t test). Fig. 2A shows an individual recording trace
from one MC cell in the absence and presence of ocotillol.

Concentration-response curve of ocotillol
To characterize the excitatory effects of ocotillol on neurons, the concentration-response
relationship for ocotillol was determined (Fig. 3). The averaged data for the effect of
ocotillol on the firing rate of MCs at varying concentrations was fit to the Hill equation to
estimate an EC50 and maximal excitation. Ocotillol generated a concentration-dependent
enhancement of the firing rate of MCs. The estimated maximal increase of the firing rate
was 60.1%, and the estimated value of EC50 was 4.0 μM.

The excitatory effect of ocotillol was abolished in the presence of blockers of fast synaptic
transmission

Excitatory ionotropic glutamate receptors and inhibitory GABAA receptors are highly
expressed in MCs. They play a critical role in the regulation of neuronal excitability (Ennis
et al., 2007). Either activation of ionotropic glutamate receptors or blockade of GABA
receptors may enhance neuronal excitability. To determine whether the excitatory effect of
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ocotillol was mediated by ionotropic glutamate receptors or GABA receptors, we examined
the ocotillol-evoked increase of MC activity in the presence of blockers of ionotropic
glutamate receptors and GABAA receptors.

A cocktail of synaptic blockers (gabazine, 5 μM; CNQX, 10 μM; D-AP5, 50 μM) can be
used to efficiently block fast synaptic transmission to MCs (Heinbockel et al., 2004).
Among these receptor inhibitors, CNQX is a potent AMPA/kainate receptor antagonist, D-
AP5 is a potent NMDA receptor antagonist and gabazine is a GABAA receptor antagonist.
In the presence of the cocktail of synaptic blockers, 5 μM ocotillol failed to enhance the
neuronal excitability of MCs. Compared to control condition, in synaptic blockers (3.9 ± 0.4
Hz), the ocotillol-evoked excitatory effect on MCs was completely blocked (3.7 ± 0.4 Hz, n
= 4, p > 0.05, paired t test). The results showed that blockade of GABAA receptor and
ionotropic glutamate receptors reversed ocotillol-evoked excitatory action, suggesting that
either synaptic transmission via GABA receptors or ionotropic glutamate receptors was
involved in the excitatory effect of ocotillol.

Ocotillol-evoked neuronal excitation was not mediated by GABA receptors, but by
glutamatergic synaptic transmission

Subsequently, the role of GABAA receptors for the observed ocotillol-induced excitatory
effect was examined by applying ocotillol in the presence of the GABAA receptor blocker
gabazine. Fig. 4 is a normalized and averaged bar graph, showing the increased spike rate of
MCs in response to ocotillol in the presence of gabazine. With gabazine present, ocotillol (5
μM) increased the spike rate from 3.6 ± 0.5 Hz to 4.4 ± 0.5 Hz (n = 4; p < 0.05, paired t test)
and depolarized MCs by 1.14 ± 0.40 mV (n = 4; p < 0.05, paired t test). The persistence of
the excitatory ocotillol effect in gabazine indicated that GABAA receptors were not involved
in the excitatory action of ocotillol on MCs. The change in spike rate and membrane
potential in the presence of gabazine in response to ocotillol was not different from ocotillol-
evoked effects in control condition (in ACSF, see Fig. 2) (p > 0.05 determined by ANOVA
and Bonferroni post-hoc analysis) (firing rate: p = 0.64409; Vm: p = 0.35841).

The NMDA receptor is an important type of ionotropic glutamate receptor that controls
neuronal excitability. AMPA/kainate receptors are non-NMDA type ionotropic trans-
membrane receptors for glutamate that mediate fast synaptic transmission in the central
nervous system (CNS). Blockade of NMDA and AMPA/kainate receptors will inhibit the
excitability of neurons. Therefore, we determined the role of NMDA and AMPA/kainate
receptors for ocotillol-induced excitatory activity of MCs. In the presence of NMDA
receptor antagonist D-AP5 (50 μM) and AMPA/kainate receptor antagonist CNQX (10 μM),
the spike rate and membrane potential of MCs were not significantly modified by applying
ocotillol (spike rate: 2.8 ± 0.4 Hz in D-AP5+CNQX vs. 2.9 ± 0.5 Hz in D-AP5+CNQX plus
ocotillol, n = 13; p > 0.05, paired t test; membrane potential: 50.5 ± 0.7 mV vs. 50.1 ± 0.8
mV, n = 13; p > 0.05, paired t test) (Fig. 4). The results suggested that ionotropic glutamate
receptors contributed to the excitatory effect of ocotillol.

Ocotillol was also bath applied in the presence of CNQX (10 μM) alone. In the presence of
the CNQX, ocotillol (5 μM) failed to increase the firing rate of MCs. Compared to the
control condition in CNQX (3.0 ± 0.4 Hz), no change in MC activity was observed in
response to ocotillol (in CNQX plus ocotillol: 3.1 ± 0.5 Hz, n = 7, p > 0.05, paired t test;
change in membrane potential: 0.3 ± 0.2 mV, n = 7, p > 0.05, paired t test). The blockade of
AMPA/kainate receptors prevented the ocotillol-evoked increase of MC activity which
indicated that ocotillol either enhanced glutamate levels in the slice or directly acted on
AMPA/kainate receptors.
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Ocotillol induced inward currents and enhanced EPSCs in a concentration-dependent
manner

MC dendrites and somata express high levels of ionotropic glutamate receptors, NMDA,
AMPA, and kainate receptors. MC apical dendrites respond to glutamate released from the
olfactory nerve (ON) via AMPA and NMDA receptors (Ennis et al., 2001, 2007;
Aroniadou-Anderjaska et al., 1999, 2000). Glutamate released from glutamatergic neurons
such as olfactory receptor neurons at ON terminals or MCs/tufted cell activates MCs, evokes
inward currents, and increases sEPSC frequency (Ennis et al., 2007).

Further evidence for the excitatory effects of ocotillol was obtained by measuring MC ionic
currents using voltage-clamp recording (Fig. 5A). The holding potential was set to −60 mV.
Ocotillol (1 μM) evoked an inward current of 19.5 ± 3.5 pA in MCs (n = 8; the steady state
currents at −60 mV in ocotillol were measured and subtracted from that in ACSF). In the
presence of D-AP5 and CNQX, the ocotillol-evoked inward currents were blocked (0.6 ±
1.1 pA, n = 5, p > 0.05, paired t test).

In addition to the evoked inward currents, bath application of ocotillol also increased the
frequency of spontaneous glutamatergic EPSCs. Fig. 5A, B illustrates the inward current and
enhanced sEPSC frequency evoked by ocotillol in a representative MC. Ocotillol (5 μM)
increased sEPSC frequency from 0.2 ± 0.1 Hz to 0.5 ± 0.1 Hz (n = 6, p < 0.05, paired t test),
indicating that the ocotillol-evoked excitatory effects was mediated by increased glutamate.
The sEPSCs could be blocked by CNQX or blockers of ionotropic glutamate receptors
(CNQX plus D-AP5), indicating that sEPSCs were mediated by ionotropic glutamate
receptors, mostly by AMPA receptors.

The change of sEPSC frequency evoked by ocotillol was determined at two drug
concentrations (0.5 μM and 5 μM). Bath application of ocotillol resulted in a concentration-
dependent increase of sEPSC frequency in MCs. Fig. 6A shows the original recording from
a representative MC. With 0.5 μM and 5 μM ocotillol, the averaged cumulative inter-sEPSC
interval distribution exhibited a leftward shift, or shorter inter-sEPSC intervals (Fig. 6D).
The averaged cumulative sEPSC amplitude distribution did not show a change with 0.5 μM
and 5 μM ocotillol (Fig. 6E). To determine a pre- or postsynaptic localization of the action
of ocotillol, TTX was included in the ACSF solution to block action-potential dependent
glutamate release. Under this condition, 1 μM TTX completely blocked sEPSCs in most of
the cells tested (Fig. 6B). Only one of eight MCs displayed a few sEPSCs, and, in this cell,
ocotillol increased the frequency of sEPSCs (Fig. 6C), indicating that most spontaneous
glutamate release was action-potential dependent from MCs and not from olfactory receptor
neurons at ON terminals. The result is consistent with the observation that MCs release
glutamate and produce self-excitation (Ennis et al., 2007).

Ocotillol increased spontaneous locomotor activity of mice
The experiments described above suggested that ocotillol displayed the characteristic of a
neuronal stimulant due to its ability to increase glutamate release. An increase in glutamate
receptor activity can result in increased activity of principal neurons in the brain, and might
be responsible for changes in locomotor activity of animals. Therefore, we determined
whether ocotillol regulates spontaneous locomotor activity of mice in vivo.

The effects of ocotillol on spontaneous locomotor activity were measured using the optical
beam technique (Liu et al., 2008). Male mice were randomly divided into 1 control group
(saline) and 4 treatment groups to test four different ocotillol doses. Ocotillol was injected
(i.p.) once a day for 3 days. After administration of ocotillol (dose at 1, 2, 4, 8 mg/kg, i.p.)
on the third day and a waiting period of 30 min, the animals were placed individually into
the test chamber to collect data on spontaneous locomotor activity for a 15-min period.
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As shown in Fig. 7, ocotillol significantly increased the spontaneous locomotor activity of
mice when administered at doses of 1–8 mg/kg. The behavioral effect of ocotillol displayed
dose-dependency and was detectable even at the lowest dose of 1 mg/kg. The averaged
locomotor activities induced by varying doses of ocotillol were well fit by the Hill equation,
and gave rise to an estimated EC50 of 2.0 mM/kg. The similar shape of the concentration-
response curve in vitro (Fig. 3) and the dose-response curve in vivo (Fig. 7) suggested that
the ocotillol-evoked activation of principal neurons, which was mediated by glutamate, may
be related to the increased spontaneous locomotor activity evoked by ocotillol in vivo.

DISCUSSION
In the present study, we demonstrate that ocotillol has excitatory effects on a principal
neuronal type in the brain, namely MCs in the MOB. The excitatory action of ocotillol was
concentration-dependent with an estimated EC50 value of 4.0 μM. In the presence of fast
synaptic blockers, the excitatory action of ocotillol on spontaneous action potential firing
was abolished. Further electrophysiological dissection of the increased excitability of MCs
revealed that inhibitory GABAA receptors were not involved in mediating the effect of
ocotillol, but the effect could be blocked by NMDA receptor antagonist D-AP5 and AMPA/
kainate receptor antagonist CNQX. The increased frequency of spontaneous glutamatergic
EPSCs evoked by ocotillol implies that ocotillol enhanced neuronal activity by increasing
release of glutamate in the MOB. The increased locomotor activity in response to ocotillol in
vivo indicates that ocotillol acts as a neuronal stimulant. The excitatory actions of ocotillol in
vivo are consistent with the electrophysiological results in vitro, implying that the glutamate-
mediated neuronal activity in vitro may result in a locomotor activity increase in vivo.

MCs in the MOB offer three advantages to test the molecular and cellular mechanisms
underlying the action of ocotillol. Firstly, MCs are principal neurons in the MOB and
functional proteins such as GABAA receptors, sodium channels, ionotropic and
metabotropic glutamate receptors are highly expressed in MCs (Ennis et al., 2007).
Secondly, MCs exhibit spontaneous action potential firing, and all the above-mentioned
proteins participate in the regulation of neuronal excitability. Thirdly, the activity of MCs is
regulated by olfactory input and synaptic transmission in the MOB. Thus, MCs in the MOB
slice serve as a good model to test the effects of medicinal compounds on neuronal activity
and to determine the mechanisms underlying the compound's effects.

In most of the commercially available ginseng-derived products, major and abundant
components consist of ginsenosides Rb1, Rb2, Rc, Rd, Re, Rf, Rg1 and others (Harkey et
al., 2001). Biological, physiological, and physico-chemical factors influence the absorption,
distribution, metabolism, and excretion (ADME) of ginsenosides in the body. These factors
limit systemic exposure to most ginsenosides and their deglycosylated metabolites, and
result in a low oral bioavailability of ginsenosides (Xu at al., 2003). Studies about
metabolism and pharmacokinetics of ginsenosides have demonstrated that most ginsenosides
are poorly absorbed in the gastrointestinal tract (Tawab et al., 2003; Xu et al., 2003; Akao et
al., 1998). In general, ginsenosides display poor membrane permeability. Some ginsenosides
are transformed in the gastrointestinal tract by gastric acid and microflora or are
deglycosylated by intestinal bacteria (Hasegawa et al., 1997; Bae et al., 2000; Lee et al.,
2002; Karikura et al., 1990). Therefore, the biologically active constituents and their plasma
concentration of ginsenosides in the body become very complicated which may limit their
pharmaceutical efficacy to treat CNS disorders. As an aglycon of pseudoginsenoside-F11,
ocotillol may display a higher bioavailability because of its more lipophilic property,
absence of deglycosylation by intestinal bacteria, and better membrane permeability than
pseudoginsenoside-F11. Therefore, it is reasonable to speculate that ocotillol might be more
efficacious to treat CNS disorders than pseudoginsenoside-F11.
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Ginsenosides exhibit different neuronal activities and various molecular mechanisms are
responsible for these activities. Recent studies have found that ginsenosides display
inhibitory effects on voltage-dependent and ligand-gated ion channels. For example, it was
observed that Rg3 inhibits voltage dependent Ca2+ (P/Q-type), K+ (Kv1.4), and Na+ (Nav1.2
and Nav1.5) channel activities (Jeong et al. 2004). The actions of ginsenosides on ion
channels imply that they may modulate neuronal activity. Indeed, application of extracts of
Panax quinquefolius (mostly containing ginsenosides) to brainstem compartments was
reported to modulate neuronal discharge frequency in brainstem unitary activity (Yuan et
al., 2001). More recently, ginsenosides were observed to influence the glutamate system
(Chang et al., 2008). The action of ginsenoside Rg1 or Rb1 on the glutamate exocytotic
system was enhanced, which was mediated by activation of protein kinase C. Facilitation of
glutamate exocytosis by ginsenosides may be a potentially important mechanism to
strengthen the central glutamatergic system during learning and memory processes.
Meanwhile, it was reported that ginsenoside Rh2, Rg1 and Rb3 display inhibitory effects on
NMDA receptors (Lee et al., 2006; Peng et al., 2009; Zhang et al., 2008). Ginsenoside Rh2
and 20(S)-protopanaxadiol inhibit the release of Na+ channel-activated amino acid
neurotransmitters in the mammalian brain (Duan and Nicholson, 2008). In this study, we
found that ocotillol modulates neuronal activity by increasing glutamate release. Therefore,
the modulation of the glutamatergic system by ginsenosides varies with the chemical
structures of ginsenosides. Our results provide direct evidence that an ocotillol-type
compound exhibits its modulatory effect on the gluamatergic system.

Here we show that the shape of the concentration-response curve in vitro and dose-response
curve in vivo is similar, implying that the ocotillol-evoked enhancement of glutamate
transmission may be responsible for the increased spontaneous locomotor activities in vivo.
Strengthening the central glutamatergic system by ocotillol may be beneficial in learning
and for memory deficits in vivo.

CONCLUSION
In conclusion, this study demonstrated that the ocotillol-evoked neuronal excitability was
mediated by increased release of glutamate, which may be responsible for the increased
spontaneous locomotor activities in vivo.
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Ocotillol is a ginsenoside and a main active ingredient found in American ginseng.

Ocotillol increases firing and depolarizes mitral cells in olfactory bulb slices.

The effect of ocotillol on mitral cells results from enhanced glutamate release.

In behavioral experiments, ocotillol increases locomotor activities of mice.

The behavioral effect might result from ocotillol-evoked neuronal excitability.
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Figure 1.
Chemical structure of ocotillol and pseudoginsenoside-F11. Ocotillol: R = −H;
pseudoginsenoside-F11: R = −Glc2-Rha
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Figure 2.
Ocotillol enhanced the spike rate of MCs. A Original recording from a representative MC
illustrated the increased spike rate following bath application of ocotillol. The traces labeled
(i), (ii), (iii) show the original recording from a MC in control condition, 1 μM ocotillol and
10 μM ocotillol, respectively. B A normalized and averaged bar graph showed the increase
in spontaneous spiking of MCs. The spike rate in the presence of 5 μM ocotillol was
normalized with respect to control condition (n = 12, * p < 0.001).
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Figure 3.
Concentration-response curves for the enhancement of spiking of MCs by ocotillol. The
spike rates in the presence of ocotillol were normalized with respect to the control condition,
and averaged (each point was the mean ± SEM of 4 to 12 cells). The lines are fits for the
data to the equation y = Axn/(Kd

n + xn), where y is the increase of spiking rate, A is maximal
inhibition, Kd is the apparent dissociation constant for ocotillol, and n is the Hill coefficient.
Kd and A were estimated using a Marquadt nonlinear least-squares routine.
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Figure 4.
The ocotillol-induced increase of MC spike rate was mediated by ionotropic glutamate
receptors. The data were normalized to the control condition in the presence of gabazine (n
= 4; * p < 0.05, paired t test), or D-AP5 + CNQX (n = 13; p > 0.05, paired t test), or CNQX
(n = 7, p > 0.05, paired t test), respectively.
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Figure 5.
Ocotillol elicited inward currents, and increased spontaneous EPSCs in MCs. A. Original
recording illustrates an ocotillol-evoked inward current of a MC and enhancement of
sEPSCs. Time points 1 and 2 in the upper trace are shown at higher time resolution in the
second and third trace, resp. B. The sEPSCs were abolished by CNQX. A and B are from the
same cell.
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Figure 6.
Ocotillol affects glutamate release in MCs. A Ocotillol increased sEPSC frequency in a
concentration-dependent manner. Original recording from a representative MC showing
sEPSCs in control (ACSF), 0.5 μM and 5 μM ocotillol. B TTX (1 μM) blocked sEPSCs in
most mitral cells. C Ocotillol (5 μM) increased sEPSCs in one mitral cell in the presence of
TTX. D Cumulative inter-sEPSC interval distributions. Ocotillol evoked a left shift of the
curves, n = 4. E Cumulative amplitude distributions in the absence and presence of ocotillol.
n = 4.

Wang et al. Page 17

Neuroscience. Author manuscript; available in PMC 2012 November 10.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Dose-response curve of the ocotillol-evoked increase of spontaneous activity of mice. Each
point was the mean value ± SEM of 30 mice. The line is the fit of the data to the Hill
equation: y = Y0 + Axn/(Kd

n + xn), where y is locomotor activities, Y0 is minimal locomotor
activities, A is maximal enhanced activities, Kd is the apparent dissociation constant for
agents, and n is the Hill coefficient. Kd was estimated using a Marquadt nonlinear least-
squares routine. * indicates a statistical difference from the control group (saline) alone. p <
0.05 determined by ANOVA and Bonferroni post-hoc analysis.
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