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Af(25-35)-Induced Memory Impairment, Axonal Atrophy,
and Synaptic Loss are Ameliorated by M1, A Metabolite of
Protopanaxadiol-Type Saponins

Chihiro Tohda', Noriaki Matsumoto', Kun Zou ', Meselhy R Meselhy' and Katsuko Komatsu®'?2

'Research Center for Ethnomedicines, Institute of Natural Medicine, Toyama Medical and Pharmaceutical University, Toyama, Japan; 2 I'st
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We previously screened neurite outgrowth activities of several Ginseng drugs in human neuroblastoma, and demonstrated that
protopanaxadiol (ppd)-type saponins were active constituents. Since ppd-type saponins are known to be completely metabolized to 20-
O-f-p-glucopyranosyl-20(S)-protopanaxadiol (M) by intestinal bacteria when taken orally, M| and ginsenoside Rb, as a representative
of ppd-type saponins, were examined for cognitive disorder. In a mouse model of Alzheimer's disease (AD) by AB(25-35) i.c.v. injection,
impaired spatial memory was recovered by p.o. administration of ginsenoside Rb, or MI. Although the expression levels of
phosphorylated NF-H and synaptophysin were reduced in the cerebral cortex and the hippocampus of Af(25-35)-injected mice, their
levels in ginsenoside Rb,- and M I-treated mice were almost completely recovered up to control levels. Potencies of the effects were not
different between ginsenoside Rb; and M| when given orally, suggesting that most of the ginsenoside Rb; may be metabolized to M,
and M1 is an active principal of ppd-type saponins for the memory improvement. In cultured rat cortical neurons, M| showed extension
activity of axons, but not dendrites. The axon-specific outgrowth was seen even when neuritic atrophy had already progressed in
response to administration of Af(25-35) as well as in the normal condition. These results suggest that M| has axonal extension activity in
degenerated neurons, and improve memory disorder and synaptic loss induced by AB(25-35). M| was shown to be effective in vitro and
in vivo, indicating that Ginseng drugs containing ppd-type saponins may reactivate neuronal function in AD by p.o. administration.

INTRODUCTION

Ginseng, the root of Panax ginseng, is widely used as a tonic
medicine throughout the world, and has also been found to
be efficacious in the treatment of amnesia. In addition,
significant improvement in learning and memory has been
observed in brain-damaged rats (Zhao and McDaniel, 1998;
Zhong et al, 2000) and aged rats (Zhong et al, 2000) after
oral administration of ginseng powder, and the major
ginseng saponins, ginsenoside Rb; and Rg;, are known to
improve spatial learning in normal mice (Mook-Jung et al,
2001). With respect to their effects on neuronal cells, it has
been shown that neurite outgrowth of rat cultured cerebral
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cortical neurons is enhanced by crude ginseng saponins
(Sugaya et al, 1988), and that ginsenoside Rb; potentiates
the nerve growth factor (NGF)-mediated neurite outgrowth
of chick dorsal root ganglia (Saito et al, 1977; Nishiyama
et al, 1994). We have previously studied the neurite
outgrowth activity of methanol extracts from seven kinds
of Ginseng drugs and 19 constituents isolated from Ye-
Sanchi (rhizome of Panax vietnamensis HA et GRUSHV.
var. fuscidiscus K.Komatsu, S. Zhu & S.Q. Cai) and Kouzichi
(rhizome of P. japonicus C.A.Meyer var. major C.Y. Wu et
Feng) in human neuroblastoma SK-N-SH cells, and found
that protopanaxadiol (ppd)-type saponins (ginsenoside
Rb;, ginsenoside Rbs, notoginsenoside Ry, and notoginseno-
side Fa) were the active compounds (Tohda et al, 2002).
As the outgrowth and maturation of neurites are basic
steps for synaptogenesis, the ppd-type saponins could
possibly activate and recover the function of degenerated
brain.

When taken orally, ppd-type saponins are mostly
metabolized by intestinal bacteria to ppd monogluco-
side, 20-0-f3-p-glucopyranosyl-20(S)-protopanaxadiol (M1)
(Odani et al, 1983; Tawab et al, 2003). Considering that



Ginseng drugs are generally taken orally, a metabolite of
ppd-type saponins, M1 must be investigated to determine
the real active constituent of Ginseng responsible for its
major effects.

Regardless of type, dementia is induced by neuronal
degeneration. The presently available drugs for dementia
such as acetylcholinesterase inhibitors are efficacious in the
temporary treatment of memory dysfunction, but do not
prevent or reverse the underlying neurodegeneration
(Ogura et al, 2000). The essential requirement for a truly
effective antidementia drug would be reorganizing synaptic
connections after the progression of neuronal degeneration.
Therefore, the present experiments were conducted to
determine whether treatment with ginsenoside Rb,, as a
representative of ppd-type saponins, and their metabolite
M1 can result in recovery from memory disorder, axonal
atrophy, and synaptic loss induced by the active fragment of
the amyloid f peptide (AS(25-35)).

METHODS
Materials

Ginsenoside Rb; was isolated from Ye-Sanchi as described
previously (Tohda et al, 2002). Voucher specimens of
Ye-Sanchi were deposited in the Museum of Materia Medica,
Research Center for Ethnomedicines of our University.

M1 was enzymatically prepared from ginsenoside Rb;.
Ginsenoside Rb; (260 mg) was dissolved in 15ml of 0.2 M
sodium dihydrogenphosphate buffer (pH 4.0), to which 3 ml
ethanol, 250 mg of naringinase (Sigma-Aldrich, St Louis,
MO, USA), and 2ml toluene were gradually added. After
incubation at 40°C for 4 days, the mixture was extracted
three times with 100ml ether and was dehydrated by
filtration over magnesium sulfate. After concentration
under reduced pressure, the product was purified by
column chromatography over silica gel to give 70 mg of
M1. The chemical structure of M1 was identified as follows:
a white amorphous powder, "H-NMR (pyridine-d5): signals
for the aglycone moiety at 6 0.78-2.61, 3.41 (1H, m, H-3),
and 5.24 (1H, t like, H-24), signals for a glycosyl moiety at
0 3.84-4.45 (6H, m, including a proton signal for H-12 of the
aglycone) and 5.15 (1H, d, J=7.5Hz, H-1).

Procedures

Animals and drug treatments. Male ddY mice (6 weeks
old, SLC, Shizuoka, Japan) were housed five or six per cage
with free access to food and water, and were kept in a
constant environment (22+2°C, 504+5% humidity, 12-h
light cycle starting at 7000). The animals were handled in
accordance with the Guide for Animal Experiments,
Toyama Medical and Pharmaceutical University. Af(25-
35) was dissolved in sterile distilled saline at a concentra-
tion of 1 mM, and incubated at 37°C for 4 days to obtain
the aggregated form. Under anesthetization, peptides
(5pl=5nmol) or vehicle (saline) were injected into the
right ventricle, with stereotaxic coordinates from the
bregma being, in mm, A —0.22, L —1.0, and V 2.5. At 7
days after the i.c.v. injection of AS(25-35), ginsenoside Rb,
(10 pmol/kg), M1 (10 umol/kg), donepezil hydrochloride
(DNP, 0.5 mg/kg, Eisai, Tokyo, Japan), or vehicle (tap water)
was administered orally once daily for 14 days.
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Water maze test. White-colored water was poured into a
circular pool (diameter, 120 cm; height, 28 cm), and a white
platform (diameter, 8.3 cm) was placed 1.5cm below the
water level in the middle of a fixed quadrant. The water
temperature was adjusted to 25°C. Memory-acquisition
trials (training) were performed four times daily for 7 days
to reach a steady state of escape latency. At 1h after p.o.
administration of the drugs, the mice were allowed to swim
freely for 60s and were left for an additional 30s on the
platform. The intertrial interval during four trials was
75 min. Start positions, set at each limit between quadrants,
were randomly selected for each animal. Mice failing to find
the platform were placed on the platform manually.

Memory-retention tests were performed 6 days after the
last training session, that is, 6 days after discontinuation of
p.o. administration of the drugs. The platform was removed,
and each mouse was allowed a free 60-s swim. The number
of crossings over a point where the platform had been was
counted by replay using a video recorder.

Locomotor activity. Measurement of the locomotor activity
was carried out 2 days after the retention test. Mice were
placed in a wheel cage (Model SW-20, Toyo Sangyo,
Toyama, Japan), and the number of revolutions was
counted for 20 min.

Primary culture. Embryos were removed from pregnant
Sprague-Dawley rats (Japan SLC, Shizuoka, Japan) at 18
days of gestation (E18). The animals were handled in
accordance with the Guide for Animal Experiments,
Toyama Medical and Pharmaceutical University. The
cortices were dissected, and the dura mater was removed.
The cells were chopped, dissociated, and plated onto four-
well chamber slides (Falcon) at a density of 4.50 x 10* cells/
cm? (Figure 4), 1.00 x 10° cells/cm® (Figure 5), or 7.50 x 10*
cells/cm? (Figure 6) coated with poly-p-lysine (5 pug/ml), and
grown at 37°C in a humidified atmosphere with 10% CO,.
ApB(25-35) (Sigma) was dissolved in sterilized dH,0 and
incubated at 37°C for 4 days to be aggregated. As a positive
control, mouse -NGF (Austral Biologicals, San Ramon,
USA) was used.

Immunocytochemistry. At 3 days after the retention test,
the mice were killed by decapitation. The brains were
quickly removed from the skull, kept in powdered dry ice,
and were subsequently stored at —80°C. In all, 12-um
coronal sections were cut in a cryostat (CM3050S, Leica,
Heidelberg, Germany) at —20°C, thaw-mounted onto
gelatin-coated slides, and stored at —20°C until use. Slices
were fixed with 4% paraformaldehyde in phosphate-
buffered saline (PBS) for 1 h, and stained with a monoclonal
antibody to phosphorylated NF-H (dilution 1:1000, Stern-
berger Monoclonals Inc., Lutherville, MD, USA), a mono-
clonal antibody to synaptophysin (dilution 1:500,
Chemicon, Temecula, CA, USA) as a synaptic marker or
polyclonal antibody to MAP2 (dilution 1:1000, Chemicon,
Temecula, CA, USA) as a dendrite marker. PBS containing
0.3% Triton-X, an antibody, and 1% normal goat serum
were added to the fixed slices. After incubation for 2h at
room temperature, slices were rinsed with PBS containing
0.2% Triton-X containing. Using Alexa Fluor 488-conju-
gated goat anti-mouse IgG (dilution 1:100, Molecular
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Probes, Eugene, OR, USA) as the secondary antibody, slices
were incubated for 2h at room temperature. Primary
cultured cortical neurons were fixed and immunostained
with monoclonal antibody to phosphorylated neurofila-
ment-H (NF-H) (dilution 1:1000, Sternberger Monoclonals
Inc.) as an axonal marker or monoclonal antibody to MAP2
(MAP2a and 2b; dilution 1:200, Chemicon, Temecula, CA,
USA) as a dendrite marker. Alexa Fluor 488-conjugated goat
anti-mouse IgG (dilution 1:100, Molecular Probes, Eugene,
OR, USA) was used as a second antibody. The slides were
mounted with Aqua Poly Mount (Polysciences, Warrington,
PA, USA) and viewed with a fluorescence microscope (AX-
80, Olympus, Tokyo, Japan).

Image analysis of immunostained neurons. The size of
each captured image was 450 x 600 um, and four images
were captured per treatment. For brain slices, the average
fluorescence intensities in six areas of 30 x 30 um per image
were measured. For cultured neurons, the lengths of
neurites positive for phosphorylated NF-H or MAP2 were
measured by an image analyzer (Scion Image, Scion,
Frederick, MD, USA) for each cell, and the measurements
were performed in 30 cells per treatment.

Statistical Analysis

Statistical comparisons were made by the Student’s -test;
one-way analysis of variance (one-way ANOVA) or two-way
repeated measure analysis of variance (two-way RM
ANOVA) was carried out, followed by Dunnett’s post hoc
test. Values of p<0.05 were considered significant. The
means of the data are presented together with SEM.

RESULTS

Effects of Ginsenoside Rb; and M1 on the Impairment of
Spatial Memory

The structures of ginsenoside Rb, and metabolite M1 are
shown in Figure 1. Mice were trained in the water maze for 7
days starting at 14 days after the i.c.v. administration of
AB(25-35) (Figure 2a). Mice became more efficient at
finding the platform on successive trials. The main effect
for day was statistically significant (F(6,24)=67.621,
p<0.0001). The main effect for drug was also statistically
significant (F(4,40) =3.003, p=0.0294). Two-way RM

Gle-GleD

Ginsenoside Rb, M1

Figure | Structures of ginsenoside Rb, and MI.
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ANOVA revealed a significant increase in escape latency
to find the platform in the Af(25-35)-injected group
compared with the saline-injected group (F(1,16) =5.961,
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Figure 2  Effects of ginsenoside Rb, and M| on the impairment of spatial
memory induced by AB(25-35) injection. (a) Escape latencies per group of
four trials were tested in a Morris water maze over 7 days. Vehicle was p.o.
administered to saline-i.c.v.-injected (open circles) mice. To Af(25-35)-
i.cv.-injected mice, vehicle (closed circles), ginsenoside Rb; (10 pumol/kg,
open squares), MI (10 pmol/kg, open triangles), or donepezil (0.5 mg/kg,
open inverted triangles) was p.o. administered for 14 days. (b) The number
of crossings over a position where a platform had been was measured for
60 at 6 days after the last acquisition test. That time was also 6 days after
discontinuance of drug treatment. Vehicle was p.o. administered to saline-
i.cv-injected (open column) mice. To AB(25-35)-i.cv.-injected mice,
vehicle (Veh, gray column), ginsenoside Rb, (GRb,), MI, or donepezil
(DNP) was p.o. administered. Values represent the means and SEM of nine
mice. *p<0.05 when compared with the Af(25-35) plus vehicle-treated
group in the acquisition test. ¥p <0.05 when compared with the saline plus
vehicle-treated group in the retention test.



p=0.0266), and significant decreases in escape latencies in
groups to which ginsenoside Rb; (10 umol/kg)
(F(1,16) =22.591, p=0.0002) and M1 (10pmol/kg)
(F(1,16) = 4.892, p=0.0419) were p.o.-administered com-
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pared with the vehicle-administered group. The donepezil-
administered group (0.5 mg/kg, p.o.) showed no significant
shortening of the escape latency (F(1,16)=3.885,
p=0.0663).

In the retention test (Figure 2b), the number of crossings
over a platform position was significantly decreased in the
Af(25-35)-injected group compared with that in the saline-
injected group. The crossing numbers were recovered by
treatment with ginsenoside Rb; and M1, although the
recovery was not significant. Treatment with donepezil
showed the smallest effect on the retention test. All mice
showed normal swimming performance and constant
increases in body weight. Locomotor activity did not differ
among groups.

After the retention test, the expression levels of phos-
phorylated NF-H (axonal marker), synaptophysin (synaptic
marker), and MAP2 (dendritic marker) were measured in
mouse brains. We observed two cortical areas (parietal
cortex and temporal cortex) and three hippocampal areas
(CA1l, CA3, and the dentate gyrus), as it is known that
synaptic loss occurs primarily in the cerebral cortex and
hippocampus in Alzheimer’s disease (AD) patients (DeKos-
ky and Scheff, 1990; Heinonen et al, 1995) and in AD model
mice (Games et al, 1995). The phosphorylated NF-H and
synaptophysin were remarkably reduced in the brain of an
Ap(25-35)-injected mouse (Figure 3a). However, their
expressions were kept to control level in mice treated by
ginsenoside Rb; or M1. Quantified data also indicated the
following. The phosphorylated NF-H levels were remarkably
reduced in these five areas of the brain in Af(25-35)-
injected compared with saline-injected mice (Figure 3b).
Significant decreases were seen in the parietal cortex, CAl,
and CA3. However, the expression levels of phosphorylated
NF-H were nearly equal to those of the control in
ginsenoside Rb;- and M1-treated mice. Donepezil treatment
had no effect on the levels of phosphorylated NF-H. The
synaptophysin levels were also reduced in those five areas of
the brain in Af(25-35)-injected compared with saline-
injected mice (Figure 3c). Significant decreases were seen in
the temporal cortex and CAl. In all areas, the synapto-
physin levels were almost equal to or higher than control
levels in ginsenoside Rb;- and MI-treated mice. Donepezil
treatment had no effect on the synaptophysin levels. The
MAP2 levels were also reduced in the cerebral cortex and
CAl of the brain in Af(25-35)-injected compared with
saline-injected mice (Figure 3d). Significant decreases were

4
N

Figure 3 Effects of ginsenoside Rb, and M| on the axonal atrophy and
synaptic loss induced by AB(25-35) injection. The expressions of
phosphorylated NF-H and synaptophysin after memory tests in CAl and
the parietal cortex are shown in green color (a). Scale =100 um.
Expression levels of phosphorylated NF-H (b), synaptophysin (c), and
MAP2 (d) in brain slices were quantified. Vehicle was p.o. administered to
saline-i.c.v.-injected mice (open columns). To AB(25-35)-i.cv.-injected
mice, vehicle (gray columns), ginsenoside Rb; (10 pmol/kg, hatched
columns), MI (10 umol/kg, closed columns), or donepezil (0.5 mg/kg,
cross-hatched columns) was p.o. administered for 14 days. The parietal
cortex (PC), the temporal cortex (TC), hippocampal CAl and CA3, and
the dentate gyrus (DG) were observed. The fluorescence intensities of six
areas in each slice were measured. Values represent the means and SEM of
three mice. *p<0.05 when compared with the Af(25-35) plus vehicle-
treated group.
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seen in the temporal cortex. However, these decreases in
expression levels of MAP2 were not recovered clearly by
ginsenoside Rby, M1, or donepezil. Although treatment with
M1 tended to increase the MAP2 level in the temporal
cortex, the effect was weak.

The neuronal densities were investigated by Nissl staining
in serial slices, and no differences in density were observed
among all groups in any brain areas (data not shown).

Effect of M1 on Neurite Extension in Normal Cortical
Neurons

Animal studies in Figures 2 and 3 indicated that ginsenoside
Rb; and M1 had almost the same potencies for the memory
improvement, decline of axons, and synaptic loss, when
taken orally. These findings suggested that orally adminis-
tered ginsenoside Rb; is metabolized to M1, which is an
active principal for recovery from Af(25-35)-induced
neuronal dysfunction. Therefore, we next investigated the
effects of M1 on atrophy of axons and dendrites in cultured
cortical neurons. First, the effect of M1 on neurite extension
was tested in normal cortical neurons. Rat cortical neurons
were treated by M1 at day 1. At day 7, cells were fixed and
immunostained with an antibody of phosphorylated NF-H
(axonal marker) or MAP2 (dendritic marker). Treatment
with 0.01-1pM MI significantly enhanced the length of
phosphorylated NF-H-positive neurites compared with
vehicle-treated cells (Figure 4a). In contrast, the length of
MAP2-positive neurites was not increased by the treatment
with M1 (Figure 4b). NGF (100ng/ml) significantly en-
hanced the lengths of phosphorylated NF-H- and MAP2-
positive neurites.

Effect of M1 on Af(25-35)-Induced Neurite Atrophy

Drugs and 10 pM Af(25-35) were simultaneously applied to
cortical neurons at day 1. After 4 days, immunostaining was
carried out. Both phosphorylated NF-H- and MAP2-positive
neurites were significantly shortened by Af(25-35) treat-
ment compared with control (Figures 5a and b). Treatment
with 0.01-10 pM M1 (maximal effect at 0.1 pM, to 111.4% of
control) resulted in a significant recovery of the length of
phosphorylated NF-H-positive neurites (Figure 5a). MAP2-
positive neurites were not extended by the treatment with
M1 (Figure 5b). NGF (100 ng/ml) significantly enhanced the
lengths of phosphorylated NF-H-positive (95.7% of control)
and MAP2-positive neurites (65.2% of control).

To investigate the Af(25-35)-induced damage of the
neuronal network and the reconstructive activity of drugs
used to treat the impaired networks, 10 uM Af(25-35) was
added to cortical neurons at day 7, and 3 days later, the
medium was replaced by a new one including drugs.
Although the cortical neurons became connected to each
other during the 7-day culture, some of the connections
were lost at 3 days after Af(25-35) treatment (Figure 6a). At
4 days after drug administration, cells were immunostained.
Both phosphorylated NF-H-positive (Figures 6b and c) and
MAP2-positive (Figure 6d) neurites were significantly
shortened by Ap(25-35) treatment. Treatment with
0.01uM M1 (to 78.5% of control) significantly increased
recovery of the length of phosphorylated NF-H-positive
neurites (Figure 6c). MAP2-positive neurites were not
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extended by the treatment with M1 (Figure 6d). NGF
(100 ng/ml) significantly enhanced the lengths of phos-
phorylated NF-H-positive (to 82.0% of control) and MAP2-
positive neurites (to 95.3% of control).

DISCUSSION

We have found for the first time in the present study that
the treatment with M1, a metabolite of ginsenoside Rb;,
results in the recovery of impaired learning and memory in
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neurites positive for phosphorylated NF-H or MAP2 per cell were
measured. Values represent the means and SEM of 30 neurons. *p <0.05
when compared with the AB(25-35) plus vehicle-treated group.

Af(25-35)-injected mice with degenerated axons and
synapses, and that M1 exhibits axon-specific extension
activity in rat cortical neurons.

In vivo study demonstrated that chronic p.o. treatment
with ginsenoside Rb; and M1 drastically recovered the
decreases in axonal density and synaptophysin expression
levels in the cerebral cortex and the hippocampus, and that
these treatments also ameliorated the memory disorder in
Ap(25-35)-injected mice. The reduction of phosphorylated
NF-H and synaptophysin levels by Af(25-35) was not
obvious in the other areas of the brain. Maintained
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retention of spatial memory was also seen after a
discontinuation of ginsenoside Rb; and M1 administration.
These results suggest that ginsenoside Rb; and M1 may
induce the structural repair of neuronal connections.

When taken orally, the amount of intact ginsenoside Rb,
in the small and the large intestines is as low as 4.5% (Odani
et al, 1983). In rat large intestine, ginsenoside Rb; is
completely metabolized to M1 at 3h after administration
(Karikura et al, 1991). Also in case of mice, only M1 is
continuously detected in blood from 30 min to 16h after
oral administration of ginsenoside Rb; (Hasegawa et al,
1997). In humans, M1 is detected in the plasma from 7h
after the intake of Ginseng, and in urine from 12 h after the
intake, and an aglycone is not detected both in the plasma
and urine (Tawab et al, 2003). These results suggest that M1
is the final metabolite of ppd-type saponins. The potencies
of recoveries in Af(25-35)-injected mice by p.o.-adminis-
tered ginsenoside Rb; and M1 were almost the same in the
present results, indicating that most of the ginsenoside Rb,
orally administered was metabolized to M1. Considering
that most of the ppd-type saponins are metabolized to M1,
which is an active principal, the total content of ppd-type
saponins is possibly an important index for the anti-AD
activities of Ginseng drugs.

Donepezil is the drug most commonly used to treat AD
patients in clinics. However, 6 days after discontinuation of
donepezil administration, the repair effect on memory
retention tests was weaker than by ginsenoside Rb; or M1.
In addition, axonal atrophy and synaptic loss were not
ameliorated by donepezil. The dose of donepezil in the
present experiment (0.5 mg/kg) was chosen as an effective
dose in scopolamine-induced cognitive deficit in rats
(Ogura et al, 2000). Clinical (Rogers et al, 1998) and basic
research data (Ogura et al, 2000) have already shown that
donepezil can reduce the rate of AD progression for
approximately 1 year, but that it cannot ameliorate the
core impairment, that is, the degeneration of neuronal
circuits. The present results obtained with donepezil also
indicate a limitation of acetylcholinesterase inhibitors with
regard to therapeutic usefulness for AD patients.

In cell culture studies, axonal extension effects exerted by
M1 were seen in not only normal neurons but also damaged
neurons induced by Af(25-35). The effect of M1 on axon-
specific formation corresponded with a result of mouse
brains shown in Figures 3b and d. Axonal extension by M1
was lower after treatment with Af(25-35) rather than with
simultaneous treatment, possibly because neuronal damage
had already progressed and the number of neurons with
neurite-re-extension ability seemed to be decreased when
drugs were given after Af(25-35) administration. Regard-
less, 78.5% recovery of axonal length is indicative of the
potent effects of M1. Neuritic atrophy by Af(1-40) and
Af(25-35) has been reported in chick sympathetic neurons
(Postuma et al, 2000) and rat cortical neurons (Grace et al,
2002). As neurite atrophy is thought to be due to unusual
cell adhesion (Postuma et al, 2000; Grace and Busciglio,
2003), M1 may be capable of normalizing the adhesive
mechanism. Although Af is known to cause neuronal death
through an increase in [Ca®™]; in neurons (Lin et al, 2001),
an increase in peroxynitrites in microglias (Xie et al, 2002),
and mitochondrial dysfunction in neurons (Casley et al,
2002), the death pathway has been shown to be mediated by
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Figure 6 Effect of post-treatment with M| on AB(25-35)-induced atrophy of axons and dendrites. Af(25-35) (10 uM) was added to rat cortical neurons
at 7 days in vitro. After 3 days, medium was replaced by a new one containing M| (0.01 pM), NGF (100 ng/ml), or vehicle (Veh, DMSO). After 4 days, cells
were fixed and immunostained for phosphorylated NF-H (b, ¢) and MAP2 (d). (a) Phase-contrast images of neurons before (left) and 3 days after (right)
treatment with AB(25-35) are shown. The lengths of neurites positive for phosphorylated NF-H or MAP2 per cell were measured. Values represent the
means and SEM of 30 neurons. *»<0.05 when compared with the Af(25-35) plus vehicle-treated group. Scale =60 um (a), scale =100 um (b).

separate molecular mechanisms of a neuritic dystrophy
event (Postuma et al, 2000; Grace et al, 2002; Grace and
Busciglio, 2003). Since ginsenoside Rb; did not inhibit
neuronal death induced by Af(25-35) (data not shown), the
mechanism of rescuing axonal atrophy may not be the same
as the one for recovery from Af-induced neuronal death.
NGF extended both axons and dendrites, as shown in
Figures 4-6. However, NGF itself is not expected to act as an
antidementia agent because it is not able to pass through the
blood-brain barrier, and, in fact, NGF has not shown
significant efficacy in clinical trials for AD. In contrast, low-
molecular-weight substances that mimic the NGF effects
and can pass through the blood-brain barrier, including
AIT-082 (Rathbone et al, 1999) and cerebrolysin (Valous-
kova and Gschanes, 1999), have been tested in clinical trials
for AD instead of NGF, although their reaction mechanisms
have not yet been clarified. As M1 specifically enhances the
outgrowth of axons, its signal pathway seems to be different
from that of NGF. It is known that adrenergic (Chan-Palay,
1991) and GABAergic (Hardy et al, 1987) neurons as well as
cholinergic neurons are also degenerated as AD progresses.

Neuropsychopharmacology

As such, drugs with NGF-independent effects may be
needed to activate various populations of damaged neurons
in the AD brain.

Memory dysfunction in the human brain with dementia is
linked to synaptic loss (Geddes et al, 1986) and neuritic
dystrophy (Grace et al, 2002). A reduction of the synaptic
density has already been confirmed in both patients with
AD (DeKosky and Scheff, 1990; Heinonen et al, 1995) and in
transgenic mice overexpressing V717F ff-amyloid precursor
protein (APP) (Games et al, 1995). However, the synaptic
density has not been unequivocally determined in AS(25-
35) or Af(1-40)-injected animals. In the present mouse
model, synaptic loss was clearly observed, and complete
recovery was also shown in the ginsenoside Rb,- and M1-
treated mice. Moreover, neither Af deposition nor neuronal
death was seen at any sites in the Af(25-35)-injected mouse
brain. We previously used the reverse sequence of Af(25-
35), that is Af(35-25) as a negative control (Tohda et al,
2003). No memory impairment and synaptic loss were seen
in Af(35-25)-injected group, same as in saline-injected
mice. Recently, evidences have accumulated suggesting that



Ap protein deposition is not necessarily a cause of synaptic
loss. Oligomers of Af, and not monomers or fibrils, are
primarily involved in the inhibition of in vivo LTP in rats
(Walsh et al, 2002) and in the memory dysfunction of APP-
transgenic mice Tg2576 (Kotilinek et al, 2002). Spontaneous
excitatory postsynaptic currents in cultured hippocampal
neurons have been found to be reduced in the Af(1-40) and
Af(1-42) groups only 12h after treatment (Ikegaya et al,
2002). These findings suggest that synaptic loss begins at a
relatively early phase in AD patients, and that high
fibrilization of A} does not appear to be critical to memory
loss (Yamada and Nabeshima, 2000). Although brain
atrophy caused by neuronal death has been observed in
AD patients, neuronal death has not been seen in rodent AD
models, even in double-transgenic (APP + PS) mice, which
show progressive A deposition (Gordon et al, 2002). We
have repeatedly used the Af(25-35)-injected model, and
neuronal death has never been observed in mice showing
memory impairment. In the progression of AD, synaptic
loss rather than Af deposition and/or neuronal death may
be the most crucial phenomenon in terms of the
pathophysiology of memory impairment. In triple trans-
genic mouse harboring PSIM146V, APPswe, and taups;.
transgenes, synaptic dysfunction was seen before amyloid
plaque and neurofibrillary tangle pathology (Oddo et al,
2003).

The present findings indicate that M1, a metabolite from
ppd-type saponins by intestinal bacteria can produce a
significant recovery from memory impairment, axonal
atrophy, and synaptic loss in mice. The effect of M1 on
axonal reconstruction was more confirmed in cultured
cortical neurons. These results suggest that ppd-type
saponins potentially ameliorate dementia by reconstructing
the neuronal network when taken orally.
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