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1 We investigated whether withanolide A (WL-A), isolated from the Indian herbal drug
Ashwagandha (root of Withania somnifera), could regenerate neurites and reconstruct synapses in
severely damaged neurons. We also investigated the effect of WL-A on memory-deficient mice
showing neuronal atrophy and synaptic loss in the brain. Axons, dendrites, presynapses, and
postsynapses were visualized by immunostaining for phosphorylated neurofilament-H (NF-H),
microtubule-associated protein 2 (MAP2), synaptophysin, and postsynaptic density-95 (PSD-95),
respectively.

2 Treatment with Ab(25–35) (10 mM) induced axonal and dendritic atrophy, and pre- and
postsynaptic loss in cultured rat cortical neurons. Subsequent treatment with WL-A (1 mM) induced
significant regeneration of both axons and dendrites, in addition to the reconstruction of pre- and
postsynapses in the neurons.

3 WL-A (10 mmol kg�1 day�1, for 13 days, p.o.) recovered Ab(25–35)-induced memory deficit
in mice. At that time, the decline of axons, dendrites, and synapses in the cerebral cortex and
hippocampus was almost recovered.

4 WL-A is therefore an important candidate for the therapeutic treatment of neurodegenerative
diseases, as it is able to reconstruct neuronal networks.
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Introduction

Despite a number of ongoing investigations, neurodegenera-

tive diseases remain incurable. Although patients suffering

from neurodegenerative diseases can benefit from medication

with numerous drugs, the progression of these diseases cannot

yet be halted. In patients with Alzheimer’s disease, neuritic

atrophy and synaptic loss are considered the major causes of

cognitive impairment, as based on the results of neuropatho-

logical post-mortem studies of the brain (De Kosky & Scheff,

1990; Terry et al., 1991; Dickson & Vickers, 2001). In the

brains of patients suffering from other neurodegenerative

diseases such as Parkinson’s disease, Huntington’s disease, and

Creutzfeldt–Jakob disease, the atrophy of neurites has also

been observed (Jackson et al., 1995; Liberski & Budka, 1999;

Mattila et al., 1999). Such atrophy leads to the destruction of

neuronal networks, and subsequently to fatal dysfunction of

the brain systems in these patients. The prevention of, or at

least a decrease in the magnitude of the cause of each disease,

may prevent the progression of symptoms, but such inhibition

is not associated with the repair of already severely damaged

brain function. We hypothesized that reconstructing neuronal

networks in the injured brain would be the most necessary step

in the fundamental recovery of brain function. In order to

reconstruct neuronal networks, neuritic regeneration and

synaptic reconstruction must take place in the damaged brain.

Therefore, we aimed to explore compounds that would

facilitate the regeneration of neurites and the reconstruction

of synapses, even in severely damaged neurons, and to show

evidence of the effects in vivo as well as in vitro.

Ashwagandha (root of Withania somnifera Dunal) is the

most popular herbal drug in Ayurvedic medicine, and has been

used traditionally and commonly as a tonic and nootropic

agent. It has also been reported to be associated with

improvements in scopolamine-induced memory deficits in

mice (Dhuley, 2001). We previously demonstrated that a

methanol extract of Ashwagandha was associated with neurite

extension and, in particular, that of dendrites (Tohda et al.,

2000). In addition, we identified that six constituents isolated

from the methanol extract induced neurite outgrowth in

human neuroblastoma SH-SY5Y cells (Zhao et al., 2002). In

normal cortical neurons, predominant axonal outgrowth was

observed in the treatment with withanolide A (WL-A), which

was one of the major active constituents isolated from

Ashwagandha (Kuboyama et al., 2002).

Amyloid b is a major pathological cause of Alzheimer’s

disease due to the formation of a b-sheet structure (Simmons
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et al., 1994); amyloid b forms deposits in the brain, and

subsequently induces neuronal cell death (Bobinski et al.,

1997), neuritic atrophy (Canning et al., 1993; Knowles et al.,

1999), and synaptic loss (Terry et al., 1991). Ab(25–35) is an

active partial fragment of amyloid b. This fragment also forms

a b-sheet structure (Pike et al., 1995) and induces neuronal cell

death (Yankner et al., 1990; Pike et al., 1995), neuritic atrophy

(Grace et al., 2002; Tohda et al., 2004), synaptic loss

(Grace et al., 2002; Tohda et al., 2003; 2004), and memory

impairment (Maurice et al., 1996; Tohda et al., 2003; 2004). In

this study, we investigated the effects of WL-A on neuritic

regeneration and synaptic reconstruction in cultured neurons

damaged by Ab(25–35) and cognitive-deficient mice by Ab(25–
35)-injection. In particular, synaptic formations at both

the presynaptic region (axon and presynapse) and the

postsynaptic region (dendrite and postsynapse) were observed

discriminatively.

Methods

Materials

WL-A was isolated from the methanol extract of Ashwagand-

ha (root of Withania somnifera Dunal), as previously described

(Zhao et al., 2002). Ab(25–35) (Sigma, Saint Louis, MO,

U.S.A.) and Ab(1–42) (Sigma) were dissolved in sterile distilled

water at a concentration of 5 and 1mM, respectively, and were

incubated at 371C for 4 days to allow fibril formation.

Neurobasal media and B-27 supplement were purchased from

Gibco BRL (Rockville, MD, U.S.A.). Mouse b-NGF was

purchased from Astral Biologicals (San Ramon, CA, U.S.A.).

A monoclonal antibody to phosphorylated neurofilament-H

(NF-H) was purchased from Sternberger Monoclonals In-

corporated (Lutherville, MD, U.S.A.). A monoclonal antibody

to microtubule-associated protein 2 (MAP2), an antiserum

to MAP2, a monoclonal antibody to synaptophysin

were purchased from Chemicon (Temecula, CA, U.S.A.). A

monoclonal antibody to postsynaptic density-95 (PSD-95) was

purchased from Affiniti BioReagents (Golden, CO, U.S.A.)

Alexa Fluor 488-conjugated goat anti-mouse IgG and Alexa

Fluor 546-conjugated goat anti-rabbit IgG were purchased

from Molecular Probes (Eugene, OR, U.S.A.).

Primary culture

Embryos were removed from pregnant Sprague–Dawley rats

(Japan SLC, Shizuoka, Japan) at 17–18 days of gestation. 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 minced and dissociated, and were then grown in

cultures with Neurobasal media including 12% horse serum on 4-

or 8-well chamber slides (Falcon, Franklin Lakes, NJ, U.S.A.)

coated with poly-D-lysine at 371C in a humidified incubation with

10% CO2. When Ab(25–35) or other compounds were added,

half of the medium in each well was replaced with fresh medium

containing serum (Figure 2) or fresh medium containing 2% B-27

supplement without serum (Figures 1, 3, 4 and 5). In cases of

long-term culture (Figures 4 and 5), half of the medium in each

well was replaced with serum-free medium containing the 2% B-

27 supplement at 3–4 days after initiation of the culture period.

At every 4–6 days of culture, half of the medium was replaced

with fresh serum-free medium. The time schedules of the

experiments are shown below the figures.

Analysis of neurite outgrowth

Rat cortical neurons were cultured in four or eight-well

chamber slides at a density of 0.86� 105�1.43� 105 cells cm�2

for 24 h. The cells were then treated with 10mM Ab(25–35) or
10 mM Ab(1–42) for 4 days, and were then fixed by 4%

paraformaldehyde (Figure 1). In Figures 2 and 3, 1mM WL-A,

100 ngml�1 mouse b-NGF or vehicle (0.1% DMSO) was

administered to the cells after treatment with Ab(25–35) or

Ab(1–42). After 4 days, the cells were fixed. The fixed cells

were immunostained with a monoclonal antibody to phos-

phorylated NF-H (1 : 1000) as an axonal marker, or with a

monoclonal antibody to MAP2 (1 : 200) as a dendritic marker.

Alexa Fluor 488-conjugated goat anti-mouse IgG (1 : 200) was

used as a second antibody. In Figures 1 and 3, the fluorescence

images were captured by a fluorescence microscope (AX-80,
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Figure 1 Axonal and dendritic atrophy induced by Ab(25–35) and Ab(1–42). Cortical neurons were cultured for 24 h, and then the
cells were treated with 10 mM Ab(25–35), 10 mM Ab(1–42), or the vehicle (Cont). At 4 days after treatment, the cells were fixed and
immunostained for phosphorylated NF-H or MAP2. Lengths of NF-H-positive (a) or MAP2-positive (b) neurites per cell were
measured in each treatment. The values represent the means and s.e.m. of four images. *Po0.05 when compared with Cont.
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Olympus, Tokyo, Japan) at 1709.4 mm� 2273.5mm (Figures 1

and 3), and four images were captured per treatment. The

total lengths of neurites positive for phosphorylated NF-H

or MAP2 were automatically measured by an image analyzer

(Neurocyte, Kurabo, Osaka, Japan) for each image, and

then the lengths were averaged by the number of neurons

in each image (56–161 cells per image). In Figure 2,

the fluorescence images were captured by a confocal laser

scanning microscope (LSM-GB200-IMT-2, Olympus, Tokyo,

Japan) at 470mm� 630mm, and four images were captured per

treatment. The lengths of neurites testing positive for

phosphorylated NF-H or MAP2 were measured using an

image analyzer (Scion Image, Scion, Frederick, MD, U.S.A.)

for each cell.

Analysis of synaptic formation

Rat cortical neurons were cultured in eight-well chamber

slides at a density of 8.57� 104 cells cm�2. (Figure 4) or

1.14� 105 cells cm�2 (Figure 5) for 21 days. The cells were

treated with 10mM Ab(25–35) for 4 days, and were then fixed

(Figure 4). In Figure 5, test compounds were administered to

the cells after treatment with Ab(25–35). At 4 days after

administration, half of the medium in each well was replaced

with fresh medium containing each test compound. Then, 3

days after replacement of the medium (i.e. 7 days of incubation

with the compound), the cells were fixed and double-

immunostained with a combination of a monoclonal antibody

to synaptophysin (1 : 500) as a presynaptic marker and an

antiserum to MAP2 (1 : 1000), or with a combination of a

monoclonal antibody to PSD-95 (1 : 200) as a postsynaptic

marker and an antiserum to MAP2. Alexa Fluor 488-

conjugated goat anti-mouse IgG and Alexa Fluor 546-

conjugated goat anti-rabbit IgG (1 : 200) were used as

secondary antibodies. The fluorescence images were captured

using a confocal laser scanning microscope (Radiance 2100,

Bio-Rad, Hercules, CA, U.S.A.) at 205mm� 205 mm, and four

images were captured per treatment. The area of positive

puncta to synaptophysin or PSD-95 on each dendrite was

measured using an image analyzer (ATTO densitograph,
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Figure 2 The effects of withanolide A (WL-A) on axonal and dendritic regeneration after Ab(25–35)-induced atrophy. Cortical
neurons were cultured for 24 h, and were then treated with or without (Cont) 10 mM Ab(25–35). At 4 days after the administration of
Ab(25–35), the cells were treated with WL-A at a concentration of 1 mM; or NGF at a concentration of 100 ngml�1; or the vehicle
(Veh). At 4 days after treatment, the cells were fixed and immunostained for phosphorylated NF-H (a) or MAP2 (c). The lengths of
NF-H-positive (b) or MAP2-positive (d) neurites were measured in each treatment. The values represent the means and s.e.m. of 30
cells. *Po0.05 when compared with Veh. Scale¼ 100mm.
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ATTO, Tokyo, Japan). The length of the dendrites was

measured with Scion Image software (Scion).

Water maze test

Male ddY mice (6 weeks old, SLC, Shizuoka, Japan) were

housed with free access to food and water, and were kept in a

constant environment (22721C, 5075% humidity, 12-h light

cycle starting at 0700). The animals were handled in

accordance with the Guide for Animal Experiments, Toyama

Medical and Pharmaceutical University. Ab(25–35) were

dissolved in saline at a concentration of 5mM and incubated

at 371C for 4 days to allow for fibril formation. The mice were

anesthetized, and Ab(25–35) (25 nmol) or the vehicle (saline)

was injected into the right ventricle, with stereotaxic coordi-

nates from the bregma being, in mm, A �0.22, L �1.0, and V

2.5. At 7 days after an i.c.v. injection of Ab(25–35), WL-A

(10mmol kg�1 day�1) or the vehicle (0.5% gum arabic solution)

was administered orally once daily for 13 days.

White-colored water was poured into a circular pool

(diameter, 120 cm; height, 28 cm), and a white platform

(diameter, 12 cm) was placed 1.2 cm below the water level in

the middle of a fixed quadrant. The water temperature was

adjusted to 21–231C. Memory-acquisition trials (training) were

performed four times daily for 6 days to reach a steady escape

latency. At 1.5 h after p.o. administration of the drug, the mice

were allowed to swim freely for 60 s and were left for an

additional 30 s on the platform. The interval during four trials

was 90min. The pattern of the start positions in each trial was

changed every day. Mice failing to find the platform were

manually placed on the platform.

Memory-retention tests were performed 7 days after the last

training session, that is, 7 days after the 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 the point where the platform had been located

was counted by video recorder replay.

Immunohistochemistry

At 2 days after the retention test, the mice were killed by

decapitation. The brains were quickly removed from the skull,

and frozen in powdered dry ice. Among them, we randomly

selected three brains from each group. The brains were cut in

12-mm coronal sections using a cryostat (CM3050S, Leica,

Heidelberg, Germany). The slices were fixed by 4% parafor-

maldehyde and stained with a monoclonal antibody to

phosphorylated NF-H, MAP2, or synaptophysin. Alexa Fluor

488-conjugated goat anti-mouse IgG was used as the

secondary antibody. The fluorescence images were captured

using a fluorescence microscope (AX-80) at 332 mm� 423mm.

One brain slice per mouse was captured, and data of three mice

were averaged for each treatment. In the same treatment, no

clear differences of expression levels were seen in serial slices of

each brain region. The area positive for phosphorylated NF-H,

MAP2, synaptophysin, or PSD-95 was measured in five brain

regions (ATTO densitograph, ATTO, Tokyo, Japan). In each

region, the measuring points were selected from 20 squares of

41.5mm� 41.5 mm.

Statistical analysis

Statistical comparisons were carried out using Student’s t-test

or one-way analysis of variance followed by Dunnett’s post hoc

test. Values of Po0.05 were considered significant. The means

of the data are presented together with the s.e.m.

Results

Ab(25–35) induced axonal and dendritic atrophy
in cultured neurons

The cortical neurons were treated with Ab(25–35), an active

partial fragment of amyloid b(1–40,42) or full-length Ab(1–
42). At 24 h after the culture was initiated, Ab(25–35) or
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Figure 3 The effects of withanolide A (WL-A) on axonal and dendritic regeneration after Ab(1–42)-induced atrophy. Cortical
neurons were cultured for 24 h, and were then treated with or without (Cont) 10 mM Ab(1–42). At 4 days after the administration of
Ab(1–42), the cells were treated with WL-A at a concentration of 1 mM; or NGF at a concentration of 100 ngml�1; or the vehicle
(Veh). At 4 days after treatment, the cells were fixed and immunostained for phosphorylated NF-H or MAP2. The lengths of NF-H-
positive (a) or MAP2-positive (b) neurites per cell were measured in each treatment. The values represent the means and s.e.m. of
four images. *Po0.05 when compared with Veh.
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Ab(1–42) was added to the culture medium. After 4 days, the

cells were fixed and immunostained for phosphorylated NF-H

as an axonal marker, or for MAP2 as a dendritic marker.

Ab(25–35) treatment for 4 days significantly inhibited the

outgrowth of both NF-H-positive neurites (71.4% of the

control, Figure 1a) and MAP2-positive neurites (62.8% of the

control, Figure 1b), showing that Ab(25–35) induced both

axonal and dendritic atrophy in rat cortical neurons. Ab(1–42)
treatment for 4 days also significantly induced atrophy of both

axons (69.5% of the control, Figure 1a) and dendrites (65.6%

of the control, Figure 1b). There was no significant difference

between the Ab(25–35) treatment and the Ab(1–42) treatment

in the induction of axonal and dendritic atrophy.

Next, we determined the ratio of neurons to grail cells in this

culture condition. At 5 days after the neuronal culture started,

the cells were double-immunostained with a combination of

a monoclonal antibody to MAP2 (neuronal marker) and an

antiserum to glial fibrillary acidic protein (GFAP, astrocytic

marker), or with another combination of a monoclonal

antibody to CD11b (microglial marker) and an antiserum to

MAP2. The cells were observed using a confocal laser scanning

microscope, and the ratios of neurons to astrocytes, and

neurons to microglias were estimated. The percentage of

neurons was about 80%, and that of astrocytes was 20%.

Microglias were hardly observed.

WL-A induced axonal and dendritic regeneration
in damaged neurons

We examined the effects of WL-A on neurite regeneration

after neuritic atrophy had occurred. Rat cortical neurons were

cultured only with Ab(25–35) for 4 days, after which WL-A

(1 mM), NGF (100 ngml�1), or the vehicle (0.1% DMSO) was

added. The dose of WL-A was consistent with the previously

described optimal dose for neurite extension in normal

neurons (Kuboyama et al., 2002). After drug treatment for 4

days, the cells were fixed and immunostained for phosphory-

lated NF-H or MAP2. Lengths of axons and dendrites in the

neurons treated with the vehicle were shorter than the control

at 8 days after treatment with Ab(25–35) (Figure 2), whereas

treatment with WL-A significantly increased the lengths of

both axons (Figure 2a and b) and dendrites (Figure 2c and d),

as compared with treatment with the vehicle. Treatment with

NGF, which is known to induce neurite outgrowth in normal

neurons (Studer et al., 1994), also induced the extension of

both axons and dendrites as long as WL-A.

We then tested the effect of WL-A in damaged neurons by

Ab(1–42). After 4 days’ treatment with Ab(1–42), the cells

were treated with the vehicle, WL-A, or NGF. Treatment with

WL-A and NGF significantly extended both axons and

dendrites compared with vehicle treatment (Figure 3), that is,

WL-A could regenerate axons and dendrites in damaged

neurons by not only Ab(25–35) but also Ab(1–42).

Pre- and postsynaptic reconstruction in damaged neurons

It is crucial to determine whether regenerated neurites are

also able to reconstruct synapses. Since WL-A was shown to

regenerate axons and dendrites, we tested the effects of WL-A

on pre- and postsynaptic maturation. Rat cortical neurons

needed to be cultured for 21 days to construct mature synapses

in vitro, as also shown in another report (Zhang & Benson,
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Figure 4 Pre- and postsynaptic loss induced by Ab(25–35). After culture for 21 days, the cortical neurons were treated with or
without (Cont) 10 mM Ab(25–35) for 4 days. The cells were then double-immunostained for synaptophysin (a, green color in online
version) or PSD-95 (b, green color in online version), plus MAP2 (red color in online version). Areas of synaptophysin- (b) or PSD-
95- (d) positive puncta per 1 mm of dendrite were measured. The values represent the means and s.e.m. of 24–28 dendrites. *Po0.05
when compared with Cont. Scale¼ 50 mm.
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2001); after the culture period, Ab(25–35) was added to the

samples. At 4 days after the addition of Ab(25–35), the cells

were fixed and immunostained with an antibody for synapto-

physin or PSD-95. Dendritic shafts were visualized by double-

immunostaining with an MAP2 antibody. Synaptophysin- and

PSD-95-positive puncta were observed at the edge of the

dendritic shafts (Figures 4a, c and 5a, c). When a new

axodendritic contact was formed by electric stimulation, PSD-

95, glutamate receptors, and the presynaptic active-zone

protein Bassoon were expressed at new synaptic sites within

1–2 h in cultured hippocampal neurons (Friedman et al., 2000).

The expression of synaptophysin- and PSD-95-expressed

puncta was mostly co-localized on dendritic shafts in cultured

hippocampal pyramidal neurons (Okabe et al., 2001). These

results suggest that synaptophysin- and PSD-95-positive

puncta on dendritic shafts may show the synaptic active sites

of pre- and those of post-synapses, respectively.

The number and fluorescence intensity of synaptophysin-

(Figure 4a) and PSD-95-(Figure 4c) positive puncta on

dendrites were obviously decreased by treatment with

Ab(25–35). Quantified areas of synaptophysin- and PSD-95-

positive puncta were significantly decreased by treatment with

Ab(25–35) for 4 days (53.4 and 66.9% of the control,

respectively, Figures 4b and d). These results indicate that

Ab(25–35) induced the loss of both pre- and postsynaptic

structures in long-term-cultured cortical neurons.

WL-A, NGF, and the vehicle were added to the culture

medium after treatment with Ab(25–35) for 4 days when

synaptic loss had already occurred, as shown in Figure 4. At 7

days after addition of the drug, the cells were fixed and

immunostained for synaptophysin or PSD-95. Synaptophysin-

and PSD95-positive areas in the neurons treated with the

vehicle continued to decrease 11 days after treatment with

Ab(25–35) compared with control neurons (Figure 5). On the

other hand, treatment with WL-A significantly increased in

synaptophysin (Figure 5a and b) and PSD-95 expressions

(Figure 5c and d), as compared with treatment with the

vehicle. These results indicate that WL-A facilitated the
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reconstruction of pre- and postsynaptic regions in neurons in

which severe synaptic loss had already occurred. Treatment

with NGF, however, did not lead to an increase in the

development of either the presynapses (54.4% of the control,

Figure 5b) or the postsynapses (57.7% of the control,

Figure 5d). It was previously reported that NGF induced

both axonal and dendritic growth in cultured striatal neurons

(Studer et al., 1994) and it increased dendritic arbors in

cultured visual cortical slices (Mc Allister et al., 1995).

However, evidence of NGF-induced synaptogenesis has rarely

been observed. Although we repeatedly tested the NGF effects

on synaptogenesis according to various application schedules,

neither pre- nor postsynaptic regions were enhanced by NGF

treatment.

Ab(25–35) is known to induce neuronal cell death, especially

in vitro (Yankner et al., 1990). Although WL-A promoted

neuritic regeneration (Figure 2) and synaptic reconstruction

(Figure 5), these effects might have been due to protection

from Ab(25–35)-induced cell death. To investigate the specific

effect of WL-A on cell survival, trypan blue staining was

performed. Treatment with 10mM Ab(25–35) and 10 mM Ab(1–
42) for 3 days similarly induced remarkable cell death (Ab(25–
35): 61.1% of control, Ab(1–42): 61.6% of control) in cortical

neurons. Simultaneously administered 1mM WL-A with

Ab(25–35) did not protect the neurons from cell death

(64.5% of control). A measure of 100 ng/ml NGF-treatment

also did not protect from cell death (57.1% of control).

WL-A ameliorated the impairment of spatial memory
by neurite outgrowth and synaptic construction

We had previously confirmed that neuritic and synaptic losses

occurred in the hippocampus and cerebral cortex of mice 7

days after the i.c.v. administration of Ab(25–35), and these

losses continued for at least 14 days after the i.c.v. adminis-

tration of Ab(25–35). Furthermore, we also confirmed that

spatial memory deficit occurred 14 days after the i.c.v.

administration of Ab(25–35) (data not shown). We therefore

started p.o. administration of WL-A from 7 days after the

i.c.v. administration of Ab(25–35), when neuronal and

synaptic loss had already occurred.

Mice were trained in the water maze for 6 days, starting 7

days after the p.o. administration of WL-A, that is, 14 days

after the i.c.v. administration of Ab(25–35). All the mice

reduced the time to reach the platform (escape latencies)

training-day dependently (data not shown). At training day 5,

Ab(25–35)-injected mice tended to increase the escape latencies

compared with control mice (Figure 6a), while the adminis-

tration of WL-A decreased the escape latencies compared with

administration of the vehicle.

From the day after the last training day, serial drug

administration was discontinued, and then 7 days after the

last training day, the retention test was performed. In the

retention test, the number of crossings over the platform

position significantly decreased in the Ab(25–35)-injected mice

compared with the control mice (Figure 6b), while the

administration of WL-A significantly increased the crossing

numbers compared with administration of the vehicle.

Locomotion activities of the mice were not different among

any groups (data not shown).

After the retention test, the expression levels of phosphory-

lated NF-H, MAP2, synaptophysin, and PSD-95 were

measured in the mouse brain. We observed two cortical

regions (parietal cortex and temporal cortex) and three

hippocampal regions (CA1, CA3, and dentate gyrus) where

neuronal degeneration occurred in Alzheimer’s disease patients

(De Kosky & Scheff, 1990; Heinonen et al., 1995) and

Alzheimer’s disease model mice (Games et al., 1995). In

Ab(25–35)-injected mice, phosphorylated NF-H-, MAP2-, and

synaptophysin-positive areas were remarkably decreased in
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most regions compared with control mice (Figures 7a–c and

8a–c), while the administration of WL-A increased NF-H-,

MAP2-, and synaptophysin-positive areas, compared

with administration of the vehicle. These increases with

WL-A reached the control level. It can be considered that

these increases of neuritic and synaptic marker proteins

contribute to the recovery of memory deficits of mice induced

by Ab(25–35). Unexpectedly, PSD-95-positive areas in Ab(25–
35)-injected mice did not differ from those in control mice in

any regions (Figures 7d and 8d), and the administration of

WL-A did not increase the expression of PSD-95 in any

regions.
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Figure 7 Effects of withanolide A on neuritic atrophy and synaptic loss in vivo induced by Ab(25–35). At 2 days after the retention
test, the mice were decapitated, and their brains were coronally sliced. The slices were immunostained with phosphorylated NF-H
(a), MAP2 (b), synaptophysin (c), and PSD-95 (d). Representative images of brain slices from each group are shown from the
parietal cortex (upper) and the hippocampal CA1 (below). Scale¼ 100 mm.
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Discussion

We demonstrated for the first time in vitro and in vivo that WL-

A was able to recover both neuritic atrophy and synaptic loss.

Until now, several factors have been reported as candidates for

neurite outgrowth enhancement. For example, physiological

substances such as cholesterol (Fan et al., 2002) and estradiol

(Cambiasso & Carrer, 2001; Audesirk et al., 2003), and

isolated compounds from herbal drugs such as genipin

(Yamazaki et al., 2001), ginsenoside Rb1 (Rudakewich et al.,

2001), nardosinone (Li et al., 1999) were reported. Although

the authors of these reports speculated that those substances

could also enhance synaptic formation, no clear evidence has

been demonstrated in damaged neuronal models. In this study,

we demonstrated that the remarkable enhancement of axonal

and dendritic regeneration and synaptic reconstruction was

induced by WL-A in the damaged mouse brain as well as in the

damaged cultured neurons. In addition, p.o. administration of

WL-A improved the Ab(25–35)-induced memory deficit of

mice. This impairment of the memory disorder may result

from the reconstruction of neuronal networks by WL-A.

Although the signal transduction mechanisms of WL-A

remained unknown, one possibility was that WL-A stimulated

signal cascades similar to b-estradiol. WL-A has a steroidal

structure (Kuboyama et al., 2002). b-Estradiol is an endogen-

ous factor that induces neurite arborization via extracellular

signal-regulated kinase (ERK) (Dominguez et al., 2004), and

enhances synaptophysin expression via membrane ER and p44

MAP kinase (Yokomaku et al., 2003). It is also reported that

b-estradiol enhances PSD-95 transcription via the PI3-K

following Akt pathway (Akama & McEwen, 2003). We are

now analyzing the mechanism of WL-A compared with the

signal cascade of b-estradiol.
In this study, NGF induced neuritic regeneration, but did

not lead to the reconstruction of synapses. These findings may

indicate that NGF can induce the regeneration of neurites, but

not that of synapses. BDNF is another important neurotro-

phin that leads to neurite extension (Mc Allister et al., 1995)

and increases the number of synaptophysin-immunoreactive

puncta (Wang et al., 1995; Coffey et al., 1997), whereas BDNF

(100 ngml�1) did not induce neurite outgrowth in our study

(data not shown). We are unable to account for the failure of

BDNF to lead to neurite extension in cultured cortical

neurons. However, we suggest that WL-A induced the growth

of neurites and synapses via different mechanisms from those

associated with BDNF or NGF.

WL-A did not rescue the neurons from cell death induced by

Ab(25–35) in vitro. Amyloid b has been reported to induce cell

death via a variety of mechanisms (Yamada & Nabeshima,

2000). However, the mechanism of neuritic atrophy induced by

amyloid b is thought to differ from that of cell death,

according to the diversity of the observed time courses of cell

death (Grace et al., 2002) and also as based on observed

differences in amyloid b formation (Postuma et al., 2000). As

previously described, neuritic atrophy induced by amyloid b is

thought to be caused by impaired cell adhesion (Postuma et al.,

2000; Grace & Busciglio, 2002). In addition, amyloid b induces

neuritic deformation by the polymerization and aggregation of

actins (Hiruma et al., 2003). Thus, WL-A might lead to the

repair of, or compensate for, disorder of cell adhesion and

cytoskeletal molecules.

Ab(25–35) induced the decrease of PSD-95-positive areas

in cultured neurons, but not in the mouse brain in

this experiment. Since few studies have reported the effect of

Ab on the expression of PSD-95 in vitro or in vivo, it

is unknown why the effect of Ab(25–35) on the expression

of PSD-95 was not identical in vitro and in vivo in this

experiment. However, this suggests that the expression of

PSD-95 may not contribute significantly to the formation of

spatial memory.

Here, we demonstrated that WL-A could facilitate the

regeneration of axons and dendrites, and this compound led to

the dramatic reconstruction of pre- and postsynapses, when

neuron damage had already progressed. Moreover, WL-A

could ameliorate the memory deficit in mice, and could

generate neurites and synapses in the cerebral cortex and the

hippocampus. These effects of WL-A in vivo were maintained

even after the discontinuance of drug administration. Therefore,
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Figure 8 Quantified effects of withanolide A (WL-A) on neuritic
atrophy and synaptic loss in vivo induced by Ab(25–35). NF-H- (a),
MAP2- (b), synaptophysin- (c), and PSD-95- (d) positive areas were
measured in the parietal cortex (PC) and temporal cortex (TC), and
the hippocampal CA1, CA3, and dentate gyrus (DG). Control mice
(open columns) were treated with an i.c.v. injection of saline and p.o.
administration of the vehicle. Ab(25–35) i.c.v.-injected mice were
treated with p.o. administration of the vehicle (gray columns) or
WL-A (black columns). The values represent the means and s.e.m.
of three mice. *Po0.05 when compared with Ab(25–35) plus the
vehicle-treated group.
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WL-A has potential as an essentially useful drug to treat

neurodegenerative diseases when used together with treat-

ments preventing pathogenesis and neuronal death.

This study was supported by the Uehara Memorial Foundation and by
a Grant-in-Aid for the 21st century CoE Program from the Ministry of
Education, Culture, Sports, Science and Technology, Japan.
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