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Abstract: Alzheimer’s disease (AD) has been associated with aggregation of β-amyloid peptide (Aβ) and cell death in the
brain. Using various models, such as the nematode Caenorhabditis elegans, the fruit fly Drosophila melanogaster and the
mouse Mus musculus, investigators have attempted to imitate the pathology process of AD for better understanding of the
cellular mechanisms and for possible therapeutic intervention. Among many in vitro and in vivo models of AD, transgenic
C. elegans expressing human Aβ has shown its own advantages. The transgenic C. elegans model have been used in
studying AD due to its short life span, facility to maintain, ability to develop muscle-associated deposits reactive to
amyloid-specific dyes and the concomitant progressive paralysis phenotype. Moreover, the transgenic C. elegans exhibits
increased levels of reactive oxygen species (ROS) and protein carbonyls, similar to those observed in AD patients,
supporting the current theory on Aβ-induced oxidative stress and subsequent neurodegeneration in AD. DNA microarray
assays of the worm demonstrated several stress-related genes being upregulated, particularly two genes homologous to
human αB-crystallin and tumor necrosis factor-related protein, which were also upregulated in postmortem AD brain.
Studies in our laboratory along with others suggest that the transgenic C. elegans  model is a suitable in vivo  model to
relate Aβ-expression with its toxicity, which may underlie AD pathology. It may also be used as a tool for
pharmacological evaluation of novel therapeutic agents.
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INTRODUCTION

During the last century, there has been a dramatic
increase of life expectancy in the American people, from
nearly 49 years to more than 76 years. Given that age is one
of the most significant risk factors for developing
neurodegenerative diseases, more individuals achieve an age
at which neurodegenerative disorders are common. They
suffer from decreased cognition and memory, and eventually
develop severe dysfunction in all mental functions [1]. They
progressively exhibit personality changes, difficulties in
judgment, language, calculation and become demented. They
increasingly lose functions of daily activities, and in the final
stage, lose their life. Among all age-associated
neurodegenerative disorders, Alzheimer’s disease is the most
devastating one [2].

Although the clinical symptoms of the syndrome were
first described in patient August D. in 1906, little progress
had been made in characterizing AD for many years.  With
the help of electron microscopy in the 1960’s,
neuroscientists described the ultrastructural alterations of
AD: senile (neuritic) plaques and neurofibrillary tangles [3].
Senile plaques, one of the hallmarks of AD, are composed of
an extracellular deposition of 40 to 43 amino acid
polypeptides in which the 42-residue amyloid peptides (Aβ1-

42) is the major form [4]. Increasing number of reports
revealed that Aβ1-42 can also accumulate within the neurons
and plays an important role in AD pathology [5-7].
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Since the original identification of Aβ [8], and of
mutations in the amyloid precursor protein (APP) gene in
some cases of familial AD (FAD) [9], a well known
“amyloid hypothesis” [10] has been developed. Despite its
wide acceptance, this hypothesis still remains controversial:
it is not even clear whether the neurotoxic molecular species
is the fibrillar Aβ [11, 12], or the soluble Aβ oligomers [13-
17].  The leading theory is that Aβ associated with oxidative
stress induces neurodegeneration observed in AD [18-21].
The evidence for or against these hypotheses is critical for
determining the mechanism of Aβ toxicity and the specific
therapeutic strategies.

Neurofibrillary tangles, on the other hand, are
intraneuronal aggregates of paired helical filaments, which
are assembled from the hyperphosphorylated microtubule-
associated protein tau [22]. Also, there is evidence that the
ε4 allele of apolipoprotein E (ApoE) is associated with
increased AD risk in many human populations [23]. During
the mid 1970s, acetylcholine was found to play an important
role in AD. The quantity and activity of the synthetic and
degradative enzymes, choline acetyltransferase and
acetylcholinesterase decrease significantly in the damaged
regions of AD brain. This however, may be a consequence,
rather than a cause of the disease. Although the whole
pathogenesis of AD is still not well understood, damages in
brain regions including neural circuits and neurons in the
neocortex, hippocampus, amygdala, and basal forebrain
cholinergic system have been observed.

As neuroscientists attempted to identify the molecular
mechanism involved in the formation of plaques, tangles,
and toxicity leading to or induced by these pathological
changes, they faced some difficulties. All the patients
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diagnosed were in the late stages of AD and were thus
unlikely to provide the useful clues in early pathogenesis.
Researchers thus have sought for the identification and
validation of potential mutant genes associated with FAD.
The discovery of mutant genes producing Aβ aggregation in
AD implies that these genes and the proteins they encoded
are connected with AD pathology. Aβ is produced by β-
secretase, a type-1 transmembrane glycosylated aspartyl
protease which cleaves APP, and γ-secretase, a large protein
complex that includes presenilin (PS1 or PS2), Nicastrin,
Aph-1 and Pen-2 [24]. The heterogeneity of γ-secretase gives
rise to a series of Aβ species, mainly Aβ1-40 and a smaller
amount of Aβ1-42.  Most of FAD cases with the APP
mutation, together with mutations in PS exhibit extensive
accumulation of Aβ1-42 [24-27], providing strong evidence
for the “amyloid hypothesis” [28].

Several models have been established for testing the
amyloid hypothesis. Among various models of the disease,
the whole organism models have an essential role in
identification the pathological processes and may provide
insight for pharmacological intervention. In order to
comprehend the function of the candidate genes, scientists
use transgenic technology to analyze the phenotypic
consequence. Cell culture models allow one to transfect
genes of interest into the cells, to manipulate the cells
pharmacologically and obtain results quickly. However, a
simple monolayer of cells cannot accurately reflect the
activities in the whole organism. Also, the cellular models do
not include all factors of pathogenesis, some of which may
be crucial to understanding the mechanism of the disease.
Therefore, gene-targeted and transgenic mice were
developed for modeling various aspects of AD pathology.
Several mouse models that express APP, dual PS and APP,
or even triple transgenes, as well as Aβ and apolipoprotein E
(apoE) have successfully duplicated some features of the
pathological process [29-33]. Moreover, tau gene mutations
in fronto-temporal dementia with Parkinsonism linked to
chromosome 17 (FTDP-17) facilitated the development of
taupathies in transgenic mice [34-36]. Although mice
transgenic model for mutant forms of APP and Tau exhibits
amyloid as well as tangles, the relationship between the two
pathways has not been defined. Taken together, these models
show some characteristics of AD, such as an age-dependent
generation of amyloid plaques, they do not display all the
neurodegeneration signs observed in AD.

Besides, genetic modulations in the mouse model need a
longer time, and it is thus not suitable for pharmacological
screening of potential new drugs.

Modeling human disease in simple invertebrate systems
is attractive because genetic screens can be performed in a
relatively short period of time to identify mutations that lead
to age-dependent neurodegeneration. Both C. elegans and
Drosophila are in the leading positions of invertebrate
models of diseases. They have short reproduction time,
informed genomics, variety of phenotypes, and are able to
express human genes of interest. Theoretically, genetic
screens in these models could lead to identify AD-relevant
genes and processes, such screens are technically difficult
due to their dependence on post-reproductive phenotypes,
which are difficult to assay. Phylogenic comparisons suggest
that the worm PS-homologous genes (sel-12 and hop-1) are

quite divergent members of the PS family [37, 38]. Another
member of the APP family, apl-1, has also been
characterized in the worms [39], which lacks a recognizable
Aβ sequence [40].  cRNAi knockdown of the worm APP
homologue, apl-1, results in a severe uncoordinated
phenotype [41], and genetic deletion results in embryonic
lethality.  This organism’s phenotype was traced to a
possible defect in microtubule-based trafficking, suggesting
that APP can act to link vesicles to kinesin I and participate
in fast axonal transport [42]. A tau gene mutation model of
Drosophila has replicated several features of the disease [43,
44]. From in vitro  and in vivo  study, Fossgreen et al.  found
that a modified fragment of human APP could produce Aβ in
Drosophila [45]. Also, it was reported that APP might act as
a vesicular kinesin 1 receptor in Drosophila [46]. Using a
Drosophila model for AD, Iijima et al recently [47] dissected
the pathological effects of Aβ1-40 and Aβ1-42, and
demonstrated that accumulation of Aβ1-42 in the brain is
sufficient to cause behavior deficits and neurodegeneration.
Mutation in sel-12 suppresses the egg-laying defect in
Drosophila and C. elegans [37, 48, 49], implicated PS in a
signaling pathway homologous to Notch pathway.
Proteolysis of Notch by PS caused the intracellular domain
of Notch to reach the nucleus and activate transcription [50].

Comparing the two models, the nematode exhibits its
own advantages for studying the functions of mutant genes.
The genome of C. elegans was sequenced in 1998, thus
making the nematode the first multicellular organism [51].
Surprisingly, about 65% of the human disease genes have a
counterpart in the nematode’s genes [52]. A total of 302
neurons in C.elegans greatly facilitate studying the
morphology and physiology, in parallel with the behavior of
the mutant phenotype. Regardless of its obvious simplicity,
the worm model allows us to identify protein interactions,
which is rendered useful in understanding entire regulatory
pathways. Despite many advantages and extensive research
in the transgenic vertebrate models of mice, Drosophila and
C. elegans  offer models for mechanistic examination of the
transgene products as well as tools for pharmacological
analysis [53] within short time. In addition, the absence of
endogenous Aβ production in the worms, presents an
opportunity to find roles of the multiple Aβ-related processes
proposed to be involved in AD (Link, personal
communication).

In this review article, we focus on development of the
transgenic C. elegans model of AD, and on the application of
this model in AD research and the potential use for drug
intervention.

DEVELOPMENT AND CHARACTERIZATION OF
THE TRANSGENIC C. ELEGANS MODEL

At a first attempt to develop a mutant strain by targeting
endogenous APP gene, researchers found that the C.elegans
genome does include genes that encode proteins related to
human APP- apl-1 [39]. Analogous to human APP, the
invertebrate APP-family members are composed of single-
pass transmembrane proteins with a large extracellular
domain and a short intracellular domain, which can be
cleaved to release intracellular and extracellular proteolytic
fragments. However, APP-like genes in this nematode do not
possess the region encoding the neurotoxic Aβ1-42. So, the
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actual model of AD generated by mutation of endogenous
APP cleavage seemed irrelevant. Thus, Link et al., took an
alternative approach and developed a transgenic C. elegans
model, which can express human Aβ1-42 fragment
intracellularly in the nematode body wall muscle with
transgene-induced paralysis phenotype [54-56]. Although the
C. elegans model obviously lacks the neuronal cognitive
complexity of mammals, it turns out to be a valid model to
replicate cellular processes that may underlie AD.

In developing the transgenic C.elegans model of AD, the
minigene construct pCL12 containing the chimeric gene unc-
54/Aβ1-42 was introduced into the nematode by gonad
microinjection [54] to produce Aβ1-42 constitutively
expressed in the CL2006 strain of C. elegans. The pCL12
gene, along with the coding regions, was derived from
human cDNA clones and regulatory sequences from a
specific expression vector, on which the 42 amino acid
version of the Aβ peptide preceded by a synthetic signal was
incorporated. Furthermore CL2006 has the pPD30.38 vector
containing the unc-54 promoter/enhancer sequence that
produces high-level muscle-specific gene expression. This
causes the expression of human β-amyloid deposits in the
muscle cells of the animals [54]. To discriminate transgenic
nematodes, these transgenes were co-injected with plasmids
expressing the dominant morphological marker rol-6
(pRF4), which causes the animal to rotate around its
longitudinal axis. The resulting movement, due to this roller
marker, is a distinctive non-sinusoidal one used to identify
those animals maintaining the injected transgenes [55].

To characterize the location of intracellular deposit and
the ultrastructure of amyloid fibrils, Link et al. employed
immuno-electron microscopy and the amyloid-specific dye
X-34 [56]. A newly developed and intensely fluorescent
Congo red derivative X-34 can sensitively detect amyloid in
senile and soluble Aβ in post mortem AD brain tissue [57].
Figure 1A shows an example of Aβ deposits stained with X-
34 (blue) and a specific anti-Aβ antibody (green). From the
results of immuno-EM and fluorescence staining, Link et al.
found that the amyloid deposits are located intracellularly
and that the increased amyloid load in individual worms
from mid-larva to adult stages was caused by an increase in
the deposit size rather than the emergence of new deposits
[56].  The finding that both endoplasmic reticulum (ER) and
cytoplasmic heat-shock protein 70 (HSP70s) could be co-
immunoprecipitated with Aβ in the worm model [58]
suggests that Aβ was actively re-routed from the secretory
pathway by the ER protein.  This proposed retrograde
transport of Aβ from the ER is analogous to the cellular
metabolism of prion protein (Link, personal
communication), which is also subject to retrograde transport
[59] and can be highly toxic when accumulated in the
cytoplasm  [60].

Another C. elegans strain, CL4176, contains the
expression vector pPD118.60. This vector has the myo-3
body-wall specific myosin promoter and an abnormally long
3’untranslated region, which makes the transgenes
expression dependent on smg-1 function (mRNA
surveillance system). The smg-1 in C. elegans becomes
inactive at the non-permissive temperature of 23oC, which
allows the translation of the stabilized transgenes mRNA for
human Aβ1-42 and makes the nematode lose the ability to

move (paralysis). Figure 1B represents the no-paralysis
phenotype in CL4176 without transgene expression (top
panel) and the paralysis phenotype with Aβ expressed by
temperature upshift (bottom panel). Although Aβ expression
is limited to the muscle cells, this specific strain allows us to
establish a relationship between Aβ expression and Aβ
toxicity [61].

Fig. (1). Characterization of transgenic C. elegans model of
Alzheimer’s disease. A:  Fluorescence staining of Aβ deposition in
the transgenic C. elegans model of AD (CL2006). Adult CL2006
animal were first stained (while alive) with X-34 (blue). The worms
were then fixed, permeabilized and probed with anti-Aβ peptide
monoclonal antibody 4G8 and fluorescence-conjugated goat anti-
mouse Ig secondary antibody (green). As a control, polymerized
actin in muscle bundles was labeled with phalloidin (red) (Scale bar
20 µm) B: Muscle-specific Aβ expression leads to a progressive
paralysis (CL4176). Top panel: transgenic animal CL4176 at L3
stage without temperature up-shift. Photographed was made one
hour after transfer of the worms to a lawn of E. coli on agar. Note
the obvious tracks and eggs laid. Bottom panel: The transgenic
animal CL4176 undergone temperature up shift for 24 h to express
Aβ peptide (Scale bar 50 µm). Note the absence of movement
tracks and eggs (generously provided by Dr. C. Link).
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INVESTIGATIONS OF INTRACELLULAR Aβ
TOXICITY USING THE TRANSGENIC C. ELEGANS
MODEL

1. Sequence-dependence of Aβ Aggregation in the
Transgenic C. elegans

Some studies have indicated that Aβ aggregation is
strongly related with neurotoxicity both in vivo  and in vitro
[62]. The major components of neuritic plaque in AD brain
are Aβ1-42 and Aβ1-43 peptides [63]. These forms were not
detected in the soluble Aβ from the cerebrospinal fluid of
AD [64] [65]. Several groups found mutations in APP, PS1
and PS2 increased production of longer forms of Aβ [66]
[67] [68]. The structure of soluble and aggregated Aβ is an
important issue regarding to its toxicity. In vitro studies
demonstrated that the state of Aβ aggregation was crucial to
neurotoxicity [69] [70] [71]. The process of conversion from
soluble Aβ to aggregated Aβ was accompanied by an
alteration from a α-helix / random coil state to a β-sheet
structure, given the β-sheet conformation in amyloid fibrils
[72] [71] [73] [74]. In order to understand the effect of full
length Aβ peptide, Link et al developed a few transgenic
C.elegans lines for analyzing the Aβ aggregation with a
single-residue variant of Aβ1-42 [55]. The substitution of
Leu17Pro and Met35Cys did not produce observable deposits
when stained with thioflavin S, an amyloid specific dye.
These results suggested the importance of these amino acid
residues in amyloid formation. In their experiment, they
created a novel variant single-chain β dimer, built by two
tandem copies of Aβ1-42 joined by a synthetic 15-residue
glycine-rich flexible linker. The C.elegans strain could
express high levels of single-chain β dimer, but it was unable
to form thioflavin S-reactive deposits [55].

2. Gene Expression Profile in the Aβ-expressing C.
elegans Strain

With the transgenic Aβ-expressing C.elegans model
established and characterized, Link et al. employed the DNA
microarray technique by cDNA hybridization to glass slide
microarray containing probes for almost all known or
predicted C.elegans genes, to reveals global gene expression
changes in the Aβ-expressing strain CL4176 [75]. Among
the top induced genes, they found that the heat shock
protein-16 (HSP-16) gene was up regulated, corresponding
with their previous observations that a GFP reporter
transgene driven by the hsp-16-2 promoter could be induced
by constitutive Aβ expression [76] (Table 1). HSP-16 protein

was co-localized with Aβ in the Aβ expression strain
CL2006 [58]. Two genes, probably involved in Aβ toxicity-
induced apoptosis, were up-regulated as well: F37C12.2
(assumed homology of apoptosis-inducing protein ei24/PIG8
[77]) and Y50E8.N (putative homology of phospholipid
scrambles linked with the process of apoptosis [78]). There
were two other closely related genes, F22E5.6 and ZC239.12
(82% protein sequence similar as F22E5.6) on the top
induced gene list.  These two genes demonstrated surprising
resemblance to the TNFAIP1 gene family [79]. TNFAIP1
was considered to be a tumor necrosis factor α-induced
protein [80]. Barger et al showed tumor necrosis factor α
treatment could protect hippocampal neurons from Aβ
toxicity [81]. To verify their experiment results, Link et al.
used quantitative RT-PCR to measure the expression of
TNFAIP1 and αB-crystallin (CRYAB), which is
homologous to the HSP-16 gene, in post mortem AD brain.
RNA of the two genes increased considerably in parts of the
superior frontal gyrus and the cerebellum of AD patients
compared with the controls. Taken together, the C.elegans
model permits us to view the gene expression profile
alteration after expression of Aβ in an organism.

In another experiment, Fonte and Link et al found some
chaperone proteins interacting with intracellular Aβ
aggregates, which may play an early role in Aβ metabolism
[58]. From early studies it was shown that increased
expression of HSP-70 class and αB-crystallin-related
proteins might have effects on the formation of plaques in
AD brain [52] [82]. In the C.elegans model, one of these
chaperone proteins is HSP-16, which was closely colocalized
with intracellular Aβ. HSP-16 protein was found to be
related with anti-Aβ antibody (4G8) immunoreactive
deposits, but not with the Aβ aggregation stained by X-34.
Therefore, HSP-16 may interrelate with Aβ monomer or
some prefibrillar Aβ oligomers. Another major chaperone
protein in Aβ coimmunoprecipitates is F26D10.3, a
cytoplasmic HSP70 that can interact with Aβ1-42 specifically.
Based on these results, Fonte et al presumed chaperon
proteins might work directly in early stage of AD [58].

3. Oxidative Stress Induced by Aβ Expression in the
Transgenic C. elegans

Numerous evidence supports the view that Aβ plays a
central role in the controversial topic in this field. Several
lines of experimental evidence suggests that oxidative stress
might be on the top list of the cellular damage induced by

Table 1. Some Highly Up-Regulated Genes in a Temperature-Induced Aβ-Expression Strain CL4176, Compared with Control
Strain CL4175 which do not Express Aβ [75]

Gene Description Fold increase
(induced/control)

Human homolog

F22E5.6 TNF-induced protein1
homolog, contains K+ channel tetramerization domain

32 MSTP028

ZC239.12 TNF-induced protein1 homolog, contains K+ channel tetramerization domain 11.5 MSTP028

Y46H3A.D Small heat shock protein HSP-16-2 9.86 CRYAB

Y46H3A.E Small heat shock protein HSP-16-41 9.19 CRYAB
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Aβ, which is able to generate reactive oxidative radicals
(ROS) [3] [83]. Protein oxidation and lipid peroxidation
have been demonstrated to occur in AD brain [18] [84]. To
support the hypothesis that neuronal protein oxidation is a
result of Aβ-associated free radicals production [18], Yatin
and Link et al measured protein carbonyl, a key marker of
protein oxidation [85] [86] in cultured hippocampal neurons,
which were exposed to exogenous synthetic Aβ1-42, and in
transgenic C. elegans  model [87]. Their results showed free
radicals formation occurs in Aβ1-42 solution, and the reverse
peptide Aβ42-1 and Met35Nle substituted peptide did not
produce free radicals. In the C. elegans model, the content of
protein carbonyl of the strain expressing Aβ1-42 is more than
that of the strain with a Met35Cys substitution in Aβ1-42. This
result suggested methionine is critical in free radical
production by Aβ1-42. As mentioned above, Met35 is also
critical for β-sheet formation observed in the transgenic C.
elegans lines [55], β-sheet structure may thus implicated in
ROS production.

In order to identify the effect of Aβ expression and
toxicity, Jennifer and Link et al employed the temperature-
inducible Aβ expression C. elegans CL4176 to scrutinize the
temporal relationship between Aβ expression, oxidative
stress and Aβ fibril formation [61]. The results sustain the
hypothesis that free radicals were related to Aβ toxicity.
They observed that Aβ1-42 expression in C.elegans increased
protein carbonyl formation significantly at 24 and 32 hours
after temperature up shift, and oxidative stress occurred in
the absence of significant Aβ fibril formation, suggesting
that the pre-fibrillar Aβ is the toxic species [61], which is in
agreement with other observations that fibrils might not be
necessary for its toxicity [88] [15] [89] [13]. From Link’s
experiment, oxidative stress induced by Aβ expression
caused phenotypic paralysis in the transgenic C. elegans
(CL4176). The result indicated a multimer or conformer that
serves as an intermediate in fibril formation, which is
assumed to relate with Aβ toxicity [61]. Growing evidence
support the speculation that non-fibrillar intermediates
(oligomers) instead of fibrils are toxic in AD and other
neurodegenerative diseases [90] [91].

Several research groups [83, 92, 93] have conducted
studies on possible relevance of free radicals induced
oxidative damage to the development of neurodegenerative
diseases.  To determine whether endogenous Aβ _expression
increases H2O2-associated ROS levels, we employed the C.
elegans strains CL2006 and CL4176. Smith et al [94] and
(Fig. 2A) show significantly higher ROS levels in both Aβ-
expressing transgenic C.elegans models compared to wild
type [94], or transgenic control counterparts (Fig. 2A).  The
Aβ-expressing strain CL2006 showed 2.5-fold higher
endogenous ROS levels than the wild type C. elegans (N2)
[94], and the temperature-inducible Aβ-expressing strain
CL4176 exhibited 2.6 fold increase in the levels of ROS
compared with the transgenic control strain CL4175 (Wu,
unpublished).

4. Pharmacological Evaluation of Ginkgo Biloba Extract
in the C. elegans Model

The transgenic C. elegans model of AD enabled
investigators to study the basic mechanism of AD in vivo,
especially to correlate Aβ-induced molecular changes with

Fig. (2). H2O2 levels in the temperature inducible Aβ-expression
C. elegans strain CL4176.  A. Synchronized eggs of the control
transgenic C. elegans strain (CL4175), or temperature-inducible
Aβ-expressing transgenic C. elegans strain (CL4176) were
maintained at 16oC on solid nematode growth medium (NGM)
seeded with a 100 µl spot of Escherichia coli (OP50) (~ 100
eggs/plate). To induce the transgene expression, the worms were
maintained at 16oC for 38 h after hatching followed by up-shifting
the temperature to 23οC for 36 h. Intracellular ROS were measured
in the C. elegans nematodes using 2,7-dichlorofluorescein diacetate
(DCF-DA; Molecular Probes).

B. The transgenic C. elegans strain (CL4176) grown on the culture
plate containing either vehicle (Ctrl), or EGb 761 (100 µg/ml) were
temperature up-shifted to express Aβ.  At least 60 animals from
each group were analyzed for ROS assay, and results are expressed
as percentage of fluorescence (%DCF) relative to Ctrl.  *
Statistically significant, p < 0.05; ** p < 0.001. (Wu, et al., 2004
unpublished)
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Aβ-induced toxicity. It also allowed us to evaluate
pharmacological effect of potential drugs for treatment of
AD.

Our research involves a programmatic exploration for the
mechanisms of neuroprotection provided by a ginkgo biloba
extract EGb 761. Using neuronal cell culture, organism
nematode C. elegans and animals behavioral test in
mammals, our previous results shown that EGb 761 exhibits
multiple cellular and molecular neuroprotective mechanisms,
including modulating the cellular survival machinery [95],
inhibition of Aβ aggregation [96], and augmentation of
organism’s stress-response [97, 98].

The standard Ginkgo biloba leaf extract EGb 761 is taken
by the general population to enhance mental focus and by the
elderly to delay the onset of age-related loss of cognitive
function.  EGb 761 was first on market in the 70’s in France
and Germany, and it becoming one of the most popular
dietary supplements in the States. During the past decade, in
vivo and in vitro experiments in mammalian systems and
clinical studies in humans demonstrated that EGb 761
exhibits a range of biochemical and pharmacological effects
that include cognition enhancement and stress alleviation
[99].  In human studies, available data have confirmed the
clinical efficacy of EGb 761 in primary degenerative
dementia of Alzheimer’s type [100-103].  Some data support
the view that the extract enhances learning and longevity in
rats [104] [105] and has neuromodulatory and neuro-
protective properties in several species [106].  However, the
evidence of an effect on memory in healthy humans is still
inconclusive [107].

Smith et al. employed the transgenic C. elegans
constitutively expressing human Aβ (CL2006) and observed
a significantly lower level of H2O2-related ROS in AD-
associated transgenic models fed with EGb 761 compared
with the wild type controls [94]. Further, treatment with
fractionated flavonoid components in EGb 761, kaempferol
(Kaemph) or quercetin (Querc), or vitamin C (L-ascorbate)
significantly attenuated ROS levels when compared to
untreated transgenic control nematodes (attenuation with
kaempferol by 69%) [94].

These result supports the well-known free radical theory
of aging [108], and the role of Aβ in pathological processes
of AD. It also explains another observation of ours in which
EGb 761 extends life span in C. elegans [98]. Wu et al
reported that the treatment of the wild-type worms with EGb
761 moderately extended median life span under
physiological conditions, significantly increased their
maximum life span under chronic oxidative challenge (Fig.
3A), and increased their resistance to oxidative stress and
thermotolerance [98]. These results indicate that EGb 761
augments the natural anti-stress system of C. elegans, thus
increasing stress resistance and life span.

Further, we investigated the molecular mechanism of
EGb 761 on alleviating effects of oxidative stress using
transgenic C. elegans expressing a jellyfish green fluorescent
protein (GFP)-tagged inducible small heat-shock protein
gene (hsp-16-2) [109]. The expression of hsp-16-2 induced
by the pro-oxidant juglone was significantly suppressed by
86% in the transgenic nematode fed with EGb 761 (Fig. 3B).
These effects of EGb 761 correlate with its ability to increase

mean survival rate of the nematode in response to acute
oxidative and thermal stresses, as well as to attenuate the
basal levels of hydrogen peroxide in the organism [109].
Post-administration effects of EGb 761 on suppressing hsp-
16-2 expression [109] suggest that the extract functioned not
only as a scavenger for oxidative free radicals that prevent
the propagation of free radical damage, but also as the
enhancer of repair or turn-over of damaged macromolecules.
Thus, Strayer et al interpret the suppression of hsp-16-2/GFP

Fig. (3). EGb 761 extends life span and modulates the
expression of the stress-response gene hsp-16-2. A. Effect of
EGb 761 on life span of C. elegans pre-exposed to oxidative stress.
The worms were oxidatively stressed by exposure to 40 µM juglone
on food for 24 h, after which they were transferred and fed with the
food supplemented with or without 100 µg/ml Egb761. Survival
curves of the worms pre-exposed to juglone with (filled circles) or
without EGb 761 treatment (open circles) [98].  B. GFP
fluorescence images of the CL2070 worms fed with (b) or without
(a) 100 µg/ml EGb 761 for 48 h before 160 µM juglone challenge
for 24 h.  The C. elegans were examined by epifluorescence
microscopy, and the fluorescence images were captured with an
Olympus fluorescence microscope attached to a digital camera.
The photographs include the entire anterior part of the pharynx
showing both nerve rings.  For quantifying a population of GFP
reporter animals, each 40x image was analyzed using ImageProPlus
software.  Data are expressed as GFP mean pixel density obtained
from 4 independent experiments with at least 24 worms in each
experimental group.  ***Statistically significant, p <0.0001 [109].
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expression as an indication that EGb 761 decreases cellular
stress resulting from exogenous treatments, therefore leading
to a decreased transcriptional induction of the reporter
transgene [109]. Since small heat shock proteins are
remarkably expressed in Aβ-expressing C.elegans (CL4176,
[75]), this result suggests a modulatory role of the extract in
the function of a stress-response gene, and indicates that the
effect of EGb 761 is beyond its known function as a
scavenger for oxidative free radicals.

ACKNOWLEDGEMENT

We thank all members of our laboratory, and Dr. Chris
Link of the University of Colorado for fruitful discussions.
Thanks to Dr. Julie Smith, Dr. Peter Butko and Miss. Astrid
Gutierrez-Zepeda for reading and commenting on the
manuscript. Studies of ginkgo biloba neuroprotection in our
laboratory are supported by NIH grant R01 AT001928-01A1
from the National Center for Complimentary and Alternative
Medicine, and by the IPSEN Foundation, France.

REFERENCES

[1] Albert MS. Cognitive and neurobiologic markers of early
Alzheimer disease. Proc Natl Acad Sci USA. 93: 13547-51 (1996).

[2] McKhann G, Drachman D, Folstein M, Katzman R, Price D, and
Stadlan EM. Clinical diagnosis of Alzheimer's disease: report of the
NINCDS-ADRDA Work Group under the auspices of Department
of Health and Human Services Task Force on Alzheimer's Disease.
Neurology. 34: 939-44 (1984).

[3] Selkoe DJ. Alzheimer's disease: genes, proteins, and therapy.
Physiol Rev. 81: 741-66 (2001).

[4] Roher AE, Lowenson JD, Clarke S, Wolkow C, Wang R, Cotter
RJ, et al. Structural alterations in the peptide backbone of beta-
amyloid core protein may account for its deposition and stability in
Alzheimer's disease. J Biol Chem. 268: 3072-83 (1993).

[5] Gouras GK, Tsai J, Naslund J, Vincent B, Edgar M, Checler F, et
al. Intraneuronal Abeta42 accumulation in human brain. Am J
Pathol. 156: 15-20 (2000).

[6] Wilson CA, Doms RW, and Lee VM. Intracellular APP processing
and A beta production in Alzheimer disease. J Neuropathol Exp
Neurol. 58: 787-94 (1999).

[7] Hartmann T. Intracellular biology of Alzheimer's disease amyloid
beta peptide. Eur Arch Psychiatry Clin Neurosci. 249: 291-8
(1999).

[8] Glenner GG and Wong CW. Alzheimer's disease: initial report of
the purification and characterization of a novel cerebrovascular
amyloid protein. Biochem Biophys Res Commun. 120: 885-90
(1984).

[9] Chartier-Harlin MC, Crawford F, Houlden H, Warren A, Hughes
D, Fidani L, et al. Early-onset Alzheimer's disease caused by
mutations at codon 717 of the beta-amyloid precursor protein gene.
Nature. 353: 844-6 (1991).

[10] Hardy J and Selkoe DJ. The amyloid hypothesis of Alzheimer's
disease: progress and problems on the road to therapeutics.
Science. 297: 353-6 (2002).

[11] Lorenzo A and Yankner BA. Beta-amyloid neurotoxicity requires
fibril formation and is inhibited by congo red. Proc Natl Acad Sci
U S A. 91: 12243-7 (1994).

[12] Pike CJ, Walencewicz-Wasserman AJ, Kosmoski J, Cribbs DH,
Glabe CG, and Cotman CW. Structure-activity analyses of beta-
amyloid peptides: contributions of the beta 25-35 region to
aggregation and neurotoxicity. J Neurochem. 64: 253-65. (1995).

[13] Walsh DM, Hartley DM, Kusumoto Y, Fezoui Y, Condron MM,
Lomakin A, et al. Amyloid beta-protein fibrillogenesis. Structure
and biological activity of protofibrillar intermediates. J Biol Chem.
274: 25945-52 (1999).

[14] Walsh DM, Klyubin I, Fadeeva JV, Cullen WK, Anwyl R, Wolfe
MS, et al. Naturally secreted oligomers of amyloid beta protein
potently inhibit hippocampal long-term potentiation in vivo.
Nature. 416: 535-9 (2002).

[15] Lambert MP, Barlow AK, Chromy BA, Edwards C, Freed R,
Liosatos M, et al. Diffusible, nonfibrillar ligands derived from
Abeta1-42 are potent central nervous system neurotoxins. Proc Natl
Acad Sci U S A. 95: 6448-53 (1998).

[16] Hsia AY, Masliah E, McConlogue L, Yu GQ, Tatsuno G, Hu K, et
al. Plaque-independent disruption of neural circuits in Alzheimer's
disease mouse models. Proc Natl Acad Sci U S A. 96: 3228-33
(1999).

[17] Koistinaho M, Ort M, Cimadevilla JM, Vondrous R, Cordell B,
Koistinaho J, et al. Specific spatial learning deficits become severe
with age in beta -amyloid precursor protein transgenic mice that
harbor diffuse beta -amyloid deposits but do not form plaques. Proc
Natl Acad Sci U S A. 98: 14675-80 (2001).

[18] Butterfield DA. beta-Amyloid-associated free radical oxidative
stress and neurotoxicity: implications for Alzheimer's disease.
Chem Res Toxicol. 10: 495-506 (1997).

[19] Butterfield DA. Amyloid beta-peptide [1-42]-associated free
radical-induced oxidative stress and neurodegeneration in
Alzheimer's disease brain: mechanisms and consequences. Curr
Med Chem. 10: 2651-9 (2003).

[20] Goto S, Biological implications of protein oxidation. Critical
Reviews of Oxidative Stress and Aging.  Advances in Basic
Science, Diagnostics and Intervention, ed. Rodriguez. RCaH. Vol.
Vol 1. 2003, New Jersey: World Scientific Publishing. Chapter 20,
pp. 350-365.

[21] McLellan ME, Kajdasz ST, Hyman BT, and Bacskai BJ. In vivo
imaging of reactive oxygen species specifically associated with
thioflavine S-positive amyloid plaques by multiphoton microscopy.
J Neurosci. 23: 2212-7 (2003).

[22] Chen M and Fernandez HL. Where do Alzheimer's plaques and
tangles come from? Aging-induced protein degradation
inefficiency. Front Biosci. 6: E1-E11 (2001).

[23] Roses AD. Apolipoprotein E and Alzheimer's disease. The tip of
the susceptibility iceberg. Ann N Y Acad Sci. 855: 738-43 (1998).

[24] Price DL, Tanzi RE, Borchelt DR, and Sisodia SS. Alzheimer's
disease: genetic studies and transgenic models. Annu Rev Genet.
32: 461-93 (1998).

[25] Chan SL, Furukawa K, and Mattson MP. Presenilins and APP in
neuritic and synaptic plasticity: implications for the pathogenesis of
Alzheimer's disease. Neuromolecular Med. 2: 167-96 (2002).

[26] Chen Q and Schubert D. Presenilin-interacting proteins. Expert Rev
Mol Med. 2002: 1-18 (2002).

[27] Marks N and Berg MJ. APP processing enzymes (secretases) as
therapeutic targets: insights from the use of transgenics (Tgs) and
transfected cells. Neurochem Res. 28: 1049-62 (2003).

[28] Selkoe DJ. Alzheimer's disease: a central role for amyloid. J
Neuropathol Exp Neurol. 53: 438-47 (1994).

[29] St George-Hyslop P, Haines J, Rogaev E, Mortilla M, Vaula G,
Pericak-Vance M, et al. Genetic evidence for a novel familial
Alzheimer's disease locus on chromosome 14. Nat Genet. 2: 330-4
(1992).

[30] Sherrington R, Rogaev EI, Liang Y, Rogaeva EA, Levesque G,
Ikeda M, et al. Cloning of a gene bearing missense mutations in
early-onset familial Alzheimer's disease. Nature. 375: 754-60
(1995).

[31] Corder EH, Saunders AM, Strittmatter WJ, Schmechel DE, Gaskell
PC, Small GW, et al.  Gene dose of apolipoprotein E type 4 allele
and the risk of Alzheimer's disease in late onset families. Science.
261: 921-3 (1993).

[32] Calhoun ME, Burgermeister P, Phinney AL, Stalder M, Tolnay M,
Wiederhold KH, et al. Neuronal overexpression of mutant amyloid
precursor protein results in prominent deposition of
cerebrovascular amyloid. Proc Natl Acad Sci U S A. 96: 14088-93
(1999).

[33] Oddo S, Caccamo A, Shepherd JD, Murphy MP, Golde TE, Kayed
R, et al. Triple-transgenic model of Alzheimer's disease with
plaques and tangles: intracellular Abeta and synaptic dysfunction.
Neuron. 39: 409-21 (2003).

[34] Gotz J, Chen F, Barmettler R, and Nitsch RM. Tau filament
formation in transgenic mice expressing P301L tau. J Biol Chem.
276: 529-34 (2001).

[35] Lewis J, McGowan E, Rockwood J, Melrose H, Nacharaju P, Van
Slegtenhorst M, et al. Neurofibrillary tangles, amyotrophy and
progressive motor disturbance in mice expressing mutant (P301L)
tau protein. Nat Genet. 25: 402-5 (2000).



44    Current Alzheimer Research, 2005, Vol. 2, No. 1 Wu and Luo

[36] Higuchi M, Ishihara T, Zhang B, Hong M, Andreadis A,
Trojanowski J, et al.  Transgenic mouse model of tauopathies with
glial pathology and nervous system degeneration. Neuron. 35: 433-
46 (2002).

[37] Levitan D and Greenwald I. Facilitation of lin-12-mediated
signalling by sel-12, a Caenorhabditis elegans S182 Alzheimer's
disease gene. Nature. 377: 351-4 (1995).

[38] Li X and Greenwald I. HOP-1, a Caenorhabditis elegans presenilin,
appears to be functionally redundant with SEL-12 presenilin and to
facilitate LIN-12 and GLP-1 signaling. Proc Natl Acad Sci U S A.
94: 12204-9 (1997).

[39] Daigle I and Li C. apl-1, a Caenorhabditis elegans gene encoding a
protein related to the human beta-amyloid protein precursor. Proc
Natl Acad Sci U S A. 90: 12045-9 (1993).

[40] Coulson EJ, Paliga K, Beyreuther K, and Masters CL. What the
evolution of the amyloid protein precursor supergene family tells
us about its function. Neurochem Int. 36: 175-84 (2000).

[41] Kamath RS and Ahringer J. Genome-wide RNAi screening in
Caenorhabditis elegans. Methods. 30: 313-21 (2003).

[42] Kamal A, Almenar-Queralt A, LeBlanc JF, Roberts EA, and
Goldstein LS. Kinesin-mediated axonal transport of a membrane
compartment containing beta-secretase and presenilin-1 requires
APP. Nature. 414: 643-8 (2001).

[43] Hutton M, Lendon CL, Rizzu P, Baker M, Froelich S, Houlden H,
et al. Association of missense and 5'-splice-site mutations in tau
with the inherited dementia FTDP-17. Nature. 393: 702-5 (1998).

[44] Wittmann CW, Wszolek MF, Shulman JM, Salvaterra PM, Lewis
J, Hutton M, et al. Tauopathy in Drosophila: neurodegeneration
without neurofibrillary tangles. Science. 293: 711-4 (2001).

[45] Fossgreen A, Bruckner B, Czech C, Masters CL, Beyreuther K, and
Paro R. Transgenic Drosophila expressing human amyloid
precursor protein show gamma-secretase activity and a blistered-
wing phenotype. Proc Natl Acad Sci U S A. 95: 13703-8 (1998).

[46] Gunawardena S and Goldstein LS. Disruption of axonal transport
and neuronal viability by amyloid precursor protein mutations in
Drosophila. Neuron. 32: 389-401 (2001).

[47] Iijima K, Liu HP, Chiang AS, Hearn SA, Konsolaki M, and Zhong
Y. Dissecting the pathological effects of human Abeta40 and
Abeta42 in Drosophila: a potential model for Alzheimer's disease.
Proc Natl Acad Sci U S A. 101: 6623-8 (2004).

[48] Struhl G and Greenwald I. Presenilin is required for activity and
nuclear access of Notch in Drosophila. Nature. 398: 522-5 (1999).

[49] Ye Y, Lukinova N, and Fortini ME. Neurogenic phenotypes and
altered Notch processing in Drosophila Presenilin mutants. Nature.
398: 525-9 (1999).

[50] Struhl G and Greenwald I. Presenilin-mediated transmembrane
cleavage is required for Notch signal transduction in Drosophila.
Proc Natl Acad Sci U S A. 98: 229-34 (2001).

[51] Center TWUGS. Genome sequence of the nematode C. elegans: a
platform for investigating biology. The C. elegans Sequencing
Consortium. Science. 282: 2012-8 (1998).

[52] Sonnhammer EL and Durbin R. Analysis of protein domain
families in Caenorhabditis elegans. Genomics. 46: 200-16 (1997).

[53] Driscoll M and Gerstbrein B. Dying for a cause: invertebrate
genetics takes on human neurodegeneration. Nat Rev Genet. 4:
181-94 (2003).

[54] Link CD. Expression of human beta-amyloid peptide in transgenic
Caenorhabditis elegans. Proc Natl Acad Sci U S A. 92: 9368-72
(1995).

[55] Fay DS, Fluet A, Johnson CJ, and Link CD. In vivo aggregation of
beta-amyloid peptide variants. J Neurochem. 71: 1616-25 (1998).

[56] Link CD, Johnson CJ, Fonte V, Paupard M, Hall DH, Styren S, et
al. Visualization of fibrillar amyloid deposits in living, transgenic
Caenorhabditis elegans animals using the sensitive amyloid dye, X-
34. Neurobiol Aging. 22: 217-26 (2001).

[57] Styren SD, Hamilton RL, Styren GC, and Klunk WE. X-34, a
fluorescent derivative of Congo red: a novel histochemical stain for
Alzheimer's disease pathology. J Histochem Cytochem. 48: 1223-
32 (2000).

[58] Fonte V, Kapulkin V, Taft A, Fluet A, Friedman D, and Link CD.
Interaction of intracellular beta amyloid peptide with chaperone
proteins. Proc Natl Acad Sci U S A. 99: 9439-44 (2002).

[59] Ma J and Lindquist S. Wild-type PrP and a mutant associated with
prion disease are subject to retrograde transport and proteasome
degradation. Proc Natl Acad Sci U S A. 98: 14955-60 (2001).

[60] Ma J, Wollmann R, and Lindquist S. Neurotoxicity and
neurodegeneration when PrP accumulates in the cytosol. Science.
298: 1781-5 (2002).

[61] Drake J, Link CD, and Butterfield DA. Oxidative stress precedes
fibrillar deposition of Alzheimer's disease amyloid beta-peptide (1-
42) in a transgenic Caenorhabditis elegans model. Neurobiol
Aging. 24: 415-20 (2003).

[62] Iversen LL, Mortishire-Smith RJ, Pollack SJ, and Shearman MS.
The toxicity in vitro  of beta-amyloid protein. Biochem J. 311 ( Pt
1): 1-16 (1995).

[63] Gravina SA, Ho L, Eckman CB, Long KE, Otvos L, Jr., Younkin
LH, et al. Amyloid beta protein (A beta) in Alzheimer's disease
brain. Biochemical and immunocytochemical analysis with
antibodies specific for forms ending at A beta 40 or A beta 42(43).
J Biol Chem. 270: 7013-6 (1995).

[64] Motter R, Vigo-Pelfrey C, Kholodenko D, Barbour R, Johnson-
Wood K, Galasko D, et al. Reduction of beta-amyloid peptide42 in
the cerebrospinal fluid of patients with Alzheimer's disease. Ann
Neurol. 38: 643-8 (1995).

[65] Tamaoka A, Sawamura N, Fukushima T, Shoji S, Matsubara E,
Shoji M, et al.  Amyloid beta protein 42(43) in cerebrospinal fluid
of patients with Alzheimer's disease. J Neurol Sci. 148: 41-5
(1997).

[66] Suzuki N, Cheung TT, Cai XD, Odaka A, Otvos L, Jr., Eckman C,
et al. An increased percentage of long amyloid beta protein
secreted by familial amyloid beta protein precursor (beta APP717)
mutants. Science. 264: 1336-40 (1994).

[67] Borchelt DR, Thinakaran G, Eckman CB, Lee MK, Davenport F,
Ratovitsky T, et al.  Familial Alzheimer's disease-linked presenilin
1 variants elevate Abeta1-42/1-40 ratio in vitro and in vivo.
Neuron. 17: 1005-13 (1996).

[68] Lemere CA, Lopera F, Kosik KS, Lendon CL, Ossa J, Saido TC, et
al. The E280A presenilin 1 Alzheimer mutation produces increased
A beta 42 deposition and severe cerebellar pathology. Nat Med. 2:
1146-50 (1996).

[69] Pike CJ, Walencewicz AJ, Glabe CG, and Cotman CW.
Aggregation-related toxicity of synthetic beta-amyloid protein in
hippocampal cultures. Eur J Pharmacol. 207: 367-8 (1991).

[70] Ueda K, Fukui Y, and Kageyama H. Amyloid beta protein-induced
neuronal cell death: neurotoxic properties of aggregated amyloid
beta protein. Brain Res. 639: 240-4 (1994).

[71] Soto C, Castano EM, Frangione B, and Inestrosa NC. The alpha-
helical to beta-strand transition in the amino-terminal fragment of
the amyloid beta-peptide modulates amyloid formation. J Biol
Chem. 270: 3063-7 (1995).

[72] Simmons LK, May PC, Tomaselli KJ, Rydel RE, Fuson KS,
Brigham EF, et al. Secondary structure of amyloid beta peptide
correlates with neurotoxic activity in vitro. Mol Pharmacol. 45:
373-9 (1994).

[73] Terzi E, Holzemann G, and Seelig J. Self-association of beta-
amyloid peptide (1-40) in solution and binding to lipid membranes.
J Mol Biol. 252: 633-42 (1995).

[74] Soto C, Castano EM, Kumar RA, Beavis RC, and Frangione B.
Fibrillogenesis of synthetic amyloid-beta peptides is dependent on
their initial secondary structure. Neurosci Lett. 200: 105-8 (1995).

[75] Link CD, Taft A, Kapulkin V, Duke K, Kim S, Fei Q, et al. Gene
expression analysis in a transgenic Caenorhabditis elegans
Alzheimer's disease model. Neurobiol Aging. 24: 397-413 (2003).

[76] Link CD, Cypser JR, Johnson CJ, and Johnson TE. Direct
observation of stress response in Caenorhabditis elegans using a
reporter transgene. Cell Stress Chaperones. 4: 235-42 (1999).

[77] Gu Z, Flemington C, Chittenden T, and Zambetti GP. ei24, a p53
response gene involved in growth suppression and apoptosis. Mol
Cell Biol. 20: 233-41 (2000).

[78] Martin SJ, Reutelingsperger CP, McGahon AJ, Rader JA, van
Schie RC, LaFace DM, et al. Early redistribution of plasma
membrane phosphatidylserine is a general feature of apoptosis
regardless of the initiating stimulus: inhibition by overexpression of
Bcl-2 and Abl. J Exp Med. 182: 1545-56 (1995).

[79] Aravind L and Koonin EV. Fold prediction and evolutionary
analysis of the POZ domain: structural and evolutionary
relationship with the potassium channel tetramerization domain. J
Mol Biol. 285: 1353-61 (1999).

[80] Dixit VM, Green S, Sarma V, Holzman LB, Wolf FW, O'Rourke
K, et al. Tumor necrosis factor-alpha induction of novel gene



Transgenic C. elegans as a Model in Alzheimer’s Research Current Alzheimer Research, 2005, Vol. 2, No. 1    45

products in human endothelial cells including a macrophage-
specific chemotaxin. J Biol Chem. 265: 2973-8 (1990).

[81] Barger SW, Horster D, Furukawa K, Goodman Y, Krieglstein J,
and Mattson MP. Tumor necrosis factors alpha and beta protect
neurons against amyloid beta-peptide toxicity: evidence for
involvement of a kappa B-binding factor and attenuation of
peroxide and Ca2+ accumulation. Proc Natl Acad Sci U S A. 92:
9328-32 (1995).

[82] Renkawek K, Bosman GJ, and de Jong WW. Expression of small
heat-shock protein hsp 27 in reactive gliosis in Alzheimer disease
and other types of dementia. Acta Neuropathol (Berl). 87: 511-9
(1994).

[83] Butterfield DA, Howard B, Yatin S, Koppal T, Drake J, Hensley K,
et al. Elevated oxidative stress in models of normal brain aging and
Alzheimer's disease. Life Sci. 65: 1883-92 (1999).

[84] Markesbery WR. Oxidative stress hypothesis in Alzheimer's
disease. Free Radic Biol Med. 23: 134-47 (1997).

[85] Levine RL, Garland D, Oliver CN, Amici A, Climent I, Lenz AG,
et al. Determination of carbonyl content in oxidatively modified
proteins. Methods Enzymol. 186: 464-78 (1990).

[86] Levine RL, Williams JA, Stadtman ER, and Shacter E. Carbonyl
assays for determination of oxidatively modified proteins. Methods
Enzymol. 233: 346-57 (1994).

[87] Yatin SM, Varadarajan S, Link CD, and Butterfield DA. In vitro
and in vivo oxidative stress associated with Alzheimer's amyloid
beta-peptide (1-42). Neurobiol Aging. 20: 325-30; discussion 339-
42 (1999).

[88] Aksenov MY, Aksenova MV, Butterfield DA, Hensley K, Vigo-
Pelfrey C, and Carney JM. Glutamine synthetase-induced
enhancement of beta-amyloid peptide A beta (1-40) neurotoxicity
accompanied by abrogation of fibril formation and A beta
fragmentation. J Neurochem. 66: 2050-6 (1996).

[89] Oda T, Wals P, Osterburg HH, Johnson SA, Pasinetti GM, Morgan
TE, et al.  Clusterin (apoJ) alters the aggregation of amyloid beta-
peptide (A beta 1-42) and forms slowly sedimenting A beta
complexes that cause oxidative stress. Exp Neurol. 136: 22-31
(1995).

[90] Browne SE, Ferrante RJ, and Beal MF. Oxidative stress in
Huntington's disease. Brain Pathol. 9: 147-63 (1999).

[91] Goldberg MS and Lansbury PT, Jr. Is there a cause-and-effect
relationship between alpha-synuclein fibrillization and Parkinson's
disease? Nat Cell Biol. 2: E115-9 (2000).

[92] Perry G, Castellani RJ, Hirai K, and Smith MA. Reactive Oxygen
Species Mediate Cellular Damage in Alzheimer Disease. J
Alzheimers Dis. 1: 45-55. (1998).

[93] Mattson MP. Risk Factors and Mechanisms of Alzheimer's Disease
Pathogenesis: Obviously and Obviously Not. J Alzheimers Dis. 2:
109-112. (2000).

[94] Smith JV and Luo Y. Elevation of oxidative free radicals in
Alzheimer's disease models can be attenuated by Ginkgo biloba
extract EGb 761. J Alzheimers Dis. 5: 287-300 (2003).

[95] Smith JV, Burdick AJ, Golik P, Khan I, Wallace D, and Luo Y.
Anti-apoptotic properties of Ginkgo biloba extract EGb 761 in
differentiated PC12 cells. Cell Mol Biol. 48: 699-707. (2002).

[96] Luo Y, Smith JV, Paramasivam V, Burdick A, Curry KJ, Buford
JP, et al. Inhibition of amyloid-beta aggregation and caspase-3
activation by the Ginkgo biloba extract EGb761. Proc Natl Acad
Sci U S A. 99: 12197-202. (2002).

[97] Ward CP, Redd K, Williams BM, Caler JR, Luo Y, and McCoy JG.
Ginkgo biloba extract. Cognitive enhancer or antistress buffer.
Pharmacol Biochem Behav. 72: 913-22. (2002).

[98] Wu Z, Smith JV, Paramasivam V, Butko P, Khan I, Cypser JR, et
al. Ginkgo biloba extract EGb 761 increases stress resistance and
extends life span of Caenorhabditis elegans. Cell Mol Biol (Noisy-
le-grand). 48: 725-31 (2002).

[99] DeFeudis FV, Ginkgo biloba extract (EGb 761): from chemistry to
clinic. 1998: Publi Ullstein Med. Weisbaden, Germany.

[100] Le Bars PL, Katz MM, Berman N, Itil TM, Freedman AM, and
Schatzberg AF. A placebo-controlled, double-blind, randomized
trial of an extract of Ginkgo biloba for dementia. North American
EGb Study Group. JAMA. 278: 1327-32. (1997).

[101] Le Bars PL, Kieser M, and Itil KZ. A 26-week analysis of a
double-blind, placebo-controlled trial of the ginkgo biloba extract
EGb 761 in dementia. Dement Geriatr Cogn Disord. 11: 230-7.
(2000).

[102] Oken BS, Storzzbach DM, and Kaye JA. The efficacy of Ginkgo
biloba on cognitive function in Alzheiner disease. Arch Neurol. 55:
1409-1415 (1998).

[103] Mix JA and David Crews W, Jr. A double-blind, placebo-
controlled, randomized trial of Ginkgo biloba extract EGb 761(R)
in a sample of cognitively intact older adults: neuropsychological
findings. Hum Psychopharmacol. 17: 267-77. (2002).

[104] Winter JC. The effects of an extract of Ginkgo biloba, EGb 761, on
cognitive behavior and longevity in the rat. Physiol Behav. 63: 425-
33. (1998).

[105] Winter E. Effects of an extract of Ginkgo biloba on learning and
memory in mice. Pharmacol Biochem Behav. 38: 109-14 (1991).

[106] Luo Y. Ginkgo biloba neuroprotection: Therapeutic implications in
Alzheimer's disease. Journal of Alzheimers Disease. 3: 401-407.
(2001).

[107] Curtis-Prior P, Vere D, and Fray P. Therapeutic value of Ginkgo
biloba in reducing symptoms of decline in mental function. J.
Pharm. Pharmacol. 51: 535-541 (1999).

[108] Harman D. Ageing: a theory based on free radical and radiation
chemistry. J Gerontol. 2: 298-300 (1957).

[109] Strayer A, Wu Z, Christen Y, Link CD, and Luo Y. Expression of
the small heat-shock protein Hsp16-2 in Caenorhabditis elegans is
suppressed by Ginkgo biloba extract EGb 761. Faseb J. 17: 2305-7
(2003).




