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Emerging evidence indicates that the JNK/c-Jun cas-
cade is activated in neurons of the Alzheimer’s disease
brain and suggests its involvement in abnormal process-
es, ranging from tau phosphorylation to neuronal death.
Substantial new data have accumulated on the function-
al relevance of causative genes in familial Alzheimer’s
disease and the pathological processes that occur within
neurons. In this review, we summarize reported findings
of the JNK/c-Jun cascade in Alzheimer’s disease and dis-
cuss the relationship between the cascade and other
pathological processes. We suggest that the effort to con-
nect amyloid deposition with intracellular activation of
the JNK/c-Jun cascade may modify the amyloid theory of
Alzheimer’s disease. Therapeutic approaches targeting
the JNK/c-Jun cascade and other signaling may comple-
ment therapeutic strategies directed at reducing amyloid
deposition.

Key words: Alzheimer’s disease, amyloid, CDK5, cell
death, c-Jun, c-Jun N-terminal kinase (JNK), GSK-3,
neuron, phosphorylation, presenilin, SAPK, tau, tran-
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Alzheimer’s disease (AD) is pathologically character-
ized by senile plaques (SP), neurofibrillary tangles (NFT),
and neuronal loss. SPs include interstitial aggregates of �
amyloid peptide (A�) processed from the amyloid pre-
cursor protein (APP), while NFTs are intraneuronal aggre-
gates of hyperphosphorylated tau protein. In classic neuritic
plaques, a central A� deposit is surrounded by dystrophic

neurites and reactive astrocytes, and is permeated by acti-
vated microglia. A� deposits termed diffuse plaques are
detected by immunohistochemistry with anti-A� anti-
bodies, and lack the neuritic and inflammatory compo-
nents. Clinically, progressive dementia is caused by
either neuronal loss or by synaptic loss in the limbic sys-
tem with similar events in the cerebral cortex believed to be
secondary phenomena. Clinicopathological definition of
this disorder was established by Alois Alzheimer in 1907
at Munich,1 whereas understanding of the molecular
pathology has not been completed in spite of enormous
efforts by a large number of researchers. 

However, during the past 10 years, genetic analyses of
familial AD have revealed major factors in the disease
pathogenesis. These factors include amyloid precursor
protein (APP),2 presenilin-1 (PS1),3,4 presenilin-2
(PS2),5 and apolipoprotein-E (ApoE).6 The first three
factors are strongly linked to early-onset familial AD,
while ApoE is considered to be a major risk factor for
late-onset AD. Other molecules such as �

�
-macroglobu-

lin (�
�
-M)7 and LDL receptor-related protein (LRP)8

also have weak linkage with AD, at least in some popula-
tions. Another locus of late-onset AD on chromosome-
10 was reported recently by three groups.9-11 These
discoveries have enabled us to apply molecular biologi-
cal approaches by using identified molecules and there-
by to take a larger perspective of AD pathology.
However, in turn, these results clearly suggest that AD is
a disorder with heterogeneous etiology, but shares core
pathological processes. Therefore, we want to know the
precise pathological roles of these molecules and the
functional relationship among them to clarify the com-
mon pathway leading to AD pathology.
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One of the most remarkable advances in AD research
is the notion that PS by itself or a protein complex
including PS possesses �-secretase activity, which is
essential for cleaving out A� from APP. Interaction
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between PS and APP was suggested by immunoprecipi-
tation and two-hybrid assays.12-14 A�1-42, which aggre-
gates more readily than the more common A�1-40,15

was reported to be increased in the AD brain or in cells
overexpressing mutant PS.16 The �-secretase hypothesis
was tested with this background. PS was co-precipitated
within the protein complex possessing the �-secretase
activity.17 Inhibition of presenilins in cell biological ex-
periments and presenilin knock-out mice showed severe
disturbance in the cleavage of APP, presenilins as well as
notch at the �-secretase acceptor site.18-22 Further, a
chemical inhibitor of �-secretase was reported to be
cross-linked to PS at its possible catalytic center.23 These
data strongly suggest that PS is a component of �-secre-
tase complex or �-secretase itself.24 Another component
of the �-secretase protein complex seems to be Nicastrin,
which was isolated as a binding protein to PS.25 Deletion
of Nicastrin was reported to disturb the �-secretase activ-
ity for A� production.25

However, some questions have also been raised about
the concept that PS is �-secretase.26,27 These questions
include the structural difference of PS from aspartyl pro-
teases reported so far and the location of the catalytic
center as �-secretase. Recent reports also suggest dis-
crepancies among substrates in the cleavage by PS.
Capell et al. report that mutation of the aspartate-257
eliminates Notch cleavage without altering �-secretase
activity for APP.28 Petit et al. show that a new protease
inhibitor suppresses �-secretase activity, but neither
Notch cleavage nor self-cleavage of PS.29 According to
these data, APP �-secretase activity is distinct from
Notch and PS cleavage activity, although they are be-
lieved to be mediated by the same catalytic site of PS.
These questions await further examination. In addition,
the relationship between the �-secretase function and
multiple-binding partners of PS1 reported to date30 needs
to be clarified.
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Another great advance in AD is the use of A� immu-
nization as a therapeutic approach. Active immunization
in transgenic mice largely prevents A� deposition31 and
inhibits the associated decline in memory function.32,33

Commercial studies (Elan Pharmaceuticals) also have
shown an anti-A� effect of passive immunization in an
AD mouse model and integration of immunoglobulin
into the cerebrum.34 These findings are extremely attrac-
tive in a clinical sense, and this surprising approach
awaits the results of ongoing clinical trials. If the vaccine
proves effective in human AD, it would clearly support
the amyloid theory, which predicates that A� deposition
is the central event of AD.35-37 A further important point

is that these transgenic models, without neuronal loss,
did show behavioral effects, which are presumably relat-
ed to synaptic changes. 

The amyloid theory has recently been modified. A
critical notion requiring modification is the discovery of
a tauopathy.38 Specific mutations in tau and subsequent
aggregation of abnormal tau proteins in the brain, without
A� plaque deposition, are now known to cause neuronal
death. Furthermore, transgenic mice overexpressing tau
show progressive neurodegeneration associated with
hyperphosphorylated tau and and argyrophilic inclu-
sions formed by tau-immunoreactive filaments.38 A
growing body of data link tau gene mutations with spe-
cific types of neurodegenerative diseases, including
frontotemporal dementia and Parkinsonism (FTDP).39

This finding is generally thought to mean that NFTs are
downstream from SP in AD pathology and linked direct-
ly to cell death.40 However, we need to consider carefully
whether NFTs by themselves cause cell death, since we
do not know the exact mechanisms by which tau aggre-
gation kills neurons. Actually, some people hypothesize
that NFT formation and even tau hyperphosphorylation
are a consequence of activation of the cell death cas-
cade.41 One of the reasons supporting this hypothesis is
that neuronal loss greatly predominates NFTs in tauopa-
thy. In addition, this idea is compatible with a recent
paper showing neurodegeneration without NFTs in
transgenic flies.42 Instead of NFTs themselves, a specific
type of abnormal signaling which leads to NFTs may be
the cause of cell death.

Furthermore, several important observations have chal-
lenged the amyloid hypothesis. First, a growing number of
reports suggest that oligomeric or soluble A� peptides
rather than SP formation are toxic for neurons.43 In other
words, these data raise a critical question as to whether
neuronal damage is initiated by A� plaque formation or
by soluble and nonaggregated A� peptides. Second,
recent reports from various groups indicate that A� pep-
tides accumulate in neuronal cell bodies in the affected
area of the AD brain.44-47 This newly recognized A�
localization has raised a question as to whether cell
injury is initiated inside or outside of neurons. In the
classic amyloid cascade hypothesis, secreted A�?? initi-
ates plaque formation and damages the cell from the out-
side. However, the presence of A� within the cell
suggests that A� oligomers or conformationally unfa-
vorable A� peptides may trigger the death signaling
from inside the neurons. In other words, the finding pro-
poses an alternative pathway from A� to cell death. 
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Substantial data have accumulated regarding abnormal
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neuronal signaling as possible mediators of the neuronal
death in AD pathology. Representative pathways are
oxidative stress response, excess calcium accumulation,
and activation of kinases. Exaggerated oxidative stress
in the AD brain was suggested by immunohistochemical
data with antisuperoxide dismutase and catalase antibod-
ies,48 increased products of the oxidative stress re-
sponse,49,50 and inhibition of A�-induced cell death by
antioxidants.51 Alterations of calcium content in AD
were initially suggested by the data in cultured skin
fibroblasts.52 Excessive calcium influx was observed on
the basis of cell biological experiments where aggregat-
ed A� was applied from outside the cells.53 Recently,
Mattson’s group reports that mutant PS1 “knock-in”
mice show increased vulnerability due to perturbed calcium
homeostasis, increased oxidative stress and mitochondr-
ial dysfunction,54 supporting abnormal metabolism in
these pathways. Though calcium and mitochondrial dys-
regulation will lead to abnormal activation of kinases,
the relationship between signaling alternations and NFT
formation has not been established. Both NFT formation
and abnormal signaling may be the results of either
extracellular or intracellular A� accumulation. In this
case, perturbed signaling triggers cell death indepen-
dently of NFT. Alternatively, perturbed signaling causes
NFT, which then induces cell death (see Figure 1).

Although it is not known whether tau phosphorylation
is the direct cause of cell death, it is likely that tau hyper-
phosphorylation is a molecular event close to cell death.
In this regard, activation of kinases relevant to tau phos-
phorylation has attracted attention. The first candidate
molecule is cyclin-dependent kinase-5 (CDK5).55-57

According to the data of Patrick et al., a constitutively
active form of CDK5, p25, was found in the neurons of
AD brains.58 The second candidate molecule is glycogen
synthetase kinase-3 (GSK3).59,60 This kinase is involved
in complex formation with tau and PS1.61 c-Jun N-termi-
nal kinase (JNK) is the third kinase that has been impli-
cated in tau phosphorylation. Two groups have reported
that JNK phosphorylates tau.62-64 Recently, we and oth-
ers have used anti-phospho-JNK antibodies to establish
JNK activation in neurons of sporadic and PS1-linked
AD brains.47,65 Extracellular application of aggregated
A� induces neuronal apoptosis with c-Jun activation.66

These observations support activation of the JNK/c-Jun
cascade in the AD brain and may be related to a previ-
ously reported increase of c-Jun immunoreactivity.67-69

Furthermore, our group and another have found that PS1
prevents c-Jun activation by either c-Jun co-factor
QM/Jif-1 or JNK, and that mutation of PS1 perturbs the
suppressive effect of PS1 on c-Jun,70,71 suggesting accel-
eration of c-Jun-mediated neuronal death by mutant PS1.
All these findings suggest the JNK/c-Jun cascade may
interact with various processes in AD pathology.

Two laboratories independently reported that PS1
interacts with Ire1,72,73 a mediator of the unfolded pro-
tein response (UPR) against accumulation of unfolded
proteins in the endoplasmic reticulum. Katayama et al.
reported that mutant PS1 inhibits the UPR,72 although
there remains some debate about their data.74,75 Also, it is
not yet clear whether Ire1 is a substrate of PS as a pro-
teinase. Meanwhile, Ire1 was reported to activate chap-
erone genes and JNK in response to ER stress.76 As some
of these data are still controversial,74,75 we cannot reach a
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Figure 1. Hypothetical cascades of the Alzheimer’s disease pathology.



firm conclusion on how these findings correlate with
JNK activation observed in the AD brain.47,65 However,
it may be possible and is very interesting to hypothesize
that A� accumulated in the endoplasmic reticulum trig-
gers JNK activation and PS1 affects it in some way
(Figure 2). 

In addition, JNK/c-Jun cascade is relevant to some other
molecules in AD pathology. First, the ApoE receptor-2
(ApoER2) binds to JIP1/2 (JNK interacting protein 1/2),
and hence forms a complex with JNK. JIP is known to
recruit MAP kinases and regulate their activities. Thus,
ApoE signaling seems to be at least partially mediated by
JNK. Secondly, c-Jun is also implicated in transcriptional
regulation of the APP gene. The consensus binding site for
AP-1/AP-4 in the upstream region of the APP gene has
been shown to promote transcription, although the binding
of AP-1 complex to this promoter has not been proven.77
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This section reviews the role of JNK and c-Jun in neu-
rodegeneration. We will begin by reviewing the role of

JNK and c-Jun in naturally occurring neuronal death
during development, proceed to the evidence regarding
the role of c-Jun and JNK in pathologic states, and con-
clude with a few remarks concerning the adequacy of
current in vitro and in vivo models of AD. 

Recent work has suggested that the prior assumption of
necrosis and apoptosis as two distinct and dominant
modes of cell death must be revised to accept that neu-
ronal death may have attributes of apoptosis and necrosis.
This is in contrast to normal nervous system maturation,
which is characterized by extensive cell death that may be
largely apoptotic.78 Shortly after the period of neuroblast
proliferation, many neurons, commonly about 50 percent,
die during a limited period of time as functional connec-
tions are being made. The assumption that naturally
occurring neuronal death includes an apoptotic-like
process is supported by both in vivo and in vitro data.
The most studied model of programmed neuronal death
(PND) induced by trophic factor deprivation is based
on the physiological role of the prototypical neuro-
trophic factor, NGF. Depriving immature sympathetic
neurons of NGF results in massive cell death in vivo,
even in the adult animal, albeit at a slower rate.79
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Therefore, PS1 mutation may shift the signaling which branches at Ire1 from cell survival to cell death.



This neonatal sympathetic PND can be reconstructed
in vitro,80,81 where apoptosis is dependent on transcrip-
tion and translation, and apoptotic cells are visible 24 to
48 hours after NGF.82 Two groups have shown that oxi-
dative stress is an important early trigger in this model,
and death can be inhibited by overexpressing Cu/Zn-
superoxide dismutase in the neurons.83,84 Moreover, sev-
eral years ago, our group and Jonathan Ham’s laboratory
showed that c-Jun was induced during cell death and was
necessary for it in this model.85,86 The death of cultured
sympathetic neurons undergoing NGF deprivation in vitro
manifests the hallmarks of apoptosis, including membrane
blebbing, chromatin condensation and DNA fragmenta-
tion into oligonucleosomes, cytochrome C release from the
mitochondria, and caspase activation.80,81,87-89

To investigate the role of c-Jun phosphorylation in
this paradigm, we and others have performed immuno-
fluorescent analyses of c-Jun phosphorylation as well as
quantitative assays of JNK activity at different times
after NGF deprivation.90,91 By using an antibody raised
against phospho-Jun (Ser 63) for immunofluorescent
studies, we observed a robust increase in c-Jun phospho-
rylation in NGF-deprived neurons, as compared to NGF
maintained neurons.90,91 To correlate this increase in c-
Jun phosphorylation with JNK activity, we used an in
vitro assay, where JNK was immunoprecipitated and
then exposed to a c-Jun fragment for a substrate. Some
2.5 hours after NGF deprivation, JNK activity increased
about twofold, and maintained this level until the neu-
rons began to die, approximately 25 hours after NGF
deprivation.90,92 Hence, phosphorylation of c-Jun is
increased in sympathetic neurons after NGF deprivation,
and this correlates qualitatively with an increase in JNK
activity.

Several groups, including ours, have asked the next
question in this paradigm, i.e., does JNK activity con-
tribute to neuronal death? This line of investigation was
initiated by Michael Greenberg’s laboratory several
years ago. Working with sympathetic neuron-like PC12
cells, this group examined the contributions to NGF-
deprivation-induced cell death of MAP kinase family
members, including ERK, JNK, and p38. Apoptosis was
preceded by sustained JNK and p38 activation, and ERK
inhibition. These authors proceeded to show that overac-
tivation of JNK led to apoptosis, whereas activation of
the MAPK pathway protected from apoptosis.93 In the
sympathetic neuron model, the Ham laboratory has used
a dominant negative JNK-interacting protein (JIP) to
investigate whether JNK is necessary for this neuronal
death,91 while Maroney and co-workers have used
CEP1347, a pharmacologic inhibitor of the JNK path-
way, but not JNK itself, to arrive at a similar conclu-
sion.94 One of the three JNKs is specific to neurons, i.e.,

JNK3. We examined neuronal death in neurons isolated
from JNK3 deficient neonatal mice and found that c-Jun
phosphorylation and neuronal death were both inhibited.
Interestingly, the oxidative stress that is also a hallmark
of this model was unaffected by JNK3 deficiency.95 The
c-Jun AA knock-in mouse is also defective in kainic-
acid-induced apoptosis in the hippocampus, indicating
that c-Jun N-terminal phosphorylation is important in
this model of pathological neuronal death.96 Hence,
JNK, especially JNK3, appears to contribute to neuronal
apoptosis in this classic model of PND.

For several years, the predominant hypothesis in
this work was that JNK activation leads to the activa-
tion of c-Jun, which, in turn, leads to the altered tran-
scription of genes that are more proximal to neuronal
death. In support of this possibility, the Ham and
Johnson laboratories have recently reported that the
induction of BIM, a pro-apopotosis BAX homolog, is
JNK-dependent97,98 (Figure 3). Very recently, the
Johnson laboratory reported that induction of
DP5/HRK, a pro-apoptotic Bcl-2 family member, is
also JNK-dependent in neurons.99

An alternative and additional role for JNK also must
be considered relevant to this review. Another recent
finding from the Johnson laboratory suggests an addi-
tional pro-apoptotic mechanism of JNK action. To
appreciate the relevance of this finding, one needs to
know that several years ago, these investigators found
that sympathetic neurons maintained in the presence of
NGF were refractory to apoptosis after cytochrome C
injection into the cytoplasm. When neurons were de-
prived of NGF for approximately 12 hours, the neurons
were induced to be competent to die in response to
cytochrome C injection.100 Recently, these investigators
extended their findings by showing that CEP1347, but
not protein synthesis inhibitors, inhibited neurons from
gaining NGF-deprivation-induced sensitivity to cyto-
plasmic cytochrome C.88 This remarkable finding sug-
gests that JNK activates some mechanisms leading to
apoptosis after cytochrome C release, and this action of
JNK does not require new protein synthesis. This further
suggests that nontranscription factor substrates for JNK
are critical to neurons gaining the competence to under-
go apoptosis in response to cytochrome C in the cyto-
plasm. These substrates and their role in apoptosis are
presumably the object of investigation. 
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As discussed before, A� may induce neuronal death
inside as well as outside cells. So far, extracellular A�
is known to induce apparent apoptosis in cortical and
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hippocampal neurons maintained in vitro. Specifically, A�
treatment induces neuronal death accompanied by apoptot-
ic DNA fragmentation101,102 as well as chromatin condensa-
tion, membrane blebbing, and polyribosome breakdown.103

Protein synthesis inhibitors very modestly ameliorate
this death,102 suggesting that A�-induced apoptosis may
involve at least a portion of PND as well. In this model,
A� neurotoxicity is dependent on A� aggregation.104-106

We and others have documented c-Jun induction accord-
ing to this paradigm.104,107 We have found that neurons
from c-Jun- deficient mice were resistant to A� toxicity.66

This work was extended by Troy and co-workers, who
have reported that the CEP1347 compound strongly
inhibits A� toxicity.108 Indeed, the ability of CEP1347 to
block A� toxicity is much more robust than the neuro-
protection afforded by c-Jun deficiency, suggesting that
additional substrates may contribute to JNK-mediated
toxicity. Whether this reflects tau phosphorylation is
unclear. 

One example of pathologic neuronal death in vivo
modulated by JNK has been observed. When mice are
treated with kainic acid, they undergo seizures and a
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delayed neuronal death in the hippocampus. Yang et al.
tested the hypothesis that, since JNK3 is selectively
expressed in neurons, neurons lacking JNK3 would be
protected from this apoptosis-inducing stress.109 These
researchers reported that JNK3-deficient mice require
higher concentrations of kainate to induce seizures, rela-
tive to mice in nature. Moreover, these investigators corre-
lated JNK3 deficiency with a decrease in kainate-induced
AP-1 activity and apoptosis in hippocampal neurons. In
contrast, JNK1- and JNK2-deficient mice lacked this
protection. Hence, JNK3 activity at least appears impor-
tant for stress-induced neuronal death in vivo.

Finally, we would like to consider the ability of in vitro
and in vivo models in adequately replicating the hallmarks
of AD, which include synapse loss, neuronal loss, NFT,
SP, and memory deficits. The goal of the researcher is to
prevent, diagnose, or treat the disease. The predominant
symptomology of the disease is memory loss, which like-
ly reflects primarily synapse loss, and, perhaps secondari-
ly, neuronal loss. Whether NFTs and senile plaques
contribute to or reflect synapse loss and neuronal loss is
not yet determined. However, models that recapitulate
synapse and neuronal loss in an overall milieu similar to
that of the AD brain may be helpful. The predominant in
vitro model of AD is treating neurons with A�, which
leads to A� aggregation reminiscent of A� fibrils in AD,
asynapse loss, and culminates in neuronal death. This is in
contrast to the results obtained from transgenic mice that
overexpress APP. These mice often have exceedingly
robust A� deposits and apparently can develop NFTs if
expressing human tau linked to tauopathy.110 However,
these mice in general have very little neuronal death.111

This difference may reflect the fact that A� toxicity is
enhanced in the in vitro model because of the lack of
extracellular matrix and other possible factors that amelio-
rate direct A� toxicity in vivo, perhaps by minimizing
direct interaction between A� and the neuronal surface.
The potential significance of this is twofold. First, the lack
of neuronal death in vivo is suggestive that the A� in vitro
toxicity models do not accurately reflect the this aspect of
AD. Second, both models reflect synapse loss, which may
be the primary cause of symptoms. In summation, while
we must always interpret the data from in vitro and in vivo
models with an openness as to their relevance to AD, the
mechanisms underlying neuronal degeneration in in vitro
and in vivo models may provide crucial insight into the
pathogenic mechanisms in AD.
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Therapeutic approaches for AD can be classified into
several categories. The first category is suppression of

A� synthesis or deposition. Immunization with A�
belongs to this category. The recent observation that a
copper-zinc chelator inhibits A� deposition in transgenic
mice also belongs to this group.112 The second category
is inhibition of signaling relevant to cell death. 

Two recent reports showed the effect of a JNK
inhibitor, CEP-1347/KY-7515 on A�-induced cell
death.108,113 Troy et al. added CEP-1347/KY-7515 to a
culture medium and examined the effect on A�-induced
JNK activation and cell death of PC12 cells. As expected,
CEP-1347/KY-7515 inhibited JNK activation by an
aggregated form of A� and suppressed cell death. These
researchers also used primary sympathetic neurons and
obtained similar results. Importantly, protection by CEP-
1347/KY-7515 requires treatment of cells within two
hours of A� addition. This suggests that JNK activation
acts relatively proximally in death signaling induced by
A�. Bozyczko-Coyne et al. further tested the effect of
CEP-1347/KY-7515 on primary cortical neurons. These
researchers also found protection against A�-induced cell
death. In addition, they showed inhibition of cytochrome-
c release. Both groups observed inhibition of caspases
activated by A�. All these observations suggest inhibition
of the JNK/c-Jun cascade will be therapeutic against AD.

In addition to JNK inhibitors, Cross et al. tested the
effect of the GSK-3 inhibitors, SB-216763 and SB-
415286, on cell death induced in primary cerebellar
granule neurons by potassium withdrawal or LY-294002
treatment.114 Although their experiments were not
directly relevant to AD, these compounds were shown to
be effective neuroprotectants. While it is not clear
whether tau phosphorylation is a consequence or cause
of cell death, these researchers observed inhibition of tau
phosphorylation by these compounds.
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Both in vitro and in vivo evidence suggests that the
JNK/c-Jun cascade is a critical event in the neuronal
death pathway in AD. Whether JNK/c-Jun activation is a
disease-specific phenomenon or reflective of a general-
ized neuronal apoptotic pathway is unclear. JNK/c-Jun
activation may be a general hallmark of neurodegenera-
tion. For this question, we have few results from studies
on the relationship between PS1 and JNK/c-Jun.70,71 It is
essential to clarify how PS, APP, and Ire1 interact in the
endoplasmic reticulum and trigger the JNK/c-Jun cas-
cade. As for AD therapy, inhibitors of this pathway are
candidates in either case. Before applying these in-
hibitors for patients, we need to test such chemicals with
animal models in vivo. Furthermore, it is absolutely nec-
essary to have complete knowledge of unfavorable
effects of inhibition of this general signaling pathway. 
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