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Sporadic Alzheimer’s disease is the leading cause of dementia, but
the underlyingmolecular processes are still unknown. Several stu-
dies have observed an accumulation of the protein fragmentp25 in
sporadic Alzheimer’s diseasebrain. p25 derives fromproteolysis of
p35, and overactivates the t kinase cyclin-dependent kinase 5.
Transgenic mice expressing high levels of p25 exhibit hyperpho-
sphorylation of t as seen in Alzheimer’s disease, and neurodegen-
eration. In contrast, low-level p25 expression, less than half of

endogenous p35 expression, has a sex-speci¢c e¡ect on hippocam-
pal synaptic plasticity and improves spatial learning in female but
not in malemice.Therefore, p25 formation may initially be a com-
pensatory response for early learning de¢cits in Alzheimer’s dis-
ease, but continued formation could contribute to detrimental
changes in Alzheimer’s disease. NeuroReport 00:000^000�c 2005
LippincottWilliams &Wilkins.
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Introduction
The neuropathological hallmarks of Alzheimer’s disease
include neurofibrillary tangles (NFTs) composed of hyper-
phosphorylated microtubule-associated protein t, and amy-
loid plaques formed by fibrillary amyloid b peptide. In
NFTs, the protein t is hyperphosphorylated at proline-
directed serine/threonine sites. Therefore, proline-directed
serine/threonine kinases including glycogen synthase ki-
nase 3 (GSK3) and cyclin-dependent kinase 5 (Cdk5) have
been implicated in mediating t hyperphosphorylation [1].
The roles of GSK3 in Alzheimer’s disease have been
reviewed elsewhere [2]. A recent study suggests that Cdk5
regulates GSK3 activity regarding axonal transport [3]. Cdk5
is thought to be a prime candidate for mediating t
hyperphosphorylation, as it colocalizes with NFT [4], and
its activity is increased in Alzheimer’s disease [5]. Cdk5
belongs to the cyclin-dependent kinase family and has a
broad range of substrates [6]. As with all members of the
cyclin-dependent kinase family, Cdk5 alone shows no
enzymatic activity, and requires association with a regula-
tory subunit for activation [6]. Several Cdk5 activators have
been identified including p35 and p39. The calcium-
dependent protease calpain can cleave p35 into the more
stable protein fragment p25, which overactivates Cdk5 [7]. It
has been suggested that formation of p25 is specific for
Alzheimer’s disease [8,9], although this is currently con-
troversial [10,11]. Recent mutant mouse studies, in parti-

cular with transgenic expression of p25, provide support for
a role of p25 in Alzheimer’s disease (Tables 1–3).

The proteolytic fragment p25
In Alzheimer’s disease, it has been proposed that an
alteration in intracellular calcium homeostasis occurs.
Changes in cellular calcium levels can induce calpain
activation, and the subsequent cleavage of p35 leads to the
formation of protein fragments p25 and p10 [7]. So far, p25
formation has been observed under pathological conditions.
Like p35, p25 is a Cdk5 activator; however, p25 over-
activates Cdk5 because it is more stable than p35. p35 has a
short half-life and is rapidly degraded via the ubiquitin–
proteosome pathway. The degradation of p35 is directly
regulated by Cdk5 phosphorylation, which results in
negative feedback regulation of the active p35/Cdk5
complex. In addition, formation of p25 has been suggested
to alter the localization of active Cdk5 [8]. p35 is
myristoylated at the N-terminus, which confers membrane
localization. p25 lacks the myristoylation site, and conse-
quently it is distributed throughout the cell. Finally, the
active complexes p25/Cdk5 and p35/Cdk5 may have
discrete substrate specificities, because differential phos-
phorylation of the amyloid precursor protein and micro-
tubule-associated protein 1B has been demonstrated,
depending on which of the two activators regulate Cdk5
[12,13].
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Formation of p25 in Alzheimer’s disease and other
diseases
Several post-mortem studies have suggested that the
protein fragment p25 accumulates in patients with sporadic
Alzheimer’s disease, but not in normal individuals [8,9].
These studies are confounded by the fact that p25 is formed
spontaneously in post-mortem tissue, triggered by patholo-
gical activation of calpain [14]. Consequently, some studies
could not replicate p25 formation in Alzheimer’s disease
[10,11]. Consistent with the idea that p25 could be formed in
Alzheimer’s disease, however, increased activities of both
calpain and Cdk5 have been observed in post-mortem
Alzheimer’s disease brains [5,15]. Further support for p25
formation in Alzheimer’s disease comes from studies of the
Tg2576 transgenic mice in which Alzheimer’s disease is
modeled by expressing a mutated form of the amyloid
precursor protein [16]. In these mutant mice, formation of
p25 has been demonstrated. Additionally, formation of p25
occurs in conditional presenilin knockout mice [17].

Formation of p25 has also been suggested to occur in
diseases other than Alzheimer’s disease; for example, in
patients with Niemann–Pick type C disease [18]. Addition-

ally, p25 formation was detected in mutant mice modeling
Niemann–Pick type C disease and amyotrophic lateral
sclerosis [18,19]; however, p25 does not contribute to the
amyotrophic lateral sclerosis-like pathogenesis [20]. Finally,
induction of ischemia in rats leads to p25 formation in the
hippocampal area CA1, and p25-mediated activation of
Cdk5 contributes to the ischemic insult [7]. For a summary,
see Table 3.

Modeling p25 formation in transgenicmice
Several transgenic mouse lines expressing p25 have been
generated to study the physiological effects of p25 formation
(Table 1). These mouse lines differ in level and distribution
of p25 expression, and some are not suitable for investigat-
ing the role of p25 formation in Alzheimer’s disease. For
example, in one mouse line expressing relatively high
amounts of p25 in the spinal cord, semiparalysis of the
hind limbs and premature death occurred [21]; this severe
phenotype precludes an analysis of memory formation and
age-dependent processes. Thus, to fully evaluate the
potential physiological role of p25 formation in Alzheimer’s

Table1 Mousemodels with p25 expression

Mouse line;
reference

Transgene; promoter;
mouse strain

Expression pattern;
expression levels;
Cdk5 activation

Appearance/
behaviour/synaptic
plasticity

AD-likemolecular
phenotype; neuro-
degeneration

Other remarks

p25 Transgenic
mice [21]

Human p25; PDGF B
chain promoter; FVB/
N strain

Brain and spinal cord;
ratio of p25/p35 is 5:1;
1.5 to 2-fold increase
in Cdk5 activity

Hindlimb semiparalysis
and mild forelimb dys-
kinesia beginning at 3
months of age

Hyperphosphorylated
t, axonal swelling; no
NFTs

Sciatic nerve and leg
muscle do not show
axonal abnormalities

p25 Transgenic
mice [24]

Human p25; rat NSE
promoter; FVB/N
strain

Brain (tested only); ra-
tio of p25/p35 is 1:1
(lower in cerebellum);
upto 2-fold increase in
Cdk5 activity

At 4^9 weeks of age,
whole-body exertion
tremors/increased lo-
comotor activity,more
time spent on open
arms of elevated plus-
maze test

Hyperphosphorylation
of t and NF detected
by IHC, but not IB, po-
sitive Bielschowsky
staining; axonal swel-
ling in amygdala

Axonal swelling in
spinal cord

p25 Transgenic
mice [33]

Bovine p25; pCMV or
PDGF promoter

Cortex, cerebellum
and pituitary gland; 3
to 5-fold increase in
p25 expression; 2 to 5-
fold increase in Cdk5
activity

Unable to stand up-
right at 5 months, died
at 6 months

No t hyperphosphory-
lation (Ser202,Ser396,
and Ser404 tested); no
neuronal cell loss and
apoptosis

Enlarged pituitary
gland with high level of
p25 expression, possi-
bly inducing cell prolif-
eration

p25/mutant t
double transgenic
mice [25]

p25 Mouse line [24]
crossed with TG mice
expressingmutant
(P301L) human t

Amygdala (tested
only); ratio of p25/p35
is about 1:2 to 1:4; ap-
prox. 2-fold increase
in Cdk5 activity

Pre-paralysis and
early-stage degenera-
tion mice were ana-
lyzed

Tau hyperphosphoryla-
tion, t aggregates in
sarkosyl-insoluble frac-
tions; NFTas detected
by silver stain

P301LTGmice develop
NFTs in the brainstem,
spinal cord, telence-
phalon and diencepha-
lons; neuronal cell loss
in spinal cord

Inducible p25
transgenic
mice [23]

Human p25, GFP and
cmyc tagged;TetO-
p25 mice crossed with
CamKII-tTA TG mice;
C57BL/6 strain

Inducible, restricted to
forebrain; ratio of p25/
p35 is about 2:1 to 3:1;
2.3-fold increase in
Cdk5 activity

Not assessed Tau hyperphosphoryla-
tion, accumulation of
sarkosyl-insoluble t,
NFTs; neurodegenera-
tion and gliosis tested
with antibodies in IHC
and IB

Raised under presence
of doxycycline for 4^6
weeks; leaky trans-
gene; di¡erent sub-
strate speci¢city of
p25/Cdk5 detected

p25 Transgenic
mice [22,29]

Mouse p25; CamKIIa;
C57BL6 or129B6F1
strain

Restricted to fore-
brain; ratio of p25/p35
is 1:3 in hippocampus;
2-fold increase in
Cdk5 activity

Normal appearance/al-
tered fear conditioning
and spatialmemory
formation/altered hip-
pocampal LTP

Hyperphosphorylation
of NF-M and age-de-
pendent increase in t
hyperphosphorylation
(unpublished); no neu-
rodegeneration or
gliosis

Sexual dimorphisms in
behavioral phenotype
and hippocampal LTP

Abbreviations: AD, Alzheimer’s disease; CamKIIa, calcium/calmodulin kinase II-a; CamKII-tTA, tetracycline-sensitive transactivator driven by CamKII-a
promoter; Cdk5, cyclin-dependent kinase 5; CMV, cytomegalovirus; GFP, green £uorescence protein; IB, immunoblot; IHC, immunohistochemistry; LTP,
long-termpotentiation; NF, neuro¢lament; NFTs, neuro¢brillary tangles; NSE, neuron-speci¢c enolase; PDGF, platelet-derived growth factor;TetO, tetra-
cycline operon;TG, transgenic.
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disease, it is important to restrict p25 expression to relevant
brain areas such as the forebrain. Additionally, it is
important to avoid embryonic expression of p25, because
Cdk5 is important for neuronal development (Table 2).
Thus, p25 expression during embryonic development may
impair developmental processes, and these impairments
could produce artifacts. Accordingly, two mouse lines fulfill
these criteria, having the CaM kinase II (a-isoform)
promoter to drive p25 expression [22,23]. This promoter is
not active during embryonic development and it drives
expression predominantly in the hippocampus, a brain area
affected in the early stages of Alzheimer’s disease.

Expression of p25, hyperphosphorylation of tau, and
neurodegeneration
The expression of p25 leads to an overactivation of Cdk5 in
all transgenic mouse lines tested [21,23–25]. As a result of
this, most studies used the mutants expressing p25 as a tool
to investigate whether overactivation of Cdk5 causes t
hyperphosphorylation and neurodegeneration; however,
inconsistent results have been obtained (Table 1) [22–25].
The best interpretation of these results is that the level of p25
expression is an important factor. Transgenic mice expres-
sing p25 at the same level or less than p35 do not have t
hyperphosphorylation, whereas transgenic mice expressing
p25 at higher levels than p35 do exhibit t hyperpho-
sphorylation. Furthermore, high-level p25 expression leads
to aggregation of t, as demonstrated by immunoblots of
sarkosyl-insoluble proteins [23]. It remains controversial,

however, whether high levels of p25 expression are
sufficient to cause NFT formation, or whether additional
factors are required [21,23]. In support of the requirement of
additional factors, a recent study showed that p25 expres-
sion in combination with the expression of a mutated
human t isoform leads to NFT formation [25]. These results
indicate that p25/Cdk5 does play a role in t phosphoryla-
tion. It remains to be tested, however, whether p25/Cdk5
directly phosphorylates t, or whether it indirectly regulates
t phosphorylation via other kinases, as proposed by studies
with p35 knockout mice (Table 2) [26].

Interestingly, in most studies, the presence of p25 led to an
approximately two-fold increase in Cdk5 activity, indepen-
dently of the p25 level (Tables 1 and 3). Higher p25
expression did not correlate with higher Cdk5 overactiva-
tion in these transgenic mice. Consequently, the differential
phenotypes between low and high-level expressing p25
transgenic mice cannot be solely attributed to the Cdk5
overactivation. High levels of p25 may also be toxic per se, as
suggested by a study of transgenic mice not exhibiting NFT
but showing axonopathy [21].

p25 has a role in synaptic plasticity andmemory for-
mation
Cdk5 is a multifunctional kinase. In addition to regulating t
phosphorylation, Cdk5 also phosphorylates synaptic pro-
teins such as the N-methyl-D-aspartate receptor subunit
NR2A [7]. Accordingly, blockers of Cdk5 impair long-term
synaptic plasticity and associative memory formation

Table 2 Mousemodels with altered expression of Cdk5 or p35

Mouse line; reference Mutation; mouse strain Phenotype/appearance AD-like molecular pheno-
type

Remarks

Cdk5 (�/�) [34] KOmouse line; C57BL/6
strain

Lesions in brain and spinal
cord, not in other tissues,
lack of cortical laminar
structure and cerebellar fo-
liation; perinatal death

Accumulation of NF immu-
noreactivity in neuronal cell
bodies suggesting defective
transport of NF

Heterozygous Cdk5 (+ /�)
mice appear normal

p35 (�/�) [35] KO mouse line; 129/Sv and
C57BL/6 strain

Cortical lamination de-
fects, altered cell orienta-
tion, dendritic and axonal
trajectories; sporadic adult
lethality and seizures

Not assessed Study links theCdk5 activa-
tor p35 to proper neuronal
migration

p39 (�/�) and p35/
p39 (�/�) [36]

p39KOmouse line andp35/
p39 double KO mouse line;
C57BL/6 strain

p39 KO mice have no phe-
notypic abnormalities, loss
of p39 producedno changes
in p35 and Cdk5 levels and
Cdk5 activity; double KO
mice are perinatal leathal
and display similar pheno-
type asCdk5KOmice, dou-
ble KO display no Cdk5
activity in the brain

No changes in t phosphory-
lation during development;
phosphorylation of NF-H is
unaltered; changes in cellu-
lar NF-H localization in the
spinal cord

Study shows distinct roles
for p35 and p39; regulation
of p39 levels by p35 expres-
sion; p35 and p39 seem to
be the onlyCdk5 activators
important during CNS de-
velopment

p35 (�/�) [37] KO mouse line; C57BL/6
strain

Cortical lamination de-
fects, axonal derangement,
redistribution of Cdk5 and
cytoskeletal proteins,Cdk5
activity reduced by approx.
60%

Increased phosphorylation
of NF,MAP2B and t at
Ser202, Ser235, Ser396/
404; increased GSK3b
activity

Results indicate a role in
neuronal tra⁄cking for
CdK5/p35

p35 (�/�) expressing
p25 [38]

Crossing of transgenic p25
mice [24] and p35 (�/�)
mice [35]; C57BL/6 strain

Partial rescue of the p35
(�/�) phenotype; phos-
phorylation of disabled-1 is
partially restored

No t hyperphosphoryla-
tion, p25 levels increase
with age (spongiform de-
generation in the cortex at
2 years)

Study shows that p25 can
substitute some but not all
functions of p35

Abbreviations: AD,Alzheimer’s disease; Cdk5, cyclin-dependentkinase 5; CNS, central nervous system;GSK3b glycogen synthasekinase 3b; KO, knockout;
MAP2B, microtubule-associated protein 2B; NF, neuro¢lament.
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[27,28]. Thus, the activation of Cdk5 is thought to contribute
to memory formation. As a result of the synaptic functions
of Cdk5, and because p25 is found at synapses in p25
transgenic mice [22], p25-induced overactivation of Cdk5
was expected to impact on synaptic plasticity and memory
formation. This was confirmed in a transgenic mouse line,
expressing very low levels of p25, and not exhibiting signs
of neurodegeneration [22,29]. In these mutants, p25 is
expressed predominantly in the hippocampus [22], so that
hippocampal memory formation and hippocampal plasti-
city could be analyzed. The hippocampus is affected in the
early stages of Alzheimer’s disease, and consequently these
p25 transgenic mouse studies could be relevant for the early
phase of the disease.

This study demonstrated that p25 expression impacts on
spatial memory formation in two different genetic back-
grounds [29]. The performance in the Morris water maze is
improved in female but not in male transgenic mice. The
female p25 mutant mice learn faster than wild-type controls.
An additional penetrant function of p25 expression is to
alter fear conditioning in female but not in male mice. When
conditioned to a context and a tone, the female p25 mutant
mice have a stronger conditioned response to the tone, and a
weaker conditioned response to the context than wild-type
mice [22,29]. This finding can be interpreted as an alteration
in attention: the mutants would pay more attention to the
tone than to the context [22]. Thus, p25 expression might be

beneficial for memory formation in a sex-dependent
manner.

The expression of p25 does not affect basal glutamatergic
synaptic transmission, or short-term synaptic plasticity [29].
Thus, p25-induced overactivation of Cdk5 does not impact
on basal synaptic properties. Altered long-term potentia-
tion, however, was observed in hippocampal CA1 synapses
in a sex-dependent manner [29]. In female mice, low-level
p25 expression enhances CA1 long-term potentiation,
whereas it reduces CA1 long-term potentiation in male
mice. While the reduction of long-term potentiation in male
mice does not lead to impairments in memory formation,
the increased long-term potentiation in female mice corre-
lates with improved spatial learning. The molecular
mechanisms by which low-level p25 expression influences
long-term potentiation remain unknown, but it appears to
act by mediating hyperphosphorylation of synaptic proteins
[22]. Thus, it would be important to elucidate the synaptic
processes that are regulated by p25 in order to get insights
into mechanisms affected in the early stages of Alzheimer’s
disease.

p25 formation as apotentialcompensatoryresponse
for early learning de¢cits in Alzheimer’s disease
Recent studies suggest that the early stages of Alzheimer’s
disease result from synaptic dysfunction even before the

Table 3 Diseasemodels inwhich p25 formation occurs

Mouse line;
reference

Mutation; mouse
strain

p25 levels;Cdk5 activ-
ity

AD-like phenotype;
neurodegeneration

Phenotype Other remarks

Amyotrophic
lateral sclerosis
model [19]

Mutant SOD (G37R);
C57BL/6 strain

Ratio of p25/p35 is
about1:2 to1:3; 2-fold
increase in Cdk5 ac-
tivity in spinal cord

Hyperphosphoryla-
tion of t and NF
proteins

Mislocalization of
Cdk5 in motor neu-
rons; accumulation of
NF in the somata

Recent studies indi-
cate p25 expression is
not responsible for
motor neuronal de-
generation in this
ALSmousemodel
[20]

Niemann^Pick
type Cmodel [18]

npc-1mutation p35 signal is several
fold stronger than
p25; Cdk5 activity is
1.5 to 2-fold increased

Hyperphosphoryla-
tion of NF, MAP2 and
t, elevated NF levels;
neuronal cell loss

Extensive lipid sto-
rage accumulation,
neuroaxonal dystro-
phy, neuronal cell loss

p25 formation also
observed in human
NPC patients; het-
erozygous npc-1
(+ /�) show no
cytoskeletal
pathology

APP transgenic
Tg2576 mice [16]

Human APP with
Swedishmutations;
mix of C57Bl/6 and
SJL strain

p35 signal is several
fold stronger than
p25; Cdk5 activity is
about1.5-fold
increased

Hyperphosphorylated
t; small-clustered
core plaques in the
hippocampus and cor-
tex; dystrophic neur-
ites and astrogliosis

Cdk5 colocalizes with
plaques

Presenilin double
mutant [17]

Conditional presenilin
double KOmouse
line; C57BL6/129
hybridmice

p35 signal is several
fold stronger than
p25; Cdk5 activity
not assessed

Age-dependent t hy-
perphosphorylation
and neurodegenera-
tion

Memory impairment
and altered synaptic
plasticity

Presenilins are com-
ponents of the g-se-
cretase protein
complex and are
thought to a¡ect cel-
lular levels of calcium

Rat ischemia
model [7]

N/A Ratio of p25/p35 is
about1:2 to1:3; at dif-
ferent times after
ischemia, Cdk5 activ-
ity was increased 2 to
4-fold

Apoptosis, neuronal
cell loss

Study shows that pro-
duction of p25 is
mediated via Ca2+ in-
£ux through AMPA
receptor channels in
ischemic hippocampal
CA1neurons

Abbreviations: AD, Alzheimer’s disease; ALS, amyotrophic lateral sclerosis; AMPA, a-amino 3-hydroxy-5-methylisoxazole-4-propionate; APP, amyloidpre-
cursor protein; Cdk5, cyclin-dependent kinase 5; KO, knockout; NF, neuro¢lament; NPC,Niemann^Pick type C disease; SOD, superoxide dismutase.
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formation of amyloid plaques and NFT [30]. Furthermore, it
has been suggested that in the early stages of Alzheimer’s
disease, compensatory responses delay the onset of clinical
symptoms. For example, functional magnetic resonance
imaging studies showed an increased memory-related
activation of the medial temporal lobe in patients with mild
cognitive impairment, which is thought to be an early stage
of Alzheimer’s disease [31]. The increased activation of the
medial temporal lobe in these patients may attenuate
impairments in memory formation. Additionally, patients
with mild cognitive impairment have an upregulation of
choline acetyltransferase activity in the hippocampus and
frontal cortex, suggesting a compensatory response in the
cholinergic system in the early stage of Alzheimer’s disease
[32].

The improvements in reversal learning and the enhanced
spatial memory formation in transgenic mice expressing
low-level p25 have led to the hypothesis that formation of
p25 is a compensatory response for early learning deficits in
Alzheimer’s disease [22,29]. This hypothesis assumes that
formation of p25 occurs in Alzheimer’s disease (see above),
and it suggests that mouse models are adequate to predict
mechanisms in human diseases. According to the hypoth-
esis, p25 formation compensates for synaptic dysfunction,
and delays the onset of cognitive impairment. A feature of
the p25 compensation could be that it becomes detrimental
over time, as high levels of p25 may contribute to
neurodegeneration. Furthermore, the transgenic mouse
studies imply that a p25 compensation could be more
efficient in female than in male Alzheimer’s disease
patients. Further, this could explain why the predisposition
for Alzheimer’s disease is higher for females than males
[29].

Conclusion
Human post-mortem studies of p25 accumulation in
Alzheimer’s disease remain inconclusive because of the
confounding formation of p25. Many transgenic mouse
studies, however, have been carried out to characterize the
occurrence and physiological effects of p25 (Tables 1–3) [33–
38]. Together, these studies suggest that p25 formation
contributes to Alzheimer’s disease. Low levels of p25 could
present a compensatory response for early learning and
memory deficits, whereas high levels of p25 may result in t
hyperphosphorylation and NFT formation. Furthermore,
these studies have revealed a new role for Cdk5 in synaptic
plasticity and memory formation. More research will be
required to elucidate the diverse functions of Cdk5 and its
regulator p25, and to understand their contribution to
Alzheimer’s disease.

Acknowledgement
We apologize for omitting relevant citations because of
space limitations. We thank L. Drinkwater for comments on
an earlier draft of this manuscript.

References
1. Buee L, Bussiere T, Buee-Scherrer V, Delacourte A, Hof PR. Tau protein

isoforms, phosphorylation and role in neurodegenerative disorders. Brain
Res Rev 2000; 33:95–130.

2. Jope RS, Johnson GV. The glamour and gloom of glycogen synthase

kinase-3. Trends Biochem Sci 2004; 29:95–102.

3. Morfini G, Szebenyi G, Brown H, Pant HC, Pigino G, DeBoer S, et al. A

novel CDK5-dependent pathway for regulating GSK3 activity and

kinesin-driven motility in neurons. EMBO J 2004; 23:2235–2245.

4. Shelton SB, Johnson GV. Cyclin-dependent kinase-5 in

neurodegeneration. J Neurochem 2004; 88:1313–1326.

5. Lee KY, Clark AW, Rosales JL, Chapman K, Fung T, Johnston RN.

Elevated neuronal Cdc2-like kinase activity in the Alzheimer disease

brain. Neurosci Res 1999; 34:21–29.

6. Dhavan R, Tsai LH. A decade of Cdk5. Nat Rev Mol Cell Biol 2001; 10:749–

759.

7. Wang J, Liu SH, Fu YP, Wang JH, Lu YM. Cdk5 activation induces

hippocampal CA1 cell death by directly phosphorylating NMDA

receptors. Nat Neurosci 2003; 6:1039–1047.

8. Patrick GN, Zukerberg L, Nikolic M, de la Monte S, Dikkes P, Tsai LH.

Conversion of p35 to p25 deregulates Cdk5 activity and promotes

neurodegeneration. Nature 1999; 402:615–622.

9. Tseng HC, Zhou Y, Shen Y, Tsai LH. A survey of Cdk5 activator p35 and

p25 levels in Alzheimer’s disease brains. FEBS Lett 2002; 523:58–62.

10. Yoo BC, Lubec G. p25 protein in neurodegeneration. Nature 2001; 411:763–

764.

11. Tandon A, Yu H, Wang L, Rogaeva E, Sato C, Chishti MA, et al. Brain

levels of Cdk5 activator p25 are not increased in Alzheimer’s or other

neurodegenerative diseases with neurofibrillary tangles. J Neurochem

2003; 86:572–581.

12. Liu F, Su Y, Li B, Zhou Y, Ryder J, Gonzalez-DeWhitt P, et al. Regulation of

amyloid precursor protein (APP) phosphorylation and processing by

p35/Cdk5 and p25/Cdk5. FEBS Lett 2003; 547:193–196.

13. Kawauchi T, Chihama K, Nishimura YV, Nabeshima Y, Hoshino M.

MAP1B phopshphorylation is differentially regulated by Cdk5/p35,

Cdk5/p25, and JNK. Biochem Biophys Res Commun 2005; 331:50–55.

14. Taniguchi S, Fujita Y, Hayashi S, Kakita A, Takahashi H, Murayama S, et
al. Calpain-mediated degradation of p35 to p25 in post-mortem human

and rat brains. FEBS Lett 2001; 489:46–50.

15. Veeranna, Kaji T, Boland B, Odrljin T, Mohan P, Basavarajappa BS, et al.
Calpain mediates calcium-induced activation of the erk1,2 MAPK

pathway and cytoskeletal phosphorylation in neurons: relevance to

Alzheimer’s disease. Am J Pathol 2004; 165:795–805.

16. Otth C, Concha II, Arendt T, Stieler J, Schliebs R, Gonzalez-Billault C.

AbetaPP induces Cdk5-dependent tau hyperphosphorylation in

transgenic mice Tg2576. J Alzheimer’s Dis 2002; 4:417–430.

17. Saura CA, Choi SY, Beglopoulos V, Malkani S, Zhang D,

Shankaranarayana Rao BS, et al. Loss of presenilin function causes

impairments of memory and synaptic plasticity followed by age-

dependent neurodegeneration. Neuron 2004; 42:23–36.

18. Bu B, Li J, Davies P, Vincent I. Deregulation of Cdk5,

hyperphosphorylation and cytoskeletal pathology in the Niemann–Pick

type C murine model. J Neurosci 2002; 22:6515–6525.

19. Nguyen MD, Lariviere RC, Julien J-P. Deregulation of Cdk5 in a mouse

model of ALS: toxicity alleviated by perikaryal neurofilament inclusions.

Neuron 2001; 30:135–147.

20. Takahashi S, Kulkarni AB. Mutant superoxide dismutase 1 causes motor

neuron degeneration independent of cyclin-dependent kinase 5

activation by p35 or p25. J Neurochem 2004; 88:1295–1304.

21. Bian F, Nath R, Sobocinski G, Booher RN, Lipinski WJ, Callahan MJ, et al.
Axonopathy, tau abnormalities, and dyskinesia, but no neurofibrillary

tangles in p25-transgenic mice. J Comp Neurol 2002; 446:257–266.

22. Angelo M, Plattner F, Irvine EE, Giese KP. Improved reversal learning

and altered fear conditioning in transgenic mice with regionally restricted

p25 expression. Eur J Neurosci 2003; 18:423–431.

23. Cruz JC, Tseng HC, Goldman JA, Shih H, Tsai LH. Aberrant Cdk5

activation by p25 triggers pathological events leading to

neurodegeneration and neurofibrillary tangles. Neuron 2003; 40:471–483.

24. Ahlijanian MK, Barrezueta NX, Williams RD, Jowski A, Kowsz KP,

McCarthy S, et al. Hyperphosphorylated tau and neurofilament and

cytoskeletal disruptions in mice overexpressing human p25, an activator

of Cdk5. Proc Natl Acad Sci USA 2000; 97:2910–2915.

25. Noble W, Olm V, Takata K, Casey E, Mary O, Meyerson J, et al. Cdk5 is a

key factor in tau aggregation and tangle formation in vivo. Neuron 2003;

38:555–565.

26. Hallows JL, Chen K, DePinho RA, Vincent I. Decreased cyclin-dependent

kinase 5 (Cdk5) activity is accompanied by redistribution of Cdk5 and

Vol 00 No 00 & & 2005 5

ROLESOF P25 FORMATION INALZHEIMER’SDISEASE NEUROREPORT



cytoskeletal proteins and increased cytoskeletal protein phosphorylation

in p35 null mice. J Neurosci 2003; 23:10633–10644.

27. Li BS, Sun MK, Zhang L, Takahashi S, Ma W, Vinade L, et al. Regulation of

NMDA receptors by cyclin-dependent kinase-5. Proc Natl Acad Sci USA
2001; 98:12742–12747.

28. Fischer A, Sananbenesi F, Schrick C, Spiess J, Radulovic J. Cyclin-

dependent kinase 5 is required for associative learning. J Neurosci 2002;

22:3700–3707.

29. Ris L, Angelo M, Plattner F, Capron B, Errington ML, Bliss TV, et al.
Sexual dimorphisms in the effect of low-level p25 expression on synaptic

plasticity and memory. Eur J Neurosci 2005; 21:3023–3033.

30. Selkoe DJ. Alzheimer’s disease is a synaptic failure. Science 2002; 298:789–

791.

31. Dickerson BC, Salat DH, Bates JF, Atiya M, Killiany RJ, Greve DN, et al.
Medial temporal lobe function and structure in mild cognitive

impairment. Ann Neurol 2004; 56:27–35.

32. DeKosky ST, Ikonomovic MD, Styren SD, Beckett L, Wisniewski S,

Bennett DA, et al. Upregulation of choline acetyltransferase activity in

hippocampus and frontal cortex of elderly subjects with mild cognitive

impairment. Ann Neurol 2002; 51:145–155.

33. Takashima A, Murayama M, Yasutake K, Takahashi H, Yokoyama M,

Ishiguro K. Involvement of cyclin dependent kinase 5 activator p25 on

tau phosphorylation in mouse brain. Neurosci Lett 2001; 306:37–40.

34. Ohshima T, Ward JM, Huh CG, Longenecker G, Veeranna, Pant HC, et al.
Targeted disruption of the cyclin-dependent kinase 5 gene results in

abnormal corticogenesis, neuronal pathology and perinatal death. Proc

Natl Acad Sci USA 1996; 93:11173–11178.

35. Chae T, Kwon YT, Bronson R, Dikkes P, Li E, Tsai LH. Mice lacking p35, a

neuronal specific activator of Cdk5, display cortical lamination defects,

seizures, and adult lethality. Neuron 1997; 18:29–42.

36. Ko J, Humbert S, Bronson RT, Takahashi S, Kulkarni AB, Li E, et al. p35

and p39 are essential for cyclin-dependent kinase 5 function during

neurodevelopment. J Neurosci 2001; 21:6758–6771.

37. Hallows JL, Chen K, DePinho RA, Vincent I. Decreased cyclin-dependent

kinase 5 (Cdk5) activity is accompanied by redistribution of Cdk5 and

cytoskeletal proteins and increased cytoskeletal protein phosphorylation

in p35 null mice. J Neurosci 2003; 23:10633–10644.

38. Patzke H, Maddineni U, Ayala R, Morabito M, Volker J, Dikkes P, et al.
Partial rescue of the p35–/– brain phenotype by low expression of a

neuronal-specific enolase p25 transgene. J Neurosci 2003; 23:2769–2778.

6 Vol 00 No 00 & & 2005

NEUROREPORT GIESE ETAL.



Query
 No

Details Required

JOURNAL NAME 9/14/05WNR       

ARTICLE NO:

QUERIES AND / OR REMARKS

3447

    LIPPINCOTT
WILLIAMS AND WILKINS

AUTHOR QUERY FORM

Authors Response

No queries 

1


