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p25/Cyclin-Dependent Kinase 5 Induces Production and
Intraneuronal Accumulation of Amyloid ␤ In Vivo
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Aberrant processing of the amyloid precursor protein (APP) and the subsequent accumulation of amyloid ␤ (A␤) peptide has been widely
established as a central event in Alzheimer’s disease (AD) pathogenesis. The sequential cleavage steps required for the generation of A␤
are well outlined; however, there is a relative dearth of knowledge pertaining to signaling pathways and molecular mechanisms that can
modulate this process. Here, we demonstrate a novel role for p25/cyclin-dependent kinase 5 (Cdk5) in regulating APP processing, A␤
peptide generation, and intraneuronal A␤ accumulation in inducible p25 transgenic and compound PD–APP transgenic mouse models
that demonstrate deregulated Cdk5 activity and a neurodegenerative phenotype. Induction of p25 resulted in enhanced forebrain A␤
levels before any evidence of neuropathology in these mice. Intracellular A␤ accumulated in perinuclear regions and distended axons
within the forebrains of these mice. Evidence for modulations in axonal transport or ␤-site APP cleaving enzyme 1 protein levels and
activity are presented as mechanisms that may account for the A␤ accumulation caused by p25/Cdk5 deregulation. Collectively, these
findings delineate a novel pathological mechanism involving aberrant APP processing by p25/Cdk5 and have important implications in
AD pathogenesis.
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Introduction
The sequential cleavage of amyloid precursor protein (APP) by
two aspartyl proteases, referred to as the ␤- and ␥-secretases,
yields amyloid ␤ (A␤) peptides of two principal lengths, A␤40 and
A␤42 (Selkoe and Schenk, 2003). Accumulation of A␤42, the
longer form of A␤ that more readily aggregates into amyloid
plaques, can elicit a multistep cascade that disrupts neuronal homeostasis and causes the aberrant activation of kinases. These
alterations in kinase activities ultimately result in neurofibrillary
tangle formation and neuronal loss. This “amyloid hypothesis”
has been supported by the identification of genetic mutations
affecting A␤ generation in familial Alzheimer’s disease (AD), as
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well as a large body of in vitro and in vivo research (Gotz et al.,
2001; Lewis et al., 2001; Oddo et al., 2003).
Cyclin-dependent kinase 5 (Cdk5) requires association with
its neuron-specific regulatory subunit p35 for catalytic activation
(Tsai et al., 1994). Neurotoxic stresses induce calcium influx,
calpain activation, and cleavage of p35 to p25, which in turn
results in aberrant activation of Cdk5 and increased phosphorylation of pathological substrates such as tau. A number of groups
have reported a significant increase in p25 levels or Cdk5 activity
in human AD brains (Lee et al., 1999; Patrick et al., 1999; Swatton
et al., 2004). Additional support for a role of p25/Cdk5 in AD
pathogenesis is derived from p25 transgenic (Tg) mouse models
that display progressive neurodegeneration and neurofibrillary
tangle pathology (Cruz et al., 2003; Noble et al., 2003).
We previously created bitransgenic mice (Cruz et al., 2003)
that use the tetracycline-controlled transactivator system to inducibly overexpress human p25 under the control of the calcium/
calmodulin-dependent protein kinase II (CK) promoter. The
CK–p25 Tg mice are initially raised on a doxycyclinesupplemented diet from conception to 5– 8 weeks after birth;
after brains have developed normally, the mice are subjected to a
doxycycline-free diet, which results in forebrain-specific expression of p25. As described previously, aberrant activation of p25/
Cdk5 results in neurodegeneration (e.g., brain atrophy, astrogliosis, and tau phosphorylation), which continues to progress over
several weeks and results in substantial neuronal loss and neurofibrillary tangle pathology (Cruz et al., 2003). However, the pre-
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tions of mouse brains were subjected to antigen
retrieval and subsequently analyzed (Cruz et al.,
2003). For immunoblots, mouse forebrain lysates were analyzed (Cruz et al., 2003).
A␤ ELISA. Total A␤ pools were solubilized
with 5 M guanidine HCl/50 mM Tris from
mouse forebrain extracts. Mouse forebrain A␤
was analyzed by ELISA (Beglopoulos et al.,
2004); human A␤ was analyzed by ELISA according to the instructions of the manufacturer
(BioSource, Camarillo, CA).

Results

Increased A␤ levels in p25 Tg
mouse models
To determine whether p25/Cdk5 can regulate A␤ in vivo, we examined endogenous
mouse total A␤x-42 and A␤x-40 levels in
forebrain lysates from CK–p25 Tg mice induced postnatally for various periods of
time. Using A␤ capture antibodies specifically recognizing mouse A␤ species but
not APP holoprotein or APP C-terminal
fragments, we found a significant increase
in total A␤x-42 levels in CK–p25 mice after
Figure 1. Increased A␤ levels in p25 Tg mice. a, A␤x-42 and A␤x-40 levels were determined by ELISA using capture antibodies as early as 2–3 weeks of p25 induction
21F12 and 2G3 that specifically recognize mouse A␤x-42 and A␤x-40, respectively. Data are mean ⫾ SEM values for WT (n ⫽ 5) compared with wild-type (WT) mice (Fig.
and CK–p25 Tg (n ⫽ 5) mice. APP ⫺/⫺ indicates APP knock-out brain lysate used as negative control. b, A␤ levels are not 1a), whereas uninduced CK–p25 did not
increased in uninduced p25 Tg mice. Data are mean ⫾ SEM values for WT (n ⫽ 3) and CK–p25 Tg (n ⫽ 3) mice. A␤x-42 levels were display an increase (Fig. 1b). After this peunchanged, whereas there was a small but significant decrease in A␤x-40 levels in uninduced p25 Tg mice compared with WT. c,
riod of postnatal induction of p25, no
Human A␤ levels in PD-APP/CK–p25 mice were determined by ELISA. Data are mean ⫾ SEM values for PD-APP (n ⫽ 3) and
CK–p25/PD-APP (n ⫽ 3) mice. d, Insoluble human A␤ levels were determined by ELISA from RIPA-insoluble pellet fraction from signs of neurodegeneration with regards to
forebrain lysates of PD-APP and CK–p25/PD-APP mice induced for 8 weeks. Data are mean ⫾ SEM values for PD-APP (n ⫽ 3) and brain atrophy, neuronal loss, or tau pathology can be detected in these mice
CK–p25/PD-APP (n ⫽ 3) mice. **p ⬍ 0.005, by two-tailed, unpaired Student’s t test.
(Fischer et al., 2005). After ⬎15 weeks of
p25
induction, when most of the degenercise mechanisms that precede these neurotoxic events have yet to
ation had occurred, A␤x-42 levels were no longer elevated in the
be elucidated.
CK–p25 mice. Total A␤x-40 levels were not significantly elevated
In this study, we report that p25 production positively impacts
in
these mice at all induction periods analyzed. To investigate
APP processing and A␤ production in vivo before any observable
whether
p25 can affect human A␤, we crossed CK–p25 mice with
neurodegeneration in p25 Tg mouse models. In addition, we
PD-APP mice, which express human APP containing the V717F
show that A␤ accumulates intracellularly in p25-expressing neumutation under the PDGF promoter (Games et al., 1995), and
rons. These observations highlight a novel role for p25/Cdk5 in
analyzed human total A␤1– 42 and A␤1– 40 levels in the compound
modulating A␤ in the pathogenesis of neurodegenerative disCK–p25/PD-APP Tg mice. We found that both A␤1– 42 and
eases such as AD.
A␤1– 40 levels were significantly increased compared with single
PD-APP mice at all induction periods analyzed (Fig. 1c). AddiMaterials and Methods
tional analyses of A␤ extracted from radioimmunoprecipitation
Mice. CK–p25 mice were subjected to postnatal, forebrain-specific p25
assay (RIPA)-insoluble pellet fractions demonstrated a dramatic
induction (Cruz et al., 2003). PD-APP/CK–p25 mice were generated by
crossing the CK-p25 mice with PD-APP mice (mice that express human
increase in insoluble A␤1– 42 levels in CK–p25/PD-APP mice
APP containing the V717F mutation under the PDGF promoter) (Games
compared with control mice (Fig. 1d). These results demonstrate
et al., 1995). Individual mouse lines were backcrossed for multiple genthat p25 positively impacts not only levels of endogenous mouse
erations to obtain a homogeneous C57BL/6J background. Littermates
A␤ but also human A␤ derived from mutant APP and may prefand same-sex mice were used for comparison whenever possible. All
erentially modulate an insoluble A␤1– 42 pool.
transgenes were heterozygous. Mice were induced for indicated periods
at 5– 8 weeks of age.
Immunogold electron microscopy, immunohistochemistry, and immunoblot analysis. 4G8 (Signet Laboratories, Dedham, MA), 6E10 (Zymed
Laboratories, South San Francisco, CA), M1 (Charles Glabe, University
of California, Irvine, CA), R1736 and R1282 (Dennis Selkoe, Center for
Neurologic Diseases, Boston, MA), heavy chain neurofilament (NF-H)
(Sigma, St. Louis, MO), and ␤-site APP cleaving enzyme 1 (BACE1)
(Chemicon, Temecula, CA) were used for immunohistochemistry or
immunoelectron microscopy. BACE1 (Oncogene, Cambridge, MA) and
CT695 (Zymed Laboratories) were used for immunoblot analysis.
For immunogold labeling, mice were anesthetized, perfused, and fixed
in 4% paraformaldehyde; subiculum and adjacent white matter were
processed (Cruz et al., 2003). For immunohistochemistry, paraffin sec-

Intraneuronal A␤ accumulation
To further elucidate the pool of A␤ that may be modulated by
p25/Cdk5, we conducted immunohistochemical studies in the
p25 Tg mouse models. Using an antibody that recognizes amino
acids 17–24 of A␤, we detected a significant increase in 4G8 immunoreactivity in neurons within the cerebral cortex (Fig. 2a)
and other brain regions of CK–p25 mice relative to control mice.
Antibody 6E10, which recognizes human A␤ and its precursor
forms, showed more intense intraneuronal immunoreactivity in
the compound CK–p25/PD-APP mice compared with control
mice (Fig. 2b). Immunoreactivity against M1, an oligomer-
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specific antibody that recognizes the primary toxic species of amyloids (Kayed et
al., 2003), was observed both intracellularly and extracellularly (Fig. 2b). The
marked increases in 6E10 and M1 immunoreactivities were not attributable
to significant increases in APP holoprotein (Fig. 2b).
To examine intraneuronal A␤ accumulation at an ultrastructural level, we performed immunoelectron microscopy on
p25 Tg mice using various A␤ antibodies.
In both mouse models, 4G8 immunogold
particles localized to perinuclear aggregations that appeared fibrillar in nature, had
a diameter of ⬃10 nM, and dominated the
soma (Fig. 2c, middle, right). Furthermore, these accumulations were more extensive and frequent in CK–p25/PD-APP
mice than CK–p25 mice and highly immunoreactive toward the human-specific A␤
antibodies R1282, 6E10, and, to a lesser
degree, M1 (Fig. 2d). Many of these perinuclear accumulations were labeled by a
neurofilament antibody (NF-H), indicating a neuronal origin and suggesting association with neurofilament networks (Fig.
2d). The A␤ aggregations were also closely
associated with degenerative nuclear morphology (Fig. 2c,e,f ). Compared with neurons without these A␤ aggregations, which
displayed relatively large nuclei with little
or no chromatin condensation and an
organelle-rich cytoplasm (Fig. 2c, left),
neurons with visible A␤ aggregations had
shrunken nuclei with severe and clearly
outlined chromatin condensation (Fig. 2c,
middle and right; quantified in e, f ). No
evidence of these aggregates was found in
age-matched PD-APP or WT control mice
(data not shown), providing additional evidence that p25 may preferentially modulate the insoluble pool of A␤. In addition,
whereas fibril-like accumulations were not
observed in cortical neurons by electron microscopy, 6E10 intraneuronal staining was
correlated with degenerative nuclear morphology (Fig. 2g). These results suggest that
intraneuronal accumulation of A␤ may be
one crucial mechanism involved in p25/
Cdk5-mediated neurodegeneration.
A␤ accumulation in distended axons
Within the fiber tracts of the dorsal hippocampal commissure of p25 Tg mice, we
detected distended axons that displayed
intense 4G8 immunoreactivities (Fig. 3A).
The extent of 4G8-swollen axons was
clearly increased in CK–p25/PD-APP mice
compared with CK–p25 mice and was not
observed in age-matched control mice
(Fig. 3A). In CK–p25 mice, swollen axons
were easily identified by histochemical

Figure 2. Intraneuronal accumulation of A␤ in p25 Tg mice in perinuclear pools. a, Increased 4G8 immunoreactivity was found
in cell bodies of the cortex of CK–p25 mice compared with WT controls at 8 weeks of induction. b, Intraneuronal A␤ accumulation
was detected by 6E10 and M1 antibodies. APP holoprotein levels, as detected by the R1736 APP N-terminal antibody, were similar
between CK–p25/PD-APP and PD-APP mice. Cortex of mice induced for 8 weeks are shown. c, Immunoelectron microscopy with
the 4G8 antibody demonstrate the aggregation of intraneuronal A␤ in fibril-like structures adjacent to the nucleus in CK–p25
mice (middle, arrows), which were more extensive and frequent in CK–p25/PD-APP mice (right, arrows). Also shown is a neuron
without 4G8 immunoreactivity (left). Inset is a magnification of the area outlined by the smaller box. d, First panel, Perinuclear A␤
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Figure 3. CK–p25 and CK–p25/PD-APP Tg mice accumulate A␤ in swollen axons in the white matter tract of the dorsal
hippocampal commissure. a, 4G8 immunoreactivity was observed in swollen axons in CK–p25 mice (second panel) and to a
greater extent in PD-APP/CK–p25 mice (fourth panel) induced for 8 weeks but not in WT (first panel) and PD-APP (third panel)
control mice. b, Swollen axons were clearly visible by Bielchowsky silver stain, showing various degrees of impregnation from
orange to black (second panel) and by hematoxylin and eosin staining, appearing as well defined, eosinophilic structures (fourth
panel) in CK–p25 mice. Swollen axons were not detected in age-matched WT (first and third panels) or PD-APP (data not shown)
controls. c, Electron microscopy of the swollen axons, shown in cross section (left panel) and longitudinal sections (right panel),
revealed an amassment of organelles and vesicles and deteriorating myelination. Electron micrographs are from CK–p25 mice
induced for 9 weeks. d, 4G8 immunoelectron micrographs revealed immunoreactive clusters in electron-dense, vesicular structures within swollen axons in CK–p25/PD-APP mice induced for 12 weeks. Aggregations are indicated by arrows. Inset is a
magnification of area outlined by the smaller box. Scale bars, 200 nm.

staining (Fig. 3B). At an ultrastructural level, the spheroids displayed an amassment of mitochondria and electron-dense vesicular structures (Fig. 3C). Immunogold electron microscopy revealed strong 4G8 staining in the vesicular organelles within
distended axons of CK–p25/PD-APP mice (Fig. 3D). These organelles may be early endosomes or multivesicular bodies, which
are known sites for intracellular A␤ generation (Haass et al., 1992;
Ferreira et al., 1993). The presence of distended axons in the p25
Tg mouse models is highly suggestive of axonal transport dysfunction, which has been demonstrated to be mechanistically
involved in the accumulation of A␤ (Stokin et al., 2005).

possibility, we examined the levels of APP
cleavage enzymes in forebrain lysates derived from CK–p25 mice. Although levels
of presenilin-1 did not appear to change
(data not shown), there was a significant
increase in protein levels of the 75 kDa
form of BACE1 (Fig. 4a) after 2–3 weeks of
p25 induction. Furthermore, the elevation
in BACE1 protein levels was subsequently
followed by increased ␤-secretase activity
as evidenced by significant increases in
APP C-terminal fragments, C89 and C99,
but not APP holoprotein, in 5– 8 week induced p25 Tg mice relative to control mice
(Fig. 4b,c). BACE1 and APP C-terminal
fragments were concomitantly increased
at 5 weeks of induction (Fig. 4e). It is important to note that APP C-terminal fragment accumulation is also dependent on
additional factors such as phosphorylation, stability, and ␥-secretase processing.
The increase in BACE1 levels was further
confirmed by immunohistochemical analysis in neurons within the cortex (Fig. 4d)
and other regions of p25 transgene expression such as the hippocampus (data not
shown). The majority of neurons with increased BACE1 staining were also green
fluorescent protein (GFP) positive, suggesting a cell-autonomous effect of p25
transgene expression. These results imply
that enhanced BACE1 levels and activity
can contribute to aberrant APP processing
and increased A␤ levels regulated by
p25/Cdk5.

Discussion

We previously reported the characterization of an inducible p25
Tg mouse model that displays progressive neurodegeneration
and neurofibrillary tangle pathology (Cruz et al., 2003). In this
study, we extend these findings to demonstrate that deregulated
p25/Cdk5 activity can also lead to aberrant APP processing and
intracellular A␤ accumulation in vivo. We observe significant
increases in endogenous mouse and mutant human A␤ levels in
CK–p25 and CK–p25/PD-APP Tg mouse models, respectively.
Our cumulative findings establish that the neuropathological
hallmarks of AD, namely aberrant APP processing, tau patholIncreased BACE1 levels and aberrant APP processing
ogy, and neuronal loss, can all develop from p25/Cdk5 deregulaAnother mechanism that may account for enhanced A␤ levels
tion and validate the implementation of these mice as viable ancaused by p25/Cdk5 is aberrant APP processing. To address this
imal models to further elucidate the
molecular relationships among these
4
pathological events.
Intracellular A␤ is one species of the
aggregates were also immunoreactive toward NF-H (smaller immunogold particles) and 4G8 (larger particles). In the CK–p25/
PD-APP mice, aggregates stained positive for the A␤-related antibodies 6E10 (second panel), M1 (third panel), and R1282 (fourth APP pool that appears to be directly impanel). Nuclear area (e) and percentage occupied by condensed chromatin (f ) were calculated for neurons without (n ⫽ 16; blue pacted by p25/Cdk5. Intraneuronal A␤
squares) and with (n ⫽ 13; red triangles) perinuclear A␤ aggregations from immunoelectron micrographs from CK–p25/PD-APP was first suggested to play an important
mice. Results are displayed as a scatter plot, with error bars indicating SEM. Results were statistically significant ( p ⫽ 0.0011 for role in AD more than a decade ago
e; p ⫽ 0.0002 for f ) according to two-tailed, unpaired Student’s t test. For c and d, immunoelectron microscopy was performed (LaFerla et al., 1995). More recently, intraon 12 week induced CK–p25 and CK–p25/PD-APP mice, analyzing the subiculum region, which showed the greatest 4G8 staining
cellular A␤42 has been detected in AD(data not shown). Scale bar, 500 nM. g, Cortical neurons from 5–10 week CK–p25/PD-APP mice (n ⫽ 3) expressing p25–GFP with
vulnerable
regions in human brains
or without intraneuronal 6E10 staining were scored in a blinded manner for degenerative nuclear morphology, as indicated by
condensed or invaginated nuclei. A minimum of 200 6E10-positive and 200 6E10-negative neurons were counted for each animal. (Gouras et al., 2000) and Tg animal modShown in the left are an example p25-positive, 6E10-positive neuron and a p25-positive, 6E10-negative neuron; the right indi- els of AD (Oddo et al., 2003; Casas et al.,
2004; Billings et al., 2005) and has been
cates total quantification. DAPI, 4⬘,6⬘-Diamidino-2-phenylindole.
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shown to be closely associated with neuronal loss (Casas et al., 2004) and cognitive
decline (Billings et al., 2005). In our studies, using both biochemical and microscopy approaches, we find an accumulation
of intracellular A␤ in our p25 Tg mouse
models. Not only do these mice display increases in total A␤ levels, they also exhibit
significant accumulations of insoluble A␤
levels with a preferential increase for the
more toxic A␤1– 42 compared with A␤1– 40
species. At an ultrastructural level, these
intracellular accumulations closely resemble amyloid fibrils (Masliah et al., 1996;
Van Dorpe et al., 2000) and appear to be
closely associated with neurons that display a degenerative nuclear morphology.
Importantly, according to our recent publication (Fischer et al., 2005), significant
impairments in learning and memory are
observed starting at 5– 6 weeks after p25
induction, which corresponds to the timeframe in which intraneuronal accumulations are first detected by 4G8 immunostaining. Because these accumulations
occur in the absence of extracellular Figure 4. Enhanced BACE1 and ␤-secretase processing of APP in p25 Tg mice. a, Increased BACE1 expression was shown by
plaques, our cumulative results provide immunoblot analysis of RIPA-soluble forebrain extracts from 2 week induced CK–p25 mice. Data are mean ⫾ SEM values for WT
support for a pathological consequence of (n ⫽ 3) and CK-p25 Tg (n ⫽ 3) mice. BACE1 levels were not increased in uninduced p25 Tg mice (data not shown). b, Increased
generation of APP C-terminal fragments C89 and C99 in CK–p25 and PD-APP/CK–p25 mice compared with their respective
intraneuronal A␤ accumulation.
controls. Blots are representative from mice induced for 5– 8 weeks. c, Densitometric analysis of C-terminal fragment bands
Cdk5 has been shown to have direct plotted relative to WT (top) or PD-APP (bottom) C99 intensities. Data are mean ⫾ SEM values; n ⫽ 3 for each genotype.
impacts on components of transport ma- *Statistically different C99 or C89 immunoreactivity by two-tailed, unpaired Student’s t test from WT or PD-APP (top, p ⫽ 0.027
chinery such as the lis1/nudel/dynein for C99 and p ⫽ 0.020 for C89; and bottom, p ⫽ 0.028 for C99 and p ⫽ 0.053 for C89). d, Increased BACE1 expression as shown
complex and cytoskeletal proteins, such as by immunohistochemical analyses. Shown is a representative image from the cortex of a 2 week induced CK–p25 mouse. e, BACE1
tau or neurofilament. As such, disruptions and C-terminal APP fragments are concomitantly increased at 5 weeks of induction. DAPI, 4⬘,6⬘-Diamidino-2-phenylindole; CTF,
in Cdk5 activity may adversely affect ax- C-terminal fragments.
onal transport (Morfini et al., 2004),
pathogenesis that mechanistically links p25/Cdk5 deregulation to
which may in turn contribute to the intraneuronal build-up of
A␤ upregulation and intraneuronal A␤ accumulation. Given
A␤. The presence of 4G8-immunoreactive distended axons in the
p25 Tg mouse models further suggests a link between defective
these findings and the mounting evidence for the direct involvetransport and enhanced A␤ production. In support of this noment of p25/Cdk5 in the development of neurodegeneration, our
tion, a recent study reports the presence of swollen axons in early
results provide a strong impetus to develop therapeutic strategies
Braak stage AD brains and in vivo upregulation of A␤ production
to specifically inhibit p25/Cdk5-mediated events that lead to AD
after impairment of transport by a 50% reduction in kinesin-I
neuropathology.
(Stokin et al., 2005).
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