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Hyperphosphorylation of microtubule-associated proteins such as
tau and neurofilament may underlie the cytoskeletal abnormalities
and neuronal death seen in several neurodegenerative diseases
including Alzheimer’s disease. One potential mechanism of micro-
tubule-associated protein hyperphosphorylation is augmented ac-
tivity of protein kinases known to associate with microtubules,
such as cdk5 or GSK3p. Here we show that tau and neurofilament
are hyperphosphorylated in transgenic mice that overexpress hu-
man p25, an activator of cdk5. The p25 transgenic mice display
silver-positive neurons using the Bielschowsky stain. Disturbances
in neuronal cytoskeletal organization are apparent at the ultra-
structural level. These changes are localized predominantly to the
amygdala, thalamus/hypothalamus, and cortex. The p25 trans-
genic mice display increased spontaneous locomotor activity and
differences from control in the elevated plus-maze test. The over-
expression of an activator of cdk5 in transgenic mice results in
increased cdk5 activity that is sufficient to produce hyperphospho-
rylation of tau and neurofilament as well as cytoskeletal disrup-
tions reminiscent of Alzheimer’s disease and other neurodegen-
erative diseases.

Izheimer’s disease (AD) is a progressive neurodegenerative
disorder characterized by loss of cognitive function. One of
the neuropathological hallmarks in AD and other neurodegen-
erative diseases such as Pick’s disease is neurofibrillary tangles
(NFTs). NFTs are composed of the microtubule-binding protein
tau that is hyperphosphorylated (reviewed in ref. 1).
Although many protein kinases phosphorylate tau at AD-
relevant epitopes in vitro (reviewed in ref. 2), only two have been
copurified with microtubules, GSK3p and cdk5 (3, 4). To our
knowledge, only these two kinases will phosphorylate tau in a
cellular environment (e.g., refs. 5 and 6). We chose to focus on
cdk5 because it is active predominantly in neurons whereas
GSK3p plays a role in energy metabolism and is active in all cells.
cdk5 is a member of the cyclin-dependent protein kinase gene
family. Rather than cyclins, cdk5 associates with the positive
allosteric regulators p35 (7), amino-terminal proteolytic frag-
ments of p35 (e.g., p25; ref. 8), and p39 (9). These proteins share
minimal amino acid sequence homology to cyclins, but the
mechanism of activation of cdk5 by p25/35 may be similar to the
activation of cdk2 by cyclin A (10). p25/35 is expressed pre-
dominantly in neurons, implying that most cdk5 activity is
concentrated in neuronal structures (7, 8). cdk5 plays a pivotal
role in neuronal development as evidenced by the abnormal
corticogenesis and perinatal lethality of cdkS knockout mice (11)
and the disturbances in neuronal migration and early death in
p35 knockout mice (12). A number of potential cdk5 substrates
have been identified and most are consistent with a putative role
in neurite outgrowth and plasma membrane dynamics. These
include cytoskeletal proteins such as tau and neurofilament (e.g.,
refs. 13 and 14) and synaptic vesicle proteins (15, 16). To clarify
the potential role of cdk5 in neurodegenerative diseases in vivo,
we overexpressed human p25 in the brains of transgenic mice to
determine whether increased cdk5 activity would lead to hyper-
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phosphorylation of tau and neurofilament and/or cytoskeletal
disturbances.

Materials and Methods

Animal Handling. All experimentation was performed under pro-
tocols approved by the Pfizer Institutional Animal Care and Use
Committee.

Production of the p25 Transgenic Mouse. The human p25 fragment
was constructed by PCR amplification from a full-length human
p35 clone (David Auperin, Pfizer). To produce an in-frame p25
fragment, a PCR fragment with Norl restriction site ends and a
start methionine codon ATG was engineered upstream of the
beginning of the GCC for alanine at amino acid residue 99 of
p35. The p25 Notl fragment was cloned into plasmid pSP72
(Promega) with an SV40 polyadenylation signal sequence. The
rat neuron-specific enolase (NSE) promoter (obtained from
J. G. Sutcliffe of the Research Institute of Scripps Clinic) was
blunt-end-ligated 5’ of the p25 human cDNA and SV40 poly(A)
sequences in the pSP72 backbone. The 3.2-kb NSE-p25 trans-
gene was end-purified for microinjection in Elutip columns
(Schleicher & Schuell). The production of transgenic founders
by pronuclear microinjection was achieved by using well estab-
lished procedures (17). Pronuclear stage embryos were micro-
injected with the NSE-p25 transgene at ~3.0 ng/ml in 10 mM
Tris, pH 7.4/0.1 mM EDTA. Microinjected embryos were
transferred to pseudopregnant CD-1 females for continued
development to term. At weaning, genomic DNA was isolated
from the tail tissue by phenol and chloroform extraction.
Founder transgenics were identified by a PCR that specifically
amplified DNA sequences from the human p25 cDNA. Founder
mice were bred to FVB/N mates, and transgene positive off-
spring were used to maintain the individual transgenic lines.

Biochemistry. Brains from 4-month-old mice were removed and
snap-frozen in liquid nitrogen. Preparation of brain lysates,
Western blots (20 pg protein per lane), and immunoprecipita-
tion/phosphorylation experiments (150-800 wg protein) were
performed as described previously (18). cdk5 and p35 antibodies
were obtained from Santa Cruz Biotechnology and provided by
L. H. Tsai (Harvard University), respectively.

For immunoblots, snap-frozen brains were thawed and the
amygdala was removed and homogenized in 0.5 ml of lysis buffer
containing 250 mM NaCl, 50 mM Tris, 5 mM EDTA, 0.1%
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NP-40, protease inhibitor mixture (Boehringer Mannheim), and
1 uM okadaic acid (Calbiochem). The samples were centrifuged
for 30 min at 12,500 X g. Five micrograms of supernatant (lysate,
L) and 25 ul of solubilized pellets (P) were separated and
transferred to ProBlott membrane paper (Applied Biosystems)
as described (19). Blots were probed with AT8 (1:400), Tau-1
(1:10,000), PHF-13 (1:10,000), Tau-5 (1:200), SMI-31 (1:1,000),
and SMI-33 (1:1,000). Protein bands were visualized by using
ECL reagents (Amersham Pharmacia).

Immunocytochemistry, Histology, and Electron Microscopy. Brain
tissue was prepared for immunohistochemical analysis as de-
scribed in ref. 20. For AT8 and PHF13, sections were incubated
overnight at 4°C in primary antibody, processed, and visualized
by using horseradish peroxidase/diaminobenzidine (DAB) ac-
cording to the kit manufacturer (Vector Laboratories).

For ATS8/glial fibrillary acidic protein (GFAP) double label-
ing, brains were perfusion-fixed in situ with 10% neutral-
buffered formalin. Trimmed tissues were dehydrated through
graded alcohols and embedded in paraffin. Sections (6 wm)
first were labeled with GFAP (Dako) and visualized with DAB
(Dako), labeled with ATS8 (Innogenetics, Zwijnkrecht, Bel-
gium), and visualized with Vector VIP (Vector Laboratories).

For silver staining and SMI 34 immunohistochemistry, brains
were perfusion-fixed in situ with 10% neutral-buffered formalin
or 4% paraformaldehyde. Trimmed tissues were dehydrated and
embedded as above, and sections (6 wm) were stained with the
modified Bielschowsky stain (21, 22).

Separate mice were perfused as above for transmission elec-
tron microscope. Brain sections were placed in 2.5% glutaral-
dehyde /2% paraformaldehyde in 0.1 M NaPO, buffer overnight,
postfixed in Dalton’s osmium (23), and embedded in Spurr’s
resin. Grids were stained and examined by using a Hitachi
7100 TEM.

Antibodies. The following are antibodies that were used: AT-§,
Tau phospho-Ser 202 and Thr 205 (24) (Innogenetics); PHF-13,
Tau phospho-Ser 396 and Thr 404 (25) (gift from V. Lee, Univ.
of Pennsylvania); SMI-34, 31, and 33, phosphorylated (SMI-31,
33) and total (SMI-34) heavy neurofilament (26) (Sternberger—
Meyer, Jarrettsville, MD); Tau-1, Tau dephospho-Ser202 and
Thr 205 (27) (Boehringer Mannheim); Tau-5, total tau (28)
(NeoMarkers, Fremont, CA); and anti-GFAP, GFAP associated
with cells of astrocytic origin (29) (Dako).

Behavioral Methods. Mice were observed weekly for gross neu-
rological deficits (30) in clear Plexiglas open fields (height, 45.7
cm? X 17.8 ¢cm), in which the floor was demarcated into nine
squares (15.2 cm?). Locomotor activity (LMA) was measured as
the number of square crossings in 5 min. Automated LMA was
measured in photocell chambers (21 cm?) for 60 min. Elevated
plus-maze testing occurred in a gray Plexiglas maze with two
open arms and two closed arms (each 8-cm width X 17-cm
length, with walls at 14.5-cm height) at a height of 36 cm. Mice
were placed into the center of the maze, and time spent on and
number of entries into the arms were measured. ANOVA
followed by Newman-Keuls and Dunnett’s ¢ tests was used to
analyze data from all behavioral testing.

Results

Biochemical Characterization. Human p25 cDNA was expressed in
transgenic mice under the control of the neuron-specific enolase
promoter (31) (Fig. 14). Brain lysates prepared from the amyg-
dala, thalamus/hypothalamus, cerebral cortex, and cerebellum
of p25 transgenic and wild-type mice were compared for protein
expression of p25 by immunoblotting (Fig. 1B). Consistent with
other experiments performed in rodents (e.g., ref. 7), no con-
stitutive p25 was detected in wild-type animals. In contrast,
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Fig. 1. (A) NSE-p25 transgene. Expression construct for human p25 cDNA
sequences under the control of the rat NSE promoter. (B) Expression of p25 in
transgenic mice. Western blots of wild-type (lanes 1-4) and transgenic (lanes
5-8) brain lysates from the amygdala (lanes 1 and 5), thalamus/hypothalamus
(lanes 2 and 6), cerebral cortex (lanes 3 and 7), and cerebellum (lanes 4 and 8)
using an antibody that recognizes both p35 and p25. (C) Expression of cdk5 in
transgenic mice. Immunoblots of wild-type (lanes 1-4) and transgenic (lanes
5-8) brain lysates from the amygdala (lanes 1 and 5), thalamus/hypothalamus
(lanes 2 and 6), cerebral cortex (lanes 3 and 7), and cerebellum (lanes 4 and 8)
using an antibody that recognizes cdk5. (D) Increased cdk5 activity in trans-
genic mice. cdk5/p25/p35 complexes from wild-type (m) and transgenic (O)
amygdala, thalamus/hypothalamus, cerebral cortex, and cerebellum were
immunoprecipitated with an antibody that recognizes cdk5, then assessed for
kinase activity by incubating with [32P]JATP and histone. The y axis represents
the total cpm incorporated into histone minus a blank (no primary antibody)
for three mice in each group (mean = SEM). Similar results were obtained for
an antibody that recognizes p35/p25 (not shown).

transgenic animals displayed robust expression of p25. No
alterations in the expression levels of either p35 (Fig. 1B) or cdkS
(Fig. 1C) were apparent. However, relative to constitutive p35,
expression of p25 was substantially lower in the cerebellum
compared with the other regions (Fig. 1B; the ratio of p35:p25
expression, quantitated by image analysis, in amygdala, thala-
mus/hypothalamus, cortex, and cerebellum was 1.1 = 0.1, 1.0 =
0.1,1.2 = 0.1, and 2.3 = 0.3, mean = SEM., respectively; n = 3).
To determine whether the increased expression of p25 resulted
in an increase in the catalytic activity of cdkS, immunoprecipi-
tation/phosphorylation experiments were performed. As seen in
Fig. 1D, the degree of cdk5-mediated histone phosphorylation
after immunoprecipitation with an antibody that recognizes cdk5
was increased by approximately 2-fold in all areas except cere-
bellum. Similar results were observed with an antibody that
recognizes p25/35 (data not shown).

Histological Characterization. Brains from 4-month-old transgenic
and wild-type mice were compared for the presence of tau and
neurofilament phosphoepitopes by immunohistochemistry.
AT-8 and PHF-13, mAbs that recognize phosphorylated
Ser-202, Thr-205, and Ser-396, Ser-404, respectively, labeled
neurons in amygdala of transgenic animals but not wild-type
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Fig. 2. Abnormal phosphorylation epitopes in p25 transgenic vs. wild-type
brains. Brain sections from p25 transgenic animals (A, C, and E) were immu-
nostained in parallel with corresponding regions from wild-type animals (B, D,
and F). Immunostaining of AT8 in transgenic (A) and wild-type (B) amygdala.
Many cells in this region had densely stained cell bodies with well defined
immunopositive axons and axonal hillocks (arrow). Inset shows an increased
magnification of these cells from a different transgenic animal. Other immu-
nopositive structures were more lightly stained and had diffuse borders
(arrowheads). Immunostaining of PHF13 in transgenic (C) and wild-type (D)
amygdalaisshown. Background staining of this antibody was routinely higher
in transgenic brain sections and represents greater immunoreactivity in the
neuropil. Immunostaining with SMI34 in cortex adjacent to external capsule in
transgenic (E) and wild-type (F) mice also is shown. Note the constitutive
staining of external capsule axons (ec) by SMI34 in both transgenic and
wild-type sections. This pattern of staining was seen in 14 of 15 4-month-
old transgenic mice and never seen in 6 wild-type mice of the same age. (Bar =
50 )

animals (Fig. 2 A-D). Neurons in thalamus/hypothalamus and
cerebral cortex adjacent to the external capsule also were
labeled, but the cerebellum of transgenic animals and corre-
sponding regions of wild-type animals were not (not shown). The
ATS staining was restricted to cells of neuronal morphology
because double-labeling experiments using GFAP and ATS
displayed a nonoverlapping pattern of distribution (Fig. 3).
Similar to AT8 and PHF13, a mAb that recognizes phosphory-
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lated neurofilament H (SMI34) showed increased immunostain-
ing in these three brain regions of transgenic mice (amygdala
staining shown in Fig. 2 E and F). Immunostaining with anti-
bodies that recognize either tau (Anti-Tau; BioMakor, Rehovot,
Israel) or neurofilament (SMI-33) independent of phosphory-
lation state displayed no significant differences in pattern or
intensity of staining in wild type vs. transgenic (data not shown).

Silver-based staining methods have been used to identify
pathological changes in neurons containing altered tau proteins
in AD (e.g., Fig. 44). In p25 transgenic mice, neurons in the
cerebral cortex adjacent to the external capsule (Fig. 4 B and C)
and in the thalamus/hypothalamus and amygdala (not shown)
displayed positive labeling when the modified Bielschowsky
silver stain was used. Spinal cord axons were also positive for
ATS, PHF13, SMI34, and Bielschowsky staining (not shown). In
the amygdala, 4.7% of neuronal somata were argyrophilic as
assessed by cell counting. This staining was absent in wild-type
animals (Fig. 4).

Ultrastructurally, axonal swelling was observed in the amyg-
dala (Fig. 5 A and B) and spinal cord (not shown) of 3- to
6-month-old p25 transgenic mice. Affected axoplasm was filled
with numerous, abnormally clustered mitochondria and lyso-
somes, and the cytoskeletal components were disorganized.
These changes were absent in age-matched, wild-type mice (Fig.
5 C and D).

Tau and Neurofilament Immunoblots. To determine whether over-
expression of p25 altered the expression of tau and neurofila-
ment, immunoblots were performed by using antibodies that
recognize tau and neurofilament independent of the phosphor-
ylation state (Tau-5 and SMI-33, respectively). No differences
between transgenic and wild-type mice were observed (Fig. 6).
In addition, no differences in the amount of phospho- and
dephospho-Ser-202, Thr-205 tau (detected with ATS8 and Tau-1,
respectively) and phospho-neurofilament (detected with SMI-
31) were observed (Fig. 6). Concentrations of all antibodies used
in immunoblot experiments were 2- to 3-fold greater than those
used in immunohistochemistry experiments and identified only
proteins that migrated with molecular masses consistent with
either tau (60—66 kDa) or neurofilament (ca. 200 kDa) (data not
shown).

Neurobehavioral Evaluation of p25 Transgenic Mice. At 4-9 weeks of
age, whole-body exertion tremors were observed in the trans-
genic mice [96.7% and 100% of male (n = 30) and female mice
(n = 16), respectively]. In addition, transgenic mice displayed
increases in open-field LMA beginning at 5-7 weeks of age that
reached 2-fold greater than wild type by 16 weeks (Fig. 74).
Subsequent behavioral experiments were based on immuno-
histochemical results. For example, lesioning of the amygdala in
rats results in increases in spontaneous locomotor activity and
“anxiolytic” effects (e.g., refs. 32 and 33). Accordingly, 9- to

Comparison of AT8 and GFAP immunostaining. Amygdala sections from transgenic (A) and wild-type mice (B) were immunostained with AT8 (blue) and

an anti-GFAP antibody (brown). Note the nonoverlapping distribution of GFAP and AT8 staining in the transgenic section (A) and the lack of AT8 staining in the

wild-type section (B). (Bar = 100 p.)
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Fig.4. Argyrophilicstructures from p25 transgenic brain. A section from cortex of an Alzheimer’s brain (A) is compared with sections from p25 transgenic cortex
(B) and wild-type cortex (C) silver-stained by using the modified Bielschowsky method. Unlike wild type, p25 transgenic brain contained argyrophilic cell bodies
and axons. This pattern of staining was seen in 14 of 15 4-month-old transgenic and never seen in 15 wild-type mice of the same age. (Bar = 50 p.)

12-week-old mice were tested further for locomotor changes and
in the elevated plus maze to evaluate behavior in an anxiety-
producing environment. Consistent with results in the open field,
transgenic mice exhibited significantly increased locomotor ac-
tivity in automated activity chambers (not shown). In the ele-
vated plus-maze test, both male and female transgenic mice
spent significantly more time than wild-type mice on the open
arms of the maze (Fig. 7B). No differences in the number of arm
entries were observed.

Discussion

The p25 transgenic mice display hyperphosphorylation of tau
and neurofilament by immunostaining. These results are con-
sistent with in vitro and whole-cell data suggesting that tau and
neurofilament are authentic substrates for cdk5/p25. However,
we cannot rule out the possibility that overexpression of p25
results in increased cdkS activity by a mechanism that is inde-
pendent of association with cdkS or that cdkS regulates the

activity of a protein kinase or phosphatase that is responsible for
the observed results. In addition, the antibody we used to detect
phospho-neurofilament, SM134, has been reported to cross-react
with phospho-tau (e.g., ref. 34). However, the dilution of SMI34
necessary to visualize phospho-tau (1:300; ref. 35) is 100-fold
lower than that used in the current experiments (1:30,000) and
makes SMI34 recognition of phospho-tau in these experiments
unlikely.

The reasons for the restricted localization of phospho-tau,
phospho-neurofilament, and silver staining in the transgenic
animals are unclear but likely related to the 2-fold augmentation
of cdkS activity in these regions. Consistent with these results, no
increase in cdkS activity or histopathological changes were
detected in the cerebellum. The ratio of p25 to p35 expression
was 50% lower in the cerebellum relative to the affected areas,
raising the possibility that the level of p25 expression required to
produce an increase in cdk5 activity was not achieved in this
region. Thus, although we cannot exclude the possibility that

Fig. 5.

Electron microscopy of amygdala from p25 transgenic and wild-type brains. Axons within the amygdala of transgenic mice were markedly dilated (A).

Compare abnormal dilated axons (arrows) with axons of normal size (arrowheads). Mitochondria (M) and lysosomes (L) were clustered together abnormally and
were interspersed among disorganized cytoskeletal components (B, *). Axons from the same location in age-matched, wild-type mice were normal (C and D).
Axonal changes were observed ultrastructurally in five of six transgenic mice aged 3-6 months and not observed in any of five age-matched, wild-type mice.

[Bars = 4 u (A and C) or 500 nm (B and D).]
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Fig. 6. Immunoblots for tau and neurofilament. Inmunoblots containing
tissue lysates (L) and pellets (P) derived from the amygdala from wild-type
(WT) and p25 transgenic (P) mice were probed with antibodies specific for
phospho- (AT8) and dephospho-Thr-202, Ser-205 of tau (Tau-1), phospho-tau
Ser-396 (PHF-13), total tau (Tau-5), phospho-neurofilament (SMI-31), and total
neurofilament (SMI-33). No differences in any of these epitopes between
transgenic and wild-type mice were detected.

neurons in the positive-staining regions are more sensitive to the
sequelae of increased p25 expression, the results are consistent
with the conclusion that increased cdk5 activity, and not
merely overexpression of p25, is responsible for the observed
phenotype.

The fraction of neurons positive for silver staining in the
transgenic mice was relatively low, approaching 5%, and prob-
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Fig. 7. (A) p25 transgenic mice exhibit increased locomotor activity in an
open field. p25 transgenic mice exhibited significantly more square crossings
than wild-type littermates in an open field (¥, P < .05; **, P < .01). Females
(data not shown) showed the same effect beginning at 5 weeks of age.
Numbers next to symbols represent the number of animals tested at each time
point. (B) p25 transgenic mice spend increased time on the open arms of an
elevated plus maze. p25 transgenic mice exhibited significantly greater time
than wild-type littermates on the open arms of an elevated plus maze (*, P <
.05; **, P<.01). Numbers within bars represent the number of animals in each

group.
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ably explains the lack of difference between transgenic and
wild-type mice in the phospho-tau and phospho-neurofilament
immunoblot experiments. However, based on the positive im-
munostaining, the local concentrations of the phospho-tau and
phospho-neurofilament epitopes in immunopositive neurons are
likely to be relatively high.

The morphology of cells positively stained for hyperphospho-
rylated tau and neurofilament ranged from healthy looking
neurons to cells with condensed nuclei and cytoplasm and little
remaining axonal or dendritic processes. No glial staining was
detected. Hyperphosphorylated tau and neurofilament staining
was most concentrated in the soma, dendrites, and axon hillock
of positive neurons. This finding is consistent with in vitro data
demonstrating that phosphorylation of these microtubule-
associated proteins reduces their affinity for microtubules re-
sulting in microtubule destabilization and redistribution from
the axon to other cellular compartments (36, 37). The presence
of hyperphosphorylated tau and neurofilament in these cellular
locales is associated with neurodegenerative diseases. Further-
more, brain regions that stained positively for hyperphosphory-
lated tau and neurofilament were also positive for the modified
Bielschowsky silver stain. Positive labeling of cytoskeletal ele-
ments in the somatodendritic regions of neurons with this stain
is generally interpreted as signifying neuronal dysfunction or
degeneration leading ultimately to cell death (21, 22). Braak et
al. (38), using ATS, silver staining, and Alz50, an antibody that
recognizes a conformation of tau common in neurodegenerative
diseases (39), described a sequence of cytoskeletal changes
related to the formation of neurofibrillary tangles. Although we
did not utilize Alz50, the combination of ATS8 and silver staining
in the transgenic mice appears similar to that described as the
“pretangle” (Group 1) stage of AD.

The cytoskeletal disruptions suggested by the immunohisto-
chemical experiments were confirmed by ultrastructural studies.
The most significant findings comprised axonal swelling, unusual
clustering of lysosomes and mitochondria, and cytoskeletal
disorganization, features consistent with the loss of a functioning
microtubule network. Thus, we propose that a p25-mediated
increase in cdk5 activity results in hyperphosphorylation of tau
and neurofilament, which, in turn, promotes destabilization of
the microtubule network and disruption of the cytoskeleton. The
cytoskeletal abnormalities seen at the ultrastructural level, the
positive silver staining, and the subcellular localization of the
hyperphosphorylated tau and neurofilament suggest that neu-
rons in the affected areas are under substantial cytoskeletal
stress and that their function is likely to be compromised.

Similar to animals with lesions of the amygdala (32), the p25
transgenic mice showed significantly increased LMA. Because
previous reports suggest that animals with lesions of the amyg-
dala exhibit decreased fear and anxiety under a variety of
experimental conditions (e.g., ref. 33), the p25 transgenic mice
were tested in the elevated plus-maze task to investigate this
possibility. Transgenic mice spent increased time on the open
arms of the maze, consistent with decreased anxiety (40). The
number of arm entries was not different, suggesting that the
result is probably not due to the observed increases in LMA.
Although we cannot rule out that the observed behavioral
changes occur by mechanisms other than changes in amygdala
function, results from these two independent behavioral mea-
sures are consistent with compromised amygdala function.

The results from other studies exploring the pathological
consequences of tau phosphorylation are complementary to the
present study. For example, overexpression of either the longest
(41) or shortest (42) form of human tau in transgenic mice results
in somatodendritic localization of tau. The reasons for the
change in tau localization in these mice are unclear, but may be
due to saturation of microtubule-binding sites. Calcineurin A«
knock-out mice display increased tau phosphorylation at Ser-
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396/404 (43), and in transgenic animals that overexpress GSK3p
(44) or Mos kinase (45), increases in phosphorylated tau or
neurofilament are observed. Chronic infusion of the phospha-
tase inhibitor okadaic acid also results in increased tau phos-
phorylation (46). These studies provide valuable information
regarding the potential pathophysiological role of tau or tau
kinase overexpression that is consistent with the present work.
However, the p25 transgenic mouse displays a novel combination
of immunocytochemical, histopathological, ultrastructural, and
behavioral evidence that suggests that augmented cdkS activity
may play a role in the pathophysiology of neurodegenerative
diseases.

In conclusion, the present study demonstrates that overex-
pression of the cdk5 activator p25 in mouse brain results in
hyperphosphorylation of tau and neurofilament, positive silver
staining, and cytoskeletal disturbances that are similar to several
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