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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
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Cdk5/p35hasbeenimplicated in cytoskeletal protein phosphorylation in normal brain and in many human neurodegenerative disorders.
Yet, mouse models of cdk5/p35 hyperactivity have not yielded corresponding changes in cytoskeletal protein phosphorylation. To
elucidate the relationship between p35, cdk5, and the neuronal cytoskeleton, we deleted the p35 gene in mice having a pure C57BL/6
background. We found that p35 deficiency leads to a 38% reduction of cdk5 activity in adult brain. In addition, loss of p35 causes an
anterograde redistribution of cdk5 toward peripheral neuronal processes. The unusual presence of nonphosphorylated neurofilament
(NF) in aberrant axon fascicles and the relocation of tau and MAP2B from cell bodies and proximal neuronal processes to more distal sites
of the neuropil in p35—/— mouse brain implicate p35 in neuronal trafficking, particularly in dynein-driven retrograde transport. In
many axons of normal brain, cdk5 fails to colocalize with phosphorylated cytoskeletal protein epitopes. This observation, together with
an unexpected increase of NF, tau, and MAP2B phosphoepitopes accompanying the decreased cdk5 activity in p35—/— mice, supports
the idea that cdk5 does not phosphorylate cytoskeletal proteins directly. Rather, in structures where cdk5 does colocalize with phosphor-
ylated cytoskeletal protein epitopes, it may function as a negative regulator of other proline-directed kinases that directly phosphorylate
the proteins. Evidence for increased glycogen synthase kinase 33 (GSK3 8) activity in p35—/— mice suggests that GSK33 may be one such
kinase regulated by cdk5. Our studies illustrate that p35 regulates the subcellular distribution of cdk5 and cytoskeletal proteins in
neurons and that cdk5 has a hierarchical role in regulating the phosphorylation and function of cytoskeletal proteins.
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Introduction

Cyclin-dependent kinase (cdk) 5 is a member of the cdk family
that, along with the mitogen-activated protein (MAP) kinase,
stress-activated protein kinase, c-Jun N-terminal kinase (JNK),
and glycogen synthase kinase 3 (GSK3), constitutes the proline-
directed serine/threonine kinases (PDKs). Unlike most cdks that
function typically in dividing cells, cdk5 is active principally in
postmitotic neurons. As with all members of the cdk family, full
activation of cdk5 requires association with a regulatory subunit,
three of which have been identified in brain: p35, p39, and p67
(Ishiguro et al., 1994; Lew et al., 1994; Tsai et al., 1994; Shetty et
al., 1995; Tang et al., 1995). The best understood role of the
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enzyme is in normal brain development, in which it regulates
neuronal migration, axodendritic organization, and laminar ar-
chitecture (Nikolic et al., 1996; Ohshima et al., 1996, 1999; Chae
et al., 1997; Paglini et al., 1998; Kwon et al., 1999; Philpott et al.,
1999). cdk5 is also thought to function in neuronal trafficking
and transport (Ratner et al., 1998; Smith and Tsai, 2002) and
phosphorylates several neuronal cytoskeletal elements, including
neurofilaments (NFs) and the microtubule-associated proteins
tau and MAP2, in vitro or in vivo (for review, see Grant et al.,
2001).

Localization of cdk5 to neurodegenerative lesions and in-
creases in cdk5 activity have been demonstrated in several dis-
eases, including Alzheimer’s disease (Liu et al., 1995; Yamaguchi
et al,, 1996; Pei et al.,, 1998; Lee et al., 1999; Patrick et al., 1999;
Takahashi et al., 2000a), Parkinson’s disease or diffuse Lewy body
disease (Brion and Couck, 1995; Nakamura et al., 1997a; Taka-
hashi et al., 2000b), progressive supranuclear palsy (Borghi et al.,
2002), amyotrophic lateral sclerosis (Nakamura et al., 1997b; Ba-
jaj et al., 1998, 1999; Nguyen et al., 2001), multiple system atro-
phy (Nakamura et al., 1998; Honjyo et al., 2001), and Niemann—
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Figure 1.  p35—/— mice. A, Diagrams of the targeting vector used to generate p35—/—
mice and wild-type and mutant p35 alleles, indicating the locations of probes and primers (F
and R) used for identification of null mutants. B, Identification of p35+/+ (~6 kb band),
p35—/— (~4.4kbband), and p35+/— (both bands) mice by Southern blot. C; Identification
of p35+/+ (~450 bp band), p35—/— (~300 bp band), and p35-+/— (both bands) mice
by PCR amplification of genomic DNA. D, Western blot demonstrating normal levels of p35 in
p35-+/+ homogenized mouse brain supernatants, ~50% of normal in p35+/— brains, and
no p35 protein in p35—/— mouse brains. £~H, Images of hematoxylin and eosin-stained
sagittal sections of p35+/+ (£, G) and p35—/— (F, H) mouse brains. £, In p35+/+ brains,
the cortex displays normal layered structure. £, The normal laminar character of the cortex is
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Pick type C (Bu et al., 2002), that are characterized by increased
phosphorylation of cytoskeletal proteins. It has been proposed
that this hyperphosphorylation is a preliminary step in the for-
mation of cytoskeletal lesions, which are lethal to neurons (Buee
etal., 2000). Aberrant phosphorylation of the neuronal cytoskel-
eton could alter cellular trafficking and transport and contribute
to neuronal dysfunction and death (Ratner et al., 1998; Smith and
Tsai, 2002). Cleavage of p35 to a more powerful cdk5 activator,
P25, may be a critical step in this pathological cascade; however, a
causal relationship between cdk5 and cytoskeletal protein phos-
phorylation in neurodegenerative diseases has yet to be estab-
lished definitively. Additionally, the role of cdk5 in normal adult
brain has been difficult to ascertain because cdk5-deficient mice
are not viable past the perinatal period (Ohshima et al., 1996).

To better understand the function of cdk5 in mature brain
neurons, we generated and characterized p35—/—-deficient
mice, which are consequently incapable of producing p25. Apart
from the striking axonal derangement and architectural abnor-
malities that have been described previously in similar mice
(Chae et al., 1997; Ohshima et al., 2001), we have found alter-
ations in the normal subcellular distribution of cdk5 in p35—/—
neurons. Moreover, despite a significant decrease in brain cdk5
activity, we report an increase in phosphorylation of cytoskeletal
proteins, which suggests that cdk5 may not be the kinase that
normally phosphorylates these epitopes.

Materials and Methods

p35 null mutant mice. Mice lacking the p35 gene were generated using
standard targeted deletion techniques (Thomas and Capecchi, 1987).
Briefly, an ~2.5 kb fragment containing the coding region for p35 was
excised from an ~16.5 kb mouse genomic clone by HindIIl/Not] restric-
tion digest and replaced with an ~900 bp EcoRIl/HindlIl fragment of
pMClneo (Stratagene, La Jolla, CA) containing the neomycin resistance
cassette in reverse orientation. This resulted in the deletion of ~1.6 kb of
genomic DNA. WW6 embryonic stem (ES) cells (Ioffe et al., 1995) that
had undergone homologous recombination with the targeting vector
were identified by Southern blot by hybridizing an ~1 kb 3’EcoRI/Xbal
fragment of the p35 genomic clone to ES cell genomic DNA digested with
BamHI (Fig. 1 A). Initial identification of mice with germ line transmis-
sion of the targeting vector was also performed by Southern blot. Mice
carrying the targeting vector were backcrossed extensively to C57BL/6]
(B6) (Jackson Laboratory, Bar Harbor, ME) mice (N10-12) to produce
animals with >99% pure B6 genetic background, allowing comparisons
to either wild-type (+/+) littermates or B6 mice. Experimental animals
were genotyped by PCR analysis using the following primers: p35 for-
ward (5'-ACCTCTGCAGGGACACCCAAACG-3") plus p35 reverse (5'-
GTGGGTCGGCATTGATCTGCAGC-3"), yielding a 440 bp fragment;
and neo forward (5'-GATCTGGACGAAGAGCTCAGGG-3') plus neo
reverse (5'-CGTCAAGAAGGCGATAGAAGGCG-3'), yielding a 316 bp
fragment (Fig. 1). Heterozygous ( p35+/—) mice were mated to generate
both p35—/— mice and p35+/+ littermates. The University of Washington
Animal Use and Care Commiittee approved housing and all protocols.
Antibodies and other reagents. Antibodies to p35, cdk5, syntaxin, tau,
NF, MAP2, GSK3p, and neuronal nuclei used in immunoblotting, kinase
activity, and immunohistochemical studies are listed in Table 1. Subtype-
specific secondary antibodies conjugated to HRP or biotin and strepta-
vidin—-HRP were from Southern Biotechnology (Birmingham, AL). Flu-
orescent labels (Alexa 594-conjugated goat anti-mouse IgG and
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disruptedin p35—/— brains. G, Inp35+/+ cerebellum, asingle row of Purkinje cells (arrows)
is distributed at the border between the granule cell layer (top) and the molecular layer (bot-
tom). H, In p35—/— cerebellum, Purkinje cells (arrows) are abnormally distributed within the
granule cell layer, and rather than forming a single row, the Purkinje cells are often stacked one
on top of another (stacks of 2 and 4 cells are shown).
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Table 1. Antibodies
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Western IHC

Group Antibody Isotype Epitope dilution dilution Source
cdk5 cdk5 (C-8) Rabbit polyclonal cdk5 Cterminus 1:100 1:100 Santa Cruz Biotechnology
p35 p35(C-19) Rabbit polyclonal p35 Cterminus 1:100 nd Santa Cruz Biotechnology
p67 p67 Rabbit polyclonal p67 N terminus 1:5000 nd H. Pant

AP18 Mouse IgG1 MAP2B phosphorserine 136 1:1000 1:1000 L. Binder
MAP2 AP20 Mouse IgG1 Total MAP2A, 2B and 2C 1:1000 1:500 Sigma

R39 Rabbit polyclonal Total NF-H, NF-M and NF-L 1:2000 nd H. Pant

SMI31 Mouse IgG1 Phospho-NF-H and NF-M 1:1000 1:500 Sternberger Monoclonals

SMI34 Mouse lgG1 Phospho-NF-H 1:1000 nd Sternberger Monoclonals
NFs SMI32 Mouse lgG1 Nonphosphorylated NF-H 1:500 1:500 Sternberger Monoclonals

TG5 Mouse IgG1 Total tau 1:10 nd |. Vincent

P22 Mouse IgM Tau phosphothreonine 175 1:10 nd P. Davies

P13 Mouse lgG1 Tau phosphoserine 202 1:10 1:10 P. Davies

McC6 Mouse IgG1 Tau phosphoserine 235 1:10 nd P. Davies

MC15 Mouse IgM Tau phosphoserine 235 1:10 nd P. Davies
Tau PHF1 Mouse lgG1 Tau phosphoserine 396/404 1:20 1:10 P. Davies
Neuronal antigen NeuN Mouse IgG1 Neuronal nuclei 1:250 nd Chemicon
Syntaxin SP6 Mouse IgG1 Syntaxin 1:20 1:10 W. Honer
GSK3B 9332 Rabbit polyclonal Total GSK33 1:500 nd Cell Signaling Technology
B-Catenin 9562 Rabbit polyclonal Total B3-catenin 1:500 nd Cell Signaling Technology

nd, Not determined.

streptavidin-Alexa 488) were from Molecular Probes (Eugene, OR). 4',6-
Diamidino-2-phenylindole (DAPI), hematoxylin, DAB, sodium ATP,
protease inhibitor mixture, protein kinase A inhibitor (PKI), and ECL
chemicals were from Sigma (St. Louis, MO). Histone H1 was purchased
from Calbiochem (San Diego, CA), and recombinant human tau was
from Invitrogen (Carlsbad, CA). y-**P-ATP was obtained from DuPont
NEN (Boston, MA). Bradford protein assay reagents were from Bio-Rad
(Hercules, CA). Protein A—Sepharose was from Amersham Pharmacia
Biotech (Piscataway, NJ). Protran nitrocellulose membrane for immu-
noblotting was purchased from Intermountain Scientific (Kaysville,
UT).

Immunoblotting. Two-month-old ( p35+/+, n = 4; p35—/—, n = 4)
or 6-month-old (B6, n = 3; p35—/—, n = 3) old mice were euthanized
using CO,, followed by cervical dislocation; brains were removed quickly
and frozen at —80°C. Frozen brains were homogenized, aliquoted, and
frozen, then supernatants were prepared as described previously (Bu et
al., 2002). Samples (5-50 pg of total protein as indicated in figure leg-
ends) were electrophoresed on 6—8% (NF and MAP2 antibodies) or 10%
(cdk5, p67, tau, GSK383, and B-catenin antibodies) SDS-PAGE gels,
transferred to nitrocellulose, and blocked in 5% milk in TBS (10 mm Tris,
pH 7.5, and 150 mm NaCl) for 30 min. Two to three separate blots using
different aliquots from the same set of mouse brains were performed for
each antibody used. Blots were incubated overnight at 4°C with antibod-
ies diluted as shown in Table 1 in 5% milk in TBS. After three washes in
TBS, blots were incubated with subtype-specific secondary antibodies
conjugated to HRP at room temperature for 1-2 hr, washed again, incu-
bated with ECL reagent, and apposed to film. The NeuN antibody raised
against neuronal antigens (Mullen et al., 1992) was used as a loading
control for all immunoblotting experiments, and band intensity for each
epitope examined was normalized to NeuN band intensity. Films were
scanned on a UMAX Astra 2400S scanner (Dallas, TX), band density was
analyzed using ImageQuant software (Molecular Dynamics, Sunnyvale,
CA), statistical analysis (Student’s ¢ test) was performed using Excel soft-
ware (Microsoft, Redmond, WA), and images assembled in Photoshop
(Adobe, San Jose, CA).

Kinase activity assays. Immunoprecipitation (IP) kinase activity assays
were performed as described previously for cdk5 (Bu et al., 2002). Briefly,
cdk5 was immunoprecipitated from 100 ug of total protein from whole-
brain supernatants ( p35+/+, n = 4; p35—/—, n = 4) using the poly-
clonal cdk5 antibody at 4°C for 2 hr with rocking. One hundred micro-
liters of protein A—Sepharose were added to each sample, and rocking
continued for 1 hr. Samples were washed twice with 1 ml of cold TBS and
once with 1 ml of cold kinase buffer. A reaction mix containing HEPES
kinase buffer, 10 um ATP, 10 ug of histone H1, and 0.5 uCi of y- **P-ATP

was added to the samples and incubated at room temperature for 30 min.
Reactions were halted by the addition of loading buffer, and samples were
then electrophoresed on 12% SDS-PAGE gels. Histone bands were visu-
alized by Coomassie blue staining, and gels were dried, then apposed to a
phosphorimager screen and scanned on a Storm 840 Phosphorlmager
(Molecular Dynamics); band density was analyzed using ImageQuant
(Molecular Dynamics), and statistical analysis (Student’s ¢ test) was per-
formed using Excel (Microsoft).

Activity assays for GSK38 were performed as described previously
(Watcharasit et al., 2002). GSK3 3 was immunoprecipitated from whole-
brain supernatants (2-month-old mice: p35+/+,n =3;p35—/—,n=4;
6-month-old mice: B6, n = 3; p35—/—, n = 3), similar to the cdk5
activity assays but using the polyclonal GSK3f antibody, 75 ug of total
protein from whole-brain supernatants, and 40 ul of protein A-Sepha-
rose. The reaction mix contained Tris kinase buffer, 250 um ATP, 0.1
pg/pl tau, 1.4 uCi y-**P-ATP, 1 mm EGTA, and 4 pum of PKI. Reactions
were electrophoresed on 10% SDS-PAGE gels and transferred to nitro-
cellulose, then blots were apposed to film. Analyses were performed as
above.

Immunohistochemistry. Two-month-old mice (p35+/+, n = 3;
p35—/—, n = 4) were euthanized using CO, and transcardially perfused
with 4% paraformaldehyde in PBS; then, brains were removed, halved
sagittally, and immersed in 4% paraformaldehyde for 1 d at 4°C. Brain
halves were embedded in paraffin and cut in 10 um sagittal sections.
Immunohistochemistry was performed as reported previously (Bu et al.,
2002), except sections were pretreated with 50 mm ammonium chloride
for 30 min (Kerjaschki et al., 1984) before blocking, and BSA/goat serum
(5% BSA plus 3% goat serum in TBS) was used for blocking and antibody
dilutions. Briefly, sections were incubated with primary antibodies (Ta-
ble 1) for 18—42 hr at 4°C, followed by biotin-conjugated subtype-
specific secondary antibodies for 1-2 hr at room temperature, then with
streptavidin—HRP for 1-2 hr at room temperature. DAB was then added
to visualize antibody binding, followed by hematoxylin counterstaining.
For double immunofluorescent staining, sections were incubated with
both primary antibodies (polyclonal anti-cdk5 plus one mouse mono-
clonal IgGl) simultaneously, followed by incubation with biotin-
conjugated goat anti-rabbit secondary antibodies for cdk5, then strepta-
vidin—Alexa 488 and Alexa 594-conjugated goat anti-mouse IgG
secondary antibodies for the other primary antibody used. Sections were
counterstained with DAPI to label nuclei. Images were collected on an
Eclipse TE200 microscope (Nikon, Melville, NY) equipped with a Spot
RT CCD camera (Diagnostic Instruments, Sterling Heights, MI), and
figures were assembled using Photoshop (Adobe).
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Results

p35—/— gross phenotype

Wild-type (+/+), heterozygous (+/—), and p35 homozygous
null (—/—) mice were identified by Southern blotting or PCR
analysis (Fig. 1 B,C). Western blotting detected about half of the
normal amount of p35 protein in brains of p35+/— mice but no
p35 protein in the brains of p35—/— mice (Fig. 1 D). Histological
staining and analysis revealed that the p35—/— mice lack the
normal cortical lamination found in p35+/+ mice (Fig. 1E,F).
Purkinje neurons of the cerebellum, which normally form a sin-
gle layer at the boundary between the granule cell layer and the
molecular layer (Fig. 1G), are localized ectopically within the
granule cell layer (Fig. 1 H) and, in some instances, aggregate with
a multilayered appearance. In addition, numerous granule neu-
rons were mislocalized within the molecular layer (see Figs. 5L,

6)).

cdk5 activity and localization are altered in p35—/— mice

The total levels of cdk5 protein in whole brain were similar in
both p35+/+ and p35—/— mice (Fig. 2A), indicating that there
is no compensatory increase in cdk5 expression in p35—/— mice.
The levels of p39 and p67 were also unchanged (data are shown
for p67) (Fig. 2A). IP of cdk5, followed by kinase activity assays
using histone H1 as substrate, revealed that cdk5 activity was
decreased by 38% in the brains of p35—/— animals compared
with p35+/+ brains (Fig. 2B; p = 0.03).

Polyclonal antibodies against cdk5 were used on sagittal brain
sections to compare the subcellular location of cdk5 in p35+/+
and p35—/— mice. Our results on the localization of cdk5 in
p35+/+ mice were similar to those reported previously (Tsai et
al., 1993; Matsushita et al., 1996; Pigino et al., 1997; Veeranna et
al., 1997; Terada et al., 1998), showing strongest cdk5 staining in
proximal axons (arrowheads) and neuronal somata (arrows)
(Fig. 2C,E,H). Some neuropil staining was also detected in
p35+/+ brains (Fig. 2 E, asterisk and >). This pattern was altered
dramatically in p35—/— mice, with little or no cdk5 detected in
proximal axons and neuronal somata (Fig. 2D,F,I). Instead,
p35—/— mice exhibited a strong increase in neuropil staining
(Fig. 2 F, asterisk) with intense labeling around neuronal somata
(Fig. 2 F, arrow). Double labeling with anti-cdk5 and an antibody
specific for the presynaptic protein syntaxin showed colocaliza-
tion of both proteins, presumably at presynaptic sites of p35—/—
mice (Fig. 2G, arrow). cdk5 staining of large myelinated axon
tracts of the corpus callosum (data not shown) and the white
matter of the cerebellum of p35—/— mice appeared diminished
(Fig. 21). In the cerebellum, a marked increase in intensity was
observed in the molecular layer (Fig. 21), which is relatively un-
stained in p35+/+ mice (Fig. 2 H). These data indicate that the
subcellular distribution of cdk5 is altered in p35—/— mice.

Altered cytoskeletal protein phosphorylation in p35—/— mice
The complex polar morphology of neurons is determined by the
neuronal cytoskeleton, which comprises a number of structural
elements including microtubules, microfilaments, and interme-
diate filaments as well as associated proteins such as molecular
motors (kinesins and dyneins) and microtubule-associated pro-
teins like MAP2 and tau, which help regulate microtubule assem-
bly. One of the major mechanisms for regulating cytoskeletal
function is via phosphorylation of cytoskeletal components such
as NFs, MAP2, and tau (for review, see Billingsley and Kincaid,
1997; Sanchez et al., 2000; Miller et al., 2002). We examined the
extent of phosphorylation of these proteins using antibodies spe-
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Figure 2.  cdk5 levels, activity, and distribution in p35—/— mouse brains. 4, Western blot
showing similar levels of cdk5 (50 g of total brain protein) and p67 (25 g of total brain
protein)inp35+/+ and p35—/— mice. Anantibody to neuronal antigens, NeuN, was used as
a loading control. B, Graph generated from IP kinase activity assays demonstrating an ~38%
decrease in cdk5 activity in p35—/— brains compared with p35+/+ brains. (-/, Images of
sagittal sections of p35+/+ (C, £, H) and p35—/— (D, F, G, 1) brains incubated with poly-
clonal antibodies to cdk5 (C, D, G-/, green). In G, the section was coincubated with antibodies to
cdk5 and to the synaptic protein syntaxin (red). C, In p35+/+ cortex, cdk5 stains neuronal
somata (arrows) and proximal axons (arrowheads). D, Neither somatic nor proximal axonal
cdk5 staining is detected in p35—/— cortex. £, In p35+/+ thalamus, cdk5 faintly stains
neuronal somata (arrows) and the neuropil (asterisk), with accumulations adjacent to neuronal
somata (>). F, Somatic staining is diminished in p35—/— thalamus, whereas generalized
neuropil staining (asterisk) and staining surrounding neuronal somata (arrows) are increased.
G, Inp35—/— cortex, cdk>5 (green) and syntaxin (red) are both distributed in the neuropil and
often colocalize at sites adjacent to neuronal somata (arrow). H, In p35+/+ cerebellum, cdk5
stains Purkinje cell somata (arrows) and axons (arrowhead), axon bundles in the white matter
(WM), and neuronsin the granule cell layer (GCL). /, Staining for cdk5 is diminished in cerebellar
WM and is rarely detected in Purkinje cell somata (arrows indicate Purkinje cells lacking cdk5
staining, and the arrowhead indicates a single Purkinje cell positive for cdk5) or axons in
p35—/— cerebellum; however, staining is robust in the neuropil of the molecular layer (ML).
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Figure 3.  Western blots demonstrating phosphorylation status of cytoskeletal proteins in p35+/+ and p35—/— mouse
brains. The amount of total protein in supernatants from whole-brain homogenates is shown in parentheses for each antibody
used. Blots incubated with an antibody to neuronal antigens, NeuN, are shown as loading controls. A, NFs. Total levels of NF-H and
NF-M are similar in p35+/+ and p35—/— brains (R39; 10 w.q). Phosphorylation of NF-H at sites in the C terminus but outside
the Lys-Ser-Pro repeat region is lower in p35—/— brains, as shown by an increase in bands detected by an antibody to only
nonphosphorylated NF-H (SMI32; 50 jg). Phosphorylation of NF-H at repetitive Lys-Ser-Pro motifs is similar in p35+/+ and
p35—/— brains, but phosphorylation of these repetitive motifs is increased in NF-M in p35—/— brains (SMI31; 5 r.q). Phos-
phorylation of NF-H at other sites in the C-terminal repeat region is increased in p35 —/— brains (SMI34; 5 wg). 8, MAP2. Similar
levels of total MAP2A and 2B are detected in p35+/+ and p35—/— brains (AP20; 10 wg), but there is a significant increase in
phospho-MAP2B levelsin p35—/— brains (AP18; 25 g). , Tau. Total tau levels are increased in p35 —/— brains compared with
p35-+/+ brains (TG5; 25 1.q). Phosphorylation of tau increases at Ser202 (CP13; 25 ), Ser235 (MC15; 25 wug), and Ser 396/404
(PHF-1; 25 wg) in p35—/— brains. D, Antibodies to phosphotau epitopes recognize an epitope in a protein that migrates at the
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in their C-terminal domains, these data in-
dicate that these two subunits can be phos-
phorylated differentially in vivo.

MAP2B phosphorylation

The microtubule-stabilizing and -nucleating
activities of MAP2 are altered by phos-
phorylation of Ser136 and serine/threo-
nine residues in the tubulin-binding
domain (for review, see Sanchez et al.,
2000), and the Ser136 residue has been
identified as a substrate for PDKs, includ-
ing the cdks, both in vivo and in vitro (Ber-
lingetal., 1994). We found similar levels of
total MAP2 in p35+/+ and p35—/—
brains (Fig. 3B, AP20), but phospho-
Ser136 MAP2B levels were significantly
higher in p35—/— brains (Fig. 3B, AP18;
661.1 = 34.6%; p = 0.02).

Tau phosphorylation

Tau is a microtubule-stabilizing protein
that is hyperphosphorylated in Alzhei-
mer’s disease. Of the ~30 serine/threonine
phosphorylation sites identified in tau,
most are proline directed (Buee et al.,
2000). At least four of these proline-
directed sites in tau are thought to be pro-
duced by cdk5: Ser202, Thr205, Ser235,
and Ser396/404 (Michel et al., 1998). We
have examined tau phosphorylation at
three of these sites (Ser202, Ser235, and
Ser396/404).

same rate as NF-H, and levels of these phosphoepitopes increase in p35—/— brains.

cific for sites that have been demonstrated to be produced by the
cdk5 kinase. In all cases shown below, the levels of protein were
normalized to the levels of the neuronal antigen NeuN.

NF phosphorylation

NFs are composed of three protein subunits of different molecu-
lar masses: NF-H (heavy) (~200 kDa), NF-M (medium) (~140—
160 kDa), and NF-L (light) (~70 kDa). The C-terminal domains
of NF-H and NF-M contain repetitive Lys-Ser-Pro cdk5 consen-
sus motifs that are phosphorylated by cdk5 in vitro (for review,
see Grant et al., 2001), and there are at least two distinct phos-
phoepitopes within this repeat region as recognized by the SMI31
and SMI34 antibodies (Shea and Beermann, 1993; Bajaj et al.,
1999). NF-H C-terminal domains also contain nonconsensus
phosphorylation sites outside the repeat motifs that are phos-
phorylated by cdk5, and the SMI32 antibody recognizes these
sites only when they are not phosphorylated (Bajaj et al., 1999).
Immunoblotting of whole-brain supernatants found similar lev-
els of total NF in p35—/— mice compared with p35+/+ mice
(Fig. 3A, R39) but detected an increase in SMI32 immunoreac-
tivity with NF-H, consistent with a decrease in phosphorylation
of this site (Fig. 3A, SMI32; 143.9 * 6.5%; p = 0.0001). No
change in SMI31 immunoreactivity with NF-H was observed, but
SMI31 immunoreactivity with NF-M was increased (Fig. 3A,
SMI31;29.2 *+ 8.2%; p = 0.02). The SMI34 antibody displayed
increased immunoreactivity with NF-H, indicating increased
phosphorylation of this site (Fig. 3A, SMI34; 276.8 = 28.75%;
p = 0.04). Although both NF-H and NF-M contain similar motifs

The levels of total tau as detected with
TG5 were increased in the brains of
p35—/— mice (Fig. 3C, TG5; 89.4 * 16.2%
increase; p = 0.006). Phosphorylation of
tau was also significantly increased at residues Ser202 (Fig. 3C,
CP13;188.1 = 26.6%; p = 0.01), Ser235 (Fig. 3C, MC15; 371.7 =
39.8%; p = 0.04), and Ser396/404 (Fig. 3C, PHF-1; 82 = 24.1%j;
p = 0.04). Tau hyperphosphorylation in p35—/— mice was also
evident with TG5 by way of intensification of higher molecular
weight species relative to lower-weight isoforms in p35+/+
brains (Fig. 3C). The increase in tau levels may be secondary to
hyperphosphorylation, because phosphorylated tau is more re-
sistant to proteolysis (Litersky and Johnson, 1992; Vincent et al.,
1994).

Interestingly, the phosphotau antibodies CP22 (Thr175) and
MC6 (Ser235) did not react well with tau but detected increased
phosphorylation of a protein that migrates at the same size as
NE-H. The phosphotau antibody MC15 (Ser235) also reacted
strongly with this protein (shown for CP22 and MC15) (Fig. 3C).
Although the identity of this protein is unknown, NF-H does
contain similar motifs as those phosphorylated in tau. Regardless
of the identity of this antigen, it is notable that increased phos-
phorylation correlates with decreased cdk5 activity in p35—/—
mice.

Altered cytoskeletal phosphoprotein distribution in

p35—/— mice

The cytoskeletal phosphoproteins examined in these studies oc-
cupy distinct subcellular compartments within normal neurons.
Because cdk5 distribution was altered in p35—/— mice, we exam-
ined the distribution of cytoskeletal phosphoproteins in sagittal
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Figure 4.  Distribution of NF in p35+/+ and p35—/— brains. Images of 10 wm sagittal
sections of p35+/+ (A4, (, E) and p35—/— (B, D, F) brains incubated with antibodies to NF
phosphoepitopes and nonphosphoepitopes. A, C, Phosphorylated NF-H/M (SMI31) stains axons
(arrows) in the frontal (A) and medial ( () cortex of p35+/+ brains. 8, D, In p35—/— cortex,
robust SMI31staining is seen in the atypical axon fascicles (arrowheads). £, Nonphosphorylated
NF-H is found in neuronal somata (arrowheads) and dendrites (arrow) in the ponsin p35+/+
brains. £, In p35—/— pons, SMI32 staining increases in both neuronal somata (arrowheads)
and dendrites (arrow).

brain sections from these mice. We also used double immunoflu-
orescence staining of sagittal brain sections to compare the dis-
tributions of cytoskeletal phosphoepitopes relative to cdk5.

NF distribution

The phosphorylated NF-H/M epitopes (SMI31) are detected pri-
marily in axons, whereas nonphosphorylated NF-H epitopes
(e.g., SMI32) are normally found in scattered somatodendritic
compartments and a few thick axons (Goldstein et al., 1983). Our
results of p35+/+ mouse brains were consistent with this pattern
(Fig.4 A, C,E). In p35—/— mice, antibodies against the phosphor-
ylated NF epitopes highlighted the abnormal axonal organization
(SMI31) (Fig. 4B,D) detected previously in p35—/— mice with
silver stain (Chae et al., 1997). Aberrant axon fascicles appeared
more intensely labeled with SMI31; however, this may be because
of the abnormal aggregation of axons. SMI32 immunoreactivity
had a similar pattern in p35+/+ and p35—/— brains but was
more intense in both somata and processes in p35—/— brains
(shown for the pons) (Fig. 4E, F).
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MAP2B distribution

The phospho-Ser136 epitope recognized by AP18 in MAP2B and
the nonphosphorylated MAP2 epitope recognized by AP20 are
localized to somata and dendrites of normal mice (Binder et al.,
1986). Our results with p35+/+ mice agree with this localization
and show that AP18 predominates in apical dendrites (Fig.
5A,E,I), whereas AP20 seems to predominate in somata (Fig.
5C,G,K). In contrast, little or no phospho-MAP2B was detected
in somata of p35—/— mice (Fig. 5B,]), and a marked disorgani-
zation of dendritic structure and polarity was observed (Fig.
5B,F). Abnormal fascicles had no AP18 immunoreactivity (data
not shown), confirming that these structures are composed of
axons. In p35—/— mice, AP20 immunoreactivity diminished in
apical dendrites but intensified in distal processes (Fig. 5D, H). In
the cerebellum, AP20 staining of Purkinje cell somata and prox-
imal dendrites was diminished, but more distal dendritic ar-
borizations became prominent (Fig. 5L). Collectively, these data
demonstrate a redistribution of MAP2 from somata to more dis-
tal neuronal processes in the brains of p35—/— mice.

Tau distribution

The subcellular locations of tau epitopes in normal mouse brains
has been difficult to analyze, possibly because of sensitivity of tau
to paraformaldehyde fixation. Using ammonium chloride pre-
treatment (see Materials and Methods), CP13 immunoreactivity
was detected primarily in neuronal somata (Fig. 6 A, C) but not in
axons. In p35—/— brains, the intensity of somatic staining for the
CP13 epitope was increased, whereas neuropil staining was di-
minished (Fig. 6 B,D). Staining with this antibody again high-
lighted the disrupted cerebellar morphology in p35—/— brains
(Fig. 6 D). In contrast to CP13, the PHF-1 phosphoepitope was
detected primarily in axons and in scattered neuronal and glial
somata and nuclei of p35+/+ mice (Fig. 6E,G,I). In p35—/—
brains, less PHF-1 phosphotau was detected in neuronal somata,
most notably in Purkinje cells (Fig. 6 J), whereas neuropil staining
intensified mainly around cell bodies (Fig. 6 F). In general, axonal
staining was less, although the abnormal fascicles appeared more
intense (Fig. 6 H).

cdk5 and cytoskeletal protein phosphorylation

Of the various epitopes studied here, the only epitope that exhib-
ited a decrease in phosphorylation correlating directly with a de-
crease in cdk5 activity was the SMI32 nonphosphorylated NF-H
epitope (increased levels indicate decreased phosphorylation).
Consistent with this relationship, we detected increased SMI32
immunoreactivity (Fig. 4F), corresponding with a loss of cdk5
immunoreactivity in neuronal cell bodies (Fig. 2D) in p35—/—
brains. In contrast, SMI32 immunoreactivity was abnormally
present in axon fascicles in p35—/— cortices in which cdk5 was
enriched (Fig. 7A). These structures also had abundant SMI31
(Fig. 7B) and PHF-1 immunoreactivity (Fig. 7C). Yet, when one
considers the overall reduction of brain cdk5 activity and the
concomitant invariance of SMI31 NF-H immunoreactivity and
increased PHF-1 immunoreactivity in immunoblots, it is un-
likely that cdks5 acts directly on these epitopes. This conclusion is
supported by our observations of normal brain in which cdk5,
SMI31, and PHF-1 all localized to axons but little, if any, overlap
was observed between cdk5 and SMI31 (Fig. 7D) or cdk5 and
PHE-1 (Fig. 7E). A more striking discrepancy in localization of
cdk5 with these phosphorylated cytoskeletal epitopes was in the
large myelinated fiber tracts of the basal ganglia, in which cdk5
immunoreactivity was undetectable (Fig. 7F) but SMI31 (Fig.
7G) and PHF-1 (Fig. 7H) immunoreactivities were robust. The
CP13 phosphotau epitope contains a classic cdk5 consensus se-
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more distal dendritic arborizations is robust.

quence but was, surprisingly, lacking in axons (Fig. 6 A), in which
cdk5 immunoreactivity was robust in p35+/+ brains (Fig. 2C).
Additionally, CP13 immunoreactivity had an inverse relation-
ship with cdk5: CP13 immunoreactivity increased when cdk5
activity decreased in immunoblots, and CP13 was intensified in
neuronal somata (Fig. 6 B,D) of p35—/— mice, where cdk5 was
reduced (Fig. 2D, I). The MC15 antibody recognizing the Ser235
phosphoepitope in tau also displayed an increase in p35—/—
mice, but immunohistochemical analysis with this antibody
was complicated by its cross-reactivity with a protein migrat-
ing at the same apparent size as NF-H. Colocalization of AP18
phospho-MAP2B immunoreactivity with cdk5 was noted in
neuronal somata of normal mice, but in neuronal processes,
phospho-MAP2B segregated to dendrites, and cdk5 to axons
(Fig. 71). Additionally, decreased cdk5 activity correlated with
anincrease in AP18 immunoreactivity in p35—/— brains. Col-
lectively, our data indicate that with the possible exception of
the SMI32 epitope, cdk5/p35 does not directly phosphorylate
the majority of cytoskeletal protein epitopes but affects their
phosphorylation indirectly by regulating their interaction
with other PDKs.

Distribution of MAP2in p35+/+ and p35—/— brains. Images of 10 wm sagittal sections of p35+/+ (A, G £, G,
1,K)and p35—/— (B, D, F, H,J, L) brains incubated with the AP18 antibody to phospho-Ser136 in MAP2B (A, B, £, F, 1, J) or the
AP20 nonphospho-MAP2 antibody (C, D, G, H, K, L). A, E, I, Phospho-MAP2B (AP18) stains neuronal somata (arrows) and apical
dendrites (arrowheads) in p35+/+ cortex (A), hippocampus (£), and pons (/). B, £, J, In p35—/— brains, AP18 staining is
diminished greatly or not detected in neuronal somata (arrows) and dendrites (arrowheads) in the cortex (B), hippocampus (),
and pons (J). Dendritic organization is disrupted (B, F), and staining is sometimes shifted to the neuropil (F, asterisk). The granule
cell layer of the CA2/CA3 region of the hippocampus is disorganized in p35—/— brains (). C, G, K, The AP20 nonphospho-MAP2
antibody stains neuronal somata (arrows) and apical dendrites (arrowheads) in p35+/+ cortex ((), hippocampus (G), and
cerebellum (K). D, H, L, In p35—/— brains, AP20 staining is shifted from neuronal somata and apical dendrites to more distal
processes (asterisks), and dendritic organization is disrupted in cortex ( D) and hippocampus ( H). Disorganization of the granule
cell layer is apparent (H). In the cerebellum (L), AP20 staining in Purkinje cell somata is decreased (arrow), whereas staining in
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Elevated GSK3f activity in

p35—/— mice

GSK3p is another PDK that has been im-
plicated in the production of the PHF-1
phosphotau epitope (for review, see Bill-
ingsley and Kincaid, 1997). Immunoblot-
ting experiments demonstrated decreased
levels of total GSK3p protein in p35—/—
brains compared with p35+/+ brains
(Fig. 8A, GSK3p; 39.1 £ 13.4%). Yet, we
found GSK3pB activity was increased in
p35—/— brains. One known substrate of
GSK3B is PB-catenin, and GSK3p-
mediated phosphorylation of this protein
targets it for degradation via the ubiquit-
in—proteasome pathway (for review, see
Cohen and Frame, 2001). Immunoblot-
ting experiments demonstrated decreased
levels of B-catenin in p35—/— brains com-
pared with p35+/+ brains (Fig. 8A,
B-catenin; 36.5 = 13%; p = 0.004), indi-
cating increased GSK3pB activity. Addi-
tionally, IP kinase activity assays using re-
combinant human tau as a substrate
revealed increased GSK3f activity in
p35—/— brains compared with p35+/+
brains (Fig. 8 B; 68.5 = 13.7%; p = 0.01).
This increased GSK3 3 activity in p35—/—
mice supports the idea that cdk5 may neg-
atively regulate GSK3p, either directly or
indirectly.

Discussion

Our studies of p35 deficiency in mice hav-
ing a B6 genetic background substantiate
the crucial role of c¢dk5/p35 in neuronal
axodendritic polarity and the cytoarchi-
tecture of the cerebral cortex, hippocam-
pus, and cerebellum (Chae et al., 1997;
Ohshima et al., 2001; present study). In
addition, we report two novel findings: (1)
p35 deficiency causes redistribution of
cdk5 from its normal somatic and proximal axonal locations to
distal neuronal processes; and (2) a decrease in adult brain cdk5
activity is accompanied, paradoxically, by a generalized increase
in phosphorylation of neuronal cytoskeletal proteins.

The reduced cdk5 activity and brain architectural defects in all
three p35—/— lines confirm that a significant fraction of brain
cdk5 activity is dependent on p35 and cannot be compensated for
by p39 or p67. Surprisingly, Ko et al. (2001) observed p39 up-
regulation without loss of cdk5-associated activity in p35—/—
neonates, but Chae et al. (1997) were unable to detect histone H1
phosphorylation in cdk5 IPs from adult brains of the very same
knock-out line. Ohshima et al. (2001) observed 80-90% reduc-
tions of kinase activity in cdk5 IPs from their adult p35—/— mice
using a KSPXK repeat polypeptide from NF-H as substrate. These
previous results would suggest that p35 is the dominant cdk5
activator in adult brain, an idea consistent with the lack of overt
phenotype in p39—/— mice (Ko etal., 2001). In contrast, it seems
unexpected that mice having no or 10—-20% residual cdkS5 activity
could survive relatively normally (over 20 months), with only
15% dying from sporadic seizure activity. Indeed, mice lacking
cdk5 do not survive postnatally (Ohshima etal., 2001). Our result
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Figure 6. Distribution of phosphotau epitopesin p35+/+ and p35—/— brains. Images of
10 wm sagittal sections from p35+/+ (A, C, £, G, ) and p35—/— (B, D, F, H, J) brains
incubated with antibodies to the CP13 or PHF-1 phosphotau epitopes. 4, C, The CP13 antibody
to phospho-Ser202 in tau stains primarily neuronal somata (arrows) in p35+/+ pons (A) and
cerebellum (C) and is also seen in some dendritic processes and in the neuropil in the pons (A,
arrowhead). B, D, In p35—/— brains, (P13 staining is increased in neuronal somatain the pons
(B) and cerebellum (D), and dendritic and neuropil staining is diminished (B). £, G, /, The PHF-1
antibody to tau phospho-Ser396/404 stains scattered neuronal (arrows) and glial (<<) somata
and nuclei, and axons (arrowhead) in p35 +/+ thalamus ( £), cortex ( G), and cerebellum (/). F,
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of a 38% reduction of total brain cdk5 activity, in the absence of
upregulation of p39 or p67 implies that more than one-third of
total brain cdks5 activity is p35 dependent. This leaves a substan-
tial balance to be modulated by other activators, or other mech-
anisms such as phosphorylation (Sharma et al., 1999; Zukerberg
et al., 2000).

Despite barely detectable cdk5 activity in p35—/— (Chae et al,,
1997), p35—/—;p39—/— (Ko et al, 2001), or p25 transgenic;
p35—/— compound mice (Patzke et al., 2003), tau phosphoryla-
tion was found previously unaltered compared with wild-type
mice. In contrast, we report significant elevations of cytoskeletal
protein phosphorylation in our p35—/— mice. The effects of p35
deficiency on NF-H phosphorylation are remarkable in that im-
munoreactivity with SMI32 increased (reduced phosphoryla-
tion), SMI31 immunoreactivity was unchanged, and SMI34 im-
munoreactivity increased. In contrast, phosphorylation of the
SMI31 site in NF-M; the CP13, MC15, and PHE-1 epitopes in tau;
the AP18 epitope in MAP2; and the CP22, MC6, and MC15
epitopes in unknown proteins, was elevated in p35—/— mice.
Others have reported hyperphosphorylation of NF proteins in
cdk5—/— (Ohshima et al., 1996) and p35—/— (Ohshima et al.,
2001; Sharma et al., 2002) mice. The most straightforward inter-
pretation of such hyperphosphorylation accompanying reduced
cdk5 activity is that cdk5 does not produce these phospho-
epitopes. This idea is supported by the lack of colocalization of
cdk5 and the phosphoepitopes in many regions of normal and
p35—/— brain. The atypical axon fascicles of p35—/— brains
could be a site of increased phosphorylation of these epitopes,
because they colocalize with c¢dk5 in these structures. However,
given the decrease of cdk5 activity in p35—/— mice, it is unlikely
that cdk5 produces the hyperphosphorylation, unless p39, p67,
or some other activator were elevated in the same location. This
possibility needs to be explored once more specific antibodies for
p39 and p67 antibodies become available.

An alternative explanation for the inverse relationship be-
tween cdk5 activity and phosphorylation is that cdk5 functions as
a negative regulator of other PDKs, such as MAPK, GSK3p, or
JNK, which act directly on cytoskeletal protein substrates. This
hypothesis is supported by the increased GSK3f activity we de-
tected in p35—/— brains and by the demonstration of cdk5-
mediated phosphorylation and inhibition of MAP kinase
kinase-1 (MEKT1) in vivo, resulting in downregulation of extracel-
lular signal-regulated kinase (ERK) 1/2 (Sharma et al., 2002), a
kinase that phosphorylates NF (Veeranna et al., 1998), tau (for
review, see Zhu et al., 2002), and MAP2 (Berling et al., 1994). In
cdk5—/— and p35—/— mice, MEK1 and ERK1/2 are hyperacti-
vated, and SMI31 immunoreactivity for NF-M is increased
(Sharma et al., 2002). Similarly, cdk5 phosphorylates and inhibits
JNK-3 (Li et al., 2002), another kinase shown to phosphorylate
NF (Giasson and Mushynski, 1997; Brownlees et al., 2000), tau
(Anderton etal., 2001; Sato et al., 2002), and MAP2 (Changet al.,
2003). cdk5 has also been shown to phosphorylate and activate
another brain kinase with homology to cdks, pctaire-1 (Cheng et
al., 2002); a relationship between pctaire-1 and cytoskeletal pro-
tein phosphorylation has not been described, but a role in the
regulation of neurite outgrowth has been reported (Graeser et al.,
2002). Furthermore, a recent study using calpain-mediated pro-
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H,J,In p35—/— brains, PHF-1 staining is diminished in neuronal somata in the thalamus (F,
arrow) and cerebellum (J, arrow), and staining is instead shifted to the neuropil (F, J, arrowhead
and asterisks). In the cortex, PHF-1 stains the atypical axon fascicles (H, arrow).
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Figure 7.

duction of p25 in primary rat neurons found elevated cdk5 activ-
ity and decreased tau phosphorylation (Kerokoski et al., 2002),
which is consistent with an inverse relationship between cdk5
activity and cytoskeletal protein phosphorylation. Alternatively,
changes in activity of GSK3f or other PDKs may be a develop-
mental compensatory response to reduced cdk5 activity, and it is
possible such developmental compensation may activate kinases
that, under normal physiological circumstances (i.e., intact cdk5
activity), do not phosphorylate these substrates. Thus, the para-
doxical results do not rule out a role for cdk5 in those modifica-
tions nor do they prove that any upregulated kinases produce
those modifications.

The expectation from in vitro studies and human neurodegen-
erative diseases having concomitant elevations of cdk5 activity
and phosphorylation is that elevated cdk5 activity causes protein
hyperphosphorylation. Surprisingly, hyperphosphorylation has
not been observed in most transgenic mouse models of increased
cdk5 activity. Overexpression of cdk5, p35, and human tau
caused elevated cdk5 activity but no tau hyperphosphorylation
(Van den Haute et al., 2001). But, when p25 was overexpressed
together with mutant tau, hyperphosphorylation was seen (No-
ble et al., 2003), perhaps as a consequence of ectopic accumula-

Distribution of cytoskeletal protein phosphoepitopes relative to cdk5. Images of 10 wm sagittal sections from
p35—/— (A-() and p35-+/+ (D-I) brains incubated with antibodies to cdk5 and antibodies to cytoskeletal protein phospho-
epitopes. A—C, In p35—/— cortex, cdk5 (green) colocalizes with non-P-NF-H (A, SMI32, red), P-NF-H/M (B, SMI31, red), and
phosphotau (C, PHF1, red) in the abnormal fascicles (arrows) characteristic of these mice. D, £, In p35+/+ cortex, axons display
immunoreactivity for cdk5 (D, £, green arrows), phospho-NF-H/M (D, SMI31, red arrowheads), and phosphotau (£, PHF-1, red
arrowheads), but there is little, if any, overlap in the distribution of cdk5 with either phosphoepitope. F—H, In p35+/+ mice,
large myelinated fiber tracts in the basal ganglia (arrows) are negative for cdk5 staining ( F) but heavily stained for P-NF-H/M
(G-SMI31) and phosphotau (H-PHF-1)./, In p35+/+ cortex, cdk5 (green) and phospho-MAP2B (AP18, red) both stain neuronal
somata, but AP18 segregates to apical dendrites (arrow) and cdk5 to proximal axons (arrowhead).
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tion of mutant tau in neurons. In two in-
dependent p25-overexpressing strains, no
net increase in tau (or NF) phosphoryla-
tion was detected, even with 2-5 fold ele-
vations of cdk5 activity (Ahlijanian et al.,
2000; Takashima et al., 2001). Another
mouse with neuronally targeted p25 over-
expression displayed axonopathy and dys-
kinesia, but no change in protein phos-
phorylation (Bian et al., 2002). Thus,
elevated cdk5 activity may cause alter-
ations in subcellular distribution or pro-
tein turnover, which might be key to the
development of cytoskeletal pathology.
That decreased phosphorylation of cy-
toskeletal proteins, as would be predicted
by our suggestion of a negative influence of
cdk5 on other PDKs, is not observed in
these mouse models implies that these
PDKs are maximally inhibited in normal
brain. Thus, increasing the activity of cdk5
beyond basal levels might have no signifi-
cant effect on protein phosphorylation,
whereas inhibiting basal cdk5 activity re-
sults in hyperphosphorylation.

The transport of NFs into neuronal
processes occurs via a kinesin-dependent
mechanism along microtubules (for re-
view, see Hirokawa, 1998; Shea and Flana-
gan, 2001), whereas microtubules and
MAPs are transported by a dynein-
powered mechanism (Baas, 1999). In
p35—/— mice, NFs retain their normal
distribution, except for the presence of
nonphosphorylated isoforms in axon fas-
cicles. However, cdk5, PHF-1-positive tau,
and MAP2 shift from neuronal somata to
distal sites of the neuropil. This pattern
implies an impairment of dynein-based
retrograde transport in the p35—/— mice.
Previous studies have shown that cdk5
phosphorylates Nudel, a dynein-interacting protein, and alters its
subcellular distribution (Niethammer et al., 2000). Whether the
relocations in p35—/— mouse brain are mediated by dynein and
Nudel requires additional studies. In cdk5—/— mice, phosphor-
ylated NF accumulated in neuronal soma, indicating defective
NF transport (Sharma et al., 2002). We speculate that different
levels of cdk5 inhibition might affect selective transport mecha-
nisms, with dynein-driven transport being more sensitive to
lower levels of cdk5 inhibition than kinesin-driven transport.
Regardless, axonal transport is critical for the establishment of
axodendritic polarity (Takada et al., 1988), and the aberrant axo-
dendritic polarity in p35—/— mice reinforces the role of cdk5/
P35 in this process.

The redistribution of cytoskeletal proteins could itself pro-
mote errant interactions with other PDKs. Even without hyper-
activation of these PDKs, differences in the rate of turnover of
phosphoproteins in their new locations could result in accumu-
lation and “apparent” hyperphosphorylation of the proteins. Ad-
ditional studies will be required to determine the relative contri-
butions of subcellular distribution of cytoskeletal proteins and
other PDKs in their phosphorylation and determine how cdk5
regulates these PDKs. In Alzheimer’s disease, appearance of the
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Figure 8.  GSK3[3 levels and activity. A, Western blots showing slightly decreased levels of
total GSK3 3 protein but decreased levels of 3-cateninin p35+/+ and p35—/— whole-brain
supernatants (25-50 g of total protein). B, Autoradiograph of GSK3/3 IP kinase assay using
tau as a substrate, and graph generated from IP kinase activity assays demonstrating a 68.5%
increase in GSK3 3 activity in p35—/— brains compared with p35+/+ brains.

CP13 epitope in the somatodendritic compartment is one of the
earliest pathological signs (Braak et al., 1994; Su et al., 1994),
followed by PHE-1 immunoreactivity in neurites (Su etal., 1994).
We observed accumulation of CP13 and PHF-1 immunoreactiv-
ity at similar locations in p35—/— mice, suggesting that the mice
will be useful for identifying the PDKs that produce these
phosphoepitopes.

In summary, our analyses of p35—/— adult mice suggest that
p35 is an essential regulator of the activity, distribution, and in-
teraction of cdk5 with appropriate substrates in a given neuronal
microenvironment. The function of p35, therefore, bears resem-
blance to its cyclin counterparts regulating cdks during cell divi-
sion. In some brain regions, cdk5 may influence the activities of
other neuronal kinases in a hierarchical manner to affect down-
stream cytoskeletal protein targets. As demonstrated by our evi-
dence for GSK3p activation in p35—/— mice, this model is of
value in identifying these kinases.
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