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Interplay between Cyclin-Dependent Kinase 5 and Glycogen
Synthase Kinase 33 Mediated by Neuregulin Signaling Leads
to Differential Effects on Tau Phosphorylation and Amyloid
Precursor Protein Processing
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Cyclin-dependent kinase 5 (cdk5) and glycogen synthase kinase 33 (GSK3/3) have been implicated in pathogenic processes associated
with Alzheimer’s disease because both kinases regulate tau hyperphosphorylation and enhance amyloid precursor protein (APP) pro-
cessing leading to an increase in amyloid 3 (A3) production. Here we show that young p25 overexpressing mice have enhanced cdk5
activity but reduced GSK3 3 activity attributable to phosphorylation at the inhibitory GSK33-serine 9 (GSK33-S9) site. Phosphorylation
at this site was mediated by enhanced activity of the neuregulin receptor complex, ErbB, and activation of the downstream phosphati-
dylinositol 3 kinase/Akt pathway. Young p25 mice had elevated A3 peptide levels, but phospho-tau levels were decreased overall. Thus,
cdk5 appears to play a dominant role in the regulation of amyloidogenic APP processing, whereas GSK33 plays a dominant role in overall
tau phosphorylation. In older mice, GSK33 inhibitory phosphorylation at S9 was reduced relative to young mice. A3 peptide levels were
still elevated but phospho-tau levels were either unchanged or showed a trend to increase, suggesting that GSK3 3 activity increases with
aging. Inhibition of cdk5 by a specific inhibitor reduced cdk5 activity in p25 mice, leading to reduced A3 production in both young and
old mice. However, in young mice, cdk5 inhibition reversed GSK33 inhibition, leading to an increase in overall tau phosphorylation.
When cdk5 inhibitor was administered to very old, nontransgenic mice, inhibition of cdk5 reduced Af3 levels, and phospho-tau levels

showed a trend to increase. Thus, cdk5 inhibitors may not be effective in targeting tau phosphorylation in the elderly.
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Introduction

Alzheimer’s disease (AD) is characterized by the intracellular ac-
cumulation of hyperphosphorylated tau into tangles and the ex-
tracellular accumulation of amyloid 8 (AB) peptide into amyloid
plaques. Tau is a microtubule binding protein that stabilizes and
promotes microtubule polymerization (Pelech, 1995; Michaelis
et al,, 2002). The phosphorylation state of tau changes during
development and adulthood, and the appearance of aberrantly
phosphorylated sites correlates with disease status. Phosphoryla-
tion status is therefore carefully balanced by the activity of mul-
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tiple protein kinases and phosphatases. Cyclin dependent kinase
5 (cdk5) and glycogen synthase kinase 33 (GSK383) have been
identified as prime candidates for pathogenesis (Planel et al.,
2002; Drewes, 2004) because they both generate disease-
associated phospho-epitopes on tau, and they colocalize with fil-
amentous tau aggregates in the brains of patients (Imahori and
Uchida, 1997; Shelton and Johnson, 2004) and in a transgenic
mouse model of tauopathy (Imahori and Uchida, 1997; Ishizawa
etal., 2003). cdk5 and GSK3 also regulate AB production in vivo
(Phiel et al., 2003; Cruz et al., 2006). There is a high degree of
redundancy between the two kinases, and several of the phos-
phorylation sites on targets overlap, thus the relative activity of
each in terms of amyloid precursor protein (APP) processing and
tau phosphorylation is still unclear.

Independent studies suggest a strong correlation between
cdk5 activity and neuregulin receptor pathways (Fu etal., 2001; Li
etal., 2003). Neuregulin-1 (NRG-1) is part of a family of growth
factors that include glial growth factor, heregulin, and neu differ-
entiation factor (Carraway and Burden, 1995). NRG receptors
(ErbB) are required for the myelination process (Chen et al.,
2006; Lemke, 2006), and both the level of NRG-1 and the activity
of its receptor are very high during myelination in the first neo-
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natal week (Willem et al., 2006). It is then dramatically down-
regulated in the adult nervous system (Kerber et al., 2003). Cdk5
activity upregulates the neuregulin/ErbB pathway by phosphor-
ylating T871 in ErbB2 and/or S1120 in ErbB3 (Li et al., 2003).
Phosphorylation of ErbB2/3 appears to serve as a priming event
required for additional activation of the receptor by its corre-
sponding ligands, and it thereby regulates downstream pathways
such as phosphatidylinositol 3-kinase (PI3K) activity and acetyl-
choline receptor expression (Fu et al., 2001).

Our studies show that cdk5 can negatively regulate GSK3/3
activity through neuregulin/ErbB signaling. A generation cor-
relates with enhanced cdks5 activity, whereas tau phosphorylation
status overall correlates with GSK3 3 activity. Pharmacological
inhibition of cdk5 decreased A production, but, in young mice,
it led to release of GSK inhibition and increased phosphoryla-
tion of tau. In old mice, AB was still reduced, but phospho-tau
levels were not significantly changed. Thus, in the elderly, cdk5
inhibitors may not be as effective as GSK3 8 inhibitors for target-
ing both pathways, and this may have implications for AD
patients.

Materials and Methods

Animals. p25 mice (Ahlijanian et al., 2000) were generated from hemizy-
gous, cryopreserved stock mice supplied by The Jackson Laboratory (Bar
Harbor, ME), bred to homozygosity. Mice were used at 4 or 5 d [birth-
date set as postnatal day 0 (P0)], 3 months, or 12 months of age. Controls
were age- and strain-matched (FVB) animals. Nontransgenic (Ntg) mice
(24-28 months of age) used for the inhibitor study were Swiss-Webster.
All animals were maintained and killed according to National Institutes
of Health and Institutional Animal Care and Use Committee guidelines.

Immunoblot analysis. All mice were killed by cervical dislocation, and
brains were immediately removed, dissected, and kept on dry ice. Hemi-
brains were weighed and homogenized without thawing in 5X radioim-
munoprecipitation (RIPA) buffer (50 mm Tris-HCI, pH 7.4, 1% NP-40,
0.25% Na-deoxycholate, 150 mm NaCl, 1 mm EDTA, 1 mm PMSF, 1 mm
Na;VO,, 1 mm NaF, and 10 ul/ml protease inhibitor mix). Samples were
either centrifuged for 10 min at 20,000 X g at 4°C, supernatant was
quickly diluted with loading buffer, or quickly frozen on dry ice for
storage. The supernatant or direct homogenate were diluted 1:10 in O+
buffer [62.5 mm Tris-HCl, pH 6.8, 10% (w/v) glycerol, 5%
2-mercaptoethanol, 2.3% SDS, 1 mm EGTA, 1 mm EDTA, 1 mm PMSF, 1
mM Na;VO,, 1 mm NaF, and 10 ul/ml protease inhibitor mix] and incu-
bate at 85°C for 10 min. Depending on the antibody used, 5-20 ug of
protein were analyzed with SDS-PAGE. Extraction and immunoblotting
was performed as described previously (Noble et al., 2003), with appro-
priate primary and secondary antibody dilutions. Data shown represent
two mice from each group.

Kinase activity assay. GSK3, cdk5, and extracellular signal-regulated
kinase (ERK)/mitogen-activated protein kinase (MAPK) activity assays
were performed as described (Planel et al., 2001). Briefly, dissected cor-
tices were homogenized in 5X w/v of modified RIPA buffer [50 mm
Tris-HCI, pH 7.4, 1% NP-40, 0.25% Na-deoxycholate, 150 mm NaCl, 1
mM EDTA, 1 mm PMSF, 1 mm Na;VO,, I mm NaF, and 10 ul/ml protease
inhibitor cocktail P8340 (Sigma, St. Louis, MO)] and centrifuged at
20,000 X g for 30 min at 4°C. Kinases from brain extracts were immu-
noprecipitated for 1 h at 4°C with complexes of Dynabeads (M 280 sheep
anti-rabbit or anti-mouse IgG; Invitrogen, Carlsbad, CA) and GSK33
(610201; BD Transduction Laboratories, San Jose, CA), ERK/MAPK
(9102, p44/42 MAPK; Cell Signaling Technology, Danvers, MA), or cdk5
antibodies (C-8; Santa Cruz Biotechnology, Santa Cruz, CA) prepared
according to the instructions of the manufacturer. Assays with immuno-
precipitated kinases were conducted in the presence of 200 um ATP, with
100 pg/ml recombinant tau as the substrate (P2717; Invitrogen). Kinase
activities were assessed by Western blotting and quantification of tau
phosphorylation with phospho-tau-specific antibodies [Tau (pS199) or
(pS404); Invitrogen].

CP-681301 and CI-1033 treatment of mice. CP-681301 (Pfizer, Groton,
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CT) was administered by subcutaneous injection at 5.8 mg/kg. Older
animals were injected on 2 consecutive days, 24 h apart. Neonatal p25
mice were administered a single dose and killed 6 h later. Administration
of the drug in older animals was noted to lead to slight hypothermia,
which has been shown to result in hyperphosphorylation of tau (Planel et
al,, 2007). All mice were therefore kept at 37°C for 30 min before they
were killed, and rectal temperature was monitored at the time of death.
All mice were 37 * 1.5°C. Animals were killed 3 h after last injection and
dissected as described previously. CI-1033 (Pfizer) was administered by
subcutaneous injection at 40 mg/kg. Neonatal mice were administered a
single dose and killed 4 h later. All mice were kept at 37°C for 30 min
before death.

Tissue culture and CI-1033 treatment. SH-SY5Y cells were grown in
DMEM supplemented with 10% fetal bovine serum and appropriate
antibiotics (Invitrogen) in a 5% CO, humidified incubator at 37°C. Me-
dium was replenished every 3 d. Cells were placed in serum-free medium
12 h before treatment. CI-1033 at the indicated concentration was added
to the culture 2 h before epidermal growth factor (EGF) treatment. EGF
at 100 ng/ml or vehicle was added 10 min before collecting the cells.

ABELISA. Soluble murine AB,_,,and AB,_,, from aregion including
cortex and hippocampus was assessed using antibodies AB,_,, (JRF/
cAB40) and AB,_,, (JRF/cAPB42/26) for capture and JRF/ABN-25 (hu-
man) JRF/rAB1-15/2 for detection (Dr. Sonia Jung, Centocor R & D Inc.,
Radnor, PA), as described previously (Schmidt et al., 2005a,b). Several
sets of mice (n = 6—12 per group) were assessed for each experiment.

Statistical analysis. Statistical analysis was performed with a two-tailed
ttest or correlation test (see Fig. 1). All data presented are means * SEM.
All arbitrary units were converted to the percentage value of the control
or vehicle-treated value. Asterisks indicate statistically significant differ-
ences: *p < 0.05 and **p < 0.01.

Antibodies. Anti-cdk5 (C-8), anti-p35/25 (C-19), anti-pErbB (Tyr
1056-R; sc-33040-R), anti-ErbB4 (sc-71070), anti-ErbB2 (3B5; sc-
33684), and anti-Neuregulin-1 (sc-28916) were purchased from Santa
Cruz Biotechnology. Anti-human AB,_,, (6E10), anti-AB,,_,, (4G8),
and anti-soluble APPB (sAPPf) were from Signet Laboratories (Ded-
ham, MA). Anti-B-actin (AC-74) and anti-B-tubulin were purchased
from Sigma. The monoclonal antibody against 3-site APP-cleaving en-
zyme 1 (BACE1) (3D5) was a kind gift from Dr. R. Vassar (Northwestern
University, Chicago, IL). Monoclonal antibodies C/1.61 (full length and
C83/C99) and M3.2 (sAPPa) were a kind gift from Dr. P. Mathews
(Nathan Kline Institute, Orangeburg, NY). Anti-GSK38 (Ser9), anti-
ErbB2 (Tyr877), anti-Akt, anti-Akt (Ser473), anti-Akt (Thr308), anti-
ERK 1/2, anti-ERK (Thr202/Tyr204), and anti-PI3Kp55 (Tyr199) were
purchased from Cell Signaling Technology. Anti-GSK38 monoclonal
antibody was from BD Transduction Laboratories. Tau antibodies
PHEF-1 (pS396/pS404), CP13 (pS202), and MC6 (pS235) were kind gifts
from Dr. Peter Davis (Albert Einstein University, Bronx, NY). Tau-1
(dephosphorylated tau) was from Millipore (Billerica, MA). Polyclonal
anti-total tau antibody was purchased from DakoCytomation (Glostrup,
Denmark). Anti-Tau pS422, Tau pS199, Tau pT231, Tau pS404, and Tau
pS422 were from Invitrogen. Monoclonal anti-tau AT8 (pS202/pT205)
and AT270 (pT181) were purchased from Pierce (Rockford, IL).

Results
cdk5 activation by p25 overexpression inhibits GSK3 in
young mice
Overexpression of p25 in the transgenic mice was confirmed by
immunoblotting (Fig. 1A). Enhanced activity of cdk5 attribut-
able to elevation of p25 in the transgenic mice was assessed after
immunoprecipitation of the kinase from cortical extracts (sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). Interestingly, a significant reduction in cdk5 protein
level ( p < 0.05) was observed in p25 mice attributable to auto-
phosphorylation of p35, which signals ubiquitination/degrada-
tion (Patrick et al., 1998; Hisanaga and Saito, 2003) of the kinase,
thus shortening the turnover time. Autophosphorylation of p35
was observed as a shift in the mobility of p35 in p25 mice.

GSK3 activity is regulated by phosphorylation at serine 9 (S9)
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of GSK3B (S21 of GSK3a) or Tyr 216 A
(Wang et al., 1994). Phosphorylation at S9
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GSK3B phosphorylated at $9in Ntg (n =7)  Figure 1. p25/cdk5 activation inhibits GSK3/3 through the NRG receptor pathway. A, Representative immunoblots of cdks,

and p25 (n = 7) mice (Fig. 1A), The level of
GSK3B-S9 was quantified and normalized
to total GSK3p levels. There was a signifi-
cant increase in S9 phosphorylation in p25
mice (142.2 *= 16.2) compared with Ntg
mice (100.0 * 10.4; p < 0.05) (Fig. 1 A). To
further assess the activation status of
GSK3p in vitro and in vivo, we examined
GSK3p kinase activity in vitro after immu-
noprecipitation of the kinase from Ntg and p25 cortical extracts.
A significant reduction in GSK3f3 activity was observed in p25
mice (36.5 * 11.8) compared with Ntg mice (100.0 = 17.7; p <
0.05). To confirm that GSK3 activity is inhibited in vivo, we
examined the level of one of its substrates, B-catenin, and its
phosphorylation status. B-Catenin is a key downstream effector
of the Wnt signaling pathway (Cadigan and Nusse, 1997), and
GSK3p destabilizes B-catenin by phosphorylating sites S33, S37,
and T41 (Yost et al., 1996), thus promoting its degradation. The
level of B-catenin was significantly enhanced in p25 mice
(129.3 £ 8.5) compared with Ntg (100.0 = 1.8) mice ( p < 0.01),
whereas the phosphorylation at S33/37/T41 relative to total
B-catenin levels was significantly reduced in p25 mice (52.8 =
7.4) compared with Ntg mice (100.0 * 17.9; p < 0.05), support-
ing our observations that GSK3 S activity is reduced in these mice.

P25 overexpression activates PI3K/Akt pathway in vivo

There is no evidence suggesting that GSK33 is a direct substrate
for cdk5. The best known GSK3 inhibiting kinase is Akt, which
phosphorylates GSK3 3 at S9 (Krasilnikov, 2000). Akt is activated
by phosphorylation at S473 or T308 by 3-phosphoinositide-
dependent kinase-1 (PDK1). Furthermore, PDK1 activity is de-
pendent on the level of phosphatidylinositol (3,4,5)-
trisphosphate, which is the key product of PI3K and
phosphatidylinositol (3,4,5)-bisphosphate (Alessi et al., 1997).
PI3K/Akt pathway activation was monitored in p25 mice (Fig.
1B). The levels of Akt, active Akt, and active PI3K were deter-
mined by immunoblot analysis with specific antibodies against
total Akt, phospho-Akt (S473), and active PI3K (p55 subunit
pY199). The level of Akt protein was comparable in Ntg and p25
mice, whereas the active forms of Akt (Ntg, 100 * 15.0 vs p25,
151.0 = 12.6; n = 7 and n = 6, respectively) and PI3K (Ntg, 100 *
7.4 vs p25, 147.1 * 20.1; n = 7 and n = 6, respectively) were
significantly increased in p25 mice ( p < 0.01) (Fig. 1 B)

Enhanced GSK3B-S9 phosphorylation correlates with
increased ErbB2 activation in p25 mice

PI3K plays a pivotal role in many cellular signaling systems, and
several extracellular signals have been reported to activate the
PI3K pathway (Franke et al., 1997; Garcia et al., 2006). In previ-
ous reports, cdk5 was shown to phosphorylate the neuregulin

p35/p25, pGSK3 3-S9, GSK3 B, B-catenin, and p3-catenin on brain extracts from Ntg (n = 7) and p25 (n = 7) mice at postnatal
day 4. pGSK3 B-S9 levels normalized to GSK3 3 total protein were significantly increased in p25 mice compared with Ntg mice
(p < 0.01). Four different sets of animals were examined with similar results; the most representative set is shown. p25 mice
showed significantly increased levels of 3-catenin and significantly decreased levels of the GSK3 3 target p3-catenin. B, Rep-
resentative immunoblots showing levels of neuregulin signaling components, pAkt-S473, Akt, pP13K—Y199 (p55 subunit), and
pErbB2-Y877. B-Tubulin was used for loading control; there was a significant increase of pAkt—S473 ( p < 0.05), pPI3K-Y199
(p < 0.05), and pErbB2-Y877( p << 0.05) in p25 mice compared with Ntg mice. €, Correlation analysis of pErbB2 and
pGSK33—S9in Ntg and p25 mice showed a significant correlation between pErbB2—Y877 and pGSK33—S9 ( p < 0.01).

receptor ErbB at ErbB2-T871 or ErbB3-S1120 and activate the
downstream PI3K pathway (Li et al., 2003). Phosphorylation at
these sites facilitates autophosphorylation of the receptor at mul-
tiple sites including Y877, which was the site used to monitor
activation status. The activation status of ErbB2 was examined,
and asignificant increase in pErbB2 was observed in p25 (147.1 =
20.1; n = 6) compared with Ntg mice (100.0 = 7.4;n = 7; p <
0.01) (Fig. 1B). To examine the correlation between GSK33-S9
phosphorylation and ErbB2 activation, results for GSK33-S9
versus pErbB2-Y877 were plotted (Fig. 1C). A high degree of
correlation was observed between pGSK3$3-S9 and pErbB2-
Y877 ( p < 0.01). The robust phosphorylation of neuregulin sig-
naling components at their activation sites and the significant
correlation with GSK33-S9 levels indicates that neuregulin re-
ceptor activation is a key intermediate step that connects en-
hanced cdk5 activity with GSK3 inhibition.

Inhibition of ErbB signaling attenuates PI3K/Akt pathway
and GSK3p inhibition in vitro and in vivo

To confirm that ErbB receptor signaling mediates the inhibitory
phosphorylation of GSK3p, we examined the effects of a potent
and clinically relative pan-ErbB irreversible inhibitor, CI-1033
(Smaill et al., 2000; Flaherty and Brose, 2006). To enhance ErbB-
mediated signaling in SH-SY5Y cells, the neuregulin family ago-
nist EGF was applied. CI-1033 was then added at doses ranging
from 10 to 1000 nM. As expected, there was a significant increase
in Akt phosphorylation as well as pGSK38—S9 in the presence of
EGF but with no or low dose (10 nm) CI-1033 (Fig. 2A). CI-1033
was, however, very effective at abolishing the effects of EGF at 100
nM and higher concentration (Fig. 2A). We then examined the
effects of CI-1033 in the neonatal mice. In Ntg mice, subdermal
injection of CI-1033 (40 mg/kg) for 4 h induced significant re-
duction of pAkt-S473 (vehicle, n = 5, 100.0 = 6.3 vs CI-1033,
n = 4,80.2 = 2.8; p < 0.05) and reduced phosphorylation of
GSK3B-S9 (vehicle, n = 5,100.0 = 3.4 vs CI-1033,n = 4,78.7 =
5.3;p <0.01) (Fig. 2 B). Furthermore, CI-1033 treatment blocked
Akt phosphorylation and GSK3 inhibitory phosphorylation in
p25 mice (Fig. 2C). These data confirm that neuregulin/ErbB
signaling regulates Akt pathway activation and GSK3 inhibition
both in vitro and in vivo.
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hibition of GSK3f, leading to no net
change in phosphorylation status (Fig. 4 A).
In the second group, pS235 (MC6) (Ntg,
n =7,100.0 = 4.6 vs p25,n = 6, 128.2 =
4.0; p < 0.01) and pS202/pT205 (AT8)
(Ntg, n = 7, 100.0 = 6.1 vs p25, n = 6,
131.3 = 6.9; p < 0.01) showed significantly
increased levels of phosphorylation (Fig.
4 B). These sites respond positively to cdk5
activity, although it could not be deter-
mined whether cdk5 acted directly on these
sites or indirectly through modulation of
other phosphorylating agents. In the third
group, phosphorylation at pS199 was sig-
nificantly reduced (Ntg, n = 7, 100.0 = 6.1
vs p25,n = 6, 131.3 £ 6.9; p < 0.01) (Fig.
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Inhibition of ErbB receptor activation reverses GSK3 B inhibition in vitro and in vivo. A, Representative blots showing

rylated at specific sites. We found signifi-
cantly increased Taul epitope in the p25
mice, consistent with a general reduction in
tau phosphorylation (Ntg, n = 7, 100.0 =
5.4 vs p25, 1 = 6, 118.5 = 3.4; p < 0.05).
The total tau antibody recognizes tau inde-
pendent of phosphorylation status at the N
terminus. It recognized two distinct bands,
a 56 kDa tau band and a 60 kDa hyperphos-
phorylated tau band. Showing a mobility
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the dose—response effects of the ErbB inhibitor CI-1033 in blocking EGF-induced activity of ErbB in SH-SY5Y cells. EGF-induced
phosphorylation of the inhibitory S9 site on GSK3 3 and the activation site S473 on Akt. Administration of CI-1033 reversed the
effects of EGF at doses above 10 nm. B, Representative blots showing the effect of CI-1033 (1) compared with vehicle (V) in
nontransgenic mice. , Representative blots showing that p25 overexpression increased the level of pGSK3 3—59 and pAkt—S473
levels in 5-d-old mice (Ntg/Veh vs p25/Veh) and the ErbB inhibitor CI-1033 reversed the effects. Quantitative analysis of densi-

shift in tau using a phosphorylation-
independent total tau antibody is a strong
indicator of tau hyperphosphorylation
(Morishima-Kawashima et al., 1995). In
P25 mice, the prominent tau band at 56

tometry data are shown on the right.

Reduced NRG receptor activation and PI3K signaling
pathway in cdk5-deficient mice

To further confirm the role of cdk5 in GSK3f inhibition, com-
ponents of the signaling pathway were examined in cdk5-
deficient (KO) mice. GSK3 B and Akt levels were similar between
Ntg and cdk5 " KO mice. However, reduction of the Akt/PI3K
signaling pathway was shown by reduced levels of pGSK38-S9,
pAkt—S473, and pPI3K-Y199 (Fig. 3). This is consistent with
previous reports for mice with cdk5 or p35 deficiency (Hallows et
al., 2003; Li et al., 2003). Furthermore, we found a reduction in
ErbB2 receptor phosphorylation (pY877) at the activation site in
cdk5~/~ KO mice compared with Ntg mice.

Phosphorylation status of tau in p25 mice

One mutual substrate for GSK33 and cdkS5 is tau protein. Because
the young p25 transgenic mice have enhanced cdk5 activity but
reduced GSK3p activity, they are an ideal system in which to
analyze the differential effect of cdk5 and GSK3 on tau phos-
phorylation in vivo. The site-specific phosphorylation of tau was
assessed with eight different antibodies that cover most of the
sites recognized by cdk5 or GSK3 from in vitro studies (Ishiguro
et al., 1991; Illenberger et al., 1998; Reynolds et al., 2000). The
data were assigned to three groups (Fig. 4). In the first group,
pS231, pTI81 (AT270), pS202 (CP13), and pS396/pS404
(PHF-1) showed no significant difference between Ntg and p25
mice. These sites are recognized by both cdk5 and GSK3p, and
the activation of cdk5 appears to be compensated for by the in-

kDa did not change significantly, but the

high mobility phospho-tau band was sig-
nificantly reduced (Ntg, n = 7, 100.0 = 7.9 vs p25,n = 6,71.2 =
2.0; p < 0.01) compared with Ntg mice (Fig. 4A) (supplemental
Fig. 2, available at WWW.
jneurosci.org as supplemental material). On overexposed blots,
the reduced intensity of the hyperphosphorylated band was also
observed with several other phosphorylation-dependent anti-
bodies with increased exposure time (data not shown). These
results were consistent with the Taul signal that demonstrates
that p25 mice have significantly lower levels of phosphorylated
tau than Ntg mice. GSK3p inhibition therefore appears to play a
dominant role in reducing the overall phosphorylation level of
tau, at least in neonatal p25 mice. These results are consistent
with a previous publication that reported negative effects of cdk5
activation on tau phosphorylation in different p25 mice at a
young age (Plattner et al., 2006).

Enhanced B-site APP processing and Af3 production in

P25 mice

GSK3 (Rockenstein et al., 2007) and GSK3« (Phiel et al., 2003)
have both been shown to play a role in the amyloidogenic path-
way, and cdk5 has been shown to increase A3 production in an
inducible p25 mouse (Cruz et al., 2006). APP processing and A3
production were therefore examined in the young p25 mice. APP
is cleaved by B-secretase (BACE) to produce C99 (also known as
B-CTF) from the carboxy terminal fragment (CTF), and a se-
creted fragment, sAPP, is released into the extracellular space.
APP can also be cleaved by a-secretase to produce C83 (also
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Figure3.  Analysis of ErbB receptor and PI3K/Akt pathway in cdkS5-deficient mice. Represen-
tative immunoblots showing GSK3 3, pGSK33—-59, Akt, pAkt—Ser473, pPI3K—Y199 (p55 sub-
unit), and pErbB2-Y877 in brain extracts from fetal WT and cdk5-deficient (KO) mice. pGSK 33—
S9, pAkt—Serd73, pP13K—Y199, and pErbB2-Y877 levels were all reduced in the cdk5 KO mice.

cdkd

known as a-CTF) and sAPPa, which precludes B-processing.
Three different sets of animals were examined (n > 6 in each
experimental group) with similar results. There was a signifi-
cantly greater level of C99 and sAPP3 (Ntg, n = 6, 100.0 = 13.5vs
P25, 215.7 * 30.8; p < 0.01), as well as increased BACEI levels
(Ntg, n =6, 100.0 = 18.2 vs p25, n = 5, 200.5 = 31.6; p < 0.05)
in the p25 mice compared with Ntg mice (Fig. 5A). In three
different sets of mice, we noticed a trend for increased sAPP«
(data not shown) and C83, but the increase was not statistically
significant for either fragment in any set of mice. Consistent with
enhanced 3 processing in p25 mice, there was a significant in-
crease in murine A3 production in p25 mice compared with Ntg
mice (Fig. 5B). AB,_4, was significantly higher in all sets of p25
mice ( p < 0.05). AB,_4, was more variable at this developmental
stage in the three sets of animals. However, the mean level of
AB,_4owas higher than in Ntg mice for all three groups ( p <0.1),
but only the group with the largest number of animals (n = 12 for
Ntg mice and n = 10 for p25 mice) showed a statistically signifi-
cant difference ( p < 0.05) (Fig. 5B).

Effect of p25 overexpression in adult mice
To assess whether the interplay between GSK3 and cdk5 con-
tinued beyond the neonatal period, the status of S9 phosphory-
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Figure4. Phosphorylation of tau in p25 mice. A, Representative immunoblots for total tau

and tau pS231, pT181 (AT270), pS202 (CP13), and pS396/5404 (PHF-1). The level of phosphor-
ylation at these sites did not change significantly between Ntg and p25 mice as they are tar-
geted by both cdk5 and GSK3 3. B, Representative immunoblots for pS235 (MC6) ( p << 0.01)
and pS202/pT205 (AT8) ( p < 0.01). Phosphorylation at these sites was significantly increased,
and they are thus considered primarily cdk5 responsive. €, Representative immunoblots for
pS199 and TauT (dephosphorylated tau). Phosphorylation at the pS199 site was significantly
decreased ( p << 0.01), and it is thus considered GSK3 3 responsive. Results with Tau1 showed
that, overall, tau in p25 mice was dephosphorylated compared with tau in Ntg mice.

lation, the activation status of Akt/PI3K, and phospho-tau levels
were examined in p25 and wild-type (WT) mice at 3 months of
age (Fig. 6A,B) and at 12 months of age (supplemental Fig. 3,
available at www.jneurosci.org as supplemental material). At 3
months of age, the level of pGSK3-S9 was diminished com-
pared with the neonatal mice (Fig. 6C), but it was still elevated
(Ntg, n = 6,100.0 = 17.4 vs p25, n = 5, 160 =+ 17.8; p < 0.05)
compared with the Ntg controls, suggesting that GSK33 was still
inhibited at this age. pErbB2-Y877, pAkt—S473, and pPI3K-Y199
were all elevated in p25 mice compared with Ntg mice, but the
data did not reach statistical significance, suggesting that pro-
longed expression of p25, or aging, diminished the effect of cdk5
on ErbB-mediated signaling. Phosphorylated tau epitopes in-
cluding S396/404, S199, and Taul (overall phospho-tau) were
not significantly different between p25 and Ntg mice (Fig. 6 B),
suggesting that tau phosphorylation was balanced by the activity
of GSK3p, cdk5, and possibly other kinases or phosphatases at
this age. Phosphorylation at the S199 site showed a trend to de-
crease but did not reach statistical significance. Although cdk5 is
still overactive in the p25 mice at 3 and 12 months of age (Ahli-
janian et al., 2000 and data not shown), the cdk5-responsive site
5235 was undetectable at 3 and 12 months of age. At 12 months of
age, pGSK3B-S9 and pAkt—S473 (supplemental Fig. 3, available
at www.jneurosci.org as supplemental material) and phospho-
tau levels (data not shown) showed no significant change be-
tween Ntg and p25 mice.

Pharmacological inhibition of cdk5 prevents GSK33-S9
phosphorylation, increases phospho-tau, but reduces A3
production in p25 mice

To test whether the effect of p25-mediated enhanced cdk5 activ-
ity on the GSK3f and PI3K pathways could be reversed by cdk5
inhibition, we administered a specific cdk5 inhibitor, CP-681301
(Pfizer). Three groups of neonatal mice were examined: Ntg mice
treated with vehicle (n = 7), p25 mice treated with vehicle (n =
7), and p25 mice treated with CP-681301 (n = 6). As expected,
CP-681301 treatment reduced the level of tau phosphorylated at
the cdk5-responsive site S235 (recognized by MC6) (Fig. 7A).
Interestingly, it also reversed the inhibition of GSK3 activity as
shown by reduced phosphorylation at the S9 site (Fig. 7A,B).
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Figure5.  Effect of p25/cdks activation on APP processing and A3 production in vivo. A, APP processing and A production  Phosphorylation status of tau (three of six

were examined in Ntg and p25 mice. In p25 mice, there was a significant increase in BACE levels ( p << 0.05), accompanied by
significantly increased 3 processing indicated by enhanced sAPPB ( p << 0.01) and increased level of APP (99 (B-CTF). FL, Full
length. B, ELISA analysis of soluble A3 levels in Ntg and p25 mice. There was a significantincrease in A3, and A3, in p25 mice

compared with Ntg mice.
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Figure 6.  Effect of p25/cdk5 activation on GSK33 regulation and tau phosphorylation in

adult mice. A, Representative blots and statistical analysis showing GSK33, GSK33—59, and
ErbB signaling components including pAktS473, total Akt, pPI3KY199, pErbB2Y877, and p35/
p25in Ntg (n = 5) and p25 (n = 6) mice at 3 months of age. B, Representative blots showing
phospho-tau at sites pS396/pS404 (PHF-1), pS199, dephosphorylated tau (Tau1), total tau, and
actin levels (loading control). Although there was a trend to decrease for $199, overall levels of
tau phosphorylation level indicated by Tau1 showed no change at this age. €, Comparison
between the GSK3 3-59 levels for 5-d-old and 3-month-old mice (3 mice each shown). Inhib-
itory phosphorylation at the S9 site was significantly reduced in 3-month-old mice.

This release of inhibition correlated with an increase in phospho-
tau pS199 in drug-treated mice relative to vehicle-treated con-
trols. Overall, CP-681301 administration correlated with in-
creased tau phosphorylation as indicated by the increased signal
of the high-molecular-weight tau band in the total tau immuno-
blots (Fig. 7A, B) and decreased levels of dephosphorylated tau
(Taul). As expected, p25 overexpression led to an increase in A3
production and inhibition of cdk5 reversed these effects (supple-
mental Table 1, available at www.jneurosci.org as supplemental
material).

Pharmacological inhibition of cdk5 in aged, nontransgenic
mice reduced A production but not phosphorylated tau
Elderly patients may be candidates for kinase inhibitor therapeu-
tics to target amyloid and/or tangle biogenic pathways. We there-
fore examined the effect of the cdk5 inhibitor on phospho-tau
levels and APP processing in aged, Ntg mice. Plattner et al. (2006)
reported that, in contrast to young mice, very old p25 had signif-
icantly increased GSK3f3 activity, leading to tau hyperphospho-
rylation at GSK3 relevant sites that could be reduced through
administration of the GSK3 inhibitor lithium. However, admin-

mice) or slightly increased phosphorylation
of tau (three of six mice, especially pS199).
Interestingly, the level of pGSK33-S9 was
significantly decreased in CP-treated mice
relative to vehicle-treated controls, similar
to that seen in younger mice, suggesting that reduced cdk5 activ-
ity results in increased GSK3 activity at this age (Fig. 8A). Similar
to mice at younger ages, inhibition of cdk5 led to a highly signif-
icant reduction of A peptides (Fig. 8 B). These data suggest that,
although inhibition of cdk5 is very effective at reducing A levels,
cdk5 does not target tau effectively, and inhibition may even be
detrimental as it enhances GSK3 activity over and above what
has been reported in Ntg aged mice (Plattner et al., 2006).

Discussion

We have shown that p25-mediated enhanced activity of cdk5
inhibits GSK3p in neonatal mice by phosphorylation at the S9
site. Our data suggests that one way that inhibitory phosphoryla-
tion of GSK3B can be mediated is by phosphorylation of the
neuregulin receptor ErbB at its activation site, leading to conse-
quent activation of the PI3K/Akt pathway. Because young p25
mice have both overactive cdk5 and inhibited GSK33, we were
able to show that, of the two, cdk5 is the predominant kinase that
regulates APP processing, whereas GSK3f3 is the predominant
kinase regulating tau phosphorylation. Inhibition of cdk5 had a
significant effect on AB production in old, nontransgenic mice,
but it had little effect on tau phosphorylation status, suggesting
that cdk5 inhibitors may not effectively target both pathways in
AD.

Despite having significantly enhanced cdk5 activity, GSK3/3
was inhibited in young p25 mice. Assessment of the phosphory-
lation status of tau in neonatal mice identified sites that were
hyperphosphorylated, unchanged, or hypophosphorylated, but,
importantly, the net result of the interplay between phosphory-
lation modulators was that tau was dephosphorylated overall (in-
dicated by increased Taul signal and reduced levels of high mo-
bility, hyperphosphorylated tau). Thus, it is important to
examine several sites when considering the impact of phosphor-
ylation modulators. We also examined p25 mice at 3 and 12
months of age. By 3 months of age, pGSK33-S9 levels were sig-
nificantly reduced compared with neonatal levels, but the levels
were still higher than those in Ntg animals at a similar age, sug-
gesting some level of GSK3 3 inhibition remained. The reduction
in inhibitory phosphorylation most likely reflects the age-
associated increase in GSK3 3 activity that has been reported pre-
viously in aged mice (Plattner et al., 2006). At the ages studied, no
significant difference in tau phosphorylation status was detected
between p25 and Ntg mice at the sites of interest.

In the young mice, the potent cdk5 inhibitor CP-681301 at-
tenuated pathways that phosphorylate GSK3f at the S9 site and
thereby increased its activity, leading to increased total tau phos-
phorylation overall, as indicated by reduced dephosphorylated



2630 - J. Neurosci., March 5, 2008 - 28(10):2624 -2632

A Ntg p25 p25 B GSK3IBSIIGSKIP
Veh Veh CP 1 '_"_|
pGSK3p 50
S9 — — —— )
GSKIP e e
Ngiveh  p25iVeh  p2sICP
PS199 - s — ps199
. N |_*_,
PS235 g Se— »
3 2.
Total L
Tau | ——
NtgiVeh p2siveh p25SICP
Tau1 Taid
7 |_"_| ,_h_l
Actin ;
p35 o
p25 .00 Ntg/Veh 25/Veh 25/CP
Figure7.  Effect of cdk5 inhibitor CP-681301 on GSK3 3 regulation and tau phosphorylation

in neonatal p25 mice. A, Representative blots showing the effect of CP-681301 on GSK33,
GSK3 359, and tau phosphorylated at sites pS199 and pS235, relative to total tau, and dephos-
phorylated tau (Tau1) in neonatal Ntg mice treated with vehicle (Ntg/Veh; n = 7), p25 mice
treated with vehicle (p25/Veh; n = 7), and p25 mice treated with CP-681301 (p25/CP; n = 6).
Actin was used as a loading control for this study. B, Statistical analysis of GSK3 3—S9 phosphor-
ylation, pS199, and total dephosphorylated tau (Tau1) in Ntg mice treated with vehicle (Ntg/
Veh), p25 mice treated with vehicle (p25/Veh), and p25 mice treated with cdk5 inhibitor CP-
681301 (p25/CP). The cdk5 inhibitor reversed the effects of overactive cdk5 in the p25 mice,
leading to reduced inhibitory phosphorylation of GSK3 3 and increased phosphorylation of tau
at relevant sites.
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Figure8. Effectof cdk5inhibitor CP-681301 on GSK3 Bregulation, tau phosphorylation, and

A production in vivo in aged mice. A, Representative blots showing the effect of (P-681301
treatment on GSK33, GSK33-59, dephosphorylated tau (Tau1), phosphorylated tau at sites
pS199 and pS235, and actin in Ntg mice treated with vehicle (Veh; n = 6) or with CP-681301
(CP;n = 6). B, Analysis of soluble A3,_ ,oand A3, _ ,, levelsin Ntg mice treated with vehicle or
with cdk5 inhibitor CP-681301. Mice used in this study were between 24 and 28 months of age.

tau (Taul) levels and enhanced higher-molecular-weight tau.
Aged, nontransgenic mice administered the cdk5 inhibitor also
showed a decrease in S9 inhibition and, for some epitopes such as
S199, showed a trend to increase, although overall there no sig-
nificant change in phospho-tau levels.
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A previous study (Noble et al., 2003) has shown that, consis-
tent with our data, tau was not hyperphosphorylated in ~12-
month-old p25 mice compared with Ntg littermates, but it was
hyperphosphorylated in littermates coexpressing mutant, hu-
man tau (P301L) and p25 compared with tau-only littermates. In
the bigenic p25/tau mice, the formation of aggregated tau was
accelerated by the p25-mediated activation of cdk5. Because the
interplay between kinases and phosphatases may be altered in the
diseased brain and because their activity toward tau may be dif-
ferent when it is in a pathological state, it will be interesting to
determine whether the effect of a cdk5 inhibitor will be different
when administered to mice with plaque and/or tangle pathology
compared with normal, aged mice.

Data from an inducible p25 mouse show that increased cdk5
activity correlated with enhanced BACE protein expression, in-
creased B-site APP processing, and increased A production in
adult mice (Cruz et al., 2006). We have shown that p25/cdk5
activation leads to increased APP processing and production of
A peptides in our mouse model and, importantly, that these
effects occur in mice in which GSK3p is inhibited and tau is
hypophosphorylated. The effect of cdk5 on APP processing was
very robust because A production was significantly increased in
neonatal p25 mice as well as in adult p25 mice. It was also fully
reversible through administration of a cdk5 inhibitor to both p25
mice and aged nontransgenic mice.

In the p25 transgenic mice, induction of cdk5 activity by p25
overexpression was accompanied by phosphorylation of the ErbB
receptor and PI3K/Akt at their activation sites, which is consis-
tent with activation of the neuregulin signaling pathway. Activa-
tion of Akt was consistent with increased GSK3B-S9 phosphor-
ylation and reduced GSK3p activity. Conversely, inhibition of
cdk5 enhanced GSK3p activity by facilitating the dephosphory-
lation of S9. Our results are consistent with previous studies
showing that c¢dk5 is involved in the neuregulin-mediated regu-
lation of neuromuscular junction development (Li et al., 2003)
and that cdk5 can phosphorylate ErbB2/3 to activate the PI3K/
Akt pathway (Fuetal., 2001). Neuregulin levels and the activity of
the receptor peak in neonatal mice, but they greatly reduced after
maturation of the nervous system (Carraway and Burden, 1995).
This is consistent with our data showing that, relative to Ntg mice
at the same age, neonatal p25 mice had the highest level of
GSK3B-S9 phosphorylation, 3-month-old p25 mice had dimin-
ished GSK38-S9 phosphorylation, and aged mice (12 months
old) showed no significant difference between p25 and Ntg mice.

The effect of cdk5 activity on components of the neuregulin
signaling pathway was confirmed in cdk5-deficient mouse em-
bryos, in which a reduced level of regulating phosphorylation for
ErbB/PI3K/Akt and GSK3[ was observed compared with WT
controls. Our findings confirm and extend data from similar,
low-level expressing young p25 mice (Plattner et al., 2006) that
cdk5 negatively regulates GSK3p activity in vivo. However, neu-
regulin signaling is unlikely to be the only pathway involved,
because published data has shown that GSK33 coimmunopre-
cipitated with cdk5, the catalytic protein phosphatase 2A (PP2A)
subunit PP2Ac, and the scaffolding/regulatory PP2A subunit
PR65/A in similar p25 mice (Plattner et al., 2006), implying a
functional association of these molecules and implicating PP2A
as a mediator of the signal between cdk5 and GSK3 3. Other data
also implicated phosphatases in the cdk5-GSK3f interaction
(Morfini et al., 2004). Although cdk5 clearly initiates the effects
seen on APP processing and tau phosphorylation in the p25 mice,
it is possible that kinases other than GSK3f are also involved,
either directly or indirectly, in mediating the outcome. One ki-
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nase that is also regulated by PI3K/Akt/GSK3f3 signaling is ERK.
Phosphorylated ERK-T202/Y204 levels were increased in the
neonatal p25 mice (supplemental Fig. 1, available at www.
jneurosci.org as supplemental material), but, although there was
trend to increase, significantly increased ERK activity was not
observed. Regulation is also likely to change with aging because
the negative impact of p25 on GSK3p activity was significantly
reduced in both sets of aged p25 mice.

Our observations in neonatal mice support observations from
fetal mice that cdk5 has a protective role to play in development,
because it inhibits apoptosis by activation of the PI3K/Akt path-
way and promotes cell survival pathways in vivo (Li et al., 2003).
Other studies suggest that short-term exposure to elevated p25
can be beneficial as transient p25 expression has also been shown
to improve synaptic dendritic spine formation (Fischer et al.,
2005). However, prolonged p25 expression in the same inducible
mouse causes neurodegeneration and cognitive deficit (Fischer et
al,, 2005). Regulation of ErbB/neuregulin signaling by p25/cdk5
has implications other than in degeneration, tau phosphoryla-
tion, or APP processing. Several studies have implicated aberrant
neuregulin signaling in schizophrenia. NRG-1 has been identi-
fied as a strong susceptibility candidate gene linked to schizo-
phrenia (Lachman et al., 2006; Norton et al., 2006), and the
NRG-1 receptor (ErbB4) and the substrate Akt have been identi-
fied as weak susceptibility candidate genes (Straub and Wein-
berger, 2006). Biochemical studies suggest that neuregulin sig-
naling is enhanced in postmortem schizophrenia patients,
leading to suppressed NMDA receptor function (Hahn et al,,
2006; Norton et al., 2006). Given that the cdk5 inhibitor CP-
681301 leads to reduced ErbB/neuregulin signaling in our mice,
pharmacological inhibition of cdk5 may have therapeutic impli-
cations for other diseases in which the neuregulin pathway has
been implicated, such as schizophrenia.

In general, the p25 mouse serves as a model system in which
we can distinguish the effect of GSK3 and cdk5 activity on two
pathways of potential significance in AD pathogenesis, aberrant
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tau phosphorylation, and APP processing (Fig. 9). Overall, our
results suggest that a complex interplay between phosphorylating
agents occurs in vivo, and the dynamics can change at different
stages of development or maturity. The effect on important,
disease-implicated substrates such as tau and APP can therefore
be unpredictable and care should be taken when assessing the
utility of inhibitor treatments for neurodegenerative diseases.
The identification of ErbB/neuregulin signaling as a mediator of
the interplay between cdk5 and GSK3p is of relevance to devel-
opment as well as to pathogenic processes leading to neurodegen-
erative disease and possibly neuropsychiatric disorders.
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