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Abstract—Oxidative stress has been demonstrated to produce modifications in several intracellular proteins that lead to

alterations in their activities. Alzheimer’s disease is related to an increase of oxidative stress markers, which may be an

early event in the progression of the disease and neurofibrillary tangles formation. Abnormal phosphorylation of H has
been implicated in the etiopathogenesis of Alzheimer’s disease. By using phospho-specific antibodies, we analyzed the
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changes in H phosphorylation patterns after treatment of rat hippocampal and SHSY5Y human neuroblastoma cells with

H2O2. We found that H isoforms were hypophosphorylated at the Tau1 epitope after 2 h in the presence of H2O2. The

decrease in the phosphorylation levels of H protein were prevented by pretreatment with N-acetyl-L-cysteine. These

changes were shown to depend on the activity of the cdk5/p35 complex, since a 3-fold increase in substrate

phosphorylation and a 2-fold increase for the complex association were observed. Also, a decrease in the amount of

inhibitor-2 bound to phosphatase PP1 was found in SHSY5Y cells under oxidative stress conditions. This decrease of

inhibitor-2 bound to PP1 is due to an increased phosphorylation of the inhibitor-2 protein, thus leading to increased PP1

activity. Therefore, we propose that oxidative stress-induced activation of cdk5 leads to inhibitor-2 phosphorylation,

relieving its inhibitory effect on PP1. 

Keywords—Tau phosphorylation, Oxidative stress, Cyclin-dependent kinase 5, Protein phosphatase 1, Hydrogen

peroxide, Alzheimer’s disease, Free radicals
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INTRODUCTION nal adducts at early stages of the pathology [8]. Hydr
peroxide (H2O2) is particularly toxic because it is consid-

tive stress is a major pathological aspect in several ered to be a relatively stable compound among free radical
neurodegenerative conditions such as stroke [1], spinal
 species that can diffuse freely inside cells [9]. It can be

cord injury [2], multiple sclerosis [3], amyotrophic lateral

sclerosis [4], Parkinson’s disease [5], frontotemporal

dementia [6], and Alzheimer’s disease (AD) [7]. Oxida-

tive stress results from the generation of reactive oxygen

species (ROS) by the electron transport chain in the

mitochondrion or another enzymatic system such as

NADPH oxidase. AD is an aging-related pathology that

is characterized by the presence of oxidative stress

markers such as 8-hydroxyguanosine and hydroxynone-
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224.; E-mail: rmaccion@uchile.cl.

1393
detected in the rat brain at micromolar concentrations after

ischemia/reperfusion [10]. Once inside the cell, it reacts

with Fe2+ to give rise, via the Fenton reaction, to the

highly reactive hydroxyl radical [11].

AD is characterized by the accumulation of senile

plaques largely composed of the Ah peptide within the

neocortex. This deposition has been implicated in neu-

ronal death and is related to oxidative stress. Also, the

abnormal accumulation of the aberrantly phosphorylated

microtubule-associated protein H is another feature of the

disease. Many efforts have been made to establish clear

and univocal relationships between these two patholog-

ical hallmarks. In this regard, it has been indicated that
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Ah can produce an increase in oxidative stress [7,12–

18], and it has been reported that Ah induces an increase

in H phosphorylation, indicating that Ah neurotoxicity

is mediated by H modifications [19–22]. These effects

of Ah are overcome by inhibiting two proline-directed

protein kinases, namely gsk3 and cdk5. Thus, Ah
neurotoxicity is diminished in neuronal cells incubated

with butyrolactone I or cdk5 antisense oligonucleotides

[21,22] and with lithium chloride [23]. On the other

hand, the role of phosphatases in the regulation of H
phosphorylation patterns has been focused on PP1,

PP2A, and PP2B (calcineurin). It has been shown that

cdk5 is involved in the phosphorylation of the inhibitor-

2 (I-2) of phosphatase PP1 at Thr72, leading to its

dissociation from the phosphatase and ultimately to its

activation [24]. Despite some controversial results re-

garding the effect of oxidative stress on the phosphory-

lation levels of H protein [25–27], it is clear that H
phosphorylation can be modified in response to such

cellular insults. In this report, we describe the decrease

of H phosphorylation due to H2O2 being paralleled by an

increase in the phosphorylation of I-2 and PP1 activity,

most likely due to decreased association of I-2 to the

enzyme. These changes depend on an increase in the

cdk5 activity. Thus, at early stages of the oxidative stress

exposure of neuronal cells, cdk5 could promote H
dephosphorylation of H at the Tau1 epitope by activating

PP1.

MATERIALS AND METHODS

Cell cultures

Hippocampal neuronal cell cultures were prepared

from E18.5 rat embryos [28]. Briefly, hippocampi were

dissected and then put into 0.25% trypsin-EDTA for 15

min at 37jC. After trypsin treatment, the tissue was

washed with HBSS solution (Gibco BRL, Grand Island,

NY, USA) and then disaggregated using a fire-polished

Pasteur pipette. Neurons were plated on poly-L-lysine-

coated coverslips at 5000 cells/cm2 for immunofluores-

cence experiments and 15,000 cells/cm2 for Western

blot analyses. Cultures were maintained in 10% horse

serum for 3 h after plating, when the culture medium

was replaced with medium containing the N2 supple-

ment (Gibco BRL) [29]. Cells were maintained in

culture for 5 days, and the N2 medium was replaced

every 48 h. Human neuroblastoma SHSY5Y cells were

cultured in DMEM/10% FBS. Prior to the experiments

with H2O2, the medium was replaced with DMEM

without serum.

H2O2 treatment

H2O2 (Sigma Chemical Co., St. Louis, MO, USA)

previously diluted with sterile PBS was added to cell
cultures at 100 AM in serum-free medium containing

an N2 supplement. Also, antioxidant treatments with

N-acetyl-L-cysteine (NAC) were performed 30 min

before the addition of H2O2 to prevent oxidative stress.

All the treatments were done on neurons cultured dur-

ing the 5 days. All reagents were prepared freshly

before use.

Viability assays

Primary hippocampal neurons were seeded into 96-

well culture plates coated with poly-lysine at 100 Ag/
ml. Different concentrations of H2O2, NAC, or a

combination of both were added to the cells. MTT

was added to all wells and further incubated overnight

at room temperature in the dark [21]. The day after,

neurons were lysed and absorbance at 590 nm was

determined using a Metertech E960 spectrophotometer

(Metertech Inc., Nankang, Taipei, Taiwan). MTT assays

were performed in triplicate. Also, neuronal viability

was assayed with the Mito-Capture kit (Calbiochem,

San Diego, CA, USA) following the manufacturer’s

instructions.

Immunoblots

Neurons were homogenized in RIPA buffer [50 mM

Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA, 1% NP40,

0.5% sodium deoxycholate, 0.1% SDS, 100 Ag/ml

PMSF, 2 Ag/ml aprotinin, 2 AM leupeptin, and 1 Ag/ml

pepstatin] and the protein concentration was determined

by the Bradford analysis [30]. Equal aliquots of each

sample were separated in 12% PAGE-SDS gels [31].

After transfer to nitrocellulose membranes, samples were

blocked in 5% nonfat dry milk and incubated with

primary antibodies for 2 h at room temperature or

overnight at 4jC. After three washing steps with PBS,

membranes were incubated with peroxidase-conjugated

secondary antibodies (Sigma Chemical Co.). Finally,

detection was performed using a chemiluminescence

system (Amersham, Arlington Heights, IL, USA) and

samples were analyzed in a Molecular Imager FX (Bio-

Rad, Richmond, CA, USA). We used the following

primary antibodies: AT8, which recognizes phosphory-

lated epitopes Ser202 and Thr205 on H protein; Tau1,

which recognizes the same unphosphorylated epitopes of

H ; PHF1, which recognizes phosphorylated epitopes

Ser396 and Thr404; and Tau5, which recognizes an inde-

pendent phosphorylation epitope on H protein. The

antibody against Michael’s adducts of 4-hydroxynone-

nal-L-lysine was purchased from Calbiochem. Monoclo-

nal anti-cdk5 and polyclonal anti-p35 antibodies were

obtained from Santa Cruz Biotechnology (Santa Cruz,

CA, USA) and used according to the manufacturer’s

instructions. Monoclonal antibodies generated from hu-
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man PP1 a and I-2 were purchased from BD Transduc-

tion Laboratories (San Jose, CA, USA).

Immunofluorescence

Cell cultures were fixed in 4% paraformaldehyde/4%

sucrose for 15 min at 37jC. Subsequently, fixation

samples were permeabilized with 0.2% Triton X-100 at

room temperature for 5 min. Samples were then washed

three times in PBS and blocked with 5% BSA for 1 h at

room temperature. Primary antibodies were diluted in 1%

BSA, 0.1% Triton X-100, and incubated in a humid

chamber for 2 h at room temperature or overnight at 4jC.
After washing three times with PBS, preparations were

incubated with fluorescein or rhodamine-conjugated sec-

ondary antibodies (Sigma Chemical Co.) for 1 h at room

temperature. Finally, samples were washed with PBS and

mounted with Prolong mounting media (Molecular

Probes, Eugene, OR, USA). Images were acquired with

a Zeiss LSM confocal microscope, model META (Carl

Zeiss, Göttingen, Germany).

Immunoprecipitation and cdk5 activity assays

Primary cultured neurons were plated at 5 � 105 cells/

cm2 on polylysine-coated 60 mm dishes. After treat-

ments, cells were lysed in RIPA buffer; 100 Ag of total

protein extract were used for immunoprecipitation with

an anti-cdk5 antibody (C8 antibody; Santa Cruz Bio-

technology) at a final dilution of 1:100. Then, the

antigen-antibody complex was captured with either aga-

rose-protein A for polyclonal antibodies or agarose-

protein G for monoclonal antibodies. For in vitro kinase

assays, the immunoprecipitates were rinsed three times

with RIPA buffer and once with kinase buffer (50 mM

Hepes, 10 mM MgCl2, 5 mM MnCl2, and 1 mM DTT).

The rinsed agarose beads were incubated with kinase

buffer containing 2.5 Ag histone H1 plus 5 ACi [g-32P]
ATP, in a final volume of 30 Al, for 30 min at 30jC.
After incubation, the samples were analyzed by SDS-

PAGE and autoradiography with a Molecular Imager FX

(Bio-Rad).

In vitro phosphatase assay

To analyze PP1 activity, the enzyme was immunopre-

cipitated from both control and H2O2-treated SHSY5Y

cells. Immunopurified PP1 was washed with phosphatase

buffer containing 37.5 mM HCl-Tris (pH 7.5), 0.1 mM

EDTA, 5 mM 2-mercaptoethanol, 0.01% Tween 20, 1

mM PMSF, and 1 Ag/ml each of aprotinin, leupeptin, and

pepstatin protease inhibitors. The enzyme was then

mixed with 50 Ag/ml of purified H from bovine brain

in a final volume of 30 Al for 1 h at 30jC. The reaction

was stopped by adding 4X Laemmli buffer and the

samples were then analyzed for H phosphorylation in

the AT8 epitope.
Metabolic labeling of I-2 protein

SHSY5Y cells were incubated for 2 h with DMEM

medium without phosphate, and then 200 ACi/ml of

aqueous radiolabeled [32P]-phosphate was added. After

1 h, 100 AM H2O2 was added to cells, while control cells

were incubated with vehicle. Later on, the cells were

collected for I-2 immunoprecipitation, separated by SDS-

PAGE, and analyzed for 32PO4 incorporation through a

Molecular Imager FX (Bio-Rad).

RESULTS

Oxidative stress in hippocampal neurons and SHSY5Y

cells

In the first set of experiments, we assessed the effect

of oxidative stress induced by H2O2. For this purpose, we

initially determined the number of live neurons after

treatment with different concentrations of H2O2. We

analyzed hippocampal neuronal viability for H2O2 con-

centrations ranging from 0 to 500 AM. At 100 AM H2O2,

84% of the cells were viable (Fig. 1B). Even at higher

concentrations up to 500 AM, over 75% of the neurons

were viable. For all subsequent experiments, we set the

H2O2 concentration at 100 AM. To confirm that H2O2

treatment was not deleterious in our system, we analyzed

cell viability by using the Mito-Capture assay. As indi-

cated in Fig. 1A, there were no variations between

control and treated cells. Finally, to confirm that oxida-

tive stress response produced after H2O2 treatment leads

to protein modifications implicated in the oxidative stress

pathways, we determined the formation of 4-hydroxyno-

nenal (4-HNE) adducts, a canonical post-translational

modification of proteins after oxidative stress insults

[32]. Thus, by using indirect immunofluorescence, we

verified that hippocampal cells under oxidative stress

showed an increase of 4-HNE adducts, particularly in

those regions corresponding to the axon and minor

processes (Fig. 1C). Taken together, these results indicate

that the effects mediated by H2O2 indeed involve oxida-

tive stress pathways. On the other hand, the concentra-

tion of H2O2 used was not deleterious for neuronal

survival at working concentrations after 2 h of treatment.

To discard the possibility that these effects were due to

alterations in glial cells contaminating at our primary

hippocampal cultures, we estimated the number of glial

cells in our culture system. Using GFAP staining, we

estimated that glial cells represented less than 5% of the

total cell population (data not shown).

Tau phosphorylation is modified by oxidative stress in

hippocampal cells

Oxidative stress has been related to the onset of AD

[7], and one of the pathological hallmarks for AD is the



Fig. 1. Viability of hippocampal cells under oxidative stress conditions. (A) No differences in hippocampal neurons viability after
treatment with H2O2 were evident, as assessed by the Mito-Capture assay. (B) The percentage of live hippocampal cells after treatment
with different H2O2 concentrations, as assessed by the MTT assay. Based on these data, the working concentration for the subsequent
experiments was set at 100 AM. (C) Immunofluorescence of 4-HNE adduct formation with e-lysines in hippocampal cells treated with
100 AM H2O2 and the untreated controls (magnification �40 in A and C).
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accumulation of the abnormally hyperphosphorylated

microtubule-associated protein H . Previous findings from
our laboratory indicated that Ah peptide induced an

imbalance in the amount of phosphorylated H due to a

deregulation of the cdk5/p35 complex [22]. Also, Ah
effects have been related to an increase in the oxidative

stress response of neuronal cells [7,12–18]. Therefore,

by using phosphospecific antibodies, we analyzed the

relative amounts of phosphorylated and unphosphory-

lated H epitopes AT8, PHF1, and Tau1 following H2O2

treatment. As indicated in Fig. 2A, hippocampal cells

treated with 100 AM H2O2 exhibited a decrease in the

amount of phosphorylated H variants, as given by AT8

antibody. Consistent with this finding, a decrease in the

PHF1 epitope was also verified (Fig. 2A). Concomitantly

with these results, an increase in the amount of species

recognized by Tau1 antibody, which reacts with unphos-

phorylated H epitopes, was evidenced (Fig. 2A). These

variations in the relative abundance of phosphorylated H
isoforms were not due to differences in the amount of

total protein, since protein extracts incubated with the

Tau5 were equivalent in all cases (Fig. 2A). Tau5

antibody recognizes conformational epitopes on total H
protein in a phosphorylation-independent way. These

data were also confirmed in fixed neurons through

indirect immunofluorescence. Thus, a decrease in the

amount of phosphorylated H forms was verified in H2O2-

treated neurons, as given by AT8 antibody (Fig. 2B). In

the same manner, an increase of unphosphorylated forms

of H protein was detected in H2O2-treated cells, as given
by Tau1 antibody (Fig. 2B). No variations between

control and treated cells were found with Tau5 (Fig.

2B) or by actin immunostaining of these cells (data not

shown). Interestingly, the overall appearance of neurons

seemed unchanged after H2O2 treatment. Altogether,

these results indicate that H2O2 treatment produces a

decrease in the phosphorylation levels of H protein at

epitopes that have been shown to be dependent on cdk5

activity.

Cdk5 activity is increased in neurons subjected to

oxidative stress

Since AT8 and Tau1 recognize epitopes dependent

on proline-directed protein kinases, a good candidate to

assess such responses was the cdk5/p35 complex. We

first analyzed the total levels of the kinase in protein

extracts derived from control and H2O2-treated neurons.

The levels of the protein kinase were unaltered in

response to oxidative stress stimuli. Furthermore, the

presence of the antioxidant NAC did not alter the total

protein levels of cdk5 (Fig. 3A). Loading was verified

by using actin as an internal control (Fig. 3A). We then

estimated the amount of the kinase in the different

experimental conditions and we found no variations

between control and treated groups (Fig. 3B). As

indicated above, our findings dealing with the levels

of phosphorylated H suggested that the activity of the

cdk5/p35 complex could be decreased. Thus, we de-

cided to analyze cdk5 activity in vitro. Surprisingly,

immunoprecipitated cdk5 after H2O2 treatment was



Fig. 2. Oxidative stress decreases H phosphorylation. (A) Western blots of hippocampal neurons treated with 100 AM H2O2, showing
that H2O2 induces a decrease in the phosphorylated forms of H protein. AT8 (first panel), PHF-1 (second panel), and Tau1 (third panel)
antibodies are phosphoepitope-specific antibodies used to detect either phosphorylated or unphosphorylated H , respectively. Tau5 (fourth
panel) recognizes total H isoforms in a phosphorylation-independent manner. (B) Immunofluorescence of hippocampal neurons treated
with 100 AM H2O2 reproduce the results obtained in the Western blot analyses. Thus, a decrease in AT8 (upper panel) staining
concomitant with an increase in Tau1 (middle panel) staining is verified in hippocampal cells. In control experiments, no changes in
Tau5 (lower panel) staining were detected.
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found to be more active as shown by the phosphory-

lation of histone-1 (Fig. 3C). The activation of the

kinase occurred even 1 h after H2O2 treatment (Fig.

3C). The presence of NAC again was able to prevent

the cdk5 activation (Fig. 3C). We estimated the in-

crease of cdk5 activity to be 3.5-fold compared to

untreated controls (Fig. 3D). Since cdk5 activity

depends on neurospecific activators binding, we then

analyzed the expression profile of the neurospecific

cdk5 activator p35. Overall, p35 and p25 protein levels

were unchanged in neurons treated with H2O2, NAC,

or both compounds (Fig. 3E). As in the previous

experiments, actin was used as a loading control. The

fact that we could not detect changes in the overall

amount of p35 gave rise to the possibility that varia-

tions in the activity of the kinase was indeed due to

changes in the affinity of the activator for the kinase

after H2O2 treatment. To test this hypothesis, we

performed cdk5 immunoprecipitation after H2O2 incu-

bation, and then we estimated the amount of p35

bound to cdk5, leading to an active complex. Interest-

ingly, an increase in the amount of p35 bound to cdk5

was verified in the H2O2 condition (Fig. 3F). This

result suggests that H2O2 treatment induced an increase
in the activity of cdk5 that depended on differential

p35 binding to the enzyme.

Cdk5 activity is involved in the PP1-dependent

dephosphorylation of s

To evaluate the dependence of cdk5 activity on the

response to oxidative stress in neural cells, we performed

combined treatments of H2O2 and roscovitine, an inhib-

itor of cdk5. Hippocampal cells under this oxidative

stress stimulus showed an increase in the unphosphory-

lated H species at the Tau1 epitope (Figs. 2A and 4A).

When hippocampal cells were exposed to H2O2 in

combination with roscovitine, a decrease in the unphos-

phorylated forms of H protein was observed, as given by

Tau1 staining. These results suggest that, under these

particular oxidative stress conditions, cdk5 might be

mediating H dephosphorylation rather than increasing H
phosphorylation (Fig. 4A). Quantification by densitomet-

ric analyses confirmed the Western blot data (Fig. 4C, p

< 0.05). A possible explanation for this behavior might

be that cdk5 plays a role in the control of a protein

phosphatase activity responsible for H dephosphorylation

at the Tau1 epitope. To further examine this possibility,

we combined treatment with H2O2 and 1 AM okadaic



Fig. 3. Oxidative stress increases cdk5 activity. (A) Cdk5 protein levels were not modified in the presence of H2O2 or after the addition
of H2O2 plus NAC, as assessed by Western blot analysis. Actin was used to normalize samples loading. (B) Densitometric analyses
showing no significant variation in the overall levels of the kinase. (C) Cdk5 activity assay, using histone H1 as substrate, showed an
increase in enzyme activity after 2 h of treatment with H2O2. The effect was further verified by autoradiography at shorter time intervals
(1 h, lower panel). Also, the effect on cdk5 activity was reversed by adding NAC, as analyzed by autoradiography (upper panel). (D)
Densitometric analyses showing a 3-fold induction in the cdk5 activity after H2O2 treatment (n = 4, p < 0.05). (E) p35 and p25 overall
levels in neurons treated with H2O2. There were no variations in the amount of both p35 and p25 levels in control and treated cells. Also,
treatment with H2O2 plus antioxidant NAC did not modify endogenous cdk5 activator levels. (F) Graph showing a variation in the
amount of p35 bound to immunoprecipitated cdk5. Statistical analyses indicating that p35 binding to cdk5 is significantly increased after
H2O2 treatment (n = 4, p < 0.05).
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acid, an inhibitor of protein phosphatases PP1 and PP2A.

Interestingly, okadaic acid treatment was able to reverse

H2O2-induced dephosphorylation (Fig. 4B). Also, incu-

bation of cells with 5 nM okadaic acid, a concentration

described to be specific for PP2A inhibition, failed to

reverse H dephosphorylation, suggesting that PP1 could

be the phosphatase responsible for H dephosphorylation.

Moreover, analogous treatment with cyclosporine A, a

calcineurin inhibitor, did not affect H dephosphorylation

at the Tau1 epitope induced by H2O2 (Fig. 4B). These
data indicate that H dephosphorylation may be mediated

by PP1 rather than PP2A and PP2B. Again, quantitative

densitometric analyses clearly revealed the okadaic acid

effects in reversing H dephosphorylation at the Tau1

epitope (Fig. 4C).

It has been previously reported that cdk5 could be

involved in the phosphorylation of the PP1 I-2, resulting

in the loss of a negative regulation of the phosphatase

due to dissociation of the inhibitor [24]. To confirm this

possibility, we immunoprecipitated PP1 from human



Fig. 5. I-2/PP1 complex was dissociated under oxidative stress stimuli.
(A) Immunoprecipitated PP1 pellets were analyzed for the presence of
either pulled-down I-2 or dephosphorylation at the Tau1 epitope. A
time-dependent decrease in the I-2 association to PP1 was observed in
neuronal cells treated with H2O2 (first panel). Concomitant with this, a
time-dependent increase of dephosphorylated Tau1 epitope associated
to PP1 was found (second panel). The increase of dephosphorylated H
(recognized by Tau1) associated with PP1 was paralleled by a decrease
in the soluble fraction of dephosphorylated H (third panel). As a control
for the amount of PP1, Western blots using an antibody against catalytic
subunit revealed no changes in the PP1 levels (fourth panel). (B)
Quantitative analyses revealed that, after 2 h of H2O2 addition, there
was a 3-fold reduction in the association of I-2 to PP1.

Fig. 4. Cdk5 and PP1 inhibitors prevent H dephosphorylation. (A) Tau
dephosphorylation induced by oxidative stress is reversed in the
presence of the cdk5 inhibitor roscovitine. (B) Tau dephosphorylation
induced by oxidative stress is also reversed in the presence of okadaic
acid, an inhibitor of protein phosphatase PP1. On the other hand, the
calcineurin inhibitor cyclosporine A did not reverse H dephosphory-
lation. (C) Quantitative analyses indicating the significant increase of
Tau1 staining in H2O2-treated neurons, and the reversion of the effect
with both cdk5 and PP1 inhibitors ( p < 0.05). Details are given in
Materials and Methods.
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SHSY5Y cells treated with H2O2 at different time

intervals. Subsequently, we analyzed the amount of the

I-2 pulled down by PP1 (Fig. 5). Notably, we found a

significant decrease in the amount of I-2 associated with

PP1 after H2O2 treatments. The time-dependent decrease

occurred after 15 min of H2O2 treatment and continued

for at least 2 h. Concomitant with a loss of PP1

inhibition, we verified an increase in the dephosphory-

lated forms of H associated with the immunoprecipitated

pellets containing PP1, as given by the Tau1 epitope

antibody (Fig. 5A, Tau-1 P) and a decrease in the soluble

forms of dephosphorylated H (Fig. 5A, Tau-1 S). All the

stated effects were verified without any substantial

change in the PP1 levels (Fig. 5A). These results clearly

suggest that PP1 activation in response to oxidative stress

is most likely to depend on the release of I-2 from the I-2/
PP1 complex. Quantitative analyses showed a 3-fold

decrease in the amount of I-2 associated with PP1 after

2 h of H2O2 treatment (Fig. 5B).

To substantiate that activation of cdk5 after H2O2

treatment was paralleled by changes in the phosphory-

lation of I-2 and the increase in PP1 activity, we

performed metabolic labeling experiments and an in

vitro PP1 phosphatase assay. Fig. 6A shows that immu-

noprecipitated PP1 from H2O2-treated cells was more

active, as given by a decrease in the phosphorylated H
at the AT8 epitope in an in vitro phosphatase assay.

Concomitantly, this decrease of phosphorylated H at the

AT8 epitope was shown to be significant (n = 3, p <

0.05). An increase in PP1 activity should be paralleled

by an increase in I-2 phosphorylation, leading to

dissociation of the I-2/PP1 complex. Therefore, we

estimated the changes in metabolic labeling of I-2 after

H2O2 treatment. As shown in Fig. 6B, I-2 incorporated

more 32PO4 after H2O2 treatment, strengthening the idea

that changes in the phosphorylation state of I-2 could be

related to increased PP1 activity. Again, these results

were confirmed to be significant when quantified (n =

4, p < 0.05). Altogether, these experiments clearly

suggest that, after the addition of H2O2, cdk5 is

activated and the activity of PP1 is increased. Thereaf-



Fig. 6. In vitro phosphatase activity of PP1 and metabolic labeling of
I-2 with 32PO4 in SHSY5Y cells treated with H2O2. (A) In vitro
phosphatase activity was performed by incubating immunopurified
PP1 enzyme from both control and H2O2-soluble protein extracts.
After immunopurification, the enzyme was mixed with pure H protein
derived from bovine brain, and the amount of phosphorylated H at the
AT8 epitope was determined (more details are given in Materials and
Methods). The assay indicates that H2O2 treatment results in an
increase in the activity of PP1 derived from cells, as evidenced by a
decrease in AT8 labeling (left panel). Quantitative analyses showed
the ratio between H phosphorylated at the AT8 epitope and total H
levels, confirming Western blot results (n = 3, p < 0.05) (right panel).
(B) Metabolic labeling of I-2 after H2O2 treatment, showing an
increase in the amount of 32PO4 incorporation to I-2 after oxidative
stress stimuli. The difference was not due to changes in the protein
overall levels (left panel). Quantitative analyses showed the ratio
between [32P] I-2 and total I-2, confirming an increase in the
metabolic labeling of I-2 after H2O2 treatment (n = 4, p < 0.05) (right
panel).
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ter, the active phosphatase should be responsible for H
dephosphorylation at the Tau1 epitope.

DISCUSSION

In this study, we showed that neuronal oxidative stress

induced by the addition of H2O2 produced a decrease in

microtubule-associated protein H phosphorylation at the

AT8 and PHF1 epitopes. Oxidative stress induced by

H2O2 also increased the amount of 4-HNE-modified

proteins. The phosphorylation decrease in H protein is

most likely to be produced by an increased activity of

PP1 triggered by the dissociation of its I-2. Cdk5 is a

member of cyclin-dependent kinases that, among other

activities, phosphorylates H protein under Ah stimulus in

residues that are found abnormally phosphorylated in AD

[21,22]. In our biological model, we observed an increase

in the activity of cdk5 in neurons treated with H2O2 but a

decrease in the phosphorylation of H. Since no major

changes were observed in p35 levels, we determined that

the increase of cdk5 activity was produced by an increase

in the amount of p35 bound to the enzyme. Alternatively,

it might be possible that another activator could be
participating in cdk5 activation [22]. According to the

present data, the mechanism implicated in such a de-

phosphorylation considers an initial phosphorylation of

the PP1 I-2. After its phosphorylation, the I-2 would be

released from the complex, and PP1 could be then

responsible for H dephosphorylation.

Oxidative stress phenomena have been related to the

onset of several neurodegenerative disorders including

amyotrophic lateral sclerosis (ALS) [4], Parkinson’s

disease [33], and AD [7,34]. The effects of such oxida-

tive damage can be evaluated in terms of modifications in

proteins, lipids, and nucleic acids. It has been shown that,

in ALS, the heavy neurofilament subunit is modified

with 4-HNE [35]. Similarly, in AD, H protein can be

modified by 4-HNE in vitro [32] and in AD-derived

brain sections [36]. Oxidative stress can be produced in

AD by the extracellular deposition of Ah peptide [19]. In

previous findings by our laboratory, we demonstrated

that Ah peptide also induced a deregulation of the cdk5/

p35 complex in cell cultures [22]. Increased H phosphor-

ylation at the AT8 epitope was verified in those cells, and

this response was inhibited by using pharmacological

inhibition of the kinase with butyrolactone I or roscovi-

tine [21]. Furthermore, we have recently described a

cdk5 imbalance in a transgenic model that overexpress

AhPP [37]. Many efforts have been made to analyze the

relationships between the amyloid pathway and H phos-

phorylation. In this respect, it has been proposed that the

Ah effect on neurons could be elicited by triggering

oxidative stress responses [12,38] in vitro and in vivo

[39,40]. However, other stimuli leading to an increase of

the oxidative stress responses have seeded controversy in

the H phosphorylation issue. Thus, H2O2 has been

described to produce a decrease in H phosphorylation

in primary cortical neurons [41].

In this study, we have implicated some of the kinase

and phosphatase systems responsible for the decreased H
phosphorylation. The increase of unphosphorylated H
isoforms is most likely to depend on cdk5, since AT8

and Tau1 antibodies recognize mainly phosphoepitopes

on H that depend on kinases belonging to the proline-

directed protein kinase family, and this decrease of

phosphorylated H species recognized by the aforemen-

tioned antibodies was not dependent on the activity of

gsk3h levels [41].

These changes have also been described for neurons

treated with excitotoxic levels of glutamate [42–44] and

under other conditions, such as ischemia [45,46]. More-

over, a decrease of Alzheimer’s-type H phosphorylation

was detected in hippocampal cells suffering another

oxidative insult, namely iron overload [47]. The fact that

different oxidative stress treatments lead to opposite

results on H phosphorylation suggests that differences

could be related to certain variations in the intracellular
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levels of second messengers. Thus, dephosphorylation of

H protein could indicate an initial response of cells

against oxidative insults. In oligodendrocytes, it has been

demonstrated that H is dephosphorylated in response to in

vivo oxidative insults such as stroke and head injury in

humans [48] and rodents [49]. Tau protein in its dephos-

phorylated forms binds more efficiently to microtubules

[50] and cell membranes [51]. Interestingly, protein

phosphatase 1 can be targeted to microtubules upon

binding to H protein, suggesting that the control of H
phosphorylation by PP1 in our system might have

relevant biological effects [52]. Our results along with

previous reports suggest that an initial response of

neurons after H2O2 treatment (an acute effect) would

lead to H dephosphorylation at the AT8 epitope, due to

an increased PP1 activity through a mechanism involv-

ing phosphorylation of I-2. However, H phosphorylation

results from the balance of kinases and phosphatase

activities. Thus, later on, chronic and cumulative oxida-

tive stress conditions in combination with other factors

(i.e., amyloid h or inflammatory factors) should favor

cdk5/p35 activity on H protein that, together with other

kinases, could lead to increased H phosphorylation.

Thus, in this report we suggest a novel mechanism by

which acute treatments with H2O2 might induce H
dephosphorylation.
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ABBREVIATIONS

4-HNE—4-hydroxy-2-nonenal

I-2—protein phosphatase 1 inhibitor 2

NAC—N-acetyl-L-cysteine

PP1—protein phosphatase 1
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