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ABSTRACT

Oxidative stress induced by glutathione depletion in the mouse
HT22 neuroblastoma cell line and embryonic rat immature cor-
tical neurons causes a delayed, sustained activation of extra-
cellular signal-regulated kinase (ERK) 1/2, which is required for
cell death. This sustained activation of ERK1/2 is mediated
primarily by a selective inhibition of distinct ERK1/2-directed
phosphatases either by enhanced degradation (i.e., for mitogen-
activated protein kinase phosphatase-1) or as shown here by
reductions in enzymatic activity (i.e., for protein phosphatase type
2A). The inhibition of ERK1/2 phosphatases in HT22 cells and
immature neurons subjected to glutathione depletion results from

oxidative stress because phosphatase activity is restored in cells
treated with the antioxidant butylated hydroxyanisole. This leads
to reduced ERK1/2 activation and neuroprotection. Furthermore,
an increase in free intracellular zinc that accompanies glutathione-
induced oxidative stress in HT22 cells and immature neurons
contributes to selective inhibition of ERK1/2 phosphatase activity
and cell death. Finally, ERK1/2 also functions to maintain elevated
levels of zinc. Thus, the elevation of intracellular zinc within neu-
rons subjected to oxidative stress can trigger a robust positive
feedback loop operating through activated ERK1/2 that rapidly
sets into motion a zinc-dependent pathway of cell death.

Oxidative stress results from the accumulation of reactive
oxygen species (ROS) and is brought about by a disruption of
the physiological balance between normal oxidant production
and various antioxidant defense systems. The brain is par-
ticularly sensitive to ROS accumulation, and oxidative stress
is implicated in the pathogenesis of many chronic neurode-
generative diseases as well as acute neuronal injury such as
stroke (McCulloch and Dewar, 2001). It is noteworthy that
oxidative stress alters many metabolic and signaling path-
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ways through effects on protein redox state and indirectly
through triggering the release of intracellular stores of metal
ions such as Zn?" (Sensi and Jeng, 2004). Zn®" has been
found to be toxic to neurons in vitro (Koh and Choi, 1994),
and intracellular Zn®* accumulation plays a crucial role in
ischemic injury (Koh et al., 1996) as well as other forms of
neuronal cell death (Land and Aizenman, 2005).

Several cellular signaling pathways are activated by oxi-
dative stress in neurons, including the mitogen-activated
protein kinases (MAPKs). MAPK members, including extra-
cellular signal-regulated kinase (ERK) 1/2, Jun NH,-termi-
nal kinase (JNK)/stress-activated protein kinase, and p38
MAPK kinase families, affect a variety of neuronal cell func-
tions (Thomas and Huganir, 2004). The JNK/stress-activated
protein kinase and p38 pathways are most often associated
with neuronal cell death, whereas ERK1/2 contributes to

ABBREVIATIONS: ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase; ERK, extracellular signal-regulated kinase; JNK, Jun
NH,-terminal kinase; PI, propidium iodine; HCA, homocysteate; MEK, mitogen-activated protein kinase kinase; U0126, 1,4-diamino-2,3-dicyano-
1,4-bis(methylthio)butadiene; PP2A, protein phosphatase-type 2A; IP, immunoprecipitation; PAGE, polyacrylamide gel electrophoresis; PBST,
phosphate-buffered saline with Tween 20; BSA, bovine serum albumin; TPEN, N,N,N’,N’'-tetrakis-(2-pyridylmethyl)-ethylenediamine; AM, ace-
toxymethyl ester; MRE, metal regulatory element; DSP, dual-specificity protein phosphatase; BHA, butylated hydroxyanisole; TNF, tumor necrosis
factor; MKP, mitogen-activated protein kinase phosphatase; DTT, dithiothreitol; p, phosphorylated.
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neuroprotection and survival (Xia et al., 1995). However,
ERK1/2 has also been found to promote neuronal cell death
in several in vitro models of neurodegeneration induced by
oxidative stress (Satoh et al., 2000; Levinthal and Defranco,
2004) or Zn?" (Seo et al., 2001). In fact, pharmacological
inhibition of ERK1/2 activation in vivo reduces neuronal cell
injury in response to transient focal ischemia (Alessandrini
et al., 1999).

Glutamate-induced oxidative toxicity in the HT22 neuro-
blastoma cell line (Li et al., 1997) and primary immature
cortical neurons (Murphy et al., 1990) has provided a useful
model for studying the effects of oxidative stress on neuronal
cell death. Both HT22 cells and immature neurons lack
N-methyl-p-aspartate receptors but are depleted of glutathi-
one upon glutamate-mediated inhibition of a glutamate/cys-
tine antiporter (Murphy et al., 1990). Oxidative stress in
HT22 cells and immature neurons triggers a form of cell
death that has features of both apoptosis and necrosis (Li et
al., 1997; Tan et al., 2001).

We have reported previously that oxidative stress in HT22
cells and immature neurons causes a biphasic activation of
ERK1/2 with the delayed, sustained activation of ERK1/2
contributing to neuronal cell death (Stanciu and DeFranco,
2002; Luo and DeFranco, 2006). This sustained activation of
ERK1/2 is mediated primarily by a selective, reversible inhi-
bition of ERK1/2-directed phosphatases (Levinthal and De-
franco, 2005). In this study, we show that increased intracel-
lular accumulation of Zn?* in oxidatively stressed neuronal
cells is responsible for the selective inhibition of ERK-phos-
phatases and ensuing ERK1/2 activation and cell death. We
were surprised to find that ERK1/2 also functions to main-
tain elevated levels of Zn%". Thus, the elevation of intracel-
lular Zn?" within damaged neurons can trigger a robust
positive feedback loop operating through activated ERK1/2
that rapidly sets into motion a Zn?"-dependent pathway of
cell death.

Materials and Methods

Primary Neuron Cultures and Cell Lines. Primary neuron
cultures were prepared from the cortices of embryonic 17 Sprague-
Dawley rat fetuses (Hilltop Lab Animals, Scottsdale PA). In brief,
the cortices of embryonic 17 Sprague-Dawley rat fetuses were dis-
sected and dissociated by repeated triturating in Hanks’ balanced
salt solution (5.4 mM KCIl, 0.3 mM Na,HPO,, 0.4 mM KH,PO,, 4.2
mM NaHCOg, 137 mM NacCl, and 5.6 mM D-glucose, pH 7.4) without
Ca?" or Mg®" (Invitrogen, Carlsbad CA). The cell suspensions were
then passed through a 40-pm cell strainer (BD Biosciences, San Jose,
CA) to remove clumped cells. Cells were then counted and plated on
50 pg/ml poly-D-lysine-coated cultures plates at a density of ~1 X 10°
cells/cm?. Cell viability was assessed by the uptake of trypan blue
dye and was usually greater than 80%. Cultures were maintained for
2 to 3 days in media [Dulbecco’s modified Eagle’s medium and 10%
fetal calf serum (HyClone Laboratories, Logan UT), 10% Ham’s F-12
nutrient supplement (Sigma-Aldrich, St. Louis MO), 1.9 mM glu-
tamine, 24 mM HEPES buffer, and 4.5 mg/ml glucose] at 37°C and
5% CO,. At this time, the mixed cortical cultures are ~80% neuronal,
with ~20% glial fibrillary-associated protein-staining cells (Murphy
et al., 1990). HT22 cells were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal bovine serum, 100
units of penicillin, and 100 pg/ml streptomycin at 37°C and 5% CO.,,

Cell Viability Assay. A DNA dye propidium iodide (PI) was used
to assess cell viability. PI is excluded from healthy, intact cells and
could only gain access into cells with a compromised plasma mem-

brane. Fourteen to 16 h after being treated with homocysteate
(HCA), primary neurons were incubated for 10 min in media con-
taining a final concentration of 6.25 pug/ml PI. Cells were observed
under an inverted fluorescence microscope equipped with phase-
contrast optics (Nikon Eclipse TE200; Nikon, Melville, NY). Multiple
fields were counted for each condition in at least three independent
cultures with the total cells population of at least 500 neurons each
condition. Toxicity was assessed in 5 mM glutamate-treated HT22
cells at 12 h by using the PI staining method described above.

ERK2- and JNK3-Directed Phosphatase Activity Assay. A
nonradioactive method has been modified for determining ERK2-
and JNK3-directed phosphatase activity in cell lysates, and it is
based on detecting dephosphorylation of a purified, dual-phosphory-
lated, Hisg-tagged ERK2 or JNK3 upon incubation with the cell
lysates (Levinthal and Defranco, 2005). The alterations of ERK2 or
JNKS3 phosphatase activity within the cell lysates can be monitored
by measuring changes in the phosphorylation state of the isolated
phosphorylated ERK2 or JNK3 substrate, as shown by Western
blotting with a phospho-specific ERK1/2 or JNK antibody. In brief,
150 pg of cell lysates were diluted into a total volume of 250 ul in
phosphatase assay buffer (10 mM MgCl,, 10 mM HEPES, pH 7.5 and
10 uM U0126, a MEK inhibitor). Recombinant dual-phosphorylated
Hisg-ERK2 or Hisg-JNK3 (BIOMOL Research Laboratories, Ply-
mouth Meeting, PA) was added to each sample (30 ng/sample), and
the reactions were maintained at 37°C for 15 min where indicated.
For the in vitro Zn?* inhibition experiment, different concentrations
of ZnCl, were preincubated with cell lysates for 10 min at 37°C
before the addition of purified pERK2 substrate. After a 15-min
incubation at 37°C, reactions were stopped by the addition of 250 ul
of wash buffer (8 M urea, pH 8.6, containing 10 mM imidazole). Then,
30 ul of Ni®"-conjugated, magnetic beads (QIAGEN, Valencia CA)
was added to each reaction. After 90 min of rocking at 4°C, the
samples were washed twice with wash buffer followed by one wash in
300 mM NaCl and 25 mM Tris, pH 7.5. The beads were then sus-
pended in Laemmli sample buffer, boiled for 5 min, loaded onto a
10% polyacrylamide gel, transferred to a polyvinylidene fluoride
membrane (Millipore Corporation, Billerica, MA) and subjected to
Western blotting to detect phosphorylated ERK1/2, total ERK1/2,
phosphorylated JNK3, or total JNK3.

PP2A Phosphatase Assay. The immunoprecipitation (IP) assay
for PP2A activity was performed using procedures outlined in a
PP2A TP assay kit (Millipore Corporation). In brief, PP2A was im-
munoprecipitated from HT22 cell lysates prepared in a PP2A phos-
phatase assay lysis buffer by using a monoclonal antibody against
the C subunit of PP2A. A sample of the immunoprecipitate was
analyzed for recovery of PP2A C subunit by Western blotting. PP2A
activity in the remainder of the immunoprecipitates was measured
using a synthetic phosphopeptide substrate and a malachite green
detection system for released phosphate (Millipore Corporation). Ac-
tivity measurements expressed as picomoles of phosphate released
were normalized to total PP2A C subunit recovered within individual
immunoprecipitates.

Western Blot Analysis. Cells were treated with HCA or gluta-
mate, scraped, collected in 1X phosphate-buffered saline, and then
centrifuged at 7000 rpm for 3 min. The pellets were then disrupted
in lysis buffer (50 mM Tris-Cl, pH 7.5, 2 mM EDTA, 100 mM NaCl,
and 1% Nonidet P-40, supplemented with protease inhibitor (Pro-
tease inhibitor cocktail; Sigma-Aldrich). The solubilized lysates were
then centrifuged at 13,000 rpm for 5 min at 4°C, and supernatants
were collected for further analysis. Protein concentrations of the
extracts were determined using the Bio-Rad reagent (Bio-Rad, Her-
cules, CA). Equivalent amount of total protein (20-30 ug) were
separated by SDS-PAGE on 10% polyacrylamide gels and then trans-
ferred to polyvinylidene membranes. Membranes were blocked with
5% dry milk in phosphate-buffered saline/0.1% (v/v) Tween 20
(PBST) for 1 h at room temperature. Membranes were then incu-
bated with primary antibodies (anti-phospho-ERK1/2, anti-total
ERK1/2, anti-phospho-JNK, anti-total JNK, all from Cell Signaling



Technology (Danvers MA) overnight at 4°C with 2% BSA in PBST.
The membranes were then washed three times with PBST (10 min
each time), incubated with the appropriate horseradish peroxidase-
conjugated secondary antibody for 40 min at room temperature, and
followed by three washes with PBST. Immunoreactive bands were
then revealed by enhanced chemiluminescence (GE Healthcare,
Chalfont St. Giles, Buckinghamshire, UK) using standard X-ray film
(Carestream Health, Rochester, NY). Densitometry was performed
using a Personal Densitometer SI (GE Healthcare) linked to the
ImageQuant 5.2 software (GE Healthcare).

Intracellular Zinc Imaging. Neuronal cultures were incubated
in a 5 uM Fluozin 3-AM (Invitrogen, Carlsbad CA)-containing solu-
tion composed of HEPES-buffered saline, supplemented with 5
mg/ml BSA, for approximately 30 min. Immediately after incubation,
coverslips were submerged in a recording chamber (Warner Instru-
ments, Hamden CT) mounted on an inverted epifluorescence micro-
scope (Nikon Eclipse TE200) equipped with a 10X and a 20X objec-
tive. Minimal essential medium-HEPES-BSA was continuously
perfused through the recording chamber via a gravity-driven perfu-
sion system. Using a computer-controlled monochromator (Poly-
chrome II; TILL Photonics, Aachen, Germany) and a charge-coupled
device camera (IMAGO; TILL Photonics), images were acquired with
490-nm excitation light. Once a series of baseline fluorescence im-
ages were established, a 20 uM tetrakis-(2-pyridylmethyl)ethyl-
enediamine (TPEN) solution was perfused through the chamber to
chelate intracellular zinc and quench the fluorescent signal. The
relative fluorescence for all cells (n = 6-40) was determined by
subtracting the TPEN-quenched signal from the initial fluorescence,
and an average value was calculated for each coverslip (n = 6). Data
were analyzed and plotted using Origin 6.0 (OriginLab Corp.,
Northampton MA).

Transfection and Luciferase Assay. Transfection of HT22 cells
was performed with Lipofectamine 2000 as described previously
(Hara and Aizenman, 2004). HT22 cells were cotransfected with a
firefly luciferase-containing plasmid driven by four tandem metal
regulatory element (MRE) sequences (Hara and Aizenman, 2005)
and a constitutively expressed Renilla reniformis luciferase plasmid
(pRLTK), which serves as an internal control. Twenty-four hours
after transfection, cells were stimulated with 5 mM glutamate alone
or in the presence of 1 uM TPEN for 6 h. Cells were then incubated
overnight with the nonselective cysteine protease inhibitor bocaspar-
tyl (OMe)-fluoromethylketone (20 wM) to minimize oxidative damage
to the cells and maximize MRE-driven expression. Firefly and R.
reniformis luciferase activity were then measured using the Dual-
Glo assay system (Promega, Madison, WI).

Statistics. Comparison of two means was performed using a
paired ¢ test. Comparison of multiple mean values was performed by
analysis of variance with either Tukey’s or Bonferroni’s post hoc tests
for significance. p values <0.05 were considered to be significant. All
data were analyzed using Prism version 4.0 for Windows (GraphPad
Software, Inc., San Diego CA).

Results

ERK2-Directed Phosphatase Activity Is Inhibited
during Oxidative Toxicity in HT22 Cells and Immature
Neurons. We had previously reported that glutamate-in-
duced oxidative stress in immature neurons inhibits ERK2-
directed phosphatases resulting in sustained activation of
ERK1/2 (Levinthal and Defranco, 2005). Because HT22 cells
exhibit analogous ERK1/2-dependent oxidative toxicity, we
first set out to examine whether ERK1/2-directed phospha-
tases were inhibited by glutamate treatment in HT22 cells
analogous to previously published results in immature neu-
rons (Levinthal and Defranco, 2005). An in vitro phosphatase
assay was therefore used with whole cell lysates to dephos-
phorylate purified, dual-phosphorylated, Hisgs-tagged ERK2
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(Levinthal and Defranco, 2005). A nonspecific dual-specific-
ity protein phosphatase (DSP), A protein phosphatase, was
used as a positive control for ERK2 dephosphorylation
(Fig. 1A).

As shown in Fig. 1A, whole cell lysates prepared from
HT22 cells possess robust ERK2 phosphatase activity, which
was decreased upon a 7.5-h glutamate treatment of the cells
(Fig. 1A). All phosphatase assays reported in this manuscript
were performed after lengths of glutamate (or HCA) treat-
ment that did not lead to overt signs of cell death (e.g.,
rounding and loss of adherence) but that were sufficient to
generate oxidative stress (Levinthal and Defranco, 2005).
Quantification of four independent experiments revealed a
significant increase (p < 0.05) in the normalized levels of
phosphorylated ERK2 in HT22 cell lysates exposed to gluta-
mate for 7.5 h compared with untreated cultures (Fig. 1B).
When cells were exposed to shorter treatments with gluta-
mate (i.e., 2 and 5 h), ERK2 phosphatase activity was not
significantly affected (Fig. 1A). The length of glutamate ex-
posure that leads to inhibition of ERK2 phosphatase activity
in HT22 cells is coincident with that required for maximal
oxidative and enhanced ERK1/2 phosphorylation (Stanciu et
al., 2002).

To confirm the effect of glutamate on the inhibition of
ERK2 phosphatase activity in immature neurons, we used
the glutamate analog HCA to induce oxidative stress. HCA is
a glutamate analog that has a relatively high binding affinity
to glutamate/cysteine antiporter. Although glutamate has
been widely used to induce oxidative toxicity to immature
neurons, we and others (Ryu et al., 2003) have found that
HCA generates more reliable and reproducible toxicity and
less variation between neuronal cultures. The ERK2 phos-
phatase assay was performed with whole cell lysates pre-
pared from cultures treated with HCA for different times
(i.e., 12, 14, and 16 h). As shown in Fig. 1C, a 14- or 16-h
treatment of neurons with HCA led to the inhibition of ERK2
phosphatase activity (Fig. 1, C and D).

Phosphorylated ERK1/2 is a substrate for various phospha-
tases, including members of the protein serine/threonine phos-
phatase (PSTP) and DSP families (Farooq and Zhou, 2004). In
fact, glutamate treatment of HT22 cells and immature neurons
was recently shown to trigger the degradation of the DSP
MKP1 (Choi et al., 2006), which we confirmed in our cells (data
not shown). However, because the inhibition of ERK1/2 phos-
phatase activity in glutamate-treated immature neurons is re-
versible (Levinthal and Defranco, 2005), global degradation of
ERK1/2 phosphatases is not solely responsible for persistent
ERK1/2 activation. We therefore used IP to selectively analyze
the effects of glutamate on the activity of PP2A, a PSTP that is
one of the predominant ERK1/2 phosphatases expressed in
neurons (Levinthal and Defranco, 2005). As shown in Fig. 1E,
glutamate treatment of HT22 cells led to a significant decrease
in PP2A activity, when normalized for total PP2A catalytic
subunit recovered in immunoprecipitates. The levels of PP2A
catalytic subunit in HT22 cells were not reduced upon gluta-
mate treatment (Fig. 1E). Therefore, oxidative stress in neurons
may limit ERK1/2 phosphatase activity by effecting either se-
lect phosphatase expression (e.g., MKP1) (Choi et al., 2006) or
activity (e.g., PP2A).

An Antioxidant That Blocks Oxidative Toxicity Re-
duces ERK1/2 Activation and Restores ERK2 Phospha-
tase Activity. The antioxidant butylated hydroxyanisole
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(BHA) protects against glutamate-induced oxidative toxicity
in immature neurons (Ryu et al., 2003) and HT22 cells (data
not shown). BHA also prevents the oxidative stress-induced
inhibition of JNK phosphatases and tumor necrosis factor
(TNF)-a induced cell death in fibroblast cell lines (Kamata et
al., 2005). The effects of BHA in blocking ERK1/2 activation
induced by oxidative stress has also been observed in other
cell types such as head and neck squamous carcinoma cell
(Kim et al., 2006a). We therefore used BHA to assess whether
ERK1/2 activation and the inhibition of ERK2-directed phos-
phatase activity is mediated by ROS.

As shown in Fig. 2A, a 7.5-h glutamate treatment induced
significant ERK1/2 activation in HT22 cells. In immature
neurons, HCA activation of ERK1/2 was evident at 14 h and
peaked at 16 h (Fig. 2B), analogous to the time course of
ERK1/2 activation by glutamate in immature neurons (Stan-
ciu et al., 2002; Levinthal and Defranco, 2005). The admin-
istration of BHA blocked ERK1/2 activation induced by oxi-
dative stress in HT22 cells and neurons (Fig. 2, A and B).

To investigate the mechanism responsible for BHA inhibi-
tion of ERK1/2 activation, ERK2 phosphatase assays were
performed using cell lysates prepared from oxidatively
stressed HT22 cells and neurons. As shown in Fig. 2, C and
E, BHA prevented the inhibition of ERK2 phosphatase activ-
ity after glutamate treatment in HT22 cells. Likewise, BHA
abrogated the inhibition of ERK phosphatase activity in neu-
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rons subject to HCA treatment (Fig. 2, D and F). Thus,
ROS-mediated inhibition of protein phosphatase activity is
responsible, in part for the activation of ERK1/2 in oxida-
tively stressed neurons.

Selective Inhibition of ERK2 Phosphatase Activity
by Zn?* in Neuronal Cell Extracts. ERK1/2 phosphatases
such as MKPs and PP2A are reversibly inactivated by thiol
oxidation (Foley et al., 2004). We found previously that ERK2
phosphatase activity in extracts prepared from oxidatively
stressed neurons was restored by the in vitro addition of DTT
(Levinthal and Defranco, 2005). Thus, oxidative inhibition of
ERK1/2 phosphatases in HT22 cells and primary cortical
neurons may occur through direct or indirect thiol oxidation
of the phosphatases. However, DTT in addition to its well
known thiol-reducing properties is also an effective Zn?"
chelating agent (Cornell and Crivaro, 1972). Thus, restora-
tion of ERK2 phosphatase activity in extracts prepared from
oxidatively stressed neurons by DTT may not be due solely to
reduction of oxidized thiols. It is noteworthy that Zn®* inhib-
its purified phosphatases that could act on ERK1/2, including
the PSTP, PP2A (Zhuo and Dixon, 1997), and protein ty-
rosine phosphatases (Maret et al., 1999). As such, we inves-
tigated the effect of Zn®>* on ERK2 phosphatase activity.

As shown in Fig. 3A, a 10-min preincubation of HT22 cell
lysates with ZnCl,, caused a concentration-dependent inhibi-
tion of ERK2 phosphatase activity, with the maximal inhibi-
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Fig. 1. ERK2 phosphatase activity is inhibited upon oxidative stress in HT22 cells and immature neurons. A, HT22 cells were treated with 5 mM
glutamate for 0, 2, 5, or 7.5 h. Whole cell lysates were incubated with purified, phosphorylated ERK2 (pERK2), and phosphatase activity was assessed
by Western blots that revealed pERK2 or total ERK2. I, phosphatase assay input; A, lambda phage protein phosphatase (positive control). B,
quantification of the results from four independent experiments, revealing a significant decrease in ERK2 phosphatase activity after glutamate-
induced oxidative stress in HT22 cells (mean = S.E.M.; n = 4). *, p < 0.05. C, ERK2 phosphatase activity is inhibited upon 5 mM HCA treatment
immature neurons. Immature neurons were treated with HCA for 0, 12, 14, or 16 h. Whole cell lysates were incubated with purified pERK2, and
phosphatase activity was assessed by Western blots that revealed either pERK2 or total ERK2. I, phosphatase assay input. D, quantification of the
results from three independent experiments, revealing a significant decrease in ERK2 phosphatase activity after HCA-induced oxidative stress in
immature neurons (mean * S.E.M.; n = 3). *, p < 0.05. E, PP2A phosphatase activity in immunoprecipitates from HT22 cell extracts. PP2A was
recovered by immunoprecipitation from whole cell lysates prepared from either untreated or 5 mM glutamate-treated (8 h) HT22 cells, and
phosphatase activity was assayed using a synthetic phosphopeptide substrate. Activity normalized to PP2A C subunit recovered in immunoprecipi-
tates is expressed as picomoles of phosphate removed (mean = S.E.M.; n = 3; #*, p < 0.01). Inset, representative Western blot analysis of PP2A C
subunit and B-actin expression in glutamate-treated (8 h) HT22 cells.
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tion observed at 10 uM. It must be noted, however, that the independent experiments revealed a significant inhibition of
actual concentration of “free” Zn?" is likely to be much lower ~ERK2 phosphatase activity by added zinc at 10 uM (Fig. 3B;
that what we have added by way of the various constituents p < 0.01). ERK2 phosphatase activity measured in HT22 cell
of the cell extract and assay buffer that would bind to this extracts is not sensitive to Fe?* (Fig. 3C), another metal
metal. Therefore, it is possible that the actual inhibitory associated with oxidative toxicity in HT22 cells and imma-
concentrations of Zn®>* are very low, even in the nanomolar ture cortical neurons (Zaman et al., 1999). This result is
range (Frederickson et al., 2006). Quantification of several consistent with studies establishing stimulatory effects of
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Fig. 2. BHA blocks ERK1/2 activation and the inhibition of ERK2 phosphatase activity induced by oxidative stress in HT22 cells and immature
neurons. A, HT22 cells were treated with glutamate or glutamate plus 100 uM BHA for 7.5 h. Then, 20 pg of total protein lysate was separated by
SDS-PAGE and subjected to Western blot analysis to detect pERK1/2 and total ERK1/2 on the same blots. C, control cell lysates. The addition of BHA
blocked ERK1/2 activation after glutamate-induced oxidative stress. B, immature neurons were treated with HCA for 0, 12, 14, or 16 h in the presence
or absence of BHA. Then, 20 ug of total protein lysate was separated by SDS-PAGE and subjected to Western blot analysis to detect pERK1/2 and total
ERK1/2 on the same blots. The administration of BHA significantly blocks ERK1/2 activation after HCA treatment. C, whole cell lysates prepared from
control untreated (C), glutamate (G)-treated, or glutamate plus BHA-treated HT22 cells were incubated with purified pERK2, and phosphatase
activity was assessed by Western blot that revealed either pERK2 or total ERK2. IN, ERK2 input. The addition of BHA reverses the glutamate-induced
inhibition of ERK2 phosphatase activity. D, whole cell extracts prepared from the control (C), HCA-treated, and HCA plus BHA-treated immature
neurons were incubated with purified pERK2, and phosphatase activity was assessed by Western blot that revealed either pERK2 or total ERK2. IN,
ERK2 input. The administration BHA reverses the inhibition of ERK2 phosphatase activity after HCA-induced oxidative toxicity. E, quantification
of the results from three independent experiments. Coadministration of BHA abrogates the inhibition of ERK2 phosphatase activity in glutamate-
treated HT22 cells (mean = S.E.M.; n = 3). *, p < 0.05. F, quantification of the results from three independent experiments. Coadministration of BHA
abrogates the inhibition of ERK2 phosphatase activity in HCA-treated immature neurons (mean + S.E.M.; n = 3). ##%, p < 0.001.
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Fe?* on PP2A (Yu, 1998), the major ERK2 phosphatase
reversibly affected by glutamate in HT22 cells (Fig. 1E).

To determine whether the Zn?* inhibition of phosphatase
activity is specific to ERK phosphatases, we then examined
Zn?" effects on JNK3 phosphatase activity. As shown in Fig.
3D, ZnCl, did not affect JNK3 phosphatase activity in HT22
cell lysates, suggesting that exogenous Zn?" is selective in
inhibiting ERK2-directed phosphatases in HT22 cell ex-
tracts. This is not surprising because oxidative toxicity in
HT22 cells and immature neurons is not associated with an
increase in JNK activation or an inhibition of JNK phospha-
tase activity (Levinthal and Defranco, 2005). Furthermore,
active p38 MAPK is not detected in unstimulated or gluta-
mate-treated HT22 cells (Levinthal and Defranco, 2005).

HT22 cells were also treated with ZnCl, to establish
whether Zn?" can be directly responsible for ERK1/2 activa-
tion in vitro irrespective of oxidative stress. As shown in Fig.
4A treatment of HT22 cells with 10 uM ZnCl, in the presence
of the Zn®* carrier sodium pyrithione (i.e., at 5 uM) led to a
rapid and robust increase in ERK1/2 phosphorylation. This
rapid ERK1/2 activation is not due to secondary generation
of ROS, because it was not affected by the addition of the
antioxidant BHA (Fig. 4B). Finally, rapid Zn®*-dependent,
ROS-independent ERK1/2 activation was associated with an
inhibition of ERK2 phosphatase activity in HT22 cell lysates
(Fig. 4C), confirming a direct role for Zn®?" in phosphatase
inhibition.

Oxidative Stress Triggers Zn®>* Accumulation in HT22
Cells and Primary Neurons. The affect of oxidative stress in
HT22 cells and immature neurons on intracellular Zn®* accu-
mulation was assessed using FluoZin 3-AM, a fluorescent Zn"
indicator dye (Devinney et al., 2005). Relative intracellular
Zn>* levels was obtained by quantitative measures of FluoZin
3-AM fluorescence within individual cells that is quenchable by
the Zn?* chelator TPEN (Knoch et al., 2008). As shown in Fig.
5A, oxidative stress in HT22 cells and immature neurons led to
a doubling of the relative TPEN-quenchable FluoZin 3-AM flu-
orescence. Thus oxidative stress in both HT22 cells and imma-
ture neurons trigger the accumulation of intracellular Zn*,
similar to what we have reported in other systems (Aizenman et
al., 2000; Zhang et al., 2004).

To confirm these findings, we used a molecular assay that
measures specific Zn®*-driven gene expression. HT22 cells
were transfected with a firefly luciferase-containing plasmid
driven by four tandem MRE sequences (Hara and Aizenman,
2004). The MRE sequence is found in Zn?"-regulated genes,
including metallothionein. MRE-driven gene expression is
activated after the binding of Zn®" to the metal regulatory
element transcription factor-1 transcription factor-1. As
shown in Fig. 5A, inset, MRE-driven luciferase expression
was significantly increased in the glutamate-treated cells,
whereas this effect was abrogated by TPEN. This result
strongly indicates that during glutamate-induced oxidative
stress, sufficient intracellular Zn®" was liberated to trigger
metal regulatory element transcription factor-1/MRE-driven
gene expression.

To determine the relationship between oxidant production,
intracellular Zn%?" accumulation, and ERK1/2 activation,
neurons were exposed to HCA in the presence or absence of
either the antioxidant BHA or the MEK1/2 inhibitor U0126.
As shown in Fig. 5B, BHA blocked HCA-induced intracellular
7Zn?* accumulation and exerted no significant effect on the

relative intracellular Zn®* levels when given alone. It is
noteworthy that U0126 treatment also reduced TPEN-
quenchable Zn?* fluorescence in HCA-treated neurons and
did not alter Zn®* levels when given alone (Fig. 5B). Thus,
Zn?" accumulation triggered by ROS may be exacerbated
through a positive feedback loop driven by activated ERK1/2.

Chelation of Intracellular Zn?>* Blocks ERK1/2 Acti-
vation and Restores ERK2 Phosphatase Activity. Zn®*-
induced ERK1/2 activation has been reported to contribute to
neuronal cell death (Seo et al., 2001; Zhang et al., 2004). To
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Fig. 4. Zn®>" triggers ERK1/2 activation through direct inhibition of
ERK1/2 phosphatases in the absence of oxidative stress. A, HT22 cells
were treated with 10 uM ZnCl, (Zn), 5 uM sodium pyrithione (Pyr), or
both compounds in serum-free medium for indicated times (30, 60, or 120
min) followed by a 30-min recovery in serum-containing medium before
harvesting. Control (C) conditions were performed without any additions
but with a change from serum-free to serum containing medium that
occurred at time 0. Then, 20 mg of total protein lysate was separated by
SDS-PAGE and subjected to Western blot analysis to detect pERK1/2,
total ERK1/2, and actin on the same blots. Blot shown is representative
of three separate experiments where differences between control condi-
tions at each time point, and combined ZnCl, and sodium pyrithione
treatment groups were statistically significant (p < 0.015). B, HT22 cells
were treated for 30 min with either 100 mM BHA alone, ZnCl, and
sodium pyrithione, or BHA plus ZnCl, and sodium pyrithione as de-
scribed above, with a 30-min recovery in serum-containing medium. The
blot shown is representative of three separate experiments in which
differences between control and combined ZnCl, and sodium pyrithione
treatment groups as well as ZnCl,, sodium pyrithione, and BHA groups
were statistically significant (p < 0.01). C, whole cell lysates prepared
from control untreated (C) or HT22 cells treated with 10 uM ZnCl, (Zn),
5 uM sodium pyrithione (Pyr), or both compounds (i.e., 30 min followed by
30-min recovery) were incubated with purified pERK2 and phosphatase
activity assessed by Western blots that revealed either pERK2 or total
ERK2. IN, pERK2 input. ERK2 phosphatase activity is inhibited by
exposure of HT22 cells to ZnCl, and pyrithione. The blot shown is repre-
sentative of three separate experiments in which differences between
control and combined ZnCl, and sodium pyrithione treatment groups
were statistically significant (p < 0.05).



evaluate the role of Zn®>* accumulation in activating ERK1/2
in HT22 cells and primary neurons, we used the high-affinity
Zn?" chelator TPEN. HT22 cells were treated with gluta-
mate, in the presence or absence of 1 and 5 uM TPEN for 8 h.
Whole cell lysates were then subject to Western blot analysis
to detect phosphorylated, activated ERK1/2. As shown in Fig.
6A, exposure of HT22 cells to glutamate induced a large
increase in ERK1/2 phosphorylation that was unaffected by
the addition of 1 uM TPEN. However, the addition of 5 uM
TPEN significantly blocked glutamate-induced ERK1/2 acti-
vation (Fig. 6A). This result suggests that ERK1/2 activation
is downstream of Zn?" accumulation.

Similar experiments were then extended to immature neu-
rons, which were treated with HCA, HCA plus 1 uM TPEN,
and HCA plus 5 uM TPEN for 16 h. Analogous to results
obtained in HT22 cells, addition of 5 uM but not 1 uM TPEN
significantly blocked the activation of ERK1/2 after oxidative
stress in primary neurons (Fig. 6B).

Given that Zn?" inhibits ERK2 phosphatase activity in
vitro (Fig. 3, A and B), we set out to examine whether TPEN
inhibition of ERK1/2 activation occurs through the reversal
of Zn?"-mediated inhibition of ERK1/2 phosphatases. The
ERK2 phosphatase assay was performed on whole cell ly-
sates prepared from untreated HT22 cells, or cells treated
with glutamate, glutamate plus 1 uM or 5 uM TPEN. As
shown in Fig. 6, C and E, ERK2 phosphatase activity was
decreased after treatment with glutamate. The addition of 1
M TPEN to HT22 cells did not reverse this inhibitory effect
of glutamate (Fig. 6, C and E). However, the addition of 5 uM
TPEN significantly reversed the inhibition of ERK2 phospha-
tase activity in HT22 cells that were treated with glutamate
(Fig. 6, C and E). Similar results were obtained in primary
neurons (Fig. 6, D and F). These results suggest that TPEN
blocks Zn?*-induced ERK1/2 activation by reversing a Zn?*-
mediated inhibition of ERK1/2 phosphatase activity.
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Because U0126 has been found to block Zn®*accumulation
in oxidatively stressed cells (Fig. 5), we sought to examine
whether U0126 could also reverse the inhibition of ERK2
phosphatase activity. The ERK2 phosphatase assay were
therefore performed on cell lysates prepared from untreated
HT22 cells or cells treated with glutamate or glutamate plus
U0126. As shown in Fig. 6, G and H, U0126 treatment of
HT22 cells reversed the inhibition of ERK2 phosphatase
activity induced by oxidative stress. This result reinforces
the notion that activated ERK1/2 contributes to a positive
feedback loop that maintains elevated levels of intracellular
7Zn?" and persistent inhibition of ERK1/2 phosphatases.

TPEN Protects Neuronal Cells from Oxidative Tox-
icity. We then set out to examine whether TPEN could also
limit cell death. Because Zn?" is an essential metal, we
limited TPEN treatment to less than 16 h in both HT22 cells
and primary neurons. Prolonged exposure (i.e., 48 h) of HT22
cells and primary neurons to TPEN alone is toxic (data not
shown). HT22 cells were treated for 12 h with glutamate,
glutamate plus 1 uM TPEN, glutamate plus 5 uM TPEN as
well as 1 uM TPEN and 5 uM TPEN alone. A PI staining
method was then used to assess cell toxicity (Levinthal and
Defranco, 2005). As shown in Fig. 7A, a significant proportion
of HT22 cells stained positive for PI upon glutamate treat-
ment. Cells treated with glutamate plus 1 uM TPEN exhib-
ited a similar extent of cell death. However, a 5 uM TPEN
treatment significantly protected HT22 cells from glutamate-
induced cell death (Fig. 7TA; p < 0.001). This neuroprotective
effect is similar to that provided by U0126 (Fig. 7A). A 12-h
treatment with 1 and 5 uM TPEN alone exhibited no toxicity
in HT22 cells (Fig. 7A).

This paradigm was then extended to immature neurons.
These cultures were subject to the same treatment as HT22
cells, and cell toxicity was assessed after treatment for 16 h.
Similar to the results obtained in HT22 cells, a 16-h treat-
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Fig. 5. Oxidative stress triggers zinc accumulation in HT22 cells and immature neurons. A, HT22 cells were treated with glutamate for 8 h, and
immature neurons were treated with HCA for 12 h and loaded with FluoZin 3-AM for 30 min. The fluorescence imaging of intracellular zinc was then
monitored by digital fluorescence microscopy, and relative fluorescence was measured. There is a significant increase in zinc accumulation after
oxidative stress in both HT22 cells (mean = S.E.M.; n = 8) and immature neurons (mean = S.E.M.; n = 6). Inset, results of MRE-luciferase assay in
HT22 cells that were either untreated (control), treated with 5 mM glutamate (Glu), or treated with 5 mM glutamate plus 5 uM TPEN. Values shown
are the means = S.E.M. of three experiments each performed in quadruplicate, with the firefly luciferase activity from the MRE-driven reported
normalized to R. reniformis luciferase activity. Glutamate treatment leads to statistically significant (x*, p < 0.001) difference in relative MRE-driven
luciferase activity from control untreated cultures, whereas TPEN addition blocked the glutamate-induced increase in MRE-driven luciferase activity
(##%, p < 0.001). B, immature neurons were treated with HCA, HCA plus U0126, HCA plus BHA as well as U0126 only and BHA only, and then they
were loaded with FluoZin 3-AM to measure the relative fluorescence. Coadministration with 10 uM U0126 (in dimethyl sulfoxide) decreases the zinc
accumulation in HCA-treated immature neurons to basal levels (mean = S.E.M.; n = 6). Likewise, the coadministration of 100 uM BHA also decreases
the zinc release in HCA-treated immature neurons (mean + S.E.M.; n = 6).
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ment with HCA as well as HCA plus 1 uM TPEN induced
significant cell death in immature neurons (Fig. 7B). How-
ever, the addition of 5 uM TPEN significantly protected
immature neurons from HCA-induced toxicity (Fig. 7B). In
summary, the dose of TPEN required to protect both HT22
cells and immature neurons from oxidative toxicity is coinci-
dent with that required to block ERK1/2 activation and
ERK1/2 phosphatase inhibition.

The contribution of Fe?" to neuronal oxidative toxicity was
revealed previously with experiments demonstrating neuro-
protective effects of Fe?" chelation (Zaman et al., 1999).
Because TPEN can also chelate Fe?", the metal selectivity of
its neuroprotective actions was tested by the coapplication of
TPEN with either Fe®?" or Zn®?". As shown in Fig. 7C, inclu-
sion of Zn?" completely blocked the neuroprotective effect of
TPEN in glutamate-treated HT22 cells (p < 0.001). In con-
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Fig. 6. TPEN blocks ERK1/2 activation and reverses the inhibition of ERK2 phosphatase activity after oxidative stress in HT22 cells and immature
neurons. A, HT22 cells were treated with glutamate, glutamate plus 1 uM TPEN, glutamate plus 5 uM TPEN, or glutamate plus U0126 for 8 h. Then,
20 pg of total protein lysate was separated by SDS-PAGE and subjected to Western blot analysis to detect pERK1/2 and total ERK1/2 on the same
blots. C, control cell lysates. TPEN (5 uM) blocks ERK1/2 activation after glutamate treatment in HT22 cells. B, immature neurons were treated with
HCA, HCA plus 1 uM TPEN, HCA plus 5 uM TPEN, or HCA plus U0126 for 16 h. Then, 20 upg of total protein lysate was separated by SDS-PAGE
and subjected to Western blot analysis to detect pERK1/2 and total ERK1/2 on the same blots. C, control cell lysates. TPEN (5 uM) blocks ERK
activation after HCA treatment in immature neurons. C, an ERK2 phosphatase assay was performed on whole cell lysates prepared from untreated
HT22 cells or from cells treated with glutamate, glutamate plus 1 uM TPEN, or glutamate plus 5 uM TPEN. TPEN reverses the inhibition of ERK2
phosphatase activity after glutamate treatment in HT22 cells. D, an ERK2 phosphatase assay was performed on whole cell lysates prepared from
untreated immature neurons, or cells treated with HCA, HCA plus 1 uM TPEN, or HCA plus 5 uM TPEN. TPEN reverses the inhibition of ERK2
phosphatase activity after HCA treatment in primary immature cortical neurons. E, quantification of the ERK2 phosphatase activity results from
three independent experiments in HT22 cells (mean + S.E.M.; n = 3). There is significant difference between the group of glutamate-treated and
glutamate plus 5 uM TPEN (*, p < 0.05) as well as between the group of glutamate plus 1 uM TPEN and glutamate plus 5 uM TPEN (##, p < 0.01).
F, quantification of the ERK2 phosphatase assays results from three independent experiments in immature neurons (mean = S.E.M.; n = 3). There
is significant difference between the group of HCA-treated and HCA plus 5 uM TPEN (*, p < 0.05) as well as between the group of HCA plus 1 uM
TPEN and HCA plus 5 uM TPEN (x#%, p < 0.001). G, an ERK2 phosphatase assay was performed on whole cell lysates prepared from untreated HT22
cells, or cells treated with glutamate, or glutamate plus 10 uM U0126. The administration of U0126 reverses the inhibition of ERK2 phosphatase
activity after glutamate treatment in HT22 cells. H, quantification of the ERK2 phosphatase assay results from three independent experiments in
HT22 cells (mean = S EM.; n = 3). *, p < 0.05.



trast, addition of Fe®>" only partially reversed the actions of
TPEN, suggesting that Zn®* is a more important contributor
to the oxidative toxicity observed in our system.

Discussion

ERK1/2 functions in many cell types to promote prolifera-
tion or survival but can also be diverted to participate in
certain cell death pathways. For example, long-term activa-
tion of ERK1/2 is necessary for cell death induced by oxida-
tive stress in immature neurons and HT22 cells (Satoh et al.,
2000; Luo and DeFranco, 2006). In these cases, the inhibition
of select protein phosphatases is primarily responsible for the
persistent activation of ERK1/2 (Levinthal and Defranco,
2005). This conclusion was confirmed in a recent report,
which also revealed the minimal contribution of upstream
activating kinases (i.e., MEK1/2) to prolonged ERK1/2 acti-
vation in oxidatively stressed HT22 cells and immature neu-
rons (Choi et al., 2006).

We show here that the inhibition of ERK1/2 phosphatases
in HT22 cells and immature neurons subjected to glutathione
depletion is indeed the result of oxidative stress, because
phosphatase activity is restored in cells treated with BHA.
This leads to reduced ERK1/2 activation and neuroprotec-
tion. The oxidative inhibition of protein phosphatase activity
in TNF-a-treated fibroblasts is also eliminated by BHA treat-
ment (Kamata et al., 2005). However, in TNF-a-induced ox-
idative toxicity and concanavalin A-induced liver toxicity in
mice, cell death is associated with the selective inhibition of
JNK phosphatases (Kamata et al., 2005). Glutamate-induced
oxidative stress in immature neurons does not significantly
affect JNK phosphatase activity (Levinthal and Defranco,
2005). Therefore, even though MAPK phosphatases are oxi-
dant-sensitive, they are not globally inactivated by oxidative
stress in cells. Depending upon the nature of the oxidative
stress imposed upon living cells, select MAPK phosphatases
may be protected from the damaging effects of reactive spe-
cies because of their sequestration within subcellular com-
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partments or multisubunit complexes that are inaccessible to
short-lived oxidants.

Although several protein phosphatases are redox-sensitive
and inhibited by direct thiol oxidation of a catalytic-site cys-
teine (Meng et al., 2002; Tonks, 2003), our results suggest
that MAPK phosphatase activity may also be regulated in
oxidatively stressed cells by the inhibitory effects of free
Zn?". Zn?" effects on ERK1/2 activation have been observed
in neurons (Seo et al., 2001), but our results identify the
molecular target of Zn®* that is responsible for this effect.
The sensitivity of various MAPK phosphatases to inhibition
by Zn?" was established with purified phosphatase prepara-
tions, suggesting that Zn®" can act directly to impact the
activity of these enzymes (Zhuo and Dixon, 1997). Zn®*-
mediated inhibition of protein tyrosine phosphatases has
been suggested to affect insulin/insulin-like growth factor
(Haase and Maret, 2003) or interleukin-8 (Kim et al., 2006b)
signaling in C6 glioblastoma or BEAS-2B human airway
epithelial cells, respectively. Thus, Zn?"-mediated inhibition
of protein phosphatase activity may not always be linked to
cell death responses but could play a role in facilitating
hormone signaling (Haase and Maret, 2003). However, pro-
longed inhibition of select MAPK phosphatases and ensuing
persistent activation of specific MAPKs that drives toxicity in
oxidatively stressed cells may reflect an inability to restore
Zn?®* homeostasis (see below).

For PSTPs, Zn?" may exert its inhibitory effects through
the displacement of bound Mn?* at the active site of their
catalytic subunits (Zhuo and Dixon, 1997). It is noteworthy
that purified PSTPs such as PP2A are refractory to exchange
by Mn?* once bound by Zn?"; therefore, limited recovery of
their activity can be achieved by Zn?" chelation in vitro
(Zhuo and Dixon, 1997). These potent inhibitory effects of
Zn?" on ERK1/2 phosphatases such as PP2A may explain the
requirement for a 5 uM TPEN treatment to reverse the
inhibition of ERK1/2 phosphatase activity in oxidatively
stressed HT22 cells and immature neurons. It is noteworthy
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Fig. 7. TPEN blocks oxidative toxicity in HT22 cells and immature neurons. A, HT22 cells were treated with 1 uM TPEN, 5 uM TPEN, 5 mM
glutamate, glutamate plus 1 uM TPEN, glutamate plus 5 uM TPEN, or glutamate plus 10 uM U0126. Toxicity was measured as the percentage of
PI-positive cells after treatment for 12 h (mean + S.E.M.; n = 3). ##%, p < 0.001. TPEN (5 uM) blocks glutamate-induced oxidative toxicity in HT22
cells. Insets show typical results from a PI staining assay (with corresponding phase-contrast images) from control untreated (Con) and glutamate-
treated (Glu) cells. B, immature neurons were treated with 1 uM TPEN, 5 uM TPEN, 5 mM HCA, HCA plus 1 uM TPEN, HCA plus 5 uM TPEN, or
HCA plus 10 uM U0126. Toxicity was measured as the percentage of PI-positive cells after treatment for 16 h (mean = S.E.M.; n = 3).##%, p < 0.001.
TPEN (5 uM) blocks HCA-induced oxidative toxicity in immature neurons. C, HT22 cells were treated with 5 mM glutamate or glutamate with the
after additions: 10 uM U0126, 5 uM TPEN, 5 uM TPEN preincubated with 5 uM ZnCl,, and 5 uM TPEN preincubated with 5 uM FeCl,. Toxicity was
measured as the percentage of PI-positive cells after treatment for 12 h (mean = S.E.M.; n = 4). Toxicity was evaluated for statistical significance using
one-way analysis of variance, with a Bonferroni multiple comparisons test. ###, p < 0.001 and **, p < 0.01 relative to control. *, p < 0.05, compared
with toxicity between groups treated with glutamate and TPEN preincubated with ZnCl, versus those treated with glutamate and TPEN preincubated
with FeCl,.
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that 5 uM TPEN was also required to block glutamate- and
HCA-induced toxicity in HT22 cells and immature neurons,
respectively, showing a close association between the inhibi-
tion of ERK1/2 activation, restoration of ERK1/2 phospha-
tase activity and protection from oxidative stress.

Because selective iron chelators block HCA-induced toxic-
ity in immature neurons (Zaman et al., 1999) it is likely that
TPEN exerts its protective effects via chelation of Fe?* as
well as Zn?*. However, Fe?" contributes indirectly to ERK1/2
phosphatase inhibition through its impact on ROS genera-
tion in HT22 cells and immature neurons unlike Zn?", which
exerts a direct inhibitory effect on ERK1/2 phosphatases.
Select phosphatase inhibition is also partially responsible for
ERK1/2 activation in distinct brain regions vulnerable to a
global ischemia insult (Ho et al., 2007). It remains to be
established whether oxidative stress and/or intracellular free
Zn?" contributes to regional inhibition of ERK1/2 phospha-
tases in ischemic brain.

Previous results from our group suggest that PP2A is the
major ERK1/2 phosphatase in immature neurons (Levinthal
and Defranco, 2005) and HT22 cells (data not shown) but
that other MAPK phosphatases in these cells contribute to
the regulation of ERK1/2 activation. In a recent report, glu-
tamate treatment of HT22 cells and immature neurons was
found to trigger the degradation of MKP1 (Choi et al., 2006).
Although MKP1 exerts a minor albeit significant effect on
ERK1/2 activation and glutamate toxicity in HT22 cells (Choi
et al., 2006), the loss of this enzyme cannot be solely respon-
sible for heightened ERK1/2 activation because ERK1/2
phosphatase activity in extracts from oxidatively stressed
neurons can be restored in vitro with DTT (Levinthal and
Defranco, 2005). Furthermore, the JNK family of MAPKs is
the preferred substrates of MKP1, which is inconsistent with
the selective effects of oxidative stress in HT22 cells and
immature neurons on ERK1/2 phosphatases. Because PP2A
activity but not protein expression (i.e., of its C subunit) was
reduced in glutamate-treated HT22 cells, oxidative stress in
neurons can trigger both reversible (Levinthal and Defranco,
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Fig. 8. Mechanism of ERK1/2-dependent neuronal cell death triggered by
ROS-mediated Zn?* accumulation. Accumulation of intracellular Zn?*
brought about by oxidative stress (ROS) in neurons inhibits protein
phosphatases that act selectively on ERK1/2. ROS are generated in
immature neurons after the depletion of glutathione (GSH) and subse-
quent activation of 12-lipoxygenase (12-LOX). The persistent activation
of ERK1/2 (pERK1/2) functions to promote cell death in part through a
positive feedback loop that maintains elevated Zn?* levels.

2005) and irreversible (Choi et al., 2006) alterations in dis-
tinct protein phosphatases that collectively could contribute
to persistent activation of specific MAPKs.

The decreased accumulation of free Zn®* upon inhibition of
ERK1/2 activation by U0126 supports the existence of a
positive feedback loop that not only provides conditions for
the maintenance of ERK1/2 activation (i.e., through phospha-
tase inhibition) but also exacerbates neuronal cell exposure
to neurotoxic levels of free Zn%* (Fig. 7). In this case, ROS,
which contribute to ERK1/2 activation in an 12-lipoxygenase-
dependent manner (Stanciu et al., 2000; Fig. 8), provide the
trigger that acts to promote the release of protein-bound
7Zn?*, perhaps through thiol oxidation of specific cysteine
residues that participate in Zn®?* binding (Aizenman et al.,
2000). Thus, ERK1/2 may prevent the repair of oxidatively
damaged Zn®?" binding proteins or limit their expression
(Jiang et al., 2004). In the absence of oxidative damage to
these proteins, long-term ERK1/2 activation may not affect
intracellular Zn?* homeostasis and promote cell death.

In summary, we have identified an important regulatory
feature of protein phosphatase regulation, namely, reversible
Zn?* inhibition that triggers the persistent activation of a
select MAPK signaling module in neurons. Furthermore, the
oxidative induction of Zn®" accumulation predisposes neuro-
nal cells to a positive feedback loop driven by ERK1/2 that
disrupts Zn?" homeostasis and further exacerbates cellular
exposure to neurotoxic levels of free Zn?".
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