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Receptor-mediated Oxidative Stress in Murine Cerebellar Neurons is
Accompanied by Phosphorylation of MAP (ERK 1/2) Kinase
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Abstract: A primary culture of murine cerebellar neurons was used to induce oxidative stress resulting in the
accumulation of reactive oxygen species (ROS) and activation of ERK 1/2 kinase. Short-term incubation (15 min) of
cerebellar neurons with homocysteine (HC) or N-methyl-D-aspartate (NMDA) induced partial ERK 1/2 phosphorylation
thus providing the activation of the enzyme. Inhibitors of NMDA receptors, MK-801 or D-APS, both prevented the
activation of cells by HC or NMDA. Another receptor-dependent means of oxidative stress stimulation is exposure of
cells to the cardiac glycoside ouabain, a specific inhibitor of Na/K-ATPase. Ouabain induces ROS accumulation and
substantial ERK1/2 activation in neuronal cells at concentrations as low as 1 nM — 1 M, which corresponds to
participation of Na/K-ATPase in intracellular signalling. Neuropeptide carnosine added to the cells 2 hours before
oxidative stress prevented both ROS accumulation and ERK1/2 activation. As ERK1/2 kinase plays a key role in gene
expression responsible for either cell adaptation or cell death, the model used gives a useful tool to characterize the effect
of natural and synthetic anti-cancer drugs on cellular life. The data presented show that carnosine is a natural modulator of

oxidative stress in neuronal cells, providing regulation of ERK1/2 activity via buffering intracellular ROS levels.
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1. INTRODUCTION

During its lifespan the cell is affected by various exoge-
nous factors (change of temperature, osmotic pressure, action
of chemical substances, growth factors, cytokines, etc.) acti-
vating multiple response reactions (such as division, differ-
entiation and apoptosis). The mechanism of activation of
these reactions often boils down to activation of the same
mitogen-activated protein kinase (MAPK) cascade. The
MAPK family is a group of proteins participating in signal
transmission from exogenous factors into the cell, thus play-
ing an important role in regulation of cell proliferation, dif-
ferentiation, and adaptation to environmental conditions [1].

ERK1/2 (extracellular-signal-regulated protein kinase,
isoforms 1 and 2) is one of the most studied members of the
MAPK family. It is an obligatory participant of normal de-
velopment and function of the cerebral neurons. ERK1/2
signaling cascade is generally activated in response to
growth factor, resulting in cell proliferation and differentia-
tion. More and more data have been obtained recently show-
ing that ERK1/2 is also activated under oxidative stress con-
ditions inducing cell death processes [2, 3]. An increased
level of phosphorylated ERK1/2 along with an increased
concentration of reactive oxygen species (ROS) is observed
in cerebral nervous tissue cells in Alzheimer's disease pa-
tients and in the case of parkinsonism and some other neu-
rodegenerative diseases [4, 5].
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2. FACTORS OF ERK 1/2 ACTIVATION IN NEU-
RONS

One of the factors involving ERK 1/2 kinase in the sig-
naling cascade is ionotropic glutamate receptors activated by
N-methyl-D-aspartate (NMDA). NMDA receptors are obli-
gatorily participants in the processes of synaptic integrity
and plasticity, as well as in learning and memory [6-9].
NMDA receptor activation results in opening of its ion chan-
nel through which calcium ions enter the cell. One of the
consequences of NMDA receptor activation is the increase in
ROS level [10, 11], which may result in cell death. ROS ac-
cumulation is a Ca-dependent process because the use of
calcium chelators prevents ROS increase and cell death [12].
Both calcium ions (Ca2+) and ROS may act as second mes-
sengers in the cell triggering cell-signaling cascades, in par-
ticular ERK1/2 cascade [13, 14].

A structural analog of glutamate — homocysteine (HC)
— has a similar effect on NMDA receptors. It is a natural
metabolite, a metabolic product of methionine, and is nor-
mally contained in the body (blood plasma, cerebrospinal
fluid) in rather small quantities (10—12 uM). An increase in
HC concentration is characteristic of many neurodegenera-
tive diseases, such as Parkinson’s disease, schizophrenia,
Alzheimer's disease, and alcohol dependence [15]. HC was
shown to activate NMDA receptors, resulting in an increase
in the intracellular level of Ca** and ROS and inducing apop-
totic cell death [16].

To inactivate NMDA receptors, two specific inhibitors
were used: D-APS, which competes with high affinity with
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ligands for binding sites at the receptor molecule, and MK-
801, which prevents the opening of a receptor-dependent ion
channel. Both compounds were found to decrease the HC-
promoting effect both on ROS production and cytoplasmic
calcium levels. Here, inhibitors of metabotropic glutamate
receptors have almost no effect on HC. Use of the antioxi-
dant N-acetylcysteine (NAC) or the intracellular calcium
chelator BAPTA also prevented ROS accumulation and the
increase in the level of ionized calcium in the cell and like-
wise decreased cell death [17, 18]. Thus, similarly to
NMDA, HC is able to activate NMDA receptors and imitate
the excitotoxic effect of this mediator.

Another means of inducing oxidative stress in neurons
is the inhibition of Na/K-ATPase by cardiotonic steroids.
Na/K-ATPase is a key enzyme of external membranes,
providing formation and maintaining of monovalent
cation gradient on the cell membrane [19]. Short-term
incubation of Na/K-ATPase by one of cardiotonic ster-
oids, ouabain, resulted in an increase in intracellular Ca’t
concentration, mitochondrial membrane depolarization,
and an increase in intracellular ROS levels [20-22]. Later
on, triggering of Ca-dependent signaling cascades, ERK
1/2 kinase activation, and early response gene expression
take place [23-25].

New data characterizing the functional interaction of
NMDA receptors and Na/K-ATPase in neurons has appeared
recently. For example, ouabain-induced changes in cells can
be prevented by the above-mentioned inhibitors of NMDA
receptors. In cultured rat cerebellar neurons, agonists of
NMDA receptors (NMDA and HC) were shown to suppress
the activity of Na/K-ATPase [26, 27]. This effect can proba-
bly be explained by accumulation of free radicals as a result
of cell receptor activation, because it was weakened in the
presence of ionotropic glutamate receptor antagonists. It was
also reported that the HC effect develops more slowly than
NMDA effect [28].

3. ERK1/2 ACTIVATION DYNAMICS WITH THE
PARTICIPATION OF NMDA RECEPTORS

To study time dependency of ERKI1/2 activation on
NMDA receptor activation, rat cerebellar granule cells were
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incubated with NMDA receptor ligands, NMDA and HC
(incubation conditions are described in figure legends).

As shown in Fig. (1), the ERK1/2 activation time profile
in the presence of the two ligands used is different: NMDA
induced rapid ERK1/2 activation after only 2.5 min, and then
a dramatic decline in the protein kinase activity to the control
level was observed. HC induced a more sloped increase in
phospho-ERK1/2 level and more continuous signal retention;
the maximum value was observed 10 min after incubation. A
complete reduction of ERK1/2 activity to the control level in
the presence of HC was not observed even after 30 min of
incubation.

To confirm the role of NMDA receptors in ERK1/2 acti-
vation in the presence of HC, specific antagonists of NMDA
receptors, D-AP5 and MK-801, were used. The cells were
preincubated with these antagonists and then exposed to HC
(Fig. 2). The figure shows that preincubation with D-APS5 al-
most completely prevented ERK1/2 activation under the ac-
tion of NMDA, and MK-801 exerted a similar effect. On the
basis of the known mechanism of action of these antagonists,
we suggest that NMDA receptor activation by HC induces
ERK1/2 kinase phosphorylation associated with the entering
of Ca*" into the cell via the NMDA receptor ion channel.

To confirm this, we eliminated calcium ions from the
external solution. Then the neurons were exposed to HC or
NMDA, and the level of the active form of ERKI1/2 was
evaluated by flow cytometry. The data obtained show (Fig.
3) that in the absence of calcium ions ERK1/2 is not acti-
vated. Thus, extracellular calcium is an obligatory participant
in ERK1/2 activation under oxidative stress conditions when
NMDA receptors are activated.

4. INHIBITION OF Na/K-ATPase RESULTS IN ERK1/2
KINASE ACTIVATION

The dependency of the activity of neuronal Na/K-ATPase
on increasing concentrations of ouabain has a biphasic curve
shape, which corresponds to two types of the enzyme
a-subunit isoforms with high and low sensitivity to the in-
hibitor [29]. As mentioned above, incubation of neurons with
ouabain induces ROS production in the cell. It is reasonable
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Fig. (1). Time dependency of ERK1/2 activation in cerebellar neurons under the action of 500 yM NMDA (A) or HC (B). Quantification of
phosphorylated form of the enzyme was done by the immunoblotting method, using antibodies against the phosphorylated form of ERK1/2.
Calculated values were normalized to the control values, which were considered to be 100%.
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Fig. (2). Effect of NMDA receptor antagonists DAP-5 and MK-801 (10 uM each) on ERK1/2 activation in the presence of HC or NMDA.
Samples were incubated in the presence of each antagonist of the NMDA receptor for 10 min; then, 500 uM HC or NMDA was added, cells
were incubated for 20 min, and ERK1/2 activation was evaluated by the immunoblotting method. Other conditions as in Fig. (1).
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Fig. (3). Effect of extracellular calcium on ERK1/2 activation. Neuronal suspension was incubated 20 min with 500 pM HC or NMDA.
ERK /2 activation was evaluated by fluorescence intensity of FITC-labeled antibodies against phospho-ERK1/2 using flow cytometry.

to suppose that under these conditions ERK1/2 kinase is also
activated.

To study the time dependency of ouabain’s effect on
ERK1/2 activity in cerebellar granule cells, this inhibitor was
taken in two different concentrations, inactivating mostly the
population of ouabain-sensitive enzyme molecules (1 nM)
and also affecting ouabain-resistant molecules (1 uM) — see
Fig. (4).

Fig. (4) shows that ERK1/2 activation was already ob-
served 5 min after adding ouabain. The character of the acti-
vation depended on its concentration: in the presence of a
low concentration of ouabain (1 nM), ERKI1/2 activity
reached its maximum in 10 min and then decreased. In the
presence of a high concentration of ouabain (1 pM), ERK1/2
activation was more prolonged. Thus, involving Na/K-
ATPase isoforms with different ouabain sensitivity induces
two types of ERK1/2 activation similar to that observed

when NMDA receptors were activated by NMDA or HC
(Fig. 1).

5. EFFECT OF CARNOSINE ON ERK1/2 ACTIVA-
TION UNDER THE ACTION OF NMDA AND HC

The specific class of substances able to protect the cell
against free-radical action is commonly referred to as anti-
oxidants. One of these substances is the natural histidine-
containing dipeptide carnosine, a derivative of B-alanine and
L-histidine. Carnosine is a neuropeptide that accumulates in
high concentrations (5-20 mM) in the excitable tissues of
vertebrates (skeletal muscles, myocardium, cerebrum). It is
able to perform different functions because it is a natural
buffer for protons (maintains intracellular pH level in the
range of 6.8 - 7.0), heavy metals, and reactive oxygen spe-
cies (ROS) [30, 31]. Preincubation of rat neurons with
carnosine prevents ROS formation upon NMDA receptor
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Fig. (4). Dependency of ERK1/2 activation on the incubation time of rat cerebellar granule cells in the presence of 1 nM (A) or 1 uM (B)
ouabain. Kinase activation was evaluated by optical density of the bands related to the enzyme phospho-form, with reference to the value of
the total pool of enzyme molecules and considering the value in intact cells as 100%. Other conditions as in Fig. (1).

activation, and at the same time a decrease in cell death is
observed [32, 33].

At present, carnosine is being used in clinical trials as a
complementary remedy in radiotherapy, in ischemic damage
of the cerebrum, and in treating Parkinson’s disease [34-36].
Despite the great number of works devoted to the studying of
the protective action of carnosine, the precise mechanisms of
its action are still unknown. In this work we studied
carnosine’s effect on ERK1/2 activation under oxidative
stress conditions.

We exposed neurons to the actions of the oxidative stress
inducers NMDA and HC. In both cases, incubation with
these compounds resulted in ROS accumulation and ERK1/2
kinase activation. As ERK1/2 kinase activity is an essential
factor in adaptive cell response, its regulation by NMDA
receptors and Na/K-ATPase is very interesting. This regula-
tion has been found to perform with the participation of in-
tracellular free radicals; thus, we evaluated carnosine’s effect
on this process.
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Fig. (5) shows that carnosine prevents ERK1/2 activation
induced by the glutamate receptor agonists HC and NMDA.
In previous work, we showed that under similar conditions
carnosine prevents ROS formation induced in neurons by
NMDA or HC [34]. This fact emphasizes the key role of
ROS in ERK1/2 activation and the importance of carnosine
as an intracellular modulator of the activity of this enzyme.

6. INTERACTION OF SIGNALING PATHWAYS OF
ACTIVATION IN CEREBRAL NEURONS

An increase in the level of free radicals in neurons is
characteristic of such neurodegenerative diseases as Alz-
heimer's disease, Parkinson's disease, stroke, etc. [37]. As a
rule, these distases are also accompanied by hyperhomocys-
teinemia, which may act as an inducer of recurring strokes or
as a factor aggravating the neurodegenerative process. Si-
multaneously, increased activation of ERK1/2 is observed in
such diseases [2, 3]. Progressive oxidative stress has a de
structive effect on cell structures, often resulting in cell
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Fig. (5). Effect of carnosine (5 mM) on phospho-ERK1/2 level under activation of NMDA receptor with 500 pM HC or 500 uM NMDA.
ERK1/2 activation was evaluated by flow cytometry using monoclonal FITC-labeled antibodies against the phospho- form of the enzyme.
FITC fluorescence value obtained for control cells was considered as 100%.
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death. A high level of HC has a toxic effect on both the
nervous and immune systems of the body via NMDA recep-
tors of the appropriate cells [15]. The precise mechanisms of
this action, however, have still not been studied.

As mentioned above, evidence of the controversial role
of ERK1/2 in the cell’s life has now been obtained. Trigger-
ing of one or another signalling cascade can depend on both
the nature of the inducer and the duration of signal. For ex-
ample, the EGF effect on murine pheochromocytoma PC12
cells results in proliferation, and the NGF effect results in
differentiation. The action of both factors is mediated by
MEK/ERK system. At the same time, it has been shown that
the signal from EGF is short-term, lasting about 1 min,
whereas the signal from NGF is more permanent, lasting 1
hour ERK1/2 is usually transiently phosphorylated in re-
sponse to the actions of neurotrophic factors or neurotrans-
mitters (e.g. glutamate). Such ERK1/2 activation may be
important in the processes of long-term potentiation and neu-
ron cell survival. At the same time, some data exist that the
“pathologic” long-lasting activation of ERK1/2 (in contrast
to the normal short-term activation) has a proapoptotic effect
[38, 39].

Different profiles of ERK1/2 activation can be observed
under the actions of various ligands on NMDA receptors. In
cultured murine embryonic cerebral cortex cells, HC is able
to induce a long-lasting activation of ERK1/2 (with a dura-
tion of more than 1 hour), while the action of glutamate is
characterized by a short-term ERK1/2 activation [40]. Such
differences in the activation profile of this key protein kinase
can be important for providing different cell responses to the
external stimuli because different profiles of ERK1/2 activa-
tion have different effects on gene expression [41]. As
shown in this work, the time profile of ERK1/2 activation
under the action of NMDA was different from that observed
under the action of HC (see Fig. 1), an observation that cor-
responds to the "pathologic" mode of its activation.

In the experiments with ouabain, we also observed two
forms of ERK1/2 activation corresponding to the adaptive
pathway (low concentration corresponding to inactivation of
the ouabain-sensitive form of Na/K-ATPase) and the patho-
logic pathway being realized when both forms of the enzyme
are inactivated by the cardiotonic steroid. In one of our pre-
vious works, different concentrations of ouabain were shown
to have different effects on the level of apoptotic death of rat
cerebellar granule cells [42]. Incubation of neuronal cells
with 1 mM ouabain (completely inhibiting all isoforms of
Na/K-ATPase) resulted in a twofold increase in cell death by
apoptosis, whereas their incubation with 100 nM ouabain
(affects ouabain-sensitive isoforms of the enzyme) decreased
apoptotic cell death by half. Thus, it can be concluded that
according to the profile of ERK1/2 activation, two different
ways of cell signaling pathways resulted in two opposite
results. In our experiments we used carnosine as an agent
preventing both modes of ERK1/2 kinase activation. The
importance of carnosine as a natural modulator of ERK1/2
kinase consists in the fact that it acts as a buffer for free radi-
cals, decreasing excessive toxicity of pathological factors
(excitotoxicity) but not preventing the ROS signaling func-
tion in neuronal cells [40]. Therefore, the data described
above show that carnosine is involved not only in maintain-

Current Aging Science, 2012, Vol. 5, No. 3 229

ing a stable low level of ROS in the cell, but also in the regu-
lation of intracellular signal transmission in which ROS
plays the role of the second messenger [22].

The results are summarized in the scheme (Fig. 6), which
shows the main routes of interaction between membrane
proteins (NMDA receptors and Na/K-ATPase) and the intra-
cellular signaling pathways transmitting information to the
neuronal genome.

carmosine NMDA - HC
|
7 ‘ ~ ‘ | SIS
FaKATPay | N NaKATht |
"‘ Sensiive) | “‘ (Resistant) |
Sl — | , TR
v
carnosine
~
~,
~
~
Sy
transient sustained
activation activation
/ N\
ANTI-APOPTOTIC FACTORS PRO-APOPTOTIC FACTORS
|
Survival/ Death
Differentiation

Fig. (6). Scheme describing two modes of signal transduction from
the outer neuronal membrane to the genetic apparatus. Activation of
NMDA receptors (NMDARs) by NMDA or inhibition of Na/K-
ATPase by low ouabain concentrations results in accumulation of
Ca” and ROS inside the cells and in short-term activation of
ERK1/2. Activation of NMDARs by HC or inhibition of Na/K-
ATPase by high concentrations of ouabain induces a long-term
activation of ERK1/2. The two types of ERK1/2 activation result in
different gene expression and cellular outcomes. The calcium signal
stimulating the ROS production and ERK1/2 activation is derived
from NMDAR activation and/or from Na/K-ATPase inhibition.
Direct interactions between NMDARs and Na/K-ATPase are not
defined.
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