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Reactive oxygen species (ROS) and nitric oxide (NO) are important
participants in signal transduction that could provide the cellular
basis for activity-dependent regulation of neuronal excitability. In
young rat cortical brain slices and undifferentiated PC12 cells,
paired application of depolarization/agonist stimulation and oxi-
dation induces long-lasting potentiation of subsequent Ca2* sig-
naling that is reversed by hypoxia. This potentiation critically
depends on NO production and involves cellular ROS utilization.
The ability to develop the Ca2* signal potentiation is regulated by
the developmental stage of nerve tissue, decreasing markedly in
adult rat cortical neurons and differentiated PC12 cells.

R eactive oxygen/nitrogen species (ROS/RNS) often are con-
sidered as tissue-damaging agents in connection with oxi-
dative stress, aging, and neurodegenerative diseases (1), espe-
cially in the presence of elevated cytosolic Ca®* (2). For instance,
during reperfusion injury, excess oxidants may induce Ca?*
excitoxicity (3). However, oxidants such as superoxide anion
(03), peroxynitrite (ONOO™), and hydrogen peroxide (H»O»)
are synthesized by the cell during its normal activity (4). More-
over, brain-imaging techniques (5) demonstrate that functionally
active neurons show increased metabolic activity and oxygen
consumption, resulting in higher levels of ROS/RNS. For ex-
ample, visual stimulation causes the consumption of glucose and
oxygen to rise in the human visual cortex (6, 7). This interde-
pendence between the neuronal metabolic state and functional
activity indicates a possible physiological role for ROS/RNS as
potential regulators of neuronal activity. The idea of possible
involvement of ROS and free radicals in electrical and devel-
opmental neuronal plasticity has been suggested recently (2, 8);
however, no direct evidence at the cellular level has been
presented.

Like other posttranslational modifications, such as phosphor-
ylation, oxidation of amino acid residues in proteins promoted by
ROS/RNS alters properties of a number of cellular proteins
involved in neuronal excitability and Ca?* signaling, from volt-
age-gated K™ and Ca?* channels to ryanodine receptor and
calmodulin (9-14). Modulation of cytosolic Ca?*-signaling path-
ways in neurons by ROS therefore could induce dramatic and
long-term changes in the cellular excitability and neuronal
activity. For example, increased cytosolic Ca®>* concentrations
([Ca®*].) often lead to activation of Ca?"-dependent gene
expression of regulatory factors such as the cAMP response
element (CRE) and the CREB-binding protein, which often are
considered to play roles in long-term information storage (15).
The free radical and the second messenger nitric oxide (NO) also
exerts its long-term effects on plasticity and development of
nerve tissue interacting with Ca?* signaling (16, 17). An ex-
tremely prolonged increase in [Ca?"]., however, may lead to
neuronal cell death (18), particularly during ischemia/
reperfusion and oxidative stress (19). Therefore, oxidation pro-
moted by ROS and free radicals potentially could alter the
elements involved in Ca?* homeostasis and long-term excitabil-
ity to influence neuronal information storage at the single-cell,
synaptic, and higher levels. In this report, we demonstrate that
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temporal pairing of depolarization/chemical stimulation and
oxidation promoted by ROS potentiates cytosolic Ca®* signaling
in an activity- and NO-dependent manner and that this intra-
cellular Ca?" signal plasticity is developmentally regulated.

Materials and Methods

PCI12 cells (CLONTECH) were grown in DMEM containing
85% horse serum, 10% FBS, 5% 2 mM L-glutamine, 100 mg/ml
G418, 100 units/ml penicillin G, and 100 mg/ml streptomycin,
at 10% CO,, on poly-L-lysine-covered glass coverslips. Cells were
loaded with 1 uM fura-2 AM (Molecular Probes) for 1 h,
washed, and mounted in the chamber of the spectrofluorimeter
(F-4500; Hitachi, Tokyo). The standard recording medium con-
tained 140 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1.5 mM CaCly,
5 mM glucose, and 10 mM Hepes, pH 7.4 (NaOH). High-K*
medium contained an additional 30 mM KClI in place of NaCl.
The chamber was constantly perfused with the recording me-
dium. Measurements of [Ca®*]. were performed essentially as
described (20). To induce oxidation by O, the recording solution
was bubbled with 100% O, for 10 min immediately before
application. Application of H,O, and O at the concentrations
used in this study had no significant effects on the fura-2 isobestic
signal at 360 nm and did not alter the fura-2 responses to Ca?*.
For NO measurements, PC12 cells were incubated for 1 h at
room temperature with 10 uM DAF-2 DA (Calbiochem) in the
standard recording medium and washed, and NO levels were
measured essentially as described by Kojima et al. (21). Basal
level of NO production was measured before stimulation and
subtracted from the measurements. For ROS/RNS measure-
ments, PC12 cells were incubated for 30 min in the medium
containing 5 uM dihydrorhodamine 123 (Calbiochem) and
washed, and ROS/RNS production was measured in the spec-
trofluorimeter (Aex = 500 nm, Ay = 530 nm). Basal level of
ROS/RNS production was subtracted from the measurements.

Experiments with rats were carried out in accordance with the
National Institutes of Health and the University of lowa Animal
Care and Use Guidelines. Rats (Long-Evans male; Harlan,
Indianapolis) were decapitated, and the brain was removed
rapidly and transferred to ice-cold saline containing 124 mM
NacCl, 2.5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 23 mM NaHCO3,
and 10 mM glucose, pH 7.4 (95% 0,/5% CO,). The coronal
slices were prepared by cutting the rostral end of the neocortex
on a Brinkmann chopper. Slices were loaded with 5 uM fura-2
AM for Ca?* measurements. The medium was bubbled with
20% O, for normoxia, 95% O, for oxidation, and 0% O, for
hypoxia.

Abbreviations: ROS, reactive oxygen species; RNS, reactive nitrogen species; NGF, nerve
growth factor; NOS, nitric oxide synthase; MsrA, methionine sulfoxide reductase; NaNP,
sodium nitroprusside.
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The amount of met(O) in the tissues was determined by
treating the extracted protein with cyanogen bromide, which
destroys methionine but not methionine sulfoxide (22, 23), and
then subjecting the treated and nontreated samples to HCI
hydrolysis as described (24). Under this condition, met(O) is
quantitatively reduced to methionine and the amount of met in
the cyanogen-treated sample divided by the met content in the
untreated sample represents the fraction of met(O) in the
extract.

All reagents were from Sigma unless otherwise stated. The
experiments were carried out at room temperature (23°C).

Results

To address the role of ROS/RNS in intracellular Ca®* signaling
contributing to neuronal information storage, we examined how
pairing of depolarization/chemical stimulation and oxidation
alters subsequent intracellular Ca?* signals induced by depolar-
ization. The rat pheochromocytoma (PC12) neurosecretory cell
line shows electrical excitability and developmental regulation by
nerve growth factor (NGF) (25), and these cells were used as a
model neuron system in this study. Repeated applications of
high-K*-induced depolarization alone to either differentiated or
undifferentiated PC12 cells elicited Ca?* signals that are similar
in amplitude, with no prolonged change in the basal [Ca?*]. (Fig.
14). An application of 0.03% H,O, evoked a small Ca**
transient, but did not affect the subsequent Ca?* responses to K+
depolarization (Fig. 1B). However, a single, combined applica-
tion of depolarization and oxidation by H>O, (0.03%) to undif-
ferentiated PC12 cells markedly potentiated the subsequent
Ca?* signals in response to K* depolarization (Figs. 1C and 2A4).
After this single, paired application of depolarization and oxi-
dation, subsequent depolarization-induced Ca?* signals devel-
oped faster and their amplitudes were dramatically greater (Fig.
2A). Typically, the Ca?* signal was enhanced by 150-200% after
the paired stimulation (Fig. 2 A and B, before and after). In
addition, paired application of depolarization and oxidation
induced a sustained elevation of the basal [Ca?*]. (Fig. 24). This
potentiation of cytosolic Ca>* response in both the depolariza-
tion-induced signal and the basal level was maintained as long as
the data collection continued, up to 2.5 h, indicating that a single
pairing of depolarization and oxidation could have a very
long-lasting impact on [Ca?"].. Similar Ca®* response potenti-
ation also was obtained by paring depolarization and O, (95%)
instead of H,O; (not shown).

The depolarization-induced [Ca?"]. signal potentiation in-
duced by pairing of depolarization and oxidation was reversed by
a brief hypoxia treatment (10 min) (Fig. 24), providing an insight
into physiological changes in neuronal cells induced by brain
ischemic episodes. Interestingly, PC12 cells differentiated by
NGF (100 ng/ml) did not show any sign of such potentiation,
although a small decrease in the amplitude of the Ca?* signal
after hypoxia often was observed (Fig. 2 C and D). Moreover, the
sustained elevation of [Ca?*]. observed after paired application
of oxidation and depolarization in undifferentiated PC12 cells
also was absent in the NGF-differentiated PC12 cells (Fig. 2C).
Thus, potentiation of the [Ca?*]. signal induced by temporal
pairing of oxidation and depolarization is regulated both by
hypoxia and cellular differentiation.

The potentiation of the Ca?* signal induced by paired appli-
cation of depolarization and oxidation is likely to be a wide-
spread phenomenon in excitable cells. The Ca?* signals from rat
cortical neurons demonstrated strikingly similar potentiation.
Cells from young rats (9-30 days old) showed a long-lasting,
sustained elevation of basal [Ca®"]. after a single, paired appli-
cation of depolarization and oxidation with either H,O, or O,
(Fig. 2E). A 2- to 3-fold increase in subsequent depolarization-
induced Ca?* signal was observed (compare the first and third
responses to K* depolarization, Fig. 2F). The neuronal rather
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Fig. 1. Concurrent depolarization and oxidation potentiate CaZ* signaling.
(A) Fura-2-loaded undifferentiated PC12 cells were subjected to a series of
400-s K*-depolarizations ([K*], = 35 mM) applied every 15 min. (B) Control K*
depolarization followed by application of 0.03% H,0; and the subsequent K*
depolarization. (C) Control K* depolarization followed by combined applica-
tion of high [K*] and H,0; and the following K* depolarization.

than glial origin of this phenomenon was supported by the
observation that incubation of the slices for 30 min with a
glial-specific metabolic poison fluorocitrate (26) did not affect
the Ca?* signal potentiation by oxidation.

Similar to NGF-differentiated PC12 cells, the Ca®" signal
potentiation in the brain cells from young adult rats was much
less pronounced, practically disappearing in the cells from the
animals more than 40 days old (Fig. 2F). This observation
suggests that the Ca?* signal potentiation phenomenon may play
roles in normal brain development. It is interesting to note that,
in rat cortex development, the period between postnatal days 9
and 35 is considered to be the critical period for neuronal
plasticity (27).

Oxidation potentiates the Ca?* signaling when paired not only
with depolarization but also, and even more dramatically, with
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Fig.2. Oxidation potentiates Ca2* signaling in undifferentiated PC12 cells
and young rat cortex. (A) After the control depolarization (@), the depo-
larizing stimulus was combined with oxidation (0.03% H,0,). Subsequent
potentiated responses to K™ depolarization (A) were maintained for more
than 1.5 h and reversed after 600-s hypoxia (¥). Changes in the basal Ca2*
level are shown in the lower trace. (B) Undifferentiated PC12 cells: ampli-
tude of the K* depolarization before (®) and after (A) potentiation and
reversed by hypoxia (¥) from the series of seven experiments as in A. (C)
Similar experiments as in A on NGF-differentiated PC12 cells. (D) NGF-
treated PC12 cells; series of seven experiments as in B. (E) Young (12-day-
old) rat cortical slice was loaded with fura-2 and [Ca2*]. was monitored in
response to K* depolarization, depolarization and oxidation, and subse-
quent K* depolarization. Depicted is a representative trace from the series
of six experiments with rats between 9 and 30 days old; [Ca2*]. is shown as
fura-2 signal ratio at 340 nm and 380 nm. (F) Adult (52-day-old) rat cortical
slice (experiment as in E) from the series of five experiments on rats
between 40 and 110 days old.
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Fig. 3. Histamine and oxidation potentiate Ca?* signaling. [CaZ*]. was
monitored in undifferentiated PC12 cells with fura-2. (A) Control K* depolar-
ization followed by application of 100 uM histamine and subsequent K*
depolarization. (B) [Ca?*]. responses to K depolarization before, during, and
after combined application of 100 uM histamine and 0.03% H,O,. Represen-
tative results are from the series of four experiments.

chemical agonist stimulation. In PC12 cells, the neuromediator
histamine evokes neurotransmitter release via activation of
histamine receptors. In particular, activation of H2 receptors
leading to stimulation of adenylyl cyclase activity and NO
synthesis is implicated in regulation of cellular growth and
differentiation (28). Histamine (100 uM) alone induced a very
small Ca?" signal in PC12 cells without affecting subsequent
depolarization-induced Ca?* signals (Fig. 34), similar to appli-
cation of H,O, alone (Fig. 1B). However, when histamine and
H,O, were applied simultaneously, a long-lasting increase in
[Ca?*]. was observed (Fig. 3B). Furthermore, after one-time
paring of histamine application and oxidation, Ca®>* signals in
response to depolarization were dramatically greater, typically
by 200-300% (Fig. 3B), and this potentiation lasted up to 2 h.
Similar potentiation was observed when histamine and O, were
applied concurrently (not shown). As found with pairing of
depolarization and oxidation, the key requirement to induce the
Ca?* signal potentiation was the timing of pairing between
chemical simulation of cells and oxidation. Only when these two
stimuli were presented together was long-lasting enhancement of
the Ca?* signal observed.

H,0; is a membrane-permeable oxidant, and, once in the
intracellular compartment, it may react with oxidizable groups

Yermolaieva et al.
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Fig. 4. ROS production by PC12 cells during oxidation and stimulation.
Undifferentiated PC12 cells were loaded with dihydrorhodamine. (A) ROS
concentration during application of 0.03% H,0,, K depolarization, and the
combined application. (B) ROS concentration during application of 0.03%
H,0,, 100 uM histamine, and the combination of both. Representative results
are from the series of four experiments for each treatment.

directly or react with biologically prevalent metal ions such as
iron and copper (Fenton reaction) to form other strong oxidants
such as the hydroxyl radical (4). We directly confirmed intra-
cellular ROS/RNS production by using the fluorescent dye
dihydrorhodamine (29) (Fig. 4). As expected, H,O, application
alone increased the level of ROS. Neither depolarization nor
application of histamine alone induced any obvious change in the
ROS level. However, when applied in combination with H,O»,
these stimuli significantly reduced the increase in ROS caused by
H,0,. Though seemingly unexpected, this result is in line with
the possibility that ROS are consumed vigorously during depo-
larization/agonist stimulation to oxidize, directly or indirectly,
the elements involved in cellular Ca?* homeostasis. Consistent
with this idea, in the presence of the reducing agent DTT (5
mM), paired application of depolarization and H,O, did not
increase the amplitude of subsequent responses to K* depolar-
ization (Fig. 5C).

Application of histamine to PC12 cells leads to enhanced NO
synthesis (28). Thus, we examined whether NO may be involved
in potentiation of Ca?* signaling. Using the fluorescent dye
DAF-2 (21), we measured NO production in PC12 cells during
depolarization or histamine application. Application of 100 uM
histamine induced a significant increase in NO production (Fig.
5A). During depolarization, however, the NO signal decreased,
indicating that cellular NO consumption may have increased. We
cannot totally exclude the possibility that the NO synthase
activity decreased, although, considering the stimulation of NOS
activity by Ca?* and calmodulin (30), the [Ca?"], rise during
depolarization would be more likely to enhance the NOS activity.
The important role of NO in oxidation-mediated Ca?*-signaling
potentiation is demonstrated further in Fig. 5B, where we were
able to mimic the potentiation induced by paired application of
histamine and H,O, by using the NO donor sodium nitroprus-
side (NaNP). Application of 100 uM NaNP on its own failed to
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Fig. 5. NO is involved in potentiation of Ca2* signaling. (A) NO level
measured by using DAF-2 in PC12 cells during application of either 100 uM
histamine or K* depolarization (shown by bar). Representative results are
from the series of four experiments for each treatment. (B) Ca?* signal in PC12
cells in response to K* depolarization before, during, and after simultaneous
application of 100 M NaNP and 0.03% H,0,. (C) Ca?* signal amplitude in
undifferentiated PC12 cells in response to K* depolarization after the treat-
ment listed. Control, K* depolarization in naive cells. Concentrations used
were 35 mM K*, 0.03% H;0,, 100 M histamine, 0.1 mM hemoglobin, 5 mM
DTT, 100 uM peroxynitrite, 100 uM NaNP, and 12 mM L-NAME. For each
experiment, n = 4-7.

elevate basal [Ca?*]., and no subsequent potentiation of Ca?*
signaling was observed ([Ca?*]. rise during K* depolarization
amplitude: 1.4 = 0.3, control, and 1.4 = 0.4, after NaNP applica-
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Fig. 6. Methionine-reducing system of the nerve cells throughout develop-
ment and differentiation. Shown are oxidized methionine-to-total methio-
nine ratio percentage (®) and MsrA activity (O) (pmol/ug protein) in the rat
brain between postnatal days 1 and 100.

tion). However, when H,O, was applied concurrently, potenti-
ation of subsequent Ca?" responses as well as the sustained rise
in [Ca®"]. were similar to the results obtained with histamine
(Fig. 3B). Furthermore, in the presence of the NO scavenger
hemoglobin (0.1 mM), paired application of histamine and
oxidation did not potentiate the Ca?>" signal, and nitro-L-
arginine methyl ester (L-NAME) (12 mM), the nitric oxide
synthase (NOS) inhibitor, also abolished the Ca?* signal poten-
tiation (Fig. 5C). Taken together, these results suggest that
pairing of depolarization/chemical stimulation and oxidation
potentiates Ca" signaling in a NO-dependent manner. NO is
often considered to react with O5 to form the strong oxidant and
nitrating agent peroxynitrite, which is implicated in ROS-
mediated tissue injury (31). Direct application of peroxynitrite,
however, did not cause any significant potentiation of the
depolarization-Ca?* signal (Fig. 5C). Stimulation of NO pro-
duction and the presence of ROS/RNS therefore appear to be
the key requirements for enhancement of the Ca?* transient and
the sustained elevation of [Ca?*]., which, in turn, could trigger
a number of pathways leading to plasticity of Ca?* signaling in
neuronal cells.

ROS/RNS readily promote oxidation of cysteine and methi-
onine residues in proteins. Methionine is oxidized to methionine
sulfoxide [met(O)], and its reduction is catalyzed by the enzyme
peptide methionine sulfoxide reductase (MsrA; ref. 32). De-
pending on the activity level of MsrA, the effect of methionine
oxidation could be short or long lasting. Methionine oxidation-
reduction has been shown to alter the properties of voltage-gated
K* channels (11) and also implicated in up-regulation of voltage-
gated Ca®* channels (12). Thus, under oxidative conditions, the
voltage-dependent pathway of Ca?* entry into the excitable cell
may be altered significantly. Furthermore, calmodulin, which
plays critical roles in a large number of intracellular Ca?*-
dependent processes including Ca®>™ homeostasis, is regulated by
methionine oxidation in an age-dependent way (33). Our results
presented earlier show that the Ca?* signal potentiation is
preferentially observed in undifferentiated PC12 cells and in
young neurons (see Fig. 2). This suggests that the MsrA activity
and/or met(O) content of the tissue may be regulated develop-
mentally in a similar fashion. Thus, we examined whether
methionine oxidation is involved in the Ca?* signal potentiation
by measuring the tissue met(O) content and the MsrA enzymatic
activity (22, 24). The changes in the MsrA activity and the
relative met(O) concentration in the rat brain during the first 100
days are shown in Fig. 6. Both the MsrA activity and the met(O)
concentration increased during the first 10 postnatal days, and
then the MsrA activity level decreased markedly, whereas rel-
ative met(O) decreased only after day 30, which is thought to
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represent the end of the critical time for the cortex development
(27). Undoubtedly, considering the complexity of the cellular
Ca’" homeostasis, multiple factors contribute to the observed
oxidative Ca?* signal potentiation and its regulation by devel-
opment. The results presented suggest, however, that methio-
nine oxidation and MsrA are likely to play an important role.

Discussion

We have demonstrated here that, in rat cortical neurons and a
model PCI12 cell line, one-time pairing of oxidation and depo-
larization/chemical stimulus dramatically enhances subsequent
cellular Ca?* signaling, representing a form of activity-
dependent modulation of cellular excitability. The temporal
pairing of depolarization and oxidation stimuli appears critical to
potentiate the Ca?* response, thus providing a physiological link
between functional activity and the metabolic state of the
neuronal cell through modulation of the Ca?* homeostasis.
Oxidation-mediated Ca?" signal plasticity is observed preferen-
tially in the developmentally young cells, disappearing after
differentiation in culture and also after a specific brain devel-
opment stage. Interestingly, hyperoxia has been shown to induce
differentiated neuronal phenotype in PC12, possibly via produc-
tion of ROS (34). This is consistent with our results that
ROS/RNS are directly involved in activity-dependent neuronal
differentiation.

The molecular mechanism of oxidative potentiation of Ca?*
signaling most likely involves a number of intracellular proteins
involved in Ca®* homeostasis. Oxidation of amino acid residues
in ion channels is expected to alter cellular excitability and Ca?*
signaling (for review, see ref. 9). Oxidation of intracellular Ca?*
release channel ryanodine receptor and its resulting increased
activity (13) may account for the sustained increase in basal
[Ca?"]. observed during potentiation in our experiments (Fig.
2A). Calmodulin is also another prime target of oxidation.
During development and aging, methionine residues in calmod-
ulin undergo oxidation to met(O), resulting in the decreased
ability of calmodulin to transduce Ca?* signals (33). Oxidation
of calmodulin would be expected to greatly contribute to the
activity-dependent potentiation of Ca®™ signaling, as well as alter
regulatory effects of calmodulin on ion channels, activation of
plasma membrane Ca>* pump, activation of NOS, and gene
expression (35-38). Oxidative agents could have direct effects on
gene transcription (39), and elevation of [Ca?*]. during poten-
tiation also may function as a trigger for gene transcription via
the CREB-binding protein CBP (40, 41), contributing to long-
term cellular plasticity.

The crucial role for NO in oxidative potentiation of Ca?*
signaling triggered by pairing of electrical/agonist stimulation
and oxidation demonstrated here provides an insight into the
cellular mechanisms involved in neuronal developmental plas-
ticity. NO could influence its effectors by stimulating the cGMP-
dependent signaling pathway and/or by acting as a weak radical.
This study does not directly address how these two mechanisms
contribute to the Ca?* potentiation. Acting as a radical, NO may
directly affect the properties of voltage-dependent K* channels
and thus alter cellular excitability and Ca?" signaling (42, 43).
NO also has been implicated in cellular plasticity including
neuronal differentiation and neurite outgrowth and, as recently
suggested, in cortex development (44—46). In the rat cortex, NO
synthesis has been shown to reach its maximum in the second
postnatal week and start to decrease after day 20 (47, 48). Our
findings that the Ca®* potentiation depends on NO (Fig. 5) and
becomes less pronounced with age (Fig. 2) and that increased
MsrA activity and met(O) content are developmentally transient
(see Fig. 6) suggest that oxidative Ca?" potentiation may be
closely linked with cortex development. It is also noteworthy that
NO has been shown to amplify Ca?*-induced gene transcription
and trigger growth arrest during differentiation of PC12 cells

Yermolaieva et al.



when NO application coincided with Ca?* influx (16, 49), which
closely resembles our experimental paradigm reported here.
Activity-, NO-, and ROS-dependent potentiation of Ca’*
signaling and the resulting increased neuronal excitability could
provide a basis for information storage at the cellular level. The
observation that this oxidative Ca®>* potentiation can be reversed
by brief hypoxia (Fig. 24) might provide an insight into under-
standing the damaging effects of oxygen deprivation on brain
function. This study presents the phenomenon of oxidative
potentiation of neuronal excitability and Ca?* signaling and
establishes its connection with neuronal differentiation through
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neuronal development factors such as NO, Ca?*, and NGF, as
well as the redox activity of the tissue (MsrA expression). We
suggest that the above potentiation of Ca’* signaling may
contribute to a long-lasting increase in neurotransmitter release
by active neurons and, thus, may be involved in synaptic mod-
ulation and higher brain functions.
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