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Abstract
Disruption of calcium homeostasis in epileptic cells is characterized by both short- and long-term perturbations of Ca2þ

buffering systems. Along with the Naþ/Ca2þ exchanger, the plasma membrane Ca2þ-ATPase (PMCA) plays an important

role in excitable cells. The involvement of PMCAs in epileptogenesis has primarily been studied in brief intervals after

various stimuli; however, the specific contribution of this molecule to epileptogenesis is not yet fully understood. Our aim

has been to investigate whether PMCA expression in the chronic stages of epilepsy is altered. Through an interdisciplinary

approach, involving whole-cell recordings and real-time reverse transcriptase-polymerase chain reaction, we have shown

that epileptic neurons in our preparation consistently show changes in electrical properties during the period of chronic

epilepsy. These changes included increased spike frequency, altered resting membrane potential and changes in passive

membrane properties. Following these observations, which indicate an altered excitability in the epileptic cells studied,

PMCA mRNA transcripts were studied. It was found that while PMCA1 transcripts are significantly increased one month

following the pilocarpine epileptogenic stimulus, PMCA3, an isoform important in excitable tissues, was significantly,

decreased. These findings suggest that, in the long-term, a slow PMCA (PMCA1) plays a role in the reestablishment of a

new calcium homeostasis attained by epileptic cells. Overall, this phenomenon points out the fact that in seizure

disorders, changes that take place in the balance of the different molecules and their isoforms in charge of maintaining

neuronal calcium homeostasis, are fundamental in the survival of affected cells.
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Introduction

Intracellular Ca2þ concentrations are regulated by a sophis-
ticated battery of proteins. This degree of fine tuning is
necessary for the maintenance of calcium homeostasis in
eukaryotic cells. In the nervous system, diverse processes
are dependent on the regulation of this critical cation. It
has become clear that imbalances of calcium homeostasis
in neurons underlie several neurodegenerative disorders.

Epilepsy can be a debilitating disorder that undoubtedly
merits exhaustive examination of its underlying molecular
mechanisms. It is known that the concentration of intracellu-
lar calcium is significantly elevated during status epilepticus in
several models of epileptogenesis, and remains elevated
in the chronic phase of epilepsy.1 – 5 Control levels of Ca2þ

in hippocampal neurons correspond to 100–200 nmol/L,

whereas after initialization of the status epilepticus in the
pilocarpine model, the concentration reaches .800 nmol/L.3

After 30 days, Ca2þ levels are still high (.300 nmol/L) and
sustained up to one year.3

In the initial phases of experimental epileptogenesis,
increased intracellular levels of calcium are mediated via
the entry of calcium through the N-methyl-D-aspartate
(NMDA) receptor. In the chronic phase, when recurrent sei-
zures are evident, this increase is likely due to an alteration
in the equilibrium between several homeostatic mechan-
isms, including the aberrant extrusion of ions.2

In the process of epileptogenesis, the affected calcium
machinery in the cell includes cytoplasmic buffering
proteins,6,7 the sarco/endoplasmic Ca2þ-ATPase (SERCA),8,9

the Naþ/Ca2þ exchanger (NCX)10 and the plasma membrane
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Ca2þ-ATPase (PMCA).11 At the cell membrane, the PMCA
is involved in the fine regulation of intracellular
calcium via its high affinity for this cation, and therefore
plays a critical role when sudden changes in intracellular
calcium occur.12 The PMCA family consists of four genes
(PMCA1–4), which undergo complex alternative splicing
to produce at least 20 different isoforms, each one display-
ing kinetic properties related to its cellular localization and
function. Interestingly, the brain expresses a wide variety of
these PMCA isoforms with varying patterns depending on
the developmental stages examined.13

Knowledge gathered to date concerning the participation
of the PMCAs in epileptogenesis is limited. We have
recently reviewed the role of cell calcium extrusion
systems in the development of epilepsy.14 In the hippo-
campus, the basic isoforms of PMCA1 – 4 have been detected
with some variability depending on the specific technique
employed.15,16 In the rat, PMCA1 and PMCA3 are the
most abundant transcripts,11 whereas in the human,
PMCA2 and PMCA4 mRNAs follow a differential distri-
bution.17 In early stages of kainic acid (KA)-induced epi-
lepsy, a diminished expression of PMCA1 and PMCA2
mRNA, together with an unaltered expression of PMCA3,
measured by in situ hybridization has been reported.11

Other groups have reported no significant changes in
PMCA mRNA expression when examined at a longer inter-
val following KA treatment.10 Changes in total PMCA
protein have been detected 4–12 h after the epileptogenic
stimulus.11

We have hypothesized that homeostatic calcium extrusion
mechanisms may be altered in the chronic phase of epilepsy.
Therefore, as an initial approach, we decided to study the
expression of PMCA following pilocarpine-induced epilep-
togenesis. Considering the heterogeneity of cells forming
the nervous tissue, we studied the expression of different
PMCA isoforms in single epileptic neurons of the hippo-
campus through an approach involving both electrophysio-
logical and quantitative polymerase chain reaction (qPCR)
techniques. Upon isolating well-characterized epileptic
neurons, as documented by electrophysiological analysis,
we found that, while PMCA1 expression increases signifi-
cantly following epileptogenesis, PMCA3 expression
decreases and the expression of PMCA4 presents minor
changes. These data suggest that PMCA1 plays a critical
role in chronic stages of epileptogenesis.

Together, these results strongly support the hypothesis
that, in neurons, an altered calcium extrusion process,
which results in changes that modify intracellular calcium
equilibrium, correlates with the onset of chronic epilepsy
associated with an altered neuronal excitability. The newer
calcium equilibrium achieved by the expression of different
PMCAs allows for the management of chronically elevated
calcium levels that would otherwise lead to cell death.

Methods

Materials

All reagents were of molecular biology grade; buffers,
methylscopolamine and pilocarpine hydrochloride were

obtained from Sigma-Aldrich (St Louis, MO, USA).
Dimethyl-dichlorosilane was purchased from Supelco
(Bellefonte, PA, USA). Primers and Taqman probes were
from Primer Design Ltd (Southampton, UK). The
SuperScriptTM III Platinumw One-Step Quantitative
RT-PCR System with ROX was from Invitrogen
Corporation (Carlsbad, CA, USA). The water used for all
the solutions was ultrapurified in a Milli-Q system
(Millipore Corporation, Bedford, MA, USA), diethyl-
pyrocarbonate (DEPC)-treated and sterilized. For qPCR
experiments, an ABI Prism 7000 detection system from
Applied Biosystems (Foster City, CA, USA) was used.
Valium (Diazepam) was kindly provided by Hoffmann-La
Roche Ltd.

Epilepsy model

Experimental animals were handled according to Mexican
Official Norm for use, care and reproduction of
Laboratory Animals (NOM-062-ZOO-1999). Male Wistar
rats of 20–25 days old were used, which were maintained
under a standard 12:12 light/dark cycle with ad libitum
access to food and water. All drugs were administered via
intraperitoneal (i.p.) injection. Prior to pilocarpine treatment
(30 min), experimental animals were administered methyls-
copolamine (1 mg/kg) and status epilepticus was then
induced by a single dose of pilocarpine (350 mg/kg).
Control animals were injected only with saline solution.
Behavioral seizures were observed and the status epilepticus
onset was defined as the time when seizure activity became
sustained. Rats were allowed to seize for one hour and, in
order to avoid high mortality, animals were treated with
diazepam (4 mg/kg). Subsequent doses were administered
as needed.18 Rats were left in a nursing facility until spon-
taneous seizures occurred twice per week; seizures were
evaluated according to Racine’s scale.19

Patch-clamp recordings

To document changes in the electrical behavior of cells from
pilocarpine-treated animals, we carried out electrophysio-
logical recordings one month after treatment. Only rats
showing spontaneous seizures once or twice per week
were used. Under ether anesthesia, rats were killed by
decapitation and the brains were extracted. Slices of
400 mm were obtained with a vibratome and were incubated
at room temperature (24–268C) for one hour in artificial cer-
ebrospinal fluid (ACSF) containing (in mmol/L): 126 NaCl,
3 KCl, 1.5 CaCl2, 1.5 MgCl2, 1.25 Na2HPO4, 10 glucose
(equilibrated with 95% O2/5% CO2, pH 7.4). Brain slices
were transferred to a recording chamber and continuously
superfused at 348C with ACSF. Hippocampal CA1 pyrami-
dal cells were visualized by infrared differential interference
contrast (DIC) video microscopy using a 40 �/1.0 objective
in an upright microscope (FN1, Nikon Inc, Melville, NY,
USA). Patch pipettes were pulled from borosilicate glass
and filled with a solution containing (in mmol/L): 145
KCl, 5 HEPES, 5 EGTA, pH 7.3, with tip resistances of 4–
5 MV. Recordings were made with current clamp in a
whole-cell configuration with seal resistances over 1 GV,
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using an EPC7 amplifier. To observe changes in the excit-
ability of cells from control and pilocarpine-treated
animals, a stimulation protocol was applied consisting of
current pulses of 20 ms ranging from 2800 to 800 pA (in
100 pA steps, Figure 2D). During a 100 ms pulse the mem-
brane reaches the steady state before the end of the pulse.
Under these conditions we evaluated membrane resistance.
Cell potentials and the stimulus duration were used to plot
every action potential as a function of its intensity.

Single-cell quantitative reverse
transcriptase-polymerase chain reaction

Prior to cell collection, patch electrodes and PCR tubes were
soaked in a 5% (v/v) dimethyl-dichlorosilane/chloroform
solution for 20 min, and then were sterilized.20 To analyze
PMCA expression after epileptogenic stimuli, only those
neurons showing an increased excitability, a stable mem-
brane potential and a high-resistant patch seal were con-
sidered. Following whole-cell recording, the contents of
single cells were aspirated, placed in PCR tubes containing
RNase inhibitors, frozen in liquid nitrogen and kept at
2708C until use.21 Specific primers for rat PMCAs spliced
at site C were as follows: PMCA1 (NM_053311): Fwd
50-ATGACATTGTGAAGACGGTGAT-30, Rev 50-TCGTTCT
CGTTATCCCACTCT-30; PMCA2 (NM_012508): Fwd 50-
CATAGATACTGCTGACATACTGGAT-3’, Rev 50-CACATC
ATAAGGTTCATTCGGATC-30; PMCA3 (NM_133288):
Fwd 50-GCAGATGTTGTGGGTGAACT-30, Rev 50-CGTGA
GATGAGAGGCTTGTC-30; PMCA4 (NM_001005871): Fwd
50-AGCAGTTGCGTCAGTCAGA-30, Rev 50-TCTCGGAAA
CTATGAAATACTTTGA-30. Taqman probes sequences were:
Atp2b1: ATGCCTAGCGTTCAGAGACTTCCCCG; Atp2b2:
CCGAAAGCAGCAAGCCGTACCAACC; Atp2b3: CTTCC
GCAGCAGCAGTGACTCAGTTG; Atp2b4: CTCCACCTC
TTCTGCCGTTACACCTCC, for PMCA1–PMCA4, respect-
ively. To avoid genomic DNA contamination, collected cell
contents were incubated with deoxyribonuclease I.
One-step reverse transcriptase-polymerase chain reaction
reactions for control or experimental single cells were
carried out in 20 mL final volumes according to the follow-
ing protocol: 508C/15 min; 958C/2 min; 40 cycles: 958C
/15 s; 608C/30 s.

Statistical analyses

For all statistical and curve-fitting procedures, a Microcal
Origin program 8.0 (Microcal Software) was employed. A
no directional Student’s t-test was used in comparisons of
mean values between two populations of cells. The signifi-
cance value was a ¼ 0.05 and the critic value was 95%.
Values are expressed as mean+SEM and P , 0.05 con-
sidered significant.

Results

Electrophysiology

Prior to employing single-cell quantitative-PCR, it was
crucial to characterize the electrophysiological changes in

cells isolated from pilocarpine-treated animals. As described
in Methods, seven control rats were injected i.p. with saline
solution, and 14 experimental rats treated with the pilocar-
pine–diazepam protocol. Recordings were made in
current clamp in a whole-cell configuration employing pyr-
amidal cells from the CA1 region of rat hippocampus.

One month following injection, recordings were made
from a total of 127 cells; 52 control cells, of which 46 pre-
sented a stable resting membrane potential (RMP)
between 260 and 270 mV and had action potentials with
amplitudes between 90 and 100 mV. Rats treated with pilo-
carpine were sacrificed after they had exhibited one or two
spontaneous seizures per week. Recordings were made
from 75 experimental cells; 63 fulfilled the criteria of
altered excitability, that had a more depolarized RMP
(mean value ¼ 255 mV; Figure 1C) than controls (P ,

0.05). In control cells, each depolarizing stimulus produced
only one or two action potentials, while cells from
pilocarpine-treated animals exhibited two or three spikes
per stimulus, suggesting an increased excitability
(Figures 1A and B). This is in accordance with previous
observations that mechanisms underlying epileptogenesis
might alter neuronal excitability.22

To document the electrical properties of these cells, a
region of 0–800 pA was screened under current-clamp con-
ditions. Increased spike discharges in neurons from epileptic
animals (Figure 2D) were accompanied by increased mem-
brane resistance (P , 0.05; Figure 1B), suggesting changes
in underlying ion currents or passive membrane properties.
In agreement with the latter, the mean time constant of the
tail response was significantly altered (P , 0.05) in neurons
from epileptic rats (Figure 1D).

To evaluate possible differences in the excitability of
neurons from control and pilocarpine-treated animals, we
analyzed the neuronal response to increasing stimuli inten-
sity. We define IR as the intensity of the stimulus at which
we obtain an action potential in neurons from control or
pilocarpine-treated animals exposed to equivalent stimulus
duration. For example, at stimulus durations of 1 ms, IR ¼

600 pA in control neurons and IR ¼ 320 pA in neurons
from epileptic animals (Figure 2A). In general, neurons
from epileptic animals required a minimal stimulus inten-
sity to evoke action potentials in comparison with neurons
from saline-injected animals (P , 0.05). We also measured
tmin, the minimal duration (in ms) to obtain an action poten-
tial. We found tmin ¼ 0.1 ms for neurons from epileptic
animals, while tmin ¼ 1 ms for controls (Figure 2A).
Neurons from epileptic animals required a shorter stimulus
duration to trigger an action potential, indicating an
increased excitability in these neurons compared with con-
trols (P , 0.05; Figure 2A). Therefore, enhanced excitability
may account for the altered electrical phenotype of epileptic
neurons.

It is known that the fast after hyperpolarization (fAHP)
lasts 2–5 ms following the repolarization face of action
potential and is carried by the calcium and voltage-
dependent BK channels.23 Its amplitude is dependent on
the intracellular calcium levels. Figure 2C shows that epi-
leptic neurons have a higher amplitude fAHP than control
cells. These results can be taken as indirect evidence that
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epileptic neurons maintain a chronic increased intracellular
calcium level.

Single-cell quantitative-PCR

Standard curves were constructed for each set of PMCA
primers using the corresponding positive controls and
Taqman probes.24 A total of 109 neurons were analyzed;
46 of these cells were for control while 63 obtained from
pilocarpine-treated animals fulfilled the criteria of altered
excitability for qPCR analysis. Twelve of the 63 cells had
poor expression of GAPDH probably because problems in
the harvesting of these cells (7 cells) or had normal electro-
physiological phenotype and normal expression of PMCAs
and GAPDH (5 cells). Only 42 cells of the pilocarpine-
treated rats were analyzed. In general, we noticed a high
homogeneity in the expression levels of transcripts from
the CA1 neurons analyzed, suggesting a strict transcrip-
tional regulation (Figure 3).

We found the ubiquitous PMCA1 isoform to be expressed
at low levels (3.85 copies/cell) under control conditions in
CA1 pyramidal neurons (Figure 3B). Interestingly, PMCA1
was highly over-expressed (15-fold) in neurons from
pilocarpine-treated animals (P , 0.05; Figure 3B). In contrast,
under basal conditions, PMCA3 shows only a slightly higher
level of expression (�6 copies/cell) than PMCA1 while, in

neurons from epileptic animals, PMCA3 expression is signifi-
cantly decreased (.13-fold, P , 0.05; Figure 3C). Expression
of PMCA4 was relatively low (0.2 copies/cell) in CA1
neurons, and did not differ between neurons from control
and epileptic neurons (Figure 3D). We observed that
GAPDH levels show stable expression levels independent of
pilocarpine treatment (Figure 3E).

Our ability to detect PMCA2 transcripts at the single-cell
level was limited, since this set of primers showed a low effi-
ciency (1.93) and sensitivity (intercept 43.89) standard
curve. Given the relevance of PMCA2 to the nervous
system, we then explored PMCA2 expression in total hippo-
campal RNA isolated from control (n ¼ 3) and pilocarpine-
treated rats (n ¼ 3). Hippocampal PMCA2 expression levels
were not significantly different (P . 0.05, data not shown)
between control (3980082.2 mRNA copies/5 mL+SEM
1876228.6) and pilocarpine-treated animals (2939450.4
mRNA copies/5 mL+SEM 385395.1). However, consider-
ing the level of cell heterogeneity in the hippocampus,
these measurements did not approach the sensitivity obtain-
able with single cells.

Discussion

For the first time we have incorporated a novel approach
that allows us to examine the electric behavior and the

Figure 1 Stimulus response properties of CA1 pyramidal neurons recorded in a whole-cell configuration. (A) Number of action potentials per cell at all depolar-

izing stimuli in control and epileptic cells. The mean number in control cells was 8+0.96 (n ¼ 13) and in epileptic cells was 13+1.48 (n ¼ 11). (B) Mean membrane

series resistance during a 100 ms pulse in control and epileptic cells. Control and epileptic cells presented membrane resistance of 108+16.7 MV and 162.48+
17.89 MV, respectively. (C) Mean resting membrane potential (RMP) of control and epileptic cells. The RMP in control cells was 261+1.97 mV and in epileptic

cells 255+2.4 mV. (D) Tail currents for every stimulus were fitted to a double exponential function and time constants plotted (t1 and t2). Control cells (n ¼ 7)

show a t1 of 2.99+1.2 ms and a t2 of 3.31+1.95 ms. Epileptic cells show a t1 of 8.16+0.9 ms and a t2 of 4.7+3.0 ms. t1 from epileptic cells is higher than

control while t2 do not show any differences. Average values+SEM are indicated, �P , 0.05
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expression of PMCA isoforms in single hippocampal
neurons during the chronic phase of experimental epilepsy.
Using a combination of whole-cell patch recording and
single-cell real-time PCR, we were able to correlate the elec-
trical phenotypes of individual CA1 neurons with changes
in the specific expression of different PMCA mRNAs
during epileptogenesis.

A number of studies have suggested that altered electrical
processes lead to changes in synchronic action potential dis-
charges in epileptic neurons.25,26 However, few studies have
addressed the fundamental question of whether or not the
basic electrical properties of the neuron are constitutively
altered after long-term adaptive responses are established.
In the current work, we have documented concomitant elec-
trical and molecular changes in neurons that implicate the
PMCA proteins in mechanisms underlying the adaptive
response to epileptogenesis.

Increased action potential frequencies in epileptic neurons
suggest an enhanced excitability, which can be characterized
by the neuron’s sub-threshold and passive responses in
measures of stimulus–response properties.27 The most strik-
ing, yet unsolved, question is whether increased epileptiform
discharges are associated with changes in cell excitability. In
the current study, an augmented spike frequency is
accompanied by changes in sub-threshold responses
(Figures 1, 2B and D), suggesting an increased basal excit-
ability in the epileptic neuron. These results prompted us to
examine the stimulus–response relationship following a

classical protocol28 that examined the behavior of the
neuron following stimuli that varied in both intensity and
duration. With this protocol, we observed that neurons
from pilocarpine-treated animals responded to stimuli of a
significantly shorter duration and lower intensity than
control neurons (Figure 2A). Together, these results are con-
sistent with underlying changes in the firing threshold, and
thus excitability, of CA1 neurons from epileptic animals.
Furthermore, the increased firing responses (Figure 1) can
be readily related to the already known antiaccommodation
effect observed in rat sympathetic neurons. This effect can
be ascribed to changes in voltage-dependent, non-
inactivating ionic conductance that are active at the action
potential firing threshold.29 Therefore, changes in both ionic
and passive membrane conductances may underlie the elec-
trical alterations observed in neurons from epileptic animals.

Previous studies of the expression patterns of the different
PMCA isoforms demonstrate that this group of proteins
plays a role not only as regulators of homeostatic intracellu-
lar calcium concentrations, but also as regulators of
dynamic calcium signaling.30 In the brain, where complex
neural functions need a diverse range of highly specialized
and regulated transduction signals, the PMCAs are notable
for their regional and cellular heterogeneity. In the hippo-
campus, reports have shown PMCAs to upregulate extru-
sion in response to even minor calcium elevations to
maintain calcium homeostasis, showing an important role
for these proteins in calcium clearance.31

Figure 2 (A) Responses of neurons obtained from control (full circles) and pilocarpine-treated animals (full squares) to increasing stimuli intensity. The stimulus

duration is plotted as a function of its intensity at the action potential threshold for each cell. IR is defined as the intensity of the stimulus at which we obtained an

action potential in neurons from control or pilocarpine-treated animals with equivalent stimulus duration. At a duration of 1 ms, control cells exhibited responses

with an IR ¼ 600 pA, while cells from pilocarpine-treated animals with an IR ¼ 320 pA. We defined tmin as the minimal duration to obtain an action potential. For

neurons from pilocarpine-treated animals tmin ¼ 0.1 ms, while for control cells tmin ¼ 1 ms. (B) Number of action potentials as a function of the injected current

stimulus from 100 to 800 pA in control (n ¼ 9) and epileptic cells (n ¼ 12). (C) Comparison of the fast after-hyperpolarization amplitude in control and epileptic

CA1 neurons. (D) Stimulus protocol for control and epileptic cells is shown on top at left (a) and right (b) side of panel. Stimulus protocol consists of square

current stimulus from 2800 to 800 pA in steps of 100 pA. (a) control neurons produced one action potential for every depolarizing stimulus and (b) neurons

from epileptic animals produced 2–3 action potentials for every depolarizing stimulus. For clarity we show only eight of the 16 traces
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Previous studies on the early (1–4 h) stages of epilepto-
genesis following seizure induction with KA injections
report no significant changes in PMCA1 expression in the
CA1 region of the rat hippocampus.11 However, a signifi-
cant decrease was observed from 12–72 h after seizure
induction.11 Therefore, the present study has focused on
the chronic phase of epilepsy, at which time stable PMCA
expression levels may reflect a newer calcium homeostasis.

Due to the complexity of the hippocampus, we quantified
PMCA expression at the single-neuron level. Our results
show that, one month after the epileptogenic stimulus, the
expression of PMCA1 in epileptic neurons increases nearly

15-fold over control levels (Figure 3B) while, in contrast,
PMCA3 shows a significant, but less pronounced decrease
(Figure 3C). PMCA4 expression remains relatively low and
is unaffected by epileptogenesis (Figure 3D). Previous
reports have shown that PMCA1 is the most abundant
form in the hippocampus, followed by PMCA2 and
PMCA3. These studies also showed PMCA4 to have the
lowest expression of the hippocampal PMCAs.15,16 In agree-
ment with these findings, we confirmed low PMCA4
expression in the pyramidal cell population of CA1.
However, in this cell population, we found PMCA3 to be
more abundant than PMCA1. Based on available evidence,

Figure 3 Single-cell PCR quantification of PMCA transcripts expressed in single CA1 pyramidal neurons from control and pilocarpine-treated animals.

(A) Amplification plots of PMCA1, 3 and 4 in control (left) and epileptic (right) neurons. The horizontal line represents the threshold. (B) PMCA1, control cells

(n ¼ 13, 3.85 copies/cell); epileptic cells (n ¼ 12, 57 copies/cell). PMCA1 was highly over-expressed (15-fold) in neurons from pilocarpine-treated animals.

(C) PMCA3, control cells (n ¼ 11, � 6 copies/cell); epileptic cells (n ¼ 11, 0.6 copies/cell). PMCA3 expression is significantly decreased (.13-fold). (D) PMCA4

control cells (n ¼ 12, 0.2 copies/cell); epileptic cells (n ¼ 10, 0.18 copies/cell). Expression of PMCA4 in CA1 neurons did not differ between neurons from

control and epileptic rats. (E) GAPDH (control cells, n ¼ 10; epileptic cells, n ¼ 9) showing a similar expression in control and experimental groups. Ct average

values+SEM are plotted, �P , 0.05
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PMCA1a is the most abundant isoform in human and rat in
the CA1 region of hippocampus.32,33 Since our PMCA1
probes do not distinguish among the different splicing
options, we are mainly detecting abundance of the
PMCA1a isoform. Therefore, changes in PMCA1 expression
levels observed in epileptogenesis support a prominent
housekeeping role for this isoform in CA1 neurons, in com-
parison to the role played by PMCA4.34 Recent evidence
found for the PMCA1a isoform, the most abundant in
brain, shows a specialized role in neurones since it is
located in the plasma membrane of somata, dendrites and
spines.33

The physiological relevance of our findings can be ana-
lyzed in the context of the known kinetic properties of
specific PMCA isoforms, previously reviewed by our
group.14,35 The majority of studies analyzing the
calcium-extrusion properties of different PMCA isoforms
have focused on PMCA isoforms that are spliced at site C,
where the calmodulin (CaM)-binding domain is located.
In spite of methodological limitations, it is now possible to
distinguish fast isoforms, corresponding to ‘a’ variants,
whose CaM affinity is low, from slow isoforms, or ‘b’ var-
iants, which display a high affinity for CaM.36,37 Previous
studies using heterologous cells expressing different
PMCAs have demonstrated a higher calcium extrusion effi-
ciency for PMCA2 and PMCA3, which reduced cytoplasmic
calcium levels 30 and 35%, respectively.12 In contrast, the
actions of PMCA4 lead to only a 15% decrease in intracellu-
lar calcium. In these studies, PMCA1 was unable to reduce
the concentration of calcium.12 Therefore, it appears that,
although the calcium extrusion activity of the PMCA1
isoform is relatively low at baseline, the upregulation of
this isoform in response to an insult such as epileptogenesis
represents an efficient adaptive response to increases in
cytoplasmic calcium, allowing epileptic cells to achieve a
new equilibrium and calcium homeostasis.

Several studies analyzing the distribution of different
PMCA isoforms have shown that apparently PMCA1 and
PMCA4 follow a ubiquitous location in cells from different
tissues.38 – 40 However, in general the most abundant
isoform in different cell types is precisely the PMCA1
isoform,39 while in contrast PMCA2 and PMCA3 are
enriched in cells from excitable tissues.13,40 – 42 On the
other hand, studies using pmca1 and pmca42/2 deficient
mice have strongly pointed to the fact that PMCA1 is
indeed a housekeeping isoform, since pmca12/2 mice
cannot survive.34 pmca4 deficient female mice seem to be
normal, whereas male pmca42/2 mice are infertile.34

Therefore, considering this body of evidence, PMCA1
might represent an indispensable housekeeping variant
needed to extrude calcium in almost every developmental
stage in mammals.40,43 Although undoubtedly all PMCA
variants influence the homeostasis of calcium, when cells
are challenged by different stimuli, PMCA1 seems to
adopt a relevant role (Figure 3). In order to preserve cell via-
bility, once the intracellular calcium concentration reaches
levels that PMCA3 is not able to handle, a slow isoform
such as PMCA1 becomes critical to extrude calcium.

PMCA3 has been found to be a fast PMCA isoform, with
a high affinity for calcium;12 therefore we suggest that,

under control conditions or in early stages of epileptogen-
esis with moderate calcium levels, PMCA3 has an important
function in sensing small changes in cytoplasmic calcium
concentrations and extruding calcium in short periods of
time (Figure 3C). In contrast, PMCA1, which has a much
lower affinity for calcium but can maintain the extrusion
for longer periods, may be upregulated with a sustained
increase in calcium concentration, such as occur following
epileptogenesis. The over-expression of PMCA1 seems to
be a physiological response attempting to counteract the
important calcium increase through the sustained extrusion
maintaining the viability of the epileptiform neuron.

Disturbances in the homeostasis of calcium in
different models of animal epilepsy have been well
described1,2,44 – 46 and the resulting changes in the
expression patterns of channels and membrane proteins
involved in calcium mobilization have been documented.47

Considering that previous studies have shown that specific
transcripts of PMCA2 are induced as a result of depolariz-
ation,48 it will be interesting to explore not only the specific
temporal expression of different PMCA variants, but also
the possibility of new isoforms being induced, or ‘turned
on,’ during the process of epileptogenesis. In the near
future, the study of temporal changes in the expression of
the various PMCA isoforms, and their interactions with
other calcium extrusion systems in hippocampal neurons,
will be of critical importance.

In the context of the whole battery of proteins devoted to
modulate cell Ca2þ homeostasis, a large body of evidence
points to the fact that every component of the system rep-
resents a physiological relevance on demand during a
specific time and space. Accordingly, cells where calcium
homeostasis has been disturbed, plasma membrane fast
PMCAs sense and promptly extrude calcium followed by
the activation of slow PMCAs. In parallel, the intervention
of the sarco/endoplasmic reticulum Ca2þ ATPase (SERCA)
and the Naþ/Ca2þ exchanger present in the plasma mem-
brane become also relevant for cell survival. Although
these coordinated intracellular systems are known to be
functioning in neurones, further experiments are being
carried out in our laboratory in order to understand the
specific contribution of each of the components that
control all calcium homeostasis in the chronic phase of epi-
lepsy at the single-neuron level.
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REFERENCES

1 Raza M, Pal S, Rafiq SA, DeLorenzo RJ. Long-term alteration of calcium
homeostatic mechanisms in the pilocarpine model of temporal lobe
epilepsy. Brain Res 2001;903:1–12

2 Raza M, Blair RE, Sombati S, Carter DS, Deshpande LS, DeLorenzo RJ.
Evidence that injury-induced changes in hippocampal neuronal calcium
dynamics during epileptogenesis cause acquired epilepsy. Proc Natl Acad
Sci 2004;101:17522–7

3 DeLorenzo RJ, Sun DA, Deshpande LS. Cellular mechanisms underlying
acquired epilepsy: the calcium hypothesis of the induction and
maintainance of epilepsy. Pharmacol Ther 2005;105:229–66

4 DeLorenzo RJ, Sun DA, Blair RE, Sombati S. An in vitro model of
stroke-induced epilepsy: elucidation of the roles of glutamate and
calcium in the induction and maintenance of stroke-induced
epileptogenesis. Int Rev Neurobiol 2007;81:59–84

5 Pal S, Sun DA, Limbrick DD Jr, Rafiq A, DeLorenzo RJ. Epileptogenesis
induces long-term alterations in intracellular calcium release and
sequestration mechanisms in the hippocampal neuronal culture model of
epilepsy. Cell Calcium 2001;30:285–96

6 Baimbridge KG, Mody I, Miller JJ. Reduction of rat hippocampal
calcium-binding protein following commissural, amygdala, septal,
perforant path, and olfatory bulb kindling. Epilepsia 1985;26:460–5

7 Baimbridge KG, Celio MR, Rogers JH. Calcium-binding proteins in the
nervous system. Trends Neurosci 1992;15:303–8

8 Parsons JT, Churn SB, Kochan LD, DeLorenzo RJ. Persistent inhibition of
Ca2þ uptake by rat cortex microsomes in the pilocarpine model of
epilepsy. Soc Neurosci Abstr 2000;26:1777

9 Parsons JT, Churn SB, DeLorenzo RJ. Chronic inhibition of cortex
microsomal Mg(2þ)/Ca(2þ)ATPase-mediated Ca(2þ) uptake in the rat
pilocarpine model following epileptogenesis. Neurochem 2001;79:319–27

10 Ketelaars SO, Gorter JA, Aronica E, Wadman WJ. Calcium extrusion
protein expression in the hippocampal formation of chronic epileptic rats
after kainate-induced status epilepticus. Epilepsia 2004;45:1189–201

11 Garcia ML, Murray KD, Garcia VB, Strehler EE, Isackson PJ.
Seizure-induced alterations of plasma membrane calcium ATPase
isoforms 1, 2 and 3 mRNA and protein in rat hippocampus. Mol Brain
Res 1997;45:230–8

12 Brini M, Coletto L, Pierobon NN, Kraev N, Guerini D, Carafoli E. A
comparative functional analysis of plasma membrane Ca2þpump
isoforms in intact cells. J Biol Chem 2003;278:24500–8

13 Guerini D. The significance of the isoforms of plasma membrane calcium
ATPase. Cell Tissue Res 1998;292:p191-7

14 Bravo-Martı́nez J, Delgado-Coello B, Mas-Oliva J. Cell calcium extrusion
systems and their role in epileptogenesis. Open Neurosci J 2010;4:1–12

15 Stahl WL, Eakin TJ, Owens JW Jr, Breininger JF, Filuk PE, Anderson WR.
Plasma membrane Ca2þ-ATPase isoforms: distribution of mRNAs in rat
brain by in situ hybridization. Brain Res Mol Brain Res 1992;16:223–31

16 Burette A, Rockwood JM, Strehler EE, Weinberg RJ. Isoform-specific
distribution of the plasma membrane Ca2þ-ATPase in the rat brain.
J Comp Neurol 2003;4567:464–76

17 Zacharias DA, DeMarco SJ, Strehler EE. mRNA expression of the four
isoforms of the human plasma membrane Ca2þ-ATPase in the human
hippocampus. Mol Brain Res 1997;45:173–6

18 Mello LE, Cavalheiro EA, Tan AM, Kupfer WR, Pretorius JK, Babb TL,
Finch DM. Circuit mechanisms of seizures in the pilocarpine model of
chronic epilepsy: cell loss and mossy fiber sprouting. Epilepsia
1993;34:985–95

19 Racine RJ. Modification of seizure activity by electrical stimulation: II.
Motor seizure. Electroencephalogr Clin Neurophysiol 1972;32:281–94

20 Sucher NJ, Deitcher DL, Baro DJ, Warrick RM, Guenther E. Genes and
channels: patch/voltage-clamp analysis and single cell RT-PCR. Cell
Tissue Res 2000;302:295–307

21 Delgado-Coello B, Bravo-Martı́nez J, Mas-Oliva J. Promega Technical
Reports. Detecting PMCA transcripts in single hippocampal neurons.

See http://www.promega.com/pubs/tpub_010.htm (last checked
October 2009)

22 Bliss TVP, Lomo T. Long-lasting potentiation of synaptic transmission in
the dentate area of the anaesthetized rabbit following stimulation of the
perforant path. J Physiol 1973;232:331–56

23 Storm JF. Action potential repolarization and a fast after
hyperpolarization in rat hippocampal pyramidal cells. J Physiol
1987;385:733–59

24 Liss B. Improved quantitative real-time RT-PCR for expression profiling
of individual cells. Nucleic Acids Res 2002;30:e89

25 Bauzano-Poley EA, Rodrı́guez-Barrionuevo C. Electroencephalographic
diagnosis of the idiopathic generalized epilepsies of childhood. Rev
Neurol 2001;32:365–72

26 Ferrie CD. Idiopathic generalized epilepsies imitating focal epilepsies.
Epilepsia 2005;46:91–5

27 Kiernan MC, Krishnan AV, Lin CSY, Burke D, Berkovic SF. Mutation in
the Naþ channel subunit SCN1B produces paradoxical changes in
peripheral nerve excitability. Brain 2005;128:1841–6

28 Crozier WJ. On the sensory discrimination of intensities. Proc Natl Acad
Sci USA 1936;22:412–6

29 Quintero JL, Arenas MI, Garcı́a DE. The antidepressant imipramine
inhibits M current by activating a phosphatidylinositol 4,5-bisphosphate
(PIP2)-dependent pathway in rat sympathetic neurones. Br J Pharmacol
2005;145:837–43

30 Brini M. Plasma membrane Ca2þ-ATPase: from a housekeeping function
to a versatile signaling role. Pflugers Arch 2009;457:657–64

31 Pottorf WJ, Johanns TM, Derrington SM, Strehler EE, Enyedi A, Thayer
SA. Glutamate-induced protease-mediated loss of plasma membrane
Ca2þ pump activity in rat hippocampal neurons. J Neurochem
2006;98:1646–56

32 Zacharias DA, Dalrymple SJ, Strehler EE. Transcript distribution of
plasma membrane Ca2þ pump isoforms and splice variants in the
human brain. Mol Brain Res 1995;28:263–72

33 Kenyon KA, Bushong EA, Mauer AS, Strehler EE, Weinberg RJ, Burette
AC. Cellular and subcellular localization of the neuron-specific plasma
membrane calcium ATPase PMCA1a in the rat brain. J Comp Neurol
2010;518:3169–83

34 Okunade GW, Miller ML, Pyne GJ, Sutliff RL, O’Connor KT, Neumann
JC, Andringa A, Miller DA, Prasad V, Doetschman T, Paul RJ, Shull GE.
Targeted ablation of plasma membrane Ca2þ-ATPase isoforms 1 and 4
indicates a major housekeeping function for PMCA1 and a critical role in
hyperactivated sperm motility and male fertility for PMCA4. J Biol Chem
2004;279:33742–50

35 Delgado-Coello B, Trejo R, Mas-Oliva J. Is there a specific role for the
plasma membrane Ca2þ -ATPase in the hepatocyte? Mol Cell Biochem
2006;285:1–15

36 Elwess NL, Filoteo AG, Enyedi A, Penniston JT. Plasma membrane Ca2þ

pump isoforms 2a and 2b are unusually responsive to calmodulin and
Ca2þ. J Biol Chem 1997;272:17981–6

37 Caride AJ, Filoteo AG, Penheiter AR, Pászty K, Enyedi A, Penniston JT.
Delayed activation of the plasma membrane calcium pump by a sudden
increase in Ca2þ: fast pumps reside in fast cells. Cell Calcium
2001;30:49–57

38 Brandt P, Neve RL, Kammesheidt A, Rhoads RE, Vanaman TC. Analysis
of the tissue-specific distribution of mRNAs encoding the plasma
membrane calcium-pumping ATPases and characterization of an
alternately spliced form of PMCA4 at the cDNA and genomic levels.
J Biol Chem 1992;267:4376–85

39 Stauffer TP, Hilfiker H, Carafoli E, Strehler EE. Quantitative analysis of
alternative splicing options of human plasma membrane calcium pump
genes. J Biol Chem 1993;268:25993–6003

40 Stauffer TP, Guerini D, Carafoli E. Tissue distribution of the four gene
products of the plasma membrane Ca2þ pump. A study using specific
antibodies. J Biol Chem 1995;270:12184–90

41 Filoteo AG, Elwess NL, Enyedi A, Caride A, Aung HH, Penniston JT.
Plasma membrane Ca2þ pump in rat brain. Patterns of alternative splices
seen by isoform-specific antibodies. J Biol Chem 1997;272:23741–7

42 Strehler EE, Treiman M. Calcium pumps of plasma membrane and cell
interior. Curr Mol Med 2004;4:323–35

43 Zacharias DA, Kappen C. Developmental expression of the four plasma
membrane calcium ATPase (PMCA) genes in the mouse. Biochim Biophys
Acta 1999;1428:397–405

................................................................................................................................................
416 Experimental Biology and Medicine Volume 236 April 2011



44 Pal S, Limbrick DD Jr, Rafiq A, DeLorenzo RJ. Induction of spontaneous
recurrent epileptiform discharges causes long-term changes in
intracellular calcium homeostatic mechanisms. Cell Calcium
2000;28:181–93

45 Sun DA, Sombati S, Blair RE, DeLorenzo RJ. Long-lasting alterations in
neuronal calcium homeostasis in an in vitro model of stroke-induced
epilepsy. Cell Calcium 2004;35:155–63

46 Leite JP, Garcı́a-Cairasco N, Cavalheiro EA. New insights from the use of
pilocarpine and kainate models. Epilepsy Res 2002;50:93–103

47 Zukin RS, Bennett MV. Alternatively spliced isoforms of the NMDARI
receptor subunit. Trends Neurosci 1995;18:306–13

48 Zacharias DA, Strehler EE. Change in plasma membrane Ca2þATPase
splice-variant expression in response to a rise in intracellular Ca2þ.
Curr Biol 1996;6:1642–52

(Received November 12, 2010, Accepted January 11, 2011)

................................................................................................................................................
Bravo-Martı́nez et al. PMCA expression in single epileptiform cells 417


