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Rio Grande do Sul, Porto Alegre, RS, Brasil

�Departamento de Métodos e Técnicas Desportivas, Centro de Educação Fı́sica e Desportos, Universidade Federal de Santa Maria,

Santa Maria, RS, Brasil

§Departamento de Quı́mica, Centro de Ciências Naturais e Exatas, Universidade Federal de Santa Maria, Santa Maria, RS, Brasil

¶Departamento de Farmacologia, Centro de Ciências Biológicas, Universidade Federal de Santa Catarina, Florianópolis, SC, Brasil
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Abstract

Prostaglandin E2 (PGE2) is quantitatively one of the major

prostaglandins synthesized in mammalian brain, and there is

evidence that it facilitates seizures and neuronal death. How-

ever, little is known about the molecular mechanisms involved

in such excitatory effects. Na+,K+-ATPase is a membrane

protein which plays a key role in electrolyte homeostasis

maintenance and, therefore, regulates neuronal excitability. In

this study, we tested the hypothesis that PGE2 decreases

Na+,K+-ATPase activity, in order to shed some light on the

mechanisms underlying the excitatory action of PGE2. Na+,K+-

ATPase activity was determined by assessing ouabain-sensi-

tive ATP hydrolysis. We found that incubation of adult rat

hippocampal slices with PGE2 (0.1–10 lM) for 30 min de-

creased Na+,K+-ATPase activity in a concentration-dependent

manner. However, PGE2 did not alter Na+,K+-ATPase activity

if added to hippocampal homogenates. The inhibitory effect of

PGE2 on Na+,K+-ATPase activity was not related to a decrease

in the total or plasma membrane immunocontent of the cata-

lytic a subunit of Na+,K+-ATPase. We found that the inhibitory

effect of PGE2 (1 lM) on Na+,K+-ATPase activity was recep-

tor-mediated, as incubation with selective antagonists for EP1

(SC-19220, 10 lM), EP3 (L-826266, 1 lM) or EP4 (L-161982,

1 lM) receptors prevented the PGE2-induced decrease of

Na+,K+-ATPase activity. On the other hand, incubation with the

selective EP2 agonist (butaprost, 0.1–10 lM) increased en-

zyme activity per se in a concentration-dependent manner, but

did not prevent the inhibitory effect of PGE2. Incubation with a

protein kinase A (PKA) inhibitor (H-89, 1 lM) and a protein

kinase C (PKC) inhibitor (GF-109203X, 300 nM) also pre-

vented PGE2-induced decrease of Na+,K+-ATPase activity.

Accordingly, PGE2 increased phosphorylation of Ser943 at the

a subunit, a critical residue for regulation of enzyme activity.

Importantly, we also found that PGE2 decreases Na+,K+-AT-

Pase activity in vivo. The results presented here imply Na+,K+-

ATPase as a target for PGE2-mediated signaling, which may

underlie PGE2-induced increase of brain excitability.

Keywords: cyclooxygenase-2, neuroinflammation, neuro-

protection, prostanoid, sodium pump.
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Prostaglandin E2 (PGE2) is quantitatively the major prosta-
glandin synthesized through the cyclooxygenase-2 (COX-2)
pathway in mammalian brain, and plays a central role in the
modulation of synaptic signaling and excitability, both in
physiological and pathological situations (Chen & Bazan
2005b). For instance, clinical and experimental studies have
shown that PGE2 levels increase during seizures (Loscher &
Siemes 1988, Navarro et al. 1989), ischemia (Aktan et al.
1991, Kempski et al. 1987) and traumatic brain injury (Ellis
et al. 1981a, Ellis et al. 1981b), and that decreasing PGE2

levels with COX-2 selective inhibitors decreases seizures and
neuronal death associated with these pathological conditions.
In fact, COX-2 inhibition increases the latency for pentyl-
enetetrazol-induced seizures (Oliveira et al. 2008b), inhibits
the altered hippocampal neurogenesis and attenuates spon-
taneous recurrent seizures following pilocarpine-induced
status epilepticus (Jung et al. 2006), improves learning and
memory deficits in a transgenic mouse model of Alzheimer’s
disease (Kotilinek et al. 2008), attenuates neuronal death in
experimental models of cerebral ischemia (Nakayama et al.
1998) and traumatic brain injury (Cernak et al. 2001). These
findings support the notion that PGE2 may play a role in the
pathophysiology of different neurodegenerative diseases in
which excitotoxicity has been implicated. However, little is
known about the molecular mechanisms by which PGE2

facilitates excitatory activity.
Na+,K+-ATPase (EC 3.6.3.9) is an ubiquitous plasma

membrane protein, which plays a key role in the maintenance
of intracellular electrolyte homeostasis in virtually all tissues
(Skou & Esmann 1992). In the central nervous system,
Na+,K+-ATPase activity significantly accounts for the main-
tenance of the electrochemical gradient across the plasma
membrane underlying resting and action potentials and
modulation of neurotransmitter release and uptake (Stahl &
Harris 1986). As a consequence, a decrease of Na,K-ATPase
activity directly affects neurotransmitter signaling, neural
activity, as well as animal behavior. Accordingly, the
Na+,K+-ATPase inhibitor ouabain increases Ca2+ entry into
brain slices (Fujisawa et al. 1965), causes electrographically
recorded seizures in mice (Jamme et al. 1995), glutamate
release by reversal of Na+-dependent transporter in the rat
spinal cord (Li & Stys 2001) and cell death in rat
hippocampus (Lees et al. 1990). Moreover, genetic suppres-
sion of Na+,K+-ATPase activity impairs spatial learning and
increases anxiety-related behavior (Moseley et al. 2007). It is
also remarkable that decreased Na+,K+-ATPase activity has
been found in the post-mortem epileptic human brain (Grisar
et al. 1992), and a mutation in the Na+,K+-ATPase a subunit
gene has been associated with epilepsy in humans (Jurkat-
Rott et al. 2004).

Considering that both increased brain PGE2 levels and
decreased Na+,K+-ATPase activity are common findings in
excitotoxic conditions, we decided to investigate whether
these biological events are related.We hypothesized that PGE2

decreases Na+,K+-ATPase activity in rat hippocampus. As the
plasmamembrane EP receptors (EP1, EP2, EP3 andEP4) have
been implicated in the biological actions of PGE2 (Narumiya
et al. 1999, Sugimoto & Narumiya 2007), we investigated
whether these receptors mediate the inhibitory effect of PGE2

on Na+,K+-ATPase activity in rat hippocampus. In addition,
given that protein kinase A (PKA) and protein kinase C (PKC)
are major downstream kinases involved in EP receptor
signaling (Sugimoto & Narumiya 2007), and these kinases
regulate Na+,K+-ATPase activity (Nishi et al. 1999, Cheng et
al. 1999, Cheng et al. 1997b),we investigatedwhether they are
involved in the currently described inhibitory effect of PGE2

on Na+,K+-ATPase activity.

Experimental procedures

Animals
Adult male Wistar rats (250–300 g) maintained under controlled

light and environment (12-h light/dark cycle, 24 ± 1�C, 55%

relative humidity) with free access to food and water were used.

Animal utilization reported in this study was conducted in

accordance with the policies of the National Institutes of Health

Guide for the Care and Use of Laboratory Animals (NIH

Publications No. 80-23) revised in 1996 and with the Institutional

and National regulations for animal research. All efforts were made

to reduce the number of animals used, as well as minimize their

suffering.

Drugs and reagents
Prostaglandin E2, the selective EP1 antagonist SC-19220 and the

selective EP2 agonist butaprost (free acid) were purchased from

Cayman Chemical (Ann Arbor, MI, USA). The selective EP3 and

EP4 antagonists (L-826266 and L-161982, respectively) were

generously donated by Merck Froost (Kirkland, Quebec, Canada).

PGE2, EP receptor ligands and protein kinase inhibitors were

dissolved in 100% dimethyl sulfoxide and then diluted with artificial

cerebrospinal fluid (aCSF), in such a way that dimethyl sulfoxide

concentration did not exceed 0.005%. Primary antibodies for

immunodetection of Na+,K+-ATPase a subunit and phosphorylated

Ser943 at Na+,K+-ATPase a subunit were purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA, catalog numbers sc-

28800 and sc-16710 respectively). Reagents for western blotting

were purchased from Bio-Rad (Hercules, CA, USA) and reagents

for biotinylation were purchased from Pierce (Rockford, IL, USA).

All other reagents were purchased from Sigma (St. Louis, MO,

USA).

In situ experiments
Animals were killed by decapitation and the hippocampus was

immediately dissected and used for the preparation of slices

(400 mm thick) with a McIlwain tissue chopper. Slices were

suspended in a pre-gassed (carbogen) aCSF containing (in mM):

1.25 NaH2PO4; 22 NaH2CO3; 1.8 MgSO4; 129.0 NaCl; 1.8 CaCl2;

3.5 KCl; 10 D-glucose, and pH was adjusted to 7.4 with carbogen.

The viability of hippocampal slices was assessed at 0, 30, 60 and

90 min after preparation by measuring lactate dehydrogenase

activity with a standard commercial kit (Labtest, Porto Alegre,
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RS, Brasil). Hippocampal slices were viable for more than 60 min

after preparation, and all experiments were performed within this

time window (data not shown).

The effect of PGE2 on hippocampal Na+,K+-ATPase activity was

investigated by incubating 10–12 slices for 30 min at 37�C with

increasing concentrations of PGE2 (0, 0.1, 1 or 10 lM). The

concentrations of PGE2 used in the current study were chosen based

in previous studies that have demonstrated an excitatory action of

PGE2 on hippocampal slices (Chen & Bazan 2005a, Chen et al.
2002, Sang et al. 2005), and are comparable to PGE2 doses used in

previous in vivo studies (Oliveira et al. 2008a, Oliveira et al. 2008b).
After the incubation period, the medium was discarded and slices

were gently homogenized (7–10 strokes) in ice-cold 30 mM Tris-

HCl buffer, pH 7.4, for determination of Na+,K+-ATPase activity. In

a separate set of experiments, PGE2 (0, 0.1, 1 or 10 lM) was added

directly to the reaction medium containing hippocampal homogen-

ates, in order to determine whether PGE2 decreased Na+,K+-ATPase

activity by directly interacting with the enzyme.

The role of EP receptors in PGE2-induced decrease in Na+,K+-

ATPase activity was studied by incubating hippocampal slices with

PGE2 (1 lM) and selective antagonists for EP1 (100 lM), EP3

(1 lM) or EP4 (1 lM) receptors. As, to our knowledge, selective

EP2 antagonists are not available, the role of EP2 receptors was

investigated by using the selective agonist butaprost (0.1–10 lM).

The concentrations of EP receptors ligands used in the present study

were selected considering their respective Ki for EP receptors and

the concentration of PGE2 used.

In those experiments designed to investigate the role of protein

kinases in the PGE2-induced decrease of Na+,K+-ATPase activity,

hippocampal slices were incubated for 15 min with a PKA inhibitor

(H-89, 1 lM) or a PKC inhibitor (GF-109203X, 300 nM), and then

PGE2 (1 lM) was added to the incubation medium, as described

above.

Na+,K+-ATPase activity measurements
Na+,K+-ATPase activity was measured according by Wyse et al.
(2000). Briefly, the assay medium consisted of 30 mM Tris-HCl

buffer, pH 7.4; 0.1 mM EDTA, 50 mM NaCl, 5 mM KCl, 6 mM

MgCl2 and 50 lg of protein in the presence or absence of ouabain

(1 mM), in a final volume of 350 lL. The reaction was started by

the addition of adenosine triphosphate to a final concentration of

5 mM. After 30 min at 37�C, the reaction was stopped by the

addition of 70 lL of 50% (w/v) trichloroacetic acid. Saturating

substrate concentrations were used, and reaction was linear with

protein and time. Appropriate controls were included in the assays

for non-enzymatic hydrolysis of ATP. The amount of inorganic

phosphate (Pi) released was quantified by the colorimetric method

described by Fiske and Subbarow (1925), using KH2PO4 as

reference standard. Specific Na+,K+-ATPase activity was calculated

by subtracting the ouabain-insensitive activity from the overall

activity (in the absence of ouabain) and expressed in nmol Pi/mg

protein/min.

In a separate set of experiments we investigated whether some

Na+,K+-ATPase a isoform is selectively inhibited by PGE2. For this

purpose, we used a classical pharmacological approach, based on

the isoform-specific sensitivity to ouabain (Nishi et al., 1999). We

determined whether PGE2 inhibited ouabain-sensitive ATPase

activity using 3 lM (that inhibits Na+,K+-ATPase isoforms con-

taining a2 and a3 subunits) or 4 mM ouabain (that inhibits all

isoforms).

Immunodetection of Na+,K+-ATPase a subunit
In order to investigate whether the PGE2-induced decrease in

Na+,K+-ATPase activity was because of a decrease in enzyme

content, we measured the total immunoreactivity for the Na+,K+-

ATPase a subunit in hippocampal slices by slot blot, according to

Charlemagne et al. (1994), with minor modifications. Briefly,

hippocampal slices were homogenized in 30 mM Tris-HCl buffer,

pH 7.4, and centrifuged at 3000 g at 4�C for 3 min. The supernatant

was centrifuged at 16 000 g at 4�C for 20 min. The pellet was re-

suspended in 5 mM phosphate-buffered saline (PBS, pH 7.4) and

protein content was normalized to 1 mg/mL. Samples (10 lg of

protein) were loaded on a nitrocellulose membrane under vacuum

using a slot blot apparatus (Bio-Rad Laboratories). The membrane

was blocked with 4% (w/v) fat-free dry milk in PBS, containing

0.04% (v/v) Tween 20 for 2 h and incubated with a 1 : 4000

dilution of anti-Na+,K+-ATPase a subunit polyclonal antibody in

PBS, containing 0.01% (w/v) sodium azide and 0.04% (v/v) Tween

20 (PBS) for 2 h. The membrane was washed three times in PBS

and incubated for 1 h with anti-alkaline phosphatase secondary

antibody diluted in PBS (1 : 8000). The membrane was washed

three times in PBS for 5 min and developed using the 5-Bromo-4-

chloro-3-indolyl phosphate/nitro-blue tetrazolium chloride (BCIP/

NBT) method. Blots were dried, scanned, and quantified with Scion

Image (PC version of Macintosh compatible NIH image).

Surface biotinylation assay
Plasma membrane levels of Na+,K+-ATPase a subunit were

measured by surface biotinylation assay, according to Yu et al.
(2008), with slight modifications. Briefly, after 30 min incubation

with PGE2 (1 lM), hippocampal slices were transferred to a well in

a 24-well plate and were incubated on ice for 1 h in aCSF

containing 1 mM sulfosuccinimidyl 2-(biotinamido)-ethyl-1, 3-

dithiopropionate (sulfo-NHS-SS-biotin). Slices were then washed

three times for 5 min with ice-cold aCSF containing 10 mM

glycine, and were immediately homogenized in 500 lL ice-cold

radioimmunoprecipitation assay buffer [25 mM Tris-HCl pH 7.6,

150 mM NaCl, 1% NP-40 (Pierce, Rockford, IL, USA), 1% sodium

deoxycholate and 0.1% sodium dodecyl sulfate (SDS), plus a

cocktail of protease inhibitors]. Homogenates were centrifuged at

13 200 g at 4�C for 20 min and supernatants were collected.

Biotinylated proteins from 600 lg of total protein were precipitated

with 120 lL of ultra-link immobilized streptavidin beads, diluted

with the addition of 100 lL aCSF, and incubated on a rotator

overnight at 4�C. Precipitates were collected after centrifuging at

3500 g for 1 min, washed with aCSF three times, and then boiled

for 5 min in 30 lL SDS loading buffer. Western blots using 50 lg
tissue lysates were used as controls for the total protein. Proteins

eluted from the beads and total lysates were subjected to a 6% SDS–

polyacrylamide gel electrophoresis and were transferred to a

polyvinylidene difluoride membrane. Membranes were blocked

with 5% (w/v) bovine serum albumin (BSA) in Tris-buffered saline,

containing 0.04% (v/v) Tween 20 (TBS-T) for 1 h and incubated

overnight at 4�C with a 1 : 20 000 dilution of anti-Na+,K+-ATPase

a subunit polyclonal antibody in 2.5% BSA in TBS-T. Membranes

were washed three times in TBS-T and incubated for 1 h with anti-
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horseradish peroxidase secondary antibody (1 : 500) in 2.5% BSA

in TBS-T. Blots were developed using enhanced chemiluminescence

detection (Bio-Rad Laboratories) and imaged with the Bio-Rad gel

imaging system. Protein band densities were quantified with Scion

Image.

Immunodetection of Na+-K+-ATPase a subunit phosphorylation
at Ser943
The state of phosphorylation of Na+-K+-ATPase a subunit at Ser943

was evaluated by western blotting. We used an antibody that

selectively detects the phosphorylated, but not dephosphorylated,

form Ser943 at Na+-K+-ATPase a subunit (Fisone et al. 1994).

Briefly, after the 30 min incubation with PGE2 (1 lM), hippocampal

slices were homogenized in 500 lL ice-cold radioimmunoprecipi-

tation assay buffer, supplemented with a cocktail of phosphatase

inhibitors. Homogenates were centrifuged at 13 200 g at 4�C for

20 min and supernatants were collected and subjected to SDS–

polyacrylamide gel electrophoresis exactly as described above,

except that membranes were probed with the phospho-Ser943

antibody (1 : 1000). Blots were developed using enhanced chemi-

luminescence detection (Bio-Rad Laboratories) and imaged with the

Bio-Rad gel imaging system. Protein band densities were quantified

with Scion Image.

In vivo experiments
To determine whether the PGE2-induced decrease of Na+,K+-

ATPase activity also occurs in vivo, animals were anesthetized with

Equithesin (1% phenobarbital, 2% magnesium sulfate, 4% chloral

hydrate, 42% propylene glycol, 11% ethanol, 3 mL/kg, i.p.) and a

cannula was inserted unilaterally into the right lateral ventricle

(coordinates relative to bregma: anteroposterior 0 mm, mediolateral

1.5 mm, ventral 2.5 mm from the dura) under stereotaxic guidance

(Paxinos and Watson 1986). Chloramphenicol (200 mg/kg, i.p.)

was administrated immediately before the surgical procedure. Three

days after the surgical procedure, animals were injected with PGE2

(0, 1, 10 or 100 ng/2 lL, i.c.v.), and 30 min thereafter Na+,K+-

ATPase activity was determined in hippocampal homogenates.

Doses of PGE2 used in this set experiments were chosen based on

previous studies (Oliveira et al. 2008a, Oliveira et al. 2008b) and
are comparable to the concentrations of PGE2 used in the in situ
experiments.

Protein determination
Protein content was colorimetrically determined by the method of

Bradford (1976) using bovine serum albumin (1 mg/mL) as

standard.

Statistical analyses
Data were analyzed by a one- or two-way ANOVA. Post hoc analyses
were carried out by the Student–Newman–Keuls test, when

appropriate. Concentration-effect relationships were assessed by

partitioning total sum of squares into trend (linear, quadratic or

cubic) components. A probability of p < 0.05 was considered

significant. All data are expressed as mean ± SEM.

Results

Figure 1(a) shows a concentration-response experiment for
PGE2 on Na+,K+-ATPase activity in rat hippocampal slices.
Statistical analysis revealed that incubation with PGE2 (0,
0.1, 1 or 10 lM) decreased Na+,K+-ATPase activity in rat
hippocampal slices [F(3,12) = 4.34; p < 0.05]. Partitioning
sum of squares into trend components revealed that PGE2

decreased Na+,K+-ATPase activity in rat hippocampal slices
linearly with PGE2 concentration [significant linear trend:
F(1,12) = 12.68; p < 0.005)]. Figure 1(b) shows the results
of the experiment designed to investigate whether PGE2 (0,
0.1, 1 or 10 lM) altered Na+,K+-ATPase activity by
directly interacting with the enzyme in hippocampal
homogenates. In this experimental condition PGE2 did not
decrease Na+,K+-ATPase activity [F(3,12) = 0.02;
p > 0.05], suggesting that PGE2-induced decrease of
Na+,K+-ATPase activity is not because of a direct effect
on the enzyme and requires intact cells. We also investi-
gated whether some a isoform is selectively inhibited by
PGE2. For this purpose, we used a classical pharmacolog-
ical approach, based on the isoform-specific sensitivity to
ouabain (Nishi et al. 1999). We determined whether PGE2

inhibited ouabain-sensitive ATPase activity using 3 lM
(that inhibits Na+,K+-ATPase isoforms containing a2 and

Fig. 1 Effect of PGE2 (0, 0.1, 1 or 10 lM) on Na+,K+-ATPase activity

of rat hippocampal slices (a) and homogenates (b). It is also shown the

effect of PGE2 (1 lM) on the activity of different Na+,K+-ATPase iso-

forms (c). Data are mean + SEM for n = 4 in each group, from four

different experiments. *Indicates a significant difference compared

with control group.
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a3 subunits) or 4 mM ouabain (that inhibits all isoforms).
We found that the inhibitory effect of PGE2 on Na+,K+-
ATPase activity is not isoform-specific, as it occurred in the
presence of 3 lM or 4 mM ouabain [F(2,28) = 3.94;
p < 0.05] (Fig. 1c).

In order to investigate whether the PGE2-induced decrease
of Na+,K+-ATPase activity was because of a decrease in the
levels of available enzyme molecules, we measured the total
Na+,K+-ATPase a subunit immunoreactivity after incubation
with PGE2 in hippocampal slices. Statistical analysis
revealed that incubation with PGE2 decreased Na+,K+-
ATPase activity [F(1,10) = 6.29; p < 0.05] (Fig. 2a), but
did not alter a subunit immunoreactivity in these samples
[F(1,10) = 0.03; p > 0.05] (Fig. 2b), suggesting that the
currently reported decrease of Na+,K+-ATPase activity is not
because of a reduction in enzyme content. In addition, we
investigated whether incubation of hippocampal slices with
PGE2 would result in a decrease in plasma membrane levels
of the Na+,K+-ATPase a subunit, as decreased enzyme
activity may arise from decreased protein targeting to the
plasma membrane and/or increased protein endocytosis
(Fisone et al. 1994, Bertorello et al. 2003). In our
experimental conditions, PGE2 did not modify the plasma
membrane levels of the Na+,K+-ATPase a subunit, as
measured by surface biotinylation analysis [F(1,6) = 0.02;

p > 0.05] (Fig. 2d). Therefore the presently reported PGE2-
induced decrease in Na+,K+-ATPase activity seems not to be
mediated by increased pump endocytosis.

As the biological actions of PGE2 have been attributed to its
ability to interact with plasma membrane EP receptors (EP1,
EP2, EP3 and EP4) (Narumiya et al. 1999, Sugimoto &
Narumiya 2007), we investigated the role of the different
subtypes of PGE2 receptors in the PGE2-induced (1 lM)
decrease of Na+,K+-ATPase activity (Fig. 3). We found that
incubation with a selective antagonist of EP1 receptors
(SC-19220, 100 lM) blunted PGE2-induced decrease of
Na+,K+-ATPase activity [F(1,40) = 4.07; p < 0.05] (Fig. 3a).
We also found that the selective antagonists for EP3 and EP4
receptors L-826266 (1 lM) and L-161982 (1 lM) prevented
PGE2-induced decrease of Na+,K+-ATPase activity
[F(1,16) = 9.94; p < 0.05] (Fig. 3c) and [F(1,16) = 4.53;
p < 0.05] (Fig. 3d), respectively. Conversely, incubating
slices with increasing concentrations (0, 0.1, 1 or 10 lM) of
the EP2 receptor agonist butaprost induced a concentration-
dependent increase of Na+,K+-ATPase activity [F(3,24) =
4.29; p < 0.05] (Fig. 3d). However, butaprost (1 lM) did not
blunt the PGE2-induced decrease in Na+,K+-ATPase activity
[F(1,24) = 0.63; p > 0.05] (Fig. 3e), suggesting that activa-
tion of EP2 receptors does not counteract PGE2 actions on the
other EP receptors.

Fig. 2 Effect of PGE2 (1 lM) on (a)

Na+,K+-ATPase activity and (b) on the im-

munocontent of the a subunit of Na+,K+-

ATPase of rat hippocampal slices. (c) A

typical nitrocellulose membrane is shown.

(d) Lack of effect of PGE2 (1 lM) on the cell

surface expression of Na+,K+-ATPase a

subunit. Data are mean + SEM for n = 8 in

each group, from four different experiments.

*Indicates a significant difference compared

with control group.
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As PKA and PKC are major downstream kinases involved
in EP1, EP3 or EP4 receptor signaling (Sugimoto &Narumiya
2007), and these kinases regulate Na+,K+-ATPase activity in
the brain (Nishi et al. 1999, Cheng et al. 1999, Cheng et al.
1997b), we investigated whether they are involved in PGE2-
induced decrease of Na+,K+-ATPase activity. Statistical
analysis revealed that incubation with the PKA inhibitor
H-89 (1 lM) prevented PGE2-induced decrease of Na+,K+-
ATPase activity [F(1,36) = 4.60; p < 0.05] (Fig. 4). In addi-
tion, incubation with the PKC inhibitor GF-109203X
(300 nM) also prevented PGE2-induced decrease in Na+,K+-
ATPase activity [F(1,20) = 9.62; p < 0.05] (Fig. 4). We also
investigated whether incubation of hippocampal slices with
PGE2 would result in phosphorylation of the a subunit at the

Ser943. Interestingly, we found that incubation of hippocam-
pal slices with PGE2 significantly increased phosphorylation
of the Na+,K+-ATPase a subunit at the Ser943 [F(1,8) =
5.581; p < 0.05] (Fig. 5).

To determine whether the PGE2-induced decrease in
Na+,K+-ATPase activity occurred in vivo, animals were
injected with PGE2 (1, 10 or 100 ng/2 lL, i.c.v.) and
Na+,K+-ATPase activity was determined in the hippocampus.
In the present study we did not detect any effect of PGE2 on
the behavior of the animals. However, statistical analysis
revealed that the i.c.v. injection of PGE2 (100 ng/site)
decreased Na+,K+-ATPase activity by 25% in the hippocam-
pus [F(3,18) = 4.21; p < 0.05] (Fig. 6), confirming the
results obtained in situ.

Fig. 3 Effect of EP1 (SC-19220, 100 lM,

a), EP3 (L-826266, 1 lM, b) and EP4 (L-

161982, 1 lM, c) receptor antagonists on

the PGE2-induced (1 lM) decrease in

Na+,K+-ATPase activity of rat hippocampal

slices. It is also shown the effect of the EP2

agonist butaprost (0, 0.1, 1 or 10 lM) on

Na+,K+-ATPase activity of rat hippocampal

slices (d) and on the PGE2-induced de-

crease in Na+,K+-ATPase activity of rat

hippocampal slices (e). Data are mean +

SEM for n = 5–11 in each group, from 5 to

11 different experiments. *Indicates a sig-

nificant difference compared with control

group. #Indicates a significant difference

compared with PGE2 group.
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Discussion

In the present study we showed that incubation with PGE2

decreases Na+,K+-ATPase activity in rat hippocampal slices,
and that this effect is not a isoform-specific. The inhibitory

effect of PGE2 was not observed in hippocampal homogen-
ates, indicating that it requires intact cells. Regarding this
point, it is also possible that tissue homogenizing may disrupt
critical anchoring protein linkages between EP receptors,
kinases and Na+,K+-ATPase, resulting in uncoupling of
enzyme modulatory components. The inhibitory effect of
PGE2 is not related to a decrease in the immunocontent of the
catalytic a subunit of Na+,K+-ATPase or to a decreased cell
surface expression of the enzyme. In addition, EP1, EP3 and
EP4 receptors, and PKA/PKC activation are involved in
PGE2-induced decrease of Na+,K+-ATPase activity in rat
hippocampal slices. Interestingly, we found that incubation
of hippocampal slices with PGE2 significantly increased
phosphorylation of the Na+,K+-ATPase a subunit at the
Ser943, a phosphorylation site which is critical for regulation
of enzyme activity. On the other hand, incubation with the
selective EP2 agonist butaprost increased Na+,K+-ATPase
activity, but did not blunt the inhibitory effect of PGE2.
Importantly, we also showed that PGE2 decreases Na+,K+-
ATPase activity in vivo.

In the last decade a significant number of studies have
proposed a role for COX-2 and PGE2 in brain diseases.
Increased COX-2 activity and PGE2 levels have been
associated with deleterious increases in cerebral excitability

Fig. 4 Effect of the PKA inhibitor H-89

(1 lM, a) or the PKC inhibitor GF-109203X

(300 nM, b) on PGE2-induced (1 lM) de-

crease in Na+,K+-ATPase activity of rat

hippocampal slices. Data are mean + SEM

for n = 6–10 in each group, from 6 to 10

different experiments. *Indicates a signifi-

cant difference compared with control

group. #Indicates a significant difference

compared with PGE2 group.

Fig. 5 Effect of PGE2 (1 lM) on the im-

munocontent of the phosphorylated

(Ser943) a subunit of Na+,K+-ATPase of rat

hippocampal slices (a). A typical polyviny-

lidene difluoride membrane is shown (b).

Data are mean + SEM for n = 5 in each

group, from five different experiments.

*Indicates a significant difference compared

with control group.

Fig. 6 Effect of the intracerebroventricular injection of PGE2 (1, 10 or

100 ng/site) on Na+,K+-ATPase activity in rat hippocampus in vivo. Data

are mean + SEM for n = 5–6 in each group, from four different exper-

iments. *Indicates a significant difference compared with control group.

Journal Compilation � 2009 International Society for Neurochemistry, J. Neurochem. (2009) 109, 416–426
� 2009 The Authors

422 | M. S. Oliveira et al.



which occurs in hypoxia/ischemia, seizures, Alzheimer’s and
Parkinson’s diseases (Chen&Bazan 2005b). Interestingly, the
protection afforded by selective COX-2 inhibitors against
NMDA-induced cell death in vitro and in vivo are reversed by a
PGE2 analog (Carlson 2003, Manabe et al. 2004), and the
anti-convulsant effect of COX-2 inhibitor celecoxib against
pentylenetetrazol-induced seizures is blunted by PGE2 admin-
istration (Oliveira et al. 2008b), suggesting that PGE2 may be
largely responsible for the harmful effects of COX-2 over-
activation. However, the mechanisms underlying the excit-
atory effects of this prostaglandin are not clear. It has been
shown that PGE2, but not PGD2 or PGF2a, increases firing
frequency, excitatory post-synaptic potentials amplitude and
temporal summation in slices treated with a COX-2 selective
inhibitor (Chen et al. 2002). In addition, PGE2 increases
dendritic Ca2+ influx and decreases K+ currents in hippocam-
pal neurons (Chen&Bazan 2005a). Moreover, it has also been
demonstrated that PGE2 increases excitatory post-synaptic
potentials by increasing the probability of glutamate release
(Sang et al. 2005), further suggesting that PGE2 controls
excitatory transmission in the brain. From the biochemical
point of view, the currently reported PGE2-induced decrease of
Na+,K+-ATPase activity provides a possible mechanism by
which facilitates excitatory neurotransmission, and is in full
agreement with the previous reports that have proposed an
excitatory role for this prostaglandin in various physiological
and pathological conditions, such as learning impairment, cell
death and seizures (Jamme et al. 1995, Lees et al. 1990,
Moseley et al. 2007).

It is particularly interesting that two EP receptors impli-
cated in PGE2-induced decrease in Na+,K+-ATPase activity
(EP1 and EP3) have also been implicated in neuronal cell
death and seizures in other studies. In fact, pharmacological
or genetic suppression of EP1 or EP3 receptor activity
reduces neuronal death induced by NMDA, oxygen-glucose
deprivation, transient middle cerebral artery occlusion and 6-
hydroxydopamine and increases the latency for pentylenete-
trazol-induced seizures (Ahmad et al. 2006a, Ahmad et al.
2007, Kawano et al. 2006, Oliveira et al. 2008a, Carrasco et
al. 2007). Regarding the currently reported protective effect
of EP4 receptor blockade on PGE2-induced decrease in
Na+,K+-ATPase activity, a review of currently available
literature reveals an apparent contradictory finding, as it has
been shown that EP4 receptor activation causes neuropro-
tection. In fact, the intracerebroventricular injection of the
selective EP4 receptor agonist ONO-AE1-329 significantly
reduces the neuronal cell death induced by the intrastriatal
administration of NMDA (Ahmad et al. 2005). In addition,
the incubation with 1-hydroxy-PGE1, an EP3/EP4 agonist
with slight preference towards EP4 receptors, prevents the
amyloid b-peptide-induced neurotoxicity, an in vitro model
of Alzheimer’s disease (Echeverria et al. 2005). However,
current evidence also indicates that other signal transduction
pathways may be recruited by the activation of these

receptors (Sugimoto & Narumiya 2007) and, thus, different
outcomes can be found upon activation of EP4 receptors. For
instance, although both EP2 and EP4 receptors are coupled
to Gs proteins and increase cAMP levels, the protective
effect of butaprost against Ab exposure is blunted by the
protein kinase A inhibitor RpcAMPS, whereas the protective
effect of 1-hydroxy-PGE1 is not, implying differences
between EP2 and EP4 receptor protective mechanisms
(Echeverria et al. 2005), which may contribute to different
outcomes following EP4 receptor modulation. In fact, we
have shown that EP4 blockade has anti-convulsant effects,
which is in agreement with our present results. However,
more studies are necessary to evaluate the mechanisms
underlying discrepancies found in studies with EP4 receptor
ligands. Though a direct cause-effect relationship between
PGE2 accumulation, decrease of Na+,K+-ATPase activity and
seizure and neurotoxicity susceptibility cannot be definitely
established at this moment, given the reported high corre-
lation between decrease of Na+,K+-ATPase activity and
seizure duration (Fighera et al. 2006; Furian et al. 2007) and
the determinant role of this enzyme for neuronal excitability,
it is tempting to propose Na+,K+-ATPase as the link between
inflammation and excitatory and excitotoxic conditions.

We also showed that the selective EP2 agonist butaprost
increases Na+,K+-ATPase activity in rat hippocampal slices.
This result is in agreement with previous reports that
activation of EP2 receptors reduces NMDA- and 6-hydroxy-
dopamine-induced neurotoxicity and increases the latency for
pentylenetetrazol-induced seizures (Ahmad et al. 2006b,
Oliveira et al. 2008a, Carrasco et al. 2008). Accordingly, EP2
knockout mice subjected to ischemia present increased
cerebral infarction compared with their wild counterparts
(McCullough et al. 2004), corroborating the neuroprotective
role of EP2 receptors. On the other hand, we found that
butaprost did not blunt PGE2-induced decrease in Na+,K+-
ATPase activity. These data suggest that activation of EP2
receptors does not counteract the action of PGE2 on other EP
receptors, which is in agreement with the view that PGE2

increases brain excitability.
Studies on the functional effects of PKA/PKC-mediated

phosphorylation of Na+,K+-ATPase have demonstrated that
activation of PKA and PKC decreases Na+,K+-ATPase
activity, as the PKA activators, such as forskolin and Sp-
5,6-DCI-cBIMPS, as well as the PKC activator phorbol
12,13-dibutyrate significantly reduce Na+,K+-ATPase activity
in neurons or COS cells (Cheng et al. 1999, Nishi et al. 1999,
Cheng et al. 1997b). Our data indicate that PGE2-induced
decrease of Na+,K+-ATPase activity depends on PKA and
PKC activation, as incubation with H-89 or with GF-109203X
abrogated the effect of PGE2. Moreover, we found that
incubation of hippocampal slices with PGE2 significantly
increased phosphorylation of the a subunit at the Ser943, a
phosphorylation site for PKA that is critical for regulation of
Na+,K+-ATPase activity (Cheng et al. 1997a, Cheng et al.

� 2009 The Authors
Journal Compilation � 2009 International Society for Neurochemistry, J. Neurochem. (2009) 109, 416–426

Prostaglandin E2 modulates Na+,K+-ATPase activity | 423



1997b, Fisone et al. 1994). For instance, phosphorylation of a
subunit at this residue is associated with a decrease in enzyme
activity which linearly correlates with the magnitude of
phosphorylation (Cheng et al. 1997a). In addition, regulation
of rat Na+,K+-ATPase activity by PKC is modulated by the
state of phosphorylation of Ser943 by PKA (Cheng et al.
1997b). As phosphorylation of Na+,K+-ATPase at this residue
is associated with a decrease in enzyme activity, it is
reasonable to propose that PKA-mediated phosphorylation
of the a subunit at the Ser943 is a critical mechanism
underlying the PGE2-induced decrease in Na+,K+-ATPase in
rat hippocampus. These results, to some extent, agree with
those from Chen and Bazan (2005a), who have shown that the
PKA inhibitor H-89 and the PKC inhibitor chelerythrine fully
prevent the PGE2-induced increase of excitatory post-synaptic
potentials in hippocampal slices.

As phosphorylation of the a subunit at Ser943 may result
in decreased enzyme activity by decreasing cell surface
availability of the enzyme (Bertorello et al. 2003), we
investigated whether incubation of hippocampal slices with
PGE2 decreased the plasma membrane levels of the a subunit
of Na+,K+-ATPase. In our experimental conditions, PGE2 did
not modify the plasma membrane levels of the Na,K-ATPase
a subunit, as measured by surface biotinylation. This finding,
together with the finding that PGE2 did not alter the total
immunocontent of the catalytic a subunit of Na+,K+-ATPase,
suggests that the currently reported PGE2-induced decrease
in Na+,K+-ATPase activity is not to mediated by changes in
the number of enzyme molecules. Instead, these findings may
indicate that the PGE2-induced decrease of Na+,K+-ATPase
activity is related to a phosphorylation/dephosphorylation-
mediated regulation of enzyme catalytic efficiency, as
phosphorylation of the a subunit at Ser943 is associated
with decreased substrate affinity (Fisone et al. 1994,
Logvinenko et al. 1996).

While the currently reported PGE2-induced decrease of
Na+,K+-ATPase activity may be important in pathological
conditions, we cannot rule out a physiological role for it. For
instance, PGE2 regulates renal tubular sodium transport in
the kidney, decreasing pump activity in proximal convoluted
tubule and cortical collecting duct and increasing it in the
distal convoluted tubule (Scherzer et al. 1992). Moreover,
kidney and brain constitutively express COX-2, which
preferentially produces PGE2 (Ueno et al. 2005). Therefore,
one might suggest that PGE2 may also a be physiological
regulator of Na+,K+-ATPase activity in the hippocampus.
However, this discussion is speculative in nature, and further
studies are necessary to elucidate this point.

In summary, in this study we showed that incubation with
PGE2 decreases Na+,K+-ATPase activity in rat hippocampal
slices and that the i.c.v. injection of this prostaglandin
decreases Na+,K+-ATPase activity in vivo. The mechanisms
involve EP1, EP3 and EP4 receptors, and PKA/PKC
activation. We also found that PGE2 increased phosphory-

lation of Ser943 at the a subunit, a critical residue for
regulation of enzyme activity. The currently reported mod-
ulation of Na+,K+-ATPase activity by PGE2 support a
mechanism by which inflammation may increase brain
excitability and may represent a new target for drug
development for neurological disorders in which inflamma-
tion plays a role.
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