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Abstract

The protein kinase C activator phorbol 12-myristate 13-acetate (PMA) is known to interact with aquaporin 4
(AQP 4), a water-selective transporting protein that is abundant in astrocytes, and has experimentally been
found to decrease osmotically-induced cell swelling. The purpose of this study was to examine whether PMA
reduces brain edema following focal ischemia induced by middle cerebral artery (MCA) occlusion by modu-
lation of AQP4 expression. Male Sprague-Dawley rats were randomly assigned to either sham surgery (n¼ 6), or
a continuous intravenous infusion of vehicle (1% dimethylsulfoxide), followed by MCA occlusion (n¼ 18), and
administration of PMA at 50 mg=kg (n¼ 6) or at 200 mg=kg (n¼ 6) starting 60 min before or 30 min (200 mg=kg;
n¼ 6) or 60 min (200 mg=kg; n¼ 6) after MCA occlusion. Cerebral blood flow was monitored with laser Doppler
over the MCA territory, and confirmed a 70% reduction during occlusion. After a 2-h period of ischemia and 2 h
of reperfusion, the animals were sacrificed for assessment of brain water content and sodium and potassium
concentration. AQP4 expression was assessed by immunoblotting and quantified by densitometry (n¼ 24).
Statistical analysis was performed by ANOVA followed by Tukey’s post-hoc test. PMA treatment at 200 mg=kg
significantly reduced brain water concentration in the infarcted area when started 60 min before or 30 min after
occlusion ( p< 0.001 and p¼ 0.022, respectively), and prevented the subsequent sodium shift ( p< 0.05). PMA
normalized the AQP4 upregulation in ischemia ( p¼ 0.021). A downregulation of AQP4 in the ischemic area
paralleling the reduction in brain edema formation following PMA treatment suggests that the effect was
mediated by AQP4 modulation.
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Introduction

In addition to the initial brain damage caused by any
type of insult, the resulting brain edema and increase in

intracranial pressure contribute substantially to the morbidity
and mortality seen in these patients (Chesnut et al., 1993;
Marmarou et al., 2000). The specific anatomical and cellular
localization of aquaporin 4 (AQP 4) water channels in the
central nervous system suggests that this protein plays a
crucial role in the cerebral water balance (Venero et al., 1999).
Recently, the role of AQP4 in maintaining water homeostasis
during the development of post-traumatic or ischemic brain
edema has been described, although conflicting results have
been obtained using different models (Hu et al., 2005; Ke et al.,

2001; Kiening et al., 2002; Lu and Sun, 2003; Manley et al.,
2000; Meng et al., 2004; Sato et al., 2000; Sun et al., 2003;
Taniguchi et al., 2000; Vizuete et al., 1999).

The exact mechanisms behind AQP4 regulation have yet to
be identified. However, direct and indirect evidence suggests
that protein kinase C (PKC) is involved in AQP4 regulation
(Nakahama et al., 1999; Neely et al., 1999; Yamamoto et al.,
2001). PKC serves as a second messenger for G-protein re-
ceptors, which are coupled to the phosphoinositide pathway,
causing either a transient rise in intracellular Ca2þ through
inositol triphoshate, or activation of PKC through diacylgly-
cerol. The phorbol ester and known PKC activator 12-O-
tetradecanoylphorbol 13-acetate has been found to decrease
AQP4 mRNA in cultured rat astrocytes, but prolonged
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treatment eliminated the subsequent decrease in AQP4
mRNA (Nakahama et al., 1999; Yamamoto et al., 2001). Since
pre-treatment with cycloheximide did not eliminate the re-
duction of AQP4 mRNA, PKC may be involved in AQP4
regulation on the transcriptional level, rather than affecting
de novo protein synthesis. Furthermore, the PKC activator
phorbol 12-myristate 13-acetate (PMA) is known to interact
with AQP4, and has experimentally been found to increase
AQP4 phosphorylation, and to decrease osmotically-induced
cell swelling in AQP4-transfected Xenopus laevis oocytes (Han
et al., 1998).

Thus in the present study we investigated whether PMA
modulates AQP4 expression and reduces brain edema and
subsequent electrolyte dysfunction. In order to reduce any
effect of blood–brain barrier (BBB) breakdown, we utilized a
model of middle cerebral artery (MCA) occlusion, since the
early period following ischemia has been found to result in a
predominantly cytotoxic edema (Neumann-Haefelin et al.,
2000; Yang and Betz, 1994). Specifically, we assessed the brain
water, sodium, and potassium content following different
doses of an intravenous PMA infusion, started at different
time points before or after MCA occlusion. To examine whe-
ther the effect of PMA on brain edema development was
mediated through AQP4 modulation, we assessed AQP4 ex-
pression by immunoblotting with subsequent quantification
by densitometry.

Methods

Animals and surgical procedure

The experiments were conducted with the approval of the
Institutional Animal Care and Use Committee and National
Institutes of Health guidelines. The experiments were carried
out on 350–400 g adult male Sprague-Dawley rats. The rats
were housed with a 12-h light=dark cycle at 22� 18C with 60%
humidity. Pellet food and water were given ad libitum. Sur-
gery was performed after intubation under halothane anes-
thesia and controlled ventilation (1.3% halothane in 70%
nitrous oxide and 30% oxygen). Rectal temperature was
maintained at 36.5� 0.58C using a heating lamp. The left
femoral artery and vein were cannulated with polyethylene
tubing for continuous monitoring of mean arterial blood
pressure (MABP), blood sampling, and drug infusion. Ade-
quate ventilation was verified by an arterial blood gas mea-
surement after 1 h of anesthesia.

The regional cerebral blood flow (rCBF) over the supply
territory of the right MCA was continuously monitored by
laser Doppler flowmetry (LaserFlo; Vasamedics Inc., St Paul,
MN) through a burr hole located 1 mm posterior and 5 mm
lateral to the bregma with the dura mater intact. The animals
were placed in a supine position over the laser Doppler probe,
and rCBF as well as MAP were recorded continuously using a
data acquisition system (ADInstruments Pty. Ltd., Colorado
Springs, CO).

MCA occlusion was induced using the intraluminal suture
method as previously described (Belayev et al., 1996) with
slight modification. Through a midline neck incision, the bi-
furcation of the right common carotid artery (CCA) was ex-
posed, and the branches of the external carotid artery (ECA)
and internal carotid artery (ICA), including the occipital, lin-
gual, and maxillary arteries, were microsurgically separated
and coagulated. The ECA was ligated with a 4-0 silk suture,

and after temporary occlusion of the ICA and CCA with
vascular mini-clips, a 4-0 monofilament nylon suture with a
silicon tip 0.3 mm in diameter was inserted through the ECA
stump and secured by a suture. The clips were removed and
the filament was advanced through the ICA into the circle of
Willis while occluding the pterygopalatine artery with for-
ceps. A rCBF reduction to 70–80% of baseline was observed
when the suture was advanced to a distance of 22–24 mm
from the carotid bifurcation, thereby verifying proper occlu-
sion of the MCA. After 2 h of occlusion, a 2-h period of
reperfusion of the MCA territory was performed by with-
drawing the suture into the ECA stump with confirmation by
a consequent increase in rCBF.

Study protocol and drug preparation

The objective of these experiments was to assess the effect
of different doses of intravenous PMA infusion on brain
swelling after MCA occlusion and reperfusion. We also as-
sessed the effect of PMA infusion started at different time
points. The animals were randomly assigned to sham surgery,
vehicle, or PMA infusion at 50mg=kg or 200mg=kg starting
60 min before, and at 200 mg=kg starting either 30 min or
60 min after induction of ischemia, with each group consisting
of 6 animals. As previously described (Manabe et al., 1992), a
dose of 50 or 200mg=kg PMA (Sigma-Aldrich Co., St Louis,
MO) was dissolved in 1% dimethylsulfoxide (DMSO) as ve-
hicle (Sigma-Aldrich). The drug was intravenously adminis-
tered using a continuous infusion pump (sp210w syringe
pump; KD Scientific, Holliston, MA). To keep the total drug
concentration administered constant in the different treat-
ment groups, the infusion rate was adapted to either
480 mL=h, 640mL=h, or 720 mL=h. After 2 h of MCA occlusion
and 2 h of reperfusion, the animals were sacrificed with an
overdose of halothane, decapitated, and the brains were re-
moved (Table 1).

Tissue processing

The cerebral tissue was cut into four consecutive 4-mm
coronal sections, excluding the most rostral and caudal sec-
tions (Fig. 1). After division into right and left hemispheres
along the anatomic midline, the four regional samples ob-
tained were analyzed for water content as measured by the
wet and dry weight method. The wet weight of each sample

Table 1. Experimental Protocol

Infusion
rate

PMA
15 mM

(50 mg=kg)

PMA
50 mM

(200mg=kg) Vehicle

� 60 min 480mL=h n¼ 6 n¼ 6 n¼ 6
MCA occlusion
þ30 min 640mL=h n¼ 6 n¼ 6
þ60 min 720mL=h n¼ 6 n¼ 6

Reperfusion
þ2 h

Sacrifice n¼ 6 n¼ 18 n¼ 18
þ4 h

MCA, middle cerebral artery; PMA, phorbol 12-myristate 13-
acetate.
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was measured using an electronic analytical balance before
drying the sample at 958C for 5 days, and reweighing to ob-
tain the dry weight. The water content of each sample is given
as a percentage of total tissue weight. For measurement of
brain sodium and potassium concentrations, the dried sam-
ples were placed in a furnace and reduced to ashes by heating
for 24 h at 4008C. The ash was then extracted using distilled
water, and the concentrations of sodium and potassium were
determined using a flame photometer (943 nm), with cesium
as an internal standard.

Immunoblot

After sacrifice, the brains were removed and immediately
cut on dry ice into two 2-mm sections, excluding 4 mm of the
rostral tissue. Slices were cut into the right and left hemi-
spheres, then the striatum and the parietal cortex were iso-
lated, minced finely at 48C with a Potter Elvehjem tissue
grinder, and each sample was homogenized in 800mL of
radioimmunoprecipitation buffer (50 mM Tris, 150 mM NaCl,
1% NP40, 1% deoxycholic acid, and 0.5% sodium n-dodecyl
sulfate [SDS], pH 7.2). This homogenate was centrifuged in a
Thermo MicroMax RF centrifuge (Thermo Electron Corp.,
Needham Heights, MA) at 14,000g for 30 min at 48C to remove
nuclei and mitochondria. From the resultant pellet, gel sam-
ples in 2% SDS were made. Supernatant samples were run on
12% Bis-Tris gels (Invitrogen Corp., Carlsbad, CA). After
transfer by electroelution to nitrocellulose membranes, the
blots were blocked with 5% milk powder in tris buffered sa-
line plus 0.1% Tween 20 (pH 7.5) for 1 h and incubated with
primary antibodies (1:1000 monoclonal mouse anti-AQP4;
Abcam, Cambridge, MA). The labeling was visualized with
horseradish peroxidase-conjugated secondary antibody
(1:5000 goat anti-mouse; Rockland Immunochemicals, Inc.,

Gilbertsville, PA), using an enhanced chemiluminescence
system (Amersham, Buckinghamshire, U.K.). Controls were
made by replacing primary antibody with non-immune IgG
(cyclophilin). Quantification was performed by densitometry.

Statistical analysis

The animals were assigned to the different groups ran-
domly. Tissue processing and quantification of brain edema
and AQP4 expression were performed in a blinded fashion.
SPSS software (SPSS Inc., Chicago, IL) was used for statistical
analysis. The data were analyzed by a randomized one-way
analysis of variance (ANOVA) for group variations, followed
by Tukey’s post-hoc analysis. Statistical significance was set at
p< 0.05.

Results

In the overall experiments, including 2 h of MCA occlusion
and 2 h of reperfusion, the injury-induced mortality rate was
14%. The MABP and arterial blood gases were kept within
physiological limits throughout the experimental procedures,
requiring a few adjustments in the halothane concentration
and ventilation parameters (Table 2). In the vehicle-infused
group, animals demonstrating reduction in MABP related to
differing infusion volume rates (480, 640, and 720mL=h) were
excluded from the study. In all the injured animals, rCBF
dropped after MCA occlusion to around 30% of the original
baseline (Fig. 2). There were no significant differences in rCBF
between the injured-vehicle treated group and the injured,
50mg=kg and 200 mg PMA-treated groups (Fig. 2). The rCBF
in the ischemic area increased immediately after reperfusion,
to nearly 100% of baseline, and then rapidly decreased to
70–80% for the duration of the experiment.

FIG. 1. Tissue processing. (A) Dorsal view and (B) coronal view of the rat brain showing the brain tissues sampled. Coronal
sections 4 mm thick were cut through the middle cerebral artery core territory for water and electrolyte assessment. Re-
presentative coronal sections 7 mm posterior to the frontal pole were assessed for ischemic injury. Phorbol 12-myristate 13-
acetate (PMA) treatment reduced brain edema in a dose-dependent manner. Brains from animals receiving (C) vehicle alone,
(D) 50mg=kg PMA, and (E) 200 mg=kg PMA (*¼ cerebral cortex; {¼ caudate putamen; LA, left anterior; LP, left posterior; RA,
right anterior; RP, right posterior; MCA, middle cerebral artery).
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Table 2. Physiological Parameters

Time course during 5-h infusion

Pre-insult (min) MCAO (min) Reperfusion (min)

Parameters Baseline 30 60 10 60 120 10 60 120

Sham-operated
MABP (mm Hg) 95� 4 96� 5 92� 5 93� 4 94� 7 94� 8 96� 7 96� 6 97� 2
Rectal

temperature (8C)
36.2� 0.5 36.4� 0.2 36.7� 0.3 36.3� 0.4 36.5� 0.3 36.2� 0.5 36.7� 0.4 36.4� 0.4 36.4� 0.2

pH 7.42� 0.04 7.40� 0.04 7.40� 0.03 7.40� 0.03 7.40� 0.03 7.41� 0.02
Paco2 (mm Hg) 39� 6 39� 3 41� 6 42� 5 40� 9 39� 3
Pao2 (mm Hg) 133� 9 145� 20 134� 25 128� 7 135� 24 132� 12

Injured, vehicle
MAP (mm Hg) 94� 8 97� 9 94� 10 108� 8 98� 5 99� 5 95� 9 99� 6 97� 6
Rectal

temperature (8C)
36.5� 0.3 36.7� 0.3 36.6� 0.5 36.6� 0.4 36.3� 0.3 36.2� 0.3 36.3� 0.4 36.4� 0.4 36.3� 0.5

pH 7.42� 0.04 7.44� 0.02 7.40� 0.03 7.36� 0.03 7.39� 0.04 7.40� 0.03
Paco2 (mm Hg) 41� 5 37� 2 40� 2 41� 4 39� 4 38� 4
Pao2 (mm Hg) 142� 25 140� 16 130� 14 134� 7 129� 14 133� 12

Injured, 50mg=kg PMA
MAP (mm Hg) 94� 5 94� 2 91� 3 106� 7 97� 7 99� 10 93� 7 98� 7 100� 8
Rectal

temperature (8C)
36.3� 0.4 36.8� 0.4 30.6� 0.1 36.3� 0.4 36.4� 0.2 36.7� 0.2 36.8� 0.3 36.6� 0.3 36.5� 0.3

pH 7.40� 0.03 7.4� 0.03 7.36� 0.03 7.36� 0.03 7.37� 0.03 7.37� 0.03
Paco2 (mm Hg) 40� 4 39� 6 44� 4 42� 2 42� 4 42� 3
Pao2 (mm Hg) 127� 21 140� 18 127� 11 126� 13 135� 26 121� 9

Injured, 200 mg=kg PMA
MAP (mm Hg) 93� 5 97� 5 92� 7 110� 8 99� 9 99� 10 95� 11 99� 8 98� 8
Rectal

temperature (8C)
36.4� 0.4 36.8� 0.3 36.4� 0.3 36.3� 0.4 36.6� 0.2 36.7� 0.2 36.2� 0.3 36.8� 0.2 36.5� 0.4

pH 7.41� 0.06 7.41� 0.06 7.39� 0.06 7.38� 0.03 7.42� 0.09 7.39� 0.03
Paco2 (mm Hg) 40� 9 42� 7 33� 6 41� 5 40� 5 41� 6
Pao2 (mm Hg) 143� 19 145� 19 139� 19 133� 20 128� 20 129� 17

Data are expressed as mean� SD; n¼ 6 rats=group; MCAO, middle cerebral artery occlusion; MAP, mean arterial pressure; PMA, phorbol
12-myristate 13-acetate; Paco2, partial arterial carbon dioxide pressure; Pao2, partial arterial oxygen pressure; SD, standard deviation.

FIG. 2. Changes in regional cerebral blood flow (CBF) during and after middle cerebral artery occlusion in sham controls
(open circles), vehicle-alone (open triangles), and animals receiving 50mg=kg PMA (solid circles), and 200 mg=kg PMA (open
squares). Data are expressed as percentage of baseline and are means� SD; n¼ 6 rats in each group (SD, standard deviation;
PMA, phorbol 12-myristate 13-acetate; MCAO, middle cerebral artery occlusion).
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Drug effect on brain edema

PMA administration strongly reduced brain edema for-
mation as assessed after 2 h of ischemia and 2 h of reperfusion
in a dose-dependent manner in the ischemic hemisphere
when the infusion was started 60 min before the induction of
ischemia (Fig. 3); thus we continued using PMA at the higher
dose. The ANOVA of brain water content comparing vehi-
cle and PMA infusion started at different time points fol-
lowing MCA occlusion produced a significant group effect
(F4,79¼ 11.25, p< 0.001; Fig. 4A). The Tukey post-hoc analysis
indicated that PMA treatment started either 60 min before or
30 min after MCA occlusion reduced brain edema in the is-
chemic area significantly compared to infusion of vehicle
alone ( p< 0.001 and p¼ 0.022, respectively), while PMA
infusion started 60 min after MCA occlusion failed to be
effective ( p¼ 2.67). The ANOVA of brain sodium content
comparing vehicle and PMA infusion started at different time
points following MCA occlusion produced a significant group
effect (F4,79¼ 10.01, p< 0.001; Fig. 4B). The Tukey post-hoc
analysis indicated that PMA treatment started either 60 min
before or 30 or 60 min after MCA occlusion reduced brain
sodium accumulation in the ischemic area significantly com-
pared to infusion of vehicle alone ( p� 0.004, p� 0.008, and
p� 0.045, respectively). The ANOVA of brain potassium
content comparing vehicle and PMA infusion started at dif-
ferent time points following MCA occlusion produced a sig-
nificant group effect (F4,79¼ 3.42, p� 0.013; Fig. 4C). The
Tukey post-hoc analysis indicated that PMA treatment started
either 60 min before or 30 or 60 min after MCA occlusion did
not reduce brain potassium loss in the ischemic area signifi-
cantly compared to infusion of vehicle alone ( p¼ 0.079,
p¼ 0.284, and p¼ 0.542, respectively).

Drug effect on AQP4 expression

The ANOVA of AQP4 expression comparing vehicle and
PMA infusion started 60 min before MCA occlusion produced
a significant group effect (F2,21¼ 5.922, p¼ 0.009). Following
MCA occlusion, PMA infusion downregulated AQP4 ex-
pression when compared to vehicle infusion in the ischemic
as well as in the non-ischemic hemispheres (Fig. 5).

Discussion

The results of this study confirm that cerebral edema fol-
lowing cerebral ischemia is reduced by treatment with the
irreversible PKC activator PMA in a dose-dependent man-
ner, and it also reduced AQP4 upregulation in animals that
had 2 h of ischemia followed by 2 h of reperfusion. We
demonstrated that PMA, either started before or 30 min after
MCA occlusion, significantly reduced brain water content
in the ischemic hemisphere, and prevented the shift of so-
dium that normally accompanies brain edema. Although
PMA slightly blunted the potassium loss associated with
brain edema, this effect failed to reach statistical significance.
These findings are consistent with the generally-accepted
opinion that water and sodium tend to coexist, and move
together through the plasma membrane under physiological
and pathological conditions (Gotoh et al., 1985; Loo et al.,
1996; Wright and Loo, 2000). Alternatively, in addition to the
blunting of AQP4 upregulation by PMA, brain sodium
channels may have been independently affected (Hourez
et al., 2005).

Phorbol esters are tumor-promoting and inflammatory
agents (Hussaini et al., 2000; Won et al., 1998). Some reported
adverse effects include increased respiratory rate, decreased

FIG. 3. Effect of different doses of PMA on brain water content after MCA occlusion. PMA administration by continuous
intravenous infusion significantly reduced brain water content in both the right anterior and posterior coronal sections in a
dose-dependent manner. Data are means� SD; n¼ 6 rats=group; *p< 0.0001; **p< 0.02 compared with the vehicle-alone
group; {p< 0.04 compared with the 200 mg=kg PMA-treated group; SD, standard deviation; PMA, phorbol 12-myristate 13-
acetate; MCA, middle cerebral artery; LA, left anterior; LP, left posterior; RA, right anterior; RP, right posterior).
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mean blood pressure, and a decreased absolute granulocyte
count. Pulmonary problems include hemorrhagic and inter-
stitial pneumonitis, and diffuse interstitial fibrosis. Some toxic
effects have been reported when the drug was administered to
dogs, rabbits, and rats (Lafuze et al., 1987; O’Flaherty et al.,
1980; Taylor et al., 1985). On the other hand, PMA has also
been used with no irreversible toxic effects (Han et al., 1998;
Strair et al., 2002), and a species-specific difference in sus-
ceptibility to PMA-induced toxicity has been suggested

(Manabe et al., 1992). The physiological parameters we
monitored continuously throughout our study confirmed that
blood pressure and pulmonary function were not affected by
PMA treatment. However, more detailed pathological studies
are needed to verify that PMA administration does not induce
any permanent toxicity.

Changes in injury- or ischemia-induced AQP4 protein and
AQP4 mRNA expression have been described in the litera-
ture. In cultured rat astrocytes, AQP4 was found to mediate
the bidirectional transport of water during hypoxia-ischemia
and reoxygenation (Fu et al., 2007). After transient focal brain
ischemia in mice, two peaks of maximal hemispheric swelling
at 1 h and at 48 h post-ischemia coincided with two peaks of
AQP4 expression (Ribeiro Mde et al., 2006). Following ex-
perimental cerebral ischemia in the rat, AQP4 mRNA levels
have been reported to be decreased at 24 h in ischemic com-
pared to non-ischemic hemispheres (Sato et al., 2000), while in
another study, researchers found AQP4 mRNA to be in-
creased in the peri-infarcted area, and it peaked on day 3
(Taniguchi et al., 2000). In experimental traumatic brain injury
(TBI) in the rat, AQP4 mRNA was increased at the injury site
in a cortical contusion model at 24 h (Sun et al., 2003), whereas
in another study AQP4 mRNA was decreased in edematous
contusional cortex with impaired BBB integrity (Ke et al.,
2001). In another study, AQP4 protein levels were decreased
48 h following controlled cortical impact (Kiening et al., 2002).
In humans with TBI, AQP4 levels were reported to be in-
creased between 15 h and 8 days post-injury (Hu et al., 2005).
These contradictory findings are difficult to explain. Aside
from time-dependent variations in AQP4 regulation, other
effects are likely to be involved, like gene transcription, pro-
tein synthesis, protein translocation from storage sites to the
membrane, or activation by phosphorylation (Madrid et al.,
2001). These inconsistencies may also have resulted from the
use of various methodological approaches.

We found that the PKC activator PMA blunts ischemia-
induced upregulation of AQP4, as well as brain water accu-
mulation and the sodium shift. Our findings are consistent
with those of in-vitro studies demonstrating that PKC acti-
vators inhibit AQP4 activity (Han et al., 1998), and also to
downregulates the expression of AQP4 protein (Yamamoto
et al., 2001), and AQP4 mRNA (Nakahama et al., 1999).
However, the experimental model used may also affect the
changes seen in AQP4 expression. Furthermore, deletion of
the AQP4 gene in knockout mice reduced brain edema and
the peri-vascular foot process swelling seen after acute water
intoxication and ischemic stroke (Manley et al., 2000). The
expression of AQP4 mRNA has been shown to increase in the
peri-infarcted cortex for 7 days after MCA occlusion, and is
maximal on day 3 (Taniguchi et al., 2000). The signals for
mRNA expression were predominantly observed in the glial
cells and the outer granular layer of the peri-infarcted cortex.
In the same study, the increased expression corresponded
with the generation and resolution of edema as assessed by
MRI. Similarly, Lu and Sun found that after MCA occlusion,
AQP4 increased within 15 min, and was coincident with a
reduced apparent diffusion coefficient, signifying a predom-
inantly cellular edema (Lu and Sun, 2003; Sun et al., 2003).
They concluded that upregulation of AQP4 may play a sig-
nificant role in acute ischemic brain edema, but has no cor-
relation with vasogenic edema, especially during the stages of
intracellular edema and necrosis.

FIG. 4. Effect of PMA given at different time points before
or after MCA occlusion on brain edema and electrolyte
content. When started 60 min before or 30 min after MCAO,
intravenous PMA infusion significantly reduced ischemia-
induced brain edema. Data are expressed as the difference of
percentage of water content (A), sodium concentration (B),
and potassium concentration (C), between the ischemic and
the non-ischemic side (means� SEM; PMA, phorbol 12-
myristate 13-acetate; SEM, standard error of the mean).
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Although we utilized a model of a focal ischemic insult,
in which the cytotoxic edema appears to be predominant
(Dijkhuizen et al., 1999; Loubinoux et al., 1997), it is possible
that a vasogenic component of edema was also present.
Studies of brain edema have shown that the BBB remains
intact during the first 6 h following MCA occlusion and re-
perfusion (Hatashita et al., 1988; Iannotti and Hoff, 1983).
Therefore, we choose the 4-hour time period for our study.
Nevertheless, it is possible that the total increase in water
was not entirely due to cellular swelling beyond that which
might occur due to water in the extracellular space moving
into cells. This concerned us, and in another experiment the
integrity of the BBB was evaluated by Evans-Blue perfusion
and the subsequent measurement of absorbance (Kleindienst
et al., 2006). We found that even low-dose DMSO opened the
barrier in the ischemic more than in the non-ischemic hemi-
sphere ( p< 0.037). PMA did not have any additional effect on

the BBB. Thus there is a slight vasogenic edema effect that
may be attributable to either reperfusion injury or to the
DMSO vehicle.

While PMA was most effective when given 60 min before
MCA occlusion, its effect was attenuated when the PMA in-
fusion was postponed. Although PKC activation has been
found to decrease AQP4 mRNA in cultured astrocytes (Ya-
mamoto et al., 2001), prolonged treatment eliminated the
subsequent decrease in AQP4 mRNA (Nakahama et al., 1999).
Since PMA activates PKC by binding PKC to the cell mem-
brane with a very high affinity, there may be a relative de-
pletion of PKC with administration of PMA for a extended
time period (Mosior and Newton, 1995). This interaction may
result in a reduction in PMA’s effect on brain edema at later
time points. Furthermore, since AQP4 is involved in the bi-
directional water transport across cell membranes, postpon-
ing PMA treatment for 1 h after the onset of ischemia may

FIG. 5. Effect of PMA on AQP4 expression in the ischemic hemisphere after MCA occlusion. (A) Intravenous PMA infusion
started 1 h before MCA occlusion (2 h ischemia, then 2 h reperfusion) reduced the ischemia-induced AQP4 upregulation seen
in vehicle-infused animals. (B) AQP4 expression as assessed by immunoblotting and quantified by densitometry revealed
significant differences (means� SEM; AQP4, aquaporin 4; PMA, phorbol 12-myristate 13-acetate; SEM, standard error of the
mean; MCA, middle cerebral artery; Post., posterior; Ant., anterior).
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have resulted in a failure to reduce brain edema development,
and may have delayed or prevented water clearance.

We found that treatment with the PKC activator PMA re-
verses ischemia-induced AQP4 upregulation and attenuates
brain edema formation following MCA occlusion when given
before or early after the onset of ischemia. Since the down-
regulation of AQP4 following ischemia and PMA treatment
occurred concomitantly with reductions in brain edema, these
effects appear to be related. Although the exact biochemical
pathways of AQP4 regulation are not yet known, experi-
mental evidence suggests the involvement of PKC, and the
results detailed here indicate that AQP4 expression is altered
by the PKC activator PMA. However, further studies are
needed to elucidate the precise mechanisms behind AQP4
regulation and its effects on the brain edema seen post-
ischemia.

Conclusions

Different mechanisms have been proposed to explain the
origins of the brain edema that occurs during the early stages
post-ischemia, but this issue remains unresolved (Chen and
Swanson, 2003; Kimelberg et al., 1995). To the best of our
knowledge, we demonstrate here for the first time that the
intravenous infusion of PMA reduces brain water content and
the resulting shift of electrolytes in a rat model of MCA oc-
clusion. Since the attenuation of brain edema development by
PMA is accompanied by a normalization of ischemia-induced
AQP4 upregulation, we provide evidence that the effects of
PMA on brain edema are mediated by AQP4, possibly via
PKC-dependent receptor signaling.
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