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Angiotensin II (Ang II) elicits an Ang II type 2 (AT2 ) receptor-
mediated increase in delayed-rectifier K 1 current (IK ) in neu-
rons cultured from newborn rat hypothalamus and brain-
stem. This effect involves a pertussis toxin (PTX)-sensitive Gi

protein and is abolished by inhibition of serine and threonine
phosphatase 2A (PP-2A). Here, we determined that Ang II
stimulates [ 3H]arachidonic acid (AA) release from cultured
neurons via AT2 receptors. This effect of Ang II was blocked
by inhibition of phospholipase A2 (PLA2 ) and by PTX. Be-
cause AA and its metabolites are powerful modulators of
neuronal K 1 currents, we investigated the involvement of
PLA2 and AA in the AT2 receptor-mediated stimulation of IK
by Ang II. Single-cell reverse transcriptase (RT)-PCR analy-
ses revealed the presence of PLA2 mRNA in neurons that
responded to Ang II with an increase in IK. The stimulation of
neuronal IK by Ang II was attenuated by selective inhibitors of

PLA2 and was mimicked by application of AA to neurons.
Inhibition of lipoxygenase (LO) enzymes significantly reduced
both Ang II- and AA-stimulated IK , and the 12-LO metabolite
of AA 12S-hydroxyeicosatetraenoic acid (12S-HETE) stimu-
lated IK. These data indicate the involvement of a PLA2 , AA,
and LO metabolite intracellular pathway in the AT2 receptor-
mediated stimulation of neuronal IK by Ang II. Furthermore,
the demonstration that inhibition of PP-2A abolished the
stimulatory effects of Ang II, AA, and 12S-HETE on neuronal
IK but did not alter Ang II-stimulated [ 3H]-AA release sug-
gests that PP-2A is a distal event in this pathway.
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Mammalian brain contains angiotensin II (Ang II) type 2
(AT2 ) receptors (Tsutsumi and Saavedra, 1991; Millan et al.,
1992; Song et al., 1992), the functions of which are not well
established. The fact that these sites are expressed in high
levels in neonatal tissues has led to the idea that they have a
role in development (Cook et al., 1991; Tsutsumi and Saavedra,
1991; Millan et al., 1992). Support for this has come from
studies that determined that stimulation of AT2 receptors
causes neurite outgrowth in undifferentiated NG108 –15 neu-
roblastoma 3 glioma cells (Laflamme et al., 1996) and causes
apoptosis of pheochromocytoma PC-12W cells and R3T3 fi-
broblasts (Yamada et al., 1996; Horiuchi et al., 1997). Within
the brain, blockade of periventricular AT2 receptors potenti-
ates the Ang II type 1 (AT1 ) receptor-mediated stimulation of
drinking and vasopressin secretion (Hohle et al., 1995), sug-
gesting that AT1 and AT2 receptors may be antagonistic. In
addition, mutant mice lacking the gene encoding the AT2

receptor displayed decreased exploratory behavior and spon-
taneous movements compared with wild-type mice (Hein et al.,
1995; Ichiki et al., 1995). Thus, AT2 receptors may be involved
in the central control of certain behaviors and hormone secre-
tion, as well as having putative roles in apoptosis and
differentiation.

Similar to the in vivo situation, neurons cultured from the
hypothalamus and brainstem of newborn rats contain high levels
of AT2 receptors (Sumners et al., 1991), and we have used these
cultures to determine the AT2 receptor-mediated effects of Ang II
on membrane K1 currents. The rationale for this approach was
that changes in these currents form the basis of changes in
neuronal activity and ultimately of behavioral and physiological
effects. We determined that Ang II, via AT2 receptors, stimulates
neuronal delayed-rectifier K1 current (IK) and transient K1

current (IA) (Kang et al., 1993), effects mediated by an inhibitory
G-protein (Gi) and abolished by inhibition of serine and threo-
nine phosphatase 2A (PP-2A) (Kang et al., 1994). Our present
investigations have centered around the possibility that phospho-
lipase A2 (PLA2) is involved, because Ang II, via AT2 receptors,
causes stimulation of PLA2 activity in certain cell types (Lokuta
et al., 1994; Jacobs and Douglas, 1996). PLA2 catalyzes the
generation of arachidonic acid (AA) from membrane phospho-
lipids, and AA and its metabolites such as hydroxyeicosatetra-
enoic acid (HETE), leukotrienes, and prostaglandins are known
modulators of neuronal K1 channels (Premkumar et al., 1990;
Schweitzer et al., 1993; Zona et al., 1993; Meves, 1994; Gubitosi-
Klug et al., 1995; Kim et al., 1995). Furthermore, modulation of
K1 currents in sympathetic neurons and pituitary tumor cells
involves lipoxygenase (LO) metabolites of AA and serine and
threonine phosphatases (Duerson et al., 1996; Yu, 1995). The
data presented here indicate that the AT2 receptor-mediated
stimulation of neuronal IK by Ang II involves an intracellular
pathway that includes PLA2, AA, and LO metabolites of AA. In
addition, the results suggest that PP-2A may be important for the
stimulation of neuronal IK produced by Ang II and AA.
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MATERIALS AND METHODS
Materials. Newborn Sprague Dawley rats were obtained from our
breeding colony, which originated from Charles River Laboratories
(Wilmington, MA). DMEM and TRIzol reagent were obtained from
GIBCO-BRL (Gaithersburg, MD). Plasma-derived horse serum
(PDHS) was from Central Biomedia (Irwin, MO). [5,6,8,9,11,12,14,15-
3H]Arachidonic acid ([ 3H]-AA; specific activity of 203 Ci/mmol) and
[1-3H]ethan-1-ol-2-amine HCL ([ 3H]ethanolamine; specific activity
of 18.0 Ci /mmol) were purchased from Amersham (Arlington Heights,
IL). Losartan potassium was generously provided by Merck (Darmstadt,
Germany). PD123,319, nodularin (NDL), and antiflammin-2 were pur-
chased from Research Biochemicals (Natick, MA). AA was from Cal-
biochem (La Jolla, CA). Polyclonal anti-phospholipase A2 (anti-PLA2 )
antibodies were purchased from Upstate Biotechnology (Lake
Placid, NY). Activated silicic acid (200–325 mesh; Unisil) was from
Clarkson Chemical (Williamsport, PA). Gene-Amp reverse transcriptase
(RT)-PCR kits and all reagents for RT-PCR were purchased from
Perkin-Elmer (Norwalk, CT). Bovine serum albumin (BSA), Ang II,
tetrodotoxin (TTX), dipotassium ATP, sodium GTP, pertussis toxin
(PTX), cadmium chloride (CdCl2 ), HEPES, phosphatidylcholine (PC),
phosphatidylethanolamine (PE), phosphatidylserine (PS), phosphatidyl-
inositol (PI), 4-bromophenacyl bromide (4-BPB), nordihydroguiaretic
acid (NDGA), indomethacin, and 12S-hydroxy-(5Z,8Z,10E,14Z)-
eicosatetraenoic acid (12S-HETE) were purchased from Sigma (St.
Louis, MO). All other chemicals were purchased from Fisher Scientific
(Houston, TX) and were of analytical grade or higher. Oligonucleotide
primers for the rat brain cytosolic PLA2 gene (Owada et al., 1994) and
the rat AT2 receptor gene (Mukoyama et al., 1993) were synthesized in
the DNA core facility of the Interdisciplinary Center for Biotechnology
Research, University of Florida. The sequences of these primers
are as follows: PLA2 gene, sense: 59-GCTCCACATGGTACATGTCA-
39; antisense, 59-CTTCAAGCTACTCAAGGTCG-39; AT2 receptor
gene, sense, 59-ACCTGCATGAGTGTCGATAG-39; antisense: 59-
GGATAGACAAGCCATACACC-39.

Preparation of cultured neurons. Neuronal cocultures were prepared from
the brainstem and a hypothalamic block of newborn Sprague Dawley rats
exactly as described previously (Sumners et al., 1991). Cultures were grown
in DMEM and 10% PDHS for 10–14 d, at which time they consisted of
;90% neurons and ;10% astrocyte glia and microglia, as determined by
immunofluorescent staining (Sumners et al., 1994).

Analysis of PLA2 activity. Stimulation of PLA2 activity results in
generation of AA and of a lysophospholipid, and so we analyzed the
effects of Ang II on the generation of both AA and lysophosphatidyleth-
anolamine (LPE) as an index of PLA2 activity. The generation of AA
was analyzed as the release of [ 3H]-AA from neuronal membrane phos-
pholipids, essentially as described by Wakelam and Currie (1992). In
preliminary experiments we demonstrated that preincubation of cultured
neurons with [ 3H]-AA (1.0 mCi/well) for 24 hr at 37°C resulted in
equilibrium incorporation of the [ 3H]-AA into PE, PC, PS, and PI, as
determined using thin layer chromatography (TLC) on silica gel 60 plates
with a solvent of chloroform:methanol:glacial acetic acid:water (75:45:3:
1). This time point was used in all subsequent experiments.

For the analyses of AA generation, we measured the release of [ 3H]-
AA into the incubation medium from neurons that had been prelabeled
with [ 3H]-AA for 24 hr in DMEM and 10% PDHS. The medium
containing [ 3H]-AA was removed from the cells, which were then washed
3 times with 0.5 ml of Hank’s Balanced Glucose (HBG) solution con-
taining (in mM): 137 NaCl, 5.36 KCl, 1.66 MgSO4 , O.49 MgCl2 , 1.26
CaCl2 , 0.35 Na2HPO4 , 4.17 NaHCO3 , and 10 glucose and 1% BSA, pH
7.4. The final wash of HBG was removed and replaced with 0.5 ml of
HBG containing control solution, Ang II, or drugs for 1–5 min. Next, the
incubation medium was removed from each well and underwent chloro-
form and methanol extraction, followed by isolation of the [ 3H]-AA
using silicic acid adsorption chromatography (Wakelam and Currie,
1992). The amount of AA released into the medium was expressed as
[ 3H]-AA released (dpm/well).

The generation of LPE was analyzed as the production of [ 3H]-LPE
from [ 3H]-PE. Cultured neurons were preincubated with [ 3H]ethano-
lamine (2.0 mCi/well) for 48 hr at 37°C in DMEM and 10% PDHS,
conditions that produced equilibrium incorporation into [ 3H]-PE. After
this, the medium containing [ 3H]ethanolamine was removed, and the
cells were washed 3 times with 0.5 ml of HBG and then incubated with
control solution (HBG) or Ang II for 0.5–2.0 min. Next, the incubation
medium was discarded, and the cellular [ 3H]-LPE content was analyzed
as detailed by Wakelam and Currie (1992). Briefly, cells underwent

chloroform and methanol extraction, followed by isolation of the [ 3H]-
LPE using TLC (chloroform:methanol:glacial acetic acid:water; 50:30:8:
3). Spots corresponding to [ 3H]-LPE were removed, and the data were
expressed as dpm [ 3H]-LPE/well.

Electrophysiolog ical recordings. Macroscopic K 1 current was recorded
using the whole-cell configuration of the patch-clamp technique as de-
scribed previously (Hamill et al., 1981; Kang et al., 1994). Experiments
were performed at room temperature (22–23°C) using an Axopatch-1D
amplifier and Digidata 1200A interface (Axon Instruments, Burlingame,
CA). Neurons were bathed in modified Tyrode’s solution containing (in
mM): 140 NaCl, 5.4 KCl, 2.0 CaCl2 , 2.0 MgCl2 , 0.3 NaH2PO4 , 10
HEPES, 0.0001 TTX, 0.1 CdCl2 , and 10 dextrose, pH 7.4 (NaOH). The
patch electrodes had resistances of 3–4 MV when filled with an internal
pipette solution containing (in mM): 140 KCl, 2 MgCl2 , 5 EGTA, 4 ATP,
0.1 GTP, 10 dextrose, and 10 HEPES, pH 7.2 (KOH). For whole-cell
recordings, cell capacitance was canceled electronically, and the series
resistance (,10 MV) was compensated for by 75–80%. Data acquisition
and analysis were performed using pCLAMP 6.03. Whole-cell currents
were digitized at 3 kHz and filtered at 1 kHz (23 dB frequency filter).
The current measurements from which mean current densities were
derived were made 50 msec after the initiation of the test pulse, at which
time the current measurements reflect only IK (Kang et al., 1994).
Current density was reported as pA/pF. The average cell capacitance for
neurons used in this study was 33.9 6 13.7 pF.

Extraction of total RNA and RT-PCR. Growth media were removed from
cultured neurons that were then washed once with ice-cold Tyrode’s solu-
tion, pH 7.4. After this, neurons were lysed in TRIzol reagent (0.5 ml/dish),
and total RNA was extracted as detailed previously (Huang et al., 1997).
For the experiments using neurons from the whole dish, RT-PCR of the
AT2 receptor and PLA2 was performed using Gene-Amp RT-PCR kits
essentially as described by Huang et al. (1997). In brief, PCR was per-
formed at 94°C for 4 min, followed by 38 cycles at 94°C for 45 sec, 63°C (for
PLA2 ) or 62°C (for AT2 receptor) for 1 min 40 sec, and 72°C for 2 min.
After final extension at 72°C for 10 min, PCR products were electropho-
resed on a 2% agarose gel containing 1 mg/ml ethidium bromide. Using
these conditions, we observed the production of a 263 bp PLA2-specific
DNA and a 117 bp AT2 receptor-specific DNA from the PCR, which
correspond to the PLA2 and AT2 receptor mRNAs, respectively.

For the experiments using single neurons, RT-PCR of the AT2 receptor
and PLA2 was performed using the following procedures. Using the elec-
trophysiological methods described above, whole-cell recordings of IK were
made from neurons superfused with Ang II. For these recordings, the glass
patch pipettes were washed once in ethanol and 3 times in distilled water
and were then autoclaved for 30 min. Pipettes were then dried at 200°C for
1.5 hr. These patch pipettes were kept in a sealed box under vacuum until
used for recordings. After the recordings of IK , the neuronal intracellular
contents were drawn into the tip of the patch pipette using negative
pressure, and the tip was then broken off inside an RT-PCR tube. The
volume of patch pipette solution and intracellular contents in the broken tip
was ;6.5 ml, and this was adjusted to 8 ml with patch pipette solution for the
RT-PCR, which was performed using Gene-Amp RT-PCR kits. A first
PCR was performed exactly as described previously for neurons from the
whole dish. A second PCR was performed (on 20 ml of the first PCR
products) at 94°C for 4 min, followed by 30 cycles (for PLA2 ) or 36 cycles
(for AT2 receptor) at 94°C for 45 sec, 63°C (for PLA2 ) or 62°C (for AT2
receptor) for 1 min 40 sec, and 72°C for 2 min. After final extension at 72°C
for 10 min, the PCR products were electrophoresed on a 2% agarose gel
containing 1 mg/ml ethidium bromide. Using these conditions for single cell
RT-PCR, we observed the production of 263 bp PLA2- and 117 bp AT2
receptor-specific DNAs, similar to the bands obtained when using neurons
from the whole dish. In all situations, exclusion of either RNA or murine
leukemia virus reverse transcriptase resulted in no visible bands after gel
electrophoresis.

Drug applications. Ang II, drugs, and anti-PLA2 antibodies were dis-
solved in the appropriate solvent and then diluted in HBG (for the
[ 3H]-AA and [ 3H]-LPE analyses) or in superfusate solution, patch
pipette solution, or DMEM (for the electrophysiological experiments).
In all experiments, solvent controls were performed for each protocol.

Experimental groups and data analysis. For individual [ 3H]-AA and
[ 3H]-LPE analyses, each data point was obtained from four and three
wells, respectively. Electrophysiological analyses were performed with
the use of multiple 35 mm dishes of neurons. Comparisons were made
with the use of a one-way ANOVA followed by the Newman–Keuls test
to assess statistical significance.
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RESULTS
Ang II stimulates PLA2 activity in cultured neurons
As stated in the Materials and Methods, the effects of Ang II on
the generation of AA and LPE were used as an index of stimu-
lation of PLA2 activity. In preliminary experiments, we deter-
mined that Ang II (100 nM; 1–5 min) stimulates release of
radiolabel from cultured neurons that had been preincubated
with [3H]-AA (1.0 mCi/well) (data not shown). This suggested
that Ang II caused release of [3H]-AA, and in subsequent exper-
iments, this was tested by performing silicic acid chromatography
of the media extracts. Incubation of cultured neurons with control
solution (HBG) for 1–5 min resulted in increasing amounts of
[3H]-AA released as a function of time (Fig. 1A). Inclusion of
Ang II (100 nM) in the incubation media resulted in a significant
increase in the levels of [3H]-AA released at all time points (Fig.
1A). In an additional set of experiments, we determined that
incubation of cultured neurons with Ang II (100 nM; 0.5–2 min)
elicited a significant time-dependent stimulation of [3H]-LPE
production (Fig. 1B). Taken together, the data presented in
Figure 1, A and B, indicate that Ang II stimulates PLA2 activity
in cultured neurons. The stimulatory effects of Ang II (100 nM) on

[3H]-AA release from cultured neurons were significantly re-
duced (by ;73%) by the addition of the selective AT2 receptor
blocker PD123,319 (PD; 1 mM) to the incubation media (Fig. 1C).
By contrast, the AT1-selective receptor antagonist losartan (Los;
1 mM) reduced the stimulatory effects of Ang II on [3H]-AA
release by ;30% (Fig. 1C). Combined incubations with both PD
(1 mM) and Los (1 mM) resulted in complete inhibition of the
effects of Ang II (data not shown). Neither PD nor Los alone had
significant effects on [ 3H]-AA release (Fig. 1C). These data
indicate that both AT2 and AT1 receptors are involved in Ang
II-stimulated [3H]-AA release from cultured neurons. Because
the majority of AT1 and AT2 receptors in these cultures are
present on different neurons (Gelband et al., 1997), it is probable
that the AT1 and AT2 receptor-mediated effects of Ang II on AA
release are on different cells. In the presence of 1 mM Los, to
block AT1 receptors, the stimulation of [3H]-AA release by Ang
II (100 nM) was completely abolished by pretreatment of cultured
neurons with the selective PLA2 inhibitor 4-BPB (10 mM; 30 min)
(Fig. 1D). These data suggest that the AT2 receptor-mediated
component of Ang II-stimulated [3H]-AA release is attributable
to activation of PLA2.

Figure 1. Ang II stimulates PLA2 ac-
tivity in cultured neurons. A, Cultured
neurons were prelabeled with [ 3H]-AA
(1.0 mCi/well) for 24 hr at 37°C and
then incubated with 0.5 ml of HBG/well
in the absence (F; control) or presence
(f) of 100 nM Ang II for the indicated
times at 37°C. This was followed by
analysis of [ 3H]-AA release into the
growth media as detailed in the Materi-
als and Methods. Data are mean 6 SEM
from four experiments; *, significantly
different from controls, p , 0.05. B, Cul-
tured neurons were prelabeled with
[ 3H]-ethanolamine (2.0 mCi/well) for
48 hr at 37°C and then incubated with
0.5 ml of HBG in the absence (Con) or
presence of 100 nM Ang II for the indi-
cated times at 37°C. This was followed
by analysis of cellular [ 3H]-LPE as de-
tailed in the Materials and Methods.
Data are mean 6 SEM from four exper-
iments and are presented as a percent of
control (100%). Control cellular [ 3H]-
LPE was 2258 6 279 dpm/well; *, sig-
nificantly different from Con, p , 0.05.
C, Cultured neurons that had been pre-
labeled with [ 3H]-AA as described
above were incubated with 0.5 ml of
HBG/well in the absence (CON ) or
presence of either 100 nM Ang II, Ang II
plus 1 mM PD, Ang II plus 1 mM Los,
PD, or Los for 2 min at 37°; analysis of
[ 3H]-AA release into the growth media
followed. Data are mean 6 SEM from
five experiments; *, significantly differ-
ent from control, p , 0.05; 11Signifi-
cantly different from Ang II-treated
cells, p , 0.05. D, Cultured neurons that
had been prelabeled with [ 3H]-AA as
described above were preincubated with
4-BPB (10 mM; 30 min), PTX (200 ng/
ml; 24 hr), or control solvent. After this,
control and drug-treated cultures were
incubated with 100 nM Ang II for 2 min
at 37°C. All incubations were performed

in the presence of 1 mM Los and were followed by analysis of [ 3H]-AA release into the growth media. Data are mean 6 SEM from three (4-BPB) and
four (PTX) experiments; *significantly different from control, p , 0.05; 11, significantly different from Ang II-treated neurons, p , 0.05.
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In previous studies, we had determined that neuronal AT2

receptors couple to a stimulation of IK via a PTX-sensitive
inhibitory G-protein (Gi) (Kang et al., 1994). Therefore, we
tested the effects of PTX, which inhibits both Gi and Go, on Ang
II-stimulated [ 3H]-AA release. Preincubation of cultured neurons
with PTX (200 ng/ml; 24 hr) completely abolished the stimula-
tion of [ 3H]-AA release produced by Ang II (100 nM) in the
presence of 1 mM Los (Fig. 1D). These data provide indirect
support for the idea that the AT2 receptor-mediated stimulation
of [3H]-AA release by Ang II involves a Gi protein.

Stimulation of neuronal IK by Ang II involves PLA2
and AA
In previous studies, we determined that selective stimulation of
neuronal AT2 receptors caused an increase in IK (Kang et al.,
1993), whereas selective stimulation of neuronal AT1 receptors
caused a decrease in IK (Sumners et al., 1996). Because some
neurons in these cultures contain both AT1 and AT2 receptors,
with potentially offsetting effects on IK (Gelband et al., 1997), all
of the present electrophysiological studies on AT2 receptors were
performed in the presence of the AT1 receptor blocker Los (1
mM). Los did not alter baseline IK. In the present studies, super-
fusion of cultured neurons with Ang II (100 nM) caused a signif-
icant stimulation of IK that was completely inhibited by 1 mM

PD123,319 (Fig. 2), in agreement with our previous experiments
(Kang et al., 1993). Treatment of cultured neurons with PLA2

inhibitors significantly attenuated the AT2 receptor-mediated
stimulation of IK by Ang II. For example, pretreatment with
4-BPB (10 mM; 30 min) or inclusion of antiflammin-2 (20 mM) in
the pipette solution resulted in a 70–76% inhibition of Ang
II-stimulated IK (Fig. 2). Furthermore, intracellular perfusion of
anti-PLA2 antibodies (1:1250) caused an ;76% inhibition of Ang
II-stimulated IK (Fig. 2). These effects of 4-BPB, antiflammin-2,
and anti-PLA2 antibodies were maximal and specific, i.e., higher
concentrations produced no greater inhibition of Ang II-

stimulated IK (data not shown). Control recordings in the pres-
ence of these inhibitors were not significantly different compared
with control recordings of IK from untreated neurons (Fig. 2).
The data presented in Figure 2 therefore indicate that PLA2 is
involved in the AT2 receptor-mediated stimulation of IK by Ang
II. If this is the case, it follows that the Ang II-responsive neurons
should contain PLA2. This was tested by performing single-cell
RT-PCR analyses of PLA2 mRNA in neurons that responded to
Ang II with an increase in IK. The data in Figure 3, A and B,
demonstrate the presence of AT2 receptor mRNA in neurons
from the whole dish and in a single neuron that responded to Ang
II (100 nM) with an increase in IK. Furthermore, Figure 3, C and
D, demonstrates the presence of PLA2 mRNA in neurons from
the whole dish and in a single neuron that exhibited an AT2

receptor-mediated increase in IK elicited by Ang II (100 nM).
Activation of PLA2 results in generation of AA, and it is

known that AA as well as some AA metabolites can modulate K1

currents and channels (Premkumar et al., 1990; Schweitzer et al.,
1993; Zona et al., 1993; Meves, 1994; Gubitosi-Klug et al., 1995;
Kim et al., 1995; Duerson et al., 1996; Yu, 1995). Therefore, if
PLA2 is involved in mediating the stimulatory effects of Ang II on
IK, then we might predict that AA would mimic the effects of Ang
II. This was the case as superfusion of AA (10–100 mM) onto
neurons produced a reversible and concentration-dependent
stimulation of IK (Fig. 4A,B). The stimulatory effects of both Ang
II and AA on neuronal IK were significantly reduced (by ;77%)
by the pretreatment of cultures with the general LO inhibitor
NDGA (5 mM) (Fig. 5A). By contrast, pretreatment with the
cyclooxygenase inhibitor indomethacin (10 mM) did not alter the
stimulation of neuronal IK by Ang II (Fig. 5A) or by AA (data not
shown). Higher concentrations of NDGA produced no further
inhibition of Ang II-stimulated IK. Control recordings in the
presence of NDGA and indomethacin were not significantly
different from control recordings of IK in untreated neurons (Fig.

Figure 2. Stimulation of neuronal IK
by Ang II via AT2 receptors: effect of
PLA2 inhibitors. IK was recorded dur-
ing 100 msec voltage steps from a
holding potential of 280 to 110 mV.
Top, Representative current tracings
showing the effects of superfused Ang
II (100 nM) on IK in untreated (con-
trol) neurons (6 1 mM PD123,319)
(1), in neurons pretreated with 10 mM
4-BPB for 30 min (2), in neurons per-
fused intracellularly with anti-PLA2
antibodies (1:1250; for procedures,
see Zhu et al., 1997) (3), and in neu-
rons pretreated with 20 mM
antiflammin-2 for 20 hr (4). Control
recordings (CON ) in all sets of traces
were made before application of Ang
II. All recordings were made in the
presence of 1 mM Los to block AT1
receptors. Bottom, Bar graphs show-
ing mean 6 SEM of current densities
obtained in each treatment situation.
Sample sizes were 15, 8, 7, and 6 neu-
rons for the untreated, 4-BPB, anti-
PLA2 , and antiflammin-2 groups, re-
spectively; *p , 0.001 compared with
the respective control; 11p , 0.001
compared with Ang II alone (no
4-BPB, anti-PLA2 , or antiflammin-2).
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5A). These data suggest that the stimulatory actions of Ang II and
AA on neuronal IK are mostly mediated via LO metabolites of
AA. This idea is supported by experiments that demonstrate that
intracellular perfusion of 12S-HETE, a 12-lipoxygenase (12-LO)
metabolite of AA, elicits a significant stimulation of neuronal IK

(Fig. 5B).

Inhibition of PP-2A blocks the stimulatory effects of
Ang II, AA, and 12S-HETE on neuronal IK
Our previous studies suggested that the AT2 receptor-mediated
stimulation of IK by Ang II was inhibited by low concentrations of
the selective PP-2A inhibitor okadaic acid (Kang et al., 1994).
This was confirmed in the present study by the demonstration that
the PP-2A inhibitor nodularin (NDL) (Honkanen et al., 1991)
completely reversed the stimulation of neuronal IK by Ang II (100
nM) (Fig. 6A). The data presented in Figure 6A are from neurons
pretreated with NDL (20 mM; 24 hr) or treated with NDL (2 mM)
in the pipette solution. Similarly, pretreatment of cultured neu-
rons with 20 mM NDL for 24 hr abolished the stimulation of
neuronal IK either by superfusion of AA (50 mM) or by intracel-
lular perfusion of 12S-HETE (1 mM) (Figure 6B). These data
support the idea that PP-2A is involved in the stimulatory effects
of Ang II, AA, and 12S-HETE on IK. In addition, the AA data
suggest that PP-2A is involved at a locus distal to the generation
of AA by PLA2. This is supported by the fact that AT2 receptor-
mediated stimulation of [ 3H]-AA release by Ang II was not
altered by NDL (20 mM; 24 hr pretreatment) (Fig. 7).

DISCUSSION
The data presented here indicate that Ang II stimulates, via AT1

and AT2 receptors, production of AA in neurons cultured from

newborn rat hypothalamus and brainstem. This demonstration is
reasonable considering that activation of either AT1 or AT2

receptors elicits a stimulation of AA release in various peripheral
cells (Lokuta et al., 1994; Rao et al., 1994; Jacobs and Douglas,
1996; Pueyo et al., 1996). Within cultured neurons, the majority of
this Ang II response is mediated via AT2 receptors (Fig. 1C),
which is consistent with the demonstration that these cultures
contain greater numbers of AT2 receptors than AT1 receptors
(Sumners et al., 1991). Most of the AT1 and AT2 receptors in
these cultures are located on different populations of neurons
(Gelband et al., 1997), and so it is probable that these stimulatory
actions of Ang II on AA release occur via AT1 and AT2 receptors
located on different cells. The release of AA stimulated by Ang II
may occur via various mechanisms. For example, we have deter-
mined previously that Ang II, via AT1 receptors, stimulates
phospholipase C, phosphoinositide hydrolysis, and production of
diacylglycerol in cultured neurons (Sumners et al., 1994, 1996). It
is well known that AA can be released from diacylglycerol via the

Figure 3. Stimulation of neuronal IK by Ang II: presence of AT2 receptor
mRNA and PLA2 mRNA in Ang II-responsive neurons. A, C, Current
tracings from two neurons showing stimulation of IK (AT2 receptor-
mediated) by 100 nM Ang II. IK was recorded as described in Figure 2.
After these recordings, the neurons were prepared for single cell RT-PCR
as detailed in the Materials and Methods. B, Ethidium bromide-stained
gels showing the RT-PCR DNA products that correspond to the AT2
receptor mRNA (AT2-R; 117 bp). Lane 1, AT2-R mRNA from the respon-
sive neuron shown in A. Lane 2, AT2-R mRNA obtained from a whole
dish of neurons. Leftmost lane is 100 bp DNA ladder. D, Ethidium
bromide-stained gels showing the RT-PCR products that correspond to
the PLA2 mRNA (263 bp). Lanes 1, 2, PLA2 mRNA obtained from a
whole dish of neurons. Lane 3, PLA2 mRNA from the responsive neuron
shown in C. Rightmost lane is 100 bp DNA ladder.

Figure 4. AA stimulates IK in cultured neurons. IK was recorded as
described in Figure 2. A, Representative current tracings and time course
showing the effects of superfused AA (50 mM) on IK. Control (Con)
recordings were made before application of AA. B, Effects of different
concentrations of AA on IK. Data are mean 6 SEM of percent stimulation
of IK above control (0 on x-axis). Sample sizes were five to six neurons at
each concentration; *significantly different from control, p , 0.001.
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action of diacylglycerol lipase (Irvine, 1982). Therefore, in the
present study the AT1 receptor-mediated effects of Ang II may
occur via sequential activation of phospholipase C and diacylglyc-
erol lipase (Irvine, 1982). By contrast, the AT2 receptor-mediated
stimulation of AA release in cultured neurons seems to occur via
activation of PLA2, because this effect was abolished by the
selective PLA2 inhibitor 4-BPB (Fig. 2A; Schweitzer et al., 1993;
Williams et al., 1994). Our data also indicate that the Ang II-
induced stimulation of AA release, via AT2 receptors, is abol-

ished by PTX (Fig. 1D). This is consistent with our previous
observations that neuronal AT2 receptors couple intracellularly
via a PTX-sensitive Gi protein (Kang et al., 1994; Huang et al.,
1995) and also with studies that have shown that the AT2 receptor
coprecipitates with Gia2 and Gia3 proteins (Zhang and Pratt,

Figure 5. Stimulation of neuronal IK by Ang II and AA: role of LO
metabolites of AA. IK was recorded as described in Figure 2. A, Cultured
neurons were pretreated with either control solvent (untreated), NDGA
(5 mM), or indomethacin (10 mM) for 5 min at room temperature and then
were superfused with control solution (superfusate; Con), 100 nM Ang II,
or 50 mM AA. Data are mean 6 SEM of current densities obtained in each
treatment situation. For the Ang II data, sample sizes were 14, 6, and 7
neurons in the untreated, NDGA, and indomethacin groups, respectively.
For the AA data, sample sizes were 9 and 7 neurons in the untreated and
NDGA groups, respectively; *p , 0.001 compared with the respective
control; 11p , 0.001 compared with Ang II or AA alone (no NDGA).
B, Representative current tracings and time course show the effects of
intracellular application of 12S-HETE (1 mM) on IK. Control (Con)
recordings were made before the application of 12S-HETE, which was
performed via an intracellular perfusion technique as detailed previously
(Zhu et al., 1997). Bar graphs are mean 6 SEM of IK values in Con and
12S-HETE-treated neurons. Sample size was seven neurons; *significant-
ly different from control, p , 0.001.

Figure 6. Inhibition of PP-2A blocks the stimulatory effects of Ang II and
AA on neuronal IK. IK was recorded as described in Figure 2. A, Neurons
were superfused with control solution (superfusate; CON ) or Ang II (100
nM) in the absence (untreated) or presence of NDL (either pretreatment
with 20 mM NDL for 24 hr or inclusion of 2 mM NDL in the pipette
solution). All recordings were made in the presence of a constant super-
fusion of 1 mM Los. Top, Representative current tracings show the effects
of Ang II on IK in each treatment situation. Bottom, Bar graphs are
mean 6 SEM of the current densities in each treatment group. Sample
sizes were 17, 6, and 5 neurons in the untreated, NDL (pretreatment), and
NDL (pipette solution) groups, respectively; *p , 0.001 compared with
respective control; 11, p , 0.001 compared with Ang II alone (no NDL).
B, Neurons were superfused with control solution (superfusate; CON ) or
AA (50 mM) or were perfused intracellularly with control solution (patch
pipette solution; Con) or 12S-HETE (1 mM). Application of AA and
12S-HETE was made in the absence (untreated) or presence of NDL (20
mM; pretreatment for 24 hr). Top, Representative current tracings show
the effects of AA and 12S-HETE on IK in both treatment situations.
Bottom, Bar graphs are mean 6 SEM of current densities in the treatment
groups. Sample sizes were 14 and 5 neurons for the untreated and NDL
groups (AA superfusions), respectively. Sample sizes were 8 and 9 neu-
rons for the untreated and NDL groups (12S-HETE application), respec-
tively. *p , 0.001 compared with respective IK control value; 11, p ,
0.001 compared with AA or 12S-HETE alone (no NDL).
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1996). However, at present we have no indication whether the
AT2 receptor-mediated stimulation of AA release occurs via
direct coupling of Gi to PLA2 or via an indirect intracellular
mechanism (Axelrod et al., 1988; Dickerson and Weiss, 1995).

The present studies also indicate that activation of PLA2 and
the subsequent generation of AA and LO metabolites of AA are
involved in the AT2 receptor-mediated stimulation of IK by Ang
II. Support for this comes from the fact that these Ang II-
responsive neurons contain PLA2, as evidenced by single-cell
RT-PCR analyses and from the demonstration that PLA2 inhib-
itors significantly attenuate the AT2 receptor-mediated stimula-
tion of neuronal IK. However, the failure of PLA2 inhibitors to
abolish completely the stimulation of neuronal IK by Ang II
probably indicates that another mechanism or pathway is also
involved. One possibility is that the neuronal AT2 receptor can
also influence IK by direct membrane-delimited coupling between
Gi subunits and the delayed-rectifier K1 channel that is involved.
AA and LO metabolites of AA are known modulators of neuro-
nal ionic currents and channels (Premkumar et al., 1990;
Schweitzer et al., 1993; Zona et al., 1993; Meves, 1994; Gubitosi-
Klug et al., 1995; Kim et al., 1995; Duerson et al., 1996; Yu, 1995),
and their involvement in the stimulation of neuronal IK by Ang II
is suggested by a number of observations. First, both AA and
12S-HETE (a 12-LO metabolite of AA) elicit significant stimu-
latory effects on neuronal IK similar to that obtained with Ang II
via AT2 receptors. Second, the stimulatory effects of Ang II and
AA on neuronal IK are significantly attenuated by inhibition of
LO but not by inhibition of cyclooxygenases. The observation
that LO inhibitors do not completely block these effects of Ang II
and AA may suggest that the stimulation of IK is partially medi-
ated via a direct action of AA at the K1 channel, as shown in
other systems (Schweitzer et al., 1993; Kim et al., 1995). Many
questions remain to be answered concerning the roles of AA and
LO metabolites in the stimulation of neuronal IK by Ang II. For
example, although our studies indicate that 12S-HETE stimulates

neuronal IK and is a possible candidate for mediating the stimu-
latory effects of Ang II on IK , we cannot exclude the possibility
that other LO metabolites (e.g., leukotrienes, 5-LO metabolites)
are also involved. Furthermore, does AA directly modulate K1

channel activity?
The present results and our previous studies (Kang et al., 1994)

demonstrate that inhibition of PP-2A blocks the stimulatory ef-
fects of Ang II, AA, and 12S-HETE on neuronal IK , while not
altering baseline IK. The exact cellular locus at which PP-2A is
involved is not known. However, the fact that Ang II-stimulated
AA release (AT2 receptor-mediated) is not affected by inhibition
of PP-2A suggests that this enzyme may be involved as a distal
event in the intracellular pathway controlling IK. One possibility
is that PP-2A is complexed or associated with the delayed-rectifier
K1 channel (which underlies IK ) in the neuronal membrane.
Support from this idea comes from studies that demonstrated that
BKCa channels from rat brain exist as part of a regulatory com-
plex with PP-1 (Reinhart and Levitan, 1995) and that a PP-2A-
sensitive regulatory site controls the gating of L-type Ca 21

channels in smooth muscle cells (Groschner et al., 1996). The
exact locus of the involvement of PP-2A will only be determined
by single-channel recordings. Because there is much evidence
that the phosphorylation and dephosphorylation of channel pro-
teins is extremely important in the regulation of ion channel
activity (Levitan, 1994), another question that remains is whether
PP-2A directly modulates the activity of the K1 channel(s) that
underlie IK by dephosphorylation.

In summary, our data provide the first demonstration that an
intracellular pathway that includes activation of PLA2 and gen-
eration of AA and LO metabolites of AA is important for the
stimulation of neuronal IK by Ang II via AT2 receptors. Further-
more, our data suggest that the activation of PP-2A may be a
distal event in this pathway. Interestingly, similar pathways have
been proposed for calcium-dependent modulation of M (K1)
current in sympathetic neurons (Yu, 1995) and for somatostatin-
induced stimulation of BKCa in rat pituitary tumor cells (Duerson
et al., 1996). Collectively, these findings may suggest that a
common series of intracellular events (AA/LO metabolites/PP-
2A) may be responsible for the modulation of different K1

currents in different cell types.
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