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Metabotropic Glutamate Receptor Activation Enhances the
Activities of Two Types of Ca*"-Activated K™ Channels in
Rat Hippocampal Astrocytes
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The influence of activation of glutamate receptor (GluR) on outward K™ current in cultured neonate rat hippocampal astrocytes was
investigated. Patch-clamp analysis of K channel currents in cultured astrocytes identified the existence of 71 + 6 and 161 * 11 pS
single-channel K * currents that were sensitive to changes in voltage and [Ca*"]; and blocked by external TEA but not by charybdotoxin,
iberiotoxin, apamin, or 4-aminopyridine. Reverse transcriptase (RT)-PCR and Northern blot analysis revealed transcripts of the Ca**-
activated K™ channel (K,) B,-subunit (34) (KCNMB4) in cultured astrocytes. Expression of the metabotropic glutamate receptor
(mGluR) subtypes mGluR1 and mGluR5 and the ionotropic glutamate receptor (iGluR) subtypes iGluR1 and iGluR4 were detected by
RT-PCR and immunofluorescence analysis in cultured astrocytes. The mGluR agonists L-glutamate and quisqualate increased the open
state probability (NP, ) of the 71 and 161 pS K channel currents that were prevented by the mGluR receptor antagonists 1-aminoindan-
1,5-dicarboxylic acid or L-(+)-2-amino-3-phosphonopropionic acid and not by the iGluR antagonists (+)-5-methyl-10,11-dihydro-5H-
dibenzo [a,d] cyclohepten-5,10-imine maleate or CNQX. Activation of the two types of K™ channel currents by mGIuR agonists was
attenuated by pertussis toxin and by inhibition of phospholipase C (PLC) or cytochrome P450 arachidonate epoxygenase. These results
indicate that brain astrocytes contain the KCNMB4 transcript and express two novel types of K, channels that are gated by activation of
a G-protein coupled metabotropic glutamate receptor functionally linked to PLC and cytochrome P450 arachidonate epoxygenase
activity.
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Introduction

Astrocytes were originally considered to be only of structural
importance (Matsas and Tsacopoulos, 1999). However, recent
studies have indicated that astrocytes take up and metabolize
neurotransmitters, buffer changes in extracellular ion concentra-
tion, and serve as intermediates in the cross talk between neurons
and blood vessels (Kandel et al., 2000). Glutamate receptors
(GluRs) are the most ubiquitous receptor type expressed in neu-
ronal synapses and astrocytes. The excitatory neurotransmitter
glutamate released from activated neurons stimulates two types
of glutamate receptors, ionotropic glutamate receptors (iGluRs),
which are ligand-gated ion channels and modulate synaptic re-
sponse, and metabotropic glutamate receptors (mGluRs) (Na-
kanishi, 1992). So far, eight mGluRs (mGluR1-mGIuR8) have
been identified on the basis of sequence homology and pharma-
cological profile (Nakanishi, 1992). mGluR1 and mGIuR5 are
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coupled to phosphoinositide hydrolysis, whereas other mGluRs
are primarily coupled to a downregulation of cAMP formation
(Nakanishi, 1992). Several studies have demonstrated expression
of some of iGluR subunits in astrocytes, and the expression ap-
pears to vary among brain regions (Burnashev et al., 1992; Stein-
hauser and Gallo, 1996; Iino et al., 2001). Electrophysiologic
studies of astrocytes support a functional role for some of the
iGluR subtypes (Burnashev et al., 1992; Muller et al., 1992, 1997;
Holzwarth et al., 1994; Robert and Magistretti, 1997; Schipke et
al.,, 2001). However, the electrophysiological consequences of
mGluR activation have not been well studied in astrocytes.

The excitability of astrocytes to stimulation by excitatory
amino acids, other neurotransmitters, and humeral factors is a
function of changes in ion channel activity. Astrocytes in culture
express an array of voltage-gated ion channels, including as yet
incompletely characterized Ca*"-activated K™ channels (K,)
(Barres et al., 1990; Hansson et al., 1994). The K, channels are
ubiquitous in a variety of tissue types and are involved in diverse
physiological functions. Thus, vascular smooth muscle K, chan-
nels are important regulators of vascular tone (Brayden and Nel-
son, 1992; Gebremedhin et al., 1992), and in neuronal cells they
contribute to membrane excitability (Lee et al., 1995). In the
presynaptic terminals, K, channels are colocalized with voltage-
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dependent Ca** channels and play a critical role in the regulation of
transmitter release (Lee et al., 1995). To our knowledge, there is no
evidence of identification of K, channel currents in cultures of neo-
natal rat hippocampal astrocytes. Furthermore, no evidence exists
that describes the influence of agonist-induced modulation of GluRs
on the gating properties of K, channel current in rat hippocampal
astrocytes using the patch-clamp technique. The goals of the present
studies were to (1) examine the type of GluR subtypes expressed in
astrocytes, (2) identify and characterize the properties of native K,
channel currents in cultured astrocytes, and (3) determine the signal
transduction pathways mediating activation of K, channel currents
by GluR stimulation. The pathways that were investigated pharma-
cologically include G-protein coupling to phospholipase C (PLC)
and cytochrome P450 arachidonate epoxygenase activity. The latter
was investigated because epoxyeicosatrienoic acids (EETs) are cata-
lytically formed from arachidonic acid in cultured astrocytes by cy-
tochrome P450 epoxygenase and stimulate K, channel currents in
vascular smooth muscle (Gebremedhin et al., 1992).

Materials and Methods

Cell culture. Astrocytes were cultured from cerebral cortices and hip-
pocampi of 1- to 2-d-old Sprague Dawley rat brains under aseptic con-
ditions as described previously (Alkayed et al., 1996). Briefly, brain tissue
was cut into small pieces and transferred to a sterile dish containing 20
U/ml papain (Worthington, Freehold, NJ) and 0.15 mg/ml cysteine
(Sigma, St. Louis, MO) dissolved in Earle’s balanced salt solution (In-
vitrogen, Carlsbad, CA). The tissue pieces were incubated at 37°C for 40
min with gentle agitation and then washed three times in the feeding
medium, which contained DMEM (Invitrogen) with 10% fetal bovine
serum (ICN Biomedicals, Cleveland, OH) and 1% penicillin—streptomy-
cin solution (Sigma). The tissue was then dissociated by triturating with
a flame-narrowed Pasteur pipette. The cell suspension was diluted with
feeding medium and seeded into 75 cm? culture flasks (Costar, Cam-
bridge, MA) at an initial density of 2 X 107 cells per square centimeter.
Cells were incubated at 37°C in a 95 and 5% mixture of atmospheric air
and CO,, respectively. The medium was changed after 2 d and subse-
quently twice per week. Confluent monolayers of 10- to 14-d-old pri-
mary cultures of rat hippocampal astrocytes were studied. The cells in
culture contain >99% astrocytes as revealed by positive reaction of the
cells to glial fibrillary acidic protein.

Indirect immunofluorescence for glutamate receptors. Confluent cul-
tured astrocytes adherent to glass slides were fixed with 4% paraformal-
dehyde, blocked in PBS, pH 7.4, containing 0.1% BSA for 1 hr at room
temperature, and incubated with polyclonal antibodies specific for
mGluR1, mGluR5, GluR1 (Chemicon, Temecula, CA), and GluR4
(PharMingen, San Diego, CA) at dilutions of 1:100, 1:80, 1:40, and 1:50,
respectively, overnight at 4°C. Astrocytes incubated without primary an-
tibody served as controls. The astrocytes were then rinsed with PBS and
incubated with fluorescein-conjugated goat anti-rabbit IgG (Alexa Fluor
488; Molecular Probes, Eugene, OR) at a dilution of 1:80 for 1 hr in the
dark at room temperature. Slides were rinsed and mounted under cov-
erslips. Fluorescent labeling was observed with a Nikon (Tokyo, Japan)
E600 microscope equipped with epifluorescence using specific filters for
fluorescein. Pictures were taken using a digital camera attached to the
microscope.

Reverse transcription-PCR. Total RNA from 10- to 14-d-old astrocytes
in culture was isolated using Trizol (Invitrogen). The RNA was treated
with DNase I (Invitrogen) before PCR. Reverse transcription (RT) was
performed using gene-specific primers and a Superscript one-step PCR
kit (Invitrogen). The RT-PCR was performed by mixing reaction buffer
with 1 ul of RNA (~1 ug), the gene-specific primers at final concentra-
tion of 0.2 uM, and enzymes according to the instructions from the
manufacturers. PCR was run as follows: 94°C for 2 min, followed by 35
cycles (94°C, 30 sec; 55°C, 30 sec; and 72°C, 1 min) and a final extension
step (72°C, 7 min). Reactions omitting reverse transcriptase or DNA
polymerase were used as control for contaminations. PCR products were
run on 2% agarose gel and stained with ethidium bromide, and pictures were
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taken under UV light. The gene-specific primers used were 5'-GGACGAG-
ATCAGACAACCAG-3' (sense) and 5'-TCGTACCACCATTT-
GCTTTTCA-3' (antisense) for GluR1, 5'-GAAGGACCCAGTGAC-
CAGC-3’ (sense) and 5'-TCGTACCACCATTTGTTTTTCA-3' (antisense)
for GluR4, 5'-GACCCTACCTTTTCGAACCC-3" (sense) and 5'-GGCT-
TCCCAATTATGGAGACC-3' (antisense) for mGluR1, and 5'-GCAG-
GATGCACAGCAACAGG-3" (sense) and 5'-GGCTGGATCTCTGC-
GAAGGT-3’ (antisense) for mGluR5. The specific primers used for
amplification of rat K., B,-subunit (KCNMB4) were designed from se-
quences with the GenBank accession number AY028605. The primers used
for KCNMB4 were 5'-GATGGCGAAGCTCAGGGTGTCT-3’ (sense) and
5'-CTCCTCCCCGTTAAGAGAACT-3' (antisense).

Northern blot analysis. Twenty-five micrograms of total RNA isolated
from cultured astrocytes was electrophoresed in a 1.0% agarose/formal-
dehyde gel and transferred to a nylon membrane. The amplified PCR
product of KCNMB4 was cloned into pCRII-topo TA cloning vector
(Invitrogen), and the insert was sequenced. The insert was cut out from
the plasmid with EcoRI (Promega, Madison, WI), gel purified, and la-
beled with [*2P]CTP (3000 Ci/mm) (Amersham Biosciences, Arlington
Heights, IL) using a random primer method (CTP labeling beads; Am-
ersham Biosciences). The membrane was hybridized at 68°C overnight in
ExpressHyp solution (Clontech, Cambridge, UK) and washed twice for
30 minin 2X SSC/0.05% SDS (1 X SSC contains 150 mm NaCl and 15 mm
sodium citrate, pH 7.0) at room temperature, once for 60 min in 0.5X
SSC/0.1% SDS at 50°C, and once for 15 min in 0.1X SSC/0.1% SDS at
50°C before the radioactive signal was registered in a Typhoon 9400
(Amersham Biosciences).

K, channel current recordings. Single-channel K™ currents were re-
corded at room temperature from cell-attached and excised inside-out
membrane patches of primary cultures of rat brain astrocytes using the
patch-clamp technique as described previously (Hamill et al., 1981;
Gebremedhin et al., 1996). Briefly, recording pipettes were fabricated
from borosilicate glass, pulled on a 2-stage micropipette puller (PC-84),
and heat-polished under a microscope (MF-83 heat polisher; Narishige,
Tokyo, Japan). The recording pipettes were mounted on a three-way
hydraulic micromanipulator (Narishige) for placement of the tips on the
cell membrane. High-resistance seals (>1 G()) were established by ap-
plying a slight suction between fire-polished pipette tips (3-10 M()) and
cell membranes. The offset potentials between pipette and bath solution
were corrected with an offset circuit before each experiment. Pipette
potential was clamped, and single-channel currents were recorded
through a List EPC-7 patch-clamp amplifier (List Biologic, Campbell,
CA). The amplifier output was low-pass filtered at 1 kHz with an eight
pole Bessel filter (Frequency Devices, Haverhill, MA). Current signals
were digitized at a sampling rate of 2.5 kHz. Single-channel currents were
analyzed using a pClamp software package (pClamp version 5.5 and 6.04;
Axon Instruments, Foster City, CA) to determine event frequency, mean
current amplitudes, and open state probability. The mean open state
probability (NP,) was expressed as NP, = I/i, where I is the time averaged
current, N is the number of channels, i is the amplitude of the unitary
current, and P, is the probability of a channel being open (Aldrich and
Yellen, 1983). Slope conductance was determined by fitting the unitary
current—voltage relationship using least square linear regression. Macro-
scopic K, currents were measured after forming a tight seal (10-20
G()), and the cell membrane was ruptured by applying pulsatile suction
until there was a large increase in capacitive current, indicating access to
the interior of the cell. Capacitive transients were not electronically can-
celled by introduction of fast and slow capacitance compensation and
series resistance.

Outside-out membrane patch. Isolation of an outside-out membrane
patch from astrocytes was performed after gigaseal (10-20 G(2) forma-
tion and patch rupture using pipette solution containing 150 mm KC, 3
mu HEPES, and low Ca?™" (<10 ~® m) achieved by buffering with 3 mm
BAPTA, pH 7.2, and after withdrawal of the pipette tip from the cell
(Hamill et al., 1981). Single-channel K™ currents were recorded from
outside-out membrane patches bathed in normal physiological salt solu-
tion (PSS) at an approximate membrane potential of —70 mV, and the
effects of the various K™ channel blockers were studied by adding into
the bath.
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Patch-clamp solutions. Pipette solutions for both cell-attached and ex-
cised inside-out patches contained (in mm): 145 KCl, 1.8 CaCl,, 1.1
MgCl,, and 5 HEPES, with the final pH adjusted to 7.2 with KOH. Dur-
ing recording from cell-attached patches, the bath solution was normal
PSS, whereas for excised inside-out patches and some cell-attached
patches it was composed of (in mm): 145 KCl, 1.8 CaCl,, 1.1 MgCl,, 5
HEPES, and 10 EGTA, with pH adjusted to 7.2 with KOH. This resulted
in a calculated final [Ca?"]; of 10 77 M (Godt, 1974). The bath was con-
tained in a volume of 1 ml that was continually exchanged with fresh
solution at a rate of 2 ml/min by gravitational flow. To study the sensi-
tivity of inside-out patches of cultured astrocytes, the [Ca>™]; was calcu-
lated using a computer program (Godt, 1974). In some experiments the
solution bathing the excised inside-out membrane patches was ex-
changed with a solution in which KCI was reduced to 40 mm by substi-
tuting with equimolar amounts of NaCl to study the relative selectivity of
the channels for Na * and K *.

Whole-cell K™ currents were recorded from cultured astrocytes
bathed in a normal PSS using a recording pipette solution of the follow-
ing composition (in mwm): 145 KCI, 1 MgCl,, 1.8 CaCl,, 5 EGTA, 2 dipo-
tassium adenosine triphosphate, and 10 HEPES, pH 7.2.

Drugs and chemicals. Dithiothreitol, EGTA, 1,2-BAPTA, TEA chloride,
4-aminopyridine (4-AP), L-glutamate, miconazole, L-nitro-L-arginine-
methyl-ester, soybean trypsin inhibitor, and pertussis toxin (PTX) were
purchased from Sigma. Papain and collagenase type II were purchased
from Worthington. U-73122 was obtained from Biomol (Plymouth
Meeting, PA). (+)-5-methyl-10,11-dihydro-5H-dibenzo [a,d] cyclohepten-
5,10-imine maleate (MK-801), CNQX, L-(+)-2-amino-3-phosphonopro-
pionic acid (1-AP-3), 1-aminoindan-1,5-dicarboxylic acid (AIDA), and
quisqualate were purchased from Tocris Cookson (Bristol, UK). Iberiotoxin
(IBX), apamin, and charybdotoxin (CTX) were obtained from Alomone
Labs (Jerusalem, Israel). Final concentrations of iberiotoxin, charybdotoxin,
or apamin were prepared by diluting aliquots of frozen stock solutions (1-4
M) in the bath or pipette solutions.

Statistical analysis. Data are presented as mean = SEM. Differences
between mean values were assessed using a Student’s f test or ANOVA for
multiple comparisons. p < 0.05 was considered statistically significant.

Results

Identification of single-channel K, currents

Voltage sensitivity

Representative tracings of single-channel K* currents recorded
from excised inside-out membrane patches of cultured rat brain
astrocytes at different patch potentials using symmetrical KCI
(145 mM) solution are presented in Figure 1A. The amplitudes
and opening frequencies of single-channel K™ currents through
both the small- and large-amplitude current-conducting channels
increased in response to changes in patch potential between —60 and
60 mV when recorded in excised inside-out membrane patches
bathed in symmetrical KCI (145 mm) solution (Fig. 1 A). The single-
channel slope conductance averaged 71 = 6 pS (n = 4-26 cells) for
the small-amplitude single-channel current and 161 = 11 pS (n =
10-35 cells) for the large-amplitude single-channel current (Fig.
1 B). The voltage sensitivity of both the 71 and 161 pS K™ channels
was determined by measuring NP, over the patch potential range of
—60 to 60 mV. As summarized in Figure 2 A, the NP, of both K™
channel types increased during step depolarization of the excised
inside-out membrane patches of cultured astrocytes.

Selectivity for K*

The current—voltage relationship curves of both the 71 and the
161 pS single-channel K currents had reversal potentials near 0
mV (Fig. 1 B) when recorded from excised inside-out membrane
patches of cultured astrocytes using symmetrical KCI (145 mm)
solution. As depicted in Figure 2 B, reduction of the concentra-
tion of K™ from 145 to 40 mM in the bathing solution by equimo-
lar replacement with Na ™ significantly reduced the unitary cur-
rent amplitudes of the 71 and 161 pS K * and resulted in a shift of
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Figure 1.  Current—voltage relationship of K * channel currents in cultured astrocytes. 4,
Representative tracings of voltage-dependent openings of two different amplitude single-
channel K currents recorded from excised inside-out patches of cultured brain astrocytes at
various patch potentials using symmetrical KCI (145 mm). ¢ represents the closed state of the
channel. B, Mean current—voltage relationship of the two single-channel K ™ current types
determined in 4—18 cells revealed unitary slope conductance of 71 = 5and 161 == 9 pSfor the
small- and large-amplitude K ™ currents, respectively. Vertical lines represent mean + SEM.

the reversal potentials. Thus, when K™ in the bath was reduced
from 145 to 40 mMm, the observed reversal potentials were 27.9 and
32.5 mV (Ex = 33.5 mV) for the 71 and 161 pS K™ channels,
respectively. These shifts in reversal potential are consistent with
those of channels highly selective for K.

Sensitivity to [Ca’" ],

The Ca*" dependence of the openings of the 71 and 161 pS K™
channels was examined by varying the concentration of Ca** on
the cytosolic surface of astrocytic inside-out membrane patches
during recording at patch potentials of 40 and —40 mV. When
[Ca?"]; was elevated from 0.001 to 0.01 uM and then to 0.1 uM,
the NP, of the 71 pS K™ channel increased from 0.001 =
0.0004 — 0.0024 * 0.005 and then to 0.0086 = 0.0005, whereas
the NP, of the 161 pS K* channel increased from 0.0015 *
0.0007 — 0.0041 * 0.0005 and then to 0.0096 = 0.003 during
recording at 40 mV, respectively, (n = 5-7 for each group; *p <
0.05). These data indicate that both the 71 and 161 pS single-
channel K™ currents in astrocyte membranes are activated by
elevation of [Ca*™|; in the submicromolar range. As depicted in
Fig. 3, A and B, activation of both the 71 and 161 pS single-
channel K™ currents by increases in [Ca*]; is voltage depen-
dent. The two channel types exhibited a similar trend of activa-
tion to changes in voltage and [Ca**],, in that both channel types
displayed more increased opening at the depolarizing patch po-
tential at all [Ca**]; studied. In a separate study, application of 1
mM ATP on the cytoplasmic surface of inside-out membrane
patches did not affect the NP, of both the 71 pS (0.0011 = 0.0004
before and 0.0012 % 0.0001 after) and 161 pS (0.0015 %= 0.0002
before and 0.0013 * 0.0005 after; p > 0.05; n = 4 for all groups)
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Figure 2. Voltage sensitivity and selectivity for K ™ of the two types of K channels in

cultured astrocytes. A, Bar graphs depicting voltage-sensitivities of the openings of the 71 and
161 pS single-channel K * currents recorded from excised inside-out patches of cultured brain
astrocytes using symmetrical KCI (145 mu) containing 0.1 wm [Ca®*1;. Increases in patch po-
tential from —60 to 60 mV in steps of 20 mV progressively increased the NP, of the 71 and 161
pSK* channels. Vertical lines represent mean = SEM. The asterisk denotes a significant differ-
ence (p << 0.05;n = 4-20 patches) from the value measured at a patch potential of —60mV.
B,K ™ selectivity. a, Examples of single-channel K ™ current tracings recorded from inside-out
patches of cultured rat brain astrocytes at a patch potential (PP) of 60 mm using symmetrical KCI
(145 mm) containing 0.1 wm Ca>™ and a bath solution in which the concentration of K * was
reduced to 40 mm by equimolar replacement with Na ™ (bottom). Reduction of the concentra-
tionof K * inthe bath significantly reduced the unitary amplitude of both the 71and 161pSK
channel types. ¢ represents the closed state of the channel. S, Small; L, large. b, Bar graphs
depicting significant reduction of the mean unitary current amplitudes of the 71 and 161 pS
single-channel K ™ currents revealing high selectivity for K over Na ™ of both K * channel
types (n = 5; p < 0.05).

K™ channel currents recorded at a patch potential of 40 mV,
suggesting that neither of these two K™ channel types are ATP-
sensitive K™ channels.

Effects of K channel inhibitors

The effects of known K, channel inhibitors TEA (1 mm), CTX
(300 nMm), IBX (300 nm), or apamin (300 nm), and that of the
delayed rectifier K* channel blocker 4-AP (1 mm) (Blatz and
Magleby, 1986; Hermann and Erxleben, 1987; Lang and Ritchie,
1987) were studied on the openings of two types of single-
channel K, currents in outside-out membrane patches of cul-
tured astrocytes by application into the bath. At a membrane
potential of —70 mV, two types of single-channel K, currents
were recorded from the outside-out patches of astrocytes, which
were not sensitive to the blocker effects of an externally applied
300 nM concentration of CTX, IBX, or apamin, as well as 1 mm
4-AP (data not shown). However, external application of TEA (1
mM) reversibly blocked the opening frequency and NP, of the two
types of single-channel K, currents recorded from the outside-out
patches (Fig. 4 A, B). Ina previous study, the insensitivity of neuronal
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Figure 3. (Calcium sensitivity of K™ channel currents in cultured astrocytes. Calcium-

dependent activation of the 71 and 161 pS single-channel K ™ currents recorded from inside-
out membrane patches of cultured astrocytes is shown. A, Representative single-channel K ™
currents recorded at patch potentials of 40 mV (/eft) and —40 mV (right) and free [Ca 2+]i of
0.001,0.01,and 0.1 zum. The frequency of openings of the 71and 161 pS K ™ channel currents
were both Ca®™ and voltage dependent. ¢ represents the closed state of the channel. 8, Bar
graphs depicting changes in the NP, of the 71 and 161 pS single-channel K * currents in re-
sponse to step increases in free [Ca 2 *1;from 0.001t0 0.01t0 0.1 wum during recording at patch
potentials of 40 mV and —40 mV. The NP, of both the 71and 161 pS K ™ channels significantly
increased in response to increases in free [Ca® ] in a voltage-dependent manner. The asterisk
denotes significance difference ( p << 0.05) from control (n = 4 -5 patches).

K, channels to the toxin blockers CTX or IBX has been attributed to
the high level of expression of the human KCNMB4 homolog in the
brain (Meera et al., 2000). To examine whether astrocytes contain
KCNMB4 mRNA, we investigated the expression of KCNMB4 in
cultured astrocytes. As depicted in Figure 4C, RT-PCR (a) and
Northern blot analysis (b) detected KCNMB4 transcripts in cultured
astrocytes, which could provide a molecular explanation for the lack
of sensitivity to CTX, IBX, or apamin of the two types of K, chan-
nels in astrocytes.

Externally applied apamin (300 nm), either alone (Fig. 4A, B)
or in combination with charybdotoxin (300 nm) or iberiotoxin
(300 nM) (data not shown), also failed to alter the openings of
both types of single-channel K, currents in outside-out mem-
brane patches of cultured astrocytes, ruling out the possibility
that these two types of K™ channels in astrocytes represent the
small or the intermediate conductance K, channel current re-
ported in other tissues. Together, these findings indicate that
brain astrocytes in culture express two types of novel single-
channel K, currents and contain transcript of the human K,
B4-subunit KCNMB4 homolog that could contribute to the in-
sensitivity of these two K, channel types to the toxin blockers
CTX and IBX. These two K, channels in astrocytes appear dif-
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ferent from other K, channels identified
in various tissues (Farley and Rudy, 1988;
Reinhart et al., 1989; Nelson and Quayle,
1995; Gebremedhin et al., 1996).

To further investigate whether the mac-
roscopic K, channel current recorded from
cultured astrocytes displays properties sim-
ilar to those of the astrocytic single-channel
K, currents, the effects of TEA (1 mm),
CTX (300 nm), IBX (300 nM), or apamin
(300 nM) were re-examined on an outward
macroscopic K™ current recorded from
cultured astrocytes. External application of
TEA (1 mM) induced reversible inhibition
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dastrocytes using the single-channel-
current-recording technique.

Figure4.

Control TEA CTX  IBX Apamin

Control TEA CTX  IBX Apamin

Effects of different K, channel blockers on two types of single-channel K, currents in outside-out membrane patches
of cultured astrocytes recorded using a pipette solution containing 150 mm KCl, 3 mm HEPES, and 0.1 jum Ca2™ at pH 7.2. 4,
Single-channel K, currents were recorded from outside-out patches at approximately — 70 mV before (control) and after TEA, CTX,
IBX, or apamin was added to the bath. External application of TEA (1 mm) reversibly blocked (/eft) the openings of both the small-
and the large-conductance K, channel currents, whereas the openings of the two types of K., channel currents were resistant to
external application of CTX (300 nm), IBX (300 nm), or apamin (300 nwm), as shown in the respective panels. C—, Closed; S, small; L,
large. B, Bar graphs depicting a summary of the effects of external application of TEA (1 mm), CTX (300 nm), IBX (300 nm), or apamin
(300 nm) on the NP, of the small- and large-conductance K, single-channel currents recorded from outside-out patches of cultured

astrocytes. TEA, but not (TX, IBX, or apamin, reversibly reduced the NP, of the two types of single-channel currents. The asterisk

Expression of glutamate

receptor subtypes

To determine the types of glutamate re-
ceptor subtypes expressed in primary cultures of rat brain astro-
cytes, RT-PCR and immunofluorescence analysis studies were
performed using gene-specific primers and subtype-specific an-
tibodies, respectively. RT-PCR analysis amplified PCR bands of
the expected size for the ionotropic iGluR1 (631 bp) and iGluR4
(625 bp) and for the metabotropic mGluR1 (570 bp) and
mGluR5 (407 bp), whereas no expression of the mGluR7 (634 bp)
glutamate receptor subtype was detected (Fig. 6A). No such RT-
PCR products were observed when the reaction was performed
without RNA template or when reverse transcription was omitted.
As depicted in Figure 6 B, the results of immunofluorescence studies
using subtype-specific antibodies against GluR1, GluR4, mGluR1,
and mGluR5 confirmed the expression of the protein for ionotropic
iGluR1 and iGluR4 and the metabotropic mGluR1 (570 bp) and
mGluRS5 (407 bp) glutamate receptors, albeit a stronger signal of the
later subtypes detected in cultured brain astrocytes. Together, these
results suggest that primary cultures of astrocytes express the iono-
tropic iGluR1 and iGluR4 and the metabotropic mGluR1 and
mGIuR5 receptor subtypes at the protein and transcript level.

Effect of glutamate receptor activation on the K, channel
currents in cultured hippocampal astrocytes

Application of L-glutamate to the bath increased the NP, of the 71
and 161 pS single-channel K, currents recorded from cell-
attached patches of cultured rat brain astrocytes at 60 mV using

denotes significant difference ( p << 0.05;n = 4-5). C, Detection by RT-PCR (a) and Northern blot analysis ( b) of the expression
of KC(NMB4 transcripts in cultured brain astrocytes. MM, Molecular marker.

symmetrical KCI (145 mM) solution. Thus, cumulative addition
of glutamate to the bath markedly increased the frequency of
openings of both the 71 and 161 pS single-channel K, currents
(Fig. 7A) and significantly increased the NP, of the 71 pS K,
channel current from the control NP, value of 0.003 = 0.0002 —
0.004 * 0.002 at 30 uM to 0.015 * 0.004 at 100 uM and then to
0.022 * 0.003 at 300 uM; the NP, of the 161 pS K, channel
current was increased from the control NP, value of 0.0034 =+
0.0004 — 0.003 = 0.0001 at 30 um to 0.015 £ 0.004 at 100 um and
then to 0.025 = 0.004 at 300 uM (n = 5-9 cells for each group)
(Fig. 7B). The glutamate-evoked increase in NP, of the two K¢,
channel types was mimicked by a structurally different mGluR
agonist, quisqualate. It increased the NP, of the 71 pS K, channel
current from the control NP, 0f0.003 = 0.004 — 0.0047 = 0.0004
at 30 uM t0 0.012 = 0.004 at 100 uM and then to 0.022 = 0.005 at
300 pm. It also increased the NP, of the 161 pS K, channel
current from the control NP, of 0.0033 £ 0.00031 — 0.0037 =
0.0003 at 30 um to 0.015 = 0.005 at 100 uMm and then to 0.028 *
0.008 at 300 uM (n = 4-10 cells for each group) (Fig. 8A).

To determine the types of glutamate receptor involved in me-
diating the glutamate-induced activation of the two K, channel
types in cultured astrocytes, the effects of two mechanistically
different antagonists of ionotropic glutamate receptors, MK-801
and CNQX, were examined. Application of the iGluR antagonist
MK-801 (100 pum) or CNQX (100 um) had no effect on the gluta-



Gebremedhin et al. « Ca>* -Activated K Channels in Rat Brain Astrocytes

@

Control Control
a.
a.
b. Ca?**-free b. 2 mM TEA
¢. CTX or IBX or apamin
C.
d. Ca?* replacement

Membrane potential (mV)

Figure 5. A, Effects of low external Ca®* concentration on the action of glutamate on macroscopic K, channel current in
cultured astrocytes. a, Control outward macroscopic K, current recorded from cultured astrocytes during step depolarization from
—60 to 80 mV in steps of 10 mV increments from a holding potential of —70 mV. b, Lowering external [Ca**] significantly
reduced the magnitude of macroscopic K, currents compared with the control (a). ¢, Application of glutamate (300 um) to the
bath was unable to elicit any effectin low-Ca* bathing media. Replacement of Ca>* to the bath restored the magnitude of the
macroscopic K¢, current to control level (d). e, Line graphs depicting the current—voltage relationship of astrocytic macroscopic K,
current in external bath solution containing a physiological concentration of Ca2™ (apen circles), in low-Ca** external bath
solution ( filled triangles), and after addition of glutamate (300 wum, open triangles) to the bath. B, Effects of different K, channel
blockers on macroscopic K ™ current recorded from cultured astrocytes. Application of TEA (1 mm) to the bath significantly reduced
the macroscopic current ( b), whereas addition of 300 nm charybdotoxin, iberiotoxin, or apamin or 1 mm 4-AP (data not shown) had
no effect on the magnitude of the macroscopic K, current (c) compared with the control (a). d, Bar graphs depicting a summary
of the effects of TEA, CTX, IBX, and apamin on the normalized peak macroscopic K, current recorded from cultured astrocytes. Only
application of TEA (1 mw) significantly reduced the macroscopic K, current. The asterisk denotes significant difference ( p << 0.05;
n = 5 for each group).
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the bath also significantly enhanced ( p <
0.05) the magnitude of the macroscopic
K¢, current in cultured astrocytes (Fig.
9B,C) that was completely attenuated in
the presence of the K, channel blocker
TEA (1 mm) (Fig. 9D). Figure 9E depicts a
summary of the glutamate- and quisqual-
ate-evoked enhancement, as well as inhibi-
tion by the K, channel blocker TEA (1 mm)
of the normalized peak macroscopic K,
current in cultured astrocytes recorded dur-
ing a 10 mV step depolarization between
—60 and 80 mV. Both glutamate and quis-
qualate significantly increased the magni-
tude of the macroscopic K, current at al-
most all positive membrane potentials
studied compared with the control, whereas
application of TEA to the bath significantly
inhibited the control current. In an attempt
to examine whether glutamate activates as-
trocytic K, channels independent of exter-
nal Ca", the effect of glutamate (300 unm)
on the macroscopic K, current recorded
from cultured astrocytes was determined af-
ter removal of Ca®" from the external re-
cording solution. Lowering the extracellular
[Ca*"] significantly reduced the mean peak
outward K™ current. In the absence of ex-
ternal Ca*™, glutamate failed to enhance the
magnitude of the outward macroscopic K,
current or alter the current—voltage rela-
tionship curve in cultured brain astrocytes
(Fig. 5Ab,c). As shown in Figure 5d, replace-
ment of external Ca>" restored the magni-
tude of peak macroscopic K, current to the
control level (Fig. 5a). These findings indi-
cate that the opening of the macroscopic
K, channel current in cultured brain astro-
cytes is dependent on the availability of ex-
ternal Ca**.

In a separate group of experiments,
pretreatment of cultured astrocytes with
PTX, an inhibitor of G-proteins of the G;/G,,
subtype, prevented the ability of glutamate
to increase the NP, of the two types of K,
channel currents in cultured astrocytes, in-
dicating that the effects of glutamate on the
astrocytic K¢, channel currents are attribut-
able to activation of mGluR coupled to
PTX-sensitive G-proteins (Fig. 10). In
PTX-pretreated astrocytes, the other
mGluR agonist quisqualate (300 um) also
failed to increase the NP, of both the 71
and 161 pS K, channel currents. Thus,
the NP, for the 71 pS K, channel changed
from 0.0032 * 0.0004 — 0.0037= 0.0002,

mate-induced increase in the NP, of single-channel K, currents
(Fig. 8 B). In contrast, the glutamate-evoked enhancement of the
NP, of K, single-channel currents in cultured astrocytes was
completely attenuated by the mGluR5 antagonist AIDA (100 um)
and by the mixed mGluR1 and mGluR5 antagonist L-AP-3 (100
um) (Fig. 8 B).

Application of glutamate (300 M) or quisqualate (300 M) to

whereas the NP, of the 161 pS K., channel changed from
0.0034 = 0.0003 — 0.0040 = 0.002 in response to quisqualate
application in control and PTX-treated astrocytes, respectively
(n = 4-5 cells; p > 0.05). To determine whether the glutamate-
induced activation of mGluR is linked to PLC and has an influ-
ence on the glutamate-induced increased activities of both the 71
and 161 pS single-channel K, currents, the effects of the PLC



1684 - ). Neurosci., March 1, 2003 - 23(5):1678 —1687

@ ®

“ mGluR]

Gluit4 n

Marker

Astrocy te Firuin

Figure 6.  RT-PCR and immunofluorescence analysis of glutamate receptor subtype expres-
sion in cultured astrocytes. 4, Total RNA was isolated from 10- to 14-d-old astrocytes in culture,
and mRNA expression for GluR1, GluR4, mGluR1, mGluR5, and mGIuR7 was examined by RT-PCR
using gene-specific primers. The PCR analysis revealed gene expression of the GIuR1, GluR4,
mGluR1, and mGIuR5 subtypes, but not for the mGIuR7 subtype in astrocytes that was detect-
able in brain, which was used as a positive control. GAPDH, Glyceraldehyde-3-phosphate dehy-
drogenase. B, Immunofluorescence analysis using subtype-specific antibodies detected the
expression of ionotropic glutamate receptor subtypes iGIuR1 and iGluR4 ( a) and metabotropic
glutamate receptor subtypes mGluRT and mGluRS5 in cultured brain astrocytes (b).

inhibitor U-73122 on the glutamate-induced activation of the
K, single-channel currents in cultured astrocytes were exam-
ined. As summarized in Figure 10, the glutamate-induced in-
crease in the NP, of both the 71 and 161 pS K, single-channel
currents in cell-attached patches of cultured astrocytes was sig-
nificantly attenuated by preapplication of the PLC inhibitor
U-73122 (30 uM; n = 4-5; *p < 0.005), indicating the involve-
ment of PLC in the glutamate-induced increased activities of the
two types of astrocytic K, channel currents.

Glutamate has been shown previously to induce the release of
cytochrome P450 arachidonate epoxygenase-derived EETs from
cultured brain astrocytes, which activate arterial K., channels
and induce cerebral vasodilation (Gebremedhin et al., 1992;
Alkayed et al., 1996; Nithipatikom et al.,, 2001). To examine
whether the actions of glutamate on K, channel currents in
astrocytes are mediated by release of endogenously formed EETs,
the effect of the cytochrome P450 epoxygenase inhibitor micon-
azole (5 uM) was studied. As depicted in Figure 10, the glutamate-
induced increase in the NP, of both the 71 and 161 pS K, single-
channel currents in cell-attached patches of brain astrocytes was
blunted by a 30 min pretreatment of cultured astrocytes with
miconazole (n = 5; *p < 0.05). In contrast, blockade of nitric
oxide (NO) synthase with N-w-nitro-L-arginine methyl ester (L-
NAME) (100 uM; n = 5) had no effect on the glutamate-evoked
increase in the NP, of both the 71 and 161 pS K, single-channel
currents (Fig. 10). Miconazole, U-73222, and L-NAME, at the
concentrations used, had no influence on the openings of K,
channel currents in excised inside-out membrane patches, ruling
out any direct effect of these blockers on K, channel activity
(data not shown). Together, these findings suggest that stimula-
tion by glutamate of a G-protein-coupled mGluR activates K,
channel currents in astrocytes via a PLC- and cytochrome P450
arachidonate epoxygenase-dependent pathway.

Discussion

We have identified and characterized two novel types of K-
selective single-channel K, currents with a unitary conductance
of 71 = 5and 161 = 9 pS in membranes of primary cultures of
neonatal rat brain astrocytes using symmetrical KCI (145 mm)
solution and the patch-clamp technique. These two K, channels
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Figure 7.  Effects of glutamate on the openings of the 71 and 161 pS single-channel K,
currents in cell-attached patches of cultured astrocytes recorded at a patch potential ( pp) of 60
mV using symmetrical KCI (145 mw) solution. A, Representative tracings of single-channel K,
currents under control conditions and after addition of 100 or 300 wum glutamate to the bath. C
represents the closed state of the channel. B, Summary of effects of glutamate (30 —300 ) on
the NP, of the 71 pS (open bars) and the 161 pS ( filled bars) single-channel K, currents.
Glutamate beginning at 100 wm significantly increased the opening frequencies and NP, of
both the 71and 161 pS K, channel currents. Vertical lines represent mean = SEM. The asterisk
denotes significant difference from the respective controls ( p << 0.05;n = 7-12 cells).

were sensitive to blockade by TEA but were insensitive to 4-AP, a
blocker of the delayed rectifier K™ channel, and to IBX, CTX, or
apamin, known inhibitors of the K, channel current in different
tissues (Blatz and Magleby, 1986; Hermann and Erxleben, 1987;
Lang and Ritchie, 1987; Talvenheimo et al., 1988; Brayden and
Nelson, 1992; Gebremedhin et al., 1996). One obvious difference
observed between the two K, channel types identified in the
membranes of cultured astrocytes was that they represent small
and large conductance levels. This difference in conductance lev-
els did not appear to be attributed to the existence of subconduc-
tance states, in that open and closed states of both the small- and
large-conductance K, channels were distinct and frequent in all
membrane patches studied and displayed direct transitions from
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Figure 8. A, Effects of the mGIuR agonist quisqualate on the K, single-channel activity in
cultured astrocytes. Application of quisqualate (30-300 m) increased the NP, of the 71 pS
(open bars) and the 161 pS (shaded bars) K, channel currents recorded from cell-attached
patches of cultured brain astrocytes at a patch potential of 60 mV using symmetrical KCl (145
mw) solution. Quisqualate induced a concentration-related significantincrease in the NP, of the
71and 161 pS K, channel currents. Vertical lines represent mean == SEM. The asterisk denotes
significant difference ( p << 0.05) from the control. B, Effects of the iGIuR antagonists MK-801
and CNQX and the mGIuR antagonists L-AP-3 and AIDA on the glutamate-induced increase in
NP, of the K, channel currents. Application of MK-108 (100 zum) or CNQX (100 wm) had no
effect (*p > 0.05), whereas addition of the mGIuR antagonists L-AP-3 (100 r.u) or AIDA (100
) significantly blocked the glutamate-induced increase in NP, of both the 71 and 161 pS
single-channel K, currents (*p << 0.05) (n = 4 for each group). *p > 0.05 compared with
control.

the main open states to the closed states (Fox, 1987). The prop-
erties of these two types of K¢, channel currents identified in
membranes of astrocytes in the present study are similar if not
identical to the previously reported K, channel phenotypes in
brain plasma vesicles (Reinhart et al., 1989) and to the K, chan-
nel currents described in a variety of tissue types (Farley and
Rudy, 1988; Reinhart et al., 1989).

Although the existence and distribution of an array of voltage-
gated ion channels in glial cells and astrocytes have been reported
previously (Barres et al., 1990), very little is known about the
expression and functional role of K, channels in astrocytes
(Barres et al., 1990). To our knowledge, the present finding is the
first description of the identification of 71 and 161 pS K, channel
currents in the membranes of cultured astrocytes. Because the
activities of both the 71 and 161 pS K, channels are not sensitive
to elevated concentrations of ATP, it is unlikely that these K,
channels represent an ATP-sensitive K" channel (K,p) (data
not shown).

An interesting property of the 71 and 161 pS K, single-
channel currents observed in cultured astrocytes was that both
the 71 and 161 pS K, channels were insensitive to IBX, CTX, and
apamin toxins known to inhibit K, channel currents, despite
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Figure9. Effects of externally applied mGIluR agonists glutamate and quisqualate on whole-
cell (macroscopic) K, currents recorded from cultured astrocytes. A-D, Macroscopic K, cur-
rents recorded under control conditions (A) and after application to the bath of 300 wm gluta-
mate (B), 300 wm quisqualate (€), and 300 wm glutamate (Glut) or 300 wum quisqualate (Quis)
(D) in the presence of 1 mm TEA. £, Summary of mean peak current—voltage relationship dem-
onstrating a significant enhancement of the peak macroscopic K¢, current by glutamate or
quisqualate and inhibition of the control current by TEA (1 mm). (*p << 0.05;n = 5 cells).
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Figure 10.  Effects of the G-protein inhibitor PTX (1 wg/ml), the PLCinhibitor U-73122 (30

um), the cytochrome P450 arachidonate epoxygenase inhibitor miconazole (5 wm), and the
nitric oxide synthase inhibitor L-NAME (100 rm) on the glutamate-induced increase in NP, of
the 71 and 161 pS single-channel K¢, currents in cultured brain astrocytes. Pretreatment of
cultured astrocytes with either PTX for 2 hr or U-73122 or miconazole for 20 min significantly
attenuated the glutamate-evoked increase in NP, of the 71 and 161 pS single-channel K,
currents recorded from cell-attached patches of cultured astrocytes at a patch potential of 60
mV using symmetrical KCI (145 m) solution. Vertical lines represent mean == SEM. The asterisk
denotes significant difference ( p << 0.05) from control (n = 45 for each group). *p << 0.05.

their dual regulation by voltage and increases in cytosolic
[Ca®*];. K¢, channel types resistant to inhibition by K, channel
blocker toxins such as CTX and IBX also have been found previ-
ously in rat brain plasma vesicles (Reinhart et al., 1989). How-
ever, the cause or the mechanism that makes the K, channel
currents insensitive to IBX and CTX in either the brain plasma
vesicles (Reinhart et al., 1989) or cultured astrocytes of the
present study remains unknown. In the present study, we also
found that cultured astrocytes express the K, channel (-
subunit (84) KCNMB4 at a transcriptional level. KCNMB4 has
been detected previously in the brain and represents the molec-
ular mechanism that renders the neuronal K, channel a-subunit
insensitive to IBX and CTX (Meera et al., 2000). The detection of
the KCNMB4 transcript in cultured astrocytes could provide a
possible explanation for the lack of sensitivity to CTX and IBX of
the astrocytic K., channel currents identified in the present
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study. The insensitivity of both the 71 and 161 pS K, single-
channel currents to the toxin blockers of the K, channel could
also indicate that these two K, channel types native in astrocytes
might be associated with the 8,-subunit (34).

The K, channels are important regulators of arterial muscle
reactivity and the development of pressure-induced myogenic
constriction in the cerebral circulation and in other arterial beds
(Brayden and Nelson, 1992; Gebremedhin et al., 1992; Nelson
and Quayle, 1995; Gebremedhin et al., 1996), whereas in neuro-
nal cells they contribute to coordination of membrane excitabil-
ity (Lee et al., 1995) and to regulation of the resting potential and
control of spontaneous impulse generation (Johansson et al.,
2001). In presynaptic nerve terminals, K., channels are colocal-
ized with voltage-dependent Ca®" channels and have been sug-
gested to play a critical role in the regulation of transmitter release
(Marrion and Tavalin, 1998). In cochlear hair cells, K, channels
contribute to electrical tuning of cochlear hair cells that deter-
mines the cochlear resonant frequency (Krishnan et al., 1999).
Although the functional role of the two types of K, channel
currents identified in cultured astrocytes in the normal physiol-
ogy of astrocytes in vivo is yet to be understood, they may be
involved in the regulation of membrane potential of these cells
and serve as target membrane molecules for endogenous modu-
latory influences. Furthermore, by permitting the efflux of K*
from these cells, K, channels may also contribute to the spatial
K™ buffering capabilities of brain astrocytes (Paulson and New-
man, 1987), especially if activated by calcium waves propagated
through gap junctions forming an astrocyte syncytium. The find-
ing that glutamate activates astrocytic K., channel currents via
stimulation of mGluR is intriguing, and suggests that the two K,
channel types may serve as a possible site through which brain
astrocytes sense neuronal activity and relay the signal to cerebral
microvessels in the vicinity.

The results of the present study also demonstrated that neo-
nate rat brain astrocytes in culture express ionotropic glutamate
receptor subtypes, iGluR1 and iGluR4, and metabotropic gluta-
mate receptor subtypes, mGluR1 and mGluRS5, at the protein and
transcript level. However, using specific pharmacological block-
ers, we found that inhibition of mGluR but not iGluR attenuated
the glutamate-induced increased openings of the 71 and the 161
pS single-channel K, currents in cultured astrocytes, thus sug-
gesting a functional coupling between mGluR and the two K,
channel types in astrocytes, which could determine the commu-
nication between activated neurons and astrocytes. Such cou-
pling not only demonstrates that astrocytic K, channels can be
activated by stimulation of mGluR, but also may help to under-
stand the physiological functions of astrocytes. Interestingly, in
their recent elegant study, Isaacson and Murphy (2001) discov-
ered the functional coupling between iGluR and K, channels in
rat olfactory bulb granule cells, which they suggested to have a
modulatory role on synaptic transmission. Therefore, it appears
that the coupling between glutamate receptor subtypes and K,
channels could be cell-type specific.

The fact that inhibition of G-proteins of the G;/G, subtype
with PTX abrogated the glutamate-induced activation of the two
K, channel current types in astrocytes suggests that the mGluR
subtypes expressed in cultured astrocytes are coupled through
G-proteins to a variety of signal transduction systems, such as
activation of PLC. Moreover, the reduction of the response to
glutamate by a PLC inhibitor implicates the contribution of
phosphatidylinositol hydrolysis, which in addition to releasing
other second messengers also liberates arachidonic acid from
membrane phospholipids (Dennis et al., 1991) that may contrib-
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ute to activation of K¢, channel types invoked by stimulation of
glutamate receptor.

Because inhibition of cytochrome P450 epoxygenase but not
nitric oxide synthase attenuated the glutamate-induced activa-
tion of the two astrocytic K, channel types, it appears that the
release of P450 arachidonate epoxygenase-derived EETs rather
than NO is primarily required to mediate the glutamate-evoked
increase in the activities of the two K, channel types. This obser-
vation is consistent with our previous findings that demonstrated
the ability of glutamate to stimulate release of EETs from astro-
cytes (Alkayed et al., 1997). In vivo, EETs may act to increase K,
channel activity directly or may act indirectly as a calcium influx
factor (Rziglinski et al., 1999) to replenish Ca®" stores necessary
to sustain an increased Ca*" level for K, channel activation. The
results of the present study in astrocytes together with the previ-
ous work on isolated vascular smooth muscle cells (Gebremedhin
etal., 1992) implicate the ability of EETs to act on K, channels. A
recently emerging physiological role of astrocytes is related to
their capacity to express the cytochrome P450 enzyme of the
2C11 gene family (Alkayed et al., 1996), which catalyzes the
epoxidation of arachidonic acid into four regioisomers of EETs.
These regioisomeric EETs cause cerebral vasodilation through
activation of K, channel current (Gebremedhin et al., 1992),
which also appears to be a major molecular target for the EETs in
various cell types (Gebremedhin et al., 1992; Campbell et al,,
1996; Baron et al., 1997). The role of cytochrome P450 2C11
epoxygenase that catalyzes the formation of the EETs in the reg-
ulation of cerebral blood flow (CBF) has become more relevant,
in that inhibition of this enzyme in vivo reduced the increase in
CBF induced by glutamate and neuronal activation (Alkayed et
al., 1997; Bhardwaj et al., 2000). These findings resulted in the
inclusion of the EETs to the list of endogenous products alleged
to mediate functional hyperemia in the brain (Harder et al., 1998,
2002).

In conclusion, the expression of functional K., channels as
well as formation of P450 arachidonate epoxygenase-derived
EETs, which activate these channels in astrocytes could form part
of an intrinsic mechanism that links neuronal activity and re-
gional cerebral blood flow. Further investigation of the molecular
transduction mechanisms of the neuronal regulatory compo-
nents of regional cerebral blood flow will lead to a greater under-
standing of how disruption of these normal mechanisms may
lead to certain pathological disorders such as stroke and Alzhei-
mer’s disease.
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