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Abstract

Glutamate transporters regulate extracel lular concentrations of glutamate, an
excitatory neurotransmitter in the CNS. We have shown that the commonly used
anesthetic isoflurane increased the activity of glutamate transporter type 3 (EAAT?3)
possibly via a protein kinase C (PKC)-dependent pathway. Here we show that isoflurane
induced atime- and concentration-dependent redistribution of EAAT3 to cell membrane
in C6 glioma cells. This redistribution was inhibited by staurosporine, a pan PKC
inhibitor, or by G66976 at a concentration that selectively inhibits conventional PKC
isozymes (PKCo, B and y). Thisisoflurane-induced EAAT3 redistribution was also
blocked when the expression of PKCo but not PKC[ proteins was down regulated by the
respective antisense oligonucleotides. The isoflurane-induced increase of glutamate
uptake by EAAT3 was abolished by the down regulation of PKCo expression.
Immunoprecipitation with an anti-EAAT3 antibody pulled down more PKCo in cells
exposed to isoflurane than in control cells. Isoflurane also increased the phosphorylated
EAAT3 and the redistribution of PKCa, to the particulate fraction of cells. Consistent
with the resultsin C6 cells, isoflurane also increased EAAT3 cell surface expression and
enhanced the association of PKCo with EAAT3 in rat hippocampal synaptosomes. Our
results suggest that the isoflurane-induced increase in EAATS3 activity requires an
increased amount of EAATS3 protein in the plasma membrane. These effects are PKCo-
dependent and may rely on the formation of an EAAT3-PKCo complex. Together, these
results suggest an important mechanism for the regulation of glutamate transporter
functions and expand our understanding of isoflurane pharmacology at cellular and

molecular levels.
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Introduction

Glutamate trangporters (also called excitatory amino acid transporters, EAAT) are
important in regulating extracellular concentrations of glutamate (Danbolt, 2001), a mgor
excitatory neurotransmitter in the mammalian central nervous system (CNS). By
transporting glutamate from extracellular to intracellular space under physiological
conditions, EAATS prevent extracdllular glutamate accumulation and regulate glutamate
neurotransmission. Five EAATS have been identified: EAAT1 - EAATS (Danbolt,
2001). Inrats, EAAT1 and EAAT2 arefoundin glial cellsand EAAT3 and EAAT4 are
mainly expressed in neurons, whereas EAATS islocated in neurons and glial cells of
retina (Arrizaet a., 1997; Lehre et a., 1995; Rothstein et al., 1994). The transporting
functions of all five EAATs are Na'-dependent. They use the transmembrane gradient of
Na’, K" and H* as driving force to uptake glutamate (Billups et al., 1998; Danbolt, 2001).

Studies on regional distribution of EAATS have shown that EAAT3 iswiddy
distributed in forebrain, hippocampus and cerebellum and that EAAT4 islargely
restricted to the molecular cell layer of cerebellum (Danbolt, 2001; Rothstein et al.,
1994). Thus, EAAT3 isthe mgor neuronal EAAT in the CNS. We have shown that
isoflurane, a commonly used volatile anesthetic in clinical practice, increases EAAT3
activity and that these effects are possibly protein kinase C (PKC)-dependent (Do et al.,
2002). It has been shown that PKC activation-induced increase of EAAT3 activity is
associated with an increase of EAAT3 proteins in the plasma membrane (Davis et al.,
1998) and that PKCoa isinvolved in regulating EAAT3 expression in the plasma
membrane (Gonzalez et al., 2002). In this study, we determined whether isoflurane

increases cell surface expression of EAAT3 proteins and whether the i soflurane-induced
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increase of EAAT3 activity and cell surface expression is PKC isozyme-specific. We
used C6 glioma cells as one of our study models. C6 cells have been shown to express
EAAT3 only and have been frequently used in studies of EAAT3 activity and cell surface
expression (Davis et a., 1998; Gonzalez et a., 2002). We then used rat hippocampal
synaptosomes to determine whether the results observed in C6 cells are relevant to the
CNS. Our results indicate that isoflurane induced a PK Co-dependent increase of EAAT3
activity and cell surface expression and that isoflurane also increased the co-
immunoprecipitation of PKCo, with EAAT3, which may suggest an increased interaction

between these two proteinsin cells.
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Materialsand Methods

Materials. F-10 nutrient mixture (Ham) was from GIBCO™ Invitrogen
Corporation (Grand Island, NY). Six-well tissue culture plates, 25 cm? and 75 cm? tissue
cultureflasks were manufactured by Corning (Corning, NY). L-[*H]-glutamate (specific
activity of 56 Ci/mM) was purchased from Amersham Pharmacia Biotech (Piscataway,
NJ). Wizard plus minipreps was from Promega (Madison, WI). Anti-PKCa, PKCI,
PKCo and PKCe antibodies and Protein A/G plus-agarose were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA). Affinity-purified polyclonal rabbit anti-EAAT1
and anti-EAAT3 antibodies were from Alpha Diagnostics International (San Antonio,
TX). Sulfo-N-hydroxysulfosuccinimidobiotin and immunopure immobilized monomeric
avidin were from Pierce (Rockford, IL). Fluorescent antibodies were purchased from
Jackson ImmunoResearch (West Grove, PA). Vectashield mounting medium was from
Vector Laboratories (Burlingame, CA). Oligonucleotides were prepared by the University
of Virginia Biomolecular Research Facility (Charlottesville, VA). Nitrocellulose
membranes for Western blot were from Bio-Rad (Hercules, CA). Sytox green nucleic
acid stain, prolong antifade kit and Pro-Q Diamond dye were from Molecular Probes
(Eugene, OR). Rat C6 glioma cells were from American Type Culture Collection
(Manassas, VA). Sprague-Dawley rats were from Hilltop (Scottsdale, PA). Complete
protease inhibitors (catalog number 1697498) were from Roche Diagnostics Corporation
Roche Applied Science (Indianapolis, IN). G66976 was from BioMol (Plymouth
Mesting, PA). Other reagents were purchased from Sigma Chemical (St. Louis, MO).

Cell culture and isoflurane incubation. Rat C6 glioma cells were cultured in

flasks (for biotinylation and immunoprecipitation experiments) or on coverdips (for
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immunocytochemistry experiments, coverslips were placed in six-well plates) in F-10
nutrient mixture (Ham) containing 15% horse serum and 2.5% fetal bovine serum at 37°C
in a95% air-5% CO; incubator. When cells were ~ 80% confluent, the culture medium
was replaced by a serum-free medium (F-10 mixture only) for 24 hours before isoflurane
incubation.

Primary culture of mixed glial cells from rat cerebrum was prepared as described
before (Zuo, 2001). They were cultured in Dulbecco’ s modified Eagle’ s medium
containing 10% fetal calf serum. They were exposed to isoflurane when they were at
~80% confluent and had been in the serum-free Dulbecco’ s modified Eagle’ s medium for
24 hours.

C6 celsand primary glia cell culture were incubated with isoflurane in an open
system as follows. Fresh serum-free medium (50 to 200 ml) that had been gassed with
95% air-5% CO, through or not through an isoflurane vaporizer at aflow rate 3 |/min for
20 min was added to the cells for the preset periods at 37°C. Preliminary experiments
with gas chromatography showed that isoflurane concentrations in the medium reached
equilibrium 5 min after the onset of gassing under the current experimental conditions.
During the incubation the medium was continuously gassed with the carrier gases
containing or not containing isoflurane to compensate for isoflurane loss from the
solution to air.

Reagent application before or during isoflurane incubation. The PKC inhibitors
staurosporine (50 nM) or G66976 (10 uM) were applied during the isoflurane incubation.
PKCa antisense and random control oligonucleotides in serum-free medium were

incubated with the cells for 5 days before the isoflurane incubation. The solution was
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replaced every 36 hr with fresh medium containing the oligonucleotides. The sequences
of PKCo antisense and random oligonucleotides were: 5'-GC CGG GTA AAC GTC
AGC CAT -3 (antisense) and 5'-CCTGAGAGCCAATCAGGCGT-3' (random)
(Baltuch et al., 1995). The antisense oligonucleotide was designed to target the
trandation start site of rat PKCo.. The random oligonucleotide has base composition
identical to that of antisense oligonucleotide and served as a control. In the case of PKCf
down regulation, cells were incubated with PKCJ antisense and sense oligonucleotides
for 3 days with the medium change every 24 hr. The sequences of PKCp antisense and
sense oligonucleotides were from a previous publication (Korchak et al., 1998): 5'-AGC
CGG GTC AGC CAT CTT G-3' (antisense) and 5'-C AAG ATG GCT GAC CCG GCT-
3’ (sense). The antisense oligonucleotide was designed against the tranglation start site of
rat PKCP. Since PKCBI and PKCBII differ only in the 3’ terminus, this antisense
oligonucleotide should bind to the mRNA of both PKCBI and PKCBII. All
oligonucleotides for PKCa and PKC[ were phosphorothioate derivatives to prolong their
half-life.

Biotinylation. Biotinylation of cell surface proteinswas performed as described
previousdly (Davis et al., 1998) with some modifications. After incubation with or without
isoflurane, cells that weregrown in 75 cm? tissue culture flasks were rinsed twice with
warm phosphate buffered saline (PBS) containing 0.1 mM calcium and 1.0 mM
magnesium (PBS-Ca/Mg). The cells were then incubated with 2 ml of biotin solution
(sulfo-N-hydroxysulfosuccinimidobiotin, 1 mg/ml in PBS-Ca/Mg) for 20 min at 4°C with
gentle shaking. The biotinylation reaction was terminated by washing the cells three

times with ice-cold PBS-CalMg containing 100 mM glycine. After the cells were
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incubated in this wash solution for 45 min at 4°C with gentle agitation, they were then
lysed in 2 ml of lysisbuffer containing 100 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecy! sulfate (SDS),
1 pg/ml leupeptin, 250 uM phenylmethylsulfonyl fluoride, 1 pg/ml aprotinin, 1 mg/ml
trypsin inhibitor, and 1 mM iodoacetamidefor 1 hr at 4°C with vigorous shaking. The
total lysates were centrifuged at 20,000 x g for 20 min at 4°C to remove nuclel and
debris. The resulting supernatants (aliquots of the supernatants were kept for Western
analysis and are labeled as lysates in figure 1) were incubated with equal volumes of
suspension of avidin-conjugated beads (600 ul of bead suspension to 600 ul of lysates)
for 1 hr at room temperature with occasional stirring. The mixture was then centrifuged at
16,500 x g for 15 min at 4°C. This second supernatant was also collected for Western
analysis and is labeled asintracellular fraction in figure 1. After being washed four times,
each time with 1 ml of lysis buffer, the pellet that contained the biotinylated cell surface
proteins was resuspended in 500 ul of Laemmli buffer containing 62.5 mM Tris-HCI, pH
6.8, 2% SDS, 20% glycerol, and 5% 2-mercaptoethanol for 30 min to dissolve the
biotinylated proteins. The mixture was centrifuged at 16,500 x g for 10 min at 4°C and
this third supernatant was kept for Western blot as thebiotinylated fraction in figure 1.
Soluble and particulate fractionation. The soluble and the particulate fractions of
C6 cells were prepared by centrifugation as described before (Zuo and Johns, 1995).
Cdlls were homogenized in ice-cold 20 mM Tris-HCI (pH 7.5) containing 1 mM DL-
dithiothreitol, 5 mM EGTA, 2 mM EDTA, 10% glycerol, 0.5 mM phenylmethylsulfonyl
fluoride, 5 pg/ml leupeptin. The homogenate was centrifuged at 45,000 x g for 60 min at

4°C. The supernatant was harvested as the soluble fraction. The pellet that was the
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parti culate/membrane fraction was washed three times with ice-cold homogenization
buffer and then resuspended in the buffer by sonication.

Western blotting. After protein content in samples was quantitated by the Lowry
assay using a protein assay kit, 25 nug of protein per lane were subjected to Western
analysis as described before (Huang and Zuo, 2003; Zuo and Johns, 1997). Briefly,
proteins were separated with 10% SDS-polyacrylamide gel electrophoresis (PAGE) and
then were electrotransferred to nitrocellulose membranes. The protein bands were probed
with primary antibodies (polyclonal rabbit anti-EAAT3 at 0.5 ug/ml; polyclonal rabbit
anti-EAAT1 at 1:500 dilution; polyclonal rabbit anti-B-actin at 1:3000 dilution;
monoclonal mouse anti-PK Co and monoclonal mouse anti-PKCBI at 1:500 dilution;
polyclonal rabbit anti-PKCS and rabbit anti-PKCe at 1:1000 dilution) and then a
horseradish peroxidase-conjugated goat anti-rabbit or goat anti-mouse 1gG secondary
antibody (1:1000), and finally visualized by the enhanced chemiluminescence method
with multiple exposures of films due to the limited linear range of intensity produced by
this method. Quantitative analysis of the protein bands was performed using an
ImageQuant 5.0 Molecular Dynamics Densitometer (Molecular Dynamics, Sunnyvale,
CA). The relationship between the protein band signal and exposure time of the heaviest
band on the films was established. Protein bands on a film where the intensity of the
heaviest band was still within the linear range were measured to generate the data
reported here.

Immunoprecipitation. As described previously (Gonzalez et al., 2003), C6 cdlls
cultured in 75 cm? dishes were lysed in 2 ml of buffer containing 50 mM Tris-HCI, 1%

NP-40, 0.5% sodium deoxycholate, 50 mM NaCl and complete protease inhibitors for 1

10
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hr at 4°C. The lysateswere centrifuged at 14,000 x g for 15 min to remove cell debris.
The resulting supernatantswere incubated overnight with 2 pgof affinity-purified

polyclonal rabbit anti-EAAT3 antibody at 4°C. The mixture was then incubated with 40

pl of protein A/G plus-agarose beadsfor 1 hr at 4°C with gentle shaking. The sample was

then centrifuged at 500 x g for 2 min at 4°C. An aiquot of supernatant was saved for
Western blot. The pellet containing bead-bound immune complexes was washed four
times with the lysis buffer and the immune complexes were then eluted by incubation
with 100 pl of Laemmli buffer at 90 — 95°C for 5 min. The samples were also used for
Western blot. Control experiments using beads alone or rabbit 1gG to replace the rabbit
anti-EAAT3 antibody were performed to show the specificity of the anti-EAAT3
antibody.

Phosphoprotein staining. Immunoprecipitates produced from C6 cell protein
samples with an anti-EAAT3 antibody were separated with 10% SDS-PAGE. The gel
was then stained with Pro-Q Diamond dye. The staining was visualized with a Typhoon
9400 Variable Mode Imager (Amersham Bioscience, Piscataway, NJ) at an excitation
wavel ength 546 nm and an emission wavelength 580 nm. This dye technology is very
sensitive to stain phosphoserine-, phosphothreonine- and phosphotyrosine-containing
proteins.

Preparation of crude synaptosomes and use of synaptosomes for biotinylation
and immunoprecipitation studies. The preparation of crude synaptosomes was
performed as described before (Robinson, 1998). All steps during the preparation were
done at 4°C. Briefly, after decapitation of adult male Sprague-Dawley rats under

halothane anesthesi a, hippocampi were immediately dissected on ice and weighed

11
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(usually about 100 mg, the volumes described in the following steps were based on this
wet weight of the hippocampi). The hippocampi were homogenized in 20 volumes of
0.32 M sucrose at 400 rpm for 8 strokes with a homogenizer (Brinkmann, New Y ork,
NY). The solution was then centrifuged at 800 x g for 10 min. The supernatant was
centrifuged again at 20,000 x g for 20 min. The pellet was resuspended in 40 volumes of
sucrose and repelleted by centrifugation at 20,000 x g for 20 min. This washed P2 pellet
was crude synaptosomes and was resuspended in 4 ml of PBS-Ca/Mg containing 10 mM
dextrose that had been gassed with or without 2% isoflurane at 37°C for 20 min. The
incubation was for 5 min at 37°C and sulfo-N-hydroxysulfosuccinimidobiotin was added
to reach a concentration of 1 mg/ml. After incubation for 20 min at 4°C, the solution was
centrifuged at 20,000 x g for 20 min at 4°C. The biotinylated proteins in the pellet were
separated from the non-biotinylated proteins as described in the section Biotinylation.
The immunoprecipitation with the anti-EAAT3 antibody was performed on
synaptosomes incubated with or without 2% isoflurane as described in the section
Immunoprecipitation.

I mmunocytochemistry and observation under confocal microscopy. As
described before (Davis et a., 1998; Gonzalez et al., 2003), after incubation with or
without isoflurane C6 glioma cells on glass coverdlips were fixed with 2%
paraformaldehydefor 20 min. They were then incubated with 50 mM ammonium
chloridein PBS for 10 min at room temperature, with 0.2% Triton X100 in PBS for 2
min on ice, and then with 3% bovine serum albumin solution for 1 hour at 37°C. Anti-
EAAT3 antibody (1.25 pug/ml) was added for 1 hour at 37°C. The cells were subsequently

incubated with Donkey anti-rabbit 1gG-Texas red at1:500 dilution for 1 hr at 37°C and

12
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with 5 mM sytox green nucleic acid stain at 1:1000 dilution for 20 min at room
temperature. Cells were washed after each step with PBS 2 - 3 times and finally were
washed with water before the coverdips were mounted with the use of prolong antifade
kit. Serial sections of 0.5 um of the labeled cells were obtained using a Zeiss 410
Axiovert 100 microsystems LSM confocal microscope (Jena, Germany). Attenuation,
contrast, brightness and pinhole aperture remained constant during the observation of
control cells and cells subjected to various treatments.

Glutamate uptake assay. As described before (Huang and Zuo, 2003; Zuo, 2001),
C6 cells grown in 25 cm? flasks were washed twice with wash buffer containing 10 mM
HEPES, 140 mM NaCl (replaced by 140 mM choline chloride in sodium depletion
experiments), 5 mM Tris-base, 2.5 mM KCI, 2.5 mM CaCl,, 1.2 mM MgCl,, 1.2 mM
K,HPO,, 10 mM dextrose, pH 7.2. They were then incubated with 10 pM L-[*H]-
glutamate in the wash buffer in the presence or absence of 2% isoflurane for 5 min at
37°C. The incubation was terminated by removing the incubation buffer and washing the
cells three times with ice-cold wash buffer. The cells were lysed with 0.2 M NaOH and
radioactivity was measured in aliquid scintillation counter.

Statistical analysis: Theintensity of EAAT1, EAAT3 and PKC protein bands
was normalized to that of B-actin to control for errorsin protein sample loading and
transferring during the Western blot analysis when total cell lysates or cytosolic fractions
were used for the analysis. The intensity of PKC protein bands was normalized to that of
EAAT3 bands when immunopreci pitates were analyzed by Western blotting. The band
intensity of phosphoproteins corresponding to EAAT3 was normalized to that of total

EAATS3 bands on Western blot. Results are means + SD of the fold changes over the

13
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controls, with controls being set as 1. Results of glutamate uptake assay are means + SD
of the measured numbersin each sample. Statistical analysis was performed by unpaired
t-test or one-way analysis of variance followed by the Student-Newman-Keuls test for

post hoc comparison as appropriate. A P < 0.05 was considered significant.
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Results

| soflurane induces EAAT 3 redistribution to cell surface of C6 cells

Since previous studies have shown that isoflurane increased EAATS3 activity and
that EAAT3 redistribution to plasma member is one of the mechanisms to increase
EAAT3 activity (Davis et al., 1998; Do et al., 2002; Gonzalez et al., 2002), we tested
whether isoflurane induced an EAAT 3 redistribution to the plasma membrane in this
study. The anti-EAAT3 antibody detected a protein band with a mobility corresponding
to ~60 kDa on SDS-PAGE. Similarly, aprotein band at ~45 kDa was detected by the
anti-B-actin antibody (Fig. 1). The sizes of these detected proteins are consistent with the
sizes reported for these proteinsin the literature (Gonzalez et al., 2002; Huang and Zuo,
2003). Thetotal amount of EAAT3 protein in C6 cells after exposure to 2% isoflurane for
5 min was similar to that in control cells. However, EAAT3 protein at cell surface (the
biotinylated EAAT3) was significantly increased after the isoflurane exposure (415 + 39
% of the control, n = 3). Thisincrease of EAAT3 protein at the cell surface was
associated with a decrease of cytosolic EAAT3 protein (22 + 9% of the control, n = 3,
Fig. 1). These results suggest that a short exposure of cells to isoflurane induced a
redistribution of EAAT3 to the plasma membrane without changing the total amount of
EAAT3 proteinin C6 glioma cells. However, isoflurane exposure did not change the
distribution of EAATL in the plasma membrane and intracellular compartments of the
primary culture of rat glial cells (Fig. 1). These results suggest that isoflurane-induced

EAAT3 redistribution is specific.

15
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| soflurane-induced EAAT3 redistribution in C6 cellsistime- and concentr ation-
dependent

The isoflurane (2%)-induced EAAT3 redistribution to the plasma membrane was
rapid and reached maximal when the cells had been incubated with isoflurane for 5 min
(441 + 56 % of the control, n = 3, Fig. 2). The EAAT3 protein at the cell surfacein cells
with longer isoflurane exposures gradually returned to the control levels (Fig. 2).

Immunocytochemistry studies showed punctate immunostaining of EAAT3 throughout

the cytoplasm under control conditions, a pattern reported previously (Davis et al., 1998).

Isoflurane caused significant EAAT3 clustering, especialy at the periphery of the cells
(Fig. 2). Consistent with the biotinylation results, these isoflurane-induced changes
detected by immunocytochemistry were also time-dependent (Fig. 2).

The isoflurane-induced increase in EAAT3 cell surface expression was also
concentrati on-dependent. Isoflurane at 1% for 5 min had already significantly increased
EAATS3 proteins at cell surface (240 + 25% of the control, n = 3) and 2% isoflurane

induced a maximal effect (Fig. 3).

| soflurane-induced EAAT 3 redistribution in C6 cellsis PK Ca-dependent

Since our previous study suggests that the isoflurane-induced increase in EAAT3
activity may be PKC-mediated (Do et al., 2002), we tested whether isoflurane-induced
increase of EAAT3 cell surface expression was PK C-dependent. Our results showed that
the isoflurane (2% for 5 min)-induced increase in EAAT3 cell surface expression was
significantly decreased by staurosporine, a pan PKC inhibitor (Fig. 4). These results

suggest that the isoflurane-induced increase in EAATS3 cell surface expression may be

16

202 ‘6 |Udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on February 11, 2005 as DOI: 10.1124/mol.104.007443
This article has not been copyedited and formatted. The final version may differ from this version.

MOL Manuscript /2004/007443

PK C-dependent. We then used GO6976, a more selective inhibitor of conventional PKC
isozymes at low micromolar concentrations (Davis et al., 1998; Gonzalez et al., 2003).
G06976 at 10 uM alone did not affect the cell surface expression of EAAT3 proteins.
However, it significantly inhibited the isoflurane-induced increase of EAAT3 cell surface
expression (Fig. 4), suggesting the involvement of conventional PKC isozymesin the
isoflurane effect.

To identify the PKC isozymes that are involved in the isoflurane effects on

EAATS3 cell surface expression, we used antisense oligonucleotides to selectively down-
regulate the expression of PKC isozymes. Our results showed that the anti-PKCo,
antibody detected a protein band at ~80 kDa and that the anti-PKCBI antibody detected a
protein band at ~70 kDain C6 cells (Fig. 5). These protein sizes are similar to those that
reported for PKCo and PKCBI in the literature (Dean and McKay, 1994; Korchak et al.,
1998). These proteins were selectively down regulated by PKCo and PKC[ antisense
oligonucleotides, respectively, but not by their corresponding sense or random control
oligonucleotides (Fig. 5). PKCo antisense oligonucleotides at 5 uM for 5 days and PKCJ3
antisense oligonucleotides at 1 uM for 3 days reduced the expression of the
corresponding PKC isozymes to less than 20% of the control levels (Fig. 5). The
expression of PKCa was not affected by the PKCp antisense and sense oligonucleotides.
The expression of PKCpI was not affected by the PKCo. antisense and random
oligonucleotides (Fig. 5). In the cellsin which PKCo was down regulated, isoflurane (2%
for 5 min) no longer induced an EAAT3 redistribution to the plasma membrane (Fig. 6),
whereas PKCo down regulation did not affect the surface expression of EAATS3 proteins

under basal conditions (EAATS3 protein in the cell surface in the presence of PKCo
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antisense and random oligonucleotides was 94 + 14 and 103 + 6% of the control,
respectively, n = 5). In contrast, the level of isoflurane-induced increase in EAAT3 cell
surface expression in cells with PK CBI down regulation was similar to the level of
increasein control cellsand in cells without PKCBI down regulation (PKCP sense
oligonucleotide-treated cells) (Fig. 6). These results suggest that PKCo isimportant for

the isoflurane-induced increase of EAAT3 cell surface expression.

| soflurane-increased EAAT 3 activity in C6 cellsis PK Ca-dependent

Since C6 cdlls have been concluded to express EAAT3 only (Davis et al., 1998)
and the glutamate uptake in C6 cells was not inhibited by dihydrokainate (Huang and
Zuo, 2003), arelatively selective inhibitor for EAATZ, the sodium-dependent glutamate
uptake in C6 cellsis considered to be mediated through EAAT3. Consistent with our
previous study (Do et al., 2002), isoflurane (2% for 5 min) significantly increased
EAATS3 activity in control C6 gliomacells (Fig. 7). Similarly, isoflurane also increased
EAATS3 activity in C6 cells treated with PKCo random control oligonucleotides.
However, isoflurane did not change the EAAT3 activity in cells that had decreased
PKCo expression (Fig. 7). These results suggest that PKCo isimportant for the
isoflurane-induced increase of EAAT3 activity and that isoflurane-induced increase of
EAATS3 activity is associated with an isoflurane-induced increase of EAAT3 cdll surface

expression.

| soflurane incr eases the association of PK Ca with EAAT3in C6 cdlls
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Since PKC activation has been shown to increase the formation of PKCo and
EAAT3 complex (Gonzalez et a., 2003), we tested whether isoflurane increased the
association of PKCa with EAAT3. When an anti-EAAT3 antibody was used to
immunoprecipitate EAAT3 from the lysates of C6 cells, there were no EAAT3 proteins
detected by Western analysis in the supernatant (n = 3, data not shown), suggesting that
the mgority of EAAT3 in the samples were immunoprecipitated by this antibody. Our
results showed that isoflurane significantly increased the amount of PKCo in the
immunopreci pitates produced by the anti-EAAT3 antibody (358 + 49% of the control, n
=4, Fig. 8). These results are specific because neither PKCa nor EAAT3 protein bands
were detected by Western analysis in the precipitates produced by rabbit 1gG or beads
alone (n = 3, datanot shown). In addition, although very weak bands of PKC and PKCe
(almost no band in the case of PKCpI1) were detected in the immunopreci pitates,
isoflurane did not change the amount of PKCBI, PKCd and PKCe in the
immunoprecipitates (Fig. 8). These results suggest that isoflurane specifically increases
the formation of PKCa and EAAT3 complex, which may increase the interaction
between these two proteins.

Similar to the results of isoflurane-induced EAATS3 redistribution, the effects of
isoflurane on the association of PKCa and EAATS3 are time- and concentration-dependent
because a longer incubation (2% isoflurane for 10 min) or a higher concentration (4%
isoflurane for 5 min) did not significantly increase the amount of PKCa in the
immunopreci pitates produced by the anti-EAAT3 antibody (128 + 37% and 94 + 26%,

respectively, of the control, n= 3, Fig. 8).
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| soflurane increases EAAT 3 phosphorylation and PK Ca redistribution to the
particulate fraction of cell

M ore phosphoproteins were presented in the anti-EAAT3 antibody-induced
immunopreci pitates prepared from cells exposed to isoflurane than from control C6 cells
(460 = 79% of the control, n = 3, Fig. 9). These phosphoproteins had the same mobility
as EAAT3 on SDS-PAGE (Fig. 9). These results suggest that the proteins with increased
phosphorylation after isoflurane exposure are EAAT3. Isoflurane exposure also induced a
time-dependent increase of PKCa redistribution to the particulate/membrane fraction of
C6 cdls (Fig. 9). Since PKC activation is often associated with redistribution from the
soluble fraction to the particulate/membrane fraction (Dorn et al., 1999; Kraft and

Anderson, 1983), these results are evidence of PKCo activation after isoflurane exposure.

| soflurane increases EAAT 3 redistribution to cell surface and enhancesthe
association of PKCa with EAAT3in rat brain tissue

To determine whether the results obtained with C6 cells are relevant for the CNS,
the effects of isoflurane on EAAT3 redistribution and association with PKCa in rat
hippocampal synaptosomes were studied. Consistent with the resultsin C6 cdlls,
synaptosomes exposed to 2% isoflurane for 5 min had an increase in EAAT3 at their
surface (418 + 63% of the control, n = 3) and a decrease of intracellular EAAT3 protein
(26 = 2% of the control, n = 3) (Fig. 10), suggesting that isoflurane induces EAAT3
redistribution to the surface of the synaptosomes. Synaptosomes exposed to isoflurane

also had an increased amount of PKCa:. in the immunoprecipitates produced with the anti-
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EAAT3 antibody (293 + 56% of the control, n = 3, Fig. 10), suggesting that isoflurane

increases the association of PKCa with EAAT3 in rat hippocampal synaptosomes.
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Discussion

Our study has the following major findings: 1) isoflurane induced atime- and
concentration-dependent increase in EAATS3 cell surface expression, 2) the isoflurane-
induced increase in EAAT3 activity and cell surface expression is PK Co-dependent, and
3) isoflurane increased the co-immunoprecipitation of PKCa with EAATS3.

The effects of volatile anesthetics on EAAT activity have been investigated in
several studies. Larsen et al. (1997) showed that isoflurane increased glutamate uptake in
synaptosomes prepared from rat cerebral cortex. However, using a similar experimental
model, Nicol et al. (1995) failed to demonstrate any increases in glutamate uptake by
isoflurane. Although the reasons for this discrepancy are not known, synaptosomes have
more than onetype of EAAT. Thus, the reported isoflurane effects on glutamate uptake
may represent sum of the effects of isoflurane on amixed population of EAATS
expressed in the synaptosomes. To study anesthetic effects on asingle type of EAAT, we
expressed glutamate transporters in oocytes. Our results indicated that isoflurane
increased EAATS3 activity and that PKC may be involved in this effect (Do et al., 2002).

PKC activation by phorbol 12-myristate 13-acetate (PMA) has been shown to
increase EAAT3 activity in C6 glioma cells (Davis et al., 1998; Gonzalez et al., 2002).
PMA also increased the cell surface expression of EAAT3 (Davis et al., 1998; Gonzalez
et al., 2002). Recent studies suggest an important role of PKCao. in the increase of both
EAATS3 activity and cell surface expression after PKC activation by PMA (Gonzalez et
al., 2003; Gonzalez et al., 2002). PKC activation may also increase EAATS3 activity
without changing its cell surface expression possibly through another PKC isozyme,

PKCe (Gonzalez et al., 2002). In this study, we showed that isoflurane-increased EAAT3
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activity was associated with an increase of EAAT3 cell surface expression and that both
effects are PK Co-dependent. These results suggest that the isoflurane-induced increase of
EAAT3 activity is caused mainly by redistribution of EAAT3 proteinsto their functional
location, the plasma membrane. Our study also showed that isoflurane increased the
amount of PKCa in the EAAT3 complex and the phosphorylation of EAAT3, which are
additional evidence to support the role of PKCa:. in regulating EAAT3 functions.

At least 11 isozymes of PKC have been identified. They are classified into three
groups: conventional PKCs (o, BI, BII, and y), novel PKCs (9, €, 11, and 6), and atypical
PKCs ({ and VA) (Way et al., 2000). Each isozyme has distinct subcellular distribution
and may mediate unique functions (Dempsey et al., 2000; Goekjian and Jirousek, 1999).
Our results showed that GO6976, a selective inhibitor for conventional PKC isozymes,
inhibited isoflurane-induced EAATS3 redistribution in C6 cells and that down regulation
of PKCo abolished the isoflurane-induced increase in EAAT3 activity and cell surface
expression. These results suggest that PKCe, the other PKC isozyme that has been shown
to increase EAAT3 activity but without an effect on EAAT3 cell surface expression in C6
gliomacells (Gonzalez et al., 2002), may not be important in mediating the i soflurane
effects on EAATS3. Thus, our results support that isoflurane selectively affects PKCa to
mediate its effects on EAAT3. Consistent with thisidea, our results showed that
isoflurane induced a redistribution of PKCo. to the membrane/particulate fraction of C6
cells after isoflurane exposure. It is not known from our study whether isoflurane directly
or indirectly via other mediators affects PKCa.. However, halothane, another volatile
anesthetic, has been shown to stimulate the activity of purified brain PKC in the presence

of physiologically relevant lipid bilayer vesicles (Hemmings et al., 1995). In addition,
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Slater et a. suggested that PKC contains a hydrophobic binding site for alcohols and
anesthetics in the regulatory region of PKC (Slater et al., 1993) and observed that the
activity of purified PKCo was increased by long chain n-alkanols (Slater et al., 1997).
However, a more recent study suggests that alcohols may activate PKCo not by direct
binding to PKC but by altering lipid structure and by enhancing PKC-lipid bilayer
binding (Shen et al., 1999).

Our time-course and dose-response experiments showed bell-shaped responses of
EAAT3 redistribution to isoflurane. It is not known why the amount of EAAT3 at cell
surface returned to the basal level at longer incubations and higher concentrations of
isoflurane. However, the recovery phenomenon may not be due to isoflurane toxicity to
the cells because incubation of cells with isoflurane at concentrations up to 4% for 7 hr
did not affect the survival and viability of C6 gliomacellsin our previous study (Huang
and Zuo, 2003). It has been shown that PKC activation by alcohols and cell membrane
lipidsis also bell-shaped (Sando et al., 1998; Shen et al., 1999). It has been suggested that
this bell-shaped PKC activation may occur viaan increase in the area of PKC-activating
lipid domains in the presence of high concentrations of PKC activators such that enzyme-
substrate aggregates and/or enzyme-enzyme aggregates on the activating lipid domains
are diluted out, thus decreasing PKC activity (PKC phosphorylation of its substrates)
(Sando et al., 1998). Thus, in our study, higher concentrations of isoflurane and longer
incubation times may have resulted in less activation of PKCa with adiminished EAAT3
expression at cell surface. In support of this explanation, our results showed that the co-
immunoprecipitation of PKCa with EAAT3 was no longer increased in C6 cells exposed

to ahigh concentration (4%) of isoflurane or along incubation time (10 min).
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Our study may have significant implications for the anti-epilepsy and anesthesia
properties of isoflurane. EAATS, by uptaking glutamate under physiological conditions,
maintain extracellular glutamate homeostasis (Danbolt, 2001). Theinhibition of EAAT
activity in brain slices or cell culturesincreased the peak glutamate concentration in the
synaptic cleft and prolonged the glutamate-induced current, leading to a slowed
excitatory post-synaptic current (EPSC) decay at some synapses (Barbour et al., 1994;
Diamond and Jahr, 1997; Mennerick and Zorumski, 1994). In addition, arecent study
showed that inhibition of neuronal EAATSs in hippocampal slices decreased the inhibitory
neurotransmitter y-aminobutyric acid (GABA)-medicated inhibitory post-synaptic current
(IPSC) and miniature IPSC via reduced GABA synthesis (because glutamate uptaken by
EAATsisasubstrate for GABA synthesis) (Matthews and Diamond, 2003). These results
are consistent with the data from an early study showing that antisense knockdown of
EAAT3 induced epilepsy in rats and that the hippocampal slices from these rats had
decreased GABA synthesis, total GABA levels and miniature IPSC (Sepkuty et al.,
2002). Thus, the isoflurane-induced increase in EAAT3 activity and cell surface
expression may be a mechanism for the antiepilepsy property of isoflurane and for
isoflurane-induced anesthesia (anesthesia status is hypothesized to occur by inhibiting
excitatory neurotransmission or enhancing inhibitory neurotransmission or the
combination of these effects (Campagna et al., 2003)). In our study, isoflurane at
concentrations 1 - 3% induced a rapid (within minutes of the exposure) and significant
increase in EAAT3 expression in the plasma membrane. These isoflurane concentrations
are clinically relevant because one minimum alveolar concentration that inhibits a

response to surgical stimuli in 50% of human subjectsis 1.15% (in ratsit is ~1.4%; rat
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C6 cells and rat hippocampal synaptosomes were used in the study) (Orliaguet et al.,
2001, Stevens et al., 1975); and isoflurane concentrations higher than one minimum
alveolar concentration are frequently used in clinical practice. Interestingly, 2%
isoflurane did not affect EAATL cell surface expression inrat glial cells, suggesting the
effects of isoflurane on EAAT3 cell surface expression are specific.

Activation of PKCa has been shown to reduce cell surface levels of o-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors that contain a glutamate
receptor 2 (GluR2) subunit (Perez et al., 2001). It has been suggested that areduction in
the surface level of AMPA receptors isimportant for the development of long-term
depression of synaptic efficacy (Malinow and Malenka, 2002). Although the role of
EAAT3 in long-term depression is not known yet, the PK Ca. activation-induced
reduction in cell surface levels of AMPA receptors and increase in cell surface levels of
EAAT3 may have acomplementary effect on excitatory neurotransmission. Thus,
isoflurane, viaits effects on PKCo, may regulate the development of long-term
depression and synaptic plasticity.

In summary, we have shown that the isoflurane-induced increase of EAAT3
activity is associated with a redistribution of EAAT3 to the plasma membrane. The
changesin activity and in subcellular localization of EAAT3 are PK Co-dependent.
Isoflurane also increased the amount of PKCa in the EAAT3 immunocomplex. These

results suggest an important mechanism for the regulation of glutamate transporter

functions. These results also reveal cellular and molecular mechanisms for the isoflurane

effects on EAAT3, which may be important for the commonly seen CNS inhibition after

the application of volatile anesthetics including isoflurane.
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Figure Legends

Fig. 1. Isoflurane-induced EAAT3 and EAAT1 redistribution. C6 gliomacells
(panel A) or primary glial cdl culture of rat (panel B) were incubated with 2% isoflurane
for 5 min at 37°C. Total cell lysates were then separated into intracellular and cell surface
fractions by biotinylation method. A representative Western blot is shown in the top
panel and the graphic presentation of the EAAT3 or EAAT1 protein abundance
quantified by integrating the volume of autoradiograms from three separate experiments
is shown in the bottom panel. Values in graphs are expressed as fold changes over the
control and are presented as the means+ S.D. * P < 0.05 compared with the
corresponding control. C: control; iso: 2% isoflurane.

Fig. 2. Time-course of isoflurane-induced EAAT3 redistribution. C6 gliomacells
were incubated with 2% isoflurane for various times at 37°C. A: The biotinylated
fractions of the cells were analyzed by Western blot. A representative Western blot is
shown in the top panel and the graphic presentation of the EAAT3 protein abundance
guantified by integrating the volume of autoradiograms from three separate experiments
is shown in the bottom panel. Values in graphs are expressed as fold changes over the
control and are presented asthe means+ S.D. * P < 0.05 compared with the control. B:
After incubation with 2% isoflurane for various times as indicated in each panel, C6 cells
were immunostained with an anti-EAAT3 antibody (red). Nuclel were stained with sytox
green nucleic acid stain (green). Serial sections of 0.5 wm were observed under confocal
microscopy and the sections through the center of the cell corresponding to the largest

cross-sectional nuclear area are shown. C: control.
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Fig. 3. Concentration-responses of isoflurane-induced EAAT3 redistribution. C6
glioma cells were incubated with various concentrations of isoflurane for 5 min at 37°C.
The biotinylated fractions of the cells were analyzed by Western blot. A representative
Western blot is shown in the top panel and the graphic presentation of the EAAT3 protein
abundance quantified by integrating the volume of autoradiograms from three separate
experiments is shown in the bottom panel. Values in graphs are expressed as fold changes
over the control and are presented as the means+ S.D. * P < 0.05 compared with the
control. C: control.

Fig. 4. The effects of PKC inhibition on isoflurane-induced EAAT3 redistribution.
C6 glioma cells were incubated with 2% isoflurane for 5 min at 37°C. Staurosporine (50
nM, panel A), apan inhibitor of protein kinase C, or G06976 (10 uM, panel B), a
relatively selective inhibitor of conventional protein kinase C isozymes, were applied
during isoflurane incubation. The biotinylated fractions of the cells were analyzed by
Western blot. A representative Western blot is shown in the top panel and the graphic
presentation of the EAAT3 protein abundance quantified by integrating the volume of
autoradiograms from three separate experimentsis shown in the bottom panel. Valuesin
graphs are expressed as fold changes over the control and are presented as the means +
S.D. * P < 0.05 compared with the control. # P < 0.05 compared with 2% isoflurane
alone. C: control; iso: 2% isoflurane; st: 50 nM staurosporine.

Fig. 5. Selective PKC isozyme down regulation by antisense oligonucleotides. C6
glioma cells were incubated with various concentrations of PKCo. antisense or random
control oligonuclectides for 5 days (panel A) or with various concentrations of PKC[3

antisense or sense oligonucleotides for 3 days (panel B). A representative Western blot
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for antisense oligonucleotides (a) and for random or sense control oligonucleotides (b) is
shown. The graphic presentation of the PKCa or PKCBI protein abundance quantified by
integrating the volume of autoradiograms from three separate experimentsis shown in c.
Valuesin graphs are expressed as fold changes over the control and are presented as the
means* S.D. * P < 0.05 compared with the control. The expression of PKCpI in C6 cells
incubated with 5 uM of PKCa antisense or random control oligonucleotides for 5 daysis
shown in panel C. The expression of PKCa in C6 cellsincubated with 1 pM of PKCf
sense or antisense oligonucleotides for 3 daysis shown in panel D. C: control.

Fig. 6. The effects of PKC isozyme down regulation on isoflurane-induced EAAT3
redistribution. C6 glioma cells were pretreated with or without PKCo antisense or
random control oligonucleotides (5 uM) for 5 days or pretreated with or without PKC[3
antisense or sense oligonucleotides (1 uM) for 3 days. They were then incubated with or
without 2% isoflurane for 5 min. Panels A and C: The biotinylated fractions of the cells
were analyzed by Western blot. A representative Western blot is shown in the top panel
and the graphic presentation of the EAAT3 protein abundance quantified by integrating
the volume of autoradiograms from three separate experimentsis shown in the bottom
panel. Valuesin graphs are expressed as fold changes over the control and are presented
asthemeans+ S.D. * P < 0.05 compared with the control. # P < 0.05 compared with
isoflurane alone. $ P < 0.05 compared with isoflurane plus PK Co random control
oligonucleotides. Panel B: The cells were immunostained with an anti-EAAT3 antibody
(red). Nuclel were stained with sytox green nucleic acid stain (green). Serial sections of
0.5 um were observed under confocal microscopy and the sections through the center of

the cell corresponding to the largest cross-sectional nuclear area are shown. C: control;
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is0: 2% isoflurane; a-antisense: PKCo antisense oligonucleotides; a-random: PKCo
random control oligonucleotides.

Fig. 7. The effects of PKC o down regulation on isoflurane-induced increase of
glutamate uptake. C6 glioma cells were pretreated with or without PKCo antisense or
random control oligonucleotides 5 uM for 5 days. Glutamate uptake was performed by
incubating the cellswith 10 uM of L-[*H] glutamate in the presence or absence of 2%
isoflurane for 5 min at 37°C. Dataare means + S.D. (n = 6). * P < 0.05 compared with
the control. # P < 0.05 compared with isoflurane alone. $ P < 0.05 compared with
isoflurane plus PK Co. random control oligonucleotides. Na' free: L-[*H] glutamate
associated with C6 cellsin a Na'-free incubation solution under control conditions.

Fig. 8. Isoflurane-increased co-immunoprecipitation of PKC with EAAT3. Panel
A: C6 glioma cells were incubated with 2% isoflurane for 5 min and the total |ysates
were immunoprecipitated with an anti-EAAT3 antibody. The precipitates were analyzed
by Western blot with anti-PKC antibodies and an anti-EAAT3 antibody. A representative
Western blot of the precipitates is shown in the top panel and the graphic presentation of
the PKC protein abundance quantified by integrating the volume of autoradiograms from
four separate experiments is shown in the bottom panel. Valuesin graphs are expressed
asfold changes over the control and are presented asthe means+ S.D. * P < 0.05
compared with the control. Panel B: C6 glioma cells were incubated with 2% isoflurane
for 5 or 10 min or 4% isoflurane for 5 min. Thetotal lysates were immunoprecipitated
with an anti-EAAT3 antibody. The precipitates were analyzed by Western blot with an
anti-PK Ca antibody and an anti-EAAT3 antibody. A representative Western blot of the

precipitatesis shown in the top panel and the graphic presentation of the PKC protein
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abundance quantified by integrating the volume of autoradiograms from three separate
experiments is shown in the bottom panel. Values in graphs are expressed as fold changes
over the control and are presented as the means+ S.D. * P < 0.05 compared with the
control. C: control; iso: 2% (unless specified) isoflurane.

Fig. 9. Isoflurane-induced EAAT3 phosphorylation and PKCa redistribution.
Panel A: C6 glioma cells were incubated with or without 2% isoflurane for 5 min. The
total lysates were immunoprecipitated with an anti-EAAT3 antibody. The
immunopreci pitates were separated by el ectrophoresisin a 10% sodium dodecyl sulfate-
polyacrylamide gel that is stained with Pro-Q Diamond dye for phosphoproteins (top
right panel). The same gel was used for Western analysis with an anti-EAAT3 antibody
and an anti-PKCa antibody (top left panel). The graphic presentation of the abundance of
the phosphoproteins corresponding to EAAT3 and the total EAAT3 proteins as quantified
by integrating the volume of autoradiograms from three separate experimentsis shown in
the bottom panel. Values in graphs are expressed as fold changes over the control and are
presented asthe means+ S.D. * P < 0.05 compared with the control. Panel B: C6 glioma
cells were incubated with or without 2% isoflurane for various times. The cells were
homogenized and the homogenates were fractionated into the soluble and the particulate
fractions by centrifugation. These fractions were then used for Western analysis with an
anti-PKCa antibody. Top panel is a representative Western blot. Bottom pandl isa
graphical presentation of the PKCa protein abundance quantified by integrating the
volume of autoradiograms from three separate experiments. Valuesin graphs are
expressed as fold changes over the control and are presented asthe means+ S.D. * P <

0.05 compared with the control. C: control; iso: 2% isoflurane.
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Fig. 10. Isoflurane-induced EAAT3 redistribution and association of EAAT3 with
PKC in rat hippocampal synaptosomes. Synaptosomes were incubated with 2%
isoflurane for 5 min at 37°C. Pandl A: Thetotal lysates were then separated into
intracellular and cell surface fractions by a biotinylation method. A representative
Western blot is shown in the top pand and the graphic presentation of the EAAT3 protein
abundance quantified by integrating the volume of autoradiograms from three separate
experiments is shown in the bottom panel. Vauesin graphs are expressed as fold changes
over the control and are presented as the means+ S.D. * P < 0.05 compared with the
control. Panel B: Thetotal lysates were immunoprecipitated with an anti-EAAT3
antibody. The precipitates were analyzed by Western blot with an anti-PK Ca antibody
and an anti-EAAT3 antibody. A representative Western blot is shown in the top panel
and the graphic presentation of the PKC protein abundance quantified by integrating the
volume of autoradiograms from three separate experiments is shown in the bottom panel.
Values in graphs are expressed as fold changes over the control and are presented as the

means+ S.D. * P < 0.05 compared with the control. C: control; iso: 2% isoflurane.
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