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Ethanol Inhibits Kainate Responses of Glutamate Receptors 
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Recombinant cu-amino9-hydroxy-5-methyl-Cisoxazole pro- 
pionic acid (AMPA)/kainate receptors expressed in oocytes 
are inhibited by ethanol and the sensitivity to ethanol de- 
pends on the kainate concentration and the subunit(s) ex- 
pressed. For example, GluR3 kainate channels are more 
sensitive to inhibition by ethanol than GluR6 channels in 
the presence of maximally effective kainate concentra- 
tions. To determine if the ethanol inhibition was influenced 
by the cation permeability (Na+ vs Na+ and Ca*+) of the 
channels expressed, we compared ethanol inhibition of 
Ca2+-permeable glutamate receptors (GluRs) in oocytes 
perfused with normal- and high-Ca*+ buffers. The ethanol 
inhibition was much greater when Ca2+ was the only per- 
meant cation. When Ba2+ was substituted for Ca*+, the eth- 
anol inhibition was reduced, although it was still greater 
than with normal buffer. The enhanced ethanol inhibition 
of kainate-stimulated Ca2+ currents was reduced in oocytes 
injected with the Ca*+ chelator BAPTA, suggesting a role 
for intracellular Ca2+ in mediating enhanced ethanol sen- 
sitivity of kainate channels. The enhanced ethanol inhibi- 
tion of Ca2+ currents was not due to a direct ethanol inhi- 
bition of Ca*+-stimulated Cl- currents in the oocyte 
because ethanol produced no effect on Ca*+-stimulated CI- 
currents induced by injection of myo-inositol-1,4,5tris- 
phosphate. Because Ca*+ activates protein kinase C (PKC) 
and because we found that the PKC activator phorbol 12- 
myristate l&acetate inhibits kainate responses (Dildy-May- 
field and Harris, 1994), we examined the role of PKC in me- 
diating the enhanced ethanol inhibition of kainate 
responses produced by increased Ca*+. Inhibition of PKC 
by injection of the PKC inhibitor peptide or calphostin C 
prevented the enhanced ethanol inhibition of kainate-in- 
duced Ca*+ responses without altering ethanol inhibition in 
normal buffer. Thus, ethanol inhibition of kainate channels 
may involve two mechanisms, one that is independent of 
PKC and a second type that is due to activation of PKC 
under conditions of elevated Ca*+, resulting in enhanced 
inhibition of kainate responses. 
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Several glutamate receptor (GluR) subunits have been cloned 
that express functional homomeric or heteromeric channels gat- 
ed by o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
(AMPA), kainate, quisqualate, or glutamate but not N-methyl- 
o-aspartate (NMDA) (see Sommer and Seeburg, 1992, for re- 
view). These proteins are grouped into three different families 
of ionotropic receptors based on differences in their primary 
structures and functional characteristics. GluRlL4 subunits rep- 
resent one family of rat glutamate receptors designated as 
AMPA receptors based on high-affinity AMPA binding, al- 
though kainate is a more efficacious agonist at channels formed 
by these subunits. When GluRl, GluR3, or GluRl+3 receptors 
are expressed in Xenopus oocytes, the channels show inward 
rectification and Ca2+ permeability in response to kainate stim- 
ulation (Boulter et al., 1990; Nakanishi et al., 1990; Hollmann 
et al., 1991). Before this finding, non-NMDA channels were 
believed to be impermeable to Ca2+, although a type of Ca*+- 
permeable kainate response was observed in vivo in rat hippo- 
campal neurons (Iino et al., 1990; Ozawa et al., 1991). Expres- 
sion of the GluR2 subunit alone produces very small currents, 
but coexpression with GluRl or GluR3 subunits results in re- 
sponses that are larger than those produced by GluRl or GluR3 
alone. In addition, GluR2 expressed in combination with GluRl 
or GluR3 gives a linear Z-V relationship with no Ca*+ perme- 
ability (Boulter et al., 1990; Nakanishi et al., 1990; Hollmann 
et al., 1991). A positively charged arginine residue in the second 
transmembrane region of the GluR2 protein is responsible for 
its lack of Ca2+ permeability, and GluRl and GluR3 have a 
neutral glutamine residue in this position (Hume et al., 1991; 
Mishina et al., 1991). GluR5-7 subunits comprise a second fam- 
ily of rat kainate-sensitive glutamate receptors. The GluR5 and 
GluR7 subunits show little or no channel activity when ex- 
pressed alone (Bettler et al., 1990; Bettler et al., 1992), but 
GluR6 subunits form homomeric channels that are highly sen- 
sitive to kainate but not AMPA (Egebjerg et al., 1991). Post- 
transcriptional modifications of certain GluR transcripts may be 
generated by RNA editing (Sommer et al., 1991) and the level 
of RNA editing of GluR6 transcripts determines the level of 
Cal+ permeability (Egebjerg and Heinemann, 1993; Kohler et 
al., 1993). The third family of glutamate receptors includes the 
subunits KA-1 and KA-2 that are high-affinity kainate receptors 
but do not form functional homomeric channels (Werner et al., 
1991; Herb et al., 1992). 
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Ethanol inhibits glutamate receptor function, and previous 
studies suggested that this inhibition is greater for NMDA than 
non-NMDA receptor-operated channels (Hoffman et al., 1989; 
Lovinger et al., 1989). However, we reported that non-NMDA 
(kainate/AMPA) channels expressed in Xenopus oocytes from 
rat brain mRNA were also sensitive to ethanol inhibition, and 
the ethanol sensitivity of some non-NMDA responses was sim- 
ilar to that obtained with NMDA (Dildy-Mayfield and Harris, 
1992). Responses produced by low concentrations of kainate 
were more sensitive to inhibition by ethanol than were responses 
produced by high kainate concentrations. This differential inhi- 
bition by ethanol could not be attributed to a competitive inter- 
action at the kainate receptor or to differences in the magnitude 
of current responses produced by different kainate concentra- 
tions, suggesting that subtypes of brain kainate receptors were 
expressed with differing sensitivities to ethanol. We provided 
initial evidence that ethanol inhibits kainate responses of GluR3- 
expressing oocytes (Dildy-Mayfield et al., 1991) that agrees with 
recent work by Lovinger (1993) showing that other AMPA sub- 
units from the GluRl-4 family are also ethanol sensitive. 

The above studies indicate that ethanol can inhibit AMPAl 
kainate receptor function, suggesting that ethanol actions on glu- 
tamate receptors may not be selective for NMDA subtypes as 
proposed originally and that further study of ethanol’s action on 
AMPAIKA subunits is warranted. To determine if ethanol can 
differentially affect subtypes of AMPA/kainate receptors as has 
been reported for different NMDA clones (Koltchine et al., 
1993; Masood et al., 1994), we expressed GluR clones from two 
different families of GluRs in Xenopus oocytes and compared 
ethanol’s action on homo- and heteromeric subtypes of kainate- 
sensitive channels. We then examined potential mechanisms for 
the differential ethanol inhibition depending on subunit com- 
position by determining if ethanol sensitivity was influenced by 
the cation permeability (Ca*+ vs Na+/Ca*+) of the channels ex- 
pressed. A common mechanism for ethanol action on several 
different types of ionotropic and metabotropic receptors has 
been suggested to be due to activation of protein kinase C (PKC) 
(Wafford and Whiting, 1992; Sanna et al., 1994; Snell et al., 
1994). PKC-dependent receptor phosphorylation of GluRs has 
been demonstrated (McGlade-McCulloh et al., 1993), and we 
reported that PKC activation can also modulate kainate receptor 
function of GluRs (Dildy-Mayfield and Harris, 1994). In the 
present study, we examined the potential role of PKC in mod- 
ulating ethanol inhibition of kainate responses. 

Materials and Methods 

GluRl, -R2, and -R3 cDNA (flop splice variants) in Bluescript SK- 
and GluR6 cDNA were kindly provided by J. Boulter and S. Heinemann 
(Salk Institute). Ultracomp Eschen’chia coli transformation kit was from 
Invitrogen (San Diego, CA). The Qiagen kit was used for purification 
of plasmid cDNA (Chatsworth, CA). Rat brain mRNA and GluR cRNA 
were prepared using the Fast Track kit (Invitrogen, San Diego, CA) and 
the Stratagene mCAP mRNA capping kit (La Jolla, CA), respectively. 
Adult Xenopus Zaevis female frogs were purchased from Xenopus I 
(Ann Arbor, MI). Kainate, ethyleneglycol-bis-@-aminoethylether)- 
N,N,N’,N’-tetraacetic acid (EGTA), 1,2-bis(2-aminophenoxy)ethane- 
N,N,N’,N’-tetraacetic acid (BAPTA), phorbol 12.myristate 13-acetate 
(PMA), concanavalin A (type IV), collagenase type IA, and other re- 
agents were purchased from Sigma Chemical Co. (St. Louis, MO). The 
protein kinase C inhibitor peptide [PKC (19-36)] was from GIBCO 
(Grand Island, NY), and calphostin C and myo-inositol-1,4,5trisphos- 
phate (IP,) were from Calbiochem (La Jolla, CA). 

GluR cRNA/brain mRNA preparation. GluRl-3 cDNA in pBluescript 
SK- were transformed and amplified in E. coli, purified according to 
the Qiagen protocol, linearized with Xho I, proteinase K treated, phenol- 

chloroform extracted, and ethanol precipitated in sodium acetate. RNA 
was prepared using the Stratagene transcription kit with T3 as the poly- 
merase. The cRNA was then phenol-chloroform extracted and ethanol 
precipitated in sodium acetate. Prior to injection, an aliquot of the cRNA 
was centrifuged for 15 min at 13,000 X g. Rat brain mRNA was iso- 
lated as described previously (Dildy-Mayfield and Harris, 1992). 

Isolation and injection of Xenopus oocytes. Oocytes were dissected 
manually and collagenase treated prior to injection (Dildy-Mayfield and 
Harris, 1992). Oocytes were injected with either (1) 10-20 ng GluRl, 
(2) lo-20 ng R3, (3) lo-20 ng Rl + lo-20 ng R3, (4) 50 ng R2 + 
10 ng R3 cRNA, (5) 50 ng R2 + 10 ng Rl + 10 ng R3, (6) 5 ng R6 
cDNA, or (7) 100 ng rat brain mRNA. RNA or DNA was resuspended 
in diethyl pyrocarbonate-treated water, and a digital microdispenser was 
used for injections. Oocytes were either impaled in the vegetal pole 
near the equator for cytoplasmic injections of RNA (GluRl-3 cRNA 
or brain mRNA) or in the animal pole for nuclear injections of GluR6 
cDNA according to the blind method of Colman (1984). Injection vol- 
umes were 30 and 50 nl for nuclear and cytoplasmic injections, respec- 
tively. Oocytes were cultured at 16°C in filter-sterilized modified Barth’s 
solution [MBS; containing, in mM, NaCI, 88; KCl, 1; NaHCO,, 2.4; 
HEPES, IO; MgSO,, 0.82; Ca(NO,),, 0.33; CaCl,, 0.91; pH 7.51 sup- 
plemented with 10 mg/liter streptomycin, 10,000 U/liter penicillin G, 
50 mglliter gentamicin, 0.5 mM theophylline, and 2 mM sodium pyru- 
vate) and used on days l-12 after injection. 

Whole-cell voltage clamp of injected oocytes. Oocytes were placed 
in a rectangular 100 p,l recording chamber and perfused with MBS or 
the various Ringer solutions at a rate of 2 ml/min at room temperature. 
Recording and clamping electrodes (l-5 Ma) were pulled from 1.2 
mm outside diameter capillary tubing, filled with 3 M KCl, and impaled 
into the oocyte animal pole. An Axoclamp-2 current and voltage clamp 
(Axon Instruments, Burlingame, CA) or Warner oocyte clamp (Warner 
Ins&. Corp., Hamden, CN) was used for voltage clamping each oocyte 
at -70 mV. 

Experimental conditions. Initial experiments were performed using 
MBS (see above) as the buffer. For Ca*+ permeability studies, frog 
Ringer (containing. in mM. NaCI. 115: KCl. 2.5: CaCl,. 1.8: HEPES. 
10; ;H adjusted tc?.2 with’NaOHj, Na;/K+-free Ringer inormal Ringer 
with NaCl and KC1 isoosmotically substituted with N-methyl-D-gluca- 
mine, pH adjusted to 7.2 with HCl), or Ca*+ Ringer (Na+/K+-free Ring- 
er containing 10 mM CaCl,) was used (Hollmann et al., 1991). EGTA 
(6 mM) and BAPTA (20 mM) stock solutions were prepared in water, 
pH adjusted to 7.4, and final concentrations (assuming an oocyte vol- 
ume of I p,l) of 100-500 pM were injected during or before recording 
as indicated (the injection volume did not exceed 25 nl). Two control 
IP, injections (using a 10 PM stock solution) were tested to ensure that 
the responses were stable before testing the effects of 100 mM ethanol 
bath perfusion on IP,-induced currents. Ethanol was applied for ap- 
proximately 30 set before IP, injection and perfused continuously until 
the IP,-induced current reached a steady state level. At least 20 min 
after responses returned to baseline was allowed between IP, injections. 
The PKC inhibitor peptide [PKC (19-36)] was stored frozen in water, 
and 300 ng115 nl was injected before or during recording. PMA and 
calphostin C were stored frozen in dimethyl sulfoxide (DMSO); 50 nM 
PMA in MBS (0.1% DMSO final concentration) was perfused for 5 min 
during recording and a final concentration of 1 FM calphostin C diluted 
in water was injected before recording. The PKC inhibitor peptide or 
calphostin C was injected approximately 60 min before recording in 
Ca*+ Ringer. For GluR6-injected oocytes, 10 FM concanavalin A in 
MBS was preapplied for up to 5 min to prevent desensitization (Egeb- 
jerg et al., 1991; Sakimura et al., 1992). Kainate was prepared in either 
MBS or the various Ringer solutions and was bath perfused for 15-60 
set depending on the GluR subunit studied. Ethanol was preapplied.for 
30-60 set before perfusion with kainate solutions containing ethanol. 
Drug responses were typically measured every 5-10 min with up to 20 
min intervals allowed when measuring Ca*+ currents. 

Data analysis. Each oocyte represents a single n, and oocytes from 
at least two different frogs were tested for each experimental condition. 
Current responses (in nA) were expressed as a percentage of control 
due to variability in expression among oocytes. Control kainate re- 
sponses were measured before and after ethanol + kainate responses 
and averaged. Data were analyzed by analysis of variance followed by 
Student-Newman-Keuls post hoc tests. Concentration-response curves 
were fit and analyzed using ALLFIT. 
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Figure 1. Ethanol inhibits kainate responses in oocytes expressing 
homomeric and heteromeric GluR subunits. Kainate (KA) concentra- 
tions used for GluRI-3 injected oocytes were 12 and 400 FM, whereas 
the concentrations used for GluR6-injected oocytes were 0.2 and IO 
)LM. Ethanol (ErOH) concentrations were 50 and 100 mM. Values rep- 
resent mean (+SEM) percentage inhibition by ethanol (n = 6-32). **, 
p < 0.01 compared to 0.2 or 12 FM kainate. 

Results 
Effect of ethnnol on kainate-induced currents in recombinant 
GluRs 
The effects of ethanol on kainate-induced currents were exam- 
ined in oocytes expressing homo- or heteromeric GluR subunits. 
We initially studied minimally and maximally effective concen- 
trations of kainate because our previous work with rat brain 
mRNA-injected oocytes demonstrated that inhibition by ethanol 
decreased as the kainate concentration increased (Dildy-May- 
field and Harris, 1992). In oocytes expressing GluR3 receptors, 
50 ITIM ethanol inhibited 12 and 400 FM kainate-induced cur- 
rents by 35% and 3 I%, respectively, and 100 mM ethanol pro- 
duced 48% and 44% inhibition (Fig. 1). Ethanol inhibition was 
reversible, and desensitization of 400 pM kainate responses was 
typically observed in oocytes expressing GluR3 or GluRl+3 
receptors (see Fig. 3A). This type of slow desensitization of 
CaZ+-permeable receptors was not due to activation of endoge- 
nous Ca?+-dependent Cl- currents in the oocyte because it was 
not affected by injection of EGTA or BAPTA (see Fig. 3B). 
This is in agreement with Dawson et al. (1990), who reported a 
desensitization of kainate currents of GIuRl receptors expressed 
in oocytes that was not due to activation of Ca’+-dependent Cl- 
currents. 

Ethanol inhibition of GluR3 kainate responses was also con- 
stant across a 200-fold concentration range (i.e., 100 mM ethanol 
similarly inhibited 5 FM and 1 t?IM kainate-induced currents by 
44 -t I .O% and 42 & 0.5%, respectively). Ethanol inhibition of 
homomeric GluRl receptors was also independent of the kainate 
concentration (Fig. I). 

We next studied ethanol inhibition of kainate responses of 
heteromeric combinations of GluR subunits. Responses to I2 
and 400 p.M kainate were inhibited 49% and 40%, respectively, 
by 100 mM ethanol in oocytes expressing GluRl+3 subunits 
(Fig. I). GluR2+3-expressing oocytes demonstrated differential 
sensitivity to ethanol in that 12 FM kainate responses were more 
sensitive to ethanol inhibition (48%) than 400 pM kainate re- 

sponses (35%) (Fig. 1). Nondesensitizing kainate currents, sim- 
ilar to those obtained when expressing brain mRNA, were typ- 
ically observed in oocytes expressing GluR2+3 subunits. 
Coexpression of the GluR2 subunit was verified by demonstrat- 
ing that these channels were not Ca” -permeable while channels 
formed from GluR3 receptors alone were permeable to Ca2+ (see 
Hollmann et al., 1991). Ethanol inhibition also depended upon 
the kainate concentration in oocytes expressing GluRl+2+3 
subunits (Fig. 1). 

The GluR6 receptor was much more sensitive to kainate than 
the GluRI-3 receptors with 10 p.M kainate producing a maximal 
response (in agreement with Egebjerg et al., 1991). As reported 
previously (Egebjerg et al., 1991; Sakimura et al., 1992), con- 
canavalin A blocked desensitization and was required to observe 
maximal kainate-induced currents in GluR6-expressing cells. 
Kainate (10 FM) responses were inhibited only 16 + 1% (n = 
6) and 28 + I% (n = 8) by 50 and 100 mM ethanol, respec- 
tively. However, a lower concentration (0.2 pM) of kainate re- 
sulted in greater ethanol inhibition (Fig. I). 

To examine more fully the potential subunit differences in 
ethanol sensitivity between GluR3 and GluR6 receptors, we 
measured kainate and ethanol concentration-response curves for 
these two homomeric receptors (Fig. 2A-C). Ethanol (100 ITIM) 

inhibited the maximal kainate-induced response in oocytes ex- 
pressing GluR3 and GluR6 receptors without altering the EC,,, 
value for kainate (Fig. 2A,B). As observed in Figure 1 in the 
presence of two concentrations of kainate, the inset graphs in 
Figure 2, A and B, show that the percentage ethanol inhibition 
decreases as the kainate concentration increases for GluR6 but 
not GluR3 receptors. Next, the ethanol sensitivities of GluR3 
and GluR6 receptors were directly compared using IO-600 mM 

ethanol in the presence of maximum kainate concentrations (Fig. 
2C). Ethanol produced a concentration-dependent inhibition of 
kainate responses for both receptor subtypes. The IC,,, values for 
ethanol inhibition of maximum kainate responses were signifi- 
cantly different for these receptors, with GluR3 channels being 
approximately twofold more sensitive to ethanol than GluR6 
channels. 

Role c.f extracellular Ca Z+ in ethanol inhibition of kuinate 
responses 

The differential ethanol sensitivity of GluR3 and GluR6 recep- 
tors shown above suggested that Ca*+-permeable GluR channels 
might be more sensitive to ethanol inhibition compared to low 
or non-Ca2’ -permeable channels. Therefore, we expressed Ca”’ - 
permeable GluR subunits and compared the ethanol inhibition 
of kainate currents in normal- and high-Ca*+ buffers following 
the protocol of Hollmann et al. (1991). In agreement with Holl- 
mann et al. (1991), no kainate responses were observed in Na+/ 
K+-free Ringer containing a normal CaZ’ concentration (data not 
shown), suggesting that the kainate current obtained in normal 
Ringer is primarily due to Na’ influx. We observed large kain- 
ate-stimulated currents in Ca?+ Ringer that contained IO mM 

Cazt as the only permeant ion; in fact, peak responses in Ca2+ 
Ringer were greater than those recorded in normal Ringer and 
exhibited greater desensitization, presumably due to activation 
of Ca’+-dependent Cl currents in the oocyte (Fig. 3A). The 
responses also decreased with repeated applications that is char- 
acteristic of Ca*‘-dependent Cl- currents (Singer et al., 1990). 
Interestingly, ethanol inhibition of kainate responses was greatly 
enhanced in Ca*+ Ringer compared to normal Ringer (Fig. 3A). 
The greater ethanol inhibition cannot be attributed to changes in 
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Figure 2. Ethanol produces greater inhibition of GluR3 compared to 
GluR6 kainate responses. A, Kainate (KA; IO-1000 PM) in the absence 
and presence of 100 mM ethanol (EtOH) was tested in GluR3-express- 
ing oocytes. The EC,, value for kainate was 130 and 110 p,M in the 

the EC,, for kainate since this value does not change in Ca2+ 
Ringer (Hollmann et al., 1991). Ethanol alone (100 mM) pro- 
duced current oscillations in Ca2+ but not normal Ringer in 3 of 
11 cells, and these oscillations were abolished after injection of 
EGTA (see Fig. 3A,B). In 2 of 11 cells, ethanol alone (100 mM) 
produced oscillations in the absence of EGTA in both normal 
and Ca2+ Ringer. This is likely due to release of intracellular 
Ca*+ and activation of Ca2+-stimulated Cl- currents in some sen- 
sitive oocytes (Wafford et al., 1989). 

To prevent activation of Ca2+-stimulated Cl- currents in Ca2+ 
Ringer, 100 PM EGTA was injected before recording. The ability 
of EGTA to block Ca*+-stimulated Cl- currents was verified in 
oocytes expressing the 5HT,, metabotropic receptor clone in 
which 5-HT was used to activate 5HT,, receptor-G-protein cou- 
pled production of IP, that then activates Caz+-stimulated Cl- 
currents endogenous to the oocyte. Large (up to 1 PA) Ca2+- 
stimulated Cl- currents produced by 5-HT-induced activation of 
5HT,, receptors were inhibited by 86 + 5.0% and 100% by 100 
and 200 FM EGTA, respectively (n = 3). EGTA also blocked 
the transient, rapidly desensitizing component of the kainate- 
induced CaZ+ response and resulted in a lower peak kainate re- 
sponse in Ca2+ Ringer compared to normal Ringer and also im- 
proved the consistency of kainate responses with repeated 
applications (Fig. 3B). As noted above, EGTA did not block the 
slow receptor desensitization that is also observed in normal 
buffer. The greater ethanol inhibition of kainate-stimulated Ca*+ 
current remained after 100-200 pM EGTA injection (Figs. 3B, 
4), and thus was not likely due to an ethanol interaction with 
Ca*+-stimulated Cl- currents since EGTA is an effective blocker 
of Ca*+-stimulated Cl- currents in the oocyte. However, to test 
the possibility that ethanol might have some direct effect on the 
Ca2+-stimulated Cl- current, we examined IP,-induced Ca2+- 
stimulated Cl- currents in the absence and presence of 100 mM 

ethanol and found that ethanol (applied before and during the 
IP,-mediated response) had no effect on these currents (-55.4 
2 11.9 nA and -5 1.9 + 10.9 nA in the absence and presence 
of ethanol, respectively; IZ = 14). In addition to Ca*+-permeable 
GluRs (GluRl, GluR3, and GluR1+3), the greater ethanol in- 
hibition of Ca2+ compared to Na+ currents was also observed in 
oocytes expressing rat whole-brain mRNA in the presence of 
EGTA (Fig. 4A). EGTA did not affect the ethanol inhibition in 
normal buffer when compared within the same (data not shown) 
or between different oocytes (Fig. 5B). 

To compare ethanol sensitivities of Na+- versus Ca2+-medi- 

absence and presence of ethanol, respectively. Values represent mean 
(+ SEM) percentage of 1 mM kainate response (n = 4-6); values in the 
inset graph have been expressed as mean (+ SEM) percentage inhibi- 
tion produced by ethanol as a function of kainate concentration. Error 
bars not visible are smaller than symbol. B, Kainate (0.1-100 PM) in 
the absence and presence of 100 mM ethanol was tested in GluR6- 
expressing oocytes. The EC,,, value for kainate was 2.0 and 2.3 pM in 
the absence and presence of ethanol, respectively. Values represent 
mean ( 2 SEM) percentage of 10 FM kainate response (n = 4-12); val- 
ues in the inset graph have been expressed as mean (+ SEM) percent- 
age inhibition produced by ethanol as a function of kainate concentra- 
tion. Error bars not visible are smaller than symbol. C, Ethanol (lo- 
600 mM) was tested in the presence of maximum kainate concentrations 
for GluR3 and GluR6 receptors. The IC,, value for ethanol was 82 and 
170 IIIM for GluR3 and GluR6 receptors, respectively (p < 0.01). Val- 
ues represent mean ( 2 SEM) percentage of 10 FM (GluR6) or 400 IJ,M 

(GluR3) kainate responses (n = 4-7). Error bars not visible are smaller 
than symbol. 
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Figure 3. EGTA did not prevent greater ethanol inhibition of kainate responses in high-Ca *+ buffer but blocked Ca2+-stimulated Cl- currents 
in high-Ca2+ buffer. A, Current responses to 400 FM kainate (K) were recorded in the absence and presence of 100 mM ethanol (E) in normal 
(Na+) or Caz+ Ringer (CL?+) in a GluRl+3-expressing oocyte. Currents in normal and Ca *+ Ringer represent Na+- and Ca2+-mediated currents, 
respectively; the oscillations induced by ethanol alone in Ca *+ Ringer were only observed in some sensitive oocytes (see Results). Horizontal 
bars indicate time of drug application. In B, conditions were identical to those in A, except that EGTA (100 pM final concentration) was injected 
before recording. 

ated kainate currents, the effects of 10-3 16 mM ethanol were 
tested in normal and Ca2+ Ringer using GluR3-expressing oo- 
cytes (Fig. 4B). EGTA (200 FM) was injected before recording 
to block activation of Ca2+-stimulated Cl- currents in Ca2+ Ring- 

er. In the presence of 200 FM EGTA, an ethanol concentration 
of 10 mM produced significant inhibition in Ca2+ Ringer whereas 
a concentration of approximately 30 mM was required to pro- 
duce a threshold effect in normal Ringer (Fig. 4B). 
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rents produced by ethanol (II = h-14). Error bars not visible are sn~llct 
than symbol. 

To determine if’ the enhanced ethanol inhibition in Ca” Ringer 

was due to greater ethanol inhibition of Ca” compared to Na- 

flux or to a secondary Ca”-dependent intracellular process, Ba’ 

was substituted for Ca’ ’ These studies wcrc performed in the 

presence of’ EGTA to block activation of Cl currents; although 

n Nor&Ringer 

W Calcium Ringer 

Control EGTA BAPTA 

F~~I/w 5. A, Ethanol inhibition depends on the pcrmcant cation, After 
in,jection of 100 FM EGTA, ethanol (100 IllM) inhibition of kainate (400 
FM) responses was compared in normal Ringer (No-). Ba’ Ringer 
(Btr‘- ) containing 60 mv Ba’ as the only permeant cation. and Ca’- 
Rinser (C’t$ ) containing IO 111~ Ca+ as the only permeant cation. 
Oocytes expressing tither GluR3 or GluRl +3 receptors were tested. 
Values represent the n~ean (+SEM) pcrccnlage inhibition of kainate 
currents produced by ethanol (II = S-h). ‘*“-, ,I < 0.01 compared to 
normal Ringer. B, BAPTA reduces ethanol inhibition in high-Ca’- Ring- 
cr. Ethanol ( 100 mM) inhibition of kainate (400 FM) responses was 
compared in IKKIIXII- and high-Ca- Ringer in the absence of chelator 
(Cmtrd). and in the presence of IO0 PM EGTA or 500 FM BAPTA 
in GluRl +Sinjected oocytes. Values reprcscnt the mean (+SEM) per- 
centage inhibition of kainate currents produced by ethanol (I? = 5-c)). 
*:::. p < 0.01 compared to control and EGTA. 

Ba- is a poor activator of these currents, EGTA was injected 

so that all currents (Na’ , Ba’ . Ca’. ) were measured under the 

same conditions. The ethanol inhibition 01‘ Ba’ -induced kainate 

currents was intermediate between that of Na’- and Ca’--in- 

duced currents (Fig. SA). BAPTA is a faster and more efficient 

Ca’+ chelator than EGTA, and we next compared the ethanol 

inhibition of kainate responses in the absence and presence of 

EGTA or BAPTA in oocytcs expressing GluRl +3 receptors. 
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A. 

B. 

H NormalRinger 

H Calcium 

Na+ 

Figure 6. Inhibition of PKC prevents 
enhanced ethanol inhibition in Ca*+ 
Ringer. A, Ethanol (100 mM) inhibition 
of kainate (400 p,M) responses in nor- 
mal- and high-Caz+ Ringer in GluR3- 2 
or GluRl+3-expressing oocytes after 4 L 
injection of 500 p,M BAPTA alone 
(Control), 500 FM BAPTA + 300 ng 

2 min 

PKCI (PKCO, or 1 FM calphostin C t 
500 pM BAPTA (Calphostin C). Val- 
ues represent the mean (+SEM) per- 
centage inhibition of kainate currents 
produced by ethanol (n = 3-4). **, p 
< 0.01 compared to normal Ringer. B, 
Ethanol (100 mu) inhibition of 400 PM 

kainate-induced currents in normal- 
(Na’) and high-Ca2+ (Ca2+) Ringer re- 
corded after injection of calphostin C 
alone. 

I 

1 
I 

I 

Ringer 

T 

PKCI Calphostin C 

Gi2+ 

I- 
2 min y ‘i 

Ethanol inhibition of Ca2+ currents was greater than the inhibi- 
tion of Na+ currents both in the absence and presence of EGTA, 
whereas in the presence of BAPTA, ethanol inhibition in Ca*+ 
Ringer was reduced, although still greater compared to normal 
buffer (Fig. 5B). BAPTA did not affect the ethanol inhibition of 
kainate responses in normal buffer when compared within the 
same oocyte (e.g., 41 ? 3.0% and 40 + 1.3% before and after 
500 pM BAPTA, respectively; n = 3). Thus, ethanol inhibition 
was not significantly affected by either chelator in normal Ring- 
er; however, in Ca2+ Ringer the enhanced ethanol inhibition was 
significantly less in the presence of BAPTA. 

Role of PKC in ethanol inhibition of kainate responses 
The above results suggested that the greater ethanol sensitivity 
in Ca2+ Ringer may be due to an intracellular Ca2+-dependent 
mechanism. Based on the PKC consensus sites that are present 
in GluRs (Keingnen et al., 1990) and our studies demonstrating 
that the PKC activator PMA inhibits kainate responses in Caz+- 
permeable GluR receptors via a PKC-dependent mechanism 
(Dildy-Mayfield and Harris, 1994), a potential role for Ca*+- 
mediated activation of PKC was investigated. Injection of the 
specific PKC inhibitor peptide (PKCI), or the PKC inhibitor cal- 
phostin C, prevented the enhanced ethanol inhibition of kainate 
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responses in Ca2 ’ Ringer (Fig. 6A). For experiments with PKCI, 
BAPTA was also present to block Ca2+-stimulated Cl- currents. 
For studies with calphostin C, some oocytes were not injected 
with BAPTA so that the effect of PKC inhibition could be eval- 
uated alone, that is, in the absence of BAPTA, which itself sig- 
nificantly reduces the ethanol inhibition in Ca*+ Ringer. As 
shown in Figure 6B, calphostin C alone prevented the greater 
ethanol inhibition in Ca?+ compared to normal Ringer. Inhibition 
of PKC using either PKCI or calphostin C did not, however, 
affect the ethanol inhibition of kainate with normal buffer. For 
example, the ethanol inhibition was 30 t 3.5% and 32 & 1.2% 
before and after PKCI, respectively, (n = 3); before and after 
calphostin C, the ethanol inhibition was 44 + 4.5% and 45 + 
3.5%, respectively (n = 3). 

To evaluate further the role of PKC in ethanol inhibition of 
kainate responses, we compared ethanol sensitivity before and 
after PMA exposure in Ca?+-permeable GluRl t-3 receptors. 
PMA (50 nM) inhibited kainate responses in these oocytes by 
53 + I I % (n = 7) as reported previously (Dildy-Mayfield and 
Harris, 1994). The effect of ethanol was measured before and 

30-40 min after PMA when kainate responses were maximally 
inhibited. The percentage ethanol inhibition was 3 I & I .8% and 
40 + 2.1% before and after PMA, respectively (n = 7). 

Discussion 

This report demonstrates that multiple subtypes of AMPA/kain- 
ate channels are ethanol sensitive. Although the ethanol inhibi- 
tion varied depending on the GluR subunits and the kainate con- 
centration, all subunits tested were inhibited by ethanol, 
indicating that no single subunit studied was required for ethanol 
sensitivity. 

Our results suggest that the greater ethanol inhibition of low 
concentrations of kainate first observed in oocytes expressing 
brain mRNA (Dildy-Mayfield and Harris, 1992) may be ex- 
plained by ethanol’s action on subtypes of glutamate receptors. 
Compared to GluR3, GluR6 kainate channels were approxi- 
mately twofold less sensitive to inhibition by ethanol in the pres- 
ence of maximum kainate concentrations. For both receptors, 
ethanol inhibited the maximal kainate response without altering 
the EC,,, indicating a noncompetitive type of inhibition. The 
GluR3 and GluR6 receptors represent different families of glu- 
tamate receptors, and we found that the kainate sensitivity of 
the GluR6 (kainate-selective) receptor expressed in oocytes was 
greater than for other GluR subunits. Kainate EC,, values of I 
and I .6 pM for GluR6 receptors (Egebjerg et al., 1991; Sakimura 
et al., 1992) and 130 pM for GluR3 receptors (Nakanishi et al., 
1990) have been reported in oocytes, and these values agree with 
our present results. 

The only studies of the effects of ethanol on specific AMPA/ 
kainate receptor subunits (present data and Lovinger, 1993) in- 
dicate that several subtypes of GluRs are clearly ethanol sensi- 
tive. The ethanol inhibition of kainate currents in HEK 293 cells 
transfected with GluRI, GluR4, GluRl f4, or GluR2+4 recep- 
tors (Lovinger, 1993) agrees with our results in oocytes, al- 
though we found differential ethanol sensitivity that depended 
on the kainate concentration for some of the GluRs. We also 
found differences in ethanol sensitivity between GluR3 and 
GluR6 subunits that are from two different families of GluRs, 
whereas Lovinger (I 993) only compared ethanol actions among 
subunits from a single family of GluRs. Recombinant GluRs 
expressed in oocytes and HEK 293 cells are much more sensi- 
tive to ethanol than AMPA/kainate receptors studied in brain 

(Lovinger et al., 1989). In fact, the ethanol sensitivity of recom- 
binant GluRs is similar to that reported for recombinant NMDA 
receptors (Koltchine et al., 1993; Masood et al., 1994). We (Dil- 
dy-Mayfield and Harris, 1992) and Teichberg et al. (I 984) re- 
ported similar ethanol inhibition of NMDA and non-NMDA re- 
sponses, although other studies show that NMDA responses are 
more sensitive to inhibition by ethanol than non-NMDA re- 
sponses (Hoffman et al., 1989; Lovinger et al., 1989). If ethanol 
sensitive and resistant AMPA/kainate receptors are expressed in 
viva, then effects of ethanol on brain receptors would represent 
an average of all receptors present that may explain some of the 
discrepancies in the literature. The effects of ethanol on the 
GluR2 subunit alone have not been assessed due to its poor 
expression, but our results indicate that coexpression of this sub- 
unit with GluR3 decreases the ethanol inhibition of maximum 
kainate responses in comparison to GluR3 alone. Other GluR 
receptors may exist that are not inhibited by ethanol; in addition, 
coexpression of existing subunits (e.g., KA-I and KA-2) with 
GluR5 or GluR6 (Herb et al., 1992; Sakimura et al., 1992) may 
reveal constructs with different ethanol sensitivities. Thus, the 
possibility of ethanol-resistant AMPA/KA receptors cannot be 
excluded. Although we do not have direct evidence for an eth- 
anol insensitive AMPA/KA receptor, we have presently shown 
that differences in the magnitude of ethanol sensitivity do exist 
among some of the subunits. 

One goal of this study was to determine if the cation per- 
meability of GluR channels influenced the sensitivity to ethanol. 
For Ca2+-permeable GluRs, we showed that the percentage in- 
hibition of kainate responses by ethanol doubles when Ca2+ rath- 
er than Na’ is the permeant cation. This was also true for GluRs 
expressed from brain mRNA, suggesting that Ca?’ -permeable 
kainate-sensitive channels may be expressed in brain and that 
the enhanced ethanol sensitivity in Ca’+ Ringer is not limited to 
cloned GluRs. Interestingly, ethanol inhibition of NMDA-me- 
diated responses in NMDARI-expressing oocytes is greater 
when Ca’)- rather than Ba2+ is the permeant cation, although the 
mechanism for this difference was not studied (Koltchine et al., 
1993). The activity of GluR6 channels is sensitive to extracel- 
lular variations in the concentration of Ca”+ (Egebjerg et al., 
1991) but this type of Ca 2+-dependent reduction in current is 
not observed for the GluR1-4 subunits (Hollmann et al., 1991). 
To determine if the difference in ethanol sensitivity was due to 
greater inhibition of Ca?’ compared to Na’ currents or to a sec- 
ondary Ca?+-mediated mechanism, we injected EGTA. Although 
EGTA is an effective blocker of Ca2+-stimulated Cl- currents in 
oocytes as shown by our results from the 5HT,,. receptor, it did 
not prevent the greater ethanol inhibition observed in Ca’+ Ring- 
er. This indicated that the enhanced ethanol inhibition was not 
due to ethanol inhibition of Ca’+-stimulated Cl- currents that 
agrees with our previous work showing that ethanol does not 
affect these currents (Sanna et al., 1994). We studied this further 
by examining the effects of a continuous ethanol exposure on 
IP,-induced Ca*-l-stimulated Cl- currents in the oocyte and 
found that even with longer exposure times ethanol does not 
directly affect these currents. Other evidence against a direct 
effect of ethanol on the Ca’+-stimulated Cl- current in ooyctes 
was reported by Ilyin and Parker (I 992), who showed that even 
a high ethanol concentration (320 IIIM) produced only a 15% 
reduction in this current. Further characterization showed that 
the ethanol inhibition depended on the permeant cation (Cazl > 
Ba?’ > Na’). Because Ba2’- can activate some Ca?+-dependent 
processes (Knight et al., 1988; Sekiguchi et al., 1988; Przywara 
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et al., 1993), the enhanced ethanol inhibition of Ca2+/Ba’+ flux 
may be due to activation of a secondary Ca”-dependent mech- 
anism. Injection of EGTA could reduce the ethanol inhibition of 
Ca’+ responses if this involved an intracellular Ca2+-dependent 
mechanism; however, EGTA is a slow Ca’+ chelator and was 
only present in micromolar concentrations. BAPTA is a-faster 
and more efficient Ca*+ chelator, and we injected it in higher 
concentrations and found that it was able to reduce the ethanol 
inhibition of kainate responses in high Ca*+ buffer. BAPTA did 
not affect ethanol inhibition in normal buffer, indicating that the 
reduced ethanol inhibition in high-Ca?+ buffer was not due to 
an overall decreased ethanol sensitivity in the presence of BAP- 
TA. The ethanol inhibition was still greater compared to that in 
normal buffer perhaps because of the inability of BAPTA to 
effectively chelate Ca*’ under high-Ca?- conditions. Even strong 
buffering with very high concentrations of BAPTA may be over- 
come when the Ca*+ influx is large (Legendre et al., 1993). 

The large inhibition of Ca?+ flux by ethanol was decreased in 
the presence of BAPTA, indicating an intracellular Ca*+-depen- 
dent mechanism and suggesting that greater ethanol inhibition 
of Ca’+ compared to Na+ conductance was not a likely mech- 
anism. Of the many Ca*‘-mediated processes that might be re- 
sponsible for the enhanced ethanol sensitivity, we focused on 
the role of PKC based on the existence of PKC consensus sites 
among the GluRs (Keinanen et al., 1990) and PKC-dependent 
receptor phosphorylation (McGlade-McCulloh et al., 1993) to- 
gether with our work showing that activation of PKC inhibited 
kainate-induced currents in oocytes expressing different GluR 
subunits (Dildy-Mayfield and Harris, 1994). However, there are 
reports that failed to show modulation of AMPA/kainate recep- 
tors by PKC (Sigel and Baur, 1988; Chen and Huang, 1992; 
Kelso et al., 1992), indicating that PKC modulation may not be 
a common mechanism for all of the GluRs or that the conditions 
required for PKC-dependent phosphorylation may be slightly 
different for different GluRs. We found that the PKC inhibitor 
peptide or the PKC inhibitor calphostin C prevented the en- 
hanced ethanol inhibition in high-Ca’+ buffer but had no effect 
in normal buffer. Thus, inhibition of PKC blocked the greater 
ethanol inhibition of kainate responses in high-Ca*+ buffer, sup- 
porting a role for Ca’+-mediated activation of PKC. Although 
the GluRs have consensus sites for Ca’+/calmodulin-dependent 
protein kinase as well (Keinanen et al., 1990) functional studies 
have shown that activation of this kinase enhances rather than 
inhibits channel function (McGlade-McCulloh et al., 1993). Fur- 
thermore, our results indicating that Ba?+ can partially substitute 
for Ca*+ in mediating enhanced sensitivity to ethanol would ar- 
gue against a role for Ca’+/calmodulin-dependent protein kinase 
because Ba’+ is a poor activator of calmodulin-dependent pro- 
cesses (Chao et al., 1984). However, Ba?+ has been shown to 
activate PKC (Knight et al., 1988; Sekiguchi et al., 1988). 

Potential PKC-dependent mechanisms for the enhanced eth- 
anol inhibition of Ca’+ currents include the following: (1) Ca*+ 
activates PKC, increasing phosphorylation of the receptor or as- 
sociated protein(s), which in turn increases the ethanol sensitiv- 
ity of the channel; or (2) Ca’+ and ethanol synergistically acti- 
vate PKC, markedly increasing phosphorylation of the receptor, 
which further inhibits receptor function. The first mechanism 
proposes that ethanol acts directly on the receptor/channel com- 
plex under normal and elevated Ca’+ conditions, and this action 
is increased by PKC-mediated phosphorylation of the receptor. 
The second mechanism proposes that ethanol has two actions 
under high-Ca2+ conditions in that it acts directly on the recep- 

tar/channel complex to produce approximately 40% inhibition 
(as 100 mM ethanol does under normal conditions) and it also 
increases PKC-dependent phosphorylation that then further in- 
hibits channel function resulting in greater than 70% inhibition. 
To discern between these mechanisms, we compared the ethanol 
sensitivity before and after PMA and found that ethanol inhi- 
bition increased only slightly following activation of PKC, in- 
dicating that the first mechanism cannot explain the enhanced 
ethanol sensitivity in high-Ca?+ buffer. The concentration of 
PMA used was maximally effective, and thus would be expected 
to produce at least as great an activation of PKC as elevated 
Ca*+. However, the inhibition by ethanol before and after PMA 
differed by only 9%, whereas we would have expected the dif- 
ference to be at least 30% if phosphorylation of the receptor 
alone (without an effect on receptor function) was responsible 
for increased ethanol sensitivity. Thus, a plausible mechanism 
for the enhanced ethanol inhibition is that elevated Ca’- allows 
ethanol activation of PKC by either direct or indirect actions. 
Evidence for direct effects of ethanol on PKC activity is contro- 
versial, ranging from weak inhibition (Slater et al., 1993) or no 
effect (Machu et al., 1991) on the purified enzyme, to stimula- 
tion of cellular PKC activity (Skwish and Shain, 1990; De- 
Petri110 and Liou, 1993). Although PKC activity is dependent 
on Ca?+, the effects of Ca2+ in the presence of ethanol are not 
known. Taken together, available data suggest that ethanol in- 
hibits kainate channel function by two distinct mechanisms: (1) 
direct inhibition of kainate channel function by a PKC-indepen- 
dent action (which operates under normal- and high-Ca’+ con- 
ditions) and (2) an additional action of ethanol that increases 
PKC-dependent phosphorylation of the channel (which occurs 
with elevated Ca?+ conditions) that in turn inhibits kainate ac- 
tion. 

Based on the role of Ca2+ in enhancing ethanol inhibition of 
these receptors, the ethanol sensitivity of individual neurons may 
increase with elevated intracellular Ca?+. In addition to Ca?+- 
permeable GluRs, multiple mechanisms regulate intracellular 
Ca*+ during neuronal stimulation, including voltage-gated Ca?’ 
channels, other Ca’--permeable ionotropic ligand-gated channels 
such as NMDA receptors, and IP,induced Ca?’ release via me- 
tabotropic receptor activation. Thus, activation of one or more 
of the above processes could elevate Ca’;, resulting in enhanced 
ethanol sensitivity of AMPA/kainate channels. 

In summary, we have shown that both homomeric and het- 
eromeric kainate-sensitive channels from two different families 
of glutamate receptors are inhibited by ethanol, and the ethanol 
sensitivity can vary depending on subunit composition and kain- 
ate concentration. The ethanol inhibition of AMPA/kainate re- 
ceptors resembles that of recombinant NMDA receptors (Koltch- 
ine et al., 1993; Masood et al., 1994), indicating that NMDA 
receptors are not necessarily preferentially sensitive to ethanol 
as originally proposed. Our results suggest that ethanol-mediated 
inhibition of kainate responses expressed in oocytes may involve 
two mechanisms, one independent of PKC and another mecha- 
nism that depends on activation of PKC under conditions of 
elevated Ca2+. Other studies have shown that the action of eth- 
anol on 5-HT,, (Sanna et al., 1994), GABA, (Wafford and Whit- 
ing, 1992), and NMDA (Snell et al., 1994) receptors may also 
involve PKC-dependent mechanisms, supporting a general role 
for PKC activation in modulation of ethanol-sensitive ionotropic 
and metabotropic responses. 
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