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SUMMARY
Ethanol has been shown to inhibit N-methyl-D-aspartate (NMDA)-
stimulated calcium influx into cerebellar granule cells grown in
culture. Because NMDA-mediated responses are modulated by
a number of substances, we investigated the effects of several
of these agents on ethanol-induced inhibition of calcium flux.
Ethanol (50 mM) inhibited NMDA-dependent Ca2� influx by ap-
proximately 50%. The percentage of inhibition remained constant
with increasing NMDA concentrations (5-250 � Increasing
Mg2� concentrations in the assay medium inhibited NMDA-stim-
ulated calcium influx but the EC� for Mg2�’ was unchanged in
the presence of ethanol. Glycine at concentrations of 0.3-100
�M potentiated the effects of NMDA. Glycine at concentrations
in excess of 10 �M decreased ethanol-mediated inhibition of
NMDA-stimulated calcium influx. D-Serine was shown to have
effects similar to those of glycine, whereas L-serine was signifi-

cantly less active in potentiating NMDA-stimulated activity and
reversing the ethanol-induced inhibition of calcium influx. N-
Methylglycine and L-leucine were ineffective in potentiating
NMDA actions but high concentrations (1 mM) of N-methylglycine
attenuated ethanol-induced inhibition, whereas L-leucine (1 mM)

had no effect. High concentrations of N-methylglycine were
shown to reduce glycine-induced enhancement at the NMDA
receptor, whereas L-leucine did not affect the glycine response.
Glycine did not affect kainate-stimulated calcium influx and did
not alter the small amount of inhibition produced by ethanol in
the response of the cells to kainate. The results demonstrate
that the in vivo actions of ethanol on the NMDA systems of brain
may be dependent on glycine concentrations at these receptor
sites.

Several subtypes of glutamate receptor mediate neurotrans-
mission in the central nervous system. These subtypes of re-

ceptor have been designated as NMDA, kainate, quisqualate,
and L-2-amino-4-phosphonobutyrate, based on their respective
agonist and antagonist specificities (1). The NMDA receptor is

unique among the glutamate receptors in that it is part of a

receptor-ionophore complex, activation of which allows trans-
membrane movement of a number of cations including Na�,
K�, and Ca2�. This system plays a major role in synaptic

plasticity (e.g., long term potentiation) and neurotoxicity (e.g.,
seizures and ischemic damage to neurons) (1, 2). The activity

of the NMDA receptor complex is subject to modulation by a
variety of agents, including � which causes a direct voltage-

dependent blockade of the ion channel, Zn2�, which decreases
channel function in a voltage-independent manner at a si�e

believed to be peripheral to the channel, and glycine, which
acts as an allosteric activator of NMDA receptor-mediated
activity (3-5). Glycine modulates NMDA receptor activity
through a strychnine-insensitive glycine recognition site, and
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the occupancy of the glycine binding site has been proposed (6)
to be an absolute requirement for activation of this system.

Recent studies in our laboratories (7) and others (8, 9) have
demonstrated that ethanol, at concentrations associated with
mild to moderate intoxication, selectively inhibits the function

of the NMDA receptor, while having little effect on kainate
and quisqualate receptor function. Electrophysiologic assess-
ment using patch clamp techniques has demonstrated direct

effects ofethanol on the NMDA-gated ion channels rather than
actions of ethanol on events secondary to NMDA-induced

neuronal depolarization (8). The mechanism by which ethanol
produces its effects on the NMDA receptor remains unknown,
but our initial work (7) demonstrated that glycine might be
involved in this action of ethanol. We undertook the present
studies to further examine the interactions between ethanol

and glycine, as well as other modulators of NMDA receptor
function.

Materials

Experimental Procedures

45Ca2� (18.0-39.5 Ci/mmol) was purchased from New England Nu-
clear-Dupont (Boston, MA). NMDA, glycine, kainate, strychnine, iso-
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Fig. 1. A and B, Effect of NMDA concentration on ethanol-mediated
inhibition of NMDA-stimulated 45Ca uptake. A, Cells were exposed to the
concentration of NMDA indicated, in the absence (0) or presence (S) of
50 mM ethanol, and 4tCa uptake was measured as described in Expen-
mental Procedures. B, Inhibition by ethanol is expressed as a percentage
of NMDA-stimulated 4tCa uptake at the concentration indicated in the
absence of ethanol. C and D, Interaction of Mg2� concentration with
ethanol-mediated inhibition of NMDA-stimulated 45Ca uptake. C, Cells
were exposed to NMDA (50 MM) and the concentration of Mg2� indicated,
in the absence (0) or presence 4) of 25 m� ethanol, and 45Ca uptake
was measured. D, Inhibition by ethanol is expressed as a percentage of
NMDA-stimulated 45Ca uptake in the presence of the concentration of
Mg�� indicated and the absence of ethanol. Values are the mean ±
standard error from seven or eight determinations.

leucine, and poly-L-lysine were purchased from Sigma Chemical Co.

(St. Louis, MO. D- and L-serine and N-methylglycine were purchased

from Fluka Chemical Corp. (Ronkonkoma, NY). HA-966 was pur-

chased from Tocris Neuramin (Essex, England).

Methods

Cell culture. Primary cultures of cerebellar granule cells were
prepared by a modification of the method described by Gallo et al. (10)

and Novelli et at. (11). Briefly, cerebelli were dissected from 8-day-old

Sprague-Dawley rats and cells were dissociated and resuspended in

basal Eagle’s medium containing 10% fetal bovine serum, 25 mM KC1,

2 mM glutamine, and 100 jzg/ml gentamycin. After 18 hr, growth

medium was aspirated and replaced with chemically defined growth

medium (basal Eagle’s medium containing 5 �zg/ml insulin, 100 �g/ml

transferrin, 20 nM progesterone, 100 �M putrescine, 30 nM L-glutamine,

50 units/ml penicillin, 50 �sg/ml streptomycin, 5 nM CuSO4, 1.5 �M

FeSO4, 1.5 �M ZnSO4, 15 �M hypoxanthine, 1.5 MM thymidine, 50 �M

L-alanine, 50 �zM L-asparagine, 50 �zM glycine, 150 MM L-proline, 50 MM

L-serine, and 25 mM KC1) (7). Cytosine arabinofuranoside (10 MM) was

included to inhibit replication ofnonneuronal cells. On day 4 of culture,

approximately 75% of the medium on the cells was aspirated and

replaced with fresh defined medium.

45Ca2� uptake. At 8 days in vitro, cultures of cerebellar neurons

were used to measure 4�Ca2� uptake. Cultures were washed twice with

prewarmed (3T) Locke’s saline (5.6 mM KC1, 3M mM NaHCO3, 2.3

mM CaC12, 5 mM HEPES, 154 mM NaCl, and 5.5 mM D-glucose at pH

7.4) with or without 1.0 mM MgC12 (unless otherwise indicated, exper-

iments measuring NMDA-stimulated 4�Ca2� uptake used Mg�-free

medium and experiments measuring kainate-stimulated 45Ca2� uptake

contained Mg2� and 200 MM APV to block any NMDA-stimulated

component). Washed cultures were preincubated for 6 mm at 37’.

Uptake was initiated by aspiration of the preincuhation medium and
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Fig. 2. Effect of glycine on ethanol-mediated inhibition of NMDA-stimu-
lated 45Ca uptake. Cells were exposed to NMDA (50 MM) and the
concentration of glycine indicated, in the absence or presence of 50 m�
ethanol, and 45Ca uptake was determined. Values are the mean ±
standard error of 8-41 determinations. A, Net inhibition is the absolute
decrease in NMDA-stimulated 4tCa uptake produced by ethanol at the
concentration of glycine indicated. ‘, Significantly different than the net
inhibition produced by ethanol in the absence of glycine at the p < 0.05
level, as determined by analysis of variance. B, Inhibition by ethanol is
expressed as the percentage of NMDA-stimulated 45Ca uptake in the
presence of the concentration of glycine indicated and in the absence of
ethanol. C, NMDA-stimulated 45Ca uptake values were obtained in the
absence (0) or presence (#{149})of ethanol (50 mM) and the concentration of
glycine indicated.

replacement with prewarmed Locke’s saline (with or without Mg�)

containing 5 MCi/ml 45Ca2� and the combination of drugs indicated in

Results. Incubation with isotope was terminated after 60 sec by aspi-

ration of the 45Ca2�-containing solution and rapid washing with ice-

cold Locke’s. NaOH (1 N) was added to each culture dish and aliquots
were taken to determine 45Ca2� uptake (by scintillation counting) and
total protein (12). Each NMDA- or kainate-stimulated value reflects

subtraction of a simultaneously obtained “basal” value run under
identical conditions with the exception of omission of agonist. Statis-

tical analysis of data was performed by use of analysis of variance and

t test as appropriate. p values of <0.05 were taken to indicate statistical

significance.

Results

In the absence of added � NMDA stimulated Ca2� uptake
into cultures of cerebellar neurons in a concentration-depend-
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TABLE 1
Effect of glycine analogs on ethanol-mediated inhibition of
NMDA-stimulated Ca2� uptake
Cells were exposed to NMDA (50 pM) plus the treatment indicated, in either the
absence or presence of ethanol (50 mM), and Ca2� uptake was determined. Values
are the mean ± standard error of 8-49 determinations.

NMDA-stimulated Ca’� uptake
lnteb8on

-Ethaid +Ethard

m)o!/mg ofprotein %

No additions 5.4 ± 0.3 2.8 ± 0.2 48.0
+Glycine, 10 MM 10.8 ± 0.6 9.2 ± 0.5 15.1k
+Glycine, 100 MM 1 1 .4 ± 0.4 10.6 ± 0.4 6.8
+D-Serine, 100 MM 11.9 ± 0.3 9.9 ± 0.5 17.Oa
+L-Senne, 100 MM 6.2 ± 0.3 3.9 ± 0.3 38.0
+L-Serine, 1 mM 9.8 ± 0.6 7.7 ± 0.4 21 .9
+N-Methylglycine, 100 MM 5.0 ± 0.1 3.4 ± 0.7 32.8
+N-Methylglycine, 1 mM 5.3 ± 0.3 4.6 ± 0.3 14.1k
+L-lsoleucine, 1 mM 5.8 ± 0.7 2.7 ± 0.4 52.7
+Spermidine, 1 mM 5.0 ± 0.5 3.0 ± 0.4 40.0

a Significantly different (p < 0.05) than the inhibition produced with no additions,
as determined by one-way analysis of variance.

Control + StryChnine

i.E +G +G +E +G +G
+E

Fig. 3. Cells were exposed to NMDA (50 MM) in the absence or presence
of ethanol (E) (50 mM). Glycine (G) (1 00 MM) and/or strychnine (1 MM)
were also present in the uptake medium, as indicated, and 45Ca uptake
was determined. Values are the mean ± standard error of 9-1 2 deter-
minations.

ent manner (EC50 = 50 MM) (Fig. 1A). Ethanol (50 mM) inhib-

ited the NMDA-stimulated uptake of Ca2�. The EC50 for
NMDA was unchanged by ethanol (Fig. 1A) and the percentage

of inhibition produced by ethanol (approximately 48%) re-
mained constant over NMDA concentrations ranging from 5
to 250 �M (Fig. 1B). Addition of Mg�� also inhibited NMDA-

stimulated Ca2� uptake into these cultures (IC50 = 35 MM) (Fig.

1C). The IC� for Mg�� was unaffected by the simultaneous
addition of ethanol (25 mM) (Fig. 1C) and the percentage of

inhibition produced by ethanol (approximately 30%) remained

constant over the range of Mg�� concentrations tested (Fig.

1D).
Glycine (0.3-100 �zM) potentiated NMDA-induced Ca2� up-

take into the cultures of cerebellar neurons. The EC50 value for
glycine under our assay conditions was calculated to be 0.6 MM

(Fig. 2). In the absence of added glycine, stimulation of Ca2�
uptake by NMDA (50 MM) was completely blocked by inclusion
ofthe glycine antagonist HA-966 (1 mM) in the assay medium.

When the inhibitory effect of ethanol was examined in the
presence of increasing concentrations of glycine, the inhibition

+N-MeGly +Gly +Gly

+N-MeGly

Fig. 4. Cells were exposed to NMDA (50 MM) in either the absence or
presence of glycine (10 MM). N-Methylglycine (1 mM) was also present
where indicated and 45Ca uptake was determined. Values are the mean
± standard error of six to eight determinations.

of Ca2� uptake by ethanol was significantly decreased by con-

centrations of glycine of 10 MM and greater (Fig. 2). At a
concentration of 100 MM, glycine almost completely reversed

the actions of ethanol (Fig. 2, Table 1). The enhancement of
NMDA-induced Ca2� uptake and the reversal of ethanol-me-
diated inhibition by glycine (100 MM) were undiminished when

assays were carried out in the presence of 1 MM strychnine (Fig.

3). D-Serine reversed the inhibitory effect of ethanol and en-

hanced the response to NMDA at a concentration similar to

that of glycine, whereas L-serine was significantly less active
both in enhancing the effect of NMDA and in reversing the
inhibition of NMDA-induced Ca2� influx by ethanol (Table 1).

On the other hand, N-methylglycine (1 mM) produced little or

no effect on NMDA-stimulated Ca2� influx but did attenuate
the inhibitory effect of ethanol (Table 1). Although some dim-
inution of the inhibition produced by ethanol was observed
with 100 MM N-methylglycine, this effect did not reach statis-
tical significance. Evidence for the interaction of N-methylgly-

cine with the glycine binding site on the NMDA receptor
complex was obtained by examination of the effects of glycine
in the presence of 1 mM N-methylglycine (Fig. 4). N-Methyl-
glycine diminished the stimulatory effect of glycine. L-Isoleu-
cine (1 mM) was ineffective in potentiating NMDA-induced
Ca2� influx and did not diminish the action of ethanol (Table

1). Also, L-isoleucine (1 mM) had no effect on the ability of 10

MM glycine to enhance 50 MM NMDA-stimulated Ca2� uptake
(data not shown). Spermidine (1 mM) produced no significant

effect either on NMDA-induced Ca2� uptake or on the inhibi-
tion of NMDA-stimulated Ca2� uptake by ethanol (Table 1).

Kainate-stimulated Ca2� uptake in cerebellar granule cells
was inhibited approximately 20% by 50 mM ethanol (kainate

at 100 MM: 5.5 ± 0.3; kainate plus ethanol: 4.3 ± 0.3 nmol/mg

of protein; three or four experiments/group). Addition of 100
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MM glycine did not potentiate the effects of kainate and did not
alter the inhibitory actions of ethanol (kainate at 100 MM plus

glycine: 5.3 ± 0.2; kainate, glycine, and ethanol: 4.2 ± 0.2 nmol/

mg of protein; four experiments/group).

Discussion

Ethanol has been demonstrated to be a potent and selective

inhibitor of NMDA receptor-mediated transmembrane events

(7, 8) and neurotransmission (13). In the current study, we

have demonstrated that addition of high concentrations of

glycine (10 MM and higher) could reverse ethanol-induced in-

hibition of NMDA-stimulated Ca2� uptake. The reversal of

ethanol-mediated inhibition at the NMDA receptor by increas-

ing concentrations of glycine also has been postulated by Wood-

ward and Gonzales (14) in their studies of NMDA-stimulated

dopamine release from slices of rat striatum.
The concentrations of glycine necessary for reversal of the

inhibitory effects of ethanol in the cerebellar granule cell cul-

tures were significantly higher than the ECS,) values for glycine-

induced potentiation of NMDA-stimulated activity measured

electrophysiologically (300 nM) (15), in binding experiments

(300 nM) (16), or in the Ca2� uptake experiments described

here (600 nM). The discrepancy between concentrations asso-

ciated with reversal of the effects of ethanol and potentiation

of NMDA-stimulated responses might suggest separate sites

for these effects. However, several observations argue against

the reversal of the effects of ethanol by glycine at another

known or nonspecific site. First, it is unlikely that the strych-

nine-sensitive glycine site was involved, because the reversal of

ethanol-induced inhibition was unaltered by 1 MM strychnine.

Second, it is unlikely that glycine caused reversal of ethanol-

mediated inhibition by acting at a nonspecific site to produce

a generalized increase in Ca2� uptake, because all NMDA-

stimulated values obtained in the presence of glycine have had

values obtained in the presence of glycine but the absence of

agonist (basal values) subtracted (see Experimental Proce-

dures). Furthermore, it is unlikely that glycine caused reversal

of ethanol-mediated inhibition by acting at a nonspecific site

to produce a generalized blockade of the effects of ethanol,

because glycine had no effect on the small amount of inhibition

of kainate-stimulated Ca2� uptake produced by ethanol.

The most compelling evidence for the site of action of glycine

is the finding that the potency of a variety of amino acids in

reversing ethanol-mediated inhibition parallels the structural

requirements ofthe NMDA receptor-associated glycine binding

site, as described by McBain et al. (15). D-Serine was similar

to glycine in its action and was more potent than its L-isomer,

in terms of both stimulating NMDA-dependent Ca2� uptake

and reversing ethanol-mediated inhibition. Isoleucine (1 mM),

most likely because of the bulky substitution on the cr-carbon

(15), was inactive in stimulating NMDA action and in reversing

ethanol-induced inhibition. Isoleucine was also without effect

when added to assay systems where glycine was present to-

gether with NMDA, indicating that this amino acid probably

does not compete for occupancy of the glycine binding site.

Substitution of an N-methyl group on the amino group of

glycine has been found to significantly attenuate the ability of

glycine to potentiate NMDA actions (15). Our studies (Table

1, Fig. 4) also demonstrate the lack of potency of N-methylgly-

cine in increasing NMDA-stimulated Ca2� uptake. However, 1

mM N-methylglycine significantly reduced the inhibition of

NMDA-stimulated Ca2� uptake by 50 mM ethanol. Unlike

isoleucine, the addition of N-methylglycine to cultures contain-

ing glycine and NMDA reduced the stimulation of NMDA

actions produced by glycine, indicating that high concentra-

tions of N-methylglycine (1 mM) may compete for the glycine

binding site.

At present it is unclear how glycine mediates the reversal of

ethanol-in ‘uced inhibition of NMDA receptor function. Direct

measurements of [3H]glycine binding to a site on the NMDA

receptor’ demonstrate that ethanol (up to 200 mM) has no

significant effect on equilibrium binding constants for glycine.

Recent reports on the mechanism by which glycine potentiates
NMDA-stimulated activity indicate that glycine may increase

the frequency with which the NMDA receptor ionophore opens

or may increase the rate of recovery of the NMDA receptor

from the desensitized state (5, 17). Therefore, one could spec-

ulate that ethanol-induced inhibition of NMDA-stimulated

activity results from an ethanol-induced decrease in the fre-

quency of channel opening or increase in the rate of desensiti-

zation of the receptor in the presence of NMDA receptor

agonists, and glycine could counteract these effects of ethanol.

This speculation is consistent with the data in the current and

previous reports on the effects of ethanol at this receptor system

and can explain the reversal of the actions of ethanol by glycine

and closely related amino acids.

The effect of glycine on ethanol-induced inhibition of

NMDA-stimulated activity raises questions as to whether the

actions of ethanol witnessed in vitro may be responsible for any

of the in vivo effects of ethanol. As already mentioned, the EC50

value for glycine-mediated potentiation of NMDA action in

isolated washed membrane preparations is below 1 MM, whereas

glycine concentrations in the cerebrospinal fluid are approxi-

mately 7 MM (18). It is of interest, therefore, that significant

reversal of ethanol-mediated inhibition of NMDA-stimulated

Ca2� uptake in the cerebellar granule cells required concentra-
tions of glycine of 10 MM or more. Glycine-mediated changes in

other NMDA-induced actions (e.g., cytotoxicity) on cultured

cells also required high concentrations (20-30 MM) of glycine

(19, 20). Uptake and metabolic barriers may diminish glycine

levels at the NMDA receptor below saturating concentrations

in vivo and would allow ethanol to inhibit the function of this
glutamatergic receptor system. Drugs that mimic the actions of

glycine may be useful for reversing certain of the acute effects

of ethanol intoxication.

1 Snell L., Tabakoff, B. and Hoffman, P. L., Manuscript in preparation.
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