
ing the display size. Rather, our results 
imply that vision reversal reversed the in- 
terpretation of visual information from the 
exposed portion of the visual field. This 
change was adaptive, in that it appeared 
to be directed toward the goal of veridi- 
cal self-motion perception. The RCV 
could be demonstrated only when the 
field of view was limited to or less than 
the field of view of the goggles. With a 
wide field stimulus (as in experiment 1), 
RCV appeared to be overwhelmed by 
normal vection. In experiment 2, normal 
CV response to PVF stripe motion was, 
if anything, enhanced by exposure of the 
central field to visual reversal. Our find- 
ings suggest that visual information from 
the exposed central visual field is trans- 
mitted centrally along pathways separate 
from those carrying information from the 
peripheral visual field and that each of 
these pathways may be separately modi- 
fied as a result of sensory experience. 
The occasional presence of alternating 
normal CV and RCV during early tests 
during exposure suggests that RCV may 
not develop gradually. Instead, it is as if 
a second competitive mechanism devel- 
ops. 

It is not surprising that the RCV veloc- 
ity magnitudes reported were modest, 
given the narrow field of view of the gog- 
gles, as normal CV can be more ef- 
fectively elicited if peripheral retinal 
areas are exposed to the moving display 
(13). Whether a subject demonstrated 
RCV within the allowed exposure period 
appeared to be correlated with CV 
strength produced with a narrow field 
stimulus. In experiment 2, subjects Bi 
through B4 showed strong normal CV at 
least once, either in CVF tests before ex- 
posure or during the first four sessions 
during exposure; they were the only sub- 
jects in this experiment to show RCV. 
Test scheduling constraints limited ex- 
posure to 190 minutes in experiment 2. 
Had the exposure for subjects B5 
through B7 been extended, it is conceiv- 
able that they, too, would have shown 
RCV. The exposure duration in experi- 
ment 1 was not so constrained, and all 
five subjects experienced RCV. 

In animals, convergence of visual and 
vestibular head rotation information oc- 
curs in neurons of the vestibular nucleus 
(14), which are thought to determine the 
slow phase velocity of vestibular and op- 
tokonetic nystagmus under many condi- 
tions. The extent to which vestibular 
nucleus neurons contribute to rotation 
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vestibular nucleus neurons in animals 
(14, 16). It would be interesting to know 
if a reversal in visual sensitivity of ves- 
tibular nucleus neurons can be demon- 
strated in animals after several hours of 
active exposure to vision reversal. It 
may be that both CV and VOR (8) adap- 
tation are mediated by a common (possi- 
bly transcerebellar) mechanism that pro- 
vides a reversed drive to neurons of the 
vestibular nucleus. The long latency (1 to 
2 weeks) of VOR reversal (7) (when con- 
trasted with the rapid CV reversal we 
found) may result from the presence of a 
direct, competitive input from primary 
semicircular canal afferents. 
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Ethanol (ethyl alcohol) is the oldest 
and most commonly used psychoactive 
agent. Most people consume alcoholic 
beverages without apparent harm, but an 
estimated 9 million Americans suffer 
from alcoholism (1). Ethanol shares 
many pharmacological effects with ben- 
zodiazepines and barbiturates (2), drugs 
which are known to potentiate neuro- 
transmission mediated by y-aminobutyric 
acid (GABA) (3). Furthermore, ethanol 
potentiates spinal presynaptic inhibition 
(4), which is also mediated by GABA (5). 
Finally, bicuculline (a specific GABA an- 
tagonist) diminishes the behavioral mani- 
festations of ethanol intoxication, where- 
as amino-oxyacetic acid (an inhibitor of 
GABA catabolism) markedly increases 
these behavioral manifestations (6). I 
have therefore studied the interactions of 
ethanol with various hypothesized syn- 
aptic transmitters acting on single feline 

Ethanol (ethyl alcohol) is the oldest 
and most commonly used psychoactive 
agent. Most people consume alcoholic 
beverages without apparent harm, but an 
estimated 9 million Americans suffer 
from alcoholism (1). Ethanol shares 
many pharmacological effects with ben- 
zodiazepines and barbiturates (2), drugs 
which are known to potentiate neuro- 
transmission mediated by y-aminobutyric 
acid (GABA) (3). Furthermore, ethanol 
potentiates spinal presynaptic inhibition 
(4), which is also mediated by GABA (5). 
Finally, bicuculline (a specific GABA an- 
tagonist) diminishes the behavioral mani- 
festations of ethanol intoxication, where- 
as amino-oxyacetic acid (an inhibitor of 
GABA catabolism) markedly increases 
these behavioral manifestations (6). I 
have therefore studied the interactions of 
ethanol with various hypothesized syn- 
aptic transmitters acting on single feline 

0036-8075/80/0808-0708$00.50/0 Copyright ? 1980 AAAS 0036-8075/80/0808-0708$00.50/0 Copyright ? 1980 AAAS 

5. P. Ewert, Genet. Psychol. Monogr. 7, 177 
(1930); T. Erismann, Proc. Congr. German Psy- 
chol. Assn. (Bonn) (1947), p. 54; H. Kotten- 
hoff, Acta Psychol. 13, 79 (1957); ibid., p. 151; 
I. Kohler, Psychol. Issues 3, 1 (1964); C. 
Harris, Psychol. Rev. 72, 419 (1965). 

6. R. Held, J. Nerv. Ment. Dis. 132, 26 (1962). 
7. A. Gonshor and G. Melvill Jones, J. Physiol. 

(London) 256, 381 (1976). 
8. E. Keller and W. Precht, J. Neurophysiol. 42, 

896 (1979); G. Haddad, J. Demer, D. Robinson, 
Brain Res. 185, 265 (1980). 

9. Two Dove prisms, mounted base to base, were 
held in front of each eye (with bases in a sagittal 
plane) by a Plexiglas frame, fixed to the head by 
an adjustable band. A black shield closely fitted 
to the face and the prisms excluded all non- 
reversed visual information. Prism axes were 
adjusted to eliminate diplopia at a distance of 3 
m. The monocular field of view through each 
eye was 28? by 28?. 

10. A. Benson and J. Brand, Q. J. Exp. Physiol. 53, 
296 (1968). 

11. W. Thalmann, Am. J. Psychol. 32, 429 (1921). 
12. T. Brandt, J. Dichgans, W. Buchele, Exp. Brain 

Res. 21, 337 (1974). 
13. T. Brandt, J. Dichgans, E. Koenig, ibid. 16, 476 

(1973). 
14. J. Dichgans, C. Schmidt, W. Graf, ibid. 18, 319 

(1973); V. Henn, L. Young, C. Finley, Brain 
Res. 71, 144 (1974). 

15. L. Young, in Posture and Movement, R. Talbott 
and D. Humphrey, Eds. (Raven, New York, 
1979), p. 177. 

16. J. Allum, W. Graf, J. Dichgans, C. Schmidt, 
Exp. Brain Res. 26, 463 (1976); W. Waespe, B. 
Waespe, V. Henn, Pfluegers Arch. Gesamte 
Physiol. Menscher Tiere 373 (Suppl.), R87 
(1978). 

17. Supported by NASA grant NSG-2032 and 
NASA contract NAS9-15343. O.L.B. was sup- 
ported by a NATO science fellowship. We thank 
our subjects and also R. Sivan, L. Young, R. 
Held, 0. Garriott, M. Pankratov, and E. 
Boughan. 

7 May 1980 

5. P. Ewert, Genet. Psychol. Monogr. 7, 177 
(1930); T. Erismann, Proc. Congr. German Psy- 
chol. Assn. (Bonn) (1947), p. 54; H. Kotten- 
hoff, Acta Psychol. 13, 79 (1957); ibid., p. 151; 
I. Kohler, Psychol. Issues 3, 1 (1964); C. 
Harris, Psychol. Rev. 72, 419 (1965). 

6. R. Held, J. Nerv. Ment. Dis. 132, 26 (1962). 
7. A. Gonshor and G. Melvill Jones, J. Physiol. 

(London) 256, 381 (1976). 
8. E. Keller and W. Precht, J. Neurophysiol. 42, 

896 (1979); G. Haddad, J. Demer, D. Robinson, 
Brain Res. 185, 265 (1980). 

9. Two Dove prisms, mounted base to base, were 
held in front of each eye (with bases in a sagittal 
plane) by a Plexiglas frame, fixed to the head by 
an adjustable band. A black shield closely fitted 
to the face and the prisms excluded all non- 
reversed visual information. Prism axes were 
adjusted to eliminate diplopia at a distance of 3 
m. The monocular field of view through each 
eye was 28? by 28?. 

10. A. Benson and J. Brand, Q. J. Exp. Physiol. 53, 
296 (1968). 

11. W. Thalmann, Am. J. Psychol. 32, 429 (1921). 
12. T. Brandt, J. Dichgans, W. Buchele, Exp. Brain 

Res. 21, 337 (1974). 
13. T. Brandt, J. Dichgans, E. Koenig, ibid. 16, 476 

(1973). 
14. J. Dichgans, C. Schmidt, W. Graf, ibid. 18, 319 

(1973); V. Henn, L. Young, C. Finley, Brain 
Res. 71, 144 (1974). 

15. L. Young, in Posture and Movement, R. Talbott 
and D. Humphrey, Eds. (Raven, New York, 
1979), p. 177. 

16. J. Allum, W. Graf, J. Dichgans, C. Schmidt, 
Exp. Brain Res. 26, 463 (1976); W. Waespe, B. 
Waespe, V. Henn, Pfluegers Arch. Gesamte 
Physiol. Menscher Tiere 373 (Suppl.), R87 
(1978). 

17. Supported by NASA grant NSG-2032 and 
NASA contract NAS9-15343. O.L.B. was sup- 
ported by a NATO science fellowship. We thank 
our subjects and also R. Sivan, L. Young, R. 
Held, 0. Garriott, M. Pankratov, and E. 
Boughan. 

7 May 1980 

cortical neurons; ethanol specifically po- 
tentiated the inhibitory effects of GABA, 
but not the inhibitory effects of glycine, 
serotonin, or dopamine. Ethanol also po- 
tentiated the inhibition of single cortical 
neurons by electrical stimulation of the 
surface of the cerebral cortex; that inhi- 
bition is believed to be mediated by en- 
dogenous GABA (7). 

The experiments were carried out on 
cats (2.5 to 4 kg, of either sex) anesthe- 
tized with Fluothane or methoxyflurane. 
The same results were obtained in five 
control experiments with the "isolated 
cerebrum," unanesthetized preparation 
(8). Multibarreled glass microelectrodes 
were used to make extracellular record- 
ings from single neurons of the peri- 
cruciate cortex (9). The recorded action 
potentials (spikes) were amplified, gat- 
ed, electronically counted, processed 
through a peristimulus histogram ana- 
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Ethanol Specifically Potentiates GABA-Mediated 

Neurotransmission in Feline Cerebral Cortex 

Abstract. Ethanol (ethyl alcohol) potentiates the inhibition of cortical neurons by 
y-aminobutyric acid. This effect is specific, since ethanol does not potentiate inhibi- 
tion by glycine, serotonin, or dopamine. These results have implications for alcohol- 
ism because (i) y-aminobutyric acid mediates anxiolytic mechanisms, and (ii) anxiety 
is implicated in the etiology of alcoholism. 
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Fig. 1. Peristimulus histograms illustrating typ- Ethanol released from micropipettes Ethanol applied 
ical ethanol-induced potentiation of GABA __-_--- I intravenously 
(A), electrically evoked inhibition [(C) same 
cell as in (A) and (D) another cell], and typical GABA Pulses Serotonin pulses Electrical stimulus Electrical stimulus 

ethanol-induced antagonism of serotonin [(B) A1 B1 Ci Dl 

(another cell)]. Each histogram shows the 62 /1 
1. . w Control / Control / Control fControl number of spikes occurring during each of the Control Control Control 

25 20-msec intervals for 128 consecutive 500- 1 
msec periods. Background firing was main- L + 
tained throughout at steady submaximum 0" , 500 msec, 

rates by continuous release of sodium L-gluta- A2 B 2 

: 

C2 0 D2 
mate (20 nA in all cases, except for D3, where .. : +Ethanol 
40 nA was needed to obtain the control firing +Ethanol ' +Ethanol +Ethanol 2mg/kg 
rates). Whenever ethanol was released from 
the micropipette (A-C), it was applied contin- L 
uously throughout the entire period by remov- l 
ing its negative retaining current (10 nA) 15 A3 I B3 3 D 

seconds before the onset of the histogram pe- /7 5 R Ethanol 
riod. Histograms D2 and D:. were obtained 2 Ro Recovery l i Recovery Recovery 8mg/kg 
minutes after the end of slow intravenous in- - f 

1 ([1f \ i 
fusions of ethanol (2 mg/kg and 8 mg/kg, re- F 
spectively) given 5 minutes apart. In each rec- t I , 
ord, note the sequence of events from left to' 
right: (i) the calibration column generated by 
the peristimulus histogram analyzer (not caused by spikes); (ii) the preliminary control firing (between the two high columns); (iii) at the arrow, 
the iontophoretic pulse (A1-A3; GABA, 200 nA for 15 msec; B,-B3; serotonin, 300 nA for 15 msec) or electrical stimulus to the surface of the 
cerebral cortex (Ci-C3 and Di-D3: 2 Hz; 0.1 msec; 6.5 V) (the column containing the iontophoretic pulse or the electrical stimulus is high because 
the stimulus artifact is counted); (iv) the firing deficiency due to inhibition; and (v) the recovery of firing. Shading indicates the area of each record 
lying between the extrapolated mean control firing level and the actual firing after the stimulus. Ethanol influenced the magnitude of inhibition 
without interfering with control firing before the stimulus. 

lyzer, and displayed on an oscilloscope 
and a pen-recorder. Ethanol (0.3M solu- 
tion in 165 mM NaCI) was released from 
the micropipettes either by removing the 
negative retaining current of 10 nA or by 
electroosmosis (10) with positive eject- 
ing currents as high as 50 nA (11). The 
other drugs were released according 
to standard microiontophoretic tech- 
niques. The four inhibitory neurotrans- 
mitters were applied as iontophoretic 
pulses (12) to induce inhibition com- 
parable to that caused by electrical stim- 
ulation of the surface of the cerebral cor- 
tex (at a distance 2 to 3 mm from the re- 
cording site) (13). Monopolar cathodal 
square pulses (2 Hz, 0.1 msec, various 
voltages) were delivered through a silver 
ball electrode. The degree of inhibition 
of single cortical units, induced to fire 
less than maximally by continuous appli- 
cation of sodium L-glutamate, was mea- 
sured from peristimulus histograms of 
the recorded spikes. 

Ethanol released from micropipettes 
rapidly and reversibly potentiated pulses 
of GABA (16 cells) (Fig. IA). This poten- 
tiation was specific for GABA since the 
inhibition produced by pulses of glycine 
(not shown) was either not affected (sev- 
en cells) or antagonized (six cells). Fur- 
thermore, ethanol consistently antago- 
nized the inhibitory effects of pulses of 
serotonin (eight cells) (Fig. IB) (14) and 
dopamine (nine cells) (not shown). Eth- 
anol in the same electroosmotic doses al- 
so potentiated the inhibition of neuronal 
firing by electrical stimulation of the sur- 
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face of the cerebral cortex (34 cells) (Fig. 
IC). All actions of ethanol occurred 
within 10 seconds of its release from mi- 
cropipettes; they were fully reversible 
within 1 to 3 minutes after it was discon- 
tinued. The magnitude of electrical inhi- 
bition could be easily varied by changing 
the intensity of the electrical stimulus; 
the effect of ethanol on different degrees 
of inhibition could thus be conveniently 
studied (Fig. 2). 

Potentiation of inhibition, resulting 
from pulses of GABA and electrical 
stimulation of the cortex, was also pro- 
duced by intravenous administration of 

ethanol (22 cells). Detectable changes 
were observed in some cells with intra- 
venous doses of ethanol as low as 0.2 mg 
per kilogram of body weight. However, 
in "blind" experiments (15), the effect of 
the drug could be always distinguished 
from that of injected physiological saline 
only when the dose of ethanol (adminis- 
tered by slow intravenous infusion) was 
4 mg/kg or higher. Effective electroos- 
motic and intravenous (as high as 300 
mg/kg) doses of ethanol did not change 
the spike size (Fig. 2), but often de- 
creased the frequency of spontaneous 
firing as well as of the firing evoked by 

100 - 0 ? ~ .-- - o-- Fig. 2. Effect of eth- 
/ 
.....' anol (released from 

- / ,,' the micropipette by 
removing its 10-nA 

80 - / negative retaining 
current) on inhibi- 

S 
- 0 / 20 tion during the first 2 mse 100 msec after the 

6~0- 02 surface of the cere- 
.o 6 0 - i , t'-t I-mV bral cortex was elec- 

- o ,'' I' ll trically stimulated at ' 
Conitrol +Eth anol Reco very various intensities (2 

40- a o Hz, 0.1 msec). All 
Q/ data were obtained 

- 8 from the same neu- 
ron. The degree of in- 

20 - hibition was assessed 
I ~I I I I I I Iby measuring the area 4.0 5.0 6.0 7.0 8.0 9.0 b measuring the area 

of the inhibitory peri- 
Intensity of electrical stimulus (volts) od of the histogram 

and is expressed as percentage below the extrapolated control firing level. Symbols: 0, control; 
0, ethanol effect; and A, recovery 2 minutes after ethanol administration. Inset: photographs of 
20 superimposed sweeps of oscilloscope tracings before, while, and 2 minutes after ethanol was 
released from the micropipette. Spike size was not affected, whereas electrically evoked (2 Hz, 
0.1 msec, 6.5 V) cortical inhibition (after the stimulus artifact) was prolonged. 

709 



sodium L-glutamate. These effects on 
excitation (16), however, typically oc- 
curred at doses two to four times those 
affecting inhibition, and only doses of 
ethanol that did not interfere with firing 
evoked by sodium L-glutamate were 
used to obtain the results on inhibition 
reported here. 

The ethanol-induced potentiation of 
the postsynaptic effects of GABA might 
be due to (i) blockade of GABA uptake, 
(ii) induction of GABA release, or (iii) a 
direct effect on the postsynaptic mem- 
brane. The possibility that ethanol ex- 
erted its effects by preventing GABA up- 
take appears unlikely, because ethanol 
(applied by electroosmosis) potentiated 
even further both GABA pulses and 
electrically evoked inhibitions that were 
most enhanced by iontophoretically ap- 
plied (17) nipecotic acid (four cells), 
which blocks GABA uptake (18). En- 
hancement of GABA release cannot be a 
significant factor in these experiments, 
because ethanol exerted its potentiating 
effects on GABA-mediated inhibition in 
doses that by themselves had no inhib- 
itory effect on control firing. Moreover, 
ethanol not only enhanced electrical in- 
hibition but also enhanced the effect of 
iontophoretically applied GABA. Final- 
ly, ethanol selectively enhanced only the 
effect of GABA and not that of other 
inhibitory neurotransmitters, as would 
have been expected if the observed eth- 
anol effects were the result of GABA re- 
lease of the result of a nonspecific poten- 
tiation of all cortical inhibitions. For the 
same reasons, it is unlikely that ethanol 
in these experiments exerted its effects 
by interfering with GABA metabolism 
and thus by resulting in the availability of 
more GABA at the postsynaptic site. 
Thus, the most likely site of action of 
ethanol is the postsynaptic membrane. 
The action of ethanol cannot be due to an 
unspecific effect on Cl- channels, since 
the inhibition produced by glycine was 
either not affected or antagonized. Since 
ethanol could potentiate GABA-mediat- 
ed inhibition in doses that by themselves 
had no inhibitory effect, it is unlikely that 
ethanol is a direct GABA agonist. Thus 
the evolving picture is reminiscent of the 
mechanism of GABA potentiation by 
benzodiazepines, which probably act on 
a regulatory site on or near the GABA 
binding site (3). When tested on the same 
neurons, the effects of flurazepam and 
chlordiazepoxide (19) on GABA-and 
on electrically evoked cortical inhibi- 
tion-were identical (within the limits of 
observation afforded by extracellular re- 
cordings) and additive to those of eth- 
anol. Neither ethanol nor the barbitu- 
rates, however, bind to the benzodiaze- 
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pine receptor identified in vitro (20). 
Thus, the exact mechanism through 
which the interaction between ethanol 
and the postsynaptic membrane results 
in potentiation of GABA-mediated neu- 
rotransmission remains to be clarified. 

The specific potentiation of GABA- 
mediated neurotransmission by ethanol 
has implications for the etiology and 
treatment of alcoholism because (i) the 
most commonly prescribed anxiolytic 
drugs enhance GABA-mediated neuro- 
transmission (3), and (ii) anxiety is in- 
volved in the etiology of alcoholism (21). 
Since long-term ethanol administration 
(in contrast to short-term administration) 
decreases GABA concentrations in the 
brain (22), and since long-term ethanol 
intake alters the density of GABA recep- 
tors (23), it is possible that long-term 
users of alcohol are forced to use higher 
amounts of ethanol in order to obtain the 
GABA potentiation necessary to achieve 
an antianxiety effect or to avoid with- 
drawal symptoms. 

J. N. NESTOROS 
Department of Research in Anaesthesia, 
McGill University, Montreal, 
Quebec, Canada H3G I Y6 
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