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Abstract
Background—Ethanol modulates glutamate and GABA function. However, little is known
about the acute pharmacologic effects of ethanol on levels of GABA, glutamate, and other
metabolites measurable in the human cortex in vivo using 1H magnetic resonance spectroscopy
(MRS).

Methods—Eleven healthy social drinkers received two intravenous ethanol infusions that raised
breath alcohol levels to a clamped plateau of 60 mg/dL over 60–70 minutes. The first infusion
established tolerability of the procedure, and the second procedure, conducted 15±12 days later,
was performed during 1H MRS of occipital GABA, glutamate, and other metabolites.

Results—The time course of brain ethanol approximated that of breath ethanol, but venous
ethanol lagged by about 7 minutes. GABA fell 13±8% after 5 minutes of the ethanol infusion and
remained reduced (p=0.003) throughout the measurement. The combination of N-acetylaspartate
and N-acetylaspartyl glutamate (summed as NAA) fell steadily during the infusion by 8±3%
(p=0.0036).

Conclusions—Ethanol reduced cortical GABA and NAA levels in humans. Reductions in
GABA levels are consistent with facilitation of GABAA receptor function by ethanol. The gradual
decline in NAA levels suggests inhibition of neural or metabolic activity in the brain.
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Introduction
Alcohol has a complex pharmacology at concentrations that constitute legal intoxication in
many countries (blood alcohol concentration: 0.04–0.08%) (1). Its acute facilitation of
GABAA receptor function and blockade of NMDA receptors have received intensive study
(2, 3). The facilitation of GABAA receptor function by ethanol is complex and involves
possible direct effects on extrasynaptic GABAA receptors and indirect effects mediated by
increases in the release of GABA and GABAA receptor-modulating neurosteroids (4–7).
There currently is little understanding of the acute effects of ethanol on cortical GABA or
glutamate levels in humans, as well as other relevant metabolite levels that may be measured
in humans using proton magnetic resonance spectroscopy (1H-MRS) (8–10). One study of
acute ethanol effects on frontal cortical metabolites in humans measured with MRS found
reductions in creatine, choline, inositol, and aspartate, but no effects on levels of NAA (11).

1H MRS provides measurements of several neurochemicals implicated in neural and glial
structure and function (12). Levels of the metabolite NAA, which is found in neurons (13),
may change with alterations in neural activity and integrity and may be related to
mitochondrial energetics or neuronal health. A signal that represents choline,
phosphocholine, and glycerophosphocholine is generally believed to represent active
synthesis or breakdown of membranes. Creatine and phosphocreatine, which are involved in
high-energy phosphate metabolism, are unresolved in the brain at most magnetic field
strengths. Myoinositol has a prominent signal and has been identified as a major brain
osmolyte (14) (14). Metabolites involved in amino acid neurotransmission, including
GABA, glutamate, and glutamine, are also quantifiable with MRS. Understanding the acute
effects of ethanol may shed light on the pattern of metabolite changes measured with 1H
MRS in heavy social drinkers and alcohol dependent patients (15). These studies report
reductions in NAA (10, 16–18) and total choline levels (Cho) (16, 17, 19, 20) with little or
no effect on other metabolites such as creatine, myoinositol, or aspartate (20). In recovering
alcohol dependent patients, lower levels of GABA and/or higher levels of glutamate appear
to be associated with the duration of abstinence, the severity of dependence, and the
presence of comorbid smoking (9, 21).

Reports that ethanol potentiates the GABAergic system and that the brain adapts acutely and
chronically to the presence of ethanol led us to hypothesize that the concentration of GABA
will change when ethanol is administered. It could be that GABA would drop as ethanol’s
potentiation of the GABA receptors requires less GABA transmission, or it could be that
GABA would rise as less is released. The current study evaluated changes in GABA,
glutamate, and other neurochemicals in the brains of subjects receiving continuous infusions
of ethanol to shed light on the neuro-metabolic effects of ethanol in healthy humans. To
minimize the impact of the variable pharmacokinetics of oral ethanol administration, this
study employed an intravenous (IV) ethanol infusion paradigm (22) to clamp breath alcohol
at 60 mg/dL.

Methods and Materials
Subjects

Healthy human subjects were recruited from the community via local advertisements. Prior
to their participation, all subjects provided written informed consent based on a protocol
approved by the Yale Human Investigations Committee (New Haven, CT). Alcohol-naïve
individuals, pregnant women (confirmed by urine pregnancy testing), adoptees unable to
provide information regarding their family history of alcoholism, and people with a history
of neurological disorders, ethanol intolerance, or contraindications for MR were excluded.
Individuals were also excluded on the basis of a structured diagnostic interview that revealed
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a psychiatric or substance dependence history (other than tobacco smoking) that met
diagnostic criteria (23). Other exclusionary criteria included unwillingness to remain
alcohol-free for 48 hours before test days, or a history of psychosis or bipolar disorder in a
first- or second-degree relative. Subjects completed a physical exam and routine laboratory
testing, including urine toxicology. On the evening prior to ethanol administration, subjects
were instructed to fast after 10pm to reduce aspiration risk.

Administration of Ethanol
The Investigational Drug Service prepared the ethanol infusate with a 6% (volume/volume)
alcohol concentration in 0.9% saline. The time course of the infusion rate was calculated
based on the subject’s height, weight, age, and gender, using a model of ethanol uptake and
clearance developed at Indiana University-Purdue University Indianapolis (24) with the
specified target of a 20-minute rise in breath alcohol concentration (BAC) to 60 mg/dL and a
plateau of 40–50 minutes. This level approximates ethanol levels commonly achieved
through social ethanol consumption. An antecubital IV line was placed in each arm, one for
infusion of ethanol and the other for drawing of blood samples. Venous blood samples were
obtained every 10 minutes during the infusion and measured using the Analox GM7 (Analox
Instruments USA, Inc., Lunenburg, Massachusetts).

The procedure was performed twice for each subject. The first infusion was in the Hospital
Research Unit to fine-tune the computer-generated infusion profile in an environment where
BAC could be measured with a 6510 Alcotest breathalyzer (Draeger Safety Diagnostics,
Inc., Irving, Texas). Breath samples were obtained every minute until the plateau was
reached and every two minutes thereafter for the duration of the infusion. Self-assessments
were completed at baseline and again over the course of the alcohol infusion: the Similarity
Scale (25), the Number of Drinks Scale (25) and the Biphasic Alcohol Effects Scale (26).
Before and during the infusion, subjects were administered the Mini-Mental Status Exam
(27) and then completed the Grooved Peg Board Task to assess coordination.

After waiting at least one week, the fine-tuned infusion was repeated in a 4-Tesla magnet
(Bruker Instruments, Billerica, MA, U.S.A.) in the Yale Magnetic Resonance Research
Center while MRS was performed. Two IV lines were placed, as was done for the first
infusion. Subjects lay in the scanner for 10–20 minutes while positioning and scanner
adjustments were performed, and then a 20-minute baseline MRS scan was acquired,
followed by the start of the infusion and the acquisition of 60–70 minutes of MRS data.
When the study was designed, we estimated that one hour would suffice to see possible
changes in GABA, based on microdialysis measurements of GABA in the extracellular fluid
of rats infused with ethanol, in which effects were seen at 30 minutes and continued through
90 minutes and beyond (28).

1H MRS
Gradient-echo scout images were acquired for subject positioning. For high sensitivity and
temporal resolution, a surface coil was placed against the back of the head. A voxel of
3.0×3.0×1.5 cm3 was selected in the occipital cortex in or overlapping V1. Non-iterative,
localized shimming was performed (29), and the radiofrequency power was calibrated to
optimize volume selection and editing efficiency over the volume of interest. Localization
was achieved using a spin-echo sequence to select two dimensions, with Shinar-LeRoux
excitation and a sinc refocusing pulses. 3D localization was superimposed with adiabatic
outer volume suppression. Water suppression was performed with adiabatic Chemical-Shift
Selective (CHESS) (30). The J-editing technique for isolation of GABA (31) relied on pairs
of spectra acquired over a 20-minute period, acquiring 1024 complex data points over a 410-
ms acquisition window, with a repetition time of 2.5 seconds. In half the scans, a frequency-
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selective editing pulse was applied at 1.89 ppm, and in the other half, at 1.31 ppm, which, in
conjunction with the echo time of 68 ms, led to a phase difference of the GABA resonance
at 3.0 ppm. Upon subtraction of the spectral pairs, the GABA was separated from the larger,
nearby signals for creatine and choline. The levels of glutamate, glutamine, NAA,
myoinositol, total creatine, total choline, scylloinositol, and ethanol were measured in the
subspectrum that was acquired with the 1.31-ppm editing pulse. Glutamate and glutamine
that appeared co-edited in the difference spectrum were not analyzed, because of the power-
dependence of the frequency spread of the editing pulse profile away from 1.89 ppm.

Each subject’s data was grouped into 10-minute averages to evaluate the metabolite time
courses. Spectral fitting was performed using a measured basis set that included aspartate,
GABA, glutamate, glutamine, creatine, myoinositol, choline, phosphorylcholine, and
glycerophosphorylcholine. Phosphocreatine was simulated by shifting the creatine methyl
resonance, N-acetylaspartyl glutamate (NAAG) was simulated by shifting the NAA methyl
resonance, and scylloinositol was simulated by shifting the creatine methyl resonance. The
final analyses yielded NAA as a sum with NAAG, creatine with phosphocreatine, and the
three species of choline, because of insufficient resolution to determine their levels
individually. Glutamate and glutamine could be measured separately at the echo time of 68
ms, with the center peaks up and the outer wings of each triplet down. At 68 ms, the
aspartate resonance was low in amplitude and poorly determined. Uncertainties in individual
measurements were determined by Monte-Carlo analysis in which the least-squares spectral
fits were treated with random Gaussian noise whose standard deviation was equal to that of
the raw data and refitted, using 20 repetitions, from which the standard deviations of the
uncertainty for each metabolite was determined. For each metabolite, a threshold for
rejection was set at twice the average noise-based standard deviation of the respective
metabolite. GABA levels whose uncertainties were greater than 11%, glutamine levels
whose uncertainties were greater than 20%, and glutamate levels whose uncertainties were
greater than 16% were not included in subsequent analysis. Results were expressed relative
to the initial tissue water. The ethanol time course for each subject was normalized to the
individual’s final ethanol signal.

In addition, six subjects were studied in paired sessions without ethanol to evaluate
macromolecular contamination. In one session, metabolite nulling (32, 33) was done with a
double inversion-recovery that nulled the metabolite resonances but yielded full recovery of
macromolecular resonances, and the editing pulse was placed at 1.89 ppm and 6.65 ppm,
symmetrically around the water resonance, acquiring 432 transients in total for each subject.
Then, in the same group of six subjects, a second approach was used, comparing the
difference spectrum with the editing pulse placed symmetrically about water with the result
from symmetric placement of the editing pulse around the 1.6-ppm macromolecular
resonance (34), with 432 transients recorded in each condition. Both cases revealed no
detectible macromolecular contamination of the edited GABA resonance.

Safety Measures
GABA editing requires minimal head motion, which is typically achieved by padding the
head firmly. With a subject supine, the primary safety concern was aspiration. A nurse or
physician was in the scan room at all times with the subject, the head holder was easily
releasable by the subject, and subjects were instructed to open the doors holder immediately
upon any sensation of nausea. No subject reported nausea.

Because the ethanol was delivered from two one-liter bags of a 6% solution, the most pure
ethanol that could be delivered was 4 fluid ounces, although far less than this was
administered for this procedure. After the infusion, subjects were discharged from the
Magnetic Resonance Research Center or the Hospital Research Unit when their breath
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alcohol had fallen to ≤ 20 mg/dL, which is below the threshold of BAC associated with
impairment in locomotor coordination or judgment in humans (35).

Statistical Analysis
Linear mixed models, which included time (0, 5, 15, 25, 35, 45, 55, 65 min) as a within-
subjects factor, was used to evaluate GABA levels over time. The best fitting variance-
covariance structure was assessed using information criteria. The mixed effects approach is
advantageous in that it is unaffected by randomly missing data and allows greater flexibility
in modeling the correlation structure of repeated measures data. Significant time effects
were interpreted using appropriate post-hoc tests and graphical displays. Similar models
were used for glutamate, glutamine, NAA, creatine, myoinositol, and choline, with a
Bonferroni adjustment of 6 multiple comparisons. Scylloinositol, whose signal is very low,
was evaluated as an exploratory aim. Correlation analysis was used to examine potential
associations between subjective measures associated with ethanol and metabolite levels. All
tests were two-sided and considered significant at the alpha=.05 threshold.

Results
Table 1 describes participants in the ethanol administration study. The sample was
predominately a group of well-educated healthy females in their mid-twenties who exhibited
light and infrequent social drinking.

Ethanol infusion increased breath alcohol levels from 0 to 60 mg% in approximately 20
minutes and maintained it there for the duration of the study (Figure 1). Figure 2 contains
spectra acquired before and during administration of ethanol, as well as time courses of
GABA and NAA during the ethanol infusion. The ethanol resonance at 1.18 ppm was not
seen in the sub-spectrum because placement of the editing pulse at 1.31 ppm generates
nearly a signal null for that resonance. A signal from ethanol is present at 3.68 ppm in the
sub-spectrum but is not obvious due to overlap with myoinositol. A significant effect of
infusion time on levels of GABA (F(7,60)=3.57, p=0.003) was observed. GABA decreased
rapidly by 13 ± 8% during the first 10 minutes of the infusion (t(60)=3.82, p=0.0003). The
decrease was maintained after blood alcohol concentration reached the target of 60mg% and
remained there for the duration of the study. NAA also showed a significant effect of time
after Bonferroni correction (F(7,60)=3.45, p=0.004). When evaluated by individual time
points, NAA decreased by 4 ± 6% in the first 10 minutes (t(60)=3.85, p = 0.0003) and then
decreased steadily over the rest of the hour, to 8 ± 3% below the pre-infusion value by the
end of the infusion (all points p<.05). Figure 3 shows the effects on glutamate and other
MRS measurements over time. The effect of time on glutamate was significant before
Bonferroni correction (F(7,60)=2.63, p=0.019) with reductions observed at most times.
Choline also changed significantly before Bonferroni correction (F(7,60)=2.65, p=0.019),
with decreases observed at all infusion time points, which might be consistent with reports
of low brain choline levels in early sobriety (16, 17, 19, 20). Creatine was consistent over
time (F(7,60)=0.57, p=0.78), while scylloinositol, a metabolite of unknown function,
showed a gradual decrease that after the Bonferroni correction did not reach significance
(F(7,60)=2.35, p=0.035). Although a time effect was not observed for glutamine
(F(7,60)=1.47, p=0.19), glutamine was determined less precisely than glutamate due to its
lower concentration and overlap with other metabolites. A trend time effect was observed
for myoinositol levels (F(7,60)=2.08, p=0.059) with significant increases observed post-hoc.
Brain ethanol rose with a time course that was almost identical to that of breath ethanol, but
venous ethanol lagged the brain and breath by ~7 minutes (Figure 4).

With only three male subjects, sex effects on metabolite levels could not be explored.
Subjects were not blinded to the fact that they were receiving ethanol, and they judged the
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IV ethanol effects to be very similar to their previous experiences with alcohol. The
perceived number of drinks changed significantly with time during the infusion
(F(5,44)=14.5, p<0.0001), with an inverted U-shape, so that the number of drinks perceived
decreased after 30 minutes of ethanol administration, even though the breath alcohol level
remained constant (Figure 5). The number of drinks perceived at 10 minutes, when subjects
began to perceive the drinks, was negatively correlated with the concentration of glutamate
at 15 min (R2=0.74, p=0.0014) (Figure 5), although after correcting for the many
correlations that were tested, the significance did not remain. The two subjects who reported
consuming no alcohol in the previous year appeared unremarkable in all subjective and
MRS parameters when compared to the rest of the group.

Discussion
The principal finding of this study was that a one-hour infusion of ethanol decreased cortical
GABA and NAA levels in a group of healthy young adults, predominately females. Changes
in NAA, glutamate, and other metabolites were also observed in this acute study.

GABA
These data suggest that acute ethanol administration powerfully regulates GABA neuronal
function, although they are limited in their capacity to specify how. The reduction in brain
GABA levels by ethanol is consistent with its known facilitation of GABAA receptor
function (36). In the rodent hypothalamus, acute ethanol administration suppressed the
activity of the GABA synthesizing enzyme, glutamic acid decarboxylase (GAD) (37). The
conversion of GAD from the active holoenzyme to inactive apoenzyme can occur in minutes
(38, 39), so there is potential for changes on the time scale of the rapid rise of ethanol early
in the infusion. It might also be important that the time is similar to how long it takes people
to begin to feel that they have had a drink (Fig. 5). Meanwhile, ethanol does not acutely
modulate the activity of GABA transaminase, the principal GABA catabolic enzyme (40),
so changes in GABA level are expected to be mediated by GAD. These data are also
consistent with the finding that GABAA receptor stimulation with alprazolam similarly
produced a rapid reduction in human cortical GABA levels (41), attributed to a reduction in
GAD activity, although that study made treatment observations only 90 minutes after oral
drug administration. The possibility that ethanol directly or indirectly inhibits GAD activity
may have implications for risk of developing alcoholism. Variance in the human GAD1
gene has been associated with subjective response to ethanol and the age of onset of
alcoholism (42). Variation in the GAD2 gene also has been associated with alcoholism risk
(43).

N-Acetylaspartate (NAA)
This study found that ethanol acutely depressed NAA levels, a mitochondrial product
synthesized in neurons that is sometimes utilized as a measure of neuronal viability. While
changes in NAA levels might reflect a neuronal ethanol effect, it is also possible that ethanol
enhances the activity of acetylaspartylase, a glial enzyme that degrades NAA (44, 45). In the
context of alcohol dependence, decreases in NAA levels may signal reversible brain
metabolic compromise that reflects neural injury or even death. However, in this study NAA
reductions are likely to reflect a reversible metabolic consequence of a relatively low alcohol
dose. Furthermore, it is possible that the NAA effects are region-dependent. For example, a
prior study of frontomesial and cerebellar cortices did not find that ethanol lowered NAA
levels (11). However, there were other differences with the prior study, including methods
of the NAA measurement, the proportion of males and females in the study sample, the way
that alcohol was administered, and the possibility that breath alcohol levels differed. A
recent study with gavage administration of ethanol in rats (46) showed in their control group
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reductions of 9% and 5% in NAA and Cho, respectively, compared to 8% and 7% in Cho in
the present data, similar to the present results.

Other Metabolites
The decreases in choline (p = 0.019) and scylloinositol (p = 0.035) did not remain
significant after the correction for multiple comparisons. Likewise, the decrease in glutamate
(p = 0.019) the p-value of 0.019 for glutamate did not remain significant after Bonferroni
adjustment, nor did the correlation of glutamate with the perceived number of drinks (p =
0.0014) A future study with an a priori hypothesis of changes in glutamate and glutamine
could assess these observations and possibly employ 13C-MRS to measure the turnover rates
for glutamate and glutamine directly may help to inform our understanding of ethanol
effects on human cortical glutamatergic function (47, 48).

Comparisons of Ethanol in Brain, Venous Blood, and Breath
The time courses of brain and breath ethanol differed insignificantly, but venous blood
ethanol levels lagged by ~7 minutes. Given a recent report that capillary and breath alcohol
are very similar, while venous ethanol lags significantly (49), the current observations
suggest that brain ethanol is determined primarily by rapid transfer from the capillary beds.
Rapid perfusion is consistent with MRS measurements in rats (50) and with other
measurements in organs with high blood flow, including brain (51). This conclusion is based
on ethanol signals normalized by the final values, because absolute quantification was not
performed due to power-dependent bandwidths of the J-editing pulse at the 1.18-ppm
position of ethanol. Similar conclusions were reached on the basis of measurements at
steady-state following oral administration of ethanol (52). Within each session, the same
power was used for all measurements, and the ethanol signals were internally consistent and
could therefore be normalized to the end point.

Acute ethanol tolerance
This study replicated the observation of acute tolerance to the subjective effects of ethanol
made possible by the improved technique for holding blood alcohol levels steady using the
IV alcohol clamp procedure (53). However, we were not able to identify a neuro-metabolic
signature of the acute tolerance to ethanol effects.

Macromolecular measurements
Quantification of the small edited GABA signal can be affected significantly by even a little
contamination from macromolecular resonances. The echo delay of 68 ms reduces their
signal sufficiently that they are normally ignored, their impact on edited GABA was
measured and found to be undetectable. Because the resonances are farther apart at higher
field strength, the finite bandwidth of the GABA editing pulse has less effect on the
macromolecular resonance at 1.6 ppm. Still, to reduce contamination that might potentially
occur, the GABA editing scheme of symmetry about the 1.6-ppm resonance was used (34).

Limitations
This pilot study was associated with a number of limitations that affect the ability to draw
firm conclusions from the results. First, despite efforts to reduce clinical confounds, the
small study sample limited our ability to control for sex, age, menstrual cycle, extent of prior
alcohol consumption, and family history of alcoholism. It also limited the statistical power
to explore correlations between metabolite changes and subjective effects. Second, the use
of a surface coil placed over occipital cortex made it possible to make the GABA
measurements with high sensitivity and time resolution in this study, but it limited the brain
regions that could be studied. Third, this pilot study did not employ a placebo infusion,
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raising the possibility that this report does not control adequately for some experimental
confounds. Fourth, the safety measure of fasting overnight has the potential to affect
ethanol’s effects, such as the euphoric response (54), but information about the effects of a
brief period of fasting on ethanol are limited. Last, unsuppressed water was only measured
with the first acquisition, pre-ethanol administration, so water cannot be used to evaluate a
possible change in the MRS detection efficiency in the volume of interest as an explanation
for the decrease in GABA and other metabolites. However, the fact that creatine was very
stable, myoinositol rose, and the patterns of decrease in GABA, glutamate, and choline
differed from one another suggests that it is unlikely that the decreases resulted from
changes in detection efficiency (Figure 3).

Summary
In conclusion, GABA was observed to decrease significantly within the first few minutes of
IV ethanol administration and remained low, while NAA fell more gradually over the course
of the infusion. Ethanol in the brain had a time course that was similar to that of the breath
but faster than that seen in the venous blood. These findings provide a neuro-metabolic
profile of the acute effects of ethanol in humans that may inform subsequent studies of
human ethanol intoxication and the risk for alcoholism.
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Figure 1.
Breath alcohol concentrations (BAC; diamonds) from subjects during continuous infusions
of ethanol 6% (v/v) compared to the desired profile (solid line). Breath samples were
obtained every minute until the plateau was reached and then every 1–2 minutes thereafter
for the duration of the experiment.
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Figure 2.
Spectra obtained before (A) and during (B) IV administration of ethanol show resonances
that include GABA and ethanol. In each set, the upper spectrum represents the subspectrum
obtained without the J-editing pulse applied, and the lower spectrum shows the difference
spectrum where ethanol and GABA are clearly visible. Figures C and D show the time
courses of GABA and NAA over the course of the ethanol infusion. (****p<0.001;
***p<0.01; **p<0.02; *p<0.05)
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Figure 3.
Time courses of brain metabolites before (t=0) and during the ethanol clamp. (****p<0.001;
***p<0.01; **p<0.02; *p<0.05)
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Figure 4.
Average time courses of ethanol observed in the brain, breath, and blood during the IV
alcohol infusions.
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Figure 5.
(A) Number of drinks perceived by the subjects over time during the infusion. (B)
Relationship between the perceived number of drinks at 10 minutes and the level of
glutamate at 15 minutes, which is actually the glutamate signal averaged from 10 to 20
minutes (R2=0.74; p=0.0014).
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Table 1

Demographic data and drinking history from subjects (n=11) in this study.

Characteristic Measure % Number
of

Subjects

Gender women/men 73 / 27 8/3

Age (mean SD) 26.4 4.1 years - -

Years of education (mean SD) 16.6 1.0 years - -

Ethnicity Caucasian 100 11

In past year, frequency of drinking 0 drinks
3–11 times/year
2–3 times/month
2 times/week

18
27
45
9

2
3
5
1

On a typical drinking occasion, number of drinks consumed 0
1
2
3–4

18
9

36
36

2
1
4
4
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