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Abstract

Alcohol produces many subjective and objective effects in man including pleasure, sedation, anxiolysis, plus impaired eye movements and
memory. In human volunteers we have used a newly available GABA-A/benzodiazepine receptor inverse agonist that is selective for the a5
subtype (a5IA) to evaluate the role of this subtype in mediating these effects of alcohol on the brain. After pre-treatment with a5IA, we found
almost complete blockade of the marked impairment caused by alcohol (mean breath concentration 150 mg/100 ml) of word list learning and
partial but non-significant reversal of subjective sedation without effects on other measures such as intoxication, liking, and slowing of eye
movements. This action was not due to alterations in alcohol kinetics and so provides the first proof of concept that selectively decreasing
GABA-A receptor function at a specific receptor subtype can offset some actions of alcohol in humans. It also supports growing evidence
for a key role of the a5 subtype in memory. Inverse agonists at other GABA-A receptor subtypes may prove able to reverse other actions of
alcohol, and so offer a new approach to understanding the actions of alcohol in the human brain and in the treatment of alcohol related disorders
in humans.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The inhibitory effects of natural inhibitory neurotransmitter
GABA are positively modulated by agonists such as benzodi-
azepines and alcohol. Benzodiazepine receptor agonists, such
as lorazepam, have been used as treatments for anxiety, insom-
nia, epilepsy and muscle tension for over 40 years. In addition,
they have also been used to induce anterograde amnesia prior
to surgical procedures. Alcohol has been used for millennia for
similar effects. Most of the GABAA receptors in the brain con-
tain a, b and g subunits in a 2:2:1 stoichiometry (Tretter et al.,
1997). The BZ binding site occurs at the interface of an a1,
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a2, a3 subunit and the g2 subunit with the a subunit being
of particular importance in determining the pharmacology of
the benzodiazepine type drugs. Moreover, it has recently
been shown that the various effects of benzodiazepine agonists
are modulated by different subtypes of the GABAA receptor
depending on which a-subunit it contains (Rudolph and
Mohler, 2004). These studies suggest that GABAA receptors
containing an a1 subunit mediate the sedative effects of diaz-
epam whereas a2 or a3 containing receptors mediate its anxi-
olytic effects. However, the functions of receptors containing
an a5 subunit (a5 subtype), which are preferentially expressed
in the hippocampus and other limbic regions (Fritschy and
Mohler, 1995; Lingford-Hughes et al., 2002) are less well de-
fined although this localisation and evidence from rodent stud-
ies suggest that it may play a role in memory (Collinson et al.,
2002; Cheng et al., 2006). In addition, the a5 subtype has been
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implicated in mediating several of the effects of alcohol in ro-
dents, such as liking, motor in-coordination and sedation (June
et al., 2001; McKay et al., 2004; Pickering et al., 2007), sug-
gesting that alcohol may act to potentiate the effects of GABA
at these receptors. Alcohol has been shown to act as an indirect
agonist at the GABAA receptor complex where it increases the
actions of GABA and of other agonist drugs that act on the
complex (e.g. benzodiazepines and barbiturates). However al-
cohol does not bind to either the GABAA receptor or the ben-
zodiazepine binding site; rather it appears to increase the
allosteric coupling between the GABAA receptor and the chlo-
ride ion channel (Wallner et al., 2003).

We have recently demonstrated that the PET tracer,
[11C]Ro15-4513, has relative selectivity (10� higher affinity)
for the a5- subtype of the GABAA receptor compared with the
other receptor subtypes in both humans and rodents and that
the highest density of tracer binding was found in the hippo-
campus of both species (Lingford-Hughes et al., 2002). Previ-
ous work has shown Ro15-4513 to be an inverse agonist at the
benzodiazepine receptor which means it has opposite effects to
benzodiazepine receptor agonists (e.g. diazepam) in that it de-
creases, rather than increases the effects of GABA. A number
of studies both in vitro and in rodents have shown that Ro15-
4513 acts as a functional ‘‘alcohol antagonist’’, for it has been
shown to significantly block the electrophysiological actions
of alcohol and to attenuate both the anxiolytic effects and
the behavioural impairment (loss of righting reflex, staggered
gait, sedation) produced by alcohol (Suzdak et al., 1986).
These actions are presumably mediated via the ability of
Ro15-4513 to decrease GABAA-mediated inhibition since
they are blocked by the benzodiazepine receptor antagonist
flumazenil (Suzdak et al., 1986) and mimicked to some extent
by other inverse agonists, e.g. FG 7142 (Nutt and Lister,
1988). However though Ro 15-4513 shows 10-fold selectivity
for the a5 subtype (Lingford-Hughes et al., 2002) it is likely
that at the doses used in these alcohol reversal experiments
it was acting at all the four subtypes (a1, 2, 3, 5) at which it
displays inverse agonist actions.

It is not possible to use Ro15-4513 in humans as it has not
been through toxicological studies and its inverse agonism at
the a2 and a3 subtypes might be predicted to cause anxiety
like that found with another non-selective inverse agonist FG
7142 (Horowski and Dorrow, 2002). However recently a com-
pound, a5IA, has been synthesised that shows high affinity but
functional selectivity at benzodiazepine receptor subtypes, be-
ing an inverse agonist at the a5 subtype and an antagonist at
the other subtypes (Sternfeld et al., 2004).

In view of the possible role of the a5 subtype in the amnes-
tic and sedative effects of alcohol and liking for it, we have
assessed the ability of this new functionally selective a5 recep-
tor inverse agonist, a5IA, on the effects of alcohol in humans.
In this pilot study, a broad range of measures were chosen to
detect the major actions of alcohol intoxication such as amne-
sia, psychomotor function, sedation and pleasure. Specifically
we expected that the a5 inverse agonist would reduce the sub-
jective effects of alcohol, particularly those involving pleasure
or ‘urge to drink’. We also predicted that the a5 inverse
agonist would have less effect on the impairment of objective
effects, e.g. saccadic eye movements, due to the low abun-
dance of these a5 receptors in the main brain regions impli-
cated in the control of eye movements.

2. Methods

This was a double-blind placebo-controlled crossover study approved by the

research ethics committee and was carried out to Good Clinical Practice guide-

lines. Twelve male volunteers who regularly drink between 20 and 40 units

a week (UK; mean � SD 27 � 6 units/week), equivalent to 13e26 standard

(US) drinks a week were recruited. All but one scored 8 or more on the Alcohol

Use Disorders Identification Test (Saunders et al., 1993), which is the threshold

for likelihood of alcohol misuse disorder (11 � 3). However the mean score on

the Severity of Alcohol Dependence questionnaire (Stockwell et al., 1983) was

very low (4 � 4). They were all students undertaking postgraduate degrees (two

undergraduate) or post-doctoral researchers with a mean age of 24.6 � 4.2 years.

After informed consent, screening with medical, psychiatric and drinking his-

tory, physical examination, routine biochemistry and haematology and urine

screen for drugs of abuse was carried out. All the subjects were healthy with

average body weight 80 � 14 kg and had normal physical examination and rou-

tine biochemistry and haematology tests. Their urinalysis for drugs of abuse

were negative. Subjects completed the Spielberger State and Trait Anxiety In-

ventory (Spielberger et al., 1970) and Beck Depression Inventory (Beck et al.,

1961). They were not anxious or depressed (SSAI 34.8 � 8; STAI 28 � 6;

BDI 4 � 4). They then attended our research centre for 2 days, a week apart.

Each subject received either placebo or a5IA in a randomised order. They

were asked not to consume any alcohol over the 24 hours before the testing

days and to have a low fat breakfast on each study day.

On the study day they were checked for eligibility with health check, urine

drug screen and breathalyser. We measured saccadic eye movements (SEMs)

to a target (for method, see Wilson et al., 1993), antisaccades and smooth pur-

suit eye movements (Holdstock and de Wit, 1999). They completed subjective

questionnaires: the Subjective High Assessment Questionnaire (SHAS;

(Schuckit, 1980)), the Biphasic Alcohol Effects Scale (BAES; (Martin et al.,

1993)) and the Alcohol Urge Questionnaire (Bohn et al., 1995) and visual an-

alogue scales of mood, and performed a specific test of motor coordination and

sedation (zig-zag task; Acons et al., 2006). They were then dosed with 4 mg of

a5IA or placebo. We chose this dose based on previous studies including one

with [11C]flumazenil PET.

Two hours after dosing (peak drug effect based on previous studies) sub-

jects were given alcohol, 0.8 g/kg in the form of vodka, with sparkling orange

juice to make up the volume to 400 ml. This is approximately equivalent to 6.5

ounces of 80 proof vodka for a 160 lb man. They consumed the drink in 8

equal aliquots, one every 2 min. After this they were allowed one small mea-

sure of their favourite alcoholic drink with some small snacks, e.g. peanuts,

potato chips, because we were interested in measures of alcohol liking and

urge to drink, and we wanted the latest alcohol to be their preferred drink.

We measured breath alcohol, saccadic and smooth pursuit eye movements

and subjective ratings regularly for 2 h after drinking finished (see Table 1).

One hour after drinking finished, they were given a printed list of 20 words

and told to memorize them and that they would be asked to recall them after

30 min. The zig-zag task was then repeated and the eye movement and question-

naire ratings continued. Thirty minutes after memorizing the list, they were

asked to write down as many of the words as they could recall. Lists on the

two occasions were matched for length and number of syllables, and contained

10 neutral, 5 positive and 5 negative words with matching emotional ratings.

3. Results

3.1. Effects of a5IA alone

a5IA alone had minimal or no effect on the range of motor
and subjective measures when baseline measures were com-
pared with those taken at expected peak a5IA levels at 2 h
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(see Tables 2 and 3). Thus all the parameters derived from sac-
cadic eye movements (SEMs) including peak velocity and de-
celeration, smooth pursuit lead time and number of saccadic
intrusions were not affected by a5IA (see Table 3, Fig. 1). Rat-
ings from the ‘subjective high assessment scale’ (SHAS: total)
and ‘biphasic alcohol effects scale’ (BAES) ‘up’ and ‘down’
were not altered by a5IA apart from a slight increase in dizzi-
ness and nausea subscales at the expected peak time of the
drug’s effects (see Table 2). Dizziness was also mentioned
when asked about adverse events, but there were no others.
There was no effect on the ‘urge to drink’ (AUQ). Cardiovas-
cular indices, systolic and diastolic blood pressures and heart
rate were not significantly altered by a5IA (see Table 3).

3.2. Effects of alcohol alone

Consumption of alcohol increased breath alcohol levels to
expected levels (Fig. 1; see Table 2). The first breathalyser
reading was taken within 15 min of ingesting alcohol, there-
fore it is likely that some residual breath alcohol contributed
to the reading. As predicted, alcohol alone (i.e. with placebo)
affected many subjective measures and motor tasks. We com-
pared the data collected just prior to consumption of alcohol
with data from all subsequent time-points. All the parameters
derived from SEMs were significantly ( p < 0.05) impaired by
alcohol (see Table 3 and Fig. 2). Alcohol consumption signif-
icantly reduced systolic and diastolic blood pressures and
there was a trend of increased heart rate (see Table 3). The
SHAS ‘total’ and BAES ‘up’ but not ‘down’ ratings were sig-
nificantly increased by alcohol (see Table 2). The SHAS dizzy
and nausea subscales were also not significantly affected how-
ever there was a significant increase in ‘sleepy’. The ‘urge to
drink’ was significantly increased after consuming alcohol
(see Table 2).

In addition performance on the zig-zag task was affected
with a significant increase in errors but not in time (see Table 3).
Alcohol’s effect on memory is evident by the lower number of
words recalled (5.33 � 0.9 words, from a list of 20 words; see
Table 3) which is about half of what is found in a normal
population (Soo-Ampon et al., 2004).

3.3. Effects of alcohol with a5IA pre-treatment

The active drug, a5IA, had no effect on the breath alcohol
timeeactivity curve which at 30 min after ingestion reached
133 � 24 mg/ml breath alcohol compared with 138 � 35 mg/
ml breath alcohol with placebo (also see Fig. 2).

After pre-treatment with a5IA, the subjective effects of al-
cohol consumption were unchanged (see Table 2). Data were
analysed comparing pre-alcohol with all the post-alcohol
time points as well as analysis of all time points from baseline
to the end of the study. Of note, the increase in ‘urge to drink’
by alcohol was not altered by a5IA pre-treatment (see Table 2).
The effects of alcohol significantly increasing SHAS total
and BAES ‘up’ ratings were also not modified by a5IA pre-
treatment, including those on dizziness, nausea and sleepy
(see Table 2, Fig. 2). In addition the effects of alcohol



Table 2

Subjective measures

Baseline

T ¼ 0

Drug

effecta
Alcohol

effectb
Alcohol

� drug

effectc
P 4 h

30 min

(120 min)

P A F, p F, p F, p

Breath

alcohol

(mg/

100 ml)

0 103 � 40 63 � 29 89 � 26

AUQ 13.9 � 6 14.4 � 6.4 14.1 � 4.9 12.8 � 3.9 ns 9.5,

0.01

ns

SHAS

total

67.5 � 58.7 82.7 � 179.6 165.3 � 182.1 129.7 � 142.7 ns 8.6,

0.14

ns

SHAS

dizzy

3.4 � 3.8 10.6 � 12.9 8.7 � 18.4 9.3 � 14.6 8.8,

0.013

ns ns

SHAS

nausea

2.9 � 3.4 3.8 � 6 4.2 � 5.2 3.1 � 5.5 5.9,

0.03

ns ns

SHAS

sleepy

16.0 � 17.4 28.1 � 30.8 33.4 � 30.2 18.3 � 25.1 ns 5.83,

0.03

ns

BAES: up 5.4 � 4.7 12.6 � 11.4 12.5 � 11.8 11 � 10.0 ns 27.6,

<0.001

ns

BAES:

down

5 � 5.3 12.7 � 12.2 13.2 � 12.7 11.3 � 10.9 ns ns ns

P, placebo; A, a5IA.
a Comparison between
b Comparison between
c Comparison between
Peak a5IA

T ¼ 1 h 45 min

Post alcohol consumption

A P A 2 h 45 m

(15 min)

3 h

30 min

(60 min)

4 h

(90 min)

P A P A P A

0 e e e e 108 � 37 111 � 35 83 � 28

13.3 � 6 15.2 � 7 13.0 � 5.5 27.7 � 11.5 25.1 � 11.3 22.2 � 10.7 18.7 � 9.5 17.9 � 5.6

76.5 � 64.1 62.2 � 74.6 87.5 � 64.4 273.3 � 209.4 305.6 � 212.7 240.3 � 221.3 235.4 � 204.1 202.5 � 186.2 1

2.5 � 3 3.2 � 6.5 10.1 � 11.7 12.7 � 15 17.3 � 20.5 12.3 � 19.6 11.6 � 13.2 10.8 � 23.8

1.4 � 2.7 2.8 � 3.7 8.7 � 11.9 4.8 � 8 6.8 � 8.2 3.7 � 4.8 5.7 � 6.3 4.3 � 5.5

13.8 � 15.7 18.2 � 20.5 12.4 � 11.3 10.4 � 13.6 14.2 � 22.4 34.2 � 30.6 26.2 � 31.6 40.1 � 33.2

5.4 � 6.1 6.6 � 8.0 7 � 6.5 9.2 � 9.2 13.2 � 10.4 11.4 � 9.4 12.5 � 10.1 13.3 � 11.7

5.3 � 6.1 5.9 � 9.2 7.2 � 6.8 9 � 9.1 12.7 � 11.4 11.9 � 9.8 12.7 � 11.4 14 � 12.0

data collected at baseline and at expected peak drug effect (2 h).

data collected at 2 h (just prior to alcohol consumption) with all subsequent time points for alcohol þ placebo.

data collected at 2 h with all subsequent time points.



Table 3

Objective me

Drug

effecta
Alcohol

effectb
Alcohol �
drug effectc

4 h 30 min

(120 min)

P A F, p F, p F, p

Breath alcoh

(mg/100 m

63 � 29 89 � 26

Words recall

(correct)

P < 0.001

Words recall

(incorrect)

ns

Zig-zag task

time (s)

ns ns ns

Zig-zag task

no. errors

ns ns ns

Target sacca

peak veloc

(deg s�1)

450 � 64 480 � 55 ns 9.6, 0.011 ns

Target sacca

peak dece

(deg s�2)

�40 � 11 �45 � 10 ns 6.8, 0.026 ns

Smooth purs

lead time

61 � 33 53 � 19 ns ns ns

Smooth purs

no. saccad

intrusions

43 � 23 41 � 27 ns 25.8, 0.001 ns

Systolic bloo

pressure (m

118 � 12 125 � 13 ns 5.97, 0.033 ns

Diastolic blo

pressure (m

66 � 8 64 � 9 ns 4.83, 0.05 ns

Heart rate (b 71 � 12 76 � 11 ns ns ns

a Comparis
b Comparis
c Comparis

8
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4
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.J.
N

utt
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N
europharm

acology
53

(2007)
810e

820
asures

Baseline

T ¼ 0

Peak a5IA

T ¼ 2 h

Post alcohol consumption

P A P A 2 h 45 min

(15 min)

3 h 30 min

(60 m)

4 h

(90 m)

P A P A P A

ol

l)

0 0 e e e e 108 � 37 111 � 35 83 � 28 103 � 40

ed 5.3 � 3.1 8.4 � 1.9

ed 1.4 � 1.1 0.8 � 1.1

73 � 31 71 � 27 67 � 30 67 � 29

13.5 � 6 12 � 5 15.5 � 10 12 � 7

des

ity

546 � 63 543 � 101 529 � 73 552 � 50 446 � 56 471 � 63 450 � 37 463 � 60 450 � 67 473 � 60

des

leration

�59 � 14 �61 � 16 �54 � 15 �62 � 12 �39 � 8 �44 � 13 �40 � 6 �43 � 12 �40 � 11 �44 � 12

uit,

(ms)

41 � 18 40 � 15 47 � 26 47 � 20 50 � 26 58 � 30

uit,

ic

25 � 21 23 � 18 22 � 27 27 � 20 49 � 20 47 � 25

d

mHg)

132 � 15 129 � 15 126 � 15 131 � 14 128 � 18 135 � 13 123 � 16 130 � 14 119 � 13 124 � 16

od

mHg)

72 � 2 70 � 2 69 � 9 73 � 10 69 � 7 75 � 9 64 � 8 66 � 9 62 � 6 66 � 9

pm) 72 � 11 76 � 14 58 � 11 63 � 15 66 � 9 71 � 10 73 � 13 77 � 15 73 � 11 75 � 10

on between data collected at baseline and at expected peak drug effect (2 h).

on between data collected at 2 h (just prior to alcohol consumption) with all subsequent time points for alcohol þ placebo.

on between data collected at 2 h with all subsequent time points.
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BAES ‘down’ were not significantly altered by a5IA pre-
treatment.

Concerning the objective measures, a5IA pre-treatment did
not significantly alter the response to alcohol. All parameters
of saccadic eye movements were still significantly impaired
after consuming alcohol (see Table 3). The effects of alcohol
on systolic and diastolic blood pressures and heart rate were
also not modified by a5IA pre-treatment. Similarly the time
taken to complete the zig-zag task or the number of errors after
drinking alcohol was not significantly altered by a5IA (see
Table 3).

The major result of this study was that, by contrast, the pro-
nounced effect of alcohol on memory was attenuated by a5IA
(see Table 3). Pre-treatment with a5IA was associated with sig-
nificantly ( p < 0.01) more words recalled (8.42 � 0.5; see
Fig. 3a) than with alcohol alone (5.33 � 0.9). There was a
significant ( p < 0.001) negative correlation between perfor-
mance on alcohol and placebo and improvement on alcohol
and active drug (see Fig. 3b) showing that those most impaired
by alcohol improved the most. There was no difference in the

Saccadic eye movements and blood alcohol level
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Fig. 1. Effect of alcohol and a5IA on peak velocity target SEM and breath

alcohol levels. No effect of a5IA on peak velocity of target saccades, nor

does a5IA modify the impairment induced by alcohol. Mean � SD.
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Fig. 2. Effect of alcohol and a5IA on self-reported sleepiness from SHAS.

The sleepiness inducing actions of alcohol are partially attenuated by a5IA.

Mean � SD.
breath alcohol levels between active and placebo days at time
of learning the word list (placebo: 138 � 10 vs a5IA:
133 � 7 mg/100 ml). There was no significant correlation be-
tween words recalled and sleepiness rating at the same time
point under neither placebo conditions (correlation coefficient:
�0.168; p ¼ 0.603) or under active a5IA (�0.125; p ¼ 0.7). If
taken as one group (i.e. if effect was only mediated through
sleepiness) a non-significant correlation was also seen
(�0.226; p ¼ 0.289).

4. Discussion

We have shown that pre-treatment with an inverse agonist
at the a5 subtype, a5IA, markedly reduces alcohol’s amnestic
effect on learning a word list and partially attenuates the sed-
ative actions of alcohol without affecting other functional or
subjective impairments. Word list learning involves hippocam-
pal processing (Eichenbaum, 2004) and the attenuation by
a5IA of alcohol induced anterograde amnesia is consistent
with the very high density of the a5 subtype-containing recep-
tor in this brain region (Fritschy and Mohler, 1995; Lingford-
Hughes et al., 2002; Wainwright et al., 2000). Additionally the
observation that the antagonism produced by a5IA was pro-
portional to the degree of impairment produced by alcohol
suggests a true pharmacological antagonism rather than a sim-
ple memory improving action in the opposite direction. This
implies that a5IA was not improving memory directly but
rather antagonising the actions of alcohol.

Increasing evidence from animal studies suggests that the
a5 subtype of the GABA-A receptor is important in learning
and memory, though the a1 may also play a role (Rudolph
et al., 1999; Mintzer and Griffiths, 1999). For instance mice
in which the function of the a5 subtype has been attenuated
by knock-out or knock-in strategies, show enhanced learning
in tasks involving the hippocampus but not in a non-hippo-
campal learning or anxiety task (Collinson et al., 2002; Cheng
et al., 2006; Crestani et al., 2002). In rodents inverse agonists
selective for the a5 subtype have been shown to improve
memory and learning (Sternfeld et al., 2004; Dawson et al.,
2006). In humans, the a5 subtype has been implicated in
changes in cognitive function with ageing and Alzheimer’s
disease (Rissman et al., 2004). However another study in
man showed they were spared (Howell et al., 2000) and a study
of aging in rats showed similar preservation of high a5 levels
(Yu et al., 2006) suggesting a5 is a potential therapeutic target
early in the process of declining cognition. This compound,
a5IA, did not improve normal memory function in other exper-
iments (MSD, unpublished observations).

Whilst overall only 5% of the brain’s GABA-A receptors
contain the a5 subunit, they constitute approximately 25%
of the GABA-A receptors in the hippocampus. They are local-
ized primarily to extrasynaptic regions on cell bodies and api-
cal dendrites of glutamatergic pyramidal neurons in the CA1
and CA3 hippocampal regions (Brunig et al., 2002) and medi-
ate tonic inhibitory currents rather than synaptic, transient neu-
rotransmission (Caraiscos et al., 2004). It may be that the a5
subtype is therefore only active in situations when GABA
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Fig. 3. Effect of alcohol and a5IA on word recall.
concentrations are increased or its function enhanced (e.g. by
alcohol). Activity of the glutamatergic pyramidal neurons is
strongly linked to long-term potentiation (LTP), a process in-
volved in laying down memories, and alcohol has been shown
in pre-clinical models to inhibit LTP (Blitzer et al., 1990). Al-
though alcohol also reduces glutamate release and antagonises
NMDA function, evidence suggests that the action of alcohol
and benzodiazepines to interfere with LTP occurs pre-synapti-
cally to glutamate release (Shimizu et al., 1998). Therefore
activation of these extra-synaptic a5 receptors, e.g. by a benzo-
diazepine agonist or alcohol may contribute to modulation of
LTP. We suggest that a5IA acting as an inverse agonist at a5
receptor allows more LTP and therefore can offset the increase
in GABA agonist function produced by alcohol, so restoring
memory capability.

The receptor subtype at which GABA-A receptor agonists
such as benzodiazepines and alcohol act to cause sedation is
not fully characterised but the a1 is thought to play a signifi-
cant part in the actions of the benzodiazepine receptor hyp-
notics, e.g. zolpidem (Rudolph and Mohler, 2004). Our data
suggest that, in part, alcohol-induced sedation in humans
may be mediated via the a5 subtype as it seems to be in
some but not all rodent models (Cheng et al., 2006; Cook
et al., 2005; Stephens et al., 2005). Whether this action is at
the level of the hippocampus or elsewhere in the brain is not
known. However in this study, a5IA itself did not significantly
increase arousal or reduce sleepiness prior to the administra-
tion of the alcohol (see Table 2 and Fig. 2).

Our findings do not necessarily prove that alcohol acts to
impair memory only via the a5 subtype receptor and it is pos-
sible that alcohol acts ‘‘upstream’’ to the brain site at which
a5IA is acting, perhaps through an action on a4d subtype re-
ceptors (Wei et al., 2004; Wallner et al., 2006) or through
augmentation of glutamate function (Carta et al., 2003). De-
creasing GABA-A function ‘‘downstream’’ in the hippocampus
by a5IA, probably in the CA3 region where the a5 receptors
are most dense could then offset this action (see Fig. 4). If
this is true then a5IA might be able to antagonise the effects
of other drugs that impair memory such as anaesthetics and
scopolamine, something that could be investigated in future
studies.

We cannot eliminate the possibility that the trend effect of
a5IA to attenuate sedation was a contributory factor to the ef-
fect on memory, although if replicable this is would be of in-
terest itself as a demonstration of the reversal of any effect of
alcohol by inverse agonists in humans. Indeed Savic et al.
(2007) have shown an a5 agonist to induce some sedation,
so the attenuating effects of a5IA would be consistent with
this study. However Schuckit et al. (2000) commented that
some items, such as sleepiness (and nausea) in the SHAS
could be affected by environmental events outside the study
(e.g. how well they slept the night before) and therefore intro-
duced large variance. This also happened in our study with one
individual describing poor sleep the previous night. No signif-
icant effect of alcohol was seen on the ‘down’ or sedative
items of the BAES scale. There was also no correlation be-
tween sedation scores and performance on the memory task.
In addition other studies with sedating benzodiazepine agents
have found no direct relation between sedation and memory
impairment (Curran et al., 1995; Curran, 1991; Huron et al.,
2002; Buffett-Jerrott et al., 1998).

We also hypothesised that a5IA might reduce alcohol liking
since in rodents selective a5 inverse agonists have been shown
to reduce alcohol self-administration and reinforcement poten-
tial (June et al., 2001; McKay et al., 2004). Furthermore a5
subtype knock-out mice had also been shown to have reduced
liking for alcohol, whereas the a1 and a2 subtypes have not
been shown to be involved in alcohol preference (Boehm
et al., 2004). However we did not find that a5IA modified
the subjects’ reports about alcohol’s pleasurable effects or
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their urge to drink more alcohol. This study did not aim to re-
produce animal models of preference and it may be that the
paradigm and questions used are not sufficiently powerful to
detect any effect of a5IA or that a more efficacious inverse ag-
onist would be required. A more appropriate test may be to de-
termine if a5IA reduces how much alcohol is drunk by
subjects with free access to alcohol as has been shown for hal-
operidol (Enggasser and de Wit, 2001). Consistent with this
proposal is recent pre-clinical evidence that given free access
to ethanol, a5 subtype knock-out mice consumed less ethanol
at high but not low ethanol concentrations, than wild-type
mice (Stephens et al., 2005). In addition, a related inverse ag-
onist to the one we have used, a5IA-II was reported to reduce
instrumental responding at higher doses for ethanol but not for
sucrose (Stephens et al., 2005). They concluded that the a5
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subtype is not essential for ethanol reward but does reduce
‘drug seeking’ behaviour. In our study, we chose to study
heavy experienced social drinkers rather than alcohol depen-
dent patients to avoid the complications of dependence, in-
cluding brain damage. It would be interesting to determine
the effect of a5IA in alcohol dependent subjects.

There are several possible reasons why a5IA’s inverse ago-
nism at the a5 subtype did not modify any of the other mea-
sured effects of alcohol. First, these actions of alcohol are
likely to be mediated by interactions at GABA-A receptor sub-
types other than a5. For instance there is good evidence in ro-
dents that the a2 and a3 subtypes mediate benzodiazepine
anxiolysis (Rudolph and Mohler, 2004). There is accumulating
evidence from knock-out mice studies on a1, a2, a6 and a1
subunits (Boehm et al., 2004; Blednov et al., 2003; Mihic
et al., 1997) and electrophysiological studies on a4b3d and
a6b3d-containing receptors (Wallner et al., 2003) that various
subtypes also mediate some of the effects of alcohol. Alterna-
tively, the lack of effect of a5IA on most of the other actions of
alcohol could also be because these are mediated by interac-
tions with other neurotransmitters such as glutamate, where
alcohol reduces excitatory drive (Carta et al., 2003b).

Whilst inverse agonism at the a5 subtype of the GABA-
benzodiazepine receptor is the unique aspect of a5IA’s phar-
macology, it is also an antagonist at the a1, a2 and a3
subtypes (Sternfeld et al., 2004). It seems unlikely that such
antagonism contributed to any of the effects seen since fluma-
zenil, the non-selective benzodiazepine receptor antagonist
does not generally reverse or oppose the actions of alcohol
in animal models (Suzdak et al., 1986; Koob et al., 1986).
In humans, flumazenil has been shown not to alter the subjec-
tive effects of alcohol intoxication, including sedation, nor
reverse psychomotor impairment (Fluckiger et al., 1988; Klotz
et al., 1986). Importantly, flumazenil has no effect on explicit
memory tasks (Hommer et al., 1993). Although flumazenil has
not been directly tested on the effects of alcohol in an explicit
memory paradigm in humans it seems unlikely that antago-
nism at the a1, a2 and a3 subunit-containing receptors rather
than inverse agonism at the a5 subunit-containing receptor can
explain the effects of a5IA on alcohol-induced amnesia, since
all the preclinical evidence points to inverse agonism rather
than antagonism being necessary to reverse the actions of
alcohol.

It is possible that the more global antagonism of the
actions of alcohol in rodents as produced by Ro15-4513 might
reflect the inverse agonism of this compound at the other
receptor subtypes as it acts as an inverse agonist at a1, a2,
a3 and a5 subtype receptorsdthough it acts as an agonist at
a6 and a4 subtypes (Huang et al., 2000; Knoflach et al.,
1996) and possibly as an antagonist at the a4d subtype
(Wallner et al., 2006). It is noteworthy that in the original
Ro15-4513 study, Suzdak et al. (1986) used cortical synapto-
somes where few a5 subtype receptors are present yet still re-
ported large effects of Ro15-4513, suggesting possible a1
inverse agonist actions. It is possible that higher doses of
a5IA might have led to an action on functions that are im-
paired by alcohol acting in brain regions in which a5 receptor



818 D.J. Nutt et al. / Neuropharmacology 53 (2007) 810e820
density is lower, e.g. frontal cortex. Future experiments with
a range of doses of a5IA could be helpful in resolving these
issues although it would be surprising if all the actions of
alcohol could be explained by an action at the a5 subtype. It
would therefore be of great interest to determine if inverse ag-
onists selective to other benzodiazepine receptor subtypes
would antagonise these other actions of alcohol. Unfortunately
compounds with these characteristics have not yet been de-
scribed but it is to be hoped that our findings will encourage
a search for such molecules as they could prove invaluable
in understanding the nature of the action of alcohol in the
brain. They might also lead to new therapies for alcohol intox-
ication and possibly alcohol abuse and dependence which
could have considerable public health consequences.

Lastly, these findings also have important implications for
understanding more about LTP and about hippocampal mem-
ory impairment associated with disorders other than alcohol-
ism such Alzheimer’s dementia and temporal lobe epilepsy
where the a5-subtype is a potential therapeutic target (Howell
et al., 2000; Houser and Esclapez, 2003). In addition the ef-
fects of anaesthetics on memory have been shown to involve
the a5-subtype (Cheng et al., 2006). Indeed a compound
such as a5IA may have therapeutic potential as a cognition en-
hancer as the role of a5-containing GABA-A receptors in the
frontal cortex are similar to those in the hippocampus, i.e. they
are extrasynaptic and modulate pyramidal glutamatergic neu-
ronal activity (Guidotti et al., 2005).

It needs to be determined whether the a5IA effect is on en-
coding or retrieval of memory. A recent study of a compound
structurally similar to a5IA, a5IA-II, improved performance
in a hippocampal task, the Morris water maze, by affecting
encoding and recall (Collinson et al., 2006). We are unable to
determine this because in our study both drugs were given prior
to learning and recalling the word list, although we believed
based on the known effects of alcohol and benzodiazepinesd
that disruption of acquisition is most likely. Comparable levels
of alcohol given prior to an explicit memory task, as in the
current study, have been shown to interfere primarily with
encoding but also some aspects of recall (Parker et al., 1981;
Duka et al., 2001; Weissenborn and Duka, 2000). The number
of words recalled in our study, about 5, is similar to that pre-
viously reported (Soo-Ampon et al., 2004). Interestingly, in
contrast to this anterograde impairment, retrograde facilitation
is seen when alcohol is consumed immediately after learning
a word list (Parker et al., 1981; Birnbaum et al., 1978; Parker
et al., 1980). The effects of benzodiazepine receptor agonists
are more complex and, depending on the paradigm, have
been shown to impair encoding and have limited effect or
facilitate retrieval on explicit memory tasks (Carta et al.,
2003; Lister, 1985). Therefore we suggest that a5IA is modify-
ing encoding rather than retrieval in this hippocampal explicit
memory task. It would also be of interest to examine whether
treatment with a5IA after ingestion of alcohol would reverse
alcohol’s amnestic actions. Alcohol has been shown to impair
other hippocampal tasks, e.g. spatial memory and therefore
the effects of a5IA on these need to be explored. Since a5
receptors play an important role in modulating glutamatergic
function in the hippocampus, it is possible that a5IA could an-
tagonise or reverse memory impairment induced by any activ-
ity or drug that reduces glutamatergic function in these critical
neurons. Therefore alcohol-induced memory impairment may
serve as a useful model for investigating the relative roles of
glutamate and GABA when used in combination with drugs
modifying GABA or glutamate function.
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