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Abstract Rationale: Diazepam has well known amnestic
and sedative effects but effects on fronto-executive
function remain largely uninvestigated, especially on
neuropsychologically validated tests of risk taking and
orbitofrontal cortex function. Objectives: We aimed to
determine the impact of diazepam on a variety of
executive tasks. Methods: The effects of 5, 10 and
20 mg of diazepam on a battery of neuropsychological
tests were investigated using a randomised, double blind,
placebo-controlled design. Seventy-five adult men were
recruited. The Rogers et al. (1999b) test of risk-taking was
given along with tasks from the CANTAB battery.
Results: Diazepam impaired performance on the Tower
of London test of planning, without influencing visual
pattern recognition memory. Subjects who had taken
diazepam made more risky choices on the risk-taking
task. On two speeded reaction time tasks diazepam
impaired discrimination sensitivity and increased the bias
to respond. Conclusions: In contrast to the well-known
sedative effects of diazepam, we demonstrate disinhibito-
ry effects on two speeded reaction time tasks. Our results
show that diazepam can impair performance on reaction
time tasks both by impairing sensitivity and by increasing
the bias to respond. Furthermore diazepam impaired
performance on tests of planning and risky decision
making that depend predominantly on dorsolateral and
orbitofrontal regions of the prefrontal cortex, respectively.
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Introduction

The ability of human subjects to make decisions enabling
them to select optimal responses and strategies in a
complex and changing environment is clearly of funda-
mental importance to people’s lives, and is the subject of
a good deal of recent research both in the laboratory and
within the clinical setting (see Rahman et al. 2001, for
review). Much of this research has implicated a central
role for specific regions of the orbital prefrontal cortex
(PFC) and its connections with other brain structures in
supporting these abilities (Bechara et al. 1994; Rahman et
al. 1999). Diazepam, a benzodiazepine receptor agonist, is
in wide clinical use as an anxiolytic, and has well-
understood GABA-ergic effects (Feldman et al. 1996). In
recent years, it has been implicated in effects on functions
associated with processing within the orbital PFC (e.g.
Blair and Curran 1999); however, there have been few, if
any, studies of its effects on decision-making cognition.

In a series of studies, Coull et al. (1995a, 1995b)
showed that diazepam influenced performance on a range
of tasks sensitive to frontal lobe dysfunction including
tests of planning, extra-dimensional attentional shifting
and spatial working memory (Dias et al. 1996; Owen et
al. 1990, 1995b). We used a more sensitive variant of the
planning task used by Coull et al. (1995b) namely the
One-touch Tower of London test (OTToL; Owen et al.
1990). This task has similar planning demands, but is
designed to be less susceptible to premature initial moves,
as may have occurred in previous studies of diazepam
(Coull et al. 1995b). We tested the influence of diazepam
on responding on the OTToL task in order to investigate
any possible effects of the drug on planning when the
opportunity of impulsive first moves was reduced. A
variant on the intra-dimensional/extra-dimensional (3D
ID/ED) set-shifting task using three concurrent stimulus
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Table 1 Group characteristics.

Mean (SE) Ist placebo 2nd placebo 5 mg 10 mg 20 mg
Age 24 (2.1) 27 (2.2) 25 (1.7) 24 (1.6) 26 (2.4)
NART est IQ 114 (2.2) 119 (2.6) 118 (1.0) 119 (1.4) 116 (1.1)

dimensions has been developed to exert a greater
attentional demand. We employed this task, along with
the Rapid visual information processing task (RVIP) to
further investigate the effects reported by Coull et al.
(1995a) on sustained attention. The set-shifting tasks also
include a component that involves reversal of previously
established response contingencies, which appeared un-
influenced by diazepam.

This finding suggests no influence of diazepam on any
tendency of a previously correct response to be incor-
rectly produced following a rapid change of task require-
ments. This was further investigated by the inclusion of a
task requiring the successive reversal of response rules in
a Go/No-Go discrimination. Both the RVIP and the Go/
No-Go task are amenable to a signal detection analysis
from which one can compute measures of discrimination
sensitivity and the criterion for responding.

Further analyses of the effects of diazepam in terms of
executive control were undertaken in the domain of
decision making and resolution of conflict. Traditional
models of anxiety in rats have relied on a notion of
reinforcer “conflict”: for example, operant responding
may simultaneously be rewarded with food and punished
with electric shock. Effective anxiolytics, including
diazepam, commonly increase responding in these para-
digms (Feldman et al. 1996). A recent risk-taking task
developed to investigate decision-making in humans
(Rogers et al. 1999b), has elements in common with
these traditional tasks. In the risk-taking task, the reward
(and penalty) associated with gambling on a less likely
outcome is larger than that associated with gambling on
the more likely outcome. Possible effects of diazepam on
decision making in this “conflict” situation were inves-
tigated by the inclusion of this risk-taking task.

Finally, diazepam has well recognised amnestic effects
(e.g. Curran 1999). However the effects of diazepam on
the immediate and delayed pattern recognition task from
the CANTAB battery, previously used in psychopharma-
cological studies (Sahakian et al. 1988; Rubinsztein et al.
2000) and sensitive to temporal lobe lesions and amyg-
dalo-hippocampectomy (Owen et al. 1995b), have previ-
ously not been assessed.

Materials and methods

The study was approved by the Local Research Ethics Committee
(LREC 00/45) and all subjects gave informed consent.

Subjects

Seventy-five normal healthy male volunteers were recruited by

advertisement in the community. Participants were a mix of
students and individuals in part-time employment. None of the

volunteers were receiving concurrent medication or had a history of
severe medical, psychiatric or neurological illness. All volunteers
were asked to abstain from alcohol for 24 h pre- and post-drug.
Volunteers were also instructed not to drive or operate heavy
machinery for 24 h after having taken the tablet. After having taken
the capsule and until the end of the session subjects were asked not
to consume anything containing caffeine. The study was conducted
as two experiments. In experiment 1 (low dose diazepam) (n=45),
each subject was randomly assigned to one of three groups. One
group was given placebo, another 5 mg diazepam and the third
10 mg. In experiment 2 (high dose diazepam) (n=30) subjects were
randomly assigned to one of two groups. One group received
placebo and the other received 20 mg diazepam. Both the
experimenter and the subject were blind to the contents of the
capsule. Subject details are set out in Table 1.

Testing procedure

Before taking the capsule, all subjects completed the National
Adult Reading Test (NART; Nelson 1982) in order to estimate
verbal 1Q. Cognitive testing began 40 min after the subject had
taken the capsule. Computerised tests were performed on an
Advantech PPC (120-T) touchscreen computer. Subjects were
seated comfortably ~0.5 m away from the touch-sensitive screen.
The tests were given in the following order: Risk, RVIP, Immediate
pattern recognition, Go/No-Go, Delayed pattern recognition, One-
touch Tower of London, 3D ID/ED.

Visual analogue scales (VAS; Bond and Lader 1974)

Prior to ingestion of either drug or placebo, subjects were asked to
rate subjective feelings of alertness, contentedness and calmness,
using the scales proposed by Bond and Lader (1974). Administra-
tion of this test was repeated 1 h after tablet ingestion, and at the
end of testing.

“Risk” decision-making task (Rogers et al. 1999b)

In this task, subjects make gambling decisions on whether a token
is hidden behind one of the red boxes or blue boxes at the top of the
screen. The subject is told that there is an equal probability that the
token will be hidden inside any of the six boxes, thus the odds in
favour of each gamble is governed by the ratio of red to blue boxes.
Each decision involves gambling a certain number of points
associated with that choice on that trial.

The ratio of the coloured boxes (5:1, 4:2, 3:3) and the balance
between the associated rewards (10 versus 90, 20 versus 80, 30
versus 70, 40 versus 60 and 50 versus 50) varied independently
from trial to trial according to a fixed pseudo-random sequence.
This sequence ensured that each balance of reward and each ratio of
coloured boxes co-occurred an equal number of times, with the
restriction that on all trials with an unequal ratio of red and blue
boxes (i.e. 5:1 or 4:2) the larger reward was always associated with
the least likely outcome (i.e. the colour with the fewest number of
boxes), thus capturing the conflict in risk taking situations. The
decision latency and average number of points per bet were
recorded: A higher average bet reveals a tendency to risk larger
amounts with correspondingly lower likelihoods of winning.
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Rapid visual information processing (Sahakian et al. 1989)

This is a task of attentional vigilance with a working memory
component from the CANTAB (www.camcog.com) battery. One of
eight different digits appears in pseudo-random order on a
computer screen at a rate of 100 digits per minute for 7 min.
Subjects are asked to detect consecutive odd or even sequences of
digits (viz 357; 246; 468; 579), and to register responses with a
button press.

Target sequences occur at the rate of 16 every 2 min, and the
computer calculates the number of button presses to each of the
four target sequences, within a period of 1.5 s post-presentation
(“hits”), the number of button presses which incorrectly identified a
target sequence (“false alarms”), and the latency to press the
response button for each correct “hit”. Performance indices
comparable with previous studies (Coull et al, 1995a) were
calculated from the results: A’ (sensitivity to difference between
targets and non-targets) and B*” (tendency to withhold responding),
as derived from signal detection theory (Grier 1971). In order to
avoid infinite values for the calculation of B’’, 0.5 was added to all
data cells as proposed by Snodgrass and Corwin (1988).

Go/No-Go task

In this task, the subject was required to respond rapidly to some
stimuli but withhold responding to others. The subject was
presented with successive characters on the computer screen from
one of the two stimulus categories present: letters and numbers. The
task consisted of ten blocks. On each block, 18 stimuli were
presented successively on the screen for 300 ms with an inter-
stimulus interval of 900 ms. Half the stimuli were targets and half
were non-targets and they were presented in a pseudo-random
order.

The subject was instructed to tap the space bar of the keyboard
as quickly as possible when a stimulus from the target category
appeared. Before the start of each block written instructions were
given as to whether the next target category was letters or numbers.
The first two blocks were practice blocks. The target category then
changed every alternate block until ten blocks had been completed.
Thus blocks 3, 5, 7 and 9 were switch blocks, where the target
category of the previous block became the non-target category, and
vice versa. After each block, the subject was given feedback about
errors and latency performance on that block. A low tone of 450 Hz
sounded for 500 ms after each false positive error. Misses did not
trigger any feedback from the computer. The mean correct “go”
latency was calculated for each block, along with the overall
proportion of misses and false positive errors across switch and
non-switch blocks. These were used to calculate the sensitivity
measure A’ and bias measure B’’(see above) for switch trials and
non-switch trials.

One-touch Tower of London (Owen et al. 1995a)

This is a test of planning, modified from the CANTAB Tower of
London task. Participants are first trained with a number of
problems from the CANTAB Tower of London task, before moving
onto this task for which two sets of coloured balls appear on the
screen, one in the upper half of the screen and one in the lower half.
The numbers 1-6 are printed in large boxes across the bottom of the
screen. The participants are instructed to examine the positions of
the balls on the screen and then to imagine how they might re-
arrange the balls in the lower display to match the ones in the upper
display. The participants are asked to find the solution that requires
the minimum number of moves, and then to press the correspond-
ing number on the bottom of the screen. If a subject’s first response
is incorrect, he is required to try again until the correct number is
selected. The importance of accuracy rather than speed of response
is emphasised. After the practice problems, test trials of varying
problem difficulty are given, arranged in a consistent, pseudoran-
dom order. For the purposes of analysis, problems that could be

completed in fewer than four moves were classified as easy and
problems that could only be completed in four or more moves were
classified as hard.

Three-dimensional ID-ED attentional set-shifting task
(Rogers et al. 1999a)

This is a test of attentional set shifting based in part on the
Wisconsin card sort test (Milner 1964) and its elaboration in the
intradimensional/extradimensional set shifting task (Downes et al.
1989). There are eight stages described in detail in Rogers et al.
(1999a). In all stages, participants were requested to learn a series
of two alternative forced choice discriminations and their reversals.
The stimuli varied independently along three dimensions of colour,
number and shape. In the first stage the subject was required to
learn a simple visual discrimination (SD) in which one exemplar
was correct (e.g. red) and the other incorrect (e.g. blue). In this first
stage the stimuli only varied across one dimension (e.g. colour). In
the compound discrimination (CD) stage the contingencies re-
mained the same but the stimuli varied across all three possible
dimensions. In the intradimensional (ID) shift stage, the relevant
dimension (e.g. colour) remained the same, but two entirely novel
stimuli were presented. In the extradimensional (ED) shift stage
participants were required to shift response set to a previously
irrelevant dimension (e.g. shape). Each of these four stages was
followed by a reversal stage in which the previously incorrect
stimulus became the correct stimulus. If these discriminations were
not achieved following 50 attempts the task was terminated. For
each stage of the test that was completed the following measures
were taken: the proportion of correct responses, and the latency to
complete each stage.

Immediate and delayed pattern recognition
(Sahakian et al. 1988; Rubinsztein et al. 2000)

This is a test from the CANTAB battery which assesses recognition
memory for patterns. Twelve abstract coloured patterns were
presented sequentially. In the recognition test, two patterns (one
seen, one novel) were presented on each trial with the target patterns
in the reverse order. Subjects were asked to respond by touching the
pattern they had already seen. This procedure was then repeated
with 12 new patterns. Delayed pattern recognition (DPR) was
assessed by repeating the recognition phases after a 20-min interval.

Analysis

As two separate placebo groups were used, the data for each subject
in the drug conditions were expressed as standard deviates of the
performance on that measure in the relevant placebo group (as Z-
scores). The size of this score therefore corresponds to the effect of
the specific dose upon the measure.

ANOVA models were used to test for hypothesis about the
effects of diazepam, using SPSS for Windows version 10. An
overall effect of diazepam on a given measure was thus assessed by
testing the F-statistic calculated from the intercept term in the
ANOVA model; whereas the F-statistic contrasting the mean Z-
scores for different dose groups assessed the dose-dependency of
any effect. Appropriate repeated-measures factors were included in
the model when required.

Results

Visual analogue scales

The effect of diazepam on these derived factors is shown
in Table 2; they were analysed by ANCOVA models
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of attempts till correct, First RT time to the first response to a
problem in ms, Accurate RT time taken to an accurate first response

in ms, Stages stages of the ID/ED passed, Attempts average number  in ms
Ist placebo 2nd placebo 5 mg 10 mg 20 mg

Visual analogue scales

Alert Pre 20 (1.1) 21 (0.8) 20 (0.8) 20 (0.8) 21 (0.7)
Post 1 22 (0.7) 22 (0.9) 22 (0.6) 22 (0.9) 22 (0.9)
Post 2 22 (1.0) 22 (1.0) 22 (0.6) 22 (0.7) 23 (0.5)

Content Pre 11 (0.6) 11 (0.5) 11 (0.6) 11 (0.7) 11 (0.5)
Post 1 11 (0.6) 12 (0.6) 11 (0.4) 12 (0.7) 12 (0.5)
Post 2 12 (0.5) 11 (0.6) 11 (0.5) 12 (0.7) 12 (0.3)

Calm Pre 4(0.3) 5(0.3) 5(0.2) 5(0.3) 5(0.2)
Post 1 5(0.2) 5(0.4) 5(0.2) 5(0.3) 5(0.3)
Post 2 5(0.2) 5(0.3) 5(0.2) 6 (0.3) 6 (0.2)

Immediate and delayed pattern recognition

Errors Immediate 1.9 (0.6) 1.1 (0.3) 0.7 (0.2) 2.0 (0.9) 1.9 (0.6)
Delayed 3.5 (0.7) 2.2 (0.5) 2.7 (0.5) 3.7 (1.2) 3.3 (0.8)

RT Immediate 1718 (105) 1715 (84) 1865 (75) 1594 (85) 1967 (132)
Delay 1751 (108) 1780 (88) 1853 (194) 1635 (106) 2013 (185)

3DIDED

Stages 7.87 (0.13) 8.0 (0.00) 7.8 (0.11) 8.0 (0.00) 7.73 (0.18)

% correct SD and CD 0.91 (0.02) 0.92 (0.02) 0.94 (0.02) 0.89 (0.03) 0.92 (0.02)
ID 0.89 (0.02) 0.86 (0.02) 0.88 (0.02) 0.92 (0.02) 0.9 (0.02)
ED 0.70 (0.03) 0.74 (0.03) 0.74 (0.02) 0.68 (0.03) 0.71 (0.03)
Reversal 0.79 (0.02) 0.78 (0.02) 0.76 (0.03) 0.8 (0.02) 0.8 (0.02)

RT SD and CD 4838 (308) 4127 (242) 4779 (201) 5115 (271) 5026 (463)
1D 1291 (78) 1162 (67) 1319 (135) 1637 (141) 1518 (191)
ED 1347 (92) 1196 (92) 1351 (163) 1499 (145) 1321 (82)
Reversal 1261 (61) 1233 (81) 1199 (79) 1426 (135) 1442 (178)

Go/no-go

A’ SW 0.96 (0.01) 0.98 (0.00) 0.93 (0.02) 0.96 (0.01) 0.94 (0.02)
NS 0.96 (0.01) 0.97 (0.00) 0.95 (0.02) 0.97 (0.00) 0.97 (0.01)

B SW —-0.55 (0.08) -0.48 (0.07) —-0.58 (0.06) —0.68 (0.05) —-0.55 (0.08)
NS —-0.5 (0.05) —-0.57 (0.05) —0.38 (0.11) —0.49 (0.08) -0.51 (0.07)

RT SwW 367 (6.7) 370 (6.7) 355 (8.6) 351 (4.8) 384 (10.0)
NS 364 (7.2) 376 (7.3) 352 (6.75) 351 (5.3) 382 (10.8)

RVIP A 0.92 (0.01) 0.93 (0.01) 0.93 (0.01) 0.95 (0.01) 0.88 (0.01)
B” 0.97 (0.00) 0.97 (0.00) 0.95 (0.01) 0.93 (0.02) 0.95 (0.01)
RT 461 (16.4) 441 (14.4) 420 (14.10) 420 (12.8) 498 (33.5)

Risk

Bet 5:1 35(1.9) 31 (0.6) 35 (1.8) 32 (0.7) 35 (1.7)
4:2 39 (2.0) 39 (1.7) 37 (1.8) 38 (1.2) 40 (1.7)
3:3 58 (3.5) 59 (2.9) 61 (3.0 64 (3.4) 57 (3.0)

DT 5:1 1922 (133) 1927 (164) 1887 (143) 2334 (207) 2113 (207)
4:2 2047 (165) 2103 (184) 2203 (222) 2334 (207) 2414 (305)
3:3 2351 (208) 2254 (149) 2168 (155) 2549 (177) 2943 (341)

Tower of London

Attempts Easy 1.05 (0.02) 1.06 (0.02) 1.06 (0.03) 1.03 (0.02) 1.02 (0.01)
Hard 1.37 (0.10) 1.27 (0.06) 1.39 (0.08) 1.24 (0.05) 1.51 (0.13)

First RT Easy 8277 (354) 8932 (880) 8630 (496) 9515 (823) 7984 (442)
Hard 8209 (552) 9414 (784) 8095 (767) 10926 (1316) 8892 (990)

Accurate RT Easy 8119 (335) 8937 (847) 8541 (453) 9514 (823) 7980 (443)
Hard 30,907 (2727) 35,959 (4207) 27,544 (2955) 42,505 (5703) 36,491 (409)

contrasting the three effects at the two post-drug tests,
with the pre-drug (baseline) measure included as a

covariate.

Alertness

There was no overall effect of drug on alertness, nor any
dose-dependent effect (F<1). Subjects taking diazepam

P=0.024].

Contentment

tended to get drowsier relative to their placebo control
subjects as the experiment progressed [F(1,41)=5.462,

Diazepam did not have any overall effect on the
contentment measure, nor any dose or time-dependent
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effect [largest F(2,41)=1.95]. There was a significant
interaction of drug dosage and time on the contentedness
measure; there was a tendency for subjects in the 5 mg
group to become relatively less contented than their
controls across the session, with the opposite trend in the
20 mg group [F(2,41)=3.419, P=0.04].

Calmness

Diazepam tended to make people significantly calmer
[F(1,41)=4.377, P=0.043], with different doses having
different effects [F(1,42)=3.185, P=0.052]. The 5 mg
dose produced a greater calming effect relative to placebo
than did the 10 mg or 20 mg doses of diazepam. The
effect of diazepam interacted with time [F(1,41)=6.220,
P=0.017]; Table 2 shows that diazepam produced a
greater calming effect at the first post-drug measurement.

Effects of sedation

Although diazepam produced significant sedative effects,
none of the significant effects described below was
abolished when VAS alertness score was included as a
covariate. Furthermore, the VAS alertness score was
never a significant covariate when included in the models
described.

Immediate and delayed pattern recognition
Errors

There was no overall effect of diazepam on the number of
errors made (F<1). There was a marginally significant
trend for larger doses of diazepam to decrease accuracy
more than small doses [F(2,42)=2.488, P=0.095]. There
were no differences in the effects of diazepam between
the two different delays (F<1).

Latency

There was no overall effect of diazepam on the latency for
correct responses [F(1,42)=1.996, P=0.165]. There was a
non-significant change in effect with dose [F(2,42)=
2.845, P=0.069]. Subjects taking 10 mg showed a slight
decrease in latency relative to placebo, whereas subjects
taking 5 mg were slower relative to placebo and subjects
taking 20 mg were slowest of all.

3D ID/ED

Seven subjects failed to complete all eight stages: one
subject from the first placebo group, and three from the
20 mg group failed at the EDS stage, and three from the
5 mg group failed at the EDR stage. The three subjects

who did not attempt the EDR stage were given a
proportion correct score of zero for this stage. Analysis
contrasted performance on the pre-shift, ID shift and ED
shift discriminations along with the grouped reversals due
to the low variability in the preshift stages.

Proportion correct

There was no overall effect of diazepam on proportion
correct, nor different effects of the different doses [larger
F(2,42)=1.264, P=0.26]. The effect of diazepam did not
change across stages (F<l), and there was no dose by
stage interaction [F(6,1)=1.844, P=0.096].

Latency

Subjects on diazepam were slower than subjects on
placebo [F(1,40)=5.017, P=0.030]. The effect of diaz-
epam on latency was not influenced by stage, or dose, or
any interaction between these factors [largest
F(2,97)=92.2.72, P=0.10].

RVIP

Four subjects became distracted part way through this
task and failed to complete it: two were in the second
placebo group, one had taken 10 mg diazepam and one
had taken 20 mg. These subjects are excluded from all
analyses of this task.

Accuracy and response bias

The effect of diazepam on the discriminability measure
(A’) is shown in Fig. 1. Diazepam had a dose dependent
effect on A’ [F(2,40)=9.151, P=0.001]; 20 mg reduced
sensitivity more than did the 5 and 10 mg doses, which
had no detectable effect. Diazepam also influenced the
response bias measure B’’, (Fig. 1), consistent with the
drug reducing the tendency to withhold a response
[F(1,40)=8.572, P=0.006].

Latency

Diazepam 20 mg tended to lengthen reaction time more
than lower doses [F(2,40)= 6.135, P=0.005].

Go/No-Go

Accuracy and response bias

Diazepam had a non-significant tendency to reduce

the ability of subjects to discriminate targets from non-
targets [F(1,42)=3.481, P=0.069]. However, as Fig. 1
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Fig. 1 The top graph shows the effects of diazepam on A’ in the
switch and non-switch conditions of the Go/No-Go task (GNG) and
the RVIP task. The lower graph shows the effects of diazepam on
B’ in the switch and non-switch conditions of the GNG and the
RVIP task. The bars represent Z-scores derived from the appro-
priate placebo condition

shows, diazepam impaired sensitivity more on the switch
blocks than on the non-switch blocks [F(1,42)=10.232,
P=0.003] (see Fig. 1); This impariment was larger for the
20 mg than the 5 and 10 mg doses [F(2,42)=3.477,
P=0.040].

Diazepam did not change the overall tendency to
withhold a response (F<1), but differentially affected this
measure on switch and non-switch trials [F(1,42)=5.675,
P=0.022]. Further analyses showed an overall effect of
diazepam in significantly increasing the “go” bias on
switch blocks [#(44)=-2.119, P=0.040], but no effect on
non-switch blocks [#(44)=1.311, P=0.197].

Latency
Diazepam had no overall nor dose-dependent effect on

latency and there was no interaction with switching
[largest F(1,42)=2.643].

Effect of DZ on percent bet

Effect of DZ on deliberation time

I:] Smg . 10mg . 20mg

Fig. 2 The rop graph shows the effects of diazepam on percent bet
at different odds of winning (5:1, 4:2, 3:3) in the Risk decision-
making task. The lower graph shows the effects of diazepam on the
deliberation time. The bars represent Z-scores derived from the
appropriate placebo condition

Summary of Go/No-Go and RVIP

The requirements of these tasks are somewhat different,
for example the “targets” (stimuli to which responding is
correct) are sparser in the RVIP. This is reflected in
differences in the response biases in all groups being more
positive in the RVIP (see Table 2). Nevertheless, the
difficulty of these tasks, as indexed by the A’ measure, is
comparable, with the Go/No-Go being slightly easier,
especially in the non-switch blocks. Diazepam had
broadly similar effects of reducing sensitivity, and
increasing the tendency to respond in the more difficult
conditions (RVIP and Go/No-Go switch blocks; see
Fig. 1).

Risk

The standardised effects of diazepam on the different
measures from the Risk task are shown in Fig. 2.
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Average percent bet

Diazepam had no overall effect on average percent of
points risked, nor was any effect influenced by different
doses or ratio condition [largest F(2,84)=2.088, P=0.13].
There was a significant interaction between dose and ratio
conditions on the effect of diazepam: Fig. 2 shows this to
be due to a significant tendency for subjects who took
20 mg to bet more than their placebo controls in the
critical 5:1 ratio condition [F(3,58)=5.035, P=0.005].
This condition is that in which there is greatest “conflict”
between high reward magnitude and low reward proba-
bility.

Deliberation time

There was a non-significant tendency for diazepam to
slow decisions in all groups (see Fig. 2) [F(1,42)=2.953,
P=0.093]. The effect of diazepam on reaction time was
not attenuated by dose, ratio nor any interaction of these
factors (F<1).

One-touch Tower of London
Attempts needed

Diazepam did not produce an overall or dose-dependent
effect on the number of attempts to solve problems (F<1).
However, diazepam did have different effects on hard and
easy problems—the increase in errors on hard problems
was exaggerated after taking diazepam [F(1,42)=4.534,
P=0.039] (see Fig. 3). This effect was dose-dependent
[F(2,42)=6.328, P<0.01], with 20 mg increasing the
number of attempts at the hard problems more than the
other doses.

Latency

There was a significant dose-dependent effect of diaz-
epam on latency to an accurate first response
[F(2,42)=4.085, P=0.024]: 10 mg diazepam slowed
solution more than did 5 or 20 mg diazepam. No other
interactions or effects were significant [larger F(2,42)=
1.141] (see Fig. 3). Analysis of the effect of diazepam on
the latency to make any response, whether accurate or
not, revealed no significant effects [largest F(2,42)=
2.725], suggesting that the increase in solution latency
was not an artefact of generalised increase in response
latency, but rather an increase in thinking time required
for accurate responding.

Summary

Diazepam 20 mg decreased accuracy on the problems
with the greater planning component. Diazepam 10 mg
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Fig. 3 The top graph shows the effect of diazepam on the number
of attempts needed to solve the Tower of London problem. The
lower graph shows the effect of diazepam on the amount of time to
solve a Tower of London problem in the first attempt. The bars
represent Z-scores derived from the appropriate placebo condition

significantly slowed responding without reducing accu-
racy. The increased latency seen after 10 mg diazepam
was only seen in those problems that were solved
correctly first time.

Discussion

Diazepam had detrimental effects on performance of tests
requiring planning and decision-making that depend on
the dorsolateral prefrontal cortex (Baker et al. 1996;
Manes et al. 2002) or activate the orbitofrontal cortex
(Rogers et al. 1999b). Diazepam also produced disin-
hibitory effects on two tests of speeded responding (Go/
No-Go and RVIP) as well as reducing sensitivity to
discriminate target stimuli. Despite the sedative doses
used, none of the effects were secondary to sedation.



Planning

Diazepam has previously been reported to impair perfor-
mance on the Tower of London task, but the effects were
not always immediately evident (Coull et al. 1995b;
Gorrisen et al. 1998). Coull et al. (1999b) pointed out that
Gorrisen et al. (1998) might not have used the most
sensitive measures. We used a more sensitive version of
the task and demonstrated that a high dose of diazepam
impairs planning: subjects taking 20 mg needed more
attempts before making the correct responses on the
harder problems. Also, subjects taking 10 mg diazepam
took longer than other subjects to make an accurate first
response. We have thus detected a mild planning deficit,
manifest as lengthened thinking times, in the 10 mg group
and an impairment of accuracy in the 20 mg group.

Disinhibition

We found that diazepam reduced sensitivity (A’) and the
threshold for a response (B’’) in two tasks measuring
sustained attention and response inhibition (RVIP and Go/
No-Go). The results of the Risk task may similarly show a
lowering of sensitivity to information, and a more
disinihibitory response strategy: a high (20 mg) dose of
diazepam made the subjects more likely to make a choice
associated with the largest possible win, but the lowest
possibility of success. This disinhibitory effect of diaz-
epam could also account for the apparently “paradoxical”
clinical observation of aggression in diazepam-sedated
individuals (Joint Formulary Committee 2003).

Coull et al. (1995¢) found that diazepam reduced A’
but had no significant effect on B’” although their data for
B’’ show the same tendency as seen here. The difference
may have been due to our use of a corrected measure for
B’’ (Snodgrass and Corwin 1988) which increased the
sensitivity of the analysis. Diazepam also slowed all
responses on the ID/ED task as seen previously (Coull et
al. 1995a). We found no significant effect of diazepam
upon extradimensional set shifting, although a deficit has
previously been described by Coull et al. (1995a) using a
different version of the task.

Memory

Curran (1999) notes that benzodiazepines do not impair
performance on priming tests of indirect memory, e.g.
word stem completion, degraded picture identification,
with the exception of lorazepam, but that they do impair
direct tests of episodic memory. We found no significant
effect of diazepam on either immediate or delayed pattern
recognition memory. Whilst this test is not unambigu-
ously episodic in nature, as it could conceivably be solved
via some indirect memory strategy such as relative
familiarity, it is known to be sensitive to temporal but
not frontal lobe damage in humans (Owen et al. 1995b),
the anticholinergic scopolamine (Robbins et al. 1997),
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tryptophan depletion (Rubinsztein et al. 2001) and
Alzheimer’s disease (Sahakian et al. 1988). The lack of
effect on attentional set shifting and memory suggests
some selectivity in the actions of diazepam.

Possible neural mechanisms

Diazepam reduced information sensitivity (A’) and
decreased inhibition (B’’) on the RVIP task, which is
known to activate a network of frontal and parietal cortex
(Coull et al. 1996). A decrease in A’, without changes in
B’’, resulting from an increased presentation rate, is
associated with an increase in regional cerebral blood
flow (rCBF) in lateral occipital cortex and the fusiform
gyrus (Coull et al. 1995a); Similar changes in A’
produced by the adrenoreceptor agonist clonidine, are
accompanied by altered connectivity between frontal and
parietal cortices; between parietal cortex and thalamus;
and between locus coeruleus and visual cortex (Coull et
al. 1999a). Thus effects on A’ may be due to changes in
frontal, parietal or even occipital areas.

We propose that the inhibition of frontal areas by
diazepam, particularly dorsolateral and orbitofrontal
regions, may be sufficient to explain the results on the
RVIP, Go\No-Go and Risk tasks: Stuss et al. (2002) found
that patients with damage to the right dorsolateral
prefrontal cortex exhibited reduced sensitivity on a shape
discrimination reaction time task but a similar bias to
controls, whereas patients with left dorsolateral prefrontal
cortex damage were unimpaired on sensitivity but had a
reduced threshold for making a response. Reductions in
B’ (increased “go” bias, which may relate to the notion
of motoric impulsivity) also parallel effects reported by
Iversen and Mishkin (1970) in macaques after symmet-
rical inferior convexity ablation. Similarly, a functional
brain imaging study of the Risk task (Rogers et al. 1999b)
revealed greater rCBF in the high-risk 5:1 ratio, compared
to a less extreme ratio (4:2), in orbital frontal and middle
frontal regions of the PFC.

The effects on planning may also be explained in these
terms: the impairment produced by the 10 mg dose is
similar to that resulting from lesions of the orbitofronal
cortex; at the 20 mg dose the profile of subjects resembles
that of patients with lesions of the dorsal prefrontal cortex
(Manes et al. 2002). A speculative interpretation of such
dose dependent effects is that the net effect of diazepam
upon the different regions of the prefrontal cortex varies
as a function of dose.

Diazepam could influence frontal lobe function in a
variety of ways: through a direct effect on GABA
receptors on the neurons of the frontal cortex; through a
direct effect on GABA receptors on any of the neurons
participating in the thalamo-striatal-pallidal loops or any
other subcortical regions that have a functional connec-
tivity with the frontal cortex (e.g. amygdala or hippo-
campus); or by altering the activity of the ascending
reticular systems. There is evidence that diazepam alters
firing in the ascending serotoninergic and noradrenergic
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systems and has some of its effects via release of
dopamine (Feldman et al. 1996). Robbins (2000) noted
that manipulations of dopamine and noradrenaline tended
to produce effects on tasks predominantly engaging
dorsolateral or rostrolateral PFC whilst manipulations of
the serotoninergic system tend to alter performance in
tests sensitive to orbitofrontal dysfunction. In terms of the
profile of deficits seen here, it is not possible to say that
diazepam exerts predominantly either a dopaminergic or a
serotoninergic profile.

We conclude that diazepam’s effects on tasks reliant
on frontal lobe function are more complex than modula-
tion of only serotonin or the catecholamines. These
effects could be produced by direct effects on GABAergic
transmission within the PFC, or possible dose-related
effects on neuromodulators such as dopamine or 5-HT.

Summary and conclusion

Diazepam had effects on tests of frontal lobe function
including both tests of planning (OTToL) and decision
making (Risk) that depend predominantly on dorsolateral
and orbitofrontal regions of the PFC. In contrast to the
well-known amnestic and sedative effects of diazepam we
also demonstrated diazepam’s disinhibitory effects on two
speeded reaction time tasks. Our results suggest that
diazepam can impair performance on reaction time tasks
in two ways both by impairing sensitivity and by reducing
the threshold for a response. Diazepam thus produced a
range of effects on tasks known to be differentially
sensitive to PFC dysfunction.
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