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Sudden auditory stimuli elicit a short-latency muscular response
(acoustic startle response) which is enhanced during presentation of a
Pavlovian conditioned stimulus (CS) that has previously been paired with
an aversive unconditioned stimulus (US) (‘fear-potentiation’). In rodents,
acute treatment with benzodiazepines blocks both the acquisition of
fear-potentiation and the expression of fear-potentiation induced by
prior exposure to CS/US pairing. We examined the effect of diazepam on
the acquisition and expression of fear-potentiation of the acoustic startle
response in man. Forty-six male volunteers (18–30 years) participated in
two sessions separated by 7 days. In session 1, they were exposed to 20
2-s presentations of a light (CS), 50% of which terminated with an
electric shock to the wrist (1.8mA, 50ms: US). Somatosensory potentials
evoked by the US were recorded from the scalp at Cz, and skin
conductance responses from electrodes taped to the second and fourth
fingers. In session 2, the CS was presented 20 times without the US; a
random 50% of CS presentations terminated with a sound pulse (40-ms
115-dB 1-kHz); an equal number of sound pulses was presented without
the CS. Electromyographic responses of the orbicularis oculi muscle to
the acoustic stimuli were recorded from electrodes placed on the lower
eyelid, late-latency auditory evoked potentials were recorded at Cz, and
skin conductance responses from electrodes taped to the second and

fourth fingers. In each session, alertness was measured using visual
analogue self-rating scales and critical flicker fusion frequency. Subjects
received placebo or diazepam 10mg in the two sessions in a double-blind
protocol: group 1 (n�12) placebo/placebo; group 2 (n�11)
placebo/diazepam; group 3 (n�12) diazepam/placebo; group 4 (n�11)
diazepam/diazepam. Diazepam reduced alertness as measured by visual-
analogue self-rating scales and critical flicker fusion frequency. In
session 1, diazepam reduced the amplitude of the somatosensory
potentials and skin conductance responses evoked by the CS. In session
2, the acoustic startle response, the N1/P2 auditory evoked response and
the skin conductance response evoked by the sound stimuli were
enhanced in the presence of the CS. This fear-potentiation was
attenuated in subjects who received diazepam in session 1, but was not
affected by the treatment given in session 2. The results indicate that
diazepam blocks the acquisition of fear-potentiation of startle responses
in man, as in animals, but does not prevent the expression of a
previously learned response.
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Introduction

Sudden intense auditory stimuli elicit a sequence of involuntary
responses (startle responses). The initial short-latency response,
which consists of contraction of the skeletal and facial muscula-
ture, is believed to be mediated by two or three synaptic relays
between the sensory receptors and the motoneurones, the principal

relay being the caudal pontine reticular nucleus (for review, see
Koch, 1999). This response may be recorded in man as the elec-
tromyographic (EMG) response of the orbicularis oculi muscle.
The fast component is followed by slow autonomic responses,
including a rise in skin conductance, which is maximal approxi-
mately 6 s after the acoustic stimulus (Turpin et al., 1999; Graham
et al., 2005).
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In both animals and man, the EMG startle response is enhanced
during anticipation of an aversive event, such as a mild electric
shock, a phenomenon known as fear-potentiated startle (Davis et al.,
1993). Two procedures have been used to elicit the fear-potentiated
startle: (i) exposure to an experimental situation (‘context’) in which
the aversive event has previously been experienced; (ii) presentation
of a discrete stimulus (conditioned stimulus, CS) that has previously
been paired with the aversive event (unconditioned stimulus, US) in
a Pavlovian conditioning protocol. Both procedures are effective in
potentiating the short-latency startle response in man (e.g. Grillon et
al., 1991; Lipp et al., 1994; Bitsios et al., 1999; Baas et al., 2002).

Anxiolytic benzodiazepines have been found to attenuate fear
potentiation of the acoustic startle response in some human volun-
teer studies (Patrick et al., 1996; Bitsios et al., 1999; Graham et
al., 2005), but not in others (Baas et al., 2002). Baas et al. (2002)
have proposed that the apparent inconsistency between different
studies may arise from the differential sensitivities of contextual
and ‘cue-specific’ fear conditioning to benzodiazepines, the
former, but not the latter, being suppressed by these drugs.

The present experiment further explored the effect of a benzodi-
azepine, diazepam, on the fear-potentiated startle response in man.
The particular question addressed in this experiment was whether
diazepam would block the acquisition of fear-potentiation, and/or
the expression of fear-potentiation evoked by a previously condi-
tioned CS. There is evidence that benzodiazepines can disrupt some
forms of associative learning both in animals (Harris and West-
brook, 1996) and in man (Gorissen and Eling, 1998; Curran, 1999);
however there do not appear to have been any previous studies of
the effects of benzodiazepines on the acquisition of fear-potentiation
of startle responses in man. It was predicted that acute treatment
with a benzodiazepine would attenuate the acquisition of fear-poten-
tiation; however, on the basis of Baas et al.’s (2002) proposal that
cue-specific fear may be relatively insensitive to benzodiazepines, it
was anticipated that the benzodiazepine would be ineffective in sup-
pressing the expression of previously established fear-potentiation.

In addition to the EMG and skin conductance startle responses,
we also recorded a late-latency component of the auditory evoked
potential, the N1/P2 complex. This potential can be evoked by low-
intensity auditory stimuli that are too weak to elicit the EMG startle
response (Lewine et al., 2002); therefore it is not considered to be
part of the startle cascade. There is evidence that the N1/P2
response, like the EMG startle response, is subject to modulation by
prior stimulus presentation (prepulse inhibition: Abduljawad et al.,
1999; Graham et al., 2001; 2002; 2004; 2005). We were interested
in whether the N1/P2 auditory evoked potential might also be sus-
ceptible to modulation by Pavlovian fear conditioning. It has
already been established that visual evoked potentials can be classi-
cally conditioned (Skrandies and Jedynak, 2000); however, to our
knowledge, there have been no previous investigations of the sus-
ceptibility of auditory evoked potentials to fear conditioning.

Methods

The study protocol was approved by the University of Nottingham
Medical School Ethics Committee. All volunteers gave their

written consent following a verbal explanation of the study and
after reading a detailed information sheet.

Subjects

Forty-six healthy male volunteers aged 18–30 years (mean�s.d.:
20.8�3.0 years) and weighing 47–100kg (73.6�11.5kg) partici-
pated in the study. (Forty-eight subjects were initially recruited;
however electrophysiological data were lost for two subjects in one
session, and these were subsequently excluded from all analyses.)
The subjects were recruited by advertisement, and gave their written
informed consent before inclusion in the study; they received remu-
neration for their participation in the experiment at a level approved
by the Ethics Committee. Before entering the study, each subject
underwent a medical interview, a physical examination and a hearing
test. Subjects were excluded if they had a history of any psychiatric
or neurological disease, or a hearing threshold above 20dB[A]. None
of the subjects had a hearing threshold above 10dB[A] at 1kHz.
Three subjects declared themselves to be ‘light smokers’ (�5 ciga-
rettes a day); the others were non-smokers. All subjects undertook to
abstain from alcohol for 48h before and 24h after each session.
Smoking and the consumption of caffeine-containing beverages or
solid food were prohibited during the experimental sessions, and
consumption of caffeine-containing beverages was also prohibited
during the 24h preceding each experimental session.

Treatments and design

Before the start of the experiment, each subject participated in a
training session in which his hearing threshold was assessed, and
the procedures explained and demonstrated. The experiment con-
sisted of two 4-h sessions, one week apart. The subjects were ran-
domly allocated to four groups that received different treatments
in the two sessions. Group 1 (n�12) received placebo in both ses-
sions; Group 2 (n�11) received placebo in session 1 and
diazepam 10mg in session 2; Group 3 (n�12) received diazepam
10mg in session 1 and placebo in session 2; and Group 4 (n�11)
received diazepam 10mg in both sessions. There were no signific-
ant differences between the ages or body weights of the subjects in
the four groups. The treatments were administered orally in
matching capsules according to a double-blind protocol.

Tests and apparatus

Recordings took place in the same room in both sessions. The
subject was seated in a comfortable arm-chair.

‘Fear conditioning’ stimuli (session 1) The CS was a 2-s pres-
entation of red light (2.5W) delivered by a light-emitting diode
placed 2m directly in front of the subject. The US was an electric
shock (constant current square pulse, 50ms, 1.8mA) delivered via
silver/silver chloride electrodes to the skin overlying the median
nerve of the left wrist.

Acoustic stimuli (session 2) Acoustic stimuli were generated
by a Kamplex AC30 clinical audiometer (PC Werth Ltd, London,
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UK) and were presented to the subject binaurally. A background
70-dB[A] 1-kHz tone was presented throughout the recording
period. The sound pulses consisted of 40-ms, 1-kHz tones of
intensities 115dB[A].

Electrophysiological recording EMG recording. Responses of
the orbicularis oculi muscle of the left eye were recorded via two
0.5-cm diameter silver surface disc electrodes placed approxi-
mately 0.5 cm below the lower eyelid. The ground electrode was
placed over the left mastoid. A CED 1401� computer with a
1902 interface (Cambridge Electronic Design Ltd, Cambridge,
UK) was used to record the EMG (rectified input, via a 1-Hz
high-pass filter, with a notch filter set at 50 Hz to minimize mains
electrical interference). Skin conductance recording. Recordings
were made via two 8-mm diameter silver–silver chloride surface
electrodes taped to the terminal phalanges of the second and
fourth digits of the right hand. Skin conductance was monitored
continuously via an CED 2502-SA interface connected to the
same CED 1401� computer that was used to control the acoustic
stimuli. Recording of evoked potentials. Both the somatosensory
evoked potentials (session 1) and auditory evoked potentials
(session 2) were obtained using single channel recordings from
the scalp at the Cz (vertex) position. 0.5-cm disc electrodes were
placed on the scalp at Cz and the left mastoid, with the ground
electrode placed on the forehead. A CED 1902 interface was used
to record the potentials. The vertex potentials were displayed in a
‘positive up’ configuration.

Critical flicker fusion frequency A Flicker Fusion Monitor,
model 1199 (System 696 Ltd, London, UK) was used. Subjects
viewed the stimulus through a 2-mm ‘artificial pupil’. Four meas-
urements of the threshold were made, two with increasing and two
with decreasing frequencies (see Graham et al., 2004; 2005).

Subjective ratings Before treatment, and following the record-
ing sessions, the subjects completed a battery of 16 100-mm visual
analogue rating scales (Norris, 1971) presented on a computer
monitor; the subjects moved the cursor to a position on the line
that indicated their subjective state on each scale. The polarity of
the scales was randomized between treatments to eliminate poten-
tial learning effects.

Procedure

After arrival in the laboratory, subjects rested for 15min before
undergoing pre-treatment recordings of critical flicker fusion fre-
quency and completing the visual analogue self-ratings; these tests
took 15min to complete. After completing the tests, the capsule
was ingested, followed 60min later by a recording session (see
below). Following the recording session, subjects repeated the
same tests as used in the pre-treatment assessment.

‘Fear conditioning’ (session 1) The 8.5-min recording session
consisted of 20 trials. In ten trials, the CS and US were both pre-
sented, the US being delivered at the offset of the CS. In the

remaining ten trials, the CS was presented without the US. The
CS/US and CS-alone trials occurred in a pseudo-random order
with the constraint that there was one sequence of three CS-alone
trials in succession during the session. (The reason for using a
random 50% reinforcement schedule was to render it less likely
that the subjects would deduce that no shocks were delivered in
the testing session (session 2): see below.) Somatosensory evoked
potentials and skin conductance responses to the US were
recorded.

Startle response recording (session 2) The 10-min recording
session started with a 180-s adaptation period in which the back-
ground sound was presented. A single 115-dB pulse was presented
(the response to this initial pulse was discarded). The remainder of
the recording period consisted of 24 trials, separated by inter-trial
intervals varying between 15 and 35s (mean 25s). The stimuli
presented in the trials were: (i) a single 40ms, 115-dB sound pulse
(startle alone); (ii) a 2-s presentation of the CS (CS alone); and
(iii) a 2-s presentation of the CS immediately followed by a
40–115-dB sound pulse (CS/startle). There were eight trials of
each type, presented in a pseudo-random sequence. EMG, skin
conductance and auditory evoked responses to the sound pulse
were recorded.

Data analysis

Session 1 The subjects were divided according to the treatment
received in session 1 (Groups 1 and 2 received placebo, and
Groups 3 and 4 diazepam 10mg). Comparisons between placebo-
and diazepam-treated subjects were made using Student’s t-test
(criterion, p�0.05).

The somatosensory evoked potentials recorded following the
shock stimulus were averaged across the ten trials in which the
shock was delivered using Spike-2 software (Cambridge Elec-
tronic Design Ltd, Cambridge, UK). The following components of
the evoked responses were identified from the averaged recordings
(values in parentheses indicate the range of latencies to the peak of
the wave following stimulus onset): N120 (60–180ms), P190
(160–240) (Allison et al., 1992), N410 (370–480). The amplitude
of the N120/P190 complex was measured as the amplitude dif-
ference from the peak of the N120 wave to the peak of the P190
wave (Thrauf et al., 1994). In the same manner, the amplitude of
the P190/N410 complex was measured as the amplitude difference
from the peak of the P190 wave to the peak of the N410 wave (see
Fig. 1a).

The changes in skin conductance evoked by the electric shock
were measured from the onset of the response to the maximum
conductance achieved within 10s of the stimulus delivery.
Changes in skin conductance following the CS in CS-alone trials
were measured in the same way.

Pre-/post-treatment changes in ‘alertness’ were obtained from
the weighted change scores on the individual visual-analogue
scales using the factor weightings derived by Bond and Lader
(1974) (Phillips et al., 2000). Pre-/post-treatment changes were
also calculated for the critical flicker fusion frequency.
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Session 2 Pre-/post-treatment changes in ‘alertness’ and critical
flicker fusion frequency were analysed in the same way as in
session 1. The other measures (see below) were analysed as
follows. An initial analysis of the EMG response data in the indi-
vidual CS and no-CS trials of session 2 indicated that there was a
diminution of the CS-induced increase in response amplitude
during the session (CS/no-CS � time: F(7,308) �2.6; p�0.02). It
was considered likely that this represented extinction of condi-
tioned fear-potentiation due to the lack of US presentation in
session 2. The stimulus presentation schedule in session 1
included three successive CS-alone trials, with the aim of delaying
the subjects’ awareness that the CS no longer signalled imminent
shock delivery. Therefore, averaged recordings derived from the
first half of the recording session were used in all subsequent
analyses. Each measure was first subjected to a three-factor analy-
sis of variance (stimulus condition [presence/absence of
CS] � session 1 treatment [placebo/diazepam]� session 2 treat-
ment [placebo/diazepam]) with repeated measures on the first
factor (criterion, P�0.05). In the case of a significant effect of
stimulus condition, separate two-factor analyses of variance
(session 1 treatment � session 2 treatment) were performed on the
baseline response amplitude data, and on the CS/no-CS difference
data. In the case of a significant interaction between the session 1
and session 2 treatment factors, multiple comparisons were made
against Group 1 (placebo/placebo), using Dunnett’s test (Winer,
1991).

The amplitudes of the EMG responses to the acoustic stimuli
were measured using Spike-2 software (see Graham et al., 2005).
The mean amplitude was derived for the no-CS (sound pulse
alone) trials and the CS (light � sound pulse) trials. The enhance-
ment of the EMG response amplitude following the CS was calcu-
lated as CS/no-CS difference.

The auditory evoked potentials were measured using Spike-2
software. The following components of the evoked responses were
identified from the averaged recordings (values in parentheses
indicate the range of latencies to the peak of the wave following
stimulus onset) N1 (70–150ms) and P2 (140–220ms). The ampli-
tude of the N1/P2 complex was measured as the amplitude dif-

ference from the peak of the N1 wave to the peak of the P2 wave
(Senkowski et al., 2003) (see Fig. 1b).

The skin conductance responses to the acoustic stimuli were
measured in the same way as the skin conductance responses to
the US in session 1 (see above).

Results

Measures of arousal (sessions 1 and 2)

Visual analogue scales Table 1 shows the mean (�SEM) pre-
treatment baseline values and pre-/post-treatment changes in
‘alertness’ for placebo- and diazepam-treated subjects in each
session. There were no significant differences between the pre-
treatment baseline values for either session [session 1: t(44) �1.4;
p�0.1; session 2: t�1]. Diazepam reduced alertness, compared
to placebo, both in session 1 [t(44)�2.6; p�0.05] and in session
2 [t(44)�2.8; p�0.01].

Critical flicker fusion frequency Table 1 shows the mean
(�SEM) pre-treatment baseline values and pre-/post-treatment
changes in flicker fusion threshold for the placebo- and diazepam-
treated subjects in each session. There were no significant differ-
ences between the pre-treatment baseline values for either session
[t�1 in each case]. Diazepam significantly reduced the threshold,
compared to placebo, both in session 1 [t(44) �3.9; p�0.001] and
in session 2 [t(44)�4.0; p�0.001].

Responses to the shock US (session 1)

Somatosensory evoked potentials Data from three subjects
were excluded, as their recordings were contaminated by move-
ment artefacts. Fig. 2A shows the mean (�SEM) amplitudes of
the potentials evoked by the US under the two treatment con-
ditions. Diazepam reduced the amplitude of both the N120/P190
[t(41)�3.1; p�0.01] and the P190/N410 responses [t(41) �3.6;
p�0.001].
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Skin conductance response Fig. 2B shows the mean (�SEM)
amplitudes of the skin conductance response to the US under the
two treatment conditions. Diazepam significantly reduced the
response evoked by the US [t(44)�2.1; p�0.05].

Responses to the light CS (session 1)

The mean (�SEM) amplitudes of the skin conductance changes
following CS presentation in the CS-alone trials are shown in the
right-hand panel of Fig. 2B. Diazepam had no significant effect on
response amplitude [t(44)�1.0; p�0.2].

Responses to the sound stimuli (session 2)

EMG responses The mean (�SEM) EMG responses in the
absence of the CS are shown in the left-hand panel, and the

CS/no-CS amplitude differences in the right-hand panel of Fig. 3.
The initial three-factor analysis of variance (CS
condition� session 1 treatment� session 2 treatment, with
repeated measures on the first factor) revealed a significant main
effect of the CS condition [F(1,42) �9.4; p�0.01], reflecting an
increase in response amplitude induced by the CS; there was no
significant main effect of session 1 treatment [F�1], but the main
effect of session 2 treatment was significant [F(1,42) �4.1;
p�0.05]; there was a significant interaction between CS condition
and session 1 treatment [F(1,42) �4.7; p�0.05], but not between
CS condition and session 2 treatment [F�1]. The three-way inter-
action term was not statistically significant [F(1,42) �2.1;
p�0.1]. Analysis of the simple main effects showed that the
amplitude of the ‘baseline’ response measured in the absence of
the CS was significantly reduced by diazepam administered in
session 2 [F(1,42) �4.1; p�0.05], but was not affected by the
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Table 1 Mean (�SEM) pre-/post-treatment changes in ‘alertness and critical flicker fusion frequency’ (CFFF)

Session 1 (conditioning) Session 2 (fear-potentiation testing)

Placebo (Groups 1, 2) Diazepam 10mg (Groups 3, 4) Placebo (Groups 1, 3) Diazepam 10mg (Groups 2, 4)

Measure Baseline Change Baseline Change Baseline Change Baseline Change

‘Alertness’ factor, cm 48.6�1.7 �4.9�2.2 44.7�2.0 �12.6�2.0* 45.4�2.5 �5.0�2.4 43.0�2.2 �17.4�3.0*
CFFF, Hz 21.5�0.4 0.0�0.1 22.2�0.3 �1.6�0.3* 21.5�0.4 �0.3�0.2 21.2�0.3 �1.6�0.3*

Significantly different from corresponding change score for placebo-treated groups * p�0.05 (see text for details).
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Figure 2 Somatosensory evoked potentials and skin conductance responses in session 1. (A) Amplitudes of N120/P190 and P190/N410 somatosensory
evoked potentials evoked by the US (	V); (B) Amplitudes of skin conductance responses evoked by the US and the CS (	S). Columns show mean data;
vertical bars indicate SEM. Open columns, placebo; filled columns, diazepam 10mg. Significance of difference from placebo condition: *p�0.05 (see
text for statistical analysis)
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treatment administered in session 1 [F�1]. In contrast, the
increase in response amplitude induced by the CS (CS/no-CS dif-
ference score) was significantly reduced by diazepam adminis-
tered in session 1 [F(1,42)�4.7; p�0.05], but was not affected
by the treatment administered in session 2 [F�1].

Auditory evoked potentials The left-hand panel of Fig. 4 shows
the mean (�SEM) amplitude of the baseline (no-CS) N1/P2
responses, and the right-hand panel the mean (�SEM) CS/no-CS
amplitude differences. The initial three-factor analysis of variance
revealed a significant main effect of CS [F(1,42) �5.4; p�0.05],
reflecting enhancement of the response by the CS; the main effect
of session 1 treatment was not significant [F�1], but there was a
significant main effect of session 2 treatment [F(1,42) �6.8;
p�0.05]; there was a significant interaction between CS condition
and session 1 treatment [F(1,42)�7.4; p�0.01], but not between
CS condition and session 2 treatment [F�1]. The three-way inter-
action term was not statistically significant [F�1]. Further analy-
ses showed that the baseline (no-CS) response amplitude was
significantly reduced by diazepam administered in session 2
[F(1,42) �5.0; p�0.05], but was not affected by the treatment
administered in session 1 [F�1]. In contrast, the CS-induced
increase in N1/P2 response amplitude was unaffected by session 2
treatment [F�1], but was significantly attenuated by diazepam
administered in session 1 [F(1,42)�6.3; p�0.05].

Skin conductance responses The left-hand panel of Fig. 5 shows
the mean (�SEM) amplitude of the baseline (no-CS) skin conduc-
tance responses evoked by the acoustic stimuli, and the right-hand

panel the mean (�SEM) CS/no-CS amplitude differences. The
three-factor analysis of variance revealed a significant main effect
of the CS condition [F(1,44) �22.6; p�0.001], reflecting
enhancement of the response in the presence of the CS; the main
effects of session 1 treatment [F(1,42) �1.2; p�0.1] and session
2 treatment [F�1] were not statistically significant. There was a
significant interaction between CS condition and session 1 treat-
ment [F(1,42)�7.0; p�0.05], but not between CS condition and
session 2 treatment [F�1]. The session 1 treatment � session 2
treatment interaction was significant [F(1,42) �7.1; p�0.05]. The
three-way interaction was not significant [F(1,42) �1.0; p�0.1].
Analysis of the baseline (no-CS) data showed no significant main
effect of either session 1 treatment [F(1,42) �1.2; p�0.1], or
session 2 treatment [F�1]. There was a significant interaction
between the sessions [F(1,42) �9.0; p�0.01]; however, multiple
comparisons (Dunnett’s test) showed that none of the groups that
received active treatments differed significantly from Group 1
(placebo/placebo). Analysis of the CS/no-CS differences showed
that diazepam administered in session 1 attenuated the CS-induced
enhancement of the skin conductance response [F(1,42) �7.0;
p�0.05], whereas the treatment administered in session 2 had no
significant effect [F�1].

Discussion

Acute treatment with diazepam 10mg produced significant reduc-
tions of subjectively rated alertness and critical flicker fusion fre-
quency, an objective measure of arousal (Hindmarch, 1980).
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In subjects who experienced repeated pairings of the CS and
US under the placebo treatment condition in session 1 (Groups 1
and 2), presentation of the CS before a startle probe in session 2
significantly potentiated the EMG and skin conductance startle
responses, and enhanced the N1/P2 auditory evoked potential.
Potentiation of the EMG eyeblink startle response in human vol-
unteers by presentation of a discrete aversive Pavlovian CS has
been previously reported by Lipp et al. (1994). The EMG startle
response can also be enhanced by more diffuse aversive contex-
tual stimuli, including verbal threat of electric shock (Grillon et
al., 1991; Bitsios et al., 1999; Graham et al., 2005), darkness
(Baas et al., 2002) and presentation of unpleasant pictures (Hamm
et al., 1991; Patrick et al., 1996; Bradley and Lang, 2000) or film
clips (Kaviani et al., 1999, 2004). We have previously found that
the skin conductance component of the startle response is
enhanced by an aversive context (threat of electric shock: Graham
et al., 2005). The present results suggest that this late component
of the startle cascade is also susceptible to Pavlovian fear condi-
tioning. The enhancement of the N1/P2 auditory evoked potential
in the presence of a Pavlovian CS appears to be a novel finding.

Diazepam administered in session 2 failed to prevent the
expression of the fear-potentiated startle responses in those sub-
jects who were trained under the placebo condition in session 1
(Group 2). In other words, diazepam did not significantly reduce
fear-potentiation of the EMG and skin conductance startle
responses, nor did it attenuate fear-potentiation of the N1/P2
complex. At first sight this appears to be inconsistent with the
results of previous studies which found that diazepam (Patrick et
al., 1996; Bitsios et al., 1999) and lorazepam (Graham et al.,
2004b) suppressed fear-potentiation of the EMG startle response.
It is likely that this apparent discrepancy reflects methodological
factors. As pointed out by Baas et al. (2002), the experimental
protocols used in previous studies in which suppression of fear-
potentiation has been observed have generally entailed relatively
diffuse aversive contexts (e.g. threat of shock occasioned by
attachment of electrodes to the wrist), rather than discrete Pavlov-
ian CSs. The present finding that diazepam did not prevent the
elicitation of fear-potentiation by a Pavlovian CS is consistent
with Baas et al.’s (2002) finding that benzodiazepines had no
effect on ‘cue-specific’ fear-potentiation of the EMG startle
response. The validity of the distinction between ‘contextual’ and
‘cue-specific’ fear-potentiation is supported by a substantial body
of evidence indicating that these two paradigms have distinct
neural substrates (see Walker et al., 2003). It has recently been
proposed that cue-specific and contextual fear may constitute valid
models of phobic and generalized anxiety, respectively (Grillon,
2002; Mineka and Ohman, 2002; Grillon and Baas, 2003). In this
context, it is of interest to note that the apparently selective effect
of benzodiazepines on contextual fear coincides with a greater
clinical efficacy of benzodiazepines in suppressing generalized
anxiety than phobic anxiety in man (see Grillon and Baas, 2003).

It is of interest to consider whether the treatment conditions
themselves might have functioned as contexts for conditioned
fear. It is well established that, in animals, conditioned responses
may be preferentially expressed in the presence of a drug that was
present at the time of conditioning (state-dependent learning: see

Colpaert, 1990; File et al., 1993; Harris and Westbrook, 2001).
State-dependent learning might be advanced as an explanation of
the apparently greater fear-potentiation shown by Group 4, which
experienced diazepam in both sessions, compared to Group 3,
which experienced diazepam in session 1 and placebo in session 2.
It should be noted, however, that the apparent difference between
these two groups was not substantiated statistically. Moreover, an
explanation in terms of state-dependent learning fails to account
for the greater degree of fear-potentiation exhibited by Group 2,
which received placebo in session 1 and diazepam in session 2,
than by Group 3. In this context, it is of interest that Pain et al.
(2002) recently reported that another benzodiazepine, midazolam,
administered before the CS/US training, disrupted subsequent
expression of fear conditioning in rats, whether or not the drug
was also administered before the retention test, indicating that
state-dependent learning could not account for the reduced
responding to the CS.

Diazepam significantly reduced the amplitude of the baseline
EMG startle response and N1/P2 auditory evoked potential. This
result is in accord with several previous studies which found that
not only benzodiazepines (Abduljawad et al., 1997, 2001; Bitsios
et al., 1999; Baas et al., 2002), but also sedative drugs belonging
to a variety of other pharmacological classes, including the 
2-

adrenoceptor agonist clonidine (Kumari et al., 1996; Abduljawad
et al., 1997, 2001), the 5-HT2 receptor antagonist ketanserin
(Graham et al., 2002), the tricyclic antidepressant amitriptyline
(Phillips et al., 2000), and the atypical antipsychotics clozapine
and quetiapine (Graham et al., 2001, 2004) all reduced the ampli-
tude of the baseline EMG startle response. These findings strongly
suggest that suppression of the startle response is a rather non-spe-
cific effect of sedative drugs. However, this may not be true of the
suppression of the N1/P2 auditory evoked potential. Thus, whilst
the benzodiazepines diazepam (Abduljawad et al., 2001) and
lorazepam (Pooviboonsuk et al., 1996) reduce baseline N1/P2
amplitude, this effect is not shared by many other sedative drugs,
including clonidine (Abduljawad et al., 1997), quetiapine (Graham
et al., 2004), ketanserin (Graham et al., 2002), clozapine (Graham
et al., 2001), scopolamine (Curran et al., 1998) and diphenhy-
dramine (Curran et al., 1998).

It is possible that suppression of the baseline EMG response by
benzodiazepines was partly due to the anxiolytic effect of these
drugs, since the startle probe stimuli are themselves aversive for
many subjects. However, this does not explain why other sedative
drugs without known anxiolytic properties also suppress the EMG
startle response (see above). Nor does it account for the fact that
the skin conductance response elicited by the acoustic stimuli is
insensitive to benzodiazepines (diazepam: present experiment;
lorazepam: Graham et al., 2005).

Perhaps the most striking outcome of this experiment was the
finding that in subjects who experienced the paired presentation of
CS and US in the presence of diazepam (Groups 3 and 4), sub-
sequent presentation of the CS in session 2 produced significantly
less enhancement of the EMG and skin conductance startle
responses and the N1/P2 auditory evoked potential than was seen
in those subjects who experienced CS/US pairing in the presence
of placebo (Groups 1 and 2). This suggests that diazepam
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impaired the acquisition of conditioned fear. It is known that ben-
zodiazepines can prevent the acquisition of conditioned fear
responses in rats (Harris and Westbrook, 1996; Pain et al., 2002)
and mice (Cole, 1986), although there do not appear to have been
any previous reports of this effect in the case of human subjects.

It is widely believed that acquisition of conditioned fear
responses entails an initial learning of the CS/US association, fol-
lowed by a period of ‘consolidation’, when the association
becomes established in long-term memory (Maren, 2001;
McGaugh, 2004). The present results provide some circumstantial
evidence that diazepam did not totally prevent the formation of a
CS/US association, in that the rise in skin conductance following
presentation of the CS alone in session 1 did not differ signifi-
cantly between placebo- and diazepam-treated subjects. However,
further experiments will be needed to establish whether the hypo-
thetical processes of association formation and consolidation are
equally sensitive to disruption by diazepam. In the present experi-
ment, the conditioning session was carried out 1h after ingestion
of diazepam, the approximate time of peak plasma concentration
of the drug (Greenblatt et al., 1980; Friedman et al., 1992). In
view of the relatively slow elimination of diazepam (t�� �43h:
Friedman et al., 1992), it is likely that an effective concentration
of diazepam was present during the period of consolidation. One
way of separating effects on conditioning from effects on consoli-
dation might be to ‘switch off’ the effect of diazepam with a ben-
zodiazepine antagonist (e.g. flumazenil) immediately after
exposure to CS/US pairing, thereby obviating any effect of
diazepam on consolidation. There is some evidence from experi-
ments on animals that benzodiazepines may cause retrograde
amnesia, suggesting a disruption of memory consolidation. For
example, Jensen et al. (1979) found that flurazepam administered
immediately after a conditioning session blocked subsequent
expression of a passive avoidance response. However, although
diazepam’s effect on episodic memory in man is well-known, it
has proved difficult to demonstrate retrograde amnesiac effects of
benzodiazepines in man, comparable to that seen in animals (see
Curran, 1999).

More than one putative mechanism might be advanced to
account for a disruptive effect of diazepam on the formation of
CS/US associations. Two plausible candidates are reduced atten-
tion to the CS during the conditioning trials, and a reduction of the
aversiveness of the US. In the present experiment, circumstantial
evidence for the latter mechanism is provided by the somatosen-
sory potential and skin conductance responses evoked by the US,
both of which were significantly reduced by diazepam. Suppres-
sion of somatosensory potentials by benzodiazepines is well-
known (Thrauf et al., 1994); however, it remains controversial
whether this is appropriately described as an analgesic effect, or
whether it should be regarded as a manifestation of a general seda-
tive action of the benzodiazepines (Thrauf et al., 1994; Nishiyama,
1995; Quevedo et al., 1997; Cox and Collins, 2001). In either
case, it seems possible that in the present experiment, diazepam
could have reduced the subjective discomfort caused by the elec-
tric shock, thereby reducing its effectiveness as a Pavlovian US.
Direct evidence for reduction of shock-induced subjective discom-
fort could be obtained in future experiments by taking pain thresh-

old measurements under each treatment condition. Although the
role of benzodiazepines’ sedative and/or analgesic effect on fear
conditioning does not appear to have been examined previously in
humans, there is some evidence that mnemonic rather than anal-
gesic effects are responsible for the suppression of fear condition-
ing in rats. Thus, Pain et al. (2002) demonstrated that midazolam
suppressed the effect of pre-exposure to the CS on subsequent
conditioning; since the CS was entirely innocuous at the time of
pre-exposure, Pain et al. (2002) argued that midazolam’s effect
could not have been mediated by a reduction of the aversiveness
of the stimulus.

In summary, the present results indicate that acute treatment
with diazepam impairs the acquisition of a conditioned aversive
response, the fear-potentiated startle response, in man, but does
not prevent the expression of a previously learned response.
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