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Changes in serotonin neurotransmission have also been implicated in the etiology and treatment of impulse control disorders,

depression, and anxiety. We have investigated the effect of enhancing serotonin function on fundamental brain processes that we have

proposed are abnormal in these disorders. In all, 12 male volunteers received citalopram (7.5 mg intravenously) and placebo

pretreatment in a single-blind crossover design before undertaking Go/No-go, Loss/No-loss, and covert (aversive) face emotion

recognition tasks during functional magnetic resonance imaging (fMRI). Blood oxygenation level dependent responses were analyzed

using Statistical Parametric Mapping (SPM2). The tasks activated prefrontal and subcortical regions generally consistent with literature

with lateral orbitofrontal cortex (BA47) common to the three tasks. Citalopram pretreatment enhanced the right BA47 responses to the

No-go condition, but attenuated this response to aversive faces. Attenuations were seen following citalopram in the medial orbitofrontal

(BA11) responses to the No-go and No-loss (ie relative reward compared with Loss) conditions. The right amygdala response to

aversive faces was attenuated by citalopram. These results support the involvement of serotonin in modulating basic processes involved

in psychiatric disorders but argue for a process-specific, rather than general effect. The technique of combining drug challenge with fMRI

(pharmacoMRI) has promise for investigating human psychiatric disorders.
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INTRODUCTION

Impaired serotonin (5-hydroxytryptamine, 5-HT) neuro-
transmission has been implicated in the etiology of a wide
range of psychiatric disorders including depression, anxi-
ety, and impulse-control-related disorders. Findings com-
mon to some or all of these disorders include reduced
cerebrospinal fluid concentrations of the 5-HT metabolite,
5-hydroxyindoleacetic acid, reduced hormonal responses to
5-HT drug challenge, and altered brain 5-HT receptor
numbers (Mann et al, 1995; O’Keane et al, 1992; Coccaro
et al, 1995; Dolan et al, 2001; Drevets et al, 1999;
Stockmeier, 2003). In addition, selective serotonin reuptake
inhibitors (SSRIs) have proved effective in their treatment,

an action that is believed to be due to the enhancement of
5-HT neurotransmission (Bell and Nutt, 1998; Mann et al,
2001; Jetty et al, 2001; Nemeroff, 2002).

We, and others, have proposed that alterations in
fundamental processes underlying the brain’s response
to the inhibition of behavior, reinforcement (reward
and punishment), and environmental threats could be
associated with the development of impulsivity, depression,
and anxiety disorders (Deakin and Graeff, 1991; Elliott
et al, 2000a). An understanding of the neural basis of
these normal neuropsychological processes could prove a
useful tool for investigating the abnormal processes
involved in psychiatric disorders. Advances in neuro-
imaging techniques have added substantially to the
understanding of neurobiology of emotional processing
in humans. Using functional magnetic resonance imaging
(fMRI) and positron emission tomography (PET) in
conjunction with cognitive activation paradigms, it has
been possible to visualize the functional neuroanatomy of
specific components of emotional processing such as
response to reward and punishment (Elliott et al,
2000b), fear conditioning (Morris et al, 2001), emotion
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recognition (for a review, see Phan et al, 2002), and
impulse control (Casey et al, 1997). Cognitive activation
paradigms combined with neuroimaging also offer the
opportunity to investigate the role of 5-HT in these
processes by studying the modulation of neural responses
by drugs (pharmacoMRI or pMRI).

Behavioral inhibition of ongoing behavior is an appro-
priate response to ‘stop’ signals including aversive stimuli.
The inability to inhibit appropriately behavioral responses
is a component of impulsivity, which also includes impaired
capacity to plan ahead and rapid information processing. In
a recent study, we have shown that patients with the
diagnosis of borderline and antisocial personality disorder
(which is associated with lack of impulse control) activate
more widespread prefrontal and temporal cortical areas
than healthy controls in the Go/No-go task (Völlm et al,
2004), a neuropsychological task requiring behavioral
inhibition (Casey et al, 1997). The Go/No-go task has been
widely used as a cognitive activation paradigm with normal
volunteers, and it produces consistent prefrontal activation
(Horn et al, 2003; Völlm et al, 2004; Rubia et al, 2003;
Anderson et al, 2002; Menon et al, 2001; Liddle et al, 2001;
Kawashima et al, 1996). The lateral orbitofrontal cortex
(OFC), particularly on the right, is a common area activated
by No-go compared with Go conditions in these studies and
appears to be specifically involved in the inhibition of
responses (Aron et al, 2003; Rubia et al, 2003; Menon et al,
2001; Liddle et al, 2001). The right middle frontal gyrus,
including dorsolateral prefrontal cortex (DLPFC), also
appears to be an important component of behavioral
inhibition circuitry (Menon et al, 2001; Garavan et al,
2002). The error detection and processing involved in No-
go performance has been associated with the activation of
more medial areas of the prefrontal cortex and the anterior
cingulate cortex (Rubia et al, 2003; Garavan et al, 2002;
Liddle et al, 2001; Menon et al, 2001; Hester et al, 2004). We
have previously shown enhanced neuronal responses in the
lateral OFC to Go/No-go performance after the administra-
tion of m-chlorophenypiperazine (mCPP), a 5-HT2C agonist
(Anderson et al, 2002), consistent with a direct modulatory
effect of 5-HT on the neural circuits involved in behavioral
inhibition.

From an evolutionary perspective, it has been proposed
that the neural substrates involved in the behavioral
response to acute and chronic stress, punishment and
threat, could be implicated in the neurobiology of anxiety
and depressive disorders, with a central role for 5-HT in the
modulation of these mental processes (Deakin and Graeff,
1991; Deakin, 2003). We have previously shown that a
simple financial reward task activates the amygdala and
striatum (Elliott et al, 2003), while financial loss is
associated with increased neuronal response in the hippo-
campus (Elliott et al, 2000b). The OFC has also been
implicated in recognition and processing of reward and
punishment stimuli, with some findings suggesting an
anatomical division of its functions with lateral areas
associated with loss/punishment and medial areas more
with reward (Bechara et al, 1994; O’Doherty et al,
2001; Elliott et al, 2003). It has been argued that lateral
regions of the OFC are critical in responding to punish-
ments signalling a need for behavioral change (Kringelbach
and Rolls, 2004). Depressed patients show abnormal

OFC responses to financial rewards and losses (Longe
et al, 2003). Previous work in our unit has shown that
reducing brain 5-HT function using acute tryptophan
depletion increases depressive and anxiety reactions to
laboratory stress (Miller et al, 2000; Anderson et al, 2003),
and there is preliminary evidence showing 5-HT modula-
tion of the processing of reward and punishment cues
involved in decision making (Rogers et al, 2003). Little,
however, is known about the functional neuroanatomy
of 5-HT involvement in basic processes of reinforcement
in humans.

The ability to identify facial expressions and emotions is
an important component of social functioning and adapta-
tion. There is evidence for an involvement of dissociable,
although interconnected, neural substrates that mediate face
emotion processing, with a central role for the amygdala
(Haxby et al, 2002). The amygdala has been one of the most
consistently activated areas in studies relating to fearful
faces (eg Morris et al, 1996; Hariri et al, 2000; Phillips et al,
2001), a response that is lateralized in some studies (eg
Morris et al, 1996), possibly relating to different rates of
habituation with one study finding faster habituation in the
right than left amygdala to repeated exposure (Morris et al,
2001). There are less consistent findings with other
emotions such as anger (eg Blair et al, 1999; Hariri et al,
2002) and disgust (Phillips et al, 1997; Winston et al, 2003),
perhaps reflecting a stronger reaction to fear than other
emotions rather than a truly selective response (Whalen
et al, 2001). Previous imaging studies using emotional face
stimuli have also shown activation of medial and orbital
prefrontal cortices, including anterior cingulate, insula and
regions of the occipital cortex, particularly the fusiform
gyrus (Sprengelmeyer et al, 1998; Blair et al, 1999;
Surguladze et al, 2003; Abel et al, 2003; Keightley et al,
2003). Depressed and anxious patients have been shown to
have altered neural responses to negative emotional faces
(Lawrence et al, 2004; Thomas et al, 2001; Sheline et al,
2001). Antidepressant treatment has been shown to normal-
ize increased amgydala responses to fearful faces in
depressed patients (Sheline et al, 2001; Fu et al, 2004).
Acute modulation of 5-HT function alters facial expression
recognition in healthy volunteers (Harmer et al, 2003a, b;
Attenburrow et al, 2003), but as yet it is unclear as which to
neural substrates mediate this effect.

The aim of this study was to determine the acute effects of
the SSRI, citalopram, on brain activation during cognitive
activation tasks tapping into fundamental neuropsycho-
logical processes that could be involved in the patho-
physiology of psychiatric diagnosis (behavioral inhibition,
reinforcement processing, and covert aversive face emotion
recognition).

Specifically, on the basis of the literature reviewed above,
we hypothesized that performance of the cognitive tasks
would be associated with distinct but overlapping patterns
of activation as follows:

1. Go/No-go task: Our specific hypotheses concerned
prefrontal cortical regions. We predicted that in line
with the previous studies discussed, No-go relative to Go
blocks would be associated with increased BOLD
response in lateral OFC, anterior cingulate, right middle
frontal gyrus, and DLPFC.
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2. Loss task: We hypothesized that the main effect of loss
compared to no loss would be associated with neural
responses in the lateral OFC and hippocampus.

3. Covert recognition of aversive faces: For this task, we
predicted increased BOLD response in the amygdala,
fusiform gyrus, OFC, and anterior cingulate gyrus.

A response in the OFC was predicted for all three tasks.
This is a region that mediates a variety of social, cognitive,
and emotional functions, and, as discussed above, appears
to play a critical role in all three of the functions assessed
here. For each of the tasks, we further predicted that
citalopram would modulate the neuronal responses asso-
ciated with task performamance. Based on previous results,
and the clinical profile of the drug, we hypothesized that
citalopram would enhance neuronal activation induced by
these tasks. We term this approach to imaging the effects of
drugs on cognitive activation as ‘indirect’ pharmacological
fMRI (pMRI) to distinguish it from direct neuronal
activation by drugs (‘direct’ pMRI).

METHODS

Subjects

In all, 12 healthy (10 right handed) male volunteers, aged
19–36 years (mean7SD 24.775.8 years) were recruited
from students, staff, and the general public, through
advertisement.

Subjects were screened using the Overview Module from
Structured Clinical Interview for DSM-IV-TR Axis I
Disorders, Research Version, Non-patient Edition (SCID-
NP; First et al, 2002) and the Mini International Neurop-
sychiatry Interview (MINI; Sheehan et al, 1998). Exclusion
criteria included any serious general medical condition or
one that could interfere in the interpretation of results,
current or past psychiatric disorder, use of medication
within the last 2 weeks, illicit drug use, excessive consump-
tion of alcohol (421 U/week), caffeine (48 cups of coffee/
day), or cigarette consumption (410 cigarettes/day), and
involvement in concurrent research or in research involving
taking an experimental drug in the previous 2 months.

The study was approved by the local Research Ethics
Committee and written informed consent was obtained
from each volunteer.

Procedures

Subjects were tested on two occasions with placebo (normal
saline) or intravenous citalopram 7.5 mg, infused over
7.5 min, separated by at least 3 days (range 3–28 days,
mean7SD¼ 11.176.9 days), in a randomized, balanced
order, single-blind design. The choice of citalopram was
based on its high selectivity for 5-HT, evidence from animal
and human studies for serotonergic effects, its good
tolerability, and its availability as an intravenous prepara-
tion (see Discussion). Subjects were cannulated outside the
scanner at least 30 min before they received the drug. They
then underwent a 22.5 min fMRI scan during which they
received the drug infusion in the middle 7.5 min in order to
examine the direct effects of citalopram. These results are
not presented here. At 5 min after the end of this scan (ie

12.5 min after the end of the drug infusion), they received
the first of three further scans during which they undertook
the neuropsychological tasks detailed below.

Neuropsychological Tasks. Three tasks of a block-design
lasting 6 min each were performed inside the scanner in the
order Go/No-go, Loss/No-loss, and covert face emotion
recognition.

Go/No-go. This task was based on one reported by Casey
et al (1997) and previously used in our Unit (Horn et al,
2003; Anderson et al, 2002). Subjects were presented with a
series of letters displayed for 500 ms every 1.73 s on a screen
and instructed to respond, using a button box, to all letters
apart from ‘V’ by pressing a button. Eight blocks, of 45 s
each, were presented in an ABABABAB design, A being the
Go condition, with no V’s and B the No-go condition, with
50% V’s.

Loss/No-loss. This task consisted of six blocks, three
associated with loss (2nd, 4th and 6th) and three with no
loss (1st, 3rd, and 5th). Subjects were presented with a series
of colored squares at a rate of one every 1.33 s. They were
instructed to respond only to blue and green squares by
pressing a button as fast as they could. Volunteers were
instructed that if they were not quick enough to respond on
blue squares, they would lose money but they would not
lose money on green squares. Losses occurred for 65% of
the blue targets and were signalled by pound signs with a
cross through them.

Covert Face Emotion Recognition. Subjects were presented
with pictures of faces from the Pictures of Facial Affect
Series (Ekman and Friesen, 1976). The following types of
affect were presented: neutral (A), anger (B), disgust (C),
and fear (D). Eight pictures of each emotion was presented
for 3 s with an interval of 0.75 s between presentations. Each
block lasted 30 s, presented in an ABACADABACAD design.
Using a button box, subjects were asked to identify the
gender of the faces not to describe or focus on the emotion
pictured.

fMRI Scanning. Images were acquired using a Philips
(Eindhoven, Holland) 1.5 T Gyroscan ACS NT retrofitted
with Powertrak 6000 gradients, operating at a software level
6.1.2 T2*-weighted volumes were acquired using a single-
shot echo-planar (EPI) pulse sequence. Each volume
comprised 40 contiguous axial slices, (TR/TE¼ 5000/
40 ms, 64� 64 data matrix, 3.5 mm thickness with an in-
plane resolution of 3� 3 mm). A T1-weighted structural
scan was also acquired for each subject, for coregistration
and to exclude any structural abnormality. No abnormality
was reported for any of the 12 subjects.

Analysis. Imaging data were analyzed using Statistical
Parametric Mapping (SPM2, Friston, The Welcome Depart-
ment of Cognitive Neurology, London, UK), with a random
effects model. Images were realigned to correct for motion
artifacts using the first scan as a reference and normalized
into the Talairach and Tournoux stereotactic space
(Talairach and Tournoux, 1988) using Montreal Neuro-
logical Institute (MNI) templates. Images were smoothed
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with a 10 mm Gaussian kernel to facilitate intersubject
averaging. After this spatial preprocessing, first-level
analysis was performed on each subject using the general
linear model with a delayed boxcar waveform to model
blood oxygenation level-dependent (BOLD) signal changes
to generate a single mean image corresponding to each
experiment. These images were combined in a second-level,
random effects, analysis, using a one-way ANOVA to
investigate the main effect of the task. This main effect
was used as an inclusive mask to examine which of the
regions responsive to the task showed a significant
modulation by the drug relative to placebo (ie an
interaction between task and drug, masked by the main
effect of task). It is possible for significant interactions to
occur outside areas where a main effect is seen, but it is then
difficult to interpret their functional significance.

For the three tasks, neural responses in the control blocks
were subtracted from those in the active task blocks, to
reveal areas of increased signal associated with performance
of the task, irrespective of drug pretreatment. The active
minus control comparisons were No-Go minus Go, Loss
minus No-loss, and aversive emotion minus neutral in the
three tasks, respectively. In the Loss/No-loss task, the
reverse subtraction was also examined. In the analysis of the
covert face emotion recognition task, the combined aversive
faces analysis compared with neutral faces is presented in
order to identify brain areas responding to external threat
in a generic sense rather than specific emotions. Within
areas showing a main effect of task, neural responses on
placebo were subtracted from those on citalopram to
identify areas where citalopram enhanced neural activation
to the task, with the reverse subtraction used to identify
where citalopram attenuated responses. Statistical maps
were thresholded at po0.001 uncorrected (Z-score43.09)
with only cluster sizes of 10 or more contiguous voxels
being reported. Small volume corrections (Worsley et al,
1996) were applied to a priori regions of interest, as
specified in the introduction. These regions, and the volume
of correction, were chosen on the basis of previous studies
reported by ourselves and others (eg Morris et al, 1996;
Hariri et al, 2000; Phillips et al, 2001; Elliott et al,
2003; Horn et al, 2003). In addition, lower levels of
significance are reported when bilateral activations were
seen. We also report regions where activation was observed
significant at po0.001 uncorrected. However, these regions
are included for descriptive purposes only and are not
discussed further.

RESULTS

Citalopram administration was very well tolerated and there
were no significant differences between visual analog self-
ratings of mood, discomfort, nausea, and sedation/alertness
taken before and after the scanner tasks. Behavioral results
for one subject were not available because of a technical
problem.

Go/No-go Task

There were no differences between occasion in the number
of omission errors (not responding to letters apart from V;

mean7SD: 0.370.5% for placebo, 0.270.8% for citalo-
pram, p¼ 0.9) or commission errors (responding to V’s;
11.274.8% for placebo, 10.776.6% for citalopram, p¼ 0.7).
Subjects were slightly slower to respond on the citalopram
occasion (reaction time on placebo 387728 ms, 406724 ms
on citalopram, p¼ 0.05).

The main effects of task and their modulation by
citalopram are represented in Table 1 and Figure 1. During
the No-go blocks (behavioral inhibition) significant neuro-
nal responses after small volume correction on the basis of
prior hypothesis were observed in the right DLPFC, OFC
bilaterally, and right middle frontal gyrus. Additional
responses, significant at po0.001 uncorrected, were ob-
served in right temporal cortex, bilateral supramarginal
gyri, right precuneus, and right thalamus. Citalopram
enhanced the activation of DLPFC, right lateral OFC, and
middle temporal gyrus. Attenuations were seen in OFC,
more on the left, bilateral supramarginal gyri, and right
superior temporal gyrus.

Loss/No-loss Task

Subjects performed near ceiling on this task with very few
commission or omission errors and no difference in
reaction time between the two occasions (data not shown).

As shown in Table 2, the main effects of the Loss
compared with No-loss blocks in prehypothesised regions
were observed bilaterally in lateral OFC. Additional
responses significant at po0.001 uncorrrected were ob-
served in bilateral frontopolar prefrontal cortex, and
parietal cortex, predominantly left temporal cortex and
right fusiform gyrus. Citalopram decreased the response in
right fusiform gyrus (Table 2).

In the No-loss compared with Loss blocks, increased
hemodynamic responses were seen in bilateral medial OFC,
right anterior cingulate gyrus, right insula, mainly left
temporal cortex, left occipital cortex, predominantly right
parahippocampal gyrus, right hippocampus, and uncus.
Citalopram increased the activation in right insula and left
occipital cortex. The activation of right medial OFC was
attenuated by citalopram (Table 2, Figure 1c).

Covert Face Emotion Recognition

Subjects performed near ceiling on this task with very few
incorrect responses or omission errors and no difference in
reaction time between the two occasions (data not shown).

Table 3 shows that aversive faces, when compared with
neutral faces, caused bilateral neuronal activation in
hypothesized regions of lateral OFC, fusiform gyri, and
amygdala/amygdaloid complex. Additional responses, sig-
nificant at po0.001 uncorrected, were observed in DLPFC,
superior temporal cortices, occipital gyri, and thalami.
Citalopram tended to enhance the activation in fusiform
gyri and thalami bilaterally, whereas it attenuated the
activation in the right lateral OFC and right amygdala
(Figure 1d).

DISCUSSION

We have studied regional neuronal activation, and its
modulation by 5-HT, in three paradigms selected to probe
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neuropsychological processes related to impulsivity, depres-
sion, and anxiety, namely behavioral inhibition, loss, and
viewing of aversive faces. The main effects of the tasks in
this study (ie independent of drug modulation) have
confirmed the involvement of prefrontal and subcortical
regions, which in general are consistent with other findings
in the literature (Casey et al, 1997; Rubia et al, 2003; Horn
et al, 2003; Haxby et al, 2002). Acute infusion of the SSRI,
citalopram, modulated brain responses in a task-specific
manner with only modest overlap. This supports a role for
5-HT in these process, but one that is crucially dependent
on the nature of the psychological task involved.

Go/No-go Task

Some studies have shown impaired performance in this task
related to poor impulse control (Dolan and Park, 2002),
although some negative results have also been reported
(Dinn and Harris, 2000). Given the inverse relationship that
has been found between 5-HT function and impulsivity (eg
Dolan et al, 2001), it is of interest that subjects tended to
respond to targets more slowly under citalopram; however,
there was no effect on the number of commission errors.
We found that citalopram enhanced right OFC activation
during No-go blocks, a similar finding to our previous
result with the 5-HT2C agonist, mCPP (Anderson et al,
2002), supporting a modulatory role for 5-HT in this region,

Table 1 Maximally Activated Voxels in Areas in which Significant Evoked Activity was Related to No-go Block Compared to Go Block
Levels

Main effect Interaction citalopram and task

MNI coordinates MNI coordinates

Region BA Left–right x y z Z-value Activation x y z Z-value

*Dorsolateral PFC 9 R 42 30 36 3.45 m 15 54 33 3.20

Medial prefrontal cortex 9 R 3 42 24 3.40 m 6 45 36 3.65

Frontopolar prefrontal cortex 10 R 30 51 24 3.95

*Orbito frontal cortex 11 R 21 60 �12 3.14 k 18 66 �3 (2.38)

L �21 60 �9 3.47 k �21 60 �9 3.29

*Lateral orbito frontal cortex 47 R 54 24 �9 3.75 m 42 27 �9 3.84

L �45 18 �9 3.13

*Middle frontal gyrus 10 R 27 57 21 3.47

Middle temporal gyrus 21 R 63 �45 �3 4.48 m 66 �18 �9 3.74

Superior temporal gyrus 22 R 63 �60 12 4.87 k 48 �48 21 3.94

Supramarginal gyrus 40 R 60 �51 33 4.99 k 45 �57 39 3.19

L �54 �48 33 3.43 k �54 �48 33 3.30

Inferior temporal cortex 20 R 66 �21 �21 3.91

Parietal lobe precuneus 7 R 3 �63 39 3.22

Thalamus R 6 �9 12 3.52

Statistical maps were thresholded at po0.001 uncorrected. regions marked * are those regions about which we had a prior hypothesis based on previous imaging
studies using this task.
BA¼ Brodmann Area; k¼ attenuated the activation; m¼ enhanced the activation; figures in brackets are below threshold but included because the modulation
appears bilateral.

Figure 1 Modulation of task-related activations by citalopram. (a)
Enhancement of right BA47 activation in No-go compared with Go blocks.
(b) Attenuation of left4right BA11 activation in No-go compared with Go
blocks. (c) Attenuation of right BA11 activation in No-loss compared with
Loss blocks. (d) Attenuation of right BA47 and right amygdala activation in
Aversive compared with Neutral face blocks.
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probably 5-HT2C receptor mediated. Citalopram also
increased activation of other right-sided areas including
DLPFC, an area that has been implicated in working
memory load in this task (Mostofsky et al, 2003). In
contrast citalopram attenuated more medial OFC and
superior temporal cortex/supramarginal gyrus. These find-
ings are consistent with a role for 5-HT in the effective
inhibition of unwanted behaviors and suggest a direct
involvement in the circuitry involved in withholding
responses. The attenuation by citalopram of activation in
areas that may be involved in error processing and
attention/spatial awareness (Karnath, 2001) suggest a
different role for 5-HT in this circuitry.

Loss/No-loss Task

Understanding the results obtained in the Loss/No-loss task
is complicated by features of the task itself that became
apparent after the study. Although the No-loss blocks were
designed as neutral blocks, given the subtraction design in
relation to the Loss bocks, they could be perceived as
associated with not losing, or relative reward. In addition,
within the Loss Block, there was an expectation of losing for
about 2

3 of the time, and also the experience of avoiding loss
for the rest of the time. Learning theory has long regarded
omission of anticipated punishment as functionally equiva-
lent to reward. Indeed, subjects might have consciously

Table 2 Maximally Activated Voxels in Areas in which Significant Evoked Activity was Related to Loss and No-Loss Blocks Levels

Main effect Interaction citalopram and task

MNI coordinates MNI coordinates

Region BA Left–right x y z Z-value Activation x y z Z-value

Activated by loss

Frontopolar prefrontal cortex 10 R 45 45 0 3.84

L �18 60 �6 3.13

*Orbitofrontal cortex 11 R 18 57 �15 4.18

L �30 54 �15 3.57

*Lateral orbitofrontal cortex 47 R 48 21 �12 4.93

L �39 27 �6 (2.93)

Temporal cortex 38 L �48 12 �12 3.40

Temporal cortex 21 R 69 �27 �12 (2.79)

L �66 �27 �12 3.97

Parietal cortex 40 R 33 �60 51 4.07

L �33 �57 48 3.23

Occipital cortex 19 R 42 �72 �12 3.73

Fusiform gyrus 37 R 36 �48 �24 4.17 k 33 �48 �21 3.54

Activated by No-loss

Medial orbito frontal cortex 11 R 15 30 �15 (2.52) k 6 39 �15 3.39

L �12 39 �15 4.56

Anterior cingulate 32 R 21 12 39 3.26

Insula 13 R 51 �30 18 3.92 m 48 �30 33 3.12

Temporal cortex 22 R 51 �12 9 (2.78)

L �48 �9 �9 3.64

Occipital cortex 19 L �27 �63 �3 3.09 m �27 �66 �3 3.87

17 L �15 �90 3 3.27

Parahippocampal gyrus 36 R 21 �21 �24 3.22

36 L �27 �15 �30 (2.65)

Uncus 34 R 9 �9 �24 3.75

Inferior uncus 36 L �24 �3 �33 3.35

Hippocampus R 33 �30 �15 3.19

Statistical maps were thresholded at po0.001 uncorrected. Regions marked * are those regions about which we had a prior hypothesis based on previous imaging
studies using this task.
BA¼ Brodmann Area; k¼ attenuated the activation; m¼ enhanced the activation; figures in brackets are below threshold but included because the activation appears
bilateral.
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experienced omission of loss as mildly relieving or as a
pleasurable consequence of their own quick reactions.

Given the caveats and this interpretation of the No-loss
condition, the areas showing main effects of task are
compatible with areas identified in the literature. As pre-
dicted by previous studies of financial loss (eg O’Doherty
et al, 2001), activation of lateral areas of OFC was more
pronounced during the Loss blocks than during the No-loss
blocks. The opposite subtraction showed medial OFC and
right anterior cingulate activation. This was not a planned
comparison and therefore we did not have a prior
hypothesis concerning this effect. However, the findings
are consistent with what we would have predicted based on
the interpretation that No-loss is relative rewarding
compared with Loss. O’Doherty et al (2001) found
activation of the medial OFC to financial reward. Other
studies have also reported medial OFC responses to
rewarding stimuli (see Kringelbach and Rolls, 2004, for a
review).

In a previous study, involving financial loss in a choice
paradigm, Elliott et al (2000b) observed bilateral hippo-
campal activation and we expected to see the same.
However, we observed no hippocampal activation; indeed,
right hippocampus was activated in the No-loss condition.
The explanation is not obvious, but may relate to different
contexts of the tasks.

Citalopram attenuated response to loss in right fusiform
gyrus (see above). A possible implication is that 5-HT
decreases attention to, or processing of, visual stimuli

that predict an aversive outcome that cannot be avoided.
Some enhancement of the right OFC response was observed,
as in the No-go task, but this fell short of statistical
significance (z¼ 2.38). Our expectation had been that
citalopram might modulate prefrontal and temporal
effects of loss given the experimental evidence for a role
of 5-HT in anxiety and responses to punishment (Graeff,
2002) as well as clinical relevance in treating mood and
anxiety disorders (Bell and Nutt, 1998; Anderson, 2001). It
is possible that the loss aspect of this task was insufficiently
potent or relevant to individuals to engage circuits involved
in emotion, or that the task itself was confounded as
discussed above.

Citalopram attenuated right medial OFC activations in the
No-loss blocks suggesting a possible modulation of circuits
involved in reward. Citalopram enhanced occipital activa-
tion, which is consistent with 5-HT enhancement of early-
stage visual information processing as suggested by a
previous finding that fenfluramine increased critical flicker
fusion threshold (Andrews and Anderson, 1998).

Covert Face Emotion Recognition

Since first described by Darwin (1872), facial expressions of
basic emotions have been considered a key component of
emotion processing. A considerable number of imaging
studies involving pictures of face emotion have been
conducted with evidence to support the idea that different
emotions processes involve separate neural systems.

Table 3 Maximally Activated Voxels in Areas in which Significant Evoked Activity was Related to the Covert Recognition of Aversive Faces
Blocks Compared to the Recognition of Neutral Faces Blocks

Main effect Interaction citalopram and task

MNI coordinates MNI coordinates

Region BA Left-right x y z Z-value Activation x y z Z-value

*Lateral orbitofrontal cortex 47 R 48 30 �9 (3.05) k 45 28 �15 4.18

L �30 18 �24 3.15

Dorsolateral prefrontal cortex 46 R 54 30 12 3.86

L �42 33 15 3.23

9 R 18 45 39 3.59

Temporal cortex 38 R 39 12 �42 4.29

L �39 15 �42 3.63

Occipital cortex 18 R 39 �90 �9 5.35

L �30 �93 6 4.36

*Fusiform gyrus 37 R 48 �48 �21 4.37 m 51 �48 �24 (2.76)

36 L �48 �42 �27 5.04 m �51 �66 �21 (2.09)

*Amygdaloid complex 34 R 15 �6 �12 3.73 k 21 �3 �9 2.50*

*Amygdala L �24 �12 �15 3.26

Thalamus R 9 �21 6 (3.04) m 3 �30 0 (3.01)

L �18 �21 9 3.42 m �9 �27 0 (2.23)

Statistical maps were thresholded at po0.001 uncorrected. Regions marked * are those regions about which we had a prior hypothesis based on previous imaging
studies using this task.
BA¼ Brodmann Area; k¼ attenuated the activation; m¼ enhanced the activation; * small volume correction po0.05 (radius of voxels of interest¼ 5 mm); figures in
brackets are below threshold but included because the activation/modulation appears bilateral.
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Nevertheless, there are also findings suggesting a common
pathway to facial expression processing, involving amygdala
and prefrontal areas, especially the lateral OFC. We do not
report separate analyses for different negative expressions
in this paper, but concentrate on the common effects of
negative facial emotions since we have speculated that 5-HT
modulates responses to aversion.

Consistent with others’ findings we found activation of
the parahippocampal gyrus bilaterally extending into the
amygdala in response to aversive faces. Amygdala activation
has been reported in a number of studies to be activated by
a range of emotional faces (Winston et al, 2003; Yang et al,
2002) and by novel compared with familiar faces (Schwartz
et al, 2003), suggesting that the amygdala may be activated
by stimuli of potential significance or threat to the
individual.

Aversive faces also activated posterior OFC on the right,
lateral frontal cortex, and temporal poles on both sides,
occipital and extrastriate regions, particularly fusiform
gyrus, again broadly consistent with other studies (Keight-
ley et al, 2003; Lange et al, 2003; Gur et al, 2002; Abel et al,
2003; Surguladze et al, 2003; Sprengelmeyer et al, 1998).

Acute citalopram decreased activation in the right lateral
OFC and right parahippocampal/amygdala region (with
small volume correction). Increases in fusiform gyri and
thalamic responses were bilateral, but individually below
the threshold for significance.

Behavioral studies with acute citalopram and tryptophan
depletion and supplementation (Harmer et al, 2003a, b;
Attenburrow et al, 2003) report increased recognition of
fearful faces associated with increased 5-HT function, in
women. Subchronic citalopram administration in contrast
was associated with decreased recognition of fearful faces
(Harmer et al, 2004). These findings are consistent with the
proposal that acute increases in 5-HT can be associated with
increased anxiety (Mortimore and Anderson, 2000; Hetem
et al, 1996), and that decreased anxiety and therapeutic
efficacy result from adaptive changes in the 5-HT system
with continued treatment (Bell and Nutt, 1998). Our
findings suggest that 5-HT attenuates the processing of
emotion in faces in limbic structures. However, this further
implies that the heightened detection of fear in faces
induced by citalopram (Harmer et al, 2003a) is not
mediated by 5-HT modulation of amygdala function. Our
results suggest it may be due to enhancement of visual
processing in fusiform cortex and thalamic attentional
mechanisms. However, as discussed above, the equation of
activation with functional activity is not straightforward and
we did not record performance on face emotion identifica-
tion. Therefore, we do not know whether our subjects would
have behavioral data comparable with Harmer et al (2003a).
Indeed, the latter study involved female subjects, whereas
the present study was carried out in males. Attenburrow
et al (2003), using tryptophan supplementation, found
increased sensitivity to recognition of fearful faces in
women but not in men, suggesting there may be a
differential sex effect. There is also evidence of an inverse
relationship between activation in hippocampal/amygdala
regions compared with prefrontal areas dependent on the
degree of conscious identification of emotion (Hariri et al,
2002; Lange et al, 2003), with conscious labelling increasing
prefrontal activation. It is therefore possible that 5-HT is

involved in processes related to the bringing of aversive
emotions to conscious awareness.

Of interest, a recent study in depressed patients reported
increased left hemisphere responses to sad faces compared
with controls including amygdalar/parahippocampal area,
ventral striatum, caudate, thalamus, and dorsal cingulate
gyrus. Treatment for 8 weeks with the SSRI fluoxetine led to
a reduction in responses, that did not, however, correlate
with symptomatic improvement, although an increase in
range of haemodynamic response in the anterior cingulate
gyrus was associated with response (Fu et al, 2004). While
not directly comparable with our paradigm, these results do
support a modulation of amydgala responses to face
emotion by 5-HT.

Comparison of Citalopram Modulation in Different
Task-Related Activations

It is striking that right lateral OFC activations were seen in
all three tasks in this experiment. This area receives
polymodal sensory inputs and is involved in the lateral
orbitofrontal–basal ganglia loop (Zald and Kim, 2001). Our
findings are in keeping with the proposal that right BA47 is
engaged in situations were a behavioral strategy requires
reappraisal and behavioral inhibition because outcomes
change or become aversive (Elliott et al, 2000a; Wallis et al,
2001). Acquired lesions of this region in humans interferes
with response inhibition in the Stop paradigm, a type of No-
go task (Aron et al, 2003). Only right-sided lesions have this
effect and this is compatible with more pronounced right-
sided effects in our study and enhancement of right BA47
activation by citalopram, both of which suggest a genuine
lateralization of function.

It is interesting that citalopram enhanced this activation
in the Go/No-Go task but attenuated the response to
aversive faces. We also observed a tendency to enhance the
response in the loss task which failed to reach significance.
One possible explanation is that 5-HT promotes activity in
this region when a behavioral response is required, such as
response inhibition, but when this response selection
system is engaged by aversive processes, without behavioral
implications, citalopram attenuates the response.

Medial OFC (BA11) activation was seen in both the Go/
No-go tasks and the No-loss condition of the monetary task;
however, there was little overlap between the activated
voxels. This general region is part of the medial orbito-
frontal–basal ganglia loop with connections with the
anterior cingulate cortex, ventral striatum, medial temporal
structures including the amygdala, and hypothalamus (Zald
and Kim, 2001). It appears to be engaged by reinforcing
stimuli when there is a stimulus discrimination component
to the task, and this may have a functional similarity with
error-checking in the Go/No-go task. In both tasks,
citalopram attenuated the response, but the implications
for the role of 5-HT are not obvious.

We designed our tasks to be very simple to minimize
performance differences or effects of difficulty, which could
have confounded interpretation of results if citalopram had
affected these. We acknowledge that this can also be seen as
a limitation of the study as it was not designed to explore to
what extent these might explain the drug effects seen, or
differences between tasks. While we believe this is unlikely
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in the current study, a challenge for future pMRI studies will
be to explore the relationship between drug effects on
neuronal activation and neuropsychological aspects such as
subjective state, perceived difficulty and performance.

Methodological Considerations

It is important to consider difficulties inherent in the
interpretation of BOLD signal modulation following drug
administration. These include the effects of the drug on
5-HT function, nonspecific effects of the drug on BOLD
signal, and the interpretation of increased or decreased
‘activation’ identified by altered BOLD signal.

Microdialysis studies in animal have consistently shown
acute increases in cortical extracellular 5-HT following
acute SSRI administration (David et al, 2003; Felton et al,
2003; Moret and Briley, 1996). However, animal studies have
typically given doses 10–100 times higher than the low-dose
(about 0.1 mg/kg) we administered (eg Felton et al, 2003).
Our dose was determined by considerations of safety and
tolerability in acute intravenous infusion because we also
wanted to examine the direct neural effects of citalopram
(direct pMRI, data not presented here). There is evidence
that increases in extracellular 5-HT following SSRIs are
greater in the raphe nuclei than the cortex (Bel and Artigas,
1992). It is therefore possible that acute low dose citalopram
could preferentially inhibit 5-HT reuptake in cell body,
rather than terminal, areas. This would lead to reduced
neuronal firing rate through somatodendritic autoreceptor
activation (eg Gartside et al, 1995), and hence lower
terminal 5-HT release and lower synaptic concentrations.
However, two lines of evidence led us to believe that this
dose was sufficient to increase terminal synaptic 5-HT
concentrations. First, neuroendocrine challenge with in-
travenous citalopram at the low dose of 5 mg has been
shown to result in plasma hormonal responses (Attenbur-
row et al, 2001), and in this study, we also found significant
increases in prolactin and cortisol concentrations (data not
presented). Second, the effect of acute oral citalopram on
face emotion recognition is opposite to that seen with acute
tryptophan depletion and similar to that seen after
tryptophan supplementation (Harmer et al, 2003a, b;
Attenburrow et al, 2003). Nevertheless, we acknowledge
that there remains some uncertainty about the net effect of
acute SSRI administration in our study, which must be
considered in interpreting the data. It is possible that higher
citalopram doses than used here might have resulted in a
wider, or different, pattern of modulation. In addition, the
effect of postsynaptic 5-HT receptor stimulation is often
inhibitory, particularly when 5-HT1A receptors are involved,
so it is also difficult to know whether enhanced (or reduced)
5-HT function will lead to regional neuronal activation or
inhibition.

The possibility of nonspecific effects of citalopram also
need to be considered (eg increasing blood flow in activated
regions), but we would argue that our findings of areas of
decreased BOLD signal, and opposite effects in the same
region depending on task, argue against this and for a task-
specific modulation by 5-HT. A further question in
interpreting pharmacological modulation of neuropsycho-
logical tasks using fMRI is what the changes in brain
activation mean in terms of the underlying neuronal

processes or circuitry. Increases in BOLD signal are believed
to be an indirect measure of increased neuronal metabo-
lism, but does an increase reflect neurones being more
activated because the task is being performed better, or
because more cells have to be recruited to achieve the same
level of function? Other uncertainties lie in the interpreta-
tion of block design analyses where the comparison is based
on a subtraction of BOLD signal in the two conditions.
Relative increase in BOLD signal in one type of block
compared with another could be due to the activation in
that block or attenuation in the comparator block. In
addition, block designs are insensitive to, and may be
confounded by, changes in response over the time of testing
or between blocks. For example, rapid habituation of
amygdala activation to faces is well described (Fischer
et al, 2003; Thomas et al, 2001) and could lead to activation
following initial stimulus presentation not being detected
because it is outweighed in the overall analysis by lack of
activation subsequently.

Bearing these limitations in mind, we believe that the
results do start to build a picture of 5-HT modulation
of neuronal circuitry involved in basic psychological
processes.

CONCLUSIONS

We were interested in both similarities and differences in
the effect of citalopram on activations in the three tasks,
which were chosen to probe aspects of psychological
functioning that might underlie areas of psychopathology
in which 5-HT is believed to be involved. The tasks did
show different patterns of activation, although there was a
common theme of OFC involvement. Our results support
the involvement of 5-HT in each of these processes,
although the activations occurring in Loss/No-loss task
are difficult to interpret in a straightforward way. A major
conclusion from our study is the task-specific nature
of citalopram modulation of neuronal activation. This is
consistent with the complexity implied by the widespread
innervation by 5-HT neurones and the involvement of 5-HT
in a wide variety of different functions.
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