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Augmentation of serotonin enhances pleasant and suppresses

unpleasant cortical electrophysiological responses to visual emotional

stimuli in humans
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The serotonergic system is one of the major systems targeted in the

pharmacological treatment of a wide range of mood disorders

including depression; however, little is known about the neurophys-

iological mechanisms underlying the effects of serotonin (5-HT) on

affective phenomena including emotional behaviours, mood and

emotional processing. The aim of the current study was to

investigate how 5-HT acutely modulates steady-state visually evoked

potentials (SSVEP), heart rate (HR) and verbal ratings associated

with the viewing of differently valent emotional images. In a

randomised double-blind, placebo-controlled design, 17 healthy

subjects were tested under two acute treatment conditions: placebo

and citalopram (20 mg) (a selective serotonin re-uptake inhibitor, or

SSRI). Participants were tested 2 h post treatment whilst viewing 75

images (categorised as pleasant, neutral or unpleasant). Results

indicate that under placebo treatment, processing of unpleasant

valence [unpleasant (�) neutral images] was associated with

decreases in SSVEP amplitude and latency in frontal and occipital

cortices, whereas processing of pleasant valence [pleasant (�)

neutral images] was associated with amplitude decreases and latency

increases within frontal and left temporoparietal cortices. Decreases

in both amplitude and latency are both interpreted as surrogate

measures of cortical activation or excitation. Citalopram relative to

placebo attenuated the electrophysiological activation to unpleasant

valence within frontal and occipital cortices, but potentiated

electrophysiological activation (amplitude only) to pleasant valence

within parietooccipital cortices. Citalopram relative to placebo also

suppressed differences in heart rate associated with the viewing of

pleasant and unpleasant images, but did not alter subject’s

subjective responses to emotional images. Results suggest that

responsiveness to pleasant and unpleasant stimuli following neuro-

chemical modulation may vary across different response systems (i.e.

self-report, HR and SSVEP). Electrophysiological findings suggest

that acute serotonergic augmentation with citalopram modulates

cortical processing of emotionally valent stimuli such that response

to pleasant valence is potentiated and response to unpleasant

valence is suppressed. The findings suggest a possible neurophysi-
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ological mechanism underlying antidepressant drug action on

emotion.
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Introduction

The indoleamine, 5-hydroxytryptamine, or serotonin (5-HT)

was discovered over 50 years ago (Erspamer and Asero, 1952;

Rapport et al., 1948; Twarog and Page, 1953), and since then, its

role in the pathophysiology of emotional disorders and mechanism

of action of antidepressants has been subject to considerable

research. Selective serotonin re-uptake inhibitors (SSRIs) augment

5-HT in the brain and are now one of the major pharmacological

treatments of a wide range of mood disorders including depression.

Studies have demonstrated that enhancement of 5-HT with anti-

depressants such as the SSRIs is associated with a decreasing

magnitude of negative emotional states in psychiatric patients (e.g.

Salzman et al., 1995; Steiner et al., 1995; van Vliet et al., 1994; see

also Delgado et al., 1990). Although SSRIs are now widely used

for the treatment of many emotional disorders, little is known about

the neurophysiological mechanisms underlying the effects of

serotonin on affective phenomena including emotional behaviours,

mood and emotional processing, which may contribute towards

their therapeutic mechanism of action.

Early correlational research on emotional behaviours and mood

suggested that serotonergic abnormalities are associated with a

variety of psychiatric and personality disturbances involving emo-

tional dysfunction, including depression and impulse control dis-

orders (see Coccaro et al., 1989; Heninger, 1995). Low 5-HT has

been shown to be associated with violent and impulsive suicidal

behaviour (Cremniter et al., 1999; Spreux-Varoquaux et al., 2001),

impulsive aggression (Spoont, 1992) and personality measures of

hostility and aggression (Cleare and Bond, 1997; Manuck et al.,

1998). In contrast, high 5-HT has been shown to be associated with
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harm avoidance, behavioural inhibition and reduced levels of

positive and negative affect (Depue, 1995; Hansenne and Ansseau,

1999; Hennig et al., 2000; Zald and Depue, 2001). This has lead to

the proposal that 5-HT may act as a general constraint system,

where its primary function is to inhibit the information flow of

neural systems that mediate affective and motivational processes

(Depue and Spoont, 1986; Spoont, 1992; Zald and Depue, 2001).

Recent studies have directly compared the effects of serotoner-

gic manipulation via 5-HT precursor depletion (see reviews: Moore

et al., 2000; Reilly et al., 1997; Van der Does, 2001) or serotonin

enhancing agents (e.g. SSRIs) (Knutson et al., 1998) on mood and

emotional behaviour. 5-HT depletion via 5-HT precursor depletion

(i.e. tryptophan depletion) has been shown to reduce mood in those

with a genetic predisposition to affective disorders in several

studies (Benkelfat et al., 1994; Ellenbogen et al., 1996; Klaassen

et al., 1999; Quintin et al., 2001). In contrast, chronic (4-week)

serotonergic enhancement with the SSRI paroxetine was correlated

negatively with measures of hostility, assaultiveness and negative

affect, and positively with social affiliation (Knutson et al., 1998).

Furthermore, chronic (2-week) ingestion of the serotonin precursor,

L-tryptophan, enhanced social functioning by decreasing quarrel-

some behaviour and increasing dominant behaviour in normal

volunteers (Moskowitz et al., 2001).

Although most studies have examined 5-HT-mediated changes

over long time frames (such as mood and personality traits), and

have used questionnaire- and behavioural-based measures, little is

known about the role of 5-HT in the mechanisms involved in the

processing and responding to emotional stimuli. Recently, Harmer

et al. (2003a) reported that acute administration of the SSRI,

citalopram (10 mg iv), facilitated the processing of happy facial

expressions as evidenced by greater accuracy and reduced response

times under citalopram relative to the placebo treatment. This

finding was replicated in a subsequent study by the same authors

after administration of tryptophan (Attenburrow et al., 2003). In

addition, repeated administration of citalopram was associated with

reduced recognition of the negative facial expressions, fear and

disgust (Harmer et al., 2002). These findings, together with those

from studies investigating emotional behaviour and mood, suggest

a negative association between serotonin and unpleasant affect and

a positive association with positive affect.

An alternative method for examining effects of neurochemical

manipulation on emotional processing is neurophysiological meth-

ods incorporating brain imaging. For example, a recent study

employing functional magnetic resonance imaging (fMRI) found

that acute administration of lorazepam (a GABA-A/benzodiazepine

receptor agonist) decreased the activation associated with negative

affective stimulation (both intensity of signal and number of voxels),

but increased the activation associated with positive affective

stimulation within the orbitofrontal cortex (Northoff et al., 2002).

Similarly, a preliminary fMRI study in depressed subjects reported

that global brain activation to unpleasant images was decreased, but

the activation to pleasant images was enhanced within the right

secondary visual cortex following chronic venlafaxine (a combined

noradrenaline and 5-HT re-uptake inhibitor) (Kalin et al., 1997).

However, these findings were not reported in a subsequent article

based on the same study/sample (Davidson et al., 2003). In this latter

study, activations associated with the negative vs. neutral stimuli

trial only were modified by chronic venlafaxine in depressed

subjects (decreased activations in the insular and anterior cingulate

cortex). It is important to note however that these latter two studies

were conducted in depressed patients and not control subjects and
there was no placebo comparison making it difficult to interpret the

findings. These findings do however suggest possible system- or

network-based neurophysiological mechanisms for the modulation

of emotional processes by antidepressants.

The mechanisms involved in the modulatory effects of serotonin

on emotional processing are yet to be examined. This is particularly

relevant given that the cortical regions affected by serotonergic

manipulation also overlap with those regions associated with emo-

tion (Smith et al., 2002). The current study therefore examined the

effects of acute serotonergic augmentation (with the SSRI, citalo-

pram) on cortical electrophysiological responses to the processing of

pleasant and unpleasant visual emotional stimuli. Emotional

responses are phasic in nature, and consequently require a technique

that is able to track transient electrophysiological changes associated

with the processing of emotional stimuli. Therefore, steady-state

probe topography (SSPT) was used. This technique offers the ability

to track transient cortical electrophysiological changes with relative-

ly high temporal resolution (usually 0.77 s) (Silberstein et al., 1995,

1998). SSPT examines changes in 13 Hz steady-state visually

evoked potentials (SSVEPs) which comprises two components:

amplitude and latency (phase), and previous work has demonstrated

that these components are sensitive to emotional manipulation

(Kemp et al., 2002, 2004). These studies demonstrated that transient

widespread and bilateral frontal SSVEP latency and occipital am-

plitude reductions are associated with the cortical processing of

pleasant and unpleasant emotional stimuli. Based on the literature, it

was hypothesised that following citalopram, unpleasant images

relative to neutral images will be associated with a reduction in

significantly activated cortical brain regions (especially within the

frontal and occipital regions) whereas pleasant images relative to

neutral images will be associated with enhancement of activation.
Methods

Participants

Seventeen healthy subjects (eight males and nine females)

participated in the current study (mean age, 22.88; SD, 4.61; mean

education, 15.69; SD, 1.30). All participants were right-handed,

(the Edinburgh Inventory, Oldfield, 1971), nonsmokers, not on any

medication (minimum 1 month drug-free) or illicit drugs. All

successfully completed a medical examination involving physical-

and question-based assessment, conducted by a physician who

screened and excluded individuals with a history of past and

present cardiovascular, hepatic, gastrointestinal, endocrine, neuro-

logical or psychiatric conditions. Participants were recruited by

advertising on university notice boards and gave informed consent

to take part in the study, which was approved by the Swinburne

Research Ethics Committee.

Procedure

The study employed a randomised double-blind, placebo con-

trolled design, in which subjects were tested under two acute

treatment conditions: oral administration of placebo and citalopram

(20 mg), each of which was separated by a minimum washout

period of 1 week. The study involved presentation of a series of

images, selected from the International Affective Picture System

(IAPS) (Lang et al., 1999), under both treatment conditions. These

images were chosen based on standardised valence and arousal
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ratings published in the IAPS Instruction Manual. Images selected

were categorised as unpleasant, neutral and pleasant, and stand-

ardised ratings for valence ranged between 1.8 and 3.47, 4.46 and

5.46, 7.02 and 8.34, respectively, whereas standardised ratings of

arousal ranged between 3.52 and 5.5, 1.55 and 4.27, 2.67 and 5.94,

respectively. A more detailed description of task construction has

been described previously (Kemp et al., 2002).

Subjects were instructed to focus on emotional content, to

refrain from emotive inhibition, and to be prepared to rate each

image on valence and arousal dimensions using the Self-Assess-

ment Manikin (SAM) (Lang et al., 1999). The task involved

presentation of selected images for a duration of 6 s, with each

image followed by a valence, then an arousal rating scale to obtain

verbal responses as to how subjects felt whilst they viewed the

presented images. Images were categorised according to the

predefined valence of the images [unpleasant (U), neutral (N)

and pleasant (P); with each block containing 25 images] and

presented to participants in three blocks (P,N,U or U,N,P).

Subjects arrived for testing on each of the two testing days at

approximately 8 am, after which a standard breakfast was provid-

ed. Subjects were then brought to the recording room, which was

soundproofed and dimly lit and instructed on how to complete the

IAPS task. Subjects were tested 2 h following administration of

either placebo or citalopram. This 2-h delay was chosen to coincide

with approximate peak plasma levels of citalopram (Noble and

Benfield, 1997). The administration of either placebo or citalopram

on a particular day was counterbalanced across subjects.

A diffuse 13-Hz sinusoidal white flicker, which was super-

imposed onto the visual field, elicited the SSVEPs whilst images

and rating scales were presented to subjects from a computer

monitor. The visual flicker was presented through a set of modified

goggles and subtended a horizontal angle of 160j and a vertical

angle of 90j, and had a modulation depth of 45% when viewed

against the background. Brain electrical activity was recorded by 64

monopolar leads (impedances generally <5 kV), positioned in

International 10/20 positions and sites between these positions,

using a lycra electrode cap. Linked ear electrodes were used as a

reference and a nose electrode was used for ground. One of the

monopolar leads was sacrificed to record the electrocardiogram

(ECG) from the upper left arm, which was also referenced to the

linked ear electrodes. Recorded activity was bandpass filtered from

0.74 to 74 Hz and digitised at a rate of 500 Hz with 16-bit accuracy.

Signal processing

The key features of SSPT signal processing analysis and

associated artifact detection procedures have been described pre-

viously (e.g. Silberstein et al., 1995). SSVEPs were produced for

all electrodes by calculating the 13-Hz Fourier coefficients (FC) for

each cycle and then smoothing the FC time series by averaging

overlapping blocks of 10 FCs. This methodology was applied to all

image categories and for each treatment condition. A target

averaging technique was used to select the SSVEP associated with

each image and then, average all epochs for each category. Epochs

for each individual were then averaged to form a cross-subject-

averaged 6-s epoch for each image category. The SSVEP epoch

corresponding to the neutral images was then subtracted from both

emotional categories yielding activity interpreted as being associ-

ated with pleasant or unpleasant valence.

The functional significance of the SSVEP amplitude and

latency modulations has been discussed previously (Silberstein,
1995b, 1998; Silberstein et al., 2001). To summarise, re-entrant

feedback and feed-forward cortico-cortico and thalamo-cortico

fibres have been proposed to underlie the generation of the

SSVEP. In this framework, decreases in the number of synchron-

ised neural elements (or increases in the number of desynchron-

ised neural elements) within the re-entrant loop (loop gain) will

be associated with decreases in SSVEP amplitude, whereas

decreases in the synaptic and axonal transmission times of the

re-entrant loop (loop-time) will be associated with SSVEP latency

decreases.

Presentation of data

SSVEP results are initially presented in terms of amplitude and

latency time series plots, as well as Hotellings T statistical cluster

plots (Fig. 2). Electrodes (presented on the y-axis of these time series

and cluster plots) are compartmentalised into regions approximately

associated with frontal (electrodes 0–20, including Fp1, Fp2, F7,

F3, Fz, F4 and F8), centro-parieto-temporal (electrodes 21–52,

including T3, C3, Cz, C4, T4, T5, P3, Pz, P4 and T6) and occipital

(electrodes 53–63, including O1, Oz andO2) electrode placement to

aid interpretation of these plots. Display of statistical cluster plots

have been used previously to efficiently summarise the comparison

of multiple data sets as well as determine robust effects through

identification of consecutive statistical spatiotemporal clusters

(Gray et al., 2003; Kemp et al., 2004; Murray et al., 2002). These

plots illustrate levels of statistical significance (indicated by colour

values) across the two treatment conditions (placebo, citalopram) for

all electrodes across all time points.

Based on this initial examination, we then averaged the SSPT

into different time periods (identified in the cluster plots) and

present these averaged time periods as topographic maps using a

spherical spline interpolation procedure (Nunez et al., 1994). These

maps display the two components of the SSVEP: amplitude and

latency for each emotional condition relative to the neutral images,

and the statistical strength of the differences (Hotellings T statistic).

The SSVEP topographic maps are scaled to the highest/lowest

values for each valence category (pleasant, unpleasant) and each

SSVEP component (amplitude, latency), as the purpose of the

current paper is to explore the differences between treatment

conditions (placebo, citalopram).

Statistical issues

Behavioural SAM ratings were analysed using a within-sub-

jects Treatment � Category repeated-measures analysis of variance

(RANOVA) for valence and arousal (separately) to determine

whether treatment modified participant’s emotional ratings of the

presented images. In addition, analysis of heart rate corresponding

with the presentation of all image categories within placebo and

citalopram conditions was conducted in the following way. Cardiac

interbeat intervals (ibi) during picture presentation were converted

to beats per minute (bpm) in half-second bins. In the current study,

we averaged these half-second bins for each 6-s epoch associated

with the three valenced categories and conducted a within-subjects

Treatment (placebo, citalopram) � Category (unpleasant, neutral,

pleasant) RANOVA to allow investigation of treatment effects.

The statistical strength of the SSVEP differences between the

emotional images (unpleasant, pleasant) and the neutral images

were examined using the Hotellings T2 parameter and presented in

statistical cluster plots as well as topographic maps. An alpha



Fig. 1. Average heart rate (beats per minute or bpm) for each image-

category (pleasant, neutral, unpleasant) for both treatment conditions

(placebo, citalopram).
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criterion for the Hotellings T was arbitrarily set at P = 0.01

(uncorrected for multiple comparisons) for the SSVEP data as

used previously (Gray et al., 2003; Kemp et al., 2004). In addition

to Hotellings statistics, a series of post hoc RANOVA tests were

conducted to directly test differences between the two drug con-

ditions. Eighteen electrodes (nine within the left hemisphere and

nine within the right hemisphere) were entered for both frontal and

posterior locations and included Fp1, Fp2, F3, F4, F7 and F8 for

frontal locations, and T5, T6, P3, P4, O1 and O2 for posterior

electrode locations as well as electrode locations midway between

these standard positions. Midline electrode sites were excluded. As

the within-subject factors of Drug (placebo, citalopram), Category

(neutral, pleasant, unpleasant image categories) and Hemisphere

were of primary a priori interest, RANOVAs employing a custom-

ised experimental design were applied (separately) for amplitude

and latency SSVEP components. Applying a customised experi-

mental design allows for selection of fewer effects to be reported

regardless of the number of factors entered. This method therefore

minimises the generation of false positive findings (Type 1 error)

whilst focusing on the effects of most interest. The within-subject

factors of Drug, Category, Hemisphere and Electrode and a be-

tween-subjects factor of gender were defined; however, the within-

subjects model included only Drug � Category and Drug �
Category � Hemisphere interactions. The between-subjects factor

of gender was also included in the model to investigate possible

confounding effects of gender on the basis of our recent study

which reports on electrophysiological gender effects following

presentation of identical images to those presented in the current

study (Kemp et al., 2004).
Results

Behavioural data

The means and standard deviations for ratings of valence and

arousal made by subjects are presented below in Table 1.

Significant category effects were found for both valence

[F(1.17,18.77) = 110.38, P < 0.001, partial eta squared = 0.87]

(Greenhouse–Geisser adjusted) and arousal [F(2,32) = 26.41, P <

0.001, partial eta squared = 0.62]. For the valence dimension,

planned comparisons revealed that participant’s ratings of both

pleasant and unpleasant images were significantly different from

ratings of neutral images [F(1,16) = 95.92, P < 0.001, partial eta

squared = 0.86 and F(1,16) = 93.72, P < 0.001, partial eta squared =

0.85, respectively]. For the arousal dimension, planned compar-

isons revealed that ratings of arousal for both pleasant and unpleas-

ant images were significantly different from ratings of neutral

images [F(1,16) = 15.93, P = 0.001, partial eta squared = 0.50

and F(1,16) = 51.05, P < 0.001, partial eta squared = 0.76,

respectively]. In addition, ratings of arousal for unpleasant images
Table 1

Means and standard deviation are presented for valence and arousal SAM ratings

treatment conditions

Pleasant Neutral

Placebo Citalopram Placebo

Valence 6.37 F 0.62 6.12 F 0.51 5.04 F 0.22

Arousal 3.31 F 1.70 2.82 F 1.30 1.88 F 0.94
were significantly different to those of pleasant images [F(1,16) =

10.49, P = 0.005, partial eta squared = 0.40]. No main effects for

treatment were demonstrated, nor were participant’s ratings of

valence or arousal modified by treatment.

ECG data

Analysis of heart rate (HR) using a 2 (Treatment) � 3

(Category) within-subject, RANOVA design revealed a significant

main effect for category [F(2,32) = 3.39, P = 0.046, partial eta

squared = 0.18], and although the main effect for treatment was not

significant, treatment was found to modify the main effect for

category [F(1.43,22.80) = 4.12, P = 0.042, partial eta squared =

0.21] (Greenhouse–Geisser adjusted) (see Fig. 1 for a visual

display of this interaction). Planned comparisons for category

revealed that HR during viewing of unpleasant images was

significantly different from HR during viewing of pleasant images

[F(1,16) = 6.79, P = 0.019, partial eta squared = 0.30]; a trend

towards statistical significance for HR during viewing of unpleas-

ant images relative to HR during viewing of neutral images

[F(1,16) = 4.16, P = 0.058, partial eta squared = 0.21]; and no

statistical difference between HR during pleasant images and HR

during viewing of neutral images.

RANOVA post hoc tests were conducted on the placebo and

citalopram treatment groups to further understand the category �
treatment interaction effect. Previous literature suggests that heart

rate is able to discriminate differently valenced images (e.g. Lang

et al., 1993; Palomba et al., 1997); therefore, RANOVAs were

chosen to investigate this interaction rather than paired-sample t

tests on each of the valenced categories because we were interested

in (1) whether heart rate was able to discriminate the three valenced
, for pleasant, neutral and unpleasant categories in placebo and citalopram

Unpleasant

Citalopram Placebo Citalopram

5.09 F 0.23 3.50 F 0.68 3.51 F 0.62

1.87 F 0.84 3.96 F 1.56 3.80 F 1.57
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categories of images in placebo treatment and (2) how citalopram

altered this effect.

Significant category effects were found for the placebo

treatment condition [F(2,32) = 5.70, P = 0.008, partial eta

squared = 0.26], but not for the citalopram condition [F(2,32) =

0.96, P = 0.394], suggesting that the ability for heart rate to

distinguish between differently valenced images under no drug

condition was suppressed by the citalopram treatment condition.

Planned comparisons for category within the placebo treatment

condition revealed that heart rate during viewing of unpleasant

images was significantly less than heart rate during viewing of

pleasant images [F(1,16) = 7.38, P = 0.015, partial eta

squared = 0.32]; a trend towards a statistically significant

reduction in heart rate during viewing of unpleasant images

relative to neutral images [F(1,16) = 4.51, P = 0.05, partial

eta squared = 0.22]; no significant differences between neutral

and pleasant images.
Fig. 2. Amplitude (row 1) and latency (row 2) time series plots for placebo a

categories (pleasant and unpleasant) and the neutral category across time (x-axis) f

represent reduced amplitude and reduced latency during the presentation of affectiv

of point-wise Hotellings T tests, which evaluated the differences between the emot

coded for four levels of probability (see legend). Each plot has been divided into
SSVEP data

Amplitude and latency time series plots, representing the differ-

ences between emotional and neutral categories (emotional va-

lence), as well as the statistical significance of these differences are

presented in Fig. 2. The Hotellings T time series plots display

significant clusters of electrodes and time points during the

processing of both pleasant and unpleasant valence under placebo

and citalopram conditions. Fig. 2 indicates that, for pleasant

valence, the placebo condition is associated with a smaller number

of significant time points relative to the citalopram condition

during the middle and late time components (visual comparison

between the first and second statistical cluster plots). In addition,

Fig. 2 indicates for unpleasant valence that the placebo condition is

associated with a greater number of significant time points relative

to the citalopram condition, during all three components (early,

middle, late), particularly within the posterior region (visual
nd citalopram conditions illustrate the difference between both emotional

or each of the 64 electrode positions ( y-axis). Warmer colours in these plots

e images. The Hotellings statistical cluster plots (row 3) illustrate the results

ional categories and neutral category. For clarity, P values have been colour-

early (0–2 s), middle (2–4 s) and late (4–6 s) time periods.
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comparison between the first and second statistical cluster plots).

The locations of these differences as well as statistical significance

of these differences are displayed in topographic maps and exam-

ined in three equal 2-s time periods (Figs. 3a and b).

The effects of placebo and citalopram on the processing of

pleasant valence are illustrated in Fig. 3a. After administration of

placebo, the processing of pleasant valence is associated with

amplitude decreases and latency increases in frontal regions

throughout the 6-s epoch and in posterior regions during the middle

component. After administration of citalopram, the effects observed
Fig. 3. (a) Topographic maps associated with pleasant valence are presented wh

Hotellings T statistics for placebo and citalopram conditions. Three time periods a

components of image viewing. Warmer colours represent reductions in amplitude

values in the Hotellings T maps. (b) Topographic maps associated with unpleasant

latency) in addition to Hotellings T statistics for placebo and citalopram conditions. T

and late (4–6 s) components of image viewing. Warmer colours represent reduct

images, and larger T values in the Hotellings T maps.
under placebo condition during the early and middle epochs were

attenuated, although there was an augmentation reflected by a large

parietooccipital amplitude decrease suggesting increased activation

within this region. This amplitude decrease begins within the 2- to 4-

s epoch and extends into frontal regions during the 4- to 6-s epoch.

The associated Hotellings T topographic map revealed widespread

significant posterior activations for the 4- to 6-s epoch. In summary,

although citalopram reduces the significant differences between

pleasant and neutral images within early and middle components

of processing pleasant stimuli, the greatest effects (amplitude
ich display the 13-Hz SSVEP data (amplitude and latency) in addition to

re presented which relate to early (0–2 s), middle (2–4 s) and late (4–6 s)

and latency during pleasant images relative to neutral images, and larger T

valence are presented which display the 13-Hz SSVEP data (amplitude and

hree time periods are presented which relate to early (0–2 s), middle (2–4 s)

ions in amplitude and latency during unpleasant images relative to neutral



Fig. 3 (continued ).
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reductions) are displayed within the late component, suggesting

increased activity within parietooccipital regions.

The effects of placebo and citalopram on the processing of

unpleasant valence are illustrated in Fig. 3b. After administration

of placebo, the processing of unpleasant valence is associated with

widespread significant reductions in amplitude and latency, partic-

ularly within the posterior region. After administration of citalo-

pram, unpleasant valence is associated with a suppression of these

amplitude and latency reductions (reduced activity), within both

frontal and posterior regions, and this suppression is particularly

prominent during the early and middle epochs. In addition, latency

is noted to demonstrate significant latency increases within the

right anterior frontal (early epoch), left anterior temporal regions

(middle epoch) and occipital regions (late epoch) during the

citalopram condition. Finally, the late component of the citalopram
condition is characterised by significant and widespread decreases

in posterior amplitude. In summary, administration of citalopram is

associated with a suppression of the frontal and posterior amplitude

and latency reductions (reduced activity) as well as latency

increases (reversal of activity seen under placebo) when compared

with the placebo condition.

A preliminary analysis was conducted to examine whether

males (n = 8) and females (n = 9) differ in the processing of

pleasant and unpleasant valence and the effects on this processing

following acute administration of citalopram. Results of this

preliminary investigation are displayed in Fig. 4 and suggest that

following citalopram, pleasant valence is associated with greater

reductions in amplitude within centro-parieto-temporal and occip-

ital regions in males (also corresponding with an increase in the

number and size of statistical clusters within these regions). This



Fig. 4. Unpleasant and pleasant time series plots for placebo and citalopram conditions associated with male and female genders.
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profile, however, was not displayed by females. Results also

suggest that following administration of citalopram, unpleasant

valence is associated with a suppression of both amplitude and

latency reductions in females (also corresponding with a reduction

in the number and size of statistical clusters). This profile,

however, was not displayed by males. In summary, the effects of

citalopram on pleasant valence (when males and females are

combined) appear to be predominantly influenced by males,

whereas effects of citalopram on unpleasant valence (when males

and females are combined) appear to be predominantly influenced

by females.

Finally, a series of RANOVAs were conducted on both anterior

and posterior electrode locations to more directly test for statistical

differences between placebo and citalopram. Frontal effects during

the early time period were investigated because the most interest-

ing effects, according to the Hotellings maps, appear to occur

during this epoch, particularly for the latency component in the

unpleasant (�) neutral comparison and citalopram condition. In

contrast, posterior effects during the late time period were inves-

tigated because the most interesting effects, according to the

Hotellings maps, appear to occur during this epoch, particularly

for the amplitude component in the pleasant (�) neutral compar-

ison and citalopram condition. The RANOVAs conducted on

amplitude and latency in anterior locations during the early time

period revealed no Drug � Category, Drug � Category � Gender,

Drug�Category�Hemisphere, Drug�Category�Hemisphere�
Gender interactions, suggesting that Drug condition does not

modify the effects of Category at anterior electrode locations. The

RANOVA conducted on amplitude in posterior locations for the late

time period revealed no statistically significant effects although the

Drug � Category � Hemisphere [F(2,30) = 2.869, P = 0.072,

partial eta squared = 0.161] reached trend levels of significance. The

RANOVA conducted on latency in posterior locations for the late

time period revealed a significant Drug � Category interaction

[F(2,30) = 3.845, P = 0.033, partial eta squared = 0.204]. Tests of

within-subjects contrasts identified a significant effect of drug for

the contrast of unpleasant images vs. neutral images [F(1,15) =

5.926, P = 0.028, partial eta squared = 0.283] but not for pleasant

images vs. neutral images [F(1,15) = 1.627, P = 0.221]. To explore

this finding further, a follow-up, repeated-measures ANOVA was

conducted for the placebo and citalopram conditions separately, for

the difference between unpleasant and neutral images across all 18

posterior electrodes. Only the within-subjects factor of Category

was included in the model, therefore exploring the effects of

Category after collapsing across Electrode. Findings suggest that

posterior latency in the placebo condition during presentation of

unpleasant images is less than that during presentation of neutral

images [F(1,16) = 5.794, P = 0.029, partial eta squared = 0.266].

By contrast, posterior latency in the citalopram condition during

presentation of unpleasant images did not significantly differ from

that during presentation of neutral images [F(1,16) = 0.573, P =

0.460]. Gender was not found to modify the Drug � Category or

Drug � Category � Hemisphere interactions for either anterior or

posterior electrode locations. In summary, RANOVA results con-

firm the Hotellings findings that latency reductions during the

processing of unpleasant images (relative to neutral images) within

posterior regions are suppressed in the citalopram condition, and

suggest a trend for a modifying role of citalopram on the processing

of pleasant images (relative to neutral images) within posterior

regions but failed to confirm any effects of citalopram within

anterior electrode locations.
Discussion

Acute augmentation of serotonin with citalopram was found to

differentially affect the electrophysiological responsiveness to

pleasant and unpleasant images relative to neutral images. Two

key findings in terms of the SSVEPs should be highlighted. Firstly,

in the citalopram condition in contrast to the placebo condition,

processing of pleasant valence was predominantly associated with

increased parietooccipital activity (characterised by widespread

reductions in amplitude), whereas processing of unpleasant valence

was predominantly associated with a suppression of anterior–

frontal and occipital activity (characterised by suppression of

amplitude and latency reductions). Secondly, different spatiotem-

poral statistically significant patterns emerge following adminis-

tration of citalopram in contrast to placebo. In particular, the

processing of unpleasant valence (i.e. in the placebo condition)

was associated with significant parietooccipital activations (ampli-

tude and latency reductions) throughout the three time periods and

frontal activations during the middle time period. Citalopram’s

predominant effects were the attenuation of these findings. The

processing of pleasant valence, however, was associated with

significant frontal activations (amplitude reductions) throughout

the three time periods and left temporoparietal activations during

the middle time period. Citalopram’s predominant effect was to

enhance processing within parietooccipital regions in the middle

and late time points.

The present study employed SSPT to examine the effects of

citalopram on emotional processing. This technique examines

changes in 13 Hz SSVEPs, which primarily reflect neuronal

activity within pyramidal cells of the neocortex (which are the

principal source of cortical glutamate). SSVEP is composed of

two components, amplitude and phase (latency) and previous

work has demonstrated that these components are sensitive to

cognitive and emotional manipulation (e.g. Gray et al., 2003;

Kemp et al., 2002, 2004; Silberstein et al., 1996, 2000). We have

suggested that amplitude may be compared to alpha activity in

association with cognitive tasks (Silberstein, 1995a,b), whereas

latency reductions (or increased processing speed) may be a

consequence of increased synaptic excitatory processes in these

networks, and conversely, latency increases may be a conse-

quence of reduced synaptic excitation (or increased synaptic

inhibition) (Silberstein et al., 2000, 2001). Hence, amplitude

and latency reductions are interpreted as increased cortical

activation. Although the exact mechanisms associated with

SSVEP changes are not known, there is strong evidence for

interactions between serotonin and glutamate in neocortical

pyramidal cells (see Marek and Aghajanian, 1998, for a review).

In addition, it is possible that the responsiveness to serotonergic

augmentation, of certain excitatory (5-HT2A) and inhibitory (5-

HT1A) receptors within pyramidal cells may vary depending on

the emotional circuitry involved in the processing of pleasant or

unpleasant valence. Consequently, activation of these excitatory

and inhibitory receptors may lead to amplitude and latency

changes observed during the processing of pleasant and unpleas-

ant valence, respectively. These mechanisms are supported by

evidence that most antidepressants enhance postsynaptic 5-HT1A

hyperpolarisation (see Barnes and Sharp, 1999, for a review of

central 5-HT receptors) and the finding that 5-HT induces a

marked increase in excitatory postsynaptic currents within layer V

of the pyramidal cells through activation of 5-HT2A receptors

(Marek and Aghajanian, 1998).
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In the present study, the processing of pleasant valence after

citalopram (relative to placebo) was characterised by diffuse,

amplitude reductions within parietooccipital regions which are

suggestive of increased activity. We have previously reported that

amplitude reductions within occipital regions are associated with

increases in visual attention (e.g. Silberstein et al., 1990). In

addition, a study using fMRI reported increased activity in response

to positive stimuli within the right occipital region, following

chronic administration of venlafaxine (Kalin et al., 1997). These

authors suggested that the increased responsiveness to positive

stimuli following venlafaxine treatment may be associated with an

increase in attention. Harmer et al. have recently reported that

enhanced perception of affiliative signals occurring with citalopram

administration may be an aspect particular to the action of SSRIs

(Harmer et al., 2003a). The authors suggest that enhanced percep-

tion of affiliative signals may facilitate approach behaviours such as

social affiliation and dominance. This interpretation supports earlier

studies which reported an enhancement of these behaviours follow-

ing chronic SSRI administration (Knutson et al., 1998; Moskowitz

et al., 2001). These previous findings suggest that the strong

amplitude reductions displayed after citalopram in the present study

may reflect a cortical neurophysiological mechanism relating to

enhanced perception to or orienting towards the pleasant images.

The processing of unpleasant valence after citalopram was

associated with an attenuation of the cortical activation seen during

placebo treatment (i.e. amplitude and latency reductions) within

anterior frontal and occipital regions. This attenuation with citalo-

pram was more pronounced within right anterior frontal and left

anterior temporal regions in which latency increases were observed

(decreased activation). Interestingly, the right prefrontal cortex has

been previously implicated in both transient and chronic changes in

negative mood (e.g. Kemp et al., 2004; Mayberg et al., 1999,

respectively) as well as withdrawal-related behaviour (e.g. Davidson

and Irwin, 1999). Our findings are consistent with studies that have

reported that antidepressant treatment decreases activation within

the orbital cortex and ventrolateral PFC (Brody et al., 2001b;

Drevets and Raichle, 1992; Drevets et al., 1999; Mayberg et al.,

1999; Nobler et al., 1994). In addition, it has been previously

reported that antidepressant treatment is associated with a reversal

of pretreatment brain activity in depressed patients (Brody et al.,

2001a; Drevets et al., 2002; Mayberg et al., 1999). The increased

activation within the occipital cortex (observed under placebo) is

likely a function of feedback from the amygdala (Amaral et al.,

1992; Davidson et al., 2003) and may relate to a heightened

sensitivity to visual stimuli with emotional relevance (Lane et al.,

1999; Lang et al., 1998). Findings suggest the citalopram may

reduce this sensitivity possibly by modulating the amygdala re-

sponse to negative stimuli. Decreases in activation within frontal and

occipital areas may be related to the theory that reduced excitatory

transmission within limbic-thalamo-cortical (LTC) and limbic-cor-

tical-striatal-pallidal-thalamic (KCSPT) circuitry plays a role in the

mechanisms of antidepressant treatment (Drevets et al., 2002).

The findings of this study may demonstrate a neurophysiolog-

ical mechanism for the effects of serotonergic antidepressants such

that increasing 5-HT leads to an enhancement of pleasant but a

suppression of unpleasant cortical electrophysiological responses

to visual emotional stimuli. As discussed in the introduction of this

paper, theoretical models have suggested that increases in 5-HT are

associated with the behavioural dimensions of harm avoidance and

constraint. Results from the current study suggest that increased

levels of 5-HT may ‘‘constrain’’ neurophysiological processing of
unpleasant stimuli. The results also suggest that initial processing

of pleasant stimuli may be enhanced. Harmer et al. (2003c) have

posited a tentative hypothesis for antidepressant action that sug-

gests enhanced perception of affiliative signals may precede and

even facilitate approach behaviour and social interaction. It is

possible therefore that antidepressants such as SSRIs shift the

attentional bias from negative to positive stimuli and that these

effects are apparent even after an acute dosage. Our findings also

suggest that the use of brain imaging techniques may better explain

immediate responsiveness to affective stimuli than simply corre-

lating the association between 5-HT functioning and subjective

responses (i.e. questionnaires) (e.g. Zald and Depue, 2001).

Gender differences have been previously reported in studies on

emotional processing (e.g. Bremner et al., 2001; Kemp et al.,

2004; Killgore, 2000; Lee et al., 2002; Pendergrass et al., 2003;

Wrase et al., 2003). Therefore, preliminary gender differences in

the processing of pleasant and unpleasant valence and the effects

on this processing following acute administration of citalopram

were examined in the current study. Results suggest that the effects

of citalopram on pleasant valence (when males and females are

combined) appear to be predominantly influenced by males,

whereas the effects of citalopram on unpleasant valence (when

males and females are combined) appear to be predominantly

influenced by females. This suggests that citalopram may poten-

tiate male’s responsiveness to pleasant stimuli, although suppress-

ing female’s responsiveness to unpleasant stimuli. These findings

are consistent with our previously published study that reported

that whereas males may be more responsive (electrophysiologi-

cally) to pleasant images (relative to neutral images), females may

be more responsive (electrophysiologically) to unpleasant images

(relative to neutral images) (Kemp et al., 2004). It should be noted

however, that the gender differences (reported in the current study)

are preliminary findings and based on a small sample size. Future

studies should further investigate therefore not only how males and

females differ on emotional processing, but neurochemical mod-

ulation of this processing.

Although differences in the electrophysiological responses to

emotional valence were observed in the current study, no changes

were observed in subjective behavioural ratings (SAM ratings). This

finding supports observations of a previous study that showed

changes on objective measures (i.e. detection of a higher number

of facial expressions of happiness with reduced response times), but

lack of changes in subjective state (using visual analogue scales and

the Befindlichkeits Scale) following acute serotonergic enhance-

ment with citalopram (Harmer et al., 2003a). These findings suggest

that emotional processing may occur independently or at a lower

threshold, than overt changes in mood. In contrast to the subjective

behavioural findings, physiological heart rate was shown to be

modulated by citalopram. More specifically, the findings in the

placebo condition demonstrate that heart rate during the viewing of

unpleasant images was less than that during the viewing of pleasant

images (supporting previous findings, e.g., Aftanas et al., 2001;

Lang et al., 1993; Palomba et al., 1997), and that this effect

disappeared following administration of citalopram. Importantly,

our heart rate data provide another physiological measure of

emotional responsiveness to the presented images, and in addition,

that this emotional responsiveness is eliminated by serotonergic

enhancement with an antidepressant. Although it is uncertain what

the exact mechanism responsible for this effect is, it is likely that the

effects of citalopram on emotion-modulated HR may occur through

descending influences of regions known to be involved in emotional
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processing, such as the prefrontal cortex and amygdala (see Thayer

and Lane, 2000, for a discussion of the functional networks which

mediate psychophysiological resources in attention and emotion).

We have previously reported that transient, widespread and

bilateral frontal SSVEP latency and occipital amplitude reductions

are associated with the cortical processing of pleasant and unpleas-

ant valence in 16 participants using the same IAPS stimuli (Kemp

et al., 2002). More recently, we confirmed the finding that frontal

latency and occipital amplitude reductions are associated with the

processing of pleasant and unpleasant valence in 30 participants

(Kemp et al., 2004). Previous studies in healthy subjects using

fMRI and PET imaging have reported increased activity within the

medial prefrontal cortex and visual cortical areas during tasks that

examine emotional processing (see recent meta-analyses, Phan et

al., 2002; Wager et al., 2003). It is important to note however that

increased activity within the medial prefrontal cortex is in contrast

to the findings of mood induction and depressed state in which

decreased activation is reported within dorsomedial/dorsolateral

regions (e.g. Drevets et al., 2002; Mayberg et al., 1999). It is likely

that such a discrepancy relates to differences between emotional

processing and emotional induction paradigms, internally and

externally generated emotions as well as the modulatory effects

of cognitive processes.

In the current study, the processing of unpleasant valence was

associatedwith a decrease in SSVEP amplitude and latency in frontal

and occipital cortices, whereas pleasant valence was associated with

widespread amplitude decreases within frontal and temporoparietal

cortices. Although the findings reported in the current study relating

to the processing of unpleasant valence under placebo are generally

consistent with our two previously published studies (under drug-

free conditions), the SSVEP latency increases during the processing

of pleasant valence was not. It is possible that this difference may

relate to several factors. Firstly, compared to our previous studies, the

current study examined emotional processing after the administra-

tion of placebo. Indeed, administration of placebo has been reported

to produce specific brain-modulated activation (Mayberg et al.,

2002). It is possible that the differences observed in the processing

of pleasant valence between this study and our previous studies may

be related to a placebo effect. Secondly, there were differences in

experimental design (i.e. participants in the two previous studies had

only viewed the IAPS stimuli once, whereas participants in the

current study may have seen the images up to three times, which

included prior baseline and treatment recordings). Interestingly,

Phan et al. (2003) have suggested that the rostral anterior cingulate

cortex, medial prefrontal cortex, hippocampus and amygdala acti-

vations may habituate with repeated exposure. It is possible that

participants under placebo had habituated to the pleasant stimuli as

the present study presented images that were classified as low on the

arousal dimension. In addition, participants may have been less

likely to habituate to unpleasant images due to a heightened

sensitivity to negative stimuli, a phenomenon known as the nega-

tivity bias (see Cacioppo and Gardner, 1999, for discussion).

Finally, several limitations of the study are worth noting.

Firstly, although participants were instructed to refrain from

emotive inhibition, it should be recognised that the SSPT technique

examines the conscious, ongoing processing of emotion (see Kemp

et al., 2002, for discussion). Therefore the results within frontal

locations may reflect conscious, cognitive regulatory processes in

addition to affective elicitation. Secondly, the SSPT technique used

in the present study only provides information on modulation of

amplitude and latency components of the 13-Hz frequency; there-
fore, the specificity of these findings is unclear. Thirdly, RANOVA

statistics confirm the Hotellings findings that latency reductions

during the processing of unpleasant images (relative to neutral

images) within posterior regions are suppressed in the citalopram

condition and suggest a trend for a modifying role of citalopram on

the processing of pleasant images (relative to neutral images)

within posterior regions. However, RANOVA statistics failed to

confirm any effects of citalopram within anterior electrode loca-

tions as is suggested by the Hotellings statistics from a visual

comparison between placebo and citalopram conditions. It is

important to note that although the Hotellings T statistics were

conducted on complex numbers (combination of amplitude and

phase) using in-house software, no in-house software is available at

present for conducting repeated-measures statistics on such data.

RANOVA statistics were therefore conducted on amplitude and

latency data separately to allow for tests to be run using SPSS V.10

(SPSS Inc., 1999). These procedural differences may in part

account for differences between the results of the two statistical

tests reported in the current study. It is also possible that the failure

to confirm any effects of citalopram within frontal regions by the

RANOVA may indicate that frontal changes are more pronounced

following chronic administration.

Overall, our findings suggest that acute enhancement of sero-

tonergic function with the SSRI, citalopram, modulates neurophys-

iological processing of emotionally valent stimuli such that cortical

response to pleasant valence is potentiated and cortical response to

unpleasant valence is suppressed. These findings are consistent

with the interpretation that antidepressants may enhance perception

of affiliative signals, although constraining perception of negative

signals even after an acute dosage (Harmer et al., 2003c). Our

study moves beyond the examination of cellular and neurochem-

ical mechanisms of antidepressant action and employs a more

systems-based approach to the study of antidepressant action,

through examination of the neurophysiological responses to visual

emotional stimuli (Harmer et al., 2003b; Nathan et al., 2003). This

approach may lead to greater understanding of the functional

consequences of neurochemical modulation on cortical networks

involved in emotional processing.
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