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Abstract

This study was designed to assess whether functional magnetic resonance imaging (fMRI)
following antidepressant administration (pharmaco-fMRI) is sufficiently sensitive to detect
differences in patterns of activation between enantiomers of the same compound. Healthy adult
males (n = 11) participated in a randomized, double-blind, cross-over trial with three medication
periods during which they received citalopram (racemic mixture), escitalopram (S-citalopram
alone), or placebo for 2 weeks. All participants had high expression serotonin transporter
genotypes. An fMRI scan that included passive viewing of overt and covert affective faces and
affective words was performed after each medication period. Activation in response to overt faces
was greater following escitalopram than following citalopram in the right insula, thalamus, and
putamen when the faces were compared with a fixation stimulus. For the rapid covert presentation,
a greater response was observed in the left middle temporal gyrus in the happy versus fearful
contrast following escitalopram than following citalopram. Thus, the combination of genomics
and fMRI was successful in discriminating between two very similar drugs. However, the pattern
of activation observed suggests that further studies are indicated to understand how to optimally
combine the two techniques.
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1. Introduction

Recently, there has been increased interest in the use of brain imaging to study drug effects
in the central nervous system (CNS). While some authors have suggested that measuring
receptor occupancy may be most useful when evaluating engagement with a specific
molecular target (Cole et al., 2012), it is an expensive and technologically complex
undertaking to develop the appropriate ligand on a timeline that informs the drug
development program. A surrogate for receptor occupancy is to study the effects of drugs on
circuitry relevant to the disease targeted by the drug candidate. Functional magnetic
resonance imaging (fMRI) is a technique that focuses on changes in regional perfusion in
response to perturbations of the CNS. Pharmaco-fMRI has been used by multiple
investigators to examine the effects of selective serotonin reuptake inhibitors (SSRIs) on the
mood circuitry in healthy volunteers (Anderson et al., 2007; Arce et al., 2008; Simmons et
al., 2009; Windischberger et al., 2010). This technique has also been used to investigate the
role of serotonin in attention (Wingen et al., 2008). Magnetic resonance approaches have
also been incorporated into clinical trials to determine the effects of treatments on brain
function in clinical populations (Frodl et al., 2011; Arnone et al., 2012). Although the
techniques have been shown to be sufficiently sensitive to detect drug effects on brain
circuitry, the limits of the sensitivity of the method have not been defined. Accordingly, this
study was designed to assess whether fMRI is sufficiently sensitive to detect the differences
between a racemate (citalopram) with both agonist and antagonist properties versus one of
the constituent enantiomers with only agonist properties.

Citalopram is a racemic mixture of R-citalopram and S-citalopram, with S-citalopram
responsible for the clinical activity of the compound. Preclinical evidence suggests that R-
citalopram may actually serve as an antagonist, reducing the efficiency of S-citalopram
(Sanchez et al., 2004). Escitalopram consists only of the S-enantiomer. We hypothesized
that if R-citalopram indeed functions as an antagonist, then administering equal doses of S
citalopram with and without R-citalopram should result in differences in the degree to which
the two drugs affect the activity of the mood circuitry in response to affective stimuli.
Specifically, we expected a greater attenuation of activation with the S-enantiomer.

The circuitry involved in mood regulation consists of a dorsal neocortical component and a
ventral limbic component, both of which connect with the rostral anterior cingulate cortex
(Mayberg, 1997). Depression is associated with decreased activity in the dorsal stream and
increased activity in the ventral stream, an effect that is reversed by antidepressant
treatment. However, the specific regions of activation in response to antidepressant
medications have varied across studies. Multiple brain regions are involved in processing of
emotional faces. The fusiform gyrus has a specialized role in face processing (Kanwisher et
al., 1997). Masked or covert presentation of happy and fearful faces has been shown to
activate occipital and parietal regions as well as regions such as the cingulate gyrus, lingual
gyrus, and insula (Pine et al., 2001). Multiple investigators have also observed amygdala
activation in response to fearful faces that is attenuated by escitalopram or citalopram
(Anderson et al., 2007). Based on these earlier studies and this model of affective illness, we
predicted that administration of escitalopram and citalopram would lead to increased
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activation in dorsal cortical regions such as the dorsolateral prefrontal cortex and attenuated
activation in limbic regions including the insula, subgenual cingulate cortex, and caudate.

To reduce the variability in the amount of the molecular target available, a serotonin
transporter genotype that predicts the expression of this protein was used to exclude
individuals likely to have lower amounts of the serotonin transporter protein. A
polymorphism in the promoter region of the serotonin transporter (SLC6A4) gene has been
shown to affect the amount of the transporter protein in living and postmortem brain (Heinz
etal., 1998; Little et al., 1998) and to affect clinical response to antidepressants (Porcelli et
al., 2012). The short allele (S), which produces less protein, has been associated with
increased risk of depression as well as poorer response to antidepressant treatment,
particularly in individuals who have experienced stressful life events (Caspi et al., 2003;
Smits et al., 2004), although subsequent meta-analyses have had mixed results (Risch et al.,
2009; Karg et al., 2011). This allele is also associated with greater amygdala activation in
response to fearful faces in fMRI studies (Hariri et al., 2002). In a further refinement, it is
now recognized that a single nucleotide polymorphism within the long allele (L) results in
an Lg allele that functionally resembles the Sallele and an La allele that is high in its level of
expression (Hu et al., 2006).

We hypothesized that fMRI has adequate sensitivity to discriminate between the effects of
citalopram and escitalopram in the mood circuitry of healthy adults. To test this hypothesis
we administered racemic citalopram, escitalopram, and placebo in a randomized cross-over
design to healthy volunteers with genotypes associated with medium or high SLC6A4
expression.

2. Methods

The protocol was approved by the Institutional Review Boards at St. Elizabeth’s Medical
Center and McLean Hospital and conducted according to the Declaration of Helsinki. The
trial is registered in ClinicalTrials.gov under accession number NCT00825825.

2.1. Participants

Healthy male volunteers, ages 21-50, with no history of psychiatric disorders or significant
medical conditions (including hypertension) were recruited by advertisement. Of the 85
candidates who came to the clinic for screenings, 24 were scanned at least once. All subjects
provided written informed consent. All subjects were non-smokers and had normal visual
acuity either uncorrected or corrected with contact lenses. Subjects with a serotonin
transporter genotype of SS or SLg were excluded. All subjects provided information on their
educational background and employment during their screening visit. Enrolled participants
included individuals who were unemployed and had limited education. However, the
majority of the completers were current undergraduate or graduate students or middle class
professionals, including some who worked as researchers themselves.

2.2. Study procedures

All subjects were evaluated for Axis I and Il psychopathology by a board-certified
psychiatrist (MEH) and the absence of Axis | psychiatric disorders was confirmed using the
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Structured Clinical Interview for DSM-IV (SCID-I) (First et al., 2002). Screening
procedures included urine toxicology and cotinine screens and a visual acuity test. At each
medication visit and scanning visit, the clinician-rated Quick Inventory of Depressive
Symptomatology (QIDS) (Rush et al., 2003) and the Young Mania Rating Scale (YMRS)
(Young et al., 1978) were administered. The Discontinuation Emergent Signs and
Symptoms (DESS) scale (Rosenbaum et al., 1998) was administered approximately 2 weeks
after stopping medication for each medication period.

2.3. Medication protocol

Subjects participated in three medication periods of 14 days in a randomized, double-blind,
crossover design. The medications were escitalopram (10 mg during week 1 and 20 mg
during week 2), citalopram (20 mg during week 1 and 40 mg during week 2), and matched
placebo. The dosing scheme was selected to provide equivalent doses of S-citalopram in the
presence or absence of R-citalopram. In cases where an MRI was delayed, the number of
dosing days was increased up to two additional days to ensure that drug levels were
maintained. Medication periods were separated by a washout period of 2—4 weeks.

2.4. BOLD fMRI data acquisition

Each medication period was followed by an MRI session at the Neuroimaging Center at
McLean Hospital. Scans were performed on a 3 T Siemens Trio MR imaging system
(Siemens AG, Erlangen, Germany). A 3-plane scout scan (conventional FLASH sequence
with isotropic voxels of 2.8 mm) was acquired and used for prescription of the fMRI image
stack: gradient echo EPI, TR/TE = 3000/30 ms, flip angle = 90, 224 x 224 mm FOV, 41 3.5-
mm interleaved axial slices starting from the spinal cord covering the entire brain, no gap,
AP readout, 64 x 64 pixel, full k-space acquisition, no SENSE acceleration; pulse sequence-
enhanced version of the Siemens epibold, yielding isotropic 3.5 mm voxels. The BOLD scan
comprised 567 acquired images, with an additional two images (6 sec) at the beginning that
were not acquired, in order to ensure steady-state magnetization. Automatic second order
shimming was performed over the fMRI imaging volume prior to acquisition. A
conventional T1 scan was performed on the same functional prescription; therefore it had
identical susceptibility distortion (“matched-warped”; identical geometry to the fMRI scans
except for 256 x 256 pixels; (Rohan et al., 2001)). A standard T1 weighted MP-RAGE3D
scan (FOV =256 x 256 x 170 mm, 256 x 256 x 128, flip angle = 12, TR/TE/TI =
2100/2.74/1100 ms) also was collected. All subjects had one clinical-quality anatomical scan
evaluated by a radiologist to ensure the absence of structural brain abnormalities.

2.5. Stimulus presentations

Subjects passively viewed affective faces (happy and fearful) in overt, covert, and rapid
covert presentations using the masking procedure previously described by Whalen et al.
(1998). Faces were selected from the MacArthur Foundation NimStim set (Tottenham et al.,
2009). A fourth stimulus set included words with positive and negative affective valences.
The overt faces scan comprised 120 volumes. Half of the volumes were fixation blanks,
25% showed a happy face for 1 s followed by fixation for 2 s, and the remaining 25%
showed a fearful face for 1 s followed by fixation for 2 s. Stimuli were randomized and
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counterbalanced across the session in an event-related design, identical for all subjects. The
same paradigm was used for the positive and negative words. In the covert presentation, the
happy or fearful face was displayed for 30 ms, followed by the corresponding neutral face
for 160 ms and then fixation for the remaining time in the volume. The neutral fixation
stimulus consisted of a black asterisk on a gray background. The rapid covert presentation
included 60 volumes presented in a randomized, counterbalanced block design, identical for
all subjects, divided into 12 blocks of five volumes each. Each block included a single
emotion (happy or fearful). Each volume contained six faces, consisting of the emotional
face for 30 ms, corresponding neutral face for 160 ms, and fixation for 264 ms, with a pause
of 276 ms before the next volume.

2.6. BOLD fMRI analysis: preprocessing

Analyses were performed using the fMRI Expert Analysis Tool (FEAT) version 5.98 in FSL
(FMRIB Analysis Group, Oxford University, UK, http://www.fmrib.ox.ac.uk/fsl), using
default settings except as noted. An in-house despiking filter was applied to all functional
data sets. If maximum absolute motion reported by MCFLIRT (Jenkinson et al., 2002)
exceeded 3.5 mm (the voxel dimension), that run was discarded. Slice timing correction was
performed. Spatial and temporal filtering parameters were 5 mm full width half maximum
(FWHM), and 22.5 s (rapid covert images) or 9.0 s (all other runs), respectively.

2.7. BOLD fMRI analysis: individual statistical analysis

Regressors of interest were as follows: happy and fearful for the overt and covert scans,
happy — fearful (single regressor) for the rapid covert scan, and positive and negative for the
word scans. Motion estimates were included as nuisance regressors. Regressors of interest
were subjected to a linear filter modeling the hemodynamic response function, and to the
same temporal filter that was applied to the data. Regressors varied in a counterbalanced
manner during the experiment, identical over all subjects and visits. The results of this
analysis were discarded except for the residuals. A principal component analysis was
performed on the 5000 voxels in the residuals that had the largest variance. The first eight
components were retained and used as additional nuisance regressors (without
hemodynamic or other temporal filtering) in a new general linear model, using the same pre-
processed functional data (Madsen and Lund, 2006). Linear combinations of these parameter
estimates yielded quantities of interest. Contrasts for the overt and covert conditions
included happy—fearful faces, fearful-happy faces, as well as all faces regardless of emotion,
while in the rapid covert condition only the happy—fearful and fearful-happy contrasts were
possible. For the words, the contrasts were positive—negative, negative—positive, and any
word regardless of valence.

2.8. BOLD fMRI analysis: registration and group analysis

Functional results were aligned with the matched T1-weighted scan (six degrees of freedom
(DOF)), in turn with the MP-RAGE scan (12 DOF), and finally with the Montreal
Neurological Institute (MNI) 152 standard brain using FMRIB’s Nonlinear Image
Registration Tool (FNIRT), at 2 mm isotropic resolution. Subjects were included only if
valid data existed for all three drug conditions. Single scan results were combined in a
mixed effects repeated measures model, with a dummy regressor for each subject, set to
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unity for that subject and zero otherwise. Contrasts were generated for all six signed
comparisons among the three drug conditions. For data quality assurance purposes,
activation and deactivation due to placebo only were also calculated, for comparison with
the literature. VVoxels were thresholded to p < 0.01 (uncorrected), and clusters to p < 0.05,
familywise error (FWE) corrected for multiple comparisons over the whole brain.

2.9. Serotonin transporter genotyping

Genomic deoxyribonucleic acid (DNA) was extracted using the QlAamp DNA mini kit
(Qiagen, Valencia, CA). The linked promoter polymorphism in the serotonin transporter
(SLC6A4) was genotyped for long and short alleles and the La/Lg polymorphism using a
two-stage polymerase chain reaction with fluorogenic allelic discrimination probes as
described previously (Hu et al., 2006). The first stage used fluorogenic probes to
discriminate between the 182 base pair L amplicon and the 138 base pair Samplicon. The
second stage used probes labeled with VIC and FAM to discriminate between the Laand Lg
alleles.

2.10. Plasma analysis of drug and metabolite levels

3. Results

Blood samples were collected in tubes containing ethylenediaminetetraacetic acid (EDTA)
immediately after each scan and plasma was isolated by centrifugation at 2500 x g. Levels
of R-citalopram, S-citalopram, R-demethylcitalopram, S-demethylcitalopram, R-
didemethylcitalopram, and S-didemethylcitalopram were quantified in the analytical
laboratories at Forest Research Institute (Farmingdale, NY). Quantification employed an
optimized high performance liquid chromatography and mass spectrometry procedure using
[2H,4] citalopram, [2H4] demethylcitalopram, and [2H,] didemethyIcitalopram internal
standard solutions. The assay has a validated concentration range of 1 ng/mL to 150 ng/mL
for all analytes, with 1 ng/mL as the lower limit of quantification.

Fig. 1 describes the flow of participants through the trial, including individuals who
withdrew or had unusable or incomplete data. Unlike most studies with a similar design, 21
of the 85 subjects who were screened were eliminated due to serotonin transporter genotype.
The final cohort included in the analysis consisted of 11 subjects who ranged in age from 21
to 42 years (mean 30.1 £ 6.8). The analysis for the words stimulus condition included 10
subjects and the covert faces included nine subjects. Of these, there were eight with the S.a
genotype, two with the Lal a genotype, and one with the Lal g genotype. A diagram of the
experimental design is shown in Fig. 2.

Although the medications were generally well tolerated, three subjects withdrew due to
adverse events. One subject experienced nausea that required prescription anti-nausea
medication, one experienced headaches, and the third withdrew due to insomnia. Two
subjects complained of significant drowsiness but remained in the trial. No subjects reported
discontinuation effects that are sometimes observed with abrupt discontinuation of SSRIs.
Scores on the QIDS were below 5, which are considered to indicate an absence of
depressive symptomatology. Likewise, YMRS scores were at or near zero at all visits for all
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of the subjects, indicating an absence of treatment-emergent manic symptoms during the
study. No discontinuation symptoms emerged, based on the DESS performed after each
washout period. Of the 24 subjects who completed at least one medication period, three
were likely non-compliant based on plasma drug levels. Analyses were performed both
including and excluding the subjects without detectable plasma metabolite levels, with
similar results.

Activation in the placebo condition was examined to determine which regions were
activated in response to the stimuli in the absence of medication for both the overt (Fig. 3)
and covert and rapid covert (Fig. 4) paradigms. Specific areas with coordinates are listed in
Table 1. In the overt presentation condition, large clusters in sensory regions including
visual and somatosensory cortex showed decreased activation following placebo (Table 2).

Medication effects were observed for all stimulus conditions and in many cases did not
depend on the emotion being displayed. Much of the activation occurred in regions
responsible for visual processing (Table 3). The exception was the rapid covert presentation
where there were significant differences between citalopram and placebo in the happy-
fearful contrast that extended across a large region of the cortex (Table 4). Differences
between citalopram and placebo and between escitalopram and placebo were observed in a
similar set of regions (Fig. 5). In all cases where there was a difference between
escitalopram and citalopram, the activation was greater with escitalopram (Fig. 6).
Activation in response to overt faces was greater following escitalopram than following
citalopram in the right insular cortex, a region involved in self-perception, as well as the
thalamus and putamen. Drug effects were more pronounced with the rapid covert
presentation than with the covert presentation. In the rapid covert presentation, the contrast
between happy and fearful faces elicited a greater response following escitalopram in the left
middle temporal gyrus, consistent with the role of this region in recognizing and interpreting
information about faces and perceiving visual stimuli. In addition, the contrast between
words and fixation resulted in differential activation in the right lateral occipital cortex
following citalopram (Fig. 7). Although the reported values are not corrected for multiple
testing, almost all significant differences would remain significant if corrected for the six
comparisons.

R-citalopram and its metabolites were not detectable following 2 weeks of escitalopram. In
approximately half of the subjects, the S-didemethyl metabolite was below the limit of
detection (1 ng/mL). Table 5 shows the mean (z standard deviation) of each enantiomer or
metabolite for the 11 subjects included in the final analysis. Levels of S-citalopram and its
metabolites were not significantly different between the two medications. Notably, the ratio
of plasma levels of R-citalopram to S-citalopram in the citalopram condition was 1.86,
despite the 1:1 mixture of the enantiomers in the compound.

4. Discussion

The primary finding of this study is that pharmaco-fMRI is sufficiently sensitive to detect
differential effects of racemic citalopram and S-citalopram in healthy volunteers with
S_C6A4 genotypes associated with medium to high levels of the serotonin transporter
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protein in cellular models. Several regions showed changes in activity with the different
drug conditions and activation paradigms. There were no contrasts where citalopram
produced a greater degree of activation than escitalopram and the plasma levels of the S
enantiomer did not significantly differ between the escitalopram and citalopram groups.
Taken together, these observations support the preclinical findings that R-citalopram
functions as an antagonist at SLC6A4 and suggests that the any differences between the two
drug conditions likely reflect the influence of R-citalopram.

The limited number of regions showing differences between the escitalopram and citalopram
conditions suggests they are not a reflection of global changes in blood flow. In the rapid
covert presentation, the contrast between happy and fearful faces elicited a greater response
to escitalopram than citalopram in the left middle temporal gyrus, with a greater response to
happy faces. This region plays a role in sensory processing pathways (Mesulam, 1998). By
more effectively modulating regions involved both in self-perception and perception of
sensory input, escitalopram may have a slight advantage over citalopram in regulating
depressive symptoms that involve perception of the self. Accordingly, a previous fMRI
study reported greater response to positive stimuli than negative pictures and words in the
left middle temporal gyrus (Kensinger and Schacter, 2006).

Although the amygdala is a region that has reproducibly been shown to change when an
individual is responding to fearful faces, other regions including the pulvinar, anterior
cingulate, and anterior insula have also been implicated in processing of fearful faces
(Morris et al., 1998). Windischberger and colleagues independently conducted a study with
a very similar design to this study but with minor differences in the stimulus paradigm,
medication dosing, and sex composition of the sample, using image acquisition parameters
optimized to detect a difference in the amygdala (Windischberger et al., 2010). They
observed medication effects in the amygdala, parahippocampal gyrus, fusiform gyrus, and
medial frontal gyrus. Notably, they also observed medication effects in the left middle
temporal gyrus, a region where we also found a differential response between escitalopram
and citalopram to faces with affective valence. In their study, activation was lower in the
bilateral medial frontal gyrus with escitalopram than citalopram. In contrast, we did not
observe any areas where activation was greater with citalopram than escitalopram. The
discrepancies may reflect the genetic differences between the samples and/or their use of an
active facial expression discrimination task compared with the passive viewing approach
employed in the present study.

Tasks involving affective stimuli appear to activate brain regions targeted by antidepressants
depending on the emotional valence and whether processing of the emotion is explicit or
implicit (Phillips et al., 2004; Fusar-Poli et al., 2009). Notably, the response of the amygdala
and insula to fearful and disgusted faces respectively that was observed in an overt
presentation was not detected when faces were shown in a covert presentation. Individuals
with major depressive disorder demonstrate an increased amygdala response to masked
emotional faces that is attenuated following successful antidepressant treatment (Sheline et
al., 2001). Although the hypothesis was that medication effects would be observed in
regions that comprise the mood circuitry (Mayberg, 1997), the observed differences in
activation were actually more widespread across the cortex. This finding may reflect the
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differential response of the cortex in healthy volunteers compared to the response in
affectively ill individuals.

One of the unique features of this study was selection of subjects based on serotonin
transporter genotype at an S.C6A4 promoter polymorphism that alters in vitro expression
(Lesch et al., 1996; Hu et al., 2006) and in vivo expression (Heinz et al., 1998; Little et al.,
1998) of this gene. The genotype for this polymorphism affects the abundance of the
serotonin transporter protein, which is the substrate for SSRIs. The long (L) allele and
specifically the La allele is associated with increased transcription of the transporter and
higher levels of serotonin reuptake (Lesch et al., 1996; Hu et al., 2006). Within the Sand L
alleles, which differ in number of copies of a repeat sequence, an additional single
nucleotide polymorphism results in a tri-allelic genotype where long alleles together with a
guanine nucleotide (Lg) are functionally similar to the short allele (S), both being expressed
at lower levels, and long alleles with an adenine nucleotide (La) are expressed at high levels
(Hu et al., 2006). Hariri and colleagues (2002) found that the response of the amygdala to
fearful stimuli varies as a function of genotype, with an increased response for those with
one or more Salleles. A meta-analysis by Munafo and colleagues (2008) suggested that 10%
of the variability in amygdala activation can be attributed to genotype at this locus.
Therefore, by excluding individuals with the SSgenotype and S.g genotype (which is
functionally equivalent to SS), the cohort was restricted to individuals with greater levels of
transporter protein. Thus, the absence of change in the BOLD signal in the amygdala may
reflect the fact that the study excluded subjects with the genotype that has been reported to
have the greatest amygdala response, in addition to, or instead of, not optimizing the
scanning parameters for studying this region. This highlights the potential power and pitfalls
of combining these techniques.

The major limitation of the study was the small sample size, which may account for the lack
of amygdala activation and other differences between this and other studies. However, other
similar studies have included as few as eight subjects (Bigos et al., 2008) or 12 subjects
(Anderson et al., 2007). The ability of other groups to detect amygdala activation with small
samples suggests that other factors such as the genetic make-up and degree of susceptibility
artifact that is encountered at higher field strengths may have contributed to the results
reported here.

Another limitation of this study was the passive viewing of the stimuli with no task to
monitor the subjects’ attention and alertness. Some subjects reported feeling drowsy in the
scanner, which likely affected functional activity. Performance of a task engages the brain
differently from passively viewing stimuli, as does motivated versus unmotivated passive
viewing, and may account for differences in the pattern of activation observed here in
comparison to other studies (Windischberger et al., 2010; Phan et al., 2002; Skelly and
Decety, 2012). Moreover, the stimuli were restricted to happy and fearful faces and could be
extended in future studies to examine response to sad or angry faces or other affective
stimuli.

It is also possible that the responsiveness of neural circuitry differs between healthy
volunteers and affectively ill individuals. Multiple studies have shown that currently
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depressed subjects exhibit a greater amygdala response to sad faces (Arnone et al., 2012;
Victor et al., 2010) and fearful faces (Godlewska et al., 2012) than healthy controls before
antidepressant treatment, whereas healthy controls showed a greater response to happy
faces. Given that responses to affective faces are exaggerated in depressed patients, it is not
surprising that the pattern and degree of brain activation differs between ill individuals and
healthy volunteers. However, the finding that the effects of antidepressant medications on
the pattern of activation in brain regions associated with mood symptoms can be detected by
pharmaco-fMRI supports the utility of these methods in the earlier phases of drug
development. Further studies are warranted to understand the most effective way to combine
these techniques to aid drug development.

Future exploration in this area should utilize a multimodal imaging approach that includes
examining the effects of serotonergic antidepressants on functional connectivity using
resting fMRI. In particular, a set of regions referred to as the default mode network, shows
altered connectivity in depression and other psychiatric disorders (Greicius et al., 2007). The
default mode network includes the posterior cingulate cortex, ventral anterior cingulate
cortex, orbitofrontal cortex, and inferior parietal cortex (Greicius et al., 2003).
Understanding how similar compounds such as escitalopram and racemic citalopram
uniquely affect both activation in response to stimuli and resting state connectivity will
provide a more comprehensive understanding of the mechanistic similarities and differences
between the drugs.
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85 screened
e 28 ineligible
e 21 excluded
genotype
e 6 withdrew
before
randomized
1 1 1 1 1 1
P-E-C P-C-E C-E-P C-P-E E-C-P E-P-C
4 subjects 5 subjects 3 subjects 5 subjects 6 subjects 4 subjects
2 completed 2 completed 1 completed 3 completed 1 completed 2 completed
1 scheduling 1 AE headache 1 high BP 1 non- 1 motion 1 AE insomnia
1 motion 1 scheduling 1 scheduling compliance 1 structural MRI 1 fell asleep
1 non- 1 other med 1 other med
compliance 1 AE nausea
1 weight loss

Fig. 1.
Flow chart of participant enrollment and randomization. P = placebo, C = citalopram, E =

escitalopram and letters indicate order of medication periods. AE = adverse event, BP =
blood pressure.
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Illustration of experimental design. Medication periods were organized in a randomized,
crossover design with a washout period between each medication period.
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A

Fig. 3.
Activation in response to affective faces shown with overt presentation in placebo condition

illustrates task effects. (A) Widespread activation was observed in response to faces,
compared with fixation stimulus. Regions of activation of at least 50 voxels included the
bilateral occipital pole, bilateral occipital fusiform gyrus, bilateral lingual gyrus, right
inferior temporal gyrus, and temporal occipital fusiform cortex. (B) Activation was less in
response to faces than in response to fixation stimulus in the bilateral middle frontal cortex,
right precentral and postcentral gyrus, and right precuneous and cuneous. (C) Regions where
activation was greater in response to happy faces than in response to fearful faces included
the bilateral lingual gyrus, right intracalcarine cortex, and right supracalcarine cortex. (D)
The only region where activation was less in response to happy faces than in response to
fearful faces was the right precentral gyrus.
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A

Fig. 4.
Activation in response to affective faces shown with covert or rapid covert presentation in

placebo condition illustrates task effects. (A) Covert faces activated the bilateral occipital
and occipital fusiform cortex, right middle and inferior temporal gyrus, bilateral lingual
gyrus, and bilateral occipital pole, in comparison with a fixation stimulus. (B) Covert happy
faces activated the bilateral superior frontal cortex, in comparison with fearful faces. (C)
Happy faces presented in a rapid covert paradigm produced widespread activation in
occipital and temporal regions in comparison with fearful faces.
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Fig. 5.

Ci%alopram and escitalopram are associated with similar responses to covert faces in
comparison with placebo, whereas rapid covert faces produced a distinct response. Notably,
the number of voxels and regions activated in the rapid covert condition was much greater
than in the covert condition. (A) Covert faces activated the right occipital fusiform gyrus
following 2 weeks of citalopram. (B) Covert faces activated a region that included the right
lateral occipital cortex following 2 weeks of escitalopram. (C) Rapid covert faces (happy in
comparison with fearful) resulted in less activation than in the placebo condition following 2
weeks of citalopram in a large region encompassing the bilateral lingual gyrus, bilateral
occipital cortex and occipital fusiform gyrus, and left frontal orbital cortex.
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A

Fig. 6.
Differential effects of citalopram and escitalopram were observed in the overt and rapid

covert presentation paradigms. (A) Overt faces produced greater activation in the right
insula, right thalamus, and right putamen following escitalopram than following citalopram.
(B) In the rapid covert paradigm there was a drug by affective valence effect in the happy
vs. fearful contrast, where activation was greater following escitalopram than following
citalopram in temporal and occipital regions as well as the brainstem.
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A

Fig. 7.
Passive viewing of affective words led to extensive activation of temporal and occipital

regions, which was attenuated by citalopram but not escitalopram. (A) In the placebo
condition, the word viewing task activated bilateral temporal, occipital, and fusiform regions
similar to those activated by affective faces. (B) Activation was decreased in the right lateral
occipital cortex following 2 weeks of citalopram.
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Table 5

Levels of R-citalopram and S-citalopram and associated metabolites following two weeks of escitalopram or
racemic citalopram.

Metabolite Escitalopram (ng/mL)  Citalopram (ng/mL)
R-Citalopram N/A 46.68 + 13.16
S-Citalopram 23.92+£9.13 25.03+9.25
R-Demethyl Citalopram N/A 15.80 + 6.83
S-Demethyl Citalopram 11.19+4.97 12.16 +3.95
R-Didemethyl Citalopram  N/A 290+ 1.27
SDidemethyl Citalopram  1.91 + 0.54 1.79+0.32
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