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Variability in serotonin (5-HT) function is associated with individual differences in normal mood and temperament, as well as psychiatric
illnesses, all of which are influenced by amygdala function. This study evaluated the acute effects of 5-HT reuptake blockade on amygdala
function using pharmacological functional MRI. Eight healthy men completed a double-blind balanced crossover study with the selective
5-HT reuptake inhibitor, citalopram (20 mg infused over 30 min), and normal saline. Amygdala reactivity in response to novel facial
expressions was assessed on three successive scans, once before drug/placebo infusion, once early in the infusion, and once at the end of
infusion. Acute citalopram administration resulted in concentration-dependent increases in human amygdala reactivity to salient stimuli.
The current pattern of 5-HT-mediated amygdala reactivity may represent an important pathway through which SSRIs achieve an
antidepressant effect. Intriguingly, our data may also reveal a mechanism contributing to clinical observations of extreme agitation,
restlessness, and suicidal ideation in some individuals during acute SSRI treatment. Developing a comprehensive model of how 5-HT
modulates human amygdala reactivity supporting behavioral and physiological arousal will be instrumental for our understanding of basic

INTRODUCTION

The amygdala is an evolutionarily conserved deep brain
structure uniquely capable of mediating both simple
reflexive and more complex adaptive behavioral and
physiologic responses to environmental challenge. More-
over, variability in the functional dynamics of the amygdala
has been associated with a broad range of individual
differences in normal mood and temperament, as well as
pathological emotional states such as depression. Accord-
ingly, identifying the mechanisms regulating amygdala
function and, in turn, mediating the emergence of such
inter-individual variability is a major focus of neurobiolo-
gical, psychological, pharmacological, and genetic research.

Converging evidence from these and other disciplines has
highlighted the importance of serotonin (5-HT) in the
modulation of amygdala function and related behavioral
processes. Available data from animal studies indicate that
relative increases in amygdala 5-HT result in potentiation of
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amygdala activation and associated behavioral phenomenon,
such as fear conditioning (Burghardt et al, 2004, 2007;
Forster et al, 2006). In humans, recent in vivo neuroimaging
studies have revealed that decreased capacity for either
5-HT reuptake (Rhodes et al, 2007) or negative feedback
autoregulation (Fisher et al, 2006) result in relatively
increased amygdala reactivity. In addition, human func-
tional genetic polymorphisms resulting in relatively
increased 5-HT signaling are similarly associated with
increased amygdala reactivity (Hariri et al, 2002; Heinz
et al, 2005; Meyer-Lindenberg et al, 2006).

While such indirect evidence suggests similar potentiat-
ing effects of 5-HT in humans, the direct effects of increased
5-HT on human amygdala reactivity remain unexplored. In
the current study, we used pharmacological functional MRI
(fMRI) to examine the direct effects of acute 5-HT reuptake
blockade on human amygdala reactivity. Consistent with the
prior preclinical and clinical findings, we hypothesized that
acute 5-HT reuptake blockade would result in heightened
amygdala reactivity in comparison to a placebo condition.

SUBJECTS AND METHODS

All subjects signed a University of Pittsburgh Institutional
Review Board-approved consent form prior to any research
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procedures. Eight right-handed, nonsmoking, Caucasian
men (mean age 28 years, range 19-50 years) completed the
study. These selection criteria were designed to minimize
between-subject variation and possible age-related and
ethnic differences in fMRI response (Aizenstein et al,
2004). Subjects were physically and psychiatrically healthy,
as verified by the Structured Clinical Interview for DSM-IV
disorders (First et al, 1995).

Subjects completed an archival fMRI challenge paradigm
(Hariri et al, 2002) during a double-blind balanced cross-
over of intravenous (i.v.) citalopram, the most selective
SSRI available, and normal saline. Subjects were rando-
mized to placebo or citalopram treatment and then crossed
over to the other treatment. Four subjects received
citalopram on their first visit and four subjects received
placebo first. Visits were separated by a minimum washout
period of 2 weeks. Amygdala reactivity in response to novel
neutral and affective facial expressions was assessed on
three successive scans during both treatments. The
challenge paradigm was performed once before drug/
placebo infusion (baseline), once early in the infusion,
and once at the end of infusion when citalopram
concentrations approach their maxima.

Citalopram

Parenteral citalopram (20mg infused over 30min) was
administered under an FDA investigational license. Citalo-
pram was obtained from Lundbeck (Copenhagen,
Denmark). Given the timing of the f{MRI scans
(pre-infusion, early infusion, and end of infusion), an
optimal sampling strategy was determined using the
D-optimal sampling algorithm in Adapt II (release 4) using
i.v. citalopram from 379 subjects (unpublished data). Blood
samples were collected at baseline and 6, 15, 21, 30, 36, 45,
60, 90, 150, and 360 min after start of infusion, from an
indwelling forearm catheter contralateral to the infusion
catheter into vacutainers and centrifuged. Plasma was
decanted, transferred to polypropylene tubes, and stored
at —80°C. Racemic citalopram concentrations were deter-
mined using a high-performance liquid chromatographic
technique developed in our laboratory (Foglia et al, 1997).

Functional MRI

During placebo and drug sessions, subjects completed three
scans using a slightly modified version (consistent of angry,
fearful, surprised and neutral vs only angry and fearful
emotional expressions) of our amygdala reactivity paradigm
described in detail elsewhere (Brown et al, 2005). Briefly,
the paradigm consisted of four blocks of a perceptual face-
processing task interleaved with five blocks of a sensor-
imotor control task. During face processing, subjects viewed
a trio of faces and matched one of two emotionally
expressive (angry, fearful, or surprised) or neutral faces to
an identical target. Stimuli across all three scans were all
novel and derived from a standard set of emotional facial
expressions (NimStim; www.macbrain.org). During the
sensorimotor control, subjects viewed a trio of geometric
shapes and selected one of two shapes identical to a target.

Blood oxygenation-level-dependent (BOLD) fMRI was
acquired on a 1.5 T Signa Scanner (General Electric Medical
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Systems, Milwaukee, WI) using an optimized reverse spiral
sequence covering 28 axial slices (3.8 mm thick) encom-
passing the entire cerebrum (TR/TE=2000/35ms, FOV =
24 cm, matrix =64 x 64). Data were processed in SPM2
using our standard protocol (Brown et al, 2005). Prede-
termined condition effects at each voxel were calculated
using a t-statistic, producing a statistical image for face
processing vs sensorimotor control for each subject.
Individual contrast images were used in second-level
random-effects models accounting for scan-to-scan and
subject-to-subject variability to determine task-specific
regional responses at the group level.

The amygdala was chosen a priori as a region of interest
(ROI) for all analyses, and defined using the Talairach
Demon option of the WFU Pickatlas (Maldjian et al, 2003,
2004). Differences in activation were considered statistically
significant at a voxel level of p<0.01 uncorrected and an
extent of at least 10 contiguous voxels within our a priori
ROI. Because of our a priori directionally specific hypo-
theses and our use of a rigorous random-effects model,
these statistical thresholds effectively control for type I error
arising from multiple comparisons (Forman et al, 1995).

Additionally, for each treatment, we examined the change
in BOLD activation in the amygdala during the third scan
(end of infusion) relative to the first scan (baseline) by
including data from both these scans in a general linear
model for each single subject. Resulting single-subject
contrast images of the differential activation (ie ‘scan
3>scan 1°) of the amygdala during placebo and citalopram
infusions were entered into a paired t-test wherein we
examined the differential effect of treatment on changes in
the magnitude and extent of BOLD activation between the
baseline and end of infusion scans.

Correlation Analyses

Citalopram kinetics were modeled from plasma samples
through a standard two-stage population approach with a
three-compartment continuous infusion model using
individual nonlinear regression in WinNonlin 4.0.1 (Pharsight
Corporation, Mountain View, CA). Average single-subject
concentrations associated with each scan were calculated
based on the individual fitted parameters for the three-
compartment citalopram pharmacokinetic model. These
concentrations were then used in a linear regression with
BOLD activation in amygdala voxels exhibiting a main effect
of task using SPM (p < 0.05, FDR corrected across volume of
amygdala, minimum 10 contiguous voxels). Because SPM2
uses a naive-pooled method (ie it treats each data point, or
concentration and activation pair, as a separate individual),
we confirmed the regression data using a linear mixed-
effects model in NONMEM V (version 1.1, Fortran g77),
which uses a Bayesian modeling approach that accounts for
both inter-individual and intra-individual variability. The
likelihood ratio test was used to discriminate between
alternative models in NONMEM. The likelihood ratio test is
based on the property that the ratio of the NONMEM
objective function values (—2 log likelihood) are asympto-
tically > distributed. The objective function value is the
sum of squared deviations between the predictions and the
observations. An objective function decrease of 3.84 units
was considered significant ()%, d.f. = 1, p<0.05). Regression
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data were plotted using Prism (version 4.03; GraphPad
Software Inc., San Diego, CA).

RESULTS

Subjects reported mild or no side effects, which did not
differ between drug and placebo infusions. There were no
remarkable differences in amygdala activation between
scans during placebo infusion. There were only two small
clusters in the left amygdala that decreased early in the
placebo infusion ((—30, 2, —24), cluster size =13 voxels,
T=3.90, p=0.004, and (—20, —6, —8), cluster size =26
voxels, T=3.87, p=0.004). In contrast, mean amygdala
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Figure | (a) Amygdala clusters exhibiting greater activation as a function
of acute citalopram, Left amygdala (—24, —6, —22) cluster size=115
voxels, T=6.05, p<0.001; right amygdala (22, 4, —16) cluster size =56
voxels, T=3.39, p =0.006. Individual fMRI responses at baseline and at end
of citalopram infusion for left amygdala (b) and right amygdala (c).
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reactivity significantly increased across successive scans
during citalopram infusion. A cluster in the right amygdala
exhibited increased activation early in the citalopram
infusion compared to the baseline ((22, —4, —20), cluster
size=55 voxels, T=3.01, p=0.01). An even greater
bilateral amygdala response during citalopram administra-
tion was found at the end of infusion, when drug
concentrations approach their maxima, compared to base-
line (Figure 1; left amygdala (—24, —6, —22), cluster size=
115 voxels, T=6.05, p<0.001; right amygdala (22, 4, —16)
cluster size =56 voxels, T=3.39, p =0.006).

Direct comparisons in the differential activation of the
amygdala between baseline and late infusion during placebo
and citalopram administrations confirmed these observa-
tions. The increase in bilateral amygdala reactivity between
late infusion and baseline is significantly greater during
citalopram administration in comparison with placebo (left
amygdala (—26, —6, —26), cluster size = 52 voxels, T=5.75,
p=0.001 and right amygdala (16, —6, —22), cluster
size=11 voxels, T=2.80, p=0.01). In fact, average
amygdala activation significantly increased between base-
line and late infusion during citalopram treatment (mean
1.081, SD 0.658) whereas average amygdala activation
decreased between baseline and late infusion during
placebo (mean —0.5406, SD 1.108), (Figure 2).
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Figure 2 Change in left amygdala reactivity (—26, —6, —26) between
baseline and late infusion during citalopram and placebo. Paired t-test

(t=5.35df=7, p=0.001).
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Figure 3 Amygdala reactivity correlates with citalopram concentration.
Scans are color coded (time 2 is shaded, time 3 is solid). Citalopram
concentrations could not be estimated for one subject due to missing
plasma samples (n =7 for this analysis only).
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Finally, linear regression analysis between scan-specific
plasma citalopram concentrations and amygdala activation
revealed a strong concentration-dependent increase in
amygdala reactivity over infusion (Figure 3; r*=0.334,
p=0.0306). A separate linear mixed-effects model produced
an identical y intercept (—0.51) and slope (0.03). The
NONMEM objective function change between the initial
model, which modeled BOLD as a constant with random
effects (ie concentration was held constant), and the final
model, which modeled both the slope (ie change in
concentration) and intercept (ie baseline BOLD value) with
random effects, was also significant (5.6 point decrease in
objective function; p=0.018), which confirms the SPM
linear regression (Figure 3).

DISCUSSION

Our data provide unique direct evidence that acute
pharmacological 5-HT reuptake blockade potentiates the
reactivity of the human amygdala to salient environmental
stimuli. The data are consistent with both preclinical animal
findings (Burghardt et al, 2004, 2007; Forster et al, 2006)
and indirect indices of 5-HT effects on human amygdala
function (Hariri et al, 2002; Heinz et al, 2005; Fisher et al,
2006; Rhodes et al, 2007). The current pattern of 5-HT-
mediated amygdala reactivity, which can drive behavioral
and physiologic arousal, may represent an important
pathway through which SSRIs achieve an antidepressant
effect. Intriguingly, we hypothesize that our data may also
reveal a mechanism contributing to clinical observations of
extreme agitation, restlessness, and suicidal ideation in
some individuals, especially children, during acute SSRI
treatment (Bridge et al, 2007). This latter phenomenon may
reflect rapid 5-HT-mediated amygdala sensitivity to environ-
mental stimuli in the context of deficient mechanisms
for behavioral control, which are largely supported by
prefrontal circuitries exhibiting a more delayed response to
increased 5-HT (Forster et al, 2006).

In fact, a recent study reported relative attenuation of
amygdala reactivity after chronic oral administration of
citalopram in healthy adults (Harmer et al, 2006). Such
divergent acute and chronic effects of 5-HT reuptake
blockade likely emerge in response to homeostatic shifts
in serotonergic regulation of the functional balance between
the amygdala and prefrontal cortex. While acute 5-HT
reuptake blockade may potentiate stimulus-dependent
amygdala reactivity, likely through stimulation of excitatory
postsynaptic 5-HT receptors located on apical dendrites of
glutamatergic neurons (McDonald and Mascagni, 2007),
chronic blockade may lead to a more general increase in
5-HT neurotransmission via downregulation of negative
feedback 5-HT autoreceptors (Blier and de Montigny, 1999).
This shift toward generally increased neurotransmission
after chronic reuptake blockade may allow 5-HT to
potentiate the response of pyramidal neurons in prefrontal
circuits, via volume transmission at excitatory 5-HT
receptors localized extrasynaptically (Jansson et al, 2001;
Sharp et al, 2007), thereby mediating top-down regulation
of the amygdala (Hariri and Holmes, 2006).

While these results are exciting, with a remarkably
consistent pattern of 5-HT reuptake blockade effects on
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amygdala activation across subjects, the small sample size
greatly limits their inferential value and should be regarded
as preliminary. Replication studies using this pharmaco-
logical fMRI design in larger samples with increased
statistical power are needed to determine the robustness
of our observed effects. Studies in clinical populations are
also necessary to evaluate our speculations regarding the
importance of this mechanism in the emergence of both
therapeutic and aberrant behavioral responses during acute
and chronic SSRI treatment. Through systematic extension
of our preliminary results, a comprehensive model of how
5-HT modulates normal human amygdala function and its
dynamic interactions with prefrontal regulatory circuits can
be developed and used to inform our understanding of basic
neurobehavioral processes. Additionally, such efforts may
aid in understanding pathological amygdala function in
psychiatric disorders, as well as predicting response
to SSRIs and developing more effective 5-HT-based
therapeutic interventions.
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