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FEATURE ARTICLE

Medial Prefrontal Cortex 5-HT,, Density Is
Correlated with Amygdala Reactivity,
Response Habituation, and Functional
Coupling

Feedback inhibition of the amygdala via medial prefrontal cortex
(mPFC) is an important component in the regulation of complex
emotional behaviors. The functional dynamics of this corticolimbic
circuitry are, in part, modulated by serotonin (5-HT). Serotonin 2A
(5-HT,4) receptors within the mPFC represent a potential molecular
mechanism through which 5-HT can modulate this corticolimbic
circuitry. We employed a multimodal neuroimaging strategy to
explore the relationship between threat-related amygdala reactiv-
ity, assessed using blood oxygen level-dependent functional
magnetic resonance imaging, and mPFC 5-HT,, density, assessed
using ['®Flaltanserin positron emission tomography in 35 healthy
adult volunteers. We observed a significant inverse relationship
wherein greater mPFC 5-HT,, density was associated with reduced
threat-related right amygdala reactivity. Remarkably, 25-37% of the
variability in amygdala reactivity was explained by mPFC 5-HT,,
density. We also observed a positive correlation between mPFC 5-
HT,5 density and the magnitude of right amygdala habituation.
Furthermore, functional coupling between the amygdala and mPFC
was positively correlated with 5-HT,5 density suggesting that
effective integration of emotionally salient information within this
corticolimbic circuitry may be modulated, at least in part, by mPFC
5-HT,a. Collectively, our results indicate that mPFC 5-HT,, is
strongly associated with threat-related amygdala reactivity as well
as its temporal habituation and functional coupling with prefrontal
regulatory regions.
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Introduction

Regulation of emotional arousal involves coordinated commu-
nication between cortical and subcortical structures. Dysfunc-
tion within the neural circuitry for emotional arousal and
regulation contributes to risk for psychiatric illness, including
anxiety disorders and major depression, and represents a path-
ophysiological marker of these same conditions (Mayberg 2003;
Phillips et al. 2003). Among areas of the brain implicated in this
regulatory network, the medial prefrontal cortex (mPFC) is
thought to play a critical role in regulating amygdala-mediated
arousal in response to emotionally salient, especially threat-
related, environmental cues (LeDoux 2000; Wood and Grafman
2003). Recent rodent work suggests that homologous prefrontal
regions act to inhibit amygdala output via glutamatergic
stimulation of inhibitory y-aminobutyric acidergic (GABAergic)
neurons within the amygdala (Quirk et al. 2003). In humans,
variation in mPFC-amygdala functional coupling has been
associated with individual differences in behavior and risk for
psychiatric illness (Drevets et al. 1992; Pezawas et al. 2005).
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The central serotonin (5-HT) system has been linked to
variation in neural reactivity within the amygdala and PFC to
emotionally salient environmental cues (Hariri et al. 2002;
Holmes et al. 2003; Pezawas et al. 2005; Fisher et al. 2006; Hariri
and Holmes 2006; Harmer et al. 2006; Weisstaub et al. 20006;
Bigos et al. 2008). Through negative feedback inhibition, the
serotonin 1A (5-HT;,) somatodendritic autoreceptor acts to
regulate 5-HT release at corticolimbic targets associated with
emotional reactivity. Recently, we reported a significant inverse
relationship between 5-HT, autoreceptor density and threat-
related amygdala reactivity in 20 healthy adult volunteers
(Fisher et al. 2000). In this sample, 30-44% of the variability in
amygdala reactivity was accounted for by 5-HT;, density
suggesting that the capacity for regulating 5-HT release is an
important modulatory component of the neural circuitry for
emotional arousal. More generally, this finding further links
increased 5-HT signaling with potentiated amygdala reactivity
(Hariri et al. 2002; Forster et al. 2006; Burghardt et al. 2007,
Rhodes et al. 2007; Bigos et al. 2008).

In addition to such autoregulatory serotonergic mechanisms
impacting amygdala reactivity, postsynaptic receptors are likely
instrumental in determining 5-HT modulation of this circuitry.
Of these, excitatory serotonin 2A (5-HT,,) receptors localized
in the mPFC may be of particular importance. Glutamatergic
neurons represent the predominant neuronal population
expressing the 5-HT,, receptor within mPFC (Jakab and
Goldman-Rakic 1998; Leysen 2004; de Almeida and Mengod
2007). Furthermore, proximal portions of the apical dendrites
of these glutamatergic neurons may represent a “hot spot” of
5-HT,, localization coincident with relatively dense 5-HT
innervation (Blue et al. 1988; Jakab and Goldman-Rakic 1998).
Interestingly, whereas rapid increases in amygdala 5-HT release
are associated with the initiation of fear-related behaviors,
relatively delayed 5-HT release in mPFC is associated with their
attenuation (Forster et al. 2006). Taken together, these data
suggest that the 5-HT,, receptor is ideally situated to mediate
excitatory effects of 5-HT release on mPFC projection neurons
that, in turn, facilitate regulation of amygdala reactivity and
associated emotional behaviors.

Previous research in major depression is consistent with
this effect of altered prefrontal 5-HT,, receptor density
(Stockmeier 2003). One study reported increased 5-HT,,
receptor density in frontal cortex within a recovered depressed
population (Bhagwagar et al. 2006). In contrast, a second study
reported decreased 5-HT;, receptor density in frontal cortex
within a currently depressed population (Yatham et al. 2000).
A third study reported decreased subgenual prefrontal cortex
(sgPFC) 5-HT>, receptor density within a recovered population



of women with eating disorders, which often are comorbid
with mood disorders including depression (Bailer et al. 2004).
These findings further implicate prefrontal 5-HT,, receptors as
a potentially important mechanism in the regulation of
corticolimbic circuit function supporting emotional behaviors.
To date, however, no studies have explored the relationship
between 5-HT,, receptor density in the mPFC and amygdala
reactivity in humans. In the current study, we explored the
relationship between human mPFC 5-HT,, receptor density
and threat-related amygdala reactivity using a multimodal
neuroimaging strategy in 35 healthy adult volunteers. Blood
oxygen level-dependent functional magnetic resonance imag-
ing (BOLD fMRI) was used to measure amygdala reactivity in
response to threat-related facial expressions (Brown et al. 2005;
Brown et al. 20006; Fisher et al. 2006; Manuck et al. 2007; Zhou
et al. 2008). Positron emission tomography (PET) was used to
assess 5-HT,, receptor density within 2 subregions of the
mPFC, namely the pregenual prefrontal cortex (pgPFC) and
sgPFC, using ['®F|altanserin, a radioligand with high affinity and
specificity for the 5-HT, receptor. We focused on these 2 mPFC
subregions because they are both functionally and structurally
interconnected with the amygdala and richly innervated by 5-HT
neurons (Pandya et al. 1981; Blue et al. 1988; McDonald 1998;
Pezawas et al. 2005).

Based on the work summarized above illustrating 1) mPFC
regulation of amygdala reactivity via feedback (i.e., “top-
down”) inhibition and 2) localization of 5-HT,, receptors
to proximal areas of the dendrites of mPFC glutamatergic
projection neurons, we hypothesized that greater 5-HT,,
receptor density within mPFC (both pgPFC and sgPFC) would
be inversely related to amygdala reactivity reflecting a greater
capacity for prefrontal regulation. We sought to further
characterize the relationship between serotonergic regulation
of mPFC and amygdala reactivity using functional connectivity
and hypothesized that greater pgPFC and sgPFC 5-HT,
receptor density would be associated with increased func-
tional coupling between these regions and the amygdala.
Additionally, we explored the degree to which mPFC 5-HT,,
receptor density was associated with habituation of amygdala
reactivity, a commonly observed phenomenon similar to
extinction and likely to reflect the capacity for prefrontal
regulatory control (Breiter et al. 1996; Biichel et al. 1998;
Herry et al. 2007).

Materials and Methods

Subjects

Thirty-five healthy adult volunteers participated after providing written
informed consent in accordance with the University of Pittsburgh
Institutional Review Board (18 males, age: 37.7 + 12.8 [mean * standard
deviation {SD}] years). Subjects were recruited through local advertise-
ments, referrals, and ongoing studies. Subjects were generally healthy
with exclusion criteria including 1) current or lifetime psychiatric
diagnoses assessed by Structured Clinical Interview (Diagnostic and
Statistical Manual of Mental Disorders, Version 1V), 2) cardiovascular
disease or diabetes, 3) history of substance abuse or use of antidepressants,
4) early dementia or mild cognitive impairment according to the Mini-
Mental State Examination (scores exceeding 27) (Folstein et al. 1975),
and 5) sleep disorders assessed by the Pittsburgh Quality Sleep Index
(Buysse et al. 1989). Most subjects (N = 30) completed both fMRI and
PET scans on the same day. All subjects completed the fMRI scan in the
morning and the PET scan in the afternoon. Those subjects who did not
complete both scans on the same day (/N = 5) completed the PET and
fMRI scans within 1 month. To limit the potential effects of circulating
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reproductive hormone levels on measures of 5-HT,, density, all
premenopausal women (N = 11) were scanned within days 3 and 7
of their menstrual cycle (Moses et al. 2000).

JMRI Protocol

The experimental fMRI paradigm consisted of 4 blocks of a face-
processing task interleaved with 5 blocks of a sensorimotor control
task as described previously (Fisher et al. 2000). Subject performance
(accuracy and reaction time) was monitored during all scans. During
the face-processing task, subjects viewed a trio of faces (expressing
either anger or fear) and selected 1 of 2 faces (bottom) identical to
a target face (top). Angry and fearful facial expressions can represent
honest indicators of ecologically valid threat, especially that related to
conspecific challengers (Darwin and Ekman 1998). Within this
context, we interpret the amygdala activation elicited by our task as
being threat related. Each face-processing block consisted of 6 images,
balanced for sex and representing one target affect (angry or fearful)
all derived from a standard set of pictures of facial affect (Ekman and
Friesen 1976). During the sensorimotor control blocks, subjects
viewed a trio of simple geometric shapes (circles and vertical and
horizontal ellipses) and selected 1 of 2 shapes (bottom) identical to
a target shape (top). Each sensorimotor control block consisted of 6
different shape trios. All blocks were preceded by a brief instruction
(“Match Faces” or “Match Shapes”) lasting 2 s. In the face-processing
blocks, each of the 6 face trios was presented for 4 s with a variable
interstimulus interval of 2-6 s (mean = 4 s) for a total block length of
48 s. In the sensorimotor control blocks, each of the 6 shape trios was
presented for 4 s with a fixed interstimulus of 2 s for a total block
length of 36 s. Total protocol time was 390 s. Task and control
blocks were interleaved in a fixed order (CFCACFCAC; C = control
block, F = task block with fear expressions, A = task block with anger
expressions) with each task block presented twice. As we were not
interested in neural networks associated with face-specific processing
per se, but rather in eliciting a maximal amygdala response across all
subjects that we could then interrogate for genotype effects, we
chose not to use neutral faces as control stimuli because neutral faces
can be subjectively experienced as affectively laden or ambiguous and
thus engage the amygdala (Schwartz, Wright, Shin, Kagan, and Rauch,
2003; Wright et al. 2003).

JMRI Acquisition Parameters

Acquisition parameters have been described previously (Fisher et al.
2000). Briefly, each subject was scanned using a GE Signa 1.5-T head-
only scanner (GE Medical Systems, Milwaukee, WI). BOLD functional
images were acquired using a reverse spiral sequence covering 28
slices (3.8-mm thick) encompassing the entire cerebrum and the
majority of the cerebellum (repetition time = 2000 ms, echo time =
35 ms, field-of-view [FOV] = 24 cm, matrix = 64 x 64). All scanning
parameters were selected to optimize BOLD signal while maintaining
enough slices to acquire whole-brain data. Prior to the acquisition of
fMRI data for each subject, we acquired and visually inspected
localizer scans for artifacts (e.g., ghosting) as well as good signal
across the entire volume of acquisition, including the medial temporal
lobes. Additionally, an autoshimming procedure was conducted
before the acquisition of BOLD data in each subject to minimize field
inhomogeneities. fMRI data for all 35 subjects included in this study
were cleared of such problems.

PET Acquisition Parameters

Technical detail concerning the PET imaging procedures can be found
in previously published work and is described below (Price et al.
2001, 2005; Bailer et al. 2004; Bailer et al. 2007). ['®F|altanserin is a
5-HT,, receptor antagonist with high affinity and specificity for the
5-HT,, receptor relative to other 5-HT receptor subtypes as well as
noradrenergic o1 and dopaminergic D2 receptors (Leysen 1989, 1990).
The radiosynthesis of ['®Flaltanserin was performed using a modifica-
tion of the original method (Lemaire et al. 1991) that has been applied
in several studies in our laboratory (Meltzer et al. 1998; Smith et al.
1998; Price et al. 2001; Bailer et al. 2004, 2007). Catheters were placed
in an antecubital vein for radiotracer injection and a radial artery for



arterial blood sampling. PET scans were acquired using an ECAT HR+
PET scanner (CTI PET systems, Knoxville, TN) in 3D imaging mode (63
transaxial planes, 2.4-mm thickness, 15.2-cm FOV). Head movement
was minimized by use of a softened thermoplastic face mask system.
A 10-min transmission scan was acquired using rotation rods of
68 Ge/68 Ga for attenuation correction of emission data. Dynamic PET
imaging was initiated at the start of the ['®Flaltanserin injection (slow
bolus over 20 s) for which the mean injected dose was 7.23 = 0.32
(mean * SD) mCi ['®F]altanserin. The PET data were acquired as 22
time frames over 91 min (6 x 20s,2 x 30s, 1 x 1 min, 2 x 1.5 min, 3 x 3
min, 1 x 5 min, and 7 x 10 min). PET data were corrected for scatter,
and image reconstruction was performed using filtered back projection
for a final reconstructed image resolution of about 6 mm. Approx-
imately thirty-five 0.5-mL hand-drawn arterial blood samples were
collected for each subject over the scanning interval (approximately 20
samples in the initial 2 min of scanning). The total plasma radioactivity
concentration was corrected for the presence of radiolabeled
['®Flaltanserin metabolites, and this “metabolite-corrected” arterial
input function was used for data analysis.

Structural MR images (GE Signa 1.5-T scanner) were acquired for
each subject using a spoiled-gradient recalled sequence with param-
eters optimized for contrast between gray matter, white matter, and
cerebrospinal fluid. Regions of interest (ROIs) were drawn on the
resliced MR images for each subject and applied to their respective,
coregistered PET images (ROIs drawn by SK.Z. and C.B.). ROIs were
identified for the sgPFC, pgPFC, and cerebellum, which were used to
estimate nondisplaceable radiotracer uptake (ND: free and nonspecific
concentrations). The data were analyzed using the Logan graphical
method (Logan et al. 1990; Bailer et al. 2007). The Logan analysis was
applied over the 12- to 90-min postinjection integrals (10 points) to
obtain regional ['®Flaltanserin distribution volume values (V;). The Vi
values were used to determine the nondisplaceable binding potential
value, BPyp, that is a measure of specific receptor binding. The BPyp is
directly proportional to B,/ Ky, where B, is the concentration of
receptors available for radiotracer binding (i.e., not occupied by
endogenous 5-HT) and Kj is the equilibrium dissociation rate constant
(i.e., inversely related to binding affinity). Partial volume effects due
to differences in cerebral volumes were corrected for in calculating
BPyp values using a previously validated 2-component MR-based
atrophy correction algorithm (Meltzer et al. 1990, 1999; Cidis Meltzer
et al. 2001).

JMRI Data Analysis

Whole-brain image analysis was completed using the general linear
model (GLM) of SPM2 (http://www.fiLion.uclLac.uk/spm). Images for
each subject were realigned to the first volume in the time series to
correct for head motion, spatially normalized into a standard stereo-
tactic space (Montreal Neurological Institute template) using a 12-
parameter affine model, and smoothed to minimize noise and residual
difference in gyral anatomy with a Gaussian filter, set at 6-mm full-width
at half-maximum. Voxelwise signal intensities were ratio normalized to
the whole-brain global mean. These preprocessed data sets were
analyzed using second-level random-effects models that account for
both scan-to-scan and participant-to-participant variability to determine
task-specific regional responses. Following preprocessing, linear con-
trasts employing canonical hemodynamic response functions were
used to estimate task-specific (i.e., task > control) BOLD activation for
each individual and scan. These individual contrast images (i.e.,
weighted sum of the beta images) were then used in second-level
random-effects models to determine mean task-specific amygdala
reactivity using 1-sample rtests. Our amygdala ROI was constructed
using the Talairach Daemon option of the WFU PickAtlas Tool (v 1.04)
(Maldjian et al. 2003, 2004). All analyses were thresholded at a voxel
level of P < 0.05, false-discovery rate (FDR) corrected for multiple
comparisons, within an inclusive mask of activations of interest and an
extent threshold of at least 10 contiguous voxels. Because of our
a priori, directionally specific hypotheses and our use of a rigorous
random-effects model, these statistical thresholds effectively control for
“false positives” arising from multiple comparisons. All neuroimaging
data are reported using the coordinate system of Talairach and
Tournoux.

Regression Analyses

The relationship between threat-related amygdala reactivity and mPFC
5-HT,, density was determined using linear regression analyses
between the single-subject amygdala BOLD and ROI-specific 5-HT,
BPyp values. Single subjects with BPyp, values < 0.0 within an ROI were
excluded because BPyp < 0.0 indicates signal intensity equivalent to
free or nonspecific binding. Previous studies have reported that 5-HT 4
BPyp is inversely correlated with age (Meltzer et al. 1998; Bailer et al.
2004). Additionally, previous studies suggest that the amygdala
reactivity elicited by our task may decrease with age (Tessitore et al.
2005). To account for age-related variability in these 2 measures, age
was included as a covariate in all analyses. Considering the broad age
range of participants in this study (20-57 years), we report amygdala
reactivity and BPyp, values standardized for age effects. These values are
the standardized residuals of the respective measurements after
accounting for effects of age. This procedure was adopted to more
clearly illustrate the relationship between regional 5-HT,, BPyp and
amygdala reactivity, independent of age. The statistics reported reflect
comparisons between observed fMRI BOLD and BPyyp, values including
age as a covariate. As sex was not significantly correlated with any
BOLD fMRI (all #'s < 0.23 and Ps = 0.18) or 5-HT,, BPyp, measures (all
7s < 0.12 and Ps = 0.50), it was not included in any subsequent
analyses exploring the relationship between prefrontal 5-HT,, BPnp
and amygdala reactivity, habituation, or functional coupling.

Habituation Analyses

To assess the magnitude of amygdala habituation and the degree to
which this habituation was related to 5-HT,, BPnp, single-subject
amygdala reactivity data were extracted and separated by block type
(i.e., Fear block 1, Angry block 1, etc.). We used paired #tests to examine
differences in amygdala reactivity between first and second exposure to
fearful (experimental task blocks 1 and 3) and angry (experimental task
blocks 2 and 4) expressions. Linear regression analyses were used
to examine the relationship between mPFC 5-HT,, BPnp and the
magnitude of amygdala habituation represented as the difference in
average signal intensity between first and second presentation blocks
for each expression type for each subject.

Functional Connectivity Analyses

Using functional connectivity, we examined the degree to which
threat-related amygdala reactivity was associated with activity in mPFC.
Furthermore, we sought to characterize how functional connectivity
between these regions varied as a function of mPFC 5-HT,, receptor
density. Connectivity estimates reported reflect functionally relevant
correlations between components of neural circuits; however, they do
not establish the causal or time-lagged nature of regional neural
coupling (Friston 1994). MarsBaR (Brett et al. 2002) was used to extract
the mean BOLD time series for each subject from all voxels within a
5-mm radius sphere centered on the voxel exhibiting the maximal main
effect of task (right amygdala seed coordinates: 26, -3, -17; left
amygdala seed coordinates: 24, -7, -15). Extracted time series were
mean centered and drift corrected. Individual values exceeding 3 SDs
of the mean of the drift-corrected time series were replaced by the
average of the 2 adjacent values. These corrected time series were
entered as regressors in individual GLM design matrices also including
task condition as an additional regressor. Analyses yielded individual
contrast images reflecting the areas wherein BOLD signal changes were
temporally coupled with signal changes from each amygdala seed (i.e.,
left or right). These individual contrast images were then included in
second-level analyses including sgPFC or pgPFC 5-HT 4 BPxp and age as
covariates to identify regions of mPFC whose functional coupling with
each respective amygdala seed was significantly correlated with 5-HT,
BPnp across individuals. Using the WFU PickAtlas Tool described above,
we restricted our connectivity analyses to Brodmann areas (BAs) 24, 25,
and 32 that overlap with our PET ROIs. Analyses of positive or negative
coupling with amygdala reactivity were thresholded at a voxel level of
P <0.05 and FDR corrected for multiple comparisons and an extent
of at least 10 contiguous voxels within the regions examined. Analyses
of these PFC regions whose coupling with amygdala reactivity was
positively or negatively correlated with sgPFC or pgPFC 5-HT,, BPnp
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were thresholded at a voxel level of P < 0.05, uncorrected, and an
extent of at least 10 contiguous voxels within PFC regions examined.

Results

Amygdala Reactivity

Consistent with previous reports, the main effect of task
comparison (ie., task > control) was associated with robust,
bilateral amygdala reactivity (right amygdala: [26, -3, -17],
z = 6.22, 146 voxels, Pepr < 0.05; left amygdala: [-24, -7, -15],
z = 5.03, 130 voxels, Pypr < 0.05). The main effect of task
activation within the right but not left amygdala was inversely
correlated with age (right amygdala: r=-0414, #* = 0.171,
P=0.013; left amygdala: »=-042, #* = 0.002, P = 0.809). No
clusters within our prefrontal ROIs (i.e., BAs 24, 25, and 32)
exhibited a statistically significant main effect of task.

Prefrontal 5-HT >4 BP\p Analyses

Average ['®Flaltanserin binding across all individuals revealed
specific 5-HT,, binding within the sgPFC (BPnp = 1.24 + 0.45,
mean * SD) and pgPFC (BPyp = 1.10 £ 0.37). Across all subjects,
5-HT,5 BPnp values were highly correlated between these 2
regions (= 0.761, #* = 0.579, P < 0.0005). Consistent with
previous reports, we found that age was inversely correlated
with 5-HT;, BPyp in both prefrontal regions examined (sgPFC:
r=-0.569, ¥ = 0.324, P < 0.0005; pgPFC: r=-0.629, #* = 0.396,
P < 0.0005).

Prefrontal 5-HT>, BPyp and Amygdala Reactivity

As predicted, 5-HT,, receptor density within both the sgPFC
and pgPFC was inversely correlated with amygdala reactivity
across all individuals. 5-HT,, BPyp in the sgPFC predicted 25%
of the variability in right amygdala reactivity (r=-0.497,
7 = 0.247, P= 0.002), whereas pgPFC 5-HT,, BPyp, predicted

37% of the variability in right amygdala reactivity (7= -0.609,
7 = 0371, P < 0.0005) (Fig. 1). We observed no activation
clusters within the left amygdala exhibiting a statistically sig-
nificant relationship with prefrontal 5-HT,, BPnp.

Habituation of Amygdala Response

Paired #tests revealed significant habituation of right amygdala
reactivity across blocks of both fearful and angry facial
expressions (first vs. second fear blocks: %4 = 3.10, P = 0.005;
first vs. second angry blocks: %4 = 2.55, P = 0.018) (Fig. 2). The
magnitude of the habituation to fearful expressions (i.e., Fear
block 1 > Fear block 2) was positively correlated with mPFC 5-
HT,s BPyp (pgPFC: r= 0458, #* = 0.210, P = 0.006; sgPFC:
r=0.410, # = 0.168, P = 0.015) (Fig. 3). However, there was
no statistically significant relationship between the magnitude
of habituation to angry expressions and mPFC 5-HT,, BPnp
(pgPFC: r= 0241, #=0.058, P=0.164; sgPFC: = 0.199,
7 =0.039, P= 0.252). We did not observe significant habitu-
ation of left amygdala reactivity across the 2 block types.
Though left amygdala reactivity decreased across fearful blocks
(first vs. second fear blocks: 64 = 2.77, P = 0.001), we observed
a significant increase in left amygdala reactivity across angry
blocks (first vs. second angry blocks: £ = -4.87, P < 0.001).
Most importantly, neither pgPFC nor sgPFC 5-HT,, BPyp was
significantly correlated with the change in left amygdala
reactivity across blocks (all s < 1.8, Ps > 0.08).

Functional Connectivity Analyses

We observed significant positive correlations between right
amygdala reactivity and multiple prefrontal ROIs (Table 1). No
clusters within our prefrontal ROIs, however, exhibited
statistically significant negative correlations with right amygdala
reactivity. Both pgPFC and sgPFC 5-HT,, BPnp were positively
correlated with the magnitude of functional connectivity
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between right amygdala reactivity and multiple prefrontal
regions (Table 1). There were no significant negative correla-
tions between 5-HT,, BPyp and amygdala-prefrontal functional
connectivity within our prefrontal ROIs. We observed similar
patterns of positive correlation between 5-HT,, BPyp and
functional connectivity between the left amygdala and pre-
frontal ROIs (data not shown).

Discussion

Previous neuroimaging studies have identified important
functional relationships wherein prefrontal engagement asso-
ciated with amygdala reactivity contributes to the shaping of
complex emotional behaviors (Ochsner et al. 2002; Johnstone
et al. 2007). Complimentary studies suggest that this relation-
ship can be, at least in part, modulated by serotonergic function
(Pezawas et al. 2005; Forster et al. 2006; Meyer-Lindenberg
et al. 2006; Weisstaub et al. 2006; Buckholtz et al. 2007). The
results of our current study suggest that mPFC 5-HT,, re-
ceptors play an important role in mediating serotonergic mod-
ulation of prefrontal-amygdala circuitry. Specifically, we found
that mPFC 5-HT,, density in both sgPFC and pgPFC was
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Figure 2. Habituation of amygdala response. Amygdala reactivity is significantly
decreased between first and second exposures to both fearful and angry facial
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inversely correlated with the magnitude of threat-related
amygdala reactivity. The density of mPFC 5-HT,, was also
correlated with increased amygdala habituation to fear-related
expressions, a phenomenon likely dependent on top-down
prefrontal regulation (Phelps et al. 2004). Finally, mPFC 5-HT,,
density was positively correlated with the magnitude of
amygdala-mPFC functional coupling, suggesting that 5-HT
plays an important role in facilitating the integration of af-
fective information between these brain regions. Importantly,
all the observed relationships between mPFC 5-HT,, and
amygdala reactivity, temporal habituation, and functional
coupling were independent of age and sex suggesting the
general importance and potentially broad impact of mPFC
5-HT,, on the regulation of corticolimbic brain function.

The predominant localization of excitatory 5-HT,, receptors
to glutamatergic projection neurons in the mPFC (Jakab and
Goldman-Rakic 1998) supports our observed inverse relation-
ship between mPFC receptor density and amygdala reactivity.
The mPFC projects extensively to the amygdala, and these
projections are thought to play a key role in regulating amygdala
reactivity, specifically in response to emotionally salient en-
vironmental cues (Quirk et al. 2003). Given the ubiquitous
expression of the 5-HT,, receptor among populations of
projection neurons in the mPFC and the extensive connectivity
between the mPFC and the amygdala, it is likely that projection
neurons targeting the amygdala are characterized by this 5-HT 4
distribution pattern, but this has not been specifically con-
firmed. Consistent with this potential effect, increased 5-HT in
the mPFC is associated with decreased fear-related behavior in
animals (Forster et al. 20006).

Consistent with previous studies (Breiter et al. 1996; Buchel
et al. 1998; Schwartz, Wright, Shin, Kagan, Whalen, et al. 2003;
Wright et al. 2003), there was significant habituation of right
amygdala reactivity across repeated exposure to both fearful
and angry facial expressions. Fear-conditioning studies have
indicated that expression of learned extinction involves direct
mPFC inhibition of the amygdala (Quirk et al. 2003; Phelps et al.
2004 ). The similarity in the decreased response of the amygdala
during habituation with that documented during fear extinc-
tion suggests that capacity for engagement of prefrontal
regulatory circuitry may be an important component in more
general regulation of amygdala reactivity. Our finding that pre-
frontal 5-HT,, BPyp is positively correlated with the magnitude
of right amygdala habituation to fearful facial expressions
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Figure 3. Prefrontal 5-HT,5 BPyp is positively associated with the magnitude of amygdala habituation in response to fearful facial expression blocks. (A) pgPFC 5-HT, BPyp is
positively correlated with magnitude of amygdala habituation to fearful facial expressions (2 = 0.210, P = 0.006). (B) sgPFC 5-HT,s BPyp is positively correlated with
magnitude of amygdala habituation to fearful facial expressions (> = 0.168, P = 0.015).
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Table 1
Prefrontal regions functionally coupled with the amygdala and their relationship with prefrontal
5-HT;a BPnp

Xy 7 Voxels 7 Score P value
Positively coupled FDR corrected
BA 25 —6, 11, —11 54 5.85 <0.0005
BA 25 4,9, —12 57 5.41 <0.0005
BA 24/32 —14, 17, 30 934 478 <0.0005
BA 24/32 18, 45, 7 921 474 <0.0005
Negatively coupled
No regions above threshold
Positively correlated with Uncorrected
ngFC 5>HTZA BPND
Amygdala-BA 32 10, 36, 22 88 347 <0.0005
Amygdala-BA 24 —6, 26, 17 358 3.44 <0.0005
Amygdala-BA 32 4, 6, 44 241 2.93 0.002
Amygdala-BA 24 6, —14, 34 63 2.88 0.002
Amygdala-BA 32 —10, 41,3 30 2.77 0.003
Amygdala-BA 24 —16, —15, 41 24 2.45 0.007
Amygdala-BA 24 12, =7, 45 13 2.04 0.021
Negatively correlated with
pgPFC 5-HT,4 BPyp
No regions above threshold
Positively correlated with
sgPFC 5-HT2a BPnp
Amygdala-BA 24 —4, 4,33 54 3.09 0.001
Amygdala-BA 24 —6, 26, 15 14 2.93 0.002
Amygdala-BA 32 16, 17, 30 30 2.92 0.002
Amygdala-BA 32 12, 36, 24 4 2.69 0.004
Amygdala-BA 32 16, 12, 47 23 2.68 0.004
Amygdala-BA 24 4, 4,33 56 247 0.007
Amygdala-BA 24 —10, 15, 27 80 2.39 0.008
Amygdala-BA 32 4,23, 4 14 227 0.012
Amygdala-BA 24 6, 28, 15 20 2.21 0.013

Negatively correlated with
sgPFC 5-HT,a BPyp
No regions above threshold

“Talairach and Tournoux coordinates.

supports this possibility and further implicates the 5-HT,,
receptor as an important modulator of this circuitry. Although
5-HT,5, BPnxp did not significantly predict right amygdala
habituation to angry expressions, the direction of the effect
was consistent with that of fearful expressions. This difference
may simply reflect a bias in our paradigm that always presented
fearful before angry expressions thus lessening the overall right
amygdala response to angry expressions.

In contrast to the significant relationships observed for
the right amygdala, there were no significant relationships
between mPFC 5-HT,, BPynp and either left amygdala re-
activity or temporal habituation. As we are unaware of any
data suggesting hemispheric asymmetry in the expression of
5-HT,, or of serotonergic innervation more broadly, we
believe these differences likely reflect relative characteristics
of the right and left amygdala precipitated by our fMRI
challenge paradigm. The right lateralized relationship be-
tween 5-HT,, and amygdala reactivity may reflect a bias in the
perceptual processing of faces, such as those employed in our
paradigm, to right hemisphere structures, including the
amygdala (Farah et al. 1998; Fischer et al. 2003). The
specificity of the relationship between 5-HT,, and amygdala
habituation may reflect the general tendency for greater
temporal habituation in the right amygdala, which may be
preferentially involved in stimulus novelty and detection,
rather than the left amygdala, which may be preferentially
involved in sustained stimulus evaluation (Wright et al. 2001;
Britton et al. 2008). Thus, the laterality observed in our data
likely reflects the relative functional engagement and dynam-
ics of the amygdala and its subsequent modulation by
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mechanisms regulated by prefrontal 5-HT,, and not any
intrinsic properties of 5-HT,, expression or action.

In addition to mapping the relationship between prefrontal
5-HT,4 BPxp and overall amygdala reactivity as well as amygdala
habituation, we used functional connectivity to examine the
impact of 5-HT;4 receptors on the correlated responses of the
amygdala and regions of the mPFC. In general, we observed
a strong positive correlation between amygdala reactivity and
fMRI BOLD signal in multiple mPFC regions including BAs 24,
25, and 32. The correlations, however, were task independent
as none of these mPFC regions exhibited a main effect of task
and likely reflect a more general pattern of functional coupling
between these regions that is not specific to processing of
threat-related stimuli. The task-independent nature of these
correlations may explain why, unlike the right lateralized ef-
fects observed between 5-HT,, and amygdala reactivity as well
as temporal habituation, a bilateral relationship emerged
between 5-HT,, and amygdala-prefrontal connectivity. Con-
sidering the extensive reciprocal anatomical connectivity
between the amygdala and mPFC (Pandya et al. 1981), we
believe our observed positive coupling reflects the primarily
perceptual processing nature of our simple task and the
excitatory drive of the amygdala on these downstream cortical
target regions. This is in contrast to paradigms involving active
cognitive tasks (e.g., affective labeling or emotion regulation)
that explicitly engage prefrontal regulatory inhibitory networks
resulting in negative correlations between amygdala and pre-
frontal activation (Hariri et al. 2000, 2003; Ochsner et al. 2002).
However, positive coupling between the amygdala and PFC,
especially its medial regions, likely reflects effective integration
of amygdala-mediated arousal by prefrontal circuits that
subsequently effect complex, adaptive behavioral responses
(Pezawas et al. 2005; Heinz et al. 2005). Thus, our results may
reflect the importance of 5-HT signaling via mPFC 5-HT,
receptors in facilitating amygdala drive on PFC.

Additional neural circuitry involving direct projections from
mPFC to the dorsal raphe nucleus (DRN), which contains the
cell bodies of serotonergic neurons, may contribute to the
regulation of threat-related amygdala reactivity via an indirect
pathway. Rodent studies have indicated that activation of mPFC
neurons inhibit 5-HT neurons possibly via action on GABAergic
populations within the DRN, the neuronal subpopulation pri-
marily targeted by projections from mPFC (Varga et al. 2001;
Jankowski and Sesack 2004). More specifically, the regulation
of 5-HT release in the context of stressful and arousing stimuli
via mPFC seems to be an important mechanism for effectively
dealing with a stressor and is associated with the cessation of
fear-related behavior (Amat et al. 2005; Forster et al. 20006).
Given our previous neuroimaging findings that a greater
capacity for regulation of 5-HT release at downstream targets
via 5-HT,4 autoreceptor density predicts decreased amygdala
reactivity, it may be that greater prefrontal 5-HT,, density re-
flects, in part, a greater capacity for regulation of 5-HT release via
a prefrontal-DRN inhibitory feedback mechanism subsequently
resulting in a dampening of amygdala reactivity. Within the
current study, however, we are unable to disentangle effects of
prefrontal regulation of amygdala reactivity that are the result of
direct or indirect feedback.

As our data suggest that individual differences in mPFC
5-HT,, density are correlated with behaviorally relevant
amygdala function, identifying factors that contribute to the
emergence of such interindividual variability may inform



ongoing efforts to establish biological markers of disease
liability. The emerging field of imaging genetics has begun to
demonstrate that common functional genetic polymorphisms
have the potential to influence variability in behaviorally
relevant brain function by affecting the expression and
function of specific molecular signaling cascades (Hariri
et al. 2006; Hariri 2009). A recent PET study in momozygotic
twins suggests that approximately 40-50% of interindividual
variability in cortical 5-HT,, density is genetically driven
(Pinborg et al. 2008). Against this general background of likely
heritable variation in 5-HT,, density, in vitro studies have
identified specific functional polymorphisms in the human 5-
HT,, gene (HTR2A) that affect transcriptional regulation and
expression (Veenstra-VanderWeele et al. 2002; Parsons et al.
2004). Such genetically driven variability in HTR2A gene
expression could explain some of the interindividual varia-
bilities in mPFC 5-HT,, density observed in our current study.
Future studies with larger sample sizes that can more
effectively control for nongenotype effects (e.g., age, sex,
ethnicity, multiple functional polymorphisms) are necessary
to explore potential specific genetic contributions to variabil-
ity in 5-HT,, density and related brain function.
Extrapolation of our current findings to the understanding of
serotonergic regulation of corticolimbic circuit function and
related emotional behaviors should be done with caution and
attention to several study limitations. First, immunolabeling
studies have indicated that the 5-HT,, receptor is localized
within the amygdala (McDonald and Mascagni 2007). We were
interested in exploring the degree to which threat-related
amygdala reactivity is associated with 5-HT,, BPyp within the
amygdala itself, but consistent BPyp values in the amygdala near
or below zero (data not shown) did not allow for receptor
binding measurements in this region. Future studies employing
radiotracers with greater signal-to-noise ratios in the amygdala
are needed to evaluate the relationship between amygdala 5-
HT,, density and reactivity. Second, our paradigm is best suited
to the examination of amygdala reactivity and interconnected
cortical activation associated with behavioral and physiological
arousal to salient stimuli. Although we believe that our results
strongly support mPFC 5-HT,, receptors as an important
component in a putative corticolimbic regulatory network, it
may be beneficial to examine relationships between prefrontal
5-HT,, BPyp in the context of a task specifically designed to
engage top-down emotional regulatory circuitry. Third, our
data only indirectly suggest that mPFC 5-HT,, density regulates
the impact of 5-HT on prefrontal circuitry related to amygdala
reactivity. The addition of a pharmacological challenge of the
5-HT system (e.g., acute administration of a selective 5-HT
reuptake inhibitor; Bigos et al. 2008) to our multimodal neuro-
imaging design would allow for the direct determination of
how individual differences in mPFC 5-HT,, density affect the
ability of 5-HT to drive this circuitry. On a related note, our
findings are correlational in nature and do not imply causality.
Though we believe that the underlying biology of this circuitry
supports our interpretation, both our metric of amygdala
reactivity (BOLD fMRI) and receptor binding (PET BPyp) are
indirect, and thus, our findings should be interpreted with
caution. Fourth, our findings are within a healthy adult
population with no history of psychiatric illness. Although
altered prefrontal 5-HT,, density has been reported in patients
with mood and anxiety disorders (Yatham et al. 2000), the
patterns reported herein may not be related to the pathophys-

iology of these and related disorders, and comparable multi-
modal studies in patient populations are needed. Finally, it is
highly unlikely that the 5-HT,, receptor represents the ex-
clusive mechanism by which 5-HT signaling in the PFC can
modulate this circuitry. Multiple pre- and postsynaptic 5-HT
receptors, both excitatory and inhibitory, are likely important
in orchestrating signaling patterns that modulate prefrontal
circuitry related to regulating arousal (Sharp et al. 2007).
Future studies employing multiple PET radiotracers targeting
different 5-HT receptor subtypes are needed to better un-
derstand these complex signaling pathways.
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