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Positron emission tomography (PET) ligands that are sensitive to

transient changes in serotonin (5-HT) concentration are desirable for

studies of neuropsychiatric diseases. Few studies, however, have sought

to demonstrate that variations in 5-HT concentration can be closely

tracked with available serotonergic ligands. Microdialysis studies in rats

have shown a maximal increase in 5-HT concentration in raphe nuclei

after systemic infusion of selective serotonergic re-uptake inhibitors

(SSRIs). We performed PET scans with [18F]FPWAY, an intermediate-

affinity antagonist of 5-HT1A receptors, in 4 anesthetized rhesus

monkeys in control studies and after systemic paroxetine administration

(5 mg/kg, i.v.). In addition, a paired [11C]DASB study revealed that this

paroxetine regimen produced an occupancy of 54–83% of the serotonin

transporters. According to the conventional receptor competition

model, increased 5-HT concentration produces decreased binding of

the radioactive ligand. Over a 3-h period following paroxetine infusion,

a progressively increasing reduction (ranging from 8 T 6% to 27 T 10%)

of [18F]FPWAY-specific binding was found in the raphe nuclei. This

result is interpreted as an SSRI-induced increase in 5-HTconcentration,

potentially combined with reduced binding to internalized 5-HT1A

receptors. In addition, a transient (1 h) increase in cerebral cortical

binding was observed, attributed primarily to a reduction in cortical 5-

HT due to the effects of raphe autoreceptor inhibition. This study is the

first demonstration of the feasibility of quantifying dynamic changes in

5-HT neurotransmission in the raphe and the cortex with PET. These

results lend promise to the use of these serotonergic neuroimaging

techniques to study neuropsychiatric disorders.
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Introduction

The use of positron emission tomography (PET) ligands to

detect changes in the concentration of endogenous neurotransmit-
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ters is valuable to assess the pathophysiology of disease and

response to pharmacotherapy (Laruelle, 2000). According to the

classical competition model of ligand–receptor kinetics, increased

neurotransmitter concentration can produce lower ligand binding

levels. On this basis, dynamic changes in dopamine concentration

elicited by pharmacological displacement studies have been

assessed in control and clinical populations with neuroimaging

techniques (Farde et al., 1990; Dewey et al., 1993; Laruelle et al.,

1996, 1999; Breier et al., 1997).

Unlike the dopamine system, numerous studies have shown no

sensitivity of PET serotonergic ligands to agents that alter synaptic

serotonin levels (Mathis et al., 1995; Parsey et al., 1997, 1999;

Maeda et al., 2001; Rice et al., 2001; Staley et al., 2001; De Haes et

al., 2002; Rabiner et al., 2002; Hirani et al., 2003; Pinborg et al.,

2004; Talbot et al., 2004). Some other studies, however, have

shown the feasibility of measuring changes in serotonergic

transmission induced by pharmacological modulations (Hirani et

al., 2000; Hume et al., 2001; Ginovart et al., 2003; Milak et al.,

2005), although the interpretation of these studies is limited by

inconsistent results across cortical regions or complicated by

methodological issues affecting tomographic scanning of small

laboratory animals (Hume et al., 1998; Gunn et al., 2001).

One potential explanation for the absence of robust responses to

changes in 5-HT may be the characteristics of the ligand. High

affinity ligands have slow cerebral kinetics so that little or no

competition for receptor binding might be detected despite rapidly

changing 5-HT concentrations. Thus, intermediate-affinity ligands

have been hypothesized to be more sensitive to changes in 5-HT

concentration with PET (Eckelman, 1998; Endres and Carson,

1998). Studies in animals with positron-sensitive probes yielded

results consistent with this hypothesis (Zimmer et al., 2002a, 2003;

Rbah et al., 2003).

Another possible explanation relates to the difficulties in PET

quantification of activity in the raphe. Acute systemic adminis-

tration of several serotonergic drugs, including the selective

serotonin re-uptake inhibitors (SSRIs) and tricyclics, was shown

to elicit the largest increase in 5-HT concentration in the raphe

(Adell and Artigas, 1991a; Bel and Artigas, 1992; Invernizzi et al.,
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1992; Gartside et al., 1995, 1999; Malagie et al., 1995; Rutter et al.,

1995; Hjorth and Auerbach, 1996; Romero and Artigas, 1997;

Sharp et al., 1997; Hervas and Artigas, 1998), suggesting that

competition with 5-HT will be most clearly demonstrated in this

region. Currently, 5-HT1A and 5-HT2A receptors, as well as the

serotonin transporter (SERT) can be targeted with PET tracers; the

ligands used are [11C]WAY 100,635 and [18F]MPPF for 5-HT1A,

[18F]altanserin and [11C]MDL 100907 for 5-HT2A, and [
11C]DASB

for the SERT. Although the concentration of 5-HT1A receptors and

the SERT is high in the raphe (Aghajanian and Bloom, 1967; Hall

et al., 1997), the short half-life of C-11 and the small size of the

raphe region limit the statistical quality of raphe data. In the few

studies where raphe measurements were quantified, no significant

changes in either 5-HT1A (Parsey et al., 1999; Maeda et al., 2001;

De Haes et al., 2002) or SERT binding (Talbot et al., 2004) were

detected after different pharmacological modulations.

Because of these difficulties, most PET studies focused on

measuring binding indices in the cortex, where estimation of

binding is generally more reliable (Gunn et al., 2000; Parsey et al.,

2000; Watabe et al., 2000; Price et al., 2001). However, micro-

dialysis studies had clearly shown that changes in cortical 5-HT

concentration induced by SSRIs and other serotonergic drugs are

smaller and more variable than those found in the raphe. Both

increases and decreases in 5-HT concentration have been found,

depending on the characteristics of the pharmacological modulation

(Invernizzi et al., 1992; Gartside et al., 1995, 1997, 1999; Rutter et

al., 1995; Hjorth and Auerbach, 1996; Malagie et al., 1996; Romero

and Artigas, 1997; Sharp et al., 1997; Hervas and Artigas, 1998).

In summary, there appear to be multiple reasons why most PET

studies have failed to provide compelling evidence of transient

changes in endogenous 5-HT levels. With these considerations in

mind, we used the intermediate-affinity radiolabeled antagonist of

5-HT1A receptors 4-Fluoro-N-[2-[4-(2-methoxyphenyl)piperazin-

1-yl]-ethyl]-N-pyrimidin-2-yl-benzamide ([18F]FPWAY) (Lang et

al., 1999, 2000). The in vitro affinity for the 5-HT1A receptor of

[18F]FPWAY was 2–4 times lower than that of [18F]FCWAY

(Lang et al., 1999), a high-affinity analog with very similar binding

characteristics as WAY 100,635. An evaluation of the kinetic

profile of [18F]FPWAY in monkeys showed that specific binding

for [18F]FPWAY was about 4–5 times lower than that of

[18F]FCWAY, that equilibrium could be reached within 60 min,

and that [18F]FPWAY was displaced more quickly than

[18F]FCWAY by WAY 100,635 (half-life of displacement: 5 min

vs. 30 min, respectively) (Carson et al., 2001). These character-

istics, combined with the half-life of F-18, permitted the use of a

long infusion paradigm whereby control and post-drug states can

be measured in a single study.

Thus, the aim of this study was to use PETwith [18F]FPWAY to

assess dynamic in vivo changes in serotonergic neurotransmission

in the raphe and cortex after systemic administration of the SSRI

paroxetine. A greater change in 5-HT concentration in the raphe

than in the cortex was expected on the basis of abovementioned

microdialysis studies.
Methods

Study design

Eight dynamic [18F]FPWAY PET scans (5 h long) were

acquired with a GE Advance Tomograph in 3-D mode in 4
isoflurane-anesthetized rhesus monkeys on 2 days for control and

paroxetine studies in a counterbalanced order. Ketamine was used

for the induction of anesthesia. Vital signs, including heart rate,

respiration rate, systolic and diastolic blood pressure, and body

temperature, were measured continuously. One to three quantita-

tive measurements of cerebral blood flow were performed with the

autoradiographic method (Herscovitch et al., 1983) following the

injection of 4 mCi of [15O]water. Blood was continuously

withdrawn from an indwelling artery catheter, using an automated

withdrawal and counting system.

[18F]FPWAY was synthesized according to previously pub-

lished methods (Lang et al., 1999, 2000). A dose of 7–14 mCi

(specific activity >3 Ci/Amol at time of injection) was administered

with a bolus-plus-infusion technique in order to attain constant

radioactivity levels in all brain regions. The bolus ratio (Kbol) was

equal to 60 min, that is, the bolus fraction was equal to 60 min of

infusate (Carson et al., 1993).

Paroxetine powder was added to a sterile vial containing 20 mL

of 0.9% saline; the vial was warmed to about 25-C and brought to

solution in 20 min. A dose of 5 mg/kg was chosen based on a

previous PET study in monkeys, which had shown considerable

saturation of the SERT at the dosage of 10 mg/kg and no major side

effects (Szabo et al., 2002). Paroxetine was infused i.v. over a 15-

min period beginning 90 min post-injection of [18F]FPWAY. Blood

samples were acquired at selected times following attainment of

equilibrium to measure plasma activity and parent plasma

concentration (Ma et al., 2001). In addition, paroxetine concen-

tration was quantified in serum with a chromatographic separation

using a Phenomenex Luna C18(2) column eluted with a linear

gradient elution. The Finnigan LCQ mass spectrometer equipped

with electrospray ionization source was used for the mass analysis

and detection. Quantitation was performed using the multiple

reaction monitoring of the protonated molecular ion to predom-

inant product ion pair, m/z 330–192 for paroxetine and 310–148

for the internal standard fluoxetine.

To estimate the occupancy of the 5-HT transporter by

paroxetine, one monkey was studied using PET and two

sequential (180 min apart) bolus injections (4 mCi; specific

activity >1 Ci/Amol at time of injection) of [11C]DASB, a ligand

for the serotonin transporter (SERT) (Wilson et al., 2000; Ginovart

et al., 2001). Beginning 15 min before the second [11C]DASB

injection, paroxetine was infused in the same manner as the

[18F]FPWAY studies. These experiments were performed under a

protocol approved by the institutional Animal Care and Use

Committee.

Data analysis

Specific binding measures were calculated under equilibrium

assumptions. Two [18F]FPWAY binding potentials (Mintun et al.,

1984) were calculated as follows:

BP1 ¼
CROI � CCER

Cp

¼ f1 Bmax

KD

ð1Þ

BP2 ¼
CROI � CCER

CCER

¼ f2 Bmax

KD

ð2Þ

where CROI and CCER represent the mean (across time) radio-

activity values for the target region-of-interest (ROI) and the

cerebellum (CER), under the assumption of no specific binding

sites in the cerebellum (Hall et al., 1997). Cp is the time-



Fig. 1. Serum concentration of paroxetine in n = 4 monkeys. Each symbol

represents a different monkey. Time 0 refers to the beginning of the 15-min

paroxetine infusion period.
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averaged metabolite-corrected plasma radioactivity value. To

quantify the free plus nonspecific binding, the volume of

distribution in the cerebellum was calculated as VCER = CCER/

Cp. Both derivations of the binding potentials are linearly

proportional to the concentration of receptors available for

ligand binding, Bmax, and inversely proportional to KD, the

dissociation equilibrium constant of the tracer–receptor complex

(Mintun et al., 1984). The physiological interpretations of BP1
and BP2 differ in their proportionality constants of f1 and f2, the

ligand plasma and tissue-free fractions, respectively (the naming

convention of BP1 and BP2 was chosen for this reason).

Dynamic changes in 5-HT, which produce changes in Bmax,

should affect these two measures similarly, but intra- and inter-

study variability of the two measures might be substantially

different owing to several methodological factors. Thus, quanti-

fication of the two outcome measures maximizes the flexibility

in the data analysis and helps to ensure that any statistically

significant differences are receptor-related signals and not

methodological artifact. Specifically, in this equilibrium paired

study, it is expected that BP2 will have higher precision than BP1
due to the effects of inaccuracies in determination of the parent

unmetabolized fraction in plasma.

ROIs were defined on [18F]FPWAY radioactivity images

summed from 10–40 min post-injection. For each animal, 5

irregular regions were drawn in cortical areas with high 5-HT1A

receptor concentrations, namely, anterior cingulate (1.79 T 0.11

mL), (dorso-lateral) frontal cortex (2.30 T 0.17 mL), hippocampus

(1.44 T 0.13 mL), (lateral) temporal lobe (1.91 T 0.11 mL), and

insula (1.19 T 0.08 mL), and in the cerebellum (2.47 T 0.19 mL),

where the concentration of 5-HT1A receptor is negligible (Hall et

al., 1997). The volumes of the ROIs were virtually identical in

control and drug studies. Mean cortex results were computed as the

average of the 5 cortical regions. For the raphe nuclei, one

rectangular region (0.31 mL) was centered on the highest activity

pixels on the coronal slice which best displayed the brainstem. To

assess sensitivity to partial volume effect, the size of the raphe

region was enlarged and reduced to 0.41 and 0.14 mL, respectively.

Raphe localization was confirmed by overlaying PET images on

MR scans previously acquired from the same animal. Registration

was performed with AIR (Woods et al., 1993) between the MR

volume and the mean CBF image.

For all studies, baseline [18F]FPWAY binding potential values

were determined from the 60–90 min image data. Binding

potential values were then determined for six 30-min periods

beginning at 105 min post-injection (the end of the paroxetine

infusion period). Within-study test–retest reproducibility (100 *

(post/baseline �1)) was assessed in these data analysis periods for

the control studies. For each interval, binding potentials were

compared to baseline values with a two-tailed paired t test. Values

for the first and last experimental period were also compared with

paired t test.

For the [11C]DASB study, image data were analyzed using a

simplified reference tissue model, an approach which does not

require blood sampling and which provides images of the binding

potential (BP2) (Lammertsma and Hume, 1996; Ginovart et al.,

2001). A smoothed cerebellum time–activity curve was used as the

reference input function under the assumption of no SERT in the

cerebellum. Regional values were obtained with ROIs from the

[18F]FPWAY control study of the same monkey, after manual

repositioning of the ROIs. Additional ROIs in the striatum and the

thalamus were defined on the control [11C]DASB scan.
Results

Following 15 min i.v. infusion of paroxetine, the serum

concentration declined to 0.42 T 0.15 Ag/mL at 2–3 h post-

injection (Fig. 1). During the 15-min infusion period, paroxetine

elicited a rapid increase in heart rate, decrease in respiratory rate,

and increase in systolic and diastolic blood pressure. These

changes in vital signs typically returned to baseline values by the

end of the PET study. The time courses of total plasma

radioactivity were very similar in control and drug studies,

increasing with time from 15 min until the end of the experiment,

due to accumulation of radiolabeled metabolites. There were no

significant differences in [18F]FPWAY unmetabolized fractions

between control and drug studies; these values ranged from 0.23 to

0.35 at 60 min to 0.18 to 0.26 at 285 min. There were no

significant (P < 0.05) differences in the nonspecific binding

measure VCER between control and drug studies for any data

analysis period. Mean baseline values for VCER were 4.4 T 1.1 mL/

mL and 4.1 T 0.9 mL/mL for control and drug studies, respectively.

[18F]FPWAY radioactivity images summed from 10–40 min

post-injection are shown in Fig. 2A. The activity distribution is

consistent with the known in vitro concentrations of 5-HT1A

receptors and with in vivo PET studies with other 5-HT1A receptor-

specific ligands (Farde et al., 1997; Hall et al., 1997; Gunn et al.,

1998; Passchier et al., 2000). Fig. 2B shows the overlay of

[18F]FPWAY activity on the registered MR image. The visual-

ization of the raphe (4th slice in Fig. 2A; Fig. 2B) is less intense

than might be expected based on in vitro autoradiography

measurements (Hall et al., 1997) due to the partial volume effect.

Average BP2 values for the control studies are shown in Fig.

3A. Stable BP2 values were reached in all regions from 60 min

post-injection. Mean baseline BP2 values for the raphe and cortical

regions were 0.53 T 0.06 and 1.33 T 0.06, respectively. Cortical

values ranged from 1.90 T 0.08 (anterior cingulate) to 0.93 T 0.08

(frontal lobe). Within-study test–retest reliability for BP2 is shown

in Fig. 4A. Averaged over the 6 data analysis periods, the percent

changes in BP2 were 1 T 6% and 1 T 5% in raphe and in cortical

ROIs (mean of 5 regions). For BP1 in control studies, mean

baseline BP1 for the raphe and cortical regions was 2.36 T 0.63

mL/mL and 5.93 T 1.72 mL/mL, respectively. Reproducibility of

BP1 was 5 T 8% and 4 T 8% for raphe and cortex, respectively (Fig.

5A); these values were more variable than BP2, as expected.

Fig. 3B shows the average BP2 values for the paroxetine

studies. Raphe [18F]FPWAY BP2 decreased from baseline (0.66 T
0.13) by 8 T 6% during the 1st 30-min period (P = 0.062), by 8 T



Fig. 2. (A) Coronal images obtained with PET and [18F]FPWAY acquired 10–40 min post-injection. Slices shown are 8.5 mm apart from anterior (left) to

posterior (right). Note highest activity in cingulate and hippocampus and lowest activity in the cerebellum. Images are displayed on a common scale. (B)

Sagittal (left), coronal (center) and transverse (right) magnetic resonance (MR) images (top row), [18F]FPWAY (middle row) images, and PET-MR overlaid

images. All sections cross the raphe region-of-interest denoted by the dashed lines.

G. Giovacchini et al. / NeuroImage 28 (2005) 238–248 241
5% during the 2nd (P = 0.045), by 10 T 6% during the 3rd (P =

0.041), by 16 T 8% during the 4th (P = 0.019), by 21 T 15% during

the 5th (P = 0.060), and by 27 T 10% during the 6th experimental

period (P = 0.004) (Fig. 4B). Values of BP2 during the 6th data

analysis period were significantly lower than those of the 1st

period (P = 0.0002). Statistical significance in the raphe was

unchanged if smaller or larger regions-of-interest were used.

Similar differences, albeit with the expected reduction in statistical

significance, were found with the BP1 outcome measure (Fig. 5B).

In paroxetine studies, in the cortex, BP2 significantly (P < 0.05)

increased from baseline (1.43 T 0.15) by 7 T 3% during the 1st and

by 13 T 5% during 2nd 30-min data analysis period. In the 3rd

analysis period, the percent change in BP2 (8 T 5%) no longer

attained statistical significance (P = 0.063). With increasing time,

cortical BP2 values progressively declined. Values during the last

experimental period (1.36 T 0.20) were significantly smaller (12 T
7%, P = 0.036) than values of the 1st 30-min interval (Fig. 4B).

This pattern of change in specific binding was very similar in all

five cortical regions (Table 1). Values of BP1 displayed a similar

time-dependent pattern, although they did not reach statistical

significance (Fig. 5B).

In the paired [11C]DASB study, 5 mg/kg i.v. paroxetine

produced a large blockade of the serotonin transporter (Fig. 6).

Baseline BP2 values and percent occupancy induced by paroxetine

were respectively 1.12 and 77% for the raphe, 0.51 and 54% for the

cortex, 1.01 and 81% for the striatum, and 1.47 and 83% for the

thalamus.
Discussion

Using PET and [18F]FPWAY, an intermediate-affinity ligand for

5-HT1A receptors, we have demonstrated with in vivo neuro-

imaging evidence of dynamic changes in serotonergic neuro-

transmission. We showed a long-lasting significant reduction and a

transient increase of [18F]FPWAY-specific binding in raphe nuclei

and in the cortex, respectively, following the infusion of the SSRI

paroxetine. These changes can be interpreted as mirroring an

increase and decrease of 5-HT in the raphe and cortex, respectively.

Thus, dynamic changes in 5-HT concentration can be quantified

with PET using appropriate receptor-binding ligands and exper-

imental designs.

The decrease in [18F]FPWAY-specific binding in the raphe

agreed with our a priori hypothesis. This hypothesis was based on a

large number of studies in animals indicating that serotonergic

drugs, including paroxetine, produce a maximal increase in 5-HT

concentration in the raphe, while having a more variable effect on

the cortex (Adell and Artigas, 1991b; Bel and Artigas, 1992;

Invernizzi et al., 1992; Hjorth, 1993; Gartside et al., 1995, 1999;

Malagie et al., 1995; Rutter et al., 1995; Hjorth and Auerbach,

1996; Romero and Artigas, 1997; Sharp et al., 1997; Hervas and

Artigas, 1998).

The paroxetine-induced decline in [18F]FPWAY binding

potential (BP2) in the raphe grew throughout the experiment (Figs.

3B, 4B, and 5B) and ranged from a non-significant 8 T 6% during

the 1st 30-min period (P = 0.062) to 27 T 10% during the 6th



Fig. 3. Average (n = 4) [18F]FPWAY binding potentials (BP2, Eq. (2)) in

control (A) and paroxetine (B) studies in the raphe (n) and in the cortex (g,
average of anterior cingulate, frontal cortex, hippocampus, lateral temporal

cortex, and insula). Values of BP2 are computed for each scan frame. 5 mg/

kg paroxetine was administered over 15 min beginning 90 min post-

injection. A progressive reduction in raphe binding and a transient increase

in cortical binding are observed.

Fig. 4. Percent (%) changes of the binding potential (BP2) compared to the

baseline value in control (A) and paroxetine (B) studies in the raphe (n)

and in the cortex (g) during each of the six 30-min long data analysis

periods following the end of paroxetine administration. Baseline values

were obtained 60–90 min after beginning of [18F]FPWAY administration.

Paroxetine was administered from 90–105 min. *P < 0.05 (vs. baseline).
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experimental period (P = 0.004). This reduction did not quite

achieve significance (P = 0.060) during the 5th analysis period due

to increased inter-subject variability. When the six 30-min long

intervals were combined into three 1-h long data analysis periods,

significant (P < 0.05) decreases were attained in all intervals (data

not shown).

Microdialysis studies in rats have shown that, following

systemic administration of SSRIs, raphe 5-HT concentration

significantly increases as early as 20 min, up to about 3 times

the baseline values; a statistically significant increase is maintained

for 1.5–4 h post-injection (Adell and Artigas, 1991b; Bel and

Artigas, 1992; Invernizzi et al., 1992; Hjorth, 1993; Gartside et al.,

1995, 1999; Malagie et al., 1995; Rutter et al., 1995; Hjorth and

Auerbach, 1996; Romero and Artigas, 1997; Sharp et al., 1997;

Hervas and Artigas, 1998). However, these studies differ in several

methodological issues (type and amount of drug, rate and route of

administration, length of experiment), so it is difficult to

extrapolate these findings to predict the time course of 5-HT

concentration in our study. Simultaneous PET–microdialysis

studies, as performed for the dopaminergic system (Endres et al.,

1997; Laruelle et al., 1997), would be useful to better support our

findings, although some discrepancies between microdialysis and

in vivo neuroimaging results have been reported (Laruelle, 2000).

One potential explanation for the prolonged decrease of raphe

BP2 might be receptor internalization (Laruelle, 2000). Internal-

ization of 5-HT1A receptors has been shown to occur selectively in

the raphe as early as 15 min after systemic infusion of the 5-HT1A

receptor agonist 8-hydroxy-2-(di-n-propylamino)tetralin (8-OH-
DPAT) or 1 h after systemic infusion of fluoxetine (Riad et al.,

2001, 2004). Thus, it is conceivable that internalization of 5-HT1A

receptors occurred during our PET study. In this case, reduction of

available receptors (decrease in Bmax) or a decreased affinity

(increased KD) of internalized 5-HT1A receptors for [18F]FPWAY

could contribute to the prolonged reduction of [18F]FPWAY BP2 in

the raphe.

Contrary to findings in the raphe, a significant increase (P <

0.05) in [18F]FPWAY BP2 was found in the cortex during the first

two data analysis periods (7 T 3% and 13 T 5% in the 1st and 2nd

30-min data period, respectively, Figs. 3B and 4B). A reduction,

rather than an increase, in BP2 would be expected if blockade of

the SERT was the only determinant of cortical 5-HT concentration.

However, systemic SSRI administration is known to induce an

immediate inhibition of raphe firing, with secondary reduction of

5-HT release in cortical projection areas, due to the activation of

somatodendritic autoreceptors by the increased extracellular levels

of 5-HT (Sprouse and Aghajanian, 1986; Blier and de Montigny,

1987; de Montigny and Blier, 1991; Adell et al., 1993; Hajos et al.,

1995). Thus, the net effect of paroxetine on cortical [18F]FPWAY

binding will reflect the balance between the pharmacological

blockade of the cortical SERT and the reduction of 5-HT release

from raphe projections to cortical areas. Microdialysis studies have

shown discrepant results on the effect of SSRIs on cortical 5-HT

concentration. Depending on the study design, increase, decrease,



Fig. 5. Percent (%) changes of the binding potential (BP1) compared to the

baseline value in control (A) and paroxetine (B) studies in the raphe (n)

and in the cortex (g) during each of the six 30-min long data analysis

periods following the end of paroxetine administration. Baseline values

were obtained 60–90 min after beginning of [18F]FPWAY administration.

Paroxetine was administered from 90–105 min. *P < 0.05 (vs. baseline).
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or no change have been reported (Chaput et al., 1986; Sprouse and

Aghajanian, 1986; Sharp et al., 1989; Invernizzi et al., 1992; Adell

et al., 1993; Gartside et al., 1995, 1997; Hajos et al., 1995; Romero

and Artigas, 1997; Sharp et al., 1997). Because the SERT

concentration in the cortex is low (Aghajanian and Asher, 1971;

Fuxe et al., 1983; Ginovart et al., 2001) and the raphe is the major

source of cortical 5-HT (Aghajanian and Bloom, 1967; de

Montigny and Blier, 1991; Blier and de Montigny, 1994), a
Table 1

Percent changes of BP2 in cortical regions in control and paroxetine studies ov

administration compared to baseline values obtained 60–90 min after beginning

Interval (min) 0–30 30–60

Control Cingulate 2 T 3 3 T 3

Frontal 4 T 3 6 T 4*

Hippocampus 2 T 3 3 T 3

Lateral Temporal 0 T 1 �1 T 2

Insula �1 T 2 �2 T 2

Paroxetine Cingulate 8 T 3* 14 T 6*

Frontal 8 T 5 16 T 6*

Hippocampus 7 T 4* 13 T 3*

Lateral Temporal 9 T 4* 13 T 7*

Insula 6 T 3* 10 T 5*

Paroxetine was administered from 90–105 min.

* Uncorrected P < 0.05 (paired t test).
short-lived net reduction of 5-HT due to the larger effect of

autoreceptor activation appears plausible.

In the cortex, BP2 values after the 2nd data analysis period were

no longer different from baseline (Table 1; Figs. 3 and 4).

Inhibition of raphe activity by SSRIs is virtually immediate and

can last from a few minutes to several hours (Sprouse et al., 1989;

Gartside et al., 1997). The loss of the significant difference from

baseline values of BP2 may be related to a decreased inhibition of

the 5-HT release from the raphe nuclei due to pre-synaptic 5-HT1A

internalization. Cortical 5-HT1A receptor internalization could also

contribute to the later reduction in [18F]FPWAY binding; however,

this mechanism was not detected in the cortex 1 h after infusion of

fluoxetine (Riad et al., 2004).

The slow cerebral kinetics of paroxetine may also have

contributed to the time-varying changes in BP2 in the raphe and

potentially in the cortex (Figs. 3B and 4B). In the raphe, a

progressive decrease of BP2 was observed throughout the experi-

ment, while in the cortex, BP2 decreased after the 2nd experimental

period. For both regions, values during the 6th period were

significantly reduced compared to the values of the 1st interval

(raphe: �21 T 6%, P < 0.001; cortex: �12 T 7%, P < 0.05). It was

shown that, following a bolus injection of [3H]paroxetine, SERT

specific binding continues to increase for up to 4 h in the rat

(Cumming and Gjedde, 1993). Thus, if SERT occupancy continues

to increase over time following a 5 mg/kg i.v. paroxetine dose, 5-

HT concentration may continue to increase over time. However,

the [11C]DASB study, began immediately after the paroxetine

infusion period, showed high occupancy of the SERT (75–80%;

Fig. 6) in regions with high SERT concentrations, consistent with

values obtained in an animal study (Ginovart et al., 2003). Thus,

any time-dependent increase in SERT blockade is likely to have

only a modest contribution to the progressive decrease in raphe

BP2. The magnitude of this effect is potentially higher in the

cortex, which showed a lower SERT occupancy (54%). Note,

however, that [11C]DASB occupancy values in the cortex should

be interpreted with caution, given the great sensitivity of

[11C]DASB BP2 estimates in low binding regions due to the

definition of the reference region (Ginovart et al., 2003).

Another effect to consider in interpreting the time-dependent

changes in the cortex is the action of paroxetine as an antagonist to

muscarinic receptors. Acetylcholine, acting on muscarinic recep-

tors located on terminals of raphe nuclei neurons, tonically inhibits

the release of 5-HT to cortical post-synaptic neurons (Hery et al.,

1977; Marchi et al., 1986). Although the affinity of paroxetine for
er six 30-min long data analysis periods following the end of paroxetine

of [18F]FPWAY administration

60–90 90–120 120–150 150–180

3 T 5 3 T 6 0 T 6 �2 T 6

7 T 7 7 T 9 4 T 10 2 T 11

4 T 7 3 T 8 0 T 12 �2 T 12

0 T 3 0 T 4 �4 T 8 �4 T 8

�2 T 4 �3 T 4 �7 T 6 �7 T 6

9 T 6* 3 T 7 �2 T 8 �5 T 6

11 T 7 7 T 9 2 T 9 �2 T 6

9 T 5* 3 T 8 �2 T 13 �5 T 12

8 T 7 2 T 9 �3 T 11 �6 T 6

3 T 5 �2 T 6 �6 T 7 �9 T 5*



Fig. 6. Coronal slices of the binding potential (BP2) obtained with [11C]DASB at baseline (top row) and 15 min after the start of the i.v. infusion of paroxetine

(5 mg/kg over 15 min) (bottom row). Slices shown are 8.5 mm apart from anterior (left) to posterior (right). High [11C]DASB binding is detected in striatum,

thalamus, and raphe/midbrain at baseline. After paroxetine pre-treatment, low specific binding is observed in all regions, indicating a rapid and large

displacement of the ligand– transporter complex induced by paroxetine competition. BP2 images are scaled to a range of 0 to 1.5. The sharp edges on the

images are produced by the nonlinear characteristics of the pixel-by-pixel fitting process in low activity regions.
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muscarinic receptors is about 80 times lower than that of the SERT

(Thomas et al., 1987), it is possible that, at the high dose used in

this experiment, paroxetine may have displaced acetylcholine from

these binding sites. This would attenuate the ACh-initiated

inhibition of 5-HT release from the raphe, result in higher cortical

5-HT levels, and contribute to the time-dependent reduction in

cortical [18F]FPWAY binding.

Most previous PET studies have shown no (Maeda et al., 2001;

Rice et al., 2001; De Haes et al., 2002; Rabiner et al., 2002; Hirani

et al., 2003; Pinborg et al., 2004; Talbot et al., 2004) or limited

(Hirani et al., 2000; Hume et al., 2001; Ginovart et al., 2003; Milak

et al., 2005) sensitivity to dynamic changes in synaptic serotonin.

These studies were performed with high-affinity ligands, so it is

possible that the slow tissue kinetics of the tracers contributed to

the failure to detect competition with 5-HT. Ligands with

intermediate, as opposed to high, receptor affinity have been

hypothesized to have more sensitivity for detecting competition

with endogenous transmitters (Eckelman, 1998; Endres and

Carson, 1998), although other factors such as the chemical class

of the ligand clearly play an important role (Laruelle, 2000). In

addition to this investigation, the utility of intermediate affinity

ligands is supported by studies performed with a positron-sensitive

probe and [18F]MPPF, a ligand with similar 5-HT1A binding

characteristics to [18F]FPWAY (Zimmer et al., 2002a, 2003). The

probe has been used to assess dynamic changes in focal regions,

although it is very sensitive to positioning and the size of the

underlying region (Zimmer et al., 2002b). Furthermore, the probe

does not have the capability of PET to simultaneously assess

receptor binding throughout the brain, i.e., in the raphe and cortex

simultaneously.

Another advantage of intermediate-affinity compounds is the

possibility of quickly reaching equilibrium (Carson et al., 1993;

Carson, 2000). For [18F]FPWAY, this feasibility had been

verified in a preliminary analysis in monkeys (Carson et al.,

2001) and further confirmed in this study on a different animal

population (Fig. 3A). As a consequence, in the current study,

BP2 could be derived under equilibrium assumptions directly

from the regional radioactivity values (Eqs. (1) and (2)). A long

scanning period was also available, providing the ability to track

these time-dependent changes. Furthermore, since control and

post-drug values were obtained from one tracer administration in

the same scan session, statistical power was maximized. This last

advantage was of critical importance to obtain statistical

significance in a small sample (n = 4). Statistical power was

also increased through the use of F-18-labeled tracers (half-life of

110 min compared to 20 min for C-11), which provides low
statistical noise in the images. This is of particular importance in

small regions like the raphe.

Previous 5-HT1A studies failed to show significant changes in

[11C]WAY 100,635 binding potential in the raphe following

pharmacological manipulations expected to induce transient

changes in 5-HT concentration. Different hypotheses were

advanced to explain the lack of evidence of the expected

competition, including large inter-subject variability (and insuffi-

cient statistical power), insufficient change of 5-HT concentration

following the pharmacological modulation, inadequacy of the

simple competitive model, as well as methodological issues

affecting tomographic scanning of small laboratory animals (Hume

et al., 1998, 2001; Parsey et al., 1999; Gunn et al., 2001; Maeda et

al., 2001; De Haes et al., 2002; Rabiner et al., 2002). In a study

with PET and [18F]MPPF, no significant binding potential changes

were observed in raphe or cortical regions after acute tryptophan

depletion (De Haes et al., 2002).

In a study performed with small animal PET, the specific

binding of [11C]WAY 100,635 was significantly reduced in the

hippocampus, but not in the frontal cortex and the raphe (Hume et

al., 2001) following administration of fenfluramine. Although

these authors were successful in demonstrating sensitivity to 5-HT

with a high-affinity ligand, it is important to recognize that the

slow kinetics of WAY 100,635 do not easily permit measurement

of dynamic changes in occupancy such as those suggested by our

data (Fig. 3B). Such dynamic changes in occupancy during the

PET study can complicate the interpretation of binding potential

measurements made under steady-state assumptions. In the Hume

et al. study, microdialysis measurements showed a ¨15-fold and 5-

fold increase of 5-HT in hippocampus and frontal cortex by 40 min

after fenfluramine infusion, suggesting that large changes in 5-HT

concentration may be needed to detect transient changes in 5-HT

concentration with antagonist ligands. However, other factors may

play an important role, including the baseline occupancy of 5-

HT1A receptors by 5-HT and the fraction of 5-HT1A receptors that

are in the high-affinity state. For example, if increased synaptic 5-

HT tends to primarily bind to the high-affinity sites, but either there

are few of these sites or they are already highly occupied by 5-HT,

little displacement of an antagonist PET tracer may occur. Baseline

occupancy of 5-HT1A receptors by 5-HT was estimated to be

around 70% (Gunn et al., 2001), a value about 3-fold higher than

baseline occupancy of D2 receptors by dopamine (Laruelle, 2000).

Ligands specific for serotonergic targets other than 5-HT1A

receptors were also used in studies to assess sensitivity to 5-HT.

The 5-HT2A ligands ([18F]altanserin and [11C]MDL 100907) were

of limited use for detecting transient changes in the raphe (Rice et
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al., 2001; Staley et al., 2001; Hirani et al., 2003; Pinborg et al.,

2004) since the concentration of these receptors and thus tracer

uptake in the raphe were low (Cornea-Hebert et al., 1999; Hall et

al., 2000). The use of the SERT ligand, [11C]DASB, while offering

good statistics in the raphe is less ideal for quantification of 5-HT

changes throughout the cortex where concentrations are lower. In a

recent study, a large decrease (¨30%) in [11C]DASB specific

binding in cortical, subcortical, and raphe regions was found after

rapid tryptophan depletion (Milak et al., 2005). As this change was

opposite to the predicted result based on the simple competition

model, internalization of the SERT was proposed as the likely

mechanism.

Whether [18F]FPWAY can be used in humans to assess 5-HT

concentration as a function of disease is a very relevant issue with

no simple answer. In this study, we used paroxetine at a dose of 5

mg/kg, which produced a serum concentration (0.42 T 0.15 Ag/mL)

about 10 times higher than steady-state values in humans after 4

weeks of an oral dose of 20 mg/day (Meyer et al., 2001).

Moreover, changes in vital signs, particularly the substantial

increase in heart rate and the decrease in respiratory rate observed

in anesthetized monkeys, may not be tolerable by human subjects.

Due to relatively large inter-subject differences found in human 5-

HT1A studies (Parsey et al., 2000; Toczek et al., 2003), a larger

sample as well as good statistics in the raphe nuclei will be

necessary. Hopefully, the imminent advent of high resolution

human PET scanners (Wienhard et al., 2002) and automated

methods for correction of head motion (Bloomfield et al., 2003)

will be useful for this aim.

In conclusion, using PET and [18F]FPWAY, an intermediate-

affinity ligand for 5-HT1A receptors, we have provided the first in

vivo neuroimaging evidence of dynamic changes in serotonergic

transmission in the raphe and in the cortex. A unique combination

of favorable factors in our experimental design was of critical

importance for the detection of the SSRI-induced time-dependent

changes of 5-HT1A receptor binding. The reduction of

[18F]FPWAY binding potential in the raphe after infusion of the

SSRI paroxetine is likely due to increased 5-HT concentration.

Internalization of 5-HT1A receptors may contribute to the

progressive reduction over time. A short-lived increase in cortical

binding potential was also observed, consistent with a net

reduction in 5-HT due to the effects of raphe autoreceptor

inhibition outweighing the direct cortical effects of paroxetine.

Thus, dynamic changes in 5-HT neurotransmission can be

quantified with PET using appropriate receptor ligands and

experimental designs.
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