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Abstract

The effect of a pharmacologic increase in serotonin concentrations on striatal dopamine (D2) 

receptor availability has been measured in several studies using positron emission tomography 

(PET) and the radiotracer [11C]-raclopride as a method for the in vivo imaging of serotonin 

modulation of striatal dopamine in human subjects. These studies have shown that an acute 

increase in serotonin concentrations produced a decrease in striatal D2 receptor availability. The 

current study was undertaken to measure the effects of a more pharmacologically selective 

serotonergic agent compared to previous studies, the serotonin reuptake inhibitor, citalopram, on 

striatal D2 receptor availability. Twelve healthy control subjects underwent two PET scans 

performed on the same day following i.v. administration of saline (Scan 1) and citalopram (Scan 

2, 40 mg, i.v.). The [11C]-raclopride data were analyzed with a graphical analysis method using 

the cerebellum as the input function. Plasma levels of citalopram, cortisol, and prolactin were 

measured. The citalopram concentrations peaked at the end of infusion (EOI) and remained 

relatively consistent from 30 min to 3 h postinfusion. An increase in cortisol and prolactin 

concentrations was observed from the EOI until 60 min after the EOI. A significant decrease in 

striatal D2 receptor availability was observed after citalopram infusion (−5%), presumably due to 

an increase in endogenous dopamine concentrations. In summary, i.v. administration of the 

selective serotonin reuptake inhibitor, citalopram, produced modest reductions in striatal D2 

receptor availability, consistent with other human [11C]-raclopride studies using less 

pharmacologically selective serotonergic agents.
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INTRODUCTION

The demonstration that endogenous neurotransmitter concentrations could be measured in 

vivo by combining neurotransmitter receptor binding measures with acute pharmacologic 

interventions has been an important development in neurochemical brain imaging 

methodology, particularly with respect to the dopamine system. Specifically, radiotracer 

binding to the dopamine (D2) receptor has been shown repeatedly to be altered by 

administration of agents that increased or decreased endogenous dopamine concentrations 

by direct or indirect pharmacologic mechanisms, using positron emission tomography (PET) 

or single photon emission computed tomography methods [single photon emission 

computed tomography (SPECT)] (e.g., Dewey et al., 1991, 1993a,b; Innis et al., 1992; Smith 

et al., 1997; Volkow et al., 1994). Acute administration of agents that directly (d-

amphetamine, methylphenidate or cocaine) or indirectly increase dopamine concentrations 

through interactions with other neurotransmitter systems (e.g., fenfluramine, scopolamine, 

ketamine for the serotonergic, cholinergic, and glutamatergic systems, respectively) resulted 

in a decrease in radio-tracer binding, presumably due to increased competition between 

dopamine and the radiotracer for binding to the D2 receptor (Breier et al., 1998; Dewey et 

al., 1990, 1995; Smith et al., 1997, 1998). Conversely, agents that decreased dopamine 

concentrations directly (reserpine, α-methyl p-tyrosine) or indirectly (lorazepam, γ-vinyl 

GABA) resulted in an increase in receptor binding due to reduced competition between 

dopamine and the radiotracer for binding to the D2 receptor (e.g., Dewey et al., 1992; 

Laruelle et al., 1997). This research strategy continues to represent the most direct, 

noninvasive method available to measure endogenous dopamine modulation in the living 

brain.

The development and application of methods to evaluate dopamine modulation by other 

neurotransmitter systems is an opportunity to test alternative hypotheses regarding 

pathophysiology and drug mechanisms of action. Serotonin modulation of dopamine 

function is relevant to several neuropsychiatric conditions including schizophrenia, 

obsessive compulsive disorder, major depression and drug abuse and thus, has been a 

particular focus of [11C]-raclopride studies in nonhuman primates and humans (Bantick et 

al., 2005; Rosa-Neto et al., 2004; Smith et al., 1997; Vollenweider et al., 1999). Several 

human studies have observed that a pharmacologic increase in serotonin concentrations 

produced a reduction in striatal D2 receptor availability (Smith et al., 1997; Tiihonen et al., 

1996; Vollenweider et al., 1999).

With respect to the mechanisms underlying serotonin modulation of dopamine, interactions 

between the two systems have been demonstrated at the level of the cell bodies of origin 

(dorsal and medial raphe for the serotonin systems and substantia nigra and ventral 

tegmental area for the dopamine system), as well as the dopamine terminals in the striatum, 

limbic structures, and cerebral cortex (Azmitia and Segal, 1978; Dray et al., 1976; Herve et 

al., 1987; Nedergaard et al., 1988; Parent et al., 1981; Schmidt et al., 1992, as reviewed by 

Alex and Pehek, 2007). The evidence is most consistent for a role of 5-HT1B, 5-HT2A/C, 

and 5-HT4 receptors mediating dopamine release in the striatum (as reviewed by Alex and 

Pehek, 2007). As pharmacologic agents are administered systemically in the human 
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neuroimaging studies, the observed results represent the net effect of interactions in the 

cortex, striatum, and cell bodies of origin on striatal dopamine.

The purpose of the present study was to evaluate the effects of the most selective of the 

serotonin reuptake inhibitors (SSRI’s), citalopram, on dopamine receptor availability using 

PET and the D2/3 antagonist radiotracer [11C]-raclopride. The use of citalopram in this 

study addresses two potential limitations of prior studies as citalopram is more selective than 

other agents used (e.g., fenfluramine psilocybin, methylene-dioxymethamphetamine 

(MDMA) and is administered i.v. The same dose and route of administration of citalopram 

has been evaluated with respect to neuroendocrine and cerebral metabolic effects (Smith et 

al., 2002a,b). It was hypothesized that citalopram administration would decrease striatal D2 

receptor availability, consistent with an increase in endogenous dopamine concentrations, as 

observed in prior studies using less pharmacologically selective agents.

MATERIALS AND METHODS

Subject screening and selection

Subjects underwent medical (physical and laboratory testing, toxicology screening, physical 

examination) and psychiatric evaluation and Magnetic Resonance Imaging Scan (General 

Electric 1.5T). Subjects were excluded based upon a history of or current significant 

medical, psychiatric or neurological illness, substance abuse, family history (first or second 

degree relatives) of psychiatric or neurological illness or substance abuse or use of 

prescription or over the counter medications with central nervous system effects (e.g., 

antihistamines, cold medications) within the past month. Twelve subjects (seven male and 

five female) with a mean age of 27.8 ± 5.6 years (range 20–42 years) were enrolled in the 

study. After a complete description of the study to the subjects, written informed consent 

was obtained. The consent form was approved by the North Shore-Long Island Jewish 

Health System Institutional Review Board.

Study design

For each subject, two [11C]-raclopride studies were performed on the same day after 

infusion of a saline placebo (250 ml, Scan 1) or citalopram (40 mg of the drug diluted in 

250-ml saline, Scan 2; mean pretreatment interval 54.6 ± 53.5, range 14–189 min). Both 

infusions lasted 60 min. The study was single blind in that the subjects were told that they 

would receive either citalopram or placebo (saline) prior to each study, but the investigator 

knew the identity of the infusion. Citalopram and neuroendocrine (cortisol and prolactin) 

samples were obtained at predetermined intervals (baseline, end of infusion (EOI), 15, 30, 

60, 90, 120, 180 min post-citalopram infusion). The citalopram and neuroendocrine assays 

were performed in the Geriatric Psychopharmacology Laboratory, Western Psychiatric 

Institute and Clinic, University of Pittsburgh School of Medicine, as described previously 

(Smith et al., 2002a,b).

Pharmacologic intervention

The dose and route of administration of citalopram (40 mg, i.v.) used in this study is 

consistent with the clinical use of i.v. citalopram in Europe and has been used in previous 
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neuroimaging and neuroendocrine studies in normal volunteers and in depressed patients 

(Geday et al., 2005; Kapitany et al., 1999; Seifritz et al., 1996; Smith et al., 2002a,b). 

Several items from a visual analog scale (Guy, 1976) were administered prior to and 

following the placebo/citalopram infusions and after the PET scan were completed to 

determine the effects of citalopram on mood and anxiety.

PET procedures

[11C]-raclopride PET scans were performed in the Functional Brain Imaging Laboratory at 

North Shore University Hospital. [11C]-raclopride was synthesized by the reaction of 

carbon-11 labeled methyl iodide with nor-raclopride (Farde et al., 1988). The GE Advance 

tomograph was used for the PET scans. The performance characteristics of the scanner have 

been determined in the laboratory (Dhawan et al., 1998). The PET studies were performed in 

three-dimensional acquisition mode. Before each [11C]-raclopride injection, the subject was 

positioned in the GE Advance scanner. A 10-min transmission scan was obtained. Then, 15 

mCi ± 10% of [11C]-raclopride was injected. Upon i.v. injection of [11C]-raclopride, a 60-

min dynamic PET data acquisition began. The scan protocol for [11C]-raclopride involved 5 

scans of 60 s, followed by 7 scans of 5 min and 2 scans of 10 min. Subjects were scanned in 

a quiet, dimly lit room, with eyes open and ears unoccluded.

Image analysis

Image processing of the [11C]-raclopride scans was performed using Statistical Parametric 

Mapping (SPM99; Wellcome Department of Cognitive Neurology, London, UK) 

implemented in Matlab (Math-works, Sherborn, MA), as described previously (Asanuma et 

al., 2005). For each scan acquisition (baseline and post-citalopram), the individual scan 

frames were aligned to frame 10 (30 min) and then for the baseline, a mean image was 

created from the first 10 frames (0–30 min). The frames from the post-citalopram scan were 

coregistered to those from the baseline scan by using the corresponding mean images. After 

the PET coregistration, regions of interest (ROIs) were identified on the mean image. The 

ROI’s for the caudate and putamen and cerebellum were drawn on three consecutive slices. 

The ROIs were drawn on the mean image for Scan 1, copied onto the mean image for Scan 2 

and then, copied onto the individual frames to generate time activity curves from both scans. 

The time activity curves from the PET scan were analyzed and a receptor binding parameter 

(Distribution Volume Ratio, DVR) was calculated over a time window of 30–60 min 

postinjection using the cerebellar time activity curve as the input function as described by 

Logan et al. (1996). The use of the cerebellar time activity curve as the input function has 

been validated in many studies (e.g., Lammertsma et al., 1996; Logan et al., 1996). The PET 

scanning session was designed for the estimation of receptor-specific radiotracer binding on 

a regional basis. The use of the DVR allows such a measurement with good test–retest 

characteristics for [11C]-raclopride (Volkow et al., 1993). Repeated measures analysis of 

variance (ANOVA) was used to compare changes over time in plasma levels of citalopram, 

cortisol, prolactin, and the caudate and putamen DVR measurements for [11C]-raclopride.
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RESULTS

The results of the plasma analyses for levels of citalopram, cortisol, and prolactin are shown 

in Table I. A significant main effect of time was obtained for the plasma levels of citalopram 

(F[4,40] = 25.26, P < 0.001), cortisol (F[5,40] = 6.90, P < 0.001), and prolactin (F[5,40] = 

6.70, P < 0.001). The citalopram levels were increased at the EOI and remained at relatively 

steady state for up to 3 h after the EOI.

Posthoc ANOVA’s revealed a significant increase in cortisol levels from the EOI until 15-

min postinfusion (EOI: F[1,11] = 9.16, P = 0.02, 15 min post-EOI: F[1,11] = 15.9, P = 

0.004, 30 min post-EOI: F[1,11] = 2.19, P = 0.177, 60 min post-EOI: F[1,11] = 2.16, P = 

0.175, 120 min post-EOI: F[1,11] = 3.42, P = 0.107, and 180 min post-EOI: F[1,11] = 

0.112, P = 0.759). Prolactin levels were significantly elevated from the EOI until 2 h 

postinfusion (EOI: F[1,11] = 9.16, P = 0.02, 15 min post-EOI: F[1,11] = 3.21, P = 0.116, 30 

min post-EOI: F[1,11] = 5.00, P = 0.044, 60 min post-EOI: F[1,11] = 10.80, P = 0. 011, 120 

min post-EOI: F[1,11] = 18.89, P = 0.003, and 180 min post-EOI: F[1,11] = 6.16, P = 

0.089).

The DV’s for the caudate and putamen are shown in Table II and the data for individual 

subjects in Figure 1. The DV’s for the caudate (left: F[1,11] = 9.77, P = 0.01, right: F[1,11] 

= 36.53, P = 0.02) and the putamen (left: F[1,11] = 8.72, P = 0.01, right: F[1,11] = 12.57, P 

= 0.005) were significantly decreased after citalopram treatment. The visual analog scale 

scores were not significantly different between saline and citalopram conditions (P > 0.1; 

data not shown).

Finally, correlations were performed between the receptor availability measures and the 

plasma measures. No significant correlations were obtained between the baseline or post-

treatment [11C]-raclopride values or magnitude of change in D2 receptor availability and 

any of the plasma measurements including citalopram, prolactin, and cortisol or pre-

treatment interval (P > 0.05).

DISCUSSION

The results of the present study demonstrated that in normal human subjects, i.v. 

administration of the most selective of the SSRI’s citalopram, produced an increase in 

cortisol and prolactin concentrations as observed previously (Smith et al., 2002b). A 

decrease in striatal D2 receptor availability was observed (an average of 5% across regions). 

As shown in Figure 1, variability in the magnitude of response was observed between 

subjects, consistent with other acute pharmacological challenge studies using PET and 

[11C]-raclopride (e.g., Smith et al., 1997, 1998). The variability observed was not explained 

by differences between subjects in the plasma concentration of citalopram or the magnitude 

of the neuroendocrine effect. The lack of correlation between the neuroendocrine effects and 

change in striatal D2 receptor availability may be attributable to the fact that the acute 

increase in cortisol and prolactin reflects a direct serotonergic effect (the increase in 

serotonin concentrations activating postsynaptic, hypothalamic serotonin receptors 5-HT1A 

and 5-HT2A to increase cortisol levels and 5-HT1A, 5-HT2A, and 5-HT2C receptors for 
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prolactin; as reviewed by Raap and Van de Kar, 1999), rather than an effect mediated by 

dopamine. The citalopram infusion did not produce a significant change in ratings of mood 

or anxiety that is consistent with our prior study in normal volunteers (Smith et al., 2002b).

Based on the results of simultaneous microdialysis and [11C]-raclopride PET studies, it has 

been estimated that an 8% increase in striatal dopamine concentrations produced a 

corresponding 1% decrease in striatal dopamine (Endres et al., 1997). Thus, the results of 

the present study suggest that the reductions in striatal D2 receptor availability are 

associated with approximately a 35% increase in striatal dopamine. This magnitude of 

change is consistent with reports of microdialysis studies in rats of the effects of 

serotonergic agents on extracellular dopamine concentrations (e.g., Lucas et al., 2000). It is 

noteworthy that the change in striatal [11C]-raclopride binding in the present study is less in 

magnitude than our previous study of the effects of fenfluramine. A potential explanation is 

that the net increase in extracellular serotonin is greater for fenfluramine than citalopram, 

because in addition to blocking serotonin reuptake, fenfluramine also releases serotonin 

directly from vesicular stores (Kreiss et al., 1993). Thus, fenfluramine may have a greater 

effect on dopamine than citalopram because the greater magnitude of increase of serotonin 

may result in a greater increase in dopamine. The results of the present study in comparison 

to the earlier fenfluramine challenge study suggest that in the design of studies to evaluate 

serotonin modulation of dopamine, the pharmacologic agents that work by a dual 

mechanism of action (reuptake inhibition and direct neurotransmitter release) may be needed 

to sufficiently increase serotonin levels and significantly affect striatal D2 receptor 

availability.

Previous studies have shown that acute administration of such agents as fenfluramine, 

psilocybin, MDMA, LSD, and fenfluramine produced a decrease in striatal D2 receptor 

availability using [11C]-raclopride (Minuzzi et al., 2005; Rosa-Neto et al., 2004; Smith et al., 

1997; Vollenweider et al., 1999). The results of the present study are also consistent with an 

earlier demonstration of the chronic effects of oral citalopram (Tiihonen et al., 1996). Other 

human studies using such agents as the selective 5-HT1A receptor agonist, flesinoxan or 

single oral doses of the anti-depressants nefazodone or paroxetine did not report significant 

alterations in striatal [11C]-raclopride receptor availability (Bantick et al., 2005; Fowler et 

al., 1999). Although the results of some human [11C]-raclopride studies suggest that 

pharmacologic-induced increase in serotonin produces a secondary increase in dopamine 

concentrations, these findings are in contrast to previous PET studies in anesthetized 

nonhuman primates that show an inhibitory role of serotonin with respect to striatal 

dopamine (Dewey et al., 1995). Both methodological factors (e.g., the lack of selective 

ligands used to distinguish among the 14 serotonin receptor subtypes) and physiological 

factors (e.g., the baseline status of dopamine and serotonin systems with respect to resting or 

activated states, activation of serotonin receptor subtypes that might facilitate or inhibit 

dopamine) may explain the controversial nature of interactions between serotonin and 

dopamine (as reviewed by Alex and Pehek, 2007).

In interpreting the results of the [11C]-raclopride PET studies, it is important to note that the 

results observed are the effects of a systemic increase in serotonin concentrations in cortical 

and subcortical areas. Striatal D2 receptor availability is the final common pathways of these 
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changes. As described in the introduction, serotonin and dopamine systems have been 

shown to interact in both the nigrostriatal and mesolimbic dopamine systems, at the level of 

the cell bodies as well as the dopamine terminals (Aghajanian and Bunney, 1974; Azmitia 

and Segal, 1978; Dray et al., 1976; Herve et al., 1987; Parent et al., 1981; Van Bockstaele et 

al., 1993). Thus, the changes in striatal D2 receptor availability may be attributable to effects 

in the nigrostriatal pathway as well as secondary cortical effects. The present study 

demonstrated a modest effect of i.v. administration of the most selective of the SSRIs, 

citalopram on striatal dopamine receptor availability as measured with PET and [11C]-

raclopride. These findings are consistent with some previous studies using less 

pharmacologically selective agents (Smith et al., 1997; Vollenweider et al., 1999). Further 

optimizing the experimental parameters for studying serotonin–dopamine interactions in 

vivo, either by identifying radiotracers more sensitive to changes in endogenous dopamine 

or more safe and potent compounds to increase serotonin concentrations is an important area 

for future study given the importance of studying this interaction in neuropsychiatric 

disorders.
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Fig. 1. 
The effects of citalopram (40 mg, i.v.) on dopamine (D2) receptor availability measured 

with PET and [11C]raclopride: Results shown for left putamen mean change—5.29 ± 5.01.
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TABLE I

Plasma levels of citalopram (ng/ml), prolactin (ng/ml), and cortisol (μg/dl)

Mean ± standard deviation

Citalopram Prolactin Cortisol

Preinfusion 12.4 ± 17.1 16.4 ± 13.2

End of infusion (EOI) 64.3 ± 20.7 16.3 ± 13.6* 20.6 ± 9.9*

15 min post-EOI 44.6 ± 7.4 19.1 ± 13.1* 23.2 ± 13.5**

30 min post-EOI 42.3 ± 7.6 21.3 ± 15.0* 23.5 ± 11.0

60 min post-EOI 43.2 ± 7.2 18.5 ± 16.9* 21.9 ± 11.5

120 min post-EOI 40.9 ± 8.6 19.6 ± 19.0** 18.8 ± 8.3

180 min post-EOI 42.0 ± 4.2 11.1 ± 6.2 21.4 ± 10.1

*
Significantly different from baseline (P < 0.05).

**
Significantly different from baseline (P < 0.01).
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TABLE II

The effects of citalopram on striatal dopamine (D2) receptor availability

Distribution Volumes (DV)

% Change [Post- Citalopram-Baseline)/Baseline] × 100Baseline Post-Citalopram

Left Caudate 3.72 ± 0.30 3.53 ± 0.23 −4.71 ± 5.23

Right Caudate 3.64 ± 0.31 3.47 ± 0.20 −4.30 ± 5.44

Left Putamen 3.81 ± 0.29 3.64 ± 0.27 −5.29 ± 5.01

Right Putamen 3.91 ± 0.28 3.69 ± 0.24 −4.37 ± 4.98
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