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Abstract

The aim of the present clinical positron emission tomography study was to examine if the 5-HTT is a

common target, both for tricyclic antidepressants (TCAs) and selective serotonin reuptake inhibitors

(SSRIs). Serotonin transporter (5-HTT) occupancy was estimated during treatment with TCA, SSRI and

mirtazapine in 20 patients in remission from depression. The patients were recruited from out-patient

units and deemed as responders to antidepressive treatment. The radioligand [11C]MADAM was used to

determine the 5-HTT binding potential. The mean 5-HTT occupancy was 67% (range 28–86%). There

was no significant difference in 5-HTT occupancy between TCA (n=5) and SSRI (n=14). 5-HTT affinity

correlated with the recommended clinical dose. Mirtazapine did not occupy the serotonin transporter. The

results support that TCAs and SSRIs have a shared mechanism of action by inhibition of 5-HTT.
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Introduction

The era of pharmacological treatment of depression

began with the tricyclic antidepressant (TCA),

imipramine, which was found to be effective in the

treatment of endogenous depression (Kuhn, 1958).

However, the mechanism of action was not known at

the time. In 1969, Carlsson and colleagues could show

that imipramine and amitriptyline inhibit neuronal

uptake of 5-hydroxy tryptamine (5-HT) and nor-

epinephrine in rodents (Carlsson et al. 1969a, b). The

authors hypothesized that serotonergic activity may

be of key importance for antidepressant effect.

Following subsequent demonstrations of TCA binding

to 5-HTT (Ross & Renyi, 1969), considerable effort

was made to develop selective serotonin reuptake

inhibitors (SSRI), of which zimelidine was the first

such drug on the market, indeed showing significant

antidepressant effect (Montgomery et al. 1980). The

effect on central 5-HTT binding in patients in clinical

antidepressant treatment has, however, remained

largely unknown.

Molecular imaging methods such as positron

emission tomography (PET) allow for measurement of

drug binding to target proteins in the human brain.

Recent advancements include the development of the

radioligand [11C]DASB, for selective imaging of 5-HTT

(Ginovart et al. 2001). In a clinical study of five dif-

ferent SSRIs, high serotonin transporter occupancy

has been demonstrated at low therapeutic dosing

(Meyer et al. 2004). Suhara et al. (2003) have used

[11C](+)McN5652, a radioligand not ideal for quanti-

tative studies, and demonstrated high serotonin

transporter occupancy at low clinical doses of the TCA

clomipramine. This finding represents support for the

view that TCAs bind to 5-HTT, although the degree of

occupancy was difficult to determine.

Our research group has developed the radio-

ligand [11C]MADAM, a close analogue to [11C]DASB.

[11C]MADAM binds selectively to 5-HTT (Halldin

et al. 2005; Lundberg et al. 2005), has good reliability

in measurements of 5-HTT binding in vivo in the

human brain (Lundberg et al. 2006) and has been

shown to be suitable for occupancy studies (Lundberg

et al. 2007a).

The aim of the present PET study in 20 patients

responding to antidepressant treatment was to con-

firm 5-HTT occupancy as a common mechanism of
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action for widely used antidepressants. Four SSRIs

(citalopram, fluoxetine, sertraline and venlafaxine),

and two TCAs (amitriptyline and clomipramine)

were studied. Mirtazapine was included as a 5-HTT

‘dummy’. SSRI and TCA 5-HTT occupancy was com-

pared and the apparent inhibitory constant expressed

by dose (Ki,dose) was calculated.

Method

Subjects

The study was approved by the Ethics Committee of

Karolinska Institutet and by the Radiation Safety

Committee of the Karolinska University Hospital.

Twenty patients (nos. 1–20, six males and 14 females,

aged 22–59 yr, mean age 40 yr) on treatment with

antidepressants within the recommended clinical dose

range were recruited. The patients had been treated

from 2 months to >1 yr (13 of the patients had been

treated >1 yr). The patients were included after

giving informed consent. All patients were responders

to their respective antidepressant medication.

Each patient had received the clinical diagnosis of

major depression. At time of PET all patients but

two (no. 5 and no. 12) were in full remission. The

partial responders were additionally assessed with the

Montgomery–Åsberg Depression Rating Scale score,

patient no. 5 having 23 points out of 54 (self-rating)

and patient no. 12 scoring 22 out of 60 [as rated by one

of the authors (M. T.)], at time of PET measurement.

Except for psychiatric history, the patients were es-

sentially healthy, based on medical history, physical

examination, blood and urine analysis and magnetic

resonance imaging (MRI, Signa, 1.5 T; GE Healthcare,

UK) of the brain. The patients were on monotherapy

and thus not treated with any concomitant potentially

serotonergic drugs.

Since the patients were recruited among responders

to antidepressant treatment, baseline 5-HTT binding

data could not be obtained. Binding potential (BP)

values were instead obtained from a reference group

consisting of 26 comparison subjects, aged 21–55 yr

(all males, mean age 27 yr), assembled from earlier

studies (Lundberg et al. 2005, 2006, 2007a, b). The

average BP of [11C]MADAM in putamen in the refer-

ence group was 1.40 (range 0.86–2.40, S.D.=0.36).

Radiochemistry

[11C]MADAM was synthesized as described pre-

viously (Tarkiainen et al. 2001). The radioactivity in-

jected i.v. ranged between 283 and 335 MBq. The

specific radioactivity of the radioligand injected varied

between 576 and 90 452 Ci/mmol, corresponding to an

injected mass between 0.02 and 3.83 mg (n=15). In five

of the PET measurements, analysis of specific radio-

activity failed for technical reasons (nos. 1, 3, 5, 9, 10).

PET experimental procedure

Each patient was examined once with PET and the

radioligand [11C]MADAM. The time between the latest

dose of medication and the PET examination was at

least 3 h.

The PET system used was ECAT EXACT HR 47

(Siemens, Germany), which was run in 3D mode. The

inplane and axial resolution was y3.8 and 4.0 mm,

respectively, full-width at half maximum (FWHM).

In each PET measurement the subject was placed

recumbent with their head in the PET system. A head

fixation system with an individual plaster helmet

was used (Bergström et al. 1981). A sterile physiologi-

cal phosphate buffer (pH 7.4) solution containing

[11C]MADAMwas diluted with saline to the volume of

10 ml and then injected as a bolus for 2 s into a cannula

inserted into an antecubital vein. The cannula was

then immediately flushed with 10 ml saline.

Brain radioactivity was measured in a series of

consecutive time-frames for 93 min. The frame se-

quence consisted of three 1-min frames, four 3-min

frames and 13 6-min frames. After correction for at-

tenuation, random and scatter events, images were

reconstructed using a Hann filter (2 mm FWHM). The

reconstructed volume was displayed as 47 horizontal

sections with a centre-to-centre distance of 3.125 mm

and a pixel size of 2.02r2.02 mm2.

Plasma concentrations

Blood samples to measure concentration in plasma of

the respective antidepressant were obtained at 1 h

before, at start, after 45 min and by the end of the PET

measurement at 93 min. The plasma concentrations of

each antidepressant, except mirtazapine, were deter-

mined through analysis based on chromatography

with either high-performance liquid chromatography

or liquid chromatography mass spectrometry, at

the Karolinska University Laboratory, Department of

Clinical Pharmacology. Serum mirtazapine concen-

tration was measured at the Department of Clinical

Pharmacology, Lund University Hospital, Sweden.

Image analysis

To align the PET and MRI datasets, co-registration

was done according to the procedure described by

Lundberg et al. (2007a).
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Regions of interest (ROIs) were defined manually

by the first and second author (J.L. and M.T.), ac-

cording to anatomical boundaries for the putamen

and cerebellum as previously described (Lundberg

et al. 2007a). All ROIs were delineated in five con-

secutive sections on the magnetic resonance images

and transferred to the corresponding reconstructed

and co-registered PET images, using an automated

procedure.

The data for each ROI were pooled in order to

obtain the average radioactivity for the whole volume

of interest. Regional radioactivity was calculated for

each frame, corrected for decay and plotted vs. time,

thus providing time-activity curves for each region.

For bilateral ROIs, right and left regions were aver-

aged.

Regional BP values for [11C]MADAM binding were

calculated with the simplified reference tissue model

(Lammertsma & Hume, 1996), using cerebellum as the

reference region, as has been described previously

(Lundberg et al. 2005). PMOD software (PMOD

Group, Switzerland) was used to calculate the esti-

mated BP values.

5-HTT occupancy was calculated according to

equation (1) :

occupancy= 1x
BPtreatment

BPreferences

� �
r100, (1)

where BPtreatment refers to the BP value in the

putamen for patients treated with an antidepressant

and BPreference is the average BP for [11C]MADAM in

the putamen of the reference group.

Assuming that there is a linear relationship between

dose and drug concentration in the brain, Ki,dose, the

dose at which half of the serotonin transporters are

occupied, may be derived from equation (2) :

occupancy=
occmaxrdose

Ki, dose+dose
, (2)

where occmax is the assumed maximal occupancy

(100%) and ‘dose’ is expressed as the daily dose (mg)

of the drug. The correlation between Ki,dose and rec-

ommended clinical dose (L.D. Electronic Medicines

Compendium, 2010) was tested.

Statistics

Non-parametric tests were used to compare occu-

pancy values and Ki,dose of different treatment groups,

since the samples were considered too small to be as-

sumed to be normally distributed. All statistical

analyses were conducted using PASW Statistics 18 for

Windows (SPSS Inc., USA).

Results

All 20 patients in the study participated according to

protocol. At time of PET, blood samples were obtained

for determination of drug concentration in plasma or

serum. Drug concentration values were obtained for

all but one patient (no. 1), for which the amitriptyline

concentration was below the lower limit of quantifi-

cation.

For all drugs and all doses, except for mirtazapine

(subject no. 20), the BP was lower in the putamen of

the treated patients than of the reference group. 5-HTT

occupancy at the serotonin transporters was calcu-

lated according to equation (1) (Table 1). The mean

occupancy for subjects nos. 1–19 was 67%, range

28–86% (Fig. 1, Table 1). The 5-HTT occupancy did not

differ significantly between drugs (independent

samples Kruskal–Wallis Test : significance=0.128).

The occupancy was numerically lower for TCA than

SSRI (mean 61% vs. 70%, median 69% vs. 73%), albeit

not significantly different (independent samples

Kruskal–Wallis test : significance=0.165).

The 5-HTT affinity varied five-fold between the

examined antidepressants (Ki,dose ; 14–66 mg in range;

independent samples Kruskal–Wallis Test : signifi-

cance=0.05). The affinity for each drug correlated

with the corresponding recommended clinical dose

(Spearman’s r=0.93, significance <0.05, data not

shown; L.D. Electronic Medicines Compendium,

2010).

Discussion

Earlier PET studies have demonstrated 5-HTT occu-

pancy in the brain of patients treated with SSRIs

(Meyer et al. 2001, 2004) and clomipramine (Suhara

et al. 2003). Our results, including the two TCAs

amitriptyline and clomipramine, further corroborate

5-HTT as a common target for antidepressant drug

action. There was no significant difference in 5-HTT

occupancy between the five patients treated with TCA

and the 14 patients on SSRI treatment. In addition, the

statistically significant correlation between estimated

affinity in vivo and recommended clinical dose pro-

vides further support for 5-HTT occupancy as a com-

mon mechanism of action for antidepressant drugs.

On the basis of data from one of the previous PET

studies on antidepressant treatment, the authors have

suggested 80% 5-HTT occupancy as a required mini-

mum for SSRI treatment of depressive episodes

(Meyer et al. 2004). In our sample of patients in re-

mission from depression, 5-HTT occupancy was sig-

nificantly lower than the proposed 80% level (61–74%,

95% confidence intervals ; Fig. 1, Table 1).
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The lack of effect of mirtazapine on the serotonin

transporter serves as a reminder of other anti-

depressant modes of action. The norepinephrine

transporter (NET) has since been proposed as a target

for TCAs, as well as for more recently developed

selective NET inhibitors such as reboxetine. Inhibition

of NET has been suggested as an explanation for the

higher efficacy of TCAs in the treatment of major

Amitriptyline 30 mg
Amitriptyline 67.5 mg
Clomipramine 40 mg
Clomipramine 75 mg
Clomipramine 100 mg
Venlafaxine 150 mg
Venlafaxine 225 mg
Venlafaxine 300 mg
Citalopram 20 mg
Citalopram 30 mg
Citalopram 45 mg
Citalopram 60 mg
Fluoxetine 20 mg
Fluoxetine 40 mg
Fluoxetine 60 mg
Sertraline 50 mg
Sertraline 75 mg
Sertraline 100 mg
Sertraline 200 mg

Mirtazapine 30 mg

0 20 40

Percent (%)
60 80 100

TCA

SSRI/SNRI

SSRI

Figure 1.Histogram illustrating the relationship between drug, daily dose and 5-HTT occupancy. TCA, tricyclic antidepressant ;

SSRI, selective serotonin reuptake inhibitor ; SNRI, serotonin–norepinephrine reuptake inhibitor.

Table 1. Treatment characteristics

Subject Drug

Daily

dose (mg)

Concentration

(nM)a
Metabolite

(nM)a
Occupancy,

putamen (%)

1 Amitriptyline 30 <100 <100 28

2 Amitriptyline 67.5 126 147 63

3 Clomipramine 40 162 178 69

4 Clomipramine 75 235 n.q.c 72

5 Clomipramine 100 294 600 72

6 Venlafaxine 150 233 743 71

7 Venlafaxine 225 1071 945 77

8 Venlafaxine 300 2576 567 80

9 Citalopram 20 127 <50 57

10 Citalopram 30 290 79 60

11 Citalopram 45 300 147 44

12 Citalopram 60 546 n.d.d 74

13 Fluoxetine 20 157 410 53

14 Fluoxetine 40 781 941 74

15 Fluoxetine 60 1386 366 86

16 Sertraline 50 82 n.d.d 75

17 Sertraline 75 136 277 77

18 Sertraline 100 59 n.d.d 82

19 Sertraline 200 152 n.d.d 69

20 Mirtazapine 30 172b 98b x1

aMeasured in plasma at time of positron emission tomography (PET).
bMeasured in serum at time of PET.
c Not quantifiable since 2/4 samples contained <100 nM.
dNot determined.
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depressive disorder, reported for at least a subgroup

of patients (Anderson, 1998). So far, NET occupancy of

the TCA clomipramine has been examined in detail in

non-human primates (Takano et al. 2011) and occu-

pancy of nortriptyline has been confirmed in vivo in

the brain of human control subjects (Sekine et al. 2010).

However, quantification of NET occupancy in vivo

in clinical antidepressive treatment remains to be

examined in future studies.

In the present study on a small number of patients

on each drug there are several methodological con-

siderations. The putamen was chosen as the index re-

gion for 5-HTT occupancy for a number of reasons.

The putamen is part of the striatum, which has been

used as the index region in previous studies of 5-HTT

occupancy (Meyer et al. 2001, 2004). Moreover, the

test–retest reproducibility of [11C]MADAM binding

has been shown to be better in the putamen than in

smaller and less homogeneous structures (Lundberg

et al. 2006). In addition, although serotonin transporter

BP has been shown to be lower in several brain regions

of patients examined during a major depressive epi-

sode, no significant difference in BP in the putamen

has been reported (Meyer, 2007).

The study design with a reference group was

chosen mainly to allow for recruitment of psychiatric

patients in stable, long-term treatment with anti-

depressants. Discontinuation of treatment in order to

acquire individual baseline 5-HTT BP values would, in

many cases, have been unethical. Instead, an estimate

for the baseline BP value was obtained from a refer-

ence group (cf. Method). Due to inter-individual

variability in baseline 5-HTT BP (Lundberg et al. 2006),

the approach using a reference value may correspond

to a few percent error in individual occupancy values

as previously discussed for D2 dopamine receptor

occupancy (Farde et al. 1992).

Themean age of the patients, 40 yr, was 13 yr higher

than that of the reference group. Age-related decrease

in 5-HTT density has been suggested (Hesse et al.

2003). In our present data, we obtained lower 5-HTT

occupancy than that previously reported by another

PET centre (Meyer et al. 2004). This difference between

centres cannot be explained by a potential age effect on

5-HTT binding since the age effect would yield higher

occupancy estimates.

The naturalistic recruitment setting led to a selec-

tion bias, primarily including patients who tolerated

the medication well. In relation to the recommended

daily dose, the doses of the TCAs, and in particular

amitriptyline, were relatively low when compared to

the highest doses in the SSRI group. It is not known

whether the low dose of amitriptyline in patient no. 1

was a result of titration with regard to clinical effect or

to side-effects.

The subjects enrolled in the study had been treated

for at least 2 months, or >1 yr for the majority of

the patients. In rodent studies, a decrease in 5-HTT

density has been reported after 3 wk of SSRI ad-

ministration (Benmansour et al. 1999). It is not known

if 5-HTT density in human subjects is down regulated

after repeated dosing. The occupancy values reported

here are not different from the occupancy values ob-

tained in an earlier study using the same PET protocol

in control subjects after a single dose of 20 mg

R,S-citalopram or 10 mg S-citalopram (Lundberg et al.

2007a). It is thus not likely that a suggested treatment

effect on 5-HTT density may be large enough to have a

major impact on the estimated occupancy values.

For antipsychotic drugs, it is possible to relate D2

dopamine-receptor occupancy to clinical effects and

extrapyramidal symptoms. An important question is

if 5-HTT occupancy in a similar fashion can provide

guidelines to optimal clinical treatment with anti-

depressants. The serotonergic side-effects of anti-

depressants are generally not as observable as seen

in antipsychotic drug treatments. Sexual side-effects

are perhaps the major threat to long-term compliance

and a future possibility would be to study 5-HTT oc-

cupancy in relation to SSRI dose, clinical effect and

sexual dysfunction in patients on antidepressive

treatments.

In conclusion, this study provides further support

for 5-HTT as a shared target for antidepressive treat-

ments with TCAs and SSRIs.
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