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Background and purpose: Bridging the gap between preclinical research and clinical trials is vital for drug development.
Predicting clinically relevant steady-state drug concentrations (Css) in serum from preclinical animal models may facilitate this
transition. Here we used a pharmacokinetic/pharmacodynamic (PK/PD) modelling approach to evaluate the predictive validity
of 5-hydroxytryptamine (5-HT; serotonin) transporter (SERT) occupancy and 5-hydroxytryptophan (5-HTP)-potentiated
behavioral syndrome induced by 5-HT reuptake inhibitor (SRI) antidepressants in mice.
Experimental approach: Serum and whole brain drug concentrations, cortical SERT occupancy and 5-HTP-potentiated
behavioral syndrome were measured over 6 h after a single subcutaneous injection of escitalopram, paroxetine or sertraline.
[3H]2-(2-dimethylaminomethylphenylsulphanyl)-5-methyl-phenylamine ([3H]MADAM) was used to assess SERT occupancy.
For PK/PD modelling, an effect-compartment model was applied to collapse the hysteresis and predict the steady-state
relationship between drug exposure and PD response.
Key results: The predicted Css for escitalopram, paroxetine and sertraline at 80% SERT occupancy in mice are 18 ng mL�1,
18 ng mL�1 and 24 ng mL�1, respectively, with corresponding responses in the 5-HTP behavioral model being between
20–40% of the maximum.
Conclusions and implications: Therapeutically effective SERT occupancy for SRIs in depressed patients is approximately 80%,
and the corresponding plasma Css are 6–21 ng mL�1, 21-95 ng mL�1 and 20–48 ng mL�1 for escitalopram, paroxetine and
sertraline, respectively. Thus, PK/PD modelling using SERT occupancy and 5-HTP-potentiated behavioral syndrome as response
markers in mice may be a useful tool to predict clinically relevant plasma Css values.
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Introduction

The discovery and selection of drug candidates for clinical

development rely heavily on the results of preclinical testing.

It is essential that the applied preclinical models are predictive

not only qualitatively for clinical response within relevant

indications but also quantitatively to obtain a reasonable

assessment of ‘drugability’ for lead candidates. ‘Drugability’ is

defined as an acceptable level of drug formulation/daily

dosage regimen that can maintain relevant drug exposure

within the therapeutic window in patients. For prediction of

therapeutically relevant drug exposure, a reliable screening

model must be established that enables characterization

of the relationship between the pharmacokinetics (PK) of

the drug and the corresponding pharmacodynamic (PD)

response. Ideally, the PD measure should be based on a

biomarker that is translatable between the pharmacological

response observed in the preclinical model and the thera-

peutic response in the clinic (Chien et al., 2005).

Major depressive disorder (MDD) is a recurrent psychiatric

disease that affects an estimated 121 million people world-

wide. It is among the top 10 causes of morbidity and

mortality, and is predicted to rival ischaemic heart disease as

a primary cause of disability by the year 2020 (Murray and

Lopez, 1996; World Health Organization, 1996). The primary

symptoms of MDD include daily and recurrent depressed
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mood, marked loss of interest and pleasure in all or most

daily activities, sleep disturbances and difficulty in concen-

trating (American Psychiatric Association, 2000).

The neurotransmitter 5-hydroxytryptamine (5-HT; seroto-

nin) is a key CNS substrate of MDD. Decreased brain levels of

5-HT are associated with MDD, and increasing brain 5-HT

levels have proved to be a highly successful treatment

(Coppen et al., 1972; Byerley and Risch, 1985; Jesberger

and Richardson, 1985; Asberg et al., 1986; Korpi et al., 1986).

The most commonly used antidepressants are selective 5-HT

reuptake inhibitors (SRIs) (Wong et al., 1995). SRIs elevate

levels of 5-HT in the CNS by blocking 5-HT transporter

(SERT)-mediated reuptake of 5-HT. Other pharmacotherapies

for treating depression include drugs that increase CNS levels

of dopamine and/or noradrenaline, but that also directly

block the SERT, such as tricyclic antidepressants, or have

secondary effects on 5-HT release through a primary action

on noradrenaline and dopamine systems, such as bupropion.

To understand the pharmacological actions of drugs with

the potential for treating CNS disorders, including MDD, it is

important to characterize how they occupy receptors in the

brain. In some cases, a relatively small change in receptor

occupancy can lead to significant changes in clinical effects

(Farde et al., 1992; Kapur et al., 2003). In the case of SRIs, the

site of action is the SERT. Therefore, measuring SERT

occupancy by SRIs may be a reliable biomarker for estimating

the antidepressant activity of SRIs. The therapeutic effects of

several SRIs in patients with MDD are observed at doses that

produce approximately 80% SERT occupancy (Meyer et al.,

2001, 2004). The in vivo efficacy of SRIs in rodent behavioral

tests predictive of antidepressant-like activity has also been

associated with high levels of in vivo SERT binding (Larsen

et al., 2004; Hirano et al., 2005).

There are several preclinical behavioral tests used to

evaluate the antidepressant-like properties of drugs (O’Neil

and Moore, 2003). Some of these tests are hypothesized to

model symptoms of depression, whereas others are mechanis-

tically specific tests that are useful as complementary or

surrogate approaches for assessing activity at a specific target.

One test that is not a model of depression-related symptoms,

but is useful for indexing the potency of compounds to

elevate extracellular levels of 5-HT in the brain, is the

5-hydroxytryptophan (5-HTP)-potentiated behavioral

syndrome test.

The 5-HTP-potentiated syndrome is induced by adminis-

tering drugs that increase extracellular 5-HT levels in

combination with the immediate synthetic precursor to

5-HT (5-HTP). Together, these treatments induce a robust

behavioral syndrome that has been shown to be specific to

drugs that readily occupy the SERT (Larsen et al., 2004).

5-HTP-potentiated behavioral syndrome is quantifiable in

rodents by measuring head twitches, hindlimb abduction

and body tremor almost immediately after the administra-

tion of drug and 5-HTP (Ortmann et al., 1982; Larsen et al.,

2004).

Taken together, the preclinical measurement of SERT

occupancy and the efficacy in the 5-HTP-potentiated

behavioral syndrome may be useful for characterizing the

relationship between the SRI primary site of action and SRI

in vivo PD effects. These methods used in combination with

the measurement of corresponding drug levels in serum

would be valuable for establishing a target range of serum

levels for early clinical trials.

To further optimize the predictive potential of combining

these unique data sets and to correlate the data with the

steady state of exposure experienced by chronically treated

patients, it is essential to obtain steady-state PK/PD estimates

(Kapur et al., 2003). Steady-state conditions can be obtained

by long-term drug administration, or they can be simulated

from single-dose administration using an appropriate PK/PD

model. The latter approach is advantageous because the

duration of the experiment is shortened and the PD-effect

duration is characterized in relation to the serum elimina-

tion half-life of the tested drug, which may aid the selection

of an optimal dosage regimen in clinical trials.

The purpose of the present study was to use the SRI

antidepressants escitalopram, paroxetine and sertraline to

evaluate the clinical predictive validity of using SERT

occupancy, 5-HTP-potentiated behavioral syndrome and

serum levels of drug in mice using a PK/PD modelling

approach. Escitalopram, paroxetine and sertraline were

chosen because they are commonly used, structurally

diverse and have well-characterized efficacy in humans and

animals.

Materials and methods

Animals

Ethical permission for the studies were granted by the animal

welfare committee appointed by the Danish Ministry of

Justice, and all animal procedures were carried out in

compliance with the EC Directive 86/609/EEC and with the

Danish law regulating experiments on animals.

Male NMRI/BOM mice (18–25 g; Bomholtgaard, Ry,

Denmark) were housed in plastic cages (35�30�12 cm) in

groups of four and were habituated to the animal facilities

for at least a week before testing. The temperature (21±2 1C),

relative humidity (55±5%) and air exchange (16 times per

hour) in the housing room were automatically controlled.

The animals had free access to commercial food pellets and

tap water and were maintained on a 12 h light/dark cycle

(0600/1800 h).

Administration of drugs

Escitalopram and paroxetine were dissolved in saline,

whereas sertraline hydrochloride was dissolved in aqueous

20% Solutol HS. Escitalopram, paroxetine and sertraline were

injected s.c. using an injection volume of 10 mL kg�1. 5-HTP

(Sigma-Aldrich, St Louis, MO, USA) was dissolved in saline

and injected i.v. All doses are expressed as mg base per kg

body weight (mg kg�1). Serum drug exposure, SERT occu-

pancy and 5-HTP-potentiated behavioral syndrome response

were determined 0, 5, 15, 30, 60, 120, 240 and 360 min

(including 1440 min for sertraline SERT occupancy

assessment) after drug administration.
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5-HTP behavioral syndrome

The 5-HTP-potentiated behavioral syndrome test in mice was

carried out as described previously (Hyttel et al., 1992).

Briefly, at multiple time points (as shown above) after the

administration (s.c.) of escitalopram, paroxetine or sertra-

line, the mice were injected (i.v.) with 5-HTP (100 mg kg�1)

and returned immediately to their home cages. The

100 mg kg�1 dose of 5-HTP was chosen because it does not

induce 5-HT syndrome by itself. In contrast, a robust,

dose-dependent 5-HTP-potentiated behavioral syndrome is

observed when 100 mg kg�1 of 5-HTP is injected in combina-

tion with SRIs. An experimenter, unaware of the drug

treatments, rated stereotypy (lateral head movements),

tremor and hindlimb abduction over the 15 min after

5-HTP injection. The behaviours were rated individually,

and a score of 0 (not present), 1 (present in a mild-to-

moderate degree) or 2 (present in a marked degree) was given

to each animal for each behaviour. Thus, the maximum

possible score for each mouse was 6. A total of 8–16 mice

were used per dose. The data are expressed as the mean±

s.e.mean of the 5-HTP syndrome score.

Serotonin transporter occupancy

In vivo binding of [3H]2-(2-dimethylaminomethylphenyl-

sulphanyl)-5-methyl-phenylamine ([3H]MADAM) to the ser-

otonin transporter (SERT) in mouse brain was used to

determine SERT occupancy (Larsen et al., 2004). All test

compounds were administered s.c. to mice at varying time

points prior to treatment with [3H]MADAM. The relevant

dose for each drug was chosen based on expected SERT

occupancies in the range between 0 and 90% over the time

profile. Escitalopram (10 mg kg�1) defined the nonspecific

binding and was injected s.c. 30 min before [3H]MADAM in

all experiments. Total binding was measured using vehicle-

treated mice. Animals received tail-vein injections of 4mCi

[3H]MADAM and were killed by cervical dislocation 15 min

later. The cerebral cortex was immediately dissected out,

homogenized in ice-cold buffer (50 mM Tris-HCL, 12 mM

NaCl, 5 mM KCl, pH 7.5) and filtered through Whatman

GF/C filters. The filters were washed with 2�5 mL ice-cold

buffer. Homogenization and filtration were always com-

pleted less than 1 min after cervical dislocation. Samples

from homogenates were used for protein determination.

Pharmacokinetics

At the predetermined time points described above after s.c. drug

administration, the mice were killed by cervical dislocation and

trunk blood and whole brains were collected. The blood

samples were allowed to coagulate for 30min at room

temperature. The brains were homogenized 1:4 (wv�1) in saline

(Ultra-turrax T-25; IKA-Labortechnik, Staufen, Germany) and

centrifuged at 2200 g for 10 min. Serum and brain super-

natants were isolated and frozen at �80 1C until analysis.

Quantitative analysis of drug levels

Serum and brain content of escitalopram, paroxetine and

sertraline were determined by liquid chromatography/t

andem mass spectrometry (LC-MS/MS). Online sample

preparation and LC were performed with turbulent flow

chromatography (Cohesive Technologies, Franklin, MA,

USA). A dual-column configuration method was used for

escitalopram and paroxetine, whereas a monolith column

(Chromolith SpeedROD; 50�4.6 mm) was used for analy-

tical separation of sertraline, with increased flow rate during

the transfer step to 4 mL min�1, reducing total run time to

4 min.

MS/MS detection was done with a Quattro Ultima

(Micromass, Manchester, UK) in positive-ion electrospray

ionization mode. Escitalopram, paroxetine and sertraline

were detected at parent4daughter molecular masses of

324.994108.95, 305.944274.71 and 329.934192.05 Da,

using a cone voltage of 50, 25 and 50 V and a collision

energy of 25, 13 and 20 eV, respectively. For all samples,

sertindole (440.964112.96 Da, 48 V and 30 eV) was used as

internal standard. Nitrogen was used for the auxiliary and

nebulizer gases, and argon was used for the collision gas. The

peak area correlated linearly with the serum concentration

and brain supernatant levels of all drugs (r2 40.99) in the

range of 1.0–500 ng mL�1 (serum) and 0.5–500 ng mL�1

(brain), respectively. The lower limit of quantification

(S/N45) was 2.5 ng mL�1 in serum for all drugs and 0.1,

0.4 and 0.5 ng mL�1 for brain analysis of escitalopram,

paroxetine and sertraline, respectively.

PK/PD modelling

PK/PD analyses of the data were performed with

PC-compatible software WinNonlin ver. 4.1 (Pharsight

Corporation, Mountain View, CA, USA). Choice of models

for PK/PD analysis was based on best fit in terms of Akaike

criterion and weighted residual sum of squares, using the

Gauss–Newton minimization method. A one- or two-com-

partment model with first-order absorption and elimination

was used for PK modelling (Gabrielsson and Weiner, 2001).

Derived constants were volume of central compartment/

bioavailability (V1/F), absorption rate (k01), elimination rate

(k10), distribution rate from central to peripheral compart-

ment (k12) and distribution rate from peripheral back to

central compartment (k21). Secondary calculated parameters

were serum clearance (CL), maximum serum exposure (Cmax)

and time thereto (Tmax) and terminal serum half-life (t1/2b). A

sigmoidal Emax model was fitted to the PD data. PK and PD

models were linked using an effect-compartment model

(Sheiner et al., 1979), where ke0 describes the equilibration

rate to the effect compartment. For each drug, the steady-

state PD modelling was performed with the pooled collapsed

data from all three doses. Total brain exposure of the drugs

was determined by non-compartmental analysis, extrapolat-

ing terminal half-life to infinity to assess area under the

curve (AUC0�inf). Brain/serum ratios were calculated as

(AUC0�inf, brain/AUC0�inf, serum).

Materials

Escitalopram oxalate (escitalopram), paroxetine hemioxalate

(paroxetine) and sertraline hydrochloride (sertraline) were

synthesized in the Department of Medicinal Chemistry,

H Lundbeck A/S.
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Results

The PK profiles of three doses each of escitalopram,

paroxetine and sertraline following a single s.c. administra-

tion to mice are presented in Figure 1. The serum

concentration–time course for escitalopram and paroxetine

was characterized by rapid absorption and a following

biexponential decline in serum drug concentrations. Accordingly,

best fit to the data was found with a two-compartment PK

model with first-order absorption and elimination. The

corresponding derived PK parameters are displayed in

Table 1. The rapid absorption was reflected in the short Tmax

values in the range 0.07–0.09 h for escitalopram and

paroxetine and 0.08–0.5 h for sertraline. Terminal serum

half-life of escitalopram was consistent across the three doses

around 1 h. For paroxetine, a dose-related increase in serum

half-life from 1.6 to 6.3 h was observed corresponding to a

dose increase from 0.27 to 4.4 mg kg�1.

A secondary peak was found in the PK profiles of sertraline

around 4 h. This precluded the fit of a simple compartmental

model to the data, and due to the limited data set, more

advanced modelling, such as enterohepatic recirculation

models, was not considered scientifically justified. Thus, the

basic PK properties of sertraline were described by non-

compartmental modelling, with the exception of a PK profile

made for modelling sertraline SERT occupancy. An excellent

fit was found for a two-compartment model with first-order

absorption and elimination (Table 1).

Brain/serum distribution of all the three drugs was

suggested to be independent of the studied dose ranges,

and mean ratio was 3.6, 1.1 and 7.4 for escitalopram,

paroxetine and sertraline, respectively (Table 2).

The corresponding pharmacological responses to each

drug treatment in terms of 5-HTP-potentiated behavioral

syndrome score are presented in Figure 2. Hysteresis was

observed between changes in drug serum levels and

corresponding SERT occupancy and pharmacological

response at non-steady-state conditions for all three SRIs

(Figure 3). Thus, an effect-compartment model (Sheiner

et al., 1979) was applied to collapse the hysteresis and predict

the steady-state relationship between drug exposure and

corresponding PD response. For the 5-HTP-potentiated

syndrome score after treatment with escitalopram and

sertraline, a semicompartmental model was used providing

initial assessment of ke0 for best collapse of the hysteresis

curve at individual doses (Figure 4). A common compart-

mental PK/PD-link model did not provide robust assessment

of ke0. For paroxetine, the 5-HTP-potentiated syndrome score

and all PK/PD assessments using SERT occupancy as a PD

marker were analysed by a compartmental PK/PD-link model

to collapse the acute hysteresis data into predicted steady-

state assessments. The predicted steady-state data from each

dose were pooled to establish the PD relationship. Best fit to

all predicted steady-state data sets was found with a

sigmoidal Emax model, locking maximum response at 100%

for SERT occupancy and 6 for 5-HTP-potentiated syndrome

score (Figure 5). The corresponding parameters from the

modelling are collected in Table 3. Steady-state EC80 for SERT

occupancy was estimated to 18, 18 and 24 ng mL�1 for

escitalopram, paroxetine and sertraline, respectively. Corre-

sponding 5-HTP behavioral score at 80% SERT occupancy

was 42, 17 and 23%, respectively. High SERT occupancy

(93–94%) was needed to obtain 50% behavioral response in

the 5-HTP model for all the three drugs.

Discussion

We demonstrate the use of a PK/PD model linking drug

exposure, a translational biomarker (SERT occupancy) and

pharmacological response (5-HTP-potentiated syndrome) in

mice for the prediction of serum steady-state concentrations

(Css) of SRI antidepressant drugs in humans. A key finding of

the present study is that the predicted Css for each SRI tested

is within the range of known Css achieved in humans who

are given therapeutic doses.

In the present study, the PK profile of escitalopram is

suggested to be dose-independent across the dose range of

0.24–3.9 mg kg�1 (s.c.), and a simple two-compartment

model was fitted simultaneously to all three tested doses

(0.24, 1.0 and 3.9 mg kg�1). Therefore, derived constants may

be useful for simulation of PK profiles following alternative

dosage regimens within the tested range.
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Figure 1 Semilogarithmic plot of mean (±s.e.mean) serum
concentration–time profiles of (a) escitalopram, (b) paroxetine and
(c) sertraline following s.c. administration in mice.
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Clearance and bioavailability of paroxetine decreases, and

corresponding half-life increases with increasing doses,

suggesting a saturation of hepatic elimination particularly

at the highest dose tested (4.4 mg kg�1). This may be related

to the potent inhibition of CYP2D6, which is involved in the

elimination of paroxetine, and leads to saturable clearance

at therapeutically relevant doses in humans (Harvey and

Preskorn, 1996). To establish a model that adequately

describes the PK profile of paroxetine independently of

dose, a Michaelis–Menten type elimination model may be

relevant. However, for the purposes of the present investiga-

tion, an adequate description of the PK/PD properties of

paroxetine was found using a simplified two-compartment

model with first-order elimination, fitted individually to

each dose.

Secondary peaks in serum concentrations were observed

for all three sertraline PK profiles generated in parallel with

the behavioral data. Enterohepatic recirculation or precipita-

tion of drug after s.c. administration may account for the

secondary peaks. Under these conditions, it would be ideal to

define the PK/PD relationship of sertraline in the same

animal. Thus, an additional PK profile was generated using

blood samples and SERT occupancy assessments in the same

mouse.

A clear hysteresis was observed between changes in drug

exposure and corresponding response to escitalopram and

paroxetine, and partly to sertraline. A similar hysteresis has

been reported for escitalopram in rats using extracellular

serotonin levels within the hippocampus as a response

marker (Bundgaard et al., 2007). This phenomenon is

typically associated with relatively slow permeation over

the blood–brain barrier or low receptor binding ‘on/off’ rates

(Yassen et al., 2005).

In the present investigation, the brain PK profile tended to

overlap with the response to all three tested SRIs, suggesting

that the distribution rate between serum and brain is the

rate-limiting step that determines the degree of hysteresis.

These findings underline the importance of assessing the PD

properties of drugs in steady-state conditions, rather than

measuring a plasma concentration–response relationship at

a single time point in non-steady-state conditions. A similar

lag between decline in escitalopram serum concentration

and SERT occupancy has been reported for therapeutically

relevant doses of escitalopram in humans (Klein et al., 2007),

consistent with the present PK/PD findings in mice.

In preclinical animal models predictive of antidepressant

and anxiolytic activity, there is a strong association between

serum/plasma concentration of SRIs and pharmacological

response (Larsen et al., 2004; Hirano et al., 2005). In

depressed patients, this association is less clear (Baumann,

1996; Lundmark et al., 2000). A major reason underlying this

discrepancy may be the large placebo response and narrow

window of the common scoring systems (for example,

Montgomery–Asberg Depression Rating Scale and Hamilton

Rating Scale for Depression) used for clinical antidepressant

response evaluation. Consequently, relationships between

Table 1 Serum pharmacokinetic constants and parameter values (coefficient of variation for estimate) for escitalopram and paroxetine from
compartmental modelling of single-dose serum concentration–time data following s.c. administration to mice and corresponding derived secondary PK
parameters. PK parameters for sertraline were calculated by non-compartmental modelling (except where noteda)

Drug Dose (mg kg�1) V1/F (l kg�1) k01 (h�1) k10 (h�1) k12 (h�1) k21 (h�1) CL/F (l h�1 kg�1) Tmax (h) Cmax (ng mL�1) t1/2b (h)

Escitalopram 0.24 2.4 (94) 30 (295) 3.1 (118) 3.2 (209) 2437 (94) 7.6 (34) 0.07 (133) 65 (22) 0.9 (123)
1.0 1.5 (4202) 12 (4215) 5.2 (4207) 5.8 (4748) 1466 (4202) 7.6 (16) 0.09 (10) 264 (2) 1.2 (54)
3.9 2.9 (3312) 30 (7439) 3 (3420) 9.9 (5426) 2918 (3312) 8.8 (108) 0.05 (2641) 726 (929) 0.8 (32)

Paroxetine 0.27 1.7 (11) 25 (29) 1.7 (17) 2.3 (28) 1.2 (33) 2.9 (11) 0.09 (12) 114 (2) 1.6 (30)
1.1 0.9 (1439) 14 (1488) 2.9 (1445) 9.5 (1625) 1.4 (44) 2.6 (22) 0.08 (34) 494 (4) 2.3 (43)
4.4 3.5 (63) 30 (207) 0.4 (97) 3.7 (139) 1.7 (79) 1.3 (55) 0.08 (101) 931 (9) 6.3 (77)

Sertraline 0.56 NA NA NA NA NA 3.5 0.08 30.0 NA
2.2 NA NA NA NA NA 5.0 0.3 148 NA
2.2a 12 (22) 3.6 (23) 0.7 (26) 0.9 (51) 0.7 (32) 8.9 (5) 0.4 (2) 98 (0.7) 2.9 (20)
8.9 NA NA NA NA NA 6.5 0.5 373 NA

Abbreviations: NA, not applicable; PK, pharmacokinetic.
aAdditional (compartmentally modelled) PK profile for modelling of SERT occupancy data.

Table 2 Brain pharmacokinetic parameter values for escitalopram, paroxetine and sertraline from non-compartmental modelling of single-dose brain
concentration–time data following s.c. administration to mice and corresponding brain/serum ratios based on AUC0�inf

Drug Dose (mg kg�1) AUC0�inf (ng h g�1) Tmax (h) Cmax (ng mL�1) t1/2b (h) Brain/serum ratio

Escitalopram 0.24 103 1.0 59 0.6 3.3
1.0 380 0.5 237 0.8 2.9
3.9 2075 0.5 2007 0.9 4.6

Paroxetine 0.27 97 1.0 30 1.3 0.9
1.1 642 1.0 158 1.8 1.3
4.4 4045 0.5 1104 2.0 1.0

Sertraline 0.56 1188 1.0 356 2.2 7.6
2.2 2896 2.0 828 1.5 6.6
8.9 10782 0.5 2954 1.6 8.0

Abbreviation: AUC, area under the curve.
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graduated drug exposure and response have been difficult to

define in the clinic. However, a relationship between dose

and PD response for the SRIs citalopram and escitalopram in

depressed patients has been reported (Bech et al., 2002; Bech

et al., 2004).

In contrast to the unclear correlation between drug

exposure and clinical depression scores, 76–85% SERT

occupancy has been consistently associated with therapeutic

doses of SRIs in patients with MDD (Meyer et al., 2001, 2004).

The steady-state trough serum concentrations related with

therapeutically effective doses and SERT occupancies in

patients with MDD range from 6 to 21 ng mL�1, 21 to

95 ng mL�1 and 20 to 48 ng mL�1 for escitalopram,

paroxetine and sertraline, respectively (Sogaard et al., 2005;

Klein et al., 2007). Using the PK/PD modelling approach

described in the present study, the predicted Css of

escitalopram, paroxetine and sertraline at 80% SERT

occupancy in mouse brain cortex was 18 ng mL�1,

18 ng mL�1 and 24 ng mL�1, respectively.

Interspecies differences in major active metabolites and

serum protein binding may hamper accuracy of human

predictions from preclinical data, if these are not accounted

for in the PK/PD modelling. To our knowledge, no significant

interspecies differences have been published for these three

model drugs in terms of serum protein binding or major

pharmacologically active metabolites, and have thus not

been accounted for in the present predictions. However, the

successful clinical predictions based on the mouse SERT

PK/PD model suggest that this is not a major issue for the

three model drugs.

For paroxetine and sertraline, the Hill slope (g) of the

fitted sigmoidal curves approached unity, corresponding

to a single binding site on the SERT. A steeper Hill slope

(2.8) was found for the fitted curve to escitalopram

SERT occupancy. Besides binding to the high-affinity
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site of SERT, escitalopram has been suggested to modulate

the allosteric binding site of SERT (Chen et al., 2005).

This could have contributed to the apparently higher Hill

slope for escitalopram, but needs further investigation to

verify.

In the 5-HTP potentiation test in mice, the relationship

between SERT occupancy and efficacy is somewhat different.

The behavioral response at 80% SERT occupancy is 20–40%

of the maximum possible response. Therefore, relatively

high SERT occupancy levels (480%) are needed to obtain a

robust response in the 5-HTP-potentiated syndrome test, and

clinically relevant serum exposure of SRIs can be identified

within the lower range of activity.
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The 5-HTP potentiation test is not a model of MDD or

symptoms related to MDD. However, it is a useful gauge of

the potential antidepressant activity of compounds, based

on the well-known association between brain 5-HT levels

and MDD. One drawback of the test is that supratherapeutic

levels of brain 5-HT may be necessary for the manifestation

of the quantifiable behavioral syndrome in mice. This

requirement may contribute to the low behavioral scores at

clinically relevant (that is, approximately 80%) SERT occu-

pancy levels.

The present study has evaluated the feasibility of using a

simple single-dose PK/PD model in mice to predict ther-

apeutically relevant steady-state plasma levels of SRIs in

patients suffering from MDD. On the basis of evaluation of

three widely prescribed antidepressants, escitalopram, par-

oxetine and sertraline, the findings suggest that estimates of

clinically relevant plasma exposure and corresponding SERT

occupancy can be made from single-dose PK/PD modelling

in mice. Receptor occupancy is, for many targets, an

acknowledged translatable biomarker between animals and

humans (Kapur et al., 2003; Olsen et al., 2008), and our

results indicate that it may be a valuable drug discovery tool

for use in PK/PD modelling for selection of future drug

candidates.
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