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Despite the clinical prevalence of the antidepressant escitalopram, over 30% of escitalopram-treated patients fail to respond to

treatment. Recent gene association studies have highlighted a potential link between the drug efflux transporter P-glycoprotein (P-gp)

and response to escitalopram. The present studies investigated pharmacokinetic and pharmacodynamic interactions between P-gp and

escitalopram. In vitro bidirectional transport studies revealed that escitalopram is a transported substrate of human P-gp. Microdialysis-

based pharmacokinetic studies demonstrated that administration of the P-gp inhibitor cyclosporin A resulted in increased brain levels of

escitalopram without altering plasma escitalopram levels in the rat, thereby showing that P-gp restricts escitalopram transport across the

blood–brain barrier (BBB) in vivo. The tail suspension test (TST) was carried out to elucidate the pharmacodynamic impact of P-gp

inhibition on escitalopram effect in a mouse model of antidepressant activity. Pre-treatment with the P-gp inhibitor verapamil enhanced

the response to escitalopram in the TST. Taken together, these data indicate that P-gp may restrict the BBB transport of escitalopram in

humans, potentially resulting in subtherapeutic brain concentrations in certain patients. Moreover, by verifying that increasing

escitalopram delivery to the brain by P-gp inhibition results in enhanced antidepressant-like activity, we suggest that adjunctive treatment

with a P-gp inhibitor may represent a beneficial approach to augment escitalopram therapy in depression.

Neuropsychopharmacology (2013) 38, 2209–2219; doi:10.1038/npp.2013.120; published online 5 June 2013
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INTRODUCTION

Escitalopram, a selective serotonin reuptake inhibitor
(SSRI), is among the most commonly prescribed and
clinically important antidepressants. However, over 30%
of escitalopram-treated depressed patients fail to respond to
treatment, with a full remission achieved in only 50% of
cases (Kennedy et al, 2006). Recent clinical studies have
found associations between single-nucleotide polymor-
phisms (SNPs) in ABCB1, the gene encoding the multidrug
efflux transporter P-glycoprotein (P-gp) in humans, and
escitalopram response (Lin et al, 2011; Singh et al, 2012).
Given that drug efflux by P-gp at the blood–brain barrier
(BBB) can prevent therapeutic concentrations of centrally-
acting drugs from being achieved in the brain (Loscher and
Potschka, 2005), this genetic association may indicate that
escitalopram efflux by P-gp at the BBB contributes to the
high prevalence of treatment failure (O’Brien et al, 2012b).

Therefore, findings from these clinical pharmacogenetic
studies proffer the intriguing possibility that augmentation
of failed escitalopram treatment with adjunctive P-gp
inhibition therapy may represent a novel approach to
overcome treatment-resistant depression in certain patients.
Furthermore, in light of recent regulatory guidance, which
has recommended the limitation of escitalopram doses used
clinically because of the risk of QT prolongation, especially
in the elderly (Medicines and Healthcare Products
Regulatory Agency, 2011), it would be advantageous if it
were possible to selectively enhance escitalopram delivery to
the brain by P-gp inhibition. This could facilitate escitalo-
pram dose reduction while maintaining therapeutic re-
sponse, thereby helping to minimize problems associated
with peripheral side effects.
However, several questions remain to be answered before

this potential therapeutic strategy becomes realized. For
example, it is unknown if escitalopram is a transported
substrate of human P-gp or if P-gp efflux restricts the trans-
port of escitalopram across the BBB. Moreover, it is
unknown if any putative enhancement of escitalopram
brain levels by P-gp inhibition would result in an
augmentation of its pharmacodynamic activity. Although
several studies have demonstrated that P-gp restricts the
brain distribution of various antidepressants in vivo
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(Uhr et al, 2000, 2003, 2007, 2008; Uhr and Grauer, 2003;
Doran et al, 2005; Ejsing and Linnet, 2005; Clarke et al,
2009; Karlsson et al, 2010; Bundgaard et al, 2012; O’Brien
et al, 2012a), it has not yet been determined if increasing
brain levels of any antidepressant due to P-gp knockout or
P-gp inhibition results in an augmentation of pharmaco-
dynamic effect in an appropriate animal model of anti-
depressant activity.
This study was designed to address these outstanding

questions, using a combination of in vitro and in vivo
approaches to investigate pharmacokinetic and pharmaco-
dynamic interactions between P-gp and escitalopram.
In vitro bidirectional transport studies, using cell lines that
express human P-gp (Figure 1a), represent the gold
standard for the identification of transported substrates of
human P-gp ( O’Brien et al, 2012b). This is particularly
important considering well-established species differences
in P-gp specificity (Yamazaki et al, 2001; Katoh et al, 2006;
Baltes et al, 2007; Syvanen et al, 2009). The integrated
microdialysis approach adopted in pharmacokinetic studies
facilitated the simultaneous and repeated monitoring of
plasma and brain levels of escitalopram before and after
administration of a P-gp inhibitor under steady-state
conditions. This approach gives a unique insight into the
effect of P-gp inhibition on escitalopram transport across
the BBB. Pharmacodynamic studies were carried out to

determine if increasing the delivery of escitalopram to the
brain by inhibition of P-gp would result in enhanced
antidepressant-like activity. To this end, the tail suspension
test (TST), which is among the most commonly used and
well-validated preclinical models for the assessment of
antidepressant activity (Cryan et al, 2005), was conducted.

MATERIALS AND METHODS

Drugs and Chemicals

Acetonitrile, potassium dihydrogen phosphate and ortho-
phosphoric acid were obtained from Fisher Scientific
(Ireland). Heparin sodium solution (Wockhardt UK, UK)
and cyclosporin A (CsA; Sandimmun) were purchased from
Uniphar Group (Ireland). Escitalopram oxalate was pur-
chased from Discovery Fine Chemicals (Dorset, UK).
Verapamil hydrochloride and imipramine hydrochloride
were obtained from Sigma-Aldrich (Ireland), as were all other
chemicals, reagents, and materials, unless otherwise stated.

In Vitro Bidirectional Transport Studies

Transport experiments were conducted in MDCKII-WT and
MDCKII-MDR1 cells, obtained from the Laboratory of
Prof Piet Borst (Netherlands Cancer Institute, Amsterdam,

Figure 1 In vitro bidirectional transport studies. (a) Schematic illustrating the in vitro bidirectional transport assay. MDCKII-MDR1 cells express human
P-glycoprotein (P-gp) in a polarized manner at the apical membrane only, when cultured on a transwell support. When substrates of human P-gp are added
to the apical chamber, their transport across the monolayer of cells is restricted by P-gp efflux, thereby reducing their apical-to-basolateral (A-B)
permeability. When substrates of human P-gp are added to the basolateral chamber, P-gp does not limit their transport across the monolayer as it is not
expressed at the basolateral membrane. Therefore, human P-gp substrates will have greater permeability in the basolateral-to-apical (B-A) direction
than in the A-B direction, and directional efflux is attenuated by coincubation of a P-gp inhibitor. Bidirectional transport studies are also carried out in
MDCKII-WT cells, which do not express human P-gp, to determine the influence of endogenous transporters, including canine P-gp, on drug permeability.
(b) Representative image of western blot demonstrating over 4.5-fold greater expression of P-gp in MDCKII-MDR1 cells than MDCKII-WT cells.
(c and d) Escitalopram accumulation in receiver chamber over time in MDCKII-WT and MDCKII-MDR1 cells. Escitalopram crossed the monolayer to a
greater extent in the B-A direction than A-B direction in both MDCKII-WT (c) and MDCKII-MDR1 (d) cells, indicating net efflux in both cell lines.
However, the magnitude of the efflux effect was substantially greater in MDCKII-MDR1 cells, highlighting a role for human P-gp. (e and f) Escitalopram
accumulation in receiver chamber over time in MDCKII-MDR1 cells with coincubation of the P-gp inhibitors verapamil (e) or cyclosporin A (CsA)
(f). Coincubation with either P-gp inhibitor attenuated the directional efflux of escitalopram, thereby confirming that escitalopram is a transported substrate
of human P-gp (mean±SEM; n¼ 3 in all experiments). WT, wild type.
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The Netherlands), as described in detail in Supplementary
Information. The MDCKII-MDR1 cell line is transfected
with ABCB1 and expresses human P-gp on the apical mem-
brane in a polarized manner when cultured on an appro-
priate transwell support (Pastan et al, 1988). Therefore,
transported substrates of human P-gp will have lower
permeability in the apical-to-basolateral (A-B) direction
than in the basolateral-to-apical direction (B-A) due to the
effect of P-gp efflux at the apical membrane, exhibiting a
(B-A)/(A-B) transport ratio (TR)Z2 (Polli et al, 2001;
Zhang et al, 2006). As the MDCKII-MDR1 cell line also
expresses endogenous canine kidney transporters, the TR in
MDCKII-MDR1 cells can be compared with the TR in wild-
type (WT) MDCKII-WT cells to yield a corrected TR (cTR),
which in theory isolates the effect of human P-gp. A cTR
value of Z1.5 indicates that the test compound is a
transported substrate of human P-gp (Schwab et al, 2003).
However, transfection with ABCB1 may alter the expression
of endogenous transporters (Kuteykin-Teplyakov et al,
2010). Therefore, it is important to repeat transport
experiments with inhibition of P-gp to confirm that P-gp
is responsible for net efflux in MDCKII-MDR1 cells. The
P-gp inhibitors verapamil (200 mM) and CsA (25 mM) were
used in this study as described previously (Tang et al, 2002;
Taub et al, 2005). Expression of P-gp was confirmed by
western blot as described in Supplementary Information.

In Vivo Pharmacokinetic Studies

Animals. Male Sprague–Dawley rats (Harlan Labora-
tories, UK), weighing 250–320 g, were used (total n¼ 10).
Animals were group-housed 4–6 animals per cage and
maintained on a 12 h light/dark cycle (lights on at 0800
hours) with food and water ad libitum. Room temperature
was controlled at 22±1 1C. All procedures were carried out
in accordance with EU directive 89/609/EEC and approved
by the Animal Experimentation and Ethics Committee of
University College Cork.

Microdialysis probe construction and calibration. Micro-
dialysis probes were constructed as described previously
(O’Brien et al, 2012a). In vitro probe recovery values ranged
from 5.64 to 8.28% for escitalopram. Dialysate values were
not corrected to account for in vitro recovery, as the diffusion
properties of compounds in brain tissue are likely different
from in vitro conditions. Rather, dialysate values are
expressed as a percentage of steady-state concentration,
calculated independently for each individual animal.

Surgical procedures. To facilitate intravenous and intra-
arterial drug administration, as well as the collection of
serial blood samples, the jugular vein and carotid artery of
each rat were catheterized using standard surgical techni-
ques, and microdialysis probes were inserted into the
prefrontal cortex (PFC: 2.7mm anterior and 0.7mm lateral
to bregma, lowered 5mm from dura; Paxinos and Watson,
1998), as described previously (O’Brien et al, 2012a). After
surgery, rats were single-housed in cylindrical plexiglass
containers with the probe inlet connected to a fluid swivel
(Instech Laboratories, Plymouth Meeting, PA, USA).
Artificial cerebrospinal fluid (147mM NaCl, 1.7mM CaCl2,

0.9mM MgCl2, and 4mM KCl) was perfused through each
microdialysis probe at a rate of 1.5 ml/min. Rats were
allowed to recover overnight before sampling on the
following day, during the optimal postsurgical period (de
Lange et al, 2000).

Experimental design. Rats were separated into two groups:
escitalopram plus vehicle (EscitþVEH) and escitalopram
plus CsA (EscitþCsA; n¼ 5 per group). To achieve and
maintain steady-state levels of escitalopram (Bundgaard
et al, 2007), a bolus dose of escitalopram (6mg/kg intra-
venously) was administered to all rats at time (t)¼ 0min,
followed by a continuous escitalopram infusion (4mg/kg
per h intravenously). Rats in the EscitþCsA group were
treated with the P-gp inhibitor CsA (25mg/kg intra-arterially)
(O’Brien et al, 2012a) after steady-state escitalopram levels
had been achieved at t¼ 120min. Rats in the EscitþVEH
group received the same volume (2ml/kg) of vehicle (1/12
ethanol : 2/12 Cremophor EL : 9/12 saline) at t¼ 120min.
Microdialysis samples were collected at 20min intervals, and
stored at � 80 1C until analyzed by HPLC. Plasma samples
(B250ml) were collected at seven time points: one before
escitalopram administration (blank) and one at 10, 40, 80,
120, 160, and 220min after escitalopram bolus administra-
tion, and stored at � 80 1C until extraction for HPLC
analysis. At the conclusion of the experiment (t¼ 220min),
rats were euthanized by intra-arterial administration of
sodium pentobarbital. Brains were subsequently removed
and dissected. The right hemisphere was taken for
histological verification of probe placement. The PFC and
hippocampus were taken from the contralateral hemis-
phere to determine escitalopram concentration in brain
tissue at the termination of the experiment. Escitalopram
was extracted from plasma and brain tissue using a liquid–
liquid extraction technique described in Supplementary
Information.

In Vivo Pharmacodynamic Studies

Tail suspension test. The TST, one of the most widely
used assays for assessing antidepressant activity in rodents
(Cryan et al, 2005), was carried out using male C57BL/
6JOlaHsd mice (Harlan Laboratories; 6–8 weeks old; total
n¼ 67), as described previously (O’Connor and Cryan,
2013). This allowed an assessment of the pharmacodynamic
impact of pre-treatment with the P-gp inhibitor verapamil
on escitalopram activity. Briefly, after a 5- to 7-day acclima-
tion period, mice were pre-treated with either the P-gp
inhibitor verapamil (20mg/kg intraperitoneally) or saline
1 h before administration of either escitalopram (0.1 or
1mg/kg intraperitoneally) or saline. At 30min after the
second injection, mice were individually suspended by the
tail from a horizontal bar using adhesive tape. Six-minute
test sessions were recorded by a video camera and
subsequently scored by a trained observer blind to the
treatment groups. The amount of time spent immobile by
the animal was recorded. Brain tissue (PFC and hippocam-
pus) was harvested from each animal 10min after
commencement of the TST and brain escitalopram and
verapamil levels were determined using the extraction
procedure described in the Supplementary Information.
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Locomotor activity. To investigate potential locomotor
effects, which would confound analysis of behavioral data
from the TST, the impact of drug treatment on locomotor
activity was assessed as described previously (O’Connor and
Cryan, 2013). A separate cohort of mice were pre-treated
with either the P-gp inhibitor verapamil (20mg/kg intra-
peritoneally) or saline 1 h before administration of either
escitalopram (0.1mg/kg intraperitoneally) or saline, thereby
resulting in four groups. At 30min after the second
injection, mice were individually placed in activity mon-
itoring units (27� 21 cm2). The activity was then monitored
via beam breaks for 60min.

HPLC Analysis

Samples were analyzed by HPLC using a reversed-phase
Luna 3mm C18(2) 150� 2mm column (Phenomenex). The
HPLC method was adapted from previously described
methods (Frahnert et al, 2003; Unceta et al, 2011). Briefly,
the mobile phase consisted of a mixture of 25mM
potassium dihydrogen phosphate (25mM, pH 7, with 4N
NaOH) and HPLC grade acetonitrile (56 : 44). Compounds
were eluted isocratically over a 15min runtime at a flow rate
of 0.4ml/min after a 20 ml injection. The UV detector was set
to 230 nm and the fluorescent detector was set to 249 nm
excitation and 302 nm emission. Escitalopram, imipramine
(internal standard), and verapamil were identified and
quantified based on their characteristic retention times
and peak heights as determined by standard injections,
which were run at regular intervals during sample analysis.
The limit of quantification (LOQ) for escitalopram was
6.25 ng/ml. The coefficients of variation (% CV) for the
HPLC method were 9.02, 2.04 and 0.34% at 6.25 ng/ml
(LOQ), 20 ng/ml (typical of microdialysis samples) and
1000 ng/ml (typical of extracted plasma or brain samples),
respectively.

Data Analysis and Statistical Procedures

All statistical analyses were carried out using standard
commercial software (SPSS Statistics, version 20.0.0; SPSS,
Chicago, IL). Plasma and dialysate concentration vs time
profiles were analyzed using one-way repeated-measures
ANOVA. Where significant overall group or time effects
were observed, unpaired t-test or LSD post hoc test were
used to elucidate differences between or within the groups,
respectively. Statistical analyses of differences between the
two groups for all other parameters pertaining to in vivo
pharmacokinetic studies were carried out using unpaired

t-test. Results from the TST and locomotor studies
were analyzed statistically by one-way ANOVA with LSD
post hoc. The strength of the association between immobi-
lity in the TST and brain escitalopram concentrations
was evaluated using the Spearman’s rank-order correlation
analysis. The criterion for statistical significance was
pp0.05.

RESULTS

In Vitro Bidirectional Transport Studies

Western blot analysis. Western blot analysis confirmed
that the expression of P-gp in ABCB1-transfected MDCKII-
MDR1 cells was higher than endogenous P-gp expression in
MDCKII-WT cells (Figure 1b).

Human P-gp limited escitalopram transport across
MDCKII-MDR1 cells. The TR compares drug permea-
bility across the cell monolayer in the basolateral-to-apical
(B-A) direction to drug permeability in the apical-
to-basolateral direction (A-B). Drugs that are transported
substrates of human P-gp will have greater permeability
in the B-A than in the A-B direction (ie, TR41) in
MDCKII-MDR1 cells, due to P-gp efflux restricting drug
transport in the A-B direction only (Figure 1a). To
account for the potential impact of endogenous transporters
of MDCK cells, a cTR is determined relative to WT cells.

In MDCKII-WT cells, which are not transfected with
ABCB1 and therefore do not express human P-gp, the
apparent permeability (Papp) of escitalopram was greater in
the B-A than in the A-B direction, with a TR of 2.32
(Figure 1c and Table 1). This indicates that endogenous
MDCK transporters exert a net efflux effect on escitalopram.

In MDCKII-MDR1 cells, which express human P-gp on
the apical membrane only (Figure 1a), the difference bet-
ween B-A and A-B Papp was greater than in MDCKII-WT
cells, as evidenced by the TR of 7.22 and cTR of 3.11
(Figure 1d and Table 1). Therefore, both the TR and cTR
for escitalopram substantially exceeded the recommended
TR and cTR thresholds of 2 and 1.5, respectively, for the
identification of transported substrates of human P-gp
(Polli et al, 2001; Schwab et al, 2003; Zhang et al, 2006).
Moreover, coincubation of the P-gp inhibitor verapamil
(200 mM) reduced the TR in MDCKII-MDR1 cells to 1.51
(Figure 1e and Table 1). Similarly, coincubation of another
P-gp inhibitor, CsA (25 mM), reduced the TR in MDCKII-
MDR1 cells to 3.33 (Figure 1f and Table 1). Taken together,
the data from this series of in vitro bidirectional transport

Table 1 Apparent Permeability (Papp), Transport Ratio (TR), and Corrected Transport Ratio (cTR) Values from In Vitro Bidirectional
Transport Studies

Cell type Treatment (P-gp inhibitor) Papp A-B (�10� 6 cm/s) Papp B-A (� 10� 6 cm/s) TR cTR

MDCKII-WT None 7.75±0.33 18.00±0.51 2.32 N/A

MDCKII-MDR1 None 2.11±0.10 15.23±0.51 7.22a 3.11a

MDCKII-MDR1 Verapamil (200mM) 4.87±0.65 7.36±1.13 1.51 N/A

MDCKII-MDR1 CsA (25 mM) 3.35±0.39 11.12±0.42 3.33 N/A

aExceeds predefined threshold for identification of a transported P-gp substrate (Polli et al, 2001; Schwab et al, 2003; Zhang et al, 2006).
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experiments demonstrate that escitalopram is a transported
substrate of human P-gp.

In Vivo Pharmacokinetic Studies

P-gp inhibition had no effect on plasma escitalopram
pharmacokinetics. Both CsA- and vehicle-treated groups
exhibited similar plasma escitalopram pharmacokinetics,
with no group effect on plasma escitalopram levels over
time (F(1, 8)¼ 0.104, p¼ 0.756; Figure 2a). Steady-state
plasma escitalopram levels were reached within 120min.
However, after administration of either vehicle or CsA
at t¼ 120min, an equivalent 15–20% increase in plasma
escitalopram concentrations, compared to steady-state
levels, was evident in both groups. As there was no
difference between the groups in terms of plasma escitalo-
pram pharmacokinetics, any differences in brain escitalo-
pram concentrations observed between the groups can be
attributed to altered BBB transport.

P-gp inhibition increased escitalopram concentration in
microdialysis samples. Steady-state dialysate levels of
escitalopram were achieved within 120min in all cases.
There was a statistically significant difference between the
groups in terms of dialysate escitalopram profiles (F(1, 8)¼
11.569, p¼ 0.009; Figure 2b). There was also a significant
overall time effect (F(7, 56)¼ 24.763, po0.001), in addition
to a significant group� time interaction (F(1,56)¼ 10.160,
po0.001).

In the EscitþVEH group, administration of vehicle
resulted in an increase in dialysate escitalopram levels
relative to steady state. This increase mirrored the 15–20%
increase evident in plasma levels and reached a maximum
17.08% at t¼ 200 min, thereby indicating that administra-
tion of vehicle had no effect on the transport of escita-
lopram across the BBB. The increase from steady state was
statistically significant from 180min onwards (Figure 2b).

In the EscitþCsA group, treatment with the P-gp
inhibitor CsA resulted in an increase from steady-state

Figure 2 In vivo pharmacokinetic studies. (a) Plasma escitalopram pharmacokinetics. There was no difference in escitalopram plasma pharmacokinetics
between vehicle- and cyclosporin A (CsA)-treated animals. Steady-state plasma escitalopram levels were achieved within 120min in both groups.
Administration of vehicle or the P-glycoprotein (P-gp) inhibitor CsA resulted in an equivalent 15–20% increase in plasma escitalopram levels from steady
state in both groups. (b) Dialysate escitalopram pharmacokinetics. Steady-state dialysate concentrations of escitalopram were also achieved in both groups
within 120min. Administration of vehicle resulted in a significant 17% increase in dialysate escitalopram concentration from steady-state levels, which
mirrored increases observed in the plasma. Administration of the P-gp inhibitor CsA resulted in a 67% increase from steady state, which was significantly
greater than that observed in the vehicle-treated group. (c and d) Brain tissue escitalopram concentrations. Escitalopram concentrations in brain tissue at
termination of in vivo pharmacokinetic studies were significantly greater in CsA-treated animals than vehicle-treated animals in both the prefrontal cortex (c)
and the hippocampus (d) (mean±SEM; n¼ 5 per group for all graphs). *po0.05; **po0.01; ***po0.001 between the groups; #po0.05; ##po0.01;
###po0.001 compared with steady-state levels.
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levels, reaching a maximum increase of 66.94% at t¼ 220
min, with a statistically significant elevation relative to
steady state from t¼ 160min onwards (Figure 2b). More-
over, the increase in the EscitþCsA group was significantly
greater than that observed in the EscitþVEH group from
t¼ 160min onwards (Figure 2b). Taken together, these
in vivo plasma and microdialysis pharmacokinetic data
demonstrate that inhibition of P-gp results in enhanced BBB
transport of escitalopram.

Brain tissue escitalopram concentrations were increased
following P-gp inhibition. At termination of the micro-
dialysis experiment, PFC brain tissue escitalopram con-
centrations were over three times greater in CsA-treated
animals than vehicle-treated controls (t(8)¼ 8.602,
po0.001; Figure 2c). Moreover, the PFC brain tissue :
plasma escitalopram concentration ratio was also elevated
over threefold in CsA-treated animals relative to controls
(t(5.617)¼ 5.617, p¼ 0.004; Table 2), thus demonstrating
that escitalopram transport across the BBB is significantly
increased by P-gp inhibition.

Similarly, hippocampal brain tissue escitalopram concen-
trations were more than 2.5 times greater in CsA-treated
animals than vehicle-treated controls (t(8)¼ 11.047,
po0.001; Figure 2d). In addition, the hippocampal
brain tissue : plasma escitalopram concentration ratio was
elevated more than 2.75-fold in CsA-treated animals relative
to vehicle-treated controls (t(8)¼ 5.458, p¼ 0.001; Table 2).
These findings corroborate the microdialysis results, and
demonstrate that inhibition of P-gp results in enhanced
transport of escitalopram across the BBB.

In Vivo Pharmacodynamic Studies

Verapamil augmented escitalopram response in TST.
The TST is one of the most widely used models for the
assessment of antidepressant activity in mice (Cryan et al,
2005). When subjected to the short-term inescapable stress
of suspension by the tail, mice adopt an immobile posture.
Treatment with antidepressant medications, including
escitalopram (Zomkowski et al, 2010), reduces the time
spent immobile in this paradigm in a dose-responsive
manner (Cryan et al, 2005). In this study, it was found that
pre-treatment with the P-gp inhibitor verapamil augmented
the antidepressant response at both doses of escitalopram

investigated (Figure 3a). There was a significant overall
difference between the groups in immobility in the TST
(F(5, 61)¼ 6.964, po0.001; Figure 3a). Post hoc analysis
revealed that the 23-s reduction in immobility, compared
to control animals, observed in mice treated with the
lower dose of escitalopram (0.1mg/kg) without verapamil
pre-treatment was not statistically significant (p¼ 0.168).
Pre-treatment with verapamil augmented the response
to this lower dose of escitalopram by over 60%, resulting
in a statistically significant 38- s reduction in immobility
vs controls (p¼ 0.01). Moreover, while treatment with
the higher dose of escitalopram (1mg/kg) led to a
significant reduction in immobility with or without pre-
treatment with verapamil (p¼ 0.001 and o0.001 respec-
tively), the magnitude of the reduction was augmented by
almost 40% following pre-treatment with verapamil
(Figure 3a). These results demonstrate that inhibition of
P-gp augments the antidepressant-like effect of escitalo-
pram in the TST.

Effects of escitalopram and verapamil in the TST were not
a function of increased locomotor activity. Treatments
that lead to increased locomotor activity could cause a
reduction in immobility in the TST unrelated to antide-
pressant-like activity. To investigate this potential con-
founding factor, the effects of the present drug treatments
on locomotor activity were assessed. There was a significant
difference in locomotor activity between the groups
(F(3, 23)¼ 4.605, p¼ 0.012; Figure 3b). Post hoc analysis
revealed that mice in receipt of pre-treatment with
verapamil exhibited decreased locomotion relative to
saline-treated controls, whether subsequently treated with
saline (p¼ 0.016) or escitalopram (p¼ 0.002). Administra-
tion of escitalopram without verapamil pre-treatment had
no effect on locomotor activity (p¼ 0.252). As locomotor
activity was not increased by treatment with verapamil
and/or escitalopram, the decreases in immobility observed
in the TST can be attributed to the antidepressant-like
activity of escitalopram, as opposed to being an artifact of
increased locomotion.

Brain tissue concentrations of escitalopram were
increased following verapamil pre-treatment. Brain tis-
sue escitalopram concentrations were significantly greater
in mice pre-treated with the P-gp inhibitor verapamil than

Table 2 Escitalopram Concentrations in Plasma and Brain Tissue, and Brain Tissue : Plasma Escitalopram Concentration Ratios at
Termination of In Vivo Pharmacokinetic Studies

Group Plasma (ng/ml) Prefrontal cortex Hippocampus

(ng/g) B:Pa ratio (ng/g) B:Pa ratio

EscitþVEH 709±26 7074±438 10.09±0.87 7999±638 11.43±1.19

EscitþCsA 678±76 21 827±1658 33.59±4.09 20 432±927 31.48±3.48

p-Value 0.709 o0.001*** 0.004** o0.001*** 0.001**

n¼ 5 per group.
**po0.01.
***po0.001.
aBrain region : plasma ratio.
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control mice at both doses of escitalopram treatment
(Figure 3c). Pre-treatment with verapamil resulted in a
42-fold increase in brain escitalopram levels in mice
treated with 0.1mg/kg of escitalopram (t(17)¼ � 3.010,
p¼ 0.008) and a 41.75-fold increase in brain escitalopram
levels in mice treated with 1mg/kg of escitalopram
(t(10)¼ � 6.516, po0.001). Verapamil concentration in
brain tissue was consistent across the three verapamil-
treated groups (1163±53 ng/ml). These results confirm that
administration of verapamil as a P-gp inhibitor resulted
in increased brain levels of escitalopram in the mice during
the TST.

Correlation between brain escitalopram concentration
and immobility in the TST. There was a moderately
strong and statistically significant negative correlation
between escitalopram concentration in brain tissue and
immobility in the TST (rs¼ � 0.594, n¼ 56, po0.001;
Figure 3d). This indicates that the decreased immo-
bility observed in escitalopram-treated mice in receipt of

verapamil pre-treatment was related to the increased
delivery of escitalopram to the brains of these animals.

DISCUSSION

These findings clearly demonstrate that P-gp modulates the
pharmacokinetics and pharmacodynamics of the widely
prescribed antidepressant escitalopram. In showing that
escitalopram is a transported substrate of human P-gp, and
that pharmacological inhibition of P-gp results in enhanced
escitalopram transport across the BBB in vivo, we open up
the concept that P-gp inhibition may be a viable and
potentially safe strategy to augment the effects of escitalo-
pram. Moreover, we bolster this hypothesis by showing a
pharmacodynamic consequence of elevated brain levels of
escitalopram by P-gp inhibition in a relevant animal model
of antidepressant activity. These novel findings are espe-
cially important in light of recent clinical studies, which
have found associations between SNPs in ABCB1 and
response to escitalopram treatment (Lin et al, 2011) and the

Figure 3 In vivo pharmacodynamic studies. (a) Tail suspension test. Treatment with escitalopram reduced the time spent immobile in the tail suspension
test (TST) in a dose-dependent manner. Treatment with verapamil without escitalopram had no impact on immobility. However, pre-treatment with
verapamil augmented the antidepressant-like effect of escitalopram in the TST, further reducing the time spent immobile at both doses of escitalopram
(mean±SEM; n¼ 8–17 per group). (b) Locomotor activity. Treatment with verapamil, escitalopram, or both did not increase locomotor activity, indicating
that the reductions in immobility observed in the TST were due to antidepressant-like effects. In fact, treatment with verapamil reduced locomotor activity,
with or without escitalopram treatment (mean±SEM; n¼ 6–7 per group). (c) Brain tissue escitalopram concentrations. Pre-treatment with the P-gp
inhibitor verapamil before administration of escitalopram significantly increased brain concentrations of escitalopram in mice used in the TST at both doses of
escitalopram treatment (mean±SEM; n¼ 6–12 per group). (d) Correlation between brain escitalopram concentration and immobility in the TST. There was
a moderately strong negative correlation between escitalopram concentration in brain tissue and immobility in the TST (rs¼ � 0.594, n¼ 56, po0.001).
*po0.05; **po0.01; ***po0.001 relative to saline–saline control group (or between two groups, where indicated in (c)).
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dose of escitalopram required to achieve remission in major
depression (Singh et al, 2012). Although there is generally
no clear correlation between antidepressant plasma levels
and therapeutic efficacy (Perry et al, 1987; Spina et al, 1997;
Normann et al, 2004), it has been proposed that inter-
individual variability in BBB transport, due to genetic
differences in P-gp functionality, may lead to clinically
relevant differences in the brain distribution of certain
antidepressants (Kato et al, 2008). These results, in
conjunction with previously reported pharmacogenetic
associations between ABCB1 genotype and treatment
response (Lin et al, 2011; Singh et al, 2012), support this
hypothesis in relation to escitalopram, indicating that P-gp
may prevent therapeutic brain concentrations from being
achieved in certain patients with elevated P-gp activity due
to functional SNPs in ABCB1.
To our knowledge, the behavioral studies included in this

work demonstrate for the first time that the pharmacody-
namic activity of an antidepressant can be augmented by
inhibition of P-gp. In addition, analysis of the correlation
between time spent immobile in the TST and brain
escitalopram concentrations indicated that the reduction
in immobility observed following P-gp inhibition was
related to the enhanced delivery of escitalopram to the
brain. These novel findings are especially exciting as they
indicate that this approach to increase escitalopram
concentrations in the brain may prove to be therapeutically
beneficial in patients. In previous preclinical studies,
escitalopram has been shown to reduce immobility in the
TST in a dose-responsive manner up to a maximal response
at 1mg/kg (Zomkowski et al, 2010). At higher doses of
escitalopram, the time spent immobile increased, likely due
to peripheral side effects, resulting in a U-shaped dose–
response curve (Zomkowski et al, 2010). In this study, it was
found that pre-treatment with the P-gp inhibitor verapamil
augmented the antidepressant response at both doses of
escitalopram investigated, including an enhanced response to
a 1mg/kg dose (Figure 3a). This highlights that the P-gp
inhibition strategy may facilitate augmentation of the central
effects of escitalopram while avoiding peripheral side effects
associated with higher doses of escitalopram. However, it
should be noted that this approach could potentially
result in increased risk of unwanted central side effects.
This risk could be offset by selectively using the P-gp
inhibition augmentation strategy in patients shown to have
enhanced P-gp functionality or in conjunction with low-dose
escitalopram, thereby serving to normalize brain levels of
escitalopram rather than resulting in toxic brain concentra-
tions.
Our finding that administration of a P-gp inhibitor

increased brain concentrations of escitalopram without
altering plasma levels demonstrates that inhibition of P-gp
enhances escitalopram transport across the BBB. Impor-
tantly, the intracerebral microdialysis technique employed
to monitor brain levels of escitalopram measures only
unbound drug levels in brain extracellular fluid (de Lange
et al, 2000). Given that drugs are active in the unbound
form and that escitalopram acts within the brain by
inhibiting the serotonin reuptake transporter in the
extracellular synaptic cleft, these findings are of particular
pharmacological relevance. Furthermore, the steady-state
approach adopted in this study enabled the confirmation

of microdialysis findings by determining brain tissue
concentrations from the same animals at termination of
the experiment, when differences between the groups were
maximal. To our knowledge, there are no data available in
relation to brain levels of escitalopram in humans in clinical
practice. Therefore, it is not possible to discuss the brain
concentrations observed in these studies in the context of
those encountered clinically. Future imaging or post-
mortem studies may offer further information in this
regard. Nonetheless, our finding that brain tissue levels of
escitalopram were increased three fold by P-gp inhibition
compares favorably with recently reported results from
studies using P-gp knockout mice, which were published
online as this paper was being finalized (Karlsson et al,
2013). Given that it has proven difficult to reproduce effects
observed in P-gp knockout mice by P-gp inhibition in the
past (Ejsing and Linnet, 2005), it remained vital to
demonstrate that P-gp inhibition would result in similarly
increased brain levels of escitalopram before proposing that
coadministration of a P-gp inhibitor may represent a
promising approach to enhance escitalopram delivery to
the brain. Considering that patients are treated chronically
with antidepressants in clinical practice, future studies are
required to investigate if escitalopram concentrations in the
brain can be enhanced and maintained by repeated P-gp
inhibition.
Well-documented interspecies differences in P-gp sub-

strate specificity (Yamazaki et al, 2001; Katoh et al, 2006;
Baltes et al, 2007; Syvanen et al, 2009) mean that findings in
relation to P-gp transport obtained from animal models
cannot be readily extrapolated to humans. Therefore,
appropriate in vitro bidirectional transport studies invol-
ving human P-gp are necessary to enable evaluation of the
clinical relevance of results from rodent studies. Indeed, this
is a very pertinent point in light of our recent findings that
the antidepressants amitriptyline and fluoxetine, both of
which have been identified as P-gp substrates in mice (Uhr
et al, 2000; Doran et al, 2005), are not transported substrates
of human P-gp (O’Brien et al, 2013). Therefore, the present
study’s finding that escitalopram is a transported substrate
of human P-gp indicates that results from our in vivo
studies may translate to humans.
Although these studies have exclusively involved escita-

lopram, it is possible that our findings may extend to
certain other antidepressant drugs, as there is a growing
body of evidence to suggest that efflux by P-gp may
influence treatment response to several antidepressants
(reviewed in O’Brien et al, 2012b). There is limited
information available in relation to antidepressant transport
by human P-gp per se. However, in common with escitalo-
pram, pharmacogenetic studies have revealed an association
between SNPs in ABCB1 and response to other antidepres-
sants (Gex-Fabry et al, 2008; Kato et al, 2008; Nikisch et al,
2008; Uhr et al, 2008; Sarginson et al, 2010). These
antidepressants, including citalopram and paroxetine, are
thought to be P-gp substrates based on results from studies
in P-gp knockout mice (Uhr and Grauer, 2003; Uhr et al,
2003, 2008; Doran et al, 2005). However, it has been
reported that similar pharmacogenetic associations do not
exist for other antidepressants, including amitriptyline,
duloxetine, fluoxetine, and mirtazapine (Roberts et al, 2002;
Laika et al, 2006; Uhr et al, 2008; Perlis et al, 2010).
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Emerging data from our lab, indicating that these four
antidepressants are not transported substrates of human
P-gp, despite aforementioned preclinical findings in
relation to amitriptyline and fluoxetine (Uhr et al, 2000;
Doran et al, 2005), may offer an explanation for these
observations (O’Brien et al, 2013). Further studies are now
warranted to determine if the present study’s findings
in relation to escitalopram generalize to other anti-
depressants.
It should be noted that transporters other than P-gp, such

as breast cancer resistance protein (BCRP) and the multi-
drug resistance-associated proteins (MRPs), also have an
important role at the BBB. Given the significant overlap
in substrate specificity between P-gp, BCRP and the
MRPs (Sharom, 2008), it is possible that these alterna-
tive transporters may also influence the distribution of
escitalopram across the BBB. Indeed, racemic citalopram
has been reported to be an MRP1 substrate, while the same
study found an association between polymorphisms in the
MRP1 gene and citalopram response (Lee et al, 2010).
Nonetheless, the range of approaches adopted in these
studies, not least the in vitro study involving MDCKII-
MDR1 cells transfected with human P-gp, highlight an
important role for P-gp in escitalopram pharmacokinetics
and pharmacodynamics independent of any potential
involvement of other transporters.
In summary, these studies indicate that P-gp may restrict

the BBB transport of escitalopram in humans, potentially
resulting in subtherapeutic brain concentrations in certain
patients, particularly those with elevated P-gp functionality
because of SNPs in ABCB1. Moreover, the novel finding that
increasing escitalopram delivery to the brain by P-gp
inhibition results in enhanced antidepressant-like activity
indicates that adjunctive treatment with a P-gp inhibitor
may represent a beneficial approach to augment escitalo-
pram therapy in depression in such patients. This approach
could potentially have the added benefit of reducing the
administered dose required to achieve escitalopram re-
sponse, which is particularly desirable following recent
guidance recommending the limitation of escitalopram
doses used clinically because of the risk of QT prolongation
(Medicines and Healthcare products Regulatory Agency,
2011). The P-gp inhibitors verapamil and CsA, used as tool
compounds in the present proof-of-concept study, have the
advantage of being clinically available for non-CNS
indications. However, it is unlikely that these drugs would
be appropriate for clinical use as P-gp inhibitors because
of their lack of specificity and potency, thereby requiring
high doses to adequately inhibit P-gp. Verapamil is
primarily used as a calcium channel blocker, whereas
CsA is an immunosuppressant agent, which also mod-
ulates other drug transporters (Qadir et al, 2005). The use
of more selective second- or third-generation P-gp
inhibitors may represent a more acceptable alternative
for potential clinical use. Additional studies, both pre-
clinical and clinical, are now warranted to further evaluate
the safety and efficacy of this strategy to augment
treatment response to escitalopram.
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