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Recent studies indicate that efflux of antidepressants by the multidrug resistance transporter P-glycoprotein (P-gp) at the
blood-brain barrier (BBB) may contribute to treatment-resistant depression (TRD) by limiting intracerebral antidepressant
concentrations. In addition, clinical experience shows that adjunctive treatment with the P-gp inhibitor verapamil may
improve the clinical outcome in TRD. Therefore, the present study aimed to investigate the effect of P-gp inhibition on the
transport of the tricyclic antidepressant imipramine and its active metabolite desipramine across the BBB.

EXPERIMENTAL APPROACH

Intracerebral microdialysis in rats was used to monitor brain levels of imipramine and desipramine following i.v. imipramine
administration, with or without pretreatment with one of the P-gp inhibitors verapamil or cyclosporin A (CsA). Plasma drug

levels were also determined at regular intervals.

KEY RESULTS

Pretreatment with either verapamil or CsA resulted in significant increases in imipramine concentrations in the microdialysis
samples, without altering imipramine plasma pharmacokinetics. Furthermore, pretreatment with verapamil, but not CsA, led

to a significant elevation in plasma and brain levels of desipramine.

CONCLUSIONS AND IMPLICATIONS

The present study demonstrated that P-gp inhibition enhanced the intracerebral concentration of imipramine , thus
supporting the hypothesis that P-gp activity restricts brain levels of certain antidepressants, including imipramine. These
findings may help to explain reports of a beneficial response to adjunctive therapy with verapamil in TRD.

Abbreviations

AUC, area under the concentration-time curve; BBB, blood-brain barrier; C, initial concentration following bolus
intravenous administration; Cl, drug clearance from plasma; CsA, cyclosporin A; ECF, extracellular fluid; HPLC-ECD,
high performance liquid chromatography with electrochemical detection; ke, elimination rate constant; PFC, prefrontal
cortex; P-gp, P-glycoprotein; PK, pharmacokinetic; SNP, single nucleotide polymorphism; t,/,, half-life of drug in plasma;

TRD, treatment-resistant depression; Vg4, volume of distribution
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Introduction

Recent preclinical studies indicate that several antidepressant
drugs may be substrates of the multidrug resistance trans-
porter P-glycoprotein (P-gp) at the blood-brain barrier (BBB)
(O’Brien et al., 2012; transporter nomenclature follows Alex-
ander etal., 2011). P-gp, encoded by the ABCBI gene in
humans, is expressed at many sites within the body, includ-
ing the luminal membrane of the brain capillary endothelial
cells which form the BBB (Cordoncardo et al., 1989). Drug
efflux by P-gp at the BBB represents a major obstacle in the
delivery of pharmacological compounds which are P-gp sub-
strates to the brain, and has been linked to treatment failure
in various brain disorders such as epilepsy and brain cancer
(Siddiqui et al., 2003; Pauwels et al., 2007).

Several functional single nucleotide polymorphisms
(SNPs) in the ABCB1 gene have been identified which affect
P-gp expression and/or function (Cascorbi, 2006). These
functional SNPs may therefore affect the ability of P-gp sub-
strate drugs to reach effective concentrations in the brain.
Emerging clinical evidence indicates that the response rate to
treatment with antidepressants, particularly those which
have been shown to be P-gp substrates at the BBB in vivo, may
be associated with ABCB1 genotype (Uhr et al., 2008; Sargin-
son etal., 2010; Lin etal., 2011). This suggests that P-gp-
mediated efflux may contribute to the high prevalence of
treatment-resistant depression (TRD) by limiting antidepres-
sant concentrations at their intracerebral site of action
(O'Brien et al., 2012). In addition, preliminary clinical studies
have suggested that co-administration of the P-gp inhibitor
verapamil may be beneficial in TRD (Clarke et al., 2009).
However, despite numerous in vivo studies demonstrating
enhanced brain levels of several antidepressants in P-gp
knockout mice, compared with wild-type controls, the rela-
tive contribution of P-gp-mediated efflux and passive perme-
ability on the transport of these antidepressant drugs across
the BBB has yet to be definitively determined, and the sig-
nificance of putative P-gp efflux to the BBB transport of anti-
depressants remains contentious (O’Brien et al., 2012). Not all
antidepressants are P-gp substrates, however. Mirtazapine is
one such example (Uhr et al., 2003; 2008), and interestingly
clinical response to mirtazapine is not associated with ABCB1
genotype (Uhr et al., 2008). Furthermore, the complexity of
the relationship between antidepressants and P-gp should be
noted, as well as the difficulties in extrapolating results from
one experimental context to another (O’Brien et al., 2012).
This point is illustrated by work from the Pariante group,
where in vitro studies led to the proposal that activity of P-gp
at the BBB may itself be a target of antidepressant action
(Pariante et al., 2003; 2004), whereas recent in vivo results
appear to contradict this hypothesis (Mason et al., 2011).

While several studies have investigated the distribution of
antidepressants to the brain in P-gp knockout mice relative to
wild-type controls, there is a paucity of research investigating
the effect of pharmacological P-gp inhibition on the ability of
antidepressants to penetrate the BBB, with only three such
studies published to date to our knowledge (Ejsing and
Linnet, 2005; Ejsing et al., 2006; Clarke et al., 2009). We have
previously shown that pretreatment with verapamil leads to
enhanced brain-to-serum ratios of the tricyclic antidepressant
imipramine and its active metabolite, desipramine, in certain
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brain regions (Clarke et al., 2009). However, in vitro transport
studies using different P-gp expressing cell lines have yielded
conflicting findings regarding the P-gp substrate status of
imipramine (Mahar Doan et al., 2002; Faassen et al., 2003).
Therefore, it remains unclear whether P-gp limits the ability
of imipramine to penetrate the BBB. These earlier studies in
normal animals have only investigated brain-to-serum ratios
at a single (terminal) time after administration of the antide-
pressant and therefore have not elucidated the time-
dependent effect of P-gp inhibition on the distribution of
these antidepressants into the brain.

The present study utilized an integrated intracerebral
microdialysis technique to investigate the effect of pretreat-
ment with one of two distinct P-gp inhibitors, verapamil or
cyclosporin A (CsA), on free imipramine and desipramine
concentrations in brain extracellular fluid (ECF) over time in
wild-type Sprague Dawley rats. Intracerebral microdialysis
represents a useful investigational tool which can be used to
assess drug permeability across the BBB as a function of time,
particularly when applied to the study of drug transporters in
the CNS (Sawchuk and Elmquist, 2000).

Methods

Animals

All animal care and experimental procedures were in accor-
dance with EU directive 89/609/EEC and approved by the
Animal Experimentation & Ethics Committee of University
College Cork. Male Sprague Dawley rats (Harlan Laboratories,
UK), weighing 255-290 g, were used in this study (total n =
18). Animals were group housed, with 4-6 animals per cage
and maintained on a 12 h light/dark cycle (lights on at
0800 h) with food and water ad libitum. Room temperature
was controlled at 22 = 1°C.

Surgical procedures

Animals were anaesthetized before surgery with a ketamine/
xylazine mixture (90/10 mg-kg™ i.p.), with maintenance of
anaesthesia achieved by repeating 20-25% of the induction
dose at 30-40 min intervals, as required. Analgesia was pro-
vided by preoperative administration of carprofen (3 mg-kg™’
s.c.). Throughout surgical procedures, the body temperature
of each rat was maintained using a heating pad.

Catheterization surgery

Two indwelling catheters were surgically implanted in each
rat using standard surgical techniques: one in the carotid
artery for collection of serial blood samples and one in the
external right jugular vein to facilitate i.v. drug administration
(Thrivikraman et al., 2002; Huang et al., 2006; Heiser, 2007).
All catheters were pyrogen-free polyethylene tubing (Instech
Laboratories, Plymouth Meeting, PA, USA). The arterial and
venous catheters consisted of BPE-T25 tubing (0.018”ID x
0.036”0OD) and BPE-TS0 tubing (0.023”ID x 0.038”0OD) respec-
tively. The catheters were subcutaneously tunnelled to the
back of the neck of the rat, where they were exteriorized and
connected to three-way Discofix® stopcocks (B. Braun, Mel-
sungen, Germany). To prevent clotting, the catheters were
filled with a heparinized saline solution (20 IU-mL™).
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Table 1

Summary of key pharmacokinetic (PK) parameters and probe recovery values

IMI only IMI + VERAP IMI + CsA Overall
Mean = SEM Mean = SEM Mean = SEM P value
Plasma AUC (ng-mL™"-min) Imipramine 101 635 = 18 370 88 002 = 7876 81 041 = 7350 0.500
Desipramine 11 137 = 2393 46 050 = 4984*** 7990 = 1527 <0.007***
Imipramine plasma PK parameters ke (min~' x 107%) 9.5 + 1.1 7.9 £ 0.6 8.8 = 0.7 0.426
t1/2 (min) 79.8 =123 90.2 = 7.0 81.5 £ 6.0 0.681
Cl (mL-min™") 15.43 = 2.13 16.05 = 1.55 17.69 = 2.21 0.713
In vitro probe recovery (%) Imipramine 8.23 + 0.80 8.91 + 0.48 8.92 = 0.66 0.703
Desipramine 8.62 = 0.98 9.56 = 0.68 9.18 = 0.57 0.701
Dialysate AUC (ng-mL™'-min) Imipramine 1322 = 98 1802 + 144* 2108 = 169** 0.004**
Desipramine n/a’ 158.4 = 14 n/a’ n/a
Ratio of imipramine dialysate AUC: plasma AUC 0.0149 = 0.0024 0.0215 = 0.0028 0.0274 + 0.0038* 0.035*
*P = 0.05; **P < 0.01; ***P < 0.001 (relative to IMI only group).
"Below limit of quantification.
n/a, not available.
Microdia lysi s surgery place across the membrane, was limited to 3 mm in length by
Immediately after completion of catheterization surgery, coating regions outside this range with epoxy adhesive. To
while still anaesthetized, rats were placed in a stereotaxic determine the in vitro probe recovery rate, each probe was
frame (Model 900 Small Animal Stereotaxic Instrument, David immersed in a well of aCSF containing a known concentration
Kopf Instruments, Bilaney Consultants, St Julians, Sevenoaks, (100 ng:-mL™) of imipramine and desipramine. The recovered
UK) with the skull flat. A small burr hole was made in the skull, concentration of imipramine and desipramine in the perfu-
centred 2.7 mm anterior and 0.7 mm lateral to bregma. The sate was expressed as a percentage of the known concentra-
microdialysis probe was slowly lowered 5 mm from dura into tion in the well. Probes used in the in vivo studies had in vitro
the prefrontal cortex (PFC) (Paxinos and Watson, 1998) and recovery rates between 6.8 and 12.2% for imipramine and
secured with skull screws and dental acrylic. The inlet of the between 7.0 and 13.5% for desipramine. As imipramine is
probe was connected to a fluid swivel (Instech Laboratories) known to bind to plastic tubing (Friedl and Propping, 1984),
and the rats were single-housed in cylindrical plexiglass con- it was not possible to calibrate the probes in vivo using stan-
tainers (Instech Laboratories) filled with bedding and food dard techniques such as the no-net-flux or retrodialysis
pellets. The venous and arterial catheters were secured to the methods, due to imipramine binding to inlet (polyethylene)
swivel in the cage to prevent the rats from interfering with tubing in the probes (O’Brien et al., unpubl. obs.). As the
them, while at the same time enabling free movement. Artifi- diffusion properties of compounds in brain tissue are likely to
cial CSF (aCSF; 147 mM NaCl, 1.7 mM CaCl,, 0.9 mM MgCl, be different from in vitro conditions, dialysate values were not
and 4 mM KCl) was continuously perfused through each corrected to account for the in vitro recovery rate of the probe.
microdialysis probe at a rate of 1.5 uL-min~' by a microlitre However, it was possible to directly compare the uncorrected
‘Pico Plus’ syringe pump (Harvard Apparatus, Fircroft Way, dialysate concentrations between the groups as there was no
Edenbridge, Kent, UK) and the rats were allowed to recover statistical difference between in vitro probe recovery rates
overnight before sampling on the following day during the across the groups (Table 1), thus ensuring comparisons were
optimal post-surgical period (de Lange et al., 2000). valid as previously reported (Sato et al., 1994; Evrard et al.,

1998; Page and Lucki, 2002; Page et al., 2010).

Dialysis probe construction and calibration

Vertical concentric microdialysis probes were constructed as Experimental design

described elsewhere (Page and Lucki, 2002). Briefly, a piece of Rats were divided into three groups: imipramine only (IMI
fused silica (ID 75 = 3 um, OD 150 = 6 um; CM Scientific Ltd, only), imipramine plus verapamil (IMI + VERAP) and imi-
UK) was inserted through PE10 tubing (Instech Laboratories). pramine plus CsA (IMI + CsA; n = 6 per group) (Figure 1).
A Spectra/Por® Micro-dialysis Hollow Fiber regenerated cellu- Imipramine (5 mg-kg™ i.v.) was administered to all rats via
lose semi-permeable membrane with a 13 kD molecular the jugular vein catheter, with or without pretreatment with
weight cut-off (Spectrum Europe BV, Breda, the Netherlands) either verapamil or CsA, both of which are P-gp inhibitors.
was placed over the fused silica and into the PE10 tubing, and Rats in the IMI + VERAP group were pretreated with vera-
fixed in place using epoxy adhesive. The open end of the pamil (20 mg-kg™ i.p.) 90 min before imipramine administra-
semi-permeable membrane was sealed with a 0.5 mm epoxy tion. Rats in the IMI + CsA group were pretreated with CsA
plug, and the active area of the fibre, where diffusion takes (25 mg-kg™' i.v.) 30 min before imipramine administration.
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Surgeries:
Dual catheterization and stereotaxic
microdialysis probe implantation

L IMI+VERAP
(VERAP 30 mg kg™ i.p. at t = =90 min; n = 6)
Recovery period IMI+CSA
(16—24 h) (CsA 25 mg kg™' i.v. at t==30 min; n = 6)

Figure 1

HPLC-ECD
analysis

=>

IMI administration Verification of probe

placement
1 1

Plasma and microdialysis sambling
(240 min)

Experimental design. Diagram illustrating experimental design and timelines (refer to Methods section for full details).

The doses, routes of administration and timing of P-gp inhibi-
tor administration used were based on earlier studies of P-gp
inhibition (Tsai et al., 2002; Bart et al., 2003; Syvanen et al.,
2006; Liow etal., 2007; Clarke etal., 2009). Microdialysis
samples (dialysates) from the PFC were collected at 20 min
intervals for 1 h before (blanks) and for 4 h after imipramine
administration. Dialysates were stored at —80°C until analy-
sed by HPLC. Blood samples were taken at eight time-points,
one before imipramine administration (blank) and then at 5,
15, 30, 60, 120, 180 and 240 min after imipramine adminis-
tration. Blood samples (~250 pL) were immediately centri-
fuged at 1845x g for 5 min, plasma taken and stored at —80°C
until extraction for analysis by HPLC with electrochemical
detection. At the conclusion of the experiment, rats were
deeply anaesthetized using i.v. ketamine/xylazine mixture,
and bromophenol blue dye was then infused through the
probe to mark its location. The rats were subsequently decapi-
tated while under anaesthesia, and the brains removed for
histological verification of probe placement. Data were dis-
carded if the probe placement was outside of the PFC.

Plasma extraction

Imipramine and its active metabolite desipramine were
extracted from plasma using the liquid-liquid extraction
technique described previously (Clarke efal., 2009), with
some modifications. Briefly, 2 uL of the internal standard,
trimipramine, was added to 98 uL of plasma, to yield a
final concentration of 20 ng-mL™ trimipramine. To this
trimipramine-containing plasma, 1 mL of sodium hydroxide
(2 M) and 3 mL of water were added. Extraction was carried
out in 7.5 mL of 1.5% isoamyl alcohol in n-heptane by vor-
texing for 30 s, followed by agitation on a mechanical shaker
for 15 min and then centrifugation at 3997x ¢ for 15 min at
20°C. The upper solvent layer was transferred to a tube con-
taining 200 uL of 25 mM orthophosphoric acid, vortexed for
30 s, then agitated on a mechanical shaker for 15 min fol-
lowed by centrifugation at 3997x g for 15 min at room tem-
perature. Twenty microlitres of the lower aqueous phase was
injected onto the HPLC system for analysis.

HPLC equipment

The HPLC with electrochemical detection (HPLC-ECD)
system consisted of a Shimadzu LC-20AD XR Prominence
Pump, CBM-20A communication bus module, SIL-20AC XR
Prominence Autosampler, CTO-20A Prominence Column
oven (all supplied by Mason Technology, Cork, Ireland).
System components were used in conjunction with Shi-
madzu LC solutions software (Mason Technology). The detec-
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tor used was ESA Coulochem III with the 5041 Amperometric
Cell (supplied by ESA Analytical, Ltd., Aylesbury, Bucks,
England). All samples were injected onto a reversed phase
Luna 3 um C18(2) 150 x 2 mm column (Phenomenex UK
Ltd., Macclesfield, UK), which was protected by Krudkatcher
Ultra in-line filters (Phenomenex).

HPLC conditions

The HPLC-ECD method was adapted from previously
described methods (Sato et al., 1994; Frahnert et al., 2003).
Briefly, the mobile phase which was used on the HPLC system
consisted of a mixture of potassium dihydrogen phosphate
(25 mM, pH 7 with 4N NaOH) and HPLC grade acetonitrile
(56:44). EDTA (17 mg-L™") was added to this mixture and the
mobile phase was filtered through Millipore 0.22 pm Durapore
filters (Millipore, Ireland) and vacuum degassed prior to use.
Compounds were eluted isocratically over a 30 min run-time
at a flow rate of 0.4 mL-min™ after a 20 uL injection. The
column was maintained at a temperature of 30°C and samples/
standards were kept at 8°C in the cooled autoinjector before
analysis. The glassy carbon working electrode combined with
a platinum reference electrode (ESA Analytical, Ltd.) was oper-
ated at a potential of 600 mV and a range of 50 nA.

Analyte identification and quantification
Imipramine, desipramine, verapamil and trimipramine (inter-
nal standard) were identified by their characteristic retention
times as determined by standard injections which were run at
regular intervals during sample analysis. For the extracted
plasma samples, analyte : internal standard peak height ratios
were measured and compared with standard injections, and
results were expressed as ng analyte per mL of plasma. As no
extraction procedure was necessary for microdialysis samples,
analyte peak heights from undiluted samples were compared
directly with standard injections and expressed as ng analyte
per mL of dialysate. The limit of detection (S/N ratio of 2) was
0.22 ng'-mL™" and 0.28 ng-mL™" for desipramine and imi-
pramine, respectively, while the limit of quantification (S/N
ratio of 5) was 0.56 ng-mL™ for desipramine and 0.71 ng-mL™
for imipramine. The coefficient of variation (% CV) for the
HPLC method was 2% for desipramine and 3% for imi-
pramine (n = 8). The accuracy of the technique was deter-
mined by carrying out the extraction procedure on plasma
samples containing known concentrations of imipramine and
desipramine followed by HPLC analysis. The mean (+SEM)
concentration determined for extracted desipramine and
impramine samples were 96 + 1% and 102 * 1% of the known
concentration, respectively (n = 4).
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Data analysis and statistical procedures
Pharmacokinetic parameters were calculated from the
observed data by non-compartmental analysis. The area
under the concentration-time curve (AUC) for imipramine
and desipramine in plasma and dialysate samples was calcu-
lated using the linear trapezoidal method from the first to the
last measured plasma concentration in all cases. The elimina-
tion rate constant (k) for imipramine in plasma was calcu-
lated by log-linear regression of the last four plasma
concentration time-points. The apparent terminal elimina-
tion half-life (t;,;) of imipramine in plasma was obtained from
the kq. Imipramine clearance from plasma (Cl) after i.v. bolus
dose administration was calculated by dividing the i.v. dose
by the AUC. All statistical analyses were carried out using
standard commercial software (PASW Statistics, version
17.0.2; SPSS, Inc., Chicago, IL, USA). Plasma and dialysate
concentration versus time profiles was compared using one-
way repeated measures ANOVA. Statistical analyses of all other
parameters were carried out using one-way ANOVA. Where a
significant overall group effect was observed, the two-sided
Dunnett’s post hoc test was used to elucidate differences
between the IMI only group and the other two groups. All
data are reported as mean = SEM. The criterion for statistical
significance was P = 0.05.

Materials

High performance liquid chromatography (HPLC) grade
acetonitrile, potassium dihydrogen phosphate and ortho-
phosphoric acid were obtained from Fisher Scientific
(Ireland). Heparin sodium solution (Wockhardt UK Ltd,
Wrexham, UK) and CsA (Sandoz Pharmaceuticals, Surrey, UK)
were purchased from Uniphar Group (Cork, Ireland). Imi-
pramine, desipramine, trimipramine and verapamil were
obtained from Sigma-Aldrich (Wicklow, Ireland) as were all
other chemicals unless otherwise stated.

Results

Plasma imipramine and desipramine
pharmacokinetics

There was no significant difference between the groups in
terms of imipramine levels in plasma over time [F(2, 15) =
0.696, P> 0.05; Figure 2A]. Furthermore, there was no signifi-
cant difference in mean plasma imipramine AUC values
between the groups [F(2, 15) = 0.726, P > 0.05; Table 1].
Plasma pharmacokinetic parameters for imipramine are listed
in Table 1. No statistically significant differences between the
groups were observed in any of the plasma pharmacokinetic
parameters.

Due to transient technical difficulties with baseline stabi-
lization pertaining to the electrochemical detection tech-
nique, it was not possible to determine plasma desipramine
concentrations at certain time-points for 2 of the 18 animals
in the study. As a result of these missing individual data
points, these animals could not be included in repeated mea-
sures analysis of plasma desipramine levels, thus reducing our
group numbers to n = 5 for both the IMI only and IMI + CsA
groups for the repeated measures ANOVA. Nonetheless, there
was a significant overall group effect on plasma desipramine

levels over time [F(2, 13) = 53.311, P < 0.001; Figure 2B], with
significantly higher plasma desipramine concentrations in
the IMI + VERAP group than the IMI only group at every
time-point (Figure 2B). In addition, there was a significant
group effect on mean plasma desipramine AUC values
[F(2, 15) = 40.689, P < 0.001; Table 1], with post hoc analysis
revealing that the mean plasma desipramine AUC was signifi-
cantly higher in the IMI + VERAP group than the IMI only
group (P < 0.001), with no difference between the IMI only
and IMI + CsA groups (Table 1).

Dialysate imipramine and desipramine PKs
There was a significant overall group effect on dialysate imi-
pramine concentrations over time [F(2, 15) =8.361, P < 0.01;
Figure 3A], with significantly greater dialysate imipramine
concentrations observed in the IMI + CsA group than the IMI
only group between the second and fifth samples inclusive
(Figure 3A). In addition, there was a significant overall differ-
ence between the groups in terms of dialysate imipramine
AUC values [F(2, 15) = 7.533, P < 0.01; Table 1]. The increases
in imipramine dialysate AUC values observed in the IMI +
VERAP group (36% increase; P = 0.05) and IMI + CsA group
(59% increase; P < 0.01) relative to the IMI only group were
statistically significant. Desipramine levels in the dialysate
samples proved to be below the limit of quantification in the
IMI only and IMI + CsA groups. However, it was possible to
quantify desipramine levels in the dialysate from rats in the
IMI + VERAP group (Figure 3B; Table 1), thus suggesting that
the levels were higher in this group although statistical analy-
sis was precluded by the lack of quantifiable samples from the
other two groups.

Comparison of dialysate : plasma imipramine
AUC ratios

The dialysate : plasma imipramine AUC ratio gives an indi-
cation of BBB transport as it accounts for any variations in
plasma imipramine levels which might explain observed dif-
ferences in dialysate concentration. There was a significant
overall group effect on the ratio of dialysate : plasma imi-
pramine AUC [F(2, 15) = 4.210, P < 0.05; Table 1]. Post hoc
analysis revealed that the 84% increase observed in the IMI +
CsA group relative to the IMI only group was statistically
significant (P < 0.05), while the 44% increase observed in the
IMI + VERAP group relative to the IMI only group was not
statistically significant (Figure 4).

Discussion and conclusions

Despite some conflicting reports in the literature, much
recent evidence highlights a potential link between therapeu-
tic response to antidepressants which have been shown to be
P-gp substrates and functional SNPs in the ABCB1 gene which
encodes P-gp in humans (Gex-Fabry et al., 2008; Kato et al.,
2008; Nikisch et al., 2008; Uhr et al., 2008; Sarginson et al.,
2010; Lin et al., 2011). The present study demonstrated that
pretreatment with either verapamil or CsA, both of which are
well-established P-gp inhibitors, significantly increased levels
of the tricyclic antidepressant imipramine in brain ECF
without affecting imipramine levels in plasma. This offers the
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Plasma imipramine and desipramine profiles. (A) Imipramine concentrations in plasma as measured at different time-points. There was no
statistical difference in imipramine plasma profiles between the three groups. (B) Desipramine concentrations in plasma as measured at different
time-points. There was a significant overall difference between the groups in terms of desipramine plasma profiles (P < 0.001). Desipramine levels
were markedly increased in the IMI + VERAP group relative to the IMI only group at all time-points; **P < 0.01; ***P < 0.001. Data shown are means

+ SEM from 5-6 animals per group.

intriguing possibility of adjunctive treatment with P-gp
inhibitors to enhance the BBB penetrating ability of certain
antidepressant therapies, which may be particularly relevant
to TRD. Furthermore, the potential to lower the dose of the
antidepressant required to achieve the same clinical effect
when administered in combination with a P-gp inhibitor may
help to negate some of the problematic peripheral side effects
associated with antidepressant therapy. Both verapamil and
CsA are first-generation P-gp inhibitors with other pharma-
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cological activities aside from P-gp inhibition (Colabufo et al.,
2010). Verapamil is primarily used as a calcium channel
blocker, while CsA is an immunosuppressive agent. There-
fore, unwanted side effects associated with other pharmaco-
logical actions are likely to preclude the widespread use of
these particular drugs to achieve adjunctive P-gp inhibition
in the management of depression. More specific second- and
third-generation P-gp inhibitors may represent viable alter-
natives due to reduced off-target effects. However, it is impor-
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Dialysate imipramine and desipramine profiles. (A) Imipramine concentrations in the dialysate samples as measured at different time intervals.
Samples were continually collected and taken for analysis at 20 min intervals. There was a significant overall group effect on dialysate imipramine
concentrations over time (P < 0.05). Imipramine concentrations were significantly higher in the IMI + CsA group than the IMI only group between
the second and fifth samples, inclusive; *P < 0.05; **P < 0.01. (B) Dialysate desipramine concentrations as measured at different time intervals.
Note: Desipramine concentrations in dialysate samples from the IMI only and IMI + CsA groups were below the limit of quantification. The first
five time-points shown represent mean values of 3-5 animals per time-point. At these early time-points, values for the excluded animal(s) were
below the limit of quantification and were therefore omitted. Data shown are means = SEM from six animals per group.

tant to be cautious when extrapolating results from
preclinical rodent studies to the clinical setting due to poten-
tial species differences in terms of P-gp substrate specificity
(Yamazaki et al., 2001; Baltes et al., 2007).

The P-gp-inhibition-mediated increases in brain antide-
pressant levels occurred independently of any significant
alteration in the plasma pharmacokinetics of imipramine.
Clinical investigations have demonstrated that co-
administration of verapamil increased imipramine bioavail-

ability following oral administration in healthy volunteers,
and this effect might have been due to reduced clearance of
imipramine (Hermann et al., 1992). In the present study, pre-
treatment with verapamil did not alter the plasma clearance
of imipramine (Table 1). We have earlier reported a signifi-
cant, but small, increase in serum imipramine concentration
at a single (terminal) time-point following verapamil pretreat-
ment (Clarke et al., 2009). This effect was not observed in the
present study, possibly due to the different routes of imi-
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Comparison of dialysate : plasma imipramine AUC ratio. Dialy-
sate : plasma imipramine AUC ratio for each group, normalized to
IMI only group. There was a significant overall group effect (P <
0.05), with post hoc analysis showing that the 84% increase evident
in the IMI + CsA group is statistically significant; *P < 0.05. The 44%
increase observed in the IMI + VERAP group did not reach statistical
significance. Data shown are means = SEM from six animals per

group.

pramine administration employed in the two studies (i.p.
previously vs. i.v. in the present study) or the different
methods of sampling (trunk blood collection following
decapitation previously vs. sampling from indwelling cath-
eter in the present study). The ratio of dialysate : plasma
imipramine AUC for animals in the IMI + CsA group was 84%
higher than for animals in the IMI only group. This observed
difference was statistically significant, which strongly sug-
gests enhanced imipramine transport across the BBB in CsA-
treated animals. Although dialysate imipramine AUC was
significantly higher in the IMI + VERAP group than the IMI
only group, the 44% difference in the dialysate : plasma imi-
pramine AUC ratio observed between these groups did not
reach statistical significance, probably due to the increased
variability observed when plasma concentrations were taken
into account. As both CsA and verapamil are well character-
ized as P-gp inhibitors (Baumert and Hilgeroth, 2009), these
data corroborate our previous findings (Clarke et al., 2009)
and further support the hypothesis that P-gp limits the ability
of certain antidepressants, including imipramine, to cross the
BBB (O’Brien et al., 2012). Moreover, it is worth noting that
the greater increase in brain imipramine levels observed in
the CsA pretreated group compared with verapamil pre-
treated animals is in agreement with CsA being a more potent
P-gp inhibitor than verapamil (Hsiao et al., 2008).

To our knowledge, the present study is the first to employ
the microdialysis technique to investigate the effect of P-gp
inhibition on the ability of antidepressants to cross the BBB
and enter the brain. The microdialysis technique offers
several advantages over traditional methods which involve
the analysis of drug concentrations in brain homogenate
samples (de Lange et al., 2000; Hammarlund-Udenaes, 2010).
Firstly, samples obtained using the microdialysis technique
only contain drug which has penetrated the BBB, whereas
samples obtained from brain homogenates contain drug still
within the blood in the network of capillaries throughout the
brain. Secondly, microdialysis measures only free drug mol-
ecules in the brain ECF, whereas the traditional brain homo-
genate method does not typically differentiate between
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pharmacologically inactive bound and active unbound drug.
Thirdly, using the microdialysis technique, it is possible to
track fluctuations in brain drug concentrations in individual
animals over time with or without P-gp inhibition, thus pro-
viding temporal resolution which is not possible with
homogenate-based approaches. In addition, microdialysis
enables us to investigate the effect of P-gp inhibition on drug
concentrations in a specific brain region of interest, such as
the PFC. While region-specific analysis can be carried out
using brain homogenate techniques (Clarke et al., 2009), pre-
vious studies have almost exclusively focused on whole brain
antidepressant drug concentrations rather than investigating
region-specific effects. This is a major limitation of such
studies considering that there are differences in P-gp expres-
sion and function between different anatomical regions in
the brain (Kwan et al., 2003; Clarke et al., 2009). Therefore,
the use of whole brain analysis previously may have obscured
important region-specific differences in drug concentrations.
When comparing dialysate concentrations which have not
been corrected to account for in vivo probe recovery in
microdialysis studies investigating the effect of P-gp efflux on
the net BBB transport of a drug, it is important to consider
that altering drug clearance by P-gp inhibition is likely have
an effect on probe recovery (Sawchuk and Elmquist, 2000).
However, it can be predicted that in vivo probe recovery
would be lower in rats treated with a P-gp inhibitor than in
untreated animals (Bungay ef al., 1990), and this has proven
to be the case experimentally (de Lange et al., 1998; Xie et al.,
1999). Therefore, it is likely that if it were possible to correct
our dialysate concentrations for in vivo recovery and thereby
calculate actual brain ECF imipramine concentrations, we
would in fact see an even more marked increase in brain
imipramine levels in the verapamil- and CsA-pretreated
animals, relative to the untreated controls. Given the differ-
ent methodology employed in the present study, it is difficult
to compare the magnitude of the increases in brain imi-
pramine concentrations reported here with those reported
previously in other studies which have investigated the
effect of P-gp inhibition on the BBB transport of antidepres-
sants. Moreover, it will be of interest to assess how these
findings relate to human patients treated chronically with
antidepressants.

Interestingly, verapamil pretreatment markedly enhanced
the concentrations of desipramine, an active metabolite of
imipramine and an antidepressant in its own right, in
plasma. The mean AUC for desipramine in plasma in the
IMI + VERAP group was over fourfold greater than the corre-
sponding value in the IMI only group and almost six times
greater than the desipramine plasma AUC in the CsA pre-
treated group. We previously reported a 1.3-fold, non-
significant increase in serum desipramine levels in verapamil
pretreated rats relative to controls (Clarke et al., 2009). The
greater difference observed in the present study is likely to be
due to differences in the experimental protocol (i.e. dosing
regimen and sampling methods) as discussed previously. The
mechanism underlying this verapamil-mediated increase in
plasma desipramine concentrations is unclear at present.
However, it seems unlikely that it is mediated by P-gp inhi-
bition, as there was no increase in plasma desipramine levels
in CsA-pretreated animals. In addition to its primary phar-
macological role as a calcium channel antagonist and its
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ability to inhibit P-gp, verapamil interacts with various other
transporters, receptors and metabolic enzymes (Auguet et al.,
1986; Cole et al., 2000; Polasek et al., 2004; Wang et al., 2004).
Moreover, verapamil has been shown to alter the pharmaco-
kinetics of several drugs (Backman et al., 1994; Kantola et al.,
1998; Fleishaker et al., 2000; Kovarik et al., 2005). Thus, it
seems likely that the increase in plasma desipramine levels
might be mediated via one of these alternative interactions
rather than by inhibition of P-gp. In particular, verapamil has
been described as an inhibitor of cytochrome P450 enzymes
(Wang et al., 2004), and these enzymes play the predominant
role in imipramine and desipramine metabolism in humans
(Lemoine et al., 1993). While co-administration of verapamil
did not alter imipramine plasma clearance (Table 1), the
increase in plasma desipramine levels observed in the IMI +
VERAP group might be due to verapamil-mediated inhibition
of desipramine metabolism. In addition, it is worth noting
that a functional cytochrome P450 monooxygenase system
exists in the brain (Ravindranath, 1998). Therefore, putative
inhibition of these enzymes by verapamil could affect drug
levels in the brain. The increased desipramine levels in
plasma observed in the IMI + VERAP group were reflected in
the brain, where desipramine levels in microdialysis samples
could only be reliably quantified in animals pretreated with
verapamil, thus indicating higher brain levels in these
animals. Whether this increase in brain desipramine concen-
trations plays a role in the therapeutic benefits of verapamil
augmentation in TRD (Clarke et al., 2009) remains to be clari-
fied. However, it should be noted that a clinical study in
healthy volunteers found that verapamil co-administration
had no effect on desipramine concentrations in plasma fol-
lowing oral administration of imipramine (Hermann et al.,
1992). Therefore, the increase in desipramine levels following
verapamil pretreatment in rats treated with i.v. imipramine
observed here might not be relevant to humans receiving oral
imipramine treatment. As it was not possible to quantify
desipramine concentrations in dialysate samples from the
IMI only or IMI + CsA groups, it was not possible to deter-
mine whether pretreatment with either P-gp inhibitor
affected the BBB transport of desipramine.

In conclusion, the present study clearly demonstrated
that pretreatment with either verapamil or CsA, both of
which are P-gp inhibitors, increased brain levels of the anti-
depressant imipramine in normal rats. This shows that P-gp
efflux limits the ability of imipramine to cross the BBB. These
findings support the increasing body of clinical evidence
which indicates that P-gp prevents some antidepressants
from reaching effective concentrations at their sites of action
in the brain. Such effects could contribute to the high preva-
lence of TRD. In light of these findings, it is tempting to
speculate that adjunctive therapy with P-gp inhibitors may
offer clinical benefits in the treatment of depression.
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