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Abstract

Rationale P-glycoprotein (P-gp) is a drug efflux pump
expressed, amongst others, on the luminal surface of the
cerebral endothelial cells forming the blood-brain barrier.
Studies in rodents have demonstrated that antihistamines
that are substrates of the P-gp transporter display no or
minor central nervous system (CNS) effects as compared
to antihistamines that are not P-gp transporter substrates.
Objectives The present study explored whether P-gp con-
tributes in similar ways to the occurrence of sedative effects
of antihistamines in humans.

Methods An fMRI study was conducted according to a
double-blind, randomized, placebo-controlled, cross-over
design in 13 healthy volunteers. Participants received
cetirizine 15 mg (an antihistamine), verapamil 120 mg (a
P-gp blocker), a combination of cetirizine + verapamil, and
a placebo. Brain activity was assessed while conducting the
attention network test (ANT) in a 3T magnetic resonance
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scanner. The ANT measures three independent attention
domains: i.e., alerting, orienting, and executive attention. It
was expected that the combined treatment of cetirizine with
verapamil would prevent efflux of cetirizine from the CNS,
thus increasing attentional impairment, as compared to
cetirizine administered alone.

Results The present study provides evidence that the P-gp
transporter is involved in central antihistamine effects in
humans. Participants were less alert during the combined
treatment of cetirizine and verapamil as indicated by longer
reaction times and decreased blood oxygen level-dependent
response in the right superior temporal gyrus.

Conclusion It is concluded that the affinity for the P-gp
transporter may contribute to the lower incidence of CNS
side effects of certain antihistamines.

Keywords Attention - Behavior - Blood—brain barrier -
Brain imaging - CNS - Cognition - fMRI - P-glycoprotein -
Histamine - Receptor binding

Sedation is a frequently occurring side effect of antihistamines
that can produce attentional impairments in day to day oper-
ations such as driving a car and working (Abbas et al. 2004;
Jauregui et al. 2006; Montoro et al. 2006; Ramaekers and
O’Hanlon 1994; Tashiro et al. 2008; Theunissen et al. 2006b;
Van Ruitenbeek et al. 2008; Verster and Volkerts 2004). The
magnitude of sedation varies between individual antihista-
mines but is more prominent in first-generation antihistamines
as compared to second-generation antihistamines (Kay 2000;
Tashiro et al. 2005; Theunissen et al. 2006b; Vuurman et al.
2004). It is thought that the lipophilicity of first-generation
antihistamines enables them to cross the blood—brain barrier
and bind to central histamine-1 receptors (HIRs) whereby
they reduce the wake-promoting effects of centrally acting
histamine. Second-generation antihistamines are less lipophil-
ic and therefore produce less sedation (Kay 2000).
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Besides lipophilicity, the presence and/or magnitude of
sedation may also be determined by the P-glycoprotein (P-
gp) transporter (Bartra et al. 2006; Chen et al. 2003; Mahar
Doan et al. 2004; Mimura et al. 2008; Obradovic et al. 2007).
P-gp is an efflux transporter that is expressed on the luminal
surface of the cerebral endothelial cells forming the blood—
brain barrier. P-gp and other transporters actively pump sub-
strates out of the brain, thereby limiting their effects in the
central nervous system (CNS) (Bartra et al. 2006; Chen et al.
2003; Schinkel 1999; Sun et al. 2003; Zhou et al. 2009).

Studies in experimental animal models have demonstrated
that the P-gp transporter may reduce CNS effects of second-
generation antihistamines. When comparing wild-type mice
with P-gp knockout mice, the latter showed significantly
higher brain distribution of nonsedative second-generation
antihistamines such as cetirizine, loratadine, and desloratadine.
On the other hand, brain penetration of sedative first-
generation antihistamines hydroxyzine, diphenhydramine,
and triprolidine did not differ between wild-type and P-gp
knockout mice (Chen et al. 2003; Polli et al. 2003). This
apparent difference between second- and first-generation an-
tihistamines is in keeping with the knowledge that only the
former are P-gp substrates (Obradovic et al. 2007).

P-gp is also expressed in the small intestine, liver, and
kidney, and studies in humans have revealed that P-gp affects
the pharmacokinetics of antihistamines. For example, P-gp
inhibition has been shown to increase blood plasma concen-
trations of the second-generation antihistamine fexofenadine
(Kim et al. 2009; Sakugawa et al. 2009; Yasui-Furukori et al.
2005). However, to our knowledge, no human studies have
been conducted to study the effects of the P-gp transporter on
pharmacodynamic effect caused by antihistamines, such as
CNS sedation. Data from animal research may serve as a
translational model for potential effects in humans, but these
results need to be confirmed and validated in human subjects.

This project focused on the role of the P-gp transporter in
the occurrence of CNS sedation after administration of
cetirizine, a second-generation antihistamine, in healthy
volunteers. Blocking the P-gp transporter was expected to
increase the distribution of cetirizine and to produce more
CNS sedation due to enhanced HIR binding in the brain. It
was hypothesized that sedation after cetirizine would be
apparent in combination with a P-gp blocker, but not when
administered alone.

Impairing effects of antihistamines have often been dem-
onstrated in attention tasks (Conen et al. 2011b; Theunissen
et al. 2004; Verster et al. 2003; Vuurman et al. 2004). In the
present proposal, we selected the attention network test
(ANT) to assess the sedative effects of cetirizine with and
without P-gp blockade, in three independent attention do-
mains: i.e., alerting, orienting, and executive attention. The
ANT was conducted during functional MRI in order to
assess drug-induced changes in the neural networks
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underlying performance in the three attention domains.
Previous research has shown that fMRI can be effectively
used to examine drug-induced changes in CNS functions
(Jenkins et al. 2003; Leslie and James 2000).

Materials and methods
Subjects

Sixteen volunteers (eight female) were recruited through
poster advertisement. However, four participants could not
complete all sessions. Hence, data will be reported on 13
participants for the behavioral data (7 male, 6 female; age
range 19 to 33 years; mean + SD: 22.31+£3.6 years) and 12
participants for the imaging data (7 male, 5 female; age
range 19 to 33 years; mean + SD: 22.42+3.8 years).
Participants were screened using a medical questionnaire
and a physical examination. The latter included a 12-lead
ECG evaluation, blood chemistry, and hematology, urinaly-
sis, and drug and pregnancy screening.

Volunteers with a history of medical or psychiatric ill-
ness, any major medical, endocrine and/or neurological
condition, hypertension (diastolic >10, systolic >170), hy-
persensitivity to H1 antihistamines, and/or seasonal allergic
rhinitis or urticaria treated by antihistamines were excluded
from the study. Additional exclusion criteria were alcohol
consumption of >21 units per week, smoking, caffeine con-
sumption of >6 cups per day, history of drug abuse or
addiction, treatment with atropine or atropine-like drugs,
and treatment with CNS depressants. Female volunteers
could not participate when pregnant or breast-feeding.

The study was approved by the standing medical ethics
committee of Maastricht University and was carried out in
compliance with the code of ethics on human experimenta-
tion established by the Declaration of Helsinki (1964),
amended in Seoul (2008).

Design and treatments

The study was conducted according to a randomized, double-
blind, four-way cross-over design with treatments consisting
of cetirizine 15 mg, verapamil 120 mg, cetirizine 15 mg and
verapamil 120 mg, and placebo. Cetirizine is a HIR antago-
nist for the treatment of allergic rhinitis and urticaria (Polli et
al. 2003; Theunissen et al. 2006b). Peak plasma concentra-
tions are reached between 1 and 1.5 h after oral ingestion. Its
half-life varies between 7 and 11 h (del Cuvillo et al. 2006).
Verapamil is used in order to treat tachycardia, arterial
fibrillation, and hypertensions. It is also known as a P-gp
inhibitor (Dadashzadeh et al. 2006). Peak plasma concentra-
tions are reached between 0.5 and 1.5 h after oral ingestion. Its
half-life varies from 7 and 15 h (Choi et al. 2010;
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Dadashzadeh et al. 2006). Because this was, to our knowl-
edge, the first study to investigate the interaction between
verapamil and cetirizine in human volunteers, it was decided
to use a standard dosage of verapamil 120 mg and not any
higher dosage.

Participants visited the facility on two separate test days.
On each test day, participants received two treatments and
were scanned twice. The participants received either (a)
placebo before the first scan session and verapamil
120 mg before the second scan session, or (b) cetirizine
15 mg before the first scan session and verapamil 120 mg
before the second scan session. Because of the relative long
half-life of cetirizine (7-11 h), during the second scan ses-
sion on day (b), the combination of cetirizine with verapamil
120 mg was measured instead of only verapamil 120 mg.
Test days were separated by a washout period of at least
7 days. All treatments were administered as identical encap-
sulated tablets to ensure blinding, and test day order was
randomized and counterbalanced across participants.

Procedure

Participants received a training of the tests and a habituation
session before the first test day. Drug screens and pregnancy
tests were conducted upon arrival on the study site.
Participants received a light standardized breakfast 2 h prior
to medication intake. Participants were asked not to consume
any caffeine-containing beverages during the test days and not
to drink any grapefruit juice during their entire participation in
the study. Approximately one and a half hour after medication
intake, blood samples were taken and questionnaires filled out
after which participants performed the ANT while being
scanned. The second medication intake was at the end of the
first scan session, after filling out another questionnaire. The
further procedure was similar to the first half of the test day. A
flowchart of the test days is given in Fig. 1.

Assessments
Pharmacokinetic assessment
Blood samples (10 ml) for drug monitoring were collected

before each scan session, i.e. 65 min post drug administration.
The blood samples were centrifuged to separate plasma and

9:30 10:15 11:30 11:45
Arrival Intake Pla/Cet | Blood sample | Tmax Cet
Drug screen Test session 1

Pregnancy test
Questionnaires

Fig. 1 Flowchart of the test days. Pla, placebo; Cet, cetirizine; Ver,
verapamil. The asterisk indicates that because of the relative long
half-life (7-11 h) of cetirizine, during the second scan session, the

13:00

Intake Ver

frozen at —20 °C. Plasma samples were analyzed after liquid—
liquid extraction using a triple quadrupole LC/MS system in
MRM mode. The lower limits of quantification were
0.002 mg/1 for verapamil and 0.003 mg/1 for cetirizine.

Subjective evaluations

The Groningen Subjective Quality of Sleep Questionnaire
(GSQS) was filled out at the beginning of a test day in order
to assess sleep quality and sleep duration of the previous
night (Mulder-Hajonides 1981). This questionnaire ranges
from 0 (good sleep) to 14 (bad sleep).

Before the scan sessions, subjective evaluations of alert-
ness, contentedness, and calmness were rated with the Bond
and Lader questionnaire using visual analog scales (Bond and
Lader 1974). Subjective feelings of daytime sleepiness were
rated with the Karolinska Sleepiness Scale (KSS) which pro-
vides scores ranging from 1 (“extremely alert”) to 9 (“very
sleepy”, “fighting sleep”) (Akerstedt and Gillberg 1990).

The Rating Scale Mental Effort (Zijlstra 1993) was used
in order to rate the effort it took participants to perform the
scan session. The scale is a visual analog scale (150 mm)
with labels ranging from “extremely demanding” to “not
demanding at all”.

Attention network test

The attention network test measures three independent at-
tention networks: the alerting network, the orienting net-
work, and the executive control network (Fan et al. 2002,
2005). During the ANT, participants are asked to determine
whether a central arrow (the target display) points to the left
or to the right. The arrow appears above or below a fixation
point and is accompanied by four arrows that either point in
the same direction (congruent flankers) or in the opposite
direction (incongruent flankers). Each trial begins with the
presentation of a fixation cross, and before the display of the
arrows, a warning cue may appear in the center (center-cue
condition), above or below the fixation cross (spatial-cue
condition), or not at all (no-cue condition) for 200 ms. After
a variable duration (300-11,800 ms), the arrows appear and
remain visible on the screen until a response is made (press-
ing a key indicating the direction of the target arrow) (Fan et
al. 2007). The time between the onset of the target and the

14:15 14:30 16:10

Tmax Ver* End of Testday ;

Test session 2

Blood sample

I
combination of cetirizine 15 mg with verapamil 120 mg was

measured on the day that cetirizine was administered before test
session 1
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start of the next trial varies between 3,000—15,000 ms. There
are 6 runs with 38 trials in which combinations of the
flankers and cues are randomly presented. Each run lasted
approximately 6 min. Participants performed three runs
consecutively after which they had a break for approximate-
ly 9 min. After the break, the second half (i.e., three runs) of
the test was conducted.

In the present study, we used the same event-related
design and the same timing parameters as in a previous
research conducted by Fan et al. (2005) to study the change
in activations of the attention networks after medication
intake. In order to separate brain activity to the cues and
targets, time intervals between cue and target and between
target and the next trial were jittered, similarly to the study
of Fan et al. (2005).

Also in line with the study conducted by Fan et al. (2005),
efficiency of the alerting network was defined as the differ-
ence in brain activity and reaction time (RT) between center-
cue (the warning cue) and no-cue conditions. Efficiency of the
orienting network was defined as the difference in brain
activity and RT between center- and spatial-cue conditions.
Efficiency of the executive network was defined as the differ-
ence in brain activity and RT between incongruent and con-
gruent flankers (Fan et al. 2007).

Image acquisition

MRI data were acquired using a Siemens MAGNETOM
Allegra 3T head scanner with a single channel quadrature
transceiver head coil. All participants completed four exper-
imental runs. A total of 32 axial slices covering the whole
brain were obtained using a T2*-weighted gradient echo
planner pulse sequence (repetition time (TR) = 2,000 ms;
echo time (TE) = 30 ms; field-of-view (FoV) = 224; slice
thickness = 3.5 mm; matrix size = 64 % 64; flip angle = 90°).
Voxel size was 3.5 mm’. Slice scanning order was inter-
leaved. A high-resolution T1-weighted sequence was used
to collect structural scans (TR = 2250 ms, TE = 2.6 ms,
FoV =256, slice thickness = 1 mm, matrix size = 256 x256,
flip angle = 90°, number of slices = 192).

Image preprocessing

Image preprocessing was conducted using SPM8 (Statistical
Parametric Mapping, Wellcome Department of Imaging
Neuroscience, Institute of Neurology, London, UK). The
first two volumes were discarded because of the T1 satura-
tion effect and images were corrected for slice scan time
differences. The functional data from all treatment sessions
were aligned to the anatomical data from the first session,
using unwrapped fieldmaps. When translational movement
of more than 3.5 mm from the first volume and/or rotational
movement of more than 2.3 degrees were apparent in more
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than three runs, those runs were removed from the dataset
together with all other data from that participant. When
movement of more than 3.5 mm from the first volume was
apparent in fewer than three runs, movement parameters
across treatment conditions were compared in order to eval-
uate whether there were significant differences between
treatment conditions. In case of significant differences, the
data from that participant were also removed. Each partici-
pant’s anatomical image was linearly co-registered to a
standard template from the Montreal Neurological Institute
(MNI), and its functional data co-registered with this co-
registered anatomical data. Next, the anatomical data were
segmented into CSF, white matter, and gray matter, and in
the same procedure, the nonlinear normalization parameters
were estimated. These parameters were used to nonlinearly
normalize the anatomical and functional data to the MNI
template. Finally, functional data were spatially smoothed
using a Gaussian filter (§ mm FWHM).

Statistical analyses

All subjective parameters and behavioral data were analyzed
using paired sample #-test. More precisely, comparison be-
tween the first scan sessions was conducted to reveal differ-
ences between placebo and cetirizine 15 mg. Comparison
between the second scan sessions was conducted to reveal
differences between verapamil 120 mg and verapamil +
cetirizine.

Secondly, to determine whether verapamil modulates
cetirizine effects, change scores were calculated for the first
scan sessions (cetirizine 15 mg minus placebo), and the sec-
ond scan sessions (verapamil 120 mg and cetirizine combined
minus verapamil 120 mg) separately, and then compared by
testing for significance using paired sample z-tests.

Imaging analysis

Statistical analysis using general linear modeling was
conducted in order to analyze the imaging data. At the first
level, data in the four treatment conditions were analyzed
separately. For each participant and treatment conditions,
regressors were created that represented the separate trial
events, i.e., fixation with no cue, center cue, spatial cue, and
targets with congruent flankers and targets with incongruent
flankers. Six realignment parameters were used as covari-
ates. Contrast images consisting of t-maps (center cue minus
no cue for alerting, spatial cue minus center cue for
orienting, and incongruent minus congruent for conflict)
from each subject were calculated.

Atasecond level of analysis, the contrast images were used
in order to analyze the effects of treatment (cetirizine vs.
placebo and verapamil vs. cetirizine + verapamil) on alerting,
orienting, and conflict with voxel-wise paired samples 7-tests.
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The regions activated for alerting, orienting, and executive
attention that were observed by Fan et al. (2005) were used as
anatomical regions of interest (ROI) and defined a priori in the
WFU Pickatlas (Wake Forest University, Winston-Salem,
NC). For the alerting network, these regions were the superior
temporal gyrus, superior colliculus, thalamus, inferior parietal
lobe, fusiform gyrus, inferior frontal gyrus, and the superior
parietal lobe, while for the orienting network, the fusiform
gyrus, precentral gyrus, superior parietal lobe, superior frontal
gyrus, postcentral and precentral gyrus. For the executive
attention network, the regions included the thalamus, superior
frontal gyrus, inferior frontal gyrus, fusiform gyrus, middle
frontal gyrus, and the anterior cingulated gyrus. Comparisons
were thresholded at p<0.05, and familywise error (FWE) rate
was corrected with a minimum cluster of 30 voxels. If no
significant results were found, a less conservative threshold of
false discovery rate, p<0.05 was applied.

Results and discussion

A total of 16 right-handed participants entered the study.
However, only 13 participants (7 male, 6 female) were
included in the analyses of the behavioral data, because 2
participants experienced the scanning session as uncomfort-
able resulting in an early termination of the session, and one
subject missed the sessions due to personal matters.

Pharmacokinetic assessment

Mean (+SE) cetirizine and verapamil concentrations in the
four treatment conditions are presented in Table 1. z-tests
revealed that mean cetirizine concentration when given
alone did not significantly differ from that when given in
combination with verapamil. Likewise, verapamil concen-
trations did not significantly differ when given alone as
compared to when given in combination with cetirizine.

Subjective measurements

Sleep quality and sleep duration as assessed with the GSQS
did not differ between nights preceding both test days.
Treatments did not affect visual analog scale measures,
KSS, and mental effort ratings (see Table 2).

Attention network test

The combination of cetirizine and verapamil increased the
difference in RT between center cue and no cue (alerting) as
compared to verapamil alone (see Fig. 2a) (#1,=3.11,
p=0.009). Alerting, orienting, and executive attention were
not affected by cetirizine alone as compared to placebo.
Comparison of change scores from scan session 1
(cetirizine 15 mg minus placebo) and scan session 2
(verapamil 120 mg + cetirizine minus verapamil
120 mg) further confirmed a significant difference in
the effect of cetirizine on alerting with and without P-
gp blockade (#,=—-2.88, p=0.014).

Additional analyses were conducted to identify the
effect of cetirizine in two separate cue conditions that
contribute to the alerting effect (i.e., center cue and no
cue). This analysis revealed that the significant differ-
ence between placebo and cetirizine after P-gp blockade
was caused by an increased reaction time in the no-cue
condition (#1,=3.54, p=0.004), and not in the (alerting)
center-cue condition (#1,=0.87, p=0.466) (Fig. 2b).
Mean (+SE) RT during the alerting, orienting, and ex-
ecutive trials are shown in Table 2.

Taken together, the combination of verapamil and
cetirizine increased the difference in RT between center
cue and no cue. Further analyses revealed that blocking P-
gp affected responsiveness (i.e., increased RT) when no
warning cue was apparent, whereas it did not affect respon-
siveness when a prior cue indicated that a target would
appear.

Imaging data

Data from one participant were removed from the dataset
due to excessive head movement. Therefore, 12 subjects (7
male, 5 female) were included in the analyses of the imaging
data.

Task activation

The aforementioned regions associated with the alerting
network (center cue minus no cue), the orienting network
(spatial cue minus center cue), and the executive attention
network (incongruent minus congruent) were used as ROI

Table 1 Plasma concentrations

(in milligram per liter) of Treatment No P-gp blockade (without verapamil) P-gp blockade (with verapamil)
cetirizine (CET) and verapamil
(VER) in every treatment Plasma concentration mean + SE Plasma concentration mean + SE
condition
CET (mg/) VER (mg/l) CET (mg/l) VER (mg/l)
CET 0.15+0.03 N/A 0.21+0.01 0.08+0.02
PLA N/A N/A N/A 0.06+0.02
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Table 2 Summary of the results from the attention network test and
the subjective measurements, divided into placebo (PLA) and cetirizine
(CET) with and without P-gp blockade. Results indicate that alerting

(reaction times no cue minus reaction times center cue) between
placebo and cetirizine after P-gp blockade differed significantly from
each other

Mean change + SE per treatment

Paired samples t test

PLA CET t df P
No P-gp blockade (without verapamil)
Attention network test (change in reaction times, msec)
Alerting 50.17+£12.95 38.02+7.73 —0.89 12 0.39
Orienting 49.54+9.11 53.67+7.60 0.35 12 0.73
Executive control 82.08+13.83 79.38+9.05 -0.17 12 0.87
Subjective measurements
VAS alertness 68.27+5.00 69.13+£3.73 -2.90 12 0.78
VAS contentedness 82.23+4.09 81.12+3.60 0.41 12 0.69
VAS calmness 79.95+3.61 80.95+2.87 —0.61 12 0.55
KSS 4.15+0.48 4.31+0.47 0.31 12 0.92
SME 55.77+8.08 62.69+7.39 0.97 12 0.35
P-gp blockade (with verapamil)
Attention network test (change in reaction times, msec)
Alerting 28.55+9.50 66.55+10.07 3.71 12 0.009*
Orienting 52.63+12.23 33.85+11.67 -1.13 12 0.28
Executive control 89.14+11.16 95.09+11.69 0.68 12 0.51
Subjective measurements
B&L alertness 70.02+4.66 67.81+3.55 0.67 12 0.52
B&L contentedness 78.69+5.28 76.65+4.91 0.62 12 0.55
B&L calmness 80.65+3.60 80.77+2.89 —0.11 12 0.91
KSS 4.38+0.45 4.92+0.49 1.10 12 0.29
SME 57.54+7.52 56.39+6.0 —-0.26 12 0.35

df degrees of freedom, VAS visual analog scales Bond and Lader), KSS Karolinska Sleepiness Scale, SME rating scale of mental effort

The asterisk indicates significant differences from placebo, p<0.01

(Fan et al. 2005). Within these areas, we detected significant
task activation of the alerting network in the left inferior
parietal lobe (t4,7=4.97, p=0.009, FWE corrected), left infe-
rior frontal gyrus (#47=6.35, p=0.002, FWE corrected), and
right superior temporal gyrus (#47=6.35, p=0.002,
uncorrected). See Table 3 for details. No significant task
activation was detected for orienting and executive at-
tention; therefore, effects of treatments on orienting and
executive attention were not further analyzed.

Treatment effects

The combination of cetirizine and verapamil increased
the difference in blood oxygen level-dependent (BOLD)
activation associated with alerting in the right superior
temporal gyrus as compared to verapamil alone. More
precisely, the difference in brain activity between center-
cue and no-cue (i.e., the alerting effect) was larger in
the cetirizine/P-gp blockade combination as compared
with the placebo/P-gp blockade combination (#;,=8.39,
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p=0.05, FWE corrected). No significant differences be-
tween cetirizine alone and placebo were detected.

Treatment effects in center-cue and no-cue conditions

As the behavioral data revealed that the difference be-
tween placebo and cetirizine after P-gp blockade was
primarily located in the no-cue condition, BOLD effects
in center-cue and no-cue conditions were analyzed sep-
arately to determine if a similar pattern occurs at the
neural level. These analyses also revealed that the effect
of cetirizine was prominent in the no-cue condition, but
not in de center-cue condition. Cetirizine + verapamil
decreased the BOLD response relative to verapamil
alone in the no-cue condition, which approached signif-
icance in the right superior temporal gyrus (#;;=7.68,
p=0.06, FWE corrected). The comparison between ve-
rapamil and cetirizine + verapamil is depicted in Fig. 3b
and shows a positive difference of verapamil over
cetirizine + verapamil.
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Fig. 2 a Mean (+SE) changes
in RT in the attention network
test, divided into placebo and
cetirizine with and without P-gp
blockade. The asterisk indicates
significant difference from
placebo, indicating an increased
difference in RT between no-
cue and center-cue conditions
(i.e., alerting), p<0.05. b Mean
(£SE) RT between no-cue and
center-cue conditions (i.e.,
alerting) of the attention
network test. The single
asterisk indicates significant
differences between no-cue and
center-cue conditions,
indicating that in all conditions
the task manipulation was as
expected, p<0.01. The double
asterisks indicate significant
difference between placebo and
cetirizine after P-gp blockade in
the no-cue condition, indicating
that the significant result in a is
mostly caused by the no-cue
and not the center-cue (i.e.,
warning cue) condition,
»<0.005

Discussion

The present study was conducted in order to investigate the
effect of the P-gp transporter on the central effects of

Table 3 Regions activated dur-
ing the attention network test,
divided into task activation,
treatment effects, and treatment
effects. Results indicate that 3
regions are activated during
alerting, and that the right supe-
rior temporal gyrus is affected by
cetirizine after P-gp blockade as
compared to P-gp alone

Voxel size = 2x%2x2 mm
BA Brodman area

p value peak voxel uncorrected

a Attention Network Test (ANT)

Alerting Executive

'
{

I |
I I »

No P-gp blockade P-gp blockade No P-gp blockade P-gp blockade No P-gp blockade P-gp blockade
Placebo MW Cetirzine Placebo W Cetirzine Placebo W Cetirzine

Orienting

4

Changesin RT (msec)
g

&

b Alerting effect ANT

-

= Placebo . Cetirizine '—‘
ol g . ] |
R

Reaction Time (msec)

P-gp blockade
NoCue M Center Cue

No P-gp blockade P-gp blockade No P-gp blockade

NoCue mCenter Cue

antihistamines in healthy volunteers. It was expected that
blocking P-gp with verapamil would increase the distribu-
tion of the second-generation antihistamine cetirizine in the
CNS, which would result in increased HIR binding, and

Brain area BA «x y z T P Voxel

Task activation

Alerting
R superior temporal gyrus 42 52 -38 14 455
L inferior parietal lobe 7 28 =52 46 497 0.009 163
L inferior frontal gyrus 44 -46 4 32 635  0.002* 231

Orienting - - - - - - -

0.074 75

Executive attention - - - - - - -
Treatment effects alerting

Alerting cetirizine vs placebo after P-gp blockade

R superior temporal gyrus 48 48 -8 -2 839 0.050 60
Treatment effects no-cue condition

Placebo vs cetirizine after P-gp blockade
0.060 33

Treatment effects center-cue condition — - - — _ _ _

R superior temporal gyrus 39 46 -62 26 7.68
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Fig. 3 a fMRI results for the
alerting network of the attention
network test, showing
significant activation in the left
inferior parietal lobe, left
inferior frontal gyrus, and right
superior temporal gyrus. b
Significant treatment effects in
the alerting network, showing
activation in the right superior
temporal gyrus when compared
with cetirizine + verapamil
versus verapamil. ¢ Treatment
effect in the no-cue condition,
showing activation in the right
superior temporal gyrus when
compared with verapamil
versus cetirizine + verapamil

promote CNS sedation. The present study supports this
hypothesis both at the behavioral and the neural level.

At the behavioral level, cetirizine combined with verap-
amil reduced alertness in the ANT, when compared to
verapamil alone and when compared to cetirizine alone.
This impairing effect of cetirizine was apparent in the
alerting network, but not in the orienting and executive
attention network. Moreover, the influence of cetirizine
was most apparent in the no-cue condition, rather than in
the center-cue condition. This implies that participants were
still able to profit from the alerting cue in the center-cue
condition in every treatment but were slow in their response
during cetirizine in the absence of an alerting cue, indicating
reduced sustained attention/top-down control (Sturm and
Willmes 2001). The locus of the cetirizine effect contrasts
with that in a previous work showing that drug- or sleep-
induced changes in alertness are mostly reflected in the
center-cue condition. For example, caffeine decreased RT
in the center-cue condition while leaving RT in the no-cue
condition unaffected (Brunye et al. 2010). Likewise, sleep
deprivation increased RT in the center-cue conditions, but
not in the no-cue condition (Martella et al. 2011). The
present data seem to indicate that central cetirizine
affected intrinsic alertness (i.e., vigilance) more than
readiness to a target/bottom-up activation of alertness
(Mottaghy et al. 2006).

Neural effects of cetirizine on alerting were apparent in
the right superior temporal gyrus. Bold activations in this
area were larger after cetirizine and verapamil combined in
comparison to verapamil alone. Further analyses of treat-
ment effects in the center-cue and no-cue condition sepa-
rately revealed that brain activations were less in the no-cue
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condition after the combination of cetirizine and verapamil.
This decrement in brain activation coincides with the incre-
ment in RT that was measured at the behavioral level during
combined treatment in the no-cue condition. The neural data
in the present study support the conclusion from behavioral
data showing that cetirizine decreases alertness when given
in combination with verapamil.

It should be considered that verapamil is not a specific
modulator of P-gp. For instance, verapamil is known to
inhibit the metabolism of co-administered cytochrome
P450 (CYT P450) substrates as well (e.g. Wang et al.
2004). However, cetirizine does not undergo liver
metabolization and does not interact with other drug sub-
stances via CYT P450, or more precisely CYP3A (Bartra et
al. 2006; Renwick 1999). It is therefore assumed that both
behavioral and neural data support the hypothesis that P-gp
affinity plays an important role in the occurrence of CNS
sedation associated with antihistamines. Cetirizine is a
second-generation antihistamine that is known to produce
no or only mild sedation and has often been portrayed as a
“nonsedating” antihistamine (Kay 2000). In the present
study, cetirizine did not affect performance or brain activa-
tion in the ANT task when given alone. However, when
given in combination with a P-gp blocker, CNS sedation
became apparent. This finding demonstrates that CNS ef-
fects of antihistamines depend on the affinity of these drugs
for the P-gp transporter. In case of high affinities, as in
second-generation histamines, CNS side effects can be
low. In case of no affinity, as in first-generation antihista-
mines, CNS side effects can be high.

The current finding may also have implications for other
CNS drugs that have affinity for the P-gp transporter. P-gp
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plays a role in the distribution of many drugs besides anti-
histamines, such as antipsychotics, antidepressants, and an-
ticancer treatments (Bartra et al. 2006; Boulton et al. 2002;
de Klerk et al. 2009; Schinkel 1998). Concerning those
treatments, P-glycoprotein may play a role in treatment
resistance. Research has shown that, for instance, antipsy-
chotics appear to be P-gp substrates, which makes them less
effective in the treatment of schizophrenia as P-gp reduces
their distribution in the CNS and consequently their effec-
tiveness (El Ela et al. 2004; Wang et al. 2009). In that case,
the combined use of a P-gp blocker with an antipsychotic
may promote or prolong therapeutic efficacy of certain
medicinal drugs. Also, it has been shown that genetic vari-
ations in P-gp activity can change responsiveness to anti-
psychotic treatment (Xing et al. 2006). More knowledge
about genetic variations in P-gp activity might be of impor-
tance, as these can explain interindividual variations in
treatment response and may support the development and
improvement of tailor-made treatment procedures.

Task activations in the present study partly confirmed
previous definitions of brain networks involved in ANT
performance (Fan et al. 2005). Alerting effects were prom-
inent in a number of predefined ROIs such as the left
inferior parietal lobe, the left inferior frontal gyrus, and the
right superior temporal gyrus, but not in the other predefined
ROIs that have also been associated with the alerting net-
work. Cue and target conditions priming the orienting and
the executive attention network, respectively, did not pro-
duce any significant fMRI task activation. The lack of task
activation during orienting and executive attention may
have caused by the lower number of volunteers in the
present study, relative to the study by Fan et al. (2005).

Several other studies confirm the involvement of parietal
and frontal sites in alerting (Raz and Buhle 2006; Xu et al.
2010). In addition, research has shown that activation of the
left hemisphere can be associated with phasic alertness and
right hemisphere activation with intrinsic (or tonic) alertness
(Coull et al. 2001; Raz and Buhle 2006; Sturm et al. 2006).
As the no-cue condition is associated with intrinsic alert-
ness, the finding of no-cue-related activation in the superior
temporal gyrus in the right hemisphere is therefore in line
with these findings.

In general, the finding that decrements in alertness occur
after administration of cetirizine is in line with that of a
previous work demonstrating that blockade of HIR de-
creases wakefulness (Conen et al. 2011a; Kay 2000;
Passani et al. 2007; Schwartz and Arrang 2002). However,
the impact of sedative actions on attention networks may
actually differ between antihistamines. Our group demon-
strated in a previous study that the sedative actions of
hydroxyzine as measured with the ANT caused impairment
in the executive network, but not in the alerting and
orienting network (Conen et al. 2011b). Differential effects

of antihistamines on attention networks may be caused by
differences in binding affinities for HIR or may be due to
differences in drug pharmacology. Cetirizine is the major
metabolite of hydroxyzine and displays selective binding
affinity for H1 receptors. Hydroxyzine, in addition, also
binds to cholinergic and dopaminergic receptors that are
known to produce sedation when blocked (Snowman and
Snyder 1990). Dopamine plays an important modulating
role in the control of executive attention (Fan et al. 2005;
Fan and Posner 2004; Posner and Rothbart 2007) which
may explain why antihistamines with dopaminergic action
affect executive attention.

Cetirizine concentrations with and without verapamil did
not significantly differ from each other. Yet, mean cetirizine
levels still increased by 40 % after P-gp inhibition. As P-gp
is also expressed in the small intestine, liver, and kidney
(Fromm 2004), and this may cause P-gp inhibition to alter
plasma concentrations of P-gp substrates. Blood samples
were taken at Tmax (i.e., 1 h after drug administration)
during cetirizine alone, and in addition at 4 h after cetirizine
administration, and after verapamil was added. Cetirizine
has a relatively long half-life of 7-11 h, but nonetheless, a
decline in cetirizine plasma levels would be expected at 4 h
after administration. The fact that this decline was not pres-
ent can be interpreted as indicative of P-gp inhibition by
verapamil. Indeed, increments in drug plasma concentration
have previously been reported after combined administra-
tion of fexofenadine, a second-generation antihistamine, and
a P-gp inhibitor (Kim et al. 2009; Sakugawa et al. 2009;
Yasui-Furukori et al. 2005).

Cetirizine did not affect subjective rating of alertness,
sleepiness, or mental effort, before and after P-gp blockade.
This suggests that subjects did not subjectively experience
the sedative effect of combined cetirizine and verapamil use
that was apparent in objective measures of CNS sedation.
Such discrepancy between subjective and objective mea-
sures of CNS effects of antihistamines has been reported
before in studies assessing antihistamine effects on cogni-
tion and driving (Theunissen et al. 2006a; Vermeeren et al.
2002). It underscores the notion that users of sedating anti-
histamines should receive explicit warnings that these drugs
may cause deleterious effects on cognition that may go
unnoticed.

Because verapamil has multiple pharmacodynamic ef-
fects, it cannot be excluded that the combination of verap-
amil and cetirizine resulted in synergistic effects. It is
therefore suggested to investigate the role of P-gp on central
cetirizine effects by comparing effects of P-gp between in-
dividuals with lower expression and function of P-gp and
higher expression of P-gp. Furthermore, because of the
relatively small effects, it is suggested that future research
is necessary investigating the effects of P-g with cetirizine
interactions in patient populations, for instance, after a
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histamine challenge. Also, in order to confirm that verapa-
mil increases the penetration of drugs through the blood—
brain barrier, and subsequently that the effects in the present
study were caused by increased availability of cetirizine in
the brain, it is suggested to investigate this further using
PET imaging.

In conclusion, alertness was sensitive to the combined
treatment of cetirizine with a P-gp blocker, and both plasma
levels and brain activation underpinned this finding. These
results suggest that P-gp blockade may exacerbate the ef-
fects of second-generation antihistamines. The affinity for
the P-gp transporter may therefore contribute to the lower
incidence of CNS side effects.
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