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Introduction: Pharmacological P-glycoprotein (P-gp) inhibition with tariquidar (TQD) is considered a promising
strategy for the augmentation of radiotracer brain uptake. However, a region-dependent effectmay compromise
the robustness of quantitative studies. For this reason, we studied the effect of a TQD pretreatment on 5-HT2A
imaging with [123I]R91150 and compared results with those obtained in Mdr1a knock-out (KO) rats.
Methods: Ex vivo autoradiography was performed in TQD (15 mg/kg) pretreated wild-type (WT-TQD), Mdr1a
knock-out (KO) and untreatedWT rats for Specific Binding Ratio (SBR) estimation. In vivo dynamic SPECT imag-
ing with serial arterial blood sampling was performed in the former two groups of rats and kinetic analysis was
performed with a one tissue-compartment (1TC) model and the Specific Uptake Ratio (SUR). Results were ana-
lyzed statistically using repeated measures ANOVA.
Results: SBR values differed between WT-TQD, Mdr1a KO and WT rats in a region-dependent manner
(p b 0.0001). In vivo brain uptake of radiotracer did not differ between groups. Similarly, kinetic analysis provid-
ed distribution volume (VT) values that did not differ significantly between groups. SUR binding potential (BPND)

values from both groups highly correlated with corresponding VT (r = 0.970, p b 0.0001 and r = 0.962,
p b 0.0001, respectively). However, SUR measured over averaged images between 100 and 120 min, using cere-
bellum as reference region, demonstrated values that were, by average, 2.99± 0.53 times higher in theWT-TQD
group, with the difference between groups being region-dependent (p b 0.001). In addition, coefficient of varia-
tion of the SUR BPND values across brain regions was significantly higher in the WT-TQD rats (41.25% ± 9.63%
versus 11.13% ± 5.59%, p b 0.0001).
Conclusion: P-gp inhibitionwith TQD leads to region-dependent effect in the rat brain,with probably sub-optimal
effect in cerebellum. This warrants attention when it is used as a reference region for quantitative studies.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear and molecular imaging techniques, namely Positron Emis-
sion Tomography (PET) and Single Photon Emission Tomography
(SPECT) provide an excellent means of study of functional aspects of
the Central Nervous System (CNS) in both physiological and disease
states. In these approaches, a molecule that binds to a particular
target-receptor in the brain is labeled with a radioactive isotope and
injected intravenously. Then, transport across the blood–brain barrier
(BBB), mainly by passive diffusion of the radiotracer, permits interac-
tion with the receptor. However, passive diffusion is, in several cases,
not the only process governing uptake ofmolecules by the brain. A fam-
ily of proteins is involved in active transport of molecules out of the
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eva, Chemin du Petit-Bel-Air 2,
6; fax: +41 22 305 5375.

5-HT2A receptor SPECT imag
org/10.1016/j.nucmedbio.201
brain, thus hampering nuclear imaging by lowering the concentration
of tracer that is available for binding to its target [1,2]. The most prom-
inent member of this protein family, concerning radiotracer kinetics, is
the P-glycoprotein (P-gp, or Multi-drug resistance protein, Mdr1). In
humans, Mdr1 is expressed in brain capillary endothelium, whereas in
rodents two isoforms exist, Mdr1a andMdr1b, of which only the former
is present in brain capillary endothelium, the latter being expressed in
brain parenchyma [1].

P-gp activity constitutes a considerable limitation for brain imaging
with radiotracers that are its substrates. A multitude of molecules that
show promising characteristics when evaluated by preclinical in vitro
or ex vivo imaging show a less-than-optimal pharmacokinetic profile
in vivo that can range from a low signal-to-noise ratio to a nearly non-
detectable radioactivity concentration [3,4]. Furthermore, P-gp activity
may vary with respect to disease states (e.g. in epilepsy) and thus, ap-
parent variations of radiotracer binding may actually not reflect brain
neurochemistry but merely this modified brain uptake [5]. This has
led to the development of strategies to overcome the impact of P-gp
ing with [123I]R91150 under P-gp inhibition with tariquidar: More is
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activity on PET and SPECT preclinical and clinical imagingwith pharma-
cological inhibition of P-gp. In this context, previous studies have dem-
onstrated the potential of two P-gp inhibitors, cyclosporine A (CsA)
[2,6–8] and tariquidar (TQD) [5,9,10] to augment brain uptake of radio-
tracers and signal-to-noise ratio.

However, translating the aforementioned effects to an amelioration
of quantitative measures is not straightforward. Indeed, a number of
studies have raised important concerns about the robustness of quanti-
tative measures under P-gp inhibition mainly because the effect of in-
hibitors is not homogeneous across brain regions, as it has been
shown with small animal PET imaging [7,11]. This lack of homogeneity
may have an even greater impact when simplified quantification
methods are employed, in which radiotracer kinetics in a brain region
with negligible specific binding (“reference” region) is used to model
the kinetics of radiotracer in arterial plasma [7]. With these simplified
methods having gained great popularity, the impact of this heterogene-
ity could be an obstacle to the widespread use of P-gp inhibition in nu-
clear neuroimaging.

To date, no study has evaluated the applicability of different quantifi-
cation approaches after P-gp pretreatmentwith TQD, a potent P-gp inhib-
itor [12]. This agent is proposed as an alternative to CsA in neuroreceptor
PET and SPECT studies, assuming that a more efficient P-gp inhibition
should be homogeneous across brain regions. As a result, an unbiased
brain receptor quantification could be performed, in normal as well as
in disease states where P-gp activity is already regionally modified [5].

To address this hypothesis, we evaluated the effect of TQD pretreat-
ment on [123I]R91150 ex vivo and in vivo imaging of 5-HT2A receptors in
the rat brain. [123I]R91150 has been employed in human and small-
animal SPECT studies, related to schizophrenia and the atypical antipsy-
chotic mechanism of action [3,13–16]. Previous rodent SPECT studies
have established the impact of P-gp on the brain kinetics of this partic-
ular tracer, which is an almost complete inhibition of its uptake to virtu-
ally non-quantifiable concentrations and its reversal by genetic absence
of P-gp or pharmacological inhibitionwith CsA [3,8,17]. In order to have
an in-depth evaluation of the effect of TQD, we used full-kinetic model-
ing and a simplified tissue ratio method to extract quantitative mea-
surements [17]. As the objective of TQD pretreatment is supposed to
be a complete inhibition of P-gp, we also employed Mdr1a knock out
(Mdr1a KO) as a measure of comparison of inhibition efficiency.

2. Materials and methods

2.1. Animal preparation

Thirteenmale Sprague–Dawley rats, (Janvier Laboratories, Le Genet-
St-Isle, France) and eight Mdr1a KO rats, weighing 370 to 400 g were
used. The repartition of rats into groups is presented in Table 1. Of the
Sprague–Dawley rats, four were employed in [123I]R91150 U-SPECT-II
scans (miLabs, Utrecht, Netherlands) and four in ex vivo autoradiogra-
phy under prior TQD treatment (hereof, WT-TQD group). Four rats did
not receive any prior treatment (WT group) and were employed in
ex vivo autoradiography. Given the absence of any quantifiable SPECT
signal (see Results section) in untreated WT rats, only one rat of this
group was employed in a [123I]R91150 SPECT experiment for demon-
strative reasons. Of the Mdr1a KO rats, four were employed in SPECT
scan experiments and four in ex vivo autoradiography. In the rats that
Table 1
Repartition of rats into experimental groups.

Rat group Treatment n Experim

WT – 4 Ex-vivo
1 SPECT s

WT-TQD TQD, 15 mg/kg, i.v. 4 Ex-vivo
4 SPECT s

Mdr1a KO – 4 Ex-vivo
4 SPECT s
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underwent SPECT scans (n = 9), one polyethylene catheter (i.d. =
0.58mm, o.d= 0.96mm)was inserted into the left femoral vein for ra-
diotracer injection and one in the left femoral artery for blood sampling.
SPECT scans were performed under isoflurane anesthesia (4% for induc-
tion, 2,5% for maintenance). Body temperature wasmaintained at 37 ±
1 °C by means of a thermostatically controlled heating blanket. In rats
that only underwent autoradiography experiments (n = 12), a 24G
catheter was inserted in the tail vein for radiotracer injection.

All experimental procedures were performed in accordance with the
Swiss Federal Law on animal care under a protocol approved by the Ethical
CommitteeonAnimalExperimentationof theCantonofGeneva, Switzerland.

2.2. Radiotracer preparation

123I radioiodide was purchased from GE Healthcare (Eindhoven, the
Netherlands). TQD was purchased from Toronto Research Chemicals
(Toronto, Canada). All other chemicals were purchased from Sigma-
Aldrich (Buchs, Switzerland) with the highest purity available. R91150
precursor preparation was described elsewhere [3]. For radiolabeling,
300 μg of R91150 precursor in 3 μL ethanol was mixed with 3 μL of gla-
cial acetic acid, 15 μL of carrier-free 123I sodium iodide (10 mCi) in
0.05 M NaOH, and 3 μL of 30% H2O2. [123I]R91150 was isolated by an
isocratic HPLC run (ACN/water 50/50, 10 mM acetic acid buffer pH 5)
with a reversed-phase column (Bondclone C18 10 μm 300 × 7.8 mm,
Phenomenex, Schlieren, Switzerland) at a flow rate of 3mL/min. The ra-
diotracer retention time was 11.0 min. Radiochemical purity, assessed
by HPLC, was above 98% [3].

2.3. SPECT imaging, arterial plasma analysis and free parent radiotracer
fraction estimation

FourWT-TQD, fourMdr1a KO and oneWT ratwere employed in this
experiment. WT-TQD rats were pre-treated with TQD (15 mg/kg, i.v.),
30 min before radiotracer injection. SPECT scanning experimental pro-
tocol included a bolus injection of radiotracer at a volume of 0.6 ml
over a 1-min period using an infusion pump. Specific activity of radio-
tracer at the time of injection was 94.79 ± 26.61 GBq/μmol. A
120 × 1-min frame acquisition was initiated upon radiotracer injection.
SPECT image reconstruction was performed using a pixel ordered sub-
sets expectation maximization (P-OSEM, 0.4 mm voxels, 4 iterations, 6
subsets) algorithm using miLabs image reconstruction software. Radio-
active decay correction was performed while correction for attenuation
or scatter was not.

During SPECT acquisitions, 15 arterial blood samples (corresponding
to a plasma volume of 25 μl each)werewithdrawn at regular time inter-
vals and immediately centrifuged for 5min. Radioactivity wasmeasures
by means of a gamma counting system and expressed in kBq/ml after
calibration. For kinetic analysis of in vivo SPECT experiments, only
whole-blood radioactivity was measured individually.

For themetabolite and protein-bound fraction correction, the results
of a previouswork of our groupwere employed [17]. Themean percent-
age of non-metabolized [123I]R91150 in plasma (Pnm) was fitted using a
tri-exponential model to obtain the following An and Bn parameters:
Pnm(t) = A1.e− B1.t + A2.e− B2.t + A3.e− B3.t. In order to estimate jointly
the model parameters and the metabolite correction model, a coupled
fitting procedure was used to adjust the mean metabolite parameters,
ent Outcome measures

autoradiography SBR
can –

autoradiography SBR
can Brain and plasma radioactivity AUC, VT, K1, k2, BPND
autoradiography SBR
can Brain and plasma radioactivity AUC, VT, K1, k2, BPND
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Fig. 1.Averaged frames of SPECT images (coronal, sagittal and axial planes), corresponding
to 60–120min post radiotracer injection from: (a) an untreatedWT, (b) anMdr1a KO and
(c) a TQD-treated WT rat. Color bars represent % ID/cc values.
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as described byMillet et al. [18]. Mean parameter estimates were: A1=
0.4002; B1 = 1.049; A2 = 0.2529; B2 = 0.2135; A3 = 0.4131; B3 =
0.0003295. The free tracer plasmatic fraction (fp) was 97% ± 3%. The
free andmetabolite-corrected plasmatic input function (Cp)was obtain-
ed by multiplying the total plasmatic activity (CTotal) with the non-
metabolized fraction (Pnm) and the free fraction (fp).

2.4. Ex vivo autoradiography

FourWT-TQD, fourMdr1a KO and fourWT ratswere employed in this
experiment. As in the in vivo SPECT imaging experiments, WT-TQD rats
were pre-treated with TQD (15 mg/kg), 30 min before radiotracer injec-
tion. Under isoflurane anesthesia, rats were injected with 11.45 ±
0.48 MBq of radiotracer and sacrificed by decapitation 120 min later.
Brains were removed and frozen in precooled isopentane at −20 °C
and cut into 20 μm-thick sections that were exposed – along with a stan-
dard of a range of radioactivity concentrations – to phosphor imaging
plates overnight (Fuji Photo Film Co., Tokyo, Japan). Finally, the plates
were scanned with a Fuji Bio-Imaging Analyzer BAS 1800II scanner (Fuji
Photo Film Co.), at 50 μmresolution, to obtain the ex vivo autoradiograms.
Acetylcholinesterase immunohistochemistry of brain sections was per-
formed to better delineate regions-of-interest (ROIs) [19]. Regional quan-
tification of specific binding ratios (SBRs) was performed using AIDA
software as follows: (Activity in ROIs)/(Activity in Cerebellum) − 1.

2.5. Data analysis

SPECT images were processed using PMOD software (version 3.6,
2014, PMOD Technologies Ltd, Zurich, Switzerland). Manual co-
registration to a rat MRI and volume-of-interest (VOI) template, incor-
porated in PMOD [20], was performed using averaged images of frames
corresponding to the last 60min of SPECT scan data. Co-registration pa-
rameters were then applied to dynamic images and time–activity
curves (TACs) were generated. Area under the curve (AUC) for time
points corresponding to the first 60 min of SPECT experiments was cal-
culated on injected dose-normalized TACs and metabolite-corrected
plasma radioactivity curves, using Matlab (R2011a, Mathworks Inc,
USA). The ratio of brain-to-plasma AUC for each VOI was employed as
an index of brain uptake of radioactivity. PMOD was employed for re-
gional analysis under different pharmacokinetic model configurations
for distribution volume (VT) estimation [21]: (1) a one and two tissue-
compartment model (1TC), (2) a specific uptake ratio (SUR) method,
previously validated for analysis inMdr1a KO rats [17]. BPND is obtained
by dividing the averaged activity in each VOI, between the 100th and
120th min of SPECT scan with the corresponding activity in cerebellum
minus one [17]. To validate the employment of this particular time win-
dow for SUR analysis in WT-TQD rats we estimated the parameter over
different timewindows (20min long each) and compared to VT parame-
ter values deriving from the same animal bymeans of regression analysis.

2.6. Statistical analysis

Statistical analysis was performed with Statistica software v.12
(Statsoft, Inc., USA). Linear regression analysis, Student’s t-test and re-
peated measures ANOVA (rmANOVA, using “group” as between-
subject independent variable and “ROI” or “VOI” aswithin-subject inde-
pendent variable)were employed to compare SBR values obtained from
autoradiography and kinetic parameters (VT, K1, k2, BPND and coeffi-
cients of variation, COVs) obtained from in vivo experiments over the
different groups of rats. Significance level was set at p b 0.05.

3. Results

Representative SPECT images, averaged over frames corresponding
to the last 60 min of the scans, from a WT-TQD, an Mdr1a KO and a
WT rat are presented in Fig. 1. [123I]R91150 brain binding follows the
Please cite this article as: Tsartsalis S., et al, 5-HT2A receptor SPECT imag
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same pattern in WT-TQD and Mdr1a KO rats: frontal cortical regions
present the highest binding while posterior cortical and subcortical re-
gions the lowest. An example of %ID/cc TACs for two VOIs (orbitofrontal
cortex and cerebellum) is presented in Fig. 2. Radiotracer uptake, in
terms of brain-to-plasma radioactivity AUC did not differ between
groups (p N 0.05).

The 1TC provided excellent fits to the data. Results of kinetic analysis
of dynamic SPECT scans are presented in detail in Table 2. Average VT

values were found between 167.11 ± 76.29 in orbitofrontal cortex
and 17.90 ± 5.30 in cerebellum for WT-TQD rats, while in Mdr1a KO
it ranged from239.91±132.54 to 36.17±9.35, respectively. rmANOVA
failed to demonstrate any significant difference between WT-TQD and
Mdr1a KO rats. Regarding K1, they were found between 1.58 ± 1.02 in
thalamus and 0.71±0.43 in visual cortex forWT-TQD rats and between
1.58± 0.13 in superior colliculus and 1.02± 0.08 in auditory cortex for
Mdr1a KO. A brain region-dependent difference between the values of
the two groups was indicated by rmANOVA (p b 0.01), but there was
no VOI-wise difference. Similarly, k2 values were found between
0.071 ± 0.025 in cerebellum and 0.005 ± 0.002 in motor and
orbitofrontal cortex forWT-TQD rats and between 0.037± 0.009 in cer-
ebellum and 0.006 ± 0.002 in orbitofrontal cortex for Mdr1a KO. They
differed between WT-TQD and Mdr1a KO rats in a region-dependent
manner (p b 0.001). Post hoc analysis shows a highly significant differ-
ence notably with respect to the k2 value in the cerebellum
(p b 0.0001) that was 1.92-fold higher in the former group of rats. A
marginally significant difference was also observed in thalamus
(p b 0.05), in which values were 0.027 ± 0.006 and 0.019 ± 0.003, re-
spectively. Concerning the 2TC model, it failed to provide better fits to
the data than the 1TC. In addition, it was associated to remarkably
high standard errors (thus, low identifiability) of kinetic parameters
reaching, or often exceeding 100% of the parameter value. As a result,
2TC was not further employed in our study.

The SUR method (Fig. 3) resulted in BPND values that vary from
11.46 ± 3.33 in the motor cortex to 2.16 ± 0.66 in the Superior
ing with [123I]R91150 under P-gp inhibition with tariquidar: More is
5.09.003
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Fig. 2. Average (and standard deviations) TACs (in %ID/cc) extracted from the orbitofrontal cortex (OFC) and the cerebellum (Cb), from Mdr1a KO and WT-TQD rats.
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Colliculus in the WT-TQD group. Their Mdr1a KO rat-derived counter-
parts ranged from 3.66± 0.33 to 0.99± 0.02, respectively. These values
from both groups of rats almost perfectly correlate with the respective
VT values obtained with the 1TC (r = 0.970, p b 0.0001 and r = 0.962,
p b 0.0001, respectively). However, differences in rmANOVA analysis
proved to be highly significant with respect not only to main effect of
factors “group” (p b 0.01) and “VOI” (p b 0.0001) but also to their inter-
action (p b 0.0001), meaning that differences between WT-TQD and
Mdr1a KO rats are not homogeneous across VOI. A pattern of
diminishing magnitude of BPND between the two groups of rats from
high- to low-binding areas was observed, as shown in Fig. 3. Post hoc
analysis supported the existence of this pattern as it demonstrated
that differences between the two groups of rats are more marked in
VOI corresponding to frontal cerebral regions (orbitofrontal, auditory,
cingulate, motor and somatosensory cortex aswell as in nucleus accum-
bens and caudate nucleus-putamen, p b 0.001 for all comparisons),
being on average 3.43 ± 0.36 times higher inWT-TQD rats, with differ-
ences in more posterior VOI (visual cortex, hippocampi, hypothalamus,
thalamus) not attaining significance. Nevertheless, SUR BPND values cor-
related highly between the two groups (r = 0.964, p b 0.0001).
Table 2
Mean and standard deviations of 1TC parameter estimates obtained from 8 experimental subje

VOIa WT-TQD-treated rats

VT-1TC ±SD K1 ±SD k2 ±SD

Acb 120 26 1.15 0.50 0.009 0.00
CPu 104 37 1.35 0.71 0.013 0.00
OFC 167 76 0.84 0.49 0.005 0.00
AudC 64 33 0.82 0.50 0.013 0.00
CgC 159 43 1.13 0.56 0.007 0.00
MC 150 39 0.81 0.50 0.005 0.00
SSC 126 63 1.01 0.69 0.008 0.00
VsC 44 21 0.71 0.43 0.016 0.00
dHip 55 24 0.97 0.55 0.020 0.00
vHip 51 27 1.05 0.64 0.019 0.00
Hyp 57 28 1.26 0.73 0.022 0.00
ColSup 38 17 1.26 0.73 0.032 0.00
VTA 44 19 1.18 0.65 0.026 0.00
Thal 56 28 1.58 1.02 0.027 0.00
Cb 18 5 1.35 0.87 0.071 0.02

Acb: nucleus accumbens, CPu: caudate-putamen, OFC: orbitofrontal cortex, AudC: auditory cort
dHip: dorsal hippocampus, vHip: ventral hippocampus, Hyp: hypothalamus, ColSup: superior

a Values refer to the mean of both left and right VOIs.
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We also compared the percent COV of average VT and BPND values
across the different rats by means of Student’s t-test. COV of VT values
varied from 19.93% to 45.29% across VOI in the WT-TQD group while,
in the Mdr1a KO rats, they were found between 19.15% and 55.25%.
The average values were 35.32% ± 8.86% in the former and 29.92% ±
9.81% for the latter group, a difference that failed to show statistical sig-
nificance in the t-test. Concerning SUR BPND values, the associated COVs
were between 29.08% and 54.40% in the WT-TQD group and between
2.57% and 20.43% in the Mdr1a KO group. Here, the average values
were significantly higher; 41.25% ± 9.63% in the WT-TQD group com-
pared with the average COV values in the Mdr1a KO rats that were
11.13% ± 5.59% (p b 0.0001).

SBR values obtained from the quantitative analysis of ex vivo autoradi-
ography experiments from the three groups of rats (WT, WT-TQD and
Mdr1a KO) are included in Fig. 4. rmANOVA analysis revealed a region-
dependent difference between the three groups (p b 0.0001). VOI-wise
post hoc analysis of the effects of the different levels of the main factor
“group” showed that average SBR values obtained from Mdr1a KO rats
are significantly higher than the corresponding values from WT rats
(p b 0.05) in the nucleus accumbens, orbitofrontal, motor, somatosensory
cts.

Mdr1a KO rats

VT-1TC ±SD K1 ±SD k2 ±SD

2 134 49 1.35 0.15 0.011 0.002
3 127 39 1.36 0.14 0.011 0.002
2 240 133 1.30 0.14 0.006 0.002
2 78 17 0.96 0.07 0.013 0.002
2 179 71 1.34 0.16 0.008 0.002
2 171 70 1.20 0.05 0.008 0.002
2 128 40 1.16 0.11 0.010 0.002
2 68 19 1.02 0.08 0.016 0.002
4 82 17 1.24 0.17 0.016 0.002
5 80 20 1.31 0.20 0.016 0.003
4 81 21 1.49 0.19 0.019 0.003
5 66 18 1.58 0.13 0.025 0.006
6 71 14 1.43 0.18 0.021 0.003
6 81 16 1.53 0.17 0.019 0.003
5 36 9 1.26 0.12 0.037 0.009

ex, CgC: cingulate gyrus, MC: motor cortex, SSC: somatosensory cortex, VsC: visual cortex,
colliculus, VTA: ventral tegmental area, Thal: thalamus, Cb: cerebellum.
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Fig. 3. Histogram (mean and standard deviations) of regional variation of SUR BPND values from WT-TQD and Mdr1a KO rats. *p b 0.001 compared to Mdr1a KO.
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and visual cortex, as presented in Fig. 4. SBR ofWT-TQD rats is significant-
ly higher than that ofWT rats (p b 0.01) in all aforementioned regions, as
well as in the auditory and cingulate cortex. In these two particular re-
gions, the SBR values of WT-TQD rats are significantly higher than those
of Mdr1a KO rats (p b 0.05). Correlations between results in these three
groups are high (r = 0.962 and 0.979, respectively, p b 0.0001 for both
comparisons), as presented in Fig. 5.

4. Discussion

A wide number of radiotracers show compromised brain uptake
because of P-gp-mediated tracer efflux. Therefore, the incorporation of
P-gp inhibition in in vivo imaging protocols has been proposed.
Human and small animal studies have demonstrated the benefits of
this approach in terms of amelioration of signal-to-noise ratio that ren-
ders signal quantificationmore feasiblewith potential benefits on kinet-
ic parameter identifiability and statistical analysis of data [2,7,10,11,22].
This is of particular importance, especially for small animal imaging,
given that P-gp has a higher impact on rodent brain pharmacokinetics,
compared to human [23]. In fact, with the development of high-
resolution dedicated rodent PET and SPECT scanners, preclinical studies
have gained popularity for the initial evaluation of novel radiotracers
and as a powerful tool in translational biomedical research [24]. So, a
Fig. 4.Histogram (mean and standard deviations) of regional variation of SBR values fromWT,W
WT value. (c) p b 0.05 compared to Mdr1a KO value.
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radiotracer may show excellent in vitro affinity profile, with highly spe-
cific receptor binding while in vivo imaging results are disappointing,
because of a minimal brain uptake, a limitation that could be reversed
with P-gp inhibition [3]. Another benefit from P-gp inhibition would
be the neutralization of the effect of P-gp activity variations in disease
states, such as epilepsy andAlzheimer’s disease [1,5], this being very im-
portant from a biological point of view. Indeed, in radiotracer kinetic
modeling, plasma-to-brain transport kinetics, are in close relationship
with the receptor binding parameters, which, when systematically bi-
ased due to variations of brain uptake of a radiotracer could falsely be
interpreted asmodifications of a biological system. In addition, themag-
nitude of brain uptake augmentation after inhibition has been proposed
as ameans of assessment of P-gp activity, whichmay be of particular in-
terest in oncology and neuropsychiatry. This is the case for radiotracers
that are markedly affected by this enzyme, such as [11C]verapamil and
[11C]-N-desmethyl-loperamide [23,25–30].

Ideally, an inhibitor should have a complete and homogeneous –
spatially and temporally – inhibition of efflux proteins, rendering pas-
sive diffusion the only determinant of plasma-to-brain transport. There-
by, an estimation of binding parameters, as an index of an underlying
biological phenomenon would be feasible, especially with the use of
non-invasive quantification approaches, the overall goal being to estab-
lish high-throughput and cost-effective study designs. Thus, the benefits
T-TQD andMdr1a KO rats. (a) p b 0.001 compared toWT value. (b) p b 0.05 compared to

ing with [123I]R91150 under P-gp inhibition with tariquidar: More is
5.09.003

http://dx.doi.org/10.1016/j.nucmedbio.2015.09.003


Fig. 5. Correlation of SBR values from WT rats (x-axis) with WT-TQD (black dots) and
Mdr1a KO rats (white dots) (both in y-axis). Dotted line represents line of equality.
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of in vivo PET and SPECT under conditions of P-gp inhibition in terms of
counting statistics have been demonstrated in human and small-animal
studies using ciclosporin A (CsA) [2,7,10,11,27,31] and TQD [5,25,32,33].
However, the implementation of this strategy in quantitative protocols
is not straightforward: Kroll et al., [7] have recently demonstrated that
[18F]altanserin, a 5-HT2A-binding radiotracer is a substrate of P-gp.
CsA pretreatment (50 mg/kg) significantly augmented the radiotracer
uptake in all brain regions (two- to three-fold), after P-gp inhibition.
However, BPND values, as estimated with several different reference-
tissue models showed a region-dependent increase with pretreatment,
thus questioning the concept of pharmacological inhibition as a mere
“neutralization” of P-gp activity. For this reason, we studied the effect
of TQD-mediated inhibition of P-gp activity and compared the resulting
brain kinetics with those from Mdr1a KO rats, in which there is a com-
plete absence of the transporter. Consequently, any region-dependent
effect of TQD would be more readily observed.

TQD, compared toCsA, is characterizedbyhigher selectivity and inhib-
itory potential and a clearly more favorable side effect and pharmacoki-
netic interactions profile. Overall, it is considered to have a superior
efficacy as a P-gp inhibitor regarding PET and SPECT radiotracer pharma-
cokinetics [34]. We thus employed a TQD pretreatment protocol to study
the kinetics of [123I]R91150, a 5-HT2A-binding radiotracer, that shows
nearly non-detectable brain uptake in WT rats, as measured with SPECT
[3,8,17]. Previously, we have shown that this uptake is markedly en-
hanced inMdr1a KO rats [3,17] and similarly, Blanckaert et al. [8] demon-
strated a comparable augmentation in CsA-treated animals. In the present
study, we show that a pretreatment ofWT ratswith TQD led to an uptake
that did not differ from that inMdr1aKO rats.Αdose of 15mg/kg, injected
30min before radiotracer injection, has been shown to produce themax-
imal inhibitory effect elsewhere in the literature [29].

In the present study, we employed partial P-gp KO, as our rat strain
presents a normal expression of the Mdr1b isoform. This could be a po-
tential limitation to the interpretation of the differences in the kinetic
parameters in our data: TQD pretreatment inhibits both isoforms
whileMdr1b remains functional in theMdr1a KO rats [12,35]. However,
its effect should be limited in the hippocampus as the expression of
Mdr1b in the brain is mostly localized in this structure [36]. Moreover,
Mdr1b as well as the other efflux proteins, such as Breast cancer resis-
tance protein (BCRP) [12,35], seemingly has no considerable effect on
[123I]R91150 whatsoever. If the opposite was true, WT-TQD rats should
have a higher uptake thanMdr1a KO for two reasons: because TQD also
inhibits BCRP andMdr1b and thus uptake should be augmented inWT-
TQD rats, while compensatory augmentations in these proteins’
Please cite this article as: Tsartsalis S., et al, 5-HT2A receptor SPECT imag
better?, Nucl Med Biol (2015), http://dx.doi.org/10.1016/j.nucmedbio.201
expression inMdr1aKO ratswoulddiminishuptake in this group, ultimate-
ly augmenting the difference between the two groups even more [37].

Regarding plasma pharmacokinetics of [123I]R91150, free parent
tracer plasma radioactivity did not significantly differ with respect to
the main effect of “group” of rats and not surprisingly, no differences
were observed in terms of brain-to-plasma AUC ratio. Nevertheless, it
should be noted that correction for radiolabeled metabolites of [123I]
R91150 was based on a previous work of our group, where it was per-
formed on treatment-naïve Mdr1a KO rats [17]. As a result, we may
not eliminate a possible confounding effect of tariquidar-induced P-gp
inhibition on the metabolism of [123I]R91150 and thus on free parent
tracer radioactivity in plasma, brain-to-plasma AUC ratio and results of
full kinetic modeling with the 1TC model in the WT-TQD. But even if
this was the case, quantitative results using the SUR, which present
the most significant finding of this study, would not be modified at all
in the WT-TQD group, as no plasma input is required for their estima-
tion. Furthermore, concerning P-gp inhibition per se, it has been
shown not to interfere with [123I]R91150 metabolism [8].

We performed kinetic analysis of dynamic SPECT imaging using the
1TCmodel, the reason being that it provided excellentfits to TACs,while
the 2TC model did not ameliorate fits and provided kinetic parameters
associatedwith high standard errors (data not shown). Our kinetic anal-
ysis with the 1TC demonstrated that no significant differences in VT are
observed, a finding that supports the argument that 5-HT2A receptor
level does not differ between the two groups of rats. Furthermore,
mean K1 and k2 values across VOI were not significantly different be-
tween the two groups. The fact that both values are significantly influ-
enced by the interaction of the factors “group” and “VOI” points to a
non-homogeneous impact, particularly on k2 parameter. Interestingly,
the post hoc analysis of k2 estimate differences with respect to the rat
group and VOI demonstrated a marked difference in cerebellum, in
which k2 for TQD-treated WT rats is nearly double than that observed
in Mdr1a KO rats (0.071 ± 0.025 in WT-TQD rats and 0.037 ± 0.009
in Mdr1a KO). In this particular brain region, where negligible specific
binding is observed, 1TC-derived k2 parameter is indicative of radiotrac-
er efflux, thus suggesting a higher rate in cerebellum for WT-TQD rats.

This finding has a particular significance for the interpretation of the
markedly increased SUR BPND values inWT-TQD rats with this augmen-
tation being region-dependent, as the interaction of main factors
“group” and “VOI” is significant in rmANOVA. In the absence of in vivo
quantitative binding estimates fromWT rats in order to validate the re-
sults from WT-TQD and Mdr1a KO rats, we used ex vivo autoradiogra-
phy that has greater sensitivity than in vivo SPECT imaging for this
purpose. SBR values from ex vivo imaging follow a similar pattern with
in vivo SUR BPND estimations: average SBR values across all VOIs are
higher in theWT-TQDgroup compared to theWTgroup, with this effect
being region-dependent (significant differences in VOI-wise compari-
sons are illustrated in Fig. 4). On the contrary, SBR values from Mdr1a
KO rats more closely corresponded to values from WT rats, but region-
dependent differences may still be found.

Given the aforementioned difference in k2 estimates, this discrepan-
cy may be, at least partially, explained by a more rapid efflux of radio-
tracer from cerebellum in WT-TQD rats. This suggests that TQD-
mediated P-gp inhibitionmight be suboptimal in the cerebellum region,
an argument supported by the results of Kroll et al. [7] with CsA-
mediated inhibition. Importantly, the doses that were employed in
their study (50 mg/kg for CsA) and in the present one (15 mg/kg for
TQD) produce the maximal effect in rats, as no additional inhibition
was observed after administration of higher doses [7,29]. A possible ex-
planation for this distinct level of inhibition in the cerebellum could be
that, in this region, P-gp expression is the highest in the brain [11]. A
region-dependent effect of TQD is more readily observed in other
brain regions when it is administered in lower doses: at 3 mg/kg, the
augmentation of VT of [11C]verapamil, an indicator of P-gp inhibition
differs across regions of the rat brain [32]. Consequently, it could be as-
sumed that, despite the high dose employed in our study, the effect was
ing with [123I]R91150 under P-gp inhibition with tariquidar: More is
5.09.003
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still suboptimal, notably in the cerebellum. Another possible explana-
tion of this phenomenon could lie on the pharmacokinetics of TQD it-
self: its effect probably starts to decline at 2 h post injection [38],
which could explain the brain kinetics of [123I]R91150.

These results on TQDpretreatment for 5-HT2A receptor SPECT imag-
ing warrant attention when quantification studies are performed. This
concerns quantitative approaches in which a reference tissue, devoid
of specific binding (here, the cerebellum) is employed to estimate the
BPND [17,39]. If disproportionate inhibition of P-gp is induced in this ref-
erence tissue, all estimates are biased. Full kineticmodelingwith arterial
sampling for input function estimation and estimation of VT may be
more robust. On the other hand, in small-animalmolecular imaging, de-
velopment of a high-throughput, cost-effective experimental design is
critical, which implies that the full kineticmodelingwith arterial plasma
samplingmay not be readily employed. Quantitative studies in molecu-
lar imaging are, in fact, a trade-off between precision and parsimony.
Reference-tissuemethods aremuch less invasive (no arterial sampling)
and, in the case of SUR, based on short image acquisitions.

In the present study, WT-TQD rats had higher SUR BPND estimates,
compared to Mdr1a KO rats, but correlations between these groups of
values and the respective VT values were excellent, suggesting that the
SUR method is applicable. Correlations between ex vivo SBR values
from WT-TQD and Mdr1a KO with WT rats are excellent, suggesting
that P-gp inhibition is still a viable option for 5-HT2A SPECT imaging
with [123I]R91150. However, the marked region-dependent effect of
TQD on BPND estimates, as well as their much higher variability (in
terms of % COV), suggests that this approachmight not be optimal in ex-
periments where high statistical power is required, i.e. when small bio-
logical differences need to be precisely detected. On the other hand,
TQD-inhibition of P-gp may be of particular use when novel potential
radiotracers are evaluated [4,40–42,44–46].

Alternatively, the use of P-gp KO rats in translational biological stud-
ies could rule out the deficient brain penetration of radiotracers and
permit extraction of robust quantitative estimates with reference-
tissue approaches, provided that neuroreceptor systems of focus are
not for any reason perturbed by the absence of P-gp expression. The
present and previous studies of our group [3,17] have not provided ev-
idence for the opposite. Concerning human imaging, it is worthy to note
that brain region-wise differences in P-gp expression and function seem
to be less pronounced than in rat [43]. The results of our study suggest
that a careful evaluation of the applicability of the quantification
methods must be verified before the employment of TQD inhibition in
human imaging. A more sophisticated TQD administration design may
be necessary, i.e. a continuous intravenous infusion of TQD throughout
the scan. This was studied with [11C]verapamil human PET imaging
and demonstrated a superior efficacy of P-gp inhibition, as it resulted
in an increase of VT to a level comparable to that in pituitary, a structure
lacking BBB [28].

Taken together, the results of the present study illustrate the advan-
tages and limitations of pharmacological P-gp inhibition. We employed
Mdr1a KO rats to “get a glimpse” of complete Mdr1a inhibition and
compare to the effect of TQD pretreatment on 5-HT2A SPECT imaging.
Region-dependent effects, more pronounced in the cerebellum pro-
duced a positive bias in binding potential estimations in TQD-treated
rats, which still remained highly correlated with these obtained in
Mdr1a KO rats.
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