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Loperamide and dLop are P-gp substrates

ABSTRACT

Introduction: Loperamide, an opiate receptor agonist, does not cross the blood-brain barrier
because it is a substrate for the Permeability-glycoprotein (P-gp) efflux pump. We evaluated *'C-
loperamide as a positron emission tomography (PET) radiotracer to measure P-gp function in vivo.
M ethods: Monkeys were injected with *'C-loperamide, and PET brain images were acquired for
120 min. Baseline scans were followed by ones with pre-administration of two P-gp inhibitors,
DCPQ or tariquidar. Both PET scans and ex vivo measurements were obtained in P-gp knockout
and wild type mice. Results: Pharmacological inhibition of P-gp in monkey dose-dependently in-
creased brain activity, with 3.7 fold effect at the highest DCPQ dose (8 mg/kg i.v.). This increase of
brain activity was not caused peripherally, since DCPQ insignificantly changed the plasma concen-
tration and plasma protein binding of radiotracer. Furthermore, the structurally dissimilar inhibitor,
tariquidar, also increased brain uptake with potency equal to that of DCPQ. P-gp knockout mice had
2-3-fold higher brain activity on PET scanning than wild type animals. Four radiometabolites were
detected in plasma and brain of ex vivo mice. The most lipophilic radiometabolite was found to be
comobile with reference dLop on HPLC. The brain concentrations of **C-loperamide and the puta-
tive **C-dLop were increased ~16 fold in Pgp knockout compared to wild type mice. Conclusions:
Both *'C-loperamide and its putative radiometabolite **C-dLop are avid P-gp substrates. *'C-dLop
may be superior to **C-loperamide to measure P-gp function at the blood-brain barrier, because fur-

ther demethylation of **C-dLop will generate radiometabolites that have little entry into brain.
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INTRODUCTION
The Permeability-glycoprotein (P-gp) efflux pump prevents the brain uptake of drugs from sev-
eral chemical classes and can transport substances while in the lipid bilayer namely, before they ac-
tually cross the membrane (1). Substrates for P-gp tend to have both lipophilic components and a
positive charge. The lipophilicity causes drugs to be concentrated within the lipid bilayer and

thereby exposed to this efflux transporter, which acts as a “hydrophobic vacuum cleaner” (2).

A PET radioligand to measure the function of P-gp may be useful, since several human disor-
ders have been associated with abnormal function of this efflux transporter. For example, over ex-
pression of P-gp is partly responsible for multidrug resistance in some cancers, since P-gp blocks
the entry of selective chemotherapies into the cytoplasm of the tumor (1). Excessive function of P-
gp may also be responsible for some cases of resistance to anti-epileptic medications, in this case by
blocking passage of the medication across the blood-brain barrier (3). Finally, decreased function of
P-gp at the blood-brain barrier may decrease clearance of amyloid from brain to plasma and thereby

predispose individuals to Alzheimer's disease (4).

Several substrates of P-gp have been radiolabeled and used in animals or humans to measure P-
gp function, including **™**™Tc-sestamibi (5, 6), **C-verapamil (7), and ®F-paclitaxel (8). All of
these agents have at least one limitation, including difficulty in synthesis (e.g., *™Tc-sestamibi),

significant contamination by radiometabolites (e.g., **C-verapamil), or low signal to noise ratio (i.e.

modest increase of brain uptake after P-gp inhibition).

In the search for a better radiotracer for P-gp, we evaluated *C-loperamide, which has been re-
ported in abstracts to be a promising substrate of this efflux transporter (9, 10). Loperamide is an
opiate agonist that is commonly used to treat diarrhea. It acts on opiate receptors in the gut to slow
motility and thereby increase removal of water from stool. Loperamide has low pharmacological
toxicity and is an avid substrate for P-gp at the blood-brain barrier (11). For example, despite high

doses and high plasma concentrations in human subjects, loperamide almost completely lacks cen-
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tral nervous system effects, because P-gp efficiently blocks virtually all brain uptake. Loperamide is
rapidly metabolized in mammals mainly by the dealkylation of the dimethyl amide moiety (12, 13).
Some of the metabolites of loperamide, including N-desmethyl-loperamide, are predicted to have

adequate lipophilicity to enter brain if not inhibited by P-gp.

We evaluated *'C-loperamide in monkeys and mice as a potential agent for measuring P-gp
function, especially with regard to possible contamination of brain activity with radiometabolites.
Following injection of *'C-loperamide into P-gp knockout mice, we detected the presence of sig-
nificant amounts of radioactivity with the same chromatographic mobility as the expected major
metabolite dLop. We now suggest that this putative radiometabolite, **C-desmethyi-loperamide

(*'C-dLop), may itself have superior properties for measuring P-gp function.

MATERIALSAND METHODS

Materials

GlaxoSmithKline provided N-desmethyl-loperamide, the precursor for synthesis of *'C-
loperamide. Eli Lilly provided DCPQ [(2R)-anti-5-{3-[4-(10, 11-dichloromethanodibenzo-suber-5-
yl)piperazin-1-yl]-2-hydroxypropoxy}quinoline trinydrochloride], which is a potent inhibitor of P-
gp. DCPQ was previously reported as compound 14b (14). Xenova Group, Ltd (UK), provided tari-
quidar, previously called XR9576 (15). Pharmacological doses in this paper are expressed relative

to the trihydrochloride salt of DCPQ and the free base of tariquidar.

In Vitro Receptor Binding

The National Institute of Mental Health Psychoactive Drug Screening Program measured the af-
finity of loperamide and dLop at three opiate receptors (delta, kappa, and mu), using radiolabeled
agonists for each receptor subtype. Detailed binding protocols are available on-line:

http://pdsp.med.unc.edu.
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Radiotracer

1C-Loperamide (10) was prepared automatically within a lead-shielded hot-cell from cyclotron-
produced *'C-carbon dioxide in a commercial apparatus (Mel Microlab; Bioscan, Washington D.C.,
USA). *C-Carbon dioxide (51.8 GBq) was produced according to the **N(p,a)*'C reaction by irra-
diating nitrogen that contained oxygen (1%) for 20 min at an initial pressure of 164 psi with a pro-
ton beam (16.5 MeV; 45 pA) using a PETrace cyclotron (GE Healthcare, USA). The *'C-carbon
dioxide was reduced to *'C-methane and further to *'C-iodomethane by repetitive high temperature
direct iodinations (16). The *'C-iodomethane was then released from this apparatus in a stream of
He (15 mL/min) into a PLC-controlled semi-robotic Synthia apparatus (Synthia, Uppsala University
PET Centre, Uppsala, Sweden). The helium containing **C-iodomethane was bubbled into a sep-
tum-sealed 1-mL vial containing a solution of N-desmethyl-loperamide (1.5 mg, 3.25 umol) and
KOH (5.0 mg, 89.3 umol) in 400 pL anhydrous DMSO. When the radioactivity in the vial maxi-
mized, the reaction mixture was heated at 80°C for 6 min and then diluted with H,O (500 pL). The
crude material was injected onto a Luna Cys column (10 pm, 10 x 250 mm; Phenomenex, Torrance,
CA) and then eluted at 8 mL/min with 0.1% TFA/MeCN (55: 45 v/v). While the eluate was moni-
tored for radioactivity and absorbance at 225 nm (Bioscan HC-003, pin diode for y—detection;
Beckman Gold 166 for UV absorbance), *'C-loperamide was collected (tz = 8.7 min) into a 10-mL
round-bottom flask and evaporated to dryness. The residue was dissolved in EtOH (0.5 mL) and
0.9% NaCl (10 mL), which was then sterilized by membrane filtration (Millex MP, Millipore, Bed-
ford, MA, USA) to which sterile NaHCOs for injection (200 pL; 8.4% wi/v, Hospira, Inc.) was

added aseptically. The pH of the dose was 8.5.

Radiochemical purity was determined on a Prodigy Cis column (4.6 x 250 mm, 10 pm; Phe-
nomenex) eluted with 0.1% TFA/MeCN (50: 50 v/v) at 2.5 mL/min (tg = 4.30 min). Identity was

confirmed by co-injection with authentic loperamide and observation of its comobility (Beckman
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man Gold 166 for UV absorbance; Bioscan HC-003, pin diode for ydetection), and by LC-MS-MS

analysis of associated carrier.

M easur ement of Log D74

1C-Loperamide was dissolved in 0.15 M sodium phosphate buffer (pH 7.4) at a specific con-
centration of about 2.2 MBg/mL. The radiochemical purity of this preparation was greater than 99%.
Log D74 was determined six times at room temperature by extraction of *'C-loperamide into n-
octanol from the phosphate buffer, as previously described (17), but with correction of the radioac-

tivity counts associated with the radiotracer in the aqueous phase after HPLC analysis.

PET Studiesin Nonhuman Primate

Three male rhesus monkeys (Macaca mulatta; 11.5 + 1.4 kg, with these and subsequent data
expressed as mean £ SD) were fasted overnight, immobilized with ketamine (10 mg/kg i.m.), intu-
bated, placed on a ventilator, and anesthetized with 1.6% isoflurane in O.. After injecting *'C-
loperamide (286 = 55 MBq i.v. in 4-5 mL; 0.76 £ 0.3 nmol/kg ), dynamic PET scans were acquired
on either the HRRT (High Resolution Research Tomograph; Siemens, Knoxville, TN, USA) or the
Advance PET tomograph (GE Healthcare, Waukesha, W1), both of which were cross-calibrated.
Although these two cameras have different resolution, the regions of interest were large enough to
mask this performance difference (18). For DCPQ, we performed a baseline scan in the morning
and a P-gp blocked scan in the afternoon in the same animal, with injections separated by three
hours. We administered three doses of DCPQ (1, 3, and 8 mg/kg i.v.) and one dose of tariquidar (8
mg/kg i.v.), each at 30 min before the radiotracer. For tariquidar, we acquired only a blockade scan

and compared it to the baseline scans of three other animals.

PET images were co-registered to a magnetic resonance image template of a monkey brain.
Tomographic images were analyzed with PMOD 2.7 (pixel-wise modeling computer software;

PMOD Group, Adliswil, Switzerland). Regions of interest were drawn on coronal slices. Decay-
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corrected radioactivity was expressed as % standardized uptake value (%SUV), which normalizes

for injected activity and body weight.
%SUV = (% injected activity per cm?® brain) x (g body weight)

Plasma Analysis

An intravenous perfusion line, filled with 0.9% NaCl, was used for the radiotracer injection. A
blood sample (2 mL) was withdrawn before radiotracer administration to determine plasma protein
binding, as previously described (19). Eight arterial blood samples (0.5mL each) were drawn into
heparin-treated syringes at 15 s intervals until 2 min, followed by 1 mL aliquots at 3, 5, 10, 20, 30,
45, 60, 75, 90, and 120 min. Plasma **C-loperamide was quantified using radio-chromatography
(HPLC; methanol-water-triethylamine, 75: 25: 0.1; by vol. at 2.0 mL/min) and y-counting, as previ-

ously described (19).

Plasma free fraction (fp) was determined at baseline condition and after administration of
DCPQ and tariquidar. Plasma free fraction was measured in triplicate using ultracentrifugation, as

described previously (20).

PET Imaging Studiesin Mouse

Three knockout (28 £ 5 g; mdr-1a/b(-/-); model 001487-MM, double homozygotes) (21) and
three wild type (31 = 2 g; mdr-1a/b(+/+); model FVB) mice were anesthetized with 1.5% isoflurane
and injected via tail vein with 'C-loperamide, 15.7 + 2.0 MBq (15.8 + 2.7 nmol/kg) and 16.8 + 2.1
MBq (15.7 = 2.7 nmol/kg), respectively. The volume of the injectate ranged between 0.1 and 0.15
mL which was infused over a period of 15 to 20 s. Mice were purchased from Taconic (German-
town, NY, USA). One knockout and one wild type mouse was paired and scanned simultaneously
on the Advanced Technology Laboratory Animal Scanner (22), as previously described (23). Serial
dynamic images were acquired for 100 min, with frames of 6 x 20 s, 5 x 1 min, 4 x 2 min, 3 X 5

min, 3 X 10 min and 2 x 20 min. We used 3D order subset expectation maximization algorithm to
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reconstruct data into 17 coronal slices, achieving a resolution of 1.6 mm full-width at half maximum
(24). The small mouse brain causes little scatter and attenuation of the gamma emissions from car-

bon-11, and, thus, we performed no correction for scatter or attenuation.

Ex Vivo Analysis of Mouse Plasma and Brain

Five P-gp knockout (23.5 + 2.5 g) and five wild type (30.2 + 2.1 g) mice were anesthetized with
1.5% isoflurane in O, and **C-loperamide was injected via the tail vein. The knockout mice re-
ceived 15.2 = 6 MBq (22.3 + 7 nmol/kg), and the wild type mice received 36.4 + 3 MBq (50.0 £ 20
nmol/kg). At 30 min after radiotracer injection, anticoagulated blood was removed by cardiac punc-
ture, and the brain was harvested. Plasma was separated from whole blood by centrifugation at
1,800 g for 1min. Plasma samples were quantified for radioactivity as previously described (19) in
an automatic gamma counter. Forebrain and cerebellum were separately homogenized using a hand
held tissue Tearor (model 985-370; BioSpec Products Inc.) in 1.5 times volume acetonitrile contain-
ing carrier loperamide, followed by homogenization with additional H,O (500 pL). The homoge-
nates were measured in the y-counter to calculate the % recovery of radioactivity into the acetoni-
trile extracts. The homogenates were then centrifuged at 10,000 x g for 1 min. The clear pre-filtered
supernatant liquids were injected onto a radio-HPLC Novapak® Cis column (4 pm, 100 x 8 mm;
Waters Corp., Milford, MA, USA) housed in a radial compression module RCM-100 and eluted
with methanol-water-triethylamine (75: 25: 0.1; by vol.) at 2.0 mL/min. The eluate was monitored
with an in-line flow-through Na(TI) scintillation detector (Bioscan, Washington D.C., USA).
Plasma parent and radiometabolite concentrations were calculated as the product of the radio-HPLC
fraction of interest and the total plasma radioactivity concentration (dpm/mL). For simultaneous
identification and quantification of radioactive dLop and loperamide, internal standards of both non-

radioactive compounds were added to the tissue preparations for detection by UV absorbance.
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All animal experiments were performed in accordance with the Guide for the Care and Use of
Laboratory Animals (25) and were approved by the National Institute of Mental Health Animal

Care and Use Committee.
RESULTS
Radiotracer

1C-Loperamide was prepared from N-desmethyl-loperamide with an overall decay-corrected
radiochemical yield of 11.3 + 1.4% and a radiochemical purity of more than 99% (n = 13). The spe-
cific activity, decay corrected to the end of synthesis, was 42.6 + 23.9 GBg/pmol (n = 13) with an
average radioactivity of 1.7 + 0.6 GBq. The overall time of preparation was 37 min. The mass asso-

ciated with the injected doses, as reported below, were calculated for time of injection.
M easur ement of Log D74

The Log D74 at room temperature of **C-loperamide in octanol was 3.04 + 0.04 (n = 6). The
percent error of the y-counter measurements of the samples with the least counts was 0.9 £ 0.0% (n
= 6). C-loperamide was 99.7 + 0.1% (n = 4) stable in 0.15 mM sodium phosphate buffer for more
than 2 h.
Receptor Screening of L operamide and N-desmethyl-loperamide

Loperamide and dLop had high affinity and quite high selectivity for binding to u opiate recep-
tors over ¢ and « subtypes (Table 1). Loperamide is an agonist; therefore its affinity was measured

using agonist radiotracers.
<<Tablel>>

M etabolism of *'C-L operamide in M onkey

At least six radiometabolites were detected in monkey arterial plasma. Plasma samples at 15

min showed two major radiometabolite peaks (Fig. 1A), The most polar peak (a) eluted at the void
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volume of the column (14.1%) and the other (e) immediately before the parent peak (2.6%). The
latter peak is almost certainly composed mainly of **C-dLop because of its coelution with authentic
dLop under different elution conditions, and because this is the expected major metabolite of *'C-
loperamide. Three minor peaks (1.7% (b), 0.32% (c), and 0.24% (d)) were detected between the
column void volume peak and dLop peaks. These three peaks were difficult to resolve at later time
points without extending the time length of each radiochromatogram and compromising the global
information of the arterial input function. Therefore, these three radiometabolites were combined
and subsequently called "met B". One minor radiometabolite (0.1%, (g)) eluted after the parent peak

and was presumably more lipophilic than loperamide.

<<Fig.1>>

1C-Loperamide was stable in vitro for 30 min at room temperature in whole blood (93%) and
plasma (99%). *C-Loperamide rapidly metabolized and represented 50% of plasma radioactivity at
about 20 min (Fig. 2). The recovery of radioactivity from the standards and all other plasma sam-

ples into CH3CN was 92.5 + 6.9% (n = 69), with no retention of radioactivity on the HPLC column.
<<Fig.2>>

P-gp Inhibition in Monkey

Pre-administration of either of two P-gp inhibitors, DCPQ or tariquidar, caused brain activity to
increase quickly after injection of **C-loperamide. Under baseline conditions in three monkeys,
brain uptake was low (~ 40% SUV) and quite stable during the 120 min scan (Fig. 3A). Administra-
tion of DCPQ 30 min before the radiotracer quickly increased brain activity in a dose-dependent
manner. The enhanced brain uptake was apparent within 1 to 3 min of radiotracer injection and rela-
tively stable thereafter. The lowest dose (1 mg/kg) had minimal effect, but the higher doses (3 and 8

mg/kg) increased brain activity ~ 2.5 and ~ 3.5 fold, respectively (Fig. 3A). Increasing doses of
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DCPQ caused a linear increase of brain uptake at 25 min and showed no evidence of reaching a

maximal effect at 8 mg/kg i.v. (Fig. 3B).

— <Fig.3>>

P-gp is widely distributed in the body, including gastrointestinal tract, liver, and kidneys, and
may significantly modulate metabolism and excretion of drugs. To determine whether the increase
in brain activity following DCPQ occurred via a peripheral mechanism, we measured parent radio-
tracer and radiometabolites in arterial plasma at baseline and after P-gp blockade. At baseline and
after DCPQ (8 mg/kg i.v.), the concentration of parent radiotracer quickly decreased and was 50%
of total plasma activity at 17 and 20 min, respectively (Fig. 4). The maximal plasma concentration
of 'C-loperamide was also similar at baseline (446% SUV) and after DCPQ (408% SUV). As a
measure of total exposure to brain, the area under the curve of plasma *C-loperamide concentration
versus time was calculated with a triexponential fit. The area to infinity was 359 at baseline and 417
kBg:-min-mL™ after DCPQ. Thus, the almost 3.5 fold increase in forebrain activity could not be ex-
plained by a modest 16% increase in plasma exposure. Instead, the effect of DCPQ was likely due
to inhibiting P-gp at the blood-brain barrier. To confirm this action, we injected another P-gp inhibi-
tor, tariquidar, whose chemical structure greatly differs from that of DCPQ. Tariquidar was equipo-

tent with DCPQ when both were injected at 8.0 mg/kg i.v. (Fig 3A).

<<Fig.4>>

Finally, increased brain uptake after P-gp inhibition was not caused by competitive binding of
radiotracer from binding to plasma proteins. DCPQ had a slight but inconsistent effect on the
plasma free fraction (fp) of **C-loperamide. At 1.0 mg/kg DCPQ, fp increased 12%, but at the doses
of 3.0 and 8.0 mg/kg, fp decreased 13% and 8.3%, respectively (Table 2). The plasma free fraction

was negligibly affected by tariquidar (8 mg/kg).
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= <<Table2>>

PET Imaging in Mouse

The effect of genetic disruption of P-gp in mice on brain radioactivity uptake after injecting *'C-
loperamide was similar to that of pharmacological inhibition in monkeys. That is the maximal activ-
ity in forebrain and cerebellum of knockout mice was quickly 2.7 and 1.9-fold higher, respectively,

than that in wild type mice (Fig. 5).

= <<Fig.5>>

At least four radiometabolites were detected in plasma, forebrain and cerebellum of mice after
intravenous injection of **C-loperamide. The radiochromatogram of plasma (Fig. 1B) showed a
peak (a) that eluted at the void volume of the column. It was the most polar and designated radi-
ometabolite A in Table 3. The next 3 minor peaks (b, ¢, and d) were combined and reported as radi-
ometabolite B. Peak e was the most lipophilic radiometabolite and was found to coelute with added
authentic dLop. The parent radiotracer (peak f) was the most lipophilic and eluted last. Furthermore,
Peak eand reference dLop eluted at a retention time of 5.0 min (10 mL) using a mobile phase of
methanol-water-triethylamine, 75: 25: 0.1; by vol. at 2.0 mL/min. The same two peaks remained
associated after increasing the polarity of the mobile phase (HPLC; methanol-water-triethylamine,
70: 30: 0.1; by vol. at 2.0 mL/min) so that the retention time of peak e became 7.2 min (14.4 mL).
At this extended retention time, peak e remained a single and symmetrical one. This evidence
strongly indicates that this peak is **C-dLop radiometabolite. Thus, the data are consistent with but

do not prove that peak e is **C-dLop.

= <<Table3>>

The brain uptake of **C-loperamide and **C-dLop was markedly increased in P-gp knockout

compared to wild type mice, confirming that both drugs are substrates for this efflux transporter.
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1C-Loperamide was increased 16-fold and **C-dLop 17-fold in forebrain and cerebellum (Table 3).
The brain contained other radiometabolites (A and B) that were apparently not substrates and
showed minimal differences between animals. These radiometabolites blunted differences between
animals such that total radioactivity (i.e., of parent radiotracer and all radiometabolites) in forebrain
of P-gp knockout mice was only fourfold greater than that of wild type mice (50.9 £ 19.9% SUV vs.
12.5 +1.5% SUV, Table 3). These direct ex vivo measurements of total radioactivity are the most
relevant to compare with PET imaging, since PET detects radioactivity from all chemical species
containing **C. The direct measurements showed a 4-fold increase in forebrain total radioactivity of
knockout compared to wild type animals (Table 3), whereas PET imaging found only 2.7-fold in-

crease (Fig. 5).

DISCUSSION
Using the 'C-labeled form, we confirmed that loperamide is an avid substrate for P-gp at the

blood-brain barrier in two species. Two structurally dissimilar inhibitors, DCPQ and tariquidar have
high affinities to the P-gp of 5.3 nM (26) and 5.1 nM (27) respectively. These inhibitors rapidly in-
creased the brain activity in monkey. The enhanced uptake was fairly linear in the DCPQ dose
range of 1 to 8 mg/kg i.v. and showed no evidence of a plateau or maximal effect. At the highest
dose tested (8 mg/kg i.v.), both DCPQ and tariquidar were equipotent and increased brain activity ~
3.5 fold. We performed comparable studies in mice but used P-gp knockout animals rather than
pharmacological inhibition. PET imaging showed that the brains of knockout mice had about three-
fold greater activity than those of wild type animals. This enhancement, however, was blunted by
the limited anatomic resolution of PET. Ex vivo studies in these mice showed brain activity derived
primarily from two compounds, the parent radiotracer **C-loperamide and the radiopeak e (Fig. 1),
which we deduced to be **C-dLop metabolite. Unlike PET, these ex vivo measurements were not

confounded by limited resolution and its resulting partial volume errors. The concentrations of *'C-
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loperamide and **C-dLop at 30 min were elevated 16 and 17 fold in knockout compared to wild

type mice.

In the light of these results, **C-dLop may be a better radioprobe than 'C-loperamide to assess
P-gp function at the blood-brain barrier, since it will have one less contaminating radiometabolite.
The structures of these two compounds clarify this point (Fig. 6). When **C-loperamide is N-
demethylated, it is anticipated that both **C-methyl and *2C-methyl are equally likely to be removed
and subsequently metabolized to *“*2C-labeled CH;OH, CH,O, CO,H, and CO.. These compounds
in the oxidation route have little entry in brain (28). In contrast to the metabolism of *'C-loperamide,
further N-demethylation of **C-dLop leads to radiometabolites, ultimately **C-CO,, that has mini-
mal brain entry. Thus, *'C-loperamide is similar to many other P-gp substrate radiotracers men-
tioned in the Introduction by generating radiometabolites that confound PET measurements of brain
activity. In this case, however, the confounding metabolite, **C-dLop, may itself be a superior PET

radiotracer.

<<Fig. 6>>

Inactivation of P-gp function with either pharmacological inhibition in monkeys or genetic
knockout in mice caused a rapid and sustained increase of brain activity after injection of *'C-
loperamide. The enhanced uptake was near maximal within a few min after injecting both monkeys
and mice. The rapid effect of P-gp inhibition is consistent with this efflux pump blocking entry
rather than facilitating removal of radiotracer. Although both would have the same net effect, facili-
tating removal would likely be a slower process, first allowing entry, then diffusion in extracellular
space, and finally removal from brain. In fact, the current model for P-gp function proposes that
drugs are removed while in the membrane lipid bilayer (1) —i.e., before they enter the brain’s ex-

tracellular space.
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Compared to ex vivo measurements, PET brain imaging was confounded by limited anatomic
resolution and contamination from radiometabolites. The more accurate ex vivo measurements
demonstrated markedly increased concentrations of **C-loperamide (16 fold) and **C-dLop (17
fold) in P-gp knockout compared to wild type brain. These high ratios reflect, in part, the thorough-
ness of P-gp to block brain entry of these two compounds. That is, the denominator of the ratio (i.e.,
brain uptake in wild type mice) is extraordinarily low, which has significant implications for PET
imaging. Although one can measure decreased P-gp function as increased tissue radioactivity, one
would likely not be able to measure enhanced P-gp function, since tissue radioactivity is already at
almost immeasurably low levels. For example, some cases of drug resistance in epilepsy may be
caused by locally enhanced P-gp function, and thus drug removal, at the epileptogenic focus (3).
1C-Loperamide and **C-dLop would likely be unable to measure such increased P-gp function,
since baseline activity is so low, at least in nonhuman primates. In this regard, a less avid P-gp sub-

strate radiotracer would be superior to loperamide to measure enhanced P-gp function.

Did *'C-loperamide and **C-dLop show measurable binding to opiate receptors in vivo? Mu
opiate receptors have significantly higher densities in forebrain than cerebellum of mouse (29).
Thus, if the radiotracer has significant receptor binding greater than nonspecific levels, its concen-
tration should be higher in forebrain than in cerebellum. Our PET imaging data are not useful to ad-
dress this question, because partial volume errors will cross-contaminate cerebellum and forebrain
and because the PET measurements of total radioactivity are contaminated by several radiometabo-
lites. In contrast, the ex vivo data have no partial volume errors and can separately identify *'C-
loperamide and **C-dLop by radiochromatography. At 30 min after injection in knockout mice, the
ratio of concentrations in forebrain to cerebellum was 1.5 for **C-loperamide (25.4% vs. 16.9%) and
about 1 for "'C-dLop (12.1% vs. 14.4%). One-way analysis of variance demonstrated that there was

no significant brain regional differences (o = 0.05) in the distribution of either radiochemical spe-
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cies. Although we have no evidence for specific in vivo binding of the radiotracer to  opiate recep-
tors, this issue deserves additional study in the future.
CONCLUSION

1C-Loperamide and its putative N-desmethyl metabolite, *C-dLop, are avid substrates for P-gp
efflux at the blood-brain barrier. **C-dLop may have superior properties to the parent radiotracer for
measuring P-gp function, since its further demethylation generates radiometabolites that have lim-
ited entry into brain.
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TABLES

TABLE 1. Affinity of loperamide and dLop for three cloned human opiate receptor subtypes.

Ki (nM)*
Agonist
Receptor Radiotracer Loperamide dLop
i *H-DAMGO 0.31+0.03 0.56 +0.05
) *H-DADLE 116 +7 328 +22
K *H-U69,593 47 + 4 737

*K; (inhibition constants) values are the mean + SD of four competitive binding experiments.
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TABLE 2. Effect of P-gp inhibitors on plasma free fraction (fp) in monkey.

Plasma free fraction (fp)

P-gp Inhibitor
(mg/kg) Baseline P-gp Inhibition A
DCPQ (1.0) 51%0.2 57%0.3 +12%
DCPQ (3.0) 1.6+0.6 14+0.5 -13%
DCPQ (8.0) 48+1.7 44+14 -8.3%
Tariquidar (8.0) 1.64 +0.56 1.71+05 +4.3%

Values are the mean £ SD of at least three observations. The percent difference (A) was cal-
culated relative to the baseline.
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TABLE 3. Concentration of *'C-loperamide and its radiometabolites in P-gp knockout (KO) and wild type (WT) mice.

Forebrain Cerebellum Plasma
Concentration Concentration Concentration

Radiochemical (%SUV)* Ratio (%SUV)* Ratio (%SUV)* Ratio
Species KO WT KO/WT KO WT KO/WT KO WT KO/WT
Met A 109+27 10.2+£20 1 11.2+57 103+2.2 1 19.3+56 205%+3.6 0.9
Met B® 2621 0.3+0.1 9 24+1.6 0.3+0.1 8 19+04 21+1.0 0.9
Yc-dLop 121+64 0.7%x0.2 17 144459 11+05 13 08+03 09%0.1 0.9
'c-loperamide 254+106 16+04 16 169+78 15+1.0 11 6.3+33 7.8+13 0.8
Total 50.9+199 125+15 4 449+165 134+0.9 3 283+75 312+11 0.9

Radioactivity

Five P-gp knockout and five wild type mice were killed 30 min after i.v. injection of “"C-loperamide.
*Values are mean + SD.
SValues are the sum total of radiometabolites b, c and d (Fig. 1).
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FIGURE LEGENDS

FIGURE 1. Radiochromatogram of activity extracted from plasma of monkey (A) and mouse (B).
Monkey plasma was obtained 15 min after i.v. injection of *'C-loperamide, and mouse
plasma at 30 min. Radiometabolites a, b, ¢, d, e were all more polar than the c.
loperamide peak f, but the minor peak g was more lipophilic than the parent.

FIGURE 2. The composition of radioactivity extracted from arterial plasma after i.v. injection of
1C-loperamide in a monkey. Symbols: *C-loperamide (®); **C-N-desmethyl-

loperamide (dLop) (V); the most polar radiometabolite (O); and the three pooled in-
termediate radiometabolites (A). Relative to the peaks in Figure 1, loperamide is "f";
dLop is "e"; the most polar is "a"; and the pooled intermediates are "b, ¢, & d."

FIGURE 3. Effect of DCPQ and tariquidar on brain uptake of radioactivity in a monkey. (A)

Brain radioactivity was measured at baseline (l). The unilateral error bars on the
baseline study are the SD from three scans. Three doses of DCPQ 1.0 (A), 3.0 (V), 8.0

mg/kg (<>); and one dose of tariquidar 8.0 mg/kg (©). These P-gp inhibitors were in-

jected i.v. 30 min before *C-loperamide. Peak radioactivity in brain increased 3.7 fold
at a dose of 8.0 mg/kg of both tariquidar and DCPQ. The concentrations of radioactiv-
ity in brain were corrected for their vascular component, assuming 5% of brain volume.
(B) Relationship between DCPQ doses (0, 1, 3, and 8 mg/kg) and concentration of ra-
dioactivity (%SUV) at 25 min in monkey forebrain.

FIGURE 4. Effect of DCPQ on the composition of radioactivity in plasma after two injections of
1C-loperamide into a monkey. The baseline study was performed in the morning.
DCPQ (8 mg/kg i.v.) was administered 30 min before the radiotracer to the same mon-
key in the afternoon. All radiometabolites were combined for each study. Symbols:

1C-loperamide at baseline (C1) and after DCPQ (m); total radiometabolites at baseline
(©) and after DCPQ (®).

FIGURE 5. PET measurement of radioactivity in forebrain and cerebellum of P-gp knockout (O)
and wild type (A) mice. The unilateral error bars represent the SD for 3 knockout and
3 wild type mice.

FIGURE 6. Chemical structures of **C-loperamide and *'C-dLop.
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