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Summary

Salvinorin A (SA) is a potent kappa opioid with a brief duration of action. Consistent with this, our
previous positron emission tomography (PET) studies of carbon-11 labeled SA showed that brain
levels decrease rapidly after intravenous administration. SA is rapidly metabolized, giving the much
less potent salvinorin B (SB), which is presumed to be responsible in part for SA's brief duration of
action. To test this, we labeled the metabolically stable methyl ester of SA and SB with carbon-11
and compared their pharmacokinetics by PET imaging after intravenous administration to baboons.
Labeling of salvinorin B ethoxymethyl ether (EOM-SB), a derivative with greater potency and
resistance to metabolism, provided an additional test of the role of metabolism in brain efflux. Plasma
analysis confirmed that SB and EOM-SB exhibited greater metabolic stability than SA. However,
the three compounds exhibited very similar pharmacokinetics in brain, entering and exiting rapidly.
This suggests that metabolism is not solely responsible for the brief brain residence time of SA. We
determined that whole brain concentrations of EOM-SB declined more slowly than SA after
intraperitoneal administration in rodents. This is likely due to a combination in EOM-SB's increased
metabolic stability and its decreased plasma protein affinity. Our results suggest that protecting
salvinorin A derivatives from metabolism will prolong duration of action, but only when administered
by routes giving slow absorption.
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Introduction

The chemistry and pharmacology of salvinorin A (SA), the primary psychoactive component
of Salvia divinorum, has been the target of increasing research. Well over one hundred

derivatives of SA have now been synthesized (Prisinzano and Rothman, 2008) since its initial
isolation over twenty years ago (Ortega et al., 1982; Valdes et al., 1984). This is in large part
due to the exquisite specificity of SA as an agonist for the kappa opioid receptor (KOR) (Roth

© 2009 Elsevier Ltd. All rights reserved.

*To whom correspondence may be addressed. hooker@bnl.gov; Fax: (631) 344-5815.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hooker et al.

Methods

General

Page 2

et al., 2002) and the importance of developing pharmacological probes to interrogate KOR's
role throughout the central nervous system (Prisinzano 2009). KORs have been suggested as
a target for the development of therapeutics for pain (Simonin et al., 1998; Pasternak 1993),
depression (Mague et al., 2003; Newton et al., 2002; McLaughlin et al., 2003; Beardsley et al.,
2005), anxiety (Knoll et al., 2007), and drug abuse (Shippenberg and Rea, 1997; Hasebe et al.,
2004); thus, SA and its derivatives are often evaluated in these contexts using animal behavioral
assays (Fantegrossi et al., 2005; Zhang et al., 2005; Carlezon et al., 2006; Gehrke et al.,
2008; Butelman et al., 2009). Of the derivatives reported to date, the most potent is salvinorin
B ethoxymethyl ether (EOM-SB), which is approximately ten times more potent than SA in
vitro (Munro etal., 2008) and in rodents (Baker et al., 2009). The methoxymethyl ether (MOM-
SB)l is of intermediate potency. In addition to showing higher affinity to the KOR in vitro,
these protected derivatives appear to have a longer duration of action when administered to
rodents. For example, MOM-SB-induced antinociception persisted for over 2 h after
intraperitoneal (i.p.) administration (Wang et al., 2008). By contrast, even high doses of SA
(10 mg/kg) produced no detectable antinociception after 30 minutes.

It has been proposed that the longer duration of action of MOM-SB in vivo results from greater
metabolic stability. The acetyl group of SA is metabolically labile and cleavage yields
salvinorin B (SB), which has greatly diminished affinity for KOR. Previously, we examined
[acetyl-11C]-SA using positron emission tomography (PET) and determined that its
pharmacokinetics in the brain paralleled its short duration of action (Hooker et al., 2008). We
proposed that the rapid deacetylation of SA in vivo may, in part, be responsible for its short
duration of action. Since publication of our work, several other detailed investigations of SA
metabolism and pharmacokinetics have been reported. In vitro studies have confirmed the
instability of the C2 acetyl group both with isolated enzymes (Teksin et al., 2009) and in rat
plasma with or without esterase inhibitors (Tsujikawa et al., 2009).

Given the reportedly prolonged effects of MOM-SB, we decided to move the carbon-11
labeling position from the acetate to the methyl ester in order to study derivatives with increased
resistance to metabolism as PET ligands. To maximize specific binding, we selected the
derivative with the highest affinity and selectivity for KOR, EOM-SB. Herein, we report the
[11C] labeling of three compounds (SA, SB, and EOM-SB, Figure 1) and our investigations of
the pharmacokinetics and metabolism of these compounds using PET.

[11C]Methyl iodide was produced by PETtrace Mel Microlab (GE Medical Systems,
Milwaukee, WI, USA) from [11C]carbon dioxide, which was generated from a nitrogen/oxygen
(1000 ppm) target (1*N(p,a)!1C) using EBCO TR 19 cyclotron (Advanced Cyclotron Systems
INC. Richmond, Canada). High performance liquid chromatography (HPLC) purification was
performed by a Knauer HPLC system (Sonntek Inc., Woodcliff Lake, NJ, USA) with a model
K-5000 pump, a Rheodyne 7125 injector, a model 87 variable wavelength monitor, and Nal
radioactivity detector.

Specific activity was determined by measuring the radioactivity and the mass; the latter is
derived from a standard curve (UV absorbance at 210 nm by peak area) after HPLC injection
of different quantities of the authentic reference compounds. Radiochemical purity was
determined by thin-layer chromatography (TLC) using and measuring radioactivity

1AIthough MOM-SB has been referred to as “2-methoxymethyl-salvinorin B”, this implies that the substituent is attached at C-2. The
compound could be termed 2-O-methoxymethylsalvinorin B, but the simpler “salvinorin B methoxymethyl ether” is also unambiguous,
and thus preferred under IUPAC recommendations to omit redundant locants.
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distribution on Macherey—Nagel polygram sil G/UV254 plastic-back TLC plate with Bioscan
system 200 imaging scanner (Bioscan Inc., Washington, DC). 11C radioactivity was measured
by a MINAXI y 5000 automated gamma counter (Packard Instrument, Meriden, CT). All
measurements were decay corrected. Cesium carbonate was obtained from Sigma-Aldrich
(USA); anhydrous DMSO was obtained from Acros Organics (USA).

Synthesis of O-demethylated precursors for radiolabeling

O-Demethylsalvinorin A was prepared from salvinorin A using Lil in refluxing pyridine
(Béguin et al., 2006) and purified by repeated flash chromatography (Munro et al., 2007). O-
Demethylsalvinorin B can be prepared directly from salvinorin A using LiSEt in DMPU
(Munro et al., 2005); we found that deacetylation of O-demethylsalvinorin A using Na,COs3
in MeOH under standard conditions (Tidgewell et al., 2004) also gave satisfactory results. Both
of these procedures gave predominantly the 8-epimer which, unlike 8-epi-salvinorin B, could
not be removed by trituration in MeOH; separation was achieved by repeated flash
chromatography. Attempted preparation directly from salvinorin A using Lil/pyridine/water
gave slow and incomplete deacetylation.

O-Demethylation of salvinorin B ethoxymethyl ether proved challenging. Attempted direct
demethylation of the EOM protected compound led to slow formation of complex mixtures,
under a range of reaction conditions (Lil in pyridine, DMF or DMPU; NaSEt in DMF; NaOH
in MeOH; LiOH in THF/H,0; Me3SiONa in THF, Et,O or CH,Cl,). As an alternative
approach, we pursued ethoxymethylation of O-demethylsalvinorin B, which afforded the
desired product albeit in very low yield after repeated chromatography. Substantial amounts
of C-18 ethoxymethy! esters were formed as byproducts. Attempted selective cleavage of the
esters (NaHSO4 on silica gel in CH,Cly) gave yields too low to be justified. Thus, the procedure
used is as follows:

O-Demethylsalvinorin B—For preparation, see (Munro et al., 2005). Separation of the
epimers by repeated flash column chromatography on silica gel in 1% AcOH:39% EtOAc:30%
CH,Cl,»:30% hexanes gave the title compound as colorless crystals. m.p. 208-212 °C; TLC
(1% AcOH:49% EtOAC:30% CH,Cl»:20% hexanes, visualized in vanillin/H,SO4/EtOH): Rs
= 0.22 (pink/purple; 8-epimer = 0.31, blue); 1H NMR (300 MHz, CD30D): § 7.56 (1H, dt,
J=16,0.8Hz),7.48 (1H,t,J=1.7 Hz), 6.51 (1H, dd, J=1.9,0.9 Hz), 5.61 (1H, dd, J = 11.8,
5.2Hz),4.17 (1H,dd, J=12.0, 7.6 Hz), 2.81 (1H, dd, J = 13.3, 3.6 Hz), 2.49 (1H, s), 2.44 (1H,
dd, J =135, 5.2 Hz), 2.33 (2H, ddd, J = 13.2, 7.3, 3.4 Hz), 2.08-2.03 (1H, m), 1.96 (1H, q,
J=13.0Hz), 1.86 (1H, dd, J = 10.0, 2.9 Hz), 1.81-1.71 (1H, m), 1.70-1.59 (2H, m), 1.46 (3H,
s), 1.09 (3H, s); 13C NMR (75 MHz, CD3;0D): § 210.4, 175.3, 174.3, 145.0, 141.2, 126.9
109.6, 75.5, 73.6, 63.7, 54.2, 51.7, 43.9, 42.9, 39.0, 36.4, 35.7, 19.3, 16.8, 15.6; HRMS
(ESI): [M+H]" m/z 377.1601 (calcd for CygH,407, 377.1595).

O-Demethylsalvinorin B ethoxymethyl ether—O-Demethylsalvinorin B and its 8-
epimer (38:62 d.r., 56.4 mg, 150 pmol) and Nal (33 mg, 220 pmol, 1.5 eq) were dissolved in
DMF (2 mL). i-ProNEt (130 pL, 746 umol, 5 eq) and EtOCH,CI (69 pL, 744 umol, 5 eq) were
added. The cloudy yellow solution was stirred at r.t. for 24 h. TLC (1% AcOH/4% MeOH/
95% CH,Cl,) showed residual starting material, which was not consumed after an additional
24 h. The solution was diluted to 10 mL with sat. ag. NaHCO3 and extracted with EtOAc. The
organic layer was washed (0.1 M ag. HCI (x 3), then brine) and dried (MgSQOy,) to give
ethoxymethyl ester byproducts (22.4 mg). The aqueous NaHCO3 layer was cooled to 3 °C, and
the pH adjusted to ~2 with 0.1 M aqg. HCI. This was extracted and dried as above to give the
crude product as a resin (27.5 mg). Repeated flash column chromatography on silica gel eluting
with a gradient from 20-50% EtOAc in premixed 1% AcOH/49% CH,Cl»/50% hexanes gave
the title compound (~70% pure by 1H NMR) as a resin (4.5 mg, 10 pmol, 7%). TLC (1%
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AcOH:49% EtOAC:30% CH,Cl,:20% hexanes): Ry = 0.36 (pink/purple); 1H NMR (300 MHz,
CDClj): 6 7.43-7.40 (2H, m), 6.38 (1H, br s), 5.55 (1H, dd, J = 11.3, 5.3 Hz), 4.79 (1H, d, J
=7.3Hz),4.75 (1H,d, J=7.3 Hz), 419 (1H, dd, J = 12.4, 7.6 Hz), 3.70 (1H, dq, J = 9.7, 7.0
Hz), 3.59 (1H, dg, J = 9.7, 7.0 Hz), 2.73 (1H, dd, J = 13.6, 3.1 Hz), 2.54 (1H, dd, J=13.1,5.1
Hz), 2.47-2.35 (1H, m), 2.25-2.10 (2H, m), 2.09 (1H, br s), 2.08-2.04 (1H, m), 1.99-1.93 (1H,
m), 1.76-1.44 (3H, m), 1.48 (3H, s), 1.19 (3H, t, J = 7.1 Hz), 1.14 (3H, 3).

Carbon-11 Labeling

A solution of the appropriate precursor (0.7-1.0 mg in 250 pL of anhydrous DMSO) and was
added to a cone-bottomed 5 mL reaction vessel which containing 0.5 mg Cs,CO3. The vessel
was equipped with a septum and screw cap, and inlet and outlet lines for [11C]-methyl iodide
delivery were inserted through the septum. [11C]-Methyl iodide produced by the GE unit was
released into a stream of Argon, which was passed through precursor solution. When
radioactivity in the vessel reached a maximum, the flow of gas was diverted and the sealed
vessel was heated to 80 °C for 5 min. Following dilution of the solution with 1.0 mL of 0.1 M
aqueous ammonium formate (NH4HCO5), the solution was loaded onto a semi-preparative
HPLC column (Phenomenex C18(2), 25010 mm, 5 um) for purification. The elution system
for each compound was as follows: [11C]-SA, 55% MeCN, 45% 0.1 M NH4HCO, isocratic (5
mL/min), retention time = 12 min; [*1C]-SB, 35% MeCN, 65% 0.1 M NH4HCO, isocratic (5
mL/min), retention time = 11.5 min; [11C]-EOM-SB, gradient elution (solvent A = 95% 0.1M
NH4HCO,/5% MeCN; balance of gradient = MeCN) under the following timing: 0-2 min (80%
A), 2-22 min (—3.5% A/min), 22-27 min (10% A), 5 mL/min, retention time = 18.5 min. The
product was collected at the expected retention time, and the solvent was removed by azeotropic
evaporation with acetonitrile. After dilution with ethanol (0.4 mL) and water (3.6 mL) the
solution was filtered through an Acrodisc 13-mm Syringe Filter with 0.2 um HT Tuffryn
Membrane (Pall Corporation, Ann Arbor, MI) into a sterile vial for delivery.

For quality control (i.e. identity verification and radiochemical purity), analytical TLC and
HPLC were performed. [*1C]-Salvinorin A was cospotted with unlabelled standard by TLC
(Rf=0.5in 50% EtOAc:hexanes, visualized by KMnO,). An analogous procedure was used
for [11C]-SB (R¢ = 0.4 using 60% EtOAc:hexanes) and [1C]-EOM-SB (R; = 0.7 using 50%
EtOAc/Hex). Analytical HPLC of each sample spiked with the corresponding standard was
performed using a Phenomenex Gemini C18 column (250 mm x 4.6 mm, 5 um) using a gradient
elution from a 95% aqueous mobile phase to 5% aqueous over 20 min (balance MeCN).
Radiochemical yield and specific activities (corrected to EOB) for compounds used in PET
imaging were as follows: [11C]-SA (72 + 6%, 4.3 + 1.2 Ci/umol, n = 5), [}1C]-SB (54 + 10%,
2.6 = 0.6 Ci/umol, n = 3), [11C]-EOM-SB (41 + 7%, 4.1 + 0.9 Ci/umol, n = 4).

LogD Determination

An aliquot (50 pl) of the formulated [11C]-product was added to a test tube containing 2.5 mL
of octanol and 2.5 mL of phosphate buffer solution (pH 7.4). The test tube was vortexed for 2
min and centrifuged for 2 min at the highest speed. A sample (0.1 mL) was taken from the
octanol layer, the other (1.0 mL) sample was taken from the phosphate buffer layer and both
were saved for radioactivity measurement. An aliquot solution (2.0 mL) from the octanol layer
was transferred to the next test tube containing 0.5 mL of octanol and 2.5 mL of phosphate
buffer solution (pH 7.4), and the previous procedure (from vortex to transfer to the next test
tube) was repeated until six sets of aliquot samples had been prepared. The radioactivity of
each sample was measured in a well counter (Picker, Cleveland, OH). The logD of each set of
sample was derived by the following equation: logD = log (decay-corrected radioactivity in
octanol layer x 10/decay-corrected radioactivity in phosphate buffer layer).

Neuropharmacology. Author manuscript; available in PMC 2010 September 1.
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Plasma Protein Binding Assay

An aliquot of the formulated [11C]-product (10 pl) was added to an 0.8-mL baboon plasma
sample (pooled from at least 4 separate animals). The mixture was incubated for 10 min at
room temperature. After 20 pl of the sample had been taken from the mixture for measurement
of total activity (At; AT=ApoundtAunbound), 0-2 mL of the sample was placed in the upper part
of the Centrifree tube (Amicon, Inc., Beverly, MA) and centrifuged for 10 min. After the upper
part of the Centrifree tube had been discarded, the aliquot (20 pl) from the bottom part of the
tube was taken for measurement of the radioactivity of the unbound sample (Aunbound)- Plasma
protein binding was derived by the following equation: %unbound=Anpoung*100/AT.

PET imaging and arterial plasma analysis (baboon)

All experiments with animals were approved by the Brookhaven Institutional Animal Care and
Use Committee. Female Papio anubis baboons were anesthetized by an intramuscular injection
of ketamine hydrochloride (10 mg/kg) and then maintained with oxygen (800 mL/min), nitrous
oxide (1500 mL/min) and isoflurane (Forane, 1-4%) during scanning. The appropriate study
compound ([*1C]-SA, [*1C]-SB, or [11C]-EOM-SB) was injected through a catheter placed in
a radial arm vein, and arterial blood was sampled through a catheter in the popliteal artery at
the following time intervals: every 5 s for 2 min, then 2, 5, 10, 20, 30, 45, 60 min. Heart rate,
respiration rate, pO, and body temperature were checked during the PET scanning. Dynamic
PET imaging was performed by Siemens HR+ (Siemens high-resolution, whole-body PET
scanner with 4.5x4.5x4.8 mm resolution at the center of field of view) with the brain in the
field of view, for a total of 60 min with the following time frames in 3D mode: 12x5, 12x10,
6x20, 6x30, 8x60, 2x120, 4x300, 2x600 s. Prior to each emission scan, a transmission scan
was obtained by rotating a 58Ge rod source to correct for attenuation. A total of eight studies
in baboons were conducted (3 x [11C]-SA, 3 x [11C]-SB, 2 x [11C]-EOM-SB), with an average
injected dose of 3.91 £+ 0.93 mCi.

The % unmetabolized radiotracer in the baboon's plasma was determined using the following
protocol: Baboon plasma (~0.2 mL) sampled at various time points during the PET study was
counted, added to a solution of unlabeled standard (20 pL of a 1 mg/mL solution) in acetonitrile
(0.3 mL) and the resulting mixture vortexed and centrifuged. The supernatant was mixed with
0.3 mL water and then analyzed by HPLC (Waters bondapak C18 column with eluents
acetonitrile/0.1 M ammonium formate at 1.0 mL/min using UV (215 nm) and radiodetection.
The fraction of radioactivity coeluting with the unlabeled standard, relative to the total
radioactivity from the HPLC column was measured as the % of unmetabolized radiotracer.

PET imaging and brain homogenate analysis (rodent after i.p. injection)

For each imaging experiment, two male Sprague Dawley rats (7-8 weeks old, Taconic Farms)
were anesthetized and maintained with isoflurane/oxygen. The animals were placed side-by-
side in the Siemens HR+ scanner with the anteroposterior axis in the axial dimension of the

scanner. Each animal was injected with the study compound solution (0.5-0.8 mL) through a
butterfly catheter placed in the peritoneum. The catheter was then rinsed with 0.5 mL of saline.
(Injected doses were 3.0 £ 0.4 mCi in each animal). Dynamic PET imaging was performed for
a total of 60 min using the following time frames: 1x10, 12x5, 1x20, 1x30, 8x60, 10x300 s.

At the end of imaging and while still anesthetized, each animal was killed by decapitation.
Each brain was carefully removed and homogenized with 1 mL of water. An aliquot of this
mixture (300 pL) was diluted to 1 mL with cold (4 °C) acetonitrile causing precipitation and
phase separation. The sample was mixed by vortex for 1 min and then separated by
centrifugation (2000 rcf, 2 min). The supernatant was spiked with the appropriate standard and
the radioactivity of the sample was measured by y-counting. The sample was analyzed by
HPLC and the fraction co-eluting with the standard was collected. The radioactivity of the

Neuropharmacology. Author manuscript; available in PMC 2010 September 1.
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collected product was measured. The decay corrected ratio of collected product to initial
radioactivity in the homogenate was determined.

Image analysis—Emission data from the dynamic scans were corrected for attenuation and
reconstructed using filtered back projection. Regions of interest (ROIs) on the baboon and

rodent brain were drawn on summed images and then projected to the dynamic images to obtain
time activity curves (TACs) expressed as %injected dose/cm3 (decay corrected) versus time.

Results and Discussion

In order to facilitate the investigation of C2 derivatives of salvinorin A using PET, we
developed and optimized a procedure to label the C18 methyl ester with carbon-11. O-
Demethyl salvinorins A and B have been prepared previously by nucleophilic cleavage with
Lil or LiSEt. Although these conditions were not effective when applied to the ethoxymethyl
ether, sufficient quantities of the O-demethyl compound were obtained for radiolabeling and
imaging studies by ethoxymethylation of O-demethylsalvinorin B.

We found that methylation of the C18 acid with [11C]-methyl iodide could be accomplished
in DMSO with only a small amount of Cs,CO3 (heterogeneous). The use of a poorly soluble
base minimized the known epimerization of the C8 carbon and led to suitable radiochemical
yields for each of the three compounds we pursued. We anticipate this simple procedure will
be adaptable to labeling other C2 salvinorin derivatives either with carbon-11, long-lived
isotopes (e.g. 3H, 14C) or stable isotopes (e.g. 2H, 13C).

The lipophilicity and plasma protein binding characteristics of each labeled compound were

determined, Table 1. From these data, it is evident that the C2 position of SA is important in

plasma protein binding. A higher proportion of [11C]-SB remained unbound in plasma (more
than double that of SA and EOM-SB). The percentage of [11C]-EOM-SB in the free fraction,
bound to plasma protein, was higher than was observed for [11C-SA]. Due to this, we would

expect at equal plasma concentrations that EOM-SB would be more potent than SA. Thus as
metabolism and excretion occur, the increased free fraction also may contribute to an increased
duration of action given that EOM-SB will remain above a threshold longer than SA.

Using a whole brain region of interest, we determined that all three labeled compounds rapidly
entered and exited the brain, Figure 2. Consistent with our data from [acetyl-11C]-SA, the
maximum average concentration of SA in the brain following bolus intravenous administration
was 0.015% ID/cm3. In the previous study, where metabolism gave 1-[11C]-acetate (Hooker,
2008), we observed a small amount of residual radioactivity as late as 60 min after injection
(0.004% 1D/cm3), whereas [11C]-SA (labeled at the methyl ester) cleared to 0.001% by the
same time. The major labeled metabolite from [11C]-SA was [11C]-SB and thus total brain
radioactivity likely represents the sum of the two species. To evaluate this, we labeled SB itself.

[11C]-SB entered and cleared the brain with kinetics similar to [11C]-SA with an approximately
20% lower average maximum concentration (peaking at 70 s and clearing to half of its
maximum concentration in 6.0 min). As with [11C]-SA, no accumulation of radioactivity was
observed in any brain region over time. [11C]-SB is a potential metabolite of [11C]-EOM-SB,
but these data suggested it would not alter the results if formed.

Given the increased affinity and potency of EOM-SB over SA, we expected to see increased
specific binding of [11C]-EOM-SB at KORs. However, we found that [11C]-EOM-SB kinetics
were similar to [11C]-SA. In fact, [11C]-EOM-SB had a lower average concentration at 30 s
after injection than either [11C]-SA or [1C]-SB.

Neuropharmacology. Author manuscript; available in PMC 2010 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hooker et al.

Page 7

The major difference between [11C]-EOM-SB and [11C]-SA was in the rate of metabolism,
Figure 3. The protecting group imparted increased stability: ~50% of the radioactivity was
parent compound at 30 min after injection. This is in stark contrast to [11C]-SA, which is
metabolized to ~50% in under 5 min. The integral of metabolite-corrected plasma radioactivity
over time for [11C]-EOM-SB continues to climb longer than that of [11C]-SA (Figure 4),
reflecting longer persistence in plasma. The metabolites of [1C]-EOM-SB observed by HPLC
were more polar than the parent compound. Co-injection of [11C]-EOM-SB plasma samples
with SB on HPLC indicated that some [11C]-SB may be formed, however the percentage of
[11C]-SB could not be accurately determined due to the presence of co-eluting [*1C]-
metabolites. We were not able to exclude the possibility that some of the parent compound had
epimerized at the C8 position over time for either [11C]-SB or [11C]-EOM-SB, however
incubation of [11C]-EOM-SB in plasma did not cause epimerization. Our data indicate that
none of these compounds are suitable candidates for PET imaging of KORs. Due to their low
uptake and rapid clearance, PET signal intensity largely reflects plasma drug levels rather than
the much lower specific labeling of KORs.

Although our results confirm that SB and EOM-SB are metabolized much more slowly than
SA, a similarly dramatic increase in brain residence time was not observed (Figure 2). Thus,
the brief duration of action of SA is not due solely to metabolism, since a less rapidly
metabolized derivative and indeed a metabolite itself are removed from brain almost as rapidly.
All three of these compounds show low brain uptake, and are rapidly eliminated, which may
suggest transport is mediated by transporters at the blood brain barrier. Consistent with this,
efflux of salvinorin A by permeability glycoprotein (P-gp) has recently been reported (Teksin
et al., 2009).

These results were surprising, given the increased duration of analgesia reported for the
methoxymethyl ether. This may be due to the different routes of administration. After
intravenous administration, as used here, the rate of elimination from the brain and plasma was
rapid and thus could mask an effect related to metabolism. Intraperitoneal (i.p.) administration,
as used in the analgesia assays (Wang et al., 2008), introduces a delay, as the drug is gradually
released from the injection site. If the drug is not metabolized during the absorption process,
the slower route of administration will prolong the drug's effects. Thus, differences in metabolic
rate will be more apparent by intraperitoneal administration. To evaluate this, we administered
[11C]-labeled SA and EOM-SB to rats i.p.

The absorption kinetics of the two compounds were nearly identical (as determined by a 2 mm
spherical ROI placed in the injection site) as were the Kinetics in the rodent brain, Figure 5.
These data were consistent with the brain kinetics obtained using LC-MS for SA administered
i.p. (Teksin et al., 2009). The curves in Figure 5 represent the total radioactivity of all labeled
compounds in the brain. To determine the amount of remaining parent compound, we analyzed
brain homogenate at ~65 min post injection. The proportion of [11C]-EOM-SB remaining
(14%) was nearly 3-fold higher than for [11C]-SA. This suggests that compounds with slower
metabolism would indeed display longer duration of action by this route.

Conclusions

The pharmacokinetics of salvinorin B ethyoxymethyl ether, a more potent kappa agonist than
salvinorin A, exhibit rapid uptake and clearance in the baboon brain when administered
intravenously. However, protecting salvinorin A derivatives from metabolism may prolong
duration of action, but only when administered by routes which give slow absorption
(intraperitoneal injection). Modification at the C2 position of salvinorin A has a marked impact
on plasma protein binding and thus may also contribute to the in vivo potency and duration of
action. Our pharmacokinetic analysis was consistent with the notion that active mechanisms
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such as P-glycoprotein (P-gp) transport may indeed be another factor limiting their duration
of action as recent in vitro evidence suggests. Reducing the vulnerability of these compounds
to efflux, either by structural modification or by co-administration of transporter inhibitors,
might increase and prolong their in vivo effects.
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Figure 1.
Synthesis of [*1C]salvinorins.

Neuropharmacology. Author manuscript; available in PMC 2010 September 1.

0 o'cH,
["1C]salvinorins



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hooker et al. Page 11

%ID/cm?

10

40 50 60

Time (min)

Figure 2.

Average of whole brain time-activity curves for [11C]-labeled compounds. 4 [11C]-SA (n =
3); o [11C]-SB (n = 3); A [1C]-EOM-SB (n =2). (inset) mean-+stdev over first 10 min post
injection.
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Figure 3.

Baboon plasma analysis. During PET scans, samples of plasma were analyzed to determine
the percentage of radioactivity associated with the injected compound. 4 [acetyl-11C]-SA (n
=10); o [11C]-SB (n = 3); A [*1C]-EOM-SB (n = 2).
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Figure 4.

Metabolite corrected plasma integrals. 4 [acetyl-11C]-SA (n = 10); o [11C]-SB (n = 3); A
[11C]-EOM-SB (n = 2). (inset) error bars for [11C]-SB are shown separately to avoid confusing
overlap with [1C]-EOM-SB error bars.
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(a) Average of whole brain time-activity curves for [11C]-labeled compounds administered i.p.
to Sprague-Dawley rats. 4 [11C]-SA (n=2) A [11C]-EOM-SB (n =2). meanstdev (b) Brain
homogenate analysis for parent compound at 60 min post administration (i.p.) to Sprague-
Dawley rats. 4 [L11C]-SA (n =2) A [11C]-EOM-SB (n =2). meanzstdev
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LogD (pH 7.4)

Plasma Protein Binding
(% unbound)

[Hc)-sA”
*c]-sB
[*cl-EOM-SB

2.34+0.09 (n = 4)
1.50 +0.00 (n = 6)
2.46 +0.01 (n = 5)

16.1% (n=2)
473% (n=2)
23.4% (n=23)

*
[acetyl-llc]-SA from published data
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