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Original Research

Binding Affinity, Selectivity, and
Pharmacokinetics of the Oxytocin Receptor
Antagonist L-368,899 in the Coyote (Canis latrans)

Sara M Freeman, PhD,"* ] Leon Catrow, PhD,?? James Eric Cox, PhD,>? Alexandra Turano, PhD,! McKenna A Rich, BS,!
Hillary P Ihrig, BS,! Naveena Poudyal,* Cheng-Wei Tom Chang, PhD,* Eric M Gese, PhD,%>%7 Julie K Young, PhD,567
and Aaron L Olsen, MS, DVM, PhD?8

L-368,899 is a selective small-molecule oxytocin receptor (OXTR) antagonist originally developed in the 1990s to prevent
preterm labor. Although its utility for that purpose was limited, L-368,899 is now one of the most commonly used drugs in
animal research for the selective blockade of neural OXTR after peripheral delivery. A growing number of rodent and primate
studies have used L-368,899 to evaluate whether certain behaviors are oxytocin dependent. These studies have improved our
understanding of oxytocin’s function in the brains of rodents and monkeys, but very little work has been done in other mam-
mals, and only a single paper in macaques has provided any evidence that L-368,899 can be detected in the CNS after peripheral
delivery. The current study sought to extend those findings in a novel species: coyotes (Canis latrans). Coyotes are ubiquitous
North American canids that form long-term monogamous pair-bonds. Although monogamy is rare in rodents and primates, all
wild canid species studied to date exhibit social monogamy. Coyotes are therefore an excellent model organism for the study
of oxytocin and social bonds. Our goal was to determine whether L-368,899 is a viable candidate for future use in behavioral
studies in coyotes. We used captive coyotes at the USDA National Wildlife Research Center’s Predator Research Facility to
evaluate the pharmacokinetics of L-368,899 in blood and CSF during a 90-min time course after intramuscular injection. We
then characterized the binding affinity and selectivity of L-368,899 to coyote OXTR and the structurally similar vasopressin
1a receptor. We found that L-368,899 peaked in CSF at 15 to 30min after intramuscular injection and slowly accumulated in
blood. L-368,899 was 40 times more selective for OXTR than vasopressin 1a receptors and bound to the coyote OXTR with
an affinity of 122nM. These features of L-368,899 support its utility in future studies to probe the oxytocin system of coyotes.

Abbreviations and Acronyms: AVP, arginine vasopressin; AVPR1a, vasopressin 1la receptor; LVA, linearized vasopressin
antagonist; MRM, multiple reaction monitoring; NWRC, National Wildlife Research Center; OBD, optical binding values;
OVTA, ornithine vasotocin analog; OXT, oxytocin; OXTR, oxytocin receptor; PTFE, polytetrafluoroethylene

DOI: 10.30802/ AALAS-CM-23-000044

the typical expression of the measured behavior. To this end,
several drugs have been developed to specifically target and
block OXTR, but most have been developed for peripheral
action (e.g., to prevent preterm labor by antagonizing uterine
OXTR*) or for in vitro experimentation. In recent years, one
agent has emerged as the best option to antagonize neural OXTR
after peripheral delivery: L-368,899.

The Merck compound L-368,899 is a commercially available,
nonpeptide, small-molecule, selective OXTR antagonist that
was originally developed as a drug to prevent preterm labor

Introduction

Oxytocin (OXT) is a hormone that is produced in the brain and
acts at oxytocin receptors (OXTRs) to modulate social behavior
in animals and humans. To demonstrate that a hormone like
OXT is necessary for a behavior of interest (e.g., pair bonding),
studies are needed in which the endogenous receptor system
for that hormone is blocked by administration of a selective
receptor antagonist—a manipulation that would be expected to
subsequently reduce or eliminate the expression of the behav-
ior of interest. A behavioral pharmacology experiment of this

design can indicate whether a specific hormone is required for
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in humans.?# Although its utility was limited for that goal
because of suboptimal oral bioavailability and pharmacokinetics
in primates,'3*? the compound has been used for many decades
for neuroscience research in animals to block OXTR in the brain
after peripheral administration, which allows assessment of the
involvement of the OXT system in social behavior. L-368,899
has been reported to accumulate in the rhesus monkey brain
after peripheral administration? and to affect social behavior in
rhesus monkeys,? marmoset monkeys,>#2024353 Jambs,?® and
a growing number of studies in rodents.311/141517,23,36-38,41,43 44
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Behavioral pharmacology studies in nonhuman animals
have been crucial to our understanding of the neurophysiol-
ogy of OXT, but they have all relied on a single publication
reporting that L-368,899 penetrates the blood brain barrier and
accumulates in the CNS after peripheral injection.? Although
a strength of this study was that it quantified L-368,899 in CSF
at seven time points after injection over a time period of nearly
4h, the study had some limitations. For example, only two CSF
sampling time points were collected per subject across only four
subjects, and the time points were all different across the four
subjects. This design resulted in two notable limitations. First,
each time point had a sample size of one, making it impossible
to evaluate variability across subjects. Second, a single sample
from one subject served as the baseline for the entire study. Thus,
although the study did report detectable levels of 1.-368,899 in
CSF across subjects across time, the data do not allow general
conclusions about the pharmacokinetic profile of L-368,899 in
the CNS. The study also used postmortem brain specimens col-
lected 60 min after an intravenous infusion of 1 mg/kg L-368,899
and subdissected eleven brain regions (two to four specimens
per region) for quantification of L-368,899. The data provide
the only evidence that L-368,899 can be detected in the brain
and CSF after intravenous administration, but the entire field of
OXT research relies on this compound to centrally manipulate
behavior in many different species and after a variety of different
doses and routes of administration; therefore, the findings of the
previous publication? may not be generalizable across species,
routes of administration, doses, or time courses.

The current study seeks to extend the findings of that sin-
gle paper in a novel species—coyotes (Canis latrans). OXT
is involved in social bonding in monogamous rodents and
monkeys,'? but little work has been done in monogamous
mammals outside of those groups. Coyotes form lasting pair
bonds as a feature of their monogamous mating structure.'?2
In fact, Canidae is one class of highly social mammals that has
been insufficiently studied with respect to the biologic basis
of social attachment. Although monogamy is relatively rare in
mammals (3 to 9% of mammals; 16% of carnivores; 15 to 25%
of primates),101819212226 a]] wild canid species studied to date
exhibit social monogamy. In no other group of mammals is pair
bonding this prevalent.?? This feature of canids renders them
particularly suitable for the biologic study of social attachment.
We aimed to determine whether L.-368,899 is a viable candidate
for future use in in vivo behavioral studies in coyotes that will
test whether various canid social behaviors are OXT depend-
ent. These behavioral pharmacology studies using selective,
brain-penetrant antagonists are critical to our overall under-
standing of the neurophysiology of OXT in canids more broadly
and can help to determine whether the mechanisms driving
mammalian pair-bonding are shared or unique across taxa.

To assess the potential use of L-368,899 for future behavioral
experiments in coyotes, we performed two studies. The first was
a terminal study conducted in vivo to assess the pharmacoki-
netics of peripherally administered L-368,899 in adult coyotes.
This study evaluated the time course of 1-368,899 in blood
and CSF using paired sampling over a 90-min period, and it
then attempted to confirm the presence or absence of the drug
in eight subregions of the coyote brain. We expected to see a
significant increase in L-368,899 in blood and CSF in all sam-
ples as compared with baseline, with a peak in blood and CSF
between 15 and 45 min after administration. Our second experi-
ment was conducted in vitro using coyote brain tissue sections
to determine the binding affinity and selectivity of L-368,899
for coyote OXTR and the structurally similar vasopressin 1la

receptor (AVPR1a). We sought to validate that 1.-368,899 binds
selectively to OXTR with high affinity in the coyote brain. To-
gether, these studies provide foundational information on the
pharmacokinetic profile and binding selectivity of this drug in
a novel mammal and model organism to advance the study of
canid social behavior.

Methods

Experiment 1: pharmacokinetics of peripherally administered
L-368,899 in the coyote. Drug information. 1.-368,899 is com-
mercially available from Tocris (Minneapolis, MN) and was
formulated in saline to 3mg/kg for intramuscular injection. In
male marmosets, this dose given intramuscularly blocked the
OXT-induced increase in time spent looking at the eye region
of photoof a conspecificzo; in a female macaque, this dose given
intravenously reduced interest in an infant and impaired sexual
behavior.? Intranasal administration has commonly been used
in research targeting the OXT system in vivo, but this delivery
method is not feasible with coyotes in this facility for a number
of logistical and scientific reasons. First, the facility manages
and cares for coyotes using husbandry methods that maintain
wild behavior?; therefore, it was not desirable to perform the
extensive habituation and training would be required for sub-
jects to tolerate restraint for precise intranasal delivery. Second,
the (repeated) restraint required for intranasal administration
would cause considerable stress to the animal and increase the
risk of physical harm to the experimenter. Third, one of the
primary advantages of intranasal drug delivery—increased
penetration into the CNS as compared with systemic routes—is
not as important for this small-molecule antagonist, as it is
for the administration of OXT (a peptide) itself. L-368,899 is a
nonpeptide compound with molecular features that promote
its ability to cross the blood-brain barrier (e.g., lipophilic, low
molecular weight), and it has been shown to have central effects
on behavior when administered intramuscularly to common
marmosets (Callithrix jacchus).’® Above all, the purpose of the
study was to evaluate the use of this drug for future behavioral
pharmacology studies in coyotes. Therefore, we wanted to use
a route of administration that would 1) minimize stress to the
subject before release into a behavioral testing paradigm and
2) be easily incorporated into the routine capture and handling
protocols that the animals and staff are already accustomed to.
Intramuscular injections are quick, are routinely administered
by the staff at the coyote facility,* and, in contrast to oral ad-
ministration, ensure that the entire dose is delivered in a short
time frame. Even though L-368,899 has good oral availability
in rats and dogs*’ and has been given orally to marmoset mon-
keys in a palatable food item before behavioral testing, 5824353
intramuscular injections provide a more controlled route of
administration for delivery of an exact, bolus dose without
any issues of variability in the amount of food consumed. Fur-
thermore, intramuscular injections also bypass the first-pass
metabolism of the drug and eliminate any variability from
gastric factors on drug absorption.

Animals. All subjects were housed at the USDA National Wild-
life Research Center (NWRC) Predator Research Facility, which
maintains a colony of captive coyotes for research purposes.
Approximately 90 to 100 adult male and female coyotes are
housed as pair-mates in outdoor enclosures (0.001 to 0.01 km?)
that are surrounded by chain-link fencing and contain at least
one manmade den box, two shade tables, and an ad libitum
source of water. Each coyote was fed approximately 650g of a
high-protein, high-fat, meat-based mixture (Fur Breeders Ag-
ricultural Cooperative, Logan, UT) at least 6 d per week, and
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enrichment items were provided whenever possible. Animal
care staff completed health and welfare checks on each coyote
daily. The five adult coyotes (two males; three females) that
were used in this study were slated for euthanasia based on
colony-management decisions related to animal age. All subjects
were otherwise healthy and had not been exposed to any phar-
maceutical compounds over their lifetime beyond those used
in routine veterinary care (e. g vaccines, heartworm preventa-
tive) or the occasional immobilization drugs (only if needed).
The only previous studies in which these subjects could have
participated would have been behavioral experiments related
to coyote sociality or the reduction of human-coyote conflicts.
Our euthanasia protocol (SOP AC/UT 002.01) includes sedat-
ing coyotes with a combination of ketamine hydrochloride and
xylazine hydrochloride before administering a lethal injection of
veterinary euthanasia solution (50 mg/mL phenytoin sodium,
390mg/mL pentobarbital sodium) dosed at 2.2mL/kg body
weight. This study took place after sedation and before the
scheduled euthanasia. All procedures were approved by the
USDA/NWRC Institutional Animal Care and Use Commit-
tee (QA-3357). Males weighed 17.4 and 18.5kg, and females
weighed 14.4, 15.8, and 16.1kg. Subjects were 9 to 10y old.

Procedure. All of the following steps took place between
approximately 0900 and 1300 on scheduled study days; one or
two animals were processed on each study day. Each coyote
was captured in a familiar den box in their enclosure, moved
in that den box to a procedure room, and sedated with inhaled
isoflurane gas (1 to 5% of inhaled oxygen) using a custom
den-box cover.! After the initial sedation, the animal was placed
on an examination table, and an endotracheal tube was placed
for delivery of anesthetic and oxygen. Subjects were then
maintained on inhaled isoflurane (1 to 5% of inhaled oxygen),
and vital signs (body temperature, pulse, and respiration rate)
were monitored and recorded every 10min throughout the
procedure. After appropriate analgesia depth was confirmed, a
catheter was placed in the cephalic vein of a forelimb to enable
repeated blood sampling. To enable repeated CSF collection
over time and to minimize the number of separate spinal
punctures required, an intrathecal port was placed into the
cisterna magna by an experienced veterinarian. The port was
closed between sampling time points. After these preparatory
steps were completed, baseline blood and CSF samples were
taken (t0). The animal then received an intramuscular injection
of L-368,899 (3mg/kg in 1mL saline, pH 5.5) into the biceps
femoris muscle of the hindlimb, and the time of injection was
recorded. A time course of paired blood and CSF samples was
taken at 15, 30, 45, 60, and 90min after injection (t15, t30, t45,
t60, t90). All blood samples were immediately centrifuged at
4°C for 15min; plasma was carefully removed, frozen in 1-mL
aliquots, and stored at —80 °C until analysis. CSF samples (1 mL)
were immediately placed at —20°C and then transferred to
—-80°C storage until analysis. After 90min, the animals were
euthanized according to approved veterinary practices and
NWRC protocols (described above). One subject was excluded
from the study because of visible blood contamination of the
t15 CSF sample; this subject was euthanized and samples were
not contributed to the study, although the untreated baseline
CSF and plasma samples were used as blanks to optimize the
chemical analysis. We were not able to collect clean CSF samples
from one additional subject from t45 onward and only collected
t0, t15, and t30 samples for that animal. All other samples were
collected as planned without issue.

After death, each subject was transported on ice to the Utah
Veterinary Diagnostics Laboratory for brain removal by a

Pharmacokinetics and binding affinity of L-368,899 in the coyote

veterinary pathologist. Brains were removed within 1 to 3h after
death and rinsed with saline. Eight specific regions of the brain
(hippocampus, olfactory bulb, lateral septum, striatum, piriform
cortex, straight gyrus, rhinal cortex, and white matter) were
then subdissected from the left hemisphere and immediately
frozen on dry ice. These eight regions fell into three categories
according to ongoing ex vivo receptor autoradiography work in
coyote brain sections (Freeman et al., 2024, Utah State Univer-
sity, unpublished): 1) regions known to contain OXTR binding;:
hippocampus, olfactory bulb, piriform cortex, 2) regions known
to contain AVPR1a binding: lateral septum, straight gyrus,
rhinal cortex, and 3) control regions that show neither OXTR
nor AVPR1a binding: striatum, white matter (corpus callosum).
All brain samples were weighed (Table 1) and then stored at
-80°C until analysis.

Sample analysis. All biologic samples were analyzed by
liquid chromatography followed by tandem mass spectrometry
(LC-MS/MS) in partnership with the Metabolomics, Proteomics,
and Mass Spectrometry Cores at the University of Utah to
quantify the amount of L-368,899 present in all samples.
L-368,899 was derivatized with a trifluoroacetyl group for use
as an internal standard.

Plasma and CSF sample extraction. A standard curve of
1,818 ng/mL to 0.02ng/mL of L-368,899 calibrant solutions was
prepared in untreated C. latrans CSF or plasma as appropriate.
A t0 control containing only untreated (t0) CSF or plasma was
used in the calibration curve preparation, and a process blank
containing only 10uL of water was prepared at this time and
carried through the extraction. Ten microliters of each calibrant
solution was extracted by the addition of ice-cold acetonitrile
plus 0.1% formic acid and 0.2ug/mL internal standard.
Extracted samples and calibrants were vortexed for 30s and
then chilled at —20°C for 1h. Samples and calibrants were
centrifuged for 4min at 20,000 x g and 4 °C. The supernatant was
then transferred to polytetrafluoroethylene (PTFE) autosampler
vials for analysis.

Brain sample extraction. Brain tissue samples were
homogenized in a 5:1 volume:weight ice-cold 80% acetonitrile
+ 0.1% formic acid extraction solvent in ceramic bead mill
tubes for 30s. A process blank was prepared containing only
extraction solvent. Samples were chilled for 1h at —20°C. After
1h, samples were centrifuged for 10min at 20,000 x g at 4°C.
The supernatant was transferred to a new 1.7-mL microfuge
tube and transferred to PTFE autosampler vials for analysis.

LC-MS/MS. Plasma and CSF were analyzed using a SCIEX
6500 QTRAP coupled to a SCIEX Nexera Ultra-performance
liquid chromatography (UPLC; SCIEX, Framingham, MA). Sep-
aration was achieved on an Agilent ZORBAX StableBond 300 C8
2.1 x100mm UPLC column (Agilent Technologies, Santa Clara,
CA) with ddH,O +0.1% formic acid (buffer A) and distilled 95%

Table 1. Weights of subdissected brain region specimens across
subjects

Brain region (n = 4) Mean weight (g) + SD

Hippocampus 0.720+0.081
Lateral septum 0.184+0.078
Olfactory bulb 0.997 +0.254
Piriform cortex 0.263+0.079
Rhinal cortex 0.232+0.057
Straight gyrus 0.611+0.210
Striatum 0.748+0.338
White matter 0.558 +0.258




Vol 74, No 1
Comparative Medicine
February 2024

acetonitrile in ddH,O + 0.1% formic acid (buffer B) as eluents. A
flow rate of 0.4 mL/min was used with starting conditions of 1%
buffer B and a column temperature of 35°C. Buffer B was held
at 1% for 0.5min then increased to 85% over 7.5min. Buffer B
was then reduced to 1%, and the column was equilibrated for
5min between runs. Source conditions and multiple reaction
monitoring (MRM) settings for L-368,899 were optimized by
SCIEX Analyst: curtain gas, 20L/min; collision gas, 12L/min;
ion spray voltage, 5,000 V; temperature, 350 °C; ion source gas
1, 50L/min; ion source gas 2, 60L/min. Analysis of the brain
tissue was conducted on a SCIEX 7600 Zeno-ToF coupled to
an Agilent 1290 Infinity IT UPLC system (Agilent, Santa Clara,
CA). Separation was achieved using a Phenomonex Luna C8
150 x 2.1-mm column (Phenomenex, Torrance, CA). The same
eluents, column temperature, and flow rate as the plasma and
CSF were used. A gradient method of 1% Buffer B was held
for 15min and then increased to 90% B over 5min before being
returned to starting conditions. The transitions shown in Table 2
were monitored by MRM (SCIEX 6500) or MRM HR with the
Zeno trap on (SCIEX 7600), and data were analyzed by SCIEX
MultiQuant software and Microsoft Excel.

Statistics. Because of the low sample sizes for CSF (n = 2 to
3) and plasma (1 = 4), we used a descriptive approach and dis-
play our results in two ways: graphs showing all data points
(Figure 1, right panels) alongside graphs showing the means
and standard error of the mean (Figure 1, left panels). The brain
results were analyzed using a one sample ¢ test and Wilcoxon
test to compare the mean levels of L-368,899 in each region of
interest to a theoretical mean of 4.620, which was the average
value measured in untreated brain tissue. We also pooled all
data points across our three categories (control regions, OXTR
regions, and AVPR1a regions) and used an ordinary one-way
ANOVA to assess whether L-368,899 levels were significantly
greater than controls in the OXTR- or AVPR1a-enriched regions
of the brain. For all tests, « was set at P = 0.05.

Experiment 2: Binding affinity and selectivity of L-368,899 for
coyote OXTR and AVPR1a. Specimens and tissue processing.
Because no coyote-specific cell lines or coyote OXTR or AVPR1a
gene plasmids are available for in vitro pharmacology assays
using cell culture, we used unfixed cryosections of coyote brain
tissue as our source of OXTR and AVPRI1a for our in vitro in-
vestigation of the binding affinity and selectivity of L-368,899
for coyote OXTR and AVPR1a. Brains for this study came from
five additional adult coyotes (two male, three female) that were
otherwise healthy and were also housed at the NWRC Predator
Research Facility. Husbandry and euthanasia procedures were
the same as described above. Specimens were opportunistically
acquired based on previously determined euthanasia decisions
based on unrelated veterinary or colony-management needs.
Brains were removed by a veterinary pathologist within 1 to
3h after death, rinsed with saline, and blocked into ten coronal
hemispheres (five coronal blocks, which were separated along
the midline to yield 10 coronal hemispheres). These tissue blocks
were immediately frozen flat on a piece of parafilm on a slab
of dry ice. Once frozen completely, each block was wrapped

Table 2. MRM transitions

in a labeled piece of aluminum foil and stored at —80°C until
sectioning. Blocks were brought up to —15°C and sectioned
into 12 adjacent series at 20 ym thickness on a cryostat. Sections
were thaw-mounted on 38 x 75 mm SuperFrost Plus microscope
slides, which were then stored at —80°C in a sealed slide box
containing a desiccant packet until use in competitive binding
receptor autoradiography.

Competition binding assay. Competitive binding receptor au-
toradiography was used to determine the binding affinity and
selectivity of L-368,899 to coyote OXTR and AVPR1a. Sections
of the coyote brain containing regions that were previously
determined to contain OXTR or AVPR1a binding sites (Freeman
et al., 2024, Utah State University, unpublished observations)
were selected for the study (regions of the olfactory pathway
for OXTR, namely, the olfactory bulb, olfactory tubercle, and
piriform cortex, and the lateral septum for AVPR1a). L-368,899
was initially dissolved from lyophilized powder in dimethyl
sulfoxide (DMSO) to 10mM (max solubility in DMSO is
100mM). We used this stock solution to create a serial dilution
yielding nine logarithmic molarities of 1-368,899 in DMSO,
ranging from 10mM (1072) to 0.1nM (10~'%). When added to the
binding assay in a 1:1,000 dilution, these nine working stocks
yielded a logarithmic set of nine final molarities of 10 uM (10~°)
t0 0.1 pM (10713, encompassing the physiologic range of ligand
action at endogenous receptors. Competitive binding receptor
autoradiography was carried out as previously described.?! The
sealed boxes were removed from —80 °C storage and allowed to
thaw for 1h at room temperature. Then, the slides were briefly
fixed in 0.1% paraformaldehyde in PBS (pH 7.4) and rinsed
twice in 50mM Tris buffer (pH 7.4). Slides were then coincu-
bated for 1h in 50 pM of the OXTR radioligand,'?I-ornithine
vasotocin analog ('?’I-FOVTA; PerkinElmer), or the AVPR1a
radioligand '®I-linearized vasopressin antagonist (12°I-LVA;
PerkinElmer) with one of nine different increasing concentra-
tions of L.-368,899, as described above. After this incubation,
unbound radioligand was removed by two 10-min washes in
50mM Tris buffer plus 2% MgCl, (pH 7.4) and then dipped into
ddH20 and allowed to air dry. Once dry, the slides were ex-
posed in complete darkness to BioMax XAR film (Carestream)
for 5 d with a set of 10 %I standards (American Radiolabeled
Chemicals).

Quantification. Film was developed in a darkroom and
analyzed as follows using MCID Core Digital Densitometry
software and associated top-mounted camera and light box.
After determining a flat field correction for luminosity across the
field of view, optical binding density (OBD) values from the set
of standards were loaded into the software and used to generate
a standard curve. For OXTR quantification, boundaries were
drawn around regions of dense OXTR radioligand binding in
the olfactory pathway, which had no appreciable AVPR1a bind-
ing (e.g., piriform cortex, the olfactory tubercle); for AVPR1a,
one region of dense AVPR1a radioligand binding that did not
have OXTR signal (e.g., lateral septum) was quantified. The
region quantified was consistent across all concentrations for
each specimen. An average OBD measurement was calculated

Precursor (Da) Product (Da) Compound DP (V) EP (V) CE (V) CXP (V)
555.267 136.0 L-368,899 10 13 35 14
555.267 177.2 L-368,899 80 13 35 12
555.267 2441 L-368,899 80 11 35 12
651.0 152.0 Internal standard 10 13 35 14

CE, collision energy; CXP, collision cell exit; DP, declustering potential; EP, entrance potential; V, volts.
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Figure 1. Pharmacokinetics of L-369,899 in coyote CSF (A) and plasma (B). For each panel, graphs on the right show the mean + SEM for the

raw data displayed on the left.

at each concentration of L-368,899, and these values were used
to calculate a proportion of maximum radioligand binding
across all concentrations relative to the 10712 or 107'* competitor
condition. GraphPad Prism was used to calculate the binding
affinity (K)) of L-368,899 to OXTR and to AVPR1a and to gener-
ate competition curves (one-site fit K) for each.

Results

Experiment 1: Pharmacokinetics of peripherally administered
L-368,899 in the coyote. CSF. Of the four subjects, one female
showed no change in detectable L-368,899 at any of the postin-
jection time points as compared with t0. The male from which
we obtained only 3 CSF samples (t0, t15, and t30) also showed
no change. In the remaining two subjects, the CSF levels of
L-368,899 peaked at t15 for the female and at a much higher
level at t30 for the male (Figure 1A). The levels of L-368,899 in
these two subjects had returned to baseline by t45.

Plasma. We successfully obtained plasma samples at all time
points for all four subjects. One subject showed a marked in-
crease in detected L-368,899 at t15, but, across subjects, levels of
L-368,899 in plasma increased gradually over time, consistent
with muscular absorption (Figure 1B). Overall, levels of meas-
ured L-368,899 per milliter of plasma were more than 10-fold
higher than levels measured in CSF, as would be expected after
intramuscular administration.

Brain. Because of unexpected issues with the internal stand-
ard, we were unable to quantify absolute levels of L-368,899
in our brain samples. Specifically, it appeared that a small
amount of underivatized parent compound (L-368,899) was
present in the internal standard, indicating issues with purity,
which caused some small amounts of our target drug to be
measured in our untreated control samples. However, we were
able to generate relative values across brain regions, which
can be compared with one another and to baseline levels in

untreated brain samples. The values reported are the AUC
divided by the weight (mg) of brain tissue used in the assay.
Qualitatively, L-368,899 is clearly present above background
levels in a majority of our regions of interest (Figure 2),
especially lateral septum, rhinal gyrus, piriform cortex, and
hippocampus, but none of the regions were statistically dif-
ferent from the average AUC/mg of untreated brain tissue
(dotted line, Figure 2). When all data points were pooled for
each category of brain area, neither OXTR-enriched brain sam-
ples nor AVPR1a-enriched brain samples were significantly
different from controls (P = 0.467 and P = 0.094, respectively).

Experiment 2: Binding affinity and selectivity of L-368,899 for
coyote OXTR and AVPR1a. L-368,899 bound to the coyote OXTR
with an affinity of K, =12.38nM, whereas its affinity for the coyote
AVPR1a was more than 40-fold lower, at K, =511.6nM (Figure 3).
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Regions PP P :
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Figure 2. Relative abundance of L-368,899 in 8 subregions of the
coyote brain after peripheral injection. Values are reported as AUC per
weight (mg) of analyzed tissue. The dotted line is the average of 2
control samples (brain tissue from a subject that did not receive any
drug injection) (4.62 = (4.72+4.51) / 2). The inset graph shows average
data for the 3 brain region categories.
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Binding selectivity of L-368,899
for coyote receptors
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Figure 3. Binding selectivity of L-368,899 for coyote OXTR and AVPR1a in brain. Top left: left 2 images show representative autoradiograms of
AVPR1abinding; right images show corresponding OXTR binding in an adjacent section from the same brain; brain regions that were quantified
for specific binding of each receptor subtype are indicated by arrows: AVPR1a in lateral septum (LS) and OXTR in regions of the olfactory
pathway, specifically piriform cortex (PC) or olfactory tubercle (OT). Top right: curves showing binding selectivity of L-368,899 in the coyote
brain; each point represents the mean + SEM for 5 independent measures of receptor binding density. For the OXTR competition curve, all
values are represented as a proportion of maximum binding of the I-OVTA radioligand in the presence of 107> M (1 pM) of L-368,899. For
the AVPR1a competition curve, all values are represented as a proportion of maximum binding of the 1251 VA radioligand in the presence
of 1071* M (0.1 pM) of L-368,899. Bottom: representative series of competition binding results showing OXTR binding (top row) and AVPR1a
binding (lower row) in the presence of the log[L-368,899] M indicated (-12 to -5).

These results indicate that 1-368,899 is highly selective for the
coyote OXTR, especially at a concentration of 1077 M, or 10nM.

Discussion

This study provides the first pharmacological assessments
of the OXTR antagonist 1.-368,899 in the coyote. We found that
L-368,899 peaked in the CNS at t15 or t30 after intramuscular
injection and returned to baseline by t45. This pharmacokinetic
profile, although based on a limited number of subjects, suggests
that the best window for behavioral testing would be 15 to 45min
after injection when using intramuscular delivery of 3mg/kg
L-368,899. Aside from a single animal with a peak at t15 in plasma,
we found a generally slow plasma absorption profile, with con-
tinuously increasing levels of drug in the bloodstream throughout
the entire 90-min time course of our study. This result indicates
that L-368,899 remains in circulation much longer than it remains
in CSE. In the context of a behavioral pharmacology study, these
data suggest that, if behavioral testing were to continue longer
than 45min, changes in behavior could not be attributed solely
to central effects of 1.-368,899 at these later time points because
of the potential for drug action at peripheral OXTR.

Although our brain analysis did not yield absolute values of
quantified pg of L-368,899 per mg of brain tissue, we were able
to measure relative levels of 1.-368,899 across regions across all
four subjects, and two of our four subjects exhibited peaks of
L-368,899 in CSF. The individual subject with the highest peak in
CSF levels of 1.-368,899 was also the individual with the highest
levels of detected L-368,899 in the piriform cortex and olfactory

bulb—two of the most OXTR-enriched regions of the coyote
brain, based on ongoing work from our lab. Unexpectedly, two
of the regions with the highest relative levels of L-368,899—the
lateral septum and rhinal cortex—are both AVPR1a-expressing
areas based on receptor autoradiography results from our lab.
Although L-368,899 may be high in the lateral septum and rhi-
nal cortex because it is binding to AVPR1a, our in vitro binding
selectivity data suggest that L-368,899 has a high specificity for
the coyote OXTR and exhibits a 40-fold greater affinity for OXTR
than for AVPR1a. Despite this selective binding profile, L-368,899
could still bind to AVPR1a in vivo if the local concentration
achieved in certain brain areas is near or greater than the drug’s
affinity for AVPR1a (approximately 500nM). This unexpected
result may be driven by the data from one individual subject
that had the highest drug levels measured in both of these areas,
although that same subject had no detectable drug in CSF across
the full 90-min time course. Individual differences in the rate
of brain penetration from CSF or differences in the retention or
clearance of drug from neural receptors could also cause dis-
crepancies between the levels of drug measured in CSF and the
levels in the brain at necropsy. We were careful to euthanize all
subjects immediately after the 90-min collection time point, and
all brains were removed and frozen within 1 to 3h of euthanasia.
However, the appropriate research tools are not available to al-
low assessment of these details of in vivo receptor occupancy;
assessing these nuanced in vivo kinetics of neural receptor bind-
ing would require an OXTR or AVPR1a tracer for in vivo PET
neuroimaging, neither of which are available despite extensive
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Table 3. Comparison of the binding affinities and selectivity of L-368,899 to OXTR and AVPR1la across mammalian species that have

been evaluated to date

Species Binding affinity OXTR (nM) Binding affinity AVPR1a (nM) Binding selectivity (AVPR1a K, + OXTR K)
Rat? 3.6+0.5 (uterus); 8.9+0.5 (mammary) 110+ 13 (liver) 12.4-30.6

Macaque?® 20+1 (uterus) 17030 (liver) 8.5

Human? 13+1 (uterus); 7.6 1.8 (cloned) 180+23 (liver) 13.8-23.7

Coyote 12.4+3.4 (brain) 512+117 (brain) 41.2

efforts (including studies using L-368,899 as a potential parent
compound for a 8F radiotracer).30-** More precise analytical
chemistry will be required to confirm the amount of drug present
regionally in the brain after peripheral injection, especially with
regard to the internal standard and extraction method.
Besides our methodological issues with quantification of
L-368,899 in brain samples, another caveat with our brain analy-
sis is that all samples were taken at the end of the 90-min time
course, well after all CSF samples had returned to baseline. This
experimental design decision reduced the number of animals
needed for a terminal study but added difficulty to the inter-
pretation that a lack of detected L-368,899 in the brain means
a lack of action of L-368,899 at neural receptors. As in CSFE, the
drug may not be detectable in brain tissue that long after drug
delivery. Future studies to evaluate the presence of 1-368,899
in coyote brain should perform euthanasia 30min after drug
administration to coincide with the peak levels of drug in CSF.
Rapid or variable liver metabolism could also have contrib-
uted to our results. At least two previous publications have
described rather extensive first-pass liver metabolism of orally
and intravenously administered L-368,899 at a variety of doses,
especially in rhesus macaques, but less drastically so in rats,
dogs, and chimpanzees.”*’ The main breakdown product of
L-368,899 is methionine sulfone, which to our knowledge, is not
pharmacologically active at OXTR. Sex differences in the rate of
hepatic breakdown of L-368,899 have been reported in rats, but
only at high doses (10, 25, and 100mg/kg).*’ Although coyotes
may show rapid liver metabolism of this compound like that
described in rhesus macaques, we assume that hepatic function
and breakdown rates of coyotes would be similar to what has
been described for this compound in dog, which was relatively
slow and stable. Future studies should directly address sex dif-
ferences, which our study was not sufficiently powered to allow.
Furthermore, doses higher than 3mg/kg may be needed in coy-
otes and/or for intramuscular delivery to achieve biologically
active concentrations of L-368,899 in brain; we acknowledge that
one limitation of our study was the use of only one drug dose.
Compared with the plasma and CSF levels of L-368,899
measured in the previous study in primates,? our values mostly
align, but we detected much higher peak values. Specifically,
our highest levels of L-368,899 measured in CSF ranged from 20
to 115ng/mL, with the majority of values around 0.5 to 8ng/mL,
whereas all CSF values from the previous report? ranged
between 0 and 10ng/mL. In plasma, our levels ranged from
0 to 700ng/mL with a peak at 1,450ng/mL, whereas levels in
the previous report? ranged from 0 to 400ng/mL. Besides dif-
ferent species, these two studies had two main methodological
differences that could account for the discrepancies in reported
values: route of administration and dose. The previous study
administered 1mg/kg IV, whereas we used 3mg/kg IM. Despite
the different routes of administration, the fact that we gave
three times the dose could easily explain the higher levels we
measured in CSF and plasma. In addition, improved LC-MS/MS
detection methods and equipment in the 15 plus years since the
previous study could have contributed to these differences. We

cannot directly compare absolute levels of L-368,899 measured
in the brain across these two studies, and many of the regions
examined in the two studies differ. But of the three regions that
were evaluated in both studies—caudate (striatum), hippocam-
pus, and septum (lateral septum)—the patterns of detected
drug are the same: the striatum is at/below the limit of detec-
tion, and the lateral septum is the highest, with hippocampus
closely behind. We recommend that follow-up studies should
also measure AVPR1a and OXTR binding in the same specimens
thatare analyzed for drug accumulation to provide correspond-
ing protein density measurements to complement drug levels.
Because of the nature of the subdissection required to isolate our
various regions of interest, we did not preserve the remaining
tissue and therefore could not perform quantitative receptor
autoradiography to measure actual OXTR or AVPR1a levels in
these same specimens.

The binding affinities of L-368,899 that we describe for coyote
OXTR and AVPRI1a are consistent with those reported for other
species (Table 3). L-368,899 binds to coyote OXTR with an affinity
of 12.4nM, which is squarely within the range of binding affinities
for rat, macaque, and human OXTR. Although our reported bind-
ing affinity for coyote AVPR1a (512nM) is approximately four to
five times lower than that reported for rat, macaque, and human
(110 to 180nM), these values have the same order of magnitude,
and our AVPR1a binding affinity was more variable than in other
studies. Overall, binding selectivity of L-368,899 appears to be
as good as, if not better, in coyotes than in other species, which
could more broadly support a general property of this drug as a
selective antagonist of mammalian OXTR.

In conclusion, we recommend proceeding with the use of
L-368,899 in future behavioral pharmacology studies in coyotes
to evaluate the role of the OXTR system in canid social behavior,
although additional validation would be useful. Behavioral
testing should occur during the 15 to 45min after injection to
align behavioral data collection with the maximal peak of drug
in the CNS. When used in vitro, we recommend formulating
L-368,899 to a final molarity of 1 to 10nM to selectively bind
coyote OXTR without binding to AVPR1a. Our data set the stage
for future use of this compound in coyote behavioral studies.
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