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lecular cloning of opioid receptors have led to a deeper understanding of buprenor-
phine pharmacology. More recent studies of receptor affinity and intrinsic activity
have shown that buprenorphine is a p- and k-opioid receptor agonist, a nociceptin
orphanin peptide agonist, and a §-opioid receptor antagonist. Buprenorphine appears
to have a primary spinal analgesic mechanism with complex supraspinal actions. It is
considered a full agonist for pain but a partial agonist for other clinical endpoints such
as respiratory depression. In feline medicine, buprenorphine is approved as low- and
high-concentration injectable solutions, in addition to the most recently introduced
long-acting transdermal formulation. Several investigational and compounded formu-
lations have also been evaluated. There are contrasting differentiable features that
include pharmacokinetics, onsets- and durations-of-action, routes of administration,
and formulation constituents. Available buprenorphine formulations allow clinicians
to select a formulation based on the anticipated duration of pain associated with vari-
ous surgical procedures, and to provide interventions as needed. In light of the newly
approved transdermal buprenorphine solution in cats and progress in buprenorphine
pharmacology, the objective of this review is to examine the history and pharmacol-
ogy of buprenorphine relative to full opioid agonists, where appropriate, integrating
these insights into advances within feline medicine.
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1 | INTRODUCTION candidate M6029 (later RC6029-M), buprenorphine was first syn-

thesized in 1966 from thebaine, a component of opium without
Buprenorphine was originally synthesized as an alternative opioid an- opiate activity (Cowan, Lewis, & Macfarlane, 1977). Buprenorphine
algesic with antinociceptive and narcotic antagonist properties with- is of the oripavine class of opioids with the chemical designation

out side effects and abuse potential (Cowan et al., 1971). Designated N-cyclopropylmethyl-7  a-(I-S-hydroxy, 1,2,2-trimethylpropyl)-6,
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14-endoethano-6, 7,8, 14-tetrahydronororipavine (Cowan, Lewis, &
Macfarlane, 1977). It can be conceptually visualized by contrasting
its structure to that of morphine (Yaksh & Wallace, 2018; Figure 1).

Early studies found buprenorphine to be approximately 20- to
40-fold more potent than morphine in rodent antinociceptive as-
says, with a ceiling effect on respiratory depression, little effect on
gastrointestinal transit, a median lethal dose many 1000-fold greater
than the median effective dose in mice, and a low potential for phys-
ical dependence (Cowan, Doxey, & Harry, 1977; Cowan, Lewis, &
Macfarlane, 1977). Efficacy against postoperative pain in humans
was later demonstrated for injectable and sublingual formulations,
with relatively few morphine-like side effects. An injectable solution
indicated for postoperative pain was approved for use in humans
in 1977 in the United Kingdom and in 1982 in USA, along with evi-
dence supporting its safety and effectiveness (Harcus et al., 1980).
Over time, several formulations have been approved for the treat-
ment of acute and chronic pain as well as opioid abuse in humans,
including sublingual tablets, transdermal patches, buccal films, and
an extended-release injectable solution (Table 1).

Following its introduction in human medicine, veterinarians
were also interested in using buprenorphine. It was initially ex-
amined in dogs following orthopedic surgery where analgesia was
comparable to morphine and pentazocine (Taylor & Houlton, 1984).
With regard to its use in cats, buprenorphine began to appear
in veterinary formularies in the 1990s (Hansen, 1994), although
controlled clinical studies were lacking. Three pharmaceutical bu-
prenorphine formulations have since been approved for use in cats
(Table 2). The first, a low-concentration buprenorphine injectable
solution (0.3 mg/ml), was approved for postoperative analgesia in
the UK in 1995 (‘Vetergesic; Ceva Animal Health ). Approval fol-
lowed in several other global regulatory jurisdictions along with ge-
neric equivalents, but not in USA. A high-concentration injectable
solution (1.8 mg/ml) developed to extend the analgesic duration-
of-action was approved in USA in 2014 for the control of postoper-
ative pain in cats (‘Simbadol; Zoetis’; Table 2). Again in USA, a new
buprenorphine formulation was recently approved for the control
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of postoperative pain in cats (Zorbium™; Elanco US Inc., NADA
141-547; Table 2). It is a non-aqueous transdermal buprenorphine
solution (TBS) with a permeation enhancer intended for topical ap-
plication that has an onset-of-action of 1-2 h and provides analge-
sia for 4 days.

The objectives of this review are four-fold: (1) to outline the fun-
damental pharmacological principles of buprenorphine in cats; (2)
to highlight gaps in cat-specific buprenorphine pharmacology; (3) to
update buprenorphine clinical pharmacology following earlier bu-
prenorphine reviews (Bortolami & Love, 2015; Steagall et al., 2014);
and (4) to integrate the five recent research papers that directly re-
sulted in USA Food and Drug Administration (FDA) approval of TBS
for use in cats into the knowledge base (Clark et al., 2022a, 2022b;
Clark, Linton, Freise, Reinemeyer, et al., 2022; Freise et al., 2022).

2 | PHARMACOLOGY AND MECHANISM
OF ACTION

2.1 | Opioidreceptors

Buprenorphine was synthesized prior to the introduction of receptor
theory. Modern opioid research began in 1973 with the first dem-
onstration of opioid receptors (Pert et al., 1973; Simon et al., 1973;
Terenius, 1973) through stereoselective binding assays (Goldstein
et al., 1971). Brain extracts were isolated and later identified as en-
dogenous opioids that, when applied to guinea pig ileum and mouse
vas deferens, mimicked the actions of morphine (Lord et al., 1977).
Binding specificity studies demonstrated multiple opioid receptors
categorized by their differential selectivity for [BH]enkephalins com-
pared to [3H]opiates. Morphine-preferring receptors were desig-
nated mu (p)-opioid receptors, enkephalin-preferring receptors were
designated delta (8)-opioid receptors based upon the “d” in vas def-
erens assays used for characterization, while kappa (x)-opioid recep-
tors were named based on their selectivity for ketocyclazine (Lord
etal., 1977; Martin et al., 1976).
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(1) Single instead of double bond between carbon 7 and carbon 8;
(4) Endoetheno bridge between carbon 6 and carbon 14

(1), (4)
FIGURE 1 Chemical structure of

morphine and the structural differences
of buprenorphine. Adapted from Yaksh
and Wallace (2018)
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Route Strength Indication

Injection 0.3 mg/ml Pain

Sublingual 2 and 8 mg Pain

Injection 0.3 mg/ml Pain

Sublingual 2 and 8 mg Pain and opioid dependence
Sublingual 2 and 8 mg Pain and opioid dependence
Transdermal 35,52.5,and 70pug/h  Pain

Transdermal 5,7.5,10,15,and Pain

Buccal, sublingual

20pg/h
2,4,8,and 12mg

Pain and opioid dependence

Approval date  Proprietary name Dosage form
1977 Temgesic™ (Indivior, UK) Injectable
1980 Temgesic™ (Indivior, UK) Tablet
1982 Buprenex™ (Indivior, USA) Injectable
2002 Subutex™ (Indivior, USA) Tablet
2002 Suboxone™? (Indivior, USA)  Tablet
2002 Transtec™ (Napp, UK) Patch
2010 Butrans™ (Purdue Pharma, Film, extended
USA) release
2010 Suboxone™? (Indivior, USA)  Film
2013 Zubsolv™? (Orexo, USA) Tablet
2014 Bunavail™? (Biodelivery Film
Sciences International
Inc, USA)
2015 Belbuca™ (Biodelivery Film
Sciences International,
USA)
2016 Probuphine™ (Titan Implant
Pharmaceuticals, USA)
2017 Sublocade™ (Indivior, USA)  Solution, extended
release
2018 Cassipa™?® (Teva, USA) Film
2018 Buvidal™ (Camurus, EU) Solution, prolonged
release
2019 Sixmo™ (Molteni Implant

Farmaceutici, EU)

2Contains naloxone.

2.2 | Molecular biology of receptors
Advancements in molecular biology led to breakthrough under-
standing of opioid receptor structure and function, elucidating bu-
prenorphine pharmacology. The first opioid receptor to be cloned
was the 8-1 (Evans et al., 1992; Kieffer et al., 1992), followed by
p-1 (Chen, Mestek, Liu, Hurley, & Yu, 1993; Eppler et al., 1993;
Thompson et al., 1993; Wang et al., 1993) and k-1 (Chen, Mestek, Liu,
& Yu, 1993; Liet al., 1993; Meng et al., 1993). Each opioid receptor is
encoded by a single gene termed OPRM1 (p), (Pasternak et al., 1980;
Pasternak & Snyder, 1975; Wolozin & Pasternak, 1981), OPRD1
(8; Jiang et al., 1991), and OPRK1 (x; Clark et al., 1989; Rothman
et al., 1990; Zukin et al., 1988; Table 3). Through molecular clon-
ing or bioinformatic analysis, the phylogeny and species variations in
the p-1 protein sequence have been characterized for over 45 spe-
cies, except for cats (Pan & Pasternak, 2011; Figure 2). However,
a putative sequence for the feline OPRM1 gene was recently re-
ported (‘Feline Mu-type opioid receptor 2022)’ Pontius et al., 2007;
Table 3). Delta- and k-opioid receptor phylogeny has also been de-
scribed in various species, except for cats (Walwyn et al., 2011; Wei
& Loh, 2011).

The nociceptin orphanin peptide (NOP; opioid receptor like
[ORL] or x-3) was identified soon after the §-opioid receptor was

Sublingual 0.7,1.4,29,5.7, 8.6, Pain and opioid dependence
and 11.4 mg

Buccal 2.1,4.2,6.3mg Pain and opioid dependence

Buccal 0.075, 0.15,0.3, Pain and opioid dependence
0.45, 0.6, 0.75,
and 0.9 mg

Implantation 80mg/implant Pain and opioid dependence

Subcutaneous 100mg/0.5 ml and Pain and opioid dependence
300mg/1.5 ml

Sublingual 16 mg Opioid dependence

Subcutaneous 8,16,24,32mg Opioid dependence

injection
Implantation 74.2 mg Opioid dependence

cloned (Bunzow et al., 1994; Chen et al., 1994; Fukuda et al., 1994;
Homberg et al., 2009; Keith et al., 1994; Mollereau et al., 1994; Nishi
et al., 1994; Pan et al., 1994; Pan et al., 1995; Table 3). The function
of the cloned receptor was later clarified with the identification of its
endogenous ligand. The latter has two names, orphanin FQ (OF/Q;
Reinscheid et al., 1995) or nociceptin (N; Meunier et al., 1995), as it
was independently identified by two groups. While implicated in bu-
prenorphine's mechanism of action (see Analgesic Mechanism below),

NOP has not yet been cloned in cats.

2.3 | Receptor affinity and intrinsic activity

The initial study to evaluate buprenorphine opioid receptor affinity
in isolated tissues revealed approximately equal affinity for p- and
k-opioid receptors as well as 10-fold lower affinity for 6-opioid re-
ceptors (Sadee et al., 1982; Villiger & Taylor, 1981). With the cloning
and expression of various receptor types into functional cell systems,
a more accurate comparative affinity and selectivity of buprenor-
phine has been reported (Olson et al., 2019). Buprenorphine has the
highest binding affinity (i.e., Ki) for p-opioid receptors, which is 38,
30, and 477 times greater than for 8- and x-opioid receptors, and
NOP, respectively (Table 4). Moreover, buprenorphine has an 82-fold
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TABLE 2 Buprenorphine-containing formulations approved for use in cats

Dosage and administration

Indication

Strength

Route

Dosage form

Proprietary name

Approval date

0.01-0.02mg per kg body weight,

Postoperative analgesia

0.3 mg/ml

Intramuscular or intravenous

Injectable

Vetergesic™?® (CEVA, UK

1995

repeated if necessary, once, after 2 h

injection

and others)
Simbadol™® (Zoetis, USA)

0.24 mg/kg 1 h prior to surgery and then

For the control of postoperative pain

1.8 mg/ml

Subcutaneous injection

Injectable

2014

once daily for up to 3days

associated with surgical procedures

in cats

8 mg (0.4 ml) to cats 1.2-3 kg and 20mg

For the control of postoperative pain

8 mg (0.4 ml),

Topical

Transdermal

Zorbium™ (Elanco, USA)

2022

(1 ml) to cats >3-7.5 kg. A single
topical dose is applied 1-2 h prior to

associated with surgical procedures

in cats

20mg (1 ml)

surgery, providing analgesia for 4days

*The originally approved formulation was by Alstoe. Since its first approval, there have been additional approvals, including generic equivalents, in global regulatory jurisdictions that include single-use and

multi-dose vials.

CLARK

bThe originally approved formulation was by Abbott Laboratories.

greater affinity for p-opioid receptors compared to morphine and
no affinity for cannabinoid receptor type 1, -1 opioid receptors,
norepinephrine, serotonin, or dopamine receptors. These affinities
have been confirmed in the rat and monkey brain (Table 5; Lutfy &
Cowan, 2004).

The high affinity of buprenorphine for p-opioid receptors has
clinical implications. In organ preparation studies, buprenorphine
exerted a gradual effect on the guinea pig ileum, peaking in about
an hour, while high concentrations of naloxone failed to antagonize
buprenorphine (Lewis, 1985). The rate of drug removal from the re-
ceptor, rather than the presence of the antagonist, was ultimately
responsible for functional restoration. The half-life of dissociation
from the p-opioid receptor was 166 min for buprenorphine, as op-
posed to 7 min for fentanyl (Boas & Villiger, 1985). The tightness
of binding to opioid receptors and unique receptor kinetics was
suggested to have clinical implications: (1) the acute effects of bu-
prenorphine are difficult to antagonize once bound to receptors, and
(2) buprenorphine has a long duration of action. Therefore, when
this high affinity is considered in a clinical context, plasma concen-
trations may not translate into efficacy.

Opioid receptors belong to the G-protein-coupled recep-
tor family, the largest gene family within the mammalian genome
(Fredriksson et al., 2003). Buprenorphine intrinsic activity (i.e., the
magnitude of activation) in the [*>S]GTPyS binding assay has been
examined using opioid receptor-expressing cells. Buprenorphine ex-
hibited activity in p-, k-, and NOP-, but not in §-opioid receptor ex-
pressing (i.e., is an antagonist) Chinese hamster ovary cells (Table 6).
Intrinsic activity following application onto cells or tissues contrasts
with measurable endpoints (or efficacy) in animals. Clinically, effi-
cacy is a property of the drug plus the specific system and may vary
based on species or endpoint assessed. A drug can act as a full ago-
nist on one endpoint (e.g., pain) and a partial agonist on another (e.g.,
respiration). Thus, in a clinical setting, the term partial agonist is not
a property of the drug per se and only has validity as a functional
descriptor for the endpoint being examined.

2.4 | Feline opiate system

There is a long history of laboratory and clinical studies on the
characterization of pharmacological responses to opioids in cats.
Morphine's effects, for example, were explored in the early 20th
century (Stewart & Rogoff, 1922). A number of opioids, includ-
ing buprenorphine, have been reviewed up until 2015 (Bortolami
& Love, 2015; Steagall et al., 2014). However, as described above,
feline opioid receptors have not yet been cloned or expressed in
functional cells. The complexity of opioid receptor expression and
function in other species, including splice variants, receptor dimeri-
zation, and thousands of single nucleotide polymorphisms (SNP),
complicate mechanistic studies in cats (Pan et al., 2005). Moreover,
cats exhibit unique responses to opioids, including mydriasis and hy-
perthermia, suggestive of potentially novel mechanisms (see Ocular
and Thermoregulation below).
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TABLE 3 Recommended opioid receptor nomenclature by the International Union of Pharmacology Receptor Nomenclature Committee
(IUPHAR-NC), endogenous ligands, and the gene that codes for each receptor

Human Rat/mouse
IUPHAR-NC recommended name Other names Presumed endogenous ligand  gene gene Feline gene
Mu (p) opioid peptide receptor MOR, OP, B-endorphin, Enkephalins OPRM1 Oprmi OPRM1?
Delta (8) opioid peptide receptor DOR, OP, B-endorphin, Enkephalins OPRD1 Oprd1l Not identified
Kappa (k) opioid peptide receptor KOR, OP, Dynorphin A, Dynorphin B, OPRK1 Oprk1 Not identified
a-neoendorphin
Nociceptin orphanin peptide (NOP) ~ ORL1, LC132, OP, Nociceptin/orphanin FQ OPRL1 Oprll Not identified
receptor
#Adapted from Pontius et al. (2007); Hillier et al. (2011); ‘Feline Mu-type opioid receptor’.
(a)
human
chimg
100 Rhesus macaque (b)
 E— Crab-eating macaque
100 Squirrel monkey Exon 4 Exon 7 Exon 11
100 Rat Mammals
Mouse Human 12aa 30aa 24aa
100 Opossum Chimpanzee 12aa (100%) 30aa(100%) 24aa (92%)
. . Rhesus macaque 12aa (100%) 30aa (100%) 32aa (72%)
85 100—— Guinea pig Crab-eating macaque 12aa (100%)
85 L Tarsier Squirrel monkey 12aa(100%) 30aa (80%)
Do Rat 12aa(100%) 30aa(70%)  23aa (25%)
Al 9 Mouse 12aa(100%) 30aa(70%)  27aa (25%)
85 Megabat Opossum 12aa (100%) 32aa (53%)
100 100 Horse Guinea pig 12aa (100%) 12aa(92%)*  24aa (67%)
B Tarsier 12aa (100%)
oar Dog 12aa(100%)  30aa (90%)
100 100 Cow Megabat 12aa(100%) 12aa(92%)*  23aa (60%)
100 100 Dolphin Horse 12aa (100%)  12aa (100%)*
) Boar 12aa (100%)
|: Armadillo Cow 12aa(92%)  12aa(92%)*  32aa (34%)
100 Hedgehog tenrec Dolphin 12aa (92%) 12aa (100%)*
Chicken Armadillo 12aa(92%)  109aa(83%)* 24aa (47%)
Hedgehog tenrec 12aa (75%)
100—— Rough-skinned newt
100 L Frog Birds
100 zebrafish Chicken 12aa (75%) 12aa (75%)*
100 { White sucker

100 Tetraodon
100|: Pufferfish

100 _35: stickleback fish
Japanese killifish (Medaka)

FIGURE 2 Phylogeny and species variations in the p-1 protein sequences. (a) Phylogenetic analysis of the deduced p-1 protein sequences.
(b) Comparison of amino acid sequences predicted from exons 4, 7, 11 in mammals. Aa is number of amino acids identified; % is the
percentage of homology compared to human sequences; * asterisk percentage is the comparison to the first 12 amino acids of the human
sequence; from Pan and Pasternak (2011). The feline p opioid receptor has not been described and is not included on this paradigm

As opposed to cats, rodent opioid receptor classes and subtypes
have been mapped throughout the brain and spinal cord (Pasternak
& Pan, 2013). Despite the lack of cloned feline opioid receptors and
validated molecular probes, several studies have examined anatomic
opioid receptor class distribution utilizing opioid ligands with puta-
tive specific affinity, selectivity, and intrinsic activity in cats. This
includes systems involved in vision, respiration, and the spinal cord
(Table 7), sites associated with buprenorphine action.

2.5 | Analgesic mechanism

Buprenorphine exerts its antinociceptive effects largely via p-
opioid receptors. Buprenorphine does not induce antinociception

in p-opioid receptor deficient CXBK mice (Kamei et al., 1997) nor
in the presence of selective p-opioid receptor antagonists (Kamei
et al., 1995; Mizoguchi et al., 2003). Moreover, buprenorphine antin-
ociception is not reduced in the presence of selective k- or 5-opioid
receptor antagonists in CXBK mice or in mice strains that express p-,
k-, and §-opioid receptors (Kamei et al., 1997). A further complexity
is that buprenorphine analgesia depends on the expression of two p-
opioid receptor splice variants (Grinnell et al., 2016). In genetic mod-
els, disruption of 5- and k-opioid receptors and NOP had no impact
on buprenorphine analgesia, while loss of full length or truncated p-
opioid receptor splice variants eliminated buprenorphine analgesia.
This effect was unique to analgesia as inhibition of gastrointestinal
transit and stimulation of locomotor activity were independent of
truncated p-opioid receptor splice variants.
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TABLE 4 Competition radioligand binding affinity values of buprenorphine and other opioids determined in various cell lines expressing
the indicated receptor types. From Olson et al. (2019)

Target binding affinity determined by competition radioligand binding-K; (nM)

Drug m s K NOP cB1? ¢1R® NET®  SERT? DAT®
Buprenorphine 0.90+0.1 34+27 27+13 430+100 >2000 NC NC NC >2000
Hydrocodone 1800+470 >2000 NC NC NC 4000+1300 NC NC NC
Hydromorphone 94+2.6 310+150 1600+720 NC NC NC NC NC NC
Morphine 74+18 2500+720 >2000 NC NC NC NC NC NC
O-Desmethyl- 1300+290 NC >2000 NC NC NC NC NC NC
Tramadol
Oxycodone 780+170 NC >2000 NC NC NC NC NC NC
Oxymorphone 11+1.8 >2000 >2000 NC NC NC NC NC NC
Tapentadol 2100+ 84 NC >2000 NC NC 2600+410 NC >2000 >2000
Tramadol NC NC 890+33 NC NC NC NC >2000 >2000
Naloxone 14+1.9 520+110 270+46
Nociceptin 0.71+0.3

Note. The K; values are reported as the mean + SEM calculated from N > 3 independent experiments. NC = not converged (no binding detected).
>2000 = incomplete curve without full ligand displacement at 10 uM, suggesting a K;>2000nM.

#Cannabinoid receptor type 1.
bSigma-1.

“Norepinephrine.

dSerotonin.

*Dopamine.

TABLE 5 ApparentK; values of buprenorphine for the various members of the opioid receptor family. Data are presented as the
mean+SEM (nM). From Lutfy and Cowan (2004)

m ) K NOP
Rat brain 0.08+0.02 0.42+0.04 0.11+0.05 285+30
Monkey brain 0.08+0.01 0.82+0.11 0.44+0.08 ND

Abbreviation: ND, not determined.

TABLE 6 EC,,values and maximal response of buprenorphine in stimulating [3SS]GTPyS binding to membranes of Chinese hamster ovary
cells transfected with various members of the opioid receptor family. Data are presented as the mean +SEM. From Lutfy and Cowan (2004))

I & K NOP
EC50 0.08+0.01nM NS 0.04+0.01nM 35+30nM
Percent stimulation 38+8% NS 10+4% 60+10%

Abbreviation: NS, no stimulation.

In addition to p-opioid receptors, the totality of the effects of in mice lacking NOP, an effect not observed with morphine, which

buprenorphine is the result of its concomitant binding and action does not interact with NOP (Lutfy et al., 2003). In addition, the

on k- and &-opioid receptors, and NOP, which may account for the antinociceptive effect of buprenorphine is enhanced in the pres-
partial agonistic properties observed with some endpoints. The ence of the NOP antagonist J-113397, in wild type mice, but not in
submaximal response in some endpoints is due to 5-mediated au- mice lacking NOP (Kawamoto et al., 1999). Thus, buprenorphine-
toinhibition of p- and k-opioid receptor agonist actions (Kitzmiller mediated NOP agonism contributes to the ceiling effect of bu-
et al., 2015; Lutfy & Cowan, 2004). The antinociceptive efficacy prenorphine as well as attenuates the antinociceptive effects of
of buprenorphine is reduced by concomitant buprenorphine- other p-opioid receptor agonists when co-administered (Lutfy
mediated NOP activation, i.e., the p-opioid receptor-mediated an- et al., 2003). In sum, buprenorphine analgesia is complex and re-
tinociceptive effect of buprenorphine is attenuated by its ability quires multiple p-opioid receptor splice variants as well as k- and
to activate NOP. Buprenorphine induces greater antinociception 5-opioid receptors, and NOP.
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Of note, buprenorphine was recently shown to harbor mono-
amine transporter activating properties (Olson et al., 2019). In an
antinociception mouse model, the monoamine transporter inhib-
itor duloxetine selectively promoted buprenorphine antinocicep-
tion while exerting no effects by itself or in combination with the
p-opioid receptor selective drug oxymorphone (Olson et al., 2019).
The ligand-receptor interaction and downstream signaling path-
ways suggest additional complexity beyond that conveyed by phar-
macology screening alone. Further, such novel interactions could be
relevant in vivo, but the effect of duloxetine co-administration on
buprenorphine-induced analgesia has not been studied in cats.

Anatomically, central nervous system regions sensitive to mor-
phine were initially identified by administering morphine into dis-
crete areas via microinjection in rhesus monkey brains (Pert &
Yaksh, 1974). Opioids exerted their effects in the periagueductal
gray, nucleus raphe magnus, nucleus reticularis gigantocellularis,
locus coeruleus, and dorsal horn. Buprenorphine appears to have
a primary spinal analgesic mechanism with complex supraspinal ac-
tions. In a series of studies in mice, buprenorphine was antagonized
by intraperitoneal and spinal (i.e., intrathecal) naloxone but not supra-
spinal (i.e., intracerebroventricular) naloxone (Ding & Raffa, 2009).
In contrast, morphine and fentanyl were antagonized by intrathecal
and intracerebroventricular naloxone. Buprenorphine-induced anti-
nociception in the brain is not mediated via the usual (i.e., naloxone-
and pertussis toxin-sensitive) opioid receptors or NOP, and there is
a mechanistic difference between the supraspinal buprenorphine
signaling and those of morphine and fentanyl.

The spinal action of buprenorphine has been examined in cats. In
decerebrate cats, buprenorphine facilitated the C-fiber reflex, sug-
gesting a lack of spinal analgesia, whereas morphine and the k-opioid
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receptor agonist ethylketazocine completely suppressed the reflex
(Bell & Shannon, 1988). These findings have not yet been replicated
and may be unique to the decerebrate cat model. The clinical ef-
fects of epidural buprenorphine in cats supported the involvement
of a spinal mechanism (Duke-Novakovski et al., 2011; Pypendop
etal., 2006, 2008; Steagall et al., 2009). In a thermal threshold model,
epidural morphine and buprenorphine had a duration from 1 to 16 h
and 1 to 10 h, respectively (Pypendop et al., 2008). In another study,
epidural buprenorphine increased thermal thresholds from 30min
to 1 h after administration and remained above the upper 95%
confidence interval (Cl) from 15min to 24 h (Steagall et al., 2009).
When buprenorphine plasma concentrations were measured after
administering buprenorphine into the lumbosacral epidural space
of cats, peak plasma concentrations were observed 15 min after in-
jection (5.82+3.75ng/ml) and had declined by 24h (1.40+0.62ng/
ml). As these systemic concentrations are somewhat parallel to
those observed following buccal buprenorphine administration,
prolonged analgesia following epidural administration could be the
result of spinal and systemic concentrations (Gulledge et al., 2018;
Hedges, Pypendop, Shilo-Benjamini, et al., 2014; Robertson,
Taylor, Bloomfield, & Sear, 2001; Stathopoulou et al., 2018; Wells
et al., 2008). The contrasting effects of spinal versus supraspinal
buprenorphine have not been evaluated via intracerebroventricular
administration to determine feline mechanisms of analgesia.
Norbuprenorphine is the major N-dealkylated metabolite of
buprenorphine initially described in rats (Brewster et al., 1981a).
Norbuprenorphine was 50- to 200-fold less potent than buprenor-
phine with regards to its respiratory depressant or antinocicep-
tive effects (Yassen et al., 2007). Other studies suggest a possible
complex role for norbuprenorphine. In cloned receptor systems,

TABLE 7 Anatomic site distribution of opioid receptor types in the feline brain and spinal cord based on binding studies using specific

ligands or antibodies

Anatomic site Ligand or antibody

Superior colliculus
Superficial layers [Met5]enkephalin
[Leu5]enkephalin

[3H][D-Ala, N-Me-Phe, Gly(ol)]
enkephalin (DAMGO)

3H][D-Pen]enkephalin (DPDPE)

Deep layers

Cortex, thalamus, and midbrain

3H]bremazocine

Ventrolateral medulla Met]enkephalin

[
[
[
[Leu]enkephalin

Carotid body (glomus cells) Met]enkephalin

Leu]enkephalin

D-Pen, D-Pen]enkephalin (DPDPE)

[
[
[D-Ala, D-Leu]enkephalin
[
Caudate nucleus and putamen [Met]enkephalin
Dynorphin B

Dynorphin B

WIN 44,441-3

Spinal cord

Receptor type Reference

5, p-1 Graybiel et al. (1984)

5, p-1

1 Walker et al. (1988)

5-1

K

5, p-1 Pokorski et al. (1981); Pokorski and
5, p-1 Lahiri (1981); Monti-Bloch and

Eyzaguirre (1985)

8, pu-1 Kirby and McQueen (1986); Hansen

5l et al. (1982); Wharton et al. (1980);
' Lundberg et al. (1979)

8, p-1

5-1
5, pu-1 Graybiel and Chesselet (1984)
K

K Flamm et al. (1985); Faden and Jacobs (1985))

K
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norbuprenorphine has high affinities for p-, 8-, and k-opioid recep-
tors, comparable to those of buprenorphine (Huang et al., 2001).
Ina [355]GTPyS binding assay, norbuprenorphine acted as a potent
full agonist of 8-opioid receptors in contrast to buprenorphine that
had no agonist activity, antagonizing norbuprenorphine (Huang
et al., 2001). At NOP, norbuprenorphine was a full agonist with low
potency, while buprenorphine was a potent partial agonist (Huang
et al., 2001). Norbuprenorphine is also present in cats (Doodnaught
et al., 2017; Taylor et al., 2016) but its overall contribution to bu-
prenorphine analgesia appears negligible. Multiple models were
evaluated to characterize the contribution of norbuprenorphine to
thermal antinociception, but the PD parameters for norbuprenor-
phine could not be determined (Doodnaught et al., 2017).

From a clinical perspective, buprenorphine has been char-
acterized as a partial opioid agonist, implying that it elicits a sub-
maximal analgesic effect compared to full opioid receptor agonists.
Buprenorphine produced a bell-shaped dose-response curve in the
mouse tail-flick model (i.e., antinociceptive effects reach a maximum
and decline at higher doses; Cowan, 2003). However, the obser-
vation that buprenorphine produces a bell-shaped dose-response
curve was later shown to be unique to the rodent model used
(Lewis, 1985). This concept of buprenorphine's clinical analgesic
properties as a partial agonist has been revisited in reviews of basic
research and clinical data (Pergolizzi et al., 2010; Raffa et al., 2014;
Raffa & Ding, 2007). In the same in vitro assays of intrinsic activity,
both buprenorphine and morphine produced a less than maximal ef-
fect (Traynor, 2012). In a variety of rodent models different from the
tail-flick model, buprenorphine has been shown to elicit a full analge-
sic effect (Christoph et al., 2005) dependent upon stimulus intensity
(Raffa & Ding, 2007). Still, the notion that morphine and other ‘full
agonists’ provide greater analgesia persists. However, in a review of
clinical studies in humans, buprenorphine produced equivalent or
greater analgesia compared to morphine, fentanyl, sufentanil, and
oxycodone (Raffa et al., 2014). A consensus group has established
buprenorphine as a full agonist for the endpoint of pain (i.e., analge-
sia) in human patients (Pergolizzi et al., 2010).

Compared to morphine or other full agonists, the analgesic ac-
tion of buprenorphine has not been explicitly examined in cats so
as to conclude whether it is a full agonist for the endpoint of pain in
feline clinical practice. An ideal study would compare buprenorphine
with a full opioid agonist across increasing doses against moderate to
severe pain without the confounding of effects of other analgesics.
There have been several studies in cats undergoing surgery where a
head-to-head comparison of point doses of buprenorphine and a full
opioid agonist were examined. In cats undergoing ovariohysterec-
tomy, a single intramuscular (IM) postoperative dose of buprenorphine
was superior to pethidine based on the numbers of rescue analgesia
interventions (Slingsby & Waterman-Pearson, 1998). In cats undergo-
ing onychectomy, onychectomy plus castration, or onychectomy plus
ovariohysterectomy, a single IM dose of buprenorphine was superior to
oxymorphone in terms of the lowest cumulative pain scores and serum
cortisol levels (Dobbins et al., 2002). In cats undergoing fracture repair,
a five-day postoperative regimen of subcutaneous (SC) buprenorphine

and levomethadone conferred comparable analgesia, although neither
provided sufficient analgesia in the postoperative phase as monother-
apy (Mollenhoff et al., 2005). In cats undergoing neutering, a single
pre-operative dose of IM buprenorphine was compared to pre- and
postoperative doses of IM methadone (Bortolami et al., 2013). No cats
required rescue analgesia, and there were no variations in mechanical
nociceptive thresholds over time in methadone-treated cats, whereas
those administered buprenorphine had lower thresholds compared to
baseline. In a study of cats undergoing ovariohysterectomy, a single
dose of methadone was compared to IM buprenorphine, each com-
bined with medetomidine, ketamine, and midazolam (Shah et al., 2019).
Methadone provided lower pain scores over an 8-h postoperative time
compared to buprenorphine based on composite pain scale scores, yet
superiority or non-inferiority were not addressed (Freise et al., 2013).
Taken together, these data support the notion that buprenorphine is
a full agonist for the endpoint of pain in cats, with clinical data cur-
rently limited to mild to moderate pain, thus precluding a definitive
verdict. Nevertheless, these and other data support buprenorphine as
an effective analgesic for the control of postoperative pain in cats (see

Clinical Pharmacology in Cats below).

2.6 | Respiratory

Opioid agonists, such as morphine, are associated with respiratory
depression, an adverse reaction that can have serious clinical conse-
quences. The morphine-associated respiratory depression observed
in humans also occurs in cats (Etches et al., 1989; Kozaki et al., 2000;
Teppema et al., 2008). Respiratory depression ensued when p-opioid
receptor agonist diacetylmorphine was applied directly to the brain-
stem of anesthetized cats (Taveira da Silva et al., 1983), a site receiving
input from central and peripheral chemoreceptors. The hypercapnic
stimulus to ventilation through carotid body chemoreceptors is inhib-
ited by p-opioid receptor agonists in cats (McQueen & Ribeiro, 1980).
The role of carotid body opioid receptors remains unclear, but they
mediate hypoxic and hypercapnic responses, with their transmission
being blocked by opioids at input to the nucleus tractus solitarius in
the brainstem (Pattinson, 2008). Opioid respiratory depression has
also been associated with x-opioid receptors in cats, where a k-opioid
receptor antagonist attenuated morphine-induced depression (Kozaki
et al., 2000). The integrated mechanism underlying opioid-induced
respiratory depression remains elusive. Opioid-induced breathing al-
terations are complex, regulated by the central and peripheral nervous
systems (Etches et al., 1989; Pattinson, 2008) through a variety of opi-
ate receptors (Shook et al., 1990).

The observation that buprenorphine is a partial agonist on the
endpoint of respiratory depression, with a ceiling effect (Dahan
et al., 2006; Walsh et al., 1994), is consistent with clinical and lab-
oratory observations in cats. When a high-concentration buprenor-
phine solution was administered SC to healthy cats up to five times
the labeled dose for a duration of 9days, respiratory rates were
not altered (Sramek et al., 2015). When TBS was administered to
healthy cats up to three times the labeled dose every 4days over
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12days, respiratory rates remained above the normal range, without
clinically relevant changes (Clark, Linton, Freise, Reinemeyer, et al.,
2022). In laboratory and clinical studies where buprenorphine was
administered with a variety of anesthetics drugs, there was a lack
of respiratory depression or clinically meaningful changes in arte-
rial or expired partial pressures of carbon dioxide (pCO,; Akkerdaas
et al., 2001; Bellini et al., 2017; Clark et al., 2022a, 2022b; Grint
et al., 2009; llkiw et al., 2002; Shah et al., 2019; Warne et al., 2016).

2.7 | Gastrointestinal

The opiate-induced inhibition of gastrointestinal motility was rec-
ognized early on, resulting in the development of opiate prepara-
tions to treat diarrhea (Campbell, 1971). Opiates decrease propulsive
peristaltic contractions, while increasing circular muscle tone and in-
traluminal pressure (Yaksh & Wallace, 2018). Buprenorphine does
induce the gastrointestinal effects observed with full agonists such
as morphine. As with respiratory depression, buprenorphine is a
partial agonist for gastrointestinal endpoints. Unlike for morphine,
early studies of buprenorphine in rodents showed a bell-shaped
dose-response curve for gastrointestinal motility inhibition (Cowan,
Doxey, & Harry, 1977). In humans, buprenorphine-related consti-
pation occurs in 1%-5% of patients based on longitudinal studies
or metanalyses (Evans & Easthope, 2003; Likar et al., 2006; Nasar
et al., 1986) and does not result in sphincter of Oddi spasms (Cuer
et al., 1989; Staritz et al., 1986).

Several studies in cats demonstrated the minimal gastrointestinal
effects of buprenorphine even at high doses. When up to five times
the labeled dose of the high-concentration buprenorphine solution
was administered SC to healthy 16-week-old cats for a duration of
9 days, there were no differences in food intake, emesis, abdominal
palpation, or defecation frequency compared to placebo (Sramek
et al.,, 2015). When TBS was administered to healthy 16-week-old
cats up to three times the labeled dose every 4days over 12days,
the frequency of emesis or constipation was also no different (Clark,
Linton, Freise, Reinemeyer, et al., 2022). In another laboratory study
of gastrointestinal function, buprenorphine (0.01 mg/kg IM) was co-
administered with acetylpromazine (0.1 mg/kg IM), and there were

no effects on orocaecal transit times (Sparkes et al., 1996).

2.8 | Behavior

In humans, clinical doses of full opioid agonists, such as morphine,
cause mood alterations, sedation, euphoria, and cognitive impair-
ment (Yaksh & Wallace, 2018). In cats, high doses of morphine
are associated with behavioral excitement (Fertziger et al., 1974;
Huidobro & Lewin, 1969; Loewe, 1956; Sturtevant & Drill, 1957).
These behaviors are accompanied by autonomic effects, such as
mydriasis, profuse salivation, defecation, urination, and nictitating

membrane contraction. High doses of morphine (15-20mg/kg) in
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cats have also been associated with aggressive behavior character-
ized by violent motor excitement (Dhasmana et al., 1972; Fertziger
et al., 1974), while smaller doses (5 mg/kg) are associated with se-
dation and mild excitement (Dhasmana et al., 1972; Wikler, 1944).
Cats exhibit well-described behavioral changes even at lower mor-
phine doses (0.5-3 mg/kg; Burgess & Villablanca, 2007). However,
the doses of morphine used in these early studies are much higher
than the clinically recommended dose in cats (i.e., 0.1-0.3 mg/kg;
Robertson & Taylor, 2004) and use of such high doses today would
present an animal welfare concern. Mechanistically, microiontopho-
retically- and pneumatically-applied morphine to Purkinje cells have
shown that morphine-induced excitation is connected to the feline
opiate system, and inhibition is associated to GABAergic signaling in
the cerebellum (Taguchi & Suzuki, 1989).

When cats are administered typical use doses of the full agonist
opioids fentanyl, methadone, and morphine, reported behaviors in-
clude purring, rubbing, rolling, and kneading (Bortolami et al., 2013;
Ferreira et al., 2011; Gellasch et al., 2002; Mahdmina et al., 2020;
Robertson, Taylor, Lascelles, & Dixon, 2003; Shah et al., 2019;
Steagall et al., 2006). However, in one clinical study, the full agonist
levomethadone resulted in central excitation in some cases at the
dosage 0.3 mg/kg SC for 5days in cats undergoing orthopedic sur-
gery (Mollenhoff et al., 2005).

In contrast, previous reviews of buprenorphine described se-
dation and transient euphoria as the most typical reported behav-
ioral changes in cats (Bortolami & Love, 2015; Steagall et al., 2014).
More recently, when high-concentration buprenorphine solu-
tions were administered SC up to 0.24mg/kg to cats in a labora-
tory study, euphoria was reported (Doodnaught et al., 2017; Taylor
et al., 2016). Even when buprenorphine is administered at multi-
ples of the approved dose, there are limited reports of behavioral
excitement in cats. When up to five times the labeled dose of the
high-concentration buprenorphine solution was administered SC
to healthy 16-week-old cats for a duration of 9days, two cats ex-
perienced hyperactivity, difficulty in handling, disorientation, and
agitation (Sramek et al., 2015). When TBS was administered to
healthy 16-week-old cats up to three times the labeled dose every
4days over 12days, euphoria was described (Clark, Linton, Freise,
Reinemeyer, et al., 2022). Euphoria was transient in the first dos-
ing interval, becoming more prolonged with each dosing interval
(Figure 3). Although euphoria increased with each interval, dyspho-
ria did not occur at higher doses, as observed for morphine in cats,
suggesting that buprenorphine is a partial agonist for the endpoint
of behavior. It should be noted that euphoria does not correlate to
analgesia, as it does not correlate with laboratory measures of ant-
inociception (Murrell et al., 2007; Steagall et al., 2013). In contrast
to laboratory studies, euphoria was not reported in two random-
ized, placebo-controlled trials with TBS in cats undergoing surgery
(Clark et al., 2022a, 2022b). These data suggest that euphoria is less
frequent in the presence of pain, similar to opioid-induced respira-
tory depression being overridden in the presence of pain in humans
(Yaksh & Wallace, 2018).
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2.9 | Cardiovascular

In humans, morphine induces histamine release from mast cells, re-
sulting in hypotension and blunting reflex vasoconstriction caused by
increased pCO, (Yaksh & Wallace, 2018). In addition, methadone has
been associated with prolonged QTc intervals (Krantz et al., 2009),
affecting up to 29% of humans on chronic therapy. Prolonged QTc
intervals are associated with torsades de pointes, which is the as-
sumed mechanism of methadone-induced sudden cardiac death
(Andrews et al., 2009). In contrast, the risk of cardiac death is four-
fold lower for humans maintained on high-dose buprenorphine ther-
apy compared to methadone maintenance (Anchersen et al., 2009).

In cats, morphine has been associated with lower heart rate and
hypotension that is responsive to glycopyrrolate (Bauquier, 2012)
as well as naloxone-responsive histamine release (Evangelista
etal., 2016). Buprenorphine-induced cardiovascular effects have not
been observed in cats, nor cardiovascular-related adverse events
at clinical doses (Bhalla et al., 2018; Bortolami & Love, 2015; Clark
et al., 2022a, 2022b; Evangelista et al., 2017; Mahdmina et al., 2020;
Moser et al., 2020; Shah et al., 2019; Steagall et al., 2014, 2018;
Warne et al., 2016). In an echocardiographic study evaluating bu-
prenorphine (0.01 mg/kg IM)-dexmedetomidine (0.04 mg/kg IM) se-
dation in cats, blood pressure increased, and heart rate decreased
post-sedation (Johard et al., 2018). Wall thickness and left atrium
and aortic diameter were not affected by sedation, but indices of
left atrium and left ventricular size increased. The potential for
administering this sedation regimen to cats with hypertrophic car-
diomyopathy was a primary concern, but since the study was not
placebo-controlled, the effects could not be discerned from those of
dexmedetomidine administration alone.

In a placebo-controlled laboratory safety study with up to five
times the labeled dose of the high-concentration buprenorphine
solution administered SC to healthy 16-week-old cats for a dura-
tion of 9 days, there were no effects on heart rate, heart rhythm, or
blood pressure (Sramek et al., 2015). When TBS was administered to
healthy 16-week-old cats at up to three times the labeled dose every
4days over 12days, there were no differences in heart rates (Clark,
Linton, Freise, Reinemeyer, et al., 2022). Taken together, these data

further support the cardiovascular safety of buprenorphine in cats.

2.10 | Thermoregulation

In humans and dogs, full agonist opioids such as morphine tend to
cause hypothermia (Kukanich & Papich, 2009; Yaksh & Wallace, 2018).
In contrast, mild to moderate hyperthermia in cats has been reported
with various opioids, including buprenorphine (Posner et al., 2007,
2010). In cats undergoing ovariohysterectomy that were administered
morphine or buprenorphine, the incidence of hyperthermia (>39.2°C)
16-20h after opioid administration was 56% for morphine and 73% for
buprenorphine (Cannarozzo et al., 2020). These changes were rather

small, and treatment for hyperthermia was not be necessary.
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FIGURE 3 Mean behavioral scores following placebo, 1, 2, and
3X dose of TBS administered every 4days. 0—Normal, 1-Sedated,
2—Euphoric, 3—Mildly dysphoric, 4—Dysphoric. Behavior was
assessed at baseline (day -1), prior to each dose administration
(Oh),andat 1,2, 4,8, 12, 24, 36,48, and 72h following treatment
on day 0, 4, and 8. From Clark, Linton, Freise, Reinemeyer, et al.
(2022)

Increased body temperature has been reported in laboratory and
clinical studies for TBS. In a PK study of varying TBS doses, mean tem-
peratures remained 0.6-0.9°C greater than baseline (37.4-37.8°C)
through 168h post-dosing (Freise et al., 2022; Figure 4). Body tem-
perature never reached 240.0°C in any individual cat. In a placebo-
controlled study of healthy 16-week-old cats, TBS was administered
up to three times the labeled dose every 4days over 12days, and the
mean body temperatures in TBS-treated cats were up to 0.6°C higher,
being transient in the first dosing interval, and not rising above normal
in subsequent dosing intervals, suggestive of accommodation (Clark,
Linton, Freise, Reinemeyer, et al., 2022). In two clinical studies with
TBS, postoperative body temperatures were mildly increased over the
study duration compared to baseline (Clark et al., 2022a, 2022b). The
observed TBS-associated modest increase in body temperature is con-
sistent with that reported for other buprenorphine formulations used
in cats and is not considered clinically relevant (Cannarozzo et al., 2020;
Posner et al., 2010; Steagall et al., 2014). However, as with other bu-
prenorphine formulations, postoperative monitoring is warranted if
interventions are necessary or to differentiate buprenorphine-induced
hyperthermia from true fever.

2.11 | Ocular

Full agonist opioids are associated with miosis in humans and dogs
(Kukanich & Papich, 2009; Yaksh & Wallace, 2018). In cats, opioid
agonists cause mydriasis, and the underlying mechanism of action
has been examined for morphine, which activates the oculomotor
neurons to induce miosis, but the effect is masked by morphine-
induced catecholamine release from the adrenal glands, resulting in
mydriasis (Wallenstein & Wang, 1979).
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FIGURE 4 Mean rectal body temperatures by dose (n = 4 cats
per treatment group). Bars indicate the standard error. From Freise
et al. (2022)

At clinical doses, mydriasis has been associated with buprenor-
phine and the mechanism is presumed to be similar to morphine.
Mydriasis is not a marker of pain or analgesia (Bortolami & Love, 2015;
Steagall et al., 2014). In a clinical study of oral transmucosal (OTM)
buprenorphine (20pg/kg) administered to cats with gingivitis, all
cats developed mydriasis within 5 min, persisting for several hours,
except in one cat which could not be evaluated owing to bilateral
enucleation (Stathopoulou et al., 2018). Protracted mydriasis was
reported in a laboratory safety study with high-concentration solu-
tion administered to healthy 16-week-old cats (Sramek et al., 2015).
In a placebo-controlled laboratory study of healthy 16-week-old
cats administered TBS up to three times the label dose every 4 days
over 12days, the proportion of cats with mydriasis was greater than
among placebo-treated cats in the first dosing interval and dimin-
ished by the third dosing interval, consistent with accommodation
(Clark, Linton, Freise, Reinemeyer, et al., 2022; Figure 5).

2.12 | Tolerance and withdrawal

Chronic administration of full agonist opioids leads to a reduced
response and the need to increase dosage, collectively referred
to as tolerance. In humans, opioid tolerance can lead to opioid
rotation whereby a different opioid is selected to regain analge-
sic activity (Cherny et al., 2001; Chou et al., 2009; Inturrisi, 2002;
Pasternak, 2001). The World Health Organization recommends
switching opioids for chronic cancer pain if treatment is no longer
effective (Likar, 2006). As a consequence of chronic full agonist use,
acute withdrawal can lead to a severe affective and clinical syn-
drome, requiring other opioids to suppress the effects (e.g., metha-
done; Yaksh & Wallace, 2018).

The examination of morphine tolerance and withdrawal in cats
has a long history (Stewart & Rogoff, 1922). Tolerance to the be-
havioral effects of morphine occurs within 8-10days following mor-
phine pellet implantation (Huidobro & Lewin, 1969), within 30days
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of repeated injections (10 mg/kg/day; Borrell & Borrell, 1975),
and within 5days of repeated injections (5 mg/kg; Cools & van
Rossum, 1970). Morphine withdrawal syndrome in cats is character-
ized by aggressive and irritable behavior (Huidobro & Lewin, 1969) as
well as the release of sensory peptides (Morton & Hutchison, 1990;
Zhao & Duggan, 1987). Systematic evaluation of buprenorphine tol-
erance or withdrawal in cats has not yet been performed. This does
not present practical concerns as buprenorphine is only approved
for the treatment of postoperative pain (Table 2). Depending on the
formulation, administration is limited to the day of surgery, repeated
daily injections up to 3days, or a single topical administration that
lasts for 4 days. Each of these are acute uses with no supporting data

or approval for repeated uses for chronic pain, unlike the case for

humans.
2.13 | Clinical pharmacology in cats
2.13.1 | Pharmacokinetics and pharmacodynamics

The PK profiles of various buprenorphine formulations administered
via the intravenous (1V), IM, SC, OTM, epidural, and transdermal (i.e.,
patch) routes have been summarized through 2015 (Bortolami &
Love, 2015; Steagall et al., 2014). Some fundamental principles that
influence buprenorphine disposition are worth reiterating. Most
opioids, including buprenorphine, undergo significant first-pass
extraction by the liver when administered orally. Buprenorphine is
approximately 10% bioavailable in rats following intraduodenal ad-
ministration (Brewster et al., 1981b) and is presumed to be similar in
cats. Buprenorphine has a low molecular weight of 467.6, a compact
molecular structure, high lipid solubility, and adequate water solubil-
ity (Johnson et al., 2005), properties that render it ideal for OTM and
transdermal delivery (Berti & Lipsky, 1995). Moreover, buprenor-
phine is a weak base with a pKa of 8.24, and cats have a buccal pH
of 8-9 (Robertson et al., 2005; Robertson, Taylor, & Sear, 2003).
Thus, a high percentage of the drug exists in the nonionized form,
favoring buccal absorption (Robertson, Taylor, & Sear, 2003). When
administered OTM to cats, buprenorphine has clinically acceptable
bioavailability (Doodnaught et al., 2017; Hedges, Pypendop, Shilo,
et al,, 2014; Robertson et al., 2005; Robertson, Taylor, & Sear, 2003;
Wells et al., 2008) that is reduced in the presence of stomatitis
(Stathopoulou et al., 2018). Finally, when PK and PD are examined,
the antinociception during the plasma decline phase is greater than
that observed when plasma concentrations are rising, demonstrating
anticlockwise negative hysteresis (Murrell et al., 2007; Robertson
et al., 2005; Steagall et al., 2013). The presumptive mechanism for
this observation is a reflection of the time it takes for buprenorphine
to distribute to its effect site (i.e., brain and spinal cord) as well as
its high affinity and slow off time from opioid receptors (Steagall
et al., 2013).

The plasma-concentration time profiles following administra-
tion of the low-concentration formulation IV, IM, SC, and OTM
are depicted in Figure 6. Reported half-lives after IV, IM, and OTM
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FIGURE 5 Proportion of cats with mydriasis following placebo,
1, 2, and 3X dose of TBS administered every 4 days. Mydriasis was
assessed as present or absent (yes/no) at baseline (day -1), prior

to each dose administration (O h), and at 1, 2, 4, 8, 12, 24, 36, 48,
and 72 h following treatment on day 0, 4, and 8. From Clark, Linton,
Freise, Reinemeyer, et al. (2022).

administration are 1-10 h (Freise et al., 2022; Hedges, Pypendop,
Shilo-Benjamini, et al., 2014; Robertson et al., 2005; Steagall
et al., 2013; Taylor et al., 2001), 6-8 h (Robertson et al., 2005;
Robertson, Taylor, Dixon, et al., 2001; Steagall et al., 2013), and
6-9 h (Hedges, Pypendop, Shilo-Benjamini, et al., 2014; Robertson,
Taylor, Bloomfield, & Sear, 2001; Robertson, Taylor, & Sear, 2003),
respectively. With the low-concentration formulation, SC PK pro-
files have been variable (Steagall et al., 2013), and administration via
this route is not recommended as it results in reduced antinocicep-
tion relative to other routes.

A laboratory study in cats examined the low-concentration bu-
prenorphine solution approved for humans (Buprenex™, 0.3 mg/
ml) compared to two compounded high-concentration buprenor-
phine solutions (0.6 and 1.2 mg/ml), with and without preservatives
(Taylor et al., 2016), each administered SC. There was an anticlock-
wise negative hysteresis loop (Figure 7), and the authors proposed
a half-maximal effective analgesic plasma concentration (EC50) of
2.3 ng/ml based on the offset concentration. These data support
high-concentration solutions administered via SC injections and
provide a contrast to the variability and apparent ineffectiveness of
low-concentration formulations administered SC.

A joint PK-PD model of the FDA-approved high-concentration
buprenorphine solution (‘Simbadol; Zoetis') was constructed based
on a thermal threshold laboratory study in cats (Doodnaught
etal., 2017). Cats were administered the formulation via SC (0.24 mg/
ml), IV (0.12mg/kg), or OTM (0.12 mg/kg) routes, and thermal thresh-
olds were compared to a negative control (i.e., saline). The PK of
buprenorphine and norbuprenorphine following the 0.24 mg/kg SC
dose is depicted in Figure 8. Bioavailability via the OTM route was
approximately 24%. Using a bespoke joint population PK and PK-PD
model, the duration-of-action of the approved formulation was sup-
ported. At the approved dose, SC injection resulted in antinocicep-
tion of 224 h, whereas IV and OTM routes were approximately 8 h.
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FIGURE 6 Plasma-concentration-time profile following
administration of the low concentration buprenorphine solution by
OTM (buccal) (Hedges, Pypendop, Shilo-Benjamini, et al., 2014), IM,
SC (Steagall et al., 2013), and IV routes Freise et al. (2022)

In laboratory cats, the PK of an investigational liposome-
encapsulated formulation containing approximately 1.75mg/ml
buprenorphine administered SC (0.2 mg/ml) was compared to the
approved buprenorphine solution (0.3 mg/ml) administered IV
(Johnson et al., 2017). Plasma buprenorphine concentrations for the
investigational formulation were above 0.5 ng/ml for more than 96h,
with three distinct peaks in the first 15h. The buprenorphine EC,,
has been proposed to be 2.3 ng/ml based on the offset concentra-
tions (Taylor et al., 2016) and thus it is not certain how time above
0.5 ng/ml relates to antinociception. Therefore, liposomes prolong
buprenorphine systemic exposure, but the formulation has not been
further systematically developed.

For the newly approved TBS, PK has been described in laboratory
cat studies. The plasma-concentration time curve from cats weigh-
ing 2.35-6.35kg administered 10, 30, or 50 mg of TBS is depicted in
Figure 9 (Freise et al., 2022). Plasma buprenorphine reached mean
peak concentrations between 2- and 4-h post-dosing, and all sam-
ples remained above the lower limit of quantitation through 168h.
The mean terminal half-lives ranged from 78.3 to 91.2 h, consistent
with absorption-dependent kinetics (i.e., flip-flop). There were 2.8-
and 3.6-fold increases in the area under the plasma-concentration
time curve from time O to infinity (AUC,_,) in the 30 and 50mg dose
group, respectively, compared to the 10 mg group, consistent with a
lack of dose proportionality at above 30 mg. The estimated absolute
bioavailability of the approved dose was 16.0% (90% Cl: [11.8%-
21.7%)]; Figure 10). When one, two, and three times the approved
dose were administered every 4days for a total of three doses,
drug accumulation was estimated (Figure 11; Clark, Linton, Freise,
Reinemeyer, et al., 2022). The simulated drug exposure relative to
the area under the plasma-concentration time curve for the 1X dose
during the first dosing interval (AUC,_,,) was 1.79, 3.59, and 5.38 in
the 1, 2, and 3X groups, respectively, by the third dosing interval.

The above-described PK with TBS can be contrasted to those in
an earlier laboratory study of transdermal buprenorphine patches
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applied to cats (Murrell et al., 2007). Transdermal matrix buprenor-
phine patches have been approved in Europe (Transtec; ‘Napp
Pharmaceuticals )) and USA (Butrans Transdermal System; Purdue
Pharma L.P. 2010) for chronic but not postoperative pain in humans.
They are available in strengths designed to deliver zero-order trans-
dermal buprenorphine at the nominal rate identified on the patch,
ranging from 5 to 70 pg/h. When a 35 ug/h patch was applied to the
clipped thorax of cats in a laboratory study, there was no significant
change in thermal thresholds despite a slow rise in plasma buprenor-

phine concentrations (Murrell et al., 2007).

2.13.2 | Clinical evidence

The medical benefits of opioids, particularly buprenorphine, for pain
management in cats have been reviewed through 2015 (Bortolami
& Love, 2015; Steagall et al., 2014). To integrate this information in
the context of new advances, some key concepts will be reiterated.
Since 2015, several clinical studies evaluated buprenorphine in cats,
and the key results are summarized in Table 8.

In controlled clinical studies, a single IM or IV administration
of the low-concentration buprenorphine solution at doses rang-
ing from 6-20pg/kg is an effective preoperative analgesic in cats
undergoing various soft tissue and orthopedic surgeries (Dobbins
et al., 2002; Giordano et al., 2010; Polson et al., 2012; Slingsby
& Waterman-Pearson, 1998; Stanway et al., 2002, 1996; Taylor
et al., 2010). However, there are conflicting data on its effectiveness
as a single injection. One study reported that a single preoperative
buprenorphine administration (20pug/kg IM) in combination with
medetomidine was not sufficient to control pain associated with
ovariohysterectomy and additional administrations were necessary
(Warne et al., 2014).

The idea to evaluate OTM buprenorphine in cats originated
from the successful use of sublingual transmucosal tablets in hu-
mans (‘Temgesic Sublingual Tablets; (Indivior UK Limited’ 1980).
Administration via this route to cats utilizes injectable buprenor-
phine solution or compounded formulations from injectable bu-
prenorphine solution or sublingual tablets. A single OTM dose has
a duration-of-action similar to a single IV or IM injection of low-
concentration solution (Lascelles et al., 2003; Porters et al., 2014;
Robertson et al., 2005). Clinical efficacy varies, with some reporting
inferior efficacy compared to parenteral administration (Catbagan
et al., 2011; Gassel et al., 2005; Giordano et al., 2010). When OTM
buprenorphine is co-administered with an a-2 agonist, sedation re-
sults vary (Porters et al., 2014; Santos et al., 2010).

Other compounded investigational formulations have been
evaluated in clinical studies in an attempt to extend the duration-of-
action. A proprietary matrix sustained-release injectable buprenor-
phine was reported to extend the analgesic duration-of-action for
several days in cats undergoing ovariohysterectomy (Catbagan
et al.,, 2011). It was concluded that the compounded product
was equivalent to OTM buprenorphine. However, pain variables
were compared via post-hoc t tests, but comparable efficacy (i.e.,
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noninferiority) cannot be concluded unless the effect size for the
control is known (i.e., compared to placebo) and a zone of indiffer-
ence is declared a priori (Freise et al., 2013). Another compounded
extended-release buprenorphine formulation was evaluated in cats
undergoing unilateral onychectomy (Enomoto et al., 2016). When
administered prior to surgery, there was a positive influence on sub-
jective pain scores over 72h, no cats required pain interventions,
and there was decreased limb asymmetry when landing or walking
on a pressure-sensitive walkway. Although promising, these com-
pounded products are considered investigational and are not de-
veloped through good manufacturing practices to ensure identity,
strength, quality, purity, and safety (“21 CFR 514.1 Manufacturing
methods, facilities, and controls” [U.S. Department of Health and
Human Services, 2008]).

The high-concentration injectable buprenorphine solution has
been shown as effective in laboratory and clinical studies. In a
PK-PD model that integrated PK and thermal threshold antinoci-
ception PD, the duration-of-action of a single injection was shown
to be 224h (see Pharmacokinetics and Pharmacodynamics above;
Doodnaught et al., 2017). In a placebo-controlled field study, the
high-concentration injectable solution was administered once prior
to surgery and for two additional days to 221 cats undergoing ovari-
ohysterectomy, various soft tissue surgeries, and onychectomy
(‘Simbadol; Zoetis'). Using an interactive pain scale, cats judged to
have inadequate pain control were administered rescue analgesia.
The dropout rates (i.e., cats that required rescue analgesia) for pla-
cebo- and buprenorphine-treated cats were 55.9% and 29.0%, re-
spectively. Of the 56 cats rescued in the placebo group, 51 were
rescued in the first 4 h of recovery. Of the 27 cats rescued in the
buprenorphine group, 24 were rescued in the first 4 h of recovery.
There were five placebo- and three buprenorphine-treated drop-
outs from 4 h after surgery until the end on day 3. As observed for
other buprenorphine formulations, postoperative body tempera-
tures were increased but were not considered clinically meaningful.
These data contributed to FDA approval of the high-concentration
buprenorphine solution, labeled for the control of postoperative
pain associated with soft tissue surgery to be administered daily for
three injections, with the first dose administered approximately 1 h
prior to surgery.

In a recent study, the potential benefit of follow-on hydromor-
phone treatment after high-concentration buprenorphine solution
administration (‘Simbadol; Zoetis’) was evaluated in a laboratory
thermal threshold model in cats (Moreno et al., 2021; Table 8). In a
randomized, blinded, placebo-controlled crossover laboratory study,
cats were allocated to saline control, high-concentration buprenor-
phine solution (0.24mg/kg SC), or high-concentration buprenor-
phine solution followed by hydromorphone 2 h later (0.1 mg/kg IV).
Thermal thresholds were significantly higher than saline over 3-18h
and 4-12h for buprenorphine and buprenorphine-hydromorphone,
respectively. These data show that administration of IV hydromor-
phone following high-concentration buprenorphine provides no ad-
ditional antinociception and decreases the duration of effect when
compared with high-concentration buprenorphine alone. When
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FIGURE 7 Plasma buprenorphine concentration thermal
threshold hysteresis loops from cats after subcutaneous injection
of investigational high concentration buprenorphine solution

at doses of 0.02, 0.06, 0.12, and 0.24mg/kg. All loops are
anticlockwise. From Taylor et al. (2016)
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FIGURE 8 Buprenorphine and norbuprenorphine plasma-
concentration-time profile following SC administration of the high
concentration buprenorphine solution (Doodnaught et al., 2017)
and the buprenorphine plasma-concentration-time profile following
a single topic dose of TBS (Freise et al., 2022)

additional analgesia is required after the administration of high-
concentration buprenorphine, alternative analgesics should be con-
sidered. This is likely generalizable to all buprenorphine formulations.

Most recently, TBS was approved by the FDA. Based on the out-
come of PK laboratory studies that identified candidate doses (Freise
et al., 2022), a multi-centered phase 2 clinical study was conducted
to determine an appropriate dose for a larger phase 3 study (Clark
et al., 2022a). One-hundred and six healthy cats undergoing ovari-
ohysterectomy or orchiectomy, both in conjunction with onychec-
tomy, were randomized to three preoperative treatments: topical
placebo, low-dose TBS 2-4 h prior to anesthetic induction (i.e., 4 mg
for cats 1.2-3 kg and 10 mg for cats >3-7.5 kg), or high-dose TBS
1-2 h prior to anesthetic induction (i.e., 8 mg for cats 1.2-3 kg and
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FIGURE 9 Mean plasma buprenorphine concentrations
following a 10, 30, or 50 mg single dose of TBS in cats weighing
between 2.35 to 6.35kg (n = 4 cats per treatment group). Bars
indicate the standard error. From Freise et al. (2022)
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FIGURE 10 Mean plasma buprenorphine concentrations
following a 20mg dose of TBS or 0.05mg dose of |V buprenorphine
solution (0.3 mg/ml) administered to cats weighing between 4.2 to
6.35kg (n = 6 cats per treatment group). Bars indicate the standard
error. Inset expands the x-axis over the first 4 h. From Freise et al.
(2022)

20mg for cats >3-7.5 kg). Preoperative IM dexmedetomidine was
administered to all cats, and, following anesthetic induction, a lido-
caine metacarpal 4-point ring block on the forelimbs was conducted
(Skarda & Tranquilli, 2007). Postoperatively, interactive pain assess-
ments were conducted based on a modification by King et al. (2012)
and similar to those used in the high-concentration injectable bu-
prenorphine solution clinical study (‘Simbadol; Zoetis’), to a binary
endpoint of adequate or inadequate pain control. The FDA-approved
dose of butorphanol (0.4 mg/kg SC) was immediately administered
to cats considered to experience inadequate pain control. Following
rescue, butorphanol or other analgesic drugs could be administered
as needed. Treatment failure was recorded for 31 (89%), 16 (46%),
and 12 (33%) cats in the placebo-, low-, and high-TBS dose groups,
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FIGURE 11 Simulated buprenorphine plasma concentration-
time data over when 1, 2, and 3X the approved dose of TBS is
administered every 4 days for three doses. From Clark, Linton,
Freise, Reinemeyer, et al. (2022)

respectively. The estimated overall treatment success rates from the
generalized linear mixed model (GLMM) analysis were 0.10 (95% Cl:
[0.02-0.37]), 0.56 (95% Cl: [0.28-0.80]), 0.71 (95% CI: [0.41-0.88])
in the placebo-, low-, and high-TBS dose groups, respectively. Most
treatment failures occurred on the day of surgery, with all failures in
the placebo group occurring within the first 7 h following anesthetic
recovery (i.e., sternal recumbency; Figure 12). The high-TBS dose
was selected for further evaluation in a larger phase 3 clinical study
(Clark et al., 2022b).

An additional outcome of the phase 2 study was supportive data
for the development of unit dosing applicator tubes. Cats generally
have a narrow body weight range, which allows for unit dosing. Body
weights in the phase 2 study had a mean of 3.0 (range: [1.6-4.8]) kg.
With this outcome, unit dose applicator tubes were developed to
deliver 8 mg (0.4 ml) and 20mg (1 ml) of buprenorphine to smaller
and larger cats, respectively, from a 20mg/mL solution (Table 9 and
Figure 13).

In a follow-up multi-centered phase 3 clinical study conducted
with TBS, 228 cats undergoing ovariohysterectomy or orchiec-
tomy, both in conjunction with onychectomy, were randomized to
two preoperative treatments: topical placebo or TBS 1-2 h prior to
anesthetic induction (i.e., 8 mg for cats 1.2-3 kg and 20 mg for cats
>3-7.5 kg) with single-use applicator tubes (Figure 13). Design and
analysis were similar to those of the phase 2 study. A total of 65
(60.7%) placebo-treated cats were considered treatment failures
due to inadequate pain control in contrast to 23 (20.5%) for TBS.
The overall treatment success rates estimated via GLMM analysis
were 0.40 (95% Cl: [0.28-0.53]) and 0.81 (95% CI: [0.70-0.89]) for
placebo- and TBS-treated cats, respectively. Most treatment fail-
ures occurred on the day of surgery (Figure 14). These data contrib-
uted to the FDA approval of TBS for the control of postoperative
pain associated with surgical procedures in cats, where a single
topical dose is applied 1-2 h prior to surgery, providing analgesia
for 4days.
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FIGURE 12 Kaplan-Meier curve of probability of treatment
success from postoperative recovery time (i.e., sternal
recumbency = time 0) through 96 h for placebo and low- and high-
dose TBS in a phase 2 dosage characterization controlled clinical
study. From Clark et al. (2022b)

In a pivotal clinical trial to confirm the effectiveness of an in-
vestigational drug, an active (i.e., positive) control may be consid-
ered when a drug of the same class is approved in the same species
for the same indication for the same duration. The two other ap-
proved drugs for the control of postoperative pain in cats (Onsior;
‘(Elanco 2011)’; ‘Simbadol; Zoetis') are labelled for an initial preoper-
ative dose and two daily follow-up doses. To ensure assay sensitivity
with a potential active control (Freise et al., 2013), there must be one
or more, well-powered, placebo-controlled studies using the same
clinical assessment method and endpoint so that a non-inferiority
margin (i.e., zone of indifference) can be calculated. Moreover, even
when a prior placebo-controlled study with an active control is avail-
able, a placebo-control arm may be included along with an active
control arm out of concern for trial sensitivity. That is, if the active
control is not superior to placebo within the trial of the investiga-
tional drug, the investigational drug would be declared non-inferior
to an ineffective drug. Approval and subsequent wide clinical use
of an ineffective treatment introduces a broad ethical dilemma.
To increase the degree of confidence in the approval decision re-
garding treatment effectiveness, placebo-controlled, superiority
trials are generally conducted. In addition to TBS, numerous anal-
gesics for dogs and cats have been developed under this framework
where placebo-controlled studies were conducted to evaluate ef-
fectiveness (‘Rimadyl; (Zoetis 1996)’; ‘Etodolac; (Fort Dodge 1998)’;
‘Deramaxx; (Elanco 2002)’; ‘Onsior; Elanco’; ‘Simbadol; (Zoetis )’
‘Solensia; (Zoetis )’; Rausch-Derra et al., 2016; King et al., 2012).

A potential limitation of the two randomized controlled studies
that examined the dosage and effectiveness of TBS is that a val-
idated pain scale that underwent a priori evaluation of content,
criterion, construct, responsiveness, and reliability was not used
(Cook & Beckman, 2006; Streiner & Norman, 2008). The interac-
tive pain assessment method used in the two TBS clinical studies
was similar to that used for the approval of the high-concentration
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TABLE 9 Transdermal buprenorphine solution dosing table

Kilograms of body Dose of TBS

Pounds of body weight weight (Zorbium™)

2.6-6.6 1.2-3 0.4 ml (8 mg)
pink tube

>6.6-16.5 >3-7.5 1 ml (20mg)
green tube

——— APPLICATOR TIP

— RIBBED PORTION
OF APPLICATOR TIP

— TUBE

24

FIGURE 13 Unit dose applicator tubes were developed to
deliver 8 mg (0.4 ml) and 20mg (1 ml) of buprenorphine to smaller
(1.2-3 kg) and larger (>3-7.5 kg) cats, respectively, from a 20mg/
ml solution

buprenorphine solution and robenacoxib (King et al., 2012; ‘Onsior
Elanco’; (‘Simbadol;)’). Out of concern for trial assay sensitivity and
constancy (Freise et al., 2013), trials intended for FDA submission
tend to use similar outcome measures. In a placebo-controlled study
with robenacoxib in cats undergoing onychectomy/ovariohyster-
ectomy or onychectomy/castration, the dropout rates for placebo
and robenacoxib were 46.3% and 16.5%, respectively (‘Onsior;
Elanco’; King et al., 2012). In a placebo-controlled study with the
high-concentration buprenorphine solution in cats undergoing var-
ious surgeries, the dropout rates for placebo and treatment were
55.9% and 29.0%, respectively (‘Simbadol; Zoetis'). These four in-
dependent controlled clinical studies demonstrate assay sensitivity,
constancy, and the utility of the employed pain assessment scale.

Differentiating treatments using similar pain assessment scales in

19
JOURNAL OF
Veterinary Pharmacology and Therapeutics Wl LEYJ_

1.0 ---- TBS
—— Placebo

0.8 1

0.6

0.4

0.2 1
0.0+
0 24 48 72 96

-1
1
Ve
1

Probability of Treatment Success

Time Post-Recovery (hours)

FIGURE 14 Kaplan-Meier curve of probability of treatment
success from postoperative recovery time (i.e., sternal
recumbency = time 0) through 96 h for placebo and TBS in a phase
3 pivotal randomized controlled clinical study. From Clark et al.
(2022b)

these four independent trials would not occur by random chance
alone. Had the method lacked the capacity to detect pain when pain
was present, there would have been few dropouts and a lack of sig-
nificance. Alternatively, had the pain assessment method overesti-
mated the presence of pain when pain was absent, there would have
been too many dropouts and a lack of significance.

The selection of butorphanol as a rescue drug in the two TBS
clinical trials was due to the need to use a drug according to label.
Butorphanol is approved for pain associated with surgical pro-
cedures at a dose of 0.4 mg/kg administered SC. The two other
FDA approved drugs for the control of postoperative pain in cats
(‘Onsior; Elanco’; ‘Simbadol; Zoetis') are indicated for an initial
preoperative dose and two daily follow-up doses. The onset- and
duration-of-action of butorphanol has been examined alone or in
combination with buprenorphine. In a PK-PD thermal threshold
study in cats, 0.2 mg/kg IM butorphanol, 0.02mg/kg IM buprenor-
phine solution (Buprenex, 0.3 mg/ml) and their coadministration
were evaluated (Johnson et al., 2007). Butorphanol, buprenorphine,
and butorphanol-buprenorphine combination induced a significant
increase in thermal thresholds compared with pretreatment val-
ues from 50 min to 8 h, from 35min to 5 h, and from 50min to 8 h,
respectively.

Taken together, buprenorphine has been adapted for use in feline
medicine, resulting in the approval of low- and high-concentration
injectable solutions, and, most recently, a long-acting transdermal
formulation. Several investigational and compounded formulations
have also been evaluated. There are contrasting differentiable fea-
tures that include PK, onsets- and durations-of-action, and routes
of administration. The buprenorphine formulations available allow
clinicians to select the most appropriate based on the anticipated
duration of pain associated with various surgical procedures, and to

provide interventions as needed.
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2.13.3 | Metabolism

Buprenorphine metabolism has been extensively described in hu-
mans. Once absorbed, 96% is bound to a-globulin and B-globulin
fractions, rather than albumin (Heel et al., 1979). Rapid metabolism
of buprenorphine through N-dealkylation in the liver produces nor-
buprenorphine (Huang et al., 2001) through a reaction catalyzed by
CYP3A4 (65%) and CYP2C8 (30%; Iribarne et al., 1997; Kobayashi
et al., 1998; Picard et al., 2005). Parent compound and metabolites
undergo phase |l metabolism by uridine 5’-diphospho-glucuronosyltr
ansferase (UGT; Cone et al., 1984). Buprenorphine and norbuprenor-
phine undergo glucuronidation by UGT1A1 (King et al., 1996) and
also by UGT2B7 and UGT1AS3, respectively (Chang & Moody, 2009;
Green et al., 1998; Rios & Tephly, 2002). Buprenorphine and its me-
tabolites are excreted in urine and feces (Cone et al., 1984).

Buprenorphine metabolism in cats has not been comprehen-
sively characterized although norbuprenorphine in plasma has
been detected. Following the administration of high-concentration
buprenorphine solution SC (0.24mg/kg), IV (0.12mg/kg), or OTM
(0.12mg/kg) to cats, norbuprenorphine was quantifiable through
72h (Figure 8; Doodnaught et al., 2017). In another study, norbu-
prenorphine was not detected following IM or OTM buprenorphine
administration (Porters et al., 2015). In a third study of varying doses
of buprenorphine administered to cats, the authors reported the
ratio of norbuprenorphine to buprenorphine (Taylor et al., 2016). For
cats that received a dose of 0.12mg/kg, the ratio of norbuprenor-
phine to buprenorphine was 0.35+0.33, whereas for the 0.24mg/
kg dose, it was 0.40+0.18. Comparable ratios in rhesus macaques,
dogs, and humans were 0.13, 0.09, and 2.73, respectively (Abbo
et al., 2008; Andaluz, Moll, Abellan, et al., 2009; Andaluz, Moll,
Ventura, et al., 2009; Huang et al., 2006; Nunamaker et al., 2013).
Therefore, cats appear to be able to metabolize buprenorphine to
norbuprenorphine similarly to dogs and monkeys, but probably to a
lesser extent than humans. These results also suggest that buprenor-
phine is metabolized by a cat homolog of human CYP3A, which is
yet to be identified in cats (Trepanier, 2006). Evidence for CYP3A in
cat liver microsomes is indirect, where the oxidation of 7-benzyloxy
-4-(trifluoromethyl)-coumarin (BFC) was reduced by addition of the
CYP3A inhibitor, ketoconazole (van Beusekom et al., 2010).

2.13.4 | Pharmacogenomics

Pharmacogenomic targets of buprenorphine associated with its
PD and metabolic profile in humans include the genes coding for
p-, 8-, and k-opioid receptors, in addition to metabolism-associated
genes encoding cytochrome P450 enzymes and UGTs. The clinical
implications for each polymorphism in humans have been reviewed
(Meaden et al., 2021; Sadhasivam & Chidambaran, 2012).

The p-opioid receptor gene OPRM1 has several polymorphisms
associated with an inconsistent opioid response (Lotsch et al., 2004)
and variable addiction risk (Goldman et al., 2005). In a human clinical
study, buprenorphine-treated subjects carrying the OPRM1 118G

polymorphism had a reduced hypothalamic-adrenal-pituitary axis
response compared to 118 A carriers (Kakko et al., 2008), suggest-
ing that the OPRM1 118 G polymorphism could confer a poorer re-
sponse to buprenorphine. The &-opioid receptor gene OPRD1 has
been shown to have several polymorphisms associated with varying
risks of opioid dependence (Levran et al., 2008; Mayer et al., 1997;
Zhang et al., 2008), predictive of buprenorphine treatment outcomes
(Crist et al., 2013, 2019). Finally, a SNP in OPRK1 was described as
associated with addiction treatment outcomes (Gerra et al., 2014).

The primary hepatic cytochrome P450 involved in buprenor-
phine phase | metabolism in humans is CYP3A4 (see Metabolism
above), with polymorphisms affecting clinical outcomes. For exam-
ple, CYP3A4 polymorphisms influenced response in an observational
clinical study of humans undergoing revascularization for critical
limb ischemia being managed with transdermal buprenorphine
(Blanco et al., 2016). Visual analog scale scores for subjects with a
CYP3A4 allele variant were higher (i.e., less pain control) than those
homozygous for the non-variant CYP3A4 allele (Blanco et al., 2016).
In phase Il buprenorphine metabolism, a SNP in UGT2B7 was
shown to increase enzymatic activity and glucuronidation (Rouguieg
et al., 2010). Buprenorphine-treated UGT2B7 variant-carrying sub-
jects who had undergone thoracotomy exhibited decreased pain
control at rest, decreased pain control with coughing, and increased
severe pain scores (Sastre et al., 2015). This evidence supports the
notion that in humans, phase | or phase Il metabolic gain-of-function
may diminish the response to buprenorphine.

In cats, there is some evidence of a variable response to opioids
due to polymorphisms. Thermal thresholds and minimum alveolar
concentration (MAC) suppression variability were examined in five
groups of cats (Taylor et al., 2007). Three of the groups were from
published thermal threshold or MAC suppression studies (Lascelles
& Robertson, 2004; Pypendop et al., 2006; Robertson, 2006).
Thermal thresholds were examined before and after treatment with
buprenorphine (0.02 mg/kg), butorphanol (0.4 mg/kg), or morphine,
and MAC suppression was tested following epidural buprenorphine
(12.5 pg/kg) or morphine (100pg/kg). Some cats did not exhibit an
increased thermal threshold or decreased MAC following treatment
with one or more opioids. Results were reproducible in some cats
administered the same treatment more than once. This outcome
supports the notion that some cats are ‘non-responders’ to various
opioids and that alternative opioids should be used if the initially
administered opioid is ineffective. It was hypothesized that these
differences may be genetic, and a follow-up pilot study examined
antinociceptive phenotypes in cats with confirmed polymorphisms
(Slingsby et al., 2014). The five exons of the p-opioid receptor gene
were sequenced from 12 laboratory cats with historical thermal
threshold data (Slingsby et al., 2012). Several SNPs and insertion/
deletions identified divided cats into two haplotypes groups, one
having different thermal threshold responses for fentanyl and bu-
torphanol. No differences were observed for buprenorphine and
methadone. Future studies should determine genetic markers for
predicting opioid responsiveness. Until then, cats deemed as non-
responsive to one opioid should be administered an alternative.

85UB017 SUOWIIOD 3A1IR.D 3(cfed)dde au Aq peusenob afe sappiie O ‘88N JO SanJ 1oy Akeiqi8ulJUO A8|IM UO (SUORIPUOD-PUR-SWLBHWO0D" A 1M ATelq 1 [BulUO//SdIy) SUORIPUOD pue WS 18U} 88S *[GZ02/2T/ET] uo AriqiTaulluo AB|IM ‘881 Aq €L0ET AITTTT OT/I0p/wW00" A3 |1mAtelq1jeul|uo//sdny Wwoi papeojumoq ‘TS ‘2202 ‘S882G9ET



CLARK JouRnAL oF 2
Veterinary Pharmacology and Therapeutics Wi LEYJ_

TABLE 10 Formulation differences in approved feline products

Proprietary name Presentation Preservative

Vetergesic™ (CEVA, UK and
others)

Vetergesic™ Multidose (CEVA,
UK), national, informed
consent

Simbadol™ (Zoetis, USA)

1 ml clear glass snap ampules None

10 ml amber glass vials Chlorocresol

Ethanol, propylparaben,
sodium acetate,
methylparaben

10 ml amber glass vial

Bupag™, (Richter Pharma, UK 2 ml clear glass vials None

When broached

Use immediately after opening

Shelf life after first broaching the vial:
28days?®

Use within 56 days of first puncture

24 h after opening if stored in refrigerator

and others)
Buprelieve™ (Jurox, UK)
Zorbium™ (Elanco, USA)

10 ml amber glass vial

8 and 20 mg use-and-dispose
applicator tubes

Benzethonium chloride

Butyl-hydroxy-anisole
Butyl-hydroxy-toluene

(2-8°C)
28days upon first opening®
Not applicable

*The beyond-use date for needle-punctured multiple-dose containers is 28 days, unless otherwise specified by the manufacturer on the label

(“EMEA/CVMP/315/98").

Polymorphisms in the genes associated with buprenorphine me-
tabolism and brain distribution in cats have not yet been described.
Nevertheless, there is some indirect evidence of polymorphisms
based on PK variability. Following IV administration of aqueous bu-
prenorphine solution, the half-lives of buprenorphine in cats range
from approximately 1-12h (Doodnaught et al., 2017; Freise et al.,
2022; Hedges, Pypendop, Shilo-Benjamini, et al., 2014; Steagall
etal., 2013; Taylor et al., 2001). Moreover, there was variation in nor-
buprenorphine detection and concentration among cats, which may
reflect individual animal differences in metabolic capability (Porters
etal., 2015; Taylor et al., 2016). It is not clear what accounts for these
differences as the cat homologs of CYP3A and UGT1A1 have not
been characterized. However, given the presumed hepatic metabo-
lism and excretion routes of buprenorphine in cats, gene polymor-
phisms or diminished organ function may impact its PK profile. In
practice, this may not be of great concern given the safety margin
of buprenorphine. There were no significant safety-related findings
when the high-concentration buprenorphine solution was adminis-
tered up to five times the label dose for 9 days (Sramek et al., 2015)
or when TBS was administered at three times the label dose over
12days (Clark, Linton, Freise, Reinemeyer, et al., 2022). Therefore,
even with diminished drug metabolism and subsequent drug accu-
mulation, adverse events are unlikely to occur in cats.

In general, there have been no reports of buprenorphine adverse
effects in cats, which could be attributed to pharmacogenomic vari-
ability in opioid receptors (except opioid non-responders), metabo-
lism, or brain distribution. However, as a greater understanding of
pharmacogenomics in cats emerges, it remains possible that variable
effects may be linked to genetic polymorphisms.

2.13.5 | Drug-Drug interactions

Although direct evidence of buprenorphine drug-drug interac-
tions in cats is limited, some generalizations can be made based on

presumed mechanisms. In humans, buprenorphine is highly bound
to a-globulin and B-globulin, but not albumin. Therefore, drugs that
are highly bound by albumin, such as nonsteroidal anti-inflammatory
drugs, will not displace buprenorphine to increase its free fraction.

Unlike some other opioids, buprenorphine does not have a
clinically relevant effect on the MAC of isoflurane in cats (llkiw
et al., 2002). Morphine (1.0 mg/kg 1V) and butorphanol (0.08 and
0.8 mg/kg IV) significantly reduce the MAC of isoflurane, which is
considered clinically important. Although statistically significant,
reductions in the MAC of isoflurane induced by morphine (0.1 mg/
kg 1V), buprenorphine (0.005 and 0.05mg/kg V), and U50488H
(0.02 and 0.2 mg/kg [a selective k-opioid receptor agonist]) were
not considered clinically relevant as they fell within the error of the
measurement technique employed. When morphine (100pg/kg)
or buprenorphine (12.5 pg/kg) were administered epidurally, there
was no effect on the MAC of isoflurane (Pypendop et al., 2006).
Therefore, morphine or butorphanol decrease the need for potentin-
halant anesthetics in cats, which is not the case with buprenorphine.

While comprehensive characterization of feline cytochromes
and UGTs is currently lacking (see Metabolism above), there is some
indirect evidence CYP3A-mediated drug-drug interactions in cats.
Ketoconazole, a potent inhibitor of CYP3A4 in humans, was shown
to interact with cyclosporine presumably via its effects on the fe-
line CYP3A ortholog and/or an interaction with the p-glycoprotein
(McAnulty & Lensmeyer, 1999). Itraconazole is another CYP3A4 in-
hibitor (Sakaeda et al., 2005), that should be given with caution when
drugs metabolized by this enzyme are co-administered. Whether
ketoconazole or itraconazole can influence the effects of buprenor-
phine in cats remains to be determined.

Predicting drug-drug interactions that seem to involve CYP3A is
complicated by the fact that many CYP3A substrates are also sub-
strates of p-glycoprotein (Trepanier, 2006). Buprenorphine is not a p-
glycoprotein substrate and thus p-glycoprotein-mediated drug-drug
interactions are not expected (Hassan et al., 2009). However, norbu-
prenorphine is a p-glycoprotein substrate and therefore distribution
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into or exclusion from the brain is regulated by p-glycoprotein, as
demonstrated in p-glycoprotein knockout mice without the multi-
ple drug resistant gene (Brown et al., 2012). Drug-drug interactions
related to norbuprenorphine and other p-glycoprotein substrates
have not been elucidated in cats. Known p-glycoprotein substrates
include ketoconazole, itraconazole, erythromycin, cortisol, digoxin,
diltiazem, cyclosporine, and ondansetron (Mealey, 2004). Given the
paucity of data on cat p-glycoprotein, precautionary drug-drug rec-

ommendations with buprenorphine are currently lacking.

2.14 | Scheduling

The 1971 Convention of Psychotropic Substances, a United Nations
treaty, introduced control provisions for narcotics, including bu-
prenorphine. These provisions aimed to prevent diversion and abuse
by limiting the prescription and clinical use of controlled substances
to licensed parties. Global jurisdictions introduced systems and agen-
cies to comply with these provisions. For example, United Kingdom's
Home Office considers buprenorphine a Class C-controlled drug. In
Australia, buprenorphine is a Schedule 8 (S8) controlled drug. In USA,
buprenorphine was originally classified as a Schedule V drug when
approved in 1982.In 2002, a review of USA and international data by
the Department of Health and Human Services recommended that
the Drug Enforcement Agency classify buprenorphine as Schedule
Il. Currently, all buprenorphine-containing products, including
those used in veterinary medicine, are classified as Schedule Ill.
There are several control mechanisms that prevent the diver-
sion and abuse of veterinary formulations. The US-approved high-
concentration solution and TBS are labeled for in-hospital use only
(Table 2). Moreover, under federal, state, and local law (where appro-
priate), scheduled drugs must be maintained in locked storage areas
with use documented in a log subject to inspection. Extra-label use
of human-approved buprenorphine formulations or compounded
formulations used in veterinary medicine are subject to the same
control. There are some practices of pre-loading syringes with com-
pounded buprenorphine that are dispensed to owners for repeated
OTM administrations at home (Steagall et al., 2014) although this
does not alleviate the legal responsibility required for controlled

substances.

2.15 | Formulation differences

The buprenorphine molecule is subject to oxidation that impacts the
stability and shelf life of commercial formulations. At ambient tem-
peratures, buprenorphine is oxidized to as many as 14 impurities,
the major being 10-keto-buprenorphine (Vanderbist et al., 2008).
To overcome this stability problem, the first injectable formulation
approved for use in humans (Table 1) was manufactured in sealed
1 ml ampules in nitrogen gas (i.e., without oxygen). Although stable
at room temperature, the instructions for clinical use were to snap

the ampule open and use immediately.

Formulation differences for feline-approved products are sum-
marized in Table 10. The first injectable buprenorphine formulation
approved for use in veterinary medicine in the UK in 1995 was man-
ufactured in sealed 1 ml, single-use ampules in nitrogen gas. The
product was stable at room temperature and had to be used imme-
diately upon opening the ampule. This formulation was developed
from the human-approved injectable product and introduced certain
logistical difficulties when used in companion animals. The approved
dose was 0.6 ml per 10 kg of body weight, with most cats receiving
less than an ampule, and the remainder had to be accounted for and
disposed of.

In 2009, preservative-free ampules were reformulated and
introduced as 10 ml multi-dose bottles. The new formulation
contained buprenorphine (0.3 mg/ml) in a 5% glucose solution
(pH 3.5-6.5) and 0.135% chlorocresol as a preservative (Vetergesic
Multidose Injection; Alstoe [now Ceval]). Once broached, the
product must be used within 28days as per regulations (“EMEA/
CVMP/315/98 1999”). This formulation obviated the need for dis-
posal of unused drug remaining in opened, single-use ampules.
Following its introduction into the clinic, there were anecdotal re-
ports suggesting that the preserved formulation was more painful to
administer compared with the preservative-free formulation. In ad-
dition to injection site pain, there were observations of profuse sal-
ivation and vomiting, which led to the examination of compounded
OTM formulations to eliminate the need for injection (Bortolami
et al., 2012).

The stability of a compounded buprenorphine solution intended
for OTM administration has been examined (Gulledge et al., 2018).
A 0.3 mg/ml buprenorphine syrup solution was prepared from
commercially available 2 mg buprenorphine hydrochloride tablets
approved by the FDA for sublingual use in humans. Batches were
stored in plastic vials at room temperature (22-24°C) with light
exposure or refrigerated at 4°C away from light. Crystals formed
around the rim of a bottle stored at room temperature but not at
refrigeration. However, buprenorphine concentrations were stable
over 21days in both storage conditions. The extent of absorption
for the compounded formulation was significantly lower than OTM
administration of the commercially available buprenorphine solution
(0.3 mg/ml).

In another study, the systemic exposures of two suppository for-
mulations were compared following rectal administration (Schroers
et al., 2019). These were compounded from human-approved sub-
lingual tablets and gel from the human-approved injectable solution
(0.3 mg/ml) at 0.02 and 0.1 mg/kg doses, respectively. Systemic
exposure was deemed submaximal, and clinical use was not
recommended.

The stability of pre-loaded buprenorphine syringes dispensed
to owners for repeated at-home OTM administrations has not been
studied. It remains possible that high-temperature storage (e.g., car
or countertop), even temporarily, could result in buprenorphine oxi-
dation. Also, the adsorption of buprenorphine onto plastic or rubber
syringe components has not been examined. It remains possible that
even when stored under refrigeration, oxidation or adsorption to
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syringe components could be associated with buprenorphine stored
in syringes.

The approved high-concentration buprenorphine solution
(‘Simbadol; Zoetis') is formulated in 10 ml amber glass, multi-dose
vials. Each vial contains buprenorphine (0.24mg/ml), acetic acid,
ethanol, glucose, propylparaben, sodium acetate, methylparaben,
and water. Once the vial has been broached, it must be used within
56 days of first puncture.

In 2021, a multidose buprenorphine solution (Buprelieve, Jurox,
UK) that contains the preservative benzethonium chloride (0.1 mg/
ml) was introduced. This change was made to reduce pain on injec-
tion when compared to buprenorphine multidose formulations that
are preserved with chlorocresol 1.35mg/ml. This formulation comes
in a 10 ml amber vial, and once broached it must be used within
28days consistent with regulations.

In 2022, TBS was approved for use in cats in USA. It is manufac-
tured as a non-aqueous solution in two strengths (8 and 20 mg) to be
stored at room temperature. The contents of one use-and-dispose
tube (Figure 13) are intended to treat one cat when applied topi-
cally to the unclipped dorsal cervical area. In laboratory and clinical
studies, TBS was well-tolerated at the application site (Clark et al.,
2022a, 2022b; Clark, Linton, Freise, Reinemeyer, et al., 2022; Freise
etal., 2022).

3 | CONCLUSION

The historical search for an opiate analog that retains effective anal-
gesic qualities without detrimental side effects led to the synthesis
of buprenorphine. Its analgesic efficacy and favorable safety profile
resulted in the approval of formulations for human use. Advances
in receptor theory and molecular cloning of opioid receptors have
led to a greater understanding of the complex buprenorphine phar-
macology. Its introduction into feline medicine has resulted in the
approval of low- and high-concentration injectable solutions, and,
most recently, a long-acting transdermal formulation. Several inves-
tigational and compounded formulations have also been evaluated.
There are contrasting differentiable features that include pharma-
cokinetics, onsets- and durations-of-action, routes of administra-
tion, and formulation constituents. The available buprenorphine
formulations allow clinicians to select a formulation based on the
anticipated duration of pain associated with various surgical proce-

dures, and to provide interventions as needed.
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