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Abstract

Buprenorphine has long been classified as a mu analgesic, although its high affinity for other
opioid receptor classes and the orphanin FQ/nociceptin ORL1 receptor may contribute to its other
actions. The current studies confirmed a mu mechanism for buprenorphine analgesia, implicating
several subsets of mu receptor splice variants. Buprenorphine analgesia depended upon the
expression of both exon 1-associated traditional full length 7 transmembrane (7TM) and exon 11-
associated truncated 6 transmembrane (6TM) MOR-1 variants. In genetic models, disruption of
delta, kappa; or ORL; receptors had no impact on buprenorphine analgesia, while loss of the
traditional 7TM MOR-1 variants in an exon 1 knockout (KO) mouse markedly lowered
buprenorphine analgesia. Loss of the truncated 6 TM variants in an exon 11 KO mouse totally
eliminated buprenorphine analgesia. In distinction to analgesia, the inhibition of gastrointestinal
transit and stimulation of locomotor activity were independent of truncated 6 TM variants.
Restoring expression of a 6TM variant with a lentivirus rescued buprenorphine analgesia in an
exon 11 KO mouse that still expressed the 7TM variants. Despite a potent and robust stimulation
of 353-GTPyS binding in MOR-1 expressing CHO cells, buprenorphine failed to recruit p-
arrestin-2 binding at doses as high as 10 pM. Buprenorphine was an antagonist in DOR-1
expressing cells and an inverse agonist in KOR-1 cells. Buprenorphine analgesia is complex and
requires multiple mu receptor splice variant classes, but other actions may involve alternative
receptors.
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The mu opioid receptor gene Oprm1 undergoes alternatively splicing to generate several sets of
splice variants. Traditional 7TM MOR-1 variants mediate morphine actions. The current study
shows that buprenorphine produces analgesia through a combination of 7TM and 6TM splice
variants.
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Introduction

Buprenorphine, first synthesized and evaluated over 40 years ago, has a long clinical history
(Bentley and Hardy, 1967; Campbell and Lovell, 2012; Lewis, 1985; Pergolizzi et al., 2010).
Early studies reported an intriguing pharmacological profile (Cowan et al., 1977; Lewis,
1985), with its actions extending beyond analgesia, possibly influenced by its high binding
affinity for all the traditional opioid receptors, including the ORL; receptor (Khroyan et al.,
2015). It has been studied extensively (Cowan et al., 1977; Ding and Raffa, 2009; Dum and
Herz, 1981; Huang et al., 2001; Kamei et al., 1995a; Kamei et al., 1995b; Kamei et al.,
1997; Leander, 1987; Lewis, 1985; Lutfy and Cowan, 2004; Lutfy et al., 2003; Pick et al.,
1997; Romero et al., 1999; Virk et al., 2009; Walker et al., 1995). Its analgesic activity has
long been classified as mu. In some paradigms, buprenorphine is a partial mu agonist,
antagonizing some morphine actions and precipitating withdrawal signs in morphine
dependent mice and monkeys, but not rats. There also is some controversy regarding its
sensitivity to reversal by naloxone, with some observations suggesting the need for higher
doses for reversal than prevention. A recent report suggests two mechanisms of
buprenorphine’s actions are based upon the greater sensitivity of its spinal, but not
supraspinal, actions to naloxone (Ding and Raffa, 2009). Loss of the ORL; receptor
reportedly enhances buprenorphine analgesia, implying an inhibitory mu/ORL interaction
(Lutfy et al., 2003) and raising the possibility that activation of ORL receptors by higher
buprenorphine doses may explain its biphasic dose-response.

Our understanding of the molecular pharmacology of mu receptors has evolved since the
early studies of buprenorphine pharmacology. The mu opioid receptor gene contains two
distinct promoters and undergoes extensive splicing to generate three classes of splice

Synapse. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grinnell et al.

Page 3

variants (Table 1) (Pasternak and Pan, 2013). The promoter associated with exon 1 generates
full length, 7 transmembrane (7TM) variants and a single transmembrane (1TM) protein due
to exon skipping with both also undergoing 3’ splicing to yield differing C-terminal
sequences. A second promoter is associated with exon 11, which is located approximately
30 kb upstream of exon 1. The exon 11 promoter generates a set of truncated 6
transmembrane (6 TM) domain variants (Pan et al., 2001). Similar splicing profiles exist in
mice, rats and humans (Pasternak and Pan, 2013). Each of these sets of splice variants is
pharmacologically distinct and important. The full length 7TM variants mediate the
analgesic actions of traditional mu opioids such as morphine and methadone. Although the
1TM variants do not bind opioids, they potentiate opioid action through a chaperone-like
action that enhances the stability and thereby the levels of 7TM receptors (Xu et al., 2013).
The role of the truncated 6 TM variants was initially uncovered using 3-iodobenzoyl-6-
naltrexamide (IBNtxA) that revealed a unique pharmacological profile (Majumdar et al.,
2011; Majumdar et al., 2012; Pasternak and Pan, 2013). Although IBNtxA is a potent
analgesic, it lacks respiratory depression, does not produce physical dependence with
chronic administration and lacks reward behavior in the conditioned place preference assay.
Furthermore, IBNtxA analgesia can be readily antagonized by levallorphan, but not as easily
by naloxone. On the surface, some of these pharmacological characteristics resemble the
original descriptions of buprenorphine, such as the diminished sensitivity to naloxone.
Furthermore, buprenorphine has high affinity for a 1251-IBNtxA binding site in brain
corresponding to a 6TM target that is distinct from traditional opioid receptors or from
ORL; and that does not bind morphine or orphinan FQ/nociceptin (Majumdar et al., 2011).
The current study focuses upon the receptor mechanisms of buprenorphine analgesia.

Materials and Methods

Drugs

Animals

Buprenorphine HCI, morphine sulfate, naloxone, DAMGO ([D-Ala2,D-

MePhe* Gly(ol)®Jenkephalin), DPDPE ([D-Pen2,D-Pen°]enkephalin), and U50,488H were
provided by the Research Technology Branch of the National Institute on Drug Abuse
(Rockville, MD). Drugs were dissolved in 0.9% sterile saline at a concentration of 0.1 - 1
mg/mL for behavioral studies. [3°S]-GTPyS was purchased from Perkin Elmer (Waltham,
MA).

All animal studies were approved by the Institutional Animal Care and Use Committee of
the Memorial Sloan-Kettering Cancer Center or UMDNJ-RWJMS, and were conducted in
strict accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals in facilities accredited by the American Association for the
Accreditation of Laboratory Animal Care (AAALAC). Animals were maintained on a 12-h
light/dark cycle with Purina rodent chow and water available ad /ibitum, and were housed in
groups of 5 until testing.

CD-1 and C57BL/6 mice were obtained from Charles River Laboratories. Exon 11 MOR-1
KO animals were generated by our laboratory as previously described (Pan et al 2009), and
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were backcrossed to a C57BL/6 background through speed congenic breeding (The Jackson
Laboratory). Exon 1 MOR-1, KOR-1, DOR-1, ORL1, and triple KO (TKO) were generated
in the laboratory of John Pintar (Zhang et al 1998, Schuller et al 1999, Zhu et al 1999,
Clarke 2002) and were maintained on an inbred 129/Sv background. Double exon 1/exon 11
knockout mice (E1/E11 KO) on a mixed 129-C57BL/6 background were generated as
previously reported (Lu et al., 2015). All in vivo testing of KO models used the
corresponding background strain for comparison. Since the E1/E11 KO were not congenic,
we used mixed background controls for these animals.

Lentivirus production and injection

Lentiviral constructs and lentivirus production were produced as described previously (Lu et
al., 2015). Briefly, the 6TM mMOR-1G cDNA was subcloned into a modified pWPI vector
that independently expresses an enhanced green fluorescence protein (EGFP) (a gift from
Dr. Didier Trono, Ecole Polytechnique Federale de Lausanne, Switzerland) to construct the
lenti-mMOR-1G. Two lentiviruses, one expressing mMMOR-1G and EGFP and the other,
which expresses only EGFP (as a vector control), were generated in human embryonic
kidney (HEK) 293T cells by co-transfecting the lenti-mMOR-1G construct or pWPI vector
with PAX2 (a packaging vector) and pMD2 (an envelope vector) using FUGENE HD
transfection reagent (Promega). The viral titer of the concentrated lentiviral particles was
determined by quantifying EGFP-expressing cells in infected HEK293T cells with different
dilutions using fluorescent microscope. Two pl of the lentiviral particles expressing
mMOR-1G or vector alone without insertion (1.5 x 10° transducing units/ml) were
administrated intrathecally or intracerebroventricularly in E11 KO or E1/E11 KO mice on
days 1, 3, and 5 under general halothane anesthesia. Under these conditions, protein
expression from the virus progressively increases over a month and then remains stable for
at least 14 weeks (Lu et al., 2015). All drug testing was carried out between 5 and 14 weeks
post viral injection.

Tail Flick Analgesia

EDsq values were determined using a cumulative dose-response approach to measure tail
flick latency following a radiant heat stimulus (Majumdar et al., 2011; Majumdar et al.,
2012; Rossi et al., 1996). Baseline latencies were typically around 2.5 s. Following baseline
latency determinations, each animal was injected subcutaneously with escalating doses of
buprenorphine and tested 30 minutes after the previous injection at peak effect. A maximal
latency of 10 s was employed to minimize tissue damage.

Tailflick latencies were converted to %MPE by the formula %MPE = (Observed latency —
Baseline latency) / (10 — Baseline Latency) * 100%. Analgesia also was assessed quantally
as a doubling or greater of the baseline latency for the individual animal. Dose-response
curves were fit by nonlinear regression by GraphPad Prism (Carlsberg, CA). Dose-response
curves were compared using an extra sum-of-squares F test.

Gastrointestinal motility assay

Gastrointestinal transit was measured as previously described (Pan et al., 2009). Briefly,
animals (n=6-7 per group) were injected with either saline or buprenorphine (0.3 mg/kg in
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saline, s.c.) and 10 minutes later received a charcoal meal (10% charcoal and 2.5% gum
tragacanth in distilled water) by gavage. Thirty minutes after administration of the charcoal
meal, animals were sacrificed by cervical dislocation and the charcoal meal transit distance
was measured and expressed as a fraction of the total distance from the pyloric sphincter to
the cecum.

Respiratory rate assay

Respiratory rates were determined using the MouseOx system (Starr Life Sciences Corp,
Oackmont, PA). In brief, the neck region of the mice were shaved approximately 24hrs prior
to respiratory testing. On the day of testing, a sensor that was connected to the MouseOx
system (Rev. 6.3) was placed around the neck and a baseline respiratory depression
determined. For the baseline, measurements were taken for 5 sec every 5 min until a stable
baseline was obtained for at least 25 min. Mice then received the indicated drug or saline
subcutaneously and measurements taken for 5 sec every 5 min over at least 50 min.

Locomotor activity assay

Locomotor activity was assessed using open field activity chambers (MED-OFA-510,
MedAssociates, St. Albans, VT). Animals (n=7 per genotype) were habituated to the testing
room for at least 1 hour prior to testing. On Day 1, animals were injected with saline and
immediately placed in the activity chamber; at the same time on Day 2, the same animals
received buprenorphine (3 mg/kg in saline, s.c.). Their movements were recorded for 1 hour
following injection using MedAssociates” Activity Monitor software.

Stimulation of 3°S-GTPyS binding

[35S]-GTPyS Assays were performed based upon published methods (Bolan et al., 2004;
Pan et al., 2005; Selley et al., 1998). Membrane homogenates from C57 mouse brain (25 ug
protein) or CHO cells stably transfected with mMMOR, mDOR, or mKOR (50 pg protein)
were incubated for 1 hr at 30°C with the indicated drug, 3°S-GTPyS (0.05 nM) and GDP
(60 uM in cell lines and 40 uM in brain) in a final volume of 1mL assay buffer containing
Tris HCI (50 mM; pH 7.4 at 37°C), MgCl, (3 mM), EGTA (0.2 mM), NaCl (100 mM), and a
protease inhibitor cocktail (leupeptin, bestatin, aprotinin, and peptstatin). GDP
concentrations were optimized for each receptor assay: DOR-1 and KOR-1, 10uM; MOR-1,
30uM; brain, 60puM). Nonspecific binding was assessed by the addition of 10 uM cold
GTP-yS. Binding was terminated by vacuum filtration through Whatman GF/C glass fiber
filters which were rinsed 3x2mL with cold Tris HCI. Filters were cut out and 3mL of
scintillation fluor (Liquiscint, National Diagonistics, Atlanta, GA) was added to each tube
and incubated at room temperature for at least 2 hours before being counted on a Packard
Tri-Carb TR-2900 liquid scintillation counter.

B-Arrestin-2 recruitment assay

B-arrestin-2 recruitment was determined using the PathHunter® enzyme complementation
assay (DiscoveRx, Fremont, CA) using an engineered MOR-1 in CHO cells (DiscoveRx,
Fremont, CA). Cells were plated at a density of 2500 cells/well in a 384-well plate as
described in the manufacturer’s protocol. The following day, cells were treated with the
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indicated compound for 90 minutes at 37°C followed by incubation with PathHunter®
detection reagents for 60 minutes. Chemiluminescence was measured with an Infinite
M1000 Pro plate reader (Tecan, M&nnedorf, Switzerland).

Results

Buprenorphine analgesia

Buprenorphine was a potent analgesic in CD-1 mice regardless of whether the effects were
assessed quantally or as %MPE (Fig. 1). Quantal analysis of the dose-response yielded an
EDsq of 0.033 mg/kg, s.c. while %MPE gave an EDsgq value of 0.051 mg/kg, s.c. It has been
reported that buprenorphine analgesia is not easily reversed by naloxone (Cowan et al.,
1977; Ding and Raffa, 2009; Lewis, 1985), but this may be dependent both upon the site of
administration, the species/strain of animal and whether or not it was administered prior to
or after buprenorphine. In our studies, prior naloxone readily blocked systemic
buprenorphine analgesia in CD-1 mice (Fig. 2).

Knockout mice offer an approach to genetically assess the contributions of various receptors
in behavioral actions. We recently generated a full MOR-1 knockout mouse by disrupting
both exon 11 and exon 1 (E1/E11 KO) (Lu et al., 2015). Like all the mu opioids tested,
buprenorphine was inactive in these mice, confirming that buprenorphine analgesia is
completely dependent upon mu receptors, similar to a previous report in an exon 2 MOR-1
KO mouse (Lutfy et al., 2003). We then independently examined the role of the two major
sets of MOR-1 splice variants, those associated with exon 1 and those associated with exon
11. Disrupting exon 11 eliminates the truncated 6 TM variants, leaving the traditional full
length 7TM variants, which explains why morphine and methadone retain full analgesic
potency in the E11 KO mice (Pan et al., 2009). Conversely, disruption of exon 1 in the Pintar
E1 MOR-1 KO (Schuller et al., 1999) mice removes all the 7TM and 1TM variants while
6TM variants continue to be expressed. Buprenorphine was analgesic in wildtype C57 mice
with a potency (EDsgq 0.028 mg/kg, s.c.) similar to that in the CD-1 mice (Fig. 3a). However,
the buprenorphine response in the E11 KO mice was not significantly different from baseline
values at all doses except 1 mg/kg. Buprenorphine analgesic efficacy was diminished by
approximately 65% in the E1 KO mice, with no appreciable change in potency (EDsg 0.064
mg/kg, s.c.) (Fig. 3b).

To further define buprenorphine effects on traditional 7TM mu opioid receptors, we took
advantage of the fact that morphine retains full analgesic activity in E11 KO mice while
buprenorphine alone is inactive (Majumdar et al., 2011; Pan et al., 2009). In these E11 KO
mice, the initial dose of morphine (10 mg/kg, s.c.) elicited nearly a full response that was not
significantly influenced by the subsequent dose of saline, but was lowered, but not
eliminated, by buprenorphine (Fig. 4). This would be consistent with partial agonist actions
at the 7TM target.

Delta, kappa; and ORL receptors did not play an observable role in buprenorphine
analgesia. Buprenorphine analgesia was not significantly altered in knockout mice with
disruptions of kappa (KOR-1) or the orphanin FQ/nociceptin (ORL,) receptors (Fig. 5). A
prior report suggested that loss of ORL; receptors enhanced the buprenorphine response due
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to the loss of the pronociceptive effect of ORL; stimulation by buprenorphine (Lutfy et al.,
2003). This would be consistent with earlier reports showing that ORL; receptors mediate
both pronociceptive and antinociceptive responses depending upon the dose and assay
(Meunier et al., 1995; Reinscheid et al., 1995; Rossi et al., 1997). We did not observe an
increased response in the ORL 1 knockout mice, but this likely reflected differences in the
experimental paradigms. The increased response in the Lufty et al report reflected in
increase in efficacy (i.e. an increased maximal reponse) rather than a shift in the dose
reponse curve. We would not have been able to detect these differences since buprenorphine
was a full agonist in our paradigm. All traditional 7TM opioid receptors can be eliminated
by crossing exon 1 MOR-1 KO mice with KOR-1 and delta (DOR-1) knockout mice to
generate a triple KO mouse (Cox et al., 2005), although the animals still express truncated
exon 11-associated MOR-1 variants (Majumdar et al., 2011). Buprenorphine analgesia in the
triple KO mice was similar to that seen in the E1 MOR-1 KO animals, indicating that the
additional loss of delta and kappa; receptors did not influence the response. Again,
buprenorphine was a partial agonist with a maximal response of approximately 30% with no
change in EDsq. Thus, the residual analgesia seen in these E1 knockout animals could not
result from activation of delta, kappa; or traditional mu receptors.

Rescue of buprenorphine analgesia in an exon 11 knockout mouse

Buprenorphine was inactive in the double E1/E11 KO mice, as were the other opioids tested
(Lu et al., 2015). IBNtxA (3’-iodobenzoyl-6p-naltrexamide) analgesia is dependent upon
exon 11-associated variants and independent of all the classical 7TM mu, delta and kappa;
opioid receptors (Majumdar et al., 2011). In the E1/E11 KO mice, IBNtxA analgesia could
be rescued by a lentivirus expressing the 6TM variant mMMOR-1G given intrathecally (Lu et
al., 2015). The failure of this paradigm to rescue buprenorphine analgesia in that study,
along with the knockout studies described above, suggested that buprenorphine analgesia
required both exon 1 and exon 11-associated variants. To assess this possibility, we
administered the lentivirus expressing the 6TM mMOR-1G into E11 KO mice, which still
natively expressed exon 1-associated variants, enabling the reconstitution of the necessary
repertoire of both 7TM and 6TM MOR-1 variants in the E11 KO mice (Fig 6). We initially
examined intrathecal administration of the lentivirus followed by systemic buprenorphine
since the 6TM variants are most highly expressed at the spinal level (Xu et al., 2015; Xu et
al., 2014). As expected, buprenorphine analgesia was markedly reduced in the E11 KO mice
alone. Administration of the lentivirus control vector lacking the 6TM variant failed to
rescue the response. However, the lentivirus expressing the 6TM variant mMMOR-1G at the
spinal level fully restored buprenorphine analgesia (Fig. 6a). Similarly, the lentivirus
expressing mMMOR-1G injected intracerebroventricularly fully rescued buprenorphine
analgesia (Fig. 6b).

Buprenorphine’s effects on respiratory depression

Respiratory depression is a major problem with opioid use. Buprenorphine showed a slight
decrease in respiratory rates of up to about 25% at a dose 5-fold greater than its analgesic
EDsq (Fig. 7). However, this effect was less pronounced than an equipotent dose of
morphine that lowered rates by almost 50% (Fig. 7).
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Buprenorphine’s effects on gastrointestinal transit

Like other opioids, buprenorphine inhibits gastrointestinal transit, a major contributor to
constipation. Despite the full loss of analgesia in exon 11 KO mice, buprenorphine
continued to potently inhibit gastrointestinal transit (Fig. 8). Thus, buprenorphine inhibition
of gastrointestinal transit does not involve exon 11-associated variants. The transit distance
in the saline groups was increased in the E11 KO mice relative to wildtype, raising the
possibility of a tonic inhibition of transit through this target.

Buprenorphine’s effects on locomotion

Mu opioids classically increase locomotion in mice, presumably through the disinhibition of
dopamine release in the mesolimbic dopamine pathway (Johnson and North, 1992; Joyce
and Iversen, 1979; Urs et al., 2011). Buprenorphine stimulated locomotion is lost in an exon
2 KO mouse which presumably lacks both 7TM and 6TM variants (Marquez et al., 2007). In
our studies, buprenorphine increased locomotion in wildtype C57 mice (Fig. 9), with a peak
effect at 10 min that gradually declined over an hour. A similar response was observed in the
exon 11 knockout mouse. The cumulative distance traveled also did not differ between the
C57 and the knockout mice in either treatment group. Coupled with the earlier observation
in the exon 2 KO mouse, these findings indicate locomotion was mediated through 7TM
variants and not 6TM ones.

Buprenorphine’s effects on 3°S-GTPyS binding

Buprenorphine analgesia involves a combination of mu receptors, with little contribution
from kappa, or delta receptors despite its high binding affinity for these sites. This is
consistent with our findings in cellular functional assays. In CHO (Chinese Hamster Ovary)
cells stably expressing MOR-1, buprenorphine potently stimulated 35S-GTP+S binding
(ECsp 1.7 nM) with a maximal response (102%) indistinguishable from DAMGO alone
(Fig. 10). In contrast, buprenorphine alone had no effect on cells expressing the delta
receptor DOR-1 and reversed the stimulation induced by the delta agonist DPDPE (ICgq 1.5
nM). Buprenorphine was an inverse agonist at KOR-1, lowering basal levels by more than
50% (ICsq 0.36 nM). Buprenorphine also reversed the stimulation of 35S-GTP+yS binding by
U50,488H, eventually lowering binding below basal levels at higher concentrations (ICgq
0.52 nM).

Buprenorphine’s effects in brain membranes were less clear, failing to show activity at
concentrations up to 0.1 pM, which induced near maximal effects in the cell lines (Fig 11).
Since buprenorphine is an inverse kappa agonist, we questioned whether the lack of effect
might reflect the summation of stimulation of mu receptors and lowering of kappa activity.
To assess this possibility, we examined the effects of the mu antagonist CTAP. If the lack of
an observable effect were due to the summation of opposing actions, antagonizing the mu
receptors should ‘uncover’ the inverse agonist activity of buprenorphine. In controls, CTAP
reversed the activity of the mu agonist DAMGO, but it did not appreciably lower 3°S-
GTPyS binding levels seen with buprenorphine, indicating that in this system buprenorphine
failed to stimulate mu receptors in brain tissue.
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Buprenorphine’s effects on B-arrestin-2 recruitment

Using the PathHunter® assay in CHO cells stably expressing MOR-1, buprenorphine failed
to stimulate B-arrestin-2 recruitment at any dose up to 10 pM, despite the robust stimulation
of the cells to DAMGO (Fig. 12), confirming a previous report (McPherson et al., 2010).
Furthermore, buprenorphine antagonized in a dose-dependent manner the stimulation of -
arrestin-2 recruitment by a fixed DAMGO concentration (1 uM), lowering the response to
basal levels (ICsg 1.1 nM).

Discussion

Buprenorphine is a potent analgesic and its clinical use is increasing, both as an analgesic
and in maintenance programs. However, it has a complex pharmacology. Buprenorphine has
high affinity for all the traditional opioid receptors in receptor binding assays and labels
ORL; receptors with moderate affinity (Khroyan et al., 2015; Pergolizzi et al., 2010). It also
labels a target involving truncated 6 TM splice variants of the mu opioid receptor MOR-1
(Majumdar et al., 2011). However, its analgesic actions are dependent only upon mu
receptors, as revealed by the use of a series of knockout mice. The absence of any
buprenorphine analgesia in the double E1/E11 KO mouse established that mu receptors are
essential for its activity. Conversely, the full analgesic response in the kappa; or ORL; KO
mice indicates that neither receptor contributes to its analgesic activity. Delta receptors also
do not significantly contribute to buprenorphine analgesia based upon the results in the triple
KO mice, where the additional loss of DOR-1 and KOR-1 receptors did not alter the
analgesic response beyond that seen with the E1 KO alone.

The maximal buprenorphine analgesic response requires both full length and truncated 6 TM
MOR-1 splice variants. Removal of either of these two sets of variants impacted the
analgesic response. The ability of buprenorphine to lower morphine responses in the E11
KO mice supported the concept that it was a partial agonist at the 7TM receptors mediating
morphine actions in those mice. The need for both sets of MOR-1 variants was further
supported by rescue experiments. Although IBNtxA analgesia was rescued in the E1/E11
KO by the lentivirus with mMOR-1G, buprenorphine-induced analgesia was not (Lu et al.,
2015), suggesting that a 6TM variant alone was insufficient to elicit analgesia. The E11 KO
mice still express the exon 1-associated variants, so repletion of the 6TM mMOR-1G with
the lentivirus should restore both sets of MOR-1 variants. The rescue of buprenorphine
analgesia in E11 KO mice by the lentivirus with 6TM mMOR-1G confirms the need for both
E1 and E11 variants.

The buprenorphine receptor sensitivity profile is distinct and contrasts with morphine and
methadone, which are solely dependent upon the full length 7TM variants (Pan et al., 2009)
and with IBNtxA (3-iodobenzoylnaltrexamide), which depends only upon 6TM variants
(Majumdar et al., 2011; Majumdar et al., 2012). Thus, buprenorphine falls into a third
category dependent upon both. Several other opioids fall into this category based upon their
partial dependence upon both sets of variants, including heroin, M6G, and fentanyl (Pan et
al., 2009). Differences in their receptor mechanisms among these mu opioids may help
explain why many of them display incomplete cross tolerance, likely an important
mechanism involved in Opioid Rotation in pain management (Chou et al., 2009).
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Unlike analgesia, other buprenorphine actions were independent of E11-associated variants.
Its inhibition of gastrointestinal transit persisted in the E11 knockout mouse as did its ability
to increase locomotor activity, a common observation with traditional mu opioids.

The effects of buprenorphine on signal transduction pathways were particularly interesting.
Selly and co-workers reported that buprenorphine was a partial agonist in MOR-1
expressing CHO cells, achieving a maximal response of slightly less than 50% with an EDg
of 4 nM (Selley et al., 1998). However, they found different results with the natively
expressed receptor. In SK-N-SH cells, buprenorphine was over 10-fold more potent, but only
stimulated 35S-GTPyS binding 15%. Similarly, in rat thalamus, buprenorphine potently
stimulated binding only 10%, results similar to those from Rothman’s group (Romero et al.,
1999). We observed similar results in brain tissue, but a far greater stimulation of 3°S-
GTPyS binding in CHO cells expressing MOR-1. Natively expressing systems may provide
a better model for in vivo actions since they contain the other proteins/factors normally
involved with receptor activation. Our failure to observe stimulation in brain and our
knockout studies suggest that buprenorphine is a partial agonist at traditional mu receptors in
vivo. However, both brain and SK-N-SH express a number of E1 and E11 splice variants,
which may complicate the interpretation of the results.

While buprenorphine analgesia is limited to mu opioid receptors, other opioid systems may
play a role in its overall pharmacological profile. Our results confirmed earlier reports that
buprenorphine is an antagonist at delta and kappaj receptors (Leander, 1987; Negus et al.,
1989; Pergolizzi et al., 2010; Romero et al., 1999). Blockade of delta receptor action
prevents the development of morphine tolerance (Abdelhamid et al., 1991; Kest et al., 1996;
King et al., 1998; Schiller et al., 1999) while kappa antagonists have been implicated in a
range of functions, including treatment of addiction (Chavkin, 2011; Rothman et al., 2000).

Mu opioid signaling bias has been implicated in both tolerance and respiratory depression
(Bohn et al., 2004; Bohn et al., 1999; Dewire et al., 2013). Disrupting the B-arrestin-2 gene
significantly enhanced morphine analgesia and DAMGO stimulation of 3°S-GTP+S binding,
shifting both dose-response curves to the left, despite no significant change in mu opioid
receptor binding (Bohn et al., 1999). Furthermore, mice lacking p-arrestin-2 failed to show
respiratory depression (Dewire et al., 2013; Kelly, 2013; Pradhan et al., 2012; Raehal et al.,
2011; Reiter et al., 2012). Thus, it is interesting to consider whether buprenorphine’s failure
to recruit B-arrestin-2 recruitment also may impact its pharmacology along with its
antagonist actions on delta and kappa opioid receptors.

Mice have been generated that lack exon 1 (E1 KO) (Schuller et al., 1999), exon 11 (E11
KO) (Pan et al., 2009) or both exon 1 and exon 11(E1/E11 KO) (Lu et al., 2015) of the
Oprm1 gene. The E1 KO mice lack all the 7TM and 1TM variants due to the absence of
exon 1, but still express the 6TM exon 11 variants. Conversely, the E11 KO mice lack the
6TM variants and still express the 7TM and 1TM variants. The E1/E11 KO mice lack all mu
opioid receptor splice variants due to the loss of both exons 1 and 11 and their promoters.
The delta receptor knockout targeted exon 2 of the OprdZ gene ((Zhu et al., 1999) while
another mouse targeted the kappa receptor (KOR-1 KO) (Zhang et al., 1998). Triple KO
mice were generated by backcrossing E1 KO, KOR-1 KO and DOR-1 KO mice. The ORL
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KO has a disruption in exons 2 and 3 of Opr/I gene. The summary represents KO mice
specifically referenced. Other Oprm1, kappa, delta and ORL; KO mice may differ in their
receptor variant expression profiles and pharmacology.
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MOR-1 the clone for the mu opioid receptor (OprmlI)
KOR-1 the clone for the kappa; opioid receptor (OprkI)
DOR-1 the clone for the delta opioid receptor (Oprdl)

ORL the clone for the orphanin FQ/nociceptin receptor (Oprni)
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Figure 1. Buprenorphine analgesiain CD-1 mice
A group of male mice (n = 7) were injected with escalating doses of buprenorphine (0.01,

0.3,0.1, 0.3, 1 mg, kg, s.c.) and their tail flick latencies tested 30 minutes after the injection
to generate dose-response curves. Analysis of the data using a quantal approach in which
analgesia was defined as a doubling or greater of the individual subject’s baseline value gave
EDsg (95% CL) of 0.033 mg/kg (0.015, 0.073). Analysis of the same curves using graded
%MPE approach yielded an ED5 value of 0.051 mg/kg (0.026, 0.103).
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Figure 2. Reversal of buprenorphine analgesia by opioid antagonists
Groups of male CD-1 mice (n = 10 for each group) received buprenorphine alone (0.1mg/kg,

s.c.) or in combination with naloxone (1 mg/kg, s.c). Naloxone readily prevented
buprenorphine analgesia (p < 0.01, two-tailed t-test).
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Figure 3. Buprenorphine analgesiain MOR-1 exon 11 and exon 1 knockout mice
Mice were injected with escalating doses of buprenorphine and their tail flick latencies

tested 30 minutes later to generate dose-response curves. Results are pooled from 2
independent experiments giving similar results and are expressed as mean £ SEM. A)
Buprenorphine analgesia (0.012, 0.05, 0.1, 0.3, 1 3, 10 mg/kg, s.c.) is lost in MOR-1 exon
11 knockout mice. Buprenorphine was a potent analgesic in wildtype C57BL/6 mice (n = 9),
with an EDsq value (95%CL) 0.028 mg/kg (0.015 — 0.051), while in MOR exon 11-
knockout animals (n = 20) it showed only a slight elevation over baseline latency that was
not statistically significant. There was a significant difference between curves (p<0.0001,
Extra sum-of-squares F test). B) Buprenorphine analgesia (0.03, 0.1, 0.3, 1 mg/kg, s.c.) was
significantly reduced in MOR-1 exon 1 knockout mice. Buprenorphine was also a potent
analgesic in wildtype 129S6 mice (n = 20-24) with an EDg value (95%CL) of 0.079 mg/kg
(0.048 — 0.13). In MOR exon 1 KO (n = 12), buprenorphine significantly increased latencies
over baseline at 0.1 (p<0.003), 0.3 (p<0.001) and 1.0 (p<0.0001) as determined by ANOVA
with a ceiling effect of approximately 35% of MPE with an ED5q (95%CL) value of 0.064
mg/kg (0.011 — 0.37).
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Figure 4. Effect of buprenor phine on morphine analgesiain MOR exon 11 knockout mice
E11 KO mice (21) were given morphine (10 mg/kg) and their tail flick latencies tested 30

minutes later at peak effect. Animals were assessed and were randomly assigned to receive
either saline (n=10) or buprenorphine (n=11; 10 mg/kg). 15 minutes after receiving the
second injection, animals were retested in the tail flick test. Buprenorphine significantly
decreased morphine analgesia relative to saline control (**, p<0.003, 2-tailed t-test). Results
are pooled from 2 independent experiments with similar results and are expressed as mean +

SEM.
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Figure 5. Buprenorphineanalgesiain DOR, KOR, ORL-1, and triple opioid receptor knockout
mice

Mice were injected with escalating doses of buprenorphine and their tail flick latencies
tested 30 minutes later to generate dose-response curves. KOR-1 (n=5; 0.03, 0.1, .3, 1
mg/kg, s.c.), and ORL1 (n=12; 0.03, 0.1, .3, 1 mg/kg, s.c.) knockout animals displayed no
difference from wildtype 129S6 controls, while a triple opioid receptor knockout animal (n =
7-11;0.03, 0.1, .3, 1, 3 mg/kg, s.c.) lacking MOR exon 1, as well as DOR-1 and KOR-1,
reached a plateau with an EDsgq (95%CL) 0.067 mg/kg (0.017 — 0.26) and a maximal
response of 30% of animals, results similar to the MOR exon 1 alone knockout mice. There
was no significant difference between dose response curves for MOR exon 1 and triple KO
animals, and no significant difference between the EDs value of the triple KO and the other
genotypes, but the maximal effect for the triple knockout was significantly lower (p<0.0001;
Extra sum-of-squares F test).
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Figure 6. Rescue of buprenorphine analgesia in an exon 11 knockout mouse by a lentivirus
expressing mMOR-1G

A lentivirus expressing EGFP and mMOR-1G or EGFP alone (vector) was injected and
tested for analgesia by buprenorphine given systemically (1 mg/kg, s.c.) at least 5 weeks
later. a) Intrathecal lentivirus: Groups of mice (WT: n=9; E11 KO: n=7; E11 KO/Vector:
n=8; E11 KO/MOR-1G: n=10) received the indicated treatment. Data was analyzed with one
way ANOVA followed by Tukey’s multiple comparison test. Buprenorphine analgesia was
significantly lowered in E11 KO animals relative to wildtype (WT) controls (p <0.05). E11
animals treated with vector control lentivirus were no different from untreated E11 KO
animals. However, analgesia was restored in E11 KO animals treated with viral mMMOR-1G
(p <0.001 vs E11 KO/Vector, p<0.001 vs E11 KO). There was no significant difference
between analgesia in the WT or in mice give the lentivirus with the mMMOR-1G. b)
Intracerebroventricular lentivirus: Groups of mice (WT: n=9; E11 KO: n=9; E11 KO/
MOR-1G: n= 8) received the indicated treatment and were tested at least 5 weeks later. Data
was analyzed by one way ANOVA followed by Tukey’s multiple comparison test.
Buprenorphine analgesia was significantly lowered in the E11 KO compared to both WT
(p<0.001) and lentivirus with mMOR-1G (p<0.01). There was no significant difference
between analgesia in the WT and mice given the lentivirus with the mMMOR-1G.
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Figure 7. Effect of buprenorphine on respiratory rate
A group of male C57 mice received buprenorphine (0.15 mg/kg, n=5), morphine (10 mg/kg,

n=5) or saline (n=6). Respiratory rate was determined using a MouseOx system. After
ensuring a stable baseline for 25 min, the animals received the indicated drug s.c.. Both
buprenorphine and morphine doses were equivalent to 5-fold their respective analgesic EDsgg
in previous experiments. Significance was determined by repeated measures ANOVA
followed by Bonferroni multiple comparison test. All morphine points were significantly
different from saline (p<0.001). Buprenorphine was significantly different from saline at 20
min (p<0.05) nad at time points 35, 40 and 45 (p<0.01).
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Figure 8. Effect of buprenorphineon Gl transit in MOR exon 11 knockout mice
The control level of Gl transit was assessed in wildtype C57 mice (n = 6). In exon 11

knockout mice groups (n = 7) were injected with either saline or buprenorphine (0.3 mg/kg
s.c.) and 10 minutes before a charcoal meal by gavage. Transit was measured 30 minutes
after administration of the charcoal meal, animals were sacrificed by cervical dislocation and
the distance traveled by the charcoal meal was measured as a fraction of the total distance
from the pyloric sphincter to the cecum. Buprenorphine significantly decreased
gastrointestinal motility relative to both saline-treated Exon 11 knockout controls (p <
0.0001, post-hoc Bonferroni multiple comparisons test following 1-way ANOVA) and
saline-treated wildtype C57 controls (p < 0.01). The saline groups in control and E11 KO
mice also were different (p < 0.05). Results are mean + SEM.
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Figure 9. Effect of buprenorphine on locomotor activity in MOR exon 11 knockout mice
Animals (n = 7 for each group) were injected with saline or buprenorphine (3 mg/kg s.c.),

and their locomotor behavior recorded in an open field activity chamber for 60 minutes post-
injection. Results are mean + SEM. A) Total distance traveled during the 60 min session was
significantly increased by buprenorphine injection in both genotypes relative to saline
vehicle control (p < 0.0001 for a main effect of drug, 2-way repeated measures ANOVA;
p<0.001 for C57 and p<0.0001 for E11KO, post-hoc Tukey’s multiple comparisons test);
however, there was no difference between genotypes for either saline or buprenorphine
injection (p = 0.39 for a main effect of genotype, p = 0.12 for drug x genotype interaction; p
= 0.95 for saline comparison, p = 0.31 for buprenorphine comparison) B) Time course of
locomotor activity, 5 minute intervals. Within 10 minutes post-injection, buprenorphine
significantly increased locomotor behavior in both MOR exon 11 knockout animals and
wildtype C57 controls (p < 0.001 for each point minutes 10-60; post-hoc Tukey’s multiple
comparisons test). There was no significant difference between genotypes at any time point
for either saline or buprenorphine condition.
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35S5-GTPyS binding assays were performed with membrane homogenates from CHO cells

stably expressing the indicated opioid receptor. Results are pooled from 3 independent

replications and are expressed as mean + SEM. A) At MOR-1, buprenorphine acted as a full
agonist relative to 1 uM DAMGO control with an ECgy (95%CL) of 1.8 nM (1.3, 2.3). B) At
DOR-1, buprenorphine produced little or no stimulation of 3°S-GTPvyS binding above basal

levels, and C) potently antagonized 30 nM DPDPE stimulation (IC5q (95%CL) 1.5 nM

[0.67, 3.5]). D) At KOR-1, buprenorphine behaved as an inverse agonist, potently

reducing 3°S-GTP+yS binding more than 50% below basal levels (ICso (95%CL) 0.36 nM
[0.11, 1.4]) and E) reversing stimulation produced by 100 nM U50,488 (ICsq (95%CL) 0.52
nM [0.23, 1.2]) with higher concentrations further reducing binding below basal levels.
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Figure 11. Effect of buprenor phine on 3°S-GTPyS binding in C57 mouse brain
355-GTPyS binding assays were performed with membrane homogenate from C57 mouse

brain. Although DAMGO stimulated 35S-GTP+S binding, buprenorphine did not appear
active concentrations up to 100 nM, a concentration which produced near-maximal effects in
cell lines. The addition of CTAP failed to unmask any inverse agonist effect produced by
kappa opioid receptors, although it substantially lowered DAMGO stimulation. Results are
the mean + s.e.m. of 4 independent replicates, each showing similar results.
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Figure 12. Buprenorphinerecruitment of B-arrestin-2
A) Buprenorphine failed to stimulate recruitment of B-arrestin-2 at concentrations up to 10

UM in a PathHunter® assay using MOR-1 cells. B) Buprenorphine potently antagonized the
[B-arrestin-2 recruitment produced by a fixed dose of 1 pM DAMGO with an 1Cs5q (95%CL)
of 1.1 nM [0.12, 11.0]. Results are pooled from at least 2 independent experiments with
similar results, and are expressed as means + SEM.
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Classification of mouse knockout models

Table 1

Knockout model

El Ell EVE1l | KOR-1KO | TripleKO | ORL; KO

Mu (MOR-1)

™™ Lost Retained Lost Retained Lost Retained

6TM Retained Lost Lost Retained Retained Retained

1™ Retained | Retained Lost Retained Lost Retained
Kappa (KOR-1) | Retained | Retained | Retained Lost Lost Retained
Delta (DOR-1) Retained | Retained | Retained | Retained Lost Retained
ORL Retained | Retained | Retained | Retained Retained Lost
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Mice have been generated that lack exon 1 (E1 KO) (Schuller et al., 1999), exon 11 (E11 KO) (Pan et al., 2009) or both exon 1 and exon 11(E1/E11
KO) (Lu et al., 2015) of the Oprm1 gene. The E1 KO mice lack all the 7TM and 1TM variants due to the absence of exon 1, but still express the
6TM exon 11 variants. Conversely, the E11 KO mice lack the 6TM variants and still express the 7TM and 1TM variants. The E1/E11 KO mice lack
all mu opioid receptor splice variants due to the loss of both exons 1 and 11 and their promoters. The delta receptor knockout targeted exon 2 of the
Oprd1 gene ((Zhu et al., 1999) while another mouse targeted the kappa receptor (KOR-1 KO) (Zhang et al., 1998). Triple KO mice were generated

by backcrossing E1 KO, KOR-1 KO and DOR-1 KO mice. The ORL1 KO has a disruption in exons 2 and 3 of Opr/1 gene. The summary

represents KO mice specifically referenced. Other Oprm1, kappa, delta and ORL1 KO mice may differ in their receptor variant expression profiles

and pharmacology.
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