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Abstract

The mu opioid receptor gene undergoes extensive alternative splicing. Mu opioids can be divided
into three classes based on the role of different groups of splice variants. Morphine and methadone
require only full length 7 transmembrane (7TM) variants for analgesia, whereas IBNtxA (3’-
iodobenzyol-6p-naltrexamide) needs only truncated 6TM variants. A set of endomorphin analogs
fall into a third group that requires both 6TM and 7TM splice variants. Unlike morphine,
endomorphin 1 and 2, DAPP (Dmt,D-Ala-Phe-Phe-NH>) and IDAPP (3’-iodo-Dmt-D-Ala-Phe-
Phe-NH>) analgesia was lost in an exon 11 knockout mouse lacking 6 TM variants. Restoring 6TM
variant expression in a knockout mouse lacking both 6TM and 7TM variants failed to rescue
DAPP or IDAPP analgesia. However, re-establishing 6TM expression in an exon 11 knockout
mouse that still expressed 7TM variants did rescue the response, consistent with the need for both
6TM and 7TM variants. In receptor binding assays, 12°1-IDAPP labeled more sites (Bmax)

than 3H-DAMGO in wildtype mice. In exon 11 knockout mice 1251-IDAPP binding was lowered to
levels similar to 3H-DAMGO, which remained relatively unchanged compared to wildtype

mice. 125-IDAPP binding was totally lost in an exon 1/exon 11 knockout model lacking all
Oprm1 variant expression, confirming the drug was not cross labeling non-mu opioid receptors.
These findings suggested that 1251-IDAPP labeled two populations of mu binding sites in wildtype
mice, one corresponding to 7TM variants and the second dependent upon 6TM variants. Together,
these data indicate that endomorphin analogs represent a unique, genetically defined and distinct
class of mu opioid analgesic.
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Introduction

The vast majority of clinically used opioid analgesics produce their effects through mu
opioid receptors generated from the Oprm1 gene (1). Yet, patients can have diverse
responses to various mu analgesics (2, 3). These clinical observations are supported by
preclinical models showing varied responses to these pain relievers among different mouse
strains (1, 4-6). The differences might be explained by several potential mechanisms,
including the possibility of multiple mu opioid receptor targets. The mu opioid receptor gene
(Oprm1) undergoes extensive alternative splicing, producing three sets of structurally
diverse splice variants (1). One set corresponds to traditional G-protein coupled receptors
(GPCR) with 7 transmembrane (7TM) domains and alternatively spliced C-tails under the
control of the promoter associated with exon 1 (Figure 1). The exon 1 promoter also
generates a second set of truncated variants containing a single transmembrane domain
(1TM). Although these variants are incapable of binding opioids, they impact opioid
pharmacology through a chaperone activity with 7TM variants that stabilizes them,
decreasing turnover and increasing overall expression (7). The last set of splice variants
comprised of truncated 6 transmembrane domain (6TM) variants has proven increasingly
interesting in recent years. This set is under different genetic control, being generated by a
distinct promoter associated with exon 11 located approximately 30 kb upstream of exon 1
and generating a set of truncated 6TM variants with alternatively spliced C-tails.

Despite their atypical structure, these 6TM variants are pharmacologically relevant targets,
as demonstrated with IBNtxA (3-iodobenzoyl-6p-naltrexamide)(8). Using knockout mouse
models, IBNtxA analgesia was dependent upon 6TM variants and independent of 7TM
variants. Biochemically, 1251-IBNtxA labeled a 6TM binding site that was clearly distinct
from the classical 7TM mu receptors labeled by 3H-DAMGO ([D-Ala2,N-MePhe? Gly(ol)°]-
enkephalin) (8). The necessity of 6TM variants in IBNtxA analgesia was confirmed by
rescue studies in which restoration of expression of a 6TM variant with a lentivirus vector in
knockout mice lacking all 6TM and 7TM Oprm1 variants restored IBNtxA analgesia (9).

Endomorphin 1 and 2 are putative endogenous tetrapeptides lacking the canonical Tyr-Gly-
Gly-Phe-Met/Leu structure present in all the other endogenous opioid peptides (10). They
are very selective for mu receptors in binding studies, and lose their analgesic activity in
knockout mice lacking 7TM variants (11-17). Yet, recent evidence suggests the possibility
of different DAMGO and endomorphin mu analgesic mechanisms. Mice acutely tolerant to
intracerebroventricular (i.c.v.) DAMGO failed to show cross tolerance to endomorphin 2
(18) and endomorphin 2 and DAMGO show differential sensitivities to the antagonists
naloxonazine and 3-methoxynaltrexone (19). Here, we demonstrate at the genetic level the
differences between DAMGO and endomorphin actions.
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In vivo studies knockout models

Endomorphin 1 and 2 are mu selective tetrapeptides (10). Morphine analgesia is independent
of the E11 associated 6TM splice variants of the mu opioid receptor gene Oprm1,
maintaining full analgesic activity in the E11 KO (20). Similarly, the mu opioid peptide
DAMGO when given supraspinally retained full analgesic activity in E11 KO mice (Fig. 2f).
At the spinal level, DAMGO still elicited a full response, but with a slightly lower potency
(Fig. 29). In contrast, loss of the 6TM variants eliminated the analgesic response of both
supraspinal endomorphin 1 and endomorphin 2 (Fig. 2a,b). We next studied two synthetic
endomorphin 2 analogs, DAPP (2’,6’-Dmt-D-Ala-Phe-Phe-NH>) and IDAPP (3-iodo-2’,6’-
Dmt-D-Ala-Phe-Phe-NH>) (Fig. 2¢,d,e). Both analogs displayed high selectivity and affinity
for MOR-1 (Table 1). In vivo, DAPP and its iodinated analog IDAPP showed no activity in
E11 KO mice, even at doses greater than 25-fold their wild type EDsgq (Figure 2c—e). These
findings clearly established the importance of E11 splice variants in endomorphin 1 and 2
and DAPP and IDAPP analgesic actions and differentiated them from both DAMGO and
morphine.

Lentivirus rescue of DAPP and IDAPP analgesia in knockout mice

To confirm the importance of the 6TM variants in endomorphin analgesia, we attempted to
rescue the response in knockout mice by reconstituting the expression of a 6TM E11 variant,
mMOR-1G. This approach utilized a lentivirus construct, with a second control virus
containing only the marker and lacking the mMOR-1G cassette, as previously described (9,
21). DAPP, IDAPP, and DAMGO were inactive in the in the exon 1/exon 11 (E1/E11)
knockout mouse in which both exon 11 and exon 1 have been disrupted (9). These mice lack
all Oprm1 variants. Despite being able to rescue IBNtxA (9), restoring mMMOR-1G
expression in these mice did not rescue DAPP, IDAPP or DAMGO analgesia (Fig. 3a),
suggesting that all three required 7TM variants for activity. Both DAPP and IDAPP also
were inactive in the E11 KO mouse (Fig. 3b, Fig. 2c,d) while DAMGO retained activity
(Fig. 2f). Expression of mMMOR-1G in the E11 KO rescued DAPP and IDAPP analgesia,
restoring the response to wildtype levels and indicating that that they required both a 6TM
and a 7TM for activity.

Antisense effects on DAPP and IDAPP

To confirm a role for 7TM variants in DAMGO and IDAPP analgesia, we used an antisense
oligodeoxynucleotide mapping paradigm (22-24). Targeting exon 1, the antisense
oligodeoxynucleotide lowered the analgesic actions of morphine, reproducing earlier studies
(22). Similarly, the responses of DAMGO and IDAPP were lowered (Fig. 4a). The
specificity of the response was established by the inactivity of the control mismatch.

Since both the 7TM and the 1TM variants contain exon 1, this oligodeoxynucleotide
antisense probe downregulates both sets of variants. To distinguish between them, we next
employed an oligodeoxynucleotide antisense targeting the exon 1/exon 2 splice site junction
(Supplemental Table 3) (7). Since the 1TM variants do not contain this sequence, the
antisense selectively downregulates only 7TM variants and lowers morphine analgesia (7).
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In the current studies, the E1/E2 junctional antisense lowered morphine, DAMGO and
IDAPP while neither mismatch probe had an effect (Fig. 4b). Finally, we examined an
antisense probe targeting exon 11 (21) (Fig. 4c). These results were consistent with the
knockout models, with the exon 11 antisense lowering only IDAPP but not morphine nor
DAMGO. The mismatch was inactive. Together, these findings confirm the importance of
E11-associated 6 TM variants in IDAPP, but not morphine or DAMGO analgesia. Equally
important, they indicated that IDAPP analgesia required expression of both 6TM and 7TM
variants. The similar results in the antisense and knockout models argues that the E11 KO
effects were not related to developmental/compensatory mechanisms since the antisense
approaches involved adult mice with normal development.

Cross tolerance

Cross tolerance is a sensitive measure of whether or not drugs share a common mechanism
of action. Prior work demonstrated the lack of cross tolerance between DAMGO and
endomorphin 2 (18). Since morphine, DAMGO, DAPP and IDAPP all require 7TM Oprm1
variants, the lack of cross tolerance raised the possibility of differences between the 7TM
mechanisms involved with traditional mu opioids including morphine and DAMGO and the
endomorphins. We used a morphine pelleting paradigm that has been extensively validated
(25-28). DAMGO was cross tolerant with morphine, displaying more than a 35-fold shift in
its EDsgq in the morphine pelleted mice (Fig. 5). In contrast, IDAPP analgesia was
unaffected. Indeed, at the higher doses, IDAPP was slightly more effective in morphine
pelleted animals than in the placebo pellet controls.

Receptor binding

Receptor binding studies further illustrated differences between the drugs 12°1-IDAPP

and 3H-DAMGO. In competition binding assays, DAPP showed high affinity for mu
receptors and moderate affinity for delta and kappa receptors (Table 1). The incorporation of
iodine into DAPP to generate IDAPP slightly lowered its mu affinity, but markedly increased
its mu selectivity by lowering its delta and kappa affinity. DAPP and IDAPP also competed
binding to the E11 binding site (8) with moderate affinity, further distinguishing them from
DAMGO and the endomorphins.

125.IDAPP binding was high affinity, with similar subnanomolar K values in both brain
and spinal cord tissue in all groups of mice (Table 2). Competition studies of 123I-IDAPP in
mouse brain confirmed its mu selectivity, with delta and kappa ligands inactive (Table 3).
Despite its mu selectivity and its saturation binding consistent with a single site, the shallow
Hill slopes of 1251-IDAPP in the competition studies raised the possibility of binding
heterogeneity. This extended to both agonists and the antagonist CTAP. The 125-IDAPP
results contrasted with the CTAP competitions of 3H-DAMGO binding in C57 brain tissue
and CHO cells expressing MOR-1 where CTAP had ICgq values of 4.1 + 0.2 and 4.8 £ 0.4
nM and Hill co-efficients of —1.1 + 0.1 and —1.7 £+ 0.09, respectively.

The Bpmax of 12°1-IDAPP binding far exceeded that of 3H-DAMGO in both C57 and 129
wildtype mouse brains, with even greater differences in spinal cord tissue (Table 2). 3H-
DAMGO binding levels on both backgrounds did not appreciably differ between E11 KO
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and wildtype mice. In contrast, 1251-IDAPP binding was significantly lower in the E11 KO
mice (Fig. 6a; Table 2), with levels in the E11 KO brain and spinal cord membranes
approximating those seen with 3H-DAMGO (Table 2). These results suggested that
wildtype 1251-IDAPP binding was comprised of two distinct populations, one of which was
dependent on E11 variants while the other, with levels similar to 3H-DAMGO binding,
likely reflected labeling to traditional full length 7TM mu receptor variants.

The complete loss of all I-IDAPP binding in the combined E1/E11 knockout (Fig. 6b)
confirmed that both populations were totally dependent on Oprm1 gene products and did not
involve simple cross labeling of delta or kappa receptors, consistent with the insensitivity

of 125|-IDAPP binding to delta or kappa ligands (Ki > 1 pM) (Table 3). In addition, 12°]-
IDAPP binding was totally lost in a triple KO mouse (Fig. 6¢). The triple KO mice (29) were
generated by crossing an exon 1 mu knockout mouse (16) with delta (30) and kappa receptor
KO mice (31). Loss of exon 1 of the Oprm1 gene removes all the full length 7TM and the
1TM MOR-1 variants, leaving the expression of only the exon 11 variants. Crossing these
E1 KO mice with delta and kappa KO mice eliminated all the traditional mu opioid
receptors, leaving the expression of only the E11-associated 6TM variants. The elimination
of all 1251-IDAPP binding in the triple KO mice implied that both populations of 125]-DAPP
binding sites required 7TM sites.

Functional cellular assays

The endomorphins and IDAPP were potent and efficacious agonists in 3°S-GTPyS binding
assays (Table 4). In the transfected cell lines, they were quite efficacious against MOR-1,
with little effect in the kappa and delta cell lines. In E1/E11 KO brain membranes none of
the compounds stimulated 35S-GTPyS binding, consistent with the absence of 1251-IDAPP
binding and confirming their inability to stimulate 3°S-GTP+S binding through delta or
kappa receptors. In the brain, DAMGO stimulated binding equally well in both wildtype and
E11 KO mice. The maximal stimulation of IDAPP and of endomorphin 1 in wildtype mice
exceeded DAMGO and was lowered by almost 50% and by 80%, respectively, in the E11
KO membranes. These results were similar to the receptor binding studies. In the E11 KO
brain membranes, the maximal stimulation by all the compounds was similar. In the spinal
cord, we saw a greater stimulation of 3°S-GTP+yS binding by the endomorphins and IDAPP
compared to DAMGO. In addition to stimulating 3°S-GTP+S binding, all the peptides
stimulated p-arrestin —2 recruitment (Fig. 7), although they all showed lower maximal
values than DAMGO. DAPP stood out based upon its more than 100-fold lower EDsg than
the others, which was similar to its far greater potency stimulating 3°S-GTPyS binding
(EDsgg 0.45 £ 0.13; maximal increase over basal 186+3%.

Discussion

The Oprm1 gene is genetically complex, contributing to the variable efficacy and side effects
of different mu selective ligands. Endomorphin 1 and 2 are the only putative mu-selective
endogenous opioids (10). Prior reports suggested different mu receptor mechanisms for
endomorphin 1 and 2 and for DAMGO (18, 32, 33). Our results support these differences
and extend them to DAPP and IDAPP.
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Mu opioids were initially classified by their sensitivity towards antagonists (1, 34-37).
However, the availability of a panel of knockout mice now offers the ability to define opioid
actions at the level of the gene (Supplemental Table 1) (9, 16, 20, 30, 31). Morphine acts
through classical 7TM receptors, as demonstrated first by antisense approaches (22, 38) and
by a series of knockout mice (13, 15, 16, 39). However, morphine and methadone retain full
analgesic activity in exon 11 knockout mice that lack truncated 6 TM receptors but still
express 7TM mu opioid receptors (Supplemental Table 1) (20).

DAMGO displays a selectivity profile similar to morphine, retaining full activity in the E11
KO mouse and showing cross tolerance to morphine. On the other hand, the endomorphins
and their analogs had a very different profile, losing their analgesic activity in the E11 KO
mice. IDAPP also failed to show cross tolerance to morphine. Despite the importance of E11
variants in their activity, the peptides also are readily distinguished from IBNtxA (8, 9, 40,
41). IBNtxA is a potent analgesic acting through E11 mechanisms. Its actions are
independent of other opioid receptors, including delta, kappa and 7TM MOR-1 variants, as
demonstrated by its continued activity in triple KO mice. In contrast, endomorphin 1 and 2,
DAPP and IDAPP all require expression of exon 1-associated 7TM variants. Whereas
IBNtxA analgesia can be rescued in E11 KO mice by a lentivirus expressing the 6TM
variant mMOR-1G (9), neither DAPP nor IDAPP were rescued. However, the same
lentivirus could rescue the DAPP and IDAPP response in E11 KO mice that continued to
express 7TM variants. Antisense approaches further illustrated the need for both 6TM and
7TM variants for IDAPP activity. Antisense downregulation of exon 1-containing variants
lowered morphine, DAMGO and IDAPP analgesia. The importance of full length 7TM
variants was further established by the similar activity of the probe targeting the exon 1/2
splice junction. However, only IDAPP was affected by downregulation of the E11 variants.
Thus, endomorphin 1 and 2, DAPP and IDAPP do not fit into either the morphine or IBNtxA
category of mu opioids, implying a third category.

125.IDAPP binding studies further supported the possibility of a distinct site associated with
E11 variants. 1251-IDAPP binding levels in both brain and spinal cord wildtype membranes
were significantly higher than 3H-DAMGO in the same membranes. However, their binding
levels were equivalent in the E11 KO membranes, with 1251-IDAPP binding decreasing

to 3H-DAMGO levels in the E11 KO mice. This is consistent with two populations of 125]-
IDAPP sites, with one corresponding to the same classical mu sites labeled by 3H-DAMGO
and a separate population dependent upon 6TM variants. Both populations of 125|-IDAPP
binding sites depended on the mu opioid receptor gene Oprm since they both were lost in
the E1/E11 KO brains.

Several lines of evidence argue against the possibility that these binding differences reflect
agonist/antagonist conformational changes. The competition studies with 123|-IDAPP
revealed shallow Hill coefficients for a range of agonists. While agonist competitions often
are shallow against radiolabeled antagonists, 12°1-IDAPP is an agonist so a slope of unity
would be expected. Furthermore, the slope of the antagonist CTAP also was shallow (-0.5
+ 0.01), which would not be expected on the basis of agonist/antagonist conformations. To
further support this, CTAP competitions of the agonist 3H-DAMGO in brain membranes
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from C57 mice and cell lines expressing MOR-1 revealed the expected steep slopes (1.1
+0.1and -1.7 £ 0.09, respectively).

Thus, both behavioral and binding studies indicate an E11-dependent target for IDAPP and
the other endomorphin derivatives. How the 6TM and 7TM MOR-1 variants interact to
mediate endomorphin analgesia is unclear. Several possibilities might be considered. In one,
the 6TM may physically associate with the 7TM to form a heterodimer with a distinct
pharmacology. Alternatively, the 6TM may act downstream from the 7TM within the
analgesic circuit. This scenario could give similar binding results if 1251-IDAPP separately
labeled both the 7TM and a second downstream 6 TM target, which could even involve
distant regions such as spinal/supraspinal pathways. The increased binding of 1251-IDAPP
compared to 3H-DAMGO in wildtype mice and the reduction of 1251-IDAPP binding to 3H-
DAMGO levels in the E11 KO mice would be consistent with either possibility. Prior work
established the relevance of heterodimers involving single transmembrane domain (1TM)
and 6 TM variants (7). In transfected cell lines expressing both 6TM and 7TM variants, the
two co-immunoprecipitate, indicating that they can heterodimerize. However, the ability of
the variants to dimerize in transfected cells may not predict native conditions.

In conclusion, our findings extend our results implicating truncated Oprm1 6 TM variants in
analgesic mechanisms and suggest they may help explain many of the subtle, but important,
clinical differences among mu opioids (Table 5). 6TM variants are important in
differentiating different mu opioid receptor mechanisms. IBNtxA illustrates a compound
dependent only upon 6TM Oprm1 variants, while morphine and methadone act only through
7TM targets. The tetrapeptides endomorphin 1 and 2, DAPP and IDAPP reveal a third
category of mu opioid dependent upon both 6TM and 7TM variants. Prior work had
established that endomorphin 2 analgesia was lost in an exon 2/3 mu receptor knockout
mouse (17). Since both 6TM and 7TM variants contain exons 2 and 3, these mice
presumably would lack both sets of variants. Our E11 KO mouse findings, along with the
antisense mapping studies, extends this result to implicate both 6TM and 7TM variants.
Thus, we predict three classes of mu opioid analgesics. However, the importance of 6TM
variants extends beyond mu opioids (Table 5). Recent studies have implicated 6 TM variants
in the analgesic mechanisms of delta and kappa opioids, as well as a., adrenergic
compounds (21). Since these compounds also lose activity in knockouts of their respective
prototypic receptors, their analgesic mechanisms require expression of both 6TM Oprm1
variants and their respective receptors. Like the endomorphin tetrapeptides, however, the
molecular mechanisms remain unclear, with both direct dimerization or downstream
interactions within a circuit remaining possibilities. While the focus of these studies has
been on analgesia, 6TM variants may be involved in alternative actions, such as hyperalgesia
(42). Thus, truncated Oprm1 variants provide a diversity of action beyond the traditional
7TM GPCRs.

METHODS

Mice

Male CD-1, 129, and C57BI6/J mice (24-38 g) were purchased from Jackson Laboratories.
Male and female mice from a variety of knockout mouse models were utilized. Triple KO
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mice (29) lacked delta, kappa and 7TM mu opioid receptors, but still expressed 6TM
variants (Supplemental Table 1). They were obtained by cross breeding exon 1 mu receptor
KO mice (16) with delta receptor knockout and kappa opioid receptor knockout mice (29,
30). Littermates served as controls. Mice with a targeted disruption of exon 11 (E11 KO)
were generated and backcrossed over 10 generations into C57BI/6 (20). Wildtype C57BI/6
mice provided controls for this group. Mice lacking all variants generated from the mu
opioid receptor gene Oprm1 were generated by targeting both exon 1 and exon 11 (E1/E11
KO). This group was on a mixed 129/C57BI/6 background and littermates were used as
controls (9). Mice were maintained on a 12 h light/dark cycle with Purina rodent chow and
water available ad libitum and housed in groups of 4-5 until testing. Both male and female
mice were included and KO and wild type control mice were matched for sex and age.
Although not formally evaluated, no obvious sex differences were observed. All animal
studies were approved by the Institutional Animal Care and Use Committee (IACUC) of
Memorial Sloan Kettering Cancer Center and performed in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory Animals in an AAALAC
accredited facility.

Drugs and Chemicals

Opiates were obtained from the Research Technology Branch of the National Institute on
Drug Abuse (Rockville, MD). Endomorphin 1 and 2 were purchased from Tocris. TIPP was
purchased from Phoenix Pharmaceuticals. 2’,6’-Dmt-D-Ala-Phe-Phe-NH, (DAPP), 3-iodo-
Dmt-D-Ala-Phe-Phe-NH, (IDAPP) (43) and analogs were synthesized by Celtek Peptides
(Franklin, TN). Miscellaneous chemicals and buffers were purchased from Sigma-Aldrich.

3H-D-Ala2,N-MePhe4,Gly(ol)5]Enkephalin (DAMGO; 53.4 Ci/mmol) was received from
PolyPeptide Group (San Diego, CA). 1251-BNtxA was synthesized as previously described
(8, 44). 125]-IDAPP was synthesized (45) using chloramine T. DAPP was dissolved in
sodium phosphate buffer (50 mM, pH 7.4). Chloramine T (10 pL of a 1 mg/ml solution) was
added to 15 nmol DAPP (15 pl), sodium phosphate buffer (50 L, 50 mM, pH 7.4), and 1
mCi of Nal25| (Perkin-Elmer). The iodination reaction was quenched after 30 s with 100 pL
of 2 mg/mL cysteine in 50 mM sodium phosphate buffer. The contents of the reaction vial
were immediately injected onto a reverse phase HPLC C18 column (Thermo Scientific,
150x4.6mm, 5um) and run using a water-0.1% trifluroacetic acid/acetonitrile gradient, from
5% to 35% acetonitrile. The retention time of the desired product (final yield 17%) was 11
min and confirmed with a nonradioactive IDAPP standard (Supplemental Figure 1). Binding
was linear with tissue (Supplemental Figure 2) and mu selective based on competition and
saturation assays performed in various KO mouse tissues.

Binding Assays

Binding assays were performed in whole brain membrane homogenates or membranes from
cell lines stably transfected with MOR-1, DOR-1 or KOR-1 as previously described (8).
Assays were optimized to 25°C for 90 min in potassium phosphate buffer (50 mM, pH 7.4, 5
mM MgSO,) (Supplemental Figure 3) after which samples were filtered through glass-fiber
filters (Whatman Schleicher & Schuell, Keene, NH) and washed three times with 3 mL of
Tris-HCI, (50 mM, 00C, pH 7.7) on a semiautomatic Brandel cell harvester. For 3H-

ACS Chem Neurosci. Author manuscript; available in PMC 2017 December 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marrone et al.

Page 9

DAMGO assays, filters were transferred into vials containing Liquiscent (3 ml, National
Diagnostics, Atlanta, GA), and the radioactivity determined by scintillation spectroscopy in
a Tri-Carb 2900TR counter (PerkinElmer Life and Analytical Sciences). Nonspecific
binding was defined by levallorphan (8 uM) and was subtracted from total binding to yield
specific binding. Kp, Bmax, and K7values were calculated by nonlinear regression analysis
(GraphPad Prism, San Diego, CA). Data are reported as mean and S.E.M. of at least 3
independent replicates.

1251 1BNtxA binding in wild type mice examining at E11 binding sites was carried out in the
presence of mu [D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH, (CTAP)], kappa (U50,488H),
and delta (DPDPE) blockers (200 nM each) as previously described (8, 44, 46). Binding on
transfected cell lines used 1251-IBNtxA in the absence and presence of levallorphan (8 pM)
to define nonspecific binding. Membranes were prepared from CHO cells stably transfected
with mMMOR-1, mDOR-1 or mKOR-1as previously described (47). Protein concentrations
were determined using the Lowry method with BSA as the standard (48).

355-GTPyS binding was performed on membranes prepared from brain or spinal cord in the
presence and absence of the indicated peptide for 60 min at 30°C in the assay buffer (50 mM
Tris-HCI, pH 7.4, 3 mM MgCl,, 0.2 mM EGTA, and 10 mM NaCl) containing S-GTPyS
(0.05 nM), leupeptin, pepstatin, aprotinin, and bestatin (2 ug/mL each) and GDP (30 uM), as
previously reported (49). After the incubation, the reaction was filtered through glass-fiber
filters (Whatman Schleicher & Schuell, Keene, NH) and washed three times with 3 mL of
ice-cold 50 mM Tris-HCI, pH 7.7, placed into 3 mL of Liquiscent (National Diagnostics,
Atlanta, GA), and the radioactivity determined by scintillation spectroscopy. Basal binding
was determined in the presence of GDP and the absence of drug. Maximal stimulation and
ECgq values were calculated by nonlinear regression analysis (GraphPad Prism, San Diego,
CA). Data are reported as mean and S.E.M. of 3 independent replicates.

p-arrestin-2 assays

[-arrestin-2 recruitment was determined using the PathHunter enzyme complementation
assay (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 DAMGO, endomorphin 1, endomorphin 2, DAPP, or IDAPP 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,
Méannedorf, Switzerland).

Analgesia Assays

Analgesia was determined using the radiant heat tail flick technique (Ugo Basile; model
37360). The intensity was set to achieve a baseline latency between 2 and 3 s. The latency to
withdraw the tail from a focused light stimulus was measured electronically using a
photocell. Baseline latencies were determined before experimental treatments for all mice.
Post-treatment tail flick latencies were determined as indicated for each experiment, and a
maximal latency of 10 s for tail flick was used to minimize tissue damage. Tail flick
analgesia was assessed by percent maximal effect (%MPE) of tail flick latency according to
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the formula: %MPE = [(Observed latency - Baseline latency) / (10 - Baseline latency)] x
100. Similar results were obtained when data was analyzed quantally with analgesia defined
as a doubling of the baseline latency. Analgesic ED5g’s were determined using nonlinear
regression analysis (Graphpad Prism). All experiments were replicated 2-3 times with
similar results. Mice were allowed at least one week of wash out before being retested.

Peptides were delivered intracerebroventricularly (i.c.v.) as previously described (50).
Briefly, a small scalp incision was made under isoflurane anesthesia and compounds (2—4
uL/mouse) were injected using a 10 uL. Hamilton syringe fitted to a 27 gauge needle into the
right lateral ventricle at the following coordinates: 2 mm caudal to bregma, 2 mm lateral to
sagittal suture, and 2 mm in depth. Mice were tested for analgesia at peak effect (10 min)
following i.c.v. injections. DAMGO and IDAPP were also administered intrathecally (i.t.)
via lumbar puncture (1 pL) as previously described (51, 52). Mice were tested for analgesia
at peak effect (15 min) following i.t. injections.

Cross tolerance

Cross tolerance was performed as previously described (8, 41, 53). Groups of mice (n=15-
20) were implanted with subcutaneous morphine (75 mg) or placebo pellets while under
isoflurane anesthesia. All morphine pelleted mice reached tail flick cutoff values (10 sec) on
the day of implantation while none of the placebo pellet animals did. Morphine tolerance
was seen 72 hours later when the tail flick returned to baseline latencies of 2-3 s despite the
continued presence of the morphine pellets. The mice were randomly assigned to receive
either supraspinal IDAPP or DAMGO and analgesic dose responses were determined.

Antisense treatments

Groups of mice received the stated antisense (5-10 pg) or mismatch (5-10 ug)
oligodeoxynucleotide i.c.v. under isoflurane anesthesia on days 1, 3 and 5, as previously
described (21, 22, 38). Analgesia was tested on day 6. The antisense oligodeoxynucleotides
were based upon the mouse MOR-1 sequence and targeted either E1, the splice junction of
exons 1 and 2, or exon 11 (22) (Supplemental Table 2). The downregulation pattern of the
oligodeoxynucleotide antisense probes and a summary of their actions has been established
previously (Supplemental Table 3) (7, 21-23, 38).

Lentiviral Injections

Reconstitution of a 6TM variant, nNMOR-1G, was carried out using a lentivirus vector with
eGFP (enhanced GFP) with or without the mMMOR-1G cassette. Detailed methods have been
previously described (9, 21). In brief, lentiviral particles (1.5 x 10° transducing units in 4 pl)
were injected supraspinally to E11 KO mice on days 1, 3, and 5. Mice were tested for
analgesia at least 6 weeks later when mMOR-1G was at peak expression (9, 21). Widespread
expression of eGFP in the brain was observed 22 days after virus injection and 6TM variant
MRNA expression persisted for at least a year at levels similar to that in wildtype brain (9,
21).
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DAPP 2’,6’-Dmt-D-Ala-Phe-Phe-NH,
I DAPP 3-iodo-Dmt-D-Ala-Phe-Phe-NH,
CTAP D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH,
IBNtxA 3-iodobenzoyl-6p-naltrexamide

GPCR G-protein coupled receptor

7™ 7 transmembrane domain receptor generated from the mu opioid receptor
gene Oprml1

6TM 6 transmembrane domain receptor generated from the mu opioid receptor
gene Oprml1

MOR-1 variant generated from the mu opioid receptor gene Oprm1
DOR-1 delta opioid receptor clone generated from the OprdZ gene

KOR-1 kappa opioid receptor clone generated from the OprkI gene
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Exon 1
promoter

Exon 11
promoter

X

Figure 1. Schematic of three categories of mouse Oprml splice variants
Through alternative splicing, Oprm1 generates 7TM and 1TM variants through the exon 1

promoter and 6 TM variants through the exon 11 promoter, located approximately 30 kb
upstream of exon 1. Each class undergoes 3’ splicing to generate a diverse range of C-
terminals (shown by “X”). The major class produces traditional 7TM receptors containing
exons 1 (red), 2 (blue) and 3 (green) followed by unique collections of spliced exons
yielding unique amino acid sequences for each variant. The 1TM variants are also associated
with the exon 1 promoter and contain a single TM encoded by exon 1 with 3’ splicing to
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generate unique amino acid C-terminal sequences for each variant. The 6TM variants are
associated with the exon 11 promoter and contain exons 11 (purple), 2 (blue), 3 (green)
followed by unique collections of spliced exons yielding unique amino acid sequences for
each variant. In the mouse, exon 11 encodes a unique sequence of 27 amino acids, with the
exception of MOR-1K and mMOR-1L. Similar splicing schemes have been identified in
both rats and humans.
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Figure 2. Endomorphin and DAM GO analgesiain wildtype and exon 11 knockout mice
Groups of C57BI/6 wild type (WT) and exon 11 KO (E11 KO) (n=5-15) mice received

either supraspinal (i.c.v.) or spinal (i.t.) injections of the indicated drugs at the indicated
doses. All experiments were performed 2-3 times to ensure reproducibility and groups were
pooled to determine responses. EDgq (95% confidence limits) are reported. The analgesic
responses were insufficient to determine ED5gs in the E11 KO mice for all compounds with
the exception of DAMGO. Comparisons between wildtype and E11 KO for all drugs with
the exception of DAMGO were made at a single drug dose and P values were determined by
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Students t-test. (a) Endomorphin 1 (EM1, i.c.v.) WT EDsgq 3.39 pg (1.9, 6.3), p=0.0014 (b)
Endomorphin 2 (EM2, i.c.v.) WT EDsq 1.14 ug (0.21, 5.8), £=0.0001 (c) DAPP (i.c.v.) WT
EDsp 0.10 pg (0.01, 0.83), p=0.0004 (d) IDAPP (i.c.v.) WT EDsgp 1.15 pg (0.44, 3.14),
£=0.009 (e) IDAPP (i.t.) WT EDsq 1.72 pug (0.09, 32.25), p=0.026 (f) DAMGO (i.c.v.) WT
EDs5p 0.13 pg (0.02, 0.75) versus E11 KO EDsgj 0.23 pg (0.10, 0.49), p=0.24.(g) DAMGO
(i.t.) WT EDsq 0.02 pg (0.001, 0.21) versus E11 EDsg 0.27 ug (0.04, 1.81), p<0.05.
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a) Groups of E1/E11 KO knockout mice and littermate control 129/C57BI/6 wild type (WT)
mice (n=5-10) were tested for analgesia following i.c.v. injections of DAMGO (1.2 ug),

DAPP (3 ug), or IDAPP (12 ug). The third group comprised E1/E11 KO mice (n=3-4)
previously treated with a lentivirus containing a cassette to express the 6TM variant
mMOR-1G (E1/E11 KO + lentivirus) given i.c.v. at least 6 weeks previously (9, 21).
Significance was determined with two-way ANOVA (F 49=46.33, p<0.0001) with
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Bonferroni post hoc analysis. The two knockout groups were significantly different from
wildtype, but not from each other. *p<0.05, **p<0.01, ***p<0.0001

b) Groups of E11 KO and C57BI/6 wild type (WT) mice (n=6-10) were tested for analgesia
after receiving i.c.v. DAPP (3 pg) or IDAPP (12 pg). The third group comprised E11 KO
mice (n=8) previously treated with a lentivirus containing a cassette to express the 6TM
variant nMOR-1G (E11 KO + lentivirus) given i.c.v. at least 6 weeks previously (9, 21).
Significance was determined with two-way ANOVA (F; 43=12.32, p<0.001) with Bonferroni
post hoc analysis. For both DAPP and IDAPP the E11 KO groups were significantly
different from both the WT and from the E11 KO + lentivirus groups, which were not
different from each other. *p<0.05, **p<0.01
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Figure 4. Effect of antisense knockdown of 7TM and 6TM variantson I DAPP analgesia
Groups of CD-1 mice (n=9-24) were injected with antisense oligodeoxynucleotides

targeting exon 1 (E1 Antisense) (a), the splice junction of exons 1 and 2 (E1/2 Antisense)
(b), exon 11 (E11 Antisense) (c), or mismatched (Mismatch) control oligodeoxynucleotides
i.c.v. ondays 1, 3, and 5. On day 6, mice received i.c.v. morphine (0.75 ug), DAMGO (0.6
1g), or IDAPP (1.2 ug) and were tested for analgesia. Control mice only received the opioid.
All experiments were performed 3 times independently to ensure reproducibility and results
pooled for analysis. Significance was determined by two-way ANOVA (E1: F; 115=48.76,
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<0.0001; E1/2: F3 136=19.8, p<0.0001; E11: F; 9g=2.3, p=0.10) with Bonferroni post hoc
analysis. Asterisks indicate significance from antisense groups. Control and mismatch
controls did not significantly differ from each other. *p<0.05, **p<0.01, ***p<0.001,
**xx n<0.0001
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Figure 5. DAMGO and | DAPP analgesiain morphinetolerant mice
Groups of CD-1 mice (n=15-20) were implanted with morphine (75 mg free base) or

placebo pellets. At 72 hr tail flick latencies returned to baseline values of 2-3 s, confirming
the development of morphine tolerance at which point mice received i.c.v. a) DAMGO or b)
IDAPP at the indicated dose and were tested for analgesia. Data are presented as %MPE at

indicated doses, and EDgq values (mean + SEM of 3 replicate experiments) were compared
using Student’s t-tests. EDgq values for DAMGO were 0.04 + 0.02 pg and 1.5 + 0.47 pg for
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placebo and morphine groups, respectively (p<0.05). EDsq values for IDAPP were 0.11
+0.06 ug and 0.05 £ 0.01 ug for placebo and morphine groups, respectively (n.s.).

ACS Chem Neurosci. Author manuscript; available in PMC 2017 December 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Marrone et al.

A

* WT

20,000

10,000

Specific Binding (cpm)

30,0001 ® E11 KO

Page 25

W
(@

o WT é
30,000{ 1 Triple KO

@ Mixed Background WT
W E1/E11KO

10,000
5

20,000

5,000
10,000

Specific Binding (cpm)
( 2]
Specific Binding (cpm)

0
0.0

0
00 02 04 06 08 10
125.1DAPP (nM)

0.
0.4 0.8 1.2 0.0 0.2 0.4 0.6
'2.IDAPP (nM) 125 IDAPP (nM)

Figure 6. 125/ pAPP saturation binding studiesin E11, EVE11 and triple KO brain
1251 | DAPP saturation studies were carried out on brain membranes from a) wild type (WT)

and exon 11 KO (E11 KO) mice, b) E1/E11 KO and control mixed background mice, and c)
triple KO and control wildtype mice. Only specific binding is reported. Experiments were
replicated at least 3 times. Kp and B4, Were determined by nonlinear regression analysis
(GraphPad Prism), and the means + SEM of replicates were determined. Kp values were
best fit with a single site. a) Wild Type C57Bl/6: K5 0.5 £ 0.1 nM, B4 210 £ 5 fmol/mg;
Exon 11 KO: Kp 0.5+ 0.1 nM, Bpax 112 + 18 fmol/mg (t-test, p<0.01); B) Wild type 129/
C57BIl/6: Kp0.4 £ 0.1 nM, Bsax 89 £ 27 fmol/mg, Exon 1/Exon 11 KO: Kpand Byjax
Not detectible; C) Wild type C57BI/6: Kp=0.4 £ 0.03 nM, B ;2= 203 + 13 fmol/mg,
Triple KO: Kpand B4 x Not detectible.
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Figure 7. Recruitment of B-arrestin-2 by opioid peptides

B-arrestin-2 recruitment was determined using the DiscoveRx PathHunter enzyme
complementation assay as described in Methods. At least 3 independent experiments were
performed with figures representing mean + SEM of independent determinations.
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Table 3

Competition of 125]-IDAPP binding in mouse brain

Compound Kj(nM) | Hill Slope
Morphine 08+02 | -06+0.1
Methadone 14+04 | -0.7x0.1
M6G 07+03 | -06+0.1

Buprenorphine

02+01 | -06+0.1

CTAP

11+£03 | -05+£0.1

DAMGO

12+05 | -09+0.1

Endomorphin 1

16+05 | -0.7+£0.1

Endomorphin 2

21+08 | -05+0.1

SNC80 >1,000
Naltrindole >1,000
U50,488H >1,000
NorBNI >1,000

Page 29

Competition assays were performed at 0.1 nM 1251 pAPP in C57/BI6 brain homogenates in the absence of blockers. Data represent mean + SEM
of at least 3 determinations of the Ki value. Ki values and Hill slopes were calculated using GraphPad Prism.
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Summary of the involvement of OprmZ variants in mu opioid analgesia

Table 5

MOR -1 Variants Drug Non-mu opioid | Reference

required for analgesia receptor

7™ Morphine (8, 20)
Methadone (8, 20)
DAMGO Figs. 2,3,4

7TM + 6TM Buprenorphine (54)
Endomorphin 1 Fig. 2
Endomorphin 2 Fig. 2
DAPP Figs. 2,3,4
IDAPP Figs. 2,3,4
DPDPE Delta opioid (21)
SNC80 Delta opioid (21)

6TM IBNtxA Unknown (8, 40, 46)
Ketocyclazocine Kappa opioid (21)
U50,488H Kappa opioid (21)
Salvinorin A Kappa opioid (21)
Clonidine a,-adrenergic (21)
Dexmedetomidine | a,-adrenergic (21)
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Summary of the requirements of a series of analgesics for various classes of Oprm1 variants based upon analgesia in either knockout models and/or
antisense models. Mu analgesics can be subclassified based on their requirements for MOR-1 splice variants. The first category includes drugs that
require 7TM variants independent of 6TM variants. The second category requires both 6TM and 7TM variants to be expressed for activity. For the
third class of drugs, 6TMs are both necessary and sufficient for activity (e.g. IBNtxA). No non-opioid receptor that is involved with IBNtxA
analgesia has yet been identified, but this remains a possibility. A number of non-opioid analgesics that depend upon Oprm1 6TM variants for
activity also require their respective non-mu opioid receptor, as indicated in the third column. Delta compounds are unique in that they require both
6TM and 7TM Oprm1 variants as well as delta opioid receptors. It is not clear whether the 6TM variants play a direct role in the targets for these

non-mu analgesics (e.g. heterodimerization) or modulate the response through downstream mechanisms
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