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Abstract: Opioid analgesics such as morphine and fentanyl induce mu-opioid receptor (MOR)-
mediated hyperactivity in mice. Herein, we show that morphine, fentanyl, SR-17018, and oliceridine
have submaximal intrinsic efficacy in the mouse striatum using 3*S-GTPyS binding assays. While
all of the agonists act as partial agonists for stimulating G protein coupling in striatum, morphine,
fentanyl, and oliceridine are fully efficacious in stimulating locomotor activity; meanwhile, the
noncompetitive biased agonists SR-17018 and SR-15099 produce submaximal hyperactivity. Moreover,
the combination of SR-17018 and morphine attenuates hyperactivity while antinociceptive efficacy is
increased. The combination of oliceridine with morphine increases hyperactivity, which is maintained
over time. These findings provide evidence that noncompetitive agonists at MOR can be used to
suppress morphine-induced hyperactivity while enhancing antinociceptive efficacy; moreover, they
demonstrate that intrinsic efficacy measured at the receptor level is not directly proportional to drug
efficacy in the locomotor activity assay.
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1. Introduction

Opioid analgesics such as morphine induce hyperlocomotion in addition to antinoci-
ception in rodents [1-3]; both effects result from MOR activation, as demonstrated by
the lack of response to opioid agonists found in MOR-KO mice [4,5]. The MOR is a G
protein-coupled receptor (GPCR) primarily known for activating inhibitory Ge;,/,, proteins.
It also interacts with scaffolding proteins, such as Barrestins, to regulate and modulate
receptor activity. Previous work using Parrestin2-knockout (Barrestin2-KO) mice showed
that morphine induced greater antinociception in the absence of Parrestin2, with less devel-
opment of tolerance [6,7]. The Parrestin2-KO mice also displayed less morphine-induced
hyperactivity [8,9]. Recently, we described a series of structurally related MOR-selective
agonists that displayed a preference for inducing MOR-G protein signaling over 3arrestin2
recruitment [10]. From this series of compounds, SR-17018 was shown to produce antinoci-
ception with minimal respiratory suppression in mice [10,11] and Rhesus monkeys [12].
Moreover, chronic treatment with SR-17018 did not produce tolerance in the hot plate,
formalin, or paclitaxel-induced neuropathic pain models in mice [13,14].

In this study, we sought to compare the effects of the noncompetitive biased MOR ago-
nists to clinically used opioid agonists with different degrees of intrinsic efficacy. SR-15099
and SR-17018 were selected because they showed a wide degree of “bias” between G protein
signaling (**S-GTPyS binding) and Barrestin2 recruitment (enzyme fragment complemen-
tation, EFC), and because they were shown to be readily delivered to the brain following
systemic injection and have a half-life of over 6 h in mice [10]. Recently, we showed
that these compounds are noncompetitive agonists at MOR using 3H-diprenorphine and
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3H-naloxone radioligand binding assays and mouse brainstem GTPyS binding assays [15].
In that same study, we showed that oliceridine, which has been reported to display a
preference for G protein signaling (CAMP accumulation studies) over Barrestin2 (EFC)
recruitment [16], is competitive with DAMGO [15]. The present study was undertaken
to determine whether G protein signaling-biased agonists produce hyperactivity and if
co-administration with morphine would produce additive or competitive effects.

Herein we show that the efficacy observed in G protein signaling (3S-GTPyS binding
in striatum) does not predict the propensity to induce maximal hyperactivity. While they
are as efficacious as morphine and fentanyl in striatal membrane GTPyS binding assays, SR-
15099 and SR-17018 produce very little hyperactivity, in contrast to morphine and fentanyl.
Moreover, despite having the lowest intrinsic efficacy of the group, oliceridine produces
peak hyperactivity to a similar degree as fentanyl and morphine. In combination with
morphine, low doses of oliceridine lead to increases in hyperactivity. However, SR-17018
attenuates morphine-induced hyperactivity while potentiating antinociceptive efficacy.
Overall, we describe a paradoxical relationship wherein the noncompetitive G protein
biased agonist, SR-17018, can differentially modulate morphine-induced behaviors in vivo.

2. Materials and Methods
2.1. Animal Care and Use

Adult C57BL/6] and MOR-KO mice were purchased from The Jackson Laboratory
(C57BL/6] Stock No: 000664 and MOR-KO ((B6.129S2-Oprm1/™1Xff /T) Stock No: 007559)
and propagated by homozygous breeding. A total of 613 male C57BL/6], 37 female
C57BL/6], and 44 male MOR-KO mice were utilized for the studies. All experiments used
naive adult mice aged 10-16 weeks. For male mice, weights ranged between 23 and 35 g,
and for females, it ranged from 17 to 26 g. Male and female C57BL /6] experiments were
separated and presented accordingly where indicated. Approximately 80% of the C57BL/6
mice were acquired from Jackson Labs, while the remaining 20% originated from the lab’s
vivarium space. The mice were group-housed (3-5 mice per cage) with 1/4” corncob
bedding and maintained on a 12 h light/dark cycle with food and water ad libitum. The
numbers of mice used per treatment and experiment are included in the figure legends.
The use of all mice followed the National Institutes of Health Guidelines for the Care and
Use of Laboratory Animals, with approval by UF Scripps Biomedical Research Animal
Care and Use Committee.

2.2. Compounds

Morphine sulfate pentahydrate was acquired from the NIDA Drug Supply Program
or purchased from Millipore Sigma or Spectrum Chemicals. Fentanyl citrate, naloxone
hydrochloride dihydrate, and dextroamphetamine (-AMPH) hemisulfate were purchased
from Millipore Sigma. Oliceridine hydrochloride (TRV-130) was purchased from MedKoo
Biosciences. SR-17018 and SR-15099, as mesylate salts, were synthesized at Scripps Research
as previously described and validated by NMR for purity greater than 95%. DAMGO
[D-Ala2, N-Me-Phe4, Gly5-ol]-Enkephalin (trifluoroacetate salt) was purchased from Tocris.
For the in vitro studies, test compounds were prepared as 10 mM stocks in 100% dimethyl
sulfoxide (DMSO, Thermo Fisher Scientific, Waltham, MA, USA) and stored at —20 °C
in 10 pL aliquots to avoid repeated freeze—thaw cycles, while DAMGO was prepared as
10 mM stocks in sterile water. SR-17018 is difficult to solubilize; therefore, extra care was
taken with DMSO to assure purity. Since DMSO is hygroscopic, it was aliquoted in glass
bottles and kept at 4 °C before use (pure DMSO is solid at 4 °C).

2.3. Drug Solutions Preparation

All experiments were conducted by investigators blinded to treatment assignments by
a different experimenter. SR compounds were dissolved from a powder immediately before
use in vehicle 1:1:8 (10%DMSO (first):10%Tween-80 (second): then 80% sterile water) and
administered intraperitoneally (i.p.). Conventional opioids and d-AMPH were either made



Biomolecules 2023, 13, 935

30f16

in the 1:1:8 vehicle or saline, as indicated. Morphine sulfate, fentanyl citrate, oliceridine,
naloxone, and d-AMPH solutions were prepared based on the salt weight of the drug, while
the mesylate salts used for the dosing of the SR compounds were adjusted for the free base
weight as previously described [10,13]. All compounds were prepared right before use and
administered at volumes of 10 uL/g mouse weight. For co-administration studies, two
consecutive injections were given on alternating sides.

2.4. 35-GTP+S Binding Assay in Mouse Striata

The striatal membrane G protein coupling assays were conducted as previously de-
scribed [10,15,17], with minor modifications. Striata isolated from untreated C57BL /6]
(10-16 weeks old) male mice were homogenized by a tissue tearer and glass-on-glass
homogenization in membrane buffer (10 mM Tris-HCI pH 7.4, 100 mM NaCl, 1 mM EDTA),
passed through a 26-gauge needle (insulin syringe) 8 times, and resuspended in assay
buffer (50 mM Tris-HCl pH 7.4, 100 mM NaCl, 5 mM MgCl,,1 mM EDTA, and 20 uM
GDP). For each reaction, 2.5 ug of membrane protein per well was incubated in assay
buffer containing ~0.1 nM of 3S-GTPyS, with increasing concentrations of the agonist
to a total volume of 200 uL, for 2 h at room temperature. The reactions were terminated
through filtration with GF/B filters (PerkinElmer, Waltham, MA, USA) using a 96-well
plate harvester (Brandel Inc., Gaithersburg, MD, USA). Filters were dried overnight, and ra-
dioactivity counts were measured using a TopCount NXT HTS microplate scintillation and
luminescence counter (PerkinElmer). In all cases, assays were performed in duplicate or
triplicate, and technical replicates were averaged into single data points before combining
assays between days to generate means with errors. The ECsy, IC5), and Enax values were
determined via nonlinear regression using GraphPad Prism 9.0 software when convergence
was obtained. Each n represents 1 mouse.

2.5. Locomotor Activity

The Versamax Animal Activity Monitoring System [20 x 20 cm?] (Accuscan Instru-
ments, Columbus, OH, USA) was used to assess open field locomotor activity as previously
described [8]. The system consisted of a photocell-equipped automated open field chamber
contained inside sound-mitigating boxes to record locomotor activity. The Versamax open
field activity monitor (20 x 20 cm?, Accuscan Instruments, Columbus, OH, USA analyzed
with Versadat Software v. 2.61) recorded the total number of beam breaks made per animal,
and these were collected in 5 min intervals. Mice were individually placed into the activity
monitoring boxes for 30 min to habituate (except where indicated) to the new environment,
and their basal activity was recorded. Following habituation, for each drug tested, the
recording of activity was paused and animals were removed, injected, and immediately
put back into the activity boxes to continue to monitor opioid-induced locomotor activity
over the indicated times.

2.6. Opioid—Opioid Interactions in the Acute Thermal Antinociceptive Responses

Antinociceptive responses to thermal stimuli were determined according to previously
published protocols [10]. Mice were placed in a Plexiglass chamber (16” tall, 8” in diameter)
on a ceramic plate heated to 52 °C (hot plate test; Hot plate Analgesia Meter, Columbus
Instruments, Columbus, OH, USA). Basal nociceptive responses were determined by timing
the amount of time until a mouse licks or flutters its fore- or hind-paws, rapidly steps, or
jumps. To avoid tissue damage, we imposed a ceiling time of 20 seconds for the hot plate.
Antinociceptive responses were collected at the indicated time points immediately follow-
ing injection. Data are presented as “% maximum possible effect”, which was calculated by
(response latency — baseline)/(maximal response cutoff latency — baseline) x 100%.

2.7. Software and Statistical Analysis

Data are presented as the average of the mean + SEM or as the mean with 95% confi-
dence intervals, as indicated. Data were analyzed utilizing GraphPad Prism version 9.1
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(for Mac, GraphPad Software, San Diego, CA USA). For GTPyS binding, the radioactivity
counts were normalized to the baseline, and a maximum response produced by DAMGO
and a 3-parameter nonlinear regression analysis was applied to obtain the efficacy and po-
tency of the compounds. Two-way repeated measures ANOVA tests were used to compare
time course-dependent dose effects, and an ordinary one-way ANOVA test followed by
a Sidak’s multiple comparison post hoc analysis were used to compare the total distance
traveled for drug effect (sums). The two-way RM-ANOVA results are shown as data table
inserts into figures, and the results of the one-way ANOVA are indicated by symbols in the
figures. Significance was determined using alpha = 0.05.

3. Results
3.1. Evaluation of the Intrinsic Efficacy and Competitive Nature of Partial Agonists in Mouse
Striatal Membranes

DAMGO, an enkephalin analog, is a full agonist for stimulating 3°S-GTPyS binding in
mouse striatal membrane preparations, while morphine, SR-17018, and fentanyl produce
submaximal stimulation (Figure 1A). Oliceridine and fentanyl are known agonists at MOR;
however, in this endogenous setting, they produced no measurable stimulation (oliceridine)
or only modest stimulation (fentanyl). A low-efficacy agonist will antagonize the effects
of a full agonist down to the level of activation that the partial agonist produces; stimu-
lation with 3.2 uM DAMGO provided a large enough window for inhibition by fentanyl
(Figure 1B). Since oliceridine did not produce a measurable stimulation on its own, a lower
(1 uM) concentration of DAMGO could be used for the inhibition curve. This was to ensure
that the oliceridine inhibition curve was not excessively shifted rightward (Figure 1C).
Although SR-17018 is also a partial agonist (48%) in striatum, it is noncompetitive, as it
did not antagonize a 1 uM stimulation by DAMGO in the striatal membranes (Figure 1D).
This agreed with the observations made in MOR-expressing CHO cells and in the mouse
brainstem, where SR-17018 was characterized as a noncompetitive agonist by competition
studies using functional assays and radioligand binding; this work also showed a lack of
agonist-induced GTPyS binding in MOR-KO mouse brainstem membranes [15]. Taken
together with the prior study, SR-17018 acts as a noncompetitive partial agonist at MOR,
whereas oliceridine and fentanyl act as competitive partial agonists in the mouse striatum
and brainstem.

3.2. Comparison of Locomotor Activity by Different Opioid Agonists

Fentanyl, morphine, and oliceridine induced hyperactivity relative to the vehicle
(Figure 2A—C, interaction of time and treatment, p < 0.0001) as previously reported [1-3,18].
SR-17018, as well as the structurally related partial and biased noncompetitive agonist,
SR-15099, which was shown to be a noncompetitive partial agonist in transfected cells
and in the mouse brainstem [15], also produced an increase in locomotor activity over
time compared to the vehicle (Figure 2D,E, interaction, p < 0.0001). However, the modest
stimulation induced by all doses of SR-15099 and SR-17018 was lower than that seen with
the clinical analgesics, which can be visualized by comparing the maximally efficacious
doses (Figure 2F). Since the timing of peak drug effects can reflect differential pharmacoki-
netic properties (fentanyl and oliceridine having a faster onset and clearance relative to
morphine, SR-17018, and SR-15099 [10,16]), statistical analysis over time was not applied.
No hyperactivity was observed in MOR knockout (MOR-KO) mice at the highest doses
tested (Figure S1).
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Figure 1. Evaluation of intrinsic efficacy of partial agonists of MOR in mouse striatum membranes
by 355.GTPyS binding. (A) Morphine (Emax 41 (35-48)%; EC5p:122 (50-298) nM, n = 9), fentanyl
(Emax: 39 (31-47)%; ECs(:151 (56-358) nM, n = 6); oliceridine (ECsp: not converged, n = 4), and
SR-17018 (Emax: 48 (48-58)%, ECsp: 119 (105-128) nM, n = 5), are partial agonists relative to DAMGO
(Emax: 100%, ECs5p 290 (218-394) nM, n = 13). Partial agonist competition with full agonist activity
can be observed for (B) fentanyl (+3.2 uM DAMGO: ICs: 171 (50-520) nM, n = 3) and (C) oliceridine
(+1 uM DAMGO: ICs5q 203 (95% CI: 79-500) nM, n = 4), but not for (D) SR-17018. DAMGO was run
in parallel on each plate, and ICsg calculations were constrained to the % stimulation obtained by
DAMGO at the competitive dose on the plate; the mean of all the DAMGO curves is shown in A. The
mean DAMGO stimulation was 1.41 & 0.03 times higher than the baseline (1206 £ 252 cpm). Data
are presented as mean = SEM and 95% Cl in the graphs and parameters.
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Figure 2. Comparison of locomotor activity by different opioid agonists. Locomotor activity using

the open field locomotor boxes, measuring total distance traveled (cm/5 min) with increasing doses
of (A) fentanyl, (B) morphine, (C) oliceridine, (D) SR-15099, and (E) SR-17018 in C57BL6/] males. A
vehicle cohort is shown for comparison between each group. Basal locomotor activity was recorded

for 30 min, followed by injection with the vehicle or test compound, and activity was monitored for
90 additional minutes. All compounds were dissolved in vehicle 1:1:8 (10%DMSO:10%TWEEN80:80%
sterile water). (A—E) Time course of total distance traveled (cm/5-min) (left) and total distance sums

after treatment (cm/35-120 min) (right) are presented. Doses are indicated in the figure (mg/kg,

i.p.). Two-way RM-ANVOA analyses for the time course data are presented in the statistical table

within the figure. The figures denoting the sum of distance traveled are shown as individual sums

per mouse and as mean £ SEM. For the sums, statistical comparisons to the vehicle was performed by
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ordinary one-way ANOVA, followed by Dunnet’s post hoc comparison test (** p < 0.01; *** p < 0.001;
**** p < 0.0001). (F) Time course comparison of the maximum dose effect of all tested compounds.

Data are presented as mean + SEM of the total distance (cm/5 min).

3.3. Sensitization following Chronic Opioid Exposure

Daily drug administration was continued in the mice as shown in Figure 2 for
6 days at the indicated doses, and mice were again assessed for opioid-induced loco-
motor activity on the seventh day at the same dose (Figure 3). As anticipated, fentanyl
(Figure 3A) and morphine (Figure 3B) produced enhanced responses after chronic dosing
(day effect: fentanyl: p = 0.0004; morphine: p < 0.0001). Since oliceridine (Figure 3C) has
a more transitory effect, due to its pharmacokinetic properties [18], the analyses were
compared for the first 30 min after injection. During that period, sensitization was also
observed following chronic daily dosing (day effect: p = 0.0461). Chronic treatment with
SR-17018 (Figure 3D) and SR-15099 (Figure 3E) did not produce sensitization; moreover,
daily administration of SR-15099 led to a modest, yet significant, decrease in locomotor
activity on day 7 (day effect: p = 0.0179) over 90 min. Chronic vehicle treatment did not
affect activity (Figure 3F). Individual mouse analyses for the sum of distance traveled is
compared by one-way RM-ANOVA over 90 min (Figure 3G) and 30 min (Figure 3H) post-
injection. Previously, we determined that high daily doses of SR-17018 (24 mg/kg) lead to
precipitation at the site of injection [13]; therefore, we verified, as shown in Figure 31, that
the plasma and brain concentrations of SR-15099 and SR-17018 did not differ between the
first and seventh days of testing (unpaired two-tailed t test), suggesting that the compounds
had access to the brains of the mice, although no sensitization occurred.

3.4. SR-17018 Attenuates Morphine-Induced Locomotor Activity

Since the peak effect of SR-17018 plateaus at a submaximal level relative to morphine,
we asked what impact the combination of SR-17018 and morphine would have on the
ambulatory behaviors of mice. Given that the SR-17018 brain distribution peaks between
30 and 120 min [10,13], mice were pretreated 30 min prior to morphine administration
with SR-17018 or vehicle. SR-17018 (6 mg/kg, i.p) had no discernable impact on morphine
(6 mg/kg, i.p.)-induced hyperactivity compared to morphine with vehicle pretreatment
(Figure 4A, drug effect, p = 0.2550, Figure 4B for comparison of total distance). At higher
doses of morphine, SR-17018 dose-dependently attenuated locomotor activity induced
by morphine (Figure 4C-H; see inserted table for a summary of the pretreatment’s effect
on statistical analyses of second treatments). Notably, the combination of SR-17018 and
morphine produced a sustained lower level of hyperactivity, which remained consistently
higher than the activity produced in the vehicle + saline-treated controls (Figure 4B,E,H:
SR-17018 + morphine vs. vehicle + saline, ordinary one-way ANOVA: p < 0.0001).

To further investigate the nature of the inhibitory effect, we tested whether SR-17018
could modulate activity produced by a psychostimulant, d-amphetamine. A combination
of opioids and psychostimulants typically potentiates hyperactivity in mice [19,20] due
to the combination of converging mechanisms that induce dopamine release [20,21]. As
anticipated, morphine pretreatment enhanced d-amphetamine-induced locomotor activity
compared to vehicle pretreatment (Figure S2A, interaction of time and drug: p < 0.0001);
pretreatment with SR-17018 also enhanced amphetamine-induced hyperactivity (Figure
52B, interaction of time and drug; p < 0.0001). These observations suggest that SR-17018
does not act by a MOR-independent means of sedating mice, and that it can still potentiate
the effects of a stimulant such as morphine.

When administered 30 or 60 min after morphine, SR-17018 decreased morphine-
induced hyperactivity (Figure S3A,B, two-way RM-ANOVA interaction of time and dose
at 30 min (p = 0.0002); and at 60 min (p = 0.0032) post-treatment relative to morphine
+ vehicle; see table in Figure S3 for post hoc analysis). In all cases, SR-17018 decreased
morphine-induced hyperlocomotion to a level approaching stimulation with SR-17018
alone (Figure S3A,B). On the other hand, naloxone fully antagonized morphine-induced
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locomotor activity to resemble saline + saline-induced activity levels (Figure S3C, two-way
RM-ANOVA, interaction of drug and time: morphine + saline vs. morphine + naloxone:
p < 0.0001; morphine + naloxone vs. saline + saline, p = 0.1106). This demonstrates an
important difference between SR-17018 and naloxone, while naloxone serves as a competitive
antagonist and blocks all of morphine’s effects, SR-17018 appears to act as a partial agonist
in vivo, where its own activity is maintained while tempering the effects of morphine.

A. Fentanyl (0.5 mg/kg/day) B. Morphine (24 mg/kg/day) C. Oliceridine (3mg/kg/day)
i n @
%3,000 e '§ 3,000 - £3,000 Doy 1
£ £ £
£ 2,500 € 25001 & Dav ! £ 2,500 . a
) ) 0 Day 7
£ 2,000 £ 2,000 £ 2,000
s s S
31,500 g 1,500 31,500
g 1,000 g 1,000 g 1,000
‘g 500 g 500 g 500
] 380904 § 8
z O \ : : oz 0 \ : : T A : ‘ ;
e 0 30 60 90 120 © 0 30 60 20 120 © 0 30 60 90 120
Time (minutes) Time (minutes) Time (minutes)
D. SR-15099 (12 mg/kg/day) E. SR-17018 (12 mg/kg/day) F. Vehicle
] g ]
£ < 3,000 £ 3,000
é 3,000 v Day 1 é & Day1 é - o gay1
2,500 v Doy? E 2,500 © Day7 E2 * Day7
E 2,000 E 2,000 £ 2,000
S 8 8
51,500 1,500 5 1,500
21,000 . & 1,000 —_— g 1,000
it = Goveoes = ns
8 5009, ... oyvivvegey § 500 23306 28 g&&e g 5007 —
g 0 Vvv—z—vziﬂ— —?ﬂV§VH"H ¥ _‘% 04 im ‘ ‘ ‘ g o8% :& : y ohe
e 0 30 60 20 120 B 0 30 60 20 120 © 0 30 60 90 120
Time (minutes) Time (minutes) Time (minutes)
G. Sum (35-120 min post drug) H. Sum (35-60 min post drug) I. Levels of drug after 60 min
2 = 1 .
£ 80,0004 e 8 e (5527 00.0003 ¢, & in sR-15080
ay ay i *k a a .
E 60,000 - . E 20,000 i VD .V < Brain SR-17018
S 40,0004 / S B =
S 200001 o 2 15,000 — g10,0004 S
920,000 7 ¢ 3 o E - —~g
§ 15,0001 . 5 10,000 2 -
8 10,0004 - 8 & 1,000 $———
s - g £ 5,000 ¥ Plasma SR-15099
g 50007 § 8 o + Plasma SR-17018
5 07“g v g o4-8=b. e A
o N [ N
L Q& PN S @ ¢ > ) 1 7
FLFFE S AP RS Day
G g S T8
Sensitization Day 1 vs Day 7 Two-way RM ANOVA
) ) ) F (DFn, DFd) F (DFn, DFd)
Figure Treatment Time (min) (Minutes x Days) p-Value (Day 1v Day 7) p-Value n
3A Vehicle 35-120 F(6.949,118.1)=1.808 0.0924 F(1,17)=04257 05228 21
3B 0.5 Fentanyl 35-120  F(1.975,11.85)=9.148  0.004 F(1,6)=52.53 0.0004 7
3C 24 Morphine 35-120 F (2.562,30.75) =9.449 0.0003 F(1,12)=41.13 <0.0001 14
3D 3 Oliceridine 35-60 F (2.049,12.29)=10.89 0.0018 F(1,6)=6.286 0.0461 1
3E 12 SR-15099  35-120  F(2.077,10.39)=2.793  0.1057 F(1,5)=12.02 0.0179 6
3F 12 SR-17018 35-120  F(2.563,12.82)=2.909  0.0814 F(1,5)=0.3885 05604 12

Figure 3. Repeated daily dosing of SR-17018 and SR-15099 did not lead to locomotor sensitization
observed with fentanyl, morphine, and oliceridine. The mice from Figure 2 (at the corresponding
drug and dose) were treated daily with (A) fentanyl (0.5 mg/kg, i.p.); (B) morphine (24 mg/kg,
i.p.); (C) oliceridine (3 mg/kg, i.p.); (D) SR-15099 (12 mg/kg, i.p.); (E) SR-17018 (12 mg/kg, i.p.) or
(F) vehicle. On day 7, mice were challenged i.p. with the same dose, and locomotor activity was
assessed over 90 min following 30 min of habituation. The data are presented as mean + SEM of
the total distance (cm/5 min). (C) The sums of cumulative distance traveled (over 35-120 min) or
(D) (over 35-60 min) after treatment, comparing Day 1 vs. Day 7, are presented. A statistical
comparison over time using 2-way RM-ANOVA is indicated in (A-F) (see inserted table for statistics),
and for (G,H) by paired Student’s t-test (* p < 0.05; ** p < 0.01 *** p < 0.001; **** p < 0.0001). (I) Brain
and plasma levels of SR-17018 and SR-15099 on day 1 and day 7 of daily dosing (12 mg/kg, i.p.),
taken 60 min after injection.
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Figure Treatment Compared to Time :ir(nDeF:’::E:) p-Value Fd(r?xzr:fii‘:) p-Value treatr:nent
4A Vehicle + 6 Morphine Vehicle + Saline 65-180 F (23,207)=5.801 <0.0001 F(1,9)=3555 0.0002 5
6 SR-17018 + Saline Vehicle + Saline 65-180 F (23,184)=2.023 0.0056 F(1,8)=36.79 0.0003 4
Vehicle + Saline 6 SR-17018 + 6 Morphine 65-180 F(23,207)=4.495 <0.0001 F(1,9)=115.8 <0.0001 6
6 SR-17018 + 6 Morphine Vehicle + 6 Morphine 65-180 F(23,184)=1.786 0.0192 F(1,8)=1503 0.2551 5
6 SR-17018 + 6 Morphine 6 SR-17018 + Saline 65-180 F(23,161)=1.499 0.0773 F(1,7)=20.89 0.0026 5
4C Vehicle + 12 Morphine Vehicle + Saline 65-180 F (29,348)=18.64 <0.0001 F(1,12)=52.20 <0.0001 8
6 SR-17018 + Saline Vehicle + Saline 65-180 F (29,232)=4.234 <0.0001 F(1,8)=44.02 0.0002 4
Vehicle + Saline 6 SR-17018 + 12 Morphine 65-180 F(29,232)=14.86 0.0001 F(1,8)=100.7 <0.0001 6
Vehicle + 12 Morphine 6 SR-17018 + 12 Morphine 65-180 F (29,290) =3.281 <0.0001 F(1,10)=2.041 0.1836 8
6 SR-17018 + 12 Morphine 6 SR-17018 + Saline 65-180 F (29,174)=4.084 <0.0001 F(1,6)=22.19 0.0033 4
4D Vehicle + 12 Morphine Vehicle + Saline 65-180 F(29,348)=18.64 <0.0001 F(1,12)=52.20 <0.0001 8
12 SR-17018 + Saline Vehicle + Saline 65-180 F(29,319)=9.146 <0.0001  F(1,11)=103.0 <0.0001 7
12 SR-17018 + 12 Morphine Vehicle + Saline 65-180 F (29,261)=8.894 <0.0001 F(1,9)=101.8 <0.0001 5
Vehicle + 12 Morphine 12 SR-17018 + 12 Morphine 65-180 F(29,319)=14.98 <0.0001 F(1,11)=9.322 0.0110 8
12 SR-17018 + 12 Morphine 12 SR-17018 + Saline 65-180 F(29,290)=1.393 0.0918 F(1,10)=6.528 0.0286 5
4F Vehicle + 24 Morphine Vehicle + Saline 65-180 F(29,377)=12.34 <0.0001 F(1,13)=22.10 0.0004 9
12 SR-17018 + Saline Vehicle + Saline 65-180 F (29,319)=9.146 <0.0001 F(1,11)=103.0 <0.0001 7
12 SR-17018 + 24 Morphine Vehicle + Saline 65-180 F(29,377)=4.745 <0.0001 F(1,13)=21.75 0.0004 9
Vehicle + 24 Morphine 12 SR-17018 + 24 Morphine ~ 65-180 F (29,464)=2972 <0.0001  F(1,16)=1.271 0.2762 9
12 SR-17018 + 24 Morphine 12 SR-17018 + Saline 65-180 F (29,406)=4.388 <0.0001 F(1,14)=10.69 0.0056 9
4G Vehicle + 24 Morphine Vehicle + Saline 65-180 F(29,377)=12.34 <0.0001 F(1,13)=22.10 0.0004 9
24 SR-17018 + Saline Vehicle + Saline 65-180 F(29,232)=11.54 <0.0001 F(1,8)=49.42 0.0001 4
24 SR-17018 + 24 Morphine Vehicle + Saline 65-180 F (29,290)=3.327 <0.0001  F(1,10)=14.89 0.0032 6
Vehicle + 24 Morphine 24 SR-17018 + 24 Morphine 65-180 F(29,377)=7.290 <0.0001 F(1,13)=28.696 0.0113 9
24 SR-17018 + 24 Morphine 24 SR-17018 + Saline 65-180 F (29,232)=0.7030 0.8713 F(1,8)=0.5941 0.4630 6

Figure 4. Pretreatment with SR-17018 dose-dependently attenuates morphine-induced locomotor

activity. Mice were habituated for 30 min, then given 30 min of pretreatment (first) with either vehicle or
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SR-17018 prior to a challenge with saline or morphine (second); doses of each drug (IP) are indicated
in the subheading for each figure. (A) Time course of SR-17018 (6 mg/kg), given before 6 mg/kg mor-
phine, and (B) sum of total distance travelled, presented as mean £ SEM for individual mice. For the
first injection, SR-17018 was given at (C) 6 mg/kg or (D) 12 mg/kg before 12 mg/kg morphine;
(E) summarizes (C,D). For the first injection, SR17018 was given at (F) 12 mg/kg or
(G) 24 mg/kg before 24 mg/kg morphine; (H) summarizes (F,G). Data are presented as raw lo-
comotor activity along with the mean 4 SEM of the total distance (cm) for (A,C-F) and the individual
mouse sums for (B,E,H) with mean + SEM. The inserted table presents a comparison of treatment effects
over time, as determined by two-way RM-ANOVA; the sums were compared by ordinary one-way
ANOVA (* p < 0.05; ** p < 0.01; **** p < 0.0001 vs. vehicle + saline; # p < 0.05, # p < 0.01, ## p < 0.0001
vs. vehicle + morphine and " p < 0.05, ** p < 0.01 vs. SR-17018 + saline).

3.5. Co-Treatment of Partial Agonists Differentially Effects Morphine-Induced Hyperactivity
and Antinociception

Oliceridine and SR-17018 act as partial agonists in the mouse striatum (Figure 1);
however, only oliceridine acts as an orthosteric partial agonist, as it competes with DAMGO-
stimulated 3°S-GTPyS binding in the striatal membranes. Furthermore, we had previously
shown this same pharmacological profile in the mouse brainstem (a region involved in
descending pain perception) [15]. Therefore, we asked how the two agonists would interact
with morphine in both the locomotor activity assay and the hot plate antinociception
assay. Doses of each drug used were chosen based on the intent to produce a submaximal
response in both the locomotor activity assay and the hot plate nociception assay to allow
for the observation of an additive effect. Oliceridine has a rapid onset and relatively short
metabolic life in mice [16,18]; therefore, we opted for a co-treatment approach.

As expected from the pre- and post- treatment studies (Figures 4 and S3), co-treatment
with SR-17018 suppressed morphine-induced hyperactivity (Figure 5A) (drug effect: vehicle
+ morphine vs. SR-17018 + morphine, p = 0.0123) to nearly the level of activity induced
by SR-17018 alone. If the comparison was made 60 min following injection, allowing
for SR-17018 drug delivery to the brain, the treatment groups did not differ (p = 0.2923),
which was in agreement with the pretreatment studies (Figure 4). SR-17018 and morphine
are equipotent in the hot plate test [10,13]. The combination of equi-efficacious doses of
morphine and SR-17018 led to an increase in antinociceptive response compared to the
effect of each drug alone in the hot plate assay (Figure 5B, drug effect: SR-17018 + morphine:
vs. morphine + vehicle, p = 0.0019; vs. saline + SR-17018, p = 0.0001). This same effect
was observed in female C57BL6 mice, in which SR-17018 attenuated morphine-induced
locomotor activity while enhancing morphine-induced antinociception (Figure S5).

Oliceridine, when administered with morphine, produces more hyperactivity than
either drug alone (Figure 5C, drug effect: oliceridine + morphine: vs. vehicle + morphine,
p =0.0107; vs. oliceridine + saline, p = 0.0108). Notably, we reduced the amount of morphine
used in this assay, as the combination of 3 mg/kg oliceridine with 12 mg/kg morphine
produced pronounced rigidity that interfered with the mouse’s ability to traverse the plastic
surface of the activity box. Oliceridine at 3 mg/kg produced an equal antinociception
effect of morphine at 6 mg/kg when dosed independently (Figure 5D); the combination
of the two drugs significantly increased morphine-induced antinociception in the hot
plate assay at the 15 min timepoint (Figure 5D). Over time, the antinociceptive effect of
oliceridine appeared to wear off, in agreement with its short-lived bioactivity. However, the
enhanced locomotor activity persisted for one hour post-injection, although oliceridine’s
effects when administered with saline have waned by then (Figure 5C: drug effect from
90 to 180 min, comparing oliceridine + morphine: vs. vehicle + morphine, p = 0.0497; vs.
oliceridine + saline, p = 0.0108).
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Figure Treatment Compared to Time time x drug p-Value drug effect p-Value n
5A Vehicle + 12 Morphine Vehicle + Saline 35-180 F(29,319)=5916 <0.0001  F(1,11)=4441  <0.0001 4
12 SR-17018 + Saline Vehicle + Saline 35-180  F(29,174)=3.707  <0.0001 F(1,6)=9.119 0.0234 4
Vehicle + Saline 12 SR-17018 + 12 Morphine ~ 35-180  F(29,174)=13.21  <0.0001 F(1,6)=1015  <0.0001 4
Vehicle + 12 Morphine 12 SR-17018 + 12 Morphine ~ 35-180  F(29,319)=5.740  <0.0001  F(1,11)=8944  0.0123 9
12 SR-17018 + 12 Morphine 12 SR-17018 + Saline 35-180  F(29,174)=8.502  <0.0001 F(1,6)=7.520 0.0336 4
5C Vehicle + 6 Morphine Vehicle + Saline 35-180  F(29,261)=5.842  <0.0001 F(1,9)=1278 0.006 4
3 Oliceridine + Saline Vehicle + Saline 35180  F(29,232)=29.34  <0.0001 F(1,8)=76.16  <0.0001 4
3 Oliceridine + 6 Morphine Vehicle + Saline 35-180  F(29,261)=11.82  <0.0001 F(1,9)=1237 0.0065 4
3 Oliceridine + 6 Morphine Vehicle + 6 Morphine 35-180  F(29,348)=9426 <0.0001  F(1,12)=9.117  0.0107 7
3 Oliceridine + 6 Morphine 3 Oliceridine + Saline 35-180  F(29,319)=8518 <0.0001  F(1,11)=9.376  0.0108 6
Antinociception- timecourse Two-way RM-ANOVA
) ) F (DFn, DFd) F (DFn, DFd) treatment
Figure Treatment Compared to Time time x drug p-Value drug effect p-Value n
5B Vehicle + 12 Morphine 12 SR-17018 + Saline 15-60  F (2,44)=0.05057  0.9507 F(1,22)=2910  0.1021 15
12 SR-17018 + Saline 12 SR-17018 + 12 Morphine ~ 15-60  F(2,34)=0.02681  0.9736 F(1,17)=2439  0.0001 9
12 SR-17018 + 12 Morphine Vehicle + 12 Morphine 15-60  F(2,46)=0.09427 09102 F(1,23)=1222  0.0019 10
5D Vehicle + 6 Morphine 3 Oliceridine + Saline 15-60 F(2,22)=6.681 0.0054 F(1,11)=9304  0.0110 5
3 Oliceridine + Saline 3 Oliceridine + 6 Morphine  15-60 F(2,22)=4395 P=00248 F(1,11)=37.98  <0.0001 8
3 Oliceridine + 6 Morphine Vehicle + 6 Morphine 15-60 F(2,16)=9.623 0.0018 F(1,8)=5012 0.0555 5

Figure 5. Co-treatment of SR-17018 with morphine decreases morphine-induced hyperactivity
without attenuating antinociception. Comparison of in vivo drug interactions in the open field
locomotor activity assay, showing total distance traveled (cm/5 min) (left) with total distance sums
after co-treatment (cm/35-180 min) (right) and antinociception, assessing the latency to respond to
the hot plate (52 °C) assay. (A) Distance traveled over time following co-administration with vehicle
or SR-17018 (12 mg/kg, i.p.) and saline or morphine (12 mg/kg, i.p.), as indicated in the figure
legend. (B) Hot plate response latency following the same drug and vehicle combinations, tested
over 1 h at the indicated times (mean = SEM). Vehicle + saline was not tested using the hot plate
assay. (C) Distance traveled over time following co-administration of vehicle or oliceridine (3 mg/kg,
i.p.) with saline or morphine (6 mg/kg, i.p.). (D) Hot plate response latency. For the distance traveled
(A,Q), individual mice and the mean 4+ SEM are shown, and a statistical comparison by two-way
RM-ANOVA is presented in the inserted table. The sums of the distance traveled are compared by
ordinary one-way ANOVA (*** p < 0.001; *** p < 0.0001 vs. vehicle + saline; # p < 0.05, * p < 0.01
vs. vehicle + morphine; ** p < 0.01 vs. SR-17018 + saline). For the antinociception studies (B,D)
analysis over time is presented in the antinociception—time course table with two-way RM-ANOVA,
while Sid4k’s multiple comparisons post hoc analysis determined the significance: for (C): ** p < 0.01,
*** p < 0.001 vs. SR-17018 + saline and # p < 0.05 vs. vehicle + morphine (D): " p < 0.05, ™ p < 0.001 vs.

d####

saline + oliceridine an p <0.0001 vs. vehicle + morphine.
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4. Discussion

In this study, we explored partial agonism in vivo and in vitro using MOR-dependent
behaviors and mouse striatal membranes, respectively. We provided dose-response curves
of locomotor activity responses for direct comparison between biased MOR agonists and
clinically used opioid analgesics, and also compared the intrinsic aspects of their efficacy
in a relevant system. In mouse striatal membranes, all the tested compounds, including
morphine and fentanyl, acted as partial agonists for inducing 3°S-GTPyS binding (Figure 1),
although their ability to promote hyperactivity varied (Figure 2). Oliceridine is a potent
partial agonist in vitro that competes with DAMGO-stimulated 3°S-GTPyS binding in the
brain (current study; [15] for brainstem); yet, it also produces hyperactivity to the same
extent as morphine and fentanyl (Figures 2 and 3). Moreover, oliceridine also produces
sensitization, as seen with morphine and fentanyl, while SR-17018 and SR-15099 do not
(Figure 3). SR-17018 is also a partial agonist in the brain; however, it is noncompetitive with
DAMGO-stimulated S-GTPyS coupling (current study (Figure 1); [15] for the brainstem).
In the locomotor activity assay, SR-17018 produced a blunted hyperactivity response
(Figure 2), and repeated dosing did not produce sensitization (Figure 3). The combination
of SR-17018 and morphine decreased the hyperactivity produced by morphine while
enhancing the observed antinociception (Figures 4 and 5). When oliceridine and morphine
were combined at submaximal doses, locomotor activity and antinociception were both
enhanced (Figure 5).

Fentanyl, oliceridine, SR-17018, and SR-15099 have previously been described as
biased agonists; while fentanyl has been shown to preferentially promote MOR-mediated
Barrestin2 recruitment over G protein signaling, the other compounds are biased for G
protein signaling [10,16]. In the mouse brain, all the tested compounds, including morphine
and fentanyl, acted as partial agonists for inducing G protein signaling (*>S-GTPyS binding)
(Figure 1 and [10,15,22-24]). Recently, it was suggested that the improved therapeutic
window (antinociception with less respiratory suppression) produced by oliceridine and
SR-17018 is due to their low intrinsic efficacy at MOR as opposed to G protein signaling
bias [11]. However, while fentanyl and morphine may appear to be highly efficacious
agonists in frequently used receptor overexpression cellular systems, they are partial
agonists with ~50% efficacy when tested in mouse brain tissue where there is low receptor
reserve (Figure 1 for striatum, [10,15] for brainstem). Fentanyl and morphine also produce
robust respiratory suppression in mice [25]. Buprenorphine, like oliceridine, is an agonist
with low intrinsic efficacy in brain tissue and in cellular assays [23], and has been shown to
produce morphine-like hyperactivity in ICR mice [26], (but not in Swiss Webster mice [27]);
similarly, oliceridine also produces a robust hyperactivity response. Therefore, low intrinsic
efficacy alone does not always lead to attenuated physiological responses and may not
fully account for the attenuated hyperactivity produced by the SR series of opioid agonists.

In biochemical measures of intrinsic activity, partial agonists compete with full agonists
for receptor occupancy; as a function of dose, the submaximal stimulation induced by the
partial agonist overcomes the response produced by the full agonist as the partial agonist
reaches full occupancy of the receptor population. As increasing concentrations of the
partial agonist compete for occupancy, the signal produced by the full agonist will decreases
and the partial agonist appears to have antagonistic properties. These observations can
best be detected in assay systems that do not overly amplify the signaling output or have
excessive receptor overexpression (i.e., spare receptors). The use of brain tissue to measure
receptor signaling by 3S-GTPyS binding is a very relevant system by which to characterize
agonist efficacy, as the receptor density of the mu opioid receptors is substantially lower
than that of cellular overexpression systems [28]. In behavioral studies, this is rarely
observed with opioids, as the combination of two partial agonists such as fentanyl and
morphine will generally lead to an additive or synergistic effect [29]. One exception may be
buprenorphine, which has antagonistic properties in the presence of other opioid agonists
such as fentanyl and morphine, depending on the response and the system [30]. For
example, buprenorphine produces a bell-shaped antinociceptive response in mice [31,32];
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however, buprenorphine also has multiple receptor targets, and it becomes difficult to fully
explain these effects by actions of the MOR alone [33].

A comparison of locomotor activity profiles revealed a dramatic difference between
the SR-17018 and SR-15099 biased agonists and the other compounds. While they are were
shown to produce hyperactivity, the profile captured an initial dip in activity, which was
restored by 60 min post-injection. This ambulatory behavior remained remarkably steady
over time, and while it was greater than that observed following vehicle treatment, it did
not nearly reach the heights produced by the other agonists (Figure 2). In contrast, despite
also being a G protein signaling-biased agonist, oliceridine produces a different profile,
with the rapid-onset hyperactivity reaching peak effects similar to those of fentanyl (current
study and [18]). At high doses, opioids lead to skeletal muscle rigidity in mice and humans,
and this effect may contribute to cases of respiratory failure following overdose [34,35]. We
recognize that high doses of opioids can lead to stiffness, which could impact our ability to
measure the animal’s total distance traveled; a plateau effect can be observed for fentanyl in
Figure 1, where a peak effect can be observed at 0.25 mg/kg, with higher doses producing
no increase in distance. We considered this caveat when we repeatedly treated animals
for sensitization using a sub-efficacious dose. Repeated dosing of fentanyl, morphine,
and oliceridine produced sensitization (Figure 3), while SR-17018- and SR-15099-induced
activity remained consistent with chronic administration (with a modest decrease in activity
observed for SR-15099). Notably, prior analysis of SR-17018 and SR-15099 using the hot
plate and tail flick nociceptive tests demonstrated that they are able to reach the same
efficacy level as fentanyl and morphine, yet they do not produce respiratory suppression at
doses exceeding their antinociceptive efficacy (48 mg/kg, i.p.) [10].

When combined with morphine, SR-17108 decreases the level of morphine-stimulated
hyperactivity in a dose-dependent manner (Figures 4 and 5). We hypothesize that this
interaction may be due to SR-17018 promoting differential downstream signaling that does
not result in the same behavioral output as that mediated by morphine [33]. SR-17018
was recently shown to be capable of binding within the orthosteric pocket [36] of MOR
by cryo-electron microscopy studies. However, our prior study by Stahl et al., 2021 [15],
reported radioligand competition binding and functional Schild analyses that supported a
noncompetitive interaction between SR-17018 and MOR. In that study, we also showed that
occupancy by SR-17018 stabilizes MOR-mediated GTPyS binding, which is wash-resistant
(seems irreversible), but can be displaced by naloxone. Taken together, we favor a model
wherein SR-17018 resides in close proximity to the receptor and has access to the orthosteric
site where its occupancy favors MOR signaling to G protein (GTPyS binding). In the
presence of SR-17018 (which appears to be resistant to washout), morphine has less access
to the receptor; in this manner, we propose that the noncompetitive biased MOR agonist
SR-17018 appears competitive with morphine in the locomotor activity assay. SR-17018
has been shown to lead to very little recruitment of farrestin2 in cellular studies [10,36],
and Parrestin2-KO mice demonstrates very little response to morphine compared to WT
mice [8]; these correlations suggest that farrestin2 may play some role in driving morphine-
mediated hyperactivity in mice.

Locomotor hyperactivity and respiratory suppression are both affected by dopamine
levels, which are elevated in response to typical opioid agonists [21,37]. It will be of interest
to compare regional dopamine levels following the administration of these agonists in
future studies and to delineate the rewarding and reinforcing properties of the novel SR
G protein-biased MOR ligands. However, recent studies have shown that SR compounds
are not devoid of conditioned place preference potential [38]. Their poor solubility limits
their utility in self-administration studies, although Dr. Marc Caron (Duke University,
Durham, NC, USA) attempted to use low doses in the mouse self-administration paradigm.
Given the low dose, the lack of observed self-administration was not very telling regarding
the abuse potential of the compound (unpublished observations). Still, chronic treatment
with the novel MOR compounds may prevent some of the side effects of typical opioids.
Upon chronic administration, SR-17018 produced no tolerance in the hot plate, formalin,



Biomolecules 2023, 13, 935 14 of 16

or paclitaxel-induced neuropathy pain tests [13,14] and no sensitization to the locomotor
stimulatory effects (Figure 3). Further, treatment of morphine-tolerant mice with SR-
17018 suppressed withdrawal symptoms and restored morphine sensitivity with hot plate
antinociception [13,38]; the ability to blunt morphine-induced psychomotor activity may
also prove to be beneficial as an abuse deterrent. Further studies are needed to explore the
potential of these novel compounds.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom13060935/s1, Figure S1: A lack of opioid-induced hyperactivity in
MOR-KO mice; Figure S2: SR-17018, like morphine, increases d-amphetamine-induced locomotor activ-
ity. Figure S3: SR-17018 reversal of morphine-induced locomotor activity; Figure S4: Co-treatment
of morphine with SR-15099 attenuates morphine-induced hyperactivity; Figure S5: In female
mice, co-treatment of morphine with SR-17018 decreases morphine-induced hyperactivity with-
out attenuating antinociception.
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