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Uncovering the analgesic effects of a pH-dependent
mu-opioid receptor agonist using a model of
nonevoked ongoing pain
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Abstract \
Currently, opioids targeting mu-opioid receptors are the most potent drugs for acute and cancer pain. However, opioids produce

adverse side effects such as constipation, respiratory depression, or addiction potential. We recently developed (=+)-N-(3-fluoro-1-
phenethylpiperidine-4-yl)-N-phenyl propionamide (NFEPP), a compound that does not evoke central or intestinal side effects due to
its selective activation of mu-opioid receptors at low pH in peripheral injured tissues. Although we demonstrated that NFEPP
effectively abolishes injury-induced pain, hyperalgesia, and allodynia in rodents, the efficacy of NFEPP in nonevoked ongoing pain
remains to be established. Here, we examined reward, locomotor activity, and defecation in rats with complete Freund’s adjuvant-
induced paw inflammation to compare fentanyl’s and NFEPP’s potentials to induce side effects and to inhibit spontaneous pain. We
demonstrate that low, but not higher, doses of NFEPP produce conditioned place preference but not constipation or motor
disturbance, in contrast to fentanyl. Using a peripherally restricted antagonist, we provide evidence that NFEPP-induced place
preference is mediated by peripheral opioid receptors. Our results indicate that a low dose of NFEPP produces reward by abolishing

spontaneous inflammatory pain.
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1. Introduction

Pain is a multifaceted experience composed of both sensory
and emotional components. Current strategies for the de-
velopment of novel pain medication mostly aim to dampen
evoked nociceptive sensory information and to reverse hyper-
algesia and allodynia. Although these investigations provide
evidence for pain relief and prevention of further noxious injury,
the affective (aversive) component of the pain experience
remains understudied.®1%:18:26:80.34 Racently, growing inter-
est in studying nonevoked ongoing pain and associated
negative affective states has evolved.5'5:18:26.:30.34 Thig
represents a step forward in translational value of preclinical
research. Using negative reinforcement in the conditioned
place preference (CPP) paradigm represents a way to assess
nonevoked ongoing pain.'®28
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Currently, opioids targeting mu-opioid receptors (MOR) are
still the most potent drugs for acute and cancer-associated
pain. However, MOR agonists also produce peripherally and
centrally mediated deleterious side effects such as constipation,
locomotor impairment, abuse liability, and respiratory depres-
sion that can lead to lethal outcomes.®*! Several approaches
have been pursued to design safer analgesics. Biased agonism
is on the forefront of such strategies.®® Indeed, MOR agonists
selectively activating G proteins over B-arrestins were thought to
promote analgesia without inducing abuse liability or respiratory
depression.'" 3% However, recent studies have uncovered
that biased MOR agonists still retain nausea, vomiting, and
respiratory depression.’®%®  Another auspicious approach
consists of restricting the activity of opioids to peripheral
sensory neurons in injured tissues.®”#434% Indeed, peripheral
MOR significantly participate in the analgesic effects produced
by systemically applied opioids.®*8° In that sense, our team
recently developed a milieu-selective MOR agonist, taking
advantage of increased proton concentrations in inflamed
tissues.®” All conventional opioid analgesics are protonated
and activate MOR in both normal (pH 7.4) and inflamed milieus
(pH 5-7). We designed an opioid derivate with reduced pK, (6.8)
allowing protonation only under acidic conditions to selectively
target MOR in inflamed tissue. This compound, (%)-N-(3-fluoro-
1-phenethylpiperidine-4-yl)-N-phenyl propionamide (NFEPP),
exhibited enhanced potency at low pH in vitro, and abolished
evoked hyperalgesia and allodynia observed in the presence of
inflammatory pain in vivo.33” However, the efficacy of NFEPP
to reduce spontaneous pain remains to be investigated. Here,
we uncover, using a combination of CPP and classic pharma-
cology, that NFEPP is able to selectively relieve ongoing
nonevoked pain through the activation of peripheral opioid
receptors.
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2. Materials and methods
2.1. Animals

All protocols were approved by the state animal care
committee (Landesamt fUr Gesundheit und Soziales, Berlin)
and were performed according to the ARRIVE guidelines.'?
Male Wistar rats (200-300 g) were kept in groups of 2 to 3 per
cage, ona 12-hour light/dark schedule, with food and water ad
libitum. Room temperature was 22 + 0.5°C and humidity was
60% to 65%. Animals were randomly placed in cages by an
animal caretaker who was not involved in the study. Based on
statistical power calculations performed a priori using the
G*Power 3.1.2 program, 8 to 16 rats were used per group.
Rats were handled once per day for 1 to 2 minutes and
habituated to the test cages (1-2 times for 15 minutes), starting
at least 4 days before experiments. After completion of
experiments, animals were euthanized with isoflurane over-
dose (AbbVie, Wiesbaden, Germany).

2.2. Paw inflammation induced by complete
Freund'’s adjuvant

Rats received an intraplantar (i.pl.) injection of complete Freund’s
adjuvant (CFA) (150 upL; 0.1% Mycobacterium butyricum;
Calbiochem, Merck, Germany) into the right hind paw under
brief isoflurane anesthesia.?®*’

2.3. Drugs and injections

Fentanyl citrate (F3886) and naloxone methiodide (NLXM) were
purchased from Sigma-Aldrich (Taufkirchen, Germany). NFEPP
was synthesized according to our design by a contractor (ASCA
GmbH, Berlin, Germany), as described in detail in Spahn et al.®”
Fentanyl and NLXM were dissolved in 0.9% NaCl. NFEPP was
dissolved in dimethyl sulfoxide (DMSO) and diluted with 0.9%
NaCl to obtain the final concentrations (maximum DMSO: 4.2%).

Fentanyl (20-60 pg-kg~ ") and NFEPP (20-150 pg-kg™ ') were
injected subcutaneously (s.c.; volume 1 mL.kg™ ") into a skinfold
on the neck without anesthesia. Naloxone methiodide (100 g)
was injected i.pl. (100 pl) into the inflamed paw under brief
isoflurane anesthesia immediately before s.c. injection of
agonists. The dosages are based on our earlier studies®” and
pilot experiments. Control groups were treated with the re-
spective vehicles. The experimenters were blinded to the
treatments (drugs and dosages).

2.4. Conditioned place preference

We used an unbiased counterbalanced CPP protocol as
described previously.®” Briefly, light- and sound-attenuating
chambers (60 X 30 X 30 cm) consisted of 2 compartments
separated by a removable door. The 2 compartments differed
in wall color (gray or white with black stripes) and floor texture
(“grid” or “hole”). All rats received i.pl. CFA on day 1 (Table 1).
For habituation, each rat was placed into the CPP apparatus
(without separator) for 2 days after CFA injection, and was
allowed to freely explore it for 30 minutes (days 3 and 4)
(Table 1). For the preconditioning test (day 5), each rat was
placed into the CPP apparatus (without separator) for 15
minutes and the time spent in each compartment was
recorded (Table 1). If rats showed high unconditioned
preference (more than 67% spent in one compartment) for 1
of the 2 compartments in this phase, they were excluded from
further analysis (ca. 10% of animals). During conditioning (days
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Timeline of treatments and tests.
Day # 1 23 456 7 8 9 10 11 12
i.pl. CFA X

Habituation (CPP) X X

Preconditioning test X

s.c. fentanyl (x)/vehicle (0) X 0 X 0 X 0

s.c. NFEPP (x)/vehicle (0) 0 X 0 X 0 X

i.pl. NLXM/vehicle X X X X X X
CPP test X
Locomotor test (fentanyl) X

Locomotor test (NFEPP) X

Defecation (fentanyl) X
Defecation (NFEPP) X

Habituation (rotarod) X X X

Rotarod test (fentanyl) X
Rotarod test (NFEPP) X

CFA, complete Freund's adjuvant; CPP, conditioned place preference; NLXM, naloxone methiodide.

6-11, Table 1), the treatment and treatment-associated
compartment were assigned randomly. Each rat underwent
three 60-minute conditioning sessions receiving the agonist
(s.c. fentanyl or NFEPP) in one compartment (one session
every other day), and three 60-minute sessions receiving
vehicle in the other compartment on the alternate days
(Table 1). The agonist was given to one half of the animals
on odd days and to the other half on even days after CFA
injection. On the test day (day 12, Table 1), no agonist or
vehicle was administered and each rat was allowed to freely
explore the entire CPP apparatus (without separator) for 15
minutes. Time spentin each compartment was recorded using
the AnyMaze software. Preference was calculated as time
spent in drug compartment minus time spent in the vehicle
compartment. To examine the contribution of peripheral opioid
receptors to fentanyl- and NFEPP-induced CPP, the antago-
nist NLXM was injected i.pl. immediately before each s.c.
injection of fentanyl, NFEPP, or vehicle (Table 1). The
procedure was then performed as described above, except
that each conditioning session lasted 30 minutes (instead of 60
minutes), i.e., the duration of NLXM'’s action.

2.5. Locomotor activity

On the first 2 days of conditioning (days 6 and 7, Table 1), the
animals’ horizontal locomotor activity and location in CPP boxes
were monitored by an infrared camera using AnyMaze software,
as previously described.®” Locomotion was measured as the
distance (in meters) traveled during the first 30 minutes of the
conditioning session after administration of fentanyl, NFEPP, or
vehicle. Data were analyzed using AnyMaze software. After
unblinding, the data recorded on day 6 and day 7 were used to
document fentanyl’s and NFEPP’s effects, respectively.

2.6. Defecation

Onthefirst 2 days of conditioning (days 6 and 7, Table 1), the number
of fecal boli per animal was counted after completion of the 60-minute
conditioning session.®” Data were analyzed using AnyMaze software.

Copyright © 2020 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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After unblinding, the data recorded on day 6 and day 7 were used to
document fentanyl’s and NFEPP’s effects, respectively.

2.7. Motor coordination (rotarod test)

Onday 2, rats were habituated to the rotarod at 5 and 10 rotations per
min (rpm) until they were able to stay on the rotarod for 300 seconds
(maximum 5 trials) (Table 1). On the test day (day 5, Table 1), data
were recorded for 3 baseline trials before injection of fentanyl, NFEPP,
or vehicle, followed by 3 trials at 2, 30, and 60 minutes after agonist/
vehicle injection at an accelerating speed (10-35 rmom over 300
seconds). The latency to fall was recorded for 3 successive attempts
and averaged for each trial, similar to our earlier studies.®” Data were
analyzed after unblinding of the experimenter to group assignment.

2.8. Statistics

All data were assessed for normal distribution and equal
variances by D’Agostino—Pearson omnibus normality test.
Multiple comparisons at one time point were performed using
one-way analysis of variance (ANOVA) followed by Dunnett test
for normally distributed data, or Kruskal-Wallis one-way ANOVA
followed by Dunn test for nonnormally distributed data. Two-way
repeated-measures ANOVA followed by Bonferroni test were
used to compare 2 groups over time (more than 2 time points).

PAIN®

Differences were considered significant if P < 0.05. The detailed
statistical evaluation is presented in Table S1, http://links.lww.
com/PAIN/B86. Prism 8 (GraphPad, San Diego, CA) was used for
all tests and graphs, and all data are expressed as individual
animal data points and as mean + SEM.

3. Results
3.1. NFEPP produces place preference

All'animals received i.pl. CFA before starting the CPP procedure
(Fig. 1A and Table 1). After 6 days of conditioning sessions with
either NFEPP or fentanyl, animals were given the ability to freely
explore both compartments on day 12 (Fig. 1A and Table 1).
Rats showed a preference for the compartment associated with
20 ug-kg ™' s.c. NFEPP treatment (Fig. 1B). When conditioned
with higher doses of NFEPP (30-150 wg-kg ™' s.c.), animals did
not demonstrate a preference for the agonist compartment.
Fentanyl induced a preference at the dose of 30 pg-kg ™", but not
at doses 20, 50, and 60 pg-kg ™' s.c.

3.2. Effects of naloxone methiodide

Using separate cohorts of animals, we confirmed that s.c.
administration of 20 wg-kg~"' NFEPP and 30 ug-kg ™" fentanyl
produced CPP (Fig. 2B). Naloxone methiodide (100 wg)
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Figure 1. Fentanyl and NFEPP produce CPP. (A) Schematic representation of the CPP protocol (see Table 1 for more details). (B) Fentany! (30 wg-kg ™
s.c.) induced a preference for the agonist-associated compartment during the postconditioning test. *P = 0.0283, **P = 0.0075 (one-way

NFEPP (20 ngkg™"

NFEPP (ug.kg-')
s.c.)and

ANOVA and Dunnett test; see also supplementary statistical evaluation, available at http://links.lww.com/PAIN/B86). Data are expressed as individual animal data
points and as mean = SEM. N = 9 to 16 rats per group. ANOVA, analysis of variance; CPP, conditioned place preference.
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Figure 2. NFEPP-induced CPP, but not fentanyl-induced CPP, is mediated through peripheral opioid receptors. (A) Schematic representation of the CPP protocol
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injected into the animal’s inflamed paw abolished the
preference for the agonist-associated compartment induced
by NFEPP, but not by fentanyl treatment. Naloxone methiodide
administration alone did not produce aversion or preference
for the associated compartment (Fig. 2B).

3.3. NFEPP does not impair locomotion, bowel movement,
or motor coordination

NFEPP (s.c.) increased locomotor behavior compared to
vehicle-injected control animals when a 60 pgkg™ ' dose
was administered, but no significant effects were observed at
doses of 20 to 50 pg-kg™ " and 150 wg-kg ™. Fentanyl (30-60
pg-kg ™ 's.c.)induced a strong decrease in locomotion (Fig. 3).
Fentanyl (20-60 png-kg™ ') also induced a strong decrease in
the number of fecal boli 1 hour after treatment as compared to
vehicle. By contrast, NFEPP did not cause constipation at any
tested dose (20-150 pg-kg ™~ ") (Fig. 4). At all time points tested,
fentanyl (60 wg-kg™"), but not NFEPP (60-150 wg-kg™ "),
impaired motor coordination assessed by the rotarod test
(Fig. 5).

4. Discussion

In rats with ongoing inflammatory pain, we demonstrate that 20
rg-kg ™ (but not higher doses) of NFEPP induces a preference for
the drug-associated compartment, which is mediated by
peripheral opioid receptors. Using spontaneous locomotor
activity, motor coordination, and constipation tests, we also
show that NFEPP does not induce typical MOR-mediated side
effects in this model.

Copyright © 2020 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.

A vast variety of strategies, including chemistry, genetics, and
alteration of molecular and cellular pathways, is currently used by
the pain research community to develop safer analge-
sics.'1635337 However, the translation from preclinical studies
to the development of treatments applicable in patients remains
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Figure 3. Fentanyl, but not NFEPP, impairs locomotion. Fentanyl (20-60
ng-kg ™' s.c.) dose-dependently impaired locomotor activity, whereas NFEPP
at high doses (60 ngkg ™' s.c.) increased locomotor activity. *P < 0.05, **P <
0.01, **P < 0.001 compared to vehicle (Kruskal-Wallis and Dunn test; see
also supplementary statistical evaluation, available at http://links.lww.com/
PAIN/B86). Data show the distance travelled in meters during 30 minutes, and
are expressed as individual animal data points and as mean + SEM. N = 10to
14 rats per group.
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Figure 4. Fentanyl, but not NFEPP, induces constipation. Fentanyl (20-60
wgkg™! s.c.) induced constipation manifested by decreased number of
excreted fecal boli during 1 hour. NFEPP (20-150 pg-kg ™' s.c.) did not induce
constipation. **P < 0.01, **P < 0.001 compared to vehicle (Kruskal-Wallis
and Dunn test; see also supplementary statistical evaluation, available at
http://links.lww.com/PAIN/B86). Data are expressed as number of fecal boli
per individual animal and as mean = SEM. N = 9 to 13 rats per group.

rare due to the complexity of pain and the many limitations of the
current cellular and behavioral models.

Using the known low pH conditions observed at injury sites,*°
we recently developed NFEPP, a low pKa opioid derivate
targeting peripheral MOR in acidic milieu. We demonstrated that
NFEPP reversed hyperalgesia and allodynia in animals experi-
encing inflammatory and neuropathic pain.3'%" In addition, this
compound was devoid of reinforcing properties and did not
produce respiratory depression, locomotor impairment, or
constipation in animals without tissue damage.®”

Despite these promising findings, the value of NFEPP to relieve
ongoing pain remained to be established. In the current article,
we used CPP as an assessment of drug effects on nonevoked
pain and its negative consequences. The CPP paradigm has
been extensively used to reveal aversive and reinforcing
properties of drugs.2617:24:85:87.4447 More recently, laboratories
have used this procedure as a measure for nonevoked pain.**
Indeed, when an animal experiences pain, the rewarding effects
of an analgesic treatment coupled to a selective context can lead
to reinforcing memories, allowing us to study nonevoked ongoing
pain.

In the current study, we uncover that the association between
NFEPP and a selective environment in an animal experiencing
inflammatory pain is sufficient to establish a contextual prefer-
ence. Thisindicates that NFEPP is also capable to relieve ongoing
nonevoked pain. Interestingly, higher doses of NFEPP produced
progressively decreasing preference for the agonist compart-
ment. This may be due to either the development of tolerance to
the analgesic effects of NFEPP upon several administrations, or it
may represent a bell-shaped dose-response curve, which is not
unusual for ligands of G-protein-coupled receptors (see also
fentanyl’s effects in Fig. 1B). Further investigations are needed to
clarify these points and to rule out potential actions of high doses
of NFEPP outside of the acidic milieu or on other opioid receptors.
Nonetheless, it should be noted that neither in inflamed (this
article) nor in naive conditions,” NFEPP exhibited rewarding

Bonferroni test; see also supplementary statistical evaluation, available at http://
links.lww.com/PAIN/B86). Data are expressed as individual animal data points and
as mean = SEM. N = 8 to 10 rats per group. ANOVA, analysis of variance.

properties at higher doses (up to 150 pgkg™'). Future
experiments testing self-administration should be implemented
to confirm a possible lack of abuse potential of this compound.

In addition, we observed a bell-shaped response in the
reinforcing properties of fentanyl using CPP in this model of
inflammatory pain (Fig. 1B). This is reminiscent of previous
reports that uncovered a decreased ability of MOR agonists to
induce CPP in pain conditions.?

Numerous supraspinal sites including the mesolimbic path-
way, 18:15:18:24.30.84 th o anterior cingulate cortex,®1922° and the
amygdala®22232646 gre involved in mediating the unpleasant-
ness and negative affective states associated with pain. To further
investigate the sites of action of NFEPP and fentanyl in producing
CPP, we administered NLXM, a peripherally restricted antago-
nist, into the inflamed paw before the conditioning sessions. This
treatment reversed NFEPP-induced CPP but not fentanyl-
induced CPP, indicating that NFEPP-induced relief of ongoing
pain is mediated by peripheral opioid receptors at the in-
flammation site. This result is in line with former studies from Dr.
Porreca’s laboratory, which demonstrated a role of peripheral
circuits in mediating the aversiveness of ongoing pain.” 42" By
contrast, peripheral opioid receptor activation is apparently not
necessary for the reinforcing properties of fentanyl in this model.
This can be explained by the actions of fentanyl at supraspinal
structures such as the mesolimbic pathway to either relieve
ongoing inflammatory pain or trigger positive reinforcement.
Overall, these findings are consistent with the well-known central
effects of fentanyl and expand our previous results demonstrating
that NFEPP-induced reversal of hyperalgesic and allodynic states
was restricted to its actions on MOR in low pH milieus.2%2"-3"

Although we confirmed the known deleterious effects of fentanyl
on locomotor activity and motor coordination, we observed that
increasing doses of NFEPP progressively increased locomotor
activity in CFA animals. Previous reports have used spontaneous
locomotor activity and voluntary wheel running to assess non-
evoked inflammatory pain.* %42 Together, these results indicate
that, in addition to the CPP paradigm, the observed NFEPP-
induced increase in locomotor activity may represent a useful
measure to uncover relief of ongoing inflammatory pain.

Finally, we found that NFEPP, unlike fentanyl, did not induce
constipation or motor coordination impairment. In addition to the

Copyright © 2020 by the International Association for the Study of Pain. Unauthorized reproduction of this article is prohibited.
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lack of reward and the analgesic properties of NFEPP, these
findings further support the concept of developing safer non-
addictive analgesics based on peripherally restricted and milieu-
specific opioid receptor activation.

Together, we provide evidence that the selective activation of
opioid receptors in peripheral injured tissue can mediate efficient
relief of both hyperalgesic/allodynic states and of ongoing pain,
while lacking centrally mediated side effects.
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Supplementary Table S1: Detailed statistical evaluation of the data shown in the corresponding figures.
Figure 1

Vehicle vs. Fentanyl

one-way ANOVA Fa53=2.731, p = 0.0385
Dunnett’s post-hoc test Adjusted p value
Veh. vs. 20 0.2867
Veh. vs. 30 0.0075
Veh. vs. 50 0.4065
Veh. vs. 60 0.5582
Vehicle vs. NFEPP
one-way ANOVA Fs63=2.414, p = 0.0458
Dunnett’s post-hoc test Adjusted p value
Veh. vs. 20 0.0283
Veh. vs. 30 0.3611
Veh. vs. 50 0.3140
Veh. vs. 60 >0.9999
Veh. vs. 150 0.9885
Figure 2
Vehicle vs. Fentanyl
one-way ANOVA Fs.43=9.098, p < 0.0001
Dunnett’s post-hoc test Adjusted p value
Veh./Veh. vs Fent./Veh. 0.0011
Veh./VVeh. vs Fent./NLXM 0.0008
Veh./ NLXM vs Fent./ NLXM 0.0030
Veh./ NLXM vs Fent./Veh. 0.0044
Veh./Veh. vs Veh./NLXM 0.8996
Fent./Veh. vs Fent./NLXM 0.9984
Vehicle vs. NFEPP
Kruskal-Wallis H=14.43; p = 0.0024
Dunn’s post-hoc test Adjusted p value
Veh./Veh. vs NFEPP/Veh. 0.0071
Veh./Veh. vs NFEPP /NLXM >0.9999
Veh./ NLXM vs NFEPP / NLXM >0.9999
Veh./ NLXM vs NFEPP /Veh. 0.0337
Veh./Veh. vs Veh./NLXM >0.9999

NFEPP /Veh. vs NFEPP./NLXM | 0.0091




Figure 3

Vehicle vs. Fentanyl

Kruskal-Wallis

H = 37.39; p < 0.0001

Dunn’s post-hoc test

Adjusted p value

Veh. vs. 20 >0.9999
Veh. vs. 30 0.0087
Veh. vs. 50 <0.0001
Veh. vs. 60 0.00

Vehicle vs. NFEPP

Kruskal-Wallis

H = 25.96; p < 0.0001

Dunn’s post-hoc test

Adjusted p value

Veh. vs. 20 0.9750
Veh. vs. 30 >0.9999
Veh. vs. 50 >0.9999
Veh. vs. 60 0.0110
Veh. vs. 150 0.0982

Figure 4

Vehicle vs Fentanyl

Kruskal-Wallis

H = 35.69; p < 0.0001

Dunn’s post-hoc test

Adjusted p value

Veh. vs. 20 <0.0001
Veh. vs. 30 0.0002

Veh. vs. 50 <0.0001
Veh. vs. 60 <0.0001

Vehicle vs. NFEPP

Kruskal-Wallis

H=5.872; p =0.3189

Dunn’s post-hoc test

Adjusted p value

Veh. vs. 20 >0.9999
Veh. vs. 30 >0.9999
Veh. vs. 50 0.8289

Veh. vs. 60 >0.9999
Veh. vs. 150 >0.9999




Figure 5

Vehicle vs. Fentanyl

2-way RM ANOVA

Time x Treatment

F230=1.082, P =0.3519

Time

Fz,go: 4.095, P =0.0268

Treatment

F115=48.18, P <0.0001

Bonferroni’s post-hoc
test

Veh. vs. Fentanyl

Adjusted p value

2 minutes <0.0001
30 minutes <0.0001
60 minutes <0.0001

Vehicle vs. NFEPP

2-way RM ANOVA

Time x Treatment

F4,46= 0.8742, P =
0.4867

Time

F2,46= 3.729, P =0.0316

Treatment

F2,23: 1.142, P =0.3365

Bonferroni’s post-hoc
test

Veh. vs. Fentanyl

Adjusted p value

2 minutes <0.0001
30 minutes <0.0001
60 minutes <0.0001
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