bioRxiv preprint doi: https://doi.org/10.1101/2024.11.19.624389; this version posted November 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Title: The effects of chronic neuropathic pain on the self-administration of highly potent MOR

agonist, fentanyl

Authors: Gwendolyn E. Burgess', John R. Traynor', & Emily M. Jutkiewicz'

'Department of Pharmacology, University of Michigan, Ann Arbor Michigan, 48109


https://doi.org/10.1101/2024.11.19.624389
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.11.19.624389; this version posted November 21, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Abstract

There is significant overlap between chronic pain and opioid use disorder (OUD) patient
populations such that approximately 50-65% of chronic pain patients have OUD. However, we
understand relatively little about how chronic, long-lasting pain states alter ongoing self-
administration of opioid analgesics. Thus, the goal of this study was to determine if chronic
neuropathic pain altered the ongoing self-administration of fentanyl, or a non-opioid drug of abuse,
cocaine. Animals were trained to self-administer fentanyl or cocaine in a multi-dose self-
administration procedure composed of five 25-min components, exposing animals to multiple
doses of drug per day. Operant behavior was established prior to induction of chronic pain via the
spared nerve injury (SNI). Animals were allowed 72 hours of post-operative recovery and
resumed self-administration on post-operative day 4. All animals dose-dependently self-
administered fentanyl prior to surgery. On post-operative day 4, both sham and SNI groups
showed a significant decrease in fentanyl self-administration. By post-operative day 9, fentanyl
intake was no longer significantly different from pre-surgical intake. Over the course of 4 weeks
of self-administration, there was an increase in intake of specifically the 10 ug/kg/inf dose of
fentanyl. Cocaine self-administration was not altered at any point following either surgery.
Collectively, these results suggest that SNI-induced hypersensitivity failed to alter the reinforcing
effects of fentanyl, or non-opioid drug of abuse, cocaine. Future studies should evaluate the abuse
potential of lower efficacy MOR agonists such as nalbuphine or buprenorphine, as small changes

were observed in fentanyl-maintained behavior over time in both SNI and sham groups.

Significance statement

MOR agonists are excellent analgesics; however, they are not first-line treatments for
chronic pain, in part due to abuse potential. This study demonstrates that small, significant
rightward shifts in the fentanyl dose response curve were observed following induction of both

sham and spared nerve injury (SNI) (chronic neuropathic pain-like) states, suggesting these
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changes were observed independent of pain state. These data indicate that SNI-induced
neuropathic pain failed to alter the ongoing self-administration of highly potent MOR agonist,

fentanyl.

Introduction

Both chronic pain and opioid use disorder (OUD) are substantial public health concerns
with overlapping patient populations, such that 50-65% of chronic pain patients have been
diagnosed with OUD (Hser et al., 2017; Latif et al., 2021). While mu opioid receptor (MOR)
agonists are useful analgesics for moderate to severe pain, they are rarely considered first-line
treatments for chronic pain because repeated use of MOR agonists leads to the development of
tolerance and requires escalation of dose, physical dependence, and abuse liability. This is
particularly concerning since many (~69%) patients with chronic neuropathic pain are treated with
MOR agonists at some point for pain management, and ~20% of chronic pain patients are treated
with opioids persistently/frequently (Hoffman et al., 2017). While exposure to and use of MOR
agonists increases abuse liability, some studies have also suggested that pain itself a risk factor
for the development of OUD (Bauman et al., 2023; Brummet et al., 2017; Katz et al., 2013).
However, we know relatively little about whether or not chronic pain alters the reinforcing effects
of MOR agonists.

Previous preclinical studies have examined the rewarding or reinforcing effects of MOR
agonists in the presence of various pain states, but the results have been heterogeneous. Some
studies show an increase in the rewarding (Cahil et al., 2013; Lim et al., 2014; Navratilova et al.,
2020; Zhang et al., 2014) or reinforcing effects (Colpaert et al., 2001; Hipdlito et al., 2015;
Higginbotham et al., 2022) of MOR agonists in the presence of a pain state, while other pre-
clinical experiments have shown a decrease in rewarding or reinforcing effects of opioids (Ozaki
et al., 2002; Suzuki et al., 1996; Nazarian et al., 2021; Narita et al., 2005; Wade et al., 2003;

Martin et al., 2007). Further, other studies showed no impact of pain states on opioid induced
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reinforcing effects (Barattini et al., 2023; Hou et al., 2015; Reiner et al., 2021) or opioid rewarding
effects (Shippenberg et al., 1988). In previous self-administration studies specifically, there are
many methodological differences; however, one difference worth considering is the duration of
the pain state used. Many previous studies have utilized acute or sub-chronic pain states
(Baratinni et al., 2023; Hippolito et al., 2015; Higginbotham et al., 2022; Hou et al., 2015; Reiner
et al.,, 2021; Wade et al., 2003), which prevents the long-term evaluation of MOR agonist-
maintained behavior.

In addition, only three studies have assessed if pain states alter established, ongoing
opioid self-administration (Baratinni et al, 2023; Neelakantan et al., 2017, Reiner et al., 2021).
Two of these studies utilized short acting (lactic acid, capsaicin; Reiner et al., 2021) pain states
or sub-chronic pain states (CFA; Baratinni et al., 2003), and both of these studies found no effect
of pain state on MOR agonist-maintained behavior. The third used paclitaxel-induced neuropathic
pain and investigated if developing neuropathic pain altered breakpoint responding for morphine
infusions in mice (Neelakantan et al., 2017). This study found that the injured animals had
consistent, stable breakpoint responding for morphine, while the saline-treated group displayed a
decrease over time. However, no study has examined the impact of a fully developed, chronic
neuropathic pain state on the ongoing self-administration of opioids. Therefore, the goal of this
study was to examine (within-subject) the reinforcing effects of fentanyl before and after the

induction of a persistent, long-lasting pain state caused by the spared nerve injury (SNI).

Methods
Animals

All rats were at least 8 weeks old at the beginning of the study. Rats were ordered from
Envigo labs (Indianapolis, IN). Following delivery, rats were given one week to habituate to the

animal housing facility. All rats were housed in standard cages with corncob bedding. Water was
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available ad libitum. The housing facility was kept on a 12-hr light dark cycle, and all experiments
were conducted in the light cycle.

Following intravenous catheter implant, rats were single housed for the remainder of the
study of the study. These rats were food restricted 24 hours prior to the start of self-administration
experiments. Males were fed 5 pellets and females were fed 4 pellets of standard rat chow (5LOD,
LabDiet) to maintain rats at approximately 90% of their free-feeding body weight. Following SNI
or sham surgery, rats were given wooden gnawing blocks and enviropacks as enrichment.

For the Randall Selitto assays, rats were single housed for 7-10 days following surgery
(femoral catheter implant & SNI or sham surgery performed on the same day) until sutures were
removed, then were group housed for the remainder of the study with food available ad libitum.

Following surgery, rats were given wooden gnawing blocks and enviropacks as enrichment.

Surgery
Anesthesia

For all surgeries, rats were deeply anesthetized with 90 mg/kg ketamine and 10 mg/kg
xylazine, injected intraperitonially (i.p.). Rats were given carprofen (5 mg/kg) subcutaneously
(s.c.) prior to surgery as well as 24-hr later for pre- and post-operative analgesia. Following SNI

or sham surgery, rats were given 5 mg/kg carprofen s.c. 24- and 48-hr after surgery.

Femoral Vein Catheter and Backplate Implant

Rats were implanted with a chronic, indwelling intravenous catheter. Briefly, the surgical
incision sites were shaved, cleaned, and sterilized. An incision was made in the left lower
abdomen ~1 cm from the left leg and the femoral vein was exposed. A catheter (Micro-renathane
tubing MRE-033-male; MRE-040-female, Braintree Scientific Inc., Braintree, MA) was inserted

and passed subcutaneously to the scapulae where it was connected to the backplate
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(PlasticsOne, Roanoke, Virginia, USA, 81313000BM14). The mesh of the backplate was sutured

to the muscle, and then the skin closed around the backplate.

Spared Nerve Injury or Sham surgery

These surgeries were carried out as described in Decosterd & Woolf (2000). Briefly, the
left femoral muscle was opened to expose the sciatic nerve. A 2 mm section of the peroneal and
tibial nerves were removed, while the sural nerve was not disturbed. The exposed ends of the
peroneal and tibial nerves were sutured to the underlying muscle to prevent regrowth. The sham
surgery consisted of only the muscle incision, with no manipulation to any branch of the sciatic
nerve. In both SNI and sham surgeries, the muscle was closed with absorbable suture, and the

skin was closed with surgical staples (9mm; Braintree Scientific, Braintree, MA).

Apparatus

Self-administration experiments were conducted in 18 standard MED PC operant
chambers (ENV-008CT, Med Associates, St. Albans, VT), which were housed in sound-
attenuating chambers (ENV-018CT). These chambers were equipped with two nosepoke
manipulandum on the right side of the chamber. A house light (white, ENV-114BM) was located
on the top of the left side of the chamber. A variable speed pump (PHM-107) was used to deliver
drug infusions. A 20 mL syringe was connected to the single channel, luer lock swivel (375/22PLS,
Instech, Plymouth Meeting, PA) by luer lock tubing. Tygon tubing (100-80) was used to connect
the swivel to the backplate, and the tygon tubing was contained in a stainless-steel spring. Data

were collected via MED-PC software (SOF-735).

Procedures

Randall Selitto & Testing of Mechanical Hypersensitivity
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To evaluate mechanical thresholds, a paw pressure applicator (Randall Selitto, IITC life
sciences, Woodland hills CA) was used to apply continuously increasing amounts of pressure to
the contralateral (non-surgerized limb) or ipsilateral (injured, sham injured) paws until the pressure
caused a retraction of the hindpaw. The pressure resulting in hind paw retraction was recorded
from the Analgesiometer with a 300 g pressure used as the maximum cutoff.

Prior to testing, rats were habituated to the hammock-like restraint over three days. On
day one, rats were placed into the restraint for 5 min, and the habituation time was increased by
5 min/day until 15 min of habituation was achieved on the third day.

For all experiments, drugs were given i.v. and catheters were flushed with 0.5 mL

heparinized saline daily for the duration of the experiment to maintain patency.

Self-Administration
Single component training sessions

Rats in self-administration experiments were allowed 7-10 days of post-operative recovery
following catheter implant. All catheters were flushed daily during recovery with 0.5 mL 50 usp/mL
heparinized saline. All self-administration sessions started with a catheter pre-fill infusion of (50
uL; confirm value). Rats were trained to self-administer fentanyl (0.0032 mg/kg/infusion) or
cocaine (0.32 mg/kg/infusion) in daily 90 or 60 min sessions, respectively. Responding on the
active nosepoke (illuminated) under a fixed ratio (FR)1 schedule of reinforcement resulted in
delivery of drug, while responding on the inactive nosepoke had no scheduled consequences.
After each infusion of drug, there was a 10 second time-out. The work requirement increased,
across days, to a FR5 schedule of reinforcement. To proceed to the multi-dose procedure (details
below), 5 consecutive days of stable responding were required. Stable responding was defined
as no more than a 30% deviation in number of active responses (with no upward or downward

trends) between days and <30% total responses occurred on the inactive nosepoke.
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Multi-dose procedure

A multi-component, daily self-administration task was used to evaluate a range of doses
of fentanyl or cocaine. Each session consisted of five, 25-min components with two-min blackouts
between components during which responding had no scheduled consequence. For cocaine
sessions: 0 (no infusion), 0.032, 0.1, 0.32, and 0.56 mg/kg cocaine were used across the
components. For fentanyl sessions: 0 (no infusion), 0.32, 1, 3.2, 10, and 32 ug/kg/inf fentanyl
were tested in overlapping dose response curves. Doses were presented in a semi-random order
such that the first component was always 0 mg/kg (no infusion) and the last component was
always the largest dose tested (cocaine- 0.56 mg/kg/inf; fentanyl 10 or 32 ug/kg/inf). Components
2, 3, and 4 were randomized daily. Following 5 days of stable responding (same criteria as above),
rats underwent either SNI or sham surgery. Following SNI or sham surgery, rats were allowed
three days of post-operative recovery. Rats resumed self-administration on post-operative day

four.

Drugs

Fentanyl citrate was obtained from Sigma Aldrich (Burlington, MA). Cocaine hydrochloride
was obtained from NIDA Drug Supply. Ketamine hydrochloride was obtained from Hospira, INC
(Lake Forest, IL). Xylazine was obtained from Hospira (Lake Forest, IL). Carprofen (Rimadyl) was
obtained from (Zoetis, Parsippany, NJ). Fentanyl and cocaine were dissolved in sterile,
physiological saline and delivered intravenously (i.v.). Xylazine was diluted from the stock solution
to 20 mg/mL in sterile water. Carprofen was diluted to 5 mg/mL in sterile saline. Heparin was
diluted to 50 usp/mL in sterile saline to produce heparinized saline. Xylazine and ketamine were

delivered intraperitonially and carprofen was delivered subcutaneously.

Statistical Analysis
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Data were analyzed by 3-way (dose, surgical status, time OR dose, surgical status, sex)
or 4-way (dose, time, surgical status, sex) repeated measure ANOVAs in SPSS version 29.
Significant main effects or interactions were followed up with one-way or two-way ANOVA'’s and
post hoc analyses. Only main effects or interactions necessary for interpretation are reported.
Corrections were made, if necessary, according to Mauchly’s W criteria.

We intended to consider sex as a biological variable in all experiments. Unfortunately, we
encountered difficulties such that we were unable to maintain catheter patency until the end of
the experiment in female rats. Therefore, data are underpowered to detect sex differences. For
Randall Selitto experiments, catheter patency was only needed for 9 days, and we were able to
include sex as a biological variable.

Data in the graphs represent only animals that finished the procedure or at least

progressed to 2 weeks following surgery.

Binned Data

For self-administration data, pre-surgical dose response curves were plotted as an
average of the 5 stable days prior to surgery. Day four and day 9 dose effect curves are dose
response curves from individual days. SNI/sham 2-week dose response curves reflect day 10-14
(days 4-9 removed for above analysis). SNI/sham 4-week dose response curves reflect days 24-
28 (last 5 days of experiment) and this abbreviated time window is shown to match the other

timepoints.

Results

Figure 1. Fentanyl self-administration prior to surgery and on post-operative days 4 and 9.
Figure 1A and D show fentanyl-maintained responses for each dose of fentanyl on post-

operative days 4 and 9 in sham and SNI groups. There was a significant main effect of dose

[F(2.23, 31.51)=29.16, p<0.001, n“, =0.68], suggesting that fentanyl maintained responding in a
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dose-dependent manner. Surprisingly, there was no main effect of time [F(2, 28)=1.69, p=0.20,
n% =0.11]. However, there was a significant interaction between dose and time [F(2.96,
41.50)=0.52, p<0.001, n%, =0.65], suggesting that fentanyl-maintained responding shifted over
time. This was likely due to the noticeable decrease in responding on day 4 in both sham and SNI
groups as well as small differences in responding for 1 ug/kg fentanyl on day 9 as compared with
pre-surgical dose effect curves.

There was no main effect: surgical status [F(1, 14)=0.23, p=0.64, n“, =0.02]. There were
some changes in fentanyl-maintained responding; however, these changes are not due to surgical
status [interaction: time* surgical status, F(2, 28)=0.099, p=0.91, n%, =0.007]. Further, there was
no significant three-way interaction between time, dose, and surgical status [F(2.96, 41.50)=0.52,
p=0.67, n“, =0.04]. Together, these data suggest that, although fentanyl-maintained responding
was altered over time, surgical status did not explain these changes.

Figure 1B and E show the number of infusions of fentanyl earned for each dose of fentanyl
on post-operative days 4 and 9. There was a significant main effect of dose [F(1.94, 27.14)=75.05,
p<0.001, n“% =0.84], suggesting different numbers of infusions were earned per dose. The number
of fentanyl infusions earned was altered over time, reflected by a significant main effect of time
[F(2,28)=20.27, p<0.001, n% =0.59]. Further, there was a significant interaction between dose
and time [F(6, 84)=4.40, p<0.001, n“ =0.24], which likely reflects that the number of infusions
earned was most different at lower doses of fentanyl.

Though fewer infusions of fentanyl were earned on day 4 post-surgery, this change was
not explained by surgical status, supported by no main effect of surgical status [F(1, 14)=0.23,
p=0.64, n“, =0.02] and no interaction between time and surgical status [F(1, 14)=0.23, p=0.64,
n% =0.02]. Additionally, there was no three way interaction between time, dose, and surgical
status [F(6, 84)=0.19, p=0.98, n“, =0.01]. Collectively, these data suggest that the decrease in

fentanyl infusions earned on post-operative day 4 was not explained by surgical status.
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Figure 1C and E show the total fentanyl intake for each dose of fentanyl on post-operative
days 4 and 9. Fentanyl intake was dose-dependent, reflected by a main effect of dose [F(1.93,
26.98)=103.90, p<0.001, n =0.88]. Fentanyl intake was altered over time, reflected by a main
effect of time [F(2, 28)=16.22, p<0.001, n“ =0.54]. This was further supported by a significant
time by dose interaction [F(2.21, 84)=3.88, p=0.03, n% =0.22], which likely represents the
decrease in fentanyl intake on post-operative day 4.

Though fentanyl intake was subject to changes over time, these changes were not
explained by surgical status, supported by no main effect of surgical status [F(1, 14)=0, p=0.998,
n% =0] as well as no interaction of time and surgical status [F(2, 28)=2.05, p=0.15, n?, =0.13].
Lastly, there was no three-way interaction of time, surgical status, and dose [F(6, 84)=1.40,
p=0.23, n“, =0.09]. Collectively, these results suggest that the decrease in fentanyl intake on post-

operative day 4 was not explained by surgical status.

Figure 2. Fentanyl self-administration prior to surgery and over 2- to 4-weeks following
surgery

Figure 2A and D show the fentanyl-maintained responding for each dose of fentanyl 2- or
4-weeks following surgery. Fentanyl maintained dose dependent responding, reflected by a main
effect of dose [F(2.15, 25.85)=71.05, p<0.001, n“, =0.86]. There was no difference in fentanyl-
maintained responding in SNI and sham groups, reflected by no main effect of surgical status
[F(1, 12)=3.68, p=0.08, n° =0.24] (Fig. 2A, D). There was no main effect of time such that
fentanyl-maintained responding did not significantly change from pre- to post-surgical timepoints
[F(2, 20)=2.44, p-0.11, n“, =0.20]. However, there was an interaction between dose and time [F(8,
96)=2.40, p=0.02, n% =0.17], suggesting that there were small, but significant, changes in
responding for individual doses over time. For example, responding for 10 ug/kg/inf fentanyl at 4
weeks post SNI was increased as compared with pre-surgery in both sham and SNI groups.

Additionally, responding for 1 ug/kg/inf decreased 2- or 4- weeks post SNI as compared with pre-
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surgery. However, there was no three-way interaction between surgical status, dose, and time
[F(8, 96)=1.08, p=0.38, n% =0.083]. All other interaction terms failed to reach significance
(p's>0.12).

Figure Fig. 2B and E show the number of fentanyl infusions earned for each dose of
fentanyl 2- or 4-weeks following surgery. Prior to and after SNI or sham surgery, the number of
fentanyl infusions earned per component was dose-dependent, reflected by a main effect of dose
[doses included: 0.32-10 ug/kg, F(1.66, 21.62)=68.23, p<0.001, n% =0.84]. There was no
difference in fentanyl self-administration between sham and SNI animals suggesting that SNI-
induced chronic neuropathic pain did not alter fentanyl self-administration, reflected by a no main
effect of surgical status [F(1, 13)=0.41, p=0.46, n“, =0.04] (Fig. 2C, F).

There was a significant interaction between surgical status and time, suggesting there
were some alterations in number of infusions earned over time in SNI and sham groups [F(2,
26)=4.12, p=0.03, n?, =0.24]. This likely reflects small differences between groups over time such
as in the SNI group, infusions of 1 ug/kg dropped slightly at both post-surgical timepoints as
compared with pre-surgery, while in the sham animals, infusions of this dose drop at 2-weeks and
returned to pre-surgical levels at 4-weeks. However, there was no three-way interaction between
time, dose, and surgical status, suggesting that there were minimal changes in specific doses by
surgical status over time [F(6, 78)=1.87, p=0.10, n“ =0.13].

Figure 2C and F show the total fentanyl intake for each dose of fentanyl 2- or 4-weeks
following surgery. Fentanyl intake was dose dependent, reflected by a main effect of dose [F(4,
52)=189.02, p<0.001, n? =0.94]. While there was no main effect of time [F(1.24, 12.36)=2.85,
p=0.11, n% =0.22], there was a significant interaction between time and dose, suggesting intake
at specific doses changed over time [F(6, 78)=12.46, p<0.001, n%, =0.49]; for example, the intake
of 10 ug/kg/inf fentanyl increased in the SNI group from the pre-surgical and 2-week timepoints
to the 4-week timepoint. Lastly, there was no main effect of surgical status, indicating that fentanyl

intake was not significantly different between sham and SNI groups [F(1, 13)=0.27, p=0.61, n%
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=0.02]. Further, there was no interaction between surgical status and time [F(1.3, 16.89)=0.77,
p=0.43, n% =0.06], suggesting that intake of fentanyl was not changed over time by surgical

status. All other interaction terms failed to reach significance (p’s>0.12).

Figure 3. Cocaine self-administration prior to surgery and on post-operative days 4 and 9.

Figure 3A and D show the cocaine-maintained responding for each dose cocaine on post-
operative days 4 and 9. Cocaine maintained dose-dependent responding, supported by a main
effect of dose [F(3, 18)=41.56, p<0.001, n?, =0.88]. Though there appeared to be a decrease in
responding in both sham (A) and SNI (D) groups on day 4, this was not a significant from pre-
surgical levels, supported by no main effect of time [F(1.53, 9.16)=0.19, p=0.78, n*, =0.03] as well
as no interaction between time and dose [F(6, 36)=0.76, p=0.61, n“, =0.11]. Further, there was
not no main effect of surgical status [F(1, 6)=0.007, p=0.94, n% =0.001] and no interaction
between time and surgical status [F(1.53, 9.16)=0.54, p=0.55, n% =0.08]. Collectively these
results demonstrated no significant change in cocaine-maintained responding over time or
between SNI and sham groups.

Figure 3B and E show the infusions earned for each dose of fentanyl tested on post-
operative days 4 and 9. The number of infusions earned was dose-dependent, supported by a
main effect of dose [F(1.65, 9.91)=18.73, p<0.001, n“, =0.76]. While there was no main effect of
time [F(2, 12)=0.13, p=0.88, n“, =0.02], there was a significant interaction between time and dose
[F(6, 36)=2.69, p=0.03, n%, =0.31], suggesting that over time, there was a dose-dependent change
in number of cocaine infusions. This likely reflects the decrease in infusions earned on post-
operative day 4 in both sham (B) and SNI (E) groups.

While number of cocaine infusions earned was subject to dose-dependent changes over
time, these changes were not explained by surgical status. This was supported by no main effect

of time [F(2, 12)=0.47, p=0.64, n“, =0.07] and no interaction between time and surgical status
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[F(2, 12)=0.47, p=0.64, n“, =0.07]. Collectively, these results suggest that surgical status did not
explain differences in cocaine infusions over time.

Figure 3C and F show cocaine intake for each dose of cocaine on post-operative days 4
and 9. Cocaine intake was dose-dependent, reflected by a main effect of dose [F(1.78,
10.71)=120.08, p<0.001, n“ =0.95]. Cocaine intake was subject to changes over time, supported
by a main effect of time [F(1.43, 8.60)=7.51, p=0.02, n“, =0.56], and these changes were most
apparent at larger doses of cocaine (0.1-0.56 mg/kg/inf). This was supported by a significant
interaction between time and dose [F(6, 36)=4.58, p=0.002, n*, =0.43].

While cocaine intake was subject to changes over time, these changes were not explained
by surgical status [no main effect, surgical status, F(1, 6)=0.13, p=0.73, n“%, =0.02]. this was further
supported by no interaction between time and surgical status [F(1.43, 8.60)=0.38, p=0.63, n%
=0.06]. Collectively, these results suggest that cocaine intake was subject to small, significant

shifts over time that were not explained by surgical status.

Figure 4. Cocaine self-administration prior to surgery and over 2- or 4-weeks after surgery.

Figure 4A and D show cocaine-maintained responding for each dose of cocaine prior to
and over 2- or 4-weeks following surgery. Prior to and after surgery, cocaine maintained
responding in a dose-dependent manner, reflected by a main effect of dose [doses included:
0.032-0.56 mg/kg F(2.17, 15.17)=80.95, p<0.001, n% =0.92]. Cocaine-maintained responding
was not altered by up to 4 weeks of SNI or sham states, reflected by no main effect of time [F(2,
14)=0.01, p=0.99, n =0.001]. There was also no difference in cocaine-maintained responding
between SNI and sham groups, reflected by no main effect of surgical status [F(1, 7)=0.79,
p=0.41, n“% =0.10]. Further, there was no interaction between time and dose for this dataset [F(8,

56)=0.86, p=0.55, n% =0.11], and there was no interaction between time, dose, and surgical status
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[F(8, 56)=0.21, p=0.99, n“, =0.03]. All other interaction terms failed to reach significance as well
(p’'s>0.38).

Figure 3-4 B and E show the number of cocaine infusions earned in each component of
the multidose procedure 2- or 4-weeks following surgery. The number of cocaine infusions was
dose dependent, reflected by a main effect of dose [F(4, 28)=80.95, p<0.001, n“% =0.92]. There
was no main effect of surgical status suggesting that there was no difference in number of
infusions self-administered between sham and SNI groups [no main effect, surgical status:
F(1,7)=0.79, p=0.41, n“, =0.10]. Further, there was no main effect of time, suggesting cocaine
infusions were unaltered over the course of 4 weeks of SNI or sham states [F(2, 14)=0.01, p=0.99,
n% =0.001]. There also was not an interaction between time and dose [F(8, 56)=0.86, p=0.55,
n%=0.11] or time, dose, and surgical status [F(8, 56)=0.21, p=0.99, n?, =0.03]. All other interaction
terms failed to reach significance (p’s>0.39).

Figure 4C and F show the total cocaine intake in each component of the multidose
procedure 2- or 4-weeks following surgery. Prior to surgery, cocaine intake increased as dose
increased, through 0.32 mg/kg infusion, while intake decreased at the 0.56 mg/kg/inf dose,
reflected by a significant main effect of dose [F(1, 9)=4, 36)=237.19, p<0.001, n?% =0.96]. There
was no difference in cocaine intake between SNI and sham groups, reflected by no main effect
of surgical status [F(1, 9)=0.63, p=0.63, n“ =0.03]. Cocaine intake was not altered by up to four
weeks of SNI or sham states, reflected by no main effect of time [F(2, 18)=0.042, p=0.96, n%
=0.005]. Further, there was no interaction between dose and time [F(8, 72)=0.25, p=0.98, n?%
=0.03] or dose, time, and surgical status [F(8, 72)=1.61, p=0.14, n°, =0.15]. All other interaction

terms failed to reach significance (p’s>0.14).

Figure 5. Antihyperalgesic- and antinociceptive-like effects of intravenous fentanyl or

cocaine in the Randall Selitto Assay.
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The data shown in Figure 5A and B demonstrate that i.v. fentanyl produced dose-
dependent antinociceptive-like and antihyperalgesic-like effects on days 4 and 9 following
surgery. We evaluated 0.32-32 ug/kg fentanyl as these are the doses available following surgery.
SNI surgery induced a hyperalgesic-like state, as demonstrated by lowered baseline paw
withdrawal thresholds, reflected by a main effect of surgical status [F(1, 20)=2.97, p<0.001, n%
=0.65]. There was a significant main effect of dose such that fentanyl produced dose dependent
increases in paw withdrawal thresholds [F(2.9, 58.07)=495.69, p<0.001, n“%, =0.96]. Additionally,
there was a dose by surgical status interaction [F(2.90, 58.07)=19.76, p<0.001, n“ =0.50]. This
reflects lower baseline paw withdrawal thresholds in the SNI group with no fentanyl on board and
low dose fentanyl (0.32 and 1 ug/kg). A one-way ANOVA split by surgical status and Tukey’s post
hoc analyses was used to determine which doses of fentanyl significantly increased paw
withdrawal thresholds compared to vehicle in both sham and SNI groups. There was a main effect
of dose in both sham [F(5, 66)=116.73, p<0.001, n“% =0.90] and SNI groups [F(5, 66)=212.84,
p<0.001, n?% =0.94]. In sham rats, 3.2-32 ug/kg fentanyl significantly increased paw withdrawal
thresholds as compared with vehicle (all p<0.001). In SNI rats, 1 (p=0.003), 3.2 (p<0.001), 10
(p<0.001), and 32 (p<0.001) ug/kg fentanyl significantly increased paw withdrawal thresholds as
compared with vehicle.

Fentanyl was approximately equally effective on day 4 and 9 following surgery, as
reflected by a non-significant main effect of time [F(1, 20)=1.19, p=0.29, n*, =0.06] as well as a
no interaction between time and dose [F(5, 100)=1.63, p=0.16, n% =0.08]. There was no sex
difference in fentanyl-induced antinociceptive- or antihyperalgesic-like effects [F(1, 20)=0.08,
p=0.78, n%, =0.004]. All other interaction terms failed to reach significance (p’s<0.1).

As shown in Figure 5C and D, i.v. fentanyl produced dose dependent antinociceptive- and
antihyperalgesic-like effects 2.5 months after injury. SNI surgery induced a hyperalgesic-like state
as demonstrated by lowered baseline paw withdrawal thresholds as compared with sham,

reflected by a main effect of surgical status [F(1, 20)=51.62, p<0.001, n? =0.72]. There was a
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significant main effect of dose such that fentanyl produced dose dependent increases in paw
withdrawal thresholds [F(2.88, 57.63)=278.03, p<0.001, n“ =0.93]. A one-way ANOVA split by
surgical status and Tukey’s post hoc analyses was used to determine which doses of fentanyl
significantly increased paw withdrawal thresholds compared to vehicle in both sham and SNI
groups. There was a significant main effect of dose in sham groups [F(5, 66)=118.67, p<0.001,
n% =0.9] and SNI groups [F(5, 66)=105.52, p<0.001, n% =0.89]. 3.2-32 ug/kg fentanyl were
significantly more effective than vehicle in sham (all p<0.001) and SNI groups (all p<0.001).

There was no main effect of sex [main effect: sex, [F(1, 20)=1.64, p=0.22, n“, =0.08].
Though, there was an interaction between dose and sex, suggesting differences in the fentanyl
dose effect curves by sex [F(2.88, 57.63)=4.88, p=0.005, n“% =0.20]. This likely represents the
slightly increased effectiveness of 1 and 3.2 ug/kg in males (Fig. 5C). All other interactions failed
to reach significance, including the three-way interaction term (p’s>0.86).

We tested 0.56 mg/kg cocaine as it is the highest dose available in self-administration
assays, and 0.56 mg/kg was tested as a time course. As shown in Figure 5E and F, i.v. cocaine
(0.56 mg/kg) failed to attenuate SNI-induced mechanical hypersensitivity in either sex. 0.56 mg/kg
cocaine (i.v.) failed to alter paw withdrawal over a 10 min period in males (Fig. 5E) and females
(Fig. 5F), reflected by a non-significant main effect of time [F(4.12, 82.33)=2.04, p=0.10, n%
=0.09]. There was significant difference between sham and SNI groups such that, at all points
tested, SNI groups had lower paw withdrawal thresholds than sham groups [main effect: surgical
status, F(1, 20)=132.82, p<0.001, n%, =0.87]. Lastly, there was no main effect of sex [main effect:
sex, F(1, 20)=1.16, p=0.29, n“, =0.06], indicating a lack of sex differences. All interaction terms

failed to reach significance (p’s>0.17)
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Discussion

The goal of the present study was to evaluate if SNI-induced hypersensitivity altered
ongoing self-administration of fentanyl or cocaine. Therefore, animals were first trained to self-
administer fentanyl or cocaine, then underwent SNI or sham surgery, were allowed 72 hours of
recovery before resuming self-administration on post-operative day 4, and post-operative
evaluation of fentanyl-maintained behavior continued for 4 weeks. At all timepoints, the dose
effect curves were examined across three variables (i.e., responding, infusions, intake). Prior to
surgery, fentanyl-maintained responding and intake dose-dependently increased (Fig. 1).
Compared with fentanyl dose effect curves established prior to surgery, fentanyl-maintained
behavior was significantly decreased on post-operative day 4 in both sham and SNI groups (Fig.
1A, D). However, this decrease in fentanyl self-administration did not persist over the remaining
duration of post-operative evaluation. By postoperative day 9, fentanyl self-administration
behaviors returned to approximately pre-surgical levels in both sham and SNI groups (Fig. 1).
Decreases in fentanyl self-administration were observed in both sham and SNI groups,
suggesting SNI-induced hypersensitivity does not explain the observed decreases in fentanyl self-
administration. While sham surgery does not include damage to the sciatic nerve, a large muscle
incision is made. Although the sham groups received carprofen to manage post-operative pain
and/or discomfort, post-operative pain or surgery itself and exposure to anesthesia may contribute
to the decrease in fentanyl self-administration immediately after surgery. Decreased self-
administration in sham groups has been observed before in other studies in mice (Wade et al.,
2003).

To evaluate if fentanyl effectively alleviates SNI-induced hypersensitivity to mechanical
stimulation on postoperative day 4, a separate group of rats was used to evaluate the effects of
intravenous fentanyl on paw withdrawal thresholds. Paw withdrawal thresholds following vehicle

administration were similar to thresholds measured prior to surgery. Together, these data suggest
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that the sham groups were not hypersensitive to mechanical stimulation 4- or 9-days post-surgery.
However, it is somewhat challenging to completely dismiss post-operative pain as an explanation
for the initial decrease in fentanyl maintained-responding as there is a large difference in the
environment between Randall Selitto assays (i.e., animals suspended from hammock-like
restraint with no weight on hind paws) and the self-administration chambers (i.e., animals support
full body weight and move on grid floors).

Fentanyl self-administration behaviors were examined over a total of 4 weeks following
surgery in order to determine if chronic pain states alter the ongoing self-administration of MOR
agonists over an extended period of time. The initial decrease in fentanyl self-administration was
not persistent, such that, at 2- or 4-weeks following surgery, there were no robust shifts in the
fentanyl dose effect curves. Nevertheless, there was evidence of increased intake of specifically
10 ug/kg fentanyl in both SNI and sham groups (Fig. 3). This finding is consistent with decreased
sensitivity, or tolerance development, to MOR agonist-induced effects following repeated self-
administration (Dao et al., 2021; Malone et al., 2021).

It is also possible that tolerance developed to the rate suppressant effects of fentanyl
(rather than the reinforcing effects), such that animals experience less behavioral disruption or
sedation at larger doses over time and, therefore, intake of large fentanyl doses could increase.
Repeated administration of MOR agonists has been previously demonstrated to produce
rightward shifts in the opioid analgesic-induced locomotor suppressing effects (Timar, Gyarmati,
& Furst, 2005). Overall, in the present study, while there were changes in fentanyl intake over
time, SNI-induced hypersensitivity failed to directly alter the ongoing self-administration of
fentanyl. This finding is consistent with several previous studies in which acute or sub-chronic
pain states did not alter ongoing opioid self-administration (Barattini et al., 2023; Reiner et al.,
2021).

However, several other studies report an increase or decrease in the self-administration

of MOR agonists in the presence of a pain state. While there are many methodological differences
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in the present and previous studies, two factors may contribute to the differential effects of pain
on opioid self-administration across studies: (1) when pain states were induced (prior to or after
acquisition of self-administration, and (2) the type and duration of pain used. A large number of
the previous studies have induced pain states prior to the acquisition of self-administration
(Colpaert et al., 2001; Martin et al., 2007; Higginbotham et al., 2022; Hipolitto et al., 2015; Hou et
al., 2015; Lyness et al., 1989; Wade et al., 2003; Woller et al., 2014), while relatively few have
induced pain states after acquisition of self-administration (Barattini et al., 2023; Neelakantan et
al., 2016; Reiner et al., 2021). Generally, the studies that induced pain states after acquisition do
not report an effect of pain states on self-administration behaviors (Barattini et al., 2023;
Neelakantan et al., 2016; Reiner et al, 2021), which is consistent with the present study. Only one
previous study has examined if chronic neuropathic pain alters ongoing self-administration of
MOR agonists, and this study demonstrated that in male mice, paclitaxel-induced hypersensitivity
prevented the decrease in morphine breakpoint over time, compared to the sham group
(Neelakantan et al., 2016). These findings suggest a very small impact of paclitaxel on morphine-
induced reinforcing effects. It is also possible that the type of pain utilized (e.g., neuropathic or
inflammatory) may differentially alter the reinforcing effects of MOR agonists. There have been
fewer studies assessing the impact of chronic neuropathic pain on opioid self-administration than
inflammatory or nociceptive pain states, and the results from the inflammatory or nociceptive pain
state studies are quite heterogeneous (Decrease- Wade et al., 2002; Lyness et al., 1989; No
change- Barattini et al., 2023; Hou et al., 2015; Reiner et al., 2021; Increase- Colpaert et al., 2001;
Dib & Duclaux, 1982; Hipolitto et al., 2015).

Overall, the primary goal of the present study was to determine if chronic neuropathic pain
or sham states altered the ongoing self-administration of fentanyl, but we also evaluated if pain
states alter the reinforcing effects of a non-opioidergic drug of abuse- cocaine, which no previous
studies have directly tested. Collectively, the present study demonstrated that SNI-induced

hypersensitivity did not alter the reinforcing effects of fentanyl or cocaine. Though, we observed
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changes in fentanyl induced reinforcing effects over time, such that animals in both sham and SNI
groups responded more for 10 ug/kg/inf fentanyl, SNI-induced hypersensitivity did not explain the
increased intake of 10 ug/kg/inf fentanyl.

The failure of SNI-induced hypersensitivity to alter reinforcing effects or antinociceptive-
and antihyperalgesic-like effects of fentanyl could be due to use of a high efficacy MOR agonist
in these experiments. Previous studies have reported that pain states generally reduce MOR
expression and activity in reward circuitry (Back et al., 2006; Campos-Jurado et al, 2019; Dong
et al., 2019; Hou et al., 2017; Ji et al., 1995; Kaneuchi et al., 2019; Ozaki et al., 2002; Pol et al.,
2006; Porecca et al., 1998; Thompson et al., 2018; Yamamoto et al., 2008; Zhang et al., 1998);
however, it is possible these changes in receptor expression or activity may not be sufficient to
alter behavioral effects of a high efficacy agonist. Future studies should examine the reinforcing
effects of a lower efficacy MOR agonist such as nalbuphine or buprenorphine and the extent to

which chronic pain alters learning.
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Figure 1. Self-administration of fentanyl prior to surgery and on post-operative days 4, 9

Data are plotted as responses for fentanyl (A, D), infusions of fentanyl earned (B, E), and

total intake (ug) of fentanyl (C, F). Fentanyl maintained self-administration in all rats under a fixed

ratio (FR)5 schedule of reinforcement prior to surgery. On post-operative day 4, there was a

significant reduction in fentanyl self-administration in both sham (A-C) and SNI (D-F) groups;

however, by day 9 following surgery there was no significant difference in fentanyl-maintained

responding compared to pre-surgical dose effect curves. Data are plotted as the mean + SD.

Each data point represents 8-10 rats and include both males and females.
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Figure 2. Self-administration of fentanyl prior to and after sham or SNI surgery

Data are plotted as responses for fentanyl (A, D), infusions of fentanyl earned (B, E), and
total intake (ug) of fentanyl (C, F). Fentanyl maintained self-administration in all rats under a fixed
ratio (FR)5 schedule of reinforcement prior to surgery (pre-surgical dose effect curves are the
same as plotted in Figure 1). There was no significant difference between fentanyl-maintained
responding 2- or 4- weeks following sham (A-C) or SNI (D-F) surgery. After surgery, both sham
and SNI groups had increased intake of 10 ug/kg fentanyl (C, F). Data are plotted as the mean +

SD. Each data point represents 8-10 rats and include both males and females.
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Figure 3. Self-administration of cocaine prior to surgery and on post-operative days 4, 9

Data are plotted as responses for cocaine (A, D), infusions of cocaine earned (B, E), and total
intake (ug) of cocaine (C, F). Cocaine maintained self-administration in all rats under a fixed ratio
(FR)5 schedule of reinforcement prior to surgery. There was no significant difference in cocaine
self-administration on post-operative days 4 and 9 compared to pre-surgical dose effect curves in
either sham (A-C) or SNI (D-F) groups. Data are plotted as the mean + SD. Each data point

represents 8-10 rats and include both males and females.
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Figure 4. Figure 3-5. Self-administration of cocaine prior to and after surgery

Data are plotted as responses for cocaine (A, D), infusions of cocaine earned (B, E), and total
intake (ug) of cocaine (C, F). Cocaine maintained self-administration in all rats under a fixed ratio
(FR)5 schedule of reinforcement prior to surgery. There was no significant difference in cocaine
self-administration 2- or 4- weeks following either sham (A-C) or SNI surgery (D-F). Data are
plotted as the mean + SD. Each data point represents 8-10 rats and include both males and

females.
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Figure 5. Effect of intravenous fentanyl or cocaine on paw withdrawal thresholds

Effects of intravenous fentanyl (0-32 pg/kg) or cocaine (0.56 mg/kg) on paw withdrawal thresholds
in male and female rats. Fentanyl induced antinociceptive- and antihyperalgesic-like effects were
evaluated on post-operative days 4 and 9 (A, B) as well as 2.5 months following surgery (C, D).
Cocaine-induced alterations in paw withdrawal thresholds were evaluated once, as a time course
(E, F). Data are plotted as the mean + SD paw withdrawal threshold. Each datapoint represents

the average of 6 rats.
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