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Although opioids are potent analgesics, a consequence of chronic opioid use is hyperalgesia during withdrawal,
which may contribute to opioid misuse. Dynorphin, the endogenous ligand of k-opioid receptors (KORs), is
upregulated in opioid-dependent rats and in animal models of chronic pain. However, the role of KORs in opioid
withdrawal-induced hyperalgesia remains to be determined. We hypothesized that KOR antagonism would
reverse opioid withdrawal-induced hyperalgesia in opioid-dependent rats. Male and female Wistar rats received
daily injections of heroin (2-6 mg/kg, SC) and were tested for mechanical sensitivity in the electronic von Frey
test 4-6 h into withdrawal. Female rats required significantly more heroin than male rats to reach comparable
levels of both heroin-induced analgesia and hyperalgesia (6 mg/kg vs. 2 mg/kg). Once hyperalgesia was
established, we tested the effects of the KOR antagonists nor-binaltorphimine (norBNI; 30 mg/kg, SC) and 5'-
guanidinonaltrindole (5'GNTI; 30 mg/kg, SC). When the animals continued to receive their daily heroin treat-
ment (or saline treatment in the repeated saline group) five times per week throughout the experiment, both KOR
antagonists reversed heroin withdrawal-induced hyperalgesia. The anti-hyperalgesia effect of norBNI was more
prolonged in males than in females (14 days vs. 7 days), whereas 5'GNTI had more prolonged effects in females
than in males (14 days vs. 4 days). The behavioral effects of 5’GNTI coincided with higher 5'GNTI levels in the
brain than in plasma when measured at 24 h, whereas 5’GNTI did not reverse hyperalgesia at 30 min post-
treatment when 5'GNTI levels were higher in plasma than in the brain. Finally, we tested the effects of 5GNTI on
naloxone-induced and spontaneous signs of opioid withdrawal and found no effect in either male or female rats.
These findings indicate a functional role for KORs in heroin withdrawal-induced hyperalgesia that is observed in
rats of both sexes.

1. Introduction

The United States is facing an opioid overdose epidemic. More than
70,000 people have died annually from drug overdose in the past 5
years, making it the leading injury-related cause of death. Two-thirds of
drug overdose deaths involved an opioid, and the national prevalence is
an estimated 14 opioid-related deaths per 100,000 people (Scholl et al.,
2018; Wilson et al., 2020). There are still important gaps in our un-
derstanding of the contribution of biological sex to the epidemic (Becker
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and Mazure, 2019). Although women have historically used heroin at
lower rates than men, the increase in heroin use has been faster in
women than in men (Marsh et al., 2018). Men and women exhibit
similar levels of opioid-induced analgesia (Pisanu et al., 2019), but the
prevalence of opioid prescriptions is higher for women than for men
(Frenk et al., 2019). Men report more positive subjective effects of acute
opioid administration, whereas women report more negative subjective
effects (Comer et al., 2009).

A consequence of chronic opioid use is withdrawal-induced
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hyperalgesia, reflected by a lowering of pain thresholds and a decrease
in tolerance to pain. Opioid withdrawal-induced hyperalgesia is more
prominent in patients with opioid use disorder than chronic pain (Hig-
gins et al., 2019). Heroin users in acute withdrawal and ex-users in
protracted abstinence also exhibit greater sensitivity to pain (Ren et al.,
2009; Carcoba et al., 2011), which is hypothesized to contribute to drug
seeking and taking and relapse. The influence of sex and gender on the
prevalence of opioid withdrawal-induced hyperalgesia has not yet been
investigated.

Studies in humans and laboratory animals have reported sex differ-
ences in opioid system function. A recent meta-analysis found little ev-
idence of sex differences in opioid-induced analgesia (Pisanu et al.,
2019). Some studies have reported greater analgesic effects that were
produced by mixed p-opioid receptor (MOR)/k-opioid receptor (KOR)
drugs in women (Gear et al., 1996, 1999; Mogil et al., 2003; Niesters
et al, 2010). In rodents, males consistently exhibited greater
MOR-mediated analgesia (for review, see Craft, 2003; Fillingin and
Gear, 2004; Nasser and Afiy, 2019). Female mice have been shown to
develop opioid withdrawal-induced hyperalgesia faster than males (Juni
et al., 2008). Female rats exhibited hyperalgesia to subanalgesic doses of
morphine, whereas males did not (Holtman and Wala, 2005). Evidence
also indicates genomic-dependent (Taylor et al.,, 2020) and
hormone-dependent KOR-mediated effects in female rats and mice
(Rasakham and Liu-Chen, 2011; Abraham et al., 2018). Moreover, as
recently highlighted by Becker and Chartoff (2019), we still have very
limited knowledge of the role of sex, genetic, epigenetic, and pharma-
cological mechanisms that are associated with KOR function. These few
and conflicting findings may suggest sex differences in the opioid system
and nociception, which warrants further investigations of opioid
withdrawal-induced hyperalgesia in both sexes.

Preclinical studies have shown that the dynorphin (endogenous KOR
agonist)/KOR system is altered in both opioid dependence and pain.
k-Opioid receptors are Gj-coupled receptors that inhibit neurotrans-
mitter release (Eguchi, 2004). The activation of KORs by dynorphin
leads to a decrease in extracellular levels of dopamine (Shippenberg
etal., 2007), y-aminobutyric acid, and glutamate (Hjelmstad and Fields,
2003; Tejeda et al., 2017) in the nucleus accumbens and glutamate
levels in the bed nucleus of the stria terminalis (Crowley et al., 2016). An
increase in KOR binding was found in the central nucleus of the amyg-
dala in chronic pain in male rats (Narita et al., 2006; Nation et al., 2018;
Navratitlova et al., 2019) and mice (Narita et al., 2006). An increase in
the expression of prodynorphin and G-protein activation by dynorphin
was found in the nucleus accumbens in chronic pain in male mice (Liu
etal., 2019; Meade et al., 2020). Also, allodynia was observed following
the spinal administration of dynorphin in male and female rats
(Ambriz-Tututi et al., 2011; Vanderah et al., 1996), mice (Laughlin
et al., 1997), and male prodynorphin knockout mice did not exhibit
hyperalgesia following nerve injury (Wang et al., 2001).

In addition, systemic (Liu et al., 2019), intra-amygdala (Nation et al.,
2018), and intra-nucleus accumbens shell (Massaly et al., 2019)
administration of KOR antagonists reversed negative emotional-like
responses that were caused by chronic pain, such as anxiety-like and
depression-like behaviors that were induced by peripheral nerve injury
in male and female mice (Liu et al., 2019), reversed stress-induced loss
of the diffuse noxious inhibitory control response (i.e., a pain-inhibiting
response) in male morphine-primed rats (Nation et al., 2018), and
reversed the motivation to earn a reward in male rodents (Massaly et al.,
2019). k-Opioid receptor antagonism reduced anhedonia-like responses
that were associated with chemotherapy pain in male rats (Meade et al.,
2020). Moreover, an increase in dynorphin expression was observed in
the nucleus accumbens (Zhou et al., 2011) and spinal cord (Vanderah
et al., 2000; Gardell et al., 2002, 2006) following sustained MOR acti-
vation by morphine, DAMGO, and oxymorphone in male rats.

In animal models associated with opioid addiction, prodynorphin
immunoreactivity was reported to be elevated in the nucleus accumbens
core in male opioid-dependent rats that were exposed to 12 h of
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intravenous heroin self-administration per day and euthanized 12 h into
withdrawal and in nondependent male rats that were exposed to 1 h of
intravenous heroin self-administration per day and euthanized 23 h into
withdrawal (Schlosburg et al., 2013). An increase in prodynorphin
immunoreactivity in the nucleus accumbens shell was observed only in
male opioid-dependent rats (Schlosburg et al., 2013). Systemic or
intra-nucleus accumbens shell norBNI administration reduced the
development of addiction-like behavior and anxiety-like behavior dur-
ing withdrawal in male rats (Schlosburg et al., 2013). These findings
suggest that the dynorphin/KOR system plays a role in nociception and
anxiety-, depression-, and addiction-like behavior. However, the role of
the dynorphin/KOR system in opioid withdrawal-induced hyperalgesia
remains to be explored.

In the present study, we hypothesized that male and female rats are
differentially sensitive to opioid-induced analgesia, the development of
opioid withdrawal-induced hyperalgesia, and the ability of KOR an-
tagonists to reverse opioid withdrawal-induced hyperalgesia. To test this
hypothesis, we evaluated the effects of the KOR antagonists norBNI and
5'-guanidinonaltrindole (5'GNTI) on opioid withdrawal-induced
hyperalgesia and somatic signs of naloxone-precipitated and sponta-
neous heroin withdrawal to determine whether and the extent to which
hyperalgesia and other signs of opioid withdrawal are mediated by
KORs.

2. Results

2.1. Female rats exhibited less heroin-induced thermal antinociception
than male rats

The two-way analysis of variance (ANOVA) revealed a significant
sex x heroin dose interaction (F4 72 = 6.45, p = 0.0002). The Bonferroni
post hoc test revealed significant antinociceptive effects of heroin at 0.5,
0.75, and 1 mg/kg in both males and females. Female rats exhibited
significantly less thermal antinociception than male rats after treatment
with heroin at 1 mg/kg (Fig. 1A).

2.2. Female rats require higher doses of heroin to develop withdrawal-
induced hyperalgesia

Consistent with the lower sensitivity to heroin-induced thermal
antinociception in female rats than in male rats, we found that females
did not develop hyperalgesia at 2 mg/kg heroin (Fig. S1), a dose that
produced hyperalgesia in males. Thus, we increased the dose from 2 mg/
kg to 6 mg/kg, a dose that reliably produced hyperalgesia in females.
Both male and female rats received their respective doses of heroin 5
days per week in the morning and were tested for hyperalgesia in the
afternoon (4-6 h into withdrawal). The two-way repeated-measures
ANOVA revealed a group x time interaction (F35; = 3.271, p = 0.03).
The Bonferroni post hoc test revealed a significantly lower paw with-
drawal threshold in male rats that were treated with heroin (Fig. 1B). In
female rats, the two-way repeated-measures ANOVA revealed a signif-
icant group x dose interaction (F4 45 = 3.856, p = 0.009). The Bonfer-
roni post hoc test showed a significant effect of repeated treatment with
6 mg/kg heroin compared with repeated saline and baseline (Fig. 1C).

2.2.1. A single treatment with norBNI reversed heroin withdrawal-induced
hyperalgesia

The KOR antagonist norBNI reversed opioid withdrawal-induced
hyperalgesia in both females (Fs 49 = 4.430, p = 0.003; Fig. 2B) and
males (F5 30 = 5.167, p = 0.0015; Fig. 2C). In females, the measure taken
24 h after vehicle treatment was significantly lower than baseline (p <
0.05), indicating hyperalgesia. Measures that were taken 1, 4, and 7
days, but not 14 days, after norBNI treatment were significantly higher
than the measure taken 24 h after vehicle treatment (p < 0.05). In males,
the measure taken 24 h after vehicle treatment was significantly lower
than baseline (p = 0.0001), and measures that were taken 1, 4, 7, and 14
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< 0.05, difference from respective 0 mg/kg;
*p < 0.05, difference between males and fe-
males. n = 10/sex. (B) Male rats developed
heroin withdrawal-induced hyperalgesia.
Male Wistar rats received heroin (2 mg/kg,
SC) or saline (1 ml/kg, SC) once per day, five
times per week, and were tested once per
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ANOVA followed by Bonferroni post hoc test. *p < 0.05, difference between heroin and saline; *p < 0.05, difference from respective baseline (n = 9-10/group). gf,
gram force. (C) Female rats required higher doses of heroin to develop heroin withdrawal-induced hyperalgesia. Female Wistar rats received heroin (4-6 mg/kg, SC)
or saline (1 ml/kg, SC) once per day, five times per week, and were tested once per week in the electronic von Frey test 4-6 h into withdrawal. The data are expressed
as mean + SEM and were analyzed using two-way repeated-measures ANOVA followed by the Bonferroni post hoc test. *p < 0.05, difference between heroin and
saline; *p < 0.05, difference from respective baseline (n = 9-10/group). gf, gram force.

A Fig. 2. x-Opioid receptor antagonist norBNI
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injections once per day, five times per week. After
2 weeks of heroin treatment, the rats were re-
tested in the electronic von Frey test. On the
following week, all of the rats received vehicle
and were tested 30 min (Table S1) and 24 h later
(Veh). Next, all of the rats received a single in-
jection of norBNI (30 mg/kg, SC) and were tested
at 30 min (Table S1) and 1, 4, 7, and 14 days
post-norBNI. Importantly, after their single
norBNI injection, the rats continued to receive
their daily heroin treatment five times per week
throughout the experiment. We tested hyper-
algesia 4-6 h after the heroin injection (i.e., acute
withdrawal). (B) nor-Binaltorphimine reversed
opioid withdrawal-induced hyperalgesia in fe-
males up to 7 days. (C) A single norBNI treatment
reversed opioid withdrawal-induced hyperalgesia
in males up to 14 days. The data are expressed as
mean + SEM and were analyzed using one-way
repeated-measures ANOVA followed by the Bon-

ferroni post hoc test. *p < 0.05, difference from Veh (n = 7-9/group). gf, gram force.

days after norBNI treatment were significantly higher than vehicle (p <
0.05). Treatment with 30 mg/kg norBNI did not alter mechanical
sensitivity in the saline-treated groups (males: Fs5 39 = 2.392, p = 0.06;
females: F5 40 = 1.866, p = 0.12; Fig. 3B and C).

2.2.2. A single treatment with 5 GNTI reversed heroin withdrawal-induced
hyperalgesia

In a separate cohort of rats, we tested the effects of the selective KOR
antagonist 5'GNTI on opioid withdrawal-induced hyperalgesia. 5’GNTI
reversed heroin withdrawal-induced hyperalgesia in females (F549 =
4.141, p = 0.004; Fig. 4C) and males (F5 49 = 9.095, p < 0.0001; Fig. 4E).
In females, the vehicle measure was significantly lower than baseline (p

< 0.01) and measures that were taken 1, 4 and 7 days after 5'GNTI
treatment were significantly higher than vehicle (p < 0.05). In males, the
vehicle measure was significantly lower than baseline (p < 0.0001) and
measures that were taken 4 days after 5’GNTI treatment were signifi-
cantly higher than vehicle (p < 0.05). In females, a single treatment with
5'GNTI had an effect on the mechanical sensitivity (Fs545 = 2.447, p =
0.048; Fig. 5B), such that the baseline measure, but not the measure
after vehicle, was significantly higher than the one taken 7 days post-
5'GNTI. In males that were repeatedly treated with saline, there was no
significant effect of 5'GNTI (Fs5 45 = 1.968, p = 0.10; Fig. 5C).

In a control experiment, we observed that a single treatment with
vehicle (saline, 1 mL/kg, SC) did not change the maintenance of heroin



R.C.N. Marchette et al.

\ Handling \ Baseline Saline (1 mL/kg, SC) treatment
VF -2wk- VF -1wk- TVF -24h- VF -24h- TVF -24h- VF -3d- VF-3d- VF-1wk- VF
B Vehicle norBNI
70 v 704 i
= A
2 60+ v 60+ & i A
k] v
2504, 7 ¥ 50 —T—
8 v vy v 3 v A
2
£ 404 _%_ vv 404 & i
g e v A .
g 301N M7 s 30- :
g VVV v b
S 204 vilvY 20+
; v A
& 104 104
0- 0-

I I I
BL Veh 1d 4d 7d 14d

Post-norBNI

1 1
BL Veh 1d 4d 7d 14d
Post-norBNI

Neurobiology of Stress 14 (2021) 100325

Fig. 3. k-Opioid receptor antagonist
norBNI does not alter mechanical sensi-
tivity in saline-treated rats. (A) Male and
female Wistar rats were handled and habit-
uated to subcutaneous (SC) saline injections
for 1 week before the baseline (BL) paw
withdrawal threshold measure. All of the
rats then received subcutaneous saline in-
jections once per day, five times per week.
After 2 weeks of saline treatment, they were
re-tested in the electronic von Frey test. On
the following week, all of the rats received
vehicle and were tested after 30 min
(Table S1) and 24 h (Veh). Next, all of the
rats received a single injection of norBNI
(30 mg/kg, SC) and were tested at 30 min
(Table S1) and 1, 4, 7, and 14 days post-
norBNI. Importantly, after their single
norBNI injection, the rats continued to
receive their daily saline treatment five
times per week throughout the experiment.
We tested hyperalgesia 4-6 h after the saline
injection. (B) Female rats received vehicle,
which did not alter their paw withdrawal
thresholds, followed by norBNI treatment.
nor-Binaltorphimine did not alter mechani-
cal sensitivity on any of the test days. (C)
Male rats received vehicle, which did not

alter their paw withdrawal thresholds, followed by a single norBNI treatment. nor-Binaltorphimine did not alter paw withdrawal thresholds in males. The data are
expressed as mean + SEM and were analyzed using one-way repeated-measures ANOVA. gf, gram force.
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Fig. 4. x-Opioid receptor antagonist 5'GNTI
reversed heroin withdrawal-induced hyper-
algesia. (A) Male and female Wistar rats were
handled and habituated to subcutaneous (SC)
saline injections for 1 week before the baseline
(BL) paw withdrawal threshold measure. All of
the rats then received a subcutaneous heroin in-
jection once per day, five times per week. After 2
weeks of heroin treatment, they were re-tested in
the electronic von Frey test. On the following
week, all of the rats received vehicle and were
tested after 30 min (data shown in Figs. 6A) and
24 h (Veh). Next, all of the rats received a single
injection of 5'GNTI (30 mg/kg, SC) and were
tested at 30 min (data shown in Fig. 6A) and 1, 4,
7, and 14 days post-5'GNTI. Importantly, after
their single 5’GNTI injection, the rats continued
to receive their daily heroin treatment five times
per week throughout the experiment. We tested
hyperalgesia 4-6 h after heroin administration (i.
e., acute withdrawal). (B) Female rats received
vehicle, which was significantly different from
the baseline measure, followed by 5'GNTI treat-
ment. 5'GNTI reversed opioid withdrawal-
induced hyperalgesia in females up to 7 days.
(C) Male rats received vehicle, which was

significantly different from the baseline measure, followed by 5'GNTI treatment. 5 GNTI reversed opioid withdrawal-induced hyperalgesia in males up to 4 days. The
data are expressed as mean + SEM and were analyzed using one-way repeated-measures ANOVA followed by the Bonferroni post hoc test. *p < 0.05 different from
Veh (n = 7-9/group). gf, gram force.

withdrawal-induced mechanical hyperalgesia for 14 days (Fig. S2).

2.2.3. Blood and brain 5'GNTI levels after a single administration
5'GNTI did not alter paw withdrawal thresholds 30 min after treat-
ment (Fig. 6A). We determined plasma and brain 5'GNTI levels 30 min
or 24 h after treatment with 30 mg/kg 5'GNTI in male and female rats
compared with naive controls (Fig. 6B). The ANOVA revealed a signif-

were significantly higher than the naive group (p < 0.0001) and

compared with 24 h (p < 0.0001). The ANOVA also revealed a signifi-

group (p < 0.001).

icant effect of time (F2,9 = 138.9, p < 0.0001) on plasma 5'GNTI levels.
The Bonferroni post hoc test showed that plasma 5'GNTI levels at 30 min

cant effect of time on brain 5’GNTI levels (Fy g = 69.22, p < 0.0001). The
Bonferroni post hoc test indicated that brain 5'GNTI levels at 24 h were
significantly higher than at 30 min (p < 0.0001) and the naive group,
and the levels at 30 min where significantly higher than in the naive
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2.2.4. 5'GNTI did not block somatic signs of withdrawal

5'GNTI did not decrease somatic signs of naloxone-precipitated
withdrawal (Fig. 7) in either male (T3, = 0.681; p > 0.05) or female
rats (T4 = 0.978; p > 0.05). One week after 5’GNTI treatment, we also
measured withdrawal scores during spontaneous withdrawal. No dif-
ferences were found in either males (T;2 = 0.945; p > 0.05) or females
(T14 = 2.071, p = 0.06).

3. Discussion

In the present study, we found that female rats were less sensitive to
the analgesic effects of heroin, and higher doses of heroin were required
to produce hyperalgesia in females compared with males. The antago-
nism of KORs with norBNI and 5'GNTI reversed opioid withdrawal-
induced hyperalgesia in both heroin-dependent male and female rats
in a sex-specific, time-dependent manner, without affecting somatic
signs of withdrawal. We detected 5’GNTI in blood and brain following
systemic administration, suggesting that it crosses the blood-brain

[ Naive
E 30 min
W 24n

Fig. 6. (A) 5'GNTI had no effect on heroin withdrawal-
induced hyperalgesia 30 min after treatment. Half of the

* rats received saline, and half received heroin (2-6 mg/kg, SC).
i . X

" % & Four hours later, all of the rats received vehicle and were tested

—r— after 30 min in the von Frey test. Two days later, the same rats

received 5'GNTI (30 mg/kg, SC) and were tested 30 min later in
the von Frey test. The data are expressed as mean + SEM and
were analyzed using a two-way ANOVA. *p < 0.05, main group
effect. n = 9-10/group. gf, gram force. (B) Plasma and brain
5'GNTI levels. Wistar rats of both sexes received 5'GNTI (30
mg/kg, SC), and brain and plasma were collected 30 min or 24
h later. Samples were analyzed by mass spectrometry. The data
are expressed as mean + SEM and were analyzed using a one-
way ANOVA followed by the Bonferroni post hoc test. a,
males. v, females. *p < 0.05, difference between groups. n = 4/
group.

Brain

barrier.

Our data provide evidence of the lower analgesic efficacy of heroin in
female rats. The same doses of heroin in females produced 40% less
thermal antinociception than in males in the hot plate test. Consistent
with our results, Liu et al. (2018) reported that female mice exhibited
less morphine-induced analgesia than male mice. These effects corre-
lated with differential splicing of OPRM1, the gene that encodes the
MOR, in several brain regions, particularly the thalamus. The lower
effect of heroin in female rodents may have contributed to the previ-
ously reported increase in vaporized fentanyl self-administration in fe-
male mice compared with male mice (Moussawi et al., 2020) and
increase in intravenous heroin self-administration in female mice
compared with male mice (Towers et al., 2019) and rats (Cicero et al.,
2003). Heroin is rapidly metabolized to 6-monoacetylmorphine
(6-MAM) and morphine. 6-Monoacetylmorphine is the main active
metabolite of heroin in the rat brain (Gottas et al., 2013; Schlosburg
et al., 2013), and female mice have higher concentrations of 6-MAM in
both brain and plasma following heroin administration (Hwang et al.,
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A Fig. 7. 5'GNTI treatment did not affect somatic signs of
naloxone-precipitated or spontaneous withdrawal. (A) All
[Handling | Heroin (2-6 mg/kg, SC) treatment > of the rats were handled and habituated to subcutaneous saline
— 2wk — T — 24h — T SWT — 7d — SWT injections for 1 week. All of the rats then received heroin (2-6
§ mg/kg, SC) 5 days per week for 4 weeks. On the third week,
S'GNTI Naloxone half of the rats received vehicle, and half received 5'GNTI (30
1 mg/kg mg/kg, SC). Twenty-four hours later, all of the rats received
B c naloxone hydrochloride (1 mg/kg, SC) and were observed for
30+ O Vehicle 30+ O Vehicle signs of Sfon?a.tic Yvithdrawal for 10 min. After 1 we}ek, 4 h after
, , the heroin injection, the rats were observed for signs of spon-
25 B 5SGNTI 25 4a B S'GNTI taneous withdrawal. Treatment with 5'GNTI in female (B) or
v male (C) rats did not change naloxone-precipitate or sponta-
g 204 v g 20- aa neous signs of heroin withdrawal. The data are expressed as
® v _ @ mean + SEM and were analyzed using unpaired Student’s t-
© v Y _p=0.06 © test. n = 7-8/group. SWT, somatic withdrawal test.
% 154 (% 154 | 2
E vvv v ‘g ot
§ 10 v E 104 . n
v AAA
5+ v 54 A
vvv
0 - 0
Naloxone precipitated Spontaneous Naloxone precipitated Spontaneous

2019). The findings by Hwang et al. (2019) would be in contrast to our
behavioral observations in rats (i.e., greater resistance to the effects of
heroin in females). Additionally, opioid levels in the brain in female rats
peaked earlier (15 min vs. 45 min) than in males following a heroin
injection (Djurendic-Brenesel et al., 2010). Morphine is metabolized to
morphine-6-glucuronide (M6G) and morphine-3-glucuronide (M3G;
Gottds et al., 2013). Doyle and Murphy (2018) reported higher levels of
M3G following morphine administration in female rats than in male rats.
M3G exerts no analgesic effects per se, but it induces hyperalgesia in
mice when administered alone (Juni et al., 2006; Roeckel et al., 2017;
Blomqvist et al., 2020). Thus, higher levels of M3G in females may
explain the lower analgesic potency of heroin in female rats but not their
greater resistance to hyperalgesia. Note that saline injections had no
effect on mechanical thresholds in females. Thus, the stress of injections
appeared not to contribute to the resistance of females to develop heroin
withdrawal-induced hyperalgesia. These findings suggest that sex dif-
ferences in opioid-induced analgesia may be attributable to both phar-
macokinetic and pharmacodynamic factors.

Opioid withdrawal-induced hyperalgesia has been shown to be
MOR-dependent (Roeckel et al., 2017). The present study found that
females required higher doses of heroin to exhibit hyperalgesia.
Dynorphin has been shown to be upregulated in the spinal cord in opioid
withdrawal-induced hyperalgesia and act through glutamate and
N-methyl-D-aspartate (NMDA) receptors in the spinal cord to contribute
to hyperalgesia (Ossipov et al., 1995, 2005; Celerier et al., 2001; Hem-
stapat et al., 2003). NMDA receptor-mediated  opioid
withdrawal-induced hyperalgesia was observed in ovariectomized mice
but was absent in intact female mice, suggesting modulation by sexual
hormones (Bryant et al., 2006; Arout et al., 2015). Other systems have
been implicated in opioid withdrawal-induced hyperalgesia, including
Toll-like receptor 4 (Hutchinson et al., 2010; Aguado et al., 2018) and
corticotropin-releasing factor (Park et al., 2013), but the role of these
systems in opioid withdrawal-induced hyperalgesia remained to be
investigated in females.

The present study provided evidence that the dynorphin/KOR sys-
tem is functionally involved in mechanical hyperalgesia that develops
during withdrawal in heroin-dependent male and female rats. Both
5'GNTI and norBNI completely reversed opioid withdrawal-induced
hyperalgesia in both sexes, whereas norBNI and 5'GNTI were mostly
ineffective in altering pain mechanical sensitivity in male or female rats
that were repeatedly treated with saline, indicating a specific effect of
the dynorphin/KOR system on hyperalgesia in opioid dependent

animals. This effect could be mediated spinally, given that dynorphin is
upregulated in the spinal cord during opioid withdrawal-induced
hyperalgesia (Rattan and Tejwani, 1997; Vanderah et al., 2000; Gar-
dell et al., 2002, 2006). However, Obara et al. (2003) reported that
intrathecal KOR antagonism enhanced rather than blocked allodynia
after sciatic nerve injury and suggested that allodynia was mediated
through a non-opioid effect of dynorphin (Obara et al., 2003).
nor-Binaltorphimine was developed by Portoghese et al. (1987). This
KOR antagonist has transient MOR antagonist activity that fades after 4
h, whereas its KOR antagonist activity peaks at 24 h (Endoh et al., 1992),
and some of its effects last for several weeks following a single treat-
ment. Structure-activity relationship studies (Jones et al., 1998; Sharma
et al., 2001) of norBNI led to the development of 5'GNTI, again by the
Portoghese group. 5'GNTI is highly selectivite for KORs over other
opioid receptors and four-times more potent than norBNI in vitro (Jones
et al., 1998; Munro et al., 2013). Consistent with a delayed onset and
long duration of action of norBNI and 5'GNTI, we found that 5'GNTI did
not reverse opioid withdrawal-induced hyperalgesia when tested 30 min
after treatment, whereas both norBNI and 5'GNTI reversed hyperalgesia
24 h after treatment and thereafter. The effects of norBNI and 5'GNTI in
reversing hyperalgesia were long-lasting. In males, the anti-hyperalgesia
effect of norBNI and 5'GNTI lasted for 14 days and 4 days, respectively.
In females, the effect of norBNI and 5'GNTI lasted for 7 days. The
long-lasting effect of norBNI in the present study is consistent with
previous findings that a single administration of norBNI prevented the
escalation and progression of dependence in male heroin- and
methamphetamine-self-administering rats (Schlosburg et al., 2013;
Whitfield et al., 2015). norBNI also has long-lasting (10-14 days) effects
on anxiety-like (Knoll et al, 2007; Rogala et al., 2012) and
anhedonia/depression-like (Todtenkopf et al., 2004; Chartoff et al.,
2012; Mague et al., 2003; Laman-Marharg et al., 2018) behavior in male
rodents. The effects of 5’GNTI have also been shown to be long-lasting
(14 days) in male and female rhesus monkeys (Negus et al., 2002),
blocking the KOR agonism-induced decrease in responding in a
food-reinforcement assay. The long-lasting effects of norBNI and 5'GNTI
have been hypothesized to involve various mechanisms (Munro et al.,
2012), including long-lasting activation of the c-Jun N-terminal kinase 1
pathway (Bruchas et al., 2007; Melief et al., 2011). With regard to sex
differences in the duration of the anti-hyperalgesia effect that was found
in the present study, a possible explanation is that KOR antagonists may
regulate the c-Jun N-terminal kinase 1 pathway differently in male and
female mice as reported by Laman-Marharg et al. (2018). Remaining to



R.C.N. Marchette et al.

be established is whether there are sex differences in the pharmacoki-
netics of norBNI and 5'GNTI, given that such studies have been per-
formed in only male mice (Horan et al., 1992; Bruchas et al., 2007;
Munro et al., 2012; Patkar et al., 2013).

norBNI has been shown to cross the blood-brain barrier (Munro et al.,
2012; Patkar et al., 2013). Additionally, a single injection of norBNI at a
dose of 4 pg/side in the shell of the nucleus accumbens blocked the
escalation of heroin self-administration in male rats (Schlosburg et al.,
2013), suggesting a central effect of KOR antagonism. However, Munro
et al. (2012) did not detect 5’GNTI in the brain in male mice at doses of
10 mg/kg, suggesting that 5'GNTI did not cross the blood-brain barrier.
However, we analyzed blood and brain samples from rats of both sexes
30 min and 24 h after treatment with 5’GNTI (30 mg/kg) and observed
higher plasma 5'GNTI levels at 30 min than at 24 h and higher brain
5'GNTI levels at 24 h than at 30 min, suggesting that 5’'GNTI also crosses
the blood-brain barrier at this higher dose. The discrepancy between our
findings and Munro et al. (2012) may be attributable to the higher
sensitivity of our assay with a lower limit of detection (10 ng/ml vs. 120
ng/ml). Given that the K; of 5’GNTI is 3 nM (Munro et al., 2013) and its
molecular weight is 662.32 g/mol, a concentration of 2 ng/ml would be
sufficient to block the receptor. Therefore, we suggest that the concen-
tration of 5'GNTI that reached the brain (30 ng/ml) at 24 h is likely
sufficient to elicit a pharmacological effect.

We found that 5'GNTI did not alter somatic signs of naloxone-
precipitated or spontaneous withdrawal, suggesting a dissociation of
the participation of KORs in opioid withdrawal-induced hyperalgesia
and somatic signs of withdrawal. The data in the literature on the so-
matic signs of opioid withdrawal are conflicting. Some studies reported
a decrease in opioid withdrawal signs following treatment with a KOR
antagonist (Kelsey et al., 2015), whereas other studies reported an in-
crease (Spanagel et al., 1994). The present results add to the literature
that shows a lack of effect of KOR antagonism on somatic signs of opioid
withdrawal in male and female rats.

k-Opioid receptor antagonists have been proposed as a treatment for
mood disorders (Carrol and Carlezon, 2013; Krystal et al., 2020), drug
addiction (Chakvin and Koob, 2016; Helal et al., 2017), stress-related
pain disorders, and neuropathic pain (Nation et al., 2018; Navratilova
et al., 2019) by promoting resilience to stress. The reason for the failure
of these compounds in clinical trials to date is unknown and may require
testing hypotheses that involve specific behavioral symptoms rather
than global disorder constructs (Kwako et al., 2017; Cuthbert, 2020).
The present results suggest that KORs remain a viable target for medi-
cation development for elements of stress-related psychiatric disorders,
such as depression, chronic pain, and addiction (Chavkin and Koob,
2016).

In summary, we found that female rats were more resistant to heroin-
induced analgesia and hyperalgesia during withdrawal than male rats.
k-Opioid receptor antagonism reversed heroin withdrawal-induced
hyperalgesia in both males and females, suggesting that the dynor-
phin/KOR system is functionally involved in this behavior. Thus, the
dynorphin/KOR system is a promising target for improving our under-
standing of opioid withdrawal-induced hyperalgesia and its relationship
with negative emotions, stress, and opioid addiction.

4. Methods
4.1. Animals

Eighty-four male and 72 female Wistar rats (175-225 g) were pur-
chased from Charles River Laboratories (Kingston, NY, USA). They were
acclimated to the animal facility for at least 2 weeks before the study. All
of the rats were housed under a 12 h/12 h reverse light/dark cycle
(lights on at 7:00 p.m. and off at 7:00 a.m.) with controlled temperature
(22 °C £ 2 °C) and humidity (50-60%) and free access to water and food
except during testing. All of the procedures were conducted according to
the National Institutes of Health Guide for the Care and Use of
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Laboratory Animals and were approved by the National Institute on
Drug Abuse, Intramural Research Program, Animal Care and Use
Committee.

4.2. Drugs

A 24 mg/ml stock solution of diamorphine hydrochloride (heroin;
National Institute on Drug Abuse Drug Supply Program, National In-
stitutes of Health, Baltimore, MD, USA) was diluted with sterile saline
(Hospira, Lake Forest, IL, USA) at concentrations of 0.5-6 mg/ml
norBinaltorphimine dihydrochloride-[4bS,8R,8aS,10aS,11R,14aS,19aR,
20bR)-7,12-bis(cyclopropylmethyl)-5,6,7,8,9,10,11,12,13,14,19a,20b-
dodecahydro-20H-4,8:11,15-dimethanobis (benzofuro)[2,3-a:3',2'-i]dip
yrido [4,3-b:3',4'-h]carbazole-1,8a,10a,18-tetraol dihydrochloride] and
5'GNTI [1-((4bS,8R,8aS,14bR)-7-(cyclopropylmethyl)-1,8a-dihydroxy-
5,6,7,8,8a,9,14,14b-octahydro-4,8-methanobenzofuro [2,3-alpyrido [4,
3-b]carbazol-11-yl)guanidine dihydrochloride] were synthetized at the
National Institute on Drug Abuse Intramural Research Program (Rock-
ville, MD, USA), and diluted with sterile saline.

4.3. Experiment 1: heroin-induced analgesia dose-response curve

Heroin-induced analgesia was measured using a hot plate (Ugo
Basile, Gemonio, Italy) at a fixed temperature of 52.5 °C. The rats were
habituated to the apparatus at room temperature for 1 min before
baseline measures were taken to minimize novelty-induced analgesia
(Vendruscolo et al., 2004). For both baseline and antinociception
testing, the rats were placed on the hot plate. The timer was triggered by
a pedal. Once the rat exhibited nociceptive behavior, such as jumping,
vocalization, tapping, or raising or licking the hind paw, the timer was
stopped, and the rat was immediately removed from the hot plate. A
1-min cutoff time was used to avoid tissue damage in nonresponding
animals.

We used a within-subjects Latin-square design to test heroin-induced
analgesia at 0.0, 0.25, 0.50, 0.75, and 1.0 mg/kg (1 ml/kg, SC). All of the
rats received every dose of heroin in a Latin-square design, 24 h apart,
15 min before the hot-plate test. Two rats of each sex started at one of the
doses and progressed to the next higher dose on the next day until they
were exposed to all of the doses (n = 10/sex). The data are expressed as a
percentage of the maximum possible effect: %MPE = (latencyheroin —
latencypaseline)/(cutoff — latencypaseline) X 100. The baseline latency was
7.8 + 0.8 s for females and 8.0 + 0.5 s for males.

4.4. Experiment 2: reversal of heroin withdrawal-induced hyperalgesia by
systemic KOR antagonism

Mechanical hypersensitivity was evaluated using an electronic von
Frey device (Ugo Basile, Gemonio, Italy). The rats were habituated to the
testing room for at least 30 min and then acclimated to the apparatus for
at least 15 min before testing. The apparatus consisted of an elevated
platform (100 cm length x 50 cm width x 40 cm height) with a stainless-
steel mesh floor with rectangular plastic compartments (27 cm x 16 cm
% 13 cm) on top. To assess mechanical hypersensitivity, the mid-plantar
area of each hind paw was stimulated twice with a rigid filament, with at
least 30-s intervals between measurements. All of the measures were
averaged and are expressed as grams force (gf). The animals were tested
4-6 h after the heroin or saline injection.

The rats were handled and habituated to the SC saline injections once
per day for 1 week before the baseline measurement. Following the
baseline measurement of mechanic sensitivity using the electronic von
Frey device, the rats were split into two groups. One group received
chronic saline injections (1 ml/kg, SC), and the other group received
chronic heroin injections in the mornings, 5 days per week (Monday-
Friday). The males received 2 mg/kg heroin (1 ml/kg, SC). The females
started at 2 mg/kg heroin, and the dose was increased to 6 mg/kg at
increments of 1 mg/kg per day and maintained at 6 mg/kg for the
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remainder of the study. All of the rats were tested once per week for
mechanical sensitivity 4-6 h after heroin or saline administration (i.e.,
during acute heroin withdrawal). Once hyperalgesia was established in
the chronic heroin group, we tested the effects of norBNI and 5’GNTI on
hyperalgesia. Note that the rats continued to receive daily injections of
heroin (or saline) during the post-norBNI or post-5'GNTI testing that
occurred during heroin withdrawal (4-6 h after the heroin injection).
We used a mixed between/within-subjects design, with group (chronic
saline or chronic heroin) as the between-subjects factor and treatment
(vehicle or KOR antagonist) as the within-subjects factor. All of the
animals received a vehicle injection and were tested for hyperalgesia
after 30 min and 24 h. The same rats received the KOR antagonist 48 h
later and were tested in the von Frey test 30 min, 1 day, 4 days, 7 days,
and 14 days after KOR antagonist treatment. Animals in an initial cohort
received a single 30 mg/kg injection of norBNI (2 ml/kg, SC; females: n
= 9/group; males: n = 7/group). Rats in a second cohort received a
single 30 mg/kg injection of 5’GNTI (1 mg/ml, SC; repeated saline: n =
10/sex; repeated heroin: n = 9/sex). The rats were maintained on their
ascribed injection regimen (i.e., chronic saline or chronic heroin)
throughout this 14-day observation period. Body weights were recorded
weekly. In a control experiment, the rats received a single injection of
vehicle (sterile saline, Hospira, Lake Forest, IL, USA) instead of norBNI
or 5'GNTI and were tested as above.

4.5. Experiment 3: measurement of blood and brain 5 GNTI levels

Serum and phosphate-buffered saline (PBS)-perfused brains samples
were processed for the mass spectrometry identification of 5’GNTI. Brain
tissue was homogenized in 2 ml of distilled water per gram of tissue. For
extraction, 200 pl of brain homogenate or plasma was mixed with 600 pl
of methanol. The samples were vortexed for 5 min and centrifuged at
15,600 rotations per minute at 4 °C for 15 min. The supernatant was
transferred to a new microtube and evaporated at 50 °C under a nitrogen
atmosphere. The samples were resuspended in 200 pl of 6% methanol in
0.1% formic acid for mass analysis. The samples were analyzed using a
Dionex UltiMate 3000 high-performance liquid chromatography device
coupled to an Orbitrap Velos with a heated electrospray ionization
source (Thermo Scientific, San Jose, CA, USA). A Kinetex 2.6 pm C18
100 A (100 x 2.1 mm) column (Phenomenex, Torrance, CA, USA) was
used for liquid chromatography separation. The liquid chromatography
conditions were the following: 30 °C column temperature, 0.1% formic
acid mobile phase A (aqueous), methanol mobile phase B (organic), 0.3
ml/min flow rate, 6-100% gradient of mobile phase B in 8 min, and 5 pl
sample injection volume. The electrospray ionization mass spectrometry
parameters were the following: 4 kV source voltage (positive ion mode)
and 60,000 m/Am mass resolution. A standard curve was generated for
5/GNTI [M+2H]?*" from 5 to 1000 ng/ml. The limit of quantification was
10 ng/ml, and the limit of detection was 5 ng/ml.

The rats (n = 6 males, n = 6 females) received an SC injection of 30
mg/kg 5'GNTIL. After 30 min (n = 4) or 24 h (n = 4), the rats were deeply
anesthetized in an isoflurane-saturated chamber. The chest cavity was
then opened, and blood was collected by cardiac puncture, followed by
perfusion with PBS. The brains were collected and snap frozen in iso-
pentane. A drug-naive group was included as a control (n = 4). Blood
and brain samples were kept at —80 °C until the assay was performed.

4.6. Experiment 4: effect of KOR blockade on somatic signs of naloxone-
precipitated withdrawal

Somatic withdrawal was scored as previously reported (Vendruscolo
et al., 2018) by two experimenters who were blind to the rats’ group
assignment. Two classes of somatic signs of opioid withdrawal were
observed for 10 min. Graded signs included wet dog shakes (2 points for
1-2 occurrences and 4 points for > 3 occurrences) and jump attempts (1
point for 2-4 occurrences, 2 points for 5-9 occurrences, and 3 points for
> 10 occurrences). Checked signs included abdominal spasms (2 points),
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genital area grooming (3 points), teeth chattering (2 points), vocaliza-
tion upon touch (3 points), swallowing movements (2 points), ptosis (2
points), abnormal posture (3 points), defecation/diarrhea (2 points),
and profuse salivation (7 points). Additionally, we recorded body weight
loss 60 min after the naloxone injection (1 point per gram lost). The data
are expressed as the total withdrawal score.

Male and female Wistar rats were treated 5 days per week (Monday-
Friday) with heroin in the same manner as described in Experiment 2.
After 3 weeks of repeated heroin injections, half of the rats were treated
with vehicle, and the other half were treated with 5GNTI (30 mg/kg,
SC). Twenty hours after treatment, all of the rats received heroin fol-
lowed 4 h later by naloxone (1 mg/kg, SC) and were observed for so-
matic signs of naloxone-precipitated withdrawal as described above.
After one additional week of repeated heroin injections, the same rats
were observed for somatic signs of spontaneous withdrawal (male: n =
7/group, female: n = 8/group).

4.7. Statistical analysis

The data are expressed as mean =+ standard error of the mean (SEM).
The data from Experiment 1 were analyzed using two-way repeated-
measures ANOVA, with dose as the within-subjects factor and sex as the
between-subjects factor, followed by the Bonferroni post hoc test when
appropriate. In Experiment 2, the effect of treatment was analyzed
separately by sex and group (repeated saline or repeated heroin) using a
one-way repeated-measures ANOVA, with posttreatment time as the
within-subjects factor. Bonferroni’s post hoc test was used to compare
baseline and different timepoints after KOR antagonist administration
with vehicle. The data from Experiment 3 were analyzed using one-way
ANOVA, with treatment as the between-subjects factor, followed by the
Bonferroni post hoc test. The data from Experiment 4 were analyzed
using unpaired t-tests separately by sex. Values of p < 0.05 were
considered statistically significant.
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