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Abstract: Studies performed in a mouse model of chronic inflammatory pain induced by intraplan-
tar injection of complete Freund’s adjuvant (CFA) have shown that constitutive activation of the
endogenous opioid signaling, besides serving as a mechanism of endogenous analgesia that toni-
cally represses pain sensitization, also generates a state of endogenous opioid dependence. Since
species-related differences concerning pain biology and addictive behaviors occur between mice
and rats, the present study explored whether the coexistence of endogenous opioid analgesia and
endogenous opioid dependence also characterizes a homologous rat model. To this aim, CFA-in-
jured Wistar rats were treated with either 3 mg/kg or 10 mg/kg of the opioid receptor inverse agonist
naltrexone (NTX) during the pain remission phase and monitored for 60 min for possible with-
drawal behaviors. At 3 mg/kg, NTX, besides inducing the reinstatement of mechanical allodynia,
also caused a distinct appearance of ptosis, with slight but nonsignificant changes to the occurrence
of teeth chatters and rearing. On the other hand, 10 mg/kg of NTX failed to unmask pain sensitiza-
tion and induced significantly lower levels of ptosis than 3 mg/kg. Such an NTX-related response
pattern observed in the rat CFA model seems to differ substantially from the pattern previously
described in the mouse CFA model. This supports the knowledge that mice and rats are not identical
in terms of pharmacological response and stresses the importance of choosing the appropriate spe-
cies for preclinical pain research purposes depending on the scientific question being asked.

Keywords: rodent models; complete Freund’s adjuvant; peripheral inflammation; endogenous
opioids; species differences; nociceptive reinstatement

1. Introduction

Pain prevalence ranges from 38.4 to 49.6% in developed countries and from 24.1 to
60.4% in developing countries [1], while chronic pain is a major health problem world-
wide [2]. Its development involves complex and dramatic changes to the neural pain path-
ways from the peripheral nociceptors to the cerebral cortex, leading to a persistent state
of hypersensitivity [2-5].

Therefore, comprehensive identification of these changes and underlying molecular
mechanisms, as well as of the factors that increase individual susceptibility, is pivotal to
improving medical strategies to minimize or eliminate the potential risk of transition from
acute (protective) to chronic (pathological) pain in clinical practice.

Rodent models of persistent pain are essential experimental tools for understanding
chronic pain and assessing the analgesic efficacy of candidate compounds in the drug
discovery and development process [6]. Among the numerous models developed over
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many decades to recreate the various types of chronic pain conditions affecting human
beings [4], the complete Freund'’s adjuvant (CFA) model [7,8] has proven to be particularly
suitable for studying the pathogenesis of chronic inflammatory pain in vivo [9]. Indeed,
the peripheral inflammatory response induced by the injection of this chemical agent into
the hind paw of rodents is robust and persistent enough to result in a pronounced sensi-
tization and consequent hyperreactivity that involve not only the nociceptors at the site of
the chemical injury but also the nociceptive signaling pathways of the central nervous
system (CNS) [10]. Central sensitization can be defined as an abnormal responsiveness
state or increased gain in the pain system [11]. Central pain sensitization associated with
CFA-induced inflammatory injury does not end upon the resolution of tissue injury and
disappearance of overt signs of hyperalgesia but persists for several months in a silent
form termed latent sensitization [9,12-14]. In large part, such a state of remission, defined
as a period with no mechanical allodynia, is initiated and maintained by the constitutive
activity of a population of p-opioid receptors (MORs) engaged in the CNS to suppress the
activity of sensitized pronociceptive neurons tonically. Consistently, by the administra-
tion of a centrally acting MOR inverse agonist such as naltrexone (NTX) during the remis-
sion phase, it is possible to transiently unmask the central sensitization and reinstate neu-
ronal nociceptive activity in the CNS with signs of pain hypersensitivity at the injury site
[9,12-14].

Based on these characteristics, the rodent model of CFA-induced chronic inflamma-
tory pain and latent sensitization is considered able to reproduce the episodic nature and
vulnerability to stressors that typically accompany chronic pain states in clinical patients
(with exposure to excessive stress being a known cause of the loss of opioid inhibitory
control on central nociceptive circuitry) [9].

Studies performed in CFA-injured mice [12-14] have revealed that, along with long-
term endogenous analgesia, the induction of MOR constitutive activity (MORca) in the
brain also generates a state of endogenous opioid physical dependence through mecha-
nisms of compensatory neuroadaptations that likely resemble those involved in the de-
velopment of addiction following repeated treatment with exogenous opiates [12]. In sup-
port of this, it was found that NTX administration under conditions of latent sensitization
also precipitated opioid withdrawal behaviors in mice. This finding suggested that the
MORca induced within the CNS by the peripheral inflammatory injury may not only act
as an endogenous mechanism to prevent the transition from acute to chronic pain but also
paradoxically promote at the same time the long-term persistence of central pain sensiti-
zation, creating a lasting predisposition to pain relapse [12].

Appropriately targeting the opposing homeostatic interactions between the endoge-
nous antinociceptive opioid receptor signaling and the latent pronociceptive signaling in
the CNS may thus offer new options to prevent or manage chronic pain states [14].

Besides mice, rats also have been used to develop the CFA model of chronic inflam-
matory pain [7-9]. However, whether the increased endogenous opioid tone responsible
for long-term endogenous analgesia induces endogenous physical dependence in this ro-
dent species is still unknown. Considering the well-documented existence of differences
in pain biology and addictive behaviors of rats and mice [15,16] and given the potentially
important impact that such interspecies differences may have on the translational validity
of the two rodent models [15,16], the present study was designed to explore the possible
occurrence of endogenous opioid dependence in CFA-injured rats under conditions of
MORCca-dependent latent sensitization. The experimental work was conducted using
Wistar rats because of the experience gained with this strain in our laboratory during pre-
vious pain studies [17-20]. However, current knowledge regarding latent pain sensitiza-
tion induced by chronic peripheral inflammation in rats is exclusively referred to the Spra-
gue-Dawley strain [9,18,21], and differences relevant to the pain biology [16] and behav-
ioral responses [19] have been reported to also occur between these two rat strains. There-
fore, the design of our study also included control experiments using sham-injured rats
as comparators to verify that, in the Wistar strain too, the intraplantar injection of CFA is
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an effective and specific stimulus for inducing the basic phases of latent sensitization and
that possible pronociceptive and withdrawal precipitating effects of NTX is dependent on
the presence of a condition of latent sensitization.

2. Results
2.1. Time-Course of CFA-Induced Inflammation and Pain in Male Wistar Rats

A significant decrease in the paw mechanical withdrawal threshold (indicative of me-
chanical allodynia) was recorded in rats on days three, seven, and fourteen after the intra-
plantar injection of CFA compared to baseline (BL), with a greater decrease observed on day
three (D3). By D21, the mechanical withdrawal threshold of the CFA-injured rats returned
to BL values [two-way ANOVA, time F(4,88) = 6.360 ***p < 0.001, treatment F(1,22) = 33.19
**p <0.001, and interaction F(4,88) = 10.22 **p <0.001] (Figure 1A). In parallel, a significant
increase in the thickness of the injected paw (indicative of paw edema) was detected, reach-
ing its maximum on D3 and then followed by a gradual reduction in amplitude down to its
lowest (but still significant) value on D21 [two-way ANOVA, time F(4,88) = 11.83 p < 0.001,
treatment F(1,22) = 90.41 ***p <0.001, and interaction F(4,88) = 10.59 **p < 0.001] (Figure 1B).

In the sham-injured rats, no change in the mechanical threshold or paw thickness
was recorded during the 21 days observation period after the saline injection.
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Figure 1. CFA-induced pain (mechanical allodynia) and inflammation (paw edema) in male Wistar
rats. (A) Progression of mechanical hypersensitivity, measured as mechanical withdrawal response
thresholds to von Frey filaments, after intraplantar injection of CFA (e; n = 17) or sham paw injury
with saline (s; n =7). (B) Progression of paw edema, measured as the diameter of the left hind paw,
after intraplantar injection of CFA (e; n =17) or sham paw injury with saline (®; 1 =7). *p <0.05, **p
<0.01, **p <0.001. Each point represents mean + SEM. See main text for abbreviations.
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2.2. Effect of NTX Administration on the Paw Mechanical Withdrawal Threshold of Male Wistar
Rats at 21 Days Post-CFA Administration (CFA-21d)

The subcutaneous injection of 3 mg/kg of NTX at CFA-21d rats resulted in a transient
decrease in the mechanical threshold, indicative of the reinstatement of mechanical allo-
dynia at levels similar to those recorded on D3 after CFA injection [two-way ANOVA, time
F(3,81) = 3.100 *p < 0.05, treatment F(2,27) = 2.266 p = 0.12, and interaction F(6,81) =1.432 p =
0.21] (Figure 2A). The effect was transient, as, after its detection at 30 min post-NTX admin-
istration, it gradually relented, returning to pre-NTX values by the end of the 60 min obser-
vation period. However, when administered at the higher dose of 10 mg/kg, NTX did not
elicit any significant changes in the mechanical withdrawal threshold compared to the pre-
NTX values during the monitoring period. Similarly, no significant effect on the mechanical
withdrawal threshold was observed in CFA-21d rats following saline administration.

In the sham-21d rats, none of the three treatments produced significant changes in the
mechanical threshold at any time post-administration [two-way ANOVA, time F(3,54) =2.191
p=0.09, treatment F(2,18) =0.3533 p = 0.71, and interaction F(6,54) =2.029 p = 0.08] (Figure 2B).

The different influence of the three types of treatments (NTX at 3 mg/kg, NTX at 10
mg/kg, saline) on the mechanical withdrawal threshold of CFA-21d rats was confirmed
by the area under the curve (AUC) analysis. A significant decrease in NTX at 3 mg/kg was
observed between 30 and 45 min post-treatment [one-way ANOVA, F(5,45) = 6.881 *p <
0.001] (Figure 2C). On the other hand, the same analysis confirmed the lack of influence
of the three treatments on the mechanical withdrawal threshold of the sham-21d rats.
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Figure 2. NTX-evoked reinstatement of mechanical allodynia in CFA-21d male Wistar rats. (A) The
graph shows the time course of mechanical allodynia after subcutaneous administration of 3 mg/kg
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NTX (n =12), 10 mg/kg NTX (n = 8), or saline (n = 10) to the CFA-injured rats on day 21 after CFA
injection (CFA-21d rats; remission phase). *p < 0.05. Each point represents mean + SEM. (B) The
graph shows the time course of mechanical allodynia after subcutaneous administration of 3 mg/kg
NTX (n =7), 10 mg/kg NTX (n =7), or saline (1 = 7) to the sham-injured rats on day 21 after saline
injection (sham-21d rats). Each point represents mean + SEM. (C) The graph shows the AUC of data
from graphs (A,B) for the section between 30 and 45 min post-administration of 3 mg/kg NTX, 10
mg/kg NTX or saline. *p < 0.05 (for 3 mg/kg NTX versus saline and 10 mg/kg NTX in CFA-21d rats).
Each column represents mean + SEM. See main text for abbreviations.

2.3. Effect of NTX Administration on the Behavioral Traits of CFA-21d Male Wistar Rats

Ptosis was not observed in any of the sham-21d rats (whatever treatment they re-
ceived), nor in the CFA-21d rats treated with saline. Conversely, subcutaneous injection
of NTX induced the appearance of this behavioral sign in the CFA-21d rats, though with
differences between the two doses [one-way ANOVA, F(5,45) = 18.30 ***p < 0.001] (Figure
3A). Notably, all of the 12 CFA-21d rats treated with the lowest dose of NTX (3 mg/kg)
exhibited ptosis during the 60 min observation period (prevalence of 100%), with a mean
frequency of occurrence of 2.50 (+ 0.42) episodes/animal. In comparison, the group treated
with the highest dose of NTX (10 mg/kg) showed significantly lower prevalence and fre-
quency of ptosis. Indeed, ptosis was observed in only three out of eight animals (preva-
lence of 37.5%; Fisher’s exact test, **p < 0.01), with just one episode being counted for each
of them during the specified testing period (leading to a mean of 0.38 + 0.18 episodes/an-
imal; Sidak’s post hoc test, ***p <0.001). Statistically, the prevalence of ptosis in the animals
receiving 10 mg/kg of NTX was higher than in the saline-treated group (Fisher’s exact test,
*p <0.05).

Teeth chattering also was not observed in the sham-21d rats (independently of the
treatment they received), nor in the saline-treated CFA-21d rats. In the group of CFA-21d
rats treated with NTX at 3 mg/kg, this behavior occurred only in two out of twelve (prev-
alence of 16.7%), with just one episode per animal. This prevalence was not different on a
statistical basis from the saline-treated group (Fisher’s exact test, p=0.4831). Teeth chatters
were not observed in any CFA-21d rats after administering the higher NTX dose (10
mg/kg).

Rearing activity was observed in all of the sham-21d and CFA-21d rats during the 60
min of observation, independently of the type of treatment received (prevalence of 100%)
(Figure 3B). The mean frequency of occurrence of this behavior was numerically higher in
the group of CFA-21d rats treated with the lowest dose of NTX (3 mg/kg) (7.64 + 1.21
episodes/animal) in comparison with the other two groups of CFA-21d rats (saline: 4.92 +
0.73 episodes/animal; 10 mg/kg NTX: 5.38 + 1.03 episodes/animal), as well as in compari-
son with the three groups of sham-21d rats (saline: 5.14 + 1.06 episodes/animal; 3 mg/kg
NTX: 5.57 + 0.84 episodes/animal; 10 mg/kg NTX: 5.29 + 1.17 episodes/animal), but the
difference was found to be not statistically significant [one-way ANOVA, F(5,45) = 1.049
p =0.4009].

Wet dog shakes and paw tremors were never observed in any experimental group.
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Figure 3. NTX-evoked opioid withdrawal behaviors in CFA-21d male Wistar rats. The column-scat-
ter graphs show the frequency of occurrence of withdrawal-associated behaviors (number of behav-
ior episodes counted over the 60 min observation period) after administration of 3 mg/kg NTX, 10
mg/kg NTX, or saline to CFA-injured rats on day 21 post-CFA intraplantar injection (remission
phase; n=12, n=_8 and n = 10, respectively) or to sham-injured rats on day 21 post-saline intraplantar
injection (n=7, n="7 and n =7, respectively). (A) Ptosis, (B) rearing. Individual points represent data
from every animal, horizontal lines depict the mean, and vertical bars depict the SEM. *** p < 0.001
(3 mg/kg NTX versus 10 mg/kg NTX in CFA-21d rats). See main text for abbreviations.

3. Discussion

Although similar in many aspects, mice and rats are not identical but present some
fundamental differences in several aspects, including pain biology, with particular regard
to the mechanisms underlying chronic pain [16] and addictive behaviors [15]. Such
mouse-rat differences can be anatomical, physiological, biochemical, and/or pharmaco-
logical in their nature [16,22] and should be considered carefully when choosing a rodent
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model system for addressing specific research questions [15]. Indeed, the more advised
the choice between the two rodent species, the higher the translational predictability of
the preclinical research outcomes [15,16,23]. Moreover, in the pain drug discovery and
development setting, it is well established that the risk of failure in advancing any com-
pound to the clinic would likely be lower with a compound that is robustly efficacious in
more in vivo preclinical pain models and would be even lower if efficacy was demon-
strated in both rat and mouse models [6].

Accordingly, there is a valid reason to replicate the findings obtained in one rodent
species in the other to identify possible interspecies differences [15]. In this view, further
to previous observations made in a mouse CFA model [12,14], the present study investi-
gated whether a rat CFA model is also characterized by the occurrence of a state of en-
dogenous opioid dependence associated with a MORca-dependent latent pain sensitiza-
tion.

To the best of our knowledge, this is the first study reporting the successful genera-
tion of the latent sensitization model of chronic inflammatory pain in Wistar rats.

All previous studies on the rat version of this model had been conducted using the
Sprague-Dawley rats [9,18,21]. Looking at pain sensitivity, the time course of the specific
response of our Wistar rats to the triggering injury produced by the intraplantar injection
of CFA was similar to that described for Sprague-Dawley rats by Marvizon et al. (2015),
with a phase of hyperreactivity (mechanical allodynia) persisting for about 14 days, fol-
lowed by complete remission by day 21 [9]. However, the magnitude of the nociceptive
response to the inflammatory injury was overall smaller in the Wistar rats of the present
study compared with that recorded previously in Sprague-Dawley rats by other authors
[9,18,21], who found the mechanical withdrawal threshold to be reduced by about 80%,
70%, and 60% on days three, seven, and fourteen, respectively, post-CFA injection. Con-
sidering that the amount of CFA administered to the rats was the same in those studies
and the present one, it seems likely that differences exist between the two rat strains con-
cerning their reactivity to the inflammatory injury and/or sensitivity to pain [16]. Moreo-
ver, there is evidence that the relative contributions of lumbar spinal nerves to the com-
position of sensory fibers of the sciatic nerve differ significantly between rat strains, and
this has been proposed to, in part, account for the inter-strain variability in the degree of
neuropathic pain expressed after nerve injury in the spinal nerve ligation model [22]. The
possibility that this or other unknown strain-related differences could also have implica-
tions for the behavioral pain outcomes of an inflammatory injury to the distal limb cannot
be ruled out.

In the present study, the inflammatory nature of the pain hyperreactivity shown by
Wistar rats in response to intraplantar injection of CFA was indirectly confirmed by the
parallel development of paw edema. The time course of the development of the swelling
component of the CFA-induced inflammation in our rats also was consistent with data
from previous studies in both Wistar and Sprague-Dawley rats [5,8], reporting the pres-
ence of maximal paw edema starting from 24 h after the CFA injection, with at least seven
days of persistence. It is worth mentioning that, in our study, a significant though minimal
edema response to the proinflammatory agent could still be appreciated on day 21,
namely in the absence of pain signs. Similar observations were made by other authors in
CFA-injured Wistar rats [24], where paw edema was still present and pronounced on days
21 and 28 after the CFA injection, as well as in the CFA-injured mice (C57BL/6 strain) [12],
where paw edema took about seven weeks to disappear completely. Therefore, our find-
ing seems to confirm that edema and pain hyperreactivity associated with inflammation
are independent responses [8] to be considered separately when using the rodent CFA
model in the preclinical evaluation of the efficacy of novel anti-inflammatory and analge-
sic drugs [5]. At any rate, it must be acknowledged that in the chronic inflammation in-
duced by CFA, an increased paw thickness may reflect not only edema but also the pres-
ence of an extensive inflammatory cell infiltration of the tissue that other studies have
documented [24,25].
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The fact that, in the CFA-injured Wistar rats used in the present study, the resolution
of pain characterizing the remission phase of the model was not indicative of the extinc-
tion of pain sensitization but instead of the tonic suppression of this maladaptive state by
the signaling of a population of constitutively active MORs was confirmed by the finding
that NTX administration to the CFA-21d rats at the dose of 3 mg/kg reinstated mechanical
allodynia. In addition, the finding that the sham-injured 21d rats did not develop mechan-
ical allodynia in response to the same dose of NTX proved that the antinociceptive effect
of NTX detected in the CFA-injured rats was dependent on the presence of sensitization.
In agreement with observations made by Marvizon et al. (2015) in CFA-injured Sprague-
Dawley rats [9], the time course of the antinociceptive effect of 3 mg/kg NTX in our CFA-
injured Wistar rats (which was maximal at 30 min post-injection and had entirely disap-
peared by the end of the 60 min observation period) was consistent with the plasma elim-
ination half-life of the drug in this rat strain, which has been reported to be of about 1 h
[26]. The value of this pharmacokinetic (PK) parameter has been determined after the in-
travenous administration of a single bolus dose of 2.2 mg/kg of NTX. However, a PK study
performed in man [27] showed that the PK profiles of NTX after intravenous and subcu-
taneous administration are similar, with the latter being characterized by fast absorption
into the systemic circulation.

It is worth noting that in the abovementioned study by Marvizon et al. (2015), the
reinstatement of mechanical allodynia was observed after subcutaneous administration
of a lower dose of NTX (1 mg/kg) to the CFA-21d rats and caused a greater and more
persistent decrease in the paw mechanical withdrawal threshold (significantly reduced by
60% and 30% at 30 and 60 min, respectively, after NTX administration) than the decrease
recorded in the present study with a three-fold higher dose [9]. Again, this inconsistency
may depend on the different pain sensitivity of the two different rat strains used in the
present and previously published study [9] (Wistar and Sprague-Dawley, respectively)
[16]. The possibility also exists that the inconsistent magnitude of the pain response of the
two rat strains to the two doses of NTX reflected interstrain differences in the PK profile
of this drug. Indeed, the hepatocyte metabolic profiles of various drugs have been shown
to differ between these two rat strains [28], and the hepatobiliary system is believed to be
a major route of elimination of NTX in rats [26].

There is, however, a further possible explanation for the highlighted inconsistency
between the magnitude of the antinociceptive effect elicited by 1 mg/kg and 3 mg/kg of
NTX in the rats of the referenced study [9] and ours, which can be proposed by also con-
sidering that the highest dose of NTX tested in our study (10 mg/kg) proved utterly unable
to reinstate mechanical allodynia during the remission phase. Taken together, these ob-
servations suggest that the dose—effect relationship of NTX in rats (or, at least, in the
Wistar rat strain) has an atypical, bell-shaped pattern that the present study reports for
the first time. Further examples of a bell-shaped dose—effect relationship in the exertion of
NTX activity can be found in the literature, as it was shown to have a potentiating effect
on the activity of antiretroviral drugs on human lymphocytes [29]. However, our finding
in the CFA-injured Wistar rats contrasts with previous observations in CFA-injured
C57BL/6 mice [12], where NTX was found to induce pain reinstatement in a dose-depend-
ent manner (i.e., yielding a classical inhibitory sigmoid dose-response curve), with the
doses of 3 and 10 mg/kg being equally effective at eliciting the maximal possible effect
[12]. This, incidentally, accounts for the fact that the last two doses were selected for the
present study, with the expectation that they would have elicited similar maximal effects
in rats.

The occurrence of bell-shaped concentration-response curves is not unusual with lig-
ands of G-protein coupled receptors, but much remains to be understood concerning the
mechanisms underlying this complex phenomenon [30-32]. Therefore, we do not have a
clear explanation for the difference that seems to exist between the mechanical threshold
response patterns of rats and mice to NTX. However, this data suggests that extreme cau-
tion is required when interpreting differences between one strain of rat versus one strain
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of mouse as true species differences exist and need to be confirmed by a head-to-head
comparison in the same experimental setting [16].

A first hypothesis regarding the mechanisms behind the atypical dose—effect rela-
tionship of NTX in rats described in the present study can be formulated considering that
high receptor expression levels have been reported to be a key factor in the detection of
bell-shaped responses [31]. More specifically, in biological tissues expressing high levels
of receptors, an agonist may induce its specific receptor to couple to different G-protein
subtypes in a concentration-dependent manner so that the response of the same receptor
population to low agonist concentrations differs from that to high agonist concentrations
because of the receptor coupling to a different downstream G-protein mediated signaling
cascade. This switch in G-protein coupling would not occur in tissues expressing moder-
ate or low levels of receptors. Moreover, for the inverse agonist of 5-HT1a receptors pin-
dolol, it has been reported that actual inverse agonism is exerted in the presence of low
receptor expression levels, while agonism is exerted in the presence of high receptor den-
sities [31]. Based on this knowledge, it can be speculated that the different pattern of me-
chanical threshold response elicited by NTX in CFA-injured rats and mice reflects inter-
species differences in the expression levels of the constitutively active MORs in the CNS
regions involved in pain modulation, with rats presumably expressing higher MOR levels
than mice. There is a substantial genetic distance between rats and mice [15]. Although
this seems not to considerably affect the amino acid sequences of their MOR proteins
(which show 97% homology) [33], interspecies differences have been found to occur in the
overall organization of rat and mouse MOR genes, particularly involving the identity and
location of several transcription initiation sites within the DNA sequence [34]. These rat-
mouse MOR genomic differences, and potentially others not yet explored [35], can likely
lead to species specificity in regulating MOR gene expression and responsiveness to en-
dogenous transcriptional regulatory factors. In this respect, it is interesting to note that
peripheral inflammation has been proven to induce changes in the expression of the MOR
gene in rodents [36]. In addition, two studies conducted separately in CFA-injured rats
[37] and mice [38], have shown up-regulated and down-regulated MOR expression, re-
spectively, in response to the inflammatory insult. Based on this knowledge, we can spec-
ulate that the rat-mouse differences in the expression levels of MORs hypothesized above
may reflect, at least in part, species specificity in the influence exerted by the inflammatory
insult on the MOR gene expression. If that is the case, then the MOR gene should be in-
cluded among the many genes regulated by chronic pain states of both neuropathic and
inflammatory origin for which considerable transcriptomic variation between rats and
mice has already been documented [16,39].

Genetic differences specifically impacting the activity of opioid receptors have also
been highlighted among rats, mice, and humans [40,41]. So, the possibility that the differ-
ently shaped patterns of the pain response of the CFA-injured rats and mice to NTX high-
lighted in the present study may reflect species-related differences in the MOR expression
levels and in the MOR functionality consisting, for instance, in different levels of MOR
constitutive activity, which can influence both the amplitude and direction of the response
observed, cannot be ruled out [31].

Further explanations for the atypical (bell-shaped) versus typical (sigmoidal) dose—
effect relationship shown by NTX in evoking pain reinstatement in the CFA-injured rats
(present study) and mice [12], respectively, can be hypothesized if it is considered that
NTX, besides acting as an inverse agonist with high affinity at MORs, also interacts with
lower affinity with the other two classical opioid receptors of the k- and d- type (KORs
and DORs) [42]. Sustained activation of KORs and DORs is involved (along with increased
MOR constitutive activity) in the maintenance of pain sensitization during remission in
both mice and rats with CFA-induced chronic inflammation [21]. Therefore, a contribution
to the differences highlighted in the pain response of CFA-injured rats and mice to NTX
may also come from species-related variations in the KOR and/or DOR genes, leading to
different expression levels and/or functionality of the respective receptor proteins



Int. ]. Mol. Sci. 2023, 24, 2812

10 of 16

encoded. Some support for this hypothesis can be gathered from Walwyn et al. (2016) [21].
In that study, the administration of the DOR selective antagonist naltrindole produced a
reinstatement of pain hypersensitivity that, in mice, was of comparable magnitude to that
produced by NTX, while in rats, it was much smaller. On the contrary, the administration
of a KOR selective antagonist resulted in a pain reinstatement magnitude that was similar
to that evoked by NTX in rats but slightly smaller when compared to the magnitude ob-
served in mice. This suggests that the relative contribution of KORs and DORs to the state
of endogenous opioid analgesia may differ between the two rodent species, with the con-
tribution of DORs being probably larger than that of KORs in mice and likely smaller than
that of KORs in rats.

Furthermore, there is evidence that the direction of the effects evoked by KOR antag-
onists depends on the modulation site, with KOR antagonism at the spinal cord leading
to pain facilitation and KOR antagonism at the amygdala leading to pain inhibition [43].
In this view, a possible relative abundance of pronociceptive KORs in the rat amygdala of
the rat may explain the bell-shaped dose—(anti-analgesic) effect relationship of NTX in this
species in the light of the so-called “dual receptor theory” or theory of the “noncompeti-
tive auto-inhibition”, previously proposed for the bell-shaped dose-response curve of bu-
prenorphine [32,44]. More specifically, high concentrations of NTX (like those presumably
achieved after the administration of the higher dose selected for the present study —10
mg/kg) would simultaneously block this second site of lower affinity, counteracting the
antinociceptive effect produced by the action at the first receptor site of higher affinity
(MORes).

Besides the hypotheses formulated so far, essentially based on the pharmacodynamic
aspects of NTX interaction with the target receptors, other possible causative mechanisms
for the atypical (bell-shaped) dose-response relationship displayed by NTX in rats can be
thought to be perhaps related to the NTX PK profile, which will need to be proven by
further work. For instance, rats can metabolize NTX to 6B-naltrexol [45,46], which is
known to act as a neutral antagonist at MORs and can competitively prevent the inverse
agonist NTX from producing its inhibitory effect on the constitutively active MORs in
both CFA-injured rats [21] and mice [12]. Therefore, we can speculate that the bell-shaped
dose-response relationship of NTX in rats might reflect competitive antagonism by this
active metabolite, similar to one of the mechanisms proposed to account for the bell-
shaped dose-response curve of buprenorphine [32]. However, 63-naltrexol is not a major
metabolite of NTX in rodents (differently from what is observed in humans) [26] and, to
the best of our knowledge, differences between rats and mice in the formation of this me-
tabolite have not yet been reported.

In the present study, the subcutaneous administration of 3 mg/kg of NTX to the CFA-
21d rats also proved able to precipitate some of the behavioral symptoms of the endoge-
nous opioid withdrawal that Corder et al. (2013) first described occurring in CFA-21d
mice receiving the same NTX dose [12]. Notably, 3 mg/kg of NTX consistently and dis-
tinctly induced the appearance of ptosis in the treated CFA-injured rats but not in the
sham-injured rats used as controls, and this suggests that rats too (at least rats of the
Wistar strain) are likely to develop a condition of endogenous opioid dependence in as-
sociation with the state of latent pain sensitization maintained by the endogenous activa-
tion of the opioid receptor system.

However, it is interesting to note that, in CFA-injured mice, multiple and robust be-
havioral changes have been reported to characterize the NTX-precipitated endogenous
opioid withdrawal, including not only the abovementioned ptosis but also enhanced rear-
ing and overall locomotion, as well as the presence of jumping activity, teeth chatters, wet
dog shakes, and paw tremors [12,14]. Conversely, in the NTX-treated CFA-injured rats of
our study, only ptosis was present. Some of these rats also showed teeth chattering, which
we never observed in their saline-treated counterparts (nor in the sham-injured controls).
However, the prevalence of this event was too low (2/12) to allow a cause—effect relation-
ship with the administration of NTX (3 mg/kg) to be established on a statistical basis.
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Similarly, rearing behavior was only slightly and non-significantly increased by 3 mg/kg
of NTX, nor was the occurrence of wet dog shakes and paw tremors ever observed.

Regarding possible NTX-induced alterations involving overall locomotion and jump-
ing activity, no conclusions can be drawn because our observation chambers were un-
suited for a reliable evaluation of these behaviors, which were not taken into account in
our study. Moreover, more accurate information regarding the effect of NTX on rearing
(and, possibly, information on other anxiety-sensitive related behaviors) could have prob-
ably been obtained by additionally subjecting the rats to an open field test [47], but this
was not performed in our study.

Given these limitations, we cannot rule out that other behavioral alterations not de-
tected in this study might be involved in the CFA-injured Wistar rats’ endogenous opioid
withdrawal syndrome. Our present results provide enough evidence to support the claim
that the notion that rats and mice diverge in how they experience withdrawal from opiates
(and other drugs of abuse) [12,15,48] also applies to withdrawal from endogenous opioids.

Interestingly, the behavioral traits of endogenous opioid withdrawal depicted for
CFA-injured Wistar rats in this study also seem to differ from those usually described in
both Wistar and Sprague-Dawley strains of this rodent species for exogenous opioid with-
drawal. Indeed, the latter condition is commonly associated with behaviors that, besides
ptosis, also include (among others) increased rearing and distinct occurrence of teeth chat-
ters and wet dog shakes [48-51]. A possible explanation for these differences is that the
specific set of behavioral manifestations involved in a withdrawal syndrome may vary
qualitatively and/or quantitatively not only among species (or strains) but also within the
same species (and strain) depending on the nature and intensity of the withdrawal and
the related state of dependence (e.g., withdrawal from exogenous opioids versus with-
drawal from endogenous opioids; the specific type of opioid causing addiction; with-
drawal precipitated by antagonist administration versus withdrawal precipitated by ab-
rupt discontinuation of the drug of abuse) [19,47,48,52].

Another noteworthy finding of the present study is that also with respect to the abil-
ity to precipitate withdrawal-associated behaviors, particularly ptosis, the dose—effect re-
lationship of NTX in our CFA-injured Wistar rats proved to be atypical (bell-shaped). In-
deed, when NTX was administered to rats at the higher dose of 10 mg/kg, ptosis occurred
with much lower prevalence and frequency than in rats treated with the lower NTX dose
(3 mg/kg), as it was observed just in three of eight rats and just once in each of them.
Moreover, none of the other investigated withdrawal behaviors (teeth chattering, wet dog
shakes, paw tremors, altered rearing), nor any other behavioral symptoms that could be
suggestive of withdrawal, were observed in this group under our study conditions. This
pattern of response suggests that complexity in the interaction of the nonselective opioid
receptor inverse agonist NTX with opioid receptor populations of the CNS of the rat
(Wistar strain at least) also extends to the areas of the brain that are involved in opioid
addiction [14]. However, much work is still needed to substantiate this hypothesis, like
all the other hypotheses proposed herein.

It should also be kept in mind that the present study, like most of the mice and rat
studies about latent pain sensitization and chronic pain in general, was performed using
male animals. Sex, however, is known as one of the factors that may influence individual
susceptibility to develop chronic pain and addiction in human beings [53,54], and sex-
related differences in the neural mechanisms underlying pain and addiction have been
documented to occur in rodents [5,55-57], with possible species- and strain-specific vari-
ations in their expression [16]. Therefore, our findings in male Wistar rats, like previous
findings in male Sprague-Dawley rats [9,18,21], do not necessarily apply to female rats,
and further studies comparing males and females are needed to better define the transla-
tional validity of the rat CFA model (generated with either Wistar or Sprague-Dawley
strains) as a tool for investigating the aspects of chronic pain considered in the present
study [58,59].
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4. Materials and Methods
4.1. Animals

Male Wistar rats, weighing from 230 to 250 g, were housed in proper cages (three to
four per cage) in a dedicated room at a controlled temperature of 20-22 °C and relative
humidity of 45 + 10 %. Food and water were available ad libitum, and a 12 h light/dark
cycle was set up.

The experimental procedures employed in this study complied with the National In-
stitutes of Health Guide for the Care and Use of Laboratory Animals, within the technical
guidelines for the production, care, and use of animals in the laboratory issued by
SAGARPA Mexico (NOM-062 ZOO-1999) and ARRIVE guidelines [60].

4.2. Study Design

The rats were randomly selected to form different groups and used in two experi-
ments. Each rat was only used once for experimentation.

In the first set of experiments, 24 rats were acclimated for 60 min and then tested for
BL mechanical withdrawal threshold and paw thickness. Immediately after BL data re-
cording (DO0), 17 of these animals were administered CFA to their left hind paw. Sham-
injured rats (n =7) were injected with an equal volume of saline and used as controls. The
development of mechanical allodynia and tissue edema in the two groups was then mon-
itored on D3, D7, D14, and D21 post-injection.

In the second set of experiments, 30 rats received an intraplantar injection of CFA (CFA-
injured), and 21 received an intraplantar injection of saline (sham-injured). On D21 post-
injection, immediately after assessing mechanical allodynia, the CFA-injured rats (CFA-21d
rats) were randomly assigned to three different groups and subcutaneously administered
with NTX at the dose of 3 mg/kg (n=12), NTX at the dose of 10 mg/kg (n = 8), and saline (n
=10), respectively. Similarly, the sham-injured rats (sham-21d rats) were randomly assigned
to three different groups (of 7 animals each) and administered with the same treatments as
above (i.e.,, 3 mg/kg of NTX, 10 mg/kg of NTX, and saline, respectively). Assessment of me-
chanical allodynia was then repeated 30, 45, and 60 min after treatment administration.
Moreover, for the whole 60 min period after treatment administration, the occurrence of
behaviors that could be indicative of opioid withdrawal was recorded.

4.3. Experimental Procedures
4.3.1. Protocol to Induce the Priming Inflammatory Injury with CFA

Undiluted CFA (Millipore-Sigma, Burlington, VN, USA) consisting of a 1 mg/mL sus-
pension of heat-killed and dried Mycobacterium tuberculosis cells in 85% paraffin oil, and
15% mannide monooleate, was injected in a volume of 50 uL into the ventral-medial sur-
face of the left hind paw of the rats as described in previous studies [5,8,9].

4.3.2. Opioid Receptor Inverse Agonist Preparation and Administration

NTX hydrochloride (Sigma-Aldrich, San Luis, MI, USA) was administered to the rats
by subcutaneous route. Specifically, the drug was dissolved in 200 pL saline up to reach
the desired concentration and injected by the mean of a 27 G needle into the skin of the
back, above the lumbar region, of the unanesthetized rats.

4.3.3. Measurement of the Paw Mechanical Withdrawal Threshold

The mechanical withdrawal threshold of the hind paw was measured as an indicator
of pain-associated mechanical allodynia. Measurements were performed as previously
described [5]. Briefly, after acclimating to a stainless-steel grid, the animals were tested for
mechanical allodynia with the von Frey monofilaments (Stoelting Inc.,, Wood Dale, IL,
USA) by stimulating the mid-plantar region of the left hind paw with an incremental se-
ries of eight monofilaments of logarithmic stiffness. The 50% withdrawal threshold was
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determined using the modified up-down Dixon’s method [61]. Specifically, a monofila-
ment number 4.31, exerting 2.0 g of force, was applied perpendicular to the plantar skin,
causing a slight bending. A rapid paw withdrawal within 6 s was recorded as a positive
response, and in that case, a smaller filament was applied. In case of an initial negative
response, a larger filament was applied.

4.3.4. Measurement of the Paw Thickness

The thickness of the treated hind paws was measured as an indicator of tissue edema.
Measurements were performed using a precision caliper as previously described [8].

4.3.5. Behavioral Assessment of Endogenous Opioid Withdrawal

Immediately after NTX or saline administration, CFA-21d rats were examined for the
emergence of some behaviors usually associated with opioid withdrawal in this rodent
species [52]. To this purpose, continuous videos were recorded for a period of 60 min and
analyzed by direct observation by the same blinded evaluator.

The withdrawal behaviors assessed included: ptosis (defined as squinting of the
eyes), teeth chattering (defined as teeth grinding or rapidly opening- crossing of jaws),
rearing (defined as leaving both forepaws from the testing floor, and upward stretching
of the body), wet dog shakes (defined as a rapid and sudden rotation of the head, neck,
and shoulders from one side to the other, analogous to the way a wet dog may shake to
dry itself), and paw tremors (defined as one or both paws shaking laterally).

For quantitative evaluation, the total number of episodes of the investigated behavior
observed in each animal over the specified time interval was counted, thereby determin-
ing the individual’s absolute frequency of behavior occurrence. When no episode of the
investigated behavior was observed in an animal (absent behavior), the individual fre-
quency of behavior occurrence was scored as “0”. The mean frequency value of the group
was then derived from the so-obtained individual data.

For groups where the investigated behavior was not consistently observed in all an-
imals, the prevalence of behavior occurrence (i.e., the percentage of animals in a group
exhibiting the behavioral symptom) was also considered to evaluate withdrawal.

4.4. Data Analysis and Statistics

The mean and the standard error of the mean (SEM) for each set of experimental data
were calculated. In addition, mechanical withdrawal threshold data collected from CFA-
21d and sham-21d rats between 30 and 45 min post-NTX or saline administration were
also expressed as the integrated AUC. The normality of datasets was assessed by the
Shapiro-Wilk test, and the significance of the differences observed was checked by using,
as appropriate, one-Way or two-Way ANOVA (examining the interaction of treatment
and time), followed by Tukey’s post hoc test for multiple comparisons. Furthermore, and
where applicable, the prevalence of the investigated withdrawal behaviors was compared
between groups by Fisher’s exact test.

In all cases, the significance threshold was set at *p < 0.05. All statistical analyses were
carried out by GraphPad Prism software v. 8 (GraphPad Software Inc., San Diego, CA, USA).

5. Conclusions

In conclusion, to our knowledge, this is the first study to describe the occurrence of a
long-lasting endogenous opioid-masked pain sensitization in a Wistar rat model of CFA-in-
duced chronic inflammation. Furthermore, the present study is the first to demonstrate that
this condition is associated with the development of endogenous opioid dependence. This
adds to previous findings on mechanisms of long-term opioid inhibition of pathological pain
described in mice. However, the two rodent models seem to differ in some of their responses
to the pharmacological inactivation of the endogenous opioid receptor system with NTX, con-
ceivably due to species-related factors that will be further explored in future studies.
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Overall, our findings may have important implications in pain research, as they allow
us to better define the usefulness of the rat CFA model as an experimental tool to study
the pathophysiological mechanisms of chronic pain and opioid addiction development.
In addition, it allows assessing the preclinical efficacy of new classes of drugs that may be
relevant to these conditions. More in-depth knowledge of the characteristics of this rodent
model, also in relation to the rat strain used for its generation, as well as how it differs
from the homologous model developed in mice, will likely improve the ability of scientists
to select the most appropriate rodent model for their research, increasing the likelihood
of success of preclinical-to-clinical translation.

Author Contributions: Conceptualization, ].C.M.-M. and T.I.; methodology, ].C.M.-M., and T.I; val-
idation, C.Z. and N.P.; formal analysis, ].C.M.-M., N.P., C.Z., and A.D.C; investigation J.C.M.-M.
and T.I; resources, ]. CM.-M. and T.I; data curation, ].CM.-M., A.D.C.,, N.P,, and C.Z; writing—
original draft preparation, C.Z., N.P.; writing—review and editing, ] CM.-M., T.I, AD.C,, C.Z,, and
N.P.; visualization, ].CM.-M.,, T.I,, C.Z,, and N.P.; supervision, ].C.M.-M., and T.I; project admin-
istration, ].C.M.-M., and T.L; funding acquisition, C.Z. and A.D.C. All authors have read and agreed
to the published version of the manuscript.

Funding: CINVESTAYV funding was used to conduct the current study.

Institutional Review Board Statement: The animal study protocol was approved by the Institu-
tional Review Board (or Ethics Committee) of SAGARPA Mexico (NOM-062 ZOO-1999).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Tsang, A.; Von Korff, M.; Lee, S.; Alonso, J.; Karam, E.; Angermeyer, M.C.; Borges, G.L.; Bromet, E.J.; Demytteneare, K.; de
Girolamo, G.; et al. Common chronic pain conditions in developed and developing countries: Gender and age differences and
comorbidity with depression-anxiety disorders. ]. Pain 2008, 9, 883-891. https://doi.org/10.1016/j.jpain.2008.05.005.

Feizerfan, A.; Sheh, G. Transition from acute to chronic pain Contin. Educ. Anaesth. Crit. Care Pain 2015, 15, 98-102.
https://doi.org/10.1093/bjaceaccp/mku044.

Gangadharan, V.; Kuner, R. Pain hypersensitivity mechanisms at a glance. Dis. Model. Mech. 2013, 6, 889-895.
https://doi.org/10.1242/dmm.011502.

Larson, C.M.; Wilcox, G.L.; Fairbanks, C.A. The Study of Pain in Rats and Mice. Comp. Med. 2019, 69, 555-570.
https://doi.org/10.30802/AALAS-CM-19-000062.

Morales-Medina, J.C.; Flores, G.; Vallelunga, A.; Griffiths, N.H.; Iannitti, T. Cerebrolysin improves peripheral inflammatory
pain: Sex differences in two models of acute and chronic mechanical hypersensitivity. Drug. Dev. Res. 2019, 80, 513-518.
https://doi.org/10.1002/ddr.21528.

Eckert, W.A,, 3rd. Rodent models of persistent pain in drug discovery and development. Curr. Pharm. Biotechnol. 2011, 12, 1590—
1595. https://doi.org/10.2174/138920111798357456.

Stein, C.; Millan, M.].; Herz, A. Unilateral inflammation of the hindpaw in rats as a model of prolonged noxious stimulation:
Alterations in behavior and nociceptive thresholds. Pharmacol. Biochem. Behav. 1988, 31, 445-451. https://doi.org/10.1016/0091-
3057(88)90372-3.

McCarson, K.E. Models of Inflammation: Carrageenan- or Complete Freund’s Adjuvant (CFA)-Induced Edema and Hypersen-
sitivity in the Rat. Curr. Protoc. Pharmacol. 2015, 70, 4-5. https://doi.org/10.1002/0471141755.ph0504s70.

Marvizon, J.C.; Walwyn, W.; Minasyan, A.; Chen, W.; Taylor, B.K. Latent sensitization: A model for stress-sensitive chronic
pain. Curr. Protoc. Neurosci. 2015, 71, 9-50. https://doi.org/10.1002/0471142301.ns0950s71.

Morales-Medina, ].C.; Rastogi, A.; Mintz, E.; Caldwell, H.K. Increased immediate early gene activation in the basolateral amygdala
following persistent peripheral inflammation. Neuroreport 2020, 31, 724-729. https://doi.org/10.1097/WNR.0000000000001480.
Latremoliere, A.; Woolf, C.J. Central sensitization: A generator of pain hypersensitivity by central neural plasticity. J. Pain 2009,
10, 895-926. https://doi.org/10.1016/j.jpain.2009.06.012.

Corder, G.; Doolen, S.; Donahue, R.R.; Winter, M.K,; Jutras, B.L.; He, Y.; Hu, X.; Wieskopf, ].S.; Mogil, J.S.; Storm, D.R;; et al.
Constitutive mu-opioid receptor activity leads to long-term endogenous analgesia and dependence. Science 2013, 341, 1394-
1399. https://doi.org/10.1126/science.1239403.

Taylor, B.K.; Corder, G. Endogenous analgesia, dependence, and latent pain sensitization. Curr. Top Behav. Neurosci. 2014, 20,
283-325. https://doi.org/10.1007/7854_2014_351.



Int. ]. Mol. Sci. 2023, 24, 2812 15 of 16

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Cooper, A.-H.; Hedden, N.S.; Corder, G.; Lamerand, S.R.; Donahue, R.R.; Morales-Medina, J.C.; Selan, L.; Prasoon, P.; Taylor,
B.K. Endogenous micro-opioid receptor activity in the lateral and capsular subdivisions of the right central nucleus of the amyg-
dala prevents chronic postoperative pain. J. Neurosci. Res. 2022, 100, 48-65. https://doi.org/10.1002/jnr.24846.

Ellenbroek, B.; Youn, J. Rodent models in neuroscience research: Is it a rat race? Dis. Model. Mech. 2016, 9, 1079-1087.
https://doi.org/10.1242/dmm.026120.

Mogil, J.S. The translatability of pain across species. Philos. Trans. R Soc. Lond. B Biol. Sci. 2019, 374, 20190286.
https://doi.org/10.1098/rstb.2019.0286.

Morales-Medina, J.C.; Griffiths, N.H.; Flores, G.; Mastranzo, V.M.; Iannitti, T. Cerebrolysin reduces mechanical allodynia in a
rodent model of peripheral inflammation. Neurosci. Lett. 2017, 642, 27-30. https://doi.org/10.1016/j.neulet.2017.01.058.

Chen, W.; Marvizon, J.C. Neurokinin 1 receptor activation in the rat spinal cord maintains latent sensitization, a model of inflam-
matory and neuropathic chronic pain. Neuropharmacology 2020, 177, 108253. https://doi.org/10.1016/j.neuropharm.2020.108253.
Grasing, K.; Wang, A.; Schlussman, S. Behavioral measures of anxiety during opiate withdrawal. Behav. Brain Res. 1996, 80, 195—
201. https://doi.org/10.1016/0166-4328(96)00035-6.

Iannitti, T.; Di Cerbo, A.; Loschi, A.R.; Rea, S.; Suzawa, M.; Morales-Medina, ]J.C. Repeated administration of a flavonoid-based
formulated extract from citrus peels significantly reduces peripheral inflammation-induced pain in the rat. Food Sci. Nutr. 2020,
8, 3173-3180. https://doi.org/10.1002/fsn3.1566.

Walwyn, W.M.; Chen, W.; Kim, H.; Minasyan, A.; Ennes, H.S.; McRoberts, J.A.; Marvizon, ].C. Sustained Suppression of Hy-
peralgesia during Latent Sensitization by mu-, delta-, and kappa-opioid receptors and alpha2A Adrenergic Receptors: Role of
Constitutive Activity. . Neurosci. 2016, 36, 204—221. https://doi.org/10.1523/J]NEUROSCI.1751-15.2016.

Rigaud, M.; Gemes, G.; Barabas, M.E.; Chernoff, D.I; Abram, S.E.; Stucky, C.L.; Hogan, Q.H. Species and strain differences in rodent
sciatic nerve anatomy: Implications for studies of neuropathic pain. Pain 2008, 136, 188-201. https://doi.org/10.1016/j.pain.2008.01.016.
Bolker, J.A. Selection of Models: Evolution and the Choice of Species for Translational Research. Brain Behav. Evol. 2019, 93, 82—
91. https://doi.org/10.1159/000500317.

Nagarkar, B.; Jagtap, S. Effect of new polyherbal formulations DF1911, DF2112 and DF2813 on CFA induced inflammation in
rat model. BMC Complement. Altern. Med. 2017, 17, 194. https://doi.org/10.1186/s12906-017-1711-6.

Noh, A.S.M.; Chuan, T.D.; Khir, N.A.M.; Zin, A.A.M.; Ghazali, AK; Long, I.; Ab Aziz, C.B.; Ismail, C.A.N. Effects of different
doses of complete Freund’s adjuvant on nociceptive behaviour and inflammatory parameters in polyarthritic rat model mim-
icking rheumatoid arthritis. PLoS ONE 2021, 16, €0260423. https://doi.org/10.1371/journal.pone.0260423.

Akala, E.O.; Wang, H.; Adedoyin, A. Disposition of naltrexone after intravenous bolus administration in Wistar rats, low-alco-
hol-drinking rats and high-alcohol-drinking rats. Neuropsychobiology 2008, 58, 81-90. https://doi.org/10.1159/000159776.

Wall, M.E.; Perez-Reyes, M.; Brine, D.R.; Cook, C.E. Naltrexone disposition in man after subcutaneous administration. Drug
Metab. Dispos. 1984, 12, 677-682.

Wang, W.; Teresa, M.; Cai, J.; Zhang, C.; Wong, S.; Yan, Z.; Khojasteh, S.C.; Zhang, D. Comparative assessment for rat strain
differences in metabolic profiles of 14 drugs in Wistar Han and Sprague Dawley hepatocytes. Xenobiotica 2021, 51, 15-23.
https://doi.org/10.1080/00498254.2020.1795949.

Gekker, G.; Lokensgard, J.R.; Peterson, P.K. Naltrexone potentiates anti-HIV-1 activity of antiretroviral drugs in CD4+ lympho-
cyte cultures. Drug Alcohol. Depend. 2001, 64, 257-263. https://doi.org/10.1016/s0376-8716(01)00140-5.

Johnson, R.E.; Strain, E.C; Amass, L. Buprenorphine: How to use it right. Drug Alcohol. Depend. 2003, 70, S59-577,.
https://doi.org/10.1016/s0376-8716(03)00060-7.

Newman-Tancredi, A.; Cussac, D.; Ormiere, A.M.; Lestienne, F.; Varney, M.A_; Martel, J.C. Bell-shaped agonist activation of 5-
HT1A receptor-coupled Galphai3 G-proteins: Receptor density-dependent switch in receptor signaling. Cell. Signal. 2019, 63,
109383. https://doi.org/10.1016/j.cellsig.2019.109383.

Gopal, S. Pharmacokinetic/ Pharmacodynamic Investigation of the Mechanism of the Bell-Shaped Dose Analgesic Effect Curve of Bupren-
orphine in Rats: Antagonism by the Metabolite; Temple University: Philadelphia, PA, USA, 2000.

Kaufman, D.L.; Keith, D.E,, Jr.; Anton, B,; Tian, J.; Magendzo, K.; Newman, D.; Tran, T.H.; Lee, D.S.; Wen, C,; Xia, Y.R;; et al. Charac-
terization of the murine mu opioid receptor gene. J. Biol. Chem. 1995, 270, 15877-15883. https://doi.org/10.1074/jbc.270.26.15877.
Wendel, B.; Hoehe, M.R. The human mu opioid receptor gene: 5’ regulatory and intronic sequences. ]. Mol. Med. 1998, 76, 525—
532. https://doi.org/10.1007/s001090050246.

Lee, D.S.; Law, P.Y.; Ln, W.; Loh, H.H.; Song, K.Y.; Choi, H.S. Differential regulation of mouse and human Mu opioid receptor
gene depends on the single stranded DNA structure of its promoter and alpha-complex protein 1. Biomed. Rep. 2017, 6, 532-538.
https://doi.org/10.3892/br.2017.877.

Pol, O.; Puig, M.M. Expression of opioid receptors during peripheral inflammation. Curr. Top. Med. Chem. 2004, 4, 51-61.
https://doi.org/10.2174/1568026043451519.

Nunez, S.; Lee, ].S.; Zhang, Y.; Bai, G.; Ro, ].Y. Role of peripheral mu-opioid receptors in inflammatory orofacial muscle pain.
Neuroscience 2007, 146, 1346-1354. https://doi.org/10.1016/j.neuroscience.2007.02.024.

Aoki, Y.; Mizoguchi, H.; Watanabe, C.; Takeda, K.; Sakurada, T.; Sakurada, S. Potential involvement of mu-opioid receptor
dysregulation on the reduced antinociception of morphine in the inflammatory pain state in mice. J. Pharmacol. Sci. 2014, 124,
258-266. https://doi.org/10.1254/jphs.13242fp.

LaCroix-Fralish, M.L.; Austin, J.S.; Zheng, F.Y.; Levitin, D.]J.; Mogil, ].S. Patterns of pain: Meta-analysis of microarray studies of
pain. Pain 2011, 152, 1888-1898. https://doi.org/10.1016/j.pain.2011.04.014.



Int. ]. Mol. Sci. 2023, 24, 2812 16 of 16

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Blackwood, C.A.; McCoy, M.T.; Ladenheim, B.; Cadet, J.L. Escalated Oxycodone Self-Administration and Punishment: Differ-
ential Expression of Opioid Receptors and Immediate Early Genes in the Rat Dorsal Striatum and Prefrontal Cortex. Front.
Neurosci. 2019, 13, 1392. https://doi.org/10.3389/fnins.2019.01392.

Brejchova, J.; Holan, V.; Svoboda, P. Expression of Opioid Receptors in Cells of the Immune System. Int. . Mol. Sci. 2020, 22,
315. https://doi.org/10.3390/ijms22010315.

Mannelli, P.; Peindl, K.S.; Wu, L.T. Pharmacological enhancement of naltrexone treatment for opioid dependence: A review.
Subst. Abuse Rehabil. 2011, 2011, 113-123. https://doi.org/10.2147/SAR.515853.

Custodio-Patsey, L.; Donahue, R.R.; Fu, W.; Lambert, J.; Smith, B.N.; Taylor, B.K. Sex differences in kappa opioid receptor inhi-
bition of latent postoperative pain sensitization in dorsal horn. Neuropharmacology 2020, 163, 107726.
https://doi.org/10.1016/j.neuropharm.2019.107726.

Lutfy, K.; Cowan, A. Buprenorphine: A unique drug with complex pharmacology. Curr. Neuropharmacol. 2004, 2, 395-402.
https://doi.org/10.2174/1570159043359477.

Malspeis, L.; Bathala, M.S.; Ludden, T.M.; Bhat, H.B.; Frank, S.G.; Sokoloski, T.D.; Morrison, B.E.; Reuning, R.H. Metabolic
reduction of naltrexone. I. Synthesis, separation and characterization of naloxone and naltrexone reduction products and qual-
itative assay of urine and bile following administration of naltrexone, alpha-naltrexol, or beta-naltrexol. Res. Commun. Chem.
Pathol. Pharmacol. 1975, 12, 43-65.

Dayton, H.E.; Inturrisi, C.E. The urinary excretion profiles of naltrexone in man, monkey, rabbit, and rat. Drug Metab. Dispos.
1976, 4, 474-478.

Besson, M.; Suarez, S.; Changeux, J.-P.; Granon, S. A low dose of nicotine is sufficient to produce nicotine withdrawal in mice.
Health 2010, 2, 1-7.

Uddin, O.; Jenne, C.; Fox, M.E.; Arakawa, K.; Keller, A.; Cramer, N. Divergent profiles of fentanyl withdrawal and associated
pain in mice and rats. Pharmacol. Biochem. Behav. 2021, 200, 173077 https://doi.org/10.1016/j.pbb.2020.173077.

Wang, G.B.; Wu, L.Z; Yu, P,; Li, Y.J.; Ping, XJ.; Cui, C.L. Multiple 100 Hz electroacupuncture treatments produced cumulative
effect on the suppression of morphine withdrawal syndrome: Central preprodynorphin mRNA and p-CREB implicated. Pep-
tides 2011, 32, 713-721. https://doi.org/10.1016/j.peptides.2010.12.006.

Moradi, S.; Charkhpour, M.; Ghavimi, H.; Motahari, R.; Ghaderi, M.; Hassanzadeh, K. Gap junction blockers: A potential ap-
proach to attenuate morphine withdrawal symptoms. J. Biomed. Sci. 2013, 20, 77. https://doi.org/10.1186/1423-0127-20-77.
Moayeri, A.; Azimi, M.; Karimi, E.; Aidy, A.; Abbasi, N. Attenuation of Morphine Withdrawal Syndrome by Prosopis Farcta
Extract and Its Bioactive Component Luteolin in Comparison with Clonidine in Rats. Med. Sci. Monit. Basic Res. 2018, 24, 151—
158. https://doi.org/10.12659/MSMBR.909930.

Pinelli, A.; Trivulzio, S. Quantitative evaluation of opioid withdrawal signs in rats repeatedly treated with morphine and in-
jected with naloxone, in the absence or presence of the antiabstinence agent clonidine. . Pharmacol. Toxicol. Methods 1997, 38,
117-131. https://doi.org/10.1016/s1056-8719(97)00050-6.

Mogil, J.S. Sex differences in pain and pain inhibition: Multiple explanations of a controversial phenomenon. Nat. Rev. Neurosci.
2012, 13, 859-866. https://doi.org/10.1038/nrn3360.

Becker, ].B.; Perry, A.N.; Westenbroek, C. Sex differences in the neural mechanisms mediating addiction: A new synthesis and
hypothesis. Biol. Sex Differ. 2012, 3, 14. https://doi.org/10.1186/2042-6410-3-14.

Townsend, E.A.; Kim, RK.; Robinson, H.L.; Marsh, S.A.; Banks, M.L.; Hamilton, P.J. Opioid withdrawal produces sex-specific
effects on fentanyl-vs.-food choice and mesolimbic transcription. Biol. Psychiatry Glob. Open Sci. 2021, 1, 112-122.
https://doi.org/10.1016/j.bpsgos.2021.04.009.

Paton, K.F.; Luo, D.; La Flamme, A.C.; Prisinzano, T.E.; Kivell, B.M. Sex Differences in Kappa Opioid Receptor Agonist Mediated
Attenuation of Chemotherapy-Induced Neuropathic Pain in Mice. Front. Pharmacol. 2022, 13, 813562.
https://doi.org/10.3389/fphar.2022.813562.

Zhan, B.; Ma, H.Y.; Wang, J.L,; Liu, C.B. Sex differences in morphine-induced behavioral sensitization and social behaviors in
ICR mice. Dongwuxue Yanjiu 2015, 36, 103—108. https://doi.org/10.13918/j.issn.2095-8137.2015.2.103.

Smith, J.C. A Review of Strain and Sex Differences in Response to Pain and Analgesia in Mice. Comp. Med. 2019, 69, 490-500.
https://doi.org/10.30802/A ALAS-CM-19-000066.

Hsieh, T.; Vaickus, M.H.; Remick, D.G. Enhancing Scientific Foundations to Ensure Reproducibility: A New Paradigm. Am. ].
Pathol. 2018, 188, 6-10. https://doi.org/10.1016/j.ajpath.2017.08.028.

Kilkenny, C.; Browne, W.].; Cuthill, I.C.; Emerson, M.; Altman, D.G. Improving bioscience research reporting: The ARRIVE
guidelines for reporting animal research. Osteoarthr. Cartil. 2012, 20, 256-260. https://doi.org/10.1016/j.joca.2012.02.010.
Chaplan, S.R.; Bach, FE.W.; Pogrel, ].W.; Chung, ].M.; Yaksh, T.L. Quantitative assessment of tactile allodynia in the rat paw. J.
Neurosci. Methods 1994, 53, 55-63. https://doi.org/10.1016/0165-0270(94)90144-9.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-
thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.



