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Abstract: One of the key strategies for effective pain management involves delaying analgesic
tolerance. Early clinical reports indicate an extraordinary effectiveness of off-label disulfiram—an
agent designed for alcohol use disorder—in potentiating opioid analgesia and abrogation of tolerance.
Our study aimed to determine whether sustained µ-opioid signaling upon disulfiram exposure
contributes to these phenomena. Wistar rats were exposed to acute and chronic disulfiram and
morphine cotreatment. Nociceptive thresholds were assessed with the mechanical Randal-Selitto and
thermal tail-flick tests. µ-opioid receptor activation in brain structures important for pain processing
was carried out with the [35S]GTPγS assay. The results suggest that disulfiram (12.5–50 mg/kg i.g.)
augmented morphine antinociception and diminished morphine (25 mg/kg, i.g.) tolerance in a
supraspinal, opioid-dependent manner. Disulfiram (25 mg/kg, i.g.) induced a transient enhancement
of µ-opioid receptor activation in the periaqueductal gray matter (PAG), rostral ventromedial medulla
(RVM), hypothalamus, prefrontal cortex and the dorsal striatum at day 1 of morphine treatment.
Disulfiram rescued µ-opioid receptor signaling in the nucleus accumbens and caudate-putamen
14 days following morphine and disulfiram cotreatment. The results of this study suggest that striatal
µ-opioid receptors may contribute to the abolition of morphine tolerance following concomitant
treatment with disulfiram.

Keywords: disulfiram; analgesic tolerance; µ-opioid receptor; G-proteins; striatum

1. Introduction

Management of refractory pain often involves long-lasting exposure of patients to
opioids, which have a long history of mainstay medicine for effective relief of moderate to
severe pain [1–3]. A plethora of different factors influence the extent of opioid tolerance
development. Among molecular mechanisms, downregulation of cell surface receptors,
effector uncoupling and desensitization, impaired receptor trafficking, intrinsic drug effi-
cacy and intensity of nociceptive input are the most frequently mentioned. Additionally,
the influence of other factors such as dosing regimen, route of administration, drug half-
life and plasma concentration were described as important contributing factors (see [4]).
Psychological factors have also been shown to play a part in the phenomenon of analgesic
tolerance. Unfortunately, a significant percentage of opioid-treated chronic pain patients do
not adhere to the prescribed pain management regimen mostly because of their incapability
to cope with pain-evoked physical and emotional distress. This misuse of opioids may
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precipitate the development of hyperalgesia or tolerance as recent studies have shown [5].
Strategies to overcome opioid tolerance include careful drug titration, dose escalation,
opioid rotation or use of adjunctive drugs to reduce opioid consumption [6]. A broad
selection of adjuncts are available for opioid therapy, including antidepressants [7], anti-
convulsants [8], nonsteroidal anti-inflammatory drugs [9], calcium channel blockers [10],
NMDA receptor antagonists [11], cholinesterase inhibitors and allosteric modulators of the
glutamate receptor 7 (mGlu7) [12,13]. As adjuncts to opioid therapy are used with the key
intention of potentiating analgesia and only indirectly affect the development of tolerance
only by reducing opioid consumption, their use in a chronic opioid use setting may prove
insufficient in the long run [14,15] Additionally, patients often display variability in re-
sponse to available treatment schemes, thus, introducing novel adjuncts to opioid therapy
is one step towards tailoring pain management to the patients’ individual needs.

For decades, disulfiram (DSF) has been used for the pharmacological support of
abstinence in patients with chronic alcohol use disorder [16]. By inhibiting acetaldehyde
dehydrogenase, it impairs alcohol metabolism and causes buildup of toxic acetaldehyde
which causes unpleasant hangover-like effects immediately following ingestion of even
small amounts of alcohol [17]. Interestingly, off-label DSF was shown to produce clinically
relevant enhancement of stimulation-induced analgesia in refractory pain patients that was
insensitive to the development of tolerance for a period of 10 months [18]. The possible
mechanistic underpinnings of this phenomenon have not yet been clarified, but several
hypotheses were put forward. One hypothetical mechanism proposed by authors in early
studies involves enhancement of dopamine release by inhibition of β-hydroxylase [19–21].
Of note, dopamine, along with the opioid system, was evidenced as an important player in
nociceptive processing as the two neurotransmitter systems topographically overlap and
interact in many ways [22–24]. Additionally, DSF is converted to many active metabolites
that together affect the release of other neurotransmitters such as γ-aminobutyric acid
(GABA) and glutamate, which are important mediators of opioid analgesia, withdrawal
and tolerance [25–28]. Another more recent hypothesis assumes that opioid tolerance arises
from biased signaling featuring enhanced µ-opioid receptor uncoupling from the Gi/0
protein and its coupling to the Gs protein [29].

Hence, in the present study, we aimed to investigate the possible influence of chronic
DSF treatment in morphine (MRF)-tolerant rats on µ-opioid receptor associated Gi/0 sig-
naling in brain structures important for pain processing.

2. Results
2.1. The Effect of Disulfiram on Mechanical and Thermal Thresholds

As shown by two-way ANOVA, a single delivery of disulfiram weakly but signif-
icantly increased nociceptive thresholds in response to both mechanical (F3,160 = 28.9;
p < 0.001, Figure 1A) and thermal (F3,160 = 50.9; p < 0.001, Figure 1B) stimuli. The effect
amounting to less than 10% maximum possible effect (%MPE) was dose-independent,
surfaced 30 min postdelivery and remained stable for 90 min (mechanical stimulus) or
120 min (thermal stimulus).

2.2. The Effect of Disulfiram on Morphine-Induced Antinociception

When disulfiram was coadministered with morphine, augmentation of the antinoci-
ceptive effect was observed in response to mechanical (F4,200 = 57.9; p < 0.001, Figure 2A)
and thermal (F4,200 = 119.7; p < 0.001, Figure 2B) stimuli. However, the effect was significant
(30–90 min postadministration) for all DSF doses, only when mechanical stimulation was
used. When the area under curve (AUC) values were calculated, each dose of DSF po-
tentiated MRF-induced antinociception by 1.4-, 1.6- and 1.7-fold, respectively (Figure 2D).
However, when animals were exposed to thermal noxious stimulation, only the highest DSF
dose elicited a response at 30–60 min postadministration with AUC values only 1.4-fold
higher than in the MRF alone group (Figure 2C). In the Randal–Selitto test, DSF augmented
MRF antinociception in a synergistic manner at any dose tested (12.5–50 mg/kg) with CI
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values of 0.69, 0.61 and 0.66, respectively (Table 1). In the tail-flick test, very weak synergy
was observed for the highest dose of DSF (CI = 0.9). When MRF was administered together
with 12.5 and 25 mg/kg DSF, no synergistic or additive effect was observed (CI = 1.12 and
1.04, respectively).

Figure 1. Time-course of the antinociceptive effect of disulfiram (DSF, 12.5-50 mg/kg, i.g) in the
Randal-Selitto (A) and tail-flick (B) tests (n = 6). Control animals received 0.1% methylcellulose. Re-
sults were expressed as means ± SEM and analyzed with two-way ANOVA followed by Bonferroni’s
post hoc test. Statistical differences between control values and DSF treatment groups were indicated
as follows: ** p < 0.01; *** p < 0.001 (DSF 12.5 vs. control); # p < 0.05; ### p < 0.001 (DSF 25 vs. control);
$ p < 0.05; $$$ p < 0.001 (DSF 50 vs. control).

Figure 2. Time-course curves (A,B) and area under the curve (AUC) (C,D) of the antinociceptive
effect of disulfiram (DSF, 12.5-50 mg/kg, i.g) and morphine (MRF, 25 mg/kg, i.g) cotreatments
measured in the Randal–Selitto (A) and tail-flick (B) tests (n = 6). Control animals received either
water for injection (MRF group control) or 0.1% methylcellulose (MRF + DSF group control). Results
were expressed as means ± SEM and analyzed with two-way ANOVA followed by Bonferroni’s post
hoc test (time-course curve data) or one-way ANOVA followed by Dunnett’s post hoc test (AUC
data). Statistical differences between MRF and MRF + DSF treatment groups were indicated as
follows: * p < 0.05; *** p < 0.001 (MRF + DSF 12.5 vs. MRF); ## p < 0.01; ### p < 0.001 (MRF + DSF 25
vs. MRF); $ p < 0.05; $$ p < 0.01; $$$ p < 0.001 (MRF + DSF 50 vs. MRF).
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Table 1. Combination index values (CI 1) for morphine (MRF, 25 mg/kg, i.g.) and disulfiram (DSF,
12.5–50 mg/kg, i.g.) cotreatment.

Drug Combination Randal–Selitto Test Tail-Flick Test

MRF + DSF 12.5 0.69 1.12
MRF + DSF 25 0.61 1.04
MRF + DSF 50 0.66 0.9

1 CI < 1–synergism; CI = 1–addition; CI > 1–antagonism.

2.3. Involvement of the Opioid System in the Effect of Disulfiram (DSF)

As shown in Figure 3, naltrexone (NTX) antagonized the antinociceptive effect of
MRF and DSF given alone as well as in the MRF + DSF groups when assessed in the
Randal–Selitto test (F5,240 = 132.6; p < 0.001) (Figure 3A,C). However, in the tail-flick test,
NTX-induced reversal was seen in MRF and MRF + DSF rats, but not in rats treated with
DSF alone (F5,240 = 66.8; p < 0.001) (Figure 3B,D).

Figure 3. Time-course curves (A,B) and area under the curve (AUC) (C,D) of the effect of naltrexone
(NTX, 25 mg/kg, i.g) on the antinociceptive effect of morphine (MRF), disulfiram (DSF) and morphine
and disulfiram cotreatment (MRF + DSF) in the Randal-Selitto (A) and tail-flick (B) tests (n = 6).
Control animals received either water for injection (MRF and MRF + NTX group control) or 0.1%
methylcellulose (control for groups treated and cotreated with DSF). Results were expressed as
control-subtracted means ± SEM and analyzed with two-way ANOVA followed by Bonferroni’s
post hoc test (time-course curve data) or one-way ANOVA followed by Dunnett’s post hoc test (AUC
data). Statistical differences between treatment groups and respective controls were indicated as
follows: * p < 0.05; ** p < 0.01; *** p < 0.001 (MRF vs. MRF + NTX); # p < 0.05; ## p < 0.01 (DSF vs. DSF
+ NTX); $$$ p < 0.001 (MRF + DSF + NTX vs. DSF + MRF); ˆ p < 0.05; ˆˆˆ p < 0.001 (MRF + DSF vs.
MRF); &&& p < 0.001.
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2.4. The Effect of Disulfiram on Morphine Tolerance

As indicated by two-way ANOVA, DSF altered nociceptive thresholds in MRF-treated
rats when measured in the Randal–Selitto (F3,580 = 399.4; p < 0.001, Figure 4) and tail-flick
(F3,580 = 137.1; p < 0.001, Figure 5) tests. The antinociceptive effect of MRF declined within
9 or 10 days of treatment (depending on the nociceptive test used), announcing the onset
of tolerance. However, all DSF rescued the antinociceptive effect of MRF throughout the
treatment regimen regardless of the dose used. In the Randal–Selitto test, rats receiving the
lowest (12.5 mg/kg) and intermediate (25 mg/kg) doses of DSF, had higher mechanical
thresholds from day 9 until day 22 of treatment (Figure 4A). Mechanical thresholds of rats
receiving MRF with the highest dose of DSF (50 mg/kg) were higher within the first two
days of treatment and from day 9 until day 23 when compared with MRF-treated rats.
When the time-course area under curve (AUC) were calculated, mechanical nociceptive
thresholds in MRF rats cotreated with 12.5, 25 and 50 mg/kg of DSF were higher by 2.7-,
3.5- and 6-fold, respectively, when compared to MRF alone (Figure 4B).

Figure 4. The time-course (A) and area under the curve (AUC) (B) of chronic disulfiram (DSF, 12.5-50 mg/kg, i.g) on
morphine-induced (MRF, 25 mg/kg, i.g) tolerance in the Randal-Selitto test (n = 6). # MRF; •MRF + DSF 12.5, � MRF + DSF
25, � MRF + DSF 50. Control animals received either water for injection (MRF group control) or 0.1% methylcellulose (MRF
+ DSF group control). Baseline thresholds were measured at time 0. Drugs were delivered consecutively from day 1 until day
21. Drugs were discontinued on day 22 and nociceptive thresholds were measured until day 28. Results from the time-course
curves were expressed as control-subtracted means ± SEM and analyzed with two-way ANOVA followed by Bonferroni’s
post hoc test. Area under the curve (AUC) data were analyzed with the Kruskal-Wallis test. Statistical differences between
MRF-treated and MRF + DSF cotreated groups were indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001 (MRF vs. MRF
+ DSF 12.5); # p < 0.05; ## p < 0.01; ### p < 0.001 (MRF vs. MRF + DSF 25); $$$ p < 0.001 (MRF vs. MRF + DSF 50).

In the tail-flick test, rats treated with a combination of MRF and the lowest dose of
DSF (12.5 mg/kg) showed elevated pain thresholds from day 13 until day 22 of treatment.
Administration of 25 mg/kg DSF together with MRF resulted in a similar effect that sur-
faced from day 12 and lasted until day 23 (Figure 5A). Coadministration of the highest DSF
dose tested (50 mg/kg) with MRF, resulted in a transient elevation of thermal thresholds in
the first two days of cotreatment. Further enhancement of the antinociceptive effect of MRF
was noted from day 10 post-treatment that persisted until day 22. Calculation of the AUC
values yielded results showing that MRF groups cotreated with 12.5, 25 and 50 mg/kg of
DSF, showed higher thermal pain thresholds by 0.63-, 1.06- and 1.18-fold than rats treated
with MRF alone (Figure 5B).
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Figure 5. The time-course (A) and area under the curve (AUC) (B) of chronic disulfiram (DSF, 12.5-50 mg/kg, i.g.) on
morphine-induced (MRF, 25 mg/kg, i.g) tolerance in the tail-flick test (n = 6). # MRF; •MRF + DSF 12.5, � MRF + DSF 25,
� MRF + DSF 50. Control animals received either water for injection (MRF group control) or 0.1% methylcellulose (MRF +
DSF group control). Baseline thresholds were measured at time 0. Drugs were delivered consecutively from day 1 until
day 21. Drugs were discontinued on day 22 and nociceptive thresholds were measured until day 28. Results from the
time-course curves were expressed as control-subtracted means ± SEM and analyzed with two-way ANOVA followed by
Bonferroni’s post hoc test. Area under the curve (AUC) data were analyzed with one-way ANOVA. Statistical differences
between MRF-treated and MRF + DSF cotreated groups were indicated as follows: * p < 0.05; ** p < 0.01; *** p < 0.001;
(MRF vs. MRF + DSF 12.5); # p < 0.05; ### p < 0.001 (MRF vs. MRF + DSF 25); $ p < 0.05; $$ p < 0.01; $$$ p < 0.001 (MRF vs.
MRF + DSF 50).

2.5. The Effect of Disulfiram on µ-Opioid G-Protein Activation in Morphine-Treated Rats

Results showing DAMGO-stimulated µ-opioid receptor activation in different central
nervous system (CNS) structures isolated from control, MRF and MRF + DSF-treated rats
were listed in Table 2 and illustrated in Figures 6 and 7. One-way ANOVA revealed a
decrease in G-protein activation efficacy by DAMGO in CNS structures of rats treated with
MRF as early as on the first day post-treatment (F17,47 = 25.9; p < 0.001) (Table 2, Figure 6).
This effect was significant in the thalamus, nucleus accumbens, hypothalamus, caudate-
putamen and periaqueductal gray matter (PAG). The most profound decreases were seen
in the thalamus (180 ± 3.4 vs. 155 ± 2.2; p < 0.001), hypothalamus (177 ± 4.2 vs. 148 ± 2.2;
p < 0.01) the PAG (162 ± 3.1 vs. 141 ± 1.5; p < 0.01) and nucleus accumbens (171 ± 3.6 vs.
155 ± 2.5; p < 0.01) as compared with control. A relatively modest decrease in G-protein
activation was found in the caudate-putamen (147 ± 2.6 vs. 138 ± 2.6; p < 0.05). Similarly
as in the MRF-treated rats, in the MRF + DSF group, a decrease in the efficacy of DAMGO
was noted in the thalamus (180 ± 3.4 vs. 157 ± 2.2; p < 0.001), hypothalamus (177 ± 4.2 vs.
158 ± 2.24; p < 0.01) and nucleus accumbens (171 ± 3.6 vs. 153 ± 1.8; p < 0.01) (F17,47 = 23.9;
p < 0.001). However, a decrease in µ-opioid receptor stimulation efficacy by DAMGO was
slightly less pronounced in the hypothalamus of MRF + DSF rats than rats treated only
with MRF (158 ± 2.24 vs. 148 ± 2.2; p < 0.05). More importantly, in some structures such as
the prefrontal cortex, caudate-putamen, rostral ventromedial medulla (RVM) or PAG an
8.4% (p < 0.05), 13% (p < 0.01), 5.7% (p < 0.05) and 31.9% (p < 0.001) increase in µ-opioid
receptor activation efficacy was detected as compared with MRF-treated rats. These values
were also significantly greater than control animals.
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Table 2. DAMGO-stimulated G-protein activation in brain structures of MRF-treated and MRF + DSF cotreated rats at days
1 and 14.

Emax ± SEM (%)

CNS Structure Control
DAY 1 DAY 14

DSF + MRF MRF DSF + MRF MRF

frontal cortex 140 ± 2.9 140 ± 2.4 134 ± 3.4 121 ± 2.9 ** 129 ± 2.1*
thalamus 180 ± 3.4 157 ± 2.2 *** 155 ± 2.2 *** 136 ± 1.9 *** 139 ± 3.0 ***

hippocampus 139 ± 2.8 131 ± 2.6 134 ± 2.9 120 ± 1.2 ** 120 ± 2.4 **
prefrontal cortex 133 ± 3.0 142 ± 1.9 * # 131 ± 2.5 122 ± 2.3 * 118 ± 2.6 *

nucleus accumbens 171 ± 3.6 153 ± 1.8 ** 155 ± 2.5 * 139 ± 2.6 # 120 ± 1.8 ***
hypothalamus 177 ± 4.2 158 ± 2.24 ** # 148 ± 2.2 ** 113 ± 1.0 *** 116 ± 2.0 ***

caudate-putamen 147 ± 2.6 156 ± 2.3 * ## 138 ± 2.6 * 138 ± 1.9 # 120 ± 1.6 ***
RVM 156 ± 2.0 168 ± 1.8 ** # 159 ± 2.3 134 ± 2.5 ** 132 ± 2.3 ***

amygdala 151 ± 3.4 145 ± 2.9 141 ± 2.4 116 ± 1.5 *** 130 ± 4.8 * #
PAG 162 ± 3.1 186 ± 5.5 ** ### 141 ± 1.5 ** 133 ± 3.3 *** 136 ± 3.5 **

Rats were treated with MRF (25 mg/kg, i.g.) or MRF + DSF (25 mg/kg, i.g.). Data were fitted with a one-site nonlinear regression model and efficacy
(Emax) was calculated and expressed as means ± SEM from averaged data collected from 6 rats. Differences in Emax of DAMGO in different CNS
structures in MRF + DSF, MRF and control (0.1% methylcellulose) rats at day 1 and 14, were evaluated with one-way ANOVA followed by Bonferroni’s
post hoc test. Statistical significance was expressed as follows: * p < 0.05; ** p < 0.01; *** p < 0.001 vs. control; # p < 0.05; ## p < 0.01; ### p < 0.001 (DSF +
MRF vs. MRF). RVM-rostral ventromedial medulla; PAG-periaqueductal gray matter.

Figure 6. Concentration-response curves of DAMGO-stimulated G-protein activation in the prefrontal cortex, hypothalamus,
caudate-putamen, rostral ventromedial medulla (RVM) and periaqueductal gray matter (PAG) of rats treated with morphine
alone (MRF) or with morphine and disulfiram (MRF + DSF) after 1 day of treatment. Data were fitted with a one-site
nonlinear regression model. Efficacy (Emax) values were averaged from 6 rats (except for the RVM and PAG, where samples
were pooled from 6 rats) and expressed as means ± SEM. Differences in Emax between MRF and MRF + DSF groups in each
structure were evaluated with one-way ANOVA followed by Dunnett’s post hoc test. # p < 0.05; ## p < 0.01; ### p < 0.001
(MRF vs. MRF + DSF). SB-specific binding (no DAMGO added).
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Figure 7. Concentration-response curves of DAMGO-stimulated G-protein activation in the nucleus accumbens, caudate-
putamen and amygdala of rats treated with morphine alone (MRF) or with morphine and disulfiram (MRF + DSF) for 14 days.
Data were fitted with a one-site nonlinear regression model. Efficacy (Emax) values were averaged from 6 rats and expressed
as means ± SEM. Differences in Emax between MRF and MRF + DSF groups in each structure were evaluated with one-way
ANOVA followed by Dunnett’s post hoc test. # p < 0.05 (MRF vs. MRF + DSF). SB-specific binding (no DAMGO added).

At day 14 of treatment, a visible reduction in µ-opioid receptor activity relative to
the control was noted in all analyzed structures for both the MRF (F17,47 = 21.2; p < 0.001)
and MRF + DSF (F17,47 = 24.6; p < 0.001) groups (Table 2, Figure 7). However, DAMGO
stimulated µ-opioid receptor activity more effectively in the nucleus accumbens (139 ± 2.6
vs. 120 ± 1.8; p < 0.05) and caudate-putamen (138 ± 1.9 vs. 120 ± 1.6; p < 0.05) of MRF +
DSF rats when compared with rats chronically treated with MRF alone. Of note, in the MRF
only group, higher µ-opioid receptor G-protein activation was detected in the amygdala
than in the MRF + DSF group (130 ± 4.8 vs. 116 ± 1.5; p < 0.05).

3. Discussion

In the present study, we aimed to verify the hypothesis that disulfiram (DSF) enhances
µ-opioid receptor G-protein signaling, which could in part contribute to the augmen-
tation of morphine (MRF) antinociception and abolition of morphine tolerance devel-
opment. A single bolus of DSF alone produced meager but significant antinociceptive
action (Figure 1), which does not seem to be related to direct opioid receptor activation.
As evidenced by our recent observations, although DSF alone produced potent enhance-
ment of G-protein activity in the [35S]GTPγS assay, this action was not reversed by NTX
(Figure S1A). Moreover, DSF altered neither potency nor efficacy of MRF-induced receptor
stimulation in brain homogenates from naïve rats (Figure S1B). Thus, the pharmacologi-
cal interplay between DSF and MRF could involve indirect mechanisms. The conducted
behavioral assays confirmed that DSF rescued the antinociceptive effectiveness of chroni-
cally administered MRF (Figures 4 and 5). This observation correlated with results from
the functional ex vivo assay, where µ-opioid receptor signaling was not fully abolished
following chronic MRF treatment (Table 2, Figure 7).

The first report describing the potential use of DSF as an adjunctive medication to
pain management therapy was released in the late 1970s by Hosobuchi and Wemmer [18].
In that particular investigation, intractable pain patients experienced potentiation of PAG
stimulation-induced analgesia (SIA) when concomitantly receiving DSF. Additionally,
DSF provided long-standing protection against the development of analgesic tolerance.
Moreover, DSF alone potently decreased opioid demand when SIA was discontinued [30].
These findings are in conformity with our observations as we also saw synergistic potentia-
tion of MRF antinociception even after a single dose of DSF (Figure 2, Table 1). Moreover,
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the effect of both drugs was NTX-reversible, confirming the contribution of opioid receptor
signaling (Figure 3).

The notion that µ-opioid receptors may play a vital role in the antinociceptive effect
of DSF is derived from the well-acknowledged fact that they modulate the activity of
pain-inhibitory neurons in the ventrolateral PAG (vlPAG). Namely, these neurons are under
tonic inhibition from GABAergic interneurons, which is suppressed by µ-opioid receptor
activation. This subsequently activates glutamatergic transmission in the RVM, leading
to pain suppression [31,32]. Our investigation revealed a significant increase in µ-opioid
receptor G-protein activation 23 h following drug delivery in the PAG of DSF and MRF
cotreated rats compared with MRF alone. A similar trend was observed when rats receiving
concomitant DSF and MRF treatment were compared with control animals. Similar results
were also obtained for the RVM and prefrontal cortex, which both send their projections
to the PAG [33] (Table 2, Figure 6). One might thus expect enhanced µ-opioid-dependent
suppression of GABA release following DSF treatment and the ability of naltrexone to
negate this effect when a mechanical stimulus is applied.

It seems that potentiation of MRF antinociception by acute DSF delivery was restricted
to supraspinal sites, which are responsible for mechanical pain transmission. Morphine,
apart from having a direct inhibitory effect on primary afferent neuron excitability, also in-
creases output from the PAG to the RVM by decreasing GABAergic transmission. As con-
firmed recently, mechanical pain is modulated by presynaptic enkephalin and GABA re-
lease from dorsal horn interneurons located mainly in laminae II and III. Their suppression
increases mechanical but not thermal sensitivity due to a limited number of heat-sensitive
C-fibers receiving input from enkephalinergic interneurons in lamina I [34,35]. Thus, it is
possible that DSF enhances enkephalin release from dorsal horn interneurons, causing
presynaptic inhibition of mechanosensory neurons. Especially, when DSF was previously
shown to increase plasma Met-enkephalin levels in dogs subjected to an acute ethanol
challenge [36].

As mentioned earlier, our study has shown major changes in µ-opioid receptor G-
protein activation as early as on day 1 of MRF treatment (Table 2, Figure 6). Structures that
were mostly affected included the thalamus, hypothalamus, PAG, nucleus accumbens and
to a lesser extent the caudate-putamen. The first three structures are involved in nociceptive
processing and their stimulation has long been acknowledged to trigger pain-relief in an
opioid-related manner [37–39]. Moreover, as we have shown earlier, hypothalamic, thala-
mic and PAG µ-opioid receptor G-protein activity is decreased in a mouse line refractory
to opioid-induced analgesia [40]. Of note, the early enhancement of G-protein activity in
these structures does not contribute significantly to the long-lasting effect of DSF, as the
differences in G-protein activity between MRF-treated and DSF and MRF cotreated rats
diminished at day 14. A noticeable decline in DAMGO-stimulated Gi/0-protein activa-
tion upon chronic MRF exposure was evidenced before in many of the brain structures
studied. This implicates biased functional signaling as the mechanism responsible for the
appearance of MRF tolerance [41,42].

As evidenced before, chronic MRF treatment induces µ-opioid receptor adaptive mod-
ifications responsible for the decline in drug efficacy over time. It has been reported that
chronic MRF treatment induces tolerance that is at least in part owed to desensitization
effected by weak receptor internalization and recycling as well as serine 375 phosphoryla-
tion [43–45]. The phenomenon of tolerance is also thought to be directly linked to regionally
specific Gi/0 uncoupling, where a progressive reduction in signal transduction is observed
without major changes in receptor density [42,46,47]. Stimulation of cAMP production
(or cAMP overshoot) by MRF speaks in favor of Gi/0 uncoupling and preferential coupling
of the receptor to the Gs stimulatory subunit [48,49]. Additionally, a 10-day chronic MRF
exposure was shown to increase the Gs/Gi/0 protein ratio in forebrain cell membrane frac-
tions, which correlated with a trend toward lower DAMGO efficacy [50]. This observation
is in line with our behavioral data, where MRF efficacy was compromised at this timepoint.
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Recently, the role of the striatal nuclei comprising the nigrostriatal dopamine pathway
were indicated in nociceptive processing and pain perception owing to their high density of
opioid receptors [51–53]. Similarly as in the PAG, chronic DSF exposure was evidenced to
attenuate GABA release and decrease glutamate uptake in the striatum [27,54]. Our study
provided further functional evidence that upregulation of µ-opioid receptor activity by
DSF in the nucleus accumbens and caudate-putamen may correlate with sustained MRF
efficacy. Especially, it was shown that µ-opioid receptor-mediated G-protein activation in
the striatum is more resistant to desensitization than in the brainstem nuclei [55,56]. Obser-
vations that some forms of antinociception rely on nucleus accumbens opioid receptors
only when µ-opioid receptors have not yet undergone downregulation further supports
their importance of the striatum in chronic opioid efficacy [57].

As the most meaningful changes in µ-opioid receptor signaling were detected in struc-
tures of the dopamine circuit, the role of this monoamine in the behavioral effects of DSF
cannot be ruled out. Especially when DSF and its active metabolites inhibit β-hydroxylase
activity, elevated dopamine levels suppress GABAA receptor signaling in the PAG and
trigger upregulation of µ-opioid receptor mRNA in the nucleus accumbens [27,54,58–61].
It is possible that in our behavioral investigation, NTX executes its pronociceptive effects
by reducing DSF-induced dopamine release. This effect was previously observed in the
nucleus accumbens in male rats either exposed to a pleasurable stimulus or challenged
with amphetamine [62,63]. However, further studies are needed to confirm the role of
dopamine signaling in the antinociceptive effect of DSF. Additionally, other clinically im-
portant implications such as increased likelihood of addiction to stimulants or the risk of
drug-induced psychosis in schizophrenic patients need to be addressed as well [20,64].

Interestingly, the amygdala of chronic MRF-treated rats was the only structure where
an increase in µ-opioid receptor signaling was detected. It is possible that sustained µ-
opioid receptor activation in this brain region perpetuates the development of opioid
dependence, as shown before [65,66]. As described in our earlier behavioral study [26],
disulfiram abrogated MRF-induced dependence and withdrawal. The mechanistic under-
pinnings of this phenomenon are not yet known; however, the current study has shown
that disulfiram pretreatment causes downregulation of µ-opioid receptor signaling in the
amygdala (Table 2, Figure 7). Of course, other mechanisms may also contribute to the rever-
sal of MRF preference and dependence. Interestingly, activation of amygdala neurokinin-1
(NK1) receptors was linked to MRF craving [67] and disulfiram was previously reported to
reduce substance-P (SP) release [68].

It may seem that the side-effect profile of DSF, including hepatic, psychiatric and
neurotoxic complications [69], may potentially render this drug unsuitable for long-term
support of opioid-based pain management—especially when the most recent investigation
points to the possibility of liver damage in MRF-treated, alcohol-naïve animals [70]. Firstly,
however, most of the adverse reactions were seen in patients with alcohol use disorder.
Secondly, the most recent study employed a high-dose DSF treatment scheme, as only the
100 mg/kg dose produced meaningful extension of MRF antinociception when delivered
intraperitoneally. Such high doses of DSF carry a greater risk of hepatotoxicity and may
additionally cause disturbances in catecholamine levels, leading to neurotoxic effects [21],
whereas our study demonstrated that 25 mg/kg DSF is sufficient enough to exert an effect
of similar magnitude when given orally, which potentially lowers the risk of hepatitis
and/or neurotoxicity. Thus, low-dose oral DSF may still be considered a valuable asset
to MRF-based pain relief strategy owing to its robust and long-lasting suppression of
analgesic tolerance and lower risk of side-effects.

4. Materials and Methods
4.1. Animals and Husbandry

The study was conducted in compliance with the guidelines published in the European
directive 2010/63/EU on the protection of animals used for scientific purposes. The proto-
col was approved by the Ethical Committee for Experiments on Small Animals, Medical
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University of Warsaw (permit numbers: 64/2013 and 101/2016). Outbred, male Cmdb:Wi
rats (270–320 g) were housed in a room maintained at a temperature of 20 ± 2 ◦C, un-
der 12–12 h light–dark cycle. Experimental groups consisted of 6 rats. Animals had free
access to food and water.

4.2. Chemicals and Supplies

Disulfiram (DSF), morphine sulfate and water for injection were purchased from
Polfa (Warsaw, Poland). Guanosine 5′-[γ-thio]triphosphate (GTPγS), guanosine 5′-[γ-
thio]triphosphate tetralithium salt (GTP), Guanosine 5′-diphosphate sodium salt (GDP),
ethylenoglycol-bis(f6-aminoethyl-ether)-N,N,N′,N′-tetraacetic acid (EGTA), ethylenedi-
aminetetraacetic acid (EDTA), DAla2,NMePhe4,Gly5-ol enkephalin (DAMGO), nalox-
one hydrochloride, cOmplete™, Mini EDTA-free Protease Inhibitor Cocktail tablets and
methylcellulose were purchased from Sigma Aldrich (Munich, Germany). [35S]GTPγS
(1250 Ci/mmol), UniFilter-96 GF/B Barex Microplates, OptiPhase Supermix Cocktail scin-
tillant were purchased from Perkin Elmer (Waltham, MA, USA). K2EDTA-coated lavender
tubes were obtained from Sarstedt (Numbrecht, Germany). Tubes containing zirconium
1.4 mm beads were obtained from DNA Gdansk, Poland. MgCl2, NaCl were purchased
from Avantor Performance Materials Poland S.A. (Gliwice, Poland).

4.3. Drug Administration

All drugs were administered by oral gavage in a volume of 1 mL/kg. Morphine (MRF,
25 mg/kg), naltrexone (NTX, 25 mg/kg) were dissolved in water for injection. Disulfiram
(DSF, 12.5, 25 and 50 mg/kg) was suspended in 0.1% methylcellulose solution as described
previously [26]. In experiments where DSF was delivered as a single bolus, control animals
received a 0.1% methylcellulose solution. In acute cotreatment experiments, control animals
received water for injection (MRF and MRF + NTX group control) or 0.1% methylcellulose
(control for groups treated and cotreated with DSF). DSF or NTX were administered 10 min
before MRF. In the NTX + DSF + MRF group, NTX was delivered 10 min before DSF and
MRF was administered 10 min following DSF. The following experimental groups were
included in the chronic behavioral assays: MRF (water + 25 mg/kg morphine), MRF + DSF
12.5 (25 mg/kg morphine + 12.5 mg/kg disulfiram), MRF + DSF 25 (25 mg/kg morphine
+ 25 mg/kg disulfiram), MRF + DSF 50 (25 mg/kg morphine + 50 mg/kg disulfiram).
Control animals received 0.1% methylcellulose (MRF + DSF group control) or water for
injection (MRF group control). In behavioral experiments, all drugs were administered for
21 consecutive days. All drugs were discontinued on day 22 and nociceptive thresholds
were measured until day 28. In experiments involving tissue harvest for the functional
[35S]GTPγS assay, drugs or vehicle (0.1% methylcellulose) were administered either for 1
or 14 days and animals were sacrificed 23 h later.

4.4. Behavioral Testing

Nociceptive thresholds were measured in the Randal–Selitto and tail-flick tests as
described previously [71]. In the single bolus experiments mechanical a thermal nociceptive
thresholds were measured before drug/vehicle administration and every 30 min for 3.5 h.
A 1 min interval was ensured between both types of tests. Animals were returned back to
their home cages between testing at each timepoint. In chronic drug delivery experiments,
single measurements were taken in individual animals every day, starting at 10.00 a.m. at
23 h postadministration. After discontinuation of drug treatment at day 21, behavioral
testing continued until day 28. The tail-flick test was performed first. Changes in pain
thresholds for each animal were calculated as % maximum possible effect (%MPE) using
the following formula (Formula (1)):

%MPE = [T2 − T1]/[Coff − T1] × 100% (1)

where T1—baseline latency before treatment; T2—post-treatment latency; Coff—cut-off time.
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4.5. Measurement of Thermal Thresholds

Thermal thresholds were measured in the tail-flick test according to the thermal
stimulation of the tail method by D’Amour and Smith [72] using the I.R. Tail-Flick Unit
(Ugo Basile, Comerio, Italy). Briefly, rats were gently restrained by hand. Then, radiant heat
was directed onto the ventral aspect of the tail, 4–5 cm from the tip. A positive nocifensive
reaction was a vigorous removal of the tail from the heat source, which automatically
terminated the test and recorded tail-flick latency (in seconds). Light intensity was set to
elicit a baseline response of ca. 6 s. Cut-off time was set to 20 s to avoid burns to the tail.

4.6. Measurement of Mechanical Thresholds

Mechanical thresholds were determined in the Randal–Selitto paw pressure test
originally described previously [73] with some modifications. Briefly, rats were restrained
by hand and increasing pressure was applied to the dorsal surface of the hindpaw at a
rate of 32 g/s. Nociceptive thresholds were defined as the force (in grams) that evoked an
attempt to withdraw the paw. The cut-off pressure was set to 480 g.

4.7. Homogenate Preparation

Rats from the MRF and MRF + DSF 25 groups from day 1 and day 14 of treatment were
sacrificed by decapitation under deep isoflurane anesthesia. Their brains were carefully
removed and selected CNS structures (frontal cortex, prefrontal cortex, thalamus, hy-
pothalamus, nucleus accumbens, caudate-putamen, rostral ventromedial medulla (RVM),
periaqueductal gray matter (PAG) and amygdala) were dissected on ice using the Alto
Stainless Steel Coronal 0.5 mm Brain Matrix. The tissue was immediately frozen on dry ice
following dissection and stored at −80 ◦C until use. After thawing, tissues were homoge-
nized with the FastPrep-24™ Classic Instrument disintegrator (MP Biomedicals, Santa Ana,
CA, USA) for 20 s at 4.0 m/s in 30 vol./wet weight of homogenization buffer (50 mM
Tris-HCl, 1 mM EDTA and 1× cOmplete Mini, EDTA-free Protease Inhibitor Cocktail,
pH = 7.4) in zirconium bead tubes (bead diameter: 1.4 mm in diameter) (DNA Gdansk,
Poland). Periaqueductal gray matter and RVM regions isolated from 6 rats were pooled.
Next, homogenates were centrifuged for 30 min at 22,000× g in 4 ◦C. The resulting pellet
was suspended in 30 vol. of 50 mM Tris-HCl, pH = 7.4 and incubated for 30 min at room
temperature to dissociate endogenous ligands. The centrifugation step was repeated and
the final pellet was suspended in 10 vol. of 50 mM Tris-HCl, pH = 7.4. Tissues were stored
at −80 ◦C until use. Protein concentration was assessed with the Micro BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA).

4.8. [35. S]GTPγS Binding Assay

The assay was carried out as previously described [40]. Homogenates (15µg/mL)
were incubated in triplicate with 0.8 nM [35S]GTPγS and stimulating ligand (10−10 M–
10−5 M) in 50 mM Tris-HCl, pH = 7.4 binding buffer supplemented with 1 mM EGTA,
3 mM MgCl2, 100 mM NaCl, 30 µM GDP for 90 min at 30 ◦C. To evaluate opioid-receptor
related changes in G-protein activation in chronic DSF and MRF cotreatment experiments,
DAMGO (10−10 M–10−5 M) was used as the stimulating ligand. Total assay volume was
250 µL. Unlabeled GTPγS was used to determine nonspecific binding. Samples were
rapidly vacuum filtered through 96-well Unifilter Plates presoaked with 50 mM Tris-HCl,
pH = 7.4 (Perkin Elmer, Waltham, MA, USA) using the FilterMate Harvester (Perkin
Elmer, Waltham, MA, USA). Every filter-coated well was then washed with 2 mL of wash
buffer (50 mM Tris-HCl, pH = 7.4) to separate bound from free radioligand. After drying
overnight at room temperature, 45µl of OptiPhase Supermix Cocktail scintillant (Perkin
Elmer, Waltham, MA, USA) was added to each filter well and left for 6 h to equilibrate.
Filter-bound radioactivity was counted in a Trilux MicroBeta2 counter (Perkin Elmer,
Waltham, MA, USA). Curves were fitted with a one-site non-linear regression model
available from GraphPad Prism, version 5.03 software (GraphPad Software, San Diego,
CA, USA, https://www.graphpad.com/ (accessed on 20 June 2019)). Efficacy (Emax) and

https://www.graphpad.com/
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potency (EC50) of DAMGO stimulation in various brain structures were calculated and
expressed as means ± SEM from 6 animals.

A scheme representing the study design is included below (Figure 8).

Figure 8. Cont.
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Figure 8. Scheme of the study design. Panel (A,B) represent acute and chronic experiments, respectively.

4.9. Statistical Analysis

Behavioral data from chronic cotreatment experiments along with data involving
NTX-reversal of acute MRF and DSF effects, were reported as mean control-subtracted
values ± SEM. Other acute treatment data were shown along with respective controls and
expressed as mean± SEM. Results from time-course curve experiments were analyzed with
two-way ANOVA, followed by Bonferroni’s post hoc test. Area under the time-course curve
(AUC) data were analyzed with either the nonparametric Kruskal–Wallis test or one-way
ANOVA followed by Dunnet’s post hoc test. The nature of MRF + DSF combination index
(CI) was calculated at peak effect corresponding to 60 min postadministration according to
the Bliss Independence model [74] (2):

CI = (EA + EB − EA × EB)/EAB (2)

where EA—fractional effect of drug A; EB—fractional effect of drug B; EAB—fractional
effect of drug combination. A CI < 1 indicates synergy, CI = 1 an additive effect and CI > 1
antagonism.

Binding data were fitted with a one-site nonlinear regression model provided by
GraphPad Prism, version 5.03 software for Windows (GraphPad Software, San Diego, CA,
USA, www.graphpad.com) (accessed on 20 June 2019). Efficacy (Emax) and potency (EC50)
were calculated using Equation (3):

Y = Bottom + (T − B)/(1 + 10logEC50−X) (3)

where Y—% stimulation, B—% stimulation at bottom plateau, T—% stimulation at top
plateau, X—ligand concentration in log units, logEC50—ligand concentration at half-
maximal stimulation.

Emax and pEC50 values were expressed as means ± SEM from averaged data collected
from 6 rats. Differences in potency and efficacy of DAMGO in different CNS structures in

www.graphpad.com
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MRF + DSF, MRF and control rats at day 1 and 14 were evaluated with one-way ANOVA.
As G-protein stimulation efficacy was comparable in both MRF and MRF + DSF controls
(water for injection and 0.1% methylcellulose), the results were combined.

5. Conclusions

Our study is the first to describe the possible mechanism contributing to the mainte-
nance of morphine antinociception by low-dose DSF. We proposed the importance of the
partial rescue of supraspinal µ-opioid G-protein signaling by DSF in the striatum. Of note,
the mechanism presented in the current study constitutes only a small piece of the puzzle
and other yet unknown mechanisms are certainly involved. It should be emphasized that
DSF affects a plethora of physiological pathways. Nevertheless, the presented research is a
first but significant step towards considering low-dose DSF as a possible adjunct agent for
opioid pain management.
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40. Poznański, P.; Lesniak, A.; Bujalska-Zadrozny, M.; Strzemecka, J.; Sacharczuk, M. Bidirectional selection for high and low
stress-induced analgesia affects G-protein activity. Neuropharmacology 2019, 144, 37–42. [CrossRef]

41. Bohn, L.M.; Gainetdinov, R.R.; Lin, F.-T.; Lefkowitz, R.J.; Caron, M.G. µ-Opioid receptor desensitization by β-arrestin-2 determines
morphine tolerance but not dependence. Nat. Cell Biol. 2000, 408, 720–723. [CrossRef]

42. Sim-Selley, L.J.; Scoggins, K.L.; Cassidy, M.P.; Smith, L.A.; Dewey, W.L.; Smith, F.L.; Selley, D.E. Region-dependent attenuation of
µ opioid receptor-mediated G-protein activation in mouse CNS as a function of morphine tolerance. Br. J. Pharmacol. 2007, 151,
1324–1333. [CrossRef] [PubMed]

43. Keith, D.E.; Murray, S.R.; Zaki, P.A.; Chu, P.C.; Lissin, D.V.; Kang, L.; Evans, C.J.; von Zastrow, M. Morphine Activates Opioid
Receptors without Causing Their Rapid Internalization. J. Biol. Chem. 1996, 271, 19021–19024. [CrossRef] [PubMed]

44. Schulz, S.; Mayer, D.; Pfeiffer, M.; Stumm, R.; Koch, T.; Höllt, V. Morphine induces terminal µ-opioid receptor desensitization by
sustained phosphorylation of serine-375. EMBO J. 2004, 23, 3282–3289. [CrossRef] [PubMed]

45. Koch, T.; Schulz, S.; Schröder, H.; Wolf, R.; Raulf, E.; Höllt, V. Carboxyl-terminal Splicing of the Rat µ Opioid Receptor Modulates
Agonist-mediated Internalization and Receptor Resensitization. J. Biol. Chem. 1998, 273, 13652–13657. [CrossRef]

46. Allouche, S.; Polastron, J.; Hasbi, A.; Homburger, V.; Jauzac, P. Differential G-protein activation by alkaloid and peptide opioid
agonists in the human neuroblastoma cell line SK-N-BE. Biochem. J. 1999, 342 Pt 1, 71–78. [CrossRef]

47. Sim, L.; Selley, D.; Dworkin, S.; Childers, S. Effects of chronic morphine administration on mu opioid receptor- stimulated [35S]
GTPgammaS autoradiography in rat brain. J. Neurosci. 1996, 16, 2684–2692. [CrossRef]

48. Wang, D.; Zeng, J.; Li, Q.; Huang, J.; Couture, R.; Hong, Y. Contribution of adrenomedullin to the switch of G protein-coupled
µ-opioid receptors from Gi to Gs in the spinal dorsal horn following chronic morphine exposure in rats. Br. J. Pharmacol. 2016,
173, 1196–1207. [CrossRef]

49. Avidor-Reiss, T.; Bayewitch, M.; Levy, R.; Matus-Leibovitch, N.; Nevo, I.; Vogel, Z. Adenylylcyclase Supersensitization in
µ-Opioid Receptor-transfected Chinese Hamster Ovary Cells Following Chronic Opioid Treatment. J. Biol. Chem. 1995, 270,
29732–29738. [CrossRef]

50. Fabian, G.; Bozó, B.; Szikszay, M.; Horvath, G.; Coscia, C.J.; Szucs, M. Chronic Morphine-Induced Changes in µ-Opioid Receptors
and G Proteins of Different Subcellular Loci in Rat Brain. J. Pharmacol. Exp. Ther. 2002, 302, 774–780. [CrossRef]

51. Harris, H.N.; Peng, Y.B. Evidence and explanation for the involvement of the nucleus accumbens in pain processing. Neural
Regen. Res. 2020, 15, 597–605. [CrossRef]

52. Brown, C.A.; Matthews, J.; Fairclough, M.; McMahon, A.; Barnett, E.; Al-Kaysi, A.; El-Deredy, W.; Jones, A.K. Striatal opioid
receptor availability is related to acute and chronic pain perception in arthritis: Does opioid adaptation increase resilience to
chronic pain? Pain 2015, 156, 2267–2275. [CrossRef]

53. Hagelberg, N.; Aalto, S.; Tuominen, L.; Pesonen, U.; Någren, K.; Hietala, J.; Scheinin, H.; Pertovaara, A.; Martikainen, I.K. Striatal
µ-opioid receptor availability predicts cold pressor pain threshold in healthy human subjects. Neurosci. Lett. 2012, 521, 11–14.
[CrossRef]

54. Mamatha, R.K.; Nagendra, S.N. Effect of disulfiram administration on glutamate uptake by synaptosomes in the rat brain. Eur. J.
Pharmacol. Environ. Toxicol. Pharmacol. 1994, 292, 89–94. [CrossRef]

55. Noble, F.; Cox, B.M. Differential desensitization of µ- and δ-opioid receptors in selected neural pathways following chronic
morphine treatment. Br. J. Pharmacol. 1996, 117, 161–169. [CrossRef]

56. Sim-Selley, L.J.; Selley, D.E.; Vogt, L.J.; Childers, S.R.; Martin, T.J. Chronic heroin self-administration desensitizes mu opioid
receptor-activated G-proteins in specific regions of rat brain. J. Neurosci. 2000, 20, 4555–4562. [CrossRef]

57. Schmidt, B.L.; Tambeli, C.H.; Barletta, J.; Luo, L.; Green, P.; Levine, J.D.; Gear, R.W. Altered Nucleus Accumbens Circuitry
Mediates Pain-Induced Antinociception in Morphine-Tolerant Rats. J. Neurosci. 2002, 22, 6773–6780. [CrossRef]

58. Goldstein, M.; Nakajima, K. The effect of disulfiram on catecholamine levels in the brain. J. Pharmacol. Exp. Ther. 1967, 157,
96–102. [PubMed]

59. Meyer, P.J.; Morgan, M.M.; Kozell, L.B.; Ingram, S.L. Contribution of dopamine receptors to periaqueductal gray-mediated
antinociception. Psychopharmacology 2009, 204, 531–540. [CrossRef] [PubMed]

60. Tobaldini, G.; Reis, R.A.; Sardi, N.F.; Lazzarim, M.K.; Tomim, D.H.; Lima, M.M.; Fischer, L. Dopaminergic mechanisms in
periaqueductal gray-mediated antinociception. Behav. Pharmacol. 2018, 29, 225–233. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuron.2017.01.008
http://doi.org/10.1677/joe.0.1200473
http://doi.org/10.1152/jn.1998.80.6.3326
http://doi.org/10.1016/j.neuroimage.2016.08.038
http://doi.org/10.1016/j.neuropharm.2018.10.014
http://doi.org/10.1038/35047086
http://doi.org/10.1038/sj.bjp.0707328
http://www.ncbi.nlm.nih.gov/pubmed/17572699
http://doi.org/10.1074/jbc.271.32.19021
http://www.ncbi.nlm.nih.gov/pubmed/8702570
http://doi.org/10.1038/sj.emboj.7600334
http://www.ncbi.nlm.nih.gov/pubmed/15272312
http://doi.org/10.1074/jbc.273.22.13652
http://doi.org/10.1042/bj3420071
http://doi.org/10.1523/JNEUROSCI.16-08-02684.1996
http://doi.org/10.1111/bph.13419
http://doi.org/10.1074/jbc.270.50.29732
http://doi.org/10.1124/jpet.102.036152
http://doi.org/10.4103/1673-5374.266909
http://doi.org/10.1097/j.pain.0000000000000299
http://doi.org/10.1016/j.neulet.2012.05.042
http://doi.org/10.1016/0926-6917(94)90030-2
http://doi.org/10.1111/j.1476-5381.1996.tb15169.x
http://doi.org/10.1523/JNEUROSCI.20-12-04555.2000
http://doi.org/10.1523/JNEUROSCI.22-15-06773.2002
http://www.ncbi.nlm.nih.gov/pubmed/6029496
http://doi.org/10.1007/s00213-009-1482-y
http://www.ncbi.nlm.nih.gov/pubmed/19225762
http://doi.org/10.1097/FBP.0000000000000346
http://www.ncbi.nlm.nih.gov/pubmed/29035918


Int. J. Mol. Sci. 2021, 22, 4057 18 of 18

61. Azaryan, A.V.; Clock, B.J.; Cox, B.M. Mu opioid receptor mRNA in nucleus accumbens is elevated following dopamine receptor
activation. Neurochem. Res. 1996, 21, 1411–1415. [CrossRef] [PubMed]

62. Mitchell, J.B.; Gratton, A. Opioid modulation and sensitization of dopamine release elicited by sexually relevant stimuli: A high
speed chronoamperometric study in freely behaving rats. Brain Res. 1991, 551, 20–27. [CrossRef]

63. Schad, C.A.; Justice, J.B.; Holtzman, S.G. Naloxone reduces the neurochemical and behavioral effects of amphetamine but not
those of cocaine. Eur. J. Pharmacol. 1995, 275, 9–16. [CrossRef]

64. Weidenauer, A.; Bauer, M.; Sauerzopf, U.; Bartova, L.; Nics, L.; Pfaff, S.; Philippe, C.; Berroterán-Infante, N.; Pichler, V.;
Meyer, B.M.; et al. On the relationship of first-episode psychosis to the amphetamine-sensitized state: A dopamine D2/3 receptor
agonist radioligand study. Transl. Psychiatry 2020, 10, 1–11. [CrossRef] [PubMed]

65. Wang, B.; Luo, F.; Ge, X.-C.; Fu, A.-H.; Han, J.-S. Effects of lesions of various brain areas on drug priming or footshock-induced
reactivation of extinguished conditioned place preference. Brain Res. 2002, 950, 1–9. [CrossRef]

66. Befort, K.; Filliol, D.; Ghate, A.; Darcq, E.; Matifas, A.; Muller, J.; Lardenois, A.; Thibault, C.; Dembele, D.; Le Merrer, J.; et al.
Mu-opioid receptor activation induces transcriptional plasticity in the central extended amygdala. Eur. J. Neurosci. 2008, 27,
2973–2984. [CrossRef]

67. Gadd, C.A.; Murtra, P.; De Felipe, C.; Hunt, S.P. Neurokinin-1 Receptor-Expressing Neurons in the Amygdala Modulate Morphine
Reward and Anxiety Behaviors in the Mouse. J. Neurosci. 2003, 23, 8271–8280. [CrossRef] [PubMed]

68. Marchand, J.E.; Hershman, K.; Kumar, M.S.; Thompson, M.L.; Kream, R.M. Disulfiram administration affects substance P-like
immunoreactive and monoaminergic neural systems in rodent brain. J. Biol. Chem. 1990, 265, 264–273. [CrossRef]

69. Poulsen, H.E.; Loft, S.; Andersen, J.R.; Andersen, M. Disulfiram therapy—Adverse drug reactions and interactions. Acta Psychiatr.
Scand. 1992, 86, 59–66. [CrossRef]
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