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Abstract

Agmatine (AG), idazoxan (IDZ), and efaroxan (EFR) are imidazoline receptor ligands with beneficial effects in central
nervous system disorders. The present study aimed to evaluate the interaction between AG, IDZ, and EFR with an opi-
ate, tramadol (TR), in a conditioned place preference (CPP) paradigm. In the experiment, we used five groups with 8
adult male Wistar rats each. During the condition session, on days 2, 4, 6, and 8, the rats received the drugs (saline, or
TR, or IDZ and TR, or EFR and TR, or AG and TR) and were placed in their least preferred compartment. On days 1,
3, 5, and 7, the rats received saline in the preferred compartment. In the preconditioning, the preferred compartment
was determined. In the postconditioning, the preference for one of the compartments was reevaluated. TR increased
the time spent in the non-preferred compartment. AG decreased time spent in the TR-paired compartment. EFR, more
than IDZ, reduced the time spent in the TR-paired compartment, but without statistical significance. AG reversed the
TR-induced CPP, while EFR and IDZ only decreased the time spent in the TR-paired compartment, without statistical
significance.
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Introduction

The imidazoline receptor system is a family of binding
sites that recognize compounds with the imidazoline struc-
ture. Three main types of imidazoline receptors have been
proposed: I, I, with subtype I,, and I,, depending on the
affinity for amiloride and /; (Bousquet et al. 2020).

The well-studied imidazoline agonist, agmatine
(1-amino-4-guanidinobutane, AG) is an endogenous
neuromodulator, discovered in the herring semen by
Albrecht Kossel in 1910 (Kossel 1910). It is synthesized
from L-arginine in a reaction catalyzed by arginine
decarboxylase (Gawali et al. 2017; Benitez et al. 2018;
Barua et al. 2019) which is found in the mitochondria of
the cells in the brain, liver, kidneys, adrenal glands, small
intestine, and macrophages (Remko et al. 2017). AG is
stored in the granular vesicles in presynaptic terminations
and is released into the synaptic cleft after an action
potential, where it can act on the receptors or can be
degraded (Reis and Regunathan 2000; Raasch et al. 2001;
Uzbay 2012). It also acts as an agonist on the imidazoline
receptors (Bousquet et al. 2020); GABA, receptors
(Neis et al. 2020); and 5-HT2A and 5-HT3 receptors and
nicotinic receptors (Benitez et al. 2018), as an antagonist
on NMDARs (Benitez et al. 2018; Neis et al. 2020), and
inhibits nNOS and iNOS subtypes, but stimulated eNOS
subtype (Sharawy et al. 2018; Cigdem et al. 2020). AG
is metabolized to either guanidine butyraldehyde and
gamma-aminobutyric acid by diamine oxidase or urea
and polyamine (putrescine, spermine, spermidine) by
the enzyme agmatinase or AG-like protein (Benitez et al.
2018; Barua et al. 2019).

AG has been found in hippocampus, frontal cortex, stri-
atum, locus coeruleus (Barua et al. 2019; Kotagale et al.
2020a, b), amygdala, dorsal raphe nucleus (Selakovic et al.
2019), regions associated with visceral control, neuroen-
docrine control, pain perception, emotion processing (Reis
and Regunathan 2000; Selakovic et al. 2019), cognitive
functions, learning, and memory (Kotagale et al. 2020b).

The researcher highlighted the involvement of AG in
central nervous system disorders (Neis et al. 2017; Xu et al.
2018). In experimental animal models of Alzheimer’s dis-
ease induced by single intracranial amyloid f,_,, peptide
injection, AG prevented learning and memory impairment
(Dixit et al. 2021). In patients with bipolar disorders, it has
been found that there is an increased level of plasma AG
in patients with bipolar disorder during a manic episode
(Yilmaz et al. 2019) and in patients with first-episode psy-
chosis (Garip et al. 2019). It decreased neuroinflammation
and promoted neuroplasticity (Kotagale et al. 2020b). AG
exerted antidepressant effects alone (Gawali et al. 2017,
Chen et al. 2018; Ostadhadi et al. 2018; Neis et al. 2018)
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or in combination with other drugs like muscimol, diaz-
epam (Neis et al. 2020), or ketamine (Neis et al. 2018). It
also has anti-inflammatory (Neis et al. 2017), anxiolytic
(Gawali et al. 2017), and anticonvulsant (Bahremand et al.
2018) properties. In the drug addiction process, it attenuates
the symptoms of ethanol (Taksande et al. 2019b), nicotine
(Kotagale et al. 2018), and morphine withdrawal (Liu et al.
2018). AG reversed the escalation of intravenous fentanyl
self-administration in rats (Morgan et al. 2002), prevented
the development of oral fentanyl self-administration in mice
(Wade et al. 2008), and inhibited the acquisition and re-
acquisition of intravenous morphine self-administration in
rats (Su et al. 2009).

The 2-(2,3-dihydro-1,4-benzodioxin-3-yl)-4,5-dihydro-
1H-imidazole compound, known as IDZ, and the 2-(2-ethyl-
3H-1-benzofuran-2-yl)-4,5-dihydro-1 H-imidazole com-
pound, known as EFR, act as an antagonist on ,-adrenergic
receptors and as an antagonist on imidazoline receptors, I,
for the former and /, for the latter (Bousquet et al. 2020).
Some recent studies have demonstrated the variety of the
effects these compounds possess and the involvement of the
imidazoline receptor system (Sato et al. 2017; Xuanfei et al.
2017; Chen et al. 2018; Kotagale et al. 2020b;). Both com-
pounds blocked the antidepressant effect of statins and the
synergism produced by the coadministration of statins and
AG (Rahangdale et al. 2021). Also, in the murine model
of Alzheimer induced by administration of f,_,, amyloid
peptide, EFR attenuated the effect of AG to reverse memory
deficits (Kotagale et al. 2020b). Both IDZ and EFR blocked
the antidepressant effect induced by AG (Kotagale et al.
2020a). EFR confirmed the involvement of imidazoline /,
receptors in the antidepressant effect of AG in models of
acute and subacute depression in mice (Chen et al. 2018),
in carbophenyline analgesia in neuropathic pain caused by
oxaliplatin in mice (Micheli et al. 2020), in maintaining the
respiratory drive in newborn rats (Sato et al. 2017) and in the
cardioprotective effect exerted by dexmedetomidine against
ischemia/reperfusion injury in the spontaneously hyperten-
sive rats (Yoshikawa et al. 2018). EFR stimulated insulin
secretion in the MING6 cell line (Lin et al. 2017), and IDZ
reduced hepatic fibrosis in mice (Xuanfei et al. 2017). IDZ
confirmed the involvement of imidazoline I, receptors, along
with «,-adrenergic receptors, in reducing oxidative stress
and inflammation in renal function exerted by dexmedetomi-
dine via GSK-33/Nrf2 in acute kidney injury induced in rats
by administration of lipopolysaccharides (Feng et al. 2019).
The spontaneous motor activity in rats was decreased by the
treatment with IDZ than EFR, more for the former (Rusu
et al. 2015). IDZ and EFR reversed the inhibitory influence
in ethanol consumption (Taksande et al. 2019b), withdrawal-
induced depression (Chimthanawala et al. 2020), and loco-
motor sensitization (Taksande et al. 2019a) exerted by AG.
IDZ was tested in a preliminary double-blind, cross-over,
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randomized human laboratory study with ten social drinkers
included. A single oral dose of 40 mg IDZ reduced the peak
blood alcohol level and time to peak compared to placebo.
This dose was safe and well tolerated, with a decrease in the
systolic blood pressure, but less than 30 mmHg, and it was
not considered an adverse effect (Haass-Koffler et al. 2015).

TR is a centrally acting analgesic medication with a syn-
ergistic activity as an agonist opioid receptor and a serotonin
and norepinephrine reuptake inhibitor (Miotto et al. 2017).
This drug is a synthetic codeine analog with an affinity for
p-receptors about ten times lower than codeine and six thou-
sand times lower than morphine (Raffa et al. 1992). The
analgesic effect of TR is comparable to that of codeine and
ten times lower than morphine (Marquardt et al. 2005).

CPP is an experimental paradigm developed to evaluate
the reward in laboratory animals. CPP is a learned
behavior based on Pavlovian conditioning. The reinforcer
(an unconditioned stimulus) can be a natural reward, like
food, or a drug treatment which is administered passively
by the experimenter. The reinforcer creates a reward effect
and the animals associate this effect with different sensory
characteristics from the external environment that become
conditioned stimuli. This process depends on learning and
memory. The reinforcing effect is manifested by the animal
preference for the drug-paired area (Tzschentke 2007;
Huston et al. 2013).

As was mentioned above, the imidazoline system is
involved in the modulation of cognitive functions and
behavior. CPP is the most widely used behavior assay for
studying reward or aversion effects of exposure to a drug
(Tzschentke 2007). TR is not a substance with high addictive
potential (Cicero et al. 1999), but it is widely used for its
analgesic properties (Miotto et al. 2017), and has been
shown to be addictive in combination with other drugs
(Cicero et al. 1999). AG, EFR, and IDZ are drugs that have
been tested in combination with other substances with effects
on addictive behavior, such as methamphetamine (Thorn
et al. 2012), nicotine (Kotagale et al. 2014), and morphine
(Wei et al. 2005; Khoshnoodi et al. 2006; Ciubotariu et al.
2011; Ciubotariu and Nechifor 2012), but not with TR. The
aim of our study was to investigate the effect of these three
imidazoline ligands administration, IDZ, EFR, and AG, in
combination with TR in a rat CPP model.

Materials and methods

Animals

In the current study, we used 40 adult male white Wistar
rats, weighing 350—-400 g, procured from the biobase of the

“Grigore T. Popa” University of Medicine and Pharmacy
Tasi. The rats were divided into 5 groups (n = 8 animals per

group) and were housed in plastic cages under controlled
environmental conditions at 21.0 + 2.0 °C and a 12:12-h
light/dark cycle (light on at 07.00 am) with free ad libitum
access to food and water (except during the time of the
experiments). The animals were allowed to acclimatize for
24 h before they were used in the experiments. All manipula-
tions were carried out between 07.00 and 13.00.

Drugs

TR, AG, IDZ, and EFR were purchased from Sigma-Aldrich
Chemical Co, Germania. All drugs were dissolved in 0.9%
NaCl before ip administration. Group 1 of animals (coded
group 1) was injected with saline 0.9% (0.3 mL/100g ip).
Group 2 of animals (coded group 2) was injected with TR
(40 mg/kg ip) and saline 0.9% (0.3 mL/100 g ip). Group 3
of animals (coded group 3) was injected with IDZ (3 mg/kg
ip) and TR (40 mg/kg ip). Group 4 of animals (coded group
4) was injected with EFR (1 mg/kg ip) and TR (40 mg/kg
ip). The last one, group 5 of animals (coded group 5), was
injected with AG (24 mg/kg ip) and TR (40 mg/kg ip). The
doses of the drugs used were concordant with those applied
in other relevant research in the field and previous results
from our laboratory (Jackson et al. 1992; Taksande et al.
2010; Rusu et al. 2015; Esquivel-Franco et al. 2018; Rusu-
Zota et al. 2019; Rusu-Zota et al. 2021).

Place conditioning procedure

The CPP apparatus (PanLAB Harvard Apparatus) consisted
of two equal-sized plexiglass compartments (25 X 30 x 30
cm), one having black sides and floor and the other having
white sides and floor, separated by a grey central area. All the
compartments were separated by walls with sliding doors.

The conditioning paradigm consisted of three phases, pre-
conditioning for 1 day, conditioning for 8 days, and post-
conditioning test on day 10 (Ahsan et al. 2014). The CPP
protocol used here is in accordance with previous studies
(Sprague et al. 2002; Cha et al. 2014) followed by minor
modifications.

On the first day of the experiment (preconditioning), each
rat was placed separately into the central grey area for 15
min with free access to all compartments. Placement of the
front paws and head was considered as an entry in the com-
partment. Time spent in each compartment was recorded.
The compartment white or black in which animals spent
more time was considered the preferred compartment.

The conditioning phase consisted of 8 sessions of 40 min
held on consecutive days. On days 2, 4, 6, and 8, the rats
received drugs (saline or, TR, or IDZ and TR or, EFR and
TR or, AG and TR) and were confined to their least preferred
compartment. On days 3, 5, 7, and 9, the rats received saline
and were confined to their preferred compartment.
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On the tenth day of the experiment (postconditioning),
each rat in a drug-free state was placed in the central grey
area and allowed free access to both compartments for 15
min. Time spent (s) in each compartment was recorded. The
difference between the time in the drug-paired compartment
during post- and preconditioning was considered as a change
in preference score. Figure 1 showed the experimental pro-
tocol, doses, and schedule we adopted.

An important consideration in the CPP paradigm is
the use of biased/unbiased procedure or biased/unbiased
apparatus (Cunningham et al. 2003). In a biased procedure,
the assigning of the conditioning stimulus is made basis
on the initial preference of subjects as determined in a pre-
test, while, in an unbiased procedure, the pairing is done

Fig.1 Schematic illustration of
the experimental design adopted

Conditioning (day 2,4,6 and 8) — 40 min

randomly without regard to the initial preference. In a biased
apparatus, untrained subjects show a significant preference
for one compartment over the other in the absence of
conditioning, while, in an unbiased apparatus, the untrained
subjects show no preference for one compartment over
another (Cunningham et al. 2003; Brielmaier et al. 2008;
Prus et al. 2009). In this experiment, we chose to use a
biased apparatus and a biased procedure. Some of the drugs
(e.g., nicotine) produced CPP more effectively in a biased
procedure (Brielmaier et al. 2008). A limitation that can
complicate the interpretation of using a biased apparatus
or procedure is the “motivational interaction” hypothesis.
This may occur because the effect of the drug depends on
its interaction with some unconditioned motivational state

Preconditioning (day 1) — 15 min

=

Conditioning (day 3,5,7 and 9) — 40 min

Group 1: saline 0,3 mL/100 g ip

Group 2: TR 40 mg/kg ip

Group 3: IDZ 3 mg/kg ip + TR 40 mg/kg ip
Group 4: EFR 1 mg/kg ip + TR 40 mg/kg ip

Group 5: AG 24 mg/kg ip + TR 40 mg/kg ip

Group 1: -

Group 2: saline 0,3 mL/100 g ip
Group 3: saline 0,3 mL/100 g ip
Group 4: saline 0,3 mL/100 g ip

Group 5: saline 0,3 mL/100 g ip

Postconditioning (day 10) — 15 min
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reflected in the initial cue bias. It has been suggested that
by pairing the drug with the initial non-preferred side, the
preference shift may develop to the reduction of aversion
(stress or fear reduction), rather than a rewarding effect
(Cunningham et al. 2003; Le Foll and Goldberg 2005;
Brielmaier et al. 2008). However, if the drug is paired
with the initial preferred side, a ceiling effect may emerge
and prevent detection of CPP (Brielmaier et al. 2008). A
disadvantage in using an unbiased procedure is the exclusion
of many subjects due to their strong preference for one
compartment (Sun et al. 2018). In a conclusion, we chose
to use a biased apparatus and procedure to acquire a strong
place preference avoiding ceiling effect and not exclude
and sacrifice some healthy subjects because it exists an
individual vulnerability to drug addiction.

Ethics approval

All animal procedures and the protocols of the present
investigation were approved by the Ethics Committee on
Research of the “Grigore T. Popa” University of Medicine
and Pharmacy, Iasi, Roménia (1/31.10.2013). All procedures
complied with the European Communities Council Direc-
tive 2010/63/EU. All efforts were made to minimize animal
suffering, followed the recommendations of the NIH Guide
for the Care and the Use of Laboratory Animals.

Statistical analysis

The change in preference score was calculated as the differ-
ence between time spent in the treatment paired compart-
ment during postconditioning and preconditioning. Each
group of experimental animals was characterized as mean
change preference (s) + SEM. Analyses between two groups
were conducted using Student’s #-test and between more than
two groups were conducted using a one-way analysis of vari-
ances (ANOVA), followed by Tukey post hoc test. A value
of p < 0.05 was considered significant.

Results

The administration of TR (40 mg/kg ip) increased the time
the group 2 of rats spent in the drug-paired compartment
(162.5 + 31.091s) as compared to the saline group (— 2.5
+ 17.999 s). Application of Student’s ¢-test indicated a sig-
nificant place preference induced by TR (p = 0.0004) as
compared to the saline-treated group. Saline treatment in the
conditioning compartment did not produce any preference or
aversion. Figure 2 illustrated the change in preference score
(s) for group 1 and group 2.

The administration of imidazoline ligands, IDZ (3 mg/kg
ip), EFR (1 mg/kg ip), or AG (24 mg/kg ip) on the group 3,
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Fig.2 The change in preference score (s) for group 1 treated with
saline solution and group 2 treated with TR (*p = 0.0004)

group 4, respectively group 5, 15 min prior to the TR treat-
ment during conditioning sessions decreased the time the
rats spent in the TR-paired compartment (132.25 + 28,037 s,
119,625 + 21,395 s, respectively 22,875 + 9,833 s). Applica-
tion of one-way ANOVA showed that imidazoline ligands,
IDZ, EFR, or AG, significantly decreased the place preference
to the TR-paired compartment (F(3,28) = 6.31; p = 0.002).
The post hoc Tukey test showed that only AG attenuated sig-
nificantly the TR-induced place preference (p = 0.001) as
compared to group 2, while IDZ and EFR did not show sta-
tistical significance (p = 0.789 for group 3, respectively p =
0.584 for group 4) as compared to group 2. Figure 3 showed
the change in preference score (s) for group 1, group 2, group
3, group 4, and group 5 of experimental animals.

Discussion

The present investigation studied the interaction between
opiate, TR, and imidazoline receptors ligands, AG, IDZ,
and EFR, on CPP in rats. Firstly, we demonstrated that the
administration of TR at doses to 40 mg/kg ip during condi-
tioning induced place preference in rats.

TR is a centrally acting analgesic medication with a syn-
ergistic activity as an agonist opioid receptor and serotonin
and norephinefrine reuptake inhibitor. Its antinociceptive
effect is largely due to its active O-demethylation product
metabolite obtained via cytochrome P450 enzyme CYP2D6.
The large phenotypic variation of CYP2D6 influences the
analgesic potency of a given dose of TR. The risk of TR
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Fig.3 The change in preference score (s) for group 1 treated with
saline, group 2 treated with TR (¥*p = 0.0004 comparative to group
1), group 3 treated with IDZ and TR (p = 0.789 comparative to group
2), group 4 treated with EFR and TR (p = 0.584 comparative to
group 2), and group 5 treated with AG and TR (¥*p = 0.001 com-
parative to group 2)

addiction is slow, but abusive use is found in those with easy
access and a history of substance abuse (Miotto et al. 2017).

Several authors have reported that TR can produce CPP
in different doses and different routes of administration to
mice (Cha et al. 2014; Abdel-Ghany et al. 2015) and rats
(Sprague et al. 2002; Rutten et al. 2011; Zhang et al. 2012;
Sadeghi-Adl et al. 2020). In the experiment conducted by
Abdel-Ghany et al. (2015), administration of 70 mg/kg sc of
TR increased the time spent in the drug-paired compartment
(335s) compared with the time spent in the same compart-
ment before conditioning (135 s) on adult male balb/C mice.
Other experimental studies demonstrated that the doses of
18.75 mg/kg, 37.5 mg/kg, 75 mg/kg (Sprague et al. 2002),
6 mg/kg, 18 mg/kg, and 54 mg/kg (Zhang et al. 2012) of
ip administration of TR produced a significant CPP on
adult male Sprague Dawley rats. TR in doses of 2 mg/kg
and 4 mg/kg ip induced conditioning in CPP task and did
not change locomotor activity in preconditioning and post-
conditioning days on adult male Wistar rats (Sadeghi-Adl
et al. 2020). Also, Rutten et al. (2011) showed that tramadol
administration (1, 3, and 10 mg/kg ip) produced CPP under
pain-free conditions on adult male Wistar rats. In the rhesus
monkeys’ self-administration model, TR had reinforcing
properties (Yanagita 1978).

Other studies showed that TR had not any rewarding or
aversive effects in wild-type or MOP knockout mice (Ide
et al. 2006) or is not possible to induce tolerance and physi-
cal dependence in mice (Miranda and Pinardi 1998).

The CPP paradigm is used to explore the reward proper-
ties of a drug in laboratory animals and can also predict
the risk of drug abuse in humans (Tzschentke 2007). Mor-
phine (Tahsili-Fahadan et al. 2006; Uskur et al. 2016), etha-
nol (Sameer et al. 2013), nicotine (Kotagale et al. 2014),
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cocaine (Davis et al. 2008), and methamphetamine (Thorn
et al. 2012) produce CPP and are substances with addictive
effects in humans.

The abusive consumption of TR is rare and often seen in
patients with a history of substance abuse or used in combi-
nation with other drugs (Cicero et al. 1999). TR has a weak
addictive potential, but produces reinforcing effects com-
parable to others opioids. Doses of 37.5 mg/kg and 75 mg/
kg of TR-induced CPP are comparable to a single dose of
5 mg/kg morphine (Sprague et al. 2002). Also, Zhang et al.
(2012) demonstrated that TR produced CPP dose dependent
at the same magnitude like morphine and buprenorphine
and was the first who described that sub-effective doses of
TR potentiated the sub-effective doses of morphine and
buprenorphine to produce CPP.

The region of the brain responsible for the addictive
behaviour is named “dopaminergic reward pathway” or
“mesocorticolimbic circuit” (Wise 1998). The reward cir-
cuit consists of dopaminergic neurons that connect the ven-
tral tegmental area to the nucleus accumbens (Haber and
Knutson 2010) and the cerebral cortex (Wise 1998). This
pathway is regulated by other brain structures, substantia
nigra, ventral striatum, amygdala, hippocampus, lateral
habenular nucleus, and raphe nuclei (Haber and Knutson
2010). A drug acts in the ventral tegmental area causing the
release of dopamine which, through mesocorticolimbic cir-
cuit, releases dopamine from the nucleus accumbens (Wise
1998; Volkow et al. 2019) and can overreact this pathway
(Volkow and Morales 2015). It has been found that opioid
receptors are expressed in the cortex and limbic system and
p-agonists produce positive reinforcement (Le Merrer et al.
2009). Also, opioids can stimulate the ventral tegmental area
and can release dopamine in the nucleus accumbens, pro-
ducing the sensation of pleasure (Kosten and George 2002).
The research showed that TR can release dopamine in the
mecorticolimbic circuit (Frink et al. 1996; Sprague et al.
2002; Nakamura et al. 2008) via p-receptors (Frink et al.
1996; Nakamura et al. 2008).

Secondly, our study revealed that EFR (1 mg/kg)
decreased the time spent in the TR-paired compartment in
postconditioning more than IDZ (3 mg/kg), but without sta-
tistical significance. We have not found any other research
paper to investigate the effect of a single administration
of IDZ or EFR on TR-induced CPP. Similar results were
obtained on morphine CPP in rats. EFR 1 mg/kg reduced its
intensity and IDZ 0.25 mg/kg had no influence (Ciubotariu
and Nechifor 2012).

EFR binds preferentially to imidazoline /; receptors and
acts as an antagonist (Bousquet et al. 2020); IDZ is an I,
imidazoline antagonist, used initially to characterize these
receptors (Li 2017; Bousquet et al. 2020), and both com-
pounds act also as an antagonist on ,-adrenergic recep-
tors (Bousquet et al. 2020). The effect of IDZ and EFR on
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TR-induced CPP could be explained by their action on both
imidazoline system and adrenergic system.

It has been proposed that imidazoline receptors, ,
-adrenoceptors, NMDARs, and NO level may play a role in
modulate reward system activity (Ciubotariu and Nechifor
2012).

The involvement of the imidazoline system in a drug
abuse behavior has been intensively studied. The imidazo-
line compound which received the greatest attention in being
evaluated was AG, while IDZ and EFR were used to demon-
strate that the effects of AG were via imidazoline receptors
(Wei et al. 2005; Su et al. 2008; Thorn et al. 2012; Sameer
et al. 2013; Taksande et al. 2019a, b).

The administration of IDZ and EFR prevented the inhi-
bition of ethanol-induced locomotor sensitization by AG
in Albino male Swiss mice (Taksande et al. 2019a). EFR
reversed the effect of pretreatment with AG (40 mg/kg
ip) or moxonidine, an imidazoline I, receptor agonist (0.4
mg/kg) or a combination of sub-effective doses of both of
them on ethanol (1.25 g/kg ip)-induced preference in Swiss
albino male mice (Sameer et al. 2013). IDZ counteracted the
inhibitory effects exerted by AG on morphine-induced place
preference in rats (Wei et al. 2005) and morphine-induced
locomotion sensitization (Wei et al. 2007).

The two imidazoline ligand, S23229 and S23230, enan-
tiomers of the S22687 or (5-[2-methyl phenoxy methyl]
1,3-oxazolin-2-yl) amine rose locomotor activity and extra-
cellular dopamine in the rats’ nucleus accumbens. The dopa-
minergic response after S23229 administration was higher
than after S23230 administration, but presented a much
lower affinity for I, binding sites. The dose of 30 mg/kg
of S23229 compound induced a similar dopaminergic and
locomotor response to the ones observed after the same dose
for cocaine (Barrot et al. 2000).

These results support an important role of imidazoline
receptors in mediating effects on drug dependence.

Different studies have demonstrated the complex interac-
tion between a-adrenergic and opioid in the development
and expression of opioid dependence (Maldonado 1997).
The «,-adrenergic receptors are G protein-coupled and act
as inhibitory autoreceptors on noradrenergic neurons. The
blocking of «,-adrenergic receptors function by «,-antago-
nist facilitates noradrenaline transmission. The noradrena-
line transmission had an increasing effect on stimulant-
induced locomotion activity, a predictor of abuse liability
(Schmidt and Weinshenker 2014).

Dexmedetomidine, an «,-adrenergic agonist, adminis-
tered in doses of 5, 10, or 20 pg/kg ip in Wistar albino male
adult rats produced CPP with the same intensity of 10 mg/
kg morphine (Uskur et al. 2016). The high selective ,-adr-
energic agonist, UK 14304 (0.5 mg/kg ip) augmented the
CPP induced by morphine (0.05 or 0.5 mg/kg sc) and the
combination of 0.05 mg/kg sc morphine and 1 mg/kg ip AG,

while «,-adrenergic antagonist, yohimbine, and RX821002
attenuated the synergistic effect of morphine and AG (Tah-
sili-Fahadan et al. 2006). In another study, IDZ abolished the
effect of clonidine and AG to decrease the nicotine-induced
behavioral sensitization in Swiss albino male mice, using a
mechanism mediated by «,-adrenoceptors (Kotagale et al.
2010).

The administration of «,-agonists, clonidine (0.01 or 0.02
or 0.04 mg/kg, ip) or tizanidine (0.1 or 0.2 or 0.4 mg/kg, ip)
or xylozine (2,5 or 5 or 10 mg/kg, ip) attenuated the expres-
sion of 5 mg/kg ip morphine-induced CPP, and this effect
was reversed by 0.5 mg/kg, yohimbine, an «,-antagonist, in
male NMRI mice (Samini et al. 2008).

In other studies, the administration of 0.05 mg/kg and
0.5 mg/kg of clonidine increased the time spent in the drug-
paired compartment in rats through anti-aversive properties
more than appetitive properties. While the IDZ (0.5 mg/kg),
an «,-adrenergic antagonist, attenuated the effect of cloni-
dine, prazosin, an «;-adrenergic antagonist, did not produce
any effect (Cervo et al. 1993).

These results support the involvement of «,-adrenoceptor
in opioid dependence.

We demonstrated that EFR, an imidazoline /; receptor
preferential antagonist, inhibited the acquisition of the TR-
induced CPP in rats more than IDZ, suggesting that the
effect could be mediated by imidazoline I, receptor. A previ-
ous study evaluated the role of AG on imidazoline /, receptor
antisera-selected protein (IRAS), a candidate for imidazoline
I, receptor, on calcium signal pathway adaptations in mor-
phine dependence. The administration of AG attenuated the
increase of intracellular Ca** levels in morphine-dependent
CHO-/IRAS cells and EFR blocked the inhibitory effect
of AG. The CHO-p/IRAS cell line co-expressed only p-opi-
oid receptor and IRAS. These findings support that IRAS,
or imidazoline I, receptor, has contributions on morphine
dependence (Wu et al. 2006).

Thirdly, we showed that the administration of AG (24
mg/kg ip) reversed the CPP induced by TR. We have not
found any other research papers that evaluated the effects of
AG on TR-induced conditioning place preference, but it has
been studied in combination with other potentially addic-
tive substances, such as morphine (Wei et al. 2005; Khosh-
noodi et al. 2006; Ciubotariu et al. 2011), methamphetamine
(Thorn et al. 2012), and nicotine (Kotagale et al. 2014) using
CPP paradigm. Other research paper demonstrated that dif-
ferent kinds of doses (0.75 mg/kg or 1.5 mg/kg or 2.5 mg/kg
or 10 mg/kg or 20 mg/kg or 40 mg/kg) of agmatine in mono-
therapy produced neither place preference nor aversion (Wei
et al. 2005; Khoshnoodi et al. 2006; Kotagale et al. 2014).

AG inhibited the CPP induced by methamphetamine
(Thorn et al. 2012) and nicotine (Kotagale et al. 2014),
but on morphine-induced CPP results were contradictory,
depending on doses, route, and time of administration and
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animal used (Wei et al. 2005; Khoshnoodi et al. 2006;
Ciubotariu et al. 2011). The doses of 10 mg/kg ip or 32
mg/kg ip of AG, 10 min before conditioning sessions or in
a single administration before postconditioning, decreased
the place preference to the methamphetamine (1 mg/kg ip)
paired compartment on male Wistar Dawley rats (Thorn
et al. 2012) and administration of 20 mg/kg ip or 40 mg/kg
ip of AG before conditioning sessions decreased the effect
of nicotine (1 mg/kg ip) on CPP on mice (Kotagale et al.
2014). On the CPP induced by 3 mg/kg sc of morphine on
adult male Wistar rats, Wei et al. (2005) demonstrated that
different doses of AG (0.75 mg/kg, 2.5 mg/kg, 10 mg/kg, or
40 mg/kg) in sc administration 30 min before conditioning
sessions inhibited the acquisition of CPP, while Ciubotariu
et al. (2011) demonstrated that 2 mg/kg or 4 mg/kg of AG in
ip administration before conditioning sessions did not exert
any effect. By contrast, the experiment conducted by Khosh-
noodi et al. (2006), administration of AG (1 mg/kg, 5 mg/kg,
or 10 mg/kg, ip) during the conditioning sessions enhanced
the effect of various non-effective doses of morphine (0.01
mg/kg, 0.05 mg/kg, 0.1 mg/kg, or 0.5 mg/kg, sc) on produc-
ing CPP on male NMRI mice.

Also, AG inhibited intravenous self-administration of
morphine in male Sprague Dawley rats in intragastric admin-
istration (Su et al. 2009) and inhibited the development of
morphine dependence in male Wistar rats (Liu et al. 2018).
Pretreatment with 40-80 mg/kg ig AG administered at the
beginning of the use of morphine inhibited the acquisition
of 2 mg/kg sc morphine-induced discrimination and chronic
administration of 40-80 mg/kg ig AG attenuated morphine-
associated discrimination, a paradigm used to study sub-
jective effects of drugs abuse in humans (Su et al. 2008).
AG (10 mg/kg sc) inhibited morphine-induced locomotion
sensitization and reversed the increase of striatal extracel-
lular 3,4-dihydroxyphenylacetic acid and homovanillic acid
levels after 3 days of morphine withdrawal (Wei et al. 2007).

The proposed mechanisms for the inhibitory effect of AG
on drug-induced conditioning are numerous.

AG in doses of 20 mg/kg and 40 mg/kg decreased the
ethanol consumption when it was being directly delivered
in the right posterior ventral tegmentum area in the operant
conditioning paradigm on Wistar rats. The same doses of
AG and drugs are known to raise its endogenous levels like
L-arginine, aminoguanidine, and arcaine, attenuated the etha-
nol consumption in a two-bottle choice paradigm on Wistar
rats. The effect of AG on ethanol intake was potentiated by
moxonidine (/; agonist) and 2-BFI (Z, agonist) and blocked
by IDZ (I, antagonist) and EFR (/, antagonist), suggesting
the implication of imidazoline receptors in the regulation
of brain dopaminergic signaling in the ventral tegmentum
area (Taksande et al. 2019a, b). AG attenuated the devel-
opment of morphine physical dependence, regulated long-
term reward memory, and inhibited the expression of the
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transcription factor FosB that is a physical dependence
indicator. These effects were reversed by IDZ, and not by
yohimbine, suggesting also the implication of imidazoline
receptors (Wei et al. 2005).

Alterations in hippocampus neurogenesis have been
shown to play an important role in drug addiction and
relapse. A dose of 10 mg/kg of AG inhibited the develop-
ment of morphine dependence in male Wistar rats and coun-
teracted the effects of morphine to decrease the prolifera-
tion of hippocampal neural progenitors in the granule cell
layer and the levels of hippocampal cAMP, pCREB, and
BDNF (Liu et al. 2018). AG activated the 5-HT1A recep-
tors involved in hippocampus neurogenesis and influenced
hippocampal neuroplasticity by increasing cell proliferation
and dendritic complexity (Olescowicz et al. 2018). Also,
in an experimental model of Parkinson’s disease induced
by administration of rotenone in adult Sprague Dawley
rats, AG prevented the loss of dopaminergic neurons in
the stratum by increasing the cellular defense mechanism
against oxidative injury and the level of neurotrophic factors
(Bilge et al. 2020). These studies showed that AG can influ-
ence the addictive potential of a substance by modulating
neurogenesis.

AG, an imidazole /, and I, agonist receptors, can increase
the monoamine levels (serotonin, dopamine, and norepi-
nephrine) (Olescowicz et al. 2018) and the monoamine oxi-
dases, MAO-A and MAO-B, which are enzymes that inac-
tivate the neurotransmitters, bind allosteric to I, receptors
(Bektas et al. 2015).

Khoshnoodi et al. (2006) showed that AG potentiated
the morphine-induced CPP by modulating NO levels. In
another study, while AG did not exert any effect, 0.4 mmol/
kg of zinc chloride, a modulator for NO levels, decreased the
morphine-induced CPP, supporting the influence of NO in
addictive properties of drugs (Ciubotariu et al. 2011).

Conclusions

In conclusion, the present study aims to evaluate on CPP
test the interaction between imidazoline receptors ligands,
AG, IDZ, EFR, and an opiate, TR. We showed that admin-
istration of TR increased the time spent in the drug-paired
compartment and produced CPP. AG significantly blocked
the acquisition of TR-induced CPP, while IDZ and EFR
decreased, more for EFR, the time spent in TR-paired com-
partment, but without statistical significance.

These results suggest that AG influences the behavioral
effects of TR, but because of its affinity for multiple recep-
tors and various physiological functions, the exact mecha-
nism is not clear. More than that, it is possible a different
involvement of the types, /; and I,, of imidazoline recep-
tors, due to the fact that EFR, an /, imidazoline antagonist,
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reduced the intensity of the TR effects, more than IDZ, an
I, imidazoline antagonist.

Imidazoline receptors are involved in multiple physiologi-
cal and patho-physiological processes throughout the body.
The connections between the imidazoline system and other
neurotransmitter systems in the brain suggest the complexity
of psycho-pathological changes present in certain nervous
system diseases such as impairment of cognitive functions,
changes in behavior, and stress activity.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00210-021-02194-z.

Author contribution V.S. and G.R.-Z. conceived and designed
research. G.R.-Z., C.M., and O.M.M. performed research. O.M.M.
analyzed data. V.S. and C.M. contributed new methods. V.S., G.R.-Z.,
C.M., and O.M.M. wrote the paper. All authors read and approved the
final manuscript and submission. The authors declare that all data were
generated in-house and that no paper mill was used.

Availability of data and material Not applicable.

Code availability Not applicable.

Declarations

Ethics approval This article was performed in agreement with the
2010/63/EU directive. The study protocol has ethical approval from
the Ethics Committee of the “Grigore T. Popa” University of Medicine
and Pharmacy, lasi, Romania.

Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abdel-Ghany R, Nabil M, Abdel-Aal M, Barakat W (2015) Nalbuphine
could decrease the rewarding effect induced by tramadol in mice
while enhancing its antinociceptive activity. Eur J Pharmacol
758:11-15. https://doi.org/10.1016/j.ejphar.2015.03.062

Ahsan HM, de la Pefia JB, Botanas CJ, Kim HJ, Yu GY, Cheong JH
(2014) Conditioned place preference and self-administration
induced by nicotine in adolescent and adult rats. Biomol Ther
(Seoul) 22(5):460-466. https://doi.org/10.4062/biomolther.2014.
056

Bahremand T, Payandemehr P, Riazi K, Noorian AR, Payadenmehr
B, Sharifzadeh M et al (2018) Modulation of the anticonvulsant

effect of swim stress by agmatine. Epilepsy Behav 78:142-148.
https://doi.org/10.1016/j.yebeh.2017.11.005

Barrot M, Rettori MC, Guardiola-Lemaitre B, Jarry C, Le Moal M,
Piazza PV (2000) Interactions between imidazoline binding sites
and dopamine levels in the rat nucleus accumbens. Eur J Neurosci
12:4547-4551

Barua S, Kim JY, Kim JY, Kim JJ, Lee JE (2019) Therapeutic effect
of agmatine on neurological disease: focus on ion channels and
receptors. Neurochem Res 44(4):735-750. https://doi.org/10.
1007/311064-018-02712-1

Bektas N, Nemutlu D, Arslan R (2015) The imidazoline receptors and
ligands in pain modulation. Indian J Pharmacol 47(5):472-478

Benitez J, Garcia D, Romero N, Gonzélez A, Martinez-Oyanedel J,
Figueroa M (2018) Metabolic strategies for the degradation of
the neuromodulator agmatine in mammals. Metabolism 81:35-
44. https://doi.org/10.1016/j.metabol.2017.11.005

Bilge SS, Giinaydin C, Onger ME, Bozkurt A, Avci B (2020) Neu-
roprotective action of agmatine in rotenone-induced model of
Parkinson's disease: role of BDNF/CREB and ERK pathway.
Behav Brain Res 392:112692. https://doi.org/10.1016/j.bbr.
2020.112692

Bousquet P, Hudson A, Garcia-Sevilla JA, Li JX (2020) Imidazoline
receptor system: the past, the present, and the future. Pharmacol
Rev 72(1):50-79. https://doi.org/10.1124/pr.118.016311

Brielmaier JM, McDonald CG, Smith RF (2008) Nicotine place pref-
erence in a biased conditioned place preference design. Phar-
macol Biochem Behav 89(1):94-100. https://doi.org/10.1016/j.
pbb.2007.11.005

Cervo L, Rossi C, Samanin R (1993) Clonidine-induced place prefer-
ence is mediated by &2-adrenoceptors outside the locus coer-
uleus. EJP 238:201-207. https://doi.org/10.1016/0014-2999(93)
90848-C

Cha HJ, Song MJ, Lee KW, Kim EJ, Kim YH, Lee Y et al (2014)
Dependence potential of tramadol: behavioral pharmacology
in rodents. Biomol Ther 22(6):558—-62. https://doi.org/10.4062/
biomolther.2014.064

Chen ZD, Chen WQ, Wang ZY, Cao DN, Wu N, Li J (2018) Antide-
pressant-like action of agmatine in the acute and sub-acute mouse
models of depression: a receptor mechanism study. Metab Brain
Dis 33:1721-1731. https://doi.org/10.1007/s11011-018-0280-9

Chimthanawala N, Patil S, Agrawal R, Kotagale NR, Umekar MJ,
Taksande BG (2020) Inhibitory influence of agmatine in ethanol
withdrawal-induced depression in rats: behavioral and neuro-
chemical evidence. Alcohol 83:67-74. https://doi.org/10.1016/j.
alcohol.2019.09.002

Cicero TJ, Adams EH, Geller A, Inciardi JA, Muiioz A, Shnoll SH et al
(1999) A postmarketing surveillance program to monitor Ultram
(tramadol hydrochloride) abuse in the United States. Drug Alco-
hol Depend 57:7-22. https://doi.org/10.1016/S0376-8716(99)
00041-1

Cigdem B, Bolayir A, Celik VK, Kapancik S, Lilicgun H, Gokce SF
et al (2020) The role of reduced polyamine synthesis in ischemic
stroke. Neurochem J 14(2):243-250

Ciubotariu D, Nechifor M (2012) Involvement of imidazoline system
in drug addiction. Rev Med Chir Soc Med Nat 116(4):1118-1122

Ciubotariu D, Tartdu L, Nechifor M (2011) Agmatine reverts the inhib-
itory effects of zinc on morphine conditioned place preference.
Eur Neuropsychopharmacol 21(3):5268

Cunningham CL, Ferree NK, Howard MA (2003) Apparatus bias and
place conditioning with ethanol in mice. Psychopharmacology
170(4):409-22. https://doi.org/10.1007/s00213-003-1559-y

Davis AR, Shields AD, Brigman JL, Norcross M, McElligott ZA,
Holmes A et al (2008) Yohimbine impairs extinction of cocaine-
conditioned place preference in an «,-adrenergic receptor inde-
pendent process. Learn Mem 15:667-676. http://www.learnmem.
org/cgi/doi/10.1101/Im.1079308

@ Springer


https://doi.org/10.1007/s00210-021-02194-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.ejphar.2015.03.062
https://doi.org/10.4062/biomolther.2014.056
https://doi.org/10.4062/biomolther.2014.056
https://doi.org/10.1016/j.yebeh.2017.11.005
https://doi.org/10.1007/s11064-018-02712-1
https://doi.org/10.1007/s11064-018-02712-1
https://doi.org/10.1016/j.metabol.2017.11.005
https://doi.org/10.1016/j.bbr.2020.112692
https://doi.org/10.1016/j.bbr.2020.112692
https://doi.org/10.1124/pr.118.016311
https://doi.org/10.1016/j.pbb.2007.11.005
https://doi.org/10.1016/j.pbb.2007.11.005
https://doi.org/10.1016/0014-2999(93)90848-C
https://doi.org/10.1016/0014-2999(93)90848-C
https://doi.org/10.4062/biomolther.2014.064
https://doi.org/10.4062/biomolther.2014.064
https://doi.org/10.1007/s11011-018-0280-9
https://doi.org/10.1016/j.alcohol.2019.09.002
https://doi.org/10.1016/j.alcohol.2019.09.002
https://doi.org/10.1016/S0376-8716(99)00041-1
https://doi.org/10.1016/S0376-8716(99)00041-1
https://doi.org/10.1007/s00213-003-1559-y
http://www.learnmem.org/cgi/doi/10.1101/lm.1079308
http://www.learnmem.org/cgi/doi/10.1101/lm.1079308

374

Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:365-376

Dixit MP, Rahmatkar SN, Raut P, Umekar MJ, Taksande BG, Kotagale
NR (2021) Evidences for agmatine alterations in AB1-42 induced
memory impairment in mice. Neurosci Lett 740:135447. https://
doi.org/10.1016/j.neulet.2020.135447

Esquivel-Franco DC, Olivier B, Waldinger MD, Gutiérrez-Ospina G,
Olivier JDA (2018) Tramadol’s inhibitory effects on sexual behav-
ior: pharmacological studies in serotonin transporter knockout
rats. Front Pharmacol 9:676. https://doi.org/10.3389/fphar.2018.
00676

Feng X, Guan W, Zhao Y, Wang C, Song M, Yao Y et al (2019) Dex-
medetomidine ameliorates lipopolysaccharide-induced acute
kidney injury in rats by inhibiting inflammation and oxidative
stress via the GSK-3p/Nrf2 signaling pathway. J Cell Physiol
234:18994-190009. https://doi.org/10.1002/jcp.28539

Frink M, Hennies HH, Englberger W, Haurand M, Wilftert B (1996)
Influence of tramadol on neurotransmitter systems of the rat
brain. Arzneimttelforschung 46:1029-1036

Garip B, Kayir H, Uzun O (2019) L-Arginine metabolism before
and after 10 weeks of antipsychotic treatment in first-episode
psychotic patients. Schizophr Res 206:58-66. https://doi.org/
10.1016/j.schres.2018.12.015

Gawali NB, Bulani VP, Gursahani MS, Deshpande PS, Kothavade
PS, Juvekar AR (2017) Agmatine attenuates chronic unpredict-
able mild stress-induced anxiety, depression-like behaviours and
cognitive impairment by modulating nitrergic signaling path-
way. Brain Res 1663:66—77. https://doi.org/10.1016/j.brainres.
2017.03.004

Haass-Koffler CL, Leggio L, Davidson D, Swift RM (2015) Effects of
idazoxan on alcohol pharmacokinetics and intoxication: a prelimi-
nary human laboratory study. Alcohol Clin Exp Res 39:594-602.
https://doi.org/10.1111/acer.12658

Haber SN, Knutson B (2010) The reward circuit: linking primate anat-
omy and human imaging. Neuropsychopharmacology 35:4-26.
https://doi.org/10.1038/npp.2009.129

Huston JP, de Souza Silva MA, Topic B, Miiller CP (2013) What’s
conditioned in conditioned place preference? Trends Pharmacol
Sci 34(3):162—-166. https://doi.org/10.1016/j.tips.2013.01.004

Ide S, Minami M, Ishihara K, Uhl GR, Sora I, Ikeda K (2006) Mu opi-
oid receptor-dependent and independent components in effects of
tramadol. Neuropharmacol 51:651-658. https://doi.org/10.1016/].
neuropharm.2006.05.008

Jackson HC, Griffin 1J, Birkett SD, Nutt DJ (1992) The effects of ida-
zoxan and other a,-adrenoceptor antagonists on urine output in
the rat. BJP 106:443-446. https://doi.org/10.1111/j.1476-5381.
1992.tb14353.x

Khoshnoodi MA, Motiei-Langroudi R, Tahsili-Fahadan P, Yahyavi-
Firouz-Abadi N, Ghahremani MH, Dehpour AR (2006) Involve-
ment of nitric oxide system in enhancement of morphine-induced
conditioned place preference by agmatine in male mice. Neurosci
Lett 399:234-239. https://doi.org/10.1016/j.neulet.2006.01.059

Kossel A (1910) Uber das Agmatin. Zeitschrift fiir Physiologische Che-
mie. Berlin, Germany: Walter de Gryter; 66 p. 257-251

Kosten TR, George TP (2002) The neurobiology of opioid dependence:
implications for treatment. Sci Pract Perspect 1:13-20

Kotagale N, Deshmukh R, Dixit M, Fating R, Umekar M, Taksande
B (2020) Agmatine ameliorates manifestation of depression-like
behavior and hippocampal neuroinflammation in mouse model of
Alzheimer’s disease. Brain Res Bull 160:56—64. https://doi.org/
10.1016/j.brainresbull.2020.04.013

Kotagale N, Dixit M, Garmelwar H, Bhondekar S, Umekar M, Tak-
sande B (2020) Agmatine reverses memory deficits induced by
AP1-42 peptide in mice: a key role of imidazoline receptors. Phar-
macol Biochem Behav 196:172976. https://doi.org/10.1016/j.pbb.
2020.172976

Kotagale NR, Ali MT, Chopde CT, Umekar MJ, Taksande BG
(2018) Agmatine inhibits nicotine withdrawal induced cognitive

@ Springer

deficits in inhibitory avoidance task in rats: Contribution of
o2-adrenoceptors. Pharmacol Biochem Behav 167:42-49. https://
doi.org/10.1016/j.pbb.2018.03.002

Kotagale NR, Taksande BG, Gahane AY, Ugale RR, Chopde CT
(2010) Repeated agmatine treatment attenuates nicotine sensiti-
zation in mice: modulation by &2-adrenoceptors. Behav Brain Res
213:161-174. https://doi.org/10.1016/j.bbr.2010.04.049

Kotagale NR, Walke S, Shelkar GP, Kokare DM, Umekar MJ, Tak-
sande BG (2014) Agmatine attenuates nicotine induced condi-
tioned place preference in mice through modulation of neuropep-
tide Y system. Behav Brain Res 262:118-124. https://doi.org/10.
1016/j.bbr.2014.01.004

Le Foll B, Goldberg SR (2005) Nicotine induces conditioned place
preferences over a large range of doses in rats. Psychopharmacol-
ogy 178(4):481-92. https://doi.org/10.1007/s00213-004-2021-5

Le Merrer J, Becker JAJ, Befort K, Kieffer BL (2009) Reward process-
ing by the opioid system in the brain. Physiol Rev 8§9:1379-1412.
https://doi.org/10.1152/physrev.00005.2009

Li JX (2017) Imidazoline 12 receptors: an update. Pharmacol Ther
178:48-56. https://doi.org/10.1016/j.pharmthera.2017.03.009

Lin MH, Hsu CC, Lin J, Cheng JT, Wu MC (2017) Investigation of
morin-induced insulin secretion in cultured pancreatic cells. Clin
Exp Pharmacol Physiol 44:1254-1262. https://doi.org/10.1111/
1440-1681.12815

LiuY, Lu GY, Chen WQ, Li YF, Wu N, LiJ (2018) Agmatine inhibits
chronic morphine exposure-induced impairment of hippocam-
pal neural progenitor proliferation in adult rats. Eur J Pharmacol
818:50-56. https://doi.org/10.1016/j.ejphar.2017.10.018

Maldonado R (1997) Participation of noradrenergic pathways in the
expression of opiate withdrawal: biochemical and pharmacologi-
cal evidence. Neurosci Biobehav Rev 21:91-104. https://doi.org/
10.1016/0149-7634(95)00061-5

Marquardt KA, Alsop JA, Albertson TE (2005) Tramadol exposures
reported to statewide poison control system. Ann Pharmacother
39:1039-1044. https://doi.org/10.1345/aph.1E577

Micheli L, Di Cesare Mannelli L, Del Bello F, Giannella M, Piergentili
A, Quaglia W et al (2020) The use of the selective imidazoline
I, receptor agonist carbophenyline as a strategy for neuropathic
pain relief: preclinical evaluation in a mouse model of oxaliplatin-
induced neurotoxicity. Neurotherapeutics 17:1005-1015. https://
doi.org/10.1007/s13311-020-00873-y

Miotto K, Cho AK, Khalil MA, Blanco K, Sasaki JD, Rawson R (2017)
Trends in tramadol: pharmacology, metabolism, and misuse.
Anesth Analg 124:44-51. https://doi.org/10.1213/ANE.00000
00000001683

Miranda HF, Pinardi G (1998) Antinociception, tolerance, and physical
dependence comparison between morphine and tramadol. Phar-
macol Biochem Behav 61(4):357-60. https://doi.org/10.1016/
S0091-3057(98)00123-3

Morgan AD, Campbell UC, Fons RD, Carroll ME (2002) Effects of
agmatine on the escalation of intravenous cocaine and fentanyl
self-administration in rats. Pharmacol Biochem Behav 72:873—
880. https://doi.org/10.1016/S0091-3057(02)00774-8

Nakamura A, Narita M, Miyoshi K, Shindo K, Okutsu D, Suzuki M
et al (2008) Changes in the rewarding effects induced by tramadol
and its active metabolite M1 after sciatic nerve injury in mice.
Psychopharmacology (Berl) 200:307-316. https://doi.org/10.
1007/300213-008-1180-1

Neis VB, Bettio LB, Moretti M, Rosa PB, Olescowicz G, Fraga DB
et al (2018) Single administration of agmatine reverses the depres-
sive-like behavior induced by corticosterone in mice: comparison
with ketamine and fluoxetine. Pharmacol Biochem Behav 173:44—
50. https://doi.org/10.1016/j.pbb.2018.08.005

Neis VB, Rosa PB, Olescowicz G, Rodrigues ALS (2017) Therapeutic
potential of agmatine for CNS disorders. Neurochem Int 108:318—
331. https://doi.org/10.1016/j.neuint.2017.05.006


https://doi.org/10.1016/j.neulet.2020.135447
https://doi.org/10.1016/j.neulet.2020.135447
https://doi.org/10.3389/fphar.2018.00676
https://doi.org/10.3389/fphar.2018.00676
https://doi.org/10.1002/jcp.28539
https://doi.org/10.1016/j.schres.2018.12.015
https://doi.org/10.1016/j.schres.2018.12.015
https://doi.org/10.1016/j.brainres.2017.03.004
https://doi.org/10.1016/j.brainres.2017.03.004
https://doi.org/10.1111/acer.12658
https://doi.org/10.1038/npp.2009.129
https://doi.org/10.1016/j.tips.2013.01.004
https://doi.org/10.1016/j.neuropharm.2006.05.008
https://doi.org/10.1016/j.neuropharm.2006.05.008
https://doi.org/10.1111/j.1476-5381.1992.tb14353.x
https://doi.org/10.1111/j.1476-5381.1992.tb14353.x
https://doi.org/10.1016/j.neulet.2006.01.059
https://doi.org/10.1016/j.brainresbull.2020.04.013
https://doi.org/10.1016/j.brainresbull.2020.04.013
https://doi.org/10.1016/j.pbb.2020.172976
https://doi.org/10.1016/j.pbb.2020.172976
https://doi.org/10.1016/j.pbb.2018.03.002
https://doi.org/10.1016/j.pbb.2018.03.002
https://doi.org/10.1016/j.bbr.2010.04.049
https://doi.org/10.1016/j.bbr.2014.01.004
https://doi.org/10.1016/j.bbr.2014.01.004
https://doi.org/10.1007/s00213-004-2021-5
https://doi.org/10.1152/physrev.00005.2009
https://doi.org/10.1016/j.pharmthera.2017.03.009
https://doi.org/10.1111/1440-1681.12815
https://doi.org/10.1111/1440-1681.12815
https://doi.org/10.1016/j.ejphar.2017.10.018
https://doi.org/10.1016/0149-7634(95)00061-5
https://doi.org/10.1016/0149-7634(95)00061-5
https://doi.org/10.1345/aph.1E577
https://doi.org/10.1007/s13311-020-00873-y
https://doi.org/10.1007/s13311-020-00873-y
https://doi.org/10.1213/ANE.0000000000001683
https://doi.org/10.1213/ANE.0000000000001683
https://doi.org/10.1016/S0091-3057(98)00123-3
https://doi.org/10.1016/S0091-3057(98)00123-3
https://doi.org/10.1016/S0091-3057(02)00774-8
https://doi.org/10.1007/s00213-008-1180-1
https://doi.org/10.1007/s00213-008-1180-1
https://doi.org/10.1016/j.pbb.2018.08.005
https://doi.org/10.1016/j.neuint.2017.05.006

Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:365-376

375

Neis VB, Rosado AF, Olescowicz G, Moretti M, Rosa PB, Platt N
et al (2020) The involvement of GABAergic system in the
antidepressant-like effect of agmatine. Naunyn Schmiedebergs
Arch Pharmacol 393:1931-1939. https://doi.org/10.1007/
$00210-020-01910-5

Olescowicz G, Neis VB, Fraga DB, Rosa PB, Azevedo DP, Melleu
FF et al (2018) Antidepressant and pro-neurogenic effects of
agmatine in a mouse model of stress induced by chronic exposure
to corticosterone. Prog Neuropsychopharmacol Biol Psychiatry
81:395-407. https://doi.org/10.1016/j.pnpbp.2017.08.017

Ostadhadi S, Norouzi-Javidan A, Nikoui V, Zolfaghari S, Moradi
A, Dehpour AR (2018) Nitric oxide involvement in additive
antidepressant-like effect of agmatine and lithium in mice
forced swim test. Psychiatry Res 266:262-268. https://doi.org/
10.1016/j.psychres.2018.03.010

Prus AJ, James JR, Rosecrans JA (2009) Conditioned place prefer-
ence. In: Buccafusco JJ (ed) Methods of behavior analysis in
neuroscience, 2nd edn. CRC Press/ Taylor & Francis Group,
Boca Raton

Raasch W, Schifer U, Chun J, Dominiak P (2001) Biological signifi-
cance of agmatine, an endogenous ligand at imidazoline binding
sites. Br J Pharmacol 133:755-780. https://doi.org/10.1038/sj.bjp.
0704153

Raffa RB, Friderichs E, Reimann W, Shank RP, Codd EE, Vaught JL
(1992) Opioid and nonopioid components independently contrib-
ute to the mechanism of action of tramadol, an ‘atypical’ opioid
analgesic. J Pharmacol Exp Ther 260:275-285

Rahangdale S, Fating R, Gajbhiye M, Kapse M, Inamdar N, Kotagale
N et al (2021) Involvement of agmatine in antidepressant-like
effect of HMG-CoA reductase inhibitors in mice. Eur J Pharmacol
892:173739. https://doi.org/10.1016/j.ejphar.2020.173739

Reis DJ, Regunathan S (2000) Is agmatine a novel neurotransmitter in
brain? Trends Pharmacol Sci 21(5):187-193. https://doi.org/10.
1016/S0165-6147(00)01460-7

Remko M, Broer R, Remkova A, Van Duijnen PT (2017) Structure and
stability of complexes of agmatine with some functional receptor
residues of proteins. Chem Phys Lett 673:44-49. https://doi.org/
10.1016/j.cplett.2017.02.006

Rusu G, Lupusoru CE, Tartau-Mititelu L, Popa G, Bibire N, Lupusoru
RV (2015) Effects ot two imidazoline receptor antagonist in spon-
taneous behaviour in rats. Farmacia 63:206-210

Rusu-Zota G, Burlui A, Rezus E, Paduraru L, Sorodoc V (2021) Ida-
zoxan and efaroxan potentiate the endurance performances and
the antioxidant activity of ephedrine in rats. Medicina 57(3):194.
https://doi.org/10.3390/medicina57030194

Rusu-Zota G, Timofte DV, Albu E, Nechita P, Sorodoc V (2019) The
effects of idazoxan and efaroxan improves memory and cognitive
functions in rats experimental research. Rev Chim 70(4):1411-
1415 https://doi.org/10.37358/RC.19.4.7139

Rutten K, De Vry J, Robens A, Tzschentke TM, van der Kam EL
(2011) Dissociation of rewarding, anti-aversive and anti-nocicep-
tive effects of different classes of anti-nociceptives in the rat. Eur J
Pain 15(3):299-305. https://doi.org/10.1016/j.ejpain.2010.07.011

Sadeghi-Adl M, Sadat-Shirazi MS, Shahini F, Akbarabadi A, Khalifeh
S, Borzabadi S et al (2020) The role of cannabinoid 1 receptor
in the nucleus accumbens on tramadol induced conditioning and
reinstatement. Life Sci 260:118430. https://doi.org/10.1016/j.1fs.
2020.118430

Sameer SM, Chakraborty SS, Ugale RR (2013) Agmatine attenuates
acquisition but not the expression of ethanol conditioned place
preference in mice: a role for imidazoline receptors. Behav Phar-
macol 24:87-94

Samini M, Kardan A, Mehr SE (2008) Alpha-2 agonists decrease
expression of morphine-induced conditioned place preference.
Pharmacol Biochem Behav 88:403-406. https://doi.org/10.1016/].
pbb.2007.09.013

Sato N, Saiki C, Tamiya J, Imai T, Sunada K (2017) Imidazoline 1
receptor activation preserves respiratory drive in spontaneously
breathing newborn rats during dexmedetomidine administration.
Paediatr Anaesth 27:506-515. https://doi.org/10.1111/pan.13107

Schmidt KT, Weinshenker D (2014) Adrenaline rush: the role of adr-
energic receptors in stimulant-induced behaviors. Mol Pharmacol
85:640-650. https://doi.org/10.1124/mol.113.090118

Selakovic V, Arsenijevic L, Jovanovic M, Sivcev S, Jovanovic N,
Leontjevic N (2019) Functional and pharmacological analysis
of agmatine administration in different cerebral ischemia animal
models. Brain Res Bull 146:201-212. https://doi.org/10.1016/j.
brainresbull.2019.01.005

Sharawy MH, Abdelrahman RS, El-Kashef DH (2018) Agmatine
attenuates rhabdomyolysis-induced acute kidney injury in rats in
a dose dependent manner. Life Sci 208:79-86. https://doi.org/10.
1016/j.1£s.2018.07.019

Sprague JE, Leifheit M, Selken J, Milks MM, Kinder DH, Nichols DE
(2002) In vivo microdialysis and conditioned place preference
studies in rats are consistent with abuse potential of tramadol.
Synapse 43(2):118-121. https://doi.org/10.1002/syn.10025

SuRB, Ren YH, Liu Y, Ding T, Lu XQ, Wu N et al (2008) Agmatine
inhibits morphine-induced drug discrimination in rats. Eur J Phar-
macol 593:62—67. https://doi.org/10.1016/j.ejphar.2008.07.012

Su RB, Wang WP, Lu XQ, Wu N, Liu ZM, Li J (2009) Agmatine
blocks acquisition and re-acquisition of intravenous morphine
self-administration in rats. Pharmacol Biochem Behav 92:676—
682. https://doi.org/10.1016/j.pbb.2009.03.009

Sun Y, Chen G, Zhou K, Zhu Y (2018) A conditioned place prefer-
ence protocol for measuring incubation of craving in rats. Journal
of Visualized Experiments 6(141). https://www.jove.com/video/
58384. Accessed 1 Dec 2021.

Tahsili-Fahadan P, Yahyavi-Firouz-Abadi N, Khoshnoodi MA, Motiei-
Langroudi R, Tahaei SA, Ghahremani MH et al (2006) Agmatine
potentiates morphine-induced conditioned place preference in
mice: modulation by alpha(2)-adrenoceptors. Neuropsychophar-
macology 31:1722-1732. https://doi.org/10.1038/sj.npp.1300929

Taksande BG, Khade SD, Aglawe MM, Gujar S, Chopde CT, Kotagale
NR (2019) Agmatine inhibits behavioral sensitization to ethanol
through imidazoline receptors. Alcohol Clin Exp Res 43:747-757.
https://doi.org/10.1111/acer.13972

Taksande BG, Kotagale NR, Patel MR, Shelkar GP, Ugale RR, Chopde
CT (2010) Agmatine, an endogenous imidazoline receptor ligand
modulates ethanol anxiolysis and withdrawal anxiety in rats. Eur
J Pharmacol 637(1-3):89-101. https://doi.org/10.1016/j.ejphar.
2010.03.058

Taksande BG, Nambiar S, Patil S, Umekar MJ, Aglawe MM, Kotagale
NR (2019) Agmatine reverses ethanol consumption in rats: evi-
dences for an interaction with imidazoline receptors. Pharmacol
Biochem Behavior 186:172779. https://doi.org/10.1016/j.pbb.
2019.172779

Thorn DA, Winter JC, Li JX (2012) Agmatine attenuates methamphet-
amine-induced conditioned place preference in rats. EJP 680(1—
3):69-72. https://doi.org/10.1016/j.ejphar.2012.01.037

Tzschentke TM (2007) Measuring reward with the conditioned place
preference (CPP) paradigm: update of the last decade. Addict Biol
12:227-462. https://doi.org/10.1111/j.1369-1600.2007.00070.x

Uskur T, Barlas MA, Akkan AG, Shahzadi A, Uzbay T (2016) Dexme-
detomidine induces conditioned place preference in rats: involve-
ment of opioid receptors. Behav Brain Res 296:163—168. https://
doi.org/10.1016/j.bbr.2015.09.017

Uzbay TI (2012) The pharmacological importance of agmatine in the
brain. Neurosci Biobehav Rev 36(1):502-519. https://doi.org/10.
1016/j.neubiorev.2011.08.006

Volkow ND, Morales M (2015) The brain on drugs: from reward to
addiction. Cell 162:712-725. https://doi.org/10.1016/j.cell.2015.
07.046

@ Springer


https://doi.org/10.1007/s00210-020-01910-5
https://doi.org/10.1007/s00210-020-01910-5
https://doi.org/10.1016/j.pnpbp.2017.08.017
https://doi.org/10.1016/j.psychres.2018.03.010
https://doi.org/10.1016/j.psychres.2018.03.010
https://doi.org/10.1038/sj.bjp.0704153
https://doi.org/10.1038/sj.bjp.0704153
https://doi.org/10.1016/j.ejphar.2020.173739
https://doi.org/10.1016/S0165-6147(00)01460-7
https://doi.org/10.1016/S0165-6147(00)01460-7
https://doi.org/10.1016/j.cplett.2017.02.006
https://doi.org/10.1016/j.cplett.2017.02.006
https://doi.org/10.3390/medicina57030194
https://doi.org/10.37358/RC.19.4.7139
https://doi.org/10.1016/j.ejpain.2010.07.011
https://doi.org/10.1016/j.lfs.2020.118430
https://doi.org/10.1016/j.lfs.2020.118430
https://doi.org/10.1016/j.pbb.2007.09.013
https://doi.org/10.1016/j.pbb.2007.09.013
https://doi.org/10.1111/pan.13107
https://doi.org/10.1124/mol.113.090118
https://doi.org/10.1016/j.brainresbull.2019.01.005
https://doi.org/10.1016/j.brainresbull.2019.01.005
https://doi.org/10.1016/j.lfs.2018.07.019
https://doi.org/10.1016/j.lfs.2018.07.019
https://doi.org/10.1002/syn.10025
https://doi.org/10.1016/j.ejphar.2008.07.012
https://doi.org/10.1016/j.pbb.2009.03.009
https://www.jove.com/video/58384
https://www.jove.com/video/58384
https://doi.org/10.1038/sj.npp.1300929
https://doi.org/10.1111/acer.13972
https://doi.org/10.1016/j.ejphar.2010.03.058
https://doi.org/10.1016/j.ejphar.2010.03.058
https://doi.org/10.1016/j.pbb.2019.172779
https://doi.org/10.1016/j.pbb.2019.172779
https://doi.org/10.1016/j.ejphar.2012.01.037
https://doi.org/10.1111/j.1369-1600.2007.00070.x
https://doi.org/10.1016/j.bbr.2015.09.017
https://doi.org/10.1016/j.bbr.2015.09.017
https://doi.org/10.1016/j.neubiorev.2011.08.006
https://doi.org/10.1016/j.neubiorev.2011.08.006
https://doi.org/10.1016/j.cell.2015.07.046
https://doi.org/10.1016/j.cell.2015.07.046

376

Naunyn-Schmiedeberg's Archives of Pharmacology (2022) 395:365-376

Volkow ND, Michaelides M, Baler R (2019) The neuroscience of drug
reward and addiction. Physiol Rev 99:2115-2140. https://doi.org/
10.1152/physrev.00014.2018

Wade CL, Schuster DJ, Domingo KM, Kitto KF, Fairbanks CA (2008)
Supraspinally-administered agmatine attenuates the development
of oral fentanyl self-administration. Eur J Pharmacol 587:135—
140. https://doi.org/10.1016/j.ejphar.2008.04.007

Wei XL, SuRB, Lu XQ, Liu Y, Yu SZ, Yuan BL et al (2005) Inhibition
by agmatine on morphine-induced conditioned place preference in
rats. Eur J Pharmacol 15:99-106. https://doi.org/10.1016/j.ejphar.
2005.03.045

Wei XL, SuRB, Wu N, Lu XQ, Zheng JQ, Li J (2007) Agmatine inhib-
its morphine-induced locomotion senzitization and morphine-
induced changes in striatal dopamine and metabolites in rats.
Neuropsychopharmacol 17:790-799. https://doi.org/10.1016/j.
euroneuro.2007.04.001

Wise RA (1998) Drug-activation of brain reward pathways. Drug
Alcohol Depend 51(1-2):13-22. https://doi.org/10.1016/S0376-
8716(98)00063-5

Wu N, SuRS, Liu Y, Lu XQ, Zheng JQ, Cong B et al (2006) Modula-
tion of agmatine on calcium signal in morphine-dependent CHO
cells by activation of IRAS, a candidate for imdizoline I1 recep-
tor. Eur J Pharmacol 548:21-28. https://doi.org/10.1016/j.ejphar.
2006.07.013

Xu W, Gao L, Li T, Shao A, Zhang J (2018) Neuroprotective role
of agmatine in neurological diseases. Curr Neuropharmacol
16:1296-1305

Xuanfei L, Hao C, Zhujun Y, Yanming L, Jianping G (2017) Imida-
zoline 12 receptor inhibitor idazoxan regulates the progression
of hepatic fibrosis via Akt-Nrf2-Smad2/3 signaling pathway.

@ Springer

Oncotarget 8:21015-21030. https://doi.org/10.18632/oncotarget.
15472

Yanagita T (1978) Drug dependence potential of 1-(m-methoxyphenyl)-
2-dimethylaminomethyl)-cyclohexan-1-ol hydrochloride (trama-
dol) tested in monkeys. Arzneimittelforschung 28(1a):158-163

Yilmaz E, Sekeroglu MR, Yilmaz E, Cokluk E (2019) Evaluation of
plasma agmatine level and its metabolic pathway in patients with
bipolar disorder during manic episode and remission period. Int
J Psychiatry Clin Pract 23(2):128-133. https://doi.org/10.1080/
13651501.2019.1569237

Yoshikawa Y, Hirata N, Kawaguchi R, Tokinaga Y, Yamakage M
(2018) Dexmedetomidine maintains its direct cardioprotective
effect against ischemia/reperfusion injury in hypertensive hyper-
trophied myocardium. Anesth Analg 126:443-452

Zhang M, Jing L, Liu Q, Wen RT, Li JX, Li YL (2012) Tramadol
induces conditioned place preference in rats: interactions with
morphine and buprenorphine. Neurosci Lett 520(1):87-91. https://
doi.org/10.1016/j.neulet.2012.05.037

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1152/physrev.00014.2018
https://doi.org/10.1152/physrev.00014.2018
https://doi.org/10.1016/j.ejphar.2008.04.007
https://doi.org/10.1016/j.ejphar.2005.03.045
https://doi.org/10.1016/j.ejphar.2005.03.045
https://doi.org/10.1016/j.euroneuro.2007.04.001
https://doi.org/10.1016/j.euroneuro.2007.04.001
https://doi.org/10.1016/S0376-8716(98)00063-5
https://doi.org/10.1016/S0376-8716(98)00063-5
https://doi.org/10.1016/j.ejphar.2006.07.013
https://doi.org/10.1016/j.ejphar.2006.07.013
https://doi.org/10.18632/oncotarget.15472
https://doi.org/10.18632/oncotarget.15472
https://doi.org/10.1080/13651501.2019.1569237
https://doi.org/10.1080/13651501.2019.1569237
https://doi.org/10.1016/j.neulet.2012.05.037
https://doi.org/10.1016/j.neulet.2012.05.037

	Effects of imidazoline agents in a rat conditioned place preference model of addiction
	Abstract
	Introduction
	Materials and methods
	Animals
	Drugs
	Place conditioning procedure
	Ethics approval
	Statistical analysis

	Results
	Discussion
	Conclusions
	References


