1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

° NAT/O

N, NIH Public Access

(<
A 5 Author Manuscript
P repSS

Published in final edited form as:
Eur J Pharmacol. 2004 November 19; 504(3): 191-197. doi:10.1016/j.€jphar.2004.10.011.

Effect of agmatine on the development of morphine dependence
in rats: potential role of cCAMP system

Feyza Aricioglu@P, Andrea MeansP, and Soundar Regunathan®”

aDepartment of Pharmacology, Faculty of Pharmacy, Marmara University, Hayparpasa, Istanbul,
Turkey

bDivision of Neurobiology and Behavior Research, Department of Psychiatry and Human
Behavior, University of Mississippi Medical Center, 2500 N. State Street, Jackson MS 39216,
United States

Abstract

Agmatine is an endogenous amine derived from arginine that potentiates morphine analgesia and
blocks symptoms of naloxone-precipitated morphine withdrawal in rats. In this study, we sought
to determine whether treatment with agmatine during the development of morphine dependence
inhibits the withdrawal symptoms and that the effect is mediated by cAMP system. Exposure of
rats to morphine for 7 days resulted in marked naloxone-induced withdrawal symptoms and
agmatine treatment along with morphine significantly decreasing the withdrawal symptoms. The
levels of cAMP were markedly increased in morphine-treated rat brain slices when incubated with
naloxone and this increase was significantly reduced in rats treated with morphine and agmatine.
The induction of tyrosine hydroxylase after morphine exposure was also reduced in locus
coeruleus when agmatine was administered along with morphine. We conclude that agmatine
reduces the development of dependence to morphine and that this effect is probably mediated by
the inhibition of cAMP signaling pathway during chronic morphine exposure.
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1. Introduction

Agmatine is an amine formed by the decarboxylation of I-arginine by the enzyme arginine
decarboxylase (ADC). While long recognized to be synthesized and stored in plants,
bacteria, and invertebrates (Tabor and Tabor, 1984), agmatine and its biosynthetic enzyme
were discovered in mammals, originally in rat brain (Li et al., 1994), later in other tissues
and serum (Feng et al., 1997; Lortie et al., 1996; Raasch et al., 1995). Agmatine binds to
imidazoline and a2-adrenoceptors and proposed as an endogenous ligand for imidazoline
receptors (Li et al., 1994; Piletz et al., 1995). Agmatine has been shown to modulate
transmitter/hormone release (Li et al., 1994; Kalra et al., 1995), and possibly act as a
neurotransmitter/modulator in brain (Regunathan et al., 1995; Reis and Regunathan, 2000).
Agmatine exerts a wide range of biologic activities on several organ systems, including the
CNS. In various chronic pain models, agmatine attenuates thermal, tactile allodynia and has
an anti-inflammatory effect (Fairbanks et al., 2000; Regunathan and Piletz, 2003; Onal et al.,
2004; Karadag et al., 2003). Agmatine has a weak analgesic effect in tail flick test and
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enhances morphine-induced antinociception (Kolesnikov et al., 1996; Yesilyurt and Uzbay,

2001). Furthermore, it reduces tolerance to morphine (Fairbanks and Wilcox, 1997; Li et al.,
2002) and attenuates behavioral signs of morphine abstinence syndrome in vitro and in vivo
(Aricioglu-Kartal and Uzbay, 1997; Li et al., 1998; Aricioglu et al., 2003a,b).

The beneficial effects of agmatine in potentiating morphine analgesia and at the same time
reducing the withdrawal symptoms have been clearly documented (Aricioglu-Kartal and
Uzbay, 1997; Li et al., 2002; Li et al., 1998). While the interaction with a2-adrenoceptors
has been proposed as the mechanism for the potentiation of analgesic effect of morphine
(Kolesnikov et al., 1996; Yesilyurt and Uzbay, 2001), the mechanisms for the reduction in
dependence/withdrawal symptoms are not clear. Agmatine does not bind to any type of
opioid receptors, thus, ruling out the possibility of interaction at the receptor level (Bradley
and Headley, 1997). In previous studies, agmatine was injected at the time of inducing
withdrawal with naloxone and it has been proposed that agmatine acts by inhibiting N-
METHY o-ASPARTATE receptors to reduce withdrawal symptoms (Aricioglu-Kartal and
Uzbay, 1997; Li et al., 2002). However, it is not known whether agmatine will reduce
dependence and withdrawal by interfering with the development of dependence, if
administered along with morphine. There is at least one in vitro study suggesting that
agmatine could interfere with molecular adaptive changes to chronic morphine exposure (Li
etal., 1999b). Therefore, the objectives of this study are to investigate whether (a) chronic
administration of agmatine during morphine exposure reduces withdrawal symptoms; (b)
agmatine interferes with super activation of cAMP system that leads to reduce dependence
and withdrawal in rats; and (c) agmatine interferes with the activation of locus coeruleus
neurons during chronic morphine exposure as measured by the expression tyrosine
hydroxylase.

2. Materials and methods

2.1. Animals

All procedures in this study are in accordance with the Guide for the Care and Use of
Laboratory Animals as adopted by the National Institutes of Health (USA) and the
declaration of Helsinki. Male Sprague—Dawley rats were used for morphine exposure with
approved protocol by the University of Mississippi Medical Center. Rats were housed in a
quiet, temperature (202 °C)- and humidity (60+3%)-controlled room in which a 12/12-h
light—dark cycle was maintained (0700-1900 h light). Rats were fed standard lab chow and
tap water ad libitum during the study. The animals were housed under these conditions for at
least 4 days prior to being used for experiments.

2.2. Drugs used in the study

Naloxone HCI and Agmatine sulfate were purchased from Sigma (USA). Morphine and
placebo pellets were obtained from National Institute on Drug Abuse. Agmatine and
naloxone were dissolved in saline and injected to rats intraperitoneally (i.p.) in a volume of
0.1 ml/100 g.

2.3. Morphine dependence/withdrawal

Animals divided into three groups (n=6 for each group). The first two groups received one
morphine pellet containing 75 mg morphine base that was implanted subcutaneously in the
scapular area under light halothane anesthesia on day 1. Immediately after implantation,
they received saline or agmatine (10 mg/kg, i.p.) and the injection was repeated after 7 h.
Rats received two more pellets 3 days after the first implantation and saline or agmatine
injections were continued twice daily for 7 days. The third group received placebo pellets
and received 10 mg/kg agmatine i.p. twice daily for 7 days. On day 8, all rats received
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naloxone (2 mg/kg, i.p.) to precipitate morphine withdrawal syndrome. Just after naloxone
injection, rats were placed in Plexiglas boxes (base area: 25x30 cm, height: 35 cm) and
morphine withdrawal signs, such as jumping, wet dog shakes, writhing, teeth chattering,
defecation, diarrhea, tremor and ptosis, were observed, evaluated for 15 min. All signs were
counted except ptosis, tremor, diarrhea (1-3) and teeth chattering (1-10) which were
qualitatively rated. All experiments were carried out at the same day and in the light period
of the day. Withdrawal was rated according to Gellert and Holtzman's (1978) rating scale.
This scale consists of graded signs and checked signs. Graded signs (counted) were assigned
a weighting factor from 1 to 4 which was based on the frequency of their appearance, while
checked signs (rated) were assigned values of 2—7 independent of the frequency of their
appearance. The statistical analysis was performed for signs of morphine abstinence as
follows. Jumping, wet dog shakes, writhing and defecation were analyzed by one-way
analysis of variance (ANOVA) followed by Dunnett's test. Diarrhoea, teeth chattering,
tremor and ptosis were analyzed by Kruskal-Wallis followed by Tukey's multiple
comparison test. Withdrawal scores were complied using one-way ANOVA followed by
Neuman-Keuls individual means comparisons. The criterion for significance was set at
p<0.05.

2.4. cAMP production in rat brain slices after morphine exposure

Male Sprague—-Dawley rats were (six animals in each group) implanted s.c. morphine pellets
(75 mg each) or control placebo pellets as described in the above experiment. After 8 days,
animals were sacrificed and frontal cortical slices (300 um) were prepared as described
earlier using Macllwaine's brain slicer (Regunathan and Reis, 1994). The slices were
preincubated in oxygenated physiological buffer (Krebs Ringer) for 30 min at 37 °C and
then incubated with buffer, naloxone (100 uM) or agmatine (100 uM) in fresh buffer for 15
min in the presence of isobutyl methyl xantine (phospodiesterase inhibitor). The incubation
was stopped by the addition of 95% ethanol, the tissue was homogenized and centrifuged to
remove proteins. The ethanol extract was evaporated under vacuum and the residue was
dissolved in cCAMP assay buffer. The CAMP levels were determined as described earlier
(Regunathan and Reis, 1994) using commercially available enzyme immunoassay (EIA) kit
(Assay Design Laboratories, Ann Arbor, MI). The protein amount in each slice was
determined after the incubation and results are expressed as nmol cAMP/mg protein.

2.5. TH expression in morphine-treated rat brain

3. Results

Male Sprague-Dawley rats were (six animals in each group) implanted s.c. morphine pellets
(75 mg each) or control placebo pellets and treated with agmatine as described in the above
experiment. All rats were sacrificed on the eighth day and brain regions including the frontal
cortex, striatum and locus coeruleus were prepared for immunoblot analysis. The tissues
homogenized in HEPES buffer (pH 7.4) and centrtifuged at 1000xg. The supernatant was
solubilized in sodium dodecyl sulphate sample buffer for polyacrylamide gel
electrophoresis. The separated proteins was transferred to polyvinyldene difluoride
membrane and exposed to monoclonal antibody to TH (Chemicon Int., Temecula, CA) at
1/1000 dilution or a polyclonal antibody to p-actin (Chemicon Int.). The membranes were
processed for immunoblot analysis using enhanced chemiluminescence (ECL) method. The
immunoreactive band was visualized using Kodak Image Station and quantitated using the
imaging software.

3.1. Effect of agmatine on morphine withdrawal

Three groups of rats, morphine, morphine+agmatine and placebo+agmatine, were prepared
for behavioral experiments. Rats that received morphine pellets and saline injections showed
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clear signs of withdrawal after the injection of naloxone (2 mg/kg) as measured by several
symptoms including jumping, tremor, ptosis, defecation and teeth chattering (Fig. 1). In the
second group of rats that received morphine and agmatine for 7 days, the intensity of
naloxone-precipitated withdrawal symptoms were significantly lower (p<0.05). The largest
effect of agmatine was observed in jumping behavior [F(2,15)=9.889; p<0.05; Fig. 1A].
Agmatine also significantly decreased the intensity of defecation (Fig. 1B), weight loss
[F(2,15)=26.88, 12.43, respectively, p<0.05] and tremor [Fig. 1C; H(2,15)=14.37, p<0.05].
Agmatine produced slight but nonsignificant effect on teeth chattering (Fig. 1D), diarrhoea,
ptosis (Fig. 1E) and wet dog shakes in the study [H(2,15)=13.78, 12.28, 13.22 and
F(2,15)=10.16, respectively; p>0.05]. In placebo group that received agmatine, naloxone did
not cause any behavioral changes, indicating that agmatine by itself has no effect in naive
rats. The global withdrawal score was calculated using all symptoms of withdrawal,
including jumping, wet dog shakes, teeth chattering, tremor, defecation, diarrhoea, abnormal
posture, facial fasciculation, salivation, swallowing movements, ptosis, penile erection,
ejaculation, irritability and weight loss. While morphine-dependent rats showed as score of
34.71+2.1, the cotreatment with agmatine resulted in a score of 15.84+1.8 that was
significantly lower (p<0.05) (Fig. 1F).

3.2. Effects of agmatine in rat brain slices

Chronic exposure to morphine has been shown to exhibit adenylate cyclase superactivation
in rat brain slices (Copeland et al., 1989) and this model has been used to study the
biochemical changes during morphine dependence/withdrawal. To determine whether
agmatine interferes with this sustained activation of adenylate cyclase in rat brain, we
measured the production of cAMP in brain cortical slices in vitro after chronic exposure to
morphine. Cortical slices, prepared from placebo-, morphine- or morphine+agmatine-treated
rats, were exposed to basal buffer (Kreb Ringer Buffer), agmatine (100 uM) or naloxone
(100 uM) for 15 min and cAMP levels were measured in slices. As shown in Fig. 2,
naloxone produced a large increase in CAMP levels in morphine-treated rat brain slices
compared to placebo-treated rats. This effect of naloxone was significantly lower in
morphine+agmatine-treated rats. It was also observed that basal CAMP levels were slightly
higher in morphine-treated rats compared to placebo rats probably due to some spontaneous
withdrawal of morphine in vitro. Agmatine (100 uM) had no direct effect on cCAMP levels in
control or morphine-treated rat brain slices (Fig. 2).

3.3. Effects of agmatine on TH expression in rat brain

Western blot analysis of brain regions from rats, exposed to morphine or placebo pellets and
received agmatine, were carried out using TH antibody (mouse monoclonal from
Chemicon). In all animals, TH expression was higher after morphine exposure in locus
coeruleus and striatum but not in frontal cortex compared to placebo rats. As shown in Fig. 3
from one set of rats, agmatine treatment significantly reduced the higher TH expression in
LC, slightly reduced in striatum and had no effect on frontal cortex TH expression. The
analysis of the density of protein bands from all animals indicated that morphine exposure
increased the TH expression in LC and striatum by three- and twofold, respectively, and
agmatine treatment along with morphine reduced the levels of TH in LC by about 50% and
in striatum by about 20%. As shown in Fig. 3, B-actin expression was not altered, indicating
the uniform loading transfer and specificity of the TH response.

4. Discussion

While several previous studies have reported the effects of agmatine in reducing morphine
withdrawal symptoms (Aricioglu-Kartal and Uzbay, 1997; Li et al., 2002), the molecular
mechanisms of this action is not clear. In this study, we report that exogenously injected
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agmatine interferes with the development of dependence to morphine by reducing the
upregulation of cAMP system in rat brain.

Following the discovery of agmatine in mammalian brain, several studies observed that
agmatine could potentiate the analgesic effect of morphine while reducing the symptoms of
dependence and withdrawal (Aricioglu-Kartal and Uzbay, 1997; Li et al., 1998; Li et al.,
2002; Aricioglu et al., 2003a,b). As agmatine does not bind to opiate receptors, these actions
are not mediated by direct effect on opiate receptors (Bradley and Headley, 1997). The
abilities of agmatine to bind to a2-adrenoceptors (Li et al., 1994; Pinthong et al., 1995a;
Pinthong et al., 1995b; Piletz et al., 1995) and to block NMDA receptor channels (Yang and
Reis, 1999) or inhibit nitric oxide synthase (NOS; Galea et al., 1996; Li et al., 1999z;
Demady et al., 2001) were considered as potential mechanisms for these actions. We have
recently reported that acute administration of agmatine just before withdrawal failed to
reverse centrally mediated withdrawal symptoms to morphine in neuronal NOS (nNOS)-
deficient transgenic mice while it was preventing peripheral withdrawal symptoms
(Aricioglu et al., 2004). These findings suggested that functional NMDA receptors coupled
to nNOS system is required for the central effects of agmatine. The activation of a2-
adrenoceptors by agonists, like clonidine, inhibits dependence and withdrawal. While
agmatine was discovered by its ability to bind to a2-adrenoceptors (Li et al., 1994), several
subsequent functional studies reported that agmatine is not an agonist at this site (Pinthong
etal., 1995a,b; Jurkiewicz et al., 1996). Moreover, administration of a2-adrenergic agonists,
like clonidine, while blocking opiate withdrawal, also causes sympathetic inhibition and
reduction in arterial pressure (Gatti et al., 1988; Hieble and Kolpak, 1993). Agmatine,
administered i.c.v. or i.p., does not lower arterial pressure in several animal models (Sun et
al., 1995; Szaho et al., 1995; Raasch et al., 2002), thus ruling out the possibility of a2-
adrenoceptor activation in this action of agmatine. Therefore, agmatine appears to display
unique effect different from those agents bind to the same receptors.

Thus, the action of agmatine at membrane receptors may not be fully responsible for its
ability to reverse morphine dependence and withdrawal. In earlier behavior studies,
agmatine was administered just before the injection of naloxone to induce withdrawal and
agmatine effectively blocked the withdrawal symptoms (Aricioglu-Kartal and Uzbay, 1997).
In the present study, we administered agmatine along with morphine during chronic
exposure for 7 days and withdrawal was induced by naloxone injection without any
preinjection of agmatine at that time. Still, agmatine substantially reduced naloxone-induced
withdrawal symptoms in these rats. Therefore, it is conceivable that agmatine blocks the
events leading to hyperexcitable state of the neurons during chronic morphine exposure and
that, unlike NMDA receptor agonists, direct inhibition of glutamatergic neurotransmission
may not be the only mechanism for this action. It is also important to point out that in all
animal studies reported, agmatine has no effect on normal behavior, motor activity,
cardiovascular parameters or any other toxic effects in normal animals in doses up to 100
mg/kg. Based on these findings and other reports that agmatine directly activates G proteins
(Ferry and Landry, 2002) and inhibits the superactivation (Li et al., 1999b), we have
developed the hypothesis that agmatine may be acting intracellularly at signal transduction
pathway to modulate the neuronal excitability. The cellular and molecular mechanisms for
the dependence and withdrawal to opiate have been fairly well documented. The
electrophysiological and neurochemical studies indicated hyperexcitable state of neurons
that occur due to cycle of molecular events of higher phosphorylation and gene expression
resulting in adaptive upregulation of cCAMP system after chronic morphine abuse (De Vries
and S.T., 2002; Nestler, 2002). Such an upregulation of cAMP system has been shown in in
vitro model systems, including NG108-15 cells, cells transfected with: p-opioid receptors as
well as in vivo animal models (Copeland et al., 1989; Mehta and Strada, 1994; Avidor-Reiss
et al., 1995; Guitart and Nestler, 1996). The resulting higher cAMP causes increased protein
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kinase A (PKA) activity which phosphorylates several target proteins, including TH and
cAMP response element binding protein (CREB). The phosphorylated CREB subsequently
acts as transcription factor, increasing the expression of several proteins, including adenylate
cyclase and TH (Lane-Ladd et al., 2002). We have shown that agmatine, when treated along
with morphine, inhibits naloxone-induced increase in cCAMP in rat brain slices in vitro. By
inhibiting the overproduction of cAMP, agmatine could be interfering with downstream
events, such as activation of PKA and CREB. The major regions that control the reinforcing
and reward behavior to opiates are striatum, LC and prefrontal cortex. As agmatine is
enriched in these brain regions, this could suggest a role for an endogenous system in
modulating opiate dependence and withdrawal. One such downstream marker is TH that is
induced in LC during chronic morphine exposure (De Vries and S.T., 2002; Nestler, 2002).
Agmatine treatment along with morphine reduced the induction of TH protein expression
after chronic morphine treatment in LC confirming the downstream effects of the inhibition
of cAMP upregulation. Thus, the inhibition of the persistent activation of CAMP system by
agmatine results in decreased phosphorylation and activation of several neural proteins,
including ion channels, TH and transcription factors, which may contribute to the lower
withdrawal symptoms to morphine.

The most fascinating aspect of agmatine, an endogenous molecule, is its ability to potentiate
the analgesic effect of morphine and at the same time to reduce the morphine dependence
and withdrawal. The findings from this and previous reports suggest that increasing
endogenous agmatine could offer novel therapeutic advantage in morphine analgesia and
dependence. For example, combining agmatine with morphine during pain management,
while reducing the effective dose of morphine, will also prevent the development of
dependence to morphine.

Acknowledgments

This work was supported by NIH grant NS39445 to S.R. and NCRR grant RR17701.

References

Avricioglu F, Ercil E, Dulger G. Agmatine inhibits naloxone-induced contractions in morphine-
dependent guinea pig ileum. Ann NY Acad Sci. 2003a; 1009:147-151. [PubMed: 15028580]

Avricioglu F, Korcegez E, Bozkurt A, Ozyalcin S. Effect of agmatine on acute and mononeuropathic
pain. Ann NY Acad Sci. 2003b; 1009:106-115. [PubMed: 15028574]

Avricioglu F, Paul 1A, Regunathan S. Agmatine reduces only peripheral-related behavioral signs, not
the central signs, of morphine withdrawal in nNOS deficient transgenic mice. Neurosci Lett. 2004;
354:153-157. [PubMed: 14698461]

Avricioglu-Kartal F, Uzbay IT. Inhibitory effect of agmatine on naloxone-precipitated abstinence
syndrome. Life Sci. 1997; 61:1775-1781. [PubMed: 9365224]

Avidor-Reiss T, Bayewitch M, Levy R, Matus-Leibovitch N, Nevo I, Vogel Z. Adenylylcyclase
supersensitization in mu-opioid receptor-transfected Chinese hamster ovary cells following chronic
opioid treatment. J Biol Chem. 1995; 270:29732-29738. [PubMed: 8530363]

Bradley KJ, Headley PM. Effect of agmatine on spinal nociceptive reflexes: lack of interaction with
alpha2-adrenoceptor or mu-opioid receptor mechanisms. Eur J Pharmacol. 1997; 331:133-138.
[PubMed: 9274971]

Copeland RL, Pradhan SN, Dillon-Carter O, Chuang DM. Rebound increase of basal CAMP level in
NG108-15 cells during chronic morphine treatment: effects of naloxone and chloramphenicol. Life
Sci. 1989; 44:1107-1116. [PubMed: 2539545]

Demady DR, Jianmongkol S, Vuletich JL, Bender AT, Osawa Y. Agmatine enhances the NADPH
oxidase activity of neuronal NO synthase and leads to oxidative inactivation of the enzyme. Mol
Pharmacol. 2001; 59:24-29. [PubMed: 11125020]

Eur J Pharmacol. Author manuscript; available in PMC 2010 August 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Avricioglu et al.

Page 7

De Vries TJ, S T. Neural systems underlying opiate addiction. J Neurosci. 2002; 22:3321-3325.
[PubMed: 11978806]

Fairbanks CA, Wilcox GL. Acute tolerance to spinally administered morphine compares
mechanistically with chronically induced morphine tolerance. J Pharmacol Exp Ther. 1997;
282:1408-1417. [PubMed: 9316854]

Fairbanks CA, Schreiber KL, Brewer KL, Yu CG, Stone LS, Kitto KF, Nguyen HO, Grocholski BM,
Shoeman DW, Kehl LJ, Regunathan S, Reis DJ, Yezierski RP, Wilcox GL. Agmatine reverses
pain induced by inflammation, neuropathy, and spinal cord injury. Proc Natl Acad Sci U S A.
2000; 97:10584-10589. [PubMed: 10984543]

Feng Y, Halaris AE, Piletz JE. Determination of agmatine in brain plasma using high-performance
liquid chromatography with fluorence detection. J Chromatogr. 1997; 691:277-286.

Ferry X, Landry Y. Agmatine: a mastoparan-like activity related to direct activation of heterotrimeric
G proteins. Eur J Pharmacol. 2002; 435:19-26. [PubMed: 11790374]

Galea E, Regunathan S, Eliopoulos V, Feinstein DL, Reis DJ. Inhibition of mammalian nitric oxide
synthases by agmatine, an endogenous polyamine formed by decarboxylation of arginine.
Biochem J. 1996; 316:247-249. [PubMed: 8645212]

Gatti PJ, Hill KJ, Da Silva AM, Norman WP, Gillis RA. Central nervous system site of action for the
hypotensive effect of clonidine in the cat. J Pharmacol Exp Ther. 1988; 245:373-380. [PubMed:
2896240]

Gellert VF, Holtzman SG. Development and maintenance of morphine tolerance and dependence in
the rat by schedules access to morphine drinking solutions. J Pharmacol Exp Ther. 1978; 205:536—
546. [PubMed: 566320]

Guitart X, Nestler EJ. Second messenger and protein phosphorylation mechanisms underlying opiate
addiction: studies in the rat locus coeruleus. Neurochem Res. 1996; 18:5-13. [PubMed: 8385277]

Hieble JP, Kolpak DC. Mediation of the hypotensive action of systemic clonidine in the rat by alpha 2-
adrenoceptors. Br J Pharmacol. 1993; 110:1635-1639. [PubMed: 8306110]

Jurkiewicz NH, do Carmo LG, Hirata H, da Costa Santos W, Jurkiewicz A. Functional properties of
agmatine in rat vas deferens. Eur J Pharmacol. 1996; 307:299-304. [PubMed: 8836618]

Kalra SP, Pearson E, Sahu A, Kalra PS. Agmatine, a novel hypothalamic amine, stimulates pituitary
luteinizing hormone release in vivo and hypothalamic luteinizing hormone-releasing hormone
release in vitro. Neurosci Lett. 1995; 194:165-168. [PubMed: 7478229]

Karadag HC, Ulugol A, Tamer M, Ipci Y, Dokmeci I. Systemic agmatine attenuates tactile allodynia in
two experimental neuropathic pain models in rats. Neurosci Lett. 2003; 339:88-90. [PubMed:
12618307]

Kolesnikov Y, Jain S, Pasternak GW. Modulation of opioid analgesia by agmatine. Eur J Pharmacol.
1996; 296:17-22. [PubMed: 8720472]

Lane-Ladd SB, Pineda J, Boundy VA, Pfeuffer T, Krupinski J, Aghajanian GK, Nestler EJ. CREB
(cAMP response element-binding protein) in the locus coeruleus: biochemical, physiological, and
behavioral evidence for a role in opiate dependence. J Neurosci. 2002; 17:7890-7901. [PubMed:
9315909]

Li G, Regunathan S, Barrow CJ, Eshraghi J, Cooper R, Reis DJ. Agmatine: an endogenous clonidine-
displacing substance in the brain. Science. 1994; 263:966-969. [PubMed: 7906055]

Li J, Li X, Pei G, Qin BY. Agmatine inhibited tolerance to and dependence on morphine in guinea pig
ileum in vitro. Acta Pharmacol Sin. 1998; 19:564-568.

Li J, Li X, Pei G, Qin BY. Correlation between inhibitions of morphine withdrawal and nitric-oxide
synthase by agmatine. Acta Pharmacol Sin. 1999a; 20:375-380.

Li J, Li X, Pei G, Qin BY. Influence of agmatine in adaptation of cAMP signal transduction system of
opiate receptors. Acta Pharmacol Sin. 1999b; 20:592-596.

Li J, Li X, Pei G, Qin BY. Effects of agmatine on tolerance to and substance dependence on morphine
in mice. Acta Pharmacol Sin. 2002; 20:232-238.

Lortie MJ, Novotny WF, Peterson OW, Vallon V, Malvey K, Mendonca M, Satriano J, Insel P,
Thomson SC, Blantz RC. Agmatine, a bioactive metabolite of arginine. J Clin Invest. 1996;
97:413-420. [PubMed: 8567962]

Eur J Pharmacol. Author manuscript; available in PMC 2010 August 17.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Avricioglu et al.

Page 8

Mehta CS, Strad SJ. Effects of acute and continuous administration of morphine on the cAMP
response induced by norepinephrine in rat brain slices. Life Sci. 1994; 55:35-42. [PubMed:
8015347]

Nestler EJ. Molecular neurobiology of addiction. Am J Addict. 2002; 10:201-217. [PubMed:
11579619]

Onal A, Delen Y, Ulker S, Soykan N. Agmatine attenuates neuropathic pain in rats: possible mediation
of nitric oxide and noradrenergic activity in the brainstem and cerebellum. Life Sci. 2004; 73:413-
428. [PubMed: 12759136]

Piletz JE, Chikkala DN, Ernsberger P. Comparison of the properties of agmatine and endogenous
clonidine-displacing substance at imidazoline and alpha-2 adrenergic receptors. J Pharmacol Exp
Ther. 1995; 272:581-587. [PubMed: 7853171]

Pinthong D, Hussain JF, Kendall DA, Wilson VG. Comparison of the interaction of agmatine and
crude methanolic extracts of bovine lung and brain with alpha 2-adrenoceptor binding sites. Br J
Pharmacol. 1995a; 115:689-695. [PubMed: 7582492]

Pinthong D, Wright IK, Hanmer C, Millns P, Mason R, Kendall DA, Wilson VG. Agmatine recognizes
alpha 2-adrenoceptor binding sites but neither activates nor inhibits alpha 2-adrenoceptors.
Naunyn-Schmiedeberg's Arch Pharmacol. 1995b; 351:10-16. [PubMed: 7715734]

Raasch W, Regunathan S, Li G, Reis DJ. Agmatine, the bacterial amine, is widely distributed in
mammalian tissues. Life Sci. 1995; 56:2319-2330. [PubMed: 7791519]

Raasch W, Schafer U, Qadri F, Dominiak P. Agmatine, an endogenous ligand at imidazoline binding
sites, does not antagonize the clonidine-mediated blood pressure reaction. Br J Pharmacol. 2002;
135:665-672.

Regunathan S, Reis DJ. Effects of moxonidine, an imidazoline antihypertensive agent, on second
messenger systems in rat brain. Eur J Pharmacol. 1994; 269:273-276. [PubMed: 7851505]

Regunathan S, Piletz JE. Regulation of inducible nitric oxide synthase and agmatine synthesis in
macrophages and astrocytes. Ann NY Acad Sci. 2003; 1009:20-29. [PubMed: 15028566]

Regunathan S, Feinstein DL, Raasch W, Reis DJ. Agmatine, the decarboxylated arginine is localized
and synthesized in glial cells. NeuroReport. 1995; 6:1897-1900. [PubMed: 8547593]

Reis DJ, Regunathan S. Is agmatine a novel neurotransmitter in brain? Trends Pharmacol Sci. 2000;
21:187-193. [PubMed: 10785653]

Sun MK, Regunathan S, Reis DJ. Cardiovascular responses to agmatine, a clonidine-displacing
substance, in anesthetized rat. Clin Exp Hypertens. 1995; 17:115-128. [PubMed: 7735262]

Szabo B, Urban R, Limberger N, Starke K. Cardiovascular effects of agmatine, a “clonidine-displacing
substance”, in conscious rabbits. Naunyn-Schmiedebergs Arch Pharmacol. 1995; 351:268-273.
[PubMed: 7609780]

Tabor CW, Tabor H. Polyamines. Ann Rev Biochem. 1984; 53:749-790. [PubMed: 6206782]

Yang XC, Reis DJ. Agmatine selectively blocks the NMDA subclass of glutamate receptor channels in
cultured mouse hippocampal neurons. J Pharmacol Exp Ther. 1999; 288:544-549. [PubMed:
9918557]

Yesilyurt O, Uzbay IT. Agmatine potentiates the analgesic effect of morphine by an alpha(2)-
adrenoceptor-mediated mechanism in mice. Neuropsychopharmacology. 2001; 25:98-103.
[PubMed: 11377923]

Eur J Pharmacol. Author manuscript; available in PMC 2010 August 17.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Page 9

A B
Jumping Defecation
12
c 14
£4 I
E 0 T £12
w 8 E10
36 <8
c ] 6
3 4 =
8 S 4
2 S 2
0+ - r L 0+ - .
P+Agm ] M+Agm P+Agm ] M+Agm
D
¢ Teeth Chattering
3 10
£ £ 8
£ E
o ? o 6
8 S 4
g 1 g
@ o 2
0- . S m 04 . 1
P+Agm M M+Agm P+Agm M M+Agm
E F
Ptosis Global withdrawal score
4 40
(=4
E 3 30
w
% 2 20
g1 10
0+ 0+
P+Agm M+Agm P+Agm M+Agm

Fig. 1.

The effects of agmatine (Agm) on naloxone precipitated morphine withdrawal. Rats were
implanted with placebo (P) or one morphine (M) pellet (75 mg morphine base) on day 1 and
two more pellets on day 3. After 7 days, withdrawal was induced on the eighth day by
injecting naloxone (2 mg/kg, i.p.). Agmatine (10 mg/kg, i.p.) was injected twice daily for 7
days and no agmatine was injected on the eighth day, the day of inducing withdrawal. Panels
A through E indicate mean withdrawal frequencies induced by naloxone that was observed
for 15 min for each group (n=6). *p<0.05 compared to morphine group as determined by
analysis of variance. Panel F illustrates the global withdrawal scores of the three groups of
rats. This score consists of graded signs (based on the frequency) and checked signs
(independent of the frequency) and was calculated using all symptoms of withdrawal.
*p<0.05 compared to morphine group.
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Fig. 2.

Effect of agmatine on cAMP production in morphine-treated rat brain. Rats were exposed to
morphine pellets (75 mg) for 7 days (one pellet on day 1 and two more pellets on day 3) and
sacrificed on the eighth day. Brain cortical slices were prepared and cAMP production was
measured in vitro. The levels of cAMP was measured in cortical slices (300 um) in vitro
after incubating with agmatine, norepinephrine or naloxone (100 pM each) for 15 min. The
values are from 6 rats in each group and in vitro incubations were done in triplicates.
*p<0.001 compared to placebo group; **p<0.001 compared to morphine group.
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Fig. 3.

Effect of agmatine on TH expression in morphine-treated rat brain. Rats were treated with
placebo, morphine (one 75 mg pellet on day 1 and two more pellets on day 3) or morphine
+agmatine (10 mg/kg, i.p., twice daily for 7 days) and brain regions were analyzed by
immunoblot for the expression of TH. Lanes: 1, placebo; 2, morphine; 3, morphine
+agmatine. The same samples were also used to determine the expression of B-actin as the
control housekeeping protein. This is a representative data from one set of rats that was
replicated in four animals in each group.
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