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Abstract:



In previous works we showed that oral administration of caulerpine, a bisindole alkaloid isolated from algae of the genus Caulerpa, produced antinociception when assessed in chemical and thermal models of nociception. In this study, we evaluated the possible mechanism of action of this alkaloid in mice, using the writhing test. The antinociceptive effect of caulerpine was not affected by intraperitoneal (i.p.) pretreatment of mice with naloxone, flumazenil, l-arginine or atropine, thus discounting the involvement of the opioid, GABAergic, l-arginine-nitric oxide and (muscarinic) cholinergic pathways, respectively. In contrast, i.p. pretreatment with yohimbine, an α2-adrenoceptor antagonist, or tropisetron, a 5-HT3 antagonist, significantly blocked caulerpine-induced antinociception. These results suggest that caulerpine exerts its antinociceptive effect in the writhing test via pathways involving α2-adrenoceptors and 5-HT3 receptors. In summary, this alkaloid could be of interest in the development of new dual-action analgesic drugs.
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1. Introduction


Over the last decades an enormous number of marine natural products have been studied [1]. A previous study from our group has shown that extracts obtained from Caulerpa spp. cause significant antinociception in mice when assessed in both neurogenic and inflammatory nociception models [2,3,4]. We have also reported that one of the major constituents isolated from Caulerpa spp. extracts, the bisindole alkaloid caulerpine (5,12-dihydrocycloocta[1,2b;5,6b']diindole-6,13-dicarboxylic acid dimethyl ester), produces antinociception when assessed against chemical (acetic acid and formalin) and thermal stimuli in mice, without affecting the motor response of these animals. This alkaloid also prevents the inflammatory process induced by zymosan and capsaicin [2]. Furthermore, we demonstrated that caulerpine inhibits serotonin-induced contractions in the guinea pig ileum [5]. Although isolated mainly from green algae of the genus Caulerpa [6], we note that caulerpine has also been reported in other green (i.e., Codium decorticatum and Halimeda incrassate) [7,8] and red (i.e., Chondria armata) algae [9].



We previously described the antinociceptive and anti-inflammatory activities of caulerpine [2], but without evidence of its mechanism of action, which could involve different pathways reported to be relevant in this context, such as the opioid, serotoninergic and adrenergic pathways. The opioid system is an important system involved in pain control since opioid agonists activate intracellular signaling (i.e., suppression of adenylyl cyclase (AC) activity and a negative and positive influence on Ca2+ and K+ channels, respectively), leading to a reduction in the excitability of neurons and pain inhibition [10,11].



Another important system involved in descending control of pain is the noradrenergic pathway, mainly through the activation of α2-adrenoceptors, leading to inhibition of AC, suppression of Ca2+ currents and facilitation of K+ currents [12]. The involvement of muscarinic cholinergic receptors has also been reported as in the dorsal horn and through supraspinal mechanisms modulating nociception by the activation of the noradrenergic pathway of descending inhibition [13]. GABA displays a crucial and complex role in the modulation of the nociceptive process, especially in response to acute and chronic noxious stimulus [13].



The l-arginine-nitric oxide pathway is another system to be considered since it has been implicated in several experimental models used for pain evaluation. Nitric oxide (NO) plays a dual role in the nociceptive system and its pro- or antinociceptive effect depends of many features: (1) experimental model used; (2) dose of NO donors or precursor; and (3) administration route of NO donors [14]. Finally, the serotonin (5-HT) system displays a complex framework in pain regulation. The actions of 5-HT in the dorsal horn have been considered suppressive to the nociceptive process, mainly through activation of the 5-HT3 receptor [15]. On the other hand, activation of this receptor at the spinal cord may involve enkephalinergic dorsal horn neurons, which can explain part of the antinociception elicited by 5-HT3 stimulation [13,16]. In this study, we assessed the possible involvement of all these pathways in the antinociceptive action of caulerpine, mainly using pharmacological tools and the writhing test.




2. Results and Discussion


To evaluate the mechanism of action of the antinociceptive effect of caulerpine, we chose the writhing test, a model where nociception is induced by acetic acid [17]. After acetic acid injection, the mice show a response characterized by abdominal constriction, which is sometimes accompanied by twisting of the trunk followed by extension of the hind limbs [17]. This behavior results from the activation of acid-sensitive ion channels (ASICs) and transient receptor potential vanilloid 1 (TRPV1) localized in afferent primary fibers [18]. Furthermore, acetic acid injection induces a release of TNF-α, interleukin 1β and interleukin 8 by resident peritoneal macrophages and mast cells [19], as well as prostanoids and bradykinin [20,21]. It has also been reported that spinal MAP kinases (ERK, JNK and p38), PI3K, and microglia mediate acetic acid-induced writhing response in mice [22]. Using this model, we tested the capacity of classical antagonists of different pathways involved in nociception to block the antinociceptive effect of caulerpine. It is noteworthy that caulerpine caused a dose-dependent reduction of abdominal constrictions induced by acetic acid in the mice [2]; however in this study we choose a single dose (40 mg/kg) to carry out the experiments described below.



The systemic pretreatment of the animals with naloxone (1 mg/kg, i.p.), completely blocked the antinociceptive effect of morphine (5 mg/kg, i.p.) but not caulerpine (40 mg/kg, p.o.) when animals were challenged with acetic acid (Figure 1). The involvement of the opioid system in caulerpine-induced antinociception in mice was thus discarded, since the nonselective opioid receptor antagonist naloxone failed to affect the antinociceptive effect of this alkaloid. Unlike our findings other studies have reported an antinociceptive effect of indole alkaloids through the opioid system [23,24]. Despite belonging to the same secondary metabolite class, caulerpine could conceivably be metabolized to active compound(s) lacking opioid activity.


Figure 1. Effect of naloxone on the antinociceptive effect of caulerpine in the acetic acid model of nociception. Black columns: treatments alone; hatched columns: pretreatment and treatments. The results are expressed as means ± S.E.M. of six animals. (One-way ANOVA followed by Bonferroni’s test). *** p < 0.001 compared to vehicle; ###p < 0.001 compared to morphine.



[image: Molecules 19 14699 g001]






Similarly, three other pathways involved in the control of pain (the cholinergic, GABAergic and l-arginine-NO pathways) were also discarded as possible mechanisms of the antinociceptive effect of caulerpine, based on the following sets of data:



Pretreatment of mice with atropine (1 mg/kg, i.p.), the classical antagonist of muscarinic receptors, antagonized the antinociception caused by pilocarpine (3 mg/kg, i.p.) but not caulerpine (40 mg/kg, p.o.), in the acetic acid model of nociception (Figure 2).


Figure 2. Effect of atropine on the antinociceptive effect of caulerpine in the acetic acid model of nociception. Black columns: treatments alone; hatched columns: pretreatment and treatments. The results are expressed as means ± S.E.M. of six animals. (One-way ANOVA followed by Bonferroni’s test). *** p < 0.001 compared to vehicle; ##p < 0.01 compared to pilocarpine.
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In the same way, the systemic treatment of the animals with flumazenil (2 mg/kg, i.p.) blocked the antinociceptive effect of diazepam (1.5 mg/kg, i.p.) but not caulerpine (40 mg/kg, p.o.) (Figure 3). In fact, this effect of caulerpine was not inhibited by the pretreatment with the classical antagonist of GABAA receptors (flumazenil) which fully inhibits the antinociceptive effect of diazepam, used as positive control in paired experiments.


Figure 3. Effect of flumazenil on the antinociceptive effect of caulerpine in the acetic acid model of nociception. Black columns: treatments alone; hatched columns: pretreatment and treatments. The results are expressed as means ± S.E.M. of six animals. (One-way ANOVA followed by Bonferroni’s test). *** p < 0.001 compared to vehicle; ###p < 0.001 compared to diazepam.
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Figure 4 shows that l-arginine (40 mg/kg, i.p.) significantly blocked the antinociceptive effect of l-NOARG (75 mg/kg, i.p.) but not caulerpine (40 mg/kg, p.o.) after acetic acid challenge. Based on the literature [25] and our results, NO seems to exert an antinociceptive effect in the writhing test since the pretreatment with l-arginine, a NO precursor, inhibited the nociception induced by l-NOARG, a known nitric oxide synthase inhibitor. Our data also indicate that the antinociceptive effect of caulerpine does not involve the liberation of NO.


Figure 4. Effect of l-arginine on the antinociceptive effect of caulerpine in the acetic acid model of nociception. Black columns: treatments alone; hatched columns: pretreatment and treatments. The results are expressed as means ± S.E.M. of six animals. (One-way ANOVA followed by Bonferroni’s test). *** p < 0.001 compared to vehicle; ##p < 0.001 compared to l-NOARG.
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Contrary to the above results discarding the involvement of the cholinergic, GABAergic and l-arginine-NO pathways in the antinociceptive effect of caulerpine in the writhing test, the following sets of results indicate a contribution of the adrenergic and serotonergic systems.



Figure 5 shows that pretreatment with the classical α2-adrenoceptor antagonist yohimbine (0.15 mg/kg, i.p.) largely antagonized the antinociception caused by clonidine (0.15 mg/kg, i.p.) and caulerpine (40 mg/kg, p.o.). Although caulerpine is an indole compound, like yohimbine, our result did not prove that caulerpine acts as a direct agonist of the α2-adrenoceptor. Indeed, we were able to test directly an effect of caulerpine on the α2-adrenoceptors, using a radioreceptor binding assay. At the highest concentration tested (3 µM, being limited by the low solubility of this alkaloid and the need to maintain a low final concentration of DMSO in the assay), caulerpine had no effect on the binding of 1 nM [3H]-RX821002 to our preparation of rat brain cortex, indicating that it does not bind to α2 adrenoceptors, at the highest concentration used (3 µM, data not shown).


Figure 5. Effect of yohimbine on the antinociceptive effect of caulerpine in the acetic acid model of nociception. Black columns: treatments alone; hatched columns: pretreatment and treatments. The results are expressed as means ± S.E.M. of six animals. (One-way ANOVA followed by Bonferroni’s test). *** p < 0.001 compared to vehicle; ###p < 0.001 compared to clonidine; †††p < 0.001 compared to caulerpine.
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Note that α2-adrenoceptor agonists, such as clonidine, also act through indirect pathways, such as the serotonergic system [26]. Since the acetic acid model of nociception is an in vivo experiment, caulerpine could be metabolized to an active compound(s), such as the corresponding acid or may be another active derivate of phase I metabolism, with α2-adrenergic activity.



The antinociception elicited by caulerpine seems to be dependent on 5-HT3 receptors since pretreatment with tropisetron, an antagonist of 5-HT3 receptors, prevented the antinociception induced by caulerpine, as also observed with 1,3-CB, a selective 5-HT3 agonist (Figure 6). In addition, our previous work showed that caulerpine antagonized serotonin-induced contractions in the guinea pig ileum [5]. 5-HT3 receptors are strongly involved in this smooth muscle model, which reinforces the hypothesis that caulerpine acts through serotonergic receptors to reduce nociception [27,28]. Moreover, other studies have also related the action of indole compounds to 5-HT receptors [29]. It is noteworthy that at the moment we cannot carry out receptor binding assay to evaluate the interaction between caulerpine and 5-HT3 receptor. However, this study could be done in the near future in association with other experiments.


Figure 6. Effect of tropisetron on the antinociceptive effect of caulerpine in the acetic acid model of nociception. Black columns: treatments alone; hatched columns: pretreatment and treatments. The results are expressed as means ± S.E.M. of six animals. (One-way ANOVA followed by Bonferroni’s test). *** p < 0.001 compared to vehicle; ###p < 0.001 compared to 1,3-CB; †††p < 0.001 compared to caulerpine.



[image: Molecules 19 14699 g006]











3. Experimental Section


3.1. Animals


Swiss mice of both sexes, 6–8 weeks of age with an average weight of 25–30 g, were obtained from the Central Animal House of the Federal University of Alagoas (Maceió, Brazil) and were used throughout the experiments. They were housed in single-sex cages under a 12-h light/dark cycle at constant temperature (22 ± 2 °C) with free access to water and pellet food. Eight hours before each experiment, the animals received only water, to avoid food interference with test substance absorption. The experiments were performed after the approval of the protocol by the Ethics Committee-UFAL for animal handling (No. 23065.017275/2011-94).




3.2. Drugs


Naloxone, morphine, flumazenil and diazepam were purchased from Cristália, (Itapira, SP, Brazil). Acetic acid, yohimbine, clonidine, atropine, pilocarpine, tropisetron, 1-(3-chlorophenyl)biguanide (1,3-CB), l-arginine, Nω-nitro-l-arginine (l-NOARG) were obtained from Sigma-Aldrich (St. Louis, MO, USA). These drugs were dissolved and diluted in saline (0.9% NaCl). Caulerpine was dissolved in Tween® 80 and diluted in carboxymethylcellulose from Sigma-Aldrich.




3.3. Isolation of Caulerpine


Caulerpa sertularioides and C. mexicana algae were collected from the coastal region of Cabo Branco, João Pessoa, Paraíba State, Brazil in March 2009. The specimens were identified by Dr. George Emmanuel Cavalcanti de Miranda. Voucher specimens of C. sertularioides (JPB 13983) and C. mexicana (JPB 13985) have been deposited in the Lauro Pires Xavier Herbarium at the Federal University of Paraíba (Universidade Federal da Paraíba), Brazil. The alga was extracted with MeOH at room temperature and the extract was partitioned between hexane, dichloromethane, ethyl acetate and methanol. The orange red pigment obtained by precipitation in the ethyl acetate phase was assigned the structure of 5,12-dihydrocycloocta[1,2-b;5,6-b']diindole-6,13-dicarboxylic acid dimethyl ester, named caulerpine or caulerpin, based on its NMR spectral data and chemical properties [5].




3.4. HPLC Analysis


Chromatographic analyses were performed using a Shimadzu Prominence LG2OAT HPLC system (Shimadzu, Columbia, MD, USA) equipped with a photodiode array detector (SPDM2O) and a reversed-phase column (Phenomenex Luna, 4.6 mm × 150 mm × 5 µm). The mobile phase consisted of a mixture water (A) and methanol (B) at a flow rate of 1 mL/min. A gradient elution was used with 70%–100% B, 0–20 min. Chromatograms were recorded at 320 nm. The caulerpine showed 99.4% purity.




3.5. Mechanism of the Antinociceptive Action of Caulerpine


To address some of the mechanisms through which caulerpine produces antinociception in the writhing test, animals were treated with different drugs. In this test, mice were injected i.p. with 0.1 mL/10 g of 0.6% acetic acid solution 40 min after the administration of caulerpine (40 mg/kg, p.o.), positive controls or vehicle. The writhings were counted for 20 min after a latency period of 5 min [30].



3.5.1. Involvement of the Opioid, l-Arginine-Nitric Oxide, Adrenergic, Cholinergic, GABAergic and Serotonergic Pathways


To assess the possible participation of the opioid system in the antinociceptive effect of caulerpine, mice were pretreated with naloxone (1 mg/kg, i.p.) 20 min before receiving caulerpine (40 mg/kg, p.o.), morphine (5 mg/kg, i.p.) or vehicle (10 mL/kg, p.o.) [31]. Nociceptive responses to acetic acid were recorded 40 min after the administration of caulerpine, morphine or vehicle. As a control group, animals were pretreated with vehicle (10 mL/kg, i.p.) instead of naloxone. Such controls were used also in all the experiments described below. To assess the participation of other pathways in the antinociceptive effect of caulerpine, similar experiments were performed by changing only the drugs used for the pretreatment and as positive controls (Table 1).



Table 1. Drugs used to evaluate the mechanism of antinociceptive action of caulerpine.







	
Pathway

	
Pretreatment

	
Positive Control

	
Reference






	
Opiod

	
Naloxone (1 mg/kg, i.p.)

	
Morphine (5 mg/kg, i.p.)

	
[31]




	
Adrenergic (α2)

	
Yohimbine (0.15 mg/kg, i.p.)

	
Clonidine (0.1 mg/kg, i.p.)

	
[25]




	
Cholinergic (muscarinic)

	
Atropine (1 mg/kg, i.p.)

	
Pilocarpine (3 mg/kg, i.p.)

	
[32]




	
GABAergic (GABAA)

	
Flumazenil (2 mg/kg, i.p

	
Diazepam (1.5 mg/kg, i.p.)

	
[33]




	
Serotonergic (5-HT3)

	
Tropisetron (1 mg/kg, i.p.)

	
1-(3-chlorophenyl)biguanide (1 mg/kg, i.p.)

	
[25]




	
l-arginine-NO

	
l-arginine (40 mg/kg, i.p.)

	
l-NOARG (75 mg/kg, i.p.)

	
[25]













3.5.2. α2-Adrenoceptor Binding Assay


Adult male Wistar rats (250–300 g) were anaesthetized with ether and killed by decapitation. The brains were rapidly removed on ice and cortex were dissected, weighted and stored in liquid nitrogen, according to a procedure approved by the Institutional Ethical Committee for Animal Care from the Federal University of Rio de Janeiro. The cortex were homogenized in a Potter apparatus with a motor-driven Teflon pestle at 4 °C in 10 volumes of ice-cold Tris-HCl 50 mM buffer (pH 7.4) per gram of tissue and then centrifuged twice at 900 gmax at 4 °C for 10 min. The resulting supernatants were combined and ultracentrifuged at 48,000 gav for 10 min. The pellet was resuspended in buffer and incubated at 37 °C during 10 min for endogenous neurotransmitters removal. This suspension was cooled on ice and ultracentrifuged twice at 48,000 gav for 10 min at 4 °C. The final pellet was resuspended in buffer (1.5 mL/g tissue) and stored in liquid nitrogen. As previously described [34], cortical membranes from rat brain (150 µg protein) and 1 nM [3H]-RX821002 (60 Ci/mmol, New England Nuclear Life Science Products, Perkin Elmer, Boston, MA, USA) were incubated at 30 °C for 45 min under yellow light in a solution containing 50 mM Tris-HCl (pH 7.4), in a final volume of 500 µL in the presence or absence of 3 µM caulerpine. Non-specific binding was estimated in the presence of 100 µM (‒)-epinephrine. After incubation, samples were rapidly diluted with 3 × 4 mL Tris-HCl 5 mM and immediately filtered under vacuum on glass fibre filters (GMF 3, Filtrak, Bärenstein, Germany) previously soaked in 0.5% polyethyleneimine. Filters were then dried and immersed in a scintillation mixture (1,4-bis-[2-(5-phenyloxazolyl)]-benzene—POPOP—0.1 g/L and 2,5-diphenyl-oxazole—POP—4.0 g/L in toluene). The radioactivity retained in the filters was counted with a Packard Tri-Carb 1600 TR liquid scintillation analyzer (PerkinElmer, Waltham, MA, USA).





3.6. Statistical Analysis


Data obtained from animal experiments were expressed as mean and standard error of the mean (mean ± S.E.M.). Statistical differences between the treated and control groups were evaluated by ANOVA followed by Bonferroni’s test. p < 0.05 was considered statistically significant.





4. Conclusions


In summary, the present study provides evidences that the antinociceptive effect of caulerpine is dependent on α2-adrenoceptors and 5-HT3 receptors. Thus, acting on these two pathways, caulerpine may be considered a lead compound for the development of new dual-action analgesic drugs.







Acknowledgments


The authors are grateful to the “Universidade Federal da Paraíba”, CAPES, MCT, FINEP, FAPEAL (Pronem 20110722-006-0018-0010), CNPQ (479822/2013-1), CNPQ (404344/2012-7), INCT-INOFAR/CNPq (573.564/2008-6), PRONEX/FAPESQ-PB, INCTAmbTropic and the Ministry of Environment (License MMA/CGEN 18/2007) for the joint funding of this research project. The authors thank their colleagues working at the Federal University of Alagoas and Federal University of Paraíba for their constructive criticism and assistance in carrying out this project. A. Leyva helped with English editing of the manuscript.




Author Contributions


L.H.A.C.-S., F.N. and M.S.A.-M. designed the research study; M.A.P.F., A.C.S.V., M.D.M.V. and F.N. performed the experiments (pharmacological experiments); G.E.C.M. performed the experiments (identification of algae), J.C.F.S., J.M.B.-F., B.V.O.S., J.X.A.-J. and T.M.S.S. performed the experiments (chemical isolation); G.E.C.M., J.M.B.-F., B.V.O.S., L.H.A.C.-S., F.N. and M.S.A.-M. analyzed the data; L.H.A.C.-S., F.N. and M.S.A.-M. and wrote the paper. All authors discussed the results and commented on the manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	1. 
Blunt, J.W.; Copp, B.R.; Keyzers, R.A.; Munro, M.H.; Prinsep, M.R. Marine natural products. Nat. Prod. Rep. 2012, 29, 144–222. [Google Scholar] [CrossRef]

	2. 
Souza, E.T.; Lira, D.P.; Queiroz, A.C.; Silva, D.J.C.; Aquino, A.B.; Mella, E.A.C.; Lorenzo, V.L.; Miranda, G.E.C.; Araújo-Júnior, J.X.; Chaves, M.C.O.; et al. The antinociceptive and anti-inflammatory activities of caulerpine, a bisindole alkaloid isolated from seaweeds of the genus Caulerpa. Mar. Drugs 2009, 7, 689–704. [Google Scholar] [CrossRef]

	3. 
Souza, E.T.; Queiroz, A.C.; Miranda, G.E.C.; Lorenzo, V.P.; Silva, E.F.; Freire-Dias, T.L.M.; Cupertino-Silva, Y.K.; Melo, G.M.A.; Chaves, M.C.O.; Barbosa-Filho, J.M.; et al. Antinociceptive activities of crude methanolic extract and phases, n-butanolic, chloroformic and ethyl acetate from Caulerpa racemosa (Caulerpaceae). Braz. J. Pharmacogn. 2009, 19, 115–120. [Google Scholar] [CrossRef]

	4. 
Matta, C.B.B.; Souza, E.T.; Queiroz, A.C.; Lira, D.P.; Araújo, M.V.; Cavalcante-Silva, L.H.A.; Miranda, G.E.C.; Araújo-Júnior, J.X.; Barbosa-Filho, J.M.; Santos, B.V.O.; et al. Antinociceptive and anti-inflammatory activity from algae of the genus Caulerpa. Mar. Drugs 2011, 9, 307–318. [Google Scholar] [CrossRef]

	5. 
Cavalcante-Silva, L.H.A.; de Carvalho Correia, A.C.; Barbosa-Filho, J.M.; da Silva, B.A.; de Oliveira Santos, B.V.; de Lira, D.P.; Sousa, J.C.F.; de Miranda, G.E.C.; de Andrade Cavalcante, F.; Alexandre-Moreira, M.S. Spasmolytic effect of caulerpine involves blockade of Ca2+ influx on guinea pig ileum. Mar. Drugs 2013, 11, 1553–1564. [Google Scholar] [CrossRef]

	6. 
Aguilar-Santos, G. Caulerpine, a new red pigment from green algae of the genus Caulerpa. J. Chem. Soc. C 1970, 6, 1842–1843. [Google Scholar]

	7. 
Anjaneyulu, A.S.R.; Prakash, C.V.S.; Mallavadhani, U.V. Sterols and terpenes of the marine green algal species Caulerpa racemosa and Codium decorticatum. J. Indian Chem. Soc. 1991, 68, 480. [Google Scholar]

	8. 
Yan, S.; Su, J.; Wang, Y.; Zeng, L. Studies on chemical constituents of Halimeda incrassata. Trop. Ocean 1999, 18, 91–94. [Google Scholar]

	9. 
Govenkar, M.B.; Wahidulla, S. Constituents of Chondria armata. Phytochemistry 2002, 54, 979–981. [Google Scholar] [CrossRef]

	10. 
Cunha, T.M.; Roman-Campos, D.; Lotufo, C.M.; Duarte, H.L.; Souza, G.R.; Verri, W.A., Jr.; Funez, M.I.; Dias, Q.M.; Schivo, I.R.; Domingues, A.C.; et al. Morphine peripheral analgesia depends on activation of the PI3Kgamma/AKT/nNOS/NO/KATP signaling pathway. Proc. Natl. Acad. Sci. USA 2010, 107, 4442–4447. [Google Scholar] [CrossRef]

	11. 
Bodnar, R.J. Endogenous opiates and behavior: 2011. Peptides 2012, 38, 463–522. [Google Scholar] [CrossRef]

	12. 
Jones, P.G.; Dunlop, J. Targeting the cholinergic system as a therapeutic strategy for the treatment of pain. Neuropharmacology 2007, 53, 197–206. [Google Scholar] [CrossRef]

	13. 
Millan, M.J. Descending control of pain. Prog. Neurobiol. 2002, 66, 355–474. [Google Scholar] [CrossRef]

	14. 
Cury, Y.; Picolo, G.; Gutierrez, V.P.; Ferreira, S.H. Pain and analgesia: The dual effect of nitric oxide in the nociceptive system. Nitric Oxide 2011, 25, 243–254. [Google Scholar] [CrossRef]

	15. 
Sommer, C. Serotonin in pain and analgesia. Mol. Neurobiol. 2004, 30, 117–125. [Google Scholar] [CrossRef]

	16. 
Tsuchiya, M.; Yamazaki, H.; Hori, Y. Enkephalinergic neurons express 5-HT3 receptors in the spinal cord dorsal horn: Single cell RT-PCR analysis. Neuroreport 1999, 10, 2749–2753. [Google Scholar] [CrossRef]

	17. 
Le Bars, D.; Gozariu, M.; Cadden, S.W. Animal models of nociception. Pharmacol. Rev. 2001, 53, 597–652. [Google Scholar]

	18. 
Julius, D.; Basbaum, A.I. Molecular mechanisms of nociception. Nature 2001, 413, 203–210. [Google Scholar] [CrossRef]

	19. 
Ribeiro, R.A.; Vale, M.L.; Thomazzi, S.M.; Paschoalato, A.B.; Poole, S.; Ferreira, S.H.; Cunha, F.Q. Involvement of resident macrophages and mast cells in the writhing nociceptive response induced by zymosan and acetic acid in mice. Eur. J. Pharmacol. 2000, 387, 111–118. [Google Scholar] [CrossRef]

	20. 
Duarte, I.D.G.; Nakamura, M.; Ferreira, S.H. Participation of the sympathetic system in acetic acid-induced writhing in mice. Braz. J. Med. Biol. Res. 1988, 21, 341–343. [Google Scholar]

	21. 
Ikeda, Y.; Ueno, A.; Naraba, H.; Oh-Ishi, S. Involvement of vanilloid receptor VR1 and prostanoids in the acid-induced writhing responses of mice. Life Sci. 2001, 69, 2911–2919. [Google Scholar] [CrossRef]

	22. 
Souza, G.F.P.; Zarpelon, A.C.; Tedeschi, G.C.; Mizokami, S.S.; Sanson, J.S.; Cunha, T.M.; Ferreira, S.H.; Cunha, F.Q.; Casagrande, R.; Verri, W.A., Jr. Acetic acid- and phenyl-p-benzoquinone-induced overt pain-like behavior depends on spinal activation of MAP kinases, PI(3)K and microglia in mice. Pharmacol. Biochem. Behav. 2012, 101, 320–328. [Google Scholar] [CrossRef]

	23. 
Shamima, A.R.; Fakurazi, S.; Hidayat, M.T.; Hairuszah, I.; Moklas, M.A.M.; Arulselvan, P. Antinociceptive action of isolated mitragynine from Mitragyna speciosa through activation of opioid receptor system. Int. J. Mol. Sci. 2012, 13, 11427–11442. [Google Scholar] [CrossRef]

	24. 
Matsumoto, K.; Horie, S.; Ishikawa, H.; Takayama, H.; Aimi, N.; Ponglux, D.; Watanabe, K. Antinociceptive effect of 7-hydroxymitragynine in mice: Discovery of an orally active opioid analgesic from the Thai medicinal herb Mitragyna speciosa. Life Sci. 2004, 74, 2143–2155. [Google Scholar] [CrossRef]

	25. 
Santos, A.R.S.; Gadotti, V.M.; Oliveira, G.L.; Tibola, D.; Paszcuk, A.F.; Neto, A.; Spindola, H.M.; Souza, M.M.; Rodrigues, A.L.; Calixto, J.B. Mechanism involved in the antinociception caused by agmatine in mice. Neuropharmacology 2005, 48, 1021–1034. [Google Scholar] [CrossRef]

	26. 
Lin, M.T.; Su, C.F. Spinal 5-HT pathways and the antinociception induced by intramedullary clonidine in rats. Naunyn Schmiedebergs Arch. Pharmacol. 1992, 346, 333–338. [Google Scholar]

	27. 
Fox, A.; Morton, I.K. An examination of the 5-HT3 receptor mediating contraction and evoked [3H]-acetylcholine release in the guinea-pig ileum. Br. J. Pharmacol. 1990, 101, 553–558. [Google Scholar] [CrossRef]

	28. 
Tuladhar, B.R.; Kaisar, M.; Naylor, R.J. Evidence for a 5-HT3 receptor involvement in the facilitation of peristalsis on mucosal application of 5-HT in the guinea pig isolated ileum. Br. J. Pharmacol. 1997, 122, 1174–1178. [Google Scholar] [CrossRef]

	29. 
Hu, J.F.; Schetz, J.A.; Kelly, M.; Peng, J.N.; Ang, K.K.; Flotow, H.; Leong, C.Y.; Ng, S.B.; Buss, A.D.; Wilkins, S.P.; et al. New antiinfective and human 5-HT2 receptor binding natural and semisynthetic compounds from the Jamaican sponge Smenospongia aurea. J. Nat. Prod. 2002, 65, 476–480. [Google Scholar] [CrossRef]

	30. 
Collier, H.O.J.; Dinneen, L.C.; Johnson, C.A.; Schneider, C. The abdominal constriction response and its suppression by analgesic drugs in mice. Br. J. Pharmacol. 1968, 32, 285–310. [Google Scholar]

	31. 
Mantovani, M.; Kaster, M.P.; Pertile, R.; Calixto, J.B.; Rodrigues, A.L.; Santos, A.R. Mechanisms involved in the antinociception caused by melatonin in mice. J. Pineal Res. 2006, 41, 382–389. [Google Scholar] [CrossRef]

	32. 
Guginski, G.; Luiz, A.P.; Silva, M.D.; Massaro, M.; Martins, D.F.; Chaves, J.; Mattos, R.W.; Silveira, D.; Ferreira, V.M.; Calixto, J.B.; et al. Mechanisms involved in the antinociception caused by ethanolic extract obtained from the leaves of Melissa officinalis (lemon balm) in mice. Pharmacol. Biochem. Behav. 2009, 93, 10–16. [Google Scholar]

	33. 
Talarek, S.; Fidecka, S. Role of nitric oxide in benzodiazepines-induced antinociception in mice. Pol. J. Pharmacol. 2002, 54, 27–34. [Google Scholar]

	34. 
Pompeu, T.E.T.; Alves, F.R.; Figueiredo, C.D.; Antonio, C.B.; Herzfeldt, V.; Moura, B.C.; Rates, S.M.; Barreiro, E.J.; Fraga, C.A.; Noël, F. Synthesis and pharmacological evaluation of new N-phenylpiperazine derivatives designed as homologues of the antipsychotic lead compound LASSBio-579. Eur. J. Med. Chem. 2013, 66, 122–134. [Google Scholar] [CrossRef]






	
Sample Availability: Not available.







© 2014 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license ( http://creativecommons.org/licenses/by/3.0/).







nav.xhtml


  molecules-19-14699


  
    		
      molecules-19-14699
    


  




  





media/file8.jpg
m§ ko E

=3 o =) o
<+ ® « -

SaYIM JO JaquInN






media/file11.png
SOYJLIM JO JaquIinN

vehicle

tropisetron
1,3-CB

caulerpine





media/file6.jpg
(2

w
=3

Hkk
Sk

Number of writhes
s 8

0:
vehicle + o+ - - -
L-arginine - + - + = +
L-NOARG - - + 4+
caulerpine - - - - +

4





media/file1.png
g 3

Number of writhes
S

10+

0-
vehicle + + - - - -
naloxone - + - + - +
morphine - - + + - -
caulerpine - - - - +  +





media/file10.jpg
£

] ~ - "
SAYJIM JO JaquinN 23

'
"
@
=225
eou





media/file7.png
30+

20+

10-

Number of writhes

0-
vehicle +
L-arginine - + -
L-NOARG - - +
caulerpine - - - - +

+

1

+ +
1

+I

+





media/file9.png
+ +

+

L | L || | | 1
o o o =] o
< o ™~ - o
e - —
SOYJIIM JO JaqUINN g 3
TS S
-





media/file5.png
&

#

Number of writhes
s 3

Nn-
vehicle +
flumazenil -
diazepam - - +
caulerpine - - - - +

+ o+
1 1
+ 4
1
+I

+





media/file12.png





media/file3.png
10+

Number of writhes

0 -
vehicle
atropine
pilocarpine
caulerpine

+ +





media/file4.jpg
8

:

ek

=y
=3

ek

Number of writhes
n
o

0
vehicle + o+ - - - -
flumazenil -+ - s = +
diazepam - - + + B

caulerpine - - - - + &





media/file0.jpg
8

8

Hkk

Number of writhes
3 3

ke

0
vehicle + o+ - -
naloxone -+ - + - #
morphine - - + *
aulerpine - - - - + +






media/file2.jpg
%
S

»

3

=

£ 20 -

fres

o

5 xx

o

€ 10 ok

E

z

0

vehicle +  + - - - -
atropine -+ - + - +
pilocarpine - - + + B =

'
]
'
'
#
£

aulerpine






