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                    Abstract
In addition to its intracellular roles, the nucleoside guanosine (GUO) also has extracellular effects that identify it as a putative neuromodulator signaling molecule in the central nervous system. Indeed, GUO can modulate glutamatergic neurotransmission, and it can promote neuroprotective effects in animal models involving glutamate neurotoxicity, which is the case in brain ischemia. In the present study, we aimed to investigate a new in vivo GUO administration route (intranasal, IN) to determine putative improvement of GUO neuroprotective effects against an experimental model of permanent focal cerebral ischemia. Initially, we demonstrated that IN [3H] GUO administration reached the brain in a dose-dependent and saturable pattern in as few as 5 min, presenting a higher cerebrospinal GUO level compared with systemic administration. IN GUO treatment started immediately or even 3 h after ischemia onset prevented behavior impairment. The behavior recovery was not correlated to decreased brain infarct volume, but it was correlated to reduced mitochondrial dysfunction in the penumbra area. Therefore, we showed that the IN route is an efficient way to promptly deliver GUO to the CNS and that IN GUO treatment prevented behavioral and brain impairment caused by ischemia in a therapeutically wide time window.



                    
    


                    
                        
                            
                                
                                    
                                        
                                    
                                    
                                        This is a preview of subscription content, log in via an institution
                                    
                                    
                                        
                                     to check access.
                                

                            

                        

                        
                            
                                
                                    Access this article

                                    
                                        
                                            
                                                
                                                    Log in via an institution
                                                    
                                                        
                                                    
                                                
                                            

                                        
                                    
                                    
                                        
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                    

                                    
                                        Institutional subscriptions
                                            
                                                
                                            
                                        

                                    

                                

                            
                        

                        
                            Fig. 1


Fig. 2


Fig. 3


Fig. 4


Fig. 5


Fig. 6



                        

                    

                    
                        
                    


                    
                        
                            
                        
                    

                    

                    

                    References
	Schmidt AP, Lara DR, Souza DO (2007) Proposal of a guanine-based purinergic system in the mammalian central nervous system. Pharmacol Ther 116(3):401–416. doi:10.1016/j.pharmthera.2007.07.004
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Frizzo ME, Antunes Soares FA, Dall’Onder LP, Lara DR, Swanson RA, Souza DO (2003) Extracellular conversion of guanine-based purines to guanosine specifically enhances astrocyte glutamate uptake. Brain Res 972(1-2):84–89
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Frizzo ME, Lara DR, Dahm KC, Prokopiuk AS, Swanson RA, Souza DO (2001) Activation of glutamate uptake by guanosine in primary astrocyte cultures. Neuroreport 12(4):879–881
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Tasca CI, Santos TG, Tavares RG, Battastini AM, Rocha JB, Souza DO (2004) Guanine derivatives modulate L-glutamate uptake into rat brain synaptic vesicles. Neurochem Int 44(6):423–431
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Lai TW, Zhang S, Wang YT (2014) Excitotoxicity and stroke: identifying novel targets for neuroprotection. Prog Neurobiol 115:157–188. doi:10.1016/j.pneurobio.2013.11.006
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Lipton SA (2007) Pathologically activated therapeutics for neuroprotection. Nat Rev Neurosci 8(10):803–808. doi:10.1038/nrn2229
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Ganzella M, de Oliveira ED, Comassetto DD, Cechetti F, Cereser VH Jr, Moreira JD, Hansel G, Almeida RF, Ramos DB, Figueredo YN, Souza DG, Oses JP, Worm PV, Achaval M, Netto CA, Souza DO (2012) Effects of chronic guanosine treatment on hippocampal damage and cognitive impairment of rats submitted to chronic cerebral hypoperfusion. Neurol Sci 33(5):985–997. doi:10.1007/s10072-011-0872-1
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Schmidt AP, Avila TT, Souza DO (2005) Intracerebroventricular guanine-based purines protect against seizures induced by quinolinic acid in mice. Neurochem Res 30(1):69–73
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Lara DR, Schmidt AP, Frizzo ME, Burgos JS, Ramirez G, Souza DO (2001) Effect of orally administered guanosine on seizures and death induced by glutamatergic agents. Brain Res 912(2):176–180
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Schmidt AP, Paniz L, Schallenberger C, Bohmer AE, Wofchuk ST, Elisabetsky E, Portela LV, Souza DO (2010) Guanosine prevents thermal hyperalgesia in a rat model of peripheral mononeuropathy. Journal Pain 11(2):131–141. doi:10.1016/j.jpain.2009.06.010
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Hansel G, Tonon AC, Guella FL, Pettenuzzo LF, Duarte T, Duarte MM, Oses JP, Achaval M, Souza DO (2014) Guanosine Protects Against Cortical Focal Ischemia. Involvement of Inflammatory Response. Mol Neurobiol. doi:10.1007/s12035-014-8978-0
                        

	Hansel G, Ramos DB, Delgado CA, Souza DG, Almeida RF, Portela LV, Quincozes-Santos A, Souza DO (2014) The potential therapeutic effect of guanosine after cortical focal ischemia in rats. PLoS One 9(2), e90693. doi:10.1371/journal.pone.0090693
                        
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Connell BJ, Di Iorio P, Sayeed I, Ballerini P, Saleh MC, Giuliani P, Saleh TM, Rathbone MP, Su C, Jiang S (2013) Guanosine protects against reperfusion injury in rat brains after ischemic stroke. J Neurosci Res 91(2):262–272. doi:10.1002/jnr.23156
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Rathbone MP, Saleh TM, Connell BJ, Chang R, Su C, Worley B, Kim M, Jiang S (2011) Systemic administration of guanosine promotes functional and histological improvement following an ischemic stroke in rats. Brain Res 1407:79–89. doi:10.1016/j.brainres.2011.06.027
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Chang R, Algird A, Bau C, Rathbone MP, Jiang S (2008) Neuroprotective effects of guanosine on stroke models in vitro and in vivo. Neurosci Lett 431(2):101–105. doi:10.1016/j.neulet.2007.11.072
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Paniz LG, Calcagnotto ME, Pandolfo P, Machado DG, Santos GF, Hansel G, Almeida RF, Bruch RS, Brum LM, Torres FV, de Assis AM, Rico EP, Souza DO (2014) Neuroprotective effects of guanosine administration on behavioral, brain activity, neurochemical and redox parameters in a rat model of chronic hepatic encephalopathy. Metab Brain Dis 29(3):645–654. doi:10.1007/s11011-014-9548-x
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Traversa U, Bombi G, Di Iorio P, Ciccarelli R, Werstiuk ES, Rathbone MP (2002) Specific [(3)H]-guanosine binding sites in rat brain membranes. Br J Pharmacol 135(4):969–976. doi:10.1038/sj.bjp.0704542
                        
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Dal-Cim T, Ludka FK, Martins WC, Reginato C, Parada E, Egea J, Lopez MG, Tasca CI (2013) Guanosine controls inflammatory pathways to afford neuroprotection of hippocampal slices under oxygen and glucose deprivation conditions. J Neurochem 126(4):437–450. doi:10.1111/jnc.12324
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Jackson EK, Cheng D, Jackson TC, Verrier JD, Gillespie DG (2013) Extracellular guanosine regulates extracellular adenosine levels. Am J Physiol Cell Physiol 304(5):C406–C421. doi:10.1152/ajpcell.00212.2012
                        
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Jackson EK, Mi Z (2014) The guanosine-adenosine interaction exists in vivo. J Pharmacol Exp Ther 350(3):719–726. doi:10.1124/jpet.114.216978
                        
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Dal-Cim T, Molz S, Egea J, Parada E, Romero A, Budni J, Martin de Saavedra MD, del Barrio L, Tasca CI, Lopez MG (2012) Guanosine protects human neuroblastoma SH-SY5Y cells against mitochondrial oxidative stress by inducing heme oxigenase-1 via PI3K/Akt/GSK-3beta pathway. Neurochem Int 61(3):397–404. doi:10.1016/j.neuint.2012.05.021
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Di Iorio P, Kleywegt S, Ciccarelli R, Traversa U, Andrew CM, Crocker CE, Werstiuk ES, Rathbone MP (2002) Mechanisms of apoptosis induced by purine nucleosides in astrocytes. Glia 38(3):179–190. doi:10.1002/glia.10055
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Ipata PL, Camici M, Micheli V, Tozz MG (2011) Metabolic network of nucleosides in the brain. Curr Top Med Chem 11(8):909–922
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Micheli V, Camici M, Tozzi MG, Ipata PL, Sestini S, Bertelli M, Pompucci G (2011) Neurological disorders of purine and pyrimidine metabolism. Curr Top Med Chem 11(8):923–947
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Giuliani P, Ballerini P, Ciccarelli R, Buccella S, Romano S, D’Alimonte I, Poli A, Beraudi A, Pena E, Jiang S, Rathbone MP, Caciagli F, Di Iorio P (2012) Tissue distribution and metabolism of guanosine in rats following intraperitoneal injection. J Biol Regul Homeost Agents 26(1):51–65
PubMed 
    CAS 
    
                    Google Scholar 
                

	Jiang S, Fischione G, Giuliani P, Romano S, Caciagli F, Di Iorio P (2008) Metabolism and distribution of guanosine given intraperitoneally: implications for spinal cord injury. Nucleosides Nucleotides Nucleic Acids 27(6):673–680. doi:10.1080/15257770802143962
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Djupesland PG, Messina JC, Mahmoud RA (2014) The nasal approach to delivering treatment for brain diseases: an anatomic, physiologic, and delivery technology overview. Ther Deliv 5(6):709–733. doi:10.4155/tde.14.41
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Lochhead JJ, Thorne RG (2012) Intranasal delivery of biologics to the central nervous system. Adv Drug Deliv Rev 64(7):614–628. doi:10.1016/j.addr.2011.11.002
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Yu YP, Xu QQ, Zhang Q, Zhang WP, Zhang LH, Wei EQ (2005) Intranasal recombinant human erythropoietin protects rats against focal cerebral ischemia. Neurosci Lett 387(1):5–10. doi:10.1016/j.neulet.2005.07.008
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Fletcher L, Kohli S, Sprague SM, Scranton RA, Lipton SA, Parra A, Jimenez DF, Digicaylioglu M (2009) Intranasal delivery of erythropoietin plus insulin-like growth factor-I for acute neuroprotection in stroke. Laboratory investigation. J Neurosurg 111(1):164–170. doi:10.3171/2009.2.JNS081199
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Lee M, Bikram M, Oh S, Bull DA, Kim SW (2004) Sp1-dependent regulation of the RTP801 promoter and its application to hypoxia-inducible VEGF plasmid for ischemic disease. Pharm Res 21(5):736–741
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	de Vasconcelos Dos Santos A, da Costa RJ, Diaz Paredes B, Moraes L, Jasmin G-GA, Mendez-Otero R (2010) Therapeutic window for treatment of cortical ischemia with bone marrow-derived cells in rats. Brain Res 1306:149–158. doi:10.1016/j.brainres.2009.09.094
                        
Article 
    CAS 
    
                    Google Scholar 
                

	Tal MC, Sasai M, Lee HK, Yordy B, Shadel GS, Iwasaki A (2009) Absence of autophagy results in reactive oxygen species-dependent amplification of RLR signaling. Proc Natl Acad Sci U S A 106(8):2770–2775. doi:10.1073/pnas.0807694106
                        
Article 
    PubMed 
    PubMed Central 
    
                    Google Scholar 
                

	Chavanpatil MD, Vavia PR (2004) The influence of absorption enhancers on nasal absorption of acyclovir. Eur J Pharm Biopharm 57(3):483–487. doi:10.1016/j.ejpb.2004.01.001
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Yang Z, Huang Y, Gan G, Sawchuk RJ (2005) Microdialysis evaluation of the brain distribution of stavudine following intranasal and intravenous administration to rats. J Pharm Sci 94(7):1577–1588. doi:10.1002/jps.20334
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Genter MB, Krishan M, Augustine LM, Cherrington NJ (2010) Drug transporter expression and localization in rat nasal respiratory and olfactory mucosa and olfactory bulb. Drug Metab Dispos 38(10):1644–1647. doi:10.1124/dmd.110.034611
                        
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Falcone JA, Salameh TS, Yi X, Cordy BJ, Mortell WG, Kabanov AV, Banks WA (2014) Intranasal administration as a route for drug delivery to the brain: evidence for a unique pathway for albumin. J Pharmacol Exp Ther 351(1):54–60. doi:10.1124/jpet.114.216705
                        
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Dhuria SV, Hanson LR, Frey WH 2nd (2009) Intranasal drug targeting of hypocretin-1 (orexin-A) to the central nervous system. J Pharm Sci 98(7):2501–2515. doi:10.1002/jps.21604
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Schmidt AP, Bohmer AE, Schallenberger C, Antunes C, Tavares RG, Wofchuk ST, Elisabetsky E, Souza DO (2010) Mechanisms involved in the antinociception induced by systemic administration of guanosine in mice. Br J Pharmacol 159(6):1247–1263. doi:10.1111/j.1476-5381.2009.00597.x
                        
Article 
    PubMed 
    PubMed Central 
    CAS 
    
                    Google Scholar 
                

	Balami JS, Hadley G, Sutherland BA, Karbalai H, Buchan AM (2013) The exact science of stroke thrombolysis and the quiet art of patient selection. Brain 136(Pt 12):3528–3553. doi:10.1093/brain/awt201
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Moretti A, Ferrari F, Villa RF (2015) Neuroprotection for ischaemic stroke: current status and challenges. Pharmacol Ther 146:23–34. doi:10.1016/j.pharmthera.2014.09.003
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                

	Kramer M, Dang J, Baertling F, Denecke B, Clarner T, Kirsch C, Beyer C, Kipp M (2010) TTC staining of damaged brain areas after MCA occlusion in the rat does not constrict quantitative gene and protein analyses. J Neurosci Methods 187(1):84–89. doi:10.1016/j.jneumeth.2009.12.020
                        
Article 
    PubMed 
    
                    Google Scholar 
                

	Lo EH (2008) A new penumbra: transitioning from injury into repair after stroke. Nat Med 14(5):497–500. doi:10.1038/nm1735
                        
Article 
    PubMed 
    CAS 
    
                    Google Scholar 
                


Download references




Acknowledgments
This work was supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq), Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES), Fundação de Amparo à Pesquisa do Estado do Rio Grande do Sul (FAPERGS), Financiadora de Estudos e Projetos (FINEP) - IBN.Net 01.06.0842-00, and Instituto Nacional de Ciência e Tecnologia para Excitotoxicidade e Neuroproteção (INCTEN).


Author information
Authors and Affiliations
	Departamento de Bioquímica, Instituto de Ciências Básicas da Saúde, Universidade Federal do Rio Grande do Sul, Rua Ramiro Barcelos, 2600 – anexo, Santana, 90035-003, Porto Alegre, RS, Brazil
Denise Barbosa Ramos, Gabriel Cardozo Muller, Guilherme Botter Maio Rocha, Gustavo Hirata Dellavia, Roberto Farina Almeida, Leticia Ferreira Pettenuzzo, Samanta Oliveira Loureiro, Gisele Hansel, Diogo Onofre Souza & Marcelo Ganzella

	Instituto Federal de Educação, Ciência e Tecnologia do Rio Grande do Sul, IFRS, Campus Porto Alegre, Rua Ramiro Barcelos, 2777, Santana, 90035-007, Porto Alegre, RS, Brazil
Ângelo Cássio Magalhães Horn

	Now at: Neurobiology Department, Max Planck Institute for Biophysical Chemistry, Am Fassberg 11, 37077, Göttingen, Germany
Marcelo Ganzella


Authors	Denise Barbosa RamosView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gabriel Cardozo MullerView author publications
You can also search for this author in
                        PubMed Google Scholar



	Guilherme Botter Maio RochaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gustavo Hirata DellaviaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Roberto Farina AlmeidaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Leticia Ferreira PettenuzzoView author publications
You can also search for this author in
                        PubMed Google Scholar



	Samanta Oliveira LoureiroView author publications
You can also search for this author in
                        PubMed Google Scholar



	Gisele HanselView author publications
You can also search for this author in
                        PubMed Google Scholar



	Ângelo Cássio Magalhães HornView author publications
You can also search for this author in
                        PubMed Google Scholar



	Diogo Onofre SouzaView author publications
You can also search for this author in
                        PubMed Google Scholar



	Marcelo GanzellaView author publications
You can also search for this author in
                        PubMed Google Scholar





Corresponding author
Correspondence to
                Marcelo Ganzella.


Ethics declarations

              
              
                Conflict of interest

                The authors declare no conflict of interest.

              
              
                Authors’ contributions

                Author contributions: D.B.R., G.C.M., S.O.L., D.O.S., and M.G. designed research; D.B.R., G.C.M., G.B.M.R., G.H.D., R.F.A., L.F.P., G.H., A.C.M.H., S.O.L., and M.G. performed research; L.F.P., A.C.M.H., D.O.S. and M.G. contributed new reagents/analytic tools; D.B.R., G.C.M., G.B.M.R., R.F.A., L.F.P., G.H., A.C.M.H., S.O.L., D.O.S., and M.G. analyzed data; and D.B.R., G.C.M., S.O.L., D.O.S., and M.G. wrote the paper.

              
            

Additional information
Denise Barbosa Ramos and Gabriel Cardozo Muller contributed equally as first authors.


Electronic supplementary material

Below is the link to the electronic supplementary material.
                           
                           
                           
                           
                           
                           
                           
                        
ESM 1
(TIF 766 kb)


ESM 2
(XLSX 14 kb)


ESM 3
(XLSX 12 kb)


ESM 4
(XLSX 13 kb)


ESM 5
(XLSX 11 kb)


ESM 6
(XLSX 12 kb)


ESM 7
(XLSX 9 kb)


ESM 8
(XLSX 9 kb)





Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Ramos, D.B., Muller, G.C., Rocha, G.B.M. et al. Intranasal guanosine administration presents a wide therapeutic time window to reduce brain damage induced by permanent ischemia in rats.
                    Purinergic Signalling 12, 149–159 (2016). https://doi.org/10.1007/s11302-015-9489-9
Download citation
	Received: 20 August 2015

	Accepted: 10 December 2015

	Published: 23 December 2015

	Issue Date: March 2016

	DOI: https://doi.org/10.1007/s11302-015-9489-9


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        


Keywords
	Guanosine
	Intranasal
	Purines
	Ischemia
	Neuroprotection








                    
                

            

            
                
                    

                    
                        
                            
    

                        

                    

                    
                        
                    


                    
                        
                            
                                
                            

                            
                                
                                    
                                        Access this article


                                        
                                            
                                                
                                                    
                                                        Log in via an institution
                                                        
                                                            
                                                        
                                                    
                                                

                                            
                                        

                                        
                                            
 
 
  
   
    
     
     
      Buy article PDF USD 39.95
     

    

    Price excludes VAT (USA)

     Tax calculation will be finalised during checkout.

    Instant access to the full article PDF.

   

  

  
 

 
  
   
    Rent this article via DeepDyve
     
      
     

   

  

  
 


                                        

                                        
                                            Institutional subscriptions
                                                
                                                    
                                                
                                            

                                        

                                    

                                
                            

                            
                                
    
        Advertisement

        
        

    






                            

                            

                            

                        

                    

                
            

        

    
    
    


    
        
            Search

            
                
                    
                        Search by keyword or author
                        
                            
                            
                                
                                    
                                
                                Search
                            
                        

                    

                
            

        

    



    
        Navigation

        	
                    
                        Find a journal
                    
                
	
                    
                        Publish with us
                    
                
	
                    
                        Track your research
                    
                


    


    
	
		
			
			
	
		
			
			
				Discover content

					Journals A-Z
	Books A-Z


			

			
			
				Publish with us

					Publish your research
	Open access publishing


			

			
			
				Products and services

					Our products
	Librarians
	Societies
	Partners and advertisers


			

			
			
				Our imprints

					Springer
	Nature Portfolio
	BMC
	Palgrave Macmillan
	Apress


			

			
		

	



		
		
		
	
		
				
						
						
							Your privacy choices/Manage cookies
						
					
	
						
							Your US state privacy rights
						
						
					
	
						
							Accessibility statement
						
						
					
	
						
							Terms and conditions
						
						
					
	
						
							Privacy policy
						
						
					
	
						
							Help and support
						
						
					


		
	
	
		
			
				
					
					54.224.48.42
				

				Not affiliated

			

		
	
	
		
			
		
	
	© 2024 Springer Nature




	






    