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  Abstract   Alcohol misuse and addiction is a worldwide problem causing enormous 
individual suffering as well as  fi nancial costs for the society. To develop pharmaco-
logical means to reduce suffering, we need to understand the mechanisms underly-
ing the effects of ethanol in the brain. Ethanol is known to increase extracellular 
levels of both dopamine and taurine in the nucleus accumbens (nAc), a part of the 
brain reward system, but the two events have not been connected. In previous stud-
ies we have demonstrated that glycine receptors in the nAc are involved in modulat-
ing both basal- and ethanol-induced dopamine output in the same brain region. By 
means of in vivo microdialysis in freely moving rats we here demonstrate that the 
endogenous glycine receptor ligand taurine mimics ethanol in activating the brain 
reward system. Furthermore, administration of systemic ethanol diluted in an iso-
tonic (0.9% NaCl) or hypertonic (3.6% NaCl) saline solution was investigated with 
respect to extracellular levels of taurine and dopamine in the nAc. We found that 
ethanol given in a hypertonic solution, contrary to an isotonic solution, failed to 
increase concentrations of both taurine and dopamine in the nAc. However, a mod-
est, non-dopamine elevating concentration of taurine in the nAc disclosed a dop-
amine elevating effect of systemic ethanol also when given in a hypertonic solution. 
We conclude that the elevations of taurine and dopamine in the nAc are closely 
related and that in order for ethanol to induce dopamine release, a simultaneous 
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increase of extracellular taurine levels in the nAc is required. These data also  provide 
support for the notion that the nAc is the primary target for ethanol in its dopamine-
activating effect after systemic administration and that taurine is a prominent par-
ticipant in activating the brain reward system.  

  Abbreviations  

  nAc    Nucleus accumbens   
  GlyR    Glycine receptor   
  VTA    Ventral tegmental area   
  nAChR    Nicotinic acetylcholine receptor   
  DA    Dopamine         

    18.1   Introduction 

 Alcoholism is a worldwide chronic disease causing enormous individual suffering as well 
as socioeconomic costs. The underlying mechanism for development of this disabling 
disease remains unknown, which is why it is of great importance to study the actions of 
alcohol in the brain in order to  fi nd potential new targets for treating alcohol addiction. 

 Alcohol, as well as other drugs of abuse, activates the mesolimbic dopamine 
(DA) system, a central part of the brain reward system, resulting in increased DA 
release in the nucleus accumbens (nAc) (DiChiara and Imperato  1988 ; Wise and 
Rompre  1989 ; Drevets et al.  1999 ; Boileau et al.  2003  ) , which has been associated 
with the reinforcing properties of the drugs. In a series of studies we have demon-
strated that glycine receptors (GlyR) located in the nAc are involved in modulating 
both basal- and ethanol-induced dopamine output in the same brain region (Molander 
and Söderpalm  2005a,   b  ) . We found that ethanol as well as glycine increased DA in 
the nAc and that this is executed in a GlyR-dependent manner. These effects are not 
local but involve activation of nicotinic acetylcholine receptors (nAChRs) in the 
ventral tegmental area (VTA), possibly due to inhibition of GABAergic projection 
neurons modulating acetylcholine release in the VTA (Ericson et al.  2003 ; Larsson 
et al.  2005 ; for review see Söderpalm et al.  2009  ) . 

 Besides glycine there are several amino acids with af fi nity for the GlyR (Pan and 
Slaughter  1995  ) . Taurine has been demonstrated to act as an agonist or a partial ago-
nist at the GlyR and has been attributed inhibitory, neuromodulatory, neuroprotectant 
and osmoregulatory properties, to mention a few (Huxtable  1989 ;  1992 ; Saransaari 
and Oja  2000 ; Olive  2002  ) . Interestingly, taurine levels in the nAc increase after 
systemic and local ethanol administration (De Witte et al.  1994 ; Dahchour et al. 
 1996 ; Adermark et al.  2011  ) , an increase that is reduced and abolished by increased 
osmolarity of the ethanol solution (Quertemont et al.  2003  ) . Taurine administration 
also decreases ethanol intake and alters ethanol aversion (Quertemont et al.  1998  ) . 
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In addition, chronic ethanol administration decreases taurine levels in the whole 
brain, an effect that returns to normal upon ethanol withdrawal (Iwata et al.  1980  ) . 
Whether ethanol-induced taurine and dopamine release are connected events or sepa-
rate from each other has not been determined. 

 In the present study we aimed to explore whether taurine per se can in fl uence DA 
output and if manipulation of the ethanol-induced elevation of extracellular taurine lev-
els in fl uences the DA output after ethanol administration. To this end we used in vivo 
microdialysis in freely moving Wistar rats while monitoring both DA and taurine.  

    18.2   Methods 

    18.2.1   In Vivo Microdialysis 

 Male Wistar rats were implanted with a custom made I-shaped dialysis probe in the 
nAc alone or in combination with a probe in the VTA, as previously described (Lidö 
et al.  2009  ) . Two days after surgery the sealed inlet and outlet of the probes were cut 
open and connected to a microperfusion pump via a swivel allowing the animal to 
move around freely. The probes were perfused with Ringer solution at a rate of 2  m l/
min and dialysate samples (40  m l) were collected every 20 min. The rats were per-
fused with Ringer solution for 1 h in order to obtain a balanced  fl uid exchange 
before baseline sampling began. Dopamine and taurine were analyzed in the dialy-
sis samples by means of HPLC as previously described (Lidö et al.  2009  ) . Animals 
were sacri fi ced directly after the experiment, brains were removed, and probe place-
ments were veri fi ed using a vibroslicer. Only rats with correctly placed dialysis 
probes were included in statistical analysis.  

    18.2.2   Experimental Design 

 In the  fi rst set of experiments rats were perfused with vehicle (Ringer) or taurine (1, 
10, or 100 mM) via reversed dialysis in the nAc. Following this the rats received 
pretreatment with either the GlyR antagonist strychnine (2  m M perfused in the nAc) 
or the nAChR antagonist mecamylamine (100  m M perfused in the VTA) before 
administration of 10 mM taurine via the nAc dialysis probe. Extracellular levels of 
DA were monitored in the nAc for 3 h after drug administration. 

 In the second set of experiments four groups of drug naïve rats received an acute 
injection of 0.9% NaCl (i.p.), 3.6% NaCl (i.p.), ethanol 2.5 g/kg diluted in 0.9% NaCl 
(i.p.), or ethanol 2.5 g/kg diluted in 3.6% NaCl (i.p.). Half of the animals in each group 
received the addition of 50  m M taurine in the perfusate (nAc) at the time of injection. 
Extracellular levels of DA and taurine were monitored in the nAc for 3 h after the sys-
temic injection.  
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    18.2.3   Statistical Analysis 

 Data were statistically evaluated using Student’s  t -test or a one-way ANOVA 
 followed by Fishers PLSD. A probability value ( P ) less than 0.05 were considered 
statistically signi fi cant. All values are expressed as means ± SEM.   

    18.3   Results 

    18.3.1   Taurine Mimics the Dopamine Elevating Properties 
of Ethanol 

 In the  fi rst study, where different concentrations of taurine were administered into 
the nAc by reversed microdialysis, the two higher concentrations (10 or 100 mM in 
the perfusate) increased nAc DA output while the low dose (1 mM) had no effect. 
The medium concentration, 10 mM, elevated DA in a pattern similar to ethanol over 
the 3 h of measuring, which is why this concentration was selected for further stud-
ies (Fig.  18.1 ).  

 Administration of the GlyR antagonist strychnine (2  m M locally in the nAc) 
alone did not in fl uence the DA levels. However, strychnine perfusion 40 min prior to 
co-perfusion with taurine (10 mM in the nAc) completely abolished the DA elevating 
effects of taurine, just as previously demonstrated with ethanol (Ericson et al.  2003  ) . 
Also in line with studies on the DA elevating effects of ethanol, administration of the 
nAChR antagonist mecamylamine (100  m M locally in the VTA) prevented taurine 
(10 mM in the nAc) from increasing accumbal DA levels (Fig.  18.1 ).  

    18.3.2   Ethanol, Dopamine, and the Necessity of Taurine 

 In the second set of experiments, we explored the extracellular DA as well as taurine 
response to ethanol when administered in a normal (0.9%) or hypertonic (3.6%) 
saline solution. In line with the  fi ndings from Quertemont et al.  (  2003  ) , we found 
that ethanol diluted in a hypertonic saline solution (3.6%) completely prevented the 
ethanol-induced increase of taurine 40 min after the administration, whereas sys-
temic ethanol diluted in an isotonic saline solution (0.9%) elevated the extracellular 
levels of taurine by approximately 50%. None of the saline solutions in fl uenced the 
taurine levels per se (Fig.  18.2a ). Furthermore, concomitant measurement of DA in 
the same samples revealed an ethanol-induced DA response similar to that of  taurine. 
Ethanol diluted in a hypertonic saline solution was unable to increase DA output in 
the nAc, whereas when administered in an isotonic saline solution ethanol produced 
the expected increase (Fig.  18.2b ).  

 In a  fi nal set of rats we added a small amount of taurine (50  m M in the nAc per-
fusate), unable to in fl uence DA per se, at the time of the systemic injection (saline 
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or ethanol). The addition of taurine completely restored ethanol’s ability to increase 
DA when administered in a hypertonic (3.6%) saline solution (Fig.  18.3b ). However, 
the small amount of taurine did not in fl uence DA levels observed after administra-
tion of ethanol in normal (0.9%) saline solution (Fig.  18.3a ).    

    18.4   Discussion 

 In the present study we found that taurine increases DA in the mesolimbic DA  system, 
a part of the brain reward pathway. More speci fi cally, taurine elevated DA levels in 
the nAc, a phenomenon that has been linked to positive reinforcement and perhaps 
also to the development of addiction (Koob  1992 ; Spanagel  2009  ) . Since ethanol is 
known to produce enhanced extracellular levels of both taurine and DA it is interest-
ing to note that taurine on its own can raise DA levels. Further studies demonstrated 
that taurine appears to use the same mechanisms as ethanol to in fl uence DA, since, 
as with ethanol, pretreatment with either strychnine in the nAc or mecamylamine in 
the VTA completely abolished both ethanol- and taurine-induced elevations of DA. 

 In a series of studies we have previously demonstrated the importance of both 
accumbal GlyRs and ventral tegmental nAChRs for the reinforcing and DA elevating 
effects of ethanol. Based on these studies we have suggested that ethanol in fl uences 
DA via a neuronal nAc-VTA-nAc circuitry (Söderpalm et al.  2009  )  and the data 
presented here suggest that taurine exerts is effect on DA via the same mechanism. 

  Fig. 18.1    Effect of taurine (10 mM) or vehicle (Ringer) administration on extracellular dopamine 
levels in the nucleus accumbens 40 min after initiation of taurine/vehicle administration as mea-
sured by in vivo microdialysis. The rats received no pretreatment (Ringer), 40 min pretreatment 
with the glycine receptor antagonist strychnine (2  m M perfused locally in the nAc) or 40 min pre-
treatment with the nAChR antagonist mecamylamine (100  m M perfused locally in the VTA). 
Taurine increased dopamine levels, an effect that was prevented by both accumbal strychnine treat-
ment and ventral tegmental mecamylamine treatment. Data are presented as means ± SEM, 
 n  = 8–12       
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 An interesting study by Quertemont et al.  (  2003  )  demonstrated that the ethanol-
induced increase in taurine levels could be modi fi ed by altering the osmolarity of 
the saline solution that ethanol was diluted in. Here we repeated this  fi nding and 
found a similar phenomenon for taurine and DA when concomitantly measured in 
the same animal. Several studies have demonstrated the osmoregulatory properties 
of taurine, where, for example, a change in the sodium milieu surrounding the cells 
greatly in fl uences taurine release (Korpi and Oja  1983  ) . Ethanol has also been 
shown to induce cell swelling in astrocytes, which leads to an increased release of 
taurine into the extracellular space (Kimelberg et al.  1993 ; Allansson et al.  2001  ) . In 
fact, a recent study found that inhibition of ethanol-induced astrocyte cell swelling 
also prevents the increase in microdialysate concentration of taurine and DA induced 
by local administration of ethanol in the nAc (Adermark et al.  2011  ) . It is thus pos-
sible that taurine is released in response to ethanol-mediated cell swelling, and that 
this swelling is counterbalanced when ethanol is administered in a hyperosmotic 
solution. However, it could also be speculated that the administration of high 

  Fig. 18.2    Effect of a systemic injection (i.p.) of 0.9% NaCl, 3.6% NaCl, ethanol (2.5 g/kg) diluted 
in 0.9% NaCl or ethanol (2.5 g/kg) diluted in 3.6% NaCl on extracellular ( a ) taurine levels or 
( b ) dopamine levels in the nucleus accumbens 40 min after the systemic injection. Administration 
of ethanol in a hypertonic saline solution prevented the drug from increasing both taurine and 
dopamine. Data are presented as means ± SEM,  n  = 6–12 and were detected by using in vivo 
microdialysis in freely moving Wistar rats       
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amounts of sodium disrupts neurotransmission in general, leaving, e.g., the cells 
unable to release taurine and/or DA or compromising the GlyR previously shown to 
be involved in the DA releasing effect of ethanol. To address this issue we mimicked 
the taurine elevation normally induced by ethanol by perfusing a relatively low 
concentration of taurine in the nAc concomitantly with systemic administration of 
the hypertonic ethanol solution. The addition of the inert amount of taurine appeared 
to be the missing component for ethanol to produce the elevation of DA. Overall, 
these results demonstrate that the hypertonic solution does not compromise mecha-
nisms involved in DA release and indicate that GlyR function is intact under these 
conditions. Since the concentration of taurine used did not in fl uence DA release per 
se the results moreover suggest that a concomitant rise in ethanol and taurine con-
centrations is required in order to obtain DA release after ethanol and that the two 
substances act in synergy at GlyRs in the nAc. It should be noted that taurine also 
can act as a ligand at GABA 

A
  receptors, and thus modulate DA output by in fl uencing 

GABAergic neurotransmission in the nAc. However, taurine-induced currents in 
medium spiny neurons are only partially depressed by the GABA 

A
  receptor antago-

nist gabazine indicating that taurine primarily affect neurotransmission in the nAc 
by interacting with GlyR (Sergeeva and Haas  2001  ) . 

 These results also may have implications for the debate concerning the site of 
action of ethanol in its DA activating and reinforcing effects. Based on pharmaco-
logical in vivo studies using microdialysis with or without concomitant monitoring 

  Fig. 18.3    Administration of vehicle (NaCl i.p.), taurine (50  m M perfused locally in the nAc), 
 ethanol (2.5 g/kg i.p.), or the combination of taurine and ethanol using ( a ) normal saline solution 
(0.9% NaCl) or ( b ) hypertonic saline solution (3.6% NaCl) measuring nucleus accumbens dop-
amine levels by means of in vivo microdialysis in male Wistar rats. Data are presented as 
means ± SEM,  n  = 6–8, 40 min after the systemic injection       
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of systemic ethanol intake, we have suggested that the primary site of action is in the 
nAc (cf. Söderpalm et al.  2009  ) , whereas other investigators, based mainly on 
in vitro studies and on studies of intracerebral self-administration of ethanol argue 
that the VTA is the important site in this respect (Brodie et al.  1999 ; McBride et al. 
 1999  ) . The present  fi nding that local perfusion of an inert concentration of taurine 
in the nAc completely rescues the DA activating effect of systemic ethanol shows 
that an ethanol-induced event, i.e., taurine elevation, in this particular area in com-
bination with ethanol itself is extremely important, and, again, points to GlyR in the 
nAc as the primary site of action for ethanol in this context. The alternative, more 
far-fetched interpretation would be that a concomitant elevation of taurine in the 
nAc is a prerequisite for obtaining DA release after some ethanol interaction in the 
VTA, but this alternative, if true, would still require ethanol-induced taurine release 
in the nAc.  

    18.5   Conclusion 

 Taurine has the ability to increase DA output in the nAc on its own, via mechanisms 
similar to ethanol. In addition it appears that in order for systemic ethanol to increase 
DA in the nAc, a phenomenon that has been related to the reinforcing properties of 
the drug, a concomitant extracellular increase of accumbal taurine is required. The 
studies presented here suggest that taurine could be a target for development of new 
pharmacotherapies against alcoholism.      
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