
 

 

 

 

ABSTRACT 
 

 To Giveth and Taketh Away:  Determination of Taurine’s Protective Role During 
Ethanol Withdrawal Through Supplementation and Depletion Paradigms. 

 
André W. Zalud, Ph.D. 

 
Mentor:  Jaime L. Diaz-Granados, Ph.D. 

 
 
 The β-amino acid taurine, whose primary physiological roles involve 

osmoregulation and calcium modulation, exists as one of the most concentrated amino 

acids in the mammalian brain.  As a neuroinhibitor and neuromodulator, taurine may 

provide a unique therapeutic approach in reducing the aversive symptoms of ethanol 

withdrawal that often promote further ethanol abuse.  Taurine’s properties could 

efficiently defend sensitive neural tissues from disturbances of osmolarity and 

excitability, which typically manifest during episodes of ethanol withdrawal.  This 

investigation examined taurine’s influence on ethanol withdrawal by testing the effects of 

both taurine treatment and taurine depletion on withdrawal-related convulsions, as well as 

associated neurochemical alterations in brain tissue.  Results showed that taurine, 

administered during ethanol withdrawal, significantly reduced overall withdrawal 

severity in adult male C3H/HeJ mice.  Conversely, significantly reduced tissue taurine 

levels, achieved via the taurine uptake inhibitor guanidinoethane sulfonate (GES), 

exacerbated the severity of ethanol withdrawal.  Analysis of extracted tissues (pituitary, 



supraoptic nucleus of the hypothalamus, and hippocampus) suggests that taurine’s 

capacity to reduce withdrawal-related convulsions may result from an attenuated release 

of arginine vasopressin from both the pituitary and supraoptic nucleus.  During ethanol 

withdrawal, conditions of over-hydration can lead to lower hippocampal osmolarities, 

which itself can produce hyperexcitable states.  By inhibiting over-activated vasopressin 

outflow during withdrawal, taurine seemingly prevents systemic osmotic disruptions that 

would otherwise disturb osmolarities within sensitive hippocampal tissues.  During 

ethanol withdrawal, treatment with exogenous taurine provides a significant reduction in 

withdrawal severity and may facilitate the recovery from alcoholism.  Given that the 

current findings also reveal that taurine depletion severely aggravates the severity of 

ethanol withdrawal, both behaviorally and biochemically, alcohol recovery programs 

should consider the potential therapeutic benefits of taurine supplementation in treatment 

regimens.    
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CHAPTER ONE 
 

Introduction 
 
 

 Chronic ethanol (EtOH) intoxication can provoke pervasive neurochemical 

changes that often facilitate increasing, cyclic patterns of abuse (Ballenger and Post, 

1978; Becker et al., 1997, 1998).  Researchers characterize EtOH-mediated disruptions in 

glutamate pharmacology (Gatch and Lal, 2001; Tsai and Coyle, 1998) and 

osmoregulation (Aschner et al., 2001; Collins et al., 1998; Eisenhofer et al., 1985) as 

significant facilitators of associated withdrawal pathophysiologies, such as 

hyperexcitability, seizures, and anxiety.  The aversive conditions experienced by 

alcoholics, during periods of EtOH withdrawal, most likely promote further episodes of 

EtOH abuse as a means of abolishing withdrawal-related symptoms.  Alcohol researchers 

continue to explore possible therapeutics that might lower the probability of relapse by 

reducing withdrawal excitability.  However, no efforts, thus far, have offered treatment 

approaches that address the disruptions in both osmoregulation and neural excitability 

that result from prolonged EtOH intake.   

 Nearly all cells throughout the mammalian central nervous system (CNS) 

maintain appreciable concentrations of the sulfonic β-amino acid taurine (2-

aminoethanesulfonate) (Huxtable, 1989; Palkovits et al., 1986).  Taurine’s prominent role 

in osmoregulation, calcium modulation, and antioxidation (Huxtable, 1992), as well as its 

notable responsiveness during chronic EtOH exposures (Allen et al., 2002; Aschner et 

al., 2001) and periods of EtOH withdrawal (Dahchour and De Witte, 2002), suggests that 

it may offset alterations induced by EtOH.  In fact, investigators report that taurine 
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treatment ameliorates elevated extracellular glutamate during chronic EtOH withdrawal 

episodes (Dahchour and De Witte, 1999); with recent studies (Zalud et al., 2007) 

showing significantly reduced EtOH withdrawal severity in male C3H mice treated with 

taurine, as compared to saline-treated control animals.   

 The hypothalamic supraoptic nucleus, known to synthesize and secrete the 

nonapeptide arginine vasopressin, appears particularly sensitive to the effects of EtOH 

exposure (Madeira et al., 1993).  However, taurine’s high concentration (Miyata et al., 

1997) and responsiveness to osmolar fluctuations in the supraoptic nucleus (Deleuze et 

al., 1998; Hussy et al., 1997; Miyata et al., 1997) may serve as a viable defensive 

mechanism against withdrawal pathologies that originate from within this region (Collins 

et al., 1998; Eisenhofer et al., 1985; Rigter et al., 1980).  Administration of exogenous 

taurine, acting at the point of initial vasopressin disruption (hypothalamus / pituitary), 

may potentially offer significant prophylactic advantages over other therapeutic 

approaches.  Taurine’s possible amelioration of EtOH-provoked changes in vasopressin 

regulation, during either intoxication or withdrawal periods, could prevent significant 

physiological abnormalities that result from inappropriate vasopressinergic signaling; 

such as enhanced hypothalamic-pituitary-adrenal (HPA) stress axis activation (Aguilera 

and Rabadan-Diehl, 2000) and overhydration-related hyperexcitability (Saly and Andrew, 

1993; Somjen, 1999).  More importantly, by effectively targeting those regulatory tissues 

(hypothalamus / pituitary) that succumb early to EtOH-elicited disturbances, taurine 

treatment could indirectly block downstream alterations in tissues whose membrane 

excitability becomes unstable under abrupt osmotic changes. 
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Specific Aim One 

 In the current investigation, the overarching hypothesis contends that taurine 

treatment will attenuate withdrawal severity by counteracting EtOH-induced excitability 

and/or osmotic dysregulation.  Alleviating some of the aversive conditions associated 

with EtOH withdrawal would demonstrate the potential for taurine treatment in lowering 

the probability of subsequent EtOH abuse.  Experiments, reported here, evaluated the 

attenuating effect of taurine administration, as well as the consequences of taurine 

depletion, on EtOH withdrawal severity.  In addition, quantitative analysis of pituitary, 

hypothalamic, and hippocampal tissues attempted to characterize possible mechanisms 

that underlie these effects.   

Specific Aim Two 

 Since a significant portion of EtOH-mediated pathologies potentially originate 

from within hypothalamic and/or pituitary regions, enhancing taurine concentrations 

within these tissues (via exogenous treatment) could stabilize EtOH-provoked changes in 

vasopressin synthesis / secretion, thereby preventing the aversive withdrawal-related 

symptoms attributed to disruptions in normal vasopressin signaling.  Via quantitative 

analysis of tissue vasopressin content, this investigation tested taurine’s influence over 

hypothalamic and hypophysial vasopressin homeostasis, during conditions of chronic 

EtOH intoxication and withdrawal.   

Specific Aim Three 

 The potential outcome of taurine treatment to offset EtOH-induced vasopressin 

disruptions in the hypothalamus and/or pituitary may relate to a reduction in excitability, 

within the osmosensitive hippocampus.  The current investigation evaluated such a 
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contention by assessing whether taurine’s modulation of vasopressin homeostasis 

influences withdrawal-associated changes in hippocampal amino acid content, 

corresponding to related seizure activity.    

Background and Significance 

 Taurine, whose primary physiological roles involve osmoregulation, calcium 

modulation, and antioxidation (Huxtable, 1992), exists as one of the most concentrated 

amino acids in the mammalian brain, with levels in the adult brain slightly less than those 

of glutamate (Hayes and Sturman, 1981).  However, within specific CNS tissues, large 

accumulations of taurine, especially in discrete limbic structures, such as the 

hypothalamus, pituitary (Decavel and Hatton, 1995; Miyata et al., 1997; Vellan et al., 

1970), and the hippocampus (Saransaari and Oja, 1997), suggest that taurine may in fact 

provide distinctive neural functions.  Specifically within the nervous system, taurine 

functions as a neuroinhibitor (Huxtable, 1989; Yasunami et al., 1988), a neuroprotector 

(Chen et al., 2001; El Idrissi and Trenkner, 1999) and as an efficient regulator of fluid 

homeostasis (Franco et al., 2000; Pasantes-Morales et al., 2000).  The osmoregulatory 

function of taurine (Beetsch and Olson, 1998; Guizouarn et al., 2000; Hussy et al. 1997, 

2001; Mongin et al., 1999; Pearlman and Goldstein, 1999) would likely protect neural 

cells from the significant osmotic disruptions induced by both acute (Carney et al., 1995; 

Kanli and Terreros, 1990; Nikodémová et al., 1997; Taivainen et al., 1995) and chronic 

EtOH intoxication (Collins et al., 1998; Eisenhofer et al., 1985; Harding et al., 1996; 

Lambie et al., 1985; Madeira et al., 1993; Mander et al., 1988).  In addition, based upon 

taurine’s reported suppression of glutamate-induced Ca2+ overloads within cells of the 

cerebellum (Chen et al., 2001; El Idrissi and Trenkner, 1999) and hippocampus (Zhao et 
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al., 1999), as well as its concomitant release with glutamate in a multitude of neural 

regions, such as the striatum (Bland et al., 1999; del Arco et al., 1999, 2000), cerebral 

cortex (Ferraz et al., 2002), and hippocampus (Menéndez et al., 1990; Patterson et al., 

1996; Wilson et al., 1996), this amino acid may also prove beneficial in reducing the 

excitotoxicity / hyperexcitability of glutamate overactivation induced by EtOH 

withdrawal (Aschner et al., 2001; Dahchour and De Witte, 1999, 2002; Rossetti et al., 

1995, 1999; Ward et al., 1999).  In addition, taurine may further attenuate this excitability 

through its well-established agonistic activation of two primary inhibitory receptors, 

ionotropic GABA receptors (GABAAR) (del Olmo et al., 2000; Hussy et al., 1997; 

McCool and Botting, 2000; Quinn and Harris, 1995) and glycine receptors (GlyR) (Flint 

et al., 1998; Han et al., 2001; Hussy et al., 2001; Jan et al., 2001; Laube et al., 2000; 

Schmieden et al., 1999; Sergeeva and Haas, 2001; Vafa et al., 1999).  Given the wealth 

of information that clearly indicates taurine’s pertinence in neurobiological functions, it 

seems rather plausible that taurine could protect susceptible neural tissues from EtOH-

associated pathologies; ameliorating the negative effects of EtOH intake and withdrawal, 

which arise largely from alterations in neural transmission and/or osmotic homeostasis.   

 By testing two distinct taurine paradigms (administration and depletion), this  

investigation attempts to demonstrate taurine’s significant role in counteracting EtOH-

induced disturbances in neurochemical / neuroendocrine homeostasis and withdrawal-

related excitability.  Since endogenous taurine release likely activates nearby inhibitory 

receptors, taurine treatment during EtOH withdrawal would primarily characterize 

taurine’s protective effects as a neuropharmacological component, described as the 

Neuroinhibitory Model.  Furthermore, a depletion treatment regimen, employing the use 
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of the specific taurine transporter inhibitor, guanidinoethane sulfonate (GES), can provide 

additional insight into the relative contribution of taurine as a protective countermeasure 

against EtOH-induced disruptions, in the Depletion Model approach.  Reduced 

intracellular taurine pools would likely diminish any potential effects of endogenous 

taurine on chronic EtOH withdrawal-related pathologies.  In contrast to the previous 

model, this approach rather attempts to demonstrate an exacerbation of EtOH-withdrawal 

severity, as a consequence of insufficient taurine levels.   

Physiological Response of Taurine to EtOH Exposure 

 Taurine’s modulation of both osmolarity and glutamate-induced excitability 

makes this amino acid a promising therapeutic agent for countering EtOH-induced 

pathologies, especially within highly osmosensitive neural tissues.  Taurine-associated 

mechanisms, during specific stages of EtOH intoxication, may represent protective 

responses of neural cells to the toxic effects produced by EtOH.  Moreover, adaptive 

mechanisms, employed by neural cells to counter the secondary effects of EtOH exposure 

(i.e.- dehydration, hyperexcitability), may in fact reveal a concerted association between 

taurine and EtOH. 

   In vivo measurements, during acute EtOH injections, demonstrate significant 

endogenous taurine release from the rat nucleus accumbens (Dahchour et al., 1996; 

Quertemont et al., 2002) and hippocampus (Lallemand et al., 2000).  Although taurine 

released in response to acute EtOH exposure seems to exist as an osmotic (or excitable) 

countermeasure, extracellular taurine could perhaps buffer some of the potent 

pharmacological effects elicited by alcohol intoxication.  Since taurine functions as a 

partial GABAAR agonist (del Olmo et al., 2000; Hussy et al., 1997; McCool. and 
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Botting, 2000; O’Byrne and Tipton, 2000), it may reduce the hypnotic effects facilitated 

by EtOH-enhanced GABAAR activation (Mihic et al., 1997; Roberto et al., 2003; 

Schummers and Browning, 2001) by allosterically blocking bicuculline-binding sites on 

GABAAR (Quinn and Harris, 1995).  Similarly in cultured cerebellar cells, taurine 

significantly inhibits the binding of strychnine to GlyR (Elster et al., 1997), a receptor 

that also displays altered activation by EtOH (Mihic et al., 1997; Van Zundert et al., 

2000).  Behavioral studies corroborate this theory in that mice treated for 10 days with 

taurine (40 mg/kg, water solution) show no deficits in memory or motor coordination, 

when treated with 40% EtOH (3.2 g/kg, orally) 30 min prior to testing (Vohra and Hui, 

2000).   

 Under conditions of chronic EtOH withdrawal, the focus of the current 

investigation, taurine efflux rapidly increases with the steady rise in extracellular 

glutamate concentration, within the rat nucleus accumbens (Dahchour et al., 1996).  With 

subsequent episodes of EtOH withdrawal, the increase in taurine and glutamate release 

becomes greatly magnified  (Dahchour and De Witte, 2002), in agreement with the 

kindling effect of repeated withdrawal episodes (Becker et al., 1997, 1998).  Remarkably, 

intraperitoneal (i.p.) taurine injection (45 mg/kg), administered 5 hours after EtOH 

removal, completely alleviates the elevation in nucleus accumbens glutamate release 

during chronic EtOH withdrawal episodes (Dahchour and De Witte, 1999).  Furthermore, 

clinical studies indicate that patients, admitted for alcohol detoxification, show 

significantly elevated plasma taurine concentrations, during EtOH withdrawal, with a 

significant correlation existing between plasma glutamate and taurine levels (r = 0.73) 

(Ward et al., 1999).  However, the mechanisms that underlie cellular taurine movements, 
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during EtOH intoxication / withdrawal, cannot solely be a function of altered neural 

excitability, as experimentally-induced systemic hypertonicity appears to dampen EtOH-

induced taurine release in the brain (Quertemont et al., 2003).  These findings suggest 

that although the excitatory signals associated with EtOH exposure alone can elicit an 

appreciable taurine response, systemic and cellular osmolarities also seem to influence 

this taurine mechanism.  While the exact mechanisms of EtOH-associated taurine 

responses remain unclear, this investigation provides an initial characterization of the 

neurobiological mechanism, conferred by taurine, that prevents dysfunctions induced by 

chronic EtOH intoxication and withdrawal. 

EtOH, Taurine, and Vasopressin 

 EtOH-induced perturbations of excitability and osmoregulation converge upon a 

CNS region that contains abundant intracellular taurine pools, the hypothalamic-

neurohypophysial system (HNS) (Decavel and Hatton, 1995; Miyata et al., 1997; 

Palkovits et al., 1986; Pow et al., 2002; Vellan et al., 1970).  Specifically, magnocellular 

neurosecretory (MNS) neurons, of the hypothalamic supraoptic nucleus, show 

detrimental effects from chronic EtOH exposure, demonstrated via direct morphological 

evidence (Carmona-Calero et al., 1995; Harding et al., 1996; Madeira et al., 1993) and 

indirectly via abnormal levels of arginine vasopressin release (Eisenhofer et al., 1985; 

László et al., 2001; Taivainen et al., 1995).  Consequently, prolonged EtOH exposure 

completely alters the firing patterns and normal endocrine secretions of supraoptic 

neurons, relating to a progressive degeneration of vasopressinergic neurons (Harding et 

al., 1996; Madeira et al., 1993), which also parallels edema-induced neural damage 

induced by episodic EtOH exposure (Collins et al., 1998).  Most notably, in the 
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supraoptic nucleus, hyperosmotically-induced astrocytic shrinkage reduces the area of 

protective coverage, which encumbers astroglial modulation over extracellular ionic 

homeostasis and glutamate clearance, and thereby, compromises the regulatory 

mechanisms employed by most astrocytes (Decavel and Hatton, 1995; Oliet et al., 2001; 

Theodosis, 2002).  Within the supraoptic nucleus, the notable expression of glutamate 

receptors (Pak and Currás-Collazo, 2002) and glutamatergic afferents (Csáki et al., 2002) 

makes this region highly susceptible to the changes in glutamate signaling produced by 

chronic EtOH exposure.  The significant influence of supraoptic neuronal activity on 

systemic water balance, as well as the susceptibility of these neurons to the damaging 

effects of chronic EtOH exposure, makes this brain region (supraoptic nucleus/ pituitary) 

an important area for EtOH research and therapeutic development.          

Consequences of EtOH Exposure on Vasopressin Levels and Osmoregulation 

 Investigators report that the neurological symptoms of EtOH withdrawal, such as 

tremors, anxiety, delirium, and seizures, appear qualitatively similar to states of 

hyponatremia / water intoxication; this suggests that inappropriate vasopressin secretion, 

during withdrawal (Taivainen et al., 1995), may cause cerebral edema as a product of 

overhydration (Collins et al., 1998; Lambie, 1985; Mander et al., 1988).  Quantitative 

measures of plasma, from alcoholics during withdrawal, reveal significantly higher 

vasopressin concentrations in patients presenting clinical withdrawal symptoms (3.2 ± 0.5 

pg/ml) than in those without obvious symptoms (1.4 ± 0.1 pg/ml); within the same group 

of symptomatics, elevated plasma vasopressin also correlates with occurrences of 

periorbital edema (Eisenhofer et al., 1985).  However, long-term abstinent alcoholics 

demonstrate persistent suppression of basal vasopressin secretion in plasma (Döring et 
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al., 2003), consistent with findings that indicate a significantly reduced number of 

vasopressin neurons in rat supraoptic nucleus chronically exposed to EtOH (Madeira et 

al., 1993).  Interestingly, recent studies demonstrate that healthy, non-dependent human 

subjects with a family history of alcoholism respond dramatically to the dampening 

effects of EtOH on psychosocial stress-induced adrenocorticotropin hormone and 

vasopressin plasma release; whereas in those without a family history of alcoholism, 

EtOH proved ineffective in attenuating such measures (Zimmermann et al., 2004).  This 

implicates the vasopressinergic system as potentially one of the associated genetic risk 

factors for alcoholism.  The reported effects of EtOH on vasopressin homeostasis 

highlight the supraoptic nucleus and pituitary as promising sites for clinical mediation, by 

which therapeutic interventions might decrease the tendencies for relapse by preventing 

EtOH-induced changes in vasopressin regulation. 

 Within the osmosensitive hypothalamus, persistent EtOH-induced dehydration 

could potentiate aversive “stress-like” vasopressin responses by:  inducing increases in 

extracellular osmolarity (Ludwig et al., 1994), hypertonically-evoked increases in current 

conductance (Oliet and Bourque, 1993, 1996), and/or dehydration-based up-regulation of 

glutamate receptors (Decavel and Curras, 1996; Meeker, 2002).  Additional dehydrative 

effects also occur through EtOH’s potent inhibition of Ca2+ channels within 

neurohypophysial nerve terminals, which results in the suppression of plasma vasopressin 

release (Taivainen et al., 1995; Wang et al., 1991).  Immuno-histochemical and 

morphological analyses of hypothalamic tissue, isolated from mice chronically exposed 

to EtOH, show substantial accumulation of vasopressin within supraoptic neurons, along 

with notable increases in nuclear area size (Carmona-Calero et al., 1995).  Relative to 



 11

this, supraoptic tissues, extracted from rats chronically challenged by hypertonicity, 

reveal a twofold increase in vasopressin mRNA (Glasgow et al., 2000; Murphy and 

Carter, 1990).  As a result of  EtOH clearance (inhibition removal), an overactivated, 

compensatory vasopressin response (overhydration) can manifest as significant, 

withdrawal-induced cerebral swelling, corresponding to hyperexcitable states, cell 

damage, and seizure episodes (Collins et al., 1998; Eisenhofer et al., 1996; Madeira et 

al., 1993; Mander et al., 1988).  Moreover, during periods of EtOH withdrawal, injection 

of a pharmacologically active fragment of vasopressin, des-Gly9-[Arg8]-vasopressin 

dicitrate (DGAVP), significantly exacerbates withdrawal severity, determined by 

handling-induced convulsion assessment, in male mice chronically exposed to EtOH 

(Rigter et al., 1980).   

 Clearly, EtOH can potentiate physiological disruptions, within a multitude of 

disparate brain regions, by altering the neural activity of those tissues responsible for 

systemic osmotic control.  This, in effect, produces abrupt shifts in local osmolarities, 

which can elicit dysfunctional neuronal transmissions within highly osmosensitive areas.  

Correspondingly, hippocampal neurons exposed to hypotonic mediums display 

significant hypersynchronization, characteristic of epileptic activity (Saly and Andrew, 

1993), as well as greatly enhanced Ca2+ currents and depressed K+ currents (Somjen, 

1999).  Moreover, compelling studies demonstrate that administration of the diuretic 

furosemide prevents cell damage and swelling in the hippocampus of chronic EtOH-

withdrawn rats, while glutamate receptor and Ca2+ channel antagonists alone fail to show 

any neuroprotective effects (Collins et al., 1998).  EtOH-provoked alterations of systemic 

or local hippocampal osmolarities contributes considerably to the aversive symptoms 
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experienced during withdrawal.  The present investigation examines chronic EtOH-

mediated effects on the production and localization of vasopressin through the 

quantitative assessment of vasopressin levels in hypothalamic and pituitary tissues, 

extracted after two primary experimental intervals:  Chronic EtOH intoxication (0 hr 

post-withdrawal), and EtOH withdrawal (24 hr post-withdrawal).  Measurable changes in 

vasopressin levels, within the hypothalamus and pituitary, will likely relate to the overall 

severity of EtOH withdrawal. 

Characterizing the Therapeutic Potential of Taurine  

 Within supraoptic and pituitary tissues, taurine’s high concentration (Miyata et 

al., 1997), localization within glial cells (Decavel and Hatton, 1995; Miyata et al., 1997; 

Pow et al., 2002), and responsiveness to osmolar fluctuations (Deleuze et al., 1998; 

Hussy et al., 1997; Miyata and Hatton, 2002) strongly implicate taurine’s physiological 

role as a modulator of systemic osmolarity.  Within the supraoptic nucleus, glial taurine 

release, acting upon neuronal GlyR, functions as a primary regulator of vasopressinergic 

signals (Deleuze et al., 2005; Hussy et al., 1997, 2001; Voisin and Bourque, 2002).  The 

reaction of taurine to osmotic and excitatory stimuli (which occur in response to EtOH), 

implicates this amino acid as a potential defense mechanism against the hypothalamic 

alterations elicited by EtOH exposure.  In further validation of this, astrocytes chronically 

exposed to EtOH display significantly enhanced taurine uptake, while removal of EtOH 

(“withdrawal”) promotes massive astrocytic taurine release (Allen et al., 2002; Aschner 

et al., 2001; Kimelberg et al., 1993).  Taurine accumulated within astrocytes during 

EtOH intoxication (as a hypertonic reaction) may reduce elevations in supraoptic 

vasopressin production, as well as attenuate the inhibitory effect of EtOH on hypophysial 
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vasopressin release.  Alternatively, astrocyte taurine pools may also respond to hypotonic 

stimuli, during EtOH withdrawal, via release to the extracellular environment, thereby 

preserving the morphology of astrocytes and neurons, as well as, reinforcing the 

inhibition of vasopressin neurons.  As such, taurine efflux, in response to EtOH 

withdrawal, could preserve supraoptic integrity through two different mechanisms, 

osmoregulation and neuroinhibition.  Furthermore, the abundance of taurine within glial 

cells of the pituitary (pituicytes) (Hatton, 1999; Miyata and Hatton, 2002) may add 

another line of protection against EtOH-induced disruptions in vasopressin release.  In 

addition to its regulatory capacity in the supraoptic nucleus, taurine also responds swiftly 

to osmotic changes within the neurohypophysis (Miyata et al., 1997), with only small 

reductions in osmolarities (3.3%) sufficient to provoke significant increases in 

extracellular taurine levels (Hussy et al., 2001).  Recent studies provide compelling 

evidence of taurine’s role in pituitary neuroendocrine control in that endogenously 

released vasopressin stimulates taurine efflux from pituicytes (Rosso et al., 2004).  In 

activating GlyR, taurine efflux provides negative feedback on nerve terminals by 

suppressing vasopressin secretion through the modulation of Ca2+ influx (Hussy et al., 

2001).  The potent effects of EtOH on hypothalamic and pituitary activity warrants 

further examination of taurine’s modulatory potential within these tissues, when 

challenged by EtOH intoxication and withdrawal.   

 Although no specific region within the mammalian brain seems particularly 

immune to the effects of EtOH, some neural areas, highly sensitive to alterations in both 

neuronal excitability and osmolarities, may incur greater neuronal damage and long-

lasting functional changes, as a result of repeated cycles of EtOH intoxication and 
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withdrawal.  While the hippocampus meets such criteria, recent evidence depicts taurine 

as one of the most protective elements, found within this region, capable of countering 

hyperexcitability and osmotic disruptions.  With prominent expression of the taurine-

specific transporter (Pow et al., 2002), the hippocampus can accumulate large quantities 

of taurine for release during physiological challenges, such as EtOH withdrawal periods.   

Taurine’s most notable effect, within the hippocampus, is its ability to respond to 

conditions of hyperexcitability, which often manifest as epileptic activity.  During seizure 

episodes, microdialysis measurements, of the anterior hippocampus in human epileptic 

patients, show significant increases in extracellular taurine levels (Wilson et al., 1996).  

Correspondingly, hippocampal tissues, isolated from mice submitted to ricinine-induced 

seizures, show significantly reduced taurine and GABA content, while, tissue glutamate 

levels do not significantly change (Ferraz et al., 2002).  In terms of osmoregulation, 

redistribution of taurine pools may further protect hippocampal neurons from functional 

changes that result from EtOH-induced cell volume disruptions.  Supportive of this, 

recent investigations demonstrate that the maintenance of sufficient hippocampal taurine 

levels is essential for the preservation of normal cell volumes (Kreisman and Olson, 

2003).  During hyposmotic exposure, hippocampal slices preloaded with [3H]taurine, d-

[3H]aspartate (marker for glutamate), and [3H]GABA show a seven-fold increase in 

taurine efflux rate (compared to three- and two-fold for GABA and aspartate, 

respectively), with more than 80% of labeled taurine released (Franco et al., 2000).  The 

possible changes in hippocampal excitability and osmolarities, induced by EtOH 

intoxication and withdrawal, offers a plausible explanation for the mechanisms associated 

with taurine-induced attenuation of withdrawal severity (Zalud et al., 2007).  
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Interestingly, administration of vasopressin into the rat hippocampus results in a 

significant 20% decrease in extracellular taurine levels (Brust et al., 1992).  Furthermore, 

studies indicate that EtOH exposure promotes the accumulation of taurine within 

astrocytes of the hippocampus (Sakurai et al., 2003), while periods of EtOH withdrawal 

stimulate pronounced taurine release (Dahchour and De Witte, 2002), implicating a 

neuroprotective role for taurine in preventing EtOH related pathologies, most notably 

within the susceptible hippocampus.    

 This investigation quantitatively examines the changes in inhibitory amino acid 

content (taurine and GABA), within pituitary, supraoptic, and hippocampal tissues, which 

may occur as a result of chronic EtOH intoxication and withdrawal.  By extracting tissues 

after various experimental time points, these experiments illustrate the resulting effects of 

treatment on the levels of inhibitory amino acids, during EtOH intoxication (0 hr post-

withdrawal) and EtOH withdrawal (24 hr post-withdrawal).  Within these respective 

tissues, enhancing the presence of taurine, through exogenous administration, should 

lessen the severity of EtOH withdrawal (Specific Aim 1) and may correspond to reduced 

alterations in brain vasopressin and GABA levels.  In contrast, depletion of endogenous 

tissue taurine content, via GES-induced taurine transport inhibition, should worsen 

withdrawal severity (Specific Aim 1) and increase the magnitude of EtOH-mediated 

disruptions in brain vasopressin and GABA content.  Taurine treatment could potentially 

mediate the effects of chronic EtOH-induced alterations in vasopressinergic activity, 

which otherwise would result in systemic osmotic changes (Specific Aim 2).  Abrupt, 

systemic osmotic shifts, induced by chronic EtOH intoxication and withdrawal, would 

inevitably disrupt local osmolarities, resulting in perturbed neural firing patterns within 
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highly osmosensitive brain tissues.  The experiments presented examine whether 

taurine’s potential modulation of systemic osmoregulatory control, as determined by 

supraoptic nucleus / pituitary vasopressin levels, prevents neurochemical changes in 

hippocampal tissues, as determined by inhibitory amino acid content.  Such effects may 

also correlate with overall EtOH-withdrawal severity (Specific Aim 3). 
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CHAPTER TWO 
 

Materials and Methods 
 
 

Subjects 

 Adult male C3H/HeJ mice (12 week old; N = 178) were used in all experiments 

(Jackson Laboratory, Bar Harbor, ME).  The mouse model provides excellent 

comparative taurine data with humans, given that mice and humans both share an 

intermediate capacity for taurine synthesis (Huxtable, 1992; Jacobsen and Smith, 1968).  

Selection of the C3H/He mouse strain lies in its responsiveness to handling-induced 

convulsions as a measure of withdrawal excitability (Becker et al., 1997; Metten and 

Crabbe, 2005).  Animals were housed, in the IACUC-approved Neuroscience Animal 

Facility, under a 12 hr dark/light cycle with continuous access to rodent lab chow and 

water.  A minimum acclimation period of 5 days preceded the initiation of all 

experimental protocols.  Subjects were individually housed 48 hours prior to the initiation 

of experiments, as well as for the duration of all procedures.  

Drug Treatments 
 
 

Taurine Treatment 

 Taurine (Sigma-Aldrich, St. Louis, MO) was solubilized in isotonic saline (0.9%) 

and delivered via intraperitoneal (i.p.) injection (500 mg/kg) in a volume of 2% body 

weight, within designated treatment groups; corresponding controls received an 

equivalent i.p. saline injection.  Taurine administration remains a validated experimental 

method of supplementing brain tissue levels, as demonstrated by classical examples in 
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which radiolabeled taurine, injected (i.p.) into lactating mother rats, shows prominent 

accumulation within the brain of feeding offspring (Sturman et al., 1977).  Moreover, 

direct evidence illustrates the clear transport of taurine across the blood-brain-barrier 

(Benrabh et al., 1995; Kang, 2000; Sved et al., 2007; Tamai et al., 1995), while other 

studies show enhanced tissue taurine levels within various regions of the rat brain, as a 

result of supplementation (Dawson et al., 1999).  Given that significant increases in 

hippocampal taurine occur after i.p. taurine injections of 250, 500, 1000 mg/kg 

(Lallemand and De Witte, 2004), these various taurine doses were first double-blind 

tested on subjects during EtOH withdrawal.  Results from this preliminary dose-response 

analysis supported the selected testing dose of 500 mg/kg for acute withdrawal treatment 

paradigms.  

Guanidinoethane Sulfonate – Taurine Uptake Inhibitor 

 Guanidinoethane sulfonate (GES), a specific taurine transporter antagonist,  offers 

researchers the means to examine potential physiological decrements that result from 

taurine deficiencies.  By competing with uptake sites on the taurine transporter protein, 

GES produces a significant reduction in tissue taurine levels, while not affecting the 

uptake of other amino acids (Huxtable, 1989).  In rodent studies, investigators widely use 

1% GES solution in drinking water as an effective method to deplete tissue taurine pools 

(Cuisinier et al., 2000; De Luca et al., 1996; Huxtable, 1989; Yan and Huxtable, 1996, 

1998).  Within the taurine depletion studies reported here, animals assigned to GES 

experimental groups received drinking water containing 1% GES (Toronto Research 

Chemicals, North York, Ontario, Canada) throughout all experimental intervals: a 7 day  

pre-treatment period, 64 hours of ethanol exposure, and 24 hours of ethanol withdrawal.   
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   Pyrazole – ADH Inhibitior 

 At the initiation of continuous EtOH exposure, animals were given a 1.6 g/kg 

loading dose of EtOH (8% w/v; i.p.) combined with a 1 mmol/kg dose of the alcohol 

dehydrogenase inhibitor pyrazole (Sigma-Aldrich, St. Louis, MO) to stabilize blood 

ethanol levels (Deitrich et al., 1971).  During the 64 hours of ethanol exposure, animals 

were given a pyrazole booster (1 mmol/kg) at hour 24 and 48.  In control groups, animals 

received pyrazole injections at the same points as EtOH-treated groups; however, the 

initial EtOH dose was substituted with saline.  These control animals provided the means 

by which possible pyrazole-related effects were controlled (Crabbe et al., 1981).  

Induction of EtOH Dependency – Continuous EtOH (CE) Exposure 

 As a means of establishing EtOH dependency and subsequent withdrawal, 

animals were continually exposed to EtOH vapors for 64 hours.  Although this method 

does not represent a typical “drinking” behavior, vapor inhalation does provide an 

efficient way to induce EtOH dependency with minimal impact on overall health.  

Furthermore, experimental control over EtOH vapor saturation helps maintain a 

consistent level of intoxication and reduces blood ethanol concentration (BEC) variability 

between exposures (Karanian et al., 1986).  Individually housed animals were positioned, 

in a single-layer fashion, within a Plexiglas vapor chamber (71 x 96.5 x 13 cm) (Plas 

Labs, Lansing, MI) modified after Goldstein and Pal (1971).  An isocratic HPLC pump 

(Series 1100, Agilent Technologies, Santa Clara, CA) delivered 95% EtOH to a 

volatilizing flask at a mean flow rate of 133 µl/min. Vaporized EtOH was then 

transported to the chambers via an air pump, at a rate of  7 L/min.  Over the course of all 

EtOH exposure studies, these parameters produced a mean EtOH vapor concentration of 
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11.022 ± 0.119 mg/L air, resulting in the desired BEC of 0.149 ± 0.003 g/dl.  Control 

animals experienced identical conditions but received air rather than EtOH vapors.  

During EtOH exposure and withdrawal, animals had free access to both food and water.  

Body weights and water intake were recorded for all experimental groups prior to the 

administration of pyrazole and/or EtOH, as well as when pyrazole boosters were 

administered, in order to monitor the overall health of the animals.  Water intake, 

normalized to mean body mass, was reported as ml/g/day.   

Sampling and Determination of EtOH Concentrations 

 Blood and chamber air EtOH concentrations were determined in each study to 

insure that the level of intoxication remained constant and appropriate for each study.  

Daily chamber air samples were immediately analyzed for EtOH vapor saturation, and   

EtOH flow rate was adjusted accordingly, when necessary.  Through a needle port, 

located centrally on the chamber ceiling, samples (2 ml) were collected with a 3½ cc 

syringe and immediately transferred to a 5 ml Vacutainer tube (Becton-Dickinson, 

Franklin Lakes, NJ).  A TRIS-base reagent solution of nicotinamide adenine dinucleotide 

(NAD) and alcohol dehydrogenase (ADH) was then added to each tube to begin the 

oxidation of EtOH, in a modified enzyme assay (Bostick and Overton, 1980) derived 

from the Calbiochem-Behring method (La Jolla, CA).  The enzymatic reduction of NAD 

to NADH by ADH is directly proportional (1:1 ratio) to the molecules of EtOH oxidized 

to acetaldehyde (Figure 2.1).   Sample EtOH concentrations were interpolated from the 

amount of NADH produced, measured by UV spectrophotometry at  λ = 340 nm (DU-

530; Beckman Coulter, Fullerton, CA).  Calculated EtOH vapor concentrations are 

expressed as mg/L air. 
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 After an initial vapor equilibration period (24 hr), the first air sample was 

analyzed before initiating the 64 hr CE exposure protocol.  Sampled air was again 

analyzed at 24 and 48 hr, just prior to the momentary removal of animals for pyrazole 

booster injections.  The last air sample was taken just before the end of the 64 hr 

exposure period. 

 Within all CE experiments, a portion of EtOH-exposed animals were assigned to 

a 0 hr (dependent / intoxicated) treatment group.  Upon removal from the chamber (at 64 

hr), these animals were immediately sacrificed and trunk blood collected into K2EDTA 

Microtainer tubes (Becton-Dickinson, Franklin Lakes, NJ) and kept on ice.  Blood 

samples (10 µl) were diluted in chilled 3.4% (v/v) HClO4 (490 µl), vortexed vigorously, 

and then spun at 12,000g for 15 min at 4ºC.  The supernatant was then used in the 

previously described enzyme assay.  However, in BEC assays, an NIST-traceable ethanol 

calibration standard (RESTEK, Bellefonte, PA) was diluted to five standard levels (0.05 

– 0.30 g/dL) and assayed along with blood samples.  These EtOH standards generated a 

standard curve from which the BEC could be calculated.  BEC values expressed as 

ethanol g/dL blood.  

 

 

ETHANOL
CHCH33CHCH22OHOH

++ NAD+

ADHADH

ACETALDEHYDE
CHCH33CHOCHO

++ NADH

FFiigguurree  22..11::      OOxxiiddaattiioonn  ooff  EEtthhaannooll..  
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Determination of Withdrawal Severity 

 After the 64 hr CE exposure, animals assigned to a 24 hr (withdrawal) treatment 

group were removed from the inhalation chamber and individually housed in new cages 

for withdrawal testing.  Severity of EtOH withdrawal excitability was assessed by blind 

scoring of handling-induced convulsions (HIC), repeated hourly for 12 hr and once at 

hour 24.  The HIC procedure involved lifting the animal by the tail, gently spinning it 

360º, and observing the magnitude of seizure response.  The HIC scoring scale used 

(Table 2.1) was modified from a more recent version (Crabbe et al., 1991; Metten and 

Crabbe, 2005) of the original, initially described by Goldstein (1972).  Area under the 24 

hr HIC curve (AUC24) was calculated to provide a summary of overall convulsion 

severity.  In some experiments, the time course of withdrawal severity was also reported, 

with accompanying statistical comparisons of withdrawal treatment groups at each 

assessment time point.  Water intake was recorded for the 24 hr withdrawal period and 

normalized to mean body mass, expressed as ml/g. 

 
 

SCORE DESCRIPTION OF BEHAVIOR 

0 No activity on tail lift, or after gentle 360° spin 

1 No activity on tail lift, but facial grimace after 360° spin 

2 Tonic convulsion after 360° spin 

3 Tonic/clonic convulsion after 360° spin 

4 Tonic convulsion on tail lift 

5 Tonic/clonic convulsion on tail lift, onset delayed by 1 to 2 sec 

6 Severe tonic/clonic convulsion on tail lift, no delay in onset 

7 Severe tonic/clonic convulsion prior to tail lift 

TTaabbllee  22..11    AAsssseessssmmeenntt  CCrriitteerriiaa  ffoorr  HHaannddlliinngg--IInndduucceedd  CCoonnvvuullssiioonn  ((HHIICC))  SSccoorreess..  
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Tissue Extraction 

 At time points respective to treatment group (0 hr and 24 hr), animals were 

decapitated and brain tissues (pituitary, supraoptic nucleus, and hippocampus) removed 

on dry ice.  The optic tracts were cut along the base of the skull, preserving their 

connection with the optic chiasm as an anatomical landmark (Figure 2.2a); placing the 

starting slice point.  Using an acrylic mouse brain matrix (Kopf Instruments, Tujunga, 

CA, USA), 2 mm coronal slices were cut and bilateral removal of the supraoptic nucleus 

was accomplished via a 2 mm tissue punch (Fine Scientific Tools, Foster City, CA) 

(Figure 2.2d).  The hippocampus was removed from the remaining posterior section of 

brain (Figure 2.2c). After careful removal of connective tissue and surrounding nerve 

fibers, the entire pituitary was extracted directly from the base of the skull (Figure 2.2b).  

Collected tissues were placed in pre-weighed 1.5 ml Eppendorf microcentrifuge tubes 

and immediately weighed (XS105DR; Mettler, Toledo, OH); thereafter samples were 

stored at -80° C (Ultima II CryoVault; REVCO, Waltham, MA) for later processing.   

 

 

 

 

 

 

 

 

 

FFiigguurree  22..22::      BBrraaiinn  TTiissssuuee  EExxttrraaccttiioonn..      
MMoouussee  bbrraaiinn  ssuussppeennddeedd  bbyy  tthhee  ooppttiicc  ttrraaccttss  ((AA)),,  wwhhiicchh  hheellppeedd  ddeetteerrmmiinnee  tthhee  iinniittiiaall  ppoossiittiioonn  ooff  tthhee  
ssuupprraaooppttiicc  nnuucclleeuuss..    TThhee  ppiittuuiittaarryy  ggllaanndd  ((BB))  wwaass  rreemmoovveedd  ffrroomm  tthhee  rreemmaaiinniinngg  sskkuullll  bbaassee..    UUnniillaatteerraall  
hhiippppooccaammppaall  eexxttrraaccttiioonn  ooccccuurrrreedd  ffrroomm  tthhee  rreessiidduuaall  ppoosstteerriioorr  sseeccttiioonn  ooff  bbrraaiinn  ((CC))..    AA  22mmmm  bbrraaiinn  sslliiccee  
iilllluussttrraattiinngg  tthhee  ssuupprraaooppttiicc  rreeggiioonn ccoolllleecctteedd bbyy ttiissssuuee ppuunncchh ((DD)).. 

C D 

Optic Tracts 

A 

Pituitary

B 
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Urine Osmolarity 

 Prior to sacrifice, animals were restrained above plastic wrap to elicit micturation.  

Urine was collected from the plastic wrap and stored in 500 µl sample tubes.  Osmolarity 

of urine samples (10 µl) was determined with a WESCOR 5520 vapor-pressure 

osmometer (Logan, UT).  Urine osmolarity was expressed as mmol solute / kg solution.   

Biochemical Measurements 

 After thawing at 4º C, tissue extracts were homogenized in ice-cold 0.1 N HCl 

with 1% NaCl (300 µl -pituitary, supraoptic; 500 µl - hippocampus) using an Eppendorf 

micropestle.  The sample homogenate was then spun at 25,000g for 25 min (4º C).  The 

resulting supernatant was removed and filtered through 0.2µ GHP Acrodisc syringe 

filters (Pall, East Hills, NY).  Further purification was accomplished by spinning the 

sample through a molecular weight cut-off centrifuge device (Nanosep 3K Omega; Pall, 

East Hills, NY), at 14,000g for 18 min (4º C).  The final sample was aliquoted between 

the two biochemical methods, high performance liquid chromatography (HPLC) and 

enzyme immunoassay.     

Vasopressin Determination 

 Tissue vasopressin concentrations were obtained via commercially-available, 

enzyme immunoassay (EIA) kits (Assay Designs, Inc., Ann Arbor, MI), with a reported 

sensitivity of 3.39 pg/ml.  On the day of tissue processing, portions of purified sample 

were appropriately diluted in assay buffer to ensure matrix compatibility, with a 

minimum 1:2 dilution recommended by the manufacturer.  Given the abundance of 

vasopressin in the pituitary and supraoptic nucleus, these samples were ultimately diluted 

1:6000 and 1:50, respectively, to accurately interpolate sample concentrations from the  
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7-point standard curve (4.10 – 1,000 pg/ml).  Run in duplicate, samples (unknowns, 

controls, and standards) were loaded into a 96-well microplate, with the vasopressin 

conjugate and antibody added thereafter.  Upon sealing the wells, the plate incubated at 

4ºC for at least 18 hr.  Plate contents were then emptied and each well was washed four 

times with 260 µl of wash solution.  Residual wash solution was removed via a hand-held 

vacuum aspirator.  After adding 200 µl p-nitrophenyl phosphate colorimetric substrate to 

each well, the plate incubated for 1 hr at 37ºC; the reaction was then stopped by adding 

50 µl  stop solution to each well.  Absorbance values were read at λ = 405 nm, with 

correction at λ = 580 nm, using a Benchmark Plus microplate reader (Bio-Rad, Hercules, 

CA).  Using Bio-Rad Microplate Manager software (v 5.2), the absorbance of 

vasopressin standards was fitted to a four-parameter logistic curve to calculate the 

concentration in unknown samples.  Vasopressin concentrations (pg/ml), adjusted for 

sample dilution, were normalized to tissue weight and expressed as pg/mg tissue 

(supraoptic and hippocampus) or ng/mg tissue (pituitary).   

Amino Acid Determination 

 Tissue taurine and GABA levels were measured via isocratic reversed-phase high-

performance liquid chromatography (HPLC) with electrochemical detection, using a BAS 

HPLC system comprised of an LC-4C electrochemical detector (BAS, West Lafayette, 

IN); with the reference electrode potential set at +700 mV and full scale output set at 100 

nA.  This developed method, derived from Murai et al. (1990), uses a C18-Zorbax Eclipse 

analytical column (50mm x 4.6 mm I.D., 3.5 µm particle size; Agilent Technologies, 

Santa Clara, CA) maintained at 29° C.  Electrochemical detection of amino acids required 

pre-column derivatization with o-phthalaldehyde (OPA) / β-mercaptoethanol (BME).  



 26

Fresh stock solution, stored at 4° C, was prepared every four days by dissolving OPA (20 

mg) (Sigma, St. Louis, MO) in 1 ml HPLC-grade methanol, adding 10 µl BME, and 

diluting with 9 ml  0.1 M sodium tetraborate buffer (pH 9.3).  For the working solution, a 

1 ml aliquot of stock solution was diluted with 9 ml 0.1 M sodium tetraborate buffer and 

stored on ice during analysis.  A 20 µl aliquot of purified sample was mixed with 60 µl of 

deriving reagent, allowed to react for exactly 60 seconds, and injected into the HPLC 

system via a 5 µl sample loop (Rheodyne, Rohnert Park, CA).  At a flow rate of 2.4 

ml/min, the mobile phase mixture consisted of:  22.5% (v/v) methanol, 6% (v/v) 

tetrahydrofuran, 30 mM Na2HPO4, 20 mM NaH2PO4, 0.1 mM Na2EDTA, adjusted to pH 

6.55 via HPLC-grade o-phosphoric acid.  These parameters provide efficient conditions 

for optimal resolution of taurine and GABA within all three tissues analyzed (Figure 2.3).  

For all tissues, amino acid concentrations are expressed as nmol / mg tissue weight. 

 

 

 

 

 

 

 

 

 

 

 

FFiigguurree  22..33::    CChhrroommaattooggrraammss  ooff  HHPPLLCC  AAnnaallyyssiiss..  
SSeelleeccttiioonn  ooff  aammiinnoo  aacciidd  ssttaannddaarrddss::    11,,  33,,  55,,  88  nnmmooll    ((AA))..    RReepprreesseennttaattiivvee  oouuttppuutt  ffrroomm  mmoouussee  ppiittuuiittaarryy  ((BB)),,  
ssuupprraaooppttiicc  nnuucclleeuuss  ((CC)),,  aanndd  hhiippppooccaammppuuss  ((DD))..    EElleeccttrrooddee  ppootteennttiiaall  iiss  ++770000  mmVV  vveerrssuuss  AAgg//AAggCCll  rreeffeerreennccee  
eelleeccttrrooddee,,  wwiitthh  ffuullll  ssccaallee  oouuttppuutt  sseett  aatt  110000  nnAA..    XX--aaxxiiss  ==  ttiimmee  ((mmiinnuutteess));;  YY--aaxxiiss  ==  rreessppoonnssee  ((nnAA))..  

A B C D 
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Statistical Analysis 

 All data are expressed as the mean ± S.E.M.  Analysis of variance (ANOVA) was 

used to determine statistical differences in body weight, fluid intake, HIC scores (AUC 

24 hr), BEC, urine osmolarity, tissue amino acid levels, and tissue vasopressin levels.  In 

general, between group differences were determined via post hoc Student’s t test.   For 

individual comparisons of hourly withdrawal assessments, treatment effects were 

evaluated with a repeated measure ANOVA, followed by post hoc analysis using Fisher’s 

Protected Least Significant Difference.  When appropriate, statistical comparison of 

experimental treatment groups with a respective control group was conducted with post 

hoc analysis using Dunnett’s test.  Data were analyzed with JMP (v 6.0.2.) statistical 

software for PC (SAS Institute Inc., Cary, NC). 

Experimental Design 

 The investigations reported here tested the overarching hypothesis that taurine 

plays a significant role in counteracting EtOH withdrawal severity and the related 

disruptions in osmoregulation and neural excitability.  Two primary experiments were 

designed to assess the neuroprotective capacity of taurine on withdrawal-induced 

dysfunctions.  Experiment 1 tested the attenuation of withdrawal excitability via a single 

i.p. taurine dose, administered during the early stages of EtOH withdrawal.  Within this 

treatment paradigm (acute withdrawal injection), potential reductions in withdrawal 

excitability would likely represent taurine’s extracellular activation of inhibitory 

receptors.  Emphasis of taurine’s inhibitory role characterizes experiment 1 as the 

Neuroinhibitory Model.  In contrast, experiment 2 tested the exacerbation of withdrawal 

excitability as a consequence of insufficient taurine levels.  Reduction of intracellular 



 28

taurine pools, via GES treatment, would likely minimize any protective effects of 

endogenous taurine on chronic EtOH intoxication / withdrawal.  Decreasing tissue taurine 

content characterizes experiment 2 as the Depletion Model. 

 The overall experimental framework consisted of three fundamental time points:  

1.) Pre-Treatment  2.) EtOH Exposure  3.) EtOH Withdrawal (Figure 2.4a).  In most 

treatment groups, animals were distributed between two distinct tissue extraction time 

points:  0 hr post-withdrawal and 24 hr post-withdrawal (Figure 2.4;  represented by dark 

vertical lines transecting each model time bar).  However, data for each time point was 

collected concurrently, within a specific model, to normalize any occurrence of 

experimental variation.  Pituitary, supraoptic, and hippocampal tissues were collected  

 

 

 

 

 

 

 

 

 

 

 

 

 

time interval of designated time interval of designated experimental treatmentexperimental treatmenttime interval of designated time interval of designated experimental treatmentexperimental treatment

time interval time interval withoutwithout experimental treatmentexperimental treatmenttime interval time interval withoutwithout experimental treatmentexperimental treatment

time interval of time interval of EtOH exposureEtOH exposuretime interval of time interval of EtOH exposureEtOH exposure
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from all animals and analyzed for both amino acid and vasopressin content.  Regardless 

of treatment group assignment, every animal provided a minimum of 10 primary data 

points (3 biochemical measures from 3 tissues and 1 measure of urine osmolarity).    

 In EtOH-exposed groups, blood was collected from 0 hr post-withdrawal animals 

to determine BEC; whereas the 24 hr post-withdrawal animals provided behavioral HIC 

data.  Tissue collected at these two time points provided an excellent depiction of EtOH 

withdrawal-induced effects; with 0 hr and 24 hr tissues marking the beginning and end of 

the observed withdrawal period, respectively.  Furthermore, data from 0 hr tissues also 

illustrated the effects of EtOH on amino acid and vasopressin levels, over the course of 

chronic intoxication. 

Experiment 1 – Neuroinhibitory Model 

 Hypothesis.  The Neuroinhibitory Model tested the hypothesis that taurine, 

administered during chronic EtOH withdrawal, will attenuate withdrawal-related 

hyperexcitability, acting directly on inhibitory receptors within pituitary, supraoptic, and 

hippocampal tissues.  Functioning as a neuroinhibitor, taurine should lower hippocampal 

excitability (either directly or by indirect maintenance of GABA levels) as well as reduce 

the amount of hypophysial AVP released into circulation. 

 Time of Treatment.  Experimental treatment of animals experiencing EtOH 

withdrawal occurred after the hour 4 HIC assessment.  This selected point during 

withdrawal provides a reasonable length of time for EtOH clearance; as illustrated by a 

sharp rise in convulsive activity, 4 hr into withdrawal.  Similarly, investigators report the 

administration of taurine (i.p.) at 5 hr post-withdrawal, when testing taurine’s effect on 
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glutamate release within the nucleus accumbens of EtOH-withdrawn rats (Dahchour and 

De Witte, 2000). 

 Treatment Dose.  Taurine is considered non-toxic even at relatively high doses 

(i.p. injection in mouse, LD50 = 6630 mg/kg).  Taurine itself does not modify general 

behavioral responses, as i.p. injections (1700 or 2600 mg/kg) in mice do not alter rotorod 

performance, open field activity, hole-board test, Sidman avoidance, or shuttle avoidance 

tasks (Hruska et al., 1975).  Selection of a validated taurine dose proved a bit 

challenging; given the lack of reports demonstrating a global effect of taurine treatment 

during chronic EtOH withdrawal.  Current EtOH withdrawal research tends to highlight 

endogenous taurine movements within specific brain regions, rather than exogenous 

taurine treatment effects.  In the Neuroinhibitory Model, exogenous taurine should reach 

tissues of interest to support the notion of a direct inhibitory effect.  Investigators report a 

significant increase in hippocampal taurine levels after taurine injections (i.p.) of 250, 

500, and 1000 mg/kg (Lallemand and De Witte, 2004), which supported an initial dose-

response analysis for these three treatment levels. 

 Dose-Response Analysis.  A group of animals (N = 20) were made EtOH 

dependent through 64 hr of EtOH vapor exposure.  Thereafter, subjects were tested for 

withdrawal severity via hourly HIC assessment.  At 4 hr post-withdrawal, each animal, 

randomly assigned to one of four treatment groups, received a blind injection of either 

250, 500, 1000 mg/kg taurine, or 0.9% saline.  Calculated AUC24 of resulting HIC 

scores helped determine the most suitable dose for Neuroinhibitory experiments. 
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 Treatment Groups.  In the Neuroinhibitory Model, animals (N = 54) were initially 

divided into control air-exposed (CON) and EtOH-exposed treatment groups.  After a 64 

hr CE exposure, EtOH-exposed animals were then separated into 0 hr (E-0) and 24 hr 

post-withdrawal groups.  The type of blind injection received, at 4 hr post-withdrawal, 

characterized 24 hr animals as either saline-treated (ES) or taurine-treated (ET) groups.  

Table 2.2 summarizes each group and corresponding treatment schedule. 

 

 

At the end of the 64 hr exposure period, tissues were collected from CON and E-0 

groups.   ES and ET animals were sacrificed for tissue extraction after final HIC testing, 

at 24 hr post-withdrawal. 

Initial Time-Course of Taurine Treatment 

 As an addendum to the Neuroinhibitory Model, a subsequent experiment was 

carried out to examine taurine’s immediate effect on respective tissues, under baseline 

conditions.  Although, deviating from the overall EtOH intoxication / withdrawal 

framework (Figure 2.4), this experiment attempted to mimic the time frame of 

GROUP ID EXPOSURE 
(64 hr) 

TREATMENT 
(4 hr Post-Withdrawal) TISSUE EXTRACTION 

Control  
(n = 10) 

(CCOONN) AIR n/a 0 hr Post-Withdrawal 

EtOH-Dependent 
(n = 12)  

(EE--00) EtOH n/a 0 hr Post-Withdrawal 

EtOH-Saline 
(n = 16)  

(EESS) EtOH 0.9% Saline 24 hr Post-Withdrawal 

EtOH-Taurine 
(n = 16)  

(EETT) EtOH Taurine (500 mg/kg) 24 hr Post-Withdrawal 

TTaabbllee  22..22    SSuummmmaarryy ooff NNeeuurrooiinnhhiibbiittoorryy MMooddeell TTrreeaattmmeenntt GGrroouuppss..  
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corresponding treatment, while excluding the conditions of EtOH withdrawal excitability.  

This design intended to clarify any taurine-mediated effects that may underlie treatment 

effects observed during withdrawal.  Similar to 4 hr post-withdrawal treatment, animals 

(N = 46) received an i.p. injection of either 0.9% saline (n = 10) or 500 mg/kg taurine.  

Tissue extraction, as well as urine collection, occurred at 30 (n = 12), 60 (n = 12), or 120 

(n = 12) min post-injection, according to group assignment.  Measurements beyond 120 

min were not conducted due to the likelihood of reduced brain transport (Tamai et al., 

1995) and decreasing plasma concentrations (Lallemand and De Witte, 2004) at such 

later time points.  Pituitary, supraoptic, and hippocampal tissues were analyzed for both 

vasopressin and amino acid content.  In addition, osmolarity of collected urine samples 

was also determined. 

Experiment 2 – Depletion Model 

 Hypothesis.  The Depletion Model tested the hypothesis that a reduction in brain 

taurine levels will exacerbate EtOH withdrawal severity.  Decreased taurine availability 

will severely limit its protective role against EtOH intoxication and withdrawal, leading 

to increased withdrawal seizure activity, inhibitory amino acid disruptions, and 

vasopressin imbalances.   

 Treatment.  Depletion of tissue taurine levels was accomplished through GES-

mediated blockade of taurine uptake.  Animals assigned to a GES treatment group 

received 1% GES in drinking water for the entire experimental timeline (Figure 2.4c).  

Preceding the 64 hr CE exposure, a 7 day pre-treatment period provided necessary time 

for the gradual reduction in tissue taurine content.  Based on previously published work  
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(Yan and Huxtable, 1996, 1998), this GES regimen would likely result in a 50-70% 

depletion of endogenous brain taurine levels prior to intoxication (Huxtable, 1989).  

During pre-treatment, weight and liquid intake data was collected from both GES- and 

water-treated animals to ensure a comparable state of health between the two treatment 

groups. 

 Treatment Groups.  In the Depletion Model, individually-housed animals (N = 78) 

were assigned to either a water-treated or GES-treated group and monitored for a 7 day 

pre-treatment period.  At the initiation of the 64 hr CE exposure, each treatment group 

was subdivided into:  air-exposed, pyrazole-treated controls (CON, GC), EtOH-exposed 

0 hr extraction (E-0, GE-0), and EtOH-exposed 24 hr extraction (E-24, GE-24).  Table 

2.3 summarizes each group and corresponding treatment schedule.  At the end of the  

 

 

GROUP ID DRINKING 
SOLUTION 

EXPOSURE 
(64 hr) TISSUE EXTRACTION 

Control  
(n = 10) 

(CCOONN) Water AIR 0 hr Post-Withdrawal 

EtOH-Dependent 
(n = 12)  

(EE--00) Water EtOH 0 hr Post-Withdrawal 

EtOH-Withdrawal 
(n = 16)  

(EE--2244) Water EtOH 24 hr Post-Withdrawal 

GES-Control 
(n = 12)  

(GGCC) 1% GES AIR 0 hr Post-Withdrawal 

GES-EtOH Dep. 
(n = 12) 

(GGEE--00) 1% GES EtOH 0 hr Post-Withdrawal 

GES-EtOH W.D. 
(n = 16) 

(GGEE--2244) 1% GES EtOH 24 hr Post-Withdrawal 

TTaabbllee  22..33    SSuummmmaarryy ooff DDeepplleettiioonn MMooddeell TTrreeaattmmeenntt GGrroouuppss..  
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64 hr exposure period, tissues were collected from control (CON, GC) and EtOH-

dependent groups (E-0, GE-0).  BECs from EtOH-dependent groups were compared to 

determine whether GES treatment influenced the level of intoxication.  E-24 and GE-24 

animals were sacrificed for tissue extraction after final HIC testing.  
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CHAPTER THREE 
 

Results 
 
 

Dose-Response Analysis 

 Analysis of HIC scores (AUC24) revealed a significant effect of 4 hr post-

withdrawal treatment [F(3, 20) = 29.711, p < .0001].  Post hoc analysis showed a 

significant reduction in overall withdrawal severity in those treated with 500 mg/kg  

(p < .0001) and 1000 mg/kg (p < .0001) taurine, while those receiving 250 mg/kg were 

no different (p = .07) from saline-treated controls (Figure 3.1).   

 

 

 

 

 

 

 

 

 

 

 

The taurine dose of 1000 mg/kg did not provide any further reduction in withdrawal 

severity, compared to 500 mg/kg dose; in fact, these two treatment levels were not 
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significantly different from each other (p = .52).  These findings ultimately supported the 

500 mg/kg dose selection. 

Experiment 1 – Neuroinhibitory Model 
 
 

64 hr CE Exposure 

 Exposures conducted under the Neuroinhibitory Model achieved a mean EtOH 

chamber saturation of 10.694 ± 0.179 mg/L with a flow rate of 126.5 ± 0.5 µl/min, 

resulting in a mean BEC of 0.150 ± 0.005 g/dL (n = 12).  Expectedly, EtOH-exposed 

animals experienced some degree of weight loss, which likely results from decreased 

water intake associated with intoxication.  However, no signs of animal distress were 

observed.  Table 3.1 provides weight and water intake data for the 64 hr exposure period. 

 
 
 

 
 
Withdrawal Severity Assessment 

 Analysis of HIC scores revealed a significant main effect of 4 hr post-withdrawal 

treatment [F(1,30) = 99.82, p < .0001].  Repeated measure post hoc analysis indicated a 

significant reduction in withdrawal severity at hour 5 (p < .05), as well as hours 6 – 12 

and 24 (p < .0001), in ET animals (Figure 3.2a).  As shown by AUC24, taurine  

GROUP ID Initial Weight 
(g) 

Final Weight 
(g) 

Weight Change 
(%) 

Water Intake 
(ml/g/day) 

CON 24.1 ± 0.5 24.2 ± 0.5  + 0.32  0.155 ± 0.007 

E-0 25.7 ± 0.4 23.3 ± 0.4  - 9.17 *  0.048 ± 0.003 * 

ES 25.3 ± 0.4 23.7 ± 0.4  - 6.54 *  0.055 ± 0.004 * 

ET 26.0 ± 0.4 24.4 ± 0.4  - 6.35 *  0.050 ± 0.003 * 

   * Significantly Different (p < .0001) from CON 

TTaabbllee  33..11    AAnniimmaall  WWeeiigghhtt  aanndd  WWaatteerr  IInnttaakkee  DDuurriinngg  CCEE  EExxppoossuurree  ((NNeeuurrooiinnhhiibbiittoorryy  MMooddeell))..



 37

            

        

 

 

 

 

 

 

 

 

 

 

 

 

            

       

 

 

 

 

 

 

                    FF ii
gg uu

rr ee
  33

.. 22
aa ::

      TT
ii mm

ee   
CC

oo uu
rr ss

ee   
oo ff

  EE
tt OO

HH
  WW

ii tt hh
dd rr

aa ww
aa ll

-- II
nn dd

uu cc
ee dd

  SS
ee ii

zz uu
rr ee

  AA
cc tt

ii vv
ii tt yy

..     
  

  
D

at
a 

po
in

ts
 e

xp
re

ss
ed

 a
s m

ea
n 

± 
S.

E.
M

.  
D

ou
bl

e-
bl

in
d 

in
je

ct
io

n 
ad

m
in

is
te

re
d 

af
te

r h
ou

r 4
 H

IC
 te

st
in

g 
(c

ir
cl

ed
 o

n 
x-

ax
is

). 
 

 
Si

gn
ifi

ca
nc

e 
de

te
rm

in
ed

 b
y 

tw
o-

w
ay

 A
N

O
V

A
 w

ith
 re

pe
at

ed
 m

ea
su

re
s. 

 *
 p

 <
 .0

5;
 *

* 
p 

< 
.0

00
1.

      
  FF ii

gg uu
rr ee

  33
.. 22

bb ::
  GG

rr oo
uu pp

  CC
oo mm

pp aa
rr ii ss

oo nn
  oo

ff   OO
vv ee

rr aa
ll ll   

SS ee
ii zz

uu rr
ee   

AA
cc tt

ii vv
ii tt yy

..     
  

 
B

ar
s r

ep
re

se
nt

 th
e 

m
ea

n 
± 

S.
E.

M
. a

re
a 

un
de

r t
he

 2
4 

hr
 H

IC
 c

ur
ve

 fo
r s

al
in

e-
tre

at
ed

 (b
la

ck
 b

ar
) a

nd
 ta

ur
in

e-
tre

at
ed

 (g
re

y 
ba

r)
 

 
w

ith
dr

aw
al

 a
ni

m
al

s. 
 *

 p
 <

 .0
00

1 

0
1

2
3

4
5

6
7

8
9

10
11

12
24

012345

*
**

**
**

**

**

**
**

**

H
ou

rs
 P

os
t-W

ith
dr

aw
al

Handling-Induced Convulsion Score

0102030405060

*

Area Under 24 hr Curve

  0
.9

%
 S

al
in

e
  T

au
ri

ne
 (5

00
 m

g/
kg

)

A
 

B
 



 38

significantly dampened overall excitability during 24 hr EtOH withdrawal, compared to 

the ES group (Figure 3.2b).  While not significantly different (p = .08), ET animals drank 

slightly less water (0.032 ± 0.003 ml/g) than ES animals (0.041 ± 0.004 ml/g). 

Urine Osmolarity 

 The osmolarity of collected urine was significantly different between treatment 

groups [F(3, 54) = 6.83, p <.0005].  Although post hoc analysis showed significantly 

elevated urine osmolarity in ES animals (p < .001), no differences were found in ET  

(p = .98) and E-0 (p = .22) groups, as compared to control values (Figure 3.3). 

  

 

 

 

 

 

 

 

 

 

Vasopressin Measurements 

 Analysis of tissue data revealed significant treatment group differences in 

pituitary [F(3, 54) = 4.42, p < .01], supraoptic [F(3, 54) = 9.02, p < .0001], and 

hippocampal [F(3, 54) = 37.86, p < .0001] vasopressin levels.  Compared to the CON 

group, ES animals showed significant elevations in pituitary vasopressin (p < .01) not 
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ppoosstt  hhoocc  SSttuuddeenntt’’ss  tt  tteesstt..    **ssiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  ((pp  <<  ..000011))  ffrroomm  CCOONN  ggrroouupp..  
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otherwise found in taurine-treated (ET) counterparts (Figure 3.4a).  In E-0 animals, 

supraoptic vasopressin levels were significantly lower (p < .0001 ) than CON and  

ES (p < .005) groups (Figure 3.4b).  This decline in supraoptic vasopressin did not return 

 

     

     

                      

        

 

                             

         

to basal levels over the course of EtOH withdrawal; significantly reduced supraoptic 

vasopressin was found in both ES (p < .005) and ET (p < .05) groups.  Interestingly, E-0 

animals showed a significant increase in hippocampal vasopressin levels (p < .0001), 

more than double the amount measured in CON animals (Figure 3.4c).  For EtOH 

withdrawal groups, hippocampal vasopressin returned to control levels in those treated 

with taurine (ET) yet remained elevated in ES animals (p < .001).     

Amino Acid Measurements – Taurine 

 Analysis of tissue data revealed significant treatment group differences in 

pituitary [F(3, 54) = 5.52, p < .005], supraoptic [F(3, 54) = 7.35, p < .0005], and 

hippocampal [F(3, 54) = 44.43, p < .0001] taurine levels.  The concentration of pituitary 

taurine was significantly higher in ET animals (p < .0005) than in all other treatment 

groups (Figure 3.5a).  However, supraoptic taurine levels were significantly reduced in 
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all EtOH-exposed groups, E-0 (p < .0005), ES (p < .0001), and ET (p < .005), compared 

to CON (Figure 3.5b).  While decreases in hippocampal taurine were found in E-0 (p < 

.0001) and ES (p < .0001) groups, ET animals were no different from CON (Figure 3.5c). 

 

 

 

 

 

 

Amino Acid Measurements – GABA 

 Analysis of tissue data revealed significant treatment group differences in 

supraoptic [F(3, 54) = 7.35, p < .0005] and hippocampal [F(3, 54) = 44.43, p < .0001] 

GABA levels.  No differences in pituitary GABA were found between groups (Figure 

3.6a).  Supraoptic GABA levels were significantly lower in both EtOH withdrawal 

groups, ES (p < .0005) and ET (p < .005), compared to CON animals (Figure 3.6b).  

However, reduced hippocampal GABA levels were only found in the ES (p < .0005) 

withdrawal group (Figure 3.6c). 
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Initial Time-Course of Taurine Treatment 
 
 

Urine Osmolarity 

 The osmolarity of collected urine was significantly different between treatment 

groups [F(3, 46) = 16.84, p <.0001].  Compared to control-saline treatment, taurine 

injections resulted in significantly lower urine osmolarity at 30 min (p < .0001), 60 min 

(p < .005), and 120 min (p < .001) post-injection (Figure 3.7).  
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CCoonnttrrooll--SSaalliinnee  ggrroouupp,,  ddeetteerrmmiinneedd  bbyy  ppoosstt  hhoocc  DDuunnnneetttt’’ss  tteesstt..  
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Vasopressin Measurements 

 Analysis of tissue data revealed significant treatment group differences in 

pituitary [F(3, 46) = 36.30, p < .0001], supraoptic [F(3, 46) = 13.55, p < .0001], and 

hippocampal [F(3, 46) = 5.84, p < .005] vasopressin levels.  Compared to control-saline 

injection, a significant elevation in pituitary vasopressin concentration was found 30 (p < 

.0001) and 60 (p < .0001) min after taurine injection (Figure 3.8a).  In contrast, taurine 

resulted in a significant, progressive decline in supraoptic vasopressin  

                 

 

 

 

 

 

 
 

levels, at 30 (p < .005), 60 (p < .0001), and 120 (p < .0001) min post-injection (Figure 

3.8b).  Within the hippocampus, significant increases in vasopressin were found 30  

(p < .05) and 60 (p < .05) min after taurine injection (Figure 3.8c). 

Amino Acid Measurements – Taurine 

 Analysis of tissue data revealed significant treatment group differences in 

pituitary [F(3, 46) = 15.24, p < .0001] and supraoptic [F(3, 46) = 3.18, p < .05] taurine 

levels.  Surprisingly, no significant difference in hippocampal taurine concentration was 

found between groups [F(3, 46) = 1.86, p = .15] (Figure 3.9c).  Compared to control-

saline injection, a significant increase in pituitary taurine concentration was found 30  

0

10

20

30

40

50

60

70

80

90 * *

ng
 / 

m
g 

tis
su

e

55
65
75
85
95

105
115
125
135
145
155

165

*
*

*

pg
 / 

m
g 

tis
su

e

0.00

0.25

0.50

0.75

1.00

1.25

1.50

pg
 / 

m
g 

tis
su

e

* *

A B C
Control - 0.9% Saline                 
30 min - (500 mg/kg Taurine)   
60 min - (500 mg/kg Taurine)   
120 min - (500 mg/kg Taurine) 

FFiigguurree  33..88::    VVaassoopprreessssiinn  CCoonncceennttrraattiioonn  IInn  PPiittuuiittaarryy  ((AA)),,  SSuupprraaooppttiicc  ((BB)),,  aanndd  HHiippppooccaammppuuss  ((CC))..      
VVaalluueess  eexxpprreesssseedd  aass  ggrroouupp  mmeeaann  ±±  SSEEMM..    **  SSiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  ((pp  <<  ..0055))  ffrroomm  CCoonnttrrooll--SSaalliinnee  
ggrroouupp,,  ddeetteerrmmiinneedd  bbyy  ppoosstt  hhoocc  DDuunnnneetttt’’ss  tteesstt..  
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(p < .0001) and 60 (p < .0001) min after taurine injection (Figure 3.9a).  In supraoptic 

tissues, a significant rise in taurine concentration occurred 30 min (p < .05) after taurine 

injection (Figure 3.9b); an effect which also seemed evident at 60 min, although falling 

short of significance (p = .051). 

 

 

 

 

 

 

 

Amino Acid Measurements – GABA 

 Analysis of tissue data revealed significant treatment group differences in 

pituitary [F(3, 46) = 10.65, p < .0001] and supraoptic [F(3, 46) = 3.30, p < .05] GABA 

levels.  No significant difference in hippocampal GABA concentration was found 

between groups [F(3, 46) = 2.17, p = .11] (Figure 3.10c).  Compared to control-saline 

injection, taurine significantly decreased pituitary GABA, 30 (p < .001) and 60 (p < .01) 

min after injection (Figure 3.10a).  Although ANOVA revealed a significant treatment 

effect, post hoc analysis did not show any differences in supraoptic GABA levels, 

between saline controls and specific post-injection (taurine) time points (Figure 3.10b). 
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Experiment 2 – Depletion Model 
 
 

7 Day Pre-Treatment 

 During the 7 day pre-treatment interval, a significant difference (p < .01) in 

weight change was found between water-treated animals (n = 38) and GES-treated 

animals (n = 40).  However, the difference in body mass did not reflect any apparent 

health detriment, especially since water consumption was not significantly different  

(p = .97) between groups.  Table 3.2 provides weight and water intake data for each 

group, during pre-treatment. 

 
 

PRE-TREATMENT Initial Weight 
(g) 

Final Weight 
(g) 

Weight Change 
(%) 

Water Intake 
(ml/g/day) 

Water 24.3 ± 0.3 24.5 ± 0.3 + 1.07 0.157 ± 0.003 

1% GES 24.6 ± 0.2 24.3 ± 0.2 - 1.14 0.157 ± 0.002 

 

 

                      

FFiigguurree  33..1100::    GGAABBAA  CCoonncceennttrraattiioonn  IInn  PPiittuuiittaarryy  ((AA)),,  SSuupprraaooppttiicc  ((BB)),,  aanndd  HHiippppooccaammppuuss  ((CC))..      
VVaalluueess  eexxpprreesssseedd  aass  ggrroouupp  mmeeaann  ±±  SSEEMM..    **  SSiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  ((pp  <<  ..0011))  ffrroomm  CCoonnttrrooll--SSaalliinnee  
ggrroouupp,,  ddeetteerrmmiinneedd  bbyy  ppoosstt  hhoocc  DDuunnnneetttt’’ss  tteesstt..  
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64 hr CE Exposure 

 Exposures conducted under the Depletion Model achieved a mean EtOH chamber 

saturation of 11.349 ± 0.110 mg/L with a flow rate of 139.5 ± 1.0 µl/min, resulting in a 

mean BEC of 0.148 ± 0.002 g/dL (n = 24).  Comparison of group BECs did not reveal  

significantly different levels of intoxication (p = .93) between water-treated (E-0; 0.148 ± 

0.003 g/dL) and GES-treated (GE-0; 0.148 ± 0.004 g/dL) animals.  Analysis of weight 

loss data (during 64 hr CE exposure) showed a significant difference (p < .0005) between 

treatment groups.  Unexpectedly, air-exposed, GES-treated animals (GC) showed a 

similar degree of weight loss to EtOH-exposed groups, while significantly different  

(p < .0001) from air-exposed, water-treated (CON) animals (Table 3.3).  In addition, GC 

animals drank significantly less water (p < .0001) than CON animals yet significantly 

more (p < .0001) than EtOH-exposed groups (Table 3.3). 

 

 
GROUP ID Initial Weight 

(g) 
Final Weight 

(g) 
Weight Change 

(%) 
Water Intake 
(ml/g/day) 

CON 24.5 ± 0.5 24.7 ± 0.5  + 0.71  0.172 ± 0.008 

E-0 24.9 ± 0.5 23.6 ± 0.5  - 5.18 *  0.065 ± 0.005 *,+ 

E-24 24.5 ± 0.3 23.8 ± 0.4  - 2.85 *  0.068 ± 0.003 *,+ 

GC 24.6 ± 0.4 23.5 ± 0.4  - 4.29 *  0.127 ± 0.015 * 

GE-0 24.2 ± 0.3 23.3 ± 0.3  - 3.80 *  0.074 ± 0.004 *,+ 

GE-24 24.0 ± 0.4 23.2 ± 0.3  - 3.45 *  0.069 ± 0.004 *,+ 

    * Significantly Different (p < .005) from CON 

   + Significantly Different (p < .0001) from GC

 

 

TTaabbllee  33..33    AAnniimmaall  WWeeiigghhtt  aanndd WWaatteerr IInnttaakkee DDuurriinngg CCEE EExxppoossuurree ((DDeepplleettiioonn  MMooddeell)).. 
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Withdrawal Severity Assessment 

 Analysis of HIC scores revealed a significant main effect of treatment [F(1,30) = 

51.99, p < .0001].  Repeated measure post hoc analysis indicated a significant increase in 

withdrawal severity at hours 5 - 8 (p < .05) and hours 11, 12, 24 (p < .05), in GE-24 

animals (Figure 3.11).  Furthermore, GES treatment significantly increased overall 

excitability during 24 hr EtOH withdrawal, compared to the E-24 group (Figure 3.11).  

Water intake during EtOH withdrawal was not significantly different (p = .27) between 

E-24 (0.048 ± 0.005 ml/g) and GE-24 (0.042 ± 0.003 ml/g) groups. 

Urine Osmolarity 

 The osmolarity of collected urine was significantly different between treatment 

groups [F(5, 78) = 6.85, p <.0001].  Post hoc analysis did not reveal a significant 

treatment  group difference between exposure-condition counterparts (CON v GC; E-0 v 

GE-0; E-24 v GE-24).  However, while E-0 urine indicated a significant increase in 

osmolarity (p < .05), compared to respective control (CON), GE-0 urine osmolarity was 

not different (p =.22) from GC.  Significantly elevated urine osmolarity was found in 

both withdrawal groups, E-24 (p < .0001) and GE-24 (p < .001), compared to CON and 

GC, respectively (Figure 3.12).   
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Vasopressin Measurements 

 Analysis of tissue data revealed significant treatment group differences in 

pituitary [F(5, 78) = 7.72, p < .0001], supraoptic [F(5, 78) = 8.15, p < .0001], and  

hippocampal [F(5, 78) = 25.47, p < .0001] vasopressin levels.  Pituitary vasopressin was 

significantly higher in GC (p < .0005) and GE-24 (p < .005), compared to respective 

exposure counterparts (CON and E-24).  Increased pituitary vasopressin was found in E-0 

(p < .001), E-24 (p < .005) and in GE-24 (p < .05), compared to corresponding control 

groups (CON and GC) (Figure 3.13a).  Between exposure counterparts, supraoptic 

vasopressin was significantly lower in GC (p < .005; v. CON) and higher in GE-0  

(p < .001 v. E-0).  In water-treated animals, significantly decreased supraoptic 

vasopressin occurred in E-0 (p < .0001) and E-24 (p < .0005), compared to CON; while 

no differences were found within GES-treated groups (Figure 3.13b).  Between exposure 
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FFiigguurree  33..1122::    UUrriinnee  OOssmmoollaarriittyy  ooff  DDeepplleettiioonn  MMooddeell  TTrreeaattmmeenntt  GGrroouuppss..      
VVaalluueess  eexxpprreesssseedd  aass  ggrroouupp  mmeeaann  ±±  SSEEMM..    BBeettwweeeenn  ggrroouupp  ssiiggnniiffiiccaannccee  ddeetteerrmmiinneedd  bbyy  
ppoosstt  hhoocc  SSttuuddeenntt’’ss  tt  tteesstt..      
**  ssiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  ((pp  <<  ..0055))  ffrroomm  ccoorrrreessppoonnddiinngg  ccoonnttrrooll  ggrroouupp  ((CCOONN  //  GGCC))..  
++  ssiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  ((pp  <<  ..0055))  ffrroomm  ccoorrrreessppoonnddiinngg  2244  hhrr  ggrroouupp  ((EE--2244  //  GGEE--2244))..  
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counterparts, hippocampal vasopressin was significantly higher in GC (p < .0001 v. 

CON) and GE-24 (p < .0001 v. E-24).  In water-treated animals, significant elevations in 

hippocampal vasopressin occurred in E-0 (p < .0001) and E-24 (p < .01), compared to 

CON; although, in GES-treated animals, GE-24 showed a significantly higher 

concentration of vasopressin (p < .05) than GC (Figure 3.13c).  

 

 

 

 

 

 

 

 

 

Amino Acid Measurements – Taurine  

 Analysis of tissue data revealed significant treatment group differences in 

pituitary [F(5, 78) = 157.57, p < .0001], supraoptic [F(5, 78) = 57.65, p < .0001], and 

hippocampal [F(5, 78) = 106.75, p < .0001] taurine levels.  GES effectively decreased 

tissue taurine content in all GES-treated groups (Figure 3.14).  Between exposure 

counterparts, taurine concentration in pituitary, supraoptic, and hippocampal tissues was 

significantly reduced within GC (p < .0001 v. CON), GE-0 (p < .0001 v. E-0), and GE-24 

(p < .0001 v. E-24) groups.  Although no significant difference in pituitary taurine was 

found between water-treated groups, GE-24 showed significantly higher levels  

FFiigguurree  33..1133::    VVaassoopprreessssiinn  CCoonncceennttrraattiioonn  IInn  PPiittuuiittaarryy  ((AA)),,  SSuupprraaooppttiicc  ((BB)),,  aanndd  HHiippppooccaammppuuss  ((CC))..      
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**--SSiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  ((pp  <<  ..0055))  ffrroomm  ccoorrrreessppoonnddiinngg  ccoonnttrrooll  ggrroouupp  ((CCOONN  //  GGCC))  
++--SSiiggnniiffiiccaannttllyy  ddiiffffeerreenntt  ((pp  <<  ..0011))  ffrroomm  ccoorrrreessppoonnddiinngg  2244  hhrr  ggrroouupp  ((EE--2244  //  GGEE--2244))..      
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(p < .0001) than the respective GC control group (Figure 3.14a).  Conversely, a 

significant decrease in supraoptic taurine was found in E-24 (p < .05 v. CON); whereas 

supraoptic taurine content was no different among GES-treated animals (Figure 3.14b).  

Compared to respective control groups, a significant reduction in hippocampal taurine 

occurred within all EtOH-exposed groups: E-0 and E-24 (p < .005 v. CON), GE-0 and 

GE-24 (p < .0001 v. GC) (Figure 3.14c). 

 

 

 

 

 

 

 

 

 

Amino Acid Measurement – GABA  

 Analysis of tissue data revealed significant treatment group differences in 

supraoptic [F(5, 78) = 9.23, p < .0001], and hippocampal [F(5, 78) = 34.72, p < .0001] 

GABA levels, while no differences were found in pituitary GABA [F(5, 78) = 0.96,  

p = .45] (Figure 3.15).  Between exposure counterparts, GC animals showed significantly 

decreased supraoptic GABA (p < .05 v. CON) and increased hippocampal GABA  

(p < .005 v. CON).  Both sets of EtOH-exposed groups showed parallel shifts in 

supraoptic and hippocampal GABA content.  Supraoptic GABA increased in E-0 (p < .05 
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v. CON) and GE-0 (p < .0001 v. GC) but then decreased in E-24 (p < .0001 v. E-0) and 

GE-24 (p < .005 v. GE-0) (Figure 3.15b).  Similarly, hippocampal GABA increased in  

E-0 (p < .0001 v. CON) and GE-0 (p < .05 v. GC) but decreased in E-24 (p < .005 v. 

CON) and GE-24 (p < .0001 v. GC) (Figure 3.15c). 
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CHAPTER FOUR 
 

Discussion 
 
 

 The array of physiological disruptions, which characterize periods of withdrawal, 

drives the unyielding negative impact of EtOH dependency.  The unfortunate product of 

chronic EtOH intake presents a double-edged sword of consequence:  alterations in brain 

excitability and osmoregulatory control.  Full elucidation of these CNS components 

currently remains a primary research focus for scientists worldwide.  While EtOH’s 

detrimental impact, upon these two neural elements, seemingly adds complexity to this 

investigative effort, examination of such EtOH-related effects may, in turn, provide new 

insight into the processes that govern CNS excitability and osmoregulation.  As a calcium 

modulator and osmoregulatory agent, taurine-induced amelioration of EtOH-provoked 

changes not only highlights taurine’s predominant role within associated neural domains 

but also presents a new multidimensional approach in treating EtOH dependency.  

Furthermore, from a taurine research perspective, EtOH provides an efficient method for 

the experimental induction of hyperexcitability and osmotic imbalance, conditions that 

both elicit a significant taurine response.  As a result, the condition (EtOH) and the 

treatment (taurine) ultimately help characterize each other’s influence on vital brain 

mechanisms. 
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Effects of Chronic EtOH Intoxication  

Vasopressin and Osmoregulation  

 The well-recognized effect of EtOH intoxication on systemic dehydration 

characterizes a simple, observable outcome of EtOH’s influence on normal vasopressin 

function.  The capacity to disrupt water homeostasis exists as one of the most prominent, 

albeit underestimated, side-effects of chronic ethanol intake; causing significant diuresis-

induced hyperosmolarity via inhibition of the hypothalamic-neurohypophysial system 

(HNS) (Eisenhofer and Johnson, 1982; Madeira et al., 1993; Mander et al., 1988; Wang 

et al., 1991) and by directly preventing renal reabsorption of water (Carney et al., 1995; 

Kanli and Terreros, 1990; Taivainen et al., 1995).  Most importantly, EtOH can alter the 

neuroendocrine centers (pituitary and supraoptic nucleus) that maintain appropriate 

osmotic balance, potentially leading to significant hormonal dysfunctions beyond that of 

acute body water loss. 

 Pituitary.  Increased levels of pituitary vasopressin after chronic EtOH 

intoxication, within E-0 groups (Figures 3.4a, 3.13a) (although just short of statistical 

significance in the Neuroinhibitory Model) clearly demonstrates the potent inhibition of 

vasopressin release by EtOH.  In support of this finding, neuronal cells exposed to EtOH 

show marked reductions in Ca2+ uptake capacity (Messing et al., 1986), which greatly 

contributes to EtOH-related inhibition of pituitary vasopressin release.  Dependent upon 

the influx of extracellular Ca2+ through L-type (dihydropyridine-sensitive) Ca2+ channels, 

release of neurohypophysial vasopressin becomes significantly reduced as a result of 

EtOH’s inhibition of L-type Ca2+ channels (Wang et al., 1991,1994).  In addition, EtOH 

further depresses neurohypophysial terminal activity, and associated vasopressin release, 
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by enhancing the function of Ca2+-dependent K+ (BK) channels (Dopico et al., 1998).  

Suppression of neurohypophysial vasopressin release reduces circulating plasma 

vasopressin levels, manifesting as lower urine osmolarity via increased renal water 

excretion.   Under normal conditions, this effect reveals a strong positive correlation 

between urine osmolarity and plasma vasopressin concentration (Robertson et al., 1976).  

However, the slight increase in urine osmolarity, measured in E-0 groups (Figures 3.3, 

3.12), likely represents the outcome of prolonged vasopressin inhibition and reduced 

water intake (Tables 3.1, 3.3), over the course of chronic EtOH intoxication.   

 Supraoptic Nucleus.  Chronic EtOH exposure caused a significant reduction in the 

amount of detectable vasopressin, within the supraoptic nucleus of E-0 groups (Figures 

3.4b, 3.13b).  The reported decrease in supraoptic vasopressin mRNA, in mice treated 

with EtOH for 7 days (Ishizawa et al., 1990), and slight declines in supraoptic 

vasopressin synthesis, in rats chronically exposed to EtOH vapors (Hoffman and Dave, 

1991), corroborate this current finding.  Similar to its effect on supraoptic nerve terminals 

in the neurohypophysis (Wang et al., 1991,1994), EtOH disrupts the firing pattern within 

supraoptic cell bodies, through the inhibition of voltage-activated Ca2+ currents (Widmer 

et al., 1998).  However, in neuronal cell bodies of the supraoptic nucleus, EtOH does not 

affect the functional state of BK channels (Dopico et al., 1999), in contrast to the 

enhanced activation of these channels within neurohypophysial terminals (Dopico et al., 

1998).  Even though EtOH seemingly influences disparate cellular targets within 

supraoptic and neurohypophysial regions, its profound inhibition of synaptic 

transmission, within the axon terminals and cell bodies of supraoptic neurons, clearly 

illustrates EtOH’s potent suppression of vasopressinergic signals.   
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 Although prolonged EtOH exposure inhibits the activation of supraoptic neurons, 

and associated vasopressin production, it seems plausible that increased synthesis of 

vasopressin, during the initial excitatory phase of EtOH intoxication (Ogilvie et al., 

1997), remains present within the HNS during chronic EtOH inhibition.  The inverse 

relationship between supraoptic and pituitary vasopressin content, in E-0 groups (Figures 

3.4, 3.13), supports this notion.  While supraoptic vasopressin content decreases after 

chronic EtOH intoxication (E-0; Figures 3.4b, 3.13b), pituitary vasopressin levels appear 

higher than in CON groups (Figures 3.4a, 3.13a).  In comparing the CON and E-0 groups 

(both models), the ratio of supraoptic to pituitary vasopressin concentration reveals a 

striking disparity in the HNS distribution of vasopressin: CON = 1:452 and E-0 = 1:752.  

This demonstrates a possible relocation of available vasopressin, rather than an overall 

decrease in HNS levels.  

 Some investigators report that chronic EtOH significantly increases supraoptic 

neuronal volume, with an associated enlargement of rough endoplasmic reticulum and 

Golgi apparatus that reflects a rise in protein synthesis (Carmona-Calero et al., 1995; 

Madiera et al., 1993); an effect also caused by prolonged hyperosmotic states.  Although 

similar to dehydrative effects, chronic EtOH intake also results in a progressive loss of 

supraoptic neurons, as demonstrated in animal studies (Carmona-Calero et al., 1995; 

Madeira et al., 1993) and post-mortem analysis of alcoholic men (Harding et al., 1996).  

Observed increases in neuronal size and vasopressin production, resulting from chronic 

EtOH intake, likely illustrates an adaptation of remaining viable neurons to compensate 

for lost vasopressin-producing neurons (Madeira and Paula-Barbosa, 1999).  This critical 

shift in vasopressin maintenance appears long-lasting (Döring et al., 2003) and may 
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engender persistent deficits in systemic osmoregulatory control.  The number of 

supraoptic neurons that can react to osmotic shifts directly relates to the overall precision 

of vasopressin-mediated responses.  The principle of fine-motor control best illustrates 

this concept, where precisely regulated movements require a collective contraction of 

small motor units, each controlled by individual nerve fibers.  In a muscular response, 

stimulation of multiple small motor units affords superior dynamic control over skeletal 

movements.  With a loss of supraoptic neurons induced by chronic EtOH, the resolution 

of vasopressin control becomes diminished when only a few, large neurons remain to 

regulate appropriate vasopressin output.  This outcome of EtOH intoxication may explain 

the inappropriate vasopressin response that occurs during the withdrawal period,  

as well as the inconsistencies in reported supraoptic vasopressin levels resulting from 

EtOH intake.  

 Hippocampus.  The most unexpected change in vasopressin content occurred 

within the hippocampal tissues of EtOH-dependent (E-0) animals.  Chronic EtOH 

exposure resulted in a 272% increase in hippocampal vasopressin levels, compared to 

CON groups  (Figures 3.4c, 3.13c).  While the absence of published data, relating to 

EtOH’s effect on hippocampal vasopressin, makes this finding the first of its kind, 

interpretation of these results becomes rather challenging.  However, several 

investigations reveal that vasopressin, released within the CNS (central release), modifies 

a number of behavioral components (de Weid et al., 1993), with reported involvements 

in:  memory consolidation (Burbach et al., 1983), hippocampal facilitation of learning 

and memory (Kudryashova and Kudryashova, 1999), hippocampal-mediated regulation 

of HPA axis activity (Hügin-Flores et al., 2003), and the pathogenesis of anxiety / 
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depression disorders (Van Londen et al., 1997; Keck, 2006).  While the exact source and 

function of hippocampal vasopressin remains unclear, the substantial increase measured 

in E-0 hippocampal tissues does not likely represent re-entry (across the blood-brain 

barrier) of peripherally released hypophysial vasopressin (Ludwig and Leng, 2006).  The 

most probable origin of hippocampal vasopressin derives from the central release of 

vasopressin from hypothalamic nuclei (supraoptic and/or paraventricular) or 

extrahypothalamic vasopressin-producing structures (amygdala and bed nucleus of the 

stria terminalis) (de Weid et al., 1993).  Identified vasopressin-containing pathways, from 

the hypothalamus towards the hippocampus (Buijs, 1978; Rosen et al., 2007), delineates 

one potential delivery route of vasopressin to the hippocampus.  However, this 

conventional manner of brain signaling, typically associated with classical 

neurotransmitters (amino acids, acetylcholine, and biogenic amines) exists as only one of 

several options for neuropeptide communication.  Emerging perspectives now recognize 

the capacity of centrally-released peptides to convey CNS signals in an endocrine-like 

manner, diffusing to brain regions distant from initial release (Herman et al., 2003; 

Landgraf and Neumann, 2004; Ludwig and Leng, 2006).   

 Retrograde release of vasopressin, from supraoptic dendrites (Kombian et al., 

1997; Ludwig, 1998; Ludwig and Pittman, 2003), may, in fact, diffuse to regions of the 

hippocampus as a form of regulatory feedback, such as in modulating HPA axis activity 

(Herman et al., 1989).  This manner of neuropeptide communication could explain the 

inverse relationship of decreased supraoptic (Figures 3.4b, 3.13b) and increased 

hippocampal (Figures 3.4c, 3.13c) vasopressin levels that occurred after chronic EtOH 

intoxication, in E-0 groups.  Containing vast reserves of vasopressin, large supraoptic 
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dendrites exhibit an extensive branching network with dense aggregations away from the 

soma (Armstrong, 1995).  Significant quantities of vasopressin, released from supraoptic 

dendrites, not only can diffuse toward the median eminence to facilitate hypophysial 

ACTH release (Wotjak et al., 1996, 2002) but may also spread towards areas of the 

hippocampus to stimulate respective neurons, which in turn down-regulate hypothalamic 

neurons associated with HPA axis activation  (Herman et al., 2003; Hügin-Flores et al., 

2003; Nettles et al., 2000; Welt et al., 2006).  Early clinical studies reveal that stimulation 

of the hippocampus significantly reduces HPA activation, shown by the resulting 

decrease in plasma corticosteroid levels (Rubin et al., 1966).  Furthermore, lesions of 

hippocampal pathways, in rats, produce a dramatic increase in plasma corticosterone, 

corresponding to diminished hippocampal control over hypothalamic-mediated regulation 

of HPA activity (Herman et al., 1989).  In the hippocampus, vasopressin likely stimulates 

this feedback mechanism by facilitating an increase in both glutamate release and 

intracellular Ca2+ concentrations ([Ca2+]i) (Nakayama et al., 2000; Syed et al., 2007), as 

well as blocking GlyR-mediated inhibitory currents (Omura et al., 1999).  Vasopressin 

promotes these effects through the activation of vasopressin 1b receptors, which show 

abundant expression within hippocampal regions (Hernando et al., 2001; Syed et al., 

2007; Young et al., 2006).  

 Although limited to hypothalamic vasopressin measurements within the 

supraoptic nucleus, results from this investigation suggest that supraoptic vasopressin 

release could initiate a vital regulatory circuit (through the hippocampus) that modulates 

its own activity, as well as that of other hypothalamic nuclei which directly influence 

HPA output.  In magnocellular supraoptic neurons, dendrites release significant amounts 
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of vasopressin in response to external stressors, while peripheral levels remain largely 

unchanged (Landgraf and Neumann, 2004; Saito and Soya, 2004; Wotjak et al., 1998).  

This dissociation of central and peripheral vasopressin release patterns characterizes two 

distinct mechanisms involved in regulating HPA or HNS function, respectively.  

However, since the supraoptic nucleus conveys information from both pathways (HPA 

and HNS), persistent stimuli from one can likely generate supraoptic responses that 

ultimately modify the activity of both pathways.   

 Conceivably, chronic EtOH intake could generate profound HPA imbalances 

through a combination of direct and indirect means; disrupting the origin, point of relay, 

and target of HPA feedback signals.  For example, under acute exposure paradigms 

(stimulatory), EtOH promotes HPA activation by enhancing vasopressin-facilitated 

release of ACTH from the adenohypophysis (László et al., 2001; Ogilvie et al., 1997; 

Rivier and Lee, 1996).  In the current investigation, chronic EtOH-induced suppression of 

pituitary vasopressin release (E-0; Figures 3.4a, 3.13a) produces systemic dehydration, 

corresponding to elevations in urine osmolarity (E-0; Figures 3.3, 3.12).  As a result, 

chronic EtOH generates a persistent hypertonic stimulus, which itself can elicit a long-

lasting increase in dendritically-released supraoptic vasopressin (Ludwig et al., 1994).  In 

fact, significantly reduced supraoptic vasopressin content, after chronic intoxication in E-

0 animals (Figures 3.4b, 3.13b), seems to reflect this response of supraoptic dendrites to 

hyperosmotic conditions.  When activated by osmotic stimuli, sustained dendritic release 

of supraoptic vasopressin (Ludwig et al., 1994) enters portal capillaries within the median 

eminence (Wotjak et al., 1996) and facilitates ACTH release from the adenohypophysis 

(Wotjak et al., 2002); thereby enhancing HPA activation even in the absence of 
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perceivable stressors.  However, dendritically-released vasopressin results in extracellular 

concentrations high enough to also reach distant targets, such as the hippocampus, from 

which it may initiate inhibitory feedback over HPA activation (Herman et al., 2003; 

Landgraf and Neumann, 2004; Ludwig and Leng, 2006).  Moreover, during chronic 

EtOH, hyperosmotically-induced cell shrinkage reduces the area of protective coverage 

by astrocytes (Theodosis, 2002), thereby enhancing the diffusion of supraoptic 

vasopressin toward the hippocampus, through unobstructed extracellular space.  

Together, these findings strongly suggest that the central component of supraoptic 

vasopressin may account for the surge in hippocampal vasopressin that results from 

chronic EtOH exposure.  The presence of hippocampal vasopressin may serve to 

stimulate inhibitory pathways that suppress HPA activation, offering an intriguing 

perspective on the anxiolytic effects produced by EtOH.  However, over-activation of this 

pathway, during chronic EtOH intake, may deplete available neuropeptide resources, 

leading to unregulated HPA function during withdrawal.  Furthermore, these EtOH-

related effects highlight the multiple consequences that potentially develop from only a 

few points of direct insult. 

Taurine and GABA 

 As primary inhibitory amino acids, taurine and GABA maintain similar 

pharmacological profiles and often share binding affinities for specific neuronal 

receptors.  Although GABA-related transmissions inevitably succumb to EtOH-induced 

alterations, conditions produced by EtOH intake rather promote taurine-associated 

modulations that regulate osmotic and excitatory homeostasis.  While EtOH largely 

affects the GABAergic system through enhanced GABAAR activation (Mihic et al., 
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1997; Roberto et al., 2003; Schummers and Browning, 2001), taurine-mediated 

responses, induced by intoxication and withdrawal, may provide regulatory support 

toward mitigating EtOH-associated disruptions.   

 Overall, chronic EtOH exposure increased GABA concentrations within the 

supraoptic nucleus (E-0; Figures 3.6b, 3.15b) and the hippocampus (E-0; Figures 3.6c, 

3.15c).  Two EtOH-mediated effects on membrane-bound proteins likely account for this 

rise in tissue GABA content.  First, chronic EtOH exposure decreases neuronal Ca2+ 

uptake capacity (Messing et al., 1986) and inhibits Ca2+ channels (Wang et al., 1994; 

Widmer et al., 1998), which undoubtedly reduces the Ca2+-dependent release of GABA 

from terminal vesicles.  Second, investigators report that both acute and chronic EtOH 

administration enhance the function of the GABA subtype 1 transporter in mice (Hu et 

al., 2004).  Together, these findings demonstrate the manner in which chronic EtOH 

increases tissue GABA levels, by facilitating cellular uptake and preventing subsequent 

release.  Expectedly, EtOH did not cause any significant change in pituitary GABA levels 

(E-0; Figures 3.6a, 3.15a); especially since taurine remains the predominant amino acid 

in the pituitary, with measured concentrations over 30 times that of GABA in CON 

groups (Figures 3.5a and 3.6a, 3.9a and 3.10a, 3.14a and 3.15a). 

 After acute EtOH administration (stimulatory), in vivo measurements reveal 

significantly increased taurine release within the nucleus accumbens of rats (Dahchour et 

al., 1996; Quertemont et al., 2002) and mice (Olive et al., 2000), whereas GABA levels 

remain unaffected.  This elevated taurine release, which also takes place within the 

amygdala (Quertemont et al., 1998), hippocampus (Lallemand et al., 2000), and striatum 

(Smith et al., 2004), may very well represent cellular measures that promote taurine’s 
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role as a neuromodulator / neuroinhibitor.  In the present investigation, declines in 

supraoptic (Figures 3.5b, 3.14b) and hippocampal (Figures 3.5c, 31.4c) taurine levels, 

measured after chronic EtOH exposure in E-0 animals, seem to reflect this release that 

likely occurs during the initial stimulatory phase of EtOH intoxication.  Accordingly, 

elevated extracellular taurine might buffer some of the potent pharmacological effects 

elicited by alcohol intoxication.  Functioning as a partial GABAAR agonist (del Olmo et 

al., 2000; Hussy et al., 1997; McCool and Botting, 2000; O’Byrne and Tipton, 2000), 

rises in extracellular taurine could help reduce the hypnotic effects of EtOH-enhanced 

GABAAR activation (Mihic et al., 1997; Roberto et al., 2003; Schummers & Browning, 

2001) by allosterically blocking bicuculline-binding sites on GABAAR (Quinn and 

Harris, 1995).  Similarly in cultured cerebellar cells, taurine significantly inhibits the 

binding of strychnine to GlyR (Elster et al., 1997), a receptor that also displays altered 

activation by EtOH, comparable to the effects on GABAAR  (Mihic et al., 1997; Van 

Zundert et al., 2000).  Behavioral studies seem to corroborate this theory, in that mice 

treated for 10 days with taurine (40 mg/kg, water solution) show no deficits in memory or 

motor coordination, when treated with 40% EtOH (3.2 g/kg, orally) 30 min prior to 

testing (Vohra and Hui, 2000). 

 In support of taurine’s osmoregulatory role, in vitro studies also demonstrate that 

the stimulatory effects of acute EtOH promote a significant rise in intracellular water, 

leading to profound cell swelling (Kanli and Terreros, 1990).  In isolated astrocytes, this 

osmotic effect of acute EtOH results in a concomitant release of taurine (Kimelberg et al., 

1993), which gradually dissipates with successive exposures.  This progressive decrease 

in taurine responsiveness further explains the reduced taurine content within supraoptic 
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(Figures 3.5b, 3.14b) and hippocampal (Figures 3.5c, 3.14c) tissues, after chronic EtOH 

exposure (E-0); a condition that should conceivably promote an increased taurine 

transport in astrocytes (Allen et al., 2002; Sakurai et al., 2003).  In most mammalian 

tissues, the establishment of intracellular taurine pools depends primarily upon the uptake 

of available extracellular taurine, derived primarily from dietary sources.  During the 

acute phase of intoxication, however, a portion of released taurine undoubtedly becomes 

eliminated, both locally and systemically, given that elevated plasma taurine levels occur 

in rats, after i.p. EtOH injections (Bekairi et al., 1987).  In the context of chronic EtOH 

exposure, this effect may leave some tissues unable to replenish necessary taurine 

reserves, in the absence of exogenous intake; thereby, producing the previously 

mentioned declines in supraoptic and hippocampal taurine levels.  In further support of 

these findings, other investigators also report similar reductions in taurine within the 

cortex, brain stem, and cerebellum of EtOH-dependent rats (Iwata et al., 1980).   

   While endogenous taurine clearly reacts to the presence of EtOH, the underlying 

properties that promote this response remain uncertain and may differ within various 

brain regions.  However, taurine’s most recognized physiological function lies in its 

efficient role as an osmoregulator in cells throughout the mammalian system (Huxtable, 

1992).  As such, the induction of hyperosmotic extracellular environments, produced by 

EtOH-associated dehydration, provides a potent stimulus for astrocytic taurine uptake.  

To normalize hypertonic shrinkage, astrocytes often promote the influx of water through 

the active accumulation of intracellular taurine, corresponding to increased taurine 

transporter expression (Bitoun and Tappaz, 2000a), as well as some regional 

enhancement of taurine synthesis outside of the CNS (Bitoun and Tappaz, 2000b; 
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Beetsch and Olson, 1998).  While this physiological adjustment primarily occurs within 

taurine-rich glial cells, tissue measurements may not fully illustrate this response in areas 

containing proportionally fewer astrocytes.   

 Even though tissue data provide a regional summation of taurine concentrations 

within collective cell types and extracellular fluids, differences in tissue levels often 

reflect the uptake / release of taurine by astrocytes; especially noted in the predominant 

localization of taurine within astrocytes of the neurohypophysis (Hussy et al., 2001; 

Miyata et al., 1997; Pow et al., 2002) and supraoptic nucleus (Brès et al., 2000; Deleuze 

et al., 1998; Decavel and Hatton, 1995).  Hypophysial astrocytes (termed pituicytes) 

constitute the largest population of cells within the neurohypophysis (Miyata and Hatton, 

2002), making the pituitary highly representative of astrocytic taurine distribution as a 

function of tissue levels.  Although not significant, the rise in pituitary taurine levels, 

within E-0 animals (Figures 3.5a, 3.14a), appears functionally similar to the reported 

increases in taurine uptake within cultured astrocytes chronically-exposed to EtOH (Allen 

et al., 2002).   

 Fluctuating extracellular osmolarities can elicit significant cell volume changes, in 

either astrocytes or neurons, which subsequently activates the osmoregulatory 

mechanisms associated with cellular taurine movements (Bourque and Oliet, 1997).  

Within HNS glial cells, localized taurine pools provide the most prominent contribution 

toward osmoregulatory responses in the supraoptic nucleus (Deleuze et al., 1998, 2000; 

Hussy et al., 1997) and neurohypophysis (Hussy et al., 2001; Miyata et al., 1997; Rosso 

et al., 2003), which ultimately regulates systemic osmolarity through the modulation of 

peripheral vasopressin release.  However, in the hippocampus, neurons and astrocytes 
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both express the taurine transporter protein and maintain a near equivalent distribution of 

intracellular taurine (Pow et al., 2002).  In addition, as various physiological states can 

promote the transfer of taurine between hippocampal astrocytes and neurons (Olson and 

Li, 2000), interpretation of taurine levels within this tissue becomes quite challenging.  

Under basal states (CON), the hippocampus maintains taurine concentrations 3.5 times 

greater than that of both GABA (Figures 3.5c and 3.6c, 3.9c and 3.10c, 3.14c and 3.15c) 

and glutamate (Saransaari and Oja, 1997).  As a modulator of both intracellular calcium 

concentrations ([Ca2+]i) and osmolarity (Huxtable, 1989, 1992), taurine protects the 

hippocampus from glutamate-induced excitotoxicity (El Idrissi et al., 2003; Patterson et 

al., 1996; Zhao et al., 1999) and cell volume disruptions (Franco et al., 2000; Kreisman 

and Olson, 2003; Pasantes-Morales et al., 1998).  In contrast to neurohypophysial and 

supraoptic astrocytes, hippocampal neurons show the greatest sensitivity to extracellular 

osmotic shifts, compared to proximal astrocytes, and rapidly mobilize taurine as an 

osmoregulator (Olson and Li, 2000).  Although not immune to osmotic stimuli, 

hippocampal astrocytes may preferentially utilize taurine as a calcium modulator, in 

regulating extracellular glutamate levels and associated synaptic activities (Anderson and 

Swanson, 2000).   

 Not limited to its protection against EtOH withdrawal effects, taurine’s 

stabilization of cell excitability may also regulate stimulatory pathways indirectly 

activated by chronic EtOH.  The notable decrease in hippocampal taurine, after chronic 

EtOH exposure (E-0; Figures 3.5c, 3.14c), could illustrate the release of taurine from 

astrocytes, in response to increased [Ca2+]i.  The appreciable concentration of vasopressin 

in the hippocampus (E-0; Figures 3.4c, 3.13c) likely activates astrocytic vasopressin 1b 
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receptors, which promote glutamate release through elevated [Ca2+]i (Syed et al., 2007).  

Taurine’s facilitation of Ca2+ clearance, in astrocytes (Matsuda et al., 1996) and neurons 

(Chen et al., 2001; El Idrissi and Trenkner, 1999), and concomitant release with 

glutamate in the hippocampus (Menéndez et al., 1990; Wilson et al., 1996) further 

suggests that hippocampal taurine loss, during intoxication (E-0; Figures 3.4c, 3.13c), 

reflects a release of taurine from astrocytes, as result of vasopressin-induced effects.  

However, during EtOH withdrawal, it seems unlikely that the additional reduction in 

hippocampal taurine (ES / E-24; Figures 3.5c, 3.14c) would occur through similar means, 

in light of significantly lower vasopressin levels (ES / E-24; Figures 3.4c, 3.13c) and 

clear differences in physiological states.  This withdrawal-related decline in hippocampal 

taurine may, in fact, depict the release of intracellular pools from osmosensitive neurons, 

in response to hypotonic swelling.  Interestingly, decreased hippocampal taurine, during 

the two fundamental stages of chronic EtOH (intoxication and withdrawal), offers unique 

insight into the disparate actions of hippocampal taurine according to its localization in 

either astrocytes or neurons.   

 Not unlike its co-release with glutamate, increased taurine efflux also occurs in 

response to elevated extracellular vasopressin, as shown in the supraoptic nucleus 

(Engelmann et al., 2001) and the septum (Singewald et al., 1999).  Similar to the 

hippocampus, the reduction in supraoptic taurine levels after chronic EtOH exposure (E-

0; Figures 3.5b, 3.14b) may reflect an initial response to the enhanced Ca2+ influx 

induced during the acute phase of EtOH exposure (Simasko et al., 1999), but may also 

correspond to chronic EtOH-induced changes in supraoptic vasopressin (E-0; Figure 

3.4b, 3.13b).  Since peripherally-released vasopressin primarily resides within 
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magnocellular axon terminals located in the neurohypophysis, measurable changes in 

supraoptic vasopressin likely represent its central release from dendrites.  In vivo 

measurements, in the rat supraoptic nucleus, demonstrate that elevated extracellular 

vasopressin stimulates the intra-nuclear release of taurine (presumably from astrocytes), 

which provides direct modulation over dendritically-released vasopressin; whereas 

endogenous GABA does not react to nor influence supraoptic vasopressin release 

(Engelmann et al., 2001). 

Effects of Chronic EtOH Withdrawal  

Vasopressin and Osmoregulation  

 Pituitary.  The reported neurological symptoms of EtOH withdrawal, such as 

tremors, anxiety, delirium, and seizures, appear qualitatively similar to states of 

hyponatremia / water intoxication; suggesting that inappropriate AVP secretion, during 

withdrawal (Taivainen et al., 1995), may cause cerebral edema as a product of 

overhydration (Collins et al., 1998; Lambie, 1985; Mander et al., 1988).  In the current 

investigation, elevated pituitary vasopressin after 24 hr of EtOH withdrawal (ES and E-

24; Figures 3.4a, 3.13a) supports this association of hyposmotic states and withdrawal-

related symptoms.  In the absence of EtOH’s inhibitory effect on the pituitary, the rise in 

vasopressin content represents increased peripheral secretion, as opposed to suppressed 

release during intoxication.  Supporting this, corresponding elevations in urine osmolarity 

(ES and E-24; Figures 3.3, 3.12) demonstrate an increase in water reabsorption, which 

clearly illustrates the functional presence of renal vasopressin.  In addition, urine 

osmolarity in EtOH-withdrawn animals appears notably higher than in EtOH intoxicated 
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groups (E-0) (Figures 3.3, 3.12), further suggesting that this increase depicts vasopressin-

induced water reabsorption rather than simple dehydration.  Moreover, significantly 

higher plasma vasopressin concentrations occur in alcoholic patients presenting clinical 

withdrawal symptoms (3.2 ± 0.5 pg/ml) than in those without obvious symptoms (1.4 ± 

0.1 pg/ml); within the same group of symptomatics, elevated plasma vasopressin also 

correlates with occurrences of periorbital edema (Eisenhofer et al., 1985).  Other reports 

indicate similar increases in plasma vasopressin occurring in male alcoholics, after only 

one day of abstinence (Döring et al., 2004).  As a result of  EtOH clearance (inhibition 

removal), an overactivated, compensatory AVP response (overhydration) could generate 

significant, withdrawal-induced cerebral swelling that results in hyperexcitable states, 

cell damage, and seizure episodes (Collins et al., 1998; Eisenhofer et al., 1985; Madeira 

et al., 1993; Mander et al., 1988).  Hyposmotic conditions, produced by abnormally high 

levels of circulating vasopressin, can cause widespread alterations in osmolarities and 

excitability throughout the CNS.  During EtOH withdrawal, the excessive release of 

peripheral vasopressin may exist as one of the most serious consequences of chronic 

EtOH intake.  In fact, peripheral administration of des-Gly9-[Arg8]-vasopressin dicitrate 

(DGAVP), a pharmacologically active fragment of AVP, significantly exacerbates 

handling-induced convulsions in male mice, during chronic EtOH withdrawal (Rigter et 

al., 1980).  Together these findings suggest that the surge in pituitary vasopressin release, 

occurring during EtOH withdrawal (ES and E-24; Figures 3.4a, 3.13a), produces 

systemic hyposmolarity (ES and E-24; Figures 3.3, 3.12) that leads to conditions of 

cerebral swelling and associated hyperexcitability.  Without proper compensatory volume 

adjustments, the resulting increase in neural cell volume can not only provoke heightened 
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excitability (Simard and Nedergaard, 2004; Somjen, 1999) but may also cause cell death 

(Bonfoco et al., 1995; Kroemer et al., 1998; Okada et al., 2001). 

 Within the HNS, physiological stimuli promote dynamic astrocyte-neuron 

interactions that provide regulation over vasopressinergic activity.  Fluctuating 

environmental conditions cause these cells to undergo activity-dependent structural 

plasticity, which balances vasopressin output with current demands (Hatton, 1997).  

Within neurohypophysial astrocytes, the response to changing extracellular osmolarities 

helps provide regulation over peripheral vasopressin release.  Pituicytes, which constitute 

the functional components of this final checkpoint, relay osmotic signals through cell 

volume changes, which initiate osmoregulatory adjustments via coordinated taurine 

movements (Hussy et al., 2001; Miyata and Hatton, 2002; Rosso et al., 2003).  While 

these astrocytes provide modulatory feedback on vasopressinergic terminals, the 

secretion of vasopressin itself depends upon the overall electrical activity of 

magnocellular supraoptic neurons (Oliet et al., 2004).  Within the intrinsically phasic 

neurons of the supraoptic nucleus, the convergence of osmotic stimuli and glutamatergic 

afferents ultimately determines neuronal firing rate and resulting level of vasopressin 

secretion (Ghamari-Langroudi and Bourque, 2000, 2001; Kombain et al., 2000; Li and 

Hatton, 1997).  However, persistent disruptions by EtOH may diminish the capacity of 

supraoptic neurons to effectively maintain normal vasopressin responses, resulting in 

associated dysfunctions within the HNS and HPA axis, during periods of withdrawal. 

 Supraoptic Nucleus.  Withdrawal from EtOH caused a prominent increase in 

supraoptic vasopressin (ES and E-24; Figures 3.4b, 3.13b), compared to E-0 animals.  

However, 24 hr after EtOH removal, vasopressin concentrations remained significantly 
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lower than CON supraoptic tissues.  In EtOH-withdrawn animals, increased vasopressin 

content in the pituitary (ES and E-24; Figures 3.4a, 3.13a) and supraoptic nucleus (ES 

and E-24; Figures 3.4b, 3.13b) likely correspond to increased HNS activation.  Although 

the persistent hypertonic conditions of chronic EtOH necessitate a reestablishment of 

water homeostasis, the rapid turnaround in vasopressin activation (from 0 to 24 hr post-

withdrawal) may engender abrupt osmotic shifts that lead to further cell volume 

disruptions.  Responsive to small variations in osmolarity, the supraoptic nucleus usually 

maintains efficient control over systemic hydration, preventing large fluctuations in 

osmolarities.  However, during chronic EtOH exposure, cellular adaptations that attempt 

to offset prolonged inhibition by chronic EtOH may also provoke over-activation of 

supraoptic neurons, during periods of withdrawal.  After chronic EtOH intake, increased 

extracellular glutamate concentrations and enhanced activation of glutamate receptors 

often facilitate conditions of neuronal hyperexcitability (Grant et al., 1990; Rossetti et al., 

1999; Tsai and Coyle, 1998).  Within the supraoptic nucleus, the notable expression of 

glutamate receptors (Meeker et al., 1999; Pak & Currás-Collazo, 2002) and glutamatergic 

afferents (Csáki et al., 2002; van den Pol et al., 1990) makes this region highly 

susceptible to EtOH-induced changes in glutamate signaling.  Additionally, chronic 

EtOH also promotes withdrawal-related hyperexcitability through increases in Ca2+ 

channel activation (McMahon et al., 2000; Whittington and Little, 1993) and associated 

elevations in Ca2+ uptake during withdrawal (Messing et al., 1986).  Such Ca2+-related 

effects likely take place within the supraoptic nucleus, given the abundant distribution of 

Ca2+ channel subtypes in supraoptic neurons (Fisher and Bourque, 1996).  Studies show 

that the stimulatory component of in vitro acute EtOH exposure promotes Ca2+ influx in 
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hypothalamic cells (Simasko et al., 1999), whereas saturating doses of EtOH (reflecting 

chronic conditions) inhibit voltage-gated Ca2+ currents in dissociated supraoptic neurons 

(Widmer et al., 1998).  Interestingly, indirect modification of supraoptic activation may 

also occur through the dehydrative effect of chronic EtOH exposure.  Inducing 

dehydration in rats causes an up-regulation of NMDA glutamate receptors in the 

supraoptic nucleus (Decavel and Curras, 1997); an effect remarkably similar to chronic 

EtOH-related increases in NMDA receptor expression (Grant et al., 1990; Gulya et al., 

1991; Rossetti et al., 1999; Snell et al., 1993; Tsai and Coyle, 1998).  Moreover, in 

isolated supraoptic neurons, the combined stimulus of hyperosmotic conditions and 

various glutamate receptor agonists act synergistically to promote increases in [Ca2+]i 

(Meeker, 2002).  Such findings illustrate that the supraoptic nucleus integrates multiple 

inputs to accurately determine appropriate osmoregulatory responses.  While this 

mechanism provides considerable sensitivity and flexibility in regulating osmotic 

changes (Hussy et al., 2000), it also presents a likely point of disruption by EtOH.  

Together these findings strongly suggest that both direct and indirect effects of prolonged 

EtOH inhibition can increase supraoptic excitability.  The possible over-stimulation of 

supraoptic neurons may account for the dramatic surge in vasopressinergic activation, 

during the 24 hr withdrawal period.  As a result, sharp rises in peripheral vasopressin 

release would likely generate tremendous osmotic fluctuations and associated disruptions 

of neuronal excitability.  

 Hippocampus.  In animals experiencing 24 hr of EtOH withdrawal (ES and E-24), 

the concentration of hippocampal vasopressin decreased considerably, compared to the 

levels found in chronically intoxicated animals (E-0), yet remained significantly higher 
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than CON values (Figures 3.4c, 3.13c).  While the reason for this sustained increase in 

hippocampal vasopressin seems unclear, the contrasting physiological states of 

intoxication and withdrawal may offer some clues.  Although intoxication results in a 

progressive increase in hypertonicity, chronic EtOH-induced inhibition can prevent 

normal osmoregulatory corrections.  However, regardless of inhibited synaptic 

transmission, hyperosmotically-induced cell shrinkage can stimulate the osmosensitive 

neurons of the supraoptic nucleus, through the activation of stretch-inactivated cation 

(SIC) channels (Oliet and Bourque, 1993).  During intoxication, the response of 

supraoptic neurons to cell volume changes may facilitate the continued production of 

vasopressin, despite the suppression of peripheral release. Consequently, this effect may 

promote the central release of vasopressin, which could relate to the elevated 

hippocampal levels after chronic EtOH intoxication (E-0; Figures 3.4c, 3.13c).  However, 

the elimination of EtOH during withdrawal (inhibition removal) may cause the supraoptic 

nucleus to redirect vasopressin toward peripheral release, and therefore, would reduce the 

amount available for dendritic release.  In this case, the reallocation of available 

vasopressin (from central to peripheral release) could explain the resulting decline in 

hippocampal vasopressin, after EtOH withdrawal (ES and E-24; Figures 3.4c, 3.13c).  

However, given the hyperexcitable state of withdrawal, some level of central release 

likely occurs through enhanced glutamatergic activation (Gillard et al., 2007), although 

local osmotic conditions may limit its overall diffusion.  During symptomatic EtOH 

withdrawal, high levels of circulating vasopressin significantly enhance renal water 

reabsorption, which can result in hyposmotically-induced cerebral edema (Eisenhofer et 

al., 1985; Lambie, 1985; Mander et al., 1988).  The swelling of neural cells would 
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conceivably reduce free extracellular space, impeding the movement of vasopressin away 

from the supraoptic nucleus.  As hyposmotic conditions worsen over the course of 

withdrawal, vasopressin’s ability to reach the hippocampus would likely decrease; thus, 

resulting in the reduced concentration of vasopressin in the hippocampus, 24 hr post-

withdrawal (ES and E-24), compared to the elevated levels found after chronic 

intoxication (E-0; Figures 3.4c, 3.13c). 

Taurine and GABA 

 In response to chronic EtOH exposure, brain tissues attempt to normalize 

prolonged inhibition by increasing the expression of both glutamate receptors (Grant et 

al., 1990; Rossetti et al., 1999) and voltage-gated Ca2+ channels (Messing et al., 1986; 

Whittington and Little, 1993).  This compensatory enhancement of stimulatory 

components represents a major source of hyperexcitability during withdrawal, often 

manifesting in profoundly dysphoric conditions, such as seizures (Becker et al., 1997, 

1998; Tsai and Coyle, 1998) and elevated anxiety (Errico et al., 2002; Kliethermes et al., 

2004; Knapp et al., 1998; Valdez et al., 2002).  During EtOH withdrawal, responses that 

promote the release of intracellular taurine and GABA may, in part, reduce this 

associated increase in neuronal excitability, through the corresponding activation of 

membrane-bound inhibitory receptors (GABAA and GlyR).  However, in contrast to 

GABA, taurine’s participation in cell volume regulation also contributes to osmotic 

homeostasis in both astrocytes and neurons, which can further stabilize neural excitation.  

Under conditions of EtOH withdrawal, taurine efflux rapidly increases with the steady 

rise in extracellular glutamate concentration within the rat nucleus accumbens (Dahchour 

et al., 1996).  With subsequent episodes of EtOH withdrawal, the increase in taurine and 
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glutamate release becomes greatly magnified  (Dahchour and De Witte, 2003), in 

agreement with the kindling effect of repeated withdrawal episodes (Ballenger and Post, 

1978; Becker et al., 1997, 1998).  Additionally, clinical studies indicate that patients, 

admitted for alcohol detoxification, show significantly elevated plasma taurine 

concentrations during EtOH withdrawal, with a significant correlation existing between 

plasma glutamate and taurine levels (r = 0.73) (Ward et al., 1999).  However, the 

mechanisms that underlie cellular taurine movements, during EtOH intoxication / 

withdrawal, cannot solely be a function of altered neural excitability, as experimentally-

induced systemic hypertonicity appears to dampen EtOH-induced taurine release in the 

brain (Quertemont et al., 2003).  Whereas the actions of GABA are limited to receptor-

mediated effects, release of intracellular taurine may provide a two-pronged approach in 

reducing withdrawal-related hyperexcitability, through both osmoregulatory and 

neuroinhibitory mechanisms. 

 Pituitary.  In EtOH-withdrawn animals (ES and E-24), measured concentrations 

of pituitary taurine and GABA levels did not differ significantly from CON or E-0 groups 

(Figures 3.5a and 3.14a, 3.6a and 3.15a).  Although, compared to CON animals, both 

EtOH-treated groups showed a modest increase (non-significant) in pituitary taurine 

concentrations.  Given that the pituitary lies outside of the blood-brain barrier, the 

presence of taurine and / or GABA in the peripheral circulation could make local effects 

difficult to detect in whole tissue measurements.  However, the induction of 

hyposmolarity during withdrawal can stimulate the mobilization of taurine (and not 

GABA) from pituicytes, which subsequently dampens the release of vasopressin from 

axon terminals (Hussy et al., 2001; Miyata et al., 1997; Rosso et al., 2003).  With the 
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increase of pituitary vasopressin in withdrawn animals (ES and E-24; Figures 3.4a, 

3.13a), the question remains as to whether the endogenous levels of pituitary taurine can 

overcome the physiological extremes produced by chronic EtOH. 

 Supraoptic Nucleus.  The highly glutamatergic supraoptic nucleus (Csáki et al., 

2002; Meeker et al., 1999; Pak & Currás-Collazo, 2002) makes this region prone to 

EtOH withdrawal hyperexcitability.  Within this tissue, EtOH withdrawal significantly 

reduced the concentration of both taurine (ES and E-24; Figures 3.5b, 3.14b) and GABA 

(ES and E-24; Figures 3.6b, 3.15b), which likely represents the outcome of cellular 

efflux.  As a potential countermeasure against withdrawal-related hyperexcitability, the 

release of inhibitory amino acids provides evidence of EtOH’s negative impact on 

supraoptic neuronal activation.  These findings, along with the rapid increase in 

supraoptic vasopressin (ES and E-24; Figures 3.4b, 3.13b), clearly demonstrate a 

heightened state of excitability within the supraoptic nucleus, during periods of EtOH 

withdrawal.  Even though the supraoptic nucleus maintains similar concentrations of both 

taurine (Figures 3.4b, 3.9b, 3.14b) and GABA (Figures 3.6b, 3.10b, 3.15b), inhibitory 

postsynaptic potentials and currents derive solely from GABAergic mechanisms; as 

GABAA receptor antagonists completely block all such inhibitory signals (Randle and 

Renaud, 1987; Wuarin and Dudek, 1993).  However, the abundant expression of 

functional glycine receptors (Deleuze et al., 2005; Hussy et al., 1997) characterizes 

another equally vital component of inhibitory control within the supraoptic nucleus.  

Unlike GABA-associated effects, supraoptic glycine receptors do not seem to mediate 

inhibitory synaptic transmissions; given that strychnine, a glycine receptor antagonist, 

does not affect post-synaptic currents (Deleuze et al., 2005) as well as the absence of 
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detectable glycinergic afferent fibers within this region (Rampon et al., 1996).  With no 

clear presence of glycine in the supraoptic nucleus, taurine likely serves as the principal 

activator of supraoptic glycine receptors (Hussy et al., 2000).  Taurine, localized 

primarily within supraoptic astrocytes (Decavel and Hatton, 1995), mediates glia-neuron 

communications through the activation of non-synaptic glycine receptors on 

magnocellular neurons (Deleuze et al., 2005).  While taurine clearly functions as an 

efficient agonist of glycine receptors, at both supraoptic soma and axon terminals (Hussy 

et al., 1997, 2001), its activation of extrasynaptic glycine receptors also appears evident 

in several other brain regions as well; such as the amygdala (McCool and Bottling, 2000), 

hippocampus (Mori et al., 2002), nucleus accumbens (Martin and Siggins, 2002), 

striatum (Sergeeva and Haas, 2001), and substantia nigra (Ye et al., 1997).  Furthermore, 

pituitary (Hussy et al., 2001; Miyata et al., 1997) and supraoptic (Hussy et al., 1997) 

astrocytes specifically release taurine in an osmodependent manner, while other glycine 

receptor agonists, such as glycine and β-alanine, seem osmotically unresponsive.  

Hypotonic stimuli, such as those likely to occur during EtOH withdrawal, stimulate the 

release of taurine from supraoptic astrocytes, which directly inhibits the firing rate of 

adjacent neurons by stimulating associated glycine receptors (Brès et al., 2000; Deleuze 

et al., 1998; Hussy et al., 1997).  Corroborating this glycine receptor-mediated inhibition 

of supraoptic neurons, in vitro and in vivo experiments of water-loaded rats show that the 

application of strychnine not only induces the firing of normally quiescent vasopressin 

neurons but also suppresses taurine-mediated inhibition by 95% (Hussy et al., 1997).  

Furthermore, administration of fluorocitrate, a glia-specific toxin, eliminates the 

osmotically-induced inhibition of vasopressin neurons by taurine; thus, confirming the 
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origin of these taurine-mediated effects (Deleuze et al., 1998).  Taken together, the 

presence of supraoptic taurine constitutes essential osmodependent mechanisms that 

inhibit magnocellular neurons, whereas GABA helps reduce neuronal activation through 

direct synaptic inhibition.  In supraoptic tissues extracted from EtOH withdrawn animals 

(ES and E-24), reduced concentrations of taurine (Figures 3.5b, 3.14b) and GABA 

(Figures 3.6b, 3.15b) suggest of two fundamental responses that occur during the 

withdrawal period:  1) over-activated vasopressin release produces a state of 

hyposmolarity that results in glial taurine efflux, an effect directed towards lowering 

neuronal output   2) hyperexcitability, likely generated by increased extracellular 

glutamate levels, stimulates the release of GABA from axon terminals to counter 

sustained neuronal excitability.   

 As primary regulators of extracellular glutamate levels, astrocytes greatly 

influence the excitability of proximal neurons and directly modulate synaptic activation 

(Anderson and Swanson, 2000; Araque et al., 2001; Fields and Stevens-Graham, 2002).  

In addition to interstitial support functions, astrocytes play a significant role in the 

mechanisms of neurotransmission (Fields and Stevens-Graham, 2002), with a subset of 

glial cells even capable of firing action potentials (Káradóttir et al., 2008).  Most notably 

in supraoptic astrocytes, activity-dependent structural plasticity controls the extent of 

glial coverage over the extracellular domain, which ultimately determines the level of 

glutamate taken up by these cells (Hatton, 1997, 1999; Miyata and Hatton, 2002; Oliet et 

al., 2004).  From a morphological viewpoint, the inclusion of astrocytes in the 

extracellular space provides a physical and functional barrier that limits diffusion of 

neuroactive substances (i.e. – glutamate and vasopressin), as well as obstructing axonal-
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dendritic and dendritic-dendritic contacts, all during conditions of normal peptide 

demand (Hatton, 1999; Hussy et al., 2000; Piet et al., 2004; Oliet et al., 2004).  In a state 

of dehydration, which calls for increased vasopressin output, astrocytes lose water 

(shrink) and retract.  This response enables direct contact points between glutamatergic 

afferents and multiple magnocellular somata / dendrites, facilitating the excitation of 

vasopressin neurons (Hatton, 1999; Hawrylak et al., 1999;  Miyata and Hatton, 2002).  

Conversely, a transition from normal hydration (isotonicity) to over-hydration 

(hypotonicity) causes interposing astrocytes to gain water (swell), which increases the 

distance between synaptic elements (Oliet et al., 2004).  This response minimizes the 

probability of neuronal stimulation by glutamatergic inputs, under conditions of very low 

peptide demand.  Even though these osmotically-induced volume changes translate 

peripheral osmotic stimuli into corresponding neuronal modulations, astrocytes 

themselves must adapt to osmotic fluctuations via osmolyte uptake or release.  

Osmoregulation protects these astrocytes from extreme volume disruptions that, if left 

unchecked, can severely limit modulatory capacities, compromise membrane integrity, 

and cause cell death (Barros et al., 2001; Okada et al., 2001; Pasantes-Morales et al., 

2000; Patel et al., 1998).  However, both the pharmacological and osmotic effects of 

EtOH may significantly alter these osmoregulatory mechanisms, potentially leading to 

dysfunctional cell volume adjustments and an associated breakdown in astrocyte-

mediated regulation of neuronal excitability.  Under conditions of prolonged dehydration 

and decreased supraoptic taurine levels, resulting from chronic EtOH exposure (E-0; 

Figures 3.5b, 3.14b), astrocytes may increase glutamate uptake to compensate for 

continued reductions in cell volume.  Regardless of the underlying cause, exposure to 
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chronic EtOH does significantly increases glutamate transport in isolated astrocytes 

(Aschner et al., 2001; Smith, 1997).  Although this uptake of glutamate could draw water 

back into supraoptic astrocytes during intoxication, swelling-induced release of this 

neurotransmitter, during EtOH withdrawal, would undoubtedly cause inappropriate 

stimulation of magnocellular neurons.  As peripherally released vasopressin increases 

water reabsorption, supraoptic astrocytes respond to the resulting fall in systemic 

osmolarity by releasing osmolytes, respective to stimulus magnitude.  When 

reestablishing osmotic equilibrium, this effect prevents abrupt osmotic changes and 

minimizes the occurrence of hyposmotic over-corrections.  Redistribution of supraoptic 

taurine fits well into this regulatory mechanism, providing relevant osmotic information 

to proximal neurons through appropriate modulations.  However, EtOH-induced 

reductions in supraoptic taurine pools (E-0; Figures 3.5b, 3.14b) and enhanced glutamate 

uptake in astrocytes may lead to volume-activated glutamate release (Takano et al., 2005; 

Allen et al., 2002) during EtOH withdrawal.  Under this scenario, the osmotic release of 

glutamate from supraoptic astrocytes could promote inappropriate neuronal excitability, 

contradictory to the endogenous inhibitory signals that normally occur during hyposmotic 

conditions.  Thus, the osmotic disturbances induced by chronic EtOH exposure may 

perpetuate the hyperexcitability of withdrawal.  This possible outcome not only 

highlights the vulnerability of the supraoptic nucleus to EtOH-related disruptions but also 

emphasizes the role that taurine could play in counteracting withdrawal excitability in 

this region.   

 Hippocampus.  Neurobiological adaptations that result from chronic EtOH 

exposure can significantly destabilize hippocampal signaling, especially after EtOH 
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clearance.  Hippocampal neurons increase the expression of stimulatory kainate (Carta et 

al., 2002) and NMDA (Kalluriet al., 1998; Ripley and Little, 1995) glutamate receptors 

to counteract the sustained depression of chronic EtOH.  During periods of withdrawal, 

the elevated presence of excitatory glutamate receptors in the hippocampus creates a 

neuronal environment heavily prone to hyperexcitable states (Davidson et al., 1995).  

Additionally, the enhanced release of excitatory amino acids, specifically glutamate, 

further potentiates the over-activation of hippocampal neurons (De Witte, 2004; 

Sepúlveda et al., 1995).  The resulting hyperexcitability of hippocampal neurons likely 

generates, at least in part, the abnormal behaviors related to EtOH withdrawal, notably 

seizure activity and anxiety.  Of the three tissues examined in this investigation, 

withdrawal-related convulsions are best associated with hippocampal hyperexcitability.  

In addition to the behavioral consequences attributed to withdrawal excitability, 

glutamatergic over-stimulation frequently leads to excitotoxic cell damage via Ca2+ 

overloads and subsequent Ca2+ homeostatic failure (Nicholls and Budd, 1998; Nicholls et 

al., 1999; Reynolds, 1999).  This glutamate-induced excitotoxicity commonly underlies 

the neurodegenerative alterations associated with epileptic seizures (Ferraz et al., 2002; 

Keele et al., 2000; Labiner et al., 1999; Wilson et al., 1996) and EtOH withdrawal 

(Davidson et al., 1995; Tsai and Coyle, 1998).  Accordingly, hippocampal neurons 

appear particularly vulnerable to glutamate-induced excitotoxicity (Keelen et al., 1999; 

Tirosh et al., 2000; Vergen et al., 1999) and likely incur such damage during periods of 

EtOH withdrawal. 

 Results from the current investigation found significantly reduced GABA (ES and 

E-24; Figures 3.6c, 3.15c) and taurine (ES and E-24; Figures 3.5c, 3.14c) levels in the 
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hippocampus of EtOH-withdrawn animals, compared to CON groups.  This withdrawal-

related decrease of inhibitory amino acids, likely a result of cellular release, demonstrates 

the response of hippocampal cells to elevated excitability.  Within the hippocampus, 

these inhibitory amino acids could provide support in mitigating withdrawal-related 

hyperexcitability and may partially attenuate the associated behavioral abnormalities of 

EtOH withdrawal.  However, this effect undoubtedly depends upon the availability of 

these amino acids and the establishment of sufficient intracellular pools within 

hippocampal astrocytes and neurons.  Interestingly, while hippocampal concentrations of 

both GABA (ES and E-24; Figures 3.6c, 3.15c) and taurine (ES and E-24; Figures 3.5c, 

3.14c) declined after EtOH withdrawal, chronic EtOH intoxication resulted in disparate 

outcomes for the levels of these amino acids in the hippocampus; as chronic EtOH 

exposure lead to an increase and decrease in hippocampal GABA (E-0; Figures 3.6c, 

3.15c) and taurine (E-0; Figures 3.5c, 3.15c), respectively.  This difference suggests that 

the withdrawal-related release of GABA and taurine could reflect two distinct factors 

involved in the induction of hyperexcitability during EtOH withdrawal.   

 Although many investigators recognize the increases in glutamatergic activation 

as the primary conduit of withdrawal-related hyperexcitability (De Witte, 2004; Davidson 

et al., 1995; Tsai and Coyle, 1998), EtOH’s effects on downstream neuroendocrine 

tissues (supraoptic nucleus, pituitary) may also promote hippocampal excitability and 

excitotoxicity through alterations in neural osmolarities.  During EtOH withdrawal-

induced over-hydration (Collins et al., 1998; Lambie, 1985; Mander et al., 1988), 

decreased extracellular osmolarity within the hippocampus can itself elicit excitability in 

susceptible neurons.  Hippocampal neurons exposed to hypotonic mediums display 
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significant hypersynchronization (Saly and Andrew, 1993) and increased excitability 

(Kilb et al., 2006) characteristic of epileptic activity.  Hyposmotic conditions 

dramatically increase hippocampal excitability through the potentiation of spontaneous 

excitatory postsynaptic currents in hippocampal interneurons (Baraban and 

Schwartzkroin, 1998) and increasing burst-firing patterns in pyramidal cells (Azouz et 

al., 1997; Somjen, 1999).  Hyposmotic stimuli provoke these conditions of excitability by 

increasing [Ca2+]i during both resting and synaptically-activated states (Borgdorff et al., 

2000; Somjen, 1999).   Interestingly, treatment with glutamate receptor and Ca2+ channel 

antagonists does not fully protect hippocampal tissues from the damage produced by 

EtOH withdrawal-induced excitotoxicity; however, when co-administered with the 

diuretic furosemide, such damage is reduced by 75-85% (Collins et al., 1998).  This 

finding suggests that disruptions in both osmolarity and glutamatergic signals may 

represent the two central components responsible for withdrawal-related excitability.  

Even though both taurine and GABA mediate inhibitory signals within the hippocampus, 

the osmoregulatory function of taurine could provide an additional level of protection 

against the multi-faceted excitability of EtOH withdrawal.  When challenged by shifts in 

extracellular osmolarity, most tissues in the CNS predominantly utilize taurine in 

regulatory volumes adjustments (Huxtable, 1989; Massieu et al., 2004; Pasantes-Morales 

et al., 2000).  In response to hyposmotic conditions, taurine efflux appears more sensitive 

to osmolar shifts and responds in greater quantities than the modest amounts of GABA 

released from hippocampal slices (Franco et al., 2000).  In fact, progressive exposure of 

hippocampal slices to 50% hyposmolarity activates the release of nearly the entire 

intracellular pool of taurine (Pasantes-Morales et al., 1998).  Although, in most brain 



 83

regions, local osmotic adjustments typically involve astrocytes, hyposmolar effects on 

hippocampal cell types indicate a much greater osmosensitive taurine efflux and larger 

intracellular taurine depletion in neurons compared to astrocytes (Olson and Li, 2000).  

While taurine accumulates within hippocampal astrocytes and neurons (Pow et al., 2002), 

the overall reduction in hippocampal taurine during withdrawal (ES and E-24; Figures 

3.5c, 3.14c) suggests of a neuronal release; as declines in hippocampal taurine during 

intoxication (E-0; Figures 3.5c, 3.14c) likely represents glial release, as previously 

discussed.  Increased water reabsorption during EtOH withdrawal would undoubtedly 

cause hyposmotic stress to hippocampal neurons, activating the release of intracellular 

taurine to offset neuronal swelling.  Taurine’s participation in neuronal volume 

adjustments may also help attenuate the excitability produced by hyposmotic conditions 

and prevent excitotoxic cell damage in hippocampal neurons.  The secondary benefits 

afforded by taurine’s osmoregulatory function, as well as higher baseline concentrations 

within the hippocampus (compared to GABA) (Figures 3.5c and 3.6c, 3.9c and 3.10c, 

3.14c and 3.15c), bolster taurine’s significant contribution in protecting hippocampal 

cells from EtOH-induced disruptions.   

 Beyond the protection provided by its osmoregulatory function, taurine’s close 

association with glutamate release seems to reflect its ability to attenuate glutamate-

induced excitotoxicity (Chen et al., 2001; Dahchour and De Witte, 2000; El Idrissi and 

Trenkner, 2004; Trenkner et al., 1998).  The release of intracellular taurine may not only 

protect hippocampal tissues from glutamate-induced damage but could also represent an 

intrinsic response by neurons to counter persistent states of excitability.  This possibility 

may underscore the reduction in hippocampal taurine levels after EtOH withdrawal (ES 
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and E-24; Figures 3.5c, 3.14c).  Such declines in taurine (and GABA) content perhaps 

demonstrate hippocampal measures that counteract conditions of  withdrawal-related 

hyperexcitability, evident in the progressive rise in convulsive activity (Figure 3.2a).  

Studies of hippocampal seizure activity, comparable to states of withdrawal, show a 

striking relationship between glutamate-induced hyperexcitability and hippocampal 

taurine release.  During seizure episodes in patients with severe epilepsy, microdialysis 

samples from the anterior hippocampus reveal that the release of taurine occurs in tandem 

with the surge in extracellular glutamate levels; surprisingly, taurine concentrations 

double that of glutamate (Wilson et al., 1996).  Similarly, during seizure activity in mice, 

isolated hippocampal tissues show significantly reduced taurine content and no change in 

overall glutamate levels (Ferraz et al., 2002).  Through trimethltin-induced glutamate 

release or in vivo application of glutamate receptor agonists (NMDA, kainate, quisqualic 

acid), glutamatergic stimulation elicits a tremendous taurine release from hippocampal 

cells (Menéndez et al., 1990; Patterson et al., 1996).  The related condition of ischemia, 

commonly linked to glutamate-induced excitotoxicity,  evokes substantial taurine efflux 

in both the developing and mature hippocampus (Saransaari and Oja, 1997, 2000, 2002), 

further supporting taurine’s protective role in the highly vulnerable neurons of the 

hippocampus.  However, not limited to the hippocampus, the concomitant release of 

taurine with glutamate seems to protect a multitude of CNS tissues from glutamate-

induced excitotoxicity; occurring within the striatum (Del Arco et al., 1999), nucleus 

accumbens (Del Arco et al., 2000), and frontal cortex (Li et al., 2000) as well.  

Presumably, taurine’s position as a calcium modulator helps prevent the Ca2+ overloads 
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commonly associated with glutamate-induced excitotoxicity (Chen et al., 2001; Wu et 

al., 2005). 

 Overall, taurine can modulate the physiological disruptions that potentially 

provoke hyperexcitability within hippocampal cells, during periods of EtOH withdrawal.  

The EtOH-related induction of over-activated glutamatergic responses and hyposmotic 

extracellular environments both elicit homeostatic taurine responses that may help reduce 

the severity of EtOH withdrawal symptoms, as well as related neuronal dysfunctions and 

damage.  While the release of GABA, shown in reduced hippocampal tissue content (ES 

and E-24; Figures 3.6c, 3.15c), undoubtedly provides needed inhibitory support against 

withdrawal excitability, its contribution toward osmotic adjustments is likely minimal.  

On the other hand, taurine’s presence within the hippocampus addresses potential 

disturbances in both osmolarity and glutamate-induced excitability.  However, several 

questions remain regarding taurine’s protective influence over EtOH withdrawal-related 

excitability in the hippocampus.  First, are endogenous hippocampal taurine 

concentrations sufficient to overcome the physiological extremes produced by repeated 

episodes of chronic EtOH exposure?  Second, by promoting additional hippocampal 

inhibitory activation, does exogenous taurine help preserve the endogenous levels of both 

taurine and GABA in the hippocampus?   
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Effects of Taurine Treatment On Chronic EtOH Withdrawal – Neuroinhibitory Model 

EtOH Withdrawal Severity – HIC Assessment  

 Administration of taurine dramatically attenuated EtOH withdrawal severity, 

shown by a significant reduction in seizure activity in taurine-treated animals (ET) as 

compared to saline-treated counterparts (ES) (Figure 3.2).  These results support the core 

hypothesis that taurine treatment can lower the overall convulsive activity related to 

EtOH withdrawal (Figure 3.2b).  Additionally, the hourly progression of HIC scores 

(Figure 3.2a) revealed a surprisingly rapid and sustained effect of a single taurine 

injection on the observable suppression of hyperexcitability during withdrawal.  By 

effectively reducing some of the aversive symptoms of EtOH withdrawal, taurine 

administration may also help lower the probability of further EtOH intake and catalyze 

the recovery from EtOH dependency.  This withdrawal treatment paradigm, categorized 

as the Neuroinhibitory Model, emphasized taurine’s capacity to reduce EtOH withdrawal 

hyperexcitability by inhibiting those tissues commonly associated with seizure activity 

(i.e. - hippocampus).  At first glance, the resulting attenuation of EtOH withdrawal 

severity, via taurine treatment, seems to reflect taurine’s direct role as a neuroinhibitor; 

this, given taurine’s ability to counteract glutamate-induced Ca2+ overloads (Chen et al., 

2001; El Idrissi and Trenkner, 1999; Zhao et al., 1999) and activate both GABAA (del 

Olmo et al., 2000; Quinn and Harris, 1995) and glycine (Deleuze et al., 2005; Hussy et 

al., 1997; McCool and Bottling, 2000; Mori et al., 2002) receptors.  However, while 

analysis of ET tissues revealed significantly different levels of vasopressin (Figures 3.4a, 

3.4c), taurine (Figures 3.5a, 3.5c), and GABA (Figure 3.6c) from those of ES animals, 

tissue data did not immediately provide a clear indication of taurine’s inhibitory actions, 
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given that the point of tissue extraction (at 24 hr post-withdrawal) occurred 20 hr after 

treatment.  In attempt to identify the likely targets of action, taurine time-course tissues 

(extracted at 30, 60, 120 min after taurine injection) helped characterize the potential 

mechanisms that underlie taurine’s rapid effect on reducing withdrawal severity.  

Although animals utilized for time course analysis of taurine treatment did not experience 

EtOH withdrawal, data obtained from respective tissues helped illustrate the initial 

physiological effects that occurred after taurine injection and offered some explanation 

for the robust treatment effects observed in ET animals.  However, given the disparate 

conditions between the ET group and animals utilized for taurine time course analysis, 

future studies will undoubtedly help verify any conclusions drawn from the present data.  

Such experiments should examine the effect of taurine treatment on corresponding tissues 

extracted from EtOH withdrawn animals at similar time points (i.e. – 30, 60, 120 min 

post-injection).   

Tissue Analysis of ET Groups and Comparative Time-Course Data 

 As the Neuroinhibitory Model implies, taurine’s suppression of EtOH withdrawal-

induced hyperexcitability (Figure 3.2) potentially reflects a reduction in membrane 

excitability through GABAA and/or GlyR activation.  Most notably, ET animals showed 

hippocampal taurine (Figure 3.5c) and GABA (Figure 3.6c) levels not significantly 

different from that of the CON group, demonstrating a taurine-mediated preservation of 

inhibitory amino acids within the hippocampus, in animals experiencing EtOH 

withdrawal.  However, administration of exogenous taurine likely did not simply replace 

the hippocampal taurine lost during withdrawal, especially since GABA levels also 

remained no different from CON (Figure 3.6c).  This effect in ET animals contrasts the 
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significantly lower levels of hippocampal taurine and GABA found in ES animals, as 

compared to CON (Figures 3.5c, 3.6c).  The inhibitory influence of exogenously applied 

taurine appears to reduce the necessity of endogenous hippocampal taurine and GABA 

released in response to withdrawal-related hyperexcitability (Figures 3.5c, 3.6c).  This 

finding illustrates at least one area that likely benefits from withdrawal taurine treatment 

and provides some explanation for the associated reduction in withdrawal severity.  On 

the surface, taurine’s inhibition of hyperexcitability appears straight forward, functioning 

primarily as a neuroinhibitor directly within the hippocampus.   

 Unexpectedly, data obtained from taurine time-course analysis revealed a slightly 

more circuitous route for the measurable effects of exogenous taurine treatment on 

respective hippocampal levels.  While others show an extracellular increase in 

hippocampal taurine, 30 and 60 min after 500 mg/kg i.p. taurine injection in rats 

(Lallemand and De Witte, 2004), overall tissue levels of hippocampal taurine (Figure 

3.9c) and GABA (Figure 3.10c), at similar time points in taurine time-course animals, 

were not significantly higher than in those injected with saline.  These findings suggest 

that the effect of taurine treatment, on both the reduction of EtOH withdrawal severity 

(Figure 3.2) and the preservation of hippocampal taurine (Figure 3.5c) and GABA 

(Figure 3.6c) in ET animals, does not likely involve an immediate action of exogenously 

applied taurine directly within the hippocampus.  In addition, since taurine time-course 

animals showed no significant increase in hippocampal taurine, at all time points 

examined (Figure 3.9c), the taurine injection during withdrawal does not likely account 

for the difference in hippocampal taurine concentrations between ET and ES groups 

(Figure 3.5c).  This further supports the notion that withdrawal taurine treatment 
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indirectly maintains inhibitory amino acid levels, within the hippocampus, rather than 

replacing the taurine potentially lost during EtOH withdrawal.  As a result, the absence of 

inhibitory amino acid release in the hippocampus during withdrawal, in ET animals 

(Figures 3.5c, 3.6c), suggests that taurine treatment prevented hippocampal 

hyperexcitability through mechanisms other than direct inhibition, within this specific 

region. 

 Analysis of pituitary tissues (from ES, ET, and taurine time-course animals)  

revealed intriguing differences in both taurine and vasopressin concentrations, as well as 

the corresponding osmotic states represented by measures of urine osmolarity.  Overall, 

these data suggest that modulation of systemic osmolarity, via taurine treatment, may 

underlie its rapid attenuation of EtOH withdrawal severity.  Although this theory seems 

to highlight taurine’s involvement in osmoregulation, it does not necessarily conflict with 

the central focus of the Neuroinhibitory Model design.  Administration of taurine during 

withdrawal makes cellular uptake an unlikely possibility, given that the conditions 

associated with EtOH withdrawal (i.e. – hyposmolarity and hyperexcitability) promote 

the release of intracellular taurine (Allen et al., 2002; Dahchour et al., 1996) and inhibit 

taurine transport (Brandsch et al., 1993; Kulanthaivel et al., 1991; Tchoumkeu-Nzouessa 

and Rebel, 1995).  Therefore, exogenous taurine may play a role in modulating systemic 

osmolarity through GlyR-mediated inhibition of pituitary vasopressin release (Hussy et 

al., 2001; Rosso et al., 2004), although not contributing locally toward cell volume 

adjustments.  Pituitary tissues, extracted from ET animals, showed taurine levels 

significantly higher than CON, E-0, and ES groups (Figure 3.5a), perhaps, indicative of 

residual exogenous taurine.  Taurine time-course data corroborates the delivery of 
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exogenously applied taurine to the pituitary, with significantly elevated levels found at 

both 30 and 60 min after taurine injection (Figure 3.9a).  In addition, the increased 

presence of pituitary taurine, at these respective time points (taurine time-course), 

corresponds with significantly higher levels of pituitary vasopressin, compared to saline-

injected controls (Figure 3.8a).  This finding corroborates taurine’s capacity to limit 

vasopressin output from the pituitary and may explain the manner in which withdrawal 

taurine treatment maintains pituitary vasopressin at concentrations no different from the 

CON group (Figure 3.4a).  While measurements of plasma vasopressin were not 

collected, urine osmolarity did provide a relative indication of circulating vasopressin 

levels.  ES animals showed significantly elevated urine osmolarity (Figure 3.3) that, in 

part, characterized the rise in pituitary vasopressin (Figure 3.4a) as a function of 

increased output (rather than inhibited release).  Whereas, in ET animals, taurine’s 

inhibition of vasopressin release (Figure 3.4a) coincides with urine osmolarities 

significantly lower than the ES group and no different from CON (Figure 3.3), 

demonstrating increased water excretion through a reduced presence of circulating 

vasopressin.  Accordingly, taurine time-course animals strongly support this assertion 

through the resulting effect of taurine injection on a combination of measurements:  

exogenous taurine enhanced pituitary taurine concentrations (Figure 3.9a) and inhibited 

vasopressin release, as evident in elevated pituitary vasopressin levels (Figure 3.8a) and 

significantly reduced urine osmolarity at 30, 60, and 120 min post-injection (Figure 3.7).  

As a result, taurine treatment during EtOH withdrawal (ET group) may limit the over-

activated release of pituitary vasopressin, through neuroinhibitory means, thereby 

reducing the magnitude of water reabsorption that can lead to states of hyposmolarity.  
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Through this mechanism, taurine minimizes the occurrence of abrupt osmotic disruptions 

systemically, as well as downstream brain regions, which may prevent the hyperexcitable 

states produced by hyposmotic conditions.  For ET animals, taurine’s attenuation of 

pituitary vasopressin release (Figure 3.4a) may offer some explanation for the 

preservation of inhibitory amino acids within the hippocampus (Figures 3.5c, 3.6c), 

although immediate delivery of exogenous taurine to the hippocampus appears unlikely.  

Given that taurine time-course groups did not show any significant increase in 

hippocampal taurine (Figure 3.9c), the maintenance of hippocampal taurine (Figure 3.5c) 

and GABA (Figure 3.6c) in ET animals (compared to significantly reduced levels in the 

ES group), via taurine treatment, could reflect the prevention of hyposmolarity-associated 

hyperexcitability in the hippocampus (Azouz et al., 1997; Borgdorff et al., 2000; Saly 

and Andrew, 1993).  Conceivably, this might occur through taurine’s direct inhibition of 

pituitary vasopressin efflux (Figure 3.8a) and subsequent increase in renal water 

excretion (Figure 3.7).   

 During the period of EtOH withdrawal, taurine’s capacity to inhibit the over-

activated release of pituitary vasopressin may prevent additional disruptions caused by 

hyposmotic swelling of brain tissues.  Accordingly, this outcome of taurine treatment 

could underlie the differences in hippocampal vasopressin concentrations between ES 

and ET groups (Figure 3.4c).  Cell swelling would likely hinder the outward diffusion of 

vasopressin from hippocampal regions, maintaining significantly elevated levels of 

hippocampal vasopressin at 24 hr post-withdrawal in ES animals (Figure 3.4c).  

However, in ET animals, the concentration of hippocampal vasopressin was not 

significantly different from the CON group (Figure 3.4c), suggesting that taurine’s affect 
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on systemic osmolarity may have also facilitated the clearance of elevated hippocampal 

vasopressin, which resulted from chronic EtOH exposure (E-0; Figure 3.4c).  In support 

of this taurine-mediated effect, the increased presence of hippocampal vasopressin, at 30 

and 60 min post-injection in taurine time-course animals (Figure 3.8c), suggests that 

taurine’s effect on systemic osmolarity may increase the extracellular permeability of 

centrally-released vasopressin (under basal conditions).  While the physiological 

relevance of hippocampal vasopressin remains unclear, withdrawal taurine treatment 

ultimately returned vasopressin levels back down to CON values, whereas levels in ES 

animals remained elevated (Figure 3.4c).  Not unlike the preservation of hippocampal 

amino acids, the effects of taurine treatment on regulating pituitary vasopressin output 

also seem to normalize hippocampal vasopressin levels, during episodes of EtOH 

withdrawal.  

 The pathologies manifesting during the withdrawal period typically arise from the 

persistent effects of chronic EtOH intake.  Because of this, withdrawal taurine treatment 

does not likely offer protection against the damage incurred during stages of intoxication, 

which stands as a notable disadvantage in this treatment paradigm.  Accordingly, the 

supraoptic nucleus seems to highlight the drawback of a single taurine dose during 

withdrawal, since vasopressin (Figure 3.4b), taurine (Figure 3.5b), and GABA (Figure 

3.6b) levels in ET supraoptic tissues remained significantly lower than CON.  These 

measures were not significantly different from the corresponding ES group, indicating 

that withdrawal taurine treatment did not prevent supraoptic alterations that occurred 

during EtOH withdrawal.  As a result of chronic EtOH exposure, disruptions in 

supraoptic protein synthesis (Carmona-Calero et al., 1995; Madiera et al., 1993) and 
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destruction of magnocellular neurons (Harding et al., 1996; Madiera and Paula-Barbosa, 

1999) cause substantial changes within the supraoptic domain.  It seems unlikely that 

taurine, administered after the induction of such changes, could offset these potentially 

long-lasting alterations in vasopressin homeostasis (Döring et al., 2003).  Not 

surprisingly, exogenous taurine also did not affect the decline in supraoptic GABA, over 

the course of EtOH withdrawal (ET; Figure 3.6b); here, GABA primarily conveys 

inhibitory postsynaptic potentials and currents (Randle and Renaud, 1987; Wuarin and 

Dudek, 1993), mechanisms unrelated to taurine-activated glycine receptors (Deleuze et 

al., 2005).  Even though ET animals showed supraoptic taurine levels significantly less 

than CON (Figure 3.5b), the possibility that exogenous taurine provides some inhibition 

on supraoptic neurons still exists; given that taurine time-course animals show a slight 

increase in supraoptic taurine, 30 min after injection (Figure 3.9b).  If so, withdrawal 

taurine treatment may reduce the activity of vasopressinergic neurons, which originate 

within the supraoptic nucleus, decreasing the amount of vasopressin transported to the 

pituitary (ET; Figure 3.4a).    

Effects of Taurine Depletion On Chronic EtOH Intoxication – Depletion Model 

 The effects of chronic EtOH exposure produced similar outcomes on the majority 

of measurements, for both water-treated (E-0) and GES-treated (GE-0) animals.  

However, GES treatment effectively reduced taurine levels within all three tissues 

analyzed, for all respective treatment groups (GC, GE-0, GE-24; Figure 3.14).  After the 

64 hr EtOH vapor exposure, both intoxicated groups showed equivalent weight change, 

daily water intake (Table 3.3), and level of intoxication (E-0; 0.148 ± 0.003 g/dL and GE-

0; 0.148 ± 0.004 g/dL).  Other than significantly higher levels of supraoptic vasopressin 
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in GE-0 animals, compared to E-0 (Figure 3.13b), chronic EtOH exposure produced 

similar outcomes on resulting tissue vasopressin (Figure 3.13) and GABA (Figure 3.15) 

levels, in both the E-0 and GE-0 groups.  However, the differences at the initiation of 

chronic EtOH exposure, represented by the water-treated (CON) and GES-treated (GC) 

air controls, warrants some consideration when evaluating the changes that occurred 

during the intoxication period.  GC animals revealed tissue levels that often resembled 

the outcome of either chronic EtOH intoxication or withdrawal.  In the GC group, 

increased concentrations of pituitary and hippocampal vasopressin, compared to CON, 

appear to mimic the tissue effects of chronic EtOH exposure (E-0); whereas, significantly 

lower supraoptic vasopressin in GC animals, compared to CON, seems roughly 

equivalent to values obtained from animals experiencing EtOH withdrawal (E-24 and 

GE-24) (Figure 3.13).  These resulting vasopressin levels show a modest hyperosmotic 

effect, as revealed by slight increases in GC urine osmolarity, although not significantly 

higher than CON (Figure 3.12).  Additionally in GC animals, reduced GABA content 

within the supraoptic nucleus is not unlike the lower levels found in the E-24 group 

(Figure 3.15b); although, within the GC hippocampus, increased concentrations of 

GABA (Figure 3.15c) appear similar to the effects of intoxication.  Together, these 

findings implicate an association of taurine loss, from these respective tissues, with the 

consequences attributed to chronic EtOH intoxication and withdrawal.   

 A reduction in tissue taurine levels may initiate physiological dysfunctions that 

predispose the organism to exacerbated disruptions during chronic EtOH exposure.  This 

notion carries implicit relevance for those with EtOH dependencies, who likely show 

reduced tissue taurine levels at the onset of subsequent periods of intoxication; this, given 
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the decrease in taurine levels after EtOH withdrawal (ES and E-24; Figures 3.5, 3.14).  

With a loss of taurine-mediated modulation over vasopressinergic activation, GES-treated 

animals likely endured significant osmotic challenges, in addition to that caused by 

chronic EtOH.  In fact, the absence of taurine results in a loss of hyposmotic regulation 

over pituitary vasopressin release (Hussy et al., 2001). GES-induced reductions in 

pituitary and supraoptic taurine levels (GC; Figure 3.14) could theoretically diminish 

taurine’s inhibitory feedback upon vasopressin production and secretion.  In GC animals, 

elevated pituitary and decreased supraoptic vasopressin levels (Figure 3.13), compared to 

CON, suggests of an increased peripheral vasopressin output.  This effect may persist 

throughout the period of chronic EtOH exposure, as GE-0 animals showed similar 

elevations in pituitary vasopressin, although not different from water-treated counterparts 

(E-0) (Figure 3.13a).  In E-0 animals, chronic EtOH exposure resulted in significantly 

increased pituitary vasopressin (Figure 3.13a) and urine osmolarity (Figure 3.12), 

compared to CON.  However, in GE-0 animals, both pituitary vasopressin (Figure 3.13a) 

and urine osmolarity (Figure 3.12) were no different from the corresponding GES-treated 

air controls (GC); even though these measures, in GE-0 animals, remained significantly 

higher than CON.  These findings suggest that taurine depletion alters vasopressin output 

and associated osmotic conditions comparable to the resulting effects of chronic EtOH 

exposure.   

 Analysis of supraoptic tissues revealed that taurine depletion resulted in 

significantly reduced vasopressin concentrations within all GES treatment groups, 

compared to CON (Figure 3.13b); unexpectedly, this decrease did not significantly differ 

between GES groups.  However, this outcome of GES treatment, regardless of EtOH 
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exposure, produced supraoptic vasopressin levels not unlike that measured in E-24 

animals.  After chronic EtOH exposure, significantly higher concentrations of supraoptic 

vasopressin in GE-0 animals, compared to E-0 (Figure 3.13b), remains difficult to 

interpret.  Although GE-0 supraoptic tissues showed a lower magnitude of vasopressin 

decline, compared to E-0, this result does not necessarily imply a beneficial outcome of 

taurine depletion on chronic EtOH exposure.  In fact, when considering the initial 

decrease in supraoptic vasopressin (GC group), without chronic EtOH exposure, those 

within the GE-0 group seemingly endured a longer interval of deficient supraoptic 

vasopressin content; this, in contrast to the E-0 group that presumably began the period of 

intoxication with vasopressin levels similar to CON (Figure 3.13b).  In addition, for both 

E-0 and GE-0 groups, declines in supraoptic vasopressin (Figure 3.13b) does not entirely 

indicate a drop in production, especially since these groups showed significant increases 

in both pituitary (Figure 3.13a) and hippocampal (Figure 3.13c) vasopressin, compared to 

CON.  This outcome rather suggests an elevated output of vasopressin, occurring through 

both peripheral and central mechanisms.  Within the supraoptic nucleus, taurine provides 

vital inhibitory control over the magnocellular neurons, as well as regulating both the 

central and peripheral release of vasopressin (Engelmann et al., 2001, 2002, 2003).  

Deficient taurine reserves likely unhinge modulatory control over supraoptic neurons, 

leading to persistent states of vasopressin activation.  Significant declines in supraoptic 

taurine levels undoubtedly leads to a profound dysregulation of vasopressinergic 

function, within the context of either osmotic and / or stress-inducing stimuli.  While at 

the cessation of EtOH exposure the E-0 group revealed a larger drop in supraoptic 
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vasopressin content over the corresponding GE-0 group, the lasting reduction in GE-0 

supraoptic vasopressin likely implicates a greater degree of disruption within this tissue. 

 In both E-0 and GE-0 groups, dramatic increases in hippocampal vasopressin 

(Figure 3.13c) offers partial evidence for the rise in centrally released supraoptic 

vasopressin, as reflected in lower supraoptic vasopressin concentrations (Figure 3.13b).  

These results may point to an increased HPA activation that promotes the diffusion of 

centrally released vasopressin toward regions of the hippocampus (Herman et al., 2003; 

Hügin-Flores et al., 2003; Nettles et al., 2000; Welt et al., 2006).  While the two EtOH-

dependent groups (E-0 and GE-0) showed hippocampal vasopressin levels no different 

from each other, the most noticeable distinction falls, once again, upon their presumed 

starting conditions at the beginning of the EtOH exposure period.  The significant rise in 

GC hippocampal vasopressin, compared to CON (Figure 3.13c), remained elevated after 

chronic EtOH exposure, in GE-0 animals.  As seen in pituitary vasopressin measurements 

(Figure 3.13a), GES-treated animals showed a consistent increase in hippocampal 

vasopressin, in the absence of EtOH (GC) and at the end of chronic EtOH exposure (GE-

0) (Figure 3.13c).  Unfortunately, the specific cause and the physiological relevance of 

this rise in hippocampal vasopressin remains unclear.  One possible explanation may lie 

in the blockade of taurine uptake, via GES treatment, resulting in systemic osmotic 

imbalance and abnormal cell volume regulation.  After 7 days of pre-treatment, water-

treated and GES-treated animals demonstrated nearly identical measures of body mass 

and mean liquid intake (Table 3.2).  However, while not significant, GC animals showed 

slightly elevated urine osmolarities, compared to CON (Figure 3.12).  This, in addition to 

significantly decreased levels of vasopressin within the GC supraoptic nucleus (Figure 
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3.13b), suggests that some degree of dehydration may occur within GES-treated animals, 

prior to the induction of EtOH-induced hypertonicity.  Additionally, with inhibited 

taurine transport, brain cells of GES-treated animals may experience a reduced capacity 

to maintain intracellular water, resulting in decreased cell volumes.  These effects of GES 

on neural cell volumes could potentially enhance extracellular diffusion of unregulated 

supraoptic vasopressin release.  As a result, increased levels of hippocampal vasopressin 

may persist throughout the period of intoxication, evident in the high concentrations 

found within GC and GE-0 hippocampal tissues (Figure 3.13c).  

 Within all GES-treated groups, the proficient reduction of tissue taurine content 

by GES (Figure 3.14), seems to overshadow the effects of chronic EtOH exposure on 

taurine concentrations.  GC and GE-0 treatment groups were not significantly different in 

pituitary (Figure 3.14a) and supraoptic (Figure 3.14b) taurine levels.  However, GE-0 

animals revealed significant declines in hippocampal taurine content, compared to GC 

(Figure 3.14c).  This finding further highlights the pervasive effects of chronic EtOH on 

hippocampal taurine content, given its capacity to lower taurine levels beyond that 

achieved by transport inhibition.  In contrast, the two EtOH-dependent groups (E-0 and 

GE-0) did not reveal hippocampal GABA levels significantly different from each other, 

yet both groups did show significantly increased GABA, compared to respective CON 

and GC groups (Figure 3.15c).  Interestingly, in GC animals, GES treatment did produce 

a significant rise in hippocampal GABA, compared to CON (Figure 3.15c); a result 

similar to groups exposed to chronic EtOH.  This outcome could reflect some adaptation 

by the hippocampus to compensate for depleted taurine reserves.  Conversely, GC 

animals showed supraoptic GABA levels significantly lower than CON (Figure 3.15b).  
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In this case, the reduction of supraoptic GABA in GC animals does not correspond to 

patterns seen in EtOH exposure groups.  These disparate effects of GES on GABA levels, 

within distinct tissues, adds further complexity to the relationship between taurine and 

GABA.  The nature of GES-induced changes in brain GABA levels remains unresolved; 

with some investigators reporting that GES promotes the release of GABA from rat brain 

slices (Baba et al., 1984), while others indicate that GES causes an increase in cerebral 

GABA concentrations (Marnela and Kontro, 1984).  However, in vitro studies of cultured 

cerebellar astrocytes and neurons demonstrate that GES selectively blocks taurine uptake 

without significantly affecting other free amino acids (Morán and Pasantes-Morales, 

1991).  Overall, the measurable effects of GES treatment on tissue GABA levels (Figure 

3.15) could ultimately depict an outcome of taurine depletion, rather than a direct action 

of GES. 

 Aside from the significantly lower levels of supraoptic vasopressin in the GE-0 

group, compared to E-0 (Figure 3.13b), and expected tissue taurine depletion (Figure 

3.14), GE-0 animals experienced chronic EtOH-induced alterations nearly identical to 

that found in E-0 animals.  However, the effects caused by GES treatment do suggest that 

depleted taurine levels may cause premature disruptions in tissue vasopressin and GABA 

levels, as well as systemic osmolarity, that otherwise would develop during the 

intoxication period.  As a result, depleted taurine content could lead to a longer interval 

of disruption, which would normally arise progressively during the intoxication cycle.  

This extended state of physiological dysfunction undoubtedly leaves an environment 

more vulnerable to abrupt shifts in osmolarity and excitability during periods of 

withdrawal. 
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Effects of Taurine Depletion On Chronic EtOH Withdrawal – Depletion Model 

EtOH Withdrawal Severity – HIC Assessment 

 GES-induced taurine depletion caused an exacerbation of EtOH withdrawal 

severity, shown by a significant increase in seizure activity within GES-treated animals 

(GE-24), compared to water-treated counterparts (E-24) (Figure 3.11).  These results 

support the primary hypothesis that decreased endogenous taurine levels can increase the 

overall convulsive activity related to EtOH withdrawal (Figure 3.11b).  The hourly 

progression of HIC scores (Figure 3.11a) showed similar patterns of developing 

hyperexcitability between the E-24 and GE-24 groups, illustrated by parallel time course 

trends of withdrawal-related seizure activity.  The similar timeframe of emerging 

convulsive behaviors in both groups suggests that taurine depletion did not largely affect 

the rate of EtOH clearance.  Ultimately, GE-24 animals showed a higher intensity of 

withdrawal-related seizures that progressed in roughly equivalent patterns to that of E-24 

animals.  Interestingly, this effect of depleted taurine levels (Figure 3.11) did not equal 

the magnitude of reduction, conferred by taurine administration, on withdrawal severity 

(Figure 3.2).  Such comparisons, between taurine treatment and taurine depletion 

paradigms, suggest that disruptions, caused by chronic EtOH intake / withdrawal, require 

taurine levels sufficiently higher than typical baseline concentrations to sufficiently 

counteract the physiological extremes that occur during the withdrawal period.  In 

contrast to the single withdrawal treatment paradigm of the Neuroinhibitory Model, the 

impact of treatment (taurine depletion), in the Depletion Model, influenced the resulting 

outcome of chronic EtOH exposure on various tissue measures (as stated in the previous 

section).  Because of this, deficient taurine levels during intoxication undoubtedly 
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contributes, at least in part, toward the resulting exacerbation of EtOH withdrawal 

severity.  Although experimentally-induced taurine depletion encompassed both the 

intoxication and withdrawal intervals of chronic EtOH exposure, compared to the single 

interval of withdrawal taurine treatment, each model provided distinct evidence of 

taurine’s involvement in the neural response to chronic EtOH intake and withdrawal.  

Depletion of endogenous taurine content illustrated that naturally occurring levels of 

taurine does partially reduce some of the hyperexcitability associated with EtOH 

withdrawal (Figure 3.11).  However, the significant decrease in withdrawal severity, via 

taurine injection (Figure 3.2), indicated that basal taurine concentrations do not suffice in 

alleviating the tremendous physiological shifts generated by chronic EtOH intake.  Even 

though the Neuroinhibitory Model sought to enhance the effects of endogenously 

released taurine, in response to withdrawal-related excitability, it did not completely 

represent an inverse depiction of the Depletion Model; this given the relative time 

disparity of treatment effects.  Taurine treatment during withdrawal does not account for 

the potential effects of local regulatory mechanisms associated with cellular taurine 

uptake and release.  However, depletion of taurine likely diminishes such cellular 

mechanisms, which may provide some basis for the observed increases in withdrawal 

severity.  Future studies should examine alternate taurine treatment paradigms, 

comparable to the Depletion Model, by testing whether an increase in tissue taurine levels 

(via a taurine pre-treatment regimen) offers further protection against chronic EtOH 

disruptions, compared to a single taurine dose during withdrawal.  
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Tissue Analysis of GE-24 Groups 

 Similar to 0 hr group comparisons (E-0 vs GE-0), the majority of measures did 

not significantly differ between groups experiencing EtOH withdrawal.  Other than the 

clear reductions in tissue taurine content (Figure 3.14), GE-24 animals revealed only a 

few, yet notable, differences in vasopressin levels, compared to E-24 (Figure 3.13).  

While the GE-24 group showed supraoptic and hippocampal GABA levels significantly 

lower than the respective control group (GC), this reduction appeared equivalent to the 

differences found between E-24 and CON groups (Figure 3.15).  Above all, the outcome 

of taurine depletion on significantly elevated vasopressin levels, in both the pituitary 

(Figure 3.13a) and hippocampus (Figure 3.13c) of GE-24 animals, remained the most 

salient difference between EtOH withdrawal groups (GE-24 and E-24).  Aside from 

GES-induced declines in taurine, disruptions in vasopressin output may represent the 

most critical factor involved in withdrawal-related excitability.   

 After the period of EtOH withdrawal, GES-treated animals (GE-24) showed 

significantly higher elevations in pituitary vasopressin than respective counterparts (E-

24) (Figure 3.13a).  In comparing water-treated withdrawal groups (E-24) to 

corresponding controls (CON), increased pituitary and decreased supraoptic vasopressin 

levels (Figure 3.13), along with elevated urine osmolarity (Figure 3.12), illustrated a rise 

in vasopressin output; this corroborates other findings that associate EtOH withdrawal 

with the occurrence of hyposmotic-induced cerebral swelling and related pathologies 

(Collins et al., 1998; Eisenhofer et al., 1985; Madeira et al., 1993; Mander et al., 1988).  

However, in GES-treated animals, depleted pituitary taurine levels during withdrawal 

(GE-24; Figure 3.14a) likely removes most inhibitory regulation over vasopressin release, 
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which normally occurs in response to hyposmotic stimuli.  With decreased taurine 

availability, the continued reduction of vasopressin within the supraoptic nucleus (GE-24; 

Figure 3.13b), compared to CON, and significantly higher levels within the pituitary 

(GE-24; Figure 3.13a), compared to E-24, suggest that taurine deficiencies worsen the 

over-activation of vasopressin neurons, during conditions of EtOH withdrawal.  

Typically, hyposmotic states require less circulating vasopressin to prevent further renal 

water reabsorption.  Accordingly, hyposmotic-induced taurine efflux, from pituitary 

astrocytes, acts as an intermediary in providing inhibition over pituitary vasopressin 

release (Miyata et al., 1997; Rosso et al., 2003).  After depleting taurine from pituitary 

extracts, via GES pre-treatment, hyposmotic conditions no longer suppress the release of 

vasopressin (Hussy et al., 2001), and thus demonstrates the necessity of taurine for 

normal modulatory control over pituitary vasopressin efflux.  This appears most 

detrimental when considering the conditions of over-hydration occurring during EtOH 

withdrawal (Collins et al., 1998; Lambie et al., 1985; Mander et al., 1988).  As a result of 

pituitary taurine depletion (GE-24; Figure 3.14a), the increased presence of vasopressin 

in GE-24 pituitary tissues (Figure 3.13a) likely does not face inhibition from withdrawal-

related hyposmolarity and continues freely into the peripheral circulation.  In light of 

these findings, the lack of difference in urine osmolarity, between the two withdrawal 

groups (E-24 and GE-24; Figure 3.12), seems rather unexpected, given that unregulated 

release of peripheral vasopressin should cause greater reabsorption of renal water and 

increased urine osmolarity in GE-24 animals, compared to E-24.  This potential ceiling 

effect may simply derive from basic physiological limitations, in that the overall number 

of collecting ducts, present within the kidneys, determines the maximum level of renal 



 104

water reabsorption.  The presence of vasopressin only affects the osmotic permeability of 

renal collecting ducts.  

 Even though GES treatment alone caused a substantial rise in hippocampal 

vasopressin levels (GC), compared to CON, the continued increase found in GE-24 

animals revealed a considerable difference between withdrawal treatment groups (Figure 

3.13c).  While GE-24 animals revealed significantly higher hippocampal vasopressin 

levels, compared to E-24, the responsible mechanisms and potential influence on 

withdrawal severity do not seem abundantly clear.  Given the greatly reduced levels of 

taurine in both the supraoptic nucleus and pituitary of GES-treated animals (Figure 3.14), 

hyposmotic stimuli likely do not promote the appropriate inhibitory signals mediated by 

taurine (Bres et al., 2000; Deleuze et al., 1998; Hussy et al., 2001) that normalize 

vasopressin output.  Removal of taurine’s modulation over vasopressin output not only 

could bring about systemic hyposmolarity but may also allow further release of 

vasopressin from supraoptic dendrites.  As withdrawal-related hyposmolarity develops, 

the absence of taurine within GE-24 brain tissues may worsen conditions of cerebral 

edema and cell swelling, which often take place during periods of EtOH withdrawal 

(Lambie et al., 1985; Mander et al., 1988).  When faced with fluctuating extracellular 

osmolarities, many CNS tissues depend upon the presence of taurine to make 

osmoregulatory adjustments and avoid significant cell volume disruptions.  For example, 

in cortical slices from normally-hydrated rats, application of a hyposmotic medium 

causes an accelerated efflux of taurine that prevents any abrupt change in cell volumes 

(Law, 1998).  Other amino acids participating in CNS osmoregulation, such as GABA, 

glycine, and glutamate, generally remain packaged within intracellular vesicles until 
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stimulated for release, whereas the metabolically inert taurine exists as a free, 

unpackaged cytosolic agent (Huxtable 1989, 1992; Miyata et al., 1997; Pasantes-Morales 

et al., 2000; Pow et al., 2002).  This intracellular nature of taurine provides the means for 

immediate release, offering a more responsive countermeasure to osmolar shifts, as 

compared to the signal-mediated release of vesicular amino acids.  With significant 

reductions in brain tissue taurine, as a result of GES-related depletion, cell swelling may 

occur more rapidly during withdrawal than in water-treated groups.  This effect on cell 

swelling could profoundly limit the diffusion of vasopressin away from the hippocampus, 

providing some explanation for the persistent increase in hippocampal vasopressin within 

GE-24 animals (Figure 3.13c).  Moreover, the characteristic increase in glutamatergic 

signals during withdrawal could potentially facilitate dendritic release of supraoptic 

vasopressin (Gillard et al., 2007), just prior to the abrupt induction of hyposmotic-

mediated swelling.  With taurine levels providing the key difference between withdrawal 

treatment groups, decrements in osmoregulatory capacities may, in fact, result in the 

disparate levels of hippocampal vasopressin, after EtOH withdrawal (E-24 vs GE-24; 

Figure 3.13c).  In contrast to the GE-24 group, comparably higher taurine levels in E-24 

animals (Figure 3.14) likely offers some protection against osmotic disruptions during 

withdrawal.  For E-24 animals, the release of taurine from both supraoptic and 

hippocampal tissues, illustrated by taurine levels significantly lower than CON (Figures 

3.14b, 3.14c), may reflect some attempt to normalize the osmotically-driven increase in 

cell volumes (Kreisman and Olson, 2003).  However, since hippocampal taurine levels 

start out significantly lower than CON, after chronic EtOH intoxication (E-0; Figure 

3.14c), decreased taurine availability may not provide hippocampal cells with the means 
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to fully counteract cell volume disruptions.  This effect during withdrawal may offer 

some basis for the remaining increase in hippocampal vasopressin, compared to CON, 

after the period of EtOH withdrawal (E-24; Figure 3.13c); although these levels were 

significantly lower than GE-24 animals.  In contrast, taurine deficiencies in GE-24 

animals offers very little protection from hyposmotic-induced cell swelling in 

hippocampal tissues, which may obstruct either the movement of vasopressin away from 

the hippocampus or aminopeptidases into respective areas.  These potential scenarios 

could explain the continued elevation of hippocampal vasopressin after EtOH 

withdrawal, in those with taurine deficiencies (GE-24; Figure 3.13c).   

 However, the question still remains regarding the overall impact of elevated 

hippocampal vasopressin on EtOH withdrawal severity.   The suggested involvement of 

vasopressin 1b receptors in behaviors of anxiety and aggression (Blanchard et al., 2005; 

Griebel et al., 2002; Stemmelin et al., 2005) and its expression within hippocampal 

tissues (Hernando et al., 2001; Young et al., 2006) provides some indication for the 

possible influence of elevated hippocampal vasopressin on EtOH withdrawal.  In general, 

vasopressin’s presence within the hippocampus promotes stimulatory effects (Brinton 

and McEwen, 1989), either through enhanced glutamate release and increased [Ca2+]i 

(Syed et al., 2007) or by blocking inhibitory currents mediated by glycine receptors 

(Omura et al., 1999).  In light of these reported effects, elevated hippocampal vasopressin 

may contribute towards the conditions of hyperexcitability during EtOH withdrawal.  In 

addition, the higher concentrations found within GE-24 hippocampal tissues, compared to 

E-24 (Figure 3.13c), provides further evidence of vasopressin’s role in withdrawal-related 
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seizure activity and offers another possible factor responsible for the exacerbation of 

withdrawal severity, as a result of taurine depletion (Figure 3.11).  

 As taurine depletion lead to exacerbated seizure severity during withdrawal (GE-

24; Figure 3.11), one might expect greater disruptions in tissue GABA levels as well.  

However, after EtOH withdrawal, significantly reduced supraoptic and hippocampal 

GABA concentrations (E-24) did not decline further as a result of taurine depletion (GE-

24) (Figures 3.15b, 3.15c).  Moreover, since both intoxicated groups (E-0 and GE-0) 

showed supraoptic and hippocampal GABA levels no different from each other (Figures 

3.15b, 3.15c), taurine depletion did not affect the alterations in GABA content, occurring 

over the course of EtOH withdrawal.  Nonetheless, the preservation of hippocampal 

GABA, resulting from withdrawal taurine treatment (ET; Figure 3.6c), seems to indicate 

that conditions of taurine depletion would cause further loss of hippocampal GABA 

content, after EtOH withdrawal; unfortunately, this predicted outcome did not occur (GE-

24; Figure 3.15c).  While these findings seem unexpected, they also highlight pertinent 

factors that also greatly influence the development of withdrawal-related excitability, in 

addition to those typically recognized (i.e. – glutamate and GABA transmissions).  

Accordingly, the effects of fluctuating osmolarities and the regions that govern systemic 

water balance should also be addressed when examining brain regions susceptible to 

withdrawal-related disruptions.       

Conclusion 

 Results from this investigation support the core hypothesis that taurine plays a 

significant role in counteracting the heightened excitability of EtOH withdrawal (Specific 

Aim 1).  Overall, the in vivo application of taurine (i.p.) dramatically attenuated 
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withdrawal severity (Figure 3.2); whereas, a reduction in endogenous taurine exacerbated 

withdrawal severity (Figure 3.11).  In addition, the present results identify reduced 

inhibitory amino acid levels within tissues of EtOH-withdrawn animals, which 

undoubtedly reflects a profound response to withdrawal-related excitability.  While 

taurine appears to mitigate these changes during withdrawal, it seems unlikely that the 

effect of exogenous treatment on seizure severity results from a direct inhibition of 

neuronal excitability. 

 The current findings also characterize significant, EtOH-associated disturbances 

in vasopressin activity, which appear to contribute toward a range of withdrawal-related 

dysfunctions through direct and indirect means (Specific Aim 2).  A significant portion of 

EtOH-mediated pathologies may develop from EtOH-induced changes in vasopressin 

(Figures 3.4, 3.13) and taurine (Figures 3.5, 3.14) levels that occurred within supraoptic 

and pituitary tissues, which serve as integral centers of vasopressin production and 

secretion.  Producing cellular conditions beyond the extremes of typical physiological 

shifts, EtOH-induced fluctuations ultimately place tremendous strain upon these tissues.  

Although taurine maintains a strong regulatory presence in both the supraoptic nucleus 

and pituitary, the potency and duration of chronic EtOH-related effects may necessitate a 

reinforcement of taurine levels to successfully offset potential imbalances in vasopressin 

activity.  In general, taurine administration lowered withdrawal severity (Figure 3.2) and 

mitigated the increases in pituitary and hippocampal vasopressin (Figure 3.4), while 

diminished taurine levels increased withdrawal severity (Figure 3.11) and exacerbated the 

rise in pituitary and hippocampal vasopressin (Figure 3.13) (Specific Aim 2).  Even 

though these two taurine paradigms (treatment and depletion) may also affect the 
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neurochemistry of brain regions not presently examined, the reciprocal outcomes on 

pituitary and hippocampal vasopressin concentrations does reveal an intriguing 

relationship with the global effect on withdrawal-associated seizure activity.  While the 

supraoptic nucleus did not show any clear benefits from taurine treatment during 

withdrawal, depletion of taurine caused significantly reduced vasopressin concentrations 

in all GES treated groups.  These findings suggest that the measurable effects of EtOH-

mediated disruptions, within the supraoptic nucleus, likely develop during the course of 

chronic intoxication.  Additional studies that attempt to enhance endogenous taurine 

levels, via pre-treatment regimens, could provide a clearer depiction of whether 

appropriate taurine reserves can offset the alterations of chronic EtOH exposure on 

supraoptic vasopressin content.  Moreover, within the supraoptic nucleus, measurements 

of vasopressin synthesis (via mRNA quantification) could offer a more accurate 

representation of vasopressin production and help distinguish between the peripheral and 

central components of vasopressin release. 

 The most paramount finding of this investigation lies within the potential 

mechanisms responsible for taurine’s attenuating effects on EtOH withdrawal excitability 

(Specific Aim 3).  Initial predictions contended that exogenous taurine could simply 

provide additional inhibition, within the hippocampus, to offset the hyperexcitable 

conditions of EtOH withdrawal.  While taurine treatment maintained hippocampal taurine 

and GABA levels commensurate with CON values, the corresponding withdrawal group 

(ES) showed significantly reduced hippocampal taurine and GABA concentrations 

(Figures 3.5c, 3.6c).  These result seemed to support taurine’s inhibition on hippocampal 

excitability and corresponding decrease in withdrawal-related seizures (Figure 3.2).  In 
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order to verify such contentions and delineate the nature of the rapid treatment effect on 

withdrawal severity (Figure 3.2a), time-course analysis of taurine treatment (in baseline 

animals) illustrated the immediate physiological effects of exogenous taurine injections.  

Surprisingly, taurine administration did not enhance hippocampal taurine concentrations, 

at 30, 60, or 120 min post-injection (Figure 3.9c).  The supporting data of taurine time-

course analysis helped determine that taurine does indeed function as a neuroinhibitor, 

although not acting directly within the hippocampus.  Taurine administration inhibited 

the peripheral release of vasopressin from the pituitary (Figure 3.8a) and increased renal 

water excretion (Figure 3.7), under baseline conditions.  In the context of EtOH 

withdrawal, suppression of pituitary vasopressin release by taurine treatment seemingly 

prevented the excessive reabsorption of water during withdrawal, avoiding the 

pathological conditions of hyposmotic-induced cerebral swelling.  In support of this, after 

experiencing EtOH withdrawal, taurine-treated animals showed pituitary vasopressin 

levels (ET; Figure 3.4a) and urine osmolarities (ET; Figure 3.3) no different from CON.  

By ultimately limiting the surge of peripheral vasopressin during withdrawal, taurine 

treatment ameliorated water overloads within osmotically sensitive neural regions, such 

as the hippocampus.  As a result of withdrawal taurine treatment, the prevention of 

hippocampal hyposmolarity potentially reduced conditions of hyperexcitability and 

preserved the endogenous levels of inhibitory neurotransmitters (taurine and GABA), 

within the hippocampus (ET; Figures 3.5c, 3.6c).  Furthermore, this taurine-mediated 

prevention of osmotically-induced hyperexcitability, within the hippocampus, may 

underlie the fundamental mechanism responsible for the reduction in convulsive activity, 

during EtOH withdrawal (Figure 3.2). 



 111

 For the most part, each taurine treatment paradigm (administration and depletion) 

generated results that showed an inverse relationship between group measurements.  Such 

outcomes provided strong support for the significant influence of taurine in protecting 

neural tissues from chronic EtOH-mediated disruptions.  However, due to unanticipated 

limitations of GES treatment, the overall outcome of taurine depletion on the effects of 

EtOH withdrawal (GE-24) did not fully support the suggested manner of taurine-

mediated effects on withdrawal severity (Neuroinhibitory Model; Specific Aim 3).  As a 

result of taurine depletion, EtOH withdrawal did cause significantly higher pituitary 

vasopressin levels than in the E-24 group (Figure 3.13a), while urine osmolarities were 

equally elevated in both withdrawal groups (Figure 3.12).  Unfortunately, given the 

possible physiological limitations of renal water reabsorption, a ceiling effect may have 

been reached in producing water loads higher in GES-treated animals (GE-24) than in 

water-treated counterparts (E-24).  Without this unexpected limitation, hippocampal 

GABA levels may have potentially declined further, in response to more severe states of 

osmotically-induced hyperexcitability.  As such, taurine depleted animals may have 

shown a much larger rise in seizure severity, during the course of EtOH withdrawal.  

Nonetheless, as a means of bolstering the resulting urine osmolarity data, future 

investigations should attempt to quantify plasma vasopressin concentrations as well.  To 

further characterize the detriments of taurine depletion on the dysfunctions produced by 

chronic EtOH intoxication / withdrawal, future studies may also explore time points 

beyond 24 hr post-withdrawal to determine whether the absence of taurine prolongs the 

time needed for physiological recovery.   
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 This investigation demonstrates that taurine provides a beneficial role, as an 

osmoregulator and neuroinhibitor, in protecting those CNS tissues susceptible to chronic 

EtOH-induced alterations.  In the context of EtOH dependencies, taurine’s therapeutic 

capacity may catalyze the recovery process by promoting conditions of homeostasis in 

neural regions significantly altered by chronic EtOH intake.  Taurine’s physiological 

properties fit well as a countermeasure against those disruptions frequently produced by 

chronic EtOH intoxication / withdrawal.  Although taurine does exist endogenously 

within several CNS regions, those individuals fighting with dependencies likely remain in 

a very taurine deficient state.  As this investigation revealed, diminished taurine reserves 

undoubtedly lead to exacerbated withdrawal conditions and more pronounced 

neurochemical disruptions in vital regulatory centers.  However, while administration of 

taurine alone may not cure EtOH dependencies, it undoubtedly would benefit any 

therapeutic recovery paradigm.  
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