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    Abstract     Strong association between alcohol abuse and an increase in both 
 systemic and brain levels is evident from both humans and animal models. This 
chapter comprehensively reviews the interplay between progression of neuroin-
fl ammation and neurological disorders initiated by alcohol abuse. Recent observa-
tions of excitotoxicity associated with excessive neurotransmitter release, oxidative 
stress leading to free radical damage, and cell death through an enhanced infl am-
matory response provide important clues to the mechanisms that could mediate 
alcohol’s toxic effects on brain cells. Chronic alcoholics have the temporal hall-
mark of neurocognitive defi cits, neuronal injury, and neurodegeneration. Studies 
suggest that the initiation and progression of alcohol-mediated neurodegeneration 
is driven in part by release of pro-infl ammatory factors from activated microglia, 
oxidative stress, impairment of blood–brain barrier (BBB), and glutamate-associated 
neurotoxicity. Recent observation of strong associations between cannabinoid 
 systems within the central nervous system in regulating neuroinfl ammation via the 
cannabinoid receptor 2 highlights the importance of this pathway in alcohol-driven 
neuroinfl ammation. Regulatory mechanisms that regulate alcohol-induced neuroin-
fl ammation, oxidative neuronal injury, and altered BBB are examined, as well as 
modalities to ameliorate these processes are discussed.  
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     Alcohol abuse continues to be a major morbidity factor, causing approximately 1.3 
million deaths globally (3.2 % of all deaths) each year and accounts for approxi-
mately 4 % of the disease burden of all diseases [ 1 ]. While the effects of alcohol 
exposure on liver function and end-organ injury are well accepted, the signifi cant 
association between neurodegeneration and alcohol exposure is less established. 
New intriguing data recently were acquired to suggest a relationship between 
chronic infl ammatory responses as underlying causes for alcohol-associated neuro-
degeneration as well as elements of alcohol addiction [ 2 ]. Since alcohol dependence 
and abuse are important health problems, therapeutic strategies to overcome this 
addiction are urgently required to reduce the burden of such conditions on society. 

 Newer neuroimaging techniques have shown signifi cant alteration of brain struc-
ture, including atrophy of subcortical and cortical areas, thalamus, corpus callosum, 
and cerebellum [ 3 ]. Substantial progress has been made in brain imaging in chronic 
alcoholics, indicating global reduction in gray matter and white matter and an 
increase in cerebral spinal fl uid volume and diffusional abnormalities among alco-
holics and heavy to moderate drinkers [ 4 ]. Chronic alcohol consumption has been 
shown to be related to shrinkage of different parts of the brain and impairment of the 
decision- making process. When compared to normal controls, two predictors (gray 
matter changes and decision-making measure) were signifi cantly altered in alcohol-
ics. Recent studies address the issue whether amelioration takes place during 
2 weeks of abstinence from alcohol [ 5 ]. This study indicated gray and white matter 
recovery after few days of abstinence, but it varied between different brain regions. 
These fi ndings offer a unique insight into potential therapeutic interventions, pro-
moting structural changes in the CNS of alcoholics. The changes were attributed to 
a recovery of myelin in the corpus callosum [ 6 ]. 

 According to Zahr et al. [ 3 ], brain tissue loss consists of two components, tran-
sient and permanent. It has been suggested that in tissue shrinkage secondary to 
neuronal loss, there is no complete brain tissue recovery. Magnetic resonance spec-
troscopy revealed that despite prolonged abstinence, individuals that chronically 
consume alcohol demonstrate persistent diminution of  N -acetylaspartate (a neuro-
nal marker) in the frontal lobe, thalamus, and cerebellum [ 7 ]. Other studies demon-
strated improvement in the level of  N -acetylaspartate and choline (a metabolite 
associated with re-myelination) during abstinence [ 8 ]. 

 Corresponding neuropathology studies indicated a loss and destruction of white 
matter in the same brain regions. Structural changes in the brain and the associated 
functional consequences that occur with chronic alcohol exposure can be grouped 
into “uncomplicated alcohol-related brain damage.” [ 3 ] Neuropsychological mani-
festations of chronic uncomplicated alcohol exposure are characterized by the het-
erogeneity of severity and type of defi cits. It has been shown that the pericerebral 
space with respect to intracranial cavity changed from 8.3 % of total intracranial 
volume in healthy controls to 11.3 % in patients with chronic alcohol exposure [ 9 ]. 
Previous stereologic studies indicated that this reduction occurred mainly due to 
decreased white matter volume. The morphologic substrate of white matter loss is 
currently unknown; however, this phenomenon is probably associated with a loss of 
myelin and axonal integrity. Common alcohol-associated CNS lesions encompass 
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white matter loss (leukoencephalopathy), enlarged ventricles, cerebellar degenera-
tion, and neuronal demise in the superior frontal association cortex, anterior cingu-
late area, hippocampus, entorhinal cortex, and hypothalamus, which contribute to 
cognitive and motor defi cits [ 10 ,  11 ]. 

 In patients with uncomplicated alcoholism, neuropathology studies reveal up to 
25 % loss of pyramidal neurons in the superior frontal cortex [ 3 ]. Much is unknown 
about neuronal loss in the primary motor cortex in uncomplicated alcoholism; how-
ever, silver impregnation techniques showed that neurons in the superior frontal and 
motor cortex featured dendritic arbor shrinkage, indicating a compromise of inter-
neuronal communications. No changes were detected in the number of neurons 
in the basal ganglia, hippocampus, or serotonergic raphe nuclei in uncomplicated 
alcoholism. 

 In recent years, genomic and proteomic analysis of samples of human frontal 
cortex identifi ed several groups of alcohol-associated genes encoding myelination, 
synaptic structure, mitochondria, signal transduction and intracellular metabolism, 
protein traffi cking, and transcriptional regulation [ 12 – 14 ]. The data acquired in 
these studies point to the involvement of multiple pathways in the effects of alcohol 
on the CNS. Changes in expression of proteolipid protein and myelin basic protein 
(participating in stabilization of the myelin sheath) could provide additional insights 
into white matter changes in chronic alcoholics. It has been suggested that chronic 
liver injury occurring in chronic alcoholism and its associated hepatitis results in 
production of toxic substances (such as ceramides, ammonia) and enhanced insulin 
resistance, promoting neurodegeneration [ 15 ]. 

 A number of molecular mechanisms have been proposed for ethanol-associated 
brain injury. These encompass alcohol-specifi c effects, including toxic metabolites 
(production of acetaldehyde and fatty acid ethyl esters), defects in mitochondrial 
function, generation of reactive oxygen species, decrease in brain-derived neuro-
trophic factors, and effects on excessive glutamate on synaptic transmission (result-
ing in excitotoxicity) [ 3 ]. Increased gut permeability for bacterial byproducts, such 
as LPS (so-called bacterial translocation), and liver dysfunction can be additional 
factors leading to brain injury in chronic alcoholism [ 16 ]. The latter is of signifi cant 
interest, providing links between alcohol exposure and development of systemic 
infl ammatory responses. 

 A signifi cant body of evidence indicates that there is a close association between 
alcohol abuse and an increase in both systemic and brain levels of infl ammation. 
The levels of cytokines in systemic circulation were increased in alcoholic subjects 
[ 17 – 19 ]. It has been shown that chronic alcohol consumption in humans is associ-
ated with increases in serum pro-infl ammatory cytokines [ 20 ,  21 ]; monocytes iso-
lated from the blood of alcoholics produce greater amounts of tumor necrosis factor 
α (TNFα) spontaneously and in response to endotoxin [ 22 ]. In experimental animals 
(rats), several months of alcohol administration increased the number of infl amma-
tory factors [interleukin (IL-1β), inducible nitric oxide synthase (iNOS), cyclooxy-
genase 2 (COX-2)] [ 23 ]. Recent publications from the group of Dr. Crews suggested 
signifi cant upregulation of pro-infl ammatory genes in the brains of alcohol-exposed 
animals with secondary infl ammatory stimulus (such as LPS administration) [ 19 ]. 

Alcohol and Neurodegeneration



514

They found upregulation of the β-chemokine, CCL2, a key innate immune factor, in 
multiple regions of postmortem alcoholic brains as compared to age-matched con-
trols. These changes are accompanied by profound microglial activation in different 
brain regions [ 16 ,  17 ]. An additional indication of infl ammatory response was the 
upregulated expression of cannabinoid receptor 2 in the brain endothelium, changes 
seen in human brain tissues affected by encephalitis [ 16 ]. Chronic alcohol adminis-
tration to mice caused a sustained increase in brain CCL2 and an increase in microg-
lial activation paralleling human studies. 

 Studies indicating that genes involved in the immune stress response exhibited 
differential expression in the frontal cortex of human alcoholics and normal con-
trols. It has been shown that expression of the same genes is also related to genetic 
predisposition of alcohol consumption in mouse strains, pointing to a role for pro- 
infl ammatory mediators in the regulation of alcohol intake [ 24 ]. Gene expression 
data sets led to the selection of six genes related to infl ammation, and behavioral 
testing of gene-defi cient mouse strains showed that animals defective in such genes 
drink less alcohol. Conversely, injection of LPS prior to alcohol testing resulted in 
a sustained increase in alcohol consumption. It has been shown that one of the key 
infl ammatory pathways, toll-like receptor (TLR) 4, is critical in enhanced 
 neuroinfl ammation associated with alcohol exposure. Several labs found that alco-
hol can activate TLR4 receptors in the brain in different types of glial cells [ 25 ]. 
Furthermore, alcohol-exposed animals lacking these receptors showed evidence of 
protection from astrocyte and microglia activation, increased expression of pro-
infl ammatory factors, and neuronal injury. These animals did not show long-lasting 
memory impairment or anxiety-like behavior. These studies collectively point to the 
role of neuroinfl ammation, not only in neurodegeneration associated with alcohol 
exposure, but also to promotion of addictive behavior. Development of therapeutics 
diminishing infl ammation, therefore, may protect the CNS from alcohol injury and 
mitigate addiction. 

1     How Microglia Are Affected by Alcohol 
and Implications for Neurodegeneration 

 Maintaining the integrity of neurons and neuronal circuits in the CNS is imperative 
for proper signaling and communication. Neurodegeneration is characterized by 
the loss of structure or function of brain cells and comprises assembly of patho-
physiological events that include cellular damage, disease development, and cel-
lular death [ 26 ]. Glial cells, including astrocytes, microglia, and oligodendrocytes, 
are important to neuronal function as both supporting cells for proper neural circuit 
transmission and an alert mechanism during injury or infection. Over the years, 
glial cells have been implicated in modulating and infl uencing neuronal health. 
Microglia, the immunocompetent cells of the CNS, respond to any homeostatic 
modifi cation and play a pivotal role in regulation of neuroinfl ammatory processes, 
including neurodegenerative disease [ 27 ]. Although they are historically 
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considered to be quiescent in the healthy brain and active only during brain injury 
or disease, recent literature has demonstrated microglia as a dynamic entity under-
going morphologic changes to maintain healthy brain function. As the primary 
effector cells of the brain, microglia are indispensable for maintenance and clear-
ance of foreign material and debris [ 28 ]. Microglia activation is a highly regulated 
process and is important in all aspects including proliferation, cell cycle, migration, 
and apoptosis during the response to infl ammation, ischemia, trauma, injury, and 
neurodegenerative diseases [ 28 ]. Importantly, microglia can cause both neuropro-
tection and neurodegeneration in the CNS. Most of the known functions of microg-
lia, including neurotoxic and neuroprotective properties, are attributed to 
morphologically activated microglia [ 29 ]. 

 Microglial cell dysfunction plays an important role in pathogenesis of many neu-
rodegenerative and neuroinfl ammatory diseases [ 30 ]. Constant alterations in the CNS 
lead to dynamic changes in microglial activation, contributing to infl ammation and 
consequently leading to neurodegenerative outcomes. Prolonged microglial cell acti-
vation due to aberrant signaling alters the function of microglia in neurocognitive 
disorders, including Alzheimer’s disease and Parkinson’s disease [ 31 ]. Alcohol abuse 
and alcoholism represent substantial problems that affect a large portion of the general 
public [ 32 ]. Alcohol is a common dietary constituent that modulates the immune sys-
tem [ 17 ]. It has been reported that the number of risk factors associated with chronic 
alcohol abuse has signifi cantly increased, especially in disorders of the CNS [ 33 ]. 
Recent studies have enumerated the deleterious effects of alcohol on the brain, 
including the immune cells found within the CNS [ 32 ,  34 – 37 ]. Alcohol attenuates 
phagocytosis [ 34 ,  38 ,  39 ], proliferation [ 35 ], expression of brain-derived neurotrophic 
factor (BDNF) in the hippocampus [ 40 ], and apoptotic action in microglia [ 41 ]. 
Alcohol consumption has an impact on the structure and function of the brain [ 3 ]. 

 In the mature brain, resting microglia exhibit a ramifi ed morphology and are 
responsible for immune surveillance [ 42 ]. The classical phenotype of activated 
microglia is very important in the clearance of pathogens, as well as the release of 
soluble factors that act as signaling molecules to combat injury and infection [ 27 ]. 
When microglia are activated due to brain injury or immunological stimuli, they 
undergo dramatic morphologic alterations, from a ramifi ed cell with a small soma 
and long processes to an activated amoeboid cell with a large soma and shorter pro-
cesses. Microglia activation can be differentiated based on morphology, marker 
expression, and cytokine secretion [ 43 ]. Microglia phenotype varies with the type of 
insult, the extent of damage, and the time of recovery post-injury. Addressing the 
effects of alcohol on microglia-mediated neurodegeneration is important to under-
stand their role in neuroinfl ammation. In the healthy brain, microglial cells are 
highly sensitive to changes in their microenvironment and readily become activated 
in response to infection or injury. Activated microglia upregulate a variety of sur-
face receptors, including the major histocompatibility complex (MHC-II), CD11b, 
Iba-1, and 18 kDa mitochondrial translocator protein [ 43 ]. Expression of these sur-
face molecules is one component of microglial cell activation associated with 
release of factors that are important for signaling in the brain during injury, includ-
ing the release of pro-infl ammatory cytokines. 
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 Pro-infl ammatory cytokine release is a hallmark of activated microglia and con-
tributes to chronic neuroinfl ammation [ 17 ]. Studies by many groups have shown a 
signifi cant increase in the release of these factors in alcohol models, both in vitro 
and in vivo, and excessive quantities of these individual factors produced by acti-
vated microglia can be deleterious to neurons [ 17 ,  44 ,  45 ]. Alcohol-related studies 
on microglia conclude that these surface receptors are upregulated in alcohol-treated 
brains as compared to normal non-treated brains [ 43 ]. CCL2, a member of the 
β-chemokine family that signals through G protein-coupled receptor CCR2, is 
important for neuroinfl ammation pathways in microglia. Crews et al. has demon-
strated that the CCL2 signal is increased in the human alcoholic brain; this can 
potentially play an important role in driving microglia activation and therefore indi-
rectly lead to excessive production of pro-infl ammatory cytokines such as IL-1β and 
TNFα [ 17 ]. Lastly, CCL2 can act as a “priming” stimulus for microglia (lowering 
their “threshold sensitivity”), enhancing their synthesis of pro-infl ammatory cyto-
kines in response to subsequent stimulation [ 43 ,  46 ]. From these data, we can spec-
ulate that alcohol can dramatically affect the release of CCL2 in microglia, 
potentially orchestrate the release of cytokines, and generate a prolonged pro- 
infl ammatory immune response. 

 While several groups have demonstrated neuroinfl ammation in microglial cell 
reaction to blood–brain barrier (BBB) injury [ 47 ], Marshall and colleagues [ 43 ] 
suggested that activated microglia produced anti-infl ammatory cytokines (such as 
IL-10 and TGFβ) and were not fully activated in the binge drinking model (7 days 
of alcohol exposure). They were unable to demonstrate increased permeability of 
the BBB in their in vivo model. These investigators proposed that partial activation 
of microglia following binge ethanol exposure suggests that microglia have homeo-
static roles, rather than directly contributing to neurodegeneration, and are a conse-
quence of alcohol-induced damage, rather than the source of the damage. 

 Specialized functions such as migration and phagocytosis are the main character-
izing features of microglia, and the integrity of neurons in the CNS depends on their 
proper function. Alcohol alters microglial cell migration and phagocytosis [ 34 ,  48 ]; 
however, the exact mechanisms remain elusive. Likewise, classically activated 
microglia show increased phagocytic activity as seen in postmortem alcoholic brains 
stained for ED-1, classically used to detect phagocytic microglia [ 49 ]. The level of 
activation achieved and cytokines released infl uences whether microglia exacerbate 
injury or promote recovery. The effects of alcohol on microglia are poorly under-
stood; however, there are two potential mechanisms by which alcohol may infl uence 
microglial neurodegeneration: toll-like receptors (TLRs) and purinergic receptors. 

 TLRs are a family of pattern-recognition receptors that enable the recognition of 
conserved structural motifs in a wide array of pathogens. TLRs recognize compo-
nents released from stressed or damaged host cells including ATP, aggregated 
β-amyloid, and heat shock proteins [ 42 ]. Activation of TLRs triggers the downstream 
stimulation of nuclear factor-kB (NF-kB) encoding molecules associated with infl am-
mation [ 50 ]. Multiple studies have shown that alcohol induces microglial cell activa-
tion in vitro by stimulating TLR4 enhancing phagocytosis and leading to neuronal 
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death, indicating that activation of the TLR4 response by alcohol can be an important 
mechanism of alcohol-induced neuroinfl ammation and neurodegeneration [ 51 ]. 

 Purinergic receptors (P2R), also known as purinoceptors, play a unique role in 
integrating neuronal and glial cellular circuits, as virtually every type of glial cell 
possesses receptors for purines and pyrimidines [ 52 ]. These receptors are ubiqui-
tously expressed and mediate a remarkable variety of physiological and pathophysi-
ological reactions [ 52 – 56 ]. Several signaling pathways are coupled to P2R in the 
CNS, including the MAPK/ERK pathway, NGF expression, and calcium mobiliza-
tion [ 40 ,  53 ,  57 – 61 ]. P2R have been implicated in alcohol abuse disorders and 
shown to affect signaling in the CNS [ 62 ,  63 ]. Recent literature has shown the 
involvement of P2R in alcohol’s action in microglia [ 63 ]. It is now generally 
accepted that microglia contribute to the neurodegenerative process through the 
release of a variety of neurotoxic factors that exacerbate the degeneration of neu-
rons. It remains to be determined, however, how alcohol triggers microglial activa-
tion and if P2R have a role in regulating microglial activity. 

 Microglia, the CNS representatives of macrophages, partake in neuroinfl amma-
tion in response to various intrinsic or extrinsic stimuli. It has been recently sug-
gested that microglial signal transduction is one of the main targets of alcohol action 
in the brain: alcohol exposure selectively modulates intracellular signal transduc-
tion in microglia rather than globally inhibiting signaling pathways in a nonspecifi c 
manner. Deregulation of the infl ammatory activation signaling of microglia by 
 alcohol may contribute to the derangement of CNS immune and infl ammatory 
responses [ 36 ]. Infl ammation is a common denominator among the diverse list of 
neurodegenerative diseases. Previously, infl ammation was considered to be a pas-
sive response to neuronal damage; however, an increasing number of reports dem-
onstrate that prolonged infl ammation in the CNS contributes to neuronal death. The 
importance of microglia, as infl ammatory mediators of neurodegeneration, and 
their mechanisms require further study. 

 An ongoing controversy exists regarding whether microglia are neuroprotective 
or neurotoxic when activated. In their resting state, microglia provide “checks and 
balances” and safeguard mechanisms in the CNS, ensuring that the brain functions 
properly. Likewise, if a pathogen has breached the CNS or an injury has occurred, 
microglia assume a more central role in releasing pro-infl ammatory cytokines and 
chemokines to combat the damage. Alcohol has been shown to play a role in modu-
lating the activation of microglia and affecting their normal function, which may be 
potentially harmful in neuronal death. The exact mechanisms by which alcohol 
infl uences microglial cell activation are currently unknown; however, recent studies 
have shown evidence to support alcohol’s effect on microglia-mediated neurode-
generation. Understanding the balance between neuroprotection and neurodegen-
eration is important in understanding the diseases of the CNS. Microglia possess a 
myriad of functions within the CNS, and emergence of their role in health and dis-
ease has become of interest in studying neurodegenerative diseases. Rather than 
classifying microglia as exclusively benefi cial or deleterious, it is more likely that 
microglia function in both roles.  
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2     Alcohol Effects on the BBB 

 While a substantial amount of data has been acquired regarding the role of glia in 
alcohol-driven neurodegeneration, only recently it has become obvious that BBB 
compromise could be part of this process. Alcohol exposure (25–50 mM) of human 
brain endothelial cells results in a rapid (20–30 min) decrease of BBB tightness 
(measured by transendothelial electrical resistance and permeability to tracers of 
different molecular weights), formation of small gaps in monolayers, and redistri-
bution of tight junction (TJ) proteins [ 64 ]. These effects are secondary to oxidative 
stress due to alcohol metabolism via induction of catalytic activity and expression 
of alcohol-metabolizing enzymes (CYP2E1 and alcohol dehydrogenase), which 
parallel enhanced generation of reactive oxygen species (ROS) in BMVEC. These 
changes lead to Ca 2+  release (via stimulation of inositol 1,4,5-triphosphate recep-
tor), activation of myosin light chain (MLC) kinase, and phosphorylation of MLC 
and TJ proteins [ 64 – 66 ]. These effects are reversible after alcohol withdrawal or 
inhibition of specifi c intracellular pathways. In addition, BBB compromise enhances 
migration of mononuclear cells across endothelial monolayers in vitro. 

 Longer periods of exposure (24–48 h) to alcohol stimulated the activity/expression 
of matrix metalloproteinases (MMP-1, MMP-2, and MMP-9) and decreased the lev-
els of tissue inhibitors of MMPs (TIMP-1, TIMP-2) via activation of protein tyrosine 
kinase, modifi cations of TJ proteins, and disruption of basement membrane integrity 
[ 67 ,  68 ]. All these effects could be reproduced by exposure to acetaldehyde or donors 
of oxidative stress, indicating the importance of such effects by products of alcohol 
metabolism in the effects of alcohol on the BBB. Our more recent work indicated a 
compromise of antioxidative protective mechanisms in BMVEC exposed to alcohol 
and suggested protective approaches for the BBB. We studied whether stabilization 
of antioxidant enzyme activity would prevent ROS generation that results in barrier 
disruption. We determined the effects of alcohol on the kinetic profi le of superoxide 
dismutase (SOD), catalase activity, and ROS/nitric oxide (NO) generation in primary 
human brain endothelial cells. Alcohol simultaneously augmented ROS generation 
and the activity of the antioxidative enzymes, SOD and catalase. SOD activity was 
increased for a much longer period of time than was catalase activity [ 69 ]. A decline 
in SOD activity and protein levels preceded elevation of oxidant levels. SOD stabili-
zation by the antioxidant and mitochondria- protecting agent,  N -acetyl- L -carnitine 
(ALC), and the anti-infl ammatory agent, rosiglitazone, suppressed ROS levels. 
Mitochondrial membrane protein damage and decrease in membrane potential after 
alcohol exposure indicated mitochondrial injury. These changes were prevented by 
ALC. Importantly, a rapid increase in permeability can be demonstrated in animal 
models (mice, rabbits) exposed to pathophysiologically relevant doses of alcohol 
(1–2 h). In addition, alcohol promotes the pro-infl ammatory phenotype in the brain 
endothelium: upregulation of COX-2, increased generation of prostaglandin E2, and 
enhanced expression of cannabinoid 2 receptor (unpublished observations). 

 In addition to structural tightness, alcohol exposure (50 mM) decreased glucose 
uptake and correlated with the reduction of glucose transporter protein 1 (GLUT1) in 
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BMVEC [ 70 ]. In vivo, chronic alcohol intake inhibited the transport of glucose into 
the frontal and occipital regions of the brain. These changes paralleled a marked 
decrease in GLUT1 protein expression in the BBB. In parallel, alcohol intake impaired 
BBB TJ proteins in the brain microvessels and enhanced permeability (measured by 
sodium fl uorescein and Evans blue accumulation in brain tissue), thus confi rming the 
leakiness of the BBB. The antioxidant, ALC, attenuated these effects of alcohol on 
glucose uptake and BBB. Such changes occurring on a repeated basis after exposure 
to alcohol could be one of the underlying mechanisms of neurodegeneration that 
 warrants further investigation as a potential target for therapeutic interventions.  

3     Neuronal Injury and Astrocyte Dysfunction 
Caused by Alcohol Exposure 

 Alcohol abuse-related neuronal injury and dysfunction are associated with increases 
in oxidative stress in the brain that coincide with the induction of pro-infl ammatory 
cytokines and oxidative enzymes. We found that the metabolism of alcohol in pri-
mary human neurons by alcohol dehydrogenase (ADH) and cytochrome P450 2E1 
generated ROS. In addition, alcohol metabolites further augment ROS/NO levels 
via induction of NADPH/xanthine oxidase (NOX/XOX) and nitric oxide synthase 
(NOS) in human neurons [ 71 ]. A marked increase in lipid peroxidation and a 
decrease in a neuronal-specifi c marker paralleled ROS generation. Increase in iNOS 
protein correlated with an upregulation of 3-nitrotyrosine protein levels in the fron-
tal cortex of alcohol-fed mice [ 72 ]. Colocalization of neurofi laments and iNOS pro-
tein confi rmed that iNOS was mostly expressed in neurons. Of note, neither 
astrocytes nor microglia exhibited colocalization of iNOS/3-NT in this brain region, 
further confi rming not only that iNOS induction is a major source of peroxynitrite 
but also that the enzyme is not responsive in astrocytes and microglia. These fi nd-
ings indicate that chronic alcohol ingestion preferentially modulates iNOS protein 
levels in neurons, but not in astrocytes or microglia, validating our recent fi ndings 
that alcohol/acetaldehyde exposure increased the level of iNOS protein in cultured 
primary human neurons [ 71 ]. 

 It is accepted that alcohol administered acutely in a pathophysiologically rele-
vant dose can selectively and potently suppress the function of  N -methyl- D -aspartate 
(NMDA) receptors [ 73 ]. Until now, the exact mechanism or site of action is 
unknown. Prolonged administration of alcohol leads to an adaptive increase in the 
sensitivity of NMDA receptors in vivo and in vitro. Such changes potentially can 
result in an enhanced vulnerability for glutamate-induced cytotoxic response (exci-
totoxicity) [ 74 ]. Animal studies suggest that chronic alcohol exposure and with-
drawal are accompanied by a hyper-glutamatergic state, leading to neurotoxicity 
[ 75 ]. Preclinical models have shown that “anti-glutamatergic” compounds can 
reduce neuronal cell death. Increased sensitivity of neurons to excitotoxic insults is 
one of the mechanisms underlying alcohol-induced brain damage. NMDA stimula-
tion results in increased calcium infl ux that is associated with uptake into 
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 mitochondria and causes the production of ROS that interfere with the function of 
mitochondria and plasma membranes. Direct suppression of the mitochondrial 
respiratory chain also indirectly induces further NMDA receptor stimulation. If the 
suppressive effect of alcohol on NMDA receptors is removed during withdrawal, 
the possibility of neuronal damage is signifi cantly augmented through this receptor 
system, more so when increased and/or prolonged withdrawal signs after repeated 
withdrawal [ 76 ]. Alcohol-induced brain damage is mediated by glutamate-mediated 
transmission. Recently, the sulfur-containing amino acid, homocysteine, has been 
suggested to be neurotoxic in alcoholism [ 77 ]. The catabolism of homocysteine to 
methionine, a key step in detoxifying homocysteine, requires folate as a cofactor. 
Chronic alcoholics often have a low intake of folate resulting in a sustained hyper-
homocysteinemia. Homocysteine is a partial or complete agonist at the glutamate 
and glycine binding sites within the NMDA receptor complex, respectively. 
Enhanced levels of homocysteine may lead to a pathological increase in receptor 
activity and subsequent excitotoxicity. From a clinical perspective, increased levels 
of plasma homocysteine can be used as a marker to predict alcohol withdrawal 
symptoms, so that therapeutic intervention can be initiated [ 78 ]. To date, little is 
known regarding gender differences in alcohol-mediated neuroinfl ammation and 
neurodegeneration. Recently acquired data suggest that there is more pronounced 
glial reaction (refl ective of infl ammation) and neuronal injury in female versus male 
mice in a binge model of alcohol administration. Alfonso-Loeches et al. [ 79 ] showed 
that chronic alcohol treatment induces infl ammatory mediators (iNOS and COX-2), 
cytokines (IL-1β, TNFα), gliosis (GFAP), caspase-3 activation, and greater neuro-
nal loss in the cerebral cortex of female mice when compared to male animals. 

 Astrocytes are altered by alcohol exposure in vitro and in vivo refl ecting putative 
direct and indirect effects. Astrocytes play a signifi cant role in supporting the func-
tion of neurons and brain endothelium. It has been reported that glial fi brillary 
acidic protein, (GFAP), a marker for reactive astrocytes, and vimentin (detecting 
hyperactive astrocytes) are substantially increased in animals subjected to chronic 
alcohol administration [ 80 ]. These changes appeared to be related to neuronal cell 
death in the same areas. Mechanisms underlying the effect of alcohol on astrocytes 
remain the subject of debate; however, several groups reported complimentary data 
pointing to TLR4 activation as one possible pathway [ 81 ]. Blanco and colleagues 
demonstrated that astrocyte activation with IL-1β or alcohol (10 and 50 mM) 
resulted in the translocation of IL-1 receptor, IL-1R, and/or TLR4 into lipid raft–
caveolae-enriched fractions and the recruitment of signaling molecules (phospho-
IL- 1R-associated kinase and phospho-extracellular-regulated kinase) into these 
microdomains. Using cellular imaging techniques, they demonstrated that IL-1R 
was internalized by caveolar endocytosis via enlarged caveosomes after IL-1β or 
alcohol treatment, which sorted their IL-1R cargo into the endoplasmic reticulum–
Golgi compartment and into the nucleus. 

 Using primary human astrocytes, we showed that activation of cytosolic phos-
pholipase A2 (cPLA2) and cyclooxygenase (COX-2) by alcohol in astrocytes 
enhanced the secretion of infl ammatory agents via the interactive tyrosine phos-
phorylation of TLR4 and Src kinase [ 82 ]. Alcohol exposure (20 mM for 48 h) 
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increased the activity of cytochrome P450 2E1, ROS levels, and secretion of pros-
taglandin E2 (PGE2). PGE2 generation was dependent on induction of cPLA2 
activity/protein as well as COX-2 protein level. Src phosphorylation was necessary 
for these effects of alcohol. The interactive tyrosine phosphorylation of TLR4–Src 
complex at the cell membrane triggered the activation of cPLA2 and COX-2 in the 
cytoplasm through a Src signaling intermediate. Inhibition of alcohol metabolism 
and blockage of Src activity or TLR4 prevented the activation of cPLA2 and COX-2 
as well as diminished PGE2 production, suggesting that interactive phosphorylation 
of TLR4–Src regulated the pro-infl ammatory response in astrocytes. Alcohol-driven 
changes were reduced in TLR4 knockout mice underscoring its involvement in 
CNS alcohol effects [ 79 ]. 

 Another possibility of alcohol-induced astrocyte dysfunction is its effects on 
adenosine signaling. Lee et al. [ 83 ] demonstrated that mice lacking the ethanol- 
sensitive adenosine transporter, type 1 equilibrative nucleoside transporter (ENT1), 
consumed more alcohol compared with wild-type mice and had elevated striatal 
glutamate levels. ENT1 inhibition or knockdown reduces glutamate transporter 
expression in cultured astrocytes. Inhibition or deletion of ENT1 reduced the 
expression of type 2 excitatory amino acid transporter (EAAT2) and the astrocyte- 
specifi c water channel, aquaporin 4 (AQP4). EAAT2 and AQP4 colocalization was 
reduced in the striatum of ENT1 null mice. Ceftriaxone, an antibiotic increasing 
EAAT2 function, elevated not only EAAT2 but also AQP4 expression in the stria-
tum. Furthermore, ceftriaxone reduced alcohol drinking, suggesting that ENT1- 
mediated downregulation of EAAT2 and AQP4 expression contributes to excessive 
alcohol consumption in a mouse model. These observations have signifi cant impli-
cations as AQP4 regulates water content in the brain and could be another factor 
contributing to neurodegeneration. 

 Concentrations of extracellular glutamate were increased in animals exposed to 
alcohol for 4–8 days, suggesting defi cits in glutamate transport [ 84 ]. Increased gene 
expression for EAAT1 was shown in the brains (frontal cortex) of alcoholics, while 
no results were presented for EAAT2 [ 85 ]. In contrast to discrepant experimental 
results, a number of clinical studies showed effi cacy of anti-glutamatergic approaches 
for treating alcohol withdrawal symptoms [ 86 ] and dependence [ 87 ]. Furthermore, 
increased glutamate levels in animals with defective glutamate transporters enhanced 
their alcohol consumption [ 88 ]. Taken together, these data indicate multifaceted 
effects of alcohol on astrocyte function and suggest potential interventions.  

4     Summary 

 It is clear that prolonged and excessive alcohol exposure affects all cell types in the 
brain via both direct and indirect effects. Importantly, new data suggest that infl am-
matory responses play a signifi cant role in alcohol-associated neurodegeneration 
and alcohol addiction.     
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