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Abstract Alcohol-related diseases of the nervous sys-
tem are caused by excessive exposures to alcohol, with
or without co-existing nutritional or vitamin deficiencies.
Toxic and metabolic effects of alcohol (ethanol) vary with
brain region, age/developmental stage, dose, and duration
of exposures. In the mature brain, heavy chronic or binge
alcohol exposures can cause severe debilitating diseases
of the central and peripheral nervous systems, and skele-
tal muscle. Most commonly, long-standing heavy alcohol
abuse leads to disproportionate loss of cerebral white mat-
ter and impairments in executive function. The cerebellum
(especially the vermis), cortical-limbic circuits, skeletal
muscle, and peripheral nerves are also important targets
of chronic alcohol-related metabolic injury and degenera-
tion. Although all cell types within the nervous system are
vulnerable to the toxic, metabolic, and degenerative effects
of alcohol, astrocytes, oligodendrocytes, and synaptic ter-
minals are major targets, accounting for the white matter
atrophy, neural inflammation and toxicity, and impairments
in synaptogenesis. Besides chronic degenerative neuro-
pathology, alcoholics are predisposed to develop severe
potentially life-threatening acute or subacute symmetrical
hemorrhagic injury in the diencephalon and brainstem due
to thiamine deficiency, which exerts toxic/metabolic effects
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on glia, myelin, and the microvasculature. Alcohol also
has devastating neurotoxic and teratogenic effects on the
developing brain in association with fetal alcohol spectrum
disorder/fetal alcohol syndrome. Alcohol impairs function
of neurons and glia, disrupting a broad array of functions
including neuronal survival, cell migration, and glial cell
(astrocytes and oligodendrocytes) differentiation. Further
progress is needed to better understand the pathophysiol-
ogy of this exposure-related constellation of nervous sys-
tem diseases and better correlate the underlying pathology
with in vivo imaging and biochemical lesions.

Overview: alcohol use guidelines, abuse, metabolism
and toxicity, public health problems and established
limits

After tobacco and obesity, alcohol abuse is the third lead-
ing preventable cause of death in the United States. Fur-
thermore, the alcohol abuse death rate is nearly doubled
by including the premature deaths that are alcohol-related,
e.g., motor vehicle accidents. Heavy drinking wors-
ens morbidity from chronic disease as it exacerbates the
effects of hypertension, diabetes mellitus, and hepatitis,
and interferes with the metabolism and therapeutic actions
of various medications. Societal costs of alcohol abuse
are extremely high due to increased rates of severe injury,
accidental deaths, lost income, over use of healthcare
resources, and disruption of the family life [17]. Since dis-
ease-related effects of alcohol can occur with either chronic
or binge drinking, the National Institutes of Alcohol Abuse
and Alcoholism (NIAAA) established guidelines for (non-
disease risk) acceptable upper limits of alcohol intake by
adults. For men aged 21-65 years, the NIAAA recom-
mends a maximum of 14 standard drinks per week and four
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drinks on any given day, whereas for women in the same
age bracket, and men over 65, the recommended upper lim-
its are seven standard drinks per week and three drinks on
any given day.

Standard drinks all contain the same quantity of alcohol,
although the definition of a standard drink and the recom-
mended upper limits of alcohol intake vary by country. In
the USA, one standard drink equals 14 grams of pure alco-
hol which is contained in 12 oz (355 ml) of beer or cooler
(5 % alcohol), 5 oz (148 ml) of wine (12 % alcohol), 1.5 oz
(44 ml) of 80-proof spirits (40 % alcohol), 8 oz (237 ml) of
malt liquor (7 % alcohol), or 3 oz (89 ml) of fortified wine
(http://www.niaaa.nih.gov/alcohol-health/overview-alco-
hol-consumption/standard-drink). In Australia and New
Zealand, a standard drink is 10 g ethanol and upper limits
of 4 drinks per day and 14 per week are recommended (htt
p://www.drinkwise.org.au/you-alcohol/alcohol-facts/what-
is-a-standard-drink/). In Japan, a standard drink contains
19.75 g alcohol, whereas in the United Kingdom, a stand-
ard drink has 8 g alcohol. In the European Union, the alco-
hol content in a standard drink varies by country, ranging
from 6 to 17 g (http://www.icap.org/Policylssues/Drinking
Guidelines/StandardDrinks/KeyFactsandIssues/tabid/209/
Default.aspx). Most guidelines recommend abstinence for
pregnant women or those breastfeeding, and reduced intake
in the elderly or persons on medications.

Alcohol abuse

The rates of heavy chronic and binge drinking are highest
among 18-25 year olds. With increasing age, alcohol abuse
rates decline and are 50-60 % lower among individuals
who are 26 years and older compared with the 18-25-year-
old bracket. On the other hand, the soaring rates of heavy
drinking among teens and even younger minors are dis-
concerting, particularly because both long- and short-term
consequences of extreme under-age drinking threaten physi-
cal health, mental health, and socioeconomic well-being.
Correspondingly, in adolescents and young adults, chronic
heavy and binge drinking increase for subsequently meeting
DSM-1V criteria for alcohol dependence, and subsequently
developing neurocognitive impairment and neurodegenera-
tion with deficits in learning, memory, and executive func-
tions. This article reviews the nature of acute and chronic
alcohol-mediated neuropathologic lesions, including vulner-
able targets of injury in the nervous system.

Alcohol metabolism and toxins
Alcohol (ethanol) is absorbed in the upper gastrointestinal

tract by diffusion, and then rapidly distributes to all organs.
Alcohol is eliminated primarily by oxidation in the liver
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where it is degraded to acetaldehyde followed by acetate,
and then CO, + H,0. There are three major pathways of
alcohol metabolism: (1) alcohol dehydrogenase—aldehyde
dehydrogenase; (2) microsomal ethanol oxidizing sys-
tem (MEOS); and (3) catalase. With low levels of alcohol,
aldehyde dehydrogenase is the principal enzyme utilized
for metabolism. With high levels of alcohol, MEOS is
recruited into action. The same enzymatic pathways exist in
the brain. However, in the liver, different isoforms of alco-
hol and acetaldehyde dehydrogenases may be preferentially
utilized. However, more research is needed to understand
the consequences and limitations of the brain’s differential
use of selected alcohol-metabolizing enzyme pathways.

Alcohol-induced brain injury: indirect effects

Growing evidence suggests that alcohol-mediated brain
injury may be partly consequential to liver injury via a
liver—brain axis [34]. Therefore, it is highly relevant that
neuropathologists and neuroscientists understand the struc-
tural and functional effects of alcohol on the liver. Alcohol-
mediated injury compromises the liver’s capacity to detox-
ify ethanol and thereby protect the brain and other organs
from the toxic effects of ethanol and acetaldehyde. In
addition, chronic liver injury leads to production of toxic,
metabolic, and inflammatory mediators that injure the
brain [28, 34]. In brief, alcohol-induced liver injury can be
divided into 3 stages. Stage 1 is fatty liver disease (hepatic
steatosis), which is relatively benign, generally revers-
ible, and associated with hepatocellular accumulations of
lipids, principally triglycerides. Stage 2, steatohepatitis,
develops in the setting of hepatic steatosis and is associated
with organelle dysfunction, oxidative stress, hepatocellular
injury, and inflammation. Steatohepatitis is a disease state
that is triggered by complex interactive hepatotoxic effects
of acetaldehyde, NADH, and reactive oxygen species
(ROS), together with lipotoxicity, endoplasmic reticulum
(ER) stress, proinflammatory cytokine activation, and/or
gut endotoxin-mediated injury [40, 88, 122, 151]. Stage 3
reflects progression of steatohepatitis from a predominantly
inflammatory and injury state to a stage where hepatocel-
lular regeneration and repair are severely compromised and
fibrogenesis begins to dominate, further limiting metabolic
and homeostatic functions of the liver [5, 48]. Chronic, pro-
gressive alcohol-induced liver injury increases risk for cir-
rhosis and hepatocellular carcinoma [51].

Mediators of acute alcohol-related encephalopathy

Alcohol abuse has acute and chronic adverse effects on
brain structure and function. Secondary injuries such as
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contusions and stroke are not considered in this review.
Alcohol’s toxic/metabolic effects on the brain are mediated
by hepatic encephalopathy, as well as other complex factors
that are not entirely understood, despite decades of research
in this field. Nonetheless, the recurring theme is that alco-
hol-related metabolic encephalopathy is mediated by a self-
perpetuating injury loop initiated by astrocyte swelling,
which leads to oxidative and nitrosative stress, impaired
intracellular signaling, and modifications of protein and
gene expression. Ammonia toxicity is still regarded as a
causal factor, and therefore resolving hyperammonemia is
one of the principal targets of care. However, emerging data
suggest that other agents such as aromatic amino acids and
toxic lipids may be responsible for the impairments in neu-
ronal activity in hepatic encephalopathy. In addition, cofac-
tors such as deficiencies in folate, thiamine, pyridoxine and
zinc may play critical roles [147]. Correspondingly, meta-
analysis of alcoholic liver disease (ALD) studies showed
that nutritional supplementation ameliorates symptoms of
hepatic encephalopathy [9].

Mediators of chronic alcohol-related encephalopathy:
neurotoxicity versus nutritional deficiency

Neurotoxic injury

In humans, chronic heavy alcohol abuse can be associated
with significant structural and functional injury to the brain,
as well as cognitive impairment with deficits in executive
function. Correspondingly, experimental model data also
show that heavy alcohol exposures lead to neurodegenera-
tion and cognitive impairment [30, 71, 92, 154]. Although,
to some extent, cognitive impairment in humans can be
reversed by abstinence, detoxification reverses alcohol-
related deficits in learning, memory, and executive function
in less than half the cases. Moreover, postmortem studies
showed that the vast majority (75 %) of chronic alcoholics
have significant brain damage/degeneration. Therefore, the
factors that govern the development of neurotoxic injury
and degeneration, reversibility of injury, and long-term
consequences with respect to brain function have not yet
been determined. Attempts to address these points have
focused on determining if chronic encephalopathy and neu-
rodegeneration among alcoholics are mediated by the neu-
rotoxic effects of chronic heavy or repeated binge alcohol
exposures, nutritional deficiencies, or both.

Cortical and subcortical nuclear degeneration
The age-old controversy about the relative roles of alco-

hol toxicity and thiamine or other nutritional deficien-
cies in the pathogenesis of chronic alcohol-related brain

diseases remains unresolved, probably due to overlap in
their effects, combined with the fact that alcohol impairs
absorption and utilization of thiamine. Conceivably, nutri-
tional intake and peripheral blood levels of thiamine could
be normal, while end-organ utilization of thiamine is defi-
cient. In adult humans, the diencephalon, cerebral cortex,
hippocampus, and white matter are susceptible to the neu-
rotoxic effects of alcohol and metabolic insults caused by
thiamine deficiency. Nonetheless, the potential contribu-
tions of thiamine deficiency in relation to chronic alcoholic
brain disease have been partly resolved by experimental
data that illustrate the distinct adverse effects of thiamine
deficiency with some additive effects on chronic alcohol
exposure [63, 162]. With regard to the selectively vulner-
able gray matter targets of degeneration in alcoholic brain
disease, thiamine deficiency alone reduces neurotrophic
protein levels in the thalamus, and neurotransmitter levels
in the hippocampus and cerebral cortex. Repeated bouts
of thiamine deficiency cause severe and permanent defi-
cits in spatial memory and increased perseverative behav-
ior. Regarding its additive effects, thiamine deficiency,
together with binge or chronic ethanol exposures, causes
progressive cognitive dysfunction and loss of neural plas-
ticity due to reduced GABAergic inhibition and increased
glutamatergic excitation. This suggests that thiamine defi-
ciency helps drive the cascade of alcohol-related neuro-
degeneration. Indeed, long-term consequences of both
insults include cell loss in the cerebral cortex, and reduced
expression neurotrophins that are needed for neuronal sur-
vival and plasticity [162].

White matter degeneration

White matter (myelin) is another major target of alcohol
toxicity in the CNS [19, 26, 33, 78, 106]. Alcohol abuse
and thiamine deficiency together cause greater reductions
in white matter volume compared with thiamine deficiency
alone [82, 162]. Since the neurodegenerative effects of
thiamine deficiency and alcohol abuse overlap and often
co-exist, it is unlikely that alcohol-related neurological
disorders or brain atrophy would be entirely reversed by
thiamine repletion therapy. This concept is supported by
the finding that strategies designed to reverse thiamine
deficiency do not fully restore cognitive and behavio-
ral function. At the present time, there is no clear way to
fully weigh the relative contributions of chronic alcohol
neurotoxicity and nutritional deficiencies in relation to
neurodegeneration. Neurologists, neuropathologists, and
neuro-radiologists must remain cognizant of the current
limitations in our ability to distinguish between the direct
neurotoxic and metabolic effects of alcohol and its metabo-
lites, and the adverse effects of thiamine and other nutri-
tional deficiency states.
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Neuroimaging the neuropathology of alcoholic brain
disease

Alcoholic brain diseases have been interrogated through
the use of cranial computerized tomography (CT), mag-
netic resonance imaging (MRI), voxel-based morphom-
etry, deformation-based morphometry, diffusion tensor
MRI, diffusion-weighted MRI, and functional imaging via
magnetic resonance spectroscopy (MRS), positron emis-
sion tomography (PET), single photon emission computed
tomography (SPECT), and functional MRI. The value of
these approaches is that they could potentially detect neuro-
pathologic effects of chronic alcohol abuse and/or thiamine
deficiency and thereby aid in diagnosis and treatment man-
agement. For example, these approaches have been used to
quantify volume reductions in gray and white matter, and
detect microstructural disruption of white matter tracts [78,
87]. Moreover, these tools could be used to evaluate revers-
ibility of structural lesions [49] and assess activity in the
specific brain regions. For instance, fMRI has been used to
demonstrate that alcohol relapse tendencies could be pre-
dicted by increased activity in the mesocorticolimbic sys-
tem [19].

Brain pathology in alcoholics: the big picture

It is very difficult to fully understand the spectrum of
alcohol-related brain diseases in humans because accu-
rate clinical histories are often lacking, the clinical course
is frequently complicated by other substance abuses, e.g.,
illicit drugs, licit drugs, tobacco, systemic diseases, and
nutritional deficiencies. Moreover, in contrast to experi-
mental models in which alcohol dosing and timing of expo-
sure are regulated, these parameters vary widely among
individuals and over the individual’s lifespan. Matters are
further complicated by evidence that underlying genetic
susceptibility factors influence behavior, alcohol consump-
tion, and the consequences of excessive alcohol intake [41,
104]. To help resolve these matters, the National Institutes
of Health (NIH) funded a Tissue Resource Center in New
South Wales, Australia that focuses on the systematic study
of human alcoholic brains [136]. The relatively high rates
of alcohol abuse, low rates of other substance abuses, and
willingness of subjects to participate have enabled success-
ful banking of brains and characterization of human alco-
holic brain diseases [58, 136].

Alcohol-related metabolic brain injury and disease

Acute effects of alcohol on the CNS are mainly caused
by alcohol poisoning or hepatic dysfunction leading to
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encephalopathy and myelopathy. Subacute and chronic
alcohol-related CNS diseases are generally associated with
subacute and chronic liver disease. Neurons, glia, myelin,
brain microvessels, and all levels of the neuraxis from cer-
ebrum to spinal cord, and including peripheral nerves and
skeletal muscle are targets of alcohol-related metabolic
dysfunction and disease. The degree to which the injury
is mediated by acute metabolic insults may determine its
reversibility.

Alcohol poisoning

Acute alcohol poisoning can be fatal due to hemorrhage in
the ventral diencephalon, mesencephalon, and basal gan-
glia, and severe white matter edema in the cerebral hemi-
spheres and pontine and medullary tegmenta. These his-
topathologic features reflect metabolic dysfunction, and
overlap with lesions seen in Leigh’s disease (mitochon-
drial) and Wernicke’s encephalopathy [99]. Vasculopa-
thy with secondary ischemic injury is the most prominent
lesion. Like Leigh’s and Wernicke’s, glial-vascular pathol-
ogy with relative preservation of neuronal cell bodies
occurs in the brainstem, whereas acute neuronal necrosis
occurs more commonly in the cerebral cortex, diencepha-
lon (thalamus), and cerebellum [142]. It is unclear whether
the neuronal necrosis reflects secondary hypoxic-ischemic
injury, or a primary response to neurotoxic effects of alco-
hol. Acute alcohol poisoning is mimicked experimentally
by binge ethanol exposures which result in marked brain
edema [146]. The pathogenesis of the brain edema is not
fully understood. However, evidence suggests that the brain
edema is a consequence of acute alcohol withdrawal [15]
with attendant impairments in autoregulation of brain blood
flow [15, 70].

Hepatic encephalopathy (HE)

Acute HE is a neuropsychiatric disorder that is clinically
manifested by confusion, delirium, coma, asterixis, loss of
fine motor coordination, hyper-reflexia, slowed speech and
mild cognitive impairment. However, acute HE can be cov-
ert or subtle in that afflicted individuals may have deficits
in psychometric performance, ability to work, and capac-
ity to carry out activities of daily living in the absence of
overt encephalopathy. This phenomenon could account for
the discordances between clinical and pathological findings
at postmortem exam.

Although acute HE is reversible, survival can be as low
as 50 % within the first year, and further reduced to 25 %
within 3 years of diagnosis. Acute HE occurs in the setting
of severe liver dysfunction or portosystemic shunting, but
the majority (50-80 %) are associated with cirrhosis and
hepatic dysfunction caused by continued alcohol abuse
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[69]. High levels of serum ammonia mediated by reduced
hepatic clearance correlate with severity of acute HE [20,
23]; however, other toxins derived from the gut, e.g., short-
and medium-chain length fatty acids, benzodiazepine-like
substances, phenols, and mercaptans also contribute to this
disease process [22, 161, 170].

Neuroimaging studies generally reveal non-specific
or non-diagnostic results. Abnormalities in brain struc-
ture, including loss of gray and white matter volumes in
cirrhotics, are detectable by advanced cerebral MRI and
voxel-based morphometrics, but such structural changes
can occur independent of acute HE. Moreover, since neu-
roimaging abnormalities, including brain atrophy, persist
after liver transplantation [53], most likely they reflect irre-
versible cirrhosis-associated brain degeneration rather than
effects of acute HE. On the other hand, recent data suggest
that using MR spectroscopy, high apparent diffusion coeffi-
cients, with or without increased glutamine or reduced cho-
line and myo-inositol, which correspond to shifts in brain
water distribution, do correlate with acute HE [27].

Postmortem studies demonstrated that the principal
abnormality in acute HE is non-inflammatory diffuse brain
edema. With persistence and progression of liver failure,
and development of hyperammonemia, which causes direct
and indirect neurotoxic injury to the brain [23, 62], meta-
bolic encephalopathy ensues. Acute HE is characterized by
increased abundance and prominence of Alzheimer type II
astrocytes in gray matter structures, particularly deep cere-
bral nuclei and the cerebral cortex. Alzheimer type II astro-
cytes have characteristic large pale nuclei with peripherally
distributed chromatin and scant cytoplasm [21]. In more
chronic stages of HE, pseudolaminar spongy degenera-
tion can occur in deep layers of the cerebral cortex [164].
In addition to metabolic encephalopathy with Alzheimer
Type II astrocytosis, consequence of cirrhosis and acute
HE include brain acidosis and attendant RNA degradation
[140]. Therefore, it should be noted that molecular and bio-
chemical studies of alcoholic brain disease must consider
tissue pH and intactness of RNA to avoid mis-attributing
any reductions in gene expression to the neurotoxic and
neurodegenerative effects of chronic alcohol abuse.

Hepatic myelopathy

Although the spinal cord is usually not considered a target
of alcohol neurotoxicity, hepatic myelopathy is a suba-
cute syndrome associated with liver failure and liver-brain
shunting [32, 79, 145]. Clinically, the patients exhibit bilat-
eral progressive and irreversible spastic paraparesis, hyper-
reflexia of the legs, and extensor plantar responses. MRI
with FLAIR can show abnormalities in subcortical and
corticospinal tract white matter [135]. Postmortem findings
include symmetrical demyelination of the lateral columns

with variable degrees of axonal loss in the corticospinal
tracts [68, 84, 166]. In addition, progressive myelopathy
has been reported in alcoholics without portacaval shunting
or hepatic dysfunction. Since the clinical signs and symp-
toms of distal extremity paresthesias, spastic paraparesis,
and evidence of dorsal and lateral column involvement are
indistinguishable from the entity linked to liver disease
[132], myelopathy could be mediated by direct neurotoxic
effects of alcohol.

Acquired hepatocerebral degeneration (AHD)

Wilson’s disease (not discussed here) is the hereditary form
of hepatocerebral degeneration. AHD is a chronic, largely
irreversible neuropsychiatric syndrome that arises in the set-
ting of chronic ALD, as well as in other forms of cirrhosis
[44]. The clinical course of AHD can be modulated by either
worsening or improving hepatic function. AHD causes
depression, dementia, dysarthria, gait ataxia, intention
tremor, and choreathetosis. Since AHD is often preceded
by bouts of HE, AHD could represent a chronic, irreversible
form of HE. AHD commonly overlaps with orobuccolingual
dyskinesia, Parkinsonism, and postural or kinetic tremors
that respond poorly to dopaminergic drugs. Under these cir-
cumstances, the brains will not exhibit pathologic lesions of
Parkinson’s disease or striato-nigral degeneration.

AHD pathology is mainly centered in the diencephalon
and cerebellum, although basal ganglia and spinal cord
(overlapping with hepatic myelopathy) can be involved.
The fact that cirrhosis and end-stage liver disease from
other causes can also result in AHD suggests that the
pathology of AHD is not specific for ALD. Human MRI
with T1 weighted imaging studies of AHD show hyper-
intensities in the globus pallidus, as well as overlap with
other lesions of alcoholic brain disease. For example, the
mammillary bodies and thalamic nuclei, which are char-
acteristically affected in Wernicke’s encephalopathy, can
be involved in AHD. In addition, one report of AHD dem-
onstrated Wernicke’s encephalopathy-type pathology with
demyelination, capillary and glial proliferation in sub-
cortical white matter, and relative preservation of cortical
neurons in the frontal lobe [16]. Alternatively, AHD can
be associated with neuronal loss, foci of necrosis, and vari-
able degrees of Alzheimer’s type II astrocytosis [81] in the
cerebral and cerebellar cortex and basal ganglia. A limited
number of ultrastructural studies have revealed that cortical
pathology in AHD is associated with dilated and decom-
pacted rough endoplasmic reticulum (RER) with forma-
tion of cisternae, abundant loose ribosomes, degeneration
of mitochondria with disorganization of cristae, intra-mito-
chondrial dense-body inclusions, thinning and fragmenta-
tion/splitting of myelin sheaths, and swollen dendritic pro-
cesses at synaptic terminals [143].
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Mechanistically, alcoholic cirrhosis and AHD are asso-
ciated with upregulation of the isoprenoid pathway and
elevated digoxin secretion from the hypothalamus. The
isoprenoid pathway produces three major metabolites:
digoxin, dolichol, and ubiquinone. Digoxin modulates tryp-
tophan/tyrosine transport. Dolichol mediates N-glycosyla-
tion of proteins. Ubiquinone is a free radical scavenger. In
alcoholics, diencephalic levels of digoxin synthesis, doli-
chol, glycoconjugate, and free radicals are elevated, while
ubiquinone levels are decreased [83]. Consequences could
include increased NMDA/glutamate excitotoxicity and
dysregulated lipid metabolism. The latter could exert neu-
rotoxic effects that promote further metabolic dysfunction
and myelin degradation [4].

Alcohol-related dementias
Overview

Chronic alcohol abuse can have long-lasting adverse effects
on brain function and produce deficits ranging from mild
cognitive impairment (MCI) to dementia. Unlike Alz-
heimer’s and cerebrovascular diseases which account for
the vast majority of dementia cases in older age groups,
alcohol-related cognitive impairment iS more common
in middle-aged people [94]. Since alcohol-related MCI
and dementia can persist after cessation of drinking, these
conditions can be difficult to diagnose and they could also
confound the course of other neurodegenerative diseases,
including Alzheimer’s and vascular dementia. Alcohol-
related cognitive impairment is associated with brain atro-
phy with sulcal widening and dilatation of the ventricles,
and can be accompanied by other alcohol-related diseases
such as peripheral neuropathy and cerebellar atrophy [56].
Neuroimaging studies can be helpful for detecting alcohol-
related atrophy of the frontal lobes, cerebellum, and medial
temporal structures, including hippocampi [94]. Postmor-
tem examination of alcoholics’ brains often yields a spec-
trum of abnormalities that curiously damage ventromedial
and periventricular structures as illustrated in Fig. 1.

The spectrum of dementias includes, Wernicke-Kor-
sakoff syndrome (WKS), Marchiafava-Bignami, and
acquired hepatocerebral degeneration [26, 163]. In addi-
tion, alcoholics often sustain traumatic brain injuries, and
can secondarily develop debilitating or fatal CNS diseases
due to hepatic encephalopathy, central pontine myelinoly-
sis, or nutritional deficiencies pellagrous encephalopathy
(due to niacin deficiency), [26].

Pellagrous encephalopathy is characterized by the clini-
cal triad of dementia (delirium), dermatitis, and diarrhea.
The neuropathology of pellagrous encephalopathy is mani-
fested by central chromatolysis of neurons in the brainstem
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Fig.1 Mid-sagittal view of the brain with major targets of alcohol-
mediated injury and degeneration circled. Structures included are the
cingulate gyrus, corpus callosum, hypothalamus, periventricular thal-
amus, cerebellar vermis, basal ganglia, medial temporal structures,
and periventricular white matter

(mainly basis pons), dentate nuclei of the cerebellum,
cranial nerve nuclei III, VI, VII, and VIII, arcuate nuclei,
reticular nuclei, and spinal cord posterior horn cells. Less
often, neurons in the central gray of the midbrain, inferior
and superior colliculi, midbrain interpeduncular nuclei, cra-
nial nerve nuclei X and XII, gracile and cuneate nuclei, and
anterior horn cells are injured [61], Central chromatolysis
is a pre-apoptotic stage of cellular injury in which neuronal
chromatin/Nissl bodies dissolve and nuclei with prominent
nucleoli are pushed to the side in response to axonal dis-
connection, ischemia, toxic injury, or pellagra.

Although postmortem assessments of alcohol-related
neurodegeneration can be limited by the scarceness of
clinical information, autopsy series can be informative and
help to further evaluate the spectra of diseases. For exam-
ple, in an older study in which alcoholism was present in
8.4 % of the cases, the incident rates (among the 8.4 %) of
Wernicke’s encephalopathy, cerebellar atrophy, and central
pontine myelinolysis were 18, 12, and 7 %, respectively
[124].

Wernicke’s encephalopathy (WE)

WE is an acute neuropsychiatric disorder caused by thia-
mine (vitamin B1) deficiency, and associated with altered
mental status, ataxia, and ophthalmoplegia. The increased
incidence of WE among alcoholics is due to inadequate
nutritional intake, together with alcohol’s inhibitory effects
on thiamine absorption through the gastrointestinal tract,
and on thiamine activation via phosphorylation [155]. WE
is life threatening. Undiagnosed and untreated, WE can
progress to a chronic neuropsychiatric disease termed,
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Korsakoff Syndrome (KS). It is noteworthy that WE
caused by nutritional deficiency alone, i.e., in the absence
of alcohol dependence and abuse, generally does not pro-
gress to KS. This suggests that the toxic effects of alcohol
contribute to the WE-to-KS transition, and thereby medi-
ate progressive neurodegeneration. Mechanistically, alco-
hol compromises thiamine transport into tissues, including
across the blood-brain barrier, and it damages apoenzymes,
increasing the levels of thiamine needed for metabolism.
Since thiamine diphosphate is a cofactor for several key
thiamine-dependent enzymes, thiamine deficiency impairs
mitochondrial activity, oxidative metabolism, energy status,
and neuronal viability. Alcohol-mediated impairments in
thiamine uptake, tissue delivery and utilization compromise
therapeutic efforts, particularly oral administration [153].
Consequently, effective therapeutic intervention for WE
may require up to 1 g/day of i.v. thiamine.

The rates of WE vary among countries [156], but they
have declined due to increased awareness, use of neuroim-
aging, rapid administration of therapy, and convenient pub-
lic health interventions [86]. In Australia where the incident
rate of WE was once 2.8 % and highest in the world (prior
to 1995) [59], a national food thiamine supplementation
program significantly reduced the rates of WE (1998) [60].
In more affluent societies, increased rates of WE can occur
in complex debilitating states, such as malignancy [109,
117], and increasingly following bariatric surgery for obe-
sity [29, 65, 134]. However, in drastically poor populations
such as South African Blacks, the rates of WE remain stub-
bornly very high (6.6 % of autopsies) due to under-detec-
tion and failure to diagnose rather than the lack of treatment
measures. Consequently, WE contributes substantially to
alcohol-related morbidity and mortality [138]. Moreover,
WE and KS can lead to sudden unexpected death due to
injury in cardiorespiratory centers of the brainstem.

In over 80 % of cases, a diagnosis of WE is rendered
based on the constellation of ophthalmoplegia, nystagmus,
ataxia, and mental confusion, together with reduced blood
levels of thiamine, and neuroimaging evidence of cytotoxic
and vasogenic edema, and bilateral symmetric hyperinten-
sity alterations around the third ventricle, aqueduct, mam-
millary bodies, and midbrain tectum on T2-weighted MR
[89]. However, incomplete clinical presentations together
with a normal MRI vis-a-vis inadequate clinical suspicion
lead to under-detection and under-treatment of WE. Once
diagnosed, besides repletion of systemic thiamine stores,
the clinical management of WE could include neuroimag-
ing to monitor therapeutic responses in the brain [89, 169].

Korsakoff syndrome (KS)

KS is a persistent neuropsychiatric syndrome associated
with amnesia and disorientation, and caused by combined

effects of thiamine deficiency and excessive alcohol con-
sumption [94]. KS can be regarded as the chronic version
of WE. Although KS can develop after a single bout of WE,
it usually occurs in the setting of chronic alcoholism and
multiple bouts of WE, and therefore is often referred to as
Wernicke—Korsakoff syndrome (WKS). KS is characteristi-
cally associated with deficits in forming memory and in the
implementation of executive functions due to disruption of
neuronal circuits in the thalamus, mammillary bodies, hip-
pocampus, frontal lobes and cerebellum [72]. WKS neuro-
imaging reveals bilateral macro-hemorrhages in the ante-
rior thalami and fornix [101]. However, with chronicity,
KS may be more accurately diagnosed with 3-D MRI with
voxel-based morphometry to demonstrate parahippocam-
pal, hippocampal, and thalamic atrophy with enlargement
of the third ventricle [94].

Neuropathology of WE and KS

The neuropathologic hallmarks of acute WE include
symmetrical hemorrhagic lesions in mammillary bod-
ies, hypothalamus, thalamus, brainstem, and cerebel-
lum. Histopathological sections characteristically reveal
recent peri-capillary petechial hemorrhages in the mam-
millary bodies, periventricular zones around the third
and fourth ventricles and aqueduct, together with pro-
liferated and dilated capillaries, spongiosis (edema with
vacuolation), demyelination, and relative preservation of
neuronal cell bodies. The consistent feature of perivascu-
lar micro-hemorrhages reflects loss of vessel wall integ-
rity. In acute WE (Fig. 2), the medial thalamic nuclei and
inferior olives are frequently damaged by spongiosis,
demyelination, and gliosis [54]. Axonal fragmentation,
irregular swellings, and disruption can be seen by silver
staining. The modest degrees of neuronal cell body loss
help to distinguish these metabolic lesions from ischemic
injury. Inflammation is not a standard feature of acute
WE or WKS. It is noteworthy that with the exception of
the petechial hemorrhages, the pathology of WE resem-
bles Leigh’s disease, which is a metabolic disorder medi-
ated by mitochondrial dysfunction and/or gene mutation
[25, 95]. WE is often accompanied by hepatic encepha-
lopathy with prominence and proliferation of Alzheimer
type II astrocytes in basal forebrain structures and the
cerebral cortex [16].

In the subacute phases of WE, the mammillary bod-
ies, anterior and mediodorsal nuclei of the thalamus are
most prominently affected. Endothelial cell nuclei become
prominent and proliferative, resulting in narrowing of vas-
cular lumens. Despite extensive parenchymal injury, neu-
rons tend to be relatively spared. However, in some severe
cases, the dominant abnormality is acute ischemia-like cel-
lular injury with loss of neurons.
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Fig. 2 Acute Wernicke’s encephalopathy. a Mammillary body with
darkened area of hemorrhage. b Acute perivascular hemorrhage in
hypothalamus. ¢ Prominent reactive proliferation of vascular endothe-
lial cells, d normal vessel, e, f hypothalamus with e acute or f chronic
Wernicke’s encephaopathy. Note neuronal cytoplasmic eosinophilia
and mild microvesicular as well a pericellular edema in e compared
with gliosis, abundant hemosiderin-laden macrophages (see inser),
and prominent spongiosis due to macrovesicular and microvesicular
edema in f

In the chronic phases of WKS, the long-standing nature
of injury results in atrophy and brownish discoloration of
the mammillary bodies, anterior nuclei, and medial-dorsal
nuclei of the thalamus (Figs. 2a, 3a). This distribution of
lesions is responsible for the amnestic disorders in WKS.
Histopathologic studies reveal focal hemosiderin depos-
its and hemosiderin-laden macrophages, spongy or cystic
degeneration, proliferation of small, thin-walled vessels,
mild neuronal loss and prominently increased reactive
astrocytes in affected diencephalic structures. In addition,
white matter fibers and tracts exhibit reduced myelin stain-
ing which corresponds more to dysmyelination rather than
unequivocal demyelination.

Chronic WKS can be associated with global brain atro-
phy with disproportionate loss of white matter volume.
In severe cases, cortical necrosis with neuronal loss can
occur, particularly in superior frontal regions. Cerebellar
degeneration marked by loss of Purkinje cells, is another
neuropathologic finding in chronic WKS. Cerebellar
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degeneration contributes to motor dysfunction, including
loss of balance and coordination, and neurocognitive defi-
cits in WKS.

Altogether, CNS degenerative metabolic pathology in
WKS includes glial-vascular injury with relative preser-
vation of neuronal cell bodies in the diencephalon and
brainstem, white matter myelin loss and/or impaired
maintenance, and cerebellar atrophy. The glial-vascular
degenerative lesions are caused by thiamine deficiency
and impaired thiamine utilization in the brain. The link
to alcohol abuse stems from the poor nutritional status of
many alcoholics, as well as alcohol’s inhibitory effects on
thiamine uptake and utilization. Myelin-associated pathol-
ogy is linked to combined effects of thiamine deficiency,
impaired thiamine utilization, and heavy alcohol abuse.
Although the direct and proportional contributions of alco-
hol on CNS dysmyelination have not been determined, the
lower propensity for WE to progress to KS in the absence
of alcohol abuse suggests that the neurotoxic effects of
alcohol have a causal role. Whether cerebellar degenera-
tion in WKS reflects long-standing effects of alcohol neu-
rotoxicity, thiamine deficiency, or both has not been fully
resolved, although evidence suggests that the cerebellar
pathology occurs mainly in the setting of thiamine defi-
ciency [11], and that cerebellar dysfunction can be reversed
by thiamine treatment [148].

White matter toxic, metabolic, and degenerative brain
pathology

Central pontine myelinolysis (CPM)

CPM is an osmotic demyelinating disease that principally
results in damage to bundles of myelinated fibers that inter-
calate among gray matter in the basis pontis. However,
extrapontine myelinolysis can occur in the basal ganglia,
thalamus, deep layers of the cerebral cortex, at cortical-
white matter junctions, and in the tips of cerebellar folia.
CPM is associated with cytotoxic edema, whereas in extra-
pontine myelinolysis, the edema seems to be mainly vaso-
genic in origin [7]. Although osmotic demyelination is
typically precipitated by rapid shifts in blood osmolality
[111], CPM has been reported to occur in states of thiamine
deficiency [75, 171]. In alcoholics, CPM and extrapontine
myelinolysis occur with alcohol withdrawal, even in the
absence of rapid correction of hyponatremia. CPM symp-
toms include dysarthria, dysphagia, pseudobulbar palsy,
and gait disturbances. Diffusion tensor imaging (DTI) stud-
ies detect high signal intensities in the pons, thalamus, and
basal ganglia in cases of CPM. Due to severe toxic and
metabolic derangements in critical diencephalic and brain-
stem structures, mortality rates are high and can approach
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Fig. 3 Chronic alcoholic
neurodegeneration. The brain
was from a middle-aged alco-
holic man with documented
Wernicke—Korsakoft psychosis.
a Coronal section through the
cerebral hemispheres at the
level of the hypothalamus and
foramen of Munro demonstrat-
ing atrophy of the fornix and
mammillary bodies. b Closer
image of the atrophic hypothal-
amus, mammillary bodies, and
fornix. The atrophy is extreme
yet the typical rust discoloration
associated with WKS was not
observed. ¢ Central demyelina-
tion in the mid-portion of the
corpus callosum (region circled
in panel b), with features
suggestive of Marchiafava—
Bignami

Fig. 4 Central pontine myelinolysis. a—d Control basis pontis show-
ing a—c intact myelin, a, b clear delineations between gray and white
matter structures, and d abundant pontine neurons. e-h Alcoholic
basis pontis (same as Fig. 7a) showing e-g almost complete loss of

30 %, while survivors often are left with severe motor dis-
abilities [90].

CPM primarily occurs in the central basis pontis rather
than the tegmentum. Extrapontine myelinolysis occurs
when lesions of osmotic demyelination extend rostrally
into the midbrain and lateral geniculate body, or caudally
into the medulla (uncommon). By macroscopic exami-
nation, CPM is manifested by an irregularly bordered
area of granular darkening or grayish discoloration in the
basis pontis [66]. Histological sections stained with a dye
that detects myelin, e.g., Luxol fast blue, demonstrates

myelin, e, f virtually no delineation between gray and white mater
structures, and b reduced abundance of glial cells, yet h preservation
of neurons in pontine neurons (Luxol Fast Blue, Hematoxylin and
Eosin stain)

demyelination and degeneration of myelin, and relative
preservation of axons and neuronal cell bodies (pontine
nuclei) (Fig. 4). Immunohistochemical studies demon-
strate reduced immunoreactivity to myelin basic protein,
myelin-associated glycoprotein carbonic anhydrase C, and
transferrin, and increased immunoreactivity to glial fibril-
lary acidic protein (GFAP; Fig. 5a, b) and S-100 protein in
the lesions [50]. In addition, immunohistochemical stain-
ing of both human [128] and experimental models [152]
of CPM demonstrated abundant microglial cell infiltration
(Fig. 5c, d) with proinflammatory cytokine activation in
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Fig. 5 Central pontine mye-
linolysis. Sections of pons from
alcoholic patient in Fig. 4 were
immunostained for a, b GFAP
to detect reactive astrocytosis
and gliosis, or ¢, d CD68 for
macrophages and microglia.
Examples of labeled cells are
marked with arrows. Immu-
noreactivity was revealed with
diaminobenzidine (brown) and
sections were counterstained
with hematoxylin (a, ¢, d 200 x
and b 400 original magnifica-
tion)

active lesions. Ultrastructure studies revealed intramyelinic
edema with distended myelin sheaths that eventually rup-
ture, as well as axonal spheroids which reflect secondary
axonal injury [118].

Marchiafava-Bignami

Marchiafava—Bignami is a very rare, severe, and typically
fatal disease that was originally described in middle-aged
men living in the Chianti region of Italy. Initially, its associ-
ation with the consumption of “rough red wine” suggested
that the Marchiafava—Bignami was mediated by alcohol or
possibly contaminating toxins. However, the occurrences
of Marchiafava—Bignami in people who had no evidence
of alcohol abuse [80, 85], and instead were malnourished,
including from thiamine and niacin (alcoholic pellagra)
deficiencies [139], cast doubt on the concept that alcohol
was the sole cause of this disease. Moreover, the successful
treatment of Marchiafava—Bignami with intravenous thia-
mine [113], points towards thiamine and other deficiencies
as cofactors in this disease.

Brain CT, MRI, and diffusion-weighted imaging (DWI)
can be used to detect the characteristic corpus callosum
lesions of Marchiafava—Bignami [12]. By DWI, Marchia-
fava—Bignami callosal lesions exhibit high T2 and FLAIR
signals [2]. More extensive white matter involvement is
manifested by large bilaterally symmetrical hypodense
areas in subcortical white matter. Corresponding with the
favorable clinical responses to thiamine [113], Marchi-
afava—Bignami associated with T2 and FLAIR signals
in the corpus callosum decrease after vitamin B complex
treatments [2]. Postmortem studies revealed that Marchi-
afava-Bignami is associated with cystic necrosis or cavi-
tation, demyelination, and edema in the corpus callosum
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(see Fig. 3b, c), with variable degrees of centrum ovale and
anterior commissure involvement [18, 64, 141]. Extensive
damage to central and decussating white matter bundles
results in inter-hemispheric disconnection with inability of
one hemisphere to respond to visual or somaesthetic stim-
uli projected to the other. Besides white matter injury and
degeneration, Marchiafava—Bignami can be associated with
subcortical infarcts, cortical laminar sclerosis, and lacunae
in the basal ganglia and pons.

Cerebral white matter degeneration

White matter atrophy is a well-established feature of
chronic alcoholic brain disease [33], and readily docu-
mented by MRI and postmortem studies. Although white
matter atrophy and degeneration occur throughout the cer-
ebrum, neuroimaging and neurobehavioral studies tend to
focus on abnormalities in the genu and body of the cor-
pus callosum, including fibers that interconnect prefrontal
brain structures. Severity of white matter atrophy increases
with level of alcohol abuse. For example, among males
70+ years or age, reductions in the premotor frontal corpus
callosum volume correlate with amounts of alcohol regu-
larly consumed [73].

The clinical correlates of white matter atrophy vary
widely from having no detectible signs or symptoms, to
exhibiting overt cognitive impairment [114]. Even more
challenging is that despite atrophy, specific, alcohol-related
abnormalities have not been delineated by routine histo-
pathologic studies. In this regard, high resolution MRI
coupled with generalized fractional anisotropy could be
used to assess micro- and macro-structural and metabolic
abnormalities in white matter. In diffusion imaging, frac-
tional anisotropy is a measure reflecting white matter fiber
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Fig. 6 Alcoholic white matter
degeneration. a Periventricular
frontal white matter from the
anterior frontal region of a
non-alcoholic middle-aged man.
Other regions of brain showed
similar degrees of myelin stain-
ing. b—d Cerebral white matter
degeneration is present in the
brain of an alcoholic middle-
aged man with dementia. White
matter from the b anterior
frontal, ¢ periventricular frontal,
and d periventricular region at
the level of the hypothalamus
with variable degrees of myelin
pallor, vacuolation, and gliosis
relative to normal

density, axonal diameter, and myelination. For example,
this approach helped to demonstrate that males who ful-
filled DSM-IV criteria for alcohol dependence had sig-
nificant reductions in the microstructural integrity of fibers
in all segments of the corpus callosum, particularly those
that interconnect the orbitofrontal regions [87]. Severity of
microstructural alterations in brain white matter correlates
with impaired performance on non-verbal reasoning, atten-
tion tests, and psychomotor speed tests [78, 115], behav-
ioral impulsivity, reduced bilateral processing, and deficits
in pathways that mediate visual-motor integration [137]. In
addition, the same neuroimaging approaches demonstrated
that abstinence from alcohol could partially reverse alco-
hol-related macro-structural, micro-structural, and meta-
bolic abnormalities in white matter [49].

Altogether, neuroimaging has provided significant
insight into the nature and consequences of white matter
degeneration in alcoholic brains due to the ability to link
macro- and micro-structural abnormalities with deficits in
function. Postmortem studies have the potential to enhance
our understanding of alcoholic leukoencephalopathy and
degeneration by characterizing the pathological, molecular,
and biochemical lesions that mediate disease and correlate
with neuroimaging results. Image analysis of postmortem
brains demonstrated global atrophy of cerebral white mat-
ter with prominent involvement of the frontal lobes in alco-
holics [33, 58]. White matter atrophy is associated with
pallor of myelin staining (Fig. 6) and gliosis marked by
increased glial fibrillary acidic protein immunoreactivity in
enlarged activated astrocytes distributed in central and sub-
cortical white matter. Ultrastructural studies revealed strik-
ing disturbances in cerebral white matter integrity charac-
terized by swelling and fragmentation of myelin, irregular
loss of axons, and degeneration of oligodendrocytes [143].

These findings, together with results of neuroimaging stud-
ies indicate that white matter is a major target of alcoholic
brain disease. However, additional research is needed
to better understand the pathophysiology of white mat-
ter degeneration, its correlations with neuroimaging and
behavioral abnormalities, and parameters that define treat-
able or reversible stages of disease.

Cortical and subcortical gray matter toxic, metabolic,
and degenerative brain pathology

Limbic circuitry

The hippocampus has a critical role in establishing mem-
ory and is the target of neurodegeneration in a number of
diseases, including Alzheimer’s and alcoholism. Limbic
circuitry interconnects the hippocampus with other medial
temporal lobe structures, the diencephalon, and cingulate
gyrus. Disruption of limbic circuitry in alcoholics is associ-
ated with reduced blood flow to the callosomarginal region,
pericallosal region, thalamus, hippocampus, parahippocam-
pal gyrus, amygdala, and anterior and middle cingulate
regions [150], and atrophy of corresponding structures. As
noted with respect to the cerebral cortex, functional abnor-
malities and atrophy of limbic structures are frequently not
associated with loss of neuronal cell bodies, and instead
mark white matter fiber degeneration and loss of synaptic
connections [57].

Cortical degeneration

The most prevalent brain abnormalities in alcoholics
include generalized atrophy of the cerebral cortex and
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white matter. The clinical manifestations range from sub-
tle or undetectable to cognitive impairment with deficits
in executive functions. High resolution T1-weighted MRI
studies demonstrated reduced cortical thickness in the
superior frontal, precentral, postcentral, middle frontal,
middle and superior temporal, and lateral occipital gyri
in alcoholics, and correlations between degree of corti-
cal atrophy and severity of alcohol abuse [45]. Further-
more, alcohol-associated cerebral atrophy was linked to
functional deficits manifested by reductions in regional
blood flow to the frontal, temporal, parietal and occipital
cortices, putamen, thalamus, and corpus callosum [110].
Although brain atrophy can be detected by postmor-
tem examination, routine histopathologic studies have
not revealed specific or overt lesions [46]. Instead, more
refined and targeted assessments of disease seem to be
required. For example, in alcoholics’ brains, the densities
of cholinergic muscarinic receptors in the frontal cortex
[47], and benzodiazepine receptors in the hippocampus
and frontal cortex [46] are significantly reduced. In addi-
tion, ultrastructural studies demonstrated severe loss of
dendritic spines, shrinkage of neuronal cell bodies, axonal
damage, and astrocyte injury in the prefrontal cortex, stri-
atum, and substantia nigra of alcoholics [143]. Together,
these findings suggest that cortical atrophy in alcoholics
is associated with loss of synapses and impaired synaptic
function.

Subcortical pathology

Alcoholics’ brains exhibit atrophy (volume reductions)
in the diencephalon, including thalamus and hypothala-
mus, neostriatum (caudate and putamen), and ventral
forebrain, including the nucleus basalis of Meynert in the
substantia innominata. The causes and behavioral conse-
quences of subcortical nuclear injury and degeneration
vary. Atrophy of gray and white matter structures in the
medial thalamic and hypothalamic (mammillary bodies)
nuclei correlate with cognitive-behavioral deficits in KS,
the most severe form of alcoholic dementia [116]. Atro-
phy of mesocorticolimbic reward centers predicts ten-
dency to relapse after a period of abstinence [24]. Loss
of cholinergic neurons in the nucleus basalis of Meynert
accounts for some aspects of cognitive impairment [3].
Apart from the hemorrhagic, glial-vascular pathology
seen in WKS, alcoholic dementias manifest rather few
specific changes in subcortical nuclei that are detectable
by routine histopathologic examination. One exception is
that striatal atrophy in alcoholics is associated with intra-
neuronal acidophilic crystalline inclusion bodies. Ultra-
structural analysis demonstrated that the inclusions cor-
respond to filamentous substances associated with RER
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cisterns, similar to Malory’s hyaline in alcoholic liver
disease [105].

Cerebellar degeneration

Cerebellar Purkinje cells, granule cells, and white matter
fibers are major targets of neurodegeneration in alcohol-
ics. The anterior mid-portion of the vermis exhibits the
most conspicuous atrophy by macroscopic examination,
although significant neuronal loss is not always associated
with macroscopic evidence of atrophy [74]. In an autopsy
series from Japan, 10.9 % of alcoholics had cerebellar
degeneration with more prominent atrophy of the anterior
and superior portions of the vermis compared with adjacent
regions, and severity of cerebellar degeneration was greater
in symptomatic compared with asymptomatic cases [167].
Cerebellar degeneration is associated with loss of Purkinje
and granule cells, thinning of the molecular layer, and
narrowing of white matter cores (Fig. 7). The severity of
Purkinje cell loss increases with alcohol dose and duration.
For example, 20-30 years of regular alcohol consumption
(41-80 g/day) produces a 15 % reduction in the Purkinje
cell population, whereas consumption of 81-180 g/day pro-
duces a 33.4 % loss of Purkinje cells. Purkinje cell degen-
eration and white matter loss in the vermis correlate with
ataxia, whereas Purkinje cell loss in the lateral lobes cor-
relates with cognitive dysfunction [11].

The causes of cerebellar atrophy and degeneration in
alcoholics are still debated with regard to the roles of alco-
hol neurotoxicity and thiamine deficiency. Experimental
data support the concept that alcohol exposure is sufficient
to cause cerebellar degeneration [30], but in humans, thi-
amine deficiency could be either a cofactor or possibly a
pathogenic agent. This controversy is kept alive by the find-
ings in two independent studies in which opposite results
were obtained using unbiased stereology to quantify and
map the distributions of neuronal loss. One study showed
that alcoholics without WE had significant reductions in
Purkinje cell density and neuronal perikarya size [8], while
another showed that significant neuronal loss in alcoholic
cerebella only occurred in the presence of WE [11]. The
latter study was corroborated by the experimental find-
ing that chronic thiamine-deficient states cause cerebellar
degeneration with reductions in the population of Purkinje
cells and volumes of the molecular layer and white matter
[31, 112].

Brainstem
As discussed earlier, brainstem pathology in alcoholics can

result from rapid shifts in blood osmolality, leading to the
development of central pontine myelinolysis. In addition,
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Fig. 7 Alcoholic cerebellar degeneration. a Pronounced atrophy
of cerebellar folia in the anterior vermis marked by widening of fis-
sures and thinning of cortical and white matter structures. b Higher
magnification of the cortex showing attenuation of cells in the inner
granule cell (igc) layer, and proliferation of Bergmann’s glia (band-
like; arrowheads) with loss of Purkinje cells. ¢ A higher magnifica-
tion image depicting severe degeneration of the cortex with subtotal
depletion of neurons in the granule and Purkinje cell layers, and fiber
loss in white matter cores (blue, center right). At the far right, the
granule cell population is reduced but better preserved compared with
the left side of the same folium

alcohol can exert neurotoxic effects on the brainstem. For
example, alcohol poisoning causes acute injury and swell-
ing of catecholaminergic and dopaminergic neurons in the
mesocorticolimbic dopaminergic and ventral mesencephalic
tegmentum [38]. Chronic injury and degeneration reduce the
areas occupied by neuronal cell processes in the dorsal raphe
nucleus of serotonergic neurons, reflecting impairment of
serotonergic transmission to the cortex [158].

Neuromuscular diseases in alcoholics
Peripheral neuropathy

Alcohol-related peripheral neuropathies are chronic poly-
neuropathies that involve sensory, autonomic, and motor
nerves [91, 107, 108]. Alcohol-related neuropathies are
mainly caused by axonal degeneration [6], but also can be
mediated by demyelination, combinations of axonal degen-
eration and demyelination, or possibly functional impair-
ments with minimal structural pathology [77, 96]. Early
sensory signs and symptoms are caused by degeneration
of distal sensory nerves of the lower extremities. Over time
and with continued heavy drinking, sensory, motor, and
autonomic nerves undergo progressive degeneration [6].
The relative contributions of alcohol versus B vitamin defi-
ciencies, e.g., B1 (thiamine), B6 (niacin) and B12 (cobala-
min) to the pathogenesis of alcohol-related neuropathies
are still debated because nutritional deficiencies complicate
the pathophysiology of alcoholism, independently cause
peripheral neuropathy, and can exacerbate alcoholic neu-
ropathy [77].

Evidence that alcoholic neuropathy is axonal in nature
was demonstrated by biopsy-proven loss of mainly large
myelinated fibers, followed by medium size myelinated fib-
ers, and then unmyelinated fibers, with a distal predominance
of lesions, suggesting a dying back process of neurodegen-
eration [133]. Ultrastructure and quantitative morphometric
studies of alcohol-related polyneuropathies demonstrated
Wallerian degeneration of myelinated and unmyelinated
fibers, active but inadequate fiber regeneration, and a shift
to smaller size myelinated and unmyelinated fibers [157].
However, alcoholic polyneuropathies can be demyelinat-
ing in nature and affect sensory, motor or autonomic nerves
[55, 76]. In one study, Schwann cell injury with evidence
of demyelination and remyelination was demonstrated in
sural nerve biopsies from symptomatic subjects [76]. More
recently, we conducted a pilot study and examined intra-
epidermal nerve fiber degeneration in skin punch biopsies
to detect Ubiquitin 9.5 to detect distal polyneuropathies in
alcoholics [97]. Those investigations demonstrated striking
attenuation of intra-epithelial nerve fibers in alcoholics rela-
tive to normal controls (Fig. 8). These preliminary results
suggest that the neuropathology or alcohol-related peripheral
neuropathy could be investigated more thoroughly and rou-
tinely through the use of minimally invasive skin biopsies.
This approach could help improve our understanding of dis-
ease pathogenesis and response to treatment.

Alcoholic myopathy

Alcoholic myopathy is the most prevalent skeletal mus-
cle disorder in the Western Hemisphere, as it occurs in
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Fig. 8 Alcoholic small fiber
neuropathy detected by skin
biopsy. Proximal (a, b) and
distal (c, d) 8-mm punch biop-
sies of full-thickness skin were
obtained from the medial thigh
and lateral lower calf region
from control (a, ¢) and alcoholic
(b, d) patients. The tissues were
fixed in 4 % paraformalde-
hyde, paraffin-embedded, and
immunostained with antibodies
to Ubiquitin 9.5. Immuno-
reactivity was detected with
nickle-diaminobenzidine. Black
linear staining corresponds to
intra-epidermal nerve fibers
Note the complexity of nerve
fiber networks in the epidermis
of control versus alcoholic
specimens

40-60 % of alcohol abusers [1, 119]. Since alcoholic myo-
pathy arises in the presence or absence of polyneuropathy
[98], the two disease processes should be evaluated inde-
pendently. Alcoholic myopathy is a progressive disease that
impairs strength due to loss of lean tissue and worsens with
duration and level of alcohol abuse [129, 131, 159, 160].
Myofiber atrophy can result in 30 % loss in muscle mass
[119]. Severity of myofiber atrophy is linked to levels and
duration of alcohol misuse [43] and not necessarily nutri-
tional deficiencies [103], suggesting that it could be medi-
ated by the toxic effects of alcohol [98]. Nonetheless, the
pathogenesis of alcoholic myopathy is likely to be mul-
tifactorial because the histopathologic changes are only
partly reversed by cessation of drinking [42], and disease
is more prevalent in alcoholics who have cirrhosis [121]. A
potential role for malnutrition is suggested by the finding
that B vitamin deficiencies that occur in alcoholics cause
myopathy. However, since there is clear evidence that alco-
hol exposure is sufficient to cause myopathy [39, 43], nutri-
tional deficiencies may be cofactors in the pathogenesis
and complicate clinical diagnosis and treatment of chronic
myopathies in alcoholics.

The dominant histopathologic features of alcoholic
myopathy include selective atrophy of Type II (anaerobic/
glycolytic, white) fibers, and either sparing or mild atrophy
of Type I (aerobic/red oxidative) fibers [93, 120]. Ultras-
tructure studies demonstrated that Type II fiber atrophy
was associated with tubular aggregates in the sarcoplas-
mic reticulum [36]. However, acute, repeated high-dose
administration of alcohol induces skeletal muscle injury in
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the absence of nutritional deficiency [144]. Corresponding
ultrastructure studies revealed intracellular edema, enlarged
and distorted mitochondria, dilated sarcoplasmic reticulum,
increased fat and glycogen [130], and increased lipid drop-
lets localized subjacent to the sarcolemma and between
fibrils [149]. These abnormalities are reminiscent of the
findings in acute alcoholic liver disease, except that giant
mitochondria were not observed [35].

Fetal alcohol spectrum disorder

In 1973, Jones and Smith described teratogenic effects of
alcohol in humans and termed the constellation of craniofa-
cial abnormalities, “Fetal alcohol syndrome” (FAS). Subse-
quent studies correlated FAS with major CNS abnormali-
ties and long-lasting cognitive, motor, and neurobehavioral
abnormalities ranging from attention deficit hyperactivity
disorder to mental retardation. However, it soon became
evident that the phenotypic features were broad and hetero-
geneous, causing the syndrome to be re-named, ‘fetal alco-
hol spectrum disorder’ (FASD), with the diagnosis of FAS
reserved for the most severe form of FASD. It is now rec-
ognized that FASD, which has incidence rates of 1-7/1,000
live births, is the most common preventable cause of neu-
rodevelopmental defects including mental retardation [37].
In general, the severity of FASD is linked to alcohol dose,
duration, and timing of exposure during pregnancy.
Neuroimaging studies are able to detect many of the
macroscopic abnormalities originally described in FASD
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[127]. For example, MRI has been used to demonstrate
overall reductions in brain volume, prominent abnormali-
ties, including displacements in the corpus callosum, dis-
proportionate reductions in frontal lobe volumes, structural
abnormalities in the cerebellum, caudate, and hippocampus
[102, 106], and functional/perfusion abnormalities in the
temporal lobes [13, 126]. Diffusion tensor imaging studies
identified probable microstructural abnormalities in white
matter bundles of the corpus callosum, cerebellum, and
corticospinal tracts in which the extent of injury correlated
with severity of FASD phenotype and neurocognitive defi-
cits [165].

Postmortem macroscopic brain pathology in FASD
includes microcephaly, hypogenesis of the corpus cal-
losum, structural abnormalities in basal ganglia and hip-
pocampus, and cerebellar hypotrophy/hypoplasia. Mor-
phometric studies demonstrated significant reductions in
the volumes of the intracranial vault (7.6 %), cortical gray
matter (7.8 %), white matter (8.6 %), and deep gray nuclei
(13.1 %). Although all subcortical nuclei were found to
be affected, the most prominent hypotrophy occurred in
the hippocampus, thalamus, and globus pallidus [100]. By
routine neuropathologic examination, microcephaly can
be associated with small frontal and parietal lobes [10],
reduced cerebral white matter volume, particularly in the
posterior cingulate region [14], small hippocampi, basal
ganglia and cerebellum (particularly anterior vermis) [125],
and volume reductions with displacements of the corpus
callosum. In addition, FASD may be associated with hypo-
genesis or agenesis of the corpus callosum.

Histopathologic studies of confirmed fetal cases revealed
a broad range of abnormalities. In severe cases, micro-
cephaly was associated with leptomeningeal heterotopias,
thinning, laminar disorganization, and evidence of neuronal
and glial cell migration disorder in the cerebral cortex,
agenesis, and hypogenesis or thinning of the corpus callo-
sum and anterior commissure, dysgenesis of the cerebellum
and occasionally the brainstem, heterotopias in the cerebel-
lum, hypoplasia or even agenesis of the cerebellar vermis
and hydrocephalus [52, 127]. In addition, reported abnor-
malities include, congenital absence of olfactory bulbs and
tracts, hippocampal hypoplasia, malformation of the basal
ganglia, and in rare cases, cerebral dysgenesis including
variable degrees of holoprosencephaly.

In the early stages of embryogenesis, ethanol has pro-
found negative effects on survival and proliferation of pro-
genitor cells, which could account for the microcephaly in
FAS. From 7 to 20 weeks gestation when neuroepithelial
cell migration and proliferation peak, ethanol exposures
alter patterns of neuronal migration and cell fate. Conse-
quences of the latter include reductions in neuronal and
glial populations in the neocortex, hippocampus and sen-
sory nuclei [52]. Later in development in the third trimester

of pregnancy, ethanol exposures disrupt the brain growth
spurt late in gestation and thereby interfere with astrocyte
and oligodendrocyte development, synaptogenesis and cer-
ebellar development. In addition, ethanol exposures during
this highly vulnerable period can result in substantial apop-
tosis of brain cells throughout the cerebrum [168].

Conclusions

In this review of the human alcohol-related neuropathology
including major disease processes in mature and developing
brains, peripheral nerve, and skeletal muscle, the over-arch-
ing theme is that ethanol causes direct metabolic and toxic
injury to neurons and glial cells. Major consequences include
impaired function of astrocytes and oligodendrocytes, lead-
ing to neuronal pathology including reduced synaptogenesis,
synapse maintenance, and cell survival. White matter pathol-
ogy ranges from dysmyelination, to demyelination to myelin
degeneration, and it occurs in all forms of alcohol-related
CNS pathology. The nature, severity, and distribution of
white matter lesions vary with age, timing of exposure, and
ethanol dose. The consequences of ethanol-mediated neuro-
pathology are frequently complicated by thiamine and other
nutritional deficiencies. Thiamine deficiency occurs because
alcohol inhibits its absorption and physiological actions.
While thiamine deficiency alone is sufficient to cause Wer-
nicke’s encephalopathy and peripheral neuropathy, many
aspects of the adult CNS and neuromuscular alcohol-related
diseases seem to be caused by combined effects of both thia-
mine deficiency and alcohol toxicity. Little is known about
the role of thiamine deficiency in FASD. Despite decades of
awareness of the neurological and neuropathological effects
of heavy alcohol abuse, we are still lagging in our under-
standing of disease spectra and mechanisms, in part due
to inadequate clinical data, and overlap between alcohol-
related and other metabolic diseases. However, with growing
availability of long-lasting biochemical markers of alcohol
exposure such as fatty acid ethyl ester [123] and phosphati-
dylethanol [67], future studies will be better equipped to
characterize ethanol’s effects in both developing and mature
nervous systems.
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