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The Neuropathology of Alcohol-specific Brain Damage, or Does Alcohol Damage the Brain?

CLIVE HARPER, MD, FRCPA

Abstract. The aim of this review is to identify neuropathological changes that are directly related to the Jong-term use of
excessive amounts of alcohol (ethanol). There is still debate as to whether alcohol per se causes brain damage. The main
problem has been to identify those lesions caused by alcohol itself and those caused by other common alcohol-related factors,
principally thiamin deficiency. Careful selection and classification of alcoholic cases into those with and without these com-
plications, together with detailed quantitative neuropathological analyses, has provided us with useful data. There is brain
shrinkage in uncomplicated alcoholics which can largely be accounted for by loss of white matter. Some of this damage
appears to be reversible. However, alcohol-related neuronal loss has been documented in specific regions of the cerebral cortex
(superior frontal association cortex), hypothalamus (supraoptic and paraventricular nuclei), and cerebellum. The data is con-
flicting for several regions: the hippocampus, amygdala and locus ceruleus. No change is found in the basal ganglia, nucleus
basalis, or serotonergic raphe nuclei. Many of the regions that are normal in uncomplicated alcoholics are damaged in those
with the Wernicke-Korsakoff syndrome. Dendritic and synaptic changes have been documented in uncomplicated alcoholics
and these, together with receptor and transmitter changes, may explain functional changes and cognitive deficits that precede
the more severe structural neuronal changes. The pattern of damage appears to be somewhat different and species-specific in
animal models of alcohol toxicity. Pathological changes that have been found to correlate with alcohol intake include white

matter loss and neuronal loss in the hypothalamus and cerebellum.
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INTRODUCTION

There is little doubt that excessive consumption of al-
cohol over a considerable period of time may lead to an
impairment of cognitive function. Specific alcohol-related
disorders such as the Wernicke-Korsakoff syndrome
(WKS), hepatic encephalopathy, and pellagra cause clin-
ical dementia syndromes, but when these have been ex-
cluded there are still a number of alcoholics who have
cognitive deficits. However, there are major problems in
the clinical classification of alcoholic cases, particularly
with regard to the diagnosis of WKS. Retrospective anal-
yses of cases of WKS that are diagnosed pathologically
have shown that only about 20% of cases are diagnosed
clinically, even after repeated hospital admissions of
many of the cases (1, 2). Caine and her colleagues (3)
have addressed this problem and have suggested opera-
tional criteria for the clinical classification of these cases.
The new criteria for Wernicke’s encephalopathy (WE) re-
quire 2 of the following 4 signs; (a) dietary deficiencies,
(b) oculomotor abnormalities, (¢) cerebellar dysfunction,
and (d) either an altered mental state or mild memory
impairment. An important observation was the coinci-
dence of hepatic encephalopathy and WE in some alco-
holics. We were unable to identify a subset of alcoholic
patients with a dementia-like process when degenerative
neuropathology and head injury had been excluded.
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Those cases who do not have any of the alcohol-associ-
ated disorders discussed above but who exhibit cognitive
deficits have been labeled Dementia Associated with Al-
coholism 291.20 in DSMIIIR (4). However, there is still
some controversy as to whether such a condition exists.
Victor and Adams (5) reviewed the clinical, neuropsy-
chological, neuropathological, and neuroradiological ev-
idence concerning alcohol-specific neurotoxicity and con-
cluded that there was no need to invoke a separate entity
due to the toxic effect of alcohol on the brain, as they
could practically always account for the clinical state of
their patients by one or a combination of the Wernicke-
Korsakoff syndrome, acute and chronic hepatic enceph-
alopathy, communicating hydrocephalus, Alzheimer dis-
ease, Marchiafava Bignami disease, ischemic infarction
or anoxic encephalopathy. They emphasized that no one
had established the pathologic basis for such a syndrome,
but suggested that morphometric and other quantitative
techniques might disclose abnormalities. Since that time
many other receptor and neurotransmitter changes have
been described in human and animal studies of alcohol
toxicity, and these may cause cognitive dysfunction in
the absence of structural abnormalities (6, 7). It must be
emphasized that not all alcoholics have impairment of
cerebral function. Butters and his colleagues (8) have
shown that 30-50% of alcoholics will perform a range
of neuropsychological tests within the normal range for
controls. Moreover, in a recent study of Australian vet-
erans from World War II, persistent lifelong consumption
of alcohol and the level of intake did not seem to have
any impact on cognitive performance or cause brain at-
rophy (on CT scans), even in those drinking at ‘‘hazard-
ous” (40—60 g per day) or “harmful” (<60 g per day)
levels (9). However, Tuck and Jackson (10) reported that
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people who drink excessively (median daily intake of 180
grams per day) and are not overtly demented frequently
reveal frontal lobe dysfunction that may be relatively sub-
tle. Thus, there seems to be a wide spectrum of the effects
of alcohol on the brain with considerable individual vari-
ability in susceptibility. The aim of this review is to eval-
uate the neuropathological data with regard to changes in
the brain that are caused by alcohol per se in order to
assess its true neurotoxicity and better understand region-
al selectivity, mechanisms of toxicity, and interrelation-
ships with other pathogenetic factors.

REGIONAL NEUROPATHOLOGY OF ALCOHOL
’ NEUROTOXICITY

The existence of specific neurotoxic effects of alcohol
on the central nervous system (primary alcoholic demen-
tia or dementia associated with alcohol) can be ap-
proached from a number of viewpoints. As discussed
above, clinical and neuropsychological data point to-
wards such an entity. Moreover, as neuroimaging tech-
niques have become more sophisticated, abnormalities at
the structural and functional level are being identified in
uncomplicated alcoholics who are cognitively impaired
(11, 12) Nevertheless, the ultimate proof of the existence
of this entity rests with the identification of the patholog-
ical substrate of alcohol-specific neurotoxicity.

Data from human neuropathologic studies is limited
because of difficulties in obtaining material suitable for
such studies. Ideally, cases should have been tested clin-
ically and neuropsychologically before death and cogni-
tive deficits documented. Other causes of cognitive dys-
function such as Alzheimer disease, strokes, WKS, and
hepatic encephalopathy must be excluded clinically, and
more importantly, pathologically, in order to address the
question of alcohol-specific neurotoxicity. That is, all
cases used for study must be ‘““‘uncomplicated’” alcoholics
with no other neurological diseases, including those nu-
tritional and metabolic disorders that are so commonly
associated with alcoholism. In fact, there is some evi-
dence to suggest that alcoholics may suffer from episodes
of subclinical thiamin deficiency that will not manifest
clinically as classical WKS (13, 14), making the selection
of cases even more difficult. This would explain why
about eighty percent of cases diagnosed pathologically as
WKS are not recognized as clinical WKS, even after re-
peated admissions to major teaching hospitals (1, 2).
Even in the controlled situation of a rat model, a single
episode of mild thiamin deficiency appears to selectively
damage cortical white matter tracts in the absence of typ-
ical WE pathology (15). Thus, unless we can find a more
specific pathological marker for thiamin deficiency, it is
difficult to exclude thiamin deficiency as a cause of the
pathological changes in the brains of alcoholics. Never-
theless, the following is a review of the neuropathological
data derived largely from cases which have been very
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carefully screened by collecting information from local
doctors and families of the deceased and have been stud-
ied in great detail pathologically to exclude other com-
plicating conditions.

BRAIN “SHRINKAGE”

Brain weight studies show that a group of uncompli-
cated alcoholics (drinking more than 80 grams of alcohol
per day for more than 15 years) had a significantly re-
duced brain weight (mean of 1352 g) compared with con-
trols (mean of 1433 g) (16). The loss of brain tissue can
be more accurately defined by expressing the brain vol-
ume as a proportion of intracranial volume. This ratio has
been termed the pericerebral space (PICS) (17), and in a
group drinking from 30-80 grams of alcohol per day, the
PICS is 11.3% compared with 8.3% in controls (18). In
a study by Harding and colleagues (19), a correlation
between the degree of brain atrophy and the rate and
amount of alcohol consumed over a lifetime was shown.

WHITE MATTER CHANGES

The reduction in brain weight and volume is largely
accounted for by a reduction in the white matter volume
of the cerebral hemispheres rather than a loss of cortical
tissue (20, 21). A study by de la Monte (21) showed an
absolute increase in the size of the ventricles that was
roughly equal to the amount of white matter lost. There
was a significant age effect in both control and alcoholic
groups that appeared to be parallel (22); this raised the
issue of whether or not there is a relationship between
aging and alcohol (23). A study by Kiril and colleagues
(24) showed reduced volumes of white matter in alco-
holics with WKS, and two important observations were
made in these cases—the prefrontal white matter was the
most markedly reduced and there was a negative corre-
lation between the white matter loss and the maximum
daily alcohol consumption. An experimental study in
dogs has also shown that the white matter is more vul-
nerable than the gray matter (25). MRI studies have con-
firmed that there is cerebral white matter loss in alco-
holics (12), and have also shown that there is a
component of the loss that is reversible given a signifi-
cant period of abstinence (26, 27). Imaging studies have
also shown that the frontal lobes are more shrunken than
other brain regions (28). There is a greater proportion of
white matter compared with cortical gray matter in fron-
tal regions that may explain this finding. The ratio of gray
matter to white matter is 1.22 in the frontal region and
1.40 in occipital lobes (22). The white matter of the cer-
ebellar vermis is also reduced in volume in alcoholics
when compared with controls (29). Sullivan and her col-
leagues have shown that a subset of alcoholics, those with
a history of withdrawal seizures, have reduced white mat-
ter volumes in the temporal lobe (30). These authors were
unable to correlate this white matter loss with alcohol
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dose. The question of alcohol withdrawal and brain dam-
age is discussed further in the section dealing with the
hippocampus. The corpus callosum is significantly re-
duced in thickness in alcoholics (3.19 = 0.66 mm) when
compared with age and sex-matched controls (4.02 =*
0.66 mm). In this study, a number of the alcoholics had
WKS (31). The corpus callosum can be well visualized
and measured using MRI scans (32), and has been shown
to be thinned in older alcoholic men (33). Thus, corpus
callosal thickness could be measured in vivo to assess
brain shrinkage and to identify and quantitate the revers-
ibility of the brain shrinkage that has been documented
with abstinence (26). Microscopically, there are no ob-
vious lesions in the white matter of the cerebral hemi-
spheres of uncomplicated alcoholic subjects, although an
almost total loss of myelinated fibers has been demon-
strated in the mammillary bodies of WKS cases (34).
Alling and Bostrom (35) showed similar changes in 9
chronic alcoholic subjects without WKS and further an-
alyzed the mammillary body tissue chemically. They
found significantly lower concentrations of phospholip-
ids, cholesterol, and cerebroside, implying a loss of my-
elin in the alcoholic cases. However, studies of the lipid
profiles of the white matter in different alcoholic groups
have shown only minor alterations (36). Even when high-
performance liquid chromatographic methods are em-
ployed in the analysis of lipid class composition in con-
trols and alcoholics, no significant differences were found
(37). The subtle nature of the white matter changes in
the cerebral hemispheres are borne out by other physical
and chemical studies of the white matter. The specific
gravity of the frontal, parietal and occipital white matter
in alcoholics and age- and sex-matched controls show no
significant differences (38). It has been suggested that
reversible white matter shrinkage seen in alcoholics is
caused by changes in hydration, but neurochemical (39)
and imaging studies (40) refute this hypothesis. In a 5-
week follow-up of abstinent alcoholics, Mann and his
colleagues (41) reported a significant drop in CSF vol-
ume, but no increase in T2 times, which would have been
predicted if brain tissue rehydration underlay the process.
Wiggins and his colleagues (42) showed a slight increase
in the water content of the white matter with aging. The
water gain from 30 to 90 years amounts to 50 mg/g brain.
This was associated with a decrease in total protein and
specifically a decrease in the myelin and myelin-like frac-
tions. The loss of myelin membrane amounted to 43 mg/g
brain. They included alcoholics in their study and showed
that heavy alcohol consumption was associated with an
increase in total protein in the white matter and the age-
related loss of myelin was accelerated (42). Ultrastruc-
tural studies of the effects of alcohol on the structure of
CNS myelin in an experimental model during develop-
ment have been carried out by Phillips, who has shown
a reduction in the relative thickness of myelin sheaths in

rat optic nerve. The myelin sheaths have fewer lamellae
than equivalent control material (43). Such changes could
cause significant neurological dysfunction.

An important observation, made by a number of neu-
roradiology groups, is that brain shrinkage is reversible
in a proportion of alcoholics given a prolonged period of
abstinence (27, 40, 44) The implication is that there is a
potentially reversible structural change in the white mat-
ter in alcoholics. Thus, there may be two different ab-
normalities of the white matter. One is almost certainly a
permanent loss of white matter related to axonal degen-
eration subsequent to neuronal loss in cortical and/or sub-
cortical regions as discussed below. The second compo-
nent may be a subtle structural change, perhaps in the
myelin, which accounts for the reversible white matter
change. Lancaster has addressed this issue and suggested
several mechanisms which might play a role (45).

CEREBRAL CORTEX

There is an apparent atrophy of the cerebral cortex
with widening of the cortical sulci and narrowing of the
gyri in many alcoholic patients. This could be explained
by loss of white matter, as discussed above. However, a
number of pathological (21) and radiological studies (28)
have suggested that there is a slight reduction in the vol-
ume of the cerebral cortex. The recent study by Kiil et
al showed that there were only cortical volume changes
in those alcoholic patients with WKS. In this study, Kril
et al identified changes in the frontal association cortex,
medial temporal lobe (including amygdala), and the hip-
pocampus (24). At the microscopic level, the first quan-
titative study documenting neuronal loss in alcoholics
was published in 1987 by Harper et al (46). There was a
22% reduction in the number of neurons in the superior
frontal cortex (Brodmanns area 8), but no significant
change in the primary motor (area 4), frontal cingulate
(area 32) or inferior temporal (areas 20 and 36) cortices
(47). However, those studies included cases with WKS
and cirrhosis, and the counting techniques were less re-
liable than those in use today. Badsberg-Jensen and Pak-
kenberg (48) used unbiased sampling and the optical dis-
sector technique to estimate the total number of neurons
in the neocortex in 11 alcoholic and control patients.
They found no difference in the 2 groups, although it
should be noted that selective neuronal loss from partic-
ular cytoarchitectural regions could be missed using this
technique. Recently, Kril et al calculated regional vol-
umes and unbiased estimates of neuronal numbers in a
number of cortical regions. They showed, in a small
group of uncomplicated alcoholics, that there was a se-
lective loss of neurons from the superior frontal associ-
ation cortex (23%), but no loss from the motor cortex
(24). There are clinical and radiological data that support
the finding of selective frontal lobe damage in alcoholics
(28, 49). An analysis of the pattern of neuronal loss from
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the superior frontal cortex in alcoholics revealed that
large pyramidal neurons, with a somal area greater than
90 pm, were selectively lost (50). This population of
large neurons has been recognized as being more vul-
nerable in both Alzheimer disease (51) and in the normal
aging process (52). There is no evidence to suggest that
particular layers of the cerebral cortex are more vulner-
able than others (50). It appears that the neuronal loss
involves non-GABAergic pyramidal neurons, as numbers
of calbindin, calretinin, and parvalbumin-immunoreactive
neurons are unaltered (24). Changes have been docu-
mented at the dendritic and synaptic levels in both human
material and in experimental models of alcohol toxicity.
Harper and Corbett have shown a significant reduction in
the dendritic arbor of layer III pyramidal neurons in both
the superior frontal and motor cortices of alcoholics (53).
Ferrer et al (54) showed a decrease in the density of den-
dritic spines in layer V cortical pyramidal neurons in un-
complicated alcoholics. Similar findings have been doc-
umented in animal models of alcohol toxicity (55).
McMullen et al (56) made an important observation in
this area when they showed that 5 months of exposure to
alcohol in rats caused a significant reduction in the
branching of the dendritic arbor of hippocampal neurons,
but that the arbor returned towards normality after 2
months of abstinence.

HIPPOCAMPUS AND AMYGDALA

The hippocampal formation has been relatively poorly
studied in alcoholic subjects despite the fact that patho-
logical changes in the hippocampus have dominated the
literature on experimental models of alcohol toxicity as
discussed herein. A number of these models have shown
that neurons in the hippocampus are selectively damaged
by alcohol (56, 57). Using MRI image analysis, Sullivan
and her colleagues (58) showed a 4—6% reduction in the
volume of the hippocampus in alcoholics. The change
was greatest in the anterior segment, but there was no
correlation between alcohol consumption or impaired
memory function and the degree of atrophy. Those al-
coholics with a history of withdrawal seizures had sig-
nificantly smaller temporal lobe white matter volumes
(30). There have been 2 quantitative pathological studies
of the hippocampus in alcoholics (24, 59). Bengochea
and Gonzalo showed that there is an age-related reduction
in the density of neurons in alcoholics, whereas Kril et
al, in a carefully conducted study, showed no cell loss
(24). However, the latter group did note a trend toward
a reduction in the volume of the hippocampus in the un-
complicated alcoholics and in those with WKS, but this
change could also be explained by loss of white matter.
In spite of the apparent lack of structural changes to hip-
pocampal neurons in alcoholics, recent studies have
shown that hippocampal-dependent learning is impaired
by alcohol in a dose-dependent fashion (60).
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Two quantitative studies of the amygdala are reported
in the literature. Kril et al (24) noted a significant reduc-
tion in the volume of the amygdala complex only in those
alcoholics with WKS, whereas Alaverez et al found a
significant reduction in neuronal density in alcoholics of
all ages (61). In addition, the latter group showed that
rats treated with alcohol also had reduced neuronal den-
sities in the amygdala.

Epilepsy is a relatively common clinical syndrome in
alcoholics. Wilkinson et al (62) found an incidence of
7.8% in their study of 1,000 alcoholics, and many of
these cases will have hippocampal sclerosis. In a recent
study of the prevalence of the WKS in forensic autopsies,
25 cases were identified out of 2,212 autopsies, a prev-
alence of 1.1% (63). There were 130 cases with a history
of alcohol-related problems, and 12 (9.2%) had sclerosis
of the hippocampus.

THALAMUS

There is a considerable literature on thalamic pathol-
ogy in alcoholics, but the majority refers to those patients
with associated thiamin deficiency (WKS) (34, 64). There
is relatively little information on uncomplicated alcohol-

ics. The most important piece of data linking alcohol per -

se with thalamic disease is the recent finding of a signif-
icant correlation between thalamic volume and maximum
daily alcohol consumption (24). Although there are no
obvious specific macroscopic or microscopic abnormali-
ties in the thalamic nuclei in uncomplicated alcoholic
cases, significant changes in total neuronal counts, neu-
ronal density, and mean neuronal size can easily be over-
looked unless detailed quantitative analyses are carried
out. An experimental study of the effects of alcohol on
thalamic nuclei was published by Berachochea et al (65).
They showed that there was a significant decrease in the
volumes of the medial dorsal and anterior nuclei of the
thalamus in mice who had consumed alcohol for 6 to 7
months. Data on neuronal counts in the anterior and me-
dial dorsal nuclei of the thalamus in different alcoholic
groups is currently in progress by our group. Preliminary
studies suggest that there is no change in uncomplicated
alcoholic cases, but a difference in the pattern of pathol-
ogy has been noted in cases of Wernicke’s encephalop-
athy when compared with cases of Korsakoff’s psychosis.
It appears that the amnestic state in the latter group relates
to severe neuronal loss in both the anterior and medial
dorsal thalamic nuclei (66).

HYPOTHALAMUS

Pathologic changes in the hypothalamus are also well
described in alcoholics with WKS—Iesions are seen in
the mammillary bodies in almost 100% of cases (14).
However, Harding et al have now shown that both the
supraoptic and paraventricular nuclei are also affected in
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alcoholic groups (19). We analyzed arginine vasopressin-
immunoreactive neurons in the magnocellular hypotha-
lamic nuclei of 10 alcoholic cases (5 uncomplicated al-
coholics and 5 with WKS). The volumes of the supraop-
tic and paraventricular nuclei correlated significantly with
the total number of neurons and with the number of va-
sopressin-immunoreactive neurons. These measures also
correlated with the maximum daily intake of alcohol,
which was assessed carefully, although retrospectively.
There was loss of neurons at consumption levels greater
than 100 grams of ethanol per day. The principal effect
was on the supraoptic nucleus, although neuronal loss
was also noted in the paraventricular nucleus in cases
with long histories of alcohol consumption. These
changes could result in fluid imbalances and inappropri-
ate responses to osmotic stresses, which are common in
alcoholics. While there do not appear to be any other
similar studies in humans, the chronic consumption of
alcohol in rats significantly reduces the number of va-

sopressin-producing neurons in the supraoptic nucleus
(67).

BASAL GANGLIA

The basal ganglia have also received little attention in
studies on alcohol-related brain damage. Harper and col-
leagues (22), in their analysis of brain shrinkage in al-
coholics, measured the volume of the ‘“basal ganglia™
(which included the thalamus and hypothalamus) and
found no significant loss of tissue from this region. How-
ever, it should be noted that the point counting technique
used in this study was not sensitive enough to detect sub-
tle changes in the volume of a structure, which constitutes
only about 5% of the total hemisphere volume. Kiril et al
(24) used a more sensitive method of volume estimation
and were unable to show any change in the volumes of
the caudate, putamen, or globus pallidus in any of their
alcoholic groups. Microscopic damage to the basal gan-
glia is not apparent in alcoholics, although no compre-
hensive quantitative studies have been published. Victor
and colleagues (34) did not even comment on the in-
volvement of the basal ganglia in their extensive exam-
ination of patients with the WKS. Studies in animal mod-
els of alcohol toxicity have identified abnormalities in
neurotransmitter receptor binding in the basal ganglia.
Freund and his colleagues found a loss of muscarinic
cholinergic receptors from the putamen in alcoholics, but
found no change in the benzodiazepine receptors (68).

NUCLEUS BASALIS

Some authors have suggested that the amnestic disor-
der of Korsakoff’s psychosis relates to damage of the
cholinergic magnocellular neurons in the nucleus basalis
in the basal forebrain. However, most of the early studies
used flawed quantitative techniques and few groups ad-
dressed the question of the effects of alcohol per se.

Arendt et al (69) compared the pathological changes in
the nucleus basalis in Alzheimer disease, Parkinson dis-
ease, and Korsakoff’s psychosis. There was a significant
loss of neurons in Alzheimer disease (30%), Parkinson
disease (23%), and Korsakoff’s psychosis (53%). How-
ever, they also studied 5 uncomplicated alcoholics, and
the mean neuronal counts were no different from control
data. Cullen and her colleagues (70) have quantitated
magnocellular neurons in the nucleus basalis (CH4) of
uncomplicated alcoholics and those with Wernicke’s en-
cephalopathy and Korsakoff’s psychosis. There was no
significant difference between controls and uncomplicat-
ed alcoholic cases and there was no correlation between
neuronal numbers and lifetime alcohol consumption. As
previously reported, CH4 cell numbers in control and al-
coholic groups correlated with age. There was a signifi-
cant reduction in numbers of neurons in the Wernicke’s
encephalopathy group and those with Korsakoff’s psy-
chosis (24% and 21%, respectively). Although there was
no causal relationship between the neuronal loss and the
amnesia, there appeared to be a relationship with the at-
tention deficits seen in some of the cases. It is of interest
to note that neurofibrillary tangles have been reported to
be common in the magnocellular neurons of the nucleus
basalis in alcoholics with WKS (71). These were seen
using both silver impregnation techniques and tau im-
munohistochemistry (abnormally phosphorylated form).
The number of tangles seen is considerably less than the
number found in the average case of Alzheimer disease.
There were only occasional tangles in the two uncom-
plicated alcoholic cases that were examined and there
were no tangles or neuritic plaques in the cortex of any
of the cases (including WKS cases). In all of the WKS
cases and in some of the uncomplicated alcoholics, neu-
rons in the nucleus basalis showed increased peroxidase
activity. Neighboring astrocytes also showed an increase
in peroxidase activity. The authors speculated that neu-
rodegeneration of the nucleus basalis in chronic alcohol-
ics, especially those with additional thiamin deficiency,
begins with the formation of neurofibrillary tangles that
may be linked to the presence of increased peroxidase.

LOCUS CERULEUS

Lesions in the noradrenergic locus ceruleus are said to
cause impairment of attention and information process-
ing, and there may be links with learning and memory.
McEntee and Mair (72) used biochemical studies to ad-
dress the question of abnormalities of noradrenergic path-
ways in alcohol-related brain damage. They have shown
significant reductions of noradrenaline and its metabolites
in the cerebrospinal fluid of WKS cases. Moreover, there
is evidence of memory improvement with noradrenaline
replacement therapy (72). There is still some controversy
as to whether or not uncomplicated alcoholics have re-
duced numbers of noradrenergic neurons in the locus cer-
uleus. Arango et al found a 23% reduction of pigmented
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neurons in the locus ceruleus in 5 alcoholic cases and
suggested that this may contribute to their memory loss
and depression (73). On the other hand, our research
group has shown that there is no significant loss of neu-
rons in the locus ceruleus in alcoholics, including those
with WKS (74, 75). Halliday and Baker have written a
critical analysis of these 3 papers and have shown that
the age range of the control and alcoholic cases may ac-
count for the discrepant results (76). Analysis of the data
from all of the studies using similar methods revealed
that the number of locus ceruleus neurons in younger
alcoholics (mean SD = 36,800 = 6,900) was similar to
the number in older alcoholics (36,400 + 7,800) and old-
er controls (35,600 * 6,200) (76).

BRAINSTEM RAPHE NUCLE!

The median and dorsal raphe nucleus provide the pri-
mary source of serotonergic axons innervating large
regions of the forebrain, particularly the cerebral cortex,
the limbic system, and the hypothalamus. However, not
all neurons in the median and dorsal raphe nuclei are
serotonergic (43% and 35% of all neurons, respectively)
(77). There has been considerable recent interest in the
effects of alcohol on the serotonergic system as a result
of the documentation of a number of biochemical and
receptor abnormalities (78). Alcohol is said to have a
biphasic effect on brain levels of serotonin (SHT); there
is a transient initial release of SHT from axon terminals
followed by a long-lasting and marked depression of SHT
levels. Ballenger et al found significantly reduced levels
of 5-hydroxyindoleacetic acid, a metabolite of 5HT, in
the cerebrospinal fluid of 37 hospitalized alcoholics (79).
Moreover, it has been found that the administration of
serotoninergic receptor antagonists (SHT uptake inhibi-
tors such as fluoxetine) significantly reduces alcohol con-
sumption (80). Anatomical changes have been docu-
mented in the serotonergic system in rats who prefer
alcohol (P rats), when compared with rats that do not
prefer alcohol (NP) (81). Our group (77) has carried out
quantitative morphometric studies of both the dorsal and
median raphe nuclei in uncomplicated alcoholics and
those with WKS. We used immunohistochemistry to
identify the serotonergic neurons (PH8 antibody). Neu-
ronal counts on spaced serial sections of the dorsal raphe
nucleus area showed an estimated average total of
106,100 = 19,500 (n = 8) serotonergic neurons in the
uncomplicated alcoholics and 108,300 = 11,800 (n = 8)
in the controls (82). Although there was no significant
difference between the 2 groups, and neuronal morphol-
ogy and average size was similar, there was a reduction
in the staining intensity of the reaction product in the
dorsal raphe nucleus neurons of the alcoholic cases. In
those alcoholic cases with WKS, there was a significant
reduction in the number of serotonergic neurons (38,450
* 13,430, n = 5). The loss varied at different levels
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throughout the rostro-caudal axis, but was particularly se-
vere in the pons (83).

In the median raphe nucleus there was no significant
difference between controls and uncomplicated alcohol-
ics. There was an estimated average total of 59,560 *
8,010 (n = 8) serotonergic neurons in the alcoholics, and
63,010 = 8,900 (n = 8) in the controls (84). This is in
contrast to the changes documented in alccholics with
WKS who had a 70% reduction in numbers of seroto-
nergic neurons in the median raphe nuclei. The mor-
phology of the neurons was the same in the control and
uncomplicated alcoholic cases, but there was a reduction
in the staining intensity of the reaction product in the
alcoholic cases. This did not relate to other variables such
as postmortem delay or the length of time in primary
antibody. Thus, it appears that the serotonergic system is
disrupted in alcoholics with WKS, but is structurally in-
tact in uncomplicated alcoholics. This implies that the
effects of alcohol on the serotonergic system, which have
been documented in biochemical studies of alcoholic
cases, are functional rather than structural.

CEREBELLUM

Atrophy of the cerebellum is commonly associated
with alcoholism. Torvik and colleagues (85) reported that
26.8% of alcoholics and 38.6% of alcoholics with WKS
had cerebellar atrophy. Both Harper (14) and Victor et al
(86) studied patients with the WKS and found an inci-
dence of cerebellar atrophy of 32% and 36%, respective-
ly. Cerebellar atrophy has also be noted and quantitated
in alcoholics using CT and MRI (87). Macroscopically,
there is shrinkage of the folia, particularly the anterior
superior cerebellar vermis. Preliminary data from our
quantitative studies of the cerebellum from 7 controls, 4
uncomplicated alcoholics, and 6 alcoholics with WKS
(using 50 m serial frozen sections) show a reduction in
the volume of the white matter in the vermis, interme-
diate, and lateral zones (88). This correlates with our pre-
vious studies which highlighted a reduction in the volume
of the molecular and medullary layers in the vermis (29).
Microscopically, in the uncomplicated alcoholic cases,
there is a decreased Purkinje cell density that has a spi-
nocerebellar distribution. The neuronal loss correlated
negatively with the amount of alcohol consumed per day
(88). In alcoholics with the WKS, there was a 40% loss
of Purkinje cells in the flocculus (vestibulocerebellum).
There are many other analyses of neuronal counts and
densities in the cerebellum of alcoholic cases. Phillips et
al compared 16 controls with 13 uncomplicated alcohol-
ics and 6 alcoholics with WKS. We found a 17% reduc-
tion in the number of Purkinje cells in the WKS cases
and a 10% (not statically significant) reduction in the
uncomplicated alcoholics (89). Studies of the dendritic
arborization of Purkinje cells using Golgi impregnation
techniques have revealed reduced arbor in alcoholics (3
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of the 4 cases had WKS) (90) and in rats fed a diet
containing alcohol (91). Pentney has reviewed the exper-
imental data on the effects of long-term ethanol con-
sumption on the cerebellum and has shown that the
changes are more complicated than initially thought; i.e.
alcohol can cause a nonrandom elongation of terminal
dendritic segments (92). This is presumed to repiesent
selective compensatory growth. There are suggestions in
the literature that there are similarities between the mor-
phological changes seen in aging and in the effects of
alcohol. This question has been specifically addressed in
a rat model, and Pentney has concluded that the dendritic
changes are quite different (93).

Thiamin deficiency has been implicated in the etiology
of alcohol-related cerebellar degeneration. Adams (94)
described a disease identical to alcoholic cerebellar de-
generation in malnourished individuals without alcohol-
ism. Additional evidence pointing towards the impor-
tance of thiamin deficiency as the principal pathogenetic
factor in alcoholic cerebellar degeneration is that the clin-
ical features of the disorder have been shown to be re-
versed by the administration of thiamin, even in the pres-
ence of continued alcohol consumption (34). Thus, it
seems that alcohol and thiamin deficiency can affect the
cerebellum both structurally and functionally, and, al-
though there is gathering evidence that the patterns of
involvement are different, they may well be synergistic.

EXPERIMENTAL MODELS OF ALCOHOL
NEUROTOXICITY

Experimental models of the effects of ‘““chronic” ex-
posure of the brain to alcohol have been developed by a
number of groups. The distribution and extent of neuron-
al loss seems to depend on the duration of alcohol ex-
posure, the magnitude and mode of exposure (ingestion,
inhalation, etc), the genetic susceptibility of the species,
and the strain of animals studied. As in the human stud-
ies, there is evidence pointing towards selective vulner-
ability of specific anatomical regions. Unfortunately,
most studies have focused on single regions of the brain
rather than using a single model and studying it compre-
hensively. In view of this, and the variability of the mod-
els used, it is difficult to gain a clear overview of the
regional specificity and selectivity of alcohol-related
brain damage in animals. Walker and his colleagues have
reviewed the effects of chronic alcohol exposure on the
hippocampus (95). The available evidence suggests that
hippocampal pyramidal neurons, dentate gyrus granule
cells, and local circuit interneurons in the hippocampus
and dentate gyrus are all susceptible. CA1 region appears
to be particularly sensitive to the neurotoxic effects. It
has been suggested that alcohol withdrawal may play a
role in brain damage, evidenced by the fact that a number
of workers have shown that loss of granule cells in the
dentate gyrus continues even after alcohol exposure stops

(96). Hoffman et al have suggested that upregulation of
NMDA receptors may lead to withdrawal seizures and
enhanced susceptibility to excitotoxicity, which may ex-
plain the continuing damage described above (97).

A number of findings have been made in experimental
models, which suggest links between aging and alcohol
toxicity. Lipofuscin is generally considered to be a mark-
er of aging in CNS neurons. Several groups have found
an increase in intracellular lipofuscin deposition in hip-
pocampal (98) and cerebellar neurons (99) of rats sub-
jected to chronic alcohol consumption. This occurs
through lipid peroxidation, which has been shown to in-
crease with alcohol (ethanol) consumption in a dose-de-
pendent fashion in brain homogenates (100). This mech-
anism may play a role in the neurotoxicity of alcohol.

MOLECULAR MECHANISMS OF ALCOHOL
NEUROTOXICITY

Molecular mechanisms of damage caused by alcohol
are beyond the scope of this paper, but there is work
being done currently on metabolites of ethanol (acetal-
dehyde), fatty acid ethyl esters (generated by nonoxida-
tive metabolism of ethanol) (101), excitotoxins (102), ni-
tric oxide (103), free radicals (104), and changes in
neurotrophins (95). Wide-ranging changes have been re-
ported in alcohol-related brain damage with regard to re-
ceptors (7) and amino acid neurotransmitters (105). Links
between alcohol and thiamin deficiency have been dis-
cussed throughout this paper, and it is important to em-
phasize that this linkage does not necessarily depend
upon associated poor nutrition. There are a number of
interrelated factors whereby the alcohol interferes with
the absorption, storage, and metabolism of the thiamin
and its active phosphate coenzyme derivatives (64). This
creates a scenario wherein alcoholics are frequently at
risk of developing thiamin deficiency and associated
brain damage (WKS). There are many other factors that
can play a role in the long-term effects of alcohol on the
nervous system. It should be remembered that alcoholics
are prone to recurrent head injuries, seizures are common,
and there is a close link between alcohol and the sleep
apnea syndrome (44).

SUMMARY

There is pathological evidence showing that alcohol
per se causes damage to both gray matter and white mat-
ter. White matter damage is predominant and results in a
reduction in brain volume. A component of the white
matter loss appears to be reversible in some cases, given
a significant period of abstinence. The structural expla-
nation for the white matter change has yet to be eluci-
dated, but most likely relates to a change in myelination.
There is a relationship between the volume of white mat-
ter lost and alcohol intake. The gray matter damage ap-
pears to be regionally selective, but many areas of the
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brain appear to be resistant to damage. Neuronal loss has
been documented in the superior frontal association cor-
tex, but not in other cortical areas that have been exam-
ined. The frontal damage correlates with clinical and ra-
diological data. The only other groups of neurons that are
selectively damaged are cerebellar Purkinje cells and neu-
rons in 2 hypothalamic nuclei (supraoptic and paraven-
tricular). Experimental data suggest that hippocampus
and amygdala are vulnerable, but human data is still in-
conclusive. Similarly, there is still some debate with re-
gard to the locus ceruleus. The basal ganglia, nucleus
basalis, and brainstem serotonergic raphe nuclei appear
to be spared. Data on thalamic nuclei is sparse, although
there is no doubt that this area is frequently damaged in
those alcoholics with additional WKS (thiamin deficien-
cy). Thiamin deficiency accounts for a major component
of the brain damage in alcoholics. Apart from neuronal
loss, there are many dendritic and synaptic changes doc-
umented in alcoholics and in experimental animal models
of alcohol toxicity. These, together with receptor and
neurotransmitter changes, may account for the some of
the cognitive and functional deficits. It is difficult to de-
fine the levels of alcohol that cause these changes, but
most of the human studies have involved patients who
drank at least 80 grams of alcohol per day over decades.

ACKNOWLEDGMENTS

Preparation of this paper was supported by the NH&MRC through a
grant for the Network for Brain Research into Mental Disorders. The
review contains material that has resulted from a number of collabo-
rations over many years. I would especially like to thank Drs Jillian
Kril and Glenda Halliday for the major contributions that they have
made.

REFERENCES

1. Harper CG, Giles M, Finlay-Jones R. Clinical signs in the Wer-
nicke-Korsakoff complex—a retrospective analysis of 131 cases
diagnosed at necropsy. J Neurol Neurosurg Psychiatry 1986;49:
341-45

2. Harper C, Sheedy D, Lara A, Garrick T, Hilton J, Raisanen J. Has
the prevalence of Wernicke’s encephalopathy in Australia changed
since thiamin was added to flour? Med J Aust 1997. Forthcoming.

3. Caine D, Halliday GM, Kril JJ, Harper CG. Operational criteria
for the classification of chronic alcoholics: Identification of Wer-
nicke’s encephalopathy. J Neurol Neurosurg Psychiatry 1997;62:
51-60

4. American Psychiatric Association. Diagnostic and statistical man-
ual of mental disorders. 1987

5. Victor M, Adams RD. The alcoholic dementias. Amsterdam: El-
sevier Science Publishers, 1985

6. Arendt T, Allen Y, Sinden J, et al. Cholinergic-rich transplants re-
verse alcohol-induced memory deficits. Nature 1988;332:448-50

7. Shanley BC, Wilce PA. Receptor changes associated with ethanol-
induced brain damage. In: Hunt WA, Nixon SJ, ed. Alcohol-in-
duced brain damage. Rockville: U.S Department of Health and
Human Services; 1993:299-324

8. Butters N, Granholm E, Salmon D, Grant I, Wolfe J. Episodic and
semantic memory: A comparison of amnesic and demented pa-
tients. J Clin Exp Neuropsychol 1987:9:479-97

J Neuropathol Exp Neurol, Vol 57, February, 1998

9.

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Dent OE Sulway MR, Broe GA, et al. Alcohol consumption and
cognitive performance in a random sample of Australian soldiers
who served in the second world war. Br Med J 1997;314:1655-57
Tuck RR, Jackson M. Social, neurological and cognitive disorders
in alcoholics. Med J Aust 1991;155:225-29

. Melgaard B, Henrickson L, Ahlgren P, Danielsen UT, Sorensen H,

Paulson OB. Regional cerebral blood flow in chronic alcoholics
measured by single photon emission computerized tomography.
Acta Neurol Scand 1990;82:87-93

Pfefferbaum A, Lim KO, Zipursky RB, et al. Brain gray and
white matter volume loss accelerates with aging in chronic al-
coholics. A quantitative MRI study. Alcohol Clin Exp Res 1992;
16:1078-89

Lishman WA. Cerebral disorders in alcoholism. Syndromes of im-
pairment. Brain 1981;104:1-20

Harper CG. The incidence of Wernicke’s encephalopathy in Aus-
tralia—a neuropathological study of 131 cases. J Neurol Neuro-
surg Psychiatry 1983;46:593-98

Langlais PJ, Zhang S. Cortical and subcortical white matter damage
without Wernicke’s encephalopathy after recovery from thiamine
deficiency in the rat. Alcohol Clin Exp Res 1997;21:434-43
Harper CG, Kril JJ. Neuropathological changes in alcoholics. In:
Hunt WJ, Nixon SJ, ed. Alcohol-induced brain damage. Washing-
ton, DC.: U.S Department of Health and Human Services, 1993:
39-69

Harper C, Kril J, Raven D, Jones N. Intracranial cavity volumes:
A new method and its potential applications. Neuropathol Appl
Neurobiol 1984;10:25-32

Harper C, Kril J, Daly J. Does a ‘“moderate” alcohol intake dam-
age the brain? J Neurol Neurosurg Psychiatry 1988;51:909-13
Harding AJ, Halliday GM, Ng JLE Harper CG, Kril JJ. Loss of
vasopressin-immunoreactive neurons in alcoholics is dose-related
and time-dependent. Neuroscience 1996;72:699-708

Harper CG, Kril JJ, Holloway RL. Brain shrinkage in chronic
alcoholics—a pathological study. Br Med J 1985;290:501—4

de la Monte SM. Disproportionate atrophy of cerebral white mat-
ter in chronic alcoholics. Arch Neurol 1988;45:990-92

Harper C, Kril J. Brain atrophy in chronic alcoholic patients: A
quantitative pathological study. J Neurol Neurosurg Psychiatry
1985;48:211-17

Harper C. Neuropathological aspects of the relationship between
alcohol and aging. In: Gomberg E, Zucker R, ed. Alcohol and
aging. Washington, DC.: U.S. Department of Health and Human
Services; 1997. Forthcoming.

Kril JJ, Halliday GM, Svoboda MD, Cartwright H. The cerebral
cortex is damaged in chronic alcoholics. Neuroscience 1997;79:
983-98

Hansen LA, Natelson BH, Lemere C, et al. Alcohol-induced brain
changes in dogs. Arch Neurol 1991;48:939-42

Shear PK, Jernigan TL, Butters N. Volumetric magnetic resonance
imaging quantification of longitudinal brain changes in abstinent
alcoholics. Alcohol Clin Exp Res 1994;18:172-76

Pfefferbaum A, Sullivan EV, Mathalon DH, Shear PK, Rosen-
bloom MIJ, Lim KO. Longitudinal changes in magnetic resonance
imaging brain volumes in abstinent and relapsed alcoholics. Al-
cohol Clin Exp Res 1995;19:1177-91

Jernigan TL, Butters N, DiTriaglia G, et al. Reduced cerebral grey
matter observed in alcoholics using magnetic resonance imaging.
Alcohol Clin Exp Res 1991;15:418-27

Phillips SC, Harper CG, Kiril J. A quantitative histological study of
the cerebellar vermis in alcoholic patients. Brain 1987;110:301-14
Sullivan EV, Marsh L, Mathalon DH, Lim KO, Pfefferbaum A.
Relationship between alcohol withdrawal seizures and temporal
lobe white matter volume deficits. Alcohol Clin Exp Res 1996;
20:348-54

20z I1dy GO uo 3senb A LZ00192/101/2/.S/al0e/usul/wod dno-olwepese)/:SAjY WOl) PaPEojUMOq



31.

32.

33.

34.

35.

36.

37.

38.

39,

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

THE NEUROPATHOLOGY OF ALCOHOL-SPECIFIC BRAIN DAMAGE, OR DOES ALCOHOL DAMAGE THE BRAIN? 109

Harper CG, Kril JJ. Corpus callosum thickness in alcoholics. Brit
J Addict 1988;83:577-80

Nasrallah HA, Andreasen NC, Coffman JA, et al. A controlled
magnetic resonance imaging study of corpus callosum thickness
in schizophrenia. Biol Psychiatry 1986;21:274-82

Pfefferbaum A, Lim KO, Desmond JE, Sullivan EV. Thinning of
the corpus callosum in older alcoholic men. A magnetic resonance
imaging study. Alcohol Clin Exp Res 1996;20:752-57

Victor M, Adams RD, Collins GH. The Wernicke-Korsakoff syn-
drome, 2nd ed. Philadelphia: Davis; 1989

Alling C, Bostrom K. Demyelination of the mamillary bodies in
alcoholism. A combined morphological and biochemical study.
Acta Neuropathol 1980;50:77-80

Harper CG, Kril JJ, Daly JM. Cerebral lipids and alcohol abuse
in humans. Aust Drug Alcohol Rev 1991;8:69-77

Olsson NU, Harding AJ, Harper C, Salem Jr N. High-performance
liquid chromatography method with light-scattering detection for
measurements of lipid class composition: Analysis of brains from
alcoholics. J Chromatogr B 1996;681:213-18

Harper CG, Kiril JJ, Daly JM. The specific gravity of the brains
of alcoholic and control patients: A pathological study. Br J Addict
1987;82:1349-54

Harper CG, Kril JJ, Daly JM. Brain shrinkage in alcoholics is not
caused by changes in hydration: A pathological study. J Neurol
Neurosurg Psychiatry 1988;51:124-27

Trabert W, Betz T, Niewald M, Huber G. Significant reversibility
of alcoholic brain shrinkage within 3 weeks of abstinence. Acta
Psychiat Scand 1995;92:87-90

Mann K, Mundle G, Strayle M, Schroth G. The reversibility of
alcoholic brain damage is not due to rehydration: A controlled
MRI and CT study. Alcohol Clin Exp Res 1992;16:80

Wiggins RC, Gorman A, Rolsten C, Samorajski T, Ballinger WEJ,
Freund G. Effects of aging and alcohol on the biochemical com-
position of histologically normal human brain. Metab Brain Dis
1988;3:67-80

Phillips DE, Krueger SK, Rydquist JE. Short- and long-term ef-
fects of combined pre-and postnatal ethanol exposure (three tri-
mester equivalency) on the development of myelin and axons in
rat optic nerve. Int J Dev Neurosci 1991;9:631-47

Carlen PL, Wilkinson DA. Reversibility of alcohol-related brain
damage: Clinical and experimental observations. Acta Med Scand
1987;222 [Suppl 717]:19-26

Lancaster FE. Ethanol and white matter damage in the brain. In:
Hunt WJ, Nixon SJ, ed. Alcohol-induced brain damage. Washing-
ton, DC: U.S Department of Health and Human Services, 1993:
387-99

Harper C, Kril J, Daly J. Are we drinking our neurones away? Br
Med J 1987;294:534-36

Kiril JJ, Harper CG. Neuronal counts from four cortical regions of
alcoholic brains. Acta Neuropathol 1989;79:200-204
Badsberg-Jensen G, Pakkenberg B. Do alcoholics drink their neu-
rons away? Lancet 1993;342:1201-4

Oscar-Berman M, Hutner N. Frontal lobe changes after chronic
alcohol ingestion. In: Hunt WA, Nixon SJ, ed. Alcohol-induced
brain damage. Rockville: NIH Publications, 1993:121-56

Harper C, Kril J. Patterns of neuronal loss in the cerebral cortex
in chronic alcoholic patients. J Neurol Sci 1989;92:81-89

Terry RD, Peck A, DeTeresa R, Schechter R, Horoupian DS. Some
morphological aspects of the brain in senile dementia of the Alz-
heimer type. Ann Neurol 1981;10:184-92

Terry RD, Hansen LA. Neocortical cell counts in normal human
adult aging. Ann Neurol 1987;21:530-39

Harper C, Corbett D. A quantitative Golgi study of cortical neu-
rons from alcoholic patients. ] Neurol Neurosurg Psychiatry 1990;
53:865-61

54.

55.

56.

58.

59.

60.

6l.

62.

64.

66.

67.

68.

69.

70.

71.

72.

74.

Ferrer 1, Fabregues 1, Rairiz J, Galofre E. Decreased numbers of
dendritic spines on cortical pyramidal neurons in human chronic
alcoholism. Neurosci Lett 1986;69:115-19

King MA, Hunter BE, Walker DW. Alterations and recovery of
dendritic spine density in rat hippocampus following long-term
ethanol ingestion. Brain Res 1988;459:381-85

McMullen PA, Saint-Cyr JA, Carlen PL. Morphological altera-
tions in rat CA1l hippocampal pyramidal cell dendrites resulting
chronic ethanol consumption and withdrawal. J Comp Neurol
1984;225:111-18

. Walker DW, Barnes DE, Zorneyzer SE Hunter BE, Kubanis P.

Neuronal loss in hippocampus induced by prolonged ethanol con-
sumption in rats. Science 1980;209:711-13

Sullivan EV, Marsh L, Mathalon DH, Lim KO, Pfefferbaum A.
Anterior hippocampal volume deficits in nonamnesic, ageing
chronic alcoholics. Alcohol Clin Exp Res 1995;19:110-22
Bengochea O, Gonzalo LM. Effect of chronic alcoholism on the
human hippocampus. Histo Histopath 1990;5:349-57

Meila KR, Ryabinin AE, Corodimas KP, Wilson MC, Ledoux JE.
Hippocampal-dependent learning and experience-dependent acti-
vation of the hippocampus are preferentially disrupted by ethanol.
Neuroscience 1996;74:313-22

Alvarez I, Gonzalo LM, Llor J. Effects of chronic alcoholism on
the amygdaloid complex. A study in humans and rats. Histo His-
topath 1989;4:183-92

Wilkinson P, Kornaczewski A, Rankin JG, Santamaria JN. Phys-
ical disease in alcoholism. Initial survey of 1,000 patients. Med J
Aust 1971;1:1217-23

. Harper C, Sheedy D, Lara A, Garrick T, Hilton J, Raisanen J. Is

thiamin supplementation useful in preventing Wernicke’s ence-
pholopathy? Brain Pathol 1997;7:1253-55

Harper C, Butterworth R. Nutritional and metabolic disorders. In:
Graham DI, Lantos PL, ed. Greenfield’s neuropathology. London:
Arnold, 1997:601-42

. Berachochea D, Lescudron L, Verna A, Jaffard R. Neuroanatom-

ical effects of chronic alcohol consumption on dorsomedial and
anterior thalamic nuclei and on the substantia innominata in mice.
Neurosci Lett 1987,73:81-84

Halliday G, Cullen K, Harding A. Neuropathological correlates of
memory dysfunction in the Wernicke-Korsakoff syndrome. Al-
cohol Alcohol 1994; Suppl 2:245-51

Maderia MD, Sousa N, Lieberman AR, Paula-Barbosa MM. Ef-
fects of chronic alcohol consumption and of dehydration on the
supraoptic nucleus of adult male and female rats. Neuroscience
1993;56:657-72

Freund G, Ballinger WE. Loss of muscarinic and benzodiazepine
neuroreceptors from hippocampus of alcohol abusers. Alcohol
1989:6:23-31

Arendt T, Bigl V, Arendt A, Tennstedt A. Loss of neurons in
nucleus basalis of Meynert in Alzheimer’s disease, paralysis agi-
tans and Korsakoff’s disease. Acta Neuropathol 1983;61:101-8
Cullen KM, Halliday GM, Caine D, Kiril JJ. The nucleus basalis
(Ch4) in the alcoholic Wernicke-Korsakoff syndrome: Reduced
cell number in both amnesic and non-amnesic patients. J Neurol
Neurosurg Psychiatry. Forthcoming.

Cullen KM, Halliday GM. Tangles in chronic alcoholics. Neuro-
pathol Appl Neurobiol 1995:21:312-18

McEntee WJ, Mair RG. The Korsakoff syndrome: A neurochem-
ical perspective. Trends Neurosci 1990;13:340-44

. Arango V, Underwood MD, Mann JJ. Fewer pigmented neurons

in the locus coeruleus of uncomplicated alcoholics. Brain Res
1994;650:1-8

Halliday G, Ellis J, Harper C. The locus coeruleus and memory:
A study of chronic alcoholics with and without the memory im-
pairment of Korsakoff’s psychosis. Brain Res 1992;598:33-37

J Neuropathol Exp Neurol, Vol 57, February, 1998

20z I1dy GO uo 3senb A LZ00192/101/2/.S/al0e/usul/wod dno-olwepese)/:SAjY WOl) PaPEojUMOq



110

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

HARPER

Baker KG, Halliday GM, Harper CG. Effect of chronic alcohol
consumption on the human locus coeruleus. Alcohol Clin Exp Res
1994;18:1491-96

Halliday G, Baker K. Noradrenergic locus coeruleus neurons [let-
ter]. Alcohol Clin Exp Res 1996;20:191-92

Halliday G, Ellis J, Heard R, Caine D, Harper C. Brainstem se-
rotonergic neurons in chronic alcoholics with and without the
memory impairment of Korsakoff’s psychosis. J Neuropathol Exp
Neurol 1993;52:567-79

Balldin J, Berggren U, Engel J, Eriksson M. Neuroendocrine ev-
idence for reduced serotonergic neurotransmission during heavy
drinking. Alcohol Clin Exp Res 1994;18:822-25

Ballenger JC, Goodwin FK, Major LE Brown GL. Alcohol and
central serotonin metabolism in man. Arch Gen Psychiatry 1979;
36:224-27

Fuller RW. Clinical applications of 5-HT uptake inhibitors. In:
Bradley PB, Handley SL, Cooper SJ, Key BJ, Barnes NM, Coote
JH, ed. Serotonin, CNS receptors and brain function. Oxford: Per-
gamon Press; 1992:255-70

Zhou FC, Pu CE Lumeng L, Li T-K. Fewer numbers of immuno-
stained serotonergic neurons in raphe of alcohol-preferring rats.
Alcohol Clin Exp Res 1994;11:397-403

Baker KG, Halliday GM, Kril JJ, Harper CG. Chronic alcoholics
without Wernicke-Korsakoff syndrome or cirrhosis do not lose
serotonergic neurons in the dorsal raphe nucleus. Alcohol Clin
Exp Res 1996;20:61-66

Halliday G, Baker K, Harper C. Serotonin and alcohol-related
brain damage. Metab Brain Dis 1995;10:25-30

Baker KG, Halliday GM, Kiril JJ, Harper CG. Chronic alcoholism
in the absence of Wernicke-Korsakoff syndrome and cirrhosis
does not result in the loss of serotonergic neurons from the median
raphe nucleus. Metab Brain Dis 1996;11:217-27

Torvik A, Lindboe CE Rodge S. Brain lesions in alcoholics. A
neuropathological study with clinical correlations. J Neurol Sci
1982;56:233-48

Victor M, Adams RD, Collins GH. The Wernicke-Korsakoff syn-
drome. 1st Oxford: Blackwell Scientific; 1971

Pfefferbaum A, Rosenbloom M. In vivo imaging of morphological
brain alterations associated with alcoholism. In: Hunt WA, Nixon
SJ, ed. Alcohol-induced brain damage. Rockville: US Department
of Health and Human Services, 1993:71-87

Harding AJ, Baker KG, Harper CG, Kril JJ, Halliday GM. Cere-
bellar neuron loss in alcoholics., Eighteenth Annual Meeting of
the Australian Neuroscience Society, Canberra, Australia, Austra-
lian Neuroscience Society Inc.; 1998. Forthcoming.

Phillips SC, Harper CG, Kril JJ. The contribution of Wernicke’s
encephalopathy to alcohol-related cerebellar damage. Drug Alco-
hol Rev 1990;9:53-60

J Neuropathol Exp Neurol, Vol 57, February, 1998

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Ferrer 1, Fabreques I, Pineda M, Gracia I, Ribalta T. A Golgi study
of cerebellar atrophy in human chronic alcoholism. Neuropathol
Appl Neurobiol 1984;10:245-53

Pentney RJ. Quantitative analysis of ethanol effects on Purkinje
cell dendritic tree. Brain Res 1982;249:397-401

Pentney RJ. Alterations in the structure of the cerebellum after
long-term ethanol consumption. In: Hunt WA, Nixon SJ, ed. Al-
cohol-induced brain damage. Rockville: U.S. Department of
Health and Human Services, 1993:249-76

Pentney RJ. Remodeling of neuronal dendritic networks with ag-
ing and alcohol. Alcohol and Alcoholism 1991; Suppl 1:393-97
Adams RD. Nutritional cerebellar degeneration. Amsterdam: El-
sevier; 1976

Walker DW, King MA, Hunter BE. Alterations in the structure of
the hippocampus after long-term ethanol consumption. In: Hunt
WA, Nixon SJ, ed. Alcohol-induced brain damage. Rockville: NTH
Publications; 1993:231-47

Cavazos JE, Das I, Sutula TP. Neuronal loss induced in limbic
pathways by kindling: Evidence for induction of hippocampal
sclerosis by repeated brief seizures. J Neurosci 1994;14:3106-21
Hoffman PL, Iorio KR, Snell LD, Tabakoff B. Attenuation of glu-
tamate-induced neurotoxicity in chronically ethanol-exposed cer-
ebellar granule cells by NMDA receptor antagonists and gangli-
oside GM1. Alcohol Clin Exp Res 1995;19:721-26

Borges MM, Paula-Barbosa MM, Volk B. Chronic alcohol con-
sumption induces lipofuscin deposition in the rat hippocampus.
Neurobiol Aging 1986;7:347-55

Tavares MA, Paula-Barbosa MM. Lipofuscin granules in Purkinje
cells after long-term alcohol consumption in rats. Alcohol Clin
Exp Res 1983;7:302-6

Montoliu C, Vallés S, Renau-Piqueras J, Guerri C. Ethanol-in-
duced oxygen radical formation and lipid peroxidation in rat brain:
Effect of chronic alcohol consumption. J Neurochem 1994;63:
1855-62

Bora PS, Lange LG. Molecular mechanisms of ethanol metabo-
lism by human brain to fatty acid ethyl esters. Alcohol Clin Exp
Res 1993;17:28-30

Lovinger DM. Excitotoxicity and alcohol-related brain damage.
Alcohol Clin Exp Res 1993;17:19-27

Lancaster FE. Alcohol, nitric oxide and neurotoxicity: Is there a
connection?—a review. Alcohol Clin Exp Res 1992;16:539-41
Pellmar TC. Do free radicals contribute to ethanol-induced syn-
aptic damage? In: Hunt WA, Nixon SJ, ed. Alcohol-induced brain
damage. Rockville: U.S Department of Health and Human Ser-
vices; 1993:339-54

Thomas GJ, Dodd PR, Kril JJ, Harper CG. Alcoholism and amino
acid neurotransmitters in human brain. Mol Neuropharmacol
1992;2:215-18

20z I1dy GO uo 3senb A LZ00192/101/2/.S/al0e/usul/wod dno-olwepese)/:SAjY WOl) PaPEojUMOq



