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Nutritional deficiency can cause, mainly in chronic alcoholic subjects, the Wernicke encephalopathy and its chronic neurological
sequela, the Wernicke-Korsakoff syndrome (WKS). Long-term chronic ethanol abuse results in hippocampal and cortical cell
loss. Thiamine deficiency also alters principally hippocampal- and frontal cortical-dependent neurochemistry; moreover in WKS
patients, important pathological damage to the diencephalon can occur. In fact, the amnesic syndrome typical for WKS is mainly
due to the damage in the diencephalic-hippocampal circuitry, including thalamic nuclei and mammillary bodies. The loss of
cholinergic cells in the basal forebrain region results in decreased cholinergic input to the hippocampus and the cortex and reduced
choline acetyltransferase and acetylcholinesterase activities and function, as well as in acetylcholine receptor downregulationwithin
these brain regions. In this narrative review, we will focus on the neurochemical, neuroanatomical, and neuropsychological studies
shedding light on the effects of thiamine deficiency in experimental models and in humans.

1. Introduction

The acute Wernicke’s encephalopathy (WE) and the Wer-
nicke-Korsakoff syndrome (WKS) are principally nutrition
deficiency disorders due to brain damage caused by a lack of
thiamine (vitamin B1), even if they occur most frequently in
alcoholic patients [1, 2]. WKS is often, but not always, the
chronic neurological sequela afterWE, which results from se-
vere acute deficiency of thiamine.

Chronic alcohol consumption leads to two main long-
lasting neurological disorders, both associated with severe
impairment of cognitive functions: the alcohol-associated
dementia (AAD) and theWKS [3]. It has been estimated that

greater than 10% of alcoholic patients have symptoms of
either AAD or WKS [4, 5].

Postmortem prevalence rates ofWKS are 1-2% in the gen-
eral population and 12–14% in the alcoholic population [6, 7].
Therefore, despite the clear diagnostic criteria ofWE,WKS is
diagnosed more commonly in alcoholics at post-mortem
than when the patients are alive [8].

On the other hand, a clear clinical distinction between
AAD and WKS is difficult. Mild-to-moderate thiamine defi-
ciency plays a role in the neurodegeneration observed in
chronic alcoholics, and a proteomics-based study has re-
vealed that thiamine metabolism may also be altered in non-
WKS alcoholics [9]. However, it is often difficult to determine
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the dietary status ofmany alcoholic patients, makingWKS an
underdiagnosed disorder [7, 10]. Moreover, there is consider-
able overlap betweenAADandWKSwith regard to both neu-
ropathology and behavioral symptoms [7, 10, 11]. AAD and
WKS are also considered to be distinct disorders with over-
lapping clinical symptoms [12–14]. In the absence of a “gold
standard” for the diagnosis of AAD as distinct entity from
WKS, the clinical diagnosis is often difficult [7].The develop-
ment of these disorders involves numerous factors. It has been
hypothesized a genetic predisposition is critical for the devel-
opment of WKS or AAD. The key factors are thought to be
alterations in thiamine metabolism or susceptibility to alco-
hol neurotoxicity, respectively.

We aimed in this paper to summarize the salient neu-
rochemical, neuropathological, and neuropsychological find-
ings that have been reported in experimental animals and in
humans after thiamine deprivation.

2. Neuropsychological Findings

The profile of cognitive impairment observed in AAD
patients is more variable than that reported inWKS patients.
AAD is characterized by a wide range of cognitive deficit,
involving perceptual-motor and visuospatial skills, abstrac-
tion, and problem solving, as well as learning and memory
processes [4, 15].

InWKSpatients, the key behavioral features are profound
amnesia and the appearance of confabulation [1, 2]. New epi-
sodic and declarative learning and recall are impaired. Both
anterograde and retrograde amnesia are characteristically
present in WKS. The inability to recall events prior to the
occurrence of the amnesic state can extend back to 20–30
years [16]; there is generally a temporal gradient such that the
patients are better able to recall earlier memories than the
more recent ones.

While the amnesic symptoms typically associated with
WKS appear acutely due to synergistic effect of alcoholism
and severe malnutrition, visuoperceptual deficits and prob-
lem solving develop slowly after many years of alcohol abuse
[17].

Nevertheless, WKS patients often show, beyond the am-
nesia, impairment of other cognitive functions, such as ver-
bal fluency, flexibility, and perseverative responding. In par-
ticular, even if cognitive deficits on frontal cortical-dependent
tasks can be observed in alcoholics with and without WKS
[15, 18, 19],WKSpatients are frequently impaired on tests sen-
sitive to functions of dorsolateral prefrontal and orbitofrontal
subsystems [18].

Episodic memory is typically severely affected in the
WKS, while semantic memory is variably affected, and stud-
ies assessing perceptual priming as well as motor performan-
ces demonstrated that the components of implicit memory
remain largely preserved in theWKS [20].The impairment in
delay eyeblink conditioning, a basic form of implicitmemory,
in i WKS and non-WKS alcoholics [21] seems to be related to
cerebellar deterioration that occurs after long-term alcohol
consumption.

A deficit involving the initial “encoding” information in
WKS has been theorized. Indeed, patients withWKS are able

to encode direct and sensory impressions, while the process-
ing of semantic material is difficult to perform [22]. On the
contrary, procedural memory is relatively intact. Moreover,
an impairment in the physiological processes underlying the
consolidation of information in a more permanent form of
storage has been postulated [23, 24]. In agreement with this
hypothesis, scores on the tests measuring primary or working
memory (such as the span test) are characteristically intact in
WKS patients [25]. Alternatively, since WKS patients show a
disproportionately impaired recall of the spatial or temporal
aspects of learned material [26, 27], also a specific deficit in
the storage of contextual information should be taken into
consideration. On the other hand, WKS patients may show a
retrieval deficit and thus be unable to suppress inappropriate
responses duringmemory tasks [28]. In fact, retrieval deficits
occur frequently as a consequence of poor initial encoding.

Whilemomentary confabulation is commonly seen in the
WKS, spontaneous confabulation is relatively rare beyond the
acute phase of the WE. The persistence of spontaneous con-
fabulation rather suggests a concomitant damage to the fron-
tal lobes, particularly the ventromedial and/or orbitofrontal
regions [29].There are conflicting theories about the underly-
ing basis of spontaneous confabulation [29–31]. The content
of confabulation depends on the confluence of different sub-
components of strategic retrieval [29]. The confabulating pa-
tients were likely to incorrectly recognise past autobiograph-
ical events or thoughts, and especially the unpleasant events,
thus suggesting that also motivational factors contribute to
confabulation [31].

Unlike non-WKS alcoholics, WKS patients still show,
after protracted abstinence from alcohol significant impair-
ment in visual and verbal short- and long-term memory,
working memory, executive functions, general knowledge,
and visuospatial abilities.

3. Cholinergic Dysfunction

Basal forebrain damage critically contributes to the dien-
cephalic amnesia following thiamine deficiency in patients
with WKS and experimental models [32, 33]. The basal fore-
brain region includes several groups of cholinergic neurons,
medial septal area, diagonal vertical bands, and nucleus basa-
lis of Meynert (NBM), that project to the hippocampus,
amygdala, and cortex. The basal forebrain cholinergic com-
plex projects directly to cortex and hippocampus and has
minor connections with the thalamus [34]. Significant corre-
lations were found between cortical and hippocampal acetyl-
cholinesterase (AChE) activity and/or acetylcholine (ACh)
release and measures of memory performance. The medial
septum/diagonal band (MS/DB) complex located in the fore-
brain is composed of cholinergic and GABAergic neurons
(which contain the calcium-binding proteins parvalbumin
and calbindin) that project to the hippocampal formation
[35]. This parallel system of basal forebrain GABAergic pro-
jections seems to complement the basal forebrain cholinergic
complex.

However, the clinical and neuropathological data regard-
ing the role of basal forebrain cholinergic cell loss in the
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pathophysiology of amnesia associated with alcohol-induced
WKS are sometimes conflicting.

Arendt et al. reported a 25–45% reduction in cholinergic
basal forebrain cells in the WKS patients, which was attrib-
utable largely (over 90%) to cholinergic cells of the MS/DB,
although cell loss in the vertical limb of the DB and the NBM
was also detected [36]. Current data suggest that a selective
damage to the choline acetyltransferase (ChAT)-positive cells
of the MS/DB, rather than a widespread cell death, con-
tributes to the cell loss in the MS/DB region. A correlation
has been found between the loss of cholinergic basal forebrain
neurons and cognitive dysfunction, as assessedwith themini-
mental state examination [32]. However, Cullen and cowork-
ers reported that the cholinergic cell loss in theNBM isminor
and failed to find a significant difference in the amount of
cholinergic NBM cell loss in alcoholics with WE and alco-
holics with the amnesic WKS [37]. Since these authors only
included the NBM, it can be argued that the MS/DB cholin-
ergic cell loss is mainly responsible for this specific type of
cognitive dysfunction. In particular, activation of cholinergic
forebrain projection neurons is thought to be important for
encoding new stimuli in discrimination tasks [38]. The basal
forebrain cholinergic neurons show differential vulnerability
to neurotoxic events [39, 40].

Themaintenance and survival ofMS/DB cholinergic cells
in the rodent (at variance with theNBM cholinergic neurons)
are dependent on the neurotrophin nerve growth factor
(NGF), which is predominantly synthesized by hippocampal
GABAergic neurons that project to the MS [41–43].

The cholinergic fibers that project to the hippocampus
retrogradely transport the NGF to the MS where it binds to
the p75-NGF receptor [43]. In the rodent, unlike the MS/DB
cholinergic neurons, the NBM cholinergic neurons that pro-
ject to the amygdala donot express the p75-NGF receptor [44,
45] and are thus less sensitive to thiamine deficiency induced
neurotoxicity [33]. Indeed, the presence of p75-NGF recep-
tors on cholinergic neurons may make them sensitive to the
neuronal death observed in the well-established animalmod-
els of WKS. Notably, also in degenerative neurological dis-
eases such as Alzheimer’s disease (AD) and Parkinson’s dis-
ease, the degeneration process preferentially involves those
cell populations that contain the p75-NGF receptor [46, 47].

4. Experimental Models of WKS

In experimental models of thiamine deficiency, exposure to a
thiamine-depleted diet for as little as 9 days in mice has been
demonstrated to alter hippocampal neurogenesis at an early
prepathological lesion stage, while the anatomy or physiology
of the hippocampus is not substantially affected [48]. As thi-
amine deficiency progresses to 30 days, significant reduced
levels of AChE in the cortex and hippocampus were observed
[49].This finding is associatedwith deficits in spatialmemory
performance on the Morris water maze task [49], as well as
with impaired avoidance learning, as measured by passive-
avoidance task [50, 51] and emotional behavior changes [51].

Cholinergic neurons are especially sensitive to the neuro-
degeneration caused by thiamine deficiency. ChAT-positive

cell loss (about 25–30%) after thiamine deficiency well cor-
relates with both, behavioral impairment and thalamic tissue
loss. In contrast, theGABAneurons in theMS/DB are not sig-
nificantly affected by thiamine deficiency [52]. Notably, also
other neurological disorders characterized by degeneration
of the cholinergic neurons have sparing of the GABAergic
MS/DB neurons [32]. In particular, the corticopetal GABAer-
gic system seems to be relatively preserved also in AD.

Although the exact mechanisms are unknown, choliner-
gic neurons death in the MS/DB after thiamine deficiency is
not surprising. In fact, thiamine is critical for ACh synthesis
[53] and ACh-synthesizing cells in the basal forebrain are
especially liable to thiamine deficiency induced cell death
[54]. Thiamine is a precursor for thiamine pyrophosphate,
which serves as a cofactor for the production of several key
enzymes, such as transketolase, alpha-ketoglutarate dehydro-
genase, and especially pyruvate dehydrogenase, which plays
an essential role in the conversion of pyruvate to acetyl-CoA
during the process of glycolysis [53]. In addition, cholinergic
cells appear to have a higher demand for energy production
and are more sensitive to glucose deprivation [54].Themem-
ory and other cognitive deficits observed during the later
phases of thiamine deficiency TD are improved by adminis-
tration of AChE inhibitors (AChEIs), the muscarinic agonist
McN-A-343, or herbal compounds that increase ACh release
[55]. After prolonged thiamine deficiency, there is also a loss
of cholinergic neurons within the forebrain [48] and a loss
of cholinergic fibers that innervate the hippocampus [50, 51]
that could contribute to some of the cognitive/memory
abnormalities seen in the late stages of thiamine deficiency.

Pyrithiamine-induced thiamine deficiency (PTD) is
another commonly employed animal model of diencephalic
amnesia and has been used to study the neuroanatomical,
molecular and behavioral consequences of TD [56–59]. The
cerebral damage seen in rodents after PTD treatment shows
many neuropathological and biochemical similarities to WE
in humans and results in brain lesions, as well as learning and
memory impairments, similar to those observed in humans
with WKS. Indeed, dietary restriction alone typically pro-
duces lesions that are limited to brainstem nuclei but does
not cause the pattern of diencephalic lesion observed inWKS
[57, 59, 60], while the PTD model reproduces both the acute
neurological symptoms of the acute WE, and the chronic
neuropathological and cognitive deficits that are typical for
alcohol-inducedWKS [57, 59–61]. It involves the coadminis-
tration of pyrithiamine, an inhibitor of thiamine absorption
and metabolism that also affects thiamine pyrophosphoki-
nase and thiamine triphosphate [62], and reduces the com-
plications andmortality rates that usually accompany dietary
thiamine deficiency alone [61].

Alterations in basal forebrain cholinergic input to the hip-
pocampus likely represent a key factor contributing to learn-
ing and memory impairment in the PTD model. Indeed,
memory deficits during theWE stage of PTD are reversed via
administration of AChEIs [55], indicative of cholinergic dys-
function. As above mentioned, a ∼30% reduction in ChAT-
positive cells in the MS/DB during the WKS stage has been
demonstrated [52, 63, 64], which correlates with behavioral
impairment on spatial tasks [52].
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There is a close relationship between the cholinergic neu-
ronal loss in the MS/DB, thalamic shrinkage, and behavioral
dysfunction in the PTD rodent model of WKS. In this exper-
imentalmodel alongwith thalamic, cortical, andmammillary
damage, there is also a loss of cholinergic neurons in the
MS/DB [33, 63, 64]. Pyrithiamine treatment resulted in
selective cell loss of ChAT-ir neurons that project from the
MS/DB to the hippocampus. Indeed, in vivomicrodialysis in
PTD-treated rats revealed selective cholinergic hippocampal
dysfunction [33, 65]. Moreover, administration of physostig-
mine by enhancing hippocampal ACh levels reversed the
PTD-induced behavioral impairment [66]. This finding fur-
ther suggests that there is a functional impairment of the
septohippocampal pathway in PTD-treated rats.

Anzalone et al. [67] found a blunted efflux during behav-
ioral testing and significant reductions in cholinergic fiber
densities in the hippocampus, medal frontal cortex, and ret-
rosplenial cortex, but cholinergic fiber density correlatedwith
Ach efflux only in the hippocampus. In particular, the dien-
cephalic-hippocampal interaction appears thus to be critical
for successful episodic and spatial learning/memory. How-
ever, not only the hippocampus but also the limbic (prefron-
tal, frontal, and retrosplenial) cortices are functionally affect-
ed by PTD treatment. Accordingly, fluorodeoxyglucose-
positron emission tomography shows inWKS patients hypo-
metabolism in diencephalic-limbic greymatter [68]. It should
be noted that some structures related to memory processes
are not affected; cholinergic activation in the amygdala and
striatum is normal when rats are tested on hippocampal-de-
pendent tasks (i.e., spontaneous alternation task) [3, 33].

A combined neuropathology to diencephalic and basal
forebrain systems may result in the behavioral impairment
observed in the PTD model and in patients with WKS.

In fact, lesion of either themedial thalamus [69, 70] or the
of the cholinergic septohippocampal system [71, 72] alone can
produce behavioral impairment. However, there is a probably
synergistic interaction between neuropathology in the PDT
model. In fact, the severity of behavioral impairments seen
in the PTD model tends to be greater and broader. While
damage to the cholinergic septohippocampal pathway and
thalamic tissue loss predict behavioral dysfunction, the
GABAergic interneurons and projection neurons are spared.

Thus, therapeutic approaches should address both of
these neuropathological outcomes that occur in diencephalic
amnesia associated with alcoholism and thiamine defi-
ciency. Cholinergic septohippocampal dysfunction signif-
icantly seems to contribute to the amnesic disturbances that
occur after thiamine deficiency. It is still unknown whether
there is a common causal neurotoxic mechanism across the
MS/DB and thalamus or if the neuropathological abnor-
malities occur independently. Anyway, both thalamic tissue
damage and cholinergic cell loss in the MS/DB are key fea-
tures of diencephalic amnesia associated with thiamine defi-
ciency and occur in parallel. Although it is still unclear
whether the cholinergic neurons in the MS/DB are selec-
tively sensitive to neurodegenerative processes induced by
thiamine deficiency, the strong correlation between thalamic
mass and cholinergic neurons in theMS/DB is highly sugges-
tive of a common pathogenic link.

5. Glutamate Excitotoxicity

Thiamine deficiency has been proposed to lead to mito-
chondrial dysfunction that determines impaired cellular
metabolism, glutamate excitotoxicity, and oxidative stress in
the thalamus, mammillary bodies, and other diencephalic
structures [53, 73]. Glutamate plays a significant role in the
development of thiamine deficiency lesions. In fact, glu-
tamate excitotoxicity is the primary mechanism of cell death
in the PTD model associated with diencephalic amnesia [74,
75]. The neurocytopathological changes induced by PTD are
identical to those that have been described in glutamate-in-
duced excitotoxic lesions [76]. Excitotoxic and possible apo-
ptotic mechanisms may mediate neuronal degeneration in
the PTD rat model of WE and WKS. The absence of any
increase in glutamate levels in a nonvulnerable region such
as the frontoparietal cortex further supports the theory that
a glutamate-mediated excitotoxicmechanismmay be respon-
sible for the vulnerability in thiamine deficiency [74]. Early
microglial activation and increased abnormal metabolism
(increased production) of free radicals have been reported
in rats after thiamine deficiency. These findings strongly
suggest that the role of oxidative stress in the brain damage
is associated with thiamine deficiency [77]. Reduction in
thiamine and thiamine-dependent processes may lead to
neurodegeneration and determines oxidative stress. Elevated
levels of the oxidative stress indicators hemeoxygenase-1
and intracellular cell adhesion molecule-1 have been dem-
onstrated in the brain of rats after thiamine deficiency [78].
The neuroanatomical damage seen after PTD treatment is
most likely due to glutamate excit otoxicity and/or ischemia
[53, 74]. It has been well documented that glutamate excito-
toxicity is responsible for thalamic lesions in the PTD model
of WKS [75, 76] and cholinergic neurons are particularly
sensitive to glutamate excitotoxicity. In particular, the dif-
ferential susceptibility of cholinergic populations to oxidative
stress depends on the ratio of acetyl-CoA energy producing
and ACh synthesizing capacities [79]. The extent of thalamic
damage correlates strongly with the number of MS/DB
ChAT-ir cells, as well as with behavioral impairment on the
spontaneous alternation task. This type of behavioral dys-
function in PTD rats is correlated to reduced hippocampal
ACh release [65] and may lead to a restored behavioral per-
formance by increasing hippocampal ACh levels [66].

6. Neuroanatomical Findings

Numerous studies have revealed some significant neuro-
pathological differences between WKS and non-WKS alco-
holics. It has been demonstrated [7, 80] that thiamine defi-
ciency is the foremost feature causing brain damage and
structural changes in alcoholics. While non-WKS alcoholics
display some degree of structural abnormalities in the same
regions asWKSalcoholics, these are in the vastmajority of the
cases less severe.

In WKS patients, independent from the etiology of thi-
amine deficiency (different diseases or conditions that result
in restrict eating and/or inadequate vitamin absorption), a
prominent neuropathological consequence is lesions of the
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anterior and midline thalamic nuclei as well as the mammil-
lary bodies [81, 82], and this extent of pathology is not evident
in alcoholics without WKS.

Sulcal and Sylvian fissure widths are equivalent in WKS
and non-WKS alcoholics [83]. However, WKS patients have
wider third ventricles, larger lateral ventricles, and wider
interhemispheric fissures than non-WKS chronic alcoholics
[84].

There is a continuum of pathology between the two ADD
andWKS. In fact, a grading pattern of volume deficits can be
observed frommild in non-WKS alcoholics to moderate and
severe in WKS, in pons, mammillary bodies, hippocampus,
thalamus, cerebellum, and the frontal cortex [84]. Among
the cerebral regions, the frontal lobes were found to be most
vulnerable to alcohol-related brain damage [15, 18, 85, 86].
There is amodest loss of cholinergic innervation of the frontal
cortex. However, during behavioural tests in the PDT model
a lack of cholinergic activation in the frontal cortex was
observed, thus suggesting that frontal cortex is a “functionally
lesioned” structure.

In the PTD animal model, during the early WE stage,
anatomical damage is localized to the gelatinosus and ante-
roventral ventrolateral thalamic nuclei [76]. At the later
WKS stage, cell death extends into the posterior thalamus
(ventroposterolateral, ventroposteromedial, and ventrolat-
eral nuclei) [76, 87].

As in the animalmodels the encephalopathy progresses to
theWKS stage, the pathological damage further expands and
involves the medial mammillary bodies and numerous mid-
line intralaminar thalamic nuclei [57, 88]. The amnesic syn-
drome in WKS is due to the damage in the diencephalic-
hippocampal circuitry including thalamic nuclei and mam-
millary bodies. In particular, the neuronal loss in the ante-
rior thalamic nuclei (ATN)was found to be critical to the pro-
duction of amnesia in alcoholic-WKS patients [89]. There
is also a degeneration of functionally important limbic system
fiber tracts (i.e., fimbria/fornix and mammillothalamic tract)
[75, 90], while a severe hippocampal damage is rare despite
the evidence of functional impairment [3, 65].TheATNare of
crucial importance for learning and memory processes, and
isolated damage to this region produces a persistent amnes-
tic syndrome. Since dense connections exist between the
ATN and the hippocampus, damage to the ATN can impair
hippocampal functioning [66].

Therefore, cholinergic dysfunction associated with dien-
cephalic amnesia is likely the consequence of an impaired
cortical plasticity during cognitive processing rather than the
result of anatomical changes after deafferentation.

7. Conclusion

To the best of our knowledge, this is the first comprehensive
review article which covers the most relevant neurochemical,
neuroanatomical, and neuropsychological findings that have
been reported after thiamine deficiency.

WKS occurs for any conditions that may cause malnutri-
tion and thiamin deficiency. It is most commonly observed in
people with many years of chronic alcoholism. In fact,
chronic alcoholics are often in a malnourished state because

alcohol interferes with the absorption of nutrients from the
digestive system and replaces foods needed for essential
nutrients.Thiamin is required for energy production andpro-
per functioning of neurons. Thiamin deficiency can lead to
damage or death of neurons. Insufficient levels of thiamin
damage more severely some selectively vulnerable regions of
the brain, in particular the thalamus (the major relay station
of the brain that serves many important functions) and the
mammillary bodies, which are part of the hypothalamus,
located just below the thalamus. The mammillary bodies
receive many neural connections from the hippocampus,
which appears to be the primary part of the brain involved in
the formation of memories, and mammillary bodies neurons
projects to the thalamus, which in turn makes connections
with the cerebral cortex, where long-term memories are
stored. These anatomo-functional correlations may explain
why lesions involving the thalamus and the mammillary
bodies can lead to anterograde amnesia. Memories formed in
the hippocampus cannot be stored since connections within
the cortex are disrupted. Particularly the ATN is important
for learning andmemory, and damage to this region produces
a persistent amnestic syndrome.

PTD was used to produce a rodent model of WKS that
results in acute neurological disturbances, thalamic lesions,
and learning and memory impairments. ACh is a key neuro-
transmitter, and in vivomeasures of ACh in the hippocampus
are correlated with learning and memory performance. The
loss of diencephalic and in particular the loss of cholinergic
neurons in the MS/DB can contribute to the neuropsycho-
logical impairments and blunted behaviorally evoked hip-
pocampal ACh efflux in the PTD model [91]. However, ATN
lesions did not affect basal concentrations of ACh in the hip-
pocampus [91]. Therefore, the specific neurochemical sub-
strate underlying the amnesia in patients with WKS is still
poorly defined. A transcranial magnetic stimulation (TMS)
technique, the short latency afferent inhibition (SAI), may
give direct information about the function of some choliner-
gic pathways in the human motor cortex [91]. Nardone et al.
[92] provided physiological evidence of cholinergic involve-
ment in WKS. However, this putative marker of central cho-
linergic activity did not significantly correlate with the mem-
ory deficit in the examined patients. These findings suggest
that the cholinergic dysfunction alone is not sufficient to
cause a persisting amnesic syndrome in WKS. Multiple neu-
rochemical abnormalities may thus underlie this memory
loss in WKS. In particular, the noradrenergic and seroton-
ergic systems have been implicated in the pathophysiological
mechanisms of theWKS [92, 93], and the noradrenergic locus
coeruleus [94] and the brainstem serotoninergic nuclei [95]
have been examined in detailed neuropathological studies. A
better understanding of mechanisms involved in pathophys-
iology of thiamine deficiency may also enable early detection
and intervention in patients with WKS.
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[43] L. Acsády, M. Pascual, N. Rocamora, E. Soriano, and T.
F. Freund, “Nerve growth factor but not neurotrophin-3 is
synthesized by hippocampal GABAergic neurons that project
to the medial septum,” Neuroscience, vol. 98, no. 1, pp. 23–31,
2000.

[44] J. Berger-Sweeney, S. Heckers, M.-M. Mesulam, R. G. Wiley,
D. A. Lappi, and M. Sharma, “Differential effects on spatial
navigation of immunotoxin-induced cholinergic lesions of the
medial septal area and nucleus basalis magnocellularis,” Journal
of Neuroscience, vol. 14, no. 7, pp. 4507–4519, 1994.

[45] S. Heckers, T. Ohtake, R. G. Wiley, D. A. Lappi, C. Geula, and
M.-M. Mesulam, “Complete and selective cholinergic dener-
vation of rat neocortex and hippocampus but not amygdala
by an immunotoxin against the p75 NGF receptor,” Journal of
Neuroscience, vol. 14, no. 3 I, pp. 1271–1289, 1994.

[46] N. J. Woolf, R. W. Jacobs, and L. L. Butcher, “The pontomes-
encephalotegmental cholinergic system does not degenerate in
Alzheimer’s disease,” Neuroscience Letters, vol. 96, no. 3, pp.
277–282, 1989.

[47] Y.-Q. Wang, G.-L. Bian, Y. Bai, R. Cao, and L.-W. Chen,
“Identification and kainic acid-induced up-regulation of low-
affinity p75 neurotrophin receptor (p75NTR) in the nigral
dopamine neurons of adult rats,” Neurochemistry International,
vol. 53, no. 3-4, pp. 56–62, 2008.

[48] N. Zhao, C. Zhong, Y. Wang et al., “Impaired hippocampal
neurogenesis is involved in cognitive dysfunction induced
by thiamine deficiency at early pre-pathological lesion stage,”
Neurobiology of Disease, vol. 29, no. 2, pp. 176–185, 2008.

[49] R. G. W. Pires, S. R. C. Pereira, I. F. Oliveira-Silva, G. C. Franco,
and A. M. Ribeiro, “Cholinergic parameters and the retrieval

of learned and re-learned spatial information: a study using
a model of Wernicke-Korsakoff Syndrome,” Behavioural Brain
Research, vol. 162, no. 1, pp. 11–21, 2005.

[50] O. Nakagawasai, T. Tadano, S. Hozumi, K. Tan-No, F. Niijima,
and K. Kisara, “Immunohistochemical estimation of brain
choline acetyltransferase and somatostatin related to the
impairment of avoidance learning induced by thiamine defi-
ciency,” Brain Research Bulletin, vol. 52, no. 3, pp. 189–196, 2000.

[51] O. Nakagawasai, T. Tadano, S. Hozumi et al., “Characteristics of
depressive behavior induced by feeding thiamine-deficient diet
in mice,” Life Sciences, vol. 69, no. 10, pp. 1181–1191, 2001.

[52] J. J. Roland and L. M. Savage, “The role of cholinergic and
GABAergic medial septal/diagonal band cell populations in the
emergence of diencephalic amnesia,” Neuroscience, vol. 160, no.
1, pp. 32–41, 2009.

[53] K. G. Todd and R. F. Butterworth, “Mechanisms of selective
neuronal cell death due to thiamine deficiency,” Annals of the
New York Academy of Sciences, vol. 893, pp. 404–411, 1999.

[54] A. Szutowicz, H. Bielarczyk, S. Gul, A. Ronowska, T. Pawełczyk,
and A. Jankowska-Kulawy, “Phenotype-dependent susceptibil-
ity of cholinergic neuroblastoma cells to neurotoxic inputs,”
Metabolic Brain Disease, vol. 21, no. 2-3, pp. 149–161, 2006.

[55] O.Nakagawasai, “Behavioral and neurochemical alterations fol-
lowing thiamine deficiency in rodents: relationship to functions
of cholinergic neurons,” Yakugaku Zasshi, vol. 125, no. 7, pp.
549–554, 2005.

[56] J. Holowach, F. Kauffman, M. G. Ikossi, C. Thomas, and
D. B. McDougal Jr., “The effects of a thiamine antagonist,
pyrithiamine, on levels of selected metabolic intermediates and
on activities of thiamine-dependent enzymes in brain and liver,”
Journal of Neurochemistry, vol. 15, no. 7, pp. 621–631, 1968.

[57] P. J. Langlais, S.-X. Zhang, and L. M. Savage, “Neuropathology
of thiamine deficiency: an update on the comparative analysis
of human disorders and experimental models,”Metabolic Brain
Disease, vol. 11, no. 1, pp. 19–37, 1996.

[58] I. Watanabe, “Pyrithiamine-induced acute thiamine-deficient
encephalopathy in the mouse,” Experimental and Molecular
Pathology, vol. 28, no. 3, pp. 381–394, 1978.

[59] E. D. Witt, “Neuroanatomical consequences of thiamine defi-
ciency: a comparative analysis,”Alcohol and Alcoholism, vol. 20,
no. 2, pp. 201–221, 1985.

[60] J. C. Troncoso, M. V. Johnston, K. M. Hess, J. W. Griffin, and
D. L. Price, “Model of Wernicke’s encephalopathy,” Archives of
Neurology, vol. 38, no. 6, pp. 350–354, 1981.

[61] R. P. Vetreno, J. M. Hall, and L. M. Savage, “Alcohol-related
amnesia and dementia: animal models have revealed the con-
tributions of different etiological factors on neuropathology,
neurochemical dysfunction and cognitive impairment,” Neuro-
biology of Learning and Memory, vol. 96, no. 4, pp. 596–608,
2011.

[62] R. F. Butterworth and M. Heroux, “Effect of pyrithiamine
treatment and subsequent thiamine rehabilitation on regional
cerebral amino acids and thiamine-dependent enzymes,” Jour-
nal of Neurochemistry, vol. 52, no. 4, pp. 1079–1084, 1989.

[63] S. R. Pitkin and L. M. Savage, “Aging potentiates the acute
and chronic neurological symptoms of pyrithiamine-induced
thiamine deficiency in the rodent,” Behavioural Brain Research,
vol. 119, no. 2, pp. 167–177, 2001.

[64] S. R. Pitkin and L. M. Savage, “Age-related vulnerability to
diencephalic amnesia produced by thiamine deficiency: the role
of time of insult,” Behavioural Brain Research, vol. 148, no. 1-2,
pp. 93–105, 2004.



8 The Scientific World Journal

[65] L. M. Savage, Q. Chang, and P. E. Gold, “Diencephalic damage
decreases hippocampal acetylcholine release during sponta-
neous alternation testing,” Learning and Memory, vol. 10, no. 4,
pp. 242–246, 2003.

[66] J. J. Roland,K.Mark, R. P.Vetreno, andL.M. Savage, “Increasing
hippocampal acetylcholine levels enhance behavioral perfor-
mance in an animal model of diencephalic amnesia,” Brain
Research, vol. 1234, pp. 116–127, 2008.

[67] S. Anzalone, R. P. Vetreno, R. L. Ramos, and L. M. Savage,
“Cortical cholinergic abnormalities contribute to the amnesic
state induced by pyrithiamine-induced thiamine deficiency in
the rat,”European Journal of Neuroscience, vol. 32, no. 5, pp. 847–
858, 2010.

[68] L. J. Reed, D. Lasserson, P. Marsden et al., “FDG-PET findings
in the Wernicke-Korsakoff syndrome,” Cortex, vol. 39, no. 4-5,
pp. 1027–1045, 2003.

[69] R. G. Mair and D. M. Lacourse, “Radio-frequency lesions of
the thalamus produce delayed-nonmatching-to-sample impair-
ments comparable to pyrithiamine-induced encephalopathy in
rats,” Behavioral Neuroscience, vol. 106, no. 4, pp. 634–645, 1992.

[70] J. A. Burk and R. G. Mair, “Thalamic Amnesia reconsid-
ered: excitotoxic lesions of the intralaminar nuclei, but not
the mediodorsal nucleus, disrupt placed delayed matching-to-
sample performance in rats (Rattus norvegicus),” Behavioral
Neuroscience, vol. 112, no. 1, pp. 54–67, 1998.

[71] T. J. Walsh, C. D. Herzog, C. Gandhi, R. W. Stackman, and R.
G. Wiley, “Injection of IgG 192-saporin into the medial septum
produces cholinergic hypofunction and dose-dependent work-
ingmemory deficits,”Brain Research, vol. 726, no. 1-2, pp. 69–79,
1996.

[72] Q. Chang and P. E. Gold, “Impaired and spared cholinergic
functions in the hippocampus after lesions of the medial sep-
tum/vertical limb of the diagonal band with 192 IgG-saporin,”
Hippocampus, vol. 14, no. 2, pp. 170–179, 2004.

[73] K. G. Todd and R. F. Butterworth, “In vivo microdialysis in
an animal model of neurological disease: thiamine deficiency
(Wernicke) encephalopathy,” Methods, vol. 23, no. 1, pp. 55–61,
2001.

[74] A. S. Hazell, R. F. Butterworth, and A. M. Hakim, “Cerebral
vulnerability is associatedwith selective increase in extracellular
glutamate concentration in experimental thiamine deficiency,”
Journal of Neurochemistry, vol. 61, no. 3, pp. 1155–1158, 1993.

[75] P. J. Langlais and S. X. Z. Zhang, “Extracellular glutamate
is increased in thalamus during thiamine deficiency-induced
lesions and is blocked by MK-801,” Journal of Neurochemistry,
vol. 61, no. 6, pp. 2175–2182, 1993.

[76] S. X. Zhang, G. S. Weilersbacher, S. W. Henderson, T. Corso,
J. W. Olney, and P. J. Langlais, “Excitotoxic cytopathology,
progression, and reversibility of thiamine deficiency-induced
diencephalic lesions,” Journal of Neuropathology and Experi-
mental Neurology, vol. 54, no. 2, pp. 255–267, 1995.

[77] K. G. Todd and R. F. Butterworth, “Evaluation of the role
of NMDA-mediated excitotoxicity in the selective neuronal
loss in experimental Wernicke encephalopathy,” Experimental
Neurology, vol. 149, no. 1, pp. 130–138, 1998.

[78] G. E. Gibson and H. Zhang, “Interactions of oxidative stress
with thiamine homeostasis promote neurodegeneration,” Neu-
rochemistry International, vol. 40, no. 6, pp. 493–504, 2002.

[79] M. McKinney, “Braincholinergic vulnerability: relevance to
behavior and disease,” Biochemical Pharmacology, vol. 70, no.
8, pp. 1115–1124, 2005.

[80] C. Harper, “The neurotoxicity of alcohol,” Human and Experi-
mental Toxicology, vol. 26, no. 3, pp. 251–257, 2007.

[81] W. G. P. Mair, E. K. Warrington, and L. Weiskrantz, “Memory
disorder in Korsakoff ’s psychosis: a neuropathological and
neuropsychological investigation of two cases,” Brain, vol. 102,
no. 4, pp. 749–783, 1979.

[82] A. R. Mayes, P. R. Meudell, D. Mann, and A. Pickering, “Loca-
tion of lesions inKorsakoff ’s syndrome: neuropsychological and
neuropathological data on two patients,” Cortex, vol. 24, no. 3,
pp. 367–388, 1988.

[83] R. R. Jacobson and W. A. Lishman, “Cortical and diencephalic
lesions in Korsakoff ’s syndrome: a clinical and CT scan study,”
Psychological Medicine, vol. 20, no. 1, pp. 63–75, 1990.

[84] E. V. Sullivan and A. Pfefferbaum, “Neuroimaging of the
Wernicke-Korsakoff syndrome,” Alcohol and Alcoholism, vol.
44, no. 2, pp. 155–165, 2009.

[85] A. Pfefferbaum, E. V. Sullivan, D. H. Mathalon, and K. O. Lim,
“Frontal lobe volume loss observed with magnetic resonance
imaging in older chronic alcoholics,” Alcoholism, vol. 21, no. 3,
pp. 521–529, 1997.

[86] M. T. Ratti, P. Bo, A. Giardini, and D. Soragna, “Chronic
alcoholism and the frontal lobe: which executive functions are
impaired?” Acta Neurologica Scandinavica, vol. 105, no. 4, pp.
276–281, 2002.

[87] P. J. Langlais and R. G. Mair, “Protective effects of the glutamate
antagonistMK-801 on pyrithiamine-induced lesions and amino
acid changes in rat brain,” Journal of Neuroscience, vol. 10, no. 5,
pp. 1664–1674, 1990.

[88] P. J. Langlais and L. M. Savage, “Thiamine deficiency in rats
produces cognitive and memory deficits on spatial tasks that
correlate with tissue loss in diencephalon, cortex and white
matter,” Behavioural Brain Research, vol. 68, no. 1, pp. 75–89,
1995.

[89] A. Harding, G. Halliday, D. Caine, and J. Kril, “Degeneration of
anterior thalamic nuclei differentiates alcoholics with amnesia,”
Brain, vol. 123, no. 1, pp. 141–154, 2000.

[90] H. J. Markowitsch, “Diencephalic amnesia: a reorientation
towards tracts?” Brain Research Reviews, vol. 13, no. 4, pp. 351–
370, 1988.

[91] L. M. Savage, J. M. Hall, and R. P. Vetreno, “Anterior tha-
lamic lesions alter both hippocampaldependent behavior and
hippocampal acetylcholine release in the rat,” Learning and
Memory, vol. 18, no. 12, pp. 751–758, 2011.

[92] R. Nardone, J. Bergmann, P. De Blasi et al., “Cholinergic
dysfunction and amnesia in patients with Wernicke-Korsakoff
syndrome: a transcranial magnetic stimulation study,” Journal
of Neural Transmission, vol. 117, no. 3, pp. 385–391, 2010.

[93] W. J. McEntee and R. G. Mair, “Memory enhancement in
Korsakoff ’s psychosis by clonidine: further evidence for a
noradrenergic deficit,” Annals of Neurology, vol. 7, no. 5, pp.
466–470, 1980.

[94] P. R. Martin, B. Adinoff, E. Lane et al., “Fluvoxamine treatment
of alcoholic amnestic disorder,” European Neuropsychopharma-
cology, vol. 5, no. 1, pp. 27–33, 1995.

[95] G. M. Halliday, J. Ellis, and C. Harper, “The locus coeruleus and
memory: a study of chronic alcoholics with and without the
memory impairment of Korsakoff ’s psychosis,” Brain Research,
vol. 598, no. 1-2, pp. 33–37, 1992.


