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Abstract
Chronic alcoholism is associated with impaired cognitive functioning. Over 75% of autopsied
chronic alcoholics have significant brain damage and over 50% of detoxified alcoholics display
some degree of learning and memory impairment. However, the relative contributions of different
etiological factors to the development of alcohol-related neuropathology and cognitive impairment
are questioned. One reason for this quandary is that both alcohol toxicity and thiamine deficiency
result in brain damage and cognitive problems. Two alcohol-related neurological disorders,
alcohol-associated dementia and Wernicke-Korsakoff syndrome have been modeled in rodents.
These pre-clinical models have elucidated the relative contributions of ethanol toxicity and
thiamine deficiency to the development of dementia and amnesia. What is observed in these
models—from repeated and chronic ethanol exposure to thiamine deficiency—is a progression of
both neural and cognitive dysregulation. Repeated binge exposure to ethanol leads to changes in
neural plasticity by reducing GABAergic inhibition and facilitating glutamatergic excitation, long-
term chronic ethanol exposure results in hippocampal and cortical cell loss as well as reduced
hippocampal neurotrophin protein content critical for neural survival, and thiamine deficiency
results in gross pathological lesions in the diencephalon, reduced neurotrophic protein levels, and
neurotransmitters levels in the hippocampus and cortex. Behaviorally, after recovery from
repeated or chronic ethanol exposure there is impairment in working or episodic memory that can
recover with prolonged abstinence. In contrast, after thiamine deficiency there is severe and
persistent spatial memory impairments and increased perseverative behavior. The interaction
between ethanol and thiamine deficiency does not produce more behavioral or neural pathology,
with the exception of reduction of white matter, than long-term thiamine deficiency alone.
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Introduction
Alcohol addiction is a severe disorder with many long-lasting health consequences—one of
which can be impaired cognitive functioning. Numerous studies have reported that 50 – 75%
of detoxified alcoholics have some type of cognitive or memory disturbance (for reviews,
see Dufour, 1993; Parsons & Nixon, 1993; Smith & Atkinson, 1995). Furthermore, chronic
alcohol consumption can lead to at least two long-lasting neurological disorders associated
with severe cognitive dysfunction: alcohol-associated dementia (AAD) and Wernicke-
Korsakoff syndrome (WKS). The neurotoxic effects of long-term heavy alcohol
consumption are believed to produce AAD, whereas long-term heavy alcohol consumption
in combination with dietary deficiencies—particularly thiamine—can lead to WKS.
Although WKS is a nutrition deficiency disorder, it is most frequently reported in alcoholic
patients (Knopelman, Thomson, Guerrini & Marshall, 2009). Indeed, it has been estimated
that greater than 10% of alcoholic patients have symptoms of either AAD or WKS (Harper
& Kril, 1990; Parson & Nixon, 1993).

To gain mechanistic insights to the consequences of ethanol neural toxicity and thiamine
deficiency on learning and memory function, a number of animal models of alcohol-related
disorders have been developed. Some models isolate the effects of long-term or repeated
high levels of ethanol exposure whereas others assess the effects of thiamine deficiency.
Other work has assessed the synergistic interactions between ethanol toxicity and thiamine
deficiency. The amount of ethanol-induced neural and behavioral change seems to be
dependent on length of ethanol exposure, volume of alcohol, and degree of withdrawal signs
or number of binge bouts (Crews & Nixon, 2009). If animals are allowed to progress
through a severe a bout of thiamine deficiency (Zhang et al., 1995), there are massive
lesions in the anterior and midline thalamus as well as the mammillary bodies. Furthermore,
recent evidence demonstrates that thiamine deficiency alters hippocampal- and frontal
cortical-dependent behaviors and neurochemistry.

I. Human neurological disorders associated with chronic alcohol consumption
Autopsy evaluations and in vivo neuroimaging of the brains of diagnosed human alcoholics
has revealed that 78% of this population exhibits some degree of brain pathology (Goldstein
& Shelley, 1980; Harper, 1998). The clinical presentation of brain damage in alcoholics is
heterogeneous and results in a range of cognitive abnormalities. This is likely due to that a
multitude of factors present in the alcoholic lifestyle (head injury, liver disease,
malnourishment) that can cause brain damage. However, key factors that are important for
brain damage in chronic alcoholics are: amount of consumption, length of drinking history,
and malnourishment.

In fact, the diagnosis of AAD requires a careful clinical examination as this disorder
includes a wide range of disrupted cognitive capacities that overlap with other types of
dementia. Thus, a key diagnostic feature for this type of dementia is a history of alcohol
abuse. The DSM-IV-TR (American Psychiatric Association, 2000) defines AAD as
including memory impairment in addition to one or more other cognitive symptoms. The
cognitive disturbances can include: aphasia (inability to use or understand language),
apraxia (failure to make purposeful movements), agnosia (difficulty in identify objects), or
disturbance in executive functioning (deficits in planning, organizing, attention, and/or
changing cognitive strategies). In addition, the diagnosis of AAD cannot be made when a
patient is acutely intoxicated or in the process of alcohol withdrawal.

A heavy drinking history is a cardinal feature in the criteria for AAD: Specifically, more
than 35 drinks/week for men or 28 drinks/week for women for a period of 5 years. An
additional component is the impairment of both executive control and memory that persists
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after 60 days of abstinence (Olsin, Atkinson, Smith, & Hendrie, 1998; Schmidt et al, 2005).
Alcoholic-associated dementia is estimated to make up about 10% of all dementia cases and
heavy drinking history is a significant contributing factor to the development of other forms
of dementia (Smith & Kiloh, 1981). Although the existence of AAD is widely
acknowledged by health professionals, it is not often identified due to the diffuse criteria and
overlapping symptomology common in other cognitive disorders (Gupta & Warner, 2008).

In contrast, the clinical diagnosis of WKS has distinct behavioral criteria. Wernicke’s
encephalopathy, which is the acute phase of WKS, is diagnosed by a classic triad of
symptoms: oculomotor disturbances, motor-ataxia abnormalities, and global confusion
(Victor, Adams, & Collins, 1971). The primary diagnostic feature of WKS is profound
amnesia, both retrograde and anterograde (Victor, Adams, & Collins, 1989), but there are
also impairments of perceptual and abstract problem solving skills (see Butters & Cermack,
1983; Parsons & Nixon, 1993). Despite these clear diagnostic criteria, WE and WKS is
diagnosed more commonly in alcoholics at post-mortem than when while the patients are
alive (Harper, 2007; Torvik, Lindboe, & Rogde, 1982). Indeed, post-mortem prevalence
rates of WKS are 1 – 2% in the general population and 12 – 14% in the alcoholic population
(Harper, Kril, & Holloway, 1986; Harper, 1998).

A number of reviews in the human literature (Bowden, 1990; Joyce, 1994; Victor et al.,
1989; Harper, 1998) suggest that a clear clinical distinction between AAD and WKS may be
unwarranted. This argument is based on the fact that it is difficult to determine the dietary
status of many alcoholics making WKS an under-diagnosed disorder (Harper, 1998; Joyce,
1994). By this explanation, mild subclinical episodes of thiamine deficiency can account for
most cases of AAD. Proteomic studies have shown that thiamine status is also altered in
non-WKS alcoholics (Alexander-Kaufman, Harper, & Wilce, 2007). This finding provides
some evidence that mild-to-moderate thiamine deficiency plays a role in the
neurodegeneration observed in chronic alcoholics.

The cognitive decline observed in AAD patients is more variable than that reported in WKS
patients. Alcoholic-associated dementia is said to result in “global” cognitive decline across
a wide range of skills involving perceptual motor, visual spatial, abstract problem solving, as
well as learning and memory processes (see Oscar-Berman, Kirkley, Gansler, & Couture,
2004; Parsons & Nixon, 1993; Tarter, 1975). The key behavioral features of WKS are
profound amnesia that impedes new episodic and declarative learning and recall as well as
the appearance of confabulation (Kopelman et al., 2009). In the human patient there is much
overlap between AAD and WKS in both neuropathology and behavioral symptoms
(Bowden, 1990; Harper, 1998; Joyce, 1994). What is missing is a “gold standard” for the
neurological (both brain and behavior) diagnosis of AAD as distinct entity from WKS. This
quandary results in problems for the clinical diagnosis of both syndromes (Harper, 1998;
Olsin et al., 1998). Others (Lishman, 1986, 1990; Smith & Atkinson, 1995) argue that AAD
and WKS are distinct disorders with overlapping clinical symptoms. This “dual vulnerability
hypothesis” states that the development of these disorders in certain individuals likely
involves numerous factors. One key factor that has been hypothesized is a genetic pre-
disposition for the development of WKS (alterations in thiamine metabolism) or AAD
(susceptibility to alcohol neurotoxicity). However, in human patients it is difficult to
distinguish primary alcohol-induced pathology from brain damage due to the alcoholic
lifestyle (vitamin deficiency, malnutrition, head trauma, liver disease, diabetes).
Accordingly, neuropathological data as subsequently described in this review lends further
support towards a continuum on the effects of alcohol to thiamine deficiency on the brain
and memory.
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A. Neuropathology in alcohol-related disorders—The earliest reports of brain
abnormalities in those with excessive alcohol consumption were non-specific findings from
CT imaging and post-mortem data. For instance, CT studies in alcoholics described
reductions in brain volume (Harper & Blumbergs, 1982) and clinical pathology reports
revealed reduced brain weights in alcoholics compared to controls (Harding, Halliday,
Caine, & Kril, 1996). The most commonly reported findings in the brains of alcoholics are
sulcal widening and ventricular enlargement as well as cortical white matter shrinkage,
hippocampal abnormalities, and cell loss in the septal region and cerebellum (Harper, 1998;
Lishman, 1990; Parson & Nixon, 1994; Pfefferbaum et al., 1992).

It has been well documented that there is neuronal loss in specific regions of the cerebral
cortex, hypothalamus, and cerebellum of the alcoholic brain (Harper, Kril, & Daly, 1987).
However, a stereology study in humans (Harding, Wong, Syoboda, Kril, & Halliday, 1997)
found that there was no hippocampal neuronal loss in alcoholics compared to non-
alcoholics. It was discovered that the hippocampal volume decrease observed in human
alcoholics occurs from white matter loss and not from gray matter. Furthermore, both
pathological (Harper & Kril, 1990) and imaging studies (Pfefferbaum, Lim, Desmond, &
Sullivan, 1996) demonstrated reduced corpus callosum volume and white matter
degeneration in the cerebellum of alcoholics (Sullivan, Deshmukh, & Desmond, 1998). The
mechanism for white matter loss appears to be the occurrence of both myelin loss and the
degradation of axonal circuitry (Pfefferbaum & Sullivan, 2005).

The frontal lobes appear to be more vulnerable to alcohol-related brain damage than other
cerebral regions (Dirksen et al., 2006; Oscar-Berman et al., 2004; Pfefferbaum, Sullivan,
Mathalon, & Lim, 1997; Ratti, Bo, Giarini, & Soragna, 2002). Examination of post-mortem
tissue from the Australian brain bank has revealed decreased neuron density (15–23%) in the
frontal cortex of alcoholics (Harper & Matsumoto 2005). In vivo methods have shown
frontal cortex abnormalities in alcoholics, such as decreased frontal lobe volume detected by
MRI (Pfefferbaum et al., 1997), abridged regional blood flow measurements that can
recover with abstinence (Gansler et al., 2000), and decreased amplitude of event-related
potentials during the processing of visual targets (Chen et al., 2007). In addition,
hypermetabolism in white matter and hypometabolism in diencephalic-limbic gray matter
(frontal cortex, temporal cortex, retrosplenial cortex) has been found in WKS patients using
FDG-PET (Reed et al., 2003).

Numerous studies have revealed some significant neuropathological differences between
WKS and non-WKS alcoholics. While non-WKS alcoholics typically evidence some degree
of structural abnormalities in the same regions as WKS alcoholics, it is often less severe. For
example, WKS patients have wider third ventricles, larger lateral ventricles, and wider
interhemispheric fissures than non-WKS chronic alcoholics (Sullivan & Pfefferbaum, 2009).
However, sulcal and Sylvian fissure widths are equivalent in WKS and non-WKS alcoholics
(Jacobson & Lishman, 1990). Adding further credence to the notion of a continuum of
pathology, a graded pattern of volume deficits were observed, from mild in non-WKS
alcoholics to moderate and severe in WKS, in the frontal cortex, mammillary bodies,
hippocampus, thalamus, cerebellum, and pons (Sullivan & Pfefferbaum, 2009).

Studies by Harper and colleagues (1998 Harper and colleagues (2007) further suggest that
thiamine deficiency is the foremost feature causing severe brain damage and structural
changes in alcoholics. In WKS patients, regardless of etiology of thiamine deficiency
(different diseases or conditions that result in restrict eating or limit adequate vitamin
absorption), a prominent neuropathological consequence is lesions of the anterior and
midline thalamic nuclei as well as the mammillary bodies (Mair et al., 1979; Mayes et al.,
1988) and this extent of pathology is not evident in alcoholics without WKS. Recent studies
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suggest that the amnesic syndrome in WKS is due to damage in the diencephalic-
hippocampal circuitry including thalamic nuclei and mammillary bodies (Sullivan & Marsh,
2003). Furthermore, Harding et al. (2000) found that neuronal loss in the anterior thalamic
nuclei was critical to the production of amnesia in alcoholic-WKS patients.

B. Behavioral consequences of chronic alcoholism—In regards to a continuum of
behavioral impairment, Butters (1985) suggested that while problem solving and
visuoperceptual deficits develop slowly after many years of alcoholism, the amnesic
symptoms associated with WKS appear more acutely when severe malnutrition and
alcoholism are combined. The cognitive decline seen in AAD patients is more variable than
that reported in WKS patients. Cognitive deficits on frontal cortical-dependent tasks has
been observed in alcoholics with and without WKS (Dirksen, Howard, Cronin-Golomb, &
Oscar-Berman, 2006; Gansler et al., 2000; Oscar-Berman & Evert, 1997; Oscar-Berman et
al., 2004). Beyond tests of memory, WKS patients were impaired on tests of fluency,
cognitive flexibility, and perseverative responding. Non-WKS alcoholics showed some
frontal system deficits as well, but these generally were mild compared to the WKS patients.

The key clinical features of WKS are both anterograde amnesia, or the inability to create
new memories following the event that caused the amnesia, and retrograde amnesia, or the
inability to recall events prior to the amnesic state (Leng & Parkin, 1988). The retrograde
component of WKS can extend as far back 20–30 years and there is a temporal gradient
such that earlier memories are more intact (Kopelman, 1989). Studies that assessed
anterograde memory functions have demonstrated that WKS patients have impaired
declarative memory as assessed by both episodic (recall of passages) and semantic (letter
and category fluency) tasks (Butters et al., 1987; Gold & Squire, 2006). Such results have
been replicated many times (see Kopelman et al., 2009), demonstrating that WKS patients
have difficulty establishing new explicit memories and poor long-term memories for
personal experiences and the contexts in which they occur. Whether there is sparing of
implicit or nondeclarative memory functions in WKS patients appears to be dependent on
task demands. Studies that assess perceptual priming and perceptual motor performance
reveal that implicit memory is relatively spared in WKS patients (d’Ydewalle & Van
Damme, 2007; Fama, Pfefferbaum, & Sullivan, 2006; Gold & Squire, 2006). However,
delayed eyeblink conditioning, a basic form of implicit memory, is impaired in both WKS
patients and recovered alcoholics (McGlinchey-Berroth et al., 1995). This unique
impairment of implicit memory is likely related to cerebellar deterioration that occurs with
long-term alcohol consumption.

C. Recovery of impairment—While non-WKS alcoholic patients display some
significant recovery of function over time following long-term detoxification of alcohol,
WKS patients do not show the same trend. A number of longitudinal studies report that
abstinent alcoholics show improvements of working memory and visuospatial abilities
(Rosenbloom, Pfefferbaum, & Sullivan, 2004; Sullivan, Rosenbloom, Lim, & Pfefferbaum,
2000). Abstinence up to 7 years resolves many neurocognitive deficits associated with
alcoholism, except for the suggestion of lingering deficits in spatial processing (Fein, Torres,
& Prince, 2006). Gender appears to influence the recovery of motoric and postural
capacities: Male alcoholics displaying significant recovery of these behaviors, whereas
women alcoholics do not. Most of the human studies that have examined the development of
alcohol-related disorders have used male participants. However, evidence suggests that
women are more susceptible to alcohol-induced brain damage (Acker, 1986; Jacobson,
1986; Mann et al., 1992; Nixon, 1994; Wagner-Glen, 1993). This hypothesis arose from the
observation that women alcoholics often drink less alcohol and have shorter drinking
histories, but have brain damage comparable to male alcoholics (Nixon, 1994; Mann, Batra,
Gunthner, & Schroth, 1992). Furthermore, the cognitive impairments seen in alcoholic
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females tend to be more severe than those seen in male alcoholics (Wagner-Glen, 1993). In
addition, a disproportionately high number of women alcoholics exhibit AAD (Wagner-
Glen, 1993) and WKS (Torvick et al., 1982; Victor et al., 1971). Whether this increase in
“vulnerability” of women to the neurobehavioral and neuropathological consequences
associated with alcoholism is related to the neurotoxic effects of alcohol and/or thiamine
deficiency is unknown.

In neuropsychological tests, abstinent WKS patients of two years still show significant
impairment in visual and verbal short- and long-term memory, working memory, basic
executive functions, language, general knowledge, and visual-spatial abilities compared to
controls (Fujiwara, Brand, Borsutzky, Steingass, & Markowitsch, 2008). Thus, it appears
there is a continuum of functional recovery. Uncomplicated alcoholics, or those without
features of WE or WKS, recover some of the behavioral and memory functioning albeit
across years of abstinence. However, in WKS there is no significant recovery of functioning
after abstinence. This suggests that the neurotoxic effects of alcohol on the brain may be
temporary (Fein et al., 2006), while the neurological effects of thiamine deficiency are more
severe and permanent. Such questions can be answered directly by animal models.

II. Animal Models
Animal models serve a heuristic function by allowing for the precise manipulation of
variables in an experimentally testable situation. It is not possible to control for duration or
amount of alcohol exposure, malnutrition, or the age at which such exposure occurs in
humans. Animal models provide a framework for the integration of these variables, which in
turn allows for the direct testing of specific hypotheses about how gender, diet and ethanol
exposure interact. Thus, animal models may allow us to answer some questions about the
role different factors play in the development of alcohol-related disorders.

Three etiological protocols (chronic ethanol intake, chronic intermittent [binge] ethanol
intake, pyrithiamine-induced thiamine deficiency) have been used extensively to model
alcohol-related neurological disorders in rodents. This body of research suggests that the
neuropathology produced independently by thiamine deficiency differs in location and
extent from that produced by chronic ethanol consumption (see Figure 1). Consequently, the
extent of cognitive impairment is reflective of the degree and location of neuropathology
induced by varying degrees of ethanol exposure and thiamine deficiency. Thus, in the
review to follow, literature concerning learning and memory impairment will be discussed in
relation to both ethanol-induced and thiamine deficiency-induced alterations in brain and
behavior.

A. Types of Chronic Ethanol Exposure—A prominent feature of chronic ethanol
intake in rodents is impairment of hippocampal-dependent learning and memory (e.g.,
Cagetti, Pinna, Guidotti, Baicy, & Olsen, 2004; Lukoyanov, Pereira, Paula-Barbosa, &
Cadete-Leite, 2003), which occurs as a consequence of the vulnerability of the hippocampus
to ethanol-induced neurodegeneration (Garcia-Moreno et al., 2001; Paula-Barbosa, Brandao,
Madeira, & Cadete-Leite, 1993). However, the degree of cognitive impairment is dependent
upon the duration of ethanol exposure, the degree of resultant malnutrition, the animal
strain, and number of withdrawal episodes. Consequently, with regards to animal models of
human alcohol consumption, there is a continuum of ethanol exposure that produces
neurological effects ranging from alternations in brain plasticity to cellular death and overt
lesion. In the sections to follow, the literature concerning the rodent continuum of ethanol
exposure and neuropathology will be reviewed in relation to the etiology of hippocampal
learning and memory impairments.
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i. Chronic Intermittent Ethanol: The chronic intermittent ethanol (CIE) exposure
paradigm, which models human binge drinking and alcohol dependence, consists of repeated
episodes of ethanol intoxication and withdrawal (Olsen, Liang, Cagetti, & Spigelman,
2005). Despite a lack of gross neuropathology in this model, it does appear to alter
hippocampal function by modulating inhibition and excitation at the level of the synapse
(Nelson, Ur, & Gruol, 2005; Olsen et al., 2005; Ward, Lallemand, & de Witte, 2009).
Intermittent ethanol exposure and withdrawal hinders neural inhibition by reducing
GABA(A) receptor function (Kang, Spigelman, Sapp, & Olsen, 1996; Mahmoudi, Kang,
Tillakaratne, Tobin, & Olsen, 1997; Olsen et al., 2005) and modifying the expression of
specific GABA(A) receptor subunits at the mRNA and protein level (Cagetti, Liang,
Spigelman, & Olsen, 2003; Mahmoudi et al., 1997; Olsen et al., 2005). In addition, repeated
episodes of intoxication and withdrawal decrease seizure threshold (Becker, Veatch, &
Diaz-Granados, 1998; Kokka, Sapp, Taylor, & Olsen, 1993), which is presumed to occur as
a consequence of kindling induction (Kang et al., 1996; Mahmoudi et al., 1997). Thus,
downstream consequences of altered GABAergic function might include changes in
synaptic transmission, diminished neuroplasticity and increased neurotoxicity.

The CIE paradigm also alters hippocampal and cortical glutamatergic synaptic function by
elevating the expression of NMDA receptor subunits (NR2A and NR2B) after cessation of,
but not during, CIE exposure (Nelson et al., 2005; Qiang, Denny, & Ticku, 2007; Rani &
Ticku, 2006). The increase in NMDA receptor expression might also reflect altered
glutamatergic synaptic transmission following CIE treatment (Nelson, Ur, & Gruol, 1999).
A potential consequence of chronically elevated NMDA receptor activity might be reduced
levels of the survival-promoting neurotrophins (i.e., brain-derived neurotrophic factor
[BDNF; see Hardingham & Bading, 2003]) leading to excitotoxicity and cell death.
However, CIE exposure has been shown to increase both septal and hippocampal BDNF
levels (Miller, 2004) indicating that the effect of CIE on neurotrophins is structurally
dependent. Another consequence of CIE is temporary suppression of long-term potentiation
(LTP), a process thought to underlie neuroplasticity and hippocampal learning and memory
(Malenka & Nicoll, 1999; Roberto, Nelson, Ur, & Gruol, 2002). Long-term potentiation is
suppressed immediately following CIE exposure, but is recovered following as little as 5
days of withdrawal from this paradigm. This recovery of LTP coincides with the increased
NMDA receptor up-regulation indicating that the alteration of NMDA-dependent receptor
function might be involved in the recovery of LTP (Roberto et al., 2002). Subsequent
experimentation revealed decreased levels of phosphorylated mitogen activated protein
kinase (MAPK), which is critically involved in LTP formation, immediately following
withdrawal of CIE (English & Sweatt, 1997; Roberto et al., 2003). The recovery of LTP and
subsequent increase in NMDA receptor expression was accompanied by recovered MAPK
signaling (Roberto et al., 2003). Thus, the reduction of LTP immediately following cessation
of CIE is likely due to altered MAPK activation, whereas up-regulation of NMDA receptors
appears to might contribute to the recovery of LTP.

Chronic bouts of intoxication and withdrawal alter neural plasticity in the hippocampus that
result in cognitive deficits as evidenced by impairment on the spatial Morris water maze
(MWM). On this task, a rat is trained to learn the location of a submerged platform set in
opaque water. After several training sessions, the subject is then released from random
quadrants following a temporal delay within the circular apparatus and the latency and swim
path provides a reliable measure of spatial memory. Chronic intermittent ethanol exposure
impairs spatial recall of the location of an escape platform, but does not hinder spatial
learning during the training session (Cagetti et al., 2004). The altered plasticity and memory
impairments might be, in part, a corollary of diminished neurogenesis. Neurogenesis
involves the generation, maturation, migration and functional integration of new neurons
into the hippocampal dentate gyrus and has been implicated in hippocampal-mediated
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learning and memory (Gould, Beylin, Tanapat, Reeves, & Shors, 1999; Kempermann,
Wiskott, & Gage, 2004; Shors et al., 2001). Proper GABAergic (Ge et al., 2006) and
glutamatergic functioning at the NMDA receptor (Suzuki et al., 2006) is critical for
successful integration of newly generated cells. Altered inhibition and excitation, coupled
with reduced pro-survival neurotrophic support in the hippocampus, might lead to reduced
neurogenesis in the CIE model. Indeed, brief binge ethanol exposure reduces both
proliferation and survival of pluripotent cells (Crews et al., 2006; Nixon & Crews, 2002).
This is of relevance to learning and memory as reductions in neurogenesis are associated
with decreased hippocampal learning and memory (Madsen, Kristjansen, Bolwig, &
Wortwein, 2003; Winocur, Wojtowicz, Sekeres, Snyder, & Wang, 2006). However, further
research is necessary to determine if similar effects occur following chronic exposure.

ii. Chronic Ethanol Treatment: Chronic ethanol treatment (CET) models long-term
drinking behavior and consists of prolonged daily ethanol administration (10% – 20% v/v)
that lasts weeks to months (Franke, Kittner, Berger, Wirkner, & Schramek, 1997; Savage,
Candon, & Hohmann, 2000). This is accomplished either by exposure to successive
increases in ethanol concentration added to drinking water or atmosphere (Robles & Sabria,
2008; Zahr et al., 2009), or ethanol paired with an isocaloric liquid diet, which is thought to
control for nutritional deficiencies common to other CET models (Santucci, Cortes, Bettica,
& Cortes, 2008; Thinschmidt, Walker, & King, 2003). The result of these treatments is
selective neural damage and cognitive impairment that persists following a period of
abstinence (Farr, Scherrer, Banks, Flood, & Morley, 2005; Tremwel & Hunter, 1994).
Interestingly, CET does not differentially affect the progression of neuropathology in male
and female rats (Savage et al., 2000).

The cortex and hippocampus, two regions intimately involved in learning and memory, are
atrophied following chronic ethanol ingestion. Chronic ethanol treatment culminates in
shrinkage of both gray and white matter in the frontal cortex (Savage et al., 2000) and
decreased thickness of cortical layers I–III in the prelimbic cortex (Cadete-Leite, Alves,
Tavares, & Paula-Barbosa, 1990). Within the hippocampus, CET results in a 10 – 40%
reduction in neuronal populations (pyramidal cells, granule cells, and interneurons) with a
concomitant 20 – 60% decrease in the density of dendritic processes (Walker, King, &
Hunter, 1993). Interestingly, hippocampal pyramidal cells appear more vulnerable to the
neurotoxic effects of CET than granule cells (Bengoechea & Gonzalo, 1991). In addition,
the loss of hippocampal granule (16%) and pyramidal cell (20%) populations (Franke et al.,
1997; Paula-Barbosa et al., 1993) is evident after a 2-month abstinence period (Riley &
Walker, 1978; Walker, Barnes, Zornetzer, Hunter, & Kubanis, 1980). Thus, long-term
ethanol intake is neurotoxic to neurons in the hippocampal formation and cortex, and the
cellular death incurred likely contributes to learning and memory dysfunction.

Compounding CET-induced neuroanatomical damage is dysregulation of the basal forebrain
cholinergic system. This region is important for proper hippocampal function as it modulates
learning and memory in this region (for review, see Gold, 2003). Specifically, chronic
ethanol exposure reduces the populations of choline acetyltransferase (ChAT)- and
acetylcholinesterase (AChE)-positive cells in the medial septum/diagonal band (MS/DB
[Floyd et al., 1997; Hodges et al., 1991; Savage et al., 2000]), a structure that provides the
majority of acetylcholine (ACh) input to the hippocampus. The result of blunted cholinergic
input to the hippocampus is decreased ChAT and AChE activity and function (Casamenti,
Scali, Vannucchi, Bartolini, & Pepeu, 1993; Hodges et al., 1991; Lukoyanov et al., 2003;
Pires et al., 2001, 2005) as well as ACh receptor down-regulation within this region (Robles
& Sabria, 2008). However, there is no evidence of cortical cholinergic dysfunction
following CET (Pereira, Menezes, Franco, Costa, & Ribeiro, 1998; Pires, Pereira, Oliveira-
Silva, Franco, & Ribeiro, 2001; Pires et al., 2005). This culminates in downstream
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reductions in hippocampal ACh efflux (~57% decrease) and concomitant behavioral
dysfunction (Casamenti et al., 1993; Hodges et al., 1991; Melis, Stancampiano, Imperato,
Carta, & Fadda, 1996), suggestive of behaviorally-elicited hippocampal hypofunction.

A family of proteins that modulate neural plasticity underlying hippocampal learning and
memory are the neurotrophins (Chao, 2000; Lu & Chow, 1999). Chronic ethanol exposure
decreases expression of several of these proteins, including nerve growth factor (NGF) and
BDNF in the hippocampus (Hellmann, Rommelspacher, & Wernicke, 2009; Miller &
Mooney, 2004; Tapia-Arancibia et al., 2001), which might contribute to the behavioral
impairments (Davis, 2009). Indeed, a downstream consequence of reduced neurotrophin
levels in the hippocampus is diminished neurogenesis as these proteins are important
regulators of cell survival (Choi, Li, Parada, & Sisodia, 2009). Thus, diminished
hippocampal neurogenesis maybe contributing to the cognitive impairments observed in the
rodent CET model—but this has not been directly tested.

Long-term potentiation (LTP) is a form of activity-dependent synaptic plasticity induced by
high frequency stimulation that may underlie hippocampal-dependent learning and memory
(Bliss & Lomo, 1973; Bliss & Gardner, 1973). Chronic exposure to ethanol diminishes the
magnitude of LTP in the hippocampus (Peris et al., 1997). Unlike the dual role of GABA
and glutamate in decreasing LTP in the CIE paradigm, LTP in the CET model is altered due
to changes in GABAergic inhibition and acetylcholine transmission (Hu, Walker, Vickroy,
& Peris, 1999; Peris et al., 1997). Although the precise mechanism of CET-induced
potentiation of hippocampal GABAergic inhibition remains to be determined, it may involve
muscarinic receptor stimulation of GABAergic interneurons within the hippocampus (Hu et
al., 1999; Peris et al., 1997). Another form of synaptic plasticity, long-term depression
(LTD), involves low-frequency stimulation and is also thought to be involved in learning
and memory processes (for review, see Collingridge, Peineau, Howland, & Wang, 2010).
Similar to LTP, chronic ingestion of ethanol impairs LTD (Thinschmidt et al., 2003).
However, further research is necessary to delineate the precise relationship between
alterations in LTP and LTD as they relate to CET-induced learning and memory
impairment.

As was discussed in the preceding section, a hallmark feature of chronic alcohol intake in
humans is learning and memory deficits. Similarly in rodents, a prominent feature of CET is
deficits in hippocampal-dependent learning and memory function. Chronic ethanol
treatment-induced neuropathology and cholinergic biochemical dysfunction culminate in
behavioral impairments on the spatial MWM. Rodents exposed to long-term ethanol (20% v/
v for 6 months) demonstrate both impaired learning of the spatial MWM task as well as
decreased spatial memory of the location of a submerged platform relative to control
subjects (Lukoyanov et al., 2003). However, performance on the radial arm maze (RAM),
which assesses reference memory and working memory, has yielded contradictory results
following CET. The spatial RAM task targets both forms of memory by assessing the rats’
ability to discriminate between baited and unbaited arms and memory of arms from which it
as already retrieved food. Exposure to a moderate dose of ethanol (6.7 v/v for 7 months)
does not impair reference or working memory on the spatial RAM task (Steigerwald &
Miller, 1997). Interestingly, the concentration of ethanol the subject is exposed to appears to
be critical as higher doses (20% v/v) for similar durations severely impairs working and
reference memory on the spatial RAM task (Arendt et al., 1988; Arendt et al., 1989; Hodges
et al., 1991). These latter spatial deficits are congruent with reduced ChAT activity in both
the medial septum and nucleus basalis magnocellularis of the basal forebrain (Hodges et al.,
1991). There are also disparate findings regarding the effects of higher doses (20% v/v) of
ethanol on working and reference memory performance on the RAM task. However, these
differences appear to be due to the animal strain as Sprague-Dawley rats were impaired
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(Arendt et al., 1988; Arendt et al., 1989; Hodges et al., 1991), but similar doses did not
impair performance of Fisher rats (see Pereira et al., 1998).

Although there does not appear to be any differences in CET-induced neuropathological
progression across gender, it does differentially affect cognitive processes in male and
female rats. Indeed, on delayed matching- and delayed non-matching-to-position working
memory tasks, male rats that were exposed to CET (20% v/v) for 20 weeks evidenced
impairment on the non-matching version, whereas female rats displayed matching-to-
position impairment (Savage et al., 2000). The factors underlying these gender differences
are unclear, but are presumed to involve a complex interplay between hormonal and
neurobiological processes.

Further research is warranted to determine the precise nature of the spatial deficits
associated with CET, but pharmacological studies suggest that cholinergic hypofunction
might be of particular importance. This cholinergic deficit hypothesis is supported by the
reversal of maze performance deficits in CET rats treated with cholinergic agonists.
Specifically, administration of arecoline and nicotine, two ACh agonists, enhances working
memory on the spatial RAM task rats exposed to CET (20% v/v) for 28 weeks (Hodges et
al., 1991). Furthermore, transplantation of ACh-rich, but not ACh-poor, foetal neural tissue
from the basal forebrain into the hippocampus improved spatial RAM performance
following CET (Arendt et al., 1989; Hodges et al., 1991). Thus, the forebrain cholinergic
system holds promise as a therapeutic target for the treatment of cognitive deficits associated
with CET.

B. Models of Thiamine Deficiency—Experimental thiamine deficiency paradigms
model the dementia and neurodegeneration that typify nutritional deficiencies associated
with chronic alcohol-induced Wernicke-Korsakoff syndrome (WKS).

i. Thiamine Deficiency: In its simplest form, thiamine deficiency (TD) is induced via
exposure to a thiamine-depleted diet for an extended period of time (3–4 wks). As such,
exposure to a thiamine-deficient diet for as little as 9 days in mice has been demonstrated to
reduce hippocampal neurogenesis without negatively affecting the anatomy or physiology of
the hippocampus (Zhao et al., 2008). As thiamine deficiency progresses to 30 days, levels of
AChE are reduced in the cortex and hippocampus (Pires et al., 2001, 2005), which is
associated with deficits in spatial memory on the MWM (Pires et al., 2005) and impairments
on passive avoidance (Nakagawasai et al., 2000; 2001). Emotional behavior changes,
including impairment on forced swim and increased muricide (Nakagawasai et al., 2001).
The cognitive/memory deficits observed during the later phases of acute TD are improved
by administration of acetylcholinesterase inhibitors (AChEIs), muscarinic agonists or herbal
compounds that increase ACh release (Nakagawasai, 2005). After prolonged TD there is
also a loss of cholinergic neurons within the forebrain (Zhao et al., 2008) and a loss of
cholinergic fibers that innervate the hippocampus (Nakagawasai et al., 2000) that could
contribute to some of the cognitive/memory abnormalities seen in the late stages of TD.

ii. Pyrithiamine-Induced Thiamine Deficiency: The pyrithiamine-induced thiamine
deficiency (PTD) model has been used with rodents for the past 40 years to study both the
molecular and behavioral consequences of thiamine deficiency-induced WKS (e.g.,
Holowach, Kauffman, Ikossi, Thomas, & McDougal, Jr., 1968; Langlais, Zhang, & Savage,
1996; Watanabe, 1978; Witt, 1985). It involves co-administration of pyrithiamine (an
inhibitor of thiamine absorption and metabolism that also affects thiamine
pryophosphokinase and thiamine triphosphate [Butterworth & Heroux, 1989]) and feeding
of a thiamine-deficient diet, which reduces complications and mortality rates that tend to
accompany dietary thiamine deficiency alone (Freeman, Nielsen, & Gibson, 1987).
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Furthermore, dietary restriction alone typically produces lesion restricted to brainstem nuclei
and fails to produce the pattern of diencephalic lesion observed in WKS (Troncoso,
Johnston, Hess, Griffin, & Price, 1981; Witt, 1985). In contrast, the PTD model replicates
both the acute neurological signs of Wernicke’s Encephalopathy (WE), and the chronic
neuropathological and cognitive deficits that define alcohol-induced WKS (Langlais et al.,
1996; Troncoso et al., 1981; Witt, 1985).

Glutamate excitotoxicity is the primary mechanism of cell death the PTD model (Hazel
Butterworth, & Hakim, 1993; Langlais & Zhang, 1993; Todd & Butterworth, 1998). Recent
studies further confirm the role of oxidative stress in neuropathology associated with TD as
elevated levels of the oxidative stress indicators hemeoxygenase-1 and intracellular cell
adhesion molecule-1, have been reported in the brains of TD rats (Calingasan & Gibson,
2000b; Gibson & Zhang, 2002). During the early WE stage of PTD treatment, anatomical
damage is localized primarily to the gelatinosus and anteroventral ventrolateral thalamic
nuclei (Zhang et al., 1995). As thiamine deficiency progresses into the later WE stage, cell
death extends throughout several nuclei within the posterior thalamus (Langlais & Mair,
1990; Zhang et al., 1995). As PTD treatment progresses to model WKS, this pathological
profile expands to encompass damage to numerous midline intralaminar thalamic nuclei and
the medial mammillary bodies (Langlais & Savage, 1995; Langlais et al., 1996). Figure 2
displays the lesions and cell loss in the diencephalon in the PTD model using the
immunocytochemical marker NeuN that stains the nucleus of neurons. In addition to the
neuronal loss, there is degeneration of key limbic system fiber tracts (i.e., fimbria/fornix and
mammillothalamic tract [Langlais & Zhang, 1997; Markowitsch, 1988]). Interestingly, there
is little indication of gross hippocampal damage (Langlais, Mandel, & Mair, 1992) despite
evidence of functional impairment (Savage, Chang, & Gold, 2003; Vetreno, Anzalone, &
Savage, 2008). This has led to the hypothesis that learning and memory impairments in PTD
model is a product of a disconnect between the diencephalon and the extended hippocampal
system (see Markowitsch & Pritzel, 1985; Warrington & Weiskrantz, 1982 for a description
of the disconnection syndrome theory).

Alterations in basal forebrain cholinergic input to the hippocampus is another factor likely
contributing to learning and memory impairment in the PTD model. Indeed, memory
deficits during the WE stage of PTD are reversed via administration of AChEIs
(Nakagawasai, 2005) indicative of cholinergic dysfunction. Furthermore, our laboratory
consistently demonstrated a ~30% reduction in ChAT-positive cells in the MS/DB during
the WKS stage (Pitkin & Savage, 2001, 2004; Roland & Savage, 2009b), which correlates
with behavioral impairment on spatial tasks (e.g., Roland & Savage, 2009b). This effect is
congruent with thiamine deficiency as thiamine is a necessary co-factor for ACh synthesis
(Todd & Butterworth, 1999) and ACh-synthesizing cells in the basal forebrain are especially
liable to thiamine deficiency-induced cell death (Szutowicz et al., 2007). Loss of cholinergic
cells, in turn, reduces ACh fiber densities within the hippocampus and cortex (Anzalone,
Vetreno, Ramos, & Savage, 2010) that is correlated to blunted hippocampal cholinergic
efflux during behavioral testing (Roland & Savage, 2007; Roland, Mark, Vetreno, &
Savage, 2008; Savage et al., 2003; Savage, Roland, & Klintsova, 2007; Vetreno et al.,
2008). This neuroanatomical and neurochemical data supports the “disconnection
syndrome” hypothesis. Furthermore, as shown in Figure 3, not only is the hippocampus
functionally down regulated after PTD treatment, but so are the limbic (prefrontal, frontal
and retrosplenial) cortices. It is important to note that not all memory-related structures are
affected: ACh efflux in the amygdala and striatum are normal when rats are tested on
hippocampal-dependent tasks (Savage et al., 2007; Vetreno et al., 2008).

Additional support of the disconnection syndrome hypothesis is provided by the
demonstration of recovery of function following administration of AChEIs, either
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systemically or intrahippocampally (see Figure 4, Roland et al., 2008;Roland, Levinson,
Vetreno, & Savage, 2010), or intraseptal administration of bicuculline (Roland & Savage,
2009a). Thus, the extended hippocampal system atrophy, coupled with reduced hippocampal
cholinergic innervation, culminates in severe and long-lasting learning and memory
impairments. The precise nature of this interaction remains unclear, but the decrease in
cholinergic innervation to the hippocampus might reduce neurogenesis, which would
produce impaired learning and memory of hippocampal-mediated tasks. Although no studies
have assessed this to date, this seems likely given the recent finding from our laboratory of
reduced BDNF expression in the hippocampus of PTD-treated rats (see Figure 5).

Several long-term behavioral deficits remain after administration of thiamine replacement
therapy to resolve PTD treatment. Working memory deficits, as assessed on non-matching-
to-position and non-matching-to-sample tasks (NMTP/NMTS) as well as matching-to-
position and matching-to-sample tasks (MTP/MTS), have been consistently demonstrated in
PTD rats (Langlais & Savage, 1995; Mumby, Cameli, & Glenn, 1999). These tasks require
the subject to remember, for varying latencies, the order of stimulus presentation and use
this information to guide behavior on future trials. Most studies implicate damage to the
midline thalamic nuclei as causal to the working memory impairments (Mair, Otto, Knoth,
Rabchenuk, & Langlais, 1991; Langlais et al., 1992; Langlais & Savage, 1995). Spatial
learning and memory is also impaired in the PTD model. Using the spontaneous alternation
task, which provides a good measure of hippocampal-dependent spatial memory (McIntyre,
Pal, Marriott, & Gold, 2002; McIntyre, Marriott, & Gold, 2003), our laboratory has
consistently demonstrated impaired alternation behavior in PTD rats (Roland et al., 2008;
Savage et al., 2003, 2007; Vetreno et al., 2008). Pyrithiamine-treated rats are also impaired
on the spatial MWM as evidenced by longer latencies to locate the hidden platform and
increased thigmotaxic behavior (Langlais et al., 1992; Pires et al., 2005).

Despite all of the learning and memory deficits associated with PTD treatment, some
learning and memory ability are preserved. Learning of simple discrimination tasks, such as
light-dark discrimination (Mair, Anderson, Langlais, & McEntee, 1988), is unaffected in
PTD-treated subjects. Similarly, these subjects are unimpaired on spatial tasks that do not
require the hippocampus, such as an egocentric, striatal-based t-maze task (Vetreno et al.,
2008) and an amygdala-based MTP task (Langlais & Savage, 1995).

iii. Thiamine Deficiency & Ethanol Exposure: Exposing rodents to ethanol in
combination with bouts of thiamine deficiency is used to assess the combined effects of
these processes on brain physiology and function (Ciccia & Langlais, 2000; He, Sullivan,
Stankovic, Harper, & Pfefferbaum, 2007; Pires et al., 2001, 2005). It is thought that thiamine
deficiency might exacerbate ethanol-induced neurotoxicity (Lotfi & Meyer, 1989; Zimitat et
al., 1990). The onset of the clinical stages associated with thiamine deficiency do occur
earlier and progress at a faster rate in rats that received ethanol than in those that did not
(Zimitat, Kril, Harper, & Nixon, 1990). However, assessment of the effects of thiamine
deficiency and ethanol in combination failed to demonstrate consistent synergistic effects in
accelerating cognitive impairments (Ciccia & Langlais, 2000): Chronic ethanol alone
increased preservative errors on spontaneous alternation and reduced delayed nonmatching-
and matching-to-sample scores, whereas thiamine deficiency alone or in combination with
CET only impaired delayed matching-to-sample scores. Combined CET and 1 week of
exposure to a thiamine deficient diet was reported to reduce cortical and hippocampal AChE
activity to a greater extent than ethanol alone (Pires et al., 2001). However, white matter
atrophy appears to be more sensitive to the combined effects of thiamine deficiency and
ethanol exposure: Rodents exposed to PTD + ethanol had greater thinning of myelin in the
corpus callosum than did subjects that received only PTD treatment (He et al, 2007). The
timing of thiamine deficiency during chronic ethanol exposure appears to affect the degree
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of frontal cortical cell loss. If thiamine deficiency occurs at the beginning, but not end, of the
protracted ethanol exposure there is a loss of neurons in the FR1 region of the rat cortex
(Kril & Homewood, 1993). Although these combined paradigms provide some insights into
the contributions of the interactions between ethanol and thiamine deficiency, they do not
encompass the entire spectrum of anatomical and behavioral pathology that characterize
human WKS.

Summary
The neurological disorders of AAD and WKS are difficult to distinguish by their clinical or
neuropathological features. There appears to be a continuum of brain and behavioral
dysfunction in alcoholics with and without WKS. Numerous imaging studies have revealed
the cortical and subcortical shrinkage, as well as ventricular enlargement, is greater in WKS
alcoholics than uncomplicated alcoholics (Sullivan & Pfefferbaum, 2009). Despite relatively
clear diagnostic criteria for WKS it is still under diagnosed in living alcoholics (see Harper,
2007). This occurs because the early clinical features of thiamine deficiency (the WE phase)
can be missed or masked by alcohol intoxication. There is clear evidence that if patients are
treated by high doses of thiamine in the WE phase, the amnestic Korsakoff phase can be
modified or eliminated. However, if left untreated, the declarative-type of amnesia persists
with little recovery across time. The WKS patient population was pivotal in the development
of the theoretical dual memory dissociation between declarative (hippocampal-based
memory) and nondeclarative (nonhippocampal memory) memory processes (see Squire,
1982).

In chronic alcoholics without WKS, some of the brain damage and cognitive impairment
appears to be reversible if abstinence is achieved. The pattern of cognitive deficits seen in
abstinent uncomplicated alcoholics is ‘frontal’ in nature, but hippocampal-dependent
memory also seems to be affected. White matter loss within the cortex appears to be a major
contributor to cognitive dysfunction (Sullivan & Pfefferbaum, 2009). However, neuronal
loss has also been documented in specific regions of the frontal cortex (Harper et al., 1987).
The frontal lobes regulate what has been termed “executive functions”: complex cognitive
skills such as working memory, sequential ordering and reversal learning. These are the
types of tasks that chronic alcoholics perform poorly on. However, binge drinking (most
alcoholics have multiple episodes of heavy drinking followed by abstinence) that leads to
repeated withdrawal syndromes appears to create hippocampal dysfunction that includes
impaired neurogenesis and memory (see Crews & Nixon, 2009).

Animal models have shown us that both thiamine deficiency and chronic ethanol exposure
adversely affect several brain regions and produce a range of behavioral impairment (see
Figure 1). Both etiological factors produce some similar brain effects: loss of cholinergic
cells in the basal forebrain, hippocampal ACh hypofunction, as well as shrinkage of frontal
cortical grey and white matter. Thiamine deficiency has additional lesions and significant
cell loss in the diencephalon. Numerous studies have demonstrated in both WKS patients
and animal models that anterior and midline thalamic damage is critical in the production of
anterograde amnesic state associated with thiamine deficiency. However, hippocampal and
frontal cortical cholinergic dysfunctions are emerging as critical variables in the extent of
amnesia and recovery of function. If ACh levels within the septohippocampal system are
increased in PTD rats, then spatial memory can be recovered (see Figure 4).

Studies that have directly compared the two treatment protocols are few—as are the number
of studies that have examined the interactive effects of ethanol toxicity and thiamine
deficiency. To date, although ethanol may hasten the progression of thiamine deficiency, no
additive behavioral impairment is found when ethanol exposure and thiamine deficiency is
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combined. These results suggest that severe neuropathology produced by thiamine
deficiency decreases spatial memory to such an extreme dysfunctional level that is not
further disrupted by additional brain damage. However, a recent study demonstrated that the
corpus callosum appears to be affected to a greater extent when chronic ethanol exposure is
combined with thiamine deficiency (He et al,. 2007).

Although there has been some effort to distinguish differences in neuropathology between
the two models, there has been minimal effort to characterize the models on behavioral
signs. Understanding the behavioral impairments produced by different etiological factors
may lead to greater understanding of the human clinical conditions of AAD and WKS, and
contribute to our knowledge of behavioral-brain relationships. This approach will result in a
more valid model system for use in exploring potential therapeutic interventions for
disorders of cognition and memory.
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Figure 1.
A schematic outlining the similarities and differences of the chronic ethanol exposure and
thiamine deficiency affects on brain structure and behavior in animal models. Bulleted
points represent factors that can modify the degree of dysfunction. Although there is
considerable overlap between the two etiological variables, thiamine deficiency is unique in
producing lesions within the diencephalon.
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Figure 2.
Neuronal specific nuclear protein (NeuN) stained slides comparing the thalamus and
mammillary bodies of PF and PTD rats (from Anzalone et al, 2010). The top row (A and B)
reveal the anterior thalamic nuclei in both PF and PTD rats. In PTD rats there is selective
cell loss in the anteroventral ventrolateral (AVVL) with relative sparing of the anteroventral
dorsal medial (AVDM) and anterodorsal nuclei (AD). The middle row (C and D) are images
of midline and intralaminar thalamic structures. There is significant cell loss in the
intralaminar nuclei (central medial (CM), paracentral (PC) and centrolateral (CL) nuclei) as
well as the posterior thalamic nucleus (Po). However, the medial dorsal (MD) nucleus is
spared—with the exception of the most ventral tip. The bottom row (E and F) are examples
of the hypothalamus including the mammillothalamic tract (mt), medial mammillary nucleus
(MM), lateral medial mammillary nucleus (ML) lateral mammillary nucleus (LM) and the
supramammillary nucleus (SuM). There is significant cell loss medial mammillary ncuclei
(MM, ML) and within the SuM.
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Figure 3.
Mean (± SEM) changes in ACh efflux (relative to baseline) before (B1-3), during (M1-3)
and after (A1-3) training on hippocampal-dependent tasks in different memory-related brain
structures in both PF (squares) and PTD (circles) rats. The greatest reductions were seen in
the medial frontal cortex (A) prefrontal cortex (B), and hippocampus (C) followed by a
moderate decrease in the retrosplenial [area 29ab] cortex (D). In contrast, no impairments in
ACh efflux were observed in the amygdala (F) or dorsal striatum (F).
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Figure 4.
Acetylcholinesterase inhibors (AChEIs) acutely infused into the hippocampus (A: 40 ng,
●=0.97), medial septum (B: 5 μg,●=0.99) and medial frontal cortex (C: 1 μg,●=3.14) all
significantly increased spontaneous alternation performance in PTD rats. NOTE: Dose
response curves for all AChEIs were conducted for behavior and ACh efflux. Only the
maximum effective dose is shown for each drug condition. *= significant difference between
control and treatment conditions in PTD rats; ^ =Drug recovery in PTD rats is still reduced
relative to PF saline score; ns= Recovery in PTD rats is equal to PF control score. For
comparisons across studies, Cohen’s effect size (●) was reported.
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Figure 5.
(A) Basal brain derived neurotropic factor (BDNF) levels in PF (open bars) and PTD rats
(black bars). (B) There is a strong positive correlation between BDNF levels in the
hippocampus and frontal cortex.
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