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Abstract
The septohippocampal pathway, which is mostly comprised of cholinergic and GABAergic
projections between the medial septum/diagonal band (MS/DB) and the hippocampus, has an
established role in learning, memory and disorders of cognition. In Wernicke-Korsakoff’s syndrome
(WKS) and the animal model of the disorder, pyrithiamine-induced thiamine deficiency (PTD), there
is both diencephalic damage and basal forebrain cell loss that could contribute to the amnesic state.
In the current experiment, we used the PTD animal model to access both cholinergic (choline
acetyltransferase [ChAT] immunopositive) and GABAergic (parvalbumin [PV]; calbindin [CaBP])
neuronal loss in the MS/DB in relationship to midline-thalamic pathology. In addition, to gain an
understanding about the role of such neuropathology in behavioral dysfunction, animals were tested
on a non-rewarded spontaneous alternation task and behavioral performance was correlated to
neuropathology. Unbiased stereological assessment of neuronal populations revealed that ChAT-
positive neurons were significantly reduced in PTD rats, relative to control pair-fed rats, and thalamic
mass and behavioral performance correlated with ChAT neuronal estimates. In contrast, both the
PV- and CaBP-positive neurons in the MS/DB were not affected by PTD treatment. These results
support an interactive role of both thalamic pathology and cholinergic cell loss in diencephalic
amnesia.
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Introduction
Basal forebrain damage contributes to memory problems in a number of disorders including
Alzheimer’s disease (Whitehouse et al., 1982; Schliebs, 2005) and diencephalic amnesia
associated with thiamine deficiency (Wernicke Korsakoff syndrome [WKS] (Schliebs and
Arendt, 2006; Savage et al., 2007). The basal forebrain region includes a number of groups of
cholinergic neurons (medial septal area, diagonal vertical bands, and nucleus basalis) that
project to the hippocampus, amygdala and cortex. The medial septum/diagonal band (MS/DB)
complex located in the forebrain is composed of cholinergic and GABAergic neurons that
project to the hippocampal formation (Mesulam et al., 1983; Frotscher and Leranth, 1985;
Wainer et al., 1985). Lesions of the septal region that disrupt both cell populations—but not
either alone--impair spatial memory and also alter theta rhythm in the hippocampus (Pang et
al., 2001; Smith and Pang, 2005; Yoder and Pang, 2005). However, many neurological
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disorders that include neurodegeneration of the cholinergic neurons have sparing of the
GABAergic neurons (see Schliebs and Arendt, 2006).

Then again, there is seldom a neurological disorder that has selective damage to a single
structure. The role of MS/DB cell loss in relation to other brain pathology has not been
extensively assessed. We have previously observed in a rat model of WKS, pyrithiamine-
induced thiamine deficiency (PTD), that along with thalamic, cortical and mammillary damage,
there is also a loss of cholinergic neurons in the MS/DB (Pitkin and Savage, 2001, 2004; Savage
et al., 2007). Subsequently, this pathology leads to selective cholinergic hippocampal
dysfunction as assessed by in-vivo microdialysis in PTD-treated rats (Savage et al., 2003;
Savage et al., 2007). Furthermore, enhancing hippocampal ACh levels via site-specific
administration of physostigmine alleviated the PTD-induced behavioral impairment (Roland
et al., 2008). Such results suggest that there is a functional impairment of the septohippocampal
pathway in PTD-treated rats. Thus, the behavioral impairment observed in WKS and the PTD
model could be a result of combined neuropathology to diencephalic and basal forebrain
systems.

Thiamine deficiency, associated with diencephalic amnesia, has been proposed to lead to
mitochondrial dysfunction that creates decreased cellular metabolism, glutamate excitotoxicity
and oxidative stress in the thalamus, mammillary bodies and other diencephalic structures
(Todd and Butterworth, 1999, 2001). The mechanisms of cell death in the MS/DB after
thiamine deficiency are unknown. However, thiamine is critical for the production of
acetylcholine (ACh). Thiamine acts as a cofactor for the production of the enzymes
transketolase, pyruvate dehydrogenase (PDH), and alpha-ketoglutarate dehydrogenase (α-
KGDH). PDH is essential in the production of ACh because it converts pyruvate to acetyl-CoA
during the process of glycolysis (Todd and Butterworth, 1999). The ratio of acetyl-CoA energy
producing and ACh synthesizing capacities may result in differential susceptibility of
cholinergic populations to oxidative stress (McKinney, 2005). In addition, cholinergic cells
appear to have a higher demand for energy production and are more sensitive to glucose
deprivation (Szutowicz et al., 2007). These properties may make some cholinergic populations
more sensitive to PTD-related neurodegeneration.

However, we do not know if ChAT immunopositive cells are the only MS/DB cell population
sensitive to thiamine deficiency. Within the MS/DB, there is a group of GABAergic neurons
that project to the hippocampus, which contain the calcium-binding protein parvalbumin [PV],
(Freund, 1989). It has been suggested that the presence of PV in the cell body may protect
against calcium-induced neurodegeneration (Heizmann, 1984; Freund et al., 1992). These PV-
immunoreactive (PV-ir) neurons, localized mainly in the medial MS/DB regions (Heizmann,
1984), play an essential role in modulating the septal influence on hippocampal activation
(Morris et al., 1999). The MS/DB also has a population of GABAergic interneurons that contain
the calcium-binding protein calbindin ([CaBP], Freund and Antal, 1988). Within the medial
septal region, the majority of CaBP immunoreactivity is found in the MS-lateral septum (LS)
border with less reactivity in the more medial MS and DB regions (Jakab and Leranth, 1995).
These CaBP-containing cells along the MS/LS border receive projections from the PV-
containing MS/DB cells (Kiss et al., 1997) and have a bi-directional connection to the
supramammillary nucleus (Borhegyi and Freund, 1998).

There is some evidence that damage to both ACh and GABA neurons of the basal forebrain
are needed before some animal models display memory dysfunction (Sotty et al., 2003;
Manseau et al., 2005; Smith and Pang, 2005; Yoder and Pang, 2005). The current experiment
used unbiased stereology techniques to estimate cell loss of ChAT, PV, and CaBP neuronal
populations within the MS/DB after PTD-treatment and related this neuropathology to the loss
of midline thalamic tissue. In addition, control and PTD-treated animals were tested on a non-
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rewarded spontaneous alternation task. Performance on the spontaneous alternation is not a
measure of spatial memory per se, rather it has been shown to be related to spatial memory.
However, spontaneous alternation is affected by manipulations that alter memory performance
on other tasks (lesions of the hippocampus, medial septum, cholinergic drugs, etc.—see
Hughes, 2004; Lolonde, 2002). Percent alternation, in both groups of rats was compared to all
neuronal estimates as well as thalamic pathology. The goal of this study was to determine the
relationship between MS/DB pathology and thalamic damage to further understand how
neuropathological interactions produce behavioral impairment. Determining the critical
pathological features of diencephalic amnesia is essential for understanding the
interdependencies between brain regions as well as the development of pharmocotherapeutics
to treat disorders of cognition and memory.

Methods
Subjects

This experiment used 20, 3–4 month old, male Sprague-Dawley rats (PF = 10; PTD = 10). Two
sets of animals were used: The first set had a total of 12 animals (PF = 6; PTD = 6) and after
behavioral testing their brain sections were used to compare ChAT and PV staining. A second
set of animals (PF = 4; PTD = 4) were treated and assessed at a later date using the exact same
histological and behavioral procedures. The brains from the second set of animals, along with
4 rats from the first group (PF = 2; PTD = 2) were used to compare ChAT-ir and CaBP-ir
staining.

PTD & PF Treatment
At the onset of the treatment phase, both PTD and PF animals had ad libitum access to water
and thiamine-deficient chow (Harlan-Teklad Mills, WI). PTD treatment consisted of daily
injections of pyrithiamine HBr (0.25 mg/kg, i.p. Sigma Chem. Corp., MO). Pyrithiamine is a
thiamine antagonist that inhibits thiamine pyrophosphokinase, the enzyme that catalyzes the
production of the coenzyme form of thiamine, thiamine pyrophosphokinase (Butterworth and
Heroux, 1989). Within 14–16 days of treatment, PTD subjects developed symptoms of
anorexia, ataxia, loss of righting reflexes, and eventually display seizure activity. Animals were
monitored bi-hourly for these neurological changes starting on day 13. Within 4 – 4.5 hours
of the appearance of seizure activity, all PTD-treated rats were reversed with a large dose of
thiamine (100 mg/kg). The described protocol produces reliable diencephalic damage
(Langlais and Savage, 1995). The administration of thiamine and return to normal chow
completely reversed the acute symptoms within 8 hours and animals typically were fully
recovered within 24 hours. The PF control rats were fed daily with thiamine deficient chow
equal to the average amount eaten by the PTD-treatment group (to mimic the anorexia effects)
and were given daily injections of thiamine HCl (.04 mg/kg i.p.). All rats were given two weeks
to recover and return to a normal free-feeding weight. The weights of all animals were
monitored daily to assess health status. All rats recovered completely from treatment and were
behaviorally tested.

Behavioral Testing
After complete recovery from PTD treatment (approximately 2 weeks) and prior to behavioral
testing, every animal was handled for 4 days, 10 minutes each to reduce anxiety to
experimentation as well as fasted overnight to increase exploration. Maze testing consisted of
animals being placed on the plus-maze to perform non-rewarded spontaneous alternation for
18 minutes. The maze was constructed of wood with clear Plexiglas sidewalls (12 cm high)
and a black floor with all arms of equal distance (55 cm) and was elevated 80 cm from the
floor. Animals were placed in the center of the maze at the beginning of testing and the
experimenter recorded all arm entries. The percent alternation score is equal to the ratio of:
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(actual alternation/possible alternations) × 100. With the exception of the first arm chosen,
every time the animal chose an arm they had the possibility to make an alternation or go straight.
Actual alternations were the number of times the animals chose to turn a corner rather than go
straight ahead.

Histology
After behavioral testing, animals were transcardially perfused and the brains were removed
and placed in a 10% formalin solution for 1 week followed by emersion in a 30% sucrose
solution for an additional week. Brains were then frozen and sliced (60 μm) with a sliding
microtome (Sm2000r; Lecia Instruments, Germany). Every sixth section starting with the most
rostral septal nuclei (1.20 mm from bregma) to the end of the diagonal band (−.26 mm from
bregma) was selected for ChAT-immunocytochemistry (ICC) resulting in 4–5 sections per
animal with 360 μm in between each section. For PV-ICC or CaBP-ICC, the adjacent section
to each section selected for ChAT was selected resulting in 4–5 sections per animal with 360
μm in between each section.

ChAT ICC
In between each step, all sections were washed in phosphate buffer (pH=7.2–7.4) 3 times, for
5 minutes each. First, sections were washed in a H2O2 solution to quench endogenous
peroxidases for 20 minutes. Next, sections were incubated for 60 minutes in a blocking solution
(3% normal rabbit serum and 0.1% Triton X-100 in PB). Sections were then incubated in the
primary goat anti-ChAT (diluted 1:100 in blocking solution; Chemicon International) at 4° C
for 24 hours. The primary antibody was followed by biotinylated anti-goat IgG (1:100;
Vectastain ABC Kit, Vector Laboratories) for 60 minutes and then Vectastain ABC reagent
for 60 minutes. To visualize the ChAT antibody, we used diaminobenzidine (DAB Fast Tablet,
Sigma) as a chromogen. Negative control slices were run for both groups and consisted of the
same procedure minus the primary antibody.

Parvalbumin (PV) ICC
After ChAT staining, we used adjacent sections from the same animals to stain for PV. Once
again, in between each step sections were washed in phosphate buffer 3 times, for 5 minutes
each. First the sections were washed in a H2O2 solution to quench endogenous peroxidases for
20 minutes. Next, sections were put into a blocking solution (5% normal goat serum and 0.2%
Triton X-100 in PB) for 60 minutes. For PV staining, we used a mouse monoclonal antibody
(diluted 1:2500; Swant, Switzerland) at RT for 24 hours and then at 4°C for 24 hours. The
primary antibody was followed by biotinylated anti-mouse IgG (1:100; Vectastain ABC Kit,
Vector Laboratories) for 60 minutes and by Vectastain ABC reagent for 60 minutes. To
visualize the PV antibody, we used DAB with Nickel enhancer (DAB Fast Tablet, Sigma) as
a chromogen. Negative control slices were run for both groups and consisted of the same
procedure minus the primary antibody.

Calbindin (CaBP) ICC
Due to both ChAT and PV staining in the same set of animals, there were not enough MS/DB
sections for CaBP staining in all subjects. Therefore, 4 PF and 4 PTD animals were added to
the study to result in a final number of 6 in each group for this stain (2 PF and 2 PTD from the
ChAT and PV staining did have enough sections). In between each step sections were washed
in phosphate buffer 3 times, for 5 minutes each. Sections were first were washed in a H2O2
solution to quench endogenous peroxidases for 20 minutes. For CaBP staining, we used a
mouse monoclonal antibody (diluted 1:400; Sigma Chem. Corp., MO) at RT for 24 hours. The
primary antibody was followed by biotinylated anti-mouse IgG (1:100; Vectastain ABC Kit,
Vector Laboratories) for 60 minutes and by Vectastain ABC reagent for 60 minutes. To
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visualize the CaBP antibody, we used DAB (DAB Fast Tablet, Sigma) as a chromogen.
Negative control slices were run for both groups and consisted of the same procedure minus
the primary antibody.

Stereology
Unbiased stereology was used to estimate ChAT, PV, and CaBP immunopositive cell counts
in the MS/DB. Parameters for sampling were based on previously published studies assessing
the number of ChAT positive (Miettinen et al., 2002; Yoder and Pang, 2005; Savage et al.,
2007), and PV positive neurons in the basal forebrain (Henderson et al., 2004). A low power
image was captured with a digital camera (DVC-1310; DVC Company, Austin Texas) with a
5X lens on a Zeiss microscope (Axioscope 2-plus) with an attached 3-axis motorized stage. A
contour was drawn around the region of interest using StereoInvestigator software
(MicroBrightField; Williston, VT). Anatomical boundaries used to define the basal forebrain
were the corpus callosum on the dorsal aspect and the walls of the lateral ventricles. Sections
began with the appearance of the rostral genu of the corpus callosum crossing hemispheres and
ended caudally with the last section containing the full anterior commissure [approximately
IA 10.6–8.74 mm (Paxinos and Watson, 1986). The neurons were counted with a 40X objective
using the optical fractionator approach. The fractionator sampling consists of a section
sampling fraction (ssf = 1/6), an area sampling fraction representing a ratio between counting
frame size and grid size (asf = 50 μm × 50 μm/100 μm × 100 μm) and a height sampling fraction
(hsf = 20 μm/60 μm). The equation for determining cell estimates is: N = ΣQ− × 1/ssf ×1/asf
×1/hsf, where Q is the number of neurons actually counted in the specimens, whereas N
represents the total cell estimation.

Intraventricular distances (IVD) measures
In addition, quantitative measures of thalamic tissue loss were obtained. The amount of midline
thalamic tissue destroyed can be estimated by measuring the IVD at the midline (Robinson and
Mair, 1992; Savage et al., 1999). The IVD (mm) was measured from the floor of the dorsal III
ventricle to the roof of the III ventricle at the following approximate interaural (IA) locations:
7.20 mm (at the level where the stria medullaris runs longitudinal to the dorsal surface and the
ventral lateral nucleus first appears) and 6.44 mm (at the first appearance of the lateral
habenula) according to the atlas of Paxinos and Watson (1986). Quantitative measures were
determined by the use of video images taken from a Nikon light microscope (Nikon Eclipse
E400; Nikon Instruments; Melville, NY) using a Scion 1394 camera JAVA module (Scion
Corp; Fredrick, Maryland), and analyzed using an image analyzer program (IMAGE-J, v.1.34,
NIH, Bethesda, MD.) on a Macintosh G4 computer.

Statistical analyzes
Group differences in specific cell phenotype (ChAT, PV, or CaBP) neuronal estimates in the
MS/DB and thalamic mass were determined using a one factor (Group: PF vs. PTD) ANOVA
for each hostological marker. Behavioral differences in alternation rates and activity (number
of arms entered) between the groups were also assessed with a one-factor (Group) ANOVA.
Simple regression analyses were conducted to assess correlative relationships between
different cell types, cell types and thalamic mass, and between histological measures and
behavior.

Results
Histology

Figure 1-AB shows representative thalamic sections for both PF and PTD animals. There was
a significant loss of thalamic mass as measured by IVD (both F’s [1, 10] > 10.7, p’s < .01) in
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the PTD rats relative to the PF rats (see Figure 1-C). Figure 2 shows the localization of MS/
DB ChAT-, PV-, and CaBP-ir staining. The negative controls from ChAT, PV, and CaBP did
not display any cell positive staining. In the MS/DB region, PTD rats had significantly less
ChAT-positive cells than the PF rats (both F’s [1,10] > 6.40; p < 0.05). In contrast, there was
no significant difference in PV-positive cells or CaBP –positive cells between PTD-treated and
PF rats (PV:F [1,10]<1; CaBP: F [1,10]= 2.39; p>.15; see Figure 2). The coefficient errors
(using Gundersen–Jensen estimator and a smoothness factor of 1; see Slomianka & West,
2005) for each cell population across treatment groups (no differences all p’s>.1) were the
following: ChAT=0.085; PV=0.101; CaBP=0.09.

(Note: The loss of ChAT-ir cells, the loss of thalamic mass, and the correlation
between these measures-- as well as the behavioral impairment-- in the PTD animals
was replicated in the second set of animals (all p’s <.05). Thus, only the data from
the first set of animals is shown in figure form.

Regression analysis revealed that there was no significant correlation between the number of
ChAT-positive and the number of PV-positive neurons in the MS/DB region (r = .12) in PF
and PTD rats. However, there was a strong positive correlation between the number of MS/
DB ChAT-ir cells and the averaged IVD measurement (r = .84, p < .01; Figure 3-A). In contrast,
PV-ir cell number did not correlated with thalamic loss (r = .01; Figure 3-B). There was also
no significant correlations between CaBP-ir cell number and the ChAT-ir cell number or IVD
score (both r’s < .32, p’s > .2).

Spontaneous Alternation
PTD rats in both subsets displayed significantly reduced percent alternation (Figure 4-A) as
compared to PF rats (both F’s[1, 10] >10.85; p < 0.01). This decrease in performance cannot
be accounted for as a difference in activity because there was no significant difference in
number of arms chosen between groups (PF = 27.8 ± 2.12; PTD = 27.0 ± 2.03).

Correlation between behavior and histological measures
A regression analysis revealed across both PF and PTD rats the number of ChAT-ir neurons
in the MS/DB was positively correlated with spontaneous alternation behavior in (r = .66; p
< .05; Figure 5-A). Furthermore, the averaged IVD measure was also positively correlated with
alternation scores (r = .65; p < .05; Figure 5-D). In contrast, there was no significant correlation
between PV-ir neurons (r = .10, p>.2; Figure 5-B) or CaBP–ir neurons (r = .35, p>.2; Figure
5-C) and spontaneous alternation performance across groups. Neither ChAT-, PV- or CaBP-
positive neurons or IVD correlated with activity level on the maze across groups (all r’s<.2).

Discussion
Two important points were revealed from examining the relationship between loss of MS/DB
projection neurons, thalamic tissue damage and behavioral impairment in the animal model of
WKS. First, neither PV- nor CaBP-ir GABA neurons in the MS/DB were significantly affected
by thiamine deficiency. Second, although previous studies have documented cholinergic MS/
DB neuronal loss (Pitkin and Savage, 2001, 2004), those studies did not assess how the basal
forebrain cell loss was related to other neuropathology or behavioral dysfunction. Our data
revealed a close relationship between the number of cholinergic neurons in the MS/DB,
thalamic shrinkage and behavioral impairment in the PTD model. Below, we specifically
address these points.

In the MS/DB, pyrithiamine treatment resulted in selective cell loss of ChAT-ir neurons that
project to the hippocampus. Thiamine deficiency did not cause neurodegeneration of PV- or
CaBP-positive MS/DB neurons. These findings provide evidence that cholinergic neurons are
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especially sensitive to the neurodegeneration caused by thiamine deficiency. Parvalbumin is
found in those MS/DB GABAergic neurons that project to the hippocampus (Freund, 1989;
Kermer et al., 1995), whereas CaBP is found in GABAergic interneurons as well as
supramammillary complex projection neurons (Kiss et al., 1997; Borhegyi and Freund,
1998). Such calcium-binding proteins have been shown to have calcium-buffering properties,
in other words they help bind and remove excess calcium in the cell (Baimbridge et al.,
1982; Heizmann, 1984). Therefore, calcium-binding proteins may be protecting these
GABAergic neurons from excitotoxic damage (Freund et al., 1992). However, there
glutamatergic neurons in the basal forebrain (Freund and Antal, 1988; Manseau et al., 2005)
and we do not know if these neurons are sensitive to thiamine deficiency.

Given that there was no reduction in PV- or CaBP-positive neuronal numbers in the PTD model,
it makes sense that estimates of these cell populations did not correlate with ChAT-ir cell loss,
thalamic tissue loss or performance on the spontaneous alternation task. These findings are
consistent with the data demonstrating that lesioning of the GABAergic septohippocampal
neurons or selectively lesioning the PV-ir MS/DB neurons does not affect spatial memory
performance (Pang et al., 2001; Smith and Pang, 2005).

In contrast, loss of ChAT-ir neurons after thiamine deficiency does correlate with behavioral
impairment and thalamic tissue loss. The degree of ChAT cell loss (about 25–30%) in this
study is similar to what we have obtained in previous studies (Pitkin and Savage, 2001, 2004;
Savage et al., 2007). Furthermore, the degree of behavioral impairment observed on the
spontaneous alternation task after PTD treatment (Savage et al., 2003; Roland et al., 2008;
Vetreno et al., 2008) and the degree of thalamic tissue loss was also similar to what was
recorded in previous studies (Robinson and Mair, 1992; Langlais and Savage, 1995). Our
correlative analysis revealed that thiamine-deficiency induced neuropathology of MS/DB
cholinergic neurons and thalamic tissue loss are both strongly related to each other and loss in
either region predict behavioral impairment. It should be noted that thalamic tissue loss was
assessed by measuring contraction of tissue, in brain samples that underwent a chemical
processing that induces shrinking. Thus, care was taken to be surethat tissue from both groups
was processed together. However, the IVD measure had been used by several labs and has
been shown to be a sensitive marker of thalamic pathology in the PTD-treated rat (Robinson
& Mair, 1992; Langlais & Savage, 1995; Pitkin & Savage, 2001; 2004).

There has been some conflicting clinical data regarding the role of basal forebrain cholinergic
cell loss and the production of amnesia in alcohol-induced WKS. Arendt et al. (1995) quantified
overall basal forebrain cell loss and found that, depending of the severity of the amnesia, WKS
patients displayed a 25–45% decrease in cells with the most severe memory loss being shown
at 30% or greater cell loss. The cell loss observed in the WKS patients was almost entirely
attributably (over 90%) to cholinergic cells of the MS/DB; however, these patients also
displayed cell loss in the vertical limb of the diagonal band (VDB) and the nucleus basalis of
Meynert (NBM) (Arendt et al., 1995). Using WKS as one of multiple disorders of basal
forebrain pathology, a correlation was found between the loss of cholinergic basal forebrain
neurons and cognitive disturbance on the Mini mental exam (Schliebs and Arendt, 2006).
Although, Cullen et al. (1997) found a comparable amount of cholinergic cell loss in the NBM,
they did not find a difference in NBM cell loss in alcoholics with Wernicke encephalitis (WE-
non amnesic) and alcoholics with WKS (amnesic). They found there was significant NBM
cholinergic cell loss, relative to aged matched controls, regardless of whether the patient was
classified as amnestic or not. Given that Arendt et al. (1995) included the MS, VDB and NBM
groups, whereas Cullen et al. (1997) only included the NBM, the MS/DB cholinergic cell loss
could correlate with a specific type of cognitive impairment while cholinergic cell loss in the
NBM is responsible for a different type of cognitive dysfunction. Cullen et al. (1997) does
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mention that alcoholic WE patients without Korsakoff’s syndrome display attentional
difficulties.

In animals studies there is evidence that suggest ACh plays a specific role in attenuating
associative interference rather than a general role in supporting acquisition of associative
memories—but this effect occurs outside the basal forebrain (DeRosa, Hassellmo & Baxter,
2001). Intense activation of cholinergic forebrain projection neurons could be important for
encoding new stimuli in discrimination tasks (DeRosa & Hassellmo, 2000). Although
spontaneous alternation performance is not a discrimination task per se, alternation across arms
requires a rat to discriminate between arms on the basis of which arms were most recently
visited. Such alternation behavior has been described to be memory-dependent action to the
environment driven by a natural response to novelty (Hughes, 2004). Thus, a loss of MS/DB
neurons as seen in the PTD animals could contribute to such a behavioral deficit as suggested
by the correlative analysis.

Our laboratory has previously quantified ChAT-positive neurons in the NBM and found no
difference in estimates between PTD and PF rats (Savage et al., 2007). The different groups
of basal forebrain cholinergic neurons demonstrate a differential vulnerability to neurotoxic
events (Boegman et al., 1992; Wenk and Willard, 1998). One difference between MS/DB and
one subpopulation of NBM cholinergic neurons in the rodent is presence of the p75-NGF
receptor. The maintenance and survival of MS/DB cholinergic cells in the rodent is dependent
on the neurotrophin, nerve growth factor (NGF), which is synthesized in the hippocampus by
GABAergic interneurons (Hartikka and Hefti, 1988; Lauterborn et al., 1993; Acsady et al.,
2000). The cholinergic fibers that project from the MS/DB to the hippocampus retrogradely
transport NGF to the medial septum where it binds to the p75 receptor (Acsady et al., 2000).
Unlike the MS/DB cholinergic neurons, in the rodent the NBM cholinergic neurons that project
to the amygdala do not express the p75-NGF receptor (Berger-Sweeney et al., 1994; Heckers
et al., 1994), which may make them less sensitive to the neuronal death caused by PTD-
treatment (Savage et al., 2007).

Thus, p75-NGF receptors on cholinergic neurons may make them sensitive to thiamine-
deficiency induced neurotoxicity. One of the main functions of the p75-NGF receptor is
regulating both cell death and survival (Kaplan and Miller, 2000; see Twiss et al., 2006 for a
review). Degenerative neurological diseases, such as Alzheimer’s and Parkinson’s disease,
preferentially display degeneration in those cell populations that contain the p75-NGF receptor
(Woolf et al., 1989; Wang et al., 2008). Excitotoxin-induced lesion and ischemia have both
shown to increase the density of the p75-NGF receptor in basal forebrain cholinergic neurons
and this overexpression is associated with cell death (Dunnett et al., 1991; Rabadizadeh et al.,
1993; Weiss et al., 1994; Oh et al., 2000). Currently, the present data suggest that cell loss in
the MS/DB region is not due to widespread cell death in the basal forebrain, but is specific to
the ChAT-positive cells of the MS/DB.

The neuroanatomical damage seen after PTD treatment is most likely due to glutamate
excitotoxicity and/or ischemia (Todd and Butterworth, 1999, 2001). It has been well
documented that glutamate excitotoxicity is responsible for thalamic lesions in the PTD model
of WKS (Langlais and Zhang, 1993; Zhang et al., 1995) and cholinergic neurons are
particularly sensitive to glutamate excitotoxicity (McKinney, 2005). The extent of thalamic
damage caused by excessive rises of glutamate during thiamine deficiency is commonly
determined by measuring thalamic mass (IVD) (Robinson and Mair, 1992; Savage et al.,
1999). We found a significant correlation between thalamic tissue loss and behavioral
impairment. Furthermore, there was a strong correlation between IVD score and the number
of MS/DB ChAT-ir cells. This data suggest that degree of thalamic damage is coupled to the
loss of cholinergic neurons in the MS/DB. Additionally, both of these measures correlate with
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the measure of behavioral dysfunction on the spontaneous alternation task. Previous studies
have demonstrated that this type of behavioral dysfunction in PTD rats is correlated to blunted
hippocampal ACh release (Savage et al., 2003) and behavioral performance can be restored in
PTD rats by increasing hippocampal ACh levels (Roland et al., 2008). Such results suggest
that cholinergic septohippocampal dysfunction significantly contributes to the amnesic
syndrome seen after thiamine deficiency.

What we do not know is whether there is a common causal neurotoxic mechanism across the
MS/DB and thalamus or if the neuropathology occurs independently. Both thalamic tissue loss
and cholinergic cell loss in the MS/DB are key features of diencephalic amnesia associated
with thiamine deficiency, it is important to note that damage to both structures occurs in
parallel. The present result of such a strong correlation between thalamic mass and cholinergic
neurons in the MS/DB is suggestive of a common pathogenic link. However, additional studies
need to address why the cholinergic population of neurons in the MS/DB are selectively
sensitive to thiamine deficiency induced neurotoxicity.

Lesion of either the medial thalamus (Mair and Lacourse, 1992; Savage et al., 1997; Burk and
Mair, 1998) or the MS/DB cholinergic nuclei (Walsh et al., 1996; Chang and Gold, 2004) alone
can produce significant behavioral impairment, but the severity of behavioral impairments seen
in the PTD model tends to be greater and broader—suggesting a synergistic interaction between
neuropathology in that model. The present study contributes to our understanding of
diencephalic amnesia produced by thiamine deficiency through demonstrating that damage to
the cholinergic septohippocampal pathway as well as thalamic tissue loss predict behavioral
dysfunction. In contrast, both the GABAergic interneurons (CaBP-ir) and projection neurons
(PV-ir) are spared. Thus, therapeutic approaches should address both of these
neuropathological outcomes that occur in diencephalic amnesia associated with alcoholism
and thiamine deficiency.
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Figure 1.
Representative coronal sections of the thalamus stained with cresyl violet. On the left is the
intact thalamus of a PF rat (A) in comparison to a PTD-induced thalamic lesion on the right
(B). Intraventicular distance in mm (IVD) was taken from the roof to the floor of the third
ventricle on two brain sections per rat. Compared to PF controls, PTD-treated rats displayed a
significant loss of thalamic tissue as measured by mean IVD (C). Error bars represent standard
error of the mean (SEM).
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Figure 2.
Mean number (± SEM) of immunoreactive neurons for (A) choline acetyltransferase (ChAT),
(B) parvalbumin immunoreactivity (PV) and the (C) calcium-binding protein calbindin (CaBP)
in PF and PTD rats. Photomicrographs of coronal sections of the medial septum/ diagonal band
of PF rats (left column) and PTD-treated rats (right column) stained for ChAT, PV, and CaBP
taken with a 2X objective. The photomicrograph inserts outlined in red are of neurons taken
with a 20X objective. PTD-treated rats displayed a significant reduction in ChAT-
immunoreactive MS/DB neurons as compared to PF controls. There were no significant
differences between groups in the number of PV- or CaBP immunoreactive MS/DB neurons.
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Figure 3.
Correlative relationships between ChAT-ir (A), PV-ir (B), and CaBP-ir (C) neuronal estimates
and thalamic tissue loss (IVD). The only significant correlation was between the number of
ChAT-ir cells and IVD. Trend lines represent the overall regression analysis for the PF and
PTD animals.
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Figure 4.
(A) Spontaneous alternation performance in PF vs. PTD-treated rats. PF rats had a significantly
higher mean (±SEM) percent alternation scores than PTD-treated rats. (B) Maze activity, as
determined by mean number of arms entered during the 18 minute testing session was not
different as a function of Group.
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Figure 5.
Correlative relationships between spontaneous alternation performance and neuronal estimates
of ChAT-ir (A); PV-ir (B), and CaBP-ir (C), as well as thalamic tissue loss (IVD; D). Across
groups, significant positive correlations were found between spontaneous alternation
performance and ChAT-ir cell count and IVD. There were no significant correlations between
GABA-ir cell counts and behavior. Trend lines represent the overall regression analysis for the
combination of PF and PTD animals.

Roland and Savage Page 17

Neuroscience. Author manuscript; available in PMC 2010 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


