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Abstract
Mitochondrial dysfunction, oxidative stress and reductions in thiamine-dependent enzymes have
been implicated in multiple neurological disorders including Alzheimer's disease (AD). Experimental
thiamine deficiency (TD) is an established model for reducing the activities of thiamine-dependent
enzymes in brain. TD diminishes thiamine dependent enzymes throughout the brain, but produces a
time-dependent selective neuronal loss, glial activation, inflammation, abnormalities in oxidative
metabolism and clusters of degenerating neurites in only specific thalamic regions. The present
studies tested how TD alters brain pathology in Tg19959 transgenic mice over expressing a double
mutant form of the amyloid precursor protein (APP). TD exacerbated amyloid plaque pathology in
transgenic mice and enlarged the area occupied by plaques in cortex, hippocampus and thalamus by
50%, 200% and 200%, respectively. TD increased Aβ1–42 levels by about three-fold, β-CTF (C99)
levels by 33% and β-secretase (BACE1) protein levels by 43%. TD induced inflammation in areas
of plaque formation. Thus, the induction of mild impairment of oxidative metabolism, oxidative
stress and inflammation induced by TD alters metabolism of APP and/or Aβ and promotes
accumulation of plaques independent of neuron loss or neuritic clusters.
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1. Introduction
Alzheimer’s Disease (AD) is characterized by plaques, tangles and cognitive deficits. In
addition, numerous thiamine (vitamin B1) dependent processes are diminished in brains from
AD patients [25]. Reductions in brain glucose metabolism and increased oxidative stress
invariably occur in both AD and thiamine deficiency (TD). Both conditions cause irreversible
cognitive impairment; their behavioral consequences overlap but are not identical. Thiamine-
dependent enzymes are positioned at critical and arguably rate-limiting steps in brain
metabolism [25]. Key enzymes of the pentose shunt (transketolase), the citric acid cycle (e.g.,
the alpha-ketoglutarate dehydrogenase complex; KGDHC) and the link of glycolysis and the
citric acid cycle (e.g., the pyruvate dehydrogenase complex; PDHC) are thiamine dependent
and diminished by 50% or more in AD. The reductions are highly correlated (r=0.77) to the
clinical dementia rating of patients before death compared to the correlations with plaques or
tangles (r=0.2) [5,27]. Thus, the reduction in thiamine-dependent processes can be readily
related to the decline in metabolism with AD. The current studies tested whether thiamine
deficiency could also modulate one of the classical pathological markers of AD, the amyloid
plaques.

Thiamine deficiency (TD) models the mild impairment of oxidative metabolism and reduction
in thiamin-dependent processes that accompanies AD. TD induces chronic mild impairment
of oxidative metabolism and promotes selective changes in oxidative stress and inflammation
that lead to neuronal loss in specific brain regions. As in human AD [6,28], experimental TD
reduces thiamine-dependent enzyme activities in multiple brain regions, including those that
do not show detectable neuronal loss [6]. However, other TD-induced alterations including
markers of inflammation and oxidative stress are very region specific and limited to the area
of neuron loss [9,36], The most sensitive brain area is the submedial thalamic nucleus (SmTN)
[35]. Numerous markers of oxidative stress occur in this region including hydroxynonenal,
iNOS, eNOS, nNOS, hemeoxygenase-1, ICAM-1, CD40L, CD40, microglial and astrocytes
activation (summarized in [36]), TNFα, IL-1β and IL-6 [34]. However, only TNFα is altered
in cortex [34]. In addition, TD induces endoplasmic reticulum (ER) stress in a region specific
manner suggesting that altered processing of proteins is occurring [54]. TD also includes
multiple behavioral deficits including memory deficits and changes in motor performance that
are due to central cholinergic deficits [24]. Thus, the TD model allows us to test if plaques
would form only in regions of neuronal loss that exhibit excessive oxidative stress and
inflammation (i.e., the SmTN), or throughout the brain, or both.

We previously demonstrated in wild type mice and in a line of transgenics expressing low
levels of the Alzheimer’s APP gene (twice that of endogenous mouse homologue) that TD
causes the accumulation of clusters of dystrophic neurites that are highly reminiscent of the
morphology of amyloid plaques, except that the centers of lesions were formed from necrotic
debris rather than being formed from Aβ [10–12]. The lack of amyoid plaque formation is at
least partially attributable to the fact that in wild type mice, murine Aβ is much less aggregatable
than human Aβ [7] and that, with regard to the transgenics, we now know that at least four-
fold over-expression of APP is required in order to render a transgenic mouse plaque-competent
[3]. The observation that TD induces novel neuritic clusters in the absence of amyloid
pathology raises the intriguing possibility that impaired metabolism and oxidative stress might
initiate a pathogenetic series of events wherein neuritic clusters are formed independent from,
or upstream of, amyloid pathology. Brain injury may also alter processing of APP [2].
Traumatic brain injury increases oxidative stress (isoprostanes) and accelerates Aβ
accumulation [50]. In order to test the hypothesis that the TD model of mild impairment of
oxidative metabolism can modulate both neuritic and Aβ pathology, plaque-competent
Tg19959 transgenic mice were made TD, and the results of those studies are reported herein.
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2. Materials and Methods
2.1. Animals

Tg19959 mice were produced by pronuclear microinjection of (FVB·129S6F1) embryos with
a cosmid insert containing APP695 with two familial AD mutations (KM670/671NL and
V717F) under the control of the hamster PrP promoter [14]. This Tg19959 line derives from
the same transgene construct as TgCRND8 (APP695, K670N/M671L+V717F) and has similar
levels of APP holoprotein expression and associated pathology but is maintained on a different
genetic background [21]. Male Tg19959 mice were backcrossed to (C57/B6SJL) F1 female
breeders. Genotypes of the offspring were determined by PCR analysis of tail DNA. The
animals were housed with constant temperature (22 ± 2°C), humidity (50 ± 5 %) and
illumination (12 h light/dark cycles) with food and water provided ad libitum. The Institutional
Animal Care and Use Committee of Weill Medical College of Cornell University approved all
procedures with the animals.

A total of 23 Tg19959 mice at 60 days were used in this study. The control group was comprised
of four males and eight females. In the TD group there were three males and eight females. In
the studies by Li et al. [37], no difference in plaque load was observed between males and
females of the same transgenic mice (Tg19959 mice). Plaque load in Tg2576 mice does not
vary with gender either, although males are more sensitive to alterations in APOE genotype
[56]. Other studies suggest sex differences in Tg mice carrying APP with Swedish and the
presenilin-1 A246 mutation. Female mice accumulate amyloid at an earlier age and show
increased amyloid deposits in the hippocampus compared to age-matched males [52].

2.2. Treatment
Thiamine deficiency was induced in Tg19959 mice as per our previous studies [13,35]. Mice
received a thiamine deficient diet (ICN Nutrition Biomedicals, Cleveland, OH) ad libitum, and
daily intraperitoneal injections of the thiamine pyrophosphokinase inhibitor [38], pyrithiamine
hydrobromide (Sigma Chemical Co.; St. Louis, MO) (0.5 mg/kg body weight) in normal saline
for 10 days. Control animals received a thiamine containing diet (ICN Nutrition Biomedicals;
Cleveland, OH) ad libitum and daily intraperitoneal injections of normal saline.

2.3. Tissue preparation
Control and TD Tg19959 mice were sacrificed 24 h after the treatment with a lethal
intraperitoneal dose of pentobarbitone sodium (200 mg/kg; i.p.; Abbott Laboratories, North
Chicago, IL) and perfused with 100 ml of normal saline using a pump (Masterflex, Model
7518-00, Cole-Parmer Instrument Company, Barrington, IL) at 5ml/min. The brains were
removed and bisected in the mid-sagittal plane. One-half was post-fixed in 4%
paraformaldehyde for a minimum of 48 h and other half was snap frozen in liquid nitrogen and
stored at −80°C until analysis.

2.4. Immunoblot analysis
Hemi-brain powders were homogenized in cold lysate buffer (50 mM Tris-HCl pH 7.2, 0.4 %
Triton X-100, 1mM DTT , 0.2 mM EGTA, , 50 µM Leupeptin), 40 µg of protein were
electrophoresed through 10–20% Tris-Tricine gels, transferred onto nitrocellulose membranes
(Pierce Chemical Company, Rockford, IL). Membrane blots were blocked with 50% Odyssey
blocking buffer, 50% Tris-buffered saline (TBS) overnight at 4°C. After blocking the
membranes were incubated with primary antibodies, APP C-terminal specific polyclonal
antibody G369 to epitopes 645–694 of APP695 (1:1000), monoclonal antibody 6E10 against
1–16 residues of human Aβ (1:1000; Signet laboratories, Dedham, MA) or β-actin (1:10,000;
Sigma) for 120 min at room temperature. Subsequently, blots were washed with TBS plus 0.1%
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triton, and incubated at room temperature for one hour with secondary Odyssey Goat anti-
Rabbit IRDye 680 antibody and Odyssey goat anti-Mouse IRDye 800 antibody (1:10,000;
LICOR Biosciences, Lincoln, NB) and analyzed using the Odyssey infrared imaging program
(LI-COR Biotechnology, Nebraska).

The methods for BACE1 immunoblot was performed as described [51]. Briefly, hemi-brain
powders were homogenized in cold lysate buffer (60 mM Tris, 10% glycerol, 5% SDS), 15 µg
of protein were run on 10% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF)
membrane (Millipore, Bedford, MA). Membrane blots were blocked with 50% Odyssey
blocking buffer, 50% TBS overnight at 4°C. After blocking the membranes were incubated
with primary antibodies, BACE1 (1:1000; PA1-757; Affinity Bioreagents, Golden, CO) or β-
actin (1:10,000; Sigma) for 120 min at room temperature. Subsequent secondary detection
methods are same as above.

2.5. ELISA analysis
Brain powder from hemi-brains were weighed and dissolved in Tissue Homogenization Buffer
(250 mM Sucrose, 20 mM Tris Base, 1 mM EDTA, 1 mM EGTA with Protease Inhibitors)
weight/volume 1/10 (i.e. 100 mg/1ml) and then homogenized. 200 µl of the 10% w/v were
mixed with 440 µl of cold formic acid, sonicated and centrifuged at 100,000g × 1 hr at 4°C.
At the end of the centrifugation, 210 µl of the supernatant were mixed with 4 ml of formic acid
neutralization solution (1M Tris Base, 0.5 M Na2HPO4, 0.05% NaN3). Aβ levels were then
evaluated using ELISA Kit (Signet laboratories, Dedham, MA) using manufacturer's
instruction with samples diluted 1:10 (Aβ40) or 1:20 (Aβ42).

2.6. Thioflavine S staining and quantitation of amyloid plaques
To demonstrate the fibrillar Aβ deposition thioflavine S staining was used. Briefly, sections
were washed with distilled water for 5 min and stained in freshly prepared and filtered aqueous
0.5% thioflavine S solution for 5 min. These sections were treated with 70% ethanol, hydrated
for 5 min and mounted with cytoseal. Sections were visualized and images were captured in
Nikon Eclipse 80i microscope with a digital camera attached to the computer (Nikon, Melville,
NY) and saved as Tagged image format files. Computer-aided quantification of Aβ deposits
was performed using the MetaMorph 6.1 software (Universal Imaging Corp, Downington, PA).
Three sections per mice were analyzed. Plaque counts and percentage occupied by the
thioflavine S positive plaques were quantified in the cortex, hippocampus and thalamus. The
region of interest was drawn manually under 4 × magnification and threshold was kept constant
throughout the analysis. The analysis was performed in a blinded fashion.

2.7 Congo red staining
Congo red staining was performed following the method of Puchtler et al., [45] with slight
modification. Briefly, Sections were washed with distilled water and stained with filtered
Congo red solution for 10 minutes. Then sections were differentiated quickly with alkaline
alcohol solution and washed with tap water. Then sections were counterstained with Harris
heamatoxylin solution for 30 seconds and washed with tap water, dipped in ammonia water
and rinsed in tap water. Finally, sections were dehydrated with 95% and 100% alcohol, cleared
with xylene and mounted.

2.8. Immunohistochemistry
Serial sagittal sections (40 µm) thick were cut with a sliding microtome (Microm Lab GmbH,
Walldorf, Germany) and processed as free floating sections. The staining protocol employed
a modified ABC immunohistochemistry procedure [13,35]. Briefly, sections were washed with
0.1 M potassium phosphate buffered saline (PBS, pH 7.4) and incubated in 1% H2O2 for 30
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min to quench the endogenous peroxidase. Then sections were treated with 0.1% Triton X-100
(Sigma Chemical Co., St. Louis, MO) for 15 min and blocked with 2% bovine serum albumin
(BSA) in PBS for 1 hr. Sections were incubated with mouse monoclonal anti-NeuN or rabbit
anti-malondialdehyde antibody (Chemicon, Temecula, CA; 1:1000), or monoclonal antibodies
6E10 and 4G8 against 1–16 and 17–24 residues of human Aβ (1:1000; Signet laboratories,
Dedham, MA) in PBS containing 1% BSA (Sigma Chemical Co., St. Louis, MO), rabbit anti-
APP C terminal G369 antibody (1:1000), or rabbit anti-phospho Ser 396 tau antibody (1:500;
Invitrogen, Carlsbad, CA) overnight at room temperature. After rinsing in PBS, sections were
incubated with biotinylated anti-mouse or anti-rabbit (Vector Laboratories Inc., Burlingame,
CA; 1:200 in PBS containing 0.25% BSA) for one hr. Sections were then incubated in avidin-
biotin-peroxidase complex for one hour (Vector Laboratories Inc., Burlingame, CA; 1:100 in
PBS), rinsed in PBS and developed in 0.05% 3,3’-diaminobenzidine (DAB) (Vector
Laboratories Inc., Burlingame, CA) and 0.003% H2O2 in PBS.

Double immunofluorescence was performed to demonstrate the astroglial or TNF-α activation.
Briefly, free floating sections were incubated with freshly prepared 0.5% (w/v) thioflavine S
(Sigma Chemical Co., St. Louis, MO) solution for 5 min. Sections were washed twice with
70% ethanol and distilled water and incubated in PBS for 10 min. Sections were blocked with
1% BSA and incubated with rabbit anti-GFAP (DAKO, Carpinteria, CA) or goat anti-TNF-α
(R&D systems, Minneapolis, MN) antibody in PBS containing 0.25% BSA (Sigma Chemical
Co., St. Louis, MO) overnight at room temperature. After rinsing in PBS, sections were
incubated with Rhodamine Red conjugated anti-rabbit or anti-goat IgG (Jackson
ImmunoResearch Laboratories Inc, West Grove, PA) in PBS containing 0.25% BSA for one
hour.

2.9. KGDHC activity assay
KGDHC activity was measured by monitoring the conversion of NAD to NADH with a 96
well fluorometric plate reader (Molecular Devices; Sunnyvale, CA, USA). The reaction
mixture (pH 7.0) contained the following (mM): MgCl2 (1), CaCl2 (1), EDTA (0.5), TPP (0.3),
DTT (1), NAD (1), Coenzyme A (0.163), α-ketoglutarate (1) and Tris–HCl (50) buffer and
0.1% Triton X-100. KGDHC activities (KG-dependent production of NADH) were assayed
immediately as described previously [29]. One unit of enzyme activity was defined as the
amount of enzyme catalyzing the production of 1 nmole of NADH or NADPH/min per mg
protein.

2.10. Statistical Analysis
All the values are means ± SEM. P < 0.05 was considered significant. Statistical significance
of group differences was tested by 2-tailed Students t test or one way ANOVA analysis. SPSS
(SPSS Co., Chicago, IL) software was used to perform statistical analysis.

3. Results
3.1. TD decreased the KGDHC activity and induced selective neuronal loss in Tg19959 mice

To test whether the general response to TD was altered by the presence of mutant human APP,
the activity of KGDHC activity and neuronal loss was determined in control and TD Tg19959
mice. KGDHC activity in brains from TD Tg19959 mice was decreased to a level that was
42% of the activity of controls (p<0.01; Fig. 1A). Neuronal loss was assessed with NeuN
antibody staining of sections from control and TD brains. The brain region in which the earliest
TD-induced neuron loss occurs is the sub-medial thalamic nucleus of Tg19959 mice. TD
caused a marked loss of NeuN immunoreactivity in the thalami of TD-treated mice as compared
to control (Fig. 1E). The loss of neurons was still restricted to the thalamus as TD brains did
not show any neuronal loss in cortex (Fig.1C). The results indicate that the TD-induced loss
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of KGDHC activity and neurons is similar in Tg19959 mice as previously observed in wild
type C57BL/6 mice [35,36].

3.2. TD elevated markers of oxidative stress and induced neuritic clusters in Tg19959 mice
To study whether TD induces oxidative stress, we analyzed control and TD brains for
proinflammatory cytokine, TNF-α (or) lipid peroxidation marker, malondialdehyde
immunoreactivity. TD brains showed elevated levels of TNF-α and anti-malondialdehyde
immunoreactivity (Fig. 2B, D) compared to control (Fig.2A, C). Previous studies of TD in
C57BL/6 mice wild type mice revealed accumulation of APP immunoreactivity in dystrophic
neuritic clusters [11,12]. We tested for neuritic clusters by examining APP 369
immunoreactivity in the control and TD brains of Tg19959 mice. Analysis of TD brain showed
dystrophic neuritic clusters with accumulation of APP immunoreactivity. The clusters were
limited to the vulnerable region of the thalamus (Fig 2E, F) and were not apparent in cortex.
Further we characterized these neuritic clusters to determine whether they are
hyperphosphorylated tau [41]. Brain sections were stained with anti-phospho Ser 396 tau
antibody. These dystrophic neurites were positive for phospho Ser 396 tau antibody (Fig. 2H).

3.3. TD induced glial activation in Tg19959 mice
Inflammation has been implicated in AD and TD. Previous studies with plaque non-competent
mice revealed that TD-associated inflammatory responses were typically limited to the region
of neuron loss (i.e., SmTN). To test whether TD-associated inflammation was detectable in
other brain regions when plaques were present, astrocyte activation was studied in 60 days old
Tg 19959 mice using glial-fibrillary associated protein (GFAP) immunoreactivity as a marker.
Immunostaining with GFAP revealed close proximity of activated astrocytes to amyloid
plaques in Tg19959 mice. TD was associated with increased GFAP immunoreactivity in cortex
and hippocampus compared to the control group (Fig. 3). Thus, the inflammatory response is
different in the Tg19959 mice than in the C57BL/6 mice.

3.4. TD accelerated formation of amyloid plaques
Although TD-induced neuronal loss and formation of neuritic clusters were restricted to the
SmTN, TD exacerbated plaque formation throughout the brain. In initial studies, we
characterized the time course and regional distribution of plaque formation in the Tg19959
mice to determine the appropriate time to induce TD. The Tg19959 mice showed an age-
dependent accumulation of amyloid plaques. Thioflavine S positive plaques started to appear
as early as 45 days. However, very few thioflavine S positive plaques occurred and they were
mainly in cortex (Fig. 4A). In 60 day-old mice, plaques appeared in cortex, hippocampus, and
striatum, but the density was still low (Fig. 4B). At 90 days, plaques were present in cortex,
olfactory bulb, striatum, and hippocampus at high densities in comparison to the thalamus
where only occasional plaques were observed (Fig. 4C). The deposits that stained positive for
thioflavine S also stained with Congo red (Fig. 4D, E). Diffuse plaques stained with the
Aβ42 -specific antibodies, as well as the monoclonal antibodies 6E10 (human-Aβ-domain-
specific) and 4G8 (pan-species-Aβ) (Fig. 4F, G). The results from the time course study
suggested that 60 days of age would be an appropriate time to test the possible effects of TD
on plaque formation.

TD accelerated the accumulation of amyloid plaques in Tg19959 mice at 45, 60 and 90 days
(Fig. 4H, I, J). In 60 day-old mice, plaques were present in controls at a low enough density to
easily detect the increase. Ten days of TD markedly increased thioflavine S positive plaques
in 60 day-old Tg19959 mice (Fig. 4I). The changes in plaque number and in percentage area
occupied by plaques were quantified (Fig. 4K). In 60-day-old mice, ten days of TD significantly
increased the average number of compact plaques in cortex from 44.8 ± 5.2 to 62.8 ± 6.4,
hippocampus from 2.08 ± 0.55 to 4.36 ± 1.12 and thalamus from 1.11 ± 0.17 to 5.3 ± 2.03. TD
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also increased the percentage area occupied by plaques in cortex from 0.08 ± 0.01 to 0.12 ±
0.02, hippocampus from 0.02 ± 0.01 to 0.06 ± 0.02 and thalamus from 0.01 ± 0.004 to 0.03 ±
0.0107 (Fig. 4K). Non-transgenic, age-matched animals did not show any amyloid plaques
(data not shown).

3.5. TD increased levels of total and insoluble Aβ protein in Tg19959 mice
We performed Western blot and ELISA analyses to evaluate the Aβ̣ peptide levels. Whole
hemi-brain homogenates from the control and TD Tg19959 mice were separated using SDS-
PAGE and probed with APP 6E10 antibody (directed against 1–17 amino acids of human
Aβ) (Fig. 5A). Visual inspection of the ~4kDa bands revealed a TD-associated increase in
Aβ levels compared to control. Quantification of Aβ levels revealed a significant ~2 fold
increase in TD compared to control (Fig. 5B).

Aβ peptides were assessed in formic acid extracted brain fractions from control and TD brains.
TD was associated with an increase in the insoluble Aβ42 levels to about three-fold when
compared with levels observed in the control animals (p<0.03; Fig. 5A, B). Insoluble Aβ40
levels tended toward an increase as compared to control (1.65-fold), but the difference did not
reach statistical significance (Fig. 5C, D).

3.6. TD altered APP CTFs in Tg19959 mice
Subsequent studies tested whether the increase in plaque formation was due to altered
processing of APP. Whole hemi-brain extracts from sixty-day-old Tg 19959 control and TD
mice were analyzed by Western blot using APP G369 antibody (against the APP cytoplasmic
tail) to reveal the full-length holo APP and bands corresponding to β-CTF (C99) and α-CTF
(C83). The bands that are observed in Fig 6A, in the controls are as expected in the literature
[8,19,30,47]. To establish whether our identification of the β -CTFs bands was correct and
agreed with the literature, brain lysates from the control Tg19959 were run in parallel with
C100 standard as a positive control. After separation, both were probed with G369 antibody
(an antibody specific against both APP holo protein and C-terminal fragments) and 6E10
antibody (specific against 1–17 amino acids of Aβ), and visualized by LICOR IR dyes.
Overlapping colors confirmed the identity of the β-CTF bands. To further test the identity of
the APP CTF, lysates were prepared from whole brain (control Tg19959 mice) using multiple
lysate buffers. APP CTF’s were immunoprecipitated using G369 and then probed with G369
or 6E10 antibody and visualized with LICOR IR dyes. The overlap of 6E10 and G369 bands
confirmed the assignment of the β-CTF bands in Fig. 6A. Similar results were observed with
each of the lysate buffers. Since the results agree with those in the literature, the data are not
presented.

Western blot analysis revealed that TD altered the processing of APP. Although TD reduced
the levels of high molecular weight APP species (holo APP) by 18%, the difference was not
significant (Fig. 6B). However, TD increased the levels of low molecular weight APP species
(12–14kDa) by 33% (p<0.02). This fragment corresponds to the APP C-terminal fragments
β-CTF (C99) (Fig. 6A, B). Although, α-CTF (C83) levels showed a corresponding (18%)
decrease, the decline was not statistically significant (Fig. 6A, B).

3.7. TD elevated BACE1 levels in Tg19959 mice
Further, to determine the increase in β-CTF levels is mediated by BACE1, whole hemi-brain
extracts from sixty-day-old Tg19959 control and TD mice were analyzed by Western blot using
BACE1 antibody. Ten days of TD significantly (43%; P<0.001) increased BACE1 protein
levels (Fig. 7A, B).
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4. Discussion
Previous studies reveal that TD can mimic many of the reductions in thiamine- dependent
processes that accompany AD. Although changes in thiamine-dependent processes can feasibly
underlie the reductions in metabolism in AD, previous studies had not directly linked the
changes to the pathological hallmarks of the disease. The current study indicates that thiamine
deficiency exacerbates plaque formation and alters metabolism of APP and/or Aβ in the
Tg19959 plaque competent mice. The results confirm in the Tg19959 mice that, as in the wild
type mice, TD reduces KGDHC by 42%, causes selective loss of NeuN immunoreactivity in
specific brain regions while other cell types are either activated or unaffected [36]. NeuN
expression does not necessarily indicate neuronal number and integrity. However, in our
previous studies in TD we found that the reduction in NeuN staining in SmTN (thalamus)
correlated to changes in Nissl staining [35] and reflected the loss of NeuN protein levels as
analyzed by Western blot [34]. Further, TD elevates markers of oxidative stress markers and
induces region specific increases in neuritic clusters [11].

The highly selective nature of TD-induced neuronal damage made it surprising that TD
exacerbated plaque formation in the cortex and other regions outside of the SmTN in which
there is no neuronal loss and little oxidative stress/inflammation or neurodegeneration [36].
Other experimental paradigms linking oxidative stress to aggravation of Alzheimer-like
pathology have been reported recently, and they also reveal changes throughout the brain.
Partial knockout of one allele of manganese superoxide dismutase (MnSOD) mice crossed with
Tg19959 mice elevated protein carbonyl levels, elevated Aβ levels by 25% in whole brain and
increased plaque burden in cortex and hippocampus [37]. Inhibition of energy metabolism by
insulin, 2-deoxyglucose, 3-nitropropionic acid, or kainic acid enhances plaque pathology in
Tg2576 transgenic mice, and the increase is associated with a 200% increase in Aβ1–40 [51].
On the other hand, a cross of PS/APP double transgenic mice (Tg2576) with mice bearing
disrupted iNOS alleles reduces the levels of protein tyrosine nitration products, concentration
of Aβ, and cerebral amyloid plaque burden [43]. Our previous studies show that TD reduces
thiamine-dependent enzymes throughout the brain while most markers of oxidative stress and
inflammation only occur in the SmTN, the region showing neuronal loss [36]. In wild type
mice, the only marker of oxidative stress/inflammation that we observed outside the SmTN is
elevated TNFα in cortex [34]. In the current studies with Tg 19959 mice, TD increases the lipid
peroxidation marker, malondialdehye and proinflammatory cytokine, TNF-α levels. Activated
astrocytes observed in cortex in the current study appear to be secondary to the appearance of
plaques.

The TD-induced amyloid plaques in thalamus are surprising and may provide insight into
plaque formation. Human AD typically leaves the thalamus relatively intact. Tg19959 mice
share the AD-like, thalamus-sparing pattern. Previous studies of TD in C57BL/6 mice wild
type mice revealed accumulation of APP immunoreactivity in dystrophic neuritic clusters in
the thalamus [11,12]. Double immunofluoresence histochemistry revealed co-localization of
APP-like protein and neurofilament H in the abnormal neurites [10]. In subsequent studies,
double immunofluorescence using antibody 369 and neurofilament 160 kd-immunoreactivities
was observed in the neuritic clusters [35]. The results support the suggestion that the clusters
are degenerating neurons. The induction of plaques by TD in a region that never has plaques
in Tg19959 mice and is the only region that exhibits TD-induced neuritic clusters suggests
novel interactions of degenerating neurites and plaque formation. Thus, one possible reason
for the plaques in the thalamus is that the neuritic lesions induced by TD promote the plaque
formation. There is some precedent for such interactions for tangle formation and in the present
studies these neuritic clusters stain positive for phosphorylated tau. Several papers suggest that
Aβ can induce degenerating neurites and thus tangle formation but not vice versa [31,32,44].
However, in the current experiments degenerating neurites appear to promote the accumulation
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of Aβ and phosphorylated tau. The data suggests the possibility that oxidative injury induces
dystrophy and that the amyloidosis developed as sequelae to the dystrophic neuritis. However,
if so, the data would demonstrate induction of amyloid pathology by upstream neuritic
pathology. Oxidative, “Aβ-independent” pathways to Alzheimer’s pathology have been
previously proposed [22,23,26]. Injury induces changes in metabolism of APP and/or Aβ [2].
Traumatic brain injury increases oxidative stress (isoprostanes) and accelerates Aβ
accumulation [50], and the injury induced by traumatic brain injury can be reversed by the
antioxidant vitamin E [16]. An alternative explanation of the current data is that the induction
of neuritic clusters and plaques occurs by independent mechanisms. Future experiments could
compare the temporal appearance of the neuritic lesions and plaques to test whether neuritic
clusters lead to the plaques or if the two pathologies reflect independent processes.

The induction of tangles by Aβ1–42 in other models suggests that tangles could be induced by
TD. Tangles occur in brains of thiamine deficient humans with the Wernicke Korsakoff
Syndrome, a severe form of thiamine deficiency seen most often in chronic alcoholics [17,
33]. The current studies show that TD increases tau phosphorylation. Tangles pathology can
be achieved by expressing one of the mutant, “tangle-competent” forms of human tau that
underlie human tauopathy, such as fronto-temporal dementia [46]. The TD Tg19959 mice do
not have human tau. Since the production of AD-like changes in mice requires the presence of
human tau, these studies were beyond the scope of the current experiments.

Comparison with other models which show that impaired metabolism and oxidative stress
modulates metabolism of APP and/or Aβ may provide some insight into the mechanism
underlying the TD-induced changes in the current experiments. One key aspect of the new data
reported here is that that TD elevates brain Aβ levels and increases plaque burden. The three
fold increase in Aβ1–42 is greater than that seen in the MnSOD partial knockouts (25%) [37]
or following inhibition of energy metabolism in Tg2576 transgenic mice [51] and occurs
relatively in a short time. The TD-induced changes in metabolism of APP and/or Aβ suggest
a possible mechanism for the increase in Aβ detected by ELISA and in plaques (see Fig 5D;
4K). APP proteolytic products arise from the coordinated action of α-, β- and γ-secretases
[22]. In the amyloidogenic pathway, APP is proteolytically cleaved by β-secretase (formally
known as BACE, for β-APP-site cleaving enzyme) to release an N-terminal, soluble APP-β
(sAPP-β) fragment and a retained, cell-associated amyloidogenic C-terminal fragment (CTF)
known as β-CTF or C99. In the non-amyloidogenic pathway, APP is cleaved by α-secretase
in the middle of the Aβ sequence to release N-terminal, soluble APP- α (sAPP- α) fragment
and a retained non-amyloidogenic C-terminal fragment (CTF) known as α-CTF or C83.
Western blot analysis of brain homogenates using antibody G369 revealed full-length holoAPP
and bands corresponding to β-CTF (C99) and α-CTF (C83). TD reduced full length holo APP
levels and C83 levels although the differences were not significantly different. In contrast, TD
increased β-CTF (C99) and Aβ1–42. These findings indicate that one mechanism underlying
the increase in Aβ levels following TD may be the increase in levels of the immediate precursor
of Aβ, namely β-CTF (C99). Impairment of the electron transport chain promotes production
of amyloidogenic fragments [20]. The current data indicates impairing other aspects of energy
metabolism may also stimulate production of amyloidogenic fragments.

The increase in β-CTF levels may be due either to increased co-compartmentalization of
BACE-1 and APP or to increased levels of BACE. A variety of oxidants, such as 4-
hydroxynonenal (HNE), are known to up-regulate BACE-1 expression and activity in
differentiated neuronal NT2 cells [48]. In addition, acute inhibition of energy metabolism by
insulin, 2-deoxyglucose, 3-nitropropionic acid and kainic acid in C57BL/6 wild type and APP
transgenic mice (Tg2576) elevate BACE-1 levels and activity and increase levels of Aβ [51].
Our previous studies show that TD elevates markers of oxidative stress, nitric oxide synthase
(NOS), intracellular adhesion molecule-1 (ICAM-1) in early stages and induces HNE and
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hemeoxygenase-1 (HO-1) in late stages in wild type C57BL/6 mice [36]. Thus, the current
results are consistent with an elevated BACE-1, in which the activator is impaired metabolism
or an inflammatory signal such as TNF-α. The 43% increase in BACE-1 levels (Fig. 7B) is
consistent with this possibility. The increase in TNF-α in cortex of TD mice can regulate β-
amyloid deposition and BACE expression [55]. However, other factors may have a large
impact. Altered proteasomal activity may alter clearance of the peptides [18]. The much larger
increase in Aβ42 than Aβ40 suggests additional factors may be important. TD may enhance
nidus and aggregation of soluble Aβ in interstitial fluids. Since we did not distinguish soluble
from insoluble Aβ we cannot assess which fraction is most affected by treatment. In addition,
reduced Aβ clearance and/or degradation, or accelerated Aβ deposition, via undetected damage
in cortex and hippocampus could account for the exacerbation of plaque formation following
TD.

Another possible mechanism is activation of BACE by caspase 3. Recently, Tesco et al., have
shown that caspase activation increases the BACE and C99 levels. Also the levels of GGA3,
an adaptor protein involved in BACE trafficking are decreased and inversely correlated with
increased levels of BACE in AD [49]. Inhibition of caspase abolishes brain trauma-induced
increases in Aβ peptide [1]. TD can lead to activation of caspases. TD-induced stress may lead
to the inactivation of C-Jun N-terminal kinase 1 (JNK1) and the loss of its cellular protective
function from programmed cell death [53]. Recent results suggest that TD triggers apoptosis
by activating caspase-3 mediated signaling pathway which leads to neuronal loss [15]. Also,
TD induces endoplasmic reticulum (ER) stress in neurons and blocking the activation of
caspase-12, an ER-anchored caspase, alleviates TD-induced neuronal death [54]. Although,
these changes are largely restricted to the areas with neuron death, the studies were not done
in plaque competent mice.

Several indirect lines of evidence suggest that thiamine may alter protein processing. Critical
components of protein processing occur in the endoplasmic reticulum (ER), trans-Golgi
Network and Golgi apparatus where thiamine-processing enzymes also occur. Thiamine
pyrophosphatase is a trans-Golgi marker enzyme [40,42]. Recent studies indicate that the
thiamine dependent enzyme transketolase is localized around the endoplasmic reticulum (ER)
[4]. The ER is involved in post-translational protein processing and transport. The
accumulation of unfolded proteins leads to ER stress. TD induces ER stress in thalamus [54].
Electron microscopy also reveals differences in brain ER: enlarged lumens, deposition of
vesicles and an irregular packing pattern of rough ER [54]. Thus, TD may induce a general
problem in protein processing. We have chosen to examine plaque formation and changes in
metabolism of APP and/or Aβ because of its critical role in AD.

The integrity of thiamine-dependent biochemical pathways is critical to normal memory
formation and retrieval [24,39]. The current study suggests that thiamine-sensitive pathways
are also likely to be important in the pathology of AD and could promote plaque formation.
TD plaque-forming transgenic mice may be useful for screening novel thiamine derivatives
for their activities as attenuators of plaque accumulation, especially since dramatic changes
occur within a ten day period. Multiple nutritional factors (e.g., cholesterol, caloric intake)
have been implicated in accelerating the onset of AD, and we would predict that thiamine status
and the consequent changes in metabolism and oxidative stress represents another factor that
can modulate the pathology in AD.
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Fig. 1. TD reduced KGDHC activity and caused selective neuronal loss
Sixty days old Tg19959 mice were made TD for 10 days and compared to appropriate control
animals (n=4). A. KGDHC activity was measured in control and TD mice brains. KGDHC
was measured on the “whole hemi-brain” that was not used for immunocytochemistry. Each
value represents the mean ± S.E.M of three separate experiments done in triplicate.* p<0.01,
TD vs control. B–E, shows the representative sagittal brain sections from control and TD brains
through cortex and submedial thalamic nucleus stained for NeuN antibody. TD brains showed
selective neuronal loss in thalamus region (E). Scale bars: B–E, 100 µm.
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Fig. 2. TD induced oxidative stress and neuritic clusters
Sixty days old Tg19959 mice were made TD for 10 days and compared to appropriate control
animals (n=4). A–D shows the representative sagittal brain sections from control and TD
brains, stained with thioflavin S and anti-TNF-α or anti-malondialdehyde antibody. Arrows
show the elevated levels of TNF-α and malondialdehyde staining in the cortex region of TD
brains. E–H show the representative sections from control and TD brains and stained for anti-
APP 369 or anti-phospho Ser 396 tau antibody. Arrow shows the accumulation of APP and
phospho tau in abnormal neurites in TD brain. Scale bars: A–D; G–H, 100 µm, E–F, 200 µm.
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Fig. 3. TD induced astroglial activation
Sixty days old Tg19959 mice made TD for 10 days. Representative brain sections from control
and TD brains in cortex and hippocampus stained with an antibody directed against GFAP to
assess astrocyte activation. These results are typical of two independent experiments (n=6).
Scale bar, 50 µm.
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Fig. 4. TD accelerates deposition of amyloid plaques
A–C show representative sagittal brain sections from 45, 60 and 90 days old Tg19959 mice
stained with thioflavine S. D–G illustrates the profiles of amyloid plaques by different staining
methods or antibodies: thioflavine S (D) and congo red (E), 6E10 antibody (F) and 4G8
antibody (G). H–J show representative sagittal brain sections from 45, 60 and 90 days old
Tg19959 mice made TD for 10 days stained with thioflavine S. (K) shows the plaque counts
and % area occupied by plaques quantified from the cortex, hippocampus and thalamus region.
A statistical comparison of the sexes within groups did not find any sex differences. In controls,
we compared males and females and found no differences (p>0.05). In TD we compared males
and females and found no differences (p>0.05). The statistical comparisons were done both by
one way ANOVA and Student t test. Data represent means ± SEM; Control (n=9) and TD
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(n=10) from 2–3 independent experiments. Scale bars: A–C and H–J, 500 µm; D–G, 100 µm;
Insets 20 µm.
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Fig. 5. TD increases Aβ protein and Aβ-peptide1–42 levels
Aβ protein and Aβ1–42 levels were determined in hemi-brain samples from 60 days old Tg
19959 mice made TD for 10 days and appropriate controls. Panel (A) shows a representative
Western blot probed with 6E10 antibody, an antibody specific against 1–17 amino acids of
Aβ and visualized by LICOR IR dyes. Panel (B) shows the results of Aβ band intensity
quantified, and normalized against β-actin. The values represent the results from two
independent experiments. Data represent mean ± SEM; Control and TD (n=5). (C) Aβ levels
in whole brain extract were plotted for each animal both control and TD. Levels of Aβ1–42
were significantly increased in formic acid soluble extracts of TD (n=8) brains compared to
control (n=9). (D) Mean Aβ1–40 and Aβ1–42 levels in control and TD. The values represent the
results from two independent experiments.* p<0.03, TD vs control.
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Fig. 6. TD increased APP C-terminal fragments in Tg19959 mice
Sixty days old Tg19959 mice that were made TD for 10 days were compared to appropriate
control animals. Panel (A) shows representative Western blots probed with G369 antibody, an
antibody specific against both APP holo protein and C-terminal fragments. Panel (B) shows
the densitometric analysis of APP holo protein and C-terminal fragments band intensity. The
values represent the results from three independent experiments. Data represent mean ± SEM;
Control (n=9) and TD (n=8). * p<0.05, TD vs control.
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Fig. 7. TD increased BACE1 levels in Tg19959 mice
Whole hemi-brain extracts from sixty-day-old Tg 19959 control and TD mice were analyzed
by Western blot using BACE1 antibody (PA1-757; Affinity Bioreagents). PA1-757 recognizes
the C terminal region of both human and mouse BACE1 and recognize a band at ~70 kDa
[51]. Ten days of TD caused a significant (43%; P<0.001) increase in BACE1 protein levels
Panel (A) shows representative Western blots probed with BACE1 antibody. Panel (B) shows
the densitometric analysis of BACE1 band intensity. The values represent the results from three
independent blots of the same samples. Values represent mean ± SEM; Control (n=5) and TD
(n=5). * p<0.001, TD vs control.
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