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Abstract

Thiamine deficiency (TD) is a model of neurodegeneration induced by mild impairment of oxidative
metabolism. TD produces time-dependent glial activation, inflammation, oxidative stress, altered
metabolism of amyloid precursor protein (APP), exacerbation of plaque formation from APP and
finally selective neuron death in specific brain regions. The submedial thalamic nucleus (SmTN) is
the most sensitive region to TD. Alteration in APP metabolism and nuclear translocation of carboxy-
terminal fragments (CTF) of APP has been implicated in neuron death in other models of
neurodegeneration. These experiments tested whether TD causes translocation of CTF into the
nucleus of neurons in the SmTN that are destined to die after nine days of TD by examining
overlapping immunoreactivity (IR) of antibody APP 369 with either Alz90, 6E10 or 4G8 epitopes
in the nuclei of the neurons in the SmMTN. TD caused the accumulation of the CTF of APP in nuclei
of SMTN neurons within three days of TD. These changes did not occur in the cortex which is spared
in TD. Western blot analysis of nuclear fractions revealed a (214%; p<0.152 and 61%; p<0.026)
increase in CTF 15 and CTF 12 levels, respectively and corresponding decrease in Holo APP levels
(34%; p<0.753) in TD SmMTN compared to control. TD did not alter CTF 15 and 12 levels in cortex.
These findings demonstrate that changes in APP metabolism occur in early stages of TD, and they
may play an important role in TD-induced selective neuronal loss.
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Introduction

Thiamine deficiency (TD) is a model of neurodegeneration induced by mild impairment of
oxidative metabolism and enhanced oxidative stress. Thiamine dependent enzymes are
diminished in multiple neurodegenerative diseases. The reductions have been particularly well
documented for Alzheimer’s disease (AD) [1,2]. In AD, the decline in thiamine-dependent
enzymes is highly correlated to the decline in clinical dementia rating before the patients die
[2,3]. TD produces a highly reproducible time-dependent selective neuronal loss in specific
brain regions. The earliest and most dramatic neuronal loss is in the sub-medial thalamic
nucleus (SmTN) and occurs after nine days of TD [4]. Previous experiments identified markers
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of inflammation and oxidative stress in microglia [inducible nitric oxide synthase (iNOS),
redox active iron, hemeoxygenase-1, CD-40, IL-1f, TNF-a], astrocytes (CD40L, IL-6) and
endothelial cells [intracellular adhesion molecule-1 (ICAM-1), enothelial NOS (eNOS)] [5,
6] that precede neuronal loss. TD induced inflammation, stress, cell death and repair, and
metabolic perturbation gene expression in thalamus and colliculus [7]. However, changes have
not been demonstrated in neurons that could provide insight into why these neurons die.

Previous studies indicate that processing of amyloid precursor protein (APP) is altered in late
stages of TD. In wild type mice, late stages of TD are characterized by the accumulation of
clusters of dystrophic neurites of APP or amyloid precursor protein like proteins (APLP2) that
are highly reminiscent of the morphology of amyloid plaques, except that the centers of lesions
were formed from necrotic debris rather than from beta amyloid [8,9]. Recent results
demonstrate that in plague competent mice expressing mutant human APP, TD exacerbates
plaque formation [34]. Whether TD alters APP processing in early stages of TD has not been
examined.

APP is a transmembrane protein that is abundant in neurons and may have a role in neuron
death. Although its physiological function is unknown, experiments indicate roles for APP
fragments in axonal transport [10], cell survival, gene transcription and cognitive function
[11]. Increased amyloid precursor protein (APP) expression and intracellular accumulation of
its toxic fragments have been associated with acute neuronal death processes. APP is cleaved
by a, B, and y secretases to generate amyloid-B-peptide (AB) and various carboxy terminal
fragments of APP (CTF’s). Ap is the primary component of the plaques that characterize
Alzheimer’s disease (AD), and many studies demonstrate that it can be neurotoxic. Although
the precise functions of the APP CTFs are unknown, they alter membrane currents and calcium
homeostasis [12,13], stimulate mitogen activated protein kinase pathways, activate the
transcription factor NF-kB and elevate iNOS [14]. The APP CTF’s accumulate in the nucleus
and bind with Fe65 [15] and CP2 to alter transcription [14]. The translocation of CTF to the
nucleus has also been implicated in neuronal death in vivo. C terminal fragments of APP
translocate to the nucleus of the neurons destined to delayed degeneration following neurotoxic
striatal lesions [16]. Genetic knockouts of APP attenuate microglial activation and enhance
neuron survival in substantia nigra compacta after axotomy [17]. Nuclear APP fragments also
play a role in the progressive loss of dopaminergic substantia nigra pars compacta neurons
following unilateral medial forebrain bundle transaction [18]. Thus, multiple approaches
suggest that nuclear translocation of C-terminal fragments of APP are important in cell death.
Previous studies failed to identify markers in neurons that preceded the selective neuron loss.
The current studies tested whether TD promotes alterations in APP processing that promote
translocation of APP CTF to the nucleus to initiate neuronal death in early stages of TD.

Materials and Methods

Animals

Adult male C57BL/6 mice (6-8 weeks; 22-26 g) from Harlan Sprague Dawley, Inc
(Indianapolis, IN, USA) were used in all experiments. The animals were housed with constant
temperature (22 £ 2°C), humidity (50 £ 5 %) and illumination (12 h light/dark cycles). The
Institutional Animal Care and Use Committee of Weill Medical College of Cornell University
approved all procedures with the animals.

Induction of thiamine deficiency

Thiamine deficiency was induced in C57BL/6 male mice as described in our previous studies
[4,6]. Experimental mice received a thiamine deficient diet (ICN Nutrition Biomedicals,
Cleveland, OH) ad libitum, and daily intraperitoneal injections of the thiamine
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pyrophosphokinase inhibitor, pyrithiamine hydrobromide [19] (Sigma Chemical Co.; St.
Louis, MO; 5 pug in 0.1 ml saline/10 g body weight) for 10 days. Control animals received a
thiamine containing diet (ICN Nutrition Biomedicals, Cleveland, OH) ad libitum and daily
intraperitoneal injections of saline (0.1ml/10 g).

Tissue preparation and Immunohistochemistry

Following treatment, the mice were administered with a lethal intraperitoneal dose of
pentobarbitone sodium (200 mg/kg; i.p.; Abbott Laboratories, North Chicago, IL) and perfused
via the ascending aorta with 50 ml of normal saline, followed by 100 ml of 4%
paraformaldehyde (Sigma Chemical Co., St. Louis, MO) in 0.1 M phosphate buffer (pH 7.2)
using a pump (Masterflex, Model 7518-00, Cole-Parmer Instrument Company, Barrington, IL)
at 5ml/min. The brains were removed and post-fixed in 4% paraformaldehyde overnight, and
then transferred to 30% sucrose (Sigma Chemical Co., St. Louis, MO) for at least an additional
24 hours. The brain block that contained the thalamus and cortex region was dissected on a
Rodent Brain Matrix (ASI Instruments; Warren, MI) and sectioned (40 um) with a sliding
microtome (Microm Laborgerate GmbH, Welldorf, Germany). Sections were collected from
the Bregma level —0.94 to —1.94 [35].

The staining protocol employed a modified ABC immunohistochemistry procedure [20]; [6].
Briefly, sections were washed with 0.1 M potassium phosphate buffered saline (PBS, pH 7.4)
and incubated in 1% H,0, for 30 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. Sections
were washed with PBS and blocked with 2% bovine serum albumin (BSA) in PBS for 1 hr.
Sections were incubated with mouse monoclonal anti-NeuN (Chemicon, Temecula, CA;
1:1000), in PBS containing 1% BSA (Sigma Chemical Co., St. Louis, MO) overnight at room
temperature. After rinsing in PBS, sections were incubated with biotinylated anti-mouse
(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 hr (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% H,0, in
PBS.

Double immunofluorescence was performed to demonstrate the localization of APP domains.
Briefly, Sections were incubated with rabbit C-terminal Ab G369 (Gift from Dr. Sam Gandy,
Thomas Jefferson University, Philadelphia, PA) with either mouse Ab Alz90 (RDI Research
diagnostics, Concord, MA) or mouse Ab 6E10 or mouse Ab 4G8 (Chemicon, Temecula, CA)
in PBS containing 1% BSA (Sigma Chemical Co., St. Louis, MO) overnight at 4 °C. After
rinsing in PBS, sections were incubated with Rhodamine Red conjugated anti-rabbit 1gG
(Jackson ImmunoResearch Laboratories Inc, West Grove, PA) and Alexa 488- anti-mouse IgG
(Molecular Probes, Eugene, OR) in PBS containing 0.25% BSA for one hour. Sections were
rinsed, mounted on a super frost slides, air-dried and coverslipped with Cytoseal (Stephens
Scientific, Kalamazoo, MI). To confirm the colocalization of CTF’s in nuclei, few sections
were counterstained with DAPI (4',6'diamidino-2-phenylindole)-containing Vectashield
mountant (Vector Laboratories Inc., Burlingame, CA).

Quantitation of nuclear immunoreactivity

Processed brain sections were analyzed with a Zeiss LSM 510 META confocal scanning laser
microscope (Carl Zeiss Microimaging, Inc., Thornwood, NY, USA). For quantitative
colocalization, eight fields in each section, and a total of three sections spanning from anterior
to posterior SmTN per animal containing an average of 5-6 cells per field were imaged using
a PlanApochromat 63x (NA = 1.4) oil immersion lens, yielding a total of 120 cells. Computer-
aided quantification of nuclear co-localization was performed using the MetaMorph 6.1
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software (Universal Imaging Corp, Downington, PA). Threshold was kept constant throughout
the analysis. The analysis was performed in a blinded fashion.

Nuclear extraction and Western blotting

The SmTN and cortex region were micropunched as reported previously [6]. The SmTN is
quite small (i.e., about one third the size of the substantia nigra). The punches from five or
three brain samples were pooled from the SmTN or cortex and nuclear fractions were isolated
using the Nu-CLEAR extraction kit (Sigma, ST. Louis, MO). Briefly, the brain tissue was
suspended in 1X lysis buffer containing dithiothreitol (DTT) and protease inhibitor cocktail.
These samples were vortexed for 5 seconds and placed over an electric rocker and gently rocked
for 30 min and centrifuged for 5 min at 10,000 X g. The supernatant was saved for the cytosolic
fraction. The crude nuclear pellet was resuspended in extraction buffer containing DTT and
protease inhibitor. The tube was vortexed for 5 seconds and gently rocked for 30 min and
centrifuged for 5 min at 20,000 X g. The supernatant was transferred to a clean tube and stored
at—80 °C.

Protein concentrations of the lysates were determinedby a bicinchoninic colorimetric acid
(BCA) assay (Pierce Chemical Company, Rockford, IL). A total of 10 pg of protein was mixed
with SDS loading buffer, denatured at 100 °C, and loaded on a 10% SDS-PAGE gel and
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 (1:1000), monoclonal antibody
Alz90 (1:1000; Research diagnostics, Concord, MA) or B-actin (1:10,000; Sigma) for 120 min
at room temperature. Subsequently, blots were washed with TBS plus 0.1% triton, and
incubatedat room temperature for one hour with secondary Odyssey Goat anti-Rabbit IR Dye
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). Values were normalized to actin, which is an abundant cell protein
that also exist in isolated nuclei [21].

Statistical Analysis

All the values were expressed as mean + SEM. Statistical significance of group differences
was tested by two tailed paired t test. P < 0.05 was considered significant. SPSS (SPSS Co.,
Chicago, IL) software was used for statistical analysis.

Results

TD induced neuronal loss in SmTN

TD induced loss of NeuN immunoreactivity was analyzed in control and TD brains. Similar
to our previous studies, TD caused loss of NeuN immunoreactivity in the SmTN region
compared to brains from mice on the normal thiamine-containing diet (Fig. 1). Our previous
studies using Nissl staining indicate that neurons undergo dramatic morphological changes on
TD 9 [4].

TD induced accumulation of APP CTFs in the nucleus

Whether TD induced the accumulation of nuclear APP CTFs was tested in the vulnerable
SMTN, which has extensive TD-induced neuronal loss, and in non vulnerable cortex, which
does not have TD-induced neuronal loss. The accumulation APP CTF’s immunoreactivity was
tested by examining the co-localization of APP G369 antibody with either Alz90, 6E10 or 4G8
antibodies. Mice were made TD for 2, 3, 4, 5, 6 and 9 days. By day 3 of TD colocalization of
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immunoreactivity for APP C-terminal (G 369) and Alz90 epitopes was apparent in the nuclei
of the vulnerable submedial thalamus (SmTN) neurons. Quantification of the colocalized APP
CTF in SmTN nuclei revealed increases that were highly significant by day 4 (Fig. 2A, B). No
changes occurred in the control SmTN or cortex (data not shown). The nuclear localization of
the overlapping signals was confirmed by immunostaining with DAPI. Immuostaining
revealed co-localization of APP36 and Alz90 and DAPI. This confirms the nuclear
colocalization (Fig. 3). The co-localization of APP CTF with § amyloid domains was also
studied using co-localization of 6E10 or 4G8 antibodies with G369 on days 5, 6 and 9. APP
immunoreactivity co-localized with 6E10 or 4G8 epitopes in the nuclei of the SmTN neurons

(Fig. 4).

Nuclear localization of APP carboxy terminal fragments by Western blot analysis

To further test whether TD causes the translocation of the CTF to the nucleus in SmTN neurons,
micropunches were obtained from the SmTN or cortex by methods that were reported
previously [6]. A total of 6 samples from each region were prepared from 22 control or TD
mice and analyzed by Western blot. Samples were probed with APP C-terminal specific G369
and Alz90 antibodies. G369 antibody revealed the full length APP (~95kDa) and CTF’s (15kDa
and 12kDa) bands (Fig. 5A). Quantitation of the blots revealed a significant (61%; p<0.26;
paired t test) increase in CTF 12 levels in TD SmTN (2.08 £ 0.56) compared to control SmTN
(1.29 + 0.41) (Fig. 5B). Although, TD increased CTF 15 levels in TD SmTN (1.95 + 0.73)
compared to control SmTN (0.62 £ 0.52) by 214%; p<0.665 and decreased the full length Holo
APP levels in TD SmTN (0.32 £ 0.30) compared to control SmTN (0.47 + 0.18) by 34%;
p<0.753), the differences were not significant. On the other hand, TD did not induce significant
changes in cortex in either full length APP or CTF protein levels (Fig. 5B). Western blot
analysis of nuclear fractions with Alz 90 antibody did not reveal any significant increase in
(~40 kDa) band in TD SmTN compared to controls (Fig. 5A, B).

Discussion

Previous studies have identified several markers of inflammation and oxidative stress in
multiple cell types (neurons, microglia, astrocytes and endothelial cells) that precede neuronal
loss [5,6,22,23,24]. The present study is the first to demonstrate TD induced alteration in APP
metabolism and nuclear translocation of CTF of APP occur in early stages of TD in vulnerable
region SMTN. APP is a transmembrane protein. When proteolytically cleaved by a-, - and
y-secretases, APP generates AP and carboxy terminal fragments of APP. In the amyloidogenic
pathway, APP is cleaved by B-secretase (B-APP-site cleaving enzyme; BACE) to release an
N-terminal, soluble APP-B (sAPP-B) fragment and amyloidogenic C-terminal fragment (CTF)
known as B-CTF or C99. B-CTF is further cleaved by y secretase to produce Ap and amyloid
intracellular domain (AICD) (CTF57 and CTF59). In the non-amyloidogenic pathway, APP
is cleaved by a-secretase in the middle of the AB sequence to release N-terminal, soluble APP-
a (SAPP- o) fragment and a retained non-amyloidogenic C-terminal fragment (CTF) known
as a-CTF or C83 [25,26,27]. Also, caspases produce CTF31 [28]. Recently, APP cleaved
product (56 kDa), termed as Abeta*56 was shown to involved in memory deficits [29]. These
resultant amyloidogenic CTF’s are neurotoxic and linked to pathogenesis of AD [30,31].

Oxidative stress and inflammation favor proteolysis via B-secretase pathway to generate
neurotoxic C terminal fragments. Recent in vivo studies demonstrate that mitochondrial
respiratory chain inhibitors (e.g., rotenone, 3-nitropropionic acid and sodium azide) and
oxidants (e.g., including Fe3* and Ap fibrils) elevate BACE protein levels and increase p-CTF
[32]. In addition, acute inhibition of energy metabolism with various pharmacological agents
(insulin, 2-deoxyglucose, 3-nitropropionic acid and kainic acid) in C57BL/6 wild type and
APP transgenic mice (Tg2576) elevates BACE-1 levels and activity, and increase levels of
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AP [33]. In wild type, non-plague competent mice, TD induces the formation APP neuritic
clusters by ten days of TD [8,9]. In plagque competent mice bearing double mutant forms of
human APP, TD alters the APP processing towards amyloidgenic pathway, increases the -
CTF levels and exacerbates amyloid plaque formation after 10 days of TD [34]. Changes in
APP processing including translocation of CTF to the nucleus have not been tested previously
at earlier stages of TD.

The translocation of CTF of APP to the nucleus has been implicated in neuronal death. Nuclei
of the neurons in the rat substantia nigra pars reticulata (SNpr) targeted for delayed
degeneration following neurotoxic striatal lesions show intense immunoreactivity for APP C-
terminal and beta-amyloid domains but not for an N-terminal sequence [16]. Genetic knockout
of APP attenuates microglial activation and enhances neuron survival in substantia nigra
compacta after axotomy [17]. Nuclear APP fragments also play a role in the progressive loss
of dopaminergic substantia nigra pars compacta neurons following unilateral medial forebrain
bundle transaction. The data show a novel nuclear C-terminal fragment appeared coincident
with SNpc neuron degeneration, and that APP deficiency provided significant neuroprotection
in vivo [18].

The present studies demonstrate translocation of APP fragments to the nucleus in TD, and only
in those neurons that are destined to a die several days later. TD induced colocalization of
amyloidgenic CTF, B-amyloid and Alz90 domains of APP in the nuclei of SmTN neurons.
Quantitation of the co-localized carboxy terminal fragments revealed a significant increase on
day 4 in TD SmTN neurons compared to control. Western blot analysis of nuclear fractions
from SmTN and cortex using antibody G369 revealed full-length holo-APP and bands
corresponding to CTF’s. TD decreased the full length holoAPP levels, while increased the CTF
15and CTF 12 levels by (214% and 61%) in vulnerable SmTN. Interestingly, TD did not cause
any changes in the holo APP or CTF levels in cortex. Thus, the data consistently support the
suggestion that the translocation of APP fragments to the nucleus initiate neuronal death in
TD.

In the past, several mechanisms for TD-induced selective degeneration of SmTN neurons have
been proposed. The present studies provide data that much earlier alteration in APP processing
leads to translocation of APP CTF to the nucleus to initiate neuronal death. These results
support the hypothesis that APP CTF products may play a major role in the progressive
degeneration of SmTN neurons. These findings provide strong evidence for a substantial role
of APP and cleaved products in TD-induced selective neuronal loss.
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Fig. 1. TD induced neuronal loss in SmTN

Mice were sacrificed after 9 days of TD. Brains were processed for NeuN immunoreactivity.
Representative brain sections from control and TD brains through SmTN region stained for
NeuN antibody. TD brains show clear neuronal loss in SmTN. In the figure, Mammilary tract
and Submedial thalamus is labeled as “MT” and “SmTN”. Scale bar: 100 pm.
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Fig. 2. TD induced APP CTF translocation in SmTN

Mice were sacrificed on days 2, 3, 4, 5, 6 and 9 of TD. Brains were fixed and processed for
colocalization studies. (A) Representative brain sections from the control and TD-4 brains in
SMTN region on day 4 were stained with G369 and Alz90 antibodies to the carboxy terminal
fragments. The yellow color in the nucleus indicates the CTF positive cells colocalized for
G369 (red) and Alz90 (green). Scale bars: 50 um. Insets 20 um. (B) Graph represents the CTF
positive cells colocalized for G369 and Alz90 at 2, 3, 4 days of TD in SmTN. Ninety to one
hundred neurons from three SmTN sections per mouse were scored at each time point. Data
represent means = SEM in each group. *P<0.05 compared with control group (n=5).
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APP 3689

Fig. 3. Migration of APP CTF into the nucleus with TD

Mice were sacrificed after four days of TD. Photomicrographs show the triple label staining
to confirm the nuclear colocalization. Rabbit anti-G369 (Red), mouse anti-Alz90 (green) and
DAPI (blue) were used. In the merged images, the arrows (white color) indicate the nuclear
colocalization of CTF fragments. Scale bar: 20 um.
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Fig. 4. TD induced APP CTF translocation in SmTN

Mice were sacrificed on days 5, 6 and 9 of TD. Brains were fixed and processed with G369
and 6E10 or 4G8 antibodies for colocalization studies. Graph represents the percentage positive
cells colocalized for G369 and 6E10 or 4G8 antibodies at 5, 6, 9 days of TD in SmTN. Ninety
to one hundred neurons from three SmTN sections per mouse were scored at each time point.
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Fig. 5. TD increased APP C-terminal fragments
TD C57BL/6 mice were sacrificed after 4 days of treatment. Western blots were performed
with nuclear fractions prepared from pooled micropunched samples from the SmTN or cortex
from three control and three TD mice. Panel (A) shows representative Western blot probed
with G369 antibody specific and Alz90 against APP holo protein and C-terminal fragments
and actin, an internal control. The blots were visualized by LI-COR IR dyes and quantified by
LI-COR imaging system. Panel (B) shows the densitometric analysis of APP holo protein and
C-terminal fragments and Alz 90 band intensity. Data represent means = SEM in each group.
*P<0.05 compared with control group (n=6).
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