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Abnormal oxidative processes including a reduction
in thiamine-dependent enzymes accompany many
neurodegenerative diseases. Thiamine deficiency
(TD) models the cellular and molecular mechanisms
by which chronic oxidative aberrations associated
with thiamine-dependent enzyme deficits cause selec-
tive neurodegeneration. The mechanisms underlying
selective cell death in TD are unknown. In rodent TD,
the earliest region-specific pathological change is
breakdown of the blood-brain barrier (BBB). The cur-
rent studies tested whether nitric oxide and microglia
are important in the initial events that couple BBB
breakdown to selective neuronal loss. Enhanced ex-
pression of endothelial nitric oxide synthase and nic-
otinamide adenine dinucleotide phosphate diapho-
rase reactivity in microvessels, as well as the presence
of numerous inducible nitric oxide synthase-immu-
noreactive microglia, accompanied the increases in
BBB permeability. Nitric oxide synthase induction ap-
pears critical to TD pathology, because immunoreac-
tivity for nitrotyrosine, a specific nitration product of
peroxynitrite, also increased in axons of susceptible
regions. In addition, TD elevated iron and the antiox-
idant protein ferritin in microvessels and in activated
microglia, suggesting that these cells are responding
to an oxidative challenge. All of these changes oc-
curred in selectively vulnerable regions, preceding
neuronal death. These findings are consistent with
the hypothesis that the free radical-mediated BBB al-
terations permit entry of iron and extraneuronal pro-
teins that set in motion a cascade of inflammatory
responses culminating in selective neuronal loss.
Thus, the TD model should help elucidate the rela-
tionship between oxidative deficits, BBB abnormali-
ties, the inflammatory response, ferritin and iron
elevation, and selective neurodegeneration. (Am J
Patbol 1998, 153:599—-610)

Abnormalities in oxidative metabolism appear central to
aging and many pathological conditions including Alzhei-
mer’s disease,’"® Parkinson’s disease,” Huntington’s dis-
ease,® ischemia-reperfusion injury,® Down’s syndrome,'°
amyotrophic lateral sclerosis,"' chronic alcoholism,’?
and Wernicke-Korsakoff syndrome.'® Reductions in
a-ketoglutarate dehydrogenase, a thiamine-dependent,
key enzyme of the Krebs cycle, occur in many of these
diseases, such as Alzheimer’s disease,''® Parkinson’s
disease,"” Wernicke-Korsakoff syndrome,'® and Fried-
reich’s and type 1 hereditary spinocerebellar ataxias.’®
Nevertheless, the role of thiamine-dependent enzyme
deficits in neurodegeneration is still unclear. Whether
these deficits are the initiating event, part of a critical
cascade, or merely a secondary phenomenon remains to
be elucidated. Experimental thiamine deficiency (TD)
provides a test of how chronic low-grade interruption of
these enzymes contributes to the brain pathology.

TD models the molecular and cellular mechanisms by
which a chronic, generalized impairment of oxidative me-
tabolism leads to selective neuronal loss. In rodents, TD
causes a generalized reduction in the a-ketoglutarate
dehydrogenase activity. Breakdown of the blood-brain
barrier (BBB) is the earliest region-specific pathological
change during TD."9?° This is followed by cell loss and
accumulation of B protein precursor (BPP) immunoreac-
tivity in perikarya and abnormal neurites that occur either
around the lesions in rats®" or in neuritic clusters within
vulnerable regions in mice.??

The mechanisms responsible for the region-selective
BBB breakdown, cell loss, and abnormal BPP expression
in TD are unknown. One possibility is that factors re-
leased from endothelial cells and microglia such as nitric
oxide (NO) or free radical generators induce the damage.
Recently, increased cerebral free radical production has
been reported in TD.?3 Although NO possesses impor-
tant physiological roles in the nervous system, it is also a
potential mediator of neurotoxicity in a variety of disease
states. Previous studies from other models of disease
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suggest that excessive NO production may be linked to
or even cause abnormalities in BBB permeability.2*-2¢
Microglia are prominently involved in the pathogenesis of
neurodegenerative diseases such as Alzheimer’'s dis-
ease and Parkinson’s disease.?” In vitro experiments
demonstrate that activated microglia mediate neuronal
cell injury via NO.?8 The current studies tested whether
NO and microglia participate in a cascade of initial
events that culminate in selective cell loss during TD.

Materials and Methods

Induction of TD

Adult male C57BL/6 mice (20 to 30 g; Charles River
Breeding Laboratories, Wilmington, MA) or Fischer 344
Brown Norway F, hybrid rats (250 to 300 g; Harlan
Sprague Dawley, Indianapolis, IN) were housed individ-
ually in suspended wire mesh cages. As in our previous
reports, 192122 TD was induced by ad libitum feeding of a
thiamine-deficient diet (ICN Nutrition Biomedicals, Cleve-
land, OH) and daily intraperitoneal injection of the thia-
mine antagonist pyrithiamine hydrobromide (5 ug in 0.1
ml of saline/10 g body weight; Sigma Chemical Co., St.
Louis, MO). Control animals received a thiamine-supple-
mented diet ad libitum and intraperitoneal saline injec-
tions daily (0.1 ml/10 g body weight). All animal proce-
dures were approved by the Institutional Animal Care and
Use Committee of Cornell University Medical College.

Tissue Preparation

At different stages of TD, mice (days 9, 10, and 11) and
rats (days 9, 10, 11, 12, and 13) were euthanized with a
lethal dose of sodium pentobarbital (6 mg/100 g intra-
peritoneally; Fort Dodge Laboratories, Fort Dodge, |1A)
and perfused transcardially with 0.9% NaCl containing
heparin (10 units/ml) followed by 4% paraformaldehyde
in 0.1 mol/L sodium phosphate buffer (PB; pH 7.4). Brains
were removed and 35-um free-floating sections were cut.
Sections were stored in 0.1 mol/L sodium phosphate-
buffered saline (PBS; pH 7.4). The current studies fo-
cused mainly on the thalamus, dorsal lateral geniculate
nucleus, and inferior colliculus, three of the major brain
regions consistently damaged during TD.

Immunohistochemical Detection of BBB
Disturbances

Breakdown of the BBB was assessed by employing a
one-step immunohistochemical detection of immuno-
globulin G (IgG).2° Sections were incubated for 1 hour in
horseradish peroxidase-conjugated rabbit anti-rat or anti-
mouse IgG (1:500 in PBS; Sigma). Visualization of the
peroxidase activity was performed by incubating the sec-
tions for 5 to 10 minutes in a substrate solution containing
0.05% 3,3'-diaminobenzidine tetrahydrochloride dihy-
drate (DAB) and 0.003% H,O, in PB.

Table 1. Antisera Used in the Experiments

Antibodies Source Dilution

Endothelial NOS Transduction Labs 1:1000
(Lexington, KY)

Inducible NOS Transduction Labs 1:1000

Brain NOS Transduction Labs 1:1000

Nitrotyrosine Upstate Biotechnology 1:100
(Lake Placid, NY)

Ferritin DAKO (Carpinteria, CA) 1:7000

GFAP DAKO 1:1000

Galactocerebroside Chemicon (Temecula, CA)  1:1000

BPP Dr. Samuel E. Gandy 1:7000

GFAP, glial fibrillary acidic protein.

Nicotinamide Adenine Dinucleotide Phosphate
Diaphorase (NADPH-d) Histochemistry

NADPH-d activity is a reasonable but not an absolute
correlate of NO synthase (NOS) activity.*°2" In paraform-
aldehyde-fixed tissues, virtually all NADPH-dependent
oxidative enzymes except NOS are inactivated.3? To de-
tect NADPH-d activity histochemically, sections were in-
cubated at 37°C for 1 hour in a freshly prepared solution
containing 1 mg/ml B-NADPH, 0.2 mg/ml nitroblue tetra-
zolium, and 0.3% Triton X-100 (all purchased from
Sigma) dissolved in PB. The reaction was terminated by
three washes with PB.

Immunocytochemistry

Sections were stained using modified avidin-biotin-per-
oxidase immunocytochemistry.®® Endogenous peroxi-
dase was blocked by incubating the sections in 0.3%
H,0O, in PBS for 30 minutes. This was followed by se-
guential incubation in 1) PBS containing 1% bovine se-
rum albumin and 0.2% Triton X-100 for 30 minutes, 2) one
of the primary antisera (Table 1) diluted in PBS/0.5%
bovine serum albumin for 18 hours, 3) biotinylated anti-
rabbit 1IgG, 1:200 in PBS/0.5% bovine serum albumin for
1 hour, and 4) avidin-biotin-peroxidase complex, 1:50 in
PBS for 1 hour. Biotinylated secondary antibodies and
the avidin-biotin-peroxidase complex were both pur-
chased from Vector Laboratories (Burlingame, CA). The
immunoreaction was developed in a substrate solution
containing 0.05% DAB and 0.003% H,O, in PB. Sections
were rinsed in PB, mounted on glass slides, dehydrated
in increasing concentrations of ethanol, cleared in xylene,
and coverslipped. Specificity controls were carried out
by replacing the primary antibody with PBS/0.5% bovine
serum albumin or, in the case of nitrotyrosine, by pread-
sorption with 10 mmol/L 3-nitrotyrosine (Sigma).

Lectin Histochemical Staining of Microglia

Free-floating sections adjacent to those used for ferritin
immunocytochemistry were stained using a lectin histo-
chemical technique.®* Sections were treated with 0.1%
Triton X-100 in PBS for 30 minutes, rinsed three times in
PBS, and incubated in peroxidase-labeled Bandeiraca
simplicifolia BS-1 isolectin B, (20 ng/ml in PBS/0.1% Triton
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Table 2. Sequence of Pathological Changes in the Mouse Thalamus after TD

Control TD, 9 days TD, 10 days TD, 11 days

Alterations (n=4) (n=4) (n=4) (n=4)
IgG extravasation* - —_ RIS 4+
NADPH-d staining of microvessels’ ——— ———= ++++ ++++
Ferritin-positive activated microglia ———— - +4+++ +H++
Iron deposition in activated microglia -———= -———= ++++ ++++
eNOS staining of microvessels ——— ——— +4+—+ 44
iNOS staining of macrophage - ——— —4—4 4+
Nitrotyrosine staining of axons - _ +4+++ 444
Cell |OSSi _—— _———— -+ ++++

eNOS, endothelial NOS; iNOS, inducible NOS. Data represent the presence (+) or absence (—) of the abnormality in each animal.

*Region-specific increase in IgG immunoreactivity.

TIntense NADPH-d reactivity of microvessel walls compared with controls.
*Measured by the presence of areas of cell death in BPP-stained sections.

X-100; Sigma) overnight at 4°C. Sections were rinsed
three times in PBS, and the lectin binding sites were
localized with 0.05% DAB and 0.003% H,O.,.

Iron Histochemistry

Free-floating sections were mounted on gelatin-coated
slides and air dried. Sections were rinsed three times in
deionized water for 30 minutes and stained for iron.®5:3¢
Sections were incubated in a solution containing 1% HCI
and 1% potassium ferrocyanide at room temperature for
30 minutes and rinsed three times in deionized water for
30 minutes. The reaction was intensified by incubation in
0.5% DAB in PB for 20 minutes, followed by 0.5% DAB in
PB containing 0.005% H,O, for 15 minutes. Three rinses
with deionized water for 30 minutes stopped the reaction.

Results

Behavior and Neuropathology of Thiamine-
Deficient Animals

TD produced behavioral and neuropathological changes
consistent with those observed in our previous stud-
ies. 192122 Animals exhibited motor deficits and began to
lose weight after 5 to 6 days (mice) or 8 to 9 days (rats)
of thiamine deprivation. Weight loss was followed by
ataxia and loss of righting reflex.

Similar neuropathological changes occurred in both
mice and rats, although in the latter, the time course is
longer and inducible NOS immunoreactivity was not de-
tected. The observations described below apply to both
species. Macroscopic examination of late-stage thia-
mine-deficient mouse (day 11) or rat (day 13) brains
revealed pinpoint hemorrhages in the thalamus, mammil-
lary body, dorsal lateral and medial geniculate nuclei,
inferior colliculus, superior and inferior olives, and some
periventricular regions. Brain ventricles displayed edem-
atous enlargement. Tissue cavitation of the thalamus oc-
curred in severe cases. Other regions such as the cortex
and hippocampus were unaffected. Table 2 summarizes
the sequence of microscopic pathological alterations
during TD in mice. No apparent abnormalities were de-
tected on day 9 of TD. At late stages, the vulnerable

regions exhibited neuronal loss (Figure 1), pale neuropil,
perivascular edema, and extravasated erythrocytes. 192122

BBB Dysfunction

In thiamine-deficient mouse brain, small focal areas of
increased IgG immunoreactivity appeared in susceptible
regions as early as 10 days of TD before the onset of
apparent cell loss and hemorrhage. These areas of IgG
accumulation became larger on day 11 when hemor-
rhage and neuronal death were evident. On days 12 to
13, areas of IgG extravasation were very extensive.

NADPH-d Histochemistry

Under normal conditions, NADPH-d-labeled neurons oc-
curred in specific nuclei throughout the mouse or rat
brain, consistent with previous mapping studies in
rats.®”*® Intensely stained neurons were sparsely scat-
tered in all layers of the cortex, striatum, and nucleus
basalis. The thalamus, central nucleus of the inferior col-
liculus, and the dorsal lateral and medial geniculate nu-
clei were virtually devoid of NADPH-d-positive neurons,
or they contained only a few weakly stained cells.
Striking changes occurred in vulnerable regions of
thiamine-deficient brains. NADPH-d reactivity increased
in microvessel walls within the thalamus, inferior collicu-
lus (Figure 2), mammillary body, and medial geniculate
nucleus in TD as compared with controls. Elevated
NADPH-d staining occurred as early as 10 days, which
corresponds with the first appearance of IgG accumulation.

NOS Induction

All isoforms of NOS possess NADPH-d activity.®' The
responses of the three distinct NOS types to thiamine
deprivation were evaluated using antibodies that react
selectively with peptide sequences unique to endothelial,
inducible, and brain NOS. Ten days of TD enhanced
endothelial NOS immunoreactivity in microvessel walls
within the thalamus (Figure 3). This alteration corre-
sponded to increased NADPH-d reactivity in blood ves-
sel walls. Numerous inducible NOS-immunoreactive
macrophage-like cells occurred within the thalamus be-
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Figure 1. BPP immunoreactivity in the mouse thalamus of control (C) and days 9, 10, and 11 of TD, demonstrating areas of neuronal loss at day 11 (arrows).
Insets: High magnification of the mediodorsal thalamic nuclei. Scale bar = 100 wm (15 um for insets).

ginning at day 10 of TD in mice (Figure 3) but not in rats.
Owing to the lack of a reliable marker to distinguish
between microglia and macrophages, these cells were
most likely macrophages on the basis of their morphol-
ogy. Neither the control sections nor the nonvulnerable
areas of thiamine-deficient brains exhibited these
changes in NOS expression. Because of the restricted
localization of endothelial and inducible NOS immunore-
activities, Western blot analysis was not performed.

Nitrotyrosine Immunoreactivity

NO plays an important role in several physiological pro-
cesses, including modulation of cerebral blood flow.394°
However, excessive NO produces oxidative damage.
The reaction of superoxide with NO generates peroxyni-
trite, a potent biological oxidant that cannot be measured
directly. One way to assess peroxynitrite-associated ox-
idative damage is by measuring nitrotyrosine, a specific
nitration product of peroxynitrite. Localization of nitroty-
rosine in axons and axon terminals of normal adult rats
has been demonstrated ultrastructurally.*! Thus, a rabbit
polyclonal antibody was used to monitor nitrotyrosine-
containing proteins. Intense nitrotyrosine immunoreactiv-
ity was not detected in any region of control brains. In
10- and 11-day thiamine-deficient animals, intensely
immunolabeled axons and axon terminals were observed
in the thalamus (Figure 4). Moderate immunoreactivity

also occurred in neuronal cytoplasm within the thalamus.
Nitrotyrosine immunoreactive structures were not de-
tected in the nonvulnerable areas of thiamine-deficient
brains. Preadsorption of antinitrotyrosine with 10 mmol/L
3-nitrotyrosine abolished the intense immunoreactivity in
the thalamus of TD brains (data not shown).

Ferritin, Iron, and Microglial Responses to TD

Ferritin immunoreactivity occurred in resting microglia
throughout the gray matter of both control and thiamine-
deficient animals. Lightly stained microglia with scanty
cytoplasm and thin processes were scattered in many
regions including the cerebral cortex, cerebellum, and
hippocampus. Ferritin was not detectable in neurons in
any region.

In thiamine-deficient brains, BBB breakdown was ac-
companied by the presence of many microglia with in-
tense ferritin immunoreactivity in the thalamus, dorsal
lateral, and medial geniculate nuclei (Figure 5), mammil-
lary body, and inferior colliculus. The immunolabeled
cells possessed plump bodies with ramified processes
(Figure 5, inset), typical of the ferritin-positive activated
microglia found in pathological brain tissues.***% In ad-
jacent sections, B. simplicifolia BS-1 isolectin B, stained
cells with the same morphology and distribution as the
ferritin-immunoreactive microglia (data not shown).
These activated microglia were absent from unaffected
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Figure 2. Low-magnification (top) and high-magnification (bottom) photomicrographs showing NADPH-d staining of the inferior colliculus of a 12-day
thiamine-deficient (TD) rat compared with control (C). Note the enhanced NADPH-d reactivity of the microvessels after TD. NADPH-d-stained neurons occur
along the periphery (bottom, left side of each photomicrograph) of the vulnerable central nucleus of the inferior colliculus that contains virtually no stained
neurons (bottom, right side of each photomicrograph). Scale bar = 100 um (top) and 10 wm (bottom).

TD brain regions and all areas of control brains. Light
ferritin immunoreactivity occurred in microvessels within
vulnerable regions. Intense ferritin immunolabeling was
detected in microglia in the immediate vicinity of mi-
crovessels within the vulnerable regions (Figure 6). Fer-
ritin immunostaining was also prominent in the walls of
large blood vessels and capillaries within susceptible
areas, especially the thalamus of thiamine-deficient rats
(Figure 6). Blood vessels were also stained in the medial
geniculate nucleus and inferior colliculus, although less
frequently. Nonvulnerable regions did not exhibit strong
immunoreactivity in microglia or microvessels.

In control mice and rats, light iron staining occurred
mainly in microglia and oligodendrocytes, and to a lesser
extent in the parenchyma throughout the brain. Paren-
chymal iron in control brains was more abundant in vul-
nerable regions such as the thalamus, mammillary body,
and inferior colliculus as compared with the cortex, which
is spared in TD. In thiamine-deficient mice, iron accumu-
lated in microglia within the thalamus and dorsal lateral
and medial geniculate nuclei (Figure 7), beginning on

day 10, coinciding with BBB breakdown and activation of
ferritin-positive microglia. Iron deposition in glial cells was
not detected in any nonvulnerable region. In thiamine-
deficient rats, the iron-laden microglia formed clusters
especially around blood vessels (Figure 7). This pattern
of excessive iron deposition in microglial cells paralleled
the ferritin immunoreactivity. Glial fibrillary acidic protein
immunostaining did not reveal any significant astrogliosis
in thiamine-deficient brains compared with controls (data
not shown).

Discussion

The current experiments provide evidence that oxidative
damage plays a role in the selective neuronal death
induced by TD. The oxidative challenge was associated
with a region-specific breakdown of the BBB before the
onset of neuronal loss. Induction of endothelial and in-
ducible NOS, as well as elevation of ferritin and iron,
paralleled the BBB abnormalities within the vulnerable
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Figure 3. Endothelial NOS (eNOS) immunoreactivity (top) in microvessel walls within the thalamus of control (C) and thiamine-deficient (TD) mice depicting
increased immunostaining after 10 days of TD. Inducible NOS (iNOS) immunodetection (bottom) in the thalamus of control (C) and thiamine-deficient (TD) mice
shows immunoreactive macrophages around a blood vessel in the thalamus of TD. Scale bar = 100 um (top) and 50 um (bottom).

regions. NOS induction appeared critical to TD-induced
cell loss because immunoreactivity for nitrotyrosine, a
specific nitration product of peroxynitrite, increased in
axons within the susceptible areas. Peroxynitrite is a pow-
erful oxidant generated by reaction of superoxide with
NO. In addition, elevation of iron paralleled increases in
the antioxidant protein ferritin in blood vessels and in
activated microglia. All of these changes occurred only
in selectively vulnerable regions and preceded neuronal
death. Taken together, these findings suggest that BBB
breakdown and subsequent cerebral hemorrhage leads

to or exacerbates the oxidative damage induced by the
low-grade oxidative deficits during TD.

There are at least two possible mechanisms by which
excessive vascular NO production contributes to neuro-
degeneration. First, NO can alter BBB permeability to
damaging extraneuronal proteins, including IgG. For in-
stance, inhibition of NOS by administration of Né-nitro-L-
arginine methyl ester hydrochloride or aminoguanidine
reverses the increased BBB permeability in focal isch-
emia,** meningitis,?® and diabetes.*® As has been sug-
gested with amyotrophic lateral sclerosis patients, IgG

Figure 4. Immunocytochemical detection of nitrotyrosine formation in the paraventricular thalamic nucleus of control (C) and thiamine-deficient (TD) mice.
Prominent immunostaining occurs in axons after thiamine deprivation. Scale bar = 25 um.
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Figure 5. IgG (top) and ferritin (bottom) immunoreactivities in the dorsal lateral thalamic nucleus of 9-day and 10-day thiamine-deficient mice. Accumulation of
IgG immunoreactivity on day 10 parallels ferritin-labeled microglial activation. Inset: Morphology of typical activated microglia. Scale bar = 100 um (25 um for

inset).

can kill cells.*® Internalization of specific plasma proteins
such as immunoglobulins, transferrin, albumin, and a-2-
macroglobulin has been reported to damage cerebellar
Purkinje cells.*® Indeed, blood proteins can inhibit oxida-
tive metabolism,*” which could be devastating to cells
that are already metabolically compromised by TD. A
second possibility is that vascular NO may react with
superoxide, a free radical that is also increased in TD,*®
to generate peroxynitrite. Peroxynitrite can diffuse from its
vascular and microglial origin and generate hydroxyl rad-
icals that are deleterious to surrounding neurons.*® The
strong presence of ferritin in microvessels and in micro-
glia around blood vessels suggests that these glial cells
are responding to an oxidative challenge from the ves-
sels. Earlier studies of hypoxia in cultured oligodendro-
cytes provide evidence that ferritin may serve as an
antioxidant.>>>" Even though NO and hemoglobin may
serve a protective role, they failed to protect the mi-
crovessels from oxidative damage during TD. The current
report is the first to document that the microvessels in
vulnerable brain regions may be an important site of free
radical production during TD. Inducible NOS expression
in vascular cells has also been implicated in ischemic
brain injury.®?

The enhancement of nitrotyrosine immunoreactivity in
axons within vulnerable regions of thiamine-deficient
brains provides strong evidence that oxidants derived

from NO, such as peroxynitrite, are involved in TD pathol-
ogy. Several mechanisms of peroxynitrite-mediated neu-
rotoxicity have been reported. Peroxynitrite may cause
neuronal energy deficiency by impairing the mitochon-
drial respiratory chain or the mitochondrial calcium me-
tabolism, interfering with key enzymes of the tricarboxylic
acid cycle, or DNA damage.®® Nitrotyrosine immunore-
activity is present in neurons, including those containing
neurofibrillary tangles in brain tissues from cases of Alz-
heimer’s disease but not in controls.®>*%° In TD, the nitra-
tion of tyrosine does not represent a global oxidative
damage, but a local, selective change, as evidenced by
the absence of intense nitrotyrosine staining in spared
areas. This observation is consistent with the possible
participation of peroxynitrite-associated oxidative dam-
age in selective neurodegeneration in TD. However, the
specificity of nitrotyrosine as a biomarker for peroxynitrite
is still subject to question.>®

Ferritin induction has been reported as a measure of
the brain’s ability to respond to damage such as hypox-
ia®° and transient forebrain ischemia.®® Ferritin is an in-
tracellular iron-sequestering protein®” found in resting
microglia,*? and to a lesser extent endothelial cells®® and
oligodendrocytes.”” A polyclonal antiserum against fer-
ritin was used in the current experiments to monitor fer-
ritin synthesis in brain cells including microglia. Ferritin is
a reliable marker for microglia.*>43%9=€" |n the current
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Figure 6. Top: Photomicrographs showing ferritin immunostaining in the inferior colliculus of control (C) and thiamine-deficient (TD) rats. Intensely labeled
microglia occur prominently around blood vessels and are also scattered in the area of cell damage. Middle: Photomicrographs of ferritin in the thalamus of control
and thiamine-deficient rats showing enhanced staining of large blood vessel walls in TD. Intensely labeled microglia occur along the walls of large vessels in TD.
Bottom: Photomicrographs showing enhanced ferritin staining of capillaries in thiamine-deficient rat thalamus as compared with control. Scale bar = 250 wm (top)

and 50 um (middle and bottom).

studies, demonstration of the specificity of ferritin anti-
body as a microglial marker consisted of 1) strong ferritin
immunoreactivity of a known BV2 murine microglial cell
line (unpublished results); 2) absence of glial fibrillary
acidic protein or galactocerebroside immunoreactivity in
cells similar to ferritin-positive, activated microglia within
vulnerable regions in adjacent sections (data not shown)
and 3) localization of the microglial marker B. simplicifolia
BS-1 isolectin B, in cells with the same morphology and
distribution as the ferritin-immunoreactive cells in adja-
cent sections (data not shown). Although ferritin is not
restricted to microglia,®® immunolabeling in the current

experiments was more intense in microglia than in any
other cell type. Altered ferritin expression in the vulnera-
ble regions of thiamine-deprived brains further implicates
oxidative damage in the pathogenesis of TD. Ferritin
synthesis can be induced by oxidative damage after
hypoxia,®° by transient forebrain ischemia,®® and by he-
moglobin-derived heme.®" NOS contains stoichiometric
amounts of heme®® that may also contribute to induction
of ferritin synthesis.

Disruption of iron homeostasis is believed to contribute
to oxidative damage in many neurodegenerative diseas-
£s.5596465 Cellular iron is regulated by ferritin, which
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Figure 7. Iron histochemical staining of mouse control (C) and thiamine-deficient (TD) lateral dorsal geniculate nucleus (top) and rat control and thiamine-
deficient inferior colliculus (bottom). In TD, iron accumulates in microglia with a similar distribution as ferritin (see Figures 5, bottom, and 0, top). Scale bar =

50 um (25 um for inset).

may serve as an antioxidant to protect cells from iron-
catalyzed lipid peroxidation injury.®%:%¢ Enhanced ferritin
immunoreactivity is a marker of excessive iron deposi-
tion. The parallel occurrence of increased ferritin with IgG
accumulation in overlapping vulnerable regions during
TD suggests that excess iron originates from peripheral
blood and not from degenerating neurons. Hemin iron of
disrupted erythrocytes that crosses the BBB by the same
mechanism as IgG is a potential source of iron. The
receptors for the iron-transport protein transferrin are lo-
calized only on the apical membrane of the BBB endo-
thelial cells.®” This highly polarized localization of trans-
ferrin receptors at the BBB supports a receptor-mediated
endocytosis of iron-loaded transferrin at the BBB.®” Iron
can also be released from ferritin by the free radical form
of toxins or superoxide.®® Interestingly, the intrinsic iron in
control animals was relatively abundant in vulnerable
regions such as the thalamic nuclei, in agreement with a
previous study,®® and the inferior colliculus as compared
with the nonsusceptible regions. It is possible that a
relatively high intrinsic iron content predisposes the vul-
nerable regions to iron-induced oxidative stress. Iron can
initiate free radical formation, leading to lipid peroxidation
and subsequent neurodegeneration.®®~7° Ferritin eleva-
tion has been suggested to compensate for age-related
increases in iron and to prevent accumulation of protein
carbonyls, the principal product of protein oxidation.”" In
Alzheimer’s disease, Parkinson’s disease, and multiple
sclerosis, the localized elevation of iron identifies poten-

tial sites where iron could promote oxidative dam-
age.”?%% Recently, redox-active iron has been demon-
strated in Alzheimer plagues and tangles of Alzheimer’s
disease, suggesting that iron accumulation could be an
important source of oxidative damage in Alzheimer’s dis-
ease.” These iron-containing neuritic plaques are sur-
rounded by microglia and astrocytes that robustly immu-
nostain for ferritin.”®  Thus, increases in ferritin
immunoreactivity in blood vessels and microglia in vul-
nerable regions indicate a response to an increased iron
load and therefore represent a neuroprotective and anti-
oxidant response to TD.

The current results show that BBB damage and NOS
induction are accompanied by microglial activation. Mi-
croglia are extremely sensitive to perturbations in the
brain microenvironment. Glial activation usually has a
protective and supportive function, but in disease, glial
cells may produce excessive cytokines that compromise
neuronal function.” Although overproduction of NO by
endothelial cells, activated microglia, and macrophages
may contribute to neuronal death, these cells may also be
beneficial 2”"® Factors secreted by activated macro-
phages have been shown to reduce Alzheimer B-amyloid
protein accumulation in vascular smooth muscle cells by
stimulating the nonamyloidogenic processing of BPP.7®
This finding, in combination with our current demonstra-
tion of region-specific microglial activation, may explain
the failure to detect Alzheimer B-amyloid protein in
plaque-like neuritic clusters that exhibit intense BPP im-
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munoreactivity in affected regions from our previous
mouse TD studies.?® The early increase in BBB perme-
ability, induction of NOS, elevation of ferritin and iron, and
microglial activation at the same time course suggest that
these responses are part of a cascade of events that
contribute to TD pathogenesis. However, the temporal
resolution of the current in vivo studies could not clarify
the causal relationship among these abnormalities. Un-
derstanding this relationship will help elucidate the cel-
lular basis for selective cell death. During late stages of
TD, many events occur, including N-methyl-p-aspartate-
mediated excitotoxicity,”” seizures, and decreased NOS
activities.”® The decline in NOS activities in late stages of
TD is attributable to the neuronal loss and is not a specific
reduction.

The current observations support the hypothesis that a
generalized metabolic injury from TD increases NO and
other free radical generators in BBB endothelial cells,
resulting in breach of the BBB. The free radical-mediated
alteration of the BBB permits entry of immunoglobulins
and iron into the brain. The extraneuronal proteins and
iron, together with the metabolic impairment itself, acti-
vate microglia to initiate an inflammatory response includ-
ing excessive NO production. NO reacts with superoxide
to produce peroxynitrite, which diffuses from its cell origin
to form an intermediate that nitrates proteins, thereby
damaging the metabolically compromised neurons. Fer-
ritin induction in microglia represents an important neu-
roprotective, antioxidant defense by storing and trans-
porting iron in forms that will not generate reactive
radicals. Taken together, the current observations sug-
gest that oxidative damage may contribute to the selec-
tive neuronal death during TD. Thus, the TD model should
be useful in elucidating the relationship between oxida-
tive deficits, BBB abnormalities, inflammatory response,
ferritin and iron elevation, and selective neurodegenera-
tion. An understanding of these interactions may provide
insight into the mechanism of cell demise in human dis-
eases in which oxidative damage, NO, and microglial
ferritin and iron responses have been implicated.
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