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Abstract

It is now established that oxidative stress is one of the earliest, if not the earliest, change that occurs
in the pathogenesis of Alzheimer's disease (AD). Consistent with this, mild cognitive impairment
(MCI), the clinical precursor of AD, is also characterized by elevations in oxidative stress. Since
such stress does not operate in vacuo, in this study we sought to determine whether redox-active iron,
a potent source of free radicals, was elevated in MCI and preclinical AD as compared to cognitively-
intact age-matched control patients. Increased iron was found at the highest levels both in the cortex
and cerebellum from the pre-clinical AD/MCI cases. Interestingly, glial accumulations of redox-
active iron in the cerebellum were also evident in preclinical AD patients and tend to increase as
patients became progressively cognitively impaired. Our findings suggests that an imbalance in iron
homeostasis is a precursor to the neurodegenerative processes leading to AD and that iron imbalance
is not necessarily unique to affected regions. In fact, an understanding of iron deposition in other
regions of the brain may provide insights into neuroprotective strategies. Iron deposition at the
preclinical stage of AD may be useful as a diagnostic tool, using iron imaging methods, as well as a
potential therapeutic target, through metal ion chelators.
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Introduction

Alzheimer's disease (AD) is characterized by the accumulation of neurofibrillary pathology
and amyloid plaques, occurring in great numbers throughout the cortex by the end of the disease
[1,2]. While considerable past efforts have focused on the role of such lesions in disease
pathogenesis (e.g., [3,4]), this is not without controversy [2,5-7] and there is considerable
evidence that such lesions may represent protective adaptations to the underlying disease [8,
9]. As such, there is an increasing awareness of other features of the disease such as
mitochondrial abnormalities [10-13], aberrant protein phosphorylation [14], re-entry into the
cell cycle by senescent neurons [15-17], metabolic dysfunction [18], and oxidative damage to
cellular macromolecules including protein [19,20], lipid [21], nucleic acids [22], and
carbohydrates [23].

Therole of oxidative stress in AD was originally thought of as nothing other than a “tombstone”
end-stage manifestation [24] but is now treated as one of the earliest changes in disease
pathogenesis [25,26], occurring decades prior to more overt pathology [27,28], and, as such,
not surprisingly, is also found in the clinical precursors of AD such as mild cognitive
impairment (MCI) [29,30]. In fact, AD and MCI are indistinguishable on a number of levels
related to oxidative stress including: i) plasma antioxidant status [31]; ii) peripheral DNA
damage [32]; iii) antioxidant response [33]; and iv) oxidative damage [34,35]. While these
collective findings might advocate for the therapeutic value of prophylactic antioxidants [36,
37], itis of equal, if not greater, importance to attenuate the source of such free radicals and,
in AD, such efforts have often focused on redox metals. In occult AD, iron, copper, and,
consequently, redox active sites are all strikingly elevated [38-40].

In this study, our primary goal was to examine the cortical involvement of iron and redox active
sites among preclinical and MCI subjects and compare with the cerebellum, an area often
considered to be unaffected in the disease. Our findings support the extremely early
contribution of iron dyshomeostasis, redox activity, and consequent oxidative stress in disease
pathogenesis. Surprisingly, however, the cerebellum was also found to accumulate redox active
iron in cases with mild cognitive decline and even in preclinical cases at higher levels than in
normal individuals. Overall, our findings parallel the increased redox-active iron in
cerebrospinal fluid (CSF) from cases of AD [41] and explain the increased level of free iron
in controls in both cortex and cerebellum of AD patients [42].

Materials and Methods

Tissue

Toexplore iron and redox active sites in early cases of probable AD, a series of paraffin sections
of the cortex and cerebellum were obtained from the Neuropathology Core Laboratory of the
Washington University Alzheimer's Disease Research Center (ADRC), St. Louis. Cases
representing four distinct diagnostic categories using the nomenclature and parameters as
described previously (control, preclinical, CDR=0.5 and CDR=1.0) [43-45] were examined.
The control cases represent cognitively normal individuals that are generally free of amyloid
plaques and neurofibrillary tangles in the brain. Cognitively normal individuals that meet
current pathological criteria for AD are classified as preclinical AD. Those cases with very
mild dementia had CDR scores equal to 0.5, and mild dementia cases had CDR scores equal
to 1.0. Included in the analysis were five control cases (ages 80-95 yr), four pre-clinical cases
(ages 83-93 yr), six cases with CDR=0.5 (ages 90-102 yr), and five cases with CDR=1.0 (ages
74-96 yr). Following autopsy, brain samples of the frontal cortex and cerebellum were fixed
in routine formalin and embedded in paraffin. Sections were cut at a thickness of 6 um and
placed on coated slides.
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Iron histochemistry and redox analysis

Following deparaffinization and rehydration to Tris buffer (50 mM Tris, pH 7.6), sections were
incubated overnight at 4°C in a solution of 7% potassium ferrocyanide in 3% HCI. This method
involves binding of iron(I1) cyanide (ferrocyanide) to iron(l11) in situ. After rinsing three times
in Tris buffer, the mixed-valence iron(I1/111) complexes were detected by incubation in 0.75
mg/ml 3’-3'-diaminobenzidine in Tris buffer, with H,O, as previously described [38].

On adjacent sections, sites of catalytic redox activity were visualized by incubation only with
0.75 mg/ml 3’-3'-diaminobenzidine in Tris buffer, with 3% H,0, as previously described
[39].

Immunocytochemistry

Amyloid-f (Ap) deposits were detected by immunocytochemistry with the antibody 4G8
(Covance, Princeton, NJ), which detects AB1.42, using the peroxidase anti-peroxidase method
with DAB as chromogen [46]. On some sections, glial cells were visualized with anti-glial
fibrillary acidic protein (GFAP) using Alexa fluor 488 detection with fluorescence microscopy.
As controls for the specificity of our techniques, some adjacent sections were incubated with
chelators, EDTA, or deferroxamine (0.1M, 16 hours) as described previously [38,39] prior to
iron histochemistry or redox analysis. For each technique, all cases were stained simultaneously
and developed for the same amount of time to allow for direct comparison for image analysis.

Quantification

Results

Quantification of histology and redox activity was determined using computer assisted image
analysis as described previously [47]. Briefly, images of five fields were obtained of either the
iron or amyloid stained tissue sections with an Axiocam (Zeiss, Thornwood, NJ), and either
the percent area stained, number of structures stained, or staining intensity was measured with
the Axiovision software (Zeiss, Thornwood, NJ). For measuring staining intensity
densitometrically, all stained structures within each field were measured and the background
staining levels of the surrounding neuropil were subtracted. Correlation coefficients and
statistical differences between groups were determined using the Student's t-test.

To ensure reliability and consistency, all sections from the well-characterized control,
preclinical, and MCI cases were stained for redox metals in parallel. Overall staining levels
were found to be qualitatively different between the groups. In the cortical sections, iron was
localized to amyloid plaques, a small number of NFT, and other intracellular locations.
Representative images of the intracellular metal accumulations in sections from the different
groups are shown (Figure 1 A-C). Quantification of the staining levels (mean % area covered
from five representative fields) shows dramatic increases correlating with disease progression.
Control patients display significantly lower amounts of cortical redox iron than the other groups
(Figure 1 D; p<0.05).

In the cerebellum, qualitatively, the controls also showed markedly less iron accumulation, but
there was striking metal deposition found in the Purkinje cell layer, but rarely within the
Purkinje cells in the MCI cases. Instead, smaller spherical structures were found to be positive
in most of the pre-AD cases in greater numbers than the controls (Figure 2 A-D). Quantification
of 5 representative fields taken at 20x magnification focusing on the Purkinje cell layer revealed
the MCI cases, with CDR scores of 0.5, showed significantly greater amount of redox metal
accumulation than the controls (Figure 2 E). These structures were found to be associated with
glial cells, detected by immunofluorescence with antibody to GFAP (Figure 3 A-C).
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It should be noted that differential sites of accumulation were noted between those cases
classified as controls compared to those with measurable cognitive decline or significant
pathology. In some of the control cases, Purkinje cells showed a diffuse accumulation of redox
metals, yet in the MCI cases, most of the metal accumulation was within the spherical glial-
associated structures. The histochemical staining of these structures was abolished following
chelation (Figure 3 F-H). Also, the same structures, as seen on adjacent serial sections (Figure
3 D,E) were detected by both incubation with the potassium ferrocyanide/HCI method, and
with incubation of only DAB/ H,0, for recognizing sites of metal-catalyzed redox activity.
These results verify that the sites of redox activity are in fact identical to sites of metal
accumulation within the brain and are evident at higher levels in the preclinical/MCI cases.

Comparisons were then made between the levels of cortical accumulation detected
immunhistochemically using the monoclonal antibody 4G8, with the measured levels of redox
metal accumulation. The cognitively and pathologically normal cases had no AB deposition,
while all other cases (classified as either preclinical, CDR=0.5 or CDR=1.0) showed significant
numbers of A plaques and areas of diffuse amyloid deposition, similar to previously reported
AB levels in these cases [43,44]. The cortical A density correlated significantly with the levels
of cerebellar redox metal accumulation (R=0.81; p=0.02), but did not reach significance when
compared to the cortical redox metal accumulation.

Discussion

In this study, we provide evidence that iron and associated iron-mediated redox activity is
significantly elevated at the very earliest preclinical and MCI precursor stages of AD.
Moreover, we show that iron dyshomeostasis is not restricted to cortical “affected” regions but
is also evident in the cerebellum, an area often considered “unaffected”. That subsequent
neurodegeneration is mainly restricted to cortical regions in occult AD individuals suggests
either that iron-dyshomeostasis is necessary but not sufficient [48,49] or that specific neuronal
populations are selectively affected by a more systemic pathogenic factor. In the latter regard,
it is notable that cells as diverse as fibroblasts [50] and lymphocytes [51] show evidence of
systemic oxidative stress.

Mitochondria are regarded as the major repository and, as such, contributor of redox active
metals in living systems, and perhaps not surprisingly given the major disturbances in iron
regulation in AD [52-56], mitochondria and cellular metabolism are profoundly compromised,
both structurally and chemically, in AD [57-60]. Of particular note, fewer mitochondria
exhibiting normal morphology are found within AD neurons, as well as an overall reduction
in size, shape, and intact cristae [10]. An abnormal distribution within cells is found in AD
patients, such that mitochondria are often found restricted to the neuronal cell body,
accumulated around the nucleus, as opposed to the even distribution, throughout the cell body
and extending down the axon and dendrite, seen in neurons in control patients [61]. This
phenomenon is likely explained by changes in mitochondrial fission and fusion proteins [13,
61] and increased mitochondria turnover [11]. The net consequence of excess iron, coupled
with alterations in mitochondrial structure, function, metabolism, and dynamics, which like
the iron alterations reported here, also occur at the very earliest stages of disease [62-64],
undoubtedly provides an ideal environment for the generation of reactive oxygen species
(ROS) through Fenton chemistry. Thus, this continued cycle of events over time could result
in the clinical and pathological hallmarks known as AD.

In this study, the preclinical, CDR0.5 and CDR 1.0, cases displayed significant levels of AB
in the cortex in accordance with the described AP loads previously shown to occur in cases
from this series of disease classifications [43,44]. Of note, oligomeric forms of Ap are found
at higher levels in the cortex, as well as in the cerebellum, in AD cases [65] and may directly
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affect mitochondrial function [13,61]. On the other hand, cellular defense mechanisms
counteract ROS to maintain adequate redox balance. When this equilibrium is lost, cellular
systems are then susceptible to oxidative damage [66,67]. As such, A may be a direct sequelae
of oxidative stress since both amyloid-p protein precursor and Ap [68,69], as well as - and
y-secretases [70-72], are markedly upregulated under conditions of oxidative stress. While such
AP may provide a vicious cycle scenario, AR may also serve a protective role through
sequestration [73-75] and redox-silencing [8,9] of metals, including iron.

While the cerebellum is often said to be unaffected by the neurodegenerative progression of
AD, this erroneous belief is likely a consequence of the lack of a cerebellar clinical phenotype.
Both diffuse (aka “streak™) and cored (aka “stellate™) non-neuritic tau-negative senile plaques
are found in all three cerebellar layers in CDR stages 0.5 through 3 AD [76]. Indeed, there is
a significant decrease in synapses [77], abnormalities in mitochondria [78], and structural
abnormalities [79], as well as oxidative stress markers [80] in the cerebellum in patients with
AD and MCI. Such findings are consistent with spectrophotometric analysis using
bathophenanthroline, a ferrous binding chromogen, where a determination of non-heme and
non-ferritin “loosely” bound iron found significantly higher levels of total iron and ferric iron
in the cortex and in the cerebellum of AD cases compared to controls [42]. This pool of iron
is presumably responsible for free radical formation through the Fenton reaction. The fact that
in the current study, high levels of iron are found in both the cortex and cerebellum even in the
preclinical cases, suggests the brain as the source of the redox active metals. In another recent
study, it was found that in the CSF, while total iron was not significantly different between
normal patients and those with either mild MCI, moderate MCI or AD, redox active iron in the
CSF was significantly higher in the MCI cases, but not in those with definite AD [41]. In AD
it has been shown that both iron and copper binding sites are present in neurofibrillary tangles
and senile plaques [39], thus, while iron has been extensively studied using a variety of
methodologies, the role of copper in AD development and progression cannot be ruled out.
Further studies on the role of copper in preclinical cases should provide these answers.

In the current study, the large Purkinje cells do not appear to be a target of redox metal
accumulation, but rather other cell populations within the cerebellum, including glial cells,
appear more important. Perhaps this differential cellular attack reflects the different redox
environment within the cerebellum, one that rarely shows a similar pathological profile
compared to the cortical and hippocampal areas in the brain. Conversely, rather than try to fit
the altered redox profile into the same mold as the rest of the brain where AB plaques and
neurofibrillary tangles take center stage, the fact that the cerebellum in fact shows increased
redox imbalance as early in the disease as the other brain areas, suggests a more systemic
problem as previously reported by us [50,81] and others [82]. In any event, the current work,
taken together with other studies showing altered brain chemistry in the cerebellum, will
hopefully promote more intensive research into the extent of cerebellar damage during AD and
the antioxidant capabilities of cellular populations of the cerebellum. Such studies could prove
useful in the development of neuroprotective strategies for regions of the brain clearly more
affected by the neurodegenerative process.

In conclusion, our findings reported here demonstrate an altered redox iron state in MCI and
preclinical cases of AD suggestive of an important and early contribution to the disease process
prior to significant cognitive decline. Notably, cortical regions and cerebellum, as well as CSF,
all display evidence of iron dyshomeostasis and oxidative imbalances early in the disease and
amore comprehensive analysis of the cerebellar involvement in AD development is warranted.
Given that at the onset of the earliest demonstrable disease, altered metal homeostasis is evident
throughout the brain, continued research into using chelators or ionophores as potential
treatment options for AD is critical. As such, ongoing efforts looking at PBT2, clioquinol,
nanoparticles, and other iron chelators appear to have great potential [83-88]. Indeed, while
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protecting hippocampal and other cortical functions is critical for maintaining cognitive
function, developing therapies focused on global brain protection, and initiating such therapies
atthe very earliest pre-stages of disease may prove more efficacious than targeted late treatment
approaches.
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Figure 1.

Redox metals accumulate within the cortex in preclinical/MCI cases. Cognitively normal
patients (n=5) have very low levels (A), while preclinical cases (n=4) (B), and cases with either
CDR scores of 0.5 (n-6) (C) or 1.0 (n=5) have substantially higher levels of cellular
accumulation of redox metals. Quantification of all the cases in the study of the metal deposition
of 5 fields of representatively stained cortical regions, show that metal deposition increases
with disease progression and that the control cases have significantly lower levels (* p<0.05,
D). Scale bar = 50 pum.

J Alzheimers Dis. Author manuscript; available in PMC 2010 March 19.



Smith et al. Page 12

E 2.5 - *
|

e 2.0 -

=

@

)

T 1.5 1

(8]

=

g 1.0

<

R 05 -

0.0 = T 1
Control Preclinical CDRO.5 CDR 1.0
n=5 n=4 n=6 n=

Figure 2.

Redox metals accumulate within the cerebellum in preclinical/MCI cases. In preclinical cases
(B), CDR=0.5 cases (C), and CDR=1.0 cases (D), redox metals accumulate within spherical
structures within the Purkinje cell layer of the cerebellum at much higher levels than normal
controls (A). Quantification reveals that only the MCI cases with CDR=0.5 show significantly
greater levels of redox metal accumulation than normal controls (*p<0.05; E).
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Figure 3.

In a representative MCI case, many of the iron-positive structures (A) are associated with glial
cells recognized by fluorescence microscopy using GFAP as the antibody (C). B is a merged
image showing the iron-stained bodies associated with GFAP-positive glia (arrows). The same
structures on adjacent serial sections are labeled using both the detection method with
potassium ferrocyanide (D) as well as incubation with only DAB/ H,05, to detect sites of metal-
catalyzed redox activity (E). Redox metal positive structures within the cerebellum of an MCI
case (F) are sensitive to chelation treatment with EDTA (G) and deferroxamine (H).
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