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Abstract

In response to oxidative stress, the nuclear factor E2-related factor 2 (Nrf2) transcription factor
translocates from the cytoplasm into the nucleus and transactivates expression of genes with
antioxidant activity. Despite this cellular mechanism, oxidative damage is abundant in Alzheimer
and Parkinson disease (AD and PD). To investigate mechanisms by which Nrf2 activity may be
aberrant or insufficient in neurodegenerative conditions, we assessed Nrf2 localization in affected
brain regions of AD, Lewy body variant of AD (LBVAD), and PD. By immunohistochemistry, Nrf2
is expressed in both the nucleus and the cytoplasm of neurons in normal hippocampi with
predominant expression in the nucleus. In AD and LBVAD, Nrf2 was predominantly cytoplasmic
in hippocampal neurons and was not a major component of beta amyloid plaques or neurofibrillary
tangles. By immunoblotting, we observed a significant decrease in nuclear Nrf2 levels in AD cases.
In contrast, Nrf2 was strongly nuclear in PD nigral neurons but cytoplasmic in substantia nigra of
normal, AD, and LBVAD cases. These findings suggest that Nrf2-mediated transcription is not
induced in neurons in AD despite the presence of oxidative stress. In PD, nuclear localization of Nrf2
is strongly induced, but this response may be insufficient to protect neurons from degeneration.
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INTRODUCTION

Although Alzheimer disease (AD) and Parkinson disease (PD) have distinct pathologic
features, there is considerable evidence to support oxidative stress as a common pathogenetic
mechanism in both disorders. Evidence of lipid peroxidation, protein nitration and nucleic acid
oxidation is abundant in affected brain regions of both AD and PD (1-6). Oxidative damage
occurs early in disease (5,7), suggesting that oxidative stress plays a role in disease progression.
Increased antioxidant activity confers protection in mouse and culture models (8,9) and has
been reported to lower the risk of AD (10,11). However, how disease mechanisms affect
endogenous antioxidant defenses is still not completely understood.

Reducing cellular oxidative stress occurs through an endogenous mechanism regulated at the
transcriptional level. Genes whose products participate in reducing oxidative stress,
inflammation, and accumulation of toxic metabolites contain a common promoter element
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called the antioxidant response element (ARE) or electrophile response element. ARE-
containing gene promoters include glutathione-S-transferase (GST), coenzyme Q10 (Q10),
NAD(P)H:quinone oxidoreductase (QR), and superoxide dismutase 1. The ARE promoter
element is bound by several transcription factors; however, the nuclear factor E2-related factor
2 (Nrf2) is responsible for activating transcription in response to oxidative stress (12). Nrf2
transcriptional activity is known to be regulated by several mechanisms, including protein
interaction, protein stability, nuclear cytoplasmic shuttling, and phosphorylation (13-28).
Several reports suggest that interaction with the kelch-like ECH-associated protein (Keap1)
sequesters Nrf2 in the cytoplasm, leading to ubiquitination and subsequent degradation by the
proteasome (13—15). Either oxidation of sulthydryl groups on specific cysteines in Keapl
(29) or phosphorylation of Keap1 and/or Nrf2 induces Keapl1 to release Nrf2 (19-28). Free of
Keapl, Nrf2 is stabilized and translocates from the cytoplasm to the nucleus through a bipartite
nuclear localization signal where it transactivates expression of detoxification enzymes,
antioxidant enzymes, reducing molecules, and Nrf2 itself (13,14,16,30-33). These gene
products go on to protect the cell from oxidative damage. Nrf2 also contains a nuclear export
sequence near its nuclear localization signal, presumably to remove Nrf2 from the nucleus
when the antioxidant response is no longer needed (16—18).

In primary murine cortical cultures, neurons lacking Nrf2 are more susceptible to oxidative
stress through H>O, and nonexcitotoxic glutamate (34) and are rescued by overexpression of
Nrf2 (30). Overexpression of Nrf2 can rescue neurons from mitochondrial complex II
inhibition and ischemic insult in animal models of Huntington disease and stroke, respectively
(35,36). Thus, neurons and astrocytes depend on Nrf2 activation of ARE-containing genes for
protection from oxidative death.

In AD, expression of 2 Nrf2 target genes, GST and QR, exhibit altered activity and expression,
respectively, in AD brain (37,38). Whereas the increase in QR protein levels suggests activation
of the antioxidant response, the reduction in GST activity suggests that the response is
incomplete, aberrant, and/or insufficient. In PD, 2 other Nrf2 targets, GSH and Q10, display
reduced levels suggesting a loss of Nrf2 response (39,40). Providing GSH and Q10
exogenously lessens neuronal loss in animal and culture models of PD (41-43).

Given the extensive oxidative damage in AD and PD, we would expect an upregulation of Nrf2
activity in the nuclei of neurons and astrocytes during disease progression; however, in AD
and PD, levels of some ARE-containing gene products are reduced, suggesting disruption of
the pathway. Because subcellular trafficking is critical to activity of this pathway, we examined
expression and localization of Nrf2 in susceptible neuron populations in AD and PD brain
tissues. Nrf2 expression patterns and protein levels in AD and PD suggest aberrant regulation
of Nrf2 in AD, whereas disrupted or insufficient ARE responses likely occur downstream of
Nrf2 nuclear localization in PD.

MATERIALS AND METHODS

Human Subjects

Autopsy brain tissues were obtained from patients with PD, AD, and age-matched controls
from the Alzheimer Disease Core Center tissue bank at the University of Pennsylvania and the
Alzheimer Disease Research Center at the University of Pittsburgh Medical Center. Both AD
and PD were defined by clinical history, neurologic examination, and neuropathologic
assessment of Braak neurofibrillary tangle (NFT) stage (44) for all cases and the Braak PD
stage for PD cases only (45), because this staging criteria was developed for nondemented
cases (Table 1). Using these criteria, 12 cases were diagnosed as AD, 5 as normal age-matched
controls, 5 as PD, and 3 as Lewy body variant of AD (LBVAD). All cases have postmortem
intervals of less than 12 hours before autopsy with a single exception. Age characteristics are
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shown in Table 1. From these cases, paraffin-embedded, formalin-fixed tissue sections from
the hippocampus and substantia nigra were used. In the hippocampus, special attention was
paid to the CA1 region, because these neurons are particularly vulnerable to injury. Frozen
tissue was obtained from the Alzheimer's Disease Core Center at the University of
Pennsylvania. Midfrontal cortex was dissected from fresh-frozen tissue of 9 AD cases and 9
control cases with similar characteristics as our fixed tissue cohort. Average ages between AD
and control cases were not significantly different (79.1 £ 10.6 and 79.9 + 9.6, respectively).
Postmortem interval for AD cases ranged from 5 to 12 hours, whereas control cases ranged
from 4 to 24 hours. As for the paraffin-embedded, formalin-fixed tissue, AD cases were Braak
stages 4, 5, or 6 and control cases were Braak stage 1.

Immunohistochemistry and Immunofluorescent Confocal Microscopy

Paraffin-embedded sections were heated to 50°C overnight and deparaffinized in Histoclear
(3 x 15 minutes; National Diagnostics, Atlanta, GA). Sections were rehydrated as follows:
100% alcohol twice for 10 minutes, 95% alcohol for 10 minutes, 90% alcohol for 10 minutes,
70% alcohol for 10 minutes, and water for 5 minutes. Endogenous peroxidase activity was
inactivated by immersing in 3% hydrogen peroxide for 30 minutes. Antigen unmasking was
performed by placing slides in target retrieval solution (DAKO, Carpinteria, CA) at 95°C for
1 hour. After gradual cooling to room temperature, tissue sections were blocked with 10%
normal goat serum (Chemicon International, Temecula, CA) in phosphate-buffered saline
(PBS). Antibodies for Nrf2 (Table 2) were characterized for immunohistochemistry and used
at empirically determined concentrations using a dilution series with tyramide amplification
(NEN-Perkin Elmer, Wellesley, MA). Similar results were seen with both Nrf2 antibodies
indicated. Immunostaining was visualized by Vector Red (Vector Laboratories, Inc.,
Burlingame, CA). Slides were counterstained with Gill's hematoxylin (Vector Laboratories,
Inc.) for 30 seconds, dehydrated, and mounted in Permount (Fisher, Fair Lawn, NJ).

For immunofluorescent staining, the Nrf2 was detected as previously stated except the tyramide
was directly conjugated to fluorescent isothiocyanate conjugated. At the concentration of Nrf2
antibody used, no Nrf2 staining can be detected with a secondary directly conjugated to a fluor;
therefore, a second label with a polyclonal antibody will not crossreact with Nrf2 antibody
complexes. This is similar to methods we have described previously (46). Nucleic acids were
labeled with DAPI (10 uM for 30 minutes; Invitrogen; Molecular Probes, Carlsbad, CA) or
propidium iodide (PI, 10 pg/mL for 30 minutes; Sigma, St. Louis, MO) after RNase A treatment
(10 pg/mL for 30 minutes) to remove RNA. The following antibodies were each used in
combination with Nrf2 in double-label immunofluorescent microscopy (see Table 2 for
experimental details and commercial source): MAP2 antibody to detect neurons; glial fibrillary
acid protein antibody to detect astrocytes; beta amyloid antibody to determine amyloid plaques
(4G8; gift from Dr. Virginia M.Y. Lee, University of Pennsylvania); ATS to detect tau; and
hydroxylnonenal (HNE) as a marker of oxidative damage. These antibodies were detected
using appropriate secondary antibodies (Table 1, goat anti-mouse or goat anti rabbit; Jackson
Immunologicals, West Grove, PA) conjugated to Cy5 at 1:200. Slides were mounted in gelvetol
and analyzed by immunofluorescent confocal microscopy.

Confocal microscopy was performed on a Bio-Rad Radiance 2100 (Bio-Rad, Hercules, CA)
with the 488-nm line of an argon laser to excite fluorescein isothiocyanate conjugated (FITC),
ared diode laser (637 nm) to excite Cy5, and a blue diode laser (405 nm) to excite DAPI. The
following filters were used for capture respective fluor emissions (FITC—515 df30; Cy5—
650 LP; DAPI—476 df 48). Each fluor was excited and captured sequentially to eliminate
bleed through. Furthermore, FITC and Cy5 fluors were chosen because there is minimal
overlap from the emission spectra.
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Protein Extraction and Immunoblotting

Protein extracts were prepared from the midfrontal cortex of 9 frozen normal human brains
and 9 brains from patients with a diagnosis of definite AD. Tissues were homogenized on ice
with 4 strokes in a manual dounce homogenizer in 2 tissue volumes of Buffer A (10 mM Hepes
pH 7.9, 1.5 mM MgCl12, 10 mM KCI, 0.5 mM DTT, and 1:1000 protease inhibitor cocktail
[Sigma-Aldrich, St. Louis, MO]) and spun at 3000 rpm for 5 minutes at 4°C. The supernatant
was removed and the pellet was resuspended in 4 pellet volumes of NP40 lysis buffer (0.1%
NP—40, 10 mM Tris [pH 8.0], 10 mM MgCl2, 15 mM NacCl) with 1:1000 protease inhibitor
cocktail (Sigma-Aldrich) and incubated on ice for 15 minutes. The tissue pellet was then
homogenized on ice with 30 manual strokes in the dounce homogenizer and centrifuged for
30 minutes at 10,000 rpm at 4°C. The supernatant was collected and labeled as the
“cytoplasmic” fraction for immunoblotting. The pellet was resuspended in 2 pellet volumes of
buffer B (20 mM Hepes pH 7.9, 420 mM NaCl, 1.5 mM MgCI2, 0.2 mM EDTA, 0.5 mM DTT,
25% glycerol, and 1:1000 protease inhibitor cocktail [Sigma-Aldrich]), incubated on ice for
15 minutes, and centrifuged for 30 minutes at 10,000 rpm at 4°C. The supernatant (the “nuclear”
fraction) was collected and used in immunoblots. Cytoplasmic extraction was verified by the
presence of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Nuclear fractions lacked
appreciable GAPDH by immunoblot.

Before immunoblotting, protein concentrations were determined in the nuclear and
cytoplasmic fraction using the Bio-Rad protein assay (Bio-Rad). Equal amounts of nuclear
extracts or cytoplasmic extracts from 9 AD and 9 normal midfrontal cortices were
electrophoresed through a discontinuous SDS-polyacrylamide gel (8% resolving gel) with
prestained protein standards (Bio-Rad) and 10 pg of protein extracts from NIH3T3 cells
transfected to overexpress Nrf2 as a control.

The proteins were transferred from the 8% SDS-polyacrylamide gel to Immun-Blot PVDF
membrane (Bio-Rad) and blocked in 2% bovine serum albumin in PBST (PBS + 0.1% Tween
20). Details of the antibodies used are contained in Table 2. All antibodies were used at 1:1000
in PBST overnight at 4°C for 10 minutes. Goat anti-rabbit HRP (for Nrf2) (1:10,000; Southern
Biotechnologies, Inc., Birmingham, AL) was used to detect the appropriate primary antibodies.
The secondary antibody was washed in PBST 4 times for 10 minutes. The antibody was then
visualized using enhanced chemiluminescence (Amersham Biosciences, Buckinghamshire,
UK). Enhanced chemiluminescence was captured on the Kodak Image Station 440 CF and by
autoradiography. Blots were stained with Colloidal Gold Total Protein Stain (Bio-Rad) to
verify equal loading and protein integrity.

Quantification of appropriate bands on Western images was done using the Kodak 1D 3.5
software (Rochester, NY) on scanned autoradiographs. All defined regions of interest were the
same size. Nrf2 intensity for each case was divided by the Nrf2 intensity of AD1 for each blot
to view relative Nrf2 levels. To normalize Nrf2 levels, Nrf2 intensity was divided by GAPDH
intensity (which also serves as a cytoplasmic marker) for cytoplasmic blots and the intensity
of'aband near Nrf2 in size stained by colloidal gold for cytoplasmic and nuclear blots. Average
values of Nrf2 intensity normalized to colloidal gold loading control and standard deviation
for AD cases or normal cases were determined.

Quantification of Nuclear and Cytoplasmic Nuclear Factor E2-Related Factor 2 Staining

Quantification of nuclear and cytoplasmic Nrf2 staining was determined from 3 contiguous
87.5 um x 87.5 um fields of CA1 hippocampus for each case in AD, PD, LBVAD, and control.
Presence of Nrf2 in nuclear and cytoplasmic compartments was scored by an individual blind
to the disease state. The total number of neurons inspected (ranging from 20—100 per case) was
used to calculate the percentage of neurons exhibiting staining in either compartment. An

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2008 February 25.



yduosnuey Joyiny vd-HIN yduosnuel JoyINy Yd-HIN

yduosnuep Joyiny Vd-HIN

Ramsey et al. Page 5

average and standard deviation was determined for each category (AD, PD, LBVAD, and
control).

Statistical Analysis

Significant differences between disease states and controls for quantification of the percentage
of nuclear and cytoplasmic Nrf2 were determined using a one-way analysis of variance with
Student-Newman-Keuls using Graphpad Prism 3.02 for Windows (San Diego, CA). To
determine if our observed changes in Nrf2 compartment staining were significant for disease
sets, we used a Fisher exact text using SPSS Version 11.5 (SPSS, Inc., Chicago, IL).
Quantification of western images was performed using digital images captured on the Kodak
Image Station 440 CF using the Kodak 1D 3.5 software. Two independent Western blots were
quantified. The average and standard deviations for each data set is shown. A 2-tailed Student
t-test (Microsoft Office Excel 2003) was used to determine significant differences between
Nrf2 levels in nuclear and cytoplasmic fractions from AD and normal tissue extracts.

RESULTS

Nuclear Factor E2-Related Factor 2 Expression Patterns Are Altered in Hippocampi of
Alzheimer Disease and Lewy Body Variant of Alzheimer Disease

The Nrf2 transcription factor controls expression of the genes necessary to reduce oxidative
stress (30). Because evidence of increased oxidative damage is observed in AD, PD, and
LBVAD (2,5-7), we sought to determine if Nrf2 was localized appropriately for activation of
the endogenous antioxidant response in affected brain regions of these diseases. Furthermore,
because LBV AD has pathologic features of both AD and PD, we were interested in determining
whether it more closely resembled AD or PD with regard to Nrf2 localization. In AD, damage
initiates in the entorhinal cortex and hippocampus but progresses to the temporal and frontal
cortex resulting in memory deficits and cognitive decline (47). In PD, a preponderance of
damage occurs in the substantia nigra resulting in loss of neuromelanin-positive dopaminergic
neurons. Therefore, we compared Nrf2 localization by immunohistochemistry in hippocampi
and substantia nigra neurons from 12 AD, 3 LBVAD, 5 PD, and 5 age-matched control cases
(Tables 1, 3). In normal age-matched control hippocampi, we observed Nrf2 staining in both
the nucleus and cytoplasm of cells with the morphology of neurons and astrocytes (Fig. 1A,
column 1, normal). In contrast, Nrf2 immunostaining was predominantly cytoplasmic in
hippocampal neurons from individuals with AD and LBVAD (Fig. 1A, columns 2 and 3).
Consistent with minimal pathologic findings in hippocampi of patients with PD, Nrf2 staining
in patients with PD more closely resembled age-matched controls, although occasional neurons
exhibited exclusively cytoplasmic Nrf2 staining similar to AD (Fig. 1A, column 4). In the 5
normal cases, 99% of neurons in the CA1 region of the hippocampus had nuclear staining for
Nrf2 (Fig. 1C). However, only 12.5% or 1.0% of neurons in CA1 region of the hippocampus
exhibited nuclear Nrf2 staining in pure AD cases or LBVAD cases, respectively (Fig. 1C).
Interestingly, there is statistically less nuclear Nrf2 in hippocampal neurons of PD cases as
compared with normal age-matched controls (86.7%, p < 0.001, Fig. 1C). In normal, AD,
LBVAD, and PD cases, a similar percentage of neurons contained Nrf2 staining in the
cytoplasm (Fig. 1C). Therefore, in AD and LBVAD, we see a dramatic and significant
reduction in nuclear Nrf2 in hippocampal neurons, which is different from the expected
localization in neurons responding to oxidative stress.

Nuclear Factor E2-Related Factor Exhibits Increased Nuclear Staining in Substantia Nigra
Neurons From Patients With Parkinson Disease

In PD, the neuronal population of the substantia nigra is selectively lost during disease
progression. Loss of dopaminergic neurons manifests as movement abnormalities such as slow
voluntary movements, shuffling gait, rigidity, and stooped posture (48). It is also the substantia
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nigra that prominently accumulates oxidative damage (49). Therefore, we assessed Nrf2
expression patterns by immunohistochemistry in the substantia nigra from 5 PD cases, 8 AD,
3 LBVAD, and 5 normal age-matched control cases to determine if Nrf2 is translocating to the
nucleus in PD. In substantia nigra of all 5 control cases, 8 AD cases, and 3 LBVAD cases,
weak Nrf2 immunostaining was observed primarily in the cytoplasm (Table 2;Fig. 1B, control,
AD, LBVAD, columns 1-3). Neuromelanin-containing neurons (brown), however, exhibited
strong nuclear Nrf2 staining and cytoplasmic staining in substantia nigra of all 5 PD cases (Fig.
1C, PD, column 4). Thus, changes in Nrf2 localization in affected brain regions of PD are
consistent with activation of the endogenous antioxidant response in neurons, whereas nigral
neurons in AD and LBVAD resemble control neurons. These findings suggest that deficits in
Nrf2 target gene expression observed in the PD literature (39,40) either occur downstream of
Nrf2 nuclear translocation or may simply reflect nigral neuron loss.

Altered Expression Patterns of Nuclear Factor E2-Related Factor Are Observed in Neurons
and Astrocytes of Alzheimer Disease Hippocampus

Using triple label laser confocal microscopy, we assessed localization of Nrf2 staining in
specific cell types within the hippocampus from normal and AD cases. In normal cases, the
most intense Nrf2 staining (green) was observed in the nucleus (blue) of hippocampal neurons
MAP2—red; Fig. 2A, row 1). This confirms our immunohistochemical observations that Nrf2
is seen in neurons. In AD cases, we observed cytoplasmic Nrf2 staining (green) in neurons
(red) of the CA1 region of the hippocampus (Fig. 2B, row 2). Nrf2 staining (green) overlapped
considerably with immunostaining for the neuronal marker MAP2 (red) as shown in Figure
2B, whereas Nrf2 staining did not overlap with a nuclear stain (PI, blue; Fig. 2B). Astrocytes
labeled with glial fibrillary acidic protein (GFAP, red) exhibited minimal Nrf2 staining, but
when observable, it was predominantly nuclear (green) in the CA1 region of AD hippocampus
(Fig. 2C, row 3). These findings demonstrate that a majority of hippocampal neurons lack
nuclear Nrf2 staining in AD, whereas nuclear Nrf2 staining is predominant in normal
hippocampal neuronal nuclei.

Altered Nuclear Factor E2-Related Factor Localization Occurs in Proximity to Pathologic
Features of Alzheimer Disease Hippocampus, But Is Not a Major Component of Beta Amyloid
Plaques or Neurofibrillary Tangles

To determine if Nrf2 staining occurred in association with pathologic features of AD, we used
triple label confocal microscopy for Nrf2 (green), nuclei (blue), and either beta amyloid plaques
(AP, red) or NFTs (ATS, red) in AD hippocampal tissue. Nrf2 immunostaining was observed
in proximity to beta amyloid plaques (Fig. 3A); however, the majority of Nrf2 was seen in the
cytoplasm of neurons in the absence of plaque structures. Similarly, we did not observe
colocalization between Nrf2 staining (green) and tau containing NFTs using the AT8 antibody
(red; Fig. 3B, C). When present in AT8-positive neurons of the hippocampus (red), Nrf2 was
still cytoplasmic but did not colocalize with tau (Fig. 3B, C, arrows). A subset of AT8-positive
neurons contained little or no observable Nrf2 (arrowheads). However, neurons without NFTs
(AT8-negative) exhibited predominantly cytoplasmic Nrf2 (green; asterisks). These findings
indicate that Nrf2 does not colocalize with beta amyloid or tau, the major components of the
hallmark pathologic features of AD. However, the altered localization of Nrf2 is observed in
neurons in the vicinity of AP plaques and neurofibrillary tangles.

As Nrf2 changes localization in response to oxidative stress, we wanted to determine if there
was evidence of oxidative stress in neurons positive for Nrf2. Using an antibody to 7-

hydroxynonenol (HNE), a marker of lipid peroxidation, we determined if neurons positive for
Nrf2 (Fig. 3D, green) exhibited evidence of oxidative damage (Fig. 3D, red) in AD hippocampi.
We observed cytoplasmic Nrf2 in neurons with abundant evidence of oxidative damage (Fig.
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3D) in the CA1 region of the hippocampus. These findings suggest that Nrf2 is not localizing
to the nucleus despite the presence of oxidative stimuli in neurons.

Reduced Nuclear Factor E2-Related Factor Protein Levels Were Observed in Nuclear
Fractions From Alzheimer Disease Frontal Cortex as Compared With Normal Control Frontal

Cortex

It has been reported that cytoplasmic Nrf2 interacts with the Keap1:Cul3 complex, an ubiquitin
E3 ligase complex that leads to Nrf2 degradation by the proteasome (15). However,
dissociation of Nrf2 from the complex in response to oxidative stress stabilizes Nrf2 and allows
its translocation to the nucleus. To determine if the alterations in Nrf2 localization in AD
reflects increased Nrf2 protein stability, we assessed Nrf2 protein levels by immunoblotting
protein extracts from the midfrontal cortex of 9 AD and 9 normal cases. Subcellular
fractionation resulted in cytoplasmic and nuclear fractions, which were immunoblotted for
Nrf2 and appropriate subcellular compartment markers. In cytoplasmic extracts, we observed
Nrf2 in both normal and AD cases (Fig. 4A). Quantification of cytoplasmic Nrf2 did not reveal
a trend for more or less Nrf2 in AD cases as compared with control cases whether using the
raw values (which were controlled for by protein quantity) normalized to the GAPDH or
normalized to a band stained for colloidal gold (Fig. 4C, E). Average Nrf2 levels in AD cases
were not significantly different from Nrf2 levels in normal cases using either raw or normalized
values (Fig. 4G). However, in the GAPDH-negative nuclear fractions less Nrf2 was observed
in AD cases as compared with normal cases by immunoblotting (Fig. 4B; data not shown).
Quantification of Nrf2 in the nuclear fractions demonstrated less Nrf2 in AD cases using both
raw Nrf2 levels (controlled for protein quantity at loading) and Nrf2 levels normalized to a
band stained by colloidal gold (Fig. 4D, F). Average nuclear Nrf2 levels in AD cases were
significantly less than Nrf2 levels in normal cases using either raw or normalized values (p <
0.001, Fig. 4H). These findings indicate that there is less Nrf2 in nuclear fractions from cortex
in AD cases consistent with our immunohistochemical observations in the hippocampus.

DISCUSSION

Oxidative stress is a common pathogenic mechanism implicated in AD, PD, and other diseases
associated with aging (1-6). The cellular mechanism for eradicating oxidative stress involves
release, stabilization, and nuclear translocation of the Nrf2 transcription factor (13,14). By
activating expression of genes whose products reduce oxidative stress and inactivate toxic
chemicals, Nrf2 acts as the “on” switch for the endogenous antioxidant response. It would be
expected that Nrf2 would be activated in AD and PD based on the presence of oxidative damage
in these diseases. Our observations indicate that Nrf2 is not translocating to the nucleus in
hippocampal neurons in AD cases despite evidence of oxidative stress in these cells and
abundant nuclear Nrf2 in normal age-matched controls. In contrast, in PD, nuclear Nrf2 is more
abundant in the remaining dopaminergic neurons within the substantia nigra. These
observations demonstrate a difference in neuronal response to oxidative stress associated with
AD as compared with PD.

Our observation that Nrf2 is predominantly cytoplasmic in hippocampal neurons in AD
indicates that Nrf2 is not being translocated to the nucleus or is less antigenically available in
AD neuronal nuclei. However, the biochemical extracts from frontal cortex confirm decreased
levels of nuclear Nrf2 in AD cases. One explanation for these findings is that Nrf2 is not
responding properly to oxidative stress in AD neurons. Neither neurons nor astrocytes
exhibited abundant Nrf2 staining in their nuclei in AD cases. These findings suggest several
scenarios with regard to Nrf2 regulation in the central nervous system. Based on known
functions of Nrf2 in nonneuronal cells, the abundant nuclear Nrf2 observed in age-matched
controls suggests that there is enough oxidative stress or some other inducer (i.e. toxins,
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misfolded proteins, and inflammation) in neurons of control patients to activate the endogenous
antioxidant response. Alternatively, Nrf2 may have an additional role that requires nuclear
localization in age-matched control hippocampal neurons. The lack of Nrf2 in the nuclei of
AD hippocampal neurons suggests that Nrf2 is not performing the activities seen in age-
matched control individuals. Whether Nrf2 is responding to oxidative stress in control cases
or has a novel role in neuronal nuclei, AD hippocampal neurons are deficient in this activity.
This suggests that in AD, some process is blocking Nrf2 nuclear activity, potentially
contributing to neuronal dysfunction and/or loss. Our immunoblots indicate that there is a loss
of nuclear Nrf2 in AD but that the level of cytoplasmic Nrf2 is not different between age-
matched control cases and AD. Thus, the nuclear deficit is not the result of generalized loss of
total Nrf2 protein, but may reflect impaired nuclear trafficking, as has been observed with other
transcription factors (50). In either case, our observations suggest that the Nrf2 pathway is
likely dysfunctional in hippocampal neurons of AD.

In PD, our observations are different. The localization of Nrf2 immunostaining in the
hippocampal neurons in PD is somewhere between the predominantly cytoplasmic Nrf2 seen
in AD and LBVAD and the strong nuclear staining in observed in age-matched control cases.
However, in the most severely affected brain region, the substantia nigra, dopaminergic
neurons exhibit a Nrf2 expression pattern consistent with a neuronal response to increased
oxidative stress: weakly cytoplasmic in control cases, but more abundant with increased
nuclear staining in PD neurons. The different Nrf2 localizations observed in hippocampal
neurons as compared with nigral neurons in age-matched controls suggest distinct regulation
of Nrf2 in these neuronal subpopulations and potentially divergent functions. It is interesting
to speculate that altered Nrf2 regulation may be one of the functional differences between these
2 neuronal types. It may also indicate a difference in susceptibility to oxidative stress between
these neuronal populations. Nrf2 localization in PD nigral neurons is consistent with the
expected Nrf2 response to oxidative stress. The neurons we observe in PD are the surviving
neurons, which may indicate that these neurons were able to delay death, but protection by
Nrf2 was insufficient in neurons that have been lost. Alternatively, additional downstream
mechanisms may interfere with ARE transactivation despite nuclear stabilization of Nrf2.
Further investigation is needed to understand why Nrf2 translocation is not sufficient to protect
oxidatively stressed nigral neurons in PD.

In addition to interaction with keap1, Nrf2 activity is also regulated by phosphorylation via
several kinases including phosphoinositol-3 kinase (PI3K), extracellular signal-regulated
protein kinase (ERK), protein kinase C (PKC), and pancreas enriched kinase (PERK) (19—
25,27). Interestingly, several of these kinases localize to mitochondria, a major source of
intracellular oxidative stress (51), and the subcellular distribution of ERK is also altered in
degenerating AD and PD neurons (52—54). Although PI3K and ERK activity are required for
Nrf2 activation in certain cell types or in response to specific stimuli, direct phosphorylation
of Nrf2 has been demonstrated for PKC and PERK (19,28). Phosphorylation by PKC can
disrupt interaction with Keap1 but is not required for stabilization and translocation of Nrf2 to
the nucleus. Disruption of Nrf2:Keap1 interaction by PKC further suggests this complex can
be regulated by extracellular signaling cascades as well as oxidative insult. Because there is a
pronounced inflammatory component to amyloid plaques (55), one possibility is that Nrf2
translocation is inhibited by inflammatory signaling molecules such as cytokines, chemokines,
and neurotrophic factors. Phosphorylation of Nrf2 by PERK also disrupts the interaction
between Nrf2 and Keap1 and leads to nuclear translocation (15,19). PERK is one of several
kinases activated in response to endoplasmic reticulum (ER) stress. It has been shown that cell
survival after ER stress is mediated by the increase in Nrf2-induced glutathione (19). A major
cause of ER stress is accumulation of unfolded proteins (56). Because 2 of the major pathologic
features of AD (amyloid plaques and NFTs) are composed of misfolded proteins, it is likely
that ER stress is activated in neurons and astrocytes at some point during AD progression.

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2008 February 25.



yduosnuey Joyiny vd-HIN yduosnuel JoyINy Yd-HIN

yduosnuep Joyiny Vd-HIN

Ramsey et al.

Page 9

Together, these findings suggest that several pathways act to regulate Nrf2 function.
Understanding how these pathways intersect to regulate Nrf2 will be important for uncovering
why Nrf2 is not responding to oxidative stress, misfolded proteins, or signaling proteins present
in the neuronal environment in AD brain tissue.

Previous studies have shown that astrocytic Nrf2 is sufficient to rescue neurons from oxidative
stress (33,34). Our observations suggest that astrocytes have also lost nuclear Nrf2 in AD. By
triple label immunofluorescent confocal microscopy, we only identified a few astrocytes with
weak nuclear staining in the hippocampus. Similarly, our immunoblotting studies indicate
minimal nuclear Nrf2 from all cell populations in the midfrontal cortex. Kraft et al have shown
that Nrf2 induction activates expression of different gene products in cultured astrocytes as
compared with cultured cortical neurons (34). Although some genes, including glutathione-S-
transferase m1, were upregulated in both neurons and astrocytes treated with an inducer of
Nrf2 activity (tert butylhydroquinone [tBHQ]), the genes upregulated in astrocytes included
detoxification enzymes, glutathione synthesis, and other protective molecules. In contrast, the
genes upregulated in neurons treated with tBHQ included those that regulated synaptosome
formation and function and neurotransmitter homeostasis. The ability of Nrf2 to regulate
distinct subsets of genes in neurons and astrocytes supports a distinct role for Nrf2 in neurons
in addition to protection from oxidative stress. Our data suggest that Nrf2 is not nuclear in AD
hippocampal neurons and therefore is not transactivating expression of proteins that regulate
synapse function or antioxidant activity. The absence of this activity is likely detrimental to
neuronal function and implicates Nrf2 dysfunction in AD.

Our findings indicate that Nrf2 is not localizing to the nucleus in neurons or astrocytes in AD
despite the presence of oxidative stress and misfolded proteins, 2 stimuli that can induce nuclear
Nrf2. However, Nrf2 does translocate to the nucleus of substantia nigra neurons in PD. In light
of the findings by Kraft et al showing Nrf2 regulates unique subsets of genes in neurons versus
astrocytes, it is also possible that Nrf2 may regulate different gene products in hippocampal
neurons versus nigral neurons (34). Future studies are needed to determine how Nrf2
localization is regulated, why it is aberrant in AD, and how it differs in various neuronal
subpopulations. By understanding this pathway and how it has been altered by AD progression,
we will gain insight into how neurons lose their endogenous protection, leading to potential
strategies to restore this function before neuronal loss.
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FIGURE 1.
Nrf2 expression patterns are altered in hippocampal neurons of Alzheimer disease and Lewy

body variant of Alzheimer disease and neurons of the substantia nigra in Parkinson disease.
(A) Immunohistochemistry for nuclear factor e2-related factor (Nrf2) 2 (red) is shown from
the CA1 region of hippocampus from control (column 1), Alzheimer disease (column 2), Lewy
body variant of Alzheimer disease (column 3), and Parkinson disease (column 4). Similar Nrf2
localization was observed in CA2, CA3, and CA4 of the hippocampus (data not shown). These
slides stained with the C20-Nrf2 antibody are representative of our findings with the H300
antibody and KAP-125 antibody (Table 2). Nuclei are counterstained with hematoxylin
(purple). Row 1 shows images captured with a 20x objective and row 2 shows an image
captured with a 40x objective. Scale bar =20 pm. Images in row 1 and row 2 are from 2 different
cases for each disease group. (B) In control substantia nigra (column 1), Alzheimer disease
(column 2), and Lewy body variant of Alzheimer disease (column 3), Nrf2 (red) was weakly
cytoplasmic in dopaminergic neurons. In Parkinson disease, Nrf2 immunostaining (red) was
stronger and exhibited more nuclear staining in remaining dopaminergic neurons. All images
also show counterstaining with hematoxylin (purple). Scale bar = 20 pm. Original
magnification: 40x objective was used. (C) The percentage of cells with nuclear Nrf2 (left)
and cytoplasmic Nrf2 (right) were counted in the CA1 region of the hippocampus of 12
Alzheimer disease cases, 3 Lewy body variant of Alzheimer disease cases, 5 Parkinson disease
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cases, and 5 control cases. Shown are the average percentages of Nrf2-positive nuclei (left)
and Nrf2-positive cytoplasm (right). Error bars indicate standard deviation. *, Significantly
different from control (p <0.001). #, Significantly different from AD (p <0.001) as determined
by one-way analysis of variance, Student-Newman-Keuls.
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MAP2

MAP2

FIGURE 2.
Altered expression patterns of nuclear factor e2-related factor (Nrf2) are observed in neurons

and astrocytes of Alzheimer disease hippocampus. (A) Triple label immunofluorescent
confocal microscopy revealed Nrf2 (green) is predominantly expressed in the nucleus (blue)
of neurons (MAP2, red) present in the CA1 region of the control hippocampus. (B) In contrast,
Nrf2 (green) is predominantly cytoplasmic in neurons (MAP2, red) in the CA1 region of the
Alzheimer disease hippocampus. (C) In the CA1 region of the Alzheimer disease hippocampus,
Nrf2 (green) does not stain astrocyte cytoplasm intensely (glial fibrillary acidic protein, red)
but is occasionally observed in the nuclei (blue, arrows). Merged images are shown in the first
column. Scale bar =20 pum.
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FIGURE 3.

Altered nuclear factor e2-related factor (Nrf2) localization occurs in proximity to pathologic
features of Alzheimer disease but does not colocalize with beta amyloid plaques or tau. (A) In
CA1 of the hippocampus of Alzheimer disease cases, Nrf2 (green) was observed within a beta
amyloid plaque (AB-red), however, did not significantly colocalize with beta amyloid
(colocalization appears yellow in the merged field). Instead, the majority of Nrf2 was
cytoplasmic in neurons adjacent and distal to the beta amyloid plaque. (B, C) Tau as labeled
by ATS (red) was present in a subset of cells staining for Nrf2 (green) in CA1 of AD
hippocampi, but tau and Nrf2 did not colocalize in these neurons (arrows). When observed in
AT8-positive neurons, Nrf2 (green) staining was predominantly cytoplasmic (arrow). A subset
of AT8-positive neurons contained little or no observable Nrf2 (arrowhead). Neurons without
neurofibrillary tangles (AT8-negative) also exhibited predominantly cytoplasmic Nrf2 staining
(green; asterisk). (D) In CA1 of Alzheimer disease hippocampi, oxidative damage of lipids
was determined by labeling with an antibody to 7-hydroxynonenal (7-hydroxynonenol [HNE]
—red). In neurons with evidence of oxidative processes as indicated by hydroxynonenal
staining (red), Nrf2 is cytoplasmic (green). For all rows, merged images are shown in the first
column, colocalization appears yellow when present. Scale bar = 20 um.
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FIGURE 4.
Reduced nuclear factor e2-related factor (Nrf2) proteins levels were observed in nuclear
fractions from Alzheimer disease frontal cortex as compared to age-matched control frontal
cortex. Cytoplasmic and nuclear protein extracts were obtained from the midfrontal cortex
from 9 Alzheimer disease and 9 control cases. Equal quantities (21 pg of protein for cytoplasmic
and nuclear) were fractionated by size on an 8% discontinuous SDS polyacrylamide gel and
immunoblotted for Nrf2. (A) By immunoblot, Nrf2 levels in cytoplasmic extracts (21 pg) from
9 Alzheimer disease (AD) cases (AD1-9) and 9 normal control cases (N1-9) do not exhibit a
difference. Ten micrograms of protein extract from NIH3T3 cells transfected with pcDNA3.1-
Nrf2 was included as a control. In addition to Nrf2 (top row), we immunoblotted for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; bottom row) to demonstrate
cytoplasmic extraction. To control for protein degradation, we stained the membrane with
colloidal gold and quantified the intensity of a band near Nrf2 in size (bottom row; control).
(B) By immunoblot, Nrf2 levels in nuclear extracts from 9 AD (AD1-9) cases are lower than
Nrf2 levels in 9 normal age-matched control cases (N1-9). As a control, 10 pg of protein extract
from NIH3T3 cells transfected with pcDNA3.1-Nrf2 was included as a control. To control for
protein degradation, we stained the membrane with colloidal gold and quantified the intensity
of'aband near Nrf2 in size (bottom row). Quantification of the Nrf2 band from the cytoplasmic
immunoblot (C) did not show any statistical differences for control or AD cases; however,
quantification of Nrf2 levels from the nuclear immunoblot (D) demonstrated lower Nrf2 levels
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in AD. Cytoplasmic sample AD3 was dropped from further consideration as the protein from
this sample was degraded. (E) Comparison of Nrf2 levels normalized to GAPDH from
cytoplasmic extracts showed no evident trend or statistical difference. (F) Normalizing nuclear
Nrf2 to the selected colloidal gold band by dividing Nrf2 band intensity by the colloidal gold
band intensity demonstrated decreased levels in AD as compared with age-matched control.
(G) Average Nrf2 levels in normal cytoplasmic extracts were not statistically different from
average Nrf2 levels in AD cytoplasmic extracts. Error bars indicate standard deviation. (H)
Average Nrf2 levels in normal nuclear extracts were significantly higher (*, p < 0.001) than
average Nrf2 levels in AD nuclear extracts. Error bars indicate standard deviation. *, Indicates
statistically significant difference from normal (p < 0.001), Student -test.
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TABLE 3
The Number of Cases Exhibiting Nuclear or Cytoplasmic Nuclear Factor E2-Related Factor 2 Staining in Neurons
of Parkinson Disease, Two Diagnostic Categories of Alzheimer Disease, or Age-Matched Controls

Hippocampus Substantia Nigra
Diagnosis Nuclear Cytoplasmic Nuclear Cytoplasmic
Control 5/5 . 5/5 0/5 5/5
AD 1/12 12/12 0/8 8/8
LBVAD eld 3/3 0/3 3/3
PD 5/5 5/5 55F 5/5

The fraction of cases exhibiting nuclear or cytoplasmic nuclear factor e2-related factor 2 staining in hippocampus and substantia nigra among 3 diagnostic
groups: age-matched control (control), Alzheimer disease (AD), Lewy body variant of Alzheimer disease (LBVAD), and Parkinson disease (PD).

*
Indicates significantly different from control (p < 0.01) using the Fisher exact test.
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7LIndicates significantly different from control (p < 0.05).
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