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Abstract
Multiple studies show elevations of α, β-unsaturated aldehydic by-products of lipid peroxidation
including 4-hydroxynonenal and acrolein in vulnerable brain regions of subjects throughout the
progression of Alzheimer’s disease (AD). More recently 4-hydroxyhexenal (HHE), a diffusible α,
β-unsaturated aldehyde resulting from peroxidation of ω-3 polyunsaturated fatty acids, was shown
to be elevated in the hippocampus/parahippocampal gyrus (HPG) of subjects with preclinical AD
(PCAD) and in late stage AD (LAD). HHE treatment of primary rat cortical neuron cultures led to
a time- and concentration-dependent decrease in survival and glucose uptake. To determine if
HHE also impairs glutamate uptake, primary rat astrocyte cultures were exposed to HHE for 4
hours and glutamate transport measured. Results show subtoxic (2.5 μM) HHE concentrations
significantly (p < 0.05) impair glutamate uptake in primary astrocytes. Immunoprecipitation of
excitatory amino acid transporter-2 (EAAT-2), the primary glutamate transporter in brain, from
normal control (NC), mild cognitive impairment (MCI), PCAD and LAD HPG followed by
quantification of HHE immunolabeling showed a significant increase in HHE positive EAAT-2 in
MCI and LAD HPG. Together these data suggest HHE can significantly impair glutamate uptake
and may play a role in the pathogenesis of AD.
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Introduction
Increasing evidence supports a role for oxidative damage to lipids, protein and nucleic acids
in the pathogenesis of several neurodegenerative disorders including Alzheimer’s disease
(AD). Multiple studies show increased DNA (reviewed in[1], RNA [2–4], and protein
oxidation (reviewed in [5] and lipid peroxidation [6–9] in vulnerable regions of brain from
late stage AD (LAD) subjects compared to normal control (NC) subjects. In addition,
markers of oxidative damage are elevated in subjects with mild cognitive impairment (MCI),
the earliest clinical manifestation of AD (reviewed [1] as well as in subjects with preclinical
AD (PCAD), a condition in which subjects show normal ante-mortem neuropsychological
test scores but significant AD pathology at autopsy [10–13] Interestingly, levels of oxidative
damage early in disease progression are comparable to those observed in late stage disease
suggesting oxidative damage is an early event in the pathogenesis.
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The high polyunsaturated fatty acid content of brain coupled with the relative paucity of
antioxidants make lipid peroxidation a likely event. In addition to impaired membrane
integrity, lipid peroxidation leads to production of a variety of by-products including
isoprostanes and neuroprostanes, straight chain aldehydes and α, β-unsaturated aldehydes.
Although isoprostanes and neuroprostanes do not show toxicity, they serve as excellent
markers of arachidonic and docosahexaenoic acid peroxidation in brain and CSF [14]. F2-
isoprostane (F2-IsoP) levels in CSF also may be useful as a monitor of the efficacy of
antioxidant treatment in AD (reviewed in [14]). In contrast to isoprostanes and
neuroprostanes, α, β-unsaturated aldehydes including acrolein, 4-hydroxynonenal (HNE)
and 4-hydroxyhexenal (HHE) are neurotoxic in addition to being markers of lipid
peroxidation. The electrophilic nature of these aldehydes make them highly reactive with
sulfhydryl groups of cysteine, lysine and histidine [15–18] potentially altering normal
protein function. Several previous studies show levels of acrolein and HNE are elevated in
late-stage AD brain [8, 19, 20] and CSF [21]. More recently, we used GC/MS with negative
chemical ionization to show significant elevations of levels of a third α, β-unsaturated
aldehyde, 4-hydroxyhexenal (HHE), in vulnerable regions of PCAD and LAD brain and
significant elevations of protein bound HHE in PCAD, MCI and LAD HPG[22]. Multiple in
vitro studies demonstrate HNE and acrolein are neurotoxic [23–27] and can significantly
impair proteins critical for cell survival including significant impairment of glucose
transport [13, 23, 24], Na/K ATPase activity [7] and glutamate transport [23, 24]. Although
HHE has only recently been the focus of study in AD brain it may be of importance in the
pathogenesis of AD because it is the by-product of peroxidation of ω-3 polyunsaturated fatty
acids including docosahexaenoic acid (DHA), the predominant PUFA in grey matter [15,
16]. Concentrations of DHA are 30 – 50 times those of arachadonic acid, the predominate
ω-6 PUFA, suggesting that oxidative stress in brain would likely lead to increased
generation of HHE.

Previous studies show HHE is toxic to cerebral cortical neurons with an LD50 comparable to
that of HNE [28] and that HHE/glutathione adducts are prominent in biomarkers of lipid
peroxidation in rats subjected to ethanol withdrawal [29]. In our previous studies we showed
HHE led to a time- and concentration-dependent decrease in survival of primary rat cortical
neuron cultures and significant impairment of glucose uptake [22]. In the current study we
measured the effects of HHE on glutamate transport in primary rat astrocyte cultures. To
determine if HHE is associated with proteins critical for glutamate transport in brain we
immunoprecipitated excitatory amino acid transporter 2 (EAAT2), the primary glutamate
transporter in brain, and quantified levels of HHE modification.

Materials and Methods
Specimens of hippocampus/parahippocampal gyri (HPG) were obtained from short post
mortem interval (PMI) autopsies of 8 normal control (NC) subjects, 8 subjects with mild
cognitive impairment (MCI), 8 preclinical AD (PCAD) and 7 late-stage AD (LAD) subjects
through the neuropathology core of the University of Kentucky Alzheimer’s Disease Center
(UK-ADC). Normal control and PCAD subjects were followed longitudinally in the UK-
ADC Normal Control Clinic and underwent memory testing, physical and
neuropsychological testing yearly. These subjects showed no evidence of memory decline
and had antemortem neuropsychological test scores in the normal range when corrected for
age and education. Subjects with MCI were normal on enrollment in the UK-ADC
longitudinal study but developed MCI during follow-up. Clinical criteria for MCI are as
described by Peterson et al. [30]. Late-stage AD subjects met the clinical criteria for
probable AD as described by McKhann et al. [31]. Neuropathological examination of
multiple sections of neocortex, hippocampus, entorhinal cortex, amylgdala, basal ganglia,
nucleus basalis of Meynert, midbrain, pons, medulla and cerebellum using the modified
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Bielshowsky stain, hematoxylin and eosin stains and amyloid beta peptide (Aβ) and α-
synuclein immunostains was carried out for all subjects by the Neuropatholgy Core of the
UK-ADC. Braak staging scores were determined using the Gallays stain on sections of
entorhinal cortex, hippocampus and amygdala and the Bielshowsky stain on neocortex.
Histopathologic examination of NC subjects showed only age-associated changes with a
median Braak staging score of I. Subjects with MCI showed a significant increase in neuritic
plaques in neocortical regions, and a significant increase of NFT in entorhinal cortex, HPG
and amygdala compared to NC subjects [32] with a median Braak score of III. PCAD
subjects met National Institute on Aging-Reagan Institute [33] criteria for the
histopathologic diagnosis of AD with moderate or frequent neuritic plaques in neorcortex
and a median Braak staging score of IV. LAD subjects met accepted guidelines for the
histopathologic diagnosis of AD with a median Braak score of VI. None of the subjects
analyzed demonstrated significant Lewy body pathology.

Tissue Processing and Immunoprecipitation of HHE positive EAAT2
To determine if EAAT-2 is significantly altered in the progression of AD, specimens of
HPG from NC, PCAD, MCI and LAD subjects were homogenized using a cold Dounce
homogenizer and RIPA buffer containing 50 mM Tris HCl, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.1% SDS, (pH 8) and complete protease inhibitors (Roche, Madison,
WI, USA). The homogenate was then centrifuged at 5,000 × g and protein content of the
supernatant determined using the Pierce BCA method per manufacturer’s instructions. Two
hundred μg samples of each specimen were subjected to immunoprecipitation using a
polyclonal antibody against EAAT2 (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
using the method of Wiltfang et al., [34] with modification. Briefly, rabbit anti-EAAT-2
antibody was covalently cross linked to Protein A/G Plus Sepharose beads (Santa Cruz
Biotechnology, Santa Cruz, CA, USA) by incubation at room temperature for 2 h. The beads
were centrifuged at 1,000 × g for 3 min and washed 3 to 5 times with 500 μl PBS (pH 7.2).
The beads were then added to the protein aliquots and incubated overnight on a rotation
plate at 4 °C. The beads were isolated by centrifugation, rinsed 3 times with PBS and
suspended in 30 μl gel loading buffer. Immunoprecipitated proteins were eluted by heating
at 100 °C in gel loading buffer, separated using a 10 to 20% gradient gel and subjected to
Western blot analysis using anti-HHE antibody (Genox, Baltimore, MD, USA). The
immunoprecipitation blank consisted of all reagents without protein. In addition, 20 μg
aliquots of tissue homogenate were subjected to SDS/PAGE and levels of EAAT2
determined using the same poly clonal antibody. Analysis of levels of total EAAT2 showed
a slight but significant (p < 0.05) decrease in LAD HPG. Therefore results of the
immuoprecipitation studies were normalized to levels of total EAAT2 for each sample. Each
individual ratio was then normalized to the mean ratios for NC subjects. Results are
expressed as mean ± SEM % control values. Our previous study showed the HHE antibody
provides a linear response to increasing levels of HHE-modified protein and that the
antibody is specific to HHE and does not cross react with HNE or acrolein [13].

Primary Astrocyte Cultures
Primary astrocyte cultures were established from cerebral hemispheres of 2 day old
Sprague-Dawley rats as described by Keller et al. [35] using University of Kentucky IACUC
approved protocols. Astrocytes were plated in uncoated 60 mm dishes and maintained in
MEM supplemented with 26 mM sodium bicarbonate, 10 mM glutamine and 10% (v/v) fetal
bovine serum. Astrocyte cultures prepared using this method are >98% type I ascrocytes as
assessed by anti-glial fibrillary acid protein staining [35]. For treatment, astrocytes 2 weeks
in culture were switched to serum free Locke’s solution consisting of 154 mM NaCl, 5.6
mM KCl, 2.3 mM CaCl2, 3.6 mM NaHCO3, 10 mM glucose, 5 mM HEPES (pH 7.2) with
10 mg/L gentamicin sulfate and treated with vehicle, 0.5 μM, 1.0 μM, 2.5 μM, 5 μM, 10
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μM and 25 μM HHE for 4 hours. Viability of cultures following treatment was assessed by
measuring lactate dehydrogenase release into the medium as described by Koh and Choi
[36] or by measurement of reduction of 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) as a measure of mitochondrial viability as described by
Mossman et al. [37].

Glutamate Uptake
Glutamate uptake as assayed as described by Swanson [38] with modification. Primary
astrocytes were switched to Locke’s with glucose and treated with increasing concentrations
of HHE for 4 hours. After treatment, 3H-labeled glutamate (3,4-[3H] glutamic acid, 44.0 Ci/
mmol; 22.7 mM) (NEN life Science Products, Boston, MA, USA) was added at a final
concentration of 23 μM for 5 minutes. Previous studies demonstrate linearity of uptake for
glutamate for comparable periods of time [39]. Uptake was terminated by rapid aspiration of
the medium and rinsing 3 times with cold PBS. Cells were then lysed in 250 μl 0.5M
NaOH/0.5% SDS and scraped. Aliquots (20 μl) were taken in duplicate for protein
determination using the Pierce BCA method. For quantification of radio-labeled glutamate
taken up by cell cultures, 160 μl aliquots of cell lysate were added to 5 ml liquid scintillation
cocktail (Scintiverse E; Fisher, St. Louis, MO) and counted using a Packard 2500 liquid
scintillation counter. Blanks for the assay consisted of cultures exposed to 200 μM
unlabeled (cold) glutamate concomitantly with radio-labeled glutamate. Results are
expressed as mean ± SEM % control glutamate and are the mean of 9 to 15 dishes.

Statistical Analyses
Statistical analyses were carried out for cell culture survival and glutamate transport using
analysis of variance with Dunnett’s post hoc test for individual differences and the
commercially available ABSTAT (AndersonBell, Arvada, CO, USA) software. Levels of
HHE immunopositive EAAT-2, and subject age and PMI were compared using ANOVA
with Dunnett’s post hoc test. Braak staging scores were compared using the Mann Whitney
U-test and are expressed as median scores.

Results
Table 1 shows demographic data for subjects analyzed in the IP experiment and shows no
significant differences in age or PMI for any of the subject groups. Braak staging scores
were significantly higher in MCI (median = III), PCAD (median = IV) and LAD (median =
VI) subjects compared to NC subjects (median = I). Figures 1A and 1B show representative
Western blots of total EAAT2 (Figure 1A) and HHE-positive EAAT2 following
immunoprecipitation (Figure 1B) from NC, MCI, PCAD and LAD HPG. Figure 1C shows
the negative control IP reaction and shows virtually no non-specific reactivity. Results of
quantification of immunostaining of Figures 1A and 1B are shown in Figure 2 and show a
significant decrease of EAAT2 in disease progression with a significant decrease in LAD
HPG compared to NC HPG. Figure 2 also shows a significant disease related increase in
levels of HHE positive EAAT2 with significant (p < 0.05) increases in MCI and LAD HPG
compared to NC HPG. To ensure the slight decreases in total EAAT2 levels did not alter
results of HHE measures, levels of HHE-modified EAAT2 were normalized to total EAAT2
and compared using ANOVA. Figure 2 shows normalization of HHE positive EAAT2 to
total EAAT2 leads to similar results to those observed for HHE-positive EAAT2 with
significant elevations of HHE-positive EAAT2 in MCI and LAD HPG compared to NC
HPG. Consistent with previous studies, levels of HHE positive EAAT-2 were similarly
elevated for MCI and LAD subjects suggesting HHE modification of the protein occurs
early in disease progression.
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Treatment of primary rat astrocytes with HHE concentrations from 0.5 to 25 μM led to
significantly increased LDH release and significantly decreased MTT reduction only at high
(25 μM) concentrations (Figure 3). Although HHE treatment led to minimal astrocyte
toxicity, it significantly decreased glutamate transport beginning at 2.5 μM HHE (Figure 3).

Discussion
Our previous studies showed levels of extractable HHE, a by-product of peroxidation of
DHA, are significantly elevated in the HPG of PCAD and LAD subjects compared to age-
matched NC subjects and that protein bound HHE is significantly elevated in the HPG of
PCAD, MCI and LAD subjects compared to age-matched NC subjects [13]. In addition,
previous studies from our laboratory [13] and others [28] showed HHE treatment of primary
rat cortical neurons led to decreased cell viability. We also showed HHE treatment of
primary rat cortical neurons led to a significant decrease in glucose uptake [22]. Because of
the reactivity of α, β unsaturated aldehydes like HHE toward a variety of proteins, the
present study was carried out to assess the effects of HHE on glutamate transport and to
determine if EAAT-2, the main glutamate transporter in brain, showed significant HHE
modification in the progression of AD. Our data show HHE was relatively well tolerated by
primary astrocytes (2 weeks-in-culture) with no significant decrease in MTT reduction or
increase in LDH release up to 25 μM HHE. In contrast, primary astrocytes showed
significant decreases in glutamate uptake beginning at HHE concentrations of 2.5 μM
suggesting a particular sensitivity of glutamate transporters to HHE. Immunoprecipitation of
EAAT-2, the major glutamate transporter in brain, from HPG showed increased HHE
reactivity associated with EAAT-2 from MCI and LAD subjects compared to NC subjects
suggesting post translational modification of EAAT-2 occurs early and may contribute to the
diminished glutamate transport observed in AD.

Although the exact pathogenesis of AD remains unclear, alterations in glutamate transport
have been proposed as a mechanism by which synapses and neurons are injured [40].
Glutamate, the major excitatory amino acid of the central nervous system is critical for
function of hippocampal and cortical pyramidal neurons and is involved in higher mental
function, cognition, learning and memory [41]. Multiple studies show glutamate transport is
altered in AD temporal and frontal cortices and hippocampus, blood lymphocytes, platelets
and fibroblasts [42, 43] and in cultured astrocytes from AD patients and transgenic mouse
models of amyloid deposition [44–47]. In addition, alterations in glutamate uptake in
autopsy specimens are well correlated with multiple indices of cell death and with synapse
loss as measured by levels of synaptophysin and are thought to occur early in disease
progression before the onset of cognitive decline [48].

Excessive stimulation of neurons by glutamate (excitotoxicity) is prevented by a family of
five Na-dependent high affinity excitatory amino acid transporters (EAATs) which include
GLAST (EAAT-1), EAAT-2 (or glutamate transporter-1; GLT-1), EAAT-3, EAAT-4 and
EAAT-5. EAAT-1 and 2 and neuron specific EAAT-3 are the primary glutamate
transporters in the hippocampus and neocortex [49] whereas EAAT-4 is mainly localized in
the Bregman area of cerebellum [50, 51] and EAAT-5 is predominately associated with
retina [52]. EAAT-2, the main glutamate transporter in forebrain is localized primarily in
fine astrocytic processes throughout presynaptic and extrasynaptic regions [53, 54] and
functions to transport glutamate into astrocytes maintaining basal extracellular
concentrations in the low nM range [55] and preventing glutamate related injury to
synapses.

Sutdies of EAAT-2 in AD show a significant decrease of protein in LAD brain [56–58] as
well as significant reductions of EAAT-2 mRNA in AD frontal cortex without a
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corresponding decrease in EAAT-1 or EAAT-3 mRNA [59]. Other studies of LAD and NC
HPG show decreased EAAT-1 and EAAT-2 mRNA with altered localization of proteins in
NFT [57]. More recent studies of patients with a variety of tauopathies including AD,
progressive supranuclear palsy and corticobasal degeneration show EAAT-2 preferentially
interacts with hyperphosphorylated tau characteristic of neurofibrillary tangles [60]. In
contrast, [61, 62] showed no significant changes of EAAT-2 in AD. Additional studies show
EAAT-2 may be oxidatively modified by exposure to Aβ [25, 35, 63–66] or aldehydic
byproducts of lipid peroxidation including 4-HNE and acrolein [23, 35] resulting in
impaired glutamate transport. Indeed, recent studies using sequential solubilization of
proteins from frontal cortex specimens of 100 clinically and pathologically characterized
NC, MCI and LAD subjects demonstrated changes in EAAT-2 solubilization in MCI and
LAD brain suggesting post translational modifications that led to the formation of high
molecular weight, less soluble oligomers [49]. Previous studies show Aβ significantly
impairs glutamate uptake in primary astrocytes [67, 68] as well as in synaptosomes prepared
from mice [64, 66, 69]. In addition, HNE is shown to impair glutamate uptake by AD
fibroblast cultures that was prevented by 24 h pretreatment with antioxidants (1 mM
glutathione ethyl ester) [70]. Our current data suggest glutamate transport by primary
astrocytes is significantly impaired by HHE. It should be noted that HHE at concentrations
of 2.5 μM led to a significant decrease (40%) in glutamate transport whereas higher
concentrations of acrolein, a related α, β-unsaturated aldehydic by-product of lipid
peroxidation [23] were required for similar effects suggesting glutamate transporters may be
particularly susceptible to modification by HHE. In addition, immuoprecipitation of
EAAT-2 from specimens of HPG obtained from NC subjects and subjects through the
progression of AD showed significant HHE modification of the protein in MCI, and LAD
brain with levels in early disease (MCI, PCAD) comparable to those observed in late-stage
disease (LAD) suggesting diminished ability of a key regulatory protein early in disease
progression that might contribute to the neurodegeneration observed in AD. Although
EAAT2 seems to be particularly sensitive to HHE exposure it is not the only protein that
demonstrates HHE immunostaining. Our previous studies using SDS-PAGE and proteomics
[13] identified multiple proteins that are HHE modified in LAD brain consistent with the
broad reactivity of α, β-unsaturated aldehydes with lysinse, cysteine and histidine residues.
Based on the broad reactivity of HHE with multiple proteins, use of DHA supplementation
as a therapeutic approach should probably be in conjunction with antioxidants to minimize
the negative effects of generation of HHE.

Overall, our data suggest HHE modification of EAAT-2 is an early event in the pathogenesis
of AD and that HHE modification significantly decreases glutamate transport. Post
translational modification of HHE could lead to loss of glutamate regulation and excitotoxic
injury to synapses and neurons and may play a role in the pathogenesis of AD.
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Figure 1.
A. Representative Western blot showing levels of EAAT-2 from NC, PCAD, MCI and LAD
HPG. 1B. Representative Western blot of HHE-positive EAAT-2 immunoprecipitated from
the same specimens. 1C. Western blot showing minimal immunostaining for the a negative
control immunoprecipitation.
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Figure 2.
Quantification of levels of total EAAT-2, and HHE-positive EAAT-2 expressed as mean ±
SEM % control immunostaining. The figure also shows results for normalization of HHE-
positive EAAT-2 to total EAAT-2 expressed as mean ± SEM% control. There was a
significant (p < 0.05) increase in HHE levels for EAAT-2 immunoprecipitated from MCI
and LAD hippocampus/parahippocampal gyrus. Note levels of HHE immunostaining are
similar for PCAD, MCI and LAD specimens suggesting HHE modifications occur early in
disease progression.
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Figure 3.
Measurements of cell viability using MTT reduction (mitochondrial viability) and LDH
release into the medium and levels of glutamate uptake in primary rat astrocytes. Results are
expressed as mean ± SEM % control. Note that although low concentrations of HHE were
not toxic as measured by LDH release into culture medium or MTT reduction concentrations
beginning at 2.5 μM led to a significant decrease in glutamate uptake.
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Table 1

Subject Demographic Data

Mean ± SEM
Age (y)

Sex Mean ± SEM
PMI (hr)

Median Braak Staging Scores

NC 87.0 ± 2.3 2M/6W 3.0 ± 0.2 I

PCAD 85.0 ± 1.8 2M/6W 2.8 ± 0.3 IV*

MCI 90.1 ± 2.1 3M/5W 2.6 ± 0.2 III*

LAD 78.7 ± 2.1 2M/5W 3.9 ± 0.9 VI*

*
p < 0.05
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