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Abstract

Lipid peroxidation generates reactive aldehydes, most notably hydroxynonenal (HNE), which
covalently binds amino acid residue side chains leading to protein inactivation and insolubility.
Specific adducts of lipid peroxidation have been demonstrated to be intimately associated with
pathological lesions of Alzheimer’s disease (AD), suggesting that oxidative stress is a major
component in the disease. Here, we examined the HNE-cross-linking modifications by using an
antibody specific for a lysine-lysine cross-link. Since in a prior study we noted no
immunolabeling of neuritic plaques or neurofibrillary tangles but instead found strong labeling of
axons, we focused this study on axons. Axonal labeling was examined in mouse sciatic nerve, and
immunoblotting showed the cross-link was restricted to neurofilament heavy and medium
subunits, which while altering migration, did not indicate larger NF aggregates, indicative of
intermolecular cross-links. Examination of mice at various ages showed the extent of modification
remaining relatively constant through the life span. These findings demonstrate lipid-cross-linking
peroxidation primarily involves lysine-rich neurofilaments and is restricted to intramolecular
cross-links.
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Introduction

Methods

Tissue

Increased oxidative stress marks the earliest transition from normal aging to the onset of
Alzheimer’ s disease (AD) [1,2]. Oxidative damage to all categories of macro-molecules has
been identified, with the greatest number of studies involving carbonyl modification
stemming from lipid or sugar-derived oxidized metabolites [3-8]. Adduction of these
products modifies the side chains of proteins changing solubility, hydrophobicity, and
molecular weight if intermolecular cross-links are formed. Among these, the latter has been
shown to be the most critical, as carbonyl-mediated cross-links are powerful inhibitors of
protein degradation [9-11]. The best-studied reactive carbonyl is hydroxynonenal (HNE) [8]
and one of its defined products is a fluorescent cross-link (HNE-fluorophore) between two
lysines [12]. In AD, antibodies specific to HNE-fluorophore show its accumulation in the
degradation pathway and granulovacuolar degeneration (GVD) in vulnerable neurons [13].
Additionally, HNE cross-links are seen in axons of AD and controls, as well as non-cross-
linking HNE modifications [14].

In this study of the mouse sciatic nerve, we explore the molecular targets of HNE cross-
linking, specifically the neurofilament heavy (NFH) subunit. Surprisingly, we found NFH
molecular weight was not associated with high molecular weight aggregates by the
formation of HNE-fluorophore, indicating that the majority of the cross-links are
intramolecular. Further, we found that the extent of modification is constant over the life
span.

Spinal cord collected from C57BL6 mice (3—-21 months of age) was fixed by immersion in
methacarn, embedded in paraffin, and sectioned at 6 um. Immunocytochemistry was
developed as previously described [13]. Sciatic nerve from B6C3F1 mice (3—33 months of
age, n = 3 per age group) was collected for immunoblot analysis. Mice were obtained from
the National Institute on Aging colony at Charles River and maintained at the Case Western
Reserve University Animal Facility under an approved protocol for 7-10 days before
sacrifice. Euthanasia was induced by an overdose of pentobarbital before dissection. Upon
death, animals were refrigerated immediately and maintained on ice during dissection.
Under a stereomicroscope (Zeiss), the entire sciatic nerve was collected, beginning within
the spinal column and extending to the soleus muscle. Samples were prepared as previously
described [14].
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Antibodies

Antiserum to HNE-fluorophore and HNE-Michael was used as described [12-14]. SMI-34
(Sternberger/Meyer Incorporated) monoclonal antibody to phosphorylated NFH was used to
identify axons and NFH protein on blots.

Immunoblotting

In previous studies using antibodies to non-cross-linking HNE modifications, we have found
specific labeling of NFH throughout the life span [14]. Blots of the cytoskeleton fraction
from mouse sciatic nerve, prepared as described previously [14], were probed with the
HNE-fluorophore antisera as well as with an antibody to a Michael adduction product of
HNE-Michael [14], and the levels of HNE adduction to NFH were quantified using one-way
ANOVA. Care was taken to analyze the insoluble axonal material not entering the gel, but
rather retaining it in the well of the stacking gel.

Results

Sections of mouse sciatic nerve showed intense labeling by HNE-fluorophore corresponding
to axons (Figure 1) labeled by SMI-34 (not shown). There was little recognition of the
myelin covering and weak recognition of the connective covering of the nerve (arrow).
Immunoblots of sciatic nerve protein showed only bands corresponding to NFH and NFM
recognized by the HNE-fluorophore antisera (Figure 2) and additional recognition of
material remaining in the stacking gel for HNE-Michael but not detectable for HNE-
fluorophore. The majority of NFH and NFM molecular weight was unchanged by
modification. Importantly, neither the HNE-fluorophore or antibody nor NFH antibody
recognized material remaining in the stacking gel well.

We quantitatively examined the NFH band over the mouse life span. There was no age-
related accumulation of HNE-fluorophore-modified NFH with aging (Figure 2), but rather
an insignificant increase in midlife similar to what we previously reported for other HNE
modifications of NFH [14].

Discussion

The antibody used in this study recognizes the 2-hydroxy-3-imino-1,2-dihydropyrrol
structural feature of fluorophores produced by the reaction of primary amines (usually
lysine) with HNE [12]. The same epitope has been demonstrated to form following the
reaction of specific proteins (e.g., glucose-6-phosphate dehydrogenase) with HNE and is
associated with fluorescence and with inactivation of the multicatalytic protease, providing
direct evidence for HNE—protein cross-links. We undertook this study to define the
biochemical target(s) of modification in the nervous system.

In AD, HNE-based cross-links were found to accumulate in GVD, a structure often
considered to be linked to a lysosomal/proteasomal pathway [13]. Importantly, GVD were
not found to be the specific site of accumulation of the other HNE adducts which
accumulated diffusely within the cytoplasm of affected neurons [8]. These findings in AD
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suggest that lipid peroxidation and subsequent HNE modification of lysine residues target
proteins for degradation in AD and accumulate in the lysosomal/proteasomal pathway.

It was noted that axons are primary sites for HNE modifications, and therefore in a prior
study, we determined two HNE adducts that specifically target the lysine-rich high
neurofilament subunit, NFH, and neurofilament medium subunit, NFM. HNE modifications
were found to follow NFH/M levels in the nervous system at the earliest ages and do not
accumulate with further aging. This surprising result suggests HNE adduct levels are
regulated. Phosphorylation of NFH and NFM plays a critical role in NFH/M susceptibility to
HNE adductions, but there were no indications that proteolysis regulated levels. In this study
of HNE cross-link modification, we again find specific lysine involvement (because the
HNE-fluorophore is lysine specific) and no signs of age-related accumulation. Surprisingly,
although HNE-fluorophore is a cross-link modification, most NFH molecular weight
remains at the original molecular weight, indicating the cross-links are intramolecular.
Similarly, the materials remaining in the well of the stacking gel are recognized by the
HNE-Michael antibody but poorly by HNE-fluorophore and are not recognized by the NFH
antibody, suggesting they represent other proteins adducted by HNE. That HNE-fluorophore
is physiologically formed in axons throughout life suggests it, together with other HNE
products, plays a role in neuronal homeostasis, possibly protecting neurons from carbonyl-
mediated stress [14].

Our relative inability to detect intermolecular cross-links suggests that NFH/M molecular
structure does not place lysine in sufficiently close juxtaposition with lysines of other
proteins, including other NFH subunits to span a cross-link. Functionally, lack of
intermolecular cross-link may reduce the effect of HNE-fluorophore to inhibit proteolysis.

Conclusions

NFH and NFM are major targets of carbonyl adduction in the nervous system, including
HNE cross-links between lysines. In NFH and NFM, primarily intramolecular cross-links
were detected. The level of NFH and NFM cross-linking adducts remained constant over the
life span of mice.
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Figure 1.
HNE-fluorophore modifications are readily detected in axons in mouse spinal cord tissue,

consistent with our findings of the presence of other HNE modifications in the same site

[14] (left panel). Also recognized is connective tissue of the nerve sheath (arrow). Scale bar
=20 um. The same axons are labeled with SMI-34, a monoclonal antibody directed to
phosphorylated NFH (not shown). In blots of mouse sciatic nerve, fluorophore modifications
recognize a band near 200 kD (lanes C and F), corresponding to NFH stained with SMI-34
(lanes A and D) as well as a band corresponding to NFM. Both NFH and NFM are also
recognized with an antibody specific for HNE-Michael adducts (lanes B and E). High
molecular weight proteins remaining in the well and unable to enter the gel contain HNE-
Michael adducts. Similar results seen in mice at 3 and 21 months of mice.
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Figure 2.

Quantitative densitometry of HNE-fluorophore modified axonal NFH showed no age-
dependent increase, but surprisingly showed a statistically insignificant maximum in
midlife. Bars correspond to +/- SEM with n = 3 for each age.
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