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ABSTRACT: Oxidative stress is a frequently observed feature of
Alzheimer’s disease, but its pathological significance is not
understood. To explore the relationship between oxidative stress
and amyloid plaques, uniformly radiolabeled arachidonate was
introduced into transgenic mouse models of Alzheimer’s disease
via intracerebroventricular injection. Uniform labeling with
carbon-14 is used here for the first time, and made possible
meaningful quantification of arachidonate oxidative degradation
products. The injected arachidonate entered a fatty acid pool that
was subject to oxidative degradation in both transgenic and wild-
type animals. However, the extent of its degradation was markedly
greater in the hippocampus of transgenic animals where amyloid
plaques were abundant. In human Alzheimer’s brain, plaque-associated proteins were post-translationally modified by
hydroxynonenal, a well-known oxidative degradation product of arachidonate. These results suggest that several recurring themes
in Alzheimer’s pathogenesis, amyloid β proteins, transition metal ions, oxidative stress, and apolipoprotein isoforms, may be
involved in a common mechanism that has the potential to explain both neuronal loss and fibril formation in this disease.
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Oxidative stress is a heterogeneous network of chemical
reactions that are generally deleterious to cells. These

reactions are commonly observed in Alzheimer’s disease (AD),1

although their precise role in its pathogenesis is not
understood. One possible role is suggested by the in vitro
observation that the amyloid beta (Aβ) peptides that aggregate
into fibrils and form neuritic plaques in AD, can also form high-
affinity complexes with metal ions such as copper, undergo
redox cycling, and generate hydroxyl radicals (•OH).2−7

Polyunsaturated fatty acyl (PUFA) chains, such as arachidonic
(ARA) and docosahexaenoic (DHA) acids, are abundant in
brain and especially vulnerable to •OH attack,8,9 which yields
well-known hydroxylated and hydroperoxylated addition
products, as well as hydroxyalkenals, oxoalkenals, malondialde-
hyde, and acrolein as degradation products.10−14 Several of
these products, including acrolein and 4-hydroxy-2-nonenal
(HNE), are known to be elevated in AD15−17 and have been
implicated in mediating the neurotoxicity of Aβ peptides,18−21

possibly through the formation of protein adducts.22−27

Therefore, oxidative stress at synaptic terminals, where Aβ
peptides and free copper ions are especially abundant, may be
responsible for creating the neurotoxins that lead to synaptic
and neuronal loss.28−38

In addition to its neurotoxicity, HNE dramatically accelerates
fibril formation by Aβ peptides.39,40 The mechanism of this
acceleration appears to depend on the presence of a membrane

surface, possibly as a nucleation site for membrane-associated
HNE-modified Aβ peptides.41,42 In this context, it is note-
worthy that HNE, which is a product of omega-6 PUFA
oxidation, promotes both membrane association and Aβ fibril
formation, while 4-hydroxy-2-hexenal (HHE), an omega-3-
derived analogue of HNE, has neither effect.43 Therefore, the
tendency for oxidative stress to induce Aβ fibril formation may
depend on the relative availability of omega-3 versus omega-6
substrates.
The current study was performed to address three critical

questions about oxidative stress and PUFAs in AD. The first
question is whether exogenously introduced ARA reaches the
pool of fatty acids that are subject to the kind of oxidative stress
that is elevated in mouse models of AD. This question is
important because it implies that radiolabeled ARA may be
used to quantify and track the fate of the whole spectrum of
ARA oxidation products, not merely representative or relatively
unreactive products.
The second critical question is whether oxidative ARA

degradation is specifically increased in portions of the brain
where the histopathological lesions of AD are well developed.
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Prior studies have observed that an increase in the production
of oxidative stress markers precedes the development of AD
histopathology in mouse models,44,45 but they have not shown
that their production is plaque-associated.
The third critical question is whether fibrillogenic oxidative

ARA degradation products, previously demonstrated only in
mice, may also be demonstrated in human AD. HNE has been
shown to form pyrrole adducts with the lysine residues of
various proteins, in particular the tau proteins that form
neurofibrillary tangles in mouse models of AD.22−24 However,
HNE acting on Aβ peptides results in histidine modification,
and this modification is potently fibrillogenic.39,40,43,46

Immunohistochemical evidence of plaque-associated HNE in
human, mouse,47 and dog brain48 has been described. However,
this evidence was obtained with antibodies having broad
reactivity. Antibodies specific for the HNE-histidine modifica-
tions that result from the action of HNE on Aβ peptides have
demonstrated their colocalization with amyloid plaques in
mice.49 The corresponding demonstration in human tissue is
important to support the relevance of these findings in mouse
models to human AD.
In the experiments described below, the conversion of

exogenously introduced arachidonic acid to polar metabolites
was markedly increased only in the hippocampus of mice where
Aβ plaques are well developed, and HNE-histidine adducts
colocated with amyloid plaques in human AD brain. These
results suggest that ARA is oxidatively degraded in the vicinity
of amyloid plaques, yielding products that are both neurotoxic
and fibrillogenic.

■ RESULTS

The Rate of [1-14C]-ARA Conversion in WT Mouse
Brain. [1-14C]-ARA was introduced by intracerebroventricular
(ICV) injection into 22 month old C57BL/6J (WT) mice that
were then euthanized 1−6 days later. Lipids were extracted
from the brain tissue, saponified to liberate ARA and its
metabolites, and then fractionated by HPLC. Overall,
approximately 9% of the injected 14C activity was recovered
from the brain, similar to previously reported studies,50−52 and
that percentage did not decline significantly over the 6 day
incubations. Specific radioactivity in the cerebellum (DPM/mg
wet brain tissue) was higher than that of whole brain after 1
day, but declined by 3 and 6 days (Figure 1A). Specific
radioactivity in the hippocampus increased compared to whole
brain between 1 and 3 days, but then declined by day 6. The
percentage of recovered radioactivity found in the upper,
hydrophilic, phase of a Bligh−Dyer (BD) lipid extract did not
change significantly over 6 days (Figure 1B). However, the
percentage of recovered activity found in the saponified,
hydrophobic lower phase of the BD extract that eluted in
fraction V from the reverse phase column, presumably
unmodified ARA, decreased over time in both the cerebellum
and hippocampus (Figure 1C).
These results indicate that ARA, delivered by ICV injection

into WT mice, was extensively metabolized within 1 day,
yielding compounds that partition into both upper and lower
phases of a BD extract. Chromatographic analysis indicates that
10−20% of the injected ARA was converted to polar products
within 1 day, and conversion continued at that rate for several
days. However, the presence of radiolabel in only the carboxyl
position did not permit following the fate of ARA to oxidation
products that did not retain the labeled C1 carbon. Therefore,

we obtained uniformly labeled [U-14C]-ARA for subsequent
experiments.

The Fate of [U-14C]-ARA in WT and TG-J20 Mouse
Brain. [U-14C]-ARA was introduced by ICV injection to 16-
month-old WT and TG-J20 mice that were then euthanized
after 3 days. TG-J20 begin developing plaques at the age of 10
months, so these mice had well-developed plaques (data not
shown). No significant differences were observed in the relative
specific radioactivity of cerebellum and hippocampus in WT
and J20 mice (Figure 2A). Similarly, there was no significant
difference in the percentage of radioactivity that partitioned
into the upper BD phase from cerebellum and hippocampus
between WT and J20 mice (Figure 2B).

Figure 1. Fate of [1-14C]-ARA in WT mouse brain. (A) Specific
radioactivity (DPM/gram tissue wet mass) of cerebellum and
hippocampus, divided by the whole brain specific radioactivity, to
yield “relative specific radioactivity”. (B) Percentage of total brain
radioactivity that partitioned to the middle and upper (hydrophilic)
phases of a Bligh−Dyer extract. There were no significant differences
among these results. (C) The percentage radioactivity that eluted with
the retention time characteristic of ARA. Error bars indicate standard
deviations, and white numerals on the bars indicate the number of
days after ICV injection. *Indicates a difference with 0.01 < P < 0.05.
**Indicates a difference with P < 0.01. P values were determined by t
test.
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Materials in the lower, hydrophobic, phase of the BD extract
were saponified and fractionated by reversed-phase HPLC.
Samples of the [U-14C]-ARA stock (the material used for ICV
injections) were also processed in the same manner (i.e.,
extracted and saponified), and were found to elute almost
entirely in fraction V. This result indicates that the [U-14C]-
ARA was chemically intact at the time of injection, and was not
oxidatively degraded prior to injection or during tissue
processing (Figure 2C). Extracts of hippocampus, in contrast,
invariably contained significant amounts of activity that eluted
into fractions I, II, and IV (Figure 2D). Compounds eluting
into the various fractions were identified by negative ion
multiple-reaction monitoring tandem mass spectrometry
(Figure 2E) and are listed in Table 1. It should be noted that
the compounds in fractions II and III do not arise from normal
enzymatic activity operating on ARA, but rather from direct
free-radical attack.
The distribution of [U-14C]-ARA-derived activity across the

six fractions was similar in whole brain and cerebellum, and in
WT and J20 mice, with nearly all activity found in fractions I
and V. Similarly, in hippocampus from WT mice most of the
activity was found in fractions I and V, with some residual
activity in fractions III, IV, and VI. In contrast, striking
differences were observed in the hippocampus of J20 mice,
where [U-14C]-ARA-derived activity in fractions I, II, and IV
was sharply increased compared to WT at the expense of

fractions V and VI These results suggest that ARA metabolism
in the hippocampus differs fundamentally from that of other
brain regions, and that its oxidative degradation is markedly
accelerated in J20 mice.

The Fate of [U-14C]-ARA in WT and TG-5xFAD Mouse
Brain. 5xFAD mice were obtained to examine the metabolism
of ARA in a mouse model that exhibits plaque development
and neuronal loss at a much younger age (3−6 months), and
on a different genetic background (the WT mice to which
5xFAD animals were compared represent a different strain than
the WT mice compared to J20 animals above). The relative
specific radioactivity of cerebellar tissue 3 days after [U-14C]-

Figure 2. Fate of [U-14C]-ARA in WT and J20 TG mouse brain. (A) The relative specific radioactivity in the cerebellum and hippocampus of WT (n
= 16) and TG (n = 20). There were no significant differences. (B) Percentage of total brain radioactivity that partitioned to the middle and upper
(hydrophilic) phases of a Bligh−Dyer extract. There were no significant differences. (C) Activity in 2 min HPLC fractions from the stock [U-14C]-
ARA solution used for ICV injection, subjected to extraction and saponification as for tissue samples. Arbitrary vertical scale. Intervals mark the six
pooled fractions into which the 2 min fractions were groups for analysis. Characteristic compounds eluting into these fractions are listed in Table 1.
(D) Representative activity in 2 min HPLC fractions from the hippocampus of a TG mouse. (E) Total ion chromatogram for MRM transitions of
known oxidized ARA derivatives. (F) Averaged percentages of total recovered activity in the six pooled fractions for whole brain (n = 6WT/7TG),
cerebellum (n = 9WT/8TG), and hippocampus (n = 9TG/8WT).

Table 1. Characteristic Compounds Eluting in Each of the
Six Pooled HPLC Fractions

fraction
time
(min) species

I 0−12 >2 added oxygens, e.g., isoprostanes
II 12−22 1−2 added highly polar oxygens, e.g.,

hydroxyeicosatetraenoic acids, and
hydroperoxyicosatetraenoic acids

III 22−32 1−2 added weakly polar oxygens, epoxyeicosatetraenoic
acids

IV 32−48 other PUFAs, e.g., eicosapentaenoic acid and
docosapentaenoic acid

V 48−54 ARA
VI 54−60 unknown
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ARA injection was similar in J20 and 5xFAD, but it was
markedly lower in the hippocampus of 5xFAD mice (Figure 3A,
compare to Figure 2A). The fraction of radioactivity in the
upper and middle phases of the BD extract was also similar
between the two TG strains.
The relative specific radioactivity of cerebellar tissue was

similar in WT and 5xFAD mice, but it was markedly lower in
the hippocampus of 5xFAD compared to WT control (Figure
3A). Results with [U-14C]-ARA and [1-14C]-ARA were similar,
indicating that the reduction in specific radioactivity of the
hippocampus in 5xFAD mice was not due to a loss of 14C1 from
ARA. There were no statistically significant differences in the
fraction of radioactivity in the upper and middle phases of the
BD extract between WT and 5xFAD mice (Figure 3B).
As described above for J20 mice, radiolabeled compounds in

the lower phases of BD extracts from 5xFAD and WT mice
were saponified and fractionated by HPLC. The distribution of
[U-14C]-ARA-derived activity across the six fractions was more
complex in 5xFAD than in J20 (Figure 3D, compare to Figure
2F), with measurable amounts of activity recovered in fractions
II, IV, VI from all brain regions in both WT and 5xFAD strains.
However, statistically significant differences between 5xFAD
and WT were only observed in the hippocampus. There was a
marked reduction in fraction V activity (i.e., unmodified ARA)
in 5xFAD compared to WT, with a corresponding increase in
fraction I activity (Figure 3C). There is a positive correlation
between the percentage of radioactivity in fraction V and the

relative specific radioactivity in the hippocampus but not in the
cerebellum (Figure 5), implying that elevated ARA degradation
results in lower levels of U-14C-ARA in the hippocampus.
Taken together, results from 5xFAD mice agree with results
from J20 mice, namely that the conversion of ARA to polar
degradation products is markedly accelerated in the hippo-
campus of TG mice compared to WT controls.

Evidence for Plaque-Associated ARA Degradation in
Human AD Brain. The rise in fraction I activity associated
with a fall in fraction V activity suggests that the conversion of
ARA into polar oxidative degradation products is accelerated in
the hippocampus of TG mice. However, the analysis employed
in this study cannot identify specific oxidation products. HNE,
for example, either reacts with proteins or is destroyed during
saponification. Therefore, immunohistochemical methods
aimed at identifying specific oxidation products in tissues
were employed. Prior studies of HNE distribution in human,
mouse,47 and dog48 brain were performed with antibodies to
HNE-treated KLH protein that bind to HNE and various
HNE-adducts. The use of antibodies specific for HNE-modified
His residues has demonstrated HNE-His adducts in the
immediate vicinity of Aβ plaques,49 but only in a mouse model.
In Figure 4, the association of HNE-modified His residues

and amyloid plaques is demonstrated in postmortem human
brain. There were no HNE-His adducts detected apart from
plaques, and none detected in non-AD controls. Anti-HNE-His
binding did not precisely coincide with anti-Aβ antibody

Figure 3. Fate of [U-14C]-ARA and [1-14C]-ARA in WT and 5xFAD TG mouse brain. (A) Relative specific radioactivity in the cerebellum and
hippocampus of WT (n = 10) and TG (n = 7) mice injected with [U-14C]-ARA, and WT (n = 4) and TG (n = 4) injected with [1-14C]-ARA. (B)
Percentage of total brain radioactivity in WT and 5xFAD mouse brain that partitioned to the middle and upper (hydrophilic) phases of a Bligh−Dyer
extract. There were no significant differences. (C) Activity in pooled fractions I and V from WT (black) and 5xFAD (gray) mice as a percentage of
total recovered radioactivity. The data represents an average percentage of total recovered activity from whole brain (n = 7WT/8TG), cerebellum (n
= 7WT/7TG), and hippocampus (n = 8WT/5TG). (D) Averaged percentages of total recovered activity in the six pooled fractions for whole brain,
cerebellum, and hippocampus (animal numbers as in panel C). *Indicates a difference with 0.01< P < 0.05. **Indicates a difference with P < 0.01. P
values were determined by t test.
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Figure 4. Immunofluorescence. The brain from the temporal cortex of an 89 year old woman with Braak stage V/VI Alzheimer’s disease at autopsy
after a 9 h postmortem interval was stained with anti-Aβ (left) or anti-HNE-His (right). The center images are merged left and right images. Large
square images are 50 × 50 μm; other images to same scale.

Figure 5. Correlation analysis. The fraction of total radioactivity that elutes as unmodified ARA (fraction V) is shown versus relative specific activity
for (A) hippocampus and (B) cerebellum. Data for WT, TG, J20 and 5xFAD mice are aggregated.
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binding, but instead appeared to form a halo around each
plaque. The lack of anti-HNE-His binding to amyloid plaque
may have a trivial explanation, but one possible nontrivial
explanation is that HNE production is due to a nonfibrillar
form of Aβ peptide on the periphery of a plaque that is in
equilibrium with fibrillar Aβ peptide comprising the plaque.
In summary, this result indicates that the ARA-derived

degradation products capable of inducing fibril formation, and
previously found in the vicinity of amyloid plaque in TG
mouse, are also found in human AD.

■ DISCUSSION
These results demonstrate that when ARA is introduced by
ICV injection, it reaches regions of the TG mouse brain where
accelerated oxidative degradation is occurring and where Aβ
plaques are abundant. Coupled with an immunohistochemical
demonstration in human brain that ARA degradation products
form protein adducts in the immediate vicinity of Aβ plaques
(Figure 4), they constitute evidence that the Aβ-induced
oxidative lipid damage previously reported in vitro39,40,43 also
occurs in vivo.
Various ARA oxidation products are also produced enzymati-

cally, and the activities of enzymes involved in ARA metabolism
are indeed increased in the brains of human AD patients.53−55

Experiments with suitable cyclooxygenase and lipoxygenase
inhibitors may define the extent to which the various products
we observe to be increased are produced enzymatically. At this
point, however, there are no enzymatic processes believed to be
involved in HNE production and therefore, we postulate that
free-radical-mediated processes are responsible for the
aberrantly high levels of ARA-derived species in our experi-
ments. Given that at least some lipid oxidation products have
both neurotoxic and fibrillogenic potential, these results have
several implications.
One implication is that the presumed neurotoxicity of Aβ

peptides in AD may be an indirect effect, mediated not by
direct action of Aβ peptides on cells, but rather by their ability
to convert PUFAs into neurotoxic products. Others have
suggested that PUFA degradation products are neurotoxic in
AD, but their origin has not been linked to Aβ
peptides.14−18,23,56 The mechanism by which Aβ peptides
promote oxidative PUFA degradation involves the high affinity
binding of copper ions by Aβ peptides and redox
cycling.1,39−43,57,58 When operating on ARA, this mechanism
yields a mixed array of eicosanoid stereoisomers, some of which
are elevated in AD.44,45,59−61 It also yields smaller neurotoxic
molecules such as hydroxyalkenals, acrolein, and malondialde-
hyde62−67 that distribute in human brain in the same pattern we
observe for increased ARA degradation in mice.17 In addition to
accumulating, they may also covalently modify proteins, alter
glial cell function,68,69 or induce an inflammatory response, one
or more of which may cause the kind of slowly progressive
neuronal loss that is characteristic of AD.63,64

A second implication of our results is that amyloid plaque
formation may also be a consequence of Aβ-induced oxidative
ARA degradation. ARA is an omega-6 PUFA, which character-
istically yields HNE upon oxidative degradation.13 HNE is
potently fibrillogenic, and reduces the concentration at which
Aβ40 spontaneously forms fibrils by several orders of
magnitude.39,40,43,70 In other words, nonfibrillar Aβ promotes
its own aggregation into fibrils in the presence of copper and
omega-6 PUFAs.1 Therefore, the same general mechanism
giving rise to neurotoxic degradation products as described

above, may also account for fibril formation in AD. In this
scenario, fibril formation would be a byproduct rather than the
main cause of the disease, and may even serve a protective role
by preventing the formation of redox-active Aβ-copper
complexes.71 DHA, another prevalent PUFA in the brain,
yields some of the same neurotoxic products as omega-6
PUFAs when subjected to oxidative degradation, except that
HHE is produced instead of HNE.72 HHE and HNE are both
neurotoxic,73 but HHE does not promote fibril formation in
vitro.43 Therefore, the oxidative degradation of DHA may result
in neurotoxicity without fibril formation, and the differential
production of HNE from ARA, versus HHE from DHA, may
explain the sometimes poor correlation observed between
plaque burden and neuronal loss in human AD.74,75

A third implication is that the pathogenesis of AD may not
depend solely on the local abundance of Aβ peptides in a
particular tissue compartment, but also on the abundance of
other compounds that react with Aβ peptides or that
counteract its prooxidant properties. For example, the relative
abundance of omega-3 and omega-6 PUFAs may determine
whether or not plaques form in response to oxidative stress.
Strategies to alter their concentrations in the brain have shown
promising effects on plaque formation in animal models,76−78

but their effects on neurotoxicity are not yet clear. Aβ-induced
oxidative PUFA degradation also depends on the availability of
both a redox-active metal ion such as copper, and an electron
donor with a high reduction potential, such as ascorbate. The in
vivo antioxidant activity of any given compound is difficult to
gauge and ascorbate, which is widely regarded as an antioxidant,
may be highly prooxidant in the presence of Cu(II).39,40,57

Assuming that Aβ peptides are necessary for AD pathogenesis,
but that other factors determine the severity of disease or
plaque burden, therapy aimed at preventing oxidative lipid
damage may be as effective for AD therapy as reducing Aβ
protein levels.
The most abundant antioxidant in many tissues, glutathione,

is effective at neutralizing lipid-derived neurotoxins such as
hydroxyalkenals, acrolein, and malondialdehyde.19,79−84 It may,
therefore, neutralize the toxic products of PUFA oxidation,
while a deficiency may leave various toxic mechanisms
unopposed.68,85 The key functional group in glutathione is a
free sulfhydryl group, which is noteworthy because the
incidence of AD is inversely correlated with the number of
cysteine residues bearing free sulfhydryl groups in apoE.86−88

Within a lipoprotein particle, these cysteine side chains are in
close proximity to fatty acyl chains, and present at a high
concentration relative to those chains and other antioxidant
compounds. The presence of even a single sulfhydryl group
offers significant antioxidant89 and neurotoxin-neutralizing
potential,90 so the risk of developing AD with different apoE
isoforms may be due to differences in their ability to neutralize
neurotoxic PUFA oxidation products.
Beyond these implications, the results presented herein are

noteworthy for providing evidence that Aβ-associated oxidative
PUFA degradation operates in both mouse models and human
AD brain. Moreover, this mechanism appears to be less active
in mouse cerebellum, just as the cerebellum is largely spared in
human AD. The TG mice used in this study are models of what
is essentially familial AD, so it is often unclear whether or not
they yield information that is relevant to sporadic human AD.
Therefore, it is significant that a product of PUFA oxidation,
namely, HNE, which is known to be produced by Aβ-copper
complexes in vitro by process that we have now shown to be
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accelerated in vivo, is found in close association with amyloid
plaques in both mouse models and in human AD.
It is also noteworthy that similar results were obtained from

two mouse models that differed substantially in their genetic
structure, and in the age at which histopathology develops. The
data indicates that ARA degradation occurs to a greater extent
in the hippocampus of 5xFAD compared to J20 mice (Figure
2d vs Figure 3d). This observation is consistent with the earlier
development of histopathology in the 5xFAD model.
HNE-modified proteins in both mouse models and human

tissue are found in the vicinity of plaques, but not actually in
plaques. The absence of HNE-modified proteins in a plaque
could have a trivial explanation such as blocking by anti-Aβ
antibodies. Alternatively, and more intriguingly, their absence in
plaques may indicate that Aβ fibrils/plaques are surrounded by
another physical form of Aβ, one that is redox active and that
leads to neurotoxic lipid oxidation products. If true, it remains
unclear whether fibrils are a detoxified form of Aβ,71 or whether
fibrillar Aβ is in equilibrium with a redox-active toxic form of
Aβ. Yet another possibility is that amyloid plaques are centers
of redox activity and oxidative stress. Redox active metal ions
are known to accumulate in amyloid plaques,58 and any HNE
produced by the action of these ions on omega-6 PUFAs may
have been responsible for inducing Aβ fibrillization and plaque
formation. However, the HNE produced may also diffuse and
create HNE-modified proteins other than Aβ in the vicinity of
the plaque.
An important caveat to this work is that ICV injection does

not deliver radiolabeled ARA to the brain in the same manner
as ARA derived from the diet. Therefore, its distribution and
vulnerability to oxidative degradation may differ from naturally
occurring ARA. Delivering 14C-ARA, or even 13C-ARA through
the diet or via IV injection is not feasible at this time because
the vast majority of labeled material will be intercepted by the
liver, and possibly processed into different materials that
ultimately reach the brain and confound our results. Indeed,
DeGeorge et al. showed that only 0.2% of IV injected 1-[14C]-
ARA reached the brain; out of which close to 20% consisted of
aqueous-soluble radioactive metabolites.91 In contrast, PUFAs
delivered by ICV injection are largely retained in the
brain.50,92,93

In Conclusion. Exogenously introduced ARA has been
shown to enter a cellular pool that undergoes accelerated
conversion to polar degradation products in the immediate
vicinity of Aβ plaques, in both mouse models of AD, and
human cases of AD. The mechanism may involve Aβ-induced
Cu-mediated oxidative ARA degradation as previously observed
in vitro, and further investigation of its therapeutic implications
is warranted. Because the products of oxidative ARA
degradation are both neurotoxic and fibrillogenic, this
mechanism has the potential to explain both the neuronal
loss, and the formation of amyloid plaques in AD. It also has
the potential to explain other key features of AD, such as the
poor correlation between plaque burden and disease severity,
and the strong correlation between disease incidence and apoE
isoforms.

■ METHODS
Reagents. Unlabeled ARA was purchased from Nu-Check Prep

Inc. (Elysian, MN). [1-14C]-ARA was purchased from Moravek
Biochemicals (Brea, Ca). [U-14C]-ARA was obtained by special order
from PerkinElmer (Waltham, MA). All other chemicals were
purchased from Fisher Scientific (Pittsburgh, PA).

Animals. Mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). B6SJL (5XFAD) mice express human amyloid precursor
protein with the Swedish (K670N, M671L), Florida (I716V), and
London (V717I) mutations, and human presenilin 1 with the M146L
and L286V mutations. Expression of both transgenes is regulated by a
Thy1 promoter, and amyloid plaques begin appearing in the brains by
2 months of age. Age matched B6SJLF1/J mice were used as wild-type
(WT) controls. B6.Cg-Tg (J20) mice express human APP with the
Swedish (K670N/M671L) and the Indiana (V717F) mutations.
Expression of this transgene is regulated by a platelet-derived growth
factor beta (PDGFB) promoter, and amyloid plaques begin appearing
in the brains by 10 months of age. Age matched C57BL/6J mice, were
used as WT controls. All mice used in these experiments were 16−21
months old, and the majority of plaques were confined to the
hippocampus and entorhinal cortex. All experimental procedures and
animal care were in compliance with the National Institutes of Health
(NIH) guidelines for the Care and Use of Laboratory Animals.

Intracerebroventricular (ICV) Injection. An aliquot of either
[U-14C]-ARA or [1-14C]-ARA in ethanol was dried under argon in
polytetrafluoroethylene tubes and resuspended in PBS with 10%
DMSO. ICV injection was performed under isoflurane anesthesia.
Volumes of 4−8 μL (0.2−0.4 μCi) were injected 0.35 mm posterior to
bregma, 1 mm right of the midline and 2 mm below the subarachnoid
surface at a rate of 2 μL/min via 33 gauge needle. Postoperative pain
was alleviated by subcutaneous injection of Loxicam (Norbrook,
Newry, North Ireland). Animals were monitored for 72 h and then
euthanized using carbon dioxide. The ARA stock purity was tested
periodically using chromatographic analysis on a reverse phase column
(as described below). A slow decrease in ARA purity with a
concomitant increase in the prevalence of oxidation derivatives was
observed when the stock was kept in PBS + 10% DMSO for more than
a week at −80 °C. Therefore, the ARA stock was kept in ethanol until
no earlier than 3 days before the ICV injection when it was
resuspended in PBS + 10% DMSO. Only stock with >95% purity was
used for injections.

Whole brains were removed and frozen on dry ice within 3 min
postmortem. Comparable sized tissues from the hippocampus
(including dentate gyrus) and cerebellum were dissected and
transferred to high-recovery clear borosilicate glass autosampler vials
for weighing (9512S, Microsolv Technology Corp., Eatontown, NJ).
The mass of the dissected tissue samples ranged from 10 to 40 mg.
Tissue processing was done immediately after dissection. The
remaining brain tissue (brain minus cerebellum and hippocampus)
was also transferred to autosampler vials for weighing (mass range
300−340 mg). Histopathological examination of brain tissue after ICV
injection of the materials described above showed minimal
architectural disruption near the injection site, and none away from
the site. There was no evidence of inflammatory response near the
injection site, in the ventricular ependymal, or elsewhere in the brain
(data not shown).

Lipid Extraction and Saponification. Extraction was performed
using a modified Bligh−Dyer (BD) procedure (Axelsen and Murphy,
JLR 2010). Briefly, tissues from the cerebellum and hippocampus were
sonicated with a tip sonicator for 60 s in 760 μL of monophase (400
μL of methanol, 200 μL of dichloromethane, and 160 μL of 5 mM
ammonium chloride). The homogenate was transferred to a 15 mL
glass tube (Fisher Scientific, Pittsburgh, PA) where a mixture of 760
μL of monophase, 200 μL of dichloromethane, and 160 μL of water
were added for each 5 mg tissue, and the tube was vortexed. The three
resulting phases were separated by 1 min of low speed centrifugation.
The lower (dichloromethane) phase (∼1−2 mL) was withdrawn,
transferred to a new glass tube, and dried under argon. The remaining
brain tissue (brain minus cerebellum and hippocampus) was
homogenized in 800 μL of water. Then 200 μL of this homogenate
was transferred to a fresh tube and processed as described above.

Saponification was performed by resuspending the residue from the
lower, dichloromethane phase of the BD extraction in 85% MeOH in
water with 0.5 M NH4OH (2 mL final volume), and incubating at 80
°C for 1 h. Following saponification, samples were cooled to room
temperature, acidified with 100 μL of 5 M HCl, and extracted four
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times with 1 mL of isooctane. The isooctane was evaporated under
argon, and the residue were dissolved in 150 μL of ethanol for analysis
by high performance liquid chromatography (HPLC).
HPLC and Mass Spectrometry Analyses. Saponified samples in

ETOH (20 μL) were separated by HPLC using a 4.6 × 150 mm C18
column (XDB-C18, Agilent, Santa Clara, CA) and a mixed binary
mobile phase pumped at 0.35 mL/min. Solvent A was 60%
acetonitrile, 40% H2O, and 0.1% formic acid; solvent B was 100%
acetonitrile and 0.1% formic acid. Upon sample injection, the mobile
phase was changed linearly from 30% to 100% B over 55 min and held
at 100% B for 9 min. Before injecting each sample, the column was
equilibrated with 30% B for 15 min. Column performance under these
conditions was characterized by analyzing nonradioactive samples on
an ABI 4000 mass spectrometer (Toronto, Canada) operating in
negative ion multiple reaction monitoring (MRM) mode. NH4OH
(0.15 M) in MeOH at 50 μL/min was mixed in prior to the MS
analysis to induce the fatty acids negative charge. The DP was −75 V,
CAD was 7 psi, CE was −20 V, the IS was −4500 V, and the nitrogen
drying gas temperature was 300 °C. Fractions between 0 and 60 min
were collected and counted for radioactivity. Radioactivity in each
fraction was divided by the total radioactivity collected from the
column to obtain the prevalence of each and data from 6−10 mice was
averaged.
Specific Radioactivity Determinations. Radioactive samples

were mixed with 4 mL of ECOLITE scintillation fluid (MP
biomedicals, Santa Ana CA) in 5 mL scintillation vials (Lake Charles,
Lake Charles LA) and counted for 1 min in LS 6500 Multipurpose
Scintillation Counter (Beckman Coulter, Brea, CA) operating in auto-
DPM mode (all results are reported in disintegrations-per-minute,
DPM). The activities in an aliquot of the lower dicholoromethane
phase of a Bligh−Dyer extract (BDL) and in a suspension of the upper
and middle phases (BDMU) were measured, scaled by the volume of
each phase (VL and VMU), summed, and divided by the mass of the
tissue sample (Mt) to obtain its specific radioactivity (eq 1).
Approximately 1/10 of the injections yielded a dramatically high
specific radioactivity in the hippocampus (more than twice the
average); these abnormalities were attributed to inadvertent injection
directly into the hippocampus and were excluded from the analysis. To
correct for differences in the amount of radioactivity injected into each
animal, the specific radioactivities in the cerebellum and hippocampus
were divided by the specific radioactivity of the total brain to obtain
relative specific radioactivities (eq 2).

+ =V V M(BD BD )/ SAL L MU MU t (1)

=_SA /SA relative specific activityregion whole brain region (2)

Immunohistopathology. Anti-Aβ murine monoclonal antibody
6E10 was purchased from Covance (Princeton, NJ). Rabbit anti-4-
hydroxy-2-nonenal-His polyclonal antibody (HNE11-S) was obtained
from Genox Corporation (Baltimore, MD). Fluorescent secondary
antibodies were goat anti-mouse Alexa Fluor Red 594 and goat anti-
rabbit Oregon Green 488 and obtained from Invitrogen (Grand Island,
NY). Paraffin embedded paraformaldehyde fixed sections of AD
hippocampus were obtained from the brain bank at Case Western
Reserve University. Slides were deparaffinized by two immersions in
xylenes for 5 min each, followed by rehydration through decreasing
concentrations of ethanol (100%, 95%, 80%, and 70%) for 1 min each
and finally ending in water. Primary antibodies were diluted 1:200,
applied to the tissue slices, and incubated overnight at 4 °C in a
humidified chamber. After rinsing, secondary antibodies were applied
to the tissue slices and incubated overnight at 4 °C.
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