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Abstract
One of the prominent features of Alzheimer's disease is the excessive accumulation of the protein
amyloid beta (Aβ) in certain areas of the brain leading to neurodegeneration. Aβ is cytotoxic and
disrupts several cytoprotective pathways. Recent literature has demonstrated that certain
cytochrome P450 (CYP) products are neuroprotective, including epoxide metabolites of
arachidonic acid (AA), epoxyeicosatrienoic acids (EETs). The action of Aβ with respect to
regionally produced EETs in the brain has yet to be defined. Epoxygenases metabolize AA into 4
regioisomers of EETs (14,15 -, 11,12-, 8,9- and 5,6-EET). EETs are rapidly degraded into
dihydroxyeicosatrienoic acids (DiHETEs) by soluble epoxide hydrolase (sEH). To determine the
effect of Aβ on the epoxygenase activity in different regions of the brain, microsomes were
prepared from the cerebrum and cerebellum of adult Sprague-Dawley rats and incubated with 1
and 10 μM Aβ for 30 minutes after which epoxygenase activity assay was performed. Mass
spectrometry indicated that incubation with Aβ reduced 14,15-EET production by 30% as
compared to vehicle in the cerebrum, but not in the cerebellum. When we separated the cerebrum
into cortex and hippocampus, significant decrease in the production of total EETs and DiHETEs
were seen in presence of Aβ (81% and 74%) in the cortex. Moreover, 11, 12-EET production was
decreased to ∼70% of vehicle in both cortex and hippocampus. Epoxygenase activity in the
cultured astrocytes and neurons also showed reduction in total EET and DiHETE production (to
80% and ∼70% of vehicle respectively) in presence of Aβ. Altogether, our data suggest that Aβ
reduces epoxygenase activity differentially in a region-specific and cell-specific manner. The
reduction of cytoprotective EETs by Aβ in the cerebrum may make it more prone to degeneration
than the cerebellum. Further understanding of these interactions will improve our ability to protect
against the pathology of Alzheimer's disease.
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Alzheimer's disease (AD) is a chronic neurodegenerative disease–marked by excessive
deposition of the protein amyloid beta (Aβ) in the forms of plaques and neurofibrillary
tangles leading to neurodegeneration, loss of memory and cognitive impairment (Selkoe and
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Schenk, 2003). An overproduction of amyloid beta in the brain leads to the accumulation
and polymerization of this protein and which eventually precipitates as fibrils (Chartier-
Harlin et al., 1991, Mullan and Crawford, 1994). Although the fibrils and associated plaques
were initially thought to cause neurodegeneration (Pike et al., 1993), a recently discovered
soluble, non-fibrillar, oligomeric form of Aβ was proven to be most potent in inducing
toxicity (Dahlgren et al., 2002). Also, the level of the oligomers is well correlated with the
severity of the disease in AD patients (Lue et al., 1999, McLean et al., 1999). The toxicity of
Aβ is region-specific. The neurodegeneration starts in the hippocampus and prefrontal
cortex and spreads through the whole cerebrum, while the cerebellum remains largely
unaffected by Aβ (Braak and Braak, 1991). The cerebellum also shows remarkably less
volume shrinkage (Barclay and Brady, 1992) and better cellular integrity than the cortical
neurons in presence of Aβ (Li et al., 1994, Kim et al., 2003). The reason behind this region-
specific difference is not known. The soluble oligomers of Aβ are known to affect a number
of cell survival pathways in order to inflict the toxicity. Aβ has been shown to downregulate
or inhibit pro-survival or anti-apoptotic molecules, like Akt/p-Akt and Bcl-2 (Paradis et al.,
1996, Magrane et al., 2005). Aβ also upregulates the pro-apoptotic pathways like ERK/
MAPK or Bax (Paradis et al., 1996, Kuperstein and Yavin, 2002, Serrano et al., 2009,
Young et al., 2009). All of these studies indicate that Aβ mediated cytotoxicity may have
multiple regulatory elements which are not yet fully understood. Furthermore, the effect of
Aβ on the cytoprotective epoxygenase pathway is not known. The epoxygenases are a
subgroup of enzymes in the CYP450 family (e.g. CYP2C, 2J, 4×1 etc.) that metabolize
arachidonic acid into 4 regioisomers of epoxyeicosatrienoic acid (5,6-, 8,9-, 11,12- and
14,15 EETs) (Zeldin, 2001). They are quickly metabolized in the cell into their less active
diols, dihydroxyeicosatrienoic acids (DiHETEs) by soluble epoxide hydrolase (sEH). EETs
are potent vasodilators (Gebremedhin et al., 1992), pro-angiogenic (Medhora et al., 2003,
Michaelis et al., 2005) and cytoprotective in endothelial cells, epithelial cells and
cardiomyocytes against a number of insults (Wu et al., 1997, Chen et al., 2001,
Dhanasekaran et al., 2006). In the brain, EETs are released by astrocytes (Alkayed et al.,
1996b) in response to glutamate from neurons and help dilate blood vessels (Alkayed et al.,
1996a) to meet the metabolic demand of active neurons (Alkayed et al., 1997). They also
promote angiogenic pathways in brain microvascular endothelial cells in culture
(Munzenmaier and Harder, 2000, Zhang and Harder, 2002). Recently it was shown that
EETs also protect neurons from ischemia-reperfusion injury. When sEH-KO mice were
subjected to stroke, they showed reduced infarct size than controls (Zhang et al., 2008).
Pharmacological inhibition of sEH by 12-(3-Adamantan-1-yl-ureido)dodecanoic Acid
(AUDA) was demonstrated to be protective against simulated stroke yielding lower infarct
volume and higher levels of circulatory EETs in the brain (Simpkins et al., 2009). The goal
of this study was to evaluate the effect of Aβ on the epoxygenase activity in different
regions of the brain, the rationale being that if Aβ affected EETs production differently in
various regions of the brain, it might provide an explanation for the region-specific
cytotoxicity seen in AD. We report the effect of acute Aβ exposure in microsomes from
adult rat brains and in cultured astrocytes and neurons from hippocampus of neonatal rats.

Experimental procedures
Microsome isolation

Enriched enzyme fractions (microsomes) were obtained from cerebrum, cerebellum, cortex
and hippocampus of adult (2-4 month old) male Sprague-Dawley rats (Harlan Laboratories,
Indianapolis, IN, USA) by differential centrifugation (Gebremedhin et al., 1992). All
procedures involving animals were performed according to protocols approved by the
Institutional Animal Care and Use Committee at Medical College of Wisconsin and were in
accordance with National Institute of Health guidelines. Briefly, rats were euthanized with
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CO2, brain was removed and the desired area was dissected under a light microscope. The
tissue was homogenized in twice the volume of cold 10 mM phosphate buffer solution at pH
7.7 containing 250 mM sucrose, 1 mM EDTA and protease inhibitors using an electrical
homogenizer. The homogenate was centrifuged for 30 minutes at 4°C at 10,000g to remove
tissue debris. The supernatant was collected and centrifuged for 90 minutes at 4°C at
100,000g. At the end of the centrifugation, the supernatant was poured off and the pellet was
suspended by sonication in 0.1 M potassium phosphate buffer containing 1 mM EDTA,
1mM Dithiothreitol (DTT), 30% v/v glycerol and protease inhibitors at pH 7.25. The protein
content was measured with Bio-Rad protein assay kit (Bio-Rad Laboratories, Hercules, CA,
USA). The microsomes were stored at -80°C until further use.

Hippocampal astrocyte culture
Primary astrocytes were cultured from 2-3 day old Sprague-Dawley rat pup brains as
described previously (Alkayed et al., 1996b). Briefly, the hippocampus was removed and
digested in 20 U/ml papain (Worthington Biochemical Corp., Freehold, NJ, USA) and L-
cystine (1.5×10−4 g/ml; Sigma, St. Louis, MO, USA) for 45 minutes at 37°C in Earle's
Balanced Salt Solution (Gibco BRL, Gaithersburg, MD, USA) with gentle shaking.
Digestion was stopped by washing the pellet three times with growth media containing
Dulbecco's Modified Eagle Medium (DMEM, Invitrogen Corporations, Carlsbad, CA, USA)
supplemented with 10% FBS (Invitrogen), 1% Penicillin–Streptomycin and 0.1%
Gentamicin (Invitrogen). The tissues were triturated and plated on 10 cm culture dishes
(Sigma Chemicals, St. Louis, MO, USA) at a density of approximately 2×105 cells per
square centimeter. The cells were incubated at 37°C in an atmosphere of 5% CO2 in air. The
medium was replaced after 24-hours to gentamicin-free growth media and was subsequently
changed thrice a week after that. Confluent monolayers of astrocytes were used between
passages 2-4.

Hippocampal neuron culture
Primary cultures of hippocampal neurons were established according to protocols described
by Stein and Chetkovich (2010) and Nunez (2008) with minor modifications. The
hippocampus was removed from 2-3 day old Sprague-Dawley rat pups and digested in
0.05% Trypsin-EDTA (Invitrogen) for 20 minutes at 37°C with gentle shaking. Digestion
was stopped by washing the pellet three times with neuronal growth media containing
Neurobasal medium (Invitrogen) supplemented with 10% FBS (Invitrogen) and 0.5 mM
Glutamine (Invitrogen). The tissue was then triturated with a sterile pipette and plated onto
appropriate dishes precoated with poly-D-lysine (0.1 mg/mL in 0.1 M borate buffer, pH 8.5;
Sigma) at a density of approximately 1×105 cells per square centimeter. The cells were
incubated at 37°C in an atmosphere of 5% CO2 in air. Two hours after plating the neuronal
media was changed to serum-free growth media (Neurobasal media supplemented with 2%
B-27(Invitrogen) with 0.5 mM Glutamine) and 5 μM C-Arabinoside (Sigma) was added 24
hours later to the media to inhibit glial growth. Thereafter, the media was changed every
third day. The cultures contained mostly pure population of neurons (∼95%) verified by
staining with neuronal marker, NeuN and very minimal astrocyte contamination (∼5%),
confirmed by staining with glial fibrillary acidic protein.

Amyloid β preparation
A soluble form of oligomeric Aβ 1-42 was prepared as described by Stine et al in 2003. The
amorphous powder (Sigma) was suspended in 1 mM 1,1,1,3,3,3-hexafluoro-2-prpanol
(HFIP, Sigma) and aliquoted. The HFIP was then evaporated to dryness in a speed-vac
system and the resulting film was stored at -80°C until further use. 24 hour prior to use the
peptide film was dissolved in 5 mM DMSO (Sigma), sonicated for 10 min and then diluted
in 200 μM DMEM for oligomerization. The formation of the oligomers was detected by
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Western blot (Stine et al., 2003). The vehicle control was prepared by diluting equivalent
amounts of DMSO in media.

CYP 450 epoxygenase assay
For the enzyme activity assay the microsomes were preincubated with two concentrations of
Aβ (1 and 10 μM) or vehicle for 30 minutes followed by 50 μM of epoxygenase substrate
arachidonic acid (AA) for 30 minutes. The microsomes (0.5 mg/ml) were added to an assay
buffer containing 100 mM phosphate buffer pH 7.4 containing 5 mM MgCl2, 1 mM EDTA,
and 1 mM nicotinamide adenine dinucleotide phosphate (NADP) in the presence of NADPH
regenerating system (10 mM isocitrate and 0.4 U/mL isocitrate dehydrogenase) at 37°C with
gentle shaking. The reaction was stopped by the addition of 1 M formic acid and the
metabolites were extracted with ethyl acetate (Sigma) after addition of 5 ng of internal
deuterated fatty acid standard (20-HETE-d6). For the cultured cells: The cultures were
serum-starved at least 24 h prior to the assay and were incubated with 50 μM Arachidonic
acid for 60 minutes at the start of the assay. After the incubation, the plates were washed
with Dulbecco's Phosphate Buffer Solution (DPBS, Invitrogen) 3 times to get rid of excess
unbound AA and were then incubated with 1 and 10 μM Aβ or the vehicle for 60 minutes in
DMEM containing 0.1% BSA (Sigma). After 60 minutes the cells and the media were
transferred to extraction tubes containing 5 ng of internal deuterated fatty acid standard (20-
HETE-d6) and diethyl ether.

The lipid component of the reaction was extracted twice with 2 ml of ethyl acetate or diethyl
ether, back-extracted with 1 ml of distilled water and then the organic layer was evaporated
to dryness under nitrogen. Production of total EETs were measured by Liquid
Chromatography–Mass Spectrometry (LC/MS) in the Biochemistry Core.

The samples were reconstituted with ethanol and metabolites of AA were separated by
HPLC on a Zorbax Eclipse Plus C18 Column (100×2.1 mm, 3.5 μm; Agilent Technologies,
New Castle, DE) at a flow rate of 0.3 mL/min. The metabolites were eluted using a mixture
of acetonitrile: methanol: water: acetic acid over a step gradient from 17:3:80:0.01 to
68:12:20:0.01 for 15 minutes. The effluent was ionized using negative ion electrospray and
peaks eluting with a mass/charge ratio (m/z) of 319>301 (HETEs and EETs), 337>319
(DiHETEs), or 323>270 (internal standard, 20-HETE-d6) were monitored in multiple
reaction monitoring mode using a triple quadrapole mass spectrometer (API 3000, Applied
Biosystems, Foster City, CA, USA). The ratio of ion abundance in the peaks of interest
versus that seen in the internal standard were determined and compared with standard curves
generated with authentic EETs and DiHETEs over a range from 0.2 to 10 ng. Individual
EETs regioisomers were identified based on their m/z ratio and specific retention time
(DiHETEs: 12-14 min; EETs: 18-20 minutes). The x-axis represents run time (minutes) and
y-axis represents counts per second (cps)(Zagorac et al., 2008,Dunn et al., 2008).

Data analysis
Mean value ± s.e.m. are presented. EETs and DiHETE production in presence of Aβ are
expressed as percentage of vehicle control. The differences between the mean values of the
groups were assessed using One-way analysis of variance (ANOVA) followed by a post-hoc
Dunnett's test (when comparing to control) or Holm-Sidak test (when comparing all pair-
wise groups). P < 0.05 was considered to be significant. Each set of experiments were
performed in duplicates and at least 3 replicable experiments were analyzed in each group.
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Results
Regional distribution of epoxygenase activity in the brain

To define the profile of epoxygenase activity in different regions of the brain, we examined
individual regioisomer production in the microsomes and cultured cells as described under
methods section by Mass Spectrometry. Since EETs are rapidly degraded into the DiHETE
form (Zeldin, 2001), epoxygenase activity is more accurately expressed as the summation of
total EET and DiHETE production in nanograms per minute per milligram of microsomal
proteins. Similarly, individual regioisomer production is measured by combining the EET
and its corresponding DiHETE form. 11,12-EET is the more abundant regioisomer in
cerebrum, cerebellum and hippocampus (50%, 52% and 44% of total EETs and DiHETEs
production, respectively). In cortical microsomes, 14,15-EET (44%) was almost equal to
that of 11,12-EET (34%). 8,9-EET (21-25%) did not appear to be the main product in any
region (Fig. 1A). The total EETs and DiHETEs production did not vary significantly
between cerebrum, cerebellum, cortex and hippocampus (3.9 ± 1.3, 4.4 ± 1.6, 3.7 ± 1.1 and
2.35 ± 1 ng/min/mg of protein, respectively).

Cultured astrocytes and neurons were incubated with arachidonic acid (50 μM) for 60
minutes for uptake in the cell, after which the excess was washed off by replacing the media.
After incubation with the vehicle, the cell and media were collected for quantification of
EETs synthesis and release. Similar to hippocampal microsomes, 11,12-EET (42% and 43%
for astrocytes and neurons, respectively) was the more abundant product in the cultured cells
(Figure 1B). Total epoxygenase activity was calculated to be 0.03 ± 0.01 and 0.02 ± 0.01 ng
of EETs and DiHETEs/ min/ mg of protein.

Aβ reduces 14,15-EET production in the cerebrum but not in the cerebellum
Microsomes obtained from cerebrum and cerebellum (n=4-5) were incubated with two
concentrations of soluble oligomers of Aβ (1 and 10 μM) or vehicle for 30 minutes.
Epoxygenase activity was measured as total EET & DiHETE production (Fig. 2A) and
expressed as percentage of vehicle. Although there was a trend for reduced EET production
in both cerebrum and cerebellum no significant difference was observed with or without the
presence of Aβ. We therefore looked into the production of individual regioisomers and
found that in presence of both concentrations of Aβ, total 14,15-EET production (expressed
as a summation of 14,15-EET and its corresponding DiHETE product, Fig. 2B) was
significantly decreased in the cerebrum (p<0.05), but not in the cerebellum. Aβ had no effect
on 11,12-EET production (Fig. 2C) in both regions of the brain as compared to control.

Cortical and hippocampal microsomes show a reduction in 11,12-EET & DiHETE
production in presence of Aβ

In this experiment, cerebrum was further divided into cortex and hippocampus and the CYP
epoxygenase activity were determined in microsomes prepared from these two tissues. The
total production of EETs (Fig. 3A) was significantly reduced in the cortex (n=5, p<0.01)
when incubated with 1 μM and 10 μM Aβ, but not in the hippocampus (n=4). Upon further
analysis of the regioisomers it was seen that 11,12- (Fig. 3C), not 14,15-EET (Fig.3B) was
decreased in presence of Aβ in both cortex (p<0.05) and hippocampus (p<0.01).

Astrocytes and neurons show a decrease in 14,15-EET & DiHETE production with Aβ but
11,12-EET & DIHETE are decreased only in astrocytes

To further validate the findings of ex vivo experiments, we carried out studies in individual
cell types such as cultured astrocytes and neurons (n=4-7) to determine if Aβ has any
differential effects on these cell types. Total EETs and DiHETEs (Fig. 4A) production was
decreased in astrocytes with both 1 μM (p<0.01) and 10 μM Aβ (p<0.05). In the neurons,

Sarkar et al. Page 5

Neuroscience. Author manuscript; available in PMC 2012 October 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the decrease was 70% for both doses (p<0.05). 14,15-EET (Fig. 4B) was decreased in
astrocytes to 85% by both doses of Aβ, but only to 60% in neurons (p<0.01). When treated
with Aβ, 11,12-EET (Fig. 4C) production was decreased in astrocytes (70-77%, p<0.01), but
not in neurons.

Discussion
Our study demonstrates that acute exposure to soluble, oligomeric Aβ reduced the
epoxygenase activity in brain microsomes and cultured cells. This disruption of the enzyme
activity is, importantly, area- and regioisomer-specific. We also demonstrate the first
anatomic site-specific production of EETs regioisomers in the brain. In particular we report
that: (i) 11,12-EET is the more abundant regioisomer produced in microsomes from
cerebrum, cerebellum and hippocampus; (ii) 14,15- and 11,12-EET are the main products in
cortical microsomes; (iii) microsomes from cerebrum showed a reduction in 14,15-EET
production in the presence of Aβ, while the cerebellum is spared from this effect; (iv) Aβ
decreased production of 11,12-EET in cortical and hippocampal microsomes; and (v) 14,15-
EET production is reduced in both cultured astrocytes and neurons, while 11,12-EET
production is only decreased in astrocytes.

While the conversion of AA into its eicosanoid derivatives EETs and DIHETEs by the brain
epoxygenases have been well established (Amruthesh et al., 1992, Gebremedhin et al.,
1992), we report for the first time the activity profile of these enzymes in various areas of
the brain. Specifically, we observed that epoxygenases in the whole forebrain and
cerebellum produced 11,12-EET more than other regioisomers. In the cerebrum however,
cortical microsomes generated significantly more 14,15-EET than from the hippocampus.
The CYP epoxygenase isoforms (mainly the 2C, 2J family and 4×1) have different catalytic
activity and are regioselective and stereoselective. Depending on the availability and
catalytic strength of the CYP isoform, EETs production can vary widely in tissues and may
have different regioisomers as the main product (reviewed by Zeldin, 2001). Interestingly, in
the rat brain only two CYP epoxygenases, namely, CYP2C11 (Alkayed et al., 1996b) and
CYP4×1 (Bylund et al., 2002) have been well characterized. RT-PCR screens however, have
identified the expression of at least five lesser known CYP isoforms (Liff et al., 2010). So it
may be possible that the distribution of CYP epoxygenase isoform is different in distinct
areas of cerebrum resulting in heterogeneous distribution of EETs profile seen in our study.
In the cultured astrocytes and neurons the regioisomeric distribution of EETs were 8,9 –
32%; 11,12 – 42% and 14,15 – 25%, which is in agreement with previous reports of
epoxygenase activity in cells (Liff et al., 2010). Although it is unclear how the site-specific
distribution of regioisomers affects that area, regioisomer-specific actions of EETs have
been reported (Abdu et al., 2010, Alkayed et al., 1996b). These studies demonstrated that
one specific regioisomer may be more potent than the others in one particular function.
These observations suggest the intriguing possibility that the variation in the cytoprotective,
pro-angiogenic and vasodilatory EETs in different brain regions may define how that area
responds to Aβ-induced toxicity.

The mechanism for Aβ-mediated cytotoxicity is still unclear. It is reported to be mediated
via the generation of hydrogen peroxide (H2O2) (Behl et al., 1994) which leads to oxidation
of proteins, lipids and DNA (Markesbery and Carney, 1999). The superoxide production
also leads to vasoconstriction (Niwa et al., 2001) and reduction in angiogenesis, thus
aggravating the AD phenotype. Genetic (Park et al., 2008) or pharmacological manipulation
to block or scavenge the superoxide reverses the effects of Aβ (Bruce et al., 1996, Dietrich
et al., 2010). EETs, on the other hand have been shown to rescue or protect organs
(Nithipatikom et al., 2006, Seubert et al., 2006, Gross et al., 2008) or cells (Dhanasekaran et
al., 2006) against oxidative damages of H2O2, ischemia-reperfusion and other insults. They
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also dilate cerebral vessel (Gebremedhin et al., 1992) and mediate angiogenesis in brain
microvasculature (Munzenmaier and Harder, 2000) making them relevant to study in
context of AD. Furthermore, the inhibition of CYP epoxygenases renders neuronal cells
more susceptible to oxidative damage (Liu and Alkayed, 2005, Gross et al., 2009). Hence,
our finding that the epoxygenase product 14,15-EET is decreased in microsomes from
cerebrum by Aβ, but not in microsomes from the cerebellum, may provide an explanation as
to why the cerebrum is more prone to neurodegeneration by Aβ compared to the cerebellum.
Although the mechanism as to how Aβ affects epoxygenase activity is not known, we
postulate that a difference in the EET-dependent downstream signaling pathway between
these two areas may contribute to the region-specificity of Aβ.

The cerebral atrophy seen in AD patients also has a distinct temporal pattern as described by
numerous histopathological and MRI-based studies (Braak and Braak, 1991, 1998, Whitwell
et al., 2007). The neurodegeneration begins in the entorhinal cortex and hippocampus,
slowly progresses toward limbic cortex and finally affects the association cortex (Braak
stages 1-6 for classification of AD). A clinical diagnosis of AD is made at the last stages 5
and 6, when cortical destruction is severe. The hippocampus, on the other hand, shows
progressive change throughout the disease (Rossler et al., 2002) and these changes are well
correlated with disease progression and pathology (Fox et al., 1996, Jack et al., 1997). Based
on these observations, we further attempted to dissect the cerebrum into cortex and
hippocampus, to investigate if these two areas have any difference in epoxygenase activity.
To our surprise, we found that 11,12-EET is decreased in both cortex and hippocampus,
while 14,15-EET is reduced in the cerebrum. The fact that Aβ still affects epoxygenase
activity in these regions, but the outcome is reduction of a different regioisomer suggests
three plausible explanations: (i) the CYP isoform distribution in cortex and hippocampus
can be different from the rest of the cerebrum; (ii) Several pharmacological agents act as
secondary mediators to change the regiospecificity of the CYP epoxygenases (Karara et al.,
1989). So the possibility of Aβ affecting CYP isoforms in such a way that it reduces
regiospecificity for 11,12-EET in the cortex and hippocampus and for 14,15-EET in the rest
of the cerebrum cannot be ruled out. (iii) The presence of cerebral resistance vessels in the
whole cerebrum but not in the cortical or hippocampal tissue also points toward the fact that
cerebral vessels may have an altogether different activity profile in presence of Aβ. The
vascular endothelium produces a significant amount of EETs in the brain (Gebremedhin et
al., 1992). Since these vessels undergo severe endothelial dysfunction in AD patients and
mice (Niwa et al., 2001), future experiments should assess the effect of Aβ on the
epoxygenase activity in these vessels.

The EET/DiHETE ratio (Table 1) remains almost unaffected in presence of Aβ, indicating
that Aβ reduces EETs production but not the degradation. Hence, it is likely that Aβ has no
short-term effect on soluble epoxide hydrolase (sEH). However, an effect from chronic Aβ
exposure cannot be ruled out as it has been shown to upregulate the microsomal enzyme,
mEH (Liu et al., 2006).

The microsomes used in this study are enriched preparations of CYP enzymes in the
endoplasmic reticulum and plasma membrane and are devoid of cytoplasmic or nuclear
elements. While microsomal epoxygenase assays provide an idea as to how a
pharmacological agent might affect the enzyme's activity, it is not possible to differentiate
the response of individual cell types in the tissue. Thus we looked into the effect of Aβ on
the epoxygenase activity of cultured neonatal hippocampal astrocytes and neurons and found
that Aβ reduces total EETs and DiHETE production in both cell types. The regioisomers
however were again found to be differentially affected in the presence of Aβ. Astrocytes
showed reduction in 14,15- and 11,12-EET, while only 14,15-EET was affected in the
neurons. This further strengthens the possibility of identifying an already existing difference
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in CYP epoxygenase isoform between cell types and/or the capability of Aβ to change the
regiospecificity of an enzyme in future studies.

In the normal brain, increase in neuronal activity leads to glutamate release that is taken up
by the astrocytes which in turn release EETs to the surrounding blood vessels signaling them
to dilate, hence matching an increase in metabolic demand with heightened nutrient supply,
a phenomenon widely known as functional hyperemia (Alkayed et al., 1997). Since blocking
EETs synthesis can disrupt functional hyperemia (Peng et al., 2002), an Aβ-induced
reduction in astrocytic EETs from this study fits perfectly with the severe neurovascular
dysregulation found in both AD patients and mice (Park et al., 2004). Furthermore,
reduction in neuronal EETs synthesis with Aβ might suggest a possible decrease in
neurogenic control of blood vessels (Iliff et al., 2009) and stunted axonal growth (Abdu et
al., 2010). These speculations are interesting and worth pursuing, but they need to be
verified by in vivo studies with adult animals as onset of AD pathology is age-dependent
(Gao et al., 1998) and these cells were derived from neonates as long-term survival of adult
cells in vitro has been difficult to establish.

Although this is the first study to report that Aβ affects epoxygenase activity, a recent in vivo
study has reported that endogenous 14,15-EET is elevated in AD mice in the cortex and the
hippocampus(Sanchez-Mejia et al., 2008). Sanchez-Mejia et al (2008) observed that an
increase in the group IVA-Phospholipase A2 (GIVA-PLA2) activity leads to an increase in
AA release and a concomitant increase in AA products which exacerbate the AD pathology.
Although the findings from this study differ from ours, a direct comparison cannot be made
due to some fundamental differences in experimental design. Sanchez-Mejia et al. have
investigated the long-term effect of Aβ with 2 months old animals and have measured
endogenous EETs production while we examined short-term effect of Aβ on epoxygenase
activity by adding a fixed concentration of AA to cells or microsomes. The elevated EETs
seen in their study can be a compensatory response to chronic exposure to Aβ. Also, AA
release can lead to increase in EETs as well as other products like 20-HETE and COX
products which are pro-inflammatory and pro-apoptotic (Wyss-Coray and Mucke, 2002,
Dunn et al., 2008, Renic et al., 2009) which might render the increase in EETs ineffective.
Complete blockade of AA release on the other hand would block the beneficial EETs.
Hence, it would be interesting to design future experiments where the beneficial effect of
EETs can be explored by selectively upregulating the epoxygenase pathway (Zheng et al.,
2010) or blocking EETs breakdown by sEH inhibition (Seubert et al., 2006) in AD models.

Conclusion
In summary, EETs production is regioisomer and anatomic site specific in microsomal
preparations from cerebrum, cerebellum, cortex and hippocampus. Short-term incubation
with soluble, oligomers of Aβ can decrease epoxygenase activity in rat brain microsomes
and cultured hippocampal astrocytes and neurons. The regioisomers that are mostly affected
are 14,15- and 11,12-EET, although the pattern varies between regions of the brain and cell
types. Cerebellum shows no decrease in epoxygenase activity indicating that Aβ-induced
reduction in synthesis of cytoprotective EETs may render the cerebrum more susceptible to
neurodegeneration caused by Aβ.
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Highlights

• Amyloid β reduces cytoprotective EETs production in brain microsomes

• Cerebrum shows decreased 14,15 –EET production in presence of Aβ, not
cerebellum

• Total 11,12 –EET production is reduced in cortex and hippocampus in presence
of Aβ

• Astrocyte and neuronal cultures also show decreased epoxygenase activity with
Aβ
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Fig. 1.
Differential production of EETs regioisomers in brain microsomes (A) and cultured neonatal
hippocampal astrocytes and neurons (B). Microsomes from different areas of the brain and
cultured cells were incubated with arachidonic acid (50 μM) for 30 and 60 minutes
respectively. The products of arachidonic acid metabolism by the epoxygenase pathway
were detected and quantified by Mass Spectrometry. Enzyme activity is expressed as the
total of EETs and the corresponding DiHETE produced/min/mg of protein. 11,12-EET is the
abundant product in most of the areas, along with 14,15-EET in the cortex. Data are
represented as mean ± S.E.M., n= 4-5 per group. One-way ANOVA was used to determine
the difference between regioisomers of one specific area and the difference between the
areas for one specific regioisomer. *P<0.05; **P<0.01 for intra-group variation and #P<0.05
for inter-group variation.
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Fig. 2.
Effect of Aβ on total EET & DiHETE (A), 14,15-EET & DiHETE (B) and 11,12-EET &
DiHETE (C) production in cerebrum and cerebellum. Microsomes isolated from cerebrum
and cerebellum were preincubated with Aβ or vehicle for 30 minutes, followed by
incubation with arachidonic acid (50μM, 30 minutes) and the products were detected by
Mass Spectrometry. Representative Liquid chromatography-mass spectrometry
chromatograms illustrate the profile of CYP 450 eicosanoids in 1 ng standard (D), cerebral
microsomal tissue incubated with vehicle (E) and 1 μM Aβ (F).Enzyme activity is expressed
as the total of EETs and the corresponding DiHETE produced/min/mg of protein. Relative
activity is shown by calculating the percentage change from vehicle set at 100%. Aβ causes
a decrease in 14,15-EET & DiHETE production in cerebrum but not in cerebellum. Data are
represented as mean ± S.E.M., n= 4-5 per group. One-way ANOVA was used to determine
the difference between groups. *P<0.05 compared to vehicle. cps, counts per second. Peaks
as denoted by numbers are: 1. 14,15-, 11,12- and 8,9 DiHETE, 2. 20-HETE, 3. 15-HETE, 4.
11-HETE, 5. 12/8 HETE, 6. 5-HETE, 7. 14,15-EET, 8. 11,12-EET & 9. 8,9 EET.
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Fig. 3.
Effect of Aβ on total EET & DiHETE (A), 14,15-EET & DiHETE (B) and 11,12-EET &
DiHETE (C) production in cortex and hippocampus. Microsomes isolated from cortex and
hippocampus was preincubated with Aβ or vehicle for 30 minutes, followed by incubation
with arachidonic acid (50μM, 30 minutes) and the products were detected by Mass
Spectrometry. Enzyme activity is expressed as the total of EETs and the corresponding
DiHETE produced/min/mg of protein. Relative activity is shown by calculating the
percentage change from vehicle set at 100%. Both cortex and hippocampus show a
reduction in 11,12-EET & DiHETE production in presence of Aβ. Data are represented as
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mean ± S.E.M., n= 4-5 per group. One-way ANOVA was used to determine the difference
between groups. *P<0.05, #P<0.01 compared to vehicle.
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Fig. 4.
Effect of Aβ on total EET & DiHETE (A), 14,15-EET & DiHETE (B) and 11,12-EET &
DiHETE (C) production in neonatal hippocampal astrocyte and neuronal culture. Neonatal
hippocampal cultured astrocytes and neurons were incubated first with arachidonic acid
(50μM, 60 minutes) and then with Aβ or vehicle for 60 minutes and the cells and media
were collected for epoxygenase assay. Enzyme activity is expressed as the total of EETs and
the corresponding DiHETE produced/min/mg of protein. Relative activity is shown by
calculating the percentage change from vehicle set at 100%. Astrocytes and neurons show a
decrease in 14,15-EET & DiHETE production with Aβ but 11,12-EET & DiHETE are
decreased only in astrocytes. Data are represented as mean ± S.E.M., n= 4-7 per group. One-
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way ANOVA was used to determine the difference between groups. *P<0.05, #P<0.01
compared to vehicle.
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