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Abstract

Oxidative damage to brain is a featured shared by several destructive and degenerative diseases and is thought to contribute to disease
pathogenesis. Two commonly proposed sources of the increased free radical stress that leads to oxidative damage in several of these diseases
are excitotoxicity and activation of innate immunity, both of which are proposed pharmacologic targets. Here we used models of excitotoxicity,
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intracerebroventricular (ICV) kainate (KA), and innate immune activation, ICV lipopolysaccharide (LPS), to test the effectiveness of
ally administered�-tocopherol (AT) and�-tocopherol (GT) as neuroprotectants. We quantified murine cerebral oxidative damage by m
F2-isoprostanes (IsoPs) and F4-neuroprostanes (NeuroPs) using stable isotope dilution methods followed by gas chromatography–m
trometry with selective ion monitoring. Our data showed that peripherally administered AT and GT were equally effective at suppres
oxidative damage from direct excitotoxicity caused by KA. In contrast, peripherally administered AT, but not GT, was effective at su
delayed neuronal oxidative damage from activated glial innate immune response. These data imply that AT may be more broadly
of cerebrum from oxidative damage in different disease contexts.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Oxidative damage to brain is a featured shared by many
destructive and degenerative diseases[1,2]. The sources of
increased free radical stress in these diseases are varied with
some being shared among several diseases while others are
disease-specific. An example of the latter is amyloid� (A�),
which is proposed to play a direct role in generating free
radical stress in Alzheimer’s disease (AD)[3]. Two exam-
ples of the former are excitotoxicity and activation of innate
immunity[4]. Diseases of brain associated with increased in-
nate immune response include AD, Parkinson’s disease (PD),
HIV-associated dementia (HAD), ischemia, head trauma,
cerebral palsy, axonal degeneration in multiple sclerosis, and
perhaps even autism[5,6]. Diseases of brain associated with
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excitotoxicity include virtually all of these plus others, e
Huntington’s disease and epilepsy[7,8].

Glial innate immune response can be activated by a s
intracerebroventricular (ICV) injection of lipopolysacch
ride (LPS), a major component of Gram negative bact
cell walls. We have shown previously that this LPS-activ
glial innate immune response leads to indirect neur
oxidative damage and synaptodendritic degeneration
clusively through a CD14-dependent mechanism fre
behavioral or febrile response, and that LPS itself ha
direct toxic effect on neurons[9,10]. It is noteworthy that al
though the molecular determinants of this signaling cas
were initially discovered in pursuit of microorganis
mediated innate immune response, it is now appreciate
CD14-dependent signaling also is activated by endoge
ligands. For example, CD14-dependent activation
component of the cellular response to A� fibrils and to
neoantigens expressed by apoptotic cells[11–14].
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Excitotoxicity can be stimulated by ICV injection of kainic
acid (KA), the active ingredient originally isolated from sea-
weed used as an herbal treatment for ascariasis[15]. Kainate
is a rigid analog of glutamate, the principal excitatory neuro-
transmitter in CNS, and is a very potent stimulant of a subset
of ligand-gated ion channels called KA receptors[16]. It is
important to stress that KA has profound direct effects on neu-
rons with little direct effect on glia. However, at later stages
of KA toxicity, glial response to damaged and dying neu-
rons does occur. In this respect, the early response to KA is
a classical direct neurotoxic insult that is distinct from LPS
which damages neurons indirectly via glial innate immune
activation.

Several methods exist to determine free radical-mediated
damage to cells. While most of these function well in vitro,
important limitations arise in living systems where extensive,
highly active enzymatic pathways have evolved to metabo-
lize many of the commonly measured products, such as 4-
hydroxynonenal[17]. One method that has been extensively
replicated as a robust means of quantifying free radical dam-
age in vivo is measurement of F2-isoprostanes (F2-IsoPs)
[18], a group of prostanoid isomers generated from free radi-
cal damage to arachidonic acid (AA) that are not extensively
metabolized in situ. Since AA is present throughout brain and
within different cell types in brain at roughly equal concentra-
tions, measurement of cerebral F-IsoPs, like all other mea-
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cle, 12 h/12 h and had free access to pelleted food (Rodent
Laboratory Chow, Purina Mills Inc., St. Louis, MO) and wa-
ter. Following anesthesia, 5�l intracerebroventricular (ICV)
injections were delivered over 1 min into the left lateral ven-
tricle using a 26 gauge Hamilton syringe and the external
landmarks of 4 mm lateral to midline and 5 mm posterior
from the forward edge of the left ear. Depth of injection was
maintained at 3 mm by using a stylet. LPS (CalBiochem,
San Diego, CA) was dissolved in phosphate buffered saline
(pH 7.4) at a final concentration of 1 mg/ml for a total ICV
dose of 5�g. KA (Sigma Chemical Co., St. Louis, MO) was
delivered by exactly the same method but with a total ICV
dose of 1 nmol. AT and GT were dissolved in mineral oil and
administered intraperitoneally (i.p.) in three doses on days
−2, −1 and 0 relative to ICV injection. Mice were eutha-
nized at the times indicated, their brains rapidly removed, the
cerebral hemispheres dissected, flash frozen in liquid nitro-
gen, and stored at−80◦C.

Total lipids were extracted from mouse cerebrum using a
modified Folch procedure. Frozen samples (0.1–0.5 g) were
suspended in ice-cold 5 ml CHCl3:CH3OH (2:1, v/v), and
homogenized 20 s (Polytron, Brinkmann Instruments, West-
bury, NY); the generator was rinsed in 5 ml CHCl3:CH3OH
(2:1). All solvents used were HPLC grade, and contained
0.005% (w/v)�-hydroxytoluene (BHT) to suppress oxida-
tion. Aqueous solutions were prepared using freshly deion-
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ures of oxidative damage, reflects damage to brain tissu
ot necessarily to neurons. For these reasons, we deve
n assay to measure the analogous products generate
ocosohexaenoic acid (DHA), F4-neuroprostanes (NeuroP

19]. Since DHA is highly concentrated in neuronal me
ranes, F4-NeuroPs offer a unique window into free radi
amage to neuronal membranes in vivo[20].

Several clinical studies have attempted either to asso
ietary tocopherol consumption with the prevalence of
r to treat AD with AT [21–23]. While the epidemiologi
ata have been encouraging[22,23], and some clinical tria
ave met with modest success[21], it is still unclear wha
ose or combination of tocopherol isomers is most effe
t suppressing oxidative damage to cerebrum. Indeed,

here are several studies that investigated AT and GT in
n cell culture, or in ex vivo preparations[24], we are un
ware of any study that has directly compared their rel
nti-oxidant efficacy in vivo with these models of cereb
xidative damage. The studies presented here investi

he efficacy of AT and GT in suppressing the accumula
f F2-IsoPs and F4-NeuroPs, in murine cerebrum followi
xcitotoxic insult or activation of innate immune respons

. Experimental

The University of Washington Institutional Anim
are and Use Committee approved all experiments.
57Bl/6J mice 5–8 weeks of age were used. Mice w
oused at 21± 1◦C; humidity, 50± 10%; and light/dark cy
zed H2O. Extracts and rinses were combined, covered
nitrogen blanket, and mixed every 10 min over 30 mi

5◦C. The lipid extracts were mixed vigorously with 2.0
aCl (0.9%, w/v), and the phases separated by centrifug
t 300× g for 10 min at 25◦C. After the upper phase was d
anted, samples were transferred to virgin tubes, and r
al organic solvent was removed under a nitrogen str
otal lipids were dissolved in 0.5 ml CH3OH and stored a
80◦C.
Lipid extracts were saponified to release ester

rostanes. KOH (2.7N) in 0.5 ml water was added to l
xtracts in 0.5 ml CH3OH. The mixture was sonicated a
ixed vigorously until thoroughly suspended, and heate
7◦C for 30 min. The pH was adjusted to 3.0 using∼1.2 ml
.0N HCl. Next, stable isotope-labeled analogs were add

nternal standards: 500–1000 pg each of [2H4-3,3,4,4]-8-iso
GF2� (iso-PGF2�-III, Cayman Chemicals, Ann Arbor, M
nd [18O2]17-F4c-NeuroP (generous gift from Dr. Jason M
ow, Vanderbilt University) were added to the neutrali
rostanes.

Prostanes were isolated using reversed-phase and no
hase solid-phase extractions (SPE). For reverse phas
ak Plus C18 columns (Waters Corp, Milford, MA) were
ith 5 ml CH3OH (flow rate,∼1.0 ml/min) and conditione
ith 7.0 ml H2O (adjusted to pH 3.0 with 1.0N HCl). Wi
ow rates∼0.5 ml/min, columns were charged with sam
hen washed with 10 ml H2O (pH 3.0) and 10.0 mln-heptane
rostanes were eluted in 10 mln-heptane:ethyl acetate (1
/v). For normal-phase SPE, Sep Pak Plus Silica (Wa
olumns were used with a flow rate of∼0.5 ml/min through
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out. Silica columns were conditioned with 5.0 ml ethyl ac-
etate. Samples were mixed briefly with minimal amount of
granular Na2SO4 to remove residual H2O and immediately
decanted into a syringe for application to a silica column.
The charged column was washed with 5.0 ml ethyl acetate:n-
heptane (3:1, v/v), and prostanes were eluted with 5.0 ml ethyl
acetate:methanol (1:1, v/v).

Prostanes isolated by SPE were dried at 37◦C under a
nitrogen stream, and derivatized to pentafluorbenzyl esters.
Samples were vigorously mixed with 40�l pentafluoroben-
zyl bromide:anhydrous acetonitrile (10:90, v:v) plus 20�l di-
isopropylethylamine:acetonitrile (10:90, v:v). Following re-
action at 37◦C for 20 min, the esters were dried under a nitro-
gen stream, and dissolved in 50�l CHCl3:CH3OH (2:3, v:v).
Next, TLC was performed to remove excess reagent. TLC
was done using 5 cm× 20 cm glass plates covered with a
250 um layer of silica gel particles 60̊A in diameter (Par-
tisil LK6D; Whatman, Maidstone, England). Just before use,
plates were washed with ethyl acetate:ethanol (90:10), ac-

tivated at 95◦C for 20 min, and cooled in a dessicator. A
TLC chamber was lined with filter paper and conditioned
30 min with 100 ml CHCl3:CH3CH2OH (90:10, v:v). Sam-
ples (50�l) were applied to the upper half of pre-adsorbent
in four pre-scored lanes, and dried 5–10 s with a hair dryer.
Sample plates were added to both ends of the chamber. In
contrast, TLC standard (5�g/5�l CH3OH) was applied to a
separate plate that was positioned towards the center of the
TLC chamber. After the chamber was rapidly closed, sol-
vent was allowed to migrate 15 cm, and the plates removed.
Sample Rfs were calculated from standards visualized by
spraying with phosphomolybdic acid (Sigma Chemical Co.,
St. Louis, MO) and heating. Samples were outlined, scraped
onto weighing paper, transferred to 1.7 ml microfuge tubes
(ISC BioExpress, Kayville, UT), and mixed vigorously with
1.0 ml ethyl acetate. Following centrifugation at 16,000× g
for 8 min at 4◦C, prostane pentafluorobenzyl esters were
transferred in the ethyl acetate to a virgin microfuge tube
and stored at−80◦C.

F
s
c

ig. 1. Chromatograms for F2-IsoPs and F4-NeuroPs from mouse cerebrum. Al
howing F2-IsoPs, (B)m/z 573.2 chromatogram showing F2-IsoP internal stand
hromatogram showing F4-NeuroP internal standard.
l chromatograms plot abundance vs. time (min). (A)m/z 569.5 chromatogram
ard, (C)m/z 593.5 chromatogram showing F4-NeuroPs, and (D)m/z 597.3
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Just prior to GC/MS analysis, labile hydroxyl groups
of prostanes were converted to heat-stable silylethers. Af-
ter being dried under a nitrogen stream, samples were
dissolved in 8�l dimethylformamide, mixed with 20�l
bis(trimethylsilyl)trifluoroacetamide (Pierce Chemical Co.,
Rockford, IL), and heated 5.0 min at 37◦C. Silylated sam-
ples were dried at 37◦C under a nitrogen stream, suspended
in 23�l undecane, and transferred into 250�l glass inserts on
plastic springs (#680843-629, Kimble Glass, Vineland, NJ).

Prostanes were resolved by a 6890N gas-chromatographic
system fitted with a 7683 Series automatic liquid sampler,
10�l Hamilton syringe, and split/splitless injector (Agilent
Technologies, Palo Alto, CA). Just prior to being subjected
to a pulse of helium (18 psig, 30 s), samples (2�l) were in-
jected into a 900�l single “gooseneck” glass insert (265◦C),
and developed on a 25 m× 0.25 mm capillary column; the
last 15 m of capillary wall was coated (0.25�m) with polar
phase ((14%-cyanopropylphenyl)methylpolysiloxane; DB-
1701, Agilent Technologies). Using BIP quality helium (Air
Products, Puyallup, WA), flow was maintained at a constant
linear velocity of 54 cm/s; 1.0 min after injection, column
temperature was programmed to rise from 200 to 300◦C at
a rate of 20◦C/min. The transfer line into the ion source was
300◦C.

Endogenous prostanes levels were measured using
isotope-dilution techniques and a quadrupole mass spectrom-
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Fig. 2. Time course for cerebral oxidative damage following ICV injection
of KA or LPS. Data are F2-IsoPs expressed as ng per g of tissue following
injection at time = 0 (n ≥ 5 per time point).* P < 0.01 compared to untreated
control.

our earliest time point (30 min) following injection, returned
to baseline by 60 min, and remained at baseline levels 24 h
after injection. In contrast, indirect neuronal damage with
ICV LPS generated delayed cerebral oxidative damage with
no significant increase in cerebral F2-IsoPs even 10 h after
injection. However, following this delay, cerebral oxidative
damage peaked at about 24 h following ICV LPS and then
decreased to near baseline levels by 36 h. An identical time
course has been observed for F4-NeuroPs following LPS[26].

Our next series of experiments determined the
dose–response relationships for tocopherol-mediated
suppression of cerebral oxidative damage from direct
neuronal damage by ICV KA (Fig. 3). All measurements for
these experiments were done 30 min after ICV KA injection.
The increase in F4-NeuroPs was greater than that for
F2-IsoPs, likely a reflection of the greater susceptibility of
DHA than AA to oxidation and similar to what was observed
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ter (Model 5973, Agilent Technologies) in the negative
hemical ionization mode. Pressure of the reagent gas (4)
as set to 38 Torr, while the ion source and rods were ke
00◦C. Four ions were monitored, each with a dwell time
0 ms. Areas under peaks form/z 569.5 and 573.2 (intern
tandard) plusm/z 593.5 plus 597.3 (internal standard), w
anually integrated to quantify IsoP and NeuroP conce

ions, respectively (Fig. 1). The coefficient of variance fo
oth assays is less than 8%.

. Results

ICV injection of the amount of LPS used in these ex
ments leads to reactive morphologic features of micro
nd astrocytes, but does not recruit an adaptive immun
ponse in brain until several days after injection, and doe
ead to behavioral changes or a febrile response[25,26]. Sim-
larly, while mice entered status epilepticus within a min
f ICV KA injection, KA-induced seizures do not lead to

ivated resident inflammatory cells in brain until several d
>4) after exposure, outside of the time frame used in t
xperiments[27].

Our first set of experiments compared the time co
or cerebral oxidative damage following exposure to I
PS or ICV KA (Fig. 2). There was no change in cereb
2-IsoPs of F4-NeuroPs over 24 h following ICV PBS veh
le; average (+S.D.) basal F2-IsoPs = 3.2 + 0.3 ng/g and ba
4-NeuroPs = 12.6 + 2.7 ng/g. There was a rapid onset o

ectable oxidative damage with ICV KA that was greate
ig. 3. Dose–response curves for tocopherol suppression of KA-ind
erebral oxidative damage. Peripheral (i.p.) administration of�- or �-
ocopherol (AT or GT) was made at days−2, −1 and 0 relative to ICV
njection of KA; mice were sacrificed 30 min later. Data are expressed
ent of control mice that received neither KA nor tocopherol (n ≥ 5 for each
roup). Two-way ANOVA (tocopherol vs. dose) for F2-IsoP or F4-NeuroP
ata hadP < 0.0001 for dose butP > 0.05 for AT vs. GT or interaction be

ween terms.
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Fig. 4. Dose–response curves for tocopherol suppression of LPS-induced
cerebral oxidative damage. Peripheral (i.p.) administration of�- or �-
tocopherol (AT or GT) was made at days−2, −1 and 0 relative to ICV
injection of LPS; mice were sacrificed 24 h later. Data are expressed percent
of control mice that received neither LPS nor tocopherol (n ≥ 5 for each
group). Two-way ANOVA (tocopherol vs. dose) for F2-IsoP an F4-NeuroP
data hadP < 0.0001 for dose, AT vs. GT, and interaction between terms.
Bonferroni corrected posttests showed that AT and GT were significantly
different (* P < 0.01) at their highest dose for F2-IsoPs and F4-NeuroPs.

with LPS. AT and GT both partially but significantly and
equivalently suppressed F2-IsoP and F4-NeuroP formation
at 10 mg/kg. Similarly, at 100 mg/kg, both AT and GT nearly
completely suppressed ICV KA-induced oxidative damage
to cerebral AA and DHA; again, there were no significant
differences between AT and GT.

We followed the same experimental protocol for toco-
pherol suppression of ICV LPS-induced cerebral oxidative
damage, except now data were collected 24 h post injection
(Fig. 4). As with suppression of oxidative damage from KA
exposure, AT partially blocked F2-IsoP and F4-NeuroP for-
mation at 10 mg/kg and nearly completely suppressed cere-
bral oxidation damage at 100 mg/kg. In sharp contrast to KA
toxicity, however, GT did not significantly suppress LPS-
induced oxidative damage even at 100 mg/kg.

4. Discussion

Here, we explored the capacity of peripherally adminis-
tered tocopherols to suppress two distinct mechanisms of
cerebral oxidative damage that have been implicated, at least
as partial contributors, in a number of degenerative and de-
structive lesions of brain: innate immune activation by LPS
and excitotoxicity by KA. We measured two markers of free
radical damage to lipids, F-IsoPs and F-NeuroPs; the for-
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was equivalent and comparable to that observed in diseased
regions of brain from patients with AD[28].

Suppression of cerebral oxidative damage is an important
goal in the treatment of neurological diseases, yet very little
information exists on which compounds are most effective in
the different contexts of disease-related oxidative damage to
cerebrum, nor is there clear information on the doses neces-
sary to protect brain. The lower concentration of tocopherols
used here achieves plasma levels comparable to those ob-
served in individuals taking dietary supplements[29] and the
higher concentration likely approximates levels in clinical
trials that used very large does of AT[21]. Although there
are limitations in extrapolating from rodent models to hu-
mans, our data indicate that AT and GT partially overlap in
their effectiveness as neuroprotectants from oxidative dam-
age and that their effectiveness is at least partially related to
the context of increased free radical stress. Specifically, we
observed that peripheral administration of AT and GT were
equivalent in protecting cerebrum from centrally adminis-
tered KA. This was somewhat surprising because others have
shown that AT more efficiently accumulates in the CNS fol-
lowing peripheral administration in rodents[30]. In addition,
while AT and GT both terminate lipid peroxidation, AT is
more potent than GT in this regard in a variety of in vitro and
in vivo assays[24]. We speculate that this action accounts
for the broad protective effect observed with AT. However,
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er reflecting oxidative damage to all cerebral tissue
ents and the latter providing a relatively selective w
ow into peroxidation of neuronal membranes. Our re
howed that cerebral oxidative damage from these two
ns followed very different temporal profiles. KA led to t
apid onset of cerebral oxidative damage while LPS le
elayed oxidative damage. In both instances, the magn
f cerebral oxidative damage achieved in these two mo
mong its other actions, GT scavenges electrophiles su
eroxynitrite, an action that is not shared by AT[31]. Pre-
umably this or some other specific action of GT account
ts unexpectedly potent suppression of KA-induced cere
xidative damage. Similarly, since GT was ineffective in s
ressing cerebral oxidative damage from LPS, we spec

hat peroxynitrite and other reactive species scavenged b
re not significantly contributing to oxidative damage in
odel.
Unlike KA that directly damages neurons through the a

ation of ligand-gated ion channels, LPS is indirectly toxi
eurons through the activation of CD14/Toll-like recepto
n microglia[32]. This activation of microglia leads to i
reased expression of many genes, several of which a
able of producing free radical stress. This requiremen
ene expression following ICV LPS is not an element of K

nduced toxicity and likely accounts, at least in part, for
elayed increase in cerebral oxidative damage observed
PS but not KA. In contrast to our experiments with KA,
as ineffective at suppressing LPS-induced oxidative d
ge.

In summary, our data demonstrated that peripherally
inistered AT and GT were equally effective at suppr

ng oxidative damage from direct excitotoxicity to neur
aused by KA. In contrast, peripherally administered AT
ot GT, was effective at suppressing neuronal oxidative d
ge from activated glial innate immune response. Fur

hese data imply that, of these two tocopherols, AT ma
roadly protective of cerebrum from oxidative damage in

erent disease contexts.
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