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Little is known about changes in sterols, in par-
ticular cholesterol, and cholesterol oxidation products
(COPs) in oxidative injury in neural tissues. We have
therefore examined changes in cholesterol and
COPs using a model of excitotoxic injury. Intracere-
broventricular injections of kainate in rats resulted in
an increase in immunoreactivity to cholesterol in
the affected CA fields of the hippocampus. The
increase was confirmed by increased filipin staining
of cholesterol in adjacent sections from the same ani-
mals, and in hippocampal slice or neuronal cultures
after kainate treatment. In neuronal cultures, addition
of lovastatin, an inhibitor of cholesterol synthesis,
attenuated the increased filipin staining after
kainate treatment, indicating that the increase in
cholesterol could involve increased cholesterol
synthesis. Furthermore, gas chromatographic mass
spectrometric (GC/MS) analysis of cholesterol and
COPs in kainate-injected rat brain showed a marked
increase in cholesterol and COPs including 7-keto-
cholesterol, 3 days after kainate treatment. The
addition of some COPs, including 7-ketocholesterol
and cholesterol epoxides to hippocampal slices
resulted in neuronal injury as reflected by
decreased staining of a neuronal marker in the
affected CA fields. The ability of these COPs to pro-
duce neuronal injury was attenuated by glutathione,
suggesting that oxidative mechanisms are involved
in neuronal injury induced by these products. These
results, together with GC/MS results that showed
significant increase in 7-ketocholesterol at 3 days
post-kainate injury suggest that 7-ketocholesterol
may be a factor in aggravating oxidative damage to
neurons, after the initial stages of kainate-induced
neuronal injury.

Brain Pathol 2003;13:250-262.

Introduction

Cholesterol is essential for neuronal viability and for
neuronal and glial cell function in the brain (6). It not only
affects the physicochemical properties of neural mem-
branes but also regulates the activities of membrane-
bound enzymes, receptors and ion channels. Choles-
terol has also been shown to modulate the stability of
microtubules in cultured neurons, as well as neuronal
functions such as endocytosis and antigen expression (3,
9,17,31).

There is considerable turnover of cholesterol in neu-
rons and glia during brain growth, neuronal repair and
remodeling (6). Disturbances in cholesterol homeosta-
sis have been implicated in the neurodegenerative dis-
order Niemann-Pick type C disease (32). Abnormali-
ties in cholesterol metabolism have also been reported
to play a role in the pathophysiology of Alzheimer’s
disease (AD) (8). Clinical and epidemiological data
have indicated that patients with elevated cholesterol
have increased susceptibility to AD (35). The incidence
of AD is higher in western countries suggesting a pos-
sible link with the consumption of high-fat and high-
caloric diets (20). Changes in the cholesterol content of
intracellular membranes alter the trafficking of membrane
proteins and cholesterol have been shown to modulate the
processing of amyloid precursor protein (APP) as well
as the cellular generation of B-amyloid (AB) peptide
(4,13, 16). However, the precise mechanism(s) linking
disturbances in cholesterol metabolism to the patho-
physiology of neurodegenerative disorders are not fully
understood.

Cholesterol is susceptible to oxidation leading to the
formation of cholesterol oxidation products (COPs).
More than 80 COPs have been identified so far, includ-
ing 7-ketocholesterol, 6-ketocholesterol, 7a-hydroxyc-
holesterol, 7B3-hydroxycholesterol, cholesterol Sa, 6c-
epoxide, cholesterol 5@, 6B-epoxide, 25-hydroxy-
cholesterol and cholestanetriol (for review, see 41). In
recent years, COPs, have drawn much attention mainly
because of their potential health implications. Numerous
studies have shown that COPs possess biological
effects such as mutagenicity (37), angiotoxicity (7, 34),
carcinogenicity (27), cytotoxicity (18) and cell membrane
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damaging properties (15, 18, 34, 38). COPs are potent
inhibitors of de novo cholesterol biosynthesis (1, 2).
Furthermore, COPs have been implicated in atheroscle-
rosis (19, 33, 34).

It is becoming increasingly evident that COPs can
modify neuronal membrane function. They not only
alter calcium influx but also inhibit the Na*, Ca*-
exchanger and Ca*, Mg** ATPase activity (21). COPs are
potent and highly stereospecific modulators of calcium
channels and are known to increase fluidity of brain
synaptic membranes (28, 43). Among the COPs, 7-
ketocholesterol, 24-hydroxy and 25- hydroxycholes-
terols have attracted considerable attention. The con-
centration of 24S-hydroxycholesterol (cerebrosterol) is
30 to 1500-fold higher in brain tissue than in any other
organ, and it has been reported that plasma 24S-hydrox-
ycholesterol concentration may be a peripheral indica-
tor of neurodegeneration in AD, as well as in other neu-
rodegenerative disorders (25, 26). 7-Ketocholesterol
and 25-hydroxycholesterol cause apoptosis and signif-
icantly decrease viability of microglial cell cultures (5).
In non-neural cells, 7-ketocholesterol is known to
induce the conversion of pro-interleukin-1$ to inter-
leukin-1f3, a cytokine that stimulates cPLA, activity
(10, 23).

Large amounts of free radicals and lipid peroxidation
products are formed in the hippocampus after kainate-
induced excitotoxic brain injury (11). After kainate
injury of the hippocampus, for instance, there is a
decrease in glutathione (29), and an increase in the lipid
peroxidation product, 4-hydroxynonenal (30). It might
be expected that high levels of free radicals and lipid per-
oxidation products could lead to increased formation of
COPs in the degenerating hippocampus, and that these,
in turn could lead to neuronal injury. The present study
was therefore conducted to investigate this possibility.

Materials and Methods

In vivo and in vitro models. Intracerebroventricular
kainate injections. Wistar rats weighing approximately
250 g were anesthetized with an intraperitoneal injection
of 1.2 ml of 7% chloral hydrate, and the cranial vault
exposed. Kainate (1.5 pl of a 1 mg/ml solution) was
injected into the right lateral ventricle (coordinates: 1.0
mm caudal to bregma, 1.5 mm lateral to the midline, 4.5
mm from the surface of the cortex) using a microliter
syringe. The needle was withdrawn 10 minutes later,
and the scalp sutured. Experimental control rats were
injected with 1.5 wl of saline instead of kainate.

Hippocampal slice cultures. Organotypic hippocam-
pal slice cultures were prepared as previously described
(39), with minor modifications (24). In brief, 10-day
old Wistar rat pups were anesthetized with intraperi-
toneal injections of 7% choral hydrate, decapitated, and
the brain removed. The hippocampi were dissected out,
and sectioned transversely at 400 wm thickness using a
tissue chopper. The slices were transferred to 30 mm Mil-
licell CM culture plate inserts with 0.4 wm polytetra-
fluoroethylene membranes (Millipore, Bedford, Mass),
and placed in 6 well culture plates containing culture
medium (50% minimum essential medium [Gibco],
25% fetal calf serum [Sigma], 25% Hanks balanced salt
solution [Gibco], supplemented with D-glucose [6.5
mg/ml, Sigma], glutamine [2 mM, Gibco], penicillin G
[1 unit/ml, Gibco] and streptomycin sulfate [1 g/ ml,
Gibco], pH 7.15). The slices were maintained at 37°C,
100% humidity and 95% air and 5% CO,. The medium
was changed to fresh medium after 3 and 7 days in cul-
ture.

Hippocampal neuronal cultures. Two to 4-day-old
Wistar rat pups were deeply anesthetized by intraperi-
toneal injections of chloral hydrate, decapitated, and the
brains removed. The hippocampi were dissected out
and incubated with 2 ml of 0.25% trypsin at 37°C for 10
minutes. The tissues were then washed 3 times with
Dulbecco’s modified Eagles medium (DMEM). A cell
suspension was then prepared by triturating the tissue with
a flame polished Pasteur pipette. The cells were plated
on poly D-lysine coated culture dishes at a final densi-
ty of approximately 500000 cells per cm*, and maintained
in an incubator at 37°C, 100% humidity and 95% air and
5% CO,. The culture medium was changed to fresh
medium after 3 days in culture, and 2 x 10°M cytosine
arabinoside (Sigma) added to eliminate glial cells. The
culture medium was changed to fresh medium after a fur-
ther 4 days in culture. All procedures involving animals
were approved by the Medical Faculty Animal Care and
Use Committee.

Specific methods. Immunocytochemical labeling of
cholesterol in hippocampal sections after kainate injec-
tions. Twenty-four rats were used for this portion of the
study, of which 16 were injected with kainate and 8
were saline injected controls. The kainate-injected and
control rats were sacrificed at 1 day, 3 days, 1 week, and
2 weeks after injection (4 kainate-injected rats and 2
controls at each time point). The rats were deeply anes-
thetized by intraperitoneal injection of 1.5 ml of 7%
chloral hydrate and perfused through the left cardiac
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ventricle with a solution of 4% PF in 0.1 M phosphate
buffer (pH 7.4). The brains were removed, and a block
consisting of the posterior two thirds of the forebrain,
including the hippocampi, dissected out. The blocks
were sectioned coronally at 100 wm using a vibrating
microtome. The sections were divided into 3 sets: the first
two were used for immunocytochemistry, while the
third was used for histochemical staining for choles-
terol.

Sections intended for immunocytochemistry were
washed for 3 hours in phosphate buffered saline (PBS)
to remove any traces of fixative, and immersed for one
hour in a solution of 2% defatted dry (skimmed) milk in
PBS to block non-specific binding of antibodies. They
were then incubated overnight with an affinity-purified
rabbit polyclonal antibody to the AMPA receptor subunit
GluR1 (Chemicon, diluted 1 wg/500 wl) or a mouse
monoclonal antibody to cholesterol (MAb 2C5-6). The
antibody to GluR1 was used as a marker for hippocam-
pal pyramidal neurons. Dense staining for GluR1 is
normally present in these neurons, but staining rapidly
decreased in CA fields that were undergoing oxidative
stress after kainate treatment (29, 30). The antibody to
cholesterol has been previously characterized, and
shown to be specific for cholesterol (40). The sections
were washed in 3 changes of PBS, and incubated for one
hour at room temperature in a 1:200 dilution of biotiny-
lated goat anti-rabbit Ig G, or horse anti-mouse Ig G (Vec-
tor). Sections were then reacted for one hour at room tem-
perature with an avidin-biotinylated horseradish
peroxidase complex, and the reaction visualized by
treatment for 5 minutes in 0.05% 3,3, diaminobenzidine
tetrahydrochloride solution in Tris buffer containing
0.05% hydrogen peroxide. The color reaction was
stopped with several washes of Tris buffer, followed by
PBS. Some sections were mounted on glass slides and
lightly counterstained with methyl green before cover-
slipping. The remaining sections were further
processed for electron microscopy. Control sections
were incubated with PBS instead of primary antibody.
They showed absence of staining.

Electron microscopy was carried out by subdissect-
ing some of the immunostained sections into smaller
portions that included the lesioned CA fields. These
were dehydrated in an ascending series of ethanol and
acetone, and embedded in Araldite. Thin sections were
obtained from the first 5 wm of the sections, mounted on
copper grids coated with Formvar, and stained with
lead citrate. They were viewed using a Jeol 1200EX or
a Philips EM208 electron microscope.

Filipin histochemical labeling of cholesterol in hip-
pocampal sections, slices, and neuronal cultures after
kainate treatment. i) Hippocampal sections. The third set
of sections from the kainate or saline injected rats
above was stained by a modification of the filipin
method for cholesterol as follows: a stock solution of fil-
ipin was prepared by dissolving 3.3 mg of filipin III
(Sigma) in 100 wl of DMSO. A working solution was pre-
pared by diluting 3 pl of the stock solution in one ml of
PBS, and sections were incubated in this solution for 4
hours in the dark. The sections were washed in PBS, cov-
erslipped using a water-soluble mountant, and viewed
using a fluorescence microscope (Zeiss Axiophot with a
365 nm UV filter).

ii) Hippocampal slice cultures. Hippocampal slices
were treated with 100 wM kainate after 7 days in culture.
They were fixed in a solution of 4% PF in 0.1 M phos-
phate (pH 7.4) buffer the following day, and stained
with filipin using the method described above.

iii) Hippocampal neuronal cultures. Hippocampal
neurons were treated with kainate (1:10 dilution of a one
mg/ml stock solution of kainate in DMEM)), or lovastatin
(1:10 dilution of a 1mg / ml stock solution of lovastatin
in DMEM) followed 16 hours later by incubation with
kainate for 3 hours. They were fixed in 4% PF and 0.1
M phosphate (pH 7.4), and stained for filipin. An image
of the cultured neurons was then captured using bright-
field illumination, followed by a second image using flu-
orescence illumination to demonstrate filipin-labeled
neurons. The number of filipin-positive neurons was
expressed as a percentage of the total number of neurons
identified at brightfield, and possible statistical differences
in this ratio between kainate-treated, and lovastatin plus
kainate-treated neurons analyzed, using the Student's t-
test.

Gas chromatographic mass spectrometric (GC/MS)
analysis of cholesterol and cholesterol oxidation prod-
ucts in hippocampal homogenates after kainate injections.
An additional 14 rats were used for this portion of the
study, of which 7 were injected with kainate and the
remainder were saline-injected controls. They were
sacrificed at 1 and 3 days after injection (3 kainate and
3 saline injected rats at 1 day, and 4 kainate and 4 saline
injected rats at 3 days after injection). Rats were anes-
thetized by chloral hydrate injection, decapitated, and the
brains removed. The right hippocampus (side of the
intracerebroventricular injection) was rapidly dissected
out and stored at -70°C until assay.

All reagents for GC/MS analysis were of analytical
grade and obtained from Fisher. Standards for cholesterol,
COPs and 5Sa-cholestane were obtained from Sigma.
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All the standards were of at least 95% purity. Sa-
cholestane was used as an internal standard to correct for
minor variations in injection volume, response and
retention time. Sa-cholestane has a similar structure to
cholesterol and COPs, but is distinct from the analytes
by retention time. Stock solutions containing 1.0 mg of
cholesterol and COPs were dissolved in methanol. Sa-
cholestane was dissolved in hexane. The stock solutions
were used to prepare standard solutions of 5 ng of com-
pound/ml by dilution with methanol. Extraction of
lipids was carried out using Folch's method (12) with
slight modifications.

The hippocampal specimens were homogenized
with 0.5 M NaCl, containing 10 wM of butylated
hydroxytoluene (BHT) to a final volume 20 times the
weight of the tissue sample. Butylated hydroxytoluene
was added to prevent oxidation of the samples due to the
homogenization procedure. The homogenate (0.5 ml)
was then transferred to a 10 ml centrifuge tube, and 4 ml
of extracting solvent (chloroform/methanol 2:1, con-
taining 1.0 mg/ml Sa-cholestane and 10 mg/100 ml
BHT) added. The mixture was vortexed, shaken on a lin-
ear shaker for 15 minutes, and centrifuged at 2500 rpm
for 5 minutes. The upper phase was siphoned away and
the lower chloroform phase was washed with 1 ml of dis-
tilled water. The upper phase of this mixture was then
siphoned away, and the lower chloroform phase evapo-
rated to dryness under a stream of nitrogen. N, O-bis
(trimethylsilyl) trifluoroacetamide (BSTFA, 100 )
and dry pyridine (20 nl) were added and the mixture was
heated for 30 minutes at 60°C to derivatize to
trimethylsilyl esters. The resultant mixture (2 pl) was then
injected into the GC/MS.

To rule out the possibility of artificial cholesterol
oxidation during the extraction procedure, 4 g/ml of
cholesterol was subjected to the same extraction proce-
dure. The concentrations of COPs were found to be
under the limit of detection. Controls for the extraction
procedure were carried out to validate that the extraction
procedures described above were able to extract cho-
lesterol and oxidation products from homogenates of
brain tissues. This was carried out by spiking 20 wl of the
standard solutions in homogenates of normal hip-
pocampus, and carrying out the extraction procedures as
described above for the hippocampal specimens.

A Hewlett-Packard model 5890 gas chromatograph
with a 5972 mass selective detector, was used for the
analysis. The data system was an HP VE5/233 comput-
er with an HP G1034C MS Chemstation program. The
mass spectrometer was operated in the electron impact
mode at 70eV with an ion source temperature of 230°C,

and mass/charge ratio range for selected ions in the scan
mode from 50 to 550 amu. The instrument was autotuned
daily with perfluorotributylamine (PFTBA). The
GC/MS interface temperature was 280°C. A 25 mm x 0.2
mm i.d. cross-linked 5%-diphenyl 95%-dimethylsilox-
ane HP-5 column was used for analysis. The helium
flow rate was one ml/min at a linear velocity of 35
cm/sec. The operating temperature of the column varied
with the analytes. The injection temperature varied
form 180 to 265°C, and the injection was splitless. The
oven temperature was 300°C, the column temperatures
was 100°C for the first minute, followed by a 10°C/min
ramp to 300°C and hold for 12 minutes. Run time was
33 minutes with cholesterol trimethysilyl esters (TMS)
eluting at 24 minutes, 73 hydroxycholesterol TMS elut-
ing at 25 minutes, and finally, 7-ketocholesterol TMS elut-
ing at 28 minutes. Equilibration time was 0.50 minutes
with a 0.75 minute purge off time. The transfer line
temperature was 285°C. The solvent delay was 0.3 min-
utes, and the electron multiplier was set at autotune
voltage. The MS was run under the selected-ion moni-
toring mode. The amount of cholesterol or COPs
detected was divided by the amount of internal stan-
dard detected and the weight of the starting material to
enable comparison across samples. Statistical analysis
was carried out using the Student's t-test.

Effects of cholesterol and cholesterol oxidation
products on hippocampal slice cultures. At 7 days in cul-
ture, hippocampal slices were treated with cholesterol,
25-hydroxycholesterol, 7-ketocholesterol, cholesterol
Sa, 6a-epoxide, cholesterol 53, 6p3-epoxide (1:10 dilu-
tion from a 10 mM stock solution in 5% ecthanol). A
1:10 dilution of 5% ethanol alone was added to some of
the cultured slices, as a control. To elucidate the effect
of glutathione on toxicity of COPs, separate plates of cul-
tured slices were used, in which 0.33 mM of reduced glu-
tathione was added 30 minutes before addition of
COPs. This concentration of glutathione has been
shown to be effective in protecting neurons against [3-
amyloid induced toxicity in vitro (36).

The slices were fixed in 4% PF in 0.1 M phosphate
buffer (pH 7.4) one day after treatment. The polytetra-
fluoroethylene membranes were cut from the culture
plate inserts, and processed with the attached slices for
immunocytochemistry to GluR1 using the same method
described for brain sections. On completion of
immunostaining, the slices were detached from the
membranes, and mounted on gelatinized slides. Images
of the slices were then captured at x2.5 magnification,
using a Zeiss Axiophot microscope and analysed using
Image Pro Plus software (Media Cybernatics, Silver
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Figure 1. Light micrographs of saline and kainate lesioned hippocampus. A, B: sections of field CA1 from the saline treated hip-

pocampus, showing dense staining of the AMPA receptor GIuR1 in the cell bodies of pyramidal neurons and the neuropil (A, aster-
isk), but light staining with the antibody to cholesterol (B, asterisk). C, D: sections of field CA1 from a rat which has been injected
with kainate 1 day earlier, showing decrease in staining in the affected CA field (C, asterisk), but increase in staining to cholesterol
(D, asterisk). E: higher magnification of field CA3 of a rat which has been injected with kainate 3 days earlier, showing dense cho-
lesterol staining in degenerating pyramidal neurons (arrows). F: section through the center of the glial scar of a lesioned CA1 from
a rat that has been injected with kainate one week earlier. In contrast to the dense staining of cholesterol in neurons, only light stain-
ing to cholesterol is observed in glial cells (arrows). Scale: A-D=150 pm; E, F=40 pm.

Spring, Md). A curved line was traced along the row of
hippocampal pyramidal neuronal cell bodies from CA1
to CA4, followed by a second trace, along the pyrami-
dal neurons that showed GluR1 staining. The length of
the second trace was expressed as a percentage of the first
trace as an indication of “uninjured” pyramidal neurons
in the hippocampus. All tracings were done “blind” on
coded slides. Six to 12 slices in each treatment catego-
ry were analyzed. Possible statistical differences
between the treatment groups were analyzed, using
one-way ANOVA with Bonferroni’s multiple compari-
son test.

Results

Immunocytochemical labeling of cholesterol in
hippocampal sections after kainate injections. Light

microscopy. i) Saline injected rats. The hippocampus of
saline injected rats showed dense immunoreactivity for
the AMPA receptor subunit GluR1 (Figure 1A) but only
very light immunoreactivity for cholesterol (Figure
1B).

ii) One and 3 days after kainate injections. A
decrease in GIuR|1 staining was observed in portions of
CA fields at one day post-injection, indicating areas of
neuronal injury (Figure 1). The decrease in GluR1
staining was accompanied by an increase in cholesterol
immunostaining in the neuropil (Figure 1D) and occa-
sional cell bodies of neurons, in adjacent sections. A
further increase in cholesterol staining was observed in
the degenerating CA field at 3 days post-kainate injec-
tion (Figure 1E). Staining was observed in cell bodies of
degenerating neurons and the neuropil in the affected CA
fields.

254 Cholesterol and COPs in Kainate Induced Neuronal Injury—Ong et al



iii) One and two weeks after kainate injections.
Areas affected by the kainate injection showed loss of
neurons, and a dense glial reaction in Nissl sections.
The degenerating neurons at the edge of the glial scar
were densely stained for cholesterol, whereas glial cells
in the center of the lesions were lightly stained (Figure
1F).

Electron microscopy of cholesterol immunolabeled
sections. In contrast to the normal untreated and saline-
injected rat hippocampus, which showed very little
staining, dense staining for cholesterol was observed in
the neuropil, in the one day post-kainate injected hip-
pocampus. Labeling was observed on the cell mem-
branes of processes in the neuropil and the extracellular
space, but was absent from endothelial cells of blood ves-
sels (Figure 2A).

The cell bodies of neurons were labeled, in addition
to processes in the neuropil, at 3 days post-kainate
injection. The nucleus of the neurons was still intact,
although large numbers of vacuoles were observed in the
cytoplasm (Figure 2B).

At one week post-kainate injection and beyond,
labeled degenerating neurons were observed at the edge
of the lesioned CA field. The cell and nuclear outlines
were indistinct and large numbers of vacuoles were
observed in the cytoplasm (Figure 2C).

Filipin histochemical labeling of cholesterol in
hippocampal sections, slices, and neuronal cultures
after kainate treatment. Hippocampal sections. A light,
punctate staining was observed in cytoplasmic
organelles, in the saline injected rats (Figure 3A). In
contrast, a marked increase in staining was observed in
the CA field, at one and 3 days post-kainate injection. The
cell bodies and dendrites of degenerating neurons were
densely stained, but only few labeled glial cells were
observed (Figure 3B).

At one and 2 weeks after kainate injection, degener-
ating neurons at the edge of the glial scar were densely
stained for filipin, whereas glial cells in the center of the
lesions were unstained or lightly stained.

Hippocampal slice cultures. Untreated slices
showed very little filipin staining (Figure 3C). In contrast,
an increase in filipin staining was observed after
kainate treatment. The increase was observed in degen-
erating neurons in the CA fields (Figure 3D).

Hippocampal neuronal cultures. Untreated cultured
hippocampal neurons showed very little filipin staining
(Figure 3E). In contrast, an increase in filipin staining was
observed in cultured hippocampal neurons one day
after kainate treatment (Figure 3F). Staining was

R g 2P S
Figure 2. Electron micrographs of kainate lesioned hippocam-
pus stained using an antibody to cholesterol. A: section of field
CA1, from a rat which has been injected with kainate 1 day ear-
lier, showing dense staining of the intercellular space and cell
membranes in the neuropil (arrows), but no staining of the
endothelial cells lining a capillary. BL: basal lamina, E:
endothelial cells, L: lumen of the capillary. B: micrograph of a
partially degenerating neuron in a lesioned CA field, in a 3-day
post-kainate injected rat. The nucleus (N) is intact, although large
numbers of vacuoles (V) are observed in the cytoplasm.
Arrows indicate immunoreaction product. C: micrograph of a
degenerating neuron at the edge of a lesioned CA field, in a one
week post-kainate injected rat. The cell and nuclear outlines are
indistinct and large numbers of vacuoles are observed in the cyto-
plasm. Arrows indicate immunoreaction product. Scale: A=1.0
pm; B=1.5 pm; C=2.5 pm.

a L &

observed in the cell bodies, axons and dendrites of these
neurons. Treatment of hippocampal neurons with lovas-
tatin, an inhibitor of cholesterol synthesis, resulted in
fewer filipin-labeled cells: the percentage of filipin
labeled neurons to the total number of neurons identified
at brightfield was 64+8 % for neurons that were treated
with kainate only (n=570), compared to 46+5 % for
neurons that were treated with lovastatin plus kainate (n
=791). The difference was significant by t-test
(p<0.05).
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Figure 3. Light micrographs of hippocampal sections, slices and neurons, stained with a histochemical method for cholesterol (fil-
ipin stain). A: section through field CA3 of a saline injected rat, showing little staining to cholesterol. B: section through field CA3
of a rat which has been injected with kainate 1 day earlier, showing intense filipin staining in the affected hippocampal neurons (arrows).
C: field CA1 of an untreated hippocampal slice, showing very little or no staining in hippocampal neurons (arrows). D: field CA1 of
a slice that has been treated with kainate, showing dense staining of degenerating pyramidal neurons. E: untreated hippocampal
neuron (arrow), showing very little or no staining to filipin. F: hippocampal neurons that have been treated with kainate 1 day pre-
viously, showing increases in staining to filipin (arrows). Scale: A-D =250 pm. E, F=30 pm.

Figure 4. (Opposing page) Detection of cholesterol and COPs in brain tissues spiked with these compounds. lons at mass charge
(m/z) ratios 458 (cholesterol TMS), m/z 131 (25-hydroxycholesterol TMS), m/z 472 (7-ketocholesterol TMS), m/z 456 (7B-hydrox-
ycholesterol TMS), m/z 474(cholesterol 5, 6a-epoxide TMS and cholesterol 58, 63-epoxide TMS) were used to quantify choles-

terol and COPs.

Gas chromatographic mass spectrometric (GC/MS)
analysis of cholesterol and cholesterol oxidation prod-
ucts in hippocampal homogenates after kainate treat-
ment. Saline injected rats. Cholesterol and all COPs
could be detected in samples of normal brain that had
been spiked with minute quantities of these compounds
(Figure 4). Ions at mass charge (m/z) ratios 458 (cho-
lesterol TMS), m/z 131 (25-hydroxycholesterol TMS),
m/z 472 (7-ketocholesterol TMS), m/z 456 (73-hydrox-
ycholesterol TMS), m/z 474(cholesterol Sa,6a-epoxide
TMS and cholesterol 53,63-epoxide TMS) and ions at
m/z 372 (Sa-cholestane TMS) were used to quantify
cholesterol and COPs as previously described (42). A
baseline level of cholesterol was detected in
homogenates from the hippocampi of saline injected
(Table 1) and one-day post-saline injected rats (Table 1).
In addition, a baseline level of the cholesterol oxidation
product 7B-hydroxycholesterol and 7-ketocholesterol
(mean=3 and 13 pg/g tissue respectively) was also
detected in these extracts (Figure 4). These COPs were

detected, despite the addition of BHT to the aqueous
homogenization mixture and the organic extracting sol-
vents to protect against oxidative damage, and could
represent basal levels of these products that are present
in normal brain tissues. Cholesterol added and carried
through the extraction procedure did not result in
increased formation of COPs.

One day after kainate injection. A trend to an
increase (7%), in cholesterol was observed in the
kainate injected brains compared to the saline injected
brains at one day post-kainate injections, although the dif-
ference was not statistically significant. 25-hydroxyc-
holesterol, cholesterol Sa,6a-epoxide and cholesterol
5B,6B-epoxide were found to be under the limit of
detection in both the saline and kainate injected brains,
even though they were detected in homogenates of nor-
mal hippocampi that had been spiked with minute
amounts (2 and 4 pg/ml) of these compounds (Figure 5).

Three days after kainate injection. An increase of
70% and 79%, and 32% in cholesterol, 73-hydroxy-
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Figure 5. A-D: field CA1 of hippocampal slices that have been treated with ethanol, cholesterol or COPs, 7 ketocholesterol and cho-
lesterol 5a, 6a-epoxide, and immunolabelled with antibody to a neuronal marker, GluR1. Dense staining for GIuR1 is observed in
the cell bodies and dendrites of pyramidal neurons in the slices treated with ethanol (A, arrow) or cholesterol (B, arrow). This stain-
ing is absent in slices treated with COPs 7 ketocholesterol (C, arrow) or cholesterol 5«, 6a-epoxide (D, arrow). E, F: field CA1 of
hippocampal slices which have been treated with glutathione, followed by cholesterol oxidation product 7-ketocholesterol (E) or cho-
lesterol 5a, 6a-epoxide (F), and immnolabelled for GluR1. Dense staining for GIuR1 is observed in the cell bodies and dendrites of
pyramidal neurons in both cases (arrows in E and F) indicating a protective effect of reduced glutathione on loss of the neuronal

marker. Scale =250 pm.

cholesterol, and 7-ketocholesterol respectively were
observed in the kainate-injected brains compared to the
saline injected brains. These differences were found to
be statistically significant. 25-hydroxycholesterol, cho-
lesterol S5a,6a-epoxide and cholesterol 53,63-epoxide
were found to be below the limit of detection in both the
saline and kainate injected brains, even though they
were detected in homogenates of untreated hippocampi
which had been spiked with minute amounts (2 and 4
wg/ml) of these compounds (Table 1).

Effects of cholesterol and cholesterol oxidation
products on hippocampal slice cultures. As described
previously, dense GluR1 staining was observed in “nor-
mal” untreated slices, or slices treated with 5% ethanol
alone (Figure 5A; Table 2). Incubation of slices with cho-
lesterol resulted in no significant decrease of GluR1,

indicating that cholesterol per se was not harmful to
neurons (Figure 5B; Table 2). In contrast, a decrease in
GluR1 staining was observed in the CA fields, in rats
incubated with COPs (Figure 5C, D; Table 2). The
greatest decrease was observed with cholesterol 53,
6B-epoxide followed by 7-ketocholesterol and cholesterol
Sa, 6a-epoxide (Table 2).

Incubation of slices with reduced glutathione prior to
addition of COPs was effective in reducing the damage
produced by these products. The addition of glutathione
prior to addition of 7-ketocholesterol and 5, 6, epoxides
significantly prevented the decreases in GluR1
immunoreactivity in the CA fields resulting from treat-
ment with these COPs (Figure 5E, F; Table 2).
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n Days post kainate injections Mass lon (Kainate-saline/saline) X 100 (%) P
Cholesterol 3 1 458 7 +11 0.59
7-ketocholesterol 3 1 472 0+16 1.00
7B-hydroxycholesterol 3 1 456 2+8 0.84
Cholesterol 5a, 6a-epoxide 8] 1 474 Not detected -
Choelsterol 58, 63-epoxide 3 1 474 Not detected -
25-hydroxycholesterol 3 1 131 Not detected -
Cholesterol 4 3 458 70 +16 0.005
7-ketocholesterol 4 3 472 32+9 0.022
7B-hydroxycholesterol 4 3 456 79 +28 0.030
Cholesterol 5a, 6a-epoxide 4 6] 474 Not detected -
Cholesterol 58, 63-epoxide 4 3 474 Not detected -
25-hydroxycholesterol 4 3 131 Not detected -

Table 1. Increases in cholesterol and cholesterol oxidation products after kainate treatment. Kainate-saline/saline X 100% indicate
the percentage increase in kainate injected hippocampus over saline injected hippocampus. A P value of <0.05 indicates statisti-

cal significance.

Treatment X = SEM P (<0.001)
A Untreated 97.5+3.8 vs F,H,J
B 5% ethanol 945+4.3 vs F,H,J
C Cholesterol 949 +£3.2 vs F,H,J
D 25-Hydroxycholesterol 90.7 £5.1 vs FH,J
E Glutathione + 25-hydroxycholesterol 92.3+4.8 vs F,H,J
F 7-Ketocholesterol 441 £10.4 vs G,I,K
G Glutathione +7-ketocholesterol 86.1 £12.9 vs H,J
H Cholesterol 5a, 6a-epoxide 55.4+£14.6 vs |,J,K
| Glutathione + cholesterol 5a, 6a-epoxide 94.1+£3.8 vs J
J Cholesterol 58, 6B-epoxide 38.0+21.4 vs K
K Glutathione +cholesterol 58, 63-epoxide 85.7 +13.4 As above

Table 2. Toxicity of COPs and modulation of toxicity by reduced glutathione. The slices were untreated, treated with 5% ethanol,
cholesterol, or COPs 25-hydroxycholesterol, 7-ketocholesterol, cholesterol 5«, 6a-epoxide, and cholesterol 53, 63-epoxide. Nor-
mal untreated slices, or slices treated with 5% alcohol (a solvent for cholesterol and COPs), or cholesterol showed almost complete
staining of the pyramidal cell layer. In contrast, incubation of slices with COPs resulted in significant decreases in GluR1 staining
in the CA fields. Incubation of slices with reduced glutathione prior to addition of COPs was effective in reducing the damage pro-
duced by COPs. The values represent means + SEM (n=10 to 12 in each set) of the percentage of a line drawn along the entire
length of the CA field that shows GluR1 positive pyramidal neurons was calculated, and converted to a percentage. Analyzed by
one-way ANOVA with Bonferroni’s multiple comparison post-hoc test. Significant differences (P<0.001): Avs F,H,J; B vs F,H,J; C
vs F, H,J; Dvs F,H, J; Evs FH,J; F vs G,ILK; G vs H,J; Hvs LJ,K; | vs J; J vs K.

Discussion

The present study was carried out to elucidate the pres-
ence of cholesterol and COPs in the degenerating hip-
pocampus, after kainate induced neuronal injury.
Kainate treatment resulted in an increase in cholesterol
as shown by 3 different methods (immunostaining, fil-
ipin histochemistry and GC/MS) after kainate-induced
neuronal injury. The increase in cholesterol is accom-
panied by accumulation of the COP 7-ketocholesterol 3

days post-kainate treatment. The addition of COPs to hip-
pocampal slices resulted in neuronal injury, and such
injury was attenuated by treatment with the antioxidant
glutathione, showing that it occurred through oxidative
mechanisms. The above results suggesting that COPs may
be a factor in continuing and aggravating neurotoxicity,
although they are not responsible for the initial stages of
kainate-induced neuronal injury.
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Little cholesterol was detected by immunostaining in
the normal rat hippocampus, even though the brain is
known to have a high content of cholesterol. This may
be due to the fact that cholesterol is embedded within the
lipid bilayer of the membrane (40), and not detected by
the anti-cholesterol monoclonal antibody (40) that we
employed (MAb 2C5-6).

Kainate injections resulted in a decrease in GluR1
immunoreactivity in select portions of the CA field at one
day post-injection. At this time, there was a decrease in
immunoreactivity to the antioxidant glutathione, but an
increase in immunoreactivity to the lipid peroxidation
product 4-hydroxynonenal in the portions of the CA
fields that showed decreased GluR1 staining, indicating
that these areas were under oxidative stress (29,30). A
decrease in GluR 1 was therefore taken as a sensitive indi-
cator of areas of neuronal injury.

An increase in cholesterol staining was observed in
areas of the hippocampus that showed decreased GluR 1
after kainate treatment. The staining was observed in the
cell bodies of degenerating neurons. In contrast, glial cells
were not labeled or only lightly labeled, indicating that
they were not the main cell types that were responsible
for the increased cholesterol after kainate lesions.
Staining was also absent from endothelial cells in the
lesioned CA fields, indicating that increased transport of
cholesterol across the blood brain barrier in these
regions was unlikely.

The increase in cholesterol as detected by immunos-
taining with MAb 2C5-6 was corroborated by increased
filipin histochemical staining for cholesterol in sec-
tions, and in cultured hippocampal slices. As with the
immunocytochemical detection of cholesterol, filipin
staining showed light staining in the saline injected hip-
pocampus, but dense staining in degenerating neuronal
cell bodies in hippocampal sections after kainate treat-
ment.

A similar increase in filipin staining was observed in
the degenerating CA fields in hippocampal slice cul-
tures after kainate treatment. The increased filipin
staining in slices shows that the increase in cholesterol
after kainate treatment is independent of cholesterol
that could have been contributed by peripheral organs.
The effect of kainate on filipin staining was then stud-
ied using dissociated hippocampal neural cultures.
Addition of kainate to “pure” neuronal cultures that
have been treated with cytosine arabinoside to eliminate
glial cells resulted in a marked increase in filipin stain-
ing in neurons, showing that the increase in free cho-
lesterol in neurons after kainate treatment did not
require glial cells. These observations are consistent

with the results of cholesterol immunocytochemistry,
and filipin histochemistry, which showed no or light
labeling of cholesterol in glial cells.

The addition of lovastatin to neuronal cultures prior
to kainate treatment resulted in a significantly smaller pro-
portion of neurons that were labeled with filipin, com-
pared to neurons treated with kainate alone. This indicates
that there was increased synthesis of cholesterol in neu-
rons after kainate treatment.

The above observations support the notion that, in
addition to cholesterol that could be exposed or
released due to the action of membrane degrading
enzymes that are activated by kainate treatment (11, 14,
36, 43), much of the increase in cholesterol after
kainate treatment was due to increased synthesis in neu-
rons.

The increase in cholesterol in the hippocampus after
kainate treatment was further confirmed by gas chro-
matography/mass spectrometry. An increase in the
amount of cholesterol was observed in the hippocampus
in the kainate treated rats, compared to saline treated rats.
In addition to the increase in cholesterol, an increase in
COPs, 7B-hydroxycholesterol and 7-ketocholesterol
was also observed in the degenerating hippocampus.
This suggests a free radical-mediated attack on the
increased cholesterol. Our previous experiments have
shown a decrease in glutathione (29) and high levels of
lipid peroxidation products (30) in the hippocampus of
rats injected with kainate, consistent with a high level of
free radical damage in the degenerating hippocampus.

Some of the COPs, including 7-ketocholesterol and
cholesterol epoxides were found to cause neuronal
injury when applied to hippocampal slice cultures.
Since only 7B-hydroxycholesterol and 7-ketocholes-
terol, but not the other COPs were detected by GC/MS
in the present study, the oxidation of C7 position of the
cholesterol ring may be more important than that of
other carbon positions in generation of COPs after
kainate injury. A significant difference in the extent of
neuronal injury was observed between slices treated
with reduced glutathione and COPs, and those treated
with COPs alone. This suggests that COPs could cause
neuronal injury by an oxidative mechanism. Glu-
tathione has also been shown to prevent cell damage in
non-neural cells, as for instance, in its ability to block 7-
ketocholesterol-induced production of reactive oxygen
species and apoptosis of human promyelocytic
leukemia cells (22).

These results, together with GC/MS results that
showed significant increase in 7-ketocholesterol at 3
days post-kainate injury suggest that 7-ketocholesterol
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may be a factor in extending oxidative damage to neu-
rons, after the initial stages of kainate-induced neuronal
injury.

Further studies are necessary to elucidate possible
elevations of cholesterol and COPs in other neurode-
generative diseases, and the precise mechanism of neu-
ronal damage resulting from COPs. In addition to the
upregulation of cholesterol synthesis, a possible role for
increased phospholipase A, activity (36) in the breakdown
of neural membrane phospholipids and exposure and
release of COPs is worthy of further investigation in
kainate-induced neurotoxicity. It is likely that COPs in
combination with products of phospholipase A, cat-
alyzed reactions (lysophospholipids and oxidized prod-
ucts of arachidonic acid) perturb neuronal membrane
integrity and lead to neurodegeneration.
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