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Abstract
A single episode of ethanol intoxication triggers widespread
apoptotic neurodegeneration in the infant rat or mouse brain.
The cell death process occurs over a 6–16 h period following
ethanol administration, is accompanied by a robust display of
caspase-3 enzyme activation, and meets ultrastructural
criteria for apoptosis. Two apoptotic pathways (intrinsic and
extrinsic) have been described, either of which may culminate
in the activation of caspase-3. The intrinsic pathway is
regulated by Bax and Bcl-XL and involves Bax-induced
mitochondrial dysfunction and release of cytochrome c as
antecedent events leading to caspase-3 activation. Activation
of caspase-8 is a key event preceding caspase-3 activation in
the extrinsic pathway. In the present study, following ethanol
administration to infant mice, we found no change in activated
caspase-8, which suggests that the extrinsic pathway is not
involved in ethanol-induced apoptosis. We also found that
ethanol triggers robust caspase-3 activation and apoptotic
neurodegeneration in C57BL/6 wildtype mice, but induces
neither phenomenon in homozygous Bax-deficient mice.
Therefore, it appears that ethanol-induced neuroapoptosis is
an intrinsic pathway-mediated phenomenon involving Bax-
induced disruption of mitochondrial membranes and cyto-
chrome c release as early events leading to caspase-3
activation.
Cell Death and Differentiation (2003) 10, 1148–1155. doi:10.1038/
sj.cdd.4401277
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Introduction

A single episode of ethanol intoxication, during the develop-
mental period of synaptogenesis, can trigger widespread
apoptotic neurodegeneration in the infant rat or mouse brain.
1,2 The cell death process occurs over a period of 6–16 h
following ethanol administration, is accompanied by an early
display of caspase-3 enzyme activation,3 is readily detected
by DeOlmos cupric silver staining, and meets ultrastructural
criteria for apoptosis.1,3,4 The ethanol-intoxicated infant
mouse, therefore, provides an excellent model for studying
in vivo apoptotic neurodegeneration. Two properties of
ethanol, both of which reduce neuronal activity, are believed
to be instrumental in initiating the apoptotic process –
blockade of NMDA receptors and hyperactivation of GABAA

receptors.1,5 Reduced activity resulting in dysfunctional
synaptogenesis may in some way lead to the apoptotic
outcome, but the specific gene-regulated mechanisms and
pathways that mediate this example of apoptosis remain to be
elucidated.
Two major apoptotic pathways (extrinsic and intrinsic) have

been described. The extrinsic pathway involves the binding of
cytokines to death receptors, activation of caspase-8, and
cleavage and activation of effector caspase-3, -6 or -7.6

Caspase-8 is a key factor uniquely associated with this
pathway. The intrinsic pathway involves translocation of Bax
protein from the cytosol to the outer mitochondrial membrane,
where it increases membrane permeability and promotes
release of cytochrome c, which binds with apoptotic protease
activating factor-1 (Apaf-1) and procaspase-9, resulting in its
cleavage to form activated caspase-9. The activated cas-
pase-9, in turn, cleaves procaspase-3 to its active form.7

While it is well documented that caspase-3 activation occurs
in ethanol-induced apoptotic neurodegeneration, and this is
not accompanied by activation of caspase-6 or -7, activation
of caspase-3 could signify involvement of either the extrinsic
or intrinsic pathway.2

The Bcl-2 family of proteins consists of several pro- and
antiapoptotic factors; among them, Bax and Bcl-xL may have
counterbalancing roles in the intrinsic apoptotic pathway.
Mitochondrial release of cytochrome c, which is triggered by
an action of Bax on the outer mitochondrial membrane, is in
some experimental models considered the death commitment
point in the intrinsic apoptotic pathway.8,9

Caspase-3 activation, which is responsible for producing
many of themorphological changes characteristic of apoptotic
cell death, occurs downstream fromBax/Bcl-XL interactions. It
appears that Bax is a key regulator of neuronal apoptosis, in
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that targeted disruption of the bax gene has been shown to
significantly decrease neuronal death in several apoptosis
paradigms, including trophic factor deprivation10 and bcl-xL
deficiency.11 However, during early CNS development of
embryo, bax expression is not an absolute requirement for
neuronal death since in the absence of the bax gene, low levels
of apoptotic neuronal death are still detected, indicating that
Bax-independent pathways for neuronal apoptosis also exist.11

If ethanol-induced apoptosis is mediated by the extrinsic
pathway, it should be accompanied by a display of caspase-8
activation. If it is regulated via the Bax-dependent intrinsic
apoptotic pathway, disruption of bax may result in ethanol
being unable to trigger either caspase-3 activation or
apoptotic neurodegeneration.
In the present study, we tested these two hypotheses, using

Western blot analysis to test the first, and homozygous Bax-
deficient mice to test the second.

Results

Similar blood ethanol concentrations in wildtype,
bax heterozygous and bax-deficient mice

In our previous study, we have determined that the blood
ethanol concentration reaches its peak at 3 h after the first
dose of ethanol.1 We thus compared the peak blood
concentrations of ethanol in all the three genotypes of mice.
The peak level for wildtype (WT) mice was 503.9751.2mg/dl
(n¼6) and those for bax heterozygous and bax-deficient mice
were 501.8735.9mg/dl (n¼9) and 499.7764.8mg/dl (n¼4),
respectively. All of them achieved similar toxic levels
(P40.05, Kruskal–Wallis nonparametric ANOVA).

Ethanol triggers robust caspase-3 activation in WT
and bax heterozygous mice, but not bax-deficient
mice

In the brains of WT pups treated with two doses of ethanol,
there was a very robust caspase-3 activation pattern

throughout the forebrain, identical to the pattern recently
illustrated in Olney et al.2. At 8 h after the first dose of ethanol
was an optimal time for visualizing the widespread pattern of
caspase-3 activation. The pattern and magnitude of caspase-
3 activation in the baxþ /� mice was similar to that observed in
WT mice, but no evidence for caspase-3 activation was
detected in the brains of ethanol-treated bax�/� mice (Figures
1 and 2). It is noteworthy that in WT mice treated with saline,
there were scattered cells showing caspase-3 activation, as
would be expected due to neurons undergoing physiological
death2 (as illustrated recently in Olney et al.2). However, in the
bax knockout mice, we detected almost no evidence for
caspase-3 activation (Figures 1 and 2), which suggests that
physiological neuronal death was also significantly inhibited
by Bax deficiency.

Loss of cytochrome c immunoreactivity in
neurons that showed activated caspase-3

In the brains of ethanol-exposed WT mice, dual detection of
activated caspase-3 and cytochrome c showed a loss of
granular, punctuate cytochrome c immunoreactivity in neu-
rons exhibiting activated caspase-3 immunostaining (Figure 3,
panels a–c). In contrast, Bax-deficient mice exposed to
ethanol exhibited neither neuronal activated caspase-3
immunoreactivity nor a loss of punctuate cytochrome c
immunostaining (Figure 3, panels d–f). These findings are
consistent with ethanol-induced, Bax-dependent transloca-
tion of cytochrome c from its punctuate mitochondrial
localization to the neuronal cytosol, where it contributes to
apoptosome formation and caspase-3 activation.

Activation of caspase-3 is accompanied by
cleavage of spectrin in ethanol-treated WT mice

In other apoptosis models, active caspase-3 cleaves a
number of target proteins, including poly (-ADP-ribose)
polymerase (PARP)12 and nonerythroid alpha spectrin.13,14.-

To clarify whether caspase-3 activation in our ethanol model
leads to cleavage of cytoskeletal proteins, we performed
immunohistochemical staining of activated caspase-3 and
caspase-3-cleaved spectrin on serial sections of brains from
WT mice that were treated with ethanol. At 8 h after ethanol
treatment, the pattern of caspase-3-cleaved spectrin
(Figure 4, panel b) was compatible with, though not as
widespread as, the pattern of activated caspase-3 (Figure 4,
panel a). The less widespread pattern may signify that
spectrin is rapidly degraded following caspase-3 cleavage,
thus providing only a narrow time window for detecting
neurons positive for cleaved spectrin. Nevertheless, our
results document that ethanol-induced caspase-3 activation
is indeed coupled with degradation of downstream structural
protein.

Ethanol causes acute neurodegeneration in WT
mice but not in bax �/� mice

To evaluate the possibility that neurons in bax�/� mice
undergo neurodegeneration through pathways other than

Figure 1 Coronal brain sections cut through the cingulate (cing) and parietal
(par) cortices were immunohistochemically stained for cleaved caspase-3. The
pattern of caspase-3 activation 8 h after ethanol treatment is similar in baxþ /�

mice (left side) to that illustrated previously2 in ethanol-treated WT mice. In
contrast, neurons displaying caspase-3 activation were not detected in bax�/�

mice (right side)
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caspase-3 activation, we examined the brains for evidence of
neurodegeneration in paraffin-embedded H & E sections,
semi-thin plastic sections, and vibratome sections stained
with the DeOlmos cupric silver stain.
At 8 h after ethanol, H&E-stained sections revealed

abundant apoptotic profiles in many brain regions of WT or
bax þ /� mice, but none were evident in the brains of bax�/�

mice (Figure 2a and b).
At 20 h after ethanol treatment, plastic sections of the brains

of WT pups displayed evidence of severe neurodegeneration
throughout the forebrain (Figure 5a). There were many dying
neurons containing spherical balls of clumped nuclear
chromatin, and the neurophil surrounding these degenerating
neurons was edematous and strewn with cellular debris,
including many profiles having the appearance of apoptotic
bodies. In contrast, no pathological changes were detected in
the brains of the ethanol-treated bax �/� mice (Figure 5b).
Silver-stained sections demonstrating the cumulative pat-

tern of neurodegeneration over a 24 h period following
ethanol, exhibited strong and diffused silver staining through-
out many brain regions in both WT and bax þ /� mice. In
contrast, silver staining was essentially absent from the brains
of bax �/� mice (Figure 6).

Disruption of bax protects neurons from both
acute and delayed degeneration

To rule out the possibility that ethanol might cause delayed
degeneration of neurons that was not yet evident in plastic

sections at 20 h or in silver-stained sections at 24 h, we
examined plastic sections from brains 72 h after ethanol
treatment. At 72 h postethanol, dead neurons and debris had
been cleared almost completely frommost brain regions of the
WT pups, but a few regions that typically sustain the most
severe damage, such as the anterodorsal nucleus (AD) of
thalamus showed lingering signs of a late-stage degenerative
process, including interstitial cystic changes, remnants of
debris, and an accumulation of small dark cells presumed to
be of glial origin (Figure 5c). In the brains of bax �/� mice at
72 h postethanol, just as at earlier post-treatment intervals, we
could not detect any signs of a neurodegenerative process
(Figure 5d). Neuronal counts performed on sections of the AD
nucleus at its greatest areal dimension revealed that 72 h after
ethanol treatment, the number of neurons remaining in the AD
nucleus of heterozygous mice (n¼4) was 34.7% of the
number populating the AD nucleus of Bax homozygous mice
(n¼4) (Table 1). This is consistent with our previous
observation that in normal 7-day-old C57BL/6 mice, ethanol
treatment deletes approximately 68% of the neurons that
naturally populate the AD nucleus of the thalamus.3 It is
noteworthy that the cell density in the AD nucleus of
heterozygous mice was reduced to about half of that of the
AD nucleus of homozygous mice. This signifies that the
reduction in number of neurons in the heterozygotes was
much greater than the reduction in space occupied by
neurophil, which means that either the surviving neurons
have expanded their dendritic processes to an exaggerated
extent or there has been a marked increase in the ratio of glial
to neuronal space. Electron microscopic evaluation is

Figure 2 All panels are from the parietal cortex of 7-day-old mice 8 h after ethanol. Panels (a) and (b) are H & E-stained sections showing abundant apoptotic profiles
(arrows) in wild type (WT) and none in bax�/� mice. Panels (c–f) are stained immunohistochemically, using CM1 antiactive caspase-3 primary antibody, tyramide signal
amplification, cyanine-3 tyramide and bisbenzimide nuclear labeling. Note the abundant cells (stained red) with apoptotic morphology showing caspase-3 activation in
WT controls (c) and absence of caspase-3 activation in bax �/� mice (d). In the WT brain, various types of neurons display caspase-3 activation in response to ethanol,
including pyramidal cells (e) and smaller neurons (f)

Bax dependency of ethanol-induced apoptosis
C Young et al

1150

Cell Death and Differentiation



currently being undertaken to determine which interpretation
is correct. Brain regions other than AD nucleus, such as
anterior cingulate cortex and CA1 region of hippocampus
were also protected from ethanol toxicity in Bax-deficient mice
(Table 1).

Absence of caspase-8 response to ethanol
treatment

To clarify whether ethanol-induced neurodegeneration is
mediated exclusively via the intrinsic apoptosis pathway or
also utilizes the extrinsic pathway, we examined forebrain
extracts from control and ethanol-exposed mice by Western
blotting using antibodies that detect full length and cleaved
(activated) caspase-8. There was no difference between
control (n¼5) and ethanol-treated mice in the amount of full
length or cleaved caspase-8 immunoreactivity 8 h (n¼5) after
treatment (Figure 7). Similar results were obtained 10 h after
treatment (data not shown). In contrast, as previously
demonstrated, a marked increase in cleaved caspase-3
reactivity could be detected readily at 8 h and reached a peak
at 12 h postethanol exposure.2

Discussion

Our findings indicate that in WT and heterozygous baxþ /�

mice, ethanol elicits robust caspase-3 activation and an
equally robust neurodegenerative response, but in homo-

zygous bax �/� mice there was no evidence for either
phenomenon. Caspase-3 activation can occur either following
activation of the intrinsic mitochondrial pathway – that is,
release of cytochrome c from mitochondria and activation of
caspase-9 – or following activation of caspase-8 from the
death receptor pathway.15 Since the proapoptotic action of
Bax is mediated via the mitochondrial pathway,8,9,16,17 the
observation that Bax is required for ethanol-induced apoptotic
neurodegeneration suggests that this apoptotic process
involves not only Bax but also mitochondrial release of
cytochrome c and activation of caspase-9. Our data confirmed
ethanol-induced cytochrome c release and degradation in
caspase-3-activated neurons in WT mice, but in bax�/� mice,
ethanol did not induce either cytochrome c release or
caspase-3 activation.
There is evidence for crosstalk between the Bax-regulated

intrinsic mitochondrial pathway and the extrinsic death
receptor pathway, in which activated caspase-8 is a key
enzyme.18 Specifically, it has been reported that activated
caspase-8 can cleave Bid, which oligomerizes Bak or Bax into
mitochondrial membrane pores that result in the release of
cytochrome c and other mitochondria-derived proapoptotic
molecules (e.g. Smac/DIABLO).12,19 Noninvolvement of this
caspase-8-dependent mechanism is suggested by our
Western blot findings that in the postethanol treatment
interval when apoptotic neurodegeneration is actively
occurring, there is a robust caspase-3 activation response
but no change in the level of activated caspase-8. Thus,
we propose that ethanol-induced neuroapoptosis is an

Figure 3 Dual immunocytochemical detection of activated caspase-3 and cytochrome c in ethanol-exposed neonatal mouse brain. Sections of WT (a–c) and Bax-
deficient (d–f) brain were incubated with antibodies against activated caspase-3 and cytochrome c and detected with tyramide signal amplification using cyanine-3- (red)
and fluorescein- (green) conjugated tyramine, respectively. Cell nuclei were stained with bisbenzimide (blue). Intense activated caspase-3 immunoreactivity was
observed throughout the nucleus, soma, and neuritic projections of many neurons in the WT brain 8 h after ethanol exposure (a). Unlike neurons that lack activated
caspase-3 immunoreactivity which exhibit punctuate cytochrome c immunoreactivity in their soma, neurons with activated caspase-3 immunoreactivity (outlined with
dashes in panel (b)) display virtually no punctuate cytochrome c immunoreactivity (b). A composite image of the activated caspase-3, cytochrome c, and nuclear labeling
is presented in panel (c). In the ethanol-exposed Bax-deficient brain, activated caspase-3 immunoreactivity was not observed (d) and cytochrome c immunoreactivity
remained punctuate ((e); composite image in panel (f)). Scale bars equal 20 mm
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intrinsic pathway-mediated phenomenon, occurring in the
absence of caspase-8 activation, and entailing Bax-induced
release of mitochondrial cytochrome c, which leads, pre-
sumably via caspase-9 activation, to the formation of
activated (cleaved) caspase-3.
Involvement of the mitochondrial pathway in the ethanol

model of apoptotic neurodegeneration is consistent with
ultrastructural evidence described recently by Dikranian
et al.,4 who found that early in the degenerative process
induced by ethanol, neurons displayed distinctive mitochon-
drial changes, namely dissolution of the outer limiting
membrane, but were otherwise free from changes in
cytoplasmic organelles. Coincidental with thesemitochondrial
changes were more conspicuous changes in nuclear chro-
matin. It was not possible to determine whether the
mitochondrial changes or nuclear chromatin changes oc-
curred first, but both were detected early in the apoptotic
neurodegenerative process, and this would be consistent with
mitochondrial release of cytochrome c being an early event
preceding changes in nuclear chromatin.
Our findings indicate that in the Bax-deficient condition,

ethanol produced neither acute nor delayed neurodegenera-

tion. This is in contrast to our recent finding that in caspase-
3-deficient C57BL/6J mice, disruption of the caspase-3 gene
does not prevent ethanol-induced apoptosis, but rather
causes it to occur on a delayed schedule with an altered
morphological appearance.20 In combination, these findings

Figure 4 Serial sagittal sections (insets (a) and (b)) of WT mouse brains were
immunohistochemically stained for activated caspase-3 (a) and caspase-3-
produced spectrin fragments (b). The occipital cortex from each section is shown
at higher magnification. In saline-treated animals, there were scattered active
caspase-3 positive neurons, but no detectable caspase-3-cleaved spectrin-
positive neurons (pictures not shown). Diffuse and robust activated caspase-3
staining was seen 8 h after ethanol treatment (panel (a)), with cortical layers II
and IV showing the most abundant staining. A similar, but less widespread
pattern was seen in sections stained for caspase-3-cleaved spectrin (panel (b)),
suggesting that spectrin, after being cleaved by caspase-3, was rapidly degraded
and, therefore, detectable in fewer neurons at any given time interval.
Nevertheless, the similar staining pattern suggests that activated caspase-3 did
function to cleave downstream proteins as an integral step in the cell death
process

Figure 5 Semi-thin plastic sections from the AD nucleus of the thalamus of
mouse brain either 20 or 72 h following ethanol treatment on the 7th postnatal
day. (a) At 20 h after ethanol treatment, the AD nucleus of WT (not shown) and
baxþ /� mice displays many dark profiles, most of which are condensed and
shrunken neurons in a late stage of degeneration, or apoptotic bodies given off by
these degenerating neurons. There is a scarcity of normal appearing neurons
and the neuropil throughout the AD region is markedly edematous. (b) The AD
nucleus of the bax�/� mouse 20 h after ethanol is densely populated with normal
appearing neurons and there are no signs of a pathological process. (c) At 72 h
after ethanol, the pathological process in the AD nucleus of the baxþ /� mouse
has largely run its course, leaving a reduced number of normal appearing
neurons and a residual accumulation of small dark-staining scavenger cells of
uncertain origin. (d) At 72 h the AD nucleus of the bax�/� mouse is densely
populated with normal appearing neurons and there are no signs of a
pathological process. Comparing the number of normal neurons in C versus D
(26 versus 77) reveals a three-fold difference, signifying that ethanol has deleted
approximately 2/3 of the neurons from AD nucleus of the baxþ /� brain, while
leaving a normal number in the bax�/� brain

Figure 6 Silver-stained brain sections cut through the parietal (Par) and
cingulate (Cing) cortex from 8-day-old baxþ /� (left) and bax�/� mice (right), 24 h
after ethanol treatment. The baxþ /� brain shows a pattern of silver-positive
neurodegenerative response, which is identical to that we have previously
illustrated more extensively2 in ethanol-treated WT C57BL/6 mice. In the brain of
bax�/� mice, no evidence of silver-positive neurodegeneration was observed
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suggest that the death commitment point in this system lies
between Bax mitochondrial translocation and caspase-9-
dependent caspase-3 activation.
Evidence that apoptotic neurodegeneration induced

by ethanol, trophic factor deprivation,10 axotomy10 and
neonatal hypoxia–ischemia21 are all mediated via the
mitochondrial pathway, makes it reasonable to propose
that each of these three situations stresses the neuron
in a similar manner. For example, the neuron is deprived
in each case, deprived of a normal activity level, deprived
of a vital trophic factor or deprived of a major limb through
which it communicates with other neurons. Thus, in general,
one might hypothesize that various types of deprivation
stressors may serve as a trigger to initiate bax-dependent
mitochondrial changes, from which apoptosis subsequently
ensues.
Exposure of the developing human brain to ethanol causes

a severe disruption in brain development and life-long
neurobehavioral disturbances, a condition commonly
referred to as the Fetal Alcohol Syndrome.22–25 Recent
research provides strong evidence that apoptotic deletion of
neurons on a massive scale is the mechanism by which
ethanol disrupts brain development in the rodent, and it seems
likely that ethanol acts by the same mechanism to disrupt
development of the human fetal brain.1,4,26 The task now
before us is to identify the signaling pathways and molecular
events instrumental in mediating this apoptotic cell death
process, and the ethanol-treated infant mouse provides an
excellent model for this purpose. As an initial step toward
fulfillment of this goal, we now present evidence that ethanol-
induced neuroapoptosis in the developing mouse brain is
mediated by the so-called intrinsic pathway, involving an

action of Bax on mitochondrial membranes, causing mito-
chondrial release of cytochrome c and a series of subsequent
events culminating in activation of caspase-3, which is
instrumental in executing proteolytic events integral to the
apoptotic cell death process.

Materials and methods

Animals and treatment

7 day old WT, bax þ /� or bax �/�, C57BL/6 mice were used in all
experiments. The generation of bax �/� mice and the detection of
endogenous and disrupted bax genes has been described previously.11

Ethanol was prepared as a 20% solution in normal saline and was
administered subcutaneously to the mouse pups by a dosing regimen
(2.5 g/kg at 0 h and again at 2 h) that we have found consistently
produces a robust neurodegenerative response. At various intervals
between 8 and 72 h following the first ethanol dose, the pups were deeply
anesthetized with intraperitoneal injection of 10% chloral hydrate. Two
small pieces of tail were cut from each pup for genotyping. The pups were
then perfused through the left cardiac ventricle and ascending aorta with a
fixative solution containing 4% paraformaldehyde in Tris or cacodylate
buffer (for caspase-3 immunocytochemistry, DeOlmos silver staining or
paraffin/H & E sections) or 4% paraformaldehyde and 2% glutaraldehyde
in phosphate buffer (for plastic sections). The brains were cut into 50-mm-
thick transverse sections on a Vibratome and processed for either silver
staining or caspase-3 immunohistochemistry. For plastic sections, the
brains were cut into 1 mm thick serial transverse slabs, postfixed in 1%
osmium tetroxide, dehydrated in graded alcohol, cleared in toluene, and
embedded in araldite. All the experiments included at least four pups in
each group.

Figure 7 There is no change of caspase-8 activation after neonatal ethanol exposure in comparison with the saline-treated group. Protein extracts of ethanol-exposed
(8 h post-treatment, lanes 1 – 5) and saline-treated (lanes 6 – 10) forebrains were prepared and analyzed for caspase-8 immunoreactivity on Western blot. The antibody
recognizes both the proform of caspase-8 (55 kDa) as well as the cleaved (activated) forms which migrate at 40/36 (doublet, not detectable in this blot) and 23 kDa
(arrow) in SDS-PAGE

Table 1 Neuron densities in three brain regions 72 h after ethanol treatment

Genotype Ant. Cing (neurons/mm2) CA1 (neurons/mm2) AD (neurons/mm2)

bax�/� (n¼4) 1425.3771.2**,w 4298.97117.5*,w 1096.37126.6*,ww

bax�/+ (n¼4) 1069.67112.7 2825.97485.4ww 597.0796.9
bax +/+ (n¼4) 963.1733.9 1809.6776.6 707.3737.3

Abbreviation and symbols: Ant. Cing, anterior cingulate cortex; CA1, CA1 region of hippocampus; AD, anterodorsal nucleus of thalamus; *po 0.01; **po 0.05 in
comparison with bax+/�; wpo 0.01; wwpo 0.05 in comparison with bax+/+Statistics: ANOVA with post hoc test, Fisher’s PLSD
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Genotyping mice

The endogenous and disrupted genes can be detected by PCR analysis of
tail DNA extracts. Endogenous bax amplification using primers 50-
GCTATCCAGTT-CATCTCCAATTCGCC-30 and 50-GCTCTGAACAGAT-
CATGAAGACAGGGG-30 yields a 120 bp product, and the disrupted gene
generated a 110 bp product with primers 50-ATGGACGGGTCCGGG-
GAGCAGCTT-30 and 50-GGGTGGGGTGGG- ATTAGATAAATG-30. Cy-
cling parameters were 10 min at 941C, then 941C for 1 min, 641C for
1.5 min, and 721C for 1.5 min for 30 cycles, followed by a 10 min extension
at 721C.

DeOlmos cupric silver-staining procedure

We have found that the DeOlmos cupric silver-staining method,27 while not
useful for distinguishing between apoptotic and nonapoptotic cell death
processes, is an excellent method for marking dying neurons. For
DeOlmos silver staining, the perfused brain is postfixed by immersion in
the perfusate solution for 2 days before sectioning. It is then cut on a
Vibratome into 50mm thick sections. The free-floating sections are
thoroughly washed in deionized distilled water and stained by the method
of DeOlmos and Ingram.27 In brief, the sections were incubated in cupric
silver solution overnight, washed in acetone briefly, and stained with silver
diammine solution for 35 min. The sections were reduced in citric acid
solution for 2 min. After being washed with deionized distilled water, the
sections were bleached with 0.3% K3Fe (CN)6, and stabilized with 0.1%
Na2S2O3.

Caspase-3, cytochrome c and spectrin
immunohistochemistry

Vibratome sections, 50mm thick, were removed from fixative, washed in
0.01 M PBS, quenched for 10 min in a solution of methanol containing 3%
hydrogen peroxide, and then incubated for 1 h in blocking solution (2%
BSA/0.2% milk/0.1% Triton X-100 in PBS), followed by incubation
overnight in rabbit antiactive caspase-3 antiserum and antiserum specific
to caspase-3-cleaved spectrin fragment (Cell Signaling Technology,
Beverly, MA, USA) diluted 1 : 1500 in blocking solution. Following
incubation with primary antiserum, the sections were incubated for 1 h in
secondary antiserum (goat anti-rabbit 1 : 200 in blocking solution), then
reacted in the dark with ABC reagents (standard Vectastain ABC Elite Kit;
Vector Laboratories, Burlingame, CA, USA), preincubated for 10 min in a
filtered mixture containing 6 ml of 0.1 M Tris buffer, 2 mg DAB, and 400 mg
imidazole, and then incubated for 15 min in 6 ml of the same DAB/imi-
dazole/Tris mixture containing 1 ml H2O2. Alternatively, some sections
were immunofluorescently stained, using CM1 antiactive caspase-3
primary antibody (BD Pharmingen, San Diego, CA, USA), tyramide signal
amplification, cyanine-3 tyramide, and bisbenzimide nuclear labeling. Dual
activated caspase-3 and cytochrome c immunostaining was performed as
previously described.28,29 Briefly, cytochrome c immunoreactivity was
detected with mouse anticytochrome c antibodies ( 556433, Pharmingen,
San Diego, CA, USA) and activated caspase-3 with rabbit antiactivated
caspase-3 antiserum (D175, Cell Signaling Technology, Beverly, MA,
USA). Primary antibodies were sequentially detected with horseradish
peroxidase-conjugated secondary antibodies and direct tyramide signal
amplification (TSA; Perkin-Elmer Life Science Products, Boston, MA,
USA) with fluorescein and cyanine-3-conjugated tyramine. Fluorescently
labeled sections were viewed with a Zeiss-Axioskop epifluorescence
microscope and images were captured with a Zeiss Axiocam and
Axiovision software.

Histopathology and cell counting

We used plastic sections or paraffin-embedded H & E sections for
evaluation of the morphological appearance of neurons after ethanol
treatment. Paraffin sections for H & E staining were cut 5 mm thick.
Plastic sections, cut 1 mm thick, were heatdried onto microscopic
slides and stained with a mixture of methylene blue (0.5%) and azure
II (0.5%). For cell counts performed on the AD nucleus of the thalamus,
we cut serial plastic sections through the entire extent of the AD nucleus
and saved every fifth section. These sections were imaged and
quantitatively evaluated with the help of a stereology system consisting
of the following components: Stereo Investigator (MicroBrightField, Inc,
Colchester, VT, USA) on a Pentium III PC, connected to a Prior Optiscan
motorized stage (ES103 XYZ system, Prior Scientific Inc, Rockland, MA,
USA) mounted on a Nikon Labophot-2 microscope. The contours of the
AD nucleus were traced into the PC and from the tracings, Stereo
Investigator calculated the area of AD nucleus in each section. Cell counts
of surviving neurons were performed on sections cut through the AD
nucleus at its greatest areal dimension. The population estimator function
of Stereo Investigator was used to mark each neuron as it was counted to
ensure that no neuron would be missed or counted twice. Only neurons
with a visible nucleus were counted. A similar procedure was used to count
survival neurons in the anterior cingulate cortex and CA1 region of
hippocampus.

Western blot detection of cleaved caspase-3 and -8

Forebrain tissue was lysed by homogenizing in 400 ml of buffer A (10 mM
HEPES, pH 7.4,. 42 mM KCl, 5 mM MgCl2, 1 mM DTT, 0.5% Chaps, 1 mM

PMSF, and 1 mg/ml leupeptin) and was centrifuged at 12 000� g for
10 min at 41C, and the protein concentration of the lysates was determined
with a BCA protein assay kit (Pierce Biotechnology, Inc., Rockford, IL,
USA). Protein samples (40 mg per lane) diluted in SDS-PAGE sample
buffer (50 mM Tris-HCl, pH 6.8, 100 mM DTT, 2% SDS, 0.1%
bromophenol blue, and 10% glycerol) were boiled for 5 min, electro-
phoresed on a 15% SDS-PAGE and transferred to PVDF membrane
(Immobilon P; Millipore, Burlington, MA, USA). The membrane was
subsequently incubated with antiactive caspase-3 antibody (Cell Signaling
Technology, Beverly, MA, USA) or anticaspase-8 polyclonal antibody
(1 : 2000, BD PharMingen, San Diego, CA, USA), which recognizes both
procaspase-8 (55 kDa) and the cleaved forms of caspase-8 (40 and
23 kDa). The membrane was then exposed to appropriate horseradish
peroxidase-conjugated secondary antibodies, and visualized with en-
hanced chemiluminescence (Amersham, Piscataway, NJ, USA) using a
previously described procedure.30
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