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Apoptotic Neurodegeneration following
Trauma Is Markedly Enhanced in the
Immature Brain

Petra Bittigau, MD,* Marco Sifringer, BA,* Daniela Pohl, MD,* Daniel Stadthaus,” Masahiko Ishimaru, MD,¥}
Hiroki Shimizu, PhD,# Masuhiro lkeda, PhD,} Dieter Lang,* Astrid Speer, MD,§ John W. Olney, MD,}
and Chrysanthy lkonomidou, MD*

Age dependency of apoptotic neurodegeneration was studied in the developing rat brain after percussion head trauma. In
7-day-old rats, mechanical trauma, applied by means of a weight drop device, was shown to trigger widespread cell death
in the hemisphere ipsilateral to the trauma site, which first appeared at 6 hours, peaked at 24 hours, and subsided by 5
days after trauma. Ultrastructurally, degenerating neurons displayed features consistent with apoptosis. A decrease of
bcl-2 in conjunction with an increase of c-jun mRNA levels, which were evident at 1 hour after trauma and were
accompanied by elevation of CPP 32-like proteolytic activity and oligonucleosomes in vulnerable brain regions, con-
firmed the apoptotic nature of this process. Severity of trauma-triggered apoptosis in the brains of 3- to 30-day-old rats
was age dependent, was highest in 3- and 7-day-old animals, and demonstrated a subsequent rapid decline. Adjusting the
mechanical force in accordance with age-specific brain weights revealed a similar vulnerability profile. Thus, apoptotic
neurodegeneration contributes in an age-dependent fashion to neuropathological outcome after head trauma, with the
immature brain being exceedingly vulnerable. These results help explain unfavorable outcomes of very young pediatric
head trauma patients and imply that, in this group, an antiapoptotic regimen may constitute a successful neuroprotective

approach.

Bittigau P, Sifringer M, Pohl D, Stadthaus D, Ishimaru M, Shimizu H, lkeda M, Lang D, Speer A, Olney JW,
Ikonomidou C. Apoptotic neurodegeneration following trauma is markedly enhanced in the

immature brain. Ann Neurol 1999;45:724-735

Although children younger than 6 years of age sustain
traumatic brain injury more frequently than any other
age group,’ there has been a dearth of research focus-
ing on traumatic brain injury to the developing brain.
Progress toward understanding the mechanisms and
developing neuroprotective measures for traumatic brain
injuries in children has therefore been very limited.
Clinical observations suggest that age decidedly in-
fluences both morbidity and mortality after head injury
in children, with those less than 4 years of age showing
worst outcomes.” ° In a study by Koskiniemi and col-
leagues’ it was demonstrated that of the children suf-
fering severe head injury before the age of 4 years none
was able to work independently outside a structured
environment years later. Children older than 4 years at
the time of injury had a significantly better outcome.
Brain damage resulting from mechanical trauma can

be classified into primary damage, which occurs imme-
diately or shortly after impact, and secondary or de-
layed damage, which may appear several hours or even
days later.”'” Two pathogenetic mechanisms for sec-
ondary traumatic damage stand out among those pro-
posed, excitotoxicity and apoptosis.® > Blocking each of
these processes elicits protective effects in experimental
models for brain and spinal cord trauma,'?=!7-1973%-34
Excitotoxic and apoptotic cell death can be distin-
guished histologically.” Excitotoxic degeneration is
characterized by rapid swelling of dendrites, cell bodies,
and intracytoplasmic organelles, nuclear flocculation,
and cell lysis.>® Apoptotic cell death is characterized by
cytoplasmic and nuclear condensation, preservation of
the plasma membrane and cytoplasmic organelles, in-
ternucleosomal cleavage, and cell shrinkage and frag-
mentation into apoptotic bodies that are engulfed and
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degraded by neighboring cells in the absence of an in-
flammatory reaction.”’~*°

Within the pathways that lead to apoptotic deletion,
the transcription factor c-jun has proapoptotic proper-
ties,*1*? whereas bcl-2 inhibits apoptosis and amelio-
rates neuronal degeneration after hypoxic and trau-
matic central nervous system insults.**~*’ Expression
of immediate early genes including c-jun, and of the
survival gene bcl-2, has been demonstrated in the con-
text of experimental brain and spinal cord injury in
vivo and in vitro.”* >

Activation of caspases constitutes a subsequent criti-
cal step within the apoptotic cascade. Caspases contrib-
ute to cell cleavage via inactivation of nuclease inhibi-
tors and survival proteins, direct disassembly of cell
structures, destruction of proteins involved in cytoskel-
eton regulation, and inactivation of proteins involved
in DNA repair and replication.”

Pioneering attempts to model pediatric head trauma
were made by Prins and associates,”” Prins and
Hovda,’® and Adelson and colleagues,57’58 who
adopted the lateral fluid percussion and closed head in-
jury model, initially described by Marmarou and col-
laborators,”® to 17-day-old rats. Our goal was to study
the response of the rat brain to head trauma in even
carlier developmental stages, and examine mechanisms
that contribute to unfavorable outcomes of very young
pediatric patients to head trauma. For that purpose, we
developed a model with the weight drop device de-
scribed by Allen®® for the spinal cord and by Feeney
and colleagues®’ for the brain. By using this approach
initially in 7-day-old rats, we found that mechanical
trauma to the immature brain causes an acute excito-
toxic lesion within the area of impact that rapidly ex-
pands within 4 hours after trauma.®® This local excito-
toxic response is followed by disseminated cell death
affecting many brain regions ipsilateral and contralat-
eral to the trauma site, which is detected long after the
excitotoxic degeneration has run its course. Here, we
investigated whether this disseminated degenerative re-
sponse displays features consistent with apoptosis and
examined the vulnerability profile of the developing
brain to apoptotic neurodegeneration after mechanical
trauma.

Materials and Methods

Traumatic Brain Injury and the Contusive Device

Wistar rat pups (BGVV, Berlin, Germany), age 3, 7, 10, 14,
and 30 days, were anesthetized with halothane and placed in
a stereotaxic apparatus. A skin incision was made to expose
the skull surface. In initial experiments with 3- and 7-day-
old rats, craniotomy caused substantial subarachnoid bleed-
ing and was therefore abandoned. To ensure that severity of
brain injury was not influenced by bone thickness and con-
sistency in older rats, the parietal bone was carefully thinned
in 10-, 14-, and 30-day-old rats by using a drill to reach
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bone consistency similar to that in 7-day-old animals. This
was achieved when the bone could be easily depressed by the
experimenter’s finger applying light pressure onto a curved
forceps.

The contusing device consisted of a hollow stainless steel
tube 40 cm in length, perforated at 1-cm intervals. The de-
vice was kept perpendicular to the surface of the skull and
guided a falling weight onto a circular footplate (2.0 mm in
diameter) resting on the surface of the parietal bone. To
traumatize corresponding cortical areas (sensorimotor cortex)
in all studied ages, stereotaxic coordinates were modified age
dependently, based on the atlas of Sherwood and Timiras.*®
The center of the footplate was positioned onto the parietal
bone at 2 mm anterior and 2 mm lateral to lambda in 3-day-
old rats, 3 mm anterior and 2 mm lateral to lambda in
7-day-old rats, 3.5 mm anterior and 2.5 mm lateral to
lambda in 10- and 14-day-old rats, and 4 mm anterior and 3
mm lateral to lambda in 30-day-old rats. The contusion
force was delivered unilaterally to the right side of the skull.
Group size for each experimental condition was 5 to 9 ani-
mals, and for corresponding sham-operated age-matched
controls 6 animals.

Two experimental protocols were used. In the first series
of experiments, the same traumatic force (160 g-cm) was
used in all age groups. In the second, the force was adjusted,
taking into account the mean brain weight at each of the
ages studied, using the formula: Height (age x) = height (age
7 days) X brain weight (age x)%/brain weight (age 7 days)z,
so that pressure/brain weight ratios in all age groups were
comparable with that in the 7-day-old group (160 g-cm;
mean brain weight 0.71 = 0.008 g). This formula was de-
rived from the following pressure equation: Pressure =
{mass X Vheight X g}/(duration of impact X surface). The
calculated heights are depicted in Table 1. Animals were kept
on a heating pad maintained at 37.5°C until returned to
their mothers at 4 hours after the trauma or sham surgery.
Rats survived 6, 16, 24, or 48 hours or 5 days after the
trauma.

Table 1. Heights and Weights Used to Traumatize Rats of
Different Ages

Trauma Device

Brain Weight (g) Weight Height
Age Mean = SEM (g (cm)
3 days 0.50 = 0.01 10 8
7 days 0.71 = 0.01 10 16
14 days 0.97 = 0.03 10 29
30 days 1.56 £ 0.03 20 19

Mechanical forces were modified to achieve the same pressure/brain
weight ratios in all age groups. Mean brain weights (perfused brains,
n = 6) were calculated for each age (row 2). The height from which
the weight fell at age x days was calculated according to the formula:
Height (age x) = height (age 7 days) X brain weight (age x)*/brain
weight (age 7 days)”. At the age of 30 days a modified trauma de-
vice was used, which accommodated a 20-g weight. Because the
radius of the footplate in the trauma device used for 30-day-old rats
was twice the radius size in the footplate used for younger rats, the
formula was modified as follows: Height (age 30 days) = height
(age 7 cziays) X brain weight (age 30 days)*/4 X brain weight (age
7 days)”.
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To exclude that anesthesia and surgery might cause apo-
ptotic neurodegeneration in the developing brain, 6 animals
per age group were subjected to anesthesia and sham surgery
only.

Physiological Moniroring

Because of small animal size, invasive monitoring was not
performed. Skin temperature was measured by using a skin
probe at the axilla. Heart rate and oxygen saturations (mon-
itored by means of transcutancous pulse oximetry) were re-
corded 5 minutes before and immediately after induction of
anesthesia, immediately after trauma, as well as at 10, 20,
and 30 minutes, and 1, 2, 3, and 4 hours after trauma. The
experiments were performed in accordance to the guidelines
of the Humboldt University in Berlin and the Washington
University in St Louis.

Morphometry

Rats were anesthetized with an overdose of chloral hydrate
and perfused through the heart and ascending aorta for 15
minutes with a solution containing paraformaldehyde (1%)
and glutaraldehyde (1.5%) in pyrophosphate buffer (for
combined light and electron microscopy) or paraformalde-
hyde (4%) in phosphate buffer (for TUNEL [terminal dUTP

nick end-labeling] or DeOlmos cupric silver staining).

DEOLMOS CUPRIC SILVER STAINING. To visualize degen—
erating cells, coronal sections of the whole brain were stained
with silver nitrate and cupric nitrate according to the method
of DeOlmos and Ingram.®* This technique stains degenerat-
ing cells dying via an apoptotic®® or a nonapoptotic mecha-
nism.®® Degenerating cells assumed a distinct dark appear-
ance caused by silver impregnation.

TUNEL STAINING. To visualize nuclei with DNA cleavage
serial coronal sections (70 wm) of the entire brain were cut
on a Vibratome (OTS-3000-03, Science Services, Munich,
Germany) and residues of peroxidase-labeled digoxigenin nu-
cleotides were catalytically added to DNA fragments by ter-
minal deoxynucleotidyl transferase (ApopTag, Oncor, Hei-
delberg, Germany).

LIGHT MICROSCOPY ON PLASTIC SECTIONS AND ELEC-
TRON MICROSCOPY. Brains were sliced into 1-mm-thick
slabs, fixed in osmium tetroxide, dehydrated in alcohols, and
embedded in Araldite (EPON-812, Science Services). For
light microscopy, 1-wm transverse serial sections were cut
and stained with methylene blue/azure II. Ultrathin sections
were cut and stained with uranyl acetate/lead citrate and ex-
amined by electron microscopy.

QUANTITATION OF DAMAGE IN THE BRAIN. Distant
damage was quantified in TUNEL- or silver-stained sections
in the frontal, parietal, cingulate, retrosplenial cortex, caudate
nucleus (mediodorsal part), thalamus (laterodorsal, me-
diodorsal, and ventral nuclei), dentate gyrus, and subiculum
by using a stereological optical disector, estimating mean nu-
merical densities (/V,) of degenerating cells.” An unbiased
counting frame (0.05 X 0.05 mm; disector height, 0.07
mm) and a high aperture objective were used for the sam-
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pling. The N, for each brain region was determined with
eight to 10 disectors.

To assess overall severity of damage and enable compari-
sons among age groups, a scoring system was created. In each
hemisphere, 14 regions were analyzed by using the stereo-
logical optical disector to determine the densities of degen-
erating cells. Each region was subsequently given a number
of points (score: 1,000 degenerating cells/mm? reflects a score
of 1) and the scores from all evaluated regions (total of 28)
were added to give a cumulative severity score for the brain.

Reverse Transcription—Polymerase Chain Reaction

Total cellular RNA was isolated by acidic phenol/chloroform
extraction®® and DNase treated (AGS GmbH, Boehringer
Mannheim, Germany); 5 g of RNA was reverse transcribed
with Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI) in 25 wl of reaction mixture. The
resulting cDNA (5 pl, 1:100 solution) was amplified by
polymerase chain reaction. Primers to amplify the rat c-jun
were 5'-GGAAACGACCTTCTACGAC-3" (sense primer,
positioned at nucleotide 15; GenBank sequence X17163)
and 5'-GTGGTGATGTGCCCATTG-3' (antisense primer,
positioned at nucleotide 269; GenBank sequence X17163).
The primers to amplify bcl-2 were 5'-TTATAAGCTGTC-
GCAGAGG-3' (sense primer, positioned at nucleotide 60;
GenBank sequence U34964) and 5'-TGAAGAGTTCCT-
CCACCAC-3" (antisense primer, positioned at nucleotide
406; GenBank sequence U34964). cDNA was amplified in
35 cycles, consisting of denaturing over 30 seconds at 94°C,
annealing over 45 seconds at 55°C, and primer extension
over 45 seconds at 72°C. Amplified cDNA was analyzed by
polyacrylamide gel electrophoresis and subsequent silver
staining.

For internal standard we used glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Primers to amplify GAPDH were
5'-TATCCGTTGTGGATCTGAC-3" (sense primer, posi-
tioned at nucleotide 743;, GenBank sequence M17701) and
5'-TGGTCCAGGGGTTTCTTAC-3" (antisense primer,
positioned at nucleotide 1047; GenBank sequence M17701).

Assays for DNA Fragmentation and Caspase

3-Like Activity

Frozen tissue samples from selected brain regions were ho-
mogenized and diluted in homogenization buffer (1 g of
tissue/20 ml volume). Aliquots of cytosolic extracts were pre-
incubated at 37°C for 30 minutes. Homogenates were cen-
trifuged at 14,000 rpm for 5 minutes, the supernatant was
further diluted 20-fold in incubation buffer, and 100 wl was
then used directly as the antigen source in the cell death
detection enzyme-linked immunosorbent assay (Bochringer
Mannheim, Germany). This method is based on the quan-
titative sandwich enzyme immunoassay principle with mouse
monoclonal antibodies directed against DNA and histones,
respectively, and detects mononucleosomes and oligonucleo-
somes. The primary antihistone antibody is coated to the
microplates and the secondary anti-DNA antibody is coupled
to peroxidase. Quantitation is performed colorimetrically by
measuring light absorption at 405 nm wavelength. DNA
fragmentation was evaluated in cingulate and parietal cor-
tices, thalamus, striatum, and hippocampus ipsilateral and
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Fig 1. (A and B) Light micrographs illustrating
silver-positive cells in the brains of rats subjected ro
head trauma on postnatal day 7 and killed 24 hours
later. Cortex cinguli (A); parietal cortex (B) (magni-
fication, X 80). (C) Electron micrograph depicting a
neuron in an early stage of apoptosis within the cin-
gulate cortex of a 7-day-old rat subjected to head
trauma 16 hours before it was killed. The nuclear
chromatin has formed several electron-dense masses
but is still confined to the nuclear compartment. The
nuclear membrane has already begun to break down
(arrow) (magnification, X 9,500).

contralateral to the traumatized hemisphere at 24 hours after
trauma in 7-day-old rats.

To determine caspase 3 (CPP 32)-like activity, 30 pl of
the same supernatant was diluted with 170 ! of assay buffer
[50 mM HEPES, pH 7.5, 1% sucrose, 0.1% 3-(3-
cholamidopropyldimethylammonio)-1-propanesulfonate
(CHAPS), and 10 mM dithiothreitol] and incubated at 37°C
for 2 hours with the fluorogenic tetrapeptide substrate Ac-
DEVD-AMC (50 uM, Peptide Institute Inc, Osaka, Japan).
Free aminomethylcoumarin (AMC) accumulation, resulting
from cleavage of the aspartate—AMC bond, was measured us-
ing a Cytofluor II fluorometer (Perspective Biosystems), at
380 nm excitation and 460 nm emission wavelengths. Spe-
cific activity was defined as the difference of total activity in
the presence and absence of the specific caspase inhibitor Ac-

DEVD-CHO (10 nM, Peptide Institute Inc). Serial dilu-
tions of AMC were used as standards.

Changes in CPP 32-like enzymatic activity were evaluated in
cingulate and parietal cortices, thalamus, striatum, and hip-
pocampus in 8-day-old rats that had been subjected 24 hours
carlier (on postnatal day 7) to trauma (n = 6) or sham surgery
(n = 6). In rats subjected to head trauma, separate measure-
ments were made in the hemisphere ipsilateral and contralateral
to the trauma.

Statistics

Statistical analysis of numerical densities of degenerating cells
and cumulative scores was performed by means of Student’s r
test. For the caspase activity assay and DNA fragmentation (oli-
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gonucleosomal) assay, data were analyzed by one-way analysis of
variance. Post hoc individual comparisons were performed by
using the Bonferroni/Dunn test.

Results

Physiological Parameters

Rats subjected to sham surgery or trauma recovered
within 10 to 15 minutes after anesthesia. There was no
mortality. Axillar temperature was maintained between
36.5°C and 37.8°C throughout the 4 hours the pups
were away from their mothers. Oxygen saturations re-
mained above 91%.

Histology in the Seven-Day-Old Rat Brain

At 24 hours after trauma, widespread degeneration was
detected in the brains by means of DeOlmos cupric
silver staining (Fig 1). Frontal, parietal, cingulate, and
retrosplenial cortices, laterodorsal, mediodorsal, and
ventral thalamic nuclei, hippocampal dentate gyrus,
subiculum, and striatum were affected. Degeneration
did occur bilaterally, with the ipsilateral hemisphere
being more severely involved at all time points studied.

Examination of histological sections by TUNEL
staining revealed that TUNEL-positive cells displayed a
similar distribution pattern as silver-accumulating cells.
By morphometric analysis, densities of silver-positive
and TUNEL-positive cells obtained from parallel sec-
tions within affected brain areas did not significantly
differ from each other. Thus, cells that degenerated in
a delayed fashion after head trauma in the 7-day-old
rat brain displayed nuclear DNA fragmentation.

To confirm the apoptotic nature of the delayed de-
generative reaction to trauma in the 7-day-old rat
brain, and taking into account that degenerating neu-
rons dying by a nonapoptotic process can also show
TUNEL positivity,”® we examined large numbers of
degenerating cells by electron microscopy within the
affected brain regions (frontoparictal and cingulate/
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retrosplenial cortices, thalamus, and caudate nucleus).
Within all regions examined, the presence of cells un-
dergoing apoptotic degeneration was a very consistent
finding at 16 to 24 hours after trauma. The first de-
tectable ultrastructural changes consisted of clumping
of nuclear chromatin and mild to moderate condensa-
tion of the entire cell. Nuclear chromatin became
transformed into flocculent densities that formed one
or more large electron-dense spherical balls (see Fig
1C). The nuclear envelope separated into fragments,
and finally the cell became unpartitioned with nucleo-
plasmic contents freely intermingling with cytoplasmic
contents. Large chromatin masses migrated often to-
ward the periphery of the cell and in some cases the
cell divided into separate independent bodies consisting
of a contingent of cytoplasm and one or more nuclear
chromatin balls. This type and sequence of changes are
identical to those seen in neurons undergoing apoptosis
in physiologically developing brain”® and meet all the
criteria set for diagnosing apoptosis.*’ At 24 hours af-
ter trauma, cells in both early and late stages of apo-
ptosis were detected, indicating that the process of cell
suicide was still progressing. We did not identify cells
undergoing nonapoptotic degeneration by electron mi-
croscopy in the brain regions and at the time points
analyzed in the context of this study (1624 hours af-
ter trauma), which indicates that, at those times, apo-
ptosis is the predominant form of degeneration in the
developing rat brain. In contrast, at 0.5 to 6 hours af-
ter trauma, excitotoxic degeneration is the predomi-
nant form of neuronal death in the infant rat brain.%?

Trauma-Induced Changes in c-jun and bcl-2 mRNA
Levels in the Seven-Day-Old Rat Brain

A profound increase in c-jun mRNA levels was detect-
able in the cingulate, parietal, and retrosplenial cortices
and the striatum ipsilateral and the cingulate cortex

Fig 2. Bcl-2 (A) and c-jun (B) mRNA expression in right cingulate cortex (ipsilateral to trauma site) in sham-operated control rats
and rats subjected to head trauma ar 1, 2, 4, 6, 12, and 24 hours after trauma. mRNA was reverse transcribed to ¢cDNA, ampli-
fied by polymerase chain reaction, using specific primers for c-jun, bcl-2, and GAPDH (internal standard) and subjected to poly-
acrylamide gel electrophoresis and silver staining. There is an obvious increase in mRNA levels for c-jun at 1 hour after trauma,
whereas levels for bcl-2 are decreased within that same time frame. The GAPDH band shows equal signal intensity in all columns,
verifying cDNA integrity. GAPDH = glyceraldehyde-3-phosphate dehydrogenase.
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contralateral to the trauma site within 1 hour and
lasted up to 24 hours after trauma. This increase in
c-jun mRNA expression was accompanied by a de-
crease in mRNA levels for bcl-2 that was already ap-
parent at 1 hour and persisted for up to 24 hours after
trauma (Fig 2).

Trauma-Induced Changes in CPP 32-Like

Enzymatic Activity in the Seven-Day-Old Rat Brain
Head trauma induced significant elevations of CPP 32-
like activity in extracts from ipsilateral cingulate (624%
increase compared with sham rats) and parietal cortex
(889% increase), thalamus (2,835% increase), striatum
(168% increase), and hippocampus (95% increase).
Activity was measured at 24 hours after trauma. No
significant increases of CPP 32-like activity were de-
tected in the contralateral hemisphere in 7-day-old rats

(Fig 3A).

Trauma-Induced DNA Breakdown in the
Seven-Day-Old Rat Brain

Compared with sham rats, a profound increase of
DNA fragmentation (oligonucleosomes) was detected
in the ipsilateral cingulate (300% increase compared
with sham rats) and parietal cortices (780% increase),
thalamus (580% increase), and hippocampus (130%
increase; see Fig 3B). No significant changes were de-
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‘ Fig 3. (A) Caspase 3 (CPP32)-like activity in cytosolic pro-
tein extracts from cingulate (Cing) and parietal (Cpr) corti-
ces, thalamus (Thal), caudate nucleus (Caud), and hip-
pocampus (Hip) of sham rats (n = 6) and rats subjected to
head trauma (n = 6) on postnatal day 7. Pups were killed
24 hours after trauma or sham surgery. In rats subjected to
head trauma, separate measurements were performed ipsilat-
eral and contralateral to the traumatized hemisphere.
Caspase 3-like activity was measured fluorometrically by us-
ing the specific fluorogenic tetrapeptide substrate Ac-DEVD-
AMC by determining the accumulation of free aminomethyl-
coumarin (AMC). Specific protease activity was defined as
the difference between the values obrained in the presence
and absence of the specific inhibitor Ac-DEVD-CHO and is
expressed as picomoles of AMC per milligram of tissue per
hour. Head trauma induced significant elevations of CPP
32-like activity in extracts from ipsilateral cingulate and
parietal cortex, thalamus, striatum and hippocampus. No
significant increase of CPP 32-like activity was detected in
the contralateral hemisphere in 7-day-old rats. (**p < 0.01;
*p < 0.001, compared with sham; Bonferroni/Dunn post
hoc test). (B) Enrichment of oligonucleosomes in the cytoplas-
mic fraction of tissue obtained from the cingulate (Cing)
and parietal (Cpr) cortices, thalamus (Thal), caudate nucleus
(Caud), and hippocampus (Hip) of 7-day-old rats 24 hours
after head trauma (n = 6) or sham surgery (n = 6). Tissue
homaogenates were centrifuged, the supernatant was further
diluted and used directly as an antigen source in the cell
death detection enzyme-linked immunosorbent assay to detect
histone-associated DNA fragments (oligonucleosomes). Head
trauma induced significant elevations of oligonucleosomes
(reflected in an increased optical density ar 405 nm wave-
length) in extracts from ipsilateral cingulate and parieral
cortices, thalamus, and hippocampus. No significant increase
of oligonucleosomes was detected in the contralateral hemi-
sphere in 7-day-old rats. (*p < 0.05; **p < 0.01, com-
pared with shams; Bonferroni/Dunn post hoc test). TBI =
traumatic brain injury.

tected with this method in the contralateral hemisphere
in 7-day-old rats.

Age-Dependent Distribution Patterns and Severity of
Apoptotic Cell Death afier Trauma

SAME MECHANICAL FORCE. Apoptotic cell death was
detected 24 hours after head trauma in 3-, 7-, 10-, and
14-day-old rats (Fig 4). No distant lesions were seen at
this time point in the brains of 30-day-old rats. Silver
and TUNEL stains gave similar distribution patterns in
all age groups.

In 3-day-old rats, apoptotic cells were found in the
frontal, parietal, cingulate, and retrosplenial cortices,
thalamic nuclei, dentate gyrus, caudate nucleus, and
the subiculum (Table 2; see Fig 4). TUNEL- and
silver-positive cells were in addition detected in the
contralateral hemisphere, with the laterodorsal and an-
terior thalamus, cingulate, and retrosplenial cortices
and the subiculum being most vulnerable (see Fig 4).

Bittigau et al: Trauma and Apoptosis in the Developing Brain 729
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Fig 4. Schematic illustration de-
picting the distribution patterns of
TUNEL-positive cells (shaded ar-
eas) in different age groups at 24
hours after trauma. Darker tones
indicate higher densities of degener-
ating cells. Rats were traumatized
on postnatal days 3, 7, 10, 14,
and 30. TUNEL = terminal de-
oxynucleotide transferase-mediated
dUTP nick end-labeling.

In 7-day-old rats the same brain regions were af-
fected, but the contralateral hemisphere was minimally
involved (see Table 2 and Fig 4). Within the contralat-
eral hemisphere, the cingulate/retrosplenial cortices
were most vulnerable.

In 10-day-old rats, degenerating cells were found
only in the ipsilateral hemisphere in the frontal, pari-
etal, cingulate, and retrosplenial cortices and the thal-
amus (see Fig 4).

In 14-day-old rats, TUNEL- and silver-positive cells
were found ipsilaterally in the frontal, parietal, cingu-
late, and retrosplenial cortices (see Fig 4).

In 30-day-old rats, no distant lesions were detected
at the time points studied when the force of 160 g-cm
was used.

In sham rats, pattern and magnitude of apoptotic
neurodegeneration was similar to that in nontreated
age-matched rats, indicating that anesthesia and surgery
by themselves did not trigger apoptotic neuronal death.

MODIFIED MECHANICAL FORCE. Distribution patterns
of degenerating cells were similar when the mechanical
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force was modified; however, severity of apoptotic cell
death was less pronounced at the age of 3 days. In
30-day-old rats, isolated degenerating cells were de-
tected within the CA3 hippocampal region by silver
staining at 24 hours after trauma.

AGE-DEPENDENT SEVERITY OF APOPTOTIC DAMAGE.
When the same force of 160 g-cm was used to trau-
matize pups of all age groups, severity of apoptotic cell
death was highest in 3-day-old rats and decreased sig-
nificantly with increasing age (Fig 5A). Even when the
force was adjusted (see Table 1) to achieve the same
pressure/brain weight ratios in all age groups, distant
apoptotic damage in older animals remained minimal
compared with 3- and 7-day-old rats. Under this ex-
perimental setting, 7-day-old rats were most vulnerable
to distant apoptotic damage triggered by mechanical
trauma (see Fig 5A).

The wave of apoptotic cell death reached a peak at
24 hours after trauma in the brains of pups in all ages
studied and had subsided at 5 days after the insult (see
Fig 5B).



Table 2. Numerical Densities of TUNEL-Labeled Cells
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Brain Region

4 Days

Sham

Trauma

8 Days

Sham

Trauma

Cfr II
Cfr IV
Cpr II
Cpr IV
Cing 1I
Cing IV
RSC 1I
RSC IV
Caud
Dentate gyrus
Mdth
Ldth
Vth
Sub

0.0028 = 0.0007
0.0012 = 0.0002
0.0033 = 0.0008
0.0006 = 0.0001
0.0102 %= 0.0013
0.0034 = 0.0003
0.0056 = 0.0003
0.0023 = 0.0002
0.0044 = 0.0007
0.0086 = 0.0009
0.0037 % 0.0005
0.0027 = 0.0008
0.0004 = 0.0001
0.0041 = 0.0009

0.014 =+ 0.006°
0.035 = 0.012°
0.060 =+ 0.008¢
0.040 =+ 0.008¢
0.035 *+ 0.003¢
0.066 *+ 0.013"
0.047 + 0.010°
0.082 =+ 0.008¢
0.014 =+ 0.004
0.010 == 0.001

0.021 =+ 0.006
0.064 *+ 0.015¢
0.012 = 0.003"
0.084 =+ 0.023¢

0.0032 = 0.0003
0.0002 = 0.00003
0.0022 = 0.0006
0.0003 £ 0.00008
0.0030 = 0.0004
0.0002 % 0.00003
0.0016 = 0.0003
0.0004 = 0.00007
0.0006 = 0.0001
0.0014 = 0.0002
0.0002 = 0.00004
0.0004 = 0.00006
0.0001 % 0.00003
0.0004 = 0.00006

0.050 = 0.008°
0.010 + 0.002°
0.107 = 0.012°
0.046 = 0.009°
0.084 + 0.011°
0.047 *+ 0.008°
0.066 = 0.006°
0.089 + 0.006°
0.023 =+ 0.007"
0.006 = 0.002
0.002 *+ 0.0004¢
0.011 + 0.001¢
0.004 = 0.001°
0.041 = 0.013"

Cells were from the frontal (Cfr), parietal (Cpr), cingulate (Cing), retrosplenial (RSC) cortex, caudate nucleus (Caud), dentate gyrus, me-
diodorsal (Mdth), laterodorsal (Ldth), ventral (Vth) thalamus, and subiculum (Sub) in sham-operated and traumatized rats at the ages of 4 or
8 days, ipsilateral to the trauma site. Pups were traumatized on day 3 or 7 and killed 24 hours later. Assessment of cell densities was performed
in TUNEL-stained sections of the whole brain. Densities (V, values) of apoptotic cells were determined by using an unbiased stereological
optical disector technique and are shown as mean = SEM values X 10®/mm?® in 6 to 8 rats. IT and IV stand for cortical layers I and V.
Densities of degenerating cells in sham-operated rats represent spontaneous apoptosis and are significantly lower than the densities of apoptotic

cells in these same brain regions in rats subjected to head trauma.

* < 0.05; bp < 0.01; < 0.001, Student’s # test.

TUNEL = terminal deoxynucleotidyl transferase-mediated dUTP nick end-labeling.

Discussion

These results demonstrate that apoptosis plays a crucial
role in the pathogenesis of traumatic brain damage in
developing rats and that the threshold for triggering
apoptotic cell death is much lower in younger com-
pared with older age groups.

Our conclusion that disseminated lesions caused by
head trauma in the immature rat brain are apoptotic in
nature is based on the combined use of histological,
molecular, and biochemical techniques. TUNEL stain-
ing enables visualization of cells with nuclear DNA
fragmentation. At the time points studied after trauma,
degenerating cells in the infant rat brain displayed
DNA fragmentation. Histological data are consistent
with oligonucleosomal assays, which revealed profound
DNA cleavage in the same brain regions.

Because, however, some forms of excitotoxic cell
death may also lead to DNA fragmentation,70 TUNEL
may only be used to map apoptotic cell death after
apoptotic morphology has been confirmed ultrastruc-
turally. For that reason we analyzed cells degenerating
in a delayed fashion in the infant rat brain after trauma
by electron microscopy and found that these cells dis-
play morphological features consistent with apoptosis.
Further support is provided by profound increases of
CPP 32-like activity and up-regulation of c-jun in con-
junction with down-regulation of bcl-2 mRNA levels
in affected brain regions.

Why the same traumatic insult that triggers no de-

tectable apoptotic cell death in the 30-day-old rat brain
gives rise to a massive, disseminated apoptotic response
in infant rats is unclear. Certainly age-specific differ-
ences in the degree of myelination and brain water
content will allow traumatic forces to transmit the eas-
ier to deeper brain structures the more immature the
brain is at the time of injury. Our data suggest that
increased transcription of c-jun and decreased tran-
scription of bel-2 occur very rapidly (within 1 hour)
after trauma and may therefore contribute to this pro-
cess. Up-regulation of c-jun contributes to tissue repair
after axonal injury, provided appropriate levels of anti-
apoptotic genes are maintained.*” The combination of
c-jun overexpression and bcl-2 down-regulation, how-
ever, is potentially lethal.*? In the adult central nervous
system, up-regulation of bcl-2 expression has been re-
ported to occur in the context of traumatic brain'' and
spinal cord injury’® and appears to represent one
mechanism by which damaged cells manage to survive
after trauma.'' In transgenic bcl-2—overexpressing mice
subjected to optic nerve transection, most retinal gan-
glion cells survived, whereas most axotomized retinal
ganglion cells degenerated in an apoptotic fashion in
wild-type mice.*” Failure to maintain appropriate levels
of bcl-2 in the traumatized immature rat brain may
represent one potential mechanism to explain its re-
markable susceptibility to apoptotic neurodegeneration.
A similar reduction of bcl-2 mRNA expression was ob-
served in association with apoptotic neurodegeneration
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in the fetal rat brain after y-radiation.”' It remains a
goal for future studies to clarify which factors lead to
these changes in the infant rat brain (eg, intracellular
and extracellular ionic shifts, release of death factors,
oxidative stress, and axonal dysfunction and resulting
lack of trophic support). These mechanisms can trigger
c-jun phosphorylation and increased c-jun transcrip-
tion. Important in this respect is the observation that
up-regulation of c-jun mRNA occurred rapidly (within
1 hour) after trauma, making its induction via growth
factor deprivation unlikely. In sympathetic neurons,
growth factor deprivation leads to detectable increase
of Jun kinase (JNK) activity, the earliest at 6 to 8
hours after deprivation.”* Oxidative stress or release of
death factors (Fas-L and tumor necrosis factor) may
contribute to rapid JNK activation and c-jun transcrip-
tion. In support of this hypothesis, the radical scaven-
ger 2-sulfo-a-phenyl-/V-tert-butylnitrone, the antioxi-
dant N-acetylcysteine, and the tumor necrosis factor
inhibitor pentoxifylline elicit a protective effect in the
infant rat trauma model.”?

It is noteworthy that the infant rat brain is most
sensitive to apoptotic neurodegeneration after trauma
during the N-methyl-D-aspartate (NMDA) receptor
hypersensitivity period,”*”* with peak vulnerability on
postnatal day 7. This exactly coincides with the age at
which the infant rat brain is most sensitive to NMDA
excitotoxicity. In view of reports that NMDA receptor
stimulation may trigger both excitotoxic and apoptotic
neurodegeneration depending on intensity of stimula-
tion,”® the question arises as to whether endogenous
glutamate, acting on NMDA receptors, may be medi-
ating apoptosis after trauma in infant rats. However,
while attempting to block this apoptotic response with
NMDA antagonists, we observed an unexpected poten-
tiating effect’” indicating that, if NMDA receptors are
mechanistically involved in this process, they are rather
playing a protective role.

Our results are in accordance with reports showing
that apoptosis occurs in the context of traumatic
brain and spinal cord injury in rodents and pri-
mates.”>*7#8% Colicos and Dash”® reported that
dentate granule cells of adult rats exhibit apoptotic
morphology after experimental cortical injury. Num-
bers of apoptotic cells were highest at 24 hours after
trauma, the time point at which we also found the ap-
optotic response to have reached its maximum in in-
fant and juvenile rats. Apoptosis has also been docu-
mented in traumatized spinal cord tissue of rodents
and primates™””*" with a peak at 24 hours after trau-
ma.®® Activation of CPP 32-like caspases appears to
play a critical role in apoptotic cell deletion after
trauma to the immature brain. In contrast to the adult
brain, however, CPP 32-like proteolytic activity rises
not just up to 130%, as described in a study by Yak-
ovlev and associates,>® but up to 2,830% of control



values. Together with our histological data, this high-
lights a novel aspect of our findings, which is the dis-
proportionately large magnitude of the apoptosis con-
tribution to posttraumatic brain damage in the
immature brain. By using combined optical dissector
stereology and volumetry, we calculated that in the
brains of 7-day-old rats subjected to head trauma
2.7 = 0.5 million cells (n = 9) were dying an apopto-
tic death in the brain at 24 hours after trauma as op-
posed to 16,400 = 2,435 cells (n = 12) dying an ex-
citotoxic death at 4 hours after trauma. Because
apoptotic cells can be detected histologically for a few
hours (clearance time, 2 hours and 20 minutes)®' and
apoptosis is occurring in the infant rat brain for several
days after trauma, the numbers of cells eventually de-
leted by this mechanism are much higher.

It is noteworthy that, at a given age, the highest den-
sities of apoptotic cells after trauma were detected in
areas that also displayed the highest densities of cells
undergoing physiological (programmed) death (see Ta-
ble 2). This possibly indicates that neurons and glia
may be most vulnerable to die via apoptosis when ex-
posed to an exogenous insult during a certain period of
their maturation and differentiation process. It has
been proposed that the ratio of proapoptotic versus an-
tiapoptotic factors within a cell primarily determines its
vulnerability and likelihood to undergo programmed
cell death.**®2 Thus, the ontogenetically regulated ex-
pression of potential proapoptotic factors early in de-
velopment, such as c-jun, c-fos, and p53,83 which, un-
der physiological conditions, promote differentiation of
immature neurons and glia may, under pathological
circumstances, predispose these same cells to undergo
suicide. P53, for example, promotes cell differentiation
but initiates apoprotic deletion after irradiation.”"%%%
Progressive axonal injury and secondary axotomy after
trauma may be an additional mechanism that promotes
neuronal apoptosis, caused by deafferentiation and loss
of trophic support.

Considering the magnitude to which apoptosis con-
tributes to posttraumatic brain damage in the young,
development of an antiapoptotic regimen to treat pe-
diatric head trauma appears to be a very reasonable
goal for future research.

Supported by BMBF grant 01KO95151TPA3.
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Trauma to the developing brain constitutes a poor-
ly explored field. Some recent studies attempting to
model and study pediatric head trauma, the leading
cause of death and disability in the pediatric popu-
lation, revealed interesting aspects and potential
targets for future research.

Trauma triggers both excitotoxic and apoptotic
neurodegeneration in the developing rat brain.
Excitotoxic neurodegeneration develops and sub-
sides rapidly (within hours) whereas apoptotic cell
death occurs in a delayed fashion over several days
following the initial traumatic insult. Apoptotic neu-
rodegeneration contributes in an age-dependent
fashion to neuronal injury following head trauma,
with the immature brain being exceedingly sensi-
tive. In the most vulnerable ages the apoptosis con-
tribution to the extent of traumatic brain damage
far outweighs that of the excitotoxic component.

Molecular and biochemical studies indicate that
both extrinsic and intrinsic mechanisms are
involved in pathogenesis of apoptotic cell death fol-
lowing trauma. Interestingly, in infant rats a pan-
caspase inhibitor ameliorated apoptotic neurode-
generation with a therapeutic time window of up to
8 h after trauma.

These results help explain unfavorable outcomes
of very young pediatric head trauma patients and
imply that regimen which target slow active forms
of cell death may comprise a successful neuropro-
tective approach.

Key words: Apoptosis; Excitotoxicity; Neuroprotection

INTRODUCTION

Traumatic brain injury (TBI) constitutes a major cause
of morbidity and mortality in the industrialized world
(Goldstein, 1990; Sosin et al., 1995; Thurman et al.,
1999). According to the National Center for Injury
Prevention and Control, an estimated 1.5 million
Americans sustain TBI each year. As a result, 50,000
people die, 230,000 are hospitalized and survive and an
estimated 80,000-90,000 people experience the onset
of long-term disability every year (Thurman et al.,
1999). A large proportion of TBI patients are never
hospitalized but may suffer varying degrees of cogni-
tive impairment, behavioral and personality changes,
irritability, post-traumatic vertigo, sleep disturbances,
attentional deficits and headaches.

Although children under six years of age sustain TBI
more frequently than any other age group (Adelson and
Kochanek, 1998; Diamond, 1996), there has been lim-
ited research focusing on traumatic injury to the devel-
oping brain. The assumption that pathophysiology of
TBI is identical in the adult and developing central
nervous system is incorrect. Clinical studies suggest
that age decidedly influences both morbidity and mor-
tality after head injury in children, with those under 4
years of age showing the worst outcomes (Mahoney et
al., 1983; Koskiniemi et al., 1995; Adelson and
Kochanek, 1998). A study by Koskiniemi and col-
leagues (1995) demonstrated that in a cohort of chil-
dren suffering severe head injury prior to the age of 4
years none was able to work independently outside a
structured environment years later. Children older than
4 years at the time of injury had a significantly better
outcome. Differences in the mechanisms by which TBI
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was sustained and the higher incidence of non-acciden-
tal closed head traumata in the very young (Kraus et
al., 1987; James, 1999) may partly account for these
findings. Nevertheless, it is important to consider
whether the developing brain may be more vulnerable
to suffering irreversible neuronal loss and/or axonal
injury and, if so, what mechanisms may be involved.

In this review we will first summarize recent clinical,
neuropathological and biochemical data pertaining to
TBI in infants, toddlers and young children. Then we
will present own experimental work on TBI in the
developing rat brain with focus on cellular injury and
the involved pathomechanisms.

CLINICAL AND NEUROPATHOLOGICAL FEA-
TURES OF TBI IN INFANTS AND CHILDREN

People under the age of 18 years constitute the majori-
ty of victims of TBI. In children there are two peak
periods of incidence: early childhood (less than 5 years
of age) and mid-to-late adolescence (Luerssen et al.,
1988). Ten to 15% of children with head trauma suffer
severe head injury with the majority of survivors hav-
ing permanent deficits.

TBI can be grouped into different types, depending
on the mechanism of injury: focal versus diffuse,
closed head versus penetrating injuries and primary
versus secondary injuries. Diffuse injuries are more
common in children than focal injuries and closed head
injuries account for the majority of cases in children.

Child abuse tends to occur more often in the very
young (less than 4 years) and may even be the major
cause of severe brain injury in this group, representing
almost two-thirds of severe brain injury cases in the 0-
to 4-year old range in some series. Shaken baby syn-
drome, which can be associated with head impact, is
most common between 3 and 6 months of age (Barlow
and Minns, 1993) and results in a high mortality rate
(10-40%), acute neurological signs and poor neurolog-
ical outcome, mental retardation, cerebral palsy, blind-
ness, epilepsy and major behavioral problems (Oliver,
1975; Jaspan et al., 1992; Bonnier et al., 1995; 2002;
Duhaime et al., 1996; Shaver et al., 1996).

Another major cause of head trauma among infants,
toddlers and young children are falls. In older children,
falls and assaults result in less than 20% of TBI.

Primary traumatic injury elicits a secondary response
from the brain as a reaction to that injury, which is
believed to contribute to the diffuse cerebral swelling
and tissue damage seen following pediatric TBI. This
secondary response includes loss of cerebral autoregu-
lation, breakdown of the blood-brain barrier, intracellu-

lar and extracellular edema, and ischemic brain injury.
Intracranial hypertension, ischemia and vasospasm are
thought to contribute to progression of the injury. A
strong association between diffuse brain swelling and
hypoxemia or early hypotension has been reported
(Aldrich et al., 1992). The very young developing brain
can be particularly susceptible to extensive damage and
have a higher likelihood for worse outcome. In addi-
tion, in inflicted brain injury, the most common form of
brain injury in infants and young children, the injuries
tend to be multiple and diffuse.

There are few reports in the literature on neu-
ropathology of infant head injury. In shaken baby syn-
drome, edema, bleeding, infarcts, white matter contu-
sional tears, and axonal injury have been reported
(Zimmerman et al., 1979; Vowles et al., 1987; Jaspan
et al., 1992; Duhaime et al., 1998). In other studies,
contusional tears but no axonal injury in infants were
described (Lindenberg and Freytag, 1969). Neuronal
eosinophilia, interpreted as hypoxic-ischemic changes,
is a very common finding in one study by Shannon et
al. (1998), in which some axonal injury was also found
in infants and toddlers less than 18 months of age.

In a recent study by Geddes et al. (1999) the findings
in the brains of a series of 37 infants aged 9 months or
less, all of whom died from inflicted head injuries, and
14 control infants who died of other causes were sum-
marized. Surprisingly, the most common histological
finding was severe and widespread neuronal damage.
In this particular study, widespread traumatic axonal
injury was only found in association with multiple
skull fractures. This is in contrast to earlier reports stat-
ing that diffuse axonal injury is one of the inevitable
and devastating sequelae of shaken baby syndrome
(Brown and Minns, 1993; Munger et al., 1993; David,
1999). The only location where focal axonal damage
was consistently found in the series by Geddes et al.
was the craniocervical junction, the neuropathology
being that of stretch injury from cervical hyperexten-
sion/flexion. The authors concluded that damage to this
area could account for the observed apnea, which could
in turn lead to hypoxic damage and brain swelling
(Geddes et al., 2001a).

Thus, head injury in infants in the series by Geddes
et al. was shown to result primarily in neuronal dam-
age, and to a much lesser extent in diffuse axonal
injury. According to the authors, this finding could be
explained in one of two ways: either the unmyelinated
axon of the immature cerebral hemispheres is relative-
ly resistant to traumatic damage, or, in shaking-type
injuries, the brain is not exposed to the forces necessary
to produce diffuse axonal injury (Geddes et al., 2001b).
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Similarly, in a series on inflicted head injury includ-
ing older victims (aged 20 days to 8 years), severe
hypoxic brain damage was present in 77% of the cases.
Children over 1 year of age tended to have larger sub-
dural hemorrhages than infants and, in the few cases
where traumatic axonal injury was present, patterns of
hemispheric white matter damage more akin to those
reported in adults were found. Overall and contrary to
what one might expect, diffuse axonal injury was an
uncommon sequel in both infants and children with
inflicted brain injury, whereas widespread neuronal
damage (eosinophilia and shrinkage, interpreted as
neuronal hypoxia-ischemia) was a very frequent find-
ing (Geddes ef al., 2001b).

These two studies raised the assumption that there are
significant differences between the pathology of non-
accidental head injury in children and adults but also
between children of different ages. They also support
the notion that pathophysiology of TBI may show age-
dependent variations and underline the need for animal
models that will allow studying developmental aspects
of TBI.

BIOCHEMICAL FEATURES OF TBI IN
INFANTS AND CHILDREN

In a study by Bayir et al. (2002) antioxidant reserves
and oxidative stress in cerebrospinal fluid after severe
TBI were assessed in infants and children. Among the
eleven studied patients in that group there were five
aged 2 months to 4 years. The authors found evidence
for marked and progressive compromise of antioxidant
defenses and free radical mediated lipid peroxidation,
suggesting that these markers could be used to assess
the effect of therapies on oxidative stress in patients
after TBI. They also suggested that defining the role of
oxidative stress in the pathophysiology of TBI in
infants and children could help with the development
of novel, clinically applicable therapies.

Other biochemical markers that have been studied in
children with TBI include serum and cerebrospinal
fluid concentrations of S100B and neuron specific eno-
lase (Berger et al., 2002), adenosine levels in the cere-
brospinal fluid (Robertson et al., 2001) and concentra-
tions of interleukins 6 and 10 (Bell et al., 1997). All
these parameters were found elevated following TBI.
Interestingly, neuron specific enolase and S100B con-
centrations in the CSF of children with TBI showed a
unique time course in inflicted brain injury. In this
group both an early peak and a late peak of NSE and
S100B concentrations were observed, the first occur-
ring at a median of 11 hours after injury and the second
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one occurring at a median of 63 hours after injury.
Interestingly, the group of children assigned to that
group were 0.2- 1.8 years old. Such biochemical find-
ings raise the assumption that in inflicted brain injury
in infants and toddlers there appears to be a wave of
early cell death occurring within hours after injury and
a second wave of delayed cell death occurring days
after injury, which may represent an important thera-
peutic target.

In a study by Clark et al. (2000a) increases of
oligonucleosomes and the antiapoptotic protein bcl-2
in cerebrospinal fluid of infants and children after
severe TBI were described. Most profound increases of
oligonucleosomes were detected on the second day
after trauma. Interestingly, bcl-2 levels showed a sig-
nificantly higher increase in patients who survived ver-
sus those who died. The authors concluded that bcl-2
may participate in the regulation of cell death after TBI
in infants and children and that the increase in bcl-2
seen in patients who survived is consistent with a pro-
tective role for this anti-apoptotic protein after TBI
(Clark et al., 2000a).

HOW TO MODEL PEDIATRIC HEAD TRAUMA

The developing mammalian brain undergoes a period
of rapid growth, during which synaptogenesis and
physiological cell death, the prototypic example of
apoptosis, takes place. This brain growth spurt period
begins in the human in the 6th month of pregnancy and
extends up to the third year of life. In rodents, this peri-
od runs during the first three postnatal weeks, in piglets
it also begins prenatally and includes the first 100 days
of life. To model phenomena that take place in the
developing brain of human infants, toddlers and young
children, one needs to study animals during the com-
parable developmental period. Such experiments have
been performed in rats and piglets.

Among the several models that have been developed
for studying brain trauma, three have been widely used:
the fluid percussion model (Mclntosh et al., 1989), the
controlled cortical impact model (Dixon et al., 1991)
and the weight drop model (Feeney et al., 1981).

In the fluid percussion model, rapid injection of small
volumes of saline into the closed cranial cavity against
the dura induces brain injury. The pressure pulse is
delivered through a craniotomy lateral or central to the
midline and induces a short-lasting intracranial pres-
sure increase and tissue deformation. This model has
been used in rats, rabbits, cats, pigs and mice. The neu-
ropathology described in this model consists of cortical
contusion, selective hippocampal neuronal loss, axonal
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FIGURE 1 Light- and electronmicrographs depicting features of acute excitotoxic neurodegeneration following trauma to the 7 day old rat
brain. (A) Light micrograph depicting traumatic lesion in the parietal cortex 4 h after the mechanical impact. The areas of necrosis consist
of degenerating neurons with swollen cytoplasm and pyknotic nuclei (methylene blue azur II stain, X530). (B) Electron micrograph from
the traumatized cortex of a rat pup 4 h after trauma showing an acutely degenerating neuron. The cytoplasm is massively swollen as are
intracellular organelles, the endoplasmic reticulum (star) and mitochondria (arrow). The nucleus demonstrates clumps of nuclear chromatin.
Magnification x6,500. (C) Electron micrograph taken at 2 h after trauma depicting a swollen dendrite with several areas of membrane break-
down. A presynaptic axon terminal appears intact, it contains synaptic vesicles, is of normal size and is forming an axodendritic synapse
with the degenerating dendrite (arrow). Degeneration of dendritic elements with preservation of presynaptic axons is a typical feature of
excitotoxic lesions. Magnification x9,000. (D) Pyramidal neuron undergoing dark cell degeneration 2 h after mechanical trauma. The cyto-

plasm is condensed and contains several vacuoles. Magnification x14,000.

injury and regional cerebral edema.

In the controlled cortical impact model, a pneumati-
cally driven piston directly impacts the animal’s brain
through a craniotomy positioned lateral or central to
the midline. This model has been described in adult rats
and mice. Tissue deformations can be well controlled
by adjusting the depth and velocity of impact, which
produces a cortical contusion, hippocampal cell loss
and cognitive dysfunction.

In the weight drop model, injury is produced by a
metal rod which falls through a guide tube onto the ani-
mal’s skull or the exposed brain. Weight and height of
the rod determine injury severity. In this model, as in
the other two, a cortical contusion, hippocampal cell
loss and cognitive dysfunction are produced.

Attempts to model pediatric head trauma were ini-
tially made by Prins and Hovda (Prins et al., 1996;
Prins and Hovda, 1998) and Adelson and colleagues
(Adelson et al., 1996; 1997) who adopted the lateral
fluid percussion and the closed head injury model, ini-
tially described by Marmarou and colleagues
(Marmarou et al., 1994), to 17-day-old rats.

Our group studied the response of the rat brain to
head trauma in even earlier developmental stages in an
attempt to examine mechanisms that contribute to
unfavorable outcomes of very young pediatric patients
to head trauma. For that purpose, a model using the
weight drop device described by Allen for the spinal
cord (Allen, 1911) and by Feeney for the brain (Feeney
et al., 1981) was developed. In the following we will
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FIGURE 2 Light- and electronmicrographs depicting features of delayed apoptotic neurodegeneration following trauma to the 7 day old
rat brain. Silver-positive (A, DeOlmos cupric silver staining) and TUNEL-positive (B) cells in the brains of 8 day old rats subjected to head
trauma on day 7. (C, D) Electron microscopic evaluation of the cingulate cortex 16 h after parietal trauma reveals that the type and sequence
of morphological changes meet the classical criteria for apoptosis and are identical to the changes in neurons undergoing physiological cell
death in the developing brain. The neuron in C is showing very early signs of apoptotic cell death which consist of the formation of elec-
tron dense spherical chromatin masses in the nucleus and a discontinuity in the nuclear membrane (arrow heads). In this early stage cyto-
plasmic organelles appear essentially normal. As the apoptotic process evolves (D), the nuclear membrane decomposes into fragments
(arrow heads), the contents of the nucleoplasm and cytoplasm freely intermix and the entire cell becomes uniformly condensed. In later
stages, apoptotic bodies are formed and these are extruded into the neuropil (not shown). Finally, both the main cell mass and the apoptot-
ic bodies are transformed into shrunken amorphous masses of debris and are phagocytized. Magnifications: C, x10,500; D, x9,750.

review neuropathological and biochemical data we
obtained using this head trauma model in developing
rats.

NEUROPATHOLOGICAL FINDINGS IN TBI IN
THE DEVELOPING BRAIN

Using the weight drop device initially in 7 day old rats,
we found that mechanical trauma to the immature brain
causes an acute excitotoxic lesion within the area of
impact which rapidly expands within 4 h after trauma
(Ikonomidou et. al., 1996) (FIG. 1). This local excito-
toxic response is followed by disseminated cell death
affecting many brain regions ipsi- and contralateral to
the trauma site, which is detected by means of

DeOlmos silver staining (DeOlmos and Ingram, 1971)
and TUNEL staining for a period of hours after the
excitotoxic degeneration has run its course (FIG. 2).
Delayed cell death is detected in frontal, parietal, cin-
gulate and retrosplenial cortices, laterodorsal,
mediodorsal and ventral thalamic nuclei, hippocampal
dentate gyrus, subiculum and striatum (Bittigau et al.,
1999; Pohl et al., 1999).

Examination of histological sections by TUNEL stain-
ing revealed that TUNEL positive cells displayed a
similar distribution pattern. By morphometric analysis,
densities of silver positive- and TUNEL-positive cells
obtained from parallel sections within affected brain
areas did not significantly differ from each other. Thus,
cells which degenerated in a delayed fashion after head
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FIGURE 3 (A) Schematic illustration depicting the distribution patterns of TUNEL positive cells (shaded areas) in different age groups at
24 h after trauma. Darker tones indicate higher densities of degenerating cells. Rats were traumatized on postnatal days 3, 7, 10, 14 and 30.
(B) Time course of apoptotic cell death following head trauma in different age groups. Morphological analysis was performed by means of
the stereological optical dissector in sections stained with the DeOlmos cupric silver method. Rats were given a cumulative severity score
for apoptotic damage. Depicted are mean scores + SEM from 5-7 rats. Brains were analysed at 24, 48 h or 5 days after trauma, in 7 day old
rats also at 6 h after trauma. Apoptotic cell death in all ages studied showed a maximum at 24 h after trauma. (*P <0.05, ***P <0.001 com-

pared to 24 h; *P <0.05, **P <0.01, **°P <0.001 compared to 48 h; Student’s ¢ test). (B) Severity of posttraumatic apoptotic cell death in
relation to age. Quantitation of damage was performed by means of the stereological optical dissector in sections stained with the TUNEL
method. Each region was given a score 1 for every 1000 degenerating cells/mm3 (1000 cells mm3=1) and the scores from 14 regions ipsi-
lateral and 14 regions contralateral to the trauma were added to give a cumulative severity score for the brain. Depicted are mean scores =
SEM from 5-9 rats. Open bars represent mean scores from rats traumatized with the same mechanical force. Black bars represent mean
scores from rats which were traumatized using the same pressure/brain weight ratio in all age groups. In both groups, severity of apoptotic
damage at 24 h after trauma was significantly (P <0.001; Student’s # test) higher in 3 and 7 day old rats as compared to 10, 14 or 30 day
old animals.

trauma in the 7 day old rat brain displayed nuclear
DNA-fragmentation (Bittigau et al., 1999).

To confirm the apoptotic nature of this delayed
degenerative reaction to trauma in the 7 day old rat
brain, and taking into account that degenerating neu-
rons dying by a non-apoptotic process can also show
TUNEL positivity (Ishimaru et al., 1999), large num-
bers of degenerating cells were examined by electron
microscopy. In all regions examined (frontoparietal
and cingulate/retrosplenial cortices, thalamus, caudate
nucleus), the cells undergoing delayed degeneration

displayed ultrastructural changes characteristic of
apoptosis. The first detectable ultrastructural changes
consisted of clumping of nuclear chromatin and mild to
moderate condensation of the entire cell. Nuclear chro-
matin became transformed into flocculent densities
which formed one or more large electron dense spheri-
cal balls (FIG. 2C, 2D). The nuclear envelope separat-
ed into fragments, and finally the cell became unparti-
tioned with nucleoplasmic contents freely intermin-
gling with cytoplasmic contents. Large chromatin
masses migrated often towards the periphery of the cell
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and in some cases the cell divided into separate inde-
pendent bodies consisting of a contingent of cytoplasm
and one or more nuclear chromatin balls. This type and
sequence of changes are identical to changes seen in
neurons undergoing physiological cell death, a natural
apoptotic process by which redundant or unsuccessful
neurons are deleted from the developing brain
(Ishimaru et al., 1999) and meet established criteria for
diagnosing apoptosis (Wyllie et al., 1980). At 24 h after
trauma, cells in both early and late stages of apoptosis
were detected, indicating that the process of cell sui-
cide was still progressing. We did not identify cells
undergoing non-apoptotic degeneration by electron
microscopy in affected brain regions at 16-24 h after
trauma, which indicates that, at those times, apoptosis
is the predominant form of degeneration, whereas up to
6 h after trauma excitotoxic degeneration primarily
takes place in the infant rat brain (Ikonomidou ef al.,
1996; Bittigau et al., 1999).

These results demonstrate that both acute excitotoxic
and slower active or apoptotic cell death occur in the
context of traumatic brain damage in developing rats.

AGE-DEPENDENT DISTRIBUTION PATTERNS
AND SEVERITY OF APOPTOTIC CELL DEATH
FOLLOWING TRAUMA

We studied age dependent severity of apoptotic neu-
rodegeneration following TBI by performing two
series of experiments, one in which the brains of rats at
all ages (3-30 days old) were subjected to the same
mechanical force and one in which the mechanical
force was modified in order to achieve the same pres-
sure/brain weight ratio (Bittigau et al., 1999). In both
series we detected apoptotic cell death at 24 h after
head trauma in 3-14 day old rats. Silver and TUNEL
stains gave similar distribution patterns in all age
groups. The age-dependent distribution patterns are
shown in figure 3.

When the same force of 160gcm was used to trauma-
tize pups of all age groups, severity of apoptotic cell
death was highest in 3 day old rats and decreased sig-
nificantly with increasing age (FIG. 3C). Even when
the force was adjusted to provide the same
pressure/brain weight ratio in all age groups, distant
apoptotic damage in older animals remained minimal
as compared to 3 and 7 day old rats. Under this exper-
imental condition (fixed pressure/brain weight ratio), 7
day old rats were most vulnerable to distant apoptotic
damage triggered by mechanical trauma (FIG. 3C).

Apoptotic cell death reached a peak at 24 h following
trauma in the brains of pups at all ages studied and was
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non-detectable at 5 days after the insult (FIG. 3B).

In our studies in infant animals, we found that, at a
given developmental age, highest densities of apoptot-
ic cells following trauma were detected in areas that
also displayed highest densities of cells undergoing
physiologic cell death (Bittigau et al., 1999). This pos-
sibly indicates that neurons and glia may be most vul-
nerable to die via apoptosis when exposed to an exoge-
nous insult during a certain period of their maturation
and differentiation process. It has been proposed that
the ratio of pro- versus antiapoptotic factors within a
cell primarily determines its vulnerability and likeli-
hood to undergo active cell death (Kroemer, 1997;
Hengartner, 2000). Thus, the ontogenetically regulated
expression of potential proapoptotic factors early in
development, such as c-jun, c-fos, p53 (Ferrer et al.,
1996), which, under physiological conditions, promote
differentiation of immature neurons and glia may,
under pathological circumstances, predispose these
same cells to undergo suicide. P53, for example, pro-
motes cell differentiation but initiates apoptotic dele-
tion following irradiation (Borovitskaya et al., 1996;
Norimura et al., 1996; Almog and Rotter, 1997).
Progressive axonal injury and secondary axotomy after
trauma may be an additional mechanism that promotes
neuronal apoptosis, due to deafferentiation and loss of
trophic support (Maxwell et al., 1997).

Why the same traumatic insult that triggers no
detectable apoptotic cell death in the 30-day-old rat
brain gives rise to a massive, disseminated apoptotic
response in infant rats is unclear. Certainly age-specif-
ic differences in the degree of myelination and brain
water content will allow traumatic forces to transmit
more easily to deeper brain structures the more imma-
ture the brain is at the time of injury. Interestingly, the
infant rat brain is most sensitive to apoptotic neurode-
generation following trauma during the N-methyl-D-
aspartate (NMDA) -receptor-hypersensitivity period
(McDonald et al., 1988; Ikonomidou et al., 1989), with
peak vulnerability on postnatal day 7. This exactly
coincides with the age at which the infant rat brain is
most sensitive to NMDA-excitotoxicity. In view of
reports that NMDA receptor stimulation may trigger
both excitotoxic and apoptotic neurodegeneration
depending on intensity of stimulation (Bonfoco et al.,
1995), the question arises whether stimulation of
NMDA receptors by endogenous glutamate, may pro-
mote apoptosis following trauma in infant rats.
However, while attempting to block this apoptotic
response with NMDA antagonists, we observed an
unexpected potentiating effect (Pohl ef al., 1999), indi-
cating that NMDA receptor blockade promotes apopto-



482 BITTIGAU et al. 48

sis and NMDA receptor stimulation may be neuropro-
tective against apoptosis. Radical scavengers and
antioxidants elicited a protective effect against delayed
apoptotic cell death in the infant rat TBI model (Pohl et
al., 1999), suggesting contribution of free radicals in
pathogenesis of this form of neurodegeneration.

Other factors likely to complicate tissue injury and
potentially further entertain apoptotic deletion are pro-
gressive axonal injury and secondary axotomy after
trauma with resulting deafferentation, decrease in the
levels of neurotrophic factors and loss of trophic sup-
port, activation of glial cells and inflammatory path-
ways involving death receptors. Our attempts to
explore some of these mechanisms will be illustrated in
the following.

PATHWAYS LEADING TO APOPTOTIC
NEURODEGENERATION

Apoptosis can be initiated by diverse signals and exe-
cuted via different biochemical pathways (Hengartner,
2000). Triggers include growth factor deprivation,
DNA damage, cytokine production and activation of
death receptors, as well as release of cytochrome c
from the mitochondria into the cytoplasm. Although
biochemical pathways differ considerably, they all
converge upon activation of effector caspases
(Krammer, 2000; Meier et al., 2000; Nicholson, 2000;
Rich et al., 2000; Savill and Fadok, 2000; Yuan and
Yankner, 2000).

An intrinsic and extrinsic apoptotic pathway have
been defined, the first initiated by release of
cytochrome c into the cytoplasm and the second by
activation of death receptors. Cytochrome ¢ release
leads to activation of effector caspases via recruitment
of caspase-9 (Hengartner, 2000). Aggregation of the
death receptor Fas (CD95/Apo-1), a member of the
TNF-o superfamily, follows Fas ligand binding and
leads to formation of a death-inducing signaling com-
plex (DISC): Fas itself, an adapter protein named Fas
associated death domain (FADD) and the inactive form
of caspase-8 (Martin-Villalba et al., 1999). After for-
mation of the DISC, procaspase-8 is proteolytically
cleaved, activated and released from the DISC
(Chinnaiyan et al., 1995; Muzio et al., 1996; Medema
et al., 1997; Krammer, 2000). Caspase-8 then activates
downstream caspases, such as caspase-3, which exe-
cute the cell.

Activation of caspases comprises a subsequent criti-
cal step within the apoptotic cascade. Caspases con-
tribute to cell cleavage via inactivation of nuclease
inhibitors and survival proteins, direct disassembly of

cell structures, destruction of proteins involved in
cytoskeleton regulation and inactivation of proteins
involved in DNA repair and replication (Thornberry
and Lazebnik, 1998).

To investigate involvement of the intrinsic apoptotic
pathway in the pathogenesis of apoptotic neurodegen-
eration following trauma to the developing brain, we
analyzed changes in the expression of antiapoptotic
proteins of the bel-2 group that decrease mitochondri-
al membrane permeability, changes in cytochrome ¢
immunoreactivity in the cytosolic fraction and changes
in caspase-9 activity in the infant rat brain trauma
model. To investigate involvement of the extrinsic
pathway, Fas-expression and caspase-8 activity in
brain tissue were measured. To investigate the role of
neurotrophins, endogenous mRNA levels for neu-
rotrophin-3 (NT-3) and brain derived neurotrophic fac-
tor (BDNF) were analyzed. Finally, to test the potential
benefit of caspase inhibition in TBI to the developing
brain, the pancaspase inhibitor z-VAD.FMK was
administered to infant rats and neurodegeneration was
quantitated. Our findings indicate that trauma leads to
activation of the intrinsic and the extrinsic apoptotic
pathways in the developing rat brain and that inhibition
of effector caspases confers neuroprotection over a
time window of at least 8 h after trauma.

TRAUMA-INDUCED CHANGES IN CASPASE-
3-LIKE ENZYMATIC ACTIVITY AND DNA-
BREAKDOWN IN THE INFANT RAT BRAIN

Head trauma induced significant elevations of caspase
3/CPP32-like activity and DNA fragmentation
(oligonucleosomes) in extracts from ipsilateral cingu-
late and parietal cortex, thalamus, striatum and hip-
pocampus as measured at 24 h after trauma (Bittigau et
al., 1999).

These findings indicate that activation of CPP32-like
caspases play a critical role in active cell deletion fol-
lowing trauma to the immature brain. In contrast to the
adult brain, CPP32-like proteolytic activity rose not
just up to 130%, as described in a study by Yakovlev et
al. (1997), but up to 2,830% of control values.
Together with our histological data, this highlights the
disproportionately large magnitude of the apoptosis
contribution to posttraumatic brain damage in the
immature brain. Using combined optical dissector
stereology and volumetry we calculated that in the
brains of 7 day old rats subjected to head trauma, mil-
lions of cells were dying an apoptotic death in the brain
at 24 h after trauma as opposed to a few thousand cells
dying an excitotoxic death at 4 h after trauma (Bittigau
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FIGURE 4 (A) Bcl-2 (left) and Fas (right) mRNA expression in right thalamus (ipsilateral to trauma site) in a sham operated rat at 0 hrs
after trauma and in rats subjected to head trauma at 2-120 h after trauma. mRNA was reverse transcribed to cDNA, amplified by polymerase
chain reaction using specific primers for bel-2 and B-actin and subjected to polyacrylamide gel electrophoresis and silver staining. There is
obvious decrease in mRNA levels for bcl-2. There is an increase in mRNA levels for Fas at 4 h, peaking at 12 h after the insult and lasting
up to 24 h. These are representative gels from a series performed to analyze bcl-2 and Fas mRNA expression. On the right, Western blot
analysis for Fas and bcl-x; in brain extracts prepared from the thalamus of sham operated rats (C) and rats traumatized on day 7, at 4-24 h
after trauma. Representative blots of a series performed (thalamus, striatum, cortex), demonstrating an increase in Fas and decrease in bel-x;
protein expression 4 h after trauma in the ipsilateral thalamus. Western blot analysis of cytochrome ¢ immunoreactivity in the cytoplasmic
fractions of brain extracts taken from the thalamus of a sham operated rat (C) and rats traumatized on day 7, at 2, 4 and 12 h after trauma
is also shown. There is an increase in cytochrome ¢ immunoreactivity in the cytosolic fraction by 2 h after trauma. (B) The results of den-
sitometric analysis of bcl-2 and bcl-x; specific mRNA-bands on the gels from traumatized rats are presented in reference to -actin. Data
represent the ratio (%) of the density of the bcl-2 or bel-x; band to the B-actin band + SEM. Two way ANOVA revealed that trauma had a
highly significant effect on the mRNA-levels for bcl-2 [F(7,44)=40.9, P<0.001] and bel-x; [F(7,44)=31.71, P<0.001] in the thalamus.
There was a highly significant effect of time (posttraumatic interval) on the mRNA-levels for bel-2 [F(1,44)=155.1, P<0.001] and bel-x;
[F(1,44)=0648.8] in the thalamus as well, compared to sham operated rats. (C ) The results of densitometric analysis of the Fas specific
mRNA bands from the thalamus of traumatized rats are presented in reference to -actin. Data represent the ratio (%) of the density of the
Fas band to the B-actin band + SEM. Comparison between sham rats and rats subjected to brain trauma by ANOVA revealed that trauma
had a highly significant effect on Fas mRNA levels in the thalamus [F(1,44) = 804.5, P<0.001]. (D) Caspase-9 activity in cytosolic protein
extracts from thalamus of sham rats and rats subjected to head trauma. Specimen were analyzed at 4, 12 and 24 h after trauma or sham sur-
gery. Caspase-9-like activity was measured fluorometrically, using the specific substrate LEHD and by determining accumulation of free
aminotrifluoromethyl coumarin (AFC). Data are expressed in relative fluorescent units (RFU) as means £ SEM after subtraction of the
appropriate buffer controls. The numbers in parentheses represent the number of specimen in each group. Two way ANOVA revealed that
trauma had a highly significant effect on caspase-9 activity in the thalamus [F(1,30) = 17.56, P<0.001]. The grey column depicts recombi-
nant caspase-9 activity which served as control. (E) Caspase-8 activity in cytosolic protein extracts from right thalamus in rats subjected to
head trauma compared to sham rats. Specimens were analyzed at 4, 12 and 24 h after trauma or sham surgery. Caspase-8 like activity was
measured fluorometrically using the specific substrate IETD and by determining accumulation of free AFC. Data are expressed in relative
fluorescent units (RFU) as the mean ratios + SEM of signal obtained in specimen from traumatized and sham operated brains after sub-
traction of the appropriate buffer controls. The numbers in parentheses represent the number of specimen in each group. Two way ANOVA
revealed that trauma had a highly significant effect on caspase-8 activity in the thalamus [F(1,30) = 63.27, P<0.001]. The grey column
depicts recombinant caspase-8 activity which served as control.
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et al., 1999). Since apoptotic cells can be detected his-
tologically for a few hours (clearance time, 2 h and 20
min) (Thomaidou et al., 1997) and apoptosis is occur-
ring in the infant rat brain for several days after trauma,
the numbers of cells eventually deleted by this mecha-
nism are much higher.

ACTIVATION OF THE INTRINSIC
APOPTOTIC PATHWAY BY TRAUMA

Downregulation in the Expression of Antiapoptotic
Genes
The expression of bcl-2 and bel-x; , two proteins with

antiapoptotic properties which have been shown to
decrease mitochondrial membrane permeability was
first investigated at the transcriptional level. Trauma
triggered marked and rapid downregulation in the
expression of bcl-2- and bel-xp -specific mRNA in thal-

amus and cingulate cortex, which was evident within 2
h following the insult, persisted up to 48 h and demon-
strated a slow, incomplete recovery by 120 h after trau-
ma (FIG. 4A, 4B).

Downregulation of bcl-2 family members was con-
firmed at the protein level in that immunoreactivity of
bel-x; was analyzed by Western blotting in brain

extracts from thalamus, striatum and cortex. Decreased
levels of bcl-x; protein were found in these areas at

various time points after trauma (FIG. 4A).

Cytochrome ¢ Release and Caspase-9 Activation
Cytochrome ¢ immunoreactivity was analyzed by
Western blotting in the cytosolic fraction of brain
extracts from thalamus, striatum and cortex of 7 day
old rats subjected to head trauma. Cytochrome c¢
immunoreactivity increased at 2 h after trauma in the
cytosolic fraction (FIG. 4A), at a time point when no
signs of delayed neurodegeneration were detectable by
histological techniques.

The activity of the initiator caspase-9 was measured
in thalamic tissue using the specific substrate (LEHD)
in sham rats and rats subjected to head trauma.
Compared to sham operated rats, there was a signifi-
cant increase of caspase-9 activity in the thalamus in
rats subjected to head trauma at 12 and 24 h after trau-
ma (FIG. 4D).

Activation of the intrinsic apoptotic pathway has pre-
viously been reported in in vivo trauma models
(Morita-Fujimura et al., 1999; Raghupathi et al. 2000;
Keane et al. 2001). How cytochrome ¢ manages to
cross the mitochondrial membrane is not understood.
In all proposed models (Hengartner, 2000), members

of the bcl-2 family play a key role in that they decrease
mitochondrial membrane permeability and prevent
release of cytochrome c into the cytoplasm (Nicholson,
2000). In the infant rat brain we demonstrate downreg-
ulation of the expression of bcl-2 and bel-x; following

trauma, which is expected to result in increased per-
meability of the mitochondrial membranes. Changes at
the mRNA levels correlated with decreased protein
levels (Felderhoff-Mueser et al., 2002). Reasons for
decreased expression of antiapoptotic bcl-2 family pro-
teins remain unclear. Transcription of antiapoptotic
bel-2 family members is influenced by CREB, whose
activity level is regulated by growth factors (Xing et
al., 1996). It has been shown that release of trophic fac-
tors and their trophic effects on developing neurons
depend upon the level of neuronal activity (Mc
Callister et al., 1996; Liou and Fu, 1997). Spreading
depression triggered by trauma disrupts physiological
synaptic activity. Even in the presence of increased
neurotrophin levels, it is possible that disruption of
physiological synaptic activity may lead to impairment
of intracellular neurotrophin-initiated signaling path-
ways and result in decrease in the transcription of sur-
vival genes.

APOPTOSIS BY DEATH RECEPTOR ACTIVA-
TION (EXTRINSIC PATHWAY) FOLLOWING
TRAUMA TO THE DEVELOPING BRAIN

Changes in expression of the death receptor Fas fol-
lowing trauma to the 7 day old rat brain were deter-
mined at defined time points post-injury. Trauma trig-
gered increase of Fas-mRNA levels at 4 h after trauma
which lasted up to 24 hours and subsequently
decreased to pre-trauma levels (FIG. 4A). Increased
protein levels for Fas were found in the ipsilateral thal-
amus, striatum and cortex starting at 4 hours after trau-
ma, with this increase being most pronounced at 12
and 24 h after trauma (FIG. 4A).

In the intact developing brain there is moderate phys-
iological expression of Fas. Fas immunoreactivity
increased particularly in the cortex and in the thalamus
ipsilateral to the injury after trauma (FIG. 4A, 4C). At
48 h, reduction of Fas immunoreactivity occurred in
affected brain regions, possibly reflecting evacuation
of cells that overexpressed the receptor (Felderhoff et
al., 2002).

To further confirm activation of the extrinsic apop-
totic pathway following trauma, caspase-8 activity was
measured fluorometrically in the thalamus using the
specific caspase-8 substrate IETD. Trauma had a high-
ly significant effect on caspase-8 activity in the thala-
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FIGURE 5 NT-3 and BDNF mRNA expression in right thalamus
(ipsilateral to trauma site) in a sham operated rat (C) at 0 h after
surgery, and rats subjected to head trauma at 2, 4, 8, 12, 24, 48 and
120 h after trauma. There is an increase in mRNA levels for both
neurotrophins at 4 h, with peaks between 4-8 h after the insult and
decline to control values by 48 h after trauma. The B-actin band
shows equal signal intensity in all columns, verifying cDNA
integrity.

mus after trauma (FIG. 4E). Previous studies have
demonstrated Fas expression in the context of trauma
to the adult brain and in infant hypoxia-ischemia
(Nakashima et al., 1999; Beer et al., 2000; Felderhoff-
Mueser et al., 2000). Our findings imply Fas receptor
involvement in activation of caspase-8 after neonatal
brain trauma but do not exclude the possibility that
other death receptors and their ligands (TNF, TRAIL)
may also contribute to activation of this extrinsic apop-
totic pathway.

A cross talk between the extrinsic pathway and the
mitochondria has been postulated (Hengartner, 2000).
Activation of caspase-8 leads to proteolysis of the
proapoptotic protein bid. Truncated bid enters the
mitochondria and promotes cytochrome c release.
Time course studies suggest that activation of caspase-
8 occurs early (within 4 h) after trauma. Therefore, it is
possible that caspase-8 mediated bid cleavage may
constitute one additional mechanism to facilitate
release of cytochrome c into the cytoplasm.

Trauma Triggers Transcription of Neurotrophins
To determine whether downregulation of neu-
rotrophins may contribute to apoptotic neurodegenera-
tion after trauma, mRNA levels for BDNF and NT-3
were analyzed by RT-PCR in brain samples from rats
subjected to head trauma at the age of 7 days. Trauma
triggered increase of NT-3 and BDNF specific mRNA.
This effect was evident at 2 h after trauma, demon-
strated a peak at 8 h and returned to basal levels by 48
h after trauma (FIG. 5).

In accordance, BDNF immunoreactivity was quite
prominent in the cortex and thalamus ipsilateral to the
injury at 24 h after trauma (Felderhoff-Mueser et al.,
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FIGURE 6 Neuroprotective effect of z-VAD.FMK in infant TBI.
Seven day old rats received 0.1-10 pg z-VAD.FMK (grey columns)
or DMSO vehicle (V, dark column) i.c.v. at 2 h after trauma and
were perfused at 24 h after trauma (n=6 per group). In sections
stained by the DeOlmos technique, the frontal, parietal, cingulate,
retrosplenial cortices, caudate nucleus, thalamus, dentate gyrus and
subiculum were subjected to morphometric analysis by stereologi-
cal dissector method, estimating numerical densities of silver posi-
tive cells. Each region was given a score of 1000 for every 1000
degenerating cells/mm3, and the scores of 14 regions ipsilateral to
the trauma side were added to a cumulative score. Columns repre-
sent cumulative scores + SEM (numbers in parentheses represent
the number of animals per group). ANOVA revealed that the effect
of treatment with z-VAD.FMK was significant [F(5,30) = 30.06,
P<0.0001]. Pairwise comparisons revealed that the dose of 0.5
mg/kg z-VAD.FMK significantly protected from apoptotic neu-
rodegeneration following trauma to the developing brain. **P
<0.01; ***P <0.001 compared to DMSO-treated rats, Student’s ¢-
test.

2002).

Thus, our studies did not demonstrate downregula-
tion in the expression of the neurotrophins BDNF and
NT-3. In contrast, neurotrophin mRNA levels and
immunoreactivity increased within hours after trauma,
suggesting that neurotrophin-upregulation may repre-
sent an endogenous compensatory mechanism to coun-
teract neuronal destruction in the developing central
nervous system and provide modes for regeneration

and repair.

PHARMACOLOGICAL INTERVENTIONS IN
DEVELOPMENTAL BRAIN TRAUMA

NMDA Antagonists Block Excitotoxic but Enhance
Trauma-induced Apoptotic Neurodegeneration

To assess whether antagonists at the NMDA receptor
may have neuroprotective effects in the neonatal head
trauma model, we administered NMDA antagonists to
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7 day old rats and evaluated the extent of excitotoxic
and apoptotic neurodegeneration following such treat-
ment.

Quantitative evaluation 4 h after trauma of the brains
of 7-day-old rats treated with the NMDA antagonist
dizocilpine 1 h prior to trauma revealed reduction of
the extent of excitotoxic damage in the parietal cortex
(Ikonomidou et al., 1996; Pohl et al., 1999).

Quantitative evaluation of the brains 24 h after head
trauma however revealed that the apoptotic degenera-
tion was more severe in rats treated with dizocilpine
than in those subjected to vehicle (Pohl et al., 1999).
NMDA antagonists also gave rise to apoptotic degen-
eration in the brains of 7-day-old sham-operated rats,
indicating that they promote physiological apoptosis at
this age. In 7-day-old rats subjected to head trauma and
subsequent treatment with NMDA antagonists the
severity of apoptotic cell death was higher (by 27%
after treatment with dizocilpine and 37% after treat-
ment with CPP) than would be expected if the com-
bined effect were due to a simple additive mechanism
(Pohl et al., 1999).

These results indicate that NMDA antagonists have
opposite effects on the two components of TBI in the
developing brain; they reduce the relatively small exci-
totoxic component, while markedly increasing the sub-
stantially larger apoptotic component, the net effect
being increased neurodegeneration. Thus, NMDA
antagonists are singularly unsuitable for neuroprotec-
tion in TBI to the developing brain.

Treatment with the Pancaspase Inhibitor
z-VAD.FMK Blocks Trauma-induced Apoptotic
Cell Death

To assess the neuroprotective potential of caspase-inhi-
bition in TBI in infant rats, the pancaspase inhibitor
z-VAD.FMK was administered intracerebroventricu-
larly (i.c.v.) to 7 day old rats in doses of 0.1-10 pg at 2
h after trauma. Treatment with z-VAD.FMK had a sig-
nificant effect on severity of apoptotic brain damage
following trauma. Rats receiving a single dose of
z-VAD.FMK displayed a reduction in cumulative
scores for degenerating cells (FIG. 6) compared to rats
subjected to head trauma and i.c.v. injection of DMSO.

The therapeutic time window for z-VAD.FMK was at
least 8 h, since delayed administration of z-VAD.FMK
up to 8 h following trauma resulted in lower scores for
apoptotic brain damage compared to vehicle treated
rats (Felderhoff-Mueser et al., 2002).

In order to exclude the possibility that caspase inhi-
bition might delay but not inhibit apoptosis, we inject-

ed z-VAD.FMK (1 pg) 2 h after trauma to 7 day old
rats and analyzed their brains at 24, 48 h and 5 days
after trauma. A protective effect of z-VAD.FMK was
still evident at 48 h after trauma in comparison to vehi-
cle. At 5 days after trauma densities of degenerating
cells in both vehicle and z-VAD.FMK treated rats were
equally low and did not significantly differ between
groups (Felderhoff et al., 2002)

Finally, to provide additional evidence that treatment
with z-VAD.FMK offered lasting protection against
TBI, we injected 7 day old rats subjected to brain trau-
ma i.c.v. with the protective dose of 1 pg z-VAD.FMK
or vehicle at 2 h after trauma. All animals were sacri-
ficed 7 days after trauma or sham surgery without tran-
scardial perfusion, the forebrains were hemisected and
their weights monitored. Trauma resulted in significant
weight reduction of the right (traumatized) hemisphere
in vehicle treated rats compared to the non traumatized
left side (Felderhoff-Mueser et al., 2002). Treatment
with z-VAD.FMK resulted also in a significant but less
pronounced reduction of right hemispheric weights
compared to vehicle treated traumatized rats and sham
operated rats. These time studies suggest amelioration
of the neurodegenerative response to trauma
(Felderhoff et al., 2002).

In adult animal models, caspase inhibition may con-
fer neuroprotection in cerebral ischemia (Hara et al.,
1997; Endres et al., 1998; Fink et al., 1998; Himi et al.,
1998). Furthermore, early treatment of experimental
pneumococcal meningitis with z-VAD.FMK was
shown to have a beneficial effect, whereas delayed
application of this compound did not result in substan-
tial reduction of neuronal loss (Braun et al., 1999). In
traumatic injury to the adult brain, z-VAD.FMK and
the selective caspase-3 inhibitor z-DEVD.FMK can
block neuronal death (Yakovlev et al., 1997; Clark et
al., 2000b). In hippocampal and cortical neuronal cul-
tures, the cell permeable pancaspase inhibitor boc-
aspartyl(OMe)-fluoromethylketone (BAF) and the
more selective caspase-8 inhibitor [IETD-FMK (IETD)
reduced Fas-induced apoptosis (Felderhoff-Mueser et
al., 2000). The only existing in vivo study on caspase
inhibition in the immature brain demonstrated neuro-
protection with the pancaspase inhibitor BAF in an
infant model of hypoxic-ischemic injury (Cheng et al.,
1998). Our data indicate a beneficial effect of caspase
inhibition in brain trauma for neuronal death occurring
distant to the impact site. More importantly, the pro-
tective effect could be achieved even when the com-
pound was administered in a delayed fashion, indicat-
ing relevance in the clinical setting.
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TRAUMA ACTIVATES THE ENDOGENOUS
CANNABINOID LIGAND-RECEPTOR SYSTEM

Transcriptional mRNA expression and ligand binding
capacity of cerebral cannabinoid receptors were
assessed at defined time points post-trauma and com-
pared to levels of the endogenous cannabinoid receptor
ligands, anandamide and 2-arachidonoyl glycerol (2-
AG). While loss of a neuron-specific mRNA marker
was observed after induction of head trauma, levels of
cannabinoid CB; receptor mRNA transcription and lig-

and binding capacity were upregulated in the ipsilater-
al cerebral cortex. These alterations were most promi-
nent in the proximity of the impact site of the contusive
force (Hansen et al., 2001a). Accumulation of anan-
damide and its precursor, but not 2-AG, was apparent
in the ipsilateral cortex after induction of head trauma,
in particular 24 hours post-injury (Hansen et al.,
2001a,b), which suggest an enhanced activity of the
endogenous cannabinoid receptor-ligand system in the
developing brain as a response to contusive head trau-
ma.

Since central presynaptically located cannabinoid
receptors suppress the activity of a range of neuro-
transmitter systems, including glutamatergic and
GABAergic neurotransmission (Schlicker and
Kathmann, 2001; Wilson and Nicoll, 2002), and
endogenous cannabinoids are found in much higher
concentrations when neurons are in an injured state
(Hansen et al., 2000), it is believed that these sub-
stances and their receptors may constitute a putative
endogenous response aiming at dampening the
destructive impact of brain insults (Hansen et al., 2000;
Piomelli et al., 2000). Paradoxically, exogenously
induced overactivation of neuronal cannabinoid recep-
tors can also induce apoptotic-like neurodegeneration,
presumably depending on the cell type, cell develop-
mental state and degree of activation (Downer ef al.,
2001; Guzman et al., 2001). Also, blockade of cannabi-
noid receptors induces neuroprotection in a develop-
mental model of NMDA-induced excitotoxic brain
damage (Hansen et al., 2002). It therefore remains to
be established under what circumstances and in which
direction intrinsically upregulated cannabinoid ligand-
receptor function affects pro-survival signaling path-
ways in the immature brain and whether the endoge-
nous cannabinoid system may represent a target for
pharmacotherapy in pediatric TBI.

CONCLUSIONS

Traumatic injury to the developing central nervous sys-
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tem has two major components, an acute excitotoxic
component at the site of the insult and a delayed apop-
totic component affecting the impact site as well as
deeper brain structures. The number of brain cells
affected by the apoptotic component is disproportion-
ally larger than the number of cells degenerating by an
excitotoxic mechanism (Bittigau et al., 1999). Given
our findings, targeting the downstream effectors of
neuronal apoptosis in the acute phase of the insult has
therapeutic potential in the treatment of traumatic
injury to the immature brain. Antiapoptotic therapies
may give cells enough time to establish intrinsic pro-
tection systems and restore cellular homeostasis and
function (Han and Holtzman, 2000). However, since
apoptosis is also a physiological process in the devel-
oping brain, studies addressing the long-term function-
al effects following caspase inhibition appear to be
potential targets for future research (Gillardon et al.,
1999).
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Trauma triggers diffuse apoptotic neurodegeneration in the developing rat brain. To explore the
pathogenesis of this phenomenon we investigated the involvement of three possible mechanisms:
death receptor activation, activation of the intrinsic apoptotic pathway by cytochrome c release into
the cytoplasm, and changes in trophic support provided by endogenous neurotrophins. We detected
a decrease in the expression of bcl-2 and bcl-x,, two antiapoptotic proteins that decrease mitochon-
drial membrane permeability, an increase in cytochrome c immunoreactivity in the cytosolic fraction,
and an activation of caspase-9 in brain regions which show apoptotic neurodegeneration following
percussion brain trauma in 7-day-old rats. Increase in the expression of the death receptor Fas was
revealed by RT-PCR analysis, Western blotting, and immunohistochemistry, as was activation of
caspase-8 in cortex and thalamus. Apoptotic neurodegeneration was accompanied by an increase in
the expression of BDNF and NT-3 in vulnerable brain regions. The pancaspase inhibitor z-VAD.FMK
ameliorated apoptotic neurodegeneration with a therapeutic time window of up to 8 h after trauma.
These findings suggest involvement of intrinsic and extrinsic apoptotic pathways in neurodegenera-
tion following trauma to the developing rat brain. Upregulation of neurotrophin expression may
represent an endogenous mechanism that limits this apoptotic process. o 2002 Elsevier Science (USA)

Key Words: trauma; caspase; cytochrome c; death receptor; Fas; neurotrophin; brain development.

INTRODUCTION

Traumatic brain injury is a major cause of morbidity
in the pediatric population, with a high socioeconomic
impact (Goldstein, 1990). Children under 6 years of
age show the highest prevalence of brain trauma and
the worst clinical outcomes (Koskiniemi et al., 1995;
Diamond, 1996; Adelson & Kochanek, 1998).

Two types of neurodegeneration can be triggered
by trauma in the developing brain, excitotoxic and
apoptotic. Whereas excitotoxic death shows a rapid
time course, apoptosis occurs in a delayed fashion and
affects brain areas distant from the site of primary
impact (Pohl et al., 1999). The magnitude of the
apoptotic response to trauma is age dependent. In the

0969-9961/02 $35.00
© 2002 Elsevier Science (USA)
All rights reserved.

231

young, most vulnerable age groups, this form of cell
death decidedly determines the neuropathologic out-
come (Bittigau et al., 1999).

Apoptosis can be initiated by diverse signals and ex-
ecuted via different biochemical pathways (Hengartner,
2000). Triggers include growth factor deprivation, DNA
damage, cytokine production, and activation of death
receptors, as well as release of cytochrome ¢ from the
mitochondria into the cytoplasm. Although biochem-
ical pathways differ considerably, they all converge
upon activation of effector caspases (Krammer, 2000;
Meier et al., 2000; Nicholson, 2000; Rich et al., 2000;
Savill & Fadok, 2000; Yuan & Yankner, 2000).

An intrinsic and an extrinsic apoptotic pathway
have been defined, the first initiated by release of
cytochrome c into the cytoplasm and the second by
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activation of death receptors. Cytochrome ¢ release
leads to activation of effector caspases via recruitment
of caspase-9 (Hengartner, 2000). Aggregation of the
death receptor Fas (CD95/Apo-1), a member of the
TNF-« superfamily, follows Fas ligand binding and
leads to formation of a death-inducing signaling com-
plex (DISC): Fas itself, an adapter protein, Fas-associ-
ated death domain, and the inactive form of caspase-8.
After formation of the DISC, procaspase-8 is proteo-
Iytically cleaved, activated, and released from the
DISC (Chinnaiyan et al., 1995; Muzio et al., 1996;
Medema et al., 1997; Krammer, 2000). Caspase-8 then
activates downstream caspases, such as caspase-3,
which execute the cell.

To investigate involvement of the intrinsic apoptotic
pathway in the pathogenesis of apoptotic neurodegen-
eration following trauma to the developing brain, we
used a well-described percussion trauma model in
infant rats (Ikonomidou et al., 1996; Bittigau et al., 1999;
Pohl et al., 1999) and analyzed changes in the ex-
pression of antiapoptotic proteins of the bcl-2 group
that decrease mitochondrial membrane permeability,
changes in cytochrome ¢ immunoreactivity in the cy-
tosolic fraction, and changes in caspase-9 activity. To
investigate involvement of the extrinsic pathway, Fas
expression and caspase-8 activity in brain tissue were
measured. To investigate the role of neurotrophins,
endogenous mMRNA levels for neurotrophin-3 (NT-3)
and brain-derived neurotrophic factor (BDNF) were
analyzed. Finally, to test the potential benefit of
caspase inhibition in traumatic brain injury to the
developing brain, the pancaspase inhibitor z-VAD.FMK
was administered to infant rats and neurodegenera-
tion was quantitated. Findings indicate that trauma
leads to activation of the intrinsic and the extrin-
sic apoptotic pathways in the developing rat brain
and that inhibition of effector caspases confers neuro-
protection over a time window of at least 8 h after
trauma.

MATERIAL AND METHODS

Traumatic Brain Injury

Seven-day-old Wistar rat pups (Bundesinstitut fur
Gesundheitlichen Verbraucherschutz und Veterinar-
medizin BgVV, Berlin, Germany), weighing 13-16 g,
were anesthetized with halothane (induced with 4%
and maintained with 1.5% in balanced room air) and
subjected to head trauma as previously described (Bit-
tigau et al., 1999; Pohl et al., 1999). Following fixation of
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the animal’s skull in a stereotaxic frame, a skin inci-
sion was made to expose the skull. The trauma device,
which was integrated in the stereotaxic apparatus,
consisted of a hollow stainless steel tube perforated at
1-cm intervals to prevent air compression. It guided a
weight of 10 g which was allowed to fall from a height
of 16 cm onto a mobile circular foot plate (2.00 mm in
diameter) resting on the surface of the right parietal
bone. The device was oriented perpendicular to the
parietal bone with the center of the foot plate posi-
tioned 3 mm anterior and 2 mm lateral to lambda. The
foot plate was first allowed to touch the skull and was
then further depressed by 1.5 mm. Rats subjected to
sham surgery served as controls.

Tissue Sampling

Animals were sacrificed at 2, 4, 6, 8, 12, 24, 48, and
72 h and 5 days after trauma. Animals whose brains
were subjected to histological analysis received an
overdose of intraperitoneal chloral hydrate and were
transcardially perfused with heparinized 0.1 M PBS,
pH 7.4, followed by 4% paraformaldehyde in 0.1 M
cacodylate buffer, pH 7.4. Animal weights and brain
weights were documented for each experiment. Brains
were postfixed for 3 days at 4°C and processed for
TUNEL (terminal deoxynucleotide transferase-medi-
ated dUTP nick end-labeling), immunohistochemistry,
or DeOImos silver staining. For RT-PCR, Western blot-
ting, and fluorescence activity assays, fresh tissue was
prepared from the cingulate and parietal cortex, the
striatum, and the thalamus, subsequently snap frozen
in liquid nitrogen, and stored at —80°C until analysis.

All animal experiments were in accordance to the
guidelines of Humboldt University in Berlin, Ger-
many.

DeOlmos Cupric Silver Staining and TUNEL

Brains were embedded in agar and coronal sections
of 70 um thickness were serially cut on a Vibratome
(Leica VT 1000 S; Nussloch, Germany) and processed
for staining with silver nitrate and cupric nitrate ac-
cording to the method of DeOlmos and Ingram (1971).
Degenerating cells were identified by a distinct dark
appearance due to the silver impregnation.

TUNEL staining was performed using the ApopTag
Peroxidase kit (S 7100; Oncor Appligene, Heidelberg,
Germany). Briefly, after pretreatment with proteinase
K and quenching of endogenous peroxidase, sections
were incubated first in equilibration buffer followed
by working-strength TdT enzyme (incorporating



Apoptotic Pathways in Trauma to the Immature Brain 59 233
TABLE 1
Oligonucleotide Primer Sequences for RT-PCR Analysis

Nucleotide Nucleotide GenBank
Gene Sense primer position Antisense primer position Accession No.
Fas 5'-CCGACAACAACTGCTCAGA-3’ 174 5'-GCACCTGCACTTGGTATTC-3’ 430 D26112
Bcl-2 5-TTATAAGCTGTCACAGAGG-3’ 60-78 5'-TGAAGAGTTCCTCCACCAC-3' 388-406 U34964
Bel-x, 5'-AATGTCTCAGAGCAACCGG-3' 19-37 5'-CTTCCGACTGAAGAGTGAG-3’ 700-718 U34963
BDNF 5'-CGACGTCCCTGGCTGGACACTTTT-3' 2296-2318 5'-AGTAAGGGCCCGAACATACGATTGG-3' 2762-2786 D10938
NT-3 5'-GGTCAGAATTCCAGCCGATGATTGC-3’ 308-332 5'-CAGCGCCAGCCTACGAGTTTGTTGT-3’ 767-791 M34643
B-Actin 5'-CCCTAAGGCCAACCGTGAAAAGATG-3’ 1663 5'-GAACCGCTCATTGCCGATAGTGATG-3’ 2559 V01217

digoxigenin-labeled dUTP nucleotides to free 3'-OH
DNA termini) (1 h, 37°C). Sections were incubated in
stop/wash buffer (30 min, 37°C) and then with anti-
digoxigenin—peroxidase conjugate (30 min) followed
by diaminobenzidene (DAB) substrate (Sigma, Deisen-
hofen, Germany).

Immunohistochemistry for Fas and BDNF

Brains were embedded in paraffin and coronal sec-
tions, 10 um thick, were cut on a Microtome HM 360
(Microm) and mounted onto 3-aminopropyltrietoxy-
lane-coated (Sigma) glass slides. Paraffin-embedded
sections were microwaved in 10 mM citrate buffer, pH
6.5, at 750 W as previously described (Shi et al., 1997).
Endogenous peroxidase activity was blocked with
0.6% v/v hydrogen peroxide (15 min), and sections
were incubated with normal goat serum (20 min) and
left overnight at 4°C with rabbit polyclonal Fas or
rabbit polyclonal BDNF antibody (Santa Cruz, CA,; Fas
M20, 1:2500; BDNF N20, 1:100). Negative controls
were performed by including the peptide immunogen
as a competitor of antibody binding according to
the manufacturer’s instructions. Sections were then
treated with a goat anti-rabbit 1gG. After detection
with the ABC kit (Vector Laboratories, Peterborough,
UK), positive cells were visualized with DAB (Sigma)
and counterstained with hematoxylin—eosin.

RT-PCR for bcl-2, bcl-x,, Fas, BDNF, and NT-3

Total cellular RNA was isolated from snap-frozen
tissue by acidic phenol/chloroform extraction (Chom-
czynski & Sacchi, 1987) and DNase treated (Hybaid-
GmbH; Roche Diagnostics GmbH, Mannheim, Ger-
many); 200 ng of RNA was reverse transcribed with
Moloney murine leukemia virus reverse transcriptase
(Promega, Madison, WI) in 25 ul of reaction mixture.
The resulting cDNA (2 ul) was amplified by polymer-
ase chain reaction. The oligonucleotide primers used

for the PCR for rat bcl-2, bcl-x,, Fas, BDNF, and NT-3
and the internal standard B-actin are summarized in
Table 1. cDNA was amplified in 35 cycles, consisting
of denaturing for 30 s at 94°C, annealing for 45 s at
55°C, and primer extension for 45 s at 72°C. Amplified
cDNA was subjected to polyacrylamide gel electro-
phoresis, subsequent silver staining (Lohmann et al.,
1995), and densitometric analysis.

Western Blotting for Cytochrome c, bcl-x, , and Fas

Snap-frozen tissue was homogenized in 1% SDS
buffer (pH 7.3, containing 250 mM EDTA and 1 tablet
protease inhibitor Boehringer Complete; Roche Diag-
nostics GmbH, Mannheim, Germany), heated to 90°C,
and centrifuged at 15,000g (10 min). The supernatant
was used as the cytosolic fraction. Total cellular pro-
teins (50-100 wg/lane cytosolic fraction) were sepa-
rated on a 10% polyacrylamide gel and transferred
onto nitrocellulose membrane (Hybond ECL; Amer-
sham International, Buckinghamshire, UK). Primary
incubations (12 h, 4°C) were with a mouse monoclonal
antibody specific for cytochrome ¢ (Pharmingen, Hei-
delberg, Germany; 1:1000), a mouse monoclonal anti-
body for Fas (Transduction Laboratories, Heidelberg,
Germany; 1:1000), or a rabbit polyclonal antibody for
bcl-x, (Santa Cruz, CA; 1:1000). Secondary incubations
were with HRP-linked anti-mouse (for cytochrome ¢
and Fas) or anti-rabbit IgG (for bcl-x,) (1:1000). Posi-
tive signals were visualized using enhanced chemilu-
minescence (Amersham International) and serial ex-
posures were made to radiographic film (Hyperfilm
ECL; Amersham International).

Measurements of Caspase-8 and Caspase-9
Enzymatic Activity

The fluorometric caspase-8 and caspase-9 activity
assays (Oncogene Research Products, Bad Schwal-
bach, Germany) take advantage of the specificity of
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the enzymes for cleavage of aspartate residues in a
particular peptide sequence, present in the substrates
IETD (caspase-8) and LEHD (caspase-9). For detection
the substrate is labeled with the fluorescent molecule
7-aminotrifluoromethyl coumarin (AFC). Reaction can
be monitored by a blue to green shift in fluorescence
upon cleavage of the AFC fluorophore.

Frozen tissue from the cingulate cortex and the thal-
amus was homogenized in extraction buffer (Tris 50
mM, EDTA 5 mM, Triton 1%, KCI 0.166 M, leupeptin
0.5 mg/ml, pepstatin 1 mg/ml, PMSF 0.2 mM, ad-
justed to pH 8.0) (50 wg of tissue/500 wl volume).
Protein concentrations were adjusted to 5 mg/ml
and homogenates were diluted in 50 wl extraction
buffer/1% 1 M dithiothreitol solution, incubated at
room temperature (15 min), and centrifuged (500g).
Fifty microliters of the lysates was transferred to 96-
well microliter plates and an equal volume of assay
buffer was added. Following a 2-h incubation with the
caspase substrate conjugate AFC, samples were ana-
lyzed with a Dynatech G 2.0 fluorometer (Dynex,
Frankfurt, Germany), at 400-nm excitation and 505-nm
emission wavelengths. Recombinant caspase-8 and -9
served as positive controls. According to the manufac-
turer’s instructions, data are expressed in relative flu-
orescent units (RFU), which reflect the intensity of the
fluorescence signal following subtraction of the signal
of the appropriate buffer controls.

Intracerebral Administration of Caspase Inhibitor

To determine whether caspase inhibition miti-
gates damage following trauma, the tripeptide N-
benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone
(z-VAD.FMK) (Bachem, Heidelberg, Germany), a broad
spectrum caspase inhibitor, was administered. Ani-
mals were randomized to receive z-VAD.FMK diluted
in 2 ul DMSO intracerebroventricularly (icv) at 2, 4,
and 8 h after head trauma at doses of 0.1-10 ug.
Controls were subjected to injection with an equal
volume of DMSO. For icv injections, rats were sub-
jected to halothane anesthesia and fixed in a stereo-
taxic frame. A skin incision was performed to expose
the skull, and the parietal bone was penetrated using
a Hamilton syringe (30-gauge needle) at the stereo-
taxic coordinates of 1 mm anterior and 1 mm lateral to
bregma. A total volume of 2 ul was slowly injected
over 2 min into the right lateral ventricle. To exclude a
potentially toxic effect of the injection procedure, a
number of sham-operated rats received intracerebro-
ventricular injections of 2 ul normal saline.
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At 24 h, 48 h, 5 days, and 7 days following the insult
animals were transcardially perfused and brain tissue
was processed for histology. Animals were weighed
daily and brain weights were documented at the end
of each experiment.

Quantitation of Neurodegeneration
in Different Brain Regions

Following administration of z-VAD.FMK, degener-
ating cells were determined in sections (70 um)
stained by the DeOlmos cupric-silver method in the
frontal, parietal, cingulate, retrosplenial cortex; cau-
date nucleus (mediodorsal part); thalamus (laterodor-
sal, mediodorsal, ventral nuclei); hippocampal dentate
gyrus; and subiculum by means of stereological
disector (West & Gundersen, 1990), estimating mean
numerical cell densities (N,) of degenerating cells
(cells/mm?®). An unbiased counting frame (0.05 X 0.05
mm, disector height 0.07 mm) and a high aperture
objective were used for the sampling. The N, for each
brain region was determined with 8 to 10 disectors. To
assess overall severity of damage and enable compar-
isons among treatment groups, a scoring system was
created as follows: In each hemisphere, 14 regions
were analyzed by using the stereological disector to
determine the mean numerical densities of degener-
ated cells in each brain region. Each region was sub-
sequently given a number of points (score: 1000 de-
generating cells/mm?® reflects a score of 1000) and
scores from all evaluated regions were added to give a
cumulative severity score for degeneration within
each brain.

RESULTS

Histological Evaluation of Apoptotic
Neurodegeneration after Trauma
in the 7-Day-Old Rat Brain

Rats subjected to sham surgery (n = 10) or trauma
(n = 15) recovered within 10 min after anesthesia.
There was no mortality. At 24 h following percussion
head trauma in 7-day-old rats, widespread cell death
was detected by silver and TUNEL staining in the
frontal, parietal, cingulate, and retrosplenial cortex;
the thalamus; the dentate gyrus; the subiculum; and
the striatum (Figs. 1A-1C). Degeneration occurred bi-
laterally, with the side ipsilateral to the trauma being
more severely affected. TUNEL staining displayed a
similar distribution pattern of degenerating cells as
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FIG. 1. Light micrographs illustrating silver-positive (A; DeOlmos cupric-silver staining) and TUNEL-positive (B) cells in the brains of
8-day-old rats subjected to head trauma on day 7. (C) Schematic illustration depicting the distribution pattern of silver-positive cells (shaded
areas) in the brain at 24 h after trauma. Darker shades indicate higher densities of degenerating cells. Rats were traumatized on postnatal

day 7.

silver staining, confirming that nuclear DNA fragmen-
tation occurred (Fig. 1B). Previously, we reported that
brain trauma to 7-day-old rats initially triggers an
excitotoxic lesion which remains localized at the im-
pact site in the parietal cortex. This excitotoxic lesion
has a rapid evolution, reaches a peak at 4 h after
trauma, and subsides thereafter (Pohl et al., 1999).

Subsequently and starting at 6 h after trauma a de-
layed neurodegenerative response becomes evident in
the parietal cortex at the impact site but also in many
other brain regions distant to the site of impact. We
have provided a detailed description of the distribu-
tion pattern and time course of this delayed neurode-
generative response to brain trauma in 7-day-old rats,

© 2002 Elsevier Science (USA)
All rights reserved.



236

which reaches a peak at 24 h after trauma and sub-
sides thereafter. We have presented evidence obtained
from parallel vibratome sections indicating that silver
staining and TUNEL staining depict comparable dis-
tribution patterns and densities of degenerating cells
in affected brain regions (Bittigau et al., 1999). Further-
more, we have performed a detailed analysis of this
delayed neurodegenerative response to trauma by
electron microscopy, which has confirmed that neu-
rons which degenerate in a disseminated and delayed
fashion in the 7-day-old rat brain fulfill ultrastructural
criteria for apoptosis (Bittigau et al., 1999). In addition,
we have reported that marked activation of caspase 3
occurs in affected brain regions. This morphological
and biochemical evidence will not be presented here
in more detail but it represents the basis for our as-
sumption that, in the study outlined here, we have
been investigating mechanisms pertaining solely to
apoptotic neurodegeneration following trauma to the
developing rat brain.

Activation of the Intrinsic Apoptotic Pathway
by Trauma

Downregulation of the expression of antiapoptotic genes.
The expression of bcl-2 and bcl-x,, two proteins with
antiapoptotic properties which have been shown to
decrease mitochondrial membrane permeability, was
first investigated at the transcriptional level. mMRNA
levels for bcl-2 and bcl-x, were analyzed using semi-
gquantitative RT-PCR in the laterodorsal thalamus, cin-
gulate cortex, and striatum of sham-operated controls
and rats subjected to head trauma at the age of 7 days
at 0 (n = 4 per group), 2 (n = 4 per group), 4 (n = 4 per
group), 8 (n = 4 per group), 12 (n = 4 per group), 24
(n = 4 per group), 48 (n = 3 per group), and 120 (n =
3 per group) h after trauma. Polyacrylamide gels were
subjected to densitometric analysis and density ratios
(bcl-2 and bcl-x, in reference to B-actin) were statisti-
cally analyzed. Trauma triggered marked and rapid
downregulation in the expression of bcl-2 and bcl-x,,
which was evident within 2 h following the insult,
persisted up to 48 h, and demonstrated a slow, incom-
plete recovery by 120 h after trauma. In Figs. 2A and
2B downregulation of bcl-2 and bcl-x, in the thalamus
is shown. Two-way ANOVA revealed that trauma
had a highly significant effect on the mRNA levels for
bcl-2 [F(7,44) = 40.9, P < 0.001] and bcl-x,_ [F(7,44) =
31.71, P < 0.001] in the thalamus. There was a signif-
icant effect of time (posttraumatic interval) on the
MRNA levels for bcl-2 [F(1,44) = 155.1, P < 0.001] and
bel-x, [F(1,44) = 648.8] in the thalamus as well (Fig.
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2B). Similar findings were obtained in the cingulate
cortex and the striatum.

To further confirm downregulation of bcl-2 family
members at the protein level, immunoreactivity of
bcl-x, was analyzed by Western blotting in brain ex-
tracts from thalamus, striatum, and cortex. Seven-day-
old rats were examined at 4 (n = 4 per group), 12 (n =
4 per group), and 24 (n = 4 per group) h after trauma.
Decreased levels of bcl-x, protein were found in the
ipsilateral thalamus at 4, 12, and 24 h after trauma
(Fig. 2C). Analysis of protein samples from striatum
and cortex revealed similar results.

Cytochrome c release and caspase-9 activation. To de-
termine whether head trauma induces release of cyto-
chrome c into the cytoplasm, cytochrome ¢ immuno-
reactivity was analyzed by Western blotting in the
cytosolic fraction of brain extracts from thalamus, stri-
atum, and cortex of 7-day-old rats subjected to head
trauma. Analysis was performed in sham-operated
rats (n = 3) and rats subjected to head trauma at 2 (n =
3), 4 (n = 3), and 12 (n = 3) h after trauma. Cyto-
chrome ¢ immunoreactivity increased at 2 h and was
most pronounced at 4 h after trauma in the cytosolic
fraction (Fig. 2D). It should be noted here that at 4 h
after trauma no signs of delayed neurodegeneration
are detectable in the thalamus, cingulate cortex, or
striatum by histological techniques.

The activity of the initiator caspase-9 was measured
using the specific substrate (LEHD) in sham-operated
rats and rats subjected to head trauma, at 4 (n = 6 per
group), 12 (n = 6 per group), and 24 (n = 6 per group)
h after trauma in the thalamus. Two-way ANOVA
revealed that trauma had a highly significant effect on
caspase-9 activity in the thalamus [F(1,30) = 17.56, P <
0.001]. Activity of caspase-9 was also dependent on
posttraumatic interval [F(2,30) = 3.57, P < 0.05]. Com-
pared to sham-operated rats, there was a significant
increase in caspase-9 activity in the thalamus in 7-day-
old rats subjected to head trauma, at 12 (P < 0.001)
and 24 h (P < 0.01; Bonferroni/Dunn test) after
trauma (Fig. 2E).

Apoptosis by Death Receptor Following Trauma
to the Developing Brain

Increase in expression of Fas and activation of caspase-8.
Changes in Fas expression following trauma to the
7-day-old rat brain were determined at defined time
points postinjury using RT-PCR. Western blotting,
and immunohistochemistry. RT-PCR was performed
in samples from the laterodorsal thalamus, the cingu-
late cortex, and the striatum of sham-operated rats
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FIG. 2. Evidence implicating involvement of the intrinsic apoptotic pathway in neurodegeneration following trauma to the developing rat
brain. (A) Bcl-2 and bcl-x, mRNA expression in right thalamus (ipsilateral to trauma site) in a sham-operated rat at 0 h after trauma (C) and
in rats subjected to head trauma at 2, 4, 8, 12, 24, 48, and 120 h after trauma. mRNA was reverse transcribed to cDNA, amplified by polymerase
chain reaction using specific primers for bcl-2, bel-x,, and B-actin, and subjected to polyacrylamide gel electrophoresis and silver staining. There
is an obvious decrease in mRNA levels for both bcl-2 and bcl-x,. This is a representative gel from a series performed to analyze bcl-2 and bcl-x,
mRNA expression (see Results). In (B) the results of densitometric analysis of the gels from traumatized rats are presented in reference to
B-actin. Data represent the ratio (%) of the density of the bcl-2 or bcl-x, band to the B-actin band = SEM. Two-way ANOVA revealed that
trauma had a highly significant effect on the mRNA levels for bcl-2 [F(7,44) = 40.9, P < 0.001] and bcl-x, [F(7,44) = 31.71, P < 0.001] in the
thalamus. There was a highly significant effect of time (posttraumatic interval) on the mRNA levels for bcl-2 [F(1,44) = 155.1, P < 0.001] and
bel-x, [F(1,44) = 648.8] in the thalamus as well, compared to sham-operated rats. (C) Western blot analysis of bcl-x, immunoreactivity in brain
extracts taken from the thalamus of a sham-operated rat (C) and rats traumatized on day 7, at 4, 12, and 24 h after trauma. There is a decrease
in bcl-x,_ immunoreactivity at 4 h after trauma. These blots are representative of a series performed on thalamus, striatum, and cortex. (D)
Western blot analysis of cytochrome ¢ immunoreactivity in the cytoplasmic fractions of brain extracts taken from the thalamus of a
sham-operated rat (C) and rats traumatized on day 7, at 2, 4, and 12 h after trauma. There is an increase in cytochrome ¢ immunoreactivity in
the cytosolic fraction by 2 h after trauma. These blots are representative of a series performed to analyze cytosolic cytochrome c. (E) Caspase-9
activity in cytosolic protein extracts from thalamus of sham-operated rats and rats subjected to head trauma. Specimens were analyzed at 4,
12, and 24 h after trauma or sham surgery. Caspase-9-like activity was measured fluorometrically, using the specific substrate LEHD and by
determining accumulation of free aminotrifluoromethyl coumarin. Data are expressed in relative fluorescence units (RFU) as means = SEM
after subtraction of the appropriate buffer controls. The numbers in parentheses represent the number of specimens in each group. Two-way
ANOVA revealed that trauma had a highly significant effect on caspase-9 activity in the thalamus [F(1,30) = 17.56, P < 0.001]. Activity of
caspase-9 was also dependent on time after trauma [F(2,30) = 3.57, P < 0.05]. Compared to sham-operated rats, there was a significant increase
in caspase-9 activity in the thalamus in 7-day-old rats subjected to head trauma at 12 (P < 0.001) and 24 h (P < 0.01; Bonferroni/Dunn test)
after trauma. The gray column depicts recombinant caspase-9 activity which served as control.
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FIG. 3. Evidence implicating involvement of Fas receptor in apoptotic neurodegeneration following trauma to the developing rat brain. (A)
Fas mMRNA expression in the right thalamus in a sham-operated control rat (C) and in rats subjected to head trauma, at 4, 8, 12, 24, 48, and 120 h
after trauma. mRNA was reverse transcribed to cDNA and amplified by polymerase chain reaction using specific primers for Fas and B-actin.
There was an increase in MRNA levels for Fas at 4 h, peaking at 12 h after the insult and lasting up to 24 h. The B-actin band showed equal
signal intensity in all columns, verifying cDNA integrity. In (B) the results of densitometric analysis of the gels (right thalamus) from
traumatized rats are presented in reference to B-actin. Data represent the ratio (%) of the density of the Fas band to the g-actin band += SEM.
Comparison between sham-operated rats and rats subjected to brain trauma by ANOVA revealed that trauma had a highly significant effect
on Fas mRNA levels in the thalamus [F(1,44) = 804.5, P < 0.001]. mRNA levels for Fas were also dependent on time after trauma [F(7,44) =
54.39, P < 0.001]. (C) Western blot analysis for Fas in brain extracts prepared from the thalamus of a sham-operated rat (C) and rats traumatized
on day 7, at 4, 12, and 24 h after trauma. Representative blot of a series performed (thalamus, striatum, cortex), demonstrating an increase in
Fas protein expression 4 h after trauma in the ipsilateral thalamus. (D) Light micrograph depicting Fas receptor expression on cortical neurons
24 h following trauma by means of immunohistochemistry, using a rabbit polyclonal antibody (MZ20). Binding (dark orange color) was
visualized using a biotinylated secondary antibody in combination with the ABC method with DAB as a substrate. (E) Caspase-8 activity in
cytosolic protein extracts from the right thalamus in rats subjected to head trauma compared to sham-operated rats. Specimens were analyzed
at 4, 12, and 24 h after trauma or sham surgery. Caspase-8-like activity was measured fluorometrically using the specific substrate IETD and
by determining accumulation of free aminotrifluoromethyl coumarin. Data are expressed in relative fluorescence units (RFU) as the mean
ratios = SEM of signal obtained in specimens from traumatized and sham-operated brains after subtraction of the appropriate buffer controls.
The numbers in parentheses represent the number of specimens in each group. Two-way ANOVA revealed that trauma had a highly significant
effect on caspase-8 activity in the thalamus [F(1,30) = 63.27, P < 0.001]. Activation of caspase-8 was dependent on time after trauma [F(2,30) =
14.94, P < 0.001]. Compared to sham-operated rats, there was an increase in caspase-8 activity in the thalamus in 7-day-old rats subjected to
head trauma at 4 (P < 0.001) and 12 h (P < 0.01; Bonferroni/Dunn test) after trauma (D). The gray column depicts recombinant caspase-8
activity, which served as control.
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FIG. 4. Upregulation of brain-derived neurotrophic factor and neurotrophin-3 following trauma to the 7-day-old rat brain. (A) BDNF and
NT-3 mRNA expression in right thalamus (ipsilateral to trauma site) in a sham-operated rat (C) at 0 h after surgery and in rats subjected to
head trauma, at 2, 4, 8, 12, 24, 48, and 120 h after trauma. mMRNA was reverse transcribed to cDNA and amplified by polymerase chain reaction
using specific primers for BDNF, NT-3, and B-actin. There is an increase in mRNA levels for both neurotrophins at 4 h, with peaks between
4 and 8 h after the insult and decline to control values by 48 h after trauma. The B-actin band shows equal signal intensity in all columns,
verifying cDNA integrity. In (B) the results of densitometric analysis of the gels from traumatized rats are presented in reference to B-actin.
Data represent the ratio (%) of the density of the BDNF or NT-3 band to the g-actin band = SEM at different time points after trauma. Two-way
ANOVA revealed that trauma had a highly significant effect on BDNF and NT-3 mRNA levels in the thalamus compared to sham-operated
rats [Fepne(1,44) = 185.1, P < 0.001; Fyrs (1,44) = 513.9, P < 0.001]. mRNA levels for BDNF and NT-3 were also dependent on time after trauma
[Feone (7,44) = 34.65, P < 0.001; F\r4(7,44) = 87.1, P < 0.001). (C) Light micrograph showing BDNF expression in cortical neurons 24 h following
trauma by means of immunohistochemistry, using a rabbit polyclonal antibody (N20). Binding (dark orange color) was visualized using a
biotinylated secondary antibody in combination with the ABC method with DAB as a substrate.

and rats subjected to head trauma at the age of 7 days,
at 0 (n = 4 per group), 2 (n = 4 per group), 4 (n = 4 per
group), 8 (n = 4 per group), 12 (n = 4 per group), 24
(n = 4 per group), 48 (n = 3 per group), and 120 (n =
3 per group) h after trauma. Polyacrylamide gels were
subjected to densitometric analysis, and density ratios
(Fas in reference to B-actin) were statistically ana-
lyzed. Trauma triggered increase in Fas mRNA in the
thalamus (Figs. 3A and 3B) ipsilateral to the trauma
site. Fas MRNA levels showed significant elevation at
4 h which lasted up to 24 h with a peak at 8—-12 h. They
subsequently decreased to pretrauma levels (Fig. 3B).
Two-way ANOVA revealed that trauma had a highly

significant effect on Fas mRNA levels in the thalamus
[F(1,44) = 804.5, P < 0.001]. mRNA levels for Fas were
also dependent on time after trauma [F(7,44) = 54.39,
P < 0.001]. In the contralateral side, increase in Fas
MRNA levels was not significant. In Figs. 3A and 3B
upregulation of Fas mRNA is shown in the thalamus;
similar findings were obtained in the cingulate cortex
and the striatum.

Protein levels of Fas were analyzed by means of
Western blotting in brain extracts from thalamus, stri-
atum, and cortex. Seven-day-old rats were examined
at4 (n = 4 per group), 12 (n = 4 per group), or 24 (n =
4 per group) h after trauma. Increased protein levels of
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Fas were found in the ipsilateral thalamus at 4 h after
trauma, with this increase being most pronounced at
12 and 24 h after trauma (Fig. 3C). Protein analysis in
samples from striatum and cortex revealed similar
results.

In the intact developing brain there is moderate
physiological expression of Fas (Chema et al., 1999;
Felderhoff-Mueser et al., 2000). We analyzed Fas im-
munoreactivity in paraffin-embedded brain sections
in 7-day-old rats subjected to head trauma at 4 (n = 3),
12 (n = 3), and 24 h (n = 3) after trauma. Fas immu-
noreactivity increased particularly in the cortex and in
the thalamus ipsilateral to the injury starting at 4 h
after trauma (Fig. 3D). Fas immunostaining was also
detected in the ventral, mediodorsal, and laterodorsal
thalamus. Only moderate increase in Fas immunore-
activity was observed in the contralateral hemisphere.
At 48 h, reduction of Fas immunoreactivity occurred
in affected brain regions, possibly reflecting evacua-
tion of cells that overexpressed the receptor.

To confirm activation of the extrinsic apoptotic
pathway following trauma, caspase-8 activity was
measured fluorometrically using the specific caspase-8
substrate IETD. Measurements of caspase-8 activity
were performed in the thalamus in sham-operated rats
and rats subjected to head trauma, at 4 (n = 6 per
group), 12 (n = 6 per group), and 24 (n = 6 per group)
h after trauma. Two-way ANOVA revealed that
trauma had a highly significant effect on caspase-8
activity in the thalamus [F(1,30) = 63.27, P < 0.001].
Activation of caspase-8 was also dependent on time
after trauma [F(2,30) = 14.94, P < 0.001]. Compared to
sham-operated rats, there was an increase in caspase-8
activity in the thalamus in 7-day-old rats subjected to
head trauma at 4 (P < 0.001) and 12 h (P < 0.01;
Bonferroni/Dunn test) after trauma (Fig. 3E).

Trauma triggers transcription of neurotrophins.
MRNA levels of BDNF and NT-3 were analyzed by
RT-PCR in samples from the laterodorsal thalamus,
the cingulate cortex, and the striatum of sham-oper-
ated rats and rats subjected to head trauma at the age
of 7 days, at 0 (n = 4 per group), 2 (n = 4 per group),
4 (n = 4 per group), 8 (n = 4 per group), 12 (n = 4 per
group), 24 (n = 4 per group), 48 (n = 3 per group), and
120 (n = 3 per group) h after trauma. Trauma trig-
gered an increase in NT-3 and BDNF mRNA in the
thalamus (Figs. 4A and 4B). This effect was evident at
2-4 h after trauma. Levels of BDNF and NT-3 dem-
onstrated a peak at 8 h after trauma and returned to
basal levels by 48 h (Figs. 4A and 4B). Two-way
ANOVA revealed that trauma had a highly significant
effect on BDNF and NT-3 mRNA levels in the thala-
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mus [Fepne(1,44) = 185.1, P < 0.001; Fyr.5(1,44) = 513.9,
P < 0.001]. mRNA levels for BDNF and NT-3 were
also dependent on time after trauma [Fgone(7,44) =
34.65, P < 0.001; Fyr5(7,44) = 87.1, P < 0.001]. In Figs.
4A and 4B upregulation of BDNF and NT-3 mRNA is
shown in the thalamus; similar findings were obtained
in the cingulate cortex and the striatum.

In addition, we analyzed BDNF immunoreactivity
in paraffin-embedded brain sections in 7-day-old rats
subjected to head trauma, at 4 (nh = 3), 12 (n = 3), and
24 h (n = 3) after trauma. BDNF immunoreactivity
was quite prominent in the cortex ipsilateral to the
injury at 24 h after trauma (Fig. 4C). Immunostaining
was also detected in the ventral, mediodorsal, and
laterodorsal thalamus on the trauma side.

Treatment with z-VAD.FMK reduces trauma-induced
apoptotic cell death. In a first step we wanted to de-
termine whether icv injection of saline, vehicle, or
z-VAD.FMK in sham-operated 7-day-old rats caused
degenerative changes in the brains. For this purpose,
saline (2 wl), DMSO (2 ul), or z-VAD.FMK (1 png)
dissolved in 1% DMSO was injected icv into sham-
operated rats at 2 h after surgery. Histological analysis
of the brains by means of DeOlmos silver staining
revealed that injection of saline (h = 5), 1% DMSO
(n = 5), or z-VAD.FMK (n = 5) into the lateral ventri-
cle of sham-operated 7-day-old rats did not cause
neurodegeneration at 24 h after surgery.

To assess the neuroprotective potential of caspase
inhibition in traumatic brain injury in infant rats, the
pancaspase inhibitor z-VAD.FMK was administered
icv to 7-day-old rats in doses of 0.1 (n = 6), 0.5 (n = 5),
1(n =5),and 10 (n = 5) ng at 2 h after trauma and the
brains were analyzed at 24 h after trauma by means of
DeOlmos silver staining. Vehicle-treated rats (n = 6)
received icv injection of 1% DMSO at 2 h after trauma.
Estimation of numerical densities of degenerating cells
was performed by means of disector stereology in
14 brain regions as described under Material and
Methods. ANOVA revealed that treatment with z-
VAD.FMK had a significant effect on severity of apop-
totic brain damage following trauma (F[5,30] = 30.06,
P < 0.001). Rats receiving a single dose of z-VAD.FMK
displayed a reduction in cumulative scores for degen-
erating cells (Figs. 5A and 5B) compared to rats sub-
jected to head trauma and icv injection of saline. Pair-
wise comparisons revealed that the minimal effective
dose of z-VAD.FMK was 0.5 ng, with maximal neu-
roprotection achieved at 1 ug. Doses up to 10 g were
administered without further effect (Fig. 5B). This
neuroprotective effect was evident in all brain regions
analyzed (cortex, thalamus, striatum, hippocampus)
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FIG. 5. Prevention of apoptotic cell death by the pancaspase inhibitor z-VAD.FMK. z-VAD.FMK was administered icv to 7-day-old rats at
various time points after trauma. (A) Light micrographs depicting laterodorsal thalamic nuclei in the brains of 7-day-old rats treated icv with
DMSO vehicle or z-VAD.FMK (1 pg in 2 ul DMSO) at 2 h after trauma and perfused at 24 h following trauma. In comparison to the
vehicle-treated animal there is marked reduction in silver-positive cells in the z-VAD.FMK-treated rat. Original magnification X80; DeOlmos
cupric-silver staining. (B) Neuroprotective effect of z-VAD.FMK in infant traumatic brain injury. Seven-day-old rats received 0.1, 0.5, 1, 5, or
10 pg z-VAD.FMK (gray columns) or DMSO vehicle (V, dark column) icv at 2 h after trauma and were perfused at 24 h after trauma (n = 6
per group). In sections stained by the DeOlmos technique, the frontal, parietal, cingulate, and retrosplenial cortices; caudate nucleus; thalamus;
dentate gyrus; and subiculum were subjected to morphometric analysis by the stereological disector method, estimating numerical densities
of silver-positive cells. Each region was given a score of 1000 for every 1000 degenerating cells/mm?, and the scores of 14 regions ipsilateral
to the trauma side were added to a cumulative score. Columns represent cumulative scores = SEM (numbers in parentheses represent the
number of animals per group). ANOVA revealed that the effect of treatment with z-VAD.FMK was significant [F(5,30) = 30.06, P < 0.0001].
Pairwise comparisons revealed that the dose of 0.5 mg/kg z-VAD.FMK significantly reduced apoptotic neurodegeneration following trauma
to the developing brain. **P < 0.01; ***P < 0.001 compared to DMSO-treated rats, Student’s t test. (C) Time window of neuroprotective effect
of z-VAD.FMK in 7-day-old infant rats which received vehicle (V, dark column) or 1 ug z-VAD.FMK icv at 2, 4, or 8 h after trauma (gray
columns). Columns represent mean cumulative severity scores = SEM at 24 h after trauma (numbers in parentheses depict number of animals
per group) at the side ipsilateral to the trauma. ***P < 0.001 compared to vehicle-treated rats (V), Student’s t test. (D) Time course of apoptotic
neurodegeneration following trauma in vehicle-treated (dark columns) and z-VAD.FMK (1 ug icv 2 h after trauma; gray columns)-treated rats.
Columns represent mean cumulative severity scores = SEM at 24 h, 48 h, and 5 days after trauma (numbers in parentheses depict number of
animals per group) at the side ipsilateral to the trauma. There is no difference in cumulative scores between the two groups at 5 days after
trauma, whereas a protective effect of z-VAD.FMK is evident at 24 (***P < 0.001) and 48 h (*P < 0.05, Student’s t test) after trauma.

ipsilateral to the trauma side. A protective effect was To determine a time window of the neuroprotective
also observed in the hemisphere contralateral to the effect of z-VAD.FMK, 7-day-old rats received icv in-
injury. jection of the compound at a dose of 1 ug at 2 (n = 6),
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4 (n = 6), and 8 (n = 6) h and brains were analyzed at
24 h after trauma. Vehicle-treated rats (n = 6) received
icv injection of DMSO at 2 h after trauma. Delayed
administration of z-VAD.FMK up to 8 h following
trauma resulted in lower scores for apoptotic brain
damage compared to vehicle-treated rats (Fig. 5C).

In order to exclude the possibility that caspase in-
hibition might delay but not inhibit apoptosis, we
injected z-VAD.FMK (1 ng in 2 wl) or DMSO (2 wl) 2 h
after trauma i.c.v. into 7-day-old rats and analyzed
their brains at 24 (n = 6 per group), 48 (n = 6 per
group) h and 5 days (n = 6 per group) after trauma. A
protective effect of z-VAD.FMK was still evident at 48
h after trauma in comparison to vehicle. At 5 days
after trauma densities of degenerating cells in both
vehicle and z-VAD.FMK-treated rats were equally
low and did not significantly differ between groups
(Fig. 5D).

Finally, to provide additional evidence that treat-
ment with z-VAD.FMK offered lasting protection
against traumatic brain injury, we subjected 7-day-old
rats to brain trauma and injected icv the protective
dose of 1 ug z-VAD.FMK (n = 7) or vehicle (n = 7) at
2 h after trauma. Sham-operated 7-day-old rats served
as controls (n = 6). All animals were sacrificed 7 days
after trauma or sham surgery without transcardial
perfusion; the forebrains were hemisected and their
weights taken. Trauma resulted in significant weight
reduction of the right (traumatized) hemisphere in
vehicle-treated rats compared to the nontraumatized
left side. Treatment with z-VAD.FMK resulted also in
a significant but less pronounced reduction in right
hemispheric weights compared to vehicle-treated
traumatized rats (P < 0.0001) and sham-operated rats
(P < 0.0017; Table 2). Thus, time studies suggest last-
ing prevention of the neurodegenerative response to
trauma by the pancaspase inhibitor and provide no
evidence for postponement of that response.

DISCUSSION

Here we show that apoptotic neurodegeneration
triggered by trauma in the developing brain is associ-
ated with activation of at least two distinct pathways.
The first, the intrinsic pathway, is initiated by cyto-
chrome c release into the cytoplasm and activation of
caspase-9. The second, the extrinsic pathway, involves
activation of caspase-8 and can be initiated by activa-
tion of death receptors. Here we provide evidence that
one death receptor, the Fas receptor, is markedly up-
regulated in the context of infant brain trauma.

© 2002 Elsevier Science (USA)
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TABLE 2
Hemispheric Weights

Right (trauma side) Left

0.3743 = 0.0057***
0.4043 = 0.0037***
0.4367 = 0.0049

0.4357 = 0.0078
0.4357 = 0.0043
0.4383 = 0.0048

Trauma + vehicle
Trauma + z-VAD.FMK
Sham operated

Note. Hemispheric weights (g) of rats treated with 1 ug z-
VAD.FMK (n = 7) or vehicle (n = 7) at 2 h after trauma at the age
of 7 days. Sham-operated 7-day-old rats served as controls (n = 6).
All animals were sacrificed 7 days after trauma or sham surgery
without transcardial perfusion; the forebrains were hemisected and
weighed. Trauma resulted in significant weight reduction of the
right (traumatized) hemisphere in vehicle-treated rats compared to
the nontraumatized left side (***P < 0.0001) and to hemispheric
weights of sham-operated rats (***P < 0.0001). Rats treated with
z-VAD.FMK also displayed a significant reduction in right hemi-
spheric weights compared to the left side and to sham-operated rats
(***P < 0.0001). This weight reduction was less pronounced in the
z-VAD.FMK-treated compared to the vehicle-treated group (**P <
0.0017).

These molecular and biochemical changes appear to
be pathogenetically linked to apoptotic neurodegen-
eration following trauma to the developing brain,
since the pancaspase inhibitor z-VAD.FMK confers
neuroprotection with a therapeutic time window of up
to 8 h after trauma.

Cytochrome ¢ immunoreactivity was elevated in the
cytoplasmic fraction by 2 h after trauma, at a time
point when no apoptotic cell death can be detected by
histological methods in the brain regions analyzed.
Thus, presence of cytochrome ¢ in the cytoplasmic
fraction precedes neurodegeneration, even in brain
regions distant from the primary site of the impact.
Involvement of the intrinsic apoptotic pathway has
previously been reported in in vivo trauma models
(Morita-Fujimura et al., 1999; Raghupathi et al., 2000;
Keane et al.,, 2001). How cytochrome ¢ manages to
cross the mitochondrial membrane is not understood.
In all proposed models (Hengartner, 2000), members
of the bcl-2 family play a key role in that they decrease
mitochondrial membrane permeability and prevent
release of cytochrome c into the cytoplasm (Nicholson,
2000). In the infant rat brain we demonstrate down-
regulation of the expression of bcl-2 and bcl-x, by
0.5-2 h following trauma, which is expected to result
in increased permeability of the mitochondrial mem-
branes. Changes in the mRNA levels correlated with
decreased protein levels. Reasons for decreased ex-
pression of antiapoptotic bcl-2 family proteins remain
unclear. Transcription of antiapoptotic bcl-2 family
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members is influenced by CREB, whose activity level
is regulated by growth factors (Xing et al., 1996). It has
been shown that release of trophic factors and their
trophic effects on developing neurons depend upon
the level of neuronal activity (McCallister et al., 1996;
Liou & Fu, 1997). Spreading depression triggered by
trauma disrupts physiological synaptic activity. This
may lead to an impairment of neurotrophin-initiated
survival signals and decrease in the transcription of
survival genes. Our studies did not demonstrate
downregulation in the expression of the neurotro-
phins BDNF and NT-3. In contrast, neurotrophin
MRNA levels and immunoreactivity increased within
hours after trauma, suggesting that neurotrophin up-
regulation may represent an endogenous compensa-
tory mechanism to counteract neuronal destruction in
the developing central nervous system and provide
modes for regeneration and repair.

Previous studies have demonstrated Fas expression
in the context of trauma to the adult brain and in
infant hypoxia—-ischemia (Nakashima et al., 1999; Beer
et al., 2000; Felderhoff-Mueser et al., 2000). Mice lack-
ing functional Fas (Ipr mice) have reduced infarct
volumes following ischemic insults (Martin-Villalba et
al., 1999). Our data implicate the involvement of Fas in
apoptotic cell death in infant rats subjected to brain
trauma. Fas induction and protein expression were
present in areas destined to undergo apoptosis, pre-
dominantly the ipsilateral cortex and the thalamic nu-
clei, and correlated with an increase in caspase-8 ac-
tivity. These findings imply Fas receptor involvement
in activation of caspase-8 after neonatal brain trauma
but do not exclude the possibility that other death
receptors and their ligands (TNF, TRAIL) may also
contribute to activation of this extrinsic apoptotic
pathway.

Cross talk between the extrinsic pathway and the
mitochondria has been postulated (Hengartner, 2000).
Activation of caspase-8 leads to proteolysis of the
proapoptotic protein bid. Truncated bid enters the
mitochondria and promotes cytochrome c¢ release.
Time course studies suggest that activation of
caspase-8 occurs early (within 4 h) after trauma.
Therefore, it is possible that caspase-8-mediated bid
cleavage may constitute one additional mechanism to
facilitate release of cytochrome c into the cytoplasm.

We further demonstrate that neuronal apoptosis fol-
lowing trauma can be effectively blocked by inhibition
of caspases. The caspase inhibitor z-VAD.FMK signif-
icantly reduced ongoing cell death, even when admin-
istered in a delayed fashion up to 8 h following
trauma. In adult animal models, caspase inhibition
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may confer neuroprotection in cerebral ischemia
(Hara et al.,, 1997; Endres et al., 1998; Fink et al.,
1998; Himi et al., 1998). Furthermore, early treatment
of experimental pneumococcal meningitis with z-
VAD.FMK was shown to have a beneficial effect,
whereas delayed application of this compound did
not result in substantial reduction of neuronal loss
(Braun et al., 1999).

In traumatic injury to the adult brain, z-VAD.FMK
and the selective caspase-3 inhibitor z-DEVD.FMK can
block neuronal death (Yakovlev et al., 1997; Clark et al.,
2000). However, only a small amount of supporting
data exists for the developing nervous system. In hip-
pocampal and cortical neuronal cultures, the cell-per-
meable pancaspase inhibitor Boc-aspartyl(OMe)-flu-
oromethyl ketone (BAF) and the more selective
caspase-8 inhibitor IETD-FMK (IETD) reduced Fas-
induced apoptosis (Felderhoff-Mueser et al., 2000). The
only existing in vivo study on caspase inhibition in the
immature brain demonstrated neuroprotection with
the pancaspase inhibitor BAF in an infant model of
hypoxic—ischemic injury (Cheng et al., 1998). Our data
indicate a beneficial effect of caspase inhibition in
brain trauma for neuronal death occurring distant to
the impact site. More importantly, the protective effect
could be achieved even when the compound was ad-
ministered 8 h after trauma, indicating relevance in
the clinical setting.

One concern with regard to the use of caspase in-
hibitors has been that they may not prevent but may
only postpone apoptotic neurodegeneration. Our find-
ings, however, indicate that the extent of apoptosis
following trauma to the developing brain at 48 h and
at 5 days after trauma is not higher in rats treated with
the caspase inhibitor in comparison to vehicle-treated
controls. In fact, z-VAD.FMK-treated animals were
still protected at 48 h after trauma. Thus, we find no
evidence that apoptotic cell death is postponed due to
peritraumatic inhibition of caspases. It is possible that
slow recovery of levels of antiapoptotic proteins and
the compensatory increase in levels of neurotrophins
may provide modes for restoring cellular homeostasis
and limiting neuronal loss.

Traumatic injury to the developing central nervous
system has two major components, an acute excito-
toxic component at the site of the insult and a delayed
apoptotic component affecting the impact site as well
as deeper brain structures. The number of brain cells
affected by the apoptotic component is disproportion-
ally larger than the number of cells degenerating by an
excitotoxic mechanism (Bittigau et al., 1999). Given our
findings, targeting the downstream effectors of neuro-

© 2002 Elsevier Science (USA)
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nal apoptosis in the acute phase of the insult has
therapeutic potential in the treatment of traumatic
injury to the immature brain. Antiapoptotic therapies
may give cells enough time to establish intrinsic pro-
tection systems and restore cellular homeostasis and
function (Han & Holtzman, 2000). However, since
apoptosis is also a physiological process in the devel-
oping brain, studies addressing the long-term func-
tional effects following caspase inhibition appear to be
potential targets for future research (Gillardon et al.,
1999).
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ABSTRACT Morbidity and mortality from head trauma is
highest among children. No animal model mimicking traumatic
brain injury in children has yet been established, and the
mechanisms of neuronal degeneration after traumatic injury to
the developing brain are not understood. In infant rats subjected
to percussion head trauma, two types of brain damage could be
characterized. The first type or primary damage evolved within
4 hr and occurred by an excitotoxic mechanism. The second type
or secondary damage evolved within 6—24 hr and occurred by an
apoptotic mechanism. Primary damage remained localized to the
parietal cortex at the site of impact. Secondary damage affected
distant sites such as the cingulate/retrosplenial cortex, subicu-
lum, frontal cortex, thalamus and striatum. Secondary apoptotic
damage was more severe than primary excitotoxic damage.
Morphometric analysis demonstrated that the N-methyl-D-
aspartate receptor antagonists 3-(2-carboxypiperazin-4-yl)-
propyl-1-phosphonate and dizocilpine protected against primary
excitotoxic damage but increased severity of secondary apoptotic
damage. 2-Sulfo-a-phenyl-N-fert-butyl-nitrone, a free radical
scavenger, did not affect primary excitotoxic damage but miti-
gated apoptotic damage. These observations demonstrate that
apoptosis and not excitotoxicity determine neuropathologic out-
come after traumatic injury to the developing brain. Whereas
free radical scavengers may prove useful in therapy of head
trauma in children, N-methyl-p-aspartate antagonists should be
avoided because of their propensity to increase severity of
apoptotic damage.

Although children under 6 years of age sustain traumatic brain
injury more frequently than any other age group (1), there has
been a dearth of research focusing on traumatic brain injury to the
developing brain. Consequently, very little progress has been
made toward understanding the mechanisms and developing
neuroprotective measures for traumatic brain damage in children.
Current therapy is symptomatic and consists of control and
support of cardiovascular and respiratory systems, hemodynamic
stabilization, control of intracranial pressure, and prophylactic
anticonvulsant treatment (2).

Clinical experience and experimental observations in animals
suggest that brain damage resulting from severe head injury can
be classified into primary, which occurs at impact and appears
immediately or shortly after injury, and secondary, which occurs
distant to the impact and may not appear until several hours after
injury (3, 4). It is assumed that injured neurons have a potential
for recovery and that neurodegeneration triggered by traumatic
impact is a dynamic and time-related process (5). According to
this viewpoint, early diagnosis and medical support are crucial for
the prevention of additional brain damage after head injury.
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Studies focusing on the adult brain have shown that the damage
associated with head trauma is triggered by an excitotoxic mech-
anism involving glutamate (6, 7). Accordingly, drugs that block
glutamate receptors ameliorate both primary and secondary
damage in adult head injury models (7). Neuronal death may also
occur by an apoptotic programmed and genomically controlled
mechanism (8, 9). No study has addressed involvement of apo-
ptotic cell death in traumatic damage in the developing brain.
Therefore, we have developed morphometric methods for de-
tecting primary and secondary damage after traumatic head
injury in infant rats by using a modified contusion device initially
described by Allen (10) for the spinal cord and by Feeney et al.
(11) for the brain. Using this experimental approach, we report
that mechanical trauma to the developing brain causes primary
excitotoxic (nonapoptotic) damage to the cortex and secondary
delayed damage that is apoptotic to the cingulate/retrosplenial
cortex, frontal cortex, parietal cortex, subiculum, thalamus, and
striatum. We describe the type of neurodegenerative response to
head trauma in the infant rat brain in terms of its topography,
time course, age dependency, and response to neuroprotective
treatment and critically evaluate potential implications for the
therapy of head trauma in children.

MATERIALS AND METHODS

Traumatic Brain Injury and Contusive Device. Wistar rat pups
(Bundesinstitut fiir gesundheitlichen Verbraucherschutz und
Veterindrmedizin, Berlin, Germany) were anesthetized with
halothane and placed in a mold fashioned to fit the contours of
the skull and holding it in the desired attitude. The anesthesia was
induced in 4% halothane and maintained in 1.5% halothane in
balanced room air (12, 13) until the end of the procedure. A skin
incision was made to expose the skull surface. The contusing
device consisted of a hollow stainless steel tube 40 cm long,
perforated at 1-cm intervals to prevent air compression. The
device was kept perpendicular to the surface of the skull and
guided a falling weight onto a circular footplate (2.0 mm in
diameter) resting upon the surface of the parietal bone. A force
of 160 gXcm produced by a 10-g weight was selected to produce
brain contusion. The following coordinates in relation to lambda
were used for stereotaxic positioning of the footplate onto the
exposed parietal bone: 2 mm anterior and 2 mm lateral at the age
of 3 days; 3 mm anterior and 2 mm lateral at the age of 7 days;
3.5 mm anterior and 2.5 mm lateral at the ages of 10 and 14 days
and 4 mm anterior and 3 mm lateral at the age of 30 days. The
contusion force was delivered unilaterally to the right side of the
skull. The experiments were performed in accordance with the

Abbreviations: CPP, 3-(2-carboxypiperazin-4-yl)-propyl-1-phospho-
nate; MK-801, dizocilpine; NMDA, N-methyl-D-aspartate; SPBN,
2-sulfo-a-phenyl-N-tert-butyl-nitrone; Ny, numerical density; Th, total
number of cells; TUNEL, terminal deoxynucleotidyltransferase-
mediated UTP end labeling.

§To whom reprint requests should be addressed. e-mail: hrissanthi.
ikonomidou@charite.de.
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German and United States Animal Welfare Acts and the Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals.

Morphometry. For morphological analysis rats were anesthe-
tized with an overdose of chloral hydrate and perfused through
the heart and ascending aorta for 15 min with a solution of
paraformaldehyde (1%) and glutaraldehyde (1.5%) in pyrophos-
phate buffer (for combined light and electron microscopy) or
paraformaldehyde (4%) in phosphate buffer [for terminal de-
oxynucleotidyltransferase-mediated UTP end labeling (TUNEL)
or DeOlmos cupric silver staining].

Light Microscopy on Plastic Sections and Electron Micros-
copy. Brains were sliced in 1-mm-thick slabs, fixed in osmium
tetroxide, dehydrated in alcohols, and embedded in araldite. For
light microscopy, transverse serial sections, 1-10 wm, were cut and
stained with methylene blue/azure II. Subsequently, ultrathin
sections were cut and stained with uranyl acetate/lead citrate and
examined by electron microscopy.

TUNEL Staining. To visualize nuclei with DNA cleavage,
serial coronal sections (70 wm) of the entire brain were cut on a
vibratome and residues of peroxidase-labeled digoxigenin nucle-
otide were catalytically added to DNA fragments by terminal
deoxynucleotidyltransferase (ApopTag, Oncor Appligene, Hei-
delberg, Germany). Subsequently, the sections were counter-
stained with methyl green. Nuclei displaying DNA cleavage had
a dark brown appearance and were surrounded by green-colored
cytoplasm.

DeOlmos Cupric Silver Staining. To visualize degenerating
cells, coronal sections of the whole brain were stained with silver
nitrate and cupric nitrate by the method of DeOlmos and Ingram
(14). Degenerating cells had a distinct dark appearance due to the
silver impregnation.

Methylene Blue/Azure II Staining. To visualize normal cells,
serial coronal sections of the entire brain were stained with
methylene blue/azure II. Normal cells were identified by the
presence of the typical nuclei with clear nucleoplasm and distinct
nucleolus surrounded by homogenous cytoplasm.

Quantitation of the Excitotoxic Damage in the Parietal Cortex.
Thirty minutes and 2, 4, 6, and 24 hr after traumatic injury the
number of degenerating cells undergoing excitotoxic death within
the parietal cortex was determined in methylene blue/azure
II-stained sections. For this purpose the volume of the damage in
the parietal cortex was determined by means of a video enhanced
image analysis system (IMAGE 1.54; National Institutes of Health).
Subsequently, mean numerical density (N, ) of degenerating cells
in parietal cortex was determined by using an unbiased stereo-
logical disector technique (15) under blinded conditions. The
total number (7},) of degenerating cells was then determined by
multiplying N, with volume. The degenerating cells undergoing
excitotoxic death were identified by the presence of pyknotic
nuclei surrounded by massively swollen cytoplasm (edematous
degeneration) or by darkening of the cytoplasm and presence of
intracytoplasmic vacuoles (vacuolar condensation) (16).

Quantitation of the Distant Damage in the Brain. The distant
damage was quantified in TUNEL or DeOlmos cupric silver-
stained sections in the frontal, parietal, cingulate, retrosplenial
cortex, caudate (mediodorsal), thalamus (laterodorsal, me-
diodorsal and ventral nucleus), and subiculum by the method of
stereological disector, estimating mean N, of degenerating cells.
An unbiased counting frame (0.05 mm X 0.05 mm; disector
height, 0.07 mm) and a high aperture objective were used for the
sampling. The N, for each brain region was determined with 8§-10
disectors under blinded conditions. Furthermore, to assess the
severity of the distant damage for every 1,000 degenerating cells
per mm?, a score 1 was given (1,000 cells per mm? = 1), and the
scores from 13 regions ipsilateral and 13 regions contralateral to
the trauma were added to give a cumulative severity score for the
brain. The 13 regions within which quantitative analysis of
degenerating cell densities was performed were layers II and IV
of the frontal, parietal, cingulate, and retrosplenial cortices;
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caudate nucleus; laterodorsal, mediodorsal and ventral thalamic
nuclei; and subiculum.

To determine the total number of cells undergoing apoptotic
death within the brain 24 hr after trauma, the numbers of
degenerating cells within a total of 26 regions per brain (13
regions ipsilateral and 13 regions contralateral to trauma) were
individually calculated by means of disector techniques and
stereological volumetry and summed to give a total number of
cells undergoing apoptotic death 24 hr after trauma.

Drugs and Treatment Regimen. To determine whether N-
methyl-D-aspartate (NMDA) antagonists mitigate primary dam-
age in the brain induced by head trauma in developing rats,
3-(carboxypiperazin-4-yl)-propyl-1-phosphonate (CPP; Tocris), a
competitive NMDA antagonist, and dizocilpine (MK-801; RBI),
a noncompetitive NMDA antagonist, were used. CPP was ad-
ministered i.p. in a dose of 30 mg/kg 30 min before and 20 and
70 min after trauma, and dizocilpine was given i.p. in a dose of 1
mg/kg 30 min before traumatic injury. High-dose and antecedent
treatment regimen were selected to ensure that CPP and dizo-
cilpine were reaching the brain in relevant concentrations (17, 18)
before the excitotoxic injury was maximally expressed at the
survival time of 4 hr. The effect of 2-sulfo-a-phenyl-N-fert-butyl-
nitrone (SPBN; Aldrich), a free-radical scavenger, on primary
damage was studied as well. SPBN was administered i.p. in a dose
of 60 mg/kg 1 hr before traumatic injury.

To determine whether NMDA antagonists protect against the
distant damage in the brain induced by head trauma in developing
rats CPP was administered i.p. to 7-day-old rats in a dose of 15
mg/kg 60, 110, and 160 min and 9 and 17 hr after trauma.
Dizocilpine was given i.p. in a dose of 0.5 mg/kg every 4 hr for 24
hr beginning 1 hr after trauma. This treatment regimen was
chosen to give relevant concentrations of antagonists in the brain
to interact with NMDA receptors (17, 18). The ability of SPBN
to prevent the delayed damage when administered i.p. in a dose
of 60 mg/kg 1 and 13 hr after trauma was also tested in 7-day-old
rats.

To determine whether NMDA antagonists alone might cause
neuropathologic changes in the brains of nontraumatized 7-day-
old rats, sham-controls received i.p. injections of CPP in a dose
of 15 mg/kg 60, 110, and 160 min and 9 and 17 hr or dizocilpine
in a dose of 0.5 mg/kg every 4 hr for 24 hr, and the brains were
removed at 24 hr after sham-surgery. In addition we tested
whether SPBN alone might interfere with physiological apoptosis
by using i.p. administration of 60 mg/kg 1 and 13 hr after
sham-surgery in 7-day-old rats. The treatment regimen was
chosen to ensure that SPBN was present in relevant concentra-
tions in the brain (19).

Statistics. Statistical analysis of the data was performed by
means of analysis of variance followed by Student's # test.

RESULTS

Excitotoxic Degeneration at the Site of Traumatic Injury.
Shortly after head trauma neurons in parietal cortex subjacent
to the site of impact began showing changes that by electron
microscopic analysis were identical to those induced in devel-
oping brain by glutamate (16). Edematous swelling of neuronal
dendrites and cell bodies and disruption of intracytoplasmic
organelles were the earliest changes. These changes were
followed by clumping of nuclear chromatin and nuclear py-
knosis. Analysis of the time course of excitotoxic damage in the
parietal cortex revealed a gradual progression of its size
between 30 min and 4 hr after trauma with a peak at 4 hr (Table
1). Little or no signs of excitotoxic damage were seen in the
brain 24 hr after head trauma (Table 1).

Delayed Apoptotic Degeneration at Distant Sites. TUNEL-
positive nuclei started to appear in retrosplenial /cingulate cortex
and dorsolateral thalamus 6 hr after trauma, and their numbers
were increased at 16 and 24 hr. At 24 hr, the density of
TUNEL-positive cells at the distant sites was similar to the density
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Table 1.
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Time course of excitotoxic damage in the parietal cortex in rats subjected to traumatic

head injury at the age of 7 days and the effect of NMDA antagonists dizocilpine and CPP and the
radical scavenger SPBN on the extent of the damage 4 hr after head trauma

Survival % of Dizocipline, CPP, SPBN,
time, hr T, maximum T, T, T,

0.5 1,568 + 215 9.56

2 8,118 = 1,023 49.50

4 16,400 = 2,435 100 2,329 + 506* 6,224 + 942*% 15,100 = 3,971

(14.2%) (37.95%) (92.07%)
6 14,599 + 2,842 89.02
24 210 =24 1.28

Total number of degenerating cells (T),) in parietal cortex was assessed in methylene blue/azure
II-stained sections by multiplying mean numerical density (Ny) with the volume of cortex damage. Cells
undergoing excitotoxic death were identified by the presence of pyknotic nuclei surrounded by swollen
cytoplasm (edematous degeneration) or by darkening of the cytoplasm and presence of intracytoplasmic
vacuoles (vacuolar condensation). Shown are means = SEMs of T}, of degenerating cells in the parietal
cortex on the site ipsilateral to head injury in 6—15 rats. Dizocilpine was administered in the dose of 1
mg/kg i.p. 30 min before head trauma, CPP was given i.p. in the dose of 30 mg/kg i.p. 30 min before and
20 and 70 min after trauma, and SPBN was given in the dose of 60 mg/kg i.p. 30 min before trauma.

#, P < 0.001; Student’s ¢ test.

of degenerating cells detected by silver staining (Fig. 1). The
degeneration did occur bilaterally and reached its maximal se-
verity 24 hr after trauma (see Fig. 3). At all survival times studied,
6, 16, 24, and 48 hr and 5 days, the distant damage was more
severe in the hemisphere ipsilateral to the site of traumatic injury
(Table 2 and Fig. 2). In most severely affected areas such as
retrosplenial cortex, subiculum, parietal cortex, cingulate cortex,
and laterodorsal thalamus the density of degenerating cells 24 hr
after head trauma was up to 23%-33% of the total cell density
(Table 2). The extent of the damage in the caudate and ventral
thalamus reached only 2% of the entire cell population in these
regions (Table 2). The density of spontaneously degenerating
cells in sham rats was up to 0.74%—-1.67% of the total cell density
in the frontal, cingulate, parietal, and retrosplenial cortex, sug-
gesting that physiological programmed cell death was ongoing
and that the brain regions with highest inherent apoptosis were

FiG. 1. Apoptotic cell death in the cingulate cortex of
an 8-day-old nontraumatized rat (4) and a rat subjected to
head trauma on postnatal day 7 and sacrificed 24 hr (B and
C) or 16 hr (D and E) later. In A and B, the apoptotic cells
are detected by TUNEL staining and in C apoptotic cells
are detected by DeOlmos cupric silver staining. In D and
E, the cell death process is shown by electron microscopy
to have the hallmark morphological characteristics of
apoptosis. (4) In the nontraumatized control brain, an
occasional cell is TUNEL-positive (arrowheads), indicat-
ing that it is undergoing physiological (programmed) cell
death that occurs normally in scattered distribution in the
developing brain. (B and C) A much more robust display
of degeneration is detected in the cingulate cortex of
traumatized brains, and the pattern of degeneration re-
vealed by TUNEL staining (B) is the same as revealed by
DeOlmos silver staining (C). (D and E) Electron micro-
scopic evaluation of the cingulate cortex 16 hr after head
trauma reveals that the type and sequence of morpholog-
ical changes meet the classical criteria for apoptosis and are
identical to the changes in neurons undergoing physiolog-
ical cell death in the developing brain (20, 21). The neuron
in D is showing very early signs of apoptotic cell death,
which consist of the formation of electron-dense spherical
chromatin masses in the nucleus and a discontinuity in the
nuclear membrane (arrowheads), signifying breakdown of
the membrane boundary that normally partitions the nu-
cleus from the cytoplasm. In this very early stage, the cell
shows only mild condensation, and cytoplasmic organelles
appear essentially normal except for some peculiar coated

matching those with the highest sensitivity to apoptotic degen-
eration after traumatic injury (Table 2). Because degenerating
neurons dying by a nonapoptotic process can be TUNEL-positive
(20), we examined the degenerating cells in the cingulate cortex
and dorsolateral thalamus by electron microscopy to determine
whether the mechanism of cell death was apoptotic. The first
detectable ultrastructural changes in cells undergoing delayed
degeneration consisted of clumping of nuclear chromatin and
mild to moderate condensation of the entire cell. Nuclear chro-
matin became transformed into flocculent densities that joined
together to form one or more large electron-dense spherical balls.
In early stages the nuclear envelope separated into fragments that
floated randomly about the cytoplasm. In the absence of an intact
continuous nuclear membrane, the cell became unpartitioned
with nucleoplasmic contents freely intermingling with cytoplas-
mic contents. The large chromatin masses migrated often toward

vesicles of undetermined origin. As the apoptotic process evolves (E), the nuclear membrane decomposes into fragments (arrowheads) that float randomly
about, the contents of the nucleoplasm and cytoplasm freely intermix, and the entire cell becomes uniformly condensed. In later stages, apoptotic bodies
containing both cytoplasmic and nucleoplasmic materials are formed and these are extruded into the neuropil (data not shown). Finally, both the main
cell mass and the apoptotic bodies are transformed into shrunken amorphous masses of debris and are phagocytized. (Magnification: A-C, xX100; D,

%10,500; E, x9,750.)
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Table 2. Numerical density (Nv) of cells in frontal, parietal, cingulate, and retrosplenial cortex; mediodorsal, laterodorsal, and ventral
thalamus; caudate; and subiculum in rats subjected to traumatic head injury at the age of 7 days

Sham

Trauma

Normal cells, Degenerating cells,

Degenerating cells, Degenerating cells,

Position Nv normal Nv spontaneous % Ny ipsilateral % Nv contralateral %

Frontal 0.1897 = 0.0045 0.0032 + 0.0003 1.67 0.0198 + 0.0038* 10.45 0.0101 * 0.0021* 5.35
cortex II

Frontal 0.1212 = 0.0103 0.0002 = 0.00003 0.16 0.0051 =+ 0.00107 4.20 0.0045 =+ 0.00107 3.74
cortex [V

Parietal 0.2239 = 0.0134 0.0022 = 0.0006 0.96 0.0689 *+ 0.0081% 30.77 0.0137 £ 0.0019* 6.12
cortex II

Parietal 0.1360 = 0.0063 0.0003 = 0.00008 0.26 0.0852 *+ 0.0017F 6.26 0.0009 = 0.0002* 0.69
cortex IV

Cingulate 11 0.1958 = 0.0113 0.0030 =+ 0.0004 1.54 0.0515 + 0.0088T 26.32 0.0091 * 0.0017* 4.67

Cingulate IV 0.1281 = 0.0061 0.0002 + 0.00003 0.13 0.0098 + 0.0011% 7.62 0.0012 + 0.0003* 0.91

Retrosplenial 0.2159 = 0.0139 0.0016 = 0.0003 0.74 0.0538 =+ 0.0080% 24.93 0.0026 = 0.0003* 1.21
11

Retrosplenial 0.1230 = 0.0109 0.0004 + 0.00007 0.33 0.0415 = 0.0057% 33.71 0.0008 = 0.0001* 0.67
v

Caudate 0.2225 = 0.0111 0.0006 =+ 0.0001 0.29 0.0048 + 0.00009F 2.16 0.0029 =+ 0.0061* 1.31

Mediodorsal 0.1683 = 0.0064 0.0002 =+ 0.00004 0.14 0.0015 =+ 0.00003% 0.88 0.0010 = 0.0002* 0.59
thalamus

Laterodorsal 0.1339 *= 0.0131 0.0004 = 0.00006 0.30 0.0307 + 0.0072% 22.95 0.0020 = 0.0005* 1.53
thalamus

Ventral 0.1129 = 0.0026 0.0001 = 0.00003 0.11 0.0023 *+ 0.0005% 2.04 0.0014 = 0.0004* 1.22
thalamus

Subiculum 0.1681 = 0.0082 0.0004 = 0.00006 0.22 0.0520 =+ 0.0063% 30.93 0.0033 =+ 0.00067 1.99

Assessment of cell densities were performed 24 hr after head trauma or sham surgery in DeOlmos cupric silver or methylene blue/azure II-stained
sections of the whole brain. Nv values of normal and silver-accumulating cells were determined by using the unbiased disector technique and are
shown as means = SEMs X 10° cells per mm? in 6-16 rats. I and IV stand for cortical layers IT and IV.

* P <0.05 T, P<0.01; % P < 0.001; Student’s ¢ test.

the periphery of the cell and in some cases the cell divided into
separate independent bodies consisting of a contingent of cyto-
plasm and one or more nuclear chromatin balls. This type and
sequence of changes are unequivocally apoptotic in that they are
identical to those seen in neurons undergoing apoptosis in
physiologically developing brain (20) and meet all the criteria set
for diagnosing apoptosis (22). It is of interest that 16 hr after
trauma, cells in both early and late stages of apoptosis were
detected (Fig. 1), which indicates that 16 hr after trauma the
process of cell suicide was still progressing.

Extent of Excitotoxic and Apoptotic Cell Death in the Rat
Brain After Head Trauma. The evolution of brain damage after
head trauma in developing rats is a highly dynamic process. To
determine which type of damage, excitotoxic or apoptotic, was
more devastating, we chose to compare the numbers of cells dying
an excitotoxic or apoptotic cell death at the respective times of
their maximal expression. From the time course studies, it was
known that excitotoxic degeneration is most prominent at 4 hr
after trauma (Table 1). Apoptotic cell death reached its maxi-
mum at 24 hr after trauma (Fig. 3.). Estimation of numbers of
degenerating cells in the brains of 7-day-old rats subjected to head

FiG. 2. Distribution pattern of degenerating cells (dots) as shown
by DeOlmos cupric silver staining in the brains of developing rats
traumatized on postnatal day 7 and sacrificed 24 hr later.

trauma revealed that at 24 hr after trauma (the time of maximal
expression of apoptotic cell death) 2,241,986 = 336,297 cells (n =
9) were dying an apoptotic death as opposed to 16,400 = 2,435
cells (n = 12) dying an excitotoxic death at 4 hr after trauma (the
point of maximal expression of excitotoxic cell death). This
indicates that apoptotic, rather than nonapoptotic, cell death
determines neuropathologic outcome after head trauma in the
brain of rats at the age of 7 days.

Age Dependency of the Delayed Apoptotic Degeneration. To
determine whether susceptibility to apoptotic cell death is de-
pendent upon age, we subjected 3-, 7-, 10-, 14-, and 30-day-old
rats to head trauma and evaluated the damage quantitatively 24

500+

000
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6h 24h  48h 5d
Time after trauma

F1G. 3. Time course and severity of delayed disseminated apoptotic
death observed in the brains of developing rats traumatized on postnatal
day 7 and sacrificed 6, 24, or 48 hr or 5 days later. For quantification
purposes, each brain was given a score that was based on determined
densities of degenerating cells within 13 regions ipsilateral and 13 regions
contralateral to the trauma. Depicted are means = SEMs in 6—16 animals.
Delayed damage was more severe at 24 hr compared with 6 hr (000, P <
0.001) and 48 hr (##+, P < 0.001) after trauma. Damage severity
continued to decline and was significantly less at 5 days compared with 48
hr after trauma (mmm, P < (0.001; Student's ¢ test.).
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hr after injury by using the DeOlmos cupric-silver staining.
Three- and 7-day-old rats demonstrated the highest vulnerability
(Fig. 4). In 10-day- and 14-day-old rats, the severity of distant
damage had markedly decreased. At 30 days of age damage was
limited to the site of impact and no distant lesions were found
(Fig. 4).

Effects of Neuroprotective Drugs on Excitotoxic Degeneration
in the Parietal Cortex. Quantitative evaluation 4 hr after trauma
of the brains of 7-day-old rats treated with dizocilpine revealed
reduction of the extent of excitotoxic damage in the parietal
cortex by 86%. CPP reduced excitotoxic damage in the parietal
cortex by 62%, whereas SPBN elicited no significant neuropro-
tective effect (Table 1).

Effects of Neuroprotective Drugs on Apoptotic Degeneration
in the Brain. Quantitative evaluation of the brains 24 hr after
head trauma revealed that the apoptotic degeneration was more
severe in rats treated with dizocilpine than in those subjected to
vehicle (Fig. 5). Severity of the apoptotic degeneration in the
brains of 7-day-old rats subjected to head trauma reached a mean
cumulative score of 382 * 26 (n = 26), whereas that in rats treated
with dizocilpine was 780 = 28 (n = 13), demonstrating increase
of the damage by 104%. Degeneration in the brains of rats
subjected to head trauma and to the treatment with CPP reached
a mean cumulative score of 826 = 37 (n = 8) revealing increase
in the extent of the damage by 116% (Fig. 5). Highest increases
in the extent of apoptotic degeneration was noted in the cingulate
cortex ipsilateral (71%) and contralateral (15%), laterodorsal
thalamus ipsilateral (56%) and contralateral (6%), frontal cortex
ipsilateral (32%) and contralateral (20%), and retrosplenial
cortex contralateral (18%) to trauma after treatment with dizo-
cilpine. In the brains of rats subjected to head trauma and
treatment with CPP, highest increases were noted in the cingulate
cortex contralateral (81%), frontal cortex ipsilateral (69%) and
contralateral (44%), subiculum ipsilateral (63%) and contralat-
eral (27%), retrosplenial cortex contralateral (20%), and lat-
erodorsal thalamus contralateral (7%) to the traumatic injury.

NMDA antagonists gave rise to apoptotic degeneration in the
brains of 7-day-old sham-operated rats, indicating that they
interfered with physiological apoptosis at this age. An apoptotic
response to NMDA antagonists was noted in cortical layers IT and
1V, thalamic nuclei, the caudate, and in the subiculum. Mean
cumulative scores for apoptotic damage caused by CPP and
dizocilpine in sham-operated rats were 184 * 6 (n = 6) and 236 *

800~ B

2004

3 710 14
Days

FiG. 4. (A) Distribution of degenerating cells (dots) as shown by
the DeOlmos cupric silver staining in the brains of developing rats
subjected to head trauma on postnatal days 3, 7, 10, or 14. Morpho-
logical analysis was performed 24 hr after traumatic injury. (B)
Severity of delayed posttraumatic cell death in relation to age. Rats
were given a score 1 for every 1,000 degenerating cells per mm? (1,000
cells per mm3 = 1) and the scores from 13 regions ipsilateral and 13
regions contralateral to the trauma were added to give a cumulative
severity score for the brain. Depicted are the means = SEMs in 6-16
rats. Three-day-old rats (n = 11) were more severely affected than
7-day-old rats (P < 0.0008; n = 16), 7-day-old rats more severely than
10-day-old rats (P < 0.0001; n = 6), and 10-day-old more severely than
14-day-old rats (P < 0.0014; n = 6; Student's ¢ test).
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F1G. 5. Potentiation by NMDA antagonists of apoptotic cell death in
the brains of rats subjected to head trauma or sham surgery on postnatal
day 7 and sacrificed 24 hr later (4). Dizocilpine was administered at the
dose of 0.5 mg/kg ip. 60 min after trauma or sham surgery and
subsequently every 4 hr. CPP was injected i.p. at the dose of 15 mg/kg at
60 min, 110 min, and 160 min and then at 9 hr and 17 hr after trauma or
sham surgery. SPBN was administered i.p. at the dose of 60 mg/kg at 1
and 13 hr after trauma or sham surgery. Nontraumatized rats received the
drugs according to the same schedule. Densities of degenerating cells
were calculated in 13 brain regions ipsilateral and 13 regions contralateral
to trauma and the brains were given a cumulative score that reflects
severity of the damage. Dizocilpine (P < 0.001) and CPP (P < 0.001)
potentiated delayed apoptotic damage, whereas SPBN significantly ame-
liorated apoptotic cell death (P < 0.001) compared with vehicle-treated
(V) traumatized rats. Surprisingly, both dizocilpine (P < 0.001) and CPP
(P < 0.001) caused a significant amount of apoptosis in the brains of
sham-operated 7-day-old rats compared with vehicle-treated (V) sham-
operated rats. The severity of apoptotic degeneration caused by head
trauma and subsequent treatment with dizocilpine or CPP was higher
than the expected additive effect of the apoptotic responses to head
trauma or treatment with NMDA antagonists alone. To illustrate this, in
B the mean scores for apoptotic damage caused by each treatment
condition are presented as horizontal bars. SA represents the mean score
for spontaneous apoptosis in the brains of vehicle-treated sham rats.
Shaded areas represent the amount of damage that reflects potentiation
by dizocilpine and CPP of the trauma-triggered component of apoptotic
degeneration in the brains of 7-day-old rats. ##*, P < 0.001 vs. vehicle-
treated rats; mmm, P < 0.001 vs. vehicle- treated rats; Student’s ¢ test.

5 (n = 6), respectively. In 7-day-old rats subjected to head trauma
and subsequent treatment with NMDA antagonists the severity
of apoptotic cell death was higher (by 27% after treatment with
dizocilpine and 37% after treatment with CPP) than the expected
additive apoptotic response triggered by trauma or the NMDA
antagonists alone (Fig. 5).

In contrast, analysis of cumulative severity scores revealed that
SPBN reduced the severity of apoptotic damage in the brain after
head trauma in 7-day-old rats by 57% (Fig. 5). Rats subjected to
the treatment with SPBN had mean cumulative severity score of
165 = 20 (n = 13) only (Fig. 5). SPBN did not affect physiological
apoptosis in the brain of 7-day-old sham-operated rats (Fig. 5).

DISCUSSION

The damage triggered by head trauma in the brain of developing
rats has two major components, an acute component at the
impact site that by ultrastructural criteria is excitotoxic and
nonapoptotic and a delayed component at sites distant to the
impact that fulfills ultrastructural criteria for apoptosis. The
apoptotic damage that occurs in multiple locations in the brain
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affects a larger number of neurons than excitotoxic damage and
is likely to make a greater contribution to posttraumatic deficits.

Excitotoxic damage, known to occur in the brain after delete-
rious insults such as ischemia, trauma, or seizures (status epilep-
ticus), has remained a main focus of research over the past two
decades (23, 24). Although apoptosis has been identified as an
additional to excitotoxicity mechanism leading to neurodegen-
eration, our findings show that in the developing rat brain after
traumatic injury apoptotic cell death carries higher impact than
excitotoxic cell death in determining neuropathologic outcome.

The NMDA antagonists CPP and dizocilpine protect against
the excitotoxic but increase the apoptotic component of traumatic
brain injury. Because the extent of excitotoxic damage induced by
head trauma is minor in comparison to the extent of apoptotic
damage, the net effect of NMDA antagonist treatment is a
clear-cut worsening of neuropathologic outcome after trauma to
the developing brain.

Apoptotic damage triggered by head trauma in the developing
brain presumably does not occur as a secondary manifestation
causally linked to the primary excitotoxic damage at the impact
site because if this were the case, blocking the excitotoxic reaction
at the impact site by NMDA antagonists should diminish instead
of enhance distant damage. Head trauma may trigger apoptosis
either by activating a mechanism that normally promotes pro-
grammed cell death or by compromising a mechanism that
normally suppresses it. Distant apoptotic damage after head
trauma is most severe in areas that show highest densities of
spontaneous apoptotic cells in sham rats, such as the cingulate,
frontal, parietal, and retrosplenial cortex. This fact suggests that
the widespread apoptotic cell death triggered by head trauma in
the infant rat brain may be due in part to interference with the
programmed cell death process that occurs during a critical
developmental period. Regardless which mechanism might ex-
plain how trauma elicits apoptotic damage, the fact that this
damage is augmented by treatment with NMDA antagonists
raises the possibility that glutamate acting via NMDA receptors
suppresses programmed cell death in the developing brain.
NMDA antagonists may therefore compromise this mechanism,
thereby making neurons overly prone to show an apoptotic
response to trauma.

Our studies demonstrate that vulnerability to apoptotic cell
death in the rat brain is highest in the first two postnatal weeks
and decreases thereafter. Although it is uncertain how the rodent
and human compare regarding the time window of vulnerability
to posttraumatic brain damage, it is possible that humans may be
at risk for this type of damage during early childhood, and this
signifies that it may be detrimental to use NMDA antagonists in
the therapeutic management of pediatric head trauma. Further-
more, such conclusions call into question the practice of admin-
istering NMDA antagonists such as ketamine during the stabi-
lization period immediately after head trauma in young children
(25, 26). On the other hand, the fact that the delayed pattern of
brain damage continued to evolve over 24 hr after head trauma
in developing rats suggests that there may be a wide time-window
for therapeutic intervention.

The present findings suggest that a free-radical scavenger,
SPBN, may have therapeutic value in mitigating delayed apopto-
tic degeneration triggered by head trauma. These observations
are in line with reports on protective action and wide therapeutic
time window of SPBN in adult head trauma and ischemia models
(27). Treatment with SPBN is beneficial only because apoptosis
represents the predominant form of neurodegeneration after
head trauma in developing rats. SPBN did not protect against
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excitotoxic damage, suggesting that it would be useless in a
neurodegeneration with a predominant excitotoxic component.
Our results call for the necessity to better understand and define
the relative contributions of excitotoxicity and apoptosis to the
pathogenesis of neurodegenerative syndromes before making a
decision on the mode of treatment. Nonetheless, determining
relative contributions of these two mechanisms of cell death is of
crucial importance also because certain antiexcitotoxic regimen,
when used in syndromes with predominant apoptotic component,
may elicit unexpected deleterious side effects.

If such conclusions apply to human brain, then they call for
careful selection of neuroprotective measures depending on the
cell death type predominating in a specific neurodegenerative
disorder.

This work was supported by Grant 01KO95151TPA3 from the
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clear coactivators in the conventional man-
ner. The allosteric ligand activation and the
phosphorylation work synergistically to pro-
mote receptor-mediated gene function. Final-
ly, DA reinforces P action through a direct
ligand-independent activation of the PR (1)
as well as indirectly through activation of
DARPP-32. It is implicit that cross-talk be-
tween these two pathways is important for
integration of the multitude of signals that
modulate reproductive behavior.
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Ethanol-Induced Apoptotic
Neurodegeneration and Fetal
Alcohol Syndrome

Chrysanthy lkonomidou,” Petra Bittigau,’ Masahiko ). Ishimaru,?
David F. Wozniak,? Christian Koch,? Kerstin Genz,’
Madelon T. Price,® Vanya Stefovska,? Friederike Horster,"
Tanya Tenkova,? Krikor Dikranian,? John W. Olney3*

The deleterious effects of ethanol on the developing human brain are poorly
understood. Here it is reported that ethanol, acting by a dual mechanism
[blockade of N-methyl-D-aspartate (NMDA) glutamate receptors and excessive
activation of GABA, receptors], triggers widespread apoptotic neurodegenera-
tion in the developing rat forebrain. Vulnerability coincides with the period of
synaptogenesis, which in humans extends from the sixth month of gestation
to several years after birth. During this period, transient ethanol exposure can
delete millions of neurons from the developing brain. This can explain the
reduced brain mass and neurobehavioral disturbances associated with human

fetal alcohol syndrome.

Intrauterine exposure of the human fetus to
ethanol causes a neurotoxic syndrome (/)
termed fetal alcohol effects (FAE) or fetal al-
cohol syndrome (FAS), depending on severity.
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The most disabling features of FAE/FAS are
neurobehavioral disturbances ranging from hy-
peractivity and learning disabilities to depres-
sion and psychosis (2, 3). It is thought that the
brain is particularly sensitive to the neurotoxic
effects of ethanol during the period of synapto-
genesis, also known as the brain growth spurt
period, which occurs postnatally in rats but
prenatally (during the last trimester of gesta-
tion) in humans (4—6). Thus, ethanol treatment
of neonatal rats causes reproducible effects rel-
evant to FAE/FAS, including a generalized loss
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of brain mass and a specific loss of cerebellar
and hippocampal neurons (7, §). However,
these circumscribed losses cannot account for
the overall loss of brain mass, and the mecha-
nism(s) underlying ethanol’s injurious effects
on the developing brain remain a mystery.

Having recently found (9) that transient
blockade of NMDA glutamate receptors during
the period of synaptogenesis causes widespread
apoptotic neurodegeneration in the infant rat
brain, we decided to evaluate ethanol, a known
NMDA antagonist (0), for its ability to trigger
apoptotic neurodegeneration in the developing
rat brain. A 20% solution of ethanol in normal
saline was administered to 7-day-old Sprague-
Dawley rats in two separate treatments, 2 hours
apart, each treatment delivering 2.5 g/kg sub-
cutaneously (sc); control rats were treated with
saline only. The brains were examined histo-
logically 24 hours after the first treatment. In
the brains of saline-treated rats, both silver
staining and TUNEL (terminal deoxynucleoti-
dyl transferase—mediated deoxyuridine triphos-
phate nick-end labeling) (//-13) revealed a
very light pattern of neurodegeneration attrib-
utable to physiological cell death (PCD), the
apoptotic process by which biologically redun-
dant neurons are deleted from the developing
brain. In the brains of ethanol-treated rats, these
stains revealed a very dense and widely distrib-
uted pattern of neurodegeneration, a pattern that
overlapped with but was more extensive than
that (9) induced by other NMDA antagonists
(Fig. 1, A to H). As assessed by electron mi-
croscopy, the ethanol-induced cell death pro-
cess clearly met ultrastructural criteria (14, 15)
for apoptosis (Fig. 1L).
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Quantitative evaluation (16, 17) revealed
that the densities of degenerating neurons in
saline-treated rats varied from 0.13 to 1.55% of
the total neuronal density in brain regions ex-
amined (Table 1). This represents the rate of
spontaneous apoptosis (PCD) that occurs natu-
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contrast, the densities of degenerating neurons
in ethanol-treated pups ranged from 5 to 30% of
the total neuronal densities in the same brain
regions. The mean number (=SEM) of degen-
erating neurons in selected regions of the fore-
brain (/6) was 12,567,726 = 1,008,195 for the

rally in the rat brain at postnatal day 8 (P8). In  ethanol-treated rats (n = 6), compared to
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Fig. 2. Ethanol was administered to P7 rats by several dosing regimens. The total dose ranged from
0 to 5 g/kg sc and was administered either in a single injection or in multiple injections spaced 2
hours apart. (A) Blood ethanol curves associated with each of several dosing regimens. (B) Severity
of apoptotic neurodegeneration associated with each dose—blood ethanol curve. The histographic
values in (B) represent total numbers of apoptotic neurons (means = SEM, n = 6 per group) in the
forebrains of saline- and ethanol-treated rats. Severity of degeneration was established using
silver-stained sections and by counting argyrophilic profiles in 13 brain regions, as described (76).
Many blood ethanol curves not shown were generated; those shown were selected because each
is representative of a type of curve required to trigger a certain amount of apoptotic neurode-
generation. The data show that the severity of apoptotic degeneration does not correlate with total
dose, but rather with the rate at which the dose is given and the length of time the blood ethanol
level remains elevated above a toxic threshold in the range of 200 mg/dl. Dosing regimens that
produced blood ethanol concentrations that did not exceed 200 mg/dl for more than 2 hours did
not increase the rate of apoptotic neurodegeneration significantly above the spontaneous rate in
saline-treated rats. If blood ethanol concentrations exceeded 200 mg/dl for 4 hours, apoptotic
neurodegeneration was significantly increased, and if concentrations exceeded 200 mg/dl for more
than 4 hours, the degenerative response became progressively more severe in proportion to the
length of time the concentrations exceeded 200 mg/dL.

Fig. 1. (A to D) Low-magnification (25X) light microscopic overviews of
silver-stained (77-73) transverse sections from the parietal and cingulate
cortex of P8 rats treated 24 hours previously with saline, MK-801 (NMDA
antagonist), phenobarbital, or ethanol. Degenerating neurons (small dark dots)
are abundantly present in several brain regions after treatment with MK-801,
phenobarbital, or ethanol, but are only sparsely present after saline treatment.
Note that MK-801 and phenobarbital both affect neurons superficial to the
cortical surface, whereas the middle cortical layers are affected very promi-
nently by phenobarbital and are relatively spared by MK-801. The ethanol
pattern resembles a combination of the MK-801 and phenobarbital patterns.
(E to H) Light micrographs (55X) depicting the anterior thalamus at the level
of the laterodorsal (LD), anterodorsal (AD), anteroventral (AV), and antero-
medial (AM) nuclei, respectively. Note that MK-801 affects the LD, AV, and
AM nuclei but not the AD nucleus, whereas phenobarbital affects the LD and
AD nuclei very prominently but almost entirely spares the AV and AM nuclei.
The ethanol pattern includes all four nuclei, as would be expected if it acts by
a dual mechanism involving blockade of NMDA receptors plus activation of
GABA, receptors. (I to L) Electron micrographs (1800X) illustrating that
apoptotic neurodegeneration induced by MK801 (J), phenobarbital (K), or
ethanol (L) has the same ultrastructural appearance as PCD (I), an apoptotic
phenomenon that occurs spontaneously in the developing brain. As we have
recently described (9, 74), in both spontaneous and induced apoptosis, the
earliest signs are the formation of spherical chromatin masses and flocculent
densities in the nucleus while the nuclear envelope remains intact and
cytoplasmic organelles are relatively unaltered; this is followed in the middle
and late stages by fragmentation of the nuclear envelope, intermixing of
nucleoplasmic and cytoplasmic contents, and progressive condensation of the
entire cell. All four examples shown here have a similar appearance, as they are
all in the middle stage of apoptotic neurodegeneration.
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Fig. 3. Age dependency of ethanol-induced ap- 80,000 835,360 = 101,079 for the saline-treated group
optosis in the brains of developing rats. Imma- (n = 6).
ture rats were exposed at different developmen- 70,000 In additional experiments with P7 rats, we
tal ages (E17 to P21) to saline or ethanol (2.5 administered ethanol by various dosing regi-
glkg sc at 0 and 2 hours; total dose 5 g/kg), and 60,000 mens and compared thﬁ severity of th%: ap;go
24 hours later we used the stereological disector - ’ " - B
method (76, 77) to assess the numerical densi- E ptotic response (/6) with the blood ethanol
ties of degenerating neurons in DeOlmos silver- =& 50,000 & Early curves produced by each regimen. We found
stained sections of various brain regions. To 2 % g mid that the apoptotic response induced by etha-
determine the apoptotic degeneration that =2 4 54 ® Late nol cannot be predicted by the dose, but
could be attributed to ethanol, we subtracted § o rather depends on how rapidly the dose is
the mean numerical density count for the saline- & % o dep Iy
treated rats (n = 6) in a given brain region from E S 30,000 administered and on how long the blood eth-
the mean numerical density count for the etha- s anol levels are elevated above a toxic thresh-
nol-treated rats (n = 6) in the same brain region. & 20,000 old in the range of 180 to 200 mg/dl (Fig. 2).
In gach bn:ain region there was a time vy[ndow Maintaining blood ethanol concentrations at
during which neurons showed vulnerability to 10,000 or above 200 mg/dl for four consecutive
ethanol-induced apoptosis, and the timing of .. o :

- o . . . hours was the minimum condition for trigger-
this vulnerability period was different for differ- . .
ent brain regions. However, each region dis- 0 ing neurodegeneration. If ethanol concentra-

E17 E19 PO P3 r7 P14 P21

played a temporal profile that fit into an early-,
middle-, or late-stage category. Neuronal popu-
lations showing the early-stage profile (ventro-

Developmental age (days)

medial hypothalamus, mediodorsal and ventral thalamus) began to display a significant
response to ethanol on day E19, which reached a peak at PO and rapidly declined thereafter.
Neurons showing the middle-stage profile (subiculum, hippocampus, caudate, and laterodorsal
and anteroventral thalamus) began to show a response on E19, which reached a peak at P3 and
gradually declined to zero by P14. Those showing the late-stage profile (frontal, parietal,
temporal, cingulate, and retrosplenial cortices) exhibited a degenerative response that began
on day P3, peaked at P7, was markedly diminished at P14, and was absent at P21. Each of the
curves presented here pertains to a single brain region that is representative of a response
pattern: ventromedial hypothalamus, early stage; laterodorsal thalamus, middle stage; and

frontal cortex, layer Il, late stage.

tions remained above 200 mg/dl for more
than 4 hours, the degenerative response be-
came progressively more severe and more
widespread in proportion to the length of time
that the concentrations remained above this
level.

To determine how the apoptotic response
to ethanol might differ as a function of de-
velopmental age, we administered either sa-
line or ethanol (2.5 g/kg sc at 0 and 2 hours;
total dose 5 g/kg) to pregnant rats on embry-
onic day 17 (E17) or E19 or to their offspring
on PO, P3, P14, or P21; after 24 hours, we

Table 1. Rate of apoptotic neurodegeneration in 15 brain regions of P8 rats 24 hours after treatment with saline, ethanol, diazepam, or MK801.

Saline Ethanol*: Diazepam™*: MK801*:
. Degenerating cell Degenerating cell Degenerating cell
Degenerating cell density as density as density as

Brain region Numerical density,
total cells

(mean/mm3 = SEM)

density as
percentage of
total cell density
(mean = SEM)

percentage of
total cell density
(mean = SEM)

percentage of
total cell density
(mean = SEM)

percentage of
total cell density
(mean = SEM)

CA1 hippocampus 220,050 = 4,584 0.85 £ 0.11 1735+ 1.36 8.00 = 1.31 3.35*0.67

Subiculum 198,124 + 8,205 0.59 = 0.04 16.48 = 1.60 13.47 = 2.75 10.70 = 1.72

Caudate 242,534 = 11,140 0.29 * 0.04 8.07 £ 0.50 3.97 £ 0.92 4.77 = 0.85

Laterodorsal 133,945 + 13,148 0.30 = 0.05 1833+ 2.72 11.79 = 1.99 11.91 = 2.21
thalamus

Mediodorsal 199,335 *+ 6,398 0.40 = 0.01 502 £ 1.17 551+ 134 239*034
thalamus

Septum 107,143 = 9,510 0.31 = 0.05 1031+ 0.79 5.82 £0.38 3.30 £ 0.81

Pallidum 214,286 = 21,087 0.13 £0.03 5.43 + 0.81 3.50 £ 0.19 2.09 = 0.19

Frontal cortex 219,432 = 4,541 1.55+0.18 2462+ 2.28 7.47 £ 0.96 22,65+ 1.93
layer Il

Frontal cortex 142,120 + 10,323 0.20 = 0.05 491+ 0.34 3.89 £ 0.95 143 +0.18
layer IV

Parietal cortex 223,900 * 13,434 1.08 £ 0.28 25.38 +2.03 10.69 *+ 2.42 26.13 = 2.51
layer II

Parietal cortex 156,078 * 6,323 0.22 = 0.05 5.70 £ 0.55 3.84+0.73 1.72 £ 0.26
layer IV

Cingulate cortex 218,932 = 11,239 1.54 £ 0.21 26.73+2.72 9.36 = 0.27 15.49 = 1.79
layer Il

Cingulate cortex 148,100 *+ 6,125 0.13+0.03 13.72 = 0.87 11.81 + 1.54 322085
layer IV

Retrosplenial 235,948 = 13,857 0.89 = 0.07 29.87 = 1.60 1338 + 1.17 11.49 = 1.82
cortex layer Il

Retrosplenial 143,250 = 10,857 0.33+0.08 11.70 = 0.98 5.47 129 5.95*0.42

cortex layer IV

*In all brain regions, the rate of apoptosis was significantly higher (P < 0.001) in rats treated with ethanol (2.5 g/kg X 2) (n = 7), diazepam (30 mg/kg X 1) (n = 6), or MK801 (0.5
mg/kg X 3) (n = 6) than in rats treated with saline (n = 5). For all comparisons (ethanol, diazepam, or MK801 versus saline), the P values exceeded the Bonferroni corrected levels

(P = 0.05/45 = 0.0011).
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compared the neurodegenerative response in
the fetal or infant brains with the response in
P7 rats. To assess the degenerative response
to ethanol, we compared the density of de-
generating neurons in various brain regions
of saline-treated rats with the density of de-
generating neurons in the same brain regions
of ethanol-treated rats. We found that there is
a time window from E19 to P14 when various
neurons in the forebrain show transient sen-
sitivity to ethanol-induced neurodegenera-
tion, and within this period, which coincides
with the synaptogenesis period, different neu-
ronal populations display transient sensitivity
at different times. Three response patterns
were observed (Fig. 3).

To assess whether the apoptotic response
to ethanol is associated with a loss of brain
mass, we administered saline or ethanol (2.5
g/kg sc at 0 and 2 hours; total dose 5 g/kg) to
infant rats on P7 and found, when the exper-
iment was terminated at P12, that the brain
weights (whole brain or forebrain and cere-
bellum weighed separately) of the ethanol-
treated rats were significantly lower than
those of the saline-treated rats (Fig. 4).

Because ethanol triggered apoptosis in
some brain regions that are not typically af-
fected by NMDA antagonists, we attempted
to identify other possible mechanisms to ex-
plain ethanol’s effects in these brain regions.
In a series of experiments (/8), we were
unable to demonstrate an appreciable apopto-
tic response to agents that act as either ago-
nists or antagonists at dopamine receptors,
block kainic acid or muscarinic cholinergic
receptors, or block voltage-gated ion chan-
nels. However, a robust apoptotic response

1.25
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—_ *
o
g
- 075
=
=
@
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0.00
Whole FB/MB  CB/BS
Brain

Fig. 4. On day P12, the brains of rats that were
treated with saline (n = 6) or ethanol (n = 6)
on day P7 were weighed to obtain a whole
brain weight, then were dissected at the level
of the pons into two portions, one including the
forebrain (FB) and midbrain (MB) and the other
including the cerebellum (CB) and brainstem
(BS). Sampling and weighing of the brains were
performed in a blinded manner. The weights for
the ethanol-treated brains (whole or in parts)
were significantly lower than those for the
saline-treated brains (*P < 0.05, **P < 0.01;
Student's t test).
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was triggered by benzodiazepines and barbi-
turates, “GABAergic” agents that either
mimic or potentiate the action of GABA at
GABA, receptors. The agents tested were
diazepam [10 to 30 mg/kg intraperitoneally
(ip) at 0 hours, n = 6], clonazepam (0.5 to 4
mg/kg ip at 0 hours, n = 6), pentobarbital (10
mg/kg ip at 0 and 4 hours, n = 6), and
phenobarbital (50 to 75 mg/kg ip at 0 hours,
n = 6). These agents, in a dose-dependent
manner, triggered widespread cell death in
the infant rat brain, which was apoptotic as
assessed by ultrastructural analysis (Fig. 1K).
The pattern of degeneration was similar for
each GABAergic agent, but this pattern dif-
fered in several major respects from that in-
duced by NMDA antagonists (Fig. 1, A to H).
However, superimposing one pattern on the
other resulted in a composite pattern closely
resembling that induced by ethanol. We also
studied the window of vulnerability to the
proapoptotic actions of diazepam and pheno-
barbital, and we determined that it coincides
with the period of synaptogenesis.

Our results show that exposure of the
developing rat brain to ethanol for a period of
hours during a specific developmental stage
(synaptogenesis) predictably induces an apo-
ptotic neurodegenerative reaction that deletes
large numbers of neurons from several major
regions of the developing brain. Of ethanol’s
many actions in the brain, it appears that
two—its blocking action at NMDA glutamate
receptors and its positive modulatory action
at GABA, receptors—are primarily respon-
sible for its proapoptotic effects. In addition,
the developmental period during which the
immature brain is vulnerable to the proapop-
totic action of NMDA antagonists, GABAer-
gic agents, and ethanol is the same: For all
three, it coincides with the synaptogenesis
period.

In humans, as noted earlier, the period of
synaptogenesis occurs prenatally, during the
last 3 months of gestation (6). If a pregnant
mother imbibes ethanolic beverages for sev-
eral hours in a single drinking episode, she
could expose her third-trimester fetus to
blood ethanol levels equivalent to those re-
quired to trigger apoptotic neurodegeneration
in the immature rat brain (200 mg/dl lasting 4
hours or more).

From a clinical perspective, it is important
to recognize that both NMDA antagonists and
GABA,, agonists are frequently used as seda-
tives, tranquilizers, anticonvulsants, or anesthet-
ics in pediatric and/or obstetric medicine. These
agents also are drugs of abuse. Because the
human brain growth spurt spans not only the
last trimester of pregnancy but several years
after birth (6), the developing human brain may
be exposed to these agents by medical profes-
sionals or by drug-abusing pregnant mothers.
Also relevant is our observation that within the
synaptogenesis period, different neuronal pop-
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ulations have different temporal patterns of re-
sponse to the apoptosis-inducing effects of
these drugs. Thus, depending on the timing of
exposure, different combinations of neuronal
groups will be deleted, which signifies that this
is a neurodevelopmental mechanism that can
contribute to a wide spectrum of neuropsychi-
atric disturbances.
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Evidence for DNA Loss as a
Determinant of Genome Size
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Eukaryotic genome sizes range over five orders of magnitude. This variation
cannot be explained by differences in organismic complexity (the C value
paradox). To test the hypothesis that some variation in genome size can be
attributed to differences in the patterns of insertion and deletion (indel) mu-
tations among organisms, this study examines the indel spectrum in Laupala
crickets, which have a genome size 11 times larger than that of Drosophila.
Consistent with the hypothesis, DNA loss is more than 40 times slower in

Laupala than in Drosophila.

Wide variation in eukaryotic genome size is a
pervasive feature of genome evolution. Large
differences in haploid DNA content (C value)
are found within protozoa (5800-fold range),
arthropods (250-fold), fish (350-fold), algae
(5000-fold), and angiosperms (1000-fold)
(1). This variation is called the C value par-
adox (2, 3) because genome size is not cor-
related with the structural complexity of or-
ganisms or with the estimated number of
genes. Despite much progress in the study of
genomes, the C value paradox remains large-
ly unresolved.

Drosophila species, which have small ge-
nomes, spontaneously lose DNA at a much
higher rate than mammalian species, which
have large genomes (4-7). Although many
mechanisms can affect genome size—includ-
ing polyploidy, fixation of accessory chromo-
somes or large duplications (8), and expan-
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sions of satellite DNA or transposable ele-
ments (9)—the Drosophila findings suggest
that some differences in haploid genome size
may result from variation in the rate of spon-
taneous loss of nonessential DNA (4). Here,
we test this hypothesis by examining the
indel spectrum in Hawaiian crickets (Lau-
pala), which have a genome size ~11-fold
larger than that of Drosophila (10). Specifi-
cally, we test the prediction of a lower rate of
DNA loss in Laupala than in Drosophila,
corresponding to the large difference in ge-
nome size.

Sequences unconstrained by natural selec-
tion exhibit patterns of substitution, reflecting
the underlying spectra of spontaneous muta-
tions (/7). As pseudogene surrogates we chose
nontransposing copies of non-LTR (long termi-
nal repeat) retrotransposable elements (4, 12).
Transposition of non-LTR elements usually re-
sults in a 5'-truncated copy that is unable to
transpose because of lack of a promoter and
lack of the capacity to encode functional pro-
teins (13, 14); these “dead-on-arrival” (DOA)
elements are essentially pseudogenes.

We identified a new non-LTR element in
Laupala, here designated Laul, by means of
polymerase chain reaction (PCR) with degen-
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receptor-activated ion channels are highly permeable
to Ca2™ ions, we tested whether blockade of calcium
influx via other routes (i.e., voltage-dependent Ca?*
channels) may also cause apoptotic neurodegenera-
tion in the brain. For this purpose we treated P7 rats
with the Ca?* channel blockers nimodipine (50 mg/
kg ip at 0 and 8 hours; n = 6) or nifedipine (10 mg/kg
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erate primers to conserved regions of the
non-LTR reverse transcriptase (/5). Evolu-
tion of unconstrained DOA elements can be
distinguished from that of the constrained,
active elements via phylogenetic analysis of
nucleotide sequences of individual DOA el-
ements (4, 12). Substitutions in a transposi-
tionally active lineage are represented in mul-
tiple DOA elements generated by transposi-
tion of the active copy, whereas substitutions
in each DOA lineage are unique (barring
parallel mutations) because of the inability of
DOA elements to transpose. This implies
that, in a gene tree of non-LTR sequences
from closely related species, the active lin-
eages map to internal branches (identified
through substitutions shared among ele-
ments), whereas DOA lineages map to termi-
nal branches (identified through unique sub-
stitutions). Some DOA lineages may also
map to internal branches, because elements
from different species may be identical by
descent (IBD) because of transmission of the
same (allelic) DOA copy from a common
ancestor (7, 12). Nevertheless, as long as the
number of active lineages is small and the
sampling is dense, substitutions in the termi-
nal branches will correspond primarily to the
DOA element evolution (72).

If the terminal branches of the Laul gene
tree (Fig. 1) represent unconstrained evolu-
tion of DOA elements, we predict the absence
of purifying selection operating along these
branches. Confirming this prediction, point
substitutions in terminal branches map with
equal frequencies to all three codon positions
(G test; P = 0.64). In addition, the terminal
branches feature numerous element-specific
indels (48 deletions and 18 insertions in 49
terminal branches). The internal branches
show evidence of relaxed selection as well,
which suggests that many elements in our
sample are IBD through inheritance of ances-
tral allelic DOA copies. The substitutions in
the internal branches are found at equal fre-
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Epilepsy is the most common neurological disorder of young humans.
Each year 150,000 children in the United States experience their first
seizure. Antiepileptic drugs (AEDs), used to treat seizures in children,
infants, and pregnant women, cause cognitive impairment, micro-
cephaly, and birth defects. The cause of unwanted effects of therapy
with AEDs is unknown. Here we reveal that phenytoin, phenobarbi-
tal, diazepam, clonazepam, vigabatrin, and valproate cause apoptotic
neurodegeneration in the developing rat brain at plasma concen-
trations relevant for seizure control in humans. Neuronal death
is associated with reduced expression of neurotrophins and de-
creased concentrations of survival-promoting proteins in the brain.
B-Estradiol, which stimulates pathways that are activated by neuro-
trophins, ameliorates AED-induced apoptotic neurodegeneration.
Our findings present one possible mechanism to explain cognitive
impairment and reduced brain mass associated with prenatal or
postnatal exposure of humans to antiepileptic therapy.

survival | epilepsy | rat | neurotrophins

A seizure is a sudden change in behavior caused by synchronous,
rhythmic firing of neurons in the brain. Between 2% and 4%
of all children in Europe and the United States experience at least
one seizure before the age of 5 years (1). Epilepsy, a brain disorder
characterized by recurrent seizures, affects 1-2% of humans world-
wide and shows its highest incidence in the first year of life (1).

Antiepileptic drugs (AEDs) are used to prevent or interrupt
seizures. They act via three mechanisms: (7) limitation of sustained
repetitive neuronal firing via blockade of voltage-dependent so-
dium channels; (if) enhancement of y-aminobutyric acid (GABA)-
mediated inhibition; and (i) blockade of glutamatergic excitatory
neurotransmission (2-5). Phenytoin decreases neuronal firing
through use-dependent blockade of voltage-gated sodium channels.
Barbiturates and benzodiazepines enhance inhibition in the brain
by allosterically modulating permeability of the chloride channel
coupled to the GABA type A receptor. Vigabatrin decreases
GABA breakdown by blocking the GABA-degrading enzyme
GABA transaminase, and valproate influences GABA synthesis
and breakdown, leading to an increase of GABA concentrations in
the brain. Valproate also interferes with glutamate-mediated exci-
tation and limits sustained repetitive neuronal firing through
voltage- and use-dependent blockade of sodium channels (2-5).

AEDs are among the most common causes of fetal malforma-
tions, developmental delay, and microcephaly (6-11). Increasing
maternal blood levels and combinations of AEDs impose an
increased risk for harm to human infants (11). AEDs may also exert
unfavorable effects on human intellect when given to treat seizures
in infants and toddlers. Therapy with barbiturates during the first 3
years of life may cause cognitive impairment that persists into
adulthood (12-16). Although neurotoxic effects of AEDs have
been recognized since the 1970s, the underlying mechanisms are
not understood.

In the immature rodent brain, suppression of synaptic neuro-
transmission via blockade of glutamate N-methyl-D-aspartate re-
ceptors or activation of GABA type A receptors may trigger

www.pnas.org/cgi/doi/10.1073/pnas.222550499

apoptotic neurodegeneration (17, 18). Because depression of syn-
aptic neurotransmission is the common denominator in the action
of AEDs, we investigated whether common AEDs may cause
apoptotic neurodegeneration in the developing brain and what the
underlying pathogenetic mechanisms are. Furthermore, we at-
tempted to identify measures that will prevent AED neurotoxicity.

Materials and Methods

In Vivo Experiments. Wistar rats (Bundesinstitut fiir gesundheit-
lichen Verbraucherschutz und Veterindrmedizin, Berlin), 0-30
days old, received i.p. administration of AEDs, B-estradiol, or
vehicle (normal saline) and were allowed to survive for up to 48 h
after injection.

The following drugs and doses were administered: phenytoin
(Desitin, Hamburg, Germany), 10-50 mg/kg; phenobarbital
(Desitin), 20-100 mg/kg; pentobarbital (Sigma), 5 and 10 mg/kg;
diazepam (Ratiopharm, Ulm, Germany), 5-30 mg/kg; clonazepam
(Desitin), 0.5-4 mg/kg; valproate (Sigma), 50-400 mg/kg; and
vigabatrin (Aventis, Bad Soden, Germany), 50, 100, or 200 mg/kg
twice daily on 3 consecutive days. Flumazenil (Hoffman-La Roche)
was administered in hourly intervals for 5 h at the dose of 2 mg/kg,
beginning 15 min after administration of diazepam (30 mg/kg) or
clonazepam (4 mg/kg). B-Estradiol (Sigma) was administered three
times at the dose of 300 ug/kg every 8 h.

Intracerebroventricular injections of U0126 (Calbiochem) or
wortmannin (Calbiochem) were performed in pups subjected to
brief halothane anesthesia by using a Hamilton syringe with a
27-gauge needle. The location was 1 mm rostral, 1.5 mm lateral to
bregma, and 2 mm deep to skull surface. Drugs were dissolved in
10% DMSO and phosphate buffer and administered in a volume
of 1 ul over 2 min. Control pups received i.c.v. injection of vehicle.

To exclude the possibility that hypoxia might contribute to
histological changes detected in the brains, oxygen saturations were
measured every 30 min over a period of 4 h after injection of the
drugs by pulse oximetry.

At the end of the observation period, animals received an
overdose of chloralhydrate (150 mg/kg). Before perfusion fixation,
a 200-ul blood sample was obtained from the left ventricle for
measurement of drug-plasma concentrations. Rats were perfused
through the heart and ascending aorta for 15 min with a solution
containing paraformaldehyde (1%) and glutaraldehyde (1.5%) in
pyrophosphate buffer (for combined light and electron microscopy)
or paraformaldehyde (4%) in cacodylate buffer (for terminal
deoxynucleotidyltransferase-mediated dUTP end labeling or De-
Olmos cupric silver staining).

Histology. To visualize degenerating cells, coronal sections of the
whole brain were stained with silver nitrate and cupric nitrate (19).

Abbreviations: AED, antiepileptic drug; GABA, y-aminobutyric acid; BDNF, brain-derived
neurotrophic factor; NT-3, neurotrophin 3; Pn, postnatal day; ERK, extracellular signal-
related protein kinase.
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Table 1. Phenytoin, phenobarbital, and valproate increase the rate of apoptosis in the brain of 7-day-old rats

Vehicle

Phenytoin Phenobarbital Valproate

Numerical density
of total cells,
mean/mm3 = SEM

Degenerating cells as
% of total cells,

Brain region mean * SEM

Degenerating cells as

Degenerating cells as
% of total cells,
mean = SEM

Degenerating cells as
% of total cells,
mean * SEM

% of total cells,
mean = SEM

CA1HC 220,050 + 4,584 0.85 * 0.11
DG 284,127 + 23,089 0.37 = 0.06
Subiculum 198,124 + 8,205 0.59 + 0.04
Caudate 242,534 + 11,140 0.29 + 0.04
Thal LD 133,945 + 13,148 0.30 = 0.05
Thal MD 199,335 * 6,398 0.40 = 0.01
Thal V 132,907 + 2,634 0.76 = 0.05
Hth VM 134,500 * 2,343 0.90 = 0.01
Fril 219,432 + 4,541 1.55+0.18
Friv 142,120 = 10,323 0.20 + 0.05
Par Il 223,900 + 13,434 1.08 = 0.28
Par IV 156,078 * 6,323 0.22 + 0.05
Cing Il 218,932 = 11,239 1.54 = 0.21
Cing IV 148,100 * 6,125 0.13 +0.03
Rspl Il 235,948 + 13,857 0.89 + 0.07
Rspl IV 143,250 * 10,857 0.33 + 0.08

2.63 = 0.43*
1.21 = 0.14%**
2.28 = 0.31***

2.09 = 0.45*
1.54 = 0.11%**
3.79 = 0.41%**

1.97 = 0.40*
1.32 = 0.20**
7.30 = 0.51***

0.58 = 0.04** 1.81 = 0.29%** 2.17 = 0.16%***
2.62 = 0.37*** 9.94 + 0.96*** 15.90 * 3.53%**
1.86 + 0.34** 3.33 £ 0.79*%** 6.39 = 1.57**
0.72 = 0.20ns 1.39 £ 0.21* 4.47 = 0.97**
2.16 = 0.15%** 2.72 = 0.51%** 6.88 = 0.90**

5.19 £ 0.38***
2.57 = 0.21%**
6.07 = 0.64***

4.23 + 0.32%**
1.46 = 0.21%**
4.01 = 0.50%**

4.64 + 0.14***
3.33 = 0.55%**
4.22 £ 0.19%**

3.31 £ 0.33%** 1.54 + 0.29%* 2.36 = 0.49%*
3.59 = 0.56** 4.80 + 0.45%** 3.01 = 0.51**
2.85 * 0.32%** 1.15 = 0.69* 6.01 = 0.81%**
2.16 = 0.07*** 1.78 = 0.19%** 1.40 = 0.14**
3.06 * 0.22%** 1.38 £ 0.21* 4.52 = 0.64%**

Rats received vehicle, phenytoin (50 mg/kg), phenobarbital (75 mg/kg), or valproate (400 mg/kg) and were killed 24 h later on P8. Using an optical disector
method the numerical densities of total cells (cells per mm3) and degenerating cells (degenerating cells per mm3) in 16 brain regions of vehicle- (n = 6), phenytoin-
(n = 6), phenobarbital- (n = 6), and valproate-treated rats (n = 6) were estimated. In column 2, mean numerical total cell densities = SEM in 8-day-old rats are
shown. The extent of apoptosis in vehicle-, phenytoin-, phenobarbital-, and valproate-treated rats is shown as the ratio of degenerating cell density to total cell
density and is presented as % = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001, Student’s t test. CA1 HC, CA1 hippocampus; DG, dentate gyrus; Thal, thalamus;
LD, laterodorsal; MD, mediodorsal; V, ventral; Hthal VM, ventromedial hypothalamus; Fr, frontal cortex; Par, parietal cortex; Cing, cingulate cortex; Rspl,

retrosplenial cortex; Il, IV, cortical layers 2 and 4.

To visualize nuclei with DNA cleavage, serial coronal paraffin
sections (10 um) of the entire brain were cut on a microtome and
residues of peroxidase-labeled digoxigenin nucleotides were cata-
lytically added to DNA fragments by terminal deoxynucleotidyl-
transferase (TdT Frag EL, DNA Fragmentation Detection Kit,
Calbiochem-Novabiochem).

For light microscopy on plastic sections and electron microscopy
brains were sliced in 1-mm thick slabs, fixed in osmium tetroxide,
dehydrated in alcohols, and embedded in araldite. Ultrathin sec-
tions were cut and stained with uranyl acetate/lead citrate.

Quantitation. Quantitation of damage was performed in silver-
stained sections by estimating mean numerical densities (Ny) of
degenerating cells (20). An unbiased counting frame (0.05 mm X
0.05 mm; disector height 0.07 mm) and a high aperture objective
were used for the sampling. Counts were performed in a blinded
manner. Ny values from 16 brain regions (Table 1) were summed to
give a total score for degenerating neurons for each brain.

RT-PCR Studies and Western Blotting. Total cellular RNA was
isolated from snap-frozen tissue by acidic phenol/chloroform ex-
traction and DNase treatment (Hybaid, Roche Diagnostics); 500 ng
of RNA was reverse-transcribed with Moloney murine leu-
kemia virus reverse transcriptase (Promega) and oligo(dT);s
primer (Roche Diagnostics) in 25 ul of reaction mixture. cDNA
(1 wl) was amplified by PCR in 30 cycles, subjected to PAGE,
subsequent silver staining, and densitometric analysis with the
image analysis program BIODOCANALYZE (Whatman Biometra).
Primers for brain-derived neurotrophic factor (BDNF) [Gen-
Bank accession no. D10938; sense, 5'-CGACGTCCCTGGCTG-
GACACTTTT-3" (positions 2296-2318); and antisense 5'-
AGTAAGGGCCCGAACATACGATTGG-3' (positions 2762—
2786)], primers for neurotrophin 3 (NT-3) [GenBank accession no.
M34643,; sense, 5'-GGTCAGAATTCCAGCCGATGATTGC-3'
(positions 308-332); and antisense 5-CAGCGCCAGCCTAC-
GAGTTTGTTGT-3' (positions 767-791)], and primers for B-actin
[GenBank accession no. V01217; sense, 5'-CCCTAAGGCCAAC-
CGTGAAAAGATG-3' (positions 1663-1687); and antisense 5'-
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GAACCGCTCATTGCCGATAGTGATG-3" (positions 2535-
2559)], were used.

For Western blotting analysis of brain tissue, animals were killed,
and brains were removed, microdissected, and then immediately
snap-frozen in liquid nitrogen.

Tissue was then homogenized at 4°C in a TrissHCL buffer (50
mM, pH 7.6). Homogenate was centrifuged at 15,000 X g for 20
min, and the supernatant was used as the cytosolic fraction.

Total cellular proteins (30 pg/lane cytosolic fraction) were
separated on a 10% SDS-polyacrylamide gel and electrotransferred
onto nitrocellulose membranes (Hybond ECL, Amersham Phar-
macia). The membranes were incubated overnight at 4°C with the
following antibodies: antiphospho-raf (1:2,000), antiphospho-
ERK1/2 (1:2,000), antiphospho-AKT (1:2,000), anti-ERK1/2
phosphorylation state independent (1:2,000), or anti-AKT phos-
phorylation state independent (1:2,000) (Cell Signaling Technol-
ogy, Beverly, MA). After incubation with secondary antibody
conjugated to horseradish peroxidase (anti-mouse, 1:1,000 dilu-
tion), immunoreactive proteins were detected by the enhanced
chemiluminescence system (ECL, Amersham Pharmacia) and se-
rial exposures were made to radiographic film (Hyperfilm ECL,
Amersham Pharmacia). Densitometric analysis of the blots was
performed with the image analysis program TINA 2.09.

Results

To determine whether AEDs exert neurotoxic effects in the de-
veloping rat brain, we injected rats i.p. with phenytoin, phenobar-
bital, pentobarbital, diazepam, clonazepam, vigabatrin, or val-
proate on postnatal day 7 (P7) and analyzed their brains 24 h later.

In the brains of vehicle-treated rats, either silver or terminal
deoxynucleotidyltransferase-mediated dUTP end labeling revealed
a light pattern of neurodegeneration attributable to programmed
cell death (21) (Table 1).

Phenytoin (10-50 mg/kg) produced widespread neurodegenera-
tion on P7 (Fig. 1, Table 1). By electron microscopy it was
determined that the cells degenerating in the brains of phenytoin-
treated rats displayed ultrastructural changes similar to those
described in neurons undergoing programmed cell death (21). A
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Fig. 1.  Light microscopic overviews of silver-stained transverse sections and
electron micrographs depicting neurodegenerative changes in the brains of P8
rats after treatment with phenytoin (A-D), diazepam (E-G), or valproate (H-J).
(A-C) Layer IV of the parietal cortex (A, X40), the subiculum (B, X40), and the
thalamus (C, X25) of P8 rats treated 24 h previously with phenytoin (50 mg/kg).
(E and F) Low-magnification (x25) light microscopic overviews of silver-stained
sections from the parietal and cingulate cortices (E) and the thalamus (F) of P8 rats
treated 24 h previously with diazepam (30 mg/kg). (H and /) Low-magnification
(x25) light microscopic overviews of silver-stained sections from the parietal and
cingulate cortices (H) and the thalamus (/) of P8 rats treated 24 h previously with
valproate (200 mg/kg). Degenerating neurons (small dark dots) are sparsely
present after treatment with saline in those same brain regions but abundantly
present after treatment with phenytoin, diazepam, or valproate. (D, G, and J)
Electron micrographs (x1,800) illustrating late stages of apoptotic neurodegen-
eration within the thalamus 24 h after administration of phenytoin (D), diazepam
(@), or valproate (J) to rats on P7.

proapoptotic effect of phenytoin has been described in the devel-
oping mouse cerebellum (22).

Phenytoin’s neurotoxic action in the forebrain was dose-
dependent. The threshold dose was 20 mg/kg, which resulted in
phenytoin plasma concentrations ranging between 10 and 15 ug/ml
over 4 h (Fig. 2).

Phenobarbital (20-100 mg/kg) and diazepam (5-30 mg/kg)
caused widespread apoptotic neurodegeneration in the brains of
rats on P7 (Fig. 1, Table 1). By electron microscopy (Fig. 1) it was
determined that the cells degenerating in the brains of phenobar-
bital- or diazepam-treated rats fulfilled ultrastructural criteria for
apoptosis. Neurotoxic effects were reproduced by pentobarbital (5
or 10 mg/kg) and clonazepam (0.5-4 mg/kg) in 7-day-old rats.
Administration of the benzodiazepine receptor antagonist fluma-
zenil prevented apoptotic neurodegeneration induced by diazepam
(data not shown).

The threshold doses for triggering apoptotic brain damage were
40 mg/kg for phenobarbital, 10 mg/kg for diazepam, and 0.5 mg/kg
for clonazepam (Fig. 2). These doses caused sedation but no
hypoxia or cardiorespiratory compromise in 7-day-old rats. When
concentrations of phenobarbital were maintained at 25-35 pg/ml
over a 12-h period significant apoptotic neurodegeneration oc-
curred (Fig. 2).

Valproate (50-400 mg/kg on P7) or vigabatrin (50, 100, or 200
mg/kg twice daily on 3 consecutive days starting on P5) elicited
apoptotic neurodegeneration in the developing rat brain in a
dose-dependent manner (Figs. 1 and 2, Table 2). The threshold
dose for valproate was 50 mg/kg (Fig. 2) and resulted in a peak
valproate plasma concentration of 80 pg/ml, which rapidly declined
within 8 h. The threshold dose for vigabatrin was 100 mg/kg given
twice daily on 3 consecutive days.

To investigate whether a combination of AEDs with different
modes of action may result in a more profound neurodegenerative
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Fig. 2. Phenytoin (10-50 mg/kg), phenobarbital (30-75 mg/kg), or valproate

(50-400 mg/kg) were administered to P7 rats. (A, C, and E) Phenytoin, pheno-
barbital, and valproate plasma concentrations associated with each of the several
dosing regimens. Dotted lines represent threshold levels for triggering an apo-
ptotic response. (B, D, and F) Severity of apoptotic neurodegeneration associated
with each dose-plasma concentration curve. Severity of degeneration was estab-
lished as described in Materials and Methods. Histographic values in B, D, and F
represent cumulative scores for apoptotic brain damage (means = SEM, n = 6 per
group) in the forebrains of treated rats. Dotted lines in B, D, and F represent the
mean score for apoptotic neurons in saline-treated rats. ANOVA revealed a
significant effect of treatment with phenytoin [F(1,50) = 703.8, P < 0.0001],
phenobarbital [F(1,60) = 555.1, P < 0.0001], and valproate [F(1,50) = 356.0, P <
0.0001] with multiple comparisons showing that the doses of 20 mg/kg pheny-
toin, 40 mg/kg phenobarbital, and 50 mg/kg valproate significantly increased
apoptosis. Thick lines at the x coordinate indicate reported EDsq doses of the
corresponding drug in various rodent seizure models. EDs is defined as the dose
that blocks seizures in 50% of tested animals.

response compared with monotherapy, we administered diazepam
(5 mg/kg) in combination with phenobarbital (20 mg/kg) or
phenytoin (20 mg/kg) to rats on P7. This combination resulted in
profound apoptotic neurodegeneration with the combination of
diazepam and phenobarbital being most detrimental (Fig. 3).
Oxygen saturations remained above 90% in pups treated with
phenobarbital and diazepam.

To determine whether treatment with AEDs causes a persistent
reduction in brain weight, we administered a single dose of
phenytoin (50 mg/kg, n = 6), phenobarbital (75 mg/kg, n = 6), or
valproate (300 mg/kg, n = 6) to P7 rats and measured unperfused
hemispheric brain weights after 8 days. A single treatment with
phenytoin on P7 led to a significant decrease in mean hemispheric
weight of 9.2% (0.3958 = 0.008 g vs. 0.4363 = 0.03 g in vehicle-
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(A) Combinations of AEDs elicit neurotoxic effects. Diazepam (DZ, 5

mg/kg), phenobarbital (PHB, 20 mg/kg), and phenytoin (DPH, 20 mg/kg) were
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administered alone or in combination to P7 rats. Severity of degeneration was
established as described in Materials and Methods. Histographic values represent

Fig. 3.

cumulative scores for apoptotic damage (means = SEM, n = 6 per group) in the

forebrains of treated rats on P8. Dotted line represents the mean apoptotic score

neurotoxic response, their combination resulted in severe apoptotic neurode-
generation (***, P<0.001 compared with DZ- and PHB-treated rats; t1, P< 0.01
compared with DPH-treated rats, Student’s t test). (B) B-Estradiol (Estr) amelio-
rates apoptotic response to phenobarbital (PHB) and phenytoin in P7 rats. Saline
or B-estradiol (300 ng/kg) were administered s.c. to P6 rats in three injections 8 h

in saline-treated rats. Whereas these doses of AEDs alone elicited no or minimal

6 per group) in the

apart. Pups received i.p. injection of phenobarbital (50 mg/kg) or phenytoin (30

mg/kg) on P7 and the brains were analyzed on P8. Histographic values represent

cumulative scores for brain damage (means + SEM, n
apoptotic neurons in the brains of g-estradiol-treated rats compared with saline-

forebrains of treated rats on P8. The scores illustrate that there are fewer

treated rats (***, P<0.001 for phenobarbital; *, P < 0.05 for phenytoin, Student’s
t test). (C) B-Estradiol increases protein levels for p-ERK1/2 and p-AKT but does
not alter total protein levels in the thalamus of rats treated with phenobarbital

(50 mg/kg) or phenytoin (50 mg/kg). Immunoblotting was performed with

representative of a series of four blots for each antibody and each treatment

pendent), or AKT (phosphorylation state independent) antibodies. Blots are
condition.

antiphospho-ERK1/2, antiphospho-AKT, ERK1/2 (phosphorylation state inde-

To determine how the apoptotic response to AEDs might differ

significant decrease in hemispheric weight of 8% (0.4012 = 0.008
as a function of developmental age, we administered either saline,
phenobarbital (75 mg/kg), or valproate (400 mg/kg) to postnatal
rats on PO, P3, P7, P14, and P20. These experiments revealed (Table
2) that there is a time window from P0 to P14 when various neuronal

Neurotrophins provide trophic support to developing neurons
and their withdrawal may lead to neuronal death (23). We tested

g, P < 0.05). Similarly, valproate treatment resulted in a decrease
of hemispheric weight of 15% compared with control rats (0.3698 =
populations in the forebrain show transient sensitivity to pheno-
barbital and valproate, and within this period, different neuronal
populations display transient sensitivity at different times (Table 2).

treated rats, P < 0.05). Phenobarbital treatment also resulted in a
0.01g, P < 0.001).
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Fig. 4. (A) Phenobarbital and phenytoin A
decrease mRNA levels for BDNF and NT-3 and
decrease phosphorylation of ¢-RAF, ERK1/2,

and AKT in the neonatal brain. P7 pups re- Go: “6h id2h.2dh
ceived i.p. injection of phenobarbital (50 mg/ BDNF . * ———
kg), phenytoin (40 mg/kg), or vehicle (Co). B-actin | . - -
Brain tissue from the thalamus was dissected NT-3 I i
atthevarioustimesindicated. Decreased den- B-actin -!' a
sity of the BDNF- and NT-3-specific bands is

Phenobarbital Phenytoin B

BDNF NT-3

Co 6h 12h 24h

v ——

s3il

-8 Valproate
— Phenytoin

-~ Valproate
—+—Phenytoin
—&— Phencbarbital

—k— Phenobarbital 5q

Density ration / [i-actin (%)

evident at6, 12, and 24 h after administration 6h_12h 24h Co 6h_12h 24h Co 50 25/
of AEDs. Immunoblotting was performed P-RAF e —

with antiphospho-RAF, antiphospho-ERK1/2, p-ERKI2 S S & EEES 254

antiphospho-AKT, ERK1/2 (phosphorylation = 5

state independent), or AKT (phosphorylation P-AKT — - - o/

| e SR |

———————y
.. “ 0 10 20 30 ] 10 20 30

Time after treatment (h) Time after treatment (h)

state independent) antibodies. There is a de-
crease in the levels of p-RAF, p-ERK1/2, and

ERKIR =S = &

p-AKT at 6 h after injection of AEDs, whereas AKT == o= ——

ERK1/2 and AKT (phosphorylation indepen-

dent) are unaffected. (B) Quantitation of sup- C 1251 phenobarbital 125- Phenytoin

pression by AEDs of mRNA levels for BDNF and - AKT -O-ERK 1/2
NT-3 in the thalamus of infant rats. P7 pups 3?1"0' -O-ERK 1/2 1001 ~0-AKT
received injection of phenobarbital (50 mg/ = - pRAF ~+-p-AKT
kg, n = 9), phenytoin (50 mg/kg, n =9), g —+p-AKT 754 -o-p-ERK 1/2
valproate (200 mg/kg, n = 9), or vehicle (n = = - -o-p-ERK 112

9) and were killed at 6, 12, or 24 h after treat- @ 50+

ment (n = 3 per group). mRNA levels for a ~EPRAR
BDNF, NT-3, and B-actin were analyzed by 251 251

means of PAGE and densitometrically quanti- . %

tated. Values represent mean normalized ra-
tios of the BDNF and NT-3 bands to p-actin 0 10 20 30 0 10 20 30
(n = 3 per point = SEM). ANOVA revealed that Time after treatment (h)
there was a significant effect of treatment

with AEDs on BDNF [F(1,12)valproate = 29.79, P < 0.0001; F(1,12)phenytoin = 5.492, P < 0.05; F(1,12)phenobarbital = 838.2, P < 0.0001] and NT-3 [F(1,12)valproate = 283.9, P <
0.0001; F(1,12)phenytoin = 167.3, P < 0.0001; F(1,12)phenobarbital = 109.2, P < 0.0001] levels. (C) Quantitation of suppression by AEDs of protein levels of p-RAF, p-ERK1/2,
and p-AKT in the thalamus of infant rats. P7 pups received injection of phenobarbital (50 mg/kg, n = 16), phenytoin (50 mg/kg, n = 16), or vehicle (n = 16) and were
killed at 0, 6, 12, or 24 h after treatment (n = 4 per group). Protein levels for p-RAF, p-ERK1/2, p-AKT, ERK1/2, and AKT were analyzed by Western blotting and
densitometrically quantitated. Values represent the mean normalized values of the densities of p-RAF, p-ERK1/2, p-AKT, ERK1/2, and AKT bands compared with the
density of the respective band at 0 h (percent; n = 4 per point + SEM). ANOVA revealed that there was a significant effect of treatment with AEDs on p-RAF
[F(1,28) phenobarbital = 115.9, P < 0.0001; F(1,24)phenytoin = 3,206, P < 0.0001], p-ERK1/2 [F(1,24)phenobarbital = 477.4, P < 0.0001; F(1,24)phenytoin = 478.7, P < 0.0001] and

Time after treatment (h)

p-AKT [F(1,24)phenobarbital = 254.3, P < 0.0001; F(1,24)phenytoin = 96.69, P < 0.0001] levels. ERK1/2 and AKT levels were not affected by treatment.

whether and how AEDs affect expression of the neurotrophins
BDNF and NT-3 in the cingulate cortex, hippocampus, and thal-
amus in P7 rats. Phenobarbital (50 mg/kg), valproate (200 mg/kg),
and phenytoin (40 mg/kg) reduced mRNA levels for BDNF and
NT-3, as revealed by RT-PCR analysis, in all three areas. This
down-regulation was evident within 6 h and still present at 24 h after
administration of the AEDs (Fig. 4).

Western blot analysis revealed decreased levels of the active,
phosphorylated isoforms of the serine-threonin kinase AKT (p-
AKT, protein kinase B), and the members of the mitogen-activated
protein kinase pathway c-RAF and extracellular signal-related
protein kinase ERK1/2 (p-ERK1/2), which mediate intracellular
signaling after activation of receptor tyrosine kinases by growth
factors (Fig. 4) (24).

To confirm that reduction of levels of phosphorylated forms of
ERK1/2 and AKT may cause neurodegeneration in the developing
rat brain, we injected the mitogen-activated protein kinase kinase
inhibitor U0126 (2 nmol), the phosphatidylinositol 3-kinase inhib-
itor wortmannin (2 nmol), or vehicle into the right cerebral ventricle
of P7 rats and analyzed the brains 24 h later for signs of degener-
ation. These doses of U0126 and wortmannin have been shown to
reduce p-ERK1/2 and p-AKT levels in the brains of P7 rats (25).
Both compounds induced a significant neurodegenerative response
in brain areas surrounding the right cerebral ventricle, i.e., septum
and caudate nucleus.

The female hormone estrogen has neuroprotective properties in
models of in vitro and in vivo neurodegeneration. These properties
result from activation of estrogen receptors and cross-talking of
estrogen with intracellular signaling pathways that are activated by
neurotrophins, such as mitogen-activated protein kinase and phos-

Bittigau et al.

phatidylinositol 3-AKT pathways (26). In an attempt to identify
measures that will counteract neurotoxicity of AEDs and taking
into consideration that AEDs impair neurotrophin-activated sig-
naling, we investigated whether stimulation of these same pathways
by B-estradiol may ameliorate phenobarbital- and phenytoin-
induced apoptotic neurodegeneration.

B-Estradiol (total of three injections at 300 ug/kg every 8 h
starting 10 h before the injection of phenobarbital or phenytoin) or
vehicle were injected s.c. to P7 rats followed by phenobarbital
(50 mg/kg) or phenytoin (30 mg/kg) on P7.

The numerical densities of degenerating cells in 16 evaluated
brain regions were significantly lower in -estradiol-pretreated pups
in comparison to P7 pups who received phenobarbital, phenytoin,
and vehicle (Fig. 3B). Analysis of protein levels for p-AKT and
p-ERK1/2 revealed higher levels for p-AKT and p-ERK1/2 after
B-estradiol treatment (Fig. 3C).

Discussion

Here we report that major AEDs cause sensitive neurons to
undergo apoptotic death in the developing rat forebrain. These
findings apply to compounds that block voltage-gated sodium
channels, enhance GABAergic inhibition, or block glutamate-
mediated excitation. Neurotoxicity of AEDs is age-dependent and
is associated with impairment of neurotrophin-mediated, survival-
promoting signals in the brain. The combination of AEDs with
different modes of action results in a substantially higher apoptotic
response compared with monotherapy.

Proapoptotic threshold doses and plasma concentrations of
AEDs are not higher than their reported anticonvulsant doses in
rodent seizure models. EDs( doses range between 5 and 25 mg/kg
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for phenytoin (27, 28), 5 and 15 mg/kg for diazepam, and 0.4 and
0.6 mg/kg for clonazepam (28-31). We found that phenobarbital
plasma concentrations between 25 and 35 ug/ml over a 12-h period
triggered apoptotic neurodegeneration in infant rats. Such plasma
concentrations are easily achieved when phenobarbital is given to
human infants for management of seizures or status epilepticus and
in the course of long-term antiepileptic treatment (32, 33). Re-
ported EDs, doses for vigabatrin in rodent seizure models range
between 200 and 1,000 mg/kg (34, 35). The threshold neurotoxic
dose of valproate (50 mg/kg) was even lower than the reported
effective anticonvulsant doses in rodents (133-250 mg/kg). Val-
proate’s high neurotoxicity probably relates to the fact that it
acts via several different mechanisms to elicit its anticonvulsant
action (3, 4).

We find that AEDs depress an endogenous neuroprotective
system in the brain that is crucial for neuronal survival during
development (23, 36). Phenytoin, phenobarbital, and valproate
depressed synthesis of the neurotrophins BDNF and NT-3 and
reduced levels of the active phosphorylated forms of c-RAF,
ERKI1/2, and AKT. Such changes reflect impairment of survival-
promoting signals and an imbalance between neuroprotective and
neurodestructive mechanisms in the brain, which, during a devel-
opmental period of ongoing programmed neuronal death, will
promote apoptotic neurodegeneration (37). In support of this
hypothesis, administration of the mitogen-activated protein kinase
kinase inhibitor U0126 and the phosphatidylinositol 3-kinase in-
hibitor wortmannin induced neurodegeneration in the developing
rat forebrain. Furthermore, B-estradiol, at doses that increased
levels of phosphorylated ERK1/2 and AKT, ameliorated AED
neurotoxicity. These findings conform with the hypothesis that
depression of the mitogen-activated protein kinase and the phos-
phatidylinositol 3-AKT pathways by AEDs contributes to the
induction of neuronal apoptosis in the developing brain.

The vulnerability period to the proapoptotic effect of AEDs
coincides with the brain growth spurt period, which in the rat spans
the first 2 postnatal weeks of life (38). In humans, the comparable
period begins in the third trimester of gestation and extends to
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several years after birth. Apoptotic neurodegeneration triggered by
AEDs during this critical stage of development can at least partly
account for reduced head circumference and impaired intellectual
skills observed in prenatally or postnatally exposed humans (6-16).
The observation that combinations of AEDs cause more pro-
nounced neurotoxic effects offers one possible explanation for the
increased risk for cognitive impairment associated with AED
polytherapy (11). It remains open whether other mechanisms, not
explored in the context of this study, such as impairment of
migration or proliferation of neuronal progenitors as well as
disturbance of synaptogenesis, may also account for neurological
deficits seen in humans exposed prenatally or postnatally to AEDs.

Our results raise the interesting hypothesis that burst firing may
play a role in neuronal survival during critical stages of develop-
ment. Furthermore, they raise concerns with regard to current
clinical practice using AEDs for seizure control in young humans
and call for the design of novel AEDs and/or adjunctive neuro-
protective therapies that will enable pregnant women, infants, and
young children to be safely treated for epilepsy. In addition,
measures that promote neurotrophin signaling in the brain may
offer a novel adjunctive neuroprotective approach. The finding that
B-estradiol ameliorated phenobarbital and phenytoin neurotoxicity
is encouraging in that respect. Because the brain growth spurt
period in humans begins in the third trimester of gestation, preterm
infants, which are prematurely deprived of maternal B-estradiol and
are frequently treated with AEDs (especially phenobarbital), are
expected to be at high risk for AED neurotoxicity. B-Estradiol
replacement therapy in premature infants has been introduced in
some centers with the goal to improve bone mineralization (39)
and, so far, no adverse side effects have been observed. Based on
our findings, we advocate that maintaining in utero B-estradiol
plasma levels may be one safe and effective measure to protect
premature infants from AED neurotoxicity.
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