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Abstract

Background: Apoptosis plays an important pathophysio-
logic role in neuronal cell loss and associated neurologic
deficits following traumatic brain injury (TBI). DNA frag-
mentation represents one of the characteristic biochemical
features of neuronal apoptosis and is observed after ex-
perimental TBI. DFF45 and DFF40 are essential for DNA
fragmentation in various models of apoptosis.

Materials and Methods: We used mice deficient in DFF45
and wild-type controls. Oligonucleosomal DNA fragmenta-
tion induced by TBI was analyzed using in vivo and in vitro
assays. Expression and integrity of DFF45 and DFF40 pro-
teins was assessed by Western analysis. Other outcome
measurements included neurologic scoring, learning/mem-
ory tests, lesion volume measurements (MRI), and assess-
ment of cell viability in vitro among others.

Results: We compared the effects of controlled cortical im-
pact (CCI) trauma in DFF45 knockout mice and wild-type
controls. Analysis of TBI-induced DNA fragmentation in
brain cortex from wild-type and DFF45 knockout mice in-
dicates that, although somewhat delayed, oligonucleoso-

mal cleavage of DNA occurs after TBI in DFF45 knockout
mice. DFF45 knockouts showed no significant differences
in behavioral outcomes or lesion volumes after TBI as
compared to wild-type controls. Using an in vitro recon-
stitution system, we also demonstrated that cleavage of
DFF45 by caspase-3 is not sufficient for DNA fragmenta-
tion induced by protein extracts from rat brain cortex. We
found that endonuclease activity induced in rat brain cor-
tex following TBI depends on the presence of Mg>" and
Ca®™, but is not inhibited by Zn>". Primary neuronal cul-
tures from DFF45 knockouts failed to show DNA ladder-
ing in response to staurosporine, but did show prominent,
albeit delayed, DNA fragmentation following treatment
with etoposide. In contrast, primary neurons from wild-
type animals demonstrated marked DNA fragmentation
following treatment with staurosporine or etoposide.
Conclusions: The results of this study suggest that, in ad-
dition to DFF45/40, other endonucleases may be essential
for chromatin degradation during neuronal apoptosis in
adult brain after TBI.

Introduction

Apoptosis plays an important role in delayed neu-
ronal loss following traumatic brain injury (TBI) or
cerebral ischemia (1-4). Such cell death is character-
ized by specific morphologic and biochemical fea-
tures; the latter include the activation of caspases
and a subsequent cleavage of a variety of substrates
including structural proteins, DNA repair enzymes,
and endonuclease inhibitors (5). Internucleosomal
DNA fragmentation, resulting from activation of en-
donucleases, represents one of the characteristic
biochemical features of apoptosis in a variety of
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experimental models, including TBI (4,6,7). Poten-
tial endonucleases that participate in apoptosis in-
clude the caspase-activated enzymes (CAD) (8-10)
and NUC70 (11), divalent cation-dependent neutral
(12,13) or acidic (14) endonucleases, leukemia-
associated endo-exonucleases (15), and Ca*"- and
Mg?"-dependent endonucleases (CMEs) (16—19).
CAD, also known as DNA fragmentation factor
(DFF40), is a 40-kDa protein that is translated in the
presence of its inhibitor (ICAD, or DFF45), which
functions as a specific chaperone and forms het-
erodimer with DFF40 in proliferating cells (20,21).
In vitro studies have shown that DFF45 is cleaved
by caspase-3, releasing the nuclease activity of
DFF40 from inhibitory control and triggering DNA
fragmentation (22-27). Recent studies indicate that
DFF45 may be essential in various models of
apoptosis. Thus, primary thymocytes from DFF45-
deficient mice are resistant to apoptosis following
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exposure to several apoptotic stimuli (28). After TBI,
caspase-3 is activated (4,29,30) and DFF45 is
cleaved (31). Consequently, DFF proteins may un-
dergo translocation to cell nucleus and initiate apop-
totic DNA degradation postinjury.

Using a combination of in vivo and in vitro tech-
niques, we have previously investigated neuronal
apoptosis caused by fluid percussion-induced TBI in
rats (4). We demonstrated caspase-3—dependent
internucleosomal cleavage of genomic DNA in neu-
rons from injured cortex and hippocampus after
injury. In the present study, we examined a potential
role for DFF40 and DFF45 in TBI-induced DNA
fragmentation and associated neuronal apoptosis
in mice, by comparing effects in DFF45 knockout
mice and wild-type controls. Neuronal cell culture
models and reconstitution of apoptosis in vitro were
also used to address this issue. The results indicate
that, although somewhat delayed, oligonucleosomal
cleavage of DNA occurs after CCI injury in DFF45
knockout mice and that such animals show no sig-
nificant differences in behavioral outcomes or lesion
volumes as compared to wild-type controls. Ex
vivo and in vitro experiments supported these in
vivo results. From these observations, we suggest
that in addition to DFF45/40 other endonucleases
may be essential in certain models of neuronal
apoptosis.

Materials and Methods
Rat Fluid Percussion Brain Trauma Model

This model, initially modified from those previously
utilized by us and other investigators in rats, is
highly reproducible and has been extensively char-
acterized with regard to its biochemical, physio-
logic, morphologic, and behavioral correlates (32).
Briefly, male Sprague-Dawley rats (400 = 25 g bw)
were anesthetized with sodium pentobarbital
(60 mg/kg ip), intubated, and implanted with
femoral venous and arterial catheters. Brain temper-
ature was assessed indirectly through a thermister in
the temporalis muscle and body temperature main-
tained through a feedback-controlled heating blan-
ket. Blood pressure is continuously monitored, and
arterial blood gases were analyzed periodically. A
small craniotomy (2 mm), located midway between
the lambda and bregma sutures over the left parietal
cortex allowed insertion of a Leur-Loc that is ce-
mented in place. The fluid-percussion head injury
device, manufactured by the Medical College of Vir-
ginia, consists of a plexiglass cylindrical reservoir
filled with 37°C isotonic saline; one end includes a
transducer that is mounted and connected to a 5-mm
tube that attaches through a male Leur-Loc fitting to
the female Leur-Loc cemented at the time of surgery.
A pendulum strikes a piston at the opposite end of
the device, producing a pressure pulse of approxi-
mately 22 msec duration, leading to the deformation
of underlying brain. The degree of injury is related

to the pressure pulse expressed in atmospheres
(atm)—a pulse of 2.4 * 0.1 atm produces a moder-
ately severe injury that permits evaluation of phar-
macologic interventions. Animals were maintained
on anesthetics (sodium pentobarbital, 15 mg/kg/hr)
and artificially ventilated.

Mouse Brain Trauma Model

DFF45 knockout mice have been described in the
previous report (33). The genetic background of all
the mice used was C57BL/6Jx129Sv. Moreover, all
the mice used in the present studies were produced
from littermates from the same family. Genotypes of
the mice were confirmed by Southern blot hy-
bridization. DFF45 knockouts or wild-type controls
were subjected to controlled cortical impact brain
injury previously detailed (34,35). The injury device
consists of a microprocessor-controlled pneumatic
impactor with an interchangeable tip. The impactor
is vertically mounted on a mill table that allows for
precise adjustment in the vertical plane above the
mouse head, which itself is secured in a stereotaxic
apparatus. The core rod of a linear variable differen-
tial transducer (LVDT) is attached to the lower end
of the impactor to allow measurement of velocities
between 3.0 and 9.0 m/sec. Velocity of the impactor
is controlled by fine tuning both positive and nega-
tive (back) air pressures. An oscilloscope records the
time/displacement curve produced by the down-
ward force on the LVDT, allowing precise measure-
ment of the impactor velocity. Surgical anesthesia
was induced and maintained in freely breathing
mice (20-25 g) with 4% and 2% isoflurane, using a
flow rate of 1-1.5 1/min oxygen. Depth of anesthesia
was assessed by the palpebral and pedal-
withdrawal reflexes, in addition to monitoring of
the respiration rate of the mouse. The animal was
placed onto a heated pad, with core body tempera-
ture monitored via a rectal probe and maintained at
38 = 0.2°C. The head was mounted in the stereotaxic
frame of the device and a 4-mm craniotomy was
made on the central aspect of the left parietal bone
with a tissue puncher. The impounder tip of the
pneumatic injury device was positioned to the sur-
face of the exposed dura and then withdrawn the
44-mm stroke distance. The impactor velocity, defor-
mation depth, and area of injury were set and the
brain was impacted. Each mouse was then placed in
a heated cage for 30 min following recovery from the
anesthetic.

All animal experiments in this study were in
compliance with Georgetown University Animal
Care and Use Committee guidelines and the PHS
“Guide for the Care and Use of Laboratory Animals”
NIH Publication No. 85-23.

Neurologic Scoring

Chronic neurologic recovery was examined in mice
using a test of motor function. Fine motor coordina-
tion was evaluated using a beam walking task (35).
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A narrow wooden beam (6 mm wide and 120 mm
long) was suspended 300 mm above a 60-mm thick
foam rubber pad. The mouse was placed on one
end of the beam and the number of footfaults for
the right hindlimb recorded over 50 steps counted
in either direction on the beam. A basal level of
competence at this task was established before
surgery, with an acceptance level of <10 faults per
50 steps, to ensure similar levels of performance
between knockout and wild-type animals prior to
injury.

Learning/Memory Tests (Morris Water Maze, Barnes Maze)

Learning and memory deficits in mice were detected
using a water maze paradigm similar to that origi-
nally described by Morris (34,36). Briefly, all mice
were introduced and maintained in the test environ-
ment for 7 days prior to the commencement of stud-
ies. Spatial learning was assessed by training the an-
imals to locate a hidden, submerged platform using
extramaze visual information. The apparatus used
consisted of a large, white circular pool (90 cm di-
ameter, water temperature 24 = 1°C) with a plexi-
glass platform (76 mm diameter) painted white and
submerged (15 mm) below the surface of the water,
which had been rendered opaque with the addition
of dilute, white, nontoxic paint. During training, the
platform was hidden in one quadrant and the ani-
mal was gently placed into the water facing the wall
at one of four randomly chosen locations separated
by 90 degrees. The latency to find the hidden plat-
form within a 90-sec criterion time was recorded by
a blinded observer. Animals were allowed to remain
on the platform for 15 sec on the first trial and 10 sec
on all subsequent trials. There was an intertrial in-
terval of 30 min, during which time the animals
were towel dried and placed under a heat lamp. A
series of 16 training trials administered in blocks of
4 were conducted on days 14, 15, 16, and 17 post-
training (after TBI). At 4 days following the last
training trial, the mice were tested for memory re-
tention using a single probe trial in which the plat-
form was removed from the maze and the animals
were given 90 sec to swim while a computer-
assisted video tracking device (Chromotrack 4.02)
recorded their swim path. To control for visual dis-
criminative ability or motor impairment, both of
which may adversely affect outcome in the water
maze, the same animals were finally required to lo-
cate a clearly visible black platform (placed in a dif-
ferent location) raised 5 mm above the water surface.
Spatial working memory was assessed on days
21-23 postsurgery using a procedure described in
our previous study (34). Each mouse received four
pairs of trials per day. During testing, the animal
was placed into the water at one of four start posi-
tions (N, S, E, W) and allowed to locate the hidden
platform, which was at one of four possible posi-
tions. Both the starting position and platform place-
ment were selected for each of the trials.

Lesion Volume Measurements Using MRI

At 21 days after CCI mice were anesthetized using
sodium pentobarbital (70 mg/kg ip) and subjected
to MRI in a Bruker 7T/21 cm Biospec-Avance system
(Bruker, Ettingen, Germany). Briefly, animals were
placed within a plexiglass animal bed with a heat-
ing pad warmed to 37°C to maintain the animal’s
temperature. Respiratory gating to reduce motion ar-
tifacts was achieved using a homemade respiratory
monitor as described previously (37). The animal
bed was positioned so the mouse head was in the
center of the magnet within a 72-mm 'H birdcage
resonator (Bruker). Field homogeneity across the
brain was optimized and a sagittal scout image ac-
quired (RARE image, FOV =3 X 3 cm, 128 X 128
resolution, TR/TE = 1500/10 msec with a rare factor
of 8 making the effective TE = 40 msec). Multi-slice
T2-weighted images were then acquired to obtain
eight contiguous slices commencing at the end of the
olfactory bulb and working caudally (FOV = 2.5 X
2.5 cm, slice thickness =1 mm, 128 X 128 resolu-
tion, TR/TE = 1500/20 msec, 4 echo images, and 2
averages). Each scan took approximately 8 min and
injured tissue volume was estimated from the sum-
mation of areas of hyperintensity on each slice, mul-
tiplied by slice thickness, for both the ipsilateral and
contralateral hemispheres.

Similar methods have been used to measure le-
sion volumes after TBI in humans (38) as well as af-
ter cerebral ischemia in rats (39). We have found that
such MRI lesion volume measurements correlate
significantly with histologic lesion volume measure-
ments using stereology (in preparation).

Tissue Cultures

Cortical neuronal cultures were derived from mouse
embryonic cortices. Briefly, cortices from 15-16 days
old embryos were cleaned from their meninges and
blood vessels in Krebs-Ringers bicarbonate buffer
containing 0.3% bovine serum albumin (BSA, Life
Technologies, Rockville, MD, USA). Cortices were
then minced and dissociated in the same buffer with
1800 U/ml trypsin (Sigma, St. Louis, MO, USA) at
37°C for 20 min. Following the addition of 200 U/ml
DNase I (Sigma) and 3600 U/ml soybean trypsin in-
hibitor (Sigma) to the suspension, cells were tritu-
rated through a 5-ml pipet. After the tissue was
allowed to settle for 5-10 min, the supernatant was
collected, and the remaining tissue pellet was retrit-
urated. The combined supernatants were then cen-
trifuged through a 4% BSA layer and the cell pellet
was resuspended in neuronal seeding medium
(NSM), which consisted of neurobasal medium
(Gibco) supplemented with 1.1% 100X antibiotic-
antimycotic solution Rockville, MD, USA (Biofluids,
Rockville, MD, USA), 25 uM Na-glutamate, 0.5 mM
L-glutamine, and 2% B27 supplement (Gibco). Cells
were seeded at a density of 5 X 10° cells/ml onto poly-
D-lysine (70-150 kD, Sigma) coated 96-well plates
(Corning, Corning, NY, USA) or 60-mm Petri dishes
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(Beckton Dickinson, Labware, Franklin Lakes, NJ,
USA). All experiments were performed on cultures at
3 day in vitro. Cell death was induced in cultured
neurons by incubation with 0.5 M staurosporine or
50 uM etoposide.

For preparations of mouse splenocytes and thy-
mocytes, spleens or thymi were aseptically removed
and washed with phosphate-buffered saline (PBS).
Tissue was passed through a wire screen to produce
a single cell suspension in RPMI 1640. The spleen
suspension was then placed over Ficoll-Paque Plus
(Amersham Pharmacia, Piscataway, NJ, USA) and
centrifuged at 500X g for 30 min at room tempera-
ture. The interface containing splenocytes was then
removed and suspended in RPMI 1640. Splenocytes
and thymocytes were then centrifuged at 300X g for
10 min and cell pellets were resuspended in RPMI
1640 supplemented with 10% fetal bovine serum
and 100 U/ml penicillin-streptomycin. Cells were
treated with 0.5 uM staurosporine or 50 uM etopo-
side at a density of 2.0 X 10° cells/ml.

Assessment of Cell Viability

Cell viability was measured by retention and
deesterification of calcein AM (40). For calcein, AM
retention assay culture media in 96-well plates were
replaced with 5 uM calcein AM (Molecular Probes,
Eugene, OR, USA) in Locke’s buffer containing
154 mM NaCl, 5.6 mM KCI, 3.6 mM NaHCOs;,
2.3 mM CaCl,, 1.2 mM MgCl,, 5.6 mM glucose, and
5 mM HEPES, pH 7.4. After incubation at 37°C for
30 min, fluorescence was measured using a CytoFluor
IT fluorometer (PerSeptive Biosystems, Framingham,
MA, USA) at 485 nm excitation and 560 nm emis-
sion wavelengths.

Analysis of DNA Fragmentation

At the designated time periods after injury, animals
were decapitated under sodium pentobarbital anes-
thesia, and the brains were removed rapidly and
dissected. Sham operated (control) animals received
anesthesia and surgery but were not subjected to
trauma. Tissue samples were frozen on dry ice and
kept at —80°C. Apoptotic DNA was isolated and la-
beled as previously described (41), with minor
modifications. In brief, genomic DNA was extracted
from control or injured cortex; 50-100 mg of tissue
was lysed in 0.5 ml of 7 M guanidine hydrochloride
and centrifuged at 10,000X g for 15 min. Super-
natants were mixed with 1 ml of Wizard Maxipreps
Resin (Promega, Madison, WI, USA), and the sus-
pension was drawn by vacuum through Wizard
Midicolumns (Promega). Columns were washed
with 3 ml of washing solution and dried by cen-
trifugation over a microcentrifuge tube at 10,000X g
for 2 min. DNA was eluted with 50 ul of H,O.
Residual RNA was removed by incubation with
1 ug of RNase A at 37°C for 30 min. DNA was added
to each 20 ul of labeling mixture, which contained
10 mM Tris-HC1, pH 9.0, 50 mM KCl1, 0.1% Triton

X-100, 10 mM MgCl,, 2 uCi [a->’P]dATP (3000
Ci/mmol; Amersham, Arlington Heights, IL), and
1 U Taqg DNA polymerase. Reactions were incubated
at 72°C for 20 min and terminated by the addition of
gel loading buffer. Samples were loaded onto a 1.5%
agarose gel in Tris-Borate-EDTA running buffer and
electrophoresed at 4 V/cm. Labeled DNA fragments
were visualized by autoradiography of the dried gel.

In Vitro DNA Fragmentation Assay

Sham operated and injured rat cortex were homoge-
nized in a Dounce homogenizer in 10 mM
HEPES/KOH, pH 7.2, 2 mM EDTA, 0.1% CHAPS,
5 mM dithiothreitol, 1 mM phenylmethylsulphonyl
fluoride, 10 ug/ml pepstatin A, 20 pug/ml leupeptin,
and 10 pg/ml aprotinin (42). Homogenates were cen-
trifuged at 13,000X g for 30 min. Supernatants were
transferred to new tubes and stored at —80°C until
used. Protein concentration was estimated by the
Bradford method (Bio-Rad, Hercules, CA, USA) ac-
cording to recommendations by the manufacturer. Nu-
clei were prepared from rat cerebellum (43). In brief,
minced tissue was homogenized in the buffer
([in mM] 15 PIPES-NaOH, pH 7.4, 80 KCl, 15 NaCl,
5 EDTA, 1 DTT, 0.5 spermidine, 0.2 spermine, and
1 PMSF) containing 250 mM sucrose in a Dounce ho-
mogenizer. An equal volume of the buffer containing
2.3 M sucrose was added and mixed. Then ho-
mogenates were layered over 10 ml of the buffer con-
taining 2.3 M sucrose in a Beckman SW28 centrifuge
tube and centrifuged at 22,000 rpm for 90 min at 4°C.
The pellet was resuspended in homogenization buffer
containing 50% glycerol at a concentration of 3-7 X
107 nuclei/ml and stored at —80°C (44). The reaction
mixtures contained (in mM) 10 HEPES, pH 7.0,
50 NaCl, 3 MgCl,, 5 EGTA, 1 DTT, 3 ATP, and 10 cre-
atinine phosphate, with 50 ug/ml creatinine kinase,
various amounts of the tissue extracts, and 5 X 10° nu-
clei in a final volume of 60 ul. The mixtures were in-
cubated at 37°C for various periods. DNA from nuclei
was isolated as described by Eldadah et al. (41). Nu-
clei were lysed with 300 ul of 7 M guanidine hy-
drochloride; lysates were mixed with 1 ml of Wizard
Minipreps DNA Purification Resin (Promega) and
drawn by vacuum through a Wizard Midicolumn
(Promega). The column was washed with 3 ml of
washing solution and dried by centrifugation over a
microfuge tube at 10,000X g for 2 min. To elute the
DNA, we added 50 ul of Tris-EDTA buffer, pH 8.0, fol-
lowed by centrifugation over a new microfuge tube.
Residual RNA was removed by the addition of 1 ug of
RNase A and incubated at 37°C for 30 min. DNA was
analyzed by gel electrophoresis with 1.5% agarose in
the presence of 0.5 ug/ml ethidium bromide.

Immunoblot Analysis

Cells were harvested, washed once with ice-cold
PBS, and lysed on ice in a solution containing
50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM
EGTA, 1 mM phenylmethylsulfonyl fluoride, 0.5%



A. Yakovlev et al.: DNA Fragmentation in DFF45 Knockout Mice 209

NP-40, 0.25% sodium deoxycholate, leupeptin
(5 ng/ml), and aprotinin (5 ug/ml). After removal of
cell debris by centrifugation, the protein concentra-
tion of the cell lysate was determined with the Bio-
Rad protein assay reagent. A portion of the lysate
(30 ug of protein) was then fractionated by SDS-
polyacrylamide gel electrophoresis (PAGE) through
a 4-20% gradient gel, and the separated proteins
were transferred to a nitrocellulose filter. The filter
was stained with Ponceau S to confirm equal load-
ing and transfer of samples, and was then probed
with specific antibodies. Immune complexes were
detected with appropriate secondary antibodies and
chemiluminescence reagents (Pierce, Rockford, IL,
USA). Antibodies to DFF40 were obtained from
Biovision; Palo Alto, CA, USA, antibodies to DFF45
were kindly provided by Dr. Xiaodong Wang.

Results
DFF45 Is Essential for Expression of DFF40
in Mouse Brain

A role for DFF45 as a specific chaperone for DFF40
has been demonstrated in a number of in vitro ex-
periments, as well as in bacterial expression and
transfection studies. However, to our knowledge,
this function of DFF45 has not been examined in
vivo. To investigate whether DFF45 is essential for
expression of DFF40 protein in vivo, we estimated
levels of expression for the latter in brain cortex
from wild-type and DFF45 knockout mice using
Western blot analysis. Staining of protein samples
from mouse brain cortex with DFF45-specific anti-
bodies confirmed expression of DFF45 in wild-type
animals, whereas it was not detected in samples
from DFF45 knockout mice (Fig. 1). Staining of the
samples with DFF40-specific antibodies demon-
strated that DFF40 protein expression was barely
detected in DFF45 knockout mice brain, in contrast
to its abundant expression in wild-type mouse brain
samples (Fig. 1).

Internucleosomal DNA Fragmentation in Brain Cortex
of DFF45 Knockout Mice

Oligonucleosomal DNA fragmentation in cortex
of mouse brain subjected to experimental TBI was

DFF45+ DFF45+
| ) i 4 3 i
DIFF45- am———

DFFA]-| ———

Fig. 1. Expression of DFF45 and DFF40 proteins in brain
cortex tissue from three wild-type (lanes 1-3) and three
DFF45 knockout mice (lanes 4-6) was monitored by im-
munoblot analysis as described in Material and Methods.
DFF45 is absent and DFF40 protein is markedly reduced in
brain cortex from the knockout mice.
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Fig. 2. TBI induces DNA fragmentation in brain cortex of
DFF45 knockout mice. Total DNA was isolated from brain
cortex of wild-type (WT) or DFF45 knockout mice (K/O) at in-
dicated times after TBI. One microgram of DNA from each sam-
ple was labeled with [a->?P] dATP, using Tag DNA polymerase,
and analyzed in 1.2% agarose gel. Dried gel was exposed with
x-ray film and photographed. Data are representative of four
separate experiments with similar results.

examined by gel electrophoresis. Analysis of labeled
DNA isolated from cortex of wild-type and DFF45
knockout mice demonstrated its fragmentation in af-
fected areas (Fig. 2). DNA fragmentation from sam-
ples of injured but not from sham operated cortex
was detected at 24 and 72 hr after trauma. The extent
of DNA degradation in wild-type mouse cortex ap-
peared higher at 24 rather than 72 hr after TBI,
whereas, in DFF45 knockouts, this process was
somewhat delayed, although it should be noted that
this method of DNA fragmentation detection is not
quantitative.

Deletion of DFF45 Gene Does Not Alter Neurologic Recovery
or Injury Volume After TBI

The number of footfaults was markedly increased in
both wild-type and DFF45 '~ animals, with no sig-
nificant differences observed between the groups
before injury or at any time point after trauma
(Fig. 3A). The effect of CCI on place learning in the
Morris Water Maze task was analyzed by comparing
the daily mean latency (=SEM) to goal location
over the four trials for each group. No significant dif-
ferences were found between the groups from days
14 to day 17 (Fig. 3B). Moreover, on the initial trials
there were no significant differences between in-
jured and naive mice (70.4 =4.0 versus 67.1 + 4.2
for knockouts; 58.9 = 6.9 versus 69.3 = 6.1 for wild
type), consistent with previous findings in this
model comparing sham injured and brain injured
mice (34,35). Examination of working memory, per-
formed on days 21-23, showed no significant differ-
ences between the groups for any day, although the
latencies were consistently longer in the knockout
animals (Fig. 3C). Lesion volume measurements, us-
ing high field MRI, also showed no significant
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differences between groups, although there were
trends toward larger lesion volumes in DFF45
knockout animals as compared to wild-type controls
(Fig. 4).

DNA Fragmentation During Apoptosis and Cell Death
Induced in Cultured Primary Cortical Neurons From
Wild-Type and DFF45 Knockout Mice

To verify further a role of DFF40 in DNA fragmenta-
tion during neuronal apoptosis, we used primary
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Fig. 4. Deletion of DFF45 gene does not alter lesion
volume after TBI. The graph of lesion volume versus genotype
shows that although the DFF45 knockout animals had a
slightly larger lesion on average then the wild-type strain, this
was not a statistically significant difference. Average injury vol-
ume for each group (=SEM in e 1) was calculated and a one-
tailed ¢ test performed to determine significance of reduction in
injured tissue in DFF45 knockout mice versus wild type;

n = 11 for the wild-type group, n = 17 for the knockout group.
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Fig. 3. Deletion of DFF45 gene does not alter neurologic
recovery after TBI. (A) Performance of wild-type and DFF45
knockout mice in a beam-walking task measuring fine motor
coordination. Results are expressed as mean = SEM number of
contralateral hindlimb footfaults (maximum 50) per group.

(B) Latency to find the hidden platform in a version of the
Morris water maze. Results are expressed as daily means *+
SEM for each group over 4 trials. (C) Mean difference in la-
tency (=SEM) to locate the hidden platform between the first
and second of the trial pairs in a working memory version of
the Morris water maze, conducted at days 21, 22, and 23; n = 10
for the wild-type group, n = 20 for the knockout group.

cultures of cortical neurons from wild-type and
knockout mice. Neurons in culture were treated with
etoposide or staurosporine, established inducers of
neuronal apoptosis. Agarose gel electrophoretic
analysis of DNA integrity, performed after 24 hr of
treatment, demonstrated that both drugs caused
DNA laddering in wild-type cells (Fig. 5A). In neu-
rons from DFF45 knockout mice, staurosporine
failed to induce DNA fragmentation after 24-hr incu-
bation, whereas treatment with etoposide resulted in
low levels of DNA laddering. When the incubation
time with etoposide was increased from 24 to 48 hr,
DNA fragmentation in DFF45 knockout neurons be-
came prominent, while it was still not detected in
knockout cultures treated with staurosporine. In con-
trast to neurons, spleen cells isolated from the knock-
out mice and exposed to etoposide or staurosporine
did not develop DNA laddering even after 48 hr of
treatment, whereas wild-type splenocytes underwent
extensive DNA fragmentation. Similar differences in
DNA fragmentation were also observed in primary
thymocytes isolated from wild-type or knockout mice
after treatment with etoposide (Fig. 5B).

Viability of primary neurons was assayed by
measuring calcein AM fluorescence. In accord with
the difference in the extent of DNA fragmentation, a
significant difference in cell viability was observed
between wild-type and DFF45 knockout neurons
after 24-hr treatment with etoposide or stau-
rosporine (Fig. 5C). When the treatment time was
increased to 48 hr, cell viability in both knockout
and wild-type cultures decreased to a similar level
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Fig. 5. Effects of DFF45 expression on DNA fragmentation in (A and B) and viability (C) of primary mouse cortical neurons
(A and C), splenocytes, and thymocytes (B) exposed to etoposide (ET) or staurosporin (ST). Primary cells were incubated for 24
or 48 hr in the absence or presence of 0.5 uM staurosporine or 50 ¢ M etoposide. The integrity of genomic DNA was then examined by
electrophoresis through a 2% agarose gel, and cell viability was analyzed by measurement of calcein fluorescence. Data in (C) are ex-
pressed as a percentage of the value for control cells (C) not exposed to inducers of apoptosis, and are means = SEM of six samples
from an experiment that was repeated twice with similar results. *p < .05, compared with control, by ANOVA and Dunnett’s test.

following etoposide treatment, whereas viability of
the knockout neurons treated with staurosporine
remained significantly higher than that of wild-type
neurons under the same culture conditions (Fig. 5C).

Reconstitution of Apoptosis In Vitro

We have previously demonstrated that protein ex-
tracts isolated from traumatized rat cortex were able
to induce the oligonucleosomal fragmentation of
DNA in isolated nuclei (4). To further examine a role
of DFF45 and DFF40 in apoptotic DNA laddering in
rat brain, we employed such an in vitro apoptosis
reconstitution system, using rat cerebellar nuclei or
pCR2.1 plasmid DNA.

Agarose gel electrophoretic analysis indicated
that the degree of DNA fragmentation induced in
cerebellar nuclei (Fig. 6A) or plasmid DNA degra-
dation (Fig. 6B) by extracts from injured cortex was
consistent with the previously reported results (4):
incubation of nuclei or pCR2.1 DNA with extracts
from sham controls did not result in detectable
degradation of DNA, whereas extracts from injured
tissue isolated 24 hr postinjury produced DNA
cleavage. A greater degree of DNA degradation was
observed with cortical extracts isolated 3 days after
trauma.

We have previously reported that activation of a
caspase-3-like protease(s) is necessary for TBI-
induced DNA fragmentation in rat brain cortex,

T ||||.--|1||_-| I'P.I ih)
B s

Fig. 6. DNA cleavage in isolated nuclei (A) and plasmid
DNA (B) induced by cytosolic extracts from sham control
(0 hr) and injured rat cortex (24 and 72 hr). Cytosolic ex-
tracts from injured brain tissues were isolated at indicated
times after TBI. Nuclei from rat normal cerebellum or pCR2.1
plasmid DNA were incubated with extracts, and DNA was ana-
lyzed by agarose gel electrophoresis, as described in Materials
and Methods. Data are representative of tens of experiments
with similar results. The standard DNA fragments (M) repre-
sent a 1-kb DNA ladder.
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because intracerebroventricular administration of z-
DEVD-fmk markedly reduced such DNA fragmenta-
tion in vivo and in vitro (4). To investigate a role of
caspase-3-mediated DFF45 cleavage in DNA degra-
dation during apoptosis in brain tissue, we exam-
ined the effect of active recombinant caspase-3 on
endonuclease activity in cytosolic extracts from sham
control rat cortex. Increasing amounts of caspase-3
were incubated with cortical protein extracts.
Integrity of DFF45 was monitored using specific
anti-DFF45 antibodies. Western blot analysis demon-
strated that the recombinant caspase-3 cleaved DFF45
in the incubated extracts in a dose-dependent man-
ner (Fig. 7A). However, DFF45 cleavage was not ob-
vious in protein extracts from traumatized rat cortex
isolated 3 days after TBI (Fig. 7A).

Extracts from sham operated cortex incubated
with or without caspase-3 and extracts from trauma-
tized rat cortex isolated 3 days after trauma were in-
cubated with rat cerebellar nuclei and DNA
fragmentation was analyzed by agarose gel elec-
trophoresis. Addition of caspase-3 to control cortical
extracts, leading to complete DFF45 cleavage, was
not sufficient for induction of DNA laddering,
whereas extracts from traumatized rat cortex pro-
duced DNA fragmentation without addition of the
recombinant caspase (Fig. 7B).

Cation Dependence of DNA Cleavage by Endonuclease
Activity Induced by TBI

To characterize ion dependence of TBI-induced en-
donuclease activity crude cytosolic extracts were iso-
lated from injured rat cortex 3 days after trauma and
tested for nuclease activity in a plasmid DNA cleav-
age assay. Cleavage of DNA by the extracts, readily
observed in the reactions, was inhibited in the pres-
ence of 10 mM EDTA (Fig. 8A), suggesting that en-
donuclease activity depended on Ca** and/or Mg**
ions. DNA degradation was also inhibited by 20 uM
aurintricarboxylic acid, which inhibits the forma-
tion of protein-nucleic acid complexes and has been
shown to inhibit apoptosis in a variety of experi-
mental models (45,46). In contrast, an inhibitor of
Ca’"- and Mg>"-dependent endonucleases, 2 mM
ZnS0O, (19,47-51), did not inhibit nuclease activity
from injured brain.

In addition, the cation dependence of endonucle-
ase activity induced by TBI was examined by adding
Ca**, Mg*", or Zn*" to the reaction mixtures with
plasmid DNA. Both 5 mM Mg** and 2.5 mM Ca**
supported the endonuclease activity to a similar extent
(Fig. 8B). However, the combination of these two
cations did not produce a notable additive effect. Ad-
dition of 2 mM Zn*" did not inhibit DNA degradation,
as estimated in the presence of both Ca** and Mg**.

Discussion

Previous studies have demonstrated that apoptosis
plays an important pathophysiologic role in post-
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Fig. 7. A role for caspase-3-mediated DFF45 cleavage in
DNA degradation in vitro. Protein extracts were isolated from
sham operated or injured rat cortex isolated 72 hr after TBI.
Sham samples were treated with indicated amounts of the re-
combinant rat caspase-3 for 1 hr at 37°C in the extraction buffer
(20 mM Hepes, pH7.4, 2 mM EDTA, 1.5 mM MgCl,, 5 mM
DTT, and 0.1% CHAPS). (A) Half of each extract was then ana-
lyzed by Western blotting using anti-DFF45 antibodies that rec-
ognize two alternatively spliced forms of DFF45 (DFF45L and
DFF45S), their cleavage products (11 kDa), and a nonspecific
band (16 kDa). (B) The other half of the extracts were incu-
bated with rat cerebellar nuclei as described in Materials and
Methods. The DNA was then analyzed by electrophoresis
through a 1.5% agarose gel and ethidium bromide staining.
The result demonstrates that cleavage of DFF45 by caspase-3 is
not sufficient for DNA fragmentation induced by protein ex-
tracts from control rat brain cortex. Data are representative of
four experiments with similar results.
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traumatic neuronal cell loss and associated neuro-
logic deficits after TBI (1,4,7,35). Genome degrada-
tion appears to be an essential part of the apoptotic
cascade, because it generally occurs at execution
stages when cells are still viable. Inhibition of DNA
fragmentation, in many instances, delays or blocks
cell death (19,49,51-54). Recent results demon-
strated that overexpression of certain endonucleases
in mammalian cells markedly exacerbates apoptotic
cell death (55,56). Nevertheless, a precise role for
identified candidate apoptotic endonucleases in
apoptosis remains controversial.

DFF40 is widely accepted as a key apoptotic en-
donuclease (8). However, recent reports indicate that
in some cell types, activation of DFF40 by caspase-3
is not sufficient for DNA fragmentation to proceed
and that, in addition to DFF40/CAD-mediated DNA
cleavage, other mechanisms and enzymes may be in-
volved in the degradation of DNA during apoptosis
(57-60).
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Fig. 8. Inhibition and cation dependence of TBI-induced
endonuclease activity. (A) The nuclease activity in cytosolic
extracts (0.5 mg/ml final concentration) from injured rat cortex
isolated 72 hr after TBI was assayed in the presence or in the
absence of 20 ¢ M aurintricarboxylic acid (ATA), 10 mM EDTA,
2 mM ZnSO,, or the protein extracts were preheated at 70°C for
15 min before the reaction. The reactions were carried for 1 hr
at 37°C with 2 e g of pCR2.1 plasmid DNA in the buffer con-
sisting of 10 mM Hepes (pH7.4), 50 mM KCl, 3 mM MgCl,,

1 mM EDTA, 1 mM EGTA, 1 mM DTT, 3 mM ATP, 10 mM
phosphocreatine, 50 e g/ml creatine kinase, and 20% glycerol.
The DNA was then analyzed by electrophoresis through a 1.5%
agarose gel and ethidium bromide staining. (B) Cation depen-
dence of TBI-induced endonuclease activity was assayed in the
presence of either 5 mM MgCl,, 5 mM CacCl,, or 2 mM ZnSO,.
The reactions were carried and DNA was analyzed as described
for (A). This results show that the endonuclease activity in-
duced in rat brain cortex following TBI depends on the pres-
ence of Mg>" and Ca®*, but is not inhibited by Zn?>*. Data are
representative of three experiments with similar results.

To address the potential role of DFF40 and
DFF45 in TBI-induced apoptotic DNA degradation,
we utilized DFF45 knockout mice, which lack
DFF40 nuclease activity (28). In this study, we ex-
amined expression of DFF40 protein directly in
brain tissue from wild-type and DFF45 mutant
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mice. Western blot analysis demonstrated that ex-
pression of DFF40 is greatly reduced in DFF45
knockout animals. This observation strongly sup-
ports a role of DFF45 as a molecular chaperone for
DFF40 protein expression in vivo.

To investigate a role for DFF40 in TBI-induced
DNA fragmentation in brain cortex, we examined
the extent of DNA degradation in samples from
wild-type and DFF45 knockout mice. Qualitative
analysis of DNA fragmentation suggested that this
process was delayed in knockouts. This observation
was supported by the experiments with primary
cortical neuronal cultures, which also showed de-
layed DNA degradation in neurons from DFF45
knockouts after treatment with etoposide, as com-
pared to wild-type controls. However, treatment of
cultured DFF45 knockout neurons with satur-
osporine failed to induce DNA laddering even after
prolonged incubation time. These results indicate
that although DFF40 may participate in apoptotic
DNA degradation in neurons, other nucleases also
are involved and may play a more predominant role
in certain models of neuronal apoptosis. In contrast,
DFF45 appears to be essential for apoptosis in non-
neuronal cells, as shown here and by others (28,33).

It has been recently reported that DFF45 mutant
mouse brain exhibits higher than wild-type brain
granule cell number in the hippocampal dentate
gyrus region (61). Moreover, Slane et al. (61) ob-
served modestly increased spatial learning as mea-
sured by path length and cumulative distance from
target; however, there was no difference between
DFF45 knockout and control mice in escape latency.
In the present study, we examined TBI-induced
deficits in learning and working memory in the
DFF45 knockout and wild-type groups of mice. No
significant differences between the groups were
found with regard to latency to find the submerged
platform, although latencies for the working mem-
ory task performed on days 21-23 were consistently
longer in the knockout mice.

Proton density and T2-weighted MRI have previ-
ously been shown to be a reliable method of measur-
ing cerebral edema following experimental brain in-
jury (37,62—64). In this study, we applied the MRI
technique for measuring of the injured brain tissue
volumes following TBI in DFF45 knockout and wild-
type mice. No significant difference in lesion volumes
was found between the groups, although there was a
trend toward larger lesions in the DFF45 knockouts.

Prior to the release of DFF40 nuclease activity,
DFF45 must be cleaved by caspase-3 (9). We have
previously reported that activation of caspase-3 is
necessary for TBI-induced DNA fragmentation in rat
brain cortex (4). In the present study, using an in
vitro reconstitution system, we demonstrated that
cleavage of DFF45 by caspase-3 is not sufficient for
DNA fragmentation induced by protein extracts
from rat brain cortex. These results are in accord
with a previous report showing failure of caspase-3
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to induce DNA-cleaving activity in protein extracts
from mouse brain (60). The results also indicate that
activation of enzymes other than caspase-3 and
DFF40 may be essential for chromatin degradation
during apoptosis in adult brain after TBI.

Alternative mechanisms of apoptotic DNA frag-
mentation may be inferred from earlier studies. For
example, Ca’" ionophores such as A23187 induce
DNA cleavage and apoptosis in primary thymocytes
in the absence of additional apoptotic stimuli (65).
Furthermore, liver nuclei contain endonuclease ac-
tivity able to catalyze oligonucleosomal fragmenta-
tion of DNA in the presence of Ca** and Mg*" ions.
Other reports concluded that chromatin-bound
CMEs are responsible for oligonucleosomal DNA
fragmentation in nuclei from liver, thymus, spleen,
and lymph nodes (12). CMEs have been isolated
from different mammalian cell types and tissues in-
cluding brain (18,66-68). Other investigators sug-
gested a link between intracellular Ca** and induc-
tion of apoptosis by demonstrating an elevation of
cytosolic Ca** following corticosteroid treatment of
thymocytes (69). CME activity is increased by a va-
riety of stimuli that induce apoptosis, and certain
treatments that prevent apoptosis also attenuate the
induction of CME activity (70,71). A role for CMEs
in apoptosis is further supported by studies show-
ing that Ca®>* chelators and Zn*" ions block DNA
fragmentation (19,49,51-53,72).

In the present study, we characterized the ion
dependence of endonuclease activity induced in rat
brain cortex following TBI. This activity depends on
the presence of divalent cations such as Mg>* and
Ca*", but is not inhibited by Zn*>". This ion depen-
dence of our “cortical” endonucleases differs from
that of both DFF40 and characterized CMEs (73-75).
Taken together, our results suggest that distinct en-
donucleases may contribute to genome degradation
caused by brain trauma. Finally, although greatly re-
duced, the expression of DFF40 protein is still de-
tectable in the DFF45 knockout mice (Fig. 1); there-
fore, development of a DFF40 knockout animal
model would be required to establish a precise role
for this endonuclease in neuronal apoptosis follow-
ing brain injury.
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