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Autolytic DNA breakdown, detected as smears in elec-
trophoretic gels, is a late event in necrosis. On the
other hand, internucleosomal DNA cleavage, visual-
ized as ladders, is thought to be a hallmark of apo-
ptosis. We now report that this specific form of DNA
fragmentation also occurs during necrosis and is an
early event but appears to be triggered by proteolytic
mechanisms significantly different from those docu-
mented in apoptosis. Treatment of MDCK cells with a
mitochondrial uncoupler and a Ca** ionophore led to
ATP depletion, necrotic morphology, and progres-
sive fragmentation of DNA in an internucleosomal or
ladder pattern. DNA breakdown was immediately pre-
ceded by increased permeability of the plasma mem-
brane to macromolecules. Provision of glycine along
with the noxious agents did not modify the extent of
ATP depletion, but prevented plasma membrane dam-
age. This was accompanied by complete inhibition of
DNA fragmentation. Internucleosomal DNA cleavage
was observed also during necrosis after rapid perme-
abilization of plasma membranes by detergents or
streptolysin-O in hepatocytes, thymocytes, and P19,
Jurkat, and MDCK cells. DNA fragmentation associ-
ated with necrosis was Ca**/Mg?* dependent, was
suppressed by endonuclease inhibitors, and was
abolished by serine protease inhibitors but not by
inhibitors of interleukin-18 converting enzyme (ICE)-
related proteases or caspases. Moreover, unlike apo-

ptosis, it was not accompanied by caspase-mediated
proteolysis. On the other hand, the cleavage-site-di-
rected chymotryptic inhibitor N-tosyl-L.-phenylalanyl-
chloromethyl ketone (TPCK) suppressed DNA frag-
mentation not only in necrotic cells but also during
Fas-mediated apoptosis, without inhibiting caspase-
related proteolysis. The results suggest a novel path-
way of endonuclease activation during necrosis not
involving the participation of caspases. In addition,
they indicate that techniques based on double-strand
DNA breaks may not reliably differentiate between
apoptosis and necrosis. (A4m J Patbol 1997,
151:1205-1213)

Necrosis and apoptosis are two major forms of cell death,
which are distinguished from each other morphologically
and biochemically."2 Apoptosis is usually associated
with internucleosomal cleavage of DNA, recognized as
ladders in agarose gels after electrophoresis.®>® Early
observations indicated that DNA laddering occurs during
apoptosis but not necrosis.®~8 More recently, the require-
ment of internucleosomal DNA cleavage in the apoptotic
process has been questioned.® This form of DNA break-
down was dispensable in some apoptotic models,'®~'2
and moreover, DNA ladders have been shown to occur in
cells without apoptotic morphology.'®~'® Nevertheless,
internucleosomal DNA cleavage continues to be re-
garded as an important event in programmed cell death,
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and DNA laddering is frequently used to characterize
apoptosis (for a review see Ref.5).

During studies on the pathogenesis of necrosis
caused by ATP depletion, we observed DNA degrada-
tion, and electrophoretic analysis showed DNA ladders
indistinguishable from those caused by internucleosomal
DNA cleavage in apoptotic cells. Additional investigation
showed that this type of DNA fragmentation occurred
soon after the loss of plasma membrane integrity. Gly-
cine, an agent that prevents plasma membrane damage
during ATP depletion,’”~2® completely inhibited the frag-
mentation of DNA. However, when the plasma membrane
of such glycine-protected cells was permeabilized by
detergents, DNA fragmentation occurred soon thereafter,
even in the presence of glycine. Because DNA laddering
appeared to be coupled to plasma membrane damage,
we tested in several types of cells the effects of strepto-
lysin-O (SLO) and saponin, agents that rapidly induce
necrosis by plasma membrane permeabilization. The re-
sults show that internucleosomal DNA cleavage occurs
ubiquitously after the loss of plasma membrane integrity
and development of necrotic morphology. Furthermore,
serine proteases, but not cysteine proteases, appear to
participate in necrotic DNA laddering, suggesting the
existence of diverse pathways of endonuclease activa-
tion during cell death. Thus internucleosomal cleavage
may be a common form of DNA damage that occurs
during necrosis as well as apoptosis. DNA ladders and
cytochemical stains based on double-strand breaks may
not be reliable markers for specific forms of cell death.

Materials and Methods

Materials

lonomycin was from Calbiochem-Novabiochem Interna-
tional (La Jolla, CA). SLO was purchased from Wellcome
Diagnostics (Dartford, UK). [®H]Thymidine was obtained
from NEN Life Science Products (Boston, MA). Anti-Fas
monoclonal antibody was from Medical and Biological
Laboratories (Nagoya, Japan). C-2-10 mouse mono-
clonal anti-poly(ADP-ribose) polymerase antibody was
supplied by Biomol Research Laboratories (Plymouth
Meeting, PA). Z-Val-Ala-Aspomey"CHoF  (Z-VAD.FMK)
and  Z-Aspome)-Gluome)-Val-Aspiomey-CHoF  (Z-DEVD-
.FMK) were purchased from Enzyme System Products
(Dublin, CA). All other reagents were from Sigma Chem-
ical Co. (St. Louis, MO)

ATP Depletion

Madin-Darby canine kidney (MDCK) cells were depleted
of ATP by incubation in glucose-free Krebs-Ringer bicar-
bonate solution (KRB) containing 15 umol/L carbonyl
cyanide-m-chlorophenyl hydrazone (CCCP), a mitochon-
drial uncoupler. Free Ca2* in KRB was 1.25 mmol/L or
was adjusted to 100 nmol/L with 2.25 mmol/L EGTA,2*
and 5 umol/L ionomycin, a Ca%* ionophore, was also
included so that intracellular Ca®* rose to high concen-
trations or did not increase beyond 100 nmol/L.2% Exper-

iments were done with or without the addition of 5 mmol/L
glycine and/or 4% sucrose, a membrane impermeant
osmolyte, to the incubation medium. Plasma membrane
integrity was monitored by measuring the release of in-
tracellular lactate dehydrogenase (LDH) into the incuba-
tion medium.2®

Cell Permeabilization by Detergents or
Streptolysin-O

Cells were incubated in KRB containing 0.2 mg/ml sapo-
nin or 0.1% Triton X-100 at 37°C. In other experiments,
SLO, a pore-forming toxin, was used to permeabilize
plasma membranes selectively, using a protocol modi-
fied from Miller and Moore.?? Briefly, cells were preincu-
bated in phosphate-buffered saline containing 1 U/ml
activated SLO at 4°C for 30 minutes, transferred to KRB
containing 100 nmol/L free Ca2* without SLO, and incu-
bated at 37°C.

Analysis of DNA Fragmentation

DNA fragments released from 2 X 10° cells were ex-
tracted and separated by electrophoresis in agarose gels
according to Arends et al.* After experiments, cells were
lysed in a hypotonic buffer containing 0.5% Triton X-100,
10 mmol/L Tris, and 20 mmol/L EDTA, pH 7.4. Cell lysate
was then centrifuged at 14,000 X g for 20 minutes. The
resultant supernatant was treated with proteinase K and
RNase A and was then extracted with phenol/chloroform
(1:1). In some experiments, the phenol/chloroform step
was omitted, with identical results. DNA fragments were
precipitated with 67% ethanol, 0.5 mol/L NaCl at —20°C
for 18 hours and resuspended in 10 mmol/L Tris/HCI, 1
mmol/L EDTA, pH 8.0, before 1.5% agarose gel electro-
phoresis. Quantitation of DNA fragmentation was done by
a method modified from Duke et al.” Briefly, 10° cells
were labeled overnight with [®H]thymidine (2.5 uCi/ml).
After experiments, the incubation medium was saved.
Cells were lysed as before and the lysate was centri-
fuged. DNA fragments in the incubation medium and
lysate supernatants were precipitated with ethanol. Pre-
cipitates were dissolved in 10 mmol/L Tris with 1 mmol/L
EDTA and counted for radioactivity by scintillation spec-
trometry. Specific DNA fragmentation was calculated as
described.”

Detection of Poly(ADP-Ribose) Polymerase

Poly(ADP-ribose) polymerase (PARP) was detected by
immunoblotting.2® At the end of experimental incubation,
protease inhibitors (1 mmol/L phenylmethylsulfonyl fluo-
ride (PMSF), 100 umol/L 3,4-dichloroisocoumarin (DCI),
10 pg/ml aprotinin, and 5 pwg/mi leupeptin) were added.
Cells were then collected and dissolved in 9 mol/L
urea/1% sodium dodecy! sulfate (SDS)/5% B-mercapto-
ethanol. Cell proteins were resolved by SDS-polyacryl-
amide gel electrophoresis and immunoblotted with C-2-
10, a mouse monoclonal antibody recognizing an epitope



/

Figure 1. Electron microscopy of MDCK cells. MDCK cells were incubated
for 3 hours in KRB with 100 nmol/L free Ca2*, without further addition (A,
time control) or with 15 umol/L CCCP and 5 pmol/L ionomycin (B, ATP-
depleted cells). LDH released from cells into the incubation medium was 2
and 94% for A and B, respectively. The cells were then fixed and processed
for electron microscopy.

located at the carboxyl end of the DNA-binding domain of
PARP.2°

Morphological Observations

Cell morphology during the experimental incubation was
followed by phase contrast microscopy. Cells were also
fixed in 2% glutaraldehyde with 50 mmol/L lysine, 50 meq
of Na, and 100 meq of cacodylic acid and processed for
electron microscopy as described.3® Nuclear morphol-
ogy was also monitored by staining with Hoechst
33342.12

Results
Necrotic DNA Laddering in ATP-Depleted Cells

MDCK cells became necrotic during 3 hours of incuba-
tion in 100 nmol/L Ca®* KRB containing CCCP and iono-
mycin. As shown in Figure 1, the affected cells had
swollen and empty cell bodies with disrupted organelles.
This was accompanied by increased permeability of the
plasma membranes to LDH, a 136-kd protein. Nuclear
chromatin was dispersed, unlike the condensation and
fragmentation seen in apoptosis (Figure 1). Absence of
nuclear fragmentation in necrotic cells was confirmed by
fluorescence microscopy after staining with Hoechst
33342 (not shown).

Death of ATP-depleted cells was accompanied by pro-
gressively increasing breakdown of DNA, indicated by
greater recovery of radioactive DNA fragments from
[BH]thymidine-labeled cells (Figure 2). Unexpectedly,
agarose gel electrophoresis of necrotic DNA displayed a
ladder-like pattern, consisting of ~180-bp DNA muilti-
mers identical to those observed in apoptosis (Figure
3A). DNA laddering, which was first noted at 2 hours and
increased progressively with incubation time, was pre-
ceded by release of LDH from cells into the incubation
medium (Figure 3A). As these findings suggested that
cleavage of DNA was a secondary event that followed
plasma membrane damage and loss of cellular solutes,
we tested the effects of glycine on DNA fragmentation.
Glycine prevents plasma membrane damage but not the
ATP depletion that is induced in cells by hypoxia or other
inhibitors of mitochondrial function.'”-23:25:26 Ag shown in
Figures 2 and 3A (lane 7), not only LDH release but also
DNA fragmentation was totally blocked by glycine.
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Figure 2. Quantitation of DNA fragmentation during ATP depletion. MDCK
cells were prelabeled with [*Hlthymidine and then subjected to ATP deple-
tion in KRB with 100 nmol/L free Ca?* containing CCCP and ionomycin,
without glycine (—Gly) or with 5 mmol/L glycine (+Gly). At the end of
incubation, free LDH in the medium was measured (A). DNA fragments
released from cells were counted for radioactivity and expressed as a per-
centage of label in whole cells (B).

Additional support for the role of membrane permeabi-
lization in necrotic DNA laddering was provided by re-
sults displayed in Figure 3B. When large increases of
cellular Ca2* were induced in ATP-depleted cells by
treatment with ionomycin in 1.25 mmol/L Ca®* KRB, cell
injury was accelerated (compare Figure 3, A and B).
Release of LDH from cells into the medium was first
observed after 30 minutes of incubation and increased
thereafter to become maximal by 90 to 120 minutes.
Morphologically, these cells were markedly swollen and
showed features of necrosis by electron microscopy (not
shown). This was accompanied by striking fragmentation
of DNA in the characteristic ladder pattern, increasing in
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Figure 3. Internucleosomal DNA cleavage in ATP-depleted cells. A: MDCK
cells were incubated in KRB with 100 nmol/L free Ca** without further
additions (TC), with ionomycin and CCCP alone (I+C), or with ionomycin
and CCCP in the presence of 5 mmol/L glycine (I+C+Gly). B: MDCK cells
were incubated under conditions described in A, except that free Ca®*
concentration in the medium was 1.25 mmol/L. Separate groups of cells were
incubated without sucrose (—SUC) or with 4% sucrose (+SUC) in the
incubation medium to prevent swelling of the cells. Free LDH in the medium
(shown at the top of each lane) and DNA fragments were analyzed as
described. Lane M, DNA molecular size standards.

severity with progressive release of LDH (Figure 3B,
lanes 2 to 6). Marked swelling and accelerated damage
were observed also in similarly incubated cells provided
with glycine (LDH release, 67%). This suggested that the
plasma membrane protective actions of the amino acid
had been overwhelmed by Ca®*-triggered events. Such
cells showed typical DNA ladders despite the presence
of glycine (Figure 3B, lane 7). That the loss of plasma
membrane protection was due to severe cell swelling and
stretch trauma was demonstrated by the ability of su-
crose, an impermeant solute, to prevent swelling and
restore the ability of glycine to maintain membrane integ-
rity (LDH release, 5%). Correspondingly, DNA break-
down in these cells was remarkably inhibited (Figure 3B,
lane 8). Without glycine, sucrose was unable to amelio-
rate either LDH release or DNA fragmentation (not
shown).

Conditions: - TC I+C I+C+Gly I+C+Gly; Saponin
Saponin Incubation (min): - : . - 5 1530 .60

LDH Release: - 2% 100% 1% 100% 100% 100% 100%

1353 bp
1078 bp
872 bp =
603 bp

M 1 2 3 3 5 6 7

Figure 4. Internucleosomal DNA cleavage induced by saponin permeabili-
zation of ATP-depleted cells. MDCK cells were incubated for 180 minutes in
KRB containing 100 nmol/L Ca?* without further addition (TC), with iono-
mycin and CCCP alone (I+C), or with ionomycin and CCCP in the presence
of 5 mmol/L glycine (I+C+Gly). Separate groups of cells were incubated
with ionomycin, CCCP, and 5 mmol/L glycine for 3 hours exactly as those
shown in lane 3 and were then permeabilized with 0.2 mg/ml saponin
(I+C+G; Saponin) for indicated periods (5 to 60 minutes). LDH released into
the medium (shown at the top of each lane) and DNA fragments were
analyzed as described. Lane M, DNA molecular size standards.

Necrotic DNA Laddering Is Not Energy
Dependent but Is Coupled to Plasma
Membrane Damage

Fundamentally distinct from necrosis, apoptosis is an
active energy-dependent process and in many cases
needs new protein synthesis.®'32 It could be argued that
necrotic DNA laddering is triggered by energy-depen-
dent events that occur early during cell injury when ATP
is still available. To investigate this, we depleted MDCK
cells of ATP with CCCP in 100 nmol/L Ca2* medium in the
presence of glycine and then permeabilized their plasma
membranes with the detergent saponin. After 3 hours of
treatment with CCCP, cell ATP fell to 0.0075% of control
(not shown). At this time, they had been fully protected
against LDH release and DNA fragmentation, unlike sim-
ilarly incubated cells without glycine (1% LDH release
with glycine, Figure 4, lane 3; 100% LDH release without
glycine, Figure 4, lane 2). However, within 5 minutes after
the addition of saponin, intracellular LDH was completely
released, after which there was progressively increasing
fragmentation of DNA in the ladder pattern, becoming
maximal by 30 minutes (Figure 4, lanes 4 to 7).

DNA Laddering Induced by Cell
Permeabilization without Previous
ATP Depletion

The data presented above suggested that increased per-
meability of the plasma membrane played a decisive role
in necrotic DNA laddering. This consideration prompted
us to investigate whether rapid induction of necrosis by
plasma membrane permeabilization without previous
ATP depletion would also lead to the formation of DNA
ladders. For this purpose, we used saponin and SLO, a
bacterial toxin. Saponin preferentially binds plasma
membrane cholesterol, forms micelles, and induces per-
meability defects. SLO causes necrosis by forming po-
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Figure 5. Internucleosomal DNA cleavage induced by cell permeabilization
with streptolysin-O (A) or saponin (B). A: MDCK cells were exposed to
streptolysin-O at 4°C, transferred to KRB containing 100 nmol/L free Ca",
and then incubated at 37°C for 0 to 120 minutes, without glycine (SLO) or
with 5 mmol/L glycine (SLO+Gly). B: MDCK cells (lanes 1 to 6), hepato-
cytes (Hep), and Jurkat cells (Jur) were incubated in 100 nmol/L free Ca%*
KRB containing 0.2 mg/ml saponin for 0 to 60 minutes. MDCK cells were
exposed to saponin without glycine (Saponin) or with 5 mmol/L glycine
(Saponin+Gly). Hepatocytes were isolated from rat livers by collagenase
perfusion (Ref. 50). Free LDH in the medium (shown on the top of each lane;
nd, LDH release was not determined) and DNA fragments were analyzed as
described. Lane M, DNA molecular size standards.

rous channels (diameter, ~20 to 30 nm) analogous to
those produced by complement.2” Treatment with sapo-
nin and SLO resulted in necrotic morphology (not shown)
and complete release of intracellular LDH within a few
minutes, followed by progressively increasing fragmen-
tation of DNA in the typical ladder pattern (Figure 5, A
and B). As expected, glycine could not prevent the in-
duction of membrane permeabilization by either the pore-
forming toxin SLO or the detergent saponin; neither could
it inhibit the formation of DNA ladders (Figure 5, A and B,
lane 6).

Our results showing the formation of DNA ladders in
necrotic cells appear to be at variance with earlier re-
ports.”® The difference might lie in the diversity of cells
examined. Therefore, we analyzed DNA from a variety of
cells after detergent lysis. Without exception, permeabi-
lization of the plasma membrane resulted in DNA ladder-
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ing in a number of different cell types tested, including
renal epithelial (MDCK), embryonic carcinoma (P19), and
lymphocytic (Jurkat) cell cultures as well as freshly iso-
lated mouse thymocytes and rat hepatocytes, with thy-
mocytes showing relatively lower laddering potency.
DNA ladders formed in saponin-lysed rat hepatocytes
and Jurkat cells are displayed in Figure 5B.

Necrotic DNA Laddering Is Ca®?*/Mg?™*
Dependent and Is Blocked by
Endonuclease Inhibitors

Activation of Ca®?*/Mg?*-dependent endonucleases has
been proposed to be responsible for DNA fragmentation
during apoptosis.® Similar Ca2*/Mg?* dependence was
revealed for necrotic DNA laddering (Figure 6A). The
formation of DNA ladders was partially blocked by omis-
sion of Mg2™* (Figure 6, lane 3) and completely inhibited
by removing both Ca?* and Mg?* (lane 2) whereas omis-
sion of Ca?* alone was without effect, suggesting that
Mg2* might be sufficient by itself as a cofactor for the
endonucleases. Necrotic DNA laddering was markedly
suppressed by compounds known to inhibit apoptotic
endonuclease(s): Zn?*, Evans blue, and aurintricarboxy-
lic acid but not its analogue fuchsin acid (Figure 6B).
These results suggest that endonucleases involved in
internucleosomal DNA cleavage during necrosis and ap-
optosis are at least related, if not identical.

Involvement of Serine Proteases but Not
Cysteine Proteases in Necrotic DNA Laddering

The ICE family of cysteine proteases or caspases play
important roles in apoptosis and may trigger biochemical
events that eventually result in endonuclease activa-
tion.32-3¢ Cleavage-site-directed inhibitors of caspases,
namely, Z-VAD.FMK and Z-DEVD.FMK, completely
blocked Fas-antibody-triggered apoptotic morphology
(not shown) as well as DNA laddering in Jurkat cells®”
(Figure 7A, lanes 3 and 4). However, neither compound
inhibited necrotic DNA laddering in saponin-treated
MDCK cells (Figure 7B, lanes 7 and 8), even at much
higher concentrations (not shown). When Jurkat cells
were exposed to Fas antibodies in the presence of io-
doacetic acid (IAA), a general inhibitor of cysteine pro-
teases, they developed necrotic, rather than apoptotic
morphology (not shown). This was accompanied by DNA
laddering (Figure 7A, lane 8). Likewise, IAA failed to
inhibit saponin-induced necrotic DNA laddering in MDCK
cells (Figure 7B, lane 6). On the other hand, active site
inhibitors of serine proteases, DCI and PMSF, had no
effect on apoptotic DNA laddering (Figure 7A, lanes 5
and 6) but markedly suppressed the formation of necrotic
ladders (Figure 7B, lanes 3, 4, and 9). Of interest, the
cleavage-site-directed chymotryptic protease inhibitor,
N-tosyl-L-phenylalanylchioromethyl  ketone  (TPCK),
blocked apoptotic as well as necrotic DNA laddering
(Figure 7A, lane 7, amd 7B, lane 5).
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Figure 6. Internucleosomal DNA cleavage in saponin-permeabilized cells. A:
Ca?*, Mg?* dependence. MDCK cells were permeabilized by 60 minutes of
incubation in KRB containing 0.2 mg/ml saponin, with (+) or without (=)
1.25 mmol/L Ca®* or 1 mmol/L Mg.>* When Ca®* or Mg?* was omitted, 5
mmol/L EGTA or 1 mmol/L EDTA was included in the buffer. EDTA alone
was sufficient to chelate both Ca?* and Mg?* and inhibit DNA laddering (not
shown). B: Effects of endonuclease inhibitors. MDCK cells were permeabil-
ized by 60 minutes of incubation in KRB containing 0.2 mg/ml saponin alone
or saponin in the presence of 50 wmol/L aurintricarboxylic acid (ATA), 100
umol/L fuchsin acid (FA), 10 pg/ml Evans blue (EB), or 50 umol/L ZnCl,
(Zn**). Free LDH in the medium (shown at the top of each lane) and DNA
fragments were analyzed as described. C, control without exposure to sapo-
nin; lane M, DNA molecular size standards.

To further clarify the role of proteases in DNA ladder-
ing, we examined the degradation of PARP, an endoge-
nous substrate of caspases.?® In apoptotic Jurkat cells,
PARP was specifically cleaved, releasing fragments of M,
85,000 (Figure 8A, lane 2). However, PARP remained
intact during necrosis due to ATP depletion or saponin
permeabilization in MDCK cells (Figure 8B). Apoptotic
PARP degradation was completely abolished by cysteine
protease inhibitors, including IAA, but not by serine pro-

tease inhibitors, including TPCK (Figure 8A). However, as
indicated above (Figure 7), although TPCK did not pre-
vent PARP breakdown, it did suppress the formation of
DNA ladders, whereas |AA did prevent PARP breakdown
but did not inhibit DNA laddering.

Discussion

The results of our studies show that cleavage of DNA into
oligonucleosomal fragments occurs early during different
types of experimentally induced necrotic cell death and
that necrotic DNA laddering is coupled to the loss of
plasma membrane integrity. Being not confined to the
apoptotic process, internucleosomal DNA cleavage may
thus be a generalized response of cells to lethal injury.
Moreover, the biochemical circumstances under which
DNA ladders were formed or inhibited in our experiments
suggest the existence of important differences as well as
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Figure 7. Effect of protease inhibitors on internucleosomal DNA cleavage
during apoptosis (A) and necrosis (B). After 20 minutes of preincubation
without or with 10 umol/L Z-VAD-FMK, 14 umol/L Z-DEVD-FMK, 100
pmol/L DCI, 1 mmol/L PMSF, 100 wmol/L TPCK, or 1 mmol/L IAA, 100 ng/ml
Fas antibody was added to Jurkat cells for 5 hours to induce apoptosis (A),
and 0.2 mg/ml saponin was added to MDCK cells for 1 hour to induce
necrosis (B). Free LDH in the medium (shown at the top of each lane) and
DNA fragments were analyzed as described. C, control without exposure to
Fas antibodies or saponin; lane M, DNA molecular size standards.
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Figure 8. Cleavage of PARP in apoptotic (A) and necrotic (B) cells. A:
Preincubation with protease inhibitors and induction of apoptosis in Jurkat
cells were accomplished as described in Figure 7. B: MDCK cells were
incubated for 1 hour in KRB containing 0.2 mg/ml saponin (Sap) or for 3
hours in KRB without further addition (TC), with ionomycin and CCCP alone
(IC), or with ionomycin and CCCP in the presence of 5 mmol/L glycine
(ICG). Cells were dissolved for SDS-polyacrylamide gel electrophoresis in 9
mol/L urea/1% SDS/5% B-mercaptoethanol. Proteolytic cleavage of PARP to
a_n 85-kd fragment was detected by immunoblotting with antibody C-2-10.

overlaps between proteolytic events required for the ac-
tivation of the responsible endonuclease(s) during necro-
sis and a well characterized form of apoptosis. Unlike in
apoptosis, caspases do not appear to play a role during
necrosis; on the other hand, a serine protease sensitive to
TPCK seems to be involved in both.

Our findings may be relevant to the emerging contro-
versy regarding the significance of internucleosomal
DNA cleavage and staining by cytochemical techniques
such as the terminal deoxynucleotidyl transferase-medi-
ated dUTP-biotin nick end labeling assay to detect strand
breaks of DNA during cell death.®®-43 These uncertain-
ties are particularly applicable to the analysis of cell
death in vivo, because injury events are likely to be asyn-
chronous, and tissues are often analyzed long after the
death events have occurred. Thus, depending on the
disease process, homogeneity of the cell populations
involved, synchrony of injury, and time of sampling, the
tissues analyzed may present appearances that reflect
early events, terminal autolytic changes, or a confusing
superimposition of late autolysis on early phenomena.

Our conclusions regarding necrotic DNA laddering de-
pend critically on the inference that cells subjected to
various noxious agents did not go through an apoptotic
phase of injury before progressing on to necrosis. Sev-
eral considerations indicate that this assumption is valid.
Apoptosis is characterized by a morphology that is
readily distinguished from that of necrosis: shrunken and
blebbed cell bodies with condensed and fragmented
nuclei,"? as opposed to the swollen, lysed cells depicted
in Figure 1.

Apoptotic features were observed routinely in Jurkat
cells exposed to Fas antibodies. Cells exposed to mito-
chondrial uncoupler and Ca2* ionophore, or agents that
permeabilized the plasma membrane, typically displayed
the classical features of necrosis, and apoptosis could be
excluded by phase contrast and electron microscopy
and staining with the DNA-reactive dye Hoechst 33342.
Moreover, microscopic examination showed that cells
exposed to mitochondrial uncoupler and Ca®* ionophore
did not develop apoptotic features at any time during
entire period of treatment, including the early stages. On
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the other hand, with the onset of plasma membrane
breakdown, shown by leakage of LDH, the cells rapidly
developed necrotic morphology, after which DNA lad-
ders were seen. In addition, the rapidity of membrane
permeabilization in cells exposed to SLO and detergents
precluded the occurrence of apoptosis. Cells permeab-
ilized in this manner developed the morphological fea-
tures of necrosis rapidly, but DNA laddering took 15 to 30
minutes to be fully manifest.

To further verify that plasma membrane damage but
not an apoptotic process was required for necrotic DNA
laddering, separate groups of cells were maximally de-
pleted of ATP for prolonged periods under conditions that
preserved membrane integrity, ie, in the presence of
glycine. These cells should have been incapable of ap-
optosis, which is an active, energy-dependent pro-
cess.®'32 As expected, cells in this group did not exhibit
apoptotic morphology or DNA cleavage as long as
plasma membranes were intact but became necrotic
within minutes of treatment with the permeabilizing agent
saponin. Only after membrane permeabilization was
complete were DNA ladders evident. These results and
other observations indicated that the inhibitory actions of
glycine on DNA ladder formation were only indirect and
depended strictly on the known membrane protective
effects of the amino acid.”7-23-25-26 Prgvijous studies have
shown that development of membrane defects during
ATP depletion is related to loss of cell-associated glycine,
an amino acid that is accumulated by energy-dependent
transport. Restoration of glycine by adding the amino
acid exogenously prevents membrane damage, although
ATP remains maximally depleted.** That prevention by
glycine of DNA laddering was strictly dependent on its
membrane-protective actions was also shown by its in-
ability to inhibit DNA fragmentation in SLO- or detergent-
treated cells, in which plasma membranes were perme-
abilized regardless of the presence of the amino acid.
The decisive role played by plasma membrane damage
in necrotic DNA laddering was further established by
results displayed in Figure 3B. When intracellular Ca2*
was allowed to increase uncontrollably during ATP de-
pletion by incubation with ionophore in 1.25 mmol/L Ca?*
medium, extreme swelling of cells occurred, mechani-
cally damaging the plasma membranes despite the pres-
ence of glycine; these cells showed typical DNA ladders.
On the other hand, if cell swelling had been attenuated by
the cell-impermeant solute sucrose, plasma membrane
integrity was preserved, as long as glycine was also
present. Concomitantly, DNA laddering was also pre-
vented.

Our data appear to be at variance with older studies
that failed to reveal DNA fragmentation in necrotic
cells.®~8 We could not attribute the apparent conflict to
uniquely different responses by dissimilar cells, as our
observations on a variety of cell types suggest that ne-
crotic DNA laddering could be a general phenomenon.
Possible reasons for the discrepancy might include dif-
ferences in the conditions of incubation and composition
of media. Furthermore, physical methods that have been
used to disrupt cells such as heating and freeze-thaw
cycles”® have the potential to inactivate critical enzymes
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required for the formation of DNA ladders. Another pos-
sible explanation is the masking of DNA ladders by less
specific forms of DNA breakdown. DNA smearing is com-
monly observed in gels after electrophoresis of extracts
from necrotic cells and tissues, and is in all likelihood
attributable to late postmortem autolytic processes,
which are superimposed on the more specific early ne-
crotic events. On the other hand, scattered observations
in the literature do indicate that necrotic cells develop
DNA ladders,'>'® but only in one instance have the
changes been documented under circumstances where
apoptosis has been rigorously excluded and necrosis
authenticated by electron microscopy.’® As indicated
earlier, failure to observe DNA ladders in necrotic tissues
may be related to the time of sampling and the presence
of a majority of cells with intact plasma membranes,
which would tend to dilute a positive signal from lysed
cells.

The observations reported here may be relevant to
internucleosomal DNA cleavage during apoptosis as
well. It is generally believed that DNA fragmentation in
apoptosis occurs before loss of plasma membrane integ-
rity, but the asynchrony of apoptosis in most model sys-
tems has made it difficult to precisely determine the
temporal relationship between increased plasma mem-
brane permeability and internucleosomal DNA cleavage.
Moreover, plasma membrane damage has been evalu-
ated only approximately in a number of studies of apo-
ptosis, such as by trypan blue staining.*54¢ Using more
sensitive and accurate techniques, Ormerod et al*” and
Lizard et al*® showed recently that plasma membrane
permeability becomes increased during the early stages
of apoptosis, preceding the condensation and fragmen-
tation of cell nuclei.

Our results suggest that internucleosomal DNA cleav-
age during necrosis is accomplished by Ca2*/Mg?*-
dependent endonuclease(s) with properties similar to
those involved in apoptosis. Thus, necrotic DNA ladder-
ing was inhibited by Evans blue, Zn?*, and aurintricar-
boxylic acid but not by its analogue fuchsin acid, even at
high concentrations. Of great interest, the mechanism
leading to the activation of endonucleases in necrotic
cells appears to be significantly different from that seen in
apoptosis. In agreement with published data,®” inhibitors
of caspases suppressed not only the cleavage of PARP
into 85-kd fragments but also DNA laddering in Fas-
antibody-treated Jurkat cells. Concomitantly, morpholog-
ical changes of apoptosis were prevented. However,
DNA laddering could be dissociated from caspase acti-
vation under some conditions in our studies. The nonspe-
cific cysteine protease inhibitor IAA inhibited the cleav-
age of PARP in Fas-antibody-treated Jurkat cells, as
might be expected, but in accordance with its known
actions as a sulfhydryl-alkylating agent caused plasma
membrane damage and necrosis defined by morpholog-
ical criteria, and these changes were accompanied by
DNA laddering. Importantly, PARP was not cleaved dur-
ing necrosis, and caspase inhibitors were unable to pre-
vent necrotic DNA laddering. On the other hand, the
general serine protease inhibitors PMSF and DCI sup-
pressed DNA laddering in necrotic but not apoptotic

cells. The more specific cleavage-site-directed chymo-
tryptic inhibitor TPCK was able to block DNA laddering
both in necrotic and apoptotic cells. However, and of
much interest and importance to future lines of investiga-
tion, TPCK failed to suppress the cleavage of PARP in
Fas-antibody-treated Jurkat cells, showing the unabated
activity of caspases, although DNA laddering had been
suppressed. These observations are most consistent with
an important role for chymotryptic proteases both in ne-
crosis and apoptosis and suggest that cascades that
lead to endonuclease activation in necrosis and apopto-
sis might have overlapping features at least in this re-
spect, with important differences in upstream events.
Proteolytic triggers for endonuclease activation in apo-
ptosis are continuing to receive critical attention, and
enzymes of the cysteine protease and serine protease
families have been characterized, including a 24-kd
TPCK-sensitive enzyme.*® However, corresponding en-
zymatic events in necrosis remain to be studied. Our data
provide clear-cut evidence for the tight coupling between
plasma membrane damage and endonuclease activation
during necrosis and point to the requirement for future
characterization of the TPCK-sensitive protease(s) in-
volved in necrotic as well as apoptotic DNA laddering.

References

1. Searle J, Kerr JFR, Bishop CJ: Necrosis and apoptosis: distinct
modes of cell death with fundamentally different significance. Pathol
Annu 1982, 17:229-259

2. Arends MJ, Wyllie AH: Apoptosis: mechanisms and roles in pathol-
ogy. Int Rev Exp Pathol 1991, 32:223-254

3. Wyllie AH: Glucocorticoid-induced thymocyte apoptosis is associ-
ated with endogenous endonuclease activation. Nature 1980, 284:
555-556

4. Arends MJ, Morris RG, Wyllie AH: Apoptosis: the role of the endonu-
clease. Am J Pathol 1990, 136:593-608

5. Bortner CD, Oldenburg NBE, Cidlowski JA: The role of DNA fragmen-
tation in apoptosis. Trends Cell Biol 1995, 5:21-26

6. Russell JH, Dobos CB: Mechanisms of immune lysis. Il. CTL-induced
nuclear disintegration of the target begins within minutes of cell
contact. J Immunol 1980, 125:1256-1261

7. Duke RC, Chervenak R, Cohen JJ: Endogenous endonuclease-in-
duced DNA fragmentation: an early event in cell-mediated cytolysis.
Proc Natl Acad Sci USA 1983, 80:6361-6365

8. Cohen JJ, Duke RC: Glucocorticoid activation of a calcium-depen-
dent endonuclease in thymocyte nuclei leads to cell death. J Immunol
1984, 132:38-42

9. Bursch W, Oberhammer F, Schulte-Hermann R: Cell death by apo-
ptosis and its protective role against disease. Trends Pharmacol Sci
1992, 13:245-251

10. Ucker DS, Obermiller PS, Eckhart W, Apgar JR, Berger NA, Meyers J:
Genome digestion is a dispensable consequence of physiological
cell death mediated by cytotoxic T lymphocytes. Mol Cell Biol 1992,
12:3060-3069

11. Cohen GM, Sun XM, Snowden RT, Dinsdale D, Skilleter DN: Key
morphological features of apoptosis may occur in the absence of
internucleosomal DNA fragmentation. Biochem J 1993, 286:331-334

12. Oberhammer F, Wilson JW, Dive C, Morris ID, Hickman JA, Wakeling
AE, Walker PR, Sikorska M: Apoptotic death in epithelial cells: cleav-
age of DNA to 300 and/or 50 kb fragments prior to or in the absence
of internucleosomal fragmentation. EMBO J 1993, 12:3679-3684

13. Collins RJ, Harmon BV, Gobe GC, Kerr JFR: Internucleosomal DNA
cleavage should not be the sole criterion for identifying apoptosis. Int
J Radiat Biol 1991, 61:451-453

14. Fukuda K, Kojiro M, Chiu J: Demonstration of extensive chromatin



15.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

cleavage in transplanted Morris hepatoma 7777 tissue: apoptosis or
necrosis? Am J Pathol 1993, 142:935-946

Ueda N, Walker PD, Hsu SM, Shah SV: Activation of a 15-kd endo-
nuclease in hypoxia/reoxygenation injury without morphologic fea-
tures of apoptosis. Proc Natl Acad Sci USA 1995, 92:7202-7206

. Enright H, Hebbel RP, Nath KA: Internucleosomal cleavage of DNA

as the sole criterion for apoptosis may be artifactual. J Lab Clin Med
1994, 124:63-68

. Weinberg JM, Venkatachalam MA, Garza-Quintero R, Roesser NF,

Davis JA: Structural requirements for protection by small amino-acids
against hypoxic injury in kidney proximal tubules. FASEB J 1990,
4:3347-3354

. Mangino MJ, Murphy MK, Grabau GG, Anderson CB: Protective

effects of glycine during hypothermic renal ischemia-reperfusion in-
jury. Am J Physiol 1991, 261:F841-F848

. Dickson RC, Bronk SF, Gores GJ: Mechanism of protection by glycine

against lethal hepatocellular injury during ATP-depletion. Gastroen-
terology 1992, 102:2098-2107

Silva P, Rosen S, Spokes K, Epstein FH: Effect of glycine on medullary
thick ascending limb injury in perfused kidneys. Kidney Int 1991,
39:653-658

Garza-Quintero R, Weinberg JM, Ortega-Lopez J, Davis JA, Venkat-
achalam, MA: Conservation of structure in ATP-depleted proximal
tubules: role of calcium, polyphosphoinositides, and glycine. Am J
Physiol 1993, 265:F605-F623

Mandel LJ, Schnelimann RE, Jacobs WR: Intracellular glutathione in
the protection from anoxic injury in renal proximal tubules. J Clin
Invest 1990, 85:316-324

Venkatachalam MA, Weinberg JM: Structural effects of intracellular
amino acids during ATP depletion. Surviving Hypoxia. Edited by
Hochachka PW, Lutz PL, Sick T, Rosenthal M, van denThillart G. Boca
Raton, FL, CRC Press, 1993, pp 473-494

Fabiato A: Computer programs for calculating total from specified
free or free from specified total ionic concentrations in aqueous
solutions containing multiple metals and ligands. Methods Enzymol
1988, 157:378-417

Weinberg JM, Davis JA, Roesser NF, Venkatachalam MA: Role of
increased cytosolic free calcium in the pathogenesis of rabbit prox-
imal tubule cell injury and protection by glycine or acidosis. J Clin
Invest 1991, 87:581-590

Venkatachalam MA, Weinberg JM, Patel Y, Hussong U, Davis JA:
Effects of Ca** and glycine on lipid breakdown and death of ATP-
depleted MDCK cells. Kidney Int 1995, 48:118-128

Miller SG, Moore HH: Reconstitution of constitutive secretion using
semi-intact cells: regulation by GTP but not calcium. J Cell Biol 1991,
112:39-54

Kaufmann SH, Desnoyers S, Ottaviano Y, Davidson NE, Poirier GG:
Specific proteolytic cleavage of poly(ADP-ribose) polymerase: an
early marker of chemotherapy-induced apoptosis. Cancer Res 1993,
53:3976-3985

Lamarre D, Talbot B, de Murcia G, Laplante C, Leduc Y, Mazen A,
Poirier GG: Structural and functional analysis of poly(ADP-ribose)
polymerase: an immunological study. Biochim Biophys Acta 1988,
950:147-160

Boyles JJ, Fox EB, Phillips DR, Stenberg PE: Organization of the
cytoskeleton in resting, discoid platelets: preservation of actin fila-
ments by a modified fixation that prevents osmium damage. J Cell
Biol 1985, 101:1463-1472

Wyllie AH: Death from inside out: an overview. Phil Trans R Soc Lond
B 1994, 345:237-241

Vaux DL, Strasser A: The molecular biology of apoptosis. Proc Natl
Acad Sci USA 1996, 93:2239-2244

Internucleosomal DNA Cleavage during Necrotic Cell Death

33.
34.
35.
36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

1213
AJP November 1997, Vol. 151, No. 5

Earnshaw WC: Nuclear changes in apoptosis. Curr Opin Cell Biol
1995, 7:337-343

Kumar S: ICE-like proteases in apoptosis. Trends Biochem Sci 1995,
20:198-202

Nagata S: Apoptosis by death factor. Cell 1997, 88:355-365
Alnemri ES, Livingston DJ, Nicholson DW, Salvesen G, Thornberry
NA, Wong WW, Yuan J: Human ICE/CED-3 protease nomenclature.
Cell 1996, 87:171

Slee EA, Zhu H, Chow SC, Macfarlane M, Nicholson W, Cohen
GM: Benzyloxycarbonyl-Val-Ala-Asp  (OMe) fluoromethylketone
(Z-VAD.FMK) inhibits apoptosis by blocking the processing of
CPP32. Biochem J 1996, 315:21-24

Grasl-Kraupp B, Ruttkay-Nedecky B, Koudelka H, Bukowska K,
Bursch W, Schulte-Hermann R: In situ detection of fragmented DNA
(TUNEL assay) fails to discriminate among apoptosis, necrosis, and
autolytic cell death: a cautionary note. Hepatology 1995, 21:1465-
1468

Mundle SD, Raza A: Correspondence. The two in situ techniques do
not differentiate between apoptosis and necrosis but rather reveal
distinct patterns of DNA fragmentation in apoptosis. Lab Invest 1995,
72:611-612

Gold R, Schmied M, Giegerich G, Breitschopf H, Hartung HP, Toyka
KV, Lassmann H: Correspondence. The two in situ techniques do not
differentiate between apoptosis and necrosis but rather reveal dis-
tinct patterns of DNA fragmentation in apoptosis: reply. Lab Invest
1995, 72:612-613

Hegyi L, Hardwick SJ, Mitchinson MJ, Skepper JN: Correspondence.
Apoptosis is abundant in human atheroslerotic lesions, especially in
inflammatory cells (macrophages and T cells), and may contribute to
the accumulation of gruel and plaque instability. Am J Pathol 1997,
150:371-372

Bjorkerud S: Correspondence. Apoptosis is abundant in human
atheroslerotic lesions, especially in inflammatory cells (macrophages
and T cells), and may contribute to the accumulation of gruel and
plaque instability: reply. Am J Pathol 1997, 150:372-373

Iwata M, Myerson D, Torok-Storb B, Zager RA: An evaluation of renal
tubular DNA laddering in response to oxygen deprivation and oxidant
injury. J Am Soc Nephrol 1994, 5:1307-1313

Weinberg JM, Nissim I, Roesser NF, Davis JA, Schultz S, Nissim |:
Relationships between intracellular amino acid levels and protection
against injury to isolated proximal tubules. Am J Physiol 1991, 260:
F410-F419

Cohen JJ: Programmed cell death in the immune system. Adv Immu-
nol 1991, 50:55-85

Matsui H, Tsuji S, Nishimura H, Nagasawa S: Activation of the alter-
native pathway of complement by apoptotic Jurkat cells. FEBS Lett
1994, 351:419-422

Ormerod MG, Sun XM, Snowden RT, Davies R, Fearnhead H, Cohen
GM: Increased membrane permeability of apoptotic thymocytes: a
flow cytometric study. Cytometry 1993, 14:595-602

Lizard G, Fournel S, Genestier L, Dhedin N, Chaput C, Flacher M,
Mutin M, Panaye G, Revillard JP: Kinetics of plasma membrane and
mitochondrial alterations in cells undergoing apoptosis. Cytometry
1995, 21:275-283

Wright SC, Wei QS, Zhong J, Zheng H, Kinder DH, Larrick JW:
Purification of a 24-KD protease from apoptotic tumor cells that
activates DNA fragmentation. J Exp Med 1994, 180:2113-2123
Seglen PO: Preparation of isolated rat liver cells. Methods Cell Biol
1976, 13:29-83



