
TINS Vol. 23, No. 9, 2000 407

58 Annegers, J.F. et al. (1998) A population-based study of seizures
after traumatic brain injuries. N. Engl. J. Med. 338, 20–24

59 Berger, A.R. et al. (1988) Early seizures following intracerebral
hemorrhage. Neurology 38, 1363–1365

60 Faught, E. et al. (1989) Seizures after primary intracerebral
hemorrhage. Neurology 39, 1089–1093

61 Lancman, M.E. et al. (1993) Risk factors for developing seizures
after a stroke. Epilepsia 34, 141–143

62 Arboix, A. et al. (1997) Predictive factors of early seizures after
acute cerebrovascular disease. Stroke 28, 1590–1594

63 Lee, K.R. et al. (1997) Seizures induced by intracerebral injection
of thrombin: a model of intracerebral hemorrhage. J. Neurosurg.
87, 73–78

64 Willmore, L.J. et al. (1978) Chronic focal epileptiform discharge
induced by injection of iron into rat and cat cortex. Science
200, 1501–1503

65 Prince, D.A. (1997) Epilepsy and the too-well-connected brain.
Nat. Med. 3, 957–958

66 Mizutani, A. et al. (1997) Postsynaptic blockade of inhibitory
postsynaptic currents by plasmin in CA1 pyramidal cells of rat
hippocampal slices. Brain Res. 761, 93–96

67 Luthi, A. et al. (1997) Endogenous serine protease inhibitor
modulates epileptic activity and hippocampal long term
potentiation. J. Neurosci. 17, 4688–4699

68 Qian, Z. et al. (1993) Tissue-plasminogen activator is induced as
an immediate-early gene during seizure, kindling, and long term
potentiation. Nature 361, 453–457

69 Zhuo, M. et al. (2000) Role of tissue plasminogen activator
receptor LRP in hippocampal long-term potentiation. J. Neurosci.
20, 542–549

70 Tsirka, S.E. (1997) Clinical implications of the involvement of tPA
in neuronal cell death. J. Mol. Med. 75, 341–347

71 Tsirka, S.E. et al. (1995) Excitotoxin-induced neuronal
degeneration and seizure are mediated by tissue plasminogen
activator. Nature 377, 340–344

72 Matsuoka, Y. et al. (1998) Induction of plasminogen in rat
hippocampal pyramidal neurons by kainic acid. Neurosci. Lett.
252, 119–122

73 Nagai, N. et al. (1999) Role of plasminogen system components
in focal cerebral ischemic infarction: a gene targeting and gene
transfer study in mice. Circulation 99, 2440–2444

74 Tsirka, S.E. et al. (1997) Neuronal death in the central nervous
system demonstrates a non-fibrin substrate for plasmin. Proc. Natl.
Acad. Sci U. S .A. 94, 9779–9781

75 Kim, Y-H. et al. (1999) Nonproteolytic neuroprotection by
human recombinant tissue plasminogen activator. Science
284, 647–650

76 Mun-Bryce, S. and Rosenberg, G.A. (1998) Matrix
metalloproteinases in cerebrovascular disease. J. Cereb. Blood Flow
Metab. 18, 1163–1172

77 Junge, C. et al. (1999) Plasmin and thrombin regulation of NMDA
receptor function. Soc. Neurosci. Abstr. 25, 1979

78 Chen, Z-L. and Strickland, S. (1997) Neuronal death in the
hippocampus is promoted by plasmin-catalysed degradation of
laminin. Cell 91, 917–925

79 Endo, A. et al. (1999) Proteolysis of neuronal cell adhesion
molecule by the tissue plasminogen activator-plasmin system
after kainate injection in the mouse hippocampus. Neurosci. Res.
33, 1–8

80 Tsirka, S.E. et al. (1997) An extracellular proteolytic cascade
promotes neuronal degeneration in the mouse hippocampus.
J. Neurosci. 17, 543–552

81 Chen, Z-L. et al. (1999) Neuronal death and blood–brain barrier
breakdown after excitotoxic injury are independent processes.
J. Neurosci. 19, 9813–9820

82 Tabrizi, P. et al. (1999) Tissue plasminogen activator (tPA)
deficiency exacerbates cerebrovascular fibrin deposition and brain
injury in a murine stroke model. Aterioscler. Thromb. Vasc. Biol.
19, 2801–2806

83 Wardlaw, J.M. et al. (1997) Systematic review of evidence on
thrombolytic therapy for acute stroke. Lancet 350, 607–614

84 Hacke, W. et al. (1995) Intravenous thrombolysis with recom-
binant tissue plasminogen activator for acute hemispheric stroke
J. Am. Med. Assoc. 274, 1017–1025

85 del Zoppo, G.J. et al. (1997) Trends and future developments in
the pharmacological treatment of acute stroke. Drugs 54, 9–38

M.B. Gingrich and S.F. Traynelis – Serine proteases in the brain VI E W P O I N T  

Acknowledgements
The authors’ thank
D. Cunningham, R.
Dingledine, J.T.
Greenamyre and S.
Strickland for criti-
cal comments on
the manuscript and
the NIMH (MBG),
NINDS (SFT) and
John Merck Fund
(SFT), whose gener-
ous support made
this work possible.

I thank Gilmore et al.1 for their interest in
the work of my colleagues and I on pro-
grammed cell death (PCD) and DNA dou-
ble stranded breaks (DSBs), and in our
ideas on neural DNA rearrangements1.
This made for entertaining reading com-
bined with the exciting implications raised
by mutations of genes encoding nonhom-
ologous end-joining (NHEJ) proteins. New
data on mice with mutations in other genes
for NHEJs (Ref. 2) strengthen the already
compelling case for the involvement of
these proteins in neurogenesis. However,
perhaps because these topics are far
removed from the published expertise of
Gilmore et al., several fundamental miscon-
ceptions are propagated in their article. In
particular, their belief that neuroblast PCD
is insignificant and that DSBs are unrelated
to PCD mechanisms, and their proposal
that a V(D)J-like mechanism could account
for our detected DSBs is at odds with the
published, experimental literature. Their
conclusions are based on several lines
of evidence.

Histology
A relative lack of pyknotic nuclei is cited

as proof that PCD is not significantly
occurring. However, in some of the best
examples of PCD, pyknoses are not an
accurate measure of the extent of PCD
taking place: sparse pkynosis is evident in
the thymus3, where over 95% of thymo-
cytes die4, and also in small intestinal villi,
where all cells die every few days5.

Neuronogenetic models

Gilmore et al. make numerical argu-
ments against PCD that rely on the valid-
ity of the models used6,7. If these models
are inaccurate then conclusions based on
them are uncertain at best. It would seem
that the model of Caviness et al.7 is cer-
tainly inaccurate as it does not account for
neuronal contributions from noncortical
regions like the ganglionic eminence (sub-
cortical telencephalon), let alone even
consider the operation of PCD. In ad-
dition, the problems of drawing tempo-
rally valid, mechanistic conclusions about

the cell cycle and cell proliferation by
comparing different populations of cells in
different animals, increases the level
of uncertainty. Furthermore, because
bromo-deoxyuridine (BrdU) incorpo-
ration is not specific for cell proliferation
(for example, during DNA repair), the pri-
mary data cited by Gilmore et al.1 (from
models of Caviness et al.7) are yet again
uncertain. One is left with uncertainties
about uncertainties about uncertainties.
The numerical arguments raised by
Gilmore et al. can easily be addressed. For
example, 50% PCD is no problem if death
affects subpopulations of cells and thus
maintains a sufficient number of prolifera-
tive blasts to allow for brain growth.
Finally, the studies on which the inaccu-
rate models of Caviness et al. are based do
not directly address the operation of
PCD, and thus, any conclusions drawn are
based on indirect inferences.

ISEL1

We have developed and used two
independent approaches to study PCD: in
situ end-labeling plus, ISEL1 and ‘ligation
mediated PCR’ or LMPCR, which identi-
fies nucleosomal ladders associated with
apoptosis. Both techniques have been
used in our studies and accurately identify
dying cells in every tissue known to

L E T T E R S  T O  T H E  E D I T O R

Cell death, DNA breaks and
possible rearrangements: an
alternative view



408 TINS Vol. 23, No. 9, 2000

undergo PCD that we examined (these
techniques tell us nothing about the clear-
ance time of dead cells). Examples include
normal embryo, normal thymus, death-
induced thymus, postnatal retina,
Schwann cells in culture and induced
death in tissue culture cells, among oth-
ers5,8–14. Quantitative estimates of the
number of DSBs required for detection
by ISEL1 is of the order of thousands per
cell, based on published calculations11.
Even if this is an overestimation by a fac-
tor of 10, this still represents hundreds of
DSBs per cell. Could a V(D)J-type DNA
rearrangement, as proposed by Gilmore
et al. to account for ISEL1 labeling, create
this many DSBs? There is no evidence to
support this, as V(D)J recombination is
thought to generate ~four DSBs that
involve two coding and two signal ends15.
Moreover, it is probable that these ends
are not normally accessible to terminal
deoxynucleotidyl transferase polymerase
used in ISEL1, because (1) the coding
ends are covalently hairpinned, (2) the
signal ends are rapidly joined to form
DNA circles, and (3) the ends are proba-
bly protected by RAG (recombination-
activating gene) and NHEJ proteins, or
other molecules such as p53. The addi-
tional belief of Gilmore et al. that the less
sensitive TUNEL [terminal deoxynu-
cleotidyltransferase (TdT)-mediated dUTP
nick end labeling] technique16 might not
be specific for PCD further ignores a
rather substantial literature that uses this
approach.

Mouse mutants

A major prediction from our studies
using both ISEL1 and LMPCR was that
if one could block neuroblast PCD,
more neuroblasts should be present.
Independent data from several labora-
tories in which caspase 3, caspase 9 or
Apaf1 were deleted all show this increase
in neuroblast number. The statement by
Gilmore et al. that it is cell proliferation,
independent of PCD, that accounts for
the increase in cell numbers has no
experimental support from the prior lit-
erature on caspase and Apaf1 function,
nor from the knockout mouse reports.
Gilmore et al. further dismiss the conclu-
sions from all the authors of these semi-
nal knockout reports17–20 that loss of cas-
pase or Apaf1 function reduces PCD, and
they distort published data. For example,
Gilmore et al. cite early increased cell
proliferation [at embryonic-day (E) 10] as
evidence against our cell ISEL1 data. By
contrast, both reports of Apaf1 knock-
outs17,18 showed no effects on cell num-
ber until around E12.5, and one study did
not even examine ages under E10.5 (Ref.
18). Similar data are shown in the curi-
ously omitted but essential report of cas-

pase-3 knockouts, which also shows
increased cell number around E12.5
(Ref. 19). The caspase-9 knockout might
have an earlier phenotype; however,
there is no quantitation of PCD until
E12.5 (Ref. 20), when it is also reduced.
Perhaps this upstream caspase precedes
ISEL1-detectable DNA fragmentation in
cells committed to dying, consistent with
most views on PCD in which DNA frag-
mentation occurs downstream of caspase
activation. Clearly, however, direct
experimental ISEL1 analysis should be
carried out in these mutants; we have
recently reported this for cortical tissue
from caspase-3 knockouts and, as
expected, a significant decrease in ISEL1-
labeled neuroblasts is observed10.

If Gilmore et al. truly believe that
there is no significant neuroblast PCD as
they have stated, they should show this
by direct experimentation. I continue
to favor some form of neural DNA
rearrangements; however, based on avail-
able experimental data, it would have to
be distinct from V(D)J forms. My views
on the role of NHEJ, PCD and possible
DNA rearrangements are discussed 
elsewhere21,22.

Jerold Chun
Dept of Pharmacology and

Neurosciences Program, UCSD School
of Medicine, La Jolla, CA, 92093-0636,

USA.

References
1 Gilmore, E.C. et al. (2000) Cell birth, cell

death, cell diversity and DNA breaks: how
do they all fit together? Trends Neurosci.
23, 100–105

2 Gu, Y. et al. (2000) Defective embryonic
neurogenesis in Ku-deficient but not
DNA-dependent protein kinase catalytic
subunit-deficient mice. Proc. Natl. Acad.
Sci. U. S. A. 97, 2668–2673

3 Surh, C.D. and Sprent, J. (1994) T-cell
apoptosis detected in situ during positive
and negative selection in the thymus.
Nature 372, 100–103

4 Shortman, K. et al. (1990) The generation
and fate of thymocytes. Semin. Immunol.
2, 3–12

5 Pompeiano, M. et al. (1998) Onset of
apoptotic DNA fragmentation can
precede cell elimination by days in the
small intestinal villus. Cell Death Diff.
5, 702–709

6 Takahashi, T. et al. (1995) The cell cycle
of the pseudostratified ventricular
epithelium of the embryonic murine
cerebral wall. J. Neurosci. 15, 6046–6057

7 Caviness, V.S., Jr et al. (1995) Numbers,
time and neocortical neuronogenesis: a
general developmental and evolutionary
model. Trends Neurosci. 18, 379–383

8 Blaschke, A.J. et al. (1996) Widespread
programmed cell death in proliferative
and postmitotic regions of the
fetal cerebral cortex. Development
122, 1165–1174

9 Staley, K. et al. (1997) Apoptotic DNA
fragmentation is detected by a semi-
quantitative ligation-mediated PCR of
blunt DNA ends. Cell Death Diff. 4, 66–75

10 Pompeiano, M. et al. (2000) Decreased
apoptosis in proliferative and postmitotic
regions of the caspase 3 deficient
embryonic CNS. J. Comp. Neurol.
423, 1–12

11 Chun, J. and Blaschke, A.J. (1997)
Identification of neural programmed cell
death through the detection of DNA
fragmentation in situ and by PCR. In
Current Protocols in Neuroscience (McKay,
C.G.R., ed.), pp. 3.8.1–3.8.19, Wiley

12 Chun, J. (1998) Detection of cells
undergoing programmed cell death using
in situ end labeling plus (ISEL1). In:
BioTechniques Books: Apoptosis Detection
and Assay Methods (Zhu, L. and Chun, J.,
eds), pp. 35–45, Eaton 

13 Chun, J. (1998) Apoptotic DNA
fragmentation detection using ligation
mediated PCR (LMPCR). In: BioTechniques
Books: Apoptosis Detection and Assay
Methods (Zhu, L. and Chun, J., eds),
pp. 23–33, Eaton.

14 Weiner, J.A. and Chun, J. (1999)
Schwann cell survival mediated by the
signaling phospholipid lysophosphatidic
acid. Proc. Natl. Acad. Sci. U. S. A.
96, 5233–5238

15 Schatz, D.G. (1997) V(D)J recombination
moves in vitro. Semin. Immunol.
9, 149–159

16 Gavrieli, Y. et al. (1992) Identification of
programmed cell death in situ via specific
labeling of nuclear DNA fragmentation.
J. Cell Biol. 119, 493–501

17 Yoshida, H. et al. (1998) Apaf1 is
required for mitochondrial pathways of
apoptosis and brain development. Cell
94, 739–750

18 Cecconi, F. et al. (1998) Apaf1 (CED-4
homolog) regulates programmed cell
death in mammalian development. Cell
94, 727–737

19 Kuida, K. et al. (1996) Decreased apoptosis
in the brain and premature lethality
in CPP32-deficient mice. Nature
384, 368–372

20 Kuida, K. et al. (1998) Reduced apoptosis
and cytochrome c-mediated caspase
activation in mice lacking caspase 9. Cell
94, 325–337

21 Chun, J. and Schatz, D.G. (1999)
Rearranging views on neurogenesis:
neuronal death in the absence of DNA
end-joining proteins. Neuron 22, 7–10

22 Chun, J. and Schatz, D.G. (1999)
Developmental neurobiology: alternative
ends for a familiar story? Curr. Biol.
9, R251–R253

Reply
The goal of our article1 was to draw atten-
tion to the XRCC4 and ligase IV mutant
mice as providing evidence for the possible
existence of DNA double strand breaks
(DSBs), and to the possibility of DNA
recombination in proliferating cells in the
developing brain2–4. We also suggested, as
a secondary point, that the existence of
larger numbers of DSBs than previously
suspected might explain the incongruity
between different methods of estimating
the levels of cell death in the proliferative
neuroepithelium.

Chun maintains that his studies using
the ISEL1 (in situ end labeling plus)
method establish levels of cell death in the
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