
ing that a cellular repair protein or proteins are
required for this reaction may have practical
ramifications. Such proteins represent a previ-
ously unrecognized set of targets for inhibition
of this early step in virus replication.

References and Notes
1. P. O. Brown, in Retroviruses, J. M. Coffin, S. H. Hughes, E.

Varmus, Eds. (Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY, 1998), pp. 161–203; R. A. Katz and
A. M. Skalka, Annu. Rev. Biochem. 63, 133 (1994).

2. R. Craigie, T. Fujiwara, F. Bushman, Cell 62, 829
(1990); R. A. Katz, G. Merkel, J. Kulkosky, J. Leis, A. M.
Skalka, ibid. 63, 87 (1990).

3. J. A. Gaken et al., J. Virol. 70, 3992 (1996).
4. P. A. Jeggo, Adv. Genet. 38, 185 (1998); Mutat. Res.

384, 1 (1997); S. P. Lees-Miller, Biochem. Cell. Biol.
74, 503 (1996).

5. G. C. Bosma, R. P. Custer, M. J. Bosma, Nature 301,
527 (1983).

6. J. S. Danska, D. P. Holland, S. Mariathasan, K. M.
Williams, C. J. Guidos, Mol. Cell. Biol. 16, 5507
(1996); T. Blunt et al., Proc. Natl. Acad. Sci. U.S.A. 93,
10285 (1996).

7. C. U. Kirchgessner et al., Science 267, 1178 (1995);
S. P. Lees-Miller et al., ibid., p. 1183.

8. S7, S29, and S33 scid cells and N2 control cells are
Abelson virus-transformed pre-B mouse cell lines de-
scribed previously [W. Schuler et al., Cell 46, 963
(1986)].

9. E. V. Barsov and S. H. Hughes, J. Virol. 70, 3922
(1996). RCASBP-M(4070A) (denoted here as R/M) is
an avian retrovirus vector encoding an amphotropic
envelope. Virus stocks were produced by DNA trans-
fection and spread in chicken DF-1 cells [M. Himly,
D. N. Foster, I. Bottoli, J. S. Iacovoni, P. K. Vogt,
Virology 248, 295 (1998)].

10. For viability measurements, suspension cells (106

cells per milliliter per well) were plated on 24-well
plates. The multiplicity of infection (MOI) corre-
sponds to the number of i.u. of virus per target cell.
Here, an i.u. is defined by stable transduction of a
reporter gene in a target cell. We measured trans-
duction with a neor avian retrovirus vector, selecting
for G418 resistance. Reverse transcriptase (RT ) ac-
tivity per i.u. was determined, and RT activity was
then used to estimate the i.u. (and MOI) for each
experiment with this vector and its derivatives. As a
control, virus was inactivated by incubation for 30
min at 56°C. All infections were performed in the
presence of diethylaminoethyl dextran (5 mg/ml).

11. To construct an IN2 variant of R/M, we first subcloned a
neor marker into the Cla I site of this vector, creating
R/Mneo. To introduce the D64E-encoding mutation, we
replaced an Hpa I/Asp718 fragment of R/Mneo with that
of a SR-B proviral DNA carrying the IN-inactivating D64E
mutation [J. Kulkosky, K. S. Jones, R. A. Katz, J. P. G. Mack,
A. M. Skalka, Mol. Cell. Biol. 12, 2331 (1992)], creating
R/M(D64E)neo, denoted as IN2 virus. A control virus was
constructed by replacing an Hpa I/Asp718 fragment of
R/Mneo with that of the wild-type SR-B proviral DNA,
creating R/M(8KS)neo, denoted as IN1 virus. Producer
cells for these viruses were generated first by transfec-
tion of Q2bn helper cells [A. W. Stoker and M. J. Bissell,
J. Virol. 62, 1008 (1988)] with proviral DNA, followed by
infection of DF-1 cells with the supernatant 3 days after
transfection. DF-1 cells were selected for G418 resis-
tance 1 day after infection. G418-resistant colonies were
then pooled, and the titers of virus produced by these
cells were determined by RT assay.

12. R. Daniel, R. A. Katz, A. M. Skalka, data not shown.
13. K. A. Biedermann, J. Sun, A. J. Garcia, L. M. Tosto, J. M.

Brown, Proc. Natl. Acad. Sci. U.S.A. 88, 1394 (1991);
G. M. Fulop and R. A. Phillips, Nature 347, 479 (1990);
C. J. Guidos et al., Genes Dev. 10, 2038 (1996).

14. TUNEL labeling was performed with the In Situ Cell
Death Detection Kit, Fluorescein (BMB). N2 and S33
cells were plated (0.5 3 106 cells per milliliter per
well) on 24-well plates and infected with the R/M
virus. All other conditions were as described (10).

15. Cytoplasmic histone-associated DNA fragments (mono-
nucleosomes and oligonucleosomes) were detected with
the Cell Death Detection enzyme-linked immunosorbent

assay kit (Boehringer Mannheim); caspase-3 activity was
detected with the ApoAlertTM CPP32/Caspase-3 kit
(CLONTECH). For these experiments, dexamethosone-
induced apoptosis was used as a positive control, at a
concentration (1 mM) reported to induce programmed
death in 40% of treated cells [Y. Gavrieli, Y. Sherman,
S. A. Ben-Sasson, J. Cell Biol. 119, 493 (1992)].

16. Mouse embryo fibroblasts (7th passage) were plated
at 1 3 105 cells per 60-mm dish and infected with
serial dilutions of the virus.

17. P. A. Jeggo and L. M. Kemp, Mutat. Res. 112, 313 (1983);
T. D. Stamato, R. Weinstein, A. Giaccia, L. Mackenzie,
Somat. Cell Mol. Genet. 9, 165 (1983); N. J. Finnie, T. M.
Gottlieb, T. Blunt, P. A. Jeggo, S. P. Jackson, Proc. Natl.
Acad. Sci. U.S.A. 92, 320 (1995); B. K. Singleton et al.,
Mol. Cell. Biol. 17, 1264 (1997); Z. Li et al., Cell 83,
1079 (1995); U. Grawunder, D. Zimmer, P. Kulesza, M. R.
Lieber, J. Biol. Chem. 273, 24708 (1998); U. Grawunder
et al., Nature 388, 492 (1997).

18. The HIV-1–based, VSV G protein–pseudotyped vec-
tor was described previously [L. Naldini et al., Science
272, 263 (1996)]. Quantitation of i.u. was based on
stable transduction of the lacZ reporter gene, as
determined by the number of blue colonies after
infection of the control (N2) cell line. Cells were
plated (0.5 3 106 cells per milliliter per well) on
24-well plates and then infected with 400 ml of virus
per well (MOI ;2 i.u. per cell) or with virus that had
been heat inactivated (56°C for 30 min). All other
conditions were as described (12).

19. The b-Gal assay was performed according to the
Transfection MBS mammalian transfection kit (Strat-
agene), with 5 3 105 viable cells per sample.

20. HeLa cells were plated (106 cells per 100-mm dish) and
incubated the next day with 10 ml of virus for 2 hours.
Nuclear extracts of HeLa cells were prepared as de-

scribed [D. Bandyopadhyay, M. Mandal, L. Adam, J. Men-
delsohn, R. Kumar, J. Biol. Chem. 273, 1568 (1998)]. The
p53-related peptide Glu-Pro-Pro-Leu-Ser-Gln-Glu-Ala-
Phe-Ala-Asp-Leu-Trp-Lys-Lys (Promega) was used as
substrate, and the kinase assay was performed as de-
scribed (25), except that nuclear lysate (1 ml per 30 ml of
reaction) was used instead of purified DNA-PK. To acti-
vate DNA-PK, we added sheared salmon sperm DNA at
100 ng per sample. The reaction was incubated for 30
min at 30°C, except for control samples, which were
kept at 4°C, as indicated.

21. D. C. van Gent, K. Mizuuchi, M. Gellert, Science 271,
1592 (1996).

22. D. C. van Gent, K. Hiom, T. T. Paull, M. Gellert, EMBO
J. 16, 2665 (1997).

23. A. Aiyar, P. Hindmarsh, A. M. Skalka, J. Leis, J. Virol.
70, 3571 (1996); C. M. Farnet and F. C. Bushman, Cell
88, 483 (1997); P. Hindmarsh et al., J. Virol., in press.

24. A. Agrawal, Q. M. Eastman, D. G. Shatz, Nature 394,
744 (1998); K. Hiom, M. Melek, M. Gellert, Cell 94,
463 (1998).

25. V. E. Morozov et al., J. Biol. Chem. 269, 16684
(1994).

26. We thank M. Bosma, R. Perry, and C. Seeger for critical
comments on the manuscript; J. Kulkosky and R. Pomer-
antz for help with the HIV-1–based vector experiments;
M. Bosma and G. Bosma for the scid and wild-type
mouse cell lines and fibroblasts; S. Hughes for the ASV
vector; I. Verma for the HIV-1 vector; D. B. Roth and M.
Oettinger for helpful advice and cell lines; P. A. Jeggo for
the Ku86(2) cells; and T. D. Stamato for the XRCC4(2)
cells. Supported by NIH grants CA71515, AI40385,
AI40721, and CA06927 and by an appropriation from
the Commonwealth of Pennsylvania.

3 December 1998; accepted 16 March 1999

Nonproteolytic
Neuroprotection by Human

Recombinant Tissue
Plasminogen Activator

Yang-Hee Kim,1,2 June-Hee Park,1 Seung Hwan Hong,2

Jae-Young Koh1*

Human recombinant tissue plasminogen activator (tPA) may benefit ischemic
stroke patients by dissolving clots. However, independent of thrombolysis, tPA
may also have deleterious effects on neurons by promoting excitotoxicity. Zinc
neurotoxicity has been shown to be an additional key mechanism in brain
injuries. Hence, if tPA affects zinc neurotoxicity, this may provide additional
insights into its effect on neuronal death. Independent of its proteolytic action,
tPA markedly attenuated zinc-induced cell death in cortical culture, and, when
injected into cerebrospinal fluid, also reduced kainate seizure–induced hip-
pocampal neuronal death in adult rats.

Human recombinant tPA can benefit stroke
patients by lysing clots (1). However, re-
cent evidence suggests that it may also

harm neurons by promoting excitotoxic in-
jury (2). This detrimental effect of tPA may
be mediated by plasmin, the main product
of tPA action in thrombolysis, because not
only tPA-null but also plasminogen-null
mice are resistant to excitotoxic injury (3).

Although excitotoxicity is a key mech-
anism of pathologic neuronal death in many
cases (4 ), neurotoxicity mediated by en-
dogenous zinc translocation has recently
been shown to be another major mechanism
of selective neuronal death in global isch-

1National Creative Research Initiative Center for the
Study of Central Nervous System Zinc and Depart-
ment of Neurology, University of Ulsan College of
Medicine, 388-1 Poongnap-Dong Songpa-Gu, Seoul
138-736, Korea. 2Department of Molecular Biology
and Institute for Molecular Biology and Genetics,
Seoul National University, Seoul, Korea.

*To whom correspondence should be addressed. E-
mail: jkko@www.amc.seoul.kr

R E P O R T S

www.sciencemag.org SCIENCE VOL 284 23 APRIL 1999 647



emia and seizures (5). In transient global
cerebral ischemia and induction of kainate
seizures, zinc accumulation was observed
in degenerating neuronal cell bodies (6 ),
and an extracellular zinc chelator injected
into cerebrospinal fluid (CSF) markedly re-
duced both zinc accumulation and neuronal
death (7 ).

Exposure of cortical cultures to 35 mM

zinc for 24 hours resulted in widespread neu-
ronal death the next day (Fig. 1A) (8, 9).
Addition of tPA (10 mg/ml) completely
blocked the zinc-induced cell death (Fig. 1B).
In contrast, neuronal death induced by 24
hours of exposure to 30 mM N-methyl-D-
aspartate (NMDA) was not attenuated by tPA
(Fig. 1, C and D). The cytoprotective effect of
tPA was seen throughout the zinc concentra-

tion range tested, in both the 24-hour and
10-min exposure paradigms (8), as quantita-
tively assessed by the lactate dehydrogenase
(LDH) release assay (10) (Fig. 1E). tPA com-
pletely blocked not only neuronal death at
lower zinc concentrations but also additional
astrocytic cell death at higher concentrations.
In contrast to this protective effect against
zinc toxicity, tPA did not alter excitotoxic

Fig. 1. tPA attenuates Zn
toxicity but not calcium-
overload excitotoxicity. (A
to D) Phase-contrast pho-
tomicrographs of sister
cortical cultures after 24
hours of exposure to 35
mM zinc alone (A) or with
addition of tPA (10 mg/ml)
(B), and to 30 mM NMDA
alone (C) or with addition
of tPA (D). Scale bar, 50
mm. (E) Data represent
LDH release (mean 6 SEM,
n 5 4) in cultures, 24
hours after 10 min of ex-
posure (squares) or after
24 hours of exposure (cir-
cles) to indicated concen-
trations of zinc without
(open symbols) or with
addition of tPA (10 mg/
ml) (solid symbols). In
both conditions, tPA was
present in culture medium from the beginning of zinc exposure until the LDH assay. Asterisks denote difference from zinc alone ( p , 0.05, two-tailed t test).
(F) LDH release in cultures (mean 6 SEM, n 5 4) after 24 hours of exposure to indicated concentrations of glutamate, NMDA, or kainate without (open
symbols) or with addition of tPA (10 mg/ml) (solid symbols).

Fig. 2. The site of tPA protection
may be downstream of zinc influx,
probably somewhere in the oxida-
tive injury cascade. (A to C) Fluo-
rescence photomicrographs of TSQ-
stained cortical cultures, immedi-
ately after 10 min of exposure to
HBSS alone (A) or to 300 mM zinc
without (B) or with addition of tPA
(10 mg/ml) during the zinc exposure
(C). Scale bar, 50 mm. (D) LDH re-
lease in cultures 24 hours after 10 min of exposure to 300 mM zinc
alone (CTRL) or with addition of tPA (10 mg/ml) both during and after
(Co) or only after (Post) zinc exposure. Asterisks denote difference
from CTRL ( p , 0.05, two-tailed t test with Bonferroni correction for
two comparisons). (E) Bars represent LDH release (mean 6 SEM, n 5
4) in cultures after 24 hours of exposure to 100 mM Fe31 (Fe), 100 mM
H2O2, 1 mM BSO, 2 mM TPEN, or 100 nM staurosporine (STSP) alone
or in the presence of tPA (10 mg/ml). Asterisks denote difference from
toxin alone ( p , 0.05, two-tailed t test). (F and G) Fluorescence

photomicrographs of sister cultures stained with DCF 18 hours after
10 min of exposure to 300 mM zinc alone (F) or with addition of tPA
(10 mg/ml) (G). Scale bar, 50 mm. (H) Bars denote increases in the
membrane thiobarbituric acid–reactive substances ( TBARS; mean 6
SEM, n 5 3) over that of sham wash controls, after 14 hours of
exposure to 35 mM zinc or 100 mM Fe31 (Fe), alone or with addition
of tPA (10 mg/ml). Asterisks denote difference from zinc or Fe31

alone, respectively ( p , 0.05, two-tailed t test with Bonferroni
correction for two comparisons).
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neuronal death induced by 24 hours of expo-
sure to 3 to 300 mM NMDA, kainate, or
glutamate (Fig. 1F).

Because zinc neurotoxicity is triggered
by the influx of zinc into neurons (11), we
examined the possibility that tPA attenu-
ates the toxic zinc influx. However, visual-
ization of zinc influx with a zinc-specific
fluorescent dye, 6-methoxy-8-quinolyl-p-
toluenesulfonamide (TSQ) (12), revealed
no difference in zinc accumulation in cul-
tured neurons exposed for 10 min to 300
mM zinc with or without the addition of

tPA (Fig. 2, A to C). Furthermore, if the
protective effect of tPA were based on the
reduction of zinc influx, then tPA given
after the 10-min zinc exposure should not
be protective, as zinc influx cannot occur
after zinc washout. However, tPA given
after zinc exposure was as protective as
tPA given both during and after zinc expo-
sure (Fig. 2D).

Previously, we showed that zinc neuro-
toxicity is mainly mediated by oxidative
stress in cortical culture, because it is ac-
companied by increases in lipid peroxida-
tion and cytosolic 2,7-dichlorofluorescein
diacetate (DCF) fluorescence, and is
blocked by antioxidants (8). tPA attenuated
oxidative stress–related neuronal death in-
duced by exposure to Fe31, H2O2, or a
g-glutamyl-cysteine synthetase inhibitor,
buthionine sulfoximine (BSO) (13). On the
other hand, protein synthesis– dependent
but antioxidant-insensitive neuronal apo-
ptosis induced by staurosporine or
N,N,N9,N9-tetrakis(2-pyridylmethyl)ethyl-

enediamine (TPEN) (14 ) was not altered by
addition of tPA (Fig. 2E). Consistent with
its antioxidative effect, tPA markedly at-
tenuated DCF fluorescence (Fig. 2, F and
G) and membrane lipid peroxidation (Fig.
2H) increased by zinc exposure (15).

By cleaving plasminogen, tPA produces
plasmin, the final effector protease in the
thrombolytic cascade (16 ). Plasmin aggra-
vated cell death induced by mild zinc ex-
posure (3) but did not alter NMDA- or
kainate-induced neuronal death (Fig. 3A).
Intriguingly, the protective effect of tPA
(10 mg/ml) was not reversed by excessive
amounts (30 mg/ml) of plasminogen activa-
tor inhibitor–1 (PAI-1) (17 ), indicating that
the protection was unlikely mediated by its
proteolytic action (Fig. 3B). tPA has an
epidermal growth factor (EGF)– homolo-
gous domain (18) and induces endothelial
cell proliferation by activating protein ki-
nase A (PKA) (19). However, EGF did not
attenuate zinc-induced cell death, nor did
the PKA inhibitor H-89 or EGF reverse the

Fig. 3. Plasmin production or other proteo-
lytic effect may not be the protective mech-
anism. (A) LDH release (mean 6 SEM, n 5 4)
in cultures after 24 hours of exposure to 30
mM zinc, 30 mM NMDA, or 100 mM kainate
alone or in the presence of plasmin (100
mg/ml). Plasmin potentiated zinc-induced cell
death selectively; lower concentrations (1 to
30 mg/ml) of plasmin did not alter zinc neu-
rotoxicity. (B) LDH release (mean 6 SEM, n 5
4) in cultures after 24 hours of exposure to
35 mM zinc alone or with addition of tPA (10
mg/ml) (1tPA) or tPA plus PAI-1 (30 mg/ml)
(11PAI). (C) LDH release (mean 6 SEM, n 5
4) in cultures exposed for 24 hours to 35 mM
zinc alone or with addition of EGF (1 mg/ml)
(1EGF), tPA (10 mg/ml) (1tPA), tPA plus 3
mM H-89 (11H89), or tPA plus EGF (1 mg/
ml) (11EGF). Asterisks denote difference
from respective controls ( p , 0.05, two-
tailed t test with Bonferroni correction for
multiple comparisons).

Fig. 4. Intracerebroventricular tPA injection
attenuates kainate seizure–induced neuronal
death in the hippocampus. (A) Time course
of seizure intensity after kainate injection.
Data denote seizure scores (23) (mean 6
SEM, n 5 3) after intraperitoneal kainate
injection (10 mg/kg) in rats given 3 ml of
saline or tPA in saline (1 mg/ml) into lateral
ventricle (icv), or tPA (3 mg/kg) as bolus into
tail veins (iv). No difference in seizure scores
was noted among conditions. (B to D) Pho-
tomicrographs of cresyl violet-stained hip-
pocampal CA1 regions of rats with injection

of icv saline (B), icv tPA (C), or iv tPA (D), taken 24 hours after the kainate injection. Note the
marked sparing of CA1 pyramidal neurons relative to severely injured ones in (B) and (D), as
compared with (C). Scale bar, 100 mm. (E) Bars denote acid fuchsin–positive neurons (mean 6 SEM,
n 5 3) counted in three sections (10 mm thickness, 800 mm apart) of the hippocampus in the above
conditions. Although iv tPA did not alter kainate seizure–induced neuronal degeneration in the
hippocampus, icv tPA markedly attenuated it. Asterisk denotes difference from the others ( p ,
0.05, ANOVA with post hoc Student-Newman-Keuls test).
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protective effect of tPA (Fig. 3C).
We then examined whether tPA had pro-

tective effects on neuronal death in vivo.
To circumvent the potential injury-promot-
ing action of plasmin, we injected tPA (3
ml, 1 mg/ml in saline) directly into the CSF
of adult rats (20). In CSF, plasminogen
concentration is reportedly very low (21).
For comparison, other rats were given sa-
line alone (3 ml) into lateral ventricles, or
tPA (3 mg/kg body weight) intravenously
(iv) (22). In all animal groups, seizure in-
tensity was identical and reached stage 3
and 4 of the Zhang et al. classification (23)
1 hour after the kainate injection (Fig. 4A).
Examination of brain sections taken 24
hours after kainate injection revealed that
intracerebroventricular (icv) injection of
tPA markedly attenuated kainate seizure–
induced death of hippocampal neurons
(CA1– 4), whereas icv saline or iv tPA
injection did not (Fig. 4, B to D) (24 ).
Counting numbers of acidophilic neurons
in hippocampus (CA1– 4) revealed greater
neuronal death in saline-injected control
and iv tPA-injected rats than in icv tPA-
injected rats (Fig. 4E).

We observed the neuroprotective effect
of tPA against zinc-induced and other oxi-
dative neuronal death, but not against ex-
citotoxic or apoptotic neuronal death in
cortical culture. Because zinc neurotoxicity
is mainly mediated by oxidative injury (8)
and tPA also attenuated other oxidative
neuronal injury in our study, tPA may act at
certain common steps in the oxidative in-
jury cascade. Interestingly, our results in-
dicate that the proteolytic action of tPA
may not be the mechanism for its cytopro-
tective effect. Although EGF homology and
PKA activation are potential mechanisms
of the nonproteolytic effect of tPA (18, 19),
neither EGF nor the PKA inhibitor reversed
tPA protection. Our results appear to be in
conflict with the reported cytotoxic effect
of tPA in vivo (2, 3). However, this differ-
ence is likely due to the lack of plasmino-
gen in the exposure medium. In fact, al-
though tPA markedly attenuated zinc tox-
icity in cortical culture, plasmin potentiated
it. Another line of evidence supporting this
scenario is that the injection of tPA into
CSF, where plasminogen is quite low (21),
reduced zinc influx–associated neuronal
death in rats subjected to kainate seizures
(6, 7 ). Of note, tPA injection into CSF did
not alter the intensity of seizures, which
suggests that the neuroprotection by tPA is
not the result of fewer seizures. By con-
trast, injection of tPA into veins was not
protective (2).

tPA and urokinase-type plasminogen ac-
tivator are up-regulated after brain injury
(25), and this has been considered a pro-
injurious event (2, 3). However, our results

suggest that they may play a direct cyto-
protective role in brain injury. The elucida-
tion of targets of the tPA cytoprotective
action may provide insights into the molec-
ular cascade of oxidative injury.
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