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Thrombin is a multifunctional serine protease that is rap- 
idly produced from prothrombin at sites of tissue injury 
and catalyzes the final steps in blood coagulation. Throm- 
bin also regulates gene expression and process outgrowth 
in neurons and astrocytes and stimulates proliferation of 
astrocytes. Since thrombin is produced immediately upon 
breakdown of the blood-brain barrier we examined its ef- 
fects on astrocytes and neurons cultured under conditions 
which resemble those found in viva following cerebrovas- 
cular injury. These studies showed that thrombin markedly 
protected rat primary astrocytes from cell death induced 
by hypoglycemia or oxidative stress. Thrombin also pro- 
tected rat primary hippocampal neurons from cell death 
produced by hypoglycemia or growth supplement depri- 
vation. Synthetic peptides which directly activate the 
thrombin receptor also protected astrocytes and neurons 
from these environmental insults, demonstrating that the 
thrombin effects were mediated through the thrombin re- 
ceptor. In contrast to these results with stressed cells, high 
concentrations of thrombin killed both astrocytes and neu- 
rons cultured under normal conditions. All of the effects of 
thrombin on astrocytes and neurons were blocked by the 
brain thrombin inhibitor, protease nexin-1 (PN-1). This 
shows that the effects required the proteolytic activity of 
thrombin and is consistent with the known proteolytic 
mechanism by which thrombin activates its receptor. 
These results indicate that thrombin and PN-1 may regulate 
the viability of both astrocytes and neurons in early mo- 
ments following trauma to the CNS or other conditions that 
alter the blood-brain barrier. 
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Thrombin is a multifunctional serine protease which plays a cen- 
tral role in coordinating the processes of blood coagulation, in- 
flammation and wound repair following tissue injury. Throm- 
bin’s primary role is in the final stages of blood coagulation 
where it induces platelet aggregation and fibrin formation 
(Berndt and Phillips, 1981). In addition, thrombin regulates a 
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number of cellular activities involved in the processes of inflam- 
mation and. wound repair. For example, thrombin is chemotactic 
for macrophages (Bar-Shavit et al., 1983), induces the secretion 
of cytokines and growth factors from macrophages, smooth mus- 
cle cells, and fibroblasts (Harlan et al., 1986; Jones and Geczy, 
1990; Okazaki et al., 1992) and is mitogenic for smooth muscle 
cells (McNamara et al., 1993) and fibroblasts (Carney et al., 
1978). Since thrombin is produced immediately after injury, it 
is well poised to initiate cellular events that must occur early in 
the tissue repair program. 

Recent studies have demonstrated that thrombin also regulates 
a number of important activities in cells of the CNS. Thrombin 
retracts neurites on cultured neuroblastoma cells (Gurwitz and 
Cunningham, 1988, 1990) and human fetal neurons (Grand et 
al., 1989), and converts stellate, process-bearing astrocytes to a 
nonstellate form exhibiting an epithelial morphology (Cavan- 
augh et al., 1990; Nelson and Siman, 1990). Thrombin is also 
mitogenic for cultured astrocytes (Perraud et al., 1987; Loret et 
al., 1989; Cavanaugh et al., 1990). Finally, thrombin induces the 
synthesis and secretion of NGF (Neveu et al., 1993) and en- 
dothelin-1 (Ehrenreich et al., 1993) from cultured astrocytes. 
These effects of thrombin occur at picomolar concentrations and, 
if controlled, have the potential to increase plasticity of the CNS 
and thus contribute to repair processes following cerebrovascular 
injury. Alternatively, excess thrombin could produce deleterious 
effects following injury by producing extensive retraction of 
processes on neurons and astrocytes and stimulating prolifera- 
tion of astrocytes. The potential importance of thrombin in reg- 
ulating CNS pathophysiological processes is highlighted by a 
recent study on the effects of directly infusing thrombin into the 
rat caudate nucleus (Nishino et al., 1993). This study showed 
that thrombin caused infiltration of inflammatory cells, prolif- 
eration of mesenchymal cells, induction of angiogenesis and an 
increase in reactive astrocytes. The authors of this study con- 
cluded that these changes induced by thrombin infusion resem- 
bled the inflammation, reactive gliosis and scar formation that 
occur after CNS injury. 

The majority of the cellular activities induced by thrombin 
have been shown to be mediated through a novel proteolytically 
activated thrombin receptor (Rasmussen et al., 1991; Vu et al., 
1991a). Thrombin cleaves this G-protein coupled receptor at a 
specific recognition sequence in the receptor’s extracellular do- 
main (Vu et al., 1991b). This cleavage generates a new amino 
terminus which acts as a tethered peptide ligand, binding to a 
site on the receptor and inducing a signal transduction cascade 
(Vu et al., 1991a; Chen et al., 1994; Gerszten et al., 1994). 
Synthetic agonist peptides corresponding to the first amino acids 
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of the new amino terminus can mimic many of the cellular ac- 
tivities induced by thrombin (Jalink and Moolenaar, 1992; Sui- 
dan et al., 1992; Beecher et al., 1994; Grabham and Cunning- 
ham, 1995). Recent evidence has indicated that thrombin recep- 
tor mRNA is expressed by neurons and astrocytes in various 
regions of the rat brain, including areas that contain vulnerable 
neuronal populations (Niclou et al., 1994; Weinstein et al., 
1995). 

Like other regulatory molecules, thrombin itself must be con- 
trolled, and in the CNS this is achieved by protease nexin-1 (PN- 
1) (Baker et al., 1980). PN-1 is identical to the glia-derived 
neurite promoting factor or glia-derived nexin (Guenther et al., 
1985; Gloor et al., 1986; McGrogan et al., 1988) and has been 
shown to block or reverse the effects of thrombin on neurons 
and astrocytes (Guenther et al., 1985; Gurwitz and Cunningham, 
1988, 1990; Cavanaugh et al., 1990; Farmer et al., 1990). PN-1 
is present in distinct regions of rat (Reinhard et al., 1988, 1994) 
and human brain (Wagner et al., 1989) Much of the PN-1 in 
human brain is localized around blood vessels (Choi et al., 1990) 
where it can regulate extravasated thrombin following break- 
down of the blood-brain barrier. Recent studies indicate that 
thrombin regulation by PN-1 is important following injury to 
the CNS. Several cytokines and growth factors produced in the 
brain following injury stimulate the synthesis and secretion of 
PN-1 by cultured brain cells (Cunningham al., 1993; Vaughan 
and Cunningham, 1993). In addition, de nova synthesis of PN- 
1 is triggered following transient forebrain ischemia (Hoffmann 
et al., 1992; Nitsch et al., 1993) and injections of excitotoxins 
(Scotti et al., 1994). Since PN-1 inhibits thrombin, the balance 
between PN- 1 and thrombin may be important to optimize repair 
processes following cerebrovascular injury. The levels of PN-1 
are reduced around cerebral blood vessels in Alzheimer’s disease 
(Vaughan et al., 1994), suggesting that an imbalance between 
PN-1 and thrombin may be important in certain disease states. 

Following CNS injury, brain tissue is exposed to metabolic 
insults which are known to produce toxic effects on both astro- 
cytes and neurons. The present studies were designed to better 
understand the regulation of CNS cells by thrombin under con- 
ditions which resemble those found in vivo following injury. 
These studies showed that thrombin markedly protects primary 
cultures of rat astrocytes and hippocampal neurons from cell 
death produced by several metabolic insults. In contrast, studies 
on astrocytes and neurons cultured under normal conditions re- 
vealed that high thrombin concentrations can kill both cell types. 
These results suggest important roles for thrombin in regulating 
the viability of astrocytes and neurons. Since thrombin is one of 
the first new regulatory molecules produced after injury, these 
effects may be important in critical early times after CNS trau- 
ma. 

Materials and Methods 

Materials. Highly purified human cY-thrombin (specific activity 5500 
NIH U/mg) and hirudin were purchased from Calbiochem (San Diego, 
CA). PN-I was purified from serum-free medium conditioned by human 
foreskin fibroblasts as previously described (Van Nostrand et al., 1988). 
Monoclonal antibody to glial fibrillary acidic protein (GFAP) was pur- 
chased from Boehringer Mannheim (Indianapolis, IN). Monoclonal an- 
tibodies (SMI-3 I 1) to neuron-specific neurofilaments were purchased 
from Sternberger Monoclonals (Baltimore, MD). Peptides were synthe- 
sized by Chiron Mimotopes Peptide Systems (San Diego, CA). 

Isolation of primary cultures of rat astrocytes. Primary cultures of 
type-l astrocytes were prepared from the brains of 1-2 d old rat pups 
(Sprague-Dawley) using a modification of previously described pro- 
cedures (McCarthy and de Vellis, 1980). Briefly, the frontoparietal cor- 

tex from eight pups was isolated, stripped of meninges, and dissociated 
by a combination of trypsin digestion and mechanical trituration. A 
single cell suspension was prepared from this dissociated tissue by pas- 
sage through Nitex nylon screens. The cells were plated into six 75 cm2 
plastic flasks and grown in Dulbecco’s modified Eagle’s medium 
(DMEM) containing-25 mM glucose, 7.5 mu sodium bicarbonate, 20 
mM HEPES. 2 mM glutamine. 1 mM sodium ovruvate, 100 U/ml pen- I ,  

icillin, 100 )*g/ml streptomycin sulfate, and 10% fetal bovine serum. 
Once the cultures reached confluence (approximately IO-12 d), the 
flasks were shaken at 260 rpm for 24 hr at 37°C to remove nonadherent 
cells. After removing these nonadherent cells, the remaining type 1 
astrocytes were trypsinized and reseeded into 75 cm* flasks. Once these 
cells had reached confluence they were replated into 24 well dishes for 
experiments as detailed below. The purity of the cultures was confirmed 
by immunofluorescent staining with a monoclonal antibody to the type- 
1 astroglial specific marker GFAP; >95% of the cells were positive for 
this marker. 

Experimental treatment of astrocytes. Astrocytes were removed from 
flasks by trypsinization and plated at a density of 7 X IO4 cells/cm2. 
After growth to 70-80% confluence (2-3 d after plating), the cells were 
used in experiments. In all experiments cells were rinsed three times 
with serum-free medium containing 25 mM glucose and then incubated 
in the same medium for 16-18 hr prior to experimental treatments. In 
some cases, as detailed in the text, the cells were differentiated by the 
inclusion of 1.5 mM dibutyryl cyclic AMP (dbcAMP) which was then 
maintained in all media throughout the experiment. For experiments 
involving glucose deorivation. cells were rinsed three times in medium 
containing 0.5 mM glucose and then incubated in either reduced glucose 
medium alone or reduced glucose medium containing the indicated con- 
centrations of thrombin or the thrombin receptor activating peptide, 
SFLLRN. Cell viability was determined 48 hr following additions. For 
experiments involving hydrogen peroxide treatment, cells were rinsed 
in medium containing 25 mM glucose and then incubated in this me- 
dium alone or medium containing the indicated concentrations of 
thrombin or the thrombin receptor activating peptide. Twenty-four hours 
later, hydrogen peroxide was added to a final concentration of 100 PM. 

Twenty-four hours after the addition of hydrogen peroxide, cell viability 
was determined. For experiments involving the effects of thrombin on 
cell viability under normal culture conditions, cells were rinsed three 
times in medium containing 25 mM glucose and then incubated in either 
medium alone or medium containing the indicated concentrations of 
thrombin. Cell viability was determined 72 hr after the addition of 
thrombin. In all experiments, cell viability was calculated relative to 
control cultures which were maintained in medium containing 25 mM 
glucose throughout the experiment. In experiments involving the inhi- 
bition of thrombin activitv. thrombin was incubated in the absence or 
presence of a IO-fold molar excess of hirudin or PN-I for 30 min at 
37°C prior to addition to cells. 

In experiments examining the effects of thrombin on cells cultured 
under normal and reduced glucose conditions, cell viability was deter- 
mined by assaying the medium from each well for lactate dehydroge- 
nase (LDH) activity using a diagnostic kit according to the manufac- 
turer’s instructions (Sigma, St. Louis, MO). Released LDH is a stable 
enzymatic marker that correlates linearly with cell death. The total ac- 
tivity of LDH in control cultures was considered to represent 100% cell 
viability. This was determined by measuring LDH activity in the culture 
medium DIUS LDH activitv released from cells after treatment with 0.5% 
Triton X:100. In experimknts examining the effects of thrombin on hy- 
drogen peroxide treatment, cell viabilitywas determined based on the 
number-of cells excluding 0.2% trypan blue dye since hydrogen per- 
oxide interferes with the LDH assav. The total number of cells in control 
cultures was considered to represent 100% cell viability. In some ex- 
periments, 2 kg/ml of ethidium homodimer (Molecular Probes) was 
added to the control and thrombin-treated cultures to monitor viability 
microscopically. All results are expressed as the mean + SEM of trip- 
licate samples. All studies were repeated in at least three independent 
experiments. 

Isolation of rat hippocampal neurons. Hippocampal neuronal cultures 
were oreoared as ureviouslv described (Pike et al., 1993). Briefly, hip- 
pocampi-were dis’sected from embryon-ic day 18 Sprague-Dawley rat 
pups and mechanically dissociated in a Ca2+/Mg2+-free balanced salt 
solution. The cell suspension was briefly washed in 2 volumes of me- 
dium supplemented with 10% fetal bovine serum, then pelleted and 
resuspended in serum-free DMEM containing 25 mM glucose, 26 mM 
sodium bicarbonate, 20 mM HEPES, 1 mM pyruvate and supplemented 
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with N2 components (30 nM selenium, 20 nM progesterone, 100 FM 

puhescine, 100 )*g/ml transferrin, and 5 pg/ml bovine insulin) (Botten- 
stein and Sate, 1979). The purity of the cultures was confirmed using 
monoclonal antibodies against neuronal-specific neurofilaments (Stern- 
berger Monoclonals); >95% of the cells were positive for this marker 
(Pike et al., 1993). 

Experimental treatment of rat hippocampal neurons. Neurons were 
plated into 48-well dishes at a density of 2.5 X lo4 cells/cm*. For 
glucose deprivation experiments, cells that had been cultured in 
DMEM/N2 for l-3 d following isolation were switched to the low 
glucose condition by three rinses (each at 80% of well volume) with 
glucose-free medium to give a final concentration of 0.2 mM glucose. 
Following medium shifting, thrombin was added immediately and cell 
viability was determined when widespread degeneration was apparent 
in the low glucose/no thrombin condition (2-4 d later). For the N2 
supplement deprivation experiments, freshly isolated neurons were plat- 
ed in medium in the absence of the N2 supplements. Thrombin was 
added 1 hr after plating and cell viability determined 48 hr later. To 
analyze the effects of thrombin on cell viability under normal culture 
conditions, thrombin was added to neurons that had been cultured in 
DMEM with N2 supplements for 24 hr following isolation. Cell via- 
bility was determined 48 hr later. Neuronal viability was determined 
based on the number of cells excluding 0.2% trypan blue and/or exhib- 
iting positive staining for the viability dye caicein AM and negative 
staining for ethidium homodimer (Molecular Probes. Eugene. OR). The 
total nimber of cells was considered to represent 100% ceil viability. 
All results are expressed as the mean & SEM of triplicate samples. All 
studies were repeated in at least three independent experiments. 

Results 
Thrombin protects astrocytes against cell death induced by 
hypoglycemia 
Since thrombin is produced immediately following injury and 
regulates a number of activities of cultured astrocytes which may 
be involved in CNS repair processes, we examined the effects 
of thrombin on cells cultured under conditions that resemble 
those found in vivo following injury. The first condition exam- 
ined was hypoglycemia. All experiments were conducted under 
serum-free conditions. Primary cultures of postnatal rat astro- 
cytes were first differentiated into a stellate morphology by treat- 
ment with dbcAMP for 24 hr. The cells were then incubated in 
medium containing 0.5 mM glucose in the absence or presence 
of 10 nM thrombin. Control cultures were maintained in medium 
containing normal glucose concentrations (25 mM). Forty-eight 
hours following exposure to hypoglycemic conditions, cell via- 
bility was monitored by the addition of ethidium homodimer, a 
fluorescent dye specifically taken up by dead cells (Fig. 1). As 
expected, control cultures exposed to dbcAMP for 48 hr exhib- 
ited a stellate, process-bearing morphology and did not exhibit 
a significant loss in cell viability (Fig. lA,B). In cultures exposed 
to hypoglycemic conditions for 48 hr the majority of the cells 
exhibited clear signs of morphological degeneration and cell 
death (Fig. lC,O). However, cultures exposed to hypoglycemic 
conditions in the presence of 10 nM thrombin were protected 
against hypoglycemia-induced damage (Fig. lE,fl; cell viability 
in these cultures was similar to that of control cultures (compare 
Fig. l&F). It should be noted that in addition to its protective 
effect, thrombin converted the stellate process-bearing astrocytes 
to a flattened epithelial-like morphology as previously reported 
(compare Fig. lA,E’) (Cavanaugh et al., 1990). (It should be 
noted that thrombin failed to protect undifferentiated astrocytes 
cultured under hypoglycemic conditions. Thrombin also failed 
to protect undifferentiated fibroblasts cultured under hypogly- 
cemic conditions. The significance of this difference is presently 
under investigation). 

To quantitate the protective effect of thrombin, astrocytes 
were incubated under hypoglycemic conditions in the absence 

or presence of various concentrations of thrombin. Forty-eight 
hours later, cell viability in each culture was determined by mea- 
suring release of LDH into the medium. (Measurements of cell 
viability in parallel cultures by trypan blue dye exclusion assays 
gave similar results). Control cultures were >95% viable after 
48 hr. As shown in Figure 2A, astrocytes cultured under hypo- 
glycemic conditions underwent cell death and only 15-20% of 
the cells were viable after 48 hr. However, addition of thrombin 
at the time cells were switched to the hypoglycemic conditions 
produced a marked protective effect over a broad range of con- 
centrations. At optimal concentrations of thrombin (10 p” to 10 
nM), 60-70% of the astrocytes were viable after 48 hr. It is 
noteworthy that at the highest concentrations tested (100 nM and 
1 PM), the protective effect of thrombin was less pronounced. 
This result suggests that regulation of thrombin activity may be 
important to achieve optimal protection. It should be noted that 
during the 48 hr incubation period, thrombin had no significant 
effect on cell number at any of the concentrations tested. The 
protective effect at all concentrations of thrombin was blocked 
by the thrombin inhibitors hirudin and PN-1, indicating that this 
effect required the proteolytic activity of thrombin (data not 
shown). 

To determine if the protective effect of thrombin was receptor 
mediated, identical experiments were conducted in which the 
thrombin receptor activating peptide, SFLLRN, was substituted 
for thrombin. As a control we used a scrambled peptide, 
FSLLRN, which is unable to activate the thrombin receptor (Vu 
et al., 1991a). Cell viability was determined 48 hr following 
exposure to hypoglycemic conditions (Fig. 2B). As shown, 
SFLLRN produced a marked protective effect over a range of 
concentrations, with optimal protection occurring at 100 nM to 
100 PM. The scrambled peptide FSLLRN failed to elicit a pro- 
tective effect at any of the concentrations tested. The level of 
protection induced by SFLLRN was similar to that elicited by 
optimal concentrations of thrombin, indicating that activation of 
the thrombin receptor was sufficient to induce a full protective 
effect. It should be noted that much higher concentrations of 
peptide than thrombin were required to produce the same pro- 
tective effect. Similar differences have been found with other 
cellular effects mediated by thrombin and thrombin receptor ac- 
tivating peptides (Hung et al., 1992; Beecher et al., 1994). 

Thrornbin protects astrocytes against cell death induced by 
hydrogen peroxide 

To determine if thrombin would protect cells against other in- 
sults, particularly ones that may act near the final stages of cell 
death, we examined the effects of thrombin on cells subjected 
to oxidative stress mediated by hydrogen peroxide. Rat astro- 
cytes were first incubated under serum-free conditions for 24 hr 
in the presence of dbcAMP (differentiated cells) or absence of 
dbcAMP (undifferentiated cells). The cells were then incubated 
in the absence or presence of 10 nM thrombin for 24 hr prior to 
addition of 100 pM hydrogen peroxide. Twenty-four hours fol- 
lowing the insult, cell viability was monitored by addition of 
ethidium homodimer to the cells (Figs. 3, 4). Control cultures 
were maintained in medium (minus or plus dbcAMP) without 
hydrogen peroxide or thrombin treatment and did not exhibit a 
significant loss in cell viability after 48 hr (Figs. 3A,B; 4A,B). 
Hydrogen peroxide induced widespread morphological degen- 
eration and cell death of both differentiated (Fig. 3C,D) and 
undifferentiated (Fig. 4C,D) astrocytes. Pretreatment of these 
cultures with 10 nM thrombin protected both undifferentiated 
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Figure 1. Thrombin protects rat astrocytes from cell death produced by hypoglycemia. Rat astrocytes were incubated in medium containing 25 
mM glucose (A and B, control), 0.5 mM glucose (C and D) or 0.5 mM glucose plus 10 nM thrombin (E and fl. After 48 hr cell viability was 
monitored by the addition of ethidium homodimer. A, C, and E show the phase-contrast images of cell cultures and B, D and F show the 
corresponding fluorescent image of the same field. The arrows indicate cells that exhibit signs of morphological degeneration and cell death. Scale 
bar, 20 km. 

and differentiated astrocytes from cell death induced by. hydro- insult (Fig. 5A). Control cultures were greater than 95% viable 
gen peroxide (Figs. 3E,F, 4E,F). after 72 hr. As shown in Figure 5A, approximately 100% of 

To quantitate the protective effect of thrombin against the tox- differentiated and undifferentiated astrocytes were killed follow- 
ic effect of hydrogen peroxide, differentiated and undifferen- ing exposure to 100 p,M hydrogen peroxide for 24 hr. Pretreat- 
tiated astrocytes were pretreated with various concentrations of ment of differentiated and undifferentiated astrocytes with 
thrombin for 24 hr prior to the addition of 100 pM hydrogen thrombin for 24 hr induced a pronounced protective effect 
peroxide. Cell viability was then determined 24 hr following the against hydrogen peroxide-induced death over a wide range of 



60 - 

0 ,‘y I I I 1 I I 

0 .OOl .Ol .l 1 10 loo 1000 

Thrombin concentration (nM) 

00 
0 .OOl .Ol .l 1 10 100 

Peptide concentration (FM) 
Figure 2. Thrombin and thrombin receptor activating peptide protect 
astrocytes from cell death produced by hypoglycemia. A, Dose-re- 
sponse curve for the protective effect of thrombin. Rat astrocytes were 
incubated in medium containing 0.5 mM glucose in the absence or pres- 
ence of the indicated concentrations of thrombin. After 48 hr, cell via- 
bility was determined by measuring the release of LDH into the me- 
dium. B, Dose-response curve for the protective effect of thrombin 
receptor activating peptide. Rat astrocytes were treated as described for 
A except that the thrombin receptor activating peptide, SFLLRN (0). 
or scrambled peptide, FSLLRN (0), were substituted for thrombin. All 
values are expressed as the mean + SEM. All studies were repeated in 
at least three independent experiments. 

thrombin concentrations. Optimal concentrations of 100 PM to 
100 nM thrombin protected 70-80% of differentiated and 90- 
100% of undifferentiated astrocytes against hydrogen peroxide- 
induced cell death. At the highest concentration of thrombin 
tested (1 FM), the protective effect of thrombin was less pro- 
nounced. Although the reduction in thrombin’s protective effect 
at 1 PM was small, it was highly reproducible between separate 
experiments. 

Since thrombin exhibited a more robust protective effect on 
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undifferentiated astrocytes, subsequent experiments were con- 
ducted on undifferentiated astrocytes. To determine if the pro- 
tective effect of thrombin against hydrogen peroxide-induced 
death was mediated through the thrombin receptor, similar ex- 
periments were conducted in which the thrombin receptor acti- 
vating peptide SFLLRN was substituted for thrombin (Fig. 5B). 
At concentrations of 10 p,M and 100 FM SFLLRN induced a 
marked protective effect against hydrogen peroxide-induced kill- 
ing. In contrast, the same concentrations of the scrambled pep- 
tide FSLLRN failed to elicit a significant protective effect. The 
degree of protection conferred by 100 PM SFLLRN was similar 
to that induced by optimal concentrations of thrombin. 

Since thrombin is produced immediately after injury, its ef- 
fects might be important in very early stages of repair processes. 
To test this hypothesis, we determined the thrombin pretreatment 
time required to confer protection of astrocytes against hydrogen 
peroxide-mediated killing. Astrocytes were treated with 100 nM 

thrombin for various times prior to or following the addition of 
100 FM hydrogen peroxide. Thrombin was maintained in the 
cultures throughout the duration of the hydrogen peroxide treat- 
ment. Twenty-four hours following addition of hydrogen per- 
oxide, cell viability was determined (Fig. 5C’). Thrombin con- 
ferred nearly complete protection against the killing effect of 
hydrogen peroxide when added at any time up to 1 hr prior to 
the insult. When thrombin was added at the time of the insult, 
60-70% of the astrocytes still survived hydrogen peroxide treat- 
ment, significantly higher than the 7% survival rate in cultures 
which were incubated without thrombin. When added 1 hr fol- 
lowing the insult, thrombin failed to elicit a significant protective 
effect (Fig. 5c). It should be noted that although cell viability 
was measured 24 hr following the addition of hydrogen perox- 
ide, cell death was evident within 1 hr of the insult (data not 
shown). These results demonstrated that the protective effect of 
thrombin was induced rapidly. 

Thrombin protects rat hippocampal neurons from cell death 
induced by hypoglycemia 

In view of the protective effects of thrombin on astrocytes, we 
determined if thrombin protected neurons against metabolic in- 
sults. The following experiments were conducted on cultures of 
rat hippocampal neurons that had been maintained in serum-free 
medium with N2 supplements for l-3 d after isolation. We first 
examined effects of thrombin on cells incubated under hypogly- 
cemic conditions. Cells were incubated in medium containing 0.2 
mu glucose in the absence or presence of 100 nM thrombin. For- 
ty-eight hours later, cell viability was monitored by phase contrast 
microscopy (Fig. 6A-C). Control cultures incubated in medium 
containing normal glucose concentrations did not exhibit signifi- 
cant loss of cell viability after 48 hr (Fig. 6A). In cultures that 
had been incubated under hypoglycemic conditions, the majority 
of neurons showed clear signs of morphological degeneration and 
cell death, as indicated by the fragmented appearance of neurites 
and irregularly shaped soma (Fig. 6B). However, neurons that 
were exposed to hypoglycemic conditions in the presence of 100 
nM thrombin were protected against hypoglycemic-induced death; 
cells in these cultures had smooth, oval shaped soma and intact 
neurites (Fig. 6c). Cell viability in thrombin-treated cultures was 
similar to that of control cultures (compare Fig. 6A,C’). Although 
thrombin induces extensive neurite retraction in several neurob- 
lastoma and neuronal cell types, it induced only minor retraction 
of neurites on rat hippocampal neurons. 

To quantitate the protective effect of thrombin against cell death 
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Figure 3. Thrombin protects differentiated astrocytes from cell death produced by hydrogen peroxide. Differentiated rat astrocytes were incubated 
in medium in the absence or presence of 10 nM thrombin for 24 hr prior to the addition of 100 PM hydrogen peroxide. Twenty-four hours after 
the addition of hydrogen peroxide cell viability was monitored by the addition of ethidium homodimer to the cells. A and B, Medium alone; C and 
D, medium plus 100 pM hydrogen peroxide; E and F, medium plus 100 pM hydrogen peroxide in the presence of 10 nM thrombin. A, C, and E 
show phase contrast images, and panels B, D, and F the corresponding fluorescent image of the same field. The arrows indicate cells that exhibit 
signs of morphological degeneration and cell death. Scale bar, 20 km. 

induced by hypoglycemia, neurons were incubated under hypo- 
glycemic conditions in the absence or presence of various con- 

hr. Addition of thrombin at the time cells were switched to hy- 
poglycemic conditions produced a dramatic protective effect at 

centrations of thrombin. Forty-eight hours later cell viability was 
determined using the viability dye calcein AM and ethidium hom- 
odimer (Fig. 7A). Control cultures were >95% viable after 48 hr. 

concentrations of 100 nM and 1 PM. At a concentration of 100 
nM thrombin protected 100% of neurons from hypoglycemic-in- 
duced cell death. At the highest concentration tested, 1 p,M, the 

Neurons cultured under hypoglycemic conditions underwent mas- 
sive cell death and contained less than 1% viable cells after 48 

protective effect was less pronounced. It should be noted that the 
concentration of thrombin required to elicit a protective effect 
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Figure 4. Thrombin protects undifferentiated astrocytes from cell death produced by hydrogen peroxide. Undifferentiated astrocytes were treated 
exactly as described in the Figure 3 caption. A, Medium alone; C and D, medium plus 100 PM hydrogen peroxide; medium plus 100 pM hydrogen 
peroxide in the presence of 10 nM thrombin. A, C, and E are the phase contrast images and B, D, and F are the corresponding fluorescent images 
of the same field. The arrows indicate cells that exhibit signs of morphological degeneration and cell death. Scale bar, 20 pm. 

against hypoglycemia was higher for neurons than for astrocytes 
(compare Figs. 2A, 7A), although the reason for this difference is 
not clear. The hypoglycemic experiments described above were 
conducted on cells cultured in the absence or presence of N2 
supplements and similar results were obtained (data not shown). 
These experiments were conducted on neurons that had been in 
culture for only l-3 d and had not yet developed a mature phe- 
notype. To determine if the response to thrombin was similar in 

more differentiated neurons, similar experiments were conducted 
on neurons that had been in culture for 7 d prior to experimental 
treatment; similar results were obtained (data not shown). 

Thrombin protects rat hippocampal neurons from cell death 
induced by growth supplement deprivation 

In view of the above robust protective effects of thrombin, we 
determined if it could prevent cell death in neurons deprived of 
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Figure 5. Thrombin and the thrombin receptor activating peptide pro- 
tect rat astrocytes from cell death produced by hydrogen peroxide. A, 
Dose response curve for thrombin. Differentiated (0) and undifferen- 
tiated (0) rat astrocytes were incubated in the absence or presence of 
the indicated concentrations of thrombin for 24 hr prior to the addition 
of 100 FM hydrogen peroxide. Twenty-four hours after the addition of 
hydrogen peroxide, cell viability was determined by trypan blue dye 
exclusion. B, Protective effect of the thrombin receptor activating pep- 
tide. Undifferentiated astrocytes were incubated in the absence or pres- 

growth supplements. This was facilitated by the finding that N2 
supplements were necessary to establish cultures of freshly iso- 
lated neurons. If  neurons that were freshly isolated from the 
brain were plated in the absence of N2 supplements, they un- 
derwent a significant loss in cell viability. To determine if throm- 
bin could protect these cells, we added various concentrations 
of thrombin 1 hr after plating and determined cell viability 48 
hr later (Fig. 7B). Control cultures were plated in medium con- 
taining N2 supplements and were >95% viable after 48 hr. Cul- 
tures plated in medium lacking N2 supplements contained ap- 
proximately 25% viable neurons after 48 hr. Addition of throm- 
bin at a concentration of 100 nM to 1 pM induced significant 
protection against cell death which occurred in the absence of 
N2 supplements. At a concentration of 100-500 nM, thrombin 
increased cell survival to approximately 80-90%. At the highest 
concentration of thrombin tested, 1 pM, the protective effect of 
thrombin was less pronounced. The protective effects of throm- 
bin on neuronal cells were blocked by the specific thrombin 
inhibitors hirudin and PN-1 (data not shown). (It should be noted 
that a loss of neuron viability was not observed for 48-72 hr 
when N2 was removed following establishment of cultures in 
the presence of N2 as in the hypoglycemia experiments). 

To determine if the neuroprotective effects of thrombin were 
receptor-mediated, similar experiments to those described above 
were conducted in which the thrombin receptor activating pep- 
tide SFLLRN was substituted for thrombin. SFLLRN induced a 
significant protective effect against cell death (Fig. 70. In con- 
trast, the scrambled peptide FSLLRN failed to elicit a significant 
protective effect. The degree of protection conferred by 1mM 
SFLLRN was similar to that induced by optimal concentrations 
of thrombin (compare Fig. 7B,C’). 

Thrombin kills astrocytes and neurons cultured under normal 
conditions 

Experiments were also conducted to evaluate effects of thrombin 
on the viability of astrocytes and neurons cultured under normal 
conditions. Differentiated and undifferentiated astrocytes were 
incubated in medium containing normal glucose concentrations 
in the absence or presence of various concentrations of throm- 
bin. After 72 hr, cell viability was determined by measuring the 
release of LDH (Fig. 8A). As shown, in the absence of thrombin, 
approximately 95% of undifferentiated and 75% of differentiated 
astrocytes survived after 72 hr. Thrombin killed both differen- 
tiated and undifferentiated astrocytes at concentrations of >500 
nM, with only 20% of astrocytes surviving at 1 FM thrombin. 

Similar experiments were conducted on rat hippocampal neu- 
rons. Neurons were plated in medium containing normal glucose 
concentrations and N2 supplements. Twenty-four hours after 
plating, the cells were treated with various concentrations of 

t 

ence of the indicated concentrations of peptide SFLLRN or FSLLRN 
for 24 hr prior to the addition of 100 PM hydrogen peroxide. Control 
cultures were maintained in medium without hydrogen peroxide or 
thrombin treatment throughout the experiment. C, Time of thrombin 
pretreatment required to confer protection. Undifferentiated astrocytes 
were treated with 100 nM thrombin at the indicated times prior to or 
following the addition of hydrogen peroxide. Cell viability was deter- 
mined 24 hr following the addition of hydrogen peroxide. Cell viability 
of cultures that were treated with hydrogen peroxide in the absence of 
thrombin was 7.1% + 2.6. All values are expressed as the mean + 
SEM of triplicate samples. All studies were repeated in at least three 
independent experiments. 
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Figure 6. Thrombin protects rat hippocampal neurons from cell death mediated by hypoglycemia and kills neurons cultured under normal con- 
ditions. Rat hippocampal neurons were incubated in medium containing 2.5 mM glucose (A), 0.2 mM glucose (B), 0.2 mM glucose plus 100 nM 
thrombin (C) or 25 mM glucose plus 1 p,M thrombin (D). After 48 hr cell viability was determined by phase contrast microscopy. In B and D, 
neurons undergoing cell death are indicated by the fragmented appearance of neurites (arrows) and swollen irregular shaped soma (arrowheads). 
In A and C, viable neurons are indicated by smooth oval shaped soma (arrowheads). Scale bar, 50 pm. 

thrombin and cell viability determined 48 hr later (Fig. 8B). 
Control cultures were >95% viable after 48 hr. At concentra- 
tions of >500 nM, thrombin induced a significant killing of neu- 
rons, with only 20% of neurons surviving at 1 FM thrombin 
(Fig. 8B). The morphological appearance of control and throm- 
bin-treated neurons is shown in Figure 6, A and D. Control cul- 
tures did not exhibit a significant loss of cell viability after 48 
hr (Fig. 6A). In contrast, the majority of neurons treated with 1 
p,M thrombin exhibited clear signs of morphological degenera- 
tion and cell death (Fig. 60). It should be noted that high con- 
centrations of thrombin (500 nM and 1 pM) killed neurons and 
astrocytes cultured under normal conditions but protected astro- 
cytes and neurons that were cultured under conditions of stress 
(compare, e.g., Figs. 2A, 8A; Figs. 7A, 8B). Due to the high 
concentrations of thrombin required to kill astrocytes and neu- 
rons and the solubility constraints of the peptides, it was not 
possible to achieve concentrations of the thrombin receptor ac- 
tivating peptide sufficient to determine if the killing effect was 
receptor mediated. However, the killing effects of thrombin on 
astrocytes and neurons were blocked by hirudin and PN-1, in- 
dicating that this effect required the proteolytic activity of 
thrombin (data not shown). 

Discussion 
The present results along with previous studies suggest that 
thrombin may help to control general repair programs in the 

CNS following trauma (Perraud et al., 1987; Gurwitz and Cun- 
ningham, 1988; Cavanaugh et al., 1990; Nishino et al., 1993). 
Breakdown of the blood-brain barrier leads to extravasation of 
prothrombin which provides an immediate source of thrombin 
upon contact with brain tissue following injury (Mann, 1987). 
The present finding that thrombin regulates the viability of both 
astrocytes and neurons strengthens the hypothesis that it may 
trigger programs whose early activation is crucial for survival 
and subsequent repair. On the other hand; excess thrombin may 
inhibit repair processes and damage astrocytes and neurons. Pre- 
vious studies showed that thrombin retracts processes on both 
astrocytes and neurons a process that, if controlled, could in- 
crease plasticity of these cells and contribute to repair processes 
(Gurwitz and Cunningham, 1988, 1990; Grand et al., 1989; Ca- 
vanaugh et al., 1990; Nelson and Siman, 1990). Thrombin is 
also mitogenic for astrocytes and induces the secretion of NGF 
and endothelin-1 from these cells (Ehrenreich et al., 1993; Nev- 
eu et al., 1993). 

The use of synthetic agonist peptides which directly activate 
the thrombin receptor indicated that the protective effects of 
thrombin on astrocytes and neurons were receptor mediated. 
This strongly suggests that the protective functions of thrombin 
may be biologically important. The thrombin receptor is ex- 
pressed in both neurons and astrocytes in various regions of rat 
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Figure 7. Thrombin and the thrombin receptor activating peptide pro- 
tect rat hippocampal neurons from cell death produced by hypoglycemia 
and growth supplement deprivation. A, Dose-response curve for the 
protective effect of thrombin against hypoglycemia. Neurons that had 
been established for l-3 d were incubated in medium containing 0.2 
mM glucose in the absence or presence of the indicated concentrations 
of thrombin. After 48 hr cell viability was determined. B, Dose-re- 
sponse curve for the protective effect of thrombin against growth sup- 

brain (Niclou et al., 1994; Weinstein et al., 1995). It is note- 
worthy that the thrombin receptor is expressed at high levels in 
hippocampal pyramidal neurons (Weinstein et al., 1995) a par- 
ticularly vulnerable population of neurons which undergoes se- 
lective degeneration following ischemia (Kirino, 1982; Meldrum 
and Garthwaite, 1990). The specific mechanisms by which re- 
ceptor activation induces a protective effect remain to be deter- 
mined. Thrombin is known to induce the synthesis of growth 
factors and cytokines from a number of cell types, so its pro- 
tective effect could be mediated indirectly. However, evidence 
from this study suggests that thrombin’s protective effect on as- 
trocytes is mediated directly. First, the lowest concentrations of 
thrombin which protected astrocytes against cell death (1 PM to 
100 PM) are much lower than those required to induce the syn- 
thesis of cytokines and growth factors (Harlan et al., 1986; Jones 
and Geczy, 1990; Okazaki et al., 1992; Neveu et al., 1993). 
Second, treatment of astrocytes with thrombin for as little as 1 
hr prior to cell death induced a significant increase in astrocyte 
survival, indicating that thrombin’s protective effect is induced 
very rapidly. Activation of the thrombin receptor induces a va- 
riety of signal transduction pathways resulting in stimulation of 
phospholipase C, inhibition of adenylate cyclase, elevation of 
intracellular calcium, and activation of serineithreonine and ty- 
rosine protein kinases (Van Obberghen-Schilling and Pouysse- 
gur, 1993; Coughlin, 1994). These second messenger systems 
are differentially involved in the spectrum of cellular responses 
induced by thrombin. For example, we recently demonstrated 
that tyrosine kinase activity is required for the mitogenic effect 
of thrombin on astrocytes, but not for the reversal of stellation 
(Grabham and Cunningham, 1995). To further understand the 
cellular mechanisms that mediate the protective effect of throm- 
bin, it will be important to identify the intracellular signaling 
events that are involved. 

Although studies on cell survival following CNS injury have 
often focused on neurons, there is evidence that astrocytes may 
also be vulnerable following cerebrovascular injury in viva (Gif- 
fard et al., 1990; Nedergaard et al., 1991; Chan-Ling and Stone, 
1992; Juurlink and Hertz, 1993; Nieto-Sampedro, 1994; So- 
chocka et al., 1994). Since astrocytes are the major source of 
many of the known neurotrophic factors in the brain (Martin, 
1992; Eddleston and Mucke, 1993; Mattson and Scheff, 1994) 
and are known to play an important role in the removal of toxic 
metabolites in the extracellular environment (Norenberg et al., 
1988; Rosenberg and Aizenman, 1989; Sugiyama et al., 1989) 
the thrombin-mediated survival of astrocytes reported here may 
be important in minimizing neuronal degeneration following in- 
jury. It is noteworthy that the concentrations of thrombin re- 
quired to protect astrocytes were lower than the concentrations 
required to protect neurons. Although the reasons for this are 
not clear, astrocytes may be the first cells to contact thrombin 

t 

plement deprivation. Freshly isolated neurons were plated in the ab- 
sence of N2 supplements. One hour after plating the indicated concen- 
trations of thrombin were added and cell viability determined after 48 
hr. C, Protective effect of the thrombin receptor activating peptide. 
Freshly isolated neurons were plated in the absence of N2 supplements. 
One h&r after plating the cells were either left untreated (co&;ol, -N2) 
or 1 mu of the ueutide SFLLRN or FSLLRN was added and cell via- 
bility determine2 ifter 48 hr. Control cultures were maintained in me- 
dium with N2 supplements throughout the experiment (control, tN2). 
All values are the mean + SEM of triplicate samples. All studies were 
repeated in at least three independent experiments. 
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A and cytokines can prevent neuronal degeneration and cell death 
mediated by a variety of environmental insults in vivo (Lindsay 
et al., 1994; Mattson and Scheff, 1994). However, expression of 
these protective factors in vivo is only increased in response to 
brain injury and significant time is required for their synthesis 

80 
and secretion. In addition, several of these factors are released 
from microglia which are recruited to the site of injury relatively 
late in the response (Giulian, 1987; Berkenbosch, 1992; Mattson 
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O!++-r-7 Although liver is the primary site of prothrombin synthesis in 
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the body, prothrombin mRNA has been detected in brain (Di- 
hanich et al., 1991; Weinstein et al., 1995) and in cultured cells 
from the CNS (Dihanich et al., 1991; Deschepper et al., 1991). 
In weaning-age rats, prothrombin and thrombin receptor mRNAs 

B are codistributed in certain late developing regions of the CNS 
suggesting that thrombin produced in the CNS might activate 
receptors on nearby cells (Weinstein et al., 1995). These results 
suggest that astrocyte and neuron viability may be regulated by 
thrombin produced in the CNS as well as thrombin that is pro- 
duced from plasma prothrombin. 

and Scheff, 1994). Thrombin is one of the first regulatory mol- 
ecules generated at the site of injury and induces a rapid pro- 
tective effect. The importance of rapidly inducing a protective 
effect following injury is highlighted by a recent study which 
showed that following ischemia the levels of glucose and oxygen 
decrease to nearly undetectable levels within 2 min (Silver and 
Erecinska, 1994). Since only a few minutes of exposure to such 
conditions can induce irreversible cell death, protective factors 
which are generated rapidly at the site of injury may be of crit- 
ical importance. 

Regulation of thrombin activity following cerebrovascular in- 
jury may be critical to achieve optimal protection and to prevent 
potentially deleterious effects of thrombin. Since the concentra- 
tion of prothrombin in plasma is about l-5 pM, the local con- 
centration of thrombin at sites of injury is potentially high. The 
present studies showed that there were optimal concentrations 
of thrombin that protected cultured astrocytes or neurons from 
metabolic insults. The protective effects declined at higher 
thrombin concentrations; these higher thrombin concentrations 
killed both astrocytes and neurons that were cultured under nor- 
mal conditions. This undoubtedly reflects differential regulation 
of intracellular signal transduction cascades and gene expression 

Thrombin concentration (uM) 
Figure 8. Thrombin kills rat neurons and astrocytes cultured under 
normal conditions. A, Differentiated (0) or undifferentiated (0) rat as- 
trocytes were incubated in medium containing 25 ITIM glucose in the 
absence or presence of the indicated concentrations of thrombin and 
cell viability determined 72 hr later. All values are expressed as the 
mean + SEM of triplicate samples. All studies were repeated in at least 
three independent experiments. B, Rat hippocampal neurons were plated 
in medium containing 25 mM glucose and N2 supplements. Twenty- 
four hours after plating the cells were treated with the indicated con- 
centrations of thrombin and cell viability determined 48 hr later. 

following breakdown of the blood-brain barrier. The importance 
of astrocyte survival in maintaining normal brain function is 
highlighted by recent evidence which suggests that astrocytes 
may play direct roles in memory and information processing 
(Cornell-Bell et al., 1990; Finkbeiner, 1992; Nedergaard, 1994; 
Parpura et al., 1994; Smith, 1994). 

The protective effects of thrombin may be particularly crucial 
for astrocyte and neuronal survival in the early stages of CNS 
trauma. It is well established that several neurotrophic factors 

by thrombin in stressed and non-stressed cells. Astrocytes sur- 
rounding capillaries contain much PN-1 and appear well poised 
to inhibit excess thrombin (Choi et al., 1990). The importance 
of controlling thrombin after injury is underscored by findings 
that PN-1, the primary thrombin inhibitor in brain, is upregulated 
following ischemic or excitotoxic injury to the brain (Hoffmann 
et al., 1992; Nitsch et al., 1993; Scotti et al., 1994) or following 
addition of injury-related cytokines to cultured neural cells 
(Cunningham et al., 1993; Vaughan and Cunningham, 1993). 
Since PN-1 can block both the protective and killing effects of 
thrombin, the balance between PN-1 and thrombin may play an 
important role in regulating the viability of neurons and astro- 
cytes following CNS injury or other conditions that alter the 
blood-brain barrier. 
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