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In our in vitro model, rasagiline a selective irrevers-
ible monoamine oxidase-B (MAO-B) inhibitor, pro-
tected nerve growth factor (NGF)-differentiated PC12
cells from cell death under oxygen and glucose depri-
vation (OGD). The severity of the OGD insult, as
expressed by cell death, was time-dependent. Expo-
sure of the cells to OGD for 3 hr followed by 18 hr of
reoxygenation caused about 30–40% cell death. Under
these conditions, the neuroprotective effect of rasagi-
line was dose-dependent: rasagiline reducing OGD-
induced cell death by 68% and 80% at 100 nM and 1
µM, respectively. The neuroprotective effect of rasagi-
line was also observed when added after the OGD
insult (55% reduction in cell death). Under rasagiline
treatment, there was a lesser decrease in ATP content
in cultures exposed to OGD compared with that in
untreated cultures. OGD followed by reoxygenation
resulted in a several fold increase in PGE2 release into
the extracellular medium. Rasagiline (100 nM–1 µM)
markedly inhibited OGD-induced PGE2 release. Clor-
gyline, a monoamine oxidase-A (MAO-A) inhibitor,
did not protect NGF-differentiated PC12 cells against
OGD-induced cell death. As NGF-differentiated PC12
cells contain exclusively MAO type A, these data
suggest that the neuroprotective effect of rasagiline
under OGD conditions is independent of MAO inhibi-
tion. J. Neurosci. Res. 58:456–463, 1999.
r 1999 Wiley-Liss, Inc.
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INTRODUCTION
In the past decade, substantial efforts have been

invested in identifying new drugs that can reduce brain
damage during stroke and/or neurodegenerative diseases
(Green and Cross, 1997). Nerve cell death is thought to be
mainly, if not entirely, responsible for the neurological
deficits found in animal models of nervous system

ischemia (Degirolami et al., 1984). In vitro models of
cerebral ischemia may yield detailed information that can
not be obtained in vivo, regarding the pharmacological
properties of new drugs. In vitro models enable determi-
nation of the effect of the drug in question on neuronal
biochemistry and physiology. While each of these param-
eters provides vital data relating to the mechanisms of
injury, systems intended to assess and validate potential
neuroprotective drugs require a different experimental
end point: neuronal survival or death. Neuronal cultures
are particularly useful for this purpose, as they allow a
sufficient period of observation for distinguishing be-
tween neurons destined to survive or die (Goldberg et al.,
1997).

In the past, using a special device, we established an
in vitro model of ischemia by a combination of oxygen
and glucose deprivation. These conditions caused cell
death in undifferentiated PC12 cells (Abu-Raya et al.,
1993). The rat pheochromocytoma cell line PC12 (Greene
and Tischler, 1976) represents a useful catecholaminergic
system. After treatment with nerve growth factor (NGF)
for 7–14 days, PC12 cells develop features of mature
sympathetic neurons i.e., they stop dividing (Rudkin et
al., 1989), develop neurite outgrowths and electrical
excitability, and express tetanus toxin binding sites (Fu-
jita et al., 1990). These markers are typical of mature
neurons. Undifferentiated or NGF-differentiated PC12
cells have been used in neuroscience as a model for
neuronal cell death caused by serum or NGF deprivation
(Rukenstein et al., 199; Farinelli et al., 1996; Mesher et
al., 1992; Ferrari et al., 1993; Pittman et al., 1993; Edsall
et al., 1997; Yan and Greene, 1998), toxins (Ellran-Kashi
et al., 1997), and ischemia (Abu-Raya et al., 1993;
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Boniece and Wagner 1993). These studies and others
show that the PC12 model is a valuable tool for in vitro
investigations into the mechanisms involved in cell death
and for the development of neuroprotective agents.

The degeneration of dopaminergic neurons in the
substantia nigra, resulting in reduced dopamine levels, is
the pathological basis for the movement disorders charac-
terizing Parkinson’s disease. This finding has led to the
introduction of replacement therapy, including L-dopa in
combination with the monoamine oxidase-B inhibitor
L-deprenyl (Birkmayer et al., 1975; Olanow et al., 1995).
Previous studies showed that deprenyl promotes neuronal
survival both in vivo and in vitro independently of
monoamine oxidase-B (MAO-B) inhibition. Deprenyl
protects against ischemia (Knollema et al., 1995; Semkova
et al., 1996; Lahiten et al., 1997), MPP1 (Mytilineou and
Cohen, 1985), n-methyl-D-aspartic acid (NMDA; Mytili-
neou et al., 1997) and increases the survival of fetal
dopaminergic neurons in culture (Roy and Bedard, 1993).
Furthermore, the compound enhances the survival of
motor neurons after axotomy (Ansari et al., 1993) and
of NGF-differentiated PC12 cells following withdrawal
of nerve growth factor (Tatton et al., 1994). Deprenyl is
metabolized to amphetamine and metamphetamine
(Heinone et al., 1994). These metabolites may cause cell
damage (Oh et al., 1994) and thus, could reverse the
beneficial effects of the compound.

Rasagiline (TVP-1012; N-propargyl-1R-aminoin-
dan) is a new, potent, selective and irreversible inhibitor
of MAO-B (Finberg et al., 1996) currently under develop-
ment for the treatment of Parkinson’s disease. Rasagiline
does not metabolize to amphetamine and metamphet-
amine and was recently shown to reduce glutamate
toxicity in cultures of hippocampal neurons (Finberg et
al., 1998a), to increase the survival of dopaminergic
neurons under serum-free conditions (Finberg et al.,
1998b), and to protect against closed head injury in the
mouse (Huang et al., 1999).

The purpose of the present study was to examine the
neuroprotective effect of rasagiline in NGF-differentiated
PC12 cells deprived of oxygen and glucose, i.e., under
ischemic-like conditions.

MATERIALS AND METHODS
Materials

The following drugs and chemicals were used in
this study: lactate dehydrogenase (LDH) diagnostics
reagent, ATP, PGE2, dextran, charcoal, clorgyline, tranyl-
cypromine (Sigma Chemical Co, St. Louis, MO), Rasagi-
line mesylate (TVP-1012; Teva Pharmaceuticals Ltd,
Petah Tikva, Israel), [3H]PGE2 (120–200 Ci/mmole),
[14C]5-hydroxytryptamine, [14C]phenylethylamine(New En-
gland Nuclear, Boston, MA), anti-PGE2 antibody (Bio-

Yeda, Rehovot, Israel), NGF (Alomone Labs,Jerusalem,
Israel).

PC12 Cultures
PC12 cells were grown in Dulbeco’s modified

Eagle’s medium (DMEM) supplemented with 7% fetal
calf serum, 7% horse serum, 100 µg/ml streptomycin, and
100 U/ml penicillin (Beit Haemek, Israel). The cultures
were maintained in an incubator at 37°C in an atmosphere
of 6% CO2. The medium was changed twice weekly and
the cultures were split at a 1:6 ratio once a week
(Abu-Raya et al., 1993). In the ischemic experiments,
identical numbers of cells (105–1.5 3 105 cells) were
plated onto 35-mm diameter petri dishes (Nunclon Delta,
NUN, Denmark) coated with collagen (0.1 mg/ml).
Differentiation of the cultures was initiated by treatment
with NGF (50 ng/ml) added every 48 hr for a period of
8–10 days.

The Ischemic Device
To induce the oxygen and glucose deprivation

(OGD) insult, NGF-differentiated PC12 cells were intro-
duced into an ischemic device as previously described
(Abu-Raya et al., 1993). The ischemic device is com-
posed of two connected chambers maintained at 37°C by
circulating hot water, in which petri dishes with NGF-
differentiated PC12 cells are placed. The air in the
chambers is replaced with a mixture of 95% N2 and 5%
CO2 bubbled from a tank through a cylinder containing
water and passed through the system at a reduced flow
rate to prevent medium evaporation (Abu-Raya et al.,
1993). The oxygen level within the device is 0%, as
measured by an oxygen analyzer. This level of oxygen
represents an anoxic insult. During the experiment,
glucose-free DMEM is used, so that there is both oxygen
and glucose deprivation, i.e., an ischemic-like condition.

The Ischemic Paradigm
On the day of the experiment, the regular high-

glucose DMEM (4.5 mg/ml) was removed and replaced
with glucose-free NGF (50 ng/ml) and serum-containing
DMEM. The cultures were then introduced into the
ischemic device for different periods of time. At the end
of the OGD period, glucose (4.5 mg/ml) was added and
the cultures were returned to normal conditions (reoxygen-
ation) for an additional 18 hr. Control cultures were
maintained in the incubator under normal conditions
(normoxia).

Cell Death
Cell death was measured after reoxygenation by the

leakage of LDH into the medium, using a Sigma Diagnos-
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tics LD-L reagent. LDH activity was determined spectro-
photometrically at 340 nm by following the rate of
conversion of oxidized (NAD1) to reduced (NADH)
nicotinamide adenine dinucleotide. Total LDH (extracel-
lular intracellular) was obtained by freezing and thawing
the cultures. LDH leakage was expressed as a percentage
of the total LDH. In calculating the neuroprotective effect
of rasagiline, the basal LDH release measured in cultures
maintained at normal conditions (normoxia) was sub-
tracted from all the experimental values.

ATP Content
To determine the ATP content, the cultures were

harvested after reoxygenation and washed with phosphate-
buffered saline (PBS). Following lysis and centrifugation,
bioluminiscence was measured in the supernatant using a
luciferase/luciferin assay, as previously described (Laz-
arovici and Lelkes, 1992).

PGE2 Release
The amount of PGE2 released into the medium was

determined by radioimmunoassay (RIA) as described
(Abu-Raya et al., 1993). In brief, the extracellular me-
dium was collected after reoxygenation, centrifuged at
4°C for 10 min at 1,0003 g, and aliquots were removed
for RIA. Following a 18- to 24-hr incubation of samples
and standards with antiserum and radioligand, free and
bound compounds were separated by dextran coated with
activated charcoal, and the radioactivity in the superna-
tant was counted.

MAO Activity
MAO activity was measured using a modification

of the general methods as previously described (Otsaka
and Kobayash, 1964; O’Carroll et al., 1983). Briefly, 50
µl of homogenate (from 23 106 cells) were added to each
tube, which contained 100 µl of phosphate buffer (0.1 M,
pH 7.4), and 0.15 µM clorgyline or deprenyl for inhibi-
tion of MAO-A or MAO-B. Tranylcypromine (10 µl of
0.01 M) was added to the blank tubes. After preincubation
for 1 hr at 37°C, 5-hydroxytryptamine [14C]5-HT (final
concentration, 100 µM) or phenylethylamine [14C]PEA
(final concentration 12 µM) was introduced as a substrate
for MAO-A or MAO-B and the tubes were incubated for
an additional 20 (PEA) or 30 min (5-HT). The reaction
was terminated by the addition of 250 µl of 2 M citric
acid. The radioactive products were extracted with an
organic solvent (toluene/ethyl acetate, 1:1) and the radio-
activity was measured.

Microscopical Evaluation of PC12 Cultures
Live triplicate PC12 cultures under normal condi-

tions (normoxia) or after OGD were examined under

an inverted Zeiss light microscope at3 400 magnifica-
tion. Representative fields were photographed from each
culture.

Statistics
The results are presented as the mean6 S.E.M.

Determination of statistically significant differences be-
tween experimental groups was performed using analysis
of variance (ANOVA) analysis, and they were considered
significant whenP values, 0.05 were obtained.

RESULTS
Ischemia-Induced Cell Death in Differentiated
PC12 Cells

To examine the effect of OGD followed by reoxy-
genation on cell death, PC12 cultures were exposed to
these ischemic-like conditions for different periods of
time. Glucose was then added and the cultures were
returned to normal conditions (reoxygenation) for an
additional 18 hr of incubation at 37°C in an atmosphere of
6% CO2. Cell death was measured after reoxygenation by
LDH release. As shown in Figure 1, exposure of NGF-
differentiated PC12 cells to OGD for 1 and 2 hr caused
minimal cell death. However, 3 hr exposure resulted in
, 33% cell death, the values further increasing to 51%,
77%, and 95% following 4, 5, and 8 hr exposure,
respectively. Similar results were obtained when cytotox-
icity was assayed by trypan blue exclusion (data not
shown).

Rasagiline Protects PC12 Cells Against
OGD-Induced Cell Death

As a 3-hr exposure to OGD followed by reoxygen-
ation resulted in a moderate percentage of cell death (Fig.
1), we examined the effect of rasagiline on OGD-induced
cell death under these conditions. In cultures exposed to
OGD insult alone (in the absence of rasagiline), LDH
release was 366 3% of total content (Fig. 2). By
subtracting the basal LDH release measured in normoxia
(4 6 1% of total), rasagiline (added upon initiation of the
insult) reduced OGD-induced cell death by 42%, 68%,
and 80% at 10 nM, 100 nM, and 1 µM, respectively (Fig.
2). Rasagiline (100 nM) significantly diminished OGD-
induced cell death even when the cultures were exposed
to the insult for 4 hr (data not shown). The OGD insult
was accompanied by typical cytotoxic changes, such as
cell body (perikarya) detachment, degranulation resulting
with cell debris, damage to neurite outgrowths, and
collapse of growth cones (Fig. 3B). The majority of these
morphological changes were prevented when the cultures
were treated with 100 nM rasagiline (Fig. 3C). However,
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clorgyline, a MAO-A inhibitor, at both 100 nM and 1 µM,
did not protect OGD-induced cell death (Fig. 4).

To examine the effect of rasagiline on OGD-
induced cell death added after the insult, the cultures were
exposed to OGD for 3 hr. Rasagiline (100 nM) was then
added and cell death was measured after reoxygenation
(18 hr later). For comparison, in parallel cultures rasagi-
line was added upon the initiation of the insult. In cultures
exposed to OGD alone, LDH release was 396 7% of
total content. However, in cultures treated with rasagiline
added after the insult, LDH release was 186 5% of total
compared with 116 5% when rasagiline was added
before the insult (Fig. 5). These data indicate that
rasagiline reduced cell death by about 70% when added
before the OGD insult and by about 55% when added
after the insult.

To test the possibility that the effect of rasagiline
was related to MAO-B inhibition, we measured MAO
activity in NGF-differentiated PC12 cells. For this pur-
pose, substrates for MAO-A ([14C] 5-HT) or for MAO-B
([14C] PEA) were used. Whereas MAO-A activity was
2036 2.3 nmol/mg/hour, we did not detect any MAO-B
activity.

Rasagiline Effect on ATP Content and PGE2 Release
Under OGD Conditions

One of the changes observed in undifferentiated
PC12 cultures exposed to ischemic-like conditions, is a
decrease in ATP content (Abu-Raya et al., 1993; Pereira
et al., 1998). To test the effect of OGD on the ATP level in
NGF-differentiated PC12 cells, the cultures were exposed
to OGD for 3 hr in the presence or absence of rasagiline
(100 nM). The ATP level was determined immediately
after the OGD period or after the reoxygenation period.
OGD alone caused a 70% decrease in cellular ATP
content, whereas OGD followed by reoxygenation re-
sulted in a 40% decrease (Table I). In cultures treated with
rasagiline, the reduction in ATP content observed after
OGD alone or OGD followed by reoxygenation, was
partially prevented (Table I).

One of the pathophysiological criteria for neurons
under ischemic conditions is activation of the enzyme
phospholipase A2 (PLA2; Bazan et al., 1970; Yoshida et
al., 1983; Abe et al., 1987; Rordorf et al., 1991) and

Fig. 1. The effect of oxygen and glucose deprivation (OGD) on
cell death in differentiated PC12 cells. PC12 cultures were
exposed to OGD for different periods of time. The cultures were
then returned to normal conditions (reoxygenation) for 18 hr.
Cell death was measured by lactate dehydrogenase (LDH)
leakage. Basal LDH release (4.26 0.6%) was subtracted from
the experimental values. The values presented are the mean6
S.E.M. of three independent experiments (n5 3 for each
experiment). *P , 0.05 vs. normoxia (basal release).

Fig. 2. The effect of rasagiline on OGD-induced cell death.
NGF-differentiated PC12 cultures treated with several concen-
trations of rasagiline (added upon initiation of the insult) or
untreated (0), were exposed to OGD for 3 hr followed by
reoxygenation for 18 hr. Cultures under normal conditions
(Norm) represent basal LDH release. The values presented are
the mean6 S.E.M. of three independent experiments (n5 3 for
each experiment). *P , 0.05 vs. OGD alone (0).
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eicosanoid release (Shohami et al., 1982; Dempsey et al.,
1986; Abu-Raya et al., 1993). To examine the effect of
OGD on the release of PGE2 (a cyclooxygenase product),
NGF-differentiated PC12 cultures were exposed to OGD
for 3 hr in the presence or absence of rasagiline. The
amount of PGE2 released into the medium was deter-
mined after reoxygenation by radioimmunoassay. As
shown in Figure 6, exposure of the cultures to OGD for 3
hr markedly increased PGE2 release into the extracellular
medium. Rasagiline suppressed the induced PGE2 release
in a dose-dependent manner ranging from 60% to 80%
inhibition at 100 nM and 1 µM, respectively.

DISCUSSION
In our in vitro ischemic model, Rasagiline, a

MAO-B inhibitor, protected NGF-differentiated PC12
cells against OGD-induced cell death. The neuroprotec-
tive effect was dose-dependent: at concentrations of 100
nM and 1 µM, rasagiline prevented cell death by about

Fig. 3. Light micrographs of differentiated PC12 cells exposed
to OGD. PC12 were maintained at normal conditions (A), or
exposed to OGD in the absence (B) or presence (C) of
rasagiline (100 nM), followed by reoxygenation for 18 hr.
Magnification3 400. N, neurite; P, perikarya; D, debris.

Fig. 4. The effect of clorgyline on OGD-induced cell death.
Nerve growth factor (NGF)-differentiated cultures treated with
clorgyline at the indicated concentrations or untreated (0) were
exposed to OGD for 3 hr followed by reoxygenation for 18 hr.
Basal LDH release (, 3%) was subtracted from the experimen-
tal values. The values presented are the mean6 S.E.M. of a
representative experiment (n5 3 for each experiment).
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66% and 80%, respectively (Fig. 2). Rasagiline protected
NGF-differentiated PC12 cells from OGD even when
added after the insult (Fig. 5). In cultures treated with
rasagiline and exposed to OGD, there was an increase in
ATP content (Table I), probably reflecting a reduction in
cell death.

In previous studies, rasagiline increased the sur-
vival of mesencephalic dopaminergic neurons under
serum-free conditions (Finberg et al., 1998a), and re-
duced glutamate toxicity in cultured hippocampal neu-
rons (Finberg et al., 1998b). In the neonatal anoxia-
lesioned rat, rasagiline is neuronally protective rather
than restorative of neurotransmitter function through
MAO inhibition (Speiser et al., 1998). Rasagiline also
had a protective effect on closed head injury in the mouse,
accelerating the recovery of motor function and spatial
memory and reducing cerebral edema (Huang et al.,
1999). This neuroprotective effect was also observed
when the S-enantiomer, which is at least a 100-fold less
active inhibitor of MAO-B in rat brain, was injected.

It was reported that undifferentiated PC12 cells
contain exclusively MAO type A (Youdim et al., 1986).
Similar findings were obtained in our present experiments

Fig. 5. The effect of rasagiline added before or after OGD on
cell death in NGF-differentiated PC12 cells. PC12 cultures
were exposed to OGD for 3 hr. Rasagiline (100 nM) was added
immediately before the insult (Pre) or immediately after the
insult (Post). The cultures were then reoxygenated for 18 hr.
Basal cell death (3.76 0.5 %) was subtracted from the
experimental values. The values presented are the mean6
S.E.M. of three independent experiment (n53 for each
experiment). *P , 0.05 vs. OGD alone.

TABLE I. The Effect of Oxygen and Glucose Deprivation (OGD)
on ATP Content in Nerve Growth Factor (NGF)-Differentiated
PC12 Cultures in the Presence or Absence of Rasagiline†

Time post-OGD
(hours)

ATP (% of control)

2Rasagiline 1Rasagiline

0 31.76 2.8 45.66 4.5*
18 62.16 2 80.36 8*

†PC12 cells were exposed to OGD for 3 hr in the absence or presence
of rasagiline (100 nM). ATP values were measured immediately after
OGD or after OGD followed by reoxygenation. When the ATP level
was measured after reoxygenation, glucose (4.5 mg/ml) was added
after the OGD insult. The ATP levels are presented as a percentage of
normoxia (considered 100%). The values are the mean6 S.E.M. of
three independent experiments (n5 3 for each experiment).
*P , 0.05 vs. OGD alone.

Fig. 6. The effect of rasagiline on OGD-induced PGE2 release
in NGF-differentiated PC12 cells. PC12 cultures were exposed
to OGD for 3 hr followed by reoxygenation for 18 hr, in the
absence (0) or presence of rasagiline at several concentrations.
PGE2 released into the extracellular medium was measured by
radioimmunoassay (RIA).Basal PGE2 release (4356 98 pg/ml)
was subtracted from the experimental values. Thevalues presented
are the mean6 S.E.M of three independent experiments (n5 3
for each experiment). *P , 0.05 vs. OGD alone (0).
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with NGF-differentiated PC12 cells, as well as in mesen-
cephalic dopaminergic neurons (Koulsilier et al., 1994).
To exclude the possibility that in our study the rasagiline
effect was related to MAO-A inhibition, clorgyline, a
MAO-A inhibitor, was tested under OGD conditions. The
compound proved ineffective (Fig. 4), as previously
reported in mesencephalic dopaminergic neuron under
serum-free conditions (Finberg et al., 1998a). Cumula-
tively, these findings indicate that the effect exerted by
rasagiline is independent of MAO inhibition.

The mechanism involved in the neuroprotective
activity of rasagiline against OGD in differentiated PC12
cells is unknown. Ischemic neuronal damage may involve
several mechanisms such as calcium overload, glutamate
toxicity, and the generation of free radicals (Choi and
Rothman, 1990; Choi, 1995; Kristian and Siesjo, 1996,
1998; Kuroda and Siesjo, 1997). The concepts of cell
damage in ischemia reperfusion is assumed to be due to
the enhanced activity of phospholipases and proteases,
leading to the release of free fatty acids and their
breakdown products (Kristian and Siesjo, 1998). Arachi-
donic acid and derived metabolic products (such as
PGE2) play an important role in various aspects of
neuronal function (Piomelli, 1994). The involvement of
PLA2 in brain cell injury associated with ischemia was
suggested by the finding that arachidonic acid release
increases rapidly during ischemic insult (Bazan., 1970,
1971; Yoshida et al., 1983; Abe et al., 1987). PLA2 acts
on the cell membrane by changing membrane permeabil-
ity to Ca12, altering mitochondrial function and increas-
ing the sensitivity of cellular organelles to reactive
oxygen species (ROS; Farber et al., 1981; Malis and
Bonventre, 1986; Bonventre et al., 1988). One of the
reactions that enhance ROS production is the enzymatic
activity of cyclooxygenase (Kuroda and Siesjo, 1997). In
the present study, OGD followed by reoxygenation
resulted in a severalfold increase in the release of PGE2, a
cyclooxygenase product. However, rasagiline inhibited
PGE2 release in a dose-dependent manner (Fig. 6).
Reduction in PGE2 release can be achieved by suppress-
ing the release of arachidonic acid or by inhibition the
production of PGE2 via the cyclooxygenase pathway. The
effect of rasagiline on the arachidonic acid cascade
remains to be investigated.

In conclusion, the present study shows that rasagi-
line protects NGF-differentiated PC12 cells against isch-
emia independently of MAO-B inhibition. Our ischemic
model constitutes not only a useful tool for investigating
the mechanism(s) involved in the neuroprotective effect
of rasagiline, but could prove useful for screening,
characterization, and fast validation of potential neuropro-
tective agents.
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