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Introduction

Neuroprotective treatment of patients suffering from
amyotrophic lateral sclerosis (ALS) is in its early stages
[1]. It is widely acknowledged that the membrane-stabi-
lizing drug riluzole has a therapeutic effect on the dis-
ease but the effect is small. The consequences of the in-
troduction of this drug, however, have gone beyond the
gain of a few months of survival for the patient since it
seems that the message that ALS is now a treatable dis-
ease has induced therapeutic effects for the patients
other than pharmacological ones: Recent retrospective
studies showed that patients treated with riluzole sur-
vived 12 and 21 months longer than previous cohorts
[2–4].

The principle that neurodegenerative diseases can
now be treated by neuroprotectants has also induced in-
terest in the use of in vitro and particularly in vivo mod-
els of neurodegeneration for testing of further promis-
ing drug candidates.

Currently, transgenic mice carrying multiple copies
of the human G93A Cu/Zn SOD mutation are considered
to be the best model system for this strategy in anterior
horn cell degenerations such as ALS [1,5,6].This disease
model is caused by a biological factor responsible for the
etiology of the disease in a minority of patients. It has
been characterized on the morphological and func-
tional level and is comparatively robust.

Neuropathological studies of the G93A mice support
current ideas stressing that mitochondrial damage and
oxidative stress are important pathogenetic factors for
anterior horn cell disease since mitochondrial swelling
and vacuolization are among the earliest pathologic fea-
tures observed [7–9]. There is evidence that this mecha-
nism also plays a role in human sporadic ALS [1, 10].

Rasagiline is in development for Parkinson’s disease
(PD) by Teva Pharmaceuticals. Its antiparkinsonian ef-
fects were demonstrated in a Phase III study in early PD
patients and it is currently being used in clinical studies
in advanced Parkinsonian patients as an adjunct to lev-
odopa. Rasagiline is a drug presumably reducing oxida-
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■ Abstract Rasagiline is an anti-
apoptotic compound with neuro-
protective potential. We examined
its neuroprotective effect alone and
in combination with the putative
glutamate release blocker riluzole
in the G93A model of familial
amyotrophic lateral sclerosis
(fALS). Endpoints of experimental
treatment were survival and motor
activity. The drug had a significant
dose-dependent therapeutic effect
on both preclinical and clinical
motor function and survival of the
animals. We also found that the
combination of rasagiline with

riluzole is safe and increases
survival by about 20 % in a dose-
dependent manner. Therefore,
we conclude that the combination
of rasagiline and riluzole is a
promising clinical combination for
the improvement of current neuro-
protective treatment strategies of
ALS.
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tive stress by inhibition of monoamine oxidase B (MAO-
B) [11] However, neuroprotection with rasagiline has
also been linked to its effects on preserving mitochon-
drial membrane potential [12]. Experimental efficacy of
rasagiline has been demonstrated in stroke models [13,
14] and in models of traumatic head injury [5]. There-
fore we tested rasagiline in the G93A mice alone or in
combination with riluzole and we found that oral ad-
ministration produced a dose-dependent improvement
in motor performance and convincingly extended sur-
vival in these mice. Thus these studies suggest that
rasagiline is a drug with therapeutic potential for ALS.

Material and methods

■ Animals

Transgenic mice overexpressing human Cu/Zn-SOD G93A mutations
((B6SJL-TgN (SOD1-G93A) 1 Gur) and non-transgenic B6/SJL mice
were purchased from Jackson Laboratories (Ben Harbor, ME, USA).
The second generation of G1H mice were used for this study; a group
of animals that in our hands has a mean survival time of about 200
days (first generation about 130 days). Animals were maintained and
bred in the animal facility of the University of Ulm. The transgenic
progeny were identified by amplification of mouse tail DNA by the
polymerase chain reaction.

■ Treatment protocol

The SOD1 transgenic mice were treated in five groups (N = 15) with
two dosages of rasagiline (as salt) alone or in combination with rilu-
zole. A group of 15 mice served as controls.

Treatment protocols for the six groups were the following:
Group I: Rasagiline 0.5 mg/kg per day
Group II: Rasagiline 2.0 mg/kg per day
Group III: Riluzole 30 mg/kg per day
Group IV: Rasagiline 0.5 mg/kg and Riluzole 30 mg/kg per day
Group V: Rasagiline 2.0 mg/kg and Riluzole 30 mg/kg per day
Group VI: Controls

The drugs were administered by drinking water starting at 60 days of
age. The daily dosages were calculated based on a daily water intake
of 6 ml. Fresh solutions were prepared once a week with the total con-
sumed volume measured in order to ensure a constant daily and
weekly dose. Water intake was not different between the groups and
in the range of the expected 6 ml. This is true if controls and treated
animals are compared; but also longitudinal measurements did not
reveal major changes in dosing, even in late stages of the disease. The
study was done blindly, meaning that the treatment and the prepara-
tion of the drugs were conducted by separate individuals.

■ Behaviour and weight assessment

Mice were observed daily (including weekends) and weighed weekly.
Motor performance was assessed from 40 days of age using running
wheels to measure the night activity of the mice from 8 p. m. – 8 a. m.
(LMTB, Berlin). The activity of the animals was recorded individually
by a computerized system and assessed seven days a week. For statis-
tical evaluation, the running wheel activity was normalized to the
mean activity of each animal from day 40 to day 60.

■ Survival

The clinical condition of the mice was monitored daily starting at 40
days. The onset of clinical signs was scored by examining the mice for
tremors and/or shaking of the limbs, the position of one or both hind
limbs (hanging rather than splaying out) when the mice were sus-
pended in the air by their tail.The age of clinical onset was determined
by the age (days) at which loss of splay or tremors of hind limbs were
observed. Examining the mice for the loss of righting reflex deter-
mined the end stage of the disease. The mice were sacrificed if they
could not right themselves within 30 seconds when placed on either
side on a flat surface. This decision was made by an independent vet-
erinarian as requested by the animal protocol.The treatment protocol
was approved by the Regierungspräsident Tübingen (35/9185.81–3).
The treatment and clinical evaluation were conducted by separate in-
dividuals, and thus the neurological signs for determining onset and
end stage of disease were scored in a blinded manner.

■ Statistics

Data are expressed as the mean ± standard error of the mean (SEM).
Running wheel testing and weight were compared by analysis of vari-
ance (ANOVA). Survival data were analysed by the Mantel-Cox pro-
portional hazard model.Statistical significance was tested by one-way
ANOVA followed by post-hoc Student-Newman-Keuls comparison
with the SPSS-PC software program (SPSS, Chicago IL).

■ Neuropathological studies

Mice were perfused transcardially with 4 % paraformaldehyde/0.9 %
NaCl solution,brains and whole spinal cord were dissected out, frozen
in liquid nitrogen and cut in transverse sections of 20 µm on a sliding
microtome. Sections of brainstem and spinal cord were stained with
H and E, toluidine blue (semi-thin sections, 0.5 µm), and immunohis-
tochemistry to label astrocytes (GFAP) and cholinergic motoneurons
(ChAT).

Results

■ Survival

The primary end point of this study was survival as de-
fined by the animal protocol. The mean life expectancy
of each of the groups is shown in Table 1.Fig. 1 shows the

Table 1 Effects of rasagiline and riluzole on cumulative survival in SOD1 trans-
genic mice (RA0.5 rasagiline 0.5 mg/kg; RA2 rasagiline 2.0 mg/kg; RI30 riluzole
30 mg/kg; RIRA0.5 rasagiline 0.5 mg/kg + riluzole 30 mg/kg; RIRA2 rasagiline
2.0 mg/kg + riluzole 30 mg/kg)

N Mean

Survival (days) Std. Error

RA0.5 15 223.9 8.50

RA2 15 239.9 4.43

RI30 15 233.6 12.60

RIRA0.5 15 247.9 7.90

RIRA2 15 252.0 9.40

Control 15 210.9 7.48
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complementary Kaplan-Meier curves. Controls had an
average life expectancy of 210.9 days (Standard Error of
the Means, SEM = 7.5) whereas riluzole-treated animals
died after 233.6 days (SEM = 12.6). Partially owing to the
comparatively large SEM, this difference was only close
to the p = 0.05 level of significance (Table 2). Animals
treated with the low dose of rasagiline (0.5 mg/kg/day)
alone survived 223.9 (SEM = 8.5) days; this extension of
survival was not statistically significant. The larger dose
of rasagiline increased life span by 29 days (life ex-
pectancy 239.9; SEM = 4.4); this result was significant
(p < 0.001). We observed a dose-dependent effect of
rasagiline as shown by the Mantel-Cox proportional
hazard model. The largest extension of life span was ob-
served with the combination of both, riluzole and rasag-
iline. This effect was also dose-dependent since mean
age of death was 247.9 (SEM = 7.9) days with the combi-
nation of 0.5 mg/kg/day rasagiline whereas in the
2.0 mg/kg/day rasagiline combination group life span
was extended to 252.0 (SEM = 9.4) days. Both results

were shown to be significantly different from controls
(p < 0.001; p < 0.001), but also from the effects of treat-
ment with riluzole alone (p < 0.02; p < 0.03).

■ Running wheel activity

The results of measurements of running wheel activity
in the 6 groups were largely complementary to the sur-
vival data, but we also observed apparently independent
pharmacological effects (Table 2). The differences be-
tween groups were seen early in the preclinical period
and differences of function persisted until late in the dis-
ease. Statistical analysis showed that rasagiline- (with
both dosages) and riluzole-treated animals were more
active during the course of treatment and also seemed to
maintain their motor activity longer compared with
controls (Table 2). However, the motor activity of the
groups treated with either low-dose or high-dose rasag-
iline combined with riluzole was obviously lower – con-
trasting with the increased survival time.

In more detail, we observed a significantly decreased
running wheel activity of both groups treated with
rasagiline combined with riluzole in comparison with
animals without treatment already during weeks 9 to 12
(p = 0.01; p = 0.04). During weeks 13 and 16 the running
wheel activity of the groups treated with rasagiline
alone was significantly increased compared with the
motor activity of the control group (p = 0.007;
p = 0.0003). This increased activity remained stable un-
til week 29. Then the motor performance of the group
treated with low-dose rasagiline showed a decrease and
only the group treated with high-dose rasagiline was
still significantly more active (p = 0.01, weeks 29–36).
There was no case of premature death in any of the
groups and we did not observe any signs of overt toxic-
ity of both rasagiline alone and the riluzole/rasagiline
combination.

Since this latter group survived longer than all the
other groups (see above), we postulate an additional
mechanism that is responsible for the comparatively low-
level motor activity of the animals treated with both

Fig. 1 Survival curves (Kaplan-Meier) for each of the animal groups (pink control
group; red rasagiline 0.5 mg/kg; white rasagiline 2.0 mg/kg; green riluzole
30 mg/kg; blue rasagiline 0.5 mg/kg + riluzole 30 mg/kg; yellow rasagiline
2.0 mg/kg + riluzole 30 mg/kg)

Table 2 Effects of rasagiline and riluzole on running wheel activity in SOD1 transgenic mice. Data show the mean of the running wheel activity in 12 hours during 4 weeks
(RA0.5 rasagiline 0.5 mg/kg; RA2 rasagiline 2.0 mg/kg; RI30 riluzole 30 mg/kg; RIRA0.5 rasagiline 0.5 mg/kg + riluzole 30 mg/kg; RIRA2 rasagiline 2.0 mg/kg + riluzole
30 mg/kg)

Weeks 9–12 Weeks 13–16 Weeks 17–20 Weeks 21–24 Weeks 25–28 Weeks 29–36

Ra 0.5 10087 9037.14 8124.12 6070.08 4236.96 1196.69

Ra 2.0 11056 9999.44 8787.09 7873.22 5902.76 2147.29

Ri30 9729.58 7556.57 7033.85 4687.05 2696.11 1249.13

Ri30 Ra0.5 7653.71 6692.88 4840.69 3856.61 3558.49 1410.11

Ri30 Ra2.0 8019.22 5775.98 5339.56 4687.97 3165.95 1626.65

Control 9710.04 6545.52 5079.64 3764.38 2201.02 766.28
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drugs.A possible factor explaining the apparent paradox
could be a slight sedative effect of the combination al-
though it was not seen during daily observation and had
no impact on weight gain or intake of drinking water.

■ Neuropathological studies

Neuropathological examination of the spinal cord
showed the typical features of G93A-associated damage
as reported by others [8, 9]; i. e. loss of motor neurons,
astrocytosis and extensive vacuolation of the spinal grey
matter (Fig. 3a and b). At the light-microscopic level, we
could not see any differences in the degree of neuronal
loss, the morphology of astrocytosis or the extent of vac-
uolisation between animals.

Discussion

Although riluzole is considered the first drug with a
neuroprotective effect in amyotrophic lateral sclerosis, it
is widely agreed that the clinical riluzole effect needs to
be improved. In these experimental animal studies we
show that a combination of rasagiline and riluzole dose-
dependently increases the life span of G93A mice. These
drugs also have a beneficial and dose-dependent effect
on motor function. In particular during early treatment,
there was no effect of the drug combinations on motor
function. We consider that the lack of early functional
effects of the combination treatment regimens is the
consequence of a non-specific pharmacological effect
on behaviour, motor activity, or both. We did not ob-
serve other side or toxic effects of the drugs employed.
The validity of our results is underlined by the trend of
a protective effect of riluzole [6]. The lack of effect on

histopathology might be due to the fact that all the ani-
mals were sacrificed at terminal stages of the disease.We
conclude that this effect on survival should be pursued
in human studies.

In our view, the interpretation of the results of these
studies is only limited by the following, well-known
drawbacks of the G93A model. First, it is known that the
life expectancy of these mice increases in subsequent
generations. Since we consistently used the F2 genera-
tion, we do not consider variation caused by this factor a
problem which influences our observations. Secondly,
even if the same generation is being used,life expectancy
may be variable.We do not consider this seriously affects
the interpretation of the results of this study since the

Fig. 3 A Anterior horn cells of a non-treated SOD1 G93A mouse, toluidin, 10x, cer-
vical cord. B Anterior horn cells of an animal treated with riluzole and rasagilin high
dose, toluidin, 10x

a

b

Fig. 2 Effects of rasagiline and riluzole in different doses on running wheel activ-
ity of SOD1 transgenic mice. Treatment start week 6, symptom onset week 10–12
(pink control group; red rasagiline 0.5 mg/kg; white rasagiline 2.0 mg/kg; green
riluzole 30 mg/kg; blue rasagiline 0.5 mg/kg + riluzole 30 mg/kg; yellow rasagiline
2.0 mg/kg + riluzole 30 mg/kg)

1080_1084_Ludolph_JON_1481  25.08.2004  12:13 Uhr  Seite 1083



1084

treatment effect was comparably large. However, this
variation is the obvious cause of the observation that the
riluzole effect (mean survival 234 days) does not reach
statistical significance in our study although it is in the
order of magnitude observed previously by others [6]
and us (unpublished results);also the lack of a formal sta-
tistical effect of the low-dose rasagiline group (mean sur-
vival 224 days) is partially explained by this variance.
Thirdly, even if the same generation is being used, in-
terindividual variation of motor activity is relevant. We
tried to avoid this factor by normalizing the motor activ-
ity before statistical analysis. And finally, measurement
of survival time has its pitfalls and because of different
levels of animal care, treatment results as reported in the
literature may not be comparable.We do not consider this
factor as significant for the outcome of this study since
sacrifice of the animals was not the decision of the inves-
tigators but that of an independent veterinarian who was
not involved in the study.

The mechanism of action of riluzole is thought to be
related to its stabilizing effect on sodium channels and
the resulting reduction of presynaptic glutamate release
[16]; the neuroprotective effect of rasagiline is likely to
be independent from inhibition of MAO-B and to be due
to a stabilizing effect on the mitochondrial membrane
potential [12, 17].

We do not know how the dosages for rasagiline used
experimentally in rodents should be translated to hu-
man studies; in particular, since the riluzole experience
tells us that the dosage expressed as mg/kg body weight
may be 10–40 times lower in men than in mice [6, 18].As
the safety profile of rasagiline in humans is known, this
should facilitate assessment of the therapeutic potential
of rasagiline in humans suffering from ALS.
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