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ABSTRACT: The 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) inhibits the mitochondrial complex I of the respiratory chain.
This results in ATP and ion homeostasis disturbances, which lead to
selective death of the substantia nigra dopaminergic neurons. Well
known as a Parkinson’s disease model, the MPTP animal model also
provides a potential paradigm of the energy deficiencies found in
childhood. In these conditions, anticonvulsants may provide neuro-
protection by limiting cellular energy consumption. We tested val-
proate, topiramate and lamotrigine in the MPTP mouse model.
Dopamine transporter (DAT) density was assessed by quantitative
autoradiography, tyrosine hydroxylase (TH) was evaluated by immu-
nohistochemistry and dopamine (DA) levels by HPLC-ED whereas
neuronal apoptosis was monitored through active caspase-3. Expect-
edly, the DAT density, TH immunoreactive neurons and DA content
in the MPTP group were respectively reduced to 51%, 40% and 26%
versus control animals. Unlike valproate and topiramate, lamotrigine
provided a significant neuroprotection against MPTP in maintaining
these levels at 99%, 74% and 58% respectively and reducing the
induced apoptosis. Altogether, the data indicate that lamotrigine
limits dopaminergic neuronal death in the substantia nigra and pro-
motes striatal dendrites sprouting. Lamotrigine, a widely used and
well-tolerated molecule in young patients, could represent a valuable
adjuvant therapy in various energy deficiency conditions during
childhood. (Pediatr Res 62: 14–19, 2007)

Evidences from degenerative and metabolic encephalopa-
thies studies indicate that the striatum and the substantia

nigra (SN) are vulnerable structures in the brain, especially
during pre and postnatal brain development (1,2). A partial or
total destruction of this striato-nigral dopaminergic network is
found in several conditions occurring in childhood such as
iron or copper metabolism abnormalities (1), organic acidurias
(3), urea cycle disorders, various mitochondrial energy pro-
duction deficiencies (1,4), or hypoxia-ischemia (2,5). All these
conditions witness the vulnerability of this particular deep
nuclei network involved in multiple motor, sensory and cog-
nitive functions.

These basal ganglia share a common susceptibility to ener-
getic stress (6,7), which can be studied experimentally using
mitochondrial inhibitors (8). Once converted into MPP�, the
neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) inhibits the mitochondrial electron transport chain at
complex I (NADH-ubiquinone oxidoreductase) resulting in
decreased oxygen consumption and ATP production and ion
homeostasis disturbances which, together, lead to neuronal
cell death (9). This toxin depletes dopaminergic neurons in the
SN and causes neuronal degeneration of the nigrostriatal
pathway in animals and humans (9).

Several neuroprotection studies were performed in this
MPTP mouse model using: energy sparing drugs; free radicals
scavengers; anti-glutamatergic drugs; anti-apoptotic mole-
cules and neurotrophines (10–12).

Anticonvulsants share several cell protective properties
such as ATP-dependent ion channel inhibition, glutamate
release inhibition and GABA release stimulation. We chose to
test in the MPTP mouse model, anticonvulsants that operate
on a large number of the pathologic ways described above and
which might spare energy through ion channels inhibition.
ATP dependent ion channels inhibition may indeed protect
neurons as it adapts the cellular metabolism to the limited
ATP availability during the energetic distress (13). Moreover,
current anticonvulsants carry now a reasonable tolerance pro-
file in humans even in young children. Therefore, anticonvul-
sants provide good candidates for neuroprotection assays es-
pecially in energy stress conditions in childhood.

Among them, we tested topiramate (TOP), valproate (VPA)
and lamotrigine (LMT), each of which recapitulates these
properties (14–16). None of these drugs activate cytochrome
P450 or monoamine oxidase B that interferes with MPP�
metabolism thereby reducing MPTP toxicity (9). TOP has
never been tested in the MPTP mice model. This relatively
new anticonvulsant exhibits neuroprotective properties, which
were reported in other conditions such as status epilepticus
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and hypoxia-ischemia (17,18). VPA, tested by Melamed et al.,
did not show significant neuroprotection (19). In contrast,
LMT could have neuroprotective properties when associated
to MPTP administration (20). However, the mechanism by
which LMT provides this effect remains poorly understood.

In the present study, we examined, through tyrosine hy-
droxylase (TH) and dopamine transporter (DAT), two specific
dopaminergic markers, the neuroprotective properties of VPA,
TOP and LMT on MPTP-induced neurotoxicity in mice. As
LMT showed marked neuroprotective properties in this
model, we subsequently focused on this well tolerated anti-
convulsant to clarify its mechanisms of action using apoptosis
and dopamine (DA) content analysis.

MATERIALS AND METHODS

Animals. All experiments were performed on consanguineous male C57/
Bl6N@Rj mice (5 wk old, average weight: 19 � 1 g, CERJ, France) in
accordance with the European Community Commission guidelines (86/609/
EEC). The mice were kept under controlled conditions on a 12 h light/dark
cycle with food and water ad libitum. Since mature levels of monoamine
oxidase B are required to convert MPTP into its active toxic form MPP�,
younger animals were not used in the present study.

Anticonvulsant treatments. Five groups (n � 6 per group) were consti-
tuted for DAT and TH study: control (saline p.o. and i.p.), MPTP (saline p.o.
- MPTP i.p.), VPA-MPTP (VPA p.o. - MPTP i.p.), TOP-MPTP (TOP p.o. -
MPTP i.p.) and LMT-MPTP (LMT p.o. - MPTP i.p.). Each group was treated
with the corresponding anticonvulsant twice a day p.o. from day 1 (D1) to day
7 (D7). The cumulative dose was 100 mg/kg/d for VPA (Depakine®, Sanofi-
Synthelabo, France) and TOP (Epitomax®, Janssen-Cilag, France) and 40
mg/kg/d for LMT (Lamictal®, GlaxoSmithKline, France). Each anticonvul-
sant was dissolved in saline to obtain a final 200 �L volume of oral
administration. Each mice was weighted daily.

MPTP intoxication. The mice were intoxicated with 4 administrations of
MPTP (12.5 mg/kg) i.p. at 1 h intervals on D3. MPTP (Sigma Chemical Co.,
France) was dissolved in 0.9% sodium chloride to a final concentration of 2.5
mg/mL (100 �L injection/20g mouse body weight). The control mice only
received saline.

DAT autoradiographic studies. The mice were killed by cervical disloca-
tion 7 d after MPTP intoxication (i.e., 3 d after the end of the anticonvulsant
treatment). The brains were rapidly removed, frozen (�35°C), subsequently
cut into 20 �m coronal sections (Reichert-Jung Cryocut CM3000 Leica,
France) and stored at �80°C.

For binding studies, 3 sections/animal were incubated for 90 min at room
temperature (RT) in a phosphate buffer containing [125I]PE2I (100 pM) as
previously described (21). Nonspecific binding was assessed on adjacent
sections with the same buffer containing 1 �M cocaine (Cooper, France) and
subtracted from total binding to yield specific binding. After rinsing and
drying, the sections were exposed to sensitive films (Biomax MR, Kodak,
France) with radioactive standard scales (125I-microscales, Amersham Bio-
science AB, UK). The films were analyzed through an image analyzer
(Betavision, Biospace instruments, France) after identifying the subtantia
nigra pars compacta (SNpc) and striatum areas. The absorbance obtained was
converted into apparent tissue ligand concentrations with reference to stan-
dards and specific activity of the radioligand (74 TBq/mmol). The intensity of
[125I] PE2I binding was expressed in nCi/mg of equivalent tissue (mean � SD).

Tyrosine hydroxylase immunostaining. The sections used were from the
same animals analyzed for DAT autoradiographies. The slides were thawed,
postfixed in 4% paraformaldehyde and the endogenous peroxidases were
blocked. The primary antibody (rabbit polyclonal anti-TH antibody, Pel
Freeze, USA, 1:500, 3h, RT), the secondary biotinylated antibody (goat anti
rabbit, 1h, RT) and the Avidin Biotin Complex (Vector Laboratory, Burlin-
game, USA, 30 min, RT) were consecutively incubated. The staining was
revealed with diaminobenzidine (Sigma Chemical Co., France, 5 min). Inter-
nal control staining was performed by omitting the primary antibody. The
optic density expressed as means � SD in arbitrary unit (AU) and the
dopaminergic neurons counts were evaluated with an optical microscope
(Leica, France) coupled to an image analyzer (Histolab, Microvision instru-
ments, France) on 4 sections/animal. The neurons were counted in the SNpc,
excluding the ventral tegmental area. The number of TH positive neurons is
expressed as the total number of neurons � SD.

DA content measurement. Both striata dissected from the same animal (3
groups: control, MPTP, LMT-MPTP in the same conditions as above; n � 5
per group) were pooled and homogenized with 750 �L ice-cold 0.12 M
perchloric acid (0.1 mM EDTA, 0.5 mM Na2S2O5). After centrifugation (4°C,
16000 g, 20 min), a fraction of the resulting supernatant was injected into the
HPLC device (Beckman-Coulter, Fullerton, CA). The biogenic amines were
separated on an Ultrasphere, Ion Pair, C18 Reverse Phase analytical column
(LC-22C, BAS, West Lafayette, USA). The electrodetection was performed
with a �0.74V electrochemical detector (Concorde, Waters, France). The
mobile phase contained 20 mM citric acid, 10 mM Na2HPO4, 3.25 mM
heptane sulfonic acid, 3 mM octane sulfonic acid, 0.1 mM EDTA, 2 Mm KCl,
0.2% diethylamine and 0.6% phosphoric acid, 7% acétonitrile, 3% methanol.
The proteins from each sample were evaluated on the pellet with spectropho-
tometry according to Bradford (22). The results are expressed as means � SD
in nmol DA/mg protein.

Active caspase 3 immunostaining. For active caspase 3 staining, the mice
(3 groups: control, MPTP, LMT-MPTP in the same conditions as above; n �
5 per group) were killed by cervical dislocation 7 d after MPTP intoxication.
The brains were removed, postfixed in 4% paraformaldehyde, embedded in
paraffin and cut into 16 �m serial coronal sections. After deparafinization and
rehydration, the sections were heated in a microwave oven (750W 1 min,
300W 9 min) and cooled at RT. After saturation with goat serum, the primary
antibody (rabbit polyclonal CM1 antibody, Dakocytomation, USA, 1:500,
overnight, 37°C), the secondary antibody (biotinylated rabbit anti mouse IgG
1%, Dakocytomation, USA, 45 min, RT) and the Avidin Biotin Complex
(Vector Laboratory, Burlingame, USA, 45 min, RT) were consecutively
incubated and the staining revealed with diaminobenzidine (Sigma Chemical
Co., France, 60 min). Internal control staining was performed by omitting the
primary antibody. The caspase-3 positive cells were counted in the striatum
and the results were expressed as mean � SEM. This experiment was performed
on control, MPTP and LMT mice sections using 8 sections/animal.

Statistical analysis. Data were prospectively collected and analyzed with
the Winks software (Texasoft, USA). Statistical significance was evaluated
with the nonparametric Mann-Whitney test for nonpaired values from small
groups. Statistical significance was considered for p � 0.05.

RESULTS

MPTP and anticonvulsant treatment tolerance. Prelimi-
nary experiments were performed to monitor the impact of
each anticonvulsant on mice growth and survival. Each of the
4 groups (MPTP, VPA-MPTP, TOP-MPTP and LMT-MPTP)
was compared with the control group. During the observation

Figure 1. Mice growth curves during MPTP intoxication and anticonvulsant
treatments. The mean weight per group (n � 6 in each group - C57/Bl6 strain)
is indicated at each time point.
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period, all the animals survived and the MPTP-induced tran-
sient weight loss at day 4 did not significantly affect the final
animal weight as shown in Figure 1 (MPTP: 20.75 � 0.42 g;
VPA: 21.3 � 0.67 g; TOP: 21.45 � 0.52 g; LMT: 20.4 �
0.36 g). The brain mean weight was 0.4 � 0.02 g in all groups.
To validate the reproducibility of the anticonvulsant oral
administration procedure, we determined residual serum VPA
concentration that, unlike LMT and TOP, is available on a
routine basis (concentration 12 h after the last administration,
5 d of treatment, n � 5 animals). The mean concentration was
1.94 � 0.95 mg/L.
Effect of VPA, TOP and LMT on DAT density. Figure 2A

shows representative striatum autoradiographies of each mice
group with an apparent normal DAT density in the LMT-
MPTP group. The DAT level, evaluated with the specific
radio-labeled ligand [125I]PE2I reached 7.23 � 1.01 nCi/mg in
the MPTP-intoxicated mice compared with 14.11 � 1.51
nCi/mg in the control group (p � 0.008). This significant
reduction found in the striatum is shown on Figure 2B. VPA
(7.64 � 2.67 nCi/mg) and TOP (8.06 � 1.54 nCi/mg) did not
modify the DAT density versus the MPTP-intoxicated mice.
In contrast, the DAT level in the LMT-MPTP group (13.98 �
1.34 nCi/mg) was comparable to the control group but statis-
tically higher than in the MPTP intoxicated mice (p � 0.008).

As shown in Figure 2C, the DAT expression was not
significantly reduced in the SNpc of MPTP-intoxicated mice
(1.89 � 0.26 nCi/mg) compared with control mice (1.86 �
0.31 nCi/mg).
Effect of VPA, TOP and LMT on TH immunoreactivity.

The TH immunoreactivity was analyzed by optic density
measurement in the striatum and the SNpc and subsequently
confirmed in the SNpc by dopaminergic neurons count.

In the striatum, the TH immunoreactivity was significantly
reduced in the MPTP group (91 � 21 AU) versus the control
group (164 � 42 AU, p � 0.005). Compared with the MPTP
group, this reduction was significantly blocked by the LMT
treatment (140 � 34 AU, p � 0.008), but not by VPA (79.5
� 31 AU) or TOP (77 � 12 AU) as shown in Figure 3A.

The TH immunostaining in the SNpc was statistically dif-
ferent between the MPTP intoxicated mice (68 � 16 AU) and
the control animals (112 � 20 AU, p � 0.005). It remained at

Figure 2. DAT density in control and MPTP intoxicated mice groups com-
pared with the anticonvulsant treated groups (n � 6 in each group). (A)
Representative striatum autoradiographies of each mice group showing a
macroscopically apparent preservation of the basal level in the LMT-MPTP
group. Interestingly, both external superior poles of the striata in the LMT-
MPTP group exhibit the highest signal intensity as in the basal physiologic
pattern. Scale bar � 200 �m. Mean values � SD are expressed in nCi/mg in
the striatum (B) and the SN (C). Noteworthy, DAT density is reduced in the
MPTP group (*p � 0,01 vs control level) and apparently normal in the
LMT-MPTP group (**p � 0,01 vs MPTP level).

Figure 3. Effects of VPA, TOP and LMT on the TH immunostaining in the
striatum and SN of C57/Bl6 MPTP intoxicated mice compared with control
animals (n � 6 in each group). Each histogram represents the mean � SD of
optic density in the striatum (A) and in the SN (B). In both areas, TH
immunoreactivity is significantly reduced in the MPTP intoxicated group
(*p � 0.005 vs control group) and apparently protected in the LMT-MPTP
group (** p � 0.01 vs MPTP group in the striatum, ‡p � 0.005 vs MPTP
group in the SN). C: Effects of VPA, TOP and LMT on the MPTP-induced
dopaminergic cell loss. The number of TH positive neurons was significantly
reduced after MPTP intoxication (*p � 0.005 vs control group) but partially
preserved in the LMT-MPTP group (**p � 0.01 vs MPTP group; §p � 0,01
vs control group).
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a low level in the VPA and the TOP treated mice (65 � 18 AU
in both groups) and was still significantly reduced versus
control mice (p � 0.005). In contrast, the LMT treatment
provided an apparent stability of the TH immunoreactivity
(103 � 17 AU). This level was higher than the one measured
in the MPTP group (p � 0.005). The results are shown in
Figure 3B.

The neurons count in the SNpc confirmed the optic density
measurements: the number of TH positive neurons in the MPTP
group (26 � 3) was significantly lower than in the control group
(65 � 9, p � 0.005). It was comparable in the VPA-MPTP and
TOP-MPTP groups versus the MPTP group (29 � 7 and 23 � 5
neurons respectively) keeping lower than in the control group
(p � 0.005). In the LMT-MPTP group, the number of TH
positive neurons (48 � 5) was higher than in the MPTP group
(p � 0.008). These results are shown in Figure 3C. Representa-
tive microphotographs of the TH immunoreactivity are shown in
the striatum (Fig. 4A) and the SNpc of control mouse brain
(Fig. 4B). Higher magnification was used for the neurons count
(Fig. 4C).

Effect of LMT on DA content. MPTP intoxication caused a
significant reduction in striatal DA content compared with
the controls (MPTP: 0.88 � 0.42 nmol/mg protein, control:
3.43 � 0.83 nmol/mg protein, p � 0.012). In the LMT-MPTP
group, the DA concentration was intermediary between the
MPTP-intoxicated and control mice (1.98 � 0.54 nmol/mg
protein, p � 0.022 versus both MPTP and control).
Effect of LMT on MPTP induced apoptosis. MPTP-

induced apoptosis was investigated with activated caspase 3
immunostaining in the control, MPTP and LMT-MPTP
groups. No staining was seen in the control and the LMT-
MPTP groups, whereas apoptosis was identified in the MPTP
intoxicated mice (0.67 � 0.27 neurons, p � 0.0002). Repre-
sentative microphotograph of active neuronal Caspase 3 im-
munoreactivity is shown in Figure 4D.

DISCUSSION

This study aimed to characterize the potential neuroprotec-
tive effects of VPA, TOP and LMT in the MPTP mouse
model. MPTP inhibits the mitochondrial respiratory chain
complex I and therefore provides, to some extent, a valuable
tool to mimic the energy failure which occurs in various
childhood conditions. The neuroprotective properties of these
anticonvulsants were evaluated through the DAT density, the
TH and Caspase-3 immunoreactivities and the DA content
within the nigro-striatal network.

MPTP induced a weight loss in all intoxicated groups, with
a complete retrieval within a day. This might be caused by the
multiple manipulations on D3 or by a direct MPTP effect (23).

In the MPTP-intoxicated mice striatum, the DAT expres-
sion was reduced to 51% of the control levels. A similar
decrease was observed in other studies using comparable
methods (24,25). In contrast, the DAT levels in the SN of the
control and MPTP mice were not statistically different. Con-
sequently, the anticonvulsant treatment impact on DAT den-
sity was not assessable in this area. This result is consistent
with previous studies from our laboratory and others (6,26)
and probably relies on the autoradiographies spatial resolu-
tion, which prevents discrete evaluation of small structures
such as the SNpc.

Through OD measurement, we found a 45% TH immuno-
reactivity decrease in the striatum and a 40% decrease in the
SNpc of the MPTP intoxicated mice. Our results are consistent
with the literature (27) reporting a 45% decrease in these
experimental conditions in mice. Dopaminergic neurons count
in the SNpc showed an even greater decrease (60%) respon-
sible for a residual neuronal count in the MPTP group, which
represents 40% of the control level. The fact that the TH
projections decrease in the striatum is lower than the dopami-
nergic neuronal death in the SNpc might reflect a compensa-
tory TH over-expression in the remaining dopaminergic neu-
rons through reactive sprouting. Such sprouting following
MPTP has been already shown (26).

VPA enhances GABA release, inhibits sodium channels and
stabilizes cell membranes (15). In accordance with a previous
report (19), VPA did not provide neuroprotection in our study.

TOP carries anti-glutamatergic and pro-GABA properties,
it inhibits calcium and sodium channels and it stabilizes
cytoplasmic membranes (14,16). This anticonvulsant did not
show neuroprotective effects in our study and even seemed
deleterious concerning TH immunoreactivity. Moreover, as-
trocytes exposed to TOP release higher reactive oxygen
species (28). Therefore, both TOP and MPTP can induce
oxidative stress and this might explain the absence of neuro-
protection in our experimental conditions. As far as we know,
these results are original since TOP has never been tested in
the MPTP mouse model.

LMT is a potent anti glutamatergic anticonvulsant with
calcium channels inhibition properties. It also inhibits sodium
channels and stabilizes neuronal plasmic membranes. In this
study, LMT provided a neuroprotective effect in the MPTP
mouse model. Jones-Humble has shown that a single 40 mg
LMT dose, 2 h before MPTP intoxication, maintains normal

Figure 4. Representative microphotographs in the striatum ((A) �2.5, scale
bar: 500 �m) and the SNpc of a control mouse brain section showing regular
neuronal TH immunoreactivity ((B) �10, scale bar: 200 �m; (C) �20, scale
bar: 50 �m). (D) Representative microphotograph of active neuronal
caspase-3 immunoreactivity from an MPTP intoxicated mice SNpc (�40,
scale bar: 10 �m).
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DA striatal levels (20). Our results, based on DAT, TH, DA
content and apoptosis analysis, confirm the LMT neuropro-
tective effect using complementary approaches which precise
its mode of action.

LMT provided an apparent protection of DAT density in
MPTP mice. These results could be explained by a striatal
sprouting of the dopaminergic dendrites where DAT is highly
expressed (29). After MPTP intoxication, a natural sprouting
occurs and concerns 10% of the dendrites (26,30). Thus, the
near normal DAT level (99%) found in the LMT-MPTP mice
(versus 51% in the MPTP group) is probably related to the
anticonvulsant treatment and not only spontaneous. This result
suggests that LMT promotes dopaminergic neurons sprouting
in the striatum following energetic stress.

The residual dopaminergic neurons count, evaluated
through TH immunoreactivity in the SNpc, was significantly
higher (74% of the control levels) in the LMT-MPTP group
than in the MPTP group (40%). Previous studies have shown
the absence of spontaneous dopaminergic neurons recovery or
recruitment after MPTP lesion (30,31). Therefore, the present
results indicate that, under our experimental conditions, LMT
significantly limited neuronal death in the SNpc. Our active
caspase 3 staining study shows that this protection might
occur through apoptosis inhibition.

Altogether, these data suggest that LMT limits dopaminer-
gic neuronal death in the SNpc and promotes compensatory
sprouting of the dendrites projections in the striatum.

In this model, the DA content decrease exceeds the neuro-
nal loss due to MPTP-induced TH nitration (32). Conversely,
such data indicate that TH phenotype rescue does not neces-
sarily imply an active DA synthesis and, therefore, does not
represent a reliable neuroprotection marker. Thus, we also
analyzed DA production following LMT treatment. DA con-
centration is significantly higher in the LMT-MPTP group
(58% of the control levels) than in the MPTP group (26%).
This demonstrates that LMT maintains an active TH enzyme
activity and not only a TH phenotype, which, thereby, con-
firms its neuroprotective property. LMT does not interact with
monoamine oxidase B (33) and cytochrome P450 (34). Thus
it is unlikely that LMT protects against MPTP toxicity through
an increased MPP� catabolism (9).

According to the working hypothesis of our study, several
advances in the anticonvulsants mechanisms of action deserve
to be outlined: VPA, which does not provide neuroprotection
in experimental energetic stress conditions, does not act on the
ATP dependant calcium channels (ADCC) (35). TOP, which
apparently enhances dopaminergic cell death during energy
deficiency, inhibits the L type ADCC but stimulates the P/Q,
N and R types (36). Conversely, LMT, which appears neuro-
protective, inhibits the L, P/Q, N and R types ADCC (37).
Altogether, these data suggest that a wide range of ADCC
types inhibition allows a significant ATP consumption braking
which appears to be neuroprotective in energetic stress con-
ditions. Presumably, this also prevents calcium overload that
could, subsequently, promote the excitotoxic cascade.

In addition to its ATP dependent ion channels modulation
properties, LMT might promote mitochondrial stability
through its anti oxidant (39), anti excitotoxic (40) and anti

apoptotic effects (41). LMT might also carry additional prop-
erties on the mitochondrial membrane permeability and/or the
respiratory chain complexes activity, which have not been
reported yet. In the 3-nitro-propionate model, where the mi-
tochondrial complex II is targeted, LMT improves the cellular
energy status (38). The fact that LMT is neuroprotective in
several respiratory chain complex inhibition models suggests
that LMT could be beneficial in various types of mitochon-
drial stress.

In conclusion, LMT shows an appropriate combination of
neuroprotective properties in the energy deficiency model
generated with MPTP intoxication in young mice. LMT is a
widely used and well-tolerated molecule in children, even
under two years old (39). LMT could therefore represent an
interesting adjuvant neuroprotective therapy to consider in
energetic stress of the basal ganglia encountered in various
childhood conditions.
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