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Abstract The anti-Parkinson iron chelator-monoamine

oxidase inhibitor M30 [5-(N-methyl-N-propargyaminom-

ethyl)-8-hydroxyquinoline] was shown to possess neuro-

protective activities in vitro and in vivo, against several

insults applicable to several neurodegenerative diseases,

such as Alzheimer’s disease, Parkinson’s disease, and ALS.

In the present study we sought to examine the effect of

M30 on a pre-existing lesion induced by the parkinsonism-

inducing toxin, MPTP (N-methyl-4-phenyl-1,2,3,6-tetra-

hydropyridine). In this neurorescue paradigm, M30 orally

administered to mice for 14 days (2.5 mg/kg/day) follow-

ing MPTP was shown to significantly elevate striatal

dopamine levels, reduce its metabolism, and elevate tyro-

sine-hydroxylase protein levels (from 25.86 ± 5.10 to

68.35 ± 10.67% of control) and activity (from

7.52 ± 0.98 to 16.33 ± 2.92 pmol/mg protein/min).

Importantly, M30 elevated MPTP-reduced dopaminergic

(from 62.8 ± 4.1 to 84.2 ± 5.9% of control) and trans-

ferrin receptor (from 31.3 ± 2.6 to 80.4 ± 7.6% of con-

trol) cell count in the SNpc. Finally, M30 was shown to

decrease mitosis, thus providing additional protection.

These findings suggest that brain-permeable M30 may

clearly be of clinical importance for the treatment of PD.
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Introduction

To prevent and/or treat Parkinson’s disease (PD), Alzhei-

mer’s disease (AD), and other neurodegenerative diseases,

several therapeutic strategies, including iron chelation,

antioxidation, and selective monoamine oxidase-B (MAO-

B) inhibition, have been proposed. Indeed, several such

compounds show neuroprotection in animal models, but

most of them fail in the clinic (Gilgun-Sherki et al. 2001;

Kaur et al. 2003; Mandel et al. 2003).

6-OHDA and MPTP, the most widely used models of

parkinsonism, have many similarities in their mechanisms

of action. Both neurotoxins initiate an increase in total iron

in the SN and striatum, at the sites of neurodegeneration, in

monkeys, rats, and mice (Hall et al. 1992; Oestreicher et al.

1994; Lin et al. 1997; Lin and Lin 1997; Ben-Shachar et al.

2004). Treatment with these neurotoxins results in OS, as a

consequence of dysregulation of mitochondrial iron and

glutathione, giving rise to the formation of H2O2 through

the Fenton reaction and ultimately to the hydroxyl radical,

the most reactive of reactive oxygen species (ROS) (Han

et al. 1999). MPTP (Ramsay et al. 1987) and 6-OHDA

(Glinka and Youdim 1995; Glinka et al. 1996; Glinka et al.

1998) are inhibitors of mitochondrial complex I (Glinka

and Youdim 1995), a process which may be prevented by

the prototype iron chelator, DFO, which activates this

complex by a Ca?2 process (Glinka et al. 1998).

The neuroprotective effect of iron chelation may be

attributed to three main mechanisms of action: the first is

S. Gal � M. B. H. Youdim (&)

Department of Pharmacology, Technion-Rappaport Family

Faculty of Medicine, Eve Topf and US National Parkinson

Foundation Centers of Excellence for Neurodegenerative

Diseases, Efron St, P.O. Box 9697, Haifa 31096, Israel

e-mail: youdim@tx.technion.ac.il

H. Zheng � M. Fridkin

Department of Chemistry, The Weizmann Institute, Rehovot,

Israel

123

Neurotox Res (2010) 17:15–27

DOI 10.1007/s12640-009-9070-9



the prevention of ROS formation, similar to other strong

iron chelators, such as DFO, which can bind iron to form

stable iron complexes that block the OH• radical produc-

tion via the Fenton reaction, and therefore protect against

OS-induced cell death. The second, direct radical scav-

enging, as previously described in the text. The third

mechanism is inhibition of the iron-dependent hypoxia

inducible factor (HIF) prolyl 4-hydroxylases that nega-

tively regulate HIF stability. In this scheme, iron chelators

would stabilize HIF-1a and transactivate the expression of

established protective genes involved in cell survival,

proliferation, and differentiation, including those coding

for vascular endothelial growth factor and erythropoietin

(Zaman et al. 1999; Siddiq et al. 2005).

The usage of iron chelation therapy for the treatment of

PD offers further advantages. Recent studies have shown

that overexpression of the PD-associated a-synuclein pro-

tein can form toxic aggregates in the presence of iron

(Ostrerova-Golts et al. 2000). Similar to ferritin, the mRNA

of a-synuclein contains a predicted iron-responsive ele-

ment in its 50-untranslated region (50UTR), and thus it is

regulated by iron (Friedlich et al. 2007). Furthermore, DFO

was shown to translocate a-synuclein from perinuclear

region into the nucleus, thus preventing its aggregation

(Sangchot et al. 2002). Furthermore, iron chelation therapy

may help in the prevention of glutamate neurotoxicity.

Kainate, a glutamate analog, which constitutes a model of

hippocampal neurodegeneration, similarly to MPTP, leads

to accumulation of ferric and ferrous iron in the hippo-

campus (Coyle and Puttfarcken 1993). Furthermore, glu-

tamate-induced excitotoxicity is a major contributor to

pathological cell death within the nervous system and

appears to be mediated by reactive oxygen species.

Recently, we have proposed a novel neuroprotective/

neurorestorative combination strategy, in neurodegenera-

tive diseases, which may require a drug combining iron

chelation with antioxidant capacity and MAO-B inhibitory

properties (Mandel et al. 2003). In searching for such neu-

roprotective/neurorestorative agents, a series of multi-

functional iron chelators was synthesized and partially

evaluated (Warshawsky et al. 2004; Youdim et al. 2004;

Zheng et al. 2005b). The synthesis of the drugs was based

on introducing the neuroprotective and MAO inhibitory

moiety, N-propargylamine, which is associated with other

anti-Parkinson MAO-B inhibitor drugs, rasagiline and

selegiline (Youdim 2003; Zheng et al. 2005b), into the

8-hydroxyquinoline-containing pharmacophore of our pro-

totype brain permeable neuroprotective iron chelator, VK28

(Ben-Shachar and Youdim 1990; Zheng et al. 2005b).

Indeed, M30 was shown to confer neuronal protection

and neurorestorative action through several mechanisms,

including inhibition of caspase 3 cleavage and prevention of

Ser139 phosphorylation of apoptosis-associated protein

H2A.X. Moreover, the mechanism of neurorescue associ-

ated with M30 involved induction of the pro-survival pro-

tein, Bcl-2, and reduction of the levels of the pro-apoptotic

members, Bad and Bax, as demonstrated in SH-SY5Y cells

following serum withdrawal (Avramovich-Tirosh et al.

2007). These effects of M30 on these Bcl-2 family proteins

are of great importance, since they imply further protection

against MPTP and therefore, possibly against PD. Support

for this comes from studies demonstrating that the antiap-

optotic Bcl-2 protein over-expression (Offen et al. 1998;

Yang et al. 1998) or proapoptotic Bax ablation (Vila et al.

2001) in neuronally derived cell cultures and animal mod-

els, employing MPTP, prevented the neurotoxicity and cell

death inducing activity of the toxin. Furthermore, activation

of Bax relies, in most instances, not only on its transcrip-

tional induction, but also on its posttranslational modifica-

tion. The latter results in Bax translocation and insertion

into the mitochondrial outer membrane, thereby eliciting

cytochrome c release and activation of the caspase cascade,

which ultimately causes cell death. Both transcriptional and

posttranslational activation of Bax have been observed in

the SNpc of MPTP-intoxicated mice and PD patients (Perier

et al. 2007).

Other propargylamine-containing drugs, such as rasagi-

line and ladostigil, have been shown to confer neurorescue/

neuroprotective activity against cell death induced by a

variety of insults [e.g., serum withdrawal and the neuro-

toxins N-morpholino sydnonimine and N-methyl(R)salso-

linol] (Maruyama et al. 2002; Bar-Am et al. 2004; Weinreb

et al. 2004; Youdim et al. 2005). The neuroprotection by

propargylamine derivatives was previously demonstrated to

be attributed to: (i) stabilization of the mitochondrial

membrane potential (DWm) and prevention of permeability

transition pore (PTP) (Maruyama et al. 2001b); (ii) induc-

tion of the anti-apoptotic Bcl-2 protein, regulating mito-

chondrial membrane permeability transition (Akao et al.

2002); (iii) the increase in brain-derived neurotrophic factor

(BDNF) and glial cell line-derived neurotrophic factor

(GDNF) (Weinreb et al. 2004; Bar-Am et al. 2005); and (iv)

activation of antioxidant enzymes, such as superoxide dis-

mutase and catalase (Carrillo et al. 2000). Furthermore, it

was shown that propargylamines induced neuroprotection

via regulation of the pro-survival PKC pathway in associ-

ation with gene regulation of the Bcl-2-related protein

family (Weinreb et al. 2004). The above described mech-

anisms of action are independent of the MAO inhibitory

action of these compounds, since the optical s-isomers of

rasagiline (TVP1022) and ladostigil (TVP3275) and prop-

argylamine which have more than 1000 fold less MAO

inhibitory activity as compared to rasagiline, have similar

mechanisms of neuroprotective action and potency (Mar-

uyama et al. 2001a; Youdim et al. 2001; Weinreb et al.

2006; Youdim et al. 2006).

16 Neurotox Res (2010) 17:15–27

123



Research efforts have focused until recently on the

prevention of PD. Indeed, a recently described theory

depicts the predictable sequence of a multi-organ slow

progression of developmental stages of PD (Braak et al.

2004), and Berg and colleagues have reported that there are

unique ultrasound characteristics which occur both in PD

patients and some of their relatives who were shown to

develop PD later in life (Berg et al. 2005; Zecca et al. 2005;

Berg et al. 2006). These pioneering studies may help

diagnose patients earlier than had been possible previously.

However, at present, most PD patients are not diagnosed

and therefore remain untreated until at least 50–75% of the

dopaminergic (DA) neurons have undergone degeneration

(Morrish et al. 1998; Sagi et al. 2007). Therefore, it is

imperative to find a drug that would reverse the neurode-

generative processes.

Indeed, it has been recently reported of the in vivo

neurorestorative effect of propargylamine-containing ra-

sagiline in the MPTP model of parkinsonism, which was

shown to occur via induction of the tyrosine-kinase ligands,

BDNF and GDNF mRNA level, and activation of the PKC

pathway (Sagi et al. 2007).

We have previously shown the neuroprotective effect of

M30 in the MPTP mouse model of parkinsonism, simu-

lating preventive disease treatment (Gal et al. 2005). Thus,

in the present study, we sought to determine whether M30

also possesses neurorescue/neurorestorative properties

following chronic MPTP treatment in mice.

Materials and Methods

Animals and Treatment

All procedures were carried out in accordance with the

National Institutes of Health Guide for Care and Use of

Laboratory Animals, and were approved by the Animal

Ethics Committee of the Technion, Haifa, Israel. Male

C57/BL mice (20–22 g, Harlan, Rehovot, Israel) were

housed under a 12-h light/dark cycle. Mice were handled

daily and allowed at least 4 days to acclimatize before any

treatment.

Five groups of mice (n =8–10) were assigned for the

neurorescue study. N-methyl-4-phenyl-1,2,3,6-tetrahydro-

pyridine (MPTP, 24 mg/kg, i.p, per day) (Sigma-Aldrich,

Israel) was administered for 4 days, followed by a further

4 days resting period (day 8) to allow for the full conver-

sion of MPTP to its active metabolite, MPP? (Levites et al.

2001). The groups of mice killed at day 8 (MPTP day 8),

was enrolled for evaluation of spontaneous recovery follow-

ing the lesion. At day 8, either M30 (0.5 or 2.5 mg/kg/day)

or water (MPTP day 22) was administered orally for

14 days, reaching a total treatment period of 22 days. The

last three groups consisted of mice receiving M30 only

(0.5, 2.5 mg/kg, orally) and water (orally) as controls. All

mice were killed by cervical dislocation. Isolated striata of

mice were biochemically analyzed for catecholamine

content by HPLC and protein expression analysis.

Neurochemical Analysis

Striata were rapidly dissected and tyrosine hydroxylase

(TH) activity, dopamine (DA) and its metabolites, homo-

vanilic acid (HVA) and dihydroxyphenyl acetic acid

(DOPAC) (Sigma-Aldrich, Israel) levels were analyzed

using electrochemical (EC) coupled HPLC, as was previ-

ously described (Gal et al. 2005).

Immunohistochemistry

Eight mice per group were deeply anesthetized with Keta-

mine hydrochloride 100 mg/ml (Font-dodge, Iowa, USA)

plus Xylazine 20 mg/ml (VMD, Arendonk, Belgium) and

were transcardially perfused with PBS for 2 min followed by

90 ml of 4% (vol/0.1 M PBS vol) paraformaldehyde for

9 min. Brains were post-fixed in 4% (vol/0.1 M PBS vol)

paraformaldehyde (48 h, 4�C) and incubated in 70% ethanol

followed by subsequent dehydration steps as described

(Huang et al. 2005). Paraffin sections were deparaffinized in

xylene, hydrated in graduated alcohol solutions and incu-

bated for 30 min in 3% H2O2 in methanol to inactivate

endogenous peroxidases. Following antigen retrieval in cit-

rate buffer for 20 min in a microwave, sections were blocked

overnight at 4�C with 10% non-immune serum compatible

with species type of the second antibody. Sections were

reacted overnight at 4�C with specific antibodies against the

desired protein. For detection of primary Ab, the HISTO-

STAIN-SPTM Kit (Zymed Laboratories Inc. San Francisco,

CA, USA) was used. Detection was done by the appropriate

biotinylated second antibody with a streptavidin-peroxidase

conjugate and S-(2-aminoethyl)-L-cysteine (AEC) as sub-

strate. Counterstaining was done with hematoxylin.

Sections were stained employing primary antibodies of

mouse monoclonal anti-tyrosine-hydroxylase (Sigma-

Aldrich, Israel), mouse monoclonal anti-transferrin receptor

(Zymed, Invitrogen, Carlsbad, CA), and HRP-conjugated

mouse monoclonal anti-BrdU (5-bromo-20-deoxyuridine-

50-monophosphate) (Zymed, Invitrogen, Carlsbad, CA).

Assessment of Neuronal Immunolabeling

Assessment of neuronal loss in the substantia nigra (SN)

pars compacta (SNpc) was determined by serial section

analysis of the area encompassed between -3.08 and

-3.20 from bregma since the reduction of TH-positive

neurons in response to MPTP treatment is most prominent
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at medial levels of the SNc, around the medial terminal

nucleus, as shown previously (Hayley et al. 2004). A total

of 6–8 mice per treatment group were employed. Analysis

was performed as previously described (Sagi et al. 2007).

Protein Determination and Expression Analysis

These were done as previously described (Avramovich-

Tirosh et al. 2007).

Statistics

Differences in all biochemical measures were evaluated by

one-way ANOVA, followed by a post hoc student t-test,

whereas differences in immunochemical staining were

processed with the non-parametric Kruskal–Wallis analysis

of variance (ANOVA) followed by the Mann–Whitney

U-test. Values of P \ 0.05 were considered significant.

Results

Neurorescue Effect of M30 from MPTP-Induced

Neurotoxicity in Mice: Neurochemical Analysis

In the present study, we sought to determine the ‘‘neur-

orescue’’ properties of M30 following repetitive sub-

chronic MPTP regimen (Sagi et al. 2003). For this purpose,

MPTP (24 mg/kg, i.p, per day) was administered to mice in

the neurorescue paradigm, as described in the ‘‘Materials

and Methods’’ section. In the present study, M30 was

administered at either M30 (0.5 or 2.5 mg/kg/day). The

dose of 0.5 mg/kg was chosen based on a previous study in

which rasagiline administered at 0.05 mg/kg/day p.o. for

10 days was shown to induce neurorestoration (Sagi et al.

2007), and we have shown that the IC50 value of rasagiline

for MAO-B inhibition is an order of magnitude lower than

M30. For the evaluation of any spontaneous recovery fol-

lowing MPTP, an additional mice group, killed at day 8,

was included (MPTP day 8).

In the neurorescue paradigm, M30 (2.5 mg/kg/day, p.o.)

given subsequently to MPTP, induced a significant eleva-

tion of striatal DA levels, compared to MPTP (day 22)

(Fig. 1), and fully restored the increased DA turnover

induced by MPTP (Fig. 2), while a dose of 0.5 mg/kg/day,

p.o. had weaker effects. Similar to other propargylamine-

containing drugs, such as ladostigil (Weinstock et al.

2003), M30 increased 5-HT (Table 1), an effect which was

more prominent following MPTP treatment.

Functional analysis revealed that these effects correlated

with striatal TH activity levels: M30 (2.5 mg/kg) fully res-

cued striatal TH activity, compared to MPTP (day 22)

(Fig. 3). The expression of TH, as assessed by western blot is
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Fig. 1 The neurorescue effect of M30 on striatal DA, DOPAC, and

HVA in MPTP-treated mice. Mice were administered MPTP or saline

i.p. once daily for 4 consecutive days. The mice were then orally

treated with M30 0.5 mg/kg (a) or 2.5 mg/kg (b) once daily for 14

consecutive days. Striatal DA, DOPAC, and HVA were determined

via EC-HPLC analysis. Results represent mean ± SEM (n = 6–8,
# P \ 0.05 vs. control, * P \ 0.05 vs. MPTP day 22)
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Fig. 2 Neurorescue effect of M30 on DA turnover. Striatal DA

turnover in control and MPTP treated mice was determined based on

Fig. 1a, b. DA metabolism was expressed as the ratio

(DOPAC ? HVA)/DA. Results represent mean ± SEM (n = 6–8,
# P \ 0.05 vs. control, * P \ 0.05 vs. MPTP day 22)
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in line with the previous findings: M30 (2.5 mg/kg) induced a

rescue effect, elevating TH levels from 25.86 ± 5.10 to

68.35 ± 10.67% of control (Fig. 4), while 60.41 ± 6.69%

rescue were achieved with a dose of 0.5 mg/kg. The effect of

M30 appears to be more effective in the SNpc than in the

striatum, probably because MPTP affects initially and more

intensely the dopaminergic terminals in the striatum rather

than the neuron bodies in the SNpc.

Immunohistochemistry Analysis of M30 Neurorescue

Activity Against MPTP-Induced DA Cell Loss in Mice

SNpc

Effect of M30 on TH Cell Count

In order to find out the reason for the increase in DA, TH

activity levels, and TH expression levels, two hypotheses

can be raised: the first is that these neurorestorative effects

result from elevation in dopaminergic cell number, and the

second, that there is a compensatory activity of the

remaining DA neurons following MPTP toxicity. In order

to address this issue, the neurorescue experiment was

repeated, and M30 was administered at doses of 1 or

2.5 mg/kg/day, p.o., since a dose of 0.5 mg/kg was shown

ineffective in the previous section.

Figure 5 shows the number of TH immunoreactive cells

in the SNpc, as assessed by counting adjacent sections

stained for TH antibody. The sections were taken from the

area encompassed between -3.08 and -3.20 from bregma

since the reduction of TH-positive neurons in response to

MPTP treatment is most prominent at medial levels of the

SNc, around the medial terminal nucleus, as shown pre-

viously (Hayley et al. 2004).

MPTP at day 8 caused a significant reduction

(62.8 ± 4.1% of control) in TH-positive cells, whereas no

spontaneous recovery was observed at MPTP day 22. Oral

M30 administration at a dose of 0.5 or 2.5 mg/kg/day given

for a period of 14 days after MPTP resulted in a marked

recovery of TH-immunopositive cells (84.2 ± 5.9% of

control) vs. MPTP (day 22) (Fig. 5), whereas a dose of

1 mg/kg M30 led to less recovery (74.6 ± 6.8% of control)

(data not shown).

Effect of M30 on TfR Cell Count

We have shown that M30 exerts beneficial effects in the

neurorescue paradigm in the MPTP mouse model, affecting

dopaminergic cell count, DA levels, DA metabolism, and

Table 1 Neurorescue effect of M30 on striatal amines in MPTP-

treated mice

5-HT 5-HIAA NA

Control 4.58 ± 0.3 3.52 ± 0.6 0.53 ± 0.11

MPTP (8) 4.88 ± 0.31 2.94 ± 0.86 0.38 ± 0.1

MPTP (22) 4.34 ± 0.34 3.10 ± 0.48 0.57 ± 0.21

MPTP ? M30 0.5

(mg/kg)

6.81 ± 1.55#,* 2.06 ± 0.7# 0.67 ± 0.13

MPTP ? M30 2.5

(mg/kg)

7.94 ± 0.99#,* 2.98 ± 0.71 0.65 ± 0.19

M30 0.5 (mg/kg) 5.17 ± 0.34#,* 4.78 ± 1.02 0.83 ± 0.25

M30 2.5 (mg/kg) 6.10 ± 0.38#,* 4.81 ± 1.27 0.67 ± 0.19

Striatal 5-HT, 5-HIAA, and NA were determined via EC-HPLC

analysis. Results represent mean ± SEM (n = 6–8, # P \ 0.05 vs.

control, * P \ 0.05 vs. MPTP day 22)
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Fig. 3 Neurorescue effect of M30 on striatal tyrosine-hydroxylase

activity levels in MPTP-treated mice. Striatal tyrosine hydroxylase

activity levels were determined via EC-HPLC analysis. Results

represent mean ± SEM (n = 6–8, # P \ 0.05 vs. control, * P \ 0.05

vs. MPTP day 22)
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Fig. 4 Neurorescue effect of M30 on striatal tyrosine hydroxylase

expression levels in MPTP-treated mice. Striatal tyrosine hydroxylase

protein expression levels were evaluated in mouse striatum lysates by

western blot analysis. Values were normalized with respect to b-actin

and expressed as a percentage of control. Results represent mean

(% of control) ± SEM (n = 6–8, # P \ 0.05 vs. control, * P \ 0.05

vs. MPTP day 22)
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TH activity and expression levels. We next sought to

determine whether this drug modulates iron levels, given

the fact that M30 is an iron chelator (Zheng et al. 2005a;

Zheng et al. 2005b). To test this hypothesis, consecutive

sections of SNpc from mice of the neurorescue experiment

were stained for transferrin receptor (TfR). Owing to the

iron responsive elements found in the 30UTR of its mRNA,

TfR is an iron responsive protein, which has a pivotal role

in maintaining cellular iron homeostasis, by internalization

of iron into the cell when iron levels are low. Therefore, its

expression is affected by cellular iron levels: when iron

levels are limited, expression of TfR is elevated, owing to

the fact that IRPs, proteins serving as cellular iron detec-

tors, bind to the iron responsive elements found in the

30UTR of the mRNA of TfR, thus stabilizing it and

allowing for increased translation of the mRNA transcript

(Zecca et al. 2004). Thus, measurement of TfR levels is

indicative of iron chelation.

The effect of MPTP is known to be mediated by iron and

OS resulting from increased iron levels (Ben Shachar et al.

2003; Gal et al. 2006). Therefore, following MPTP

administration, iron levels would be expected to increase,

and therefore, TfR levels would be expected to decrease in

response. Indeed, Fig. 6 demonstrates that TfR-positive

cell count was reduced to 29.8 ± 7.2% of control, evident

in the SNpc of MPTP-treated mice on day 8. No sponta-

neous recovery of TfR cell count was found (31.3 ± 2.6%

of control), in consistency with the TH cell count. How-

ever, both doses of M30 led to a significant increase in TfR

cell count (47.8 ± 3.3 and 80.4 ± 7.6% of control for 1
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Fig. 5 The neurorescue effect of M30 on TH cell count in the SNpc

in MPTP-treated mice. Mice were treated with MPTP (24 mg/kg/day

for 4 days followed by additional 4 days resting period. One mice

group was either killed (MPTP day 8) or orally administered with

M30 (2.5 mg/kg/day) or water (MPTP day 22) for 14 days. Control

mice received water. Assessment of TH-positive cells in the SNpc

was determined by serial section analysis of the area encompassed

between -3.08 and -3.20 from bregma. Representative micrographs

taken with 94 objective (top), or with 920 objective (bottom) (n = 6,
# P \ 0.05 vs. control, * P \ 0.05 vs. MPTP day 22)
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and 2.5 mg/kg, respectively), compared to MPTP-treated

mice, indicating that this drug maintains its iron chelation

properties in vivo.

Effect of M30 on Cell Division

The intriguing increase in TH cell count induced by M30

when given chronically subsequently to MPTP raised the

question of the origin of these cells. Three hypotheses can

be suggested: the first is that MPTP puts many cells on the

brink of death, yet M30 prevents them from crossing

the threshold to commence apoptosis or necrosis cascades;

the second hypostudy is that M30 induces neurogenesis via

mitosis in the SNpc; the third hypostudy is that M30

induces neurogenesis via mitosis elsewhere, and the newly

formed neurons migrate to the SNpc.

Neurogenesis in the adult brain is known to occur in four

brain regions: olfactory bulbs, the forebrain sub-ventricular

zone (SVZ) near the striatum, the hippocampal subgranular

zone (SGZ), and the hippocampus, in response to various

insults including MPTP and 6-OHDA), both spontaneously

and growth factor-induced (Faiz et al. 2005; Yoshimi et al.

2005; Keilhoff et al. 2006; Van Kampen and Eckman 2006;

Lagace et al. 2007; Tonchev et al. 2007). In order to test

whether mitosis is involved, thymidine analog, 5-bromo-20-
deoxyuridine-50-monophosphate (BrdU), was administered

i.p. to the neurorescue experiment mice once daily for four

consecutive days (50 mg/kg), starting on day 9 of the

experiment, and sections from the SNpc, hippocampus, and

sub-ventricular zone were stained for BrdU. Figure 7

shows that many BrdU-positive nuclei were found in the

hippocampus of BrdU-MPTP-treated mice, compared to

control, and to a lesser extent, in BrdU-MPTP-M30

(1, 2.5 mg/kg)-treated mice. Control mice displayed almost

no BrdU staining, and mice untreated with BrdU displayed

no BrdU staining at all. In sections from the SNpc and the
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Fig. 6 The neurorescue effect of M30 on TfR cell count in MPTP-

treated mice Similar to Fig. 5, TfR-positive cells were counted in

coronal sections from the SNpc bregma. Representative micrographs

taken with 94 objective (top), or with 920 objective (bottom) (n = 6,

# P \ 0.05 vs. control, * P \ 0.05 vs. MPTP day 22)
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sub-ventricular zone no prominent BrdU staining of nuclei

was noted.

Discussion

The results of the present study point to a neurorescue/

neurorestorative activity for M30 in the MPTP mouse

model of PD. A continuous 14-day administration of M30

following MPTP-induced lesion, managed to restore the

severe reduction in dopaminergic cell count, striatal DA

content and metabolism, and TH activity and expression

levels, while water-treated mice did not show any sponta-

neous recovery.

The neurorestorative properties of M30 are in accor-

dance with the recently reported neurorestorative action of

the propargylamine-containing rasagiline, manifested fol-

lowing MPTP (N-methyl-4-phenyl-1,2,3,6-tetrahydropyri-

dine) lesion (Sagi et al. 2007), restoring the severe

reduction in dopaminergic cell count, striatal DA content

and turnover, and TH activity and protein expression. The

neurorestorative property of rasagiline was shown to be

mediated by tyrosine-kinase (Trk)-pathway ligands,

including GDNF, BDNF, and NGF, in addition to activa-

tion of the Ras-PI3K-Akt pathway-related proteins (Sagi

et al. 2007). Similar changes have also been documented

on the gene level (Semkova et al. 1996; Tatton et al. 2002;

Maruyama et al. 2004; Weinreb et al. 2004). These genes/

proteins are known to promote cell survival via induction

of neuronal growth and differentiation and prevention of

apoptosis, properties which are attributed to the propar-

gylamine moiety, shared by our proprietary drug, M30

(Avramovich-Tirosh et al. 2007). Similar to rasagiline,

M30 appears to be more effective in the SN than in the

striatum, probably because MPTP affects initially and more

intensely the dopaminergic terminals in the striatum rather

than the neuron bodies in the compacta (Sagi et al. 2007).

We have shown in the present study that M30 is a potent

iron chelator, not only in vitro and ex vivo, as previously

shown (Zheng et al. 2005a; Zheng et al. 2005b), but in vivo
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Fig. 7 The neurorescue effect

of M30 on BrdU nuclei count in

MPTP-treated mice. Mice were

treated as described in Fig. 20,

and BrdU-positive nuclei were

counted in coronal sections of

hippocampus region adjacent to

the SNpc. Representative

micrographs taken with 920

objective, micrograph on

bottom-right taken with 94

objective (n = 6, # P \ 0.05 vs.
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as well, elevating MPTP-reduced cell count of TfR-

expressing neurons. We have previously shown that M30

exerts its propargylamine-ascribed MAO-inhibitory activ-

ity in the brain, indicating brain permeability. The finding

that M30 affects SNpc TfR-positive cell count, implies that

the 8-hydroxyquinoline-ascribed iron chelation moiety of

M30 is also brain permeable and that it maintains its iron

chelation property in vivo. Whether this iron chelation

moiety enters the brain as part of M30 or as an individual

metabolite, remains to be determined. We have also shown

a dose-dependent effect of iron chelation, demonstrated by

higher TfR cell count in mice receiving M30, 2.5 mg/kg/day,

as compared to 1 mg/kg/day. While one can maintain that

lower cell count may also stem from fewer cells, it is

important to note that in MPTP-treated mice TfR-positive

cells tend to display somewhat lighter staining, as well as

smaller perinuclear stained area per cell. Since

MPTP ? M30-treated mice display staining properties

resembling control cells in both aspects, indicating iron

chelation by M30. Indeed 6-hydroxydopamine, MPTP, and

ubiquitin-proteasome inhibitor, lactacystin, models of par-

kinsonism have been shown to increase iron in substantia

nigra pars compacta of rats, monkeys, and mice, respec-

tively (Hall et al. 1992; Mochizuki et al. 1994; Oestreicher

et al. 1994; Temlett et al. 1994; Goto et al. 1996; Lan and

Jiang 1997a; Lan and Jiang 1997b; Zhu et al. 2007), and

iron chelator VK-28 and M30 have been shown to prevent

the accumulation of iron in the 6-hydroxydamine and

lactacystin model of parkinsonism (Youdim et al. 2004;

Zhu et al. 2007). Further support for iron chelation by M30

in MPTP model has come from studies with the copper

chelator D-penicillamine, which does not attenuate MPTP

dopaminergic neurotoxicity in mice (Youdim et al. 2007).

The neuroprotective and more importantly, the neuro-

restorative effect of M30 in the MPTP model of parkin-

sonism are consistent with the effects of the drug in the

lactacystin model of parkinsonism. Indeed, a growing body

of evidence suggests that failure of the proteasomal func-

tion might play an important role in the pathogenic process

of sporadic and familial PD and may underlie protein

accumulation, Lewy body formation, and neurodegenera-

tion in the SN (Grunblatt et al. 2004; McNaught and Ola-

now 2006). It has been shown that striatal microinfusions

of the proteasome inhibitor lactacystin or epoxomycin can

reproduce selective retrograde nigral damage in the ipsi-

lateral SN (Fornai et al. 2003). It has been recently dem-

onstrated that our proprietary iron-chelator drugs, M30 and

VK28, produced a neurorestorative activity in the lacta-

cystin-induced proteasomal dysfunction model of parkin-

sonism (Zhu et al. 2007), when given after lactacystin

lesion. Administration of VK28 or M30 (5 mg/kg/day, i.p.

for 21 days) after microinjection of lactacystin, both drugs

managed to significantly improve behavioral performances;

restore the severe reduction in DA neuron number and

striatal DA level; and also attenuated proteasomal inhibi-

tion, iron accumulation, and microglial activation in the

ipsilateral SN. Furthermore, M30 was capable of reversing

the reduction of the anti-apoptotic Bcl-2 protein level

caused by lactacystin. Although VK28 was more potent

than M30 in chelating brain iron, it was not as good as M30

either in attenuating nigral neurodegeneration induced by

lactacystin or in reducing proteasomal inhibition after

lactacystin microinjection.

The neurorestorative potential of rasagiline and selegi-

line has also been studied in the lactacystin model (Zhu

et al. 2008). Of these two MAO-B inhibitors, only rasagi-

line managed to restore the nigrostriatal degeneration.

However, the results attained employing M30 and VK28 in

the neurorescue paradigm were superior to those attained

with rasagiline, with respect to behavioral parameters,

TH-positive cell count in the SNpc, concentration of stri-

atal DA and its metabolites, DOPAC and HVA, and res-

toration of proteasomal activity. Furthermore, of the two

iron chelators, M30 was superior to VK28 with respect to

all the aforementioned parameters, in spite of being less

potent as an iron chelator, further emphasizing the role of

the propargylamine moiety, absent from VK28.

In the present study we tried to elucidate the origin of

the additional neurons found in the SNpc following treat-

ment with M30. Neurogenesis in the adult brain is known

to occur in three brain regions: olfactory bulbs, the fore-

brain rostral sub-ventricular zone (SVZ) near the striatum,

the hippocampal sub-granular zone (SGZ) of the dentate

gyrus (DG). The neurogenesis in these brain regions occurs

following various insults (including 6-OHDA and MPTP),

both spontaneously and in response to growth factors (Faiz

et al. 2005; Yoshimi et al. 2005; Keilhoff et al. 2006; Van

Kampen and Eckman 2006; Lagace et al. 2007; Tonchev

et al. 2007), although neurogenesis in the SN is contro-

versial (Peng et al. 2008).

Recent reports have shown neurogenesis in the SN and

migration of cells into the SN, wherein they differentiate

into neurons. The presence of a slow physiological turn-

over of neurons in the adult mouse SN, which points to a

functional role for neural stem cells in the midbrain has

been shown by Kay and Blum (2000), Zhao et al. (2003),

and Yoshimi et al. (2005) in response to a partial nigral

MPTP-induced lesion, which resulted in increased neuro-

nal replacement, indicating that the rate of neurogenesis

can be regulated. In a recent study, MPTP lesions increased

the incorporation of BrdU, as well as the number of cells

that co-expressed BrdU and the immature neuronal marker

doublecortin (DCX), in the SGZ of the DG and the SVZ.

BrdU-labeled, DCX-expressing cells were not found in the

substantia nigra (SN) of MPTP-treated mice, where neu-

ronal cell bodies are destroyed, but were present in
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increased numbers in the striatum, where SN neurons lost

in PD normally project. Fibroblast growth factor-2 (FGF-2),

which enhances neurogenesis in a mouse model of HD,

also increased the number of BrdU/DCX-immunopositive

cells in the SN of MPTP-treated mice (Peng et al. 2008).

Interestingly, although cell proliferation in control and

MPTP-treated rats was shown to occur in the SN, most of

these cells differentiated into microglia, indicative of

inflammatory processes, and none into TH-expressing

neurons (Yoshimi et al. 2005). In addition, following

MPTP-induced unilateral lesion in the rat, polysialic acid

(PSA)-positive cells (a marker for young neurons) were

found in the SGZ of the DG in the hippocampus. PSA-

positive cells were also found in the SN in the DA depleted

hemisphere of MPTP unilaterally lesioned rats and in PD

patients (Yoshimi et al. 2005). Recently we have shown

that the neurorestorative activity of M30 has been linked to

its ability to cause inhibition of prolyl-4-hydroxylase,

resulting in activation of HIF and its related gene vascular

endothelial growth factor (VGEF), enolase, erythropoietin

and BDNF with the resultant cell arrest and differentiation

(Kupershmidt et al. 2009).

In line with this, our findings show that MPTP induced

cell division in the sub-granular zone (SGZ) (particularly in

the granular layer) of the dentate gyrus (DG) in the hippo-

campus, as demonstrated by BrdU staining. However, M30

led to decreased cell division in this brain region, as shown by

BrdU-marked cell nuclei, whereas very few cells were

marked in control sections. This is consistent with a previous

study, in which it was found that M30 has the ability to

induce neuronal differentiation and negatively regulate cell

cycle progression in SH-SY5Y cells (Avramovich-Tirosh

et al. 2007). Similar effects were also found for HLA20

(Zheng et al. 2005a) and for the iron chelator prototype

derivative VK28. All three drugs were shown to induce the

characteristics of neuronal differentiation, including cell

body elongation, stimulation of neurite outgrowth, arrest of

the cell cycle in G0/G1, and specific upregulation of the

expression of the neuronal marker growth-associated protein

43 (GAP-43) (Avramovich-Tirosh et al. 2007). Indeed, in

this study, the BrdU-stained nuclei of MPTP/M30-treated

mice appear more elongated, as compared to MPTP-treated

mice, suggesting neuronal differentiation. However, no

BrdU-positive nuclei were found in the SN or sub-ventricular

zone. This may be ascribed to methodology, since BrdU has

been shown to be toxic for dividing cells (Kolb et al. 1999;

Zhao et al. 2003; Peng et al. 2008), yet repetitive doses of

relatively high concentration are required to achieve exten-

sive labeling as reported by Zhao et al. (2003).

All of the above may explain our findings in the present

study, of increased TH-positive cell count, found in the

SNpc of MPTP/M30-treated mice, as compared to MPTP-

treated mice, on the one hand, and decreased cell divisions

in the SGZ of the DG, on the other hand. This supposed

dichotomy may be resolved by the following hypothesis:

M30 induces neuronal differentiation, whereas MPTP-

induced cell proliferation leads to microglial differentia-

tion, further contributing to the inflammatory process, and

in turn, to cell death. This avenue must be further pursued,

in order to elucidate the mechanisms underlying these

processes. The reduced number of BrdU-positive cell

nuclei in MPTP/M30-treated mice compared to MPTP-

treated mice is also in contrast with the enhanced cell count

induced by FGF-2 following MPTP treatment (Peng et al.

2008). A possible explanation for this may be found in the

different pathways M30 and FGF-2 activate: neurotrophins

and basic fibroblast growth factor are ligands of tyrosine

kinase receptors, though they bind to different tyrosine

kinase receptor classes. Neurotrophins bind to receptor

tyrosine kinase class VII, Trk receptor family, while basic

fibroblast growth factor binds to receptor tyrosine kinase

class IV, FGF receptor family (Munoz et al. 2009). As

mentioned previously, M30 is thought to activate Trk-

pathway ligands, including GDNF, BDNF, and NGF, in

addition to activation of the Ras-PI3K-Akt pathway-related

proteins activated by propargylamine-containing rasagiline

(Sagi et al. 2007). In addition, the reduced BrdU-positive

cell count of MPTP/M30-treated mice compared to MPTP-

treated mice may also be explained by cell migration. It is

possible that M30 induces or contributes to signal-cascades

ultimately leading to cell migration from neurogenesis

zones to the SN where they are required; therefore,

although more cells may have been formed in MPTP/M30-

treated mice, less BrdU-positive cells are found in the SGZ.

Previous studies have stressed the importance of method-

ology issues (Kolb et al. 1999; Zhao et al. 2003; Peng et al.

2008), and it is highly likely that the dose and time frame

during which BrdU was injected were insufficient.

The property of cell cycle arrest, induced by M30, is

shared by other iron chelators HLA20 and VK28. In fact, a

novel therapeutic strategy for neurodegenerative disease,

similar to cancer drug therapy, is currently directed at

interfering with mitogenic signaling and cell cycle progres-

sion to ameliorate cell death (for a comprehensive review see

Amit et al. (2007), Avramovich-Tirosh et al. (2007)). This

strategy relies on accumulating evidence, suggesting that

neuronal death in the central nervous system (CNS) is often

intimately linked to cellular processes that normally occur

only during a mitotic cell cycle (Amit et al. 2007; Avramo-

vich-Tirosh et al. 2007; Herrup and Yang 2007).

In conclusion, the iron chelation properties, together

with its brain selective MAO-A/B inhibitory and the

propargylamine-dependent neuroprotective and neurore-

storative properties, may make M30 an ideal drug for the

treatment of PD and other neurodegenerative diseases,

where OS and iron dysregulation have been implicated in
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their pathogenesis (Zecca et al. 2004). M30 may prove to

be a safe and effective means of reducing the PD-induced

iron load in neural tissue, thus staving off the harmful

effects of oxidative damage and its sequelae. Furthermore,

future studies employing this drug may help deepen our

understanding of the pathogenesis of PD and pave the way

for other therapeutic agents in the management of various

neurodegenerative diseases.
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