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Abstract

Parkinson's disease is a neurological disorder which afflicts an increasing number of individuals.

If the wider complex of extrapyramidal symptoms referred to as “age-related parkinsonism” is

included, the incidence is near 50% of the population above 80 years of age. This review

summarizes recent studies from our laboratories as well as other research groups in the quest to

explore the multi-faceted etiology of age-related neurodegeneration, in general, and degeneration

of the substantia nigra dopaminergic neurons, in particular. Our work during recent years has

focused on assessment of potential interactive effects of a reduction in glial cell line-derived

neurotrophic factor (GDNF) and the aging process (intrinsic factors) and early neurotoxin

exposure (an extrinsic factor) on dopamine (DA) systems and the behaviors they mediate. The

guiding hypothesis directing the research to be described was that a combination of the two factors

would exacerbate the decline in the DA transmitter system function that occurs during aging. The

results obtained were consistent with the well-established aging-related decline in function and

structure of neurons utilizing DA as a transmitter and motor function, and extended knowledge by

establishing that the genetic reduction of Gdnf exacerbated these aging related changes. Thus,

Gdnf reduction appears to increase the vulnerability of the DA neurons to the many different

challenges associated with the aging process. Assessment of methamphetamine effects on young

Gdnf+/− mice indicated that reduced GDNF availability increased the vulnerability of DA systems

to this well-established neurotoxin. The work discussed in this review is consistent with earlier

work demonstrating the importance of GDNF for maintenance of DA neurons and also provides a

novel model for progressive DA degeneration and motor dysfunction.
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1. Introduction

Idiopathic Parkinson' disease (PD) is the second most common movement disorder. It is

characterized by a massive and progressive loss of dopamine (DA) neurons in the substantia

nigra (SN) pars compacta with accompanying, severe motor symptoms including tremor,

bradykinesia, rigidity and postural instability. Parkinsonian syndrome (PS) also includes

extrapyramidal symptoms associated with DA cell loss. The incidence of this wider group of

neurological conditions is even greater than PD, with more than 50% of individuals over the

age of 80 affected (see Bennett et al., 1996). In this review, we will refer to PD and

parkinsonism as parkinsonian syndrome (PS). Pathological studies of PS indicate the

presence of a cascade of events including increased levels of iron and monoamine oxidase

(MAO)-B activity, activation of microglial cells, enhanced cytokine response, oxidative

stress, glutamatergic excitotoxicity, nitric oxide synthesis, cellular inclusion bodies

containing alpha-synuclein, reduced expression of trophic factors, reduced oxidative stress

scavengers such as glutathione, and altered calcium homeostasis (Mandel et al., 2003). The

synuclein family was recently spotlighted when alpha-synuclein was demonstrated to be

linked to parkinsonism, both neuropathologically and gentically (Surguchov, 2008; see

Table 1). Recent studies by Braak and colleagues (Braak and Del Tredici, 2008) indicate

that SN DA neurons are not the first to succumb; in fact, the disesase appears to affect

central, peripheral, and enteric nervous systems, including brainstem motor neurons,

sympathetic ganglia, olfactory systems, the pontine locus coeruleus noradrenergic neurons

(LC NE), and then, finally, the SN DA neurons (Braak et al., 2007;2008; Braak and Del

Tredici, 2008). This progression is paralled by by increasing symptamotology from tremor

through akensia, cognitive dysfunction, etc. Thus, PS appears to progressively include an

ever-increasing number of brain regions as well as the peripheral nervous system and spinal

cord.

The etiology of PS remains unclear; however, both human and animal research suggests that

a genetic vulnerability seems likely for both idiopathic PD and age-related parkinsonism.

Studies of PD patients in the 1990s identified several genes that play a role in the disease, at

least in some cases (see Table 1). These include PARK1/PARK4 (alpha-synuclein), PARK8

(leucine-rich repeat kinase 2 (LRRK2)), PARK2 (Parkin), PARK6 (PTEN-induced kinase 1

(PINK1)), PARK7 (DJ-1), and PARK9 (ATP13A2), many of which code for proteins

implicated in mitochondrial function (see Terzioglu and Galter, 2008). Point mutations,

duplications and triplications in the alpha-synuclein gene are associated with a rare familial

dominant form of PS. Mutations in alpha-synuclein and LRRK2 genes are commonly

associated with dominant PS, while mutations in Parkin, DJ-1, PINK1, and ATP13A2 genes

are associated with early onset autosomal recessive PS (see Lesage and Brice, 2009). In

contrast, other studies strongly indicate that extrinsic factors such as endo- or exotoxins,

contribute to the age of onset, as well as the progression of the disease (see e.g. Gaenslen et
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al., 2008). In fact, studies on both rodents and non-human primates indicate that exposure to

environmental toxins produces progressive damage well before the onset of clinical

symptoms of PS.

With the aging baby boomer generation, the number of aging-related neurological disorders

will increase exponentially over the next few decades. Because reduced agility and slower

gait are associated with the normal aging process as well as PS, the differential diagnosis of

movement disorders in the elderly is difficult (Baron, 2005). Although many potential

causative factors for PS have been identified, they are overshadowed by aging itself, which

appears to be the number one risk factor for parkinsonism and must be considered when

designing appropriate animal models. In a normal human brain, the number of DA neurons

declines by 3-6% every decade. The rate of decline is much greater in PD patients,

suggesting that PD is not simply accelerated aging, as previously thought. Previous work

indicates that the PD incidence rate in subjects over 85 years old was over 10 times greater

than that of 56- to 65-year-old subjects, emphasizing that age represents the number one risk

factor for this disease complex (Vanitallie, 2008). In addition, up to 50% of individuals aged

80 and older exhibit extrapyramidal symptoms consistent with age-related PS (Bennett et al.,

1996). Despite the importance of age documented by these clinical studies, most animal

models of PD utilize young animals exposed to a neurotoxin such as 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine (MPTP) or 6-hydroxydopamine (6-OHDA; Terzioglu and

Galter, 2008) and not enough emphasis is placed on aging itself as a factor.

Despite reported success with neurotrophic or neuroprotective therapeutic drugs or cell

replacement therapies in animal models of PS, none have lead to a clinically effective

treatment avenue which cures all aspects of the disease complex (see e.g. Toulouse and

Sullivan, 2008). A possible explanation for the lack of developing effective treatments for

PS from animal models is that the models have not factored in the aging process, which may

prevent recovery after a toxic event. It is suggested that animal models which consider aging

as well as the multifaceted genetic and environmental components represented in the disease

process may be more effective in the development of potential therapeutic agents. Current

animal models can be assigned to three different categories: 1) neurotoxins using acute or

chronic administration models; 2) transgenic mouse models mimicking PD linkage studies

or deletion of genes necessary for the development and survival of dopamine neurons; and

3) tissue-specific knockouts targeting DA neurons (Terzioglu and Galter, 2008). Although

these current models are valuable and have told us much about the disease process, few

studies have included the combination of genetic and environmental factors. In the

experiments reviewed here, we have applied the general multifactorial, or “dual-hit”,

hypothesis of neurodegeneration to a specific controlled internal genetic factor, Gdnf gene

reduction, combined with a controlled external factor, drug exposure (methamphetamine

(METH) or MPTP). Thus, the experiments form our laboratories reviewed below provide

evidence that a genetic vulnerability combined with an environmental toxin renders DA

neurons especially sensitive to age-related events such as oxidative stress or

neuroinflammatory cascades. More spefically, we present evidence for a dual-hit model,

combining a growth factor knockout model (Gdnf+/− or Gfrα1+/− mice) with a known
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neurotoxin (METH or MPTP, respectively) causing additive effects on the aging-related

changes in DA systems and associated behavioral changes.

2. Development and Aging of SN DA neurons

2.1. Development of the DA transmitter system

Visualization of the central dopaminergic cell groups was first achieved by Annica

Dahlström and Kjell Fuxe and was published in their seminal paper in the 1960s (Dahsltröm

and Fuxe, 1964). Before this mapping study utilizing the then novel Falck-Hillarp

Fluorescence method (Falck et al., 1959), visualization of DAergic cell bodies and nerve

fibers was not possible, albeit DA and its metabolites had been detected in brain tissue and

CSF using quantitative biochemical methods (Carlsson et al., 1957). Dahlström and Fuxe

found three groups of DA nerve cell bodies in the midbrain, as well as some smaller cell

groups in the midline of the hypothalamus. They utilized the nomenclature A8-10 for the

midbrain nuclei, and A11-15 for the hypothalamic nuclei and a schematic presentation of

these nuclei is shown in Figure 1A. Ascending as well as descending fiber bundles were

detected, and it was established that the DA nuclei innervated both cortical and subcortical

structures with a dense plexus of neurites (Dahlstrom and Fuxe, 1964). Figure 1B provides a

visualization of DA neurites and cell bodies in the rodent brain and indicates that the

DAergic neurites contain numerous collateral branches and varicosities along their course.

Alterations in the DA transmitter systems extend from early in utero development

throughout the life span, and challenges to these systems, for example by drugs, toxins,

ablation, inflammation, etc, produce long-lasting or permanent changes (see e.g. Monahan et

al., 2008). Early development of A8-A10 nuclei includes cell fate determination,

differentiation and migration, and later on events such as neurite growth, guidance and

synapse formation determine the branching and postsynaptic definition of the final terminal

tree of this widespread transmitter system in the brain (Smits et al., 2006). As discussed in

another review in this volume by Fuxe et al., DA can act via classical regulated synaptic

release or volume transmission (see Fuxe et al current volume). Recent studies on rodents

indicate that DA neurons undergo two significant postnatal waves of apoptosis which allow

the fine-tuned connectivity in cortical and subcortical areas, which contribute to their

significant roles in memory processing, reward, motor function, and motor coordination

processes (Burke, 2004; Van den Heuvel et al., 2008). DA systems develop rapidly during

the last week of gestation in the mouse, being detected by embryonic day (E) 13, with the

entire nigrostriatal tract visualized by E16, and adult florescence pattern noted by E18 (see

e.g. Burke, 2004; Van den Heuvel et al., 2008). Development of DA systems in mice

continues postnatally with increasing functional capacity into adolescence, and then declines

and remains relatively stable through early adulthood (Burke, 2004).

2.2 Age-related effects on DA neurons in animal models

After the stable period throughout early adulthood, the DA system begins to decline during

the aging process as evidenced by neurochemical, morphological, and accompanying

behavioral changes. Several animal models substantiate the relationship of motor function

and DA transmitter system deterioration with aging (see eg. Hebert and Gerhardt, 1998;

Cass et al., 2002; Yurek and Fletcher-Turner, 2000). For example, aging-related reductions
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in DA uptake are reported for Rhesus monkeys (Dejesus et al., 2001), for DA release in

F344 rats (Hebert and Gerhardt, 1997), and for DA receptor binding in mice (Ingram 2000).

There are also reports of aging-related exacerbated response to DA-specific neurotoxins

such as 6-OHDA (Cass et al., 2002) and MPTP (Mandavilli et al., 2000) in mice. Although

the mechanisms for these aging-related increases in nigral neuron vulnerability are not

established, reductions in support systems such as growth factors have been postulated to

increase the susceptibility of SN DA neurons to external stressors and toxins (see eg. Yurek

and Fletcher-Turner, 2000; 2001). Recent studies in non-human primates also suggest that

the microenvironment in midbrain regions containing DA cell bodies may be especially

susceptible to aging-related increased inflammation in the brain following neurotoxin

administration (Kanaan et al., 2008). This observation again suggests that attention should

be given to the aging process and its special challenges in designing animal models for the

motor dysfunction and DA cell loss associated with PS. The midbrain SN region is

especially rich in microglia (Zecca et al., 2008) and there is substantial evidence that

neurotoxins and endotoxins activate these cells to release damaging cytokines (Sawada et

al., 2008). The possibility of aging-related reduction in support systems is an important

consideration for interpreting animal studies evaluating neuroprotective agents. For

example, an agent may have bonafide protective effects against a neurotoxin when

administered to young animals but be ineffective in aged animals because of an aging

related decline in the support systems through which the agent acts. It is therefore important

to take into account aging as the primary risk factor for PS, when designing studies of DA

neurons and motor function in regards to neuroprotective or damaging agents.

2.3 Aging processes affecting motor function and DA neurons in humans

In humans, the incidence of extrapyramidal symptoms related to PS via multifactorial

processes increases significantly with age, involving up to 50% of the population over 85

years of age (Bennett et al, 1996; Kluger et al., 1997), as discussed in the Introduction to this

chapter. The DA nigrostriatal system, although not the only mediator of motor function, is

clearly involved in aging-related decline in motor function (see eg. Volkow et al., 1998;

Naoi and Maryama, 1999; Palmer and DeKosky, 1993; see also Ingram, 2000; Baron, 2005,

Vanitalle et al., 2008). In humans, the number of midbrain dopaminergic neurons declines

by 3-6.0% per decade after 50 years of age (Fearnley and Lees, 1991; Gibb and Lees, 1991).

In addition, aging studies of the human brain also demonstrate that intensely stained DAT-ir

SNpc neurons decline by 11.2% per decade (Ma et al., 1999). These data are in conjunction

with previous studies demonstrating a dramatic reduction of DAT mRNA within SNpc

neurons during the 5th decade of life (Bannon et al., 2005). Furthermore, imaging studies of

the striatum in humans indicate substantial age-related declines in DA D2 receptors

(Volkow et al., 1996), DA D1 receptors (Suhara et al., 1991), and DAT protein (Volkow et

al., 1996; see also Kaasinen and Rinne 2002). Postmortem studies have shown that by the

time PS is identified symptomatically, as much as 70-75% of the dopamine-containing

neurons have been lost in PD patients, suggesting that the disease is not simply accelerated

aging, but producing a much more severe and aggressive course of decline (Mandel et al.,

2003). Thus, both normal aging and PS lead to a progressive loss of SN DA neurons, albeit

at a different final degree and slope. Figure 4 summarizes our proposed model that the

aging-related decline in DA system function is multifactorial including both genetic and
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external factors. The figure is general but reflects our focus on Gdnf reduction as the genetic

factor. Since GDNF is required for DA development, and is considered a classical target-

derived neurotrophic factor (Tomac et al., 1995), the possibility of a genetic factor which

impacts only maintenance of the adult transmitter system is excluded from the model. As

indicated by Figure 4, several scenarios for our mouse model are possible, including a

parallel slope leading to earlier motor dysfunction (which would indicate additive effects of

the genetic and environmental factors), or a steeper decline, which would suggest synergistic

effects of our genetic plus external factors. Because both PS and PD are thought to be

multifactorial, optimal animal models need to be developed to assess the interplay between

genetic mutations and mitochondrial damage, oxidative stress, neuroinflammation, and

growth factor loss, which have all been implicated in the disease (see Granholm et al., 2008

for review). Further, most neurotoxic models for PS have not included aging as a factor,

even though this is the primary risk factor for the disease complex in humans (see e.g.

Bennett et al., 1996; Eggers, 2009). The present review presents evidence for such a model,

which takes into consideration both external (environmental) and internal (genetic) factors,

as well as the aging process, which lead to progressive motor dysfunction and DA cell loss

in a mouse model.

3. Neurotrophic factors and dopamine neurons

3.1 Neurturin, BDNF, and FGF

Many research groups have searched for the perfect neuroprotective factor for DA neurons

since the discovery of the first neurotrophic factor named nerve growth factor (NGF) in the

early 70s and 80s (Levi-Montalcini, 2003). Recent work indicates that overall trophic

activity is greater in the striatum of middle-aged and aged non-human primates than in their

younger counterparts, and that a neurotoxic lesion elevated trophic activity in the young but

not in aged subjects (Collier et al., 2005). These studies suggest that the aged brain is unable

to activate trophic factors as a defense mechanism, suggesting that exogenous treatment with

trophic factors in lesion models or with normal aging may be a viable treatment strategy.

Further, several investigators have reported decreased levels of neurotrophins, specifically

brain-derived neurotrophic factor (BDNF) and glial cell line- derived neurotrophic factor

(GDNF, discussed below) in the nigrostriatal DA region and cerebrospinal fluid of PD

patients (Nagatsu et al., 2000).

Some growth factors are important for maintenance of function and for neurotransmission of

DA neurons in adult or aged life, while others are specifically involved in differentiation

during early development. Wnt5, sonic hedgehog (SHH) and fibroblast growth factor (FGF)

have mostly been associated with differentiation of stem cells into DAergic cells as well as

migration into appropriate brain regions during development (Sanchez-Pernaute et al., 2008;

Papanikolaou et al., 2008), while other factors such as BDNF and GDNF are directly

involved in DA neurotransmission and maintenance in the adult animal (Fumagalli et al.,

2006). FGF appears unique in that this ubiquitous growth factor also plays a role in early

development as well as in neuronal health in aging and PS. Recent work from Murase and

collaborators (Murase and McKay, 2006) suggested that FGF signaling elevates DA levels

in calbindin-negative SN neurons, which are those at most risk in PD patients (Murase and
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McKay, 2006). Neurturin, a member of the GDNF family of neurotrophic factors (see

Saarma, 2000), is an interesting protein, which is currently in clinical trials for PD patients,

through delivery via viral vectors (Herzog et al., 2008; Isacson and Kordower, 2008) and

holds promise for future treatment of this disease as well. Although initial studies do not

indicate that neurturin may be as successful in the clinic as originally hoped. with the current

delivery method, it is likely that development of other delivery systems will yield results

depending on the robust effects observed in rodent and primate models (see Herzog et al.,

2008). Exogenous administration of BDNF into the SN or striatum of animal models of PD

provides significant neuroprotection for DA neurons, both in non-human primates and in

rodents (Tsukahara et al., 1995). In our research group, we recently examined long-term

consequences of a partial genetic deletion of BDNF (see Boger et al 2009, in revision), and

did not find any observable genotype effects of this growth factor deletion upon DA neuron

morphology, even though some behavioral components for motor function were altered with

aging in both BDNF heterozygous mice and age-matched WT mice (Boger et al., 2009).

Thus, our continued studies on gene deletions remained focused on alterations in the GDNF

system as detailed below. The data described above support findings that there are several

important growth factors partaking in DA neuron induction, maintenance, and protection

against injury. However, our previous and continuing work suggest that GDNF is one of the

key players in DAergic function over the life span, at least in rodents.

3.2 Glial cell line-derived neurotrophic factor (GDNF)

GDNF is a member of the transforming growth factor-β superfamily of neurotrophic factors

(Krieglstein et al., 1995; Saarma, 2000); is required for the development, survival, and

maintenance of DA neurons (Burke, 2006); and is required for the survival of kidneys,

spinal cord motor neurons, sensory neurons, and cranial nerve motor neurons (Pichel et al.,

1996; Granholm et al., 1997; Bates, 2000; Saarma, 2000; Malcangio, 2003; Sah et al., 2005).

In vitro studies have shown that neurturin and persephin (PSPN), which are two family

members of the GDNF family, but not GDNF, were capable of DA neuron induction in vitro

in the presence of TGF-beta (Roussa et al., 2008). The authors found that GDNF was

capable of rescuing the TGF-beta neutralization-dependent loss of tyrosine hydroxylase

(TH)-pos. neurons, suggesting a role for GDNF in survival but not induction of the DA cell

type. In the adult brain, high levels of Gdnf mRNA are likely restricted to ventral and dorsal

striatum, thalamus, olfactory bulbs, and cingulate cortex (Trupp et al., 1997; Ron et al.,

2005). Early research established that GDNF is required for high-affinity DA uptake,

expression of the DA synthetic enzyme, tyrosine hydroxylase (TH), and neurite outgrowth

of cultured midbrain DAergic neurons (Lin et al., 1993). Importantly for studies in our

laboratory, GDNF is lower in the SN of aged rodents (Yurek and Fletcher-Turner, 2000) and

in PD patients (Jenner and Olanow, 1998). In addition, intra-cerebral GDNF infusion

promotes recovery of abnormal DA system morphology and related behavioral deficits in

rodent and nonhuman primate models of PD (Bowenkamp et al., 1995; Gash et al., 1996;

Lindner et al., 1995; Mandel et al., 1997; Cass et al., 1999; Granholm et al., 2000). GDNF's

involvement in motor dysfunction and DA neuron degeneration has been established to the

extent that it has recently been used in a clinical trial as a potential therapeutic agent for PD

patients (Gill et al., 2003; Slevin et al., 2007). These clinical trials utilizing administration of

GDNF demonstrated a significant increase in DA uptake in the putamen and patients
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demonstrated an improvement on the Unified Parkinson's Disease Rating Scale (UPDRS), of

42, or 38%, of the off- and on-medication states, respectively (Gill et al., 2003; Slevin et al.,

2007). In addition, infusion of GDNF resulted in an increase in local (at site of infusion)

TH-ir nerve fibers, as well as possible sprouting of nigral nerve fibers (Love et al., 2005).

However, due to differences in probe placement, probe size, GDNF doses administered, as

well as side effects related to the high levels of GDNF in non-related brain regions, GDNF

clinical trials have been halted, even though the clinical data suggest a definite benefit from

this neurotrophin in patients (Gill et al., 2003; Slevin et al., 2007). Data from animal studies,

as well as the sparse clinical data available, still indicate that GDNF has significant

beneficial effects on the SN DA system, especially during aging or neurotoxic exposure.

These studies warrant the further assessment of GDNF as a possible therapeutic for the

treatment of PD.

3.3 Effects of complete or partial Gdnf deletion on DA neurons

A Gdnf gene knockout murine model developed to explore the role of GDNF in fetal and

postnatal development (see Pichel et al., 1996; Sanchez et al., 1996; Moore et al., 1996) was

used in our studies to determine the role of the neurotrophic factor in aging- related changes

in DA systems. Earlier studies indicated that in utero development of mesencephalic DA

neurons was unaffected in homozygous Gdnf−/− mice (Pichel et al., 1996; Granholm et al.,

1997). Although in vivo experiments on Gdnf−/− mice are not possible since they die

postnatal day 1 due to renal agenesis, fetal grafts from Gdnf−/− mice indicate that postnatal

survival of mesencephalic DA neurons is GDNF dependent (Granholm et al., 2000),

suggesting that GDNF becomes important as the DA neuron establishes innervation and

synaptic connections in striatal and cortical target regions. In fact, previous studies have

established GDNF as a target-derived growth factor for the nigrostriatal system, with

classical retrograde transport from the striatum back to SN DA cell bodies (Tomac et al.,

1995). To examine the role of Gdnf reduction on DA systems throughout the lifespan, we

utilized heterozygous mice (Gdnf+/−) which exhibit approximately 65% of GDNF levels

seen in age-matched wildtype mice (Boger, et al., 2006; Griffin, et al., 2006).

In addition to its involvement in maintenance of neural function, GDNF is required for

ureter bud formation and branching during metanephros development of the kidney, and is

essential for proper innervation of the gastrointestinal tract (Pichel et al, 1996). Thus, mice

lacking both copies of Gdnf lack kidneys and die at birth (Pichel et al., 1996). In contrast,

Gdnf+/− mice with one Gdnf allele, although having 30% fewer glomeruli than WT controls,

the glomeruli are of normal size (Cullen-McEwen et al., 2001) at 30 days of age, and are

larger than those of age matched WT mice by 14 months of age. Important for studies

utilizing Gdnf+/− mice, the compensatory increase in size of the glomeruli allowed normal

kidney filtration rate (Cullen-McEwen et al., 2003; see also Boger et al., 2006).

To help establish whether or not general health problems contributed to the behavioral and

DA system abnormalities observed in our studies on Gdnf+/− mice, body weights and kidney

size, morphology, and function were evaluated at the ages assessed during the life span.

Assessment of kidney size and BUN/creatinine levels in serum from mice of all ages

examined in our experiments and discussed below confirmed these findings, and indicated

Boger et al. Page 8

Prog Neurobiol. Author manuscript; available in PMC 2014 April 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



normal kidney function up to at least 22 months of age. In addition, feeding behavior of

Gdnf+/− mice was not impaired and they maintained body weights similar to WT mice

raised on the same diet. Further, mortality rates for Gdnf+/− mice did not differ from WT

littermates at least up to 24 months of age. Thus, in spite of the abnormal kidney function

and enamel matrix, the peripheral dysfunctions appeared to be unrelated to the altered DA

morphology and behavioral abnormalities noted in the studies discussed below (Boger et al.,

2006).

The initial two studies to be discussed examined the interactive effects of genetic Gdnf

reduction and the aging process (Zaman, et al., 2003; Boger, et al. 2006) and evaluated

behavior (open field motor activity and rotorod performance), neurochemistry (monoamine

neurotransmitter & metabolite levels, monoamine uptake), and morphology (TH

immunohistochemistry with stereological cell count and sprouting density). The third study

(Boger et al. 2007) discussed below introduced a methamphetamine (METH) challenge to

examine the possibility of a METH × Gdnf Reduction × Aging interactive effect on the DA

system, neuroinflammation and associated behaviors. The fourth study (Boger, et al., 2009)

built upon the third study by further examining the role of inflammation as a possible

mediator of the observed effects of a partial Gdnf gene deletion combined with a

psychostimulant on DA systems and behavior, using minocyline treatment to reduce

inflammation induced by METH administration and/or a partial Gdnf gene deletion (Boger

et al., 2007). Two final studies (Zaman, et al., 2008; Boger, et al., 2008) to be discussed

were to establish the role of the primary GDNF receptor GFRα1 in the abnormalities noted

for the Gdnf+/− mice by including similar studies on Gfrα1+/− mice.

Results of the Boger, et al. (2006) study confirmed previous reports (e.g., Dean et al., 1981)

that spontaneous motor activity, motor coordination, and SN TH-ir neurons declined with

aging, from 4 – 20 months in our study. In addition, the study established that the aging-

related decline occurred earlier for Gdnf+/− than for age-matched wildtype (WT) mice,

suggesting that genetic reduction of GDNF enhances these aging-related changes. This

result complements an earlier experiment (Zaman, et al., 2003) indicating that both

horizontal and vertical movements declined more rapidly for Gdnf+/−compared to WT mice

when tested over a one hour period at 18 months of age. Genotype effects on motor function

and DA cell counts were first observed at 12 months of age in the Boger (2006) study. At

later time periods, these values for WT mice declined to levels comparable to Gdnf+/− mice,

suggesting that Gdnf reduction might accelerate the alterations observed with these

parameters during the normal aging process in mice, or, alternatively, that early

developmental problems in the Gdnf+/− mice related to the lower GDNF levels, gave rise to

accelerated aging of these systems. Gdnf+/− mice, however, continued to have inferior

performance on the motorically more complex rotorod task in comparison to age-matched

WT controls noted below, again suggesting an accelerated aging process for motor systems.

Importantly, the enhanced abnormalities for the Gdnf+/− mice were not associated with

notable reductions in bodyweight, kidney function, or survival rate over the evaluation

period negating a general health problem as causative for the observed effects. The decline

in motor activity at the later age for WT mice suggested the possibility that striatal GDNF

might become reduced in the normal aging process, thus accounting for the reduced motor
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function. Although we have not observed a significant aging-related reduction of GDNF in

WT mice in our experiments (Griffin, et al., 2006), a trend towards lower GDNF levels was

observed, and this interpretation is consistent with reported lower GDNF with age in the rat

(Yurek et al., 2001) and with the rescue effect of administered GDNF on the health of DA

neurons and aging-related motor deficits for both rats (Hebert and Gerhardt, 1997) and non-

human primates (Gash et al., 1996). In addition, the absence of overall reduced GDNF levels

with aging does not rule out the possibility of changes in its distribution, or receptor function

with the aging process.

Performance on an accelerated rotorod by Gdnf+/− mice was inferior for aged (20 month)

subjects, but not for young adult (8 month) mice compared with age-matched WT mice

(Boger et al., 2006). The poorer performance by the aging Gdnf+/− mice was due to the

more rapid fall time as the rotation speed increased from 8 to 40 revolutions per minute. It is

important that performance of both genotypes improved across a three-day testing period,

suggesting that the coordination deficit noted for the aged Gdnf+/− mice was not reflective

of reduced motor learning ability. Interestingly, although the mean fall time for 20-month-

old WT mice was less than that of their 8-month-old counterparts, the difference was not

supported statistically under the conditions of the experiment. The absence of a deficit for

the aging WT mice is somewhat surprising since motor coordination generally deteriorates

relatively early in rodents (Bickford et al., 1992). Clearly, however, the aging Gdnf+/− mice

exhibited a motor coordination deficit. The neuronal substrate for this deficit is unclear, but

could be related to either noradrenergic or dopaminergic neurotransmission deficits, since

both of these systems have been implicated in this particular behavioral task (Bickford,

1995; McEntee et al., 1987; Mason and Iversen, 1977), and both systems are abnormal in

Gdnf+/− mice as noted below.

Consistent with the many studies indicating that DAergic pathways are susceptible to the

aging process (Carlsson 1987; Seeman et al., 1987; Kish et al., 1992), the number of SNpc

TH immunoreactive neurons declined with age (20%, 12 vs 20 month) as previously

reported for C57BL/6 mice (McNeill and Koek, 1990; Tatton et al., 1991). In comparison,

the aging related reduction in SNpc TH immunoreactive neurons occurred earlier and to a

greater extent for Gdnf+/− mice (37.5%, 8 vs 12 month). Further morphological inspection

revealed a far greater loss of fibers and terminals in this region for Gdnf+/− than WT mice

suggesting that GDNF may be involved in the maintenance of the SN DAergic neuronal

population, especially during aging. The loss of TH immunoreactive neurons and neurites in

the SN region of 12 month old Gdnf+/− mice is illustrated in Figure 2. The reduction in DA

availability in aging Gdnf+/− mice was consistent with a report (Airavaara et al., 2004) of

increased striatal DAergic postsynaptic activity in Gdnf+/− mice. Even though Gdnf+/− mice

demonstrated a greater reduction of SNpc TH immunoreactive neurons with age compared

to WT mice, they did not exhibit degeneration of TH immunoreactive neurons in the VTA

region of the midbrain. However, Zaman, et al (2003) reported a significant degeneration of

NE neurons in the locus coeruleus (LC) and its projection areas in 18 month old

Gdnf+/−mice compared to age-matched WT controls, suggesting that the LC-NE neurons are

dependent upon GDNF for their maintenance as well. Supportive of LC NE neuron loss, NE

levels were reduced in the locus coeruleus of 18-month-old Gdnf+/− mice compared to age-
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matched WT mice, as was NE uptake in tissue from the cerebellum or brain stem of the

Gdnf+/− mice (Zaman et al., 2003). Since LC TH immunoreactive neurons (NE) and SN TH

immunoreactive neurons (DA), are both involved with mediating motor activity, the impact

of Gdnf reduction on either or both of the two neural systems could account for the motor

deficits noted in the older Gdnf+/− mice as well as the greater cognitive deficits reported for

aging mice of this genotype (Gerlai et al., 2003). Targeted delivery of GDNF to either LC or

SN neurons in Gdnf+/− mice would reveal if one or both of these systems are involved in the

motor deficit of aged Gdnf+/− mice, and should be addressed in future studies. Interestingly,

LC NE neurons are known to deteriorate early on in patients with PS (see e.g. Mori et al.,

2006; Braak and Del Tredici, 2008) and it has been suggested that these neurons may play

an integral role in the subsequent loss of SN DA neurons. There is a clear connection

between LC NE degeneration and alpha-synuclein-positive neuronal inclusion bodies in PD

patients and a suggested connection between these two transmitters in the degenerative

process seems likely (Mori et al., 2006). LC NE neurons are sensitive to neurotoxins in

animal models just like the SN DA neurons, and are known to deteriorate along with DA

neurons in e.g. rotenone models of PS (Lin et al., 2008). Our studies of the Gdnf+/− mice

therefore suggest that this model may be useful also for studies of the connection between

NE and DA transmitter systems during normal aging and degenerative disease in a

systematic fashion.

Collectively, these studies indicate that Gdnf+/− mice have deficits in basal motor function

and DA morphology common to the normal aging process, but occurring at an earlier time

than noted for WT controls. We propose that this genetic reduction in Gdnf predisposes the

DA system, and perhaps other monoamine systems, to an increased vulnerability to intrinsic

and extrinsic derived insults which can occur during youth and can enhance the aging-

related decline of midbrain dopamine neuronal function. Based on this information, a “dual-

hit” hypothesis of neurodegeneration was proposed in which a combination of factors during

early pre- or postnatal development can interact with Gdnf gene deletion and aging to

enhance the vulnerability of DA neurons leading to compromised neuronal functioning

during aging (see eg. Sarabi et al., 2003). The animal model used in these studies provides

an assessment of whether genetic predisposition coupled with prenatal or postnatal

neurotoxin exposure can enhance aging-related neurodegeneration resulting in motor

disorders.

4. Genetic alterations combined with environmental toxins

4.1 The dual-hit hypothesis

Both genetic inheritance and sharing of a common environment in the same family can

explain the increased risk of PD in relatives of PD patients compared with relatives of

controls in familial aggregation studies (Logroscino, 2005). Therefore, the idea that PD and

other neurodegenerative disorders are caused by a complex interaction between genetic

predisposition and endotoxins or neurotoxins is not novel (Hawkes et al., 2008), and widely

accepted in the field, as noted by a recent consensus statement by a group of scientists

working in the fore-front of this field (see Bronstein et al., 2008). The dual-hit hypothesis

states that multiple factors, which can be both external and internal, combined are
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responsible for the most common multiple system neurodegenerative disorders, in particular

PS. Recently there has been great interest in developing animal models to test this dual-hit

hypothesis, such as administering MPTP to alpha-synuclein, Parkin, and DJ-1 transgenic

mice (Manning-Boğ and Langston, 2007). Langston and collaborators have minted the

expression “fusion models” which recapitulate several pathological processes in the same

animal model by integrating e.g. gene deletion and environmental factors to study gene-

environment interactions (Manning-Bog and Langston, 2007). While most animal models

for PS are associated with an acute loss of DA neurons following a massive dose of

neurotoxins, Meredith and collaborators (Meredith et al., 2008) recently developed a chronic

MPTP administration regimen leading to cellular inclusions, progressive DA cell loss, and

other hallmarks for PS including oxidative stress, mitochondrial damage, and inflammatory

processes. Carvey and his associates have developed a dual-hit rat model combining prenatal

administration of an endotoxin, lipopolysaccharide (LPS) combined with postnatal

neurotoxin administration, and discovered that the two challenges produced an additive

effect on the SN DA system, resulting in almost all of the pathological hallmarks of PD (Zhu

et al., 2007). The authors suggested that this increased vulnerability to the secondary

neurotoxin exposure later in life could be the result of a life-long alteration in glutathione

metabolism, an enzymatic pathway dysfunction implicated in PS. Another recent “dual-hit”

model for PS (Richardson,et al., 2006) indicated that exposing pregnant and lactating mice

to the pesticide dieldrin altered DA neurochemistry and exacerbated MPTP toxicity in the

offspring. These are interesting models that can provide valuable information regarding

additive effects of neurotoxic exposures, as well as identify biological mechanisms of the

disease. However, to our knowledge, a dual-hit model had not been developed to investigate

progressive PS in which a genetic alteration is combined with an environmental toxin.

4.2 Gdnf+/− combined with methamphetamine exposure

Because of its well-established toxic effects on DA systems, METH was used to evaluate the

interactive effects of Gdnf reduction, psychostimulant exposure, and aging on DA system

structure and function (Boger, et al., 2007). METH is a powerfully addictive

psychostimulant that causes major damage to monoamine-containing axon terminals in the

striatum (Ricaurte et al., 1982; Sonsalla et al. 1992). High METH doses adversely affect

monoaminergic systems of rodents and primates reducing brain levels of DA and serotonin

(5-HT), as well as their synthesis controlling enzymes, tyrosine and tryptophan hydroxylase,

respectively (Hotchkiss and Gibb, 1980; Wagner et al., 1980; Bakhit et al., 1981; Davidson

et al., 2001). METH is a substrate for monoamine transporters and is transported into

DAergic terminals, initially increasing cytosolic DA release and ultimately depleting DA

(Kita et al., 2003). Possible mediators contributing to METH toxicity on DA terminals

include: 1) hyperthermia (Bowyer et al. 1992; O'Callaghan and Miller, 1994), 2) glutamate

excitoxicity (Sonsalla et al. 1986, 1992; Mark et al., 2004), 3) increased production of

reactive oxygen species (O'Dell et al., 1991; Yamamoto and Zhu, 1998; LaVoie and

Hastings, 1999), and 4) microglia activation (LaVoie et al., 2004). The extensive METH

abuse by young people has provided evidence that METH effects on DA and 5-HT are

prolonged. For example, examination of the DA transporter protein (DAT) indicated only a

20% recovery in former METH abusers, who also demonstrated slower motor speed and

deficits in verbal learning (Volkow et al., 2001a; 2001b). The Boger et al., (2007) study
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examined the interactive effects of METH exposure, a partial Gdnf gene deletion, and aging

on DA system function using the procedures described above for the Genotype × AGE

interaction. The general hypothesis guiding the study was that METH would exacerbate the

more rapid decline of DA systems noted above for Gdnf+/− mice during the aging process.

The METH binge procedure used in this study was identical to that reported by Sonsalla, et

al., (1992) and involved 4 IP injections of the drug (10 mg/kg) at two-hour intervals. The

procedure elevated body temperature progressively across the four injections to the same

extent for Gdnf+/− and WT mice when injected at 2.5 months of age. METH elevated motor

activity after the first injection, but reduced activity after the fourth injection, to the same

extent for both genotypes. Consistent with the similar hyperthermic and motor responses to

the METH binge for the two genotypes, METH concentrations in blood and striatal tissue

assessed at 30 min intervals for up to three hours after the final METH injection were

similar for Gdnf+/− and WT mice. In spite of these genotypic similarities, the long-term

toxic effects of METH in the Boger et al., (2007) study reflected in the behavioral,

neurochemical, and morphological abnormalities noted below were substantially greater for

Gdnf+/− mice.

Long-term behavioral effects of the METH binge were measured beginning two weeks after

the binge. At this time, motor activity was unaffected by the METH binge for mice of either

genotype. A pharmacological challenge with the selective DAT inhibitor, nomifensine,

established that its stimulatory effect was attenuated for METH binge-treated mice,

revealing a DA system dysfunction at two weeks after the METH binge, although not

apparent in the baseline spontaneous locomotion parameter. At 9 months of age, total motor

activity was significantly less in mice that had been treated with METH in early adulthood

than in saline control mice, regardless of genotype. In contrast, at 12 months of age (Mid-

Life), saline-treated Gdnf+/− mice displayed less motor activity than WT mice. Furthermore,

METH-treated Gdnf+/− mice were less active than either Gdnf+/− mice treated with saline or

WT mice treated with METH. Thus, there was an apparent interaction of partial Gdnf

deletion, METH exposure, and age on motor activity. The interactive effects of the three

factors on behavior were supplemented with a number of morphological and neurochemical

effects noted below (Boger et al., 2007).

The METH binge procedure that reduced motor activity also reduced striatal tissue levels of

serotonin (21%), DA (76%) and its metabolite, DOPAC (60%) when assessed in WT mice

two weeks following the binge (Boger et al., 2007). Interestingly, at this younger age (3

months), DA and DOPAC levels in the striatum of mice not exposed to the METH binge

were approximately 1.7 times greater for Gdnf+/− than WT mice. Two-weeks following

METH administration, GDNF+/− mice demonstrated a proportionally greater reduction in

striatal DA (88%) and DOPAC (75%) tissue content compared to METH-treated WT mice

(DA: 76%, DOPAC: 60%). The result suggests that lower GDNF levels resulted in a greater

METH-induced reduction of DA and its degradation metabolite. In contrast to the elevated

striatal levels of DA and DOPAC for younger Gdnf+/− mice compared to the WT controls,

when assessed at 12 months, both compounds, as well as serotonin, were lower in the

striatum of Gdnf+/− mice. In addition, the METH-induced reductions of 5-HT, DA, and

DOPAC noted for the three-month-old mice two weeks following the METH binge
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remained for mice assessed at 12 months of age, 6 months after the binge, and, importantly,

the METH-induced reduction was greater in the Gdnf+/− mice, suggesting additive effects of

the genetic and environmental factors (Boger et al., 2007).

As a follow-up to the monoamine changes associated with the METH binge and because

METH is taken up by DA neurons via the dopamine transporter (DAT), DAT protein and its

activity were examined in striatal tissue from the two genotypes at both 3 and 12 months of

age. Although DAT protein levels (DAT-ir) did not differ according to either genotype or

age, DAT uptake in synaptosomal preparations was greater in tissue from Gdnf+/− than WT

mice at either age. Since METH gains entry to DA neurons via DAT, the enhanced DAT

activity of Gdnf+/− mice provides a possible mechanism for the greater toxic effects of

METH in this genotype and also supports the possibility that elevating GDNF might be

protective against METH toxicity.

METH-induced morphological abnormalities were also greater in Gdnf+/−compared to WT

mice, For example, tyrosine hydroxylase immunoreactivity (TH-ir) density in the medial

striatum was lower in Gdnf+/− than WT mice at 3 months of age, and this genotypic

difference was magnified two weeks after the METH binge (see Figure 3). In the lateral

striatum, TH-ir was reduced to the same extent in both genotypes following METH

treatment. At 12 months of age, striatal TH-ir density was lower in Gdnf+/− than WT mice

regardless of the particular striatal area examined, and the METH-induced reduction in TH-

ir density remained for the lateral, but not the medial striatum. Thus, METH toxicity was

exacerbated in Gdnf+/− vs. WT mice. It is of interest to note, that no significant differences

existed between the four treatment groups at either age in terms of TH-ir in the nucleus

accumbens shell or core.

To test a possible mechanism for the reductions in TH-ir, striatal and SN were assessed for

neuroinflammation using CD45 immunostaining two weeks following a METH binge to

determine the extent of microglia activation (Boger et al., 2007). Microglial activation was

greater in SN, but not striatum, of Gdnf+/− than WT mice regardless of whether they had

been exposed to METH. The fact that METH resulted in the greatest elevation of CD45-ir in

the SN of Gdnf+/− mice, suggests the possibility that lower GDNF levels might contribute to

a greater inflammatory response to METH. The absence of METH-induced microglial

activation in the striatum in this study differ from previous reports demonstrating that

microglia were activated in the striatum, but not SN, within 1-6 days of a METH binge

(LaVoie et al., 2004). The different outcomes for the two studies suggest that the microglial

activation in the striatum had resolved 2 weeks following METH exposure whereas the SN

microgliosis took longer than a week to develop.

4.3 Activated inflammatory pathways in Gdnf+/− mice and methamphetamine exposed mice
are attenuated by minocycline

As mentioned above (section 4.2), mice with a partial genetic deletion of Gdnf displayed

increased neuroinflammation in the SN as early as 3 months of age (Boger et al., 2007).

Therefore, a third study (Boger, et al., 2009) was directed toward further assessment of

biological mechanisms involved in the Gdnf+/− and METH enhanced reduction in TH-ir,

specifically neuroinflammation. In this study, 2.5 month old Gdnf+/− and WT mice were
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exposed to the METH binge described above. Starting 24 hrs after the METH binge, half of

the mice in each group were injected daily for two weeks with minocycline (45mg/kg, IP)

providing a 2 (Genotype) × 2 (METH Exposure) × 2 (Minocycline Treatment) experimental

design. Minocycline has established anti- inflammatory (Tikka & Koistinaho, 2000; Tikka,

et al. 2001) and anti-apoptotic (Zhu, et al., 2002; Wang, et al., 2004) properties and was

administered in a regimen demonstrated to be neuroprotective in the 6-OHDA lesion rodent

model of PD (Quintero, et al., 2006).

Confirming the earlier report noted above (Boger et al., 2007), the 3-month-old Gdnf+/−

mice had greater microglial activation in SN and less TH-ir in medial striatum in

comparison to age matched WT controls, and the METH binge produced similar SN

microglia activation and striatal TH-ir reductions in both Gdnf+/− and WT mice. The earlier

study was extended by examining the p38 MAPK pathway in the SN as a possible mediator

of the impact of a partial Gdnf gene deletion and/or METH binge on the DA system. Results

of the study indicated an increased phosphorylation of p38 MAPK in the SN of young adult

Gdnf+/− compared to WT mice, an effect enhanced by the METH binge. The enhanced p38

MAPK phosphorylation in combination with the SN microglial activation (CD45 elevation)

suggests that the p38 MAPK pathway may be activated by cell stressors such as the

neuroinflammation induced by genetic Gdnf reduction and the neurotoxin, METH, in the

study (Boger et al., 2009). These data, coupled with the previous studies, demonstrate that

SN neuroinflammation precedes DA cell loss in Gdnf+/− mice, thus providing a possible

mechanism for neurodegeneration in these mice.

Of particular note in this study was that the minocycline treatment paradigm, with

demonstrated efficacy in animal models of neurotoxicity, attenuated the SN microglial

activation and the phospho-p38 MAPK elevation associated with both the genetic Gdnf

reduction in the Gdnf+/− mice and with the METH binge (Boger et al., 2009). Furthermore,

this anti-inflammatory and anti- apoptotic antibiotic counteracted the lower TH-ir levels in

the medial striatum noted in Gdnf+/ vs. WT mice; however, minocycline did not attenuate

the striatal TH-ir loss induced by METH despite the reduced microglial activation. The

finding that minocycline attenuated the TH-ir reduction associated with genetic Gdnf

reduction, but not with METH treatment, suggests the likelihood of different mechanisms of

TH-ir regulation and depletion. The neurotoxic action of METH on DA systems in spite of

the minocycline-induced decrease in microglial activation is consistent with a report

showing that METH- or MPTP-induced DA neurotoxicity was present in the absence of

other inflammatory markers including interleukin-6, F4/80, & interleukin-1α (Sriram, et al.,

2006). The latter study indicated a role for TNFα in the protective effects of minocycline

against MPTP toxicity, suggesting that this or other pro-inflammatory cytokines might

contribute to the METH-induced striatal damage. Thus, the Boger et al., (2009) study

established that minocycline reduced microglial activation and phospho-p38 MAPK in the

SN associated with either Gdnf reduction or the METH binge. However, minocycline

attenuated the reduction in TH-ir immunoreactivity in only the Gdnf+/− mice, having no

effect on the methamphetamine-induced TH-ir reduction. These data indicate that

inflammation plays a crucial role in the loss of DA phenotype in Gdnf+/− mice, but does not

mediate or exacerbate METH neurotoxicity. Thus, two different degenerative processes
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interact in this model, and future studies will seek to discover the multifactorial biological

mechanisms underlying the interaction. .

An additional interesting observation regarding longterm effects of METH exposure

recently reported by Melega et al (2007) indicated that even though TH immunoreadtivity

recovered to base-line levels after exposing young non-human primates to METH, iron

levels remained elevated to levels seen in aged monkeys. This result suggests the possibility

of a continuing oxidative stress process which might prove important when degenerative

processes continue with age. This possiblilty is being investigated in Gdnf+/− mice treated

with METH. Recently, a large multi-center phase II study supported by the National

Institute of Neurological Disorders and Stroke (NINDS) regarding minocycline treatment

for patients with PD by the NET-PD Futility study group (Racettet et al., 2008) reported that

minocycline was not futile in slowing down the progression of disability in PD subjects after

12-18 months of treatment. The dose of minocycline used for this multi-center study was

200 mg/d, and data from a small, 18-month follow-up study showed that minocycline does

not demonstrate safety concerns that would preclude a large, phase III efficacy trial, even

though some concerns regarding decreased tolerability of minocycline was noted. A possible

reason for the lack of efficacy of minocycline in the trial goes back to the multi-faceted

etiology of the disease. As in the case of Gdnf gene deletion combined with METH

treatment, the disease is likely to present several, parallel degenerative processes in different

individuals, which need to be addressed using a “cocktail” of different neuroprotective

agents.

4.4 Effects of a partial GDNF receptor deletion

Given the established importance of GDNF in maintaining dopaminergic neurotransmitter

systems noted above, two additional studies (Zaman, et al., 2008; Boger, et al., 2008)

examined the nigrostriatal system and associated behaviors of mice with a genetic reduction

of the GDNF high affinity receptor, Gfrα-1 (Gfrα-1+/−) to determine if they displayed

abnormalities similar to those noted for the Gdnf+/− mice. In the initial experiment (Zaman,

et al., 2008), motor activity and the stimulatory effects of a dopamine (DA) D1 receptor

agonist (SKF 82958) were assessed in Gfrα-1+/− and WT mice at 8 and 18 months-of-age.

In additional mice, striatal monoamine concentrations and dopaminergic nerve terminals and

the number of DA neurons in substantia nigra (SN) were assessed at the same ages. Results

supported the importance of the GFRα-1 receptor in maintaining normal function of the

nigrostriatal DAergic system, with deficits observed for Gfrα-1+/− mice at both ages. Motor

activity was lower for Gfrα-1+/− compared to their WT controls as was found for the

Gdnf+/− mice in the experiment discussed above, and the stimulatory effects of the DA

agonist were enhanced for the older Gfrα-1+/− mice. The greater motor activity for the aged

Gfrα-1+/− mice injected with SKF 82958 rules out abnormal motor function as accountable

for the reduced motor activity. Dopamine levels were lower in the striatum of the Gfrα-1+/−

mice than WT controls at both ages, and the number of TH immunoreactive neurons in the

SN was reduced most substantially in the older Gfrα-1+/− mice. The combined behavioral,

pharmacological probe, neurochemical, and morphological measures provide evidence

indicative of a more rapid aging-related decline in DAergic system function for Gfrα-1+/−

mice as was noted for Gdnf+/− mice. The similar deficiencies for GFRα-1+/− and Gdnf+/−
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mice suggest that the GFRα-1 receptor is necessary for GDNF to maintain normal function

of the nigrostriatal DAergic system. Although the study did not define the precise

mechanism(s) for the aging-related changes in the DAergic system, it did establish that

genetic reductions in the Gfrα-1 receptor can contribute to degenerative changes observed in

this system during the aging process. The neural cell adhesion molecule (NCAM) has been

identified as an alternative signaling receptor for GDNF (Cao et al., 2008) and was found to

be involved in the promotive effect of GDNF on neurite outgrowth in DA neuron cultures.

However, our findings presented here unequivocally establishe the role for the GFRα-1

receptor in maintenance of DA neuron health with aging.

To follow-up the GFRα1 experiment above, Boger, et al. (2008) examined the effect of a

DA neurotoxic agent, MPTP, on DA system function of aged Gfrα-1+/− and WT mice

similar to the METH effects on Gdnf+/− mice discussed above. In this study, an established

neurotoxic regimen (4 daily injections) of MPTP was administered to 26-month-old male

Gfrα1+/− and WT mice and its effects on locomotion, the number of TH-positive neurons in

SN and striatum, and the expression of inflammation via CD45 and phospho-p38 MAPK

immunostaining were determined. Control mice of each genotype received saline to form a 2

(Genotype) × 2 (MPTP) experimental design. As noted above, Gfrα1+/− mice were much

less active than their WT littermates. When tested two days after the final injection, MPTP-

treated mice had increased locomotion regardless of genotype. Gfrα1+/− mice had fewer TH

immunoreactive neurons in the SN and reduced TH-ir in the striatum. Providing a possible

mediation of the DA abnormalities, Gfrα1+/− mice exhibited a significantly increased

expression of CD45 and phospho-p38 MAPK inflammatory markers in the SN. As noted

above for METH effects on Gdnf+/−mice, MPTP exacerbated the DA and behavioral

abnormalities of Gfrα1+/− mice with DA abnormalities and inflammatory response being

greatest in MPTP treated Gfrα1+/− mice. The results of the two GFRα1 reduction

experiments compliment the Gdnf gene deletion studies in establishing the importance of the

GDNF system on maintenance of the DAergic system during the aging process, and further

supported our overall dual-hit hypothesis as presented with two different neurotoxins

(METH and MPTP) herein.

5. Conclusions and future directions

The above studies from our laboratories were consistent with the previously established

aging-related decline in function and structure of SN DA neurons as well as aging-related

reductions in motor function, and further established that a genetic reduction in GDNF or its

receptor exacerbated these aging-related changes. Although not the focus of the studies, the

reduction in GDNF was also accompanied by lower levels of additional monoamine

neurotransmitters, norepinephrine and serotonin; however the reduction of GDNF had no

impact on the VTA-nucleus accumbens DA pathway. These results indicate that a genetic

reduction of Gdnf increases the vulnerability of SN DA neurons to many different

challenges associated with the aging process, including oxidative stress, general growth

factor loss, reduced neuroplasticity, and increased inflammatory markers. A challenge with

the psychostimulant, METH, established that the GDNF reduction also increased the

vulnerability of the nigrostriatal DA system to a well-established neurotoxin, again

indicating the GDNF requirement for responding to neurotoxic events. The addition of the
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METH study also established the interactive effects of intrinsic (GDNF reduction) and

extrinsic (METH exposure) challenges on an aging neurotransmitter system. A graphic

summarization of this work is outlined in Fig 4 indicating that intrinsic challenges such as

GDNF reduction and extrinsic challenges, such as early METH exposure, can interact to

exacerbate the aging related declining function of the nigrostriatal DA system resulting in

abnormal motor behavior, and also illustrates the fact that these multiple damages can have

either additive or synergistic effects, although our studies suggest a “super-additive” effect

of the genetic and environmental factors. The studies on mice with a deficiency of GDNF

receptor, GFRα1, established similar abnormalities for the GDNF receptor-deprived

animals, thus confirming the impact of reductions in the neurotrophic factor on maintaining

the nigrostriatal DA system function during challenges. Finally, the studies suggest potential

factors that might mediate the abnormalities associated with GDNF reduction, including

enhanced inflammation and dopamine transporter activity. Studies are currently conducted

in our laboratories to determine a possible role of oxidative stress and altered neuronal

signaling that could result in accelerated age-related DAergic damage as observed in

Gdnf+/− mice. These continued studies would aid in a better understanding of nigrostriatal

dopamine system degeneration as well as help in the discovery of therapeutic strategies to

aid in the treatment of motor disorders, including Parkinson's disease. We are hopeful that

this dual-hit model can be utilized for high- and low-throughput drug discovery testing to

explore drugs which may increase levels of endogenous GDNF in the brain, since the model

represents a progressive genetic/environmental model for age-related PS. Further, our model

exhibits LC NE degeneration as well, and can be utilized for studies of interaction between

the NE and DA transmitter systems, especially during aging and degenerative stages.
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Abbrevation List

PD Parkinson's disease

PS Parkinsonian syndrome

DA Dopamine

NE Norepinephrine

SN substantia nigra

GDNF Glial Cell line-derived neurotrophic factor

NGF Nerve Growth Factor

METH methamphetamine

TH tyrosine hydroxylase
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Figure 1.
A = Schematic representation of the DA nuclei in midbrain (A8-10) and in the

hypothalamus (A11-15). Note that there are both ascending and descending pathways. B =

Fluorescence immunohistochemistry visualizing a small group of DA neurons in the pars

compacta of the SN. The section was incubated with both tyrosine hydroxylase (TH; red

stain) and alpha-synuclein antibodies (red) to demonstrate markers for both neurites and cell

bodies in this region. Note the excessive branching and varicose appearance of the neurites.
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Figure 2.
Darkfield illustration of the loss of TH-positive cell bodies and fibers in 12-month old

Gdnf+/− mice (left side of panel) compared to age-matched WT controls (right side panel).

Cell bodies in the Gdnf+/− mice are atrophied and a marked loss of TH-positive neurites in

the pars reticulata can be seen.

Boger et al. Page 28

Prog Neurobiol. Author manuscript; available in PMC 2014 April 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
A METH binge at 2.5 months of age gave rise to a marked reduction in striatal TH

immunostaining, as illustrated here two weeks following the toxin exposure. This effect was

significantly increased in the Gdnf+/− mice compared to WT mice, especially in lateral

striatum (lat) compared to medial striatum (med).
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Figure 4.
Schematic illustration of the dual-hit hypothesis combining a genetic with an environmental

factor. While DA neuron function deteriorates slowly during the normal aging process,

finally rendering symptoms of motor dysfunction with old age (Symptomatic motor

dysfunction bar), this process can be exacerbated by both Gdnf partial deletion (genetic

predisposition) and the postnatal METH administration (external neurotoxin), resulting in an

additive or synergistic effect, as indicated by parallel versus steeper slopes. A steeper slope
would indicate synergistic effects of the factors, while a parallel slope would indicate an

additive effect, leading to the same rate of progression but an earlier entrance into the

symptomatic phase. Both of these possible scenarios lead to earlier motor dysfunction, as

evidenced by our findings described in the current review.
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Table 1
Genes involved with Parkinsonian Syndrome

PARK loci Gene Gene Locus Inheritance Pattern

PARK1/PARK4 SNCA (alpha-synuclein) 4q21 Autosomal dominant

PARK8 LRRK2 (Leucine-rich repeat kinase 2) 12q12 Autosomal dominant

PARK2 Parkin 6q25–q27 Autosomal recessive

PARK6 PINK1 (PTEN-induced putative kinase 1) 1p35–p36 Autosomal recessive

PARK7 DJ-1 1p36 Autosomal recessive

PARK9 ATP13A2 1p36 Autosomal recessive
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