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L Introduction 

Along with memory loss, a cardinal feature of senescence is deteriorating motor function. 

Indeed, slow movements, tremor, stooped posture, and a shuffling gait - also symptoms of 

Parkinson's disease (PD) - are hallmarks of old age as well as parkinsonism in the elderly 

(Bennett et al., 1996; Mortimer & Webster, 1982; Teravainen & Caine, 1983). When it was 

discovered that the brains of individuals who suffered from PD were deficient of the 

neurotransmitter dopamine (DA) (Ehringer & Homykiewicz, 1960) and that these symptoms 

were successfully reversed by the dopamine precursor L-DOP A (Cotzias et al., 1969; Cotzias et 

al., 1967), researchers were provided with a neurochemical mechanism underlying these deficits. 

Consequently, the basal ganglia became the primary neuroanatomical loci for studies of not only 

PD, but also of non-pathological age-related declines in motor function. Although the majority of 

previous studies have focused upon age-related structural alterations in the basal ganglia, more 

recent studies have attempted to characterize changes in neuronal function. These functional 

decrements arguably account for much of the deterioration of motor capacities that are observed 

m senescence. 

A. Definition of Basal Ganglia 

The basal ganglia are a group of interconnected subcortical nuclei that interact with 

cortical and limbic regions to produce meaningful, goal-directed behavior (Gray, 1995). They are 

comprised of the striatal and pallidal portions of the basal telencephaion, the substantia nigra, 

ventral tegrnental area, and the subthalamic nucleus (Marin et al., 1998; Wilson, 1998). The 

striatal and pallidal components of the basal ganglia are functionally segregated into dorsal and 

ventral portions. The dorsal component is comprised of the dorsal striatum, i.e., caudate nucleus 

and putamen (in primates and felines), or caudate-putamen (in other mammals), the internal and 

external segments of the globus pallidus segment (in primates), or globus pallidus and 

entopeduncular nucleus, respectively (in non-primates). The ventral component is comprised of 
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the ventral striatum, i.e., the nucleus accumbens and portions of the olfactory tubercle and the 

ventral striatum (Marin et al., 1998). 

B. Animal Models of Aging 

While many laboratory animal species have been used in aging studies, the majority of 

non-human studies of age-related changes in the nigrostriatal DA system age have been 

conducted with rodents (Austad, 1997). The major species employed have been Fischer 344 

(F344), Wistar or Sprague-Dawley rats, or C57BL mice. 

One outstanding issue in aging research has been the lack of a standardized scheme of 

classifying an animal of a particular species as "aged". Ideally such a scheme would be based 

upon comparative data regarding the species' life-span and the extent to which the species' age­

related alterations parallel those of aging humans. Although there is variation between rat strains 

regarding longevity (Masoro, 1990; Sprott & Austad, 1996), researcpers have generally defined 

rats as aged at :::: 22 months and C57BL mice are generally classified as aged at :::: 21 months. 

Cats are typically labeled aged at :::: 11 years and the aged group in studies using monkeys is 

typically :::: 22 years of age. Subjects in human studies in which age-related effects have been 

reported are generally :::: 70. Because, with few exceptions, these are the ages typically employed 

to classify subjects as "aged", studies that report no effects of aging in animals younger than the 

aforementioned values are not included in this review. Age-related changes in humans will be 

cited throughout the chapter for comparative purposes. 

C. Functional Neurobiological Changes Associated with Aging 

Because of its role in motor behavior, the nigrostriatal DA system has been the subject of 

the majority of studies examining age-related decrements in basal ganglia function. For this 

reason, the age-related changes in the basal ganglia that will be covered in this chapter will focus 

predominately upon the ascending nigrostriatal DA tract. The discussion will include alterations 
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in the structural integrity of dopaminergic neurons and their connections in senescence, as well 

as the functional integrity of pre- and postsynaptic neuronal mechanisms. The chapter will 

conclude with a brief review of alterations of other neurotransmitter systems that interplay with 

dopaminergic neurons in the aged basal ganglia. In all cases we have tried to be comprehensive. 

However, undoubtedly we have failed to include some pertinent data and citations. 

II. Morphological Changes 

A. Cell Number 

It has long been a biological doctrine that normal (i.e., non-pathological) agmg 1s 

accompanied by widespread neuronal loss. This commonly accepted belief was based largely 

upon early studies in which extensive cell death was inferred from measurements of decreased 

neuronal densities in brain regions known to be affected in Alzheimer's disease - specifically, 

regions of the neocortex and hippocampus (Brody, 1955; Colon, 1972; Dayan, 1970). Likewise, 

the prevalence of parkinsonian-like symptoms that often accompany aging has led to the 

suggestion that normal aging occupies a "pre-parkinsonian" position on a continuum which 

includes PD as a manifestation of accelerated aging (Barbea.u, 1973; Beck, 1978; Mann & Yates, 

1982; McGeer et al., 1977; Mortimer & Webster, 1982). This hypothesis seems to be supported 

by reports of age-associated decreases in the number of substantia nigra pars compacta neurons 

on the order of 30 to 50% between 20 and 90 years of age in humans (Feamley & Lees, 1991; 

Mann & Yates, 1983; McGeer et al., 1977; however, see references cited in McNeill & Koek, 

1990, for evidence to the contrary). Likewise, a 50% decrease in the number of substantia nigra 

neurons of aged (25-27-year-old) Rhesus monkeys has also been reported (Emborg et al., 1998). 

DA cell loss in the aged rodent substantia nigra pars compacta, however, has not been observed 

(Emerich et al., 1993; Flood & Coleman, 1988; McNeill & Koek, 1990). 

Several caveats regarding the interpretation of age-related DAergic cell death as it relates 

to functional deficits should be considered. While there have been reports of decreased numbers 
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of DA neurons in aged primates, there are quantitative as well as qualitative differences between 

the physiological substrates of normal age-related motor deficits and the pathophysiological 

substrates of PD (e.g., Feamley & Lees, 1991; Hubble, 1998; Kish et al., 1992). These 

differences have become recognized as a result of critical . analyses of previous data, 

improvements in histopathological methodology, and analysis of the distinct etiologies of the 

motor deficits that accompany each of these conditions. Other considerations relate to the 

methods used to determine age-related loss of DA neurons. Recent studies using un-biased 

stereo logical cell-counting methods have cast doubt on the long-held belief that neuronal death is 

an inevitable consequence of aging (West, 1993; West et al., 1994; West & Gunderson, 1990; see 

a.lso Morrison & Hoff, 1997). These methods have also challenged previous findings regarding 

the inevitability of nigral cell loss with age (Irwin et al., 1994; Pakkenberg et al., 1995; 

Strothjohann et al., 1993). Nevertheless, a recent study using stereological methods to determine 

age-related nigral cell-loss reported a 50% reduction of tyrosine hydroxylase (TH) 

immunoreactive neurons in the substantia nigra of aged monkeys (Emborg et al., 1998). 

However, caution should likewise be exercised when interpreting studies in which the number of 

DA-containing neurons were determined based on the immunoreactivity of cells to TH, as 

decreases in TH immunoreactivity may overestimate DA neuronal loss as a result of functional 

deficiencies in residual cells and staining methods (Emborg et al., 1998; McGeer et al., 1977). 

Notwithstanding these methodological concerns, the decreases observed in these previous 

studies of age-related DA cell loss were generally less than 50%. Although age-related motor 

deficits coincide with modest DA neuronal loss, decreases in DA neuron numbers reported in the 

previous studies barely approach the magnitude of loss that is necessary to produce the :::80% 

striatal DA depletion required for gross functional impairment in humans with PD or in animal 
I 

models of PD (Homykiewicz, 1963; Lloyd, 1977; Stricker & Zigmond, 1976). Indeed, if PD cell­

loss criteria were employed, extrapolation of the regression lines reported in studies of age­

related DA cell loss would not place individuals at risk of gross motor decline until they were 

100 years old (Kish et al., 1992; McGeer et al., 1977; Mortimer & Webster, 1982). Clearly, DA 
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cell-loss is an insufficient explanation for gross, age-related declines in motor function. 

B. Pathological Accumulations 

The escalating presence of lipofuscin in nerve cells is considered to. be a sign of neuronal 

aging, as the amount of the pigment has been shown to gradually increase with age in a variety of 

tissues in several species (Peters et al., 1991; Sohal & Wolfe, 1986). Age-related accumulation of 

lipofuscin in DA neurons of the substantia nigra pars compacta have been reported in C57BL/6J 

(Ingram et al., 1993) and C57BL/6NNia (McNeill et al., 1984) mice. While the observations of 

McNeill and colleagues (1984) were not quantitative, they reported increases in lipofuscin 

beginning at 10 months of age, with a preponderance of accumulation at 30 months. Ingram and 

col1eagues (1993) quantified the increase, reporting that lipofuscin accumulation was 

approximately 20% higher in 18 month old as compared to 3-month-old mice. Although the 

presence of lipofuscin at low levels does not necessarily support pathology, with increasing 

accumulation it may be associated with progressively lower levels of ribonucleic acid in the 

cytoplasm (Peters et al., 1991). This may indicate an increasing decrement of the cell's exocitotic 

capacity (Sohal & Wolfe, 1986) or an alteration in the cell's metabolic or neuronal activity 

(McNeill et al., 1984). 

While the pathological significance of lipofuscin is debatable, Lewy bodies, which are a 

histological signature of PD (Kopin, 1993), are readily associated with basal ganglia pathology. 

Lewy bodies have been observed in the substantia nigra of a small percentage of non­

parkinsonian human controls over the age of 50 (e.g., 6% reported by Feamley & Lees, 1991). 

Although Feamley and Lees (1991) reported increases in the prevalence of incidental Lewy 

bodies with age, they argued that the presence of Lewy bodies are not an aspect of normal aging, 

but are indicative of presymptomatic PD. This suggestion is supported by a lack of reports of 

Lewy bodies in aged animals. 
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C. Connections 

In studies that have reported age-related changes in morphological features of neurons in 

the basal ganglia, most have focused on the dendrites of striatal neurons. Levine ( 1988) reported 

decreases of 40-49% in spinal densities of medium spiny GABAergic neurons in the caudate 

nucleus of old ( 15-18 years) cats compared to mature ( 1-3 years) cats. Furthermore, total 

dendritic length, average dendrite length, average branch length, and the radius of the dendritic 

field were also decreased by 40%, 30%, 35%, and 30%, respectively, in the medium spiny 

neurons in the caudate nucleus of the aged cats. These decreases began in 13-year-old cats and 

may have been the basis for altered striatal electrophysiological responses to cortical and nigral 

stimulation. 

In a study utilizing C57BL/6N mice, McNeill and colleagues (1990) found that medium 

spiny neurons in the caudal striata of aged mice exhibited significant elongation (138%) between 

25 and 30 months. This elongation was partially attributed to compensatory responses to 

degeneration of neighboring neurons. The caudal striatal medium spiny neurons of young (3 

month), motor-unimpaired aged (30 months), and motor-impaired aged (30 month) mice were 

compared. Although each group had total dendritic lengths that were comparable, when 

frequency distributions based upon ranges of dendritic lengths (0-600, 601-1200, 1201-1800, 

> 1800 µm) were compared, the neurons of the motor-impaired aged mice differed from the other 

two groups. Specifically, the number of neurons containing "compact dendritic arbors" (i.e., 

neurons with total dendritic lengths of <600 µm) in the motor-impaired aged mice was 244% 

higher than the young mice and 684% higher than the motor-unimpaired aged mice (recall that 

the dendrites were elongated in the non-impaired aged group, accounting for a lower frequency 

of neurons with compact dendritic arbors). The authors also reported such qualitative 

observations as an increased prevalence of cells exhibiting small shrunken dendrites, and atypical 

dendrites with terminal swellings (instead of the growth cones observed in the non-impaired aged 

mice) indicative of cellular degeneration in the motor-impaired aged mice. 

Although the majority of studies examining age-related morphological changes in the 
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basal ganglia have been limited to the striatum, a few have examined DA neurons in the 

substantia nigra. Emborg and colleagues (1998) recently reported qualitative observations of 

degeneration (i .e., decreased neuropil, abnormally-shaped perikarya, stunted neurites) of 

nigrostriatal DA neurons in aged (25-27 years) Rhesus monkeys. Like McNeill and colleagues 

(1988, 1990) reported in rats, Emborg and colleagues (1998) reported a significant correlation 

between behavioral and morphological measures (i.e., nigral DA cell count, see section II-A) in 

Rhesus monkeys. The altered morphological structure of nigral DA neurons is consistent with 

similar findings in the pars compacta of the substantia nigra in aged humans (Cruz-Sanchez et 

al., 1995). 

D. Receptors and Transporters 

Numerous studies have reported decreases in DA receptor (DAR) densities - especially 

the D2-type - with age in mammals. In humans (>70 years) and Rhesus monkeys (22 years), age­

related decreases of 30-42% of D2 binding sites in caudate nucleus have been reported (Lai et al., 

1987; Morgan et al., 1987; Severson et al., 1982; Wong et al., 1984). Age-related decreases in D2 

receptor concentrations have been reported to range from 30-60% in rats and mice (>22 months), 

(Han et al., 1989; Lai et al., 1987; Morgan & Finch, 1988; Severson & Randall, 1985). Decreases 

in DAR densities have been attributed to decreased production of the receptor protein, as both 

steady-state levels and synthesis of the D2 receptor mRNA has been reported to be diminished by 

50% in the striata of aged (>22 month) Wistar rats (Mesco et al., 1991; Mesco et al., 1993). 

Several groups have reported reductions in DA-stimulated striatal adenylate cyclase in 

aging. Govoni and colleagues (1977) reported that the activity of adenylate cyclase in 20-24-

month-old Sprague-Dawley rats was 64% lower than that of 2-3-month old rats following DA 

stimulation. Likewise, Makman and colleagues (1979,1980) reported that DA-stimulated 

adenylate cyclase activity was 50% lower in 5+-year-old rabbits than it was in rabbits< 1-year­

old. These reported alterations may be the result of age-related decreases in D1 DAR densities 
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(Giorgi et al., 1987) since this receptor has been demonstrated to be positively coupled with 

adenylate cyclase (Kebabian & Caine, 1979). There is also evidence for regional-specificity of 

this alteration, as age-related changes in cAMP and adenylate cyclase activity within the striatum 

but not the nucleus accumbens have been reported (Sugawa & May, 1993). 

Age-related decreases in transmembrane proteins are not limited to DARs. There is also 

evidence for age-related alterations in DA transporters (DATs), which provide the primary 

mechanism for terminating synaptic DA signals (Giros et al., 1996). Volkow and colleagues 

(1998) have suggested that the expression of DARs and DATs is regulated by a common 

mechanism which functions independently of age. Age-related decreases of approximately 70% 

in the number of DATs between 19 and 90 years have been reported in humans (Allard & 

Marcusson, 1989; De Keyser et al., 1990). Reported decreases in DATs are lower in rats and 

monkeys than in humans. Emborg and colleagues (1998) reported decreases in DAT number of 

33% and DAT density of 24% in the substantia nigra of 25-27-year old Rhesus monkeys. Araki 

and colleagues (1997) reported decreases in DATs of 20% in striatum and 50% in substantia 

nigra of aged 24-month-old F344 rats. Age-related decreases in DAT mRNA in 24-month-old 

rats (- 22%; Himi et al., 1995) and 65-72-year-old humans (up to 75%; Bannon & Whitty, 1997) 

have also been reported. Since · age-related decreases in DAT mRNA exceed the rate of DA 

neuron loss, the observed reductions in DATs have been attributed primarily to decreased DAT 

mRNA rather than decreased numbers of DA terminals (De Keyser et al., 1990). 

E. Summary 

In this section, evidence regarding age-associated structural changes in the basal ganglia 

was reviewed. While the notion of widespread neuronal death in the aging basal ganglia is not 

supported by the literature, there is evidence for morphological alterations in DA neurons such as 

decreased dendritic complexity and density of receptor and uptake sites in the striatum. Reports 

. of these alterations are corroborated by functional changes which will be discussed below. 
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/IL Functional Changes 

Many factors intrinsic to principal DA neuronal elements are essential for optimal 

functioning. These factors include such presynaptic processes as neurotransmitter synthesis, 

storage, metabolism, release, and reuptake/uptake, as well as such postsynaptic processes as 

receptor functioning, metabolism, and interactions with other concurrent neuromodulators. 

Compromises in these processes potentially account for the majority of age-related changes in 

the basal ganglia. 

A. Presynaptic 

1) Neurotransmitter Synthesis 

The synthesis of DA has been reported to be decreased by 26-28% in the striatum of aged 

t:25 months) rats (Marshall & Rosenstein, 1990; Ponzio et al., 1978; Watanabe, 1987). This 

decrease in DA synthesis may be related to reported age-related decreases of approximately 40% 

in the level of tyrosine hydroxylase (TH) mRNA in substantia nigra of aged (24 month) rats 

(Himi et al., 1995), and consequential decreased TH activity in striatum (93% decrease reported 

by Algeri et al., 1977; 32% decrease reported by Ponzio et al., 1982) and substantia nigra (31 % 

decrease reported by Ponzio et al., 1982) of aged ( 18-30 month) rats. Likewise, decreases of 24-

28% in levels of DOPA accumulation following the administration of the aromatic acid 

decarboxylase inhibitor NSD-1015 have been reported in aged (24-27 month) rats (Marshall & 

Rosenstein, 1990; Venero et al., 1991; Watanabe, 1987). Some researchers, however, have 

reported no changes in striatal DA synthesis in aged rats as evidenced by levels of DA and DA 

metabolites in postmortem tissues (Demarest et al., 1980; Friedemann & Gerhardt, 1992; Hebert 

& Gerhardt, 1998). 
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2) Neurotransmitter Storage 

Studies examining age-related differences m DA storage (or content) have produced 

conflicting results. For example, decreases of 20-60% in DA whole tissue content have been 

reported in the striata of rodents (24-29 month rats; 24-28 month mice) and in the caudate 

nucleus and putamen of humans (>72.5 years) (Carlsson & Winblad, 1976; Demarest et al., 

1980; Finch, 1973; Joseph et al., 1978; Kish et al, 1992; Osterburg et al., 1981; Yurek et al., 

1998). However, in other studies, no significant differences in DA levels between young and 

aged rats and humans were found (Adolfsson et al., 1979; Friedemann & Gerhardt, 1992; Hebert 

& Gerhardt, 1998; Rose et al., 1986). Likewise, one study reported significant age-related 

decreases of 34% in striatal DA levels of Rhesus monkeys by 18 years of age (Goldman-Rakic & 

Brown, 1981), while another reported no significant age effect (Wenk et al., 1989). Finally, Irwin 

and colleagues (1994) reported a 30% decrease in DA levels in putamen, but not caudate nucleus, 

of aged (20 years) squirrel monkeys. Although there is a lack of consensus regarding age-related 

alterations in dopamine content, the point may be functionally moot. These reported decreases in 

DA levels are not large enough to produce PD-like effects in animals and humans 

(Homykiewicz, 1963; Lloyd, 1977; Stricker & Zigmond, 1976). In addition, it has been 

demonstrated that the amount of DA stored within neurons does not necessarily relate to the 

release capacity of DA neurons (Dobrev et al., 1995; Friedemann & Gerhardt, 1992; Hebert & 

Gerhardt, 1998; Rose et al., 1986). 

3) Neurotransmitter Release 

Numerous studies have reported decreases in stimulus-evoked DA release in the aged 

striatum (e.g., Friedemann & Gerhardt, 1996; Gordon et al., 1995; Kametani et al., 1995; Rose et 

al., 1986; Yurek et al., 1998). Diminished potassium-evoked DA release of 22-50% has been 

demonstrated in the striata of aged (12-24 month) rats (Dobrev et al., 1995; Gregerson & 

Selmanoff, 1990; however, see Gerhardt & Maloney, 1999 and Kametani et al., 1995 for 

exceptions) and monkeys (Gerhardt et al., 1995). Li~ewise, age-related decreases of 30-60% in 
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amphetamine-evoked DA overflow has been reported in the rat (Dluzen et al., 1991; Gerhardt & 

Maloney, 1999; Kametani et al., 1995; Yurek et al., 1998). Since the neuronal release of DA has 

been demonstrated to be mediated through primarily either Ca2
+ -dependent or Ca2 

... -independent 

mechanisms, both of these mechanisms may be susceptible to age-related decrements. Besides 

decreased calcium regulation (Reimann et al., 1993), other mechanisms thought to be responsible 

for diminished DA release include alterations in the efficacy of neuromodulators and other 

neurotransmitters that modulate DA release (Buck et al., 1981; Chesselet, 1984; Friedemann & 

Gerhardt, 1996; Joseph & Roth, 1988a, Joseph & Roth, 1988b) and decreases in DA synthesis 

(Nakano & Mizuno, 1996). 

Decreased DA release may be responsible for decreased locomotor activity observed in 

aged rats. Although some studies have failed to reveal age-related decreases in spontaneous 

locomotor activity in rats, when rats are habituated to the activity monitor, age-related decreases 

are robust and stable over time (Hebert & Gerhardt, 1998). The finding that potassium-stimulated 

DA release was lower in aged rats than in young rats, along with the demonstration that 

nomifensine, a DA-uptake inhibitor, increased locomotor activity in aged rats (Hebert & 

Gerhardt, 1998), suggests that prolonging the postsynaptic DA signal may reverse the age-related 

decline in spontaneous locomotor activity. 

4) Autoreceptor Feedback 

As previously mentioned, age-related decreases in the number of D2 DARs have been 

reported for a number of species. The fact that presynaptic DA autoreceptors are classified as the 

D2 type (Morelli et al., 1988) leads to the question of whether DA autoreceptors are likewise 

affected by age. In a behavioral assay that is thought to reflect DA autoreceptor function in rats, 

Stoessl and colleagues (1989) reported that old (23-26 months) Sprague-Dawley rats exhibit 

diminished yawning following low-dose apomorphine administration when compared to mature 

(6-8 months) rats. Since DA autoreceptors provide the neuron with feedback regarding the 
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synaptic DA signal, this decreased feedback may provide a compensatory mechanism with which. 

to counter age-related decreases in DA release. Furthermore, the decrease in DA autoreceptor 

density may also have functional consequences for DA uptake, as the latter process has been 

reported to be linked in part to D2 DA autoreceptors (Cass & Gerhardt, 1994). 

5) Reuptake/Uptake 

As stated earlier, the number of DA Ts decrease with age in rats and humans. Declines of 

up to 70% in the number of DA Ts (De Keyser et al., 1990), as well as the amount of DAT 

mRNA in rats (-22% decrease) and humans (-75% decrease) have been reported (Bannon & 

Whitty, 1997; Rimi et al., 1995). These decreases have generally not been accompanied by 

alterations in binding affinities (Allard & Marcusson, 1989; Shimizu & Prasad, 1991 ). 

Functional consequences of these changes have been measured through in vivo stimulus-evoked 

DA release and DA clearance (Friedemann, 1992; Friedemann & Gerhardt, 1992; Hebert & 

Gerhardt, 1999). For example, DA uptake capacity can be measured by examining the amplitude 

and decay of exogenously applied DA. Hebert and Gerhardt (1999) demonstrated that when 20 

pmol of DA was locally applied in the dorsal striatum of 24-month-old F344 rats, the amplitude 

of the DA signal was almost 3 times greater than the signal recorded in a 6-month-old rat given 

the same dose. Furthermore, the uptake rate was slower in the aged rats than in the young rats. 

When uptake rate/µM DA signal amplitude was measured, this value was 39% slower in aged 

rats than in young rats. Likewise, the maximal uptake rates for aged rats were 72% slower than 

those for young rats. In studies which have utilized the DA uptake inhibitor nomifensine to 

measure DAT function, the effectiveness of the drug in blocking the clearance of DA in aged 

(24-30 month) rats was diminished by almost 50% when compared to young (6 month) rats 

(Friedemann, 1992; Friedemann & Gerhardt, 1992; Hebert & Gerhardt, 1999). These age-related 

changes in dopamine clearance may be regionally specific, as Hebert and Gerhardt (1999) 

reported a slowing of dopamine clearance in the dorsal striatum but not in the nucleus 
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accumbens. 

Whereas there is a decrease in striatal DA release with age, the decline in number of 

uptake sites may be a compensatory mechanism through which the DA neuron adapts to 

decreased DA signal. This compensation would be consistent with the remarkable adaptive 

capacity of the nigrostriatal dopamine system (Cass et al., 1995; Homykiewicz & Kish, 1987; 

Zigmond et al., 1990). For example, the density of DATs has been reported to decrease in 

individuals with PD (Uhl et al., 1994), suggesting that a down-regulation of DATs may be an 

adaptive mechanism through which to increase the amount of extracellular DA. Likewise, there 

may be a down-regulation of DATs to adapt to the decreased DA signal that has been 

demonstrated to occur in normal aging. 

6) Monoamine Oxidase 

The relationship between the catabolic enzyme monoamine oxidase (MAO) and age is 

controversial (Irwin et al., 1997; Shih, 1975). Studies that have examined MAO levels in rodents 

during aging have generally reported a positive relationship between age and the level of the 

"B"-type of MAO isoform (MAO-B) in the basal ganglia. By contrast, either no change or a 

decrease in the "A"-type of MAO isoform (MAO-A) has been reported. Increases in MAO-B 

have been demonstrated to be from 124-170% higher in basal ganglia of aged rats (24-25 month) 

and mice (10-25 month) when compared to young controls (Arai & Kinemuchi, 1988; Benedetti 

& Keane, 1980; Irwin et al., 1997; Saura et al., 1994; Venero et al., 1991). Conversely, no effect 

of age was seen in the levels of MAO types A and B as a function of age in squirrel monkeys 

(Irwin et al., 1997). Irwin and colleagues ( 1997) argued that their failure to find age-related 

increases was a true species difference and not related to methodology, since they did find an 

age-related increase in mice. They further suggest that their results may be a more accurate 

reflection of age-related changes in MAO, since the results of human studies are potentially 

confounded by uncontrolled disease states as well as by postmortem interval. 
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There is considerable evidence for altered electrophysiological properties of aged 

nigrostriatal neurons. Most studies have reported an increased threshold for elicited responses 

with age (Cepeda et al., 1996; Gould et al., 1996; Levine, 1988). The increased thresholds have 

. been demonstrated under several conditions. Cepeda and colleagues (1996) reported that the 

average iontophoretic current intensities necessary to elicit a response to excitatory amino acid 

(glutamate, NMDA) ejections in in vitro striatal cells of aged (24-26 month) rats were 147-161% 

higher than in young rats. Likewise, Levine ( 1988) stimulated corticostriatal and nigrostriatal 

cells electrically while recording responses of cells in the caudate nucleus of aged (11-14-year­

old) cats in vivo. In this preparation, the electrical current necessary to elicit responses from 

caudate nucleus cells in aged cats increased 44% for cortical stimulation and 41 % for nigral 

stimulation (however, the current necessary to produce corticostriatal responses in the 6-7-year­

old cats was 79% higher than young cats). Finally, using pressure ejections of selective D, and 

D2 DAR agonists (SKF 38393 and quinpirole, respectively), Gould and colleagues (1996) 

measured the doses required to produce in vivo changes of 50% in striatal neuronal firing rate. 

They reported that the ED50s (measured in psi X s) required were 315% and 289% higher for 

SKF 38393 and quinpirole, respectively, in 26-27-month-old versus 3-month-old rats. Somewhat 

unexpectedly, Levine (1988) found that the average latencies of orthodromically evoked action 

potentials decreased with age in the caudate nucleus of cats. Upon further examination, however, 

this decrease was not attributed to increased speed of conduction, but to a loss of long-latency 

responses in the aged cats. Also reported in some studies were age-related diminishments in 

paired-pulse facilitation (Levine, 1988; Walsh & Ou, 1994), a deficit that may underlie the 

relatively diminished capacity for aged rats to habituate to a familiar environment or repeated 

stimulus (Hebert and Gerhardt, 1998). 
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In addition to increased response thresholds following either pharmacological or orthodromic 

stimulation, there are a variety of other altered response characteristics of aged striatal neurons. 

These include the following: general lack of response, decreased proportion of neurons 

responding in a distinctive manner, "unusual" responses, reduction in the components of a 

response, significant changes in the proportion of occurrence of different types of responses, 

increased durations of response inhibitions and decreased average spontaneous firing rates of 

caudate nucleus neurons (Cepeda et al., 1996; Levine, 1988). 

2) Neurotransmitter Interactions 

Despite this chapter's deliberately exclusive concentration on age-related DA function, 

DA does not exist and function in isolation in the basal ganglia. Potential changes in other 

neuronal systems that impact on DA neurons may indirectly alter the function of DA neuronal 

systems in aging. The principal output neuron of the striatum is the medium spiny GABAergic 

neuron which is modulated not only by nigrostriatal DA neurons, but also by corticostriatal 

glutamatergic (Glu) neurons and striatal acetylcholinergic (ACh) interneurons (Di Chiara et al., 

1994; Parent & Hazrati, 1995; Wilson, 1998). There have been very few studies to date reporting 

age-related changes in the interactions between different neurotransmitter systems in the basal 

ganglia. When examined in isolation, reports of age-related changes in corticostriatal Glu 

function are equivocal. Some studies have found stability of corticostriatal Glu function ( e.g., 

Donzanti et al., 1993; Porras et al., 1993; Sanchez-Prieto et al., 1994), while others have found 

age-related diminutions or alterations (Castorina et al., 1994; Cepeda & Levine, 1991 ; Cepeda et 

al., 1996). Striatal GABA function has been reported to remain steady with age (Govoni et al., 

1980; McGeer & McGeer, 1975; Strong et al., 1982). Studies of age-related ACh function have 

reported declines in synthesis (Gibson et al., 1981 ), loss of striatal muscarinic cholinergic 

receptors (Briggs et al., 1989; Norman et al., 1986) and diminished cholinergic receptor binding 

(Freund, 1980). 
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Although age-related changes in these non-DAergic striatal neurotransmitter systems 

appear to vary considerably, when age-related deficits occur in the nigrostriatal DA system, the 

balance between these modulators of basal ganglia motor output may be compromised (Cepeda 

et al. , 1996; Porras & Mora, 1995; Randall, 1980). For example, in striatal brain slices from aged 

rats and cats the ability of DA to modulate excitatory amino acid receptor-mediated responses 

was reduced when compared to slices from young rats and cats (Cepeda et al. , 1996). 

Specifically, depending upon the type of receptor, the response to DA was either lost or the 

threshold for the response was increased by 232%. Likewise, in the young rat striatum it has been 

demonstrated that the mixed D1-D2 DA receptor agonist apomorphine produces concentration­

dependent increases in Glu and GABA release. This modulation was altered in older rats. As the 

Glu response to apomorphine was decreased the threshold for apomorphine-induced GABA 

release was increased (Porras & Mora, 1995). Finally, the importance of DA input to ACh 

function is evidenced by previous studies which have demonstrated that ACh neurons become 

hyperactive following loss of DA input (Stoof et al., 1992). Likewise, it has been demonstrated 

. that the co-localization of DA autoreceptors and muscarinic and/or nicotinic cholinergic 

receptors provides a means for cholinergic agonists to enhance striatal DA release by inhibiting 

DA autoreceptors (Chesselet, 1984). Previous studies have demonstrated that the capacity for 

cholinergic agonists to enhance potassium-evokedDA release is decreased in aged rats (Joseph et 

al., 1988; Kametani et al. , 1995). 

IV. Conclusions 

In conclusion, the evidence for age-related decrements in basal ganglia function is · 

considerable and the nigrostriatal DA system seems to incur the majority of age-related 

deterioration. However, additional studies are needed to investigate potential changes in DA 

systems in mesolimbic DA pathways and in other areas of the basal ganglia tbat contain DA 

fibers. Although there is evidence for loss of DA neurons with age, the degree of loss is not of 
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sufficient magnitude to account for the decrements in movement that accompany senescence that 

are often termed parkinsonism (Bennett et al., 1996). Of the age-related alterations in the 

nigrostriatal pathways that correlate with these decrements, most involve functional decrem.ents 

of neuronal machinery. These include decreases in DA ·receptors, transporters, as well as DA 

release and reuptake. Further work, however, needs to be carried out in the areas of DA 

synthesis, storage, and release, as previous studies examining these processes have produced 

equivocal results. 

With the increasing use of techniques that can study the dynamics of neuronal function, 

we have only begun to quantify the capacities of neural systems and how these c~pacities are 

affected by age. The fact that the weight of evidence indicates a primary role for alterations in the 

functional processes of existing neurons in age-related movement disturbances is encouraging. 

Research into these processes may facilitate the development of treatments that can alter the 

mechanisms of neurons to enhance movement functions in senescence. 

273 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

V. References 
Adolfsson, R., Gottfries, C.G., Roos, B.E., & Winblad, B. ( 1979). Post-mortem distribution of 

dopamine and homovanillic acid in human brain, variations related to age, and a review of 
the literature. J Neural Transm., 45, 81-105. 

Algeri, S., Bonati, M., Brunello, N., & Ponzio, F. (1977). Dihydropteridine reductase and 
tyrosine hydroxylase activities in rat brain during development and senescence: a 
comparative study. Brain Res., 132, 569-574. · 

Allard, P., & Marcusson, J.O. (1989). Age-correlated loss of dopamine uptake sites labeled with 
[3H]GBR-12935 in human putamen. Neurobiol. Aging, 10, 661-664. 

Arai, Y., & Kinemuchi, H. (1988). Differences between monoamine oxidase concentrations in 
striatum and forebrain of aged and young rats. J Neural Transm., 72, 99-105. 

Araki, T., Kato, H., Shuto, K., Fujiwara, T., & Itoyama, Y. (1997). Effect of aging on 
dopaminergic receptors and uptake sites in the rat brain studied by receptor 
autoradiography. J Neural. Sci., 148, 131-137. 

Austad, S.N. (1997). Comparative aging and life histories in mammals. Exp. Gerontol., 32(1-2), 
23-38. 

Bannon, M.J., & Whitty, C.J. (1997). Age-related and regional differences in dopamine 
transporter mRNA expression in human midbrain. Neurology, 48, 969-977. 

Barbeau, A. (1973). Aging and the extrapyramidal system. J Am. Geriatr. Soc., 21, 145-149. 

Beck, C.H. (1978). Functional implications of changes in the senescent brain: a review. Can. J 
Neural. Sci., 5, 417-424. 

Benedetti, M.S., & Keane, P.E. (1980). Differential changes in monoamine oxidase A and B 
activity in the aging rat brain. J Neurochem., 35, 1026-1032. 

Bennett, D.A., Beckett, L.A., Murray, A.M., Shannon, K.M., Goetz, C.G., Pilgrim, D.M., & 
Evans, D.A. (1996). Prevalence of parkinsonian signs and associated mortality in a 
community population of older people. N Eng. J Med., 334, 71-76. 

Briggs, R.S., Petersen, M.M., Cook, P.J. (1989). Muscarinic agonist receptor subtypes in aging 
rat brain. Neurobiol. Aging, 12, 193-199. 

Brody, H. (1955). Organization of the cerebral cortex. III. A study of aging in the human cerebral 
cortex. J Comp. Neural. 102, 511-556. 

Buck, S.H., Deshrnukh, P.P., Burks, T.F., & Yamamura, H.I. (1981). A survey of substance P, 
somatostatin, and neurotensin levels in aging in the rat and human central nervous system. 
Neurobiol. Aging, 2, 257-264. 

Carlsson, A., & Winblad, B. (1976). Influence of age and time interval between death and 
autopsy on dopamine and 3-methoxytyramine levels in the human basal ganglia. J. Neural 
Transm ., 38, 271-276. 

Cass, W.A., & Gerhardt, G.A. (1994). Direct in vivo evidence that D2 dopamine receptors can 
modulate dopamine uptake. Neurosci. Lett., 176, 259-263. 

274 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

Cass, W.A., Gerhardt, G.A., Zhang, Z., Ovadia, A., & Gash, D.M. (1995). Increased dopamine 
clearance in the non-lesioned striatum of Rhesus monkeys with unilateral 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) striatal lesions. Neurosci. Lett., 185, 52-55. 

Castorina, M. ; Ambrosini, A.M., Pacifici, L., Ramacci, M.T., & Agelucci, L. (1994). Age­
dependent loss of NMDA receptors in hippocampus, striatum, and frontal cortex of the rat: 
prevention by acetyl-L-carnitine. Neurochem. Res., 19, 795-798. 

Cepeda, C., & Levine, M.S. (1991). Altered responsiveness of caudate neurons to amino acids 
and dopamine in aged cats. Brain Dysfunct., 4, 17-27. 

Cepeda, C., Li, Z., & Levine, M.S. (1996). Aging reduces neostriatal responsiveness to N­
methyl-D-aspartate and dopamine: an in vitro electrophysiological study. Neuroscience, 
73(3), 733-750. 

Chase, M.H., Morales, F.R., Boxer, P.A., & Fung, S.J. (1985). Aging of motoneurons and 
synaptic processes in the cat. Exp. Neural., 90(2), 471-478. 

Chesselet, M.F. ( 1984 ). Presynaptic regulation of neurotransmitter release in the brain: facts and 
hypothesis. Neuroscience, 12, 347-375. 

Colon, E.J. (1972). The elderly brain. A quantitative analysis in the cerebral cortex of two cases. 
Psychiatria, Neurologia, Neurochir., 75(4), 261-270. · 

Cotzias, G.C., Papavasiliou, P.S., & Gellene, R. (1969). Modification of parkinsonism - chronic 
treatment with L-dopa. N. Engl. J. Med., 280, 337-343. 

Cotzias, G.C., Van Woert, M.H., & Schiffer, L.M. (1967). Aromatic amino acids and 
modification of parkinsonism. N. Engl. J Med., 276, 374-378. 

Cruz-Sanchez, F.F., Cardozo, A., & Tolosa, E. (1995). Neuronal changes in the substantia nigra 
with aging: a golgi study. J Neuropath. Exp. Neural., 54(1), 74-81. 

Dayan, A.D. (1970). Quantitative histological studies on the aged human brain. I. Senile plaques 
and neurofibrillary tangles in "normal" patients. Acta Neuropathol. (Berlin), 16(2), 85-94. 

De Keyser, J., Ebinger, G., & Vauquelin, G. (1990). Age-related changes in the human 
nigrostriatal dopaminergic system. Ann. Neural., 27, 157-161. 

Demarest, K.T., Riegle, G.D., & Moore, K.E. (1980). Characteristics of dopaminergic neurons in 
the aged male rat. Neuroendocrinology, 31, 222-227. 

Di Chiara, G., Morelli, M., & Consolo, S. (1994). Modulatory functions of neurotransmitters in 
the striatum: Ach/dopamine/NMDA interactions. Trends Neurosci., 17(6), 228-233. 

Dluzen, D.E., McDermott, J.L., & Ramirez, V.D. (1991). Changes in dopamine release in vitro 
from the corpus striatum of young versus aged rats as a function of infusion modes of L­
dopa, potassium, and amphetamine. Exp. Neural., 112, 153-160. 

Dobrev, D., Bergstrasser, E., Fischer, H.D., & Andreas, K. (1995). Restriction and functional 
changes of dopamine release in rat striatum from young adult and old rats. Mech. Ageing 
Dev., 80, 107-119. 

Donzanti, B.A., Hite, J.F., & Yamamoto, B.K. (1993). Extracellular glutamate levels increase 
with age in the lateral striatum-potential involvement of presynaptic D-2 receptors. 

275 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

Synapse, 13, 378-382. 

Ehringer, H., & Hornykiewicz, 0 . (1960). Verteilung von noradrenalin und dopamin (3-
hydroxytyramin) im gehirn des menschen und ihr verhalten bei erkrankungen des 
extrapyramidalen systems. Klin. Wochenschr., 38, 1236-1239. 

Emborg, M.E., Ma, S.Y. , Mufson, E.J., Levey, A.I. , Taylor, M.D., Brown, W.D., Holden, J.E., & 
Kordower, J.H. (1998). Age-related declines in nigral neuronal function correlate with 
motor impairments in Rhesus monkeys. J Comp. Neural. , 401 , 253-265. 

Emerich, D.F., McDermott, P., Krueger, P., Banks, M. , Zhao, J., Marszalkowski, J., Frydel, B. , 
Winn, S.R., & Sanberg, P.R. (1993). Locomotion of aged rats: relationship to 
neurochemical but not morphological changes in nigrostriatal dopaminergic neurons. Brain 
Res. Bull., 32, 477-486. 

Fearnley, J.M., & Lees, A.J. (1991). Ageing and parkinson's disel:lse: substantia nigra regional 
selectivity. Brain, 114, 2283-2301. 

Finch, C.E. (1973). Catecholamine metabolism in the brains of ageing male mice. Brain Res., 52, 
261-276. 

Flood, D.G., & Coleman, P.D. (1988). Neuron numbers and sizes in aging brain: comparisons of 
human, monkey, and rodent data. Neurobiol. Aging, 9, 453-463 . 

Freund, G. (1980). Cholinergic receptor loss in brains of aging mice. Life Sci., 26, 371-375. 

Friedemann, M.N. ( 1992). In vivo electrochemical studies of dopamine diffusion and clearance in 
the striatum of young and aged Fischer-344 rats. Age, 15, 23-28. 

Friedemann, M.N.,. & Gerhardt, G.A. (1992). Regional effects of aging on dopaminergic function 
in the Fischer-344 rat. Neurobiol. Aging, 13, 325-332. 

Friedemann, M.N., & Gerhardt, G.A. (1996). In vivo electrochemical studies of the dynamic 
effects of locally applied excitatory amino acids in the striatum of the anesthe~ized·rat. Exp . 
Neural., 138, 53-63. 

Gerhardt, G.A., Cass, W.A., Henson, M., Zhang, Z., Ovadia, A., Hoffer, B.J., & Gash, D.M. 
(1995). Age-related changes in potassium-evoked overflow of dopamine in the striatum of 
the Rhesus monkey. Neurobiol. Aging., 16(6), 939-946. 

Gerhardt, G.A. , & Maloney, RE. Jr., (1999). Microdialysis studies of basal levels and stimulus­
evoked overflow of .dopamine and metabolites in the striatum of young and aged fischer 
344 rats. Brain Res., 816(1), 68-77. 

Gibson, G.E., Peterson, C., & Jenden, D.J. (1981). Brain acetylcholine synthesis declines with 
senescence. Science, 213, 674-676. 

Giorgi, 0., Calderini, G., Toffano, G., & Biggio, G. (1987). D-1 dopamine receptors laballed 
with 3H-SCH-23390: decrease in the striatum of aged rats. Neurobiol. Aging., 8(1), 51-54. 

Giros, B., Jaber, M., Jones, S.R., Wightman, R.M., & Caron, M.G. (1996). Hyperlocomotion and 
indifference to cocaine and amphetamine in mice lacking the dopamine transporter. Nature, 
379, 606-612. 

Goldman-Rakic, P.S., & Brown; R.M. (1981). Regional changes of monoamines in cerebral 

276 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

cortex and subcortical structures of aging Rhesus monkeys. Neuroscience, 6, 177-187. 

Gordon, I., Weizman, R., Rosenne, E., & Rehavi, M. (1995) . Developmental and age-related 
alterations in rat brain presynaptic dopam'inergic mechanisms. Dev. Brain Res., 85, 225-
228. 

Gould, T.J., Stromberg, I., Bickford, P.C. (1996). Decline in striatal dopamine DI and 02 
receptor activation in aged F344 rats. Neurobiol. Aging, 17(6), 877-883. 

Govoni, S., Loddo, P., Spano, P.F., Trabucchi, M. (1977) . Dopamine receptor supersensitiviy in 
brain and retina ofrats during aging. Brain Res., 138, 565-570. 

Govoni, S., Memo, M., Saiani, L., Spano, PF., & Trabucchi, M. (1980). Impairment of brain 
neurotransmitter receptors in aged rats. Mech, Ageing Dev., 12, 39-46. 

Gray, J.A., (1995). A model of the limbic system and basal ganglia: applications to anxiety and 
schizophrenia. In "The Cognitive Neurosciences" (M.S. Gazzaniga, Ed.), pp. 1165-1176. 
MIT Press, Cambridge, MA. 

Gregerson, K.A., & Selmanoff, M. ( 1990). Changes in the kinetic of [3H]dopamine release from 
median eminence and striatal synaptosomes during aging. Endocrinology, 126, 228-234. 

Han, Z., Kuyatt, B.L., Kochman, K.A., DeSouza, E.B., & Roth, G.S. (1989). Effect of aging on 
concentrations of D2-receptor-containing neurons in the rat striatum. Brain Res. , 498(2), 
299-307. 

Hebert, M.A., & Gerhardt, G.A. (1998). Normal and drug-induced locomotor behavior in aging: 
comparison to evoked DA release and tissue content in Fischer 344 rats. Brain Res. , 797, 
42-54. 

Hebert, M.A., & Gerhardt, G.A. (1999). Age-related changes in the capacity, rate, and 
modulation of dopamine uptake within the striatum and nucleus accumbens of Fischer 344 
rats: and in vivo electrochemical study. J. Pharmacol Exp. Ther., 288(2), 879-887. 

Himi, T., Cao, M., & Mori, N. (1995). Reduced expression of the molecular markers of 
dopaminergic neuronal atrophy in the aging rat brain. J. Gerontol. A Biol. Sci. Med. Sci., 
50, B 193-200. 

Hornykiewicz, 0. (1963). Die Topische Lokalisation und das verhalten von noradrenalin and 
dopamine (3-hydroxytyramin) in der substantia nigra des normalen und parkinsonkranken 
menschen. Wein. Klin. Wochenschr., 75, 309-312. 

Hornykiewicz, 0., & Kish, S.J. (1987). Biochemical pathophysiology of Parkinson's disease. 
Adv. Neural., 45, 19-34. 

Hubble, J.P. (1998). Aging and the basal ganglia. Neural. Clin., 16(3), 649-657. 

Ingram, D.K., Wiener, H.L., Chachich, M.E., Long, J.M., Hengemihle, J., & Gupta, M. (1993) . 
Chronic treatment of aged mice with L-Deprenyl produces marked striatal MAO-B 
inhibition but no beneficial effects on survival, motor performance, or nigral lipofuscin 
accumulation. Neurobiol. Aging, 14, 431-440. 

_Irwin, I., DeLanney, L., Chan, P., Sandy, M.S., Di Monte, D.A., & Langston, J.W. (1997). 
Nigrostriatal monoamine oxidase A and B in aging squirrel monkeys and C57BL/6 mice. 

277 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

Neurobiol. Aging., 18(2), 235-241. 

Irwin, I., DeLanney, L.E., McNeill, T., Chan, P., Forno, L., Murphy, M.M., Jr., DiMonte, D.A., 
Sandy, M.S., & Langston, J.W. (1994). Aging and the nigrostriatal dopamine system: A 
nonhuman primate study. Neurodegeneration, 3, 251-265. 

Joseph, J.A., Berger, R.E., Engel, B.T., & Roth, G.S. (1978). Age-related changes in the 
nigrostriatum: a behavioral and biochemical analysis. J Gerontol., 33, 643-649. 

Joseph, J.A., Dalton, T.K., Hunt, W.A. (1988). Age-related decrements in the muscarinic 
enhancement of K+ -evoked release of endogenous striatal dopamine: an indicator of altered 
cholinergic-dopaminergic reciprocal inhibitory control in senescence. Brain Res., 454, 140-
148. 

Joseph, J.A., & Roth, G.S. (1988a). Altered striatal dopaminergic and cholinergic reciprocal 
inhibitory control and motor behavioral decrements in senescence. Ann. NY. Acad. Sci., 
521, 110-122. 

Joseph, J.A., & Roth, G.S. (1988b). Upregulation of striatal dopamine receptors and 
improvement of motor performance in senescence. Ann. NY Acad. Sci., ~15, 355-362. 

Kametani, H., Iijima, S., Spangler, E.L., Ingram, D.K., & Joseph, J.A. (1995). In vivo assessment 
of striatal dopamine release in the aged male Fischer 344 rat. Neurobiol. Aging, 16, 639-
646. 

Kebabian, J.W., & Calne, D.B. (1979). Multiple receptors for dopamine. Nature, 277, 93-96. 

Kish, S.J., Shannak, K., Rajput, A., Deck, J.H.N., & Hornykiewicz, 0. (1992). Aging produces a 
specific pattern of striatal dopamine loss: implications for the etiology of idiopathic 
Parkinson's disease. J Neurochem., 58(2), 642-648. 

Kopin, I.J. (1993). Parkinson's disease: Past, present, and future. Neuropsychopharmacology, 9, 
1-12. 

Lai, H., Bowden, D.M., & Horita, A. (1987). Age-related decreases in dopamine receptors in the 
caudate nucleus and putamen of the Rhesus monkey (Macaca mulatta). Neurobiol. Aging, 
8, 45-49. 

Levine, M.S. (1988). Neurophysiological and morphological alterations in caudate neurons in 
aged cats. Ann. N. Y Acad. Sci., 515, 314-328. 

Lloyd, K.G. (1977). CNS compensation to dopamine neuron loss in Parkinson's disease. In 
"Advances in experimental medicine and biology. Vol. 90. Parkinson's disease : 
neurophysiological, clinical and related aspects" (F.S. Messiha, & A.D. Kenny, Eds.), pp. 
255-266. Raven Press, New York. 

Makman, M.H., Ahn, H.S., Thal, L.J., Sharpless, N.S., Dvorkin, B., Horowitz, S.G., & 
Rosenfeld, M. (1979). Aging and monoamine receptors in brain. Fed. Proc., 38, 1922-
1926. 

Makman, M.H., Ahn, H.S., Thal, L.J., Sharpless, N.S., Dvorkin, B., Horowitz, S.G., & 
Rosenfeld, M. (1980). Evidence for selective loss of brain dopamine- and histamine­
stimulated adenylate cyclase activity in rabbits with aging. Brain Res., 192, 177-183. 

278 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

Mann, D.M.A., & Yates, P.O. (1982). Pathogenesis of Parkinson ' s disease. Arch. Neural., 39, 
545-549. 

Mann, D.M., & Yates, P.O. (1983). Possible role of neuromelanin in the pathogenesis of 
Parkinson's disease. Mech. Ageing Dev., 21(2), 193-203. 

Marin, 0 ., Smeets, W.J.A.J., & Gonzalez, A. ( 1998). Evolution of the basal ganglia in tetrapods: 
a new perspective based on recent studies in amphibians. Trends Neurosci., 21, 487-494. 

Marshall, J.F., & Rosenstein, A.J. (1990). Age-related decline in rat striatal dopamine 
metabolism is regionally homogeneous. Neurobiol. Aging, 11, 131-137. 

Masero, E.J. (1990). Animal models in aging research. In "Handbook of the Biology of Aging, 
3rd Ed." (E.L. Schneider & J.W. Rowe, Eds.), pp. 72-94. Academic Press, San Diego, CA. 

McGeer, E.G., & McGeer, P.L. (1975). Age changes in the human for some enzymes associated 
with metabolism of catecholamines, GABA and acetylcholine. Adv. Behav. Biol., 16, 287-
305. 

McGeer, P.L., McGeer, E.G., & Suzuki, J.S. (1977). Aging and extrapyramidal function. Arch. 
Neural., 34, 33-35. 

McNeill, T.H., & Koek, L.L. (1990). Differential effects of advancing age on neurotransmitter 
cell loss in the substantia nigra and striatum ofC57BL/6N mice. Brain Res., 521, 107-117. 

McNeill, T.H. , Koek, L.L., Brown, S.A., & Rafols, J.A. (1988). Age-related changes in the 
nigrostriatal system. Ann. N_Y. Acad. Sci., 515, 239-249. 

McNeill, T.H., Koek, L.L., Brown, S.A., & Rafols, J.A. (1990). Quantitative analysis of age­
related dendritic changes in medium spiny I (MSI) striatal neurons of C57BL/6N mice. 
Neurobiol. Aging, 11, 537-550 . 

. McNeill, T.H., Koek, L.L., & Haycock, J.W. (1984). Age-correlated changes in dopaminergic 
nigrostriatal perikarya of the C57BL/6NNia mouse. Mech. Ageing Dev., 24(3), 293-307. 

Mesco, E.R., Carlson, S.G., Joseph, J.A., & Roth, G.S. (1993). Decreased striatal D2 dopamine 
receptor mRNA synthesis during aging. Mal. Brain Res., 170, 160-162. 

Mesco, E.R., Joseph, J.A., Blake, M.J., & Roth, G.S. (1991). Loss ofD2 receptors during aging is 
partially due to decreased levels ofmRNA. Brain Res. 545, 355-357. 

Misra, C.H., Shelat, H.S., & Smith, R.C. (1980). Effect of age on adrenergic and dopaminergic 
receptor binding in rat brain. Life Sci., 27, 521-526. 

Morelli, M., Mennini, T., & Di Chiara, G. (1988). Nigral dopamine autoreceptors are exclusively 
of the D2 type: Quantitative autoradiography of [125I]iodosulpride and [125I]SCH 23982 in 
adjacent brain sections. Neuroscience, 27, 865-870. 

Morgan, D.G., & Finch, C.E. (1988). Dopaminergic changes in the basal ganglia. Ann. NY 
Acad. Sci., 515, 145-159. 

Morgan, D.G., Marcussen, J.O., Nyberg, P., Wester, P. , Winblad, B., Gordon, M.N., & Finch, 
C.E. (1987). Divergent changes in D-1 and D-2 dopamine binding sites in human brain 
during aging. Neurobiol. Aging, 8(3), 195-201. 

Morrison, J.H., & Hof, P.R. (1997). Life and death of neurons in the aging brain. Science, 278, 

279 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

412-419. 

Mortimer, J.A., & Webster, D.D. (1982). Comparison of extrapyramidal motor function in 
normal aging and parkinson's disease. In J.A. Mortimer, F.J. Pirozzolo, & G.J, Maletta 
(Eds.), "Advances in neurology: Vol. 3. The aging motor system" (pp. 217-241). Praeger 
Scientific, New York. 

Nakano, M., Mizuno, T. (1996). Age-related changes in the metabolism of neurotransmitters in 
rat striatum: a microdialysis study. Mech. Ageing Dev., 86, 95-104. 

Norman, A.B., Blaker, S.N., Thal., L., & Creese, I. (1986). Effects of aging and cholinergic 
deafferentation on putative muscarinic cholinergic receptor subtypes in rat cerebral cortex. 
Neurosci. Lett., 70, 289-294. 

Osterburg, H.H., Donahue, H.A., Severson, J.A., & Finch, C.E. (1981). Catecholamine levels and 
turnover during aging in brain regions of male C57BL/6J mice. Brain Res., 224, 337-352. 

Pakkenberg, H., Andersen, B.B., Bums, R.S., & Pakkenberg, B. (1995). A stereological study of 
substantia nigra in young and old Rhesus monkeys. Brain Res., 693(1-2), 201-206. 

Parent, A., & Hazrati, L.-N. (1995). Functional anatomy of the basal ganglia:. I. The cortico-basal 
ganglia-thalamo-cortical loop. Brain Res. Rev., 20, 91-127. 

Peters, A., Palay, S.L., Webster, H.deF. (1991). "The Fine Structure of the Nervous System". 
Oxford University Press, New York. 

Ponzio, F., Brunelle, N., & Algeri, S. (1978). Catecholamine synthesis in brain of aging rat. J 
Neurochem., 30, 1617-1620. 

Ponzio, F., Calderini, G., Lomuscio, G., Vantini, G., Toffano, G., & Algeri, S. (1982). Changes 
in monoamines and their metabolite levels in some brain regions of aged rats. Neurobiol. 
Aging, 3, 23-29. 

Porras, A., Gisolfi, C.V., & Mora, F. (1993). Release of excitatory amino acid neurotransmitters 
and glutamine along age in the neostriatum of the conscious rat. Soc. Neurosci. Abstr., 19, 
1535. 

Porras, A., & Mora, F. (1995). Dopamine-glutamate-GABA interactions and ageing: studies in 
the striatum of the conscious rat. Eur: J Neurosci., 7, 2183-2188. 

Randall, P.K. (1980). Functional aging of the nigro-striatal system. Peptides, l(Suppl. 1), 177-
184. 

Reimann, W., Bartoszyk, G.D., Kollhofer, U., Schneider, F., & Schoenherr, U. (1993). Effects of 
ageing and long-term operant conditioning on behavior and presynaptic cholinergic and 
dopaminergic neuronal mechanisms in rats. Archiv. int. Pharmacodyn., 325, 5-20. 

Rogers, J., Silver, M.A., Shoemaker, W.J., & Bloom, F.E. (1980). Senescent changes in a · 
neurobiological model system: cerebellar Purkinje cell electrophysiology and correlative 
anatomy. Neurobiol. Aging, 1(1), 3-11. 

Rogers, J., Zornetzer, S.F., & Bloom, F.E. (1981). Senescent pathology of cerebellum: Purkinje 
neurons and their parallel fiber afferents. Neurobiol. Aging, 2(1), 15-25. 

Rose, G.M., Gerhardt, G.A., Conboy, G.L., & Hoffer, B.J. (1986). Age-related alterations in 

280 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

monoamine release from rat striatum: an in vivo electrochemical study. Neurobiol. Aging, 
7, 77-82. 

Sanchez-Prieto, J., Herrero, I., Miras-Portugal, M.T., & Mora, F. (1994). Unchanged exocytotic 
release of glutamic acid in the prefrontal cortex and striatum of the rat. NeuroReport, 4, 
1194-1196. 

Santiago, M., Machado, A., & Cano, J. (1993). Effects of age and dopamine agonists and 
antagonists on striatal dopamine release in the rat an in vivo microdialysis study. Mech. 
Ageing Dev., 67, 261-267. 

Saura, J., Richards, J.G., & Mahy, N. (1994). Age-related changes in MAO in Bl/C57 mouse 
tissues: a quantitative radioautographic study. J Neural. Transm. Suppl., 41, 89-94. 

Severson, J.A., Marcusson, J., Winblad, B., & Finch, C.E. (1982). Age correlated loss of 
dopaminergic binding sites in human basal ganglia. J Neurochem., 39, 1623-1631. 

Severson, J.A., & Randall, P.K. (1985). D-2 dopamine receptors in aging mouse striatum: 
determination of high- and low-affinity agonist binding sites. J Pharmacol. Exp. Ther., 
233(2), 361-368. 

Shih, J.C. (1975). Multiple forms of monoamine oxidase and aging. In "Aging" (H. Brody, D. 
Harman, & J.M. Ordy, Eds.), Vol. I, pp. 191-198. Raven Press, New York. 

Shimizu, I., & Prasad, C. (1991). Relationship between [3H]mazindol binding to dopamine 
uptake sites and [3H]dopamine uptake in rat striatum during aging. J Neurochem., 56, 575-
579. 

Sohal, R.S., & Wolfe, L.S. (1986). Lipofuscin: characteristics and significance. Prag. Brain Res., 
70, 171-183. 

Sprott, R.L., & Austad, S.N. (1996). Animal models for aging research. In "Handbook of the 
Biology of Aging, 41

~ Ed." (E.L. Schneider & J.W. Rowe, Eds.), pp. 3-23. Acadeqiic Press, 
San Diego, CA. 

Stoessl, A.J., Martin-Iverson, M.T., Barth, T.M., Dourish, C.T., & Iversen, S.D. (1989). Effects 
of ageing on the behavioural responses to . dopamine agonists: decreased yawning and 
locomotion, but increased stereotypy. Brain Res., 495(1), 20-30. 

Stoof, J.C., Drukarch, B., de Boer, P., Westerink, B.H.C., & Groenewegen, H.J. (1992). 
Regulation of the activity of striatal cholinergic neurons by dopamine. Neuroscience, 41, 
755-770. 

Stricker, E.M., & Zigmond, M.L (1976). Recovery of function following damage to central 
catecholamine-containing neurons: A neurochemical model for the lateral hypothalamic 
syndrome. In "Progress in Psychobiology and Physiological Psychology" (F.M. Sprague & 
A.N. Epstein, Eds.), Vol. VI, pp. 121. Academic Press, New York. 

Strong, R., Samorajshi, T., & Gottesfeld, Z. (1982). Regional mapping of neostriatal 
neurotransmitter system as a function of aging. J Neurochem., 39, 831-836. 

Strothjohann, M., Muller, H., Braak, E., & Braak, H. (1993). Stereological estimation of the total 
cell number of the human substantia nigra (pars compacta and pars reticulata). Clin. 
Neuropathol., 12,271. 

281 



Functional Neurobiology of Aging Hof, P.H. and Mobbs, C.V. Eds., Academic Press, 2000 

Sugawa, M., & May, T. (1993). Age-related alteration in signal transduction: involvement of the 
cAMP cascade. Brain Res., 618, 57-62. 

Teravainen, H., & Calne, D.B. (1983). Motor system in normal aging and Parkinson's disease. In 
"The Neurology of Aging" (R. Katzman & R. Terry, Eds.), pp. 85-109. Davis, 
Philadelphia. 

Uhl, G.R., Walther, D., Mash, D., Faucheux, B., & Javoy-Agid, F. (1994). Dopamine transporter 
messenger RNA in Parkinson's disease and control substantia nigra neurons. Ann. Neural., 
35, 494-498. 

Venero, J.L., Machado, A., & Cano, J. (1991). Turnover of dopamine and serotonin and their 
metabolites in the striatum of aged rats. J Neurochem., 56, 1940-1948. 

Volkow, N.D., Wang, G.J. , Fowler, J.S., Ding, Y.S., Gur, R.C., Gatley, J., Logan, J., Moberg, 
P.J., Hitzemann, R., Smith, G., & Pappas, N. (1998). Parallel loss of presynaptic and 
postsynaptic dopamine markers in normal aging. Ann. Neural., 44, 143-147. 

Walsh, J.P., & Ou, X. (1994). Loss of paired-pulse facilitation at the corticostriatal synapse of the 
aged rat. Synapse, 17, 36-42. 

Watanabe, H. (1987). Differential decrease in the rate of dopamine synthesis in several 
dopaminergic neurons of aged rat brain. Exp. Gerontol., 22(1), 17-25. 

Wenk, G.L., Pierce, D.J., Struble, R.G., Price, D.L. , Cork, L.C. (1989). Age-related changes in 
multiple neurotransmitter systems in the monkey brain. Neurobiol. Aging, 10, 11-19. 

West, M.J. (1993). New stereological methods for counting neurons. Neurobiol. Aging, 14, 275-
285. 

West, M.J., Coleman, P.D., Flood, D.G., & Troncoso, J.C. (1994). Differences in the pattern of 
hippocampal neuronal loss in normal ageing and Alzheimer's disease. Lancet, 344, 769-
772. 

West, M.J., & Gundersen, H.J. (1990). Unbiased stereological estimation of the number of 
neurons in the human hippocampus. J Comp. Neural., 296, 1-22. 

Wilson, C.J. (1998). Basal ganglia. In "The synaptic organization of the brain" (G.M. Shepherd, 
Ed), pp. 329-375. Oxford University Press, New York. 

Wong, D.F., Wagner, H.N. Jr., Dannals, R.F., Links, J.M., Frost, J.J., Ravert, H.T., Wilson, A.A., 
Rosenbaum, A.E., Gjedde, A., Douglass, K.H., Petronis, J.D., Folstein, M.F., Toung, 
J.K.T., Bums, H.D., & Kuhar, M.J. (1984). Effects of age on dopamine and serotonin 
receptors measured by positron tomography in the living human brain. Science, 226, 1393-
1396. 

Yurek, D.M., Hipkens, S.B., Hebert, M.A., Gash, D.M., & Gerhardt, G.A. (1998). Age-related 
decline in striataJ dopamine release and motoric function in Brown Norway/Fischer 344 
hybrid rats. Brain Res., 791, 246-256. 

282 




