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Abstract 

A series of compensatory mechanisms within the dopaminergic system have been shown to maintain clinical 
function in the presence of dopamine loss. Experimental evidence for increased presynaptic dopamine turnover 
owing to increased dopamine synthesis, release, and reduced reuptake exists. Direct evidence that these 
mechanisms maintain extracellular dopamine levels is provided by intracerebral microdialysis techniques. 
Postsynaptic denervation supersensitivity clearly occurs with D 2 dopamine receptors, although this is less 
evident with D1 receptors. 

Similarly, mechanisms of plasticity have been shown to be relevant in human postmortem and Positron 
Emission Tomographic studies of patients with Parkinson's disease. However, although presynaptic increases 
in dopamine turnover are well documented, postsynaptic D 1 and D 2 receptor changes have been more difficult 
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to establish, mainly because of methodological difficulties. D2, but not D v receptor increases have been 
documented in drug naive Parkinsonian patients with PET techniques. In transplantation of adrenal gland to 
striatum in animal models and patients with Parkinsonism where clinical improvement occurs, plasticity of host 
response may be as important as plasticity of the graft. 

Although some elements of the compensatory mechanism of doparnine plasticity may be deleterious, such as 
dyskinesias owing to dopamine receptor supersensitivity, the overall effect of delay and minimization of the 
clinical expression of disease is advantageous. An even greater understanding of the mechanisms involved may 
assist in developing future therapeutic strategies. 

Introduction 

As information about the dopaminergic sys- 
tem has accrued over the last 30 years, it has been 
apparent that it has a remarkable plasticity in 
response to injury and disease. This facility to 
adapt to environmental change under the stresses 
of experimental manipulation and disease acts 
as a paradigm for other neurochemical systems. 
In this article, the experimental and clinical evi- 
dence for plasticity within the dopaminergic sys- 
tem in the face of deficient dopamine levels 
resulting from injury, toxic or degenerative 
change will be examined. Plasticity seen in graft 
and host during transplantation of catecholamin- 
ergic cells to the striatum will also be discussed. 

The Dopaminergic System 
Under Physiological Conditions 

The mesostriatal, mesocortical, and mesolim- 
bic components of the dopaminergic system have 
cell bodies residing in substantia nigra compacta 
and ventral tegmental area of the mesencepha- 
Ion. The nigrostriatal tract plays a critical role in 
modulating movement (Marsden, 1982). Dopam- 
ine is generated by the rate-limiting enzyme 
tyrosine hydroxylase (TH), excreted into the syn- 
aptic cleft in response to burst firing of dopamin- 
ergic nigral cells (Grace and Bunney, 1984; 
Nisenbaum et al., 1988). Within the striatum, the 
message is then transmitted through postsynap- 
tic dopamine receptors (D 1 and D2). D 1 receptors 
are adenyl cyclase linked, whereas D 2 receptors 
are either inhibitory or not coupled to this enzyme 

(see Anderson et al., 1990 for recent review). Evi- 
dence that a more complex array of dopamine 
receptors exists is now emerging as a result of 
molecular biological techniques. D 3, D 4 (D 2- like), 
and D s (Dl-like) receptors have been cloned and 
characterized, but whether they have any role in 
motor function is, as yet, unclear (Sokoloff et al., 
1990; Sunahara et al., 1991; Van Tol et al., 1991). 
Negative feedback on the rate-limiting enzyme 
tyrosine hydroxylase (TH) is via presynaptic D 2 
autoreceptors located in the striah.~n, thus pre- 
venting excessive dopamine production under 
physiological conditions. Presynaptic D 2 auto- 
receptors are located on dendrites and cell bod- 
ies, as well as on terminals, and may be more 
sensitive to dopamine and its agonists than 
postsynaptic D 2 receptors, although the evidence 
for this is questioned (Drukarch and Stool 1990). 
When the message is completed, dopamine is 
rapidly removed from the synaptic cleft by an 
efficient dopamine uptake system (Horn, 1990). 
This dopamine transporter, which is energy and 
sodium dependent, is probably the most impor- 
tant mechanism for inactivation of the synaptic 
effects of dopamine and its recycling. Postsynapti- 
cally, classical synapses are made with medium 
spiny neurons that are GABergic (Groves, 1980; 
Pickel et al., 1981), whereas tonic inhibition of 
cholinergic cells by dopamine is more likely via 
nonclassical synapses (DeLong and Georgopoulos, 
1981). Striatal cells are supported by a glial net- 
work that may also absorb modest amounts of 
dopamine by passive diffusion (Paterson and 
Hertz, 1989). Glial cells also contain the enzyme 
monoamine oxidase B (MAOB), which is critically 
important under physiological conditions in 
degrading excess dopamine, but may also be 
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important in the generation of toxic moieties from 
pyridine derivatives, such as N methyl-4-phenyl 
1,2,3,6-tetrahydro-pyridine (MPTP) (Langston et 
al., 1983; Markey et aL, 1984). 

Plasticity in Clinical 
and Experimental Models 
of Dopamine Depletion 

The majority of motor symptoms of Parkin- 
son's disease result from degeneration of mesen- 
cephalic dopaminerglc neurons and their striatal 
projections (mesostriatal dopaminergic system). 
It is less clear to what extent the mesolimbic and 
mesocortical systems contribute to the clinical 
triad of bradykinesia rigidity and tremor, or the 
role of other neurotransmitter systems, particu- 
larly the neuropeptides (Agid, 1991). The devel- 
opment of a model of a relatively pure loss of 
dopaminergic cells of the mesostriatal system in 
animals has been helpful in determining the clini- 
cal expression of dopamine  depletion.  For 
example, 6OH dopamine lesions of nigrostriatal 
tract in rats causes ipsilateral circling behavior 
(Ungerstedt, 1971), and systemic MPTP admin- 
istration to primates results in a clinical syndrome 
very similar to Parkinson's disease, although 
tremor is usually less prominent (Bums et al., 
1983). Inadver tent  MPTP adminis t ra t ion in 
humans has also produced a clinical syndrome 
almost indistinguishable from Parkinson's dis- 
ease (Langston et al., 1983). In both animal mod- 
els and human forms of Parkinsonism, there is 
considerable evidence to suggest that the clinical 
expression of dopamine depletion may be mini- 
mized or delayed by a series of compensatory 
mechanisms. 

Experimental Models 
One of the early findings during the develop- 

ment of the 6OH dopamine rat model of Parkin- 
sonism was that a loss of 90% or more of striatal 
dopamine was necessary before the clinical 
expression of circling was seen (Ungerstedt, 
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1971). Since then, a series of potential compensa- 
tory mechanisms have been identified, many of 
which have been recently reviewed (Schultz, 
1982; Zigmond et al., 1990; Calne and Zigmond, 
1991). 

Presynaptic Mechanisms 
These canbe broadly categorized into increased 

dopamine turnover resulting from increased 
dopamine synthesis/release in the remaining 
neurons and reduced reuptake. Increased TH 
activity has been demonstrated in 6OH-dop- 
amine lesioned rats (Zigmond et al., 1984) and 
may be seen as early as 5 d postsurgery. A corre- 
lation between TH activity and dopamine deple- 
tion exists, and an increase in TH activity is seen 
after destruction of at least 50% of the dopamin- 
ergic innervation to the striaturn. The increase in 
TH activity may be possible by virtue of 
phospholyation of stores of previously inactive 
enzyme as demonstrated in adrenal catecho- 
lamine systems (Meligeni et al., 1982). Altered TH 
function under these conditions is presumably 
under D 2 autoreceptor control, although direct 
evidence for this is lacking. Increased catecho- 
lamine turnover is inferred by the observation 
that increased Dopac/dopamine ratios may be 
seen within 60 h of lesioning of the nigrostriatal 
tract in the 6OH dopamine rat model (Zigmond 
et al., 1984). Similar increases in dopamine turn- 
over have been seen after systemic administra- 
tion of MPTP to C57 black mice (Heikkila et al., 
1984; Hallman et al., 1984). Two possible expla- 
nations for the observed increase in dopamine 
turnover have been advanced (Zigmond et al., 
1990). First, increased rate and pattern of firing 
of the remaining neurons may occur (Grace and 
Bunney, 1984). Second, increased dopamine re- 
lease in response to each burst is observed in the 
presence of lesions of 90% or more of the nigro- 
striatal tract (Stachowiak et al., 1987; Snyder et 
al., 1990). 

Direct evidence that these presynaptic com- 
pensatory mechanisms would maintain extracel- 
lular levels of dopamine at adequate levels was 
lacking until the recent development of intracere- 
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bral dialysis techniques. Robinson and Whishaw 
(1988) showed that extracellular concentrations 
of dopamine were normal on the 6OH-dopam- 
ine lesioned side of the rat model of Parkinson- 
ism, even after that side was depleted of up to 
99% of the dopamine measured in postmortem 
tissue. In rats with <95% depletion of tissue 
dopamine, amphetamine was still able to induce 
a large increase in extraceUular dopamine on the 
lesioned side, but if tissue depletion was >95%, 
amphetamine produced a steady decline in extra- 
cellular dopamine. Abercrombie et al. (1990) 
showed similar maintenance of extracellular 
dopamine levels in the presence of lowered tis- 
sue dopamine levels, but found reduction in 
extracellular levels after only 80% depletion of 
tissue levels. 

A further presynaptic mechanism contri- 
buting to the maintenance of extracellular 
dopamine levels is reduced reuptake through 
sodium-dependent channels. Zigmond et al. 
(1984) measured dopamine uptake in synapto- 
somes prepared from the lesioned side of 6OH- 
dopamine-treated rats, and showed that [3H] 
dopamine uptake was significantly reduced com- 
pared to controls and that this strongly correlated 
with reduction in endogenous dopamine levels. 
This reduction in uptake may lead to a more pro- 
longed dopamine action with a wider sphere of 
influence owing to diffusion (Zigmond et al., 
1990). This diffuse, more widespread action of 
dopamine as a neurotransmitter is consistent with 
observations that its action is a tonic modulatory 
one onthe striatum (Orr et al., 1986), and exogenous 
replacement of dopamine in the form of its pre- 
cursor L-Dopa reverses neurological deficits in 
animal models and patients with Parkinson's dis- 
ease (Cotzias et al., 1987). 

The role of striatal glial cells in dopamine com- 
pensatory mechanisms is unclear. Some contro- 
versy exists as to whether these cells have the 
ability to take up catecholamines actively, although 
more recently Paterson and Hertz (1989) pre- 
sented convincing evidence that uptake is by a 
facilitated diffusion mechanism. Overall, the con- 

tribution of glial cells to dopamine storage and 
release is likely to be small under conditions of 
dopamine depletion, although their role during 
exogenous L-dopa administration needs to be 
examined further. 

Postsynaptic Mechanisms 
Although the concept of denervation super- 

sensitivity was well known in the peripheral 
nervous system, it was not until 1971 that 
Ungerstedt demonstrated in the 6OH dop- 
amine rat model of Parkinsonism that it defi- 
nitely existed in the central nervous system 
(Ungerstedt, 1971). He showed that both apo- 
morphine and L-dopa induced a strong rota- 
tional behavior and that the direction of the 
rotation (contralateral) indicated that the den- 
ervated striatum was more sensitive to dopam- 
ine - recep tor - s t imula t ing  drugs  than  the 
innervated striatum. Creese, Burt, and Snyder 
(1977) showed that the number of dopamine 
receptor binding sites, using [3H] haloperidol 
as a radioligand, increased by 20-100% on the 
lesioned side, indicating that the apparent recep- 
tor supersensitivity behavior seen was reflected 
by an actual increase in postsynaptic receptors. 
The change in postsynaptic dopamine recep- 
tor numbers was not present 4 d post lesion, 
but had developed by at least 21 d using [3H] 
apomorphine as a radioligand (Creese and 
Snyder, 1979). 

It has recently become clear that interaction 
between D~ and D 2 receptors is necessary for 
motor behavioral expression, since adequate con- 
trol of motor response to dopaminergic treatment 
only occurs when both D 1 and D 2 receptors are 
intact (Robertson and Robertson, 1986; Wadding- 
ton, 1986; Carlson et al., 1987). The true role of D 1 
receptors in motor response is as yet unclear, 
although it is of interest that Viola et al., (1989) 
found both D 1 and D 2 receptors to be increased 
in MFrP-exposed monkeys. However, in the rat 
6OH dopamine denervation model, D 1 receptors 
have been unaltered (Savasta et al., 1988), unless 
post lesion delays were as long as 90 d (Buonamici 
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et al., 1986). The recent cloning and characteriza- 
tion of a further series of dopamine receptors, 
including D s with Dl-like characteristics 
(Sunahara et al., 1991), D 3 with D2-1ike autore- 
ceptor and postsynapt ic  characterist ics 
(Sokoloff et al., 1990), and D 4 with D 2 features 
(Van Tol et al., 1991), may mean that a further 
reinterpretation of existing postsynaptic plas- 
ticity concepts may be necessary. 

Clinical Studies 

Although the mechanisms of plasticity of the 
dopamine system in experimental systems have 
been evolving, some parallels have been docu- 
mented in cases of Parkinson's disease. The evi- 
dence may be broadly classified into in vitro 
postmortem studies and in vivo studies using 
Positron Emission Tomography (PET). 

Postmortem Studies 
PRESYNArmc. The most important original con- 

tribution was that of Bernheimer et al., who dem- 
onstrated, based on extrapolations of postmortem 
assay of dopamine levels, that at least 80% of 
striatal dopamine loss was necessary before 
symptoms of Parkinson's disease developed 
(Bernheimer et al., 1973). However, these reduc- 
tions in dopamine levels vary throughout the 
striatum, being much more marked in putamen 
than caudate (Kish et al., 1988). Dopamine up- 
take sites have also been used as an index of 
dopamine terminal loss in Parkinson's disease 
and found to be markedly less than dopamine 
loss when radioligands, such as [3H] cocaine 
(Pimoule et al., 1983) or [3H] GBR 12935 
(Maloteaux et al., 1988; Pearce et al., 1990), were 
used on membrane preparations. We have been 
able to demonstrate marked regional reductions 
in dopamine uptake site density compared to con- 
trois using [3H] mazindol as a radioligand and 
autoradiographic techniques (Donnan et al., 
unpublished observations; 1991), particularly in 
lateral putamen (Fig. 1). Given this information, 
it appears likely that marked regional differences 

in the extent to which compensatory mechanisms 
come into play within the striatum exist. 

As found in experimental models of Parkin- 
sonism, HVA/dopamine ratios are markedly 
increased in the striatum and substantia nigra of 
patients with Parkinson's disease (Scatton et al., 
1984; Bokobza et al., 1984), and are interpreted as 
overactivity of the remaining dopaminergic 
neurons. Of interest was the finding that the 
HVA/dopamine ratio was increased in putamen, 
caudate, and nucleus accumbens, but not in hip- 
pocampus or frontal cortex, thus suggesting that 
disease of mesolimbic and mesocortical projec- 
tions is not severe enough to produce compen- 
satory changes (Scatton et al., 1984). 

A compensatory increase in TH activity has not 
been demonstra ted in Parkinsonian brain 
(McGeer and McGeer, 1976; Javoy-Agid et al., 
1981). However, Rausch et al. (1988) showed an 
increase in caudate TH activity when assessed in 
the presence of Fe 2. and phosphorylating agents. 
One recent study showed reduced mRNA TH ex- 
pression in the remaining dopamine neurons of 
the substantia nigra in postmortem brains with 
Parkinson's disease (Javoy-Agid et al., 1990). 
Whether this reduced mRNA expression relates 
to increased or decreased TH enzyme turnover 
is uncertain, and more information concerning 
the regulation of TH mRNA levels is needed 
before this information can be fully interpreted. 

POSTSYNAPTIC. There have been numerous stud- 
ies of dopamine receptors in postmortem brain, 
and both increases and decreases in striatal D 1 
and D 2 density have been reported in both L-dopa- 
treated and untreated patients (see reviews by 
Hassan and Thankar, 1988; Pierot et al., 1988). 
Agid et al. (1987) averaged all available studies 
and found there was evidence for a significant 
increase in D 2 receptors in putamen, but not cau- 
date or accumbens, and a significant reduction 
inD1 receptors in the substantia nigra. An approach 
that is obviously needed is autoradiographic 
analysis of receptors adjacent to the most severe 
presynaptic loss as documented by autoradio- 
graphic distribution of dopamine uptake sites. 
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Fig. 1. Dopamine uptake sites' distribution in human striatum using 13H] mazindol autoradiography---control (left 
panel) and Parkinsonian (right panel) brain. A marked loss of dopamine uptake sites is seen laterally in both caudate and 
putamen. Cd caudate, Pu putamen, Acb n. accumbens. 

In Vivo Studies 
with Positron Emission Tomography 
(PET) 

The loss of presynaptic d opaminergic function 
has been documented with PET using radioli- 
gands [~SF]-6-F-dopa (Garnett et al., 1984; 
Nahmias et al., 1985; Leenders et al., 1986). This 
technique most likely measures the storage capac- 
ity of presynaptic terminals, but also measures 
extracellular dopamine. An index of remaining 
terminal density may be better gaged by imag- 
ing of dopamine uptake sites with [11C] 
nomifensine, the levels of which have been shown 
to be reduced in Parkinson's disease (Tedroff et 
al., 1988,1990). Quantitation of presynaptic dopam- 
ine uptake and storage using [lSF]-6-F-dopa have 
shown that less impressive levels of dopamine 
loss may produce symptoms than the levels of 
loss seen in postmortem studies (Calne and 
Zigmond, 1991). An explanation for the dispar- 
ity between these in vivo and in vitro observa- 

tions may be that PET successfully images both 
intra- and extracellular dopamine levels, whereas 
in postmortem preparations, rapid degeneration 
of extracellular dopamine may occur before assay 
can be undertaken, but intracellular levels are 
quite well maintained. In other words, 80-90% 
of intracellular dopamine may need to be lost 
before symptoms or signs of Parkinson's disease 
are experienced, whereas extracellular levels may 
be better preserved (Caine and Zigmond, 1991). 
These findings are consistent with experimental 
data measuring extracellular dopamine levels 
using microdialysis techniques discussed previ- 
ously (Robinson and Whishaw, 1988; Abercombie 
et al., 1990). 

Although presynaptic compensatory mecha- 
nisms within the dopaminergic system may delay 
the clinical expression of disease and minimize 
clinical deficits for many years, it is possible that 
they may also contribute to ongoing neuronal 
degeneration. Increased dopamine tu_mover may 
generate excessive free radicals, which are inad- 
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equately scavenged by existing enzyme systems 
(Agid, 1991). The possibility that these effects may 
be modulated by exogenous administration of 
free radical scavenging agents is currently being 
examined (Parkinson Study Group, 1989). 

Postsynaptic D 1 and D 2 receptor studies have 
been studied using [uC] raclopride as a D 2 radi- 
oligand and [uc] SCH 23390 as a D 1 radioligand. 
There are now reports of elevated values of D 2 
receptors in early untreated cases of Parkinson's 
disease (U. K. Rinn6 et al., 1989), and a further 
report  sugges t ing  that D 1 receptors remain  
unchanged in the same patients in w h o m  D 2 
receptor increases are seen (J. O. Rinne et al., 
1990). Some limitation of interpretation must be 
placed on these studies because of the inability 
to quantitate D 1 and D 2 receptors absolutely 
owing to modeling constraints, and semiquanti- 
tative side-to-side values or referenced cerebei- 
lar values are used. However,  the finding is 
further important evidence that plasticity in vivo 
in patients with Parkinson's disease does occur, 
as one would predict from experimental models. 

Plasticity 
and Neural Transplantation 

In recent years, transplantation of a variety of 
catecholaminergic tissues into animal models of 
Parkinsonism has resulted in partial or complete 
amelioration of neurochemical and clinical defi- 
cits (Bj6rklund et al., 1981; Dunnett et al., 1981; 
Hefti et al., 1985; Perlow et al., 1980; Str6mberg 
et al., 1984). Because of the ethical and potential 
tissue rejection issues, the tissue utilized most 
extensively in h u m a n  studies has been autolo- 
gous adrenal gland (Madrazo et al., 1987; Goetz 
et al., 1989), although fetal dopaminergic tissue 
has been used on a more limited basis (Lindvall, 
1991). For these reasons, discussion will be largely 
limited to plasticity associated with adrenal grafts. 

Adrenal grafts to the striatum of 6OH-dopam- 
ine lesioned rats have been shown to reverse 
apomorphine-induced circling behavior, but not 
spontaneous circling, unlike grafts of fetal dopam- 
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inergic tissue, which more  effectively reverse 
motor deficits (Lindvall, 1991). Autologous adrenal 
grafts in humans to caudate or striatum have been 
only modestly successful in some patients, and 
in the few postmortem cases available, little or 
no surviving adrenal  tissue has been  found 
(Hurtig et al., 1989; Hirsch et al., 1990; Kordower 
et al., 1991). This raises the question of the likely 
mechanism of any observed improvement  in 
an ima l  and  h u m a n  s tud ie s  u s ing  ad rena l  
grafts. Is dopaminergic  neuronal  plasticity re- 
sponsible? 

Mechanism of Action 
of Adrenal Grafts 

Early consideration of adrenal graft effective- 
ness included simple diffusion of catecholamine 
into adjacent tissue, direct synapse formation 
with host striatal cells, a scavenging effect on 
existing toxins within the striatum (particularly 
in human studies), or host responses to the pres- 
ence of the graft (Bohn et al., 1987). The likeli- 
hood that diffusion of catechols contributes much 
to clinical recovery is low since experimental and 
clinical studies have not shown increases in CSF 
catecholamine levels (Becker and Freed, 1988; 
Lindvall et al., 1987). There is currently no evidence 
to support the hypothesis that the grafts may act 
as toxin scavenging agents. The most likely expla- 
nation may lie with both plasticity of host response 
and plasticity of adrenal cells themselves. 

Plasticity of Host Response 
There is mounting evidence to suggest that the 

presence of the adrenal graft may influence the 
host in a major way. A remarkable regeneration 
of host dopaminergic fibers may occur in the 
ipsilateral striatum in the MPTP-treated mouse 
after adrenal grafting (Bohn et al., 1987) and simi- 
lar changes have been observed in pr imates  
(Fiandaca et al., 1988). We have also shown that 
the adrenal graft may induce proliferation of 
dopamine uptake sites using [3H] mazindol as a 
radioligand in normal striatum (unpubl ished 
observat ions) ,  but s imilar  less p r o n o u n c e d  
changes may also be seen owing to the effects of 
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grafts of nonadrenal tissue (cerebral cortex) and 
the sham procedure. This raises the question as 
to whether much of the observed beneficial effect 
of the graft is the result of the surgical procedure 
itself rather than the implanted tissue. Certainly, 
it is well recognized that trauma to the central 
nervous system results in the release of a num- 
ber of growth factors (Nieto-Sampedro et al., 
1983; Needels et al., 1986), and relevant growth 
factors are also present in the adrenal gland (Blott- 
ner et aL, 1989). It is of interest that resection of 
large parts of caudate in patients with Parkinson's 
disease was performed in the preL-dopa era and 
was shown to ameliorate disabling symptoms 
partially (Meyers, 1951), perhaps suggesting that 
similar host response mechanisms may have been 
responsible. The recent finding that brain~terived 
neurotrophic factor (BDNF) may be at least one 
of the growth factors specific for the dopaminer- 
gic system raises the possibility that this may be 
involved in the host responses observed by our- 
selves and others in experimental models of adre- 
nal transplantation (Hyman et al., 1991). 

Plasticity of Adrenal Cells 
In experimental models of dopamine depletion, 

long-term survival of adrenal chromafin cells as 
grafts has not occurred, as in the limited evidence 
from human studies. However, Nishimo et al. 
(1988) showed the presence of TH-positive cells 
with the morphological characteristics of neurons 
around the tracts of graft insertion 14 d0 wk after 
adrenal graft transplantation using an homog- 
enized preparation. We have had the same expe- 
rience with C57 black mice grafted with blocks 
of autologous adrenal gland, except that these 
were grafted in normal striatum and had migrated 
a considerable distance from the original graft 
site. The animals were treated with MPTP sev- 
eral days before sacrifice and appeared to be 
resistant to the toxin (Fig. 2). Whether these 
ceils form synapses with existing striatal cells 
is uncertain. 

The migrated cells are most likely of adrenal 
origin, and have t ransmuted from adrenal 
chromafin cells to neurons and also from cells 

producing adrenalin to dopamine (Ogawa et al., 
1986). The possibility that induced transmutation 
of existing striatal neurons into TH-producing 
neurons is unlikely but cannot be completely dis- 
counted. Under normal circumstances, no TH- 
positive cells exist in the mouse  striatum, 
although they have recently been described in the 
primate (Dubach et al., 1987). The mechanism of 
transmutation of adrenal cells is unclear, but con- 
siderable evidence suggests that neurotransmit- 
ters themselves may at least partly influence 
neuronal plasticity (Lipton and Kater, 1989). This 
evidence accepted, the finding of abundant cells 
throughout the striatum in our cases may be 
owing to the greater concentration of neurotrans- 
mitters in normal stria~m (Prochiantz et al., 1981) 
compared to MPTP-treated mice where TH-posi- 
rive cells were restricted to areas adjacent to the 
graft site (Nishino et al., t988). 

Concluding Remarks 

From the preceding article, it can be seen that 
neuronal plasticity plays an important role in the 
dopaminergic system overall. Without it, the 
clinical expression of Parkinsonism would be 
seen earlier and ultimately be more profound. 
However, unwanted effects of plasticity also 
exist in the form of disabling dyskinesias (abnor- 
mal movements) ,  which may be owing to 
postsynaptic dopamine receptor supersensitivity. 
Increased presynaptic dopamine turnover, so 
important in the maintenance of synaptic dopam- 
ine levels, may also have deleterious effects by 
generating cytotoxic products of dopamine 
breakdown and may be responsible for the con- 
tinuation of the degenerative process. Plasticity 
of host and graft cells after adrenal transplanta- 
tion to the stria~m is likely to be one of the most 
important factors in the, so far, limited success of 
this procedure. Whatever the potential benefits 
or adverse effects of plasticity, an even greater 
understanding of its mechanisms is likely to 
assist the development of treatment strategies to 
further minimize the effects of disease. 
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Fig. 2. TH-positive cells in adrenal cell grafted striatum of C57 B1 mice after MPTP treatment. The cells have neuron-like 
morphology and were distributed a considerable distance from the graft site. 

References 

Abercrombie E. D., Bonatz A. E., and Zigmond M. J. 
(1990) Effects of L-dopa on extracellular dopamine 
in striatum of normal and 6-hydroxy-dopamine- 
treated rats. Brain Res. 525, 36-44. 

Agid Y., Javoy-Agid F., and Ruberg M. (1987) 
Biochemistry of neurotransmitters in Parkinson's 
disease. Movement Disorders 2. Marsden C. D. and 
Fahn S., eds., Butterworths, pp 166-230. 

Agid Y. (1991) Parkinson's disease: pathophysiology. 
The Lancet 337, 1321-1327. 

Anderson P. H., Gingrich J. A., Bates M. D., Dearry 
A., Falardeau P., Senogles S. E., and Caron M. G. 
(1990) Trends in Pharmacology 11, 231-236 

Becker J. B. and Freed W. J. (1988) Adrenal medulla 
grafts enhance functional activity of the striatal 
d o p a m i n e  sys tem fol lowing substantia nigra 
lesions. Brain Res. 162, 401-406. 

Bernheimer H., Birkmeyer W., Hornykiewiez O., 
Jellinger K., and Seitelberger F. (1973) Brain dopam- 
ine and the syndromes of Parkinson and Hunt- 
ington. I. Neurol. Sci. 20, 415-445. 

BjOrklund A., Stenevi U., Dunnett  S. B., and Iversen 
S. D. (1981) Functional reactivation of the deaffer- 
ented neostriatum by nigral transplants. Nature 
(Lond.) 289, 497-499. 

Blottner D., Westermann R., Grothe C., B6hlen P., and 
Unsicker K. (1989) Basic fibroblast growth factor 
in the adrenal gland. Eur. I. Neurosci. 1, 471-478. 

Bohn M. C., Cupit L., Marciano F., and Gash D. M. 
(1987) Adrenal medulla grafts enhance recovery of 
striatal dopaminergic fibers. Science 237, 913-916. 

Bokobza B., Ruberg M., Scatton B., Javoy-Agid F., and 
Agid Y. (1984) [3HI spiperone binding, dopamine 
and HVA concentration in Parkinson's disease and 
supranuclear palsy. Eur. J. Pharmacol. 99,167-175. 

Buonamici M., Cassia C., Carpenteri L., Pegrassi L., 
and Di Chiara G. (1986) D 1 receptor supersensitivity 
in the rat str iatum after unilateral  6-hydroxy- 
dopamine lesions. Eur. J. Pharmacol. 126, 347,348. 

Bums R. S., Chiueh C. C., Markey S. P., Ebert M. H., 
Jacobowitz D. M., and Kopin I. J. (1983) A primate 
model of Parkinsonism: Selective destruction of 
dopaminergic neurons in the pars compacta of the 
substantia nigra by N-methyl-4-phenyl- l ,2,3,6-  
tetrahydropyridine. Proc. Natl. Acad. Sci. USA 80, 
4546-455O. 

Calne D. B. and Zigmond M. J. (1991) Compensatory 
mechanisms in degenerative neurologic diseases. 
Arch. Neurol. 48, 361-363. 

Carlson J. H., BergstrOm D. A., and Waiters J. K. (1987) 
Stimulation of both D-1 and D-2 dopamine recep- 
tors appears necessary for full expression of post- 
synaptic effects of dopamine agonists. Brain Res. 
4O0, 205-218. 

Cotzias G. C., Melvin H., Van Woert  M. H., and 
Schiffer L. M. (1967) Aromatic amino acid and 
modification of Parkinsonism. N. Eng. J. ivied. 276, 
374-379. 

Creese I. and Synder S. H. (1979) Nigrostriatal lesions 

Molecular Neurobiology Volume 5,1991 



430 Donnan et al. 

enhance striatal 3H-apomorphine and 3H-spiro- 
peridol binding. Eur. J. Pharmacol. 56, 277-281. 

Creese I., Burt D. R., and Snyder S. H. (1977) Dopamine 
receptor binding enhancement  correlates with 
les ion- induced behavioura l  supersensi t iv i ty .  
Science 197, 596. 

DeLong M. R. and Georgopoulos A. P. (1981) Motor 
functions of the basal ganglia. Handbook of Physi- 
ology, Section 1, The Nervous System. vol. 11. Ameri- 
can Physiological Society, Bethesda, pp. 1017-1061. 

Donnan G. A., Kaczmarczyk S. J., Paxinos G., Chilco 
P.J., Kalnins R. M., W o o d h o u s e  D. G., and  
Mendelsohn F. A. O. (1991) Distribution of catecho- 
lamine uptake sites in human brain as determined 
by quantitative [3H] mazindol autoradiology. J. 
Comp. Neurol. 304, 419-434. 

Drukarch B. and Stoof J. C. (1990) D-2 Dopamine 
autoreceptor selective drugs: Do they really exist? 
Life Sciences 47, 361-376. 

Dubach M., Schmidt R., Kunkel D., Bowden D. M., 
Martin R., and German D. C. (1987) Primate neo- 
striatal neurons containing tryrosine hydroxylase: 
immunohistochemical evidence. Neurosci. Left. 75, 
205-210. 

Dunnett  S. B., BjOrklund A., Stenevi U., and Iversen 
S. D. (1981) Behavioural recovery following trans- 
plantation of substantia nigra in rats subjected to 
6-OHDA lesions of the nigrostriatal pathway. I. 
Unilateral lesions. Brain Res. 215,147-161. 

Fiandaca M. S., Kordower J. H., Hansen J. T., Jiao 
S.-S., and Gash D. M. (1988) Adrenal medullary 
autografts into the basal ganglia of cebus monkeys: 
Injury-induced regeneration. Exp. Neurol. 102, 76-91. 

Garnett E. S., Nahmias C., and Firnau G. (1984) Central 
dopaminergic  pathways in hemiparkinsonism 
examined by positron emission tomography. Can. 
J. Neurol. Sci. 11, 174-179. 

Goetz C. G., Olanow W., Koller W. C., Penn R. D., 
Cahill D., Morantz R., Stebbins G., Tanner C. M., 
Klawans H. L., Shannon K. M., Comella C. L., Witt 
T., Cox C., Waxman M., and Gauger L. (1989) Multi- 
center s tudy of autologous adrenal medul lary  
transplantation to the corpus striatum in patients 
with advanced Parkinson's disease. N. EngI. J. Med. 
32o, 337-341. 

Grace A. A. and Bunney B. S. (1984) The control of fir- 
ing pattern in nigral dopamine  neurons: burst 
firing. J. Neurosci. 4, 2877-2890. 

Groves P. M. (1980) Synaptic endings and their post- 
synaptic targets in neostriatum: synaptic special- 

izations revealed from analysis of serial sections. 
Proc. Natl. Acad. Sci. USA 77, 6926-6929. 

Hallman H., Olson L., and Jonsson G. (1984) Neuro- 
toxicity of the meper idine  analogue N-methyl;  
4-phenyl-l,2,3,6-Tetrahydropyridine on brain cate- 
cholamine neurons in the mouse. Eur.J. Pharmacol. 
97, 133-136. 

Hassan M. and Thankar J. (1988) Dopamine receptors 
in Parkinson's disease. Prog. Neuro-Psychopharma- 
col. Biol. Psychiatry 12,173-182. 

Hefti F., Har i t ikka J., and  S c h l u m p f  M. (1985) 
Implantation of PC12 cells into the corpus striatum 
of rats with lesions of the dopaminergic nigro-stria- 
tal neurons. Brain Res. 348, 283-288. 

Heikkila R. E., Hess A., and Duvoisin R. C. (1984) 
Dopaminergic neurotoxicity of 1-Methyl-4-Phenyl- 
1,2,5,6-Tetrahydropyridine in mice. Science 224, 
1451-1453. 

Hirsch E. C., Duyckaerts C., Javoy-Agid F., Hauw J.- 
J., and Agid Y. (1990) Does adrenal graft enhance 
recovery of dopaminergic neurons in Parkinson's 
disease? Ann. Neurol. 27, 67(:,4~82. 

Horn A. S. (1990) Dopamine uptake: a review of progress 
in the last decade. Prog. Neurobiol. 34, 387-400. 

H urtig H., Joyce J., Sladek J. R., Trojanowski J. Q. (1989) 
Postmortem analysis of adrenal-medulla-to-cau- 
date autograft in a patient with Parkinson's disease. 
Ann. Neurol. 25, 607-614. 

H y m a n  C., Hofer  M., Barde Y.-A., Juhasz  M., 
Yancopoulos G. D., Squinto S. P., and Lindsay R. 
M. (1991) BDNF is a neurotrophic factor for dopa- 
minergic neurons of the substantia nigra. Nature 
350, 230-232. 

Javoy-Agid F., Ploska A., and Agid Y. (1981) Micro- 
topography of tyrosine hydroxylase, glutamic acid 
decarboxylase, and choline acetyl-transferase in the 
substantia nigra and ventral tegmental  area of 
control and Parkinsonian brains. J. Neurochem. 
37,1218-1227. 

Javoy-Agid F., Hirsch C., Dumas S., Duyckaerts C., 
Mallet J., and Agid Y. (1990) Decreased tyrosine 
hydroxylase messenger RNA in the surviving 
dopamine  neurons of the subs tant ia  nigra  in 
Parkinson's disease: An in situ hybridization study. 
Neuroscience 38, 245-253. 

Kish S. J., Skannak K., and Homykiewicz O. (1988) 
Uneven pattern of dopamine loss in the striatum 
of patients with Parkinson's disease. N. Eng. J. Med. 
318, 876--880. 

Kordower J. H., Cochran E., Penn R. D., and Goetz C. 

Molecular Neurobiology Volume 5, 1991 



Plasticity of the Dopaminergic System 431 

G. (1991) Putative chromaffin cell survival and 
enhanced  hos t -der ived  TH-fiber innerva t ion  
following a functional adrenal medulla autograft 
for Parkinson's disease. Ann. Neurol. 29, 4(15-412. 

Langston J. W., Ballard P., Tetrud J. W., and Irwin I. 
(1983) Chronic Parkinsonism in humans due to a 
product of meperidineanalog synthesis. Science 219, 
979,980. 

Leenders K. L., Palmer A. J., Quinn N., Clark J. C., 
Fimau G., Gamett  E. S., Nahmias C., Jones T., and 
Marsden C. D. (1986) Brain dopamine metabolism 
in patients with Parkinson's disease measured with 
positron emission tomography. J. Neurol. Neuro- 
surg. Psychiatry 49, 85,3-860. 

Lindvall O. (1991) Transplants in Parkinson's disease. 
Eur. Neurol. 31(suppl. 1), 17-27. 

Lindvall O., Backlund E.-O., Farde L., Sedvall G., 
Freedman R., Hoffer B., Nobin A., Seiger A., and 
Olson L. (1987) Transplantation in Parkinson's dis- 
ease: two cases of adrenal grafts to the putamen. 
Ann. Neurol. 22, 457-468. 

Lipton S. A. and Kater S. B. (1989) Neurotransmitter 
regulation of neuronal outgrowth, plasticity and 
survival. TINS 12, 265-270. 

Madrazo I., Drucker-Colin R., Diaz V., Martines-Mata 
J., Torres C., and Becerril N. (1987) Open micro- 
surgical autograft of adrenal medulla to the fight 
caudate nucleus in two patients with intractable 
Parkinson's disease. N. Engl. J. Med. 316, 831-834. 

Maloteaux J.-M., Vanisberg M.-A., Laterre C., Javoy- 
Agid F., Agid Y., and Laduron P. M. (1988) [3H]GBR 
12935 binding to dopamine uptake sites: subcell- 
ular localization and reduction in Parkinson's dis- 
ease and progressive supranuclear palsy. Eur. J. 
Pharmacol. 156, 331-340. 

Markey S. P., Johanssen J. N., Chiuech C. C., Bums R. 
S., and Herkenhan  M. A. (1984) Intraneuronal 
generation of a pyr idinium metabolite may cause 
drug-induced Parkinsonism. Nature 311, 464-467. 

Marsden C. D. (1982) The mysterious motor function 
of the basal ganglia:  The Robert Wartenberg 
Lecture. Neurology 32, 514-539. 

McGeer P. L. and McGeer E. G. (1976) Enzyme associ- 
ated wi th  the metabo l i sm of catecholamines,  
acetylocholine and GABA in human controls and 
patients with Parkinson's disease and Huntington's 
chorea. J. Neurochem. 26, 65--76. 

Meligeni J. A., Haycock J. W., Bennett W. F., and 
Waymire J. C. (1982) Phosphorylation and activa- 
tion of tyrosine hydroxylase mediate the cAMP- 

induced increase in catecholamine biosynthesis 
in adrenal  chromaffin cells. J. Biol. Chem. 257, 
12,632-12,640. 

Meyers R. (1951) Surgical experiments in the ther- 
apy of certain 'extrapyramidal '  diseases: a cur- 
rent evaluation. Acta. Psychfatr. Neurol. 67(suppl. 
13), 12-42. 

Nahmias C., Garnett E. S., Fimau G., and Lang A. 
(1985) Striatal dopamine distribution in Parkinson- 
ian patients during life. J. Neurol. Sci. 69, 223--230. 

Needels D. L., Nieto-Sampedro M., and Cotman C. 
W. (1986) Induction of a neurite-promoting factor 
in rat brain following injury or deafferentiation. 
Neuroscience 18, 517-526. 

Nieto-Sampedro M., Manthrope M., Barbin G., Varon 
S., and Cotman C. W. (1983) Injury-induced neu- 
ronotrophic activity in adult  rat brain: Correlation 
with survival of delayed implants in the wound  
cavity. J. Neurosci. 3, 2219-2229. 

Nisenbaum E. S., Stricker E. M., Zigmond M. J., and 
Berger T. W. (1986) Long-term effects of dopamine- 
depleting brain lesions on spontaneous activity of 
type II striatal neurons: relation to behavioural 
recovery. Brain Res. 398, 221-230. 

Nishino  H., Ono T., Shibata  R., K a w a m a t a  S., 
Watanabe H., Shiosaka S., Tohyama M., and Karadi 
Z. (1987) Adrenal medullary cells transmute into 
dopaminergic neurons in dopamine-depleted rat 
caudate and ameliorate motor disturbances. Brain 
Res. 445, 32,5-337. 

Ogawa M., Ishikawa T., and Ohta H. (1986) Trans- 
differentiation of endocrine chromaffin cells into 
neuronal cells. Corr. Top. Devel. Biol. 20, 99-110. 

Orr W. B., Gardiner T. W., Stricker E. M., Zigmond 
M. J., and Berger T. W. (1986) Short-term effects of 
dopamine-depleting brain lesions on spontaneous 
activity of striatal neurons: relation to local dopam- 
ine concentration. Brain Res. 376, 20-28. 

Parkinson Study Group (1989) DATATOP: a multi- 
center clinical trial in early Parkinson's disease. 
Arch. Neurol. 46,1052-1060. 

Paterson I. A. and Hertz L. (1989) Sodium-indepen- 
dent transport of noradrenaline in mouse and rat 
astrocytes in primary culture. J. Neurosci. Res. 23, 
71-77. 

Pearce R. K. B., Seeman P., Jellinger K., and Tourtellotte 
W. W. (1990) Dopamine uptake sites and dopamine 
receptors in Parkinson's disease and schizophrenia. 
Eur. Neurol. 30(suppl. 1), 9-14. 

Perlow M. J., Kumakura K., and Guidotti A. (1980) 

Molecular Neurobiology Volume 5,1991 



432 

Prolonged survival of bovine adrenal chromaffin 
cells in rat cerebral ventricles. Proc. Natl. Acad. Sci. 
USA 77, 5278-5281. 

Pickel V. M., Beckley S. C., Joh T. H., et al. (1981) Ultra- 
structural immunocytochemical localization of 
tyrosine hydroxylase in the neostriatum. Brain Res. 
225, 373-385. 

Pierot L., Desnos C., Blin J., Raisman R., Scherman 
D., and Javoy-Agid F., Ruberg M., and Agid Y. 
(1988) D1 and D2-type dopamine receptors in 
patients with Parkinson's disease and progressive 
supranuclear palsy. J. Neurol. Sci. 86, 291-306. 

Pimoule C., Schoemaker H., Javoy-Agid F., Scatton 
B., Agid Y., and Langer S. Z. (1983) Decrease in 
[3H]cocaine binding to the dopamine transporter 
in Parkinson's disease. Eur. J. Pharmacol. 95,145,146. 

Prochiantz A., Daguet M.-C., Herbet A., and 
Glowinski J. (1981) Specific stimulation of in vitro 
maturation of mesencephalic dopaminergic neu- 
rons by striatal membranes. Nature 293, 570-572. 

Rausch W.-D., Hirata Y., Nagatsu T., Riederer P., and 
Jellinger K. (1988) Tyrosine hydroxylase activity in 
caudate nucleus from Parkinson's disease: Effects 
of iron and phosphorylating agents. ]. Neurochem. 
50, 202-208. 

Rinn6 J. O., Laihinen A., Nhgren K., Bergman J., Solin 
O., Haaparanta M., Ruotsalainen U., and Rinn6 U. 
K. (1990) PET demonstrates different behavior of 
striatal dopamine D-1 and D-2 receptors in early 
Parkinson's disease. J. Neurosci. Res. 27, 494-499. 

Rinn6 U. K., Laihinen A., Rinn~ J. O., Nhgren K., 
Bergman J., and Ruotsalainen U. (1989) Positron 
emission tomography (PET) demonstrated dopam- 
ine D-2 receptor supersensitivity in the striatum of 
patients with early Parkinson's disease. Movement 
Disord. 5, 55-59. 

Robertson G. S. and Robertson H. A. (1986) Synergistic 
effects of D-1 and D-2 dopamine agonists on turn- 
ing behavior in rats. Brain Res. 384, 387-390. 

Robinson T. E. and Whishaw I. Q. (1988) Normaliza- 
tion of extracellular dopamine in striatum follow- 
ing recovery from a partial unilateral 6-OHDA 
lesion of the substantia nigra: a microdialysis study 
in freely moving rats. Brain Res. 450, 209-224. 

Savasta M., Dubois A., Benavid6s J., and Scatton B. 
(1988) Different plasticity changes in D 1 and D 2 
receptors in rat striatal subregions following impair- 
ment of dopaminergic transmission. NeuroscL Letts. 
85, 119-124. 

Scatton B., Monfort J., Javoy-Agid F., and Agid Y. 
(1984) Neurochemistry of monoaminergic neurons 

Donnan et al. 

in Parkinson's disease. Catecholamines: Neuro- 
pharmacology and Central Nervous Systems. Therap- 
eutic Aspects. Liss, New York, pp. 43-52. 

Schultz W. (1982) Depletion of dopamine in the stia- 
turn as an experimental model of Parkinsonism: 
direct effects and adaptive mechanisms. Progress 
in Neurobiology 18, 121-166. 

Snyder G. L., Keller R. W. Jr., and Zigmond M. J. (1990) 
Dopamine effects from striatal slices after intercer- 
ebral 6-hydroxydopamine: evidence for compen- 
satory hyperact ivi ty of residual terminals. J. 
Pharmacol. Exp. Ther. 253, 867-876. 

Sokoloff P., Giros B., Martres M.-P., Bouthenet M.-L., 
and Schwartz J.-C. (1990) Molecular cloning and 
characterization of a novel dopamine receptor (D3) 
as a target for neuroleptics. Nature 347, 146-151. 

Stachowiak M. K., Keller R. W. Jr., Stricker E. M., and 
Zigmond M. J. (1987) Increased dopamine effux 
from striatal slices during development and after 
nigrostriatal bundle damage. JNeurosci. 7,1648-1654. 

StrOmberg I., Herrera-Marschitz M., Hultgren L., 
Ungerstedt U., and Olson L. (1984) Adrenal medul- 
lary implants in the dopamine-denervated rat 
striatum. I. Acute catecholamine levels in grafts and 
host caudate as determined by HPLC-electrochem- 
istry and fluorescence histochemical image analy- 
sis. Brain Res. 297, 41-51. 

Sunahara R. K., Guan H.-C., O'Dowd B. F., Seeman 
P., Laurier L. G., Ng G., George S. R., Torchia J., 
Van Tol H. H. M., and Niznik H. B. (1991) Cloning 
of the gene for a human dopamine D 5 receptor with 
higher affinity for dopamine than D 1. Nature 350, 
614-619. 

Tedroff J., Aquilonium S.-M., Hartvig P., Lundqvist 
H., Gee A. G., Uhlin J., and LangstrOm B. (1988) 
Monoamine re-uptake sites in the human brain 
evaluated in vivo by means of IC-nomifensine 
and positron emission tomography: The effects 
of age and Parkinson's disease. Acta Neurol. 
Scand. 77, 192-201. 

Tedroff J., Aquilonium S.-M., Laihinen A., Rinn6 U. 
K., Hartvig P., Andersson J., Lundqvis t  H., 
Haaparanta M., Solin O., Antoni G., Gee A. D., 
Uhlin J., and Langstr6m B. (1990) Striatal kinetics 
of uC-(+)-nomifersine and 6-1SF-fluoro-L-dopa in 
Parkinson's disease measured with positron emis- 
sion tomography. Acta. Neurol. Scand. 81, 24-30. 

Ungerstedt U. (1971) Postsynaptic supersensitivity 
after 6-hydroxy-dopamine induced degeneration 
of the nigro-striataI dopamine system. Acta. Physiol. 
Scand. Suppl. 367, 69-93. 

Molecular Neurobiology Volume 5, 1991 



Plasticity of the Dopaminergic System 433 

Van Tol H. H. M., Bunzow J. R., Guan H.-C., Sunahara 
R. K., Seeman P., Niznik H. B., and Civelli O. (1991) 
Cloning of the gene for a human dopamine D 4 
receptor with high affinity for the antipsychotic 
clozapine. Nature 350, 610-613. 

Viola J. J., Pontieri F. E., Bankiewicz K. S., Kopin I. J., 
and Porrino L. J. (1989) Alterations in the distri- 
bution of dopamine D-1 and D-2 receptors in 
MPTP-induced hemiparkinsonian monkey.  J. 
Cereb. Blood Flow Metab. 9, 106. 

Waddington J. L. (1986) Behavioural correlates of the 
action of selective D-1 dopamine receptor antag- 
onists: Impact of SCH 23390 and SKF 83566, and 
functionally interactive D-I:D-2 receptor systems. 
Biochem. Pharmacol. 35, 3661-3667. 

Zigmond M. J., Acheson A. L., Stachowiak M. K., and 
Strickerm E. M. (1984) Neurochemical compen- 
sation after nigrostriatal bundle injury in an animal 
model of preclinical Parkinsonism. Arch. Neurol. 41, 
856-861. 

Zigmond M. J., Abercrombie E. D., Berger T. W., Grace 
A. A., and Stricker E. M. (1990) Compensations after 
lesions of central dopaminergic neurones: some 
clinical and basic implications. Trends in Neuro- 
sciences 13, 290-296. 

Molecular Neurobiology Volume 5,1991 


