
Introduction

Parkinson’s disease (PD) is caused by the
loss of dopaminergic neurons of substantia

nigra projecting to striatum, leading to
dopamine deficit in the basal ganglia. The dis-
ease is characterized by serious functional dis-
turbances such as tremor, rigidity, akinesia,
and slowness of spontaneous movements. PD
is one of the major neurodegenerative disor-
ders, and was originally described by James
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Abstract

Parkinson’s disease (PD) is caused by the degeneration of dopaminergic neurons of substantia
nigra projecting to striatum. The cause of idiopathic PD is obscure, and most cases are sporadic. It is
widely accepted that there is a genetic component of the disease, and the earlier the age of onset, the
greater the likelihood that genetic factors play a dominant role. Oxidative stress of the substantia
nigra seems to contain the driving force for neurodegeneration, leading to a destructive “toxic
cycle.” The most prevalent therapy is levodopa administration, but it is not efficacious after several
years of treatment. Several alternative therapies are currently being explored, such as neuroprotec-
tive approaches. Compounds with potentially neuroprotective efficacy such as selegiline, dopamine
agonists, riluzole, creatine, and coenzyme Q10 are currently being tested. Trophic factors represent
another class of neuroprotective compounds, but their intracerebral administration is difficult to
achieve. In this respect, a potentially useful therapeutic approach is grafting cell vectors that release
trophic molecules that stimulate regeneration in the damaged nigrostriatal system. Promising
results have been obtained with fibroblasts engineered to secrete glial cell line-derived neurotrophic
factor (GDNF) or brain-derived neurotrophic factor (BDNF) or viral vectors expressing GDNF. We
have tested the suitability of intrastriatal grafts of chromaffin cells obtained from the Zuckerkandl’s
organ, which exert beneficial effects in parkinsonian rats, and release trophic factors such as GDNF
and transforming growth factor-β1 (TGF-β1).
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Parkinson in 1817. His remarkably complete
account gives this definition: “Involuntary
tremulous motion, with lessened muscular
power, in parts not in action and even when
supported; with propensity to bend the trunk
forward, and to pass from a walking to a run-
ning pace, the senses and intellects being unin-
jured.” The disease affects mostly people older
than 60 yr, where prevalence is around 0.5%.
The defining neuropathological feature in PD
is the presence of Lewy bodies in the substan-
tia nigra together with nigral cell loss (higher
than 80% once motor deficits appear). The
Lewy bodies, described by this author in 1912,
are inclusions (5–25 µm in diameter) with a
dense eosinophilic core with a pale surround-
ing halo. The cause of disease is unknown,
even though it is widely accepted that there is
a genetic component. Thus, twin studies have
revealed that there is a high concordance rate
for monozygotic twins (55%) that is three times
higher than that for dizygotic twins (18%),
implying a genetic contribution (1). However,
this concordance is only observed in twins
with an age of PD onset lower than 50 yr. This
fact is important, indicating that environmen-
tal cues also play a role. At the present
moment, it is thought that there is a complex
interplay between genetic and environmental
influences in the causation of PD.

Pathogenesis

Genetic and Environmental Factors

The cause of idiopathic PD, responsible for
nigral dopaminergic cell loss, is obscure. Most
cases of PD are sporadic, and familial cases are
rare (the estimated familial incidence is 1–2%).
As explained, the earlier the age of onset, the
greater the likelihood that genetic factors play a
dominant role. Thus, a study revealed that the
risk to siblings of an isolated case of PD varies
with age of onset (2). The risk is 1 in 12 when
the age is lower than 45 yr; 1 in 20 between 45
and 55 yr; 1 in 26 for 55 to 65 yr, and 1 in 71 for
older than 65 yr. Twin studies have revealed

that there is a high concordance rate for
monozygotic twins (55%) that is three times
higher than that for dizygotic twins (18%), if
the age of onset of PD is lower than 50 yr.

Several genes have been linked to the patho-
genesis of PD. The first PD gene to be cloned
was identified in an Italian-American family.
Mean age of onset of disease was 46 yr, and
linkage to markers on chromosome 4q21-q23
was demonstrated. This locus was designated
PARK1, and it represents a gene encoding for
the protein α-synuclein. Later, it was observed
that this protein is one of the principal compo-
nents of Lewy bodies, revealing its importance
in the PD pathogenetic process (3). Another
mutation, located at the locus 6q, was discov-
ered in Japanese patients (4). Age of onset was
younger, and the gene was found to encode for
the protein parkin, a protein with an E3 ubiqui-
tin ligase function. This fact implicates parkin
in the ubiquitine–proteasome system (5),
whose dysfunction seems to be involved in PD
as well. Finally, other PARK loci, named
PARK6, has been linked to eight European
families. The locus is 1p36-35, but the gene is
unknown. This PD is similar to idiopathic PD,
since age of onset is late and the progression is
slow (6).

In the abscence of a genetic cause, environ-
mental influences appear to play an important
role in the cause of PD. Rural living has been
associated with an increased risk for PD (7).
Rural living is associated with the use of pesti-
cide in agriculture, and pesticides such as
dieldrin and dithiocarbamates have been
shown to be associated with increased PD (8,9).
Another clear environmental factor is MPTP, a
contaminant of illicit heroin. MPTP was found
to cause PD within 7–14 d in heroin addicts
(10). After MPTP administration, this com-
pound is converted to the toxin MPP+ by
monoaminooxidase B, an enzyme abundant in
the monoaminergic neuronal system, and this
toxin is selectively taken by dopamine neurons,
causing their death. For this reason, MPTP is
frequently used in many laboratories for induc-
ing PD (even though without the induction of
Lewy bodies) in an animal model of the disease
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in rodents and primates. It is interesting to note
that pesticides and MPP+ are mitochondrial
inhibitors, and it has been detected a deficiency
of mitochondrial complex I in the substantia
nigra in a high proportion of PD patients (11).
MPP+ is a specific inhibitor of mitochondrial
complex I, leading to increased free radical
release and oxidative damage, which seems to
be the main cause of dopaminergic neuronal
death characteristic of PD.

Is Cell Death in Substantia Nigra Caused
by Oxidative Damage?

The generation of reactive oxygen species is
part of the normal cellular metabolism. Free
radicals are normally scavenged by cells,
through conversion of superoxide ions to
hydrogen peroxide under the control of super-
oxide dismutase, and then the formation of
water from the reaction of hydrogen superox-
ide with reduced glutathione (GSH), under the
control of glutathione peroxidase. Oxidative
stress results from insufficient scavenging of
reactive oxidative species. Nigral dopaminer-
gic neurons are exposed to higher oxidative
stress because the metabolism of dopamine
gives rise to dopamine–quinone species,
superoxide radicals, and hydrogen peroxide.
Hydrogen peroxide is innocuous but it can be
converted into cytotoxic hydroxyl radicals, in a
reaction catalyzed by iron (Fenton reaction).
This reaction can be dangerously enhanced if
GSH levels are reduced and there is an excess
of iron (Fe2+). Superoxide is not a highly reac-
tive molecule but if nitric oxide levels are
enhanced, as seems to be the case in PD, it can
react with nitric oxide to form peroxynitrite
and hydroxyl radicals, strong oxidizing agents
(12). Nitric oxide can displace iron from ferritin
thereby enhancing free iron levels. Figure 1
shows the main reactive oxidative species that
contribute to the pathogenesis of PD.

There are several indicators that substantia
nigra in PD is subjected to increased oxidative
stress, and nigral iron levels have been found
to be elevated in PD patients (129%) (13,14).
Thus, GSH levels are decreased by 40% (11),

although the role of this decrease has been
questioned since these levels are not consid-
ered to be dangerous. However, a strong
decrease of GSH content has been detected in
glia of nigral tissue of PD patients (15). The
cause of this decrease is not known, but clearly
renders cells more sensitive to toxin action and
potentiates the toxic effects of glial cell activa-
tion. In this context, nitric oxide synthase can
be enhanced through glial cell activation (16),
leading to excess of nitric oxide and the oxidiz-
ing agents peroxynitrite and hydroxyl radicals.

The excessive formation of reactive oxygen
and nitrogen species in PD increases oxidative
damage to proteins, lipids, and DNA. The lev-
els of protein carbonyls—markers of protein
oxidation—are twofold higher in the substan-
tia nigra of PD patients (17). The levels of lipid
hydroperoxides—markers of oxidized lipids—
are tenfold higher in the substantia nigra of PD
patients (18). Finally, 8-hydroxyguanosine—a
marker of oxidized RNA and DNA—is also
enhanced (19). The strong oxidative stress in
the substantia nigra can lead to misfolding of
proteins such as α-synuclein and parkin. Mis-
folded α-synucleins (as abnormal β-sheets
instead of normal alfa-helices) tend to form
protofibrils that precipitate forming fibrils,
which in turn constitute the core of the Lewy
body. Protofibrils has been shown to be neuro-
toxic (20), pointing to the fact that protofibrils,
rather than fibrils, could be the deleterious
species. In this context, it was proposed that
Lewy bodies could be a protective mechanism,
although it has recently been demonstrated
that the higher the number of Lewy bodies, the
stronger the degree of clinical symptoms, sug-
gesting that Lewy bodies are not protective
(21). The loss of normal function of α-synuclein
could alter the normal vesicle function, since
this protein is an important regulator of synap-
tic vesicle cycle, leading to enhanced intracel-
lular levels of dopamine which are thought to
further enhance intracellular oxidative stress
as explained (3). Furthermore, accumulation of
protofibrillar synuclein can saturate the ubiq-
uitin–proteasome pathway (UPP). Normally
proteins that are misfolded or damaged are
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degraded by UPP (22), but there is also evi-
dence that the UPP is impaired in Parkinson’s
disease (23), not only due to accumulation of
misfolded proteins but likely secondary to
oxidative stress. A saturated or impaired UPP
could lead to a defective handling of misfold-
ing proteins such as α-synuclein and formation
of Lewy bodies. Neurodegeneration could
account for these oxidative stress phenomena
and UPP impairment, although other patho-
genic mechanisms have also been proposed,
such as mitochondrial dysfunction, excitotoxi-
city, and inflammation.

Mitochondrial Dysfunction, Excitotoxic
Damage, and Inflammation Are Other
Causes of Cell Death in the Substantia
Nigra Leading to a Destructive “Toxic
Cycle”

Complex I activity is decreased in the sub-
stantia nigra of PD patients (11), a fact that is
specific to PD. However, this decline is moder-
ate and cannot account for the extent of cell
death in this nucleus. Iron-mediated free radi-
cal production can inhibit complex I activity
(24), and it is likely that there is an interaction
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Fig. 1. Reactive oxygen species in Parkinson’s disease. Normal metabolism of dopamine leads to DOPAC and
hydrogen peroxide under the control of the enzyme MAO, but also to oxidative species such as superoxide
anions (O2 ·–), dopamine-quinone species (SQ·), and hydroxyl radicals (OH·). Hydrogen peroxide (H2O2) does
not usually damage the cells because it is scavenged by glutathione peroxidase, but it can be converted to
hydroxyl radicals by the Fenton reaction in presence of reduced levels of glutathione peroxidase and excess lev-
els of Fe2+. Superoxide anions are not normally dangerous because they are converted to hydrogen peroxide
under the control of superoxide dismutase. However, if nitric oxide (NO) levels are enhanced, superoxide
anions can react with nitric oxide to form peroxynitrite (ONOO–) and hydroxyl radicals, strong oxidizing agents.
DA, dopamine; DOPAC, 3,4-dihydroxyphenylacetic acid; MAO, monoamine oxidase.



between oxidative stress and mitochondrial
inhibition, enhancing each other in a cycle of
toxicity (see Fig. 2). Regarding excitoxicity as
another factor involved in the pathogenesis of
PD, the subthalamic nucleus becomes hyperac-
tive once substantia nigra degeneration is strong,
leading to enhanced glutamatergic release within
the nigra. Excess of glutamate can damage
dopaminergic cells of the substantia nigra
because glutamate enhances the permeability
to calcium through NMDA receptors located on
these neurons. Enhancement of intracellular
calcium can induce cell degeneration and this
phenomenon may further aggravate the pro-
gression of the disease leading to accelerated
nigral neurodegeneration. Apart from signs of
mitochondrial dysfuntion and excitotoxicity,
there are also signs of neuroinflammatory reac-
tions in PD because marked increases in
cytokine levels have been found in the striatum
and cerebrospinal fluid (CSF) of PD patients,
including proinflammatory cytokines such as

tumor necrosis factor (TNF)-α, interleukin (IL)-
1β, and IL-6 (25). There is also upregulation of
inflammatory-associated factors such as
cyclooxygenase-2 (COX-2) and inducible nitric
oxide synthase. It has been postulated that once
the neurodegeneration process begins, T-lym-
phocytes are somehow activated within the sub-
stantia nigra, which in turn induce the activation
of glial cells. These glial cells release proinflam-
matory factors and nitric oxide leading to apop-
tosis and oxidative stress, respectively (26).
Hence, neuroinflammation is another amplify-
ing system leading to cell degeneration.

In summary, although oxidative stress seems
to contain the driving force behind neurodegen-
eration (unknown), it is included in a destructive
“toxic cycle” characterized by mitochondrial
dysfunction, excitotoxicity, and inflammation
which enhance each other and ultimately aggra-
vate the degree of neurodegeneration. This fact
explains the rapid progression of PD once dis-
abilitites and clinical symptoms emerge.
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Fig. 2. The destructive toxic cycle: oxidative stress, mitochondrial dysfunction, excitotoxicity, and inflamma-
tion enhance each other in a cycle of toxicity leading to nigral cell degeneration in Parkinson’s disease. UPP,
ubiquitin-proteasome pathway.



Therapies

Enhancement of the Dopaminergic Tone
Levodopa Can Enhance the Dopaminergic Tone

in the Damaged Striatum
The most prevalent therapy for PD is oral

levodopa administration, which is converted
into dopamine in the brain by surviving
dopamine cells (and likely glia), leading to a
remarkable amelioration of the disorder. The
use of this highly effective compound followed
the demonstration by Hornykiewicz that there
is a profound loss of dopamine in the striatum
of PD. This compound is usually administered
in association with carbidopa in order to
reduce peripheral levodopa inactivation (very
high in the liver and brain capillaries), and this
combination is particularly effective for allevi-
ation of akinesia and rigidity in early- and
middle-stage PD. Other drugs can be used in
combination such as direct-acting dopamine
agonists or anticholinergics.

Unfortunately, levodopa and dopaminergic
drugs are not efficacious after several years of
treatment, likely because neuronal loss pro-
gresses precluding the intracellular conversion
of levodopa. Many PD patients develop severe
side effects, such as dyskinesias at peak dose
and on–off fluctuations in drug effectiveness.
For this reason, several alternative therapies are
currently being explored, such as new pharma-
cological tools and cellular substitution.

Transplantation of Dopamine-Secreting Cells 
as Another Approach for Enhancing
Dopaminergic Tone Within the Striatum
It is reasonable to think that since levodopa

significantly ameliorate functional deficits in
PD, grafting dopamine-secreting cells to pro-
vide a constant source of dopamine should
be as efficient as systemic levodopa therapy.
In this context, intrastriatal grafting of
dopamine-secreting cells obtained from
neural or chromaffin tissues—such as fetal
mesencephalon, adrenal medulla, and carotid
body—has been reported to ameliorate func-
tional deficits in animal models of PD (27–31),

and is considered as a promising treatment
for human PD. However, its clinical use is
either still restricted to only a few cases, is
under discussion, or has been abandoned.
Thus, clinical trials have shown that mesen-
cephalic dopamine neurons obtained from
human embryo cadavers can survive and
function in the brain of patients with PD
(32,33); long-lasting functional improvement
has been reported in many grafted patients.
However, major limiting factors regarding
fetal mesencephalic cells include the ethical,
practical, and safety issues associated with
tissue derived from aborted human fetuses,
and the difficulty in obtaining sufficient
viable embryonic mesencephalic tissue
(34,35). Furthermore, in the recent Denver/
New York study, severely disabling dyskine-
sias were reported to appear in a significant
number of grafted patients, even in the
absence of levodopa treatment (36). This side-
effect seems to be caused by unbalanced par-
tial recovery of the dopaminergic tone in
different transplanted areas of both putamina
without supernormal levels of FDOPA
uptake, as revealed by PET (37). This fact fur-
ther complicates the outcome of neuronal
transplantation for parkinsonism. On the
other hand, adrenal cells were the first
dopamine-secreting cells to be investigated,
but these cells are no longer used because
their long-term survival is very poor in the
brain (even after autotransplants), and benefi-
cial effects are transient, both in Parkinson’s
patients or animals (35,38).

Finally, the clinical effects of glomus cell
transplants still have to be investigated. A
major advantage of glomus cells, like adrenal
ones, is that they can be used for autotrans-
plantation, thereby avoiding tissue rejection
and the need for immunosupression therapy.
However, their clinical efficacy is poor in
advanced PD in humans where the carotid
body is known to also be affected by dopamin-
ergic cell-degeneration, and possible side-
effects such as dyskinesias appearing, as with
other dopamine-secreting cells, due to unbal-
anced focalized increases of striatal dopamine.
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Neuroprotection and Neurorestoration

Neuroprotection Can Be Attained With
Pharmacological Tools
As explained, neurodegeneration in PD is

associated with a cascade of events or a “toxic
cycle,” including oxidative stress, mitochondrial
dysfunction, excitotoxicity, and inflammation
(39); and several theoretical neuroprotective
strategies can be defined. However, since the
driving force that initiates neurodegeneration is
not known, the neuroprotective therapy
should block the neurodegenerative process to
be effective. Several compounds with potential
neuroprotective efficacy have been tested.
Thus, since MPTP-induced parkinsonism in
monkeys were prevented by deprenyl (selegi-
line, 40), a clinical double-blind study was car-
ried out using this compound. This so-called
DATATOP study revealed that deprenyl can
delay the emergence of disability treatment
with levodopa. In this study, 800 patients were
treated with deprenyl (10 mg/d) and toco-
pherol (2000 IU), or tocopherol alone (placebo
group) in a double-blind study. After 12 mo,
levodopa was required in 26% of selegiline
recipients compared with 47% of those belong-
ing to the control group. Deprenyl is an
inhibitor of MAO-B, but it seems to act as an
antiapoptotic drug, most likely due to its
metabolite desmethyl-deprenyl. However,
selegiline does not stop the pregression of the
disease (41), and after many years of treatment
those patients receiving selegiline are no less
impaired than those who have not received the
drug (42–44). Regarding other compounds
with potential therapeutic efficacy, dopamine
agonists exert a direct antioxidant effect and
they also scavenge hydroxyl radicals, as
demonstrated by several authors (45,46). The
dopamine agonists bromocriptine, pergolide,
and pramipexole through their action as
antioxidants and free radical scavengers,
might be neuroprotective as well (47,48). For
instance, pramipexole protects substantia
nigra from degeneration in MPTP-treated mar-
mosets (48). Two independent studies (the
CALM-PD and REAL-PET studies) have

shown that initial treatment of PD patients
with the dopamine agonists pramipexole or
ropinirole seem to reduce the decline of nigros-
triatal function, as revealed by 15flurodopa
uptake on PET in comparison with patients
receiving only levodopa (49). However, these
studies are not conclusive and additional work
is required.

Another pharmacological approach is trying
to slow down the overactivity of glutamatergic
neurons particularly at the level of the subthal-
amic nucleus. Riluzole is an antiglutamatergic
agent that acts by inhibiting sodium channels
and prevents the release of glutamate. This
drug protects dopamine neurons in animal
models of the disease (50,51). There are two
multicenter placebo-controlled trials currently
in course, but the results have not been yet
published. Finally, mitochondrial dysfunction
plays a role in the pathogenesis of PD, as
explained, and bioenergetics agents such as
creatine, coenzyme Q10, or nicotinamide may
be neuroprotective in PD. Creatine and coen-
zyme Q10 have been shown to protect
dopamine neurons in MPTP-treated rodents
(52,53). A clinical trial has revealed that there is
a dose-dependent reduction in disease which
correlates well with plasma levels of coenzyme
Q10 (54). This drug is currently used by some
neurologists trying to slow PD progression in
early-stage patients.

Trophic factors represent another class of
neuroprotective compounds that could be
used as pharmacological tools. Some trophic
factors have demonstrated their potential to be
potent neuroprotective agents for specific pop-
ulations of neurons. Concretely, dopaminergic
neurons are sensitive to a variety of trophic
factors. Thus, members of the fibroblast
growth factor family (FGF-1, FGF2), TGF-α,
IGF-1, BDNF, and neurotrophin 4 exert neu-
rotrophic influences for dopaminergic nigros-
triatal neurons in vitro and in vivo (55). The
most potent trophic factor for dopaminergic
striatal neuron is GDNF, which belongs to the
TGF-β superfamily. In animal models of PD,
intraventricular injection of GDNF induces a
long-term increase in striatal dopamine (56,57).
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However, clinical trials using intraventricular
injections of GDNF failed to improve func-
tional deficits in PD patients and nigrostriatal
function was not augmented (58). Further-
more, some side effects, such as cephalea and
Lhermitte’s signs, were experienced by some
patients. Thus, intraventricular GDNF in
humans appears to be the wrong delivery
method (59). A study was performed for
advanced PD patients in which GDNF was
directly injected into the striatum (60). How-
ever, neurotrophic effects of GDNF were focal-
ized to the site of injection, and side-effects,
such as Lhermitte’s sign, were reported, likely
caused by meningeal irritation. Table 1 shows
a summary of potentially relevant pharmaco-
logical tools with neuroprotective capacity.

Transplantation of Neuroprotective Vectors 
Can Help Restaurate the Damaged
Nigrostriatal Circuit
Another strategy is to introduce potentially

neuroprotective molecules to prevent cell death,
slow down the process, or even stimulate regen-
eration in the damaged dopaminergic nigrostri-
atal system by using cell or viral vectors. These
vectors exert a “dopaminotrophic” action and

when grafted cell vectors give rise to neuritic
processes extending far away from the site of
implantation, the trophic action is widespread
and more effective (34). This is quite a differ-
ent approach to grafting dopamine-secreting
cells, since a more extense reinnervation and
tissue regeneration is searched rather than
focalized enhancement of dopamine release. As
explained in the previous section, GDNF and
BDNF have potent in vivo effects (61–64). Apart
from being potential pharmacological tools,
these factors have also been administered to the
brain by using cell or viral vectors. Thus,
promising results have been obtained with
fibroblasts engineered to secrete GDNF (65) or
BDNF (66,67) and with viral vectors expressing
GDNF (68,69). In vivo neuroprotective effects
have been reported to be in the range of 40–70%
effective in the rescue of nigral dopamine cells.
Transforming growth factor-β1 (TGF-β1) is
another trophic factor that has also been
reported to protect dopamine cells in vitro (70),
and to act as a cofactor that potentiates the neu-
rotrophic actions of GDNF in vitro and in vivo
(71,72). In this context, the anti-Parkinsonian
effects of cell grafts of the chromaffin lineage
are attributed not only to dopamine release
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Table 1
Potentially Relevant Pharmacological Tools With Anti-Parkinsonian Neuroprotective Capacity

Class Compound Mechanism of action

Inhibitor of MAO-B Deprenyl Antiapoptotic
Dopamine receptor Bromocriptine Antioxidants and scavengers of hydroxyl radicals

agonists Pergolide
Prampexole

Antiglutamatergic Riluzole Reduction of glutamate excitotoxicity through prevention of 
glutamatergic release onto substantia nigra

Bioenergetics Creatine Amelioration of mitochondrial dysfunction
Coenzyme Q10
Nicotinamide

Trophic factors GDNF Slowing down dopaminergic cell death and regeneration of 
FGF-1, FGF-2 damaged circuit through sprouting of surviving dopamin-
BDNF ergic neurons
IGF-1
TGF-α



from grafted cells, but also to dopaminergic
reinnervation of the denervated striatum
(28,30,31, 34,73); chromaffin cells are also
known to express and release GDNF and TGF-
β1 (74–76). Grafted adrenal cells seem to work
as dopaminotrophic cells that induce sprouting
of surviving dopamine nigral cell and the rein-
nervation of damaged striatum. Recently,
grafted dopaminergic carotid body cells have
been observed to exert an added neu-
rorestorative effect that has been related to
the trophic action of GDNF, because carotid
body dopaminergic cells express this trophic
factor (77).

Extra-Adrenal Cells As Possible
“Dopaminotrophic” Vectors for Grafting
Considering the potential neurorestorative

properties of chromaffin cells, the author has
worked for the first time with other cells of the
chromaffin lineage, specifically those belong-
ing to the extra-adrenal tissue of abdominal
paraganglia. Among these paraganglia, the
Zuckerkandl’s organ is the largest extra-
adrenal paraganglion (78) which is located
adjacent to the abdominal aorta in mammals
and can easily be removed (79). The author has
shown that intrastriatal transplantation of
extra-adrenal chromaffin cells of the Zuck-
erkandl’s organ induce progressive improve-
ment of functional deficits in parkinsonian
rats, and also that grafted cells present a long
survival after transplantation (80).

There is usually one Zuckerkandl’s para-
ganglion in rats, although two or more acces-
sory smaller paraganglia can be found. From a
physiological point of view, the organ is
known to represent a secondary source to
adrenal medulla of blood noradrenaline (78).
Histologically, it can be observed that the
paraganglion is composed of mesenchyma
and chromaffin cells (79). Chromaffin tissue
inside the organ (~22% of the organ volume)
forms fascicles along the longitudinal axis,
with the appearance of rounded “cell nests”
on coronal sections. As typical chromaffin
cells, those of the Zuckerkandl’s organ react
with potassium dichromate (classical Orth’s

reaction), and the presence of chromogranin
A—a protein that participates on exocytosis
and is highly abundant in the chromaffin cell
lineage—can be detected by immunohisto-
chemistry. Chromaffin cells possess a typically
rounded morphology with diameter ranging
from 15 to 20 micrometers. These cells also
express tyrosine-hydroxylase (TH), the
dopamine synthesizing enzyme, and
dopamine-β-hydroxylase (DBH), the nora-
drenaline synthesizing enzyme. Other authors
have reported no expression of phenyl-
ethanolamine-N-methyl-transferase (PNMT),
the adrenaline synthesizing enzyme, in the
chromaffin cells of the Zuckerkandl’s organ
(81). Furthermore, these extra-adrenal chro-
maffin cells express GDNF (81). In conclusion,
extra-adrenal chromaffin cells of the Zucker-
kandl’s organ are noradrenergics and express
dopaminotrophic GDNF.

Studies in the author’s laboratory have doc-
umented a trophic regeneration in parkinson-
ian rats after transplantation of chromaffin
cells of the Zuckerkandl’s organ. The potential
antiparkinsonian efficacy of Zuckerkandl’s
organ grafts was tested in hemiparkinsonian
rats after unilateral dopamine depletion of the
substantia nigra. This animal model parallels
the human disorder especially well, and has
been extensively employed to monitor the pos-
sible antiparkinsonian effects of neural and
paraneural grafts, neuroprotective treatments,
and new drugs. An overt hemiparkinsonian
syndrome is induced after unilateral dopamine
depletion, which is characterised by drug-
induced asymmetries, sensorimotor neglect,
akinesia, and forepaw use asymmetry (81–83).
Rats were rendered hemiparkinsonian by
injecting 6-hydroxydopamine into the left sub-
stantia nigra, a toxin which destroys dopamin-
ergic neurons (see Fig. 3E). Those animals
showing a strong ipsilateral rotational behav-
ior after the administration of amphetamine
(>420 turns per hour), indicative of the des-
truction of more than 85% of the dopaminergic
neurons in the substantia nigra (81), were
selected for grafting. Hemiparkinsonian rats
were grafted with aggregates of extra-adrenal
cells aimed at the dorsal striatum.
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Fig. 3. Morphological features of 5-mo-old transplants of the Zuckerkandl’s organ in parkinsonian rats. (A,B)
Coronal sections of the striatum grafted with extra-adrenal cells of the Zuckerkandl’s organ where the TH posi-
tive transplant (arrow) and the surrounding TH+ reinnervation in the host striatum can be clearly observed. (C)
Higher magnification of the same transplant labelled for DBH where DBH+ chromaffin cells (arrows) with very
long neuritic processes (arrowheads) are observed. (D) Confocal fluorescent micrograph of the graft revealing
the presence of DBH+ cells (arrows) and many neuritic processes running out of the graft. (E) Coronal section of
the striatum of a sham parkinsonian rats, where TH positivity (dark signal) in the left striatum is nearly absent
(compare with contralateral striatum and grafted striatum in A and B). t, transplant. Scale bars: 1mm in A,B,E;
100 µm in C; 50 µm in D. Modified from Fig. 3 (The Journal of Neuroscience 21, 9888–9895, 2001, copyright
by the Society of Neuroscience).



Grafted rats showed a clear behavioral
improvement up to 5 mo, as manifested by a
progressive and sustained reduction of sensori-
motor deficits, forepaw use asymmetry, and
amphetamine-induced turning. These func-
tional effects were related to the survival of 13%
of grafted cells at 1 and 5 mo after grafting—a
remarkable finding that indicates those grafted
chromaffin cells surviving the grafting trauma
then survived for a long period of time, making
them suitable for transplantation. Immunohis-
tochemistry staining revealed the presence of
TH+ and DBH+ chromaffin cells inside grafts,
many of them with long neuritic processes
emerging from the soma (Fig. 3C–D). Besides
significant enhancement of TH+ density in the
host striatum (indicative of dopaminergic rein-
nervation; Fig. 3A,B), a reliable increase in the
intrastriatal dopamine content was also
detected (49% vs normal). This latter fact surely
led to behavioral improvements in parkinson-
ian rats, which are dependent on the recovery of
the dopaminergic tone of dorsal striatum
(84–86). The increase of striatal dopaminergic

content after grafting cannot be explained by
dopamine cell-release because grafted cells
were not dopaminergics (as explained), and it is
known that only minute amounts of dopamine
can be released from noradrenergic adrenal and
extra-adrenal chromaffin cells, as reported by
other authors (87–89). These findings indicate
that the improved dopaminergic tone after
grafting can be better accounted for by striatal
regeneration due to sprouting of spared
dopaminergic fibers. This is consistent with the
gradual time-course of functional recovery.

The immunohistochemical study of grafts
revealed that grafted chromaffin cells expressed
GDNF and TGF-β1 (see Fig. 4), and significant
levels of these neurotrophic factors were
detected in the striatal tissue, pointing to a
chronic release of the factors after transplanta-
tion in vivo. GDNF and TGF-β1 are known to
protect dopaminergic neurons from degenera-
tion in vitro and animal models of PD when
delivered by injection via transplanted cells or
viruses. Hence, the well known neurorestora-
tive action of GDNF and TGF-β1 could account
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Fig. 4. (A) Immunohistochemistry for GDNF and TGF-β1 in transplants of the Zuckerkandl’s organ at 5 mo
after grafting, showing the presence of GDNF-positive and (B) TGF-β1-positive chromaffin cells. Scale bars: 50
µm. This figure was published in The Journal of Neuroscience 21, 9888–9895, 2001 (copyright by the Society of
Neuroscience).



for the striatal reinnervation of the host tissue.
Clearly, the main advantage of grafts of the
Zuckerkandl’s organ appears to be the long sur-
vival of extra-adrenal chromaffin cells, which
allow them to exert a chronic trophic action
based on the delivery of GDNF and TGF-β1, and
likely other neuroprotective agents such as neu-
ropeptides and cytokines that are known to be
released by chromaffin cells as well (90). These
findings strongly enhance the potential thera-
peutic value of the grafts of the Zuckerkandl’s
organ. Since more available and less controver-
sial alternative sources for antiparkinsonian
therapy need to be developed (91), this work
should stimulate research on the clinical applic-
ability of transplants of the Zuckerkandl’s organ
in PD, ever considering that the authors have
dealt with an animal model of parkinsonism
rather than the actual human disorder. A poten-
tial advantage in humans is that there are usu-
ally two Zuckerkandl’s paraganglia, allowing
the surgical resection of one of them for use as
an autotransplant, thereby avoiding tissue rejec-
tion and the need for immunosuppression ther-
apy. For the same reason, the surgical resection
of one organ out of two will not have significant
physiological side effects.

Acknowledgments

Research was supported by grants to Emilio
Fernandez Espejo from Spanish Ministerio de
Ciencia y Tecnologia (SAF2002-01689), Plan
Andaluz de Investigacion (CVI-127), and Labo-
ratorios Dr. Esteve (Barcelona, Spain). The
author thanks Drs. Javier DeFelipe, Jon Arellano,
M. Carmen Gonzalez-Albo (Madrid, Spain), and
Ana Fernandez Rodriguez (Sevilla, Spain) for
morphological help; Dr. Javier Miñano (Sevilla,
Spain) for HPLC measurements; and Mr. Anto-
nio Leon (Sevilla, Spain) for animal care.

References

1. Piccini P., Burn D. J., Ceravolo R., Maraganore
D., and Brooks D. J. (1999) The role of inheri-

tance in sporadic Parkinson’s disease: evidence
from a longitudinal study of dopaminergic
functions in twns. Ann. Neurol. 45, 577–582.

2. Martin W. E., Young W. I., and Anderson V. E.
(1973) Parkinson’s disease: a genetic study.
Brain 96, 495–506.

3. Lotharius J., Barg S., Wiekop P., Lundberg C.,
Raymon H. K., and Brundin P. (2002) Effect of
mutant α-synuclein on dopamine homeostasis
in a new human mesencephalic cell line. J. Biol.
Chem. 277, 38,884–38,894.

4. Ishikawa A. and Tsuji S. (1996) Clinical analysis
of 17 patients in 12 Japanese families with auto-
somal-recessive type juvenile parkinsonism.
Neurology 47, 160–166.

5. Shimura H., Hattori N., Kubo S., et al. (2000)
Familial Parkinson’s disease gene product,
parkin, is a ubiquitin-protein ligase. Nat. Genes
25, 302–305.

6. Mouradian M. M. (2002) Recent advances in the
genetics and pathogenesis of Parkinson’s dis-
ease. Neurology 58, 179–185.

7. Seidler A., Hellenbrand W., Robra B. P., et al.
(1996) Possible environmental, occupational,
and other etiological factors for Parkinson’s dis-
ease: a case-control study in Germany. Neurol-
ogy 46, 1275–1284.

8. Semchuk K. M., Love E. J., and Lee R. G. (1991)
Parkinson’s disease and exposure to rural envi-
ronmental factors: a population based case-con-
trol study. Can. J. Neurol. Sci. 18, 279–286.

9. Tipton K. F. and Singer T. P. (1993) Advances in
our understanding of the mechanisms of the
neurotoxicity of MPTP and related compounds.
J. Neurochem. 61, 1191–1206.

10. Langston J. W., Ballard P., Tetrud J. W., and
Irwin I. (1983) Chronic parkinsonism in
humans due to a product of a meperidine-ana-
log synthesis. Science 219, 979–980.

11. Shapira A. H. V., Cooper J. M., and Dexter D.
(1989) Mithocondrial complex I deficiency in
Parkinson’s disease. Lancet 1, 1269.

12. Beckman J. S., Beckman T. W., Chen J., Marshall
P. A., and Freeman B. A. (1990) Apparent
hydroxyl radical production by peroxynitrite:
implications for endothelial injury from nitric
oxide and superoxide. Proc. Natl. Acad. Sci. USA
87, 1620–1624.

13. Sofic E., Riederer P., Heinsen H., Beckman H.,
Reynolds G. P., Hebenstreit G., and Youdim M.
B. (1988) Increased iron (III) and total iron con-
tent in postmortem substantia nigra of parkin-
sonian brain. J. Neural Trans. 74, 199–205.

26 Fernandez-Espejo

Molecular Neurobiology Volume 29, 2004



14. Morris C. M. and Edwardson J. A. (1994) Iron
histochemistry of the substantia nigra in
Parkinson’s disease. Neurodegeneration 3,
277–282.

15. Pearce R. K., Owen A., Daniel S., Jenner P., and
Marsden C. D. (1997) Alterations in the distrib-
ution of glutathione in the substantia nigra in
Parkinson’s disease. J. Neural Transm. 104,
661–677.

16. Hunot S., Boissiere F., Faucheux B., Brugg B.,
Mouatt-Prigent A., Agid Y., and Hirsch E. C.
(1996) Nitric oxide synthase and neuronal vul-
nerability in Parkinson’s disease. Neuroscience
72, 355–363.

17. Floor E. and Wetzel M. G. (1998) Increased pro-
tein oxidation in human substantia nigra pars
compacta in comparison with basal ganglia and
prefrontal cortex measured with an improved
dinitrophenylhydrazine assay. J. Neurochem. 70,
2682–2675.

18. Dexter D. T., Carter C. J., Wells F. R., Javoy-Agid
F., Agid Y., Lees A., Jenner P., and Marsden C.
D. (1989) Basal lipid peroxidation in substantia
nigra is increased in Parkinson’s disease. J. Neu-
rochem. 52, 381–389.

19. Alam Z. I., Zenner A., Daniel S. A., et al. (1997)
Oxidative DNA damage in the parkinsonian
brain: an apparent selective increase in 8-
hydroxyguanine levels in substantia nigra. J.
Neurochem. 69, 1196–1203.

20. Bucciantini M., Giannoni E., Chiti F., et al.
(2002) Inherent toxicity of aggregates implies a
common mechanism for protein misfolding dis-
eases. Nature 416, 507–511.

21. Hurtig H. I. Trojanowski J. Q., Galvin J., et al.
(2000) α-synuclein cortical Lewy bodies corre-
late with dementia in Parkinson’s disease. Neu-
rology 54, 1916–1921.

22. Shermann M. Y. and Goldberg A. (1996)
Involvement of molecular chaperones in intra-
cellular protein breakdown. EXS 77, 57–78.

23. McNaught K. S. P. and Jenner P. (2002) Protea-
somal function is impaired in substantia nigra
in Parkinson’s disease. Neurosci. Lett. 326,
15–158.

24. Hartley A., Cooper J. M., and Shapira A. H.
(1993) Iron induced oxidative stress and mitho-
condrial dysfunction: relevance to Parkinson’s
disease. Brain Res. 627, 349–353.

25. Nagatsu T., Mogi M., Ichinose H., and Togari A.
(2000) Changes in cytokines and neurotrophins
in Parkinson’s disease. J. Neural Trans. 60,
277–290.

26. Hunot S. and Hirsch E. C. Neuroinflammatory
processes in Parkinson’s disease. Ann. Neurol.
53, S49–S60.

27. Bolam J. P., Freund T. F., Björklund A., Dunnett
S. B., and Smith A. D. (1987) Synaptic input and
local output of dopaminergic neurons in grafts
that functionally reinnervate the host striatum.
Exp. Brain Res. 68, 131–146.

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

29. Goetz C. G., Stebbins G. T., Klawans H. L.,
Holler W. C., Grossman R. G., Bakay R. A., and
Penn R. D. (1991) United Parkinson Foundation
neurotransplantation registry on adrenal
medullary transplants presurgical, and 1-year
and 2-year follow-up. Neurology 41, 1719–1722.

30. Espejo E. F., Montoro R. J., Armengol J. A., and
López-Barneo J. (1998) Cellular and functional
recovery of parkinsonian rats after intrastriatal
transplantation of carotid body cell aggregates.
Neuron 20, 197–206.

31. Luquin M. R., Montoro R. J., Guillén J., Saldise
L., Insausti R., Del Río J., and López-Barneo J.
(1999) Recovery of chronic parkinsonian mon-
keys by autotransplants of carotid body cell
aggregates into putamen. Neuron 22, 743–750.

32. Lindvall O. (1997) Neural transplantation: a
hope for patients with Parkinson’s disease?
NeuroReport 8, iii–x.

33. Olanow C. W., Freeman T. B., and Kordower J.
H. (1997) Neural transplantation as a therapy
for Parkinson’s disease. Adv. Neurol. 74, 246–269.

34. Dunnett S. B. and Björklund A. (1999) Prospects
for new restorative and neuroprotective treat-
ments in Parkinson’s disease. Nature 399,
A32–A39.

35. Brundin P. and Hagell P. (2001) The neurobiol-
ogy of cell transplantation in Parkinson’s dis-
ease. Clin. Neurosci. Res. 1, 507–520.

36. Freed C. R., Greene P. R., Breeze R. E., et al.
(2001) Transplantation of embryonic dopamine
neurons for severe Parkinson’s disease. N. Engl.
J. Med. 344, 710–719.

37. Ma Y., Feigin A., Dhawan V., et al. (2002) Disky-
nesia after fetal cell transplantation for parkin-
sonism: a PET study. Ann. Neurol. 52, 628–634.

38. Yurek D. M. and Sladek J. R. (1990) Dopamine
cell replacement: Parkinson’s disease. Annu.
Rev. Neurosci. 13, 415–440.

39. Jenner P. and Olanow C. W. (1998) Understand-
ing cell death in Parkinson’s disease. Ann. Neu-
rol. 44, 72–84.

Pathogenesis of PD 27

Molecular Neurobiology Volume 29, 2004



40. Cohen G., Pasik P., Cohen B., Leist A., Mytili-
neou C., and Yahr M. D. (1985) Pargyline and
deprenyl prevent the neurotoxicity of 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in
monekys. Eur. J. Pharmacol. 106, 209–210.

41. Elizan T. S., Yahr M. D., Moros D. A., Mendoza
M. R., Pang S., and Bodian C. A. (1989) Selegi-
line use to prevent progression of Parkinson’s
disease. Experience in 22 de novo patients.
Arch. Neurol. 46, 1275–1279.

42. Brannan T. and Yahr M. D. (1995) Comparatives
tudy of selegiline plus L-dopa-carbidopa versus
L-dopa-carnidopa alone in the treatment of
Parkinson’s disease. Ann. Neurol. 37, 95–98.

43. The Parkinson’s Study Group. (1996) The
impact of extended deprenyl and tocopherol
treatment in Parkinson’s disease. Ann. Neurol.
39, 29–36.

44. Shoulson I., Oakes D., Fahn S., et al. (Parkinson
Study Group) (2002) The impact of sustained
deprenyl (selegiline) in levodopa-treated
Parkinson’s disease: a randomized placebo-
controlled extension. Ann. Neurol. 51, 604–612.

45. Ogawa N., Tanaka K., Asanuma M., et al. (1994)
Bromocriptine protects mice against 6-hydroxy-
dopamine and scavenges hydroxyl free radical
in vitro. Brain Res. 657, 207–213.

46. Muralikrishnan D. and Mohanakumar K. P.
(1998) Neuroprotection by bromocriptine
against 1-methyl-4-phenyl-1,2,3,6-tetrahy-
dropyridine-induced neurotoxicity in mice.
FASEB J. 12, 905–912.

47. Olanow C. W. (1992) A rationale for dopamine
agonists as primary therapy for Parkinson’s
disease. Can. J. Neurosci. 19, 108–112.

48. Jenner P., Iravani M. M., Haldon C. O., et al.
(2002) Pramipexole protects against MPTP-
induced nigral dopaminergic cell loss in pri-
mates. Neurology 58, 494.

49. Whone A. L., Remy P., Davis M. R., et al. (2002)
The REAL-PET study: slower progression in
early Parkinson’s disease treated with ropini-
role compared with L-dopa. Neurology 58,
82–83.

50. Araki T., Kumagai T., Tanaka K. Matsubara M.,
Kato H., Itoyama Y., and Imai Y. (2001) Neuro-
protective effect of riluzole in MPTP-treated
mice. Brain Res. 918, 176–181.

51. Obinu M. C., Reibaud M., Blanchard V., Mous-
saouis S., and Imperato A. (2002) Neuroprotec-
tive effect of riluzole in a primate model of
Parkinson’s disease: behavioral and histological
evidence. Mov. Disord. 17, 13–19.

52. Matthews R. T., Ferrante R. J., Klivenyi P., et al.
(1999) Creatine and cyclocreatine attenuate
MPTP neurotoxicity. Exp. Neurol. 157, 142–149.

53. Beal M. F., Matthews R. T., Tielemen A., and
Shults C. W. (1998) Coenzyme Q10 attenuates
the of 1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine (MPTP) induced loss of striatal
dopamine and dopaminergic axons in aged
mice. Brain Res. 783, 109–114.

54. Shults C. W., Oakes D., Kieburtz K., et al.
(Parkinson Study Group) (2002) Effect of coen-
zyme Q10 in early Parkinson’s disease: Evi-
dence of slowing of the functional decline. Arch.
Neurol. 59, 1541–1550.

55. Collier T. and Sorwell C. E. (1999) Therapeutic
potential of nerve growth factors in Parkinson’s
disease. Drugs Aging 14, 261–287.

56. Hoffer B. J., Hoffman A., Bowenkamp K., et al.
(1994) Glial cell line-derived neurotrophic fac-
tor reverses toxin-induced injury to midbrain
dopaminergic neurons in vivo. Neurosci. Lett.
182, 107–111.

57. Hebert M. A., Hoffer B. J., and Zhang Z. (1999)
Functional effects of GDNF in normal and
parkinsonian rats and monkeys, In: CNS Regen-
eration: Basic Science and Clinical Advances
(Tuszynski M., and Kordower J. H., eds.), Acad-
emic Press, New York, pp. 419–436.

58. Kordower J. H., Palfi S., Chen E., et al. (1999)
Clinicopathological findings following intra-
ventricular glial-derived neurotrophic factor
treatment in a patient with Parkinson’s disease.
Ann. Neurol. 46, 419–424.

59. Kordower J. H. (2003) In vivo gene delivery of
glial cell line-derived neurotrophic factor for
Parkinson’s disease. Ann. Neurol. 53, S120–S134.

60. Stocchi F. and Olanow C. W. (2003) Neuropro-
tection in Parkinson’s disease: clinical trials.
Ann. Neurol. 53, S87–S99.

61. Lin L. F., Doherty D. H., Lile J. D., Bektesh S.,
and Collins F. (1993) GDNF: a glial cell line-
derived neurotrophic factor for midbrain
dopaminergic neurons. Science 260, 1130–1132.

62. Tomac A., Lindqvist E., Lin L. F., Ogren S. O.,
Young D., Hoffer B. J., and Olson L. (1995) Protec-
tion and repair of the nigrostriatal dopaminergic
system by GDNF in vivo. Nature 373, 335–339.

63. Beck K. D., Valverde J., Alexi T., et al. (1995)
Mesencephalic dopaminergic neurons pro-
tected by GDNF from axotomy-induced degen-
eration in the adult brain. Nature 373, 339–341.

64. Gash D. M., Zhang Z. M., and Gerhardt G.
(1998) Neuroprotective and neurorestorative

28 Fernandez-Espejo

Molecular Neurobiology Volume 29, 2004



properties of GDNF. Ann. Neurol. 44,
G121–S125.

65. Tseng J. L., Baetge E. E., Zurn A. D., and
Aebisher P. (1997) GDNF reduces drug-induced
rotational behavior after medial forebrain bun-
dle transection by a mechanisms not involving
striatal dopamine. J. Neurosci. 17, 325–333.

66. Levivier M., Przedborski S., Bencsics C., and
Kang U. (1995) Intrastriatal transplantation of
fibroblasts genetically engineered to produce
brain-derived neurotrophic factor prevents
degeneration of dopaminergic neurons in a rat
model of Parkinson’s disease. J. Neurosci. 15,
7810–7820.

67. Frim D. M., Uhler T. A., Galpern W. R., Beal M.
F., Breakfield X. O., and Isacson O. (1994)
Implanted fibroblasts genetically engineered to
produce brain derived neurotrophic factor pre-
vent 1-methyl-4-phenylpyridinium toxicity to
dopaminergic neurons in the rat. Proc. Natl.
Acad. Sci. USA 91, 5104–5108.

68. Mandel R. J., Spratt S. K., Snyder R. O., and Leff
S. E. (1997) Midbrain injection of recombinant
adeno-associated virus encoding rat glial cell
line-derived neurotrophic factor protects nigral
neurons in a progressive 6-hydroxydopamine-
induced degeneration model of Parkinson’s
disease in rats. Proc. Natl. Acad. Sci. USA 94,
14,083–14,088.

69. Kirik D., Rosenblad C., Björklund A., and Man-
del R. J. (2000) Long-term rAAV-mediated gene
transfer of GDNF in the rat Parkinson’s model:
intrastriatal but not intranigral transduction pro-
motes functional regeneration in the lesioned
nigrostriatal system. J Neurosci. 20, 4686–4700.

70. Unsicker K., Suter-Crazzolara C., and
Krieglstein K. (1996) Growth factor function in
the development and maintenance of midbrain
dopaminergic neurons: concepts, facts and
prospects for TGF-β. Ciba Found. Symp. 196,
70–80.

71. Krieglstein K., Henheik P., Farkas L., Jaszai J.,
Galter D., Krohn K., and Unsicker K. (1998) Glia
cell line-derived neurotrophic factor requires
transforming growth factor-beta for exerting its
full neurotrophic potential on peripheral an
CNS neurons. J. Neurosci. 18, 9822–9834.

72. Schober A., Hertel R., Arumae U., et al. (1999)
Glial cell line-derived neurotrophic factor res-
cues target-deprived sympathetic spinal cord
neurons but requires transforming growth fac-
tor-beta as cofactor in vivo. J. Neurosci. 19,
2008–2015.

73. Freed W. J., Morihisa J. M., Spoor E., Hoffer B.
J., Olson L., Seiger A., and Wyatt R. J. (1981)
Transplanted adrenal chromaffin cells in rat
brain reduce lesion-induced rotational behav-
ior. Nature 292, 351–352.

74. Unsicker K. and Krieglstein K. (1995) Bovine
chromaffin cells release a transforming growth
factor-beta-like molecule contained within
chromaffin granules. J. Neurochem. 65,
1423–1426.

75. Unsicker K. and Krieglstein K. (1996) Growth
factors in chromaffin cells. Prog. Neurobiol. 48,
307–324.

76. O’Connor D. T. (1999) Chromaffin cell mecha-
nisms: understanding catecholamine storage
and release. Trends Pharmacol. Sci. 20, 431–432.

77. Toledo-Aral J. J., Mendez-Ferrer S., Pardal R.,
Echevarria M., Lopez-Barneo J. (2003) Trophic
restoration of the nigrostriatal dopaminergic
pathway in long-term carotid body-grafted
parkinsonian rats. J. Neurosci. 23, 141–148.

78. Ahonen M., Soinila S., and Joh T. H. (1987) Pre-
and postnatal development of rat retroperi-
toneal paraganglia. J Auton. Nerv. Syst. 18,
11–120.

79. Testut L. and Latarjet A. (1978) Tratado de
anatomía humana. Salvat, Barcelona.

80. Espejo E. F., González-Albo M. C., Moraes J. P.,
El Banoua F., Flores J. A., and Caraballo I. (2001)
Functional regeneration in a rat Parkinson’s
model after intrastriatal grafts of GDNF and
TGF-β1-expressing extra-adrenal chromaffin
cells of the Zuckerkandl’s organ. J. Neuroscience
21, 9888–9895.

81. Bohn M. C., Goldstein M., and Black I. B. (1982)
Expression of phenylethanolamine N-methyl-
transferase in rat sympathetic ganglia and
extra-adrenal chromaffin tissue. Develop. Biol.
89, 299–308.

82. Fornaguera J., Carey R. J., Huston J. P., and
Schwarting R. K. W. (1994) Behavioral asymme-
tries and recovery in rats with different degrees
of unilateral striatal dopamine depletion. Brain
Res. 664, 178–188.

83. Schwarting R. K. W. and Huston J. P. (1996) The
unilateral 6-hydroxydopamine lesion model in
behavioral brain research: analysis of functional
deficits, recovery and treatments. Prog. Neuro-
biol. 50, 275–331.

84. Björklund A., Dunnett S. B., Stenevi U., Lewis
M. E., and Iversen S. D. (1980) Reinnervation of
the denervated striatum by substantia nigra
transplants: functional consequences as

Pathogenesis of PD 29

Molecular Neurobiology Volume 29, 2004



revealed by pharmacological and sensorimotor
testing. Brain Res. 199, 307–333.

85. Brundin P., Strecker R. E., Londos E., and Björk-
lund A. (1987) Dopamine neurons grafted uni-
laterally to the nucleus accumbens affect
drug-induced circling and locomotion. Exp.
Brain Res. 69, 183–194.

86. Brundin P., Karlsson J., Emgard M., et al. (2000)
Improving the survival of grafted dopaminer-
gic neurons: a review over current approaches.
Cell Transpl. 9, 179–195.

87. Lyon R. A., Titeler M., Bigornia L., and Schnei-
der A. S. (1987) D2 dopamine receptors on
bovine chromaffin cell membranes: identifica-
tion and characterization by [3H]N-methyl-
spiperone binding. J. Neurochem. 48, 631–635.

88. Missale C., Castelleti L., Memo M., Carruba M.
O., and Spano P. F. (1988) Identification of post-
synaptic D1 and D2 dopamine receptors in car-
diovascular system. J. Cardiovasc. Pharmacol. 11,
643–650.

89. Pupilli C., Lanzillotti R., Fiorelli G., et al. (1994)
Dopamine D2 receptors gene expression and
binding sites in adrenal medulla and pheocro-
mocytoma. J. Clin. Endocrinol. Metab. 79, 56–61.

90. Unsicker K. (1993) The trophic cocktail made by
adrenal chromaffin cells. Exp. Neurol. 123,
167–173.

91. Jennings C. (2000) Is neural cell transplantation
ready for the clinic? Nature Medicine 6, 634.

30 Fernandez-Espejo

Molecular Neurobiology Volume 29, 2004


	f0: 
	f1: 
	f2: 
	f3: 
	f4: 
	f5: 
	f6: 
	f7: 
	f8: 
	f9: 
	f10: 
	f11: 
	f12: 
	f13: 
	f14: 
	f15: 
	f16: 
	f17: 
	f18: 
	f19: 
	f20: 
	f21: 
	f22: 
	f23: 
	f24: 
	f25: 
	f26: 
	f27: 
	f28: 
	f29: 
	f30: 
	f31: 
	f32: 
	f33: 
	f34: 
	f35: 
	f36: 
	f37: 
	f38: 
	f39: 
	f40: 
	f41: 
	f42: 
	f43: 
	f44: 
	f45: 
	f46: 
	f47: 
	f48: 
	f49: 
	f50: 
	f51: 
	f52: 
	f53: 
	f54: 
	f55: 
	f56: 
	f57: 
	f58: 
	f59: 
	f60: 
	f61: 
	f62: 
	f63: 
	f64: 
	f65: 
	f66: 
	f67: 
	f68: 
	f69: 
	f70: 
	f71: 
	f72: 
	f73: 
	f74: 
	f75: 
	f76: 
	f77: 
	f78: 
	f79: 
	f80: 
	f81: 
	f82: 
	f83: 


