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Abstract
A population of tyrosine hydroxylase (TH)-containing neurons that up-regulates after lesion of the
nigrostriatal dopaminergic pathway has been described in the primate striatum. The goal of this
study was to examine the morphology, synaptology and chemical phenotype of these neurons and
TH-immunoreactive (TH-ir) terminals in the striatum of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated rhesus monkeys. TH-ir perikarya were small (10-12 μm),
displayed nuclear invaginations and received very few synaptic inputs. On the other hand, TH-
containing dendrites were typically large in diameter (>1.0 μm) and received scarce synaptic
innervation from putative excitatory and inhibitory terminals forming asymmetric and symmetric
synapses, respectively. More than 70% of TH-positive intrastriatal cell bodies were found in the
caudate nucleus and the pre-commissural putamen, considered as the associative functional
territories of the primate striatum. Less then 10% of these cells displayed calretinin
immunoreactivity. TH-immunoreactive terminals rarely formed clear synaptic contacts, except for
a few that established asymmetric axo-dendritic synapses. Almost two thirds of TH-containing
boutons displayed GABA immunoreactivity in the striatum of parkinsonian monkeys whereas less
than 5% did so in the normal striatum.

These findings provide a strong support for the existence of a population of putative
catecholaminergic interneurons in the associative territory of the striatum in parkinsonian
monkeys. Their sparse synaptic innervation raises interesting issues regarding synaptic and non-
synaptic mechanisms involved in the regulation and integration of these neurons in the striatal
microcircuitry. Finally, the co-expression of GABA in TH-positive terminals in the striatum of
dopamine-depleted monkeys suggests dramatic neurochemical changes in the catecholaminergic
modulation of striatal activity in Parkinson’s disease.
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Parkinson’s disease (PD) is characterized by the progressive degeneration of the
dopaminergic nigrostriatal pathway (Ehringer and Hornykiewicz, 1960). Clinical symptoms,
such as rigidity, akinesia and resting tremor, appear only following more than 70-80% loss
of midbrain dopaminergic neurons in the substantia nigra pars compacta (SNc)
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(Hornykiewicz and Kish, 1987; Kish et al., 1988), suggesting that important compensatory
mechanisms are established while the neurodegeneration progresses (Bezard and Gross,
1998; Bezard et al., 2003). Parkinsonian symptoms can be induced in animal models by
selective lesion of SNc neurons in rodents and non-human primates by administration of 6-
hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP),
respectively (Ungerstedt, 1968; Burns et al., 1983; Langston et al., 1983; Heikkila et al.,
1984). A number of studies have indicated that a population of intrastriatal tyrosine
hydroxylase (TH)-immunoreactive (ir) neurons increases dramatically in number following
lesions of the SNc in rats, monkeys and humans (Dubach et al., 1987; Tashiro et al.,
1989a,b; Mura et al., 1995; Betarbet et al., 1997; Porritt et al., 2000; Cossette et al., 2003,
2004), maybe as a compensatory reaction to the tremendous loss of striatal dopamine levels
produced by nigral lesion. (Dubach et al., 1987; Tashiro et al., 1989a,b; Mura et al., 1995;
Betarbet et al., 1997).

Although data gathered on the morphology and chemical phenotype of these intrastriatal
neurons in rodents are quite variable among research groups (Tashiro et al., 1989a,b;Mura et
al., 1995;Meredith et al., 1999,O’Byrne et al., 2000), results obtained in MPTP-treated
monkeys regarding the distribution, morphology and neurotransmitter content of these
neurons have been quite consistent (Dubach et al., 1987;Betarbet et al., 1997;Smith and
Kieval, 2000). In brief, these cells are defined as small TH-immunoreactive aspiny neurons
located along the dorsolateral border of the caudate nucleus and putamen (Dubach et al.,
1987;Betarbet et al., 1997;Smith and Kieval, 2000). Co-localization studies in the striatum
of MPTP-treated monkeys have shown that nearly all TH-ir striatal neurons express
glutamate decarboxylase (GAD67), but not parvalbumin and nitric oxide synthase, two
markers of striatal interneurons (Kawaguchi et al., 1995;Betarbet et al., 1997). On the other
hand, these neurons are immunoreactive for dopamine transporter (DAT) and the
transcription factor Nurr1 suggesting that they very likely use dopamine as neurotransmitter
(Betarbet et al., 1997;Cossette et al., 2004), an issue that is not so clear in rodents (Tashiro et
al., 1989a,b;Mura et al., 1995;Meredith et al., 1999).

In order to elucidate the potential roles of these neurons in the primate striatum, a clear
understanding of their synaptic microcircuitry is required. To address this issue, we
performed an electron microscopic analysis of the ultrastructural features and synaptology of
TH-ir neurons and tested the possibility of GABA co-expression in TH-positive terminals in
the striatum of MPTP-treated rhesus monkeys.

Results of this study have been presented in abstract form (Mazloom et al., 2001).

MATERIALS AND METHODS
Animals and Preparation of Tissue

All animal use was in accordance with National Institutes of Health guidelines and was
approved by the Emory University Institutional Animal Care and Use Committee. Six adult
female rhesus monkeys were used in this study. Two normal monkeys were used as controls.
Three monkeys received unilateral intracarotid injections of MPTP (Total dose: 0.6-0.9 mg/
kg), which resulted in contralateral parkinsonian symptoms while the remaining animal was
injected systemically (Total dose: 0.9 mg/kg), thereby, displayed bilateral parkinsonian
symptoms. The monkeys with unilateral lesions were perfused 5 to 10 months after
receiving MPTP injections whereas the bilaterally parkinsonian monkey survived 18 months
following MPTP lesioning. After deep anesthesia with an overdose of pentobarbital (30 mg/
kg, i.v.), the monkeys were perfusion-fixed with a cold oxygenated Ringer’s solution and a
fixative containing 4% paraformaldehyde and 0.1 % glutaraldehyde in phosphate buffer
(PB; 0.1 M, pH 7.4). The brains were removed from the skull, sliced in 60μm-thick
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transverse sections using a vibrating microtome and processed for the immunohistochemical
localization of TH at the light and electron microscopic levels.

Primary antibodies
Three different commercially available primary antibodies were used in this study. The
specificity of these antibodies has been well characterized through immunoblotting and pre-
absorbtion experiments on brain tissue. The mouse monoclonal TH antibodies (Chemicon
Intl, Temecula, CA; catalog # MAB318-Lot # 20100252) recognize specifically an epitope
on the outside of the regulatory N-terminus of TH. Tyrosine hydroxylase purified from the
PC12 pheochromocytoma cell line was used as immunogen to generate these antibodies
(Wolf and Kapatos, 1989). On Western blot, it labels a single band with a molecular weight
of 59-61 kDA, which corresponds to that estimated for TH. On the other hand, it does not
react with other closely related catecholamine enzymes including dopamine-beta-
hydroxylase, phenylalanine hydroxylase, tryptophan hydroxylase, dehydropteridine
reductase, sepiapterin reductase and phenethanolamine-M-methyl-transferase (Chemicon
International, Inc., Temecula). To further test the specificity of these antibodies on monkey
brain tissue, striatal sections from both normal and MPTP-treated monkeys were incubated
in solution from which primary TH antibodies have been replaced by pre-immune mouse
serum while the rest of the procedure remained the same. These specificity tests resulted in a
complete lack of immunolabeling in the striatum of both normal and MPTP-treated
monkeys.

The anti-calretinin polyclonal antibodies (SWANT, Bellinzona, Switzerland; Code #
7699/4-lot # 18299) have been raised in rabbits by immunization with recombinant human
calretinin (Schwaller et al., 1993). This antiserum does not cross-react with other calcium
binding proteins as determined by its distribution in the brain and by immunoblots
(Schwaller et al., 1993). The overall pattern of labeling generated with this antiserum is the
same as that previously reported using other specific calretinin antibodies (Resibois and
Rogers, 1992). Omission of the calretinin antibodies from the incubation solutions resulted
in a total lack of immunolabeling in the normal and MPTP-treated monkey striatum.

The commercially available polyclonal GABA antiserum (Sigma —Aldrich; Saint Louis,
MI; product number A 2052) used for the postembedding immunogold procedure (see
below) has been raised in rabbits using GABA-BSA as the immunogen. The rabbit anti-
GABA antibodies show positive binding with GABA and GABA-KLH and negative binding
with BSA in dot blot assay (Sigma-Aldrich; Saint-Louis, MI). Additional specificity tests
have been performed on monkey striatal tissue (see below).

TH Immunostaining
Light microscopy—A series of 16 sections through the rostrocaudal extent of the striatum
and 6 sections through the substantia nigra, from each of the four MPTP-treated monkeys,
were processed for light microscopic analysis of TH immunolabeling. Sections processed
for light microscopy were pretreated with sodium borohydride (1% in phosphate buffered
saline [PBS], 0.01 M, pH 7.4) for 20 minutes, and pre-incubated for 1 hour with 1% normal
horse serum (NHS), 0.3% Triton X-100, and 1% bovine serum albumin (BSA) in PBS. They
were then incubated overnight at room temperature in the same solution containing primary
mouse anti-TH antibodies (1:1000; Chemicon Intl, Temecula, CA). The sections were then
rinsed in PBS and incubated at room temperature for 90 minutes in the same solution
containing biotinylated horse anti-mouse immunoglobulins G (IgGs) (1:200, Vector
Laboratories, Burlingame, CA) followed by a 90-minute incubation in the avidin-biotin
peroxidase complex (ABC; 1:100 dilution in PBS/1%BSA, Vector Laboratories). Then,
sections were washed in PBS and TRIS buffers (0.05 M, pH 7.6) before a 10-minute
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incubation in 3,3′-diaminobenzidine tetrahydrochloride (DAB, 0.025%; Sigma, St. Louis,
MO), 0.01 M imidazole (Fisher Scientific, Pittsburgh, PA) and 0.005% hydrogen peroxide.
The reaction was stopped by repeated washes in PBS, sections were mounted on gelatin-
coated slides, dehydrated, and a coverslip was applied with Permount. Sections were
examined with a Leica DMRB microscope (Leica Microsystems, Inc., Bannockburn, IL),
and images were acquired with a CCD camera (Leica DC500) controlled by Leica IN50
software.

Electron microscopy—Sections processed for electron microscopy were cryoprotected
in 25% sucrose and 10% glycerol for 20 minutes before being frozen at -80°C for 20
minutes. They were then thawed and transferred for 5 minutes each in graded decreasing
concentrations (80%, 60%, 30%, 15%) of cryoprotectant diluted in PBS. After being washed
in PBS, the sections were processed for TH immunostaining the same way as for light
microscopy, except that Triton X-100 was not used, and the incubation in primary antisera
lasted 48 hours at 4°C.

TH/Calretinin co-localization—Fifteen sections of pre-commissural striatum collected
from three monkeys were processed for this part of the study. They were first incubated for
20 minutes in sodium borohydride , thoroughly washed in PBS and then pre-incubated for 1
hour at room temperature in a mixture of 5% normal donkey serum (NDS; Jackson Immuno
Lab; West Grove, PA), 1% BSA and 0.3% Triton-X-100 in PBS. This was followed by an
overnight incubation at room temperature in a cocktail of rabbit anti-calretinin (1:15 000;
SWANT, Switzerland) and mouse anti-TH (1:1000; Chemicon) diluted in PBS containing
1% NDS/1% BSA. The sections were then rinsed in PBS for 20 minutes and transferred for
1 hour at room temperature into a cocktail of FITC-conjugated donkey anti-rabbit IgGs
(Jackson Immuno Lab; West Grove, PA) and TRITC-conjugated donkey anti-mouse IgGs
(Jackson Immuno Lab; West Grove, PA) diluted 1:100 in PBS/1%NDS/1%BSA. After three
5-minute rinses in PBS, sections were placed into a solution of cupric sulfate/ammonium
acetate (pH 5.0) for 30 minutes. They were then mounted on slides, coverslipped with
Vectashield, sealed with nail polish and observed with a Leica DMRB light microscope
(Leica Microsystems, Inc., Bannockburn, IL, USA) equipped with bandpass emission filters
for FITC (510-525 nm) and TRITC (575-640 nm).

Processing of tissue for electron microscopy
The sections prepared for electron microscopy were washed in PB (0.1 M, pH 7.4) before
post-fixation in 1% osmium tetroxide in PB for 20 minutes. They were then washed in PB
(0.1 M, pH 7.4) and dehydrated in a graded series of alcohol and propylene oxide. 1%
uranyl acetate was added to the 70% ethanol to improve the contrast of the tissue at the
electron microscope. The sections were then embedded in resin (Durcupan; ACM, Fluka,
Buchs, Switzerland) for 12 hours, mounted on microscope slides and placed in a 60°C oven
for 48 hours. After examination at the light microscope, regions of interest from the striatum
were cut out from the slides and glued on top of resin blocks with cyanoacrylate glue.
Ultrathin 60-nm thick sections were cut with an ultramicrotome (Ultracut T2; Leica) and
collected on Pioloform-coated single slot copper and gold grids. Sections collected on
copper grids were stained with lead citrate (Reynolds, 1963) and examined with a Zeiss
EM10C electron microscope whereas sections collected on gold grids were processed for the
post-embedding immunogold localization of GABA within TH-ir terminals.

Post-embedding GABA immunocytochemistry
The protocol for post-embedding immunochemistry has been previously described
(Somogyi et al., 1985; Phend et al., 1992). Briefly, ultrathin sections collected on gold grids
were pre-incubated in TRIS-buffered saline (TBS; 0.05 M, pH 7.6) containing 0.01% Triton
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X-100 for 10 minutes. Next, the sections were incubated overnight at room temperature in
the same solution containing the primary rabbit anti-GABA antiserum (1:5000; Sigma, St
Louis, MO). They were then rinsed in TBS/0.01% Triton X-100 (2 × 10 minutes, 1 × 30
minutes) and TBS (0.05 M, pH 8.2) for 10 minutes and incubated in a secondary antibody
solution containing 15 nm gold-conjugated goat anti-rabbit (1:50 dilution) in TBS (0.05 M,
pH 8.2) for 90 minutes. The sections were then washed in distilled water for 5 minutes,
incubated in 1% aqueous solution of uranyl acetate for 90 minutes, and then washed in
distilled water again for 5 minutes. From here, the sections were stained with lead citrate
(Reynolds, 1963) and examined with a Zeiss EM10C electron microscope.

The specificity of labeling was tested by incubation in solutions from which the primary
antiserum was replaced by pre-immune serum (Jackson Immuno. Laboratories, West Grove,
PA). The tissue was completely devoid of gold particles following this incubation. In
addition, the fact that gold particles labeling was largely confined to terminals forming
symmetric synapses and that the overall pattern of labeling described in this study is
consistent with that found in previous rodent studies using other specific GABA antibodies
(Fujiyama et al., 2000) further support the specificity of this antiserum for GABA.
Furthermore, specific GABA labeling was found in other brain regions with this antiserum
(Watson and Bazzaz, 2001).

Analysis of Material
Image acquisition for electron microscopy—Electron micrographs were acquired
with a CCD camera (Dual View 300W; Gatan, Inc., Pleasanton, CA) controlled by the
DigitalMicrograph software (version 3.6.5; Gatan Inc.). Some digitally acquired
micrographs were adjusted only for brightness and contrast, with the image resolution kept
constant, with either DigitalMicrograph or Photoshop software (version 7.0; Adobe Systems,
Inc., San Jose, CA) to optimize the quality of the images for analysis.

Distribution of TH-immunoreactive neurons—To illustrate the distribution of TH-
immunoreactive (TH-ir) cells through the rostrocaudal extent of the striatum, the series of
sections processed for light microscopy in each of the four MPTP-treated monkeys was
examined using the Virtual Slice module of Neurolucida (Microbrightfield, Colchester, VT).
The borders of the nuclei of interest (caudate and putamen) were outlined from a live image
using a 2.5× objective and the entire area of these nuclei was examined at higher
magnifications (10× objective) for TH-ir cell bodies. The images were then exported to
Neuroexplorer (Microbrightfield) to determine the cross-sectional areas of the nuclei and the
relative densities of TH-immunoreactive cells within each nucleus throughout the striatum.

Co-localization TH/CR in the striatum—To determine the degree of TH/CR co-
localization, double immunostained striatal sections were scanned under the fluorescence
microscope for TH-positive cell bodies (TRITC-labeled). Images (magnification 20X) of
TH-immunoreactive neurons were acquired with a CCD camera (Leica DC500) controlled
by Leica IM50 software (version 1.20). The same area was then examined using the
emission filter for FITC to verify whether the TH-labeled neurons also displayed CR
immunoreactivity. The percentage of single and double labeled neurons was then calculated
for each animal.

EM Analysis of TH-ir Neurons—Two MPTP-treated animals were used for electron
microscopic analysis. Blocks were selected from regions with the highest density of
immunoreactive cell bodies and fibers. Whenever possible, ultrathin sections were collected
serially with up to 6 sections per grid, and immunoreactive elements were examined in serial
sections. In the electron microscope, sections were scanned in a non-random manner to
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ensure that every TH-positive element within an ultrathin section would be examined.
Labeled elements were categorized as: (1) terminals if they contained synaptic vesicles, or
(2) dendrites if they contained microtubules or endoplasmic reticulum and were devoid of
synaptic vesicles. The size, morphology, and pattern of synaptic inputs of TH-ir cell bodies
and dendrites were determined. Negatives of TH-ir elements were scanned using a Hewlett
Packard ScanJet 6300c and imported into the Neurolucida software to measure the diameter
of labeled cell bodies and dendrites. The ultrastructural features of axon terminals in contact
with TH-immunoreactive neurons were characterized, and the length of the active zones of
all synapses onto TH-containing elements was measured in single ultrathin sections. The
TH-ir terminals were ultrastructurally characterized, analyzed for any visible synapses and
subsequently examined to determine the nature of their post-synaptic targets.

GABA/TH Co-localization—Four MPTP-treated animals and two control animals were
used for the post-embedding analysis of GABA localization in TH-ir terminals. To
determine whether TH-ir boutons displayed GABA immunoreactivity, the density of gold
particles in terminals containing TH immunoreactivity was compared with the density of
particles in TH-negative boutons forming symmetric (putative GABAergic) or asymmetric
(putative glutamatergic) synapses. The quantification of immunogold labeling was
performed as follows: Ultrathin sections were scanned at the electron microscope for the
presence of TH-containing terminals. Photomicrographs of labeled boutons were taken and
each negative was scanned and imported into image analysis software as described above.
Cross-sectional areas of each terminal were measured and the relative density of gold
particles within labeled and unlabelled terminals was determined. In MPTP-treated
monkeys, immunogold-containing terminals were divided into two categories, namely the
TH-ir terminals and boutons forming asymmetric synapses. To account for any variability
between post-embedding incubations on different grids in MPTP-treated monkeys, each grid
was analyzed separately and then the relative density of gold particles for all grids was
normalized and pooled. The normalized values from each category of terminals from four
grids of striatal tissue in MPTP-treated monkeys were plotted on distribution histograms and
compared statistically with analysis of variance. In the control monkeys, immunogold
containing terminals were divided into three categories: (1) TH-ir terminals, (2) TH-
immunonegative terminals forming asymmetric synapses and (3) putative GABAergic TH-
immunonegative terminals. The latter category was characterized by the presence of either a
visible symmetric synapse or the pleomorphic appearance of large synaptic vesicles. The
density values were taken from one grid and normalized. These values were then plotted on
a histogram and compared statistically using analysis of variance and a Scheffe post-hoc
comparison.

RESULTS
Light microscopic characterization of TH-ir neurons

Initially, TH-immunostained sections were examined at low magnification to determine the
extent of the dopaminergic fiber loss in the striatum of MPTP-treated monkeys. Overall, the
pattern of degeneration of TH-immunoreactive cells in the ventral midbrain and TH-
containing fibers in the striatum was quite similar for the four MPTP-treated monkeys used
in this study. As shown in Figure 1, there was a tremendous dopaminergic denervation of the
dorsal striatum on the lesioned side compared to the control side in unilateral MPTP-
lesioned animals (Fig. 1C, D). On the other hand, the TH innervation of the nucleus
accumbens was relatively spared by the MPTP lesion (Fig. 1D). Correspondingly, the loss of
TH-containing neurons in the ventral midbrain was more pronounced in the SNc, the main
source of dopaminergic fibers to the dorsal striatum, than the ventral tegmental area (VTA),
which contributes most of the dopaminergic innervation of the nucleus accumbens (Fig. 1A,
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B). When examined at higher magnification, TH immunoreactivity was found in cell bodies
and varicose processes in the caudate nucleus and putamen of both the unilateral (N=3) and
bilateral (N=1) MPTP-lesioned animals (Fig. 2). In the three unilaterally lesioned monkeys,
intrastriatal TH-immunoreactive neurons were found only on the side ipsilateral to the
intracarotid MPTP injection, while both dorsal striata contained labeled neurons in the
animal with bilateral nigrostriatal dopaminergic lesion. It is noteworthy that TH-positive
neuronal cell bodies were not found in the ventral and dorsal striata of the two normal
monkeys used in this study. The TH-containing neurons in the striatum of MPTP-treated
monkeys had a small sized perikaryon (10-12 μm in diameter) with two or three dendritic
trunks that gave rise to a variable number of smooth aspiny dendrites (Fig 2C, D).

Overall, the pattern of distribution of TH-immunoreactive neurons was the same for the four
MPTP-treated monkeys used in this study. More than two thirds of these cell profiles were
found in the caudate nucleus and the pre-commissural putamen (Fig. 3), considered as
associative functional territories of the primate striatum (Parent, 1990). Figure 3 shows the
localization of TH-containing cell bodies through the rostrocaudal extent of the striatum in
one of the unilateral MPTP-treated monkeys. Although labeled neurons in the rostral
caudate nucleus were homogeneously distributed, TH-ir neurons in the pre-commissural
putamen were particularly abundant along its lateral border (Fig. 3-sections S3,S5). At post-
commissural levels, neurons were primarily localized in the dorsolateral part of both
structures (Fig. 3-sections S9,S12). It is important to note that TH-ir neurons and processes
were also seen in the white matter overlying the striatum (Fig. 2A, B), but only cells
localized within striatal borders were considered for the quantitative measurements shown in
Figure 3.

Co-localization TH/CR
Overall, the pattern of distribution of TH-immunoreactive cell bodies in the double
immunostained material was the same as that described above using the immunoperoxidase
method. Similarly, numerous CR-positive cell bodies and varicose processes were found
throughout the full extent of the striatum in a pattern similar to that previously described in
squirrel monkeys (Prensa et al., 1998; Sidibe and Smith, 1999; Wu and Parent, 2000). Of a
total of 49 TH-positive neuronal cell bodies (23 from MR38; 20 from MR 41 and 6 from
MR 51) tested for CR immunoreactivity, only four (ie about 8%) were double labeled (Fig. 4
A1-A2). These four neurons were located in the rostralmost section (level corresponding to
S5 in Figure 3) of the putamen in MR38 (N=3) and MR41 (N=1). All other TH-containing
cells examined were devoid of CR immunoreactivity (Fig. 4 B1-B2).

Electron microscopic (EM) analysis of TH-ir neuronal elements
Analysis of striatal tissue from MPTP-treated monkeys prepared for electron microscopy
yielded the same results. At the electron microscopic level, TH-ir cell bodies, dendrites and
terminals showed strong immunostaining (Figs. 5-7). Occasionally, TH-containing
myelinated and unmyelinated axons were seen, but their frequency was far lower than that
of labeled dendrites and terminals. Similarly, only two immunoreactive spines were
observed in all sections examined. The DAB deposit onto labeled elements (especially
terminals) was, in some instances, extremely dense which made clear visualization,
recognition of the boundaries, and type of synaptic specializations difficult to determine
(Figs 7-8).

TH-ir cell bodies—Fifteen TH-ir cell bodies were identified and analyzed at the electron
microscopic level. The DAB deposit was homogeneously distributed throughout the
cytoplasm, but the nucleus was devoid of immunoreactivity (Fig. 5). In every perikarya
examined, the nuclear membrane was deeply invaginated, a major ultrastructural feature of
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striatal interneurons (Difiglia et al., 1980). In line with the light microscopic observations,
cell bodies were small, ranging from 10 to 12 μm in diameter, and the shape was typically
round or oval (Fig. 5). In general, immunoreactive perikarya received very few synaptic
inputs. For instance, of the 15 cell bodies examined, only one axo-somatic asymmetric
synapse was identified (Fig. 6D).

TH-ir dendrites—TH-ir dendrites were typically large in diameter (> 1.0 μm). Dendritic
elements smaller than 0.5 μm were not found at the EM level (Table 1). The synaptic
innervation of 205 TH-containing dendrites was examined. Overall, they received very
sparse synaptic input (Table 1). Quantification of the total length of dendritic membrane
contacted by synapses revealed that less than 1-2% of the total dendritic surface received
synaptic inputs from boutons forming asymmetric (0.8%) or symmetric (0.2%) synapses
(Table 2). Two different populations of terminals formed asymmetric synapses with TH-ir
dendrites. The majority (17/22) comprised terminals with densely packed small, round, clear
electron-lucent vesicles and a few dense core vesicles (Fig. 6B). A second population (5/22)
consisted of terminals with a low density of large pleomorphic vesicles aggregated primarily
at the active zone (b2 in Fig. 6A). On the other hand, the majority of boutons (6/8) forming
symmetric synapses morphologically resembled the terminal “b1” depicted in Fig. 6A, i.e.
they contained a large number of pleomorphic electron lucent vesicles and a few dense core
vesicles homogeneously distributed throughout the terminal. A few axonal processes, which
contained a small pool of pleomorphic electron lucent vesicles confined to the active zones,
also formed “en passant” type symmetric synapses with TH-positive dendrites (Fig. 6C).

TH-ir terminals—The TH-ir terminals were often very intensely labeled making the
ultrastructural features and type of synaptic specializations associated with them difficult to
characterize (Figs. 7-8). Of the 82 terminals examined, 6 (7.3%) formed clear asymmetric
synapses with small dendritic profiles (Fig. 7A, B). Five of these boutons were medium-
sized (0.8-1.5 μm in diameter), packed with synaptic vesicles, contained one or two
mitochondria and contacted unlabeled dendrites (Fig. 7A). The other terminal of this group
was morphologically different, contained a much lower density of sparsely distributed
synaptic vesicles and contacted a TH-positive dendrite (Fig. 7B). However, more than 90%
of TH-containing terminals did not form clear synaptic contacts in the plane of section
examined. As shown in Figure 8, synaptic specializations were hard to visualize even when
the bouton was observed through many serial sections (Fig. 8A-F). There were some cases
where the TH-containing terminals were apposed to unlabeled boutons, which, in turn,
established asymmetric axo-spinous synapses (Fig. 7C-E).

GABA in TH-positive terminals—In order to characterize the phenotype of TH-
containing terminals in the striatum of parkinsonian monkeys, we processed TH-
immunostained striatal tissue from two normal and four MPTP-treated monkeys for the
postembedding immunogold localization of GABA. Overall, the pattern of TH
immunoreactivity in normal monkeys was the same as reported in previous monkey studies
using either TH or dopamine antibodies (Arsenault et al. 1988; Lavoie et al., 1989). In
GABA-immunostained sections, variable densities of gold particles overlaid pre- and
postsynaptic striatal elements. To further assess the specificity of the GABA
immunostaining generated in the tissue, the density of gold particles over putative
glutamatergic terminals was measured and compared with that of unlabeled boutons forming
symmetric synapses and TH-containing terminals. As shown in Figs. 9-10, the majority of
TH-immunoreactive vesicle-filled profiles examined in the striatum of MPTP-treated
monkeys displayed a significantly higher level of immunogold labeling than that associated
with unlabeled boutons forming asymmetric synapses (analysis of variance, p<0.0001), but
not significantly different from putative GABAergic terminals forming symmetric synapses
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(p>0.3) (Figs. 9A-C; 10B). In contrast, TH-ir terminals displayed the same low level of
immunogold labeling as unlabeled terminals forming asymmetric synapses in the striatum of
the normal monkey (p>0.9) (Figs 9D; 10A). The density of gold particles associated with
these two sets of terminals was significantly lower (p<0.001) than the level of immunogold
labeling measured in putative GABAergic boutons (Fig. 9D, 10A). To determine the
percentages of TH-ir terminals that co-express GABA, we used an arbitrary criterion that
TH-positive terminals with a density of gold particles three times higher than the average
density of labeling associated with putative glutamatergic terminals would be considered
GABAergic. Using this quantitative approach, we found that 68% of TH-containing
terminals in the striatum of MPTP-treated monkeys co-express GABA whereas only 4% do
so in the normal striatum (Fig. 10). None of the 82 TH-containing terminals examined in the
MPTP-treated monkeys formed clear synaptic contacts.

DISCUSSION
The findings of the present study provide a detailed description of the distribution and
ultrastructural features of TH-ir neurons and terminals in the striatum of MPTP-treated
monkeys. Five main conclusions can be drawn from our observations: (1) Intrastriatal TH-
containing cells belong to a homogeneous population of small-sized neurons with aspiny
dendrites that display the ultrastructural features of striatal interneurons. However, less than
10% of them displays CR immunoreactivity, one of the markers of striatal interneurons. (2)
These neurons are largely confined to the pre-commissural putamen and caudate nucleus,
considered as the associative territory of the primate striatum. (3) They receive very sparse
synaptic innervation from putative inhibitory and excitatory terminals that form axo-
dendritic symmetric and asymmetric synapses, respectively. (4) TH-immunoreactive
terminals in the dorsal striatum of MPTP-treated monkeys rarely form clear synaptic
contacts, except for a few asymmetric axo-dendritic synapses. (5) More than two thirds of
TH-positive terminals in the striatum of MPTP-treated monkeys display GABA
immunoreactivity, whereas less than 5% of TH-positive boutons do so in the normal
striatum.

Together, these observations raise interesting questions regarding the morphology, synaptic
regulation, distribution and chemical phenotype of TH-containing neurons in the striatum of
parkinsonians. In the following account, these issues will be addressed, the potential origin
of these neurons will be discussed and hypotheses about their therapeutic relevance in
Parkinson’s disease will be examined.

Phenotype of TH-ir cells in rats and primates
In primates, more than 90% of intrastriatal TH-ir neurons have been described by various
groups as being morphologically similar to striatal interneurons. However, data from
different rodent models of Parkinson’s disease resulted in a greater level of variability in the
relative abundance and morphological phenotype of intrastriatal TH-positive neurons. For
instance, TH- and aromatic L-amino acid decarboxylase (AADC)-ir neurons were first
observed in normal rat striatum and subsequently found to increase after 6-OHDA lesions of
the nigrostriatal pathway in rats (Tashiro et al., 1989a,b). Initially, these cells were
categorized as medium sized spiny neurons that co-express TH and AADC
immunoreactivity (Tashiro et al., 1989a,b). However, recent studies indicated that TH and
AADC might, in fact, be segregated into distinct neuronal populations with different
morphology and location (Mura et al., 1995;Meredith et al., 1999). The AADC-ir neurons
were subsequently characterized as small and aspiny, reminiscent of striatal interneurons
(Mura et al., 1995). A population of striatal dopamine-immunoreactive cells,
morphologically similar and distributed according to the same pattern as AADC-ir neurons,
was recently found in the dorsomedial striatum of 6-OHDA-lesioned rats (Meredith et al.,
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1999). According to these data, the dopamine- and AADC-containing neurons are distinct
from TH-ir neurons which were defined as medium sized, spiny and localized primarily in
the ventral striatum (Meredith et al., 1999). However, O’Byrne et al. (2000) identified a
population of TH-ir neurons that receive inputs and morphologically resemble striatal
interneurons in the striatum of MPP+-treated rats. Finally, Lopez-Real et al. (2003)
identified two populations of TH-ir neurons in the dopamine-denervated dorsal striatum of
rats and categorized them as bipolar/middle sized/aspiny cells or multipolar/spiny neurons
(Lopez-Real et al., 2003). Interestingly, some studies were unable to locate any TH-ir
neurons in the lesioned or normal rat striatum (Dubach et al., 1987;Betarbet et al., 1997).
The use of different animal models, post-lesion survival time and variable degree of lesion-
induced striatal dopamine depletion may account for some of these discrepancies.

Our findings are largely consistent with previous monkey and human studies, although some
noticeable differences are worth some consideration. Although all primate studies, including
ours, demonstrated that the vast majority of intrastriatal TH-immunoreactive neurons in the
dopamine-denervated striatum display the ultrastructural and morphological features of
interneurons (Dubach et al., 1987; Betarbet et al., 1997; O’Byrne et al., 2000; Porritt et al.,
2000; Smith and Kieval, 2000; Cossette et al., 2004, 2005), previous findings from normal
and parkinsonian humans and monkeys have also described a small subset of large
multipolar spiny neurons (Betarbet et al., 1997; Cossette et al., 2005). We could not find
such neuronal subtypes in our material. Various factors could be considered as potential
explanations for this discrepancy including the age of monkeys and humans used if the
different studies, postmortem delays of human brain tissue, variability in the sampling
strategies among studies, extent of TH immunostaining in distal dendrites, variable drug
therapies between animal and human subjects, etc… In addition, it is noteworthy that spines
are highly dynamic structures that are endowed with tremendous capabilities in responding
to behavioral, neurochemical or environmental changes by excessive growth or retraction
from the dendritic tree (Harris and Kater, 1994; Ingham et al., 1998). Another difference
between our findings and those from previous primate studies is the fact that we could not
find any TH-positive neurons in the normal striatum, while a small, but significant, number
of such neurons has been described by other investigators in normal humans and monkeys
(Dubach et al., 1987; Betarbet et al., 1997; Porritt et al., 2000; Cossette et al., 2004, 2005).
The strong TH-immunoreactive neuropil in the striatum of control monkeys might have
obscured the detection of these neurons in our material at the light microscopic level.
However, it is noteworthy that a small proportion of TH-immunoreactive vesicle-filled
profiles expressed GABA immunoreactivity in the normal striatum, suggesting the
possibility that a small subset of intrastriatal TH/GABA-positive boutons might arise from
intrinsic neurons, even in normal monkeys.

Previous co-localization studies with markers of striatal interneurons (parvalbumin, nitric
oxide synthase) were unsuccessful in characterizing the precise phenotype of TH-positive
striatal neurons (Betarbet et al., 1997). Our findings extend these observations, showing that
less than 10% of TH-positive cell bodies expressed CR immunoreactivity in the anterior
striatum of MPTP-treated monkeys. Together, these findings suggest that the TH-containing
neurons visualized in the primate striatum after dopaminergic depletion are either newly
generated cells or a subset of pre-existing interneurons that up-regulate its TH expression as
a compensatory mechanism for the dramatic loss of striatal dopamine (Yang et al., 2002;
Cossette et al., 2004).

Synaptic inputs onto TH-ir dendrites
One of the main ultrastructural features of intrastriatal TH-positive neurons is their scarce
synaptic innervation made up of putative excitatory and inhibitory terminals. Although
various interneurons (Chang and Kita, 1992; Vuillet et al., 1992; Morello et al., 1997) or
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extrinsic inputs (Parent, 1990; Lapper et al., 1992; Sadikot et al., 1992a,b; Bennett and
Bolam, 1994; Rudkin and Sadikot, 1999; Sidibe and Smith, 1999; Thomas et al., 2000)
could be suggested as potential sources of this innervation, anterograde labeling is essential
to clearly assess the exact origin of synaptic inputs to these cells. Because of the lack of
quantitative information on their degree of synaptic innervation, it is hard to compare the
pattern of innervation of TH-immunoreactive neurons described in this study with that of
other populations of striatal interneurons. However, the qualitative description of the degree
of synaptic innervation of cholinergic (DiFiglia, 1987), parvalbumin-immunoreactive
(Lapper et al., 1992; Bennett and Bolam, 1994) and calretinin-containing (Bennett and
Bolam, 1993) interneurons suggest a larger density of axo-somatic and axo-dendritic
synapses on the surface of the neurons compared to intrastriatal TH-containing neurons.

The sparse synaptic innervation of these neurons raise the interesting possibilities that they
may not be regulated in a typical synaptic fashion or perhaps necessitate very little synaptic
inputs to maintain their basal activity. For instance, cytokines and diffusible molecules such
as nitric oxide regulate activity of other monoaminergic neurons through nonsynaptic
mechanisms (Schulman, 1997; Vizi and Kiss, 1998; Vizi, 2000; Szelenyi, 2001). One must
also consider the alternative hypothesis that TH-ir neurons may be regulated by typical
neurotransmitters in a nonsynaptic manner. A growing body of literature, indeed, suggests
that most neurotransmitters released by axon terminals with or without synaptic contacts can
mediate their effects upon activation of extrasynaptic receptors (Agnati et al., 1986, 1995a,b,
2000; Isaacson et al., 1993; Zoli and Agnati, 1996; Zoli et al., 1999; Rusakov and Lehre,
2002). Finally, these intrastriatal TH-ir neurons may be a novel population of immature cells
that do not receive a full complement of synaptic inputs. To gain a better understanding of
the mechanisms that modulate the activity of these neurons, detailed immunocytochemical
and electrophysiological studies of the localization and functions of various neurotransmitter
receptor subtypes expressed by these cells should be conducted.

TH-ir terminals and colocalization with GABA
One of the main findings of this study is that most TH-immunoreactive terminals in the
striatum of parkinsonian monkeys display GABA immunoreactivity. In contrast, TH-
positive terminals in the striatum of normal monkeys are largely devoid of GABA. Together
with the previous finding that all intrastriatal TH-positive neurons in the striatum of MPTP-
treated monkeys display GAD67 immunolabeling (Betarbet et al., 1997), these observations
suggest that, at least, a subset of TH/GABA-positive terminals in the striatum of
parkinsonian monkeys may arise from intrinsic TH/GABA-containing interneurons.
However, another interesting possibility is that some of these boutons originate from
sprouted axons of the remaining SNc neurons. The formation of new branches or sprouting
is, indeed, one of the mechanisms used by nigrostriatal neurons to compensate for partial
dopaminergic lesion in animal models of Parkinson’s disease (Song and Haber, 2000; Stanic
et al., 2003a,b). Interestingly, the ultrastructural features of anterogradely labeled boutons in
the striatum of rats with partial dopaminergic lesion resemble those of TH-immunoreactive
terminals described in the present study (Stanic et al., 2003a). However, since the chemical
phenotype of the anterogradely labeled SNc boutons has not been characterized in Stainic et
al (2003a) study, great care must be taken in comparing these findings with our data. The
degree of TH/GABA co-localization in the remaining dopaminergic SNc neurons that
survive partial lesion of the nigrostriatal pathway should be examined to further address this
issue.

GABA co-localization with TH in the striatum may have interesting functional implications.
For instance, GABA and markers of catecholamines co-localize and play important
regulatory functions in other neuronal systems of various vertebrate and invertebrate species
(Gall et al., 1987; Campbell et al., 1991; Nguyen-Legros et al., 1997; Dunker, 1998; Diaz-
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Rios et al., 2002; Andrade da Costa and Hoko, 2003). Interestingly, a recent in vitro study
demonstrated a direct functional coupling between the dopamine receptor D5 and the
GABA-A receptor subunit, gamma 2 (Liu et al., 2000). Although the exact significance of
the GABA/TH co-localization described in the present study remains unclear, these
observations pave the way for multifarious and complex effects the co-release of GABA and
catecholamines may exert on their postsynaptic targets in the striatum of parkinsonians. A
common feature of most TH-immunoreactive terminals examined in the striatum of MPTP-
treated monkeys is their low incidence of clear synaptic contacts. However, this might be
due to technical limitations inherent to the fact that these boutons displayed very robust
peroxidase labeling making difficult the analysis and categorization of synaptic
specializations established by these terminals. On the other hand, non-synaptic release of
catecholamines from these terminals must also be considered, as was previously reported for
dopamine in the normal rat striatum (Descarries et al., 1996; Agnati and Fuxe, 2000;
Descarries and Mechawar, 2000; Pickel, 2000; Rice, 2000). The fact that dopamine
receptors in striatal neurons are predominantly extrasynaptic strongly support this possibility
(Sesack et al., 1994; Hersch et al., 1995; Yung et al., 1995; Pickel, 2000).

Localization of TH-ir neurons within the striatum
The present study indicates that TH-ir neurons are primarily localized in the associative
areas of the striatum, namely the pre-commissural putamen and caudate nucleus (Parent,
1990). Interestingly, studies of the clinical manifestation of Parkinson’s disease have
indicated that cognitive deficits and dementia, symptoms of Parkinson’s disease related to
the associative areas of the striatum, arise much later than the typical motor symptoms in
humans (Watts and Koller, 1997). One may, therefore, speculate that the localization of TH-
ir neurons in the associative striatum act as compensatory mechanisms that delay the onset
of cognitive deficits in parkinsonian patients. However, it is important to note that other
studies have suggested that cognitive symptoms appear either earlier or concurrent with the
motor deficits in Parkinson’s disease dependent on many factors including the age of onset
of the disease (Schneider and Kovelowski, 1990; Levin and Katzen, 1995). Although the
potential compensatory roles of these neurons remain to be clearly established, the selective
accumulation of these cells into associative striatal regions surely deserves consideration
while addressing this issue in future studies.

Concluding Remarks
Although our findings provide interesting and critical information on the anatomical
substrate that underlie the regulation and functions of intrastriatal TH-immunoreactive
neurons, various questions remain unanswered regarding this intriguing neuronal population.
One obvious issue to address is to determine the exact origin of these neurons in the brains
of parkinsonians. While their morphologic characteristics are consistent with those of pre-
existing striatal interneurons (see above), there is no direct evidence to support this claim.
Another possibility is that they belong to a population of newly generated neurons that
migrate to the striatum in response to dopamine depletion (Cossette et al., 2004). Although it
remains a highly controversial issue for the cerebral cortex (Rakic, 2002), neurogenesis in
the dentate gyrus of the hippocampus and the subventricular zone in adult rats, monkeys,
and humans is well established (Cameron et al., 1993; Doetsch et al., 1997; Eriksson et al.,
1998; Gould et al., 1999a,b; Bernier et al., 2000). Furthermore, new neurons have been
identified in the adult striatum after middle cerebral artery occlusion (Arvidsson et al., 2002;
Parent et al., 2002). These observations, combined with those from a recent study showing
that administration of glial derived neurotrophic factor (GDNF) dramatically increase the
number of TH-containing neurons in the striatum of aged and MPTP-treated monkeys (Palfi
et al., 2002), raise very exciting possibilities for the development of novel therapeutic
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strategies aimed at stimulating the development and growth of these neurons in
parkinsonians.
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Figure 1.
Light micrographs of TH immunoreactivity in the substantia nigra (A, B) and striatum (C,
D) on the contralateral (A, C) and MPTP-treated (B, D) sides of a unilaterally lesioned
monkey. Note the massive loss of dopaminergic innervation of the dorsal striatum on the
MPTP-lesioned side (D) compared to the control side (C). Abbreviations: Cerebral peduncle
(CP), caudate nucleus (CD), nucleus accumbens (NA), putamen (PUT), substantia nigra pars
compacta (SNc), substantia nigra pars reticulata (SNr), ventral tegmental area (VTA). Scale
bars: (A) 2 mm, applies to B. (C) 2 mm, applies to D.
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Figure 2.
Light micrographs of TH-containing neuronal cell bodies and processes in the striatum of
MPTP-treated monkeys. (A, B) Low power (10x) view of the dorsal borders of the caudate
(CD) and putamen (PUT) showing intrastriatal TH-ir neuronal cell bodies and processes.
Note TH-immunoreactive fibers in the overlying white matter (WM) and internal capsule
(IC). Arrows in A and B indicate regions depicted at high magnification in C and D,
respectively. (C) High power (40x) view of two TH-ir cells in the caudate nucleus. Note the
small cell body and aspiny characteristic of the dendritic processes. (D) High power view of
a TH-ir neuronal perikaryon embedded in a rich field of varicose processes in the putamen.
Scale bars: (A) 200 μm, applies to B. (C) 50 μm, applies to D.
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Figure 3.
Distribution of TH-ir cell profiles through the rostrocaudal extent of the striatum in a
unilateral MPTP-treated monkey. (Top) Schematic diagram of four sections taken at various
rostrocaudal levels of the striatum showing the localization and relative densities of
intrastriatal TH-ir cell body profiles. The numbering of the section corresponds to their
relative rostrocaudal level according to the atlas of Paxinos et al. (2000); S3=AP +26.85;
S5=AP +25.05, S9=AP +16.95, S12=AP +14.25. (Bottom) Histogram illustrating the
relative density of TH-ir cell profiles through the rostrocaudal extent of the caudate nucleus
and putamen. Note that the caudate nucleus is labeled quite homogeneously along its entire
extent whereas neurons in the putamen are predominantly localized in the rostral, pre-
commissural part of the structure.
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Figure 4.
Co-localization study of TH (A1,B1; TRITC-labeled) and CR (A2,B2; FITC-labeled) in
striatal neurons. (A1,A2) show an example of a double labeled neuron; (B1) shows a TH-
positive neuronal cell body devoid of CR immunoreactivity (B2). The star in B2
corresponds to the location of the TH-positive neuron in B1. A CR-containing neuron, non-
immunoreactive for TH is shown in B2. Scale bar: 50 μm.
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Figure 5.
Electron micrograph of a TH-immunoreactive perikaryon. Note the intense peroxidase
labeling of the cytoplasm. The arrow indicates the nuclear invagination, a common
ultrastructural feature of striatal interneurons. Nucleus (NU). Scale bar: 3μm.
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Figure 6.
Synaptic inputs to TH-ir neurons. (A) A TH-positive dendrite receiving a symmetric (open
arrow) and an asymmetric (arrow) synapse from two morphologically distinct types of axon
terminals (b1, b2). Note also the apposition with an unlabeled dendrite (DEN) (arrowhead).
(B) A TH-ir dendrite forming an asymmetric synapse (arrow) with a type of terminal,
ultrastructurally different from b2 in A. Note the TH-ir unmyelinated axon (Ax) near the
dendrite. (C) A TH-ir dendrite forming two symmetric en passant type synapses with a
vesicle-filled axonal profile (arrowheads). Note that vesicles in the axon are confined to the
site of synaptic contact. (D) A TH-ir cell body (CB) forming an asymmetric synapse with an
unlabeled bouton ultrastructurally different from those shown in A and B. This is the only
axo-somatic synapse seen on the 14 TH-containing perikarya examined in this study. Scale
bars: (A) 0.5μm, applies to B and C. (D) 1μm.
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Figure 7.
Synaptic connectivity of TH-ir terminals. (A,B) TH-ir terminals forming asymmetric
synapses (arrows) onto small dendrites (DEN). Note that the postsynaptic dendrite in B
displays light TH immunoreactivity. (C-E) Examples of TH-ir terminals apposed (open
arrows) to unlabeled terminals (TE), forming asymmetric synapses (arrows) with unlabeled
spines (Sp). Note that C and D are serial sections of the same TH-ir terminal. Scale bars: (A)
1μm, applies to B; (C) 1 μm, applies to D; (E) 2 μm.
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Figure 8.
Serial sections of a vesicle-filled TH-ir terminal. This represents the most common type of
TH-containing terminal structure seen in the striatum of MPTP-treated monkeys. Arrows in
B, D, and F indicate sites of appositions between the labeled profile and unlabeled
structures. Scale bar: (A) 0.5 μm applies to B-F.
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Figure 9.
GABA immunoreactivity in intrastriatal TH-ir terminals. (A-C) Serial sections of a TH-ir
terminal displaying GABA immunoreactivity (TH, G+). In the same micrographs, a terminal
forming an asymmetric axo-spinous synapse (ASYM, G-) contains a much lower density of
gold particles than the TH-positive bouton and a putative GABAergic, TH-negative,
terminal (G+). (D) A TH-ir/GABA-negative terminal (TH, G-) within the striatum of a
normal monkey. Note the difference in gold particle density associated with the TH-positive
terminal and a putative GABA-containing bouton in the same field (G+). Scale bars: (A) 1
μm, applies to B, C; 1 μm in D.
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Figure 10.
Histograms showing the relative density of gold particles associated with TH-ir terminals in
two normal (A) and four MPTP-treated (B) monkeys. TH-negative terminals forming
asymmetric (putative glutamatergic) or symmetric (putative GABAergic) synapses were
used as controls for the specificity of gold labeling. The mean and standard deviation of gold
particle densities for each population of terminals examined is given in parentheses.
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Table 1

Synaptic inputs onto TH-immunoreactive dendrites

Diameter
elements

# elements
observed

# asymmetric
 synapses

# symmetric
 synapses

# unknown
 synapses

> 1.0 μm 183 20 8 7

0.5-1.0 μm 22 2 0 0

< 0.5 μm 0 0 0 0
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Table 2

Length of synapses onto TH-immunoreactive dendrites

Diameter of
elements (μm)

Total length of
dendrites (μm)

Total length of
asymmetric

synapses (μm)

Total length of
symmetric

synapses (μm)

Total length of
unknown

synapses (μm)

>1.0 μm 1059.46 8.33 (0.8%) 1.96 (0.2%) 1.72 (0.2%)

0.5-1.0 μm 58.54 0.93 (1.5%) 0 0

The percentages are fraction of total dendritic length obsereved.
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