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Abstract

Tyrosine hydroxylase (TH)-immunoreactive (ir) neurones are detected in the striatum of animals after dopamine depletion and also in
human parkinsonian patients. Although there is extensive evidence for TH-ir neurones in the lesioned rodent striatum, there are few
details regarding the molecular phenotype of these neurones, regulation of their TH expression after l-3,4-dihydroxyphenylalanine
(L-DOPA) treatment and their function. In the present study, we examined the time-course of appearance of TH-ir neurones in the
mouse striatum after 6-hydroxydopamine (6-OHDA) lesion and determined their molecular phenotype. We found that TH-ir neurones
appeared in the striatum as early as 3 days after a 6-OHDA lesion. By 1 week after the lesion, the number of TH-ir neurones started
to decrease and this decrease progressed significantly over time. Treatment with L-DOPA increased both the number of TH-ir
neurones and the intensity of their immunolabelling. The TH-ir neurones that appear after the 6-OHDA lesion in the striatum are not
newly generated cells as they did not incorporate 5-bromo-2-deoxyuridine. We found that the vast majority of TH-ir neurones
colocalized with dynorphin and enkephalin, suggesting that they are projection neurones of the direct and indirect striatal output
pathways. TH-ir neurones did not express the dopamine transporter but half of them expressed amino acid decarboxylase, an
enzyme required for dopamine synthesis. Finally, striatal TH-ir neurones are functionally active, expressing the neuronal activation
marker FosB in response to L-DOPA treatment. Promotion of these striatal TH-ir neurones may be beneficial in Parkinson’s disease,
particularly in the early stages when dopamine denervation is incomplete.

Introduction

The principal pathological feature of Parkinson’s disease is loss of
neurones in the substantia nigra pars compacta leading to a deficiency
in striatal dopamine that is responsible for the major symptoms of the
disease. Despite advances in Parkinson’s disease research, current
treatments target symptomatic relief and administration of l-3,
4-dihydroxyphenylalanine (L-DOPA) to replace lost dopamine is still
the most effective therapy available. Convincing evidence has
emerged from animal and human studies that additional dopaminergic
neurones exist in the striatum itself (Huot & Parent, 2007) and that the
number of these neurones varies in parkinsonian patients (Porritt et al.,
2000; Huot et al., 2007). These findings have implications for a new
approach to Parkinson’s disease therapy. However, the origin and
molecular phenotype of these neurones and their potential physiolog-
ical role remain to be defined.
Projection neurones constitute over 90% of the striatal neuronal

population (DiFiglia et al., 1976; Chang et al., 1982). These projection
neurones are GABAergic, express calbindin and can be further
subdivided into two populations (Kawaguchi et al., 1990): direct
pathway neurones, which express substance P and dynorphin, and
indirect pathway neurones, which express enkephalin. The interneu-

ronal population is comprised of cholinergic interneurones, identified
by the presence of choline acetyltransferase, and GABAergic inter-
neurones divided according to their neuropeptide content (parvalbu-
min, calretinin and somatostatin) (Kawaguchi et al., 1995). More
recently, another neuronal population has been described in the adult
rodent and primate striatum, characterized by the expression of
tyrosine hydroxylase (TH). These neurones were first reported in the
rat striatum by Tashiro et al. (1989) and later on by other groups
(Lopez-Real et al., 2003; Jollivet et al., 2004). The number of these
neurones increases following 6-hydroxydopamine (6-OHDA) lesion
(Mura et al., 1995; Betarbet et al., 1997; Lopez-Real et al., 2003;
Jollivet et al., 2004).
Striatal TH-immunoreactive (ir) neurones have been shown to

coexpress the glutamic acid decarboxylase67 isoform of glutamic acid
decarboxylase, a key enzyme in GABA production (Betarbet et al.,
1997; Tande et al., 2006) that intensely stains striatal interneurones
(Mercugliano et al., 1992). Lack of calbindin expression (Cossette
et al., 2005b; Tande et al., 2006) also suggests that these TH-ir cells
are interneurones (Gerfen et al., 1985). In addition, in humans and
other primates, striatal TH-ir neurones express the nuclear transcrip-
tion factor Nurr1, known to maintain the dopaminergic phenotype
(Cossette et al., 2004, 2005b) and the dopamine transporter (DAT)
(Porritt et al., 2000; Cossette et al., 2005b; Tande et al., 2006; Huot
et al., 2007; San Sebastian et al., 2007), suggesting that they have a
dopaminergic phenotype. As the adult striatum can generate new
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neurones (Bedard et al., 2002), it is possible that the appearance of
TH-ir cells in the dopamine-depleted striatum is due either to de-novo
generation or to a phenotype induction in a subpopulation of pre-
existing striatal neurones.

This study characterizes striatal TH-ir neurones in hemiparkinsonian
mice. We studied the time-course of appearance, origin and molecular
phenotype of striatal TH-ir neurones after unilateral 6-OHDA lesion, as
well as activation of these cells by a dopaminergic stimulus.

Materials and methods

Animals

Adult male C57 ⁄ BL6 mice (Cajal Institute, Consejo Superior de
Investigaciones Cientı́ficas, Madrid, Spain) were housed in standard
Plexiglas cages with a maximum of six animals per cage and
ad-libitum access to food and water. The environmental conditions
were strictly controlled with a 12 h light ⁄ dark cycle, a temperature of
22 �C and 44% humidity. All animal maintenance and experimental
procedures were in accordance with the guidelines laid out in the
European Union Council Directive (86 ⁄ 609 ⁄ EEC). All efforts were
made to minimize the number of animals used in this study. The
experimental protocols involving animals were approved by the
Consejo Superior de Investigaciones Cientı́ficas ethics committee.

Striatal unilateral 6-OHDA lesion

Mice were anaesthetized with an intraperitoneal injection of
200 mg ⁄ kg of 2,2,2-tribromoethanol (Sigma-Aldrich) and placed in
a stereotaxic frame with a mouse adapter (David Kopf Instruments,
Tujunga, CA, USA). Antibiotic cream was used to protect the eyes
from drying during surgery. At 30 min before lesion, the mice
received an intraperitoneal injection of 20 mg ⁄ kg of the noradrenaline
reuptake inhibitor desipramine hydrochloride (Sigma-Aldrich) to
protect the noradrenergic neurones from 6-OHDA neurotoxicity
(Breese & Traylor, 1971).

Using a Hamilton syringe (Hamilton, Bonaduz, Switzerland), 4 lL
of 6-OHDA-HBr solution (10 mm) in 0.1% ascorbic acid (Sigma-
Aldrich) was injected in the left striatum at the following stereotaxic
coordinates in two deposits (Paxinos & Franklin, 2004): AP, 0.65; L,
2.0; V1, )4 and V2, )3 mm.

After the injection, the skin was sutured and the animals were
removed from the stereotaxic instrument and placed on a heating pad
for 30 min. During the first days after surgery animals received
injections of saline solution to prevent dehydration, as well as
supplementary food.

BrdU injections

To identify mitotic cells, adult male mice received two intraperitoneal
injections of 5-bromo-2-deoxyuridine (BrdU) (Sigma-Aldrich) at a
dose of 50 mg ⁄ kg (diluted in saline). Injections were administered
12 h apart, starting 24 h (n ¼ 3) or 48 h (n ¼ 3) after the 6-OHDA
lesion. The animals were killed at 24 h after the last BrdU injection.
Additionally and in order to follow the time-course of the appearance
of TH-ir neurones in the striatum, six adult male mice were killed at 1
(n ¼ 3) or 2 weeks (n ¼ 3) after the lesion.

L-DOPA treatment

To evaluate whether L-DOPA modulates the appearance of TH-ir
striatal neurones, a group of 12 mice were lesioned with 6-OHDA.

These animals were divided into two experimental groups of six mice
each at 4 weeks after the lesion and subjected to treatment with L-
DOPA methyl ester (Sigma-Aldrich) or saline for 3 weeks. During this
treatment period, the animals received daily intraperitoneal injections
of 6 mg ⁄ kg benserazide hydrochloride (Sigma-Aldrich), a peripheral
blocker of L-DOPA decarboxylase, and 20 min later an injection of
15 mg ⁄ kg of L-DOPA. Control animals received a single saline
injection of the corresponding volume.

Tissue preparation

Adult animals were killed with an overdose of pentobarbital
(Laboratorios Normon, Madrid, Spain) and were injected intracardi-
ally with 0.5 mL of 1% heparin (Rovi, Madrid, Spain), which was
followed by the perfusion of 10 mL of saline and 100 mL of 4%
paraformaldehyde, pH 7.4. Animals that received L-DOPAwere killed
at 1 h after the last L-DOPA injection. The brains were post-fixed for
24 h and were then transferred to a solution of 0.1 m phosphate buffer
containing 0.02% sodium azide for storage at 4 �C. To obtain regular
blocks, brains were further immersed in 3% agarose and cut at a
thickness of 40 lm using a vibratome (Leica, Wetzlar, Germany).

Immunohistochemistry and western blot experiments

Immunostaining was carried out in free-floating sections using a
standard avidin–biotin immunocytochemical protocol (Rivera et al.,
2002; Grande et al., 2004). Endogenous peroxidase activity was
quenched by incubation for 10 min in 0.1 m phosphate-buffered saline
containing 0.2% Triton X-100 with 3% hydrogen peroxide. Non-
specific binding sites were blocked for 60–90 min with 5–10% of the
appropriate serum in phosphate-buffered saline containing 0.2%
Triton X-100. To localize TH-ir neurones we used rabbit TH antisera
(1 : 1000; Chemicon, Temecula, CA, USA) and a monoclonal TH
antibody (1 : 250; ImmunoStar, Hudson, WI, USA). The specificity of
the two antibodies against TH protein was assessed by western
blotting. Protein extracts from the striata and liver of two C57 ⁄ BL6
adult male mice were prepared as described (Grande et al., 2004) and
40 lg of each extract was resolved by sodium dodecyl sulphate
polyacrylamide gel electrophoresis and blotted onto a nitrocellulose
membrane. Immunodetection was carried out with both TH antibodies
at a concentration of 1 : 250. Bands were visualized by enhanced
chemiluminescence (Amersham, Buckinghamshire, UK) and films
were scanned to obtain photographs (Quantity One, Bio-Rad, Madrid,
Spain). Both antibodies recognized a single band around 60 kDa in the
striatal samples. No band was detected in the protein extracts taken
from the liver of the same animals, used here as negative control.
These results indicate that both antibodies are specific for TH and
detect an identical protein (Fig. 1).
To visualize BrdU incorporation and examine the possible neuro-

genesis of TH-ir neurones in the lesioned striatum, we used a
biotinylated BrdU sheep antiserum (1 : 100; Abcam, Cambridge,

Fig. 1. Antibodies used in the study are specific for TH. Western blot assay of
striatum (S1 and S2) and liver (L1 and L2) samples using (A) polyclonal anti-
TH rabbit antiserum and (B) monoclonal TH antibody. Both antibodies
recognize a single TH-ir band at approximately 60 kDa in striatal samples.
Liver samples did not show any TH immunoreactivity. Each experiment was
performed at least three times with similar results, n ¼ 2 animals.
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UK), as well as a guinea pig doublecortin antiserum (1 : 3000;
Chemicon) that labels migrating neurones and a rabbit nestin antiserum
(McManus et al., 1999) as a marker of neuroepithelial stem cells or
immature cells. To identify striatal projection neurones, we used a
rabbit Dynorphin B antiserum for the neurones of the direct pathway
(1 : 10 000; Serotec Ltd, Oxford, UK), a rabbit met-enkephalin
antiserum for the neurones of the indirect pathway (1 : 500; Instar,
Stillwater, MN, USA) and a rabbit calbindin antiserum (1 : 250;
Moratalla et al., 1996). To identify striatal interneurones, a goat
antiserum choline acetyltransferase (1 : 500; Chemicon) was used to
label cholinergic interneurones, as well as a monoclonal mouse
antibody against parvalbumin (1 : 500; Sigma), a monoclonal rat
antibody against somatostatin (1 : 100) (Milstein & Cuello, 1983) and
a goat calretinin antiserum (1 : 1000; Chemicon). Neuronal activation
was visualized using a rabbit FosB antiserum (1 : 10 000; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) (Pavon et al., 2006). To assess
the dopaminergic phenotype we used a rat monoclonal antibody
against DAT (1 : 1000; Chemicon) and rabbit aromatic-l-amino acid
decarboxylase (AADC) antisera (1 : 250; Chemicon or Abcam).
With the exception of anti-enkephalin and anti-DAT, all primary

antibodies were diluted in 0.1 m phosphate-buffered saline containing
0.2% Triton X-100 and 1% serum of the animal in which the secondary
antibody was produced. Anti-enkephalin was diluted in 0.1 m phos-
phate-buffered saline and 1% of the appropriate serum but without
Triton X-100. The anti-DAT antibody was prepared using 0.1 m Tris-
buffered saline with 0.2% Triton X-100. To obtain anti-BrdU staining it
was necessary to denature the DNA after blocking peroxidase activity.
DNA denaturation was performed by incubating sections in 1 m HCl
solution on ice for 10 min, then in 2 m HCl for 10 min at room
temperature (24 �C) and finally for 20 min at 37 �C. HCl was
neutralized with 0.1 m sodium borate for 10 min. For immunohisto-
chemistry with monoclonal antibodies on mouse sections, we used a
mouse-on-mouse Vecstatin kit (Vector Laboratories, Burlingame, CA,
USA) to block mouse IgGs in the tissue according to the manufac-
turer’s instructions.
After incubation with the primary antibody (usually overnight), the

sections were washed and incubated with the appropriate biotinylated
secondary antibody (1 : 500) (all from Vector Laboratories) for 1–2 h
at room temperature. After washing, the sections were incubated with
streptavidin (Zymed, San Francisco, CA, USA) for 1 h and antibody
staining was developed using DAB (Sigma-Aldrich). After developing
the reaction, stained sections were mounted, dried, dehydrated,
coverslipped with Permount mounting medium (Fisher Chemicals,
Fair Lawn, NJ, USA) and examined using a light microscope (Leica,
Heidelberg, Germany).
Double-labelling fluorescent immunohistochemistry was performed

following a similar protocol. Sections were incubated for 2 h at room
temperature with the appropriate Alexa-conjugated (all from Molec-
ular Probes, Invitrogen, Eugene, OR, USA) or biotinylated secondary
antibodies, followed by incubation with fluorescent Alexa-conjugated
horseradish streptavidin for 1 h (Molecular Probes). Sections were
mounted in fluorescent mounting medium (DABCO, Fluka, Buchs,
Switzerland), coverslipped and kept in the dark at 4 �C until they were
examined by laser confocal microscopy (Leica). The specific immu-
nofluorescence of the Alexa 488 or Alexa 568 ⁄ 594 fluorophores was
visualized by excitation at 488 or 568 nm, respectively.

Cellular density: TH-ir neurone and fibre quantification
and statistical analysis

The quantification of TH-ir neurones in the striatum of 6-OHDA-
lesioned animals and animals treated with L-DOPA after inducing the

6-OHDA lesion was measured in five to six coronal sections per
animal using Neurolucida software (Microbrightfield, Colchester, VT,
USA). The borders of the areas of interest were outlined from a live
image with a 4· objective and the entire area of interest was examined
using a 20· objective. Only TH-ir cells with an identifiable unlabelled
nucleus surrounded by TH-immunolabelled cytoplasm or those with
labelled dendrites were counted. The images were then exported to
Neuroexplorer (Microbrightfield) to determine the cross-sectional area
of the striatum and the relative density of TH-ir neurones. Data were
expressed as the number of TH-ir neurones per mm2 of striatum per
animal. We analysed six animals per group with the exception of the
animals killed at 1 (n ¼ 3) and 2 (n ¼ 3) weeks post-lesion.
Quantification of TH-ir fibres was carried out by optical density

analysis (Granado et al., 2008), with the aid of an image analysis
system (AIS, Imaging Research Inc., Linton, UK) using a 40· lens.
TH-ir fibre staining intensity was determined in striatal areas
surrounding TH-ir neurones, through the rostrocaudal extent of the
dopaminergic lesion. Similar measurements were carried out in
the unlesioned striatum in randomly chosen areas. The data from the
lesioned side are presented as a percentage (mean ± SE) of the values
from the unlesioned striatum. Measurements were carried out in
striatal sections from five denervated animals treated with L-DOPA
(four to five sections per animal).
Statistical analysis was performed using one-way anova and

Student-Newman-Keuls post-hoc test. The threshold for statistical
significance was set at P < 0.05.

Results

TH-ir neurones in the denervated mouse striatum: time-course
of appearance, morphology, distribution and modulation by
L-DOPA treatment

Following 6-OHDA lesion, immunohistochemistry revealed TH-ir
cells in the denervated striatum but not in the unlesioned side.
Examination under light microscopy revealed that most of these
neurones had an oval or rounded soma of 8–15 lm in diameter
(12 lm on average). Some exhibited a more elongated (bipolar) soma
with diameters around 17 lm in the longest axis and 10 lm in the
shortest axis. The majority had two to four primary dendrites arising
from the neuronal soma (Fig. 2).
To establish the time-course of appearance of TH-ir neurones

after lesion, we examined striatal coronal sections from animals
killed at 0.5, 1, 2 and 7 weeks after 6-OHDA lesion. Dopaminergic
denervation with 6-OHDA produces a rapid loss of striatal
dopamine fibres around the injection site, evident at 24 h after
injection of the neurotoxin (Jollivet et al., 2004). TH-ir neurones
were observed in the lesioned striatum as early as 3 days
(0.5 weeks) after the lesion (Fig. 2A and G) and at all post-lesion
periods examined (up to 7 weeks; Fig. 2). The intensity of TH
staining in these neurones was highest at 0.5 weeks after the lesion
and decreased over time. In the striatum of animals killed at
0.5–2 weeks after the 6-OHDA administration, TH immunoreactiv-
ity was mainly observed in the cytoplasm of the neuronal soma,
and was also occasionally present in the dendrites, but dendritic
spines were rarely visualized with TH immunoreactivity (Fig. 2A–
C). We did not observe TH-ir cells in the non-lesioned side of the
striatum at any time-point.
To study the effect of L-DOPA on TH-ir striatal neurones, lesioned

animals were treated daily with 15 mg ⁄ kg of L-DOPA for 3 weeks,
beginning at the 4th week after the lesion. Control animals received
saline instead of L-DOPA. At 7 weeks post-lesion, most of the striatal
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TH-ir neurones observed in saline control animals displayed weak
immunoreactivity in the soma (Fig. 2D). Dendrites were observed in
only a few cells (one to three per brain section). These cells were
always localized close to the spared TH fibres. By contrast, treatment
with L-DOPA markedly increased both the number and labelling
intensity of TH-ir neurones in the lesioned striatum when compared
with lesioned animals treated with saline (Fig. 2D and E) or with
animals killed at shorter post-lesion times (Fig. 2A–C). The
morphology of the TH-ir neurones in the lesioned striatum of
L-DOPA-treated animals corresponded to that seen in the absence of
L-DOPA (described above) but there was generally more complete
labelling of the dendritic tree (Fig. 2E and F). In almost all cases,
primary dendrites were evident, secondary dendrites were found less
frequently (Fig. 2E) and, in a few cases, dendritic spines were
observed (Fig. 2F, F¢ and F¢¢).

To confirm that there were no TH-ir cells in the unlesioned side of
the striatum, we examined TH immunofluorescence in the striatum
with confocal microscopy using serial z-axis planes (2 lm apart)

through the thickness of the section. Microphotographs of both
6-OHDA-lesioned striatum and the unlesioned side in a mouse treated
with L-DOPA are provided as supplementary material (supplementary
Fig. 1). These ultrafine planes show thin layers of nigrostriatal fibres in
the unlesioned side and no TH-ir soma. TH-ir cells are clearly evident
in the lesioned side of the striatum and it appears that detection is
strong enough that any TH-ir cells in unlesioned striatum should be
visible above the background of TH-ir fibres. Our results are in
agreement with previous reports showing no TH-expressing soma in
unlesioned striatum (Jaber et al., 1999; Baker et al., 2003).
In general, the distribution of TH-ir neurones in the striatum

corresponded with the location of spared dopaminergic fibres after the
6-OHDA lesion. However, TH-ir neurones could be observed through-
out the whole rostrocaudal extent of the striatum if local dopamine
depletion was greater than 95%. In lesioned animals treated with saline
observed at 7 weeks after the lesion, these neurones were most
frequently found in the ventral striatum close to the spared TH fibres
(Fig. 3B). The distribution of TH-ir neurones in the striatum of

Fig. 2. Time-course of the appearance and cellular density of TH-ir neurones in the mouse striatum following 6-OHDA lesion and L-DOPA treatment. Micrographs
of TH-ir neurones in the mouse striatum at different time-points after 6-OHDA lesion without (A–D) or with (E and F) L-DOPA treatment. Note the increase in the
intensity of TH immunostaining of the neurone soma and the labelling of dendrites in the striatum of L-DOPA-treated animals compared with controls. (F¢ and F¢¢)
High magnification of dendrite segments (in boxes) from the neurone in F illustrating numerous dendritic spines. Scale bars: 50 lm (A–F); 6 lm (F¢ and F¢¢).
(G) Histograms indicate the density of TH-ir neurones (mean + SE) in the striatum after 6-OHDA lesion and L-DOPA treatment. *P < 0.001 vs. L-DOPA-treated
animals and animals killed at 0.5 week after 6-OHDA lesion; #P < 0.01 vs. L-DOPA-treated animals and animals killed at 0.5 week after 6-OHDA lesion; &P < 0.05
vs. L-DOPA-treated animals (n ¼ 3–6).
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L-DOPA-treated animals followed a similar rostrocaudal pattern;
however, they were more numerous, especially in the dorso-lateral
portion of striatum, in almost completely denervated areas (Figs 3A and
A¢, and 4).
We quantified the remaining dopaminergic fibres in the area

immediately surrounding the TH-ir neurones and found that TH-ir
neurones were present in striatal areas with a TH fibre content of
1.99 ± 0.96% of unlesioned values (Fig. 4C and D). Very few TH-ir
neurones were found in areas with lower (Fig. 4B) or higher
(Fig. 4E–G) TH fibre content. This is quite interesting because it
indicates that proximity to spared dopaminergic terminals is required
for L-DOPA-induced neuronal TH expression. Spared dopaminergic
terminals are not sufficient to induce TH expression in neurones in the
lesioned striatum as saline treatment does not increase TH expression
in striatal neurones.

Cellular density of TH-ir neurones in the 6-OHDA-lesioned
striatum: modulation by L-DOPA

We next examined changes in the density of striatal TH-ir neurones,
quantifying these neurones at different times after the 6-OHDA lesion
and after L-DOPA treatment. Cell counting was performed using a
light microscope coupled to the Neurolucida system. We found a
considerable number of striatal TH-ir neurones at 0.5 weeks after the
lesion (6.0 ± 1.2 neurones ⁄ mm2). The number of TH-ir neurones
decreased with time to 2.4 ± 0.5 TH-ir neurones ⁄ mm2 at 2 weeks and
to 0.8 ± 0.2 neurones ⁄ mm2 at 7 weeks after the lesion. Daily
L-DOPA treatment beginning in the 4th week post-lesion increased
the density of TH-ir neurones in the lesioned striatum at 7 weeks post-
lesion to 7.4 ± 0.7 neurones ⁄ mm2. This is statistically greater than the
numbers of TH-ir neurones in animals killed at 1 (P < 0.05) and 2
(P < 0.01) weeks after the lesion and significantly greater than control
lesioned animals treated with saline and killed at 7 weeks post-lesion
(P < 0.001, Fig. 2G).

BrdU incorporation

To determine whether striatal cells expressing TH were generated
de novo after dopamine lesion, mice were administered 50 mg ⁄ kg
BrdU in two separate injections 12 h apart, starting 24 or 48 h after
the administration of 6-OHDA. These time-points were selected as the
greatest expression of TH (in terms of label intensity and number of
labelled cells) was observed in the middle of the 1st week after the
lesion. We found numerous BrdU-ir cells in the lesioned striatum of
mice killed at 0.5 or 1 week after lesion. BrdU-ir cells were distributed
homogeneously in the striatum, many of them emerging in pairs
(Fig. 5B); however, BrdU labelling never colocalized with TH
(Fig. 5). In addition, we performed immunostaining for doublecortin,
which can be found in migrating and differentiating neurones, as well
as for nestin, an intermediate filament protein that labels dividing and
migrating cells. We found no doublecortin-immunolabelled cells in the
lesioned striatum but there was prominent nestin immunolabelling,
suggesting strong gliosis throughout the lesioned striatum (data not
shown). In summary, using BrdU, nestin and doublecortin immuno-
staining we were unable to identify newborn TH-ir neurones after
administration of 6-OHDA in the mouse striatum.

Phenotypic characterization of striatal TH-ir neurones

On the basis of these results, we set out to study the molecular
phenotype of the TH-ir neurones observed in the dopamine-depleted

striatum of mice, to see whether they correspond to any of the known
striatal cell types or to a new class of striatal neurones. Phenotypic
characterization was performed in striatal sections from 6-OHDA-
lesioned mice treated with either saline or L-DOPA. Qualitative
studies yielded similar results in both groups of animals. However, due
to the very low number of TH-ir neurones in the striata of
lesioned ⁄ saline-treated animals we did not quantify the results in this
group.
We carried out double fluorescent immunohistochemistry to deter-

mine whether TH colocalized with calbindin (a marker of projection
neurones), dynorphin (a marker for direct pathway projection neurones)
or enkephalin (a marker for indirect pathway projection neurones).
Quantification under confocal microscopy demonstrated that 54% of
striatal TH-ir neurones also expressed dynorphin (Fig. 6A–C), 45% also
expressed enkephalin (Fig. 6D–F) and 80%of TH-ir neurones expressed
calbindin (Fig. 6G–I). These results indicate that the vast majority of
these striatal TH-ir neurones are striatal projection neurones, including
both direct and indirect pathway neurones.
We also studied whether striatal TH-ir neurones express any of the

specific markers for the different interneurone types in the striatum,
using antibodies specific for choline acetyltransferase, parvalbumin,
somatostatin or calretinin, markers of the four main striatal
interneurone types described. We did not find any colocalization of
TH with choline acetyltransferase, parvalbumin or somatostatin
(Fig. 7). However, we did find that some TH-ir neurones express
calretinin (Fig. 7J–L). Quantification showed that about 1% of the
TH-ir neurones examined expressed calretinin. Interestingly, in the
present study as well as in a previous study (Mura et al., 2000),
calretinin-ir neurones were more numerous in the dopamine-depleted
than in the intact striatum. These calretinin- and TH-ir neurones had
a smaller cell body than the other TH-ir neurones and the intensity of
calretinin labelling in these cells was weaker than in calretinin-ir
neurones that did not coexpress TH. Moreover, TH ⁄ calretinin-ir
neurones were usually localized in the rostral sections of the medial
striatum and close to the shell of the nucleus accumbens.
We also examined expression of the DAT, which is responsible for

the reuptake of dopamine. DAT immunoreactivity was present in the
spared dopamine fibres in the lesioned striatum, where it colocalized
with TH (Fig. 8C, arrows). However, DAT immunoreactivity was not
observed in the striatal TH-ir neurones or in any cell soma in the
mouse striatum (see Fig. 8A–C, arrowhead).
The potential of striatal TH-ir neurones to produce dopamine was

assessed by studying expression of AADC, the enzyme responsible for
the conversion of L-DOPA to dopamine. In the 6-OHDA-lesioned
striatum the number and intensity of AADC-ir fibres decreased to a
similar extent as TH-ir fibres did and then the appearance of striatal
AADC-ir cell somas was also evident. These striatal AADC-positive
neurones were primarily distributed along the dorsal part, below the
corpus callosum, but were also found around spared AADC-ir fibres
and in the ventral striatum where the lesion is less effective. About
half of the AADC-ir neurones observed in the lesioned striatum were
of small diameter (6–10 lm) (Fig. 8E¢ and F¢) and the rest were of a
larger diameter (10–15 lm). We found that around half of the TH-ir
neurones in the striatum also expressed AADC and that neurones that
expressed both markers belonged to the larger type of AADC
neurones (Fig. 8D–F).

Functional activation of striatal TH-ir neurones

In order to verify whether these striatal TH-ir neurones are able to
respond to L-DOPA, we assessed the expression of the transcription
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factor FosB (a marker of neuronal activity) in these neurones using
both immunofluorescence and DAB labelling. FosB expression has
been shown to be induced in striatal projection neurones after
dopaminergic stimulation (Moratalla et al., 1996; Grande et al., 2004;
Pavon et al., 2006). Stimulation with L-DOPA increases FosB
expression in the dopamine-denervated striatum (Andersson et al.,
1999; Lundblad et al., 2004; Pavon et al., 2006). We also observed
FosB expression in these striatal TH-ir neurones after L-DOPA
administration. Most, if not all, of the striatal TH-ir neurones observed
in the lesioned striatum (in completely denervated areas or near spared
TH fibres) expressed FosB after L-DOPA treatment. Interestingly,
whereas FosB, a transcription factor, is usually only expressed in the
nucleus, in these striatal TH-ir neurones, FosB expression was present
not only in the nucleus but also in the cytoplasm and primary dendrites
(Fig. 8H and I, asterisk). These results indicate that these neurones
are responsive to L-DOPA treatment and are therefore functionally
active.

Discussion

The current study demonstrates that TH-ir neurones appear in the
lesioned mouse striatum as soon as 3 days after 6-OHDA injection.
However, after the 1st week post-lesion the number of TH-ir
neurones begins to decrease and this decrease progresses over time.
Treatment with L-DOPA increased both the number of TH-ir
neurones and the intensity of their immunolabelling. The TH-ir
neurones that appear after the 6-OHDA lesion in the striatum are not
newly generated cells as they did not incorporate BrdU. We report
for the first time that almost all of these striatal TH-ir neurones are
projection neurones of the direct and indirect striatal output
pathways, as demonstrated by the colocalization of TH with either
dynorphin or enkephalin and with calbindin. Only 1% of TH-ir
neurones expressed calretinin, a marker for a type of striatal
interneurones. In the mouse striatum, TH-ir neurones did not express
DAT but around half of these neurones expressed AADC, an enzyme
involved in dopamine synthesis. Finally, TH-ir neurones were
functionally active, expressing the neuronal activation marker FosB
in response to L-DOPA treatment.

Fig. 4. Localization of TH-ir neurones in parts of striatum with different degrees of dopaminergic denervation. Photomicrographs showing TH immunolabelling of
6-OHDA-lesioned (A–F) and unlesioned striatum (G). Enlarged photomicrographs (B–F) illustrate the absence of TH-ir neurones in completely denervated areas
(B) of the striatum and their presence in striatal regions with a few remaining dopaminergic fibres (C and D). We found no TH-ir neurones in partially lesioned
striatal areas (E and F) or in the contralateral unlesioned striatum (G). Scale bars: 260 lm (A); 50 lm (B–F).

A′

Fig. 3. Distribution of TH-ir neurones in the mouse striatum following
6-OHDA lesion and L-DOPA treatment. (A) Photomicrograph showing TH
immunostaining in coronal brain sections from a representative animal with
unilateral 6-OHDA lesion treated with L-DOPA (15 mg ⁄ kg), beginning at
4 weeks post-lesion and continuing for 3 weeks before killing. (A¢ and
B) Neurolucida drawings of dopamine-depleted striatum at three different
rostro-caudal levels showing the distribution of TH-ir neurones in a mouse
treated with L-DOPA (15 mg ⁄ kg) for 3 weeks (A¢) or with saline (sal) (B).
Note in A that few dopaminergic fibres in the ventral portion of the striatum are
spared, although the fibre density was much lower than in the non-lesioned,
contralateral side. Scale bars: 500 lm (A); 750 lm (A¢ and B).
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Time-course of appearance and distribution of striatal TH-ir
neurones after 6-OHDA lesion and L-DOPA treatment

Although numerous studies have identified TH-ir neurones in normal
and dopamine-depleted human (Porritt et al., 2000; Cossette et al.,
2005a), monkey (Dubach et al., 1987; Betarbet et al., 1997;
Mazloom & Smith, 2006; Tande et al., 2006) and rat striatum
(Tashiro et al., 1989; Mura et al., 1995; Meredith et al., 1999; Lopez-
Real et al., 2003; Jollivet et al., 2004), there are very few reports of
TH-ir striatal neurones in mice. Previously, TH-ir neurones were only
identified in the mouse striatum after combined administration of a
dopaminergic neurotoxin [1-methyl-4-phenyl-1,2,5,6-tetrahydropyri-
dine (MPTP)] with the mitochondrial inhibitor 3-nitropropionic acid

Fig. 6. Expression of striatal projection neurone markers dynorphin (Dyn), enkephalin (Enk) and calbindin (CB) in TH-ir neurones in the mouse striatum following
6-OHDA lesion and L-DOPA treatment. Confocal laser photomicrographs of striatal sections from mice killed at 7 weeks after unilateral 6-OHDA injection and
treated with daily L-DOPA treatment for the last 3 weeks. Sections were analysed by double immunohistochemistry with antibodies to TH and either Dyn (A–C),
Enk (D and E) or CB (F–I) antibodies. Arrows indicate double-labelled neurones and arrowheads indicate single-labelled neurones. Scale bars: 15 lm (A–F); 17 lm
(G–I).

Fig. 5. TH-ir neurones in the mouse striatum following 6-OHDA lesion did
not incorporate BrdU. Confocal laser photomicrographs from the striatum of a
mouse that received BrdU injections at 24 h after 6-OHDA and was killed
2 days later, showing double immunostaining for TH (A) and BrdU (B). The
two markers do not colocalize (C). Scale bar, 15 lm.
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Fig. 7. Expression of markers for striatal interneurones in TH-ir neurones in the mouse striatum following 6-OHDA lesion and L-DOPA treatment. Confocal laser
photomicrographs of striatal sections showing immunofluorescence staining with TH antibody in combination with antibodies for choline acetyltransferase (ChAT)
(A–C), parvalbumin (PV) (D–F), somatostatin (SS) (G–I) or calretinin (CR) (J–L). Colocalization with TH was only observed for CR (L). Arrows indicate double-
labelled neurones and arrowheads indicate single-labelled neurones. All sections are from animals killed at 7 weeks after 6-OHDA lesion, with L-DOPA treatment
for the last 3 weeks. Scale bars: 12 lm (A–C); 15 lm (D–F and J–L); 17 lm (G–I).
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(Nakahara et al., 2001), in DAT knock-out mice (Jaber et al., 1999) or
during development (Komori et al., 1991).
In our study, TH-ir neurones appeared in the striatum soon after

6-lesion (3 days), in agreement with data from other studies in rodents
(Meredith et al., 1999; Nakahara et al., 2001; Jollivet et al., 2004).
However, their density in the striatum decreased to 10% of the initial

values by 7 weeks post-lesion, with a concomitant decrease in the
intensity of labelling in the majority of neurones. This is in agreement
with results obtained previously in the rat after 6-OHDA (Meredith
et al., 1999) and in mouse striatum after MPTP and 3-nitropropionic
acid (Nakahara et al., 2001). However, other studies in rats reported
either no change with time (Lopez-Real et al., 2003) or an increase in

Fig. 8. Expression of dopaminergic markers and the neuronal activation marker, FosB, in striatal TH-ir neurones following 6-OHDA lesion and L-DOPA treatment.
Confocal laser photomicrographs of striatal sections from mice killed at 7 weeks after 6-OHDA lesions, with L-DOPA treatment for the last 3 weeks.
Immunofluorescence staining with a TH antibody in combination with antibodies to DAT (A–C), AADC (D–F¢) or FosB (G–I). Colocalization with TH is marked
with arrows; lack of colocalization is indicated with arrowheads. DATwas only colocalized with TH in the spared dopaminergic fibres (C) shown in yellow. AADC
and FosB colocalized with TH (F and I). Note the unusual expression of FosB in the cytoplasm of TH-ir neurones (H and I, marked with asterisks). (D¢–F¢) An
example of TH-ir neurones that do not contain AADC. #Example of AADC+ ⁄ TH-neurones. Scale bars: 15 lm (A–C); 20 lm (D–F); 10 lm (G–I).
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the number of TH-ir neurones with time after the lesion (Jollivet
et al., 2004). These differences with respect to the density of TH-ir
neurones after dopamine depletion could be due to differences in the
lesion (injection of 6-OHDA into the striatum vs. medial forebrain
bundle), intensity of the lesion or the species examined (rat vs.
mouse).

In agreement with previous reports, we did not detect TH-ir neurones
in the non-lesioned striatum (Betarbet et al., 1997; Meredith et al.,
1999). We cannot exclude the possibility that TH-ir neurones were
masked by the dense TH-ir fibres in the intact mouse striatum. However,
we think that this is unlikely as we expect that confocal microscopy
should have revealed soma staining as it was described in normal
primate and human striatum (Betarbet et al., 1997; Cossette et al.,
2005a; Weihe et al., 2006; Huot et al., 2007). It has been reported that a
few sparsely scattered cells in the striatum of normal mice express TH
mRNAwithout detectable levels of TH protein (Jaber et al., 1999; Baker
et al., 2003). It is possible that after dopaminergic denervation these
neurones begin to express detectable amounts of TH protein. Further
studies are needed to address this possibility.

Interestingly, L-DOPA treatment markedly increased the intensity
of TH immunostaining and the labelling of dendrites of TH-ir
striatal neurones, producing a significant increase in their cellular
density to above the values detected at 0.5 week after the lesion.
An increase in the number of TH-ir neurones after L-DOPA
treatment has been described previously in rats (Jollivet et al.,
2004), as well as in MPTP-treated monkeys receiving carotid body
grafts in the putamen (San Sebastian et al., 2007). In the lesioned
mice treated with saline instead of L-DOPA, striatal TH-ir neurones
were only detected in the ventral striatum or close to the remaining
dopaminergic fibres after the lesion. Whereas TH-ir neurones in the
L-DOPA-treated animals were mostly observed in the dorsal and
dorsolateral striatum near spared dopamine fibres, almost no TH
cells were found in striatal areas with a complete absence of TH
fibres. This distribution of TH-ir neurones is in agreement with
previous results in the rat (Meredith et al., 1999; Mura et al., 2000;
Nakahara et al., 2001; Jollivet et al., 2004). Taken together, these
results indicate that the neuronal expression of TH in the striatum
caused by the 6-OHDA lesion is not maintained without residual
innervation from the substantia nigra or additional dopaminergic
stimulation, such as that provided by L-DOPA treatment. Therefore,
the TH expression in these cells seems to be regulated by the local
concentration of dopamine.

Tyrosine hydroxylase is an enzyme that is controlled by almost all
documented forms of physiological regulation. It is responsible for a
critical step in the synthesis of dopamine, norepinephrine and
epinephrine, which occurs in a wide variety of different tissues
serving different functions (Kumer & Vrana, 1996). Two possible
hypotheses have been proposed for the induction of TH expression
in striatal neurones: (i) rapid changes in dopamine content (Meredith
et al., 1999) and (ii) the expression of growth factors after the lesion
(Daadi & Weiss, 1999; Palfi et al., 2002; Jollivet et al., 2004). The
appearance of TH-ir neurones after dopamine depletion in our
experiments could be explained by both effects, by the rapid changes
in dopamine content in the striatum produced by deafferentation
and ⁄ or by trophic factors produced by glial cells that proliferate after
the lesion. Similarly, the preservation and further increase of TH
immunoreactivity in striatal neurones produced by L-DOPA treat-
ment could be a consequence of the repetitive fluctuation in striatal
dopamine levels. Following denervation, striatal DA levels are very
low and the repeated L-DOPA treatment presumably creates
fluctuating striatal DA content throughout the duration of the
treatment. The fact that TH neurones are most frequently found close

to spared dopaminergic terminals further supports their dopamine
dependency, as these terminals are the most likely site of conversion
of L-DOPA to dopamine. Alternatively, the appearance of TH
neurones may be induced by the trophic effects of L-DOPA and
dopamine (Du & Iacovitti, 1995) or by the L-DOPA-induced
increase in glutamate release in the striatum after 6-OHDA
administration (Misu et al., 1996). Such a role for glutamate in the
induction of striatal TH-ir neurones has been suggested previously
(Betarbet & Greenamyre, 1999). It is not clear why denervation
induces TH expression in only a small fraction of striatal neurones
and the functional consequence of this phenotype induction is
unknown.

BrdU incorporation and the molecular phenotype of TH-ir
neurones

Despite various reports favouring the immaturity of striatal TH-ir
neurones based on their low content of the ageing-related pigment
lipofuscin (Betarbet et al., 1997; Cossette et al., 2005b; Tande et al.,
2006), we did not detect any newly generated TH-ir cells in the
striatum using incorporation of BrdU or by doublecortin and nestin
immunohistochemistry. This suggests that TH-ir neurones in the
mouse striatum arise through a change in the phenotype of neurones
already present in the striatum before 6-OHDA administration, as
shown previously in MPTP-treated macaques (Tande et al., 2006).
The major finding of our molecular characterization of the TH-ir

neurones is their colocalization with the neuropeptides enkephalin
and dynorphin, which has not been reported previously in any of the
species studied. We found that TH expression occurred mainly in the
projection neurones of the direct and indirect pathway, establishing
the major phenotype of these striatal TH-ir neurones. These results
are in agreement with previous observations in rodents (Tashiro
et al., 1989; Meredith et al., 1999; Nakahara et al., 2001), which
indicated that TH-ir neurones are projection neurones based on their
morphology as observed by optic and electron microscopy. Interest-
ingly, dendritic spines were not evident in the majority of the TH-ir
neurones observed in our study, although dendritic spines have been
reported on these neurones previously (Tashiro et al., 1989;
Nakahara et al., 2001). In our study, dendritic spines were only
observed on a small number of neurones with well-marked dendritic
trees and these neurones were always located close to the spared
dopaminergic terminals. This indicates that the absence of dendritic
spines is probably due to their retraction after striatal denervation
(Meredith et al., 1995; Nitsch & Riesenberg, 1995; Ingham et al.,
1998; Day et al., 2006) or, alternatively, it could be due to the lack
of TH expression in these particular areas of the neurone preventing
their visualization.
Only 1% of TH-ir neurones in the lesioned mouse striatum

expressed calretinin, identifying them as interneurones. This is in
agreement with data obtained in the monkey striatum (Tande et al.,
2006). In the human striatum, a higher percentage of TH-ir neurones
(30%) was found to express calretinin (Cossette et al., 2005b). TH
immunoreactivity in the primate striatum was localized in striatal
interneurones (Ingham et al., 1998; Tande et al., 2006; San Sebastian
et al., 2007), contrasting with our findings in the mouse; however,
these authors did not study localization of TH with specific projection
neurone markers. This discrepancy could be due to a higher ratio of
projection neurones to interneurones in the rodent compared with the
primate striatum (Graveland & DiFiglia, 1985), as well as the higher
proportion of calretinin neurones in the human striatum (Wu & Parent,
2000).
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Functional considerations of TH-ir neurones in the
dopamine-depleted striatum
We did not detect any DAT-ir cells in the mice striatum, in contrast
with previous studies of monkey striatum (Betarbet et al., 1997; Porritt
et al., 2000; Cossette et al., 2005a,b; Tande et al., 2006). We also
describe two other differences between mouse striatum and primate
striatum: (i) striatal TH-ir neurones are not found in naive mice (Jaber
et al., 1999; Baker et al., 2003) but are observed in naive primates
(Dubach et al., 1987; Betarbet et al., 1997; Tande et al., 2006) and
(ii) most TH-ir neurones are projection neurones in 6-OHDA-lesioned
mice but have been described as interneurones in the striatum of
MPTP-treated monkey (Tande et al., 2006; San Sebastian et al., 2007).
Our findings indicate that about half of the striatal TH-ir neurones in

the mouse striatum also express AADC, the final enzyme in the
dopamine synthesis cascade. This colocalization of TH with AADC in
the rat striatum has been described by others (Lopez-Real et al., 2003)
and enables the neurones to synthesize dopamine. The other half of
striatal TH-ir neurones do not contain AADC. Neurones that express
TH but not AADC have also been described in the hypothalamus,
thalamus, cerebral cortex and spinal cord (Weihe et al., 2006). These
neurones appear to produce and store L-DOPA and therefore were
classified as ‘dopaergic catecholaminergic neurones’ (Weihe et al.,
2006). Therefore, it appears that L-DOPA can behave as a neuro-
transmitter in the central nervous system (Misu et al., 1996). It is
possible, as mentioned in Lopez-Real et al. (2003), that these TH
neurones also express AADC below immunohistochemically detect-
able levels and therefore contribute to dopamine production (Bjorkl-
und & Dunnett, 2007). Alternatively, the presence of neurones in the
rodent striatum expressing individual and complementary enzymes for
dopamine synthesis (TH alone and AADC alone) presents the
possibility that these neurones could work together to produce
dopamine (Ugrumov et al., 2004). Thus, the L-DOPA produced in TH
neurones could be released, taken up by AADC neurones (Ugrumov
et al., 2004) and converted into dopamine. Although the amount of
dopamine synthesized in this way may be low, the marked reduction in
dopamine transport that accompanies the induction of the TH
phenotype should favour long-distance diffusion and the existence
of supersensitive dopamine receptors in the denervated striatum
should increase the effect of small amounts of dopamine (Pavon et al.,
2006). Independently, L-DOPA can also be taken up and converted to
dopamine by serotonergic terminals as recently shown by Carta et al.
(2007).
To address the important question of whether TH-ir neurones are

active in the lesioned striatum, we studied FosB expression after
dopaminergic stimulation. Dopamine derived from exogenously
administered L-DOPA can stimulate dopamine receptors on striatal
TH neurones and induce FosB expression, which was detected in all
TH-ir neurones following L-DOPA treatment. The regulatory region
of the TH gene bears an activator protein-1 binding site, where FosB
might bind as a dimer with another member of the leucine zipper
family (Trocme et al., 1998; Lewis-Tuffin et al., 2004). Thus, it is
conceivable that the induction of FosB is involved in maintenance of
the TH phenotype, although there is currently no evidence to support
this hypothesis.
Although the effect of inducing the TH phenotype in presumed

projection neurones of denervated mouse striatum is not known, it is
possible that it serves as a compensatory mechanism that increases
dopamine content, alleviating the motor effects caused by the
dopaminergic lesion (Bjorklund & Dunnett, 2007). As we show here
with FosB expression, these cells are active and respond to L-DOPA.
It is possible, as mentioned above, that striatal TH-ir cells produce
dopamine. Although this would produce only very low levels of

dopamine, it has been shown that very small numbers of dopamine-
producing cells can reduce parkinsonian symptoms in denervated rats
receiving carotid body grafts into the striatum (Espejo et al., 1998).
Similarly, carotid body grafts in MPTP-treated monkeys increased
the number of striatal TH-ir neurones and this increase was
associated with long-term motor recovery from their parkinsonian
state (San Sebastian et al., 2007). It is therefore possible that the
induction of TH expression that we observed following L-DOPA
treatment in denervated mice could help to alleviate parkinsonian
symptoms.
In summary, the results reported here establish for the first time that

TH is expressed mainly in a subset of projection neurones in the
mouse striatum following 6-OHDA lesion. This expression decreases
with time but can be maintained and potentiated by L-DOPA. In
addition, we demonstrate that these neurones respond to L-DOPA
stimulation. The shift of a small number of striatal projection neurones
to a TH phenotype may help to counteract the motor consequences of
the lesion. If this is the case, promoting the phenotypic change should
be beneficial in Parkinson’s disease, particularly during the early
stages when dopamine denervation is incomplete. It will be important
to determine the exact function of these neurones and the cellular
mechanisms responsible for this phenotype induction. Understanding
these mechanisms may suggest new avenues for the treatment of
Parkinson’s disease.
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