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Abstract

Mice lacking the dopamine transporter (DAT) display biochemical and behavioural dopaminergic hyperactivity despite dramatic
alteration in dopamine homeostasis. In order to determine the anatomical and functional integrity of the dopaminergic system, we
examined the expression of tyrosine hydroxylase (TH), the rate-limiting enzyme of dopamine synthesis as well as DOPA
decarboxylase and vesicular monoamine transporter. TH-positive neurons in the substantia nigra were only slightly decreased (—
27.6 = 4.5%), which can not account for the dramatic decreases in the levels of TH and dopamine that we previously observed in the
striatum. TH mRNA levels were decreased by 25% in the ventral midbrain with no modification in the ratio of TH mRNA levels per cell.
However, TH protein levels were decreased by 90% in the striatum and 35% in the ventral midbrain. In the striatum, many
dopaminergic projections had no detectable TH, while few projections maintained regular labelling as demonstrated using electron
microscopy. DOPA decarboxylase levels were not modified and vesicular transporter levels were decreased by only 28.7% which
suggests that the loss of TH labelling in the striatum is not due to loss of TH projections. Interestingly, we also observed sporadic TH-
positive cell bodies using immunohistochemistry and in situ hybridization in the striatum of homozygote mice, and to some extent that
of wild-type animals, which raises interesting possibilities as to their potential contribution to the dopamine hyperactivity and volume
transmission previously reported in these animals. In conjunction with our previous findings, these results highlight the complex
regulatory mechanisms controlling TH expression at the level of mRNA, protein, activity and distribution. The paradoxical
hyperdopaminergia in the DAT KO mice despite a marked decrease in TH and dopamine levels suggests a parallel to Parkinson’s
disease implying that blockade of DAT may be beneficial in this condition.

Introduction

The dopamine transporter (DAT) is a plasma membrane protein
that is responsible for terminating neurotransmission by rapid re-
uptake of dopamine (Giros etal., 1991; Giros & Caron, 1993).
We have developed a strain of mice lacking the DAT (DAT™)
by homologous recombination (Giros eral., 1996). DAT”" mice
present a hyperactive dopamine phenotype that is reflected
behaviourally by the increase in the spontaneous locomotor
activity. Extracellular dopamine levels were found to be five
times that of control, and dopamine clearance is prolonged at
least 300 times. The excess dopamine activity caused by the
transporter inactivation is partially offset by a substantial decrease
in the amount of dopamine available for release (Jones eral.,
1998). Furthermore, these animals show a 50% downregulation of
both D1 and D2 receptors, the main dopaminergic receptors in
dopaminoceptive neurons of the basal ganglia. Additionally,
presynaptic D2 receptors are downregulated and autoreceptor
control of dopamine release is severely impaired in these animals
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(Jones etal., 1999). However, all these adaptive responses do not
restore the striatum to normal functioning and fail to compensate
for the inactivation of the DAT. The huge decrease in striatal
intracellular dopamine (95%) was found to be associated with a
decrease in tyrosine hydroxylase (TH) [L-tyrosine, tetrahydropter-
idine:oxygen oxidoreductase (3-hydroxylating), EC 1.14.16.2],
which is the rate-limiting enzyme of dopamine biosynthesis
(Nagatsu etal., 1964; Levitt eral., 1965). These results were
obtained from striatal extracts using Western blot. Surprisingly,
striatal dopamine synthesis rates were doubled suggesting that TH
activity was significantly and dramatically increased (Jones etal.,
1998). Indeed, the reduced number of TH molecules present in
DAT™" mice seem to function at a much higher rate than those
present in normal animals.

The above alterations in dopamine homeostasis call into
question the integrity and the neuroanatomy of the dopamine
system in the basal ganglia of DAT™" mice. In addition, a
detailed characterization of the dopamine system in these animals
is crucial to better understand the implication of the DAT in drug
addiction (Beatriz etal., 1998), attention deficit disorder
(Gainetdinov etal., 1999), MPTP neurotoxicity and Parkinson’s
disease (Gainetdinov etal., 1997; Jaber etal., 1997; Bezard etal.,
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F1G.1. Immunohistochemical detection of TH and DDC at the light microscopic level in the midbrain. (A, C and E) DAT*"* mice. (B,Dand E) DAT " mice. DDC
(A and B) and TH (C and D) immunohistochemistry in the ventral midbrain following Vibratome 60 um sections. (E and F) TH immunohistochemistry on 1-um
semi-thin sections. Note that the number, morphology and distribution of dopaminergic neurons are not affected by inactivation of the dopamine transporter gene.
A slight reduction in the intensity of the immunohistochemical signal is observed on semi-thin sections, which correlates with the results of Western blotting (see

below). Scale bar, 500 um (A-D); 20 um (E and F).

1999), that we have previously described. Thus, we investigated
the expression and regulation of TH in these animals using
different approaches to determine levels of mRNA and protein,
along with TH distribution at the regional, cellular and subcellular
level. Our results demonstrate that the nigrostriatal dopamine
system is relatively intact and reveal that the regulation of TH in
vivo is multifaceted, highlighting the central role of this enzyme
and its regulatory mechanism of compensation to alteration in
dopaminergic transmission.

Materials and methods

Animals

The DAT mutant mice were generated as previously described (Giros
etal., 1996). Both the wild-type (DAT**) and mutant mice (DAT ")
were bred and kept in standard housing conditions in the transgenic
animal facility at the University of Bordeaux II Victor Segalen.
Because DAT™~ females fail to care for their offspring, DAT** and
DAT™"~ mice were obtained by crossing heterozygotes (DAT*"), and
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TABLE 1. Numbers of TH cell bodies in the SNc and VTA with in situ hybridization (ISH) and immunohistochemistry (IHC)

TH cell bodies (ISH) DDC cell bodies (ISH)

TH cell bodies (IHC) DDC cell bodies (IHC)

SNc VTA SNc VTA SNc VTA SNc VTA
DAT** 112x7 192 £17 109 = 12 187 £ 15 121 £15 227*21 12717 216 =19
DAT ™~ 88 * g+ 153 = 14* 82 £ 11%* 147 = 17%* 87 = 19%* 181 = 19* 81 = 26* 178 £ 17*

*P<0.05; **P<0.01. Two-tailed Student’s ¢-test.

TABLE2. mRNA and protein levels of dopamine system markers in the SNc, VTA and striatum: in situ hybridization (ISH), Western blot and binding

TH mRNA DDC mRNA TH protein DDC protein VMAT protein
in VMB (ISH) in VMB (ISH) (Western blot) (Western blot) (binding)
Macro Micro Macro Micro VMB Striatum VMB Striatum Striatum
DAT™* (%) 100 100 100 100 100 100 100 100 100
DAT (%) 97 68%* 102 70%* 66%* 2% 107 92 71.27%*

mRNA levels for TH and DDC were quantified using in situ hybridization (ISH) at the macro- and microautoradiographic level. protein levels for TH and
DDCwere quantified using Western blot, and using macroautoradiographic binding for the VMAT. Statistical analyses were performed on raw data (see
Materials and methods for details), then control values (for DAT™* animals) were set to 100 and DAT™~ values were expressed relative to them.

P<0.05; **P<0.01; ***P<0.001, two-tailed Student’s t-test.

offspring were genotyped by Southern blot analysis of DNA extracted
from tail biopsies. Up to 35% of DAT™~ mice died before adulthood
as previously reported (Giros etal., 1996), and thus <15% of the
genotyped offspring that reached adulthood were DAT™". Housing of
the animals and all experimental procedures are in accordance with
the guidelines of the French Agriculture and Forestry Ministry
(decree 87849, license 01499).

In situ hybridization

Mice were anaesthetized with chloral hydrate and perfused transcar-
dially with 1% paraformaldehyde in phosphate-buffered saline (PBS).
The brains were removed, immersed in the same fixative for 1 h and
then cryoprotected overnight at 4 °C in 15% sucrose. The brains were
then frozen over liquid nitrogen, cut into 12-um frontal sections,
mounted on slides coated with gelatin, and stored at —80 °C until use.
The in situ hybridization procedure was performed as previously
described (Jaber et al., 1995) with oligonucleotide probes designed to
recognize the mRNA of either DAT (Giros etal., 1991), DOPA
decarboxylase (DDC) (Tanaka ez al., 1989), TH (Grima et al., 1985) or
D, receptor (Giros etal., 1989). The probes were labelled by tailing
with [*>S]dATP (NEN) to a specific activity of 2 X 10° cpm/ug.
Sections were thawed, incubated for 1 h in the prehybridization buffer,
rinsed in 4 X SSC, then acetylated, dehydrated in absolute ethanol, and
dried at room temperature. Following this procedure, the slides were
incubated at 42 °C overnight with probes at a concentration of 5 ng/uL.
in the hybridization solution. The next day, they were washed in
decreasing concentrations of SSC for 3h and were dehydrated in
ethanol. Slides were exposed at room temperature to X-ray (X-R) film
(Kodak X-Omat) for 5 days for the detection of TH, DAT and DDC
mRNA, and 7days for that of the D, receptors mRNA. The
quantification procedure was performed with a Biocom 200 image
analyser (Les Ulis, France). For macroautoradiographic analysis, the
optic density (OD) of the standards was measured, and the calibration
curve representing OD as a function of the radioactivity concentration
was obtained. Probe concentration and exposure times were chosen in
order to stay within linear range of the film. For anatomical
visualization and microautoradiographic analysis, sections were then
dipped into Amersham’s LM-1 liquid emulsion diluted 1/3 in water,

exposed in the dark for 6 weeks, then developed and counterstained
with haematoxylin. Grain counting at X 50 magnification was used
and neurons that showed a grain density superior to the background
were considered as positive cells. The mean background value was
subtracted from the grain density measured on each cell. The final data
were converted into quantity of radioactivity using a calibration curve
constructed with the brain paste standards. Samples from individual
animals were always analysed in duplicate or triplicate. Comparisons
were made between groups of animals (n = 6) using the Student’s 7-test.
Results were expressed as percentage relative to control values.

Immunohistochemistry

Mice were anaesthetized with chloral hydrate and perfused through
the heart with 10-20mL of 0.9% NaCl and 100mL of 2%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4, alone or with
0.1% glutaraldehyde for electron microscopy. Brains were removed,
stored overnight in 2% paraformaldehyde in 0.1 M phosphate buffer,
pH7.4, and cut into 60-um frontal sections using a Vibratome. The
sections were cryoprotected in PBS solution containing 30% sucrose
and freeze-thawed in isopentane to improve penetration of immunor-
eagents. The sections were then pre-incubated for 1h at RT in PBS
with 0.2% BSAc (acetylated and partly linearized bovine serum
albumin from Aurion, The Netherlands), before processing for
immunohistochemistry. DDC (kind gift from Dr Krieger) (Krieger
etal., 1993) and serotonin (kind gift from Dr D. Fellmann) (Bugnon
etal., 1983) antibodies were raised in rabbit. TH immunoreactivity
was used as a marker of dopaminergic neurons in mesencephalic
sections (Fig. 1C-F) and was detected with a monoclonal antibody
(Incstar, USA). The same animals from each genotype (DAT"* n=8
and DAT™ n=6) were analysed using both immunoperoxidase and
immunogold techniques. Samples from individual animals were
always analysed in duplicate or triplicate.

Immunoperoxidase technique

Sections were incubated with the TH or DDC antibodies diluted at 1/
5000 in PBS-BSACc for 48 h at 4 °C. Following three washes in PBS,
TH sections were then incubated with a goat anti-mouse biotinylated
antibody, serotonin and DDC sections with a goat anti-rabbit
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biotinylated antibody (Amersham, UK) at a dilution of 1/200 for 1 h Laboratories, USA) for 1h at RT. TH and DDC immunoreactivity
at RT. Sections were then washed in PBS and incubated with the were visualized by incubation in H,O,-diaminobenzidine nickel
ABC complex (0.5% in PBS) (ABC, Vectastain-Elite, Vector ammonium sulphate (DAB) solution as previously described (Jaber
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etal., 1995). For TH electron microscopy detection, areas of interest,
the substantia nigra (SN) compacta and dorsal striatum, were
postfixed in osmium tetroxide for 30 min, then were washed in PBS
and dehydrated in a graded series of dilution of ethanol and propylene
oxide. Sections were then preimpregnated with a 1:1 mixture of
Araldite and propylene oxide for 1h, impregnated with Araldite
overnight and then flat-embedded in Araldite. Semi-thin sections
(1 um) were cut with a Reichert Ultracut S (Leica), collected on glass
slides, dried and mounted.

Immunogold technique

The sections were incubated in TH antibody as described for the
immunoperoxidase procedure. After washing twice in PBS-BSAc
and twice in PBS-BSAc supplemented with 0.1% fish gelatin
(Aurion) (PBS-BSAc-gelatin), sections were then incubated for
24h at RT in goat anti-mouse IgG conjugated to ultra small
colloidal gold (0.8nm, Aurion) diluted in PBS-BSAc-gelatin
(1:50). The immunogold signal was intensified using a silver
enhancement kit (Aurion). The reaction was carried out in the
dark at RT and stopped by two washes in 2% sodium acetate.
The signal was then amplified by immersion of the sections in
gold chloride (0.05%) and then in sodium thiosulphate (0.3%) for
2 X 10min at 4°C. Serial ultrathin sections of immunogold-treated
material were cut with a Reichert ultracut S (Leica). They were
collected on copper grids, contrasted with uranyl acetate and lead
citrate, and observed with a Philips CM10 electron microscope.

Quantification of TH immunoreactivity following electron microscopy
analysis

Levels of TH were measured at the ultrastructural level by using
plates of immunolabelled cell bodies and dendritic shafts.
Morphometric analysis was performed on photo negatives by using
Metamorph software (Universal Imaging, Paris, France). The
measures were performed in sections from DAT** and DAT™~ mice
(n=3; with an average of 10 cell bodies and 10 dendrites analysed for
each animal). Gold immunoparticles above background levels were
counted and the results were expressed as the number of
immunoparticles per um? in dendrites and cell bodies.

Western blots

Frozen tissues from DAT™* and DAT™" were sonicated for 10's in
500uL of sodium dodecyl sulphate (SDS) 2%, Tris 20mMm pHS,
EDTA 5mM. Extracts were then heated for S5min at 90°C and
centrifuged at 13000r.p.m. for 15min. Total protein in the super-
natants was quantified using the Biorad Dc protein assay. Thirty
micrograms of proteins was used for electrophoresis on 12% SDS—
polyacrylamide gels and transferred to nitrocellulose. TH and DDC
antibodies were used at a dilution of 1/10000 and 1/5000,
respectively. Immunoreactivity was detected with horseradish-
peroxidase (HRP)-labelled antibodies followed by chemiluminescent
detection (ECL kit from Amersham). Autoradiographic densitometry
was performed with a Biocom 200 image analyser (Les Ulis). A
standard curve was obtained with various amounts of protein extracts
from striatum ranging from O to 20 pg. The ODs of the standards were
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measured, and a calibration curve representing OD as a function of
the protein concentration was calculated. Samples from individual
animals were always analysed in duplicate or triplicate. Comparisons
were made between groups of animals (n=6) using the Student’s #-
test. Results were expressed as percentage relative to control.

Monoamines vesicular transporter binding

In vitro autoradiographic detection and quantification of monoamines
vesicular  transporter (VMAT) were performed following
[*H]TBZOH [dihydrotetrabenazine (2-hydroxy-3-isobutyl-9,10-di-
methoxy-1,2,3,4,6,7-hexahydro-11b(H)benzo[o]quinolizine] binding
to mice brain slices as previously described (Darchen et al., 1989). In
summary, 20-um sections of frozen DAT** or DAT™~ brain were
pre-incubated for 5min at room temperature in 0.3 M sucrose and
20mM HEPES (N-2-hydroxyethylpiperazine-N-1-2-ethane sulphuric
acid) at pH8.0. Incubation proceeded for 1h 45min in the same
sucrose medium supplemented with 0.125nm [*H]TBZOH
(Amersham). Non-specific binding was estimated from adjacent
sections in the same solution supplemented with 1 uM tetrabenazine.
After two X 3 min washes in Tris(HCl) 50 mm, pH 8.0 at 4 °C and a
2 s rinse in ice-cold distilled water, slices were air dried and exposed
for 2 weeks to [3H]Hyperﬁlm (Amersham). Optical density on the
autoradiographic film was measured using a Biocom image analyser
and converted to fmol [*H]TBZOH specifically bound per mg tissue
compared with [3H]—labelled standards (Amersham). The non-specific
binding on the control slices was not distinguishable from the
background of the autoradiographic film.

Results

Dopamine neurons of the ventral midbrain

DDC- and TH-immunoreactive neurons were present mainly in the
ventral tegmental area (VTA) and the three subdivisions of the SN
(pars compacta, pars lateralis and pars reticulata, Fig. 1). Processes
emerging from TH-positive neurons were found to spread normally
throughout the whole pars reticulata in DAT** and DAT™" mice
(Fig. 1C and D). The general morphology of DDC- and TH-positive
neurons was identical in DAT** and DAT™~ mice (Fig. 1). All DDC-
and TH-positive neurons were counted at Bregma-2,9 to -3,2
(Franklin & Paxinos, 1997, Fig. 1). As summarized in Table 1, a
slight decrease was found in the number of DDC- (24.7 = 6.1%) and
TH- (27.6 £ 4.5%) labelled neurons in both the SNc and the VTA.
At the electron microscopic level, the TH-immunoreactive
perikaryon and dendrites in the SNc, visualized using both
immunogold (Fig. 2A-C) and immunoperoxidase (Fig. 2D) proce-
dures, showed large distribution of the staining in both DAT** (Fig.
2A and B) and DAT™~ (Fig. 2C and D) mice. In the perikaryon of
DAT™ mice, the DAB reaction product is homogeneous and diffuses
over the entire cytoplasm (Fig. 2D). In both DAT** and DAT ™~
mice, the gold particles were mainly associated with the Golgi
apparatus cisternae and the cytoplasmic faces of the endoplasmic
reticulum (Fig. 2A and C). In the immunoreactive dendrites (Fig. 2B
and C), the gold particles were randomly distributed throughout the
cytoplasm. Quantification of the number of gold particles/im>

FIG. 2. Immunohistochemical detection of TH at the electron microscopic level in the substantia nigra. (A and B) DAT** mice. (C and D) DAT”" mice. (A)
A TH-immunoreactive perikaryon shows a large distribution of immunogold particles in the cytoplasm that are mainly associated with Golgi apparatus (Go)
and the cytoplasmic face of the endoplasmic reticulum (arrowheads). (B) TH-positive dendrite (d) with a homogeneous distribution of immunogold particles.
(C) TH immunoreactivity is slightly reduced in the perikaryon but is present at normal levels in dendrites (d); arrowhead points to a symmetrical synaptic
contact between a TH-immunoreactive dendrite and a terminal. (D) Low-power electron micrograph of TH-positive perikaryon (immunoperoxidase labelling)
showing a round unindented nucleus; note the homogeneous distribution of TH over the entire cytoplasm. Scale bar, 0.5 um (A-C); 20 um (D).
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FiG. 3. In situ hybridization of DAT, D2, DDC and TH mRNA in the ventral midbrain of wild-type and homozygote mice. (Upper left panel)
Macroautoradiography following in situ hybridization with DAT (A and B), D2 (C and D) and TH (E and F) oligonucleotide probes. DAT mRNA is not expressed
in DAT™" (B) while D2 autoreceptors mMRNA were reduced (C and D) and TH mRNA showed no modification. (Upper right panel) Dark-field microscopy
following microautoradiography showing no modification in the number of labelled neurons or the intensity of labeling of TH (A and B) and DDC (C and D)
mRNAs in the ventral midbrain of DAT~~ mice. (Lower panel) Light-field microscopy following microautoradiography with probes against mRNA for the DAT
(A and B), D2 (C and D) and TH (E and F) mRNAs showing specific cellular labelling with each probe (see arrows). Dopamine cells of the SNc¢ of DAT ™ mice do
not express the DAT mRNA. The number of cells expressing TH mRNA is slightly reduced in DAT™~ mice.

© 1999 European Neuroscience Association, European Journal of Neuroscience, 11, 3499-3511



showed no modification in dendrites (8.27 = 2.12 and 12.5 = 3.7 gold
particles/lum?) and a significant decrease (39%) in the perikaryon
(10.06 = 1.63 and 6.5 + 0.41 gold particles/um?) of the TH-positive
neurons of DAT"* and DAT ™, respectively.

TH mRNA levels in the ventral midbrain

Macroautoradiographic analysis of X-R films following quantitative in
situ hybridization was performed in the ventral midbrain, comprising
the SNc and the VTA, and provided an overall view of the localization
of DAT and TH demonstrating a homogeneous labelling of these
mRNA. Our results revealed a lack of DAT mRNA and a decrease in
D2 autoreceptor mRNA (—42.8 £9%; P<0.01, Fig. 3, upper left
panel) in DAT™ mice as described previously (Giros et al., 1996). No
significant modifications in the levels of either TH or DDC mRNAs
were found, although there was a tendency towards a decrease in
DAT ™ mice (Table 1). Because of the limited resolution provided by
X-ray films and the small areas analysed, slight modifications of the
mRNA levels can not be detected. Thus, we performed quantification
at the cellular level of the corresponding mRNAs (Fig. 3, upper left
panel). All TH mRNA-positive neurons were counted at the same
coordinates as for immunohistochemistry (Fig. 3, lower panel). As
shown in Table 1, there was a decrease in the number of TH-
(=31.4 £ 7.2%) and DDC- (-29.8 == 6.9%) labelled cells in accordance
with our immunohistochemistry results. Furthermore, we found a
significant decrease in the overall labelling for TH (-24.1 = 6.2%) and
DDC (-27.8 = 8.7%) mRNAs in the ventral midbrain that was of the
same order of magnitude as the percentage of cell loss. However, we
found no significant modification in the grain density per cell
expressing either TH or DDC mRNA. Thus, the decrease in mRNA
levels of TH and DDC is due to the decrease in the number of
dopamine cells.

Liver 18
Striatum 2
TH —_——

FIG. 4. Quantification of TH, DDC and VMAT
protein levels in wild-type and homozygote
animals. (a) Western blot on protein extracts
from ventral midbrain, striatum, adrenal and
liver of DAT** and DAT ™" mice. A standard
curve was obtained with various amounts of
protein extracts from striatum ranging from 0
to 20 ug. Liver protein extracts, known not to
contain TH, ranging from 20 to O ug were
added to the gel wells in order to always
transfer the same amount of protein.
Quantification of the signal intensity revealed a
90% decrease of TH protein levels in the
striatum and 35% decrease in the ventral
midbrain of DAT™~ compared with DAT**.
DDC protein levels were not modified as
demonstrated by Western blotting of the same
samples with DDC antibody following removal
of the TH antibody using standard procedures
(see Materials and methods). (b)
Autoradiographic binding of VMAT at the
striatal level of DAT** (left) and DAT ™~
(right) mice. Note the reduction in the OD in
DAT™" animals.
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TH, DDC and VMAT protein levels in the basal ganglia

Results obtained regarding the number of TH and DDC cells as well as
the corresponding mRNA levels in the ventral midbrain do not account
for the dramatic decrease of intracellular dopamine levels in the
striatum that we previously described (Jones etal., 1998).
Quantification of TH protein levels in the ventral midbrain, striatum
and adrenal (used as control) were assessed using Western blotting
(Fig. 4). The levels of TH protein were found to be decreased by 90%
in the striatum of DAT ™" mice and by only 35% in the ventral midbrain
(VMB). The per cent decrease in TH protein levels in the midbrain is in
accordance with TH mRNA levels and the number of TH-positive cells
(Fig. 4). However, the discrepancy in the levels of TH protein in
striatum versus midbrain may suggest either a trafficking dysfunction,
a differential regulation of TH in the cell bodies of dopamine neurons
in the ventral midbrain compared with their terminals in the striatum,
or loss of striatal projections. In order to investigate this issue, we
performed DDC Western blotting on the same samples and found that
DDC protein levels were not modified in all tissues investigated (Fig.
4). These data, along with the in situ hybridization results, strongly
suggest that the extensive loss of TH proteins in the striatum is not due
to loss of dopamine neurons or projections.

Furthermore, we performed quantitative macroautoradiographic
analysis following binding of ['**IJaminoiodoketanserin to VMAT,
highly expressed in dopaminergic terminals. Surprisingly, levels of
VMAT were found to be 23.3 = 1.6 pmol/mg tissue (n=4) in DAT*"*
animals and 16.6 = 1 pmol/mg tissue (n=4) in DAT ™. Thus, VMAT
decreased by 28.75% in DAT™", a percentage which is of the same
order of magnitude as the dopaminergic cell loss (Table 1, Fig. 6).
Thus, the absence of modifications in DDC expression may be related
to the fact that low modifications are covered by the non-neuronal
expression of DDC, e.g. in blood vessels. However, as we will discuss
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FIG. 5. Immunohistochemical detection of TH
and DDC at the light microscopic level in the
striatum. (A, C and E) DAT** mice. (B, D
and F) DAT”" mice. DDC (A and B) and TH
(C and D) immunohistochemistry following
Vibratome 60 pm sections. (E and F) TH
immunohistochemistry on 1-um semi-thin
sections. Note that TH immunoreactivity, but
not DDC, is significantly reduced in the
striatum. This decrease is heterogeneous as the
accumbens is labelled more than the dorsal
striatum. This heterogeneity is also observed in
the dorsal striatum as revealed on semi-thin
sections. Indeed, while TH distribution in
DAT*"™* wild-type is widespread and
homogeneous, the striatum of DAT™~ animals
presents regions with no detectable labelling
and a few others with nearly normal labelling
(see also Fig. 6). Scale bar, 500 um (A-D);
20pum (E and F).
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below, neither DDC nor VMAT labelling can be attributed to serotonin
or noradrenaline projections to the striatum.

Heterogeneous and specific reduction of TH labelling in the
striatum

In order to investigate the cellular mechanisms underlying the
dramatic loss of TH protein levels in the striatum compared with the
ventral midbrain, we performed striatal immunohistochemical detec-
tion of TH at the light (Fig. 5) and electron microscopy level (Fig. 6).
The distribution of TH was apparently heterogeneous at both the
anatomical and cellular levels in DAT™~ mice. As seen in Fig. 5, TH
labelling is markedly decreased in the striatum as demonstrated on 60-
wm Vibratome sections. Moreover, this decrease is heterogeneous as it
is less pronounced in the core and shell of the nucleus accumbens, as
well as in the olfactory tubercle, than in the dorsal part of the striatum.
No modification in either DDC expression or distribution was
observed (Fig. 5), in correlation with the Western blot results, and
again pointing to the anatomical integrity of the dopaminergic
terminals in the striatum. In order to investigate the participation of
serotonin projections to the expression of DDC and VMAT we
performed serotonin immunohistochemistry in the striatum and found
very rare and scarce labelling of serotonin (data not shown) in both
DAT** and DAT™" mice that can not account for widespread
expression of either DDC (Fig. 5) or VMAT (Fig. 4). Moreover,
immunohistochemistry with a dopamine [ hydroxylase antibody, a
marker of the locus coeruleus noradrenergic cell bodies and
projections, was used in order to investigate whether the remaining
TH labelling might be due to noradrenergic projections from the locus
coeruleus. This antibody clearly labelled neurons of the locus
coeruleus but gave only an extremely faint labelling in the ventral
part of the shell of the accumbens and no labelling in the dorsal
striatum (data not shown).

In mice lacking the DAT, semi-thin sections (1 um) showed that,
even within a given region (i.e. the dorsal striatum), TH labelling was
decreased in a heterogeneous manner (Fig. 6). DAT** mice showed a
dense network of TH-immunoreactive fibres in the striatal neuropil
(Fig. 6), while DAT™~ mice displayed a more restricted distribution
with areas almost empty of any labelling while few areas still showed
some TH immunoreactivity. These findings were especially striking
when investigated at the electron microscopy level. Indeed, while most
of the dorsal striatum is lacking any TH labelling in DAT™" as
compared with DATY*, few remaining TH-immunoreactive profiles
can still be observed and are in fact indistinguishable from DAT** TH
profile (see also legend of Fig. 6). In both DAT”~ and DAT*™ the
ultrastructural characteristics of the TH labelling were the same (Fig.
6). The immunostained structures exhibited varicosities while the
enlarged profiles were filled with mitochondria. Nearly all of the
profiles, irrespective of their size, contained vesicles. In the striatum,
many features previously described for TH projections were observed.
Indeed, close inspection of the images revealed the existence of
separate populations of small clear vesicles and large dense core
vesicles that can be found in the same terminals (Fig. 6). The large
dense core vesicles always outnumbered the smaller clear vesicles and
rarely occurred next to the synaptic junction (Fig. 6B and C), as
previously described (Wassef et al., 1981; Freund et al., 1984; Matteoli
etal., 1991; Pickel etal., 1996). Moreover, we found that the most
common postsynaptic targets of tyrosine hydroxylase-immunoreactive
boutons were dendritic spines and shafts, and that the large majority of
the synaptic contacts identified formed symmetric junctions onto
dendritic shafts and spines (Fig. 6D). Such symmetrical synapses are
characterized by a narrow postsynaptic density and by a synaptic cleft
less enlarged than a normal membrane opposition. However, rare
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asymmetric synapses were found between a TH-immunoreactive
profile and dendritic spines (Fig. 6B).

TH-positive neurons in the striatum

While investigating the distribution of TH immunoreactivity in the
striatum of DAT™~ mice, we observed the presence of TH-immuno-
reactive neurons (Fig. 7). These neurons were visualized on 60-um
Vibratome sections, on 1-um semi-thin sections, as well as by electron
microscopy following either peroxidase or immunogold staining. The
TH-immunoreactive perikaryon fulfil the structural features of
dopaminergic neurons as well as those of striatal interneurons in
general. The peroxidase reaction was observed over the entire cyto-
plasm with a distribution of TH labelling as observed in dopaminergic
neurons of the SN in Fig. 2D. The number of neurons varied greatly
within animals, with some animals having over 80 neurons per hemi-
striatum. These neurons were medium sized, as opposed to large-sized
cholinergic neurons, and were present more in the ventral than dorsal
striatum (Fig. 7A and B). No such neurons were visible in the striatum
of DAT™* animals, which is most probably due to the extensive
labelling of TH projections from the midbrain that may cover the weak
labelling of striatal TH cell bodies when using immunohistochemistry.
However, in situ hybridization revealed the existence of TH mRNA
not only in DAT ™~ striatal sections but also in DAT*'* animals (Fig. 7).
The number of TH mRNA-positive neurons per hemi-striatum was
35+ 19 in DAT™ and 21 = 12 in DAT""*, and was not statistically
different although there was a tendency towards an increase in DAT™".
Differences between the number of neurons found using immunohis-
tochemistry and in sifu hybridization are probably due to the difference
in the thickness of sections (60 um versus 12 um). In addition, the
expression of TH mRNA was very faint and slides needed to be
exposed for 3 months for the signal to be detected. In comparison, TH
mRNA in the SN is visualized within 3 weeks of exposure.

Discussion

In this work, we examined the neuroanatomy of dopamine neurons,
and projections in mice lacking the DAT in the nigrostriatal and
mesolimbic pathway. The main findings presented here can be
summarized as follows. (i) The extensive decrease in the levels of
TH and dopamine are not due to loss of either dopamine neurons or
projections. (ii) While TH mRNA levels in the VMB were only slightly
decreased, protein levels were decreased by 90% in the striatum. (iii)
Within the dorsal striatum, TH immunoreactivity is almost absent
except in a few projections that maintain normal labelling and
morphology. (iv) Finally, TH-positive neurons were observed in the
striatum of DAT ™~ and, to some extent, in DAT** animals. These
neurons, along with the few remaining TH projections, may be
promoting the dopaminergic volume transmission that we previously
proposed in this animal model (Jones eral., 1998). These results
suggest that while the morphology and anatomical integrity of the
nigrostriatal pathway appear relatively intact in DAT~~ animals, the
adaptive changes in response to the lack of DAT in various parameters
of the TH system that we found here and in other parameters of the DA
transmission (Giros et al., 1996; Jones et al., 1998) are of a magnitude
and number not encountered previously in a single system. Thus, along
with our previous findings, these results demonstrate, in vivo, that
mRNA, protein, activity and distribution of TH can be independently
regulated to an extent that has not been yet appreciated. In addition,
they point to the DAT as the major regulatory element controlling the
dopaminergic transmission as its inactivation can not be compensated
by any of the dramatic changes in DA homeostasis that we described
here and before (Giros et al., 1996; Jones et al., 1998).
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Few reports have previously shown a dissociation between TH described that in an animal model where dopamine neurons were
mRNA and protein levels. For instance, Pasinetti etal. (1992) have lesioned by 6-OHDA, TH protein levels are relatively increased in the
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remaining few neurons while TH mRNA is decreased. Here we show a
dissociation between TH mRNA and protein, where mRNA level is
decreased by 25% and protein levels are decreased by 90%. The results
presented here, along with an increasing number of examples (Kaneda
etal., 1991; Kumer & Vrana, 1996), indicate that levels of TH mRNA
do not necessarily correspond to levels of TH protein or activity in
contrast to other dopaminergic markers, e.g. the dopamine receptors
(Jaber et al., 1996).

TH immunohistochemistry and Western blots studies on DAT™~
animals have shown a significant and specific decrease of labelling in
the dorsal striatum, a lesser decrease of TH in the ventral striatum
(shell and core of accumbens, olfactory tubercle) and the VMB (SNc
and VTA). This demonstrates that with the same mRNA levels, TH can
be differentially regulated at the protein levels in relation to the area of
projection. The molecular basis of this decrease is currently under
investigation. One possible clue may lie in the compensatory
mechanisms to loss of DAT. Indeed, DAT is normally present at
higher levels in the SNc and striatum than in the VTA and accumbens
(Ciliax et al., 1995, Miller et al., 1997). Uptake is in fact much more
efficient in the striatum than in the accumbens (Cass etal., 1992;
Nirenberg et al., 1996). Therefore, its loss in our animal model induces
a higher extracellular level of dopamine in the striatum than in the
accumbens (unpublished observation). As a consequence, in an
attempt to compensate for this increased amount of extracellular
dopamine, TH is decreased in the dorsal striatum to a greater extent
than in the accumbens.

In order to investigate whether the modifications in TH expression
are specific to this protein, we measured levels of DDC, expressed in
catecholamine neurons where it decarboxylates L-DOPA to dopamine,
and VMAT that is localized within storage vesicles of monoamines
neurons. Our data show that DDC levels were not modified whereas
VMAT levels were decreased by 28.7%, to the same extent as the
percentage of loss of dopamine neurons. This apparent discrepancy
may be due to the fact that DDC is also expressed in blood vessels that
may cover weak changes in DDC expression related to the dopamine
system. Both VMAT and DDC labelling are mostly due to
dopaminergic projections as neither serotonin nor noradrenaline
systems present extensive projections to the striatum as demonstrated
by serotonin and dopamine B hydroxylase immunohistochemistry
(data not shown). In addition, previous studies have shown that 6-
OHDA lesions of the SNc completely abolish VMAT expression in the
dorsal striatum, again pointing to the dopamine system as the major
monoamine in the striatum and validating the use of VMAT and DDC
as dopaminergic markers in this brain area (Darchen etal., 1989).
Thus, our results suggest that in the DAT™" mice either TH trafficking
from the cell bodies to the terminals in the striatum is specifically
altered or, more likely, that TH is differently regulated within distinct
areas of the dopamine projections.

The distribution of TH within the dorsal striatum itself is
heterogeneous. Indeed, most of the dorsal striatum seems to display
extremely low TH immunoreactivity as demonstrated using optic
microscopy on 60-um Vibratome sections and semi-thin sections
(1 um), as well as electron microscopy. The remaining TH projections
are indistinguishable from normal projections with respect to intensity
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of labelling and the presence of low and high density vesicles as
previously described (Wassef ez al., 1981; Freund et al., 1984; Matteoli
etal., 1991; Pickel etal., 1996). These projections do not originate
from the noradrenergic neurons of the locus coeruleus as these neurons
do not project to the dorsal striatum, although some projections do
reach the accumbens (Hokfelt eral., 1994). Furthermore, and as
mentioned above, dopamine B hydroxylase immunohistochemistry
analysis performed on DAT™" animals showed no detectable labelling
in the dorsal striatum where TH levels were analysed using electron
microscopy. These data suggest that the decrease in TH labelling is
probably due to a specific and substantial loss in TH expression in the
striatum areas with no loss of dopaminergic projections. Because few
TH projections seem to be intact, our results further suggest that
dopamine neurons and their projections are composed of functionally
distinct subsystems as previously proposed (Weiss-Wunder &
Chesselet, 1991).

Intrinsic, striatal tyrosine hydroxylase neurons have received little
attention. In a recent work, Betarbet et al. (1997) have characterized
such neurons in the striatum of control and 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-treated monkeys, and found them to be
increased following treatment. These neurons are small aspiny and
bipolar corresponding morphologically to GABAergic interneurons.
Interestingly, they were found to coexpress the DAT suggesting that
they contain the machinery to be functional dopaminergic neurons. To
the best of our knowledge, only two other reports have identified such
neurons in the striatum (Dubach et al., 1987; Tashiro et al., 1989). The
conditions of appearance of these neurons and their relative
contribution to the nigrostriatal dopaminergic transmission is not yet
well understood. In our animal model the TH cell bodies that we
detected in the striatum might be significantly contributing to the DA
volume transmission, and the subsequent increase in DA levels and
locomotor activity.

An interesting contrast can be drawn between DAT™" mice, in
which as little as 5% of normal DA leads to hyperactivity, and patients
with Parkinson’s disease in whom similarly low levels of DA cause
debilitating impairment in locomotion. Our studies suggest that
therapeutic strategies aimed at mimicking some of the properties or
adaptive changes of DAT”" mice could prove beneficial to
Parkinson’s patients (see also Uhl, 1998). These strategies might
include high-affinity DAT blockers (Boja eral., 1995), alone or in
conjunction with agents that increase synthesis and/or retard degrada-
tion of DA (Coyle & Snyder, 1969).
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Abbreviations

DAT, dopamine transporter; DAT**, homozygote; DAT"", heterozygote;
DAT”, homozygote; DDC, DOPA decarboxylase; HRP, horseradish
peroxidase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; OD, optical
density; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulphate; SN,

FIG. 6. Ultrastructural features of dopaminergic innervation in the striatum. (A and B) DAT** mice. (C and D) DAT™" mice. (A) The TH-immunoreactive
profiles (arrows) are widespread and homogeneously distributed throughout the whole striatum. (B) High magnification of a labelled axon. The immunogold
particles are associated with a bouton forming an asymmetric synapse with a dendritic spine (star). The axon contains numerous small synaptic vesicles and
some large dense core vesicles (thin arrows). (C) In DAT™" mice, TH immunolabelling is absent from most of the striatum with few projections remaining
normally labelled (arrows) and presenting no alteration in the number of light and dense vesicles as well as in the ultrastructure in general. (D) The TH-posi-
tive bouton forms a symmetric synapse into a dendritic shaft (arrow). Ultrastructural features are not modified. Numerous small synaptic vesicles fill the sy-

naptic bouton. Scale bar, 0.5 um (A-D).
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F1G.7. TH-positive neurons in the striatum of wild-type and homozygote animals. /n situ hybridization with a probe against TH mRNA revealed the existence of
labelled neurons in DAT** (A) and DAT ™~ animals (B). No significant difference was found in the number of these neurons in DAT** and DAT™" mice, although
there was a tendency to an increase in DAT ™~ animals. TH-immunoreactive neurons were observed in the striatum of DAT~~ animals on 60-um Vibratome
sections (C) and 1-pum semi-thin sections (D). These neurons are medium sized and were found mainly in the ventral striatum. No such labelling is observed in
DAT™* animals most probably because TH projections from the midbrain are extensively labelled and mask the weak labelling of TH neurons. (E) TH-
immunoreactive perikaryon in the striatum. Note that the nucleus exhibits a deep infolding. The peroxidase reaction product diffused over the entire cytoplasm.
Scale bar, 20 um (C and D); 0.5 um (E).
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substantia nigra; TH, tyrosine hydroxylase; VMAT, vesicular monoamines
transporter; VMB, ventral midbrain; VTA, ventral tegmental area.
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