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A Dopaminergic Axon Lattice in the Striatum and Its
Relationship with Cortical and Thalamic Terminals

Jonathan Moss and J. Paul Bolam
Medical Research Council Anatomical Neuropharmacology Unit, Department of Pharmacology, University of Oxford, Oxford 0X1 3TH, United Kingdom

Interactions between glutamatergic corticostriatal afferents and dopaminergic nigrostriatal afferents are central to basal ganglia func-
tion. The thalamostriatal projection provides a glutamatergic innervation of similar magnitude to the corticostriatal projection. We
tested the hypotheses that (1) thalamostriatal synapses have similar spatial relationships with dopaminergic axons as corticostriatal
synapses do and (2) the spatial relationships between excitatory synapses and dopaminergic axons are selective associations. We exam-
ined at the electron microscopic level rat striatum immunolabeled to reveal vesicular glutamate transporters (VGluTs) 1 and 2, markers
of corticostriatal and thalamostriatal terminals, respectively, together with tyrosine hydroxylase (TH) to reveal dopaminergic axons.
Over 80% of VGluT-positive synapses were within 1 um of a TH-positive axon and >40% were within 1 wm of a TH-positive synapse. Of
structures postsynaptic to VGluT1- or VGluT2-positive terminals, 21 and 27%, respectively, were apposed by a TH-positive axon and
about half of these made synaptic contact. When structures postsynaptic to VGluT-positive terminals and VGluT-positive terminals
themselves were normalized for length of plasma membrane, the probability of them being apposed by, or in synaptic contact with, a
TH-positive axon was similar to that of randomly selected structures. Extrapolation of the experimental data to more closely reflect the
distribution in 3D reveals that all structures in the striatum are within ~1 um of a TH-positive synapse. We conclude that (1) thalamo-
striatal synapses are in a position to be influenced by released dopamine to a similar degree as corticostriatal synapses are and (2) these

associations arise from a nonselective dopaminergic axon lattice.
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Introduction

The basal ganglia are a group of subcortical nuclei that are in-
volved in a variety of functions including motor, cognitive and
mnemonic behaviors (DeLong, 1990; Graybiel, 1995, 2000; Ger-
fen and Wilson, 1996; Bolam et al., 2000). Central to our under-
standing of basal ganglia function is the relationship between the
glutamatergic projection from the cortex to the principal division
of the basal ganglia, the striatum, and the dopaminergic innerva-
tion of the same region, derived from the substantia nigra pars
compacta (Kemp and Powell, 1971; Wilson et al., 1983; Bouyer et
al., 1984; Freund et al., 1984). Excitatory corticostriatal afferents
mainly innervate the spines of medium-sized spiny projection
neurons (Frotscher et al., 1981; Somogyi et al., 1981; Smith et al.,
1998) and the response of the postsynaptic structure is modu-
lated by synaptically released dopamine (Kerr and Wickens,
2001; Reynolds et al., 2001; Surmeier et al., 2007; Shen et al.,
2008). Furthermore, the modulatory effect of dopamine on cor-
tical transmission may also occur by synaptic spill-over and/or
nonsynaptic release (Gonon, 1997; Cragg and Rice, 2004; Rice
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and Cragg, 2008) acting presynaptically and/or postsynaptically.
The molecular mechanisms underlying the modulatory role of
dopamine are numerous and dependent on a variety of factors
including the type of dopamine receptor; the outcome is a facil-
itation or attenuation of the excitatory transmission (for review,
see Surmeier et al., 2007).

In addition to the excitatory input from the cortex, the stria-
tum also receives a major glutamatergic projection from the thal-
amus, principally arising from the intralaminar nuclei (Xu et al.,
1991; Groenewegen and Berendse, 1994; Smith et al., 2004; Raju
et al., 2006, 2008). Although tracing studies have given some
indication about the density of the thalamostriatal projection, the
discovery that the VGluTs 1 and 2 are markers of cortical and
thalamic terminals, respectively (Fremeau et al., 2001; Herzog et
al., 2001; Kaneko and Fujiyama, 2002; Fujiyama et al., 2004,
2006), has led to the finding that the number of thalamostriatal
terminals is of a similar magnitude to the number of corticostria-
tal terminals (Lacey et al., 2005). The question arises, therefore,
whether glutamatergic thalamostriatal synapses have the same
spatial relationship with dopaminergic terminals as has been pro-
posed for corticostriatal synapses and are thus in a position to be
equally modulated by released dopamine (Smith et al., 1994;
Pinto et al., 2003). The main aim of the present study was to test
this hypothesis. Since the dopaminergic nigrostriatal projection
is remarkably dense (Bjorklund and Lindvall, 1984), the second
aim was to test the hypothesis that the spatial relationships be-
tween glutamatergic synapses and dopaminergic axons represent



11222 - J. Neurosci., October 29, 2008 - 28(44):11221-11230

selective associations and are not random in nature. To achieve
these aims, we performed a quantitative analysis at the electron
microscopic level of rat striatum immunolabeled to reveal corti-
cal or thalamic terminals, using antibodies against VGIuT1 or 2,
together with antibodies against TH as a marker of dopaminergic
axons.

Materials and Methods

Experimental procedures were performed on twelve adult male Sprague
Dawley rats (245-425 g; Charles River), and were conducted in accor-
dance with the Animals (Scientific Procedures) Act 1986 (UK), and the
Society for Neuroscience policy on the use of animals in research. Pilot
and control experiments were conducted on six of the rats to establish the
optimal staining conditions and the detailed quantitative analysis on the
remaining six.

Tissue preparation. The rats were anesthetized with sodium pentobar-
bitone (200 mg/kg; Rhone Mérieux) then perfused via the aorta with ~50
ml of phosphate buffered saline (PBS; 0.01 M phosphate buffer, pH 7.4,
0.876% NaCl, 0.02% KCl) followed by 200 ml of fixative (0.1 M phos-
phate buffer, pH 7.4, 3% paraformaldehyde, 0.1% glutaraldehyde) over
~25 min. Free fixative was removed by postperfusion with PBS. The
brain was removed and cut into 65 um sagittal sections (1 in 6 series)
using a vibrating blade microtome (VT1000S; Leica).

Immunohistochemistry. All sections were washed five times in PBS and
placed into a cryoprotectant (0.05 M phosphate buffer, 25% sucrose, 10%
glycerol) for a minimum of 2 h before freeze-thawing. Each section was
then immersed in chilled isopentane and then liquid nitrogen for a few
seconds, left to thaw at ~25°C for ~5 min and then washed three times in
PBS. The sections were then double-immunolabeled to reveal VGIuT1 or
VGluT2, as markers of cortical and thalamic terminals, respectively, and
to reveal tyrosine hydroxylase (TH; rate limiting enzyme in the synthesis
of catecholamines) as a marker of dopaminergic axons and terminals.
Although TH immunolabeling will also reveal noradrenergic axons,
these are rare in the striatum (Carlsson, 1959; Moore and Card, 1984).
Normal goat serum in PBS (NGS-PBS; Vector Laboratories) was used to
block (10% NGS) and wash (2% NGS) sections before the addition of
primary antibodies. Primary antibodies for each of the double-
immunolabeling experiments were added sequentially. Antibodies
against VGIuT1 or VGIuT?2 raised in rabbits (VGIuT1, Mab Technolo-
gies; VGluT2, Synaptic Systems) were used at a dilution of 1:2000 in 2%
NGS-PBS and the sections were incubated overnight (15 h), shaking at
room temperature or over three nights (64 h) at 4°C. They were then
washed once in 2% NGS-PBS, three times in PBS and once in 1% NGS-
PBS. The sections were then incubated for 2 h in goat anti-rabbit gold-
conjugated antibody (1.4 nm colloidal gold, Nanoprobes) at a dilution of
1:100 in 1% NGS-PBS. This was followed by one wash in 1% NGS-PBS
and three washes each in PBS and acetate buffer (0.1 M sodium acetate
3-hydrate) in preparation for silver intensification of the conjugated gold
particles. Silver reagent (1 ml; HQ Silver kit, Nanoprobes) was added to
each section and allowed to react for 2—4 min, washed three times each in
acetate buffer and PBS, and once in 2% NGS-PBS. They were then incu-
bated in a mouse monoclonal antibody raised against TH (Sigma) at a
dilution of 1:1000 in 2% NGS-PBS overnight, shaking at room temper-
ature. Washes of once 2% NGS-PBS, three times PBS and once 1% NGS-
PBS preceded the incubation in biotin-conjugated goat anti-mouse sec-
ondary antibody (BA9200, Vector Laboratories; diluted 1:200 in 1%
NGS-PBS). They were incubated with shaking at room temperature, for
a minimum of 2 h before one wash in 1% NGS-PBS, three washes of PBS
and then incubated in avidin-biotin-peroxidase complex (ABC; Vector
Laboratories, prepared according to the manufacturers instructions)
with shaking for 90 min at ~25°C.

After the ABC incubation the sections were washed three times in PBS
and twice in Tris buffer (0.05 M, pH 7.4). Diaminobenzidine (DAB; 2.5
ml of0.025% in Tris buffer; Sigma) was added to the sections with regular
mixing for 15 min then 40 ul of H,0, (0.03% in H,O) was added. The
reaction continued for 5-7 min until staining was revealed and the reac-
tion was stopped by the addition of Tris buffer before two further washes
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in Tris buffer and three washes in PBS. The sections were then washed
into 0.1 M phosphate buffer (PB; pH 7.4).

The primary antibodies were raised against rat VGluT1, VGIuT2 and
TH (amino acids 543-560, 510-582 and 40-152, respectively). The dis-
tribution of immunolabeling at the light and electron microscopic levels
was distinct for each primary antibody, and consistent with previous
observations by ourselves (TH, Magill et al., 2001; VGluTs 1 and 2, Lacey
et al., 2005) and others (same antibodies: TH, Prasad and Amara, 2001;
VGIuTl, Villalba et al., 2006; VGIuT2, Hirtig et al., 2003. Different anti-
bodies: VGluTs 1 and 2, Fremeau et al., 2001; Herzog et al., 2001; Kaneko
and Fujiyama, 2002; Fujiyama et al., 2004, 2006). No immunolabeling
was observed after omission of the primary antibodies and omission of
each of the secondary antibodies individually showed no evidence of
cross-reactivity.

The sections were then placed flat on the bottom of glass Petri dishes
and postfixed in osmium tetroxide (1% in PB; Oxkem) for 7 min. They
were then washed in 0.1 M PB and dehydrated in an ascending series of
ethanol dilutions (15 min in 50% ethanol, 35 min in 70% ethanol which
included 1% uranyl acetate; TAAB; 15 min in 95% ethanol, and twice 15
min in absolute ethanol). After absolute ethanol, sections were exposed
to two changes of propylene oxide (Sigma) for 15 min and lifted, using
modified forceps, into resin (Durcupan ACM, Fluka) in crafted foil boats
and left overnight (15 h) at room temperature. The resin was then
warmed to decrease its viscosity and sections were placed on microscope
slides, a coverslip applied and the resin cured at 65°C for ~70 h.

Electron microscopic analysis. All sections were examined in the light
microscope and areas from the dorsolateral striatum were cut from the
slide, glued to the top of a resin block and trimmed with razor blades.
Serial sections, ~50 nm thick (silver/gray), were then cut using an ultra-
microtome (Leica EM UC6) and were collected on pioloform-coated,
single-slot copper grids (Agar Scientific). The sections were then lead-
stained to improve contrast for electron microscopic examination. A
Philips CM10 electron microscope was used to examine stained tissue.
Analyses were performed at a minimum of 5 um from the tissue-resin
border (i.e., the surface of the section). The maximum distance from the
tissue-resin border examined was determined by the penetration of the
gold conjugated antibody together with the angle at which the tissue-
resin was sectioned, and was therefore variable. VGluT-immunopositive
synapses were selected at random in the following manner: at a magnifi-
cation of approximately X6,200 (at which synapses cannot be seen), a
point was selected and centered, the magnification was increased to ap-
proximately X25,000 and the first synapse-forming VGluT1- or
VGluT2-immunopositive terminal encountered was selected for analy-
sis. Subsequently, any other immunopositive terminals seen within the
frame were also analyzed. Any immunopositive terminals not fully
within the frame were discarded. Postsynaptic structures, such as large
dendrites that extended beyond the borders of the frame, were only
examined within the frame. It should be noted that this may lead to an
underestimation of the frequency of occurrence of relationships between
glutamatergic and dopaminergic terminals. The criterion for an immu-
nopositive structure was two or more silver intensified immunogold
particles (hereafter simply referred to as immunogold particles). Images
of the labeled terminals were digitally recorded (Gatan multiscan CCD
camera, Gatan) in each of the six serial sections (final magnification in
digital micrographs of X54,100-99,100). In these images, we character-
ized the postsynaptic target(s) of the VGluT-positive terminals. Den-
dritic shafts were identified by their relatively large size when compared
with spines, the presence of mitochondria and, although not essential,
the protrusion of spines from their shaft. Spines were identified by their
shape and relatively small size when compared with dendritic shafts, the
lack of mitochondria within their cytoplasm and, although not essential,
the presence of spiny apparatus. Cell bodies were identified by their
relatively larger cytoplasmic space when compared with dendritic shafts,
the presence of multiple intracellular compartments and organelles and,
although not essential, the protrusion of large proximal dendrites from
their membrane. Once identified, the relationships of these structures,
and the VGluT-positive terminals themselves, with TH-immunopositive
axons and synapses were examined. A total of 50 immunopositive termi-
nals from each of three animals for both VGIuT1/TH and VGIuT2/TH
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immunostained tissue were identified in this way (total number of ter-
minals = 300). Analyses were performed on the digital images using the
publicly available software, Image]J (rsb.info.nih.gov/ij), and they were
adjusted for contrast and brightness using Adobe Illustrator and Photo-
shop (Version CS2, Adobe). We recorded the frequency of appositions
and synapses made by TH-positive axons with either structures postsyn-
aptic to VGluT-positive terminals or the terminals themselves. An appo-
sition was defined as such, when two structures were apposed with no
intervening structure. They are important to note because they could
develop into symmetrical synapses in serial sections beyond the six ex-
amined. Furthermore, if dopaminergic axons can release dopamine at
extrasynaptic sites, appositions may be indicative of sites of functional
interaction between the apposed structures. Asymmetrical synapses
(Gray’s type 1) were identified by the presence of presynaptic vesicle
accumulation, a thick postsynaptic density, a widened synaptic cleft and
cleft material. Symmetrical synapses (Gray’s type 2) formed by TH-
positive axons were identified by presynaptic vesicle accumulation, a
darkened postsynaptic membrane and cleft material. This differs from
the classical criteria for symmetrical synapses (Gray, 1959; Mori, 1966),
which include the presence of a widened synaptic cleft, because TH-
positive synapses are often very transient and have very small membrane
specializations. Varicose and inter-varicose segments of TH-positive ax-
ons could not be differentiated within the six serial sections examined
because the diameters of these segments almost completely overlap
(Pickel et al., 1981).

It is possible that any relationships observed between dopaminergic
axons and excitatory synapses are random in nature and not selective. As
a control for this we determined the spatial relationship between ran-
domly selected structures in the striatum and the dopaminergic nigro-
striatal axons. One section from the series of six serial sections on the
electron microscope grid was selected at random. As above, a field of view
within the depth of penetration of the immunoreagents was randomly
selected at low magnification (i.e., no bias toward VGluT-positive termi-
nals), and the structure whose plasma membrane was closest to the cen-
ter of the field at a magnification of X54,100 was identified. Digital
images of this structure were then recorded in each of the six serial
sections. A total of 60 randomly selected structures were analyzed. The
proportion of these structures either apposed by, or in synaptic contact
with, a TH-positive structure was recorded. To control for differences in
the sizes of randomly selected structures and VGluT-positive terminals
and their postsynaptic targets, we measured the perimeters of the 60
randomly selected structures and of 60 VGluT-positive terminals and 65
structures postsynaptic to them. The frequency of structures being ap-
posed to (or in synaptic contact with) a TH-positive axon was then
corrected for the mean perimeter and expressed as the percentage ap-
posed per micron of membrane.

The proportion of VGIuT1-positive and VGluT2-positive synapses
within 1.0 wm and 0.5 um of a TH-positive axon was measured in the set
of serial micrographs used to examine the VGluT-positive synapses.
Measurements were made from the center of the VGluT-positive syn-
apses (supplemental Fig. 1, available at www.jneurosci.org as supple-
mental material) to the nearest TH-positive axon over 6 serial sections.
Only those VGluT-positive synapses that were positioned >0.99 um and
>0.49 wm from the edge of the captured image in all serial sections were
analyzed for the respective studies (within 1.0 wm # = 33, within 0.5 um
n = 78). Similarly, measurements were made from VGluT-positive syn-
apses to the nearest synapse formed by TH-positive axons within the 6
serial sections.

To determine whether or not the frequency of TH-positive axons/
synapses being within 1.0 wm and 0.5 um of glutamatergic synapses was
random in nature, we examined the proximity of TH-positive axons/
synapses to an arbitrary point in the tissue. The frames randomly selected
with no bias toward VGluT-positive terminals were used for this analysis.
We measured the distance from the point at the center of the frame to the
nearest TH-positive axon or TH-positive synapse within the serial sec-
tions and noted the proportion of these that were within 1.0 um and 0.5
pm. Only random points that remained >0.99 um and >0.49 um from
the edge the frame throughout the series were used for each respective
study (within 1.0 wm, n = 50; within 0.5 wm, n = 60).
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Data for the proportions of VGluT-positive synapses (and randomly
selected points) within 0.5 um of TH-positive axon or synapse were
extrapolated from the volume examined, i.e., a cylinder of height 0.30
wm (six serial 50 nm sections) and radius 0.5 wm, to a sphere of radius 0.5
um to give a better reflection of the distribution in three dimensional
space (n = 138) (see Table 4). Extrapolation of the frequency (f) of the
spatial relationship between excitatory synapses and TH-positive struc-
tures from the cylinder of tissue examined (f;) to a sphere of 0.5 um
diameter (f,) was performed by multiplying the ratio of the volume of the
sphere/volume of the cylinder by the frequency as measured in the cyl-
inder of tissue (f,) [(volume of sphere/volume of cylinder) X f, = f,]. In
addition, the minimum radius of a sphere around VGluT1- and VGIuT2-
positive synapses or randomly selected points necessary to reach a fre-
quency (f,) of 100%, was calculated by assigning the value of f, as 100%,
[(volume of sphere/volume of cylinder) X f; = 100%], and solving the
equation for the radius of the sphere. This reveals the minimum radius of
a sphere around VGluT-positive synapses or randomly selected point
which will include a TH-positive axon/synapse (i.e., the mean distance to
a TH-positive axon/synapse).

Results

Corticostriatal and thalamostriatal afferents contact different
proportions of dendritic shafts and spines

In agreement with previous studies (Lacey et al., 2005; Fujiyama
et al., 2006; Raju et al., 2006, 2008), VGluT-positive terminals in
the striatum made asymmetrical synapses (Gray’s Type 1) mainly
with dendritic spines and shafts. The 150 VGluT1-positive termi-
nals that were examined formed a total of 170 synapses. The
majority were with dendritic spines (95.9%) (Fig. 1 A), 3.5% with
dendritic shafts (Fig. 1 B) and only one synapse with a cell body
(0.6%). The pattern was different for VGluT2-positive terminals
(150 terminals, 173 synapses): 70.5% formed synapses with
spines (Fig. 1C) and 29.5% with dendritic shafts (Fig. 1D). In
contrast to VGluT1-positive synapses, there was marked variabil-
ity between animals in the proportions of synaptic targets of
VGIuT2-positive terminals (proportions of spines to shafts con-
tacted were 61:39%, 84:16%, and 67:33% for the three animals).
VGIuT-positive terminals occasionally made synaptic contact
with multiple structures (14.0%) (Table 1, Fig. 2); most fre-
quently they made contact with two spines (9.7%) (Fig. 2C) but
also with two shafts (1.3%) (Fig. 2 D), a shaft and a spine (2.7%)
(Fig. 2A) and on one occasion, three spines (0.3%) (Fig. 2 B).

Glutamatergic and dopaminergic afferents converge on the
same postsynaptic structures

To define the spatial relationship between dopaminergic affer-
ents and corticostriatal and thalamostriatal afferents, we next ex-
amined the proportion of structures postsynaptic to VGluT1-
and VGIuT2-positive terminals that were apposed by, or in syn-
aptic contact with, TH-positive axons (Table 2, Fig. 3). Any syn-
aptic contacts made by TH-positive axons with these structures is
evidence for direct convergence of glutamatergic and dopami-
nergic signals in the striatum. Appositions by TH-positive axons
show close relationships, which may indicate synaptic contacts
beyond the scope of six serial sections examined or an indirect
interaction by spill-over from dopaminergic synapses or possibly
by the extrasynaptic release of dopamine. TH-positive terminals
formed symmetrical synapses (Gray’s Type 2) with both spines
and dendritic shafts. Double-immunolabeling and serial-section
analysis showed that 20.6% of the structures postsynaptic to
VGIuT1-positive terminals were apposed by TH-positive axons,
of which 42.9% formed synapses (8.8% of all structures postsyn-
aptic to VGluT1-positive terminals) (Fig. 3A,B). Similarly,
VGIuT2 and TH double labeling revealed that 26.6% of the struc-
tures postsynaptic to the VGluT2-positive terminals were also
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apposed by TH-positive axons, of which
34.8% formed synapses (9.2% of all struc-
tures postsynaptic to VGluT2-positive ter-
minals; x> test, p > 0.05) (Fig. 3C-F).

If only spines postsynaptic to VGluT1-
positive terminals are considered, 20.2%
were apposed by a TH-positive axon. Of
these, 42.4% were in synaptic contact
which is equivalent to 8.6% of all spines
postsynaptic to VGluT1-positive boutons.
Six shafts were contacted by VGluT1-
positive terminals. Two of these were ap-
posed by TH-positive axons, one of which
was in synaptic contact.

When the spines postsynaptic to
VGIuT2-positive terminals are considered,
18.9% were apposed by TH-positive axons,
of which 21.7% (4.1% of all spines postsyn-
aptic to  VGluT2-positive terminals)
formed symmetrical synaptic contacts. Of
the shafts postsynaptic to VGluT2-positive
terminals, 45.1% were apposed by TH-
positive axons and 47.8% of these (21.6%
of all dendritic shafts postsynaptic to
VGIuT2-positive terminals), received sym-
metrical synaptic contact from the TH-
positive axons.

In addition to apposing and forming
synaptic contacts with structures postsyn-
aptic to the VGluT-positive terminals, TH-
positive axons directly apposed the presyn-
aptic VGIuT-positive terminals to a similar
degree. Of the VGIuT1- and VGluT2-
positive terminals examined, 29.3% and
21.3%, respectively, were apposed by a TH-
positive axon (Table 2, Fig. 4A). Although
clear synaptic specializations were not ob-
served, we occasionally observed mem-
brane thickenings or a dense material on
the apposing membranes. When apposing
the VGluT-positive terminal the TH-
positive structure would often nestle at the
edge of the synapse, apposing both the pre-
synaptic and postsynaptic structure to a
similar degree (Fig. 4 B).

To determine whether the association between dopaminergic
axons and VGluT-positive synapses was selective, we also mea-
sured the proportion of randomly selected structures that were
apposed by, or in synaptic contact with dopaminergic axons. This
analysis was performed in a similar way to the analysis described
above; randomly selected structures (whose plasma membrane
was closest to the center of the field), were examined in six serial
sections. Of the 60 structures examined, 45.0% were apposed by
TH-positive axons and 22.2% of these formed synapses (10.0% of
all randomly selected structures). However, randomly selected
structures were larger than VGluT-positive terminals or their
postsynaptic targets [the average perimeter of VGluT-positive
terminals (mean = SD) was 1.97 = 0.75 wm, 1.59 £ 0.80 wm for
their postsynaptic structures and 3.30 * 2.53 um for randomly
selected structures]. When normalized for these differences, the
frequency of VGluT-positive terminals apposed by TH-positive
axons was 13%, 15% for their postsynaptic targets and 14% for
randomly selected structures. This indicates that there is unlikely

Figure 1.
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VGluT1- and VGluT2-positive terminals contact dendritic spines and shafts in the striatum. 4, VGluT1-positive
bouton (b) makes asymmetrical synaptic contact (arrowhead) with the head of dendritic spine (s) which arises from a dendritic
shaft (d). A TH-positive axon (TH) is present in the field and is apposed to the spine in adjoining serial sections. B, VGIuT1-positive
boutons (b1 and b3) make asymmetrical synapses (arrowheads) with a dendritic shaft (d). Another VGIuT1-positive bouton (b2)
makes asymmetrical synaptic contact (arrowhead) with a spine (s) and in adjoining serial sections (b2 inset) also makes asym-
metrical synaptic contact (arrow) with the dendritic shaft (d). Note that although there are only few immunogold particles
overlying boutons b2 and b3 in this section, in the remaining five serial sections additional immunogold labeling can be seen (b2
and b3 insets) confirming that they were VGIuT1-positive. €, VGIuT2-positive boutons b1 and b2 make asymmetrical synaptic
contact (arrowheads) with a spine (s) and a dendritic shaft (d), respectively. D, A VGIuT2-positive bouton (b) makes asymmetrical
synaptic contact (arrowhead) with a dendritic shaft (d). A TH-positive axon (TH) is in the vicinity. Scale bars, 200 nm.

Table 1. Single and multiple targets of individual VGluT1- and VGluT2-positive
terminals

Structure(s) contacted VGIuT1 terminals VGIuT2 terminals
One spine 126 20
One shaft 4 37
One cell body 1 0
Two spines 16 13
Two shafts 0 4
One spine/one shaft 2 6
Three spines 1 0

to be selectivity in the location of, or targeting of dopaminergic
axons within the striatum.

When the normalized apposition data for VGIuT-positive ter-
minals or their targets were categorized as VGIuT1 or VGluT2-
positive and by their postsynaptic targets, similar values were
obtained (Fig. 5). Fourteen percent of VGluT1-positive terminals
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and for this reason a less robust compari-
son can be made. This was not the case for
VGluT2-positive terminals. Fourteen per-
cent of VGluT2-positive terminals contact-
ing shafts were apposed by a TH-positive
axon and 17% of these shafts were apposed
themselves by a TH-positive axon.

When normalized for their perimeters,
5.7% of structures postsynaptic to VGluT-
positive terminals formed synapses with
TH-positive axons. The normalized inci-
dence of randomly selected structures
forming synapses with TH-positive axons
was 3.0% per micron of their perimeter.

Excitatory synapses are in close
proximity to dopaminergic axons

As shown above, we observed in serial sec-
tions that only 20-30% of structures
postsynaptic to excitatory terminals are ap-
posed by TH-positive axons and ~9% are
in synaptic contact. Although this may be
an underestimate because only six serial
sections were examined, it still leaves a
large proportion of postsynaptic structures
that are not apposed to, or in synaptic con-
tact with, TH-positive axons. However,
these may still be influenced by released
dopamine. It has been proposed that syn-
aptic spill-over of dopamine or extra-
synaptically released dopamine may dif-

Figure 2. Individual VGIuT1- and VGluT2-positive terminals often make multiple synaptic contacts. A, A VGIuT1-positive
bouton (b1) makes asymmetrical synaptic contacts (arrowheads) with a spine (s) and a dendritic shaft (d). The dendritic shaft (d)
is also in asymmetrical synaptic contact with an unlabeled bouton (b2). B, A VGluT1-positive bouton (b) makes asymmetrical
synaptic contact (arrowheads) with three spines (s1, 52 and s3; some contacts are seen more clearly in other serial sections of the
six collected). Note that although there are only few immunogold particles overlying this bouton in this section, in the remaining
five serial sections additional immunogold labeling was observed (inset) confirming that it was VGIuT1-positive. Also note that
this bouton is apposed by a TH-positive axon (TH). C, A VGIuT2-positive bouton (b) makes asymmetrical synaptic contacts
(arrowheads) with two spines (s1and s2). D, AVGIuT2-positive bouton (b1) makes asymmetrical synaptic contacts (arrowheads)
with two dendritic shafts (d1 and d2). Two spines (s1 and s2) are seen arising from the dendrite, d1, and both are in close
proximity to TH-positive axons (THT and TH2, respectively). One of these spines (s1) is in asymmetrical synaptic contact (arrow-

fuse for up to 2 um in concentrations
sufficient to stimulate D1 receptors and
7-8 mm in concentrations sufficient to
stimulate D2 receptors (Rice and Cragg,
2008) (see also Gonon, 1997; Cragg and
Rice, 2004).

We therefore quantified the proportion
of VGluT-positive synapses that were
within 0.5 wm and 1.0 um of a TH-positive

head) with an unlabeled bouton (b2). Scale bars, 200 nm.

Table 2. The numbers of VGIuT1- and VGIuT2-positive terminals, their postsynaptic
targets, and random control structures apposed and in synaptic contact with TH-
positive axons

Total Number apposed by  Number in synaptic contact
examined TH-positive axons  with TH-positive axons
VGluT1 terminals 150 44
Postsynaptic spines 163 33 14
Postsynaptic dendrites 6 2 1
VGluT2 terminals 150 32 -
Postsynaptic spines 122 23
Postsynaptic dendrites 51 23 N
Random structures 60 27 6

—, No clear snyapses were observed.

contacting spines and 13% of their postsynaptic spines were ap-
posed by a TH-positive axon. Eleven percent of VGluT2-positive
terminals that contact spines were apposed by TH-positive axons
as were 14% of these spines themselves. None of the VGluT1-
positive terminals contacting shafts were apposed by a TH-
positive axon and 14% of the shafts they contacted were apposed.
However, very few VGluT1-positive terminals contacted shafts

axon or synapse (Table 3; supplemental

Fig. 1, available at www.jneurosci.org as

supplemental material). Of the VGIuT1-
positive synapses, 48.5% were within 0.5 um and 90.9% were
within 1.0 wm of a TH-positive axon. Similarly, 46.7% of
VGluT2-positive synapses were within 0.5 um and 72.7% were
within 1.0 wm (x> test, p > 0.05). When considering TH-positive
synapses, 9.1% of VGluT1-positive synapses were within 0.5 um
and 36.4% were within 1.0 um. Similarly, 4.4% of VGluT2-
positive synapses were within 0.5 wm of a TH-positive synapse
and 9.1% and within 1.0 wm, figures that are similar to VGluT1-
positive synapses (x test, p > 0.05). Pooling of the VGIuT1 and
VGIuT2 data revealed that 47.4 and 84.8% of VGIuT-positive
synapses were within 0.5 and 1.0 um of a TH-positive axon,
respectively. Furthermore, 6.4 and 27.3% of VGIuT-positive syn-
apses, respectively, were within 0.5 and 1.0 wm of a TH-positive
synapse.

As a control we determined frequency of randomly selected
points (the center of frames randomly selected from the same
tissue) being within 0.5 or 1.0 um of a TH-positive axon or syn-
apse, in a similar manner to that described above (Table 3; sup-
plemental Fig. 1, available at www.jneurosci.org as supplemental
material). In 43.3% of the cases the randomly selected points
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were within 0.5 wm and 88.0% were within
1.0 wm of a TH-positive axon respectively,
values that are similar to the proportions
for VGluT-positive synapses (x? test, p >
0.10). When considering TH-positive syn-
apses, 5.0 and 18.0% of randomly selected
points were within 0.5 and 1.0 wm, respec-
tively, again similar to the values for
VGIuT-positive synapses (x> test, p >
0.15).

The distances between dopaminergic
axons/synapses and VGluT1-positive syn-
apses, VGluT2-positive synapses or ran-
domly selected points (within 1 wm) were
assessed for the uniformity of their distri-
butions. Each set of measurements was
seen to match the distribution of data of a
normally distributed population (Kolmog-
orov—Smirnov test) except for the mea-
surement between TH-positive synapses
and VGIuT2-positive synapses because this
was only observed in one case.

Our data are derived from the analysis
of six serial 50 nm sections, so the fre-
quency of occurrence of VGluT-positive
synapses and randomly selected points
within 0.5 or 1.0 wm of a TH-positive axon
or synapse is an underestimate of the true
frequencies in three dimensions (i.e., we
examined a cylinder of tissue with height of
0.3 wm and radius 0.5 or 1.0 wm). Assum-
ing uniformity of distribution of TH-
positive structures throughout the stria-
tum (as shown by the Kolmogorov—
Smirnov test), we can extrapolate the data
we obtained from the cylinder of tissue to a
sphere of tissue that will more closely re-
flect the frequencies of interactions in three
dimensions.

The proportions of VGluT1-positive
synapses, VGluT2-positive synapses, and
randomly selected points that are located
within 0.5 um of a TH-positive axon, ex-
trapolated to a sphere of tissue, were 108,
104 and 96%, respectively (Table 4). This
indicates that every VGluT-positive syn-
apse and virtually every randomly se-
lected point within the striatum will be
within 0.5 um of a TH-positive axon.
The radii of the spheres around VGluT-
positive synapses or randomly selected
points that will include a TH-positive
axon on every occasion (i.e., a propor-
tion of 100%), are 0.49, 0.49 and 0.51 wm
for VGIuT1-postive synapses, VGluT2-
positive synapses and random points, re-
spectively (Table 4).

If we consider TH-positive synapses,

rather than TH-positive axons, extrapolated to a sphere, then 20,
10 and 11% of VGluT1-positive synapses, VGluT2-positive syn-
apses, and randomly selected points, respectively, will be within
0.5 um of a TH-positive synapse (Table 4). Similar to above, the
radii of the spheres around VGluT1-positive synapses, VGluT2-

Moss and Bolam e Dopamine—Glutamate Interactions in Striatum

Figure 3.  Striatal spines and dendritic shafts postsynaptic to VGlut1- or VGIuT2-positive terminals are apposed by, or in
synaptic contact with, TH-positive terminals. A, A VGIuT1-positive bouton (b) makes asymmetrical synaptic contact (arrowhead)
with the head of long thin spine (s). A TH-positive terminal (TH) makes symmetrical synaptic contact (arrow) with the neck of the
same spine. B, A VGluT1-positive bouton (b1) makes asymmetrical synaptic contact with a dendritic shaft (d) which is apposed
(arrow) by a TH-positive axon (TH). Within the vicinity, another VGIuT1-positive bouton (b2) makes asymmetrical synaptic
contact (arrowheads) with a spine (s). , A VGIuT2-positive bouton (b1) makes asymmetrical synaptic contact (arrowhead) with
a spine (s) that arises from a dendritic shaft (d1). A TH-positive bouton (TH) makes symmetrical synaptic contact (arrows) with
both the spine (s) and the dendritic shaft (d1) as well as neighboring dendritic shaft (d2). The latter also receives asymmetrical
synaptic input (arrowheads) from a VGluT2-positive bouton (b2). D, VGluT2-positive bouton (b) makes asymmetrical synaptic
contact (arrowhead) with a dendritic shaft (d) which is in symmetrical synaptic contact (arrow) with TH-positive terminal (TH). E,
AVGIuT2-positive bouton (b) makes asymmetrical synaptic contact (arrowheads) with a spine (s) which is synaptically contacted
at its neck (symmetrical synapse: arrow) by a TH-positive terminal (TH). F, A VGIuT2-positive bouton (b) makes asymmetrical synaptic
contact (arrowheads) witha spine (s). A TH-positive terminal (TH) forms a symmetrical synapse (arrow) onto the opposite side of the same
spine. The symmetrical synapses in this figure were identified by three riteria: a presynaptic accumulation of synaptic vesicles, synaptic
cleft material and a darkened postsynaptic membrane (see Materials and Methods). Scale bars, 200 nm.

positive synapses or randomly selected points that will include a
TH-positive axon on every occasion (i.e., a proportion of 100%),
are 0.85, 1.08 and 1.04 um for VGluT1-positive synapses,
VGIuT2-positive synapses and randomly selected points respec-
tively (Table 4). It should be remembered that these figures are
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Figure 4.  TH-positive axons often appose VGIuT1- and VGluT2-positive terminals. 4, A TH-
positive terminal (TH) is closely apposed (arrow) to a VGluT1-positive bouton (b), which in turn
makes asymmetrical synaptic contact (arrowhead) with a spine (s). B, A TH-positive axon (TH)
nestles at the edge of an asymmetrical synapse (arrowhead) between a VGluT1-positive bouton
(b1) and a spine (s1). Itis closely apposed (arrows) to b1, s1and an additional spine, s2, which
makes asymmetrical contact with an unlabeled bouton (b2). Scale bars, 200 nm.

17%

Figure 5. Schematic showing the proportions of VGIuT1-positive (white numbers) or
VGluT2-positive (black numbers) terminals (dark gray), their postsynaptic spines/shafts (light
gray) and random control structures (black) that were apposed by TH-positive axons (white).
Figures normalized for length of perimeter.

best estimates from the available data, which is in some cases
comes from a relatively small sample size but they show that all
structures within the striatum are within ~1 wm of a TH-positive
synapse.
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Discussion

The interaction between glutamatergic corticostriatal afferents
and dopaminergic nigrostriatal afferents is a critical factor in the
expression of basal ganglia function. The aims of the present
study were to compare the spatial relationships between dopami-
nergic nigrostriatal axons and synapses and both of the principal
glutamatergic afferents of the striatum originating in the cortex
and the thalamus, and to determine whether any relationship
identified is a selective association or random in nature. The main
findings relating to these issues are twofold. First, that the spines
and dendrites postsynaptic to thalamostriatal terminals are ap-
posed and innervated by dopaminergic axons to a similar degree
as structures postsynaptic to corticostriatal terminals. It is thus
likely that an additional critical factor in the expression of basal
ganglia function is the interaction between glutamatergic thalam-
ostriatal afferents and dopaminergic nigrostriatal afferents. Our
second principal finding is that the dopaminergic innervation of
the striatum conforms to a dense three-dimensional lattice-work
in which the probability of being apposed by, or in synaptic con-
tact with a dopaminergic axon, is dependent on size. The impli-
cations of this are far-reaching and suggest that the ultimate dis-
tribution of dopaminergic axons in the striatum is unlikely to be
a targeted phenomenon.

The relationship between glutamatergic synapses and
dopaminergic axons in the striatum
Our use of serial-section analysis and the fact that we were able to
analyze separately corticostriatal and thalamostriatal synapses by
the use of antibodies to different vesicular glutamate transporters
(Fremeau etal., 2001), enabled us to provide detailed quantitative
data of the relationships between identified excitatory terminals
and dopaminergic axons within the striatum. In addition to do-
pamine being released at synapses, it has been proposed that it
may also be released at extrasynaptic sites and by spill-over from
synapses. However, it is not yet possible to unequivocally identify
nonsynaptic release sites. We therefore quantified the relation-
ship between excitatory synapses and dopaminergic axons at the
two extremes: the number of dopaminergic axons that were di-
rectly apposed to the membrane of structures in the striatum and
the number of dopaminergic axons making synaptic connec-
tions. The former represents the maximum possible number of
sites of interaction with excitatory synapses (if we assume that
dopamine release can occur at all parts of an axon), whereas the
latter represents the most conservative estimate of sites of inter-
action. With this approach we identified that ~20% of spines
postsynaptic to corticostriatal terminals were apposed by a dopa-
minergic axon and, in about half of these cases (8.8%), the dopa-
minergic axon formed a synapse. These findings support the
widely held view of the relationship between dopaminergic axons
and corticostriatal synapses and data from anterograde tracing
studies combined with TH immunocytochemistry in rats and
monkeys (Bouyer et al., 1984; Smith et al., 1994). We similarly
found that ~19% of spines postsynaptic to thalamostriatal ter-
minals were apposed by a dopaminergic axon, approximately one
fifth of which also formed a synapse. Furthermore, 45% of den-
dritic shafts postsynaptic to thalamostriatal terminals were ap-
posed by dopaminergic axons and approximately half were syn-
aptic. The differences between spines and dendrites are
presumably because of the larger size of dendrites. However, on
average, the proportions were similar for corticostriatal and
thalamostriatal synapses.

Our data thus support the notion that one of the principal
sites of interaction of dopamine and glutamate in the striatum is
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Table 3. Numbers and percentages of VGIuT1- and VGluT2-positive synapses or random control points from the same tissue that were within 0.5 pm and 1.0 pum of a TH-

positive axon or synapse in six serial sections

Within 0.5 .em of a TH-positive axon

Within 0.5 um of a TH-positive synapse

Total examined Number Percentage Number Percentage
VGIuT1 synapses 33 16 48.5 3 9.1
VGluT2 synapses 45 21 46.7 2 44
VGIuT synapses 78 37 474 5 6.4
Random points 60 26 433 3 5.0

Within 1.0 wem of a TH-positive axon Within 1.0 um of a TH-positive synapse

Total examined Number Percentage Number Percentage
VGIuT1 synapses 22 20 90.9 8 36.4
VGIuT2 synapses n 8 72.7 1 9.1
VGluT synapses 33 28 84.8 9 273
Random points 50 44 88.0 9 18.0
Table 4. Experimental data obtained from the cylinder of tissue in six serial sections extrapolated to the volume of a sphere

TH-positive axon (f;) TH-positive axon (f,) Radius (r) of sphere

Total (experimental data) (extrapolated from data) (extrapolated from data)
VGIuT1 synapses 33 485 107.7 0.49
VGluT2 synapses 45 46.7 103.7 0.49
VGIuT synapses 78 474 105.4 0.49
Random points 60 433 96.3 0.51

TH-positive synapse (f;) TH-positive synapse (f,) Radius (r) of sphere

Total (experimental data) (extrapolated from data) (extrapolated from data)
VGIuT1 synapses 33 9.1 20.2 0.85
VGIuT2 synapses 45 44 9.9 1.08
VGIuT synapses 78 6.4 14.2 0.96
Random points 60 5.0 1.1 1.04

Proportions of VGIuT1- and VGIuT2-positive synapses or random points within 0.5 .em of a TH-positive axon or synapse in serial sections (f;) or a sphere (f,) are shown together with the minimum radius (r) of a sphere around each that is

necessary to include a TH-positive axon/synapse (100%).

at postsynaptic sites, i.e., mainly dendritic spines (Bouyer et al.,
1984; Freund et al., 1984; Smith and Bolam, 1990; Smith et al.,
1994). We also demonstrate that it is both corticostriatal and
thalamostriatal afferents that are in a position to be influenced by
the dopaminergic afferents (see also Pinto et al., 2003). We pro-
pose therefore that the modulatory or gating effect of dopamine
on glutamate transmission applies equally to corticostriatal and
thalamostriatal synapses. Furthermore, long and short term plas-
ticity of thalamostriatal synapses (Smeal et al., 2007; Ding et al.,
2008; Raju et al., 2008), like that of the corticostriatal synapses, is
likely, at least in part, to be dependent on released dopamine.
These findings, together with those of previous studies (Dubé et
al., 1988; Xu et al., 1991; Lapper and Bolam, 1992; Lacey et al.,
2005, 2007; McHaffie et al., 2005; Raju et al., 2006), suggest that
the thalamostriatal projections exhibit a rich and diverse com-
plexity of function on a par with that of the corticostriatal
projections.

The lattice of dopaminergic axons in the striatum

If indeed dopaminergic modulation of glutamate transmission is
so central to basal ganglia function (Surmeier et al., 2007), the
question arises as to why such a seemingly small proportion of
glutamatergic synapses form convergent contacts with dopami-
nergic terminals. Are the glutamatergic synapses that do not have
a dopaminergic terminal in contact with their postsynaptic struc-
ture in a position to be equally affected by released dopamine? In
addition to synaptic transmission, it has been proposed that do-
paminergic transmission may also occur by ‘volume transmis-
sion’ as a consequence of spill-over of synaptically released dopa-
mine or release at nonsynaptic sites (Agnati et al., 1995). The

“sphere-of-influence” of released dopamine is likely to depend
on many factors including quantal size and the density and dis-
tribution of dopamine transporters and receptors. However, it
has been proposed that the sphere-of-influence of dopamine
spill-over in a concentration sufficient to stimulate dopamine
receptors, has a radius of 2—8 um (Rice and Cragg, 2008) (see also
Gonon, 1997; Cragg and Rice, 2004; Arbuthnott and Wickens,
2007). Our quantitative analysis revealed that a large proportion
of VGIuT-positive synaptic terminals themselves were directly
apposed by TH-positive axons (29.3 and 21.3% for VGluTs 1 and
2, respectively), and that ~47 and 85% of VGluT-positive syn-
apses are within a radius of 0.5 and 1 um of a TH-positive axon,
respectively, as recorded in serial sections. More importantly, 6
and 27% of VGluT-positive synapses are within 0.5 and 1 wm,
respectively, of a TH-positive synapse in serial sections. When
our data are extrapolated to a sphere of radius 0.5 um (assuming
the uniform distribution as demonstrated by the Kolmogorov—
Smirnov test), more accurately reflecting the distribution in three
dimensional space, all VGluT1- and VGluT2-positive synapses
are within 0.5 wm of a TH-positive axon and 20 and 10%, respec-
tively, within 0.5 wm of a TH-positive synapse. If we look at this
in a different way and ask what is the minimum radius of a sphere
around a glutamatergic synapse that will always include a TH-
positive synapse (i.e., the mean distance to a TH-positive synapse
in three dimensional space), we calculate it to be 0.85 and 1.08
pm for VGluT1- and VGIuT2-positive synapses respectively. In
view of the figures proposed by Rice and Cragg (2008) for the
diffusion of dopamine from a synapse, our findings suggest that
every glutamatergic synapse will be within overlapping spheres-
of-influence of synaptically released dopamine. Thus, all gluta-
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matergic synapses are likely to be within reach of a concentration
of dopamine high enough to stimulate both high and low affinity
receptors (Rice and Cragg, 2008).

On the face of it, our findings, and the consensus view in the
literature, imply that the relationship between excitatory syn-
apses and dopaminergic axons/synapses is a selective or targeted
association. To test this directly, we examined the spatial relation-
ship between randomly selected structures in the striatum and
dopaminergic axons. We found that ~43 and ~88% of the ran-
domly selected structures are within 0.5 wm and 1.0 wm of a
dopaminergic axon, respectively, in serial sections, figures that
are remarkably close to those obtained in the analysis of glutama-
tergic (VGluT-positive) synapses (see above). Furthermore,
when normalized for the length of plasma membrane that ap-
pears in the micrographs, the probability of a randomly selected
structure being directly apposed by a dopaminergic axon was
very similar to that of glutamatergic terminals and their postsyn-
aptic targets (14, 13, and 15% per micrometer plasma membrane,
respectively). Similarly, the frequency of synapses formed by the
dopaminergic axons on the randomly selected structures was
very similar to the frequency of synapses formed on structures
postsynaptic to glutamatergic axons.

Extrapolation of these data to a sphere of tissue to give a better
indication the distribution in three dimensional space reveals
that 96% of randomly selected points within the striatum are
within 0.5 um of a TH-positive axon. The distance from ran-
domly selected points to TH-positive synapses is larger (1.04 um)
but indicates that all points in the striatum are within range of a
“spill-over” concentration of synaptically released dopamine suf-
ficient to stimulate receptors.

Our data support previous findings and suggestions relating
to the organization of dopaminergic synapses in the striatum and
quantitative aspects of striatal organization (Wilson, 1986;
Groves et al., 1994; Ingham et al., 1998; Cragg and Rice, 2004;
Arbuthnott and Wickens, 2007; Wilson, 2007; Rice and Cragg,
2008) and imply that there is no selectivity in the association of
dopaminergic axons and glutamatergic synapses. Rather, they
suggest that the organization of the dopaminergic nigrostriatal
system is such that striatal neuropil is located within a dense,
evenly spaced lattice-work of dopaminergic axons, and the prob-
ability of being apposed by a dopaminergic axon is principally
dependent on the size of the structure. Thus, all similarly sized
striatal structures have an approximately equal probability of be-
ing apposed by a dopaminergic axon. The organization is such
that apposition by, and proximity to, a dopaminergic axon is
random in nature.

Conclusions

We demonstrate that, like corticostriatal glutamatergic axon ter-
minals, thalamostriatal terminals are in a position to be equally
influenced by dopaminergic nigrostriatal axons. However, this
does not represent a selective relationship, but rather it is simply
a reflection of the density and organization of the nigrostriatal
pathway. The specificity of the dopaminergic nigrostriatal system
is most likely to lie in other factors like the timing of dopamine
release and the distribution of dopamine receptors and
transporters.
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