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Cortical and Thalamic Innervation of Direct and Indirect
Pathway Medium-Sized Spiny Neurons in Mouse Striatum

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

The striatum receives major excitatory inputs from the cortex and thalamus that predominantly target the spines of medium-sized spiny
neurons (MSNs). We aimed to determine whether there is any selectivity of these two excitatory afferents in their innervation of direct and
indirect pathway MSNs. To address this, we used bacterial artificial chromosome transgenic mice, in which enhanced green fluorescent
protein (EGFP) reports the presence of D, or D, dopamine receptor subtypes, markers of direct and indirect pathway MSNs, respectively.
Excitatory afferents were identified by the selective expression of vesicular glutamate transporter type 1 (VGluT1) by corticostriatal
afferents and vesicular glutamate transporter type 2 (VGluT2) by thalamostriatal afferents. A quantitative electron microscopic analysis
was performed on striatal tissue from D, and D, mice that was double immunolabeled to reveal the EGFP and VGIuT1 or VGIuT2. We
found that the proportion of synapses formed by terminals derived from the cortex and thalamus was similar for both direct and indirect
pathway MSNs. Furthermore, qualitative analysis revealed that individual cortical or thalamic terminals form synapses with both direct
and indirect pathway MSNs. Similarly, we observed a convergence of cortical and thalamic inputs onto individual MSNs of both direct and
indirect pathway: individual EGFP-positive structures received input from both VGluT2-positive and VGluT2-negative terminals. These
findings demonstrate that direct and indirect pathway MSNs are similarly innervated by cortical and thalamic afferents; both projections

are thus likely to be critical in the control of MSNs and hence play fundamental roles in the expression of basal ganglia function.

Introduction

The striatum is the major division of the basal ganglia, and one of
its primary roles is to integrate glutamatergic afferents that orig-
inate in the cortex and the thalamus (Smith and Bolam, 1990;
Gerfen, 1992; Bolam et al., 2000; Smith et al., 2004; Graybiel,
2005). The predominant targets of corticostriatal and thalamos-
triatal projections are the dendritic spines of the medium-sized
spiny neurons (MSNs), the main neuronal cell-type and principal
projection neuron of the striatum (Kemp and Powell, 1971a,b;
Somogyi et al., 1981; Dubé et al., 1988; Xu et al., 1989; Smith and
Bolam, 1990; Xu et al., 1991; Sadikot et al., 1992; Smith et al.,
1994, 2004; Bolam et al., 2000; Lacey et al., 2005; Raju et al., 2006,
2008; Moss and Bolam, 2008).

Medium-sized spiny neurons are divided into two major sub-
populations based on projection targets and the expression of
dopamine receptor subtypes, as well as a variety of other molec-
ular markers. The so-called “direct pathway” neurons express the
D, dopamine receptor subtype and project directly to the output
nuclei of the basal ganglia, whereas neurons of the “indirect path-
way” preferentially express the D, dopamine receptor and project
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indirectly to the output nuclei via the external segment of the
globus pallidus and subthalamic nucleus (Gerfen et al., 1990;
Smith et al., 1998). Given that the excitatory inputs to the stria-
tum from the cortex and thalamus are fundamental in the expres-
sion of basal ganglia function, it is critical to elucidate the pattern
of innervation of the two subpopulations of MSNs. Both direct
and indirect pathway MSNs have been shown to receive synaptic
input from the cortex (Somogyi et al., 1981; Hersch et al., 1995;
Leietal., 2004). Light microscopic studies have suggested that the
same is true for thalamostriatal afferents (Lanciego et al., 2004;
Castle etal., 2005). Electron microscopic studies in primates have
suggested that afferents from the centromedian nucleus (CM) of
the thalamus preferentially innervate direct pathway MSNs
(Sidibé and Smith, 1996). Furthermore, in vivo electrophysiolog-
ical analyses have demonstrated that striatonigral neurons, at
least, receive excitatory input after both cortical and thalamic
stimulation (Kocsis et al., 1977; Vandermaelen and Kitai, 1980),
and in vitro studies in transgenic mice (see below) have shown
that individual direct and indirect pathway neurons respond to
cortical and thalamic stimulation (Ding et al., 2008).

The aim of the present experiments was to define the rules of
connectivity of corticostriatal and thalamostriatal afferents in re-
lation to MSNss that give rise to the direct and indirect pathways.
The development of transgenic mice that express enhanced green
fluorescent protein (EGFP) under the D, and D, dopamine re-
ceptor promoters (Gong et al., 2003; Valjent et al., 2009) and thus
identify direct and indirect pathway MSNs, respectively, together
with the fact that subtypes of vesicular glutamate transporters are
selective molecular markers of cortical and intralaminar thalamic
afferents (VGluT1 and VGIuT?2, respectively) (Fremeau et al.,
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2001, 2004; Herzog et al., 2001; Kaneko and Fujiyama, 2002;
Fujiyama et al., 2004; Raju et al., 2006, 2008; Barroso-Chinea et
al., 2008) enabled us to address this issue directly. We thus per-
formed a quantitative analysis of the connectivity of the two glu-
tamatergic afferents in relation to the subpopulations of MSNs.

Materials and Methods

All experimental procedures were conducted in accordance with the
Animals (Scientific Procedures) Act 1986 (United Kingdom) and the
Society for Neuroscience policy on the use of animals in research. Exper-
imental procedures were performed on 28 adult bacterial artificial chro-
mosome (BAC) transgenic mice that report subtypes of the dopamine
receptor, either D, or D,, by the presence of EGFP (28-58 g; Mutant
Mouse Regional Resource Centers). Pilot and control experiments were
conducted on 14 of the BAC transgenic mice to establish the optimal
staining conditions, and the detailed quantitative analyses were per-
formed on the remaining 14. Details on the methods of BAC mice pro-
duction have been published and can be found on the GENSAT website
(Gong et al., 2003; GENSAT, 2009).

Tissue preparation

The D, and D, EGFP mice were anesthetized with sodium pentobarbi-
tone (200 mg/kg; Rhone Mérieux) and then perfused via the aorta with
~30 ml of PBS [0.01 M phosphate buffer (PB), pH 7.4, 0.876% NaCl, and
0.02% KCl], followed by up to 50 ml of fixative (0.1 m PB, pH 7.4, 3%
paraformaldehyde, and 0.1% glutaraldehyde) over ~15 min. In some
cases, free fixative was removed by postperfusion with PBS. The brain
was removed and cut into 50-60 wm sagittal sections (1-in-6 series)
using a vibrating blade microtome (VT1000S; Leica Microsystems).

Immunohistochemistry

All sections were washed three times in PBS and placed into a cryopro-
tectant (0.05 M PB, 25% sucrose, and 10% glycerol) for a minimum of 2 h
before freeze—thawing. Each section was 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 either single or double immunolabeled. All
sections were immunolabeled to reveal either VGIuT1 or VGIuT?2, as
markers of cortical and thalamic terminals, respectively. Double-labeled
sections were then immunolabeled to reveal the EGFP (which reports
expression of either the D, or D, receptor subtypes, markers of direct or
indirect pathway MSNs, respectively). Primary antibodies for the
double-immunolabeling experiments were added sequentially. Normal
goat serum (NGS) in PBS (Vector Laboratories) was used to block (10%
NGS) and wash (2% NGS) sections before the addition of primary anti-
bodies. Antibodies against VGIuT1 or VGIuT2, raised in rabbits (VGluT1
from MAD Technologies; VGluT2 from Synaptic Systems) were used at a
dilution of 1:2000 in 2% NGS—-PBS, and the sections were incubated
overnight (~14 h), with shaking at room temperature or over 3 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 incu-
bated for 2 h in 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, pH 7.0-7.5) in prepara-
tion for silver intensification of the conjugated gold particles. Silver re-
agent (1 ml; HQ Silver kit; Nanoprobes) was added to each section,
allowed to react for 4 min, and washed three times each in acetate buffer
and PBS and once in 2% NGS-PBS. The sections were then incubated in
a biotinylated antibody against GFP, raised in goat (BA-0702; Vector
Laboratories), at a dilution of 1:500 (for D, mouse sections) or 1:1000
(for D, mouse sections) in 2% NGS-PBS overnight, shaking at room
temperature, or over 3 nights (~64 h) at 4°C. Washes of once in 2%
NGS-PBS and three times in PBS preceded the incubation in avidin—
biotin—peroxidase complex (ABC; prepared according to the instruc-
tions of the manufacturer; Vector Laboratories) with shaking for 90 min
at ~25°C.

After the ABC incubation, the sections were washed three times in
PBS, followed by three washes in 0.1 M PB, pH 6.0. A peroxidase reaction
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using tetramethylbenzidine (TMB) as the chromogen was then per-
formed to reveal EGFP in striatal tissue taken from D, and D, BAC
mice. The TMB—tungstate method was used because of its increased
sensitivity when compared with other peroxidase reactions (Bolam,
1992; Llewellyn-Smith et al., 1993). Sections were placed for 20 min in a
preincubation solution containing the following: 80 ml of 0.1 m PB, pH
6.0, 4 ml of ammonium paratungstate (1% in deionized H,0), 1 ml of
TMB (0.2% dissolved in absolute ethanol; Sigma-Aldrich T5525), 800 ul
of ammonium chloride (0.4% in deionized H,0O), and 800 ul of
p-glucose (20% in deionized H,0). All steps from preincubation onward
were performed on ice. To perform the reaction, the preincubation so-
lution was removed and replaced with the reaction solution, which con-
sisted of 2 ml of the preincubation solution (as above) plus 2 ul of glucose
oxidase (Sigma G6891). The reaction was allowed to continue for 2—8
min, until dark blue staining of MSN cell bodies in the striatum was
clearly seen under the dissecting microscope, and was stopped with cold
0.1 M PB, pH 6.0. Sections were then washed three times for 10 min with
0.1 M PB, pH 6.0. The reaction was then stabilized using diaminobenzi-
dine (DAB) and cobalt (II) chloride. Sections were incubated in a stabi-
lization solution containing the following: 400 ul of ammonium chloride
(0.4% in deionized H,0), 400 ul of p-glucose (20% in deionized H,0),
800 wl of cobalt (II) chloride (1% in deionized H,0), and 40 mg of DAB
dissolved in 40 ml of 0.1 M PB, pH 6.0. The stabilization solution was
filtered and stored at approximately —20°C before use. Sections were
incubated for 10—15 min. The stabilization solution was then removed
with three 10 min washes of 0.1 m PB, pH 6.0. During stabilization, the
blue-staining color from the reaction step changes to a darker magenta
color and background staining is reduced. Sections were then washed
three times in 0.1 M PB, pH 7.4.

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 that
included 1% uranyl acetate (TAAB), 15 min in 95% ethanol, and twice
for 15 min in absolute ethanol]. After absolute ethanol, sections were
washed twice in propylene oxide (Sigma) for 15 min, lifted, using mod-
ified forceps, into resin (Durcupan ACM; Fluka) in crafted foil boats, and
left overnight (~15 h) at room temperature. The resin was then warmed
to reduce its viscosity, sections were placed on microscope slides, a cov-
erslip was applied, and the resin was cured at 65°C for ~70 h.

The GFP primary antibody, raised in goat, shows high affinity for
wild-type, recombinant, or any variants of Aquorea victorea GFP (BA-
0702; Vector Laboratories). Immunoperoxidase staining of the GFP an-
tibody showed a precise correlation with EGFP fluorescencein D, and D,
BAC-EGFP mice. The VGIuT primary antibodies were raised against rat
VGIuT1 and VGIuT2 (amino acids 543-560 and 510-582, respectively).
The distribution of immunolabeling at the light and electron micro-
scopic levels was distinct for each primary antibody and consistent with
previous observations by ourselves (Lacey et al., 2005; Moss and Bolam,
2008) and others, using the same or different antibodies (Fremeau et al.,
2001; Herzog et al., 2001; Kaneko and Fujiyama, 2002; Fujiyama et al.,
2004, 2006; Raju et al., 2006, 2008). No immunolabeling was observed
after omission of the primary antibodies or when tissue from wild-type
littermates (D, BAC-EGFP negative) was processed using the anti-GFP
antibody, followed by a tungstate-stabilized TMB reaction.

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 ultramicrotome (EM UC6; Leica
Microsystems), and were collected on pioloform-coated, single-slot cop-
per grids (Agar Scientific). The sections were then lead stained to im-
prove contrast for electron microscopic examination. A Philips CM10
electron microscope was used to examine sections of tissue. All analyses
were performed at a minimum of 5 wm 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-
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conjugated antibody together with the angle at which the tissue—resin was
sectioned and was therefore variable.

Tissue single labeled for VGIuT1 or VGIuT2 in D, and D, mice. VGluT-
immunopositive synapses were systematically analyzed in one of the se-
rial sections on an electron microscope grid. One section of the serial
sections on the grid was selected at random, using randomly generated
integers. At a magnification at which it is not possible to clearly visualize
synapses (1950X), an area was chosen that generally comprised the entire
tissue—resin border. The magnification was then increased to 10,500,
and positively labeled VGIuT terminals forming asymmetric synapses
were identified and digitally recorded at an indicated magnification of
25,000X (Gatan multiscan CCD camera). The criterion for an immu-
nopositive structure was three or more silver-intensified immunogold
particles (hereafter simply referred to as immunogold particles). Asym-
metric synapses (Gray’s type 1) were identified by the presence of pre-
synaptic vesicle accumulation, a thick postsynaptic density, a widened
synaptic cleft, and cleft material. Asymmetric synapses were identified
and imaged, continuing systematically in straight lines across the section.
This systematic process was continued within the same section until the
entire selected area had been covered. The process was then repeated on
sections on different grids until 50 VGluT-immunopositive synapses
were analyzed per animal for each group: VGIuT1 labeling in D, and D,
mouse tissue, VGluT2 labeling in D, and D, mouse tissue (n = 3 animals
per group). This resulted in a total of 150 VGIuT-positive synapses per
group and an overall total of 600 asymmetric synapses. In these images,
the postsynaptic target(s) of the VGluT-positive terminals were charac-
terized. Dendritic 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. Subsequently, any other
immunopositive terminals seen within the frame were also analyzed. Any
immunopositive terminals not fully within the frame were excluded.
Postsynaptic structures, such as large dendrites that extended beyond the
borders of the frame, were only examined within the frame. Digital im-
ages were analyzed using the publicly available software NIH Image]
(http://rsbweb.nih.gov/ij/), and they were adjusted for contrast and
brightness using Adobe Illustrator and Photoshop (version CS3; Adobe
Systems).

In view of the fact that the probability of the release of glutamate at
thalamostriatal synapses is less than at corticostriatal synapses in these
two lines of mice (Ding et al., 2008), we analyzed quantitative aspects of
the VGIuT1- and VGIuT 2-positive terminals in the dataset from the
double-labeled tissue (see below). A total of 56 VGIuT1 and 59 VGluT2
terminals forming axospinous synapses were analyzed in single sections
that were systematically taken from the double-labeled tissue dataset
(n = 6 animals per group). Cross-sectional area, length of synaptic spe-
cializations, number of vesicles, and distance of vesicles from the active
zone were measured using NIH Image] and the NIH Image] plug-in
PointDensitySyn (http://folk.uio.no/maxdl/software.html) (Larsson and
Broman, 2005).

Tissue double labeled for VGIuTI or VGIuT2 and GFP in D, and D,
mice. EGFP immunopositive postsynaptic structures forming asymmet-
ric synapses were randomly selected and followed in seven serial sections.
Serial sections on one electron microscope grid were numbered from 1 to
7 at a low magnification (58X). The analysis always began from the
middle section (number 4). The tissue-resin border was located at a
magnification of 5800X (at which synapses cannot be clearly visualized)
and an area was then randomly selected. The magnification was then
increased (10,500X) and the tissue was scanned until the first EGFP-
positive structure was identified, as indicated by the presence of TMB
crystals and/or DAB staining within spines or dendrites. If the EGFP-
positive structure was seen to be forming an asymmetric synapse, it was
then examined and images were captured, in the seven serial sections at a
magnification of 25,000X, keeping the profile central within the frame.
After acquisition, these images were analyzed and the presynaptic termi-
nals forming asymmetric synapses with EGFP-positive structures were
identified as being either VGIuT immunopositive (three or more immu-
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nogold particles) or negative over the seven serial sections. It was also
determined whether the structure received any other synaptic input and
whether the presynaptic terminal formed more than one asymmetric
synapse with the same or different postsynaptic structures. This was re-
peated until 50 EGFP-positive synapses had been identified and imaged
in tissue from the same animal, using several grids from up to two blocks.
This procedure was performed for each group (D, tissue labeled for
VGIuT1 or VGIuT2 and D, tissue labeled for VGluT1 or VGIuT2), re-
sulting in a total of 150 EGFP-positive postsynaptic structures per group
(n = 3 animals per group) and an overall total of 600 EGFP postsynaptic
structures. To control for the fact that immunogold staining within the
tissue—resin border is variable, resulting from the penetration of the im-
munogold secondary antibody, only sets of images (seven serial sections)
containing at least one VGluT-immunopositive structure were included
in the study. Any other EGFP-positive profiles receiving asymmetric syn-
apses seen within the frame were also analyzed and counted, providing
the entire presynaptic terminal was within the frame border.

Statistical analysis

All statistical calculations were performed using the statistical software R
(version 2.10.1; R Development Core Team, 2009, Vienna, Austria) and
PASW Statistics (version 18.0; SPSS, 2010, Surrey, UK). For statistical
analyses, either the Fisher’s exact test or the Mann—Whitney U test were
used, and all p values described are two tailed. Differences were consid-
ered significant when p < 0.05.

Results

Postsynaptic targets of corticostriatal and thalamostriatal
afferents in D, and D, transgenic mice

The targets of cortical and thalamic innervation of the striatum,
asindicated by labeling for VGIuT1 or VGIuT?2, respectively, have
been studied extensively in rat and nonhuman primate (Lacey et
al., 2005; Fujiyama et al., 2006; Raju et al., 2006, 2008; Moss and
Bolam, 2008). To determine whether the synaptic architecture in
the D, and D, transgenic mice is comparable with that in other
species, we analyzed tissue from the D, and D, BAC-EGFP mice
single immunolabeled for VGIuT1 or VGIuT2. Light microscopic
analysis revealed that the patterns of VGluT1 and VGluT2 immu-
nogold labeling were consistent with previous reports, with in-
tense VGIuT1 labeling in the cortex and hippocampus, and
VGIuT2 labeling most intense in the thalamus (Fremeau et al.,
2004). Electron microscopic analysis revealed that VGluT1 and
VGIuT2 immunogold labeling was concentrated within axons
and axon terminals forming asymmetric synapses. Consistent
with previous studies in rat (Lacey et al., 2005; Fujiyama et al.,
2006; Raju et al., 2006; Moss and Bolam, 2008) and rhesus mon-
key (Raju et al., 2008) (Table 1), VGluT1-positive terminals in
striatal tissue from both D, and D, transgenic mice formed asym-
metric synapses almost exclusively with spines (98.8 and 98.2%,
respectively), with only a small proportion in synaptic contact
with dendritic shafts (Table 1). Likewise, VGluT2-positive termi-
nals in the D, and D, tissue had a similar distribution to other
species, with ~77-80% in contact with spines and the remainder
(~21%) in contact with dendritic shafts (Table 1). Statistical
analysis revealed that the difference between the proportions of
VGIuT1- and VGIuT2-positive terminals forming synapses with
dendritic spines is significant (p < 0.001, Fisher’s exact test).
These data demonstrate that the pattern of glutamatergic inner-
vation of MSNs in the striatum of the D, and D, BAC-EGFP
transgenic mice is not markedly different from other species.

Morphological characteristics of corticostriatal and
thalamostriatal terminals in D, and D, transgenic mice

A previous study revealed no differences in the cross-sectional
area of VGluT1- and VGluT2-positive synaptic terminals or
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Table 1. Postsynaptic targets of individual VGIuT1- and VGluT2-positive terminals
in D, and D, transgenic mice compared with previous studies

Percentage == SEM of VGIuT-positive terminals

Study forming axospinous synapses

VGluT1
Mouse D, (present study)
Mouse D, (present study)

988 = 1.1(n=13)
982 *+1.0(n=3)

Rat (Moss and Bolam, 2008) 95.9
Rat (Lacey et al., 2005) 98.9
Rat (Raju et al., 2006) >90

Rat (Fujiyama et al., 2006)

Rhesus monkey (Raju et al., 2008)
VGluT2

Mouse D, (present study) 776 = 1.6(n=3)

Mouse D, (present Study) 80.1 £ 48(n=13)

Rat (Moss and Bolam, 2008) 70.5

Rat (Lacey et al., 2005) 719

Rat (Raju et al., 2006) 8090 (patch), 50— 60 (matrix)

Rat (Fujiyama et al., 2006) 84 (patch), 30 (matrix)

Rhesus monkey (Raju et al., 2008) 50-65

82 (patch), 81 (matrix)
94-98

length of the synaptic membrane in the rat (Lacey et al., 2005).
Similarly, no differences were observed in the diameter of
VGIuT-positive synaptic terminals in primate (Raju et al., 2008),
although there is an indication that VGluT1-positive terminals
may have a larger volume (Smith et al., 2009a). We observed no
significant differences in the cross-sectional area of VGIuT1- and
VGIuT2-positive synaptic terminals (mean * SD, VGIuTl,
0.30 = 0.0495 um?; VGIuT2, 0.30 = 0.0548 um? p > 0.05; 1 =
6 animals per group; Mann—Whitney U test in this and subse-
quent comparisons) and in the length of the synaptic membrane
(VGIuT1, 0.18 = 0.05 wm; VGluT2, 0.16 = 0.01 pm; p > 0.05).
Analysis of the distribution of vesicles revealed no significant
differences in the number (mean * SD, VGIuT1, 26.56 * 7.68;
VGIuT2, 31.74 * 6.51; p > 0.05), density of vesicles (VGIuT1,
87.77 * 15.65 per um?; VGIuT2, 108.40 = 29.92 per um?; p >
0.05), mean distance from active zone (VGIuT1, 241.13 * 52.31
nm; VGIuT2, 254.06 £ 43.58 nm; p > 0.05), and intervesicle
distance as an indicator of clustering (VGIuT1, 300.48 * 41.07
nm; VGIuT2, 295.35 * 59.44 nm; p > 0.05). There were also no
significant differences in the morphological characteristics of ter-
minals when pooled to reflect whether the terminal was forming
a synapse with either a D- or D,-positive spine (all p values
>0.05, Mann—Whitney U test). These findings indicate that there
are no differences in the morphological characteristics of corti-
costriatal and thalamostriatal terminals and their vesicle distribu-
tions that could account for their different electrophysiological
properties (Ding et al., 2008).

Innervation of direct and indirect pathway MSNs by
corticostriatal and thalamostriatal terminals

In double-labeled tissue, cortical or thalamic terminals were
identified by immunogold labeling for VGIuT1 or VGIuT2, re-
spectively, and EGFP, which reports the expression of D, or D,
receptors, was used to differentiate the direct and indirect path-
way MSNs and was revealed by immunoperoxidase labeling.
Light microscopic examination of immunolabeling for EGFP in
sections from D, and D, mice showed intense labeling in the
striatum and distinct labeling of the direct and indirect pathways,
respectively [i.e., intense staining in the substantia nigra pars
reticulata and entopeduncular nucleus (D, mice) and the globus
pallidus externa (D, mice)], as has been reported previously (for
review, see Valjent et al., 2009). High-magnification light micros-

J. Neurosci., November 3, 2010 - 30(44):14610-14618 * 14613

Figure 1.  D;- and D,-expressing MSNs in the striatum, as revealed by immunoperoxi-
dase labeling for EGFP. Light microscopic images showing neuronal cell bodies (some
indicated by open arrowheads) and dendrites (some indicated by filled arrowheads) of
MSNs labeled for EGFP (immunoperoxidase reaction product; TMB—DAB) in tissue from D,
(left) and D, (right) BAC-EGFP mice. Note that the outlines of negative MSN cell bodies
can be seen (some indicated by asterisks). Note also the dense meshwork of dendritic
labeling in the neuropil. Scale bars, 50 pm.

Figure 2. D, and D, MSNs receive synaptic input from VGluT1-positive terminals and
VGluT2-positive terminals. 4, A spine (sp) of a D, MSN, identified by peroxidase immunolabel-
ing for EGFP, receiving asymmetric synapticinput (arrowhead) from a VGluT1-positive terminal
(t), identified by immunogold labeling. Note the large crystal-like reaction product formed by
TMB. B, A spine (sp) of a D, MSN, identified by immunoperoxidase labeling for EGFP, receiving
asymmetric synaptic input (arrowhead) from a VGIuT2-positive terminal (t), identified by im-
munogold labeling. Note the floccular electron dense peroxidase reaction product. €, A spine
(sp) ofa D, MSN identified by peroxidase labeling for EGFP receiving asymmetric synapticinput
(arrowhead) from a VGIuT1-positive terminal (t) identified by immunogold labeling. Note the
large crystal-like reaction product formed by TMB. D, A spine (sp) of D, MSN, identified by
peroxidase labeling for EGFP, receiving asymmetric synapticinput (arrowheads) froma VGIuT2-
positive terminal (t) identified by immunogold labeling. Note the large crystal-like reaction
product formed by TMB. Scale bars, 250 nm.

copy revealed that labeling for EGFP was localized within MSN
cell bodies, dendrites, and spine-like structures and was intermin-
gled with unlabeled cells (Fig. 1). Electron microscopic analysis re-
vealed that immunoperoxidase reaction product (TMB-DAB) was
consistently located within MSN dendrites and dendritic spines (Fig.
2; see also Figs. 4, 5).

Initial qualitative electron microscopic analysis of the double-
labeled tissue revealed that D, (EGFP-positive) structures receive
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Figure3. Quantitative analysis of the cortical and thalamicinnervation of direct and indirect
pathway MSNsin the striatum. A histogram showing the average percentage (= SEM) of VGIuT-
positive terminals forming asymmetric synapses with EGFP-positive (D, or D,) structures out of
a total of 150 synapses per set of tissue (D, VGIuT1, D, VGIuT2, D, VGIuT1, or D, VGIuT2;n = 3
animals per group). Of the 300 D, -positive structures, 63 had presynaptic structures that were
VGIuT1 positive and 66 that were VGIuT2 positive in their respectively labeled tissue. Similarly,
for D,-positive structures, 57 had presynaptic structures that were VGIuT1 positive, and 50 that
were VGIuT2 positive. D,-positive or D,-positive structures did not form significantly different
numbers of synapses with VGIuT1 or VGIuT2 terminals ( p > 0.05, Fisher's exact test). Addi-
tionally, neither VGIuT1- nor VGluT2-positive afferents formed significantly different numbers
of synapses with D,- or D,-positive structures ( p > 0.05, Fisher’s exact test).

synaptic input from both VGIuT1-positive terminals (Fig. 2A)
and VGluT2-positive terminals (Fig. 2B). Similarly, D, (EGFP-
positive) structures receive synaptic input from both VGluT1-
positive terminals (Fig. 2C), and VGluT2-positive terminals (Fig.
2 D). This demonstrates that both cortical and thalamic afferents
innervate both direct pathway MSNs and indirect pathway
MSNGs.

Quantitative electron microscopic analysis of the tissue dou-
ble labeled for EGFP (D, or D,) and VGIuT1 or VGIuT2 was
performed. Immunopositive (D, or D,) postsynaptic structures
were randomly selected and analyzed, and the presynaptic termi-
nals forming asymmetric synapses were characterized as being
VGIuT-positive or -negative. Thus, we were able to determine
what proportion of terminals forming synaptic contact with neu-
rons of the direct (D,) and indirect (D,) pathways were derived
from the cortex (VGluT1-positive) or the thalamus (VGluT2-
positive) (Fig. 3). Examination of D, tissue labeled for VGluT1
revealed that, of the 150 asymmetric synapses examined, 63 of the
presynaptic terminals were positive for VGIuT1, (average per-
centage of 42 * 11.5%; n = 3) (Fig. 3). In D; tissue labeled for
VGIuT2, of the 150 synapses examined, 66 of the presynaptic
terminals were VGIuT2 positive (average percentage of 44 =
7.02%; n = 3) (Fig. 3). Similarly, for D, tissue labeled for VGluT1,
57 presynaptic terminals forming synapses were positively la-
beled (average percentage of 38 * 12.7%; n = 3) (Fig. 3). For
D, tissue labeled for VGIuT2, a total of 50 of the 150 presyn-
aptic terminals forming synapses were positive (average per-
centage of 33 = 7.42%; n = 3) (Fig. 3). The statistical analyses
revealed that the postsynaptic D, or D, (EGFP-positive) struc-
tures do not receive significantly different proportions of synap-
tic inputs from either VGIuT1- or VGluT2-positive terminals
(p = 0.82 and p = 0.47, respectively, Fisher’s exact test). More-
over, neither VGIuT1- nor VGluT2-positive terminals showed
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any significant differences in the proportions of synapses formed
with either D, or D, MSNs ( p = 0.56 and p = 0.08, respectively,
Fisher’s exact test).

Although the synaptic contacts made by VGluT1- and
VGIuT2-positive terminals with D, - or D,-positive neurons were
analyzed in separate sections, we conclude that at least a propor-
tion of the terminals immunonegative for one of the VGIuTs, in
fact, expressed the other VGIuT, demonstrating a convergence of
cortical and thalamic input to both direct and indirect pathway
neurons (see below also). However, if all VGluT-immuno-
positive terminals in contact with D, or D, neurons are considered as
a whole, the total does not account for all terminals forming asym-
metric synapses (15-30% negative). Although false negatives
cannot be ruled out, previous studies have shown that ~20-30%
of terminals forming asymmetric synapses are negative for both
VGIuT1 and VGIuT?2. This indicates that a proportion of termi-
nals that form asymmetric synapses may not be glutamatergic or
may express an hitherto unidentified vesicular glutamate trans-
porter (Lacey et al., 2005; Raju et al., 2008; Smith et al., 2009D).

Divergence and convergence of afferents derived from the
cortex and thalamus in the striatum

The fact that single VGluT-positive terminals occasionally
formed more than one synapse enabled us to address, at a quali-
tative level, the issue of divergence of cortical and thalamic affer-
ents with direct or indirect pathway neurons. Similarly, because
EGFP-positive dendrites and spines may receive more than one
synapse and we followed them in seven serial sections, we were
able to examine convergence of cortical and thalamic afferent
synapses formed with an individual direct or indirect pathway
neuron. Of course, these data can only be considered as qualita-
tive because of the possibility of false negatives.

We observed that individual VGluT-positive terminals
formed asymmetric synapses with both an EGFP-positive spine
(D, or D,) as well as an EGFP-negative spine (Fig. 4). Of the 63
VGluT1-positive terminals observed to form asymmetric syn-
apses with D, -positive spines, nine also formed asymmetric syn-
apses with D;-negative spines (Fig. 4A). Similarly, 8 of the 66
VGluT2-positive terminals that formed asymmetric synapses
with D,-positive spines also formed a synapse with a D,-negative
spine (Fig. 4B). A similar situation was observed for VGluT-
positive terminals forming synapses in D, tissue; of the 57
VGIuT1-positive terminals observed to form synapses with D,-
positive spines, 9 also formed a synapse with a D,-negative spine
(Fig. 4C), and 8 of the 50 VGluT2-positive terminals forming
synapses with a D,-positive spine also contacted a D,-negative
spine (Fig. 4 D). These observations demonstrate that individual
cortical and thalamic axons form divergent synaptic contact with
both direct and indirect pathway MSNs.

In addition to the divergence of cortical and thalamic affer-
ents, it was observed that an individual D,-positive neuron re-
ceived asymmetric synaptic input from both a VGluT2-positive
and a VGIuT2-negative terminal (Fig. 5). Similarly, this was ob-
served for a D,-positive neuron. On these occasions, VGluT2-
negative synapses were formed with the heads of dendritic spines,
whereas VGluT2-positive synapses were formed with the den-
dritic shafts from which these spines emerged. Although we can-
not conclude with certainty that the VGluT2-negative terminal is
of cortical origin, this indicates a convergence of excitatory in-
puts, from different origins, onto both direct and indirect path-
way neurons.
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Figure4. Divergent cortical and thalamicinput to direct and indirect pathway MSN spines.
A, AVGluT1-positive terminal (t) makes asymmetric synaptic contact (arrowheads) with a D,-
positive spine (white asterisk) and a D,-negative spine (black asterisk). B, A VGluT2-positive
terminal (t) makes asymmetric synaptic contact (arrowheads) with a D,-positive spine (white
asterisk) and a D,-negative spine (black asterisk). C, A VGIuT1-positive terminal (t) makes asym-
metric synaptic contact (arrowheads) with a D,-positive (white asterisk) and a D,-negative
spine (black asterisk). D, A VGluT2-positive terminal (t) makes asymmetric synaptic contact
(arrowheads) with a D,-positive spine (white asterisk) and a D,-negative spine (black asterisk).
D;- and D,-positive spines are identified by the presence of peroxidase reaction product; clear
synaptic specializations were seen over the seven serial sections. Scale bars, 250 nm.

Figure5.  Anindividual direct pathway MSN may receive synaptic input from both thalamic
(VGluT2-positive) and putative cortical (VGluT2-negative) terminals. A D,-positive dendritic
shaft (sh) receives asymmetric synaptic input (arrowhead) from a VGluT2-positive terminal (t).
A spine (sp) emerging from this shaft receives asymmetrical synaptic input (arrowhead) from a
VGluT2-negative terminal (n). Note that at the top of the image, another VGluT2-positive terminal (t)
forms an asymmetric synapse (arrowhead) with a D,-positive spine. Scale bar, 250 nm.

Discussion

The corticostriatal and thalamostriatal pathways, which mainly
target the spines of MSNGs, are critical in the expression of basal
ganglia function. Furthermore, the transmission of information
through the two separate, but intermingled populations of MSNs
(i.e., those that give rise to the direct and indirect pathways), is
one of the fundamental rules in the organization of the neuronal
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networks of the basal ganglia. Here we show that both corticos-
triatal and thalamostriatal afferents innervate MSNs that give rise
to the direct pathway and MSNs that give rise to the indirect
pathway. Indeed, the quantitative analyses reveal that, when con-
sidering the proportions of excitatory afferents of MSNss, the cor-
ticostriatal and thalamostriatal afferents innervate the two
populations of MSNs to a similar degree. Our analyses also re-
vealed that individual cortical and thalamic axons can innervate
both direct and indirect pathway MSNs. Furthermore, the data
suggest that individual direct or indirect pathway MSNs receive
input from both the cortex and thalamus. Thus, a principle of
basal ganglia circuitry is that the two major excitatory inputs to
the basal ganglia innervate, to equal degrees, both MSNs that give
rise to the direct pathways and those that give rise to the indirect
pathway. Our findings are in agreement with previous electro-
physiological data (Kocsis et al., 1977; Vandermaelen and Kitai,
1980; Ding et al., 2008) and reinforce the concept that subcortical
inputs to the basal ganglia are as important as cortical afferents in
the expression of basal ganglia function (Redgrave et al., 1999;
Smith et al., 2004; McHaffie et al., 2005).

Cortical and thalamic input to direct and indirect

pathway MSN’s

The development of BAC transgenic mice in which EGFP reports
the expression of dopamine D, or D, receptors and hence direct
or indirect pathway MSNs has been critical in the elucidation of
the properties of these subpopulations of MSNs (Gong et al.,
2003; Lobo et al., 2006; Kreitzer and Malenka, 2007; Surmeier et
al., 2007; Ade et al., 2008; Cepeda et al., 2008; Day et al., 2008;
Gertler et al., 2008; Shen et al., 2008; Shuen et al., 2008; Janssen et
al., 2009). This development, together with the discovery that
VGIuT1 and VGIuT?2 selectively label corticostriatal and thalam-
ostriatal afferents (Fremeau et al., 2004), enabled us to directly
assess and quantify the relationship between excitatory afferents
and the principal neurons of the striatum. We demonstrated that
both corticostriatal and thalamostriatal projections make synap-
tic contact both direct and indirect pathway neurons to similar
degrees. The vast majority of synapses analyzed were axospinous.
However, we cannot rule out the possibility of axodendritic syn-
apses in contact with interneurons, but it should be noted that
these only account for a very small proportion of the synapses
analyzed. Our findings thus suggest that, despite heterogeneities
in neurochemistry, morphology, and connections of the two
populations of MSNs, when using molecular markers to study the
projections, the corticostriatal and thalamostriatal afferents are
relatively uniform in their innervation of MSNs. It is possible,
however, that there is heterogeneity when considering subdivi-
sions of the corticostriatal or thalamostriatal pathways. Indeed,
previous anterograde labeling studies have indicated that sub-
populations of cortical afferents show selectivity for direct or
indirect pathway MSNs (Hersch et al., 1995; Lei et al., 2004), and
afferents from the CM nucleus of the squirrel monkey selectively
innervate neurons of the direct pathway (Sidibé and Smith,
1996). Furthermore, microstimulation of sensorimotor cortex and
local disinhibition of primary motor cortex both result in upregula-
tion of early-gene expression primarily within indirect pathway neu-
rons (Berretta et al., 1997; Parthasarathy and Graybiel, 1997).
Moreover, lesioning of the intralaminar thalamic nuclei has been
shown to preferentially downregulate enkephalin mRNA, thus indi-
cating an increased influence over the indirect pathway (Salin and
Kachidian, 1998). Our study does not obviate these findings but
demonstrates that, when the projections are considered as a whole,
there is uniformity in the innervation of the two populations of
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MSNs by excitatory afferents, and hence both direct and indirect
pathways neurons are likely to be similarly influenced by cortical and
thalamic afferents.

It is critical to determine whether the homogeneity of the
excitatory innervation of MSN subpopulations is reflected in the
innervation of single cells, i.e., do individual direct or indirect
pathway MSNs receive convergent input from both the cortex
and the thalamus and, if so, what are the relative proportions of
these afferents? Our electron microscopic analyses enabled us to
provide qualitative data on this issue. On the basis that a terminal
that is negative for, say, VGluT2 is likely to be a cortical terminal
(i.e., presumably expressing VGluT1) and vice versa, we identi-
fied that individual direct pathway MSNs or indirect pathway
MSNss receive input from both the cortex and thalamus. How-
ever, we should be cautious in our interpretation because a ter-
minal immunonegative for one of the VGluTs may simply be a
false negative; furthermore, it does not necessarily mean that it
expresses the other VGIuT examined in this study. The fact that
we observed that 56 —67% of terminals forming asymmetric syn-
apses with D, or D, MSNs are negative for the VGluT under study
implies convergence of cortical and thalamic terminals on indi-
vidual neurons, because together VGluT1- or VGluT2-positive
terminals account for 70—85% of asymmetric synapses in the
striatum. Thus, at least some of the negative terminals will ex-
press the other VGIuT. Direct analysis of this issue requires the
combination of VGIuT immunolabeling together with the label-
ing of single, identified, direct or indirect pathway MSNs. Our
findings thus confirm and extend in vivo electrophysiological
analyses that have revealed that individual MSNs frequently re-
spond to both cortical and thalamic stimulation and in vitro anal-
yses demonstrating both cortical and thalamic input to direct and
indirect pathway neurons (Kocsis et al., 1977; Vandermaelen and
Kitai, 1980; Ding et al., 2008; Smeal et al., 2008).

A second critical issue in the organization of the corticostriatal
and thalamostriatal pathways is the divergence of cortical and
thalamic afferents to the striatum. Do individual cortical or tha-
lamic axons innervate both direct and indirect pathway MSNs?
Again, our observations threw light on this issue. Individual cor-
tical terminals were identified forming synapses with both direct
pathway MSNs in the D, mice and presumed indirect pathway
MSNss that were immunonegative for EGFP. This suggests that
an individual cortical axon provides divergent input to the
striatum with respect to subpopulations of MSNs, a conclu-
sion that was also made from the analysis of the D, mice. On
the basis of similar analyses, we also conclude that individual
thalamic axons provide divergent input to subpopulations of
MSNs. The precise quantitative aspects of convergence and
divergence remain to be established.

The classical view of the functional organization of the basal
ganglia is that corticostriatal projections provide the major in-
puts to the basal ganglia and the role of thalamus is transmission
of information back to the cortex. However, it is clear that sub-
cortical inputs to the basal ganglia are prominent and, in evolu-
tionary terms, preceded the cortical input (McHalffie et al., 2005).
Prominent, and probably most important, of the subcortical in-
puts is that from the thalamus (Groenewegen and Berendse,
1994; Smith et al., 2004), principally, but not exclusively, from
the intralaminar thalamic nuclei. Indeed, there are many similar-
ities between the thalamostriatal and the corticostriatal pathways
in addition to their glutamatergic phenotype. Quantitative anal-
ysis has demonstrated that the number of synapses in the stria-
tum derived from the thalamus is of the same order of magnitude
as derived from the cortex (Lacey et al., 2005; Raju et al., 2008).
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Furthermore, their synaptic targets are essentially similar, in that
most cortical and thalamic terminals innervate dendritic spines
with a smaller proportion innervating the dendritic shafts of in-
terneurons (Kemp and Powell, 1971b; Somogyi et al., 1981; Dubé
et al., 1988; Xu et al., 1989; Smith and Bolam, 1990; Xu et al.,
1991; Sadikot et al., 1992; Bennett and Bolam, 1994; Smith et al.,
2004). Of course, a notable exception is the thalamostriatal path-
way originating in the parafascicular nucleus, which principally
innervates dendritic shafts (Raju et al., 2006; Lacey et al., 2007).
The spatial relationship between thalamostriatal synapses and
dopaminergic synapses is similar to the relationship between cor-
ticostriatal and dopaminergic synapses; thus, both are in a posi-
tion to be modulated by released dopamine to a similar degree
(Moss and Bolam, 2008). Despite differences in the response to
stimulation of corticostriatal and thalamostriatal afferents
(Smeal et al., 2007, 2008), which do not vary between direct and
indirect pathway neurons (Ding et al., 2008), they are both exci-
tatory and give rise to EPSPs. Any specific differences between
corticostriatal and thalamostriatal projections are likely to be un-
derscored by the particular neurons within different functional
regions of the cortex or subnuclei thalamus that give rise to the
projections. The thalamostriatal projection, in particular, is
highly heterogeneous with respect to the somatodendritic mor-
phology of the projecting neurons, their electrophysiological ac-
tivity, synaptic targets, and patterns of innervation of the matrix
and patch/striosomes (Herkenham and Pert, 1981; Deschénes et
al., 1996; Smith et al., 2004; Raju et al., 2006; Lacey et al., 2007).

Functional implications

The neuronal networks that constitute the basal ganglia and the
regions that are connected to the basal ganglia are organized in
such a way that excitatory inputs to the striatum “select” which
individual MSNs, or groups of MSNs, are depolarized from the
relatively hyperpolarized resting state. With sufficient convergent
excitatory input and appropriate modulatory influence of re-
leased dopamine, the selected population of MSNs, which likely
constitute both direct and indirect pathway neurons, will fire
action potentials, and it is this that underlies basal ganglia-
associated behavior. Our findings, together with those of others,
suggest that, although the thalamostriatal pathway carries differ-
ent functional information from that of the corticostriatal path-
way and encodes it in an heterogeneous manner (Lacey et al.,
2007) that is distinct from the cortex in terms of receptor profiles,
release probability, and short-term plasticity (Ding et al., 2008;
Smeal et al., 2008), it is likely to be equally involved in the selec-
tion of individual or populations of MSNs of both the direct and
indirect pathways.
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