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Abstract

The synaptic organization of thalamic inputs to motor cortices remains poorly understood in primates. Thus, we compared
the regional and synaptic connections of vGluT2-positive thalamocortical glutamatergic terminals in the supplementary
motor area (SMA) and the primary motor cortex (M1) between control and MPTP-treated parkinsonian monkeys. In controls,
vGluT2-containing fibers and terminal-like profiles invaded layer II–III and Vb of M1 and SMA. A significant reduction of
vGluT2 labeling was found in layer Vb, but not in layer II–III, of parkinsonian animals, suggesting a potential thalamic
denervation of deep cortical layers in parkinsonism. There was a significant difference in the pattern of synaptic
connectivity in layers II–III, but not in layer Vb, between M1 and SMA of control monkeys. However, this difference was
abolished in parkinsonian animals. No major difference was found in the proportion of perforated versus macular
post-synaptic densities at thalamocortical synapses between control and parkinsonian monkeys in both cortical regions,
except for a slight increase in the prevalence of perforated axo-dendritic synapses in the SMA of parkinsonian monkeys.
Our findings suggest that disruption of the thalamic innervation of M1 and SMA may underlie pathophysiological changes
of the motor thalamocortical loop in the state of parkinsonism.
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Introduction
Our understanding of the functional circuitry of the basal
ganglia-thalamo-cortical system in the normal and parkinso-
nian states has grown tremendously in the past decades. Func-
tional data strongly support the notion that the communication
between specific areas of the cerebral cortex and the thalamus is
altered, both in Parkinson’s disease (PD) patients and in animal
models of parkinsonism (Wichmann and DeLong 1998, 1999,

2003, 2006, 2007; Smith et al. 1998; Turner et al. 2003; DeLong
and Wichmann 2007; Pasquereau and Turner 2011; Wichmann
et al. 2011; Goldberg et al. 2012; Smith et al. 2012). However, little
is known about the underlying substrate of these functional
changes.

In primates, the primary motor cortex (M1) and the sup-
plementary motor area (SMA) are the main targets of the ven-
tral motor thalamus. Although both cortical regions receive
afferents from the basal ganglia– and the cerebellar-receiving
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thalamus, the cerebello-thalamo-cortical system is preferen-
tially aimed at M1, while the basal ganglia–receiving regions
innervate mainly the SMA (Wiesendanger and Wiesendanger
1985; Nambu et al. 1988; Matelli et al. 1989; Darian-Smith et al.
1990; Nambu et al. 1991; Nakano et al. 1992; Darian-Smith and
Darian-Smith 1993; Rouiller et al. 1994; Stepniewska et al. 1994;
Inase and Tanji 1995; Shindo et al. 1995; Inase et al. 1996; Matelli
and Luppino 1996; Hoover and Strick 1999; Rouiller et al. 1999;
Kultas-Ilinsky et al. 2003; Morel et al. 2005; Fang et al. 2006; Step-
niewska et al. 2007). In monkeys, anterograde tracing studies
of thalamocortical projections from various components of the
ventral motor thalamus, including the ventral anterior (VA) and
ventral lateral (VL) nuclei, revealed an extensive patchy labeling
in layer I, II–III, and V of M1 and SMA (McFarland and Haber
2002). A similar pattern of M1 innervation has been reported
in rodents (Herkenham 1980; Ichikawa et al. 1985; Arbuthnott
et al. 1990; Yamamoto et al. 1990; Castro-Alamancos and Con-
nors 1997; Sato et al. 1997; Aumann et al. 1998; Amitai 2001;
McFarland and Haber 2002; Cruikshank et al. 2007; Kuramoto
et al. 2009; Rubio-Garrido et al. 2009; Hooks et al. 2013; Kaneko
2013; Kuramoto et al. 2015). In mice, projections from the basal
ganglia–receiving thalamic regions terminate predominately in
superficial cortical layers, while the cerebellar-receiving thala-
mus mostly innervates deep cortical layers (Mitchell and Cauller
2001; Kuramoto et al. 2009; Kaneko 2013; Kuramoto et al. 2015;
Bopp et al. 2017). This differential laminar distribution of basal
ganglia- versus cerebello-thalamocortical outflow to M1 is not
as clear in monkeys (McFarland and Haber 2002). In addition to
the ventral motor thalamus, the intralaminar thalamic nuclei
also contribute to the innervation of motor cortices, but with
a different laminar pattern of distribution. Most noticeably are
the inputs from the centromedian (CM) nucleus, which target
preferentially layer V of M1 in monkeys (Parent and Parent 2005).

Classical models of the basal ganglia circuitry proposed
that cortical motor areas become hypoactive in PD because of
reduced thalamocortical activity in response to overinhibition
from the basal ganglia output nuclei upon the ventral motor
thalamus (Albin et al. 1989; DeLong 1990). However, recording
and imaging studies have indicated that the situation is far
more complex and variable between motor cortices. Although
decreased neuronal activity has been reported in the SMA
and other premotor cortices of PD patients and MPTP-treated
parkinsonian monkeys (Rascol et al. 1992; Sabatini et al. 2000;
Cunnington et al. 2001; Lefaucheur 2005), the results are
more variable and controversial in M1 (Sabatini et al. 2000;
Haslinger et al. 2001; Pelled et al. 2002; Escola et al. 2003;
Seiss and Praamstra 2004; Lefaucheur 2005; Parr-Brownlie and
Hyland 2005; Brown et al. 2009). On one hand, some authors
reported that corticospinal, but not corticostriatal, neurons
decrease their firing rate and display abnormal discharge
patterns in parkinsonian monkeys (Pasquereau and Turner
2011), while others did not find any significant change in
the mean firing rate of M1 neurons in parkinsonian monkeys
(Doudet et al. 1990; Goldberg et al. 2002). The potential sources
of these pathophysiological changes in cortical activity remain
unknown.

There is strong evidence for synaptic remodeling and prun-
ing of glutamatergic and GABAergic connections throughout the
basal ganglia-thalamocortical circuitry in animal models of PD
(Wichmann and DeLong 1996; Obeso et al. 2000; Day et al. 2006;
Villalba and Smith 2010; Villalba et al. 2015; Xu et al. 2017; Melief
et al. 2018; Villalba and Smith 2018; Mallet et al. 2019; Chu 2020;
Swain et al. 2020). In cortical areas of PD patients, there is a

selective loss of pyramidal neurons in premotor areas (MacDon-
ald and Halliday 2002). A major pruning of dendritic spines on
layer V pyramidal neurons in M1 and dorsolateral prefrontal
cortex has also been described in MPTP-treated parkinsonian
monkeys (Elsworth et al. 2013; Smith et al. 2013). Whether these
changes in spine density reflect a primary cortical pathology
or a neuroplastic response to neuronal degeneration in the CM
nucleus of MPTP-treated parkinsonian monkeys (Smith et al.
2013; Villalba, Wichmann, et al. 2014a; Villalba et al. 2019) and PD
patients (Henderson et al. 2000a, 2000b; Halliday 2009) remains
unclear. Either way, these neuropathological changes could lead
to the breakdown and reorganization of the thalamocortical
system in the parkinsonian state (DeLong 1990; Wichmann and
DeLong 1996; Smith et al. 1998; Obeso et al. 2000; Escola et al.
2003; Wichmann and Delong 2007; Obeso et al. 2008; Smith et al.
2009; Wichmann and Dostrovsky 2011; Lindenbach and Bishop
2013; Taniwaki et al. 2013; Galvan et al. 2015; Pasquereau et al.
2016; Schirinzi et al. 2016; van Nuland et al. 2020).

To further address possible changes in the synaptic organiza-
tion of the thalamocortical projections to motor cortices in the
parkinsonian state, we used morphological and ultrastructural
approaches to compare the overall pattern of synaptic connec-
tions of vGluT2-positive thalamic terminals in the superficial
(II–III) and deep (Vb) layers of M1 and SMA, between control
and MPTP-treated parkinsonian monkeys. The results of this
analysis will compare the architecture of the thalamocortical
synaptic networks between M1 and SMA of normal monkeys
and determine whether these relationships are altered in the
parkinsonian state.

Findings of these studies have been presented in abstract
forms (Villalba, Pare, et al. 2014b; Villalba et al. 2018; Behnke et al.
2017).

Material and Methods
Animals

Brain sections from a total 6 control and 6 MPTP-treated adult
male and female rhesus monkeys (Macaca mulatta) raised in the
breeding colony of the Yerkes National Primate Research Center
were used in this study (Table 1 and Supplementary Table 1). The
housing, feeding, and experimental conditions used in these
studies followed the guidelines by the National Institutes of
Health and were approved by Emory University’s Institutional
Animal Care and Use Committee (IACUC).

MPTP Administration and Parkinsonism

Monkeys received systemic injections of MPTP (Sigma-Aldrich)
(Supplementary Table 1). During the MPTP treatment, behavioral
changes and parkinsonian motor signs were measured with
quantitative methods that are routinely used in our laboratory
(Altar et al. 1986; Singer et al. 1988; Herkenham et al. 1991;
Johannessen 1991; Przedborski et al. 2000; Raju et al. 2008; Masil-
amoni et al. 2010; Villalba and Smith 2011; Mathai et al. 2015;
Masilamoni and Smith 2018). Briefly, animals were transferred
to an observation cage equipped with eight infrared beams
arranged in a square formation on the back and one side of
the cage. A computer system was attached and logged the
timing of beam crossings (Banner Engineering Corp.). In addi-
tion, the animal’s spontaneous behavior was videotaped, and
a computer-assisted observation method was used to quantify
limbs, head, and trunk movements, within a 20-min period. As
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Table 1 Control and MPTP-treated monkeys used

Control MPTP

Monkey Gender Age Monkey Gender Age

Primary motor
cortex (M1)

MR194 Female 13 years, 2 months MR183 Female 17 years, 5 months
MR197 Female 2 years, 7 months MR205 Female 14 years, 4 months
MR212 Male 10 years, 8 months MR210 Female 13 years, 7 months

Supplementary
motor area (SMA)

MR249 Male 1 years, 9 months MR241 Female 6 years, 10 months
MR252 Female 3 years, 9 months MR242 Female 6 years, 9 months
MR256 Male 2 years, 1 months MR258 Male 6 years, 11 months

in our previous studies (Raju et al. 2008; Masilamoni et al. 2010;
Villalba and Smith 2011; Mathai et al. 2015; Masilamoni and
Smith 2018), the video records were also used to score parkin-
sonian motor signs with a rating scale similar to that described
by (Watanabe et al. 2005). This scale assesses key parkinsonian
motor signs including gross motor activity, balance, posture,
bradykinesia, and hypokinesia. Based on these behavioral scores
(Supplementary Table 1), all MPTP-treated monkeys used in this
study were categorized as moderate parkinsonian. Consistent
with our previous studies (Villalba et al. 2009; Masilamoni et al.
2010, 2011; Villalba and Smith 2011; Masilamoni and Smith 2018),
70–90% loss of striatal dopaminergic innervation was found in
these monkeys.

Animal Perfusion and Tissue Preparation

The monkeys received an overdose of pentobarbital (100 mg/kg;
i.v.) and were then perfused transcardially with cold oxy-
genated Ringer’s solution, followed by fixative containing 4%
paraformaldehyde and 0.1% glutaraldehyde in phosphate buffer
(PB; 0.1 M, pH 7.4). After perfusion, the brains were removed from
the skull, cut into 10- to 12-mm-thick blocks in the frontal plane
and postfixed in 4% paraformaldehyde for 24–48 h. The blocks of
tissue used for electron microscopy studies were stored in cold
phosphate-buffered saline (PBS; 0.01 M, pH 7.4) until sectioning
into 60-μm-thick coronal sections with a vibrating microtome.
Blocks of tissue prepared for light microscopy were immersed
in a 30% sucrose solution in PB (0.1 M, pH 7.4) for at least 1 week
before being cut in 50-μm-thick coronal serial sections with
a freezing microtome. Sections were collected in an antifreeze
solution (1.4% NaH2PO4-H2O, 2.6% Na2HPO4-7H2O, 30% ethylene
glycol, 30% glycerol dissolved in distilled water) and stored in a
−20 ◦C freezer until further processing.

Nissl Staining and Immunostaining for vGluT2

Cortical areas (M1 and SMA) and their laminar boundaries were
identified in Nissl-stained sections and then matched to cor-
responding sections immunostained for vGluT2, used in this
study as a specific marker of glutamatergic thalamocortical
projections (Fremeau et al. 2001; Herzog et al. 2001; Lacey et al.
2005; Nahmani and Erisir 2005; Kashani et al. 2007; Kubota et al.
2007; Graziano et al. 2008; Raju et al. 2008; Doig et al. 2010;
Villalba and Smith 2010, 2011; Garcia-Marin et al. 2013; Villalba
and Smith 2013; Oda et al. 2014; Smith et al. 2014; Kuramoto et al.

2015; Vigneault et al. 2015; Bopp et al. 2017; Villalba and Smith
2018; Villalba et al. 2019; Zheng et al. 2019).

vGluT2 Antibody
A vGluT2 polyclonal antibody (Mab Technologies, Atlanta, GA;
Catalog No. VGT2-6; AB_2315569) was obtained from rabbits
immunized against a peptide corresponding to amino acids
560–578 of the COOH terminus of the human vGluT2 (hvGluT2).
The specificity of this vGluT2 antibody on monkey tissue was
determined by western immunoblots and light microscopy
preadsorption immunohistochemical analyses, as previously
described (Raju et al. 2008).

Immunostaining
1. Light Microscopy (Immunoperoxidase): Cortical coronal sections

(50 μm thick; freezing microtome) containing M1 and SMA
from control and MPTP-treated parkinsonian monkeys were
treated at room temperature (RT) with sodium borohydride
(1% in PBS) under the hood (20 min), rinsed in PBS (4–5
times), followed by a preincubation in a solution containing
1% normal goat serum (NGS), 0.3% Triton-X-100, and 1%
bovine serum albumin (BSA) in PBS. Sections were then
incubated for 24 h at room temperature (RT) in a PBS solution
(with 1% NGS, 0.3% Triton-X-100, and 1% bovine serum
albumin-BSA) containing the primary antibody, a rabbit anti-
vGluT2 antibody (dilution: 1:5000). Following the primary
antibody incubation, the sections were thoroughly rinsed
in PBS and incubated for 90 min at RT with a biotinylated
goat anti-rabbit IgGs (Vector) diluted at 1:200 in a PBS
solution containing 1% normal nonimmune serum, 0.3%
Triton-X-100, and 1% BSA. This was followed by washes
in PBS and a 90 min incubation at RT in the avidin–
biotinylated peroxidase complex (ABC; Vector) diluted at
1:100 in the same diluents as for the primary and secondary
antibodies. Finally, sections were rinsed in PBS and TRIS
buffer (0.05 M, pH 7.6) before being placed in a solution
containing 0.025% diaminobenzidine (3,3′-diaminobenzidine
tetrahydrochloride, DAB; Sigma), 0.01 M imidazole (Fisher
Scientific), and 0.005% H2O2 for 10 min at RT. The reaction
was stopped by washes in PBS, and the sections were
mounted on gelatin-coated slides, dehydrated in alcohol,
immersed in toluene, and coverslipped with Permount.
Finally, slides were scanned using a ScanScope CS scanning
system (Aperio Technologies). Digital representations of the
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slides were saved and analyzed using ImageScope software
(Aperio Technologies).

2. Electron Microscopy (Pre-embedding Immunoperoxidase):
Vibratome coronal sections (60 μm thick) including M1 and
SMA were treated with a 1% sodium borohydride solution,
placed in a cryoprotectant solution (PB 0.05 M; pH 7.4; 25%
sucrose, and 10% glycerol), frozen at −80 ◦C for 20 min,
thawed, and returned to a graded series of cryoprotectant
solution diluted in PBS. They were then washed in PBS
and preincubated for 1 h at RT in a solution containing
PBS, 1% normal goat serum (NGS), and 1% bovine serum
albumin (BSA), then incubated in the primary rabbit anti-
vGluT2 antibody (dilution 1:5000) for 48 h at 4 ◦C, and their
localization was revealed using the avidin–biotin–peroxidase
complex method (ABC-Vectastain Standard kit, Vector Labs)
with a DAB solution used as chromogen for the peroxidase
reaction, as described above. Immunostained sections were
postfixed in osmium tetroxide, dehydrated in alcohol and
propylene oxide, embedded in resin (Durcupan, ACM, Fluka)
for at least 12 h, mounted on slides, and coverslipped. The
resin was polymerized at 60 ◦C for 48 h (Villalba et al. 2016).

3. Control Experiments: In a series of control experiments, sec-
tions were processed as described above, but without pri-
mary antibodies (as a control for the specificity of secondary
antibodies). In these sections, there was a complete lack of
immunostaining.

Measurement of vGluT2-Immunostaining Intensity in
M1 and SMA

Digital images of the vGluT2-immunostained M1 and SMA cor-
tical areas were selected using the ImageScope viewer software
(Aperio). Before the intensity analysis (FIJI, NIH), each image
was converted to black and white (16-bit grayscale format) and
inverted to dark-field images using Adobe Photoshop (CC 2019).

Ultrathin Sectioning and Electron Microscopy Analysis

Blocks of immunostained tissue were taken from areas most
enriched in vGluT2-positive terminal-like profiles of layers II–
III and Vb of M1 and SMA, glued on top of resin blocks, trimmed
and cut into 60-nm ultrathin serial sections with an ultramicro-
tome (Ultracut T2; Leica), and collected on single-slot Pioloform-
coated copper grids. Areas of tissue containing large blood ves-
sels, aggregates of myelinated axons and somas were avoided.
Taking into consideration the limited access of antibodies to
antigenic sites deep in the sections, ultrathin sections were
obtained from the surface of each block. Ultrathin sections
were stained with lead citrate for 5 min and examined with
a JEOL/JEM-1011 electron microscope (see Villalba et al. 2016).
The investigator collecting the electron microscope (EM) images
was blinded to the animal group under study until all elec-
tron microscope data had been gathered and tabulated. All
vGluT2-positive terminals (identified by the dark amorphous
DAB deposit) that formed a well-differentiated synapse with
dendritic spines or shafts were photographed (55–60 images per
animal and cortical layer) at ×60 000 magnification with a CCD
camera (DualView 300W; DigitalMicrograph software, version
2.30.542.0; Gatan, Inc.). The postsynaptic target (dendritic spine
or dendritic shaft) and the postsynaptic density (PSD) morphol-
ogy (macular or perforated) of the vGluT2-positive terminals

were compared in superficial (II–III) and deep (Vb) layers of
M1 and SMA between control and MPTP-treated parkinsonian
monkeys. Spines were defined as protrusions emerging from
dendritic shafts. Because data were collected from single ultra-
thin sections, it was not always possible to visualize the parent
dendrite from which spines originated from. Thus, additional
ultrastructural criteria such as the presence of the spine appa-
ratus (stacked smooth endoplasmic reticulum) and lack of mito-
chondria were used to differentiate dendritic spine profiles from
small dendritic shafts. According to previous studies, macular-
shaped PSDs were defined as being continuous without any
segmentation, while perforated-shaped PSDs were categorized
by their segmented postsynaptic densities (Geinisman 1993;
Neuhoff et al. 1999; Harris and Weinberg 2012; Harris 2020).

Statistical Analysis

The differences between control and MPTP-treated monkeys
in M1 and SMA were statistically assessed using Student’s
t-test and interindividual difference between animals of the
same group was tested using one-way ANOVA (Sigmaplot 14.0
software).

Photomicrographs Production

Light and electron microscopic micrographs shown in this
manuscript were digitally acquired, imported in TIFF format to
Adobe Photoshop (CC 2019; Adobe Systems), and adjusted only
for brightness and contrast, to optimize the quality of the images
for analysis. Micrographs were then compiled into figures using
Adobe Photoshop CS6.

Results
Light Microscopy Analysis

Optical Density of vGluT2 Immunostaining in M1 and SMA
The intensity of staining was measured in sections from 2 con-
trol and 2 MPTP-treated monkeys (one section per monkey) for
each of the motor areas analyzed. Measurements were collected
from three ROIs that included the upper, middle, and lower
dorsoventral tier of each cortical layer analyzed (II–III and Vb).
The quantitative data for each ROI and the mean values for
each layer are shown in the Supplementary Table 2. No signif-
icant interindividual differences (one-way ANOVA) were found
between the 2 animals of the same group used for the analysis.

In M1, comparison of vGluT2-immunostaining intensity
in control and MPTP-treated parkinsonian monkeys revealed
a significant decrease (80–85%) in the intensity of vGluT2
immunoreactivity in deep cortical layers (layer Vb) (Student’s
t-test, ∗P ≤ 0.001), while a slight, not significant (Student’s t-test,
P = 0.416), increase (∼5%) in vGluT2 labeling was found in layer
II–III (Fig. 1B,C,E). A similar significant decrease (Student’s t-test,
∗P = 0.037) in thalamic innervation of deep cortical layers was
also found in SMA (∼70%), while a smaller, albeit statistically
significant (Student’s t-test, ∗P = 0.007), decrease in labeling
(∼25%) was found in layers II–III in MPTP-treated monkeys
(Fig. 1D,E,G).

Electron Microscopy Analysis

vGluT2-Positive Terminals
To characterize the ultrastructural features and pattern of
synaptic connectivity of vGluT2-containing thalamocortical
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Figure 1. Light microscopy images of motor cortical areas. (A) Nissl-stained section (inverted to a darkfield image) showing the different cortical M1 layers. (B–E) Light
microscopy (inverted images) of vGluT2 immunostaining in M1 (B and C) and SMA (D and E) cortex in control (B and D) and MPTP-treated (C and E) animals. (F and

G) Comparison of vGluT2-immunostaining intensity (mean gray value) in M1 (F) and SMA (G) cortical layers II–III and Vb in control and MPTP-treated parkinsonian
monkeys. There is a significant decrease in the intensity of vGluT2 immunoreactivity in layer Vb of M1 (80–85%; Student’s t-test, ∗P ≤ 0.001) and SMA (∼70%; Student’s
t-test, ∗P = 0.037) in parkinsonian animals. In SMA (G), there is also a significant decrease in labeling in layers II–III in MPTP-treated monkeys (∼25%; Student’s t-test,
∗P = 0.007). Scale bar in E (applies to A–D): 250 μm.



Thalamic Innervation of Cortical Motor Areas in Control and Parkinsonian Monkeys Villalba et al. 3413

Figure 2. vGluT2-immunorecative terminals in M1. Electron micrographs of

vGluT2-immunopositive terminals in layers II–III (A, B and D, E) and Layer Vb
(C, F) from control (A–C) and MPTP-treated (D–F) monkeys in M1. vGluT2-positive
terminals form asymmetric synapses with dendritic spines (A–C and D, E) and
dendritic shafts (C, E and F) in control and parkinsonian monkeys. Both axo-

spinous and axo-dendritic synapses form macular (B, C and E) and perforated (A,
B, D–F) PSDs in deep and superficial cortical layers from control and parkinsonian
monkeys. Abbreviations: Sp: dendritc spine; D: dendrite; PSDm: macular postsy-
naptic density; PSDp: perforated postsynaptic density. Scale bar in A (applies to

B, D and E) and in C (applies to F) = 0.5 μm.

terminals, one block of tissue in layers II–III and Vb of
VGluT2-immunostained cortical sections (pre-embedding
immunoperoxidase method) from 6 control (3 for M1 and 3
for SMA) and 6 parkinsonian (3 for M1 and 3 for SMA) monkeys
were cut in ultrathin (60-nm) sections and examined in the
electron microscope. At the electron microscope level (×60 000
magnification), vGluT2-positive terminals were identified by the
presence of the amorphous electron-dense peroxidase deposit
(Figs 2 and 3). The vGluT2 labeling was expressed primarily on
the external surface of synaptic vesicles (Hisano et al. 2000;
Fremeau et al. 2001; Varoqui et al. 2002), and the ultrastructural
features of these boutons were consistent with those described
in previous studies from our group and others (Lacey et al. 2005;
Raju et al. 2006, 2008; Kubota et al. 2007; Villalba and Smith
2010, 2011; Deng et al. 2013; Villalba and Smith 2013, 2018;
Bopp et al. 2017; Zheng et al. 2019). In both layer II–III and Vb
of M1 and SMA, vGluT2-positive terminals formed asymmetric
synapses with either dendritic spines (Figs 2A–E and 3A,C–E)

Figure 3. vGluT2-immunoreactive terminals in SMA. Immunopositive terminals
in layers II–III (A, B and D) and layer Vb (C, E and F) from control (A–C) and MPTP-
treated (D–F) monkeys. vGluT2-positive terminals form asymmetric synapses
with dendritic spines (A, C, D and E) and dendritic shafts (B and F) in control

and parkinsonian monkeys. Both axo-spinous and axo-dendritic synapses form
macular (A, B, E and F) and perforated (C–E) PSDs in deep and superficial cortical
layers from control and parkinsonian monkeys. Abbreviations: Sp: dendritic

spine; D: dendrite; PSDm: macular postsynaptic density; PSDp: perforated post-
synaptic density. Scale bar in A (applies to B), C (applies to E), D and F = 0.5 μm.

or dendritic shafts (Figs 2C,E,F and 3B,F) in control (Figs 2A–C
and 3A–C) and MPTP-treated (Figs 2D–F and 3E,F) monkeys. To
avoid bias, the investigator who collected electron micrographs
was blinded to the health status of the animal (control vs.
parkinsonian).

Quantitative Analysis of the Synaptic Connections of
vGluT2-Containing Terminals
For quantitative analysis, 55–60 images of randomly encoun-
tered vGluT2-positive terminals per cortical area and layer
(110–120 images per animal) were taken from the most
superficial sections of the blocks to ensure optimal vGluT2
antibody penetration. For each vGluT2-positive axon terminal
identified, the postsynaptic target (spine or dendritic shaft)
and the PSD morphology (macular or perforated) have been
quantified in superficial (II–III) and deep (Vb) layers of M1 (Figs 2,
4A,C and 5A; Supplementary Table 3) and SMA (Figs 3, 4B,C
and 5B; Supplementary Table 3) in control and MPTP-treated
parkinsonian monkeys. One-way ANOVAs analysis did not
reveal any significant interindividual differences between
the three animals in each group (M1 and SMA, control, and
MPTP).
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Figure 4. Comparative quantitative analysis of axo-dendritic and axo-spinous synapses formed by vGluT2-immunopositive terminals in M1 and SMA of control and
parkinsonian monkeys. (A) In layer II–III of M1 in control monkeys, there is no significant difference in the proportion of vGluT2-positive terminals forming axo-spinous

(∼55–65%) versus axo-dendritic (∼35–45%) synapses (Student’s t-test, P = 0.222), while ∼90% of vGluT2-containing terminals form axo-spinous synapses in layer Vb
(axo-spinous vs. axo-dendritic; Student’s t-test, ∗P ≤ 0.001). No significant differences were found between control and parkinsonian monkeys. (B) In the SMA of control
monkeys, the percentage of vGluT2-positive terminals forming axo-spinous synapses in both layer II–III and Vb was ∼10 times larger than the percentages of axo-
dendritic synapses (Student’s t-test, layer II–III and Vb ∗P ≤ 0.001). Significant changes in the percentages of axo-spinous and axo-dendritic synapses in layer Vb were

found in parkinsonian animals (Student’s t-test, control vs. MPTP: SMA layer II–III: axo-spinous P = 0.085; axo-dendritic P = 0.085; SMA layer Vb: axo-spinous ∗∗P ≤ 0.001;
axo-dendritic ∗∗P ≤ 0.001). (C) Comparative analysis between M1 and SMA. Statistically significant differences in the pattern of synaptic connectivity (axo-spinous and
axo-dendritic synapses) of vGluT2-containing terminals were found in layer II–III of control monkeys (Student’s t-test, M1 vs. SMA: control: layer II–III: axo-spinous
∗P = 0.007; axo-dendritic ∗P = 0.007), but not in parkinsonian animals. In layer Vb, no differences were found between M1 and SMA of both control and parkinsonian
monkeys. N = Number of animals; n = number of terminals analyzed.

Primary Motor Cortex
The postsynaptic targets of a total of 532 vGluT2-positive
axon terminals were identified in M1 of control (n = 287) and
parkinsonian monkeys (n = 245). Of these terminals, 265 were
in layer II–III (144 in control; 121 in parkinsonian monkeys),
while 267 were found in layer Vb (143 in control, 124 in
parkinsonian monkeys) (Fig. 2 and Supplementary Table 3). In
control monkeys, 56.81 ± 6.67% terminals formed synapses with
dendritic spines and 43.19 ± 6.67% targeted dendritic shafts
in layer II–III, while 89.51 ± 3.28% terminals terminated on
spines and 10.48 ± 3.28% ended on dendritic shafts in layer Vb

(Figs 2, 4A and Supplementary Table 4). There was no significant
difference between the percentage of axo-dendritic and axo-
spinous synapses in layer II–III (Student’s t-test, P = 0.222), but
axo-spinous synapses were significantly more common than
axo-dendritic synapses in layer Vb (Student’s t-test, ∗P ≤ 0.001)
(Fig. 4A). When compared with parkinsonian monkeys, no
significant differences in the relative percentages of axo-
spinous and axo-dendritic synapses were found in either
cortical layer (Student’s t-test, control vs. MPTP: M1 layer II–
III: axo-spinous P = 0.252; axo-dendritic P = 0.252; M1 layer Vb:
axo-spinous P = 0.114; axo-dendritic P = 0.104).
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Figure 5. Quantitative analysis of PSDs (perforated vs. macular) of synapses formed by vGluT2-immunopositive synapses in superficial and deep layers in control and
parkinsonian animals. (A) Percentage of axo-dendritic and axo-spine synapses with macular or perforated PSDs in cortical layers of M1. (B) Analysis of macular and

perforated PSDs in cortical layers of SMA. Except for perforated axo-dendritic synapses in layer II–III of SMA (B), more frequently encountered in MPTP-treated monkeys
than in controls (Student’s t-test, ∗P = 0.007), there are not statistically significant differences in the percentage of macular versus perforated PSDs between control
and parkinsonian monkeys in both M1 (A) and SMA (B).

Supplementary Motor Area
In the SMA, the postsynaptic targets of 613 vGluT2-positive
axon terminals were identified in control (n = 308) and parkin-
sonian monkeys (n = 305). A total of 315 of these terminals
were found in layer II–III (159 in control; 156 in parkinsonian
monkeys), while 298 were located in layer Vb (149 in control, 149
in parkinsonian monkeys) (Fig. 3 and Supplementary Table 3). In
control monkeys, 91 ± 0.15% terminals targeted dendritic spines
and 8.80 ± 0.15% formed synapses with dendritic shafts in layer
II–III, while 87.93 ± 0.3% terminals terminated on spines and
12.07 ± 0.3% ended on dendritic shafts in layer Vb (Figs 3, 4B and
Supplementary Table 3). In both layer II–III and Vb of SMA of
control animals, the percentage of vGluT2-positive terminals
forming axo-spinous synapses was significantly higher than

those in contact with dendritic shafts (Student’s t-test, layer II–III
and Vb ∗P ≤ 0.001) (Fig. 4B). In parkinsonian monkeys, both layer
II/III and layer Vb contained a larger percentage of axo-dendritic
synapses than in controls, but this difference reached signifi-
cance only in layer Vb (Fig. 4B) (Student’s t-test, control vs. MPTP:
SMA layer II–III: axo-spinous P = 0.085; axo-dendritic P = 0.085;
SMA layer Vb: axo-spinous ∗∗P ≤ 0.001; axo-dendritic ∗∗P ≤ 0.001).

Primary Motor Cortex versus Supplementary Motor Area
Our comparative analysis revealed statistically significant
differences (Student’s t-test) in the relative percentages of
axo-spinous and axo-dendritic synapses formed by vGluT2-
positive terminals in layer II–III between M1 and SMA of control
monkeys, but not in parkinsonian animals (Fig. 4C). In layer
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Vb, no differences in the synaptic connections of vGluT2-
containing terminals were found between M1 and SMA of
both control and parkinsonian monkeys (Fig. 4C) (Student’s t-
test, M1 vs. SMA: control: layer II–III: axo-spinous ∗P = 0.007;
axo-dendritic ∗P = 0.007; layer Vb: axo-spinous P = 0.656; axo-
dendritic P = 0.656. MPTP: layer II–III: axo-spinous P = 0.968; axo-
dendritic P = 0.967; layer Vb: axo-spinous P = 0.335; axo-dendritic
P = 0.309).

Postsynaptic Densities (PSDs): Macular versus Perforated
Taking into consideration evidence that perforated PSDs are
commonly associated with plasticity and increased strength
of glutamatergic synapses in various brain regions (Geinisman
1993; Lisman and Harris 1993; Neuhoff et al. 1999; Geinisman
2000; Luscher et al. 2000; Sorra and Harris 2000; Harris et al. 2003;
Bourne and Harris 2008; Lisman 2017; Borczyk et al. 2019; Harris
2020), we quantified the prevalence of perforated versus macular
PSDs of axo-spinous and axo-dendritic synapses formed by
vGluT2-positive terminals in deep and superficial layers of
M1 and SMA in control and parkinsonian monkeys (Fig. 5;
Supplementary Tables 3 and 4). The total number of synapses
examined in this experiment was the same as the number of
vGluT2-containing terminals mentioned in the previous results
sections (Supplementary Table 3). In MPTP-treated monkeys,
minor changes (not statistically significant) in the percentage of
macular versus perforated PSDs at both axo-spinous and axo-
dendritic synapses were found in M1 and SMA. Overall, there
was no significant difference in the proportion of perforated
and macular asymmetric PSDs associated with vGluT2-positive
synapses between control and parkinsonian monkeys in both
cortical layers, except for perforated axo-dendritic synapses in
layer II–III of SMA, which were more frequently encountered
in MPTP-treated monkeys than in controls (Student’s t-test,
∗P = 0.007).

Discussion
The results of this study provide the first comparative analysis
of the pattern of synaptic organization of thalamocortical affer-
ents in the M1 and SMA of nonhuman primates between the
control and parkinsonian state. The following conclusions can
be drawn: 1) There is a significant reduction in the intensity of
vGluT2 immunostaining in layer Vb, but not layer II–III, of M1
and SMA of MPTP-treated parkinsonian monkeys (Fig. 6). 2) The
pattern of synaptic connectivity of thalamic terminals in layers
II–III, but not layer Vb, of M1 and SMA is significantly different in
control monkeys. While ∼90% thalamic terminals contact den-
dritic spines in superficial and deep layers of SMA and in layer Vb
of M1, almost half vGluT2-positive thalamic terminals contact
dendritic shafts in layer II–III of M1. This difference is abolished
in parkinsonian animals. The higher prevalence of axo-dendritic
synapses in layer II–III of M1 compared to SMA in control, but
not in parkinsonian monkeys, suggests a differential thalamic
drive of GABAergic interneurons between the two cortical areas
in the normal state, but not in parkinsonism. 3) There is no
major difference in the proportion of perforated versus macular
asymmetric PSDs associated thalamic synapses between con-
trol and parkinsonian monkeys in both cortical regions. In the
following account, these observations will be discussed in light
of current knowledge of the anatomo-functional organization of
the thalamocortical system in normal and parkinsonian states.

Thalamocortical Innervation of M1 and SMA in Control
and MPTP-Treated Parkinsonian Monkeys

M1 and SMA mediate different aspects of motor control (Alexan-
der and Crutcher 1990; Shima et al. 1991; Matsuzaka et al. 1992;
Kurata 1993; Rizzolatti et al. 1996; Graziano et al. 1997; Dum
and Strick 2002). While SMA is predominantly involved in the
preparation and generation of sequential movements (Roland
et al. 1980; Tanji and Shima 1994; Gerloff et al. 1997; Nakamura
et al. 1998; Shima and Tanji 1998; Nakamura et al. 1999; Picard
and Strick 2001; Hikosaka et al. 2002; Dayan and Cohen 2011), M1
is mainly responsible to produce the patterns of muscle activity
that are necessary to implement the motor plans generated
by the premotor areas (Karni et al. 1995; Pellizzer et al. 1995;
Carpenter et al. 1999; Dayan and Cohen 2011).

Anterograde tracing studies of thalamocortical projections
from different motor thalamic nuclei in monkeys have revealed
that basal ganglia– and cerebellar-receiving regions of the ven-
tral motor thalamic nuclei terminate to a variable extent in
layers I, II–III, and Vb of M1 and SMA (Wiesendanger and Wiesen-
danger 1985; Nambu et al. 1988; Matelli et al. 1989; Darian-Smith
et al. 1990; Nambu et al. 1991; Nakano et al. 1992; Darian-Smith
and Darian-Smith 1993; Rouiller et al. 1994; Stepniewska et al.
1994; Inase and Tanji 1995; Shindo et al. 1995; Inase et al. 1996;
Matelli and Luppino 1996; Hoover and Strick 1999; Rouiller et al.
1999; McFarland and Haber 2002; Kultas-Ilinsky et al. 2003; Morel
et al. 2005; Fang et al. 2006; Stepniewska et al. 2007). Although
significant knowledge has been gained about the regional pat-
tern of thalamic inputs to motor cortex in rodents and pri-
mates using a wide range of tract-tracing methods, such is not
the case for the microcircuitry of the motor thalamocortical
systems, particularly in primates. In mice, progress has been
made in deciphering the synaptic connectivity of M1 pyramidal
neurons using electrophysiology and optogenetic methods in
various strains of neuron-specific Cre transgenic mice (Lo and
Anderson 2011; Kiritani et al. 2012; Tanaka et al. 2012; Hooks et al.
2013; Kaneko 2013; Hunnicutt et al. 2014; Yamawaki et al. 2014;
Harris and Shepherd 2015; Yamawaki and Shepherd 2015; Bopp
et al. 2017; Rodriguez-Moreno et al. 2020). Of particular relevance
for the present study, Shepherd and colleagues showed that
pyramidal-tract and intratelencephalic corticofugal neurons in
layer II–III and Vb of M1 receive direct thalamic inputs from
VA/VL, while layer VI corticothalamic neurons are almost devoid
of such afferents (Hooks et al. 2013). At the electron microscopic
level, only a few studies looked at the postsynaptic targets of tha-
lamic terminals in the mouse M1. Bopp et al. (2017) showed that
vGluT2-immunoreactive thalamic terminals target exclusively
dendritic spines in layer IV of M1.

Along the same line, a recent study indicated that almost
95% of terminals from the posterior nucleus (PO) form axo-
spinous synapses in the mouse M1 (Rodriguez-Moreno et al.
2020). Although our findings partly corroborate these observa-
tions, such that dendritic spines were the main recipients of
vGluT2-containing terminals in layer II–III and Vb of SMA, we
found that ∼40% of vGluT2-positive terminals target dendritic
shafts in layer II–III of M1 in control monkeys. Because the
chemical and hodological phenotype of the thalamic-recipient
cortical neurons was not characterized in our study, the func-
tional significance of this strong dendritic innervation remains
speculative. Assuming that the majority of axo-dendritic asym-
metric synapses in layer II–III of M1 involves smooth dendrites of
GABAergic interneurons, as commonly reported across cortices
(Colonnier 1981; DeFelipe and Farinas 1992), our data suggest
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Figure 6. Summary diagram showing the vGluT2-immunostaining depletion in the deep cortical layer (Vb) of M1 and SMA in MPTP-treated parkinsonian monkeys.

that thalamic inputs may be a significant source of activation
of GABAergic interneurons in superficial layers of M1. Alterna-
tively, these findings may be indicative of an increased thalamic
innervation of dendritic shafts of pyramidal neurons in this
region, but this remains unlikely based on the large amount
of literature showing that dendrites of pyramidal neurons in
various cortical regions are almost devoid of asymmetric gluta-
matergic synapses (Colonnier 1981; DeFelipe and Farinas 1992).
Another factor that could account for this difference may the
sampled region of M1 studied in the electron microscope. In both
mice studies, the areas under analysis included either layer IV
only (Bopp et al. 2017), or layer IV and lower layer III (Rodriguez–
Moreno et al. 2020). Although we did not attempt at delineating
layer IV of M1 in our study, it is clear that the extent of vGluT2
labeling depicted in Figure 1 extends beyond the confines of the
very thin layer IV that has been described in the monkey M1
(Garcia-Cabezas and Barbas 2014), suggesting that our data were
mainly collected from layer III and lower layer II where the bulk
of vGluT2 terminal profiles were located. In this regard, it is note-
worthy that layer II–III of the neocortex underwent a significant
size increase in evolution, accounting for as much as 50% of the
total thickness of motor cortices in primates and only 20–25% in
rodents (Hutsler et al. 2005). Whether this dramatic expansion
of layer II–III is associated with a differential pattern of thalamic
innervation of interneurons versus projection neurons remains

to be established. Another important consideration is the fact
that the percentage of neocortical GABAergic interneurons is
significantly larger in primates than rodents and that most
of these interneurons lay within layer I–III of M1 in monkeys
(Hendry et al. 1987; Sherwood et al. 2010; Young et al. 2013).

In MPTP-treated parkinsonian monkeys, this differential
dendritic innervation of layer II–III between M1 and SMA was
abolished, such that ∼30% of vGluT2-positive terminals formed
axo-dendritic asymmetric synapses in both cortical regions.
This change is largely due to an increased percentage of axo-
dendritic over axo-spinous thalamocortical synapses in layer
II–III of SMA in parkinsonian monkeys. A potential source
of the increased ratio of axo-dendritic/axo-spinous synapses
formed by thalamocortical terminals in the SMA of parkinsonian
monkeys could be a reduced density of dendritic spines on
subsets of SMA corticofugal neurons. Although spine pruning
and plasticity has not been addressed in detail in the cortex of
animal models of parkinsonism and PD patients, spine loss is
a key pathological feature of striatal projection neurons in PD
(Ingham et al. 1989; Stephens et al. 2005; Zaja-Milatovic et al.
2005; Smith et al. 2009; Villalba et al. 2009; Villalba and Smith
2010, 2013, 2018; Smith et al. 2012). At the cortical level, spine
loss has been reported in the dorsolateral prefrontal cortex and
M1 of MPTP-treated monkeys, while other cortical regions, like
the cingulate and enthorhinal cortices, did not exhibit signicant
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spine pathology, suggesting that this pathology affects specific
cortical regions (Smith et al. 2013; Elsworth et al. 2013). Further
detailed quantitative assessment of spine loss in different
subsets of projection neurons in M1 and SMA of parkinsonian
monkeys are needed to directly address this issue.

In rodents, there is evidence that many spines targeted by
vGluT2-containing terminals in the motor cortex also receive
innervation from unlabeled terminals forming symmetric
synapses (Kubota et al. 2007). Although such convergence was
rarely seen in our material, we cannot rule out that this may be
an underestimate because our observations were collected from
single ultrathin sections. Three-dimensional EM reconstruction
of individual spines and their synaptic afferents is needed to
directly address this issue.

Pathophysiology of Specific Subtypes of Corticofugal
Neurons in Parkinsonism

Electrophysiological studies in nonhuman primates have
shown that specific populations of corticofugal neurons are
differentially affected by parkinsonism. In M1, prior to MPTP
administration, corticostriatal neurons have spontaneous firing
rates markedly lower than pyramidal tract projection neurons
(Bauswein et al. 1989; Turner and DeLong 2000). In MPTP-treated
parkinsonian monkeys, pyramidal tract projection neurons, but
not corticostriatal cells, become more bursty and less likely
to fire in a regular-spiking pattern and show an increased
propensity for rhythmic spiking in the beta frequency range
(14–32 Hz) (Pasquereau and Turner 2011, 2013). Given that
pyramidal tract corticofugal neurons are the primary sources
of motor commands to the spinal cord, their dysfunction is
likely to contribute to the pathophysiology of parkinsonian
motor signs (Pasquereau and Turner 2011, 2013). Although the
exact contibuting factors to these activity changes remain to be
established, disruption of the cortical synaptic microcircuitry of
both pyramidal projection neurons and GABAergic interneurons
should be considered. As indicated by our findings and others,
the dendrites of GABAergic interneurons are targeted by thalam-
ocortical afferents in various cortical regions (Hendry and Jones
1983; Kultas-Ilinsky et al. 1985; Gabernet et al. 2005; Bragina
et al. 2007; Brecht et al. 2013; Luo et al. 2019). These findings,
combined with evidence that reduced M1 interneurons activity
may contribute to the development of irregular and rhythmic
firing of pyramidal neurons in the beta frequency (Lefaucheur
2005; Brazhnik et al. 2012), further highlights the importance of
thalamic regulation of both projection neurons and interneu-
rons in the development of cortical pathophysiology in the
parkinsonian state. Future studies of specific subtypes of
thalamic-recipient pyramidal neurons in M1 and SMA affected
morphologically and functionally by changes in thalamocortical
connectivity in parkinsonian animals are needed to further
understand the synaptic networks and mechanisms through
which thalamic afferents regulate or dysregulate motor cortical
activity in normal and parkinsonian conditions.

Does Thalamic Pathology in Caudal Intralaminar
Nuclei Account for the Layer-Specific Loss of vGluT2
Neuropil Immunoreactivity in M1 and SMA?

Our data showed a significant decrease of vGluT2 immunoreac-
tivity in layer Vb of both M1 and SMA in parkinsonian monkeys.
Although the exact source of this reduced vGluT2 innervation

remains to be established, one possibility is the potential deaf-
ferentation of layer V from its caudal intralaminar thalamic
innervation. In addition to the ventral motor thalamus, the cau-
dal intralaminar thalamic nuclei, specifically the CM nucleus,
indeed, project to layer V of M1 with minimal projections to
upper layers (Parent and Parent 2005). In light of data showing
a loss of CM/Pf neurons in MPTP-treated parkinsonian monkeys
(Villalba, Wichmann, et al. 2014a; Villalba et al. 2019), 6-OHDA-
treated rats (Aymerich et al. 2006) and PD patients (Henderson
et al. 2000a, 2000b), one may speculate that the neuronal degen-
eration in CM underlies some of the drastic loss of thalamic
inputs to deep cortical layers of M1 and SMA described in the
present study. Interestingly, the loss of vGluT2 immunostain-
ing was not associated with a change in the relative ratio of
axo-dendritic versus axo-spinous synapses formed by vGluT2-
positive terminals in layer Vb of either cortical regions, such
that in both control and parkinsonian monkeys,∼90% of vGluT2-
immunoreactive terminals contacted dendritic spines, while the
remaining terminals formed axo-dendritic synapses. However,
it is important to note that our electron microscopy analysis
does not provide information about the changes in the total
number of vGluT2-containing terminals between control and
parkinsonian animals. We cannot rule out we cannot rule out
the possibility that the decrease in vGluT2 immunoreactivity in
layer Vb of parkinsonian monkeys may be related to a reduced
expression of vGluT2 protein in thalamic terminals, instead of
thalamocortical terminal loss. Unbiased stereological terminal
counts of vGluT2-immunoreactive terminal profiles in specific
layers of M1 and SMA in control and parkinsonian monkeys
is in progress to directly address this issue. In contrast to this
decreased thalamic innervation, we did not find any significant
difference in the vGluT1-containing cortico-cortical connections
of M1 and SMA between control and parkinsonian monkeys
(Villalba et al. 2018), suggesting the specificity of this pathology
for the thalamocortical system. Future optogenetic studies that
compare the impact of CM-cortical activation on the firing of
layer V pyramidal cells between control and parkinsonian mon-
keys are needed to assess the functional significance of these
anatomical changes.

In addition to layer Vb and II–III, layer I also receives a sig-
nificant vGluT2-containing thalamic innervation, some of which
originating from the ventral motor thalamic nuclei (McFarland
and Haber 2002). As described in the visual cortex, the vGluT2
innervation of layer I of M1 and SMA may be supplied by axon
collaterals of thalamic inputs to layer II–III (Garcia-Marin et al.
2013). In the present study, we did not compare the density of
vGluT2 innervation of layer I between control and parkinso-
nian monkeys because of the variable quality of brain tissue in
this layer due to its uneven thickness in vibratome sections. A
detailed analysis of vGluT2 labeling in layer I must be achieved
using frozen sections that better preserve the integrity of this
superficial lamina.

Morphology of Postsynaptic Densities (PSDs) of
Thalamocortical Synapses in M1 and SMA of
Parkinsonian Monkeys

The presence of segmented or completely partitioned PSDs
(perforated PSDs) has been considered a structural modification
associated with increased synaptic efficacy and learning
(Nieto-Sampedro et al. 1982; Lisman and Harris 1993). The
compartmentalization of multiple transmission zones impedes
the saturation of postsynaptic receptors and allows multiple
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transmitter quanta to be effective at the same postsynaptic
spine, thereby enhancing the strength of individual synapses
(Lisman and Harris 1993; Bell et al. 2014; Chirillo et al. 2019;
Harris 2020). In the striatum of human parkinsonian and animal
models of PD, an increased prevalence of perforated PSDs at
glutamatergic axo-spinous synapses has been linked with an
increased strength of corticostriatal synapses (Anglade et al.
1996; Ingham et al. 1998; Meshul et al. 1999, 2000; Villalba and
Smith 2010, 2011, 2013; Villalba et al. 2015). Our ultrastructural
analysis did not reveal any significant difference in the
relative prevalence of macular versus perforated glutamatergic
thalamostriatal synapses in M1 and SMA of parkinsonian
monkeys, except for an increased percentage of perforated axo-
dendritic synapses in layer II–III of SMA. Although the functional
significance of this structural change remains to be determined,
one could speculate that it may be linked with an increased
drive or changes in synaptic properties of thalamic inputs to
GABAergic interneurons. Future optogenetic studies are needed
to directly address this issue.

It is noteworthy that ultrathin sections were not collected
serially in the present study, thereby restricting the analysis of
PSDs morphology to be achieved from single 2D images. This
approach may have underestimated the absolute number of
perforated synapses. However, because the same single-section
analysis was used to examine the relative prevalence of either
synapse subtypes in control and parkinsonian monkeys, this
technical limitation does not hamper conclusions made from
these data. Ongoing 3D EM studies using serial images from
each cortical layer are in progress in our laboratory to further
study the morphometry and absolute abundance of macular
versus perforated PSDs in each cortical layer in an established
3D volume.

Technical Considerations

Due to limited availability of nonhuman primates to be used in
our study, the age of animals in the different groups is variable
ranging from 1 years, 9 months to 17 years, 5 months (Table 1),
which may raise concerns about the impact such an age differ-
ence may have on the conclusions made in the present study.
This issue is particularly critical for the SMA because the three
animals in the control groups are younger than the animals
used in the MPTP group (Table 1). Although, we cannot rule out
that this difference in age may contribute to some differences
in vGluT2 densitometry measurements, various data from our
study and previous literature suggest otherwise. First, an exten-
sive study of the developmental regulation of the density of
symmetric and asymmetric synapses in various layers of M1
(Zecevic et al. 1989) indicated that the density of asymmetric
synapses in layers II–III and V of M1 of rhesus monkeys reach
a peak at about 2 months old and then slowly decrease toward
the adult values until sexual maturity (3 years old). Although
such a detailed analysis is not available for SMA and does not
focus specifically on the development of vGluT2 thalamocortical
innervation, it remains a valuable data set to interpret our
results. Although two of the monkeys used in the SMA control
group (MR249, MR256) had not yet reached sexual maturity at
the time of euthanasia, the animal MR252 was 3 years 9 months,
thus sexually mature. As shown in Supplementary Table 2, the
difference in age between MR249 (1 years 9 months) and MR252
(3 years 9 months) had no significant influence on the densito-
metry measurement values collected from layer Vb in these two
control monkeys. On average, the layer Vb densitometry values

for MR252 and MR249 were 35 and 39, respectively. In regard
to layer II–III, the average measurements were slightly larger in
MR249 (170) than in MR252 (136), but these values were in the
same ball park as measurements taken from layer II–III in M1 of
MR194 (13 years 2 months; 137) and MR212 (10 years 8 months;
166). Based on these observations, we consider that the variabil-
ity in age of animals used in this study is unlikely to account
for the differences in vGluT2 immunoreactivity densitometry
measurements between control and parkinsonian monkeys.

Similarly, it is unlikely that age differences could explain
the variations in synaptic connections and PSDs morphology of
vGluT2-positive terminals described in our study. For instance,
the ratio of macular/perforated axo-dendritic asymmetric
synapses between the youngest (MR241, 1 years, 9 months)
and oldest (MR252, 3 years, 9 months) animal of the control
SMA group is within the same range, suggesting that the young
age of MR241 did not significantly shift the control values in
a direction strikingly different from those gathered in adult
monkeys. It is also noteworthy that the ratios between the
two types of synapses found in control monkeys are close to
those found for two of the 6 years old MPTP-treated monkeys
(Supplementary Table 2). These observations, combined with
data from the literature indicating that the relative prevalence of
complex perforated axo-spinous and axo-dendritic asymmetric
synapses increase with age in M1 (Zecevic et al. 1989) argue
against the fact that the young age of control SMA monkeys is
the main source of findings shown in Figure 5B.

Finally, there are two arguments against the idea that age
difference may be the main contributor of differences seen
in the relative proportion of axo-spinous versus axo-dendritic
synapses between M1 and SMA (Fig. 4C). First, values from each
animal in either M1 or SMA are comparable despite the age
difference of the animals (see Supplementary Table 2). Second,
evidence from the literature indicates that the ratio of axo-
dendritic versus axo-spinous asymmetric synapses increases
with age in M1 (Zecevic et al. 1989). Assuming that such is
the case as well for SMA, it is unlikely that the young age of
control monkeys used for SMA studies explains the increased
prevalence of axo-dendritic synapses in layer II–III of SMA versus
M1 reported in Figure 4C.

Concluding Remarks

Although much remains to be known about the pathophysiology
of motor cortices in parkinsonism, our findings suggest that
neuroplastic changes in the extent and pattern of synaptic
connectivity of thalamocortical projections may contribute to
the disruption of the motor basal ganglia-thalamocortical loop
in the parkinsonian state (Fig. 6). A deeper understanding of the
underlying substrate of the thalamic denervation of layer Vb
in M1 and SMA of parkinsonian animals is of utmost impor-
tance. Ongoing anatomical and functional experiments aimed
at determining the contribution of CM degeneration to this
pathology could open up the possibility that the pathophysi-
ology of thalamocortical systems in PD does not rely solely on
the disruption of motor-related output from the ventral motor
thalamus but also involve reduced attention-related influences
from the caudal intralaminar complex (Matsumoto et al. 2001;
Smith et al. 2011, 2014). Another important area of future investi-
gations laid out by our anatomical observations is the possibility
for a differential regulation of layer II–III GABAergic interneu-
rons by thalamic inputs between M1 and SMA in control and
parkinsonian states.
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Supplementary material can be found at Cerebral Cortex online.
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