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Abstract

In the primate thalamus, the parvocellular ventral anterior nucleus (VApc) and the centromedian 

nucleus (CM) receive GABAergic projections from the internal globus pallidus (GPi) and 

glutamatergic inputs from motor cortices. In this study, we used electron microscopy to assess 

potential structural changes in GABAergic and glutamatergic microcircuits in the VApc and CM of 

MPTP-treated parkinsonian monkeys.

The intensity of immunostaining for GABAergic markers in VApc and CM did not differ between 

control and parkinsonian monkeys. In the electron microscope, three major types of terminals 

were identified in both nuclei: (1) vesicular glutamate transporter 1 (vGluT1)-positive terminals 

forming asymmetric synapses (type As), which originate from the cerebral cortex, (2) GABAergic 

terminals forming single symmetric synapses (type S1), which likely arise from the reticular 

nucleus and GABAergic interneurons, and (3) GABAergic terminals forming multiple symmetric 

synapses (type S2), which originate from GPi. The density of As terminals outnumbered that of S1 

and S2 terminals in VApc and CM of control and parkinsonian animals. No significant change was 

found in the abundance and synaptic connectivity of S1 and S2 terminals in VApc or CM of 

MPTP-treated monkeys, while the prevalence of “As” terminals in VApc of parkinsonian monkeys 

was 51.4% lower than in controls. The cross-sectional area of vGluT1-positive boutons in both 

VApc and CM of parkinsonian monkeys was significantly larger than in controls, but their pattern 

of innervation of thalamic cells was not altered. Our findings suggest that the corticothalamic 

system undergoes significant synaptic remodeling in the parkinsonian state.

Graphical Abstract

Reduced prevalence and increased size of glutamatergic cortical terminals in contact with 

thalamocortical neurons in the basal ganglia-receiving region of the ventral motor thalamus in 

MPTP-treated parkinsonian monkeys. The electron micrographs show vGluT1-immunoreactive 
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corticothalamic terminals in normal and parkinsonian monkeys. Abbreviations: CTv, CTvi: 

Corticothalamic neurons, layer 5, layer 6; Den: Dendrite; Glut: Glutamatergic terminal; GPi: 

Globus pallidus, internal segment; IN: GABAergic interneuron; RTN: Reticular nucleus; TC: 

Thalamocortical neuron.
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Pallidothalamic; corticothalamic; primate; centromedian nucleus; ventral anterior nucleus; 
parkinsonism; RRDIs: AB_2814814; AB_2278725; AB_2254256; AB_221569; AB_2814813; 
AB_477652; AB_2201528

INTRODUCTION

In the primate thalamus, the parvocellular part of the ventral anterior nucleus (VApc) and the 

centromedian nucleus (CM) are the main targets of inhibitory (GABAergic) inputs from the 

internal pallidal segment (GPi), the primary motor output nucleus of the basal ganglia 

(Parent et al., 1983; Parent et al., 2001; Parent and Parent, 2004). The VApc is the main 

source of thalamic inputs to the supplementary motor area and premotor cortex, while the 

CM gives rise to a massive innervation of the sensorimotor striatum (Akkal et al., 2007; 

Inase et al., 1996; McFarland and Haber, 2000; McFarland and Haber, 2001; Sadikot et al., 

1992; Sakai et al., 1999; Sakai et al., 2000; Schell and Strick, 1984; Shindo et al., 1995; 

Sidibé and Smith, 1996; Smith and Parent, 1986; Smith et al., 2014; Tokuno et al., 1992). In 

addition to massive GABAergic inputs from the GPi, the VApc and CM receive prominent 

glutamatergic inputs from the cerebral cortex and GABAergic afferents from the reticular 

thalamic nucleus and GABAergic interneurons, which in primates (but not in rodents), 

account for 15-30% of the total neuronal population of VApc and CM ((Ilinsky and Kultas-

Ilinsky, 1990; Jones, 2007; Smith et al., 1987). Despite their high prevalence in the primate 

thalamus, the anatomy and synaptic integration of GABAergic interneurons in the 

microcircuitry of the motor thalamus is largely unknown.

In traditional models of the pathophysiology of Parkinson’s disease (PD), the loss of 

nigrostriatal dopamine (DA) increases the activity of the inhibitory basal ganglia output 

projections to the ventral motor thalamus, leading to reduced activity of thalamocortical 

projections (Albin et al., 1989; DeLong, 1990). Recent studies have identified altered 
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activity (including firing rate changes, bursting, oscillatory firing properties, and altered 

somatosensory responses) of thalamic cells in the VApc of animal models of PD and in PD 

patients (Aymerich et al., 2006; Bosch-Bouju et al., 2014; Chen et al., 2010; Guehl et al., 

2003; Hirsch et al., 2000; Kammermeier et al., 2016; Lanciego et al., 2009; Magnin et al., 

2000; Mitchell et al., 1989; Molnar et al., 2005; Ni et al., 2000; Orieux et al., 2000; 

Pessiglione et al., 2005; Raeva et al., 1999; Rolland et al., 2007; Sarnthein and Jeanmonod, 

2007; Schneider and Rothblat, 1996; Zirh et al., 1998).

In the basal ganglia, the parkinsonian state is associated with characteristic morphologic and 

ultrastructural changes. Thus, in the striatum and subthalamic nucleus (STN), the dopamine-

depleted state is accompanied by substantial remodeling of specific synaptic microcircuits. 

In particular, significant changes in the number and ultrastructural features of cortical 

terminals, associated with robust alterations in electrophysiological and plastic properties of 

corticostriatal and corticosubthalamic synapses have been reported in rodent and primate 

models of PD (Chu et al., 2017; Day et al., 2006; Deutch, 2006; Ingham et al., 1998; Mathai 

and Smith, 2011; Mathai et al., 2015; Raju et al., 2008; Villalba et al., 2009; Villalba and 

Smith, 2010; Villalba and Smith, 2011; Villalba et al., 2015). In the STN of dopamine-

depleted mice, there is a significant increase in the number of synapses formed by individual 

GABAergic terminals from the external segment of the globus pallidus (GPe), accompanied 

with increased synaptic strength of pallidosubthalamic synapses (Chu et al., 2017; Fan et al., 

2012).

The possibility that similar structural alterations also occur in glutamatergic and GABAergic 

thalamic microcircuits in the parkinsonian state has not been examined. The objective of the 

present study was to compare the relative prevalence, pattern of synaptic connectivity and 

ultrastructural features of glutamatergic and GABAergic inputs to thalamocortical neurons 

and interneurons in the VApc and CM in control and MPTP-treated parkinsonian monkeys. 

Having such knowledge is critical to a deeper understanding of changes in thalamocortical 

and corticothalamic interactions in PD.

MATERIALS AND METHODS

Animals

Twenty-two rhesus macaque monkeys (Macaca mulatta) (12 males, 10 females; 2.5-17 years 

old; Table 1) obtained from the Yerkes National Primate Research Center colony) were used 

in these studies. All animals were housed in temperature-controlled rooms and exposed to a 

12-hour light cycle. The animals were fed twice daily with monkey chow supplemented with 

fruits and vegetables and received ad lib water. All animal procedures were approved by the 

Institutional Animal Care and Use Committee (IACUC) of Emory University, and were 

performed according to the Guide for the Care and Use of Laboratory Animals and the U.S. 

Public Health Service Policy on the Humane Care and Use of Laboratory Animals. See 

Table 1 for more details on animals.
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MPTP treatment and assessment of parkinsonism

Ten animals were rendered parkinsonian in the course of these studies. These animals 

received weekly MPTP injections (0.2-0.8 mg/kg i.m.; cumulative doses: 2.8–26.79 mg/kg; 

Natland International, Morrisville, NC or Sigma, St. Louis, MO), until they reached 

comparable states of stable, moderate parkinsonism. As described in previous studies 

(Bogenpohl et al., 2012; Devergnas et al., 2014; Galvan et al., 2010; Kliem et al., 2009; 

Masilamoni et al., 2010; Masilamoni et al., 2011; Wichmann et al., 2001; Wichmann and 

Soares, 2006), we assessed the severity of parkinsonism weekly for 15-min periods in an 

observation cage that was equipped with infrared beams, allowing us to measure their body 

movements as infrared beam break events. In addition, we used a parkinsonism rating scale 

to quantify impairments in 10 aspects of motor function (speed of movement, incidence and 

severity of “freezing” episodes, extremity posture, trunk posture, presence and severity of 

tremor, amount of arm movements, amount of leg movements, finger dexterity, home cage 

activity, and balance). Each item was scored on a 0–3 scale (maximal score, 30). The final 

parkinsonian motor scores ranged between 4.5-16, corresponding to mild and moderately 

severe parkinsonism. The severity of the parkinsonian motor signs had to be stable for a 

period of at least 6 weeks after the last MPTP injection before the monkeys were considered 

parkinsonian for this study. We have used the same protocol in many previous studies 

(Bogenpohl et al., 2013; Devergnas et al., 2016; Galvan et al., 2014; Hadipour-Niktarash et 

al., 2012; Masilamoni et al., 2010; Masilamoni et al., 2011; Masilamoni and Smith, 2017; 

Mathai et al., 2015; Villalba et al., 2014).

Anterograde labeling of pallidothalamic terminals

In 2 control and 2 MPTP-treated monkeys, pallidothalamic terminals were labeled 

anterogradely with viral vector injections in the GPi. A total of 2-8 μl of AAV5-hSyn-ChR2-

EYFP or AAV5-hSyn-Arch3-EYFP was delivered in the GPi. In the control monkeys, the 

injections were made under isoflurane anesthesia with the animal fixed in a stereotaxic 

frame using aseptic surgical procedures. Pre-operative MRI scans of these monkeys were 

performed to help define the stereotaxic coordinates. Small holes were drilled in the skull 

and a Hamilton microsyringe was used to inject the viral vector at a single site in the 

ventrolateral part of GPi. To deliver the viral vector solution, the plunger of the syringe was 

pressed manually at an approximate rate of 1 μl/5 min. After completion, the syringe was 

left in place for 10 min before withdrawing. At the end of the surgery, the skin was sutured 

and the animals were treated with analgesics. The animals were allowed to survive for at 

least six months after injection.

In the MPTP-treated monkeys, the viral vector solutions were delivered in the GPi using 

extracellular recordings as a guide to delineate the borders of the neighboring nuclei using 

procedures previously described from our laboratory (Galvan et al., 2010; Kliem et al., 

2007). Preparatory to the injections, recording chambers were stereotactically directed at the 

pallidum on either side of the brain, placed at an angle of 40° from the vertical in the coronal 

plane. The chambers were then affixed to the skull with dental acrylic, along with metal 

holders for head stabilization. Metal screws were used to anchor the acrylic to the bone.
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During sessions conducted 2 to 3 weeks’ post-surgery, electrophysiological mapping served 

to outline the borders of GPe and GPi. GPi cells were identified based on the depth of the 

electrode (at least 2 mm ventral to the first GPe unit), the presence of ‘border’ cells between 

GPe and GPi (DeLong, 1971), and the presence of neurons that fired at high frequency, 

characteristic for GPi cells (DeLong, 1971; Galvan et al., 2005; Galvan et al., 2011). The 

subsequent injections were done using a probe in which the injection tubing was combined 

with a recording microelectrode (Kliem and Wichmann, 2004). Extracellular recordings 

were conducted while lowering the injection system to help to define the final location of the 

injections in the GPi (Galvan et al., 2010; Kliem et al., 2007). A microsyringe connected to a 

pump was used to deliver the viral vector solutions at a rate of 0.1 to 0.2 μl/min. At the end 

of the injection, the injectrode was left in place for 10 min before withdrawing. These 

animals were allowed to survive for 1.5-7 months (during which the animals were used in 

other experiments)

All animals with virus injections were eventually perfusion-fixed as described below, and 

their brains prepared to allow immunohistochemical localization of the tag protein, enhanced 

yellow fluorescent protein (EYFP; see below).

Tissue collection

At the completion of the study, the animals were euthanized with pentobarbital, and 

transcardially perfused with a Ringer’s solution and a mixture of paraformaldehyde (4%) 

and glutaraldehyde (0.1%). The brains were removed from the skull, post-fixed in 4% 

paraformaldehyde, and cut in serial sections (60 um) with a vibratome. The sections were 

stored at −20°C until further histological processing.

Immunohistochemistry

Tissue processing for microscopy.—Tissue processed for immunohistochemistry was 

prepared for light or electron microscopy (LM and EM, respectively). The tissue was pre-

treated with 1% sodium borohydride in phosphate buffer solution for 20 min prior to 

immunohistochemistry processing. The sections were subsequently thoroughly washed in 

phosphate-buffered saline (PBS). Sections used for LM were incubated with antibodies as 

described below, while sections prepared for EM were placed in a cryoprotectant solution 

(phosphate buffer [PB], 0.05 M, pH 7.4, containing 25% sucrose and 10% glycerol) for 20 

min, frozen at −80°C for 20 min, thawed, and returned to a graded series of cryoprotectant 

solution (100%, 70%, 50%, 30%) diluted in PBS. They were then washed in PBS before 

further processed.

The sections were pre-incubated in a solution containing 10% normal goat or horse serum 

(depending on the source of the primary antibody) and 1% bovine serum albumin (BSA) in 

PBS for 1 hour. For LM, 3% Triton-X-100 was used in addition to normal serum (NS) and 

BSA throughout the immunohistochemical reactions. Sections were then incubated with the 

respective primary antibodies for 48 hours at 4°C (for antibody dilutions and RRIDs, see 

Table 2) in a solution containing 1.0% NS and 1.0% BSA in PBS. Next, the sections were 

rinsed in PBS and transferred for 1.5 hours to a solution containing the secondary 

biotinylated antibody (dilution, 1:200). After rinsing with PBS, the sections were put in a 

Swain et al. Page 5

J Comp Neurol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



solution containing 1% avidin-biotin-peroxidase complex (Vector Laboratories, Burlingame, 

CA USA). The tissue was then washed in PBS and Tris buffer (0.05 M pH 7.6) before being 

transferred into a solution containing 0.01M imidazole, 0.005% hydrogen peroxide, and 

0.025% 3,3′-diaminobenzidine tetrahydrochloride (DAB; Sigma, St. Louis, MO) in Tris for 

10 min. The DAB reaction was terminated with several rinses of the sections in PBS. 

Sections prepared for LM were then mounted on gelatin-coated slides and prepared for 

observation.

Some sections were further processed for EM observations. These sections were transferred 

to PB (0.1 M, pH 7.4) for 10 min and exposed to 1% osmium tetroxide for 20 min. They 

were then rinsed with PB and dehydrated in an increasing gradient of ethanol. Uranyl acetate 

(1%) was added to the 70% alcohol step in the gradient to increase contrast. The sections 

were subsequently treated with propylene oxide before being embedded in epoxy resin 

(Durcupan, ACM; Fluka, Buchs, Switzerland) for 12 hours, mounted on microscope slides, 

and placed in a 60°C oven for 48 hours (Villalba and Smith, 2011). Blocks of tissue (1 mm2) 

from the VApc and CM (2-4 blocks per animal) were then taken out from the slides and 

glued on top of resin blocks with cyanoacrylate glue. These blocks were trimmed and cut 

serially into 60-nm ultrathin serial sections with an ultramicrotome (Ultra-cut T2; Leica, 

Germany) and collected on single-slot Pioloform-coated copper grids. To limit our 

observations to tissue with similar antibody penetration, the EM analyses were restricted to 

ultrathin sections from the most superficial sections of blocks.

In control experiments, sections were processed as described above, but without primary 

antibodies (as a control for the specificity of binding of the secondary antibodies). The 

resulting sections were completely devoid of immunostaining following the incubations.

Striatal tyrosine hydroxylase (TH) immunostaining.—To verify denervation of the 

nigrostriatal pathway by MPTP intoxication, sections at the level of the striatum and the 

substantia nigra from MPTP-treated monkeys were stained with mouse anti-TH antibody 

(Table 2; RRID:AB_2201528), as described in our previous studies (Bogenpohl et al., 2013; 

Devergnas et al., 2016; Galvan et al., 2014; Hadipour-Niktarash et al., 2012; Masilamoni et 

al., 2010; Masilamoni et al., 2011; Masilamoni and Smith, 2017; Mathai et al., 2015).

Post-embedding GABA immunostaining.—To confirm the GABAergic phenotype of 

S1 and S2 terminals in VApc and CM, post-embedding immunogold labeling for GABA was 

carried out on thalamic tissue of one control and one MPTP-treated monkey, as described 

previously (Charara et al., 2005). Sections that were prepared for post-embedding EM 

immunolabeling underwent EM processing (osmium and tissue dehydration, as described 

above), were cut out and glued onto resin blocks, cut into ultrathin sections (60nm) and 

placed on gold slot grids. The sections were then incubated for 10 min on drops of Tris-

buffered saline containing 0.01% Triton X-100 (TBS-T 0.01%; pH 7.6). Following pre-

incubation, the grids were incubated overnight at room temperature with a well-

characterized specific polyclonal GABA antiserum (Table 2; RRID:AB_477652), diluted in 

a solution of TBS-T 0.01%. After many washes in TBS-T (pH 7.6) and TBS (0.05M pH 

8.2), the grids were then incubated for 90 min with 15 nm gold-conjugated secondary 

antibodies (1:50; Cedarlane Lab), diluted in TBS (pH 8.2). Grids were subsequently washed 
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in TBS (pH 8.2) and ultrapure water for 5 min. They were then incubated in a 2% aqueous 

solution of uranyl acetate for 90 min, and in distilled water for 5 min. The grids were 

subsequently stained with lead citrate.

vGAT and GAD67 immunoperoxidase labeling.—For LM analysis of changes in the 

intensity of immunostaining of markers for GABA terminals and cell bodies in the VApc 

and CM, every twelfth section (4-7 sections per animal) was stained for vGAT (Table 2; 

RRID:AB_2814814) or GAD67 (Table 2; RRID:AB_2278725) (Fig 1a and 1b). At the level 

of CM, adjacent sections were immunostained for calbindin (Cb) D28K (Table 2; 

RRID:AB_2254256) to help delineate the external border of the nucleus with the assistance 

of a rhesus monkey brain atlas (Lanciego and Vázquez, 2012).

GFP immunoperoxidase labeling.—In the 4 monkeys that received viral vector 

injections in the GPi (see above), the viral vector injection sites and the resulting anterograde 

labeling in the VApc and CM were localized using a specific GFP antibody (Table 2; 

AB_221569) and the immunoperoxidase ABC method. Note that this antibody also labels 

EYFP, the tag protein used in these experiments. The tissue was processed to localize 

labeling at the LM or EM levels, as described above. For EM observations, one block of 

tissue/animal at the level of the VApc and CM that contained dense anterograde labeling was 

taken out from slides and cut in ultrathin sections. These sections were used to study the 

pattern of synaptic connectivity and morphology of GPi terminals, as described below (see 

Analysis of Material).

vGluT1 immunostaining.—A specific vGluT1 antibody (Table 2; RRID:AB_2814813) 

was used to identify corticothalamic terminals in VApc and CM. The EM 

immunoperoxidase procedure to localize vGluT1 was the same as described above.

Analysis of the material

Striatal TH immunostaining intensity measurements.—The tissue was examined 

with a Leica DMRB light microscope (Leica Microsystems, Inc., Bannockburn, IL) and 

images were taken with a CCD camera (Leica DC 500; Leica IM50 software). For low 

magnification images, slides were scanned at 20× using a ScanScope CS scanning system 

(Aperio Technologies, Vista, CA). Digital representations of the slides were saved and 

analyzed using ImageScope software (Aperio Technologies). Using the ImageScope viewer 

software (Aperio), 0.7x magnification digital images of the stained tissue slides containing 

the caudate nucleus, putamen, or substantia nigra were selected and imported into ImageJ 

(NIH) (Schneider et al., 2012) for optical density measurements (Villalba and Smith, 2011; 

Villalba et al., 2014; Villalba et al., 2015). The images were converted into 16-bit grayscale 

format and inverted. Measurements of the intensity of labeling were obtained in two sections 

at the striatal and nigral levels from two groups of animals (control and MPTP-treated). In 

each section, the intensity of TH-staining was measured in four representative areas in each 

structure. To control for background staining, the optical density measurement in the internal 

capsule (for caudate and putamen) and cerebral peduncle (for SNc) was subtracted from the 

measurements. The resulting values were averaged in the MPTP-treated animals, and 

compared with similar data obtained in controls to determine the percent of TH 
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immunostaining loss in the striatum (caudate nucleus + putamen) and the substantia nigra in 

the MPTP-treated cases (Supplement Fig. 1g).

Density of vGAT and GAD67-staining.—Based on LM images of vGAT and GAD67-

stained sections, the NIH ImageJ software was used to determine average densitometry 

values of vGAT and GAD67 immunolabeling intensity in the VApc and CM of control or 

MPTP-treated monkeys. The measured values were background-corrected by subtracting 

densitometry measurements from the internal capsule. To control for variability in the 

intensity of immunostaining between animals and runs of immunostaining, the densitometry 

measurement values in VApc and CM were then expressed relative to the intensity of 

immunostaining in the medial geniculate nucleus (MGN) or the ventral posteromedial 

nucleus (VPM), two thalamic nuclei with no known involvement in the pathophysiology of 

parkinsonism. We averaged densitometry measurements from regions of interest that 

covered approximately 85-90% of the total surface of the VApc, CM, MGN, or VPM. The 

ratios of VApc/MGN or CM/VPM average intensity measurements from 4-7 sections per 

animal were calculated for each animal, followed by statistical comparisons (t-test or Mann-

Whitney test, as appropriate) of the mean VApc/MGN and CM/VPM ratios between control 

and parkinsonian monkeys.

Density of As, S1 and S2 terminals.—Ultrathin sections of VApc and CM tissue from 

the control and parkinsonian animals were examined in the EM. We collected >100 

randomly chosen micrographs at 40,000X, from at least two blocks of tissue per animal 

from five control and three MPTP-treated animals in both the VApc and CM. The total 

number of micrographs analyzed in these experiments accounted for 1770 μm2 and 2743 

μm2 of VApc in control and MPTP-treated monkeys, respectively, and 1770 μm2 of CM in 

both control and MPTP-treated animals. To avoid counting the same terminals twice during 

our sampling, regions examined on single grids were distant from each other, and the 

distance between ultrathin sections cut from single blocks of tissue were spread apart by at 

least 2 μm. Using these micrographs, we distinguished different types of terminals in the 

thalamus based on their ultrastructural features, and determined their relative density (as 

terminals/μm2; see Results section). To confirm the GABAergic nature of S1 and S2 

terminals, sections from one control and one MPTP-treated monkey were immunostained for 

post-embedding GABA. Thus, micrographs from these animals were overlaid with gold 

particles indicative of GABA immunoreactivity (as described above). To ensure the 

specificity of the GABA labeling and categorize a terminal as GABAergic or not, we 

compared the density of gold particles over each terminal examined with that over putative 

glutamatergic terminals that formed asymmetric axo-spinous synapses in the same ultrathin 

sections. We arbitrarily considered that an ultrastructural element was positive for GABA if 

it contained more than two times the average density of gold particles than that over putative 

glutamatergic terminals. The density of terminals was compared between control and 

parkinsonian animals by One Way ANOVA; Holm-Sidak post-hoc testing for normally 

distributed data, and Dunn’s Method post-hoc testing for data not normally distributed.

Size of glutamatergic terminals.—EM sections of vGluT1-stained material were used 

to compare the average cross-sectional area of corticothalamic terminals between control 
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and MPTP-treated monkeys. The cross-sectional area of at least 30 randomly selected 

vGluT1-labeled terminals that formed a clear asymmetric synapse in the VApc and CM of 3 

control and 3 MPTP-treated monkeys was used. EM sections were selected and imported 

into ImageJ. The average cross-sectional areas of vGluT1-positive terminals for each animal 

were calculated at the level and the means were averaged amongst their respective group and 

compared between control and parkinsonian monkeys with t-tests.

Pattern of synaptic connectivity of GABAergic and glutamatergic terminals.—
The post-synaptic targets of terminals were identified as cell bodies, large, medium or small 

dendrites (>1.0, 0.5-1.0 and <0.5 μm in diameter, respectively), based on their ultrastructural 

features and cross-sectional diameters (Peters et al., 1991). Dendrites of projection neurons 

were separated from dendrites of interneurons based on the presence of dendritic vesicles, 

which are exclusively found in interneurons (Hámori et al., 1974; Jones, 2002; Jones, 2007; 

Sherman and Friedlander, 1988; Sherman, 2004). The analysis included dendrites of 

projection neurons from at least 2 blocks per animal from 4-6 control and 3-5 MPTP-treated 

animals. The proportions of terminals in contact with each target were compared between 

control and parkinsonian animals for each pre-synaptic element by One Way ANOVA for 

normally distributed data, and Kruskal-Wallis analyses for data not normally distributed.

Relative prevalence of dendritic profiles.—We compared the relative density of large, 

medium and small dendrites in the VApc and CM between control and MPTP-treated 

monkeys. To do so, 25 randomly scanned electron micrographs of VApc and CM neuropil 

(25,000X) were analyzed in each animal. Dendrites were categorized by their cross-sectional 

diameter, as described above. The percentages of the different sizes of dendrites from each 

block of tissue were averaged for each animal. From there, the relative proportion of small-, 

medium- or large-sized dendrites in the VApc and CM was determined in control and 

parkinsonian monkeys.

Proportion of vGluT1-labeled terminals and of anterogradely labeled GPi 
terminals in contact with GABAergic interneurons.—The post-synaptic targets of 

184 vGluT1-immunoreactive and 516 GFP-labeled GPi terminals were categorized as 

dendrites of projection neurons (no synaptic vesicle) or interneurons (with synaptic 

vesicles). The proportion of immunolabeled terminals in contact with each post-synaptic 

structure was determined and compared between control and parkinsonian monkeys. We 

collected data from 3-5 blocks per animal (vGluT1-labeled: 3 control and 3 MPTP-treated 

animals; labeled GPi terminals: 2 control and 2 MPTP-treated animals). Because of the low 

number of animals that could be used in this analysis, no statistics was performed on the 

data collected from GFP-labeled GPi terminals. Mann-Whitney Rank Sum test was used to 

determine significance between average number of vGluT1-labeled terminals that come in 

contact with projection neurons and interneurons in control and parkinsonian monkeys.

Data availability statement:

The data that support the findings of this study are available from the corresponding author 

upon reasonable request.
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RESULTS

Nigrostriatal dopamine denervation in MPTP-treated monkeys

The depletion of the striatal dopaminergic innervation in the MPTP-treated animals was 

determined by assessing the decrease in the extent of TH immunoreactivity (TH-IR) in 

representative coronal sections of the pre-commissural, commissural, and post commissural 

striatum (Supplemental Fig. 1). All of the parkinsonian animals had decreased levels of TH-

IR throughout the striatum (supplemental Fig. 1b, d, f). The quantification of the intensity of 

TH immunostaining in the pre- and post-commissural striatal levels showed an 83-91% 

lower level in MPTP-treated monkeys than in controls (Supplemental Fig. 1g). In the SN, a 

>90% lower level of TH-IR was observed in the MPTP-treated monkeys compared to 

controls (Supplemental Fig. 1g). These results are consistent with previous findings from our 

laboratory using the same animal model (Villalba et al., 2014).

GAD67 and vGAT Immunolabeling in VApc and CM

Thalamic tissue from six control and four MPTP-treated monkeys was immunostained for 

vGAT and GAD67 (Fig. 1a–d, f, h, i, k), and the density of these markers expressed as ratios 

to that found in neighboring MGN and VPM areas, as described in Methods. The boundaries 

of VApc and CM were determined using adjacent sections that were immunolabeled for 

calbindin D28K (Fig. 1g, j). We found that the VApc/MGN ratios for vGAT and GAD67 

staining did not significantly differ between the MPTP-treated and control groups (Fig. 1e; p 

= 0.091, p = 0.484, respectively; t-test). Likewise, no significant difference was found in the 

CM/VPM ratios for vGAT and GAD67 staining between the two animal groups (Fig. 1I; p = 

0.429, p = 0.067, respectively; t-test and Mann-Whitney Rank Sum test).

Types of GABAergic and glutamatergic terminals in VApc and CM

At the EM level, 3 types of axon terminals were identified in VApc and CM based on 

ultrastructural features reported in previous electron microscopic studies of the mammalian 

motor thalamus (Jones, 2007), and additional tract-tracing and immunohistochemical data 

presented in this study (Figs 2,3): (1) terminals forming asymmetric synapses (‘As’-type 

terminals; Fig. 3a, c), which putatively originate from the cerebral cortex, (2) terminals 

forming single symmetric synapses (‘S1’-type terminals; Fig. 3a–c), likely representing 

GABAergic inputs from the thalamic reticular nucleus (RTN) or GABAergic interneurons, 

and (3) terminals forming multiple symmetric synapses (‘S2’-type terminals; Fig. 2a–c), 

which originate from GABAergic neurons in GPi.

To further confirm that GPi was the source of S2 terminals, AAV5-eYFP was injected into 

the GPi (see supplement figure 2) of 2 control and 2 MPTP-treated monkeys, and the 

morphology of 82 anterogradely labeled terminals was examined in the EM. As expected, 

anterogradely labeled GPi terminals were large (1.0-3.0 μm in diameter) (Ilinsky et al., 

1997; Kultas-Ilinsky et al., 1983; Kultas-Ilinsky et al., 1997; Shink et al., 1997), densely 

filled with mitochondria, and formed multiple axo-dendritic synapses (arrowheads) onto 

dendrites in VApc (Fig. 2a) and CM (Fig. 2c). To confirm the GABAergic nature of S1 and 

S2 terminals, ultrathin sections of VApc and CM from one control and one MPTP-treated 

monkey were processed for post-embedding GABA staining. In this material, all terminals 
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categorized as GABAergic S1 or S2 were overlaid with a density of gold particles that was 

at least twice as large as that over As glutamatergic terminals in the same ultrathin sections 

(Fig. 3).

Examples of the three categories of terminals forming axo-dendritic synapses in VApc and 

CM are shown in fig. 2 and 3. In figure 3A, the GABA-positive S1 terminal is in contact 

with a vesicle-filled dendrite of a putative GABAergic interneuron in the VApc of a control 

monkey (Fig. 3a). These data provide strong evidence that three major types of terminals in 

VApc and CM can be differentiated by their ultrastructural features in control and MPTP-

treated parkinsonian monkeys.

Relative prevalence and preferred post-synaptic targets of GABAergic and glutamatergic 
terminals in the VApc and CM

To compare the relative abundance of As, S1 and S2 terminals in the thalamus of 

parkinsonian monkeys with that found in untreated animals, the density of each group of 

terminals was quantified in the VApc and CM of 5 control and 3 parkinsonian monkeys. 

Overall, the density of As terminals was significantly higher than that of S1 and S2 terminals 

in VApc of control and parkinsonian monkeys (Fig 4a; Control: p<0.001 for comparisons 

between the densities of As and S1 terminals, and of As and S2 terminals; MPTP: As vs S1: 

p = 0.020; As vs S2: p = 0.004; One Way ANOVA with Holm-Sidak post-hoc testing), and 

significantly higher than that of S2 terminals in CM of control monkeys (Fig. 5a; p = 0.019, 

One Way ANOVA with Dunn’s Method). There was no significant group difference for S1 

and S2 terminal densities between control and parkinsonian animals in both thalamic nuclei. 

However, compared to controls, the prevalence of As-type terminals was significantly lower 

in the VApc, but not in the CM, of the parkinsonian monkeys (Fig. 4a; p<0.001, One Way 

ANOVA with post-hoc Holm-Sidak testing).

To assess possible differences of the pattern of synaptic connectivity of As, S1 and S2 

terminals between control and parkinsonian animals, the post-synaptic targets contacted by 

the three terminal sub-types were categorized as cell bodies, large (>1.0 um in diameter), 

medium (0.5-1.0 um in diameter) or small (<0.5 um in diameter) dendrites. The percentages 

of specific terminals in contact with each post-synaptic element was averaged and compared 

between control and parkinsonian animals with ANOVA. This analysis revealed no 

significant difference in the pattern of synaptic connectivity of As, S1, and S2 terminals in 

the VApc and CM between control and parkinsonian monkeys (Figs. 4b–d, 5b–d).

In both VApc and CM of control and parkinsonian monkeys, S2 terminals preferentially 

targeted large- and medium-sized dendrites, whereas As terminals were mainly located on 

medium-sized dendrites of thalamic cells (Figs. 4b–d, 5b–d). To determine whether this 

pattern of synaptic connections was random, and merely reflected the neuropil dendritic 

composition of the two thalamic nuclei, the average relative density of each dendrite type 

(i.e., small, medium, large) was assessed in the VApc and CM of 2 control and 2 

parkinsonian monkeys. The relative abundance of each category of dendrites was closely 

similar between VApc and CM, and not significantly different between control and 

parkinsonian monkeys (Figs. 6a, c). In both thalamic nuclei and both conditions, small- 

(~50-63% of all dendrites) and medium- (~28-43%) sized dendrites accounted for most 
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dendritic profiles, while large-sized dendrites (~7-16%) were less common (Figs. 6a, c). To 

determine if the three types of terminals preferentially targeted a specific subset of dendrites, 

we calculated the ratio between the percent of each terminal subtype in contact with a 

specific population of dendrites over the average percentage of small-, medium- or large-

sized dendrites in the VApc and CM of control (Fig. 6b, d) and MPTP-treated (Fig. 6b, d) 

monkeys. This analysis showed that S2 and As terminals were largely segregated on the 

proximal (diameter ≥ 0.5μm) vs distal (diameter ≤ 0.5μm) dendrites of VApc and CM 

neurons, respectively, in both control and parkinsonian monkeys (Fig. 6b, d), while S1 

terminals were more homogeneously distributed along the whole somatodendritic domain of 

thalamic cells in each nucleus. In addition to this general pattern of synaptic connectivity, we 

found that in the VApc, very few S1 terminals contacted large-sized dendrites in the normal 

state, while the prevalence of such relationships was higher in parkinsonian animals (Fig. 

6b). In the CM of MPTP-treated monkeys, synaptic contacts between S2 terminals and 

large-sized dendrites were uncommon (Fig. 6d).

Size of glutamatergic terminals in the VApc and CM of MPTP-treated monkeys

We measured the cross-sectional areas of vGluT1-positive (i.e., As, corticothalamic) 

terminals in the VApc and CM of control and parkinsonian monkeys. We randomly selected 

and examined 181 (VApc: 87, CM: 94) and 257 (VApc: 179, CM: 78) vGluT1-positive 

terminals at the level of the synapse in 3 control and 3 parkinsonian animals, respectively. 

This analysis revealed a significant increase in the average cross-sectional area of individual 

vGluT1-positive terminals in the VApc of MPTP-treated monkeys (Fig. 7a; p<0.001, t-test).

Corticothalamic and pallidothalamic synapses onto putative interneuron dendrites

We quantified the proportion of vGluT1-immunoreactive terminals and anterogradely 

labeled terminals from GPi in contact with interneurons in VApc and CM of control and 

parkinsonian monkeys. Dendrites of interneurons were differentiated from those of 

thalamocortical cells by their content in synaptic vesicles (Fig. 8a). Examples of direct 

synaptic contacts between the two types of thalamic afferent terminals and interneurons are 

shown in figures 9 and 10. In some instances, the pre-synaptic terminals that contacted the 

interneuron dendrites also formed synapses with neighboring dendrites of thalamocortical 

cells (Fig. 8a). The quantitative analysis of the synaptic connectivity of 184 vGluT1-positive 

and 516 GPi terminals suggested a trend towards a larger proportion of pallidothalamic (S2) 

terminals in contact with GABAergic interneurons in both thalamic nuclei of MPTP-treated 

parkinsonian monkeys compared with control animals (Fig. 9d, e). There was no significant 

difference between control and parkinsonian animals in the average percentage of vGluT1-

labeled terminals that came in contact with projection neurons and interneurons (VApc: 

projection neurons: p = 0.400 and interneurons: p = 0.400; CM: projection neurons: p = 

0.700 and interneurons: p = 0.100; Mann-Whitney Rank Sum Test).

DISCUSSION

We compared the relative prevalence, pattern of synaptic connectivity and ultrastructural 

features of the main glutamatergic and GABAergic inputs to the two thalamic-recipient 

nuclei of basal ganglia efferents, the VApc and CM, between control and MPTP-treated 
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parkinsonian monkeys. Three main observations were made: 1) the prevalence and overall 

pattern of synaptic connectivity of GABAergic terminals in VApc or CM was the same in the 

control and parkinsonian animals, 2) the prevalence of vGluT1-positive, putatively 

corticothalamic (i.e As), terminals was significantly reduced in the VApc of parkinsonian 

animals and 3) the cross-sectional area of the remaining vGluT1-immunoreactive terminals 

in the VApc of parkinsonian monkeys was significantly increased. Our findings also suggest 

a trend towards a larger proportion of pallidal terminals in contact with dendrites of 

GABAergic interneurons in parkinsonian monkeys compared with controls. The pruning and 

morphological changes of corticothalamic terminals seen in parkinsonian monkeys are 

reminiscent of previous findings from our group and others about corticostriatal and 

corticosubthalamic terminals in MPTP-treated monkeys, and in 6-hydroxydopamine-treated 

rodents (Chu et al., 2017; Day et al., 2006; Deutch, 2006; Ingham et al., 1998; Mathai and 

Smith, 2011; Mathai et al., 2015; Raju et al., 2008; Villalba et al., 2009; Villalba and Smith, 

2010; Villalba and Smith, 2011; Villalba et al., 2015).

Synaptic Organization of VApc and CM in Control vs Parkinsonian Monkeys

The pattern of synaptic organization of the VApc and CM in normal monkeys is consistent 

with previous findings in rats, cats and monkeys (Bodor et al., 2008; Grofová and Rinvik, 

1974; Ilinsky et al., 1999; Jones, 2007; Kultas-Ilinsky et al., 1983; Rovó et al., 2012; Sidibe 

et al., 1997; Smith et al., 1987). Similarly, the categorization of thalamic terminals in VApc 

and CM into three main groups (As,S1,S2) based on their chemical content (GABA vs. non-

GABA), pattern of synaptic connections and ultrastructural features is also similar to 

previous observations (Bodor et al., 2008; Ilinsky et al., 1997; Ilinsky et al., 1999; Jones, 

2007; Kultas-Ilinsky and Ilinsky, 1990; Kultas-Ilinsky et al., 1997; Sherman, 2004; Smith et 

al., 1987; Wanaverbecq et al., 2008). Although the exact source(s) of these terminals was not 

determined in the present study (except for showing that at least some S2 terminals belong 

to projections from GPi), data from previous tracing experiments published by our group 

and others suggest that most S1 terminals originate from the RTN, while the bulk of As 

terminals arise from the cerebral cortex (Jones, 2007; Kultas-Ilinsky et al., 1990; Smith et 

al., 1987). It is noteworthy that the VApc and CM receive other brainstem inputs 

(serotonergic, noradrenergic, dopaminergic, cholinergic) that were not considered in this 

study (Jones, 2007). The fact that many of these terminals do not form conventional 

synapses and do not display GABA or vGluT1 immunoreactivity (Jones, 2007), reduces the 

likelihood that they contribute substantially to the three main groups of terminals 

categorized in the present study.

Consistent with the previous literature (Balercia et al., 1996; Deschênes et al., 1998; Kakei 

et al., 2001; Kuo and Carpenter, 1973; Liu and Jones, 1999; Rouiller and Welker, 2000; 

Steriade, 2001; Wörgötter et al., 2002; Zhang and Jones, 2004), our data demonstrate that 

putative corticothalamic boutons (i.e., As terminals) are 4-6 times more abundant than 

GABAergic terminals from GPi and RTN in the VApc and CM. Based on their small size, 

general morphology and monosynaptic interactions with their postsynaptic targets, As 

terminals in VApc and CM are likely to be ‘modulatory’ (Bodor et al., 2008; Deschenes et 

al., 1994; Galvan et al., 2016; Rovó et al., 2012; Sherman, 2005). The significantly lower 

density of corticothalamic terminals in the VApc (but not in the CM) in parkinsonian 
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monkeys suggests that this system may undergo homeostatic (or maladaptive) plasticity 

and/or degeneration in the parkinsonian state (see below).

The general pattern of synaptic connections of As, S1 and S2 terminals with thalamocortical 

cells in the normal VApc and CM is consistent with previous reports. We found that 

corticothalamic (As) and RTN/interneuron (S1) terminals mainly target distal dendrites, 

while GPi terminals innervate preferentially the proximal dendrites and cell body of 

thalamocortical neurons (Grofova and Rinvik, 1974; Ilinsky and Kultas-Ilinsky, 1990; Jones, 

2007; Kultas-Ilinsky et al., 1983; Sherman, 2004; Shink et al., 1997; Smith et al., 1987). Our 

findings did not reveal differences in these patterns of connectivity between control and 

parkinsonian animals. However, in the absence of detailed three-dimensional 

reconstructions, we cannot rule out the possibility of subtle changes of innervation.

The lack of differences in the prevalence and pattern of synaptic connections of GABAergic 

pallidothalamic synapses between the normal and parkinsonian animals does not exclude the 

possibility that the strength and functional properties of these synapses is affected in the 

parkinsonian state. Thus, the strength of the pallidothalamic system may be dynamically 

regulated by changes in the number, size, and proximity of synapses formed by individual 

pallidothalamic terminals, as previously described for other multisynaptic terminals (Bodor 

et al., 2008; Rovó et al., 2012; Wanaverbecq et al., 2008). Most importantly, such structural 

changes have also been described for pallidosubthalamic terminals in 6-OHDA-treated mice 

(Fan et al., 2012). Changes in the expression or the subunit composition of GABA receptors, 

mechanisms of GABA release and/or expression of GABA transporters must also be 

considered as mechanisms that may affect the pallidothalamic system in the parkinsonian 

state (and was not specifically examined in this study).

GABAergic innervation of CM in the parkinsonian state

The number of CM neurons is significantly decreased in PD patients and chronically MPTP-

treated parkinsonian monkeys, compared to controls (Halliday et al., 2005; Halliday, 2009; 

Henderson et al., 2000a; Henderson et al., 2000b; Villalba et al., 2014). Surprisingly, despite 

the loss of CM neurons, the density of GABAergic terminals targeting such neurons was the 

same in normal and parkinsonian monkeys. This suggests that the GABAergic GPi and RTN 

terminals may preferentially target subpopulations of CM neurons that do not degenerate in 

the parkinsonian state. Findings from Halliday and colleagues suggest that non-parvalbumin 

(PV)-expressing neurons are particularly vulnerable in the CM of PD patients. Future studies 

that compare the innervation of PV- and non-PV-containing CM neurons by GABAergic 

afferents in normal and parkinsonian monkeys are obviously warranted. While the 

prevalence and pattern of synaptic connectivity of GABAergic terminals did not differ 

between the MPTP-treated and control monkeys, the proportion of single GPi terminals in 

contact with interneurons in the CM of MPTP-treated monkeys were higher than that found 

in controls. These findings are discussed in more detail in another section.
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Plastic remodeling of the corticothalamic projection to VApc and CM in the parkinsonian 
state

Our findings demonstrate a lower prevalence of glutamatergic terminals in VApc, and a 

larger volume of these boutons in VApc and CM of parkinsonian monkeys, as compared to 

normal animals. These observations suggest that the corticothalamic system undergoes 

significant synaptic remodeling in the parkinsonian state.

In primates and rodents, corticothalamic glutamatergic terminals originate from pyramidal 

neurons in cortical layers V and VI. Although the physiological properties and morphology 

of these two populations of terminals have not been fully characterized in the motor 

thalamus, rodent data have provided strong evidence that these two groups of terminals are 

anatomically and functionally different in high order sensory nuclei. Corticothalamic 

projections from layer V pyramidal neurons are fast-conducting collaterals of long-range 

corticofugal axons that do not project to RTN (Jahanshahi et al., 1995; Rascol et al., 1994). 

In the pulvinar and medial dorsal nucleus, corticothalamic terminals of layer V neurons are 

relatively sparse, large, and form multiple asymmetric synapses with proximal dendrites and 

cell bodies of thalamocortical neurons and GABAergic interneurons (Callaway and Wiser, 

1996; Deschenes et al., 1994; Paré and Smith, 1996; Rovó et al., 2012; Sherman, 2001; 

Sherman and Guillery, 2001; Sherman, 2005; Stepniewska et al., 2007). In contrast, 

corticothalamic terminals of layer VI neurons are abundant, small, and form synapses 

preferentially with distal dendrites of thalamic cells across the whole thalamus (Kakei et al., 

2001; Rouiller and Welker, 2000; Rovó et al., 2012; Sirota et al., 2005). Electrophysiological 

studies have also demonstrated significant differences in the strength and functional 

properties of layer V and layer VI corticothalamic terminals in rodents, cats, and non-human 

primates (Deschenes et al., 1994; Kakei et al., 2001; Na et al., 1997; Rovó et al., 2012). 

Based on their high synaptic strength, layer V corticothalamic terminals are considered as 

potential “drivers” of high order thalamic nuclei, while layer VI terminals are seen as 

“modulators” of thalamic activity (Rovó et al., 2012; Sherman, 2012).

The basal ganglia-receiving nuclei of the primate motor thalamus receive inputs from layer 

V neurons in the primary motor cortex, the supplementary motor area, and the premotor 

cortex (McFarland and Haber, 2002; Rascol et al., 1992; Rouiller et al., 1998; Rouiller and 

Welker, 2000), but are devoid of large multisynaptic “driver-like” glutamatergic terminals 

(Goldberg et al., 2013; Jones, 2007; Percheron, 1997; Rovó et al., 2012). Data from our 

study using vGluT1 as a general marker of all corticothalamic terminals are consistent with 

these previous observations: none of the vGluT1-positive terminals in VApc and CM 

displayed the ultrastructural features of driver-like glutamatergic terminals in control and 

parkinsonian monkeys. Future studies using tracing and physiologic methods that allow 

differentiating layer V from layer VI corticothalamic projections to the VApc and CM of 

control and parkinsonian monkeys are needed to further examine the specific properties of 

these cortical inputs in the motor thalamus.

As stated above, we found that the abundance of vGluT1-containing cortical terminals in the 

VApc was significantly lower in parkinsonian monkeys than in untreated animals. This 

difference may be due to degeneration of corticothalamic neurons in motor cortices, specific 

loss of corticothalamic terminals in contact with thalamocortical cells, or from the loss of 
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thalamic neurons that receive cortical afferents. However, in contrast to the cell loss known 

to occur in CM, there is no neuronal loss in the VApc in parkinsonian humans and MPTP-

treated monkeys (Halliday et al., 2005; Halliday, 2009; Henderson et al., 2000a; Villalba et 

al., 2014). Despite the profound neuronal loss in CM of parkinsonian monkeys (Villalba et 

al., 2014), the abundance of vGluT1-positive terminals was unchanged in the CM of MPTP-

treated animals. These observations could be explained by a possible sprouting of new 

terminals from the remaining cortical axons or may suggest that CM neurons that degenerate 

in parkinsonian monkeys are not strongly innervated by the degenerated vGluT1-positive 

cortical terminals. It is noteworthy that a possible technical limitation may also explain our 

observations because our quantitative assessments of the prevalence of vGluT1-containing 

terminals in the CM of control and parkinsonian monkeys were not collected using unbiased 

stereological methods, thereby did not take into account the increased volume of the 

remaining vGluT1-positive terminals in the CM of parkinsonian monkeys.

Plasticity of Cortical and Pallidal Inputs to Putative GABAergic Interneurons in MPTP-
treated Parkinsonian Monkeys

Up to 30% of all neurons in the primate VApc and CM are GABAergic interneurons (Ilinsky 

and Kultas-Ilinsky, 1990; Jones, 2007; Smith et al., 1987). In contrast, motor thalamic nuclei 

in rodents are practically devoid of GABAergic interneurons (Gabbott et al., 1986a; Gabbott 

et al., 1986b; Ohara et al., 1983). Limited data is available on the functional integration of 

the interneurons in the GABAergic microcircuitry of VApc and CM in primates (Ilinsky and 

Kultas-Ilinsky, 1990; Ilinsky et al., 1997; Ilinsky et al., 1999; Kultas-Ilinsky and Ilinsky, 

1990; Kultas-Ilinsky and Ilinsky, 1991; Kultas-Ilinsky et al., 1997).

Because of the lack of a technical approach to selectively interrogate thalamic GABAergic 

interneurons in the primate brain, their physiologic responses and processing functions 

remain enigmatic. For instance, there is a tendency towards a larger proportion of single GPi 

terminals in contact with interneurons in the CM and VApc of parkinsonian monkeys than in 

controls. Although these observations must be statistically validated through further studies 

in a larger number of animals, it is noteworthy that a possible plastic reorganization of 

pallidal inputs to interneurons could act as a compensatory mechanism that counterbalances 

the increased inhibitory influences of GPi inputs onto thalamocortical cells. Such a change 

in synaptic organization could also alter other aspects of firing patterns in the thalamus (such 

as the level of synchrony between neighboring cells).

One caveat of these experiments is the fact that dendrites of GABAergic interneurons were 

recognized solely on the basis of the presence of synaptic vesicles. Although this 

ultrastructural feature is recognized as a unique characteristic of these interneurons (Jones, 

2007), we cannot rule out that some of the dendritic profiles without synaptic vesicles in the 

present material also belong to interneurons. In addition, since S2 terminals are larger they 

are encountered more frequently and as a result have a higher proportion in single sections. 

Therefore, another caveat is the fact that we are unable to correct for the size of S2 

terminals. Thus, the proportion of interneuron dendrites in contact with As, S1, and S2 

terminals reported in the present study is likely to be an underestimate.
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Conclusions

Together with previous findings from the striatum and the subthalamic nucleus, data from 

the present study demonstrate that changes in the prevalence, morphology and synaptic 

connectivity of glutamatergic and GABAergic terminals also occur in the basal ganglia-

receiving thalamic nuclei in parkinsonian monkeys. Although much remains to be known 

about the functional significance of these structural changes, the possibility that they 

contribute to the complex pathophysiology of the basal-ganglia-thalamocortical loops in 

parkinsonism deserves further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Vesicular GABAergic Transporter (vGAT) and Glutamic acid decarboxylase 67 (GAD67) 

immunoreactivity (IR) in the ventral anterior parvocellular part (VApc) and centromedian 

(CM) thalamic nuclei. Sagittal sections of the VApc (a-d) and CM (f-k) in control (n=6) and 

MPTP-treated (n=4) animals processed for vGAT-IR, GAD67-IR, and calbindin. (e,l) 
Intensity of vGAT-IR and GAD-67 IR in the VApc and CM of control and MPTP-treated 

monkeys, expressed as ratio of staining intensity (e) VApc/medial geniculate nucleus (MGN) 

or (I) CM/ventral posteromedial nucleus (VPM). GPe, GPi Globus pallidus external, internal 

(respectively), RTN reticular thalamic nucleus, IC internal capsule, VL ventral lateral 

thalamic nucleus. Data are expressed as mean± SEM. Scale bar in a (applies to b-k) = 4mm.
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Fig. 2. 
S2-type terminals in the VApc and CM of control and MPTP-treated monkeys. (a,c) Electron 

micrograph of an EYFP-containing GPi (S2-type) terminal forming multiple synapses 

(arrowheads) onto dendrites in the (a) VApc of a MPTP-treated monkey and (c) CM of a 

control animal. (b) Electron micrograph of a S2-like GABA-labeled terminal forming 

multiple synapses onto a dendrite in the VApc of a control monkey. In a and c, the GFP 

immunostaining was revealed with immunoperoxidase (dense deposits), in b, GABA 
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labeling was localized with immunogold particles (small black dots). Black arrowheads = 

individual synapses. Scale bars correspond to 1 μm.
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Fig. 3. 
S1 and As-type terminals in the VApc and CM in normal and MPTP-treated monkeys. (a) 

Post-embedding immunogold GABA labeling that shows GABA-negative As-type terminals 

in contact with small- and medium-sized dendrites (Den) and a GABA-positive S1 terminal 

in contact with a vesicle-filled interneuron’s dendrite (v. Den) in the VApc of a control 

monkey. (b) S1-type terminal in the CM of an MPTP-treated monkey in contact with a 

medium-sized dendrite. (c) GABA-positive S1-type terminal in the VApc of a normal 

monkey in contact with a medium-sized dendrite. Scale bars correspond to 1 μm.
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Fig. 4. 
Relative prevalence and post-synaptic targets of GABAergic and glutamatergic terminals in 

the VApc. (a)Total density of each terminal sub-type in the VApc of control (N = 5) and 

parkinsonian (N = 3) monkeys, (b-d) Percentage of each terminal subtype in synaptic 

contact with dendritic profiles of different sizes in control (N = 5-6) and parkinsonian (N = 

3-5) monkeys. Lines inside boxes indicate medians, top and bottom of boxes indicate 1st and 

3rd quartile respectively, and whiskers indicate minimum and maximum data points. 

Significant decrease in As-type terminals between normal and MPTP-treated groups *** = 

p<0.001; S1-type terminals between control and MPTP group; p=0.851, S2-type terminals 

between control and MPTP group; p= 0.941, One-Way ANOVA (Holm-Sidak). Significant 

differences in the densities of As and S1 terminals in control: p<0.001 and MPTP: p = 

0.020; significant differences in the densities of As and S2 terminals in control: p<0.001 and 

MPTP: p = 0.004; One Way ANOVA with Holm-Sidak post-hoc testing.

Swain et al. Page 29

J Comp Neurol. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. 
Relative prevalence and post-synaptic targets of GABAergic and glutamatergic terminals in 

the CM. (a) Total density of each terminal sub-type in the CM of control (N = 4) and 

parkinsonian (N=3) monkeys. (b-d) Percentage of each terminal subtype forming synaptic 

contact with dendritic profiles of different sizes in control (N=4-6) and parkinsonian 

(N=3-5) monkeys. Lines inside boxes indicate medians, top and bottom of boxes indicate 1st 

and 3rd quartile respectively, and whiskers indicate minimum and maximum data points. 

Significant difference in As-type terminals and S2-type terminals in control conditions 

p=0.019 <0.05, Dunn’s Method One Way Analysis of Variance on Ranks.
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Fig. 6. 
Preferential post-synaptic target of all terminal subtypes in the VApc and CM. (a, c) Average 

percentages of small, medium, and large dendrites in the VApc (a) and CM (c). (b, d) Ratio 

between the percent of terminal subtypes in contact with dendrites of different sizes and the 

relative proportion of small-, medium- or large-sized dendrites in the VApc (b) and CM (d) 

of control (N=4) and MPTP-treated (N=3) monkeys.
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Fig. 7. 
The cross sectional area of As-type terminals is enlarged in MPTP-treated monkeys. (a) 

vGluT1-positive terminals were analyzed in control (N=3) and parkinsonian (N=3) monkeys 

in the VApc (Control, n = 87 terminals; MPTP, n = 179 terminals), with an average area of 

0.23 μm2 in control and 0.56 μm2 in MPTP-treated animals, and CM (Control, n = 94 

terminals; MPTP-treated, n = 78 terminals), with an average area of 0.28 μm2 in control and 

0.73 μm2 in MPTP-treated animals. Data are expressed as meant± SEM. (Statistical 

difference was found using a Student T-test in the CM, ***p<0.001). (b-e) Examples of 
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vGluT1-immunoreactive As-type terminals forming asymmetric axo-dendritic synapses in 

VApc or CM of control and parkinsonian monkeys. Scale bars: 500 nm.
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Fig.8. 
vGluT1-labeled As-type (putative corticothalamic) terminals form synaptic contacts with 

vesicle-filled putative interneuron dendrites, (a-c) vGluT1-labeled terminal (As) making 

synaptic contact (red arrowheads) with a vesicle-filled interneuron’s dendrite (v. Den) and a 

projection neuron (Den) in the VApc of a MPTP-treated monkey. An unlabeled bouton in 

asymmetric contact with the same dendrite is also shown (Ter), (d-e) Proportion of vGluT1-

labeled terminals in the VApc (d) and the CM (e) in contact with dendrites of projection 
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neurons and interneurons in individual control (C1-C3) and parkinsonian (M1-M3) 

monkeys. Scale bars correspond to 500 nm.
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Fig. 9. 
S2-type terminals form dual synaptic contacts with dendrites of projection neurons and 

vesicle-filled putative interneuron dendrites, (a-c) GFP-labeled terminal (S2) making 

synaptic contact (black arrowheads) with a vesicle-filled interneuron’s dendrite (v. Den) and 

a projection neuron (Den) in CM (a-b) of a normal monkey and in the VApc (c) of a MPTP-

treated monkey, (d-e) Proportion of GFP-labeled (pallidothalamic-S2) terminals in the VApc 
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(d) and the CM (e) in contact with dendrites of projection neurons or interneurons in control 

(N=2) and parkinsonian (N=2) monkeys. Scale bars correspond to 1μm.
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Table 1

Animal Summary

Monkey # Age at time of 
sacrifice

Sex Control/
MPTP

Modified PRS score 
(based on (Wichmann 

et al., 2001))

Approximate delay 
between last dose of 
MPTP and sacrifice 

(years)

Cumulative dose of 
MPTP (mg/kg)

MR 165 3.5 years Male Control ------------------- ------------------- -------------------

MR 249 3 years Male Control ------------------- ------------------- -------------------

MR 252 3 years Female Control ------------------- ------------------- -------------------

MR 186 3.5 years Male Control ------------------- ------------------- -------------------

MR 194 4.75 years Female Control ------------------- ------------------- -------------------

MR 271 3 years Male Control ------------------- ------------------- -------------------

MR 209 14 years Female Control ------------------- ------------------- -------------------

MR 231 9 years Female Control ------------------- ------------------- -------------------

MR 232 13 years Female Control ------------------- ------------------- -------------------

MR 255 3.9 years Male Control ------------------- ------------------- -------------------

MR 259 2.6 years Male Control ------------------- ------------------- -------------------

MR 272 3 years Male Control ------------------- ------------------- -------------------

MR 244 17 years Female MPTP 12/30 11 17.5

MR 246 10 years Female MPTP 13.5/30 4 7.1

MR 245 14 years Female MPTP 10/30 8 4.15

MR 240 4 years Male MPTP 7/30 0.3 18.15

MR 269 5 years Male MPTP 16/30 1.6 8.2

MR 205 12 years Female MPTP 14/30 5 26.79

MR 247 15 years Female MPTP 14/30 2 9.5

MR 250 9 years Male MPTP 10/30 2 10.9

MR 218 4 years Male MPTP 5/30 1 2.8

MR 222 5 years Male MPTP 4.5/30 0.5 13.25
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Table 2

Antibody information

Antigen Immunizing 
species

Vendor 
(Primary)

Antibodies 
dilution 

used

Secondary 
antibodies 

dilution used

Vendor 
(Secondary)

Purpose RRID

vesicular 
GABA 

Transporter 
(vGAT)

Mouse R&D Systems, 
Minneapolis, 

MN catalog no. 
MAB6847

1:5,000 Horse anti 
Mouse 1:200 
(biotinylated)

Vector, 
Burlingame, 

CA catalog no. 
BA2000

To identify 
GABAergic 

terminals

AB_2814814

Glutamic Acid 
Decarboxylase 
67 (GAD67)

Mouse Millipore, 
Burlington, 

MA catalog no. 
MAB5406

1:5,000 Horse anti 
Mouse 1:200 
(biotinylated)

Vector, 
Burlingame, 

CA catalog no. 
BA2000

To identify 
GABAergic 

terminals

AB_2278725

Calbindin D28k 
(Cb)

Goat R&D Systems, 
Minneapolis, 

MN catalog no. 
AF3320

1:1,000 Horse ant Goat 
1:200 

(biotinylated)

Vector, catalog 
no. BA9500

To delineate 
thalamic nuclei

AB_2254256

GFP Rabbit Life Tech, 
Waltham, MA 

catalog no. 
A11122

1:5,000 Goat anti 
Rabbit 1:200 
(biotinylated)

Vector, 
Burlingame, 

CA catalog no. 
BA9400

To identify 
EYFP-positive 

elements (EYFP 
is a variant of 

GFP)

AB_221569

vesicular 
Glutamate 

Transporter 1 
(vGluT1)

Guinea Pig Millipore, 
Burlington, 

MA catalog no. 
AB5905

1:5,000 Goat anti 
Guinea Pig 

1:200 
(biotinylated)

Vector, 
Burlingame, 

CA catalog no. 
BA7000

To identify 
corticothalamic 

(i.e. As) terminals

AB_2814813

GABA Rabbit Sigma, St. 
Louis, MO 
catalog no. 

A2052

1:1,000 Goat anti 
Rabbit 1:50 
(gold; 15nm 
gold particle)

BBI, Madison, 
WI catalog no. 

EMAR-15

To identify 
GABAergic 

terminals

AB_477652

Tyrosine 
hydroxylase 

(TH)

Mouse Millipore, 
Burlington, 

MA catalog no. 
MAB318

1:1,000 Horse anti 
Mouse 1:200 
(biotinylated)

Vector, 
Burlingame, 

CA catalog no. 
BA2000

To identify 
dopamine-
containing 

neurons and 
terminals

AB_2201528
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