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Abstract
In both Parkinson’s disease (PD) patients and MPTP-treated non-human primates, there is a profound neuronal degeneration 
of the intralaminar centromedian/parafascicular (CM/Pf) thalamic complex. Although this thalamic pathology has long been 
established in PD (and other neurodegenerative disorders), the impact of CM/Pf cell loss on the integrity of the thalamo-
striatal glutamatergic system and its regulatory functions upon striatal neurons remain unknown. In the striatum, cholinergic 
interneurons (ChIs) are important constituents of the striatal microcircuitry and represent one of the main targets of CM/
Pf-striatal projections. Using light and electron microscopy approaches, we have analyzed the potential impact of CM/Pf 
neuronal loss on the anatomy of the synaptic connections between thalamic terminals (vGluT2-positive) and ChIs neurons 
in the striatum of parkinsonian monkeys treated chronically with MPTP. The following conclusions can be drawn from our 
observations: (1) as reported in PD patients, and in our previous monkey study, CM/Pf neurons undergo profound degenera-
tion in monkeys chronically treated with low doses of MPTP. (2) In the caudate (head and body) nucleus of parkinsonian 
monkeys, there is an increased density of ChIs. (3) Despite the robust loss of CM/Pf neurons, no significant change was found 
in the density of thalamostriatal (vGluT2-positive) terminals, and in the prevalence of vGluT2-positive terminals in contact 
with ChIs in parkinsonian monkeys. These findings provide new information about the state of thalamic innervation of the 
striatum in parkinsonian monkeys with CM/Pf degeneration, and bring up an additional level of intricacy to the consequences 
of thalamic pathology upon the functional microcircuitry of the thalamostriatal system in parkinsonism. Future studies are 
needed to assess the importance of CM/Pf neuronal loss, and its potential consequences on the neuroplastic changes induced 
in the synaptic organization of the thalamostriatal system, in the development of early cognitive impairments in PD.
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Introduction

In Parkinson’s disease (PD), there is a profound neuronal 
degeneration of the intralaminar centromedian/parafascic-
ular (CM/Pf) thalamic complex (Henderson et al. 2000a, 
b; Halliday 2009). We have recently shown that CM/Pf 
cell loss can also be induced in monkeys treated chroni-
cally with low doses of the neurotoxin 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) (Villalba et al. 2014). 
In both PD patients and MPTP-treated monkeys, this tha-
lamic neuronal death is an early insult of which the extent 
is unrelated to the severity of the parkinsonian motor signs 
(Henderson et al. 2000a, b; Villalba et al. 2014). Despite 
the fact such thalamic neurodegeneration has long been 
established in PD (and other neurodegenerative disor-
ders), the impact of CM/Pf cell loss on the integrity of 
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the thalamostriatal glutamatergic system and its regula-
tory functions upon striatal neurons remains unknown. 
In the striatum, most neurons are the GABAergic spiny 
projection neurons (SPNs) that represent over 80% of all 
striatal neurons in primates (Gerfen et al. 1990; Oorschot 
1996; Wickens et al. 2007; Oorschot 2013). The striatum 
also comprises heterogeneous populations of GABAergic 
and cholinergic interneurons (ChIs) (Kawaguchi et  al. 
1995; Bernacer et al. 2007, 2012; Gonzales and Smith 
2015). Striatal ChIs have long been recognized as impor-
tant constituents of the striatal microcircuitry that play 
key regulatory roles of striatal and basal ganglia function 
in normal and diseased states (Tepper and Bolam 2004; 
Bernacer et al. 2007; Lanciego et al. 2012; Tanimura et al. 
2018; Zhai et al. 2018; Tanimura et al. 2019; Zheng et al. 
2019) Their extensive dendritic and axonal arbors allow 
them to integrate and transmit information across func-
tionally diverse striatal territories, sub-serving their role 
in processing attentional salient stimuli in the context of 
reward-related behaviors (Aosaki et al. 1994; Kimura et al. 
2004; Balleine et al. 2007, 2015; Smith et al. 2011; Brad-
field et al. 2013; Gonzales and Smith 2015; Bradfield and 
Balleine 2017; Petryszyn et al. 2018; Peak et al. 2019). 
One of the main sources of glutamatergic inputs to ChIs 
is the CM/Pf complex (Lapper and Bolam 1992; Sidibe 
and Smith 1999; Truong et al. 2009; Galvan and Smith 
2011; Bradfield et al. 2013; Smith et al. 2014b; Gonzales 
and Smith 2015; Matamales et al. 2016; Masilamoni and 
Smith 2018). In monkeys and rodents, electrophysiological 
studies have demonstrated that the CM/Pf striatal system is 
a key regulator of ChI responses to reward-related sensory 
events and cognitive behaviors related to attention and 
behavioral switching (Aosaki et al. 1994, 2010; Kimura 
et al. 2004; Ding et al. 2010; Smith et al. 2011; Bradfield 

et al. 2013; Balleine et al. 2015; Bradfield and Balleine 
2017; Peak et al. 2019).

Thus, knowing the critical role of the CM/Pf complex 
upon striatal ChIs activity and its importance in mediating 
complex cognitive behaviors, the goal of the present study is 
to assess the potential impact of CM/Pf neuronal degenera-
tion on the structural integrity of the thalamostriatal innerva-
tion of ChIs in MPTP-treated parkinsonian monkeys.

Some of the results reported here have been published 
in abstract form (Villalba et al. 2015b; Villalba and Smith 
2017).

Materials and methods

Animals

Brain sections from a total six control and six 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 Sup-
plementary Table 1). Although six control and six MPTP-
treated monkeys were used in this study, each animal was not 
used in all experiments. The housing, feeding, and experi-
mental conditions used in these studies followed the guide-
lines by the National Institutes of Health, and are approved 
by Emory University’s Institutional Animal Care and Use 
Committee (IACUC).

MPTP administration and parkinsonism

Monkeys received systemic injections of MPTP (Sigma-
Aldrich, St-Louis, MO) (total dose range 4.3–8 mg/kg, 
i.m.). During the MPTP treatment, behavioral changes and 
parkinsonian motor signs were measured with quantitative 

Table 1   Control and MPTP-treated monkeys used

Control MPTP

Monkey Gender Age Monkey Gender Age

CM–Pf neurons-stereology MR 197 Female 13 years, 2 months
MR 212 Male 2 years, 7 months MR 205 Female 14 years, 4 months
MR 214 Male 10 years, 8 months MR 245 Female 13 years, 7 months

Striatal ChAT-IR neurons stereology MR 254 Male 1 years, 9 months MR 257 Male 6 years, 10 months
MR 255 Male 3 years, 9 months MR 258 Male 6 years, 9 months
MR 256 Male 2 years, 1 months MR 267 Female 6 years, 11 months

Striatal vGluT2-IR EM analysis MR 197 Female 13 years, 2 months MR 183 Female 17 years, 5 months
MR 212 Male 2 years, 7 months MR 205 Female 14 years, 4 months
MR 214 Male 10 years, 8 months MR 245 Female 13 years, 7 months

Striatal vGluT2-ChAT-IR EM analysis MR 197 Female 13 years, 2 months MR 183 Female 17 years, 5 months
MR 212 Male 2 years, 7 months MR 205 Female 14 years, 4 months
MR 214 Male 10 years, 8 months MR 245 Female 13 years, 7 months
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methods that are routinely used in our laboratory (Altar et al. 
1986; Singer et al. 1988; Herkenham et al. 1991; Johannes-
sen 1991; Przedborski et al. 2000; Raju et al. 2008; Masi-
lamoni 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 infra-
red 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., Minneapolis, MN). In addition, the animal’s sponta-
neous behavior was also videotaped and a computer-assisted 
observation method was used to quantify limbs, head, and 
trunk movements, within a 20-min period. As in our pre-
vious 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 
parkinsonian 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, bal-
ance, posture, bradykinesia, and hypokinesia.

Animal perfusion and tissue preparation

The monkeys received an overdose of pentobarbital (100 mg/
kg; iv) 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 10–12-mm-thick blocks in 
the frontal plane and post-fixed 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 pre-
pared for light microscopy and stereological studies were 
immersed in a 30% sucrose solution in PB (0.1 M, pH 7.4) 
for at least 1 week before being cut into 50-µm-thick coro-
nal serial sections with a freezing microtome. Sections were 
collected in an anti-freeze 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

For the analysis of the total number of neurons and the vol-
ume of the CM/Pf, a total of nine serial coronal sections 
(one every fifteenth; 50 µm thick) in three control and three 
MPTP-treated animals were Nissl stained (see Fig. 1e), and 
used for unbiased cell counting (see below).

Immunostaining for light and electron microscopy 
analysis

1.	 Primary antibodies

All antibodies used in this study are commercially avail-
able and have been well characterized using immunoblots 
on brain tissue or transfected cells, peptide preadsorption, 
and omission of primary antibodies (Table 2).

Fig. 1   Cell loss in the 
intralaminar CM/Pf nuclei 
of MPTP-treated monkeys. 
Light microscope images of 
Nissl–stained coronal sections 
of the CM in a control (a) and 
a MPTP-treated monkey (b). 
Histograms comparing the total 
number of neurons (c), and the 
volume of the CM/Pf nuclei 
(d) between control (N = 3) and 
MPTP-treated (N = 2) monkeys. 
In MPTP-treated parkinsonian 
monkeys, there is a drastic 
decrease (45%) in the total neu-
rons number, and in the volume 
(35%) of the CM/Pf complex 
compared with controls. Scale 
bar in a (applies to b) = 50 µm



3324	 Brain Structure and Function (2019) 224:3321–3338

1 3

•	 Calbindin-D-28k (Cb) antibody. A monoclonal anti-
Calbindin-D-28K (mouse IgG1 isotype) antibody was 
used to recognize specifically Cb in brain tissue. The 
pattern of thalamic labeling was like that described in 
previous non-human primate studies using the same or 
different Cb antibody (Masilamoni et al. 2011; Villalba 
et al. 2014).

•	 Choline acetyl transferase (ChAT) antibody. A polyclonal 
ChAT antibody raised in goat was used. The overall pat-
tern of immunostaining obtained with this antiserum was 
confined to brain areas known to express detectable levels 
of ChAT and that preadsorption immunoshistochemical 
assays resulted in the reduction of ChAT staining in these 
regions (see Gonzales and Smith 2015, Masilamoni and 
Smith 2018). Western blot analysis from human brain 
of placental tissue showed a distinct band at 68 kDa that 
corresponds to the molecular weight of enzymatically 
active ChAT (Masilamoni and Smith 2018).

•	 vGluT2 antibody. A rabbit anti-human vGluT2 poly-
clonal antibody (Mab Technologies) was used. This 
antiserum was obtained from rabbits (Covance, Prince-
ton, NJ) immunized against a peptide corresponding 
to amino acids 560–578 of the COOH terminus of the 
human vGluT2 (hvGluT2). The specificity of vGluT2 
antibody on monkey tissue was determined by Western 
immunoblots and light microscopy preadsorption immu-
nohistochemical analyses, as previously described (Raju 
et al. 2008).

2.	 Light microscopy (LM): ChAT-immunostaining in the 
striatum and Cb-immunostaining in the CM/Pf nuclei

Serial striatal sections and sections containing the CM/
Pf nuclei from control and MPTP-treated parkinsonian mon-
keys 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 pre-incubation in a solution 
containing 1% Normal Horse Serum (NHS), 0.3% Triton-
X-100, and 1% bovine serum albumin (BSA) in PBS. Sec-
tions were then incubated for 24 h at RT in a PBS solution 

(with 1% NHS, 0.3% Triton-X-100, and 1% BSA) containing 
the primary antibody. A goat anti-ChAT (dilution: 1:100) 
antibody was used for striatal sections, and a mouse anti-
Cb antibody (dilution 1:4000) for thalamic immunostain-
ing. Following the primary antibody incubations, the sec-
tions were thoroughly rinsed in PBS and incubated for 
90 min at RT with their respective secondary antibodies 
(biotinylated horse anti-goat IgGs for ChAT; biotinylated 
horse anti-mouse IgGs for Cb; Vector, Burlingame, CA) 
diluted at 1:200 in a PBS solution containing 1% normal 
non-immune 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, Burlingame, CA) diluted at 1:100 in the same dilu-
ents 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 tetrahydrochlo-
ride, DAB; Sigma, St Louis, MO), 0.01 M imidazole (Fisher 
Scientific, Norcross, GA), 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 Per-
mount. Finally, 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 using a ScanScope CS scanning system 
(Aperio Technologies, Vista, CA). Digital representations 
of the slides were saved and analyzed using ImageScope 
software (Aperio Technologies).

3.	 Electron microscopy (EM)

Single pre-embedding immunoperoxidase for vGluT2. In 
this study, vGluT2 staining was used as a marker for gluta-
matergic thalamostriatal projections (Fremeau et al. 2001; 
Raju et al. 2008; Villalba and Smith 2010, 2011, 2013, 2018; 
Smith et al. 2014a). Sections 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 

Table 2   Antibody information

Antigen Immunogen Species Vendor References

Calbindin-D-28-K BALB/c mice immunized with a purified 
bovine kidney calbindin-D-28K

Mouse Sigma, Catalog No C9848 Masilamoni et al. (2011), Villalba et al. 
(2014)

Choline acetyl-
transferase 
(ChAT)

Native choline acetyltransferase purified 
from human placenta

Goat ProSci Inc. (Poway, CA) 
Catalog No 50-265

Gonzales and Smith (2015), Masilamoni 
and Smith (2018), Yalcin-Cakmakli 
et al. (2018), Lallani et al. (2019)

Vesicular gluta-
mate 2 trans-
porter (vGluT2)

COOH terminus human vGluT2-aa 560-
578

Rabbit Mab Technologies 
(Atlanta, GA), Catalog 
No VGT2-6

Raju et al. (2008), Villalba and Smith 
(2010, 2011, 2013, 2018)



3325Brain Structure and Function (2019) 224:3321–3338	

1 3

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 pre-incubated 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 
and in our previous studies (Raju et al. 2008; Villalba and 
Smith 2010, 2011, 2013, 2018; Villalba et al. 2015a). Immu-
nostained striatal sections were post-fixed in osmium tetrox-
ide, 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 (see Villalba et al. 2016).

Double immunolabeling for vGluT2 and ChAT. Striatal 
sections were incubated overnight at RT with a cocktail of 
rabbit vGluT2 antibody (dilution 1:5000) and a goat anti-
ChAT antibody (dilution 1:100). All antibodies were diluted 
in Tris-buffered saline (TBS)-gelatin buffer (0.02 M Tris, 
0.15 M NaCl, 1 µl/ml fish gelatin, pH 7.6) with 1% nonfat 
dry milk to block the nonspecific sites. After rinses with 
TBS-gelatin, the sections were incubated with goat-anti-
rabbit IgGs conjugated with 1.4-nm gold particles (dilution 
1:100; Nanoprobes Inc.), then rinsed with TBS-gelatin and 
transferred to a 1% aqueous sodium acetate solution before 
the intensification of the gold particles with HQ silver kit 
(Nanoprobes Inc.). After silver intensification, sections 
were incubated in biotinylated horse anti-goat antibodies 
(dilution 1:200; Vectastain Standard kit, Vector Labs), and 
processed with ABC and DAB, as described for the single 
pre-embedding peroxidase immunolabeling localization of 
ChAT, except that Triton-X-100 was omitted from the dilu-
ent solutions.

Ultrathin sectioning and EM analysis. Blocks of immu-
nostained tissue (from caudate or putamen nuclei) were 
removed from the slides, and glued on top of resin blocks, 
trimmed and cut into 60-nm ultrathin serial sections with 
an ultramicrotome (Ultracut T2; Leica, Germany), and 
collected on single-slot Pioloform-coated copper grids. 
Ultrathin sections were then stained with lead citrate for 
5 min and examined with a JEOL/JEM-1011 electron micro-
scope (see Villalba et al. 2016). Electron micrographs were 
taken and saved at 40,000 × magnification with a CCD cam-
era (Gatan Model 785-DigitalMicrograph software, version 
3.10.1; Gatan, Inc., CA).

Control experiments. In a series of control experiments, 
sections were processed as described above, but without pri-
mary antibodies (as a control for the specificity of secondary 
antibodies). The control sections for single labeling experi-
ments were completely devoid of immunostaining. In case of 

controls for the double labeling experiments, each antibody 
was omitted in turn from the incubation solutions, while 
the rest of the procedure was unchanged. In these sections, 
there was a complete lack of immunostaining for the omit-
ted antibody, but no effect on the pattern and intensity of 
immunostaining associated with the other primary antibody.

Unbiased stereology and volume analysis

The total number of ChIs and CM/Pf neurons was estimated 
using the unbiased stereological method of the optical frac-
tionator (Gundersen and Osterby 1981; Gundersen 1986; 
West 1999; Schmitz and Hof 2005), and the Cavalieri’s prin-
ciple was used to estimate the volume (StereoInvestigator, 
MicroBrightField, Inc.). Stereological cell count and vol-
ume analyses were performed using serial coronal sections 
(sectioned thickness, 50 µm). Because of tissue shrinkage, 
the final mounted mean section thickness was estimated 
under the microscope from at least six measurements/sec-
tion obtained by moving the focus from the top to the bottom 
surface of the tissue with the Z-axis position encoder of the 
stereology system. Then, the numerical density (number of 
neurons/mm3) for each ROIs was calculated. The precision 
of the estimates of the total number of neurons (n), and the 
volume was evaluated by the coefficient of error (CE).

Total number of neurons and volume estimation of the 
Intralaminar (CM/Pf) nuclei. Every fifteenth serially col-
lected coronal sections through the full rostrocaudal extent 
of CM/Pf (9 sections per animal) were Nissl-stained and 
used for unbiased neurons counting and volume Cavalieri’s 
analysis. Adjacent Cb-immunostained sections were used 
to help delineate the borders of the CM/Pf complex (see 
Villalba et al. 2014). The ROIs were delineated using a low 
magnification objective, and a 100 × oil-immersion (NA: 
0.7) was used for neuronal counting. The grid spacing was 
600 × 600 µm2 and the dissector area was 75 × 75 µm2 with 
a height of 24 µm (guard zone of 3 µm). For the Cavalieri’s 
analysis of the CM/Pf complex volume, the same number 
of sections and ROIs were used, and the distance between 
points was 600 × 600  µm2. With these parameters, we 
obtained a CE (Gundersen, m = 1) between 0.03 and 0.05 
for the estimation of the total number of CM/Pf neurons, 
and 0.03 for the estimation of the total volume of CM/Pf 
complex (Gundersen, m = 1).

Total number of cholinergic interneurons (ChI; ChAT-IR) 
and volume estimation of the striatum. The delineation of the 
regions of interest (ROIs), namely the caudate nucleus (head 
and body) and putamen (pre- and post-commissural), was 
performed at low magnification, while the count of ChAT-
IR neurons (profiles) was done using a 40 × oil-immersion 
objective (numeric aperture, NA: 0.7). In our analysis, the 
individual array elements in the virtual grid were sepa-
rated by 1500 × 1500 µm2, and the dissectors had an area of 
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800 × 800 µm2 with a height of 24 µm, and a guard zone of 
3 µm (see Villalba et al. 2014). The total number of sections 
used per animal (between 15 and 17), the fraction of sections 
(1 every 24 for 5 animals, and 1 every 30 for 1 animal), the 
counting frame/dissector size, (Henderson et al. 2000b) and 
the dimensions of the virtual grid placed over the ROIs let 
us to obtain a CE (Gundersen, m =1) between 0.03 and 0.06 
(Gundersen 1986; Glaser and Wilson 1998). For the estima-
tion of the striatal volume, we used the Cavalieri’s method, 
and the point-counting technique (for stereological cross-
sectional area estimation) with a distance between points of 
400 × 400 µm2 on the same ROIs, and number of sections 
that were used for the neuronal (ChAT-IR) counting (CE 
between 0.01 and 0.03).

Statistical analysis

Inter-individual difference between animals of the same 
group was tested using one-way ANOVA. Stereological 
results (for striatal ChI) and the results for the density of 
striatal vGluT2-terminals were expressed as mean ± SEM 
and compared using Student’s t test. The results about the 
relative prevalence of glutamatergic inputs (vGluT2-posi-
tive) to striatal ChIs were expressed as proportions of vGluT 
terminals in contact with ChAT-positive profiles, and the dif-
ferences between control and MPTP-treated monkeys were 
statistically assessed using Chi-square analysis. Statistical 
differences were determined using Sigmaplot 14.0 sofware.

Photomicrographs production

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

Results

Total number of neurons and volume of the CM/Pf 
nuclei in control and MPTP‑treated parkinsonian 
monkeys

This first series of experiments was achieved to confirm 
our previous observations (Villalba et al. 2014) that the 
chronically MPTP-treated monkeys used in the present 
study underwent severe neuronal degeneration of the 
CM/Pf complex. The results of this unbiased quantitative 
analysis showed that the total number of Nissl-stained 
neurons in the CM/Pf nuclei of MPTP-treated monkeys 
(n = 708,800; CE = 0.05) was 45% lower than that in 

control animals (n = 1,295,645; CE = 0.03) (Fig. 1c, e). 
In line with these observations, the Cavalieri’s analysis 
revealed a 35% volume reduction of the CM/Pf nuclei in 
the MPTP-treated monkeys (20 mm3; CE = 0.03) compared 
with controls (29 mm3; CE = 0.03) (Fig. 1d, e). These 
observations provide further evidence that CM/Pf com-
plex is pathologically affected in parkinsonian monkeys, as 
reported in PD patients (Henderson et al. 2000a, b; Halli-
day et al. 2005; Brooks and Halliday 2009; Halliday 2009).

Total number and density of striatal cholinergic 
interneurons (ChI) in control and MPTP‑treated 
parkinsonian monkeys

To assess potential changes in the cellular substrate that 
could mediate CM/Pf interactions with ChIs in control 
and parkinsonian monkeys, we determined if the total 
number of ChIs was altered in various striatal regions of 
MPTP-treated monkeys compared with controls. In both 
groups, ChIs were immunostained with a ChAT antibody 
(Table 2). At the light microscopic level, there was no 
obvious difference in the overall pattern of ChAT staining 
and the morphology of ChAT-positive neurons in the cau-
date nucleus and putamen of control vs parkinsonian mon-
keys (Fig. 2a, b). In both groups of animals, the length and 
ramification of the immunostained dendritic tree of indi-
vidual neurons were consistent with previously reported 
data (Mesulam et al. 1984; DiFiglia 1987; Yelnik et al. 
1993; Schafer et al. 1995; Gonzales et al. 2013; Gonzales 
and Smith 2015). In general, thick aspiny primary den-
drites branched close to the large, polygonal, ovoidal or 
fusiform cell bodies, and gave rise to a profuse dendritic 
arbor that often extended over long distances within the 
striatal neuropil (Fig. 2c–f).

The total number of ChAT-IR neurons and the volume 
of the caudate nucleus and putamen were estimated in three 
control and three parkinsonian monkeys using an unbiased 
stereological approach (see Table 1). Overall, there was no 
statistically significant difference (t test) in the total num-
ber of ChIs in various regions of the caudate nucleus and 
putamen between control and parkinsonian monkeys, albeit 
a trend towards an increased number of ChIs in the head 
of the caudate nucleus of MPTP-treated monkeys (Fig. 3a). 
Similarly, despite modest average decreases (13–24%) in the 
volume of the caudate nucleus and putamen of parkinsonian 
monkeys, these differences were not statistically significant 
(t test) (Fig. 3b). However, when the density of ChAT-IR 
neurons was compared across striatal regions, a significant 
increase (*, statistically significant, t test) of 40% and 27% 
was found in the head (t test, P = 0.043) and body (t test, 
P = 0.045) of the caudate nucleus of MPTP-treated monkeys, 
respectively (Fig. 3c).
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Density of thalamostriatal (vGluT2‑positive) 
axo‑spinous and axo‑dendritic synapses in control 
vs MPTP‑treated parkinsonian monkeys

In this series of experiments, we determined whether the 
density of vGluT2-positive thalamostriatal terminals was 
altered in various striatal regions of parkinsonian mon-
keys. Thus, striatal tissue from three control and three 
parkinsonian monkeys was immunostained for vGluT2 
using the immunoperoxidase method. From these sec-
tions, blocks of tissue were dissected out from different 
striatal regions (head and body of caudate nucleus, pre- 
and post-commissural putamen), cut in ultrathin sections 
and scanned in the electron microscope. At the electron 
microscopy level, vGluT2-positive terminals were iden-
tified by the presence of the amorphous electron-dense 
peroxidase deposit (Fig. 4). The ultrastructural features of 
these boutons were consistent with those described in pre-
vious studies from our group and others (Lacey et al. 2005; 

Raju et al. 2006, 2008; Villalba and Smith 2010, 2011, 
2013, 2018; Deng et al. 2013; Zheng et al. 2019). To quan-
tify the density of vGluT2-positive boutons, 50 random 
images per striatal region/animal were taken (a total of 
150 pictures per striatal region) at 40,000 × magnification 
from the most superficial sections of the block to ensure 
optimal vGluT2 antibody penetration. From these images, 
the number of vGluT2-positive terminals that formed clear 
synapses was counted, and their postsynaptic targets were 
categorized as spines or dendrites. As shown in Fig. 5, 
two main conclusions can be drawn from this analysis: 
(1) the relative density of vGluT2-positive terminals is 
homogeneous across the various striatal regions, ranging 
from ~ 4 to 7 × 103 vGluT2-containing terminals/mm2 of 
striatal tissue and (2) There is no significant difference 
in the density of vGluT2-positive terminals in all striatal 
regions between control and MPTP-treated parkinsonian 
monkeys (Fig. 5).

Fig. 2   Light micrographs of 
striatal cholinergic interneurons 
in the caudate (a–d) and puta-
men (e, f) of control (a, c, e) 
and MPTP-treated monkeys (b, 
d, f). In both control and parkin-
sonian monkeys, these neurons 
have large cell bodies with 
different morphologies (ovoid, 
elongated or triangular) and 
prominent primary dendrites. 
The length and ramification of 
their immunostained dendritic 
trees vary, but usually the thick 
primary dendrites branch close 
to the cell body and give rise to 
dendritic trees that often extend 
over long distances in the 
striatal neuropil. Scale bar in b 
(applies to a) = 200 µm and in f 
(applies to c–e) = 25 µm
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Thalamostriatal glutamatergic inputs 
(vGluT2‑positive) onto striatal ChAT‑positive 
dendrites in control vs MPTP‑treated parkinsonian 
monkeys

The goal of this series of experiments was to determine if 
the proportion of ChAT-positive dendrites contacted by 
vGluT2-positive thalamostriatal terminals differs between 

control and parkinsonian monkeys. To address this issue, we 
used a double pre-embedding immunolabeling approach to 
identify ChAT-positive dendrites with immunoperoxidase 
and vGluT2-positive terminals with silver-intensified gold 
particles in the same striatal tissue. Thus, in the electron 
microscope, ChAT-immunopositive dendrites were identi-
fied by the electron-dense DAB reaction product, whereas 
vGluT2-positive terminals were localized by the presence of 
silver/gold particles (Fig. 6). A terminal was categorized as 
vGluT2-positive if it contained two or more gold particles 
(Fig. 6a, b, e). As depicted in Fig. 6, both sets of labeled 
elements were easily distinguishable from each other, and 
commonly overlapped in the striatum (Fig. 6).

Thus, double immunostained sections of caudate nucleus 
and putamen in three control and three parkinsonian mon-
keys were used in these experiments. In the electron micro-
scope, quantitative data were collected exclusively from the 
most superficial sections of tissue blocks to ensure opti-
mal penetration of both antibodies (Fig. 6). From regions 
of the caudate nucleus and putamen that were co-labeled 
for vGluT2 and ChAT, 90 micrographs of ChAT-positive 
dendrites (30 dendrites/monkey) in the close vicinity of 
gold-labeled vGluT2-containing terminals were taken in 
the caudate nucleus and putamen. For each ChAT-positive 
dendrite, we determined if it formed asymmetric synapses 
with vGluT2-positive and/or vGluT2-negative terminals. 
In both, the caudate nucleus and putamen of control and 
MPTP-treated animals, over 80% of the ChAT-positive den-
drites formed asymmetric synapses with vGluT2-negative 
terminals. As shown in Fig. 7, ~ 10% ChAT-positive den-
drites examined formed asymmetric synapses with vGluT2-
positive terminals in the caudate nucleus of both control 
and parkinsonian monkeys, while this percentage increased 
from ~ 14 to ~ 20% in the putamen of these animals. The 
statistical analysis (Chi-square test) showed no significant 
difference in the proportion of ChAT-positive dendrites that 
formed asymmetric synapses with vGluT2-positive termi-
nals between control and parkinsonian monkeys (Fig. 7).

Discussion

Despite clear evidence that CM/Pf neurons undergo pro-
found degeneration in PD (Henderson et  al. 2000a, b; 
Halliday et al. 2005; Brooks and Halliday 2009; Halliday 
2009) and that thalamic inputs from CM/Pf are key regula-
tors of striatal ChIs activity (Akins et al. 1990; Meredith 
and Wouterlood 1990; Lapper and Bolam 1992; Sidibe and 
Smith 1999; Brown et al. 2010; Ding et al. 2010; Galvan 
and Smith 2011), this study is the first assessment of the 
potential impact of CM/Pf neuronal loss on the anatomy of 
the synaptic connections between thalamic terminals and 
ChIs in an animal model of parkinsonism. The following 

Fig. 3   Stereological analysis of the number and density of choliner-
gic interneurons (ChAT-IR neurons) in the striatum of control and 
MPTP-treated parkinsonian monkeys. a Histograms comparing the 
change in the estimated total number (mean ± SEM) of ChAT-IR neu-
rons in the head and body of the caudate nucleus, and in the pre- and 
post-commissural putamen of control (N = 3) and MPTP-treated par-
kinsonian monkeys (N = 3). b Stereological estimated volume (Cava-
lieri’s analysis) of the caudate nucleus and putamen in control (N = 3) 
and MPTP-treated (N = 3) monkeys. The values in the histograms rep-
resent the mean ± SEM per group. c Density of ChAT-IR neurons in 
the caudate nucleus and putamen of control (N = 3) and MPTP-treated 
parkinsonian (N = 3) monkeys. Note the increased density of cholin-
ergic interneurons in the head and body of the caudate nucleus (*, t 
test; head, P = 0.043 and body, P = 0.045)



3329Brain Structure and Function (2019) 224:3321–3338	

1 3

Fig. 4   Electron micrographs 
of vGluT2-positive (vGluT2+) 
terminals forming asymmetric 
synapses with dendrites (d) 
and dendritic spines (sp) in the 
caudate (b, c) and putamen (a, 
d) of control (a, b) and MPTP-
treated-parkinsonian mon-
keys (c, d). In the same field, 
vGluT2-negative (vGluT2-) 
terminals form asymmetric 
synapses with dendritic spines. 
Scale bar in a (applies to b and 
c) and in d = 0.5 µm

Fig. 5   Histograms comparing 
the density of vGluT2-positive 
terminals in the caudate (a) 
and putamen (b) of control 
(N = 3) and MPTP-treated 
(N = 3) parkinsonian monkeys. 
This analysis revealed that the 
density of vGluT2 + terminals 
forming synapses onto dendrites 
and spines in both the head 
and body of the caudate, and 
the pre- and post-commissural 
putamen was not statistically 
different between control and 
MPTP-treated monkeys (t 
test, P values: Caudate head 
axo-spine = 0.442; axo-den-
drite = 0.145. Caudate body 
axo-spine = 0.0961; axo-den-
drite = 0.0474. Pre-commissural 
putamen axo-spine = 0.066; 
axo-dendrite = 0.035. Post-
commissural putamen 
axo-spine = 0.516; axo-den-
drite = 0.486
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Fig. 6   Electron micrographs of ChAT-immunostained (peroxi-
dase) dendrites and vGluT2-immunolabeled (silver-intensified gold 
particles) terminals in the putamen (a, b, d, e) and caudate (c, f) 
of control (a, b, c) and MPTP-treated monkeys (d, e, f). a A large-
sized ChAT + dendrite (diameter > 1  µm) forms an asymmetric syn-
apse (white arrows) with a vGluT2-negative (vGluT2−) terminal. 
In the same field, some vGluT2-positive (vGluT2+) terminals form 
asymmetric synapses (black arrows) with non-labeled dendrites (d) 
and a dendritic spine (sp). b A vGluT2 + terminal forms an asym-

metric synapse with a small-sized (diameter < 0.5  µm) ChAT + den-
drite (double white arrows). c Medium-sized (diameter between 0.5 
and 1  µm) ChAT-immunostained dendrite receiving an asymmet-
ric synapse from a vGluT2-negative (white arrows). Large- (d) and 
medium-sized (e, f) ChAT + dendrites form asymmetric synapses 
with vGluT2- (white arrows in d and f) and vGluT2 + (double white 
arrows in e) terminals. Scale bars in a = 0.5  µm, in b (applies to 
c) = 0.5 µm and in d = 0.5 µm (applies to d and f)

Fig. 7   Histograms comparing 
the percentages of ChAT-posi-
tive dendrites that form asym-
metric synapses with vGluT2-
positive terminals in the caudate 
and putamen of control and 
MPTP-treated monkeys. In 
both the caudate and putamen, 
no significant differences (Chi 
square test) between control 
and parkinsonian monkeys were 
found in the proportions of 
ChAT-positive dendrites receiv-
ing vGluT2-positive terminals
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conclusions can be drawn from our observations: (1) as 
reported in PD patients and in our previous monkey study, 
CM/Pf neurons undergo profound degeneration in monkeys 
chronically treated with low doses of MPTP (Villalba et al. 
2014; Smith et al. 2014a), which further validate the use of 
the chronic MPTP-treated monkey model of PD to study 
potential motor and non-motor signs associated with CM/
Pf neuronal degeneration in PD (Smith et al. 2014b; Masi-
lamoni and Smith 2018). (2) Albeit they did not reach sig-
nificance, modest changes in volume and in total number 
of ChIs were found in the caudate nucleus and putamen of 
chronically MPTP-treated monkeys. Together, these changes 
led to an increased density of ChIs in the caudate nucleus 
(head and body) of parkinsonian monkeys. (3) Despite the 
robust loss of CM/Pf neurons, no significant change was 
found in the density of vGluT2-positive thalamostriatal ter-
minals and in the prevalence of vGluT2 terminals in contact 
with ChIs in parkinsonian monkeys. Thus, in spite of a pro-
found CM/Pf degeneration, the overall anatomy of the syn-
aptic relationships between thalamic terminals (as revealed 
with vGluT2) and striatal ChIs is not significantly altered in 
parkinsonian monkeys. In the following account, the func-
tional significance of these observations, and the potential 
neuroplastic changes that may underlie possible differences 
between the extent of CM/Pf neuronal loss and the degree 
of thalamostriatal denervation will be discussed.

CM/Pf degeneration in Parkinson’s disease 
and chronically MPTP‑treated monkeys

As previously reported in PD patients, and in our previous 
study (Henderson et al. 2000a, b, 2005; Brooks and Halliday 
2009; Halliday and Stevens 2011; Villalba et al. 2014; Smith 
et al. 2014b), the present findings demonstrate that rhesus 
monkeys chronically treated with low doses of the neuro-
toxin MPTP displayed robust CM/Pf neuronal loss. Although 
the present study did not attempt at assessing the relation-
ships between the extent of CM/Pf cell loss and the severity 
of parkinsonian motor symptoms, our recent findings indi-
cated that the loss of CM/Pf neurons is an early pathology 
that reaches its maximal extent (~ 40 to 50%) prior to the 
development of parkinsonian motor symptoms in chronically 
MPTP-treated monkeys (Villalba et al. 2014). Consistent 
with these observations, human postmortem studies indi-
cated that the degree of neuronal loss in CM/Pf was the same 
in early diagnosed vs late, severely disabled, PD patients 
(Henderson et al. 2000a, b, 2005; Brooks and Halliday 2009; 
Halliday and Stevens 2011). Together, these observations 
indicate that CM/Pf neurodegeneration in PD is unrelated 
to the severity of PD motor signs, but rather contributes to 
early non-motor features of the disease (Smith et al. 2014a). 
Although cell loss was also found in some rostral intralami-
nar nuclei, the CM/Pf is, by far, the most affected thalamic 

nuclear group in PD patients (Henderson et al. 2000a, b; 
Halliday 2009). In chronically MPTP-treated monkeys, no 
significant cell loss was found in the mediodorsal nucleus, 
despite its close proximity to the CM/Pf complex (Villalba 
et al. 2014). Thus, a subset of CM/Pf neurons appears to be 
particularly sensitive to degeneration in PD and in response 
to chronic treatment with MPTP. Whether chronic MPTP 
toxicity and PD pathology target the same CM/Pf neurons 
in monkeys and humans remain to be established. However, 
the fact that the extent of neuronal loss is closely similar, and 
that the CM/Pf pathology is an early event unrelated to the 
severity of parkinsonian motor symptoms in both MPTP-
treated monkeys and PD patients, strongly suggests that the 
same neuronal groups may be targeted in human and nonhu-
man primates. In humans, Halliday and colleagues reported 
that CM/Pf parvalbumin-negative neurons are more severely 
affected than parvalbumin-positive cells in PD (Truong et al. 
2009; Henderson et al. 2000a), suggesting that differential 
calcium-buffering capabilities may partly underlie the sus-
ceptibility of specific CM/Pf neurons to degeneration in PD. 
In that regard, the complete lack of calbindin expression in 
CM/Pf neurons (Parent et al. 1996; Henderson et al. 2000a; 
Munkle et al. 2000; Smith et al. 2014b; Villalba et al. 2014) 
may make this nuclear group more sensitive than other tha-
lamic regions in PD or in response to MPTP-induced tox-
icity (Iacopino et al. 1992; Liang et al. 1996; Yuan et al. 
2013; Dopeso-Reyes et al. 2014; Spruill and Kuncl 2015). 
Another distinctive feature of CM/Pf neurons is their pref-
erential expression of different proteins such as cerebellin 
1, leucine-rich repeat containing GPCR8 (LGR8) and Friz-
zled5 compared with other thalamic neurons (Shen et al. 
2005; Liu et al. 2008; Sedaghat et al. 2009; Kusnoor et al. 
2010). Whether dysregulation of these proteins contributes 
to PD pathology of CM/Pf remains to be examined. The cel-
lular mechanisms through which chronic MPTP administra-
tion results in CM/Pf cell also remain enigmatic. Although 
evidence of chronic MPTP (and MPP +)-induced toxicity in 
various monoaminergic cell groups has been reported (Altar 
et al. 1986; Singer et al. 1988; Herkenham et al. 1991; Johan-
nessen 1991; Przedborski et al. 2000; Watanabe et al. 2005; 
Fornai et al. 2005; Masilamoni et al. 2011; Masilamoni  
and Smith 2018), the neurotoxic impact of MPTP or 
MPP+ upon non-monoaminergic neurons remains scant. 
However, it is noteworthy that intrastriatal injection of 
MPP+ or systemic injection of MPTP induces significant 
neuronal loss in Pf and SNc, without any significant effect 
on cortical neurons (Freyaldenhoven et al. 1997; Ghorayeb 
et al. 2002), suggesting that Pf neurons, such as midbrain 
dopaminergic cells, are highly vulnerable to MPTP toxicity. 
Some authors have also reported loss of Pf neurons in the 
unilateral 6-OHDA-treated rodent model of PD (Aymerich 
et al. 2006), but others did not (Kusnoor et al. 2012; Parker 
et al. 2016). Although the sources of these variable results 
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remain unclear, the lack of thalamic degeneration in some 
rodent models of PD raise concerns about the reliability of 
such animal models to study functional changes of the thala-
mostriatal system in human PD (Villalba and Smith 2018).

CM/Pf neuronal loss versus thalamostriatal 
degeneration

Because the caudal intralaminar complex is one of the main 
sources of the thalamostriatal system (see Smith et al. 2004, 
2011, 2014b for reviews) in primates, the profound degen-
eration of CM/Pf neurons in MPTP-treated monkeys (and in 
PD patients) could lead to significant thalamic denervation 
of the striatum in the parkinsonian state. However, our EM 
findings suggest otherwise, i.e. no significant change in the 
prevalence of vGluT2-immunoreactive terminals was found 
in the putamen of MPTP-treated parkinsonian monkeys with 
robust CM/Pf neuronal loss. Although these observations 
may appear paradoxical, various compensatory neuroplastic 
changes may explain such a dichotomy: (1) other thalamic 
nuclei may homeostatically increase their striatal innervation 
to relieve the progressive loss of CM/Pf-striatal terminals. 
Knowing that many thalamic nuclei contribute to the thala-
mostriatal innervation (Berendse and Groenewegen 1990; 
Sidibe and Smith 1999; Smith et al. 2004, 2009, 2014a), 
and that most vGluT2-containing terminals in the normal 
striatum have a non-CM/Pf origin (Raju et al. 2006), an 
homeostatic or maladaptive sprouting of vGluT2-positive 
axonal projections to compensate for the loss of vGluT2 
CM/Pf terminals should be considered, (2) the CM/Pf-stri-
atal neurons spared by the MPTP-induced toxicity increase 
their striatal innervation to compensate for the loss of tha-
lamic terminals induced by CM/Pf neuronal death. Although 
as much as ~ 40–50% CM/Pf neurons undergo degeneration 
in MPTP-treated parkinsonian monkeys and PD patients, 
more than half CM/Pf neurons are spared. Although the 
exact projection sites and potential changes in the extent 
of striatal innervation of the remaining CM/Pf neurons in 
parkinsonian monkeys and PD patients remain unknown, 
previous rodent studies support this possibility. In 6-OHDA-
treated rats with partial Pf degeneration, a subset of spared 
Pf neurons were, indeed, identified as Pf-striatal neurons 
with increased vGluT2 mRNA expression, suggesting a 
compensatory increased activity in the parkinsonian condi-
tion (Aymerich et al. 2006; see also Bacci et al. 2002, 2004), 
(3) an increased volume of remaining vGluT2-containing 
terminals in the striatum of parkinsonian monkeys may 
partly compensate for the loss of vGluT2-positive terminal 
profiles counted from single ultrathin sections. Our recent 
findings have, indeed, shown a significant increase in the 
volume of thalamic and cortical terminals in the striatum of 
MPTP-treated parkinsonian monkeys (Villalba and Smith 
2010, 2011, 2018). However, although this possibility could 

not be completely ruled out, the fact that vGluT2 terminal 
profile counts in the present study were achieved from single 
ultra-thin sections spaced apart by at least 1–2 µm reduce the 
likelihood that the same terminals were counted twice in our 
analysis, (4) most CM/Pf neurons that undergo degeneration 
in MPTP-treated monkeys do not project to the striatum, but 
rather give rise to cortical innervation. Although a majority 
of CM/Pf neurons project to the striatum, a subset of CM/Pf 
cells project solely to the cerebral cortex (Smith and Parent 
1986; Sadikot et al. 1992a, b; Parent and Parent 2005). Our 
recent evidence for partial vGluT2 denervation of deep lay-
ers in M1 of MPTP-treated monkeys (Villalba et al. 2018) 
is in line with this possibility, (5) a subset of thalamostriatal 
terminals from CM/Pf do not express vGluT2 immunoreac-
tivity. Although unlikely, it is noteworthy that ~ 20% putative 
glutamatergic terminals in the primate and rodent striatum 
do not express vGluT1 or vGluT2 immunostaining (Lacey 
et al. 2005; Raju et al. 2008). Whether a subset of these 
terminals originates from CM/Pf, and may be lost in the 
parkinsonian state, remains to be established.

Thus, it appears that a deeper understanding of the neuro-
plastic properties of thalamostriatal projections and further 
knowledge of the anatomy of degenerated vs spared CM/
Pf neurons in parkinsonian monkeys are warranted to fully 
elucidate the underlying substrate of differences between 
the extent of CM/Pf degeneration and the lack of significant 
thalamic denervation in parkinsonian condition.

CM/Pf innervation of striatal cholinergic 
interneurons in normal and parkinsonian condition

Cholinergic interneurons (ChIs) are key constituents 
of the striatal microcircuitry that have been recognized 
as central nodes for the processing of attentional sali-
ent stimuli in the context of reward-related behaviors 
(Aosaki et al. 1994; Pisani et al. 2001; Ravel et al. 2003; 
Kimura et al. 2004; Morris et al. 2004; Joshua et al. 2008; 
Apicella et al. 2011; Bonsi et al. 2011). Their contribu-
tion to a wide array of motor and non-motor symptoms 
associated with various basal ganglia disorders has been 
recognized, making them a prime target for brain disease 
therapeutics (Pisani et al. 2003, 2007; Chung et al. 2010; 
Ding et al. 2011; Quik et al. 2014; Won et al. 2014; Zhang 
et al. 2014; Maurice et al. 2015; Bordia et al. 2016; Tani-
mura et al. 2019). Their extensive dendritic and axonal 
arbors allow to integrate and transmit information across 
functionally diverse striatal territories (Gonzales and 
Smith 2015; Abudukeyoumu et al. 2019). Dopaminergic, 
GABAergic and glutamatergic afferents are important 
regulators of their physiological responses to attentional 
stimuli (Schultz et al. 1993; Minamimoto and Kimura 
2002; Kimura et al. 2004; Morris et al. 2004; Gibbs et al. 
2007; Joshua et al. 2008; Nanda et al. 2009; Apicella et al. 
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2011; Bonsi et al. 2011; Gonzales et al. 2013; Anderson 
et al. 2016; Assous and Tepper 2019). More specifically, 
the CM/Pf is the main source of extrinsic glutamatergic 
drive to these neurons (Akins et al. 1990; Meredith and 
Wouterlood 1990; Lapper and Bolam 1992; Sidibe and 
Smith 1999; Ding et al. 2010; Brown et al. 2010; Galvan 
and Smith 2011; Smith et al. 2014a). In mice, disrup-
tion of the functional connection between the Pf and ChIs 
in the dorsomedial striatum significantly hampers goal-
directed actions and executive control (Bradfield et al. 
2013; Hart et al. 2014; Smith et al. 2014a; Matamales 
et al. 2016; Balleine et al. 2007; Bradfield and Balleine 
2017; Saund et al. 2017; Yamanaka et al. 2018; Wolff 
and Vann 2019). In rhesus monkeys, blockade of CM/Pf 
activity induces significant changes in the pattern of ChI 
responses to attentional stimuli (Minamimoto and Kimura 
2002; Nanda et al. 2009; Brown et al. 2010). Combined 
with additional CM/Pf-striatal lesion studies and case 
reports of human CM/Pf infarcts that led to cognitive 
impairments in behavioral flexibility and attention, these 
data strongly suggest that the CM/Pf-striatal system, in 
part through its interactions with striatal ChIs, is a key 
regulator of complex basal ganglia-mediated cognitive 
behaviors (see Smith et al. 2011, 2014a; Balleine et al. 
2015; Peak et al. 2019 for reviews). In that regard, our 
findings that striatal ChIs do not undergo a significant 
thalamic denervation despite major neuronal loss in CM/
Pf of parkinsonian monkeys are highly relevant, because 
these may be indicative that the CM/Pf-ChIs connection 
remains intact in the brain of PD patients despite loss of 
thalamic cells. However, other alternative explanations 
must be considered. The various neuroplastic changes 
discussed in the previous section to explain the limited 
change in the prevalence of striatal vGluT2 terminals in 
parkinsonian monkeys also apply to the thalamic inner-
vation of ChIs. In addition, one could also raise the pos-
sibility that the CM/Pf innervation of ChIs originates 
from a specific subset of CM/Pf neurons, different from 
those that innervate striatal projection neurons, which are 
selectively spared in parkinsonian monkeys. A detailed 
characterization of the fine microcircuitry and exact cel-
lular sources of CM/Pf terminals in contact with specific 
striatal interneuron and projection neuron subtypes is 
needed to fully elucidate this issue. To further address 
the functional significance of these anatomic observa-
tions, electrophysiological responses of putative striatal 
ChIs to CM/Pf stimulation in control and parkinsonian 
monkeys are needed. In line with recent findings from 
another group, our stereological analysis of ChI counts 
did not reveal any statistically significant differences in 
the total number of striatal ChIs (ChAT-IR) between con-
trol and parkinsonian monkeys (Petryszyn et al. 2016).

Technical limitations

Some potential limitations inherent to the use of immuno-
EM approaches must be considered in the interpretation of 
our data. The possibility that the lack of change in the preva-
lence of vGluT2 terminals in the putamen of parkinsonian 
monkeys resulted from the variable penetration of vGluT2 
antibodies through the striatal tissue between control and 
parkinsonian monkeys cannot be completely ruled out, 
though unlikely to be a major contributor to our observa-
tions, because care was taken in sampling vGluT2 termi-
nals solely from the very superficial sections of tissue blocks 
where the antibodies penetration is optimal in both groups 
of animals. The fact that the variability of results from indi-
vidual monkey in the control and parkinsonian group was 
low demonstrates the consistency and reliability of findings 
between and across experimental groups. Furthermore, 
because the use of a similar quantitative approach allowed 
us to demonstrate a decrease in the prevalence of vGluT1 
terminals in the subthalamic nucleus of parkinsonian mon-
keys in our recent study (Mathai et al. 2015) validates the 
sampling strategy to address the current issue. Another con-
sideration is the fact that unbiased stereological approach for 
vGluT2 terminal counts was not used in the present study. 
Although we understand that this would have been the opti-
mal method to use, our material was not suitable for such a 
quantitative analysis. Thus, as an alternative, we quantified 
the density of boutons based on counts of terminal profiles 
from serial ultrathin sections far enough from each other 
to avoid counting the same profile twice. The use of this 
sampling approach, combined with the fact that only the 
most superficial ultrathin sections of tissue blocks were ana-
lyzed to ensure optimal vGluT2 immunostaining, the limited 
variability of results in terminal profile counts between indi-
vidual monkeys of the same or different groups, and results 
of our previous STN study showing vGluT1 terminal loss 
using a similar EM approach, make us confident that find-
ings reported in the present work lay on a solid foundation 
and indicate a genuine lack of significant vGluT2 terminal 
loss in the striatum of MPTP-treated monkeys. The lack of 
change in the proportion of thalamic terminals in contact 
with ChIs in parkinsonian monkeys also deserves some con-
sideration. To increase the likelihood of contacts between 
vGuT2 terminals and ChAT-positive elements, we collected 
data for this part of the study only from striatal regions that 
expressed both markers in the close vicinity of each other. 
In doing so, we ensured that the areas under analysis were 
exposed to both antibodies, avoiding false negative labeling 
due to poor antibody penetration. To make sure the thalamic 
innervation of all parts of ChAT neurons was examined, 
we specifically looked at the vGluT2 innervation of large-, 
medium- and small-sized dendrites. This allowed us to deter-
mine if changes of vGluT2 innervation might have affected 
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proximal or distal parts of the ChIs dendritic trees. It is also 
critical to mention that all EM data collected in this study 
were done in a blinded fashion, i.e. the investigator collect-
ing the EM data was blinded to the animal group under study 
until all EM data had been gathered and tabulated.

Thus, overall, we feel confident that the data presented in 
this study provide an unbiased view of the state of thalamic 
innervation of the striatum in parkinsonian monkeys with 
CM/Pf degeneration. Because Cre-expressing transgenic 
monkeys are not yet available, some of the modern tech-
niques used in mice to trace monosynaptic inputs to specific 
subsets of neurons (Ginger et al. 2013; Wall et al. 2010; 
Callaway and Luo 2015; Guo et al. 2015) cannot be applied 
to the study of nonhuman primate functional microcircuits. 
Further development of such tracing method for use in pri-
mates could help confirm and expand our findings. Although 
neither EM nor viral-based tracing methods can be used in 
the human brain, a light or confocal microscopy analysis of 
the abundance vGluT2-positive terminal-like puncta in the 
striatum of control and parkinsonian patients is needed to 
assess the significance of our findings to the human diseased 
condition.

Concluding remarks

Although it long remained obscure, our understanding of 
the potential role of the CM/Pf-striatal connection in cog-
nition uncovered during the past decade has rejuvenated 
interest for the thalamostriatal system (Kimura et al. 2004; 
Metzger et al. 2010; Bradfield et al. 2013; Saalmann 2014; 
Balleine et al. 2015; Bradfield and Balleine 2017; Melief 
et al. 2018; Yamanaka et al. 2018; Wolff and Vann 2019). In 
particular, the close functional link between the CM/Pf and 
ChIs is now seen as key functional network involved in the 
regulation of goal-directed actions and behavioral flexibility. 
These behavioral observations, combined with the fact that 
the CM/Pf undergoes profound degeneration in PD, raise 
some interesting possibilities about the potential contribu-
tion of the CM/Pf-striatal degeneration in cognitive impair-
ments related to executive function in PD (see Schneider 
and Kovelowski 1990; Smith et al. 2011, 2014a; Solari et al. 
2013; Balleine et al. 2015 and Peak et al. 2019 for reviews). 
The fact that CM/Pf neuronal loss is an early pathology in 
PD patients and chronically MPTP-treated monkeys suggests 
that functional consequences of thalamic degeneration might 
occur early in PD, most likely prior to the development of 
parkinsonian motor features. Early executive dysfunction 
in attentional set-shifting have, indeed, been reported in 
early diagnosed PD patients and in motor asymptomatic 
MPTP-treated monkeys chronically treated with low doses 
of MPTP (Slovin et al. 1999; Pessiglione et al. 2003; Maiti 
et al. 2016). Whether these cognitive impairments result 

from degeneration of the CM/Pf-striatal system is unknown, 
but surely worth considering because the main projection 
site of CM/Pf neurons is the dorsal striatum (Sidibe and 
Smith 1999; Smith et al. 2009, 2014a; Galvan and Smith 
2011; Melief et al. 2018). The findings of our study bring 
up an additional level of intricacy to the consequences of 
thalamic pathology upon the functional microcircuitry of 
the thalamostriatal system in parkinsonism. The limited 
changes seen in the relative prevalence and synaptic con-
nections of thalamic terminals with ChIs in MPTP-treated 
monkeys raise the possibility that the CM/Pf lesion may not 
have a significant impact upon the functional role of the 
CM/Pf-striatal system in PD. Alternatively, our observations 
may suggest that the CM/Pf degeneration leads to a cascade 
of compensatory or maladaptive neuroplastic changes that 
result in a complex reorganization and axonal sprouting of 
other thalamic inputs to the striatum. Future anatomical and 
functional studies aimed at assessing the functional impact 
of CM/Pf and other thalamic nuclei activation upon ChIs 
and striatal projection neurons in control and parkinsonian 
monkeys are needed to further address these issues.
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