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Abstract
Dopaminergic neuron degeneration is known to give rise to dendrite injury and spine loss of striatal neurons, however, 
changes of intrastriatal glutamatergic terminals and their synapses after 6-hydroxydopamine (6OHDA)-induced dopamine 
(DA)-depletion remains controversial. To confirm the effect of striatal DA-depletion on the morphology and protein lev-
els of corticostriatal and thalamostriatal glutamatergic terminals and synapses, immunohistochemistry, immuno-electron 
microscope (EM), western blotting techniques were performed on Parkinson’s disease rat models in this study. The experi-
mental results of this study showed that: (1) 6OHDA-induced DA-depletion resulted in a remarkable increase of Vesicular 
glutamate transporter 1 (VGlut1) + and Vesicular glutamate transporter 2 (VGlut2)+ terminal densities at both the light 
microscope (LM) and EM levels, and VGlut1+ and VGlut2+ terminal sizes were shown to be enlarged by immuno-EM; 
(2) Striatal DA-depletion resulted in a decrease in both the total and axospinous terminal fractions of VGlut1+ terminals, 
but the axodendritic terminal fraction was not significantly different from the control group. However, total, axospinous and 
axodendritic terminal fractions for VGlut2+ terminals declined significantly after striatal DA-depletion. (3) Western blotting 
data showed that striatal DA-depletion up-regulated the expression levels of the VGlut1 and VGlut2 proteins. These results 
suggest that 6OHDA-induced DA-depletion affects corticostriatal and thalamostriatal glutamatergic synaptic inputs, which 
are involved in the pathological process of striatal neuron injury induced by DA-depletion.
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Introduction

Striatum is the major input nucleus of the basal ganglia, 
which is primarily involved in the control and execution 
of goal-directed behaviors and habits [1, 2]. Dysfunc-
tion of the striatum leads to severe neurological and 
psychiatric disorders, such as Parkinson’s disease (PD) 

and Huntington’s disease [3]. The principal neurons of 
the striatum are medium spiny neurons (MSNs), which 
occupy 90–95% of total striatal neurons. MSNs can be 
divided into direct pathway and indirect pathway neu-
rons basing on their marker proteins and projection tar-
gets [4–6]. Direct pathway neurons express dopamine 1 
receptor (D1) and substance P (SP), and project axons 
to the substantia nigra pars reticulata (SNr) and internal 
segment of the globus pallidus (GPi). Indirect pathway 
neurons express dopamine 2 receptor (D2) and enkephalin 
(ENK), and project axons to external segment of globus 
pallidus (GPe) [2, 7, 8]. Striatal-direct and indirect path-
way neurons share similar morphology, which have radi-
ally projecting dendrites with dense dendritic spines [9, 
10]. In rodents, the dendrites of individual MSNs harbor 
as many as 5000 spines [11]. The MSNs are regulated by 
DA from the substantia nigra pars compacta (SNc) and by 
glutamic acid from the cortex and thalamus. Inhibitory 
dopaminergic inputs generally terminate onto the neck of 
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spines, while excitatory glutamatergic inputs mainly target 
the head of the spines [12, 13]. This connection pattern 
provides an anatomical basis for the close synaptic inter-
actions between glutamatergic and dopaminergic inputs 
at the level of the spines [14, 15]. These interactions are 
critical for maintaining functional and structural integrity 
of striatal neurons [16, 17]. Furthermore, it is generally 
accepted that VGlut1 and VGlut2 are specific markers that 
can distinguish between cortical afferents and thalamic 
afferents of the striatum. Cortical neurons which innervate 
the striatum express VGlut1. Alternatively, the thalamic 
afferents are mainly from the Parafascicular nucleus (PFn) 
of the thalamus, and express VGlut2 [18, 19].

Degeneration of the nigrostriatal dopaminergic pathway 
is the main pathological feature of PD [20–22]. Striatal 
DA-depletion induces an imbalance between excitatory and 
inhibitory afferents to the striatum and leads to complex 
physiological and morphological changes in the striatum 
[23–25]. Our previous studies confirmed that DA-depletion 
could lead to behavior disorders relevant to striatal function 
accompanied by striatal neuron apoptosis in the striatum of 
PD rat models [26]. In addition, a number of studies have 
indicated that DA-depletion can reduce dendrite length and 
cause severe spine loss in PD patients and PD rats, mice 
and monkey models [9, 27–30]. However, the fate of the 
glutamatergic presynaptic terminals on the head of spines 
is still unclear. Researchers assumed that these terminals 
might move to an alternative postsynaptic target or degener-
ate after the spine loss [13]. Immunohistochemical data have 
indicated that VGlut1+ synapses were either significantly 
increased or unchanged in the striatum of 1-methyl-4-phe-
nyl-1,2,3,6-tetrahydropyridine (MPTP)-treated monkeys, 
while the prevalence of VGlut2+ synapses either did not 
change or decreased after MPTP treatment [31, 32]. Moreo-
ver, there were significant PFn neurons loss in monkey PD 
models and PD patients [33–35], but the remaining PFn 
neurons were intensely hyperactive and showed a marked 
increase in the expression level of VGlut2 mRNA [36]. The 
possibility of PFn neuron loss or morphological changes to 
thalamostriatal systems in rodent PD models remains con-
troversial [37–39]. Moreover, western blotting and immuno-
autoradiography results have demonstrated that VGlut1 and 
VGlut2 expression levels were increased by 24% and 29%, 
respectively, in the putamen of PD patients [40]. However, 
other researchers found no significant changes in VGlut1 
or VGlut2 expression levels in the striatum of PD rat mod-
els [41]. In addition, most previous studies have focused on 
VGluts+ excitatory synapses which can be recognized by the 
presence of round vesicles in the terminal and a postsynaptic 
density (PSD) in the spine or dendrite [24, 31, 40, 42–44]. 
However, we found that most VGlut1+ and VGlut2+ termi-
nals formed asymmetric synapses with spines or dendrites 
at the EM level. Furthermore, we observed many terminals 

with no overt PSD, and these terminals were ignored in pre-
vious studies.

Unilateral destruction of the dopaminergic pathway in rat 
by 6OHDA is a well characterized animal model of PD [45, 
46]. With the aid of immunohistochemistry, immuno-EM 
and western blotting techniques, we investigated the changes 
in density, size and terminal fraction of VGluts+ terminals 
and protein expression levels of VGlut1 and VGlut2 in the 
striatum of rats with 6OHDA-induced DA-depletion. Our 
data showed that both corticostriatal and thalamostriatal 
inputs underwent complex morphological changes in rat 
models of PD.

Materials and Methods

Animals and Groups

All animal experiments were performed according to the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals conducted and approved by the Animal 
Care and Use Committee of Sun Yat-sen University. Sixty 
adult male Sprague-Dawley rats weighing 250–300 g were 
used in this study, and these rats were housed under a 12 h 
light/dark cycle with access to food and water. Rats were 
randomly divided into four groups: normal control group 
(n = 15), sham-operation group (n = 15), vehicle control 
group (n = 15), and 6OHDA group (n = 15). In each group, 
six rats were used for immunohistochemistry, three rats for 
immune-EM detection and six rats were used for western 
blotting.

Surgical Operation

The PD rat models used in this study have been described in 
previous articles [26, 47, 48]. Briefly, 6OHDA (catalog no. 
H116; Sigma) was unilaterally injected into the right median 
forebrain bundle (MFB) of rats in the 6OHDA group. Rats 
were anesthetized with sodium pentobarbital (50 mg/kg, 
i.p.), and then placed on a Kopf stereotaxic instrument 
(catalog no. 60191, Stoelting Co.). The skull was exposed 
(coordinates: ML: − 1.9 mm, AP: − 3.6 mm, DV: − 8.2 mm), 
and 8 ul 6OHDA (2.5 µg/µl 6OHDA dissolved in 0.9% saline 
containing 0.01% ascorbic acid as antioxidant) was injected 
into MFB with a 10 µl Hamilton syringe. Rats in the vehicle 
control group received an equal volume of 0.9% saline con-
taining 0.01% ascorbic acid injected into the same location. 
Rats in the sham-operation group had the skull exposed and 
had a hole drilled in the skull, but no treatment was admin-
istered. Rats in the normal control group did not receive 
any surgery or treatment. During the 2–4 weeks following 
6OHDA lesions, rats were subcutaneously injected with apo-
morphine (APO; catalog no. 2073/50, Tocris) at a dose of 
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0.25 mg/kg, and the number of 360° contralateral rotations 
within 30 min were counted. Only rats with a total number 
of turns over 210 were included for further studies [26]. In 
addition, immunohistochemical staining of tyrosine hydrox-
ylase (TH) in slices of the striatum and SNc were performed 
for each rat. Only rat models with more than 90% loss of TH 
neurons in the SNc and 80% loss of TH fibers in the striatum 
from the ipsilateral hemisphere were used in the following 
experiments [26, 46, 49]. All rats qualified for analysis and 
were sacrificed at 28 days after surgery.

Immunohistochemistry and Immuno‑EM

After anesthesia with sodium pentobarbital (50 mg/kg, i.p.), 
rats used for immunohistochemistry were perfused tran-
scardially with 0.9% saline (400 ml) followed by 400 ml of 
4% paraformaldehyde–15% saturated picric acid in 0.1 M 
phosphate buffer (PB; pH 7.4). Rats used for immune-EM 
were perfused in the same way, but 0.6% glutaraldehyde 
was added to the fixative. All brains were quickly removed 
and immersed in 4% paraformaldehyde–15% saturated picric 
acid in 0.1 M PB overnight at 4 °C, then sectioned at 50 µm 
by vibratome (catalog no. VT1200S, Leica). Sections were 
pretreated with 1% sodium borohydride in 0.1 M PB for 
30 min followed by 0.3% Hydrogen proxide (H2O2) in 0.1 M 
PB (pH 7.4) for 30 min, then incubated for 48 h at 4 °C in 
primary antibody: guinea pig anti-VGlut1 (1:1000, catalog 
no. AB5905, Millipore) or guinea pig anti-VGlut2 (1:2000, 
catalog no. AB2251-I, Millipore) with 0.1 M PB contain-
ing 1% bovine serum albumin. Sections were subsequently 
rinsed and incubated with secondary antibodies for 3 h at 
room temperature: biotinylated donkey–anti-guinea pig IgG 
(1:100, catalog no. 706-065-148, Jackson). Sections were 
rinsed three times in 0.1 M PB, incubated with avidin–bio-
tin solution (1:200, catalog no. PK-6100, VECTOR labs), 
then rinsed six times in 0.1 M PB. After the PB rinses, the 
sections were immersed in 0.05% DAB (catalog no. D5637, 
Sigma) in 0.1 M PB for 15 min. H2O2 was added into the 
solution with a final concentration of 0.01%, and the sections 
were incubated in this solution for an additional 5 min. Sec-
tions were subsequently washed six times in 0.1 M PB for. 
Sections to be viewed by LM were mounted onto gelatin-
coated slides, air dried, dehydrated with an alcohol gradient, 
cleared with xylene and covered with neutral balsam.

After DAB visualization, sections for EM were rinsed 
in 0.1 M sodium cacodylate buffer (catalog no. 6131-99-3, 
Xiya reagent), then postfixed for 1 h in 2% osmium tetroxide 
(OsO4; catalog no. 18456, PELCO) in 0.1 M sodium caco-
dylate buffer. Sections were then dehydrated in a graded 
series of ethyl alcohols, impregnated with 1% uranyl acetate 
in 100% alcohol and flat embedded in EPON 812 resin (cata-
log no. 18010, PELCO). Ultrathin sections were cut with an 
ultramicrotome (catalog no. EM UC6, Leica). The sections 

were mounted on mesh grids, stained with 0.4% lead cit-
rate and 4.0% uranyl acetate, and finally viewed and photo-
graphed with an transmission electron microscope (TEM; 
catalog no. Tecnai G2 Spirit Twin, FEI company).

Western Blotting

Western blotting was carried out to detect the expression 
levels of VGlut1 and VGlut2. Rats were killed by decapi-
tation after deep anesthesia with sodium pentobarbital 
(50 mg/kg, i.p.), and the striatum of each rat was extracted 
and homogenized. Samples were separated by a 12% SDS-
PAGE gel and transferred to PVDF membranes (catalog no. 
IPVH00010, Millipore). After blocking with 5% nonfat dry 
milk for 2 h at room temperature, the membranes were incu-
bated overnight at 4 °C with primary antibodies: guinea pig 
anti-VGlut1 (1:1000, catalog no. AB5905, Millipore), guinea 
pig anti-VGlut2 (1:1000, catalog no. AB2251-I, Millipore) 
and rabbit-anti-GAPDH (1:1000, catalog no. mAB5174). 
The membranes were incubated with horseradish peroxidase 
(HRP) conjugated goat–anti-guinea pig IgG (1:5000, catalog 
no. AP97155, Abcam) and HRP conjugated goat anti-rabbit 
IgG antibody for 2 h at room temperature. The immunore-
active bands were visualized with chemiluminescent HRP 
substrate (catalog no. WBKLs0500, Millipore).

Data Collection and Statistical Analysis

According to the atlas of Paxinos and Watson [50], the sec-
tions were approximately taken from the interaural plane 
levels (from 10.70 to 8.74 mm). We focused on the dorso-
lateral striatum region, which is closely related to the motor 
symptoms of PD [16, 51]. For each striatal level, adjacent 
sections were immunolabeled with VGlut1 and VGlut2 anti-
bodies; LM observation showed that VGlut1+ and VGlut2+ 
terminals were uniformly distributed throughout the stria-
tum. The investigators were blinded to measure the differ-
ent experimental groups. Counting methods for density of 
terminals were performed as previously described [47, 52, 
53]. Briefly, the density of VGlut1+ or VGlut2+ terminals 
were counted in five randomly selected squares with their 
sides as 100 µm.

For immuno-EM data, analysis and quantification were 
carried out on random fields of digital EM images. To only 
use tissue with adequate antibody penetration, the EM analy-
ses were restricted to ultrathin sections from the most super-
ficial sections of blocks. The size of terminals was deter-
mined by measuring them at their widest diameter parallel 
to and 0.1 µm before the presynaptic membrane. VGlut1+ 
and VGlut2+ terminals were recognized by immunoreactiv-
ity products and densely packed with round, electron-lucent 
vesicles. Spines were identifiable by their small size, con-
tinuity with dendrites, prominent PSD and/or the presence 
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of the spine apparatus [54–56]. Dendrites were identifiable 
by their size, oval or elongate shape, and the presence of 
microtubules and mitochondria. The numbers of VGlut1+ 
and VGlut2+ terminals (per 100 µm2) were counted as the 
density of terminals. VGlut1+ or VGlut2+ immunolabeled 
terminals targeted on spines or dendrites were counted to 
ascertain the densities of axospinous and axodendritic syn-
apses. The analysis was performed based on 45 EM images 
per animal for each marker. For detailed count methods 
please refer to our previous papers [54–56].

SPSS 20.0 software was used for all statistical analyses. 
All experimental data were expressed as the mean ± stand-
ard deviation. For comparison between two groups, two-
way analysis of variance (ANOVA) was used. In all cases, 
P < 0.05 was considered to be statistically significant.

Results

The experimental data showed that there were no significant 
differences among the normal control group, the sham-oper-
ation group, and the vehicle control group (data not shown). 
To make the following report clear and concise, the data are 
presented in the text consist of only the control group and 
the 6OHDA group unless otherwise indicated.

Effects of Striatal DA‑Depletion on VGlut1+ 
and VGlut2+ Terminals Morphology

Previous studies had confirmed that corticostriatal and thala-
mostriatal terminals could be specifically immunolabeled by 
VGlut1 and VGlut2, respectively [40, 57]. Immunolabeling 
of VGlut1 and VGlut2 revealed numerous immunolabeled 
terminals that were uniformly distributed in the dorsolateral 
striatum of the control and the 6OHDA groups at the LM 
level (Fig. 1a, a′, b, b′). Statistical data showed that VGlut1+ 
terminals in the 6OHDA group (23.36 ± 2.62/100 µm2) 
were denser than the control group (19.56 ± 2.01/100 µm2; 
P < 0.05). Similarly, 6OHDA-induced DA-depletion brought 
about a remarkable increase of VGlut2+ terminal density 
(14.18 ± 1.46/100  µm2) compared to the control group 
(10.95 ± 1.55/100 µm2; P < 0.05).

EM was applied to accurately investigate ultra-
structural features of VGlut1+ and VGlut2+ terminals. 
VGlut1+ and VGlut2+ terminals tended to be round and 
uniformly distributed across the dorsolateral striatum, 
which were densely packed with round, electron-lucent 
vesicles (Fig. 1c, c′, d, d′). Most VGlut1+ and VGlut2+ 
terminals formed asymmetric synapses with thicker PSD, 
and three targeting types of terminals were observed at 
EM level: (1) VGluts+ terminals targeting spines of stri-
atal neurons forming axospinous synapses; (2) VGluts+ 

terminals connecting with dendrites of striatal neurons 
forming axodendritic synapses; (3) VGluts+ terminals 
without synapse formation (Figs. 2, 3).

To detect and compare the terminal density between 
the control and the 6OHDA groups, all VGluts+ termi-
nals were counted and their sizes were measure regard-
less of whether they formed synapses with spines or 
dendrites (Fig. 1 c, c′, d, d′). Present EM data, in line 
with LM observation, showed a significant increase 
in VGlut1+ terminal density in the 6OHDA group 
(16.49 ± 1.24/100 µm2) compared with the control group 
(14.87 ± 1.05/100 µm2, P < 0.05; Fig. 4a), and the density 
of VGlut2+ terminals also increased in the 6OHDA group 
(11.77 ± 1.20/100 µm2) in comparison with the control 
group (9.76 ± 0.87/100 µm2, P < 0.05; Fig. 4a).

Furthermore, the sizes of VGlut1+ and VGlut2+ termi-
nals were measured in both control and 6OHDA groups. 
Compared with the control group (0.69 ± 0.28 µm), VGlut1+ 
terminals were larger in the 6OHDA group (0.87 ± 0.28 µm, 
P < 0.05; Fig.  4b). Similarly, VGlut2+ terminals were 
smaller in the control group (0.59 ± 0.16 µm) in comparison 
with the 6OHDA group (0.77 ± 0.22 µm, P < 0.05; Fig. 4b).

Morphological Changes of VGlut1+ and VGlut2+ 
Synapse Connection Patterns After Striatal 
DA‑Depletion

To assess the effect of striatal DA-depletion on glutamatergic 
synapse connection patterns, we calculated terminal fraction 
as the ratio of each type of terminal to the total number of 
terminals (Figs. 2, 3). Even though the densities of VGluts+ 
terminals were increased with striatal DA-depletion, present 
data showed that the VGlut1+ total terminal fraction, which 
include the axospinous and axodendritic terminal fraction, 
was lower in the 6OHDA group (73.97 ± 4.25%) than the 
control group (91.26 ± 5.87%, P < 0.05; Fig. 4c). Moreover, 
the axospinous terminal fraction for VGlut1+ terminals was 
significant reduced in the 6OHDA group (65.98 ± 4.23%) 
compared to the control group (82.59 ± 6.31%, P < 0.05; 
Fig. 4c), but the terminal fraction was not significantly dif-
ferent between the 6OHDA group (8.24 ± 0.39%) and the 
control group (8.33 ± 0.41%, P > 0.05; Figs. 2, 4c). Simi-
larly, the total terminal fraction for VGlut2+ terminals in 
the 6OHDA group (69.70 ± 6.31%) significantly declined 
compared to the control group (92.87 ± 5.34%, P < 0.05; 
Fig. 4d). Additionally, DA-depletion resulted in a lower rate 
of VGlut2+ axospinous synapses (45.87 ± 5.94%) than its 
control (65.43 ± 5.54%, P < 0.05; Fig. 4d). In contrast with 
the VGlut1+ terminals, the axodendritic terminal fraction of 
VGlut2+ terminals decreased significantly in the 6OHDA 
group (23.80 ± 1.34%) compared to the control group 
(28.31 ± 0.90%, P < 0.05; Figs. 3, 4d).
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Characteristic Responses of VGlut1 and VGlut2 
Protein Expression Levels to Striatal DA‑Depletion

In accordance with the morphological changes of VGlut1+ 
and VGlut2+ terminals, western blotting data showed 

that striatal DA-depletion distinctly up-regulated the 
expression level of VGlut1 (1.22 ± 0.10) compared to 
the control group (1.00 ± 0.11, P < 0.05; Fig. 5). Further, 
the expression level of VGlut2 protein was higher in the 

Fig. 1   Morphological changes in VGlut1+ and VGlut2+ terminal 
densities after striatal DA-depletion. LM (a, a′, b, b′) and EM (c, 
c′, d, d′) images for VGlut1+ (a, a′, c, c′) and VGlut2+ (b, b′, d, 
d′) reveal terminals in the control group (a, b, c, d) and the 6OHDA 
group (a′, b′, c′, d′). Both LM and EM examination showed that 

the densities of VGlut1+ and VGlut2+ terminals were higher in the 
6OHDA group than the control group. The black arrow (→) repre-
sents VGluts+ terminals. a, a′, b, b′ are the same magnification and 
the scale bar = 10 µm. c, c′, d, d′ are the same magnification and scale 
bar = 0.5 µm



1084	 Neurochemical Research (2019) 44:1079–1089

1 3

Fig. 2   Immuno-EM exploration for morphological changes in the 
intrastriatal VGlut1+ synapses after 6OHDA-induced DA-depletion. 
VGlut1+ terminals are shown in the control group (a–c) and the 
6OHDA group (d–f). The black arrow (→) represents VGlut1 immu-
nolabeled excitatory synapses. White arrowheads (open triangle) 

point to PSD of asymmetric synapses. The black arrowheads (closed 
triangle) indicate VGlut1+ terminals without synapse formation. Axo-
Spi axospinous synapses, Axo-Den axodendritic synapses. a, b, d, 
e were the same magnification and scale bar = 0.5 µm. c, f were the 
same magnification and scale bar = 0.5 µm
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Fig. 3   Immuno-EM exploration for morphological changes of intras-
triatal VGlut2+ synapses after 6OHDA-induced DA-depletion. 
VGlut2+ terminals are shown in the control group (a–c) and the 
6OHDA group (d–f). The black arrow (→) represents VGlut2 immu-
nolabeled excitatory synapses. White arrowheads (open triangle) 

point to PSD of asymmetric synapses. The black arrowheads (filled 
triangle) indicate VGlut2+ terminals without synapse formation. Axo-
Spi axospinous synapses, Axo-Den axodendritic synapses. a, b, d, 
e were the same magnification and scale bar = 0.5 µm. c, f were the 
same magnification and scale bar = 0.5 µm



1086	 Neurochemical Research (2019) 44:1079–1089

1 3

6OHDA group (1.00 ± 0.08) than that in the control group 
(0.75 ± 0.04, P < 0.05; Fig. 5).

Discussion

Morphological Changes of Corticostriatal 
and Thalamostriatal Glutamatergic Afferents in PD

It is well known that degeneration of the dopaminergic 
neurons in SNc is the main pathological mechanism of 
PD. The loss of dopaminergic neurons result in striatal 
DA-depletion and induces an imbalance between excita-
tory and inhibitory inputs of MSNs, ultimately causing 
the dysfunction and remodeling of striatal neurons [9, 
58, 59]. DA-depletion induces significant dendrite prun-
ing and spine loss in striatal neurons [7, 27–29, 60]. In 

line with these results, we found that both VGlut1+ and 
VGlut2+ excitatory synapses were significantly reduced in 
6OHDA-treated rats [4, 31, 44]. Recent studies have also 
found that VGlut1+ and VGlut2+ synapses were down-
regulated in the striatum of parkinsonian rats and monkeys 
[24, 44]. Nevertheless, the present western blotting results 
showed that VGlut1 and VGlut2 protein expression levels 
were significantly increased in the 6OHDA group, which 
is in accordance with studies examining the striatum of 
PD monkeys and the putamen of PD patients [31, 38]. 
According to the EM observation, except for terminals 
located on spines or dendrites, there were many terminals 
with no overt PSD. In the present study, we counted all 
VGlut1+ and VGlut2+ terminals regardless of whether 
they formed synapses or not. Even though the density 
of synapses were decreased, present results showed that 
the densities of VGlut1+ and VGlut2+ terminals were 

Fig. 4   Effects of 6OHDA-induced DA-depletion on morphology of 
VGlut1+ and VGlut2+ terminals and synapses. Histogram a shows 
the comparison of VGlut1+ and VGlut2+ terminal densities between 
the control group and the 6OHDA group for EM data, indicating that 
both VGlut1+ and VGlut2+ terminal densities increased in 6OHDA 
groups compared to their control groups. Histogram b shows com-
parison of VGlut1 and VGlut2+ terminal sizes between the control 
and the 6OHDA group, and indicating that both VGlut1 and VGlut2+ 
terminal sizes were bigger in the 6OHDA group compared with the 

control group. Histogram c shows terminal fractions of VGlut1+ ter-
minals, revealing that both the total terminal fraction and axospinous 
rate of VGlut1+ were significantly reduced, but there was no obvi-
ous change in the axodendritic terminal fraction. Histogram d shows 
that total terminal fraction, axospinous terminal fraction and axoden-
dritic terminal fraction of VGlut2+ were significantly lower in the 
6OHDA group than the control group. Tot total terminal fraction; A–S 
axospinous terminal fraction; A–D axodendritic terminal fraction. 
*P < 0.05, comparison between the control and the 6OHDA group
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significantly increased. Thus, the total terminal fraction 
of VGluts+ terminals significantly decreased in rat models 
of PD. DA-depletion induced by 6OHDA resulted in the 
significant loss of axospinous synapses for both VGlut1+ 
and VGlut2+ terminals. However, the VGlut1+ axo-
dendritic terminal fraction did not change and VGlut2+ 
axodendritic terminal fraction changed only slightly. The 
reduction in VGlut1+ and VGlut2+ total terminal frac-
tions was mainly caused by loss of axospinous synapses 
[4]. The present study further suggested that the loss of 
spines after 6-OHDA lesions was accompanied by a loss of 
axospinous synapses rather than a movement of terminals 
from the spines to other postsynaptic targets [29]. We can-
not completely rule out the possibility that some terminals 
that failed to form synapses in our EM observation could 
have been connect to postsynaptic structures in adjacent 
slices, but the mutual authentication of LM and EM results 
can accurately reflect the trends of observed for these ter-
minals. Three-dimensional (3D) EM may be a more appro-
priate means of resolve this defect [24, 61]. Moreover, 
researchers have observed bilateral changes in the protein 
expression levels of both VGluts in the striatum of hemi-
parkinson rats indicative of time-dependent changes of in 
VGluts+ terminals [38]. Thus, more studies were needed 

to verify whether the size and density increase of gluta-
matergic terminals after 6OHDA treatment were adaptive, 
regenerative spouting efforts which might even diminish 
below control in the long run.

Transmission of VGlut1+ and VGlut2+ Excitatory 
Synapses Increased After 6OHDA‑Induced 
DA‑Depletion

In accordance with previous studies, we found that excita-
tory synapses decreased in the striatum of 6OHDA-induced 
PD rat models [29]. However, DA deficiency in the striatum 
has been shown to increase the release of glutamate in the 
striatum of PD rat models [62]. In line with this observation, 
our results showed that the size and the protein expression 
levels of VGlut1+ and VGlut2+ terminals were notice-
ably increased. Furthermore, both VGlut1+ and VGlut2+ 
axospinous synapses had larger spine volume, larger PSD, 
increased PSD perforations, and larger presynaptic terminals 
in the PD condition [63, 64]. Similar changes were found in 
the striatum of MPTP-treated monkeys by 3D EM recon-
struction [24]. These morphological changes were consistent 
with the enhancement of synaptic function [65]. Consist-
ent with these morphological changes, spontaneous activ-
ity in spiny neurons increased significantly and the corti-
cally evoked excitatory synaptic transmission is facilitated 
after DA denervation [66]. Moreover, the synaptic activity 
increase may help to explain the increased intrinsic excit-
ability of both direct and indirect pathway neurons in PD 
mice [67, 68]. Additionally, the function of VGluts termi-
nals without overt synapse formation also enlarged after DA 
terminal depletion. We hypothesized that VGluts terminals 
formed synapses and those that without overt PSD came 
from the same region of cortex or thalamus, thus they went 
through similar changes of morphology and protein expres-
sion levels after 6OHDA treatment. A previous study indi-
cated that unilateral lesion of dopaminergic neurons induced 
a significant increase of glutamatergic neurotransmission in 
bilateral striatum, which may mediated via a nigro-thalamo-
cortico-striatal pathway with bilateral projections to striatum 
[62]. However, the loss of spines and asymmetric synapses 
occurred only in the lesioned striatum of 6OHDA-induced 
unilateral DA denervation [29, 60]. Thus, further studies are 
needed to characterize the morphological and pathological 
changes in the contralateral striatum of rats after unilateral 
6-OHDA lesion. Above all, the spines were pruned and the 
densities of corticostriatal and thalamostriatal synapses 
were reduced after DA-depletion, but the residual synaptic 
strength was increased [4].

In conclusion, DA-depletion results in significant mor-
phological changes to the corticostriatal and thalamostri-
atal input systems: the density and size of glutamatergic 
terminals increased significantly with 6OHDA treatment, 

Fig. 5   Effects of striatal DA-depletion on VGlut1 and VGlut2 pro-
tein levels. Western blotting showed a prominent band at 60  kDa 
corresponding to the molecular weight of VGlut1 and VGlut2. Both 
VGlut1 and VGlut2 protein levels increased significantly in the 
6OHDA group in comparison with the control group. *P < 0.05, com-
parison between the control and the 6OHDA groups
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but with an obvious decrease in their terminal fractions. 
Present results suggest that 6OHDA-induced DA-depletion 
affects corticostriatal and thalamostriatal glutamatergic syn-
aptic inputs, which is involved in the pathological process of 
striatal neuron injury induced by DA-depletion.
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