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Background: Subthalamic nucleus (STN) neurons undergo changes in their pattern of activity and morphology
during the clinical course of Parkinson’s disease (PD). Striatal dopamine depletion and hyperactivity of neurons
in the parafascicular nucleus (Pf) of the intralaminar thalamus are predicted to contribute to the STN changes.
Objective: This study investigated possible morphological and neurochemical changes in STN neurons in a rat
model of unilateral, nigral dopamine neuron loss, in relation to previously documented alterations in Pf neurons.
Methods: Male Sprague-Dawley rats received a unilateral injection of 6-hydroxydopamine (6-OHDA) into the
substantia nigra pars compacta (SNpc). Rats were randomly divided into two groups (6/group) for study at 1 and
5 months by post-treatment. The extent of SNpc dopamine neuron damage was assessed in an amphetamine-
induced rotation test and postmortem assessment of tyrosine hydroxylase mRNA levels using in situ hybridi-
zation histochemistry. Neural cross-sectional measurements and assessment of vesicular glutamate transporter-2
(vGlut2) mRNA levels were performed to measure the impact on neurons in the STN.

Results: A unilateral SNpc dopaminergic neuron lesion significantly decreased the cross-sectional area of STN
neurons ipsilateral to the lesion, at 1 month (P < 0.05) and 5 months (P < 0.01) post-lesion, while bilateral
vGlut2 mRNA levels in STN neurons were unaltered.

Conclusions: Decreased size of STN neurons in the presence of sustained vGlut2 mRNA levels following a uni-
lateral SNpc 6-OHDA lesion, indicate altered STN physiology. This study presents further details of changes
within the STN, coincident with observed alterations in Pf neurons and behaviour.

Data availability: The data associated with the findings of this study are available from the corresponding author
upon request.

1. Introduction PD revealed that the activity of the STN is altered within the first few
weeks after a dopaminergic lesion of the SNpc (Orieux et al., 2000;
Henderson et al., 2005; Aymerich et al., 2006; Degos et al., 2013; Wang
et al., 2013). This increase in activity is at least partly due to alterations

in the activity of the projections to the STN from an intralaminar

The basal ganglia are composed of a number of subcortical nuclei,
which are involved in the control of motor function, and their
dysfunction is implicated in Parkinson’s disease (PD). The subthalamic

nucleus, (STN), is a part of the basal ganglia and is a glutamatergic
nucleus that sends most of its projections to globus pallidus interior and
exterior and substantia nigra pars reticulata (SNpr). Its activity is mainly
regulated by inhibitory GABAergic projections from globus pallidus and
glutamatergic fibers from cortex and intralaminar thalamus. It also re-
ceives scattered dopaminergic fibers from SNpc projections that pass the
STN dorsally (Rommelfanger and Wichmann, 2010). Animal models of
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thalamic nucleus, known as the parafascicular nucleus (Pf) or
centromedian-parafascicular (CM-Pf) nucleus (Smith et al., 2014; Parker
et al., 2016). The Pf receives projections from the SNpr and it has been
reported that a significant decrease in the dopaminergic innervation of
the thalamic CM-Pf might be the underlying reason for clinical mani-
festations such as deficits in verbal fluency and attention, disturbances
in sleep (Monje et al., 2020). The Pf sends motor and non-motor
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projections to several basal ganglia structures in rodents, including
caudate putamen (CPu), STN, SNpr and the entopeduncular nucleus
(Krout et al., 2002; Tsumori et al., 2002; Galvan et al., 2015). In rats
with a unilateral excitotoxic Pf lesion, apomorphine administration
causes ipsilateral rotation towards the lesion side, indicating the close
interaction of Pf with basal ganglia structures. Glutamatergic Pf neurons
project to striatal median spiny neurons (MSNs) and interneurons and
interacts with striatal dopamine and acetylcholine systems (Kilpatrick
and Phillipson, 1986; Consolo et al., 1996; Ferre et al., 2007).

Previous studies have demonstrated that Pf neurons undergo neu-
rodegeneration in PD. Neuropathological data have shown a significant
neurodegeneration restricted to the CM-Pf in humans (Henderson et al.,
2000), primates (Lanciego et al., 2009) and rodents (Aymerich et al.,
2006). One study suggests that the degeneration in Pf in PD, is a primary
event and not a consequence of degeneration in the SN (Kusnoor et al.,
2012). However, not all the neurons in the Pf degenerate, a population
of neurons not only survive, but appear to be over-activated, with an
increase in metabolic rate and size (Aymerich et al., 2006). In fact, Pf
neurons that project to the STN in rats do not degenerate after nigros-
triatal denervation and exhibit hyperactivity and increase the excitation
of the STN (Orieux et al., 2000). Studies of changes in the
thalamo-striatal neuronal pathway, reflected by vesicular glutamate
transporter-2 (vGlut2) and cyclooxygenase 1 (COX-1), mRNA levels,
revealed substantially increased metabolic activity and changes in the
firing rate of Pf and STN neurons, following a partial SNpc lesion
(Aymerich et al., 2006). Indeed, there has been an expanded scientific
interest in STN function due to the common use of STN stimulation as a
therapy for PD (Antonini and Obeso, 2018; Fox et al., 2018).

The time course of the morphological and functional changes in Pf
neurons indicates that most of the changes are limited to the initial
stages of the 6-OHDA model of PD and alterations do not continue
throughout the course of this model of the disease (Sedaghat et al.,
2009). Earlier we reported that a population of Pf neurons increased
their activity after a unilateral dopaminergic lesion of the SNpc in adult
male rats, with a likely peak increase at ~1 month, after which these
neurons gradually regain their normal activity (Sedaghat et al., 2009).
Therefore, the aim of this study was to further investigate these animals
to determine any possible changes in the morphology, including size,
and neurochemical activity of STN neurons, one and five months after a
unilateral 6-OHDA lesion of the SNpc.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats, weighing 200-300 g, were obtained from
the Animal Resource Centre (Perth, WA, Australia). Rats were housed 2
per cage under a 12-h light/dark cycle and were given access to standard
rat chow and water ad libitum. Animal care was conducted in accor-
dance with the National Health and Medical Research Council of
Australia guidelines on the care and use of animals in research. These
experiments were approved by the Florey Institute of Neuroscience and
Mental Health Animal Ethics Committee. The work described in this
manuscript have been carried out in accordance with the Code of Ethics
of the World Medical Association, EC Directive 86,/609/EEC for animal
experiments. All efforts were made to minimize the number of animals
used and their suffering.

2.2. Unilateral 6-OHDA lesion of substantia nigra pars compacta

A 6-OHDA lesion was induced unilaterally as described (Sedaghat
etal., 2009). Briefly, rats were anaesthetized with a mixture of ketamine
hydrochloride (28 mg/kg, i.p.) and xylazine (2.4 mg/kg, i.p.). 6-OHDA
(Sigma-Aldrich, Castle Hill, NSW, Australia) was injected at two
different sites according to a rat brain atlas (Paxinos and Watson, 2007),
at the following stereotaxic co-ordinates: AP 3.7 mm, ML — 1.7 mm, DL
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8.1 mm (first injection) and AP 3.7 mm, ML — 2.1 mm, DL 7.5 mm
(second injection) using a 23-gauge injection needle (0.63 mm OD, SGE,
Ringwood, VIC, Australia) connected via single lumen polyethylene tube
(OD 1.00 mm x ID 0.5 mm) to a 100 yl Hamilton syringe (SGE),
mounted on a syringe pump (Cole-Palmer; Extech Equipment, Vernon
Hills, Illinois, USA). A concentration of 2.5 ug/ul of 6-OHDA diluted in
0.2% ascorbic acid was infused at a rate of 1 pl/min (2 pl injection
volume) to produce a > 70% cell loss in the SNpc (Stanic et al., 2003;
Sedaghat et al., 2009). For five days after the surgery, rats were moni-
tored and weighed and then maintained under normal housing condi-
tions for the duration of the experiment.

The effectiveness of the lesion was assessed in each rat two weeks
after the 6-OHDA treatment as described (Sedaghat et al., 2009) by
testing for rotation asymmetry following an amphetamine HCI injection
(5 mg/kg i.p., Sigma-Aldrich). In brief, before testing, rats were placed
in a plastic bin for 30 min for acclimatization, during which their
behaviour was recorded. After amphetamine injection their behaviour
was recorded for a further 60 min. The average number of turns per min
(net number of turns (right minus left) made in 140 min) for pre- and
post-amphetamine injection were compared. Rats were then allocated to
groups (n = 6) that were kept for 1 or 5 months, before being sacrificed
with an overdose of anaesthetic and processed for further analysis.
While we did not generate groups of sham-operated rats, a group of
naive, unoperated rats were kept under identical conditions for 1 (3 rats)
or 5 (3 rats) months and were processed as age-matched controls with
the 1- and 5-month post-lesion groups. After anaesthetic overdose rats
were decapitated and their brains were removed, frozen over liquid
nitrogen, and stored at —-80 °C for later processing.

2.3. In situ hybridization histochemistry for vGlut2 and TH mRNA

The in situ hybridization histochemistry (ISHH) protocol for deter-
mining the levels of tyrosine hydroxylase (TH), and vGlut2 mRNA was as
described (Sedaghat et al., 2009). Briefly, adjacent or near-adjacent
coronal sections (14 pym) from control and 6-OHDA lesioned brains
(collected at the level of the STN, rostrocaudally; (—3.60) to (—5.20) mm
relative to bregma) were delipidated and incubated with specific
[3°s]-labeled oligonucleotide probes for vGlut2 mRNA (Table 1). Cor-
onal sections at the level of the SNpc were delipidated and incubated
with [3S]-labeled oligonucleotides for tyrosine hydroxylase (TH)
mRNA (Table 2). Oligonucleotides were labeled with [0-3°S]-dATP
(Amersham Radiochemical Centre, UK) using terminal deoxynucleotide
transferase (TdT) in a buffer containing co-factors and CoCl,. Labeled
probe was diluted in minimum hybridization buffer containing 100%
formamide, 20 x SSC (Standard Saline Citrate: 3 M NaCl, 0.3 M
tri-sodium citrate, pH 7.0) and 10% dextran sulphate. Slide-mounted
sections were incubated with hybridization buffer at 42 °C overnight
and then slides were washed in the 1 x SSC at 55 °C for 60 min, rinsed
and dehydrated with ethanol and exposed to Kodak Biomax film (Inte-
grated Sciences, Sydney, NSW, Australia) for 10 days. Slides were sub-
sequently dipped in Ilford K5 emulsion (Ilford Imaging, Melbourne, VIC,
Australia) allowed to dry and then stored in the dark at 4 °C for
approximately 15 days, prior to development. Following development,
sections were counterstained with 0.01% thionin and coverslipped for
analysis using bright- and dark-field microscopy. Digital images from

Table 1
Sequences of oligonucleotide probes used to detect rat vGlut-2 mRNA.

Probe Nucleotides ~ Oligonucleotide Sequence (5-3")

rvGlut2-1 ~ 55-93 ACA GAT TGC ACT TGA TGG GAC TCT CAC GGT CTG
TTT TGA

rvGlut2-2  1353-1391 CTC CCA GCC GTT AGG CCA GCC TCC GTT CTC CTG
TGA GGT

rvGlut2-3 ~ 2000-2038  TGT CTA ACG TGA ACT ACC CTG AGA GTG CCA GAC
AAA ACT

Source — NCBI, Accession number NW_047558.2.



K. Sedaghat et al.

Table 2
Sequences of oligonucleotide probes used to detect rat TH mRNA.

Probe  Nucleotides  Oligonucleotide Sequence (5-3")

rTH- 1329-1367  ACA GCT CAT GGC AGC AGT CCG GCT CAG GTG AAT GCA
1 TAG

rTH- 1625-1663 GTA CAC AGG CTG GTA GGT TTG ATC TTG GTA GGG CTG
2 CAC

Source — NCBI, Accession number NM_012740.2.

X-ray films were obtained using MCID software with a Sony XC-77
monochrome camera and Northern Lights light box. Brightfield photo-
micrographs of nuclear emulsion-dipped counterstained sections were
produced using an Olympus BX51 photomicroscope and a Microfire
camera (Optronics Inc., Goleta, California, USA).

2.4. Quantitative analysis of the vGlut2 mRNA levels and neuronal size of
STN neurons

A quantitative assessment of the density of vGlut2 mRNA in STN
neurons following unilateral, 6-OHDA lesions of SNpc was conducted by
analysing neuronal size and the number of silver grains associated with
cellular labeling produced by [>°S]-oligonucleotide probes in nuclear-
emulsion autoradiograms, using Image J software (NIH, Bethesda, MD,
USA, Version 1.37). These measurements were performed on brain
sections from the 1- and 5-month post-lesion groups and the time-
matched, naive control groups. Data was collected from the STN in
both hemispheres, representing the ipsilateral and contralateral side of
the STN, relative to the side containing the unilateral 6-OHDA lesion.
For data collection, the STN was divided to three zones, dorsal, medial
and ventral (Fig. 1).

2.5. Statistical analysis

Statistical analysis of the different data sets was performed using
one-way and two-way ANOVA followed by Sidak’s post-test for pairwise
comparison of data for control and lesioned brains (ipsilateral and
contralateral to lesion), using GraphPad, Prism software (version 8.00,
GraphPad Software, La Jolla, CA, USA) and for Chi-square functions,
Minitab Release (version 14.2 USA 2005). Data was graphed using
GraphPad, Prism 8.00 software.

3. Results
3.1. Characterization of unilateral 6-OHDA lesion of SNpc

The relative effectiveness of the 6-OHDA lesion on the nigrostriatal
dopaminergic pathway in each rat was assessed 14 days after surgery
using an amphetamine-induced rotation test. Subsequently, the regional
confinement of the lesion to the SNpc and the extent of dopamine
neuron loss, were confirmed postmortem in the 1- month and 5-month
survival groups, using thionin staining and ISHH (Sedaghat et al.,
2009). The rotational asymmetry tests demonstrated that after
amphetamine injection (5 mg/kg, i.p.), rats with the 6-OHDA lesion
increased their number of rotations from a baseline of 0.13 + 0.01 ro-
tations to 7.40 + 0.81 turns/min (n = 12, paired t-test; P < 0.001), in
line with previous studies (Stanic et al., 2003; Sedaghat et al., 2009).
The extent of the lesion in all rats included in the subsequent analysis
from the 1- and 5-month groups was confirmed by a clear reduction in
TH mRNA on the lesioned side compared to the unlesioned side of the
midbrain (Fig. 2 A, B).
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Fig. 1. Schematic diagram and photomicrograph of a Nissl-stained section of
the subthalamic nucleus of the rat (at a coronal level of —4.2 mm from bregma),
indicating the three regions in which the morphological analysis was performed
(solid and dotted lines). Abbreviations: CP, cerebral peduncle; F, fornix; STN
(D/M/V), subthalamic nucleus (dorsal/medial/ventral); ZI (D/V), zona incerta
(dorsal/ventral). Scale bar, 300 um.

3.2. vGlut2 mRNA in STN neurons 1- and 5-months after unilateral
6-OHDA SNpc lesion

A two-way ANOVA of the relative density of vGlut2
mRNA-associated silver grains detected on the ipsilateral and contra-
lateral side to the lesion relative to control, indicated that the expression
of vGlut2 mRNA in the STN was not significantly different between the
ipsi- and contralateral sides (F,76) = 0.556, P = 0.458) or between the
1- and 5-month groups (F(1,76) = 0.054, P = 0.816). The relative level of
vGlut2 mRNA as a percentage of control for the ipsilateral side to the
lesion at 1-month and 5-months post-lesion was 93.22 + 13.57% and
87.26 + 13.47% of control, respectively, and for the contralateral side
was 100.8 + 23.81% and 100.4 + 15.84% of control, respectively
(mean + SEM, n = 3-5 rats per group, density of silver grains per cell
(grains/pmz); Fig. 3).

3.3. Morphology of STN neurons at 1- and 5-months after unilateral 6-
OHDA SNpc lesion

A two-way ANOVA revealed a significant difference between the
cross-sectional area of neurons across the STN ipsilateral and contra-
lateral to the 6-OHDA lesion and those in the control group (F2117)
=7.468, P = 0.0009); but no difference between the cross-sectional
area of STN neurons in the 1- and 5-month post-lesion groups and no
significant interactions for side post-lesion (ipsi- or contra-lateral) or
control x time (Fig. 4). Sidak’s multiple comparison test revealed a
highly significant difference between the neuronal cross-sectional area
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Fig. 2. (A, B) Representative X-ray film autoradio-
grams of tyrosine hydroxylase (TH) mRNA detected in
the midbrain at the level of the SNpc and ventral
tegmental area (VTA; approx. —5.20mm from
bregma), 1- and 5-months after a unilateral 6-OHDA
lesion of the SNpc. Arrows indicate the normal levels
and total loss of TH mRNA associated with the SNpc on
the contralateral and ipsilateral sides, respectively. (C,
D) Representative X-ray film autoradiograms of vesic-
ular glutamate transporter (vGlut2) mRNA detected in
the thalamus at the level of the STN and Pf (approx.
—4.16 mm from bregma), 1- and 5-months after a
unilateral 6-OHDA lesion, respectively. Scale bars,
2.5 mm.

Fig. 3. Photomicrographs of Nissl-stained, nuclear-
emulsion autoradiograms illustrating vGlut2 mRNA-
associated silver grains over neurons in the dorsome-
dial STN from the ipsilateral and contralateral side of
rats with a unilateral 6-OHDA lesion of SNpc and time-
matched control rats 1-month (left column) and 5-
months (right column) post-lesion/survival time. In-
sets illustrate exemplary cells and their associated
quantity of silver grains, as indicated by a dashed box
on each panel. The relative density of vGlut2 mRNA-
associated silver grains was similar in all groups (data
not shown). Scale bar is 10 micron.
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Fig. 4. Cross-sectional area (pmz) of STN neurons from ipsilateral (n = 40) and
contralateral (n = 40) sides to the SNpc lesion and from control brains (n = 40),
1-month (open circle, triangle, and diamond symbols) and 5-months (black
square, triangle and diamond symbols) after 6-OHDA lesion. Two-way ANOVA
indicated that the cross-sectional area of STN neurons on the ipsilateral side to
the 6-OHDA lesion was smaller than STN cells in control rats at 1-month
(*P < 0.05) and 5-months (**P < 0.01) post-lesion. The cross-sectional area
of STN neurons on the contralateral side to the 6-OHDA lesion was not signif-
icantly different to that of STN neurons in control rats at 1-month (P = 0.4192)
and 5-months (P = 0.063).
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of STN neurons in control rats and those ipsilateral to the lesion at 5
months (P = 0.0046), and a more moderate difference at 1 month post-
lesion (P = 0.0443), suggesting that the cross-sectional area of STN
neurons is reduced between 1- and 5-months post-lesion. Across the STN
on the contralateral side to the 6-OHDA lesion, despite a numerical
decrease in the mean cell cross-sectional area, the reduction was not
significantly different from control (Fig. 4).

3.4. Regional comparison of STN neurons after unilateral 6-OHDA SNpc
lesion

A comparison of the cross-sectional area of neurons in the three STN
regions (dorsal, medial and ventral) on the lesioned and contralateral
sides of the 6-OHDA-treated (1- and 5-month survival) rats, relative to
those in age-matched control rats revealed that neurons in the dorsal
and medial STN ipsilateral and contralateral to the SNpc lesion had
significantly smaller cross-sectional areas than those in the ventral re-
gion. A 2-way ANOVA of STN neurons on the ipsilateral side to the 6-
OHDA SNpc lesion identified a marked size difference between the
dorsal, medial and ventral regions (F(274) = 4.272, P =0.0176), no
difference between the time post-lesion, and a significant difference for
regions x time post-lesion (F(2,74) = 3.701, P < 0.05). Sidak’s multiple
comparison test revealed a significant difference between the 5-month
dorsal and ventral STN regions (P = 0.0037, Figs. 5 and 6A). For STN

Control 5 months

Fig. 5. Photomicrographs of Nissl-stained sections (nuclear-emulsion autoradiograms) illustrating the dorsal, medial and ventral regions of the STN ipsilateral to the
6-OHDA SNpc lesion 5-months after treatment and of the STN of an age-matched, control rat. In the STN ipsilateral to the 6-OHDA SNpc lesion, round-shaped cells
are abundant (arrows), while in the STN of control brain, spindle-shaped cells are more prevalent (arrows). Scale bar 10 micron.
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Fig. 6. (A) Comparison of neuronal cross-sectional area in the dorsal, medial
and ventral regions of STN ipsilateral to the 6-OHDA SNpc lesion, relative to
those in equivalent control rats at 1- and 5-months (open circle and black
square, respectively). Two-way ANOVA revealed a significant difference be-
tween the dorsal and ventral STN at 5-months post-lesion (**P < 0.01). (B)
Comparison of neuronal cross-sectional area in the dorsal, medial and ventral
regions of STN contralateral to the 6-OHDA SNpc lesion, relative to those in
equivalent control rats at 1- and 5-months (open circle and black square,
respectively). Two-way ANOVA revealed a significant difference between
neuronal areas in the dorsal and medial STN, and the ventral STN, at 5-months
post-lesion (**P < 0.01 and *P < 0.05, respectively).

neurons on the contralateral side to the 6-OHDA SNpc lesion, a marked
difference was identified between dorsal, medial and ventral regions
(F2,74) = 6.100, P = 0.0035). Sidak’s multiple comparison test revealed
a significant difference between medial and ventral (P = 0.0463) and
dorsal and ventral regions (P = 0.0068) 5-months post-lesion (Figs. 5
and 6B). Therefore, after a unilateral 6-OHDA lesion of SNpc, it appears
that only the dorsal and medial regions of STN are affected, while the
ventral region remains unaffected.

The frequency distribution of the cross-sectional area of STN neurons
ipsilateral to the 6-OHDA SNpc lesion at 1-month post-lesion, and in
control rats, demonstrated a trend for a shift in the size frequency of
ipsilateral neurons towards smaller cell sizes, but this shift was not
significant relative to control (data not shown). In the 5-month post-
lesion group, although the peak frequency of the control STN neurons
and those ipsilateral to the lesion was 150 ym?, a significantly higher
number of STN cells ipsilateral to the lesion, displayed a cross-sectional
area of 150 um? relative to control (Chi-square, P < 0.05, Fig. 7).

4. Discussion

In this study of a hemi-Parkinsonian model involving a unilateral 6-
OHDA lesion of the SNpc in adult male rats, we observed morphological
changes in dorsal and medial STN neurons, reflected by a decrease in the
cross-sectional area, both ipsilateral and contralateral to the SNpc lesion
at 5-months post-lesion. Concurrently, the metabolic activity of the STN
neurons, reflected by the neuronal density of vGlut2 mRNA (Aymerich
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Fig. 7. (A) Frequency distribution of cell areas of vGlut2 mRNA-positive cells
in the STN of control rats and the ipsilateral and contralateral sides of 6-OHDA
SNpc lesioned rats at 5-months post-lesion. The peak frequency for STN cell
area in the control and ipsilateral to lesion groups is 150 yum?, but the frequency
distribution of cells with an area < 150 um?® was significantly higher than
control (Chi-square, P < 0.05, n = 35). (B) Frequency distribution of cell areas
for vGlut2 mRNA-positive cells ipsilateral to the 6-OHDA SNpc lesion at 1- and
5-months post-lesion. The peak frequency for STN cell area in both groups is
150 um?. The frequency curve of STN cells 1-month post-lesion is shifted to the
left (indicating smaller cells) relative to the 5-month group, but this difference
is not significant (Chi-square, P = 0.07, n = 40).

et al., 2006) was not different between the 1- and 5-months post-lesion
and age-and time-matched control groups.

The small alteration in the cross-sectional area of STN neurons
observed at 1-month post-lesion was somewhat in contrast to previous
studies which reported initial hyperactivity of STN neurons, reflected by
increased expression of vGlut2 and COX-1 mRNA (Hirsch et al., 2000;
Breit et al., 2001; Aymerich et al., 2006; Jouve et al., 2010). Further-
more, an earlier study reported that after a unilateral SNpc lesion, the
firing rate of STN neurons was increased slightly 1 day after the lesion,
peaked after 7 days, and was ~190% of control at 14 days (Hirsch et al.,
2000). In other studies the activity of the STN and Pf nuclei was assessed
at various times, including 7 (Mouroux et al., 1995) and 8 days (Hassani
et al., 1996), and 2 (Aymerich et al., 2006) and 3 weeks (Hassani et al.,
1996; Breit et al., 2001), after nigral lesion. However, in most of these
studies, any hyperactivation of the STN had subsided by 2 weeks after
the lesion. The comparable levels of vGlut2 mRNA detected at 1- and
5-months after the lesion, may suggest any initial increase in the activity
of STN neurons ipsilateral to the nigral lesion may have been transient
and was not captured by the survival times in this study.

Many previous studies have demonstrated that after dopamine
denervation, cortico-striatal projections produce hyperactivity within
basal ganglia (Favier et al., 2013). In addition to the motor cortex, it is
known that another likely driver of STN hyperactivity in the first weeks
after nigral dopaminergic neuron lesions is hyperactivity of Pf neurons
(Orieux et al., 2000), and hyper-stimulation by Pf projections, in addi-
tion to increased activation by cortical projections, might be excitotoxic
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for STN neurons (Henderson et al., 2000; Blum et al., 2001; Hilker et al.,
2005). Therefore, the observed reduction in the neuronal cross-sectional
area of STN neurons, particularly at 5 months after the nigral lesion,
might be explained by toxicity of STN neurons. A compensatory
adjustment in vGlut2 mRNA levels may have occurred, as we did not
observe any difference in the cellular density of vGlut2 mRNA in STN
neurons in the 5-month group compared to the 1-month post-lesion and
the control groups. Therefore, our data suggest the reported hyperac-
tivity of STN neurons immediately subsequent to the nigral lesion is a
transient effect and is eventually replaced by a persistent alteration in
STN neuron size and function, which persists for much longer after the
nigral lesion.

We also observed a reduction in the cross-sectional area of neurons in
the dorsal STN on the contralateral side to the nigra lesion. Notably,
neuronal tract-tracing studies reveal that the Pf sends afferents to the
STN in both hemispheres (Marini et al., 1999; Castle et al., 2005). If the
Pf has bilateral projections to the STN and is hyperactivated in unilateral
rat PD models, this might cause changes in the contralateral as well as
the ipsilateral STN.

In the morphological analysis of the STN, we divided the nucleus into
dorsal, medial and ventral regions. The STN has distinct functional zones
in the human brain (Lambert et al., 2012), so we divided the rat STN into
three anatomical regions to approximate these functional areas. Previ-
ous studies in primates have also considered the segregation of STN
zones on the basis of cortical inputs, which identified clearer sub-
divisions that observed in rodent STN. In rats, the dorsolateral and
dorsomedial areas of the STN mainly receive projections from motor
cortex (Mland M2), while the medial area receives most of its inputs
from orbital and limbic areas of cortex such as cingulate, frontal pre-
limbic, infralimbic and lateral orbital cortices (Janssen et al., 2010; Kita
et al., 2014). The output from rat STN to the cerebral cortex is mostly to
the orofacial motor area, sensorimotor and prefrontal areas, while the
well-known STN output to basal ganglia is to the ipsilateral SNpr,
entopeduncular nucleus and the external segment of the globus pallidus
(Degos et al., 2008).

Regarding thalamo-subthalamic projections, they enter the nucleus
via the ventral region. Different regions of the Pf send projections to all
three STN regions, e.g., dorsolateral and medial Pf sends fibres to dorsal
and medial STN (Groenewegen and Berendse, 1990; Kita et al., 2016).
Following a unilateral SNpc lesion, neurons in the ventromedial and
dorsolateral Pf undergo degeneration and the remaining neurons display
increased activity (Sedaghat et al., 2009), which is consistent with
findings in the current study that neurons in the medial and dorsal STN
displayed decreased cross-sectional area at 5-months post-lesion. Pro-
jections from cortex and intralaminar nuclei innervate the dorsolateral
and medial subdivisions of STN, which are the sites where the decrease
in neural cross-sectional area was observed in the current study, and the
site of outputs that eventually terminate in motor and prefrontal
cortices. Therefore these anatomical changes could be the origin of
motor, cognitive and motivational disturbances (Ferrazzoli et al., 2018)
produced in animal models of PD or even in human sufferers.

A comparison of the shape of STN neurons in the three regions in the
5-month post-lesion and control groups revealed that on the ipsilateral
side to the lesion, most neurons were round in shape, while in the age-
matched controls, neurons were oval or fusiform in shape, suggesting
that healthy oval-shaped neurons may be impacted by the lesion,
resulting in either degeneration or altered morphology. Notably, pre-
vious studies have described the morphology of STN cells in different
species, and fusiform or spindle-shaped cells are widely reported in
different species including rodents (Kita et al., 1983; Pearson et al.,
1985; Marani et al., 2008; Emmi et al., 2020). Since several studies have
identified oval or spindle neurons as the main outputs of STN, the
decline of such cells observed in our study may reflect degeneration of
specific outputs of STN to globus pallidus and SNpr in the
hemi-Parkinsonian model in rat.
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5. Conclusion

In this study we observed that 1-month following unilateral lesion of
SNpc with 6-OHDA no marked changes occurred in vGlut2 mRNA
expression and only minor changes occurred in the cross-sectional area
of STN neurons. However, 5-months after the SNpc dopaminergic lesion,
we observed altered morphology and a clear reduction in the neuronal
cross-sectional area of dorsal and medial STN neurons, ipsi- and contra-
lateral to the nigral lesion, compared to neurons in intact control rats,
suggesting reduced activity and possible excitotoxicity in the STN. Since,
the density of vGlut2 mRNA (grains per um?) did not change, despite a
reduction in the cell cross-sectional area; it is likely that by 5-months
after the nigral lesion, the production of vGlut2 mRNA is also
reduced. The decrease in neural activity within the STN 5-months after
the nigral lesion may be the result of toxicity produced by hyper-
activation of projections from the Pf to STN during the initial period
(1-2 weeks) after the 6-OHDA lesion of SNpc. Finally, this study of a
hemi-Parkinsonian model of PD demonstrated that the morphology of
neurons was differentially altered in different anatomical regions of the
STN, consistent with the patterns of activity change and neuro-
degeneration in the Pf after a unilateral SNpc lesion (Sedaghat et al.,
2009).
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