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ABSTRACT: Background: The network pathophysiol-
ogy underlying the motor symptoms of Parkinson’s dis-
ease (PD) is poorly understood. In models of late-stage
PD, there is significant cell-specific remodeling of cor-
ticostriatal, axospinous glutamatergic synapses on prin-
cipal spiny projection neurons (SPNs). Neurons in the
centrolateral nucleus (CLN) of the thalamus that relay
cerebellar activity to the striatum also make axospinous
synapses on SPNs, but the extent to which they are
affected in PD has not been definitively characterized.
Objective: To fill this gap, transgenic mice in which CLN
neurons express Cre recombinase were used in conjunction
with optogenetic and circuit mapping approaches to deter-
mine changes in the CLN projection to SPNs in a unilateral
6-hydroxydopamine (6-OHDA) model of late-stage PD.
Methods: Adeno-associated virus vectors carrying Cre-
dependent opsin expression constructs were stereotaxi-
cally injected into the CLN of Grp-KH288 mice in which
CLN, but not parafascicular nucleus neurons, expressed
Cre recombinase. The properties of this projection to iden-
tify direct pathway spiny projection neurons (dSPNs) and
indirect pathway spiny projection neurons (iSPNs) were
then studied in ex vivo brain slices of the dorsolateral stri-
atum from control and 6-OHDA lesioned mice using ana-
tomic, optogenetic, and electrophysiological approaches.
Results: Optogenetically evoked excitatory synaptic cur-
rents in both iSPNs and dSPNs were reduced in lesioned
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mice; however, the reduction was significantly greater in
dSPNs. In iSPNs, the reduction in evoked responses was
attributable to synaptic pruning, because synaptic cha-
nnelrhodopsin assisted circuit mapping (SCRACm) rev-
ealed fewer synapses per cell after lesioning. In contrast,
sCRACm mapping of CLN inputs to dSPNs failed to
detect any change in synapse abundance in lesioned
mice. However, the ratio of currents through a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
to those through N-methyl-D-aspartate receptors was
significantly reduced in dSPNs. Moreover, the distribu-
tion of currents evoked by optical stimulation of individ-
ual synapses shifted toward smaller amplitudes by
lesioning, suggesting that they had undergone long-term
depression.

Conclusions: Taken together, our results demonstrate
that the CLN projection to the striatum undergoes a
pathway-specific remodeling that could contribute to the
circuit imbalance thought to drive the hypokinetic
features of PD. © 2022 The Authors. Movement Disor-
ders published by Wiley Periodicals LLC on behalf of
International Parkinson and Movement Disorder Society
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Parkinson’s disease (PD) is a neurodegenerative disor-
der caused by progressive loss of dopaminergic neurons
in the substantia nigra pars compacta (SNc) that inner-
vate the basal ganglia.! The network pathophysiology
underlying the cardinal motor symptoms of PD has
long been attributed to an imbalance in the excitability
of two striatal efferent projection systems.” In this
framework, loss of striatal dopaminergic signaling leads
to hypo-excitability of movement promoting direct
pathway spiny projection neurons (dSPNs) and hyper-
excitability of movement suppressing indirect pathway
spiny projection neurons (iSPNs). Although there is
unequivocal evidence that D1 dopamine receptor
(D1R) signaling in dSPNs enhances excitability and
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D2 dopamine receptor (D2R) signaling in iSPNs sup-
presses excitability, both G-protein coupled receptors
(GPCRs) also regulate long-term plasticity of cor-
ticostriatal, axospinous glutamatergic synapses.” To make
the situation more complex, homeostatic mechanisms
that serve to normalize deviations in neuronal activity
undoubtedly are triggered by dopamine depletion. Indeed,
following unilateral lesions of the dopaminergic innerva-
tion of the striatum, iSPNs decrease their intrinsic excit-
ability and prune axospinous glutamatergic synapses
formed by cortical pyramidal neurons, whereas dSPNs
increase their intrinsic excitability and maintain gluta-
matergic synaptic density, at least initially.*”

Although there have been many studies focused on
alterations in corticostriatal connectivity in PD models,
less attention has been paid to thalamostriatal connec-
tivity, particularly that arising from the intralaminar
nuclei. The parafascicular nucleus (PFN) and the
centrolateral nucleus (CLN) are the two most promi-
nent intralaminar nuclei to innervate the striatum. PFN
glutamatergic neurons are part of the reticular activat-
ing system that participates in arousal and the response
to salient environmental events.®” The PFN projection
to the striatum plays a role in controlling reaction times
and set shifting with changing environmental contin-
gencies.' ! Following dopamine depleting lesions, the
functional connectivity of PFN neurons with iSPNs is
enhanced, contributing to the imbalance in direct and
indirect pathways and motor deficits. '

How the CLN projection to the striatum is altered in
PD models is less clear. The CLN receives movement-
related information arising from the parietal cortex and
the cerebellum.'*'° In rodents, CLN lesions and selec-
tive disruption of the cerebellar projection to CLN
impairs motor performance.'®'” Unlike PFN neurons,
glutamatergic CLN neurons make axospinous synapses
preferentially on spiny projection neurons (SPNs).'®
Stimulation of CLN axons evoke excitatory postsynap-
tic currents (EPSCs) that are dominated by a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARs)." Recently, using mice expressing Cre rec-
ombinase under control of the vesicular glutamate trans-
porter type 2 (vGluT2) promoter, Parker et al*® reported
that following dopamine depleting lesions, the functional
connectivity of intralaminar thalamic neurons with dSPNs
was preferentially reduced, potentially contributing to the
imbalance between the direct and indirect pathways.
Given our previous work using intersectional genetic strat-
egies to specifically identify PFN neurons, our working
hypothesis was that the change in synaptic strength
reported by Parker et al*” reflected a CLN-specific remo-
deling. To test this hypothesis, adeno-associated virus
(AAV) vectors carrying Cre-dependent opsin expression
constructs were stereotaxically injected into the CLN of
Grp-KH288 mice in which CLN, but not PFN neurons
expressed Cre recombinase.”’ The properties of this
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projection to identified dSPNs and iSPNs were then stud-
ied in ex vivo brain slices from control and 6-hydro-
xydopamine (6-OHDA) lesioned mice using anatomic,
optogenetic, and electrophysiological approaches. These
studies revealed that CLN connectivity with both dSPNs
and iSPNs was remodeled in the parkinsonian state, but
that there was a preferential loss of synaptic strength with

dSPN.

Methods

Animals

All experiments were performed in accordance with
Northwestern University Institutional Animal Care and
Use Committee guidelines. To identify intralaminar CLN
neurons, the Grp-KH288 Cre mouse line (Tg(Grp-cre)
KH288Gsat/Mmucd, MMRRC) was used.'**' To iden-
tify dSPNs and iSPNs, Grp-KH288 mice were crossed
with either the bacterial artificial chromosome (BAC)
Drd1-tdTomato or Drd2-eGFP lines.”* Two- to 4-month-
old heterozygous mice were used for all experiments. For
cell density analysis, Grp-KH288 mice were crossed with
Ail4 mice, resulting in tdTomato expression by CLN

neurons .23

Stereotaxic Injections

Stereotaxic injections into the striatum and caudal
intralaminar thalamic nuclei were performed with the
guidance of Angle Two software (Leica Biosystems,
Buffalo Grove, IL). Mice were anesthetized with iso-
flurane. The position of bregma and lambda were pro-
vided to the software, and then a glass pipette was
slowly inserted through a burr hole to the coordinates
calculated by the software. The AAV virus was slowly
injected by using a microinjector (NARISHIGE IM300,
Japan) or syringe into the CLN; coordinates relative to
bregma (in mm) were: lateral, 0.78; posterior, 1.34;
depth, 3.00/2.80. Mice were analyzed 4 weeks after
virus injection. All mice included in the study had post-
mortem verification of the viral injection into the CLN.

Unilateral Model of PD

Medial forebrain bundle (MFB) injection of 6-OHDA
was performed as previously described.”'* Briefly, 3.5 pg
of 6-OHDA HCI was dissolved in 1 pL of sterile saline
with 0.02% ascorbic acid; the solution was injected into
the MFB at the following coordinates (relative to bregma):
lateral, 1.07 mm; posterior, 0.70 mm; and depth,
4.87 mm. Sham-operated mice underwent identical surgi-
cal procedures and were injected 1 pL of a vehicle (saline
with 0.02% ascorbic acid). Mice were supplemented with
saline injections and high-fat/high-sucrose foods as needed
based on prior studies.”* Three to 4 weeks post-injection,
mice were subjected to a forelimb asymmetry test to verify
the extent of the lesion.”*** In brief, mice were placed in a

Movement Disorders, Vol. 37, No. 6, 2022 1165



]
ET AL J
500 mL glass beaker for 3 minutes (mice were not accli-
mated to the testing room or beaker) and the number of
ipsilateral and contralateral (to lesioned hemisphere) fore-
limb weight-bearing paw contacts were counted. Subjects
were eliminated from the experimental group if they had
more than 40% contralateral paw contacts. All experi-
ments were conducted 3 to 4 weeks post-injection. At this
point, over 90% of striatal tyrosine hydroxylase
(TH) immunoreactivity has typically been lost.>®

TANIMURA

Slice Preparation

Mice were anaesthetized with a mixture of ketamine
(50.0 mg/kg) and xylazine (4.5 mg/kg), and trans-
cardially perfused with a modified artificial CSF (ACSF)
containing (in mM): 124.0 NaCl, 3.0 KCI, 26.0
NaHCO3, 1.0 NaH2PO4, 1.0 CaClz, 2.0 MgClz, 16.6
glucose, and equilibrated with 95% oxygen and 5%
CO,. Parasagittal slices (250 pm thick) were prepared
using a vibratome (Leica VT 1200, Leica Biosystems,
Buffalo Grove, IL) in ice-cold low-calcium ACSF. Slices
were incubated at 34°C for 30 minutes in modified
ACSF containing 2 mM CaCl, and 1 mM MgCl, and
then transferred to a holding chamber at room
temperature.

Electrophysiology

A recording chamber mounted on an Olympus
BX 50 WI (Olympus, Japan) was filled with oxygenated
modified ACSF containing 2 mM CaCl, and 1 mM
MgCl, with 10uM SR 95531 hydrobromide
(GABAzine) and 2 puM CGP55845 hydrochloride
(CGP) to block GABA and GABAjg receptors, respec-
tively. Patch pipettes were pulled from thick-walled
borosilicate glass pipettes on a Sutter P-1000 (Sutter
instrument, Novato, CA). Pipette resistance was typi-
cally 4 to 5 MQ when filled with an internal solution.
The internal solution for voltage-clamp recording con-
tained (in mM): 120 CsMeSO3, 15 CsCl, 8 NaCl,
10 TEA-CI, 10 HEPES, 3 QX134-Cl, 0.2 EGTA, 2 Mg-
ATP, and 0.3 Na-GTP (pH 7.35 with CsOH). SPNs in
the dorsolateral striatum were identified using infrared
differential interference contrast on an upright Olympus
microscope with a 60x/0.90 NA water-dipping objec-
tive and a cooled CCD camera (CoolSnap HQ, Photo-
metrics, Tucson, ARI) controlled with Metamorph
software (Molecular Device, San Jose, CA). tdTomato
and eGFP expressing dSPNs and iSPNs (respectively)
were identified using epifluorescence microscopy. For
dual patch recording, dSPN and iSPN pairs were within
70 um of each other and at a similar depth from the
slice surface. Recordings were obtained using a Multi-
Clamp 700A amplifier and pClamp 10 software
(Molecular Devices, San Jose, CA). Data were acquired
at 100 kHz, filtered at 10 kHz using an 8-pole Bessel
filter, and digitized using a DigiData 1440 16-bit A/D

converter. Somatic access resistance <20 MQ was moni-
tored and cells with unstable access resistance (>20%
change) were discarded. Cells were held at —70 mV.
Membrane potentials were not adjusted for the liquid
junction potential. All compounds were purchased from
TOCRIS and SIGMA.

Optogenetics (Single Spot)

To express opsins selectively in CLN neurons,
AAV9-hSyn-DIO-ChR2(H134R)-EYFP-WRE-pA, 2.47E
+13 vg/mL (Virovek, Hayward, CA) or AAV9-EFla-
DIO-Chronos-eGFP vectors, 1.6E+13 vg/mL (Penn vec-
tor core, Philadelphia, PA) were stereotaxically injected
into the thalamus (see above). To activate opsin-containing
containing axons in the dorsolateral striatum, a 473-nm
laser-based photo-stimulation system with mechanical
shutter and electro-optical modulator was used.”” The 5x/
0.15 NA objective was used with ~700 pm diameter illu-
mination spot size. The sample power values used were:
0.98, 2.04, 4.41, 5, or 8.35 mW. Three to five optically
evoked EPSCs were averaged, with a 5-ms pulse duration
and 30 to 50 seconds inter-stimulus interval.

CLN Input Mapping

A modified version of the synaptic channelrhodopsin
assisted circuit mapping (SCRACm) method*® was cre-
ated using custom integration software (WinFluor, John
Dempster) added onto a Prairie Ultima-Photolysis
(Prairie Technologies, Middleton, WI) two-photon laser
scanning microscope to map the functional connectivity
of CLN neurons with SPNs.'*> dSPNs and iSPNs were
identified by somatic tdTomato or eGFP fluorescence
using the 2PLSM system* with 950 nm from a Chame-
leon Ultra-1 laser (Coherent, Mountain View, CA).
Cells were patched using video microscopy with a
Hitachi CCD camera and an Olympus 40x/0.8 NA
water-dipping lens. Whole-cell patch-clamp recordings
were performed with Cs-based internal containing
Alexa Fluor 568: (in mM) 120 CsMeSO3, 15 CsCl,
8 NaCl, 10 TEA-Cl, 10 HEPES, 3 QX134-Cl, 0.2
EGTA, 2 Mg-ATP, 0.3 Na-GTP, and 0.05 Alexa Fluor
568 hydrazide sodium salt (Thermo-Fisher Scientific,
Waltham, MA) (pH was adjusted to 7.35 with CsOH)
for dendritic visualization. A total of 1 pM tetrodotoxin
(TTX), 100 pM 4-aminopyridine (4 AP), 10 uM
GABAzine, 2 pM CGP, and 50 pM D-APS were added
to the normal ACSF. Cells were held at —70 mV. Next,
under computer control, a 473 nm laser beam (Aurora
launch, Prairie Technologies) was flashed (1 ms dura-
tion, 1 second inter-spot interval) through a 20x/0.40
NA water-dipping lens (600 x 600 um field of view
with zoom = 1) at a predefined series of spots along a
set of six concentric circles (35 pm radial spacing;
420 um max diameter) spanning the dendritic tree
while continuously monitoring somatic EPSCs. The
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blue laser was directed to each spot in a predetermined,
spatially separated order (83 total spots; 4, 11, 11, 15,
19, and 23 per ring). Each full cycle, and therefore,
each spot, was stimulated 25 to 30 times per cell. The
sample power was held to ~0.1 mW, where the half-
amplitude spot at the plane of the cell in the slice (~50-
70 um below the surface) was estimated to be 23 um
diameter. Events evoked within 50 ms of the stimulus
and with an amplitude >5 SDs above the distribution
of points in the preceding 100 ms were counted. At
the end of the experiments, Alexa Fluor 568 signals
were acquired using 810 nm excitation to create a
Z-stack of the cell (with 0.36 pm? pixels, 10 ps dwell
time, and 1 pm z-steps) and used to construct a maxi-
mum projection image. Locations where stimuli
evoked a response at least 10% of the time were
mapped onto this image.

Imaging
Coronal or sagittal slices (100-250 pm) were
mounted onto glass slides. Images were acquired on an
automated confocal microscope (FV 10i, Olympus,
Japan) with 10x/0.4NA lens. Images were adjusted in
Image] (NIH, Bethesda, MD) for brightness, contrast,
and pseudo-coloring.

Estimation of CLN Neuronal Density

Coronal CL containing brain slices (50-pm thickness)
were obtained from fixed brains of Grp-KH288/Ai14 mice
using a vibratome (Leica VT 1200, Leica Biosystems, Buf-
falo Grove, IL). Brain slices were washed with phosphate-
buffered saline (PBS), then incubated with PBS containing
DAPI (NucBlue Fixed cell stain, Thermo-Fisher Scientific,
Waltham, MA) for 20 minutes. Single plane images were
acquired on a confocal microscope (FV 10i-DUC, Olym-
pus, Japan) with 60x/1.35NA lens. Two randomly placed
regions of interest (ROIs) were positioned in the CLN in
each section that was quantified. The optical fractionator
method and unbiased counting rules are used to estimate
the number of Ail4 positive cells in each ROI and in the
CLN.?**’ tdTomato (Ail4 reporter) and DAPI-positive
neurons were counted in Image] (NIH) using the cell-
counting tool.

Data Analysis

Data analysis was performed with Clampfit 10.3
(Molecular Devices, San Jose, CA), Igor Pro 5.0
(WaveMetrics, Lake Oswego, OR), or MATLAB
R2017b (The MathWorks, Natick, MA). Statistical
analyses were performed using MATLAB. Experi-
menters were not blinded to the experimental condition
(6-OHDA lesioning). Sample sizes were based on previ-
ous studies using similar approaches.'*?” Data were
represented as median and first and third quartiles. Box
and whisker plots show median, first/third quartiles,
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and maximum/minimum values. Statistical evaluations
were performed using the nonparametric rank-sum test
for independent samples. For analysis of cumulative
probability, the non-parametric Kolmogorov-Smirnov
(KS) test was used.

Results

CLN Neurons Were Not Lost in 6-OHDA
Lesioned Mice

Postmortem analysis of the brains of PD patients has
revealed that intralaminar neurons, including those in
the CLN, are lost.>*** However, this has not been
found in rodent 6-OHDA models of PD.'#*%33-% To
specifically determine whether CLN neurons were lost
in our mouse 6-OHDA model, Grp-KH288 mice were
crossed into the Ail4 reporter line, in which tdTomato
expression is controlled by Cre recombinase,”’ and
then, unilaterally lesioned. Three to 4 weeks later, mice
were sacrificed and brain sections through the CLN
were studied using confocal microscopy and stereologi-
cal methods (see Methods). The number of tdTomato-
positive CLN neurons was indistinguishable in control
and lesioned mice (Fig. 1D). In addition to confirming
previous work, these experiments suggest that any
alteration in CLN-evoked responses was not attribut-
able to neurodegeneration.

CLN-evoked Synaptic Responses in Both
iSPNs and dSPNs Were Reduced in
Lesioned Mice

To study CLN connectivity with identified dSPNs
and iSPNs, Grp-KH288 transgenic mice were crossed
with mice expressing tdTomato under control of the
Drdla promoter or enhanced green fluorescent protein
(eGFP) under control of the Drd2 promoter.?*> Ste-
reotaxic thalamic injection of an AAV vector carrying a
Cre-dependent channelrhodopsin 2 (ChR2) expression
construct into this crossed line led to the selective
expression of ChR2 in CLN neurons (Fig. 1A-C).
Although ChR2 expression often extended into the lat-
eral habenula (LH) from the CLN, LH neurons do not
project to the dorsal striatum (Allen Brain Atlas; https:/
portal.brain-map.org). In ex vivo brain slices from these
mice, full-field light pulses (8.35 mW, 5 ms duration)
evoked EPSCs in both iSPNs and dSPNs (Fig. 1E,F). In
slices from control mice, optically evoked EPSCs in
neighboring iSPNs and dSPNs were similar in ampli-
tude (Fig. 1E-G). The ratios of EPSC amplitudes in
dSPNs and nearby iSPNs were near 1 (Fig. 1F,G).
However, in slices from mice, 3 to 4 weeks after near-
complete unilateral 6-OHDA lesions of nigrostriatal
dopaminergic fibers, the amplitude and area of CLN-
evoked EPSCs were smaller in both iSPNs and dSPNs
(Fig. 1E,F,H). However, the reduction in EPSC
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FIG. 1. CLN-evoked responses were smaller in both iSPNs and dSPNs from parkinsonian mice. (A) Schematic diagram of injection scheme. Cre-on
ChR2 was injected into the CLN of the Grp-KH288 Cre mouse. (B) Confocal image of the coronal slice containing CLN from a D1-tdTomato/Grp-
KH288 Cre mouse injected with Cre-on ChR2. ChR2-eYFP was expressed by CLN neurons. (C) A confocal image of the coronal slice containing PFN
from the same brain is shown in (B). Scale bars: 1 mm. (D) Left: confocal images showing tdTomato-positive CLN neurons in control and 6-OHDA
lesioned mice. Right: box plots of the density of tdTomato-positive neurons in CLN. Control (N = 4), 6-OHDA (N = 5). Control median value: 117, par-
kinsonian median value: 189. Differences between groups were not significant (P = 0.531, rank-sum test). Scale bar: 10 pm. (E-H) Dual whole-cell
patch patch-clamp recording from a dSPN and an iSPN. CLN axons were activated by large area optical stimulation. (E) Representative traces showing
CLN-EPSCs evoked by laser stimulation (8.35 mW, 5 ms). (F) Scatter plots of peak amplitudes of paired dSPN and iSPN CLN- EPSCs from control
(black) and parkinsonian (red) mice. Filled black circles are control mice (n = 17 pairs, N = 10) and filled red circles are parkinsonian mice (n = 21 pairs,
N = 8). (G) Box plots of log [dSPN/iSPN] ratios from scatter plot in (F). Median dSPN/iSPN ratios; control: 0.88, parkinsonian: 0.33. Control
vs. parkinsonian; P = 0.022, rank-sum test. (H) Box plots of EPSC areas from scatter plots in (F). Median charge in dSPN (pC); control: 714.41, parkin-
sonian: 97.92, control vs. parkinsonian; P < 0.001, rank-sum test. Median charge in iSPN (pC); control: 467.46, parkinsonian: 297.54. Control
vs. parkinsonian; P = 0.034, rank-sum test. [Color figure can be viewed at wileyonlinelibrary.com]

amplitude was more pronounced in dSPNs and the To better understand why CLN-evoked currents were
amplitude ratio for neighboring neurons (dSPN/iSPN) reduced in parkinsonian mice, a variant of the sSCRACm
fell significantly below 1 (Fig. 1G). approach was used (Fig. 2C).%® This approach provides

information about not only the spatial distribution of syn-
apses, but also their relative strength.>'> Because previous

The Reduction of CLN-Evoked Responses in work had shown 6-OHDA lesioning led to pruning of

iSPNs Was Attributable to Spine Pruning iSPN corticostriatal synapses,*>° it was reasonable to

To determine the mechanisms mediating the change hypothesize that the same was true for CLN axospinous
in EPSC amplitude in lesioned mice, physiological synapses. Indeed, sSCRACm assessment of CLN connectiv-
approaches were used. At the outset, iSPNs were stud- ity with iSPNs revealed a significant loss of functional con-
ied. First, the relationship between optical stimulus nections following lesioning (Fig. 2D-F). The distribution
intensity and evoked EPSCs was determined. In iSPNs of individual CLN-evoked EPSC amplitudes was not sig-
from lesioned mice, CLN-evoked EPSCs were smaller nificantly different in cells from control and lesioned mice
across the full spectrum of light intensities (Fig. 2A). (Fig. 2G), although it did appear that a subset of synapses
Moreover, the ratio of AMPAR currents to NMDAR increased in strength in lesioned mice, as reported for cor-
currents was not significantly different in control and ticostriatal synapses.” An examination of failure rates at
lesioned iSPNs, suggesting that conventional forms of sites with at least a 10% response rate revealed that in
postsynaptic depression were not responsible for the lesioned mice, failure rates rose in iSPNs (Fig. 2H). The
shift (Fig. 2B). That said, the variance in these estimates simplest interpretation of this result is that pruning of syn-
was large and a small difference between groups could apses led to reduction in the number of stimulated synap-
have been missed because of our limited sample size. ses at many sites, leading to increased failure rates at those
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FIG. 2. The reduction of CLN-evoked responses on iSPN was attributable to synaptic pruning. (A) Input-output curves of CLN-evoked EPSCs in iSPNs
from control (black) and parkinsonian (red) mice. Left: Representative traces of CLN-evoked EPSCs. Right: CLN-EPSC areas (pC) are plotted against
laser intensity. Control vs. parkinsonian (laser power [mW]): P = 0.033 (8.35), P = 0.023 (6.25), P = 0.026 (4.41), P = 0.089 (2.04), P = 0.077 (0.98),
rank- sum test. Control: n = 20, N = 9. Parkinsonian: n = 26, N = 10. (B) AMPA/NMDA ratios of CLN synapses on iSPNs from control and parkinsonian
mice. Left: representative traces showing CLN-EPSCs evoked by large area stimulation. AMPA EPSCs were measured by peak amplitude at —70 mV.
NMDA EPSCs were measured at +40 mV. Downward arrowheads indicate the time point (200 ms from stimulation) when NMDA EPSCs were mea-
sured. Right: box plots of AMPA/NMDA ratios of CLN synapses on iSPN from control and parkinsonian mice. Control vs. parkinsonian; P = 0.6943,
rank-sum test. Control: n = 8, N = 4. Parkinsonian: n = 7, N = 4. (C) Schematic diagram of sSCRACm CLN mapping. The diagram shows the example
of blue laser stimulation on a middle concentric circle. (D and E) Example CLN input mappings from iSPNs of control (D) and parkinsonian (E). Projec-
tion image superimposed by mapping grid. Gray dots indicate responsive sites with <50% failure rates. Blue dots indicate responsive sites with 51%
< failure rate < 90%. Scale bar; 20 um. Middle: example traces with failure rate (FR). Gray thin lines are evoked responses at a typical stimulation spot.
Thick black lines are averages of the individual traces. Scale bar: 20 pA and 20 ms. (F) Box plots of responsive sites in iSPN from control and parkinso-
nian mice. Control median value; 31.5, parkinsonian median value; 19.5. Control vs. parkinsonian; P = 0.0258, rank-sum test. Control: n = 14, N = 12,
parkinsonian: n = 14, N = 8. (G) Cumulative probability of CLN-iSPN EPSC peak amplitudes obtained from input mapping experiments. Control
vs. parkinsonian; P = 0.2634, KS test. Control: event number: n = 469, parkinsonian: event number: n = 298. (H) Cumulative probability of failure rates
of CLN-iSPN EPSC. P < 0.001, KS test. Control: event number: n = 913, parkinsonian: event number: n = 1162. () Variance plots of CLN-iSPN EPSC.
The events with over 50% failure rates were analyzed. Control: event number: n = 234, parkinsonian: event number: n = 232. (J) Summary diagram of
the change of CLN synapses on iSPN. [Color figure can be viewed at wileyonlinelibrary.com]

Fig. 2D bottom right). To provide an independent assess-
ment of whether lesioning reduced CLN-evoked responses
in iSPNs through a presynaptic mechanism, variance

sites. This effect should have been prominent at proximal
synapses where the failure rate was <50% and evoked
responses were commonly not unitary in appearance (eg,
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analysis was used.”” A reduction in presynaptic release mean’/variance against mean EPSC amplitude. To focus
probability or the number of vesicular release sites results this analysis on sites where it was likely that there was a
in a center of mass shift toward the origin in plots of single synapse, it was restricted to sites with failure rates
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FIG. 3. The reduction of CLN-evoked responses on dSPN was attributable to postsynaptic mechanisms. (A) Input-output curves of CLN-evoked
EPSCs in dSPNs from control (black) and parkinsonian (red) mice. Left: Representative traces of CLN-evoked EPSCs. Right: CLN-EPSC areas (pC) are
plotted against laser intensity. Control vs. parkinsonian (laser power [mW]): P < 0.001 (8.35), P < 0.001 (6.25), P = 0.006 (4.41), P = 0.293 (2.04),
P = 0.438 (0.98), rank-sum test. Control: n = 30, N = 14. Parkinsonian: n = 25, N = 9. (B) AMPA/NMDA ratios of CLN synapses on dSPNs from control
and parkinsonian mice. Left: representative traces showing CLN-EPSCs evoked by whole field stimulation. AMPA EPSCs were measured by peak
amplitude at —70 mV. NMDA EPSCs were measured at +40 mV. Downward arrowheads indicate the time point (200 ms from stimulation) when NMDA
EPSCs were measured. Right: box plots of AMPA/NMDA ratios of CL synapses on dSPN from control and parkinsonian mice. Control
vs. parkinsonian; P = 0.0275, rank-sum test. Control: n = 11, N = 8. Parkinsonian: n = 5, N = 5. (C and D) Paired-pulse ratios of CLN-evoked EPSCs
in dSPNs. (C) Representative traces of CLN-dSPN EPSC when CL axons are optically stimulated with 50 ms interval. (D) Box plots of paired-pulse
ratios at 20 Hz stimulation. P = 0.633, rank-sum test. Control: n = 18, N = 11, parkinsonian: n = 11, N = 8. (E and F) Examples of CLN input mappings
from dSPNs of control (E) and parkinsonian (F). Projection image superimposed by mapping grid. Gray dots indicate responsive sites with <50% failure
rates. Blue dots indicate responsive sites with 51% < failure rate < 90%. Scale bar; 20 pm. Middle: example traces with failure rate (FR). Gray thin lines
are evoked responses at a typical stimulation spot. Thick black lines are averages of the individual traces. Scale bar: 10 pA and 20 ms. (G) Box plots of
the number of responsive sites in dSPN from control and parkinsonian mice. Control median value; 22, parkinsonian median value; 17. Control
vs. parkinsonian; P = 0.2162, rank-sum test. Control: n = 12, N = 7, parkinsonian: n = 8, N = 6. (H) Cumulative probability of CLN-dSPN EPSC peak
amplitudes obtained from input mapping experiments. Control vs. parkinsonian; P < 0.001, KS test. Control: event number: n = 192, parkinsonian:
event number: n = 144. (I) Cumulative probability of failure rates of CLN-dSPN EPSC. P = 0.066, KS test. Control: event number: n = 286, parkinso-
nian: event number: n = 154. (J) Variance plots of CLN-dSPN EPSC. The events with over 50% failure rates were analyzed. Control: event number:
n = 193, parkinsonian: event number: n = 89. (K) Summary diagram of the change of synaptic strength after 6-OHDA lesion. [Color figure can be
viewed at wileyonlinelibrary.com]
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between 50% and 90%, which is in the range found at sin-
gle synapses in the brain.’®*” There was no discernible
shift in the distribution of CLN synaptic responses in
iSPNs following 6-OHDA lesioning (Fig. 2I). The lack of
change in AMPAR/NMDAR current ratio, or the distribu-
tion of EPSC amplitudes, or in the relationship between
mean EPSC amplitude and EPSC variance together with
the reduction in responsive sites in sSCRACm experiments
clearly points to synaptic pruning as being responsible for
the drop in CLN-evoked responses in iSPNs (Fig. 2]).

The Reduction of CLN-Evoked Responses in
dSPNs Was Attributable to a Postsynaptic
Depression

As with iSPNs, examination of the relationship
between stimulus power and evoked EPSCs revealed a
reduction in synaptic strength that was independent of
light intensity (Fig. 3A). However, in contrast to the sit-
uation in iSPNs, the ratio of CLN-evoked AMPAR cur-
rents to NMDAR currents was significantly smaller in
dSPNs from lesioned mice (Fig. 3B), pointing to a post-
synaptic depression.*® Consistent with this inference,
CLN-evoked paired-pulse ratios were unchanged in
dSPNs from lesioned mice (Fig. 3C,D). To determine if
the number of synapses changed following lesioning,
the sSCRACm approach was used. Again, unlike the sit-
uation with iSPNs, there was no discernible change in
the number or distribution of CLN synapses on dSPNs
from lesioned mice (Fig. 3E-G).

Two other observations were consistent with a post-
synaptic mechanism being responsible for the reduction
in CLN-evoked responses in dSPNs from lesioned mice.
First, the distribution of CLN-evoked EPSC amplitudes
in the sSCRACm experiments shifted toward smaller
amplitudes after lesioning (Fig. 3H). Second, there was
no difference in failure rates of CLN synapses between
groups (Fig. 3I) and the mean®/variance versus mean
EPSC amplitude plot did not shift in dSPNs from par-
kinsonian mice (Fig. 3J). Taken together, these results
are consistent with the hypothesis that CLN synapses
are retained in the month after 6-OHDA lesioning, but
that they undergo a form of postsynaptic depression
(Fig. 3K).

Discussion

There are two main conclusions to be drawn from
the described studies. First, following a near-complete,
unilateral 6-OHDA lesion of the dopaminergic innerva-
tion of the dorsolateral striatum, the responsiveness of
SPNs to activation of the CLN projection falls; how-
ever, this attenuation is more profound in dSPNs than
neighboring iSPNs. Second, the mechanisms responsible
for the attenuation of CLN responses differed in iSPNs
and dSPNs. In iSPNs, a significant fraction of CLN

REMODELING IN

PARKINSON'S DISEASE
axospinous synapses were eliminated, leading to a drop
in functional connectivity with lesioning. In dSPNs,
there was no discernible change in the number of CLN
synapses, but the average strength of individual synap-
ses fell, leading to a profound reduction in overall
responsiveness to CLN activity. Taken together, our
results are consistent with the conclusion that alter-
ations in the thalamostriatal circuitry following dopa-
mine depleting lesions contribute to the imbalance in
the activity of dSPNs and iSPNs, which is thought to
underlie the hypokinetic features of PD.” @

Unilateral 6-OHDA Lesioning Did Not Induce
CLN Degeneration

In contrast to what has been found in postmortem
analysis of PD brains and brains of MPTP-treated
primates,>*?%*! there was no discernible loss of CLN
neurons following unilateral, 6-OHDA lesioning of
dopaminergic neurons in mice, in agreement with previ-
ous studies in rodents.”*** Although neuronal loss in
PD is widespread and attributable to factors other than
dopamine depletion (eg, a-synuclein toxicity and bioen-
ergetic stress),*’ the lack of alignment with the primate
MPTP literature is somewhat puzzling, because both
this model and the 6-OHDA model rely on a toxin that
targets dopaminergic neurons. The difference may stem
from the fact that MPTP is systemically administered
(leading to damage that is more widespread) or that the
assessment of cell loss in the primate models is made
many months after toxin administration. Dopamine
depletion induces a cascade of events, which may take
months to stabilize, even in rodents.** For example, in
rodents, a reduction in dSPN spine density is not evi-
dent 1 month after MFB 6-OHDA lesioning, but is dis-
cernible 2 to 3 months after the lesion,*’ as in primates
following MPTP treatment.*® Therefore, it is possible
that with longer survival times, CLN neurons might be
lost in the rodent PD model. Regardless, at the time
point examined, the change in functional connectivity
of SPNs cannot be attributed to CLN degeneration.

Dopamine Depletion Induced Cell Type-
Specific Remodeling of CLN Connectivity
with SPNs

Previous work has shown that lesioning dopaminer-
gic neurons triggers a complex set of synaptic adapta-
tions in SPNs. For example, following near complete
striatal dopamine depletion following 6-OHDA lesions,
the dendritic arbors of both iSPNs and dSPNs are mod-
estly reduced in size.” Although this adaptation may
account in part for the reduction in SPN responsiveness
to optogenetic stimulation of CLN axons following les-
ioning, it does not account for other changes in CLN-
evoked synaptic events, including differences those

evoked in iSPNs and dSPNs.
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Perhaps the most prominent cell-type-specific striatal
adaptation seen following dopamine depletion is the
pruning of iSPN corticostriatal, axospinous synap-
ses.*”%¢ This can be viewed as a form of adaptive,
homeostatic plasticity engaged by the disinhibition of
iSPNs following the loss of tonic D2R signaling.’**’
Our sCRACm experiments suggest that a similar per-
centage (30%-50%) of CLN axospinous synapses on
iSPNs were eliminated after depletion. The inference
that elimination of synapses was responsible for the
reduction in CLN-evoked EPSCs in iSPNs, as opposed
to presynaptic or postsynaptic depression, is also con-
sistent with the lack of change AMPAR/NMDAR cur-
rent ratio, or in the CLN EPSC amplitude distribution
or in the relationship between mean EPSC amplitude
and current variance. The one caveat to this conclusion
was the modest increase in failure rates seen with spot
illumination in the sSCRACm experiments. Although an
increase in failure rates is consistent with presynaptic
depression, it also could be a consequence of synaptic
pruning, which resulted in fewer sites of stimulation
where more than one synapse was activated.

In contrast to iSPNs, there was no discernible loss of
CLN synapses on dSPNs following dopamine depletion.
However, the functional strength of the pathway declined
more dramatically than did the CLN projection to iSPNs.
This decline was attributable to a reduction in the post-
synaptic strength of individual CLN synaptic connections
with dSPNs. In agreement with previous work,”® this
reduction appeared to be the consequence of depletion-
triggered postsynaptic depression, because the ratio of
AMPAR to NMDAR currents at CLN synapses declined
and the amplitude distribution of sCRACm EPSCs
shifted toward smaller amplitudes, but paired-pulse ratio,
failure rates, and the relationship between mean EPSC
amplitude and variance did not change. These changes
mirror those found at dSPN corticostriatal synapses in
PD models.” At dSPN corticostriatal synapses, the
depletion-induced long-term depression (LTD) of synap-
tic transmission is attributable to the loss of D1R signal-
ing and the elevation of depression-promoting M4
muscarinic receptor (M4R) signaling.*®* However,
whether this mechanism is responsible for the change at
CLN synapses is uncertain, particularly given the absence
of M4R modulated endocannabinoid-dependent LTD at
this synapse.*” Another form of LTD, which is expressed
at thalamostriatal synapses, is dependent on nitric oxide
(NO) stimulation of cyclic guanosine monophosphate
(cGMP) signaling in SPNs.”” Interestingly, the NO in this
pathway is generated by a class of striatal GABAergic
interneurons that are not responsive to thalamic
stimulation,”! making CLN stimulation alone an ineffec-
tive strategy for inducing it."” Clearly, additional studies
are needed to sort out the mechanisms controlling the
plasticity at this synapse and how it is affected by dopa-
mine depletion.

The Contribution of Plasticity at CLN Synapses
to Striatal Pathophysiology in PD

Our studies are consistent with the proposition that
remodeling of the thalamic intralaminar projection to
SPNs contributes to the imbalance in striatal efferent
pathways thought to underlie movement deficits in the
classic model of late-stage PD.? That is, loss of striatal
dopaminergic signaling leads to hypo-excitability of
movement promoting dSPNs and hyper-excitability of
movement suppressing iSPNs. Previous work targeting
both the PFN and CLN using vGlut2-Cre mice
suggested depression of excitatory thalamostriatal syn-
apses on dSPNs contributed to this imbalance and
found that that chemogenetic or optogenetic suppres-
sion of thalamic activity alleviated open-field deficits
produced by unilateral 6-OHDA lesions.?® Subsequent
work using mouse intersectional genetics to isolate the
PEN projection to the striatum failed to see any evi-
dence that axodendritic PFN synapses on iSPNs or
dSPNs were altered following 6-OHDA lesioning, but
did find enhanced PFN coupling with striatal choliner-
gic interneurons (Chls)'>—interneurons long implicated
in the imbalance in striatal efferent pathway imbalance
and motor symptoms of PD.’?> Complementing the
well-described muscarinic acetylcholine receptor mecha-
nisms, Chls were also found selectively boosted gluta-
mate release by PFN synapses on iSPNs through
presynaptic nicotinic acetylcholine receptors. In both
the Parker et al?® and Tanimura et al'? studies,
suppressing the activity of thalamic neurons alleviated
the motor deficits accompanying unilateral 6-OHDA
lesioning, but it is likely that this effect stemmed from
the ability of PEN neurons to drive Chl spiking, rather
than by directly altering the activity of iSPNs or dSPNs.

The discovery that CLN connectivity with SPNs
changes in a way that mirrors that seen at cor-
ticostriatal axospinous synapses, but not that at PFN
synapses, is potentially an important piece in the puzzle
of the network mechanisms underlying PD motor
symptoms. The CLN is a bridge between the striatum
and cerebellum. Our results suggest that this bridge is
disrupted in PD, particularly the component linked to
dSPNs (and movement initiation). This disruption could
mimic lesioning the CLN or its input, both of which
impair motor performance.'®'” It also is tempting to
speculate that the cerebellar hyperactivity reported in
PD patients might be caused, at least in part, by this
functional disconnection.”® Last, given the parallels
between the effects of dopamine depleting lesions on
CLN and cortical synapses on SPNs, it will be of con-
siderable interest to determine how levodopa therapy
remodels the functional connectivity of CLN with the
striatum given the apparent importance of re-
established axospinous synapses to the emergence of
levodopa-induced dyskinesia.”>*
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