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Abstract

Previous studies have suggested that the neurokinin-1 receptor (NK-1R) expressing neurons in
the globus pallidus (GP) receive the substance P (SP), presumably released by axon collaterals
of striatal direct neurons. However, the effect of the SP on the GP remains unclear. In this study,
| identified that the SP-responsive cells comprise of a highly specific cell type in the GP with
regard to immunofluorescence, electrophysiology and projection properties. Morphologically,
NK-1R-immunoreactive neurons occasionally co-expressed parvalbumin (PV) and/or Lim-
homeobox 6 (Lhx6), but not Forkhead box protein P2 (FoxP2), which is mainly expressed by
arkypallidal neurons.

Retrograde tracing experiments also showed that some of GP neurons projecting to the
subthalamic nucleus (namely prototypic neurons) expressed NK-1R as well as Lhx6 and/or PV,
but not FoxP2. In vitro electrophysiological study revealed that, among 48 GP neurons, the SP
agonist induced inward current in 21 neurons. The response was prevented by bath application
of the NK-1R antagonist. Based on the firing properties, 92 recorded GP neurons were
classified into three distinct types, i.e., CL1, 2 and 3. Interestingly, all the SP-responsive
neurons were found to be in CL2 and CL3 types and, not in CL1. Moreover, active and passive
membrane properties of the neurons in those clusters and immunofluorescent identification
suggested that CL1 and CL2/3 could be considered as arkypallidal and prototypic neurons,
respectively. Therefore, SP-responsive neurons were one of the populations of prototypic

neurons based on both anatomical and electrophysiological results. Altogether, the striatal



direct pathway neurons could affect the indirect pathway in the way of prototypic neurons, via

the action of SP to NK-1R.
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1. Introduction

1.1. Dual pathway of the basal ganglia

The basal ganglia are composed of; striatum (Str), globus pallidus (GP), entopedunucular
nucleus (EP), subthalamic nucleus (STN), substantia nigra pars reticulata (SNr) and substantia
nigra pars compacta (SNc). In the basal ganglia, several nuclei work in coordinated manner,
and take on the planning and control of voluntary movement. Therefore, dysfunction of the
basal ganglia causes motor dysfunction. Thus, it is important to examine the neural circuit of
the basal ganglia in detail.

In the Str, the projection neurons are categorized into two groups, depending on their
neurochemical properties and projection targets. The projection neurons transmit information
via parallel and distinct routes to output nuclei, such as EP and SNr. The first projection group
corresponds to a direct pathway, wherein the neurons express substance P (SP) and directly
project to the output nuclei. The second projection group involves an indirect pathway,
wherein the neurons express enkephalin and project to the output nuclei via the GP and the
STN (Albin et al. 1989; Alexander and Crutcher 1990; Graybiel 1990). The classical models of
the basal ganglia suggest that these dual pathways are independent of each other and work in
an antagonistic manner to facilitate or inhibit movement, respectively (but see also Isomura et
al. 2013; Cui et al. 2013). However, single-neuron tracing studies have revealed that almost all

direct pathway neurons in rats (Kawaguchi et al. 1990; Fujiyama et al. 2011) and monkeys



(Lévesque and Parent 2005) projected to the GP, which is a relay nucleus of the indirect

pathway.

A recent study on Drd1a-GFP and Drd2-GFP BAC transgenic mice revealed that the direct

pathway collaterals directly inhibit the neurons in the GP (Cazorla et al. 2014). Although the

GP is thought to primarily function as a relay nucleus of the indirect pathway of the basal

ganglia (Albin et al. 1989; DeLong 1990; Smith et al. 1998; Obeso et al. 2008), these findings

indicate that the direct pathway neurons drive not only the direct pathway but also the indirect

pathway via the GP (Figure 1). Thus, the original conceptualization of the direct and indirect

pathways should be modified through these recent studies, particularly that using in behavioral

experiments.
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Figure 1. Schematic diagram
of the direct and indirect
pathways in the basal ganglia
Str striatum; GP globus
pallidus, STN subthalamic
nucleus; EP entopeduncular
nucleus; SNr substantia nigra
pars reticulata



1.2. Dichotomous projection patterns of globus pallidus (GP) neurons

Many studies have revealed the cellular heterogeneity of the GP in terms of histochemical and
electrophysiological properties or innervation patterns (Parent and De Bellefeuille 1983; Albin
et al. 1989; Smith and Bolam 1989; Kita and Kitai 1994; Nambu and Llinas 1994; Mink 1996;
Wichmann and Delong 1996; Nambu and Llinds 1997; Smith et al. 1998; Sato et al. 2000;
Hoover and Marshall 2002; Nambu et al. 2002; Kita 2007; Sadek et al. 2007; Flandin et al.
2010; Gittis et al. 2014; Mastro et al. 2014; Abdi et al. 2015; Dodson et al. 2015; Fujiyama et
al. 2015). In addition to the “prototypic” GP neurons that support uniform function by
consistently innervating the STN (Bevan et al. 1998; Smith et al. 1998; Bevan et al. 2002; Kita
2007; Stephenson-Jones et al. 2011), single-cell labeling studies have revealed that a portion of
prototypic neurons has both pallidostriatal and pallidosubthalamic collaterals (Mallet et al.
2012; Abdi et al. 2015; Fujiyama et al. 2015; Hernandez et al. 2015). However, another type of
GP neurons, referred to as “arkypallidal” neurons (Mallet et al., 2012; Fujiyama et al., 2015),

does not send descending axons toward STN; rather, purely innervates the striatum (Figure 2).

Arkypallidal ...
: Figure 2. Prototypic and arkypallidal neurons
in the globus pallidus (GP)
Two types of GP neurons classified by
projection patterns and immunohistochemical
properties. Prototypic neurons innervating the
subthalamic nucleus (STN) co-expressed
parvalbumin (PV) and/or Lim-homeobox 6
(Lhx6). In contrast, arkypallidal neurons
expressed forkhead box protein P2 (FoxP2)
and innervated the striatum (Str) but not STN.
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The projection types also differed in terms of electrophysiological properties. In consistent

with in vitro recording (Abdi et al. 2015; Hernandez et al. 2015), in vivo recording showed that

prototypic neurons fired regularly at high rates than arkypallidal neurons in anesthetized (Abdi

et al. 2015) or awake rats (Mallet et al. 2016) and mice (Dodson et al. 2015). Moreover, their

activities were well correlated with animal behavior: arkypallidal neurons were active during

spontaneous movement in mice (Dodson et al. 2015), whereas activities of prototypic neurons

were heterogeneous; in rats, arkypallidal neurons were more strongly activated when the

animal was forced to stop the planned movement (stop or cancellation task) than prototypic

neurons were (Mallet et al. 2016). These electrophysiological and functional differences

between GP prototypic and arkypallidal neurons could be associated with the differential

inputs from striatal neurons. Cazorla et al. (2014; see their Fig. 4) showed that direct striatal

neurons inhibited GP neurons heterogeneously and/or partially, whereas inhibition by the

striatal indirect neurons was more intensive and homogeneous. It is, therefore, important to

know which type of GP neurons is affected by the direct pathway collaterals.

1.3. How substance P (SP) effect in the GP?

Substance P is one of the neuropeptide called tachykinin released by the striatal direct neurons

(Mantyh et al. 1984; Aosaki and Kawaguchi 1996; Shughrue et al. 1996; Furuta et al. 2004).

Although there are three type of tachykinin receptor, SP has high affinity to the neurokinin-1

receptor (NK-1R). Previous studies showed that SP expressing axon terminals made apposition
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with NK-1R expressing dendrites in the striatum (Aosaki and Kawaguchi 1996; Lee et al.
1997). Previous anatomical studies have reported the presence of NK-1R and NK-3R in the GP
of rats (Mantyh et al. 1984; Elde et al. 1990; Gerfen 1991; Nakaya et al. 1994; Shughrue et al.
1996; Furuta et al. 2004) and humans (Mileusnic et al. 1999; Mounir and Parent 2002). It has
been reported that only a few large-sized GP neuron express NK-1R. However, there were few
reports for the NK-1R expressing neurons in the GP (see “Discussion”). Morphological
evidence has accumulated that SP immunopositive terminals apposed with NK-1R-expressing
neurons (Mounir and Parent 2002; Lévesque et al. 2006), and electrophysiological studies
demonstrated that SP produced excitatory effects on the GP both in vivo (Cui et al. 2007) and
in vitro (Chen et al. 2009). SP functions via metabotropic receptors and secondary messenger
systems in the postsynaptic neurons, and this slow and more sustained response could also
affect other neurotransmission, such as GABAergic inhibition.

It is known that half of the medium spiny neurons in the striatum possessed substance P as
well as GABA. Further, previous works revealed that SP modified GABAergic transmission in
the striatal local circuit and glutamatergic inputs from cerebral cortex or subthalamic nucleus
(Blomeley and Bracci 2008; Govindaiah et al. 2010). Effects of SP on neurotransmission were
also reported in other brain area: the nucleus tractus solitarius, nucleus
accumbens, and amygdala (Maubach etal 2001; Kombian etal 2003; Bailey etal, 2004).
Although it has been known that SP is located in the ascending cholinergic reticular system in

rats (Vincent et al. 1983) and primates (Gomez-Gallego et al. 2007; Eid et al. 2016), only a
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minority of cholinergic varicosities (17%) displayed a synaptic specialization in GP (Eid et al.

2016). Striatal direct neurons are known to possess the SP (Mantyh et al. 1984; Shughrue et al.

1996; Furuta et al. 2004) and give some collaterals in the GP (Kawaguchi et al. 1990;

Lévesque and Parent 2005; Fujiyama et al. 2011; Cazorla et al. 2014). Taken together, the

axon collaterals of the direct neurons are regarded as the most likely candidate as presynaptic

elements to the NK-1R in the GP. Altogether, previous studies suggested that SP plays a role to

modulate the GABAergic transmission by striatal axons in the GP.

Moreover, recent study also showed these striatal axon collaterals in GP inhibit the GP neurons

in vivo (Cazola et al, 2014). Behavioral study showed that microinjection of SP into the GP

affected on passive avoidance learning in rats (Kertes et al, 2009). Then, | hypothesized that

the SP released by striatal direct pathway neurons might contribute to the modulation of

neurotransmission on GP neurons via the NK-1R.

In the present study, | aimed at elucidating how and what types of neurons in the GP are

affected by SP, presumably released by striatal direct neurons. To this end, I first identified the

characteristics of NK-1R neurons using a combination of fluorescent retrograde labeling with

immunofluorescence staining. | then made whole cell patch—clamp recording in slice

preparations and found that SP affected GP neurons in a highly cell type-selective manner.

This study has been reported in the journal named Brain Structure and Function (Mizutani et al.

2017; fast online published).
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2. Materials and Methods

All animal experiments were approved and performed in accordance with the guidelines for the
care and use of laboratory animals established by the Committee for Animal Care and Use and
that for Recombinant DNA Study of Doshisha University. All efforts were made to minimize
animal suffering and the number of animals used. Chemicals were derived from Nacalai

Tesque (Kyoto, Japan) and Wako (Osaka, Japan), unless otherwise noted.

Double or Triple immunofluorescence labeling

Male mice (C57BL/6J, postnatal (P) 7-12 weeks, N =12; P 21 days, N = 2) were deeply
anesthetized with isoflurane (Pfizer Japan Inc., Tokyo, Japan) and sodium pentobarbital (100
mg/kg, i.p.; Kyoritsu Seiyaku Corporation, Tokyo, Japan). The mice were then transcardially
perfused with 8.5% sucrose in 20 mM phosphate buffer (PB) containing 1 mM MgCly,
followed by 4% w/v paraformaldehyde and 75% saturated picric acid in 0.1 M PB. After
perfusion pump off, the brain was postfixed in situ for 1.5 h at room temperature (RT), and
then the brain was removed from the skull followed by cryoprotection with 30% sucrose in
phosphate-buffered saline (PBS) for 24 h at 4°C. Tissue blocks containing the GP were
sectioned sagittally using a freezing microtome (Leica Microsystems, Wetzlar, Germany) at a
thickness of 25 um. Floating sections were collected in six series and prepared for
immunofluorescence to reveal GP molecular markers as listed in Table 1 (cf. Mallet et al.

2012; Abdi et al. 2015). The sections were incubated with a mixture of primary antibodies
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(Table 1) for overnight at 4°C. The primary antibodies were diluted with incubation buffer
containing 10% (v/v) normal donkey serum (Merck KGaA, Darmstadt, Germany), 2% bovine
serum albumin and 0.5% (v/v) Triton X-100 in 0.05 M Tris-sbuffered saline (TBS). After
exposure to the primary antibodies, the sections were washed in PBS and incubated for 5 h at
RT in the same buffer containing a mixture of secondary antibodies that were conjugated to the

fluorophores (Table 2).
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Table 1. Primary antibodies used for research purposes

Antigen Host Species Dilution Supplier Catalog no.

NK-1R (rat; C- Merck KGaA

terminus: 393-407 Guinea Pig 1:2000 (Darmstadt, AB15810

AA) Germany)

NK-1R *(rat; C-

terminus: 385-407 Rabbit 1:2000 Merck KGaA AB5060

AA)

NK-1R (rat; C- . .

terminus; 393-407 Rabbit 1:1000 Sigma Aldrich (St o050
Louis, MO)

AA)

NK-IR (rat; the Alomone Labs

second extracellular Rabbit 1:100 ATR-001

loop: 180-194 AA) (Jerusalem, Israel)

. Immunostar
NK-3R Rabbit 1:1000 (Hudson, W) 20061
NeuN Mouse 1:15000 Merck KGaA MAB377
NeuN Rabbit 1:4000 Merck KGaA ABN78
PV Mouse 1:4000 Sigma Aldrich P3088
Synaptic Systems
PV Guinea Pig 1:5000 (Goettingen, 195004
Germany)
PV Rabbit 1:4000 Immunostar 24428
Lhx6 Mouse 1:500 Santacruz (Dallas, sc-271433
Tex)
. Abcam
FoxP2 Rabbit 1:2000 )
oX abbi (Cambridge, UK) ab16046
FoxP2 Goat 1:1000 Santacruz sc-21069
ChAT Mouse 1:5000 Merck KGaA MAB305

* the antibody was firstly used for preliminary experiments, but soon Merck KGaA
stopped to product it. Therefore, the antibody was not used to obtain the results, and
not verified for reliability.
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Table 2. Secondary antibodies used in research

Secondary Antibody Host Species  Dilution Supplier Catalog no.

gi:rgggze Al b onkey 1:500 ;:ﬁerrrl?u(;ucflsl:ir A10035
(Waltham, MA)

ég;ié%uinea pig Goat 1:500 (B:iAo)tium (Fremont, 20198

Anti-rabbit CF594 Goat 1:500 Biotium 20113

Anti-goat Alexa Donkey 1:500 Thermo Fisher AL11058

Fluor®594

Scientific, Inc.



After rinsing, the sections were mounted on to glass slides, air dried and cover-slipped with

50% (v/v) glycerol/TBS. Immunofluorescence was observed under an epifluorescent

microscope (BX-53, Olympus, Tokyo, Japan) or a confocal microscope (FV1200, Olympus)

with appropriate filter sets (359-371 nm excitation and >397-nm emission for AlexaFluor (AF)

350; 450—490-nm excitation and 514-565-nm emission for AF488; 530-585-nm excitation and

575-675-nm emission for AF594; 590-650 nm excitation and 655-675-nm emission for

AF635). The images of each of the channels were taken sequentially and separately to negate

possible crosstalk of signals across channels. The images of the immunofluorescence were

captured with 10x, 40x, 60x or 100x objective lens with the respective software (cellSens for

BX-53 or FLUOVIEW for FV1200, Olympus). One focal image was taken from each view and

a montage view of the whole GP was created. | defined the GP area according to relative

location with other brain structures (Fig. 11a). Only the immunoreactive neurons in focus were

counted without a stereological method. Additionally, since NK-1R is a receptor located in the

plasma membrane, | investigated the intracellular distribution of the immunofluorescence

using a confocal microscope (Fig. 12).

Evaluation of NK-1R immunoreactivity

To verify the specificity of the NK-1R antibody (Merck AB15810; Table 1), I used two

different antibodies against the C-terminal amino acid sequence (Fig. 6). The immunogen of one

antibody (a, Merck KGaA AB15810) is COOH-terminus (393-407 amino acids). The

17



immunogen of other two antibodies is a synthetic peptide that corresponds to the COOH-
terminus of the NK-1R (b, 385-407 amino acids, Merck KGaA AB5060; ¢, 393-407 amino acids,
Sigma-Aldrich S8305).

Moreover, | also examined another antibody against the amino acid sequence of the NK-1R
second extracellular loop (Alomone Labs ATR-001, Jerusalem, Israel) was also examined (Fig.
7, Fig. 13h, I and Table 1). Two antibodies against different amino acid sequences of the NK-1R
peptide detected immunoreactive neurons in a similar manner. One antibody was raised against
the second extracellular loop (2nd loop) of the NK-1R peptide (Alomone Labs ATR-001) and
another antibody against the C-terminus of the NK-1R peptide (Merck KGaA AB15810).

To further confirm whether the fluorescent signals detected by Merck AB15810 and Alomone
Labs ATR-001 were specific for their antigen, | carried out a pre-absorption test (Fig. 8). For
Merck AB15810, a synthetic peptide (Abcam, AB92810, Cambridge, UK) corresponding to the
C-terminus of NK-1R (amino acid sequence 393-407: KTMTESSSFYSNMLA) was used. The
antibody (~1 pg/ mL for final working concentration) was mixed with an excess amount of the
peptide (20- or 200-fold in mol) in usual incubation buffer for 12 h at 4 °C. Then mouse brain
sections were incubated with the pre-absorbed antibody, followed by incubation with the
secondary antibody (Alexa 488 conjugated antibody; Thermo Fisher Scientific, Waltham, MA,
USA). An NK-1R antibody (Merck KGaA, AB15810) was pre-incubated with a 20- or 200- fold
(in mol) amount of the NK-1R C-terminus peptide (Abcam, AB92810) for 12h before

incubation with brain sections. Photo images for immunofluorescent by untreated or pre-
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absorbed antibodies were taken under the same conditions (exposure time, 1 second). Another
NK-1R antibody (Alomone Labs ATR-001) was pre-incubated with a 200-fold amount (in mol)
of the antigen peptide (Alomone Labs) for 12h before incubation with brain sections. Photo
images for immunofluorescent by untreated or pre-absorbed antibodies were taken under the
same conditions (exposure time, 0.91 seconds). Finally, I also investigated NK-1R messenger
RNA expression by in situ hybridization (Fig. 9) to compare with protein expression detected by
immunofluorescence in collaboration with Mr. Shinichiro Okamoto. The following
hybridization procedure was carried out as reported previously (Hioki et al. 2010; Ma et al.
2011). Briefly, sagittal sections from both hemispheres were cut at 20 um thickness using a
freezing microtome. Free floating sections were hybridized for 16-20 h at 60°C with 1 pg/mL
digoxigenin (DIG)-labeled sense or antisense riboprobes in a hybridization buffer. After washes
and ribonuclease A (RNase A) treatment, the sections were incubated overnight with 1:1000
diluted alkaline phosphatase (AP)-conjugated anti-DIG sheep antibody (11-093-274-910; Roche
Diagnostics) and then reacted with 0.375 mg/mL nitroblue tetrazolium and 0.188 mg/mL 5-
bromo-4-chloro-3-indolylphosphate (NBT/BCIP; Roche Diagnostics) for several hours (Hioki et
al. 2010). Sense probes detected no signal higher than the background. To enhance the signals
for NK-1R mRNA sensitively, we applied BT-GO amplification method (Furuta et al. 2009;
Kuramoto et al. 2009; Ge et al. 2010). Briefly, after hybridization with DIG-labeled NK-1R
riboprobe, the sections were incubated with 1:4000 diluted peroxidase-conjugated anti-DIG

sheep antibody (11-207-733-910; Roche Diagnostics). Subsequently, the sections were reacted

19



with a mixture containing 25 uM of BT, 3 pg/mL of GO, 2 mg/mL of beta-D-glucose and 2%

bovine serum albumin in 0.1 M PB for 30 min. We used BT at a concentration either of 0.25,

2.5, or 25 uM. The sections were further incubated with 1:1000 diluted AP-conjugated

streptavidin (02516-71; nacalai tesque) for 2 h and finally reacted with NBT/BCIP. Each of the

four probes (target sequence position; 15-895, 2013-2734, 3222-3827, 993-1970; GenoStaff,

Minoh, Japan) exhibited very similar expression patterns for mouse brains.

Combined fluorescent retrograde labeling with immunofluorescence staining

Male and female mice (C57BL/6J, P 8-10 weeks, N = 5) were anesthetized by inhalation of

isoflurane and intramuscular injection of a mixture of 40 mg/kg ketamine (Ketalar; Daiichi-

Sankyo, Tokyo, Japan) and 4 mg/kg xylazine (Bayer HealthCare, Berlin, Germany). The mice

were then fixed to the stereotaxic device (Narishige, Tokyo, Japan) and the skull was drilled to

make a small hole in an appropriate anteroposterior (AP) and lateromedial (LM) position in

accordance with the mouse brain atlas (Paxinos and Franklin, 2013). For retrograde labeling,

1.0% Alexa Fluor 555-conjugated cholera toxin subunit B (CTB555; Thermo Fisher Scientific,

Waltham, MA, USA) or 2.5% Fast Blue (FB; Polysciences, Inc. Warrington, PA, USA) was

injected into the STN (AP 1.6 mm caudal from the bregma, LM 1.68 mm from the midline,

depth 4.8 mm from the pial surface) or striatum (AP 1.3 mm rostral from the bregma, LM 1.68

mm from the midline, depth 3.0 mm from the pial surface), respectively, through a glass pipette

(=20 um of tip diameter) by 20 psi for 1040 ms of air pulses (PV820, World Precision
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Instruments, Sarasota, FL, USA). Following a survival period of 3-4 days, the animals were
perfused and tissue was prepared as described above. For the count of STN-projecting cells, |
carefully excluded the anterograde-labeling terminals originating from STN and selected only
retrogradely labeled STN-projecting GP neurons (for an example of false labeling forming cell-

like shape, see Fig. 3).

Figure 3. Anterograde labeling of CTB555 formed cell-like shape.

Injection of Alexa Fluor 555-conjugated cholera toxin subunit B (CTB555; red) into the
subthalamus retrogradely labeled pallidosubthalamic neurons in the GP, as shown in
Fig. 15; however, false positive cell-like shape of labeling (red; center of the image)
was occasionally observed as shown here, lacking NeuN immunoreactivity (green).
Note that the anterogradely labeled terminals originating from subthalamus did not
overlap with NeuN immunofluorescence.

in vitro electrophysiological recording

Thirty-one mice [C57BL/6J and PV/myrGFP-LDLRct transgenic strains (Kameda et al. 2012)]
were used for slice recording at P17-27 days. Since green fluorescent protein (GFP) is
introduced in parvalbumin (PV) neurons in PV/myrGFP-LDLRct mice, they are suitable to
target PV neurons. In total 69 neurons were recorded from C57BL/6J, 8 neurons from the

transgenic mice, and 15 neurons from wild-type littermates of the transgenic line. Data were
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pooled because no difference was observed among lines. They were deeply anesthetized with
sodium pentobarbital and the brain was taken out and soon immersed in ice-cold ACSF (NaCl
125; KCl, 2.5; CaCly, 2.4; MgCl», 1.2; NaHCOg3, 25; glucose, 15; NaHPO4, 1.25; pyruvic acid
2; lactic acid 4; in mM) for 2 min. All ACSFs were aerated with 95%/5% O,/CO> continuously.
Three hundred-micrometers thick-sagittal slices were cut by a vibratome (Leica VT-1000,
Leica Microsystems) and incubated with the ACSF at 32°C for 20 min, and then the chamber
was transferred to RT. At least after 1h of recovering, the slice was moved into a recording
chamber (30°C). A whole cell glass pipette (4-7MQ) was filled with intracellular solution (K-
methylsulfate 126; KCI 6; Na2ATP 4; NaGTP 0.3; MgCl, 2; Na;EGTA 0.6; HEPES 10;
biocytin 20.1; in mM). The pH was adjusted to 7.3 by KOH and the osmolality to ~290 mOsm.
The GP was identified under IR-DIC configuration. Current or voltage clamp recordings were
low-pass filtered at 3 kHz and recorded using EPC10 (HEKA Elektronik Dr. Schulze GmbH,
Lambrecht/Pfalz, Germany) with a sampling rate of 20 kHz. Once the cells were recorded in a
whole cell voltage clamp mode, the series resistance was repeatedly monitored by applying a
brief voltage pulse (-5 or —10 mV for 10 ms), and if the series resistance was beyond 20 MQ,
the record was omitted from the further analysis. Shortly (less than 1 min) after the
accomplishment of whole cell configuration, the firing responses against 1 s of depolarizing
current pulses (the maximum intensity was 950 pA increasing with a 50 pA step) were
recorded in a current clamp mode. Then passive membrane properties were monitored by steps

of 1 s of hyperpolarized current pulses application. NK-1R agonist ([Sar®, Met(02)'!]-SP;
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Sigma-Aldrich, St. Louis, MO, USA), hereafter referred to as SM-SP, was solved with aerated

ACSF (0.1 or 1 mM) and filled in another electrode. The SM-SP electrode was placed close to

the recorded soma, and SM-SP was applied to the recorded GP neuron using a precision

pressure control and valve system (5-10 psi for 10-110 ms by a PVV820 picopump). If the

recorded cells did not respond to a 10 ms of SM-SP puff, the puff duration was gradually

increased up to 110 ms to define whether the neuron responded to SM-SP or not. The SM-SP-

induced responses were monitored either in a current or voltage clamp mode. | tested

responses against SM-SP in 48 GP neurons from 31 mice. During voltage clamp recording, the

holding potential was usually set at =50 mV, which was close to the average membrane

potential of our samples of GP neurons (Table 3). Then, the holding potential was shifted from

—40 to —70 mV to investigate voltage dependence of SM-SP responses (N = 5 neurons). For

seven neurons, a cocktail of glutamate and GABA receptors antagonists was applied in a bath

(CNQX, 10 uM; D-AP5, 20 uM; SR95531, 20 uM). For two SM-SP-responsive neurons, NK-

1R antagonist (SR140333) was applied in bath solution and then re-examined on an effect of

an SM-SP agonist puff. Those pharmacological reagents were purchased from Tocris

Bioscience (Bristol, UK).

Tissue cleaning method to intensify immunofluorescent detection in slice preparation

To clarify NK-1R immunofluorescence in 300-um-thickness slices, | applied one of the tissue

cleaning methods, AbScale (Hama et al. 2015). See the reference for the detailed method. In
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brief, slices were fixed with a fixative composed of 4% paraformaldehyde, 0.2% picric acid,

and 0.05% glutaraldehyde (GA) in 0.1M PB for 4h at RT and then the fixative without GA for

overnight. After rinse with PBS(-) for 3h, incubation with (1) ScaleS0 (~6h, 37°C); (2)

ScaleA2 (~24h, 37°C); (3) ScaleB4(0) (~12h, 37°C); (4) ScaleA2 (~6h, 37°C); (5) AbScale

with primary antibodies (~24 to 48h, 37°C); (6) rinse with AbScale twice (1h for each, RT);

(7) AbScale with secondary antibodies and CF dye-conjugated streptavidin (Biotium, Fremont,

CA, USA) (~24 to 48h, 37°C); (8) rinse with AbScale twice (4h, RT); (9) rinse with ‘AbScale

rinse’ twice (2h for each, RT); (10) refixation with 4% paraformaldehyde in PB; (11) rinse

with PBS(-) for 1h at RT; (12) ScaleS4 (~6h, 37°C); (13) ScaleS4 (~12h, 37°C); (14)

mounting with ScaleS4. The dilution of antibodies was the same as other immunoreaction

(Table 1). The composition of solutions was the same as Supplementary Figure 2 of Hama et al.

(2015). The mounted samples were observed with a confocal microscope.

Analysis of electrophysiological data

The analysis was performed by IgorPro (Wave Metrics Inc., Portland, OR, USA) using

Neuromatic plugin (http://www.neuromatic.thinkrandom.com). All of the recording data were

smoothed with a 0.2-ms moving time window corresponding to the moving average of four

consecutive recording points. The input resistance (Rin) was determined by linear fitting of

voltage responses to hyperpolarized current pulses injection (—20 to —100 pA by —20 pA steps).

The membrane time constant (tau) was calculated from the responses to a —200 pA current
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pulse by fitting the rising phase with an exponential curve. Hyperpolarizing sag potential
induced by —200 pA pulse was measured as the voltage difference between the negative peaks
of the exponential fit of the rising phase and that of the actual membrane potential. To define
action potential threshold, membrane voltage trace including the action potential elicited by
the minimum intensity of a depolarizing pulse was differentiated twice to obtain [(dV/dt)/dt].
The time point of the positive peak of [(dV/dt)/dt] just prior to the action potential peak was
defined as the spike onset, and the membrane potential at that timing as the threshold. The full
width of the spike was measured at the voltage level of the threshold. The amplitude of fast
and slow after hyperpolarization (FAHP and sAHP) was measured from the threshold to the
hyperpolarized peak potential. fAHP or SAHP delay was defined as the duration between the
peak of the action potential and the peak of the following AHP. Our definition of the above

parameters is summarized in Figure 4.

SDIKE gt Figure 4. Schematic representation of

electrophysiological parameters

: described in our present study.

threshold -¥--- ------------------------------- fAHP, fast after hyperpolarization; sAHP,
slow after hyperpolarization.

fAHP delay :
<— sAHP delay—»ﬁ

To quantify SM-SP-evoked responses, the ten sweeps stimulated by SM-SP were acquired and

aligned with the SM-SP air puff onset on both time and membrane potential, and then the
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average trace was calculated. If the peak amplitude of the SM-SP-evoked response of the

averaged trace was three times larger than the standard deviation (SD) of the pre-stimulus

period (50-250 ms in duration), the neuron was defined as SM-SP responsive. Since | varied

the concentration of SM-SP and air puff duration, the amplitude of SM-SP-evoked responses

was not compared quantitatively across neurons. SM-SP-evoked charge was calculated from

the average trace during 1-s period from the end of SM-SP puff. To quantify voltage

dependence of SM-SP response in a single neuron, the SM-SP-evoked current amplitude and

charge at each holding potential were normalized by the maximum amplitude (Fig. 17).

Statistical analysis was conducted by IgorPro and R (http://www.r-project.org/; R Project for

Statistical Computing, Vienna, Austria). Data were described as mean + SD, except for

otherwise noted. Cluster analysis was conducted onto four electrophysiological parameters:

spike width, spike threshold, spike frequency at 100 pA depolarized pulse, and the maximum

spike frequency. Each parameter was normalized as (value — mean)/SD, resulting in the mean

of a normalized parameter equal to 0 and their SD to 1. Then the Euclidean distance between

samples was calculated and the square of the distance was used for the cluster analysis with the

Ward method (Ward 1963). Statistical significance of comparison among clusters was first

examined by one-way ANOVA followed by Tukey test for multiple comparisons. The

difference in the proportion of neurons was proven by pairwise comparison test with p value

correction by Holm’s method.
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3. Results

It has been reported that the direct pathway neurons give axon collaterals to the GP. However,
it is not clear how and which type of GP neurons are affected by the direct pathway neurons.
Because the direct pathway neurons contain the substance P, | thought the substance P and
NK-1R, the principal receptor of the substance P, were the clue of the question. | performed
the following morphological and electrophysiological approaches to clarify how and which GP

neurons are affected by SP.

3.1. Expression of neurokinin-1 receptor (NK-1R) in the GP

It has been reported that only a few GP neurons express NK-1R by immunohistochemistry
(Nakaya et al. 1994; but see also Chen et al. 2009) or in situ hybridization (Elde et al. 1990;
Gerfen 1991; Allen Institute mouse brain atlas: http://mouse.brain-map.org/; see also Fig. 9).
However, | observed that 38.9% of GP neurons showed NK-1R immunoreactivity (Fig. 5) with
an antibody (Merck KGaA AB15810) which recognizes the C-terminus of NK-1R. Surprisingly,
the number of NK-1R immunoreactive neurons was much higher than previous reports.
Additionally, I found new type of NK-1R immunoreactive GP neurons which showed relatively

moderate NK-1R expression than the neurons previously reported (Fig. 5az, b).
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Figure 5. Two types of neurokinin-1 receptor (NK-1R) immunoreactivity in the GP

a1 A photomicrograph of GP showing NK-1R immunoreactivity (green). a2 Two types
of NK-1R immunoreactive neurons in GP. Upper, dense labeling for NK-1R was
always observed in a neuron possessing a large cell body (arrowhead). Dendrites
were also densely labeled. On the contrary, a relatively small neuron was stained bit
faintly, lacking label in dendrites (arrow). Bottom, a large NK-1R neuron did not
express PV (arrowheads), but a small NK-1R neuron was PV-immunopositive. The
section was processed using AbScale.

b Magnified image of the GP showing double immunofluorescence labeling for NeuN
(red) and NK-1R (green, asterisks). Scale bar 10 pm.

To verify the moderate NK-1R immunoreactive GP neurons, | have tried following experiments.
First | used three different antibodies against the C-terminal peptide sequence of NK-1R, and
observed the immunoreactivity in some nucleus of the central nerve system. Similar
immunofluorescence was also observed by other two antibodies against the C-terminal amino
acid sequences of the NK-1R peptide (Sigma-Aldrich S8305, St. Louis, MO; Merck KGaA

AB5060; Fig. 6; see also Table 1).
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Figure 6. NK-1R immunoreactivity with three different antibodies against the C-
terminus peptide sequences.

Photo images of NK-1R immunoreactivity (AF488) were taken from the striatum,
ventral pallidum, nucleus basalis, and GP. Immunofluorescence with three antibodies
(a, Merck KGaA AB15810, b, Merck KGaA AB5060, c, Sigma-Aldrich S8305) resulted
in similar images. Note that strong immunopositive NK-1R neurons are surrounded by
weak immunopositive NK-1R neurons in GP with any antibodies.

| also examined another NK-1R antibody which was raised against a different amino acids

portion of the NK-1R (Alomone Labs ATR-001; Table 1). Double immunofluorescent labeling

revealed Merk KGaA AB15810 and Alomone Labs ATR-001 detected almost the same

population of GP neurons (Fig. 7, Fig. 13h, i; for details, see “Materials and Methods”). 1

found that these two antibodies showed similar immunoreactivity on cell bodies for both

strong and moderate labeling. The results indicated both intensive and moderate signals were

specific for the antigen, and denied a non-specific binding of the antibody. Indeed, among 141

GP neurons labeled by Alomone Labs ATR-001, 128 neurons (90.8%) were also labeled by

Merck AB15810. Conversely, Merck AB15810 detected 132 GP neurons, among which 128

neurons (97.0%) were also labeled by Alomone Labs ATR-001 (Fig. 7).
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Figure 7. Two antibodies against different amino acid sequences of the NK-1R peptide
detected immunoreactive neurons in a similar manner.

a Low magnification images of the striatum (Str) and GP. The immunofluorescence by
two antibodies overlapped with each other in the GP (b, right) and the striatum (c,
right). Immunoreactive neurons were marked with asterisks. Scale bar 50 ym for a; 20
um for b, c

Pre-absorption test also showed specificity of Merck AB15810 for the NK-1R. As the result,
immunofluorescence by Merck AB15810 was completely disappeared by pre-absorption with
the 200-fold amount of peptide, whereas immunofluorescence was still observed by absorption

with the 20-fold amount of peptide (Fig. 8). Notably, the presence of strong immunoreactivity in
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the striatum and in large (putative cholinergic) neurons in the GP was always accompanied with
that of relatively moderate or weak immunofluorescence in small neurons in the GP. A pre-

absorption test on the Alomone Labs ATR-001 also diminished immunofluorescence (Fig. 8,

Table 1).

peptide amount peptide amount
20-fold (in mol) 200-fold (in mol) no peptide 200-fold (in mol)

(O] Alomone ATR-001

Figure 8. Pre-absorption tests for two NK-1R antibodies using synthetic antigen
peptides.

a A low magnification image of the striatum (Str) and GP. The no-absorbed antibody
revealed immunoreactive neurons in the GP (b, left) and Str (c, left). d A low
magnification image of the Str and GP. Magnified images of the GP; e and Str; f
indicated immunoreactive neurons detected by the non-absorbed antibody (left). Again,
the pre-absorbed antibody did not visualize any neurons (right). Scale bar 100 pm for
a, d; 20 ym for b, c, e, f.

Evaluation test for the NK-1R antibodies indicated that both intensive and moderate signals

were specific for the antigen, and denied a non-specific binding of the antibodies. These results
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strongly supported that in the basal ganglia including GP, immunofluorescence method could

detect relatively lower level expression of NK-1R, in addition to well-known strong NK-1R

expression observed in the striatum.

| also investigated NK-1R messenger RNA expression. In our study, however, in situ

hybridization did not provide conclusive evidence of the weak or moderate signals in the GP

(Fig. 9). I discuss the discrepancy between immunofluorescence and in situ hybridization in

“Discussion”. | found that there is similar moderate NK-1R immunoreactivity in SNr. However,

MRNA expression was not observed in SNr as same as in GP. Data shown in figure 9 were

derived from a probe of 993-1970 nucleic acid sequence, just the same as used in Allen Institute

atlas #1296 (data not shown for other three probes), validating the reproducibility of the in situ

hybridization result.

(a) without BT-GO
GP

(¢) No probe
. & GP

20 um

Str ' Str
A

SNr

W SNr
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Figure 9. Localization of NK-1R mRNA expression in the striatum (Str), GP and
substantia nigra pars reticulata (SNr).

Localization of NK-1R mRNA expression in the globus pallidus (GP) and striatum (Str)
without a or with b biotinylated tyramine-glucose oxidase (BT-GO) amplification (see
below). Note that strong NK-1R signals were observed in the striatum (a, middle). No
signal was detected in the GP (a, top) and SNr (a, bottom) without amplification. b BT-
GO amplification produced additional faint staining in the GP and SNr; however, it was
hard to distinguish actual signals from the background. ¢ No neuron-like signal was
observed in the control sections (No probe). d For comparison, photo images of NK-
1R immunofluorescence (Merck AB15810) were shown at the same magnification with
those of in situ hybridization. In SNr, some neurons were labeled by the NK-1R
antibody. e Magnified multi-focus images of NK-1R immunofluorescence. Note that
almost only cell bodies and thick dendrites were labeled in GP (top) and SNr (bottom),
whereas in the striatum (middle), a number of neurites were also labeled. Boxed areas
i and ii were shown in higher magnification in insets. Thin neurites with puncta
(arrowheads) were clearly labeled.

3.2. NK-1R immunoreactivity showed different representation from NK-3R in the GP

Previous study showed that strong NK-1R immunoreactive neurons did not co-express NK-3R,

one of the subtypes of the neurokinin receptors, in the GP (Furuta et al. 2004). On the other

hand, other research reported the coexistence of NK-1R and NK-3R in the same dendrites of

GP neurons using electron microscope (Lévesque et al., 2006). In this study, | examined

whether NK-1R neurons co-expressed NK-3R or not.

Double immunofluorescence labeling for NK-1R and NK-3R showed that the strong

immunopositive NK-1R neurons showed weak NK-3R immunoreactivity (Fig. 10).
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Figure 10. Triple immunofluorescent labeling for NK-1R, NK-3R and choline
acetyltransferase (ChAT) or FoxP2 in GP.

a Low magnification images of immunofluorescence for NK-1R (green) and NK-3R
(red). Note dense staining of NK-1R and NK-3R was segregated from each other (see
merge image). b FoxP2 neurons, arkypallidal neurons (blue, asterisks), co-expressed
neither NK-1R nor NK-3R. Strong NK-1R (green) and NK-3R (red) immunoreactions
were observed in non-overlapping populations.
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c Co-expression of NK-1R (green), NK-3R (red), and choline acetyltransferase (ChAT,
blue) in the GP. Note that ChAT expression was associated with strong NK-1R
immunoreactivity, with faint NK-3R expression. The images of the
immunofluorescence were captured with 10x (ai) or 40x objective lens with the
respective software (cellSens for BX-53, FLUOVIEW for FV1200, Olympus).

3.3. NK-1R-immunoreactive neurons occasionally expressed Lim-homeobox 6 (Lhx6) and
parvalbumin (PV) but not forkhead box protein P2 (FoxP2)

Two types of NK-1R-immunoreactive neurons were observed in GP (Fig. 5az). The first type
was large-sized strong NK-1R-immunoreactive neurons which have been already reported by
previous studies. The other type was medium-sized and moderate immunoreactive NK-1R
neurons (hereafter referred to as NK-1R neurons) | found. This new type of NK-1R neurons was
homogeneously distributed in GP (Figs. 5a1,11a). Hereafter, cell count values in the main text
were derived from adult mice (7-12 postnatal weeks) unless otherwise noted, although I also
showed data for young mice (21 postnatal days) in figures. | determined that the NK-1R neurons
comprised of 38.9 + 3.5% of all GP neurons determined by a neuronal marker, NeuN (Figs. 5b,
11b; N = 2,817 cells from 9 sections of 3 mice), and the proportion showed no significant
difference along the LM axis (Fig. 11c, d). The second type of NK-1R neurons was composed
of a large neuron with dense NK-1R staining throughout the soma to dendrites (Fig. 5a2), which
also expressed choline acetyltransferase (ChAT) (Fig. 10c). NK-1R and ChAT immunopositive
neurons formed a very small proportion of all GP neurons (0.17 — 1.97%, estimated from
maximum (5/254) and minimum (1/600) likelihood). In addition, it has been reported that ChAT

expressing neurons in the GP had direct projection to frontal regions of the cortex and particular
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firing properties (Saunders et al. 2014; Hernandez et al. 2015). Sine these features of ChAT
expressing neurons are not common in the GP neurons, | excluded the strong NK-1R and ChAT
immunopositive GP neurons from further analysis. See also technical consideration in
“Discussion”. For details on verification of the NK-1R antibodies, see “Materials and Methods”

and Figs. 6-9, 12.
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Figure 11. Distribution of the NK-1R neurons in the GP

a Distribution of NK-1R neurons in three lateromedial (LM) subdivisions of the GP. For
GP neuron sampling in sagittal sections, the ventral borders of GP (lines) were
defined according to the dorsal edge of the posterior limb of anterior commissure (acp)
and the ventral edge of the subgeniculate nucleus of prethalamus (SubG, LM 2.52
mm), the dorsal edge of acp and the rostral edge of zona incerta (ZI, LM 2.16 mm)
and the ventral edge of acp and the rostral edge of ZI (LM 1.68 mm), as shown in the
upper panel. Only those neurons located dorsal to these borders were considered in
the GP. b Frequencies of NK-1R expression in the GP. All GP neurons were detected
with NeuN. Data were obtained across the lateral, central, and medial GP (N = 2,817
cells from 9 sections of 3 mice).
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Figure 12. Confocal optic sections (0.35-um step) of a single NK-1R immunoreactive
neuron in GP.

Fluorescent signals were located close to membrane in a cell body and dendrites
(arrowheads). Focal plane ID was shown at the upper right corner in each image.
Scale bar 10pum.

To determine the localization of NK-1R in a neuron, | took images using the confocal

microscopy for taking advantage of high Z-axis resolution. As a result, the signals were mostly

distributed close to the membrane of a cell body (Fig. 12). Moreover, the membrane of

proximal dendrites was also immunoreactive (arrowheads in Fig. 12).

Although the presence of the first type of NK-1R neurons in the GP was already reported in rats

(Chen et al. 2009), their histochemical and projection characteristics were not well investigated

in detail. Subthalamus (STN)-projecting cells, namely prototypic neurons, were known to

express parvalbumin (PV) and/or Lim-homeobox 6 (Lhx6) (Mastro et al. 2014; Abdi et al. 2015;

Dodson et al. 2015; Hernandez et al. 2015). Given the continued debate regarding the

proportion and molecular composition in the GP neurons (Flandin et al. 2010; Ndébrega-Pereira
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et al. 2010; Mastro et al. 2014; Abdi et al. 2015; Dodson et al. 2015; Hernandez et al. 2015), |

used double or triple immunofluorescence to further determine whether NK-1R neurons might

exhibit other molecular markers specific for GABAergic neuron subpopulations; the results of

this evaluation are summarized in Fig. 13 and Fig. 14. In the present study on adult mice (7-12

weeks old; Fig. 13a, b, d, e for images; gray bars in Fig. 13c, f, g for quantification), 39.9 +

3.6% and 52.8 £ 5.6% of GP neurons expressed PV (Fig. 13a, ¢; N = 6,850 cells from 18

sections of 3 mice) or Lhx6 (Fig. 13b, ¢; N = 3,653 cells from 9 sections of 3 mice),

respectively. The proportion of GP neurons co-expressing both PV and Lhx6 was 21.1 + 3.4%

(Fig. 13 c2; N =916 cells from 3 sections of 1 mouse). | determined that 67.0 £ 7.5% and 82.2 +

10.7% of NK-1R neurons co-expressed PV and Lhx6, respectively (N = 632 cells, from 9

sections of 3 mice; Figs. 13d, ). Neurons co-expressing both PV and Lhx6 often expressed NK-

1R (81.4 + 8.0%). Conversely, 59.1 + 8.8% of NK-1R neurons co-expressed both PV and Lhx®6.

The co-expression of PV and forkhead box protein P2 (FoxP2) was negligible (FoxP2/PV = 0.1

+0.2%, N = 1,330 PV cells from 9 sections of 3 mice; PV/FoxP2 = 0.2 + 0.3%, N = 926 FoxP2

cells from 9 sections of 3 mice; Figs. 14a, ¢). Among NK-1R neurons, only less FoxP2

immunoreactivity was observed (1.7 £ 2.5%; N = 567 NK-1R cells from 9 sections of 3 mice;

Figs. 13e, f). Moreover, almost no FoxP2 neuron was immunoreactive for NK-1R (Figs 13e, g;

2.7 £ 3.9%; N = 309 FoxP2 cells from 9 sections of 3 mice). Multiple labeling for NK-1R and

other neuronal markers in tissues taken from young/juvenile mice (21 days old, N = 2; blank

bars in Fig. 13c, f, g) showed similar co-expression rate when compared with tissues taken from
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adult mice. In addition, the similar result was obtained by another NK-1R antibody (Alomone

Labs ATR-001; Fig. 13h, i). Therefore, I used juvenile mice for the following in vitro recording.
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Figure 13. Co-expression profiles of NK-1R and other molecular markers in GP neuron
classes of adult (7-12 weeks old) and young/juvenile (21 days old) mice.
High-magnification images demonstrating the cellular expression of various GP
neuron markers (a, b, d, e). a Lhx6 neurons (green, asterisks) frequently co-localized
with PV (blue) but not with FoxP2 immunoreactivity (red). b Almost half of NeuN
neurons (red) showed Lhx6 immunoreactivity (green, asterisks). ¢ Expression
frequencies of given molecular markers in all GP neurons, defined using the NeuN. c1
Pooled data across the lateral, central, and medial GP; 13,320 cells from 36 sections
of 3 adult mice (7-12 weeks old) and 5,497 cells from 12 sections of 2 young/juvenile
mice (21 days old). c2 Co-expression of Lhx6 and PV (N = 916 cells from 3 sections of
one mouse). Data shown in c1 and c2 were derived from independent sample groups.
d NK-1R neurons (green, asterisks) frequently co-localized with Lhx6 (red) and/or PV
immunoreactivity (blue). e In contrast, almost no FoxP2 immunoreactivity (red) was
observed in NK-1R neurons (green, asterisks). Scale bars in a, b, d 10 um and in e 20
pm. f Expression frequencies of given molecular markers in NK-1R neurons. Data
were pooled across the lateral, central, and medial GP; 1,198 cells from 18 sections of
3 adult mice (7-10 weeks old) and 1,550 cells from 12 sections of 2 young/juvenile
mice (21 days old). g Expression frequencies of NK-1R in GP neurons with given
molecular markers. Data were pooled across the lateral, central, and medial GP;
1,799 cells from 18 sections of 3 adult mice (7-10 weeks old) and 2,425 cells from 12
sections of 2 young/juvenile mice (21 days old). The photo-images were taken with an
epifluorescent microscope (BX-53, Olympus, Tokyo, Japan) under the same
conditions as described in the “Materials and Methods” section. h Triple
immunofluorescent images for NK-1R (using Alomone ATR-001), parvalbumin (PV),
and FoxP2. Note that NK-1R (asterisks) was frequently expressed in PV neurons, not
in FoxP2 neurons. i Co-expression properties of NK-1R by Merck AB15810 (blank
bars) and Alomone ATR-001 (gray bars) with PV or FoxP2. Data ware sampled from
12 regions of interest in 2 sections. By the Alomone antibody, 73.5 = 7.0% of NK-1R
immunoreactive neurons co-expressed PV, whereas only 0.7 + 2.0% of NK-1R
immunoreactive neurons co-expressed FoxP2. Conversely, NK-1R was expressed in
67.4 £ 8.8% of all PV immunoreactive neurons, and only in 0.8 £ 2.4% of all FoxP2
immunoreactive neurons (right, gray bars, N = 327 cells in 3 sections from one mouse).
These co-expression profiles investigated with Alomone ATR-001 were very similar to
those obtained by the Merck AB15810.
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Figure 14. Co-expression profiles of Lhx6, PV, NK-1R and FoxP2 in GP neuron
classes of adult mice (7-10 weeks old).

a Left, Lhx6 neurons frequently co-expressed PV (37.4 = 7.7%) but not FoxP2 (0.8 +
0.3%). Right, Lhx6 neurons co-expressed PV (55.2 + 9.6%) or both PV and NK-1R
(44.1 £ 6.9%). Data for Left and Right were obtained from different data samples (N =
9 sections of 3 mice for each). b Left, The half of PV neurons co-expressed Lhx6 (50.8
+ 5.8%), whereas FoxP2 was not expressed in PV neurons (0.1 + 0.2%). Right, Lhx6
(72.9 £ 6.1%), or both Lhx6 and NK-1R (58.5 = 5.3%) were frequently observed in PV
neurons. Data for Left and Right were derived from different data samples (N =9
sections of 3 mice for each). ¢ In contrast, FoxP2 neurons co-expressed neither PV
(0.2 £ 0.3 %) nor Lhx6 (1.6 £ 0.8%). Data were derived from 9 sections (3 mice). In
total, 5,650 cells from 18 sections of 7 mice were counted.

3.4. NK-1R neurons are subgroup of prototypic neurons but not arkypallidal neurons

As demonstrated above, our findings of co-expression of NK-1R and PV/Lhx®6 raised a
hypothesis that NK-1R could be expressed exclusively in prototypic GP neurons. | examined
this possibility by direct observation of NK-1R expression in prototypic or arkypallidal neurons
by a combination of immunofluorescence and injection of retrograde tracer into the STN (Fig.

15d) or striatum (Fig. 16b), respectively.
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Figure 15. Preferential expression of NK-1R in pallidosubthalamic neurons.

a Pallidosubthalamic neurons identified by retrograde labeling with Alexa Fluor 555-
conjugated cholera toxin subunit B (CTB) (red, asterisks) frequently possessed NK-1R
(green) but not FoxP2 (blue). b CTB neurons frequently showed NK-1R (green) and/or

43



PV immunoreactivity (blue). ¢ The majority of CTB neurons (red) showed Lhx6
immunoreactivity (green, asterisks), but some CTB neurons showed no Lhx6
immunoreactivity (arrows). d Verification of a site of CTB injection into the subthalamic
nucleus (STN). e Proportions of neurons expressing the given molecular markers in
pallidosubthalamic neurons, defined with CTB labeling (data were pooled across the
lateral, central, and medial GP; 749 cells from 9 sections of 3 mice). See also Fig. 3.

As aresult, 67.1 £ 7.3% (N = 221 cells from 9 sections of 3 mice) of STN-projecting cells

showed NK-1R immunoreactivity (Fig. 15a, b, e), whereas almost none of STN-projecting cells

showed FoxP2 immunoreactivity (0.34 £ 1.0%; N = 232 cells from 9 sections of 3 mice, Fig.

15a, b, e); this is consistent with other previous reports (Dodson et al. 2015; Hernandez et al.

2015). It should be noted that molecular expression of STN-projecting neurons was a bit

different from previous reports: PV was expressed in 61.4 + 12.3% of STN-projecting neurons,

Lhx6 was in 81.1 + 2.8% (Fig. 13c, e), and both PV and Lhx6 were in 49.0 £ 11.6 % (cf. Abdi

et al. 2015; Hernandez et al. 2015). On the other hand, striatum-projecting cells putatively

contained both arkypallidal and prototypic neurons, since prototypic neurons also possess

striatal collaterals (Mallet et al. 2012; Fujiyama et al. 2015). They were also distributed

throughout the GP. | confirmed that 41.7 £ 16.0% (N = 361 cells from 9 sections of 2 mice) of

pallidostriatal neurons were arkypallidal which expressed FoxP2 (Fig. 164, c, e, f) with almost

no co-expression of NK-1R (0.6 + 1.7%; N = 149 FoxP2-expressing pallidostriatal cells from 9

sections of 2 mice). However, only a few expressions of PV (9.3 £ 5.1%, N = 361 cells from 9

sections of 2 mice) and no co-expression of PV and FoxP2 were observed. Contrarily, other

25.9 £ 10.6% (N = 663 cells from 18 sections of 2 mice) of pallidostriatal neurons were NK-1R-

immunopositive, which frequently possessed Lhx6 (75.3 + 16.0%; N = 86 cells from 9 sections
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of 2 mice, see Fig. 16d, g) but rarely possessed PV immunoreactivity (16.1 + 12.3%; N =172

cells from 18 sections of 2 mice, see Fig. 16d, e). These neurons could be considered as

prototypic neurons possessing pallidostriatal collaterals. All these results suggested NK-1R

neurons compose a specific subpopulation of GP prototypic neurons. Since electrophysiological

properties of different molecular types of GP neurons also differed from each other (Abdi et al.

2015; Hernandez et al. 2015), | hypothesized that SP-responsive neurons could also be

differentiated electrophysiologically.
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Figure 16. Expression of NK-1R in Lhx6-positive pallidostriatal neurons but not in FoxP2-
positive arkypallidal neurons.

a Pallidostriatal neurons identified by retrograde labeling using Fast Blue (FB, blue)
exclusively co-localized with Lhx6 (green, asterisks) or FoxP2 immunoreactivity (red,
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arrows). Note that no Lhx6 neurons (green) co-localized with FoxP2 immunoreactivity
(red).

b Verification of a site of FB injection into the striatum (Str). Cx cerebral cortex. ¢
Proportions of neurons expressing Lhx6 and FoxP2 immunoreactivity in pallidostriatal
neurons (data were pooled across the lateral, central, and medial GP; 352 cells from 9
sections of 2 mice). Note that almost all pallidostriatal neurons showed either Lhx6 or
FoxP2 immunoreactivity. d FB neurons (blue) showing NK-1R immunoreactivity (green,
asterisks) highly co-localized with Lhx6 (red) but not with PV immunoreactivity (gray).
e FB neurons (blue) with FoxP2 immunoreactivity (red, arrows) showed neither NK-1R
(green) nor PV immunoreactivity (gray). Note that one FB neuron with NK-1R
immunoreactivity (asterisk) showed neither FoxP2 nor PV immunoreactivity. f
Proportions of neurons expressing the given molecular markers in pallidostriatal
neurons (data were pooled across the lateral, central, and medial GP; 1,326 cells from
36 sections of 2 mice). g Proportions of the given molecular markers expressing
neurons in NK-1R immunopositive pallidostriatal neurons (data were pooled across
the lateral, central, and medial GP; 232 cells from 27 sections of 2 mice). Scale bars
ind and e were 10 um.

3.5. Effect of SP onto GP neurons

| conducted in vitro whole cell recordings from GP neurons to investigate how SP affects them
and what type of GP neurons responds. SP receptor agonist, [Sar®, Met(02)'!]-SP (SM-SP),
which is potent and selective for NK-1R, was applied to the recorded neurons through another
glass pipette containing 0.1 or 1 mM of SM-SP using a brief air pulse (5-10 psi for 10-100
ms; Fig. 17a). Among the 48 GP neurons examined (N = 31 mice; P17-27), SM-SP induced
prolonged inward current in 21 neurons at around mean membrane potential in voltage clamp
mode (Fig. 17a1, top) or action potentials in current clamp mode (Fig. 17a2). The remaining 27
GP neurons did not respond to SM-SP puffs (Fig. 17a1, bottom). The inward current was not
inhibited by bath application of glutamate and GABAA receptor antagonists (CNQX, 10 uM,;
D-AP5, 20 uM; SR95331, 20 uM; N = 7; Fig. 17b, c). Moreover, additional bath application of

NK-1R antagonist, SR140333, prevented SM-SP-induced current (N = 2 cells; Fig. 17c). It

47



could be possible that long duration of recording deteriorates the response irrespective of the

presence of SP receptor antagonist; however, it would not be the case. For control experiments

without SP receptor antagonist, I recorded neurons for long duration (<90 min) and confirmed

the response against SM-SP puffs still remained (Fig. 18). For another control experiment, |

applied an ACSF puff against two cells which responded the SM-SP puff (N = 2 cells), and

found that no response was elicited (data not shown). Taken together, the SM-SP puff response

observed here was likely to be actually elicited by SM-SP, although the fast onset and offset

were atypical via metabotropic receptors. The SM-SP induced response was dependent on

holding potential on both amplitude and prolonged duration, and increased with depolarization

(N =5 cells; Fig. 17e). For comparison, the peak amplitude (Fig. 17f1) and the calculated

charge (Fig. 17f2) were normalized to the maximum response of each neuron. The peak

amplitude of SM-SP-induced current reached the maximum around —40 mV (Fig. 17f,);

however, beyond this range, an action current was induced by SM-SP puffs that masked the

SM-SP-induced current itself. In contrast, the SM-SP-induced current decreased with

hyperpolarization, although it was still observed as an inward current at —70 mV. Thus,

equilibrium potential would be a more hyperpolarized range as already reported (Chen et al.

2009). The charge was also correlated with the holding potential and became larger by

depolarization, however, in some cases, depolarization beyond —40 mV decreased the charge.

This would be likely due to shortening of SM-SP-induced inward current duration in some

cases. Moreover, two SM-SP-responded neurons were morphologically recovered, and those
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were found as immunopositive for NK-1R (Fig. 17d; N = 2/2). Together with the above-
mentioned morphological data (Figs. 14, 15, 16), SM-SP-responsive neurons may be restricted
in a subpopulation, around half of GP neurons. Next, | analyzed electrophysiological

properties of GP neurons in detail to further characterize NK-1R neurons.
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Figure 17. SP agonist (SM-SP) induced action potentials or inward current.

a SM-SP puff stimulation induced excitation in a subset of GP neurons. a1 Upper a GP
neuron responded to the application of 1 mM SM-SP (a 100-ms puff, gray bar). Bottom,
a GP neuron that did not respond to the SM-SP (1 mM for 110 ms). The holding
potential was set at =50 mV for both neurons. The traces were an average of ten
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repetitive sweeps. In total, 21/48 GP neurons responded to an SM-SP puff stimulus.
Gray arrowhead showed stimulus artifact at the onset and offset of an air puff. a2 In
the current clamp mode, SM-SP elicited action potentials. The overlay of ten sweeps
was represented. No DC current was applied. b SM-SP-induced current was not
inhibited by antagonists for glutamate (D-AP5 20 uM; CNQX 10 uM) and GABAA
(SR95531 20 uM) receptors. Right, overlay of the two traces. ¢ The SM-SP-induced
current was prevented by bath application of NK-1R antagonist, SR140333 (10 uM). In
this neuron, an SM-SP puff at 0 and 4 min, without NK-1R antagonist, induced inward
current at -50mV of holding potential, whereas 11 and 16 min after NK-1R antagonist
application (shown as black line), the effect of SM-SP puff diminished. d An example
of recorded neuron visualized with biocytin (blue). Using immunofluorescence
combined with tissue cleaning (AbScale), the presence of NK-1R in the recorded
neuron was revealed (green). The neuron also showed faint PV immunoreactivity (red),
which was much weaker than that of a non-recorded neuron located in the right side of
the recorded neuron, probably due to long recording. e Voltage dependence of SM-
SP-induced currents. The holding potentials are shown at left. Each trace was the
average of ten sweeps. f Normalized amplitude of SP induced peak current f1 or
charge f2 was plotted against holding potential (N =5 cells). SM-SP-induced currents
were larger at more depolarized holding potential. Note that the polarity of the current
was not reversed even at —70 mV. SM-SP-induced charge was calculated over 1-
second period after the SM-SP puff paused, to capture the prolonged effect. The
charge was also smaller in hyperpolarized membrane potential, although, it tended to
decrease by depolarization beyond —40 mV.

SM-SP puff
o Figure 18. SM-SP induced inward

0 min WWMWW current during long duration of
28 min recording.
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3.6. Electrophysiological properties of GP neurons and their correlation with SM-SP

response

Basic membrane responses were recorded using current pulse steps in 92 GP neurons, before

the application of SM-SP or other drugs (N = 31 mice, P15-27; including the above-mentioned

48 neurons). | analyzed the membrane input resistance (Rin), time constant (tau), and

hyperpolarizing sag potential (sag), and found those properties were similar to those reported

earlier (Table 3; cf. Cooper and Stanford 2000; Mastro et al. 2014; Abdi et al. 2015;

Hernandez et al. 2015). On the other hand, some properties were relatively different

comparative to the reports. For example, spontaneous firing was observed only in 64 cells

(0.2-69.4 Hz, on average 11.4 Hz; Fig. 19a). The proportion of active cells was similar to the

result of Cooper and Stanford (2000), however, much smaller than the results of other groups.

This discrepancy could be caused by the fact that our recordings were obtained using

conventional whole cell recording, not perforated patch method. Thus, spontaneous activity

reported here may not reflect behaviors of intact neurons. In addition, while recording the

activity, bath solution did not contain any pharmacological reagents, thus it was not purely

autonomous activity. With regard to firing properties during depolarizing pulses, at least two

distinct types of GP neurons were qualitatively observed (Fig. 19b, c). One type (Fig. 19 left

column) possessed a narrow action potential with fast after hyperpolarization (FAHP;

arrowhead in Fig. 19as, d1). Occasionally they lacked slow AHP (sAHP; Fig. 20f, inset, Table

3).
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Table 3. Electrophysiological properties of the three clusters of GP neurons

cluster 1 cluster 2 cluster 3 p value
total number of cells 24 32 36
- +
mean membrane °4.4£11.0 -53.1+6.1 -50.5+5.7 0.11
potential (mV) (40110 772) (-44.3t0 —70.0) | (—41.9 to —66.6) '
input resistance (MQ) 372.0 £242.5 256.5 £ 142.9* 339.6 £135.4 0.03
P (91.8 - 843.2) | (51.8-568.5) | (57.5-660.4) | (CL1-2, 0.039)
time constant (ms) 13.6 6.6 10.9+£6.0 15.0+5.7 0.10
(5.0 — 31.0) (2.3 - 25.9) (4.6 - 29.2) '
spike height (mV) 75.46 +11.2 78.7 £ 7.0*%* 70.1£8.9 0.0003
PIKE helg (495-915) | (63.0-94.8) | (54.7-89.4) | (CL2-3,<10%)
1.87 £ 0.36 0.91+0.16 1.20 £ 0.36
ik idth <1 -10a
spike width (ms) (123-3.93) | (0.68—1.41) | (0.68-2.17) 0
. 328+4.2 42.0+2.6 358+ 2.4 5a
spike threshold (V) | 15510 23.4) | (48.1t0 39.8) | (40410 306) | ~~°
spike counts by a 100 14 + 14 29 £ 19 47 + 26 <107e
pA pulse (/s - - -
A pulse (/s) (1 48) (0 - 69) (0 - 117)
maximum spike 24 + 24 148 + 39 116 + 54
counts < 10162
5 (2 - 76) (82 — 229) (51 — 286)
. -249+6.6 -235+34 -23.7+5.2
FAHP amplitude (V) | 35 916 12.7) | ((32.2t0 15.7) | (.33.1 t0 -14.3) 0.25
2.3+£0.6** 1.0+£0.2 1.5+0.6 <0.002 (CL1-
FAHP delay (ms) (L7-3.7) 07-17) (0.7 —3.8) 2,1-3, <10%)
number of neurons CL1-2, <10
) 20/24** 10/32 15/36 CL1-CL3,
with SAHP** 0.007
0.003
-31.0 £ 9.7** -21.0+4.7 -21.8+2.8
SAHP amplitude (mV) (CL1-2, 0.001;
(-52.4t0-20.0) | (-27.6t0-11.8) | (-26.5t0 —16.8) CL1-3, 0.001)
0.008
22.1 £10.5* 157+ 8.7 13.9+4.6
SAHP delay (ms) (CL1-2, 0.022;
(4.0-44.7) (4.2 -30.5) (5.8-23.1) CL1-3, 0.008)
sag potential (mV) 95+£9.1 9.2+6.1* 13.6 £ 8.0 0.03
gp (0.3-30.9) (1.1-23.0) (0.9-34.0) | (CL2-3,0.049)
number of neurons
with spontaneous 13/24 20/32 28/36 0.13
firing
spontaneous firing 2.2+0.6% 11.6 £14.8 15.6 £12.3 0.0001
frequency (Hz) (1.5-3.7) (1.2 -69.4) (0.6 —53.9) (CL1-3, 0.02)

Data are presented as mean = SD. The minimum and maximum values of each
parameter are shown in the parenthesis. For sSAHP and spontaneous firing frequency,
neurons lacking sSAHP or spontaneous firing were omitted from calculation. Statistical
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significance was examined by one-way ANOVA followed by post hoc Tukey test (* p <
0.05; ** p <0.01). p values for ANOVA are presented in the far right side of the columns
and those for Tukey test were in the parenthesis. Difference of proportion of neurons with
sAHP or spontaneous firing was tested by pairwise comparison with Holm’s p value
correction. 2 See Fig. 20 for details.

One second of depolarizing current pulses evoked those fast and non-accommodated repetitive

firing. Firing frequency linearly increased along with the strengthening of current intensity and

reached the maximum frequency beyond 100 Hz (Fig. 19by, c1). Occasionally, a large sag

potential was observed against a hyperpolarizing current pulse (Fig. 19e; arrowhead).

Contrarily, another type of GP neurons was characterized by a relatively wide action potential

and low firing frequency even when a higher current was applied (Fig. 19, right column). Most

of them possessed SAHP in addition to fAHP. Fifty-six neurons became quasi-silent by high-

intensity current injection, which was so-called depolarizing block. Major GP neurons

including these two types showed relatively small rheobase (Fig. 19f, g).

Since, it was not possible to classify the GP neurons clearly using one electrophysiological

feature because the electrophysiological features of GP neurons continuously varies, |

performed the multiple classification analysis to investigate the electrophysiological properties

of SM-SP responded neurons. To objectively distinguish these GP neuron types, cluster

analysis was applied by Ward method using four electrophysiological parameters: spike width,

spike frequency at 100 pA depolarization, the maximum spike frequency, and action potential

threshold in collaboration with Dr. Fuyuki Karube. It should be mentioned that action potential

threshold was a bit depolarized in our recordings, compared to the earlier reports (Cooper and
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Stanford 2000; Mastro et al. 2014; Abdi et al. 2015; Hernandez et al. 2015). It might come
from the difference of recording conditions and definition of action potential threshold (see
“Materials and Methods”). As shown in Fig. 20a, two large clusters were segregated. The first
cluster (CL1) was composed of 24 neurons possessing a broad spike and low firing frequency
(Fig. 19, right column). The other cluster could be further divided into two sub clusters,
referred to as CL2 (N = 32 cells) and CL3 (N = 36 cells). One-way ANOVA revealed the four
parameters used for the cluster analysis were significantly different among the neurons in these

three clusters (p < 107).
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Figure 19. Two representative electrophysiological types of GP neurons.

a-e Each column represents one typical neuron, neuron 1 (left) and 2 (right). a
Spontaneous firing. Note a1 spikes possessed fast after hyperpolarization (fAHP,
arrowheads). b Firing response against a 1 s of 100 pA depolarizing pulse. Faster and
non-accommodating firing response was observed in bi. ¢ Firing with maximum
frequency elicited by 1 s of depolarizing pulse. Current intensity was 400 pA for c1 and
300 pA for c2. Again, c1 showed faster firing. d Magnified view of an action potential.
Note the narrow width and fAHP (arrowhead) for d1 and the relatively wide action
potential lacking fAHP for d2. e Responses against hyperpolarizing pulses (-50 and —
200 pA). Sag potential was observed for both cells (arrowheads). Scale in a was also
applied to b and c. f and g Rheobase current of GP neurons. f Rheobase current was

55



measured by 10 ms-current pulse steps application. Current intensity was increased
by 10 pA. The rheobase of this neuron was 10 pA. g Frequency distribution of
rheobase in 45 GP neurons. Except for 2 neurons, an action potential was elicited by
<50 pA current, indicating high excitability of GP neurons.
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Figure 20. The cluster analysis identified three electrophysiological types involved in
SM-SP response.

a The cluster analysis (Ward method) divided 92 GP neurons into three clusters, CL1,
CL2, and CL3. Electrophysiological parameters used for the analysis are shown and
compared in b—e. Note that SM-SP-responsive neurons were exclusively observed in
CL2 and CL3, not in CL1. b—e Comparison of electrophysiological parameters among
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three clusters. Statistical significance was examined by one-way ANOVA followed by
post hoc Tukey test (* p < 0.05; ** p < 0.01). b Spike threshold was more depolarized
in CL1 and CL3 than CL2, and in CL1 than CL3. ¢ Number of spikes elicited by a 1 s
of 100 pA pulse. CL1 neurons fired less number of spikes than others. d Spike full
width at the level of the spike threshold. CL1 spikes were broader than others. e
Maximum spike frequency by 1-s depolarizing pulse. Note that the current intensity,
which induced the maximum number of spikes, differed among neurons (range 200—
950 pA). CL2 could fire more numerous spikes than others, and CL3 could fire more
numerous spikes than CL1. f SAHP amplitude was larger in CL1 than others. Inset
shows proportion of neurons possessing sAHP. CL1 contained larger proportion of
neurons with sAHP than others. g Relationship of firing frequency and injected current
intensity. Depolarized pulses were applied by 50 pA steps from 50 to 950 pA. CL1
follows higher current intensity with fast firing, whereas CL1 reached the maximum
frequency by a small current intensity. One-way ANOVA revealed significant
differences among clusters at all current steps (p < 0.001). Post hoc Tukey test
confirmed CL1 and CL2 differed from each other above 150 pA (p < 0.01). CL1 and
CL3 differed from each other at the current range of 0—700 pA (p < 0.01). Significant
differences between CL2 and CL3 appeared below 100 pA and over 500 pA (p < 0.01).

Table 4. p value for multiple comparisons

comparisonspikewict BE O on | frequeney
CL1vsCL2 <10 <10 0.0359 <10
CL1vsCL3 <10 ' 0.0010 10 7 <10
CL2vs CL3 0.0058 <10 0.0012 0.0066

Further multiple comparisons for the parameters were examined by post hoc Tukey test, which
confirmed the significance of the differences (Fig. 20b-e; Tables 3, 4). Other parameters,
which were not used for the cluster analysis, were also examined in the same way. As a result,
the parameters on the AHP and sag potential differed among three clusters (Fig. 20f; Table 3).
Most of the CL1 neurons, 20/24, possessed SAHP which is defined here as AHP that reached
the negative voltage peak longer than 4 ms after the spike peak with a slower depolarizing

phase. On the contrary, SAHP was less frequently observed in CL2 (10/32) and CL3 (15/36)
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neurons (Fig. 20f). The proportion of neurons with SAHP was significantly larger in CL1 (p <

0.007). The sAHP of CL1 was larger in amplitude (p = 0.001) than others and slower than

others (p < 0.022). The relationship between injected current intensity and spike frequency

also differed among clusters (Fig. 20g). CL1 was composed of neurons with strong

accommodation; indeed, their spikes could follow the increment of current intensity only up to

~250 pA, and beyond the range, spike frequency did not increase. However, many of them did

not become silent even when higher intensity of current was injected. CL2 neurons could

linearly respond to increasing of current intensity until ~800 pA, resulting in the highest firing

frequency among the three clusters. CL3 showed the moderate properties. Within the range of

current intensity less than 450 pA, CL3 firing was similar with that of CL2, however, they

reached the maximum spike frequency at ~400 pA. The above spike frequency-current

intensity curves differed significantly among clusters (p < 0.01 in current ranges > 500 pA or <

100 pA by one-way ANOVA). Multiple comparisons revealed that the difference between CL1

and CL2 became significant at 150 pA and further (p < 0.01). For CL1 and CL3, significant

differences were observed from 0 to 850 pA (p < 0.05; p < 0.01 at current intensity < 700 pA).

It is likely that this difference partially reflected the ratio of depolarizing block, because 13 of

32 CL2 neurons showed depolarizing block, whereas 30 of 36 CL3 neurons did. In addition,

spontaneous firing was investigated for only 5 s, soon after cells were in a whole cell mode.

The reason why the short duration was to avoid gradual changes of intracellular conditions,

because, again, | did not employ perforated patch clamp method. Thus attention must be paid
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that spontaneous activity reported here could not be the same as that of intact neurons. Even
with such a limitation, spontaneous firing was more frequently observed in CL2 and CL3 than
in CL1, although the frequency of spontaneous firing was significantly different only between
CL1 and CL3 (Table 3). Interestingly, | found a clear relationship between SM-SP response
and clusters. All SM-SP-responsive neurons were in CL2 (10 responsive neurons/ 16 neurons

examined) and CL3 (11/20), and were completely absent in CL1 (0/12).
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4. Discussion

In summary, | found new type of NK-1R expressing GP neurons which showed moderate
immunoreactivity to the NK-1R. This type of neurons was classified into prototypic type
neurons by molecular expression, projection pattern and electrophysiological properties. |
also showed almost no NK-1R expression in another type of GP neurons, arkypallidal
neurons. | will discuss below significance of highly cell type specific expression of NK-1R

in GP.

In this thesis | examined the properties of the NK-1R neurons in the GP and clarified the
following points. 1) NK-1R neurons occasionally expressed Lhx6 and PV but not FoxP2. 2)
NK-1R neurons were classified as a subgroup of the prototypic GP neurons by
immunofluorescence and projection pattern. 3) SP agonist induced firing or inward current
to a part of GP neurons and this effect was inhibited by the SP antagonist specifically. 4) SP
agonist-responsive neurons were identified as the prototypic GP neurons by the cluster
analysis. Thus, | found cell type-specific expression of NK-1R in the mouse GP based on
morphological and electrophysiological experiments. First of all, I argued reliability of our

present results with respect to potential methodological concerns.

4.1. Technical Considerations

In the present study, two types of NK-1R neurons were observed in GP. One type was

composed of a large neuron with dense NK-1R staining throughout the soma to dendrites,

60



which also expressed ChAT (Fig. 10). This type of NK-1R neurons is well established by
immunohistochemistry (Nakaya et al. 1994) and in situ hybridization studies (Elde et al.
1990; Gerfen 1991). Both of immunofluorescence and in situ hybridization in the present
study also showed the outstanding signals of this type of NK-1R neurons (Fig. 5a and Figs.
6-9, 12 for immunofluorescence, Fig. 9 for in situ hybridization). Another type of NK-1R
neurons was homogeneously distributed in GP throughout the LM axis (Fig. 11). Although
autoradiographic technique revealed that a moderate level of NK-1R was expressed in GP in
rat (Quirion et al. 1983; Mantyh et al. 1984), only two groups, as far as | know, reported that
a moderate number of weak-positive NK-1R neuron was observed in GP in rat (Lévesque et
al. 2003; Chen et al. 2009) and human (Mounir and Parent 2002). To further confirm the
existence of these NK-1R neurons, | additionally examined other two different antibodies
against the C-terminus (Table 1, Fig. 6), as well as one antibody against the second
extracellular loop of the NK-1R peptide (Figs. 7, 8 Table 1). Immunofluorescence with those
four antibodies resulted in similar images in central nervous system, including the striatum,
ventral pallidum, nucleus basalis, and GP. In addition, GP contained two types of NK-1R
neurons: a small population of strong immunopositive NK-1R neurons co-expressing ChAT
(Fig. 10) and larger population of moderate immunopositive NK-1R neurons co-expressing
PV or Lhx6 (Fig. 13). Furthermore, these NK-1R neurons showed no FoxP2
immunoreactivity with any of the antibodies (Figs. 7, 13, 14). The synthetic peptide (385-

407), corresponding to the antigen of Merck AB15810 antibody, showed no homology with
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other receptors, including NK-2R or NK-3R (NCBI Blast: https://blast.ncbi.nlm.nih.gov/

Blast.cgi?PAGE_TYPE=BlastSearch). Even for whole sequences, the homology of NK-1R

and NK-3R was under 50%, and the homologous site is not C-terminus of NK-1R, which is

the immunogen of NK-1R antibodies. Altogether, the above supported that our present

observation on moderate expression of NK-1R in GP neurons was not an artifact or cross

reaction with other proteins, although I could not reveal mRNA expression (Fig. 9). It is

possible that immunoreaction was sensitive to detect NK-1R protein in the lower level than

in situ hybridization that detected the mRNA. | also observed moderate immunofluorescence

in SN (Fig. 9); however, no additional confirmation was examined for the signal in SN. NK-

1R immunoreactivity in SNr is argued against the previous reports using radioligand

(Mantyh et al. 1989), in situ hybridization (Allen Institute Brain Atlas), and

immunohistochemistry (Liu et al. 1994), although a few investigations reported NK-1R

expression in SN(r) (Quirion et al. 1983; Whitty et al. 1995; Futami et al. 1998; Lessard and

Pickel 2005; Lévesque et al. 2007). Since | did not examine pharmacological effects on SNr

neurons, | could not further discuss the signal in SNr. In the striatum, thin neurites with

puncta, which are putative axons, were also immunoreactive (Fig. 9e; Jakab and Goldman-

Rakic 1996), whereas mainly somata were labeled in SN (Fig. 9¢). Although a small number

of observations have suggested possibility of the existence of NK-1R or substance P-binding

sites in SN (Quirion et al. 1983; Whitty et al. 1995; Futami et al. 1998; Lessard and Pickel

2005; Lévesque et al. 2007), it is beyond the aim of this study to discuss on SN.
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In addition, | also examined two different antibodies for each molecular marker, other than
Lhx6 (Table 1). | found they provided similar images for each marker (data not shown),

which suggests our present cell classification was reliable.

Although NK-1R transgenic mice were not available in this study, the use of NK-1R knock
out mice might clearly resolve the discrepancy between immunofluorescence and in situ

hybridization, which showed different NK-1R expression in GP.

For electrophysiological experiments, two points should be noted. First, I could not employ
a perforated patch method, and it must cause disruption of intracellular environment which,
in turn, modulate firing properties. Therefore, care should be taken for comparison the
present results, e.g. spontaneous activity, with other researches. Second, fast onset and offset
of response to SP receptor agonist was inconsistent with generally known behavior of
metabotropic receptors, although some earlier researches also provided relatively fast effect
caused by SP (Role 1984; Shen and North 1992; Lévesque et al. 2003). One possibility of
discrepancy might be usage of puff stimulation using high concentration of agonist in the
present research. The control experiments using ACSF puff stimulation or NK-1R antagonist
supported the observed effects were caused by SM-SP, although still other possibilities
could not be completely ruled out, and the intracellular mechanism should be identified in

the future.

63



4.2. Substance P receptor agonist effects exclusively on prototypic neurons in GP

To recognize the possible role of SP in the basal ganglia, | first examined the types of GP
neurons which expressed NK-1R (Fig. 13). In mice, the proportions of PV neurons range
from 29 to 55%, and the extents of Lhx6 co-expression are highly variable with Lhx6
transgenic mice (N6ébrega-Pereira et al. 2010; Mastro et al. 2014; Dodson et al. 2015;
Hernandez et al. 2015). In the present study, which is the first study of quantitative count for
Lhx6 neurons identified by immunofluorescence in wild-type mouse GP, 55% of GP
neurons and 50% of PV neurons were found to co-express Lhx6. | observed slight
differences on strength of Lhx6-immunefluorescence among neurons, similar to EGFP signal
strength in an Lhx6-EGFP transgenic mouse line (Dodson et al. 2015). One possible reason
for this discrepancy, therefore, may be the difference in the amount of Lhx6 production in
GP. Another reason may be the difference in the lines of transgenic rodents and animal
species. Because other data were obtained from Sprague-Dawley rats (Abdi et al. 2015) and
Lhx6 transgenic mice (Nobrega-Pereira et al. 2010; Mastro et al. 2014; Dodson et al. 2015;
Herndndez et al. 2015) in previous reports, further accumulation of data is necessary for
wild-type and various lines of transgenic rodents. With regard to expression of PV and/or
Lhx6 in prototypic neurons, again some discrepancies were observed. In our sample, 61 and
81% of prototypic neurons expressed PV and Lhx6, respectively. In previous reports, the
proportion of PV expression in prototypic neurons was beyond 90% in rat (Abdi et al. 2015)

and mouse (Hernandez et al. 2015), whereas that of Lhx6 was 41% in mouse (Hernandez et
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al. 2015). Again, I could not explain these discrepancies at this time, although

methodological differences (tracers, strains, species, and the way of detection of molecules:

transgene vs. immunofluorescence) may affect the results. The dichotomous cell

classification is emphasized by the findings that PV/NK2 homeobox 1/Lhx6-expressing

prototypic neurons are comprised of major STN-innervating GP cell population and that in

rats, FoxP2-expressing arkypallidal neurons do not innervate STN but rather innervate the

striatum (Abdi et al. 2015). In the present study, retrograde tracing combined with

immunofluorescence revealed that 67.1% of pallidosubthalamic and 25.9% of pallidostriatal

neurons showed NK-1R immunoreactivity. This suggests that the NK-1R immunoreactive

neurons, as a whole population, preferentially projected to STN rather than the striatum

(Figs. 15, 16). It is not clear, however, whether the population of NK-1R neurons is

uniformity of prototypic neurons or assembly of prototypic and arkypallidal neurons. As

previously reported, dichotomous cell classification was defined by the molecular signatures

and developmental fate (NObrega-Pereira et al. 2010; Abdi et al. 2015; Dodson et al. 2015;
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Hernandez et al. 2015). In the present study, in only a few NK-1R neurons, FoxP2 was
detected, and the majority of pallidostriatal neurons expressing NK-1R showed Lhx6
immunoreactivity (Figs. 13, 16). Since Lhx6 neurons have been considered as prototypic
neurons with striatal axon collaterals (Abdi et al., 2015), it is highly probable that the NK-

1R neurons are prototypic neurons (Fig. 21).

(@)
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NK-1R

FoxP2

~€—|_hx6

Figure 21. Immunofluorescent characteristics and projection patterns of GP neurons.

a Schematic summary of the major neurons in the GP of mouse. Colored areas are
scaled to show the relative population sizes of GP neurons. Note that neurokinin-1
receptor (NK-1R) neurons (green) express Lhx6 (red) and/or PV (orange) but not
FoxP2 (blue). A filled green rectangle indicates GP representing strong NK-1R
expression, which co-express choline acetyltransferase (ChAT, shown in a dotted
black line). b Schematic summary of the prototypic and arkypallidal neurons. The
majority of prototypic neurons express Lhx6, PV, and/or NK-1R, but not FoxP2. Arrow
size and line thickness reflect relative strength of projection. Str, striatum; STN,
subthalamic nucleus; EP, entopeduncular nucleus; SN, substantia nigra.

The differential co-localization rate of PV or Lhx6 immunoreactivity with NK-1R in
pallidostriatal neurons (Fig. 16) suggested the nonuniform distribution and density of axon

collaterals in the striatum between PV and Lhx6 neurons and possible differentiation
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between Lhx6/PV and Lhx6-/PV neurons, which comprised around half of PV neuron

population in the GP, respectively (Fig. 13; Fig. 14). This result is consistent with previous

reports that PV neurons were restricted to prototypic neurons with few striatal collaterals

rather than Lhx6 neurons in rats (Abdi et al. 2015) and mice (Hernandez et al. 2015).

| revealed that SM-SP induced inward current in 21 neurons, which were resistant against

glutamate and GABAA receptor antagonists, whereas 27 neurons did not respond to SM-SP

(Fig. 17). The depolarizing effect of SM-SP and its voltage dependence were similar with

earlier reports in the GP (Chen et al. 2009) and amygdala (Sosulina et al. 2015). Chen et al.

(2009) studied the ionic mechanism of SP-induced inward current and found that the SM-SP

effect was associated with increment of the membrane input resistance. They also estimated

that the reversal potential was -95 mV, close to the potassium equilibrium potential. It

suggested that potassium channels which usually open may close by SM-SP. Indeed,

potassium channel blockers blocked the SM-SP inward current. Consistent with previous

reports (Abdi et al. 2015; Hernandez et al. 2015), | indicated GP neurons could be classified

into at least two distinct types with regard to firing properties using the cluster analysis (Figs.

19, 20). I also revealed that CL2 and 3 contained both of SM-SP-responsive and non-

responsive neurons, whereas CL1 neurons would be composed of SM-SP-non-responsive

ones (Fig. 20). Considering with immunofluorescent properties and projection types (Figs.

13, 15, 16), CL1 is likely to be FoxP2-postive neurons that did not express NK-1R. On the

contrary, CL2 and CL3 would be a PV/Lhx6-positive and FoxP2-negative group. In addition,
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firing and immunofluorescent properties of our samples were in accordance with earlier

reports (Abdi et al. 2015), and I could strongly suggest that CL1 corresponds to arkypallidal

and CL2/3 to prototypic neurons. Altogether, our results insisted SM-SP affected only

prototypic GP neurons, however, also contained Lhx6 neurons projecting to both the

striatum and STN. SM-SP induced response would be possibly elicited via NK-1R,

irrespective of the fact that NK-3R is also present in GP (Fig. 10; Furuta et al. 2004;

Lévesque et al. 2006), because SM-SP and SR140333 is known as a potent and selective

agonist and antagonist for NK-1R, respectively.

In the classical basal ganglia model, striatal direct pathway neurons may lead to temporary

inhibition of the output nuclei, EP/SNr via the direct pathway and disinhibition of the target

regions (the thalamus and cerebral cortex), allowing the occurrence of selected movements

(Alexander and Crutcher 1990; Mink and Thach 1993; Houk et al. 2007). It is known that

only direct pathway neurons contain SP in the striatal projection neurons. The present study,

however, revealed that some prototypic neurons in the GP with distinct physiological

properties were affected by SM-SP via NK-1R.

Recent study showed that the striatal axon collaterals in GP inhibit the GP neurons in vivo

(Cazola et al, 2014). In the report, the direct and indirect pathways were selectively

stimulated by the optogenetics. Laser stimulation of direct pathway neurons led to an

inhibition of basal firing rate of GP neurons, which was smaller than the case of the indirect

pathway neurons. Considering the electrophysiological results in the present study, the
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difference in the inhibition by the direct and indirect pathway neurons may be caused by the

SP, which could be co-released with GABA, by the direct pathway neurons. Further studies

in vivo and in vitro will be required to clarify how the SP co-works with GABA on NK-1R

expressing GP neurons. It might be a key to reveal how the striatal direct pathway neurons

modulate the GP in the specific way different from indirect pathway neurons.

SP would be observed between striatal direct pathway neurons and the NK-1R neurons in

the GP. This future study might contribute to clarify the basal ganglia network beyond

direct/indirect pathway model.

It is suggested that the direct pathway neurons interfere with the indirect pathway via the

distinct prototypic neurons and lead to disinhibition of the EP/SNr via the GP-(STN)-

EP/SNr pathway and to inhibition of the thalamus and cerebral cortex. The direct pathway

neurons rarely contribute to the recurrent circuit between the GP and striatum via

arkypallidal neurons. Hence, EP/SNr neurons may receive not only monosynaptic but also

polysynaptic input from the identical striatal direct pathway neurons. It should be noted that

in comparison with fast and phasic inhibition via ionotropic GABAa receptors, metabotropic

NK-1R might function on a longer time scale and in multiple ways. It is not clear when SP is

released and how much SP modifies the effects of GABA. However, it could be possible that

GABA and SP are contained in a single neuron, when the neuron is active, they can be

released at the same time. In addition, if striatal projection neurons were an actual source of

SP in the GP, both SP and GABA must be released simultaneously and then they might
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interact with each other resulting in more complex effects in vivo. It is unclear whether

pallidostriatal collaterals of prototypic neurons, which typically originated from Lhx6/PV

neurons (Fig. 15; Abdi et al. 2015), function in a different way from those of arkypallidal

neurons other than their distinct timing of firing (Mallet et al. 2012; Dodson et al. 2015). In

the present study, | showed that not only transcription factors, but the expression of a

receptor for neurochemical was also strictly distinguished between those groups. It

implicates that axon terminals in the striatum of both types of GP neurons could be

differentiated with regard to physiological and functional aspects.

Certainly, further researches are required to clarify functional differences between the

projections of the direct and indirect pathway neurons to GP in details and their effects on

the basal ganglia.
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