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Abstract

Comparative Ultrastructural Localization of the Glutamate Delta-1 Receptor Immunoreactivity
between the Mouse and Monkey Striatum
By Andrew Hoover

Prior research has demonstrated the importance of Glutamate Delta (GluD) receptors, a
ionotropic glutamate receptor family that does not express typical ligand-gated fast-current flow,
in the development, maintenance and plasticity of synaptic microcircuits in the cerebellar cortex.
Although GluD2 is the main GluD receptor subtype expressed in the cerebellum, GluD1 is widely
distributed in the mammalian brain, particularly in forebrain regions including the striatum. Recent
findings from our laboratories have shown that the knockout of GluD1 expression in striatal
neurons elicits cognitive deficits and disrupts the anatomical and functional integrity of the
thalamostriatal system in mice. To further interpret these observations and extend our
understanding of GluD1 function to the human brain, a detailed understanding of the cellular,
subcellular and subsynaptic localization of striatal GluD1in primates and rodents is needed.

At the light microscopic level, striatal GluD1 immunoreactivity displayed a patchy pattern
of distribution that coincided with the striosome/matrix compartmentation, but in an opposite
fashion between mice and monkeys. While GluD1 was more heavily expressed in the striosomes
than the matrix in the monkey caudate nucleus, the opposite was found in the mouse dorsal
striatum. At the electron microscopic level, GluD1 immunoreactivity was preferentially expressed
in dendritic shafts (47.9 + 1.2% of total labeled structures), followed by glia (37.7 £ 2.5%), and
dendritic spines (14.3 + 2.6%) in the matrix of the mouse striatum. This pattern was not statistically
different from the distribution of labeling in both the striosome and matrix compartments of the
monkey caudate nucleus, with the exception of a small amount of GluD1-poistive unmyelinated
axons and axon terminals. Pre-embedding immunogold staining revealed perisynaptic GluD1
labeling at putative axo-dendritic and axo-spinous glutamatergic synapses, extrasynaptic GluD1
immunoreactivity and intracellular GluD1 labeling apposed to the external surface of
mitochondria. These data provide a basic map needed to further elucidate the role of GluD1 at
striatal glutamatergic synapses, but also suggest possible GluD1 functions at extrasynaptic
neuronal, glial and mitochondrial sites.
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Abstract:

Prior research has demonstrated the importance of Glutamate Delta (GluD) receptors, a
ionotropic glutamate receptor family that does not express typical ligand-gated fast-current flow,
in the development, maintenance and plasticity of synaptic microcircuits in the cerebellar cortex.
Although GluD?2 is the main GluD receptor subtype expressed in the cerebellum, GluD1 is widely
distributed in the mammalian brain, particularly in forebrain regions including the striatum. Recent
findings from our laboratories have shown that the knockout of GluD1 expression in striatal
neurons elicits cognitive deficits and disrupts the anatomical and functional integrity of the
thalamostriatal system in mice. To further interpret these observations and extend our
understanding of GluD1 function to the human brain, a detailed understanding of the cellular,
subcellular and subsynaptic localization of striatal GluD1in primates and rodents is needed.

At the light microscopic level, striatal GluD1 immunoreactivity displayed a patchy pattern
of distribution that coincided with the striosome/matrix compartmentation, but in an opposite
fashion between mice and monkeys. While GluD1 was more heavily expressed in the striosomes
than the matrix in the monkey caudate nucleus, the opposite was found in the mouse dorsal
striatum. At the electron microscopic level, GluD1 immunoreactivity was preferentially expressed
in dendritic shafts (47.9 + 1.2% of total labeled structures), followed by glia (37.7 £ 2.5%), and
dendritic spines (14.3 +2.6%) in the matrix of the mouse striatum. This pattern was not statistically
different from the distribution of labeling in both the striosome and matrix compartments of the
monkey caudate nucleus, with the exception of a small amount of GluD1-poistive unmyelinated
axons and axon terminals. Pre-embedding immunogold staining revealed perisynaptic GluD1
labeling at putative axo-dendritic and axo-spinous glutamatergic synapses, extrasynaptic GluD1

immunoreactivity and intracellular GluD1 labeling apposed to the external surface of



mitochondria. These data provide a basic map needed to further elucidate the role of GluD1 at
striatal glutamatergic synapses, but also suggest possible GluD1 functions at extrasynaptic

neuronal, glial and mitochondrial sites.



1. Introduction

It has been recently shown that the Glutamate Receptor Delta 1 (GRID1) promoter may
possibly be a major contributor to disorders such as schizophrenia, bipolar behavior, or depression
in rodent animal models (Treutlein et al. 2009; Benamer et al. 2018; Nakamoto et al. 2020). The
association of GRIDI to these phenotypes is thought to be the result of the loss of its product — the
delta 1 Glutamate receptor channel (GluD1). GluD1 is a ionotropic receptor channel that does not
exhibit the typical fast ligand-gated ion flow (Kakegawa et al. 2007; Suryavanshi et al. 2016). It
was originally discovered in the cerebellum alongside its relative GluD2, which has been well
characterized in previous literature as being responsible for the development, maintenance and
regeneration of parallel fiber synapses on Purkinje cells (Hirano. 2012; Ichikawa et al. 2016;
Berridge et al. 2018; Pernice et al. 2019; Nakamoto et al. 2020). Given GluD2’s role in the
cerebellar cortex, it has been assumed that GluD1 may be necessary for the pruning and regulation
of dendritic spines in other brain regions such as the hippocampus, the central nucleus of the
amygdala or the striatum, which also exhibit high levels of the receptor (Suryavanshi et al. 2016).
Recent data support this hypothesis, showing a higher density of dendritic spines on pyramidal
neurons within the medial prefrontal cortex and CAl region of the hippocampus in 30-day old
GRID1 KO mice (Gupta et al. 2015). Glutamatergic delta receptors, like GluD1, exhibit their
synaptic effects by collaborating with other presynaptic proteins to build a molecular bridge
between terminal and postsynaptic element.

Cerebellin-1 (Cblnl) is a presynaptic glycoprotein first discovered in the cerebellum,
where it consistently formed associations with GluD2 and worked in concert with GluD2 as a
crucial synaptic organizer for Purkinje cells (Otsuka et al. 2016; Kusnoor et al. 2010) along with

another presynaptic protein known as Neurexin (Nxn). Nxn is a presynaptic organizer protein that



binds to postsynaptic and intermediary elements (Uchigashima et al. 2019; Kakri et al. 2019).
Together, GluD2, Nxn, and Cbln1 form a tripartite molecular complex that spans the synapse and
forms a physical anchor for the pre and postsynaptic elements. This bridge helps new synapses
form and maintains contact between the two elements (Uemura et al. 2010). There is evidence that
CbInl and Nxn form similar synaptic bridges with GluD1 within the striatum (Yuzaki. 2018; Liu
et al. 2020).

Our current understanding of GluD1 function in the CNS is limited by the lack of
knowledge of its cellular and ultrastructural localization within the mammalian brain. In a recent
study, Liu and colleagues (2020) demonstrated strong GluD1 expression within the mouse dorsal
striatum and provided evidence for a GluD1-mediated regulation of the thalamostriatal projection
from the parafascicular nucleus (Pf). They further showed that knockout of striatal GluD1
expression elicits cognitive deficits (Liu et al. 2020). To help address the underlying substrate of
these promising findings, we undertook a detailed light and electron microscopic analysis of the
cellular and sub-cellular localization of GluD1 in the mouse dorsal striatum. Furthermore, we
compared the pattern of striatal GluD1 expression between mouse and monkey striatum to help

extend our understanding of GluD1 structure/function to the human brain.



2. Materials and Methods

2.1 Animals

Five wild-type mice were provided by Dr. Shashank Dravid at the University of Creighton
School of Medicine and three adult male rhesus macaque monkeys were taken from the Yerkes
National Primate Research Center breeding colony (see details in Tables 1,2). All animals were
anesthetized with an overdose of pentobarbital and perfused with a Ringer solution followed by a
mixture of paraformaldehyde (4%) and glutaraldehyde (0.1%). After perfusion, the brains were
taken out from the skull, cut in 10-15 mm thick blocks and post-fixed in 4% paraformaldehyde for
24 hours. The tissue blocks were then cut in 60 pum-thick coronal sections with a vibrating
microtome. The housing, feeding, and experimental conditions used in these studies followed the
guidelines for animal use and welfare set by the National Institutes of Health (National Research
Council), and have been approved by Emory and Creighton University’s Institutional Animal Care

and Use Committees (IACUC).

2.2 Light Microscopy Immunocytochemistry

All commercially available primary antibodies used in this study have been well
characterized and are listed in the Research Resources Identifiers (RRDIs) Portal (Table 3). The
specificity of the GluD1 antibody has been further validated in our previous study by the lack of
staining in the striatum of GluD1 KO mice (Liu et al. 2020) (see Table 3).

We first sought to examine GluD1 immunoreactivity at the LM level to determine if it
followed any regional or compartmental pattern of distribution in the mouse and monkey striatum.
Series of brain sections from the pre-commissural striatum of the mouse RM-119 and the monkey

MR-272L were immunostained for GluD1. To determine if GluD1 immunoreactivity displayed



any relationships with the striosome/matrix striatal compartments, adjacent sections were labeled
for either calbindin D28k (in monkey) or mu opioid receptors (in mice) to delineate the striatal
compartments. The tissue was first placed in a sodium borohydride (1% PBS) solution for 20
minutes before being washed five times in phosphate buffered saline (PBS, 0.1 M, pH 7.4).
Sections were then submerged in a pre-incubation solution for 60 minutes at room temperature
(RT). The pre-incubation solution consisted of 1% normal animal serum (goat for GluD1/mu
opioid receptor (MOR) and horse for calbindin), 1% Bovine Serum Albumin (BSA), PBS, and a
0.3% Triton-X-100 solution. After being submerged in pre-incubation, sections were incubated in
the primary antibody solution of 1% normal animal serum, 1% BSA, primary antibody, and 0.3%
Triton at room temperature (RT) for 24 hours. Following the primary antibody incubation, sections
were washed in PBS and placed in a secondary antibody solution consisting of 1% normal animal
serum, 1% BSA, secondary biotinylated antibody raised against the primary antibodies, and 0.3%
Triton at RT for 90 minutes. Sections were washed again in PBS thoroughly before being placed
in a Avidin-Biotinylated-Complex (ABC) solution for 90 minutes. The tissue was rinsed twice
with PBS and once with tris(hydroxymethyl)aminomethane (TRIS, 0.05M, pH 7.6). GluDlI
immunoreactivity was then revealed in a Diaminobenzidine (DAB, Sigma, St Louis, MO) solution
made up of 48.5mL TRIS, 0.5mL imidazole (1.0M, Fisher Scientific, Norcross, GA), 0.025%
DAB, and 1mL of hydrogen peroxide (0.3%). The DAB reaction occurred for 10 minutes before
being stopped by several PBS washes. Sections were then mounted onto slides and cover slipped

for later use.

2.3 Electron Microscopy Immunocytochemistry

Pre-embedding Immunoperoxidase



Brain sections from the pre-commissural striatum of 3 mice and 3 monkeys were processed
for GluD1 localization at the electron microscopic level (see Tables 1,2). The tissue was first
placed into a sodium borohydride (1% PBS) solution for 20 minutes and washed several times in
PBS. Sections were then submerged in a cryoprotectant solution at RT for 20 minutes before being
taken out and placed into a -80°C freezer for another 20 minutes. Following this, sections were
reintroduced to a 100% cryoprotectant solution for 10 minutes and then substituted with PBS in a
stepwise manner by diluting cryoprotectant with PBS. Sections were immersed in a pre-incubation
solution for 60 minutes at RT. From this point, our staining methods were the same as those above
described for the LM immunocytochemistry, with the exception that Triton was omitted from all
incubation solutions, and the primary incubation period lasted for 48 hours instead of 24 hours.
Following the DAB reaction, sections were transferred from a PBS solution to a phosphate buffer
solution (PB, 0.1M, pH 7.4) by stepwise substitution of PBS with PB. The tissue was then post-
fixed in a 1% osmium tetroxide solution for 20 minutes. Following washes in PB, the samples
were dehydrated in a step-wise manner in 50-100% alcohol solutions before being placed in a
propylene oxide solution. Uranyl acetate (1%) was added to the 70% alcohol to increase contrast
of tissue in the electron microscope. The dehydrated sections were then embedded in resin,
mounted onto an oil-coated slide and cover-slipped before being baked at 60°C for 48 hours.
Blocks of striatal tissue were then taken out from the slide with a razor blade, cut using a Leica

UCT Ultracut ultra-microtome and mounted onto single slot Pioloform-coated cupper grids.

Pre-embedding Immunogold
To help further assess the subcellular and subsynaptic localization of GluD1, tissue sections

from RM-12, RM-74, RM-76 and MR-272L were processed for pre-embedding immunogold



staining. Sections first underwent the same sodium borohydride, cryoprotectant and freeze-
thawing treatments as described in the pre-embedding immunoperoxidase EM
immunocytochemistry section. They were then submerged in a pre-incubation solution for 60
minutes at RT and then washed multiple times in TBS-Gelatin (0.24g TRIS, 0.88g NaCl, 100uL
Fish Gelatin, 100mL of Distilled Water, pH 7.6). This was followed by a pre-incubation in a PBS
solution that contained 5% non-fat dry milk for 30 minutes at RT. Sections were then immersed in
the GluD1 primary antibody solution containing TBS-Gelatin and 1% non-fat dry milk for 24
hours at RT, which was followed by thorough washes in TBS-Gelatin and a 2-hour incubation at
RT in a gold-conjugated goat anti-rabbit secondary antibody (Cat#2004; Frontiers; 1:100) solution
containing 1% non-fat dry milk and 98% TBS Gelatin. After rinses in TBS-Gelatin, sections were
transferred to a 2% aqueous Acetate buffer solution (pH 7.0) before being processed with a HQ
silver developing kit (Nanoprobes Inc., Yaphank, NY, USA) inside a dark room for 7-10 minutes.
The reaction was stopped by repeated washes in acetate buffer. Sections were then gradually
transferred to a phosphate buffer solution (PB, 0.05M, pH 7.4) by stepwise substitution of acetate
buffer with PB. They were then post-fixed with osmium, dehydrated and embedded in resin, as
described for the immunoperoxidase-stained sections, except that 0.5% osmium solution was used

for 10 minutes and the 70% alcohol/uranyl acetate treatment was reduced to 10 minutes.

2.4 Light Microscopy Image Analysis

Six pairs of serially cut sections from the pre-commissural striatum of monkey MR-272L
immunostained for either GluD1 or calbindin were digitally scanned by an Aperio ScanScope CS
system (Aperio Technologies, Vista, CA) and analyzed using ImageScope software (Aperio

Technologies). The pattern of GluD1 and calbindin labeling in the caudate nucleus from these



pairs of sections was assessed and qualitatively compared to determine the relationships between
GluD1-enriched striatal regions with striosomes defined by their lack of calbindin
immunostaining. Using the same approach, three pairs of sections through the pre-commissural
striatum of the mouse RM-119 were immunostained for either GluD1 or MOR. From this material,
the distribution pattern of striatal regions with low GluD1 expression was qualitatively compared

with the localization of striosomes identified by strong MOR staining.

2.5 Electron Microscopy Image Analysis
Immunoperoxidase-stained Tissue

All tissue sections were examined under a JEOL JEM 1011 transmission electron
microscope and images were acquired using an Erlagshen ESI000W Gatan Camera. Based on our
light microscopic data indicating a differential level of GluD1 expression in the striosome and
matrix striatal compartments (Fig. 1 A-B) in mice and monkeys, blocks of tissue for EM analysis
were chosen from either the striosome or the matrix compartment of the monkey caudate nucleus
or only from the matrix compartment in mice. The delineation of striosomes and matrix from the
GluD1-immunostained sections was based on adjacent sections stained for calbindin (for monkey)
or MOR (for mice).

In the electron microscope, 50-60 micrographs of randomly distributed GluD1-
immunostained elements were taken at 25,000X from both the striosomes and the matrix
compartments of the caudate nucleus in each monkey or from the matrix compartment only in the
pre-commissural dorsal striatum of mice. From these images, analyzed with the Gatan Digital
Micrograph software, GluD1-labeled elements were counted and categorized as spine, dendrite,

glia, axon or terminal based on their ultrastructural features (Peters et al. 1991). The mean



percentages of each category of GluD1-labeled profiles was then calculated by dividing the total
number of specific labeled neuronal or glial structures by the total number of GluD1-labeled

elements in each striatal compartment.

Immunogold-stained Tissue

In the immunogold-stained tissue, neuronal structures had to contain a minimum of three
immunogold particles to be categorized as GluD1-immunoreactive, while a single gold particle
was considered sufficient to categorize glial processes as GluD1-immunoreactive because of their
small size. A total of 16-18 images of randomly distributed GluD1-labeled structures were taken
at 25,000X-40,000X from the striatum of 3 mice and one monkey to corroborate the GluD1
localization seen in the immunoperoxidase-stained material. Due to the small sample size, only a

qualitative description of the immunogold labeling is presented in this study.

2.6 Statistical Analysis

Inter-individual differences in the relative percentages of GluD1-positive elements
between animals of the same group (mouse vs monkey and striosome vs matrix) were tested using
one-way ANOVA in Sigmaplot 14.0 software. All data are presented as an average percentage
value + Standard Error of the Mean (SEM). Error bars account for variance between animals for
each region of interest. Mice and monkey data were compared using two-sample t-tests to verify

if there were any statistically significant species difference in the distribution of GluD1.
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3. Results:

3.1 GluD1 is Differentially Expressed in the Striosome and Matrix Compartments of Mice
vs Monkeys

In this first series of experiments, the overall distribution of striatal GluD1
immunoreactivity was analyzed from immunoperoxidase-stained tissue in mice and monkeys. As
depicted in Figure 1, the pattern of striatal GluD1 immunostaining was heterogeneous in the dorsal
striatum of both species. In the monkey caudate nucleus, small areas of strong GluD1
immunolabeling lay within a diffuse, less intensely stained, neuropil (Fig. 1A), a pattern
reminiscent of the striosome/matrix striatal compartmentation (Graybiel 1990). Thus, to determine
if the GluD1-enriched areas corresponded to the striosome striatal compartment, we compared the
distribution of GluD1 with that of calbindin immunostaining in adjacent sections. As depicted in
Figure 1 A-B, there was a complete registration between dense GluD1-immunostained regions and
calbindin-negative striosomes (Gerfen, 1985, Graybiel, 1990, Cote et al. 1991) in the pre-
commissural striatum, thereby indicating that GluD1 immunoreactivity is differentially expressed
between the striosomes and extrastriosomal matrix of the primate striatum.

Although the pattern of GluD1 immunostaining was also heterogeneous in the mouse
striatum, the relationship with the striosome and matrix compartments was opposite to that shown
in monkeys (Fig. 1C,D). As shown in Figure 1C, the mouse dorsal striatum neuropil was enriched
in GluD1 immunostaining, except for small pockets of low immunoreactivity. When compared
with adjacent sections immunostained for MOR, a commonly used marker of striosomes in rodents
(Herkenham and Pert, 1981; Graybiel, 1990), the areas of low GluD1 immunoreactivity were in

register with the striatal areas enriched in MOR, thereby suggesting that the striosome

11



compartment displays a lower level of GluD1 immunoreactivity than the matrix compartment in

the precommissural mouse striatum (Fig. 1C-D).

3.2 Immunoperoxidase Localization of GluD1 in the Mouse and Monkey Striatum

Our next set of experiments aimed at assessing the subcellular localization of GluD1 in the
mouse and monkey dorsal striatum using quantitative electron microscopy analysis of
immunoperoxidase-stained tissue. Based on our light microscopy data, we sought to compare the
ultrastructural localization of GluD1 in the striosome and matrix compartments of the monkey
striatum to determine if the higher level of striosomal GluD1 immunoreactivity depicted in Fig 1A
was related to any differences in the ultrastructural localization of GluD1 between the two striatal
compartments. As stated above, this analysis was performed on tissue from the pre-commissural
caudate nucleus, where the striosomes are more clearly delineated from the matrix. In mice, our
EM analysis was focused on matrix tissue from the pre-commissural dorsal striatum, because the
striosomes expressed very low levels of GluD1 immunoreactivity.

The pattern of GluD1 immunoreactivity seen within specific neuronal elements was largely
the same between striosome vs matrix regions and across animal species (Figs 2-3). Within
dendritic shafts, dense peroxidase staining, that occasionally diffused into the synaptic cleft, was
often aggregated at the post-synaptic densities (PSD) of asymmetric synapses (Fig. 3C-D). We
also encountered dendritic profiles with dense GuD1 staining along the plasma membrane at sites
devoid of clear synaptic contacts (Fig. 3A). In other instances, the peroxidase deposit was
intracellular adjacent to the external membrane of mitochondria (Fig 2. A-C; Fig. 3A,E). In labeled
spines, the extent of GluD1 immunoreactivity was variable, ranging from nearly completely filled

spine heads and necks (Fig. 2D) to restricted staining associated with the PSD of asymmetric axo-

12



spinous synapses (Fig. 3A). GluD1-immunoreactive unmyelinated axonal profiles, which were
only found in the monkey striatum, were identified as darkly stained circular structures with
microtubules surrounded by other unlabeled axons (Fig. 3E). Although rare, GluDI-positive
terminals with light plasma membrane staining were occasionally seen within the monkey caudate.
Glial GluD1-immunostained processes were sometimes located near GluD1-labeled synapses (Fig.
2C; Fig. 3A,C) or in the striatal neuropil without any obvious associations with specific neuronal
elements (Fig. 2A-B; Fig. 3B).

Inter-individual differences in the relative distribution of GluD1 between animals of the
same group (striosome vs matrix) were tested using one-way ANOVA. Based on this analysis,
which did not reveal any significant within-group differences, quantitative data reported in figure
5 are average percentages = SEM of pooled data from 3 mice and 3 monkeys per group. Overall,
the present findings confirm and extend data from our recent study (Liu et al. 2020). In brief,
GluD1 immunoreactivity in the mouse dorsal striatum was preferentially associated with dendritic
shafts (47.9 = 1.2% of total labeled structures) and glia (37.7 £ 2.5%), but significantly less
abundant in dendritic spines (14.3 £ 2.6%) (Fig. 5A). A comparable trend was found in both the
striosome and matrix compartments within the pre-commissural caudate nucleus in monkeys. In
the striosome compartments, GluD1 was also preferentially found in dendritic shafts (44.4 + 2.8%
of total labeled elements) and glia (36.4 + 0.4%) compared to spines (12.5 + 2.7%), axon terminals
(1.8 = 0.3%) and unmyelinated axons (4.8 + 7.2%) (Fig. 5B). Overall, the pattern was the same in
the matrix, ie dendritic shafts accounted for the largest proportion of GluD1-labeled structures
(49.0 £ 1.5%) followed by glia (33.8 = 3.9%), spines (12.7 £ 1.5%), axons (7.2 + 1.5%) and axon
terminals (1.2 £ 0.3%) (Fig. 5B). A two-sample t-test analysis of the relative proportion of GluD1-

labeled elements between the striosome and matrix compartments of the pre-commissural monkey

13



caudate did not reveal any significant difference between the two compartments (dendrites
p=0.870; glia p=0.548; spines p=0.953; axons p=0.243; terminals p=0.268). A two-sample t-test
comparing the relative proportion of GluD-1 labeled elements between the matrix compartments
of mice and monkeys also yielded no statistically significant differences (dendrites p=0.140; glia

p=0.451; spines p=0.633).

3.3 Immunogold Localization of GluD1 in the Mouse Striatum

In a third set of experiments, we sought to further enhance our knowledge of the subcellular
(and subsynaptic) localization of GluDI in the mouse and monkey striatum using the pre-
embedding immunogold approach. However, due to technical challenges in using the GluD1
antibodies to reliably assess the localization of GluD1 with gold particles in many of our animals,
results reported in this part of study were collected from the striatal tissue of one monkey (MR-
272L) and three mice (RM-12, RM-74, RM-76). A lower cut-off of three or more immunogold
particles per neuronal elements was arbitrarily set to differentiate immunoreactive from non-
immunoreactive neuronal elements, while in glia, a single gold particle was considered as an
evidence of GluD1 immunoreactivity because of their small size. Due to the low number of animals
that could be used in these experiments, statistical analyzes were not performed.

As depicted in figure 4, both plasma membrane-bound and intracellular gold particles were
found in GluD1-positive dendrites and spines. In some instances, the plasma membrane-bound
gold labeling was aggregated at the edges of the PSDs of asymmetric synapses (Fig. 4A-B) or
located at non-synaptic sites along the plasma membrane (Fig. 4A), while the intracellular labeling
was commonly seen in close apposition with the membrane of mitochondria or attached to

microtubules (Fig. 4C). Because of their small diameter relative to the size of the silver-intensified

14



gold particles, glial processes contained GluD1 gold labeling that filled the whole processes
without any clear distinction between the plasma membrane-bound vs intracellular compartment

(Fig. 4B).
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4. Discussion:

Our findings reveal that GluD1 is differentially expressed in the striosome and matrix
compartments of the mouse and monkey striatum. Such a finding is surprising, since the striatum
is often considered a region of conserved anatomy and function within mammals (Herkenham and
Perf. 1981; Friedman et al. 2015). At the electron microscopic level, our ultrastructural analysis
revealed that GluD1 is preferentially expressed in dendritic shafts, followed by glia, and then
dendritic spines. This pattern remained consistent in both the striosome and matrix compartments
of the pre-commissural caudate nucleus in monkeys, as well as for the dorsal striatal matrix of the
mouse. In addition, the monkey caudate also contained a small number of GluD I-immunoreactive
unmyelinated axons and axon terminals that were not present in the mouse. The overall similarity
in the ultrastructural localization of GluD1 expression between the striosome and matrix
compartments of mice and monkey striatum suggest that GluD1 may mediate its effects in the
dorsal striatum through regulation of common neuronal and glial targets. A qualitative subcellular
and subsynaptic localization of GluD1 confirmed its presence within glial processes, and also
demonstrated that GluD1 distributes itself nearby putative glutamatergic axo-dendritic and axo-
spinous synapses and at non-synaptic sites along the plasma membrane as well as along the

external membrane of mitochondria in the intracellular compartment.

4.1 GluD1’s Consistent Distribution in Neuronal Elements Suggests a Common Function for
the Receptor Channel

We reported that GluD1’s prevalence in the monkey striatum at the LM level differed along
the striosome vs matrix axis, with striosomes containing higher amounts of immunoreactivity,

while the opposite was true in mice, such that the matrix was more enriched in GluDI
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immunoreactivity than the striosomes. This finding is of particular note, since the striosomes and
surrounding matrix have significantly different afferent and efferent connections and display
distinct neurochemical environments, suggesting differential functions between the two regions
(Graybiel and Ragsdale. 1978; Roberts et al. 2002; Roberts et al. 2005). For example, the
Parafascicular (Pf) nucleus of the thalamus selectively innervates the striatal matrix compartment,
while the striosomes contain afferents from other areas such as the midline thalamic nuclei
(Sadikot et al. 1990; Ragsdale and Graybiel. 1991; Unzai et al. 1991; Smith et al. 2014). Moreover,
striatal projection neurons in the striosomes are a major source of GABAergic inputs to the
dopaminergic neurons of the substantia nigra compacta (SNc), while striatal neurons in the matrix
project to the substantia nigra pars reticulate and the globus pallidus (Crittenden and Graybiel.
2011; Fujiyama et al. 2011).

The striosome/matrix compartmentation, however, is generally conserved across species
like other regions of the basal ganglia (Herkenham and Perf. 1981; Friedman et al. 2015). At first
glance, the differential striosomal expression of GluD1 between mice and monkeys reported in our
study suggest that GluD1 could be playing a different species-specific role in the matrix relative
to the striosome compartments between mice and monkeys. However, because there was no major
difference in the pattern of GluD1 immunoreactivity between different neuronal and glial elements
in the striosome vs matrix compartments of the monkey caudate or between monkeys and mice at
the electron microscopic level, the potential functional differences of GluD1 between the two
species or compartments cannot be explained by a change in the proportional distribution of GluD1
among neuronal and glial structures alone. Instead, it may be possible that GluD1 is performing a
similar function between the striosome and matrix compartments by interacting with afferents to

the striatum that are each unique among the striosome and matrix and which differ between
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monkeys and mice. While we found some GluD1 immunoreactivity within axons and axon
terminals in the pre-commissural monkey caudate nucleus, but not in the mouse striatum, the

functional significance of this rather scarce pre-synaptic labeling remains unclear.

4.2 GluD1 Interactions with Thalamostriatal Afferents: A Potential Role of Cerebellin and
More in Primates?

As noted earlier, GluD1 works in concert with presynaptic Cerebellin (Cbln) and Neurexin
(Nxn) to help physically anchor presynaptic and postsynaptic components of specific
glutamatergic synapses (Uemura et al. 2010; Yuzaki. 2018; Nakamoto et al. 2020). As its name
implies, Cblnl originates from, and is most prolific in, the cerebellum (Ibata et a. 2019). Among
the various sources of striatal afferents, Cbln1 is abundant in the Pf nucleus of the thalamus, which
is known as the main origin of the thalamostriatal system that selectively innervates the matrix of
the striatum (Herkenham and Pert. 1981; Kusnoor et al. 2009; Kusnoor et al. 2010; Smith et al.
2014). This aligns with what we have observed from GluD1’s immunoperoxidase reactivity in the
mouse striatum (Fig. 1C), such that the matrix compartment contains relatively high levels of
peroxidase staining, while the striosomes display very little, if any, staining. However, the situation
is different in primates, since the striosomes of the monkey caudate nucleus show a greater level
of immunoreactivity relative to the matrix (Fig. 1A). Because the Pf also projects exclusively to
the striatal matrix compartment in monkeys (Smith et al. 2014), our findings suggest that GluD1
may interact with a different source of striatal afferents and/or different presynaptic partner in the
striosomes.

GluD1 does bind to other presynaptic Cbln proteins, such as Cbln2. The stronger striosomal

expression of GluD1 in the pre-commissural monkey caudate nucleus could potentially indicate
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GluD1’s interaction with Cbln coming from other limbic nuclei. The striosomes have long been
thought as the striatum’s center of communication with the limbic cortices (Miyamoto et al. 2018).
Given GluD1I mRNA localization in the rodent brain, some potential sources of Cblnl to the
striosome compartments could be limbic cortices or non-Pf anterior thalamic nuclei. However, this
remains highly speculative without a detailed analysis of the striatal projections of Cblnl-
containing cortical and thalamic neurons, and the lack of Cblnl localization in the monkey brain.
Another potential partner of GluD1 in the striosomes could be Cerebellin-2 (Cbln2) which displays
a far more widespread distribution than Cblnl at the cortical and subcortical level, including
regions known to innervate striosomes (limbic cortex, midline thalamic nuclei, etc.) (Allen Brain
Atlas). However, GluD1 shows a stronger preference for Cbinl over Cbln2 (Wei et al. 2012),
which reduces the likelihood that Cbln2 may be the key partner of GluD1 in striosomes, although
such interactions must be directly tested. GluD1’s interaction with other presynaptic proteins,
while not described, is plausible. GluD2’s role in the cerebellum and the focus on specific viral
tracing from the cerebellum for GluD1 could have resulted in other sources of GluD1 or its
interacting proteins being potentially overlooked. Further investigations will be needed in the
striosomes of the precommissural monkey caudate to ascertain precisely with what GluD1 is

interacting with.

4.3 Potential GluD1 Expression in Mitochondria and Glia

Both our immunoperoxidase and immunogold labeling demonstrated extrasynaptic and
intracellular GluD1expression near mitochondrial membranes in dendritic shafts. To date, there is
no literature regarding GluD1 functions in mitochondria. However, preliminary mass spectroscopy

data from the mitochondria of GluD1-positive neuronal elements appear to show the presence of
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GluD1-associated proteins, potentially shedding light onto why GluD1 can be found apposed outer
mitochondrial membranes (Shashank and colleagues — personal communication).

Our immunoperoxidase and immunogold data additionally showed that GluD1 is expressed
in glial processes throughout the pre-commissural monkey caudate and the pre-commissural dorsal
mouse striatum. At first, this finding appears to be incongruous with GluD1’s preferential
association with glutamatergic neurons. Yet, recent findings have shown that GluD1 mRNA is
located in certain types of glia — specifically oligodendrocyte precursor cells (OPC) (Larson et al.
2016; Saunders et al. 2018). OPCs are glia that often differentiate into myelinating
oligodendrocytes throughout the brain (Antel et al. 2018; Berry et al. 2020), but this is not their
only function. Many do not become oligodendrocytes and instead can form synapses with diverse
subgroups of neurons, including with glutamatergic afferents (Bergles et al. 2000; Ziskin et al
2007; Bergles et al. 2010). The precise purpose of these synaptic formations remains largely
unknown, but they are speculated to be either part of the OPC differentiation process or otherwise
involved in an unidentified function (Kukley et al. 2010; Hill and Nishiyama. 2014). The presence
of GluD1 within these cells could have to do with a differentiation process, since GluD1 helps to
form mature synapses in developing neuropil (Gupta et al. 2015; Hepp et al. 2015). However,
GluD1 also maintains glutamatergic synapses in the adult mammalian brain (Konno et al. 2014;
Suryavanshi et al. 2016). Therefore, its presence in OPCs could signify meaningful long-term

glutamatergic activity.

4.4 Future Directions:

As previously noted, the goal of this study was to provide a detailed map of the regional,

cellular and subcellular localization of GluD1 in the mouse and monkey striatum. Our findings of
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a differential expression of GluD1 immunoreactivity in the striosomes and matrix between mice
and monkeys are intriguing and necessitate further studies. While it is likely that the darker GluD1
staining in the monkey striosomes over the matrix is representative of an increase in the number
of immunostained elements, a density analysis of GluD1’s immunoperoxidase expressing
elements within each region (striosome vs matrix) of both mice and monkeys would help directly
address this issue. Furthermore, knowing the density of GluD1-positive profiles within the
striosome and matrix of the monkey striatum would allow for a more reliable comparison with
data from the matrix of the mouse striatum.

Confirmation of GluD1’s synaptic partners within the striosomes of the monkey caudate is
another necessary next step from the work we have shown. One method to accomplish this would
likely be a pairing of GluD1 immunogold labeling with immunoperoxidase staining for pre-
synaptic Cblnl and CbIn2 for use at the EM level. Such double immunolabeling assays are well
established means of establishing a link between pre- and postsynaptic partners (Niranberg et al.
1997; Chan et al. 2010; Galvan et al. 2016). Thus, by labeling GluD1 — the postsynaptic partner —
with immunogold, and Cblnl1/2 — the presynaptic partner — with immunoperoxidase, we will be
able to determine the frequency of co-expression of the two proteins at individual synapses. If
GluD1 immunogold particles are associated with pre-synaptic terminals that do not express Cblnl
or Cbln2, it will suggest that some of the striatal GluD1 may interact with other pre-synaptic
partners than Cblnl and CbIn2. In this case, molecular analyses such as isolating GluD1-active
synaptosomes and using mass spectroscopy could potentially be used to ascertain GluD1’s
unidentified presynaptic target protein (Villasana et al. 2006).

Double immunolabeling could additionally be useful to further characterize GluD1

expression in glial cells. The most likely candidate for glial GluD1 expression is the OPC, yet
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definitive confirmation of the receptor expression in this cell type has not been demonstrated.
Labeling GluD1 with immunogold and OPCs with immunoperoxidase would allow for direct
confirmation of GluD1 expression in OPCs or otherwise reveal its presence in other glial cells
such as astrocytes. Such data will help set the stage for further functional studies of GluD1 in glia.

Determining whether the glutamatergic terminals making contact with postsynaptic striatal
GluD1-positive elements are primarily from the thalamus or the cortex in rodents and monkeys is
further crucial step from the data that we have shown. This could once again be accomplished
using double immunolabeling. Presynaptic vesicular glutamate transporters (vGIuT) 1-2 are very
specific in their expression within the striatum. vGIuT1 is a specific marker for cortical afferents
leading to the striatum, while vGluT2 mediates thalamic inputs to the striatum. Furthermore, it has
been demonstrated by Liu et al. that striatal GluD1 KO does affect vGluT2 expression at the
confocal microscopic level (Raju et al. 2008; Smith et al. 2014; Liu et al. 2020). Therefore, by
labeling GluD1 with immunogold and vGIuT1/2 with immunoperoxidase, the precise interaction
of GluD1 with either the corticostriatal or thalamostriatal system could be confirmed. Additionally,
such an experiment would demonstrate how GluD1 localizes itself at the subsynaptic level in

relation to such terminals.

22



Tables and Figures:

Animal ID | Gender Age Analysis Type
MR-271L [Male |2 years 9 months |[EM

MR-272L [Male |3 years 3 months |LM/EM
MR-292L [Male |2 years 6 months |[EM

Table 1: Relevant data on monkeys used in the experiment
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Animal ID | Gender Genetic Line Age |Analysis Type
RM-12 Male |No genetic mutation 45 days [EM
RM-74 Male |RGS9 Cre+ GluD1 flox -/- |22 days [EM
RM-75 Male |RGS9 Cre+ GluD1 flox -/- |20 days (EM
RM-76 Male |RGS9 Cre+ GluD1 flox -/- |20 days (EM
RM-119 [Male [No genetic mutation 79 days |LM

Table 2: Relevant data on mice used in the experiment
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Antibody Name Species Vender Dilution References
GluD1C-Af1390 Rabbit |Frontier Institute Company Ltd |1:5000 |Liu et al. 2020
Calbindin D-28R-C9848 Mouse |Sigma Aldrich Company Ltd 1:4000 |Gerfen et al. 1985
Mu-Opiod Receptor-Ab1580 (MOR) [Rabbit [Millipore Sigma Company Ltd |1:10000 |Herkenham and Pert. 1981

Table 3: Specific antibody information
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Figure 1(4-D): Striosome/Matrix Compartmentation of GluD1 in the monkey and mouse striatum.
Light micrographs of GluD1 immunoperoxidase staining in the pre-commissural caudate nucleus
of a monkey (A) and the pre-commissural dorsal striatum of a mouse (C). (B) and (D) illustrate
adjacent sections immunostained for calbindin D28k (B) or MOR (D) to differentiate the
striosomes from the matrix compartments of the monkey and mouse striatum, respectively. Note
the close correspondence between dense patches of GluD1 immunostaining in A with calbindin-
immunonegative striosomes in B. In mouse, areas of low GluD1 labeling in C correspond to MOR-
enriched striosomes in D (red-colored numbers). Note that colors in panels A, C and D have been
inverted, i.e. low intensity coloring indicates higher levels of GluD1 immunoreactivity.
Abbreviations: CD: caudate nucleus, DS: dorsal striatum, IC: internal capsule. Scale bar in A
(applies to B) = 1 mm. Scale bar in C (applies to D) = 0.5 mm.
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Figure 2 (A-D): GluDI-immunoreactive elements in the mouse striatum. Examples of different
GluD1-immunoreactive dendrites (A-C), spines (D) and glia (A,B) in the mouse dorsal striatum.
In C and D, white arrows indicate an asymmetric axo-dendritic (C) and an axo-spinous (D)
synapse. Note some GluD1 labeling apposed to the surface of mitochondria in A-C.
Abbreviations: Spine (Sp), Dendrite (De), Glia (Gl) and Mitochondria (m). Scale bar in A =
0.50pum. Scale bar in B = 0.35um. Scale bar in C = 0.25um. Scale bar in D = 0.25um.
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Figure 3 (A-E): GluDI1-immunoreactive elements in the monkey striatum. Examples of different
GluD1-positive neuronal and glial structures in the monkey striatum. White arrows indicate
asymmetric synapses with dense aggregates of GluD1 imunolabeling in their close vicinity.
Abbreviations: Spine (Sp), Dendrite (De), Glia (Gl), unmyelinated axon (Ax) and Mitochondria
(m). Scale bar in A (applies to B-E) = 0.30um.

28



Figure 4 (A-D): Immunogold localization of GluD1 in the mouse and monkey striatum. Examples
of GluD1-immunoreactive dendrites and spines in the mouse (A,B) and monkey (C,D) striatum as
revealed with the pre-embedding immunogold technique. White arrows indicate asymmetric
synapses that display GluD1 immunoreactivity within the neuronal element. Abbreviations: Spine
(Sp), Dendrite (De), Glia (Gl) and Mitochondria (m). Scale bar in A = 0.25um. Scale bar in B =
0.22pum. Scale bar in C (applies to D) = 0.25um.
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Figure 5: Relative Distribution of GluD 1-immunostained elements in the Precommissural Dorsal
Mouse Striatum. This figure shows the mean relative percentages (+/- SEM) of GluD1-positive
neuronal and glial structures in the matrix compartment of the mouse dorsal striatum (N=3
animals; n=324 images). There is also no statistically significant difference between the
percentages of GluD I-immunoreactive elements of the mouse vs the monkey matrix compartment
(two-sample t-test; dendrites p=0.140; glia p=0.451; spines p=0.633).
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Figure 6: Relative Distribution of GluDI-immunostained elements. This graph illustrates the
relative percentage of GluD1-immunostained elements in the striosome vs matrix compartments
of the monkey caudate nucleus (N=3 animals; n=157 images). There is no statistically significant
difference in the relative percentages of the different neuronal and glial elements between the
striosome and matrix compartments (two sample t-test; dendrites p=0.870; glia p=0.548; spines
p=0.953; axons p=0.243; terminals p=0.268). There is also no statistically significant difference
between the percentages of GluD1-immunoreactive elements of the mouse vs the monkey matrix
compartment (two-sample t-test; dendrites p=0.140; glia p=0.451; spines p=0.633).
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