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Abstract
Nigrostriatal Dopamine Terminals in DYT1 Dystonia: a 3D Ultrastructural Analysis in
DYT1 Knock-in Mice

By Ke Pan

Importance: This thesis presents results of the very first ultrastructural study of the
potential pre-synaptic morphological changes of dopamine terminals in the DYT1 KI
mice. We used cutting-edge 3D-Electron Microscopy (EM) reconstruction approach to
provide a comprehensive view of neural connections and potential structural changes of
dopamine synapses in the striatum of DYT1 KI mice.

Objective: Because the underlying mechanism of the decreased dopamine (DA) release
in the striatum of DYT1 mice remains unclear, we propose to study potential
ultrastructural changes of nigrostriatal DA synapses that could contribute to the reduced
striatal DA neurotransmission in DYT1 KI mice.

Materials and Methods: We did immunohistochemistry on dorsal striatal tissues from
the WT and DYT1 KI mice groups. We took EM images of DA terminals labeled via
tyrosine hydroxylase (TH) under Single Block Facing/Scanning Electron Microscopic
(SBF/SEM). Using the Reconstruct software, we reconstructed 80 TH-immunoreactive
(TH-IR) terminals in 2 WT and 2 DYT1 KI mice from which we collected the following
data: (1) volume of DA terminals, (2) number and area of post-synaptic densities (PSDs)
of DA synapses, (3) number and volume of mitochondria in DA terminals. We also took
EM images of DA terminals labeled via dopamine transporter (DAT) immunostaining
under Transmission Electron Microscope (TEM). We used images from 7 DAT-
immunoreactive (DAT-IR) terminals in WT and in DYT1 KI to measure the surface area
of vesicles in DAT-IR DA terminals using /mageJ software.

Results: In DYT1 KI mice, (1) while the number and area of PSDs on axo-spinous
synapses decreased (t-test, p=0.00561), the volume of post-synaptic spines increased (-
test, p= 0.0075). Also, (2) the number of mitochondria inside TH-IR terminals increased
and was correlated with increased volume of TH-IR terminals. Additionally, we found
that (3) the number of axo-axonic appositions increased, and (4) the spine-invaginated
DA terminals decreased. Other changes in the volume of DA terminals, number and area
of PSDs on axo-spinous synapses, volume of mitochondria, area of vesicles in DA
terminals were found, but did not reach statistical significance.

Conclusion and Relevance: Our findings highlight altered axo-spinous synapses and
post-synaptic spine morphology, increased number of mitochondria in pre-synaptic DA
terminals, and increased incidence of axo-axonic dopamine appositions in the striatum of
DYT1 dystonic mice models. These changes might contribute to impaired DA
neurotransmission and modulation of other striatal afferents, or serve as compensation for
the reduced DA release in the striatum of DYT1 mutant mice.
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1 Abstract

Importance: This thesis presents results of the very first ultrastructural study of the potential
pre-synaptic morphological changes of dopamine terminals in the DYT1 KI mice. We used
cutting-edge 3D-Electron Microscopy (EM) reconstruction approach to provide a comprehensive
view of neural connections and potential structural changes of dopamine synapses in the striatum

of DYT1 KI mice.

Objective: Because the underlying mechanism of the decreased dopamine (DA) release in the
striatum of DYT1 mice remains unclear, we propose to study potential ultrastructural changes of
nigrostriatal DA synapses that could contribute to the reduced striatal DA neurotransmission in

DYT1 KI mice.

Materials and Methods: We did immunohistochemistry on dorsal striatal tissues from the WT
and DYT1 KI mice groups. We took EM images of DA terminals labeled via tyrosine
hydroxylase (TH) under Single Block Facing/Scanning Electron Microscopic (SBF/SEM). Using
the Reconstruct software, we reconstructed 80 TH-immunoreactive (TH-IR) terminals in 2 WT
and 2 DYT1 KI mice from which we collected the following data: (1) volume of DA terminals,
(2) number and area of post-synaptic densities (PSDs) of DA synapses, (3) number and volume
of mitochondria in DA terminals. We also took EM images of DA terminals labeled via
dopamine transporter (DAT) immunostaining under Transmission Electron Microscope (TEM).
We used images from 7 DAT-immunoreactive (DAT-IR) terminals in WT and in DYT1 KI to

measure the surface area of vesicles in DAT-IR DA terminals using ImageJ software.



Results: In DYT1 KI mice, (1) while the number and area of PSDs on axo-spinous synapses
decreased (t-test, p=0.00561), the volume of post-synaptic spines increased (t-test, p= 0.0075).
Also, (2) the number of mitochondria inside TH-IR terminals increased and was correlated with
increased volume of TH-IR terminals. Additionally, we found that (3) the number of axo-axonic
appositions increased, and (4) the spine-invaginated DA terminals decreased. Other changes in
the volume of DA terminals, number and area of PSDs on axo-spinous synapses, volume of
mitochondria, area of vesicles in DA terminals were found, but did not reach statistical

significance.

Conclusion and Relevance: Our findings highlight altered axo-spinous synapses and post-
synaptic spine morphology, increased number of mitochondria in pre-synaptic DA terminals, and
increased incidence of axo-axonic dopamine appositions in the striatum of DYT1 dystonic mice
models. These changes might contribute to impaired DA neurotransmission and modulation of
other striatal afferents, or serve as compensation for the reduced DA release in the striatum of

DYT1 mutant mice.



2 Background and Rationale

2.1 DYT1 Dystonia and DYT1 Dystonic Mice Models

The dystonias are a group of disorders defined by specific types of abnormal movements.
Some typical symptoms include sustained, patterned, repetitive muscle contractions, movements
that are involuntary and not suppressible, and movements that are task-specific such as writer’s
cramp (Richter and Richter, 2014; Jinnah and Factor, 2015). DYT1 dystonia, also known as
dystonia musculorum deformans and Oppenheim’s disease, is a dominantly inherited form of
generalized dystonia in which deletion of a single GAG codon in the TORI1A gene results in the

loss of a glutamic acid residue in a novel ATP-binding protein (torsinA) (Furukawa et al., 2000).

DYT1 dystonic mice models generally do not exhibit overt dystonic symptoms (Jinnah et al.,
2017, Imbriani et al., 2020), but do exhibit some subtle motor abnormalities related to motor
learning deficits or poor performance in more challenging motor tests (Dang et al., 2005; Sharma
et al., 2005; Shashidharan et al., 2005; Page et al., 2010; Song et al., 2012; Yokoi et al., 2015).
Specifically, (1) mice expressing mutated human TOR1A (DYT1 AGAG) created by Sharma and
colleagues exhibit reduced motor learning ability (Sharma et al., 2005), slightly increased
hindlimb step width (Zhao et al., 2008), and reduced spontaneous motor activity (Hewett, 2010).
(2) DYT1 AGAG transgenic mice created by Shashidharan and colleagues exhibit hindlimb
clasping and circling (Shashidharan et al., 2005) and sustained contractions (Chiken et al., 2008).
However, subsequent studies doubted these observations since these mice exhibit these
phenotypes even in the absence of detectable transgene expressions, indicating that these
behaviors may not be attributed to mutant torsinA expression (Giannakopoulou et al., 2010;

Richter and Richter 2014). (3) Mice created by Grundmann and colleagues with two-fold



overexpression of DYT1 AGAG protein show hyperactivity and decreased learning on the
rotarod (Grundmann et al., 2007; Richter and Richter 2014). (4) Striatal and cortex TOR1A
knockout (KO) mice created by Li, Yokoi, and colleagues, and TorsinA knockdown (KD) mice,
exhibit hyperactivity and motor deficits on beam walking (Dang et al., 2006; Yokoi et al., 2008;

Yokoi et al., 2011; Yokoi et al., 2015).

Targeted, or knock-in (KI) mutation of the murine TOR1A (DYT1 AGAG KI) created by
Goodchild and colleagues (Goodchild et al., 2005), which are the mice used in this study, exhibit
hyperactivity, reduced motor skills, and increased foot slips on the beam test (Song et al., 2012).
The brain of these DYT1 KI mice appears grossly normal in most dystonic mice models, such as
unchanged neuronal cell density in the striatum of DYTT1 transgenic mice via Nissl staining
(Wang et al., 2016). However, some histological studies have revealed microstructural defects in
the striatum of DYT1 transgenic mice (Song et al., 2013; Jinnah et al., 2017; Maltese et al.,
2018). For example, the DYT1 AGAG heterozygous KI exhibit smaller and less complex spines
via Golgi staining (Song et al., 2013). Mutant TOR1A KO mice exhibit sparse and decreased
number of D2 receptors in the striatum (D’ Angelo et al., 2020). Although it is likely that these
mutant mice models undergo structural changes in the striatum, the specific morphological

changes of different synapses and cell types require further study.

2.2 Reduced DA Release in DYT1 Mice

A general view is that dystonic disorders are linked with dysfunctional dopamine (DA)
neurotransmission. Besides some contradictory results considering DA basal levels, DA turnover
(DOPAC: DA ratio, or HVA: DA ratios) (Augood et al., 2002; Dang et al., 2005; Dang et al.,

2006; Grundmann et al., 2007; Page et al., 2010; Song et al., 2012; Wang et al., 2016), which are



mostly considered as experimental variance, studies have identified several common
neurochemical properties of DYT1 transgenic mice models: reduced brain tissue torsinA level
(Goodchild et al., 2005; Yokoi et al., 2010; Yokoi et al., 2015), decreased striatal D2R
availability (Augood et al., 2002; Napolitano et al, 2010; Yokoi et al., 2011; Dang et al., 2012;
Zhang et al., 2015; Bonsi et al., 2019; D’ Angelo et al., 2020) and impaired D1R activities (Y okoi

et al., 2015; Zhang et al., 2015).

The most prevalently suggested property is impaired amphetamine or electrical stimulated
striatal dopamine release via in vivo microdialysis or voltammetry (Sharma et al., 2005;
Baicioglu et al., 2007; Page et al., 2010; Song et al., 2012; Imbriani et al., 2020), or reduced DA

release by conditional expression of TOR1A (AE) in DA neurons (Downs et al., 2020).

How is DA released in the striatum? Although some studies indicated that dopamine
functions through volume transmission, in which neurotransmitters diffuse in tissue to activate
relatively distant receptors for signaling (Agnati et al., 1995; Rice and Cragg, 2008), a prominent
model is that DA transmission is mediated by classical fast synapse-like vesicular exocytosis.
Many studies supported this vesicular exocytosis as a releasing mechanism for DA based on
several reasons (1) axonal DA varicosities are densely packed with clusters of small, clear
vesicles (Yung et al., 1995; Caille et al., 1996; Uchigashima et al., 2015). (2) quantal events (i.e.
individual vesicular packets of dopamine) can be recorded using amperometry or whole cell
voltage clamp from dopamine axons or cell bodies (Staal et al., 2004; Borisovska et al., 2013;
Gantz et al., 2013; Kress et al., 2014). (3) with blockade or knockout of the vesicular monoamine
transporter type 2 (VMAT2), dopamine transmission is eliminated (Fon et al., 1997; Tritsch et

al., 2012). Additionally, axonal DA release requires active zone-like release sites, because



studies implied that release-ready vesicles containing DA are tethered close to Ca2+ channels,
and because DA axons contain active zone-like protein scaffolds (Pan and Ryan, 2012; Liu et al.,
2018). Conditional knockout of an important protein scaffold, RIM, largely abolished action

potential-triggered DA release (Liu et al., 2018; Liu and Kaeser, 2019).

Under the assumption that DA is released via classical vesicular exocytosis at active zone-
like sites, understanding each step of the DA vesicular exocytosis is important for studying
potential deficits of striatal DA release. First, DA that is converted from L-DOPA is loaded into
vesicles by VMAT?2. These vesicles then form the readily releasable pool of neurotransmitter-
filled vesicles. Upon terminal depolarization, voltage gated Ca2+ channels open. Ca2+ influxes
and initiates vesicle fusion of these neurotransmitter-filled vesicles with the plasma membrane,
pore formation, DA release, and vesicle reformation. Once released, DA diffuses from the
terminal to activate DA receptors. DA is rapidly taken back up into the presynaptic neurons by
the DA transporter (DAT). A host of GPCRs and ligand-gated ion channels further regulate DA

synthesis and release (Downs et al., 2020).

Studies have tested potential deficits concerning each step of the DA vesicular exocytosis
releasing mechanism to explain this reduced DA release in DYT1 KI mice. (1) as for
neurotransmitter packaging, studies have looked at VMAT?2 protein. However, results from
different studies seem contradictory: while cell lines expressing torsinA(AE) had restricted
VMAT?2 proteins (Misbahuddin et al., 2005), this is not seen in post-mortem human DYT1-
TORIA brains (Walker et al., 2002). (2) as for synaptic vesicle fusion, release, and recycling,
studies found that overexpression of torsinA(AE) would lead to an abnormal quantity of

vesicular fusing proteins (e.g. synaptotagmin-1), enhanced vesicle recycling, and abnormal N



type Ca2+ channel activity, (Pisani et al., 2006; Granata et al., 2008; Martella et al., 2009;
Granata et al., 2011; Sciamanna et al., 2011). (3) as for DA reuptake, studies found somewhat
contradictory results: while there was reduced membrane-localized DAT or less efficient DAT in
Torla+/AE KI mice (Torres et al., 2004), but studies also found no altered DA clearance in the
mutant mice (Page et al., 2010). (4) as for the mediating effect of pre-synaptic receptors onto DA
release, D2 DA receptors were found to inhibit DA release (Dwoskin et al., 1986), and nicotinic

acetylcholine receptors were found to enhance DA release (Pontieri et al., 1996).

Although there is extensive work on studying the mechanism behind this reduced DA
release mechanism in the DYT1 KI mice, most of the studies are pharmacological and present
either contradictory or indirect results (without ultrastructural analysis that could visually or
graphically demonstrate the morphological changes of pre-synaptic cell structures). One study
did some ultrastructural analysis of the synapses in the striatum of DYT1 KI mice and found that
axo-dendritic synapses increased, and axo-spinous synapses decreased in the mutant mice (Song
et al., 2013). However, this study did not look at potential presynaptic releasing deficits.
Additionally, their study was done using single profiles/images of TH immunoreactive terminals
and their post-synaptic targets, which partially presented the structural changes in the synapses.
It is unknown if the structural changes would be altered via analysis of serial EM images. Thus,
more ultrastructural analysis of pre-synaptic and post-synaptic morphological changes presented
via serial EM images are needed to provide potential explanations for this reduced striatal DA

release in DYT1 KI mice.



2.3 Rationale

Because the underlying mechanism of the decreased DA release in the striatum of DYT1
mice remains unclear, we propose to study potential ultrastructural changes of nigrostriatal DA

synapses that could contribute to the reduced striatal DA neurotransmission in DYT1 KI mice.

On one hand, we further studied the potential ultrastructural changes in pre-and post-
synaptic elements of DA synapses in the mouse striatum by comparing the ultrastructure of TH-
immunoreactive terminals and their post- synaptic targets between control and DYT1 knock-in
mice. The following morphometric measurements were collected from the TH-immunoreactive
terminals using a three-dimensional electron microscopy reconstruction approach (Single Block
Facing/Scanning Electron Microscopic- SBF/SEM) and the Reconstruct (NIH) software: (1)
volume of the DA terminals, (2) number and surface area of PSDs, and correspondingly the size
and distribution of post-synaptic targets, including post-synaptic dendritic spines, dendritic
shafts, and unlabeled terminals/pre-terminal axons, (3) number and volume of mitochondria in

the DA terminals.

In addition, we looked at serial ultrathin sections of DAT-immunoreactive dopaminergic
terminals in the transmission electron microscope (TEM), compared the (4) size of synaptic
vesicles in DAT-immunoreactive dopaminergic terminals between control and DYT1 knock-in

mice using the Image J (FIJI, NIH) software.

Our study provided the very first ultrastructural evidence of the potential pre-synaptic
morphological changes in the DYT1 KI mice. We also introduced the use of 3D reconstruction to

provide a better view of neural connections and potential structural changes.



3 Hypothesis

The overall hypothesis is that the decreased DA neurotransmission in the striatum of DYT1
knock-in mice are caused by pathological ultrastructural plasticity of the presynaptic and

postsynaptic structures of dopaminergic synapses.

4 Material and Methods

4.1 Animals

Heterozygous DYT1(AE) knock-in mice were maintained congenic with C57BL/6J and
genotyped using a PCR-based method (Goodchild et al., 2005). Normal and heterozygous
DYTI(AE) knock-in mice were tested at 3 months of age. Experiments were performed blindly
to genotype. We used 2 mice per group. For the present study, these mice were perfusion-fixed
with a mixture of paraformaldehyde (4%) and glutaraldehyde (0.1%). After perfusion, the brains
were dissected out from the skull and cut into 50 um-thick coronal sections with a vibrating

microtome before being processed for immunocytochemistry.

4.2 Antibodies
Antigen Immunogen Species  Vendor Dilution
Tyrosine Denatured tyrosine Rabbit  Millipore 1:300

hydroxylase (TH) | hydroxylase from rat
pheochromocytoma (denatured
by sodium dodecyl sulfate)

Dopamine Synthetic peptide from the Rabbit ~ Chemicon 1:500
transporter (DAT) | intracellular C-terminal region international

of human dopamine transporter

(CEKDRELVDRGEVRQFTL

RHWL)

Table 1: Antibodies.
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4.3 TH- and DAT-Immunocytochemistry Protocol

Both TH and DAT immunoreactivity were localized with highly specific commercially
available antibodies that have been well characterized and heavily used in many laboratories.
The Avidin-Biotin Complex (ABC) immunoperoxidase reaction, a procedure routinely used in
Dr. Yoland Smith’s laboratory, was applied to localize TH in this study. In brief, a series of
striatal sections from wildtype and DYT1 mice were incubated overnight with the primary
antibody against TH, which were followed by 1-hour incubations in biotinylated secondary
antibody reactions and ABC. Then, sections were incubated with the chromogen
diaminobenzidine tetrahydrochloride (DAB) to reveal the immunostaining. For DAT
immunostaining, striatal sections were incubated overnight at RT with the DAT antibody diluted
in Tris-buffered saline (TBS)-gelatin buffer (0.02 M Tris). After rinses with TBS-gelatin, the
sections were incubated with goat-anti- rabbit IgGs conjugated with 1.4-nm gold particles
(dilution 1:100; Nanoprobes Inc.), then rinsed with TBS-gelatin and transferred to a 1% aqueous
sodium acetate solution before the intensification of the gold particles with HQ Silver kit

(Nanoprobes Inc.). This tissue was then prepared for electron microscopy.

4.4 Transmission Electronic Microscopy (TEM)

DAT-immunostained striatal sections were postfixed in a 1 % osmium tetroxide solution for
20 min. Following washes in PB, the samples were dehydrated in a stepwise manner in 50-100%
alcohol solutions before being placed in propylene oxide. Uranyl acetate (1%) was added to the
70% alcohol to increase contrast in the electron microscope. The dehydrated sections were
embedded in epoxy resin (Durcupan, ACM; Fluka, Buchs, Switzerland) for 12 hr, mounted onto

oil-coated slides and cover-slipped before being baked at 60°C for 48 hr (Villalba et al., 2016).
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Blocks of striatal immunostained tissue were removed from the slides, and glued on top of resin
blocks, trimmed and cut into 70-nm ultrathin serial sections (about 9-13 sections on a single grid)
with an ultramicrotome (Ultracut T2; Leica, Germany), and collected on single-slot Pioloform-
coated copper grids. Ultrathin sections were then stained with lead citrate for 5 minutes and
examined with a TEM (JEOL/JEM-1011 electron microscope). Pictures following an entire
DAT- immunostained terminal were taken at 75K magnification with a CCD camera (DualView
300W; DigitalMicrograph software, version 2.30.542.0; Gatan, Inc., CA). This material was used

to assess the morphology of synaptic vesicles in DA terminals.

4.5 Single Block Facing/Scanning Electron Microscopic (SBF/SEM)

Small regions of TH-immunostained striatal tissue were shipped to Renovo Neural Inc.
(Cleveland, OH) in 4% paraformaldehyde for SBF/SEM processing. Series of 200-300 EM
images were then obtained from each block of tissue using the SBF/SEM (Zeiss Sigma VP
scanning EM, Gatan 3 View in-chamber ultramicrotome). The images were transferred back to
us for 3D reconstruction and quantitative ultrastructural analysis of the morphology of DA

terminals.

4.6 Ultrastructural 3D Reconstruction (Reconstruct)

Serial digitized electron images of TH-immunoreactive terminals (TIFF formats) were
imported into the Reconstruct (NIH) software (http://synapses.clm.utexas.edu/tools/), and
individual contours for the immunolabeled terminals, their postsynaptic targets, post-synaptic
densities (PSDs), and mitochondria within the terminal were manually traced in each serial

electron micrograph. The volumes of TH-positive terminals, the number and volume of their
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mitochondria, the number and areas of the PSDs in the post-synaptic structures, the distribution
of the postsynaptic dendritic spines, dendritic shafts, and unlabeled terminals/pre-terminal axons,

volume of post-synaptic dendritic spines were obtained (50 terminals in each animal).

4.7 Neurotransmitter Vesicle Area (ImagelJ)

Serial electron images of entire terminals containing DAT-immunoreactive vesicles were
converted into TIFF format, imported into the ImagelJ (FIJI, NIH) software
(https://imagej.nih.gov/ij/). To avoid overlapping/repetitive tracing of vesicles, sections taken
from one terminal were divided into two subsets with subset one containing only odd sections
and subset two containing only even sections. In each section, the individual contours for the
vesicles were traced and the areas were automatically calculated by the software. The different
types of vesicles (round, flat) were manually recognized and noted (232 vesicles from 7

terminals in WT and 237 vesicles from 7 terminals in KI).

4.8 Statistical analysis

The differences between control and DYT1 knock-in mice were statistically assessed using
Student’s t-test. The inter-individual difference between animals of the same group was tested

using one-way ANOVA (Sigmaplot 14.0 software).

5 Results

5.1 Changes in TH-IR terminal sizes between WT and DYT1 KI mice

We used Avidin-Biotin Complex (ABC) immunoperoxidase reaction to localize TH in this

study. Since the striatal sections were incubated with the chromogen diaminobenzidine
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tetrahydrochloride (DAB) to reveal the immunostaining, the TH immunoreactive (TH-IR)
terminals on EM images displayed a darker color compared to unlabeled neurons due to the

prevalence of DAB deposits (Figure 1A, B).

We reconstructed a total number of 80 TH-IR terminals in WT and in DYT1 animals using
the Reconstruct software (NIH) (Table 2). We found no significant difference in the average
volume of TH-IR terminals between WT and KI animals (Figure 1C; 0.375+/-0.0231um? in WT,
0.437+/-0.0239um? in KI; p=0.062). However, when TH-IR terminals were grouped in small-
(volume 0.1-0.3um?) and large-sized (volume >0.5um?) terminals, we found that small-sized
TH-IR terminals tended to be slightly more prevalent in WT than in DYT1 mice, while large-

sized TH-IR terminals were more abundant in DYT1 mice (Figure 1D).

WT KI
EH13: N=50 EH16: N=50
RM131: N=30 RM135: N=30

Table 2: number of TH-IR terminals analyzed in each animal.

5.2 Morphological changes of TH-IR terminals in DYT1 KI mice

Consistent with previous electron microscopy studies (Arluison et al., 1984; Freund et al.,
1984; Smith et al. 1994), we did observe that over 80% of striatal TH-IR terminals were small
vesicle-filled enlargements that contain one or two mitochondria and form symmetric synapses
with dendrites and spines in the striatum of WT and DYT1 mice (Figure 1A, B). These TH-IR
terminals were mostly dispersed in the neuropil between unlabeled cell bodies and bundles of

myelinated axons, as previously described (Bouyer et al., 1984).
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Additionally, our analysis revealed that there were some TH-IR terminals that had one or
multiple spines invaginated into the terminal (Figure 1E). We found a significant decrease in the
incidence of spine-invaginated TH-IR terminals in the DYT1 animals compared with WT mice

(Figure 1F; 19% in WT, 3% in DYT]1).

5.3 Striatal TH-IR synapses in WT vs DYT1 mice

TH-IR terminals formed synapses with two main post-synaptic targets: (1) dendritic shafts
(axo-dendritic synapses) and (2) dendritic spines (axo-spinous synapses). Overall, the axo-
dendritic and axo-spinous synapses appeared as symmetric synapses with a narrow, short post-
synaptic density and a thin synaptic cleft, as described in Arluison et al. (1984) (Figure 2A, B).
These synapses were also characterized by the aggregation of synaptic vesicles on the pre-
synaptic membrane of the TH-IR terminals. We also found close appositions between TH-IR
terminals and unlabeled vesicle-filled terminal- and axon-like profiles. In some cases, these
putative axo-axonic contacts exhibited a dark differentiation of pre-synaptic and post-synaptic
membrane, as seen in the axo-dendritic and axo-spinous synapses (Figure 7A). However, in most
cases, the post-synaptic densities were narrow, short and there was no clear evidence for a
synaptic cleft between the two elements, except in a few instances, where synaptic vesicles in
one of the profiles were close to the plasma membrane (Figure 7A). For these reasons, we

defined these axo-axonic relationships as appositions, instead of synapses, in our study.

The PSDs associated with all TH-IR synapses were discontinuous and short (Figure 2A, B).
There was no difference observed in the number of axo-dendritic synapses formed by TH-IR
terminals between WT and DYT1 mice (Figure 3C), while there was a decrease in the number of

axo-spinous synapses (Figure 3C) and an increase in the number of axo-axonic appositions
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(Figure 7; 15 in WT, 35in DYT1) in the DYT1 mice. There was no significant difference in the
mean area of PSDs of axo-dendritic synapses between WT and DYT1 mice, but there was a
significant decrease in the mean area of PSDs of axo- spinous synapses in the DYT1 mice

(Figure 3B).

Additionally, we noticed that there was a significant increase in the volume of post-synaptic

spines targeted by TH-IR terminals in DYT1 mice (Figure 3A).

5.4 Changes in the Number of Mitochondria in TH-IR Terminals of DYT1 mice

The morphology (round or oval-shaped) and volume of mitochondria in TH-IR terminals
was comparable between WT and DYT1 mice (Figure 4A, B; Figure 5C). The total number of
mitochondria decreased in DYT1 mice (106 mitochondria in WT vs 86 mitochondria in DYTTI).
Individual TH-IR terminals contained a variable number of mitochondria. To determine if there
was a change in the number of TH-IR terminals based on their mitochondria content, we
categorized the TH-IR terminals into three groups. Most TH-IR terminals contained 1
mitochondrion in both WT and DYT1 mice (58% in WT, 66% in DYT1). A comparable
percentage of TH-IR terminals contained 2 mitochondria between the two groups (25% in WT,
18% in DYT1). However, while 10% of TH-IR terminals contained 3 mitochondria in DYTI
mice, none of the 80 TH-IR terminals reconstructed in WT mice contained 3 mitochondria.
There was also a decrease in the percentage of TH-IR terminals that were devoid of

mitochondria in DYT1 mice (17% in WT, 6% in KI).

Additionally, we studied the correlation between the volume of TH-IR terminals and the

number of mitochondria contained in such terminals. We found that in DYT1 KI mice, as the
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size of the terminal increases, the number of mitochondria increases (Figure 5B), emphasizing
the importance of mitochondrial activity. Such correlation was not seen in the WT animals

(Figure 5A).

5.5 Synaptic vesicles analysis: no difference in the size of synaptic vesicles in DAT-IR

terminals between WT and DYT1 KI mice.

Besides analysis of TH-IR terminals, we analyzed potential changes in the size of synaptic
vesicles in DAT-IR terminals using high power views of labeled terminals taken with a
transmission electron microscope. Since the striatal sections were incubated with antibodies
conjugated with 1.4-nm gold particles, the labeled DAT-IR terminals contained 5-6 dark gold
particles close to or on the plasma membrane of the terminals (Figure 6A, B). From these
terminals, the size of randomly chosen vesicles with an intact membrane was measured. The
surface area of a total of 232 vesicles from 7 DAT-IR terminals in WT and 237 vesicles from 7
DAT-IR terminals in DYT1 mice was measured. In general, the vesicles inside DAT-IR
terminals were round or oval in shape (Figure 6A, B). There was no difference found between
the mean area of vesicles between WT and DYT1 mice (Figure 6C; 487nm? in WT, 499nm? in

DYTI).

6 Discussion

In this study, we hypothesized that the decreased DA neurotransmission in the striatum of
DYTI knock-in mice is caused by pathological ultrastructural changes of the presynaptic and
postsynaptic structures of dopaminergic synapses. To test this hypothesis, we used the SBF/SEM

approach and the Reconstruct software to reconstruct TH-IR terminals in the striatum of WT and
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DYTI1 KI mice. From these reconstructed terminals, we compared the following ultrastructural
features between the two groups of mice: (1) volume of the terminals, (2) number and surface
area of PSDs on synapses between DA terminals and dendritic spines and dendritic shafts, (3)
number and volume of mitochondria in the DA terminals, (4) size of synaptic vesicles in the DA
terminals. Overall, we found that there was no significant difference in the volume of DA
terminals and in the number and surface area of PSDs on axo-dendritic synapses between WT
and DYT1 KI mice. However, the number and surface area of PSDs on axo-spinous synapses
decreased significantly in KI mice compared with controls. Although axo-axonic synapses could
not be convincingly established, we found an increase in the number of axo-axonic appositions
between TH-IR terminals and unlabeled terminal- or axon-like profiles in the DYT1 mice. There
was no significant difference in the volume of mitochondria in the DA terminals between WT
and DYT1 mice, but the number of mitochondria contained in each DA terminal increased in
DYTI mice. No significant difference was found in the surface area of synaptic vesicles in the
DA terminals between WT and DYT1 mice. An increase in the volume of post-synaptic spines
contacted by TH-IR terminals was found in the DYT1 mice. Also, there was a significant

decrease in the number of spine-invaginated TH-IR terminals in the DYT1 mice.

Overall, our findings suggest that the decrease in DA release seen in the DYT1 KI mice
models are not due to major ultrastructural changes in the morphology and synaptic architecture
of axo-dendritic synapses formed by DA terminals. We did observe some changes in the number
and surface area of PSDs of axo-spinous synapses, number of axo-axonic appositions, and
number of mitochondria contained in each DA terminal. In addition, changes in the volume of
post-synaptic spines and in the number of spine-invaginated TH-IR terminals were found

between the two groups. Future studies are needed to determine if these structural changes
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account for altered dopamine release or physiological properties of dopamine synapses in DYT1

mice.

6.1 Morphological changes of TH-IR terminals might indicate compensation for reduced

DA release

In this study, we assume that the majority of TH-immunoreactive fibers and terminals in the
dorsal striatum originate from nigrostriatal neurons which use dopamine as a neurotransmitter
and arise from the substantia nigra pars compacta, based on evidence from various sources
(Bjorklund and Lindvall, 1984; Parent, 1986, 1990; Gerfen et al., 1987; Smith et al., 1994). The
nigrostriatal DA system in mammals, especially in primates, is important for sensorimotor
learning via modulation of cortical afferents in the striatum, and its dysfunction or degeneration
is strongly associated with movement disorders and neurodegenerative diseases such as dystonia,

tics, Tourette syndrome and Parkinson’s Disease (Aosaki et al., 1994; Matsumoto et al., 1999).

Recent studies have demonstrated that axonal DA release in the striatum requires active
zone-like release sites, which are generally located at the terminal portion of these nigrostriatal
DA neurons (Liu et al., 2016; Liu and Kaeser, 2019). These vesicle-filled boutons of dopamine
axons are called varicosities and have been described in a number of immunohistochemical
studies as being relatively small in size and oblong in shape (Yung et al., 1995; Caille et al.,
1996; Descarries et al., 1996). One of the goals of our study was to determine if changes of these

structural features are observed in DYT1 mice.

Previous studies have reported contradictory results concerning the morphological changes

of nigrostriatal dopamine neurons in dystonic animals or patients. On one hand, there was no
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structural abnormalities identified in TH-IR cell bodies or their striatal projections in one DRD
dystonia patient (Rajput et al., 1994), and the development of nigrostriatal dopaminergic
projections seemed to be normal via light microscope in DYT1 mice (Goodchild et al., 2005). On
the other hand, the DYT1 mutant mice were found to show subtle nigrostriatal structural
abnormality: specifically, there was a small reduction in the number of TH-IR substantia nigra
cells, and the remaining cells were larger than controls. These changes were limited to the
substantia nigra and not seen in ventral tegmental TH-IR neurons (Song et al., 2012). Three
DYTI1 human brains collected at autopsy were reported to give subjective impressions of

enlarged nigral neurons without obvious cell loss (Rostasy et al., 2003).

Our results showing subtle, but not significant, enlargement of TH-IR terminals in the DYT]1
mutant mice (Figure 1A, B) is consistent with previous studies (Rostasy et al., 2003; Song et al.,
2013). While these enlargements might reflect a pathological process, it may also reflect a
compensatory mechanism to rescue the decrease in DA release. For example, enlarged DA
terminals may be associated with an increased size and number of active zone-like release sites,
which might allow the transmission of more synaptic vesicles and thus neurotransmitters such as

DA.

Although we didn’t quantify the number of TH-IR terminals in our material, it is unlikely
that the subtle changes in the number of TH-IR terminals reported in other studies would be
sufficient to cause any significant motor deficits. Among different normal mouse strains, the
number of midbrain dopamine neurons vary naturally by nearly 2-fold (Zaborszky and Vadasz,

2001). Thus, these subtle changes in the number of TH-IR terminals might be some natural
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experimental variance. Only if the cell loss is substantial could any functionally relevant

behavioral change be observed (Song et al., 2012).

6.2 Decreased number and area of PSDs on axo-spinous synapses might be associated with

reduced DA release

In our study, it was difficult to identify synapses made by these TH-IR terminals because
they had a narrow, short post-synaptic density and a thin synaptic cleft, resembling what was

seen in Arluison et al (1984).

We are particularly interested in post-synaptic densities, or PSDs, because they contribute to
critical features of synaptic integration and regulation. In classical fast synapses,
neurotransmitters diffuse across the synaptic cleft to activate clusters of postsynaptic receptors
and related protein complexes in the PSDs (Liu and Kaeser, 2019). Thus, PSD plays an
important role in neurotransmission by clustering ion channels in the postsynaptic membrane and
anchoring signaling molecules such as kinases and phosphatases at the synapse (Kennedy, 1993;
Klauck and Scott, 1995; Ziff et al., 1997). Studies have indicated that PSD size is directly
correlated with synaptic strength (Bredt and Nicoll, 2003; Villalba and Smith, 2010; Hodges et
al., 2011). For example, overexpression of PSD-95 (a protein concentrated at glutamatergic
synapses) in hippocampal neurons can drive maturation of glutamatergic synapses by enhancing
postsynaptic clustering and activity of glutamate receptors (El-Husseini et al., 2000). Thus, the
morphological changes of PSDs on these dopaminergic synapses might potentially explain the

pathological changes in dopamine release observed in DYT1 dystonia.
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In this study, we observed that there was a significant decrease in the number and area of
PSDs at axo-spinous synapses in DYT1 KI mice (Figure 3B, C). Although no previous studies
focused on the size of PSDs and its implications on synaptic plasticity and DA release, data from
other brain regions showing that large PSDs are often linked to increased synaptic strength, a
decrease in the number and area of PSDs may reduce the strength of synapses between DA
terminals and post-synaptic structures. Thus, it is possible that the DA neurotransmission at axo-
spinous synapses is impaired in DYT1 KI mice. Specifically, the strength of axo-spinous DA
synapses may be reduced because of the lower number of postsynaptic DA receptors and related
signaling proteins to activate post-synaptic sensing mechanisms. Future studies are needed to

assess the exact impairment in post-synaptic sensing mechanism.

6.3 Increased number of axo-axonic appositions might indicate striatal afferents interplay

and modulation of DA release

Besides the morphological changes in PSDs on the axo-spinous synapses, there was an
increase in the number of axo-axonic appositions (Figure 7C) between TH-IR terminals and
other unlabeled terminals in the DYT1 KI mice. Because many of these contacts did not exhibit
clear synaptic differentiation, as seen in the axo-dendritic and axo-spinous synapses, we define
them as appositions. In a few cases, vesicles were observed close to the terminal plasma
membrane in serial sections suggesting evidence for synaptic contacts, but these were rare. In
these cases, DA terminals were either pre-synaptic or post-synaptic to unlabeled vesicle-filled

terminals (Figure 7A).

Previous studies have reported incidences or possible existence of axo-axonic synapses

formed by DA terminals in the striatum. Some nerve terminals immunoreactive for TH were
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found to be in close contact with other nerve terminals in different regions of
neostriatum(Arluison et al.,1984). The existence of synaptic contacts between pairs of TH-IR
axons were described (Arluison et al.,1984). There was direct apposition of the plasma
membranes of the TH-labeled and unlabeled degenerating corticostriatal boutons, suggesting
possible axo-axonic interrelationships between two corticostriatal inputs and nigrostriatal inputs
(Bouyer et al.,1984). This group also reported that many of the axo-axonic interrelationships
between dopaminergic axons and other cortical and possibly non-cortical terminals seemed to

occur along the non-varicose portion of the axons (Bouyer et al.,1984).

The striatum mostly receives extrinsic corticostriatal afferents (glutamatergic), nigrostriatal
afferents (dopaminergic), thalamostriatal (glutamatergic) afferents, or other GABAergic afferents
(Smith and Bolam, 1990), and sometimes receives afferents from intrinsic neurons, including
axon collaterals of MSNs and striatal interneurons (Gerfen et al.,1988; Smith et al.,1994; Freund
et al.,1984; Nakano et al.,2000; Assous and Tepper, 2018). These striatal afferents make
synapses mostly onto striatal MSNs, but they also interplay with each other, which may possibly
explain the axo-axonic appositions between these TH-IR fibers and other unlabeled fibers that
we are seeing in this study. Understanding the functional significance of these axo-axonic
appositions might help to explain the relationship between the increase in these types of axo-

axonic synapses and reduced DA release seen in DYT1 KI mice.

Many studies have shed lights on striatal afferents interplay. On one hand, some studies
indicated that these nigrostriatal afferents are delivering neurotransmitters and modulating other
types of neurons. These could be dopaminergic to glutamatergic axo-axonic synapses, in which

nigrostriatal afferents possibly regulate or assist the corticostriatal afferents (Aluison et al.,1984),
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or dopaminergic to cholinergic axo-axonic synapses, in which the nigrostriatal dopaminergic

afferents are inhibiting striatal cholinergic neurons (Dimova et al.,1993).

On the other hand, studies indicated that nigrostriatal axons and terminals might receive
synaptic inputs from other striatal afferents. First, these could be glutamatergic to dopaminergic
axo-axonic synapses, which could provide a morphological substrate for the release of DA by L-
glutamate (the postulated neurotransmitter in cortical afferents) or glutamate regulation (Bouyer
et al.,1984). This possibility is supported by the findings that DA receptors are localized on
cerebral cortical afferents to the rat corpus striatum (Schwarcz et al.,1977) and that the activation
of DA receptors inhibits calcium-dependent glutamate release from corticostriatal terminals in
vitro (Rowlands et al.,1980). Second, another popular view is that of axo-axonic synapses
between cholinergic terminals and dopaminergic axons (i.e. striatal cholinergic interneurons to
nigrostriatal afferents). A number of recent studies have reported that the activation of striatal
cholinergic interneurons elicits local dopamine release from nigrostriatal terminals to support
behavioral reinforcement (Cover et al., 2019; Downs et al., 2019). The acetylcholine released by
cholinergic interneurons specifically activates nAChRs on dopamine terminals to enhance DA
release (Rice and Cragg, 2004; Exley and Cragg, 2008; Threlfell and Cragg, 2011; Downs et al.,
2019). Overall, these studies suggest that striatal DA release can be regulated by pre-synaptic
modulation. Thus, an increase in axo-axonic contacts might indicate that the release of DA

undergoes a stronger cholinergic modulation in the striatum of DYT1 mice than in WT animals.
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6.4 Increased number of TH-IR terminals containing more mitochondria might indicate

active pre-synaptic mechanism

Mitochondria are closely related to synaptic potentiation. Previous studies utilizing
pharmacology to inhibit mitochondria revealed defects in synaptic potentiation and a failure to
maintain neurotransmission under rigorous stimulation (Alnaes and Rahamimoff, 1975; Zengel
et al., 1994; Tang and Zucker, 1997; Verstreken et al.,2005). Conversely, a fast delivery of
mitochondria elicited by tetanic stimulation to the synapse, would facilitate synaptic potentiation
(Tong et al., 2007). These findings all suggest an involvement of mitochondria in
neurotransmission. Previous studies have proposed a number of possible mechanisms for the
modulating role of mitochondria in neurotransmission. For example, Verstreken et al., (2005)
hypothesized that the recruitment of reserve pool vesicles depends on mitochondrial ATP
production downstream of PKA signaling and that mitochondrial ATP limits myosin-propelled

mobilization of reserve pool vesicles.

The changes in the morphology and number of mitochondria are specifically important
indicators of mitochondrial functioning. Particularly, in PD animal models, the decreased volume
and the increased number of mitochondria in cortical boutons suggest a higher mitochondrial
traffic along corticostriatal axons, possibly due to a higher activity and energetic demand at
corticostriatal synapses in the parkinsonian condition (Verstreken et al., 2005; Safiulina et al.,

2006; Villalba and Smith, 2010).

In our study, we did not observe significant differences in the volume of mitochondria
between WT and DYT1 KI (Figure 5C). The morphology of mitochondria was normal,

appearing to have the classical “kidney bean” shape. However, we observed a decreased total
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number of mitochondria in the DYT1 KI (106 mitochondria in WT, 86 mitochondria in DYT]1
KI). Interestingly, while the total number of mitochondria decreased in DY T1 KI, the percentage
of TH-IR terminals containing 3 mitochondria increased from 0% to 10%, still indicating

possible increased mitochondrial traffic in some TH-IR terminals.

Studies on dystonia reported the role of mitochondria from a more clinical or behavioral
perspective. Some studies found mitochondrial DNA or RNA mutation causes dystonic
behavioral phenotypes in patients (Sudarsky et al., 1999; Pentelenyi et al., 2009). For example,
Pentelenyi et al., (2009) found a novel A8332G heteroplasmic mutation which likely causes
dystonia and stroke-like episodes due to mitochondrial encephalopathy. Also, chronic
administration of low doses of the complex-II inhibitor 3-nitroproprionic acid (3-NP), which
disrupts the mitochondrial respiratory chain and lead to oxidative stress and ATP deficits, does
not cause significant motor dysfunction in mice expressing torsinA(dE) (Bode et al., 2012). In
fact, Bode et al., (2012) found that the DYT1 mutation protects mice from death caused by 3-NP.
These findings suggest that the increased number of TH-IR terminals containing more
mitochondria seen in DYT1 mutant mice might serve as some protection from developing
dystonic behaviors and pathologies in DYT1 animals. Specifically, with increased mitochondria
and correspondingly increased energy support, the cells inside pre-synaptic DA terminals might
be more active, leading to a more active DA release mechanism. However, the exact mechanism

of how the mitochondria activity interacts with DA release needs further exploration.
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6.5 No changes in the size of vesicles indicates normal neurotransmitter concentration and

quantal size

Studies have indicated that changes in quantal size, which is measured as the smallest post-
synaptic depolarization in response to a single vesicle being released, can contribute to synaptic
plasticity (Sulzer and Edwards, 2000; Edwards et al., 2007), and that the modulation of quantal
size is associated with corresponding changes in vesicle volume (Zhang et al., 1998; Colliver et
al., 2000; Pothos et al., 2002; Gong et al., 2003). For example, genetically increased synaptic
vesicle size leads to an increase in quantal size (Zhang et al., 1998). Additionally, the number of
transmitters in a vesicle can regulate the volume of the vesicle (Colliver et al., 2000). Thus, it is
implied that the size of a synaptic vesicle is closely associated with the neurotransmitters it
contains and the quantal size. Understanding the changes in the size of synaptic vesicles might

help to explain the impaired DA release seen in DYT1 KI mice.

In our study, we observed no changes in the size of synaptic vesicles in the DA terminals
(Figure 6C). Thus, it is possible that the synaptic vesicles contain similar number of
neurotransmitters between WT and DYT1 KI. Also, these vesicles might have similar quantal
size, meaning that the post-synaptic depolarization in response to a single vesicle being release is
similar. This further implies that the vesicle releasing mechanism between WT and DYT1 KI
should be similar. If so, the impaired DA release in DYT1 KI mice probably could not be

explained by changes in the size of synaptic vesicles in pre-synaptic nigrostriatal DA terminals.
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6.6 Increased post-synaptic spine volume might serve as a rescue for reduced DA

neurotransmission

Dendritic spines are vulnerable to structural changes during aging and in neurologic diseases
(Parajuli et al., 2020). In the striatum, dendritic spines of MSNs are an essential site of
information processing from glutamate and dopamine afferents both in physiological conditions
and in neurodegenerative events. The size of dendritic spine heads reflects synaptic strength, thus
indicating that a significant modification in spine head diameter influences neuronal plasticity

(Vastagh et al., 2012).

In our study, we observed an interesting inverse relationship between the number of axo-
spinous synapses (consequently the number of PSDs on such synapses) and the volume of post-
synaptic spines (i.e. the volume of post-synaptic spines increased as the number of PSDs on axo-

spinous synapses decreased) in the striatum of DYT1 KI mice (Figure 3A).

This inverse relationship was reported multiple times in previous studies. While studies
found an overall decrease of dendritic spine density in the striatum of DYT1 mutant mice (Song
et al., 2013; Maltese et al., 2018; Cai et al., 2021), they also indicated an increased number of
mushroom-type spines (Maltese et al., 2018; Cai et al., 2021), or thin spines (Maltese et al.,
2018). There are some subtle contradictions among these studies: for example, while Maltese et
al., (2018) found a concomitant overall increase of dendritic spine width, Cai et al., (2021) didn’t
observe significant differences for dendritic spine head width. However, it is still promising that
a significant modification in spine morphology might serve as an indicator for the dysfunctional
dopamine transmission in the striatum of DYT1 mutant mice. In the cerebellum of DYT1 KI

mice, there was a reduction of spine numbers in the quaternary dendrite branches of cerebellar
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Purkinje cells, which indicates reduced input signals from parallel fibers to cerebellar Purkinje
cells (Yokoi et al., 2012). In PD, reduction in striatal dendritic spine density on MSNs was
observed in various rodent models, MPTP-treated monkeys, and PD patients, which is most
likely due to the striatal dopamine denervation (Smith et al., 2009; Parajuli et al., 2020). Parajuli
et al., (2020) also found that in normal mice, as spine density gradually decreases, the average
spine head volume gradually increases with age, suggesting a homeostatic balance between spine
head volume and spine density. Overall, these studies confirmed this inverse relationship
between dendritic spine density and spine sizes, suggesting a rescue for the reduced synaptic
inputs in the mutant animals. Future studies are needed to confirm the specific morphological

changes of post-synaptic spines.

6.7 Spine-invaginated terminals indicate more signal and remodeling of neurotransmission

in the striatum

In this study, we found a significantly decreased number of spine-invaginated terminals in
the DYT1 KI mice (Figure 1E, F). The term “spine-invagination” was first used by Petralia et al.,
(2015), where they introduced invaginating projections as one of the most striking forms of
cellular communication among neurons. Cells may contact other cells via shorter processes that
appear to be either irregular varicosities or narrow, elongate structures reminiscent of synaptic
spines and called “spinules” (Petralia et al., 2015). While very few studies used the term
“invaginating projections”, a number of studies indicated the presence of “synaptic spinules” in
the striatum: Boyne and Tarrant (1982) found spinules in synapses of parts of the limbic system
of the rat, including the hippocampus, nucleus accumbens, and caudate nucleus (part of the

striatum). Perforated synapses with spinules also have been described in the caudate nucleus in
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elderly humans (Anglade et al., 1996; Muriel et al., 2001; Petralia et al., 2015). The function of
these synaptic spinules is still unclear, but studies found that synaptic spinules might mediate
competition between neighboring axons for synapses especially on thin spines (Spacek and
Harris, 2004), and that synaptic spinules are induced by high depolarization (electron
stimulation) (Tao-Cheng et al., 2009), suggesting that spinules might provide a general
mechanism for electric signaling and remodeling of neurotransmission throughout the brain.
Thus, a decreased number of spinules potentially indicates inadequate signaling and remodeling
of neurotransmission. Since there were fewer spine-invaginating projections in the striatum of
DYTI1 KI mice, with impaired modulating effects of synaptic spinules, the DA

neurotransmission might be limited compared to controls,

Additionally, fewer spine-invaginated terminals might be interpreted as a simplification of
spine structures, meaning that the spine morphology is not as complex. In vivo, spines have
dynamically changing morphologies that may appear short and stubby, long and thin, or with
distal swellings or bifurcations (Bonhoeffer and Yuste, 2002; Fiala et al., 2002; Harris and Kater,
1994). However, in the DYT1 mutants, spines were reported to appear relatively shorter and less
complex (Song et al.,2013). Although the functional significance of changes in spine
morphology and synaptic connectivity remains unknown, simplification of dendrite and spine
structure seems to be a pathological feature commonly found in numerous neurological and
psychiatric diseases (Fiala et al., 2002), and is believed to underlie profound intellectual
disability in fragile-X syndrome and other mental retardation syndromes where overt
degeneration is lacking (Irwin et al., 2000; Von Bohlen Und Halbach, 2010). In DYT1 dystonia,

the significant decrease in spine-invaginating projections might at least suggest some alterations
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in the spine morphology, and correspondingly alterations in the transmission, integration and

processing of cortical, thalamic and nigral inputs to the striatum of DYT1 mice.

7 Conclusion

Our findings highlight the presence of axo-axonic dopamine synapses, altered axo-spinous
synapses and post-synaptic spine morphology, and increased number of mitochondria in pre-
synaptic DA terminals in the striatum of DYT1 dystonic mice models. These changes might
indicate impaired modulation of DA neurotransmission and other striatal afferents, or serve as
protection or compensation for this reduced DA release in the striatum of DYT1 mutant mice.
Although there are some subtle changes with the morphology of pre-synaptic TH
immunoreactive dopaminergic terminals, it is unlikely that these morphological changes of TH-
IR terminals would cause any significant behavioral phenotypes. Future studies are needed to
explore some unclear details and lingering questions such as (1) specific morphological changes
of the spine (spine head, spine neck, categorization of post-synaptic spines e.g. mushroom,
spinous, etc), (2) specific mitochondrial activity in the pre-synaptic DA terminals, e.g. distance
of mitochondria to the synapses, (3) specific morphological changes and activities of the synaptic
vesicles (flat or round shape, as well as the distance of the vesicle pools from the synapses, etc.),
(4) identification of the pre-/post-synaptic interneurons that are involved the those axo-axonic
synapses, (5) other morphological changes that might be related to this reduced DA release: glia

wrapping the pre-synaptic DA terminals , etc.
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Figure 1: TH-immunoreactive (TH-IR) terminals in the striatum of WT and KI mice. A and B:
Electron microscope images of TH-IR terminals in the striatum of WT (A) and KI (B). Some of the
synaptic contacts between the TH-IR terminals (T) and the dendrites (d) are marked with red
arrows. C: Histogram showing the comparative analysis of the TH-IR volume in the striatum of
WT (n=80) and KI (n=80) mice. The data are expressed as 0.437+0.0239um?* in WT and
0.375+0.023 1um? in KI mice. The mean volume of the TH-IR terminals was not statistically
different between WT and KI mice (T-test analysis, P=0.062). D: Volume distribution of the TH-
IR terminals in the striatum of WT and KI mice. E: Single electron microscope image of a large
spine-invaginated TH-IR terminal. F: Pie graph comparing the different percentages of spine-
invaginated TH-IR terminals between WT (n=15) and KI (n=2) mice. Abbreviations: T=TH-IR
terminals; d=dendrite; sp=dendritic spine. Scale bar in A (applies to B) and E:500nm
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Figure 2: Axo-dendritic and axo-spine synapses of striatal dopaminergic terminals. A and
A.1: Single electron image of a TH-IR terminal (T) forming a synapse with a dendrite (d). The
post-synaptic densities (PSDs) are traced in red in A.1 and indicated with red arrows. A.2 and
A.3: Two rotated views of the 3D model obtained after the complete reconstruction of the TH-
IR terminal shown in A and A.1, and the synaptic contact with the dendrite (d). B and B.1:
Serial electron micrographs of a TH-IR terminal (T) forming a synaptic contact with a
dendritic spine (sp). The red arrows in B indicate the post-synaptic density. B.2 and B.3: Two
spatial and rotated views of the 3D model obtained with the serial images and the complete
reconstruction of the axo-spine synapse. All these images correspond to KI mice. Scale bar in
A, A.1 and B (applies to B.1):500nm
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Figure 3: Quantitative analysis of the TH-IR terminals and their synaptic contacts.
A and B: Histograms comparing the volume (A) of the terminals, spines and the
post-synaptic densities (PSDs, B) of the axo-dendritic and axo-spine synapses in
the striatum of the WT and KI mice. The data are expressed as
0.0734+0.00983um? in WT, and 0.137+0.00234um? in DYT1 KI for the volume
of post-synaptic spines; 0.0242+0.00170um? in WT, 0.0207+0.00179um? in
DYT]I KI for PSDs on axo-dendritic synapses; 0.0156+0.00145um? in WT,
0.00960+0.00154pm? in DYT1 KI for PSDs on axo-spinous synapses. In the axo-
spine synapses of the KI mice, there is a significant increase in the volume of post-
synaptic spines and a decrease in the PSD area (T-test, P=0.0075 and P=0.00561).
C: Diagram bar comparing the total number of PSDs counted in the axo-dendritic
vs the axo-spine synapses in WT and KI mice.

33



34

Figure 4: Mitochondria in the TH-IR terminals. A: Electron micrograph of a TH-IR terminal
(T) containing one mitochondria (M) forming a synaptic contact (red arrows) with a dendrite
(d). A.1 and A.2: Rotated views of the 3D reconstructed terminal (T), the mitochondria and
the post-synaptic densities (PSDs). B and B.1: Serial images of a TH-IR terminal forming an
axo-dendritic synapse. Notice that in B the number of mitochondria profiles is two (M1 and
M2), while in the serial image of the same terminal (B.1) the number of mitochondria profiles
is three (M1-M3). B.2: 3D model of the complete reconstructed terminal and the
mitochondria. The complete reconstruction allows to obtain the unequivocal number of
mitochondria in the terminal. Scale bar in A and B (applies to B.1):500nm.
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Figure 5: Quantitative analysis of mitochondria. A and B: Correlation
analysis of the number of mitochondria and the volume of the TH-IR
terminals in the WT (A) and KI (B) mice (R?>=0.001 on WT,
R?=0.1963 in DYT1 KI mice). C: Histogram comparing the average
volume of mitochondria in the TH-IR terminals in the WT and KI
mice. The data are expressed as 0.0559+0.00318um? in WT, and
0.0544+0.00294um? in DYT1 KI mice. The differences were not
statistically significant (T-test, P=0.724)
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Figure 6: Analysis of the vesicle size in the DAT-immunoreactive terminals. A
and B: Electron microscope images of DAT-IR terminals (gold
immunostaining/silver intensification). The gold particles (black arrows) are
associated to the membrane of the dopaminergic terminals. Some of the
dopaminergic vesicles in the terminal are indicated with blue arrowheads. C:
Histogram comparing the size of the neurotransmitter vesicles in the striatal
dopaminergic terminals of the WT and KI mice. There are no significant
differences in the size of the vesicles (T-test analysis; P=0.57). Values are
expressed as 487.428+17.089nm? in WT, 499.311+12.178nm? in DYT1 KI mice.
Scale bar in B (applies to A): 200nm
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Figure 7: Axo-axonic contacts of TH-IR terminals. A and A.1: Serial electron
micrographs of a TH-IR terminal (T) contacting with two axons/preterminal axons
(t1 and t2). The red arrows indicate the contacting areas of the dopaminergic terminal
with t1 and t2. A.2: 3D model of the complete reconstruction of the TH-IR terminal,
the two terminals/pre-terminals and their contacting areas. B and C: Histograms
comparing the total number of appositions/axo-axonic contacts (B) and the average
area of the appositions (C) in WT and KI mice. The differences in the area were not
statistically significant (T-test, P=0.972). Scale bar in A (applies to A.1):500nm
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