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Abstract

Dopaminergic (DA) neurons in the substantia nigra pars compacta (SNc) form the
foundation of the nigrostriatal pathway and are most notably discussed in the context of
Parkinson’s disease (PD) pathology. The ventral tegmental area (VTA) which resides just medial
to the SNc is a second influential DA output center and is the relay station for the mesocortical
and mesolimbic pathways. Despite an ever-growing body of literature investigating the broad
effects of their outputs due to their influential roles in movement execution and reinforcement
learning, respectively, one question that remains unanswered is how these DA neurons are
modulated by their afferent inputs. Previous research shows that glutamate (Glut), acetylcholine
(ACh), and y-aminobutyric acid (GABA) are a few of the major neurotransmitters that modulate
the activity of midbrain DA neurons. Interestingly, these findings also suggest that there is a
population of terminals that co-localize both ACh and GABA vesicles, implying that DA
neurons are under extremely fine-tuned afferent control. The aims of this study were to describe
the morphology of putative Glut, ACh, and GABA vesicles, determine if ACh and GABA are
indeed packaged in the same terminals, determine the frequency of co-transmission, and finally
investigate whether there is heterogeneity in the prevalence of these inputs between the medial
and lateral adult mouse SNc¢ and VTA. Immunohistochemical staining for tyrosine hydroxylase
(TH), vesicular GABA transporter (VGAT), vesicular acetylcholine transporter (VAChT), and
vesicular glutamate transporter 2 (VGLUT2) was employed to visualize synaptic terminals at the
confocal level. Here, we show that there is in fact overlap between VGAT and VAChHT in
terminals on DA dendrites, however this occurs much less frequently than ACh or GABA only
inputs. Using electron microscopy (EM), several distinct types of synapses are observed in these
regions. Putative cholinergic synapses are filled with large uniform-sized round vesicles ~50-60
nm diameter, GABAergic type terminals with small oblong vesicles that vary greatly in size but
average at ~50-80 nm in length and ~20-30 nm in width, and glutamate (Glut) terminals with
small-sized round vesicles (~30-45 nm diameter). Some terminals showed a mixture of oblong
vesicles and large round vesicles, and to our surprise, terminals mixed with oblong, and small
round vesicles whose diameter was consistent with that of Glut vesicles were also present,
prompting us at add a fifth category of synapse, putative Glut/GABA. In total 613 synapses were
categorized, on average 200 per region, using the criteria above. At the EM level we found that

across all regions pure GABA terminals rarely appeared and were often were co-localized with



either large or small round vesicles. In addition, glutamate was the most common
neurotransmitter found opposing DA dendrites in the VTA and was observed at a higher
frequency compared to the medial SNc. Similarly, the lateral SNc has a significantly higher
incidence of mixed ACh/GABA terminals compared to the VTA. The results of this study offer a
glimpse into the regulation of these essential modulatory neurons, adding a small piece of the
puzzle to the ongoing investigation concerning basic ultrastructure and normal functioning of the

SNc and VTA.
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Chapter 1 — Introduction

1.1  Background

Independence is one of the main determinants that can predict a high quality of life.
Being able to navigate your environment efficiently and integrate seamlessly within your
community are components of life that are seemingly so ubiquitous that the skills and dexterity
that are required to fulfill these tasks are often overlooked. Consider not being able to carry out
basic life-fulfilling tasks such as eating, practicing basic hygiene, or spending quality time with
loved ones. This is often the reality for individuals living with the debilitating neurodegenerative

disease known as paralysis agitans, or Parkinson’s disease (PD). It is currently defined as:

A movement disorder which causes the normally very dense population of dopaminergic

(DA) neurons of the substantia nigra pars compacta (SNc) to degenerate (E. Hirsch et al., 1988).

Despite PD being the second most common neurodegenerative disease and most common
movement disorder in the world (Tysnes & Storstein, 2017; McGregor & Nelson, 2019) there are
extremely limited treatment options for those suffering from this disease. Moreover, the options
that are available can often only alleviate symptoms rather than re-establish DA neurons back
into the SNc. Oral administration of levo-3,4-dihydroxy-phenylalanine (L-Dopa) is the most
common pharmacological intervention for managing PD and is currently considered the gold
standard therapy for this disease (Lewitt, 2015). L-Dopa is the precursor for DA and is given to
patients instead of DA itself due to its ability to cross the blood-brain barrier, a key ability that its
successor does not have (Nagatsua & Sawadab, 2009). Once in the brain, L-Dopa is synthesized
by the enzyme aromatic L-amino acid decarboxylase into DA and acts as a surrogate for the
depleted endogenous striatal DA caused by the death of midbrain DA neurons (Nagatsua &
Sawadab, 2009). Relief from motor disturbances is relatively short lived however, as brief as 2
years, since prolonged administration of L-Dopa leads to impairments that present similarly to
PD symptomology such as L-Dopa-induced dyskinesia and dystonia, and shorter time windows
during which the drug is effective (Nagatsua & Sawadab, 2009; Lewitt, 2015; Lipski et al.,

2011). A second common treatment method is deep brain stimulation (DBS) of the subthalamic



nucleus (STN), with more than 70 000 patients having undergone this procedure since its
approval by the Food and Drug Administration in 2002 (Bronstein et al., 2011). In a study done
by Limousin and colleagues, it was discovered that patients who underwent DBS surgery and
were taken off all previous PD medications increased their daily living and motor examination
scores in the Unified Parkinson’s Disease Rating Scale (UPDRS) (parts II and III, respectively)
by 60% after their first year with the implant (Limousin et al., 1998). Despite the fact that this
procedure is relatively safe considering the significant number of quality-of-life years regained,
there are profound economic barriers to entry. In the United States, the cost of DBS implantation
ranges from $70 000 - $100 000, not including the charge for battery replacement which is an
additional $17 000 - $27 000 (Cabrera et al., 2018). Additionally, after a 5-year follow-up post
DBS implant, patient scores on the UPDRS were lower than baseline, most likely since DBS
does not halt degeneration of the SNc but rather temporarily quells the motor symptoms that
result from it (Limousin & Foltynie, 2019).

Due to the fact that PD is so prevalent in the world population, that there is still no known
cure for the disease, and because as previously described the treatments we currently have are
sometimes not easily accessible and only manage symptoms, the majority of research that delves
into the inner workings of the SNc are either trying to find out how to model PD in mouse and
rat populations or how to regrow DA neurons with a seemingly never ending pool of potential
drugs or medications. While these are obviously important questions to answer, there is
seemingly a lack of research that is concerned with the normal, non-diseased functioning of the
SNc. The SNc has been recognized as an important structure in the basal ganglia for some time,
with seminal research showing how important DA neurons are in fine-tuning volitional

movement through modulating basal ganglia circuits (Guatteo et al., 2009).

Despite this ever-growing body of literature investigating the broad effects of their
outputs, one question that remains unanswered is how are DA neurons modulated by afferent

inputs?

Through previous research by many groups over the decades, it has been demonstrated
that three neurotransmitters play a particularly important role in presynaptic connections onto

DA SNc neurons — glutamate, acetylcholine (ACh), and y-aminobutyric acid (GABA) (Kitai et



al., 1999; Misgeld, 2004; Tepper & Lee, 2007). Intriguingly, emerging new research provides
evidence of a recently discovered fourth synaptic terminal input: co-transmission of ACh and
GABA from the same synaptic terminal, whose mechanisms have yet to be fully elucidated
despite their probable crucial role in movement refinement. (Estakhr et al., 2017; Gratiet et al.,
2022; Li & Spitzer, 2020)

The neighbouring ventral tegmental area (VTA) is a second dopaminergic hub in the
midbrain, sending long range projections to the nucleus accumbens (NAc) and the medial pre-
frontal cortex. Despite being so physically and seemingly morphologically similar to the SNe,
the VTA participates in the mesolimbic and mesocortical pathways, the circuitry responsible for
feelings of reward, reinforcement learning, and is speculated to drive organisms to partake in
basic life-sustaining activities and avoid harm (Alcaro et al., 2007). Intriguingly, the DA neurons
of the VTA are seemingly spared when the cells of the bordering SNc start to die off during the
onset of PD and remain less affected throughout the progression of the disease. The reason
behind this phenomenon is unknown, however recent studies in flies, rodents, and humans have
hinted that the most resilient DA neurons are the ones that co-transmit dopamine and glutamate
to their output targets (Buck et al., 2022; Steinkellner et al., 2022). By surveying the synaptic
landscape of the VTA, we are able to gain insights into how these neurons are modulated and if
there are any significant differences compared to the SNc.

With the use of confocal and electron microscopy, my goals for this study are to offer a
glimpse into the regulation of these essential modulatory DA neurons, providing unique insights
concerning the basic ultrastructure and normal functioning of the SNc and VTA. By quantifying
and categorizing the diverse range of synaptic inputs onto DA cells in these regions, we pave the
way for future research that could lead to life changing therapeutics for those suffering from PD.
Our aims are to determine if there is co-localization of putative ACh and GABA vesicles in the
same terminals, determine the frequency of glutamatergic, cholinergic, GABAergic, and mixed
terminals, and finally investigate whether there is heterogeneity in the prevalence of these inputs

between the medial and lateral SNc¢, and the VTA.



1.2 Midbrain dopaminergic centers

Dopamine is an extremely important and powerful molecule in the brain. It has a
constellation of functions such as modulating movement, learning, sleep, stress, motivation,
reward, and involved with the onset of psychiatric disturbances, with the loss of DA neurons
being implicated in a myriad of disorders, some often fatal (Calabresi et al., 2007; Juarez Olguin
et al., 2016; van Hooijdonk et al., 2023; Welberg, 2008). There are three areas of the brain where
large clusters of DA neurons are found - the retrorubral field, the SNc, and the VTA - which
coincide with the A8, A9, and A10 cell grouping nomenclature, respectively (Gantz et al., 2018).
In humans, there is an estimated 400,000 — 600,000 DA neurons divided between these three
regions (Baik, 2013). The retrorubal field (A8) manages a measly 5% of these clusters, whereas
the SNc (A9) accounts for ~70% of the remaining population split with the VTA (A8) (Baik,
2013; Bjorklund & Dunnett, 2007). In adult C57BL/6 mice, the SNc and VTA contain ~8000 —
12,000 DA neurons bilaterally (Fu et al., 2016; Nelson et al., 1996). The sprawled connections of
these brain areas and their functional connectedness with several different neuromodulatory
systems lends them to be involved in the integration of our default mode network (Zhang et al.,
2017). Indeed, the functions of these SNc and VTA DA neurons play such a fundamental role in
our most basic responses to the environment, subsequently laying the foundation for our
behaviour, that they form the basis of three separate pathways that have been teased apart from
the rich network of neuronal highways in the brain (Fig 1.) The VTA is a central relay station for
two out of the three systems, the mesolimbic and mesocortical pathways, which project to the
limbic system and cortex, respectively (Morales & Margolis, 2017). The limbic connections
make it so that the VTA plays a role in behavioural and emotional responses such as reward and
motivation, and there is strong evidence that suggests that dysregulation of this system can
increase the risk of depression and drug seeking behaviours in susceptible individuals (Alcaro et
al., 2007; Baik, 2013; Tye et al., 2012). Projections to the dorsomedial prefrontal cortex (mPFC)
from the VT A make up the mesocortical pathway which encodes effort learning rather than the
more emotional reward learning of the mesolimbic system (Hauser et al., 2017). The third and
final dopaminergic pathway is the mesostriatal pathway, also referred to as the nigrostriatal

pathway. It is composed of projections from the SNc to the dorsal striatum and is infamous for



causing the severe motor complications in PD that occur when the neuronal system breaks down

(Zecca et al., 2001).
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Figure 1. Major input and output pathways of the substantia nigra pars compacta (SNc)
Glut/ACh/GABA and ventral tegmental area (VTA). The SNc receives GABAergic inputs mainly from the
stiatum (Stri), nucleus accumbens (Nacc), and substantia nigra pars reticulate (SNr),

Dopamine glutamatergic inputs from the subthalamic nucleus (STN), and all three fast NTs from the

@ SNe pedunculopontine tegmental nucleus (PPT) and laterodorsal tegmental nucleus (LDT). The
SNc send DA efferents to the striatum to act on D2 and D2 receptors on MSNs, forming the

@ VTA nigrostriatal pathway. The VTA receives glutamatergic inputs from the medial prefrontal

cortex (mPFC) and lateral habenula (LHb), and all three fast NTs from the PPT and LDT. The
VTA sends DA projections to the mPFC to form the mesocortical pathway, and to the NAcc
of the limbic system to form the mesolimbic pathway.

Electrophysiological studies show that DA neurons exhibit a unique firing pattern of slow,
tonic activity intermingled with spontaneous bursts of increased activity (Grace & Bunney,
1984a, 1984b). Shultz had deciphered this pattern of continuous activity with phasic excitatory
or inhibitory periods to be responses tied to expected rewards (Schultz, 1998). If an animal
receives an unexpected reward after a behaviour or stimulus, a sharp increase in activity is
elicited. Conversely, if an animal does not receive a reward after a conditioned behaviour or
stimulus, predicting reward tonic firing is shunted. As more and more studies were published
exploring the intricacies of this phenomena, the role of midbrain DA neurons was pigeon-holed
into encoding reward prediction errors. This is obviously an important function as this promotes
reinforcement-dependent learning (Schultz, 1998), however, this stable outflow of dopamine

may also play a role in the autoregulation of DA neurons themselves.



DA neurons of the murine SNc do not display the phenotypical dark colouration found in
human samples. Therefore, the tagging of TH, the rate limiting enzyme for dopamine synthesis,
is necessary in histological experiments to identify the DA neuron population from the otherwise
monochromatic neural tissue. By adding this method to the arsenal of other techniques used to
uncover the inner workings of midbrain DA neurons, it is now evident that the SNc and VTA
have unique morphological and electrophysiological profiles (Holly & Miczek, 2015; Lammel et
al., 2008). The key to understanding how and why VTA DA neurons are for the most part spared

during the progression of PD could lay in these differences.

1.2.1 The substantia nigra

The SN is a midbrain DA nucleus which has functions in sleep, reward and motivation,
addiction, and most notably, execution of volitional movement (Chinta & Andersen, 2005; Wise,
2009). This modulatory hub can be divided into two morphologically and functionally distinct
regions: the substantia nigra pars compacta (SNc) and the substantia nigra pars reticulata (SNr)
(Paladini & Tepper, 2016). The SNr is comprised of mainly GABAergic projection neurons that
synapse somewhat locally onto DA neurons of the SNc and act as an output center of the basal
ganglia (Deniau et al., 2007; C. R. Lee & Tepper, 2007). The SNc houses a densely-packed
population of DA neurons, which in humans look black to the naked eye due to the accumulation
of neuromelanin, giving rise to the regions name “black substance” in Latin (Sonne et al., 2022).
Degeneration of these neurons, whether it be due to genetic or environmental factors, manifests
the motor complications associated with PD (Zecca et al., 2001).

SNc DA neurons are the main effectors of the nigrostriatal pathway, the bilateral circuit
that innervates the striatum, a forebrain structure belonging to the basal ganglia and composed of
the caudate and putamen. The striatum is the diverging point for the two opposing but synergistic
pathways of the basal ganglia: the direct pathway and indirect pathway. Here, DA acts on
GABAergic medium spiny neurons (MSNs) in the striatum which express either D1 or D2
receptors (Young et al., 2022). Both of these targets are G protein-coupled receptors that respond
to DA, however act in conflicting manners (Verharen et al., 2019). The population of MSNs that
express D1 receptors are preferentially expressed in the striatum, and when activated trigger the

cascade of inhibition and excitation of basal ganglia nuclei involved in the direct pathway (Nishi



et al., 2011). Broadly, the direct pathway endorses movement starting with the cortex exciting
D1 receptors on MSNSs in the striatum which in turn inhibits GABAergic neurons of the globus
pallidus internus (GP1) and SNr that project to the thalamus, allowing the thalamus to excite the
cortex and permit movement (Nishi et al., 2011). D2 receptors on the other hand dampen the
inhibitory signal of the striatum to the GPi and SNr, subsequently inhibiting the thalamus and
therefore the motor cortex, blocking the execution of movement. Without sufficient DA
signaling, the balance between the two pathways is tipped in favour of the indirect pathway,
resulting in the bradykinesia that PD patients often face as the disease progresses (MgGregor &
Nelson, 2019).

The complex connections between midbrain DA neurons and the striatum greatly
overshadows all other networks the SNc is involved in. Not only do DA neurons receive inputs
from the striatum but also from the cortex, lateral habenula (LHb), pedunculopontine tegmental
nucleus (PPT), and laterodorsal tegmental nucleus (LDT) (Galtieri et al., 2017; Grillner &
Robertson, 2016). To further its complexity, recent studies have shown that the SNc itself can be
divided into four distinct heterogenous subpopulations, the dorsal, ventral, lateral, and medial
regions, all with their own unique inputs, outputs, functions, and morphology (Estakhr et al.,
2017; Fu et al., 2012, 2016; Gratiet et al., 2022; Grillner & Robertson, 2016; Hong & Hikosaka,
2014; Lerner et al., 2015; Y. Zhang et al., 2017). For example, DA neuron cell bodies in the
lateral SNc are small and round whereas dorsal DA neurons are larger and oval-shaped (Fu et al.,
2012). In the medial SNc, DA neurons have far reaching dendrites that extend into the SNr and
express a higher concentration of K-ATP channels, the targets that are responsible for burst
firing, than the lateral SNc (Lerner et al., 2015). This suggests that the area of striatal output
innervated by the medial SNc would receive a higher instance of dopaminergic signaling after
the animal experiences an unexpected reward or novel stimuli (Lerner et al., 2015; Schiemann et
al, 2012). We can look to the PPT for evidence of heterogeneous innervation, as this midbrain
nucleus stimulates either the medial or lateral region of the SN¢ depending on expected outcome
of rewards and environment. If the animal receives a better-than-expected reward, a signal is sent
to the medial SNc, whereas the lateral SNc is stimulated after an unpredicted reward (Hong &

Hikosaka, 2014).



1.2.2 The ventral tegmental area

Like the SNc, the VTA is an extremely heterogeneous structure of the midbrain. It is
most commonly recognized as a dopamine output center, however an estimated 30-35% of the
cell population is GABAergic, and a small portion (2-3%) glutamatergic (Baik, 2020; Holly &
Miczek, 2015; Sesack & Grace, 2010; Nair-Roberts et al, 2008). Despite having no clear
distinctive borders, the VTA can roughly be divided into four sub regions along both its
rostral/caudal and medial/lateral axis each with their own unique cytoarchitectonic features
(Holly & Miczek, 2015; Trutti et al., 2019). The two subregions that bookend the VTA are the
parafasiculus retroflexus area and the ventral tegmental tail, both of which display very fair TH
staining. The parafasiculus retroflexus area is most rostral and has been described as an
extension of the posterior hypothalamus area (Holly & Miczek, 2015; Ikemoto, 2007). The
ventral tegmental tail, also known as the rostromedial tegmental nucleus (RMTg), is located at
the most caudal end, and has been described as “a major break for dopamine systems,” as it is
rich in GABAergic neurons that send efferents into other VTA subregions as well as the SN¢
(Bourdy & Barrot, 2012; Ikemoto, 2007; Sanchez-Catalan et al., 2017). The more ventromedial
posteriorly placed paranigral nucleus (PN) and parabrachial pigmented area (PBP) are rich in DA
neurons and occupy the middle two thirds of the VTA (Holly & Miczek, 2015). The PN is a high
throughput area, extending projections to several targets such as the shell of NAc, mPFC, and
medial olfactory tubule (Lammel et al., 2011; Morales & Margolis, 2017). Lastly, the PBP is
thought to be a continuation of the anterior SNc and is involved in homeostatic regulation and
relaying sensory information to the forebrain (Palmiter, 2018).

The rich connections that VTA DA neurons make throughout the brain are divided into
the mesolimbic and mesocortical pathways, sending projections to the NAc, a segment of the
limbic system in the striatum, and prefrontal cortex, respectively (Morales & Margolis, 2017;
Trutti et al., 2019). Presence of dopamine in these areas is what allows an individual to find
pleasure in life sustaining activities, rewarding and reinforcing the act of seeking out food, drink,
and sex (Feltenstein et al., 2021). The connection with the NAc is the driver for reward learning
and motivation and has been highly implicated in the reinforcement of pleasurable behaviours
(Salamone et al., 2003). Projections to the mPFC are involved with more logical rather than

emotional cognition, such as emotion regulation and executive functioning (Feltenstein et al.,



1993). Interestingly, recent studies have found that DA neurons in the mesocortical pathway also
respond to aversive stimuli, broadening the scope of function for this neuronal population
(Lammel et al., 2011).

The regulation of VTA activity is mediated by cholinergic, glutamatergic, and
GABAergic projections from a variety of brain regions, similarly to the neighbouring SNc
(Morales & Margolis, 2017; Yoo et al., 2017). Cholinergic innervation to the VTA arrives
mainly from the PPT and LDT, with each region preferentially synapsing onto DA neurons
involved in either the mesocortical or mesolimbic pathways (Dautan et al., 2016; Omelchenko &
Sesack, 2006). The PPT contributes to mesocortical DA neurons within the VT A, whereas the
LDT is functionally connected to VTA DA neurons in the mesolimbic pathway (Dautan et al.,
2016). The role of ACh mediated excitation is important for the regulation of the reward and
pleasure-seeking behaviours controlled by the VTA, evidenced by the extremely addictive
qualities of nicotine, a consequence stemming from the activation of VTA DA neurons upon
binding to their nicotinic acetylcholine receptors (Liu et al., 2012; Mao et al., 2011).
Glutamatergic projections from the mPFC, PPT, LDT, LHb, periaqueductal grey, and dorsal
raphe nucleus have also been shown to stimulate VTA DA release (Morales & Margolis, 2017;
Yoo et al., 2017). Maintaining proper glutamate homeostasis in the VTA is imperative given that
it is in large part responsible for proper mesolimbic functioning and has been known for some
time to be the driver for drug liking and drug seeking behaviours after prolonged use of
psychostimulants such as cocaine, amphetamine, and methamphetamine (Fischer et al., 2021;
Niedzielska-Andres et al., 2021). Lastly, GABAergic projections from the RMTg and the NAc
regulate DA neurons by acting as their primary off switch (Morales & Margolis, 2017).
Inhibition of VTA DA neurons is important for modulating circuits involved in reward
prediction error as well as learning between appetitive and aversive stimuli (Kim et al., 2012;
Lammel et al., 2012; Weitz et al., 2021). In addition, alterations in GABA signaling onto DA
neurons in the VTA leads to disastrous consequences evidenced by the drug seeking behaviours
which occur due to downregulation of inhibitory inputs, catalyzed by repeated used of substances

such as cocaine which hijack the VTA reward system (Weitz et al, 2021).



1.3  Synapses & their neurotransmitters

In 1949, Hebb summarized the cellular mechanisms of learning into what is now most
likely the most recognizable statement amongst neuroscientists — neurons that fire together, wire
together (Hebb, 1949). We now know that this wiring occurs both electrically and chemically,
with the majority of cells in the nervous system weighing heavily on the latter. Chemical
communication between neurons occurs when a pre-synaptic cell releases neurotransmitters into
the synaptic cleft to either trigger or shunt a depolarization event or make ultrastructural changes
to a post-synaptic cell. A great deal of research has gone into understanding the sequence of
events that occurs in the post-synaptic cell when neurotransmitters bind to post-synaptic protein
channels to trigger the initiation of complex molecular cascades. To highlight the length at which
these channels have been studied we can look to a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptors and N-methyl-D-aspartate (NMDA) receptors,
perhaps two of the most thoroughly studied channels in the brain (Sumi & Harada, 2020). We
understand how these two receptors work in tandem to induce long term potentiation through
synaptic plasticity, the basis of learning and memory, and have uncovered an extensive pool of
agonists and antagonists that alter their functions (Sumi & Harada, 2020).

Our understanding of synaptic events on the pre-synaptic side are murkier. The life cycle
of synaptic vesicles from neurotransmitter packaging to exocytosis has yet to be fully elucidated
unlike the inner workings of their post-synaptic receptor counterparts. This life cycle is called
synaptic vesicle recycling, a term coined by Heuser and Reese who used electron microscopy
(EM) to visualize this event occurring for the first time (Heuser & Reese, 1973). They observed
trends in synaptic vesicle depletion in motor nerve terminals of frog sartorius muscles following
electrical stimulation and noticed that immediately following a 10 Hz shock, there were no
synaptic vesicles present in pre-synaptic terminals. However, these stores were quickly
replenished after 15 minutes, showing how quickly and efficiently vesicle recycling occurs
(Heuser & Reese, 1973). Despite not fully understanding the intricate balancing act between
protein and membrane interactions involved in neurotransmitter release and vesicle recycling,
synaptic vesicles are some of the most thoroughly studied trafficking organelles with over 80 of
their membrane proteins identified (Takamori et al., 2006). Within these 80, there are five

transmembrane proteins that are ubiquitous amongst all synaptic vesicles, all with which we have
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various levels of knowledge concerning their roles and functions during recycling. The two that
we are most familiar with are synaptobrevin, a SNARE protein required for fusion to the pre-
synaptic membrane, and synaptotagmin, a calcium sensor that triggers exocytosis (Chapman,
2002; Rizzoli & Betz, 2004). The two that we still haven’t fully understood are SV2, which is
believed to play a role in neurotransmitter release, and synaptophysin which may interact with
lipids important in this process (Rizzoli & Betz, 2004; Takamori et al., 2006; Wan et al., 2010).
Last but not least, each synaptic vesicle requires neurotransmitter transporters to, as the name
suggests, transport neurotransmitters into the vesicle (Rizzoli & Betz, 2004). Although the title
of “neurotransmitter transporter” seems relatively self-explanatory, they do not always act as the
sole mechanism behind neurotransmitter packaging. Instead, they work in tandem with a
vacuolar ATPase (V-ATPase), a proton pump which acidifies the lumen of the vesicle, triggering
the translocation of neurotransmitters from the cytosol into the vesicle (T. Nishi & Forgac, 2002;
Varoqui et al., 1996; Abbas et al., 2020).

In 1966, Werman laid out certain criteria that a molecule is required to meet in order to
be classified as a neurotransmitter: First, it needs to be present in the pre-synaptic neuron.
Second, it needs to elicit an effect on a post-synaptic neuron when released into the synaptic
cleft. Third, these effects still occur when applied exogenously. Lastly, its effects can be blocked
or enhanced by the presence of antagonists or agonists (Avoli & Krnjevi¢, 2015; Werman, 1966).
DA neurons of the SNc and VTA are primarily regulated by three molecules that meet these
criteria - glutamate, ACh, and GABA (Kitai et al., 1999; Misgeld, 2004; Tepper & Lee, 2007;
Morales & Margolis, 2017; Yoo et al., 2017). Each of these neurotransmitters exert distinct
effects on the midbrain, and maintaining a fine balance of their combined influences is necessary

for normal functioning.

1.3.1 Glutamate

The first evidence of glutamate acting as a neurotransmitter was documented in the
1970’s and has since been found ubiquitously throughout the mammalian CNS (Ozkan et al.,
1997). Acting as the chief excitatory molecule in the brain, glutamate plays invaluable roles in
perception, cognition, and perhaps most notably, learning and memory by acting as the trigger

for the opening of AMPA and NMDA receptors (Dong et al., 2009). Because this small molecule
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has a myriad of effects in all areas of the brain, it is imperative that its extracellular concentration
be tightly regulated. If left uncontrolled, rogue glutamate due to insufficient reuptake from
astrocytes or the presynaptic cell can induce excitotoxicity, a phenomenon caused by
overstimulation of glutamate receptors leading to neuronal dysfunction and cell death (Dong et
al., 2009; Zhou & Danbolt, 2014). Disturbances in this system have also been implicated in the
pathophysiology of psychiatric disturbances such as anxiety, post-traumatic stress disorder
(PTSD), depression, and schizophrenia (Dong et al., 2009; Nasir et al., 2020)

Glutamate is at the crossroads of two molecular synthesis pathways, glutamine, a non-
essential amino acid, and GABA, the main inhibitory neurotransmitter in the CNS. Glutamate is
shuttled into vesicles via vesicular glutamate transporters (VGLUT), of which there are three
isoforms: VGLUT1, which is localized on neurons in the cortex and hippocampus, VGLUT2,
which are more routinely found on neurons in the brainstem and diencephalon (Eriksen et al.,
2020; Herzog et al., 2001), and VGLUT3, which is perhaps the least studied of three due to its
more recent discovery. Despite this, intriguing research has shown that this third isoform is
commonly localized on the soma of central serotonergic neurons and increases the presence of
ACh and cholinergic transmission in the striatum (Amilhon et al., 2010; Herzog et al., 2001;
Takamori et al., 2002). In the past, it was originally thought that glutamate was simply released
into the synaptic cleft from the cytosol, bypassing the need to be packaged into vesicles (De
Belleroche & Bradford, 1977), however it wasn’t until 1983 that Naito and Ueda were able to
isolate glutamatergic synaptic vesicles in the bovine cortex (Naito & Ttetsufumi Ueda, 1983).
We now know that mechanistically the packaging of glutamate into vesicles very closely
resembles that of other fast-acting neurotransmitters by utilizing the electrochemical gradient
produced via a V-ATPase. A unique feature of glutamate packaging however is its reliance on
the presence of a very specific range of chloride concentrations in the cytosol (Eriksen et al.,
2020). Rather unexpectedly, the relationship between chloride concentration and vesicular
uptake of glutamate is biphasic, with low concentrations (1-5 mM) promoting uptake, and high
concentrations (above 20 mM) inhibiting the process (Ozkan et al., 1997).

With the heterogeneity of glutamatergic projections in the brain, it comes as no surprise
that DA centers are heavily influenced by this system. Interestingly, glutamate seems to play a
neuroprotective role in the context of Parkinsonian degeneration in DA neurons (Buck et al.,

2022). There are several hypotheses as to why this selective immunity occurs, however the most
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promising research suggests that higher expression of VGLUT2 on these select DA cells may be
somehow neuroprotective (Steinkellner et al., 2022). DA neurons in the VTA have been shown
to express high levels of VGLUT2 for example and are less susceptible to Parkinsonian
degeneration compared to neurons in the neighbouring SN¢ (Bimpisidis & Wallén-Mackenzie,
2019; Sulzer & Surmeier, 2013; Yamaguchi et al., 2015). Expression of VGLUT1 and VGLUT2
is also abnormal in non-DA midbrain regions as seen in post-mortem samples of human PD
patient brains — levels were elevated in the putamen and drastically decreased in the prefrontal
and temporal cortices (Kashani et al., 2007). The variations in VGLUT presence throughout the
brain in mouse and human forms of PD supports the theory that glutamate is likely involved in

PD pathogenesis in some capacity.

1.3.2 Acetylcholine

It is no question that ACh is an important molecule in both the CNS and peripheral
nervous system (PNS). ACh is the oldest recorded neurotransmitter, first being characterized in
the CNS in 1921 (Loewi, 1924). In the periphery, it plays important roles in the autonomic
nervous system such as regulation of cardiac contractions, stimulation of the vagus nerve,
exocrine gland secretion, and contraction of skeletal muscle (Sam & Bordoni, 2022). In the CNS,
cholinergic projections arise from the brainstem nuclei, medial habenula, basal forebrain, and
medial septum and is involved in complex processes such hippocampal synaptic plasticity,
addiction, reward, and attention (Picciotto et al., 2012). The major cholinergic inputs to the basal
ganglia and the VTA originate from the PPT and LDT, with the human PPT housing between 10
000 - 15 000 cholinergic neurons (Pahapill & Lozano, 2000). ACh acts via two different types of
post-synaptic receptors, muscarinic receptors (mAChRs) which are slow, inhibitory G protein-
coupled receptors, and nicotinic receptors (nAChRs) which are fast, excitatory cation channels.
These receptors are found all on neurons all throughout the brain, however DA neurons in the
SNc possess one of the highest densities of nAChRs (Nashmi et al, 2007) which emphasizes the
significant influence ACh has on the midbrain.

For ACh to first enter the synapse and act on these post-synaptic receptors, it first needs
to be packed into vesicles in the pre-synaptic terminal. Vesicular acetylcholine transporter

(VAChT) is the synaptic vesicle membrane protein that shuttles ACh from the cytoplasm of the
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pre-synaptic cell into vesicles (Varoqui et al., 1996). For each molecule of acetylcholine brought
into the vesicle, two protons need to be shuttled out against their electrochemical gradient by the
previously described V-ATPase (Bravo & Parsons, 2002; Nguyen et al., 1998). Abnormal
expression of VAChHT has been found to lead to a variety of behavioural and physiological
disturbances in drosophila, mouse, and post-mortem human brain studies (Martella et al., 2009;
Mazere et al., 2021; Showell et al., 2020; White et al., 2020), providing insurmountable evidence
that this 12 transmembrane domain protein is necessary for normal functioning. In fact, VAChT
and ACh are so critical for life that VAChT knock-out mouse pups do not survive past birth due
to respiratory failure (Castro et al., 2009; Prado et al., 2013). In the context of PD, cholinergic
transmission may play a more influential role in movement disturbances, specifically in posture
and gait, than previously suspected. Janickova and colleagues selectively deleted VAChT from
cholinergic neurons in the PPT and LDT of mice and noticed that their motor behaviour
mimicked that of individuals with PD (Janickova et al., 2017). Indeed, these mutant mice
displayed abnormal gait patterns such as slower, smaller steps and compromised posture and
balance that worsened with age (Janickova et al., 2017). Cholinergic neurons of the PPT and
LDT in individuals with PD experience similar patterns of degeneration as DA neurons in the
SNc (Bohnen & Albin, 2009; E. C. Hirsch et al., 1987), and have been shown to contribute to
motor control deficiencies hallmark to this disease (Karachi et al., 2010; Pahapill & Lozano,
2000). So much so, that the PPT has been considered a potential candidate for DBS to quell these
motor disturbances (Kenney et al., 2014; Plaha & Gill, 2005; Stefani et al., 2007). As previously
discussed, DBS presents with a myriad of obstacles that prevents it from being the most common
therapeutic avenue despite its almost immediate and consistent results. Therefore, more
pharmacological interventions are currently being investigated, with ACh possibly being an

unsuspected candidate.

1.3.3 GABA

The journey in disentangling the role of GABA within the CNS has been a turbulent one.
First being recognized as metabolite in the Krebs cycle, promoted to the title of neurotransmitter
in 1953, demoted back to a metabolite less than a decade after this in 1960, and finally reinstated

as a neurotransmitter in 1963, GABA has earned its rank amongst the fast-acting
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neurotransmitters in the CNS (Jorgensen, 2005; Agner, 2001). It was one of the earlier seminal
studies that launched GABA into its first stint as a neurotransmitter that uncovered its inhibitory
effects by shunting the stretch reflex in crayfish by washing bovine brain precipitates over
crayfish muscle fibers (Florey & Mclennan, 1955). Since then, even though it wasn’t always
recognized as a neurotransmitter after this study was published, it has become wildly accepted
that GABA is the primary inhibitory effector in the brain. Indeed, approximately 20-40% of
cortical neurons use GABA as their primary inhibitory neurotransmitter (Petroff, 2002). The
importance of proper GABA signalling becomes apparent when this system is dysregulated, as a
number of neurological disturbances arise such as epilepsy, generalised anxiety disorder,
Huntington’s disease, and PD (Buddhala et al., 2009). Similarly, mice who lack the ability to
package GABA into vesicles present with a myriad of disorders such as epilepsy, schizophrenia,
anxiety, and are even at risk for peripheral disturbances such as diabetes mellitus (Al-Kuraishy et
al., 2021; Bolneo et al., 2022).

GABA is a derivative of glutamate, formed by the alpha-decarboxylation of glutamate
catalyzed by glutamate decarboxylase (GAD) (Petroff, 2002). There are two main GAD
isoforms, GAD65 and GAD67, who share the role of GABA synthesis however display unique
distributions in the brain, suggesting that they are present in different contexts (Martin & Barke,
1998; Pinal & Tobin, 1998). GAD67 is thought to be evenly scattered throughout the brain and
more versatile in its functions, playing a role in synaptogenesis and neuronal protection
alongside its function in neurotransmission (Buddhala et al., 2009). This wider range of
distribution makes sense as studies have shown that GAD67 is responsible for ~70% of total
GABA synthesis in the brain, and GAD67 knockout mice do not survive past birth due to cleft
palates (Asada et al., 1997; Petroft, 2002). GADG65 is more specialized, found concentrated
around nerve terminals and synthesizes the remaining 30% of GABA exclusively for vesicular
release (Kaufman et al., 1991; Petroff, 2002). Once synthesized from its precursor, GABA is
translocated into synaptic vesicles by vesicular GABA transporter (VGAT) and driven by the
electrochemical proton gradient produced by V-ATPase (Hells et al., 1990; Mclntire et al.,
1997). VGAT only requires one proton to shuttle a singular GABA molecule across the vesicle
membrane and relies more on the change in electrical gradient than proton gradient for its

neurotransmitter packaging (Ahnet-Hilger et al., 2003).
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DA neurons in the SNc and VTA receive both local and longer-range GABAergic
projections from a variety of different brain areas (Omelchenko & Sesack., 2009; Barrot et al.,
2012; Fallon & Loughlin., 1995). In the SNc, inhibitory influence arises from the SNr, the
striatum, the STN, globus pallidus externus, and somatosensory and motor cortices (Bolam &
Smith, 1990; Chang et al., 1984; Galvan et al., 2006; Watabe-Uchida et al., 2012; F. M. Zhou &
Lee, 2011). The VTA also receives GABAergic afferents from the striatum in addition to the
LHb, lateral orbitofrontal cortex, the ventral tegmental tail, lateral hypothalamus, periaqueductal
grey, and dorsal raphe nucleus (Morales & Margolis, 2017; Watabe-Uchida et al., 2012). Low
levels of GABA have been found in cerebral spinal fluid of patients with PD, suggesting that the
presence of GABA in the SNc may be necessary in staving off DA neuron degeneration (de Jong
et al., 1984; Manyam, 1982). This has been further demonstrated in rat models of PD where
injections of GAD vectors into the STN rescued motor symptoms and lessened the severity of

DA neuron loss in the SNc following 6-hydroxydopamine (6-OHDA) lesions (Luo et al., 2002).

1.4  Synapse classification

In 1906, just twelve years after the drawings of Ramon y Cajal elegantly brought neurons
beyond the microscope and to the naked eye in 1894, Sherrington brought Cajal’s drawings to
life with physiological explanations of nervous transmission and the first proposed definition of a
synapse (Lopez-Muiioz & Alamo, 2009; Cajal, 1894; Sherrington, 1906). Because of his
previous electrophysiological work investigating spinal reflex arcs and Wallerian degeneration,
Sherrington was able to speculate that there was a discontinuity between neurons despite not
having the resolution available to see the individual compartments of a traditional synapse
(Bennett, 1994). Indeed, in his efforts in understanding the polysynaptic connections of the
spinal reflex arc he noticed that there was a delay in excitation of the motor neuron from the
descending primary neuron, a phenomenon which he termed “synaptic delay” (Sotelo, 2020).
These segregated compartments of the synapse were then visualized for the first time in 1959,
when a ground-breaking paper published by E. G. Gray laid some of the most foundational
groundwork in the field of neuroscience. Using EM, he describes a pre-synaptic process which
usually contained mitochondria and many synaptic vesicles opposing a post-synaptic membrane

across a 250 — 350 angstrom (25 - 35 nm) gap (Gray, 1959b). He then goes on to classify two
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types of synapses in the CNS - Type 1 and Type 2 (Gray, 1959a). Whether a synapse is classified
as Type 1 or Type 2 is determined by the thickness of the post-synaptic density (PSD) in the
post-synaptic cell. Type 1 synapses have a PSD larger than the synaptic cleft and Type 2
synapses are accompanied by a PSD similar in width (Gray, 1959a; Romaus-Sanjurjo et al.,
2021) to the cleft.

As with most other biological tissues structure often relates to function, so it comes as no
surprise that these two types of synapses are speculated to work in different ways. It wasn’t until
1968 however, nearly a decade after Gray introduced his Type 1 and Type 2 synapse, that
Colonnier identified these differences and coined the terms “asymmetric” synapses for Type 1
and “symmetric” for Type 2, the vernacular that is most commonly used today (Colonnier,
1968). It was also during this time that researchers were starting to recognize that there were
patterns in the size and shape of vesicles contained within the pre-synaptic boutons which
seemed correlated with the synapse type. Two morphologically distinct populations of vesicles
were described — spherical or flat, which is also referred to as ellipsoidal (Bodian, 1966;
Uchizono, 1965). Through several studies examining the ultrastructure of the CNS and PNS,
spherical vesicles are associated with excitatory transmission (Grey’s Type 1 synapse), whereas
flattened vesicles are responsible for inhibitory transmission (Grey’s Type 2 synapse) (Levering
Price, 1968; Uchizono, 1965, 1967; Walberg, 1966). Putatively, Ach-containing vesicles are
large and round, with an approximate diameter of 45-50 nm (Gray & Guillery, 1966; Heuser &
Reese, 1973). Prior investigations in our laboratory into the size of ACh vesicles using
diaphragm muscles of the rat show that these vesicles can also average ~60 nm. Smaller round
vesicles were observed to be on average 300 — 500 angstrom (30 — 50 nm) in diameter (Gray &
Guillery, 1966), and associated with a PSD which are thought to be a result of glutamatergic
transmission. Inhibitory synapses take on a more ellipsoid or oval shape and are commonly
between 40 -50 nm at their long axis (Chang et al., 1984; Walberg, 1966), but have also been
observed to be as long as 80 nm. Studies that aimed to elucidate the difference in appearance
suggest that aldehyde fixation is responsible, as flattened vesicles were absent in any electron
micrographs of CNS tissue fixed with only osmium (Walberg, 1966). The exact mechanism

behind this remains unclear, however it is speculated that this morphological change could be the
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result of change in tonicity of the tissue during fixation (Bodian, 1970; Larramendi et al., 1967;

Walberg, 1966).

Pre-synaptic terminal
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Figure 2. Schematic illustration of a variety of synapse types in the CNS based on EM ultrastructure. Glutamatergic
characteristically contain round ~30-40 nm vesicles and the post-synaptic terminal contains a PSD (asymmetric synapse).
Cholinergic terminals have large ~50-60 nm vesicles, whereas GABA terminals contain ellipsoid with a length of ~50-80 nm and
a width of ~20-30 nm.

1.5 Co-transmission/co-localization of neurotransmitters in the CNS

During the nineteenth century a 30-year-old debate, now endearingly referred to as “the
War of Soups and Sparks” was taking place between scientists who argued that communication
between neurons was either purely chemical (Soups), the cell theory, or purely electrical

(Sparks), the syncytium theory (Greengard., 2001; Strata & Harvey., 1999; Sotelo., 2020).
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Pioneers of the field belonging to the camp of cell theory ultimately came up on top, however,
unbeknownst to them, held an outdated view that a neuron had the ability to release only one
neurotransmitter from their presynaptic terminals, confining it to either an excitatory or
inhibitory role within the nervous system (Strata & Harvey, 1999). This school of thought is
referred to as Dale’s principal — “that a neuron releases a single classical neurotransmitter at all
of its synapses,” a dogma that earned Henry Dale and his colleague, Otto Loewi, the Nobel Prize
of Physiology or Medicine in 1936 (Tritsch et al., 2016). In modern day neuroscience, we now
know that neuron to neuron communication is a combination of the syncytium theory and cell
theory - neurons can communicate electrically through gap junctions in addition to chemically
via the release of neurotransmitters in the synaptic cleft (Kandel et al., 2000). Perhaps an even
more radical discovery, one which completely uproots Dale’s principal, is that pre-synaptic
neurons can release more than one neurotransmitter at a time from its bouton. These findings
opened the door for potentially any neuron in the CNS or PNS to be excitatory, inhibitory, or
modulatory, at any given moment (Tritsch et al., 2016).

The first evidence of this phenomena was demonstrated in the PNS by Eugene Silinksy,
who in 1975 showed that ACh and ATP were co-released through seminal electrophysiological
experiments using rat phrenic nerves (Silinsky, 1975). Since then, an innumerable number of
papers have been published reporting a slew of different combinations of co-released and co-
transmitted neurotransmitters in both the CNS and PNS. Glycine and GABA for example have
been shown to be co-transmitted in inhibitory interneurons of the spinal cord and co-released in
rat spinal motor neurons and the mouse auditory midbrain (Jonas et al., 1998; Moore & Trussell,
2017; Triller et al., 1987). This combination is probably most intuitive, as GABA and glycine are
shuttled by the same vesicular packaging machinery, vesicular inhibitory amino acid transporter
(VIAAT) also known as VGAT, into vesicles (Aubrey et al., 2007; Burger et al., 1991).

Somewhat paradoxically, co-transmission/co-localization of excitatory and inhibitory
neurotransmitters has also been reported. For example, glutamate and GABA co-release in
several sites in the CNS such as the spinal cord, brainstem, and cerebellum (Seal & Edwards,
2006; Shabel et al., 2014; Zhang et al., 2017) have been documented. In a similar vein, Lee and
colleagues discovered that ACh and GABA are co-transmitted by starburst amacrine cells onto
direction-selective ganglion cells in the retina, giving rise to our ability detect image motion and

direction with pinpoint accuracy (Lee et al., 2010). Studies following this demonstrated that co-
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transmission of ACh and GABA also occurred in several different areas within the brain, with
the majority arising from GABA localizing in the boutons of cholinergic neurons and packaged
in separate vesicles (Granger et al., 2016; Saunders et al., 2015; Takacs et al., 2018). There are
also reports of co-transmission from midbrain DA neurons which release DA alongside either
glutamate or GABA onto their output targets (Steinkellner et al., 2022). The benefits of co-
transmitting an excitatory and inhibitory signal from the same synaptic ending are not fully
understood and seems counterintuitive at first glance. However, several lines of evidence suggest
that there is good reason for neurons in the brain to combine their on-off switches. Having
extremely precise control over the balance of excitation and inhibition allows for rapid shunting
of a signal, tight spatial and temporal regulation of firing patterns, and seems to play a crucial

role in learning and memory (Root et al., 2014; Sloviter et al., 1996; Tritsch et al., 2016)

1.6 Objectives & Hypotheses

The objectives for this study are to categorize the types of neurotransmitters present in
presynaptic terminals opposing DA neurons in the SNcM, SNcL, and the VTA, and determine
the frequency at which they appear. To complete these objectives I will be using confocal
microscopy to validate the claims that co-localization of ACh and GABA actually does occur,
and observe the distribution patterns of ACh, Glut, and GABA in these three regions. Using EM,
I will take advantage of its higher resolving power to describe the morphology of putative ACh,
GABA, and Glut vesicles, which I hypothesize can appear individually, or, be co-localized in the
same terminal but packaged in separate vesicles. In addition, I hypothesize that each region will

have its own unique profile, both within and between one another.
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Chapter 2 - Materials and Methods

2.1 Tissue processing for confocal microscopy

Wildtype 3—6-month-old male C57BL/6 mice were used and all procedures carried out in
these studies have been approved by the University of Victoria Animal Care Committee and in
compliance with Canadian Council for Animal Care guidelines. Mice were deeply anesthetized
with isoflurane until no response was elicited to a tail or toe pinch. Once animals were
sufficiently anesthetized, they were transcardially perfused with a gravity-fed perfusion device
starting with heparinized 0.12 M phosphate buffered saline (PBS) (pH 7.4) until blood no longer
flowed from right atrium, followed by ~80 ml of fixative composed of 4% paraformaldehyde
(PFA) and 0.1% glutaraldehyde. The brain was removed from the skull and post-fixed in the
same perfusion fix for up to 24 hours at 4° C. Brains were sectioned on a Leica vibratome at 50
um intervals in PBS and collected in separate 24 well plates filled with PBS. Landmarks used to
select which sections to use for further processing were the medial lemniscus to delineate the
VTA from the SNc, and the third cranial nerve (oculomotor nerve) which was used to delineate
the medial SNc from the lateral SNc (Fig. 18). Chemicals for tissue processing were purchased
from Electron Microscopy Services (Hatfield, PA, USA).

Sections containing regions of interest were permeabilized in 0.25% Triton-X 100 (Sigma
Aldrich) in PBS for 30 minutes at room temperature, followed by an hour-long incubation in
blocking solution of PBS with 10% bovine serum albumin (PBS BSA) (w/v), 5% normal donkey
serum (NDS), and 0.1% Triton-X-100 at 4°C. Sections were then incubated in the primary
antibodies as follows: rabbit anti-tyrosine hydroxylase (1:1000, Pel-Freeze Biologicals,
cat#P4010-150), goat anti-VAChHT (1:1000, Sigma-Aldrich, cat#ABN100), mouse anti-VGAT
(1:200, Synaptic Systems, cat#131-011), or mouse anti-VGLUT?2 (1:200, abcam, cat#ab79157)
diluted in 2% BSA and 0.1% Triton X-100 overnight at 4°C. After three consecutive 10 minute
washes in PBS and 0.1% Triton-100, sections were incubated in the following fluorescent-tagged
secondary antibodies for at least 3 hours at 4°C at a 1:400 dilution: donkey anti-rabbit Alexa
Fluor 647, donkey anti-goat Alexa Fluor 488, and donkey anti-mouse Alexa Fluor 594. Sections
were then washed once in PBS for 10 minutes, with then a final wash containing DAPI (blue

nuclear stain) at a 1 pg/ml concentration. After three rinses, sections were mounted on glass
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slides and coverslipped with Fluoro Gel with DABCO (Electron Microscopy Sciences, Hatfield,
PA, USA).

2.1.1 Confocal image acquisition

Images were obtained on an Olympus Fluoview FV1000 confocal laser scanning
microscope. All images were taken with a 4 ps/pixel dwell time and a 1024 x 1024 aspect ratio.
Low magnification images were first obtained of each section using a 10X objective (0.41 NA)
and 20X objective (0.75 NA) to create a map of each region. Regions were then imaged with a
60X oil-immersion lens (1.35 NA) at a 0.52 um step size and both a Kalman and sequential filter
enabled in order to be able to visualise puncta that correlated with individual vesicular
transporters. TH labeled with Alexa Fluor 647 was excited using a 635 nm laser at below 1%
max intensity, VAChT and VGLUT2 were labeled with Alexa Fluor 488 excited with a 488 nm
laser at ~1.5% max intensity, and finally VGAT labeled with Alexa 594 was excited with a 561
nm laser at ~3% max intensity. Each laser line intensity and corresponding HV was set as to
have as minimal saturation of pixels as possible while still maintaining a strong signal.

Analysis was performed using Fiji (ImagelJ) software. Five slices of each individual
channel from each stack were chosen for analysis based on strength of the signal. Slices were
taken at 0.52 um step size to create an image with a depth of 2.5 um when merged. Merging of
channels and Z-stack projection enabled us to see how many puncta on TH dendrites created a

yellow pixel colour, indicating putative co-localization of VAChT and VGAT.

2.2 Tissue processing and collection for immuno-electron microscopy

Perfusion of mice (n=4) of the same sex and age for immuno-electron microscopy
followed the same protocol as those used for confocal microscopy with the only difference being
the fixative solution contained 4% PFA and 0.5% glutaraldehyde. Sections containing the
previously described regions of interest were permeabilized with 0.1% sodium borohydride (w/v)
in PBS for 30 minutes at room temperature (RT). Because of the aggressive nature of sodium
borohydride, sections were rinsed once quickly in PBS to stop the reaction, then three more
times at 10 minutes each. To block endogenous peroxidase activity in the tissue, sections were

placed in 0.3% hydrogen peroxide (v/v) for 5 minutes at RT. Another quick wash in PBS with
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three subsequent 10 minute rinses occurred at RT before an one hour-long incubation in blocking
solution of 1% BSA (w/v), 5% NDS (v/v), and 0.01% Triton X-100 at 4° C. Sections then
underwent an overnight incubation in a 1:1000 dilution of rabbit anti-tyrosine hydroxylase
primary antibody (Pel-Freeze Biologicals, cat#P4010-150) diluted in blocking solution at 4° C.
The next day, sections were rinsed three times in PBS BSA and incubated in a solution of
donkey anti-rabbit horseradish peroxidase (HRP) conjugated secondary antibody (1:200, Thermo
Fisher, cat#A16029) for 3 hours at 4° C with the plate covered by tin foil, followed by three
rinses in PBS. TH-containing cells were visualized using a DAB (3,3'-diaminobenzidine) kit
(Vector Labs, Burlingame, CA, USA) for 3-5 minutes then washed with PBS until reaction
ceased. After all excess DAB solution had been rinsed, sections were transferred to a 0.15 M
solution of sodium cacodylate (pH 7.4) (Electron Microscopy Sciences, Hatfield, PA, USA) at 4°
C for at least one hour or until ready for further processing.

Each section containing regions of interest and adequate DAB staining were chosen for
microdissection and further EM processing (Fig. 18). At least four 1 x 1 mm pieces of the medial
SNc, lateral SNc, and VT A were microdissected under a dissecting microscope from the brain
slices (totalling to at least 12 pieces of tissue per mouse) and transferred to labeled glass 4 ml
vials with a pipette. All following steps were performed at RT on an angled rotating mixer. The
sodium cacodylate buffer was carefully removed and replaced with a solution of 1% osmium
tetroxide (Electron Microscopy Sciences, Hatfield, PA, USA) and 1% potassium ferrocyanide
(Sigma, St. Louis, MO, USA) in 0.15 M sodium cacodylate for 3 hours. The osmium solution
was then removed and tissue blocks were rinsed at three 10-minute intervals in deionized water.
Tissue blocks were then stained en bloc with 2% aqueous uranyl acetate (Electron Microscopy
Sciences, Hatfield, PA, USA) for at least 3 hours and up to overnight. After post-fixation and en
bloc staining, sections underwent dehydration in ascending concentrations of ethanol (50%, 70%,
80%, 95%, 2 x 100%) for 10 minutes each followed by an at least a 6-hour incubation in a 1:1
mixture of 100% ethanol and Spurr’s low viscosity resin (Electron Microscopy Sciences,
Hatfield, PA, USA) and finally in an overnight incubation in 100% Spurr’s resin. The next day,
fresh Spurr’s resin was replaced in the vials and mixed for at least one hour. Tissue pieces were
embedded in size 3 BEEM capsules (Electron Microscopy Sciences, Hatfield, PA, USA) and

polymerized in a 70°C oven overnight.
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Once fully polymerized, semi-thin sections (0.5 - 1 pm thick) sections were obtained
from each block on an ultramicrotome (UltraCut E, Reichert-Jung) and stained with 1%
Toluidine blue (aq) at 70°C on a hotplate. Both unstained and stained sections were examined by
light microscopy to ensure that there were DAB positive cells and dendrites (brown staining)
within the tissue sections. Block faces were then cut into a trapezoid shape with a razor blade and
ultrathin sections (60-70 nm) were obtained using a 45° diamond knife (Diatome, Hatfield, PA,
USA). Five 100 hex copper mesh grids (Electron Microscopy Sciences) containing sections from

each block were collected for morphometric analysis.

2.2.1 Transmission electron micrograph acquisition and analysis

Sections were observed using a JEM-1400 transmission electron microscope (TEM)
(JEOL) and images captured with an Orius SC1000 digital camera (Gatan, USA). Sections were
first surveyed using low magnification and once a DAB-positive dendrite with an opposing
presynaptic terminal containing at least 30 vesicles was identified, an image at x80 000
magnification was taken. If the entire diameter of the dendrite was not within the x80 000 image,
a lower power image was taken at x40 000 magnification. Twenty-five images were taken per
block. To summarize — for each mouse, at least four pieces each of the SNcM, SNcL, and VTA
were microdissected and polymerized into resin blocks from DAB-stained tissue. Each of the
four blocks per region were then sectioned at 60 nm and collected on 100 hex copper mesh grids.
By TEM, images of 25 different dendrites with visible synapses were taken from each block
(Fig. 3). For one mouse this totals to 4 pieces of tissue per region, 4 blocks per region, 25 images
per block, and therefore 100 images per region (SNcL, SNcM, VTA) for a total of 300 images
per mouse. For all of the four mice, 400 images were obtained from each midbrain region adding
up to a total of 1200 images across the three regions. Although 400 images per region were
acquired, on average 200 were analyzed totalling 600 images for the entire experiment because
of the unforeseen time-consumption of this type of analysis.

Classification of synapses, whether it be GABAergic, cholinergic, or glutamatergic, was
decided based on the morphology of vesicles in the presynaptic terminal as reported in previous
studies (Bodian, 1966; Uchizono, 1965; Gray & Guillery, 1966; Heuser & Reese, 1973) and

from prior work done in this laboratory. A neuromuscular junction was examined from the
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mouse diaphragm and was used for comparison of cholinergic vesicle sizes in the midbrain (See
Fig. 28 in Appendix).

Using FIJI, vesicle shapes and sizes were measured with the “Freehand selections” and
“Straight” tool respectively (Fig. 4). Using the “roundness” measurement, a value between 0 — 1

is calculated by F1JI using the equation:

Roundness = 4A/(pi*Major Axis?)
Where A = area

A value of 1 indicates that the traced vesicle is circular in shape whereas a value less than
1 indicates an ellipsoid shape. In this study, it was decided that if a vesicle has a roundness ratio
of less than 0.65 it was classified as GABAergic, and if the ratio was higher than 0.65, the
diameter was used to determine if the vesicle was putatively cholinergic or glutamatergic. The
“straight” tool was used on the longest axis of the traced perimeter to determine the diameter. If
the average diameter was 45 nm or smaller, the synapse was considered glutamatergic, and if
average diameter was more than 45 nm it was considered cholinergic. Terminals were considered
mixed if there were there at least 5 oblong vesicles present in a predominately round terminal,

and vice versa.
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Figure 3. Flowchart for tissue collection, imaging and morphometric analysis of presynaptic terminals. From each mouse,
four of SNcL, SNcM and VTA regions were microdissected from TH-DAB stained tissue, postfixed, and embedded in resin.
Ultrathin sections of 60 nm thickness were cut from each block and collected on 100 hex copper grids. Twenty-five images per
block per region were acquired with a JEM-1400 TEM and analysed with ImageJ.
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Figure 4. Morphometric analysis of vesicles within presynaptic terminals on DA dendrites using ImageJ (FIJI). Each
vesicle within a terminal was outlined with the “Freehand Selection” tool to calculate the roundness value (between 0-1). A
vesicle with a roundness >0.65 was classified as circular (See numbers 2, 4, and 5 in inset), whereas vesicles <0.65 were
ellipsoidal (indicated by boxes on excel sheet. See numbers 1, 3, 11, and 12 in inset). The “Straightline” tool measured the
greatest diameter of each vesicle. The diameters of all vesicles that scored >0.65 roundness were averaged to determine if the
vesicles were cholinergic (2, 4, and 5) or glutamatergic (not shown). For examples of glutamatergic vesicles see figure 15. Total
synapses from each mouse were compiled and analyzed and graphically represented with SPSS and GraphPad software.

2.2.2 3D electron-tomography

Electron tomography allows for a 3D visualization of a normally 2D electron micrograph
and has been used previously to visualize synapses in the PNS and CNS (Harlow et al., 2001;
Rizzoli & Betz, 2004). By adjusting the tilt of the specimen rod in the microscope, one can
capture images of distinct angles within the 60 nm-thick section, allowing for visualization of the
section contents from various angles. One tilt series of each synapse type (Glut, ACh, and

GABA) was acquired using the same digital camera equipped TEM as previously described.
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Before acquiring images, the eucentric height needed to be found to in order to orient the grid in
the Z axis to reduce the severity of drift as the rod tilted. To do this, the Z axis was lowered in
small increments and + 5° tilts were done to test the intensity of the drift. After the eucentric
height was found, each series had a tilted view of each image taken at £25° with 5° increments
for a total of a 50° tilt in the synapses. Images were aligned using Photoshop and saved as an

animated gif in order for the 3D shape to be visualized.

2.3  Statistical analysis

Statistical analyses were carried out using SPSS (IBM, USA) and graphs were made with
GraphPad Prism and SPSS. In total 613 dendrites were analysed, with n=200 in the SNcM,
n=213 in the SNcL, and n=200 in the VTA. Table 1 below summarizes the total number of
dendrites and vesicles counted for each presynaptic terminal in each region across 4 mice. Data
did not meet assumptions of normality as was determined by a Shapiro-Wilk normality test,
therefore nonparametric tests were employed for analysis. A Kruskal Wallis test was used to
determine if there were any differences in NT group within and between regions, followed by
Mann-Whitney U post hoc tests when appropriate. To determine if there was any relationship
between vesicle shape and size for each NT group in each region, a correlative analysis test using
Spearman’s rank-order correlation was run. Results across all tests were considered significant if

differences were reported at a p<0.05 alpha level.

Table 1. Summary of total number of terminals and vesicles contacting TH+ dendrites
within each region.

n =4 mice SNeM SNcL VTA

n = 4 blocks/region Terminals | Vesicles | Terminals | Vesicles | Terminals | Vesicles
n = 25 images/region

Glut 59 1355 64 1580 99 2208
ACh 39 691 42 793 46 856
GABA 3 111 2 60 0 0
ACh/GABA 65 1178 68 1613 33 816
Glut/GABA 34 679 37 943 22 407
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Chapter 3 — Results
3.1  General histology

The SNc and VTA are two high throughput areas, receiving inputs from nearly every
corner of the brain and sending DA projections, sometimes in conjunction with Glut or GABA,
to highly specialized brain regions that allow us to execute smooth volitional movements and
gives us motivation to engage in basic life-sustaining activities. The SNcM, SNcL, and VTA all
house densely-packed DA neurons with obvious nucleoli and long branching dendrites which
can be seen even with simple toluidine blue staining (Fig. 5). The DA neurons of the VTA are
separated from the SNc by the heavily myelinated tracts of the medial lemniscus, and the SNc is
divided into the SNcM and the SNcL by the longitudinally sectioned cranial third nerve. The
neuropil encompassing these neurons is composed of a dense meshwork of interweaving axons
myelinated by oligodendrocytes, discrete regions of astrocytes, and dendrites supported by
surveying microglia (Fig. 6).

DA neurons themselves are relatively large cells, with cell bodies measuring regularly
10-15 pm in diameter with cytoplasm compact with free ribosomes, mitochondria, rough
endoplasmic reticulum, and lysosomes (Fig 7). Their nuclei are euchromatic and often contain
prominent nucleoli indicating that the cell is very active, undergoing high rates of protein
translation. Not only this, but it is also not uncommon to see the nuclear envelope of DA nuclei
be deeply indented (Fig. 7). A second unique feature of DA neurons is that the location of their
axon initial segment (AIS) is not directly sprouting off the cell body which is the usually the case
for other neurons throughout the CNS, but rather extends off primary dendrites away from the
cell body (Moubarak et al., 2019). No AIS were observed in our investigations, however DA
neurons with multiple long reaching dendrites were commonly present within the surrounding
neuropil composed of longitudinally and cross sectioned dendrites in addition to heavily
myelinated axons. Pre-synaptic terminals containing vesicles of varying shapes and sizes were
found along these dendrites which we characterised as cholinergic, glutamatergic, or GABAergic
based on their size and shape. Putative cholinergic vesicles are round with a diameter of ~50 — 60
nm, small round putative glutamatergic vesicles have a diameter of ~30 — 45 nm and are
accompanied by a PSD on the post-synaptic terminal, the hallmark sign of an asymmetric
synapse, and ellipsoidal shaped putative GABAergic vesicles had a wide range of diameters,

reaching ~50 — 80 nm on their longest axis and ~20 — 30 nm on their smallest (Fig. 8). An
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example of a glutamatergic synapse containing small, round vesicles in their pre-synaptic
terminal and PSD on the post-synaptic cell can be seen synapsing onto a large DA dendrite in the
SNcL in figure 8. A putative cholinergic terminal with large vesicles is situated below, very
clearly showing the difference in size between them.

We documented the frequency of these various neurotransmitter types (ACh, Glut,
GABA, ACh/GABA, and Glut/GABA) using the aforementioned vesicle morphology in the
SNcM, the SNcL, and the VTA (Fig. 9), which will be discussed further in section 3.4. To
substantiate the claims that ACh and Glut vesicles were indeed round and oval GABAergic
vesicles were flat, 3D EM tomography was carried out for each ACh, Glut, and GABA vesicle
types. At either end of the 50° tilt (-25° and +25°), the round ACh and Glut vesicles did not
undergo any profound conformational change, suggesting that they take on a spherical shape in a
3D space. GABA vesicles either flatten or retain their oblong profile, indicating that they are
ellipsoidal in a 3D space (Fig. 10). The animated gifs further demonstrate that putative ACh and
Glut vesicles appear spherical, whereas putative GABA vesicles take on a more flattened, disc
shape. Mitochondria could be seen in many of the larger pre-synaptic terminals, showing that
events that take place in the boutons such as neurotransmitter vesicle packaging and vesicle
fusion to the pre-synaptic membrane require an abundance of energy to be successfully carried
out (Fig. 8, Fig. 9).

The structural integrity of DA neurons and the surrounding neuropil are maintained by
the various support cells of the CNS such as satellite cells, which can be seen in close contact to
cell bodies (Fig 7). Wandering microglia cells work as the support and clean-up crew, degrading
any waste from surrounding synapses and packaging the debris into lysosomes, which under the
EM appear extremely electron dense due to the amount of material compacted into the lysosomes
(Fig. 11). Astrocytes were unsurprisingly found near capillaries, which on average spanned 5 um
in diameter with prominent endothelial cells lining the lumen (Fig. 12). Astrocytes can be
distinguished from other support cells by their pale staining mitochondria and ability to contort
into sharp angles to infiltrate every nook and cranny of the neuropil (Nahirney & Tremblay,
2021). They are also commonly found supporting the synapse, wrapping around the entire

structure providing nutrients to the pre- and post-synaptic cells (Fig. 8).
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Figure S. Low (above) and high (below) magnification LM views of a toluidine blue-stained coronal section of the mouse
midbrain. Within the midrain are collections of DA neurons that are surrounded by the cerebral peduncle, medial lemniscus, and
the IIIrd nerve (oculomotor) which stain dark blue due to the myelin content in axons. The large DA neurons have euchromatic
nuclei with prominent nucleoli and show dendritic branches emanating from their cell bodies. Caps, Capillaries; PCA, Posterior
cerebral artery; APM, anterior pontomesencephalic vein.
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Figure 6. Low magnification EM of the SNcL in proximity to the IIIrd nerve. A large DA neuron cell body and its
surrounding dendrites (Den) are pseudocolored magenta. The surrounding neuropil contains a dense array of synaptic contacts
terminating onto dendrites of varying sizes not seen at this magnification. Oligo, Oligodendrocyte; Mg, microglia.
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Figure 7. Medium magnification EM view of a DA neuron and surrounding neuropil in the SNcL. The euchromatic DA
neuron nucleus shows elaborate nuclear envelope infolding and a prominent, centrally-located nucleolus (*). The cytoplasm is
replete with free ribosomes, rough endoplasmic reticulum, lysosomes, and mitochondria. Closely opposed to the DA neuron is a

supportive satellite cell. A collection of myelinated axons above and numerous dendrites (Den) occupy the surrounding neuropil
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Figure 8. Detailed view of a glutamatergic synapse on a proximal DA neuron dendrite in the SN¢M The rounded vesicles
measure ~30 — 40 nm in diameter and a prominent PSD is present on the dendritic membrane. For comparison, an ACh terminal
is below showing larger vesicles (~50-60 nm). A large mitochondria (Mi) is present within the terminal. The ~20 nm sized cleft
contains amorphous. DA neuron and its neighbouring capillarity (C) can be seen at low magnification. The lateral aspects of the
synapse contain enlarged endocytotic type vesicles that likely represent recycling vesicles (*). Astro, Astrocyte.
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Figure 9. Examples of ACh, mixed ACh/GABA, and Glut terminals in the SNcM. Low (A) and high (A’, A”, A’”*)
magnification views of a dopamine neuron and surrounding synapses in the SNcM. A large dopamine neuron (magenta) is
surrounded by neuropil filled with dendrites (Den), myelinated axons (Ax), and synaptic contacts on dendrites (A’, A”, and A”’).
Three distinct types of synapses are seen in this region. A putative cholinergic synapse (A’”, green) on a dendrite is filled with
large uniform-sized round vesicles ~50-60 nm (***) in diameter (shown at high magnification in inset). Another type of synapse
(A’, yellow) exhibits a mixture (*) of small oblong vesicles ~50 nm in diameter (arrowheads in inset) corresponding to putative
GABA-type vesicles and large cholinergic-type round vesicles (arrows in inset). A third type of synapse is putative glutamate
(A, blue) with small vesicles ~35-45 nm (*¥**) in diameter. Mi, mitochondria. Figure adapted from images I obtained for the Le
Gratiet et al., 2022 paper.
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Figure 10. Fifty degree tilts of ACh, Glut, and ACh/GABA terminals. Images show each neurotransmitter vesicle type at
opposite ends of 50° tilts. Putative ACh and Glut terminals remain circular at both -25° and +25°, showing that they are
spherical in shape. Putative GABA vesicles either stay oval shape or seem to flatten as the section is tilted, indicating that they
are morphologically different than ACh or Glut vesicles
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Figure 11. Other cellular constituents are also present within the midbrain neuropil. Here, a perivascular
microglia with prominent lysosomes (Ly) is in close contact with a synapse suggesting that they play a role in
synaptic homeostasis. C, Capillary; Ax, Axon
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Figure 12. Low mag survey view of the SNc showing a portion of a DA neuron and its dendrite abutting a capillary (Cap)
and astrocytic end feet (AEF) near the capillary. The astrocytic nucleus is seen below along with a perivascular microglial
cell. Den, Dendrites; Mico, Microglia; Endo, Endothelial cell; Cap, Capillary
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3.2 Confocal microscopy

Confocal microscopy was used to visualise the pattern of VGLUT2, VAChT, and VGAT
terminals along DA dendrites and to validate the claims that there is indeed co-localization of
ACh and GABA in synaptic terminals in the SNcM, SNcL, and VTA. Using TH (magenta) as a
marker of DA neurons and tagging the appropriate vesicular transporters for each
neurotransmitter, VAChT (green) for cholinergic vesicles, VGAT (red) for GABAergic vesicles,
and VGLUT 2 (cyan) for Glutamatergic vesicles, the distribution of each synapse type along DA
dendrites in the midbrain were observed. At low magnifications (Fig. 13, Fig. 15), DA neurons
stained brightly with relatively large cell bodies and long processes than span up to tens of
microns before disappearing into the dense network of intertwining dendrites. In sagittal
sections, long DA projections extended anteriorly to their target regions. These include either the
striatum, mPFC, or NAc depending if the origins of their cell bodies stemmed from the SNc or
VTA, respectively. VGLUT?2 labeling was present in the SNc and VTA, which was to be
expected seeing as previous studies have shown that this vesicular transporter localizes
predominantly in the midbrain (Eriksen et al., 2020). Despite this, individual puncta could not be
resolved at low magnifications. In coronal sections, landmarks used to compartmentalize DA
neurons to their separate regions were present. The medial lemniscus severs the VTA from the
SNc, whereas the third cranial nerve separates the SNcM from the SNcL. VGAT staining was
diffuse and extended past the SNc into the SNr. This comes as no surprise, as the SNr receives
inhibitory input from the striatum and is a main GABA output center for the basal ganglia.
VAChHT puncta are mostly non-existent at these higher magnifications, being drowned out by the
stronger TH and VGAT signals.

At high magnification (Fig. 14, Fig. 16, Fig. 17. Fig. 26 in appendix), individual DA
neuron cell bodies and dendrites can be seen with more pronounced VGLUT2, VAChT, and
VGAT puncta abutting their processes. DA neuron cell bodies measure roughly 10 — 15 pm in
diameter with nuclei ~5 pm in size and branching dendrites projecting broadly through the
section. Similarly to at low magnification VGLUT2 and VGAT staining is diffuse, however
puncta can now be seen directly opposing DA dendrites. VAChT puncta can also be located in
clusters, however appear much less frequently than VGLUT2 and VGAT. There is also a small
population of mixed VAChT and VGAT terminals which appear in all three brain areas although
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much less frequently than pure VGAT or VAChHT terminals, a trend that does not continue when

moving to EM analysis.
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Figure 13. Low magnification confocal images of TH (magenta) and VGLUT2 (cyan) labeling in a sagittal section of the
mouse midbrain. DA neurons (magenta) are clustered into the SNc and VTA which have deep branching dendrites and send

long range projections anteriorly. VGLUT?2 stains ubiquitously throughout the section. VTA, ventral tegmental area; SNc, medial
substantia nigra pars compacta.

40



VTA

TH

VGLUT?2

MERGE

Figure 14. High magnification confocal images of TH (magenta) and VGLUT2 (cyan) labeling in the VTA. VGLUT2
puncta (white arrowheads) are present are along DA dendrites (Den). Each image is a projection image of a 5 image
z-stack (0.52 um step size) to create an image with a depth of 2.5 pm.
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Figure 15. Confocal images of TH, VGAT, and VAChT labeling in a coronal section of the midbrain. DA neurons
(magenta) can be seen clustered in three separate regions: the VTA, SNcM, and SNcL (divided by the 1T nerve. VGAT (red)
stains diffusely while VAChHT (green) puncta are scattered more discretely. VTA, ventral tegmental area; ML, medial lemniscus;
SNcM, medial substantia nigra pars compacta; SNcL, lateral substantia nigra pars compacta.
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Figure 16. High magnification confocal views of VAChT (green) and VGAT (red) labeling in the SNcM, SNcL and VTA.
TH+ DA neurons are magenta. Mixed terminals (white arrows) are seen in all three regions. Each image is a
projection image of a 5 image z-stack (0.52 pm step size) to create an image with a depth of 2.5 um.
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Figure 17. High magnification triple labeling of TH (magenta), VAChT (green), VGAT (red) in the SNcL. A mixture of
cholinergic terminals (black arrowheads) and GABA terminals (white arrowheads) abut DA dendrites. In some cases they appear
colocalized (white arrows).




3.3  Qualitative assessment of TH-DAB stained sections

DAB immunohistological staining for TH was implemented as a way to visualize DA cell
bodies and dendrites at the light microscope level (Fig. 18). Despite light microscopy not having
the resolution to visualise synapses, some subtle differences in DA neuron distribution between
regions which mirrored immunofluorescent staining patterns seen on the confocal was observed.
First, the VTA often had very similar levels of TH staining, if not more, than the SNc. In certain
sections, it looked as though dendrites in the most medial aspects of the VTA crossed the midline
to connect the region on the contralateral side. Additionally, stray DA neurons could sometimes
be found climbing up the midline towards the aqueduct. There were many dark staining cell
bodies in the VTA, however they did not appear to be as densely packed as ones located in the
medial SNc. Within the SNc itself, the medial portion had many, very compact and dark staining
cell bodies with diffuse dendrites that traveled deep into the SNr. There were also instances
where it looked as though the VTA and SNc were connected by DA neurons crossing the medial
lemniscus, which could be the case as some researchers believe that the PBP of the VTA is an
extension of the anterior SNc (Palmiter, 2018; Zaborszky & Vadasz, 2001). Across the border of
the third nerve, the lateral SNc had markedly fewer dark staining cell bodies and more confined
dendrites. Cell bodies and dendrites got more and more scarce moving laterally through the
section.

Once all of the stained tissue was microdissected, processed, and cured into resin blocks,
it was necessary to ensure that the section destined for EM analysis actually contained DAB
positive cells and dendrites. To do this, semi thin sections were cut on the ultramicrotome and
examined qualitatively at the light microscope level. If dark brown precipitate could be
visualised under the microscope without toluidine blue staining, the block was trimmed into a
trapezoid shape using a razor blade and ultrathin sectioning was done. At the EM level, coronal
and longitudinally sectioned dendrites and cell bodies were identified by the presence of black
DAB precipitate in their cytoplasm, making them easily distinguishable from the otherwise grey

neuropil (Fig. 19).
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Figure 18. Low and high magnification brightfield images of TH expression in the mouse midbrain. All three regions of
interest, the SNcM, SNcL, and VTA, in addition to landmarks used as guides during microdissection are present. The VTA is
delineated from the SNc by the medial lemniscus, and the medial and lateral segments of the SNc are separated by cranial nerve
I (oculomotor nerve). IPN, interpeduncular nucleus; vHP, ventral hippocampus; RN, red nucleus; MGN, medial geniculate
nucleus; Aq, aqueduct
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Figure 19. Inmuno-EM of a TH-positive neuron labeled with DAB (dark precipitate). The signal is distributed throughout
the cytoplasm and its dendrites but is not present in the nucleus. Neighbouring DA dendritic branches (Den) can be seen in the
surrounding neuropil.
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3.4 Heterogeneous neurotransmitter distribution between and within regions

Synapse type was determined by the size and shape of vesicles that resided in the pre-
synaptic bouton opposing a TH-DAB positive dendrite. Within each region, 200 dendrites were
imaged for a total of 613 dendrites and 13 290 vesicles analysed (see Table 1 for full summary).
Terminals in the SNcM, SNcL, and VTA contained large round putative cholinergic vesicles of
~50 — 60 nm, small round putative glutamatergic vesicles with a diameter of ~30 — 45 nm, and
ellipsoidal shaped putative GABAergic vesicles with a wide range of diameters, reaching
anywhere from ~50 — 80 nm on their longest axis and ~20 -30 nm in width (Fig. 20). As analysis
took place, a synaptic input kept appearing that had a mix of oval and round vesicles that did not
align with the approximate 50 nm size of cholinergic vesicles. Instead, a mix of oval, putatively
GABA vesicles and small, round vesicles with an average diameter of ~30 — 45 nm was
observed throughout all three regions. Due to the shape and size of these vesicles being
consistent with the glutamatergic vesicle criteria and there being reports of co-transmitted Glut
and GABA from brain regions projecting to midbrain DA neurons, these synapses were

categorized as a mixed Glut/GABA terminal.
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Figure 20. Examples of each terminal type opposing TH-DAB dendrites. Terminal type was determined by the vesicles
found within them. ACh vesicles (green) are round with a diameter of ~50 — 60 nm. Similarly, Glut vesicles (cyan) are round and
are smaller, ~30 — 40 nm in diameter. GABAergic vesicles (red) come in a variety of sizes but are usually ~50 — 80 nm on their
longest axis. There are also terminals which contain a mixture of ACh and GABA vesicles (yellow), and Glut and GABA
vesicles (purple).
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First, it was determined how often each NT group was present within a region and if
there were any significant differences in the frequency of their appearance (Fig. 21) In the
SNcM, cholinergic inputs accounted for approximately ~19%, GABAergic ~1%, Glutamatergic
~30%, ACh/GABA ~33% and Glut/GABA ~17% of terminals analysed. Within the region, only
Glutamatergic (p=0.002) and ACh/GABA (p=0.001) terminals significantly outnumbered pure
GABA terminals. The distribution of synapses is similar in the neighbouring SNcL. Cholinergic
terminals are responsible for approximately ~20%, GABAergic ~1%, Glutamatergic ~30%,
ACh/GABA ~32%, and Glut/GABA ~17% of observed terminals. In the case of the SNcL, all
neurotransmitter groups were present significantly more often than pure GABAergic (ACh
p=0.009; Glut p=0.000; Ach/GABA p=0.000; Glut/GABA p=0.029). In the VTA, pure
Glutamatergic terminals dominate the synaptic landscape, accounting for ~49% of terminals in
the region. The second most prevalent neurotransmitter type in this region is cholinergic with
~23%, followed by ACh/GABA at ~17%, Glut/GABA at ~11%, and finally pure GABAergic
which was not seen at all throughout this region. It is no surprise then that the frequency of
observed GABAergic terminals is significantly lower from all other terminal types (ACh
p=0.000; Glut p=0.000; ACh/GABA p=0.014), whereas instance of pure Glutamatergic
(p=0.000) is significantly higher than all other synapse types in the VTA.

SNcM SNcL VTA

Glut/GABA
17%

GIut/GABA
17%

GABA GABA

/ 1% / 1% ACh/GABA
17%

*

ACh/GABA
33%

ACh/GABA
32%

Figure 21. Percentage of each neurotransmitter groups within the SNcM, SNcL, and VTA. Each pie chart represents one
region divided how often each NT group was present. n = 5 mice, n = 200 dendrites in the SNcM, n = 213 dendrites in the
SNcL, and n =200 dendrites in the VTA. Absolute values for each NT group per region are summarized in Table 1. *p < 0.05.
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Next, a Kruskal-Wallis H test was used to determine if there were any differences in
frequency of NT type between regions (Fig. 22), which revealed that there was only a significant
difference in the number of ACh/GABA inputs (p=0.019). Post-hoc analysis determined that this
difference existed between the VTA and lateral SNc (p=0.006), but not between the VTA and
medial SN¢ (p=0.66), or the medial and lateral SNc (p=0.36). Despite Glut not being statistically
significant between regions (p=0.051), post hoc analysis was conducted due to the extreme
proximity to significance. Test results indicated that there is a difference in Glutamatergic
transmission between the VTA and the medial SNc¢ (p=0.18), but not between the VTA and
lateral SNc¢ (p=0.66), or the medial and lateral SN¢ (p=0.36).
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Figure 24. Differences in neurotransmitter groups between regions. Average number of times each NT group was observed
in terminals between each region. The lateral SNc has a significantly higher incidence of mixed ACh/GABA terminals compared
to the VTA, whereas the VTA has significantly higher number of Glut terminals compared to the medial SNc. *p < 0.05. Data are

shown as mean + SEM.

3.5 Correlation between vesicle shape and size

A correlational analysis was conducted in order to portray the relationship between
vesicle size and shape for each NT group in each region. Each NT group was analyzed separately
using Spearman’s rank-order correlation test which revealed that there was significant negative

correlation between the size and shape of vesicles for all NT groups in all regions (Table 2;

Figures 23, 24, 25).
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Table 2. Results from correlation tests comparing vesicle roundness and diameter length

SNcM SNcL VTA
r p n r p n r p n
ACh 203285 | <0.0001 | 691 | -03320 | <0.0001 | 793 | -0.3344 | <0.0001 | 856
GABA 0.5595 | <0.0001 | 111 | -0.7312 | <0.0001 | 60 - - -
Glut 203879 | <0.0001 | 1355 | -0.2373 | <0.0001 | 1580 | -0.2724 | <0.0001 | 2208
ACh/GABA | -0.5837 | <0.0001 | 1178 | -0.5316 | <0.0001 | 1613 | -0.5746 | <0.0001 | 816
Glut/GABA | 05759 <0.001 679 | -0.5847 | <0.0001 | 943 | -0.6040 | <0.0001 | 407
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Figure 27. Correlations between vesicle size and shape of each neurotransmitter group in the SNcM. Significant negative
correlations were observed in all neurotransmitter groups. Note the clustering of two groups in mixed ACh/GABA (yellow
asterisks) and Glut/GABA (purple asterisks) type terminals, indicating that there are two distinct populations present in the
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53



SNcL - ACh SNcL - GABA

1.0 1.0+ )
~_ 7. r=-0.7312
2 0.8 9 0.8+ s
2 2 LB
T 0.6- T 0.6+ : B
-4 -] e
g g e
0.4 0.4+ TR
n=793 n =60 3
0'2 1 L] T T T 1 0'2 T L] T L 1 1
20 30 40 50 60 70 80 20 30 40 50 60 70 80
Length (nm) Length (nm)
SNcL - Glut SNcL - ACh/GABA
1.0-
g 084 r=-0.2372 8
= =
T 0.6+ i
= =]
] o
@ 113
0.4+
n=1580
0'2 1 T 1 L] L] 1
20 30 40 50 60 70 80
Length (nm)
SNcL - Glut/GABA
1.0
084 -
8 * n = -0.5847
=
T 0.6-
=
©
0.4+
n =943 = i
0.2 T T T T L 1
20 30 40 50 60 70 80
Length (nm)

Figure 28.Correlations between size and shape of vesicles of each neurotransmitter group in the SNcL. Significant negative
correlations were observed in all neurotransmitter groups. Note the clustering of two groups in mixed ACh/GABA (yellow
asterisks) and Glut/GABA (purple asterisks) type terminals, indicating that there are two distinct populations present in the
terminal. Each vesicle is one data point and the n numbers are indicated on each graph. *p < 0.05.
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Figure 31. Correlations between size and shape of each neurotransmitter group in the VTA. Significant negative
correlations were observed in all neurotransmitter groups. Note the clustering of two groups in mixed ACh/GABA (yellow
asterisks) and Glut/GABA (purple asterisks) type terminals, indicating that there are two distinct populations present in the
terminal. Each vesicle is one data point and the n numbers are indicated on each graph. No pure GABA terminals were seen in
this region. *p < 0.05.
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Figure 32. High magnification EM of a mixed ACh/GABA terminal (yellow) on a DA dendrite (magenta) in the SNcM.
Populations of oblong vesicles (arrowheads) and large, round vesicles (arrows) are co-localized in the pre-synaptic cell,
suggesting that the terminal contains a mixture of ACh and GABA.
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Chapter 4 — Discussion

4.1 General discussion

At first glance, the SNc and VTA seem as though they could be easily combined into a
single nucleus in the midbrain — not only are they physically close together, but they are also the
two major DA output centers of the brain. However, the SNc and VTA are segmented into
morphologically and functionally distinct regions and can even be divided into subregions within
themselves. Despite this, it has been well documented that these brain areas receive
glutamatergic, cholinergic, and GABAergic signals from a variety of outputs, as well as
terminals carrying a mix of excitatory and inhibitory neurotransmitters such as ACh and GABA,
and from our observations, Glut and GABA. After acknowledging that there is profound
heterogeneity between both segments of the SNc¢ and the VTA, it would then be unreasonable to
speculate that the frequency of transmission of these different neurotransmitter types is
consistent between each region. The present study aimed to map out the synaptic landscape of
the SNcM, SNcL, and the VTA in order to better understand how DA neurons in either region
are afferently regulated. With a combination of confocal and EM I categorized the frequency at
which each neurotransmitter group appears in order to determine if there are any differences
within and between regions. By using TH to identify DA neurons within the monochromatic
neuropil, populations of glutamate, ACh, GABA, ACh/GABA, and Glut/GABA terminals were
observed and documented.

First, I determined the composition of each region individually. Understanding how an
area of the brain is modulated during normal, healthy functioning is an important frame of
reference to have when trying to restore it from a diseased state. In the SNcM, the incidence of
each neurotransmitter type was similar except for the increased frequency of appearance of
ACh/GABA and pure Glut terminals compared to GABA terminals. Similarly, the SNcL had
significantly fewer pure GABA terminals than all other neurotransmitter groups. The VTA saw a
comparable trend wherein pure GABA terminals were completely absent from the region and
was significantly lower than all neurotransmitter groups, except for Glut/GABA. Interestingly,
pure Glut was the prevailing neurotransmitter in the VTA with nearly half the region’s DA
adjacent presynaptic terminals being composed of small, round vesicles. Next [ wanted to

determine if there were any differences in how often each neurotransmitter group appeared
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between each region. Asking whether two brain areas receive different inputs seems redundant,
seeing as it probably evident that each region would need to receive their own individual pattern
of afferents due to their unique neuronal properties and output functions. The SNc and VTA are
somewhat unique in that sense, as both of their most abundant neuronal population is the same
and as previously mentioned, some studies suggest that the VTA and the SNc are continuations
of each other (Palmiter, 2018). Despite having their morphology seem extremely similar, DA
neurons in the VTA have some sort of selective resistance to PD degeneration whose mechanism
we don’t yet fully understand. Figuring out how these neurons differ from ones residing in the
SNc can hopefully provide some insight into this phenomenon and open new doors for future PD
therapeutics. Somewhat surprisingly there were no significant differences in the rate of
appearance of different neurotransmitter groups between the medial and lateral SNc. This finding
was unexpected seeing as there have been a number of different studies describing heterogeneity
in inputs between both subregions (le Gratiet et al., 2022; Estakher et al., 2017). There were
differences however between both regions of the SNc¢ and the VTA. The SNcL has a
significantly higher incidence of mixed ACh/GABA compared to the VTA, whereas the VTA
has more Glutamatergic transmission than the SNcM.

We also determined that there is a negative correlation between vesicles size and shape
for all neurotransmitter vesicle types, meaning that as the roundness value decreases (becomes
more oval), the length of the diameter of vesicles increases. This is in line with our observations
that ovoid vesicles associated with inhibitory GABAergic transduction would often appear
longer in diameter on their longest axis than their round cholinergic or glutamatergic
counterparts. The strongest correlations were seen in mixed neurotransmitter groups across all
three regions, which makes sense seeing as there is clustering of two very different populations.
As previously discussed, the reason behind the morphological differences between
neurotransmitter vesicles is still up for debate, however researchers have suggested that it may be
due to the change in tonicity of the tissue as a result aldehyde fixation. Future studies
investigating synaptic architecture at the EM level should compare vesicular morphology in
tissue fixed with a variety of aldehydes at various concentrations to observe changes in vesicle
ultrastructure. This way it can be determined if it is in fact aldehydes in fixative that are the
catalysts for this change, and it can be observed how vesicle size and shape changes in response

to different types of fixes.
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Figure 33. Visual summary. This body of work is an investigation into how DA neurons are modulated by using the
morphology of vesicles in pre-synaptic terminals opposing their dendrites. We found there to be 5 distinct neurotransmitter
groups, ACh (green), Glut (cyan), GABA (red), mixed ACh/GABA (yellow), and mixed Glut/GABA (purple). By documenting
and categorizing the frequency of these terminals, we broaden our understanding of how these essential neurons are modulated.
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4.2 The SNcL receives more co-localization than the VTA

The ability for neurons to send out excitatory and inhibitory signals from the same
terminal sounds counterintuitive at best. It has been well described that for neurons to depolarize
they require a certain threshold of excitatory signals from the pre-synaptic cell in order to trigger
an action potential. Therefore, releasing a neurotransmitter that shunts excitation while trying to
stimulate a post-synaptic neuron seems redundant. Despite this, instances of co-transmission and
co-release of neurotransmitters with opposing functions have been well documented throughout
the brain. We show that in the midbrain in particular there are populations of terminals that co-
localize ACh and GABA, and Glut and GABA onto DA dendrites. Our results indicate that there
is with seemingly little difference in the frequency of appearance of ACh/GABA or Glut/GABA
terminals between either regions of the SNc, however there is significantly more ACh/GABA co-
localization in the SNcL compared to the VTA.

The ability to co-transmit neurotransmitters with antagonist functions allows neurons to
have more precise control over their firing patterns. This may be advantageous for fine tuning
simple movements, a well-known output function of the SNc, such as tapping fingers together or
opening and closing a fist, two motor tests which are used to measure the severity of
bradykinesia in PD exams (Stanford Med). In contrast, the VTA is involved in more primitive
functions, whose DA neurons are responsible for the feeling of reward after food, water, and sex,
and positive and negative reinforcement (Morales & Margolis, 2017). The pleasurable feelings
associated with completing these fundamental tasks are strongly mediated by glutamatergic
transmission, which induces burst firing in tonically activated DA neurons. Perhaps these
functions do not require complex firing patterns seeing as they are basic responses to the
environment rather than the execution a movement in which different muscle groups are required
to be activated or inhibited in a coordinate manner. Because co-transmission of excitatory and
inhibitory neurotransmitters onto DA midbrain neurons is a somewhat recent discovery, further
research is necessary to fully understand how they mediate DA neuronal outputs and the

behavioural responses that arise as a result.
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4.3 Increased glutamatergic transmission to the VTA

Glutamate is an extremely important molecule in the VTA, playing an important role in
modulating the strength and spontaneity of burst firing of residing DA neurons (Paladini &
Roeper, 2014). This type of firing manifests as life affirming behaviours such as feelings of
reward after food, drink, and sex, and the avoidance of aversive stimuli (Alcaro et al., 2007;
Barbano et al., 2020; Feltenstein et al., 2021). Glutamatergic transmission to the VTA arrives
from several regions within the brain, however it has been somewhat recently discovered that the
VTA has its own population of Glutamatergic neurons (~1-3% of total neurons) which have not
been studied as thoroughly as the DA neurons they share the region with. Their popularity is
rising amongst research groups however, as mounting evidence suggests that these
Glutamatergic neurons are involved in modulating DA release by synapsing locally onto DA
VTA neurons (Dobi et al., 2010). It is possible that this local synaptic input in addition to outside
sources could be the reason for the increased presence of Glut in the region

The advantage of having an abundance of Glutamate transmission onto DA neurons in
the VTA is not known. Glutamate is the trigger for AMPA and NMDA receptor opening,
suggesting that high rates of synaptic plasticity may occur within the region. One hypothesis
could be that it is advantageous for the VTA to undergo high rates of circuit remodeling seeing
as DA neurons in this region are highly involved in reward learning and survival. Being able to
quickly determine whether something should be sought out or avoided in a new environment, or
figuring out what makes us feel good or bad, would greatly increase our likelihood of flourishing
in our surroundings. In addition, greater synaptic plasticity of VTA DA neurons could help
prevent repeated behaviours eventually morphing into bad-habits. Drug liking, which more often
than not leads to drug addiction, arises when substances such as cocaine hijacks VTA circuits
involved in feelings of reward (Mameli et al, 2009). Being able to efficiently disconnect these
positive feeling from a substance or transferring the feelings of pleasure to alternative sources
could greatly reduce the risk of dependency or make it easier for an individual to overcome their
addiction.

Lastly, increased prevalence of Glutamate in the VTA within the region and compared to
the SNcM could point to the reason as to why the VT A does not experience DA neuron loss

during the progression of PD. Recent studies that have aimed to decipher the mechanism behind
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the selective immunity of VTA DA neurons in PD have found that the population of DA neurons
that co-transmit Glut in specific remain unscathed (Bimpisidis & Wallén-Mackenzie, 2019). It
could be mere coincidence that there is significantly more Glutamatergic input onto DA neurons
in the VTA than the SNc, and that DA neurons that co-transmit DA and Glut are not as likely to
degenerate during PD, however further research needs to be conducted in order to determine if

there is a link between the presence of Glutamatergic inputs and neuronal immunity to PD.

4.4 Limitations & Future Directions

One major limitation of this study is the reliability of using vesicle morphology as the
sole determiner of neurotransmitter type. Early EM studies that pioneered this avenue of research
distinguished excitatory from inhibitory neurotransmitter containing vesicles by using their
morphology, specifically their shape and size, to decipher their contents. However, there is
considerable variability in reported vesicle morphology across studies. Many believe that this
shape conformation is the result of aldehyde fixation. The type and concentration of aldehydes
used in fixation in of itself is inconsistent across different research groups, making it difficult to
accurately say whether a vesicle is one hundred percent excitatory or inhibitory using their
physical shape alone. Therefore, future research that delve into the neuronal wiring within these
regions should utilize more robust immuno-EM techniques such as tagging vesicular transporters
with varying sized gold particles alongside TH-DAB staining to confirm that specific
neurotransmitters are present in the synapse.

A second limitation is the usage of 2D images taken on a TEM to describe 3D structures.
Because each synapse was visualised on one section, it is hard to say whether I was observing a
grazing section, only looking at the top of round vesicles therefore making their diameter appear
smaller, or, looking through the middle of the synapse at a more accurate representation of the
vesicle size. This would also be the case when looking at mixed vesicles, where the angle at
which ellipsoid vesicles are sectioned could potentially make them seem round. This could
potentially trick the observer into thinking that the terminal is mixed, where in reality it is a pure
GABA terminal. One way to rectify this would be to take serial sections when cutting a block on
the ultramicrotome in order to visualize structures at different levels throughout the section.

Because it was imperative that an adequate number of synapses were analysed, approximately
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200 per region, the timeframe needed for image acquisition, image stack rendering, and analysis
for that large of a quantity of images would be beyond the scope of a master’s degree.

Lastly, it would be beneficial to be more mindful of where microdissections were taken
within the SNc and VTA, as each region can be split into multiple sub-regions with varying
morphological and electrophysiological characteristics. As it is likely that the SNc and VTA
differ in their synaptic inputs, there is a good chance that each sub-region is also unique. Future
studies implementing more complex immuno-EM, correlated light and electron microscopy
(CLEM), and 3D rendering techniques of entire synapses would greatly expand the breadth of

knowledge that we currently have on synaptic structures and DA neurons in the midbrain.
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Appendix

SNcM SNcL VTA

VGAT VACKhT TH

MERGE

Figure 36. Lower magnification confocal images of VAChT (green) and VGAT (red) labeling in the SNcM, SNcL
and VTA from figure 17. TH+ DA neurons are magenta. Mixed terminals (white arrows) are seen in all three regions.

Each image is a projection image of a 5 image z-stack (0.52 um step size) to create an image with a depth of 2.5
pum
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Figure 39. EM of a neuromuscular junction in a diaphragm muscle of a rat showing the size and shape of ACh vesicles.
Neuromuscular junctions are famously known for exclusively using ACh as their sole excitatory neurotransmitter, making them
perfect sites for measuring ACh vesicle morphology. Diameters measured from 11 separate vesicles were averaged to obtain a
value of 60.439 nm.
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Table 3. Antibody list

Antibody Manufacturer, Species raised, Dilution used

Catalog number monoclonal or

polyclonal

Tyrosine Pel-Freeze Rabbit, polyclonal 1:1000
Hydroxylase Biologicals, P4010-

150
Vesicular Sigma-Aldrich, Goat, polyclonal 1:1000
Acetylcholine ABN100
Transporter (VAChT)
Vesicular GABA Synaptic Systems, Mouse, monoclonal 1:200
Transporter (VGAT) | 131-011
Vesicular Glutamate | Abcam, ab79157 Guinea-pig, 1:200
Transporter 1 monoclonal
(VGLUT2)
HRP conjugated anti- | Invitrogen, A16029 Donkey 1:200
rabbit secondary
Alexa Fluor 647 Invitrogen, A31573 Donkey 1:400
conjugated anti-rabbit
secondary
Alexa Fluor 597 Invitrogen, A21203 Donkey 1:400
conjugated anti-
mouse secondary
Alexa Fluor 488 Invitrogen, A11055 Donkey 1:400
conjugated anti-goat
secondary
Alexa Fluor 488 Invitrogen, A-21202 | Donkey 1:400

conjugated anti-
mouse secondary
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