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Abstract

Uncovering the Genetic and Functional Diversity of Midbrain Dopamine Neurons
by
Daniel Joseph Kramer
Doctor of Philosophy in Molecular and Cell Biology
University of California, Berkeley

Professor Helen Bateup, Chair

Midbrain dopamine (DA) neurons in the substantia nigra pars compacta (SNc) and
ventral tegmental area (VTA) project throughout the brain to modulate a diverse set of
behaviors and brain states. Although their effects are widespread, they represent a very
small fraction of neurons. Dopamine neurons rely on their diverse inputs, outputs,
physiology, and gene expression in order to maintain their broad behavioral influence.
To better understand the different roles dopaminergic projections play in the brain, the
circuits need to be studied in isolation as adjacent neurons and circuits often mediate
distinct behaviors. Because of their close anatomical proximity, novel tools and methods
must be devised in order to precisely dissect dopaminergic sub-circuits. New tool
development will depend on identifying the underlying genetic signature of
dopaminergic subpopulations to allow consistent, reproducible labeling of distinct
populations. Gene expression analysis will also reveal unique genes expressed in DA
neurons that could lend functional importance to already established dopaminergic
circuits.

Here we used single-cell RNA-sequencing to determine the unique gene expression
signature of DA neurons and identify genes that define distinct dopaminergic
subpopulations. We used retrograde tracing, electrophysiology, and disease models to
show that genetically defined populations are functionally distinct with defined
projections, unique physiological characteristics, and selective sparing in a Parkinson’s
disease model. Through this work, we defined two circuits that arise from populations in
the ventromedial VTA marked by their expression of Neurod6 and Grp and determined
that single genes are not sufficient to label dopaminergic subtypes. Because of this, we
developed a Flp-recombinase dopaminergic reporter mouse (DAT-FIp). Using this
mouse, we were able to use intersectional genetic tools to selectively label Neurod6-DA
neurons to enable future investigations into the role that these neurons play in
dopaminergic functions.
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Chapter 1: Untangling the diversity of midbrain dopamine neurons

Daniel Joseph Kramer

Department of Molecular and Cell Biology
University of California Berkeley



To many neuroscientists one pyramidal cell is just like another. I, on the
contrary, believe that it is important to distinguish the many types of
pyramidal cells.

F. Crick 19991

The foundational concepts of neuronal heterogeneity

Even at their most nascent, the earliest foundational principals of the neuronal brain
began to underscore how mysterious and heterogeneous this organ was. The first
hypotheses by Wilhem von Waldeyer and Wilhem His Sr., which were expanded upon
with the elegant hand of Santiago Ramon y Cajal?, outlined the neuron doctrine, “the
nervous system is made up of innumerable nerve units (neurons) which are
anatomically and genetically independent of each other®.” The beauty of the word, that
even at its very inception, contained in it the idea that each neuron was an independent
and unique entity. Cajal's careful drawings succeeded in bringing to life the unique
characteristics of neurons and postulated the direction of information flow?2. Not only did
this make clear that each neuron had a different architectural make-up, but because of
their polarity it made sense then that any given neuron will receive inputs from specific
subsets of neurons and send processes to distinct anatomical nuclei. Even Golgi, who
believed the brain was a reticular network, defined at least two populations: spiny and
aspiny cells®. It is in these drawings and ideas made over 100 years ago that we see
the birth of neuronal heterogeneity principles.

Decades after the basic tenants of the neuron doctrine transformed neuroscience, the
expansion of neuronal heterogeneity began. The ‘one neuron, one transmitter
hypothesis, while only recently shown to not be universal, underscored that neurons are
specialized with different neurotransmitters that have different downstream effects*®. It
was around this time when Dale and Eccles were formulating their theories that early
staining methods began to illustrate these ideas. As an example, new methods using
formaldehyde fixation allowed for the staining of dopamine (DA) neurons in the rat brain
stem’ showing, one, that DA did in fact exist in the mammalian central nervous system
and two, that there are specialized neurons that release DA. With the further advent of
labeling techniques from in situ hybridization and immunohistochemistry®®,
neuroscientists were able to start labeling neurons throughout the brain based on their
neurotransmitter identify. While assumed previously, it was now definitive that there was
both local (within brain regions) and global (across brain region) segregation of neurons
based on their type.

Even with widespread agreement that the brain holds an array of varying cell types, the
guestion could arise - why the focus on neuronal heterogeneity? If one wants to
understand the brain completely, which at its core is the fundamental goal of any basic
neuroscientist, there needs to be a neuronal parts list. We can’t completely know a
machine without knowing how it is built. First, a parts list will provide essential access to
cells of interest so tools can be developed. Second, access to defined cell types will
generate more reproducibility. Investigators can consistently target their cell populations
of interest, and the field can unambiguously refer to them. Third, given that numerous
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neuronal disorders affect specific neuronal populations or manifest more severely in
some populations, having defined groups can help provide information about which
neurons need intervention. In addition, their definition can also provide clues or a
platform to explore why they are more at risk than their neighbors.

Now, two decades later, it would appear Francis Crick’s call to action is being put to the
test and the field is making major strides exploring neuronal heterogeneity!. There is a
vast array of different neuronal types described in the brain with many experiments
underway to parse of the genetic signatures that define them. Countless seemingly
homogenous neuronal populations have been genetically dissected using recent
advances in molecular biology. Single-cell RNA sequencing (scRNAseq) has allowed
researchers to separate any neuronal population and find distinct genetic subclasses of
neurons throughout the brain.

Single-cell RNA sequencing and the height of neuronal heterogeneity exploration

All neurons in the central nervous system can likely point to a single nerve cell evolved
eons before as their origin'®1t, From those original neurons and circuits, there has been
built an elegantly organized structure in the mammalian brain with similar yet
specialized cells. There are many traits one could use to segregate and define the
different classes of neurons that have developed; inputs, outputs, physiology,
morphology, neurotransmitter release, and response to disease. At the heart of each of
these characteristics, however, lies the neurons’ underlying gene expression. The set of
genes that is expressed by a given neuron from birth through maturity can define all of
these baseline, fundamental features and the functional differences between groups. As
an example, ephrins and their receptors, among many other gene families, help define
axon guidance and projection targets'?. Expression of these guidance genes forms a
foundation for circuit building. In addition to this, a neuron’s innate physiological
properties are defined by the makeup of their ion channels which in turn is defined by
the genes they express. These properties have been used, in concert with morphology,
to start defining pyramidal and interneurons before gene expression analysis became
ubigitous!®!4, Furthermore, often the neurotransmitter identify of a neuron is easily
defined by the machinery expressed by that neuron for synthesis, packaging, and
uptake of a given neurotransmitter. Thus, defining a neuronal subpopulation based on
its fundamental gene expression is a valid and effective way to cluster groups with
functional relevance and similarity!>-17,

Recognizing that a neuron’s gene expression could define its properties was a simple
first step. The difficulty comes in executing on that goal. Early neuronal sequencing
studies used micro-arrays which relied on high quantities of RNA. This meant that the
majority of work used heterogeneous populations that were pooled and treated as
homogenous groups?®. Single-cell expression analysis became more vital as it was
revealed neurons were heterogeneous and difficult to tease apart. This started in
earnest in 1992 when RNA was isolated from single neurons through patch pipettes,
amplified, and blotted for specific genes using a northern blot*®. However, because



northern blots weren’t sensitive enough for some genes, in situ hybridization didn’t allow
for multiplexing genes, and even following amplification there wasn’t sufficient
MRNA20 these weren't sufficient techniques to truly uncover the diversity of neurons.
The following years, however, major strides were made to improve the methods behind
amplification'®21-23, By the late 2000s, cDNA amplification and micro-arrays became
powerful enough to allow for in depth sequencing of single neurons?#2%, Using these
techniques, scientists were able to uncover significant heterogeneity in dorsal root
ganglion cells (DRGs), Hippocampal C1 neurons, and neural progenitors??24-26,
Following this, there was a drastic improvement of sequencing methods and increases
in web resources which led to a rush to start defining the gene expression of neurons
throughout the brain?-?°. Together, these provided a foundation for an explosion in
neuronal single-cell studies.

By the beginning of the 2010s, single cell sequencing techniques started an era of
exponential growth?3. What began at laser-dissection and micromanipulations was now
advanced microfluidic devices and next-generation sequencing?33°, The most popular
methods that capitalized on this wave was the commercial Fluidigm C1 system and
DropSeq®. There are some key caveats to consider that come with these methods that
rest on the dissociation of neural tissue that is required for both techniques. During
processing, there is substantial cell damage, the potential exclusion of sensitive
populations, and changes in RNA expression or processing due to stress or cell state
changes. In addition to the biological changes, scRNAseq analysis can be confounded
by low expressed genes dropping out, over indexing highly expressed genes, and,
perhaps most importantly, an imperfect correlation between gene expression and
protein levels333, Even with these caveats, given the relative simplicity with which
these populations can be verified post-hoc, it is still the definitive way to genetically
define large numbers of neurons quickly and accurately.

Improved scRNAseq methods vastly streamlined the process and increased throughput
which has facilitated its use for many labs. To date, there have been numerous single-
cell studies on almost every neuronal population, and several large-scale undertakings
to identify nearly every neuron throughout the mouse brain343¢ simultaneously.
However, we now stand in an important transitionary period. While we could continue to
break down neuronal populations further and further, we don’t have a complete grasp
on what it means to be a subpopulation. More importantly, it is unclear what, if any,
functional relevance being a distinct genetic class ascribes. It is now up to researchers
to determine what roles these novel cell populations play, and whether they are
functionally relevant or just artifacts of too much digging.

What it means to be a neuronal subpopulation
There is, however, a general sense that understanding all this information

has lagged far behind its accumulation...
Sydney Brenner?’

Even with nearly 100 billion neurons in the human brain®, it is almost certain every



neuron is truly unique. Between adjacent neurons, with their variability between gene
expression, morphology, and circuitry, it is unlikely there are any two identical neurons.
With this understanding, we know it would be impossible to find functional relevance at
the scale of billions of neuronal subgroups. While acknowledging biology doesn’t always
parse itself in convenient ways, there are clear families of neurons that likely represent
a compromise at which we can draw a line at a subpopulation®®. Earlier successful
attempts at defining neuronal populations used combinations of morphology,
physiology, and anatomy#®4l. As single-cell gene expression becomes more high-
throughput, however, we can start to use multiple characteristics to find groups.

At its most basic, a subset of neurons could be defined as a group of cells that perform
the same function within the same circuit'®>. However, neurons can perform multiple
functions, or could perform the same function sometimes depending on extrinsic factors.
As an example, two neurons in the same circuit could, when activated, trigger
movement. However, one neuron could possess an opioid receptor which will alter its
activation depending on the status of opioid release at that time. These two neurons fall
into the same circuit, have the same function, but respond differently to some factors.
For single-cell sequencing, at its foundation, a neuronal subpopulation is defined simply
as a cluster of neurons that share a similar genetic signature as defined by the specific
algorithm that is being used3?>#2. While methods are getting more robust, there are still
some pitfalls with these analyses. First, depending on the parameters used, different
numbers of subpopulations can be ‘discovered’. Clustering depends inherently on the
assumption that there are biologically discrete neuronal populations. Avoiding the
creation of the incorrect amount of subtypes necessitates multiple labs attempting to
cluster to find coherence®. Secondly, the varying- and high-dimensionality of sScRNAseq
data can sometimes confound what clustering methods are most appropriate for driving
relevant results. Sometimes this can be avoided by ascribing a priori knowledge to aide
clustering analyses, but this removes unbiased clustering and can lead to circular
logic*3. Most importantly, at its foundation, scRNAseq follows the assumption that
classifying by gene expression positively defines a population. While shown to be the
most robust method we have, it still needs substantial confirmation. Thus, the most
stringent definition for a neuronal population will depend on both underlying
gene expression and confirmation of functional relevance. Single-cell sequencing
can provide a shared, stable, and molecular “ground state” that helps define its
functional capacities*? which can then be followed up to determine if these clusters
define a group of cells that perform a similar function*s.

There has been considerable work in the past few years that elegantly combined
sequencing data with functional follow up. A recent single-cell study in serotonin
neurons in the raphe nuclei revealed 11 genetically defined populations broadly
bucketed into two groups based on cell bodies being present in the dorsal or medial
raphe**. When the projections of these two populations were explored, it was clear that
they had distinct, non-overlapping targets. While this isn’t definitive, and doesn’t include
all the subpopulations the group found, distinct projection targets from neighboring
neurons of the same major type is part of the necessary criteria for being a distinct
subpopulation. Another good example comes from work in the well-characterized



retina®®. Due to its organization, limited size, and defined circuitry, the retinal cell types
have been studied intensively for years. One large population of retinal neurons, the rod
bipolar cell, was found through ssRNAseq to have 15 subpopulations. To confirm these,
the researchers explored each group’s neuronal morphology. Interestingly, each of the
15 subpopulations has very distinct, conserved morphology. Again, without a strict
definition of functional relevance we can’t know they are truly distinct. However,
conserved morphological characteristics lend credence to these being separate
subpopulations. Finally, cortical neuron sequencing from several groups has attempted
to match subpopulations with canonical cortical projections*¢4’, Interestingly, the
majority of cortical subpopulations had a specific, single projection target, although
there were several subpopulations with the same target. Interestingly, similar yet
genetically distinct subpopulations did not have distinct projections.

These examples represent the exception, not the norm. More often, subpopulations are
genetically defined and there is no follow up. The likely cause for this is because it is far
easier and faster to collect and analyze scRNAseq data than it is to verify and validate
genetically defined populations. As an example, in a superb undertaking by Saunders et
al.34, a novel genetic population of spiny projection neurons (SPNs) was discovered and
named ‘eccentric’ SPNs (eSPNs) based on their unique genetic signature. Canonically,
the striatum is almost wholly comprised of two distinct classes of projection neurons;
dopamine receptor 1 (D1) expressing, direct pathway SPNs (dSPNs), and dopamine
receptor 2 (D2) expressing, indirect pathway SPNs (iISPNs). This third axis of eSPNs
represents only 4% of all SPNs and can be broken down further into D1 and D2
expressing eSPNs. Although they differentially express 110 genes relative to canonical
dSPNs and iSPNs, eSPNs don’t display any known differences in circuitry, physiology,
anatomy, or response to disease. While definitely possible, it remains to be determined
whether the genetically defined eSPNs are a de-facto neuronal subpopulation.

A large caveat that comes with attempting to define subpopulations by both genetics
and function is relying on the assumption that biology has provided clear cut
populations. In the dorsal and ventral striatum, a large portion of genes that define
clusters of subpopulations of both D1 and D2 SPNs follow gradients of expression
including cannabinoid receptors*®4°. Beyond the striatum, continuous gene expression
is found in both cortical pyramidal neurons and hippocampal interneurons®5%, and
intermediate groups of neurons that fall into multiple clusters are found in the cortex®2.
In addition to the gradients of gene expression and intermediate phenotypes, neurons
can lose marker genes as they develop and even change their neurotransmitter identity
during development or due to activity®3. Because clustering will depend on finite gene
expression boundaries, having continuous gradients of expression of various genes
makes it difficult to define subgroups. While previous examples have shown that some
genetically defined populations are functionally relevant and distinct, gradient gene
expression, changes in gene expression, and changes in identity throughout maturation
highlights the necessity for following up genetic clustering with confirmation of functional
relevance.

ScRNAseq depends on an unbiased approach to finding subpopulations which



assumes there are underlying gene expression differences that aren’t readily clear.
There is, however, an equally as valid approach to finding subpopulations. The opposite
approach, one that is more ad hoc, is to choose a gene with a known functional role.
Whether it's a receptor or ion channel, applying this gene expression criterion to the
population of interest will generate a functional group. As an example, oxytocin
receptors (Oxtr) are expressed in ~55% of VTA DA neurons and ~25% of SNc DA
neurons. Oxytocin released from neurons in the hypothalamus increase excitability in
Oxtr-expressing VTA DA neurons due to receptor activation and decrease excitability in
SNc DA neurons because of increased inhibitory tone from local Oxtr-expressing
GABAergic interneurons®. In another example, neurotensin receptor 1(Ntsrl) is
expressed in a small portion of DA neurons in the VTA. Even though they represent a
small subset, ablation of Ntsrl-DA neurons led to pronounced changes in energy
balance, and sucrose intake®®. Clearly, OXTR-DA neurons and NTSR-DA neurons are
functional subgroups. They respond to neuropeptides and stimuli different from their
neighbors. However, Oxtr or Ntsrl expression is not correlated with any published DA
neuron subpopulation®3. Either these individual genes don’t follow the clustering defined
by global gene expression, or they aren’t expressed highly enough, although the
published data indicate that likely isn’t the case®*°. In either case, it is clear that global,
single-cell gene expression is not the only method available to discover relevant
neuronal subgroups.

Some additional guidelines should be added to defining a molecular ground state of a
neuron. It should exclude certain genes, like those that are activity-dependent or define
transient cell states. Neurons, more so than cells outside the CNS, will have a big
variance in their gene expression given their need to survive and adapt throughout the
lifetime of the organism. This creates additional problems. Are there learning-related
long-term gene expression changes that would force a neurons removal from its
cluster? The only true way around this is to do multiple experiments on different
biological samples to find the consistent ground state. All of these caveats together, we
can start to lay out the rules for neuronal populations. First, using sScCRNAseq is a great
first pass to provide a foundation of study. Second, it should ideally be followed up with
at least one form of functional confirmation, like projection or physiological analysis.
Third, any group can realistically be broken down further using known, functionally
relevant genes. Finally, a true necessity for defining a subpopulation depends on
replication from multiple biological samples, and hopefully, different labs. It is through
this approach that we can hopefully group sets of neurons that have the same role and
respond to the same stimuli. With these criteria in place, we can start to explore
specific, seemingly homogenous populations to uncover the heterogeneity that exists.

Dopamine’s anatomical discovery and heterogeneity

In mice, there are only about 25,000 total DA neurons, representing about 0.03% of all
neurons in the brain®-8 Even with these small numbers, DA neurons receive
numerous diverse inputs® and have varied projections throughout the brain®°. Because
they can modulate the activity of a variety of brain regions and, DA neurons are known
to play a role in diverse behaviors®162, Most importantly, DA neurons throughout the
midbrain have varied responses to disease, most notably, Parkinson’s disease®3. For
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these reasons, efforts to parse out the functional differences between DA neurons have
made up a significant portion of dopaminergic study since the neurons were discovered
in the mid-20t" century.

Even after DA had been shown to be present in the rabbit brain®%®, the scientific
majority did not think DA held any functional relevance because it showed no effect
when washed on to muscle tissue’. It wasn’t until a unique formaldehyde vapor based
staining and fixing method allowed for the fluorescent visualization of dopaminergic
neurons that the paradigm shifted®”:%8, Once this method was discovered, the field
quickly took to work to define all of the dopaminergic populations throughout the rodent
brain, initially finding 12 groups (named A1-A12)%°. Old groups were then broken down
further, and some new populations were discovered (A13-17) decades later following
the advent of immunohistochemistry for tyrosine hydroxylase (TH)0, the rate limiting
step in catecholamine synthesis of which DA is the first step. The vast majority of DA
neurons are found in the midbrain, regions A8-A10, corresponding in the mouse to the
retrorubral field (RRF), Substantia nigra pars compacta (SNc), and ventral tegmental
area (VTA), respectively (Fig. 3A). While midbrain neurons project throughout the brain,
projections are broken down in that the SNc neurons project strongly to the dorsal
striatum (Fig. 3B) while the VTA neurons represent the rest of DA neurons projections
throughout the brain®. Considering they represent the vast majority of DA signaling in
the brain, midbrain DA neurons have been the focus of the DA field since.

From their earliest discovery, it has been clear that not all DA neurons are alike. First,
as previously mentioned, they are found in multiple, distinct anatomical regions
throughout the brain. Even if the neurons were identical, disparate brain locations point
towards differences in connectivity. Anatomically close populations, like the SNc and
VTA, have relatively clear boundaries between their neurons. Beyond their multiple cell
body locations, DA neurons vary in size and morphology between the VTA and SNc and
even within these regions®®7°. In addition, both fluorescent formaldehyde staining and
TH immunohistochemistry indicated there was a large variability in TH expression and
DA concentration between neurons. Perhaps the most striking difference between DA
neurons was discovered well before DA was characterized in the brain. In the early 20t
century, it was clear a prominent neurodegenerative disorder, Parkinson’s disease (PD),
resulted from degeneration of a very specific population of neurons in the midbrain,
although they hadn’t yet been characterized beyond their dark pigment (hence the
name, substantia nigra). This neuronal response to PD sparked decades of research.

Differential response of DA neurons in Parkinson’s disease.

Descriptions of the symptoms of PD have been around for centuries from the bible to
Da Vinci’t2, The first in depth description and naming of the disease came in 1817 by
Dr. James Parkinson’74. Today, at its most basic, PD represents a family of similar
disorders characterized by bradykinesia, muscular rigidity, resting tremors, postural
instability, and responsiveness to levodopa’®’>. Anatomical confirmation that can only
happen post-mortem, will show a substantial reduction in the numbers of caudal and
ventrolateral SNc DA neurons and Lewy body deposits, protein aggregates made
primarily of a-synuclein protein, from the remaining DA neurons up to the cortex,
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depending on disease severity’’6, Early research into PD used reserpine, an
antipsychotic drug introduced in the early 1950s, as one of the first models of PD. It
caused dyskinesia and muscle rigidity because it blocks monoamine transport, and thus
depletes dopamine release. L-Dopa was shown to ameliorate the effects of reserpine,
pointing towards DA (or nor-adrenaline) as a root cause for the disease’®. In addition to
these data, early speculation of DAs role in motor control was hypothesized because of
its high concentration in the caudate putamen’’. The gradual accumulation of evidence
led scientists to look at DA concentration in diseased brains, and by 1960, it was found
that PD patients showed a marked reduction in striatal DA7378, Soon thereafter, L-Dopa
(now levodopa) treatment became the gold-standard for PD and dopamine depletion
was seen to be the root cause of the disease. Very little has advanced since in terms of
functional treatment for PD.

While treatments have essentially stalled since the discovery of levodopa, research into
the mechanisms behind DA neuron degeneration has been of major interest for
decades. The early recognition that there was selective degeneration of a portion of
SNc neurons provided a great starting point for research. One of the first major
causative hypotheses was put forward due to evidence that neuromelanized neurons in
the midbrain, which are found in the SNc, were selectively degraded as compared to
SNc DA neurons without neuromelanin’®. It was hypothesized that production of
neuromelanin leads to the production of toxic free radicals and also binds many drugs’®.
The notion was that over the course of years, neuromelanin continues to build®, adding
the potential for additional stressors, causing progressive degeneration in these cells’®.
While a major step forward, there have been several other hypotheses put forward.

It is unlikely that there is a single smoking gun that causes PD based neuronal
degeneration in the SNc®'. There have been many documented correlations to neuronal
death. Lewy pathology (LP), cytoplasmic a-synuclein protein aggregates, is highly
associated with clinical PD and LP accumulation can cause neuronal degeneration”>2,
However, LP is not found in all PD patients, and is found in non-PD patients’>82,
Another major hypothesis points towards mitochondrial dysfunction and oxidative
stress®. Post-mortem studies often implicate oxidative damage from mitochondrial
dysfunction in the pathogenesis of PD®. More specifically, reduced mitochondrial
complex | activity can lead to decreased ATP production and reactive oxidative species
(ROS) leading to cell death®:®. ROS may be particularly damaging to SNc neurons
because the majority are pacemakers dependent on L-type Ca?* channels, thus
increasing their intrinsic calcium levels and oxidation887-8%. VTA neurons on the other
hand are less dependent on Ca?* channels for oscillation, and contain more calcium
buffering proteins®®%, Increased SNc neuron calcium levels and oxidation lead to
sustained mitochondrial stress and damage®8°. However, this can’t alone be the cause
of PD specific degeneration because even normal aging results in a significant
reduction in SNc DA neurons®°l, It is probable that all neurons have and are
susceptible to oxidative stress, but the additional effects of pace-making may make SNc
neurons more vulnerable®’. Mitochondrial deficits may affect SNc neurons
disproportionately due to channel composition as well. Mitochondrial complex I inhibition
activates K-ATP channels in SNc neurons not but VTA neurons, leading to



degeneration of SNc DA neurons that can be rescued when K-ATP channels are
knocked out®?>. K-ATP channel activation may be SNc specific due to increased
expression of the SUR1 K-ATP subunit®?. Major evidence for the mitochondrial
dysfunction model also comes from two chemical induced dopaminergic lesions. MPTP
is a sparse byproduct of MPPP, a synthetic opiate. There were cases in which MPPP
users accidentally injected themselves with MPTP, which is converted to MPP* in the
brain. MPP* is taken up by DA transporter (DAT), and shuts down mitochondrial
complex 187, The toxic effects of MPTP may also be enhanced or dependent on a-
synuclein deposits®’. 6-hydroxydopamine, 6-OHDA, is synthetic compound that was
used starting in the late 1960s to induce degeneration of striatal projecting DA
neurons®. 6-OHDA leads to dopaminergic degeneration through uptake through DAT
and localization to the mitochondria, causing increased ROS and inhibition of
mitochondrial complex 19394,

While there are far more cases of sporadic PD, the genetic basis also provides clues to
the causes and heterogeneity of the disease. About 10% of PD cases are associated
with known genetic risk factors®283, The most common genes associated are SNCA (a-
synuclein gene), PINK1, PARKIN, DJ-1, and LRRK2 (leucine rich repeat kinase 2)8.
Interestingly, each of these mutations has different disease causing mechanisms.
SNCA mutations causes high levels of Lewy bodies and early onset of PD
symptoms®287. PINK1 and DJ-1 cause deficits in mitochondrial function. PINK1 is a
mitochondrial kinase which can protect against mitochondrial dysfunction®” while DJ-1
plays a role in regulating oxidant defenses at the mitochondria. Knockout of Dj-1 in mice
increases oxidative load in SNc¢ neurons but not VTA neurons®. PARKIN plays a role in
the unfolded protein response (UPR), and its mutation leads to improper protein
degradation and neurotoxic protein accumulation®’. For LRRK2, the most common
genetic form of PD at up to 4% of familial cases, there is still no consensus on common
mechanistic cause although some evidence shows LRRK2 kinase activity can lead to
toxicity®®. Perhaps unsurprisingly, the genetic underpinnings to PD show a variable and
heterogeneous neuronal response. In addition, while these genes are associated with
PD, they are also expressed ubiquitously in the brain, so it remains unclear why
mutations would lead to selective degeneration in the SNc. Between sporadic and
familial PD cases, the best model points towards increased susceptibility of SNc
neurons due to higher, calcium dependent pace-making with less calcium buffering.
This leads to a higher baseline level of mitochondrial stress and ROS and in turn makes
SNc neurons more vulnerable to any additional insult that may occur, including normal
aging-associated stressors.

While the debate about differential SNc and VTA has been the major focus of PD
research, the VTA alone offers an interesting model to study neuronal susceptibility. In
PD, the VTA exhibits roughly 40-70% neuronal death’7°9, Exploring what makes a
spared VTA DA neuron different from its susceptible neighbors is a difficult question o
answer that is still an open area for investigation. In work presented in Chapter 2 of this
these, the presence of the transcription factor Neurod6é and lack of the neuropeptide
gene Grp indicated increased resilience to a 6-OHDA mouse model of PD%’. Neurod6
has shown to be neuroprotective, maintaining mitochondrial health in cell culture
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studies®-°° which corroborates the evidence that mitochondrial health is a major factor
in PD. Earlier work showed that, within the VTA, there may be a selective sparing of DA
neurons that were calbindin-positive®. Differences could also come from variable DAT
expression in the VTA, which leads to less intracellular DA, and thus less oxidative
stress!®, although this hasn’t been investigated directly. In addition to this, some VTA
neurons fire in a pacemaker fashion, while others are more intrinsically silent. Increased
pacemaker activity, while not Ca?* based, could still lead to enhanced susceptibility°*.
The connection between spontaneous pacemaker firing in the VTA and PD
degeneration has not been examined directly either. So, while many studies have
compared the SNc to VTA, there have been very few studies exploring the response
within the VTA to PD.

While it isn’t completely clear what drives the difference in vulnerability between the
SNc and the VTA to PD, and even further, what differentiates susceptible VTA neurons
from their spared neighbors, there are some very plausible candidates as discussed
above. There are likely many routes that lead to PD and a handful of diseases that have
a similar pathophysiology to, and are often misdiagnosed as, PD’!8l, With these
presented studies, what is clear is that there are many variables that contribute to
neuronal sensitivity to degeneration. Within midbrain dopamine neurons as a
population, there are numerous heterogeneous properties that exist that could cause
various responses. On this basis alone, what is obvious is that DA neurons represent an
extremely diverse neuronal population.

Dopamine neuron functional diversity

Given their differences in anatomy and disease susceptibility, it is no surprise that there
are striking differences between DA neurons in terms of their physiology and behavioral
roles. The first in depth intracellular physiological characterization of DA neurons came
in 1980 by Grace and Bunney'%2, The studies were done in the rat SNc and provided
what was, at the time, the definitive physiological profile of a DA neuron®31%4 The
canonical DA neuron is a pacemaker, firing at about 2-5 Hz, with a wide ~3.5 ms action
potential (AP)103104  There is also a response to DA via DA receptor 2 (D2)
autoreceptors, hyperpolarization that follows action potentials, and an HCN channel
mediated SAG component that follows injected hyperpolarizations with a fast return to
resting membrane potential (RMP)%%195.106 However, almost as soon as this canonical
profile was established, it was found that DA neuron physiology couldn’t be pinned
down that easily. In 1984, it was shown that depending on the projection target of the
DA neuron, whether it was the prefrontal, cingulate, or piriform cortex, there were
differences in spontaneous firing frequency and in the max firing frequency following
current injections%’. The majority of these neurons were found in the VTA where there
is a paucity of striatal-projecting neurons. In addition to this, prefrontal and cingulate
cortex-projecting DA neurons showed no response to DA wash-on, indicating they did
not have D2 autoreceptors®’. This was disagreed with for a short time, potentially
because researchers assumed non-canonical DA neurons were non-dopaminergic
because of their physiology'®, however, it started to become appreciated that some
VTA neurons had much different physiological properties than the canonical SNc DA
neurons06.109,
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By the early 2000s, there were many examples of the innate heterogeneous properties
of DA neurons. First, and most striking, depending on the projection target, a DA neuron
will have a different physiological profile. It has increased max firing rates, a slow return
to RMP following hyperpolarization, and a larger AP width if it projects to the nucleus
accumbens medial shell (NAc MSh) or core, prefrontal cortex (PFC), or
amygdala®2100.107,.110-112 “More recently, it was shown there are even subtle differences
in SNc DA neurons whether they project to the dorsal medial (DMS) or dorsal lateral
striatum (DLS) (Fig. 3A)!*3. Mouse midbrain neurons also have different physiological
responses to opioids, with k-opioids inhibiting NAc-projecting neurons more-so than
PFC-projecting neurons!!!, Interestingly, these data aren’t applicable to the rat, where
NAc-projecting DA neurons see no response to K-opioid receptor agonists but prefrontal
cortex neurons do''*. DA neuron physiology also varies with gene expression. The
typical hyperpolarization activated sag component was shown to depend on whether the
neuron expressed calbindinl, no matter if it was in the SNc or VTA1%, Also, SNc DA
neurons exhibit variable physiological properties because of differences in small
conductance potassium channels!'>. DA neurons also have varying responses to
cocaine depending on their projection target. NAc-projecting DA neurons increase their
AMPA/NMDA ratio following cocaine administration whereas PFC- and striatal-
projecting DA neurons do not!?2, While the majority of the physiological characterization
has happened in brain slices, recent work has elegantly shown the in vivo heterogeneity
of DA neuron physiology. DA neurons projecting to the DLS have far shorter inter spike
intervals in their baseline burst firing rates as compared to DMS-projecting neurons?!?,
Further, adjacent DMS- and NAc lateral shell (LSh)-projecting DA neurons in the ventral
SNc have striking differences in their burst firing patterns!®, From these data, it is
apparent that within this small population of DA neurons exists a vast array of intrinsic
physiological properties. In addition, because of their disparate projections, these
properties impact the various and sometimes opposing behavioral roles that DA plays
within the brain.

DA neurons project throughout the brain and thus play a role in a large set of different
behaviors. Projections are broken down into those coming from the SNc and those from
the VTA (Fig. 3A). The SNc projects almost exclusively to the dorsal striatum, while the
VTA projects to a much larger and diverse subset of regions (Fig. 3B)®°. Fortunately, DA
neurons are somewhat unique as most of them have only a single target region00.116-
118 DA neurons also have a wide array of inputs, with most coming from the NAc,
striatum, amygdala, hypothalamus, midbrain, and cortex®. For the VTA and SNc, inputs
to a neuron have been studied based on that neurons outputs using cTRIO8, This
work has shown that most neuronal populations in the VTA receive similar inputs. There
are some small subtle differences. LSh-projecting neurons have an increase in LSh and
core inputs, and MSh-projecting DA neurons show nearly no dorsal striatum inputs*!8. In
the SNc, almost all neurons have identical inputs, except for increases in reciprocal
circuitry — there are more DLS inputs to DLS-projecting DA neurons, and more DMS
inputs in DMS-projecting DA neurons!?3, Additionally, there is a unique subpopulation in
the very lateral SNc that projects to the tail of the striatum!?®. With such a variety of
inputs and outputs, DA neurons are well-positioned to integrate various stimuli and have
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diverse functional networks.

The behavioral role a DA neuron will play depends heavily on its inputs and outputs. As
the majority of SNc neurons project to the dorsal striatum, they affect and drive motor
behaviors. This was first evidenced when degeneration of DA neurons led to gross
motor impairments in PD patients’”120, More definitively, it has been shown that fast,
phasic DA neuron activity in the dorsal striatum leads to locomotor onset. In addition,
phasic DA activation of SNc DA neuron terminals using channelrhodopsin also initiates
locomotor activity!?t, These findings were contrary to the wide-held belief that DA
affected movements on slow timescales!??. Outside of the SNc, there has been
evidence that neurons in the VTA also affect motor behavior, as about 30% are active
during accelerations in a reward task®?. However, these findings don’t definitively
implicate the VTA in driving motor behaviors specifically.

Perhaps the most commonly known behavior associated with DA neurons is reward
learning. Early studies recognized rats would self-stimulate in areas with known DA
projections in the pre-frontal cortex, however there were additional collaterals from
adrenergic and nor-adrenergic projections'?3. It wasn’t until precise studies were done
using movable electrodes that the tracts coming from midbrain DA neurons (now
recognized as the medial forebrain bundle: MFB), specifically VTA neurons, were found
to directly influence and drive reward processes!?#126, While additional work remained
to localize other reward hot-spots not necessarily related to DA, this represented a
major step forward'?3. In 1997, the model was updated when it was shown DA neuron
firing in the monkey midbrain correlated with the onset of an unpredicted reward, or a
conditioned stimulus that was associated with a reward'?”. DA neurons fired to
represent a ‘reward prediction error’ - they increased their firing upon an unpredicted
reward or conditioned stimulus, or decreased their firing when an expected reward was
omitted, thus representing a physical signal for the value of a stimulus relative to the
current state'?812%, DA can be thought of then as representing a motivational signal with
the goal of moving towards highly rewarding situations. It bursts during a discrete
reward or predicted reward, is continually active during persistent rewarding events, and
maintains a low, tonic release to enable movement!?®, |t also fires in accordance with
the likelihood of receiving a reward, allowing for more complex comparisons to be made
between multiple awards in order to drive behavior®,

In more recent years, optogenetics has helped confirm these findings and provide a
more nuanced understanding how DA drives motivation, reward, and reinforcement
learning. Activation of VTA DA neurons has been causally linked to reward®3!, with
phasic activation of DA concurrent with an unpredicted reward identified as sufficient to
drive reward-seeking behavior and learning*®?. However, adding to the complexity and
the innate heterogeneity of DA neurons, there is substantial evidence for both reward
and aversion triggering DA firing, depending on the neuron. In 1976 it was first shown
that stresses caused an increase in DA in the PFC, but not the NAc, in rats'33, By the
1980s, it was shown more definitively for rats that tail pinch or shock, a traditionally
noxious stimuli, excited about 65% of DA neurons projecting to the PFC*34, and caused
increased levels of DA in the PFC and NAc!®. In addition, this response to aversive
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stimuli also occurred in the SNc in response to various noxious stimuli'3¢, These
findings were replicated several times over the next few years using slightly different
noxious stimuli and measurements showing there are some differences in location of
DA increase that are dependent on the stimuli used!37-14°, Together, this data started to
uncover separate types of functional DA neurons in the VTA and SNc and establish a
role for DA in measure reward and aversion to drive motivational salience!!.

Beyond the increase in DA in the PFC and NAc in response to aversive stimuli, it was
shown that specific cell bodies responded to noxious stimuli. Extracellular recordings
found distinct DA neurons, consistently in the ventral VTA, that increase phasic
excitation following electric shocks to the hind paw!*?. More dorsal VTA neurons
showed the canonical decrease in excitation following shocks!4?. This evidence for two
distinct types of neurons even extended to non-human primates!43. The presence of two
distinct responses was further explained when the mesocortical and mesolimbic circuitry
was explored more systematically. Aversive stimuli increased synaptic strength onto
PFC projecting DA neurons following noxious stimuli, and rewarding stimuli increased
synaptic strength in MSh projecting DA neurons'!?, Further, activation of the lateral
habenula (LHb) inputs into PFC-projecting VTA neurons led to condition place
avoidance#+145 whereas activation of laterodorsal tegmentum (LDT) inputs into LSh-
projecting VTA neurons causes conditioned place preference#®.

All the previous data had outlined a clear role of DA in the PFC in aversive responses,
with increases in mesocortical neuron firing and increases in PFC DA concentration
following noxious stimuli. However, the NAc had been more difficult to tease apart given
that close sub-nuclei have different behavioral roles and incidental activation of adjacent
nuclei could confound data!4®. This was clarified when de Jong et al. showed using in
vivo fiber photometry that ventral MSh-projecting DA neurons responded to aversive
stimuli, conditioned stimuli for aversive stimuli, and novel rewarding stimulit*6. In
addition, neurons projecting to the dorsal MSh, core, and LSh all responded like
canonical reward responsive DA neurons!#®. Thus, even for what was thought to be a
canonical DA response, there is still heterogeneity in how DA neurons react to
rewarding and aversive signals!#’. Using these more comprehensive techniques helped
determine the precise role of the various dopaminergic subtypes and their projections to
NAc sub-regions in motivated behaviors4:147-149 These neurons may not even
represent aversive stimuli per se. They may be activated by salient and alerting signals
that can help adapt and reorient the animal’s behavior towards value learning. This
would further solidify DA’s role in comparing reward and aversion to drive behavioral
motivation, especially because some neurons respond to both aversive and rewarding
stimuli*41143.146 \While the majority of behavioral work in DA circuits centers on reward
and motivation, adding to their complexity and heterogeneity, DA neurons play a role in
behaviors based on their non-striatal projections.

DA neurons send dense projections to the striatum®. However, even with sparse
projections to other regions, local circuitry can be modulated by DA. DA neurons project
throughout the hippocampus. Through pharmacology and genetic knockouts, DA
receptor studies have shown that DA plays a role in spatial memory and recognition
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learning in the temporal and dorsal hippocampus through modulation of hippocampal
LTP and LTD?'°%-152, The canonical response to reward and novelty in the VTA drives DA
release in the hippocampus and helps consolidate memories'®3. Interestingly, not only
does the hippocampus receive dopaminergic input from the VTA, but also from neurons
that co-release noradrenaline and DA in the locus coeruleus (LC)5%153.1%4 Memory
persistence, the maintenance and stability of a memory, promoted by projections from
the LC was found to be DA dependent and not noradrenaline dependent!®*. Beyond
hippocampal memory, DA projections to the amygdala modulate fear memory. The
amygdala contains many different DA receptors. Thus, most of the work deciphering
how DA contributes to fear memory is through receptor pharmacology studies. DA
receptor 1 and 5 (D1 and D5) antagonists in the amygdala attenuates fear memory and
agonists potentiate fear memory*®®, D2 antagonists infused into the amygdala during
conditioned fear tasks reduced freezing behavior during conditioned stimuli*®®. This
corroborates findings that aversive stimuli cause DA release'*!, and increase DA
concentration in the amygdala'®®. Finally, dopaminergic projections to the anterior
cingulate cortex (ACC) show a complex effect on behavioral reversals and decision
making®®"1%8, with VTA DA likely contributing it's measurement of reward prediction
error in a feedback loop with the ACC'®°, While there are also clear dopaminergic
projections to the lateral septum, bed nucleus stria terminalis (BNST), and perirhinal
cortex, among others, the precise role DA may play in these regions is unclear.

Beyond their unique anatomical and disease response heterogeneity, DA neurons have
diverse functional properties and behavioral roles. Because of their vast heterogeneity
in physiology, behavior, and especially their response to Parkinson’s disease, the
genetic underpinnings that drive this variance has been of special interest and has
generated a lot of investigation. Decades of research have gone into deciphering the
genetic makeup of DA neurons and their subpopulations.

Genetic subpopulations of dopamine neurons

As discussed above, a neuronal subpopulation is rarely definable by a single gene. This
is certainly true for DA neurons as well. No single gene can define a dopaminergic
neuron. There is a checklist from development to maturity that helps define a DA neuron
in general, although, even then it is still up to some interpretation. A DA neuron can be
defined at its most basic as a neuron that develops from dopaminergic progenitors, and
can synthesize, release, and uptake DA. This will depend on a collection of different
genes. Some of the most basic genes necessary start with DA synthesis, which will
depend on tyrosine hydroxylase (Th) and dopa decarboxylase (Ddc). DA transporter
(Slc6a3: DAT) is needed for DA reuptake at the synapse, and vesicular monoamine
transporter 2 (Vmat2) to package DA into vesicles. Presence of any of these genes
doesn’t de facto define a DA neuron as none of these genes is necessary and sufficient
for DA release. There are some neurons that express Th and not Sic6a3 in the locus
coeruleus, zona incerta, and nucleus raphe'®® and it's not clear whether they can
release DA because some Th* neurons, including those positive in TH-Cre mice, may
not contain much functional TH protein'®l, However, it has been shown some of these
neurons in the locus coeruleus do release DA™, Thus, while it may exclude a small
subset of DA neurons, in recent years DAT expression has been argued to be the best,
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most strict marker to identify DA neurons with minimal off-targets®:161.162,

Part of the genetic DA neuron identity stems from development. There are several
transcription factors that define DA neuron lineage, and more specifically, midbrain DA
identity. DA neurons originate in the mesodiencephalic floorplate and are pushed into
their trajectory in part by Foxal/2163.164 | mx1a/b165166 Nurrll6’, and Ngn233.164.168
However, these genes alone don’t define DA neurons as they are also present and
necessary in other neurons that originate in the floorplate. They are expressed in
neurons adjacent during development that migrate into the subthalamic nucleus (STN)
and premammillary nucleus®®179, Midbrain DA neurons can identified from this lineage
based on expression of the transcription factor Pitx3, a strong marker of midbrain DA
neurons!®8170 nterestingly, genes like Foxal/2, Lmxla/b, and Nurrl define midbrain
DA neurons, as DA neurons outside of the A8-A10 areas don’t arise from the same pool
of early progenitors!’t172, Going deeper, some of the fundamental diversity between the
SNc and VTA also stems from development. Transcription factors like Shh and Enl
along with other factors like retinoic acid and Aldhlal push dopaminergic progenitors
towards an earlier developmental, SNc fate'’3. Even with this information, more subtle
differences that delineate the complex genetic diversity within the VTA or SNc have yet
to be addressed. Based on these definitions, a checklist emerges for midbrain DA
neurons. It must contain the majority of the machinery necessary for synthesis, release,
and uptake of DA, and release dopamine. In addition, it should develop from the
mesodiencephalic floorplate and express the transcription factors Foxal/2, Lmxla/b,
Nurrl, Ngn2, and Pitx3. With this baseline, one can begin to explore the genetic
heterogeneity in midbrain DA neurons.

Because of their unique susceptibility to PD, discovering the genetic underpinnings that
cause resistance to disease has been studied extensively. There have been many
groups using various methods throughout recent years to decipher the genetic makeup
of the different subgroups of DA neurons. The earliest RNA-sequencing studies into
dopaminergic genetic heterogeneity compared bulk populations of SNc and VTA
neurons with the goal of uncovering the genetic underpinnings of SNc’s susceptibility to
PD. This consisted of laser microdissection of cells from SNc, and VTA in the mouse!’*
and rat!’t175, Additionally, one study included the DA neurons in the hypothalamus and
the LC'"L, Through microarray analysis, a consistent profile of SNc and VTA neurons
began to emerge. VTA neurons appeared to have consistently higher levels of Calbl,
Egrl, Grp, and Tacr3 while the SNc expressed Cd24a, Fgfl,lgfl Sox6, and Sncgl/1.174-
176, Unfortunately, none of these genes are strict markers for either population'®®, These
data clarified that single genes weren’t sufficient to label any subpopulation of DA
neurons, especially ones as anatomically close as the SNc and VTA. In addition, as
evidenced by the diversity within the VTA and SNc outlined above, it became clear
there was significant heterogeneity within each population. For this reason, bulk studies
wouldn’t be able to discover all the heterogeneity within the populations.

To address this, many recent studies have used single cell profiling approaches to

catalog DA neuron subpopulations33:3497.177-180_ The first single-cell analysis done on DA
neurons used a 96-well format and gPCR to cluster DAT-Cre-positive neurons based on
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a selection of 96 genes that had been previously identified in the bulk sequencing
experiments!’’, Larger scale scRNAseq platforms have been used more recently in the
DAT-Cre mouse line% 178, Interestingly, other studies have used different genetic mouse
lines, like Th-eGFP'"®, Pitx-eGFP0, or wild type®*. There have been some major
consistencies within the data even with the varying methods and mouse lines®3. Based
on the consensus of the different data sets, there appears to be about 2 subgroups of
SNc neurons, and 4 subgroups of VTA neurons. The SNc is split roughly through its
medial/lateral axis even though it is a very thin structure. The major delineation
genetically between the two groups is the expression of Aldhlal in the lateral portion,
and not the medial. In addition, there is a small subset of SNc neurons that express
Vglut2, typically expressed in glutamatergic neurons, in the very dorsal lateral region.
The VTA has more clear delineations, broken down roughly by anatomical areas. The
ventromedial VTA has shown consistent expression of Neurod6, Grp, Gpr83, and Otx2
across at least four of the six studies above. The most caudal DA neurons in the
caudodorsal VTA and dorsal raphe also show very consistent markers in Vip, and
Calbl, with a lack of Sox6. The dorsomedial VTA is less definitive. It makes up the
majority of the parabrachial pigmented area (PBP), and its strongest marker is Slc32al
(Vgat). Finally, the laterodorsal VTA, which runs in part adjacent to the SNc shows
consistent Lypd1/Sox6 labeling with a lack of Aldhlal33.

Given the heterogeneity and close proximity of DA neurons, none of these anatomic
and genetic markers have strict delineations. Even the strongest markers here like Vip
or Neurod6 are often found outside of the caudodorsal or ventromedial VTA®"177, Even
markers like Neurod6 and Grp that consistently mark the same subgroup through
cluster analysis don’t show close to perfect overlap®’. So too, these markers just
represent what the maijority of the neurons within that cluster express, and don’t mark
100% of those neurons. Thus, it is important that any of these clusters are further
analyzed to determine whether or not they represent functional subgroups. Evidence
that genetically-defined dopaminergic subpopulations can define functional populations
has come from two studies. The Neurod6 subpopulation in the ventromedial VTA has
been shown to have strong projection targets to the NAc MSh, lateral septum, and
olfactory tubercle with few projections outside those areas®’'8! (also see chapter 2 and
3). Neurod6+ DA neurons have distinct physiological properties as compared to their
neighboring neurons, and represent a population that is largely spared in a 6-OHDA
model of PDY. In addition to this in depth study of the Neurod6 subpopulation, the
projection targets of other genetically defined subgroups have been explored. Through
intersectional targeting of DA neurons expressing Aldhlal, Vglut2, and Vip, among
others, Poulin et al. found genetic subpopulations had restricted projection targets with
limited overlap'®. These data are vital as they indicate the functional relevance of
dopaminergic subpopulations and point towards potential ways to uncover the
behavioral roles each subpopulation has.

In addition to the scRNAseq-defined genetic clusters there are also groups of neurons
within the VTA that express markers typically assigned to excitatory or inhibitory
neurons that aren’t ascribed to clustered subpopulations. Dorsomedial VTA neurons
express Vglut2, the gene responsible for the packaging of glutamate into vesicles®61.161,
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Further, these neurons show functional co-release of glutamate!®3-185 |n addition to
glutamate, DA neurons also co-release the main inhibitory neurotransmitter GABA86-
188 These DA neurons don’t express common GABAergic markers'®’, and use non-
canonical methods to synthesize and package GABA?"18  Beyond co-release,
subsets of DA neurons express different peptidergic receptors like neurotensin receptor
1 (Nstrl) and oxytocin receptor (Oxtr) making them uniquely able to respond to
peptidergic inputs from the hypothalamus and other regions®*%°. Taken together with
the scRNAseq data, it appears there are layers of genetic heterogeneity, with some
foundational clusters that may arise through development, and others that are defined
based on their expression of single functional genes.

Through many bulk and scRNAse(q studies, the genetic heterogeneity of DA neurons is
clear. While the exact markers show some variability, there is a foundational description
of different subgroups and evidence they represent functional populations. In addition to
the scRNAseq defined subpopulations, there are further populations based pre-
identified functional genes like markers for glutamatergic or GABAergic neurons that
show DA neurons can co-release different transmitters. There are also peptidergic
receptors that indicate the ability for some subpopulations to respond to peptidergic
signaling. The stage is now set for further work to uncover the behavioral functions of
each of the subtypes.

Neuropeptide subpopulations in DA neurons and their unknown role in the brain

Through scRNAseq data, it has become clear that neuropeptides are consistent
markers of neuronal subtypes343°. Neuropeptides are a class of small signaling
peptides found throughout the central and peripheral nervous system, and represent an
ancient, fundamental family of slow signaling neuromodulators. They are thought to be
one of the original signaling molecules as they are expressed widely throughout the
animal kingdom and are still prevalent in invertebrates where rapid signaling with fast-
acting neurotransmitters isn’t as crucial*®. Interneurons serve as a perfect example, as
their diversity is heavily reliant on neuropeptides, with the vast majority defined by two
different neuropeptides; vasoactive intestinal peptide (VIP) and somatostatin (SST)192,

It is only recently becoming appreciated how ubiquitous neuropeptide expression is in the
brain. Smith et al. has shown that 97% of sequenced mouse cortical neurons in the visual and
motor cortex express at least one neuropeptide gene, and 98% express at least one
neuropeptide receptor gene'®?. In addition, they show that using just expression of
neuropeptides and receptors is sufficient to successfully cluster neuronal subgroups!®2. While
unlikely, neuropeptide signaling in the central nervous system may represent a vestigial
phenomenon that often holds no current functional relevance. This could be evidenced by a
lack of coordination between neuropeptides and their receptors in some circuits®3. However,
the peripheral and central nervous system has countless documented circuits involving
neuropeptides. Most of the work in neuropeptide signaling has been done in C. Elegans and
Aplysia, but there numerous examples of it happening in the rodent brain'®+%, The majority of
this work has been done in the mouse thalamus and hypothalamus where neuropeptide Y
(NPY), oxytocin (OXT), and vasopressin (VP) play important roles in local circuitry941%,
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Interestingly, there are two major neuropeptides that are consistently found to label
distinct subpopulations of DA neurons. Gastrin releasing peptide (GRP) has been found
in several studies to mark a ventromedial portion of the VTA and project to the DMS and
NAc MSh97.177.178,19 |n addition, DA neurons expressing VIP are found in dorsal raphe
DA neurons and project to the central amygdala (CEA) and BNST/7:178.182 \What has
yet to be explored is whether the neuropeptides are co-released from these populations,
whether the cognate receptors are found at their projection targets, or whether the
peptide has a measurable effect on the target neurons that have the receptor. Co-
release allows for a neuron to have multi-dimensional effects on several timescales
simultaneously. If neuropeptide signaling truly is as ubiquitous as the data suggest, it
represents an additional, underappreciated aspect to brain circuitry. It would have major
impacts on neuronal physiology and drastically increase the dimensionality of neuronal
signaling.

Conclusions

Neurons are a unique cell type because the vast majority are mitotically inactive and
must survive throughout the life of the organism. They have become extremely
specialized to allow for multifaceted computations and brain processes. In order to
begin understanding the vast complexity of the brain, it is vital to have a cellular ‘parts
list'. However, even creating guidelines that define neuronal groups is difficult because
no one gene or characteristic is sufficient to define discrete subtypes. In addition to this,
another major challenge is ensuring there is functional relevance to any group that is
defined. Because they are so heterogeneous, there are many ways that a population of
neurons can be subdivided. The foundation of each of these traits, however, can be
defined by their gene expression. Recent advances in single-cell RNA sequencing have
allowed unprecedented access to the genetic signatures of individual neurons
throughout the brain. With this, many neuronal genetic subclasses have now been
cataloged, but the important next step is to validate these genetically-defined
subpopulations.

Mouse dopaminergic neurons are a vital population of neuromodulatory cells that
project throughout the brain and play a role in a various behaviors. While their
heterogeneity has always been evident, recent work has outlined how truly diverse DA
neurons are in their anatomy, circuitry, physiology, and response to disease.
Importantly, their gene expression at the single cell level has also recently been
uncovered, revealing approximately 6 subpopulations of DA neurons within the
midbrain. This information paves a path forward towards reproducible targeting of
specific subpopulations and the building of new tools to access these subgroups. What
has become clear through scRNAseq is the need for multiple genetic markers to label
neurons, necessitating the use of new intersectional mouse models. Intersectional
genetic approaches have been used for nearly two decades in Drosophila and C.
Elegans, but it wasn’t until recently that they have started to be developed to study
mouse neuronal heterogeneity. With new tools we can start to explore the behavioral
consequences of DA neuron subpopulation activation, and the impact of neuropeptide
expression in specific sub-circuits.
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Dissertation research goals

Given their close anatomical proximity and similar genetic makeup, it has been a
challenge to parse the functional and behavioral differences between dopaminergic
subpopulations consistently and reliably. For this reason, it is important to determine
their inherent genetic ‘ground-state’ to define discrete genetic differences and
subclasses of DA neurons and allow new tools to access them. The goal of this
dissertation is to first determine the genetically-defined subpopulations of dopamine
neurons through scRNAseq. This will provide a foundation upon which DA neurons can
be reliably subdivided. Second, using this information, the next task is to uncover
whether genetically defined dopaminergic populations are functionally relevant in
regards to their anatomy, projections, and response to disease. Finally, we want to build
tools to help address and explore dopaminergic heterogeneity. With these tools, we can
parse out DA’s role in discrete behaviors and explore sub-circuits that are defined by
the expression of different genes of interest.
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Figures and legends
Figure 1.

Midbrain DA neuron location Striatum

Figure 1. A) Coronal view of the mouse midbrain. Location of midbrain DA neurons
shown in red. Substancia nigra pars compacta — SNc, ventral tegmental area — VTA. B)
Coronal image of the striatum, the major target of midbrain DA neurons. Dorsal lateral
striatum — DLS, dorsal medial striatum — DMS, nucleus accumbens lateral shell — LSh,
nucleus accumbens core — C, nucleus accumbens medial shell - MSh. Schematics
based on the Paxino’s Mouse Brain Atlas'®’
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Introduction

Midbrain dopamine (DA) neurons of the substantia nigra pars compacta (SNc) and
ventral tegmental area (VTA) make widespread projections throughout the brain and
modulate a host of behaviors from motor function to reward learning to cognition®.
Although they represent only about 0.03% of neurons in the mouse brain, DA neurons
are heterogeneous as they vary significantly in their circuitry5®112118,119
physiology*®113 gene expression!’”1’8 and response to disease® 6198199 VTA DA
neurons are particularly diverse, as they comprise multiple sub-circuits projecting to
different brain regions and have distinct electrophysiological properties according to
their projection target®:190.110 Depending on their connectivity, VTA neurons can also
mediate opposing behaviors, such as reward and aversion!4®, necessitating tools that
can parse this functional heterogeneity to allow selective manipulation of specific VTA
subpopulations?®0201 - Building on prior studies that identified genetic differences
between SNc and VTA neurons'’1174175.199  recent single-cell genetic profiling studies
have uncovered further genetic heterogeneity in the dopamine system, including several
subtypes of VTA neurons®’”178 However, it is currently unknown how these genetically-
defined classes of DA neurons map onto subtypes defined by their circuitry and

physiology.

A notable feature of dopaminergic subpopulations is their differential vulnerability to
disease. For example, in the neurodegenerative disorder Parkinson’s disease (PD),
SNc DA neurons degenerate earlier and to a greater degree than VTA DA neurons?6:%,
The reason for this selective vulnerability is not well understood, although current
hypotheses point to differences in the expression of ion channels and metabolic
proteins between SNc and VTA neurons®892.174.175,202203 ' Degpite the relative sparing of
the VTA compared to the SNc, about 40-77% of VTA DA neurons still degenerate® and
the molecular features that define susceptible versus spared VTA neurons are
unknown.

Here our goal was to define dopaminergic subpopulations based on gene expression
and determine how these populations map on to DA subtypes defined by physiology
and circuitry. To do this we analyzed DA neuron populations marked by two genes, Grp
and Neurod6, that we identified by unbiased single cell-RNA-sequencing, and which
have previously been reported to mark subpopulations of VTA dopamine
neurons!’4175.177,178,196,204  \Wjith a combination of anatomy, retrograde tracing, and
physiology, we show that these genes define overlapping yet distinct DA neuron
populations. We further demonstrate that the combinatorial expression of these two
genes influences susceptibility to degeneration in a 6-OHDA mouse model of PD.
Together, our findings further our understanding of dopaminergic cell type diversity and
validate genetic approaches for defining functional cell types in the brain.
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Materials and Methods

Mice

Animal procedures were carried out in accordance with protocols approved by the
University of California, Berkeley Institutional Animal Care and Use Committee (IACUC)
and Office of Laboratory Animal Care (OLAC).

For single-cell RNA-sequencing experiments, DAT'RESCre mice?®> (Jackson
Laboratories strain #006660, RGD_12905031) were crossed and maintained with the
Ai9 tdTomato Cre-reporter line?%  (Jackson Laboratories strain #007909). For
physiology experiments, NEX-Cre mice were obtained from Dr. Klaus-Armin Nave?°’
and crossed with the Ai9 mouse line. C57BL/6J mice were used for retrograde bead
injections. The ages, sexes, and numbers of mice used are indicated for each
experiment in the results and figure legends.

Single-cell RNA-sequencing

Postnatal day (P) 26-34 male and female DAT'RESCre;Ai9 mice were briefly
anesthetized with isoflurane, decapitated, and brains were removed and placed in ice-
cold, oxygenated ACSF (NaCl 125 mM, NaHCO3 25 mM, NaH2PO4 1.25mM, KCI 2.5 M,
MgCl2 1 mM, CaCl2 2 mM, glucose 25 mM). The brain was cut coronally into 275 pym
sections on a vibratome (Leica VT1000 S) in oxygenated ice cold choline cutting
solution (choline chloride 100 mM, NaHCO3s 25 mM, NaH2PO4 1.25 mM, KCI 2.5 mM,
MgCl2 7 mM, CaClz 0.5 mM, glucose 25 mM, sodium ascorbate 11.6 mM, sodium
pyruvate 3.1 mM). Midbrain sections were incubated for 15 minutes in ACSF at 34°C.
Midbrain (including the hypothalamus) was dissected in ACSF using forceps under a
dissection microscope. Midbrain sections were incubated in 10 mL oxygenated papain
solution (Papain 10 U/mL (Worthington #LK003176) in ACSF with 10 mM HEPES, 10
U/ml DNase, 2.5 mM EDTA, 2.5 mM cysteine, 1 mM kynurenic acid, and 5 mM CacClz)
for 25 minutes at 34°C. Following papain digestion, tissue was placed into 9 mL
oxygenated STOP-ovomucoid inhibitor solution (1 mL/mg ovomucoid (Worthington
#LK003182) in HEPES-ACSF, 10 U/mL DNase, 1 mM kynurenic acid, and 5 mM CacCl>)
and bubbled gently at 34°C. 8 mL of the supernatant solution was removed, and the
tissue was triturated serially in the remaining 2 mL of solution with polished 3, 2, and 1
mm glass pipettes to create a single cell suspension. The 2 mL single-cell suspension
was spun down in a 20% percoll solution (600 yL percoll (Sigma #P4937) in 2.4 ml
STOP-ovomucoid solution) at 430 x g for 6 minutes at room temperature (RT). The
supernatant was aspirated leaving ~50 uL of solution and the cell pellet. The pellet was
resuspended in 1 mL HEPES-ACSF with 1 mM kynurenic acid and 5% FBS (Life
Technologies #16140063).

This single cell suspension was sorted on a BD Influx cell sorter in the Flow Cytometry
Facility at UC Berkeley. Cells were gated for Pl-/tdTomato+ and sorted into a PCR tube.
Based on the number of neurons sorted and cell viability count, neurons were brought
to ~200,000 neurons/mL. Neurons were then put into a large Fluidigm C1 chip and each
of the 96 wells were visually inspected to verify cell presence, cell health, and tdTomato
expression. Wells containing cell doublets were excluded from further processing.
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Cells went through single-cell mRNA extraction using the Fluidigm C1 system in the
Functional Genomics Laboratory at UC Berkeley. Single cell cDNA was removed and
measured via Qubit. Any cell that gave less than 0.3 pg/mL of cDNA was removed due
to likely low quality. cDNA from single cells that passed the initial quality check was
diluted to 0.3 pg/mL. 379 single neuron cDNA extracts were library prepped using the
Nextera DNA library prep protocol (lllumina #FC-121-1012). The cDNA was then
sequenced on a HiSeq 2500 in the Vincent J. Coates Genomics Sequencing Laboratory
at UC Berkeley.

Single-cell RNA-seq preprocessing

Reads were aligned to the GRCm38.3 (mm10, patch release 3) mouse genome
assembly with Tophat2 (v. 2.1.1)%® and low quality reads were removed with
Trimmomatic (v. 0.3.2)°%°. Gene expression was quantified using featureCounts (v
1.5.0-p3)?%% and RefSeq transcript annotation. Reads that aligned to more than one
gene as well as chimeric fragments were excluded. We used a quality control (QC)
pipeline that computes an extensive set of quality metrics, relying in part on FastQC (v
0.3.2) and the Picard tools (v. 2.5.0 with samtools 1.3.1) as done previously?'l. We used
the Bioconductor package scone (https://bioconductor.org/packages/scone; v. 0.99.6) to
perform data-adaptive cell and gene filtering. This yielded the following exclusion
criteria: any cell with fewer than 500,000 aligned reads or a percentage of aligned reads
below 85%. In addition, we filtered out cells with large drop-out rates, as defined by the
“false negative curves” of scone. This procedure resulted in a total of 232 retained cells
(out of 379). Finally, we retained only those genes having at least 10 reads in at least 10
cells (10,983 genes).

Single-cell RNA-seq statistical analysis

We performed and assessed several normalization schemes using scone?? and
selected full-quantile normalization?13214, We then applied principal component analysis
on the normalized data and retained the first 50 principal components, which explained
41% of the variance. Cluster analysis was performed on the first 50 principal
components using the RSEC method?'® implemented in the Bioconductor package
clusterExperiment (https://bioconductor.org/packages/clusterExperiment; v. 1.0.0), as
previously described?'!. We used RSEC with the following specific parameters: alphas =
0.3, minSizes = 5, combineProportions = 0.5; all the other parameters were left at their
default values. RSEC found 9 stable clusters. We used limma (v. 3.30.13) with voom
correction weights?16, as implemented in the clusterExperiment function getBestFeature,
to find marker genes for each cluster. To visualize the clustering results, we applied
ZINB-WaVE?® (with K=10) for dimensionality reduction, followed by t-
Distributed Stochastic Neighbor Embedding (t-SNE; perplexity parameter set to 20) .

Code Accessibility

The computer code for the single-cell RNA-seq analysis is available at
https://github.com/drisso/striatum. This code was run on an Apple Mac computer with
macOS Sierra 10.12.4 operating system.

Fluorescent in situ hybridization
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To visualize mRNA we used the RNAScope fluorescent in situ hybridization (FISH)
method (ACDBIo). Fresh-frozen tissue was processed as per RNAScope instructions.
Briefly, mouse brain tissue from male and female mice aged P21-120 was fresh-frozen
in OCT on dry ice and stored at least overnight at -80°C. Tissue was then cut on a
cryostat (Leica Microm HM550) into 12 ym sections and mounted onto slides. Slides
were fixed in 4% PFA in 1x PBS for 15 minutes. Slides were dehydrated using 5 minute
incubations in 50%, 70%, and twice with 100% ethanol. Slides were incubated with
RNAScope Protease IV (ACDBio #322340) at RT for 30 minutes, and washed with 1x
PBS. FISH was then performed using the RNAScope Multiplex Fluorescent assay
(ACDBIo #320850) per the manufacturer’s instructions and protocols. Following FISH,
slides were briefly dried and coverslipped using ProLong Gold Antifade mounting media
(Invitrogen #P36934).

RNAScope probes used: mM-Neurod6 (#444851), mM-Grp (#317861), mM-Th
(#317621), mM-Slc6a3 (#315441), mM-Lydp1l (#447081).

Microscopy and image analysis

Two confocal microscopes were used to take Z-stack images of FISH-labeled or
immunostained sections: an Olympus FV1000 with a 20x Nikon Eclipse objective and a
Zeiss LSM 710 AxioObserver with Zeiss 10x, 20x, and 63x oil objectives housed in the
Molecular Imaging Center at UC Berkeley. Images were analyzed using the FIJI image
analysis toolbox. Cells were considered positive for Neurod6, Grp, or Lypdl if they
contained three fluorescent puncta within the boundary created by a cell marker: DAT,
TH, or DAPI.

Retrobead and virus intracranial injections

P14-P18 wild-type male and female mice were used for retrograde labeling
experiments. Green Retrobeads IX (Lumaflour #G180) were diluted 1:7 in sterile 1x
PBS unless otherwise noted. Beads were bilaterally injected using a pulled glass
pipette. The following coordinates from bregma and bead volumes were used to target
each projection site: dorsomedial striatum (DMS) (M/L +/-1.35 mm, A/P +.75 mm, D/V -
2.60 mm, 400 nL beads), dorsolateral striatum (DLS) (M/L +/-2.15 mm, A/P +.70 mm,
D/V -2.50 mm, 400 nL beads), nucleus accumbens (NAc) medial shell (M/L +/-0.75 mm,
A/P +1.20 mm, D/V -4.15 mm, 300 nL beads), NAc core (M/L +/-1.2 mm, A/P +1.10 mm,
D/V -4.05 mm, 300 nL beads), NAc lateral shell (M/L +/-1.75 mm, A/P +1.05 mm, D/V -
3.95 mm, 300 nL beads), basolateral amygdala (M/L +/-2.65 mm, A/P -1.05 mm, D/V -
4.40 mm, 120 nL beads at 1:3 dilution), medial prefrontal cortex (four injections per
hemisphere at two different depths per injection: M/L +/-0.35 mm, A/P +1.50 mm, +1.65
mm, +1.80 mm, and +1.95 mm, D/V -2.00 mm and -1.40 mm, 400 nL total per
hemisphere), lateral septum (M/L +/-0.45 mm, A/P +0.40 mm, D/V -2.70 mm, 300 nL
beads).

To allow for sufficient DA neuron labeling, mice were sacrificed at various time points
following injection: 7 days for the DMS and DLS, 21 days for the prefrontal cortex, and
14 days for the NAc (MSh, core, and LSh), lateral septum and amygdala. Brains were
harvested and cut to separate the injection site and midbrain. The midbrain was frozen
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for cryostat sectioning as described above for FISH. The brain region containing the
injection site was incubated in 4% PFA overnight at 4°C, then cryoprotected in 30%
sucrose in 1x PB until the tissue sank. Injection site tissue was sectioned on a freezing
microtome, mounted with Vectashield hardset mounting media with DAPI (Vector
laboratories #H-1500), and analyzed for bead expression at the injection site. Brains
with correctly targeted injection sites and minimal off-target bead expression were
chosen for analysis.

To selectively label NEX-Cre expressing neurons in the VTA, we unilaterally injected
800 nL of a Cre-dependent tdTomato virus (AAV1.CAG.Flex.tdTomato.WPRE.bGH,
Penn Vector Core #AV-1-ALL864) into heterozygous NEX-Cre mice at P16. To target
the VTA we used the following coordinates from bregma: M/L +/-0.25 mm, A/P -2.9 mm,
D/V -4.45 mm.

Immunohistochemistry

Immunohistochemistry was performed as described previously?l’. The following
antibodies were used: tyrosine hydroxylase (TH, ImmunoStar #22941,
RRID:AB_572268), Alexa-488 goat anti-mouse secondary (ThermoFisher Scientific #A-
11001, RRID:AB_2534069), Alexa-633 goat anti-mouse secondary (ThermoFisher
Scientific ~ #A-21050, RRID:AB_2535718), streptavidin  Alexa-488 conjugate
(ThermoFisher Scientific #S32354, RRID:AB_2315383), streptavidin Alexa-633
conjugate (ThermoFisher Scientific #521375, RRID:AB_2313500).

Electrophysiology

275 pm thick coronal midbrain slices were prepared from P56-105 NEX-Cre;Ai9 or
DAT'RESCre;Ai9 mice of both sexes on a vibratome (Leica VT1000 S) in ice cold high
Mg?* ACSF containing in mM: 85 NaCl, 25 NaHCOg3, 2.5 KCI, 1.25 NaH2POas, 0.5 CaClz,
7 MgCl2, 10 glucose, and 65 sucrose. Slices were recovered for 15 minutes at 34°C
followed by 50 minutes at RT in ACSF containing in mM: 130 NaCl, 25 NaHCOs, 2.5
KCI, 1.25 NaH2PO4, 2 CaClz, 2 MgClz, and 10 glucose. NEX-Cre+ VTA neurons were
identified by tdTomato fluorescence in NEX-Cre;Ai9 mice. SNc neurons were defined
either by the presence of green retrobeads injected into the dorsolateral striatum in
NEX-Cre;Ai9 mice or by tdTomato fluorescence and anatomical location in
DAT'RESCre;Ai9 mice. For whole cell recordings, 2.5-6 mQ glass pipettes were filled with
a potassium-based internal solution containing in mM: 135 KMeSOs, 5 KCI, 5 HEPES, 4
Mg-ATP, 0.3 Na-GTP, 10 phospho-creatine, 1 EGTA, and 4mg/ml neurobiotin (Vector
laboratories #SP-1120). Recordings were obtained using a MultiClamp 700B amplifier
(Molecular Devices) and Scanlmage software. Passive membrane properties were
recorded in voltage clamp with the membrane held at -70 mV. Spontaneous action
potentials were recorded in current clamp. In current clamp, 500 ms steps of negative
current were delivered (-25 to -150 pA) to hyperpolarize the membrane to approximately
-100 mV. During the steps, current was injected to maintain the baseline membrane
potential at -70 mV. All recordings were performed at RT in the presence of synaptic
blockers (NBQX 10 uM, CPP 10 uM, picrotoxin 50 pM, final concentration). Data were
analyzed in Igor (Wavemetrics) using custom scripts.
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6-OHDA injection

6-hydroxydopamine (6-OHDA) (6-hydroxydopamine hydrobromide with ascorbic acid:
Sigma-Aldrich #H116-5MG) injections were made into the medial forebrain bundle of
P120 female mice as previously described?8. Thirty minutes prior to 6-OHDA injection,
a solution containing 0.5 mg/mL pargyline (Sigma Aldrich #P8013 500mg) and 2.5
mg/mL desipramine hydrochloride (Tocris #3067) was injected intraperitoneal at a dose
of 5mg/kg pargyline and 25 mg/kg desipramine. 200 nL injections of freshly prepared 15
mg/mL 6-OHDA in sterile saline + 0.02% ascorbic acid were injected into the medial
forebrain bundle (MFB, coordinates from bregma: M/L +/- 1.2mm, A/P 1.2mm, D/V -
4.90). Adult female wild-type mice were used as younger mice and male mice showed
poor recovery following injection. 250-350 pL of meloxicam (5-10 mg/kg dose) was
injected subcutaneously as an analgesic.

Mice were monitored daily following the injection to ensure recovery. Kitten Milk
Replacement (Santa Cruz #sc-362120) was fed to mice daily for up to two weeks
following the injection to aid recovery and meloxicam was injected subcutaneously to
alleviate pain if necessary. Motor function was assessed using the cylinder test each
week following the injection (see below). Four weeks following 6-OHDA injection, mice
were quickly anesthetized using isoflurane, decapitated, and their brains were fresh-
frozen as described above for FISH.

Cylinder test
To test the severity of Parkinsonian-like symptoms following unilateral 6-OHDA

injection, we used the cylinder test to score limb use asymmetry. Mice were habituated
to the behavior room for a minimum of 30 minutes during their dark cycle under red light
illumination. Mice were placed into a clear plastic cylinder 12 cm in diameter and 20 cm
in height. The cylinder was placed next to two mirrors to visualize paw use. The mouse
was both video recorded and observed by the experimenter while it was allowed to
move around freely in the cylinder for 10 minutes. Full 360° ipsiversive and
contraversive rotations (relative to the 6-OHDA injection side) were counted. Forelimb
asymmetry was measured by counting the number of times the ipsilateral paw,
contralateral paw, or both paws were used for support when the mouse reared against
the wall of the cylinder. The percentage of ipsilateral or contralateral paw use was
calculated based on total rears (e.g. ipsilateral paw touches/ipsilateral + contralateral +
both paw touches). A greater number of ipsiversive turns and ipsilateral paw use
indicates a successful 6-OHDA injection and unilateral Parkinsonian-like symptoms.

Experimental Design and Statistical Analysis

A one-way ANOVA was used to compare the means of three or more groups. Post-hoc
pairwise comparisons were made using either Bonferroni or Tukey's multiple
comparisons tests. Unpaired, two-tailed t-tests were used to compare the means of two
groups. A paired, one-way ANOVA with Dunnett’s multiple comparisons post-hoc test
was used to compare DA neuron subpopulations to the entire VTA DA population for
the 6-OHDA experiments. Data are reported as the mean +/- S.E.M.
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Results

Single-cell RNA-sequencing of midbrain dopamine neurons

To define subclasses of DA neurons in an unbiased way, we performed single-cell
RNA-sequencing of DA neurons from P26-P34 male and female mice in which
dopamine transporter (DAT)-expressing neurons were labeled with a tdTomato reporter
(DAT'RESCre;Ai9, Fig. 1-1A). A bioinformatic and statistical workflow revealed nine
clusters of DA neurons based on differential gene expression (Fig. 1-1B-E). We
identified markers for each cluster and validated eight of the nine clusters. Two of the
clusters corresponded to DA subpopulations in the hypothalamus, four defined
subclasses of VTA neurons, and two corresponded to the SNc (Fig. 1-1F). These
populations are consistent with recent single-cell DA neuron profiling studies!?7:178.219,

Grp and Neurod6 define anatomically overlapping but distinct midbrain subpopulations
Consistent with prior studies'’”1’® | we identified a cell cluster that showed relatively
high and selective expression of Grp, Neurod6, and Gpr83 (cluster #8, Fig. 1-1C). Given
recent interest in Neurod6 and Grp as markers that label ventromedial VTA dopamine
neurons’81%.204 \we chose to quantitatively analyze their expression patterns in the
midbrain and examine the extent of their co-expression. Using multiplex fluorescent in
situ hybridization (FISH) we found that in adult mice, Grp-expressing neurons
represented 29.9% +/- 0.5% of the total midbrain DA neuron population (1804/6407
neurons from 8 mice) and 35.9% +/- 0.4% of DA neurons in the VTA (1570/4377
neurons from 8 mice) (Fig. 1A-D). 97.4% +/- 0.7% of Grp+ cells in the midbrain were
dopaminergic, defined by co-expression of tyrosine hydroxylase (TH) mRNA
(1780/1822 cells from 4 mice). Grp+ DA neurons were found in all subregions of the
VTA but were enriched in the ventromedial portions of the VTA, the interfascicular
nucleus (IF) and paranigral/para-interfascicular nuclei (PN/PIF) (p<0.00012, one-way
ANOVA with Tukey’s post-hoc test, Fig. 1E). Notably, while Grp was previously
identified as a VTA markert’41751% we also found Grp-expressing DA cells in the
ventromedial portion of the SNc (22.7% +/- 1.8% of DA neurons in this region, Fig. 1A-
F).

Neurod6 expression defined a more restricted DA population, accounting for 26.8% +/-
0.5% of VTA DA neurons (1172/4377 neurons from 8 mice), with the highest density of
Neurod6+ DA neurons in the ventromedial IF and PN/PIF regions (p<0.0001°, one-way
ANOVA with Tukey’s post-hoc test, Fig. 1E). In contrast to Grp, Neurod6 mRNA was not
expressed in the SNc (Fig. 1A-F). 93.1% +/- 0.6% of Neurod6+ VTA neurons were
dopaminergic (948/1016 cells from 4 mice). Consistent with our RNA-seq data, we
found that while the majority (77.5% +/- 0.8%, 909/1172 cells from 8 mice) of Neurod6+
DA neurons co-expressed Grp, only about half (57.9% +/- 1.0%, 909/1570 cells from 8
mice) of Grp+ VTA DA neurons co-expressed Neurod6. Broken down by sub-region, the
majority of Neurod6+ DA neurons in the IF and PN/PIF co-expressed Grp, however, a
third of Neurod6+ DA neurons in the PBP did not have detectable Grp expression of
Grp (Fig. 1F-H). Grp-expressing but Neurod6-lacking DA neurons were found
throughout the VTA and nearly all of the Grp+ DA neurons in the SNc were lacking
Neurod6 (Fig. 1F-l). Together, these data show that Grp is expressed in a
subpopulation of midbrain DA neurons spanning the VTA and ventromedial portion of

29



the SNc. Neurod6 is expressed in a more restricted midbrain population, defining a
subgroup of the Grp+ DA population located exclusively in the VTA. In addition, we find
a small subset of neurons that express Neurod6 but not Grp.

To determine whether these cell populations were present throughout development, we
assessed Grp and Neurod6 expression at multiple ages. We found that while there were
subtle increases in the percentages of Grp+ VTA DA neurons from 8 to 16 weeks
(p=0.036¢, one-way ANOVA with Tukey’s post-hoc test, Fig. 1G) and Neurod6+ VTA DA
neurons from 2 to 16 weeks (p=0.0249 one-way ANOVA with Tukey’s post-hoc test,
Fig. 1H), the proportions of DA neurons expressing these markers were largely stable
from two weeks postnatal through adulthood (P14 to P112). We also investigated
whether these cell populations were similar between sexes. We found that the Grp and
Neurod6-expressing DA subpopulations were present in male and female mice in
similar proportions throughout VTA and SNc subregions (see statistics worksheet for
unpaired t-test p values%®, Fig. 11,J). Furthermore, in the RNA-sequencing data, we
found no significant differences in expression levels of Grp or Neurod6 between males
and females (log2-fold-change of 1.70 for Neurod6, p=0.51¢ and 0.94 for Grp, p=0.68fin
males versus females). These data demonstrate that the Grp+ and Neurod6+ DA
neuron populations are present in both sexes and stable over time.

Grp and Neurod6-expressing neurons strongly project to the nucleus accumbens medial
shell

VTA DA neurons comprise multiple sub-circuits, which send projections to different
brain regions with distinct functional consequences??°. To determine whether the Grp
and Neurod6 VTA DA populations have specific projection targets, we combined
retrograde labeling from eight primary DA neuron projection sites with Grp and Neurod6
FISH (Fig. 2A and Fig. 2-1A). We found that of the DA neurons projecting to the medial
shell of the nucleus accumbens (NAc), 75.0% +/- 1.1% were Grp positive and 70.4% +/-
2.5% were Neurod6 positive indicating that these markers were expressed in the
majority of medial shell-projecting DA neurons (Fig. 2B,C,F,H). Grp+ and Neurod6+ DA
neurons also projected to the NAc core and lateral shell but represented a smaller
fraction of the neurons projecting to these regions compared to the medial shell (Fig.
2F,H). When quantified as a percentage of the total marker-positive bead-labeled DA
neurons across all injection sites, the NAc medial shell was the primary target region for
both Grp+ and Neurod6+ DA neurons (Fig. 2G,l). Together these findings indicate a
strong mesoaccumbens projection from Neurod6+/Grp+ VTA DA neurons.

We found that Neurod6 mRNA was largely absent from DA neurons projecting to
regions outside of the NAc, indicating a selective output of the Neurod6+ DA neuron
population (Fig. 2H,l). By contrast, Grp+ DA neurons represented a substantial
percentage (47.3% +/- 2.4%) of DA neurons projecting to the dorsomedial (DMS), but
not dorsolateral (DLS), striatum (Fig 2D-G). 87.7% +/- 2.5% of the DMS projecting Grp-
positive neurons were located in the ventromedial portion of the SNc (Fig. 2-1B),
consistent with prior reports mapping dopaminergic projections to the DMS!!3, These
neurons lacked expression of Neurod6 as essentially no DMS-projecting neurons were
Neurod6-positive (Fig. 2H,l). Taken together, these results indicate that there are at
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least two populations of DA neurons that express Grp: those located in the VTA that
project primarily to the medial NAc and those in the ventromedial SNc, which project
selectively to the DMS (Fig. 2-1B,C).

A recent study showed that Neurod6-expressing DA neurons, labeled by a Cre reporter
in NEX-Cre mice (Neurod6 was previously referred to as NEX297), project to the lateral
septum?®4, We found relatively few lateral septum-projecting neurons in the midbrain, of
which 37.4% +/- 3.1% were non-dopaminergic (92/252 cells from 4 mice). Of the DA
neurons projecting to the lateral septum, 17.0% +/- 2.3% were Grp+ and 24.0% +/-
3.0% were Neurod6+ (Fig. 2F,H). Quantified as a percentage of total bead-labeled
neurons, less than 2% of Grp+ or Neurod6+ DA neurons projected to the lateral septum
(Fig. 2G,l). These results indicate that compared to other brain regions, the lateral
septum is not a major target for Grp or Neurod6-expressing VTA DA neurons.

Neurod6+ DA neurons have unique physiological properties

DA neurons projecting to different target areas possess distinct electrophysiological
profiles90.110.113  To investigate whether Neurod6-expression defines a physiologically
distinct subclass of DA neurons, we used NEX-Cre knock-in mice?%’. We injected virus
expressing a Cre-dependent tdTomato reporter into the midbrain (AAV-Flex-tdTomato)
and found NEX-Cre+ DA neurons along the ventromedial portion of the VTA (Fig. 3A),
consistent with the expression pattern of Neurodé mRNA. In agreement with our tracing
data, we found that tdTomato-labeled NEX-Cre+ neurons projected strongly to the NAc
medial shell and core (Fig. 3B). To visualize NEX-Cre+ neurons for physiology, we
crossed NEX-Cre mice to the Ai9 tdTomato Cre-reporter mouse line?%. We performed
FISH for Neurod6 mRNA in NEX-Cre;Ai9 mice (Fig. 3C) and found that 93.6% +/- 1.2%
of tdTomato—positive DA neurons in the VTA co-expressed Neurod6 (331/353 cells from
4 mice), making this a suitable model to use for targeted electrophysiology recordings.
Consistent with the 77.5% of Neurod6+ neurons that co-expressed Grp, 73.7% +/- 2.9%
of the NEX-Cre;tdTomato positive VTA DA neurons expressed Grp (175/232 cells from
4 mice). We did observe that not all Neurod6+ VTA DA neurons expressed tdTomato in
the NEX-Cre;Ai9 mice (30.4% +/- 1.7% of Neurod6+ DA neurons were tdTomato
positive, 361/1092 cells from 4 mice). In addition, a third of the tdTomato-positive
midbrain neurons were non-dopaminergic (36.9% +/- 3.4% TH negative, 193/546 cells
from 4 mice). This discrepancy may be due to transient Cre expression in non-DA
neurons during development. These data suggest that NEX-Cre mice may not be
appropriate for studies requiring selective access the entire Neurodé+ VTA DA
subpopulation, but can be used to target Neurod6+ cells for whole cell recordings in
which dopaminergic identity can be confirmed post-hoc.

To determine whether Neurod6-expressing neurons represent a functionally distinct cell
class, we recorded from tdTomato-labeled NEX-Cre+ neurons in the VTA and analyzed
their intrinsic membrane properties, action potential waveform, and response to
hyperpolarizing current injection (see Table 3-1 for a complete summary of the
physiology data including sample sizes). We confirmed that the NEX-Cre+ neurons
analyzed were dopaminergic by filling patched neurons with neurobiotin and co-staining
for TH (Fig. 3D,E). We found that NEX-Cre+ DA neurons had a distinct
electrophysiological signature compared to “classical” SNc DA neurons. Specifically,
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NEX-Cre+ DA neurons exhibited a more depolarized membrane potential (Vm,
p=0.0075P, unpaired t-test), had higher membrane resistance (Rm, p<0.00019, unpaired
t-test), and reduced membrane capacitance (Cm, p<0.0001", unpaired t-test) compared
to SNc DA neurons (Fig. 3F-H). NEX-Cre+ DA neurons also had significantly shorter
action potentials (p<0.0001%, unpaired t-test) with a less pronounced
afterhyperpolarization (AHP, p=0.0002!, unpaired t-test) (Fig. 3I-K). Due to their high
membrane resistance, NEX-Cre+ DA neurons required less negative current to
hyperpolarize to -100 mV compared to SNc DA neurons (-25 to -50 pA for NEX-Cre+
neurons versus -150 pA for SNc neurons). However, they had a significantly smaller
sag component, which is indicative of smaller In (p<0.0001, unpaired t-test, Fig. 3L-N)
and less rebound depolarization (p<0.0001, unpaired t-test, Fig. 3L,M & O). The non-
canonical electrophysiological characteristics of NEX-Cre+ neurons are consistent with
those reported for NAc medial shell-projecting DA neurons'®, suggesting that Neurod6
is a useful marker for this VTA subpopulation.

Neurod6-lacking VTA DA neurons show increased susceptibility to degeneration in a 6-
OHDA mouse model

In addition to their anatomical location, projection target, and physiology, vulnerability to
degeneration is a key feature of DA neurons that differs by subtype. Previous in vitro
studies have implicated both Neurod6 and Grp as being potentially
neuroprotective®99.174221 |n mice, expression of Neurod6 and the related transcription
factor Neurodl are important for survival of dopamine neurons during development?%4,
Grp-expressing cells have been observed in post-mortem tissue from Parkinson’s
disease patients, suggesting that Grp-expression may be related to cell survival®s. We
therefore investigated the sensitivity of Neurod6 and/or Grp-expressing VTA dopamine
neurons to degeneration in a mouse model of PD. To do this, we injected the
dopaminergic toxin 6-hydroxydopamine (6-OHDA) unilaterally into the medial forebrain
bundle of adult (P120) female mice?'8. 6-OHDA resulted in a progressive, unilateral loss
of DA neurons with a 96.0% +/- 0.6% reduction in SNc DA neurons and a 69.3 +/- 1.1%
loss of VTA DA neurons after four weeks (Fig. 4A). We confirmed DA axon denervation
throughout the striatum in the 6-OHDA injected hemisphere, with notable sparing of DA
projections to the NAc medial shell and core (Fig. 4B). DA neuron loss led to unilateral
motor impairment as measured by the cylinder test (p=0.0002%, one-way ANOVA with
Tukey’s post-hoc test: saline paw vs. 6-OHDA paw p=0.0163, saline paw vs. both paws
p=0.0157, 6-OHDA paw vs. both paws p=0.0002, n=4 mice).

To determine how Grp and Neurod6-expressing DA neurons in the VTA responded to
neurotoxic stress (Fig. 4C-F), we compared the reduction of Grp+ and/or Neurod6+ VTA
DA neurons between the saline and 6-OHDA hemisphere to all VTA DA neurons
defined by Th expression (p<0.0001%, paired one-way ANOVA with Tukey’s post-hoc
test, Fig. 4G). For this analysis, we only included VTA DA neurons as essentially all
SNc neurons (including Grp+ SNc neurons) degenerated in the 6-OHDA-injected
hemisphere (Fig. 4A,C & D). We found that four weeks following 6-OHDA injection,
26.1% +/- 2.7% of Grp+/Neurod6+ DA neurons survived, which was similar to the
percentage of total Th+ VTA neurons surviving (30.7% +/- 1.1%) (Fig. 4G). Notably,
VTA DA neurons that expressed only Neurod6 and not Grp (Grp-/Neurod6+) were
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significantly spared compared to the rest of VTA DA neurons, with 82.7% +/- 4.2% of
neurons surviving (Fig. 4G). By contrast, VTA DA neurons that expressed Grp but not
Neurod6 (Grp+/ Neurod6-) showed slightly increased vulnerability compared to all VTA
DA neurons with 21.7% +/- 2.0% surviving (Fig. 4G). Therefore, the DA neuron
subpopulations marked by expression of Grp and/or Neurod6 have different responses
to 6-OHDA and VTA neurons lacking Neurod6 are more susceptible to degeneration.

An increase in the proportion of Neurod6+ DA neurons in the VTA following 6-OHDA
could be due to selective sparing of the Neurod6 cell population or from Neurod6
expression turning on in surviving neurons of other VTA subpopulations. To attempt to
distinguish these possibilities, we performed FISH for another VTA DA neuron subtype
marker Lypd1178. Under normal conditions, Lypdl was expressed almost exclusively in
the PBP subregion of the VTA as well as throughout the SNc (Fig. 4D,F). Neurod6 was
generally not co-expressed in Lypdl+ DA neurons (7.0% +/- 1.6% of Lypdl+ DA
neurons co-expressed Neurod6, Fig. 4D,F & H), indicating that these markers define
distinct cell populations. In response to 6-OHDA, we found that 20.4% +/- 1.3% of
Lypd1+/Neurod6- VTA DA neurons survived, which was significantly lower than the total
VTA DA population (Fig. 4G). The surviving Lypd1+ VTA DA neurons did not turn on
expression of Neurod6, as the proportion of Neurod6+/Lypd1+ double positive VTA DA
neurons remained low and was the same between the saline injected and 6-OHDA
injected hemispheres (p=0.8091Y, paired t-test, Fig. 4H). These results suggest that the
VTA DA subpopulation defined by Neurod6 expression, which lacks Grp or Lypdl, is
preferentially spared in response to a neurotoxic challenge.
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Discussion

Midbrain DA neurons are small in number but vast in their behavioral influence®22°, As
such, dopaminergic dysfunction is associated with numerous psychiatric and neurologic
disorders ranging from drug addiction to Parkinson’s disease’®%222, Recent studies
have revealed that the dopaminergic system is heterogeneous at multiple levels from
gene expression to circuitry to physiology to behaviort1:22° | To tackle this heterogeneity,
it is necessary to identify genetic markers that define functional DA neuron subtypes.
This would enable the generation of tools that allow selective manipulation of
dopaminergic subpopulations. Here we investigated two markers that we and others
have identified as labeling dopaminergic subpopulations, Grp and Neurod6. We show
that the combinatorial expression of these genes defines the anatomical location,
projection target, physiology, and disease susceptibility of DA neurons.

We found that Grp, which encodes the neuropeptide gastrin-releasing peptide??3, was
expressed in a third of midbrain DA neurons, of which more than half co-expressed
Neurod6. These Grp+/Neurod6+ neurons resided in the VTA and projected to the
medial portions of the NAc. This is consistent with prior reports showing that Grp is
expressed in a subpopulation of VTA DA neurons that shows overlap with Neurod6-
expressing neurons'’4175177.178.196 - The fact that these neurons project to the NAc
corroborates a projection-specific translational profiling study reporting that ribosome-
bound Grp mRNA was enriched in the population of VTA DA neurons projecting to the
NAc compared to the rest of the VTA??*, Notably, we also identified a previously
undiscovered population of Grp+ DA neurons that lack Neurod6, which were located in
the ventromedial portion of the SNc. These neurons sent projections to the dorsomedial
striatum with very little innervation of the dorsolateral striatum. The anatomical location
of these cells in the ventral SNc is consistent with dopamine neurons that project to the
DMS, which have unique physiological and behavioral properties compared to DLS-
projecting DA neurons located in the dorsal SNc'*3,

Neurod6-expression defined a smaller population of DA neurons that were located in
the ventromedial VTA, projected selectively to the medial NAc, and exhibited non-
canonical physiological properties. While Neurod6 has previously been identified as a
VTA markerl’4178.196.204 " gyr study is the first to systematically map the projection sites
of these cells, revealing a specific medial NAc projection with very little output to other
DA target regions. This medial NAc projection is consistent with the physiology of
Neurod6+ DA neurons, which showed unique characteristics similar to those previously
reported for medial NAc-projecting DA neurons defined by retrograde labeling®.
Mesoaccumbens projections are important for mediating reward-seeking
behaviors!t2147.225226 Therefore, our identification of Neurod6 as a marker for this cell
population enables future mechanistic investigations into how this DA sub-circuit
controls motivated behaviors, the dysfunction of which may be important for the
pathophysiology of psychiatric disorders such as drug addiction.

It was previously reported that Neurod6+ neurons project to the lateral septum based on

the axon projections of NEX-Cre mice and fluorogold retrograde labeling?®*. However,
projections from the VTA to the lateral septum are relatively sparse compared to the
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striatum and NAc!18227.228 Tgq investigate this further, we performed retrobead injections
into the dorsal and intermediate regions of the lateral septum and found that relatively
few VTA DA neurons projected to this area. The lateral septum therefore represented
only 2% of total bead-labeled Neurod6+ DA cells across all injection sites. This indicates
that under our conditions, the lateral septum was not a primary projection site of
Neurod6+ DA neurons. One possible reason for the discrepancy is that the Khan et al
study relied exclusively on the NEX-Cre mouse line, as opposed to endogenous
Neurod6-expression as done here. We found that a substantial proportion (37%) of the
VTA neurons labeled in NEX-Cre mice are non-dopaminergic and that many of the VTA
neurons projecting to the lateral septum are also non-dopaminergic (37%), which may
have contributed to the differing results.

A defining feature of dopaminergic neurons is their susceptibility or resilience to
degeneration in the context of Parkinson’s disease (PD)’%%. As such, significant effort
has been made to identify the molecules that determine vulnerability as this has clear
clinical importance®®. Interestingly, in addition to being genes that define specific DA
neuron subtypes, both Neurod6 and Grp have been shown to confer neuroprotection in
cell culture models®.29.174.221 To determine whether the neuronal populations defined by
Neurod6 and/or Grp are preferentially spared in the context of PD, we performed
unilateral 6-OHDA injections and compared the relative abundance of these markers in
the 6-OHDA versus control hemisphere. We found that expression of either of these
genes alone was not sufficient to confer neuroprotection as Grp+ neurons in the SNc
degenerated completely and Grp+ neurons in the VTA showed either similar
(Grp+/Neurod6+) or greater (Grp+/Neurod6-) susceptibility relative to all VTA DA
neurons. Notably, we did find that the small population of Neurod6+ VTA DA neurons
that lack Grp was significantly spared compared to neighboring DA neurons. This
finding is consistent with a potential neuroprotective effect of Neurod6 but indicates that
other factors are likely involved since Neurod6+ VTA DA neurons that co-expressed Grp
were not preferentially spared. Together, these results refine our understanding of the
genetic factors contributing to vulnerable and spared DA cell types and suggest that the
combinatorial expression of genes in a given cell population is important for defining
vulnerability.

In summary, our work provides in-depth characterization of Neurod6 and Grp
expression in the midbrain and reveals previously unappreciated complexity in how
these markers define specific DA subpopulations. Our results provide new insights into
the genetic and functional heterogeneity of the DA system, which is just beginning to be
unraveled. Future studies can utilize this information to design intersectional genetic
tools based on the expression of two or more genes that will allow access to specific
dopaminergic subpopulations. These types of tools represent powerful approaches to
dissecting the complex ways in which the DA system contributes to behavior and
disease.
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Figures and Legends
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Figure 1: Anatomic analysis of Grp and Neurod6-expressing DA neurons in the
midbrain. A) Confocal images of multiplex fluorescent in situ hybridization using probes
against Grp (left), Neurod6 (middle), and tyrosine hydroxylase (Th, right) mRNA. Inset
boxes show higher-magnification images of the boxed regions. B) Schematic showing
the location of Grp + (blue), Neurod6+ (red), and Grp+/Neurod6+ (purple) DA neurons
in the midbrain. C) High-magnification confocal images showing Th-positive VTA
neurons expressing Grp (blue circles), Neurod6 (red circles), Grp and Neurod6 (purple
circles), or neither marker (white circles). D) Charts show the distribution
of Grp+ or Neurod6 + neurons across different midbrain regions, expressed as a
percentage of the total Grp+ or Neurod6 + population. Only DA neurons, defined by
expression of Th mRNA, were included in the analysis, n = 4377 cells quantified from 8
mice (4 male and 4 female). E) Quantification of the number of Th + DA neurons that
coexpress Grp or Neurod6 in subregions of the VTA and SNc. Bars represent mean *
SEM, dots represent the values from individual mice, n = 4377 Th + cells quantified
from 4 male and 4 female mice. Grp one-way ANOVA, p < 0.0001; Tukey’s post
hoc tests revealed significant (p < 0.0001) differences for each subpopulation compared
to all others except the PBP versus SNc-V (p = 0.9998). Neurod6 one-way ANOVA, p <
0.0001; Tukey’s post hoc tests revealed significant (p < 0.0001) differences for each
subpopulation compared to all others except the IF versus PN/PIF (p = 0.0842) and
SNc-V versus SNc-D (p = 0.9699). F) Venn diagrams display the extent of overlap
between the Grp and Neurod6-expressing DA neuron populations across four midbrain
subregions. 1833 cells were quantified from 8 mice (4 male and 4 female). G-H) Graphs
display the mean £+ SEM percentage of Grp+ (G) or Neurod6 + (H) DA neurons in the
VTA at 2, 8, and 16 wk. Statistical comparisons were made with a one-way ANOVA with
Tukey’s post hoc test; Grp 8 wk (34.9%) vs. 16 wk (36.9%), *, p = 0.0316, Neurod6 2 wk
(25.2%) vs. 16 wk (27.6%), *, p= 0.0201. Dots represent values from individual
mice, n = 2053-2324 cells from 2 male and 2 female mice per time point. I-J) Graphs
display the mean + SEM percentage of Grp+ (I) or Neurod6 + (J) DA neurons across
subregions of the VTA and SNc in male (M) and female (F) mice. Unpaired t tests
between males and females for each region revealed no significant sex differences.
Dots represents values from individual mice, n = 3586 cells from 6 male mice and 3424
cells from 6 female mice. |IF, interfascicular nucleus; PN/PIF, paranigral/
parainterfascicular nuclei; PBP, parabrachial pigmented nucleus; SNc-V, substantia
nigra pars compacta-ventral portion; SNc-D, substantia nigra pars compacta-dorsal
portion.
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Figure 2
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Figure 2. Projection targets of Grp + or Neurod6+ DA neurons. A) Schematic of
retrobead injection sites in sagittal view. Numbers correspond to the coronal section
schematics below showing the eight projection target sites. mPFC, medial prefrontal
cortex; DLS, dorsolateral striatum; DMS, dorsomedial striatum; LSh, lateral shell; C,
core; MSh, medial shell; LS, lateral septum; BLA, basolateral amygdala. B) Image
showing a green fluorescent retrobead injection into the nucleus accumbens (NAc)
medial shell with DAPI staining in blue. C) Image of the VTA showing fluorescent in
situ hybridization (FISH) for Slc6a3 (DAT) mRNA (white), Neurod6 mRNA (red), and
green retrobeads from a NAc medial shell injection. D) Image showing a green
retrobead injection into the dorsomedial striatum (DMS) with DAPI staining in blue. E)
FISH image of the midbrain showing Th mRNA (white), Grp mRNA (red), and green
retrobeads from a DMS injection. Insets boxes in C and E show higher-magnification
images of the boxed regions. Red circles identify Neurod6+ (C) or Grp + (E) neurons,
green circles define bead-positive neurons, and yellow circles show bead-positive
neurons expressing Neurod6 (C) or Grp (E). White circles identify neurons
expressing Th only. F) Quantification of the percentage of Th +/bead+ midbrain neurons
that coexpressed Grp mRNA for each of the projection sites. Bars represent mean +
SEM, each dot represents one mouse. G) Summary of the projection targets
of Grp + DA neurons expressed as a percentage of total bead+/Grp +/Th + neurons. H)
Quantification of the percentage of DAT +/bead+ midbrain neurons that
coexpressed Neurod6 mRNA for each of the projection sites. Bars represent mean *
SEM, each dot represents one mouse.l) Summary of the projection targets
of Neurod6 + DA neurons expressed as a percentage of total
bead+/Neurod6 +/DAT + neurons. For panels F—I: NAc MSh n = 850 cells from 2 male
and 2 female mice, NAc Core n = 858 cells from 2 males and 2 females, NAc LSh n =
1215 cells from 3 males and 1-2 females, DMS n = 637 cells from 3 males and 2
females, DLS n = 1038 cells from 2—4 males and 2—3 females, mPFC n = 211 cells from
3—-4 males and 1 female, BLA n = 297 cells from 3 males, and LS n = 345 cells from 2
males and 4 females
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Figure 3
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Figure 3. Neurod6-expressing DA neurons have non-canonical physiological
properties. A) Cre-dependent tdTomato-expressing virus (AAV-Flex-tdTomato) was
injected unilaterally into the VTA of a NEX-Cre mouse. Right panel shows tdTomato-
labeled NEX-Cre+ neurons in the ventromedial VTA. Tyrosine hydroxylase (TH) staining
is in blue. B) Confocal image of the nucleus accumbens (NAc) showing tdTomato-
labeled projections from midbrain NEX-Cre+ neurons. MSh, medial shell; LSh, lateral
shell. C) Confocal images of VTA neurons from NEX-Cre;Ai9 mice with fluorescent in
situ hybridization (FISH) for tyrosine hydroxylase (Th) and Neurod6é mRNA. The
tdTomato Cre-reporter is expressed in NEX-Cre+ neurons. NEX-Cre+/Neurod6 + DA
neurons are circled in red, NEX-Cre-/Neurod6+ DA neurons are circled in white. D-E)
Left panels show representative recording sites of NEX-Cre+ VTA (D) and NEX-Cre-
SNc neurons (E). Circles show the locations of recorded DA neurons. Right panels
show examples of recorded, neurobiotin-filled neurons positive for TH. F-I) Graphs
display the mean + SEM membrane potential (F, Vm, ** p = 0.0075), membrane
resistance (G, Rm, *** p < 0.0001), capacitance (H, Cm, ** p< 0.0001), and
afterhyperpolarization (I, AHP, *** p = 0.0002) for NEX-Cre+ and SNc neurons. J-K)
Representative action potential traces and phase plots (mVms—-1/mV) from a NEX-
Cre+ (J) and SNc (K) neuron. L-M) Representative responses to a 500 ms negative
current step from a NEX-Cre+ (=25 pA,L) and SNc (-150 pA, M) neuron. N)
Quantification of the mean + SEM sag component in NEX-Cre+ and SNc neurons
(***, p < 0.0001). O) Quantification of the mean + SEM rebound depolarization from
neurons hyperpolarized to —100 + 7 mV (***, p < 0.0001). An unpaired t test was used
for all comparisons. For all panels, dots represent values from individual cells, NEX-
Cre+ n= 7 male and 7 female mice, NEX-Cre-/SNc n = 4 male mice and 1 female
mouse. See Fig. 3-1 for a complete summary of the electrophysiology results.
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Figure 4
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Figure 4. Neurod6-expression affects susceptibility to 6-OHDA-induced
degeneration. A) Confocal image of a midbrain section stained with a tyrosine
hydroxylase (TH) antibody 4 wk after unilateral saline (left) or 6-OHDA (right) injection
into the medial forebrain bundle. B) Image of a striatal (Str) section showing loss of
tdTomato+ axon terminals 4 wk following unilateral 6-OHDA injection in a
DATIRESCre;Ai9 mouse. NAc, nucleus accumbens. C) Schematic showing the location
of DA neurons in the saline and 6-OHDA injected hemispheres labeled with different
markers by fluorescent in situ hybridization (FISH): blue circles are Grp+, red circles
are Neurod6+, and purple circles are Grp+/Neurod6+. D) Schematic showing the
location of Lypd1+ (green), Neurod6+ (red), and Lypd1l+/Neurod6+ (yellow) DA neurons
in the midbrain following saline and 6-OHDA injection. E, F, Confocal images of FISH
for the indicated markers. E) Images show Grp+ (blue circle), Neurod6+ (red circles),
and Grp+/Neurod6+ (purple circles) DA neurons in the VTA following saline and 6-
OHDA injection. F) Images show Lypdl+ (green circles), Neurod6+ (red circles),
and Lypd1+/Neurod6+ (yellow circle) DA neurons in the VTA following saline and 6-
OHDA injection. G) Box-and-whisker plots (min to max) show the percentage of VTA
DAT neurons expressing each set of markers in the 6-OHDA-injected hemisphere
compared to the saline-injected hemisphere. Dotted line represents the percentage of
all VTA DA neurons (Th+) surviving in the 6-OHDA hemisphere. Dots represent data
from individual mice, n= 4 female mice. A paired one-way ANOVA with Dunnett’s
multiple comparisons test was used to compare each subpopulation to all Th+ VTA DA
neurons (n = 4376 saline and 1352 6-OHDA cells): Grp—/Neurod6+ (n = 184 saline and
151 6-OHDA cells), ** p = 0.0022; Grp+/Neurod6+ (n = 763 saline and 207 6-OHDA
cells), p= 0.3169; Grp+/Neurod6— (n = 749 saline and 165 6-OHDA cells), *p=
0.0246; Lypdl+/Neurod6— (n= 1056 saline and 171 6-OHDA cells), *p=
0.0313; Nd6 = Neurod6. H) Bar graphs display the percentage of Lypdl + VTA DA
neurons that co-express Neurodé mRNA in the saline-injected (n = 102/3750 cells) and
6-OHDA—injected (n = 16/904 cells) hemispheres. Bars represent mean = SEM, dots
represent the values from individual mice, n = 4 female mice; paired t test, n.s., not
significant, p = 0.8091.
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Supplemental Figure 1.
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Supplemental Figure 1. Single-cell RNA-sequencing defines genetic
subpopulations of mouse midbrain dopamine neurons. A), Confocal image of a
midbrain section from a DAT'RESCre;Ai9 mouse showing tdTomato Cre-reporter
expression in  midbrain dopamine (DA) neurons. B) t-distributed stochastic
neighborhood embedding (tSNE) plot shows genetically defined clusters of DA neurons.
232 cells were analyzed from 8 mice. C) Heatmap displays a selection of differentially
expressed genes in cluster 8 (highlighted by the dashed box). Individual genes are
along the Y-axis and individual cells are along the X-axis. Colored bars at the top
indicate the assigned cell cluster. D) Heatmap of cell co-clustering. The RSEC
clustering method is based on consensus clustering over many parameters. To assess
the robustness of the final clustering, we generated a co-clustering matrix where, for
each pair of cells, we recorded the proportion of times in which two cells clustered
together. The cells that failed to cluster at least 50% of the time were dropped from the
analysis. The plot can be used to assess the robustness of the clustering procedure.
Clusters 1, 2, 3, 7, and 8 are very robust, as almost all of the cells cluster together
100% of the time. Clusters 4, 5, and 6 are less robust, meaning that their boundaries
are not well defined. Both the X- and Y-axis correspond to cells, ordered according to
hierarchical clustering; colored bars at the top indicate the final nine cluster labels. E)
Heatmap of the top 151 differentially expressed genes. Individual genes are along
the Y-axis and individual cells are along the X-axis (n = 232 cells). Colored bars at the
top indicate cell cluster and sex of the animal. Differentially expressed genes were
obtained by performing all pairwise comparisons among the nine defined clusters with
the R package limma. Genes were sorted by p-value, and the top 10 genes per
comparison were selected for visualization (with nine clusters there are a total of 36
pairwise comparisons). If a gene was identified as differentially expressed in more than
one comparison, it was reported in the heatmap only once. This procedure resulted in
151 distinct differentially expressed genes. F) Table summarizing selected markers and
the anatomical location of each genetically defined cluster. Anatomical location was
determined by in situ hybridization of marker genes and expression data from the Allen
Brain Atlas. Marker genes were included in the table if there was significant differential
expression from at least three other clusters
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Supplemental Figure 2
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Supplemental Figure 2. Retrobead injection sites and location of Grp * DA
neurons projecting to the dorsomedial striatum or NAc medial shell. A)
Schematics of coronal brain sections from the indicated anterior/posterior (A/P)
positions from bregma. Colored regions represent retrobead injection sites from
individual mice, NAc MSh n = 2 male and 2 female mice, NAc Core n = 2 male and 2
female mice, NAc LSh n = 3 male and 2 female mice, DMS n = 3 male and 2 female
mice, DLS n = 4 male and 3 female mice, mPFC n = 4 male and 1 female mouse, BLA
n = 3 male mice, and LS n = 2 male and 3 female mice. B-C) Schematics showing the
locations of Grp */TH */bead* cells in the midbrain that project to the dorsomedial
striatum (B) or nucleus accumbens (NAc) medial shell (C). Schematics were generated
from representative single FISH images.
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Introduction

Despite their modest numbers, dopamine (DA) neurons project widely throughout the
brain and influence a diverse set of behaviors and neural processes including
movement, motivation, reward learning, and cognition®¢:%, Historically, DA neurons
have been categorized into 17 main sub-types, the cell groups A1-A17596° A9 and A10
are the most numerous and reside within the midbrain in the substantia nigra pars
compacta (SNc) and ventral tegmental area (VTA), respectively. It has been long been
recognized that SNc and VTA DA neurons differ significantly in their projection targets,
electrophysiological  properties, behavioral influence, and vulnerability to
degeneration®9.61.63,100.146,147,.201,229 - However, recent single cell profiling studies have
revealed that each sub-region is, in fact, made up of smaller, somewhat overlapping
populations based on their specific gene expression patterns33:3497.177-179  How these
dopaminergic subpopulations differ in terms of their anatomical location, inputs and
outputs, neurotransmitter identity and functional properties is just beginning to be
defined.

To better understand the connections and behavioral functions of newly identified
dopamine neuron populations, additional tools are needed that allow genetic access to
these subtypes. This is essential as even neighboring populations of DA neurons can
project to very different places in the brain and exert opposing behavioral effects, i.e.
signaling reward versus aversion'4®147. From gene expression profiling studies, it is
clear that combinatorial approaches utilizing the intersectional expression of two or
more genes will be needed as there are rarely single marker genes that are exclusively
expressed by a given subtype3+97.178 |n addition, even when the expression of a single
gene can distinguish discrete DA populations, these genes may also be expressed
outside of the midbrain and are thus not useful for exclusive targeting of DA neuron
subtypes®7:181.182

To address this challenge, intersectional mouse genetics approaches have been
developed whereby the combinatorial expression of different recombinases can be used
to define a neuronal subpopulation?4182.230.231 Thijs approach was recently applied to the
DA system through the generation of mice that express Flp recombinase from the
endogenous tyrosine hydroxylase (Th) locus®?. Using these Th-2A-Flpo mice, Poulin
and colleagues successfully generated detailed maps of the projection targets of
various genetically-defined dopaminergic subpopulations. However, TH is the rate
limiting enzyme in the synthesis of all catecholamines, including DA, norepinephrine
and epinephrine. Thus, available transgenic mouse lines that use Th to drive expression
of recombinases and reporter genes in dopamine neurons (e.g. Th-IRES-Cre, Th-2A-
Flpo, and TH-EGFP) also have expression in other catecholamine-expressing
neuronst62.182.232-234 - As g result, the use of Th-driven reporters to investigate the
behavioral functions of specific dopaminergic circuits may be confounded by
contributions from these other cell types?62.

To address this challenge and provide an additional tool for studying dopaminergic

subpopulations, we generated a mouse that expresses Flp recombinase from the
endogenous Slc6a3 (dopamine active transporter, DAT) locus. DAT is responsible for
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the re-uptake of DA back into the presynaptic terminal following neurotransmitter
release and is expressed almost exclusively in dopaminergic neurons®9:162.205232 - Ag g
result, DAT-reporter mouse lines have been shown to be more selective and label
canonical DA neurons more specifically than Th-driven lines!62205235 Here we show
that midbrain DA neurons are robustly and selectively labeled in DAT-FIp mice using
Flp-dependent viral or transgenic reporters.

To provide proof-of-concept for intersectional labeling of a DA neuron subpopulation, we
crossed DAT-FIp mice with NEX-Cre mice and verified selective targeting of Neurod6+
DA neurons in the ventromedial VTA?%’, We further performed Adipo-clear brain
clearing®®® and fast scan cyclic voltammetry to demonstrate the highly selective
anatomical and functional output of this discrete DA subpopulation. DAT-FIp mice
therefore represent a novel tool, which adds to our growing arsenal of mouse genetic
approaches that allow precise targeting of specific DA neuron subpopulations.
Collectively, these new mouse models provide a valuable means to dissect the
contributions of dopaminergic sub-circuits to behavior.
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Materials and Methods

Mice

Animal procedures were conducted in accordance with protocols approved by the
University of California, Berkeley Institutional Animal Care and Use Committee (IACUC)
and Office of Laboratory Animal Care (OLAC).

The DAT-Flp mice were generated at UC Berkeley as described below. DAT'RESCre
mice (Jackson Laboratory, strain #0066602%°) were crossed and maintained with
C57BL/6J wild-type mice (Jackson Laboratory, strain #000664). RCE:FRT mice?3’ were
used to endogenously label Flp-expressing neurons with EGFP
(Gt(ROSA)26Sortm1.2(CAG-EGFP)Fsh/Mmjax, MMRRC stock #32038-JAX). To label
neurons co-expressing Flp and Cre recombinase, the Ai65 mouse line?%® was used
(Ai65(RCFL-tdT)-D, Jackson Laboratory strain #021875). To target Neurod6 expressing
neurons, we used the NEX-Cre mouse line (NEX was the previous name of Neurod6)
obtained from Dr. Klaus-Armin Nave?°7239, Mice were housed on a 12 h light/dark cycle
and given ad libitum access to standard rodent chow and water. The ages, sexes, and
numbers of mice used are indicated for each experiment in figure legends.

Generation of DAT-FIp mice

CRISPR/Cas9-editing in mESCs

DAT-Flp mice were generated from Ai65 mouse embryonic stem cells (MESCs) from
the Allen Institute for Brain Science (a gift from Tanya Daigle, Ph.D.). These mESCs
were derived from the Ai65 mouse line?3® harboring a Flp- and Cre-dependent tdTomato
fluorescent reporter in the ROSABgeo026 locus. Ai65 mMESCs were karyotyped (Cell Line
Genetics, Inc. Madison, WI) to ensure chromosomal health both before and after gene
editing. Clonal cell lines that showed normal chromosome numbers and no
deletions/insertions in at least 19 of 20 cells analyzed were considered to be
chromosomally normal. mESC cultures were maintained in 6-well plates on a layer of
inactivated mouse embryonic fibroblasts (MEFs, CD-1 strain, Charles River) in mESC
culture media composed of DMEM/F12 (no pyruvate, Life Technologies — MT15090CV)
containing 15% HyClone FBS (GE Healthcare, SH30070.03E), 5% KnockOut Serum
Replacement (KSR, Thermo Fisher Scientific — 10828028), 2 mM L-glutamine (Thermo
Fisher Scientific — 25030081), 1,000 U/ml? penicillin-streptomycin (Thermo Fisher
Scientific — 15140122), 1% nonessential amino acids (Thermo Fisher Scientific —
11140050), 0.1 mM 2-mercaptoethanol (Thermo Fisher Scientific — 21985023), and
1,000 U/ml mouse leukemia inhibitory factor (mLIF, Millipore — ESG1107). Media was
changed daily, and cultures were passaged every 7 days.

We inserted a 2A-Flpo recombinase sequence before the stop codon in the last exon
(exon 15) of the Slc6a3 gene. To do this, we designed two plasmids: a donor plasmid
and a Cas9 plasmid. For the donor construct, we generated a 2499 bp gBlock gene
fragment (Integrated DNA technologies, IDT) that contained a 15 bp overhang for
integration into a plasmid, a 552 bp homology arm on the 5 end, a P2A sequence
starting with a GSG?°, a nuclear localization sequence, the optimized Flp-recombinase
(Flpo) sequence?38241 a 552 bp homology arm on the 3’ end, and a 15 bp overhang for
integration into a plasmid. This sequence was inserted into a donor plasmid (pCRII-
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TOPO) using In-Fusion HD cloning (Takara — 639649). For the Cas9 plasmid, a single-
guide RNA (sgRNA) targeting the NGG sequence immediately downstream of the exon
15 stop codon (sgRNA forward: 5° CACCGCATTGGCTGTTGGTGTAAG 3’, sgRNA
reverse: 5 AAACCTTTACACCAACAGCCAATGC 3’, italic portions represent
sequences present for px330 plasmid insertion) was inserted into the CRISPR-Cas9-
encoding px330 plasmid?42.

To target and edit Ai65 mESCs with the donor construct and Cas9 plasmid, we
trypsinized 3 wells of mESCs with trypsin-EDTA media (Thermo Fisher Scientific —
25200056), spun them down (5 minutes at 1000 rpm) and resuspended them in fresh
media. Cells were then counted and 5x108 Ai65 mESCs were nucleofected with 6 ug
donor plasmid, 3 pg px330 plasmid, and 1 ug of an EGFP-encoding plasmid (Addgene
— 6081-1). For nucleofection, we used the Lonza mouse ES cell nucleofector kit (Lonza
— VPH-1001) per the manufacturer’s instructions. Cells were then nucleofected in a
Lonza 4D nucleofector (Lonza — Hayward, CA). Following nucleofection, cells were
placed back into culture as before, split evenly onto a 6-well, MEF-coated plate.

Bulk genotyping for successful Flp construct insertion

24 hours following nucleofection, cells underwent FACS to sort 60 EGFP* cells into
each well of a 96-well flat-bottom plate containing a monolayer of MEFs. Five days
following FACS, each well of the 96-well plate was trypsinized and resuspended in a 1:1
mix of media and FBS. This mixture was split 4:1 into one well of two duplicate 96-well
plates containing either freezing media (45% mESC culture media, 45% FBS, and 10%
DMSO (Thermo Fisher — BP231)) or a MEF layer with mESC culture media. The 96-well
plate containing freezing media was frozen immediately at -80°C to be thawed following
confirmation of successful gene editing. The second 96-well culture plate was placed
back in the incubator for 3-4 days until substantial colony growth was achieved. DNA
was isolated from each well for genotyping. To do this, media was aspirated and each
well was washed once with 1x PBS. Cells were lysed by adding 100 [l lysis buffer (5
mM EDTA, 10 mM Tris HCI, 0.2% SDS, 200 mM NaCl, and 0.08 mg/ml Proteinase K
added day of) into each well and incubating the plate overnight at 37°C. The next day,
the lysate of each well was transferred to an individual eppendorf tube, 100 [l of
isopropanol was added, and shaken vigorously to precipitate DNA. Pellets were spun
down (3 minutes at 13,000 x g) and washed twice with 70% EtOH. DNA pellets were
then resuspended in 50 [l of TE. Following DNA isolation, each sample was genotyped
to determine the status of the gene editing for each well.

We designed a genotyping strategy with a forward primer immediately upstream of the
first homology arm in exon 15 of SIc6a3 (DAT-Flp geno forward: 5
CATGCAGAAGGACAGACACT 3’), a reverse primer in the Flp sequence 650 bp away
from the forward primer (Flp insert reverse: 5 AGGATGTCGAACTGGCTCAT 3’), and a
reverse primer in the 3’ UTR of the Sic6a3 gene, 1,100 bp away from the forward primer
when there is no insert (DAT-FIp geno reverse: 5 ACCCTGCGTGTGTGTAATAT 3’).
Flp insertion was confirmed the presence of a 650 bp PCR product. With this strategy,
the forward primer falls outside of the homology arm; therefore we could confirm on-
target insertion.
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Isolation of clones with Flp insertion

By genotyping the bulk sample, we identified individual wells that showed successful
gene editing. We then expanded the corresponding wells of the frozen duplicate 96-well
plate and expanded it into 3 wells of a 6-well plate. Cultures were grown for 3-4 days
until sparse colonies were visible by eye, and individual colonies were picked. 96
individual colonies were picked and then dissociated into single cells in a round bottom
96 well plate filled with 100 [Jl of mESC culture media. Cells were then split 4:1 into two
duplicate 96-well plates. One plate contained freezing media; the other was coated with
MEFs and contained mESC culture media. The plate containing freezing media was
quickly frozen at -80°C. The culture dish was grown for 3-4 days until there were visible
colonies. Each well was then genotyped as described above to identify colonies with
successful gene editing. Positive colonies were expanded onto 6-well plates for
freezing, further genotyping, karyotyping, and aggregation.

Following confirmation of correctly targeted Ai65 mESC clones with normal karyotypes,
MESCs were trypsinized from the 6-well plate, spun down, and suspended in 12 ml
culture media plus 3 yM CHIR99021 & 1 uM PD03259010 (2i media; Stemcell
technologies — 72054 & 72184). This suspension was put onto a gelatinized 10 cm dish
for 1 hour at 37°C to remove MEFs, which adhered to the plate within an hour. The
supernatant was then put onto a gelatinized 6 cm dish overnight at 37°C to form stem
cell aggregates. These plates were given to the Berkeley Cancer Research Laboratory
Gene Targeting Facility for the generation of chimeras using aggregation of mESCs and
morula embryos as described previously?*3. Pups born from these females were
checked for chimerism by coat color and tail DNA genotyping. F1 pups and subsequent
generations were genotyped using tail DNA. Tail DNA was isolated used small (1 mm)
tail clips at P10 and overnight tissue lysis at 55°C using Viagen Biotech Direct PCR lysis
reagent and Promega proteinase K (Fisher Scientific — NC9724951 & PRMC5005) per
the manufacturer’s instructions.

Stereotaxic intracranial injections

Intracranial injections were performed on male and female 40-60 day old mice. Mice
were briefly anesthetized with 3% isoflurane (Piramal Healthcare — PIR001710) and
oxygen. Their heads were shaved and mice were mounted on a stereotaxic frame (Kopf
instruments — Model 940) with stabilizing ear cups and a nose cone delivering constant
1.5% isoflurane in medical oxygen. Viruses were injected using a pulled glass capillary
at a rate of 100 nl/minute. Following injection, the capillary remained in place for 1
minute per every minute spent injecting to allow the tissue to recover and prevent virus
backflow up the injection tract upon retraction. The following coordinates from Bregma
were used to target each site: SNc (M/L £1.5 mm, A/P -2.8 mm, D/V -4.0 mm), VTA
(M/L £0.6 mm, A/P -3.1 to -3.7 mm for multiple injections, D/V -4.2 mm).

For ChR2 experiments, 400 nl of AAV8 Flp- and Cre-dependent ChR2 (pAAV-hSyn
Con/Fon hChR2(H134R)-EYFP: Addgene — 55645-AAVS: titer 2.1 x 10*3) diluted 1:7 in
sterile saline was injected bilaterally into the anterior and posterior VTA of DAT-
FLP;Nex-Cre mice. For DAT-FIp EYFP labeling experiments, 400 nl of undiluted AAV5
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Flp-dependent EYFP (rAAV5.hSyn-Coff/Fon-eYFP-WPRE: UNC vector core: titer 3.5 x
10%?) was injected bilaterally into the SNc and VTA of DAT-Flp heterozygous mice. For
Intersectional labeling of Neurod6-negative DA neurons, 400 nl of AAV5 Coff/Fon-EYFP
(rAAV5.hSyn-Coff/Fon-eYFP-WPRE: UNC vector core: titer 1.7 x 10%?) diluted 1:1 in
sterile saline was injected bilaterally into the SNc and the VTA of DAT-FIp;Nex-Cre
mice.

Brian sectioning and immunohistochemistry

Immunohistochemistry was performed as described®. Briefly, adult mice were
anesthetized with isoflurane and transcardial perfusion was performed with 7.5 ml of 1x
PBS following by 7.5 ml of ice cold 4% PFA in 1x PBS (EMS — 15710-S). Brains were
then dissected out and post-fixed in 4% PFA in 1x PBS for 2 hours at 4°C. Brains were
transferred to cryoprotectant solution (30% sucrose in 0.1M PB) at 4°C until they sank.
30 um coronal sections were made using a freezing microtome (American Optical, AO
860). Sections were collected in serial wells of a 24 well plate in 1x PBS with 0.02%
sodium azide (NaNs; Sigma-Aldrich — 26628-22-8) and stored at 4°C. For
immunohistochemistry, individual wells of sections were washed with gentle shaking for
3 x 5 minutes with 1x PBS, then blocked for 1 hour at RT with BlockAid blocking
solution (Life Tech: B10710). Primary antibodies diluted in PBS-Tx (1x PBS with 0.25%
triton-X-100 (Sigma — T8787)) were then added and the tissue was incubated for 48 h
with gentle shaking at 4°C. Sections were then washed with gentle shaking 3 x 10
minutes with PBS-Tx. Secondary antibodies diluted in PBS-Tx were added and
incubated with shaking for 1 h at room temperature. Sections were then washed 3 x 10
minutes gently shaking with 1x PBS. Sections were mounted onto SuperFrost slides
(VWR: 48311-703) and coverslipped with hard-set Vectashield mounting media (Vector
Labs: H-1500). The following antibodies were used: anti-tyrosine hydroxylase (TH,
1:1000, mouse, Immunostar #22941), anti-RFP (1:1000, rabbit, Rockland #600-401-
379), Alexa Fluor 488 goat anti-mouse secondary (1:500, Thermo Fisher Scientific #A-
11001), Alexa Fluor 633 goat anti-mouse secondary (1:500, Thermo Fisher Scientific
#A-21050), and Alexa Fluor 546 goat anti-rabbit secondary (1:500, Thermo Fisher
Scientific #A-11035).

Confocal microscopy and image analysis

Images of 30 ym sections processed for immunohistochemistry were acquired using an
Olympus FV3000 confocal microscope equipped with 405, 488, 561, and 633 nm lasers
and a motorized stage for tile imaging. Z-stack images captured the entire thickness of
the section at 2-2.5 uym steps for images taken with a 20x air objective (Olympus
#UCPLFLN20X) and 10 ym steps for images taken with a 4x air objective (Olympus
#UPLXAPO4X).

Quantification of EGFP overlap with TH immunolabeling in DAT-FIp:RCE:FRT mice was
done on max projected Z-stack images from 2 hemispheres per mouse and averaged
together. Every clearly identifiable EGFP* neuron in the SNc and VTA was manually
counted using the Cell Counter Image J (NIH) plug-in. A neuron was considered TH™ if
there was a clear TH signal in the entirety of the EGFP™* cell body. Boundaries of each
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sub-region of the VTA and SNc were made according to the Paxinos mouse brain
atlas®®’.

Western Blotting

Bilateral punches (3 mm diameter) were taken from 275 pym thick striatal sections
prepared from male and female (P50-90) DAT-FIp and DAT-IRES-Cre mice. Sections
were cut on a vibratome in cold ACSF-Sucrose cutting solution (In mM: 85 NaCl, 25
NaHCOs, 2.5 KCI, 1.25 NaH2PO4, 0.5 CaClz, 7 MgClz, 10 glucose, and 65 sucrose).
Punches contained dorsal striatum and small neighboring portions of the lateral septum
and nucleus accumbens. Tissue punches were put into a 1.5 mL tube and frozen on dry
ice. Samples were resuspended in 300 pl lysis buffer (1x PBS, 1% SDS, 1% Triton-X-
100, 2 mM EDTA, and 2 mM EGTA) with Halt phosphatase buffer inhibitor (Fisher:
P178420) and Complete mini EDTA-free protease inhibitor (Roche: 4693159001).
Samples were sonicated at low power (Qsonica Q55) until homogenized. Homogenized
samples were then boiled for 5 minutes, spun down, and put on ice. Total protein
concentration was determined using a BCA assay (Fisher: P123227).

4x Laemmli sample buffer (Bio-Rad: 161-0747) with 5% 2-mercaptoethanol (Thermo
Fisher Scientific) was added 3:1 to an aliquot of each sample. 15 ug of total protein
were loaded onto a 4-15% Criterion TGX gel (Bio-Rad: 5671084). Proteins were
transferred to an activated PVDF membrane (BioRad: 1620177) at 4°C overnight using
the Bio-Rad Criterion Blotter. Membranes were then removed, cut, washed, and
blocked in 5% milk in 1x TBS + 1% Tween-20 (TBS-T) for 1 h at RT. Blots were
incubated with primary antibodies diluted in TBS-T + 5% milk overnight at 4°C. The next
day, the blots were washed 3 x 10 minutes with TBS-T followed by 1 hour of incubation
at RT with HRP-conjugated secondary antibodies (1:5000). Membranes were washed 6
x 10 minutes with TBS-T and incubated for one minute with a chemiluminesence
substrate (Perkin-Elmer: NEL105001EA) and exposed to GE Amersham Hyperfilm ECL
(VWR: 95017-661). Membranes were then stripped 2 x 6 minutes with 6 mM
Guanidinium Chloride + 5% 2-mercaptoethanol, washed with TBS-T, and incubated with
primary antibody overnight at 4°C as before.

The following primary antibodies were used for western blotting: mouse anti-tyrosine
hydroxylase (TH, 1:3000, Immunostar - 22941); mouse anti-Histone-3 (1:1500, Cell
Signaling - 96C10); rabbit anti-Vmat2 (1:1400, Alomone Labs - AMT-006), mouse anti-
Dopamine Transporter [6V-23-23] (DAT, 1:1,400, Abcam — 128848). The following
secondary antibodies were used: goat anti-rabbit HRP (1:5000, Bio-Rad: 170-5046) and
goat anti-mouse HRP (1:5000, Bio-Rad: 170-5047)

Fast-Scan Cyclic Voltammetry

DA release was monitored using fast-scan cyclic voltammetry (FCV) in acute coronal
slices. Paired site-sampling recordings were performed in one WT reference animal and
one heterozygous experimental animal from a sex- and age-matched mouse pair
recorded on the same day. The genotype order of the tissue prep and recording
chamber position were counterbalanced between experiments. Male and female mice
(P50-90) were deeply anesthetized by isoflurane and decapitated. 275 ym thick coronal
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striatal slices were cut on a vibratome (Leica VT1000 S) in ice cold ACSF-Sucrose
cutting solution (in mM: 85 NaCl, 25 NaHCOs, 2.5 KCI, 1.25 NaH2PO4, 0.5 CaClz, 7
MgCl2, 10 glucose, and 65 sucrose). Slices recovered for 1 h at RT and were recorded
from in ACSF (in mM: 130 NaCl, 25 NaHCO3, 2.5 KCI, 1.25 NaH2PO4, 2 CaCl2, 2
MgCI2, and 10 glucose). All solutions were continuously saturated with 95% O2 and 5%
CO:s2. Slices between +1.2 mm and +0.5 mm (A/P) from Bregma that had both dorsal
striatum and the entire nucleus accumbens were used for experimentation.

Prior to recording electrically- or light-evoked transients, ex vivo slices were equilibrated
to the bath temperature of 32°C for 30 min with an ACSF flow rate of 1.2-1.4 ml/min.
Extracellular DA concentration ([DAJo) was monitored with FCV at carbon-fiber
microelectrodes (CFMs) using a Millar voltammeter (Julian Millar, Barts and the London
School of Medicine and Dentistry). CFMs were fabricated in-house from epoxy-free
carbon fiber ~7 ym in diameter (Goodfellow Cambridge Ltd) encased in a glass capillary
(Harvard Apparatus: GC200F-10) pulled to form a seal with the fiber and cut to a final
tip length of 70-120 um. The CFM was positioned 100-130 um below the tissue surface
at a 45° angle. A triangular waveform was applied to the carbon fiber scanning from -0.7
V to +1.3 V and back, against a Ag/AgCl reference electrode at a rate of 800 V/s.
Evoked DA transients were sampled at 8 Hz, and data were acquired at 50 kHz using
AxoScope 10.5/10.7 (Molecular Devices). Evoked oxidation currents were converted to
[DA]o from post-experimental calibrations of the CFMs. Recorded FCV signals were
identified as DA by comparing oxidation (+0.6 V) and reduction (-0.2 V) potential peaks
from experimental voltammograms with currents recorded during calibration with 2 yM
DA dissolved in ACSF.

DA release was evoked every 2.5 minutes with electrical or optical stimulation delivered
out of phase with voltammetric scans. For electrical stimulation, a concentric bipolar
stimulating electrode (FHC: CBAEC75) was positioned on the slice surface within 100
pum of the CFM. DA release was evoked using square wave pulses (0.6 mA amplitude, 2
ms duration) controlled by an Isoflex stimulus isolator (A.M.P.l., Jerusalem, Israel). For
site sampling experiments with electrical stimulation, three stimulations were delivered
at a given site before progressing to a corresponding site in the other slice. For optical
stimulation of ChR2-expressing DA terminals, release was evoked using 5 ms pulses of
473 nm light delivered through a 10x water-immersion objective coupled to a CoolLED
system (CoolLED pE-300; 26.6mW light power output) controlled by a Master-8 pulse
stimulator (A.M.P.1., Jerusalem, Israel). Optically evoked DA events were evoked with
10 light pulses delivered at 25 Hz.

Open Field Behavior

Behavioral testing was carried out during the dark phase of the light cycle under white
lights. Male and female mice (P50-90) were habituated to the behavior room under a
blackout curtain for 1 hour prior to testing. General locomotor activity and avoidance
behavior was assessed using a 60 minute session in an open field chamber (40 cm
length x 40 cm width x 34 cm height) made of transparent plexiglass (ANY-maze,
Stoelting). Horizontal photobeams were used to measure rearing and were positioned at
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9 cm above the chamber floor. The chamber was cleaned between each mouse with
70% ethanol followed by water and let dry for 5 minutes. The apparatus was cleaned
with water and mild soap detergent at the end of each testing day. The experimenter
was blind to genotype throughout the testing and scoring procedures.

For open field testing, the mouse was placed in the front, right hand corner of the
chamber, facing away from the center and activity was recorded using both an
overhead camera and side-facing camera. A smaller center field of 20 cm length x 20
cm width was defined digitally to measure the time spent in the center of the open field.
The observer manually scored grooming bouts and time spent grooming during the first
20 min of the test. A grooming bout was considered any licking, nibbling, or scratching
that lasted more than one second. If there was a break of more than 2 seconds between
actions, this was considered a separate grooming bout. The following parameters were
measured using ANY-maze tracking software: total distance traveled, time spent in
center, and number of rears.

AdipoClear brain clearing

Brains from male and female (P40-60) DAT-FIp;Nex-Cre;Ai65 mice were cleared using
AdipoClear?3 and imaged as described previously*4. Mice were perfused with 20 ml of
1x PBS, followed by ice-cold 4% PFA (16% PFA diluted in 1x PBS, EMS — 15710-S),
followed by 10 ml of 1x PBS. Brains were post-fixed in 4% PFA in 1x PBS with shaking
overnight at 4°C. Brains were then washed for 3 x 1 h in 1x PBS with 0.02% NaNs
(Sigma Aldrich — 58032) at RT. The brains were then delipidated. The samples were
initially dehydrated with a MeOH gradient (20%, 40%, 60%, and 80%, 1 h each, Fisher
— A412SK-4) with B1n buffer (in H20 — Glycine: 0.3 M, Triton X-100: 0.1% (v/v), NaNa:
0.01% (w/v) with pH adjusted to 7.0) shaking gently at RT. Samples were then washed
2 x 1 h in 100% MeOH followed by overnight incubation at RT in
DiChloroMethane:MeOH (DCM, Sigma — 270997) 2:1. The next day, samples were
washed for 1 h in 100% DCM followed by 3 washes in MeOH for 30, 45, and 60
minutes. Samples were then bleached in H202 buffer (5% H202 in MeOH; hydrogen
peroxide 30%, Sigma — 216763) for 4 hours at RT. Samples were rehydrated in a
reverse MeOH/B1ln gradient (from 80%, down to 20%) at RT for 30 minutes each
followed by a 1 h incubation with Bln buffer. Samples were then washed in 5%
DMSO0/0.3% glycine/PTxwH buffer (DMSO, Fisher — D128-4;Glycine, Sigma — G7126;
PTxwH buffer: in PBS - Triton X-100: 0.1% (v/v), Tween 20: 0.05% (v/v), Heparin: 2
ug/ml, NaNs: 0.01% (w/v)). Samples were washed in PTxwH buffer 4x for 30 minutes,
overnight, 1 h, and 2 h.

Brains were immunolabeled with anti-RFP primary antibody (final concentration 1:1000,
rabbit, Rockland #600-401-379). The antibody was first diluted in PTxwH buffer (1:500
in ~5 ml) then spun down (13,000 x g) and the supernatant was transferred to an
additional 5 ml of PTxwH buffer in order to remove any debris. The final 1:1000 anti-
RFP in PTxwH buffer was added to the brains and put on a shaker at 37°C for 11 days.
Samples were then washed 2 x 1 h, 2 x 2 h, and 2 x 1 day in PTxwH buffer at 37°C.
Secondary antibody was diluted in 500 pl of PTxwH and spun down at max speed for 30
minutes to remove any aggregates or debris. The supernatant (~480 ul) was then
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added to 4.5 ml of PTxwH (final secondary concentration of 1:500) (secondary antibody:
donkey anti-rabbit 647, Thermo Fisher Scientific — A-31573) and brains were incubated
at 37°C with shaking for 8 days. The secondary antibody was then washed as described
following the primary antibody.

Following immunolabeling, brains were dehydrated in an MeOH gradient with H20
(20%-80%, as before) shaking at RT for 30 minutes for each step. Samples were then
washed 3x in 100% MeOH at RT for 30, 60, and 90 minutes followed by a wash with 2:1
DCM:MeOH overnight rocking at RT. The following morning, brains were washed in
100% DCM at RT 3x 1 h. The clearing step started with a wash in DiBenzylEther (DBE,
Sigma — 108014) for 4 h, gently rocking at RT. Following this, the DBE was replaced
with fresh DBE and brains were stored in the dark at RT prior to imaging.

Light sheet imaging and whole brain projection analysis

Whole brains were imaged on a LaVision Ultramicroscope Il lightsheet using a 2x
objective and 3 um z-step size. Whole brain fluorescence was collected using 640 nm
laser excitation and autofluorescence was collected using 480 nm laser excitation.

Image alignments between channels and sample auto-fluorescence to the Allen Brain
Atlas (ABA) serial two-photon tomography reference brain, were performed using elastix
(https://elastix.lumc.nl/). Computational identification, extraction, and skeletonization of
axon collaterals was performed using the U-Net-based 3D convolutional neural network
TrailMap*+244, Regional statistics were generated by transforming the arborizations into
the ABA Common Coordinate Framework using the same parameters and vectors from
the registration step. Axon content in each region was normalized to the size of the
region and the total axon content in each brain and was expressed as a density metric.
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Results

Generation of DAT-Flp mice

To allow for intersectional targeting of dopaminergic sub-populations, we developed a
DAT-Flp mouse that expresses Flp recombinase from the endogenous Slc6a3 (DAT)
locus. We used CRISPR/Cas9-based gene editing to knock-in a P2A-Flpo-recombinase
sequence 3’ to the final coding exon of DAT, replacing the stop codon in the 15" exon
and the 3° UTR (Fig. 1A). The self-cleaving P2A sequence allows for bicistronic
expression of both endogenous DAT and Flp recombinase following translation of a
single mRNA. For gene editing, we used mouse embryonic stem cells derived from the
Ai65(RCFL-tdT)-D mouse line (herein referred to as Ai65)%%. These cells harbor a Flp-
and Cre-dependent tdTomato fluorescent reporter in the Rosa26 locus. FO chimeric
mice were PCR genotyped to confirm successful targeting (Fig. 1B). Targeted FO male
mice had successful germline transmission and produced pups that expressed the Flp
recombinase insert (Fig. 1B).

Characterization of DAT-Flp mice

To determine whether Flp recombinase was efficiently expressed in DA neurons, adult
heterozygous DAT-FIp mice were injected with an AAV expressing a Flp-dependent
EYFP reporter in the midbrain (Fig. 1C). We observed the expected labeling of midbrain
dopamine neurons in the injected area and greater than 97% of EYFP positive neurons
were TH positive (Fig. 1D). Following this confirmation, we crossed the DAT-FIp mice to
a mouse line expressing Flp-dependent EGFP (RCE:FRT)%¥’ (Fig. 1E). This cross
resulted in Flp-dependent EGFP expression in canonical DA neuron-containing areas
including the VTA, SNc, caudate linear nuclear raphe (CLi), dorsal raphe (DR), and
arcuate nucleus (Fig. 1F-J). As expected, the vast majority (97%) of neurons in the SNc
and VTA were TH* (Fig. 1M), which matches expression patterns in the widely used
DAT-IRES-Cre mouse line!®22%5  There was no expression, however, in regions that
contain TH-positive, DAT-negative neurons®® such as the interpeduncular nucleus (Fig.
1F, white arrow, IPN), the locus coeruleus (LC, Fig. 1K), and the zona incerta/A13 (Fig.
1L). Therefore, DAT-FIp mice do not label non-dopaminergic neurons that express TH
and will thus allow for the specific intersectional labeling of dopaminergic neurons.
Together, these data demonstrate successful generation of a novel transgenic mouse
line with robust Flp-dependent recombination in DA neurons with no detected off-target
expression.

The effects of Flp recombinase insertion into the DAT 3’ UTR.

It has been reported in DAT-IRES-Cre mice that knock-in of Cre recombinase affects
endogenous DAT expression?%. In adult heterozygous animals there is a reported 17%
reduction in DAT protein expression?%, a 21%-24% reduction in DA uptake, and a 25%-
42% increase in peak-evoked DA concentration determined by fast-scan cyclic
voltammetry (FCV)?%° . To test whether endogenous DAT expression is altered in DAT-
Flp mice, which use a P2A sequence instead of an IRES sequence to achieve
bicistronic expression and don’t disrupt exon 15, we compared DAT protein expression,
DAT re-uptake kinetics, and gross motor behaviors between DAT-Flp heterozygotes
and their wild-type (WT) littermates.
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Consistent with the previously observed reduction in DAT protein expression in DAT-
IRES-Cre mice, which was replicated here (Sup. Fig. 1A,B), we found a significant
decrease in DAT protein in tissue punches from the dorsal striatum of heterozygous
DAT-FIp mice compared to WT controls (Fig. 2A,B). This change was selective for DAT
as there were no significant differences in TH expression, or VMATZ2, which is the
vesicular monoamine transporter responsible for loading DA into vesicles (Fig. 2A,B).
To measure DAT function, we used FCV to compare electrically evoked peak DA
concentration and re-uptake kinetics between WT and heterozygous DAT-FIp mice in ex
vivo striatal slices. We measured single pulse evoked DA release and re-uptake at
seven locations throughout the striatum and nucleus accumbens (Fig. 2C). We found an
average 32% increase in peak-evoked DA concentration across all dorsal striatum sites
(dStr, sites 1-5, Fig. 2D) and a 30% increase in the nucleus accumbens core (NAc, sites
6+7, Fig. 2E) in DAT-FIp heterozygous mice. Using peak concentration-matched
transients, we observed slower DA re-uptake in DAT-FIp heterozygous mice (Fig. 2F)
consistent with their reduced DAT protein expression. An increase in peak-evoked DA
concentration and decrease in DA re-uptake rate were also observed in DAT-IRES-Cre
mice?*® (Sup. Fig. 1C-F). Notably, the overall peak evoked DA levels between the two
mouse lines were three-fold different which likely reflects the differences in genetic
background. The DAT-IRES-Cre mice were on a pure C57BL/6J background, while the
DAT-FIp mice were on a CD-1/C57BL/6J mixed background. Previous work has shown
clear differences in the dopaminergic system depending on the background of the mice,
from cell number?*® to DA concentration throughout different brain regions?47.248,
Therefore, these results show that DA release and uptake dynamics are highly sensitive
to both DAT expression levels and mouse background strain.

To test whether changes in DAT expression and function resulted in any gross
behavioral alterations, we tested DAT-FIp mice of both sexes in the open field and
measured locomotor activity, avoidance behavior, and repetitive behaviors (i.e.
grooming). We found no significant difference in total distance traveled or number of
rears between DAT-Flp heterozygous mice and WT littermate controls (Fig. 2G,H). We
also found no changes in the time spent in center, a proxy for avoidance behavior, and
no changes in time spent grooming for DAT-FIp mice (Fig. 21,J). We tested DAT-IRES-
Cre mice for comparison (Sup. Fig. 1G-J) and did find a small but significant increase in
locomotor activity and decrease in grooming time in DAT-IRES-Cre heterozygous mice
as compared to littermate controls. Together, these analyses show that even with use of
a smaller self-cleaving P2A sequence instead of an IRES sequence, there can be
changes in expression of the endogenous gene with a knock-in strategy. While this
needs to be taken into consideration when designing experiments with DAT-IRES-Cre
or DAT-Flp mice, our behavioral data show that changes in DAT do not strongly affect
baseline motor activity or avoidance behavior. Therefore, DAT-FIp mice should be a
useful tool for the selective analysis of DA neuron subpopulations.

Intersectional labeling of Neurod6-expressing midbrain DA neurons

Previous studies have revealed that DA neurons comprise genetically distinct
subclasses®’177-179.19% QOne of these subpopulations, marked by the expression of the
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transcription factor Neurod6, is found in the ventromedial VTA and projects to the
nucleus accumbens medial shell (NAc MSh)®7:181.196.204 Thjs subpopulation is of interest
because it is selectively spared in a 6-OHDA model of Parkinson’s disease®’. Moreover,
recent studies have identified distinct behavioral roles for VTA DA neurons that project
to the medial shell versus the lateral shell (LSh) of the NAc!#. In particular, LSh-
projecting DA neurons show canonical dopaminergic responses to rewards and reward
predictive cues, whereas MSh-projecting DA neurons respond more to aversive stimuli
and aversive cues'*®. Since both the cell bodies and projection sites of these two
functionally distinct subpopulations are in close spatial proximity, it has been a
challenge to selectively target them for further study. The restricted projections of
Neurod6-expressing DA neurons, as previously defined by retrograde labeling and
fluorescent in situ hybridization (FISH), make Neurod6 a compelling marker gene to
label MSh-projecting DA neurons®/181, However, Neurod6 is also highly expressed
outside the midbrain including in excitatory neurons of the cortex and in nuclei adjacent
to the VTA (Fig. 3A-F)20723° Therefore, intersectional tools are needed to selectively
and reliably target Neurod6+ DA neurons.

To access Neurod6-positive DA neurons, we crossed DAT-FIp;Ai65 mice to NEX-Cre
mice??’, which label the majority of Neurod6+ neurons (NEX is the former name for
Neurod6) (Sup. Fig. 2A). In the resulting triple transgenic offspring, we found
remarkably specific tdTomato labeling of a small population of neurons in the
ventromedial VTA (Fig. 3G,H). The anatomical location of these Neurod6/DAT+ neurons
matched closely to what was previously observed by FISH%. As predicted by prior
retrograde tracing studies®’, we found that Neurod6/DAT+ neurons projected strongly to
the NAc MSh, with some additional projections going to the olfactory tubercle and lateral
septum (Fig. 3I,K, Sup. Fig. 2B). We confirmed that the Neurod6/DAT+ neurons and
projections from these mice expressed TH (95% co-expression) (Fig. 3J,K).

To test whether dopaminergic projections to the NAc MSh arise exclusively from the
Neurod6+ population, we injected an AAV expressing a Flp-on/Cre-off-EYFP
construct?®© into the midbrain of DAT-FIp;NEX-Cre;Ai65 mice (Sup. Fig. 2C). In this
experiment, only DA neurons that do not express NEX-Cre will be labeled with
tdTomato (Fig. 3L). We observed the expected tdTomato+ axonal arborizations
throughout the dorsal striatum, with a notable lack of projections in the NAc MSh and
olfactory tubercle (Fig. 3M). This analysis demonstrates that Neurod6+ DA neurons
make up the majority of NAc MSh-projecting DA neurons. Together, these data highlight
the utility of viral and transgenic intersectional strategies to label subpopulations of DA
neurons based on their expression of FIp and Cre recombinase.

Whole-brain imaging of Neurod6+ DA neurons

To measure the projection patterns of Neurod6+ DA neurons in an unbiased, brain-wide
manner, we optically cleared whole brains from DAT-FIp;NEX-Cre;Ai65 mice using the
iDISCO?*°-based brain clearing method AdipoClear?3¢ and imaged the intact brain using
a light sheet microscope (Fig. 4). We confirmed the remarkable specificity of the
intersectional strategy, with tdTomato+ cell bodies located almost exclusively in the VTA
and clearly defined projections going towards the NAc MSh (Fig. 4A-E). We analyzed
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the tdTomato+ projections of these neurons to determine the innervation pattern of
Neurod6+ DA neurons using TrailMap?®°. NAc mSh projections were too dense and
complex to computationally recognize as individual fibers and were excluded from
guantification. The most numerous projections outside of the NAc were found in the
olfactory tubercle (OT), with additional sparse projections in the hypothalamic lateral
zone (lateral preoptic area, LPO; preparasubthalamic nucleus, PST; parasubthalamic
nucleus, PSTN; perifornical nucleus, PeF; Sup. Fig. 3A). TdTomato+ processes were
detected in the midbrain (paranigral nucleus, PN; retrorubral area, RR) and the raphe
nuclei (interpeduncular nucleus, IPN; rostral linear nucleus raphe, RL; central linear
nucleus raphe, CLi), which likely represent the dendritic arbors of Neurod6+ DA neurons
(Sup. Fig. 3A). Together, these data show that the vast majority of projections from
Neurod6+ DA neurons go to the NAc mSh with minor projections to the olfactory
tubercle and hypothalamus. These projection patterns are reproducible and consistent
across multiple mice.

We did observe a small number of tdTomato* neurons outside of traditional
dopaminergic regions. We found a few tdTomato® neurons in the cortex and
hippocampus (Fig. 4A). To test whether these neurons were bona fide Neurod6+ DA
neurons or off-target recombination events, we performed antibody staining against TH.
None of the neurons were TH* (Sup. Fig.2D). Given the robust expression of Neurod6
throughout the cortex (see Fig. 3A) and lack of tdTomato+ cortical neurons in DAT-
Flp;RCE-FRT mice (see Fig. 3D), these neurons likely represent NEX-Cre positive
neurons with leaky recombination events leading to tdTomato expression. In addition to
the cortex, we also found small numbers of tdTomato+ cells in the anterior olfactory
area and cerebellum (Sup. Fig. 2E,F).

Functional specificity of DA release from Neurod6+ DA neurons

The anatomical data described above indicate a robust and selective projection from
Neurod6+ DA neurons to the NAc MSh. To confirm the functionality of this projection,
we bilaterally injected an AAV expressing Flp- and Cre-dependent ChR22%0 into the
midbrain of DAT-FIp;NEX-Cre mice (Fig. 5A-C). To assess whether activation of
Neurod6+ neurons leads to DA release, we measured DA levels with FCV in response
to optical stimulation of ChR2+ terminals in different subregions of the striatum. We
observed robust optically-evoked DA release in the NAc MSh (Fig. 5D). This DA release
was reliable as we observed stable peak-evoked DA levels over the course of 20
minutes (Fig. 5D). Optical stimulation outside the MSh did not result in measurable DA
transients, consistent with the lack of ChR2 expression in those regions (Fig. 5C,D).
These results confirm the utility of DAT-FIp mice for future functional assays using
optogenetics and demonstrate the specificity of intersectional approaches to label
discrete dopaminergic subpopulations.

62



Discussion

Here we describe a novel transgenic mouse line expressing Flp recombinase from the
endogenous DAT locus, which provides a new tool for the visualization and
manipulation of DA neurons. We provide anatomical validation of this new mouse line
by demonstrating robust and specific Flp-mediated recombination of genetic and viral
reporters in TH+ midbrain DA neurons. We further show functional validation that Flp-
dependent ChR2 can be used to evoke NAc DA release. We demonstrate proof-of-
concept that DAT-FIp mice can be crossed to mice expressing Cre under specific gene
promoters to allow for the intersectional targeting of dopaminergic subpopulations
defined by their co-expression of DAT and any other gene of interest.

Single-cell sequencing studies of neuronal populations throughout the brain have
provided unprecedented access to the gene expression profiles of different cell types3*
35, These studies have highlighted the need for genetically targeted approaches to
enable the study of neuronal subpopulations in an accurate and reproducible way?°°,
This is especially important for heterogeneous cell types in which spatially adjacent or
intermingled neurons can have different functional roles, thus constituting distinct
subtypes, such as in the striatum or midbrain dopaminergic system?13.117,146,147,251-254 |
recent years, there have been major efforts to generate mouse lines that express Cre
recombinase from different cell type-specific promoters (for example, see Huang and
Zeng, 2013%). These mouse lines have become essential tools for neuroscience and
other areas of biology. However, with the limited repertoire of genes that are expressed
in neurons, there is often substantial expression of ‘marker’ genes in more than one cell
type. Therefore, single genes often aren’t sufficient to label specific neuronal subtypes
within functionally diverse neuronal populations.

Mouse genetic intersectional strategies, based on the expression of different
recombinases under the control of two or more genes, represent emerging approaches
that greatly increase our ability to target newly defined neuronal subpopulations?3!. This
strategy has been successfully applied to neuromodulatory populations, including
serotonergic and dopaminergic neurons**182230 The DAT-Flp mouse line described
here contributes to this growing toolkit of intersectional mouse genetic resources. For
labeling DA neurons specifically, DAT-FIp mice have some important advantages over
currently available intersectional mouse models, such as the Th-2A-Flpo mouse.
Namely, DAT drives Flp expression selectively DA neurons, whereas Th-2A-Flpo is
expressed in catecholaminergic neurons throughout the brain. This an important
consideration when attempting to target midbrain DA neurons with viral or genetic
approaches as TH is expressed in non-dopaminergic neurons in the interpeduncular
nucleus (IPN) and the linear raphe (LR), which reside just adjacent to the VTA60.162_|n
addition, TH* neurons are found in the locus coeruleus, dorsal raphe, hypothalamus,
and zona Incerta, among others!®, Therefore Th-2A-Flpo mice label a larger population
of neurons. Together DAT-FIp and Th-2A-Flpo mice represent complementary tools that
will have different utility depending on which neuronal population is to be targeted.

Here we find that similar to the commonly used DAT-IRES-Cre mouse line2%, bicistronic
expression of FlIp from the endogenous Slc6a3 locus alters DAT protein expression. We
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found a reduction in DAT levels in the dorsal striatum in mice that were heterozygous
for DAT-FIp, which resulted in detectable changes in peak-evoked DA concentration
and re-uptake kinetics in the striatum. While the mechanism for this is unknown, it may
result from loss of the 3° UTR or the instability of the long mRNA transcript that is
produced from the targeted locus, which contains the coding sequence for both DAT
and Flp. This change in DAT expression will need to be considered when designing
experiments with DAT-Flp mice, especially if measures related to DAT function are
being explored. That said, we did not find changes in gross locomotor activity in DAT-
Flp heterozygous mice, suggesting that they should be useful for many types of
experiments. We suggest designing experiments so that all mice are DAT-Flp positive,
and thus have similar DAT expression, and avoid comparing DAT-Flp heterozygotes
directly with WT mice.

In addition to characterizing the DAT-FIp mice, we highlight an example of how an
intersectional genetic approach can be used to visualize and manipulate a specific
subpopulation of DA neurons. This population is marked by the expression of a
transcription factor Neurod6, which is expressed in about 25% of DA neurons in the
ventromedial VTA and was previously shown to comprise the majority of projections to
the NAc MSh by retrograde labeling®’. This population is of considerable interest given
recent studies showing that Neurod6 marks a DA population that is spared in a 6-OHDA
model of Parkinson’s disease®, and could be neuroprotective by maintaining
mitochondrial health®8°°, In addition, Neurod6 and its related family member Neurod1l
have been shown to be important for the developmental survival of this VTA
subpopulation?4,

At the behavioral level, there is evidence that MSh-projecting DA neurons in the VTA
are activated by unexpected aversive events!46. Somewhat contrary to these findings, it
has also been shown that while increased DA release in the NAc core may signal
reward, this is not correlated with cell body firing in the VTA2%5, While axonal DA release
can be gated by local mechanisms independent of cell body firing?°®, without stable and
consistent labeling of the same DA population it is difficult to confirm the relationship
between the activity of VTA neurons and axonal DA release at the projection targets.
These variable and somewhat conflicting results highlight the need for consistent and
trackable marking of dopaminergic subpopulations without the labeling of off-target cell
types. The DAT-FIp;NEX-Cre mice described here represent a new tool that will allow
selective access to this behaviorally and disease-relevant subpopulation of DA neurons.
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Figures and Figure legends
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Figure 1. Generation of DAT-FIp mice. A) Targeting scheme to generate DAT-Flp
knock-in mice. Mouse embryonic stem cells (MESCs) were nucleofected with Cas9 and
an sgRNA targeting the stop codon of the Slc6a3 gene, which encodes the dopamine
active transporter (DAT). A donor plasmid containing two homology arms flanking a P2A
sequence followed by Flpo recombinase was inserted 3’ to exon 15 of Slc6a3. B) PCR
genotyping strategy for DAT-FIp mice. The 1000 bp band denotes the WT allele. The
600 bp band indicates the presence of the P2A-Flpo insert. Expression in the F1
generation indicates successful germline transmission. Chim = chimeric founders C)
Schematic of the unilateral injection of AAV-Fon/Coff-EYFP into the medial SNc/VTA.
D) Coronal midbrain section stained with an antibody against tyrosine hydroxylase (TH,
magenta) showing expression of Fon/Coff-EYFP in the midbrain (green). Inset shows a
zoomed-in image of SNc neurons. [PBP = parabrachial pigmented nuclei; PN/PIF =
paranigral nucleus/parainterfascicular nucleus; IF = interfascicular nucleus; ml = medial
lemniscus] E) Schematic of the genetic cross used to generate DAT-FIp;RCE:FRT mice.
F-G) Coronal midbrain section showing DAT-Flp-dependent recombination of a Flp-
dependent EGFP reporter (green) in DAT-FIp;RCE:FRT mice, demonstrating nearly
complete overlap with endogenous TH immunostaining (magenta). White arrowhead
indicates lack of EGFP expression in the interpeduncular nucleus. Panel G shows
zoomed-in images of the VTA and SNc from the boxed regions in F. H-J) Confocal
images of DAT-Flp-dependent recombination outside of the midbrain in a DAT-FIp;RCE-
FRT mouse. The caudal linear nucleus raphe and arcuate nucleus show the expected
partial overlap between the EGFP Flp reporter (green) and TH immunostaining
(magenta) (white arrowheads). The dorsal raphe shows distinct EGFP labeling
immediately ventral to the ventricle. These regions also contain TH+/EGFP- neurons
that are likely non-dopaminergic (magenta arrowheads). K) Charts showing the
percentage of EGFP overlap with TH in different midbrain regions in DAT-FIp;RCE-FRT
mice. >96% of EGFP+ neurons express TH in the SNc and VTA. Averaged from two
P56 mice, 1 male and 1 female. L-M) Confocal images of sections of the locus
coeruleus and zona incerta from a DAT-Flp;RCE-FRT mouse showing nearly no EGFP
expression in TH+ neurons in these regions.
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Figure 2
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Figure 2. DAT expression and function in DAT-FIp mice. A) Representative western
blot images of dopamine active transporter (DAT), tyrosine hydroxylase (TH), vesicular
monoamine transporter 2 (Vmat2), and histone H3 (His 3) loading control from striatal
lysates from DAT-FIp wild-type (WT) and heterozygous (Het) mice. Two independent
samples per genotype are shown. Images were cropped to show the relevant bands.
Molecular weight (MW) in KD is indicated on the right. B) Quantification of protein levels
relative to histone H3, normalized to WT. Bars represent mean +/- SEM. Each dot
represents the average of two striatal samples from one mouse (n=4 mice per
genotype). DAT: p=0.0259, TH: p=0.9639, Vmat2: p=0.0930; unpaired t-tests. C)
Extracellular DA ([DA]o) transients evoked by single electrical pulses and recorded with
fast-scan cyclic voltammetry (FCV) in different striatal sub-regions. Traces are mean +/-
SEM [DA]o versus time (average of 32 transients per recording site from 4 pairs of DAT-
Flp WT and Het mice, 2 male pairs and 2 female pairs). 1: dorsomedial striatum, 2:
dorsolateral striatum, 3: ventromedial striatum, 4: central striatum, 5: ventrolateral
striatum, 6-7: nucleus accumbens. D) Mean +/- SEM [DA]o versus time (average of 80
transients per genotype) from the dorsal striatum sites #1-5. E) Mean +/- SEM [DA]o
versus time (average of 32 transients per genotype) from the nucleus accumbens sites
#6-7. F) Region- and peak-matched mean +/- SEM [DA]o versus time from the dorsal
striatum of DAT-FIp WT and Het mice (average of 22 transients per genotype). DAT-FIp
heterozygous mice have significantly slower [DA]o re-uptake than WT mice (p<0.0001,
single-phase exponential decay curve fit; WT tau=0.409, Het tau=0.648). G-J)
Behavioral performance of DAT-FIp mice in a 60-minute open-field test. For all graphs,
bars represent mean +/- SEM and dots represent values for individual mice. n= 15 WT
mice, 6 males and 9 females; n=14 Heterozygous mice, 5 males and 9 females, P50-
90. G) Total distance traveled in 60 minutes; p=0.2680, unpaired t-test. H) Total number
of rears in 60 minutes; p=0.8847, unpaired t-test, 1) Total time spent in the center of
open field in 60 minutes; p=0.9981, unpaired t-test. J) Total number of grooming bouts
in the first 20 minutes; p=0.8061, unpaired t-test.
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Figure 3. Intersectional genetic targeting of Neurod6+ DA neurons. A-C) Confocal
images from a P28 male NEX-Cre;Ai9 mouse showing tdTomato expression. A) Whole
coronal section from a NEX-Cre;Ai9 mouse at A/P -3.4 from Bregma, showing high
expression throughout the cortex and hippocampus. B) tdTomato expression in the
midbrain. Note the fiber tracts in the medial lemniscus and cell bodies in the VTA and
adjacent interpeduncular nucleus (IPN). C) tdTomato expression in the dorsal striatum
(dStr) and nucleus accumbens (NAc) at A/P +1.34 from Bregma. D-F) Confocal images
from a P50 male DAT-FIp;RCE:FRT mouse showing EGFP expression. D) Whole
coronal section from a DAT-FIp;RCE:FRT mouse at A/P -3.4 from Bregma, with
restricted expression in the midbrain. E) tdTomato expression in the midbrain. F)
tdTomato expression in the striatum and NAc at A/P +1.34 from Bregma. G-l) Confocal
images from P50 female DAT-Flp;NEX-Cre;Ai65 mouse showing tdTomato expression.
G) Whole coronal section from a DAT-Flp;NEX-Cre;Ai65 mouse at A/P -3.4 from
Bregma, showing restricted expression in the VTA. H) tdTomato expression in the
midbrain. 1) tdTomato expression in the striatum and NAc at A/P +1.34 from Bregma. J)
Confocal images of a section of the VTA from a P50 DAT-Flp;NEX-Cre;Ai65 mouse
showing tdTomato (upper panel) co-localization with TH immunostaining (lower panel,
merged view). K) Confocal images of the projection targets of DAT-FIp;NEX-Cre;Ai65
neurons in the striatum and NAc. Left panel shows TH immunostaining. Middle panel
shows tdTomato+ projections from DAT-FlIp;NEX-Cre;Ai65 neurons. Right panel shows
merged image with TH in green and DAT-FIp;NEX-Cre;Ai65 projections in magenta.
[DMS = dorsomedial striatum, DLS = dorsolateral striatum, C = nucleus accumbens
core, ac = anterior commissure, LSh = nucleus accumbens lateral shell, MSh = nucleus
accumbens medial shell, OT = olfactory tubercle] L) Confocal images of the SNc/VTA of
a P90 female DAT-FIp;NEX-Cre mouse injected with AAV-Fon/Coff-EYFP (top panel),
with TH immunostaining (bottom panel, merged view). M) Confocal images of the
projection targets of DAT-FIp;NEX-Cre neurons expressing Fon/Coff-EYFP in the
striatum and NAc. Left panel shows TH immunostaining. Middle panel shows EYFP+
projections from DAT-Flp-positive/NEX-Cre negative neurons. Right panel shows
merged image with TH in green and DAT-Flp-positive/NEX-Cre negative projections in
magenta.
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Figure 4
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Figure 4. Whole brain expression and projection analysis of DAT-FIp;NEX-
Cre;Ai65 mice. A) Whole brains from 2 male and 1 female P120 DAT-FIp;NEX-
Cre;Ai65 mice were optically cleared and processed using the Adipo-Clear pipeline.
tdTomato fluorescence was amplified with an anti-RFP antibody and whole brains were
imaged without sectioning using a light-sheet microscope. Shown is a max projection of
600 um from a horizontal plane Z-stack. Insets show zoomed-in images of Neurod6+
DA neurons in the midbrain (1), axonal tracts from the midbrain to the nucleus
accumbens medial shell (NAc MSh) through the medial forebrain bundle (Il), Neurod6+
DA neuron axon terminals in the MSh (lll), and contralateral fibers crossing the midline
(IV). Ctx=cortex.B) Coronal view (XZ projection) comprising a 1.5 mm A/P cross section
of the VTA in optically cleared DAT-FIp;NEX-Cre;Ai65 mice. 3 separate brains were
aligned and merged. Image is overlaid with brain region outlines from the middle
position of the 1.5 mm cross-section from the Allen Brain Institute reference atlas C)
Coronal z-stack image of a 1.5 mm cross section of the VTA from a single sample color
coded by depth. Depth scale shown in lower panel. D) Coronal z-stack image of
trailmap-extracted axons from a 500 um section of the striatum. 3 separate brains were
aligned and merged. Extracted axons are overlaid onto a reference slice from the
middle position of the 500 um section from the Allen Brain Institute. E) Axonal
innervation in a 3D view of trailmap-extracted axons from three aligned DAT-FIp;NEX-
Cre;Ai65 brains.
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Figure 5
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Figure 5. Optogenetic activation of DA release in DAT-FIp and DAT-Flp;NEX-Cre
mice. A) Schematic of the intersectional genetic strategy to target Neurod6+ DA
neurons in DAT-FIp;NEX-Cre mice with an AAV expressing Flp- and Cre-dependent
channelrhodopsin (ChR2). B) Schematic showing bilateral injection of AAV-Fon/Con-
ChR2-EYFP into the midbrain of DAT-FIp;NEX-Cre mice. C) Confocal image showing
midbrain expression of Fon/Con-ChR2-EYFP (green) and co-expression with
immunostained TH (magenta) in a DAT-FIp;NEX-Cre mice. Inset shows ChR2-EYFP+
projections in the nucleus accumbens medial shell (NAc MSh) in an injected mouse.
Scale bar represents 200um. D) Fast-scan cyclic voltammetry traces of optically-evoked
extracellular DA ([DA]o) in striatal slices from DAT-Flp;Nex-Cre mice injected with
Fon/Con-ChR2-EYFP. Mean +/- SEM [DA]o versus time evoked from different striatal
subregions by 10 light pulses delivered at 25 Hz. Light colored lines show individual
sample traces of n=3-9 transients per recording site, dark colored lines are the average
of all samples, recorded from 4 hemispheres of 2 male mice . DMS = dorsomedial
striatum, DLS = dorsolateral striatum, LSh = nucleus accumbens lateral shell, MSh =
nucleus accumbens medial shell. Bottom panel shows transients recorded in the MSh
from 8 consecutive stimulations delivered 2.5 minutes apart.
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Supplemental Figure 1
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Supplemental Figure 1. DAT expression and function in DAT-IRES-Cre mice. A)
Representative western blot images of dopamine active transporter (DAT), tyrosine
hydroxylase (TH), vesicular monoamine transporter 2 (Vmat2), and histone H3 loading
control from striatal lysates from DAT-IRES-Cre wild-type (WT) and heterozygous (Het)
mice. Two samples per genotype are shown. Images were cropped to show the relevant
bands. Molecular weight (MW) in KD is indicated on the right. B) Quantification of
protein levels relative to histone H3, normalized to WT. Bars represent mean +/- SEM.
Each dot represents the average of two striatal samples from one mouse (n=4 mice per
genotype). DAT: p=0.0009, TH: p=0.0121, Vmat2: p=0.5655; unpaired t-tests. C) Fast-
scan cyclic voltammetry (FCV) traces of extracellular DA ([DA]o) evoked by single
electrical pulses in different striatal sub-regions in DAT-IRES-Cre mice. Traces are
mean +/- SEM [DA]o versus time (average of 27-28 transients per site from 4 pairs of
DAT-IRES-Cre WT and Het mice, 1 male pair and 3 female pairs). 1: dorsomedial
striatum, 2: dorsolateral striatum, 3: ventromedial striatum, 4: central striatum, 5:
ventrolateral striatum, 6-7: nucleus accumbens. D) Mean +/- SEM [DA]o versus time
(average of 80 transients per genotype) from the dorsal striatum sites #1-5. E) Mean +/-
SEM [DAJo versus time (average of 27-28 transients per genotype) from the nucleus
accumbens sites #6-7. F) Region- and peak-matched mean +/- SEM [DA]o versus time
from the dorsal striatum of DAT-IRES-Cre WT and Het mice (average of 34-36
transients per genotype). p=0.072, single-phase exponential decay curve fit; WT
tau=0.346, Het tau=0.355. G-J) Behavioral performance of DAT-IRES-Cre mice in a 60-
minute open-field test. For all graphs, bars represent mean +/- SEM and dots represent
values for individual mice. n= 15 WT mice, all females; n=12 Heterozygous mice, 12
females and 3 males; age P50-90. G) Total distance traveled in 60 minutes; p=0.0099,
unpaired t-test. H) Total number of rears in 60 minutes; p=0.0668, unpaired t-test, 1)
Total time spent in the center of open field in 60 minutes; p=0.6976, unpaired t-test. J)
Total number of grooming bouts in the first 20 minutes of open field test; p=0.0258,
unpaired t-test.
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Supplemental Figure 2
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Supplemental Figure 2. Intersectional labeling of neurons and projections in DAT-
Flp;NEX-Cre;Ai65 mice. A) Schematic of the generation of DAT-FIp;NEX-Cre;Ai65
mice. In Ai65 mice, tdTomato is expressed in cells that express both Flp- and Cre-
recombinase. B) Confocal images of projections from DAT-Flp;NEX-Cre;Ai65 neurons
to the lateral septum (LS). Left panel shows TH immunostaining. Middle panel shows
tdTomato+ projections in the LS. Right panel shows a merged image of TdTomato
(magenta) and TH (green) overlap in the LS. DMS = dorsomedial striatum C) Schematic
of the strategy to label DA neurons that do not express Neurod6 (see experiment in Fig.
3L,M).
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Figure 3
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Supplemental Figure 3. Whole brain imaging of DAT-FlIp;NEX-Cre;Ai65 mice and
projection analysis. A) Brains from DAT-FIp;NEX-Cre;Ai65 mice were processed with
AdipoClear and imaged on a light sheet microscope. Projections and processes were
guantified using TrailMap. Heatmap shows the total axonal projection/dendrite content
of 282 brain regions in using boundaries from the Allen Institute Common Coordinate
Framework (CCF). Values are normalized to both the region volume and total projection
content per brain. The rows represent 3 independent brains (AON = Anterior optic
nucleus; OT = Olfactory tubercle; LPO = Lateral preoptic area; PST =
Preparasubthalamic nucleus; PSTN = Parasubthalamic nucleus; PeF = Perifornical
nucleus; PN = Paranigral nucleus; RR = Retrorubral area; IPN = Interpeduncular
nucleus; CLi = Central linear nucleus raphe; DR = Dorsal nucleus Raphe). B) DAT-
Flp;Nex-Cre;Ai65 mice exhibit tdTomato expression (magenta) in a small number of
cortical neurons that do not co-express TH by immunostaining (green). C-D) Horizontal
450 ym z-stack projections of light-sheet microscope whole brain images. DAT-Flp;Nex-
Cre;Ai65 mice show consistent tdTomato expression in subpopulations of neurons in
the anterior olfactory area (C) and cerebellum (D).
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The current and future state of the field

“Unfortunately, nature seems unaware of our intellectual need for
convenience and unity, and very often takes delight in complication and
diversity.”

Santiago Ramon y Cajal?

As it stands now, there have been numerous scRNAseq studies on individual neuronal
populations, brain regions and the whole brain. We have unprecedented access to the
genetic fingerprint of the majority of neuron types throughout the brain3436. While there
are some caveats to defining subgroups of neurons based on their gene expression, it
is still the most efficient and accurate way to rapidly define neuronal subclasses.
However, because it is currently more challenging and time consuming, the efforts to
push forward and understand what these subpopulations represent has taken a back-
seat to accumulating more data. The work presented here has helped advance our
understanding as we show that, using scRNAseq, genetically defined DA neuron
subpopulations are functionally relevant. They have distinct projection targets,
physiology, and respond differently to degenerative disease models®’. These types of
studies are necessary to ensure that neuronal subpopulations defined by their gene
expression are de-facto populations and not simply statistically significant but
biologically meaningless.

Now that we have the information necessary to define different neuronal populations,
the field must push forward in building the necessary tools to explore subpopulations.
With this, we can take the next step in creating a new brain atlas describing the many
distinct circuits based on discrete cells types. Fortunately, some tools are already being
used to help parse different neuronal subpopulations. We now have transgenic Flp
reporters for DAT (see chapter 3), Th182 SERT44, VIATT2%, Vglut225’, and a host of
others?3:257_In conjunction with the myriad of transgenic Cre lines that exist from the
mutant mouse research and resource center (MMRRC) and others?%8, the various Flp
lines can be combined to intersectionally label countless neuronal subpopulations.
These tools open the door to studies that accurately and consistently label many newly
discovered subgroups.

While this project defined and characterized subpopulations of DA neurons, and
developed a new transgenic tool to promote the further study of dopaminergic
subpopulations, there are several lines of questioning that could follow. While
genetically defined subgroups of neurons show functional relevance**®’, defining
projection-based subpopulations would help parse different dopaminergic roles as
projection target is most associated with behavioral effects. To address this, one could
inject retrobeads into the various areas DA neurons project to. After confirming accurate
labeling of the projection target, retrobead-positive neurons in the midbrain could be
removed and pooled using laser microdissection. The gene expression between
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neurons projecting to different regions could be analyzed to find genetic signatures that
define projection target. Methods similar to these have been done previously??4. This
study used retrograde based translating ribosomal affinity purification (TRAP) to
genetically profile NAc-projecting DA neurons in the VTA. However, this study did not
distinguish sub-regions of the NAc or compare the gene profile of NAc-projecting DA
neurons to DA neurons with different projections. In addition, given the few numbers of
cells generated from retrograde tracing, laser capture may allow for more efficient RNA
retrieval than traditional TRAP assays.

Using this information, one can define the marker genes that define projections. With
this, mice could be developed if the cre line does not exist yet, and the circuit can then
be manipulated to determine the behavioral role of that dopaminergic projection. In
addition, it would provide a way to access one of the least studied subpopulations of
neurons in the retrorubral field (RRF). While there are no major hypotheses about the
effects of RRF activation, one goal moving forward would be to uncover the role these
DA neurons play in the brain. There has been little done to study this population, aside
from small anatomical analyses and it's response to 6-OHDA?%°, This work has shown
RRF DA neurons project in part to the dorsal striatum and contribute to motor
behaviors?>°. These experiments would provide an interesting and uncrowded area of
research.

Historically, neuronal resistance to degeneration in PD has compared the SNc to the
VTAS58174176 \While the SNc exhibits substantial degeneration, the VTA also shows a
significant, marked reduction of 40%-70% of neurons’®7%%_The VTA represents a great
model to study what confers resistance to degeneration for some neurons and not
others. Our previous work has shown that Neurod6+ neurons in the VTA are selectively
spared in a 6-OHDA model of Parkinson’s disease®’. More specifically, neurons that
express Neurod6 but do not express Grp, which represent about 25% of Neurod6-DA
neurons in the VTA, exhibit a less than 20% reduction following 6-OHDA injection as
compared to 70% for the rest of the VTA®’. What makes these neurons less vulnerable
to neurodegeneration is unclear. While Neurod6 expression does help maintain
mitochondrial health and reduce degeneration in cell culture models®99,
Neurod6+/Grp+ neurons degenerate at a similar rate as the rest of the VTAY. To
explore this further, our scRNAseq data set or others®*3%178 could be used to determine
what genes are present in Neurod6+/Grp- neurons and not in Neurod6+/Grp+ neurons
that could confer a resistance to Parkinson’s disease. While very few studies have
compared neurons within the VTA%:°’ wusing the knowledge that Neurod6+/Grp-
neurons are spared, these experiments could reveal new, unique neuroprotective
targets.

Finally, one of the major advancements that tools like the DAT-Flp mouse line allows is
the study of various genes that could confer functional relevance. One could choose
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specific Cre mouse lines based on different receptors that would confer a different
response to neuromodulators from their neighbors®*°. Also, one could explore genes
that would allow the co-release of neurotransmitters, like glutamate®1.183-185 or GABA'8¢-
188 This would allow researchers to study what the functional consequences of co-
release are. Finally, one of the most exciting possibilities comes from studying
neuropeptidergic neurons and co-release in the central nervous system. Preliminary
work reveals that there are dopaminergic circuits that have the necessary machinery to
sustain peptidergic signaling.

Neuropeptide signaling in the central nervous system

| was once told that being a scientist is like constantly running in front of a slow-moving
freight train. There will always be other researchers doing competing experiments and
the next scoop is right around the corner. Studying dopaminergic heterogeneity and
circuitry can be exhausting due to how crowded the space is. It is in this scientist’s
opinion, however, that peptidergic signaling in the central nervous system is a
completely wide-open field ready to be explored. If given the opportunity to start a new
project from scratch, | would study whether peptides are co-released from neurons
throughout the brain and what behavioral consequences that has. More specifically,
within midbrain DA neuron subpopulations lie two distinct circuits defined by
neuropeptide expression. Through single cell studies®?, two groups of neurons in the
VTA have be revealed that express gastrin releasing peptide (GRP) and vasoactive
intestinal protein (VIP).

GRP and its receptor GRPR, a Gq coupled GPCR, have a well-documented role in
peripheral nervous system itch pathways?%°. In addition, there have been a few studies
over the last 2 decades that point to small GRP-GRPR circuits in the amygdala and
thalamus?61-263, GRP causes GRPR-expressing neurons in these regions to increase
their resting membrane potential and sometimes drives increases in baseline firing
rates?62263, |n addition, these circuits play a role in inhibiting fear memories in the
amygdala?6262,  VIP and its receptors VIPR1/2 have been even less studied in the
central nervous system. Some work has shown that VIP is essential in the maintenance
of circadian rhythms in the suprachiasmatic nuclei?®4. In addition, injection of a VIPR2
antagonist into the BNST prevented cocaine use reinstatement following-footshock?®,
Finally, through knockout mouse models, VIP signaling was shown to be excitatory on
thalamocortical neurons?6®, Aside from these studies, there has been very little to
explore what role VIP plays as a neuropeptide in the central nervous system. This is
curious because VIP marks one of the major interneuron cell types!®>°1, giving these
neurons the potential to have multi-dimensional signaling in addition to GABA release
on any neuron that expresses a VIP receptor. Based on preliminary analyses of peptide
expressing DA neurons and their projections targets, we have shown that GRP-DA
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neurons and VIP-DA neurons are embedded in circuitry that would allow for
neuropeptide co-release to play a significant, functional role in brain function.

GRPR neurons in the medial shell

WE and others have shown that DA neurons in the ventromedial VTA and SNc express
the neuropeptide gastrin releasing peptide (GRP) (Fig. 1A) 97:177.178.19 \What has yet to
be explored is whether DA neurons release GRP, and whether their cognate receptors
are present in the striatum. Previous work has shown that GRP-DA neurons project to
the DMS and NAc MSh (Fig. 1B)%. To follow up on this work, our lab has explored
whether the SPNs in the striatum that receive projections from GRP-DA neurons
express GRP receptor (GRPR). To this point, we used fluorescent in situ hybridization
(FISH) to determine whether Drdl or Drd2 expressing SPNs also express Grpr.
Interestingly, we found evidence for two distinct populations of Grpr expressing neurons
throughout the striatum (Fig. 1C+F). In a band of D1-SPNs across the ventral DMS
there is sparse expression of Grpr+ neurons (Fig. 1C). In the medial shell, across the
anterior to posterior axis, there are high density regions of Grpr+ D2-SPNs (Fig. 1C+D).
Within the medial shell, the highest density is found in the most dorsal regions, where
almost 20% of D2-SPNs express Grpr (Fig. 1E). These findings were very exciting as
there has been no reference to any GRP-GRPR circuits within the basal ganglia and
this represented a completely novel finding. In order to move forward, we needed a
transgenic mouse line to label Grpr+ neurons.

Fortunately, there was a mouse model made in 2017. Using this GRPR-Cre mouse?%’
crossed with Ai9;tdTom?%, we confirmed the presence of GRPR+ SPNs in the NAc MSh
(Fig. 2A). Interestingly, nearly every SPN in the dorsal striatum expresses tdTomato in
this line, whereas the NAc MSh showed expression similar to FISH data (Fig. 2A). This
is likely caused by off-target recombination and not ubiquitous Grpr expression because
PO pups showed no increase Grpr+ expression in the dorsal striatum (data not shown)
and the GRPR-Cre mouse was developed using BAC transgenic methods which
historically lead to variable expression. We believe the FISH data represents the true
baseline expression of Grpr. Because of the over labeling, we don’t believe this mouse
line will allow the study of Grpr+ neurons in the dorsal striatum. To determine if the
GRPR-Cre+ neurons in the medial shell labeled D2-SPNs specifically, we crossed a
GRPR-Cre;Ai9 mouse with a D2-GFP?>® mouse line and looked at co-labeling. 88% of
GRPR-Cre+ neurons in the anterodorsal MSh shell expressed D2-GFP, with the ventral
MSh showing 79% co-expression (Fig. 2B). The overlap changed, decreasing slightly in
the more posterior regions (Fig. 2B). Based on this evidence, we believe the GRPR-
Cre+ neurons in the medial shell and core are the D2-GRPR neurons found through
FISH. Our next goal was to determine if this subpopulation of D2 neurons had distinct
circuity or response to GRP.

85



Canonically, D2 SPNs in the medial shell project almost exclusively to the ventral
pallidum (VP)?%8, To determine the projection targets of D2-GRPR neurons, we injected
an AAV5-Flex-mCherry virus into the medial shell of GRPR-Cre;D2-GFP mice (Fig. 2C).
We then took serial sections of the VP to compare the gross projections from D2
neurons to the ventral pallidum labeled with GFP to the GRPR-Cre;mCherry expression.
We found that GRPR-Cre+ neurons in the MSh selectively project to the anteromedial
VP (Fig. 2D). This implies that D2-GRPR neurons represent a distinct sub-circuit of D2
SPNs. Finally, to determine if GRP affects GRPR-Cre+ neurons in the MSh, we used
slice physiology experiments. In GRPR-Cre;Al9 mice, we made accumbal slice
preparations. Slices were bathed in ACSF plus inhibitors. GRPR-Cre;Ai9 neurons then
underwent a protocol of stepwise current injections. Following this, 50 nM GRP was
washed on. Five minutes following GRP wash on, we repeated the stepwise current
injections to compare the excitability of the same cell before and after GRP wash-on.
These pilot experiments revealed a cell intrinsic increase in excitability following GRP
wash-on (example traces in Fig. 2E).

These data open up an exciting line of questions at varying scales. One, at the smallest
scale, is what role does GRP have on D2-GRPR SPN physiology? Does this small
population of neurons have opposite or amplified effects if GRP is present? Second, are
there functional differences between neighboring neurons that are Grpr+ and Grpr-? It
would be worth exploring whether these two populations have different physiological
properties, projection targets, and inputs. Finally, is there any relationship between D1-
GRPR and D2-GRPR neurons? While they likely project to different regions, it is
intriguing that there exists two separate, distinct, and small populations of GRPR
neurons in the striatum. Exploring whether they have an opposing, cooperative or no
relationship would be of interest.

VIPR2 neurons in the bed nucleus stria terminalis

VIP has been consistently shown to mark a subset of DA neurons in the dorsal raphe
nucleus (DRN), peri-aqueductal grey (PAG), and VTA (Figure 3A)7"178 |nterestingly,
these neurons appear to project almost exclusively to a sub-region of the oval of the
bed nucleus stria terminalis (BNST), and the central amygdala (Figure 3B)!®2
Interestingly, one of the major receptors for VIP, VIP receptor 2 (VIPR2 or VPAC?2) is
found in only three regions throughout the brain, the oval of the BNST, the CEA, and the
suprachiasmatic nucleus (STN) (Figure 3C-D)60.269270  V/IPR2 neurons in the BNST
express GABAergic markers with a smaller proportion expressing Drd2 (Fig. 3E). Thus,
while there are dopaminergic projections and neurons with DA receptors in the BNST,
there exist neurons that can respond to VIP and may not respond to DA. This is strong
evidence that there is a functional circuit that depends on VIP release from VIP-DA
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neurons.

Future work to determine the role of neuropeptide-DA co-release

There are a host of basic experiments that need to be done to uncover whether these
dopaminergic populations release GRP or VIP. The most vital ones depend on further
work washing GRP or VIP onto GRPR neurons in the MSh or VIPR2 neurons in the
BNST using slice physiology. This should be done with a cocktail of antagonists for
glutamatergic, GABAergic, and dopaminergic receptors to isolate the cell intrinsic
responses to the neuropeptide. This is important because there is currently a dearth of
neuropeptide reporters which makes it difficult to determine if neuropeptides are
released and if they are released by DA neurons. Two pieces of experimental evidence
would be sufficient to answer this question. First, electron microscopy in the NAc MSh
and BNST with antibody labeling of DA neuron axons, and if possible, GRP or VIP. This
would confirm dopaminergic axons contain both DA and neuropeptides. If the
neuropeptide antibodies aren’t high enough quality, simply confirming the presence of
dense-core vesicles?’? which contain neuropeptides would at least verify that
dopaminergic axons contain neuropeptides. Following this, physiology experiments
could confirm the functional release of neuropeptides. One could activate DA neuron
subpopulations that express GRP or VIP using an intersectional labeling in physiology
slice preps bathed in a cocktail of antagonists for AMPA/NMDA receptors, GABA
receptors, and DA receptors. One would then record from GRPR™* or VIPR" neurons
following GRP-DA or VIP-DA neuron activation to explore whether these neurons
respond in a similar way to when the neuropeptide was washed-on. If they do respond
in the presence of the cocktail of antagonists, it is likely to be caused by neuropeptide
released from DA neurons. This could be confirmed further by abolishing the response
with the addition of a neuropeptide receptor blocker. If there is evidence for dense-core
vesicles within dopaminergic axons, and GRPR* or VIPR* neurons show a response to
neuropeptide-DA neuron activation that is abolished with neuropeptide antagonists, this
will be sufficient evidence to confirm peptidergic co-release.

If the previous experiments show that there is neuropeptide release and it causes
significant changes in cell physiology, further experiments could be used to determine
whether peptidergic release causes behavioral changes. In order to address this,
cannula infusion of GRP or VIP into the NAc MSh or BNST of awake, behaving mice
could help uncover their role. This will require careful consideration of the literature to
decide which behavioral tests would be appropriate. In addition, the use of a peptide
receptor antagonist as a control would be necessary to ensure this is caused by specific
neuropeptide actions. Of course, there is the still the possibility that there are
physiological effects of neuropeptide wash-on, but no significant effect of cannula
injection on any hypothesized behavior. There are several reasons why this could be.
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Considering both GRPR and VIPR2 act via slow GPCRs, and act on long time scales,
they may not have a quickly discernable role. In addition, it is possible that their actions
are subtle, or involve only small populations of neurons, thus showing no functional role
in behavior. It may be a far stretch to assume that there is an entirely parallel signaling
system throughout the central nervous system that has only had its surface scratched.
Maybe in matters such as these, skepticism is important. However, until the evidence to
the contrary is shown, this scientist will continue to believe it is there: strong opinions
loosely held.
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Figures and Legends
Figure 1
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Figure 1. Grp-Grpr circuitry in mesolimbic DA neurons and striatal SPNs. A)
Representative in situ data for Grp/Th co-expression in the mouse midbrain. Each dot
represents a neuron positive for both Grp and Th. Figure made from previously
published data®’. B) Schematic of GRP-DA neurons and their projection targets to the
striatum. GRP-DA neurons make strong, strict projections to the dorsal medial striatum
(DMS) and nucleus accumbens medial shell (NAc MSh). Figure made from previously
published data®’ C) Representative in situ data for Grpr expression in three separate
sections of the striatum. Grey dots represent neurons positive for both Grpr and
dopamine receptor subtype 1 (Drdl). Green dots represent neurons positive for both
Grpr and Drd2. Individual neurons were aligned to their relative location from the
Paxinos mouse brain atlas'®’. D) Fluorescent in situ for Grpr, Drd1, and Drd2 from the
medial shell. White circles show Drd1+ neurons, green circles show Drd2+ neurons,
and magenta circles show Drd2+/Grpr+ neurons. E) Schematic that shows what
percent of all Drd2+ neurons in the given region express Grpr+. GRPR-D2 SPNs are
heavily enriched in the dorsal medial shell. F) Bar graph showing what percent of Grpr+
neurons in the indicated region are Drdl+, Drd2+, or both Drd1+ and Drd2+. Grpr
expression shows anatomical segregation where they are Drd1+ in the lateral shell and
ventromedial striatum, and Drd2+ in the nucleus accumbens core and medial shell.
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Figure 2
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Figure 2. GRPR-Cre neuron expression, projections, and physiology. A) Confocal
image of GRPR-Cre;Ai9 expression in the striatum. Insets show nearly pan-neuronal
expression in the dorsal medial striatum (1), and sparse expression in the NAc MSh (II).
B) Schematic of injection scheme. AAV5-Flex-mCherry was injected into the MSh of
D2-GFP mice. C) mCherry expression in GRPR-Cre;D2-GFP mice following injection.
Right panels show zoomed image of (C). Green arrows indicate mCherry+/D2-GFP+
neurons and magenta arrows indicate mCherry+/D2-GFP- neurons. D) Schematic of
overlap between D2-GFP neurons and mCherry neurons. Highest overlap was found in
the dorsal MSh (88%) and posterior core (88%). E) Projection heat maps of mCherry
fibers from the MSh to the ventral pallidum (VP). The highest density of fibers was found
in the mediodorsal anterior VP. F) Example traces from cell physiology experiments.
GRPR-Cre neurons were injected with current steps before and after GRP wash on.
GRP wash on caused increases in excitability. There was a higher probability of firing
action potentials following the same current injections following GRP wash on.

92



Figure 3
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Figure 3. VIP-VIPR2 circuitry in DRN DA neurons and GABAergic BNST oval
neurons. A) Representative IHC data for VIP/DAT co-expression in the mouse DRN.
Each dot represents a neuron positive for both VIP and DAT. B) Schematic of VIP-DA
neurons and their projection targets to the oval of the bed nucleus of the stria terminalis
(BNST). Projection data taken from previously published reports'’’. C) Representative
in situ data for Vipr2 expression in a single section of the BNST. Magenta dots
represent neurons positive for Vipr2. Individual neurons were aligned to their relative
location from the Paxinos mouse brain atlas®’. (LD — laterodorsal, LA — lateral anterior,
A — Anterior) D) Fluorescent in situ for Vipr2 and Drd2 BNST. E) Bar graph of the
percent of Vipr+ neurons that are also Gad2+, Drd2+, or Drd1+. Image shows a zoom of
panel (D). Magenta circles show Vipr+/Gad2+ neurons, white circles show
Drd2+/Gad2+ neurons, and green circles show Vipr2+/Gad2+/Drd2+ neurons.
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